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Abstract

Recent work in the chemistry of molecular clouds in the early universe has found reactions that may create ancient water
molecules that predate our Sun. For these to take place, particular conditions of molecular density and temperature must exist.
Water molecules will be destroyed by high temperatures, or when densities are insufficient to shield them from UV rays. If the
environment is too cold, the reactions will not take place. Water molecules will only be created and persist in areas of the universe
in which these properties are suitable, and will do so at different rates depending on local conditions.

In this work we combine a high resolution hydrodynamics simulation of the early universe closely coupled with this hydroxyl
and water-producing chemistry model to determine how water molecules would be created and distributed in space and time in the
early universe.

This work is enabled by the computational power of todays supercomputers and simulation technology. The complexity of the
chemistry model is significantly higher than that of simple hydrodynamics, making this a computationally intensive model. Vast
difference in scale of the physics involved, from the cosmological scale of the universe through the stellar scale of stars and novae to
the molecular scale of chemical reactions requires that adaptive mesh refinement (AMR) techniques be used to provide resolution
that varies as demanded by the physics. The visualizations presented herein will show the dynamics of the simulation as it evolves
over time.
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1. Introduction

The story of the rise of life in the universe is among the most
universal questions posed by scientists and poets alike. Under-
standing the conditions from which life might emerge is one of
the fundamental pursuits of all of science.

The history of various life-giving molecules in the universe
is a critical open issue. As much as half of the water in the so-
lar system is thought to predate the Sun (Cleeves et al. 2014),
which points to an ancient heritage for this substance. How,
where and when water appears in the universe and with what
frequency have never been answered from first principle cal-
culations. In our submission, we reveal the first sites of water
formation in the universe as calculated by new massively paral-
lel cosmology simulations brought to life with state-of-the-art
3D visualization.

1.1. The Universe Didn’t Always Have Molecules

The origin of all molecules would have taken place long be-
fore it was filled with spiral galaxies or stars with planetary sys-
tems. Shortly after the Big Bang, the universe was filled with
only hydrogen and helium which collapsed under self-gravity
to form pockets of gas called halos. The gas in halos would
have formed the very first stars in the universe.

The first stars would have been ∼40-100 times more mas-
sive than the Sun and tens of millions of times more luminous.
These stars, made only from hydrogen and helium, would fuse
these elements into heavier elements including carbon, oxygen,
silicon and iron. They would have then died in spectacular su-
pernova explosions which forcibly expel these heavy elements
into the depths of space. These elements may have reacted with
surrounding gas to form familiar chemical compounds, like car-
bon dioxide, methane, hydroxyl and water.

1.2. What It Takes To Make Water
Idealized one dimensional calculations reveal that water for-

mation in the early universe may have been possible (Bialy et al.
2015). Even so, chemistry in the early universe was markedly
different than interstellar chemistry today. Much of the water
formed in the current cosmos is created by reactions on dust
grains. Dust is made from heavier elements, but little dust
would have been present in the early universe. Without dust,
water forms through neutral-neutral reactions, with oxygen and
hydrogen first forming hydroxyl (OH) and then reacting with
hydrogen to form water.

Water formation in the early universe requires three basic
things:

1. Dense Gas
Dense gas increases the odds of particle collisions and re-

Preprint submitted to Parallel Computing October 11, 2018



Figure 1: Multiple snapshots depicting gas density and temperature of an exploding supernova in the early universe. Chemistry in space is very sensitive heat content
and density of gas and our 3-D visualizations offer new intuition into the complex process by which supernova shockwaves heat up and compress surrounding gas.

Figure 2: Most cosmology simulations only follow the collapse of dark matter
and gas (blue) and the effects of stars (yellow highlights hot gas). This simu-
lation, carried out in Enzo follows only star formation and hydrodynamics and
required over one million CPU hours to complete. Following primordial molec-
ular chemistry self-consistently between 26 molecules with over 50 reactions
diminishes performance of these hero calculations by as much as a factor of 4,
a crucial reason why combining chemistry with cosmology simulations has not
previously been attempted.

actions and also shields water from the ultraviolet rays of
stars which would dissociate it.

2. Warm Gas Temperatures
Gas temperatures need to be large than ∼ 300 K (100◦ C)
to spur reactions. The gas can’t be too warm, or water is
destroyed.

3. The Presence of Oxygen
Over 99% of the gas in the early universe would have been
hydrogen and helium. Water can only form if it receives
oxygen, a product only made in stars.

How or if these conditions actually arise from natural sce-

narios in a cosmological context is an open question, requiring
HPC and state-of-the-art visualization to reveal.

1.3. Current Computational Cosmology

Full cosmological simulations are fairly common. In such
calculations, a simulation box representing a sizeable volume
of the universe is run which follows the collapse of dark matter
into a system of filaments with hydrogen and helium collecting
in halos at filament nodes. The effects of stars are simulated,
which heat or remove gas from halos by violent supernova ex-
plosions. Usually, a small set of chemical reactions is carried
out to model the cooling and collapse of the gas. This mini-
mal chemistry is carried out explicitly by software libraries like
Grackle. Cosmological simulations require extensive use of
adaptive mesh refinement, the art of subdividing cells to gain
more resolution, to resolve both large cosmic scales and the
small scales where stars form.

