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Abstract

The density and temperature properties of the intergalactic medium (IGM) reflect the heating and ionization history
during cosmological structure formation, and are primarily probed by the Ly« forest of neutral hydrogen
absorption features in the observed spectra of background sources. We present the methodology and initial results
from the Cholla IGM Photoheating Simulation (CHIPS) suite performed with the graphics process unit—-accelerated
Cholla code to study the IGM at high, uniform spatial resolution maintained over large volumes. In this first paper,
we examine the IGM structure in CHIPS cosmological simulations that include IGM uniform photoheating and
photoionization models where hydrogen reionization is completed early or by redshift z ~ 6. Comparing with
observations of the large- and small-scale Ly« transmitted flux power spectra P(k) at redshifts 2 <z <5.5, the
relative agreement of the models depends on scale, with the self-consistent Puchwein et al. IGM photoheating and
photoionization model in good agreement with the flux P(k) at k > 0.01 skm ™" at redshifts 2 <z < 3.5. On larger
scales, the P(k) measurements increase in amplitude from z ~ 4.6 to z ~ 2.2, faster than the models, and lie in
between the model predictions at 2.2 <z <4.6 for k~0.002-0.01 skm™'. We argue that the models could
improve by changing the HeII photoheating rate associated with active galactic nuclei to reduce the IGM
temperature at z ~ 3. At higher redshifts, z > 4.5, the observed flux P(k) amplitude increases at a rate intermediate
between the models, and we argue that for models where hydrogen reionization is completed late (z ~ 5.5-6),
resolving this disagreement will require inhomogeneous or “patchy” reionization. We then use an additional set of
simulations to demonstrate that our results have numerically converged and are not strongly affected by varying
cosmological parameters.
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1. Introduction

The absorption signatures of neutral hydrogen gas provide
important observational probes of cosmological structure forma-
tion (Gunn & Peterson 1965). The intergalactic medium (IGM)
traces the filamentary structure of the cosmic web, and the
properties of HIabsorption features (the “Lya forest”) reflect the
temperature and density distribution of the medium that originate
through the structure formation process and photoheating from
ionizing sources (e.g., Madau et al. 1999). This paper presents the
first results from the new Cholla IGM Photoheating Simulation
(CHIPS) suite of cosmological simulations of the Ly« forest
performed with the Cholla code (Schneider & Robertson 2015),
comparing the statistics of the simulated Lya forest calculated
using different photoionization and photoheating histories with the
available observational data at z ~2-5.

The Ly« forest originates in IGM gas that traces the matter
density. Its properties inform us about the relative abundance of
baryons and dark matter, the properties of dark matter (including
the matter power spectrum), the metagalactic radiation field, and
the expansion history of the universe (including the role of dark
energy; for a review, see McQuinn 2016). The promise of the
Lya forest for constraining the nature of dark matter and dark
energy has in part motivated the construction of the Dark Energy
Spectroscopic Instrument (DESI), which will measure absorp-
tion line spectra backlit by quasars at z > 2.1 and detect baryon
acoustic oscillations in the cosmic web (DESI Collaboration
et al. 2016a, 2016b).

Given its critical role as a probe of cosmic structure formation,
the Lyoforest was an early subject of hydrodynamical
cosmological simulations (e.g., Cen et al. 1994; Hernquist
et al. 1996). The prospect of measuring quasar absorption spectra
densely sampled on the sky over large statistical volumes has led
to a resurgence of cosmic web studies in the literature (e.g.,
Luki¢ et al. 2015; Krolewski et al. 2018; Sorini et al. 2018).
Owing to the power of DESI and other new spectroscopic
facilities, the driving focus of theoretical efforts is to study the
physics that affect the fine details of the forest (e.g., Rorai et al.
2017). These physics include nonlinear effects (Arinyo-i-Prats
et al. 2015), environment (Tonnesen et al. 2017), and how the
forest evolves to low redshifts (Khaire et al. 2019). However, a
consensus is building that the impact of IGM heating history on
the temperature structure of the Ly forest is the most critical to
understand in detail (e.g., Hiss et al. 2018). The temperature
structure affects most strongly the shape of the absorption
profiles that provide information about the matter distribution,
and without understanding the thermal structure of filaments, the
full power of Ly« absorption line studies cannot be realized.

The statistical properties of the Lya forest are primarily
measured via the “transmitted flux power spectrum (FPS),”
which probes fluctuations in the opacity (and therefore density,
temperature, and velocity field) of neutral hydrogen via
transmission of flux from background quasars or galaxies.
Similarly to the matter power spectrum, whose measurements
extend to large (>100 Mpc co-moving) scales via galaxy spatial
correlations, the baryonic acoustic oscillations are probed by the
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Lya forest correlations at these large scales as well (e.g.,
Chabanier et al. 2019). Structure in the Ly« forest extends down
to scales of ~50kpc co-moving, where thermal pressure
smoothing becomes important (Kulkarni et al. 2015). Simulta-
neously capturing representative volumes while resolving the
relevant spatial scales everywhere in the forest presents a
challenging goal for cosmological simulations.

While dark matter and cosmological structure formation
erect the scaffolding of the cosmic web, the temperature
structure of the IGM depends on the competition between
heating, radiative cooling, and adiabatic cooling via universal
expansion. Heating of the IGM predominately occurs via
photoheating from excess energy deposited during the photo-
ionization of (most importantly) the HIand He II species.
Observationally, the Lya forest probes redshifts z <6 when
H1has mostly been ionized. Between 4 <z<6, the IGM
temperature declines from a local maximum at the end of
HIreionization from which the IGM thermal structure inherits
residual signatures (Gnedin et al. 2017; Ofiorbe et al. 2017b;
Davies et al. 2018b; D’Aloisio et al. 2019; Faucher-Giguere
2020). At redshifts z <4, photoheating from the gradual
ionization of Hell from quasars leads to a maximum IGM
temperature sometime around z~ 3 (La Plante et al. 2017;
Schmidt et al. 2018). The low-redshift 2 Sz S4) IGM s
therefore heavily influenced by He Ilreionization (Worseck
et al. 2016), and the helium Ly « forest (La Plante et al. 2018)
provides critical information on the ionizing flux from quasars
(La Plante et al. 2017; Schmidt et al. 2018).

At higher redshifts, the ionizing flux from galaxies becomes
increasingly important. The various transitions of the hydrogen
Lyman series provide details on the ionization state of the gas,
and can constrain the post-reionization ionizing background
(Davies et al. 2018b). The hydrogen reionization process heats
the IGM sufficiently to leave residual signatures in the structure
of the filaments (D’ Aloisio et al. 2019). The thermal evolution
of the IGM, reflecting early z ~ 6 heating from galaxies during
H reionization and late z~ 2—4 heating from QSOs during
helium reionization, can therefore be probed through the Ly«
forest power spectrum (Walther et al. 2019).

By changing the thermal history of the IGM, the process of
cosmic reionization at z > 6 couples to the observed properties
of the Ly« forest on small scales. Probes of reionization have
become increasingly powerful, including quasar proximity zones
(Eilers et al. 2017) and the IGM damping wing (Davies et al.
2018a), the high-redshift forest and post-reionization IGM
(Gnedin et al. 2017; Ofiorbe et al. 2017b), and Ly« transmission
spikes (Garaldi et al. 2019; Gaikwad et al. 2020a). The physics
of reionization has driven a host of cosmological simulation
efforts (e.g., Gnedin & Kaurov 2014; Kaurov & Gnedin
2014, 2015; Trac et al. 2015; Gnedin 2016; Orfiorbe et al.
2017a; Doussot et al. 2019), but more work is required to
connect these simulations to the physics of the IGM at lower
redshifts. Capturing fluctuations in the metagalactic background
(D’Aloisio et al. 2018) and the potential impact of rare active
galactic nuclei (AGNs; D’Aloisio et al. 2017) require large
volumes (L ~ 100A~" Mpc), but simultaneously maintaining high
spatial resolution in the IGM is computationally demanding.

Cholla models the baryonic component on a uniform Cartesian
grid. While other approaches to solve the hydrodynamics can be
employed, such as smoothed particle hydrodynamics (SPH) or
adaptive mesh refinement (AMR), for which the computational
power is commonly focused in solving the high-density regions,
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these approaches present some disadvantages compared to a
uniform grid when applied to the study of the IGM. For instance,
the gas responsible for the Ly« forest is low-density gas that spans
over most of the volume of the box, making the use of AMR
unnecessary and inefficient. Compared to an SPH approach, grid
methods exhibit other advantages such as a clearly defined spatial
resolution instead of a fixed mass resolution and generally a more
accurate treatment of shocks and hydrodynamics. More impor-
tantly, a uniform grid achieves a better sampling of the IGM when
compared to an AMR or SPH implementation, which uses the
same computational resources. Although, the advantages of a
uniform grid come at a high computational cost if a high
resolution is maintained over large volumes.

To this end, our new CHIPS simulation suite uses the
graphics processing unit (GPU)-native Cholla code (Schneider
& Robertson 2015, 2017) to perform high-resolution simula-
tions of the cosmic web to achieve simultaneously the
resolution required to model the thermal structure of the Ly«
forest (Ax= 35 kpc) over large volumes (L~ 75 Mpc). We
will study how different HI-+ He Il photoionization and
photoheating histories shape the thermal structure of the IGM.

This first paper presents Ly forest results for the widely
used Haardt & Madau (2012) photoionization and photoheating
model, as well as the more recent Puchwein et al. (2019)
implementation, which has a similar emissivity but for which
H1reionization completes later (z ~ 6). Section 2 presents our
numerical methodology for performing the cosmological
simulations including our new extensions to the Cholla code
that enable self-gravity, dark matter particle integration, and
coupling to the GRACKLE heating and cooling library (Smith
et al. 2017). Section 2.9 provides a high-level summary of the
algorithm used in our cosmological simulations. Section 3
presents several validation tests, including a new validation test
for the dual energy formalism when modeling cosmological
structure formation. We present the first simulations of the
CHIPS suite in Section 4, including the cosmological
parameters, resolution, and box sizes. Our scientific results
for the properties of the IGM are reported in Section 5. We
discuss our results in Section 6, and summarize and conclude in
Section 7. Finally, we demonstrate the numerical convergence
of our results in Appendix A and perform a cosmological
parameter study in Appendix B.

