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SIMULATING FLOWS
BETWEEN CLUSTERED
GALAXIES
The spaces in between galaxies may be unimaginably vast, but
within galactic clusters, they are far from empty. Rather, these
expanses are home to a wide range of interplaying, often violent
plasma dynamics. In his research, Dr Tom Jones at the University
of Minnesota plans to use cutting-edge computer techniques
to simulate these processes – shedding new light on physical
properties that have eluded astronomers so far. His team’s research
will not only give crucial insights into some of the largest structures
in the known universe, but will also capture the public imagination,
and inspire a diverse new generation of astronomers.
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Galaxy Clusters
The sheer sizes of galaxies are far too
vast for our minds to grasp. Our Milky
Way alone contains hundreds of billions
of stars, and spans 185,000 lightyears in
diameter. However, even galaxies are
not the largest known structures in the
universe.
Around 10 billion years ago, several
billion years after they first formed,
large groups of galaxies began to cluster
together – pulled in to each other by
their mutual gravitational attraction.
Today, these colossal structures
can contain between hundreds and
thousands of galaxies. Our own galaxy,
for example, forms a small part of the
Virgo supercluster – one of roughly 10
million clusters scattered across the
known universe.
In the expansive regions between
clustered galaxies, there exist stretches
of superheated plasma named the
‘intracluster medium’ (ICM), which is
heavily influenced by gravitational
interactions between galaxies and
broadly distributed but invisible ‘dark
matter’, whose gravity is so-far, the

only known link to other matter. As
clusters form, vast amounts of energy
are released into the ICM, forcing its
plasma to flow in strange and often
unpredictable ways. Dr Tom Jones at
the University of Minnesota aims to
study this diverse range of physical
processes – though not by observing
them directly, as most astronomers are
used to.
Flows in the Intracluster Medium
Shockwaves are a well-known aspect of
fluid dynamics. They are often observed
on Earth in the form of pressurised air
waves named sonic booms, which form
as fast-moving aircraft break the sound
barrier. We can also readily feel the
effects of disorderly flows of fluid named
turbulence – experienced when flying a
plane through a storm, or rafting down
a fast-moving river. On far larger scales,
similar effects can arise in the ICM as
surrounding galaxies jostle for space
within their clusters.
Following decades of observations of
the radiation emitted by ICM plasma,
astronomers have discovered that
shocks and turbulence can form across
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a vast range of scales within galactic
clusters – producing an abundance of
unusual shapes and structures. These
include vast, stable jets emanating
from the centres of galaxies, which
mysteriously bend far out into
intergalactic space; tails with distinctive
ribs and tethers; and rings surrounding
interacting spirals of diffuse material. Yet
so far, researchers have met significant
challenges in interpreting these
observations.

Since astronomers ultimately have no
control over what they discover as they
scan the sky, relying on observations
alone is not always the best way to
answer these sorts of questions. Instead,
Dr Jones and his team have set out an
innovative and wide-reaching proposal
for a theoretical research program. Their
approach will be based on a cuttingedge, high-performance computer
simulation toolkit named WENOWOMBAT: the culmination of years of
previous research by Dr Jones and his
colleagues. Through their simulations,
they will carry out three complementary
efforts to answer each of their initial
questions.
Capturing Cluster Evolution

Optical image from the Sloan Digital Sky Survey of several galaxies in the Perseus Cluster
overlaid with the image of the radio jets formed by the massive black hole in one of those
galaxies (NGC 1272). These radio jets have been highly deformed as they propagated
through the cluster. CREDIT: M.-L. Gendron-Marsolais (ESO), C. L. H. Hull (NAOJ), R. Perley
(NRAO); NRAO/AUI/NSF; Sloan Digital Sky Survey.
A Tangle of Cross-talk
The complexity of the problem faced by
astronomers stems from the secondary
effects of plasma flows in the ICM. As
they form, these motions generate
both magnetic fields, and streams of
high-energy protons, atomic nuclei and
electrons, named cosmic rays, which
each travel far out into space. In turn,
both of these effects can influence the
dynamics of other plasma flows in the
ICM, altering the characteristics of their
own magnetic fields and cosmic rays.
Ultimately, these interactions create
an intricate web of cross-talk between
different structures, which can be
incredibly difficult for astronomers to
disentangle using their observations
alone. This has created a number
of difficult questions regarding the
formation and evolution of flows in the
ICM, which researchers have mostly

