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A matter of cosmic principle

A MATTER
OF COSMIC
PRINCIPLE
New cosmological results
are confounding centuries
of established astronomical
ideology. Do we live in a special
place in the Universe after all,
asks Zach Cano?

that the Universe is isotropic and homogeneous.
an’s understanding of the Universe has evolved
▲ Two
cosmological
dramatically over the millennia. For fifteen
These assumptions are derived from the centuries-old
philosophies
centuries Ptolemy’s geocentric model of the
Copernican Principle that states that the Earth is not in a
face-off. Ptolemy
Universe was the accepted description of humanity’s central
central or specifically favoured position of the Universe.
argued for Earth
being in a special
role in the cosmos, where every other heavenly body orbited
A generalisation of this statement is the Cosmological
location in the
our sacred Earth. During the Renaissance, Ptolemy’s model
Principle, which says that there are no special places in
Universe, whereas
was usurped by Galileo, Copernicus, Newton and Kepler,
the Universe (homogeneity), and there are no special
Copernicus showed
who showed that the Sun did not revolve around the Earth,
directions in the Universe (isotropy). Therefore in
that Earth orbited
the Sun just like the
but instead the Earth revolved around the Sun. Such decrees
whichever direction any observer in the Universe looks,
other planets, an
were at odds with Christian theology, for so deeply woven
the observer should not see any general difference in the
ideology that led to
was the thread from man to God that any observations which the Cosmological
structure within the Universe and that the average density
seemed contrary to the awesome wholeness and infallibility
of a large enough region of space is approximately the
Principle that
there are no
of God were regarded as being violently sacrilegious.
same everywhere.
special locations
Since the Scientific Revolution sparked by Galileo,
These assumptions are expected to be valid on the very
or directions in the
western science has revealed many clues about how the
largest scales, on the order of billions of light years. It is
Universe. But how
Universe operates. Newton’s elegant theories of gravity
obvious that the Universe isn’t isotropic and homogeneous
sure are we that
this is true?
persisted for over 200 years until they were ousted by the
at all scales, for at smaller scales one sees planets and
scientific genius of Einstein. Now a new
galaxies and clusters and superclusters of galaxies.
upheaval of our understanding of the Universe
However, when we look at structures and regions
is taking place; recent and independent
of the Universe at these very large scales, it is
"IT COULD MEAN
observations made by the European Space
expected that the Universe is on average smooth
A PROFOUND
Agency’s Planck satellite, as well as maps of the
(homogeneous) and each direction appears the
CHANGE IN OUR
distribution of galaxies and quasars in the early
same as all the others (isotropic). A study published
Universe, are showing that the fundamental
in 2010 by Amit Yadav and a small team of
UNDERSTANDING
assumptions that modern cosmology rests upon
theoretical cosmologists calculated that at scales
OF THE TRUE
may not be entirely correct. Should it turn out
larger than roughly 1.2 billion light years the
NATURE OF THE
that the foundations of modern cosmology are
Universe should appear smooth and isotropic.
UNIVERSE"
not as secure as once hoped, it could mean a
Some observations appear to support the
profound change in our understanding of the
Cosmological Principle, including the recently
true nature of the Universe.
completed WiggleZ Dark Energy survey at the
Anglo–Australian Telescope. The survey, which
Where it all began
looked at the distribution of over 200,000 galaxies, showed
The standard cosmological model, also referred to as
that at distances on the order of 325 million light years,
‘concordance cosmology’, is built upon two assumptions:
matter is distributed smoothly and evenly.

M
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Where it started to go wrong
One of the first hints that the assumptions of isotropy
and homogeneity may not be completely valid was
revealed by the Cosmic Background Explorer (COBE)
satellite in the early 1990s, which was followed up by
the Wilkinson Microwave Anisotropy Probe (WMAP)
in the 2000s. Both satellites were designed to detect
and measure the cosmic microwave background (CMB)
radiation, which has been around since nearly the birth
of the Universe (see The first 370,000 years). These
satellites measure small differences in the temperature
of the microwave radiation, which in turn reveals very
subtle clues about the conditions of the early Universe.
According to the concordance model, if the Universe is
isotropic then no matter which part of the sky one inspects,
the CMB should look on average the same, which no large

▲ A slice of cosmic
history, from the
big bang and
inlation to the
cosmic microwave
background
radiation, the
formation of the irst
stars and galaxies
and their evolution
to the present day.
The Cosmological
Principle says that
this slice should
look the same in any
direction and from
any point of view in
the Universe. Image:
NASA/ESA/A Feild
(STScI).

variations from region to region. Surprisingly this does
not appear to be the case, and instead an ‘anisotropy’ (the
opposite of isotropy, where one direction does appear
different) was observed in the CMB; there seems to be a
‘preferred’ direction in the way the temperature of the
CMB varies. Cosmologists call this a ‘hemispherical
asymmetry,’ which is an excess in temperature of one
hemisphere in the sky with respect to its opposite
hemisphere. This anisotropy was first spotted by COBE,
and then by WMAP and, because of its peculiar alignment
in the sky, was dubbed the ‘Axis of Evil’.
Planck is a third-generation CMB satellite and the map
it has recently produced is the most detailed and precise
ever created. As well as determining the relative abundances
of dark energy, dark matter and ordinary matter in the
Universe (about 68, 27 and 5 percent respectively), the
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The first 370,000 years
Most cosmologists believe that the Universe began with the big bang – all
matter and energy arose from a singularity of infinite mass and density.
Within the very tiniest fraction of a second the Universe inflated like a balloon,
increasing its size by an unfathomable 1071 times! Tiny quantum fluctuations
in the Universe were then magnified by this inflationary period and became
the seeds for the growth of large-scale structure. Evidence of these seeds is
seen in maps of the cosmic microwave background (CMB) radiation as tiny
differences in temperature in the map.
The CMB arises from a time when the Universe was a writhing sea of hot
plasma. After the big bang and the period of inflation, the Universe continued
to expand and cool and, after roughly 380,000 years, radiation that was
trapped in the plasma escaped into space and began its journey through the
cosmos. It is this radiation, which now has an average temperature of only
2.73 degrees above absolute zero, that Planck has mapped.
Planck’s CMB map, which is the most accurate and precise ever produced,
provides hints that the Universe may deviate away from isotropy at different
angular scales. The first is called a ‘hemispherical asymmetry,’ which is
an excess in temperature of one hemisphere in the sky with respect to
its opposite hemisphere. The other evidence is seen in the presence of
cold spots, such as the one seen near the bottom right of the map, which
indicates anisotropies at smaller angular scales.

are much bigger than this average size, roughly 5–10 degrees and their shape is not
consistent with that predicted by the concordance model.
So precise are Planck’s instruments and so sophisticated is its software that
there are no doubts that the anisotropies are caused by a statistical fluctuation, as
Paolo Natoli of the University of Ferrara, Italy explains. “The fact that Planck
has made such a significant detection of these anomalies erases any doubts about
their reality; it can no longer be
said that they are artifacts of the
measurements,” he says. “They are
real and we have to look for a credible
"BECAUSE OF
explanation.”

