arxiv:1208.5322v1 [astro-ph.HE] 27 Aug 2012

Astronomy& Astrophysicsnanuscript no. Paper © ESO 2017
December 20, 2012

The properties of non-thermal X-ray filaments in young super nova
remnants
R. Rettigt and M. Poht?

1 Institute of Physics and Astronomy, University of Potsddd%76 Potsdam, Germany
2 DESY, 15738 Zeuthen, Germany

Received 13 April 2012 Accepted 26 July 2012
ABSTRACT

Context. Young supernova remnants (SNRs) exhibit narrow filamentsofthermal X-ray emission whose widths can be limited
either by electron energy losses or damping of the magnetit fi

Aims. We want to investigate whether or nofféirent models of these filaments can be observationallydteste

Methods. Using observational parameters of four historical remsamé calculate the filament profiles and compare the spefdina o
filaments with those of the total non-thermal emission. Rat purpose, we solve an one-dimensional stationary toheguation
for the isotropic diferential number density of the electrons.

Results. We find that the dference between the spectra of filament and total non-themiskion above 1 keV is more pronounced

in the damping model than in the energy-loss model.

Conclusions. A considerable damping of the magnetic field can result inlzseovable dference between the spectra of filament
and total non-thermal emission, thus potentially permittan observational discrimination between the energy4esdel and the
damping model of the X-ray filaments.
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1. Introduction lar, knowing the magnetic-field strength gives constraomtshe

. . , i . maximum particle energy achievable in the accelerationgss,
Based on simple energetic considerations regarding the@en&yhich can help answering the question whether SNRs can ac-
density of cosmic rays and the energy release per superreva@erate particles to energies above the knee in the casyic-
plosion, SNRs have long been thought to be sources of gala%rﬂ)ectrum.
cosmic rays. This presumption is supported by numerousdete ) .
tions of non-thermal emission in the radio and X-ray bang.(e.  Accurate analysis of several SNRs shows that the filamentary
Koyama et all_199%; Slane et /al. 1999, 2001; Bambal bt al] 20@8)ctures are very thin compared with the radii of the remisia
observed from the direction of known SNRs and interpreted 131is limitation of the filament widths is associated with gich
be synchrotron radiation of relativistic electrons witheegies decrease of the synchrotron emissivity that can be expleiye
up to 100 TeV. energy losses of the electrons in a locally enhanced magneti

High-resolution observations of young SNRs performé‘jfgld.Anumberofauthors have used that model to constrain th

with the Chandra satellite show that this emission of nonMagnetic-field strength, the degree of turbulence and tlig-ob

thermal radiation is concentrated in narrow regions onitnbg Uity (€.9...Bamba et al. 2005 Parizot et al. 2006; Araya st al
(Vink & Laming2003{ Bamba et &l. 2005). These regions of ire010) Araya et all (2010), for instance, have investigatsral
creased synchrotron emissivity close to the forward shaek gllaments of the remnant of Cas A and found that the magnetic
called filaments and demonstrate the presence of high-gnéi§'ds of the filaments are highly turbulent and nearly pedoen
electrons around their acceleration sites. ufar to the shock normal. Another important result of thisl an

The most plausible process for the acceleration of ele%tt-rheenr ?ﬁu?r:?a? i': ﬁln r?esrt'?;gtne soi:nthli 2%’2?2%?}? rggggﬁt?vgﬁld
trons is difusive shock acceleration (DSA), which leads to areng 9 P P

sotrib it ; ‘ . suggest. Such observations indicate an additional angtliic
power-law distribution of particles (e.a., Bell 1978; Bttard f PR ; .
; a. : the magnetic field in the shock region of the SNRs. A possi-
& Ostriker [1978;| Druryl 1983). Although no clear evidenc o o L
for relativistic-ion acceleration exists at shocks, theABS %es?r?;fr?wﬂfggtlig?] Fz)arso?)?Sps)ocs?eudldbseLisetLegrggﬁj }gf,?g)m;ff Bell
ggﬁgﬁns%mzrﬁ!?r;; Tﬂggei;oir? ; Cr;zp&og}s/&z!g sf gﬁvﬁﬁ,ﬁg 2004), or the fects of preexistin@ turbulent dens‘iyy_ﬂuctuations
non-relativistic ion acceleration at solar-wind shockivein by on the propagating shock front (Giacalone & Jokipii 2007).

coronal mass ejections (Rouillard etlal. 2011). Howevenyna  Besides energy losses, also the magnetic field itself can
details of the DSA are still vague such as the maximum enerlgyit the filament widths. Based on the turbulence relaxatio
of particles, the role of the magnetic field, and how the pkasi downstream of the forward shock and neglecting any amplifi-
are injected into the acceleration process (also refeorad the cation process, Pohl etlal. (2005) have calculated thatuihe t
injection problem). Apparently, the investigation of theper- bulent magnetic field downstream can decay exponentially on
ties of the non-thermal filaments may provide key informatiodamping-length scalg = 10*®— 10" cm that is small enough to
for a better understanding of the DSA-mechanism. In particproduce the narrow observable filaments. Furthermore, filom
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servations of the post-shock steepening of the synchrepgea- whereN(r, E) andP,(r, E) are the isotropic dierential electron
trum in Tycho’s SNR it can be seen that also the damping nfimber density and the spectral emissivity per electrepee-
the magnetic field fairly well describes the correspondin@¥( tively. Thus, we need to derive the appropriate electrotiis
data (Cassam-Chenai etlal. 2007), and thus, may appean wition within the filaments.
the filaments.

