Fusion in the Universe:
gamma-ray bursts

t all started just like a James Bond

movie. During the 1960s, in the
midst of the Cold War, the United
States launched a series of satellites
sensitive to gamma radiation to moni-
tor the Soviet Union’s compliance
with the Nuclear Test Ban Treaty,
which banned nuclear tests in the
atmosphere, underwater and in space.
No explosions were detected in the
Earth’s atmosphere. Instead, mysteri-
ous bursts of gamma rays were seen
that appeared to come from space, as
if — as it was later written in the sen-
sational press — aliens were conduct-
ing a massive intergalactic war!

Because the few scientists who had
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access to the (military) data wanted to
check all the details, it wasn’t until
1973, six years after their first detec-
tion, that the discovery of these enig-
matic explosions was announced to
the scientific community.
Unfortunately, the early gamma-ray
detectors couldn’t locate the source
of gamma rays in the sky very accu-
rately, leading to a long-standing
controversy surrounding their origin.

Flashlight or lighthouse?
Scientists not only did not know
where they were, but also could not
even tell how far away these explo-
sions were. Did they happen in our
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neighbourhood — in the Solar System
or in our galaxy — or were they much
further away? Without knowing the
distance, it was not possible to deter-
mine the power of these events: were
they just ‘sparks’ on the surface of
comets, comets falling onto compact
stars, or gigantic explosions that chal-
lenged our knowledge? The situation
was not unlike one in which a person
walking at night sees a light in the
distance: is it a flashlight (torch) from
somebody across the street, the lights
of a car far away or the reassuring
signal from a distant lighthouse?

Astronomers let their imaginations
go wild. At one time, there were
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The merging model: short gamma-ray bursts are thought
to be produced when two very compact objects (neutron
stars or black holes) merge to produce a black hole
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about a hundred theories to explain the new phenomenon -
more than the number of observed events! As is often the case,
advances were made when new technologies emerged, in par-
ticular with the launch of scientific satellites dedicated to
gamma-ray research.

The BATSE instrument on board the NASA Compton Gamma
Ray Observatory revealed that, on a typical day, two or three
gamma-ray bursts occur somewhere in the Universe. BATSE
also showed that gamma-ray bursts appear from all directions.
This seemed to contradict the idea that they originate only in
our Milky Way galaxy, because in that case they would show
the typical flattened distribution of faint stars. This is because
our galaxy is a strongly flattened disc of stars, as shown by the
appearance of the Milky Way itself — a band of stars crossing
the whole night sky.

Although crucial, these observations did not settle the debate
fully and at the end of the 1980s, astronomers were still divided
into two fiercely opposed camps: the first believed that gamma-
ray bursts were due to ‘local events’ — such as comets falling
onto neutron stars — and were located in a halo surrounding our
galaxy. The other group dismissed this hypothesis and contend-
ed that gamma-ray bursts are dramatic ones, linked to the death
of stars and the birth of black holes, and that they occur every-
where in the Universe.

The dispute raged until the Italian-Dutch BeppoSAX satellite"?,
launched in 1996, used a combination of X-ray cameras and
gamma-ray detectors to show that gamma-ray bursts originate
in very distant galaxies. Since then, the most distant gamma-
ray burst was found to be located more than 12.8 billion light-
years away, which means that we observe it in the state in
which it was when the Universe was less than 900 million
years old*.

The most powerful events since the Big Bang

For gamma-ray bursts to be detectable from Earth, they must
release tremendous amounts of energy. The energy released
during a gamma-ray burst within a few seconds is thought to
be more than the Sun will release during its entire lifetime
(about 10000 million years). In other words, these events are
so bright that, for a brief moment, they almost rival the whole
Universe in luminosity! However, they last for only a very
short time, from less than a second to a few minutes.

Apart from the Big Bang itself, gamma-ray bursts are by far
the most powerful events known in the Universe. Astronomers
have also been able to determine that the explosions disturb a
very large region around them — in one case, about 5 500 light-
years, which is more than one-fifth of the distance between the
Sun and the centre of our galaxy. All the material in this region
of space will be ionised; that is, the atoms will be stripped of
most, if not all, of their electrons. If there is any life in this
region of the Universe, it will most probably be eradicated. In
fact, some scientists claim that the Ordovician-Silurian mass
extinction, which took place approximately 450 million years
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ago and in which about 70% of all
species on Earth were wiped out, was
caused by a nearby gamma-ray burst.

Gamma-ray bursts are thus incredi-
ble events that wreak havoc in their
galaxies and liberate extremely large
amounts of energy. The question of
course is which kind of ‘engine’ can
trigger such events. The formation of
a black hole is a very powerful event,
so astronomers began to investigate
whether the two — gamma-ray bursts
and black holes — could be linked.

Although the details are still far
from clear, scientists now believe that
the best model to explain gamma-ray
bursts is the ‘fireball’. According to
this model, during the creation of a
black hole, the energy released by the
explosion is stored in the kinetic ener-
gy of a shell of particles — a fireball —
expanding at close to the speed of
light. Initially, the density of the
exploding material is so high that not
even particles as evanescent as pho-
tons and neutrinos can escape. As the
fireball expands to a diameter of 10-
100 billion kilometres, the photon
density drops enough for gamma rays
to escape unhindered: some of the
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kinetic energy of the fireball is con-
verted into electromagnetic radiation,
resulting in a gamma-ray burst.

