
What are cosmic rays? 
 
At the start of the 20th century scientists became very interested in a puzzling phenomena. There seemed to 
be rather more radiation in the environment than they could account for by the known sources of natural 
background radioactivity. 
 
After much debate, the puzzle was partly solved by a daring German scientist, Victor Hess. In 1912 he took a 
radiation counter (he used a gold leaf electroscope) on a balloon flight. He risked his life, by travelling to 
17,500 feet without oxygen, but managed to observe that the amount of radiation increased as his balloon 
climbed. This demonstrated that the radiation was from outer space and eventually it was dubbed "Cosmic 
Radiation".  
 

 
 

Left: Victor Hess before his balloon flight, during which he observed  
cosmic ray intensity increasing with altitude. Right: Hess's balloon. 

 
Since 1912 we have learnt a lot about cosmic rays. We now know that they are sub-atomic particles and 
possess a large range of energies (usually measured in electron-volts [eV]) from a few billion eV to more 
than 10

20
 eV. 

 
The rate at which cosmic rays bombard the Earth varies enormously with their energy. Low energy cosmic 
rays are plentiful (many thousand per square metre every second). The highest energy cosmic rays are very 
rare (less than one hits a square kilometre of the Earth's surface each century). This makes detecting them 
very difficult. 
 
We know from measurements made on board satellites and high altitude balloons that the vast majority of 
cosmic rays are protons, although other heavier atomic nuclei are also present, extending all the way up to 
uranium nuclei. The vast majority of cosmic ray particles therefore have a positive electrical charged. 
 
A small fraction (0.1%) of cosmic rays are photons (in the form of gamma-rays). These gamma-ray photons 
are important when trying to find the origin of cosmic rays since they have no electrical charge and so arrive 
at the Earth undeflected by the galactic magnetic field. 
 
http://ast.leeds.ac.uk/haverah/cosrays.shtml
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How do we study cosmic rays? 
 

 
Cosmic rays are studied in a variety of ways depending on how much energy they have. This is illustrated in 
the picture below. 
 

 
 

How cosmic rays are detected 
 
1. Low energy cosmic rays detected by instruments carried in satellites. 
2. Higher energy cosmic rays generate a small air shower. The Cerenkov radiation emitted by the shower is 

detected by a large telescope on the ground. 
3. Even higher energy cosmic rays generate very big air showers. The particles in the shower travel to the 

ground where they can be recorded by an array of detectors. 
 
The lowest energy cosmic rays are absorbed in the upper atmosphere and so they can only be detected by 
equipment on board satellites and high altitude balloons. 
 
 

Extensive Air Showers 
 
When higher energy cosmic rays hit the upper atmosphere (about 20 km up) they lose about half of their 
energy by creating a jet of particles which carries on travelling in almost the same direction as the cosmic 
ray. The particles in the jet can themselves create more particles as they hit other nuclei of oxygen or 
nitrogen in the air. This jet is called an extensive air shower and keeps on growing until the particles in the 
shower run out of energy and are absorbed in the atmosphere. 
 



We refer to the initial particle that starts the shower as the primary cosmic ray. The particles created in the air 
shower are known as secondary cosmic rays. Over a million of the secondary particles which are produced 
when primary cosmic rays hit the atmosphere pass right through your body every minute. 
 
A single cosmic ray can generate showers with a large number of particles depending on its energy. The 
smaller air showers are absorbed near the top of the atmosphere and do not reach ground level. However, as 
the particles in the shower zip through the air they emit faint flashes of blue light known as Cerenkov 
radiation. Although the cosmic rays and the air showers they produce are absorbed by the atmosphere it is 
possible to detect the faint Cerenkov light using large telescopes but only on dark, moonless nights. The 
Leeds University group collaborate with scientists in the USA and Ireland at the whipple telescope in 
Arizona and use this technique to observe high energy gamma rays from dead stars such as the Crab nebula 
and the centres of very active galaxies. 
 

Air Shower Arrays 
 
At even higher energies the air showers contain vast numbers of secondary particles, numbering in the 
billions for the most energetic cosmic rays. The particles in these showers are of such high energy that they 
can travel all the way from the top of the atmosphere (about 20 kilometres up) down to the ground where 
they can be detected directly with particle detectors. 
 
For example: A primary cosmic ray enters our atmosphere. At an altitude of ~20 km it collides with 
molecules in the air and generates a shower of secondary particles. These also generate further particles 
which travel, at almost light speed, towards the ground where some are detected by an air shower array. In 
this example, suppose the shower hits the detectors to the left before those on the right. This helps us to 
determine the direction of the primary cosmic ray. There are more particles at the centre, or core, of the 
shower. Most of the secondary particles are absorbed in the ground, but some of the higher energy particles 
in the core can penetrate many kilometres below ground where they can be detected by experiments such as 
AMANDA. 
 
The detectors are usually arranged in a grid formation (or array) on the ground allowing measurements of 
each shower to be made at several points. Information from the detectors tell us how many particles struck 
the detector and the time that they hit. By adding up the number of particles recorded by each of the detectors 
we can estimate how many particles were in the shower and from that we can make a good guess as to the 
energy of the cosmic ray that started the shower. We can use the time that each detector was struck to 
measure the direction the cosmic ray was travelling when it hit the Earth's atmosphere. 
 
Its important to realise that when we measure extensive air showers, we do not "see" the primary cosmic ray. 
Rather we measure the secondary particles that were generated as the cosmic ray travelled through our 
atmosphere. 
 
The air showers recorded by the SPASE-2 array at the South Pole have diameters of 10's of metres at ground 
level and so the detectors in these arrays are spaced between 30 and 50 metres apart. The very highest energy 
cosmic rays produce air showers which cover many square kilometres. For this reason the planned Pierre 
Auger Observatory will have 1600 detectors spaced 1.5 km apart. 
 
http://ast.leeds.ac.uk/haverah/dets.shtml
 

http://ast.leeds.ac.uk/haverah/dets.shtml


How do our detectors work? 
 
In Leeds we use two kinds of detectors: 
 

  Scintillator detectors. 
  Water Cerenkov detectors. 

 
Both types of detectors are relatively simple. Here you can find out how they work. 

 
 

Scintillator Detectors 
 
How Scintillator Detectors work: The scintillator detector is made up of a 
special piece of plastic called a `scintillator'. When fast moving, charged 
particles, such as cosmic rays pass through the scintillator they excite the 
atoms in the plastic by giving them some energy (the cosmic ray then slows 
down a little). The excited atoms then lose this energy by emitting some 
photons of light. The light is detected by a sensitive piece of equipment 
called a "photomultiplier". 

 
 

 
The photomultiplier, as its name 
suggests, multiplies the small flash of 
light into a large electrical signal that 
can be measured. From the size of the 
electronic signal we can tell how many particles passed through the 
scintillator. The scintillator and the photomultiplier are housed in a 
dark box so that the only light detected is caused by cosmic rays. This 
kind of detector is illustrated in the diagram below. These kind of 
detectors are used in the SPASE-2 array.  

A photomultiplier tube  
 

Water Cerenkov Detectors 
 
Water Cerenkov detectors are similar to the scintillator 
detectors except that the dark box contains no scintillator but 
is filled with pure, clear water. When cosmic rays pass 
through the water they emit faint flashes of blue light known 
as Cerenkov radiation. The sides of the water tank are lined 
with reflective material and some of this light is reflected 
onto a photomultiplier which produces an electronic signal. 
The size of the signal can be used to find out how many 
cosmic rays passed through the detector. This kind of 
detector was used in the 12 square kilometre array at 
Haverah Park. A diagram of this kind of detector is shown 

ere. 

 

 the photomultiplier, which creates an 
lectronic signal. 

ttp://ast.leeds.ac.uk/haverah/detector.shtml
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How Water Cerenkov detectors work: When cosmic rays
pass through the detector, photons of Cerenkov light are 
emitted. These reflect off the sides of the water tank and some hit
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Where do Cosmic Rays come from? 

he origin of cosmic rays is still not known and is the burning question in high energy astrophysics research. 

 
 lines. Their trajectories are bent by the 

agnetic fields that are known to exist between stars and galaxies. 
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Experiments such as the SPASE array were designed to measure the direction that cosmic rays are travelling 
in when they hit the Earth. Unfortunately this does not tell us where the cosmic ray came from. The problem
is that cosmic rays carry electric charge and do not travel in straight
m

 
llustrates the trajectories of cCosmic Ray trajectories. The diagram i osmic rays and gamma rays from their 

1.  straight 

2. nes. If we can measure their trajectory when 
they hit the Earth, then we can see where they came from. 

m objects in the sky but at the higher energy at which SPASE operates no 
amma ray sources were detected. 

rs 

 
ust be built in order to detect them. The proposed Pierre Auger 

bservatory would be just such an array. 

ttp://ast.leeds.ac.uk/haverah/origin.shtml

point of origin to the Earth. 
Electrically charged cosmic rays are bent by interstellar magnetic fields and do not travel in
lines. When we measure their trajectory at the Earth we cannot tell where they came from. 
Gamma rays are neutral particles and so travel in straight li

 
Unlike cosmic rays, gamma rays carry no electric charge and so are not deflected by magnetic fields. The 
telescope at the whipple observatory used by the Leeds group has seen gamma rays coming from the Crab 
Nebula and more exotic objects such as Active Galactic Nuclei. It was hoped that the SPASE array might 
also detect gamma ray emission fro
g
 
The very highest energy cosmic rays may come from outside our galaxy, and are deflected much less by the 
magnetic fields due to their high momentum. For this reason there is great interest in detecting large numbe
of these particles in the hope of discovering where they come from. Unfortunately these very high energy 
cosmic rays are very rare (at 10

20
 eV only 1 cosmic ray hits each square kilometre of the Earth's surface per

century!) and so a giant air shower array m
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The Very Highest Energy Cosmic Rays 

 they are travelling when they arrive at 
arth should point back to the area of space where they came from. 

here are many unanswered questions regarding their production:- 
 

How are they produced? 
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ed. One possibility is 
at they are generated by very massive particles produced at the beginning of time. 