Clusters of quasars

power spectrum created with data obtained by Planck
has shown that the theoretical models fit the data from
scales of 180 degrees down to 0.1 degree exceptionally
well. The agreement between observations and theory is
remarkable and each one of the bumps and wiggles in the
power spectrum, for which the data follows beautifully,
is a further sign of how well cosmologists understand
the contents, history and evolution of the Universe.
Planck’s results are a marvel, although some anomalies
have been found in the data. Planck has confirmed that the
Axis of Evil anisotropy is real (or in more scientific terms,
is statistically significant). Several cold spots are also seen
in Planck’s CMB map, the size and shape of which are not
explainable within the concordance model. A quantity best
measured by Planck is related to the typical size of spots in
the CMBR map, which is roughly a degree. The cold spots

ITS PECULIAR
ALIGNMENT IN
THE SKY IT WAS
DUBBED THE
‘AXIS OF EVIL’"

In a completely independent study,
Ashok Singal of the Physical Research
Laboratory in Ahmedabad, India,
has found additional evidence for
an anisotropy in the distribution
of quasars and radio galaxies in the
early Universe. In his paper, Singal
inspected a catalogue of quasars and
radio galaxies to determine whether they are distributed randomly in the sky. The
3CRR (Third Cambridge, twice revised) radio catalogue contains all radio sources
down to a certain detection limit and is one of the most reliable and thoroughly
studied sample of radio sources ever compiled.
While inspecting the catalogue Singal noticed that, if he divided it into two
regions separated by a line through the equinoxes and the northern celestial pole,
an anisotropy in the distribution of quasars was seen with more than two-thirds
of all of the quasars in the catalogue being found in one region. Such a large
anisotropy in the distribution of the quasars, which are some of the most distant
objects in the Universe, implies inhomogeneities at very large scales.
Singal also noted that some types of galaxies were uniformly distributed in the
catalogue, while other galaxy types paradoxically appeared more often in the other
region. When putting all of his results together he found that there was only a
0.005 percent chance that his result could be a statistical fluke.
“It is as if different parts of the Universe are more amenable to give rise to one
type of radio galaxy than another,” Singal muses. “What’s more, these anisotropies
could not be caused by the motion of the observer through the Universe as this
would not give rise to different anisotropies for different kind of radio galaxies.”
Another team, led by Roger Clowes of the University of Central Lancashire
August 2013 | Astronomy Now | 31
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have also made observations of quasars in the early Universe
and in doing so, have detected the largest structure ever
observed. In their study they observed a large cluster of
quasars, all at roughly the same distance away from us. What
is so remarkable about this cluster is that it has a characteristic
size of over 1.6 billion light years and a total length of over
3.9 billion light years!
The enormous size of the cluster is clearly at odds with
the largest length allowable in concordance cosmology and,
as Clowes explains, “While it is difficult to fathom the scale,
we can say quite definitely it is the largest structure ever seen
in the entire Universe. This is hugely exciting because it
runs counter to our current understanding of the scale of the
Universe and it challenges the Cosmological Principle, which
has been widely accepted since Einstein.”

Is the model in ruins?
These results have stark implications for the concordance
model. The studies, each with strong statistical support,
imply that the assumptions of isotropy and homogeneity are
not completely valid. So, should we expect angry hordes of
scientists armed with torches and pitchforks demanding for
these results to be stricken from the annuals of science, or
maybe have them hidden in the bottom of a locked filing
cabinet stuck in a disused lavatory with a sign on the door
saying ‘Beware of The Leopard’?
Perhaps not. In fact these results have had a lukewarm
reception at best. “There is a lot of debate in the community
now as to what significance to assign to these results, i.e. do
we need to revise our assumptions?” says Jan Tauber, the
Project Scientist for the Planck space mission. “There is great
reluctance to go in this direction, because we do not have any
theory that can satisfactorily explain the anomalies. So we
would be moving into uncharted territory.”
While some cosmologists seem reluctant to re-write
the concordance model, others are questioning the validity
of these studies. A recent paper by Seshadri Nadathur of
the University of Bielefeld, Germany, has called into doubt
the result of Clowes and his team. Nadathur first argues
that the homogeneity scale is an average property of the
Universe and is not necessarily affected by the discovery of
a single large structure.
Then, when using the same search algorithm that
Clowes used in his study, Nadathur discovered that it will
regularly throw up false positive detections of ‘structures’
even in completely random distributions of points. “These
false positives can be just as large as the
large quasar group reported
by Clowes, so its size
isn’t special

▲ The Millennium Simulation described the Universe in a computer model of ten billion
particles, showing a cosmic web of matter and voids. On small scales of galaxies and galaxy
clusters the Universe is lumpy, but on larger scales it appears smooth, with even distribution
between matter and voids. Image: Virgo Consortium/Millennium Simulation.

after all,” says Nadathur. “In fact it’s
completely consistent in all respects
with what you would expect from
random noise, so it could be argued
that it shouldn’t really be regarded as a
structure at all.”
Instead, Nadathur finds that the
distribution of quasars in the Sloan
Digital Sky Survey catalogue is in
fact homogeneous at scales greater
than approximately 600 million light
years. This result is similar to that
found by the WiggleZ survey, albeit
with a larger homogeneity scale and
both studies appear to support the
cosmological principle.
No such reassurances are found
when trying to interpret Planck’s
results however. Instead some very
exotic physics have been suggested to
explain the anisotropies and cold spots
seen in Planck’s CMB map. One idea
is that of multiple, bubble universes
that were created during the big bang.
As the Universe inflated, collisions
between these bubbles would cause
different regions to inflate and expand
at different rates. This

would naturally explain the anisotropy
seen in the CMB map because
inflation would not have occurred
uniformly in all directions. A possible
explanation for the existence of the
cold spots is that vast empty voids may
exist between us and the primordial
CMB photons. Intervening voids
would then manifest themselves as
cooler regions in the map. However, if
such voids do exist, they would have to
be more than a thousand times larger
than any void yet observed.
With an entire theory at stake,
there will be an ongoing debate as to
whether the fundamental assumptions
that the concordance model is
built upon are valid and whether
observations such as these support or
refute them. These heated debates
will inevitably push the boundaries of
science to its very limits and, perhaps
in doing so, another genius in the
mold of Newton and Einstein may
come along and reveal ever more
subtle truths about the fundamental
physics that rule our Universe.
Zach Cano is a post-doctoral researcher at
the University of Iceland and is a freelance
science journalist.
The cosmic
microwave
background
radiation as seen
by the Planck
spacecraft. The
temperature
anisotropy
between the two
hemispheres is
indicated by the
white line, while
a large cold spot
is circled. Image:
ESA/Planck
Collaboration.
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THE LIFE

STAR
DEATH

OF STARS

T

he end of a star’s life is a dramatic
event. Stars like our Sun expand to
become red giants and then blow
their outer shells into space to
create a planetary nebula. But there are others
that go out with a bang, ending their lives
in a supernova. Among the most powerful
and brightest explosions in the Universe,
these events can outshine even the host
galaxy in which they occur. Their mysterious
and spectacular appearance has fascinated
humankind for centuries – the first recorded
example was documented by ancient Chinese
astronomers in 185AD.
In subsequent centuries, astronomers could
only record very luminous events that were
visible to the naked eye: up to the 20th century,
only seven supernovae were recorded. But in
the past 113 years, 6,242 supernovae have
been documented, and the vast majority
(85 per cent) of these were recorded in the
past 20 years, the total swelling as ever fainter
events have been picked up – both by amateur
astronomers and in automatic searches by
professional telescopes.

