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ABSTRACT

Context. Thin X-ray filaments are observed in the vicinity of young supmva remnants (SNR) blast waves. Identifying processes
involved in the creation of such filaments would provide &dirinsight of particle acceleration occurring within SNiRparticular
regarding the cosmic ray yield issue.

Aims. The present article investigates magnetic amplificatiahéupstream medium of SNR blast wave through both resomaht a
non-resonant regimes of the streaming instability. It atresbetter understanding of thefdsive shock acceleration (DSAffieiency
considering various relaxation processes of the magnettuthtions in the downstream medium. Multi-wavelengthatake signa-
tures coming from the SNR shock wave are used in order to ghettest the dferent downstream turbulence relaxation models.
Methods. Analytical and numerical calculations coupling stochadtiferential equation schemes with 1D spherical magnetohydro-
dynamics simulations are used to investigate, in the coofeest particles, the issues regarding the turbulenckigwo in both the
forshock and post-shock regions. Stochastic second orteniacceleration induced by resonant modes, magneticriéddation
and amplification, turbulence compression at the shock,flame considered to model the multi-wavelength filamentglpced in
SNRs.y-ray emission is also considered through the Inverse Campichanism.

Results. We confirm the result of Parizot et al (2006) that the maximuR ébergies should not go well beyond PeV energies in
young SNRs where X-ray filaments are observed. In order tomaiservational data, we derive an upper limit on the magfietd
amplitude insuring that stochastic particle reacceleratémain infficient. Considering then, various magnetic relaxation gsees,
we present two necessary conditions to achidfieient acceleration and X-ray filaments in SNRAh& turbulence must fulfil the
inequality 2— 8 — 64 > 0 whereg is the turbulence spectral index whifg is the relaxation length energy power-law indexh2
typical relaxation length has to be of the order the X-ray sime. We identify that Alvénjfast magnetosonic mode damping does
fulfil all conditions while non-linear Kolmogorov dampinges not. Confronting previous relaxation processes toreatenal data,
we deduct that among our SNR sample, the older ones (SN1@D6347.3-0.5) fail to verify all conditions which means thiair
X-ray filaments are likely controlled by radiative lossebeTyounger SNRs, Cassiopeia A, Tycho and Kepler, do passsadl and
we infer that the downstream magnetic field amplitude isgyimthe range of 200-300 Gauss.

Key words. ISM: supernova remnants - Physical data and processeslefatien of particle - Magnetohydrodynamics (MHD) -
Shock waves - Turbulence - Supernova: individuals: Cas#ofs - Tycho - Kepler - SN1006 - G347.3-0.5

1. Introduction trons. The rim-like filaments usually exhibit few arc-sedsan-
gular size as reported in Parizot et al (2006). Their actusdhy
however has to be inferred from de-projection calculati@ks

Recent Chandra high-angular resolution X-ray observatain | into account the curvature of the remnant (Berezhko et al
oung supernova remnants (SNR) as for instance Cassio %% . X e .
y g sup ( ) d 3a; Ballet 2006). It is believed that this size will degem
the

A, Kepler or Tycho, have revealed the presence of very th oL ; X
X-ray filaments. They are likely associated with the supeano - magnetic field st_rength_, local fluid properties (the khu}:
(SN) forward shock expanding into the interstellar mediurllqc'ty an_d compression ratio) and the relativistic elestdifu-
(ISM) (Gotthelf et al 2001; Hwang et al 2002; Rho et al 20020 regime.

Uchiyama et al 2003; Cassam-Chenai et al. 2004; Bamba et Recent measurements of the X-ray rim size led to a lower
al 2005a; Bamba et al 2005b; Cassam-Chenai et al. 20Qift on the magnetic field located downstream from the shock
The physical properties of these filaments have been rediewfeont. Typical field strengths two orders of magnitude abinee

by Vink & Laming (2003), Vink (2004), Weisskopf & Hughesstandard ISM valueB,, have been reported; e.g., Berezhko et
(2006), Ballet (2006), Parizot et al (2006), Bamba et al @00al (2003a), Vink (2004), Volk et al (2005), Parizot et al (B)

and Berezhko (2008). The existence of such filaments isuselie and Berezhko (2008). Vink (2004) showed that advective and
to be the result of synchrotron radiation emitted by TeV €lediffusive transports contribute similarly to the filament exten
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sion at high energy close to the electron cfit-®he aforemen- the non-resonant instability (Reville et al 2008) or a baskcr
tioned constraints favour value of the electron spatifudion tion on the CR current (Riquelme & Spitkovsky 2009).
codficient few times larger than the Bohm limit in the down-  while still a matter of debate (see the discussions in Katz

stream region from the shodk These results support the stang waxman (2008) and Morlino et al (2008)), the production
dard scenario of diusive shock acceleration (DSA) in SNRs andf relativistic hadrons in SNRs has found observationapsuip
require a strong magnetic field amplification at the shock prg the recent detection of a few Te}tray emitting SNRs in
cursor. However, Chandra observations have been obtaireed the galactic plane by the HESS telescope. Fhigy emission
limited frequency range. Thusftlision regimes diering from may favor the interaction of relativistic hadrons with a sen
the Bohm diffusion cannot be ruled out by these sole observgmplecular cloud leading to the Compton up-scattering of low
tions (Marcowith et al 2006). For instance, alternativiuion  energy photons (Aharonian et al 2004, 2006; Albert et al 2007
regimes may @iect high energy particle transport then modifyingyevertheless, more observations are mandatory befordriyaw
the way synchrotron spectrum cufi-gs reconstructed from the any firm conclusion on this important issue.

extrapolation of the radio spectrum (Ziral_<ashvi|i & Aharam The present article aims at investigating issues regarding
2007). However recent hard X-ray detection in SNR RXJ1718;g propcesses involving magnetic fielgd amplification and re-
3946.5 by Suzaku (Takahashi et al 2008) supports a$pec- |4yation. The paper considers thieet of shock acceleration,

trum in agreement with a Bohm-likefdlision regime. spatial variation of the magnetic field (and of the corresfiog
The origin of the magnetic fluctuations sustaining the ditliffusion codicient), the possibility of finite diusive extension

fusive behavior of non-thermal particles is still widelybd¢ed. zones and theftect of stochastic Fermi acceleration by the elec-

One possibility is that the turbulent magnetic field is getenl  tromagnetic fluctuations generated in the shock precufsis.

by the relativistic particles themselves through theie@tning modelling is achieved by means of numerical calculatiote T

motion ahead of the shock front (Bell & Lucek 2001). The fieldumerical scheme is based upon the stochadtierdintial equa-

amplification has strong implications on the physics of desm tions (SDE) and is described in appendix C. Section 2 present

ray (CR) acceleration at SNRs shocks. For instance, a ealcithe general framework adopted in this article. In partigila

tion including the &ect of non-linear turbulence transfer hagnvestigates the required conditions to develop turbideme-

concluded to the possibility of proton acceleration up ®@R stream from the shock, as expected from the non-linear evolu

spectrum knee at 3 x 10%°eV. This calculation was done in tion of the various regimes of the streaming instabilityct®ms

the most extreme shock velocity regimes, particularly fdRS 3 and 4 investigate the impact of post-shock turbulence upon

propagating in a hot interstellar medium free of ion-ndwiave  particle acceleration. Section 3 deals with advected dowas

damping (Ptuskin & Zirakashvili 2003). Recently, Bell (200 turbulence while section 4 refers to a downstream relaxira

discussed a non-resonant regime of the streaming insyabidit lence. All calculations are then compared to a sample of goun

can generate a very strong turbulent magnetic field (andtbo8NRs already presented in Parizot et al (2006).

the CR maximum energy) readily at the very early stage ®&b.(1) summarises the notations used in this article ghtan

the SNR free expansion phase. Diamond & Malkov (2007) an¢here the parameter is reported at first is also indicated).

Pelletier et al (2006) further insisted on the importancdaier-

mining the saturation level of the magnetic fluctuationsalihi

was partially discarded in the previous work. Pelletier et a )

(2006) shown that both resonant and non-resonant regimegotPstream turbulence generation and accelerated

the streaming instability have to be considered simultaslgo  particle diffusion

in order to fix the magnetic field spectrum and strength at the )
shock front. In fast shocks, the non-resonant instabilayng  H!ghly turbulent supernova shocks involve several complex

nates the magnetic field generation, the level of fluctuaiahe C€SS€s that modify the standard DSA model at some stage of
shock being found similar to the value derived by Bell (20042he SNR evolution. In the upstream region, the propertigbef
The resonant instability dominates in slower shock regifiee  turbulence are controlled by the fastest growing instabénd
turbulence generated upstream may then relax downstream fitS Saturation mode (Pelletier et al 2006). Théfdion regime
the shock front, producing a limitation of the spatial esien Strongly depends on the competition between the wave growth
of the non-thermal particle journey (Pohl et al 2005). This and the energy transfer to other scales provoked k_:)y noatline
sibility has not yet been completely taken into account ia trf@scades (Marcowith et al 2006). The turbulence is then com-
DSA process and the corresponding maximum energy reachdijfeSsed at the shock-front; i.e., parallel modes (partdi¢he
by relativistic particles. This issue is investigated ineaiidated SNOck normal) do have wavelengths shortened by a factor cor-
section of the present article. Note that the problem of tag-m réSponding to the (sub)shock compression ratio. In the down
imum CR energy has been addressed recently by Zirakash§if€&m region, the turbulence can either relax (Pohl et@por
& Ptuskin (2008) using a semi-analytical approach of the-noRe amplified (Pelletier et a_tl 2006; Zirakashvili & Ptuskin0).
resonant streaming modes generation. The authors found-a m4€ turbulent magnetic field coherence length may also vary
imum CR energy lying between the two confinement limits e)W'th. the dlstgnce to the shock, which can be modeled usiriig sel
pected in either a standard ISM medium or in a completely afimilar solutions (Katz et al 2007).
plified magnetic field. One should keep in mind that several ef Section 2.1 recalls the properties of the two regimes (both
fects may alterate these conclusions as for instance tipages resonantand non-resonant) of the streaming instabilityedisas
tion into a partially ionised medium (Bykov & Toptyghin 2005 the magnetic field profiles that will be inserted into the dedp
Reville et al 2007), thermalfects in the dispersion relation of SDE-Magnetohydrodynamics (MHD) numerical calculatidns.
section 2.3 we derive the general form of théfuBion coef-
ficient. Finally, section 2.4 displays the general expmssif

1 The Bohm difusion codicient is obtained once the particle mearihe particle distribution function, at the shock front, egfed in
free path exactly matches its Larmor radius= E/ZeB i.e., Dgonn =  the case of spatially varyingfilisive zones. The various expres-
r.c/3. sions derived in this section will be used in sections 3 and 4.
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Turbulence parameters B One D power-law spectral index of the turbulence spectrum(fg]

nr Level of magnetic fluctuations with respect to the mean ISNymegic field [Eq.(6)]

¢  Logarithm of the ratio of the maximum momentum to the in@etmomentum [Eq.(4)]
Amax Largest wavelength of the magnetic turbulence spectrunt.(8€3)

l.on Coherence length of the magnetic fluctuations (sect. 2.3)

o Normalisation factor entering the turbulent spectrumt(sz8)

Power-law energy dependance index of the relaxation lsrgjther up-

or downstream (sect. 4 and [Eq.(23])

H  Ratio of the upstream to the downstrearffuion codicient at the shock front [Eq.(16)]
og Ratio of the resonant to the non-resonant magnetic fieldgtineat the shock front [Eq.(3)

6u/d

Relativistic particle gcr Ratio of the CR pressure to the shock dynamical pressuré3fq.
parameters r. Larmor radius of a particle (defined using resonant magfietut)
) Ratio of the particle Larmor radius t..«/2r (also called reduced rigidity, see sect. 2]3

Ecr_max Maximal cosmic ray energy (sect. 2.3)

Ee.max Maximal electron energy (sect. 3.1)

E,_c.«  Cut-of synchrotron photon energy emitted by electronBaf.ax (sect. 3.1)
Ecr-min INjection energy of the cosmic rays (sect. 4.1.4)

Ec.obs Energy of the electrons producing the observed X-ray filaméect. 4.2.4)

SNRs parameters Vsha Velocity of the SNR shock wave (in 1&my/s unit)

Magnetic field amplitude at the shock front respectivelyhie t
down- and upstream medium (in"f0Gauss unit)

s, l'sum Mot  Magnetic, sub-shock and total shock compression ratias. (3€.)
ARx 2 X-ray filament deprojected width (in I®parsec unit, sect. 4.2.4)

Bd/u,—4

Equation parameters y(r) 3rZ/(r — 1) [Eq.(19)]
K(r.8) q(B) x (H(r.p)/r +1) [Eq.(36)]
foync H(r.p) + r/H(r.B)/rg + 1 [EQ.(39)]
g(r) 3/(r = 1) x (H(r.p)/r + 1) [Eq.(40)]
C(éd) (Ee—max/ Ee—obs)éd [EQ-(41)]

Table 1. Summary of the notations used in this article to denote thiews physical quantities and parameters involved in oscdgtion of high
energy particle yield in supernova remnants (SNR).