 
Where are they produced? 
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e the case, we would expect to see more high energy cosmic rays coming from the 

lane than from elsewhere. 
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The very highest energy cosmic rays are of particular interest for various reasons. They may provide a useful 
tool for finding the origin of cosmic rays because they are deflected very little by the galactic and interstellar 
magnetic fields that permeate space. Therefore the direction in which
E
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Mechanisms to accelerate particles up to energies of 10

15
 eV have been proposed and generally consist of 

binary star systems (two stars in orbit around each other) or supernova remnants (the turbulent shell of g
left behind after a star has exploded). However the acceleration mechanisms involved in producing the 
highest energy cosmic rays are still unknown. There may even be new physics involv
th

 
The places in the universe where cosmic rays of >10

18
 eV are produced must either have very large magnetic 

fields or be of enormous size. If the highest energy cosmic rays come from within our galaxy the production 
sites would be expected to be relatively close to Earth because the galaxy cannot trap such energetic particle
within its magnetic field (unlike lower energy cosmic rays) and they would readily escape after travelling a 
short distance. If this wer
direction of the galactic 
p
 
However, if the highest 
energy cosmic rays com
from outside our own 
galaxy they would not be 
able to travel for more th
about 150 million light 
years. This may sound like 
a long way but it is only 
the distance to some of our 
neighbouring galaxies. The 
reason the high energy 
cosmic rays can not travel 
further is that as the
through space they 
occasionally bump into
photons of microwave 
radiation. This radiation is 
the light left over from th
big-bang explosion that 
created the universe. Wh
the high energy cosm
rays hit microwave 
photons, they lose some of 
their energy. This effect i
known as the "GKZ cut-
off" and because of this 
many physicists belie
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ring at the centre. This with a mass more than 
a hundred million times that of our sun. 

Do the highest energy Cosmic Rays come from objects such as this? On the  left is a 
adio telescope image of the active galaxy NGC-4261. The width of  the image covers 
a region of space 88,000 light years across. To the right is a close up image from the 
Hubble Space Telescope covering just 400 light  years. It shows a doughnut shaped 

ring is thought to orbit a giant black hole 



no cosmic rays with energies above about 4x10
19

 eV existed. However experiments such as that at Hav
Park, the Fly's Eye(USA), and AGASA(Japan) have shown that particles above the GKZ cu

erah 
t-off do exist. 

 
 

What is the highest energy cosmic ray ever detected? 
 
In 1993 the "Fly's Eye" experiment in Utah detected a cosmic ray with an energy of 3x10

20
 eV. So far this is 

the highest energy particle ever detected. This particle had a kinetic energy similar to that carried by a tennis 
ball travelling at 180 mph! Cosmic Rays are 10

14
 times smaller than tennis balls so the energy is packed into 

an incredibly small volume. 
 

How can we study the highest energy cosmic rays? 
 
Cosmic rays with energies above 10

20
 eV are very rare. On average one such particle hits each square 

kilometre of the Earth only once a century. So to detect a large number of them and study them in detail we 
need a huge detector. The Pierre Auger Observatory will eventually consist of two observatories, one in the 
northern hemisphere and one in the south. Each will have 1600 water Cerenkov detectors spread over 3000 
km

2
 and 3 fluorescence light detectors. The first part of the observatory will be built in Argentina. 

Construction commenced on March 17th 1999. When this observatory is completed sometime in the next 
century we may finally be able to answer the question. "Where do cosmic rays come from?".  
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Cosmic rays reveal their roots 25 April 2002 Physicsweb.org 
 
Two groups of scientists have shed light on the origin of the streams of high-energy particles known 
as cosmic rays that continually bombard the Earth. Ryoji Enomoto of the University of Tokyo and co-
workers have found the first strong evidence that cosmic rays with energies up to 1015 eV are 
produced by remnants of supernovas (R Enomoto et al 2002 Nature 416 823). Meanwhile, a team of 
researchers from NASA and Princeton University has proposed that cosmic rays with energies of over 
1020 eV are made by black holes in ancient quasar galaxies. 

Cosmic rays were first detected in 1912 but there is still no consensus on where they are produced or 
how they are accelerated to such high energies. Scientists have speculated that supernovas – the huge 
explosions produced by collapsing stars – could be responsible. This is because the combined energy 
of cosmic rays in our galaxy is a significant fraction of the total energy released by galactic 
supernovae. In addition, the mechanism by which this energy could be transferred – through the shock 
waves generated by supernovae – can account for the observed energy distribution of the cosmic rays 
that reach the Earth.  

The observations by Enomoto and colleagues support this theory. Using the CANGAROO telescope 
in Australia, they detected showers of optical photons resulting from gamma-rays hitting the Earth’s 
upper atmosphere with energies of about 1012 eV (1 TeV), from the direction of the supernova 
remnant RX J1713.7-3946. Such gamma rays could result from the decay of short-lived particles 
called pions, which are produced by the interaction of protons – the main constituent of cosmic rays – 
with the interstellar gas surrounding a supernova remnant.  

Gamma rays with energies of the order of 1 TeV have previously been detected from two other 
supernova remnants. But in these cases the gamma rays could have been produced by high-energy 
electrons that scattered and energized photons from the microwave radiation left over from the big 
bang, the so-called cosmic microwave background. In contrast, the energy spectrum of the gamma 
rays detected by Enomoto and colleagues closely matches that expected from the radiation produced 
by protons rather than electrons.  

In a related discovery, Diego Torres of Princeton University and Elihu Boldt and colleagues at 
NASA’s Goddard Space Flight Center have found that four elliptical galaxies relatively close to Earth 
may be responsible for cosmic rays with energies of at least 1020 eV. These ultra-high-energy cosmic 
rays must originate from within 200 million light years of Earth, otherwise their energy would be 
diminished by interactions with the cosmic microwave background. At a press conference earlier this 
week the scientists announced that these cosmic rays appear to arrive on Earth from the direction of 
these galaxies.  

But in order to generate cosmic rays, the supermassive black holes known to exist at the cores of these 
galaxies must spin. Torres and colleagues admit that they do not know if this is the case, but point out 
that at least one supermassive black hole in the universe is known to spin. 

About the author 

Edwin Cartlidge is News Editor of Physics World 



Roughly once a second, a subatomic particle enters Earth’s atmosphere carrying as 
much energy as a well-thrown rock. Somewhere in the universe, that fact implies, 
there are forces that can impart to a single proton 100 million times the energy 

achievable by the most powerful Earthbound accelerators. Where and how?
Those questions have occupied physicists since cosmic rays were first discovered in 1912

(although the entities in question are now known to be particles, the name “ray” persists).
The interstellar medium contains atomic nuclei of every element in the periodic table, all
moving under the influence of electrical and magnetic fields. Without the screening effect
of Earth’s atmosphere, cosmic rays would pose a significant health threat; indeed, people
living in mountainous regions or making frequent airplane trips pick up a measurable ex-
tra radiation dose.

Perhaps the most remarkable feature of this radiation is that investigators have not yet
found a natural end to the cosmic-ray spectrum. Most well-known sources of charged par-
ticles—such as the sun, with its solar wind—have a characteristic energy limit; they simply
do not produce particles with energies above this limit. In contrast, cosmic rays appear,
albeit in decreasing numbers, at energies as high as astrophysicists can measure. The data
run out at levels around 300 billion times the rest-mass energy of a proton because there is
no detector large enough to sample the very low number of incoming particles predicted.

Nevertheless, evidence of ultrahigh-energy cosmic rays has been seen at intervals of sev-
eral years as particles hitting the atmosphere create myriad secondary particles (which are
easier to detect). On October 15, 1991, for example, a cosmic-ray observatory in the Utah
desert registered a shower of secondary particles from a 50-joule (3 × 1020 electron volts)
cosmic ray. Although the cosmic-ray flux decreases with higher energy, this decline levels
off somewhat above about 1018 eV, suggesting that the mechanisms responsible for ultra-
high-energy cosmic rays are different from those for rays of more moderate energy.

