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A possibility to model the high energy synhrotron emission (in X- and -rays) from supernova

remnants (SNRs) is an important task for modern astronomy and astrophysis beause it may

be responsible for the nonthermal X-rays and TeV -rays observed reently from a number of

SNRs. This emission allows us to observe the proesses of partile aeleration on SNR shoks

and generation of osmi rays. In this paper a model for the synhrotron emission from shell

SNR in nonuniform interstellar medium and nonuniform magneti �eld is presented. This model

is a generalization of the model of Reynolds & Chevalier developed for a spherial SNR in the

uniform medium and uniform magneti �eld. The model will be used for studies on the thermal

and nonthermal images and spetra from nonspherial SNRs in di�erent interstellar magneti �eld

on�gurations.

Key words: interstellar medium, supernova remnants, hydrodynamis, shok wave, X-rays,

synhrotron emission.
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I. INTRODUCTION

For the last few years, a onsiderable interest has

grown in the investigation of the synhrotron X-ray

emission from supernova remnants (SNRs), aused by

eletrons aelerated on SNR shoks up to the en-

ergy � 10

13�14

eV. This emission proess is believed

to be responsible for the nonthermal X-ray (SN 1006,

Cas A, Tyho, G347.3{0.5, IC443, G266.2{1.2, RCW86:

G156.+5.7, Kepler, W49B, W50) and TeV -ray (SN

1006, Cas A, G347.3{0.5) emission observed reently

from a number of SNRs.

The model for synhrotron X-rays from shell SNRs

developed up till now [1,2℄ works with uniform magneti

�eld and is based on the simple spherial Sedov model

[3℄ for SNR hydrodynamis. The most essential simpli�-

ations of the Sedov model are the uniform interstellar

medium and spherial SN explosion.

Observations ertify that SNRs are nonspherial ob-

jets with ompliated distributions of surfae bright-

ness. The nonuniform interstellar medium are the most

important fator in modi�ation of the struture and

evolution of SNRs. We present here a model for the syn-

hrotron emission from shell SNR in nonuniformmedium

and nonuniform magneti �eld. This model is a general-

ization of the model [1,2℄.

II. MODEL FOR SYNCHROTRON EMISSION

FROM NONSPHERICAL SNR

IN NONUNIFORM MAGNETIC FIELD

A. Hydrodynamis

The position R(�; ') and veloity D(�; ') of the shok

front as well as the distribution of gas parameters in-

side the volume of SNR depend on the ambient density

distribution �

o

(r; �; ') and anisotropy of the supernova

explosion energy E

sn

(�; '). It is enough to have parame-

ters of gas withinR(�; ') alulated to model the thermal

X-ray emission of SNR. Besides �

o

(r; �; ') and E

sn

(�; '),

the synhrotron image and spetrum of SNR are also af-

feted by the distribution of interstellar magneti �eld

B

o

(r; �; ') whih may also be nonuniform.

It is assumed hereafter that SNR are on the adia-

bati phase of evolution. The dynamis of the shok front

of nonspherial adiabati SNR and the distribution of

gas parameters inside whole shoked volume an be de-

sribed with the hydrodynami method presented in [4℄.

In this method, a three-dimensional (3-D) objet is di-

vided on a number of 1-D setors and the distributions of

parameters are found separately for eah of them. Note,

that the veloity of ow is radial in the hydrodynami

method [4℄ and the diretion of a setor and eletron

veloity in it are given by the same angles (�; ') of a

spherial oordinate system with the origin in the plae

of explosion.

We assume also that  = 5=3, shok ompression ra-

tio � = 4, gyrofator � = 1, B

CMB

=B

o

! 0, maximum

energy attained before the adiabati stage E

max;0

= 0

(see [2℄ for details). We do not onsider the e�et of the

osmi ray pressure that an hange �.

B. Emission

The synhrotron volume emissivity of a uid element

(r; �; ') is [5℄

S

�

= C(�)KB

(�+1)=2

?

�

�(��1)=2

; (1)
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where C(�) is a onstant, B

?

is the tangential ompo-

nent of the magneti �eld (perpendiular to the eletron

veloity in the uid element), � is frequeny, K is the

normalization of the sharply trunated eletron distribu-

tion

N (E)dE =

(

KE

��

dE; E � E

max

0; E > E

max

: (2)

Let us onsider the distribution of the emission param-

eters over the shell, and their evolution downstream.

1. Spetral index

The power index � is onstant downstream beause

eletrons lose energy proportionally to their energy

(Eq. (10)) and remain essentially on�ned to the uid

element in whih they were produed. The power in-

dex � is also onstant over the surfae of a nonspherial

SNR beause the shok is strong. Namely, in the �rst or-

der Fermi aeleration mehanism, � = (� + 2)=(� � 1),

where the shok ompression ratio � does not depend

on the ambient density distribution in the strong shok

limit (Mah number� 1) realized in SNRs: � = �

s

=�

o

s

=

( + 1)=( � 1), the subsripts "s" and "o" refer to the

values at the shok and to the surrounding medium, re-

spetively.

