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Cosmlc Rays (CRs)

e Victor Hess discovered CRs (1912)

* Nobel Prize in Physics (1936)
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On the Origin of the Cosmic Radiation

ENRICO FERMI
Institute for Nuclear Studies, University of Chicago, Chicago, Illinois

(Received January 3, 1949)

A theory of the origin of cosmic radiation is proposed according to which cosmic rays are originated
and accelerated primarily in the interstellar space of the galaxy by collisions against moving mag-
metic fields. One of the features of the theory is that it yields naturally an inverse power law for the
spectral distribution of the cosmic rays. The chief difficulty is that it fails to explain in a straight-
forward way the heavy nuclei observed in the primary radiation.

I. INTRODUCTION

N recent discussions on the origin of the cosmic
radiation E. Teller! has advocated the view
that cosmic rays are of solar origin and are kept
relatively near the sun by the action of magnetic
fields. These views are amplified by Alfvén, Richt-
myer, and Teller.? The argument against the con-
ventional view that cosmic radiation may extend
at least to all the galactic space is the very large
amount of energy that should be present in form of
cosmic radiation if it were to extend to such a huge
space. Indeed, if this were the case, the mechanism
of acceleration of the cosmic radiation should be
extremely efficient.

where H is the intensity of the magnetic field and
p is the density of the interstellar matter.

One finds according to the present theory that a
particle that is projected into the interstellar
medium with energy above a certain injection
threshold gains energy by collisions against the
moving irregularities of the interstellar magnetic
field. The rate of gain is wvery slow but appears
capable of building up the energy to the maximum
values observed. Indeed one finds quite naturally
an inverse power law for the energy spectrum of the
protons. The experimentally observed exponent of
this law appears to be well within the range of the
possibilities.
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 Fermi acceleration (“Type A” in Fermi (1949)
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 Fermi acceleration (“Type B” in Fermi (1949)) - affirmed in
this paper
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* In both cases

AE /E ~ (v/C)?
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lefuswe Shock Acceleration (DSA)
Microscopic approach (Bell 1978a)

Shock front
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DSA - test particle case

(3/4) U
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DSA

e first order Fermi acceleration

AE/E~Vv/C

* Bell (1978a,b), Blandford & Ostriker (1978, 1980), Drury
(1983a,b), Malkov & Drury (2001)
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DSA - test particle case

Resulting spectrum of the cosmic ray particles in DSA
theory is power law:

N(E) dE ~ E™ dE,

where p=(2v,+v,)/(v,-Vv,),
for strong non-modified shocks (v,=4v,)

u=2 & a=0.5 (§,~ v )
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It Is way for creation of:

CRs (ultra-relativistic electrons)

\J

radio and X-ray synchrotron emission, gamma-ray
emission by: inverse Compton scattering, non-

thermal bremsstrahlung and pion decay

(SNRs, AGN, PSRs, PWN...)
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DSA - SNRs

AMBIENT
MEDIUM

PLERION \

PULSAR

EJECTA

Energy spectra for CR protons and electrons (Bell
1978b)

logN

electrons

0 2 4 log(MTW)

The energy spectra of protons and electrons injected at an energy T, = 10 keV.
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Downstream

Encounter with the hock: g J1— .0,

in the downstream frame:

El — ﬁpi,m) - FEl(l - ‘8[.&-1:},

Elastic scattering (e.g., gyration):

Back in the upstream:

:Ef:T(Er+DPr;J TQE(

b A i e e

E.g., Vietri 1995

o Energy gain depends on U, U,

First cycle: €=

=

E; [

~

* (~Compton scattering)

o Following cycles: £~2

a CAVEAT. return not guaranteed!
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Radio spectra and particle
acceleration
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Spectrum of one synchrotron electron

Fix}
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r ~t
0 0.29 1 2 3 x 4

Verit = c1 2B = 16.08MHz (E/GeV)?(B1 /1G)
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Verit = c1 E2B1 = 16.08MHz (E/GeV)?(BL /uG)

- the limiting frequencies of the radio domain,
10MHz - 100GHz

- the corresponding energies of electrons:
800MeV (at 10 MHz)

80GeV (at 100 GHz)
for B = 1uG - the characteristic value of ISM magnetic field.

- electron energies ~ TeV —» X-ray synchrotron emission
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all particle spectrum
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What we do in Belgrade on SNRs?