In 1960 Bernard Peters of the Tata Institute in Bombay suggested that lower-energy
cosmic rays are produced predominantly inside our own galaxy, whereas those of higher
energy come from more distant sources. One reason to think so is that a cosmic-ray proton
carrying more than 1019 eV, for example, would not be deflected significantly by any of
the magnetic fields typically generated by a galaxy, so it would travel more or less straight.
If such particles came from inside our galaxy, we might expect to see different numbers
coming from various directions because the galaxy is not arranged symmetrically around
us. Instead the distribution is essentially isotropic, as is that of the lower-energy rays,
whose directions are scattered.

Cosmic Rays at the
Energy Frontier
These particles carry more energy 

than any others in the universe. Their origin 

is unknown but may be relatively nearby

by James W. Cronin, Thomas K. Gaisser and Simon P. Swordy

62 Scientific American Presents  

Cosmic rays—atomic nuclei trav-
eling at nearly the speed of
light—inhabit a bizarre, relativisti-
cally foreshortened universe be-
fore smashing into nuclei of atoms
of atmospheric gas high above
Earth. A significant fraction of the
incoming energy is converted to
matter in the form of subatomic
particles, including muons, which
in turn collide violently with other
atoms in the atmosphere to create
an “air shower.” Gamma rays are
also emitted.
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Particles in the initial stages of the cascade of
collisions are traveling so fast that they exceed
the speed of light in the tenuous upper atmo-
sphere (which is negligibly less than the speed
of light in a vacuum) and so emit Cerenkov ra-
diation—an optical analogue of a sonic boom.

As the particles created in the initial collision
strike atmospheric nuclei, their energy may
create additional particles and high-energy
radiation. Conservation of momentum dic-
tates that most of the matter created travels
in the same direction as the initial cosmic ray,
but photons may be emitted essentially in 
all directions.

Muons and other cosmic-ray debris remain-
ing toward the end of an air shower have
dissipated enough energy that their interac-
tion with the atmosphere gives rise mostly
to ultraviolet light from the disruption of
electron energy shells. This light can be de-
tected by sensitive photomultipliers. In a
particularly powerful event, some of the
particles from the shower will reach the
ground, where they can be detected as well.

The Life of a Cosmic Ray

Magnificent Cosmos 63Copyright 1998 Scientific American, Inc.



Such tenuous inferences reveal how little is known for cer-
tain about the origin of cosmic rays. Astrophysicists have
plausible models for how they might be produced but have no
definitive answers. This state of affairs may be the result of
the almost unimaginable difference between conditions on
Earth and in the regions where cosmic rays are born. The space
between the stars contains only about one atom per cubic
centimeter, a far lower density than the best artificial vacu-
ums we can create. Furthermore, these volumes are filled
with vast electrical and magnetic fields, intimately connected
to a diffuse population of charged particles even less numer-
ous than the neutral atoms.

Supernova Pumps

This environment is far from the peaceful place one might 
expect: the low densities allow electrical and magnetic 
forces to operate over large distances and timescales in a

manner that would be quickly damped out in material of ter-
restrial densities. Galactic space is therefore filled with an en-
ergetic and turbulent plasma of partially ionized gas in a state
of violent activity. The motion is often hard to observe on
human timescales because astronomical distances are so
large; nevertheless, those same distances allow even moder-
ate forces to achieve impressive results. A particle might zip
through a terrestrial accelerator in a few microseconds, but it
could spend years or even millennia in the accelerator’s cos-
mic counterpart. (The timescales are further complicated by
the strange, relativity-distorted framework that ultrahigh-en-
ergy cosmic rays inhabit. If we could observe such a particle
for 10,000 years, that period would correspond to only a sin-
gle second as far as the particle is concerned.)

Astronomers have long specu-
lated that the bulk of galactic
cosmic rays—those with energies
below about 1016 eV—originate
with supernovae. A compelling
reason for this theory is that the
power required to maintain the
observed supply of cosmic-ray
nuclei in our Milky Way galaxy
is only slightly less than the aver-

age kinetic energy delivered to the galactic medium by the
three supernova explosions that occur every century. There are
few, if any, other sources of this amount of power in our galaxy.

When a massive star collapses, the outer parts of the star
explode at speeds of up to 10,000 kilometers (6,000 miles) per
second and more. A similar amount of energy is released when
a white dwarf star undergoes complete disintegration in a
thermonuclear detonation. In both types
of supernovae the ejected matter expands
at supersonic velocities, driving a strong
shock into the surrounding medium.
Such shocks are expected to accelerate
nuclei from the material they pass
through, turning them into cosmic rays.
Because cosmic rays are charged, they
follow complicated paths through inter-
stellar magnetic fields. As a result, their
directions as observed from Earth yield
no information about the location of
their original source.

By looking at the synchrotron radia-

Cosmic Rays at the Energy Frontier64 Scientific American Presents  

1 PARTICLE
PER SQUARE
METER PER SECOND

1 PARTICLE
PER SQUARE
METER PER YEAR

1 PARTICLE
PER SQUARE

KILOMETER
PER YEAR

KNEE

1010 1012 1014 1016 1018 1020

RE
LA

TI
V

E 
PA

RT
IC

LE
 F

LU
X

 (L
O

G
A

RI
TH

M
IC

 U
N

IT
S)

AIR-SHOWER DETECTOR 
watches for traces of cosmic rays entering

the upper atmosphere. Photodetectors can
track flashes of light caused by particles in-

teracting with air molecules and determine
the energy and probable identity of the in-

coming rays. The Fly’s Eye detector (close-up
at far right) is located in Utah.
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tion sometimes associated with supernova remnants, re-
searchers have found more direct evidence that supernovae
can act as accelerators. Synchrotron radiation is characteris-
tic of high-energy electrons moving in an intense magnetic
field of the kind that might act as a cosmic-ray accelerator,
and the presence of synchrotron x-rays in some supernova
remnants suggests particularly high energies. (In Earthbound
devices, synchrotron emission limits a particle’s energy be-
cause the emission rate increases as a particle goes faster; at
some point, the radiation bleeds energy out of an accelerating
particle as fast as it can be pumped in.) Recently the Japanese
x-ray satellite Asca made images of the shell of Supernova
1006, which exploded 990 years ago. Unlike the radiation
from the interior of the remnant, the x-radiation from the
shell has the features characteristic of synchrotron radiation.
Astrophysicists have deduced that electrons are being acceler-
ated there at up to 1014 eV.

The EGRET detector on the Compton Gamma Ray Obser-
vatory has also been used to study point sources of gamma rays
identified with supernova remnants. The observed intensities
and spectra (up to a billion electron volts) are consistent with an
origin from the decay of particles called neutral pions, which
could be produced by cosmic rays from the exploding star’s

remnants colliding with nearby interstellar gas. Interestingly,
however, searches made by the ground-based Whipple Ob-
servatory for gamma rays of much higher energies from some
of the same remnants have not seen signals at the levels that
would be expected if the supernovae were accelerating protons
to 1014 eV or more.

A complementary method for testing the association of high-
energy cosmic rays with supernovae involves the elemental
composition of cosmic-ray nuclei. The size of the orbit of a
charged particle in a magnetic field is proportional to its total
momentum per unit charge, so heavier nuclei have greater to-
tal energy for a given orbit size. Any process that limits the
particle acceleration on the basis of orbit size (such as an ac-
celerating region of limited extent) will thus lead to an excess
of heavier nuclei at high energies.

Eventually we would like to be able to go further and look
for elemental signatures of acceleration in specific types of su-
pernovae. For example, the supernova of a white dwarf deto-
nation would accelerate whatever nuclei populate the local in-
terstellar medium. A supernova that followed the collapse of
a massive star, in contrast, would accelerate the surrounding
stellar wind, which is characteristic of the outer layers of the
progenitor star at earlier stages of its evolution. In some cases,
the wind could include an increased fraction of helium, carbon
or even heavier nuclei.

The identity of high-energy cosmic rays is all but lost when
they interact with atoms in Earth’s atmosphere and form a
shower of secondary particles. Hence, to be absolutely sure
of the nuclear composition, measurements must be made be-
fore the cosmic rays reach dense atmosphere. Unfortunately,
to collect 100 cosmic rays of energies near 1015 eV, a one-
square-meter detector would have to be in orbit for three
years. Typical exposures at present are more like the equivalent
of one square meter for three days.