Since the magnetic field controls the radiative cooling g
electrons, high magnetic fields lead to strong cooling, aud t

few high-energy electrons remain capable of producing thgthe following, we derive the electron distribution thethieces-
gamma-ray emission, that is observed from regions near ¥y to calculate the synchrotron emissivity. To do thisaag-
edges of numerous SNRs (e.q.. Aharonian et al. 2007; Acgfert equation describing the dynamics of a distributionedf r
et al.[2010] Abdo et al. 2011). Any gamma rays observed #iivistic electrons fiected by advection, fiision and energy
such a case are likely to be hadronic in origin. Weak cogbsses needs to be solved. According to simulations destrib
ing leads to a large number of high-energy electrons and tf€Telezhinsky et a1/ (2012), we can approximate the adwacti
possibility of gamma-ray emission through inverse Comptalocity of young SNRs to be constant downstream of the shock
or bremsstrahlung processes. All these implications of thi@plying that energy losses due to adiabatic deceleratorbe
magnetic-field structure on the particle acceleration,manmay neglected. Note that the non-thermal emission come frorina th
emission and magnetic-field amplification make it necessaryspherical shell near the edges of the SNRs. If we restrict our
understand the non-thermal filaments in detail. treatment to a region near the shock that is crossed by the ad-
In this paper we investigate the properties of the filamenggction flow on a timescale short compared with the age of the
for both cases, filaments limited by electron energy losses NR, then we approximate the electron distribution with a-on
by damping of the magnetic field. For that purpose, using ofiimensional steady-state solution.
servational values of some characteristical SNR parameeer |t is convenient to introduce a comoving spatial coordinate
calculate the X-ray emission of the filaments. The resuffilag z = rg — r, wherez = 0 marks the position of the shock front
ment profiles then allow us to make specific predictions rgarat all times. Hence, restricting ourselves on the downstres
ing the magnetic-field strength. We additionally calcutha®to- gjon, the one-dimensional transport equation for the dgmtr

tal non-thermal emission, which shall be referred to astégla’, differential number densitly = N(z E), reads as follows:
and compare their spectra with those of the filaments. Itishou

be noted that in our models we only consider non-thermal sy oN ON 0

chrotron emission and restrict ourselves to the evolutiorele 5 [D(Z» E)E] Vs T 3E [8(z E)N] + Q(z E) = 0. ®3)
ativistic electrons in the downstream region. Furthermuore

assume the electrons to be already accelerated at the shatk fin this equatiorv denotes the constant advection velocity of the
and treat our problem to be independent of the acceleratmn pelectrons relative to the forward shodi(z, E) is the difusion
cess. We also do not consider any electron propagationheto todficient,3(z, E) = dE/dt represents the electron energy loss
upstream region and simplify the SNRs to be spherical objeefue to the emission of radiation, a@z, E) is the source term
of constant downstream-velocity profile. Recent hydrodyira describing the injection of accelerated electrons intopttupa-
cal simulations suggest that this oversimplification of astant gation process.

velocity is an acceptable approximation only for SNRs of@@ a  Since the electrons are likely accelerated by the DSA-
of less than several hundred years (TelezmnSky etal. 2%2) mechanism at the forward shock ;(: 0)’ we assume the elec-
plying that our models are restricted to SNRs being in tha-adirons to be injected with a power-law dependeBcé wheres
batic phase and just entering the Sedov phase, respectively s the injection index. Hence, the source term reads

.1. The electron distribution

_ E
2. Modelling the filaments Q(zZ E) = qoE seXp(—gut)é(z) , (4)
We calculate the X-ray intensity as a function of the pradct . .
radius,rp. It is an integral over the synchrotron emission ftiee and includes a cutfbat energiEcy, because the maximum pos-

i i ) . > . o, 5 sible energy can be limited by either the finite accelerdtiime
cient,j,, along the line of sight,, = [ j, dy. Usingr? = y?+r3 o the SNR (Drury 1991) or energy losses (Webb ét al, 1984).
and taking into account that only emission originatingdesthe Eq. [3) can be solved using Green's method, implying that
SNR contributes, the X-ray intensity can be written as the solution can be written in terms of Green’s function,

uam:zj; ;fgéfw, 1) N@E):iﬁdzjwdEgcJﬁEEMXLEﬁ, )

where Green'’s functiog = g(z, Z; E, E’) satisfies
wherer andrs denote the positions inside the SNR and the raé P 5 5
dius of the SNR, respectively. Then, obtaining the corraspg ¢ 99| 99 O T =
spectrum of the filaments justinvolves an integration overX- 0z [D(Z’ E 62} Vaz 0E 5z E)gl = ~6(z=2)3(E-E) (6)
ray emission along the projected radius, whereas the spectf ] ) .
the plateau emission can be calculated as a volume integgal o Assuming the diusion codicient and the energy losses to
the synchrotron emission cfieient. In both cases, the isotropicP€ separable in a spatial and in an energetic part,
synchrotron emission céiicient is needed, given by

