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PROBING THE UNIVERSE’S
FIRST SECOND WITH

DARK MATTER

The secrets of dark matter have eluded scientists for decades.
Dr Adrienne Erickcek at the University of North Carolina is working
with colleagues to provide new insights into this mysterious

substance. The team is currently investigating how the expansion
history of the early Universe affects how dark matter is distributed
throughout the cosmos and the implications these structures have

for the origins of dark matter itself.

The Expansion of the Universe

The Universe has been expanding

since the first moment of the Big Bang.
However, the expansion rate of the
Universe throughout its 13.8-billion-year
history has been anything but constant.
The history of the Universe can be
broadly divided into three eras based on
the dominant component of the energy
density at that time. In chronological
order, they are the radiation-dominated,
matter-dominated, and dark energy-
dominated eras.

Approximately 4 billion years ago, the
density of dark energy in the Universe
exceeded both the density of matter and
the density of radiation. This means we
currently live in a dark energy-dominated
era. The dominance of dark energy in
the Universe is what is now causing the
Universe’s expansion to accelerate.

But let’s rewind the clocks a bit - for the
first 380,000 years after the Big Bang,
the Universe was so dense and hot that
atoms couldn’t even form. The Universe
was opaque to light during this time
because all forms of electromagnetic
radiation were scattered by free
electrons. We primarily rely on light

to study the cosmos, so this makes
studying the early Universe particularly

challenging. Nevertheless, we know
that the Universe’s energy density

was dominated by radiation during its
first minutes. Protons and neutrons
combined to form the first helium nuclei
during this time in a process called Big
Bang Nucleosynthesis. By measuring
the abundance of helium and other
light elements in the Universe, we

can determine that the Universe was
radiation-dominated 0.1 seconds after
the Big Bang. Radiation domination
continued until the Universe expanded
and cooled enough for the density of
matter in the Universe to exceed the
density of radiation about 52,000 years
after the Big Bang.

Unfortunately, we do not know
what happened prior to the onset
of Big Bang Nucleosynthesis. There
is strong evidence that the Universe

13.8 Billion Yrs,

inflated exponentially during its first
nanosecond, but very little is known
about the first moments after this period
of cosmic inflation ended. This gap in the
cosmological record may sound short,
but the Universe was a hot and active
place for its first tenth of a second. In this
brief time, normal matter was created,
and it seems likely that dark matter traces
its origins to this period as well.

What is Dark Matter and Why Does
it Matter?

Dark matter is a form of matter that does
not interact with the electromagnetic
force - it does not reflect, emit, or
absorb light in any way and is, therefore,
difficult to observe directly. In fact, we
only know dark matter exists due to its
gravitational effect on objects we can
observe directly, such as stars and gas. It

The distances between galaxies increase as the Universe expands. Credit: Adrienne Erickcek.
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A simulation of the formation of the first dark matter halos: the bottom left image shows a closer
view of the region in the white box in the bottom right image. Credit. MS Delos.

is estimated that dark matter constitutes
about 85% of the total matter in the
Universe; its density is more than five
times that of ordinary atomic matter.
Investigating this mysterious form of
matter is of critical importance to our
understanding of the cosmos.

You might be wondering just what

dark matter is exactly. The truth is that
nobody knows: no known particle has
the required properties to be dark matter.
Dark matter might be just one kind

of particle, or it might be a mixture of
different types of particles that make up

a dark universe we cannot see. Scientists
do have some ideas, though - potential
dark matter candidates include (but are
not limited to) weakly interacting massive
particles (amusingly abbreviated as
WIMPS), axions, or sterile neutrinos.

While the naming of dark energy and
dark matter might imply similarity,

the terms should not be confused.

Dark energy is a repulsive actor that
accelerates the expansion of the
Universe, whereas dark matter has mass
and interacts attractively with the same
gravitational force as normal matter.

Was the Early Universe Dominated
by Matter?

Recent theories suggest there was

at least one short epoch of matter
domination prior to the end of the
radiation-dominated era. An early
matter-dominated era (EMDE) occurs
when very heavy and unstable particles
dominate the energy density of the
Universe before they decay.

Dr Adrienne Erickcek at the University
of North Carolina is working with
colleagues to determine how an EMDE
affects dark matter. Their research gives
new perspectives into the early Universe
and how it affects the structures that
exist today. It also provides a new way
to explore the origins of dark matter.
‘The evolution of the Universe between
inflation and the onset of Big Bang
Nucleosynthesis is difficult to probe and
largely unconstrained, says Dr Erickcek.
‘This ignorance profoundly limits our
understanding of dark matter.

An EMDE widens the field of potential
dark matter candidates beyond what
was conventionally thought possible.