Researchers are attacking this problem with some ingenious
experiments. For example, the National Aeronautics and
Space Administration has developed techniques to loft large
payloads (about three metric tons) with high-altitude bal-

Cosmic Rays at the Energy Frontier Magnificent Cosmos 65

COSMIC-RAY ACCELERATOR 
is believed to arise from a supernova explosion. Astrophysicists hypothesize
that atomic nuclei crossing the supernova shock front will pick up energy
from the turbulent magnetic fields embedded in the shock. A particle may
be deflected in such a way that it crosses the boundary of the shock hun-
dreds or even thousands of times, picking up more energy on each passage,
until it escapes as a cosmic ray. Most of the particles travel on paths that re-
sult in relatively small accelerations, accounting for the general shape of
the cosmic-ray energy spectrum (far right), which falls off at higher ener-
gies. The “knee,” or bend, in the curve suggests that most of the particles
are accelerated by a mechanism incapable of imparting more than about
1015 electron volts. The relative excess of ultrahigh-energy particles indi-
cates an additional source of acceleration whose nature is as yet unknown. 
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loons for many days. These experi-
ments cost a tiny fraction of what an
equivalent satellite detector would. The
most successful flights of this type have
taken place in Antarctica, where the up-
per atmosphere winds blow in an almost
constant circle around the South Pole.

A payload launched at McMurdo
Sound on the coast of Antarctica will
travel at a nearly constant radius from the Pole and return
eventually to near the launch site. Some balloons have circled
the continent for 10 days. One of us (Swordy) is collaborating
with Dietrich Müller and Peter Meyer of the University of
Chicago on a 10-square-meter detector that could measure
heavy cosmic rays of up to 1015 eV on such a flight. There are
efforts to extend the exposure times to roughly 100 days with
similar flights nearer the equator.

Across Intergalactic Space

Studying even higher-energy cosmic rays—those produced
by sources as yet unknown—requires large ground-based
detectors, which overcome the problem of low flux by

watching enormous areas for months or years. The informa-
tion, however, must be extracted from cascades of secondary
particles—electrons, muons and gamma rays—initiated high
in the atmosphere by an incoming cosmic-ray nucleus. Such
indirect methods can only suggest general features of the com-
position of a cosmic ray on a statistical basis, rather than
identifying the atomic number of each incoming nucleus.

At ground level, the millions of secondary particles unleashed
by one cosmic ray are spread over a radius of hundreds of me-
ters. Because it is impractical to blanket such a large area with
detectors, the detectors typically sample these air showers at a
few hundred or so discrete locations.

Technical improvements have enabled such devices to collect
increasingly sophisticated data sets, thus refining the conclu-
sions we can draw from each shower. For example, the CASA-
MIA-DICE experiment in Utah, in which two of us (Cronin
and Swordy) are involved, measures the distributions of elec-
trons and muons at ground level. It also detects Cerenkov light
(a type of optical shock wave produced by particles moving
faster than the speed of light in their surrounding medium)
generated by the shower particles at various levels in the at-
mosphere. These data enable us to reconstruct the shape of
the shower more reliably and thus take a better guess at the
energy and identity of the cosmic ray that initiated it.

The third one of us (Gaisser) is working with an array that
measures showers reaching the surface at the South Pole. This
experiment works in conjunction with AMANDA, which de-
tects energetic muons produced in the same showers by ob-

serving Cerenkov radiation produced deep in the ice cap. The
primary goal of AMANDA is to catch traces of neutrinos
produced in cosmic accelerators, which may generate up-
ward-streaming showers after passing through Earth.

Cosmic rays with energies above 1020 eV strike Earth’s at-
mosphere at a rate of only about one per square kilometer a
century. As a result, studying them requires an air-shower de-
tector of truly gigantic proportions. In addition to the 1991
event in Utah, particles with energies above 1020 eV have been
seen by groups elsewhere in the U.S., in Akeno, Japan, in
Haverah Park, U.K., and in Yakutsk, Siberia. 

Particles of such high energy pose a conundrum. On the one
hand, they are likely to come from outside our galaxy because
no known acceleration mechanism could produce them and
because they approach from all directions even though a
galactic magnetic field is insufficient to bend their path. On the
other hand, their source cannot be more than about 30 million
light-years away, because the particles would otherwise lose
energy by interaction with the universal microwave back-
ground—radiation left over from the birth of the cosmos in
the big bang. In the relativistic universe that the highest-ener-
gy cosmic rays inhabit, even a single radio-frequency photon
packs enough punch to rob a particle of much of its energy.

If the sources of such high-energy particles were distributed
uniformly throughout the cosmos, interaction with the mi-
crowave background would cause a sharp cutoff in the num-
ber of particles with energy above 5 × 1019 eV, but that is not
the case. There are as yet too few events above this nominal
threshold for us to know for certain what is going on, but even
the few we have seen provide us with a unique opportunity
for theorizing. Because these rays are essentially undeflected by
the weak intergalactic magnetic fields, measuring the direc-
tion of travel of a large enough sample should yield unambigu-
ous clues to the locations of their sources.

It is interesting to speculate what the sources might be. Three
recent hypotheses suggest the range of possibilities: galactic
black-hole accretion disks, gamma-ray bursts and topological
defects in the fabric of the universe. 

Astrophysicists have predicted that black holes of a billion
solar masses or more, accreting matter in the nuclei of active
galaxies, are needed to drive relativistic jets of matter far into
intergalactic space at speeds approaching that of light; such
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jets have been mapped with radio telescopes. Peter L. Biermann
of the Max Planck Institute for Radioastronomy in Bonn and
his collaborators suggest that the hot spots seen in these radio
lobes are shock fronts that accelerate cosmic rays to ultrahigh
energy. There are some indications that the directions of the
highest-energy cosmic rays to some extent follow the distri-
bution of radio galaxies in the sky.

The speculation about gamma-ray bursts takes off from the
theory that the bursts are created by relativistic explosions,
perhaps resulting from the coalescence of neutron stars. Mario
Vietri of the Astronomical Observatory of Rome and Eli
Waxman of Princeton University independently noted a rough
match between the energy available in such cataclysms and
that needed to supply the observed flux of the highest-energy
cosmic rays. They argue that the ultrahigh-speed shocks driven
by these explosions act as cosmic accelerators.

Rare Giants

Perhaps most intriguing is the notion that ultrahigh-energy 
particles owe their existence to the decay of monopoles, 

strings, domain walls and other topological defects that
might have formed in the early universe. These hypothetical
objects are believed to harbor remnants of an earlier, more
symmetrical phase of the fundamental fields in nature, when
gravity, electromagnetism and the weak and strong nuclear
forces were merged. They can be thought of, in a sense, as
infinitesimal pockets preserving bits of the universe as it ex-
isted in the fractional instants after the big bang.

As these pockets collapse, and the symmetry of the forces
within them breaks, the energy stored in them is released in the
form of supermassive particles that immediately decay into jets
of particles with energies up to 100,000 times greater than
those of the known ultrahigh-energy cosmic rays. In this sce-
nario the ultrahigh-energy cosmic rays we observe are the com-
paratively sluggish products of cosmological particle cascades.

Whatever the source of these cosmic rays, the challenge is to
collect enough of them to search for detailed correlations with
extragalactic objects. The AGASA array in Japan currently has
an effective area of 100 square kilometers and can capture only
a few ultrahigh-energy events a year. The new Fly’s Eye High
Resolution experiment in Utah can see out over a much larger

area, but only on clear, moonless nights.
For the past few years, Cronin and

Alan A. Watson of the University of
Leeds have spearheaded an initiative to
gather an even larger sample of ultra-
high-energy cosmic rays. This develop-
ment is named the Auger Project, after
Pierre Auger, the French scientist who
first investigated the phenomenon of
correlated showers of particles from
cosmic rays.

The plan is to provide a detection area
of 6,000 square kilometers with a 100
percent duty cycle that is capable of mea-
suring hundreds of high-energy events a
year. A detector field would consist of
many stations on a 1.5-kilometer grid; a
single event might trigger dozens of sta-
tions. To cover the entire sky, two such
detectors are planned, one each for the
Northern and Southern hemispheres.

An Auger Project design workshop held at the Fermi Na-
tional Accelerator Laboratory in 1995 has shown how modern
off-the-shelf technology such as solar cells, cellular telephones
and Global Positioning System receivers can make such a sys-
tem far easier to construct. A detector the size of Rhode Island
could be built for about $50 million. 

Plans exist to cover even larger areas. Detectors in space
could view millions of square kilometers of the atmosphere
from above, looking for flashes of light signaling the passage
of ultrahigh-energy particles. This idea, which goes by the
name of OWL (Orbiting Wide-angle Light collectors) in the
U.S. and by Airwatch in Europe, was first suggested by John
Linsley of the University of New Mexico. To succeed, the
project requires developing new technology for large, sensitive,
finely segmented optics in space to provide the resolution
needed. This development is under way by the U.S. National
Aeronautics and Space Administration and in Italy.