2.1. The cosmic-ray streaming instabilities 2.1.1. The non-resonant regime
In the linear phase, the most rapidly growing waves haveelarg
wave numbers (Bell 2004):

erBoo

k<k=
N PooVaoC

(1)

where jo; = neeVen is the current produced by the cosmic rays
The streaming instability, provoked by the superalfvenation ~ahead of the shock wavegr is the CR density anifs; is the
of accelerated energetic particles, generates magnetim#iu Shock velocity measured in the upstream rest-frame.
tions over a large interval of wave numbers. The resonant in- The wave number corresponding to the maximal growth rate
stability involves wave-particle interaction at wave ssabf the ¥max = KupVaw IS:
order of the particle gyro-radius (Skilling 1975; Bell & Lucek ke N Ven
2001). The non-resonant regime has been adapted to the SNRs kup = > . X &dcp X e 2)
shock waves only recently by Bell (2004); see also Pellaier ‘X’ a0
al (2006), Zirakashvili & Ptuskin (2008) and Amato & Blasiwherens,, Q¢ = €B./(myc) and Va = Bw/ Vdrn, are re-
(2009) for further details. The non-resonantwaves areymed, spectively the density, the cyclotron frequency and theséxif
at least in the linear growth phase of the instability, aesta velocity in the ISM?.
much smaller tham_. However the ability of the instability to MHD calculations (Bell 2004; Zirakashvili & Ptuskin 2008)
both deeply enter into the non-linear regime and to satatsée have shown that beyond an exponential growth phase located
magnetic field leve$ B > B, is still a matter of debate (Reville over a typical scale
et al 2008; Niemiec et al 2008; Riguelme & Spitkovsky 2009). Y
In the next paragraph, we recall the main properties of theewa Xg = Vsh/YCR-max
modes generated by the non-resonant streaming insta(siity 2 The densityn,, is usually the ion density but when the coupling be-
tion (2.1.1)). Then we present the characteristics of thermmant tween ion and neutrals isfective it must involve the density of neutrals
regime in section (2.1.2). either
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from the shock, the instability enters into a non-linearimegy 2. 1< 65 < 3 (corresponding to/@00 < Vs, < ¢/10): we get
The magnetic fluctuations are redistributed towards lssgales here the orderin8r > Bnr > B and the ratidBgr/Bng does
while the turbulence level evolves in a linearly phase. Bell notexceed a factor 2.

(2004) and Pelletier et al (2006) discussed several saiorat3. g < 1 (corresponding t¥sp > ¢/10): the magnetic ordering
processes all leading to an energy transfer from the dorhinan become®yr > Br > B... In that case, an upper limit veloc-
wavelength towards large wavelengths (see the discusgion i ity stands close ta. Beyond that limit, the amplification by
Riquelme & Spitkovsky (2009)). One may then expectthe coher the non resonant instability is maximal. An accurate arnslys
ence length of the turbulence to be transferred from a ggale is then necessary to compare the saturation of the indtabili
wherekl, < foon L < L _cRr-maxt0 @ SCal&conNL < [L_CR-max induced by both advection and non-linefieets (Pelletier et
wherer, _cr_max = 'L_cr-max X Bw/B is the renormalised max- al 2009).

imum energy CR gyro-radius in the amplified magnetic figld ) o

Resonant modes having a harder spectrum (Pelletier et &) 208lectrons and protons (or ions) moving in the forward or back
contribute to the increase of the coherence length of tHmitur ward direction can resonate with either forward or backward
lence (see section 2.1.2). So, hereafter, we will consigen b modes. Hicient mode redistribution is expected to produce
regimes producing a turbulence with a coherence scale tdosgvaves in both direction in the shock precursor (see the ap-

ﬂ_—CR—max; i.e. we neg|ect the extension of the upstream regi(ﬂendix of Pellet_ier et al (2006) for further detailS). It ista-
where the non-resonant instability is in the linear regimee( Worthy that the interaction between resonant Alfven waaed

section 2.3). the shock do produce magnetic helicityfdrent from either1

Another important property of non-resonant modes is th@f —1 and makes second order Fermi acceleration by the reso-
they have non-vanishing helicity (Pelletier et al 2006)idad, Nant modes unavoidable in the downstream region (Campeanu
these modes are mosﬂy proton induced and do have a rigﬁtSCh'lC.kEISer 1992, Va_unlo & Schlickeiser 1999) Thiffext
handed polarisation with respect to the mean magnetic faeld #ill be discussed in section 3.2.
upstream. This non-zero helicity can be the origin of furta-
plification in the downstream medium where the tc_JtaI m.‘?‘@”efé.z. A note on the evolution of non-resonant modes
field can eventually reach values close to the equipartitibh
the kinetic energy of the thermal gas. Non-resonant modes are purely growing modes having a null
frequency, at least in the linear phase. They do not corresfm
any normal mode of the plasma as it is the case for the resonant
regime. Consequently they are expected to be rapidly damped
The resonant regime develops simultaneously with the ndince the source term is quenched; i.e., at the shock fromt. Th
resonant regime (Pelletier et al 2006) avahnot be discarded damping length should be of the order of a few plasma skin
The total amplification factor of the magnetic fiekf, = depths. However, these modes have also a non-vanishicgyeli
B2,/B2 at a distancex from the shock front is a combinai- (Pelletier et al 2006; Zirakashvili & Ptuskin 2008) (as welwi
son of both non-resonant and resonant contributions, yam&ge in section 4.1.4). So a fraction of the turbulent spettru
AZ(X) = AZ(X) + AZ(X). The exact spatial dependenceda{x) Can further grow downstream by dynamo action. At this point,

is derived in appendix A for completeness. Itis found thatagy the downstream evolution of the non-resonant spectrumtis no
1/2 clear. It may well happen that in some condition the comisiori
R

approximation isAr oc Ay i ; .
In order to quantify the previous assertion, we can paraseetrOf magnetic field compression and non-resonant mode damping
q fy b b at the shock front lead to a downstream magnetic fahdller

the contribution of each instability regime. Pelletier e2006) X A
argued that the shock velocity is the main controlling factb than the upstream field, especially in the very fast shockreg

the each contribution. This dependence can be deduced fﬁgﬁgime 3. discussed in section 2.1.2). This is not the catieei

Eq.(A.2). Comparing the respective saturation values chea R samp_le considered in this work as the reso_nantr_nod_es tend
to be dominant at the shock front. A complete investigatibn o

this difficult issue would require a detailed investigation of the
Br(x = 0) écre\Y interstellar medium interaction with shocks, in order totfie
— =0 = ( ) (3) ratio Br/Bnr. For this reason we will assume hereafter that the
Brr(x=0) Ven downstream behaviour of the turbulence is dominated byake r
While: onant mode._However, e\{erqu/BNR > 1 atthe shockfro_n'g, the
Br(x = 0) 3c2 12 fastest growing channel is the non-resonant one and it eness
BnriX=Y) 556 X ( : CR] (4) tial while considering the complete setting of the magnfaticl
Bw Av. turbulence in the upstream region. We acknowledge thelfiatt t

The level of magnetic fluctuations at the shock front given b?'s assumption weakens the analysis developed in thevioitp
Eq.(3) and (4) are controlled b and the fractiortcr of the ections and_con5|der this first work as an attempt to isthete
SNR dynamical pressure transferred into the CR. The paalmépa'n properties of the turbulence around a SNR shock.
¢ = log(Pmax/ Pinj) is the logarithm of the ratio of the maximum
to the injection momentum and its order of magnitude is appro2,3. Upstream diffusion regimes
imately between 15 and 16. ) ) )

As a fiducial example, let us takeg = 0.2, B, = 4 uGauss As previously discussed, the most energetic CRs do generate

and set the ion density@s= 0.7 cnt3. We then get three distinct fluctuations at scales much smaller thancr-max. These par-
domains: ticles experience a small scale turbulence exclusiveliénun-

amplified magnetic field. Thus thefflision codicient at max-
1. 6 > 3 (corresponding t&sp < ¢/400): the magnetic field imum energy scales aB(Ecr-ma) = (rL_cR-max/coh)>CcorC
amplification provided by the streaming instability is mstle (see next). This allows us to compaxg and {gif(Ecr-max) =
for slow shock velocities. D(Ecr-max)/Vsh the difusive length of the most energetic cos-

2.1.2. The resonant regime

regimes, one gets:
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mic rays. One can then write (Pelletier et al 2006): having sub-Bohm values. This issue is beyond the scope of the
calculations done here and are postponed to a future woek (se
_ 2 x PBes x Vsh x _ looh x Cgir(Ecroma) - (5) @lso arecent work by Shalchi (2009)). Considering suchmince
3écr ,OLX,VSZh Vaw  L-CR-max tainties we considey(B) as a free parameter hereafter.
) Pelletier et al (2006) obtained a 1D stationAry 2 power-
We getxy < Lair(Ecr-may in fast shocks sn > 107%c) as Jaw solution regarding the non-resonant wave spectrum. We
(P /poovﬁh) Vsh/Vas ~ Vaso /Vsn. The following notations have see from the above analysis that the energetic particlspah
been used to derive the previous result: the CR densitykedin properties around the shock front depend on the possilfidity
to the CR pressure hycg = 3Pcr/#p.C andp. = pcr-maxat a the non-resonant instability to deeply enter into the rinadr
distancex = {yir(Ecr-max) from the shock. The parametgizis regime. Verifying such condition leads to dfdsion codicient
likely to lie between 0.1 and 0.3. at E < Ecr-max given by the Eq.(9),the magnetic field profile
CRs and electrons having energy smaller tBgn max, dif-  being characterised by an exponential growth over a sgaad
fuse through a large scale turbulence, their transporteptims  a linear growth over a scale< £gig(Ecr-max)-
being diferent from the most energetic CRs (Zirakashvili & This qualitative analysis confirms that the non resonatains
Ptuskin 2008). Whatever the turbulence level, the angufar dbility contributes to the turbulence level over a large g of
fusion frequency (for a relativistic particle in an amplifiteld) parameters (once the non-linear regime of the instabdigstab-

can be estimated as (Casse et al 2002) (their Eq.A22) : lished) as well as the control of the turbulence cohererugtte
) The analysis presented in Pelletier et al (2006) shows hemev
Ve~ Er——z x(B-1)xb C‘fE_ (6) that the resonant instability at least in the domain 2 of alu-fi
S L 5 . . X .
3 B2 cial example above also contributes to the magnetic fluictuat
with spectrum. The resonant wave spectrum is found to be haréer; i
Kmasx-NR (con for a CR distribution spectrum scaling ps*, the 1D turbulence
b = leon X f dIn(k)(kfeor) ™ . (7) spectrum has an indgx = 1. In this work a turbulence index
Kmin-nR Lcon lying within the range X g < 2 is then admitted.