Long and short

The wealth of observations on
gamma-ray bursts has revealed that
they come mainly in two types: long
(lasting more than two seconds) and
short (lasting from a few milliseconds
to two seconds). The difference
between the two is not only in their
duration: short bursts also consist of
higher-energy photons than do long
bursts. Clearly, although both types of
gamma-ray bursts are associated with
black holes, the precise physical ori-
gins of the two types must be differ-
ent.

In recent years, a large international
effort has convincingly shown that
long gamma-ray bursts are linked
with the ultimate explosion of very
massive stars (hypernovae), with an
initial mass more than 30-40 times the
mass of the Sun, as they collapse into
a black hole. Key evidence was pro-
vided with the help of ESO telescopes
in 2003**. Using the ESO Very Large
Telescope**, astronomers obtained,

The GROND instrument at ESO’s
La Silla Observatory is dedicated to
the study of gamma-ray bursts

over one month, spectra of the fading
afterglow of a gamma-ray burst. This
allowed them to observe the gradual

emergence of a supernova-type spec-
trum, revealing the extremely violent
explosion of a star.

Several other events have allowed
astronomers to connect long gamma-
ray bursts with hypernovae. One such
event occurred on 11 December 2001
and was observed by the ESA XMM-
Newton satellite*, only eleven hours
after the burst was detected. At that
time, the object was emitting seven
million times more X-rays than a nor-
mal galaxy! This allowed XMM to
take detailed spectra of the burst, per-
mitting astronomers to detect the tell-
tale signature of several elements,
such as magnesium, silicon and nick-
el, which are typically ejected by an
exploding star (for more details of the
formation of heavy metals, see
Rebusco, Boffin & Pierce-Price, 2007).
Astronomers were detecting matter
recently ejected by a supernova.

Merging stars

What about the short gamma-ray
bursts? Until recently, astronomers
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Observations of a short gamma-ray burst in a very distant galaxy, by ESO’s VLT. The left image was taken on 24 July 2005, 12 hours
after the gamma-ray burst, showing the position of the gamma-ray burst GRB 050724 as measured by the Swift X-Ray Telescope
(XRT) and the Chandra X-ray satellite. The blue cross is the position of the optical afterglow. A further image was taken on 29 July
2005 and one image was subtracted from the other, giving the image on the right. This reveals the afterglow, which indicates the

presence of the gamma-ray burst

were unable to detect an afterglow. It
was therefore not possible to precisely
locate them and thus to deduce the
environment in which they formed, or
to characterise them by their light
curve (variation of brightness over
time) or spectrum.

Things changed on 9 May 2005 when
the NASA / ASI/PPARC Swift*” satel-
lite detected a gamma-ray burst lasting
40 milliseconds and located it with
enough precision to allow astronomers
to point ESO’s Very Large Telescope
towards it and take images. The burst,
named GRB 050509B, was found to sit
in a luminous, non-star-forming ellipti-
cal galaxy lying 2700 million light-
years away.

This makes it difficult for the hyper-
nova model to be invoked because a
core-collapse supernova is unlikely in
this kind of galaxy, which no longer
produces stars and is thus generally
devoid of the short-lived massive
stars that collapse in hypernovae. On
the other hand, luminous, non-star-
forming elliptical galaxies host many
tight binary systems (two stars orbit-
ing each other closely) composed of
compact stars. This supports the other
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prevailing model, in which gamma-
ray bursts are caused when two neu-
tron stars in a binary system merge to
form a black hole. To be sure that the
hypernova model could be ruled out,
astronomers observed the burst for
another three weeks, until they were
confident that even the faintest super-
novae would have been detected. But
none were found.

A few months later, astronomers
detected, for the first time, the optical
afterglow of a short gamma-ray burst.
Images obtained at ESO’s La Silla
observatory in Chile showed a fading
source at the edge of a galaxy.
Astronomers observed the burst,
named GRB 050709, for 20 days but
did not detect any supernova-like sig-
nal. This gives further support to the
hypothesis that short gamma-ray
bursts occur not as a result of a hyper-
nova but when two very compact
stars merge to form a black hole.

In the merging model (see image on
page 53), two massive stars orbiting
each other burn their fuel in about
100 million years and collapse into
highly dense neutron stars about 10-
20 kilometres in size. Over another

100 million to a few billion years the
two objects continue to lose energy,
and as they do, their orbit shrinks.
Eventually they collide and produce a
short gamma-ray burst. The theory
also works if one star becomes a black
hole, instead of a neutron star, that
eventually devours its neutron star
partner.

Forty years after gamma-ray bursts
were discovered, we now know that
they appear everywhere in the
Universe, from its farthest edge to
neighbouring galaxies. We also have
an explanation for the two most com-
mon kinds of burst discovered. But
nature is often more complicated than
we tend to believe: with advances in
observation techniques, astronomers
continue to discover new types of
gamma-ray bursts, and the story is
thus far from finished.
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Light curve of the gamma-ray burst
on 7 June 2006, GRB 060607A. The
red dots are the data obtained at the
ESO La Silla Observatory, observing
the afterglow (in near-infrared light)
of the burst. The blue line, fitted to
the data, allows astronomers to
determine the peak of the light curve
and so derive the velocity of the
material. It was found that the matter
moves at a speed very close to the
speed of light
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involving a tremendous
amount  of  energy:
gamma-ray bursts. The
article could be used to
stimulate a discussion
about the origin and mys-
teries of the Universe, as
well as scientific discover-
ies and technological
advances in research. It
could also encourage
young students to become
interested and involved in
astronomy.
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