2. Methodology

To simulate the Lya forest, we engineered substantial
extensions to the Chollacode. These additions included
implementing a cosmological framework to account for the
expansion history of the universe (Section 2.1), including
changes to the model of gas dynamics (Section 2.1.1) and
the coordinate system (Section 2.1.2), and are discussed
below. We briefly review the Cholla hydrodynamical integrator
(Section 2.2) and the dual energy formalism (Section 2.3),
which allows for accurate evolution of the gas internal energy
in Eulerian cosmological simulations (e.g., Bryan et al. 1995).
We present our new implementations of solvers for the
gravitational force and particle motions in Sections 2.4 and
2.5, respectively. Cooling and heating from a UV background
are now treated using the GRACKLE library (Smith et al.
2017), and are detailed in Sections 2.6 and 2.7. Adjustments
to the time step calculation to account for particle motions are
described in Section 2.8. We conclude the review of our
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methods with a summary of the overall algorithm in
Section 2.9.

2.1. Cosmological Framework

For cosmological simulations, the gas follows the equations
of hydrodynamics in a frame co-moving with the expanding
universe. To convert from the co-moving to the physical
system, the scale factor a is introduced and provides a distance
transformation between the two systems, with coordinates in
the proper system r related to co-moving coordinates x by
r = ax. The rate of change of the scale factor corresponds to the
expansion rate of the universe and follows the Friedmann
equation given by

; QO )
H="%=Hy |2+ + %, )
a a a

where H is the Hubble parameter that quantifies the expansion
rate of the universe @ = da/dt, and Hy, )y, 25, and £, are the
cosmological parameters that correspond to the current
expansion rate of the universe and its matter, dark energy,
and curvature content, respectively. Given an initial value of
the scale factor a, the Friedmann equation provides a relation
between the scale factor and cosmic time, and therefore the
scale factor can be used as a time-like variable.

2.1.1. Gas Dynamics

Consider the hydrodynamical quantities of co-moving
baryon density pj,, proper peculiar velocity v, and total specific
energy E in the proper frame. The relation between co-moving
and proper densities is p = a3ppmper. In this system, the basic
equations of hydrodynamics include the continuity equation

3pb 1
— ===V - (pV), 2
o ; (Pp?) 2
the force-momentum equation

Oap,v
ot

= -V - (pvv) — Vp + p,g, 3)

where the pressure p transforms to the proper pressure by the
relation p :a3ppr0pera and g is the gravitational acceleration,
and the energy equation

da*p,E
# =—aV - (p,vVE +pv) +ap,v - g

+aal2 = 3(y = D)ppel +a = A), (4

where I" and A correspond to the heating and cooling rates,
respectively.

From the specific total energy, one can obtain the specific
internal energy e in the proper system by subtracting the kinetic
energy per unit mass e =F — vz/ 2. In Eulerian cosmological
simulations where gas often flows supersonically, the above
equations can be supplemented by a dual energy formalism
(Bryan et al. 1995) in which the internal energy is additionally
followed. The supplemental internal energy is then used in cells
where the computation of the internal energy from the total
energy is expected to be inaccurate (see Section 2.3 for details).
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The evolution of the specific internal energy e is given by

da’p,e
ot

=—aV - (p,ve) — apV - v
+aal2 = 3(y = D)pyel + a = A).  (5)

The relation between the pressure and the internal energy is
given by the equation of state p = (y — 1)pe.

For simplicity, first we limit the description of the
hydrodynamics solver to the adiabatic case (I'=A =0), and
delay a description of the radiative cooling implementation to
Section 2.6. In the particular case of a y=35/3 gas, the
adiabatic energy equations simplify to

O0a’p,E
% =—aV - (p,vE + pv) + ap,v - g,
2
% =—aV - (pyve) — apV - . (6)

From Equations (2), (3), and (6), it follows that for a uniform
expanding universe, the co-moving density p, will remain
constant, the peculiar velocity v will decrease as a~ ', and the
specific energies E and e will decrease as a >

2.1.2. Super-co-moving Coordinates

A convenient approach for the implementation of the co-
moving coordinate system is to define a new set of coordinates
that simplify Equations (2), (3), and (6) such that the scale
factor a does not explicitly appear. A detailed description of
these “super-co-moving coordinates” can be found in Martel &
Shapiro (1998) and are used for cosmological simulations in
the Ramses code by Teyssier (2002). The transformation to the
new system of coordinates is given by

df = H()ﬂ, V= aL,
Cl2 H()

E= aziz, e = aziz,

Hy Hy
Py = Pp P = 02% = = Dpge,

Hy

5=al g=-Vo=al. (7

Hy Hy

Throughout we will denote super-co-moving variables with a
tilde, e.g., ¢. After the transformation to the super-co-moving
system of coordinates, the equations of adiabatic hydrody-
namics for a y=15/3 gas can be written as

op o
ﬁ ==V - (p») (8)
95 5
g;” =V - (V) — Vp + b, 9)
Op,E )
g—’;E V. GFE+ ) + PP E (10)
acf;—’je = V- (p58) — pV - 5. (11)
t

The set of equations resulting from the transformation are the
same as the original equations of hydrodynamics in a non-
expanding system. This formulation allows for the extension of
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the hydrodynamics solver to an expanding frame system
without any significant changes to the original solver.

2.2. Hydrodynamics Solver

Without the gravitational source terms, Equations (8)—(11)
correspond to the conserved form of the Euler equations. A
detailed description of the methodology used for solving the
gravity-free fluid dynamics can be found in Schneider &
Robertson (2015). The hydrodynamics solver is a Godunov-
based method for which an approximation to the cell averaged
values of the conserved quantities U = [p, pv, pE, pe] are evolved
using a numerical discretization of the Euler equations, given by

1/2 1/2
vt - ur n Fzr-l:—l//2 - Fin—+1//2
At Ax

where U" denotes the average value of the conserved quantities
for cell i at time step n. The change of the conserved quantities
in cell i is given by the time centered fluxes across the cell
interfaces F}, 1/22 The flux components F = [pv, pvv, (pE + p)
v, pev] are computed by solving the Riemann problem at the
cell interfaces using the reconstructed values of the conserved
quantities obtained via a piecewise parabolic method (PPM;
Colella & Woodward 1984). The PPM scheme is third-order
accurate in space and second-order accurate in time.

=0 (12)

2.3. Dual Energy Implementation

Owing to the supersonic flows from structure formation and
adiabatic cooling of gas from universal expansion, regions where
the gas kinetic energy is much larger than the internal energy are
common in cosmological simulations. Under these conditions,
calculation of the internal energy E — vz/ 2 can be affected by
numerical errors. These errors can be ameliorated by using a
“dual energy formalism” (Bryan et al. 1995), where the internal
energy is evolved separately via Equation (5), or the corresp-
onding simplified Equation (11), and substituted for the internal
energy computed from the total and kinetic energies when
appropriate. The two terms on the right side of Equation (11)
correspond to advection and compression terms, respectively. To
reconcile the total internal energy E with the separately tracked
internal energy e, at the end of each time step, a condition is
applied on a cell-to-cell basis to select which value of the
internal energy to employ. We adopt a condition similar to that
used in Enzo (Bryan et al. 2014), where the selection is based on
the fraction of the internal energy in a given cell relative to the
maximum of the total energy in the neighborhood of the cell.
Mathematically, this condition is given by

p(E — v?/2);/ max(pE); < 11

¢ =1 SNGE)
(E — v*/2);, otherwise

where max(pE); is the maximum total specific energy in the
local and adjacent cells. In one dimension, max(pE); =
max[(pE);i_1, (pE);, (pE)i+1]. At the end of every time step,
after applying Equation (13), the total specific energy E is
synchronized with the selected internal energy by setting
E=e+Vv*/2.

The value of 7 should be chosen carefully, as setting 7 too
low will allow spurious heating owing to numerical errors
introduced in the total energy evolution. If 7 is set too high then
shock heating in regions where the gas flows converge could be
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suppressed since the advected internal energy e will be
preferentially selected over the conserved internal energy
E —v2/2, and Equations (5) and (11) do not capture shock
heating. To estimate an appropriate value for 7 in cosmological
simulations, we developed a test to evaluate how the dual
energy condition affects the average cosmic gas temperature, as
described below in Section 3.4. Based on the results of this test,
we set 7= 0.035.

Another approach on the selection criteria for the internal
energy is presented in Teyssier (2015). Here, the conserved
internal energy p(E — v2/ 2) is compared to an estimate of the
numerical truncation error

mmz%mmm, (14)

where Av corresponds to the difference of the velocities in the
neighboring cells. The selection condition for this scheme is
given by

—v2/2). 0.(E — v2/2);
@:{w /D pE =2 > Bewne (g5
e ,otherwise

where ( is a numerical parameter with suggested value 5= 0.5.
We also evaluated this dual energy condition using the average
cosmic temperature test described in Section 3.4. As we discuss
below, we found that Equation (15) can be overly restrictive by
predominately selecting the advected internal energy e over the
conserved internal energy E — 1* /2, thereby suppressing shock
heating inside collapsed halos and significantly lowering the
average cosmic temperature.

2.4. Gravity

The gravitational acceleration vector g is computed by
differentiating the gravitational potential ¢. The potential is
obtained from the solution of the Poisson equation. In the co-
moving coordinates, the Poisson equation is written as

W¢:%§@fm, (16)

where G is the gravitational constant, p = ppy + pp, 1s the total
dark plus baryonic matter density, and p is the average value of
the total density over the entire box.

Integration of Equation (16) can be directly performed in
Fourier space. In k-space, the Poisson equation simplifies to

o) = Gk pk), (17)
where G(k) is the Greens function, which, for a second-order
centered two-point finite difference discretization, corresponds
to (Hockney & Eastwood 1988)

Ax? Ay,f Az}

Gk) = — - -
® sin? (ky Ax,)  sin? (kyAy,)

sin? (k, Azp,)
(18)

Here Ax, = Ax/2, Ay, = Ay/2, and Az, = Az/2, where Ax,
Ay, and Az are the grid cell dimensions. To compute the three-
dimensional fast Fourier transforms (FFTs), we use PFFT
(Pippig 2013), a publicly available library for performing FFTs
with a box domain decomposition.

