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Nonthermal X-ray emission from young supernova remnants
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Abstract. The Galactic (nucleonic) cosmic-ray spectrum up (ISM), which leads to an increase in the slaepgy a factor of
to the knee F ~ 10'° eV) is believed to originate from ac- ~ 0.5—0.6. A direct fingerprint of the slope of the power-law
celeration processes occurring at supernova remnant shockg.can be obtained by radio observations of SNRs. The ob-
This idea is confirmed by theoretical predictions, which give served spectral index of the synchrotron emission from these
a similar estimate for the maximum particle energy, which systemsqn ~ 0.5 — 0.6 is directly connected with the slope
can be reached at these shocks. of the energy distributioy of the accelerated partricles by
Electrons with energie® ~ 10'“ eV radiate X-ray pho- ¢ = 2o+ 1 ~ 2.0 — 2.2. This is close to the value one
tons in the~ 10 — 100 G magnetic fields present in many expects for the energy distribution of accelerated particles at
young supernova remnants. These electrons (near the knee),strong shock. There is no effect on the slgpdue to the
give rise to a nonthermal X-ray component in the spectrum ofpropagation of the electrons, as is the case for the nucleonic
young supernova remnants. Recent observations of SN1006osmic ray spectrum, because the observed synchrotron ra-
and G347.3-0.5 show these nonthermal X-rays. diation is emitted by the electrons in the accelerator itself.

We have combined hydrodynamical calculations of the evo- Using standard synchrotron radiation theory (see e.g. Ry-

lution of a young remnant with an algorithm which simulta- bicky & Lightmann, 1979), one can show that electrons ra-
neously calculates the associated particle acceleration, in th&iating in a~ 10 — 100 G magnetic field, emit at radio fre-

test-particle apprOX|mat_|on. . quencies when their energy is of order10'? eV, whereas
We present the resulting synchrotron maps, at different X-gjectrons radiating at X-ray frequencies have a typical en-

ray frequencies, and photon spectra of the synchrotron radiaérgy of ~ 10 eV. This last value is close to the knee of

tion. Our method allows for calculating photon and electron e ‘cosmic ray spectrum. Therefore the recent discoveries
spectra at different regions within the remnant. of supernova remnants with a nonthermal X-ray component
(Koyama et al., 1995; Allen, Gotthelf & Petre, 1999; Slane et
al., 2001), seems like another confirmation of the supernova-
1 Introduction origin theory of cosmic rays.

In this paper we present a method which calculates the

The origin of the cosmic-ray spectrum up to the kn&e- morphology and the spectrum of synchrotron X-rays from
10*° eV) is attributed to the acceleration processes which oc- P 9y P y y

oung supernova remnants. We use a hydrodynamics code
cur at the shocks around supernova remnants (SNRs). ThE UNd sup . - a hydrodyna
e : . 10 calculate the evolution of a SNR in a uniform interstel-
theory of diffusive shock acceleration (for a recent review

DS s it & Dy 00) ks o pover e, Sk el e et o
law distribution in energyp(E) o« E2f(E) « E~9, with ! g » UsIng

4 = 2.0, when the particles are accelerated by a strong ShOCI§eparate algorithm which includes the effect of synchrotron
(with Eémpression ratio — 4.0). This seems to contradict and adiabatic losses. The simulations are performed using

. ) the test-particle approximation, which neglects the back re-
the observed energy spectrum of cosmic rays at earth: . :
action of the particles on the flow.

$(E) x E*f(E) oc E-%7. 1) This paper is organised as follows. In section 2 we de-

H his ob d includes the eff f th scribe the evolution of a young SNR and the associated par-
owever, this observed spectrum includes the efiect of thg; o 5cceleration. In section 3 we present results of our

propagation of the cosmic rays through the interstellar mediumethod. Section 4 is a summary and prospects some future
Correspondence tcE. van der Swaluw (swaluw@cp.dias.ie) applications of our method.
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2 Particle acceleration at SNR shocks whereot = 6.65 x 10~2% c¢m? is the Thomson cross section
andm, is the mass of an electron.
2.1 The evolution of a young SNR