Zach Cano explains how we are uncovering
the inner workings of supernovae, the incredibly
powerful explosions at the end of stars’ lifetimes

The story so far

Cassiopeia A is the remnant
of a supernova explosion
whose light first reached
Earth 300 years ago

Despite the abundance of observations,
there are still fundamental questions about
what happens within a supernova, which
supercomputer simulations are bringing us
closer to answering. This much we do know:
supernovae occur when certain stars explode
violently, in the process ejecting a large
amount of material into space in a brilliant
and energetic display.
Supernovae are classified into two types,
depending on whether hydrogen can be
detected in their spectrum: Type I has
hydrogen, Type II does not. There’s another
level of classification for Type I outbursts
– into Type Ia, Ib and Ic – that’s applied by
analysing the spectrum further. Type Ia >

NASA/ESA AND THE HUBBLE HERITAGE (STSCI/AURA)-ESA/HUBBLE COLLABORATION, THINKSTOCK, X-RAY: NASA/
CXC/SAO; OPTICAL: NASA/STSCI; INFRARED: NASA/JPL-CALTECH/STEWARD/O.KRAUSE ET AL.
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star’s nuclear fuel is exhausted, while the hydrogen
layer still surrounds the star. Without the energy
produced by consuming its fuel, the star is no
longer able to counterbalance the force of gravity,
and so it collapses under its own weight, eventually
leading to a gargantuan explosion.
Throughout its life, a star’s energy source arises
from nuclear fusion. When a star is born, it is
made mostly of hydrogen. In the stellar core, the
temperature and pressure is so high that hydrogen
fuses to form helium, as well as releasing a large
amount of energy. The rate at which the hydrogen
fuel is consumed depends on how massive the star is
– very massive stars will burn through their nuclear
fuel in a few million years, while smaller stars can
take over 10 billion years.

OF STARS
THERMONUCLEAR SUPERNOVA
There are two possible triggers for a Type Ia
supernova, both of which involve a binary
star system. In the first scenario it is thought
that a white dwarf slowly draws material
from a larger companion star. Eventually the
white dwarf accretes so much material, and
its mass grows so large, that it starts burning

carbon in its core. From this carbon burning
grow the seeds of the star’s eventual demise.
Eventually a thermonuclear explosion leads
to the total destruction of the star and the
expulsion of its ashes into space.
The second scenario thought to be behind
Type Ia supernovae is when two white dwarf

stars merge. Here, stars that once existed in a
binary system gradually twirl together over
time until they collide violently. In this
scenario, the accretion of material is thought
to happen very rapidly, but the outcome is
the same – the total obliteration of both stars,
with their remains scattered into space.

The beginning of the end
Þ An Anasazi Indian

petroglyph at Penasco
Blanco in New Mexico, of
a supernova observed in
1054. We see the remains
of this supernova today
as the Crab Nebula, inset

> supernovae are thought to occur in two rather

spectacular ways. The first scenario is when a
white dwarf star in a binary system explodes after
reaching a critical mass limit by pulling in too
much material from its companion star. The second
is when two white dwarf stars violently merge.
These are also called thermonuclear supernovae.
In terms of what we think causes them, Type Ib
and Ic supernovae are closer to Type II supernovae
than Type Ia. The former three are all thought to
occur when a massive star comes to the end of its
life and explodes violently, its core collapsing. In
Types Ib and Ic, the core is thought to collapse after
the star has burnt off its outer layer of hydrogen.
In a Type II supernova, the core collapses when the

Once the hydrogen in the core has been exhausted,
nuclear reactions cease. Throughout the star’s life,
the only force that has stopped the star from collapsing
under gravity has been the counter-balancing energy
produced through nuclear fusion. When the hydrogen
runs out, the star’s core contracts under the influence
of gravity until the temperatures and pressures are
so great that helium is fused into carbon.
It is here that a star’s mass comes into play. For a
star of relatively modest mass such as our own Sun,
the contraction of the core will also cause the outer
layers to expand and the star will enter a red giant
phase. Eventually the helium will be entirely burned
into carbon, resulting in a carbon core surrounded
by an envelope of material that the star has blown
off into space. The carbon core is known as a white

Þ Type Ia supernovae occur when a star accretes matter from its binary partner…

CORE-COLLAPSE SUPERNOVA
Stars that are more than eight times the mass
of the Sun live short, bright lives – only a few
million years, compared to the expected
10-billion-year lifespan of the smaller Sun.
When it is born, a massive star burns
hydrogen in its core, where the temperatures
and pressures are so high that the hydrogen is
fused into helium. The massive star then burns
heavier and heavier elements in its core, from

Protostar

Blue main
sequence star

skyatnightmagazine.com 2013

Red
supergiant

hydrogen to helium to carbon – all the way up
to iron. Once a particular fuel has been
consumed, the core contracts until it is hot and
dense enough to burn the next heaviest element,
while a shell of material forms around it. Over
time, the star develops an onion-like structure.
Eventually, when the star’s core is made up
of iron and other heavier elements that can’t
be burnt, the nuclear reactions within the star

Helium burning
supergiant

cease. At this point, there’s no more pressure
holding off the gravity of the outer layers,
which subsequently begin to implode.
Once this happens, the pressures in the core
become so high that protons and electrons
combine to form neutrons, and a neutron star
is created. The remainder of the imploding
material rebounds off this neutron star in the
form of a catastrophic supernova explosion.