D(z E) = d(9D(E) . ()

Ju(r) = % foo N(r, E)P,(r,E)dE , () Bz E) = -b@BE), (8)
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and that the spatial dependent terms are inversely propaiti £ [ﬁ (é - Ei) +X - X]Z
to each other, X exps — - s (E) 5(X)
cut — Nl =
d(2b(2) = « = const., (9) g N Qé?—s E
o -2
as well as introducing the substitutions = 2 VraboDo E L m
ne
G(zZ;E,FE
g(z,Z;E,E’)zM, (10) v_(1-E)_ w2
B(E) e [me(-§)-x@)
xexpl——— — eV E dE’ (15)

0= [ an TEa” &n(®)

X2 = —,
o d(y)

Substitutingn = E’/E, we can rewrite the desired result as

1 (™ du
/l(E) = — 7 ~ (12) _ qO —(S+1) 0 n_s
afE B N(@-B) = S5 © o)

2
nE _[ae (1-7) - @]
xexp{—gut— i—'ﬁgln(n) dn. (16)

2.2. Parameter used in the models

an analytical solution to Eg[(6) can be found in the literatu
(Lerche & Schlickeiser 1980, see their Eq. (A20)) and reads

00 - ) 1
2oy \| [ D(t) ot

G(x, X;4,4) =

’ ’ 2
X exp _[V(’l — )+ X X , (13) The models we use are based offatent assumptions on the
4fj D(t) dt magnetic field. In the first model, which shall be referreddo a
"energy-loss model", we assume the magnetic field to be spa-
where®(1 — X') is the step function and’ = A(E’). Note, this tjally constant, whereas the second one, which is refeoedt
analytical solution is valid only if Eq[{9) applies. "magnetic-field damping model", includes the damping of mag
In general, the diusion codficient is an unknown param-netic turbulence and assumes a spatially-dependent niegnet
eter. But it is often assumed that thefdsion proceeds in the field strength described by a profile following the relation
so-called Bohm-regime. Hence, théfdisiog@oﬁicient can be
written in the extreme-relativistic limi > asD =nr c/3, z
wherer, = E/(eB) andy > 1 are the gyroradius and gy—B(Z) = Bmin + (Bmax— Bmin) exp(—E) ’ 17
rofactor, respectively. Heram is the mass of the electrome,
is its chargegc is the speed of light, an® is the magnetic- wherelq is the damping length and > 0. Here, we choose
field strength. Therefore, we may wri(E) = DoE, where the minimum value of the magnetic field to be similar to that
Do = nc/(3eB). Additionally, we assume the emission of synef the interstellar mediumBp,i, = 10 uG, whereas the maxi-
chrotron radiation to be the main energy-loss processshbi- mum value Bmax, corresponds to the field at the shock. It should
portional to the square of the electron enerBfE) = boE?, be noted that Eq[(17) describes the averaged amplitudesof th
whereby = 4€*B?/(9mfc’). Using these assumptions, EQ.](12nagnetic field in a given volume. Hence, we do not make any

rewrites as assumption on the magnetic-field direction and do not distin
AE) = 1 M du __1 guish between parallel and transversutiion, as is done in
o Jg bou2  abgE’ detailed calculations of ffusion codicients (e.q., Marcowith
so that et al..2006).
Do According to the Rankine-Hugoniot conditions, the down-
D(E) = bl stream advection velocity can be expressed by the shock-velo
0 ity, vs, throughv = vs/4, if we consider strong shocks with a high
and hence, Mach number and a monatomic gas with adiabatic index&f 5
g Do 2 Do = Ieading to a shock compression ratio o_f 4, T_hus, we _negle;ct an
f D(t)dt = — In(—) =—1In (—) . non-linear &ects expected to occur withfeeient particle ac-
ya a’bo A’ a’bo E

celeration, which would modify the shock (Ellison etlal. 2D0
According to Eq.[(ID) and Eq{1L3), Green’s function then réurthermore, the filament widthy, is defined as the length, at

duces to which the intensity described by Efl (1) is reduced by a facto
1/eof its maximum.
9(x X:E,E) = 6(E" — E) 1 To have a realistic model, the values chosen for the shock
R 2 \maboDoE2 \/ In g) velocity, filament width, and radius are based on refereate v

E ues of real SNRs. In our case, we consider the young remnants
[% (% - Ei) + X — X]Z of the historical supernovae SN 1006, Cas A, Tycho and Kepler
X expy ————— = (14) It should be noted that the real filament widths found in the i
abe 1N (E) erature have been measured in a certain X-ray band and not for
o , . .an individual X-ray energy. However, as is shown in the calcu
Now, the electron distribution can be easily determinedaisi |5tion done in SecE]3, the shape of the filament profiles dépen
Eq. (8) and the appropriate source distributidn (4), sothat o the X-ray energy. Nevertheless, we relate the obsenaitio
oo GH(E’ — E) 1 value of th(_a width to a X-ray energy Qf 5 keV, since itis anen-
N(x(2),E) = f dx’ f der 2= — =/ p-2p-s [~ ergy, at which no significant contribution from thermal esits
%(0) 2 VmaboDg In(£) is expected.

