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Visualizing dark energy
When I looked through the list of astronomy-related press releases I had
collected during the month of July 2016, my eye was caught by a number of
research achievements related to visualizing the effects of dark energy— the
force (or, more correctly, the ‘pressure’) that is driving the accelerated expansion
of the Universe. The evolution of the Universe on the largest scales is a hot topic
of current interest, so this seemed like an appropriate subject for this month’s
AstroTalk.
Scientists in the UK recently developed a quick method for making accurate,
virtual universes, aimed at understanding the effects of ‘dark matter’ and ‘dark
energy’. Making up 95% of our Universe, these substances have profound effects
on the birth and lives of galaxies and stars, yet almost nothing is known about
their physical nature. While the effects of dark matter are most easily observed
based on the motions of massive clusters of galaxies—which imply that a lot
more mass is needed than can be accounted for in stars and galaxies—since the
early 1990s, the consensus view is that the accelerated expansion of the
Universe is driving by what is referred to as ‘negative pressure’, more commonly
known as dark energy. We know even less about the nature of this dark energy
than about dark matter, and given that both make up most of the mass and
energy in the Universe, that’s rather embarrassing!
The new approach developed by these UK scientists turns out to be 25 times
faster than current methods but it is just as accurate, allowing scientists more
computer power to focus on understanding why the Universe is accelerating and
galaxies are positioned where they are.
“To uncover the nature of dark energy and the origin of our 14 billion year old
accelerating universe, we have to compare the results from big studies to
computational models of the Universe,” explained Dr Andrew Pontzen from
University College London.
“Exciting new ventures, including the Large Synoptic Survey Telescope and the
Javalambre Physics of the Accelerating Universe survey, are on the horizon, and we
want to be ready to do the best possible job of understanding them”, added Dr Raul
Angulo of the Centro de Estudios de Física del Cosmos de Aragón (Centre for
Studies of the Physics of the Cosmos, Aragón) in Spain.
Dr Pontzen continued: “But every computer simulation we run gives a slightly
different answer. We end up needing to take an average over hundreds of
simulations to get a ‘gold standard’ prediction. We’ve shown it’s possible to achieve
the same model accuracy using only two carefully constructed virtual universes, so
a process that would take weeks on a superfast computer, can now be done in a

day.”
The scientists say that their method will speed up research into the unseen
forces in the Universe by allowing many model universes to be rapidly
developed to test alternate versions of dark energy and dark matter.
“Our method allows cosmologists to run more creative experiments which weren’t
feasible before due to the large amount of computer time needed. For example,
scientists can now generate lots of different models of dark energy to find the one
which best explains real-world survey data. We could also use this approach to see
how individual galaxies look and fit inside the overall structure of the Universe by
spending the freed-up time on computing the virtual universes in much greater
detail,” said Dr Pontzen.
The new method removes the most important uncertainties in the model
universe by comparing its properties with an ‘inverted’ version. In the inverted
model universe, galaxies are replaced by empty voids, and the empty voids in
real space with galaxies. The scientists tried this approach after noticing a
mathematical symmetry linking the two seemingly different pictures.
When they compared the output of the paired universes to that of the goldstandard method, they found the results to be very similar. The new approach
showed less than 1% deviation from the gold standard, suggesting that the new
approach makes predictions that are accurate enough to use in forthcoming
experiments.
“In addition to the reversal process, we also adjust the ripples of the early Universe
to carefully chosen values, to further eliminate inaccuracies,” added Dr Angulo.
The team now plan on using the new method to investigate how different forms
of dark energy affect the distribution of galaxies throughout the Universe.
“Because we can get a more accurate prediction in a single shot, we don’t need to
spend so much computer time on existing ideas and can instead investigate a much
wider range of possibilities for what this weird dark energy might really be made
of,” said Dr Pontzen.
Meanwhile, complementing this computational progress, an international team
of astronomers has created the largest ever observational three-dimensional
map of distant galaxies in a separate bid to help them understand dark energy.
Scientists, including a team led by Dr Florian Beutler at the University of
Portsmouth’s Institute of Cosmology and Gravitation (UK), have spent a decade
collecting measurements of 1.2 million galaxies as part of the Sloan Digital Sky
Survey III (SDSS-III). This will allow them to make the most precise
measurements to date of dark energy.
Dr Beutler said: “This extremely detailed three-dimensional map represents a
colossal amount of work. We have gathered measurements of galaxies making up a
quarter of the sky. Using this map we will now be able to make the most accurate
possible measurements of dark energy, and the part it plays in the expansion of the