2. Magneti �eld omponents

The omponents of the magneti �eld evolve di�er-

ently behind the shok: B

?

rises everywhere at the shok

by the same fator � = �

s

=�

o

s

and B

k

is not modi�ed by

the shok [1℄:

B

?;s

= B

o

?;s

�

�

s

�

o

s

; B

k;s

= B

o

k;s

: (3)

No further turbulent ampli�ation of the magneti �eld

is assumed.

Downstream variation of the omponents follows from

the ux-freezing ondition B

?

(r)r dr = B

o

?

(a)a da, on-

tinuity equation �(r)r

2

dr = �

o

(a)a

2

da and magneti ux

onservation r

2

B

k

(r) = a

2

B

o

k

(a), where a is Lagrangian

and r = r(a; t) is Eulerian oordinates. Thus, if both B

o

and �

o

are nonuniform, the omponents of magneti �eld

B are (in a setor)

B

?

(a; t) = B

o

?

(a)

�(a; t)

�

o

(a)

r(a; t)

a

;

B

k

(a; t) = B

o

k

(a)

�

a

r(a; t)

�

2

: (4)

The omponents of the ambient magneti �eld B

o

in the

point (r; �; ') are

B

o

?

= B

o

j sin�

o

j; B

o

k

= B

o

j os�

o

j; (5)

where the obliquity angle �

o

is the angle between the

diretions of the magneti �eld B

o

in this point and the

eletron veloity in the setor.

3. Normalization K

The assumption that the energy density ! of relativis-

ti partiles is proportional to the energy density of the

magneti �eld in eah uid element

! �

E

max

Z

E

min

EN (E)dE = K

E

max

Z

E

min

E

1��

dE / B

2

(6)

gives for the variation of K over the shell, and down-

stream

K /

(

B

2

�

E

2��

max

�E

2��

min

�

�1

; � 6= 2

B

2

ln

�1

�

E

max

=E

min

�

; � = 2:

(7)

4. Injetion energy

Partiles start to aelerate on the shok when

their energy E beome more than the inje-

tion energy E

min

. The �rst order Fermi ael-

eration mehanism suggests for E

min

: E

min

=

1:68 10

�4

ln �

2=3

(�

o

n

tot

=D)

2=3

eV; where ln� is

Coulomb logarithm, �

o

= 1:0 10

18

T

2

6

=n

tot

m is the

mean free path of eletron, n

tot

is the total number den-

sity (eletrons plus ions) [6℄. This E

min

is 14:65 ln�

2=3

times the average kineti energy of eletrons.

Variation of E

min

over the shell of nonspherial SNR

found for eah setor independently:

E

min

(R; �; ') = 0:026 ln�

2=3

D

3

(�; ')

2

MeV; (8)

where D

3

is the shok veloity in 10

3

km=s.

If partiles move downstream leaving the region of a-

eleration, the energy varies as in [2℄

E(a) = E

o

�(a)

1=3

; (9)

if eletron loses its energy due to the adiabati expansion

only

_

E = E

_

�=(3�) (10)

where �(r) = �(r)=�

s

, E

o

is the energy of the uid ele-

ment a at the time t

o

when the shok rosses it.
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5. Maximum energy

The maximum energy E

max

whih eletrons are a-

elerated to varies over the shell of nonspherial SNR.

Therefore, E

max

are also found independently in eah

setor, with the expressions given in [2℄: E

max

(R; �; ') =

min(E

max;1

; E

max;2

; E

max;3

) where the radiative losses,

�nite time of aeleration and esaping of eletrons al-

low for the maximum energies:

E

max;1

= 7:810

13

F

1

B

�1=2

o;�

D

3

eV; (11)

E

max;2

= 1:910

14

Z

t

t

ad

F

2

B

o;�

D

2

3

dt

3

eV; (12)

E

max;3

= 7:710

12

�

max;17

B

o;�

eV: (13)

Here the age of SNR t and the time of transition into the

adiabati stage t

ad

(�; ') are in 10

3

years, B

o;�

is B

o

in

�G, �

max;17

is �

max

in 10

17

m. This �

max

� 10

16�18

m

is a free parameter.

The geometri fators are [2℄

F

1

=

q

G=R

j

; F

2

= 1=R

j

; (14)

with

G =

Z + 4=�

B

Z + 4�

B

; Z =

os

2

�

o

+ 1

os

2

�+ 1

;

R

j

=

1

2

�

B

(os

2

�

o

+ 1) + 4(os

2

�+ 1)

4 + �

B

;

�

B

�

B

s

B

o

s

=

s

1 + 16 tan

2

�

o

1 + tan

2

�

o

;

(15)

where the obliquity angles are �

o

for upstream and �

for downstream; tan� = 4 tan�

o

.