From the potential ¢, we compute the gravitational accelera-
tion vector g = — V¢. The derivatives along each direction are
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obtained using a fourth-order centered four-point finite differ-
ence approximation. In one dimension, the derivative is given by

o6, 1
o m(@?Z — 8¢+ 8¢ 1 — Piy0)- (19)

The terms corresponding to the gravitational sources, p,g& and
P,V - & in Equations (9) and (10), are added to the momentum
and total energy after the conserved variables have been
updated by the hydro solver (i.e., after Equation (12) has been
solved). The numerical implementation for the coupling of the
momentum and energy with gravity is given by

PP = ()t

1 ~n ~n ~n
+ AR+ prihg! ', (20)

PN = R
£ SACIGRY + BT e

Here the superscript n + 1™ refers to the value of the conserved
quantity after the hydrodynamics solver update and the time

centered value of the gravitational field g""!/? = —V(])f'“/ 2
The potential (Z)i"“/ ? is obtained by extrapolation from ¢! and

n—1 :
@7 using

<4172 _ (a")z[ n A" ]
e R ywe (Al S

2.5. Dark Matter

We represent the cold dark matter as a system of discrete
point-mass particles moving under the influence of gravity.
Each dark matter particle is described by its mass m; co-
moving position x;, and peculiar velocity v;. The evolution of
the particle trajectories in a co-moving frame is described by

dx; 1
! = —V; 23
dt a @3)
d Vi
ﬂ — gi’ (24)
dt

where g; is the acceleration vector owing to the gravitational
field evaluated at the particle position x;.

To solve Equation (16), we compute the contribution of the
dark matter particles to the density field by interpolating onto
the same grid used to evolve the hydrodynamical quantities.
The dark matter density ppy is calculated via a cloud-in-cell
scheme (Hockney & Eastwood 1988), for which each particle
is represented as a cube having the same size as one grid cell
Ax and uniform density m;/Ax’. The mass of the particle is
distributed among the grid cells that intersect its volume such
that the fraction of the particle mass ém; deposited on a cell is
equal to the fraction of its intersected volume.

In one dimension, the mass contribution of a particle to a cell
at position x, is given by

Sy = m,{l — i — xe|/Dx, |x; — xo| < Ax.

) (25)
0, otherwise

The gravitational acceleration g; evaluated at a particle position
x; must be computed in a manner consistent with the particle
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density interpolation. For the cloud-in-cell scheme, to avoid
self-forces on the particles, each component of g should be
interpolated with the same weights used during the density
assignment calculation.

To integrate the particle trajectories, we use the kick-drift-
kick (KDK) method (Miniati & Colella 2007), consisting of
three steps to update the particle’s position and velocity from
time step n to time step n 4 1. The sequence of variable updates
is

n 1 ny,t Atn n
v; 2 = a"t1/2 (a et 2 & )’ 2o
n At n
X' — x4 an+1/2vi +1/2, 27
V,‘n+1 = an1+l (a”*l/Zvi"-H/z + ATtgi”-H)‘ (28)

The KDK scheme allows for variable time steps, as required by
cosmological simulations owing to the variation in gas and
particle velocities as the simulation advances. This sympletic
scheme conserves an integral of motion on average, preventing
an accumulation of errors and maintaining the phase space
trajectory of the particles.

2.6. Chemistry and Radiative Cooling

We integrated Cholla with the GRACKLE chemistry and
cooling library (Smith et al. 2017) to solve a nonequilibrium
chemical network. Currently, our method only tracks the
atomic chemical species and metals, but it could be extended to
include, e.g., molecular hydrogen and deuterium.

The chemical species (HI, HII, He I, He II, He III, electrons
e, and metals Z) are advected as scalar fields alongside the gas
conserved variables via Equation (12). For details about the
implementation of GRACKLE, we refer the reader to Smith
et al. (2017). During every time step, GRACKLE updates the
ionization fractions and computes the net heating and cooling
by sub-cycling the rate equations within one hydrodynamic
step. The sub-cycling updates the chemical and thermal states
of the gas on timescales smaller than the dynamical timescales.
For the atomic H and He chemical network, GRACKLE
directly computes the heating and cooling rates accounting for
collisional excitation and ionization, recombination, free—free
emission, Compton scattering from the cosmic microwave
background, and photoheating from a metagalactic UV back-
ground. GRACKLE accounts for metals by using precomputed
tables for the metallic cooling and heating rates.

The GRACKLE update routine is applied at the end of each
time step, after the gas conserved variables have been updated
by the hydro solver and additional gravitational source terms.
This routine updates the ionization fraction of the chemical
elements, and also adds the net cooling and heating to the
internal energy by setting

(pe)i ™" — (pe)i*! + aAt"(T — A} (29)

Finally, the total energy is updated to reflect the change in the
internal energy due to the net cooling as

Ein-‘rl _ %(V{H—l)z + ein-o—l. (30)
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2.7. UVB Ionization and Heating

The nonequilibrium GRACKLE solver accounts for the
ionization of the primordial chemical species owing to a
uniform time-dependent UV background by loading tables of
the redshift-dependent photoionization and photoheating rates
for HI, Hel, and He 1. We compute the photoionization rates
from a given redshift-dependent spectrum as

L= [ HCDs0a, G1)
Vi hv

where J(v, z) is the intensity of the UV background at

frequency v (in ergs ' cm Zsr ' Hz '), and v; and o,(v) are

the threshold frequency and cross section for photoionization of

the species i, taken from Osterbrock (1989). Analogously, the

photoheating rates are computed as

€(z) = f T AW D b e w)d. (32)
Vi /’ll/

If metal line cooling is included, the contributions of metals to
the heating and cooling rates are accounted for by GRACKLE
via loading precomputed density, temperature, and redshift-
dependent lookup tables that were obtained by providing the
UVB spectrum to the CLOUDY (Ferland et al. 2017)
photoionization code (version 17.02). The tables for metallic
heating and cooling rates were generated for solar metallicity
under the assumption of ionization equilibrium and subtracting
the contributions of primordial heating and cooling as
described in Smith et al. (2017). The resulting tables are
organized into a hierarchical data format (version 5) file
readable by GRACKLE.

2.8. Time Step Calculation

The simulation time step At is computed with constraints
from the signal speed of the gas, the motion of the dark matter
particles, and the expansion of the universe. For the gas, the
time step is constrained by the gas velocities v and the sound
speed ¢, as

al\x aly al\z )’ (33)

Atgas = Qlgag min s >
[ve| + ¢ |Vy| + ¢ |Vz| + ¢

where g, is the Courant-Friedrichs-Lewy (CFL) factor
specified by the user (o, = 0.3 by default), and [v] 4 ¢ is
evaluated over the entire grid for each direction to find the
minimum value of Aty For the particles, the time step is
limited to avoid any displacement larger than the cell size in
each direction using

alAx alAy aAz)’ (34)

Atpy = apm min > >
el Iyl (vl

where apyy is analogous to the CFL factor (apy =0.3 by
default), and |v| is evaluated over all of the particles for each
direction. The time step is also limited by the expansion of the
universe by choosing Afe, such that the fractional change in
the scale factor does not exceed 1% (Adey, = 0.01a). The
actual time step is selected by taking the smallest value

At = min (Atgss, Atpm, Alexp)s (35)
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guaranteeing that all three limiting conditions described above
are satisfied.

The time step Ar (Equation (35)) is applied globally to
update all of the cells and particles in the box. When running
high-resolution simulations, it is possible to have a situation in
which, for a single cell, Aty,; is extremely small compared to
the all of the other cells, resulting in small values for At that
significantly slow the entire simulation. To avoid this situation,
when a cell satisfies the condition Aty,; < Afpy/50, then the
conserved quantities of that cell (density, momentum, energy,
and internal energy) are replaced with the conserved quantities
averaged over the six closest neighboring cells, resulting in a
larger At ; for such cell and avoiding extremely small steps.
We keep track of these occurrences during the full run, and for
the high-resolution simulations presented in this work, this
situation happens less than a dozen times per simulation,
ensuring that the dynamics of the gas are not significantly
affected by these small interventions.

2.9. Algorithm Implementation

The complete method to evolve the gas and the dark matter
particles from time step n to time step n 4+ 1 can be summarized
by the following algorithm:

Initialization:

1. Load initial conditions for the gas conserved variables
and the particle positions and velocities.

2. Obtain the dark matter density ppy by interpolating the
particle masses onto the grid via the cloud-in-cell method
described in Section 2.5.

3. Compute the gravitational potential ¢ by solving the
Poisson equation (Equation (16)), using the dark matter
density ppy and the gas density p, as the sources.

4. Calculate the gravitational field g = — V¢ at the centers
of the grid cells using a fourth-order finite difference
scheme (Equation (19)) and interpolate the acceleration
vector evaluated at the particles positions g; = g(x;).

Time Step Update:

1. Compute the current time step Az”.

2. Obtain the gravitational potential at #"*'/? by extrapola-
tion using ¢" and ¢" ', Equation (22).

3. Advance the gas conserved quantities by A" using the
intercell fluxes F"*'/2, Equation (12).

4. Add the gravitational sources to the gas momentum and
energy, Equation (20).

5. Call GRACKLE to update the ionization states of the
chemical network and add the net cooling and heating to
the internal energy, Equation (29).

6. Advance the particle velocities by %At” and use the

updated velocities v,-”“/ 2 to advance the particle posi-

tions by At”", Equations (26) and (27).

7. Obtain the dark matter density pi;(,ll via the cloud-in-cell
method.
8. Compute the gravitational potential ¢""' by solving

Equation (16) with pf;! and pZ“ as sources.
9. Obtain the gravitational field g" ' at the cell centers and
n+1

g evaluated at the particle positions.

10. Advance the particle velocities by %At” resulting in v,
Equation (28).
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Currently, the extensions included in Cholla for cosmological
simulations (the FFT-based Poisson solver, the dark matter
particles integrator, and the chemical network solver) all are
implemented to run in the host CPUs, while the hydrodynamics
solver, including the advection of the ionization states of H and
He, runs in the GPUs. At the time of submission of this work,
an entirely GPU-based distributed FFT solver has been recently
integrated into Cholla, and development to transfer both
the particle integrator and the H+He network solver to the
GPUs is ongoing. Potentially, the GPU implementation of a
H+-He network solver analogous to GRACKLE could result
in a significant performance increase since currently the
GRACKLE call to update the chemical network is the slowest
step in our implementation.

3. Validation

To test the extensions of the Cholla code for cosmological
simulations, we present below a set of validation exercises
including comparisons with other publicly available Eulerian
codes. In Section 3.1 we present the standard Zel’Dovich
(1970) test. We then compare in Section 3.2 the matter power
spectra of N-body cosmological simulations performed with
Chollato results from the Nyx(Almgren et al. 2013),
Ramses (Teyssier 2002), and Enzo (Bryan et al. 2014) codes
using the same initial conditions, and find sub-percent-level
agreement at all spatial scales when simulated with the same
resolution. We extend these tests to adiabatic hydrodynamical
cosmological simulations in Section 3.3, where we find
agreement within a few percent. To test the dual energy
formalism in cosmological simulations, we describe a new test
that computes the mean gas temperature with redshift
(Section 3.4), and show that our choice of dual energy
parameterization and parameter values recovers model expec-
tations. We validate our cosmological hydrodynamical simula-
tions including cooling, chemistry, and heating against
Enzo simulations using the same physical prescription, and
find good agreement.