Universe.”
The new measurements were carried out by the Baryon Oscillation
Spectroscopic Survey (BOSS) program of SDSS-III. Shaped by a continuous tugof-war between dark matter and dark energy, the map revealed by BOSS allows
astronomers to measure the expansion rate of the Universe and thus determine
the amount of matter and dark energy that make up the present-day Universe.
BOSS measures the expansion rate of the Universe by determining the size of the
so-called ‘baryonic acoustic oscillations’ (BAOs)—clustering of ‘normal’ matter
on characteristic scales caused by sound waves which propagated in the early
Universe—in the three-dimensional distribution of galaxies. The original BAO
size is determined by pressure waves that travelled through the young Universe
up to when it was only about 400,000 years old, at which point they became
frozen in the matter distribution of the Universe.
Measuring the distribution of galaxies since that time allows astronomers to
measure how dark matter and dark energy have competed to govern the rate of
expansion of the Universe. To measure the size of these ancient giant waves to
such high precision, BOSS had to make an unprecedented and ambitious galaxy
map, many times larger than previous surveys. At the time the BOSS programme
was planned, dark energy had been previously determined to significantly
influence the expansion of the Universe starting about 5 billion years ago. BOSS
was thus designed to measure the BAO features from before this point (7 billion
years ago) to a time closer to the present day (2 billion years ago).
Dr Beutler said: “If dark energy has been driving the expansion of the Universe
over that time, our maps tells us that it is evolving very slowly, if at all. The change
is at most 20% over the past seven billion years.”
Dr Rita Tojeiro, of the University of St Andrews (UK), a partner in the project,
added: “We see a dramatic connection between the sound wave imprints seen in
the cosmic microwave background 400,000 years after the Big Bang to the
clustering of galaxies 7–12 billion years later. The ability to observe a single wellmodelled physical effect from recombination [the epoch when the Universe was
about 400,000 years old] until today is a great boon for cosmology.”
The map also reveals the distinctive signature of the coherent movement of
galaxies toward regions of the Universe with more matter, due to the attractive
force of gravity. Crucially, the observed amount of infall of matter towards those
regions with very high densities is explained well by the predictions of Einstein’s
Theory of General Relativity. This agreement supports the idea that the
acceleration of the expansion rate is driven by a phenomenon on the largest
cosmic scales, such as dark energy, rather than a breakdown of gravitational
theory.
Dr Jeremy Tinker, of New York University (USA), added: “BOSS has marked an
important cosmological milestone, combining precise clustering measurements of
an enormous volume with extensive observations of the primary cosmic microwave

background to produce a firm platform for the search for extensions to the
standard cosmological model. We look forward to seeing this programme extended
with the coming decade of large spectroscopic surveys.”
The quest to understand the nature of the mysterious dark energy has indeed
reached a new high in recent years. Prior to the publication of this latest threedimensional map, several teams around the world had attempted to tackle the
nature of dark energy by observing large numbers of galaxy clusters, the largest
structures in the Universe held together by their mutual gravity. Last year,
telescopes of the European Southern Observatory in Chile provided an
international team of astronomers with the gift of the third dimension in a
massive hunt for galaxy clusters.
Galaxy clusters are massive congregations of galaxies that host huge reservoirs
of hot gas—the temperatures are so high that X-rays are produced. These
structures are useful to astronomers because their construction is believed to be
influenced by both dark matter and dark energy. By studying their properties at
different stages in the history of the Universe, galaxy clusters can shed light on
the Universe’s poorly understood dark side.
The team, consisting of over 100 astronomers from around the world, started a
hunt for the cosmic monsters in 2011. Although the high-energy X-ray radiation
that reveals the clusters’ locations is absorbed by the Earth’s atmosphere, it can
be detected by X-ray observatories in space. Thus, they combined a European
Space Agency XMM–Newton survey with observations from Earth. The result is a
huge and growing collection of data across the electromagnetic spectrum,
collectively called the XXL survey.
“The main goal of the XXL survey is to provide a well-defined sample of some 500
galaxy clusters out to a distance when the Universe was half its current age,”
explained XXL principal investigator Marguerite Pierre of the French Atomic
Energy Agency.
The XMM–Newton telescope imaged two patches of sky—each one hundred
times the area of the full Moon—in an attempt to discover a huge number of
previously unknown galaxy clusters. Ground-based observations in visual light
from Chile were also used to carefully analyse the light coming from galaxies
within these galaxy clusters. Crucially, this allowed the team to measure the
precise distances to the galaxy clusters, providing the three-dimensional view of
the cosmos required to perform precise measurements of dark matter and dark
energy.
With many complementary efforts now well underway, we can look forward to
rapidly gaining new insights into some of the most poorly understood puzzles in
the Universe—the nature of dark energy. These are exciting times, and with the
impressive combined brain power of many of the world’s smartest scientists, we
may be on the verge of a major breakthrough in our understanding of the
Universe on the largest scales. Food for thought indeed…

