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NEWS AND VIEWS 
COSMIC RAYs----------------------------------------------------------------

A boost for high flyers 
Gary Zank 

cosmic ray I, GCRI). The particle accel
eration time and short effective lifetime 
of supernova remnants (106 years), 
however, conspire to prevent particles 
gaining any energy above this cut-off. At 

HIGH-ENERGY cosmic rays which born- very rapidly. Indeed, because the char- the cut-off, something very curious hap
bard our atmosphere have been acceler- acteristic acceleration time can be re- pens to the spectrum (see figure). From 
ated to their high velocities by collisions lated to the speed u (10-40 km s- 1

, for 1013 to 1015 eV there is a slight bump, or 
with irregular magnetic fields in our Fermi's molecular clouds) with which the knee, which is followed by a second 
Galaxy, Bryant et al. show on page 582 magnetic mirrors move throu~h the in- power-law region (GCRII, with differen
of this issue 1

• With their sophisticated terstellar medium (Tacc oc (u/c) , where c tial intensity proportional to E-3
); at 

calculations, the authors show that the is the speed of light), there is simply not 1018 eV, the spectrum dips and then 
mechanism, first proposed by Fermi2 in enough time for the mechanism to returns to an E-2

·
7 distribution. 

1949, can account for the remarkably generate the most energetic cosmic rays. The high-energy dip and flattening is 
high energies of the most energetic Little further was done to improve not particularly remarkable and is ex-
cosmic rays. .....---,----------,,..---------.----, plained easily in terms of two inde-

Thought at first to be y-rays, Energy losses+ pendent sources producing power 
cosmic rays are in fact composed Solar modulation Bump law spectra (perhaps a combina-
predominantly of positively tion of galactic and extragalactic, 
charged, highly energetic particles Ui" J(E)aE-

2 7 
J(E)aE-3.0 EGCR, populations, although the 

such as accelerated nuclei. The ::! intensities should be fairly simi-
modern idea that cosmic rays are ~ Dip Jar). However, to obtain the con-
associated with supernova rem- - Knee- J(E)aE-2.7 tinuous convex feature at the knee 

- GCRI--------+EGCR----nants (the turbulent debris of ex- by combining two independent 
ploded stars) dates back to a bril- •----GCRII------• spectra would require something 
liant paper by Baade and Zwicky3 akin to a "cosmic conspiracy" 
in 1934, but the first compelling (to use Jokipii's colourful des-
theoretical explanation was that 10

10 
10

15 
10

20 cription5). It seems instead that 
advanced by Fermi. Fermi argued Total energy (electronvolts) the two spectra know of each 
that particles are energized Schematic observed spectrum of galactic cosmic rays, in other and that the GCRII campo
through head-on collisions with which the differential intensity J(E) is multiplied ~Y £2-

7 
to nent is obtained as a result of 

moving magnetic 'mirrors' in the emphasize the high-energy features (after Axford ). further acceleration of the GCRI 
interstellar medium, the energy gained Fermi's original idea (although consider
being proportional to their initial energy. able use has since been made of this 
Fermi imagined these mirrors would be approach in astrophysics) until the new 
associated with slowly moving molecular work by Bryant et a/. 1

• These authors 
clouds which traverse the Galaxy, but present a fully stochastic treatment of 
the rapidly expanding shock fronts of Fermi's original theory and argue, in 
supernova remnants are now considered particular, that the difficulty associated 
a more likely site. The particles' result- with the acceleration timescale is intrin
ing energy (E) distribution (assuming sic to Fermi's development of the theory 
their escape from the acceleration region and results from his treating a stochastic 
does not depend on their energy) should process in a deterministic way. They 
be a power law whose (negative) expo- argue that, rather than all particles gain
nent is the ratio of the particle accelera- ing energy continuously at an average 
tion timescale and the escape timescale: rate, the highest-energy particles do not 
N oc E- Tacc/Tesc. gain energy in a "pedestrian manner", 

Fermi's arguments, and subsequent re- but that the acceleration process for 
finements, are both compelling and dis- these "high flyers" is much more effi
turbing - compelling because of their cient. Notably, Bryant et at. suggest that 
simplicity and universality, but disturb- the Fermi theory may possibly account 
ing because the full underlying physical for particle energies up to 1018-1020 elec
theory is embedded in the two para- tronvolts ( e V) per nucleon in the galactic 
meters Tacc and Tesc· To account for the disk. 

component. The smoothness of the fit 
indicates further that all GCRI particles 
in the vicinity of the supernova particle
accelerator cut-off energy must be 
allowed to participate in the post
acceleration process. The mechanism 
proposed by Bryant et a!. 1 could re
accelerate the most energetic particles 
produced in suwernova remnants up to 
energies of 101 -1020 eV, if there is a 
suitable distribution of scattering centres 
with large magnetic fields in the Galaxy. 

Development beyond this level of 
understanding will require the direct de
termination of cosmic-ray composition 
and spectra up to about 1016 eV, which 
colleagues and I are now attempting6

. If 
composition measurements show a gra
dual enrichment in heavy nuclei, then 
this might well be the signature of a 
multi-stage shock -acceleration process. 
On the other hand, an abrupt change in 
composition would signal the necessity 
for an entirely independent source and 
mechanism. D 
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observed cosmic-ray spectrum, it is Why should this be an important re
necessary for Tacc = 1.7 Tcsc• although suit? At present, the widely accepted 
there is no good physical reason for this physical theory for the acceleration of 
factor, nor even for why Tacc/Tcsc should cosmic rays up to about 10 13-1014 eV per 
be constant throughout the Galaxy. nucleon is a fast or first-order Fermi 
Fermi's argument is so general that it mechanism in which particles are scat
can almost be regarded as an interesting tered back and forth across a shock wave 
Property of a certain kind of stochastic in a supernova remnant by 'Alfven' 1 · Bryant. D. A., Powell, G. I. & Perry, c. H. Nature 356· 

582-583 (1992). 
system independent of any particular (magnetic) waves in the plasma, gaining 2. Fermi, E. Phys. Rev. 75, 1169-1174 (1949). 

theory. energy at each cycle. Although the de- 3. Baade, w. & Zwicky, F. Proc. Natn. Acad. Sci. u.s.A. 20. 
239 (1934). 

Perhaps the most damning argument tailed plasma physics of the acceleration 4. Axford, w. 1. in Astrophysical Aspects ot the Most 

against Fermi's original formulation of process awaits further elucidation, the Energetic Cosm1c Rays (eds Nagano. M. & Takahara, F.) 
406--420 (World Scientific, Singapore, 1990). 

the problem is that cosmic rays, being at theory is generally satisfactory and re- 5. Jokipii, J. R. in Particle Acceleration in cosmic Plasmas 

most 1011-107 years old (according to produces the observed spectrum, prop- (eds Zank, G. P & Gaisser. T. K.) (American Institute of 

dating by 11 Be isotopes), have to be ortional to E-2·7 , very well up to 1013 e V Physics, New York. '" the press). 
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accelerated to their enormous energies (Axford terms this component galactic (submitted). 
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