X(c0)



R. Rettig & M. Pohl: Non-thermal X-ray filaments in young sup&va remnants

Additionally, we treat the cutfdenergy to be the maximum Tycho. To be noted from the figure is a frequency dependence of
electron energy that can be achieved in the acceleratiaepso the filament widths, which can be explained by the energydéss
Unlike cosmic-ray nuclei whose energy is probably agetiahi the electrons in a constant magnetic field and by the advectio
due to the finite acceleration time available, we assume thé-m process. The advection length represents the distanceetbve
mum electron energy to be loss-limited, since the electeaps- by the electrons within the synchrotron loss timgn = E/|%'té|,
rience synchrotron losses during their acceleration. Byaéng and is given by
the acceleration time scale to the synchrotron loss tiniepibs-
sible to derive an expression for the maximum electron gnerg _ Vs 9mc’
in terms of the downstream magnetic-field strength and sho@f ~ VTsyn = 4 46°B2E
velocity (Parizot et al. 2006):

B \? Vs E 1
B(Z=0))‘”Z( Vs ).(18 (zxmzpc)(zooye) (5000km51)(20TeV) (19)

100uG 1000 ks Synchrotron radiation usually provides a continuum aroand
Since diferent mechanism can account for magnetic-field afibaracteristic synchrotron frequency,

plification (Lucek & Bell 2000; Giacalone & Jokipii 2007),&h 372 3eBE2

structure of the magnetic field is generally unknown wittia t . = LY

1R

Ecut = Emax = (8.3 TeV) /2 (

shock region. We therefore simplify the problem by making th 2 4mmicd
assumption that only the magnetic-field strength at thelstiee ~ (13x 10 H B E 2 20
termines the maximum electron energy given by Eqdl. (18).inad — (1.3x 2) 200uG (20 TeV) ’ (20)

dition, we have taken a shock compression ratio of 4.

At last, we assume the injection index to be= 2, which wherey, andy are the Larmor frequency and the Lorentz fac-
results from the Rankine-Hugoniot conditions for strongaits  tor of the accelerated electrons, respectively. Hencegllaion
(Belll1978), as well as Bohmfiusion ¢ = 1), which impliesthe E o v1/2. Therefore, a dependence of the width on the frequency
smallest possible value of thefllision codficient, as the mean Of the radiation of the formag o v/2 would result. But the
free path of the particle is equal to the gyroradius. electrons are alsdfected by difusion. With the Bohm difusion

All parameter used are summarized in T4Ble 1. Note, thaCR€iicient,D = r_c/3, one thus obtains for the corresponding
is possible that all four SNRs could exhibit similar shocloge  diffusion length
ities. To take the uncertainties of this quantity into actpwe

. R -3/2
perform the calculation of SN 1006 and Kepler for twéfelient | [pr /j::;: ~ (13x10°2 pc)( B ) 1)

shock velocities. 200uG
which does not depend on the electron energy. Equating the ad
3. Results vection and diusion length, the relation
3.1. Energy-loss model V. B \12
. - Ec ~ (31 TeV)( s ) (22)
In this model we treat the magnetic field to be constB(g) = 5000 kms1/\200uG

B = const., implying no spatial dependence of the energy-loss , . ,

term,b(z) = 1. Usingd(2) = a/b(2), as well as Eq.[{I1), the can be derived. Electrons with energiés> Ec can stream

spatial coordinate(z) then scales as farther from the shock than advection alone would allow.
According to Eq. [[2D) and E@.(R2), the characteristic syn-

r chrotron frequency for the electrons with> Ec is then higher

x(zr) = 2 = 2L

1% a than
Using the parameters given in Table 1, we calculate the X- Vs 2
ray intensity as a function of the projected radius accardin vc(Ec) = (3.1x 10% HZ)(W) , (23)

Eqg. (). Here, the magnetic-field strength is a free paramete
whose value can be chosen so that the filament widths matahresponding to a X-ray energy of about 13 keVvif =
those found in the observations. In addition, we also déterm 5000 kmjs. Hence, the filament profiles at higher photon ener-
the cut-df energy of the electron spectrum, which is connectagies, which need the most energetic electrons, show approxi
to the magnetic field through Eq.{18). mately the same behaviour as can be seen in Elg. (1) for the