The turbulence spectrum is assumed to spread over the range
[k k1] with @ 1D power-law spectral index If 8 = 1, the
term 1/(8 — 1) has to be replaced by a factor= In(knax/Kmin)-
The corresponding spatialftlision codicient is by definition Before discussing theffiect of turbulence evolution in the down-
D = c¢?/3vs. Its energy dependence is related to the developmaiteam region, we present here the general solution of the pa
of the instability. In the linear phase (small scale turbaks), we cle distribution at the shock front in the case of spatiabyyv
recover the above expression faf (Ecr-max)- If kmin-nrCcon = ing diffusion codficients where radiative losses are discarded.
1, introducing the level of turbuleneg = §B?/B?, we find The complete calculation is presented in appendix B. Weliprie
o outline our result (see Eq.B.5) as follows: we have assurped u

B o CconC » o (8) stream and downstream magnetic fluctuations variatiortthsng

aB-1)" nr Leon {ya to be scale (or energy) dependent (see section 4). The slope

D(E) =
. . of the stationary particle distribution (neglecting angiedive
In the non-linear phase (i.e. large scale turbulence), we h%ss) at thel shoc):/krliror:t is: istribution (neglecting angieiv

in-NR ~ 'L and so:

2.4. Shock particle distribution

O /
L aintsp) s | DuOPexp([5 . pix)
NI ONTY S L

nB-1) " ar coh p Uy L,u exp(ﬁfu Ou(x, p)d)()dx
The results obtained by Casse et al (2002) can be recovered a ,
using feon = pmAmax/2r and adopting a reduced rigidigy = Da(0, p) exp(—fo Ou(X, p)dx')
2771 (E)/ Amax. The lengthimax = 20Ccon is the maximum scale . - (11)
of the turbulence angy is a number~ 0.2 — 0.3. This latter rug | eXP(—fX Ba(X', p)d)()dx

number corresponds to the reduced rigidity where the transi ) )
tion between the two @usive regimes operates. For instance he value of the spectrum slope is controlled by the funstion
assumingzr ~ 1 andg = 5/3, one getsD =~ 2.2Dgonm at  fud = Uuyd/Dya — dInDya/dx (see Eq.B.3). In the basic case
L = Leon This result is consistent with the numerical solution@here both upstream and downstreatiitiion codicients can

found by Casse et al (2002).f = 1, the energy independentPe assumed as space independent over lengthfrom the

ratio D/Dgonm = 307/ =~ 15— 16. s_hock (and vanishing beyo_nd thes_e distances), the abovesexp
We will hereafter refer tay(8) as the normalization of the sion reduced to (Ostrowski & Schlickeiser 1996):
diffusion codficient such that dinfs(p) 3 ( r . 1
D(E) = ai) o Lo T ># . (10) dinp r—1\1-expuylu/Dy)  explgld/Daq) _(%2.
Tt nr Lcon

If the shock wave is modified by the CR back-reactionyill

Itis noteworthy that the normalization of theftlision codficient then depend on the particle energy and the shock spectrdm wil
is given byqg(B) and must not be confused with the normalizationot behave as a power-law. Let us note that provided fungtion
of the turbulent spectrum. Both quantities appear to handai are remaining large compared to unity, the previous refatidi-
expressions as seen from quasi-linear theory calculadioinem cates that we will get the standard power-law spectrum d@ggec
numerical estimates obtained in Casse et al (2002). Nealed$, from DSA theory.

they can dffer in a strong turbulence regime. Reville et al (2008) The present article investigates theeets of energy and spa-
discussed some solutions clearly displayin@iudiion codficient tial dependencies of thefunctions both in up- and downstream
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regions, relying on a set of available multi-wavelengthadat This scale compression induces an enhancement of the tangen
five SNR: Cassiopeia A, Tycho, Kepler, SN1006 and G347.8al magnetic field component and a reduction of the maximum
0.5 (also known as RXJ 1713-3946.5). All these remnants atebulence length in the downstream region. The downstream
in the case 2 discussed in section 2.1.2 and corresponddtymilturbulence is then anisotropic, displaying elongatedesiidi the
fast shocks where both resonant and non-resonant magedtic filirection parallel to the shock front (Marcowith et al 2006y
amplification occur. less other non-linear processes prevail (Zirakashvili &sRin
2008). The coherence length of the turbulence is hereadter a
. o sumed as a constant.
3. Particle acceleration in case of downstream We can define the downstreantffdsion codficient accord-
advected magnetic field ingly to the definition of the upstream dieient given in Eq.(9):

ficient turbulence amplification mechanism producing adarg Dy (15)

mag_netic field in the sho_ck precursor (S(_ae sectio_n 2). In the fi Pm

section (3.1), we reconsider the calculations achievediZ& | the rest of the present article, we will only consider tase
et al (2006) but this time including thefect of turbulent scale \ynereg, = g4 = g.

compression at the shock front. Section (3.2) then addsebse  sing Eq.(9) evaluated at= 0 as well as Eq.(13) and (14),

usually overlooked aspe_ct of stochastic particle acpmm ‘we end up linking up- and downstreanffdsion codicients at
the downstream flow. Finally section (3.3) deals with tests iihe shock front (where we have assumed 1).

volving the shock solutions obtained recently by Zirakals8v

Aharonian (2007) regarding various turbulent spectrurtirsga rg \°7”

We then incorporate particle losses and Fermi stochastiel-ac Dy = Dg x rsub(r—) = Dg x H(rsun ) » (16)
eration into the Fermi cycles and proceed tfietent numerical sub

experiments. We conclude by a comparison between X-ray aDfice the up- and downstreantfdsion codicients are set, mag-
y-ray filaments produced by Inverse Compton up-scattering @étic field at the shock front can be inferred following thensa
cosmic microwave background photons. procedure as the one adopted in Parizot et al (2006) (seetihe a
cle for the detailed derivation). The balance between thetein
acceleration rate and the mean synchrotron loss rate fixes th
maximum electron energy dsdEe-max) = (tsyn(Ee-max)). The
synchrotron loss timescale is obtained from Eq.(17) ofZeaet
Downstream of the shock, the particle distribution has eliyn ~ al (2006) using the mean square magnetic field experienced by
isotropised (to an order &f/v) and the streaming instability is relativistic electrons during one Fermi cycle:

quenched. We insert the magnetic profiles derived in theiprev )

ous section into the ffusion codicients (see Eq.9). In order to (B?) = B2 x (H(,B)/rB + rtot] 17)
derive the downstream fllision codficients, we need to spec- d H(B) + ot

ify how the transition occurs at the shock front properly. We _ ) _

only consider here the case of a strong magnetic field amplifibe acceleration rate is, following DSA standard theory:

cation at the shock precursor. The upstream magnetic fighd be 32 Dy(E) [H(.p)

highly disordered, the magnetic compression ratio theoines tacd E) = d [ r(I’EI)B

> ) 5 r-1 vz
rg = /(1+2r2,)/3 < rsup (with reyp > 1) s

Basic analytical relations can be derived when Bohffudion

. . . . : )
This section examines the DSA process in the case of an ef _ q_(ﬂ) y P — (&) Ba

m 27nT-d

3.1. Downstream diffusion regimes and maximum patrticle
energies

+1] .

(18)

1+2r2 Y2 By regime prevail. In that case, electron and proton accéterst
By = By x (TSL“’) =—. (13) are no longer related as thefdision codficient does not depend
s 0N Amax @anymoré. Eq.(30) in Parizot et al (2006) can be used to

Parizot et al (2006) only considered this laieet. But in the derive the downstream magnetic field amplitude and thervio gi

meantime, the maximum turbulence scale downstream is pé\_estimate of the synchrotron photon energy dtit-0
duced by a factorgy: V2

E,_cut =~ [0.875 keV]x — shd . (19)
Amaxcu . (14) e ay(reon) (1 + H/reotr3)

I'sub

Amax-d =

where we have notef(rior) = 3r2,/(fot — 1), fot = l'ot/4 and

¥ We make a distinction between the compression ratio at the s@ = ¢(3 = 1)/16. The maximum electron energy is found tolie
shock (su» < 4) and the total shock compression ratig > 4. In the  around 10 TeV in our SNR sample, a value close to the max-
case 0‘; V‘{eakhl’ mgg'f'edd?'fhod‘?ksﬁ Wlf havg ze&sisub =1 =4 II? ttt:]e imum CR energy. To derive such result, we have assumed that
case ol strongly .} moailied Socks, one geds> 1 > Tsup- I N the compression ratioatE = E is approximatively~ ryt.
sole adiabatic heating of the precursor is consideredesaly, = 2— 3 We hpave listed in Tab.(2) i\n(;a)i(nferrpepd values ofy{h(atoaown—

andry; > 10 are possible (see e.g. Berezhko & Ellison (1999)). If a g - . .
substantial gas heating in the precursor is produced ftarigs by the stream magnetic field in the context of an advection dom¢hate

absorption of Alfvén waves, the total compression rationzd be much  X-ray rim where a Bohm-type turbulence is occurring. We have
larger than 10, under ISM conditions considered above (By#ap4). also displayed the theoretical valuesif o« required to verify
Whithin strongly modified shock, the most energetic elewrproduc- tacdEe-max) = (tsyn(Ee-max)). The parameters are the same as in
ing the X-ray filaments have energy>& Ecrmin and do experiment a table 1 of Parizot et al (2006) except for SN1006 where we have
compression ratio close tgy. This value will be used in the next esti-used an actualized value of the shock velocity (490G) given
mations. Values ofs,, = 2 andry,; = 10 are accepted in this work in
the case of strongly CR modified shock. 4 excepted at the highest energies.




Marcowith & Casse: Postshock turbulence in young supernawvemants 7

Supernova remnanH By (uG) Ey-ou Ba_ri (MG)
Ey—cutobs
Cas A 558 0.2 2.7
Kepler 433 0.3 2.3
Tycho 586 0.7 15
SN 1006 170 0.07 0.56
G347.3-0.5 131 0.05 2.1

Table 2.Inferred values of the downstream magnetic field amplitudesynchrotron photon cutficenergy in the case of advection dominated
rim where Bohm diusion regime prevailg3(= 1 andq(8 = 1) = o). The magnetic field values have been calculated assumingrs,, = 4. In
the last column, the FIl magnetic field amplitudes standifoitivalues beyond which regular Fermi process is overtdiethe stochastic Fermi
process . The surrounding ISM densities are given as appat&iand averaged values as follows (im&mnits): Cas An,, = 1 (Berezhko et
al 2003b), Keplern,, = 0.7 (Aharonian et al 2008), Tychar, = 0.4 (Hughes 2000), SN1006, = 0.05 (SE rims see Acero et al (2007)),
G347.3-0.5n,, = 1 (poorly constrained see Aharonian et al (2006)).

in Acero et al (2007). The results presented in this tablewer- trons. We included in our numerical calculations the sdedal
formed using a dfusion codficient normalizatiom(8 = 1) = o Fermi second order process (in addition to the usual fird¢ior
corresponding to predictions by the quasi-linear theory. acceleration) combined with energy losses, namely symahro

It appears,under the aforementioned assumptions, thett olsses for the electrons. We implicitly assume in our negtyan
SNRs {Tsnr > 1000 yr) would have synchrotron cuff@nergy sis that an fiicient redistribution among forward and backward
much lower than the observed value. However, as for instanwaves is operating through the interplay of non-linearitéon
in the case of SN1006, the cufférequency depends on the ob-with magneto-sonic waves (Pelletier et al 2006). In tha¢ cfs-
served region of the SNR and 3 keV is likely an upper limit. Oward and backward modes transmitted downstream are in bal-
the other hand, young SNRE4\r < 500yr) exhibit, in the same ance (Vainio & Schlickeiser 1999). Such assumption enables
context, large magnetic fields and synchrotron energiesftut us to estimate the magnetic field amplitude regarding domina
close to the cut4b deduced from the observations. THEeet is stochastic Fermi acceleration. Issues dealing with inmzade
even stronger in case of modified shocks. Parizot et al (2006xgnetic turbulence are beyond the scope of this paper dhd wi
already noticed that the Bohm regime does not allow the DS investigated in a future work.
theory to reproduce accurately the X-ray filaments unlesdifh The acceleration timescale characterising the stochkstimi
fusion codficient normalization is replaced by a factgrof the process for a relativistic particle can be written as:

order of a few. This is confirmed by the good agreement between 9D(E)
the two cut-df energies obtained for the young SNR. taccrnl = 2 (20)
Several uncertainties may produce shifted diifrequency Ad

from the extrapolation using the radio data. Zirakashvili &he condition to get a stochastic acceleration l¢Bsient than
Aharonian (2007) pointed out that the electron particldridis the usual shock acceleration can be transposed into a @ondit
bution can be cut 6 in a smoother way compared to a pur®n the downstream magnetic field by writingcri < taccri-
exponential cut-fi. In that case thactual cut-off frequency is Using Eq.(18) and (20) one can easily get that

shifted towards higher energies. In the meantime, the gbder nY/2 \far2

synchrotron cut-fi used pre_wously is likely to be an upper limit Ba_ri < [714uGaussik — oo,-1 VSh3 fot ., (21)
because of the back-reaction of CR on the shock structure pro Y(N)Y2(H(rot, B) /ot + 1)1/2

ducing a curved shape of the spectrum. It seems justified-to @ this expression we have exceptionally used a shock wgloci
velop a detailed non-linear calculation to improve thereate of - expressed in units of 2kkm/s and the ISM density in units of
the discrepancy of these solutions with a simple exponlentia (.1 cnt3.
off. This aspect should also be an important issue for the next |n the case of young SNRs propagating into a standard ISM
hard X-ray satellites generation like nuStar or Next. Wetposnedium with typical hydrogen densities10-X cm3 the previ-
poned its investigation to a future work. ous limit leads to magnetic field strengthsl — 2 mGauss for

~ As a summary, we can say that thiéeet of scale compres- typical shock velocity of the order of 6 10° kmys. This is con-
sion has a very limited impact on the above calculation aatl tHirmed with the estimation of the limited magnetic field styés
the results derived in Parizot et al (2006) are found to béequyiven in the table 2 for each SNR. The surrounding gas density
robust. in most of the cases is only a crude estimation or is derive fr
averaged values over the entire remnants (see however-the in
vestigation of the gas density around SN1006 by Acero et al
(2007)).
The downstream magnetic field amplitudes derived in se@ion The Fermi stochastic acceleration process produces an en-
are actually lower limits while the observed filament sizes aergy gain in the downstream medium and a hardening of the par-
just upper limits because of the lack of resolution of X-ray i ticle distribution at the shock front (see Eq. 15 in Marcdwit
struments. If the downstream magnetic field reaches valass c et al (2006) and the simulations in section 3.3.2). As plagic
to mGauss and does not relax rapidly, then at some stagerliare continuously reaccelerated downstream, they are ®gec
velocity will be of the order of the downstream fluid velocity to produce larger X-ray filaments. Botlfects seem clearly in-
that case, stochastic Fermi acceleration cannot be nedlany- compatible with the available data. The magnetic field flactu
more. Electrons will interact with turbulence modes geteza tions in resonance with electrons are then expected tostatatr
by the resonant streaming instability since non-resonamtas the shock front with magnetic field amplitude By g below
are right-handed polarized and thus cannot interact witk-el equipartition with thermal pressure of the flow.

