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This is how a 'fuzzy' universe may have
looked

October 3 2019, by Jennifer Chu

Simulations of how galaxies form in cold, warm and fuzzy (left to right) dark
matter scenarios. Credit: Universities of Princeton, Sussex, Cambridge

Dark matter was likely the starting ingredient for brewing up the very
first galaxies in the universe. Shortly after the Big Bang, particles of dark
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matter would have clumped together in gravitational "halos," pulling
surrounding gas into their cores, which over time cooled and condensed
into the first galaxies.

Although dark matter is considered the backbone to the structure of the
universe, scientists know very little about its nature, as the particles have
so far evaded detection.

Now scientists at MIT, Princeton University, and Cambridge University
have found that the early universe, and the very first galaxies, would
have looked very different depending on the nature of dark matter. For
the first time, the team has simulated what early galaxy formation would
have looked like if dark matter were "fuzzy," rather than cold or warm.

In the most widely accepted scenario, dark matter is cold, made up of
slow-moving particles that, aside from gravitational effects, have no
interaction with ordinary matter. Warm dark matter is thought to be a
slightly lighter and faster version of cold dark matter. And fuzzy dark
matter, a relatively new concept, is something entirely different,
consisting of ultralight particles, each about 1 octillionth (10%") the mass
of an electron (a cold dark matter particle is far heavier—about 105
times more massive than an electron).

In their simulations, the researchers found that if dark matter is cold,
then galaxies in the early universe would have formed in nearly spherical
halos. But if the nature of dark matter is fuzzy or warm, the early
universe would have looked very different, with galaxies forming first in
extended, tail-like filaments. In a fuzzy universe, these filaments would
have appeared striated, like star-lit strings on a harp.

As new telescopes come online, with the ability to see further back into
the early universe, scientists may be able to deduce, from the pattern of

galaxy formation, whether the nature of dark matter, which today makes
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up nearly 85 percent of the matter in the universe, i1s fuzzy as opposed to
cold or warm.

"The first galaxies in the early universe may illuminate what type of dark
matter we have today," says Mark Vogelsberger, associate professor of
physics in MIT's Kavli Institute for Astrophysics and Space Research.
"Either we see this filament pattern, and fuzzy dark matter is plausible,
or we don't, and we can rule that model out. We now have a blueprint for
how to do this."

Vogelsberger is a co-author of a paper appearing in Physical Review
Letters, along with the paper's lead author, Philip Mocz of Princeton
University, and Anastasia Fialkov of Cambridge University and
previously the University of Sussex.

Fuzzy waves

While dark matter has yet to be directly detected, the hypothesis that
describes dark matter as cold has proven successful at describing the
large-scale structure of the observable universe. As a result, models of
galaxy formation are based on the assumption that dark matter is cold.

"The problem is, there are some discrepancies between observations and
predictions of cold dark matter," Vogelsberger points out. "For example,
if you look at very small galaxies, the inferred distribution of dark
matter within these galaxies doesn't perfectly agree with what theoretical
models predict. So there is tension there."

Enter, then, alternative theories for dark matter, including warm, and
fuzzy, which researchers have proposed in recent years.

"The nature of dark matter is still a mystery," Fialkov says. "Fuzzy dark
matter is motivated by fundamental physics, for instance, string theory,
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and thus is an interesting dark matter candidate. Cosmic structures hold
the key to validating or ruling out such dark matter modles."

Fuzzy dark matter is made up of particles that are so light that they act in
a quantum, wave-like fashion, rather than as individual particles. This
quantum, fuzzy nature, Mocz says, could have produced early galaxies
that look entirely different from what standard models predict for cold
dark matter.

Simulations of how the filament (tail) of a galaxy forms in cold, warm and fuzzy
(left to right) dark matter scenarios. Credit: Universities of Princeton,
Cambridge and Sussex

"Even though in the late universe these different dark matter scenarios
may predict similar shapes for galaxies, the first galaxies would be
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strikingly different, which will give us a clue about what dark matter is,"
Mocz says.

To see how different a cold and a fuzzy early universe could be, the
researchers simulated a small, cubic space of the early universe,
measuring about 3 million light years across, and ran it forward in time
to see how galaxies would form given one of the three dark matter
scenarios: cold, warm, and fuzzy.

The team began each simulation by assuming a certain distribution of
dark matter, which scientists have some idea of, based on measurements
of the cosmic microwave background—"relic radiation" that was emitted
by, and was detected just 400,000 years after, the Big Bang.

"Dark matter doesn't have a constant density, even at these early times,"
Vogelsberger says. "There are tiny perturbations on top of a constant
density field."

The researchers were able to use existing algorithms to simulate galaxy
formation under scenarios of cold and warm dark matter. But to simulate
fuzzy dark matter, with its quantum nature, they needed a new approach.

A map of harp strings

The researchers modified their simulation of cold dark matter, enabling
it to solve two extra equations in order to simulate galaxy formation in a
fuzzy dark matter universe. The first, Schrodinger's equation, describes
how a quantum particle acts as a wave, while the second, Poisson's
equation, describes how that wave generates a density field, or
distribution of dark matter, and how that distribution leads to
gravity—the force that eventually pulls in matter to form galaxies. They
then coupled this simulation to a model that describes the behavior of
gas in the universe, and the way it condenses into galaxies in response to

5717



PHYS 19X

gravitational effects.

In all three scenarios, galaxies formed wherever there were over-
densities, or large concentrations of gravitationally collapsed dark
matter. The pattern of this dark matter, however, was different,
depending on whether it was cold, warm, or fuzzy.

In a scenario of cold dark matter, galaxies formed in spherical halos, as
well as smaller subhalos. Warm dark matter produced first galaxies in
tail-like filaments, and no subhalos. This may be due to warm dark
matter's lighter, faster nature, making particles less likely to stick around
in smaller, subhalo clumps.

Similar to warm dark matter, fuzzy dark matter formed stars along
filaments. But then quantum wave effects took over in shaping the
galaxies, which formed more striated filaments, like strings on an
invisible harp. Vogelsberger says this striated pattern is due to
interference, an effect that occurs when two waves overlap. When this
occurs, for instance in waves of light, the points where the crests and
troughs of each wave align form darker spots, creating an alternating
pattern of bright and dark regions.

In the case of fuzzy dark matter, instead of bright and dark points, it
generates an alternating pattern of over-dense and under-dense
concentrations of dark matter.

"You would get a lot of gravitational pull at these over-densities, and the
gas would follow, and at some point would form galaxies along those
over-densities, and not the under-densities," Vogelsberger explains.
"This picture would be replicated throughout the early universe."

The team is developing more detailed predictions of what early galaxies
may have looked like in a universe dominated by fuzzy dark matter.
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Their goal is to provide a map for upcoming telescopes, such as the
James Webb Space Telescope, that may be able to look far enough back
in time to spot the earliest galaxies. If they see filamentary galaxies such
as those simulated by Mocz, Fialkov, Vogelsberger, and their colleagues,
it could be the first signs that dark matter's nature is fuzzy.

"It's this observational test we can provide for the nature of dark matter,
based on observations of the early universe, which will become feasible
in the next couple of years," Vogelsberger says.

More information: Philip Mocz et al, First Star-Forming Structures in
Fuzzy Cosmic Filaments, Physical Review Letters (2019). DOI:
10.1103/PhysRevl ett.123.141301
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