been unable to answer. So far, therefore,
the processes that came to form the
jets, tails, and spirals of the ICM have
largely remained a mystery.
Setting Out Key Questions
In their proposal, Dr Jones and his
colleagues have distilled the problems
surrounding ICM observations into
three key questions. Firstly, how
can astronomers find and trace the
structures produced by shocks and
turbulence in the ICM, and physically
interpret their observations? Secondly,
how can they establish the origins of
these flows and their secondary effects,
and determine how they are connected
to each other? And finally, how can they
pin down the physical processes that
define the interplays between these
flows? Finding answers to each of these
questions in turn will prove crucial to
understanding the underlying physics of
galaxy clusters.
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WENO-WOMBAT is capable of
simulating two particularly important
and challenging aspects of the ICM. One
of these is ‘magnetohydrodynamics’ –
which studies the continually changing
magnetic fields generated by electrically
conducting fluids, including plasma
such as the ICM. In addition, the toolkit
can recreate the transport of cosmic
rays through intergalactic space.
Dr Jones predicts that using the new
WENO-WOMBAT toolkit, these simulated
effects will successfully capture for
the first time the secondary effects of
flows in the ICM. Moreover, the high
resolution of the toolkit will simulate
flow dynamics on scales of less than
1,000 lightyears – around the diameter
of a single galaxy – and also the scales
on which key ICM properties, such as
electric conductivity are established.
This will enable the team to account
realistically for the motions of each
galaxy in a large cluster, as they pull
each other through the ICM by mutual
gravitational attraction.
In the first of their proposed
complementary efforts, the researchers
will use these advanced capabilities
to simulate the evolution of the
occasionally-violent encounters
between ICM flows, and radio galaxies
embedded in the ICM. These galaxies
contain supermassive black holes in
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their centres, which emit vast quantities of radio waves from
each of their poles – perpendicular to the galaxy’s flat disc. As
the techniques and apparatus used by radio astronomers have
improved, such galaxies are now being discovered at a growing
rate. By better accounting for the energy that they transfer
into the ICM, astronomers will be far more well-equipped to
determine how different flow structures arise.
Establishing Links
In their second, complementary, proposed effort, Dr Jones
and his colleagues will model the physics of ‘synchrotron’
radiation, which is created when extremely fast-moving
electrons are accelerated in spiral paths as they pass through
magnetic fields. Since this radiation doesn’t depend on the
temperature of its source, as is the case for most radiation, it is
a powerful probe of intergalactic magnetic fields where plasma
is present. Therefore, the researchers hope that the results of
their simulations will allow them to determine how strongly this
radiation is linked to cosmic ray emissions, as well as dynamics
in the ICM.

Commitment to Public Engagement
Beyond their immense value to astronomers, the simulations
produced by WENO-WOMBAT will also be visually striking –
creating a unique opportunity for the team to engage the public
with cutting-edge research in astronomy. Previously, Dr Jones
was part of the team behind the citizen science project Radio
Galaxy Zoo, through which the public could look through the
images gathered by radio telescopes to identify new galaxies.
Extending this role, he will now aim to communicate his
team’s research with the help of the University of Minnesota’s
Planetarium, and the Bell Museum of Natural History.
Dr Jones and his colleagues hope that a series of live shows at
the Planetarium will offer the public a captivating view of the
simulations, providing an innovative new way for them to learn
about their findings. Combined with further efforts, including
public talks and social media outreach, this proposal will give
the public unprecedented access to knowledge, and fresh
insights into how theoretical physicists carry out their work.
Academic and Public Benefits

In their third and final effort, the team will carry out universescale magnetohydrodynamics simulations, with the aim
of reliably capturing the formation of the ICM structures
being studied and their magnetic fields in selected galaxy
clusters. This will enable them to better relate the structures
observed by astronomers to the dynamical states of individual
clusters. It could even allow them to turn back the clock on
their evolution, to predict how clusters may have appeared
at different stages of the universe’s history. Together, the
researchers hope that each of these efforts will lead to crucial
new insights into several long-standing mysteries surrounding
the formation and evolution of galaxy clusters. However, they
are just one of two key pillars of the team’s proposal.

As well as public engagement, Dr Jones and his team are also
committed to involving graduate and undergraduate students
from a diverse range of backgrounds – including groups that
are currently under-represented in astronomy research.
Ultimately, their proposal combines public and academic
efforts to create opportunities for a new generation of aspiring
astronomers, with ground-breaking theoretical techniques that
will fill in the gaps left by as-yet unexplained observations. Their
plans represent a model approach to how science can be best
carried out in the landscape of modern research.
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