3.2. Considering downstream stochastic Fermi acceleration
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Electron spectrum at front shock Acceleration timescale
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Fig. 1. Shock front energy spectra of relativistic electrons ped by erer (V) Distance from the shock (pe)

multi-scale simulations where the MHD part of the simulatimim- o
ics the behavior of a SNR blast wave (velocity of the dowrstrdluid ~ Fig. 2. Energy spectrum of relativistic electrons at the shock tfron
3000 kms, compression factat,, = 4) and where uniform upstream given by MHD-SDE simulations in the conditions of the Kep&XR

and downstream magnetic field are sgt4 VI1). The numerical spec- (velocity of the upstream fluid is.& x 10°kny's, compression factor
tra are displayed using items while solid lines stand forahalytical 'sub = 4) and where uniform downstream magnetic field is set while

spectra cut-fi profiles given by Zirakashvili & Aharonian (2007). We UpStream magnetic field is calculated using results coedaithin ap-

have set various fiision regime D o« E°®) while using our new nu- Pendix A. The density of ISM is 0.7 cmh. Bohm difusion regime has

merical SDE scheme described in appendix C. been as.sumed. The dashgd-lme shows the.statlonary mfutlmd in
Marcowith et al (2006) which includes particle re-accdierain the

Fermi cycle. In the upper right panel the acceleration (Alith sole

. . regular Fermi acceleration), thefiiisive and downstream residence

3.3. Numerical experiments timescales are displayed. Diamonds are obtained using anahcal-

The SDE method presented in appendix C does not acco W@titon r?f t?_e ia:ccelt_aratior; timt(_ascale. The S{}sht elxce(ﬁg?é;ed by

. . . e StochastiC Fermi acceleration process. e also syn-
for the back-re_actlon of .CR over t_he fluid flow. This woul chrotron spectrum and the magne?ic profile around the shmkyat
require a special smoothing andfatiult treatment of the CR _ 400yr.
pressurePcr. The latter calculated from the particle distribu-
tion f(p,r) at each grid point would produce unphysical fluc-
tuations that develop with time. Several numerical workgeha = =
started to included wave generatidfeets in CR modified shock tinuity is located at the shock). We have performed several
hydrodynamics (Vladimirov et al 2006; Kang & Jones 2002DE-MHD simulations where constant upstream and down-
Vladimirov et al 2008). Some semi-analytical works have alstream magnetic fields prevaiB{/B, = rg = V11, reu is
started to investigate thefect of the wave precursor heating orset to 4) and where the shock velocity of the flow is set to
the CR back-reaction process (Caprioli et al 2008a). Both ag000 knjs. The various presented simulationfieh only from
proaches seem to converge to a similar conclusion: thertggatiheir implemented spatial fiusion codicients whereD =
of the precursor by the wave damping reduces the gas compr&sshm(Eint)(E/Eint)*® (the particles are injected at eneligy; =
ibility and thus reduces the shock compression (Bykov 2004 TeV). Zirakashvili & Aharonian (2007) provided the shape
Stationary solutions are found to be rather close to thep@st of the electron energy spectra at the shock front beyond the
ticle case. Calculations performed in the test particlmfraork energy cut-@ Ee max induced by synchrotron losses, namely
using SDEs can then reproduce the main properties of the pafE) « exp(~(E/Eemad**°). Fig.1 displays three simulations
ticle acceleration process. SDE have several advantdges: twith ap = 1 (Bohm difusion),ap = 1/2 (Kraichnan turbulence)
are simple to implement and rather simple to couple with MHBndap = O (constant cocient). The result of the numerical
equations. SDE schemes enable a fast and large investigdtiocalculations are displayed using items while analyticaltsons
the parameter space of the DSA mechanism. For instance, ®@fieZirakashvili & Aharonian (2007) are displayed using doli
inclusion of Fermi stochastic acceleration is rather saniplthe lines. The agreement between numerical calculations aae an
SDE scheme as well as the use of various spatiaislon coef- lytical profile is good and proves that the skew SDE numerical
ficient regimes. Our results can, for instance, be used d@isrign  scheme is valid for all kind of diusion regime and can handle
tests for future non-linear simulations. magnetic discontinuities properly (see section (C.2.4jddcher

details).

3.3.1. Synchrotron spectrum solutions

. . . . 3.3.2. Shock particle distribution and second order Fermi
We first validate the aforementioned numerical scheme by process

achieving calculations in ffierent configurations, as for instance

reproducing the analytical results of Zirakashvili & Aharan Fig.2 and Fig.3 show the shock particle distribution and-syn
(2007). In this last work, the authors provide the exprassi@hrotron spectra for the parameters corresponding to the co
of the relativistic electron energy spectra at the shocktfroditions that prevail in the Kepler and G347.3-0.5 SNRs respe
in the presence of a discontinuous magnetic field (the discdively. In the case of Kepler SNR we have used the following pa
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Fig. 4. The unprojected and projected X-ray apday rims in the conditions of the Kepler SNR (same physicalditions than Fig.2). For clarity
both X- andy-ray rims have been normalized to one.

Electron spectrum at front shock
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5 Acceleration timeseale The factory is usually not well defined. An accurate determina-
- tion of this parameter requires to perform non-linear satiahs

of DSA including the &ect of the turbulence generation back-
reaction on the flow. A fraction of few tenth of percent of the
SNR radius is usually assumed in theoretical calculationts a
seems to be reasonable (Berezhko 1996; Caprioli et al 2008b)
The normalizatiory = x/0.3 is then accepted in this text.

tsso

o= (Mi'(r=4)+3)/(Muo(r—=1)+3)

-2 -1 2 -2 -

1 0
Logi (€/TeV)

Synchrofron spectrum Magnetic field (4G) It can be seen from Fig.2 and Fig.3 that stochastic acceler-
0 =R/ 1o R ation slightly modifies the shock particle spectrum in theeca
a(f=1)=In(kue/ Kum) ] of Kepler SNR. The synchrotron losses create a bump close
to the maximum electron energies. In the Kepler remnant, the
synchrotron cut-fi is found to be around 0.2 keV (see Fig.2)
while in the case of G347.3-0.5 it is around 0.5 keV (see Fig.3
We have verified that lowering the normalization faais) of
the ditfusion codicient from 16 down to 3 produces a cut-o
000 Bttt ! : S — around 1 keV (Kepler) and 2.5 keV (G347.3-0.5), namely a
0.1 1.0 10.0 100.0 1000.010000.0 -0.2 0.0 0.2 0.4 0.6 0.8 . . A
Crer (V) Distance from the sock (pc) higher cut-df requires a loweq(B) (see Eqg. 19). The density
: — . . round G347.3-0.5 is badly constrained ad< 1cnt3 would
Fig. 3. Same plots than in Fig.2 but in the G347-0.5 SNR (velocity iad to similar €ects. It isynoteworthy that the above simula-
the shock is 4 10°kmy s and compression ratig,, = 4). The density of fi imize th . id f the stochasti 13
ISM is 1cnT3. The Bohm regime for the fiusion codficient has been lons maximize thé inciaence of the stochastic accelanais
ywe considered that the resonant field dominates the totdlifiel

assumed witly(8 = 1) = 15. The simulation has been performed unti .
timet = 1600 years. the downstream medium (see Eq. 3).
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As a conclusion it clearly appears that the downstream
rametersVsy = 5.4 x 10° km/s, By = 4334G, 8 = 1. Upstream _ Alfvenic Mach numbeNg/Va ¢ cannot be much less than a fac-
density is 07cnT (Berezhko et al (2006) estimated the densityr of the order of unity otherwise; the X-ray filament would
N. < 0.7cnT®). In the case of G347-0.5 we have set parametesg too large with respect to the observed widths (see next sec
asVsh = 4000 kms, By = 131uG, g = 1. The averaged up- tion), 2/ the X-ray cut-df frequency would be far larger than
stream density is 1 cm (Aharonian et al 2006). In both cases ., (see Fig.2) Bthe radio spectrum would be harder thah®
the magnetic profiles used in the simulations are also pteden (see Fig.2). Generally speaking, the maximum downstream re
The maximum CR energy (and the aspect raigy/kmin) COr-  onant magnetic field cannot be much larger than a few mGauss
responds to the maximum CR energy limited either by particigywnstream of the shock front, otherwise regular acceterat
escapes in the upstream medium or by the SNR age limit. fipcess would be dominated by stochastic Fermi acceleratio
Ecr-max the maximal upstreamfiusion codicient allowed by This set an important constraint on the combined value of the
the escaping limit is: magnetic field and the local ISM density as well as the respec-

tive contribution of the resonant and the non-resonarabikty
D(Ecr-max) = x X Rsh Vsh - (22) to the total magnetic field at the shock front.
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Fig. 5. The unprojected and projected X-ray apday rims in the conditions of the G347-0.5 SNR (same physioadition than in Fig.3). For
clarity both X- andy-ray rims have been normalised to one.

3.3.3. Comparisons between X- and y-ray filaments 4. Diffusive shock acceleration in case of
downstream spatially relaxing turbulence

We end this section by a detailed comparison between X- aln his section, we will now consider a scenario where thermow
\ y Omp:s : eam magnetic field fluctuations vary over a length-scaietm

y-ray filaments p_roduced by the relativistic electrons. T_rhr_lu— shorter than the SNR shock radidgy. This scale notedy can

sion of neutral pion decay that results from the hadronieran- depend on the wave numbleof the fluctuations. The damping

tion W|th the interstellar flu[d or with the shocked matteruka of the turbulence in the downstream medium and its compres-
require a complete modelling of both the hadron spectrum al®n at the shock front can modify the particle mean residenc

the ISM density profile around the SNR. Such study is pOSt‘mnﬁ}me and the relativistic particle return probability teetbhock.

to a future work. Hence such magnetic relaxation is expected to modify ffie e
ciency of the difusive acceleration process itself.

In our calculations, the leptonig-ray emission has been  Equation (12) shows that the particle energy spectrum at the
integrated in two characteristic wavebands 10-30 GeV and Sock front remains a power-law provided quantities (avami
3 TeV using the standard expression of the isotropic Inver8BergyE) zyd(E) = Uy/afu/a/Dy/a are large compared to unity.
Compton emissivity (Blumenthal & Gould 1970). The rims ar&tavingz,q(E) < 1 will produce a strong softening of the parti-
produced by the scatteringfcthe cosmic microwave photonsC|e dlstr|_but|on a_nd a dropfbof the_accelerathn t|m_escale, the
with relativistic electrons. They are displayed in Fig.4i&ig.5 latter being dominated by the particles experimenting tets
where they were obtained with parameters adapted to the 8§t residence time. A softeninfect induced by the upstream
namics of the Kepler and the G347-0.5 SNR respectively. A@Sses is only expected at highest energy f&&Lmax. Namely
also displayed two X-ray wavebands {6 keV and 65— 1 keV, ©oncez, — 0°. The difusive length of particles having energy
even if this later wave band is usually dominated by the tiagrnsmaller tharEcr-maxis always smaller than the variation scale of
emission). In each case both projected and deprojecteckiiam the magnetic fluctuation, (controlled by the highest energy),
are reproduced. The relative normalization between X-ray ahence we have,(E < Ecr-max) > 1, leading to a vanishing ex-
y-ray filaments mostly depends on the intensity of the magneBonential factor in the above solution. Conversely, théesoig
field; it is found to scale for the same particle energy donaain effect downstream can be_ significant at energies much smaller
B2 as expected. The width of theray TeV rim is usually the thanEcr-max@sfqy can be highly scale (and thus energy) depen-
largest one as an important fraction of the IC radiation @ prdent. This is precisely the main topic of this section, nanirt
duced upstream. The 1030 GeVy-rays are produced closering to identify the parameter space that allows the Fermelacc
to the shock upstream comparing to-13 TeV y-rays. In the €ration process to bdfecient in the context of a relaxing down-
downstream region, the the highest energetic electronscare Stream turbulence. _ _ _
fined closer to the shock because of their shorter radiatise |~ Hereafter the downstream relaxation lengitis considered
timescales. The projected rims show that only a sligfiecénce to be energy dependent and we normalize it with respect to the
exists between the position of the peak of the gamma and Raximum CR energycr-max

o krnin o

tualy-ray instrument to separate both components. This will be ) = lam X (T ) (23)
also the case for future instruments like CTA unless the Blais

ray emission. As the size of theray rims is actually not much
larger than the X-ray filaments, it seems impossible for any a

being very large (see the case of Vela Junior discussed irbBam 5 Again, a correct way to handle thifect requires to account prop-
etal (2005a)). erly for the particle back-reaction on the flow.