As researchers confront the problem of building and operat-
ing such gigantic detector networks, the fundamental question
remains: Can nature produce even more energetic particles
than those we have seen? Could there be still higher-energy
cosmic rays, or are we already beginning to detect the highest-
energy particles our universe can create?
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REVIEWS

The dawn of the particle astronomy era in
ultra-high-energy cosmic rays
Pablo M. Bauleo1* & Julio Rodrı́guez Martino2,3*

Cosmic rays are charged particles arriving at the Earth from space. Those at the highest energies are particularly interesting
because the physical processes that could create or accelerate them are at the limit of our present knowledge. They also open
the window to particle astronomy, as the magnetic fields along their paths are not strong enough to deflect their trajectories
much from a straight line. The Pierre Auger Observatory is the largest cosmic-ray detector on Earth, and as such is beginning
to resolve past observational disagreements regarding the origin and propagation of these particles.

I
n 1912, after a series of balloon flights, Hess discovered a penetrat-
ing radiation that originated in outer space. Years later, in 1926,
Millikan called this radiation ‘cosmic rays’. The name has survived
since then, generally referring to charged particles impinging on

the Earth’s atmosphere. In the late 1930s, Auger and his group
measured coincident signals generated by detectors separated by dis-
tances of more than a few hundred metres1,2: they concluded that these
signals were caused by an ‘extensive air-shower’ (EAS) of charged
particles. Auger and his co-workers assumed that the air-shower was
originated by a single photon, high in the atmosphere, and used the
recently developed quantum electrodynamics theory to estimate its
energy, which they found to be in excess of 1015 electron volts (eV).
Figure 1 shows a schematic representation of an EAS.

Cosmic rays of energies larger than about 1013 eV are small in
number, and so can only be detected through the secondary particles
produced when they enter Earth’s atmosphere. The EAS starts with
the interaction of a cosmic ray with a nucleus in the upper atmos-
phere. All the available energy is distributed among the secondary
particles—of which there can be billions if the primary energy is
above 5 3 1017 eV—that can spread over several tens of square kilo-
metres at ground level. Two methods are mainly used to register these
particle cascades. The particle density can be sampled at the ground
using an array of detectors; alternatively, the shower path can be
tracked through the atmosphere, collecting the fluorescence light
induced by electrons in the atmospheric nitrogen molecules.

Here we review the developments in ultra-high-energy cosmic ray
(UHECR) physics over the past 15 years: we cover the controversy
about the existence of the theoretically predicted suppression of the
cosmic-ray energy spectrum, and its later confirmation. The most
relevant topic is the discovery that the arrival direction of the most
energetic cosmic rays follows the distribution of nearby extragalactic
objects. This implies that their origin is not cosmological, but instead
they are accelerated inside extragalactic objects, by some still unclear
physical process. Three large experimental facilities—AGASA
(Akeno Giant Air Shower Array), HiRes (High Resolution Fly’s
Eye) and the Pierre Auger Observatory—have already started what
will eventually become a new era in astronomy. In the near future,
further observations and more accurate instruments will identify the
cosmic-ray acceleration sites and will lead to the study of the energy
spectrum of individual sources. This, combined with the study of the
attenuation of cosmic rays through space, could give valuable

information on the cosmic microwave background. The deflection
produced on the cosmic-ray path by Galactic and extragalactic mag-
netic fields will be an indirect tool to measure their strength. In
addition, accurate measurements of the interaction of cosmic rays
with the Earth’s atmosphere will hint at the particle physics inter-
action models, at an energy range beyond what can be achieved in

*These authors contributed equally to this work.

1Physics Department, Colorado State University, Fort Collins, Colorado 80523, USA. 2Dipartimento di Fisica e Astronomia, Università di Catania, 3INFN Sezione di Catania, I-95123
Catania, Italy.

Primary cosmic ray

Particle cascade

Surface array

Figure 1 | Scheme of an extensive air-shower. The primary cosmic ray
(dashed line) undergoes a nuclear interaction in the upper atmosphere
(typically 20 km above sea level), producing a cascade of elementary particles
(represented as solid red lines within a conical shape). These particles
propagate across the atmosphere and could reach ground level. The cascade
footprint at the ground could be of tens of square kilometres. A network of
particle detectors at ground level (surface array) can detect the arrival of the
particles, allowing reconstruction of the whole cascade. Different colours in
the scheme represent different arrival times of the particles.
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human-made accelerators. These observations are within reach of
the current and next-generation observatories, and will herald the
dawn of the era of charged-particle astronomy.

Properties of cosmic rays

The observed cosmic-ray energy spectrum spans from 108 eV to more
than 1020 eV. Particles with energies lower than 1010 eV mainly come
from the Sun, as the solar wind prevents particles in that energy range
from reaching the Earth from outside the Solar System. For energies
higher than 1018 eV, a convincing explanation of the acceleration
processes and sources is still unknown. Some theories suggest that
these cosmic rays originate in stellar winds within our Galaxy and
later accelerate in supernova shocks or similar high-energy environ-
ments3. Active galactic nuclei (AGN), galaxies with very intense emis-
sion in a broad wavelength range, are possible source candidates of
UHECRs above 1019 eV (ref. 4), but so far there are only experimental
hints suggesting this.

The cosmic-ray flux follows a power law (E2c) as a function of
energy E, with an approximate index c 5 3. This index value remains
remarkably constant, showing only small variations across the whole
measured cosmic-ray energy spectrum.

At the highest energies, above 1020 eV, the estimated number of
particles is only a few per km2 per millennium. This extremely low
flux calls for the construction of huge observatories, covering a very
large area with detectors. For instance, the Pierre Auger Southern
Observatory in Argentina covers 3,000 km2, which is about 30 times
the size of the district of Paris.

Cosmic rays with energies above 4 3 1019 eV cannot travel through
space without being attenuated5,6. Propagation is mainly affected by
the presence of the cosmic microwave background radiation, consist-
ing of photons with a black-body radiation distribution correspond-
ing to an equivalent temperature of 2.7 K. In the rest frame of an
extremely energetic proton, these low-energy photons are seen as very
high energy photons (c-rays), of about 108 eV. If the photon energy in
the rest frame is above 150 MeV, pion-production reactions become
possible. The proton loses energy in each reaction, reducing the mean
distance it can travel undisturbed to about 50 Mpc. This effect
produces a dip in the spectrum, known as the ‘GZK suppression’
(named after Greisen, Zatsepin and Kuzmin, who predicted its
existence), and it reduces the number of high energy particles able
to arrive at Earth, if originated at larger distances.

The HiRes observatory data suggested the presence of suppression
in the flux of cosmic rays in the GZK energy region7, whereas the
AGASA collaboration announced that the cosmic-ray spectrum con-
tinued, with a power law dependence, above GZK energies8. This last
result was revisited a few years later, without being able to arrive at a
definite conclusion owing to the limited number of events in the GZK
energy region, even though the existing, limited data collected by
AGASA is still being re-analysed9,10.

The Pierre Auger Southern Observatory data seem to agree with
the HiRes result in the GZK energy region10, resolving the contro-
versy between the two previous experimental results. The observation
of the GZK suppression11 is another interesting result. The larger data
set of the Auger Observatory made it also possible to establish a
correlation between some high energy events and AGN (or any other
astronomical objects that follow the same spatial distribution) closer
than 75 Mpc to the Earth12. For protons with energy larger than
6 3 1019 eV, the magnetic deflection of the trajectory of the cosmic
rays is only a few degrees12, hence enabling the possibility of particle
astronomy. This small deflection would imply that the particles
‘point back’ to their sources, making it possible to identify the origin
of cosmic rays and even study the spectra of individual sources. By
studying the distribution of cosmic-ray arrival directions (such as
clustering, thread-like structures, and so on), it would be possible
to analyse the properties of Galactic and inter-galactic magnetic
fields.

The AGASA observatory

AGASA13 was located at Akeno, Japan. It ran in full operation mode
from 1993 to 2004, being able to take data continuously, independently
of weather conditions. Each ground station, composed of plastic scin-
tillators, sampled the secondary particles of an EAS. The trigger time of
each individual station was used in the reconstruction of the EAS
arrival direction, while the energy measurement was based on the
number of particles at each station.

The energy of a shower detected using a ground array is not measured
directly. The particle density at a given distance from the EAS axis is
correlated with the energy of the primary cosmic ray through computer
simulations. The models used in the simulations are based on the
knowledge about interactions acquired in particle accelerator experi-
ments. This means that the models extrapolate the physical processes to
several orders of magnitude in energy beyond what has been measured
until now. One of the Large Hadron Collider experiments (LHCf) will
be dedicated to reducing the uncertainty in hadron interaction models
of cosmic-ray showers, by measuring the forward particle production in
proton interactions14. Apart from this, the computational effort of
producing and tracking about 1011 particles is too large to be practical.
Hence, only a statistically representative sample of the EAS secondary
particles is propagated to the ground in the simulation. All these facts
lead to an energy measurement that is strongly model dependent, and to
large uncertainties in its value.