Tycho SNR
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Spectra of SNRs (Cas A - Oni¢ & Urosevi¢ (2015))
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nonlinear particle acceleration + thermal absorption + dust emission
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Summary on the different forms of

continuum radio spectra

theoretical predictions

linear radio spectra

curved radio spectra

a=0.5 steep (o > 0.5) flat (o < 0.5) concave-up concave-down

young SNRs | test particle ampl. mag. field + | DSA + non-linear obs. effects +
DSA quasi-perp. shocks | Fermi 2 DSA DSA effects

evolved SNRs | DSA test particle DSA + synch. + brem. | obs. effects +
DSA Fermi 2 or spin. dust DSA effects

from observations

linear radio spectra

curved radio spectra

a=0.5 steep (a > 0.5) flat (o < 0.5) concave-up concave-down
young SNRs | / e.g. Cas A, / e.g. Tycho, /
G1.9+0.3 Kepler, SN1006
evolved SNRs | e.g. Monoceros and | e.g. HB3, HBY e.g. W28, e.g. 1C443, e.g. 3147, HB21,

Lupus loops

Kes67, 3C434.1

3C391, 3C396

J0455-6838

Table from Urosevic¢ (2014)




1 1001 EEOI'PA,EI,

MATO

YHuBep3uTeTy beorpaay
MaTtematnikm dakynteT

eeeeee 1011 20 27 801
01‘1 26 30
matf@matfbg
www.matf.bg.ac

Equipartition through SNR evolution
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Equipartition calculation for supernova remnants

If you are using this calculator, please cite: B. Arbutina, D. Urofevic, M. M. Andjelic, M. Z. Pavlovic and B. Vukotic, "Meodified equipartition calculation for supernova remnants”, 2012, Astrophys. J., 746, 79
(arXiv:1111.5465). See the above paper for the explanation what this programme does. For more information contact: arbo@math.rs.

Spectral index, a= 05 (0.5-1)
Frequency, v= 1 [GHz]

Flux density, 5, = 10 [y]
Distance, d = 1 [kpc]

Angular radius, 8= 10 [arcmin]
Filling factor, f= 0.2f (0-1)

Shock velocity, v_= 0 [km/s] (if unknown leave 0)
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Determlnation of evolutionary status of SNRs
detected by radio observations by using:

Evolution of SNRs in radio (2 - D tracks)
Radio spectra of SNRs

Equipartition
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Determining the evolutionary status of
supernova remnants

The determination of the evolutionary stage for a supermova remnant is a demanding task. This guide for radio
observers presents a relatively straightforward way to establish the evolutionary phase of newly observed

supernova remnants.

Dejan Urosevic

from radlo continuum observations

of sispernova remnants (SNRs)
indude the radio surface brightness (X}
and diameter (. The evolution of an SNE
can be described by changes in the surface
brightness with increzsing diameter, that is,
the so-called XD relzation'”. We propose
that the precise evolutlonary stage of an
MR can be determined by performing three
assessments: 2 method based on the rzdio
surface brightness evolution of an SNR
with the increase of its diameter 1s the frst
ingredient in the concept Introduced here.
The second method is based on the different
forms of MR radio continuwm spectra®.
Far the different stages of evolution of an
ENR, the forms of thelr radio spectra are
different, and these forms can be defined by
the values of the flux densities at different
frequencies. Finally, the third method s
based on the magnetic feld strengths in
ENHs. The equipartition (eqp) calculation
model” 15 used for the determination of
the magnetic field strength. Younger SNRs
provide conditions for stronger magnetic
flelds, while older SNEs have weaker ones.
All three methods menttoned here are
based on the diffusive shock acceleration
(D5A) model — the DSA theory of particle
acceberation describes the production of
high-energy particdes, so-called cosmic rays,
on the strong shock waves of SNEs.

Amung ather properties, those dertved

The new determination of evolutionary
status

We can start with the £- D analysts for
determination of the evolutionary status of
an gbserved SNR in the radio regime. The
theoretscally derived evolutionary paths
from ref. * are shown 1n Fig. 1.