CR-max

E
L4(E) = tam X (E
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The scal&ym is the relaxation scale at the maximum particle erAt any given downstream locatiofyy > X > &min , the
ergy®. Let us recall that the relationship between energy partianaximum non-vanishing turbulence wave numbekig(X) =
and wave vector comes from the condition for a given partale knin(€am/X)>%. Beyondlyuw, all turbulent modes vanish giving
resonate with a turbulence mode, ~ 1. In this section, we a total magnetic fieldB,, close to the ISM magnetic field value.
first investigate the magnetic field profiles in the downstreaThe spatial variation of the magnetic field for any otheffidi
medium resulting from various relaxation processes (8gctision regime is more complex, as it scales as(Lyy/x)*#)/%
4.1). In Section 4.2 theficiency of the DSA with respect to for x > ¢min. The total magnetic field is required to calculate the
the turbulence properties (turbulence index, relaxatiolex) is synchrotron losses properly but also the normalizatioerarg
discussed, in particular concerning theeet of the downstream the particle Larmor radius and the local Alfvén velocityng@
magnetic field amplitude. Various numerical experiments; p total magnetic field is known, we can calculate, for everprel
sented in Section 4.3 illustrate thfext of the magnetic field tivistic particle having energig, what is the fraction of the total
spatial variation on the particle dynamics and the assetift magnetic field that can resonate with this particle, nanaly-i
andy-ray rims. grating all turbulence modes verifyingrL(E) < k < kmax(X).
This is done by computing the functidndefined in Eq.(7). If
magnetic turbulence relaxation follows a Heaviside pliption
then one obtains:

This work considers various turbulent magnetic field damped _ B

profiles: the case of an energy dependent Heaviside profilgo < x < £,n, E) ~ @(rL(E)) (27)
the profile produced by a non-linear Kolmogorov-type dargpin B\ Leon

(Ptuskin & Zirakashvili 2003) and the profile produced by the ¢ L (E) B E (E 2 By \Blod
Alfvén or fast magnetosonic cascades (Pohl et al 2005).18¢e a b(X > £min, E) = —" {( L ) —( LA =CR-ma ) (—) }
briefly discuss the case of a turbulent dynamo action doeastr B Leon Leon lam
(Pelletier et al 2006). In this section unless specifigd 0 is
implicitly assumed.

4.1. Downstream magnetic field relaxation

Once both the total magnetic field and functimare known, it

is easy to compute in our simulations both spatial and energy
diffusion codficients for every test particle which are mandatory
4.1.1. Heaviside profiles to get the particle motion and stationary particle disttiitou so-
lutions in Eq.(11) and Eq.(B.2). The procedure is repeatdie

Heaviside-type magnetic relaxation accounts for an idedlap- same way for any magnetic profile
o .

proach of turbulence relaxation where a given turbulencdeanm
is assumed to be uniform up to a distarfgék) from the shock
and to vanish beyond that distance. This relaxation modelrig 4.1.2. Non-linear Kolmogorov damping
likely to be unphysical but it enables to catch the basicufiesst
of the turbulence relaxationffects upon particle acceleration.
Assuming such profile, we write the magnetic energy turbzden
spectrum as (the downstream medium is defined by0):

In models of incompressible MHD turbulence described by the
Kolmogorov energy cascade towards the large wave numbers,
the non-linear damping kernel scalesk&EW(k)*2. Following
Ptuskin & Zirakashvili (2003) this kernel can be simplifietile

W(k, X)g = W(x = 0%, K)IT(£4(K) — X) + W.IT(x — £4(k)) (24) still respecting the spatial relaxation profile. We have:

whereII functions are Heaviside functions andis the dis- e (k, X) = T x K¥2W(k, x)V/2 (28)
tance from the shock front. The magnetic energy density far 5 5 12 )
downstream iSW,.. The normalization of the turbulent specWherel'o = 5x 107 x Vaq/(By/4n)™<. Here we consider the
trumW(k) = Wok# is related to the magnetic field at the shockascade to be initiated behind the shock and use the loedl tot

front throughWo = B%(x = 0%)/4no-Knmin, With Knmin = 274°% magnetic field and Alfvén velocity.

maxd’

K = Klmaxa and againr(8 = 1) = In(Knax/kmin) ando(8 > 1) ~ In the shock rest-frame, the turbulence relaxation dowasir

1Y@-1) (for x > 0) is described by a stationary equation:
The Heaviside profile, despite it crudely approximates the V. AW(K, X
variation of the magnetic energy density downstream, psrmi r—Sh X ;X ) _ =20 (k, X)W(k, X) , (29)
us to derive a basic spatial profile of the total magnetic féaeld ot B
given by ) " and a boundary solutiow/(k, x = 0%) = Wo x k. The solution
5EZ(X) _ W(k, X)dk (25) of Eq.(29) is:
T Kmin W(k, X = O+)
which, for instance in the case of a Bohm turbulence leads to W(k, x) = T e (30)
(fmins defined aggm X (Krin/Kna»)*) (1 + k(sm/zi)
Xo
~ 6B¥(x) 6B*0*) 6B _ _
0<X<{min : - dr T ar An estimate of the scalb) is (see Pohl et al (2005)):
6B2(x)  6B%(07) In(Lam/X) 5B2 Vepant/2rt/251/2
H = 2 " h4 00 o -
frn <X T T T san(knedf) 4 o= (300 Al X =8 X Bl (31)
SBX(X) oB2 _ _ _ .
tam < X I - an (26) We usedr = o/16 and the shock velocitysn, is expressed in

units of 1 km/s. The downstream maximum turbulence scale
6 All quantities with an index M are to be taken at the maximummaxd Can be connected to the maximum Larmor radius of CRs
particle energy. upstream through Eq.(14). Reduced rigidity at maximal gyer
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Ecr-maxisS such thap, ~ pu as the diftusion codficient rapidly and

increases a&? beyondEcr_max. Both conditions set the max- 2CAmaxd \7a 2

imum upstream turbulence scalgax, and the maximum CR Vi = 372 (V_h) (35)
energyEcr-max. We find Amaxa =~ 5.2 ri-maxu/Tsurom, Where S

om = pm/0.3. Ecr_min Stands for the smallest resonant energy. Then the am-

The relaxation scale &(E) = lamX(E/Ecr-ma)®?/2. The plification scale iS€ampi ~ Amaxa/(7¢). Turbulence modes
factoréq v is defined as the length on which turbulence level hdmving wavelength larger thafimp grow and saturate close
decreased of /& compared to its value at the shock front; i.eto the equipartition. Other turbulence modes are expeaied t
tam = (v — 1)x. The spatial dependence of the total magdamp rapidly (over a few plasma skin depths) because the non-
netic field and functiorb have been calculated using Eg.(25)esonant waves are not normal modes of the plasma, as already
and Eq.(7). These expressions, rather tedious espeaialtpé stated in section 2.2.

b function in the Eq.(6), have been implemented into the code

but are not explicitly given here. . .
plcity 9 4.2. Particle acceleration in a relaxed-compressed

turbulence

4.1.3. Exponential profiles .
In the next paragraphs, we present some useful analytitial es

When turbulence damping rate does not depend on space rhdtions for the analysis of the numerical simulations presk
remains dependent on wave number= I'(k)), the relaxation in section 4.3. These calculations used the Heavisidesgkfab-
of the downstream magnetic field follows an exponentialatiit- files derived in section 4.1.1. Let us note that the followéhar-
on a scale lengtliy(k) = riI'(K)/Vsh. The turbulent magnetic acteristic timescales are strictly valid in the framewofkiro

energy spectrum is then finitely extendedliffusive zones but are used to discuss the ef-
fect of aspatially limiteddiffusive zones. However we will see
W(k, X) = W(k, 0*) x exp| - X (32) in section 4.3 that these approximations Iead_ to correatggne
£4(K) spectrum features, except near highest energies.

The Alfvén and Magnetosonic waves cascades considered b%/
Pohl et al (2005) follow this scaling, the corresponding gam#4-2.1. General statements on the turbulence parameters
ing rates and expression fgg can easily be obtained from their

Eq. (8) and (11) respectively. Considering the Alfveni e Pohl et al (2005) have discussed various possible dowmstrea

relaxation processes. First, the non-linear Kolmogorompla

we obtain ing produces a relaxation lengt(k) o« k¥-3/2, Each turbu-
Venan/2r2 lence modék being in resonance with relativistic particle whose
Xo_p = [51,\/1/2 X ,lmaxd] x ———— S gl (33) Larmor radius verifie&r. > 1, we obtainsg = (3-)/2 > 0
Mot ' (between 1 and/2 for 1 < 8 < 2). The two other processes con-

sidered by Pohl et al (2005) scalelas/?, namelysy = 1/2. A

The coherence scale of the downstream turbulenadg,is = oS . . .
Amaxd pm/2r. The fast magnetosonic cascade leads tooa simi r|at|_on range (_)5" between 22 and 1is then clearly |o_Ier_1t_|f|ed.
e will extend it to encompass the regirig = 0, a limiting

expression except that the wave phase velocity can be appr . AT
mated as/ey g = (ng " CZd)l/Z csq being the sound velocity case where relaxation lengths are spatially independent.

o K & 1 . . . . - .
behind the shock front. Notice that the above expressiothfor . What about h"?“.”ngd hegative ? A strict lower I|_m_|t Oidg IS
Alfvén cascade results from the combinaison of the ciitics-  9'VEN by the conditiodly(Ecr-min) < Rsn. A non-relazt|V|st|c min-
ance and the anisotropy obtained in the Goldreich-Sridhes p IMum resonant energicrmin =~ 0.1 x (V2 - 1)myc? seems ac-
nomenology of strong turbulence (Goldreich & Sridhar 1995§€ptable so thally > dajim = IN(Rsn/€am)/ IN(Ecr-min/ Ecr-max)-
Again, the expressions of the total magnetic field and resond N€ lower limit 5qjim has typical values between -0.3 and -
field are rather tedious and are not given here. It is notéwort9-2 When identifyingfqm with the size of the X-ray filament.
that Eq. (31) and (33) show that the Kolmogorov damping leafi€laxation regimes havingy < 0 do not necessary correspond

to slower cascade timescales and thus to larger relaxatidess 0 any known damping process but has some interesting proper
than for an exponential damping. ties, in particular concerning the radio filaments.

4.1.4. Turbulent dynamo downstream 4.2.2. The dominant loss mechanism

Pelletier et al (2006) (see also Zirakashvili & Ptuskin (@800 Comparing typical energy loss timescale is a useful tooleto d
discussed the action of a turbulent dynamo in the downstre#@imine whether or not fiusive particle losses catfect the en-
medium that would lead to a further amplification of the madrdy spectrum of relativistic particles. Assuming thabtuence
netic field. The magnetic field is expected to saturate atevallglaxation follows a Heaviside prescription, we can expthsse
close to equipartition with the dynamic gas pressure. The djmescales assuming constant downstream magnetic fielteon t
namo action is driven by the non-vanishing helicity of theno relaxation lengtify relativz to particle having enerdy.
resonant turbulent modes. Four timescales are relevant in order to set the maximum
The corresponding scale of magnetic field variation is give¥rticle energy in a relaxed and compressed turbulence:
by the ratio of the magnetic turbulentfiisivity v; to the dy-
namo amplification cd@cientap. The two codficients can be
expressed as (Pelletier et al 2006):

1. The acceleration timescale:

28
tacd E) = [7 yrS] X s X YOKE, 1) x T2 (Pd(E>)
v M

2 (Va\
a0~ 5 % (G2 Xm0 Ecrmad 1 (Eemm) + (34) s 36
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where K@,r) = q(8) x (H(8,r)/r + 1) and where the maxi- limit the shock acceleration process considerably as tbelac

mum wavelength of the downstream turbulence is expressabn time becomes larger thag: as energy is decreasing. The

in units of 10" pc. same conclusion can be obtained from a close examination of
2. The advection timescale: the time required for a partile the particle distribution given in Eq.(12). The tem= uglq/ Dy

travel over a distanc& while being advected with the down-is proportional to (s /tacd®?, and 2— 8 — 64 < 0 leads tozg

stream flow. tending toward zero. The particle energy spectrum thempstee
t4(E) B at low energy, which is obviously in complete disagreematit w
taal(E) = Vg - [4yrs]x T Vi la2(E).  (37) the Fermi acceleration scenario.

