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During the first billion years of cosmic history, a relative streaming
motion between baryon and dark matter impeded gas accretion in dark matter clumps. We explored how
this affected the structures of the early universe. We developed a code to accurately generate the
initial gas/dark matter density field in the presence of the streaming. Then, we ran numerical
simulations to evolve the density fluctuations into structures. We found that the streaming velocity

can suppress the formation of small gas structures and reduce the recombination rate, thereby
accelerating the ionization of the intergalactic gas by early galaxies. We are also finding that the
streaming can cause a sudden collapse of gas into massive blackholes, which can be a progenitor of
the supermassive blackhole we find at galactic centers. Lasth, we are investigating whether the
streaming can create groups of stars completely devoid of dark matter, just like the globular
clusters in today’ s galaxies.
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In 2010, it was theoretically discovered that, in the early universe, gas and dark
matter had a relative streaming velocity of several km/s, which made it more difficult for
structures like stars and blackholes to form than previously thought. The strength of this
streaming velocity is known to have varied from place to place, possibly introducing a
significant spatial inhomogeneity to the early structure formation that we did not think of

before 2010.

Gas clouds started collapsing into dark matter halos when the universe was
roughly 108 years old. This is when the streaming velocity comes into play. We think the
relative motion between gas and dark matter made it more difficult for gas to fall into the
gravitational well of the halo. The formation of the first galaxies should have been delayed.
Some recent studies suggest the delayed collapse can lead to more abrupt infall of gas,
resulting in the gas directly collapsing into a massive blackhole with tens of thousands
solarmasses. Recent studies suggest that streaming velocity removed dark matter in

globular clusters.

In order to tackle the above-mentioned processes, we need to update the
numerical simulations of structure formation by adding the streaming motion effect.
Understanding these first structures is a crucial stepping stone to understanding how the
universe evolved into what we see today. We may explain how the supermassive blackhole
at the galactic centers formed, why globular clusters lack dark matter, and when the first

galaxies started shining and heating the universe.
2. WHEDOHK

Our goal was to run simulations of gravity and hydrodynamics to study the
condensation of gas in dark matter halos in the early universe while accounting for the
baryon-dark matter streaming velocity. The target quantities are the amount of gas
captured in halos and the temperature of the captured gas. These quantities tell us
how many stars and blackholes form in the halos and whether the gas cloud can

directly collapse into a massive black and form globular clusters.
3. WDk

Our primary method for this research project is numerical simulations of
gravity and gas dynamics plus radiative transfer of ultraviolet light. Since galaxy
formation involves a complex interplay among these components, it is necessary to run
numerical simulations with different levels of streaming velocity and local density to

estimate the galaxy properties accurately.



4. FFFERE
[1] Park H., Ahn K., Yoshida N., Hirano S., 2020, Apd, 900, 30

We first worked on establishing an accurate method to simulate the gas structures in
the presence of the streaming velocity. Typically, simulations of structure formation are
initialized around several million years after the Big Bang, when the density field
starts to become nonlinear. Until now, most studies simply added an artificial velocity
to gas in old initial conditions created without the streaming velocity. This method
misses the effect happening before the start of the simulation, underestimating the

overall effect.

In this work, we estimated the error from the approximation and provided an accurate
initial condition generator for future use. We solved a set of proper equations to
correctly estimate the streaming effect on the gas density field before starting the
equation. We ran simulations to compare the results against the approximate
simulations. We found that gas fraction in halos is not much affected by the
approximation, justifying the approximation for studying early star formation. We,
however, found that the abundance of gas structures (filaments, sheets, etc.) is
overestimated in the approximate method, resulting in exaggerated recombination in
the intergalactic gas. This work provides guidance for future works on the streaming

velocity to avoid biasing the results. We published this work in a journal in 2020.

[2] A paper in preparation

As a follow-up project, we are simulating the fate of collapsing gas clouds in the early
universe to estimate how many stars and blackholes were produced using the initial
condition generator from the first work. We are investigating under what conditions
direct collapse blackholes are produced instead of stars and the exact mechanism of the
globular clusters forming without any dark matter. When this project is complete, we
will be able to provide an observational forecast for the new upcoming space telescopes
that target the early universe and gravitational wave experiments searching blackhole

binaries. This work is still ongoing, and we plan to publish this work soon.

[3] Park H., Shapiro P. R., Ahn K., Yoshida N., Hirano S., 2021, Apd, 908, 96

As another follow-up project, we investigated how the streaming velocity can
affect reionization by modulating the abundance of small-scale gas structures around
one billion years after the Big Bang. It has been known that small-scale gas structures
delay the reionization of the universe by increasing the recombination rate. We were

trying to see if the large-scale spatial variation in the streaming velocity can introduce



a large-scale inhomogeneity in the reionization.

As was highlighted in the first project, we benefit from having an accurate
initial condition generator when modeling small-scale gas structures in the presence of
the streaming velocity. We first ran simulations of structure formation to see how
many structures are formed at a given level of streaming velocity. We then ran
simulations of ionizing radiation to calculate the amount of recombination from those
small-scale structures. We found that the recombination rate does depend sensitively
on the local streaming velocity magnitude. When the universe is one billion years old,
our results show the hydrogen recombined 0.2, 0.4, and 0.6 times per atom for +2g,
average, and -20 levels of the streaming velocity. Thus, the streaming velocity can
cause up to 0.4 difference in the ionizing photons needed to ionize the universe,
creating a large-scale fluctuation in the reionization process. We expect this newly
found phenomenon to be confirmed in the upcoming radio observations of hydrogen
21cm emission. We also think it will explain the large-scale fluctuations in the

reionization suggested by the Lyman alpha forests of distant quasars.

[4] Park H., et al., 2021, Apd, 922, 263; Park H., et al., 2022, Arxiv-eprint, 2202.06277

(accepted for publication)

As a side project, we studied the observability of Lyman alpha emitting
galaxies from the early universe. The neutral hydrogen gas in the intergalactic
medium of the early universe is expected to have scattered a significant portion of the
Lyman alpha emission from galaxies. We downloaded output data of the Cosmic Dawn
II simulation, a simulation of the cosmic reionization, and calculated the fate of Lyman

alpha emission from the early galaxies.

Using the realistic simulation, we calculated the detailed scattering process of
the photons and the fraction of scattered photons on their way to us. We provided a
table giving the scattering fraction as the function of the global hydrogen neutral
fraction and the luminosity of the source galaxies so that the upcoming observations of

distant galaxies can constrain the neutral fraction of the early universe.

We have also investigated the fate of the scattered photons, which we expect
to observe in the form of a diffuse halo around the source galaxy. We wrote a Markov
Chain Monte Carlo simulation code to track the trajectory of Lyman alpha photons. We
calculated how the scattered photons are distributed in the diffuse halo depending on
their initial frequencies. We demonstrated that we would be able to reconstruct the
original emission strength and line profile by analyzing the properties of the scattered
light. We will soon start observing this scattered light using the James-Webb Space

Telescope, scheduled to start observing later this year. Our insight will help recover the



scattered portion, helping to understand the early galaxies in the first billion years of

cosmic history.
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