3.1. Zel’Dovich Pancake

The Zel’Dovich (1970) pancake problem encompasses
several of the basic components of a cosmological hydro-
dynamical simulation including gas dynamics, self-gravity, and
an expanding frame. For this test, the evolution of a single one-
dimensional sinusoidal perturbation is followed to provide a
useful representation of the gas evolution in a three-
dimensional simulation by solving the gravitational collapse
of a single mode. The initial conditions for the density,
velocity, and temperature on a Lagrangian frame are set as

1
P = po[l - s (kxn] (36)
_ 1+ zy sin(kx;)
v(x) = 1"10(l T & (37
2/3
T(o) = To[@] , (38)
b

where z, is the value of the redshift at which the gravitational
collapse results in the formation of a shock located at the center
of the over-density, z is the initial redshift, A is the wavelength of
the perturbation, k =27/ is the corresponding wavenumber,
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and x; is the position of the Lagrangian mass coordinate. The
conversion of the positions to the Eulerian coordinates x is given
by

1 + z, sin (kx;)

X =X —
I +z k

(39)

For this test, we replicate the problem presented in Bryan et al.
(2014), a one-dimensional simulation on an L =64h"" Mpc
box with cosmological parameters #=0.5 and €, = 1. The
initial background density and temperature (py and T, ) are set
equal to the critical density p, = 3H; / 871G and 100K,
respectively. The redshift at which the shock develops is set as
zs=1, and the wavelength of the perturbation is set as
A= L =64h"" Mpc . The simulation is initialized at z = 20 and
runs on an N = 256 cell uniform grid.

Comparing the evolution of the Zel’dovich pancake problem
solved using Cholla and Enzo, we find the results from the
Cholla simulation closely resemble the Enzoresults. Both
simulations develop a central shock at z=1, and the central
over-density grows at the same rate. Figure 1 compares the
density p,, velocity v, and temperature 7T fields at z =0 in the
simulations solved with Enzo (purple lines) and Cholla (blue
lines). Additionally, the fractional differences are shown at the
bottom of each panel (gray lines). We measure small
differences <10% for the density and the temperature only at
the sharp features of the shock. For the velocity, the differences
are ~20% at the discontinuities located at the front of the
shock, and at the regions where v~ 0, the other regions
contained by the shock show small differences <10%. The
regions outside the shock result in differences <1% for all of
the fields. The small differences demonstrate an excellent
agreement between the codes.

We note that we also performed the Zel’Dovich pancake test
by applying Equation (15) to the internal energy selection in
the dual energy scheme. This condition causes the code to
select the advected internal energy e instead of the conserved
internal energy E — vz/ 2 during the entire simulation. Since
Equation (5) does not capture shock heating, the central shock
at z=1 is suppressed, and the temperature of the central region
only gradually increases owing to the gas compression. This
behavior results in a significantly different distribution for the
density, velocity, and temperature in the central region. We
discuss further ramifications of the dual energy condition in
Section 3.4.

3.2. N-body Cosmological Simulations

To validate the results produced by Chollain a realistic
cosmological setting, first we compare Cholla dark matter—only
simulations with calculations using several other well-estab-
lished codes. In this test, the simulation domain consists of an
L = 50(h~'Mpc)? box. The standard cosmological parameters
are set to Q,,=03111, Q) =0.6889, h=0.6766, and
0g =0.8102. Initial conditions were generated at z= 100 on
a uniform resolution grid using the MUSIC software (Hahn &
Abel 2011). For this test, we evolve 256° particles on an
N =256 cell uniform grid, with the particle mass resolution
equal to m, = 6.4345 x 108" M.

For our validation test, we measure the matter power
spectrum P,,(k) evolved from identical initial conditions using
Cholla, Nyx (Almgren et al. 2013), Ramses (Teyssier 2002),
and Enzo (Bryan et al. 2014). To measure the matter power
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Figure 1. Zel’Dovich pancake test at z = 0 for a one-dimensional 64 h~' Mpc
box discretized on a 256 uniform grid for an 2 = 0.5 and €2, = | universe.
Shown are the solutions computed using Enzo (purple) and Cholla (blue). The
top, middle, and bottom main panels correspond to the density (p;), velocity
(v), and temperature (7), respectively. The fractional differences for each
quantity are shown at the bottom of each panel (gray lines). The
Cholla simulations resolve the central shock and over-density, and the results
are in excellent agreement with the Enzo simulation. Small differences <10%
for p, and T are located at the sharp features of the shock, and differences
~20% for v at the regions where v ~ 0 and at the fronts of the shock.

spectrum for each simulation, we first compute the dark matter
density field by interpolating the dark matter particles onto the
N =256 uniform grid via the cloud-in-cell method described
in Section 2.5. The power spectrum is then computed in Fourier
space by taking the FFT of the over-density field. The density
field and power spectrum are computed identically for all of the
comparison simulations to ensure that any power spectrum
differences arise solely from differences in the evolved particle
distribution.

The results of our comparison are presented in Figure 2.
Each panel in the upper row shows the matter power spectrum
P, (k) for several redshifts as computed by Cholla (colored
lines), along with an overlay of the results from other codes
(dashed lines). The left panel shows the comparison to the
Nyx simulation, the center panel corresponds to the
Ramses comparison, and the right panel shows the comparison
to the Enzoresults. The bottom row shows the fractional
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difference between the power spectrum of the simulation
computed by Cholla and each comparison code. As the left
lower panel shows, the power spectrum measured in the
Cholla and Nyx simulations is in excellent agreement with
fractional differences of ~0.05% at small scales, and even
smaller differences of ~0.02% on larger scales. The compar-
ison with Ramsesalso shows remarkable agreement with
differences of 0.1% at large scales, with the largest differences
of ~0.7% occurring on small scales by z=0. Cholla and
Enzo also show excellent agreement, with differences of
<0.1% on large scales and <0.3% on small scales.

We note that in the version of Nyx used in this comparison, a
second-order scheme was employed to compute the gravita-
tional potential gradient,

0P, ; x
Ox

instead of the fourth-order method described by Equation (19). To
have the closest possible comparison, for the Cholla simulation
that was compared to the Nyx results, we used Equation (40) to
compute the gravitational field. We note that the lower-order
scheme used to compute the gradient lead to significant differences
on the power spectrum at small scales of about 15% relative to the
same simulation that employed the higher-order method.

Additionally, for the comparison with Enzo, we used the
simpler kernel for the Greens function G(k)= — k2 in our
solver instead of the kernel for the discretized Poisson equation
given by Equation (18). The choice of the kernel results in
substantial differences, changing the small-scale power spec-
trum by as much as ~28% relative to FEnzo when
Cholla employs Equation (18).

1
= E(¢i+1,j,k - ¢ifl,j,k)’ (40)

3.3. Adiabatic Cosmological Hydrodynamical Simulation

In Section 3.1 we showed that Cholla accurately solved the
gas dynamics in a simplified one-dimensional simulation. To
test the evolution of the gas in a realistic cosmological
evolution, we compared the results of a Cholla adiabatic
hydrodynamical run to a calculation with Ramses using
identical initial conditions. The configuration for the simulation
is the same as the one described in Section 3.2, but with the
addition of an 2, =0.0486 baryonic component. For the
comparison, we measure the gas density fluctuation power
spectrum directly from the baryon density field in both
simulations. Figure 3 shows the results of the comparison,
with the power spectrum measured in the Cholla simulation
(colored lines) shown for several redshifts along with the
Ramses simulation (dashed lines). The bottom panel shows the
fractional difference between the Cholla and Ramses power
spectrum measurement. On large scales, the agreement is
excellent (S1%), and on smaller scales, there are some
differences up to a maximum of ~7% at z < 1.

As described in Section 2.3, the dual energy condition used
by Ramses (Equation (15)) can suppress shock heating in
regions where the gas is converging. This choice can have a
significant effect on gas falling into dark matter potential wells,
resulting in artificially low gas temperatures. A detailed study
of how the dual energy condition affects cosmological gas
properties is provided in Section 3.4, but for this power
spectrum test, we used the Ramsesdual energy condition
(Equation (15)). We note that the lower gas temperatures
computed using the Ramses dual energy condition result in
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Figure 2. Matter power spectrum P,,(k) from dark matter—only simulations. Shown are P,,(k) from simulations performed with Cholla (colored lines) compared with
analogous simulations computed with Nyx, Ramses, and Enzo (left, center, and right panels, respectively; dashed lines). The bottom panels show the fractional
difference between the Cholla simulation and each corresponding code for comparison. For each of the comparison codes, the fractional differences relative to the
Cholla results are <0.1% compared with Nyx (bottom left), <1% compared with Ramses (bottom center), and <0.3% compared with Enzo (bottom right).
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Figure 3. Redshift-dependent gas density fluctuation power spectra for an adiabatic
cosmological simulation. Shown are the results from our Cholla simulation (solid
lines) compared with a simulation evolved using Ramses (dashed lines). The
bottom panel shows the fractional difference between the Cholla and Ramses power

spectra. The agreement is excellent on large scales, and for smaller scales, the
differences are <7%.

more power on small scales relative to calculations that use
Equation (13). The tests in Section 3.4 illustrate why we
instead use Equation (13) in our CHIPS simulation suite.
Additionally we compared the power spectrum of the gas
density fluctuations from a Cholla adiabatic cosmological
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Figure 4. Fractional differences in the gas density fluctuation power spectra for
an adiabatic cosmological Cholla simulation relative to an analogous Enzo run,
the differences are <1% for large scales and <15% for smaller scales.

simulation using Equation (13) for the dual energy formalism
to an analogous Enzorun that evolved the same initial
conditions. Figure 4 shows the fractional differences in P,,(k)
resulting from the Cholla simulation relative to the Enzo run. As
shown, the agreement is excellent at large scales with differences
<1%, and the smaller scales present differences < 15%. From
the tests performed, we note that the small-scale P,,(k) is highly
sensible to the numerical implementation of the hydrodynamics
solver and that we are not aware of a robust comparison of the
gas P,,(k) resulting from different codes. We argue that the small
differences obtained do not represent an inaccurate evolution of
the gas dynamics.