The maximum energy hanges downstream in aor-

dane with (9).

6. Obliquity angle

Synhrotron emission of the uid element (r; �; ') de-

pends on the values B

o

(r; �; �) and �

o

(r; �; �). The al-

ulation of �

o

depends on the way how the distribution

B

o

(r; �; �) is given.

If we know distributions of B

o

(r; �; �), �

H

(r; �; �) and

'

H

(r; �; �), where (�

H

; '

H

) are the spherial angles of

the vetor B

o

in the point (r; �; �), then

os �

o

= sin � sin �

H

os('� '

H

) + j os � os �

H

j: (16)

There are three independent of a oordinate system

angles in our task: the inlination angle Æ between the

line of sight and the density gradient, the aspet angle �

between the line of sight and the ambient magneti �eld,

and the third angle � between the magneti �eld and the

density gradient.

Let as onsider two interesting partiular ases.

i). If the diretion of the ambient magneti �eld is

uniform, i. e. �(r; �; �) = onst, then let us aept that

the origin of the oordinates oinides with the plae of

explosion, the axis x of Cartesian oordinate system is

oriented opposite the diretion of the line of sight (to-

wards the observer) and that B

o

lies in the plane (xz).

In suh a ase os �

o

is given by (16) with �

H

= �=2��

and '

H

= 0.

ii). If diretion of the density gradient is uniform, i. e.

Æ(r; �; �) = onst, then let us aept that the origin of the

oordinates oinides with the plae of explosion, axis z

of Cartesian oordinate system is oriented opposite the

density gradient and the line of sight lies in the plane

(xz). Geometrial onsideration yields for Æ 6= 0 and

� 6= 0

os �

o

= sin � sin � os('� '

H

) + j os � os �j;

where os'

H

=

os �� j os Æ os �j

sin Æ sin �

:

(17)

If Æ = 0 or � (grad �

o

is parallel to the line of sight)

but � 6= 0, then �

H

= � � � and �� respetively, and

additionaly '

H

(r; �; ') should be known. If � = 0 or �

(diretion of B

o

oinides with grad�

o

), then �

o

= �� �

or � respetively.

III. CONCLUSIONS

The model for the synhrotron emission of nonspheri-

al SNR in nonuniform interstellar magneti �eld is pre-

sented. Being applied to studies of high energy emission

of SNRs, in partiular to X-rays, it allows us to ompare

the thermal and synhrotron X-ray images and spetra

of the objets, to make onlusions about the SNR itself,

supernova explosion, struture and properties of the in-

terstellar medium, shok wave physis, aeleration pro-

esses on the shoks, -ray and osmi ray generation.
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MODEL^ SINHROTRONNOGO RENT�EN�VS^KOGO VIPROM�N�VANN�

V�D OBOLONKOPOD�BNIH ZALIXK�V NADNOVIH Z�R U NEODNOR�DNOMU

SEREDOVIW�

O. Petruk

�nstitut prikladnih problem mehan�ki ta matematiki NAN UkraÝni,

vul. Naukova, 3-b, L~v�v, 79053, UkraÝna

petruk�astro.franko.lviv.ua

Model�vann� visokoener�etiqnogo sinhrotronnogo viprom�n�vann� (v rent�en�vs~komu ta gamma-

d��pazon�) zalixk�v nadnovih z�r (ZN)  va�livim zavdann�m suqasnoÝ astronom�Ý � astrof�ziki, osk�l~ki

sinhrotronne viprom�n�vann� elektron�v, priskorenih na front� udarnoÝ hvil� do ener��� � 10

13�14

eV,

mo�e buti v�dpov�dal~nim za neteplove rent�en�vs~ke ta gamma-viprom�n�vann�, spostere�ene newodavno

v�d nizki ZN.Ce� mehan�zm viprom�n�vann� dozvol� vivqati proesi priskorenn� elektron�v na frontah

udarnih hvil~ ta proesi �enera�Ý galaktiqnih kosm�qnih promen�v.

U �� statt� vperxe podano model~ dl� rozrahunku sinhrotronnogo viprom�n�vann� v�d obolonkopo-

d�bnih ZN, �k� evol��onu�t~ u neodnor�dnomu seredoviw� ta neodnor�dnomu magnetnomu pol�. Vona 

uzagal~nenn�m model� Re�nol~dsa ta Xeval~, rozroblenoÝ dl� sferiqnogo ZN v odnor�dnomu seredoviw�

ta magnetnomu pol�. Model~ bude vikoristano dl� anal�zu � por�vn�nn� teplovogo ta neteplovogo vipro-

m�n�vann� nesferiqnih ZN u m��zor�nih magnetnih pol�h r�znoÝ konf�gura�Ý.
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