Hence, dficient Fermi acceleration is solely possible if2
3. The ditusive timescale: this is the time required for a particlé;— g > 0. For instance, an energy independent relaxation length
to travel over a distancg in a diffusive motion”: 64 = 0 (as well asiy < 0) verifies such a criterion for all fiu-

) ) s—2  sionregimes. In the case of a Kolmogorov type non-linear tur
ta(E) ta-2(E) X(Pd(E)) bulence damping, the supplementary relatige- (3—)/2 im-
6D4(E) ad@)pmAmaxd-—2 \ Pm * posesB < 1 which means that only the Bohm regime can ful-
(38) il the previous condition (we will see in Section 4.3 that-par
4. The synchrotron loss timescale: ticle acceleration is notfcient in that case). In the context

- -1 -2 of Alfvén and magnetosonic cascades, Kolmogorov turtugen
tayn(E)  [1.25 107 yrs] x Ergy x By, X foync. (39 regime 8 = 5/3) is the sole regime failing to verify the previous
Parametergnc stands for (g, r) +r)/(H(B,r)/r2 +r). This  condition.
expression takes into account both mean residence time in
the upstream and downstream medium.

tain (E) =

~ [0.3 yrs]x

4.2.4. Magnetic field limits in a relaxed-compressed
The maximum electron energy is given by the equality  turbulence

tacdEe-max) = toss(Ee-max), Wheretioss is the smallest timescale, o context of X-ray filaments controlled by the down-

among synchrotron, advective andfdsive timescales. When stream turbulence damping, we can link the size of the fil-

X-ray filaments are controlled by the radiative losses, V"Ehaament, notedARx, to the maximal relaxation lengtfiyy as

tioss = tsyn. In case of escape losses dominated filaments, We " AR(E E 5 — C(5:)ARx. & The ener
then havelioss = Min(tair, taw)- It can be seen that fro particlesisd'g"he ene>r(g(yech>lEn Sgrtieagbsgemittin(g (:21 the45 keV bandggieac)tﬁis
having energy close tBe max, diffusive losses are always dom

inant compared to the advection losses, heREdE. m) = value depends on the local value of the total magnetic field.

tair (Ee—max)- It is noteworthy that the downstream residence tim[%i A downstream magnetic field estimati@q can be ob-

A ; ned from the dynamics of the electrons by requiring that
tresd = (Va/C)tacc (during one Fermi cycle) should not be com%cc(E&max) _ tdiﬂ“(g&max) using the previous reliiﬂior? betvgeen

pared_to the dfusive or advective tlmes_cales as only particle > "andAR. In the context of the Bohm fiusion, one obtains
returning to the shock are able to experiment a full Fermiecyc

Doing such comparison would lead to a maxir_num particle en- 1/2 TOLE 2/3
ergy E&ma)_( muc_h Iarg_er than values obtained in the context of Ba_adir = 3.7x q(8 = 1)%3 x y—cutkeV . (4)
our numerical simulations. ARx -2C(64)Vu3

whereVgz = Vy4/10° km/s and agaig(r) = g(r)/g(r = 4). If

B > 1 the derivation of the magnetic field amplitude is more
In the context of relaxation dominated filaments, the ratibs cumber.some. . _ .

the acceleration timescale (Eq.36) to théiudiive (Eq.38)andto ~ Having the SNRs X-ray filaments dominated either by
the advective(Eq.37) timescales varyE&>#-%) andE@#-%) the relaxation of the downstream magnetic turbulence or by
respectively. Two dferent regimes have now to be discussed. synchrotron losses is provided by the conditiQ(Emax) =

. . tsyn(E = tacd Emay). The corresponding limit value of the
2 -84 >0: OnceE < Ee_max the various timescales orderr‘;']y;(gn"gi% fielda?;((;gg)in in case of é)ohnffd%ion)

astaec < tgir andtaee < tagy: the acceleration process can occur

4.2.3. Conditions for an efficient particle acceleration

without noticeable losses and thus particle energy spmdier g-1/2 2/3
; Vsha y—cutkeV
haves as a powgr-law. It is noteworthy that for energy smalle By ;i ~ 89 x| — s Xfoyne| . (42)
than E,qy, advection losses become dominant compared to the ro(r) C(0a)AR -2
diffusive losses. Formally, we derive this energy limit by setti } )
tacd Ee-max) = tdifr (Ee-max), Which leads to In order to get SNRs X-ray filaments dominated by the relax-
Uats ation of the magnetic field, it is compulsory to haBggix <
E . _E g(n\" (2-6a-P) 40 Bajim- The factorq(B) has been isolated in expression (41) to
adv = Ee-max X 6 ’ (40) show that no solution is then possiblegg{3 = 1) > 1. In other

) words, a difusion codficient close to the Bohm value is required
whereg(r) = 3/(r — 1) x (H(,r)/r + 1). We will note hereafter tg gllow the relaxation of the turbulence to control the sizthe

g(r) = g(r)/g(4). . , o
. o . The dependence &f; with respect to the wavelengthis a priori

2 - (Sd —ﬂ < 0: In that case, the ratio Of thefﬂlISIVE to adVec“Ve valid on|y up tO/lmaX ~ RL(ECR—max) and rigourous|y’ we should not ex-
timescales is always smaller than unity, i.eTulive losses dom- pect the scaling ofy to extend beyondmax. Above Amax the difusion
inate for all energies. ONcE < Ee¢_max, downstream escapescoetﬁcient increases d§f and particle acceleration still proceeds be-
yond Ecr_max but the number of particle accelerated and the turbulence

7 The factor 6 in the denominator of Eq.(38) appears as theorand energy density both rapidly drop. For this reason we stilisiderdy to
walk along the radius of a sphere is in fact composed of 3 iedéent be controlled by the kernel of the damping rate abB¥g8 max; €.9. in
random walks along each Cartesian coordinates the case of the Kolmogorov dampiig = 3/2 in this energy regime.
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SNR By_dif t By_dif 1 Byiim/Bg_dif 1 By-iim/Bd-ditf t
q1)=1 q1)=1 q1)=1 q1)=16

Cas A 311 394 2.3 0.4
Kepler 220 293 3 05
Tycho 210 333 51 0.8
SN 1006 174 189 12 0.2
G347.3-0.5 164 183 0.95 0.15
5=0 5a=1/2 Vo Vo

Table 3. Table presenting analytical estimates for the downstreagnetic field value in the context dfffusive loss dominate8NRs rims. The
SNR rim observed parameters are the same as in Parizot &0#l)(@nd the shock compression ratiosrase= rsy, = 4.

filaments. We have also to keep in mind that the downstrea®347.3-0.5), we have shown that the X-ray filaments exigting
magnetic field amplitude have to be coherent with the aforemdhese objects are likely to be ruled by radiative lossesciestsal
tioned assumption that an amplification upstream has cedurrwith synchrotron emission.
namelyBy > Bisy.

Concerning cosmic rays having enerBy~ Ecr-max the L
downstream dfusive losses will dominate if particles cannof"z'S' Radio filaments
escape from the upstream region into the ISM. This imposgRe energy of the radio electrons is typically four order afgn
a constraint on the magnetic field amplitude at the shock ofitude below the X-ray emitting electrons:
tained from Eq.(22). Indeed, upstream escape losses are dom 1212
inant if tacdEcr-ma) < Uir(Ecrmay, USING fa(Ecrmax) = Eeobsr = [1.5GeV] B, E "o ohy -

Od
ARx (Ecr-max/ Ee—obg)®. whereE,_qps-cH: i the energy of the radio electrons emitting in

— In casedsq = 0, downstream diusive escapes downstreamhe GHz band. Using both Eq.(39) and (37), one can easilyjkchec
always control the maximum CR energy. that the synchrotron loss timescaléagy is always larger than

— Fordg # 0 the previous condition leads to an upper limit ofthe advective loss timescale, unlégss lower than typical val-
the downstream magnetic field, notBgesc Hence ifBy > ues of the order 0£0.5, a value always smaller thaiim. If
Bdescthe CR maximum energy will be fixed by the upstreany, ., < 64 < 0, the small turbulence scales relax on distances
escape losses and converselBdf< Byescthe CR maximum  |arger tharARy. This very particular case would produce radio
energy will be set by the downstream escape losses.  filaments larger than the size of X-ray filaments inferredrfro

The downstream magnetic field then has to fuBijg; < the Chandra observat.lons. Conversely, Fhe regimOwouI.d
MiN(Byese Bajim) in order to let the downstream turbulence reLgat the largest fluctuating scalejs cpntrolllng the size efrddio
laxation be the controlling process of the energy cfiited rel- filaments. In that case, the radio fllarpents are expected td be
ativistic particles. Applying the previous conditions torcSNR  the order ofARx (see Cassam-Chenai et al. (2007)).
sample, we always find th&yim < Bgese This means that an
intermediary regime may exist where electrons lose th&r@®n 4 3 Numerical simulations
through radiative losses while cosmic rays ctitimset by down-
stream difusive losses. Of course, if the magnetic amplificatiowe have performed MHD-SDE simulations taking into account
process is fiicient enough to generate higher turbulent magne®dl previous settings, namely the downstream magnetic feeld
field amplitude then upstream losses will take over. laxation, the stochastic reacceleration and the radikigses for
Tab.(3) displays the values &, andBqgi related to our the electrons. We discuss, in the following paragraphspltys-
SNR sample. The Kolmogorov regime was discarded as it ddegl agreement of assuming magnetic field relaxation torebnt
not produce anyféicient acceleration as we will see in sectiofthe X-ray filaments and the actual results coming from the-com
4.3. We show that for SN 1006 and G347.3-0.5, not much rodputation of relativistic electrons acceleration.
is effectively left for the case of magnetic relaxation contralle
filaments. This result seems rather robust as a variatiohef t,
shock velocity by a factor of 40%, or a variation of the syn-’
chrotron cut-é by a factor of 2 does not lead to any variation o¥When non-linear Kolmogorov damping is occurring in the
the magnetic field larger than 25%. However a variation of ttdownstream medium of the shock, we have seen in the previ-
filament width by a factor of 2 would imply a variation of theous sections that two conditions have to be fulfilled to repro
magnetic field by a factor of 60% which may slightly modify theluce both the appropriate energy ctit-and the correct size of
previous conclusion. Quite generally, the maximum magnethe observed X-ray filament. These two conditions can bestran
field amplitude is found to lie in the range200- 300uGauss. posed as: having the correct downstream magnetic field giyen
In summary we find that if downstream magnetic relaxation q.(41) (in order to have the electron energy cfitemnsistent
controlling the features of the SNRs X-ray filaments, a Bohmith the observations) and having the typical magneticxrela
like diffusion regime is likely to occur while the particlefldi- ation lengthxo_k (see Eqg.31) of the same order than the size
sion codficient normalization factoq(83 = 1) has to be quite of the X-ray filament. In the non-linear Kolmogorov regimneg t
close to unity, i.e. the diusion regime has to be close to a gemenly diffusion regime able to provide afffieient particle accel-
uine Bohm dffusion regime. In that context, we show that onlgration is the Bohm diusion regime, where the relaxation en-
a fraction of our SNR sample is able to achieve such consielgy indexsq = 1. Inserting, for instance in the context of the
eration, namely the young ones. Indeed, using the various ¢tepler SNR, this value in Eq.(41) leads to a downstream mag-
servational constraints related to the older SNRs (SN10@6 anetic field of the order oBy ~ 39QuG and a relaxation of the

3.1. Downstream magnetic Kolmogorov damping
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Deprojected v and X—ray rims Projected v and X—ray rims
1 AT T T T T ] 1 AT LR R R L R T T T
T By=293 uG TeeeT yTray I Ver=5400 km/s TeeeT yTray
[ Ng=0.7cm™ ] [ Tew=400 yrs
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Fig. 7. The unprojected and projected X-ray apday rims in the conditions of the Kepler SNR in the case of poaential relaxation profile.
For clarity both X- andy-ray rims have been normalised to one.