For a given combination of the supermova
(5N explosion energy and ambient density,
aline in Fig. 1 represents an evolutlonary
path. The evolution of a very young SNR In
the early free-expansion phase Is represented
bry the ristng part of an evolutionary path.
The Lzte free-expansion phase corresponds

i

to the part of 2 line when It starts to decline.
After that an SNE enters the early Sedov
phase of evolution, with the steepest
constant slope of an evolutionary path
corresponding to the full Sedov phase

of evolution. The lines terminate at the

end of the late Sedov phase. The -

tracks obtained by these supercomputer
simulations do not cover the radiative
phases of evolution. Radio observers can
use the observationally dertved quantities
1n Fig. 1 to locate newly detected SWRs
somewhere 1n the £- [ plane. Moreover,
they can estimate the M explosion energles
and the ambient densities into which SNRs
expand. An Interesting aspect obtzined from
these simudations Is that the evoluticnary
paths In Fig. | are very dose together and
intercept one anather. Due to this we can
expect that a unique X-[ track does not
exist for each analysed SNR. Therefore we
must use the next method to refine the
determinatton: the form of the spectrum
af 8 newly ohserved SNR should be checked.
The spectral Index value (i), or whether or
nod 2 spectrum is curved, can be analysed.
By using Table 1 and the analysls in ref. 7,
maore information on the evolutionary
stztus of an SMR can be obtained. Generally,
from the form of the SN spectrum we can
estimate the age of an analtysed SNR —1s1t
young or evolwed?

By Inspection of Table 1, we can see that
the concave-up specira can represent both
young and evolved SNEs. Also, 2t the start
of SNR evolution the spectral Index slopes

are steeper than 0.5. This Is a consequence of

strong non-linear DSA effects. On the other
hand, for evalved SN Hs the steeper spectral
slopes are consequendces of low-efficlency
partlde acceleration. We can combine the
X-Dand spectral form methods. 1§ we
again do not obtaln a unigue conclusion,
we should use one further method: the
eqp calculation for determination of the
magnetic field strengths. Determination

af the magnetic fleld sirengths by the egp
method 15 a very stralghtforward process.

E, g Wb sy

Dips)

Fig. 1| Radio surface brightness-to-diameter
diagram for SNRs at 1 GHz. Different line colours
carrespond ta the different ambient densitizs of
the crcumstellar srvirorement, my, snd different
line styl=s correspand bo the different 2xplosian
energies, E;. Experimental data represent 65
Galactic SMRz with known distances (triangles)
taiken from ref. %, Cas A ks shown with an open
triangle, while an open circle represents the
youngest Galactic SMR, G19+0.2 {see ref " for
detailzd modelling). Numbers 1-4 represent
speciic SNR= {13 CTE 374, (2) Kes 57, (3}

CTE 378 and (4) GE5 1406 The figure shows
evalutionary tracks for representative cases with
an injection parsmeter £ = 3.4 and nanlinear
magnebic feld damping parameter {= 05

Far more details se= ref. & Figure adapted with
permissian from rei ©, AAS,

Observers should obtain from their
wbservations the radio flux density at a
particular frequency for an SNR, the spectral
index, distance, and volume-filling factor
{the volume of the synchrotron-emitting
shell). These guantities can be combined

HATURE ASTROMOMY | WDL 4 | CCTOSER 2020 | 910-910 | www nature omyTiaturezsironomy

Table 1 | Different forms of SNR radio spectra

Linear radic spectra Curved radic spectra
=05 Steep (x> 05) Flat fx « D5} Concave-up Concave-down
Young SMRs Test particle DSA  Amplfied magnetic field + DSA {Fermi 1} + Stochastic  Mon-linesr D5A Dhservational =fects
Haxmm D5 quasi-perpendicular shocks  acoeleration (Fermi 2 + D5A efiects
Evolved SNRs  D5A Test partice DSA DSA + stochastic Synchrotron + bremsstrablung  Observational effects
acosberation or spinming dust + DSA efiects
Observational examples
Young SMRs For example, Cas A, G15+03 - For example, Cas A, Tycho, -
Kepler, 5N 1006
Evolved SMRs  Forexample, For exsample, HE2, HE'S For example, ¥ 28, For example, IC 443, 3039, For example, 5 147,

Monocemos and
Lupus loops

Kes &7, 3C4341 306

HEB 21, M0455-6838

Tapzreticaly prescted upesral torm and

accarding o the theory developed in refs. =*
ar, for simplicity, the eqp calculator can be
used After a split second the eqp magnetic
fleld strength (2nd minimsa] total energy)
will be calculated according to the final
formudae from the abovementloned papers.
The higher the caboulated magnetic fleld, the
younger the newly observed SNEL

The evolutionary status of an SNR can
be preliminzrily determined with optimal
rellability by combining all three of the
previously described methods. This concept
for determining the evolutionary status of
(Galactic and several extra-Galactic) SNRs
was successfully applied to newly observed
5MRBs im, for example, refs. * %

