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On the Origin of the Cosmic Radiation
ENRICO FERMI

Institute for Nuclear Studies, University of Chicago, Ckicago, 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 6elds. 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 difhculty 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 Alfvhn, 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.
I propose in the present note to discuss a hy-

pothesis on the origin of cosmic rays which attempts
to meet in part this objection, and according to
which cosmic rays originate and are accelerated
primarily in the interstellar space, although they
are assumed to be prevented by magnetic fields
from leaving the boundaries of the galaxy. The
main process of acceleration is due to the interaction
of cosmic particles with wandering magnetic fields
which, according to Alfvbn, occupy the interstellar
spaces.
Such fields have a remarkably great stability

because of their large dimensions (of the order of
magnitude of light years), and of the relatively high
electrical conductivity of the interstellar space.
Indeed, the conductivity is so high that one might
describe the magnetic lines of force as attached to
the matter and partaking in its streaming motions.
On the other hand, the magnetic field itself reacts
on the hydrodynamics' of the interstellar matter
giving it properties which, according to Alfvkn, can
pictorially be described by saying that to each line
of force one should attach a material density due to
the mass of the matter to which the line of force is
linked. Developing this point of view, Alfthn is
able to calculate a simple formula for the velocity
V of propagation of magneto-elastic waves:

V=H/(4s p) &, (1)
' Nuclear Physics Conference, Birmingham, 1948.
~Alfvdn, Richtmyer, and Teller, Phys. Rev. , to be pub-

lished.I H. Alfv4n, Arkiv Mat, f. Astr. , o. Fys. 298, 2 (1943).

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 coll'isions against the
moving irregularities of the interstellar magnetic
field. The rate of gain is very 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.
The present theory is incomplete because no

satisfactory injection mechanism is proposed except
for protons which apparently can be regenerated at
least in part in the collision processes of the cosmic
radiation itself with the diffuse interstellar matter.
The most serious difficulty is in the injection
process for the heavy nuclear component of the
radiation. For these particles the injection energy
is very high and the injection mechanism must be
correspondingly efficient.

II. THE MOTIONS OF THE INTERSTELLAR MEDIUM

It is currently assumed that the interstellar space
of the galaxy is occupied by matter at extremely
low density, corresponding to about one atom of
hydrogen per cc, or to a density of about 10 "g/cc.
The evidence indicates, however, that this matter
is not uniformly spread, but that there are conden-
sations where the density may be as much as ten
or a hundred times as large and which extend to
average dimensions of the order of j.o parsec.
(1 parsec. =3.1)&10'8 em=3. 3 light years. ) From
the measurements of Adams4 on the Doppler effect
of the interstellar absorption lines one knows the
radial velocity with respect to the sun of a sample
of such clouds located at not too great distance from
us. The root mean square of the radial velocity,
corrected for the proper motion of the sun with
respect to the neighboring stars, is about 15 km/sec.
We may assume that the root-mean-square velocity

4 W. S. Adams, A.p.J. 9'7, 105 (1943).
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ABSTRACT

Several young supernova remnants, including SN 1006, emit synchrotron X-rays in narrow filaments, hereafter
thin rims, along their periphery. The widths of these rims imply 50–100 µG fields in the region immediately
behind the shock, far larger than expected for the interstellar medium compressed by unmodified shocks, assuming
electron radiative losses limit rim widths. However, magnetic field damping could also produce thin rims. Here we
review the literature on rim width calculations, summarizing the case for magnetic field amplification. We extend
these calculations to include an arbitrary power-law dependence of the diffusion coefficient on energy, D ∝ Eµ.
Loss-limited rim widths should shrink with increasing photon energy, while magnetic-damping models predict
widths almost independent of photon energy. We use these results to analyze Chandra observations of SN 1006, in
particular the southwest limb. We parameterize the FWHM in terms of energy as FWHM ∝ EmE

γ . Filament widths
in SN 1006 decrease with energy; mE ∼ −0.3 to −0.8, implying magnetic field amplification by factors of 10–50,
above the factor of four expected in strong unmodified shocks. For SN 1006, the rapid shrinkage rules out magnetic
damping models. It also favors short mean free paths (small diffusion coefficients) and strong dependence of D on
energy (µ ! 1).