The HiRes observatory

The HiRes Fly’s Eye15 was located in Dugway, Utah, USA. HiRes
commissioned its first location in 1997 and its second location in
1999. Both locations were decommissioned in 2006. This observatory
collected fluorescence light induced in the atmosphere by the passing
EAS. The total brightness of an EAS, in fluorescence light, averages a
few watts. The amount of light collected is so faint that these detectors
can only operate on clear, moonless nights. Typical observation duty
factors of fluorescence detectors lie between 10% and 15%.

Each of the HiRes locations had mirrors that focused the fluor-
escence photons into a light sensor array, or ‘camera’. It is concep-
tually similar to a CCD camera, with each light sensor playing the role
of one pixel. By considering the relative trigger times and geometric
pattern of the pixels in the camera, it is possible to reconstruct the
arrival direction of the shower. The energy is calculated by integrating
the total amount of light measured at the detector location. The total
number of photons induced in the atmosphere by the EAS is
proportional to the total available energy, that is, the energy of the
primary cosmic ray. Some particles in the cascade do not induce
fluorescence light and the total energy of the EAS must be corrected
to account for this fact. The atmospheric conditions are other factors
to include when estimating the primary cosmic-ray energy. An atmos-
pheric attenuation correction, based on the distance from the EAS to
the detector, needs to be applied.

Discrepant results

The limited sample of cosmic rays in the GZK energy region, together
with intrinsic differences in the way each experiment measured the
cosmic-ray energy, set the stage for a controversial difference between
the measured spectra.

A comparison of both measured spectra is shown in Fig. 2, where
the discrepancy is clear. The AGASA data seemed to favour the
absence of a suppression, while HiRes spectrum followed the expected
curve. Both results should be interpreted carefully, as the calculations
involved are not straightforward and, again, the number of detected
events was not enough to firmly establish either claim16.

When computing a cosmic-ray spectrum, it is critical to calculate
the instrument exposure, or time-integrated collection area. In the case
of AGASA, the exposure is reduced to the convolution of the detector
array geometrical area, the acceptance solid angle and the effective
running time. The acceptance of a surface array, like AGASA, becomes
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constant with energy, once its trigger efficiency reaches 100%. The
cumulative exposure for this detector is about 1,600 km2 sr yr (ref. 17).

A fluorescence detector requires a more complicated exposure cal-
culation. The collection volume is a hemisphere (centred at the detector
location), the radius of which indicates the maximum observation
distance for a given EAS. This distance changes with the atmospheric
conditions (atmospheric aerosols, cloud coverage, position of the
clouds) and depends on the EAS energy. The acceptance of a fluor-
escence detector, like HiRes, is a function of the EAS energy (the
brighter the EAS, the further away it can be detected). This implies
that, in order to calculate the energy spectrum of an EAS, it is necessary
to accurately know how the instrument acceptance depends on the EAS
energy and the atmospheric conditions at the time of measurement. It
is very difficult to deduce the exposure of HiRes from the published
results, but it is quoted as ‘‘more than twice that of AGASA above the
GZK-threshold’’7.

In any case, both these experiments have statistically limited data
samples, given the extremely low cosmic-ray flux at those energies16.
In response to the AGASA results, numerous speculations about how
cosmic rays could avoid energy loss on their way to Earth were
proposed. Either new particles18,19 or interactions with magnetic
fields20 were invoked to avoid the problem. These articles are just a
small sample of a long list showing different (and sometimes quite
ingenious) arguments.

Besides measuring the energy spectrum, both experiments ana-
lysed the arrival direction distributions of cosmic rays. An ‘n-plet’
is defined as a set of n independent events whose arrival directions are
the same, within experimental uncertainties. The AGASA collabora-
tion found 5 doublets and 1 triplet21 in their data sample, where only
2 doublets were expected statistically. This result was not confirmed
by HiRes22. On the other hand, correlations were found in the HiRes
sample with the locations of BL Lacertae objects (AGN with their jets
pointing towards Earth)23, although they have not been confirmed
by an independent data sample. It should be remarked that aniso-
tropy in the arrival direction of cosmic rays is not expected at
lower energies. However, at higher energies—combining data from
different observatories—an excess of events coming from the super-
galactic plane (a plane defined by the locations of the galaxies in the
local cluster) was found for events with energies above 4 3 1019 eV,
giving a hint that the origin of UHECRs is most likely to be extra-
galactic24. This result was independently suggested later by analysing
the shape of the cosmic–ray spectrum25,26.

The relatively low exposures of these experiments could only
provide hints about the arrival direction of the cosmic rays, making
it possible to search for clustering and sources, but not to confirm

them. Still, these results were extremely important in that they showed
anisotropy studies (and potentially the identification of cosmic-ray
sources) to be within reach.

The Pierre Auger Observatory

The Pierre Auger Southern Observatory27, schematically shown in
Fig. 3, is located in the province of Mendoza, Argentina. It covers
an approximate area of 3,000 km2, which makes it the largest cosmic-
ray observatory to date. Its northern counterpart will be built in the
vicinity of Lamar, Colorado, USA. When finished, the joint instru-
ments will have full sky coverage as observed from both hemispheres.
The Southern Observatory has been collecting cosmic-ray data since
2004, while increasing its size up to the installation of the last surface
detector on June 2008. As of 31 August 2007, the accumulated expo-
sure of the Southern Observatory is 9,000 km2 sr yr (ref. 28). The
yearly accumulated exposure is about 6,000 km2 sr yr and the obser-
vatory is expected to operate for a total of 20 years.

This observatory combines the techniques used in previous experi-
ments, by means of a ‘hybrid detector’, that is, having a fluorescence
detector and an array of surface detectors working together. The
fluorescence detector follows the shower cascade across the atmo-
sphere and the surface detector array—in this case water Cherenkov
detectors—detects the particles on arrival at ground level. Hybrid
measurements can set an absolute energy scale, improve the deter-
mination of the primary particle type and give better energy and
angular resolution27. This approach provides a model-independent
energy calculation, using the fluorescence detector data together with
the simple surface array aperture calculation.

In hybrid mode, for any given EAS measured simultaneously by
both instruments, the energy deposited in the atmosphere—as
recorded by the fluorescence detector—is then related to a surface
detector energy parameter. Then, this model-independent correla-
tion can be used as energy calibration for events measured only with
the surface detector array29.

The Pierre Auger Collaboration is taking advantage of the unique
characteristics of the observatory. Although the limit is arbitrary, EAS
detected by water Cherenkov arrays are typically reconstructed only up
to 60u. Auger Collaboration members have developed analysis
techniques to extend the acceptance up to 75u, which increases the
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Figure 3 | The Pierre Auger Southern Observatory. It consists of an array of
1,600 surface detectors (red filled circles), complemented by 24 fluorescence
detectors, grouped in four buildings (yellow labels; Leones, Morados, Loma
Amarilla and Coihueco). Green lines represent the field of view of each
detector. Two laser facilities (blue labels; CLF and XLF) are available for
energy calibration and atmospheric monitoring. Observatory information is
superimposed on a map of the area.
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Figure 2 | UHECR data from different experiments. Comparison between
AGASA (circles), HiRes monocular spectra (open and filled triangles
correspond to each HiRes location) and Pierre Auger Southern Observatory.
Error bars are 1s.
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instrument exposure even further30. As a comparison, plastic scintilla-
tor arrays (like AGASA, or the Telescope Array in Utah, see below)
typically limit their reconstructed events up to 45u.

Evidence for the GZK suppression

Results recently published by the Auger Collaboration11 report the
existence of a deficit of cosmic rays at the highest energies. Still, this
result alone is not enough as to prove that the GZK suppression has
been observed. It could be that the energy spectrum is limited by the
maximum energy available at the cosmic-ray acceleration sites.

When the evidence on the deficit in the flux of cosmic rays is put
together with the energy at which the correlation with nearby extra-
galactic objects28 sets in, one could then argue that the GZK suppres-
sion has been observed. If objects beyond an approximate distance of
75 Mpc were to be included in the analysis, the correlation would very
rapidly diminish.

Although both HiRes and the Pierre Auger Southern Observatory
have observed a suppression in the cosmic-ray flux above an energy
of approximately 4 3 1019 eV, differences still exist in the measured
spectrum index and the overall energy normalization. The energy
scales of these two observatories differ by about 17% (ref. 31).

The sources

One of the main questions to be answered regarding UHECRs is how
these particles can be accelerated to such energies. The size of the
acceleration region and the magnetic field present in it must follow a
relation, usually represented in a Hillas plot like that shown in Fig. 4.
Only a few astrophysical objects could then be potential sources.

Arguably, the most relevant recent observation has been the dis-
covery of a correlation between cosmic-ray arrival directions and
nearby extragalactic objects12,28. The correlation found in the Pierre
Auger Southern Observatory data becomes significant for cosmic
rays above 5.7 3 1019 eV and AGN within 75 Mpc. With those

parameters, 20 events (out of a total of 27) lie within 3.1u from an
object listed in the Veron-Cetty-Veron catalogue32.