Electron spectrum at front shock
T T

o —hceeleration Umeseae filament size is incompatible with a non-linear Kolmogorav o
curring in the downstream medium of the SNR shock. The only
way to overcome such conclusion would be to have the factor
o = In(kmax/Kmin) to be much smaller than expected (see Eq.31).
Anyway, havingo- so small would mean that the range of par-
ticle energy able to resonate with turbulence mode wouladis s
narrow that it would not be able to provide any significantscc

ocg®

0 [P= M= )+3)/(Mur—1)+3) el ‘ eration. This explains why our resultfiirs from the conclusion
- g (/e e -t ® oa(e/1en)| = drawn by Pohl et al (2005). It seems then that it is very umhjike
Dlemx)/D{cnx—0) Magnetic field (4G) that non-linear qumogorov damplng_, whichis a §Iower pEzce
o ‘ p=1 O V5400 kmys compared to Alfvéhfast magnetosonic cascade, is occurring in
b=1/2 Now=0.7 om™ downstream medium of SNRs shocks.

100F 100¢ Tow=400 yrs

4.3.2. Alfvenic-Fast magnetosonic modes damping

In the context of Alfvénig fast magnetosonic turbulence relax-

‘ 1 ‘ ation, the typical relaxation lengtky_ is smaller thanxo .

T istance trom the shock (pe) % etence rom e snock oy~ INdeed, compiling the aforementioned necessary condition
reproduce accurately X-ray filament in the SNR environment,

Fig. 6. Energy spectrum of relativistic electrons at the shocktfgiven e get typicalxo_a of the order of 162 pc when using magnetic

by MHD-SDE simulations in the conditions of the Kepler SNR€s fie|d values provided by Tab.(2). This means that the Alfgén

Fig.2 for details). The magnetic field is damped in the doveash 5ct magnetosonic modes damping is a plausible candidase to

medium following an exponential relaxation as in Alfvefi@st mag- - )iy the presence of SNRs X-ray filaments. In order to sastai
netsonic modes damping. Bohm regime in downstream regian I’F )

been assumed. The dashed-line shows the stationary sofatiad in %'S conclusion, we have Perform?‘d’ in the context of thelé&ep
Marcowith et al (2006) which includes particle reacceleratn the SNR. MHD-SDE simulations aiming to reproduce the dynam-
Fermi cycle. In the upper right panel the acceleration (dngyregular ics Of relativistic electrons and the associated X-ray pey
Fermi acceleration), the fliiisive and downstream residence timescalémnission maps. In Fig.6 and Fig.7, we have displayed theé- part
are displayed using solid and dashed lines. Diamonds staralif nu-  cle distribution at the shock front and the X- apday filaments
merical calculation of the acceleration timescale, whicimiagreement respectively. All simulations have been performed in théo
with the theoretical estimation. We also displayed in the lower pan- regime. In that case 264 -8 = 1/2 > 0.

els the spatial dependence of théwsion codicient at the maximum s | tricking dif in both Fia.6 and Eio.7
electron energy (lower left) and the magnetic profile in thevdstream | everal tricking GIerences appear in oth Fig. and rig.
medium at = 400 years (lower right). with respect to the simple advection case presented in Rigd2

Fig.3. First as stated in section 4.2 the normalization efdt-

fusion codficientq(B) has to be close to one. Even in this case,
order ofxyp_x =~ 0.39 pc. The relaxation size is clearly too largeghe maximum particle energy is limited to values close to ten
to provide an X-ray filament whose thickness is inferred to beeV (for parameters associated with the Kepler SNR). One of
of the order of 10? pc from X-ray observations. Applying thethe necessary condition to fit the observed size of the Ximay r
same reasoning to the other SNRs leads to a similar conotusioamelyxo_a ~ ARy lead to an increase of theffiision coef-
having both the appropriate electron energy diitamd X-ray ficient by a factor of the order of a few tens over the typical




16 Marcowith & Casse: Postshock turbulence in young sup@rnemnants

Electron spectrum at front shock Acceleration timescale

growing modes are restricted mostly to large scales; i.@atce
numbers close t&min. They are considered by the particles as a
contribution to the mean magnetic field. The fast increashef
magnetic field downstream up to values close to equipartitio
TR ] produces enhanced radiative losses and thus much thinaer fil

co o’ ments. We have checked thffext by performing simulations
adding a mean magnetic field downstream with values close to a
o ‘ 6 ‘ ‘ o few mGauss.

-1 0 1 -1.0 -0.5 0.0 0.5 1.0
Logu (c/Tev) Logio (&/Tev)
D(€ e X) /D (€, x=0)
e
X,=0.025 pc
1000 F 6,=1/2

o
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o
0000000

Loguo Tuce(€)/ Tsnn

Magnetic field (uG)
T

10000 1000 5. Discussion and summary
Vae=5400 km/s
Ngw=0.7 cm™

E Tae=400 yrs

Young SNRs are strong particle accelerators as probed by the
presence of thin X-ray filaments. In these astrophysicaaibj
the X-ray emission is produced by synchrotron radiatiovglv:
| ing particle whose maximal energy is beyond tens of TeV and
10F E magnetic field strengths behind the shock of the order of a few
hundreduGauss (Parizot et al 2006). This work extends the ex-
Loz o1 00 Y o1 w amination undertaken by Parizot et al (2006) about the physi
Ditance from the shock (pe) pistence from the shock (pe) properties of the turbulence and transportfiognts in the same
Fig. 8. Same case as treated in Fig.6 but with= 2. Here, massive S@mple of five young SNR. We have further included the turbu-
diffusive losses are occurring since® -4 < 0 and thus no significant lence compression at the shock front, the possibility ofigiar
acceleration is observed. reacceleration in the downstream region of the shock antiyfina
the relaxation of the magnetic fluctuations downstream I(Boh
) ] ) ) ) ) al 2005). We have also included a description of the germrati
diffusion length, implying low maximal energies for both elecyf the magnetic fluctuations in the shock precursor follaytime
trons and cosmic rays. The X- aneray filaments also display tyo regimes of the streaming instability (Pelletier et abap
some diferent features in the case of an Alfvenic-like relaxegihis work has been developed in the same framework as Lagage
turbulence. Indeed, the low energy particles producingstiie ¢, cesarsky (1983) but adapted to the case of amplified mag-
chrotron photons in the interval 0.5-1 keV and heay photons  petic field around SNR, except that the maximum CR energy is
in the 10-30 GeV band respectively do extend over smaller djgy¢ fully investigated here. For that purpose we have dpega
tances behind the shock (electrons having ener@gyfeV). This yymerical scheme based on the coupling between the egsiation
can be understood by théect of the resonant component of the the magnetohydrodynamicsand a kinetic scheme handiing t
magnetic fieldb in Eq.(6). At a given downstream location, parzg|culation of the electrons particle distribution fuocti The
ticles with energie& < Epax do interact with a smaller numbergcheme involves a set of stochastiffeliential equations (SDE)
of modes compared to the advected case. Tifeeis due to the gjready described elsewhere (Casse & Marcowith 2003, 2005)
fact that large wave numbers modes relax over smaller dis&anThe SDEs have been adapted to account for the discontirfuity o
compared to smaller wave numbers modes within the same s difusion codficients properly using a skew brownian mo-

bulence spectrum. In other words, when comparing to the aghn (see also Zhang (2000)). The following conclusions lsan
vected case, more low energy particle§ating difusive losses made:

are lost compared to the highest energies (which alfersiiom

diffusive losses). Particles having energy around a few tens 10 The compression of turbulent scales at the shock frorg doe
hundred of GeV are then confined closer to the shock and do not not deeply modify the fiiciency of shock acceleration. The
experience a strong magnetic field variation: the standzodis conclusions addressed by Parizot et al (2006) are found to
solution is then recovered in this domain. We have checkad th  pe robust; in case of downstream advected magnetic field,

the shock synchrotron spectrum cut @ an energy near one  young SNRs exhibiting X-ray filaments do accelerate parti-

100

keV. cles at most at PeV energies.

We also have tested the solution in the cAse= 2; i.e. 2. Considering the various regimes of the streaming inktabi
2 -4 - B = -1/2 < 0. No significant particle acceleration  occurring in the shock precursor, the SNRs contained in our
has been found asftlisive losses dominate at low energy (see sample are expected to generate magnetic fields up to a few
Fig.8). The numerical acceleration timescale is also faorke hundrequGauss. In a regime of shock velocity of a few hun-
smaller to the theoretical estimation which is consisteit the dred thousand kfs the level of fluctuations tend to be shared
fact that only particles returning quickly to the upstreasdiim by the non-resonant and the resonant regimes. The resonant

once entering the downstream region are able to avoid mas- modes may contribute to some particle reacceleration down-
sive difusive losses. These simulations confirm the conclusions stream. However the amount of reacceleration cannot be too
drawn in section 4.2.3. large otherwise the shock particle spectrum would be harder
and the X-ray filament width would be larger than observed.
This provides an observational constraint on the amount of
resonant modes present downstream of the shock front. The
The coherence length of the downstream turbulence entéfréing ~ fate of non-resonant modes generated upstream still equir
evaluation oféamp in section 4.1.4 cannot be larger than the specific developments.

X-ray filament width otherwise the condition on the maximun8. We provided calculations of the projected and deprogecte
CR diffusion codicient upstream given by the Eq.(22) would X- andvy-ray filaments, each one in two specific wavebands.
not be satisfied. This means that if a magnetic dynamo oper- If the separation between the X ameray peak emission is
ates downstream then the growth scale lengtk iARx. The found to be far below any-ray mission resolution capacities

4.3.3. Solutions in case of turbulent dynamo amplification
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in young SNR, some detailed observations could be und@he exact integration of Eq.(A.1) involved afdirence between
taken in the case of more extended objects like Vela Juniotwo exponential integral: Eia(X)k.) — Ei(—a(x)). The second
4. In the case of a relaxed turbulence occurring in the dowterm dominates as. > 1, we get:
stream region, our conclusions are the following:
— When the magnetic relaxation scale variest@®) o  Ag(X) o [Anr(X) X (~Ei(-a(x))/(2 - B) — In(k.(x))/ exp(L)}*? .
k=%, a magnetic turbulence (whose power-law index is A.2
) is able to provide suitable conditions giving rise to alrhe above equation is implicit as the total magnetic fieldds h

efficient particle acceleration if 264 — 8 > 0. den ink, andut.
- We _have put to the test several relaxation process&sdistancesx < (gir(Ecr-may), a(X) < 1, we approximate
leading to various values afy. It appeared that the —Ei(-a(x)) ~ —In(a(x)) - C; C ~ 0.5772 is the Euler con-

Kolmogorov damping occurring in a Bohmfllision stant. At a first approximation within the precurg(x) scales
regime is unlikely to produce strong acceleration in thgsa(x)Y/2.
framework of relaxation limited filaments when account- NR
ing for the whole dynamics of the turbulent spectrum. On
the other hand, the Alfvén and fast magneto-sonic cagppendix B: Derivation of the shock particle
cades provide suitable conditions giving birth to particle distribution function
acceleration while being able to match all observational
features of X-ray filaments. In that context, we found thathe steady-state general 1D Fokker-Planck equation reads:
the maximum energy particle (both for electrons and cos-
mic rays) cannot be much larger than a few tens of TeV. of o (_of of
— The magnetic field strengths downstream of the shock Uox = &(Dﬁ) + (Ua - UU)‘S(X)ana (B.1)
cannot be much larger than 26B0Qu Gauss otherwise
radiative losses would control the X-ray filament width.Here the upstream medium is defined bfu(p) < X < O
— Regarding the supernova remnants SN1006 and R¥dd the downstream medium by © x < £4(p). The shock
1713-3946.5, none of the various turbulence relaxatigfont is atx = 0. In this equation, we have neglected the syn-

processes considered in the present paper were ablgHgotronturbulence generation losses since we focus on the par-

provide an éicient particle acceleration and to matchicle diffusive losses. The presence of finite extension for both

the corresponding observational features. In that contegpstream and downstream media imposed boundary conditions

it seems that only the youngest SNR&r < 500 yr) for f asf(~£,, p) = 0 = f(£g, p). In order to determine the spa-
of our sample may exhibit X-ray filaments controlled byial behaviour of thef function, we integrate Eq.(B.1) from the
downstream turbulence relaxation. left boundary tox in the upstream medium and fromto the