3.4. Average Cosmic Temperature

In Section 2.3 we discussed the dual energy formalism used
when solving hydrodynamical cosmological simulations. We
presented two different approaches for selecting between the
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advected internal energy e or the conserved internal energy
E—V /2; these two methods are given by Equations (13) and
(15) employed by Enzoand Ramses, respectively. To test
which approach best captures the shock heating of the infalling
gas onto the dark matter halos when implemented in Cholla,
we measure the mass-weighted average gas temperature 7 in an
adiabatic cosmological simulation as described in Section 3.3.
We then compare the simulation results to an estimate of the
expected gas temperature computed from averaging the virial
temperature of collapsed halos with the adiabatically cooling
IGM. We used the ROCKSTAR halo finder (Behroozi et al.
2013) to identify dark matter halos in the Cholla simulations,
and then computed for each resolved halo a virial temperature
as

& GMvir
3kB Rvir

where m,, is the proton mass, kg is the Boltzmann constant, and
M,;, and R,;; are the virial mass and radius of the halo measured
by ROCKSTAR. To compute our reference estimate of the
expected mean cosmic temperature in the simulation, we take
the mass in the IGM as simply total gas mass in the simulated
box My, minus the mass in collapsed halos My a0s = > M,y
Then, assuming a uniform baryon fraction, the fraction of gas
mass present in the IGM is simply (Mioa1 — Mhatos)/Miotal, and
from this we can compute the mass-weighted average
temperature as

7_:/ir: Z

halos

T = (41)

M, vir

2
) L, (42

Mot — M a
T{/ir + ( total halos)(_O

Mntal a

total

where the first term corresponds to the mass-weighted virial
temperature of the gas present in collapsed halos, and the
second term corresponds to the mass-weighted temperature of
the gas in the IGM. The IGM temperature is taken to be the
initial temperature T, scaled by the a > factor owing to the
adiabatic expansion of the universe.

The results of this comparison are shown in Figure 5, where we
plot the mass-weighted average temperature of the gas simulations
evolved with Ramses (purple line) or Enzo (green line). For
Chollawe ran two simulations with different dual energy
conditions, using a criteria similar to Ramses (Equation (15), light
blue line) or similar to Enzo (Equation (13), dark blue line).

All simulations start from the same initial temperature
To=230K at z=100. Afterward, the gas cools as Toxa >
owing to universal expansion until the first halos collapse. The
temperature of the infalling gas increases owing to shock
heating, causing the global average temperature to increase. As
Figure 5 shows, the temperature increase happens at roughly
two different times for the different simulations. In the
Enzo calculation and corresponding Cholla simulation that uses
Equation (13) for the dual energy condition, shock heating in
the halos becomes significant at z~ 15 (green and dark blue
lines). In the Ramsessimulation and the Cholla calculation
using the condition given by Equation (15) (purple and light
blue lines), the gas continues cooling owing to expansion
until z ~ 6.

The delayed gas heating in calculations using the dual
energy condition given by Equation (15) results from the
advected internal energy e being dominantly selected over the
conserved internal energy E —v*/2 for the gas infalling into
halos. In this case, the evolution of the advected internal energy
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e is given by Equation (5), which does not capture shock
heating, and consequently the heating of the gas in the halos is
suppressed.

In contrast, if Equation (13) is used for the dual energy
condition in the Cholla and Enzo simulations, the resulting
mean cosmic temperature closely follows the virial temperature
estimate at z < 6. We found that for Cholla, adopting the
parameter value 7=0.035 in Equation (13) results in a
temperature increase that begins at z~ 12, similar to our
model estimate.

We note that the mean cosmic gas temperature measured
in the Cholla adiabatic simulation and our T,; estimate
(Equation (42)) computed from the halo properties (Figure 5,
dark blue and yellow lines, respectively) display a sharp
transition at z ~ 12, when the temperature suddenly increases.
We argue that this behavior is a consequence of the limited
resolution in our test simulation, as most of the low-mass halos
that would form at early times (z > 12) are not resolved, and the
heating of gas during their virialization is not captured. We
verify this by computing an estimate of 7,;, including early,
low-mass halos predicted by an analytical mass function (Sheth
& Tormen 1999). This analytical estimate shows an earlier and
more gradual increase in the mean temperature, starting at
7~ 20. If instead we limit the minimum halo mass used for the
analytical estimate to the minimum resolved halo mass in the
test simulations, the estimate follows closely the temperature
evolution from the Cholla simulation including the sharp
increase at z~ 12. This strongly suggests that the missing
unresolved halos explain the sharp feature in the temperature
evolution.

Additionally, we measured the effect on the gas over-density
power spectrum of temperature differences arising from
the choice of the dual energy condition. Figure 6 shows the
fractional difference of the power spectrum measured in
the simulation where Equation (15) was used for the dual
energy selection relative to the power spectrum measured in the
simulation that instead employed Equation (13). The compar-
ison shows that the power spectrum in the simulation using the
condition set by Equation (15), where the gas remains colder
for longer, is ~50% higher on small scales by z~ 5. By z~2,
differences on small scales reach ~80%. Afterward, the two
simulations reach similar average temperatures, and the
differences decrease to ~30% by z=0.

We note that the truncation error ey, (Equation (14))
is resolution dependent, and the suppressed shock heating
presented in this comparison might be reduced in high-resolution
AMR simulations. Studying the behavior of condition (15) in
such simulations is beyond the scope of this work.

3.5. Cosmological Simulation: Chemistry and UV Background

To validate our integration of the chemical network (solved by
GRACKLE and advected by the hydrodynamics solver), we ran
identical hydrodynamical simulations solved with Enzo and
Cholla following the configuration described in Section 3.3 but
including the nonequilibrium H and He network plus metals in the
presence of a spatially uniform, time-dependent UV background
given by the standard HM12 (Haardt & Madau 2012) photoheat-
ing and photoionization rates. Figure 7 shows a comparison of
projected gas quantities at z =0 computed by the two codes, with
Chollaon top and Enzoon the bottom. From left to right the
panels show projections of dark matter density (ppym), gas density
(pp), neutral hydrogen density (pg1), and gas temperature (7).
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Figure 5. Evolution of the mass-weighted average cosmic temperature 7 as a
function of redshift for an adiabatic cosmological simulation. Shown as solid
lines are the simulation results using Ramses (purple), Enzo (green), and
Cholla simulations where Equations (13) (dark blue) or (15) (light blue) were
used for the internal energy selection criteria in the dual energy formalism. The
dashed lines show estimates of the temperature 7 expected from the viral
temperature of halos (yellow) and the Toca ™2 dependence owing to the
adiabatic expansion of the universe (black).
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Figure 6. Relative fractional difference of gas density fluctuation power spectra
in adiabatic cosmological simulations using Equations (13) or (15) for the dual
energy implementation. The condition set by Equation (15) maintains colder
gas for 1 <z < 15, resulting in larger power at small scales. The differences
range from 30% to 80% at 0 <z S 6.

Figure 7 shows qualitatively a remarkable agreement between the
results from the two codes.

For a more detailed comparison, we measured the density—
temperature distribution from both simulations. Figure 8 shows
the results from the Enzo (left) and Cholla (right) runs at z = 0.
As shown, the distribution of the gas in the simulations is
remarkably similar. Additionally the parameters 7, and -,
which model the distribution of the diffuse gas in the IGM (see
Section 5 for details), differ by less than 1% showing an
excellent agreement between these simulations.

4. Simulation Suite

In this section we present the CHIPS simulation suite, a set of
high-resolution simulations performed using the newly extended
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version of the Cholla code described above. The suite consists of
a series of simulations run with a fiducial resolution of
N=2048" cells, varying the cosmic photoheating and photo-
ionization rates from evolving UV background radiation fields
and with a range of cosmological parameters. All of the CHIPS
simulations evolve a primordial gas composition (X =0.76,
Y =0.24), without the inclusion of metal line cooling, as star
formation is not accounted for in the simulations.

Table 1 details the properties our initial CHIPS simulations.
The primary simulations for our initial analysis of the
Lya forest are CHIPS.HM12 and CHIPS.P19, which use the
Planck Collaboration et al. (2020) cosmological parameters and
the Haardt & Madau (2012) and Puchwein et al. (2019)
photoionization and photoheating rates, respectively, in an
L=50%" Mpc box. The Puchwein et al. (2019) model adopts
the most recent determinations of the ionizing emissivity due to
stars and AGNs, as well as of the HIabsorber column density
distribution. Another major improvement is a new treatment of
the IGM opacity for ionizing radiation that is able to
consistently capture the transition from a neutral to ionized
IGM. For these fiducial runs, we output 150 snapshots over the
redshift range z =[16, 2], spacing the time between snapshots
at Aa = 1.83 x 1073 intervals. In each snapshot, we record the
conserved fluid quantities (p, pvy, pvy, pv,, E), the gas internal
energy u, the neutral hydrogen HI, neutral helium He I, singly
ionized helium Hell, and electron n, densities, and the
gravitational potential ¢ on the simulation grid. We also record
all of the dark matter particle positions and velocities. The
detailed analyses performed on the simulation outputs are
described in Section 5.

We complement the fiducial models with four additional
simulations (CHIPS.P19.[A1-A4]) that use the Puchwein et al.
(2019) photoionization and photoheating rates but vary the
cosmological parameters &, 2, €, og, and n; within the
uncertainties reported by Planck Collaboration et al. (2020).
For each simulation, a flat cosmology is assumed, and we set
Qr=1-Q,.

Table 1 also lists properties of the additional N = 1024>
(CHIPS.P19.R1) and N=512* (CHIPS.P19.R2) simulations
used in our resolution study to demonstrate the numerical
convergence of our results (see Appendix A).

The CHIPS simulation suite was run on the Summit system
(Oak Ridge Leadership Computing Facility at the Oak Ridge
National Laboratory); each of the 2048> simulations ran in 512
GPUs for ~11 hr costing ~1000 node-hours. As described in
Section 2.9, the slowest component of the simulation is the
GRACKLE update step, consuming about half of the computa-
tional time for these runs. This motivates the ongoing
development of a H+He network solver implemented to run
in the GPUs, which will potentially reduce this bottleneck. The
subsequent analysis of the simulation output data was performed
using the lux supercomputer at UC Santa Cruz.