Key words: acceleration of particles – ISM: individual objects (SN 1006) – ISM: magnetic fields – ISM: supernova
remnants – X-rays: ISM

Online-only material: color figures

1. INTRODUCTION

Cosmic synchrotron sources, such as jets in active galactic
nuclei, radio halos, and relics in clusters of galaxies, pulsar-wind
nebulae, and shell supernova remnants (SNRs), demonstrate
the ubiquity of power-law distributions of relativistic electrons.
Understanding the origins of these fast particles is necessary
to learn about these objects’ energy budgets and evolution.
The synchrotron flux density emitted by a source depends
roughly on the product of the energy density of relativistic
electrons ue and the magnetic field uB, but an independent
determination of magnetic field strengths in synchrotron sources
has proven elusive. The minimum energy of a synchrotron
source occurs when the two energy densities are roughly
equal (“equipartition”; actually, ue = (4/3)uB ; e.g., Pacholczyk
1970). However, it is not clear whether the unseen population of
relativistic protons should also be included, and if so, what
the proton-to-electron energy ratio should be. Furthermore,
there is no obvious physical reason to expect equipartition.
The argument for equipartition derives from attempts to explain
extragalactic radio sources in which the total energy budget is
so large that it was of interest to find a lower bound (Burbidge
1956). However, many other synchrotron sources, including
SNRs, release a relatively small fraction of their total energy
content as synchrotron emission, so could easily afford to be far
from equipartition (in either direction).

Although magnetic fields are not dynamically important in
SNRs (e.g., Jun & Jones 1999), their strength is critical in
determining the maximum energy to which particles can be
accelerated. For the diffusive shock acceleration (DSA) process

(e.g., Blandford & Eichler 1987), the time τ (E) to accelerate
particles to energy E depends on the diffusion coefficient D and
the shock velocity vshock by τ (E) ∼ D/v2

shock. For relativistic
particles, D = λc/3. Then in “Bohm-like” diffusion, where
the mean free path λ is assumed proportional to the particle
gyroradius (λ = ηrg = ηE/eB), τ (E) ∝ 1/B, and higher
magnetic fields result in more rapid acceleration and higher
maximum energies. This is independent of several competing
mechanisms and ultimately limits acceleration (finite time since
onset of acceleration, radiative losses, or escape). Note that for
the above description of the diffusion coefficient, taking η = 1
is called Bohm diffusion or the “Bohm limit.” It corresponds to
λ = rg , often assumed to be the shortest physically plausible
mean free path. However, in a turbulent wave field, it is not clear
whether this is a true limit, or even what kind of average value
for the magnetic field strength should be used to calculate rg
(e.g., Reville & Bell 2013).

Largely by exclusion of competing hypotheses, Galactic
cosmic ray acceleration is now widely attributed to SNR shocks.
The consensus is that SNRs can accelerate particles up to the
“knee,” the slight inflection and steepening around 3 PeV (3 ×
1015 eV). (No plausible version of SNR-based DSA produces the
maximum energies observed in cosmic rays of above 1019 eV,
e.g., Abraham et al. 2008, for which an extragalactic origin is
presumed.) However, since the work of Lagage & Cesarsky
(1983), it has been clear that typical estimates of magnetic
field strengths behind SNR shocks of a few µGauss (the mean
interstellar magnetic field multiplied by the shock compression
ratio, r, taken to be four for strong nonrelativistic shocks),
result in maximum energies that fall short of the “knee” by an
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Figure 7. Chandra image at 2–7 keV showing the regions where radial profiles were extracted. Filament 1: Regions 1–4 and 6; Filament 2: Regions 5, 7, and 9–11;
Filament 3: Regions 12–16; Filament 4: Regions 17–22; Filament 5: Regions 6 and 8.
(A color version of this figure is available in the online journal.)

for the FWHMs disagree considerably (see Figure 6). What
is worse, the difference is dependent on the electron energy
so that a simple constant correction factor could not be em-
ployed. The combination of the δ function approximation with
the catastrophic dump form of the convection–diffusion equa-
tion seems to provide a much better approximation, but it does
not account for the cutoff in the injected spectrum of elec-
trons. Thus, we were compelled to use the full synchrotron
emissivity in our numerical calculations coupled with the inte-
gral solution to the continuous energy loss convection–diffusion
equation.