Reproducing the filament width for each SNR at a phd-keV and 10-keV profile.
ton energy of 5 keV determines the magnetic-field strengths a In addition, the advection andftlision length also explain
given in Tabl€®2. For our examples the downstream magnetibe relation between the filament widths and the correspondi
field strength ranges from about 190G up to about 50:G. magnetic fields given in Tabld 2. Narrower filaments require a
Remnants with narrower filaments exhibit a higher downstredaster decrease in the synchrotron emissivity, implyingater
magnetic field. These magnetic fields then imply cfitemer- advection and diusion length. And according to Edq. {19) and
gies of the electron spectra in the energy range between\9 Teq. (21), this is given for higher magnetic-field strengths.
and 37 TeV. The order of magnitude of the ctit-@nergies is in Now, equipped with the X-ray intensity distribution estab-
agreement with the results obtained from spectral modeifnglishing the filament profiles, and the volume emissivity, vaé& ¢
the radio-to-X-ray spectra of young SNRs whose diitemer- culate the spectra of the filament and plateau for each of our
gies of their electron distribution must be in the TeV-basidce examples. To obtain the filament spectrum, we integraterthe i
the cut-df frequencies are generally found in the X-ray bantensity along the projected radius frag= rsup torp = rs—w.
(Reynolds & Keohane 1999). Because we do not know the electron source strerggthwe

In Fig. (@) we illustrate the profiles of the filaments fomre not interested in absolute fluxes. However, we can show
four different photon energies calculated with the parameterstbé qualitative behaviour described by the appropriatetqyho
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Table 1. Parameters used to derive the filament profiles and spectrthefmores = 2 and Bohm dfusion are assumed in all
SNRs.

SNR Age Distance rs Vs w Brmin
[yr] [kpc] Reference [arcmif] [pc]® [kms?'] Reference [arcsec] [p&] Reference [G]°
SN 1006 1000 2.2 1 15 10 4900 2 20 0.2 3 10
(2900)
Cas A 330 34 4 25 25 5200 5 1.5 0.03 6,7 10
Tycho 440 25 8 4 3 5000 9 5 0.06 6 10
Kepler 410 4.8 10 15 2 5040 11 35 0.08 6 10
(6.4) (3) (6720) (0.11)

Notes. @ Taken from Green (2009%) Directly inferred using the distance and the appropriatantjty given in angular unit® Only used in

the magnetic-field damping modé&. The shock velocity in the northwestern limb (value in braskés used, as well as in the northeastern limb,
where strong electron acceleration appears to oftilihe supernova explosion may have been observed in 1680 Gx#N0080). Otherwise, the
detection of radioactiv&Ti (Hartmann et dl. 1997) and the analysis of the dynamichkisfremnant (Fesen et|al. 2006) also suggest an explosion
date in the late 17th centulf) Distance to this remnant is uncertain. Calculation is peréa for the lower and upper limit (values in brackets)
to the distance.

References. (1) Winkler et al. [(2003); (2) Ghavamian et al. (2002)Katsuda et al.[ (2009); (3) Bamba et al. (2003);[(4) Reed |g1895);
(5)1Vink et all. (1998); (6) Bamba etlal. (2005); (7) Arava €t(2D10); (8) Tian & Leahy (2011); (9) Huahes (2000distance; (10) Reynoso &
Go0ss1(1999); (11) Vink (2008} distance

spectral indices, which should befBoient for the comparison.

. . fil files in th - [
Assuming the photon spectra to show a power-law characteris llament profiles in the energy-loss mode

tic, N, = F,/hv o v°T', whereF, andr are the flux and photon ' ' T 0lkev —
spectral index, respectively, we can then describe thersplee- 1KeV -
tween the photon energibs andhy’ through 0 S KeV -mmmoe
= 10keV -----
)
F g
In V, L S 1}
r= (”Fv). (24) 3
v
In(;) £
Here, we also want to calculate théfdrences between the pho—:;
ton spectral index of the filament spectrufp, and that of the
plateau emissiorl,p, which are given at three fiierent photon

energiesE,, in Table[2. Additionally, in Fig.[(2) we show the 2.75 2.8 2.85 2.9 2.95 3
photon spectral indices calculated with the parametergdid. rp in pc

As can be seen from TabJe 2, as well as from Hig. (2), the
spectra at higher photon energies raref§atisignificantly. The Ei

plateau shows a steeper spectrum at lower photon energes, Ly o caicylated for four tierent X-ray energies with the pa-
toa photon energy Of.l !<eV theftiérence between the indices Ot{ameters of Tycho given in Talé 1 asyweIIBlgg 310uG. Thg
filament and plateau is in the rang®9- 0.34, whereas at ener- forward shock is located a¢ = 3 pc )

gies higher than 1 keV theftkerence is always smaller than 0.1.
This property can be explained by thestive radiation of the
energetic electrons in the enhanced magnetic field. Acaglyli
the most energetic electrons lose all of their energy insiddil-
aments, implying that the regions farther from the shockiole By — Bro 7
almost no contributions to the total emission of hard X-rays B(2) = Bmin [1 + —hax_ 7min exp(——)} .
that both filament and plateau show nearly the same behaviour Bmin la

. In Table[2 we also show the indices of the filaments at thrgg,o spatial dependence of the energy-loss term then obeys th
different photon energies. One can see that the parametergpiiion

Cas A, Tycho, Kepler and SN 1006 lead to the same spectral be-

haviour, if their shock velocities are similar. Howeveringsthe

shock velocities measured in the northwestern limb of SN5100 b(2) =
and resulting from the upper limit to the distance to Kepiter,
turns out that the filament spectrum is softer and hardgrees
tively, than in the former case.