AGN have traditionally been considered as possible candidates for
cosmic-ray acceleration sites. However, any other astrophysical object
close enough to Earth to avoid the GZK suppression, with a spatial
distribution similar enough to that of AGN, could be the source.

The AGN hypothesis seems to be supported by the correlation
found between the arrival direction of cosmic rays reported by the
Auger Collaboration12 and the positions of the Swift hard X-ray cata-
logue of AGN, when weighted by the X-ray flux and constrained to
distances less 100 Mpc (ref. 33). At the same time, using the same
events measured by the Pierre Auger Southern Observatory, a correla-
tion was also found with the HIPASS catalogue of H I spiral galaxies
(when weighted by their H I flux)34. The latter results do not contradict
the correlation found with AGN, as all these objects trace the distri-
bution of matter. The hypothesis of H I galaxies as cosmic-ray sources
is interesting, as it would explain the lack of events from the Virgo
cluster (which is not rich in H I galaxies).

HiRes members have searched their data for correlations35 based
on the Pierre Auger Southern Observatory parameters, and their
analysis does not support the result published by the Auger
Collaboration. Reference 31 shows that if corrected by the energy
mismatch between both experiments, HiRes would have only 5
events in their stereo data sample, which might not be enough as
to establish or reject any correlation.

Open questions
Despite having measured a suppression in the spectrum compatible
with the GZK suppression and arrival direction anisotropies (or
perhaps because of those facts), some exciting and intriguing questions
still remain to be solved.
Sources and acceleration models. Nearby extragalactic objects have
been found to correlate with the arrival direction of cosmic rays, but it
is not yet possible to study the energy spectrum of individual sources.
Such a spectrum would lead to a better understanding of acceleration
processes at the sources. At the same time, the search for other poten-
tial sources should continue. Cosmic rays could be generated by
different astrophysical objects.
Energy spectrum. The GZK suppression is produced by the inter-
action of nucleons with photons, at energies higher than 4 3 1019 eV.
At energies higher than 3 3 1020 eV, the interactions become much
less probable. Hence, cosmic rays with those energies could propagate
almost undisturbed through space, allowing the study of the Universe
at extreme energies. This feature, predicted by quantum physics, is
known as the ‘GZK recovery’. Observing it would prove quantum
physics at an energy range that has not been explored before. The lack
of a GZK recovery could imply new physics.
Mass composition and particle physics. A very important point to be
studied is the mass composition of cosmic rays. This will either prove
or reject different acceleration and propagation models, which favour
either light or heavy primary particles. Moreover, at these high
energies, cosmic-ray interactions with atoms in the upper atmosphere
are in the range of a few hundred TeV (in the centre of mass frame).
Studies of shower development in the atmosphere (known as elonga-
tion rate) will give an opportunity to unveil features of hadronic
interactions at these energies, which are more than one order of mag-
nitude higher than those achievable by the Large Hadron Collider, the
most powerful human-made particle accelerator36.
Magnetic fields. Magnetic fields could be studied by looking at the
arrival direction pattern of cosmic rays as a function of energy. If
‘strings’ of events were identified, their relative deviation at different
energies would allow us to set limits (or possibly even measure) the
strength of Galactic and extragalactic magnetic fields.

A larger set of events, measured with good resolution, will answer
several questions. As it is true for so many scientific disciplines, the
main problem to be solved regarding the study of UHECRs is obtain-
ing a significantly larger number of events.
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Figure 4 | Hillas diagram. Non-exotic acceleration processes require a
particle to be confined within a region (of size L) where magnetic field shocks
are present (with a field intensity value of B). Once the particle reaches its
maximum energy, then the magnetic field is not able to keep the particle
confined within the acceleration region and the particle escapes. This gives
an approximate value for the maximum achievable energy of Emax 5 BL,
shown as a solid/dashed line for a 1020 eV proton/iron nuclei, respectively.
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can accelerate particles to energies into the GZK region. Crab indicates the
Crab nebula; SNR, supernova remnant, IGM, intergalactic magnetic field.
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The future
The Pierre Auger Southern Observatory is the largest-aperture obser-
vatory currently taking data and its exposure is larger than that of any
previous detector. There is a proposal to increase the size of the
projected Northern Observatory to cover an area 7 times larger than
that of the Southern Observatory.

The Telescope Array in Utah, a hybrid instrument combining a
surface scintillator array and fluorescence detectors, is the only obser-
vatory in the Northern Hemisphere currently taking data in this
energy regime. Its yearly cumulative exposure will depend on the
final operation conditions, but it could be estimated to be about
1,400 km2 sr yr (ref. 37).

New techniques and observation methods are being considered.
The collection of fluorescence light with space-based instruments,
looking down into the Earth’s atmosphere, has been proposed. JEM-
EUSO38 and OWL39 are examples of this technique. Radio-wave
detection of EAS is also currently being developed40.

The past decade has proven fruitful and exciting in cosmic-ray
physics. We have witnessed revisions and improvements in the instru-
mental techniques, which in turn have paid off by establishing the
existence of the GZK suppression and by the discovery of anisotropies
in the cosmic-ray arrival directions. In cosmic-ray physics, discoveries
have been achieved by seeking the largest exposure possible. History
has shown us that in this field, exposure matters.

In the near future, within 4 years or so, the Pierre Auger Southern
Observatory should have observed about 100 events above
,5 3 1019 eV. In contrast, the proposed Pierre Auger Northern
Observatory could be collecting the above-mentioned statistics every
9 months. In 20 years of combined operation, about 2,000 events
(above ,5 3 1019 eV) could have been observed. Such data from
the Northern and Southern Observatories could be used to accurately
search for point sources, to study the energy spectra of different
sources, and to understand Galactic and extragalactic magnetic fields,
as well as to investigate and perhaps uncover particle physics beyond
accelerator energies. A new window to the Universe has been opened;
we are witnessing the dawn of the particle astronomy era.
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the amounts of a nutritionally responsive tran-
scriptional activator Gcn4, and demonstrated 
that this is required for full lifespan extension 
from dietary restriction9. Similarly, autophagy 
must be induced for lifespan to be extended by 
dietary restriction in C. elegans10.

On the basis of these studies, it is tempting to 
speculate that rapamycin may be functioning as 
a dietary-restriction mimetic — a small mole-
cule that provides the benefits of dietary restric-
tion without requiring a reduction in food 
intake. Like dietary restriction, TOR inhibi-
tion not only increases lifespan, but also confers 
protection in invertebrate and rodent models 
against age-associated disorders, including car-
diovascular dysfunction, diet-induced obesity 
and cancer7. Cancer inhibition in particular is 
a hallmark of dietary restriction in rodents, and 
rapamycin analogues are already used clinically 
as a treatment for certain forms of cancer.

Despite these links, Harrison et al.1 do not 
strongly favour the idea that rapamycin is mim-
icking dietary restriction in mice. This is based 
on their data that rapamycin extends lifespan 
without reducing body weight, and when treat-
ment is initiated during middle age (late-life 
onset of dietary restriction has shown incon-
sistent effects on longevity in previous studies). 
It is worth pointing out, however, that a true 
dietary-restriction mimetic may not reduce 
body weight if it mimics the signalling events 
(and downstream responses) associated with 
dietary restriction without changing food con-
sumption. Also, dietary restriction has not yet 
been extensively characterized in mice of the 
genetically diverse background used by Har-
rison et al., so it is difficult to predict whether 
dietary restriction in these animals would have 
effects similar to rapamycin. Thus, although it 
is premature to say for certain that rapamycin 
is functioning as a dietary-restriction mimetic 
in mice, the known role of TOR in the nutrient 
response, and the genetic relationship between 
TOR signalling and dietary restriction in inver-
tebrates, make this a reasonable possibility.

Is this the first step towards an anti-ageing 
drug for people? Certainly, healthy individuals 
should not consider taking rapamycin to slow 
ageing — the potential immunosuppressive 
effects of this compound alone are sufficient 
to caution against this. On the basis of animal 
models, however, it is interesting to consider 
that rapamycin — or more sophisticated strate-
gies to inhibit TOR signalling — might prove 
useful in combating many age-associated dis-
orders. Also, as relevant downstream targets of 
TOR are better characterized, it may be possi-
ble to develop pharmacological strategies that 
provide the health and longevity benefits with-
out unwanted side effects. So, although extend-
ing human lifespan with a pill remains the 
purview of science-fiction writers for now, the 
results of Harrison et al.1 provide a reason for 
optimism that, even during middle age, there’s 
still time to change the road you’re on. ■
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Striking correlations have been observed 
between Earth’s cloud cover and the flux of 
galactic cosmic rays entering our atmosphere. 
The decrease in galactic cosmic ray (GCR) 
flux by about 15% over much of the twentieth 
century has led to the hypothesis that GCRs 
could influence climate through their effect 
on cloudiness. This controversial possibility 
is revisited in a paper in Geophysical Research 
Letters by Pierce and Adams1. 