5. Evolution of the IGM for Two Photoheating Histories

Redshift-dependent photoionization and photoheating rates
of intergalactic gas substantially affect IGM properties. By
comparing the CHIPS. HM12 with the CHIPS.P19 simulation,
we can learn about how detailed differences in photoheating
history lead to observable differences in the Ly forest and
potentially discriminate between them by further comparisons
with data. We first compare the thermal history of the diffuse
IGM between the simulations (Section 5.1). The redshift-
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Figure 7. Comparison of simulations (256* grid and L = 50h~" Mpc) evolved with Cholla (top panels) and Enzo (bottom panels). From left to right the columns

correspond to projections of dark matter density ppy, gas density p,, neutral hydrogen density py 1, and gas temperature 7, all at redshift z = 0.
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Figure 8. Comparison of the density—temperature (A = p, /g, ) distribution at redshift z = 0 for analogous simulations (256% grid and L = 50h~" Mpc) evolved with
Enzo (left) and Cholla (right) using the HM12 photoheating and photoionization rates. The distribution of the gas in both simulations is remarkably similar, and the
differences for the parameters 7, and ~y are < 1%, demonstrating an excellent agreement for the gas distribution in the IGM between the codes. (The parameters 7, and

~ are defined in Section 5).

dependent thermal properties of the IGM in the models provide
a context for interpreting measurements of the simulated forest.
We discuss our methods for generating mock Ly absorption
spectra in Section 5.2. These simulated spectra then provide
estimates of the Lya forest optical depth (Section 5.3) and
transmitted FPS (Section 5.4).

5.1. Thermal History of the Diffuse IGM

The gas in the diffuse IGM comprises most of the baryons in
the universe and follows a well-defined density—temperature
power-law relation (Hui & Gnedin 1997; Puchwein et al. 2015;

McQuinn 2016) given by
T(A) =T, (43)

where A = p, /g, is the gas over-density, T is the temperature
at the mean cosmic density g,, and v — 1 corresponds to the

12

power-law index of the relation. The time evolution of the
parameters T and -y is determined by the photoheating from to
hydrogen and helium ionization, cooling owing to the
expansion of the universe, and inverse Compton cooling,
recombination, and collisional processes.

Figure 10 shows the density—temperature distribution of the
gas in our simulations at redshift z =15, with CHIPS.HM12
shown on the left and CHIPS.P19 shown on the right. The
distributions resulting from the two UVB models are similar
for gas collapsed into resolved structures (A > 10), but for
low-density gas (A < 10), the temperatures in the HM12
model are significantly lower owing to the earlier completion
of hydrogen reionization (z ~ 13). The gas temperature in this
model has had subsequently more time to decrease owing to
cooling processes and adiabatic expansion. For the P19
model, where reionization ends at z ~ 6, there has been less



THE ASTROPHYSICAL JOURNAL, 912:138 (24pp), 2021 May 10

Gas Density
=20

Villasenor et al.

I'"h ' Mpc

DM Density

Gas Density

Temperature

Figure 9. Projection of the gas density at redshift z = 2 from the CHIPS.P19 simulation (2048> grid, L = 50 h~! Mpc, and 1.5 h~! Mpc projected). The zoomed-in
region shows the dark matter density ppy, gas density p,, gas temperature 7, and neutral hydrogen density py | from top to bottom. A skewer crossing the center of the
zoomed-in region is marked over the neutral hydrogen distribution, and the Ly« transmitted flux along the skewer is shown in the bottom panel. The scale labels refer

to proper distances.

30
7F z=5.00 VCH|PS.HM'|2 r CHIPS.P19
45
6_ .
— &
%) 1604
o sf i g
o %
&0 =
2 &0
d 758
4- —,
5 =152 i 4 =1.22 -9.0
Ty =0.75 x 10* K ; Tp=1.01 x 10* K
3 1 3 4 5 3 2 1 0 1 2 38 4 5

logig A

logig &

Figure 10. Volume-weighted density—temperature distribution of gas at redshift z =5 in our two fiducial simulations (CHIPS.HM12, left; CHIPS.P19, right). The
low-density gas (A < 10) is colder for the Haardt & Madau (2012) model owing to H reionization ending earlier. The dashed lines show the best-fit power-law A-T

relation for the parameters Ty and 7.

time to cool by z =15, resulting in a higher T, and lower -y at (—1 < log,A < 1) region of the density—temperature distribu-
this epoch. tion. We divided the selected interval into 50 equal bins in

For each snapshot of the simulation, we determined the log,,(A), and for each bin, i, the maximum of the marginal
parameters T and -y by fitting Equation (43) to the low-density temperature distribution P(7T]A;) and the temperature range

13
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Figure 11. Redshift evolution of the gas temperature 7 at mean density and the index + of the density—temperature relation. Shown are results from our reference
simulations CHIPS.HM12 (blue lines) and CHIPS.P19 (green lines). H I reionization ends earlier (z ~ 13) for the HM12 model, compared with z ~ 6 for the P19
model, allowing more time for the low-density gas to cool. He II reionization begins at z ~ 4.5 in both models, but the lower He II photoionization rates for the P19
model result in He II being fully ionized at a later time (z ~ 3) compared with z ~ 3.8 for the HM12 run.

Table 1

CHIPS Simulation Suite

Simulation Resolution Box Size Parameters UV Background
L[h~" Mpc] [, Qs Qp, 05, 1]

CHIPS.HM12 N =2048> 50 [0.6766, 0.3111, 0.0497, 0.8102, 0.9665] Haardt & Madau (2012)
CHIPS.P19 N =2048> 50 [0.6766, 0.3111, 0.0497, 0.8102, 0.9665] Puchwein et al. (2019)
Alternative cosmologies
CHIPS.P19.A1 N =2048> 50 [0.6835, 0.3010, 0.0484, 0.8098, 0.9722] Puchwein et al. (2019)
CHIPS.P19.A2 N = 2048° 50 [0.6917, 0.2905, 0.0477, 0.8052, 0.9783] Puchwein et al. (2019)
CHIPS.P19.A3 N =2048> 50 [0.7001, 0.2808, 0.0470, 0.8020, 0.9846] Puchwein et al. (2019)
CHIPS.P19.A4 N = 2048° 50 [0.7069, 0.2730, 0.0465, 0.7997, 0.9896] Puchwein et al. (2019)
Resolution studies
CHIPS.PI19.R1 N=1024° 50 [0.6766, 0.3111, 0.0497, 0.8102, 0.9665] Puchwein et al. (2019)
CHIPS.P19.R2 N=512° 50 [0.6766, 0.3111, 0.0497, 0.8102, 0.9665] Puchwein et al. (2019)

Note. Resolution refers to the number of both grid cells and dark matter particles.

containing the 68% highest-probability density was used to
define the bin temperature 7; and its corresponding uncertainty
OT;. The coordinates (A,, T;) and uncertainty values 07; were
used as input to a Markov Chain Monte Carlo that sampled the
parameters T, and ~, initialized from uniform prior distribu-
tions, and returned posterior distributions for the thermal
parameters that best match the density—temperature relation
measured from the simulations. From the posterior distributions,
we extracted best-fit values for 7 and ~ and corresponding
parameter uncertainties 67 and &.

The redshift evolution of the parameters T, and +y for the two
UVB models is shown in Figure 11, where the effects of the
two ionization histories on the thermal structure of the diffuse
IGM are illustrated. The evolution of the IGM follows several
phases. First, before HIreionization is complete, the photo-
heating owing to hydrogen ionization increases the temperature
to an early local maximum. After all of the H1is ionized, the
diffuse IGM cools by adiabatic expansion and inverse
Compton cooling until the onset of He Il reionization reheats
the IGM to a global maximum. Once He 1T is fully ionized, the
IGM again cools adiabatically to the present day.

The HM12 UVB (blue line) causes a quick H Ireionization
around redshift z~ 14 and cools afterward. In the interval

14

between z ~ 6-10, the temperature at mean density 7, plateaus
at T~ 8 x 10° K while under-densities (A < 1) keep cooling,
mostly due to adiabatic expansion; this results in an increasing
~ until z~ 5.

For z < 15, the ionization rates for the late-reionization P19
model are significantly lower until z~ 6.5, resulting in a
gradual heating of the IGM. The IGM remains close to
isothermal (v~ 1) until H1reionization completes at z ~ 6.2.
Intergalactic gas then cools just for short period before
He Il reheating, resulting in a higher 7, than in the HM12
model.

While in both runs helium reheating starts around z ~ 4.5, the
reionization of Hellis completed earlier in CHIPS.HM12. At
7 < 3, the residual heating from photoionization of recombining
atoms is inefficient, and the IGM continues to cool all the way
down to z =0, decreasing T and increasing +.

Figure 12 shows a comparison between the thermal parameters
To(z) and ~(z) from our simulations and previous observational
inferences (Bolton et al. 2014; Hiss et al. 2018; Boera et al. 2019;
Walther et al. 2019; Gaikwad et al. 2020a, 2020b). The shaded
regions correspond to the uncertainty in 7 and + resulting from
our power-law fitting procedure. For the observations, the values
of Ty and ~ are determined in different ways.
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Figure 12. Redshift evolution of the density—temperature parameters 7, and «y from the CHIPS.HM12 (blue) and CHIPS.P19 (green) simulations. The shaded regions
show the uncertainty resulting from the power-law fitting procedure. Points show the observational results from Hiss et al. (2018), Bolton et al. (2014), Walther et al.
(2019), Boera et al. (2019), Gaikwad et al. (2020a), and Gaikwad et al. (2020b).

Walther et al. (2019) and Boera et al. (2019) both followed a
similar approach by generating Lya FPS from simulations
evolved with different thermal histories, resulting in multiple
trajectories of T and 7. For each simulation snapshot, they
determine the best-fit Ty, 7, and mean transmitted flux 7' by
performing Bayesian inference comparing the generated FPS
from the different simulations to observations.

Hiss et al. (2018) and Bolton et al. (2014) measured the b—Ny |
distribution obtained from decomposing the Lya forest spectra
into a collection of Voigt profiles, and then inferred thermal
parameters by matching the b-Ny; distribution from their
simulations to the observed distribution. Gaikwad et al. (2020b)
followed an analogous approach by comparing simulation results
to Voigt profiles fitted to transmission spikes in the inverse
transmitted flux 1 — F in z>35 spectra. In a recent analysis,
Gaikwad et al. (2020a) reported more precise results by inferring
To and ~ from combined constraints obtained through a
comparison between simulated and observed Lya forest FPS,
b—Ny 1 distributions, wavelet statistics, and curvature statistics.