4. RESULTS

In this section we first summarize our observational method-
ology in measuring the filament widths and spectra. Then we
detail our fitting procedure for applying our model to the data
and describe our findings.

To extract radial profiles of the NE and SW limbs of SN 1006,
we use six Chandra observations, the parameters of which are
summarized in Table 3. The observations of the SW and some
of the NE were performed as part of a Chandra Large Program
(Winkler et al. 2014). These new observations provide the first
high quality image of the SW quadrant, comparable in quality
with previous images of the NE. We reprocessed the level-1
event files with CIAO version 4.4 and CALDB version 4.5.1.
After correcting for vignetting effects and exposure times for
all of the data sets, we extract radial profiles in three energy

bands: 0.7–1 keV, 1–2 keV, and 2–7 keV from 22 regions shown
in Figure 7. Each profile is binned by 1′′. When combining
the NE profiles from different epochs, we take into account
the expansion of the remnant by 4′′ according to the literature
(Katsuda et al. 2009; Winkler et al. 2014). Region 8 was
excluded from this analysis because in the lowest energy bin
there was spatial overlap between two filaments.

4.1. Profile Modeling

To estimate rim widths, we fit each profile with an empirical
model defined as

h(x) =

⎧
⎨

⎩
Au exp

(
x0−x
wu

)
+ Cu(upstream)

Ad exp
(

x−x0
wd

)
+ B exp

(
−(x−x1)2

2πσ 2

)
+ Cd(downstream),

(32)
where Au, x0, wu, Cu, Ad, wd, B, x1, σ , and Cd are all free
parameters. We note that either x0 or x1 can correspond to
the peak of the X-ray profile, and that Cu represents the
background level. The best-fit models are plotted as solid
lines in Figure 8. Based on the best-fit model, we calculate
a FWHM for each profile. The model accounts for plateaus of
emission upstream and downstream of the peak; the Gaussian
component describes possible downstream features due to
projection effects. Since our primary interest is in the energy-
dependence of widths, the most important consideration is the
consistency of a filament model among the three energy bins.
To estimate the uncertainties of FWHMs, the best-fit profiles
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The elliptical galaxy M87 is the home of several trillion 
stars, a supermassive black hole and a family of 
roughly 15,000 globular star clusters. For comparison, 
our Milky Way galaxy contains only a few hundred 
billion stars and about 150 globular clusters. The 
monstrous M87 is the dominant member of the 
neighboring Virgo cluster of galaxies, which contains 
some 2,000 galaxies. Discovered in 1781 by Charles 
Messier, this galaxy is located 54 million light-years 
away from Earth in the constellation Virgo. It has an 
apparent magnitude of 9.6 and can be observed using 
a small telescope most easily in May.

This Hubble image of M87 is a composite of individual 
observations in visible and infrared light. Its most 
striking features are the blue jet near the center and 
the myriad of star-like globular clusters scattered 
throughout the image.
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Kilonova

A kilonova is a transient astronomical 
event 

merging of NS-NS or NS-BH

—> short GRBs + gravitational waves

—> strong electromagnetic radiation 
due to radioactive decay of r-process 
nuclei 
(heavy nuclei)

https://en.wikipedia.org/wiki/Transient_astronomical_event
https://en.wikipedia.org/wiki/Transient_astronomical_event
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r-process
rapid neutron capture 
process 

nucleosynthesis of 
atomic nuclei heavier 
than iron 

very fast neutron 
capture, faster then 
beta decay
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