Neutron star
or black hole
Multiple shell
burning supergiant

Supernova

Þ The life cycle of a star more than eight times the mass of the Sun, ending in a supernova that leaves a neutron star or a black hole behind

skyatnightmagazine.com 2013

dwarf star, while the glowing shell of gas that
surrounds it is called a planetary nebula.
But in more massive stars the cycle of fusion
continues, burning heavier and heavier elements
until it forms an iron core with shells of different
elements surrounding it like the layers of an onion.
Once the iron core is formed, nuclear fusion ceases
and the core contracts irrevocably. The collapse
occurs very rapidly and so forcefully that electrons
are smashed into protons to form neutrons,
ultimately leading to the formation of an incredibly
dense ball of neutrons known as a neutron star.
The formation of the neutron star halts the core
collapse, and the layers that once surrounded the
core slam into it. The collision creates a shockwave
that rebounds through the star and ejects the stellar
material out into space.
The trigger for a Type Ia supernova is also
thought to be carbon burning within the star’s
core, but it comes about in a different way. Here
one model has a white dwarf star’s carbon core

Þ …or when the two stars collide

reigniting after it accretes material from its
companion star in a binary system, eventually
triggering a thermonuclear explosion. It is the
consistency of this explosion’s light curve that
makes Type Ia supernovae useful in measuring
distances to their host galaxies. The second model
for Type Ia’s also involves a binary system of two
white dwarfs. Here the supernova is triggered when
the stars violently collide and merge together.

Unanswered questions
These current models may give the impression
that astronomers have this area sewn up, but
fundamental questions still remain. During a
core-collapse supernova, quite how the shockwave
ejects material from the star into space is a matter
of debate, and it’s unclear what initially triggers the
thermonuclear explosion of a Type Ia supernovae.
While some astronomers are building bigger and
more powerful telescopes to study supernovae,
others are set on recreating them in a lab using >
skyatnightmagazine.com 2013
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models of the explosion that were spherically
symmetric. In the 1990s, advances in numerical
codes meant that it was possible to include two
spatial dimensions, and more sophisticated models
meant that scientists could simulate the elements of
a star in motion during the explosions – so-called
hydrodynamical mixing.
This led to new insights. Core-collapse models
showed that acoustic vibrations within the star,
reinforced by turbulent mixing in the material
flowing out, could play a key role in adding energy
to the shockwave at vital moments. Another factor
highlighted by these simulations was the energy
contained in the huge outflow of neutrinos (energetic
subatomic particles) created during the core collapse
as electrons and protons are forced together.
At the same time, improved computer technology
allowed more and more physical processes to be
included in the simulations. Teams of astronomers
were finally able to use the world’s fastest
supercomputers to run their simulations and model
the explosions in ever more realistic conditions.

OF STARS
THE EXPERT
Dr Stan Woosley, professor of astronomy and astrophysics at the University of California,
Santa Cruz, uses computer simulations to simulate the deaths of massive stars
What have been the
key developments
in simulating corecollapse supernovae
over the past decade?
I believe that it is a
growing realisation
that magnetic fields
and rotation must be
important in the deaths
of some massive stars, which is based upon
the connection of supernovae with gammaray bursts. Also key has been developing
computer codes of increased realism and
complexity to run on the exponentially
advancing computer technology.

Why is it so difficult to explode a massive
star in a simulation?
The difficulty is that the simulations are very
complex and the explosion itself is only a
small fraction – about a thousandth – of
the total energy being tracked. It is also
hard because it is necessary to model the
explosion in three dimensions and include
many different aspects of fundamental
physics including general relativity, rotation,
and complicated equations of state.
What does the future hold for our ability
to simulate supernovae?
In general I am optimistic about the future.
The good news is that we’ve most likely

pinned down the important basic physics,
while computers and our codes are becoming
equal to the challenge, and progress is
being made. The calculations being done
today could only have been dreamed
about 10 years ago.
More problematic are the codes needed
to use those machines effectively. Certainly
people are making advances, but no-one has
yet produced a simulation that includes all of
the necessary physics. They will, though.
The real challenge may not be in just
getting the right answer, but in convincing
the community of people working on the
problem that the answer, once it’s been
found, is indeed correct and robust.

Modelling supernovae
Þ A simulated supernova,

300 milliseconds after core
collapse; the turbulence is
caused by unseen neutrinos

> advanced computer simulations. The only

problem is that, after more than 50 years of trying,
no-one has been able to successfully recreate a
supernova in a simulation.
From the 1960s to the 1980s, the computer
simulations that could be carried out were very
basic. Due to the limitations in available technology,
many assumptions had to be made. Simulations
were run in only a single dimension and, for reasons
of simplicity, astronomers were limited to geometric

One such group has been led by theoretical
astrophysicists Dr Hans-Thomas Janka at the Max
Planck Institute for Astrophysics in Germany.
They used a series of supercomputers in one of
the first successful simulations of a core-collapse
supernova. By working advanced models of the
outflow of neutrinos from the stellar core into their
two-dimensional simulations, they reproduced
how the neutrinos interacted with matter within a
dying star. The results supported theories that the

SUPERNOVA SIMULATORS

Þ Mira’s 3D simulation of a core-collapse
supernova; the ‘bubble’ is the shock wave

skyatnightmagazine.com 2013

The computer simulations being used by
astrophysicists today are vastly superior to
those used only a decade ago. The greatest
computational challenge is the successful
reproduction of a supernova – a challenge
that has not been adequately overcome
in over 50 years of attempts.
One of the key challenges is
including very complicated yet
fundamental physics in the simulations
to make them as real as possible.
Today, simulations need to reproduce
the explosion in three dimensions, as
well as accurately model the complex
behaviour of the material in the explosion.
To do this, simulations have to recreate
dynamic movement within the star with
hydrodynamical codes, as well as accurately
describe the way neutrinos are generated
during the explosion.
This is the challenge for today’s nextgeneration supercomputers; machines like
Mira at the Argonne National Laboratory

in the US, which can operate at 10 petaflops
– meaning it can carry out 10 quadrillion
(10 million billion) operations a second, and
has 768 terabytes of memory. In comparison,
the average desktop computer operates at
a few gigaflops (handling a few billion
operations a second), and may have only
6-8GB of memory.

Þ The Mira supercomputer, built by IBM and
housed at the Argonne National Laboratory

explosions of stars with 11 to 15 times the mass of
the Sun receive a crucial boost in energy through
hydrodynamic instabilities: the star’s layers were
being heated, by neutrinos, into a bubbling mix.
Similar developments have been made in
simulations of Type Ia supernovae. A team of
astrophysicists in the US has successfully modelled
the stages before a thermonuclear explosion in the
first three-dimensional simulation to incorporate
complex hydrodynamics. Their results not only
confirmed the results of earlier, less sophisticated
attempts, but also revealed that the behaviour inside
the white dwarf just before detonation is more
complex than expected.
The lead author of the study, Dr Michael Zingale
of Stony Brook University, explains: “We focused
on the early stages of the Type Ia explosion, trying
to understand how the convective stage preceding
the explosion ignites the initial burning front. Our
results indicate that the ignition of the burning
front is likely off-centre, which may lead to
asymmetric explosions.” Dr Zingale’s simulations
were performed on the supercomputers at the
National Energy Research Scientific Computing
Center in Oakland, California. Despite their huge
power, each simulation still took over a million
hours of processing time to complete.
Research and simulations into supernovae are
still ongoing. “We will need a couple of years before
we solve the problem of supernova explosions,”
says Dr Janke. Modelling a supernova is a grand
computational challenge requiring very complicated
simulations that incorporate many aspects of
fundamental physics. With current technology,
a single simulation that includes all three spatial
dimensions and all of the key physical principles

can take several weeks to run on a supercomputer;
on a normal desktop computer they would take
literally thousands of years to complete.
Adding even greater optimism are developments
in observing technology. When future supernovae
occur, astronomers will be able to observe them at
all wavelengths, as well as any change in neutrinos
and maybe even gravitational waves. These observations
will help us to further uncover the mechanisms and
the structure of these enigmatic exploding stars. S

Þ SN 1987A was visible
to the naked eye. When
future supernovae occur,
astronomers will be able
to study them in greater
detail than ever before
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The Solar
System in
chaos
▲ The planets in
their orbits (not to
scale!). The odds
are that they will
remain in this
orderly fashion –
but there’s a chance
they won’t. Image:
NASA/JPL–Caltech.