During the epoch of He I reionization and afterward, Hiss et al.
(2018) inferred a peak in T, (z ~ 2.8) that is significantly higher
than the results from all of the other analyses, while the
measurements from Gaikwad et al. (2020a) are mostly higher
than those obtained by Walther et al. (2019) and Bolton et al.
(2014); note that their results still are consistent within 1o of each
other. Compared to the simulations, both the P19 and HM12
models result in an increase of 7; due to He Il photoheating that
begins too early (z ~4.2) to be consistent with the measurements
from Gaikwad et al. (2020a) and Walther et al. (2019)
simultaneously. The heating from He I reionization could be
delayed in the P19 model by decreasing the He Il photoheating and
photoionization rates, effectively also slightly decreasing the peak
of Ty at z~2.8. This would produce a trajectory for Ty at z <4
that better matches the results from Gaikwad et al. (2020a) and
Walther et al. (2019).

For z > 4, the results from Walther et al. (2019) and Boera
et al. (2019) measured temperatures lower than those produced
by the Puchwein et al. (2019) model. In particular, at z > 5,
Walther et al. (2019) found remarkably low temperatures,
which may be related to the strong correlation between T, and
F in their analysis.

The v values inferred by Walther et al. (2019) are overall
higher than those in all of the other data sets. In the redshift
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range 2.6 < z< 5, both of our CHIPS.HM12 and CHIPS.P19
simulations produce ~(z) consistent with the measurements
from Hiss et al. (2018) and Boera et al. (2019), within their
respective uncertainties. Additionally both models result in v(z)
consistent with the results from Gaikwad et al. (2020a) only for
7 < 3.3, as their observational inference results in higher values
(y~1.5) at z~3.8 compared to v~ 1.3 produced in both
simulations at this redshift. Delaying the heating from
He I reionization would allow more time for the diffuse gas
to cool after H Ireionization, effectively increasing v produced
by the models at z~4, to be in better agreement with the
results from Gaikwad et al. (2020a).

The CHIPS.P19 results are consistent with constraints on 7y,
and v for z>5.3 from Gaikwad et al. (2020b), likely because
HIreionization ends at z~6 in the Puchwein et al. (2019)
photoionization and photoheating model. Although, reconciling
the high v~ 1.5 at z ~ 3.8 from Gaikwad et al. (2020a) with the
low v~ 1.2 at z~ 5.5 inferred by Gaikwad et al. (2020b) could
require the low-density gas to cool faster than is physically
possible in a spatially uniform UV background model. However,
near HIreionization, a nonuniform UV background may be
required for the simulations to model accurately the effects of a
“patchy” reionization (Keating et al. 2020).

5.2. Synthetic Lyo Forest Spectra

The Ly« forest is a sensitive probe of the diffuse baryons in
the IGM, as the amplitude and width of the absorption lines
in the forest trace the neutral hydrogen density and the gas
temperature. The observed Lya forest global statistics, such
as the effective optical depth and the transmitted FPS, constrain
the thermal state of the IGM. To compare directly with the
observed effective optical depth and the transmitted FPS, we
compute synthetic Ly« forest spectra from our high-resolution
simulations. In total we drew 60,000 skewers through the
simulation volume, located in random positions and aligned
parallel with the three box axes (20,000 skewers for each axis).
Along each skewer, the neutral hydrogen density, gas
temperature, and the component of the velocity parallel to
the line of sight are sampled at the native resolution of the
simulation, rendering 2048 uniformly distributed pixels for
each skewer. The optical depth as a function of frequency
7, along the skewer is computed by integrating the Ly«
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Figure 13. Elements for the calculation of the transmitted flux along a single skewer crossing the CHIPS.P19 simulation box at redshift z = 2.5. Shown in the panels
from top to bottom are the neutral hydrogen density py 1 in a region surrounding the skewer, neutral hydrogen column density Ny | along the skewer, optical depth 7
computed via Equation (48), and transmitted flux F = exp(—7) along the line of sight.

interaction cross section o, and the neutral hydrogen number
density ny | along the line of sight, following:

T, = fnma,,dr, (44)

where dr is the physical length of the path element. Assuming a
Doppler profile for the absorption line, the optical depth at
frequency v is given by

2
vV — 1y

T ( Aom ) dr, 45)
where fi, is the Ly« transition upward oscillator strength,
Avp = (b/c)vy is the absorption width owing to Doppler shifts
and b = /2kgT /my corresponds to the thermal velocity of the
gas. The shift in the frequency of absorption along the skewer
is given by the Doppler shift from the change in the gas
velocity along the line of sight,

( u—uo)
v=uyll — ——|.
c

Applying a variable transformation from frequency to velocity
space and the expansion relation du = Hdr, the optical depth as
a function of velocity is expressed as

o (u—uo
fﬁbexp[( - )]du. (47)

Following the method described by Luki¢ et al. (2015), we
solved the Gaussian integral analytically and computed the

(46)

me g
12
m.cH

uo
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optical depth along the discretized line of sight using

7T62>\0fi2

1
p > EnHI,i[erf(ijrl/Z,i) —erf(y_12)1, (48)

i

Tj:

where the argument to the error function is

Yir1/2i = (VHjt1/2 — VHi — VLos,) /bi- (49)
The term vy j+1 /2 corresponds to the Hubble flow velocity at
the interfaces of cell j, and the terms vy ; and vy os; represent
the centered values of Hubble velocity and the line-of-sight
component of the peculiar velocity of the gas at cell i. Note that
the factor of 1/2 in Equation (48) comes from the definition

used for the error function, erf(x) = 1 / T f By exp(—12)dt.

The calculation of the optical depth 7 and the transmitted
flux for a single skewer spanning across the length of the
CHIPS.P19 box at redshift z=2.5 is illustrated in Figure 13.
The figure panels from top to bottom show the distribution of
the neutral hydrogen density in the neighborhood of the skewer
(pu 1, the one-dimensional neutral hydrogen column density
integrated over the length of the cell across the skewer (Ny y),
the optical depth 7 in redshift space computed via
Equation (48) (blue line) and ignoring the shift of the
absorption lines due to peculiar real space velocities (green),
and the transmitted flux F = exp(—7) along the skewer in both
redshift (blue) and real (green) space.

5.3. Evolution of the Ly Effective Optical Depth

The Ly« effective optical depth 7. is a measure of the
overall H1content of the gas in the IGM. Hence, 7. tracks the
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Figure 14. Redshift evolution of the effective optical depth 7. Shown are our
simulated measurements from CHIPS.HMI2 (blue) and CHIPS.P19 (green),
compared to data from Becker et al. (2013), Boera et al. (2019), and Bosman et al.
(2018) (data points). Measurements of 7. from the HM12 model match the
observations at 2.5 < z < 4.2, but display higher amounts of H I for z > 4.2 owing
to the low temperatures at those redshifts. The P19 model produces values of Teg
slightly lower than the observations for 2.5 <z <S4, suggesting that Hell
reionization is overheating the IGM at these epochs. For 5 <z < 5.8, the P19
model results in measurements of 7. significantly lower than the observations. This
discrepancy could result from the relatively hot IGM produced by the P19 model at
this epoch and may be addressed by introducing a nonuniform UVB in the
simulations.

ionization state of hydrogen and the intensity of the ionizing
UV background. To compare with observational measurements
of T, we computed synthetic Lya absorption spectra from all
of the outputs of our two simulations using the method
described in Section 5.2. From the large sample of skewers, the
effective optical depth is computed as 7o;f = —log(F), where F
is the transmitted flux averaged over all skewers.

The redshift evolution of the effective optical depth 7 for
our two simulations is shown by the colored lines in Figure 14
(blue and green for the HM12 and P19 models, respectively),
and the shaded region shows the variability of 7. measured
over the different skewers. For each redshift, the shaded
interval corresponds to the optical depth computed from the
highest-probability interval that encloses 68% of the distribu-
tion of the transmitted flux averaged over individual skewers.

The effective optical depth resulting from the HM12 UVB
model (blue) shows good agreement with the observed data
(Becker et al. 2013) for z < 4, but underestimates the ionization
fraction at z > 4. At the higher redshifts, the model produces an
excess of neutral hydrogen, likely because the -early
HIreionization renders the gas too cold. This results in an
effective optical depth higher than estimated by Boera et al.
(2019) and measured by Bosman et al. (2018).

The P19 model (green) has too high an ionization fraction,
resulting in an optical depth that is slightly lower than the
observations. In the redshift range 2.5 < z < 4, He Il reionization
in the P19 model is overheating the IGM. For 5 < z < 5.8, the P19
model produces 7. that are 10%-25% lower than the
observations, suggesting that the temperatures of the IGM in this
model at z~ 5.2 are higher than those in reality. At these high
redshifts (z 2 5.4), a nonuniform UV background may be required
to accurately represent the effects of a “patchy” reionization in Teg
(Keating et al. 2020), and the inclusion of a nonuniform UVB
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could reduce the discrepancies between the data and the P19
model at these times.

5.4. Lyo Transmitted Flux Power Spectrum

On scales of a few megaparsecs, the Lya FPS is an excellent
probe of the thermal properties of the photoionized IGM and
can constrain the IGM temperature at various epochs. On scales
below ~100 kpc, the FPS exhibits a cutoff beyond which the
Lya forest has suppressed structure owing to both the pressure
smoothing of the gas distribution (which sets the pressure
smoothing scale \p) as well as the thermal Doppler broadening
of the absorption lines. To compare the FPS produced by the
UVB models in the simulations with observation, we measured
the Lya transmitted FPS from the large sample of skewers
computed as described in Section 5.2. The FPS as a function of
velocity u is obtained from the flux fluctuations as

(50)

where F(u) is the transmitted flux along the skewer over the
velocity interval [0, up.], and F = exp(—7es) is the
transmitted flux averaged over all of the skewers. The FPS is
commonly expressed in terms of the dimensionless quantity
AZ, defined as

A2(k) = %kP(k). (51)
The transmitted FPS P(k) is computed as
P(k) = ttmax (|6 (k) ) (52)
Brl) = — [ gk () du, (53)
Umax YO

where k=27/u corresponds to the wavenumber associated
with the velocity u and has units of seconds per kilometer, and
Umax 1S the Hubble flow velocity for the box length
Umax = HL/(1 + z). From our simulations, we measured the
FPS resulting from both UVB models and compared with the
analogous observational measurements. Our results are shown
in Figures 15 and 16, where the lines show the FPS averaged
over all of the skewers, and the shaded bars show the
o (k) / \/Nina (k) region. Here o(k) corresponds to the standard
deviation from the distribution of P(k) measured over all
individual skewers, and Njpg(k) = Q7) 2(kime)? is the
number of independent skewers that can be drawn from the
simulation grid for each axis. Applying the central limit
theorem, o (k) / +/Nina (k) is analogous to the standard deviation
o4(k) of the distribution that results from sampling the mean
FPS (P(k)) over all possible groups of independent skewers;
therefore, o;(k) ~ O'(k)/ «/Ning(k) provides the uncertainty in
the mean FPS measured from the simulation grid.