. 1. Non-thermal X-ray intensity as a function of the projected

file described in Eq[{17), which can also be written as

1+ Bmax— Bmin exp(—li)]z ’
d

Bmin

corresponding to a spatial variation of thédsion codicient

1+ Bmax — Bmin eXp(—IE)]Z ’
d

Bmin

4@ = a

3.2. Magnetic-field damping model

As already mentioned above, in the model of magnetic-fiekdecause the produt(z)d(z) must be constant, as required by
damping we assume the magnetic-field strength to follow a preqg. (9). According to Eq[{11), the spatial coordina(g) then
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Table 2. Constraints on the downstream magnetic-field strengthownergy of the electron spectrum, photon spectral index of
the filament, and the fference between the photon indices of the spectra of filanmehplateau at three fiierent photon energies,
E,, for four young SNRs. These values are calculated usingrtegg-loss model and the parameters given in Table 1.

SNR B Ecut rf rp - rf
[uG] [TeV] E,=0.1keV E,=1keV E,=10keV E,=01lkeV E,=1keV E, =10keV
SN 1006 130 36 181 2.33 2.71 0.31 0.07 0.02
(110)  (23) (1.99) (2.49) (2.94) (0.25) (0.05) (0.01)
Cas A 520 19 1.83 2.33 2.70 0.31 0.06 0.01
Tycho 310 24 1.82 2.33 2.71 0.32 0.06 0.01
Keplef 250 26 181 2.32 2.70 0.31 0.07 0.01
(230)  (37) (1.75) (2.23) (2.61) (0.34) (0.08) (0.02)

Notes. @ The values in brackets were calculated using the shockitelas= 2900 knjs as measured in the northwestern lifibT he values in
brackets were calculated using the upper limit of 6.4 kphéodistance.

cause the electrons radiat@@ently in a larger volume, result-
ing in wider filaments. To retain the observed filament widths
2.8 filament ' it is then necessary to have a higher magnetic field that, en th
plateau - ---- L other hand, also leads to a smaller citemergy of the electron

distribution.

If the damping length is too small, the observed filament
widths cannot be realized for any maximum field strength. In
these cases the intensity first decreases but then incragaies
even for the 5-keV profile, so that the typical shape of the fila
ment profiles is not given anymore. Therefore, we use damping
lengths in the case of strong damping, for which the profiiest
still exhibit the typical shape. For instance, using theegipa-
rameters of SN 1006, the damping length used in the caloulati

spectral indices in the energy-loss model

26 |

24t

22 |

spectral index

1.8 : should not be smaller than 0.02 pc.
01 _1 10 The filament profiles calculated with the parameters of
E, in kev Tycho for four diterent photon energies are illustrated in Fig.

(3). As can be seen from the figure, there is also a dependénce o

Fig.2. Photon spectral indices of the spectra of filament ar{@€ filaments on the frequency of the X-rays. This dependence

plateau using the parameters of Tycho. is based on the spatial variation of the magnetic-field gtien
Only in regions very close to the shock front the electromlé-ra

ate in fields of high magnitude, so that even the most energeti

scales as of them can emit photons of several keV in energy only in a

) small volume. The electrons remain energetic when they-prop

X2 = 1 74 ld (Bmax— Bmin) [1_ exp(—z—z)] agate into the downstream region, where they radiate atrlowe
a 2 B%in I frequencies. Hence, we expectincreased emission of l@sggn

B B . X-rays in regions farther from the shock. For instance, gitiire
+2lg—nax ~min [1 - exp(——)}} .(25) cut-of energy of the electron spectrum in Tycho obtained for the
Brmin lg case of strong dampingcut = 45 TeV, one finds that accord-

Again, using the parameters given in Table 1, we calculafid © Eq'f.zzlg)' ]%VEnl?eGmﬁst e?her_getic ellqec';rons Ioctz_;\teﬂ in
the X-ray intensity as a function of the projected radiusthiis magnetic Tield ols = 1945 have their synchrotron continuum

icti — 7
case, the damping length and the maximum field strerBythy, around the characteristic frequeney(Ecu) = 3.3 x 10" Hz,

are free parameters that can be chosen so that the filamehswi@°'T€SPonding to about 1.4 keV in X-ray energy. This issue ca
match those observed. According to the calculation of Pidil e @e seen for the 0.1-keV and 1-keV profile in FIg. (3). The X-ray

(2005%), the damping length should be in the rahge 10 — intensity does not decrease with decreasing projectedsai

10" cm (4 = 0.003— 0.03 pc). To also investigate the influencd!@PPeNS in the energy-loss model, but remains nearly aunsta

of the damping length on the results, we perform the calimrat and e\{en mcreases: respgctw.ely.. )

using two diferent values ofy in each of our examples. Here, ~ Using the X-ray intensity distribution, as well as the vokim

the larger value used fdg may describe weak magnetic-fieldemissivity, we now calculate the spectra of filament andsalat

damping, whereas the smaller one may cause a strong dampfigeach example. Again, we integrate the intensity alorey th

of the field. But note that energy losses are still included. projected radius between = rs andrp = rs — w in order to
Reproducing the filament width of each SNR at a photdtain th_e f||_ament spectrum. Theldirence between the photon

energy of 5 keV requires the maximum field strengths givespectral indices of filament and plate&y - I'p, at three photon

in Table[3. Depending on the damping length, the maximu@fiergies is given in Tablé 3, whereas in Fig. (4) we illusttae

field strength can be found in the range betweenu&0and photon spectral indices calculated with the parametergfd.