There are several plausible mechanisms that 
could link GCR flux and cloud properties2. A 
leading candidate is the ‘ion–aerosol clear-air 
mechanism’, in which atmospheric ions cre-
ated by GCRs act as nuclei for the formation of 
atmospheric particles. The nucleation of new 
nanometre-sized aerosol particles is observed 
frequently, and in many parts of the atmos-
phere, and is thought to be a major source of 
cloud-condensation nuclei (CCN) — parti-
cles large enough for cloud droplets to form 
around them. The link between GCRs and cli-
mate is therefore plausible because any change 
in GCR-ionization rate might be expected to 
drive changes in cloud-droplet concentrations, 
and hence the amount of solar radiation that 
clouds reflect back to space. 

Atmospheric ions can indeed seed new par-
ticles3, but two outstanding questions have 
hampered progress. What fraction of nuclei is 
created this way? And what fraction of these 
particles grows large enough to influence CCN? 
To be relevant to recent climate change, it would 
be necessary to show that the decrease in GCR 
flux during the twentieth century could lead to 
significant changes in CCN and clouds. 

In their paper1, Pierce and Adams estimate the 
magnitude of the ion–aerosol clear-air mecha-
nism. They used a global atmospheric model 
with a detailed treatment of aerosol physics to 
estimate some limiting values of CCN formation 
from changes in GCR flux. Their conclusion is 
clear: CCN concentrations just aren’t very sensi-
tive to the changes in GCRs that have occurred 
during the twentieth century. The authors 

predict that CCN concentrations will change 
by less than 0.1% between solar maxima and 
minima as GCRs change by 15% — about the 
same as the change seen during the last century. 
They estimate that this change in CCN trans-
lates into a change of 0.005 watts per square 
metre in solar radiation reflected from clouds, 
insignificant compared with the greenhouse-gas 
warming of 2 watts per square metre or more 
over roughly the same period.

Pierce and Adams’s model is quite sophis-
ticated in the way it treats the global lifecycle 
of aerosols, from formation at nanometre sizes 
to their eventual growth over days to weeks to 
CCN sizes. But rather than trying to model the 
complex ion–aerosol processes in detail (phys-
ics that is still incompletely understood), they 
make an upper-limit assumption that all nucle-
ation is due to ions, thereby circumventing one 
obstacle to making such a global assessment.

Is this negative result the last word on the ion–
aerosol clear-air mechanism? Climate modellers 
are always quick to point out that predictions 
can be model-dependent. Certainly CCN may 
be more sensitive to the ion-induced nucleation 
rate in a different model or under conditions not 
explored by Pierce and Adams. But other global-
model studies4,5 of nucleation suggest that CCN 
are fairly insensitive to the nucleation rate for a 
simple reason: during the time taken for nuclei 
to grow to CCN sizes, coagulation depletes 
particle concentrations — just as raindrops 
are always fewer in number than cloud drops. 
Unless there is some as-yet-undiscovered pro-
cess that accelerates the growth of a few charged 
nuclei all the way up to CCN sizes, this low sen-
sitivity is likely to be a robust conclusion. 

Despite this result1, it is likely that a cosmic-
ray–cloud–climate connection will continue 
to be explored, for two reasons. First, scien-
tists continue to be intrigued by correlations 
between cosmic rays, Earth’s electrical state 
and climate variables (clouds, precipitation, 
drought and so on) on timescales from hours 
to millennia6,7. Because the climate displays a 

ATMOSPHERIC PHYSICS

Cosmic rays, clouds and climate 
Ken Carslaw

Galactic cosmic rays could influence Earth’s cloudiness by creating aerosol 
particles that prompt cloud formation. That possible effect looks to be 
smaller than thought, but the story won’t end there.

332

NATURE|Vol 460|16 July 2009NEWS & VIEWS

331-338 News and Views MH SA.indd   332331-338 News and Views MH SA.indd   332 10/7/09   16:09:0410/7/09   16:09:04

© 2009 Macmillan Publishers Limited. All rights reserved



multitude of cycles on almost all timescales, 
detection of a correlation among climate vari-
ables usually meets with initial and healthy 
scepticism. But variations in cloud proper-
ties observed on timescales that are unique to 
GCRs8 will always prompt a hunt for a plausible 
mechanism. 

The second reason that GCR–cloud physics 
will remain a hot topic is that we have yet to 
explore all the possible mechanisms. Atten-
tion may now shift to the ‘ion–aerosol near-
cloud’ mechanism2. GCR ionization modulates 
the fair-weather conduction current (about 
2 picoamps per square metre) flowing between 
the ionosphere and Earth, thereby altering the 

charge that has been observed to accumulate 
around cloud layers. Just like static electricity, 
this charge can influence how cloud drops stick 
to aerosol particles. If the particles are effec-
tive nuclei for ice formation, then GCRs may 
influence cloud glaciation and precipitation. 
And the charge on some aerosol particles in 
the near-cloud environment could possibly 
become large enough to influence the forma-
tion of cloud drops directly9. But our under-
standing of the relevant physics is incomplete, 
and it will be some time before global-impact 
investigations along the lines of Pierce and 
Adams’s study can be made.

Some would argue that the link between 

cosmic rays and climate is just too tenuous to be 
worth pursuing. Others would point out that, by 
ignoring the fact that the atmosphere is actually 
a dilute plasma (that is, is weakly ionized), we are 
missing some potentially important cloud phys-
ics — and clouds are a very large lever by which 
to influence climate. Despite the controversy, it is 
clear that the study of cosmic rays in our climate 
system has come of age. Sophisticated models of 
ion–aerosol processes now exist. They are sup-
ported by observations and laboratory stud-
ies, which will include the upcoming CLOUD 
experiment at the CERN laboratory near 
Geneva, Switzerland, in which a proton beam 
will generate highly controllable ionization 
events in an aerosol–cloud chamber10.  ■
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Light on stratocumulus: GCR–cloud 
physics will remain a hot topic.

One of the most-debated subjects in modern 
astrophysics is how elliptical galaxies, which 
are among the oldest known objects in the 
Universe, formed. Among the various likely 
formation mechanisms, merging is the most 
popular. According to this theory, different 
galaxies are the aftermath of merger events 
between progenitors of different morpholo-
gies and of varying encounter geometries. But 
observations indicate that there is room for 
other mechanisms. Despite great endeavour in 
trying to match the regularities observed in the 
structures of elliptical galaxies with theoreti-
cal models, there is still no consensus view of 
how they formed. Writing in The Astrophysical 
Journal Supplement Series, Kormendy and col-
leagues1 report a meticulous study of all known 
elliptical galaxies in the Virgo cluster (one of 
the clusters of galaxies nearest to Earth) that 

investigates how departures from the observed 
regularities can be diagnostic of the processes 
that triggered the formation of these galaxies 
(Fig. 1, overleaf).

The most striking property of elliptical gal-
axies is that their brightness profiles — that is, 
the way in which the combined luminosity of 
their stars varies with distance from the cen-
tre — depend in a regular way on their total 
luminosity (Sérsic’s law). Other properties of 
elliptical galaxies that correlate with their total 
brightness include size, mean star velocity and 
metal content. Another trait shared by these 
stellar systems is a supermassive black hole, 
with a mass of the order of one-thousandth of 
the galaxy’s stellar mass, at their centre2.

In their study of the Virgo cluster of galax-
ies, Kormendy et al.1 report galaxy luminos-
ity profiles over large radial ranges and argue 

GALAXY FORMATION

Anatomy of elliptical galaxies
Luca Ciotti

The family of elliptical galaxies is remarkable for the structural regularity 
of its members. Inspecting irregularities in this regularity could help in 
understanding how these galaxies form.

that elliptical galaxies are not arranged as a 
continuous sequence of objects with proper-
ties that scale well with their total luminosity. 
Instead, elliptical galaxies seem to branch out 
into two families according to a threshold value 
for the total luminosity. This dichotomy mani-
fests itself in two kinds of departure from the 
Sérsic law at small radii. Luminous ellipticals 
have ‘cuspy’ cores — that is, their luminosity 
profiles are characterized by ‘missing light’ at 
small radii, because their brightness at such 
radii drops below the Sérsic-fitted, larger-radii 
profile. By contrast, less-luminous ellipticals 
are all ‘coreless’ — their central luminosity pro-
files seem to have ‘extra light’ at small radii (but 
see Graham et al.3 for a different interpretation 
of the central-light profiles).

Kormendy and colleagues’ results add weight 
to other observations that have hinted at a 
dichotomy in the properties of elliptical galaxies. 
Luminous-core galaxies are known to be slowly 
rotating; to be relatively anisotropic (properties 
such as stellar velocities depend on direction); 
to have triaxial shapes (they have different diam-
eters in all three directions); to have quite ‘steep’ 
Sérsic profiles; and to have stars that are mostly 
very old and that formed on comparatively short 
timescales. Conversely, low-luminosity coreless 
ellipticals rotate rapidly; are more isotropic; have 
mostly oblate-spheroidal shapes; have quite 
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