— The normalization (i.e. factay(s)) of the spatial diu- right boundary in the downstream medium; we obtain:
sion codficient have to remain close to unity in order to

avoid massive patrticle flusive losses, leading to a drop fx exp(fxr 6u(x", p)dx’)dx
of the Fermi accelerationfiéciency. A genuine Bohm f,(x ) = fo(p)—2 n
diffusion regime is then required if magnetic turbulence f_of exp(f_xf 6u(x’, p)dx)dx
relaxation is occurring in the downstream region of the . .
shock. [ “ expt= [ d(x”, p)dx’)dx

fa(x, p) = fs(p) (B.2)

L,
Iy exp [* 6a(x, pydx)dx
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Appendix A: Magnetic field profile produced by the Uy — 92;/(1
resonant instability Ousa(X, p) = "B (B.3)

The amplification factor due to the resonant instability etegs

on the amplification factor produced by the non-resonamainsThe energy flux carried by the relativistic particle has ta@bn-

bility (Pelletier et al (2006), Eq.34); it reads as: served throughout the shock front, namely dof> 0
P2 (X) = dres X Anr(X) X fl e din (expC-axie?) - 1/e) DZ—; " ”afopsL -0. (B.4)
anddres = 7/ X Macécr > 1 andk, is the maximum re(sA(\).rllz);mtThe_ spatia_\l derivati_ves df are known using Eq.(B.2); we obtain
wave length at a distance a differential equation fofs:
E&)ﬁiﬁ?g\iagfﬁebﬁngrkmm(z i (Eermad)feon = 1 &0 dinfs(e) _ __ 3 {Du(o, p) exp([", 6u(X. p)dx)

809 = 25 (Var/ ) X (X/Coo) X i) < L. e e L et piaxax

B¢

¢
Du(0. p) exp(-= [ 6u(X, p)dX) 85
9 As discussed in section 2.1.1 we assume the same coheregte le + ’ (B.5)

T 7
over the whole precursor. fo exp(- fx 6a(x’, p)dx)dx
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Appendix C: Particle acceleration and multi-scale to be very indfective in the wave propagation but its role in the
simulations supra-thermal particles transport process is importaré.rmag-
] ) . . netic field is thus prescribed with an amplitude similar itrm
This section presents the numerical framework used to escrinterstellar medium value e.§, ~ 5:G.
both the supernova thermal plasma evolution and the restiv |y order to test the ability of our simulation to model the pro
charged particles transport. As detailed in Casse & Martowiggation of SNR shock, we have ran a long-term evolution of
(2003) and Casse & Marcowith (2005), the background ﬂutﬁngNR blast wave corresponding to the previous initial set-

and large scale-magnetic field are calculated using the eaagfp where we have set the SNR parameteMeng = 6Mo,
tohydrodynamics code VAC fdversatile Advection Cod@oth  T¢\. = 200yr, Eiyj = 10Plergs andVsyg = 5000kmys. The

(1996)). The simulations are performed using a 1D spheriayits have been found to reproduce the correspondingtanal
symmetry where the evolution of the supra-thermal elestrofa| solution in Truelove & McKee (1999) quite accurately. |
and nuclei are calculated using the stochastiffetdntial particular both free expansion and Sedov self-similammegare

equations (SDE) formalism (Krills & Achterberg 1994). Theyptained, the transition regime occurs at the expectec\ede
numerical description of supra-thermal particles tramsis@ru-  for this simulationTsgpov = 1.1kyr.

cially dependent on the ability of the MHD code VAC to capture
the shock structure. In order to obtain the sharpest shack fr
possible, we used the TVD-MUSCL scheme coupled with @.2. Kinetic approach

Roe-type approximate Riemann solver (Toth & Odstrcil @99 . . . .
ype app ( @9 The transport of relativistic particles (with velocitiesioh larger

n the fluid speed) near the shock front is governed by a
kker-Planck equation in the case where these partickes re
ate with the turbulence and enter &wahion regime. The re-
ated kinetic equation is

Section C.1 briefly reports on the MHD-SDE schemes us
to model a 1D spherical SN remnant expansion. In particulaf
sections C.2 and C.2.1 discussed in some details the staxch
differential Euler schemes with spatially dependefiitidion co-
efficients and their application to theflisive shock acceleration

problem. Section C.2.2 describes the shock capturing poee 9F _ 9 [ Ve + 9Dr _ 2D
that dficiently couple the MHD and SDE schemes. ot oR oR R
0 p 1 9p*Dpp )
C.1. Supernova remnants modelling TS (F {_§V Vi 2 op | JossP
The time evolution of the thermal magnetised plasma is fully 5_2 5_2
controlled by the MHD equations providing mass, momentum * aRZ(FDR) * apZ(FDpp) (C.2)
a_md energy conservation as well as electromagnetic fielacind
tion, namely with F = R%p?f related to the distribution functiof via the
o spherical radiu® and particle momenturpc = ymec?. The par-
ot + , ticle spatial dffusion regime is characterised by &dsion coef-
a(pV) ficientDr which depends on the turbulence spectrum. The factor
o + V-[oVV + piotl —BB/uo] =0, (C.1) assStands for particle losses.
L For electrons the losses are produced by synchrotron gpolin
ge + V-leV + potV = V- BB -0, The cooling timescaliyn is:
ot Ho
pv?  B? P 1 6rméc?
e = — 4+ — + = = C3
2 2uo y-1 Feyn tsynp  orCB? (€3)
oB
ot +V-(VB-BV)=0 For protons (or ions) the losses are produced by the genera-

The densityp, velocity V, total energye and magnetic field  tion of magnetic fluctuations and are a priori limited to the u
are set in the initial condition as a 1D spherically syme®i¢R  Stream medium (in the downstream flow the particle distigut
blast-wave as described by Truelove & McKee (1999). We a§-isotropic). The cooling timescale is obtained from (Mawith
sumed a uniform SNR and we have added a small contributighal (2006), Eq.13):

of the magnetic field. The resulting SNR MHD simulation start

as Vo, V = 0) B = ) (C.4)

2
{ 3MsnR/PeodTVI R TaR » R < VnrTSNR P
1

p= ,R> VsnrTsnr

whereP(p) is the rate of energy radiated by a relativistic particle:

0 ,R> VsnrTsnR

For each run the physical quantities entering the problesn ar
normalised knowing the mass ejectédyr, the age of the SNR
Tsnr the mechanical energy of the explosiBp; and the ve- The scattering center velocity is close to the local Alfwifoc-
locity of the blast wave/yr. We set the thermal pressure to aty; i.e. Vgc = Vay.

small value compared to the kinetic energy of the SNR (typStochastic particle acceleration is represented by thegyg k-
cally 10°3 times) since its role in the wave propagation is minifusion codficient Dy, = V,i p?/9DR related to spatial diusion
mal. The magnetic field advected along the flow is also believéV, is the local Alfven velocity).

Vg = R/VsnrTsnR > R < VsnrTsnr
dlog(f(x)) o

1
P(p) ~ §Vsc X

(C.5)



Marcowith & Casse: Postshock turbulence in young supernawvemants 19

C.2.1. Stochastic differential equations gainedAe by a particle having originally an energy= pc dur-

ing ti tepAt followi
As shown by Krillls & Achterberg (1994), this Fokker—PIancl|<ng ime stepat following

equation is equivalent to a set of two SDEs that can be writsen exp(— 2L RiARG /4R

€+ Ae 3AR JR
dR 0Dr 2Dr dWR = R+AR R+AR
gt =VR+ﬁ+?+F\/2DR € 1+eexp(—%R R+A V.VdR)AA—:.{ R+A aosdR
d 1 9p°D d (C.9
d—? = —§p(V-V)+ 72 pappp — Ajossp” + d—V\t/P 2Dpp The previous implicit calculation is valid for any ftision

regime provided that second order Fermi acceleration is neg
ligeable. In the opposite case, we then have to step baclamto
explicit scheme taking into account the skew brownian nmtio
é:ollowing Zhang (2000) the energy gained by a particle wéll b

where theW; are Wiener processes such to& « Vdt. Using
Monte-Carlo methods, it is then possible to time-integthte
trajectories of a sample of test particles in phase spacean

reconstruct the distribution function provided that themoer of AV L. 9Dpp

test particles is diiciently high. Ae = |/2DppdWp — EG{AR - AR/4(R)} + (6— - aJoss) At
The presence of a shock discontinuity may lead, according to R P (C.10)

MHD Rankine-Hugoniot conservation laws, to a discontirmothereAV — Vuo(Ren) =V, _

e : . = Vup(Rsh) = Vdown(Rsn) andADRg = Dy(Rsh) — Da(Rsn).
magnetic f|e!d at the. s.h(.)Ck fro_nt. Dep_endmg on thﬁlﬁ!on During the time integration of MHD equations, the SNR shock
regime dfecting relat|v!st|c particles, this may lead to dISCOr‘front is propagating so that its surface is increasing viittet In
tinuous difusion codicients that can be writteDr = Drc +  gger tg take into account the increase of the particle fltkat

lAD?]sign(R R Rﬁh) Wherleéhle first ;[]erm is a CO”“TUOUS funﬁgonshock front, we continuously inject new particles havingrey
n this case, the usual Euler schemes are no longer valid as. in :
Krillls & Achterberg (1994); Casse & Marcowith %2003)' vargy SO thatthe number of new particledNger(t + At) — Npar(t) o<

der Swaluw & Achterberg (2004); Casse & Marcowith (2005], h()ARsh, whereARs is the shock front displacement occur-
As shown by Zhang (2000), it is possible to overcome this pro ng duringAt.

lem by employing a skew brownian motion where an asymmet-

ric shock crossing probability is considered. In this fraroek, C.2.2. Kinetic description of MHD shock waves

the spatial stochastic equation becomes . .
The SDE formalism is useful to model the transport of reistiv

tic test particles in the context of a non-relativistic bgudund
~ ~ 0DRrc S0 X . , N
dR=¢(R) (VR + — |dt + /2DrdWk (C.6) fluid since it provides both spatial and energetic distrdnubf
R particles. Nevertheless one drawback of this method daes ex
the shock thickness. Indeed the SDE algorithm is based on the

whereRis related tR by use of fluid velocity divergence to mimic particle accelenat
The MHD code is providing the velocity field at discrete loca-
- &, R < Rsh tions on the grid so tha¥ - V may be obtained through linear
R=¢RR with £R) =1 3, R = Rsn interpolation. The best performant MHD code cannot display
(1-¢), R>Ren shocks as sharp discontinuities but rather display velauiid

_ _ _ _ density variations over two or three cells. This is very impot
and whereg is the ratio of dffusion codicients taken at the for kinetic computations since particles havingfgsion codi-

shock front, namely cients such that the filusive step is small than the MHD shock
thickness will see the shock as an adiabatic compressiad; le
. Du(Rsh) C.7) ing to softer energy spectrum.

" Du(Rsh) + Dg(Rsh) In previous works (see e.g. Krillls & Achterberg (1994); &as
& Marcowith (2003), it was shown that the SDE formalism was
Eq. (C.6) can be solved using an Euler scheme where #igle to describe accurately the transport of particlesriggastif-
stochastic variabl&k is computed with Monte-Carlo methodsfusion codficients larger tham XsnV/2 whereAXq is typically
Conversely to the study of Zhang (2000), realistiffudiion co- the cell size in the MHD code. This constraint greatly rediice
efficients are likely to depend on particle energy. In this case wthe range of applications of this method. In order to overgom
have to consider the amount of eneryy gained by particles this problem, we have designed a SDE algorithm wher&thé
during the shock crossing. The transition probabilitis then is no longer calculated locally but instead we integrateténem
calculated depending on the way the shock is crossed, namely - VdRin Eq.(C.9) where the velocity is given & or Vg4 de-

pending on the shock position. In our new approach, the MHD

c _ Duy(Rsh €) code is now only providing the shock position and the compres
Up=down = B (Repy €) + Da(Rep € + A€) sion ratior so that we deduce the value of the fluid by consider-
~ Du(Rsh, € + A€) ing the shock as infinitely thin.
Edown-sup = (C-8)

Du(Rsh, € + A€) + Dg(Rsh, €) .
Itis noteworthy that this skew brownian motion approactaisd/ References
only if shock curvature terms are neligeable, iBr2R < [Vg+  Acero, F., Ballet, J. & Decourchelle, A. AZA, 475, 883
0Dgr/0R|. Regarding the energy stochastic equation, the velocﬂgafon!a”v F.A.etal. 2004, Nature, 432, 75

: P : : s . Aharonian, F.A. et al. 2006, Nature, 432, 75
discontinuity can be numerically treated by an implicit &tc .
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scheme (Marcowith & Kirk 1999). Basically, once the stochagpert, J. et al, ApJ, 664, L87

tic displacementAR is calculated, we can calculate the energymato, E. & Blasi, P. 2009, MNRAS, 392, 1591
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