S

ince evolution gifted man with the ability to
think abstractly, and from a perspective other
than his own, a cascade of existential thoughts
have bombarded him: Who am I? Where do I come
from? Where am I going? How will I die? Tied to the
last question is not only a meditation into the demise of a
single human, but that also of all mankind and all life on
Earth. Will all life end through the folly of an overzealous
political leader? Perhaps something more natural such as
a comet colliding with Earth? Such concepts have been
sensationalised in Hollywood movies, though the reality of
a violent end to our beloved planet through a collision with
another planet is more real than you might expect.
Five billion years from now the Sun will have exhausted
all of the hydrogen in its core, thus running out of its main
source of nuclear fuel. The stellar core will then contract
under the immense force of gravity, creating temperatures
and pressures great enough to fuse helium into carbon. As
the core contracts the outer layers will expand and the Sun
will enter a red giant phase. At this time Mercury and Venus
will be swallowed by the Sun, and so too may the Earth.

However, this scenario depends on one thing: that the planets
remain in the same orbits that they currently occupy. As
many astronomers and mathematicians have found out over
the centuries, this is far from a certainty.
Soon after Isaac Newton formulated his law of
universal gravitation, fundamental questions arose
surrounding the dynamical stability of the Solar System. Is
the Solar System currently stable? Will it be stable in the
future? Will the Earth ever collide with another planet?
Such questions are relevant today; from metaphysical
musings of apocalyptic scenarios to technological
developments in modern space travel.
Dating back to eighteenth century France, Joseph-Louis
Lagrange and Pierre-Simon Laplace were members of
an elite group of mathematicians and astronomers trying
to deduce the order of the Universe. While observing the
Solar System, Laplace and Lagrange developed a theory to
describe the planetary orbits, which was later enhanced by
Urbain Le Verrier and Simon Newcomb. The theory was a
very good approximation of planetary motion over relatively
short periods of time and indeed, such was the success
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The Solar System in chaos

▼ The phenomena of resonance can be a powerful force between Solar System bodies. A down to Earth analogy is a
swing – when the child gets a shove at the appropriate point in the swing’s arc it ampliies the swing at the resonance
frequency (right). If the shove takes place at the wrong point, for example in the opposite direction to the motion of the
swing, the effect is to dampen the swing rather than amplify it (left). AN graphic by Greg Smye–Rumsby.

Do the planets truly
orbit the Sun like
clockwork, or are
there forces at work
that could suddenly
throw the whole
system into chaos?
Zach Cano
explores the longterm (in)stability of
the Solar System.

enjoyed by Laplace when explaining
the secular motions (i.e. deviations in
a planet’s elliptical orbit caused by the
gravitational influence of other planets)
of Jupiter and Saturn, that he was able
to establish the philosophical concept
of Laplacian Determinism – the idea
that if we know all present conditions,
as well as the laws that govern the
Universe, then it is possible to predict
all future events.
However, Laplace’s bubble was
burst in the late nineteenth century
when Henri Poincare demonstrated
that it is impossible to formulate an
exact analytical solution for the motion
of more than one planet. While
conducting research into a three-body
system, Poincare discovered that when
he included gravity and the positions
of three bodies in space, he was able to

“AS MANY ASTRONOMERS HAVE FOUND OUT OVER THE
CENTURIES, IT IS FAR FROM CERTAIN THAT THE PLANETS
WILL REMAIN IN THE SAME ORBITS THAT THEY CURRENTLY
OCCUPY”
accurately calculate the positions of the three bodies at any
future time, thus showing that the system is deterministic.
More importantly, he also found that the evolution of such a
system is chaotic in the sense that a slightly different starting
position of one or more of the bodies leads to dramatically
different outcomes. Thus, if the exact starting positions of all
the known bodies are not known exactly, then it is impossible
to precisely predict the outcome to the system. Poincare’s
research laid the foundations for the idea of chaotic systems
and non-linear dynamics.

Chaos
So what is chaos? It is a common enough concept and most
associate it with the slight fluttering of elegantly-winged
insects. But before we can develop an understanding of chaos
and chaotic systems, we must first understand the different
kinds of dynamical systems that exist.
What we mean by a dynamical system is how one state
develops into another over time, such as describing how a
snooker ball may travel across a table once it has been struck.
If we know its mass, its starting position and its velocity, we
can use the equations of motion to describe its movement
over time. In this analogy, the solitary snooker ball is a regular
dynamical system; its movement is well behaved and highly
predictable. Small differences in its position grow linearly and
can be easily calculated.
The other type of dynamical system is a chaotic system,
where the behaviour of the components of the system
are erratic and difficult to predict. In chaotic systems,
small dynamical differences grow exponentially (i.e. in a
non-linear manner), although on short time-scales they
may appear linear and therefore non-chaotic. A clear

example of such a chaotic system is
the Solar System. On short timescales planetary motion appears
to be regular and like clockwork.
However, if we try to calculate the
positions of planets in the far future,
it is found to be simply impossible.
In the Solar System chaos arises
because of resonance and a familiar
example can be found in playgrounds.
Imagine a young child on a swing – the
parent will push the child at regular
intervals to keep the child swinging at a
constant amplitude. The parent doesn’t
push randomly but rather in the same
direction as the swing’s velocity and by
doing so the parent can easily maintain
or even increase the amplitude of the
swing. This is the phenomenon called
resonance and it happens when any two
periods have a simple numerical ratio.
There are a two types of resonance
in the Solar System and both involve
the orbital motions of the eight major
planets and their various satellites. The
first is spin-orbit resonance, where the
rotational period (its ‘day’) and orbital
revolution (its ‘year’) are a simple ratio.
Earth’s Moon demonstrates an example
of spin-orbit resonance, where the rate
at which the Moon orbits the Earth is
the same as its rate of rotation, which
February 2013 | Astronomy Now | 33

32_SolarSystemStability_Feb13.indd 33

04/01/2013 16:16

The Solar System in chaos
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▼ Mercury is at the mercy of gravitational perturbations.
Image: NASA/JHUAPL/Carnegie Institution.