) . ) 2.3 Maximum energies
A supernova explosion results in an expanding supernova

remnant, which can roughly be divided into four stages (wolt-|f synchrotron losses can be neglected, as is the case for pro-
jer, 1972): the free expansion stage, the Sedov-Taylor stageons, using equation (4), one can show that the maximum
the pressure-driven snowplow stage and the momentum corenergy equals:

serving stage. In the model presented here we will only focus

on the first two stages. McKee & Truelove (1995) describe e\t My \TVE

these two stages by giving analytical approximations for thelmax &~ 200 Es5 (10> <1 M®> X
trajectories of both the forward shock and the reverse shock B s

of a SNR. The transition between these two stages takes place ( m) ng " TeV. (6)

when the forward shock of the SNR has swept-upl.61
times the ejected mass of the progenitor star. This occurs gbarticles injected at the shock of the SNR at a time tgr

an age. will reach an energy,,,.« att ~ tgr. In the Sedov-Taylor
M\ /6 ) stage the acceleration rate decay§&s/dt),,, x V2 x
tsT = 209E5’11/ 2 ( e-‘> ng 1/3 yr, (2) RZ3. The acceleration process in the Sedov-Taylor stage can

roughly increase the energy by a factor3of Therefore the
whereny = po/pim is the number density (in cn?) of the  acceleration process is most efficient at times tgr-.
ISM, assuming a mean atomic mass = 2.34 x 1072 If synchrotron losses can not be neglected as is the case
g. M,; is the ejected mass of the progenitor star, &gdis  for electrons, the combination of equation (4) and (5) shows
the mechanical explosion energy in unitslof! erg. Below  that the maximum energy equals:
we will argue that particles are accelerated most efficiently at

timest < tsr. B~ a0 gl <§>1/2 (v) y
sy 7~ 51

. . 10 Ve
2.2 Particle acceleration ST

M, —1/2 B -1/2
A blastwave of a SNR is an efficient accelerator due to the ef- <M@ ) (10 /JG> Tev. @
ficient scattering of relativistic particles which confines these
particles near the shock. Therefore particles can cross thBereVsr is a typical velocity for a young SNR as defined by
shock many times before being advected downstream. EaclIcKee & Truelove (1995):
time a particle crosses a shock from downstreampstream —1/2
— downstream it will gain energy due to the difference in ve- y... — 10, 400 Eél/2 (Me' ) km/s, (8)
locity across the shock. The resulting spatial diffusion can be M
described by using the Bohm approximation. In this approxi-
mation, the scattering mean free patyuals the gyro radius
re x E/ZeB of a relativistic particle (energ¥ = pc), cor-
responding with a diffusion coefficient:

1 cEk
"B =37 378 3
here Ze is the particle charge an® is the magnetic field 3 Simulation Method
strength. This diffusion coefficient determines the accelera-
tion rate using standard DSA where we only consider protons3-1  Hydrodynamics

and electronsf = 1):

The above estimate shows that one has to observe SNRs in
the free expansion stage or closely thereafter, whien-

Vsr, in order for the X-ray emission to consist of a nonther-
mal component.

9 We have performed hydrodynamical simulations using the

<d_E> - 3eBV; (4) Versatile Advection Cod&(VAC, T6th, 1996). The calcula-

dt )4 & ¢ tions have been performed on a spherically symmetric grid
herel/, is the shock velocity. The parametetakes the value ~ with uniform radial grid spacing. As an initial consition we
¢ = 20 for a parallel shock where the magnetic field is along deposit mass and energy in the first few grid cells, this leads
the shock normal, angl= 8 for a perpendicular shock where to both a forward shock and a reverse shock. At the end of
the field is in the plane of the shock. the simulation, the SNR is in its transion stage from the freely

If the accelerated particles are electrons, they suffer radiaexpanding stage to the Sedov-Taylor stage, where the reverse
tive losses due to the presence of the magnetic field. Thesghock is propagating into the interior of the SNR. The hydro-
synchrotron losses equals (e.g. Rybicky & Lightman, 1979):dynamical simulation yields the fluid velocity of the SNR as

(dE> opB2E? a function of radius.

- R 5
at /., 6rm2c® ’ ®) 1Seehttp://www.phys.uu.nl/ toth
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Fig. 1. Energy distribution of the total amount of test particles in  ~ L
the SNR. —
N
3.2 Particle acceleration —2r ]

The acceleration and propagation of particles in a flow can
be investigated by solving a Fokker-Planck equation for the
particle distribution in phase space (see e.g. Skilling, 1975). —4
Instead we use the stochastic differential equations (SDES) i
of the It form:

dZ = Z dt + V2D - AW . ) 6l | |
0 2 4 5

hereZ = (x, p) is the phase-space position vectdris the Radius(in parsec)

phase-space advection velocity aidis a diffusion tensor,
formally defined in dyadic notation as

(AZ AZ) Fig. 2. Synchrotron map at a frequeney= 10'" Hz
p=2222) (10)
2At
The noise termlW in the stochastic term of equation (9) is the method in conjunction with the hydrodynamical simula-
a N-dimensional Wiener process, wheévYeis the number of  tjons, in order to calculate the behaviour of the acceleration

degree s of freedom in phase space (e.g MacKinnon & Craigynd propagation of electrons in a young supernova remnant.
1991; Achterberg & Kills 1992 and Kills & Achterberg

1994). Its componeni$lV; satisfy a set of simple rules, 3.3 Results

dt ifi=y We have simulated the evolution of a single supernova rem-
(dWy) =0 , (dW; dW;) = I (11)  nant with an energyz, = 10°! erg, an ejected masaf,; =

0 ifi#j 6M, and a constant ISM density pff = 10~24 g/cm?. By

using the flow of this hydrodynamics simulation, we simul-

where the angular brackets indicate an average over man aneously describe the particle acceleration using the SDE

statistically independent realizations of this Wiener process.
method.