260 uG, implying, according to Eq[(18), cutfioenergies be- As can be seen again, the spectrum of the plateau is steeper

tween 27 TeV and 62 TeV. Furthermore, it turns out that an ithan that of the filament. However, thefidgrence between the

creased damping length requires an increased field strdmgth spectra of filament and plateau depends on the chosen damp-
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filament profiles in the damping model spectral indices in the damping model
r . 2.8
0.1 keV —— filament
L KeV e plateau -----

" 5keV -------

= 10keV -----

c

S 3

§ 1f E

2 8

s B

c (3]

= Q

’:3. 2]

=

275 2.8 2.85 2.9 2.95 3 01 1 10
rp in pc E, in keV

Fig. 3. Non-thermal X-ray intensity as a function of the projecte#lig. 4. Photon spectral indices of the spectra of filament and
radius calculated for four fferent X-ray energies with the pa-plateau using the parameters of Tycho.
rameters of Tycho given in Tallé 1, as welllgs= 0.008 pc and
Bmax = 85uG. The forward shock is locatedaf= 3 pc.

suggests a measurablgfdrence between the spectra in some
. ) , . SNRs, since the ffierence between the spectral indices of fila-
ing length. At relatively large damping lengths (weak damgpi ment and plateau can take values of almost 0.2 at X-ray exeergi
the diference between the indices over the hole energy ranggner than 1 keV.
is smaller than 0.1, whereas at smaller damping lengthsnGtr ™|, the energy-loss model thefiirence between the indices
damping) it also takes values in the range 0.1-0.2. The siifall ¢ filament and plateau above the X-ray energy of 1 keV is even
ferences at larger damping lengths are due to the higherefiagng e than 0.1, so that a possible detection can be extlude
fields that need to be chosen in order to retain the obsereed fﬁere too. On the other hand, théfdience between the indices
ment widths. Hence, considerable energy losses have t&@® t)e|o\ 1 keV is larger than 0.1, and at a photon energy of 0.1 keV
into account. Similarly to the energy-loss model, this fssm j; js even approximately 0.3. This might suggest that there i
an almost equal behaviour of the spectra of filament andguiate, measurable fierence in the spectra of filament and plateau
at high photon energies. In contrast, the magnetic fieldd &6e 5¢ sma|| X-ray energies, if the filaments are limited by egerg
smaller damping lengths are low enough to result in speeéia tjsses. However, on account of the interstellar photoebes-
show significant dferences among each other. sorption of the soft X-rays, thesefllirent spectral characteris-

Finally, one can also see from Table 3 that the filament Spgss are probably not detectable, too. Furthermore, thenpéa

trum becomes steeper with decreasing damping length, iitparq o\nstream of the forward shock is at high temperature,ympl
ular at small X-ray energies. This is due to the lower magretijyg als0 thermal emission contributing to the soft X-ray than
field strengths used in that case. Although the weaker m&gnefng thus, complicating a clear identification of the norvithe
fields imply higher cut-i energies, which harden the spectraamission.
their influence is not diicient enough to result in spectra simi- 4~ it there is no measurabléfdience between the spec-
lar to those found at larger damping lengths. Besides, asein {5 of filament and plateau, it is not possible to make definite
energyh-loss m?del and mdependﬁntly of thﬁldarr]nplng lexusth, g{ﬁdictions from the comparison of the spectra whether the fi
A, Tycho, Kepler and SN 1006 show roughly the same spectighens are limited by energy losses of the radiating elestro
behaviour, if the shock velocities are similar, whereasfilae . by damping of the magnetic field. But if a significantreli-

ment spectrum obtained from the shock velocity of the north, ¢ appears, our calculations then suggest that the fitarzen
western limb of SN 1006 has a steeper profile. In contrast, tfeioq by the magnetic field itself.
upper limit to the distance to Kepler implies a harder filamen It should be noted that our results presented here have been
spectrum. derived using Bohm diusion. According to Eq[{21), a larger
diffusion codficient with gyrofactor > 1 would imply a larger
diffusion length, resulting in significant widening of the fila-
ments, because now, the regions farther from the shockiconta
Compared to the magnetic-field damping model, the spectrazo$uticient number of high-energy electrons contributing to the
filament and plateau obtained in the energy-loss model éxhilmtensity. Widening must then be compensated by a higher mag
larger spectral indices. This can be explained by the censiide netic field to retain the observed filament widths. Hence, the
energy losses leading to the evolution towards a softetrelec magnetic-field strengths derived in our models represemtio
distribution in the energy-loss model, and hence, requltink-  limits for the chosen parameters. The calculation then show
ray spectra that are softer than those obtained in the dgmpihat a larger dfusion codicient results in softer spectra due
model. to a lower cut-& energy, which decreases with increasing gy-
In case of a weak magnetic-field damping thBatence be- rofactor. However, the final results regarding th&atences in
tween the spectral indices of filament and plateau over the fapectral indices do not change fundamentally.
X-ray spectrum is smaller than 0.1, which is probably to $itoal In a last step we want to compare the predictions derived
be detectable. Only if there is a strong damping, our calitula here with observations. At first, we notice that, indepetigteri