WWW.SCIENTIA.GLOBAL

Indeed, dark matter particles may, in fact,
be more weakly interacting and more
difficult to detect than previously believed.
Fortunately, Dr Erickcek’s research has
shown that an EMDE also provides a
means of detecting such elusive dark
matter. The density of dark matter is

not the same throughout the Universe.
Density perturbations give rise to regions
that contain slightly more or slightly less
dark matter than the cosmic average. Dark
matter particles in denser regions form
gravitationally bound clumps called dark
matter halos. These clumps then merge
to form larger and larger halos. Galaxies
formed inside the gravitational influence
of these dark matter halos, making

them very important to the study of the
structure of the Universe.

Dr Erickcek and her team calculated that
if the Universe experienced an EMDE,
then dark matter density perturbations
on small scales would grow more
rapidly than in a standard radiation-
dominated model. As a result, an EMDE
generates a large population of sub-
Earth-mass dark matter microhalos that
form long before the first halos appear
in standard cosmological models.

In fact, Dr Erickcek and her collaborators
demonstrated that an EMDE could lead
to halo formation while the Universe
was still radiation-dominated. If dark
matter interacts with normal matter
through a weak force, it is generally too
hot to form halos this early. However,
the fact that the Large Hadron Collider
has not detected any particles beyond
the Standard Model has led many
researchers to speculate that dark
matter is part of a ‘hidden sector’ and
does not interact with normal matter
except through gravity. In this case, the
dark matter would be cold enough to
form structures during the radiation-
dominated era following an EMDE.

Probing the Origins of Dark Matter

To better understand the impact the
early Universe had on dark matter, Dr
Erickcek and her colleagues considered
two distinct possibilities. In the first
scenario, Dr Erickcek assumes that dark
matter was created thermally, meaning




it was forged via pair production in the very hot, early Universe.
Pair production is the spontaneous production of a matter-
antimatter pair from high-energy photons or other electrically
neutral particles. In this scenario, dark matter is composed of
both matter and antimatter. We call these dark matter particles
thermal relics, as they are left over from the hot moments after
the Big Bang.

If dark matter is a thermal relic, the enhanced microhalo
population generated by an EMDE boosts the dark matter
annihilation rate. When matter and antimatter particles collide,
they will annihilate each other, converting their combined

mass into high-energy particles and gamma rays. This is true

for dark matter as well as visible matter. In the hot and dense
early Universe, these dark matter annihilation events were
common, but so was the pair production of dark matter particles.
Eventually, the Universe became too cold to produce dark matter,
and the dark matter density decreased to the point that dark
matter particles rarely collided. Microhalos bring dark matter
particles back together, making it easier for particles to annihilate.

The gamma rays generated by dark matter annihilation would
contribute to the observed isotropic gamma-ray background
(IGRB). Using data obtained from the Fermi Gamma-Ray Space
Telescope, Dr Erickcek and her fellow researchers were able

to determine an upper limit for the probability of dark matter
annihilation that accounts for the boosted annihilation rate
after an EMDE. This helps us put constraints on how dark matter
could have been produced in the early Universe, allowing us to
better understand the nature of these invisible particles.

Some theorists suggest that dark matter could be unstable,
albeit with a half-life longer than the current age of the
Universe. If dark matter particles are indeed unstable, they

will emit high-energy gamma rays when they decay, which
would emit a signal similar to the annihilation signals from
microhalos in the IGRB. This is, unfortunately, problematic as it

Credit: Adrienne Erickcek

becomes difficult to differentiate the two signals. Fortunately,
Dr Erickcek’s team showed that the disruption of microhalos by
stars and tides in galactic centres leads to a distinct signature
that could be used to differentiate between these two scenarios
if gamma rays from dark matter are eventually detected.

Recall that we mentioned earlier that there were two possible
methods of dark matter generation in the hot, early Universe.
We will now focus on the latter, where dark matter particles
were produced nonthermally. Essentially, this means that the
dark matter particles were generated by mechanisms other
than pair production.

One possible method of the nonthermal production of dark
matter is the decay of the field that caused the EMDE. In

their research published in 2020, Dr Erickcek and her student
characterised the nonthermal production of dark matter during
an EMDE. They found that the vast majority of dark matter
produced through this process would be moving at relativistic
speeds at the end of the EMDE. This means the dark matter
particles would be travelling too fast to coalesce into sub-Earth-
mass microhalos, although they would still be able to form
galactic-size halos.

In fact, dark matter particles created nonthermally might

have travelled so fast and been so hot that they disrupted and
even erased larger structures. By studying the abundance of
satellite galaxies orbiting the Milky Way and other probes of
sub-galactic structures, Dr Erickcek’s team constrained the
range of dark matter candidates that could have been produced
nonthermally during an EMDE. Like the constraints they
established on the thermal production of dark matter, these
results narrow the field of potential dark matter particles.

The more we learn about what dark matter is not, the better we can
direct our searches for it. And as we learn about dark matter, we can
use it as a probe to understand the evolution of the early Universe.
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