(Q)Bg/nrgT;':%glgt?{lL?iﬁzenhdssrg_;eizsg?;zS&%gsc?)p tion We contineously inject particles at the forward shock of
b P | the SNR, starting at the age of= 200 years, till the end

¥ivct]r|1Ch correspands with a solution of a Fokler-Planck €Y% ¢ the simulation at = 1000 years. All the particles have

The method allows for a quick simulation method for a been injected at a constant injection momentywith an

. . . injection rate:
given flow, plus one can include effects like synchrotron Iosses,J

Inverse Compton losses and Expansion losses. AN (p) oc B2, Vi dt x 5(p — po) , (12)
The application to shock acceleration has already been con-

sidered by several authors (e.g.UKs & Achterberg, 1994; heredt is the timestep used in the SDE method. Most parti-

Marcowith & Kirk, 1999), where the results have succes- cles will be injected at late times in the evolution of the SNR.

fully been compared with analytical solutions. We employ At the end of the simulation, the SNR has a radius-of.5
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parsec. A total of~ 4.2 x 10° test particles are injected

6
throughout the simulation. WO5 b,

The energy distribution of the test particles is shown in 10 +***++++++++ |
figure 1. One can see that the cut-off occur&at 100 TeV. —~ 104k *+++++++++ |
This is as expected from the theoretical considerations in the, ~ 3 +++++++++
above section. o 1O M, )

Throughout the simulation we keep track of the magnetic‘; 1021 mﬁ |
field strength in the supernova remnant by an approach sim-= 1 +*+++
ilar to the one used by Duin & Strom (1975). We take an = 100r tt ]
initial uniform magnetic field strengti®, aligned with the 109L o
axis of symmetry in the simulation: 1071 S Hfﬁ#
Bo, = By sinfly , Bog = —By cos b . (13) 0.1 10 10.0 100.0

photon energy hv (in keV)
Throughout the simulation, we can calculate the radial and

tangential components, and By by using the equations: Fig. 3. Total integrated spectrum of the SNR
70\ 2 p r
By = (7) Bor . Be= ) \ro Bog - (14)  sedov-Taylor SNR is assumed throughout the whole evolu-

tion of the SNR. We expand on his work by using a hydro-
Herer is the current radial position of the fluid element, and dynamics code, which describes the free expansion stage and
o its position when it crosses the SNR blastwave. Similarly,the transition to the Sedov-Taylor stage.
p is the density at the current position of the fluid element By using a 2D hydrodynamics code, this method can eas-
and py is the density of the ISM. We assume that the only ily be extended to more complicated configurations, i.e. a
magnetic field present in the SNR is the compressed internon-uniform ISM. In this way one can model SNRs when
stellar field. Because the magnetic field is known throughoutpart of the SNR shell is running into a molecular cloud.
the remnant, one can produce synchrotron maps at different
frequencies. This can be achieved by calculating for eacH\cknowledgementsEvdS would like to thank Luke Drury and Yves
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An example of such a synchrotron map is shown in figure 2.

Furthermore a photon spectrum can be obtained of the whol@eferences

remnant, by using the same equations from synchrotron the-

ory. The resulting spectrum is depicted in figure 3, whereAchterberg, A., & Kfills, W.M., A&A, 265, L13, 1992

the x-axis is in keV. At the roll-off part of the spectrum we Allen, G.E., Gotthellf,E.V., Petre, R. 1999, "Evidence of 10-
get a spectral index af = 3.0 corresponding with a slope 100 Tev Electrons in Supernova Remnants,” in Proc. of the

¢ = 7.0. This is encouraging close to the values as observed 5)6:('? ('jCRN?'SSla“ Lake é:gyb-l?-% VA?guitséi%ggl Edited by
. .Kieda,M.Salamon, and B.Dingus, Vol.3, 480-
for five remnants by Allen et al. (1999). Duin. RM. & Strom. R.G. . A&A, 39, 33, 1975

Koyama, K., Petre, R., Gotthelf, E.V., Hwang, U., Matsura, M.,
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