4. Conclusions
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Table 3. Constraints on the maximum magnetic-field strength, ¢iieiwergy of the electron spectrum, photon spectral indexeof th
filament, and the dierence between the photon indices of the spectra of filanmehplateau at three fierent photon energiek,,,
for four young SNRs. These values are calculated using thymeti-field damping model and the parameters given in TBble

Weak Damping

SNR |d Bmax Ecut rf rf - rp
[pc]  [uG] [TeV] E,=01keV E,=1keV E,=10keV E,=01keV E,=1keV E, =10keV
SN 1006 0.03 65 50 1.78 2.12 2.64 0.04 0.08 0.07
(0.03) (57) (32 (1.93) (2.35) (2.95) (0.05) (0.09) (0.08)
Cas A 0.015 260 27 171 1.98 2.51 0.04 0.02 0.01
Tycho 0.02 150 34 171 2.00 2.57 0.06 0.04 0.02
Kepler 0.03 135 36 1.71 2.01 2.59 0.05 0.04 0.02
(0.03) (115) (52) (1.67) (1.93) (2.43) (0.04) (0.05) (0.02)

Strong Damping

SNR |d Bmax Ecut rf rf - rp
[pc]  [uG] [TeV] E,=01keV E,=1keV E,=10keV E,=01keV E,=1keV E, =10keV
SN 1006 0.02 64 51 1.81 2.16 2.66 0.04 0.10 0.13
(0.02) (56) (32) (1.97) (2.39) (2.96) (0.04) (0.11) (0.13)
Cas A 0.004 115 40 181 2.12 2.58 0.07 0.16 0.19
Tycho 0.008 85 45 1.82 2.14 2.61 0.05 0.13 0.17
Keplef 0.01 80 47 181 2.14 2.62 0.04 0.11 0.14
(0.012) (80)  (62) (1.74) (2.03) (2.48) (0.03) (0.09) (0.12)

Notes. @ The values in brackets were calculated using the shockitelac= 2900 knjs as measured in the northwestern lifoThe values in
brackets were calculated using the upper limit of 6.4 kphéodistance.

the model, the parameters from the remnants of Cas A, Tyclpoedictions given in Tableé]2 and Tall¢ 3, we notice that the
Kepler and SN 1006 lead to nearly the same spectral behavimagnetic fields derived from the energy-loss model are irdgoo
in case of similar shock velocities, as can be seen from the-spagreement with those estimated from the hadronic modeltased
tral indices in Tablé]2 and Tablg 3. However, the analysis déscribe the observed spectra of SN 1006 and Tycho. In @ntra
the filament spectra of these remnants reported by Bamba etla predictions from the magnetic-field damping model ssgge
(2003, 2005) reveals significantfiirences among the spectrathe leptonic model for the origin of the gamma-ray emission
indices obtained from the fit of an absorbed power-law modélom these remnants. It should be noted that current ganama-r
Compared to our spectra whose calculation has been dorg usibservations do not reach the spatial resolution of thoge @do
an injection index resulting from an unmodified shoek=(2), X-rays, so that the magnetic fields estimated using gamma-ra
the observation may be an indication foffdrent electron in- observations of SN 1006 and Tycho are averages over a region
jection indices in these remnants, implying shocks thatd#fre much larger than the filaments, implying that the observéd va
ferently &fected by non-linearféects due to dferences in - ues do not necessarily match those found for the filaments.
ciency in the particle acceleration. To discriminate between the energy-loss model and

Regarding the magnetic-field strengths, we take, as an exanagnetic-field damping model, and hence between a leptonic
ple for comparison with our results, the non-thermal filateei and a hadronic origin of TeV-band gamma-ray emission, one
Cas A analysed by Araya etlal. (2010). From the best-fit paramay either search for fierences between X-ray spectra of fil-
eters used to fit the observed filament spectra, the magredtic faments and plateau, as calculated in this paper, or perform
has been derived to be in the range 300) uG. These values gamma-ray observations with higher spatial resolution.
are consistent with those derived from the magnetic-fiefdla
ing model, in which the magnetic field varies, according to E
(@I7) and the values from Tablé 3, between the field streng
(10— 260) uG for weak damping and (10 115) G for strong We acknowledge support by the "Helmholtz Alliance for
damping, respectively. For comparison, the constant magneAstroparticle Phyics HAP" funded by the Initiative and
field derived from the energy-loss model is several timehdiig Networking Fund of the Helmholtz Association.
B = 520uG. This might suggest that the non-thermal filaments
of Cas A are limited by the damping of the magnetic field.
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