While water is formed through a relatively simple reaction
chain, predicting the amount and distribution of water in the
early universe requires the simulation of a much larger reaction
network. For example, in circumstances where water may have
formed, carbon monoxide, a frequent molecule in dense gas
may have also formed in sufficient abundance to starve water
production of oxygen.

The situation is complicated, however, by the sheer number
of reactions which carbon, oxygen and hydrogen might undergo
in interstellar gas, an issue which rendered previous attempts
to calculate water formation in cosmological simulations cost-
prohibitive. Additionally, large reaction networks like ours can-
not be solved by direct updates to variables with ready-made
equations. Chemical species must instead be updated by invert-
ing a mid-sized matrix with a size determined by the number
of molecular species in the simulation. This matrix must be in-
verted for each cell, as many as hundreds of times in a given
computer cycle depending on the conditions in each cell.

The computational cosmology research collaboration at the
Center for Theoretical Astrophysics at Los Alamos National
Laboratory (LANL) have previously carried out demanding cal-
culations on numerous phenomena in the early universe includ-
ing simulating the growth of ancient massive black holes in the
early universe using high resolution cosmological simulations
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(e.g. Smidt et al. 2018; Smidt, Wiggins & Johnson 2016), pre-
dicting the merger sites of binary neutron stars on the cosmic
web (Wiggins et al. 2018) and calculating the brightness and
character of light from ancient supernovae (e.g. Smidt et al.
2014; Chatzopoulos et al. 2015; Mesler et al. 2014). LANL’s
cutting-edge position in cosmological simulations along with
its expertise in supernovae and multi-physics calculations ren-
der it an ideal institution to address the challenging task of sim-
ulating the appearance of the first water in the cosmos.

2. Method

Figure 3: Top panels: right - 2D slice plot of temperature of a star dying in a
supernova explosion created in yt, left - slice of H2II, hydroxyl, rendered in
yt. Bottom panels: Temperature and H2II volume-rendered together at early
and late stages of the supernova. Normal use of cosmology visualization tools
such as yt usually result in 2-D plots of a single quantity such as temperature.
Visualization methods, shown in the lower panels, allow cosmologists to draw
rapid connections of relationship between physical quantities and the underly-
ing chemistry by allowing multiple quantities to share the same 3D space. In the
lower plots, the creation of H2II is seen to be the direct result of the supernova
shock wave.

We combined the capabilities of three codes, all running
in-line, to create the simulations in this submission, Enzo,
Grackle and WaterNet. Our results are visualized with Par-
aView. One of these codes is our stand-alone molecular chem-
istry solver, WaterNet, which was written by the authors over
a period of two years to address this very problem. We describe
the importance of each code base below.

2.1. Enzo
For cosmology calculations, we use Enzo (Bryan et al.

2014), a cosmological adaptive mesh refinement (AMR) code.
Enzo follows the collapse and self-gravity of the dark matter
cosmic web, solves the equations of hydrodynamics for gas
falling into potential wells and models subsequent star forma-
tion. As stars are produced, Enzo uses a ray-tracing radiative

transfer scheme to model the effects of light on surround gas
and also models the production of shock waves as stars die in
supernova explosions.

Our simulation root grids vary from 1283 to 5123 with 4 sub-
grids and 14 levels of refinement. Each simulation requires
∼ 100; 000 CPU hours and hundreds of dumps, each of which
is ∼ 10 GB.

2.2. Grackle

Grackle (Smith et al. 2017) is a cooling library which solves
simple chemistry for hydrogen, helium to assess how halos in
Enzo’s simulation should collapse. Molecular hydrogen emits
infrared light which allows halos to glow and cool.

Grackle solves what cosmologist call primordial chemistry.
It’s a simple type of chemistry which involves only hydrogen
and helium and electrons. It is distinct from molecular chem-
istry, which contains many more compounds with atoms other
than hydrogen and helium. Grackle’s implementation of pri-
mordial chemistry is an semi-explicit solver, meaning that vari-
ables are updated directly with a hard-coded formula in a strate-
gic order. This simple implementation is inexpensive but would
have severe limitations in accurately modeling a complex reac-
tion network. We describe the implementation of our molecular
chemistry network below.

2.3. WaterNet

Our non-equilibrium chemical network evolves abundances
of H, H+, H−, H2, e, D, D+, HD, O, OH, H2O, O2, O+, OH+,
H2O+, H3O+, O−2 , C+, C, CH, CH2, CH3, CH4, CO, CO+

and CO2 with 61 reactions between the species. Enzo passes
chemical abundance, temperature and density information to
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Figure 4: Schematic of relation between codes. Enzo, a parallel cosmology
code, uses Grackle, a cooling library which informs how gas collapses to form
structures including stars. WaterNet, expands the chemistry solve to some 26
different molecules and treats 61 chemical reactions. Our results are visualized
by ParaView.
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