■ In the worst case
scenario, a chaotic
Solar System could
lead to planetary
collisions. Image:
NASA/JPL–Caltech.
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▲ The orbital
eccentricities of
all the planets in
the Solar System
over timespans
of billions of
years (Gyrs). The
eccentricities (i.e.
how elliptical they
become) of most of
the planets remain
stable. However,
orbital resonances
with Jupiter have
the potential to
make Mercury and
Mars’ orbits highly
eccentric over long
time periods. AN
graphic by Greg
Smye–Rumsby
based on data from
Laskar et al.

is a 1:1 ratio (this is also referred to as synchronous rotation)
and explains why we only ever see the same side of the Moon.
The other type is secular, or orbital, resonance where
the precession of the orbits of two bodies is synchronised.
Here, a small body in orbital resonance with a larger
body will precess at the same rate as the larger, which will
ultimately change the eccentricity (i.e. the amount that an
orbiting body’s orbit deviates away from a perfect circle) and
inclination of the smaller body’s orbit. A clear example of
orbital resonance is the orbits of Jupiter’s moons Europa and
Io. The former has an orbital period of 3.55 days, while the
latter is 1.77 days, which gives an orbital resonance between
Europa and Io of 2:1.
Another example of orbital resonance may exist
between Mercury and Jupiter in the future. Despite Jupiter
being, on average, some 778 million kilometres distant
from the Sun, the innermost planet is still susceptible to
Jupiter’s gravitational influence. Mercury’s perihelion (the
closest point to the Sun in its orbit) precesses at a rate that is
similar to, albeit a bit faster, than that of Jupiter’s perihelion.
Should the two rates ever have the same value, constant tugs
on Mercury’s orbit from Jupiter’s gravity will accumulate
over many thousands and millions of years, eventually
elongating Mercury’s orbit (i.e. increase its eccentricity) to
a point that it collides with Venus or the Earth, or is ejected
from the Solar System.

What are the odds?
It is the accumulation of resonances within the Solar System
that makes calculating the exact fate of the planets many
billions of years into the future an ultimately fruitless task.
However, this has not stopped many astronomers, including
Jacques Laskar of the Astronomie et Systèmes Dynamiques
at the Observatoire de Paris, from trying to gain some
understanding of the ultimate fate of the Solar System.
It has been over 25 years since Laskar’s research first
descended into chaos. In the late 1980s he published a
landmark paper showing that the Solar System really is
a chaotic place and that this chaos inhibits the ability to
accurately predict the precise future positions of the planets
on time-scales spanning millions of years or more. Over the
years Laskar has refined his method and has produced results
that, as well as being repeatedly verified independently by
other researchers, have shocking implications to life on Earth
in the far future.
Laskar has used numerical integrations of averaged
equations of motions to calculate the orbital positions of the
Solar System’s planets some five billions years in the future.
The Sun is 4.64 billion years old with an expected lifetime
of some 10 billion years and, by projecting his models so
far into the future, Laskar seeks to understand the likely
configurationof the planets as the Sun approaches its death.
In his model, Laskar has tried to reproduce reality to the
highest degree of accuracy possible by including the latest
observations and measurements of the masses of the planets
(including Pluto) and moons, as well as including Einstein’s
relativistic model of gravity.
While Poincare showed that it is not possible to calculate
the exact outcome to any system with more two orbiting
bodies, Laskar has determined the probability of various
fates of the Solar System by running his simulation more
than 2,500 times. The results of his work have very stark
implications for Earth’s ultimate fate.
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The Solar System in chaos

Planet pinball
One to two percent of the solutions show that Mercury’s
orbit will reach eccentricities larger than 0.6, which is large
enough to cross the orbital path of Venus and thus increase
the rate of interactions between the other inner planets.
Within these outcomes, the inner Solar System is sent into
disarray and Mercury is either ejected into space or collides
with the Sun or Venus. Furthermore, in some of the
possible outcomes, increased interactions in the inner Solar
System cause Venus to crash into the Earth, while others
see the ejection of Mars into deep space. Another outcome
saw a close encounter between Earth and Mars of only 800
kilometres, which is about the distance between Liverpool
and Paris. Such a close approach would devastate all life on
Earth and tidally disrupt Mars, leading to multiple impacts
upon the Earth’s surface.
Similar results have been calculated by other groups,
including Gregory Laughlin and Konstantin Batygin
of the University of California in Santa Cruz. In their
simulations (as well as Laskar’s) the trigger for the
collisional trajectories of Mars and Venus with the Earth
is the increase in Mercury’s eccentricity. Because Mercury
and Mars possess smaller masses than Venus and Earth,
they are thrown about much easier and thus more likely to
collide with another planet or be ejected out into space.

“THE INNER SOLAR SYSTEM
IS SENT INTO DISARRAY AND
MERCURY IS EITHER EJECTED INTO
SPACE OR COLLIDES WITH THE
SUN OR VENUS”

▲ A schematic of synchronous rotation. Notice how the axial rotation of the planet (signiied
by the arrow) matches the orbital period of the planet (give or take the effects of libration
caused by the elliptical orbit). This is a product of the spin-orbit resonance. AN graphic by
Greg Smye–Rumsby.
▼ As the largest planet in the Solar System by far, Jupiter’s gravity reigns as far as little
Mercury and is the chief agitator when it comes to planetary instability. Image: NASA/ESA.

Both groups have found that in 98–99 percent of
outcomes, the Solar System remains stable more than five
billion years in the future. However there is still a small,
yet non-negligible, chance that Earth may encounter a
very violent end. Such odds are small but not impossible,
nor improbable, especially when you compare the odds
with other rare and bizarre events. For example, the odds
of being hit by lightning are 576,000:1, while catching
a foul ball at a baseball game is about 563:1. Indeed, the
future odds of Earth colliding with Venus and being blown
to a billion little pieces are almost a thousand times higher
than you ever dating a supermodel (odds are 88,000:1)!
So, the ultimate fate of the Earth and indeed the
planets will always have a degree of uncertainty. Because
of the chaotic nature of the seemingly simple arrangement
of the Solar System, all we can ever hope to know is
the probability of a certain fate. The odds are that the
Solar System is quite stable and that the Earth will still
be orbiting the Sun much like it is now by the time the
Sun expires. However, this is not a certainty and there is
a small, but not insignificant chance that the Earth may
collide with another planet, maybe Venus or Mars, in an
event that would be utterly catastrophic for any life still
clinging to existence at that time.
Zach Cano is a post-doctoral researcher at the University of Iceland
and is a freelance science journalist.