Figure 1: This false-colour image of the large-scale structure in a computerized Universe reveals the
process behind the newly developed technique. On the left, a regular virtual universe has the locations of
galaxies highlighted in blue, showing how they cluster together. In the early Universe (centre), the
relationship between these blue regions and the orange regions that expand into empty voids was
symmetric. This allows a reverse version of the cosmos to be built (right) where the galaxies now inhabit
the regions that used to be empty voids. The latest results show how combining results from the original
and reverse virtual universes is a quick way to make accurate predictions for the real cosmos. (Credit:
Andrew Pontzen, University College London)

Figure 2: A slice through the map of the large-scale structure of the Universe from the Sloan Digital Sky
Survey and its Baryon Oscillation Spectroscopic Survey. Each dot in this picture indicates the position of a
galaxy six billion years into the past. The image covers about 1/20th of the sky, a slice of the Universe 6
billion light-years wide, 4.5 billion light-years high, and 500 million light-years thick. Colour indicates
distance from Earth, ranging from yellow on the near side of the slice to purple on the far side. (Credit:
Daniel Eisenstein and SDSS-III)

Figure 3: The Sloan Digital Sky Survey and its Baryon Oscillation Spectroscopic Survey has transformed a
two-dimensional image of the sky (left panel) into a three-dimensional map spanning distances of billions of
light years, shown here from two perspectives (middle and right panels). This map includes 120,000
galaxies over 10% of the survey area. The brighter regions correspond to the regions of the Universe with
more galaxies and therefore more dark matter. (Credit: Jeremy Tinker and SDSS-III)

Figure 4: This image shows the XXL-South Field (or XXL-S), one of the two fields observed by the XXL
survey. XXL is one of the largest quests for galaxy clusters ever undertaken and provides by far the best view
of the deep X-ray sky yet obtained. The area shown in this image was obtained with some 220 XMM–Newton
pointings and, if viewed on the sky, would have a two-dimensional area a hundred times larger than the full
Moon (which spans one half degree), and that is without taking into account the depth that the survey
explores. (Credit: ESA/XMM–Newton/XXL survey consortium/S. Snowden, L. Faccioli, F. Pacaud)

Figure 5: Supercluster detected in field XXL-N. The supercluster consists of five groups of galaxies at
redshift z~0.45 (the redshift was measured with the Very Large Telescope, European Southern
Observatory). The inserts show the five individual groups in optical images extracted from the Canada–
France–Hawaii Telescope Legacy Survey. (Credit: XXL Collaboration)

Figure 6: These four galaxy clusters were part of a large survey of over 300 clusters used to investigate
dark energy. In these composite images, X-rays from NASA’s Chandra X-ray Observatory (purple) have been
combined with optical light from the Hubble Space Telescope and Sloan Digital Sky Survey (red, green, and
blue). Researchers used a novel technique that takes advantage of the observation that the outer reaches of
galaxy clusters show similarity in their X-ray emission profiles and sizes. That is, more massive clusters are
simply scaled up versions of less massive ones, similar to Russian dolls that nest inside one another. The
amount of matter in the Universe, which is dominated by dark matter, and the properties of dark energy
(what astronomers call cosmological parameters) affect the rate of expansion of the Universe and,
therefore, how the distances to objects change with time. If the cosmological parameters used are incorrect
and a cluster is inferred to be travelling away faster than the correct value, then a cluster will appear to be
larger and fainter due to this ‘Russian doll’ property. If the cluster is inferred to be travelling away more
slowly than the correct value, the cluster will be smaller and brighter than a cluster according to theory.
(Credit: X-ray: NASA/CXC/Univ. of Alabama/A. Morandi et al; Optical: SDSS, NASA/STScI)