As an example, we present the analysis
for the one of the youngest Galactic SNRs,
Cassiopela A (Cas A, spproximately
330 years old). This SN] is the most
radio-luminous SNR in our Galaxy. It has
been studied many tmes and we know
the phase of evolution that it 1s in. Cas A
ts shown by an open triangle in Fig. 1. The
interesting fact that should be emphastzed
here 15 that SMEs do not exhibit the
rising part of surface brightness evolutlon
for expansion In higher-than-average
environmental densities”. The estimated
evolutionary status of Cas A using Fig. 1 1s
as follows: It 1s 2 young SNR, expanding In
2 dense environment, between average and
high density, and the SN exploston energy
ts higher than average. The spectral Index
of Cas A 1= very steep (== 0.77) and the
spectrum s slightly concave-up'™. These
fincdings support that Cas A 1s 3 very young
SMR 1n which non-linear effects provide the
curved spectral form* . The electron eqp
magnetic fleld strength 1s 760 pG (ref. 7,
in agreement with an observed average
magnetic field strength of =500 pG (ref =L
By using the concept presented here, Cas A

specra st umeh- | b, cormyaste ard s marzheisgs SHF o e

is @ young SNR In the late free-expansion
phase. This conclusion s In very good
agreement with the known facts for Czs A
It &5 a so-called oxygen-rich SNE, which
evalves in 2 high-density medium { -3 cme
see ref. " and references thereln). The
E-Dtracks from Fig. 1 indicate that Cas

A 15 expanding in a shghtly lower density
environment, and die to this they give 2
slightly older evolutlonary status, Here we
should emphasize that, given its place on the
radio X-I) dizgram, Cas A 1= not 2 standard
SWE It 1s an extremely bright Galactsc

SNR (see Fig. 1). We obtain a reliable
evolutionary phase for Cas A even though it
is an object of extreme characteristics.

The youngest Galactic SNR i GL9+0.3
{120 years old'™, slgnified by an open
circle in Fig. 1). It 1s a bow-brightness
remnant for its diameter, In contrast to
Czs A, Our estimate ts that it 5 in the
free-expansion phase around maximum
brightness, Observations from the Last
forty years demonstrate that the radio
brightness of this SNE is Increastng { for
detatls, see ref. ™). Again, we obtain a
rellzble evolutionary phase for G1.940.3,
but we miss Its sub-phase.

Finally, by wsing the concept presented
here, we can freely conclude that the
preliminary estimate of the evolutionary
status for 3 newly observed SNR can be
achiewed 1n a very stmple and fast way.

Summary

Here we have suggested a new conoept

fior the prellminary determination of the
evoluttonary status of SWHEs. This 15 based
on a combination of three different methods
that use data obtained by radio observations
in continuum. The first 1s based on the -0
tracks, where we try to find the location of
an observationally obtatned radio surface

HATURE ASTROMOMY | VOL 4 | CCTOBER Z020 | 910912 | www natura.oom,/ et ursstronomry

brightness and comesponding diameter

of an SNR in the X- plane. The second

1s based on the form of the radio spectra
Finally, the third ts based on the magnetic
field strengths estimated by the equipartition
calculation. Each of these methods have
been continuously developed over the

last two decades by the Belgrade SNR
Research Group. a
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Abstract

This paper aims to give a brief review of a new concept for the preliminary determination of the evolutionary status
of supernova remnants (SNRs). Data obtained by radio observations in continuum are used. There are three
different methods underlying the new concept: The first one is based on the location of the observationally
obtained radio surface brightness and the corresponding diameter of an SNR in theoretically derived >—D tracks,
the second one is based on the forms of radio spectra, and the third one is based on the magnetic field strengths that
are estimated through the equipartition (eqp) calculation. Using a combination of these methods, developed over
the last two decades by the Belgrade SNR Research Group, we can estimate the evolutionary status of SNRs. This
concept helps radio observers to determine preliminarily the stage of the evolution of an SNR observed in the radio
domain. Additionally, this concept was applied to several SNRs, observed by the Australia Telescope Compact
Array, and the corresponding results are reviewed here. Moreover, some of the results are revised in this review to
reflect the recently published updated >—D and eqp analyses.

Unified Astronomy Thesaurus concepts: Radio continuum emission (1340); Supernova remnants (1667)
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