February 2013 | Astronomy Now | 35

32_SolarSystemStability_Feb13.indd 35

07/01/2013 18:31

DARK ENERGY SEPTEMBER 63

62

view

EXPANDING THE

One of the biggest galaxy surveys ever carried
out has brought us closer to understanding the
enigma of dark energy. We look at what it
has revealed and what is still to be uncovered
NASA/WMAP SCIENCE TEAM, NASA/N. BENITEZ (JHU) T. BROADHURST (RACAH INSTITUTE OF PHYSICS/THE HEBREW UNIVERSITY) H. FORD
(JHU), M. CLAMPIN (STSCI) G. HARTIG (STSCI) G. ILLINGWORTH (UCO/LICK OBSERVATORY) THE ACS SCIENCE TEAM AND ESA

WORDS: ZACH CANO

D

ark energy is one of the most baffling
puzzles in modern cosmology. The
Universe is thought to be more than
75 per cent dark energy, but scientists
have yet to define it. Crucial questions about its
nature still need to be answered. Why is there
so much of it? Is there more now than in the
past? Where does it come from? Now a team of
astrophysicists have taken a definitive step forward
in understanding how dark energy has shaped
our past and how it may shape our future.
The modern cosmological model is built on
our understanding of gravity and quantum
mechanics, which has been confirmed by many
crucial observations. One of the most important
of these was made by the Cosmic Background
Explorer (COBE) satellite, which observed tiny
temperature fluctuations in the cosmic microwave
background. These fluctuations were predicted
by the Standard Model – the best accepted
explanation of how elementary particles interact
– and are expected to be the basis upon which all
structure in the Universe is derived.
Another important observation was made by
two teams led by American astrophysicists Adam
Riess and Saul Perlmutter in 1997; they showed
that not only is the Universe expanding, but that it >

Þ The BOSS survey uses the effects

from the Universe’s distant past to
trace the history of dark energy
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WHAT ARE BARYON ACOUSTIC OSCILLATIONS?
In the early Universe, normal (‘baryonic’)
matter existed in a hot plasma that trapped
all photons within it. The Universe was also
very smooth, with only small density
differences existing from place to place.
Over time, denser regions gravitationally
attracted matter towards them, but the
gravitational force was counteracted by a
pressure force from the hot plasma. This made

the matter oscillate: first it was pulled towards
the denser regions and overshot them, only to
be pulled back again. This oscillation produced
acoustic sound waves, which astronomers call
baryon acoustic oscillations.
Around 400,000 years after the Big Bang,
the Universe cooled enough to allow protons
and electrons in normal matter to escape the
plasma and form hydrogen. The distance that

the baryon acoustic oscillations travelled was
limited by the amount that the Universe had
expanded up to this point, and details of this
limit were imprinted on the trapped photons
before they escaped out into space. So the
signatures of the oscillations allow us to
glimpse the end of an early chapter of the
Universe, when it was still opaque and light
couldn’t travel freely, as it has done ever since.
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primeval radiation still exists today in the form
of cool microwaves. We refer to it as the cosmic
microwave background.
The photons that escaped were measured by the
COBE mission in the 1990s and more recently
by the Wilkinson Microwave Anisotropy Probe
(WMAP). They reveal that the early Universe
was incredibly smooth, with density differences
of only one part in 1,000. This is drastically
different to how the Universe appears today,
with vast voids and massive clusters of galaxies
that are one million times denser than the
mean cosmic density.

20h

Blots on the soundscape

4h

BOSS
coverage
to date in
distance (redshift)
and right ascension

0h

THE UNIVERSE SURVEYOR
So far, BOSS has measured the
redshifts of 327,349 galaxies over a
region of 3,275 square degrees. The
final survey, expected in 2014, will
map the positions of over 1.5 million
galaxies and cover more than 10,000
square degrees – a quarter of the total
area of the night sky. In doing so it will
look back to a time just six billion
years after the Big Bang.
BOSS’s map shows that galaxies
and clusters of galaxies are clumped
together into walls and filaments, with

ILLUSTRATION BY PAUL WOOTTON, DAN LONG/SENIOR OPERATIONS
ENGINEER/APACHE POINT OBSERVATORY, MICHAEL BLANTON (NYU)

Illustrating the concept of baryon
acoustic oscillations, sound waves
imprinted in the early Universe
are still seen today thanks to BOSS

> is doing so at an accelerated rate. This work relied
on a particular kind of supernova, Type Ia, the fatal
explosion of a white dwarf star. These supernovae
behave in almost the same way every time they
occur. Because they’re so predictable, they’re called
‘standard candles’ and are used to measure the
distances to objects across the Universe.

A new riddle
Riess and Perlmutter observed that the
Type Ia supernovae that occurred in distant
galaxies were fainter than expected. They
concluded that the expansion of space
during the time it took light to travel from
the supernova to Earth was much greater
than could be accounted for by a constant
expansion rate, and so the idea of an
unknown force driving the acceleration
of this expansion – dark energy – was born.
skyatnightmagazine.com 2012

þ The Sloan Telescope
at the Apache Point
Observatory is one of
BOSS’s eyes on the sky

Additional clues to dark energy come in the
form of the geometrical shapes of the vast swathes
of galaxy clusters. The rate at which these largescale structures grow is directly related to
the amount of dark energy there is in the
Universe. Therefore, if you can precisely
map a large portion of the night sky, you
can use the map to narrow down how
much dark energy there was at different
times in the Universe’s past.
This is exactly what a team led by
David Schlegel of the Lawrence Berkeley
National Laboratory in California is
currently doing. His team used the
2.5m Sloan Digital Sky Survey-III
telescopes and spectrometers at Apache
Point Observatory in New Mexico, US,
to conduct a vast galaxy study called the
Baryon Acoustic Oscillation Spectroscopic

vast voids between them. These
structures grew out of minute variations
in density that existed in the early
Universe and bear the imprint of
baryon acoustic oscillations in their
structure. Using this map, astronomers
can plot the number of galaxy pairs
against separation distance to
measure the most likely separation of
all of the galaxy pairs. It’s this value
that gives an indication of the amount
of dark energy present in the Universe
when it was only half its present age.

Survey (BOSS). It is the most accurate map yet of
galaxies in the farthest reaches of space. Using this
map, Schlegel’s team hopes to understand
the behaviour of dark
energy throughout the
history of the Universe.
Rewinding the cosmic
videotape back to 400,000
years after the Big Bang
puts this BOSS research
in context. Conditions in
the early Universe were
much hotter and denser
than they are today. Energetic protons and electrons
filled space in a hot plasma, trapping light inside
it, so that photons ricocheted off the energetic
subatomic particles in an eternal game of cosmic
pinball. As the Universe expanded over time it also
cooled and, after almost 400,000 years, the protons
and electrons combined to form neutral hydrogen
atoms, allowing light to escape out into space. This

But how does a very smooth Universe end
up so clumpy? It all has to do with the subtle
density differences in the early Universe. The
tiny overdensities that existed before the photons
broke free gravitationally attracted surrounding
matter. But this gravitational force was offset
by a pressure imbalance from the photons and
heat trapped in the hot plasma. This pressure
was so great that the overdensities did not grow
under gravity but instead oscillated to produce
acoustic sound waves, which astronomers call
baryon acoustic oscillations (see box, page 42).
Over time, these regions are far more likely
to be sites where galaxies have formed. Overdense
regions formed all over the Universe and many
spherical, acoustic waves overlapped. It’s like
throwing a pebble into a pond – it will cause a
ripple that spreads outwards. In the case of the
Universe, there are billions of pebbles causing
ripples everywhere.
Like a cosmic bagpipe, the Universe produced
a cacophony of these sound waves. But the plasma
(and the sound waves) disappeared when neutral
hydrogen formed 400,000 years after the Big Bang,
so there is only a finite distance that the sound
waves could have travelled in that time. This is
called the ‘sound horizon scale length’. When the
Universe cooled and the photons escaped out into
space, they retained an imprint of this distance.
So how big was the
Universe back then?
One of the most
accurate measurements
was determined using
observations made by
WMAP, which found
the scale length to be
about 150 megaparsecs
– equivalent to 489 million
lightyears. This gave a ruler similar to standard
candles, which has been useful when making
measurements of galaxy distributions.
Armed with this standard ruler, Schlegel and his
team are using the BOSS map as a geometric probe
to trace out the history of the Universe’s expansion,
producing a graph that plots the number of galaxy
pairs against the distance between them. This >

“The rate at which large-scale
structures grow is related to
the amount of dark energy
there is in the Universe”
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Schlegel adds: “We’ve made precision
measurements of the large-scale structure of the
Universe five to seven billion years ago. We’re
pushing out to the distances when dark energy
turned on, where we can start to do experiments
to find out what’s causing accelerated expansion.’’
In this early epoch, gravity was the dominant force
and all the baryonic matter – in other words, ordinary
matter – in the Universe held back the repulsive force
of dark energy. Six billion years ago, the Universe
underwent a very fundamental change: as it
continued to expand, matter was forced farther
apart to the point that dark energy became the
dominant force. It still dominates the Universe
today, causing the fabric of space-time between
galaxies to expand at an ever-increasing rate.
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Enduring enigma

> shows that there is a most likely distance that
galaxy pairs will be separated, which depends on
the amount of dark energy in the Universe. And
how precisely one can measure this separation
depends on accurately knowing the distances to
the galaxies in the first place.
“BOSS’s first major cosmological results establish
the accurate three-dimensional positions of 327,349
massive galaxies across 3,275 square degrees of
the sky – the largest sample of the Universe ever
surveyed at this high density,’’ says Martin White of
the University of California, Berkeley, and chair of
the BOSS science survey teams.

Þ The BOSS results will
give a realistic view of the
Universe’s large-scale
structures, illustrated here

While the history of dark energy is being
pieced together and much more detail is being
uncovered about its effects, the question of what
it is still remains. Some of the leading contenders
include Albert Einstein’s cosmological constant,
quintessence and extra dimensions of space.
Einstein famously called the cosmological
constant his greatest blunder. He originally included
it in his general theory of relativity as a way of
explaining a static Universe. In his theory, the
gravitational effect of matter caused an acceleration,
something he did not want. So he introduced a
constant to counteract this acceleration.
The cosmological constant is attributed to energy
that exists in the vacuum of space. It is constant
everywhere in the Universe and has negative pressure.
But when scientists calculated the amount of vacuum
energy using quantum mechanics, they found that
there was at least 10120 times too much, so it was
quickly dismissed as a candidate for dark energy.

The expert
Dr Richard Battye of the Jodrell Bank Centre for Astrophysics plans to use the capabilities
of the Square Kilometre Array (SKA) to further investigate dark energy
How will your
research into dark
energy be helped
by the SKA?
My research
is focused on
trying to probe
fundamental
physics using
astronomical
observations. Until recently this has largely
involved using observations of the cosmic
microwave background to investigate theories
of structure formation and the fundamental
parameters of the Universe.
I have worked on theoretical models for
dark energy for some time. Probing models of
dark energy using observations is a hot topic
in cosmology and many instruments are being

skyatnightmagazine.com 2012

designed to do this, including Euclid and the
SKA. I am becoming involved in these projects,
although both are years from completion.
What’s the SKA’s current state of development?
The SKA board recently made the decision
to split the site over the two competing
locations in Australia and South Africa.
Both countries are building precursor
instruments, called ASKAP and MeerKAT
respectively, and the first phase of
construction will involve extensions to
these instruments. We’re likely to be getting
the first substantial results for cosmology
approximately 10 years from now.
What science will the SKA be involved with?
I am part of the wider community hoping to
benefit from the surveys the SKA will perform.

There are many possible ways this data could
be used for cosmological research, but two
main ones. Firstly, to measure baryon acoustic
oscillations in order to constrain dark energy;
the SKA will use the 21cm spectral line, the
wavelength of radiation given off when
hydrogen atoms change energy levels, to
do this. Secondly, the SKA will use weak
gravitational lensing, the distortion of
background galaxies by the invisible mass of
dark matter and dark energy that’s between
the source and observers on Earth. This is
done by measuring the shapes of many
galaxy images, which allows us to measure
the amount of dark matter and energy along
the line of sight between us and the galaxies.
We’re going to practice this by performing
a survey using the e-MERLIN radio telescope
array in the UK. This will start in the autumn.

Could it be quintessence then? According
to this theory, dark energy is a scalar field that
exists everywhere in the Universe – a scalar field
being a region where every point has a particular
value, the same way that every point in a room
has a particular temperature. In the case of the
Universe, this implies that different values of dark
energy may exist in different regions. A more
dynamic explanation for dark energy would be
easier to digest by many
astronomers, but more
research is needed to
understand if a
quintessence-like
dark energy is compatible
with other elements of
the Big Bang theory.
Another, more exotic
theory for what dark
energy is comes from string theory. While quantum
mechanics overestimates the cosmological constant,
the calculation made using string theory comes up
with a value much closer to what is observed. It has
been suggested that quantum fluctuations, which
give the vacuum itself an energy, are confined to
extremely small extra dimensions other than the
three we’re used to. These extra dimensions are so

Þ The Square Kilometre
Array will start producing
cosmologically substantial
results in around 10 years

small that they restrict the strings, allowing them to
vibrate only at certain frequencies, which reduces
the amount of energy they possess.
Never has research into dark energy been so
exciting. While Schlegel and his team are expecting
to finish their survey in 2014, future missions are
also being planned. One such mission is Euclid,
which will study both dark matter and dark energy
with high precision, tracing its distribution and
evolution throughout the
Universe. Euclid will map
the three-dimensional
distribution of up to
two billion galaxies with
the aim of plotting the
evolution of large-scale
structures in the Universe
and the role of dark energy
in their formation.
Also planned is the Square Kilometre Array,
which will be built in South Africa and Australia.
This massive radio telescope will survey the sky
to look for the signature of dark energy in the
structure of the Universe. These missions, coupled
with the remaining two-thirds of BOSS that’s
yet to be completed, will take us a step closer to
deciphering the enigma of dark energy. S

“While the history of dark
energy is being pieced
together, the question of
what it is still remains”
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