The FPS on scales of 0.004 < k < 0.2skm™ ' is presented in
Figure 15. As shown, the uncertainty bars in the power
spectrum from the simulations are larger for smaller k values,
as the number of independent skewers that can be drawn from
the grid decreases as the size of the probed fluctuation
increases. We compare the simulation results against observa-
tional measurements from Walther et al. (2018) at 2 < z< 3.4,
and higher redshift measurements from Boera et al. (2019) and
Hiss et al. (2018) for 4 < 7 < 5.4. To assess the performance of
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Figure 15. One-dimensional power spectra of the Ly« transmitted flux fluctuations (FPS) from our two simulations CHIPS.HM12 (blue) and CHIPS.P19 (green),
compared with the observational measurements from Walther et al. (2018), Boera et al. (2019), and Viel et al. (2013) (data points). The colored lines show the FPS
averaged over all of the skewers, and the shaded regions show the o (k) / \/Ning region where o(k) is the standard deviation of the distribution P(A}) obtained from the

FPS of all of the individual skewers, and N;,q(k) is the number of independent skewers that can be drawn from the simulation grid for each axis. For k = 0.01 s km™ ",

1

the agreement between CHIPS.P19 and the observational measurement of P(k) for 2 < z < 4.5 is relatively good (time-averaged <X,2,> ~ 2), as compared with CHIPS.
HM12 (<X,%> ~ 8). For z 2 5, the amplitude of P(k) for the P19 UVB model is lower than the data, reflecting the lower estimate of 7. from the P19 model relative to
the observations. For k < 0.01 s km ™", the resulting FPS from the HM12 model is in better agreement with the data from Walther et al. (2018) at z < 3 (<X3> ~ 1)in

contrast to the P19 model (<X12/> ~ 3).

both photoionization and photoheating models to reproduce the
observed FPS, we quantify the differences in P(k) with the
statistic x> = x?/N, where

N bs model J?
P(ki)*> — P(k)
2 __
2= o

i i

; (54)

and N is the number of observed data points measured at the
wavenumbers k; and having uncertainties o;. We will use X2 to
denote the statistic computed by Equation (54) for multiple
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scales at the same redshift, and (x*) to denote a “time-
averaged” statistic when using multiple scales over multiple
redshifts.

For k> 0.01 skm ™', the agreement between the CHIPS.P19
simulation (green) and the observational measurement of P(k)
for 2<z7<4.5 is relatively good as the time-averaged
differences are (x2) ~ 2, compared to (x2) ~ 8 for CHIPS.
HMI12 (blue). At high redshifts (z = 5), the observational data
lie between the predictions from the two models. This result is
consistent with the behavior of 7.4 in Figure 14, since the
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Figure 16. One-dimensional power spectra of the Ly« transmitted flux fluctuations (FPS) from our two simulations CHIPS.HM12 (blue) and CHIPS.P19 (green),
compared with the large-scale power spectra data from the eBOSS experiment (Chabanier et al. 2019). The colored lines show the FPS averaged over all of the
skewers, and the shaded regions show the o (k) / \/m region, where o(k) is the standard deviation of the distribution P(A%) obtained from the FPS of all of the
individual skewers, and Nj,q(k) is the number of independent skewers that can be drawn from the simulation grid for each axis. From z = 2.2 to z = 4.6, the amplitude
of P(k) for the models increases faster than the data, and for the range 2.6 < z < 4.2, the data lie in between the models. The P19 and HM12 models result in P(k) that

matches the data at z = 4.6 and z = 2.2, respectively.

normalization of the transmitted flux fluctuations &F is
determined by F, and an underestimate of 7. will result in a
lower normalization in P(k). For k < 0.01 skm_l, the HM12
UVB model produces FPSs that agree better with the data from
Walther et al. (2018) at z <3 (<X5> ~ 1) than the P19 model

((X,2,> ~ 3). At high redshift (z 2 4.6), the HM12 model results
in a FPS higher than the observations, and this discrepancy is
again consistent with the higher values of 7.¢ produced by the
model compared with the observations, as shown in Figure 14.

For larger scales, 0.002 < £k < 0.02 s kmfl, the FPS shown in
Figure 16 is compared with the observational measurements
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from the eBOSS experiment presented in Chabanier et al.
(2019). The evolution of P(k) in CHIPS.HM12 (blue) and
CHIPS.P19 (green) differs from the observed data, with the
amplitude of P(k) in the models increasing faster than the data
at z=22—4.6. Figure 16 shows that at higher redshift
(z~4.6), the P19 model P(k) matches the observations
(x2 = 1.4), while for the redshift range 2.6 <z < 4.2, the data
lie in between the models. For z < 2.4, the HM12 model agrees
better with the data measured by the eBOSS experiment but the
small uncertainties in the observational measurements result in
large values of Xf regardless. Since the temperature of the IGM
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at 7 <4 is primarily set by He Il reionization, we argue that the
discrepancies between the P19 results and the observed data
could be alleviated by changing the He II photoheating rate
associated with AGNs to reduce the IGM temperature at z ~ 3.

Comparing Lya FPSs between simulations and observation
offers a direct way to assess the performance of the chosen
photoionization and photoheating rates in reconstructing the
thermal history of the IGM. Figures 15 and 16 show that both
photoionization and photoheating models used for this work
(Haardt & Madau 2012; and Puchwein et al. 2019) fail to
recover the observed P(k) on scales of 0.002 < k< 0.2 skm ™
over the redshift range 2 Sz SS. The observed Lya forest
statistics 7. and P(k) lie in between the results produced by the
two models. This tension motivates further studies using
cosmological simulations with modified photoionization and
photoheating rates that result in lower IGM temperatures at
2 <z <3 and increase the amplitude of the FPS on large scales
(e.g., 0.002 <k <0.02skm™") to match better the observations.

6. Discussion

By comparing the results of our simulations with observa-
tions, we have demonstrated that the broad properties of the
forest are reproduced by models using either the Haardt &
Madau (2012) or Puchwein et al. (2019) photoheating and
photoionization rates. The Puchwein et al. (2019) rates in
particular lead to realistic small-scale structure in the forest
over a range in redshift. However, both models fail to recover
the detailed shape of the transmitted flux P(k) or the magnitude
of the optical depth at all redshifts or spatial scales. The
physical reasons for these inadequacies likely also depend on
redshift and spatial scale, and are discussed below.

6.1. What Is the IGM Photoheating History?

As Figures 11 and 12 illustrate, the observational inferences on
the evolution of the IGM mean temperature and density—
temperature relation are currently widely varying (Bolton et al.
2014; Hiss et al. 2018; Walther et al. 2018; Boera et al. 2019;
Gaikwad et al. 2020a, 2020b). Deriving these observed properties
requires assistance from simulations, for instance by generating
model spectra or aiding the interpretation of transmission spikes.
As a result, discriminating between early reionization (Haardt &
Madau 2012) and late reionization (Puchwein et al. 2019) based on
To(z) and (z) remains hazardous. The Ly« optical depth and P(k)
evolution show that the observations mostly reside in between the
model predictions. At redshifts z~2 — 3, the Puchwein et al.
(2019) rates produce structure in the forest that agrees better with
the data on small scales, but on larger scales, Haardt & Madau
(2012) performs better. The IGM structure at these redshifts is
heavily influenced by He Il photoheating powered by AGNs, and
both the relative spectral slopes of the AGN spectral energy
distribution and the difference in emissivity with redshift in these
models could affect their scale-dependent relative agreement.
Finding the He I photoheating and photoionization rates that result
in agreement across all scales at these redshifts will require future
work and more simulations.

Close to the hydrogen reionization era, in simulations using the
Haardt & Madau (2012) rates, the Ly« P(k) amplitude increases
more rapidly with redshift than in the Puchwein et al. (2019)
model. Reionization occurs very early in the Haardt & Madau
(2012) UVB, and the P(k) amplitude evolution reflects the
progressively colder IGM in this scenario. The hydrogen ionization
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and temperature states of the IGM in the Puchwein et al. (2019)
model are apparently too high, and produce a lower P(k) than is
seen in the observation. Balancing the high temperature resulting
from the late reionization in this model and the larger P(k) may
require a patchy reionization process, as noted previously (Keating
et al. 2020).

6.2. IGM Thermal History versus Instantaneous Properties

The importance of developing self-consistent histories for IGM
properties, including the phase structure, FPS, and Ly optical
depth, cannot be overstated for interpreting observations. The
power of the Ly forest for constraining the small-scale physics of
structure formation, including the possible presence of warm dark
matter (e.g., Viel et al. 2013; IrSi¢ et al. 2017) and the importance
of neutrinos (e.g., Chabanier et al. 2019), is limited by the
imprecisely known thermal properties that can impact such scales.
These uncertainties on the thermal properties, often characterized
by the temperature 7}, at the mean density and the slope ~ of the
IGM temperature—density relation, have frequently been treated as
nuisance parameters when developing cosmological parameter
constraints from the Lya forest. Analyses typically marginalize
over the uncertainties in the thermal structure of the forest to arrive
at, e.g., the possible contribution of warm dark matter to the
suppression of small-scale power.

One complication with these analyses that our simulations
highlight is how the history and evolution of the thermal
properties influence the structure of the forest. The characteristics
of the forest at one redshift cannot be disentangled entirely from
its properties at similar redshifts. The response of the forest, in
terms of both its thermal and ionization structure, depends on the
evolving photoheating and photoionization rates, and the values
of both 7y and ~ change along tracks with redshift. These
properties are not independent, and have redshift correlations
that cannot be ignored by separately marginalizing over their
properties independently at an array of redshifts. Instead, when
marginalizing over the thermal structure of the forest to infer
constraints from P(k), full simulated histories of the forest
properties are required with marginalization occurring simulta-
neously over the forest structure at all redshifts where
observations are available. For instance, synthesizing the results
shown in Figures 11 and 12 and , and 15, we find that the
consistently lower P(k) amplitude of the forest at z=[4.2, 4.6,
5.0, 5.4] when using the Puchwein et al. (2019) rates results from
the hotter IGM induced by the late global reionization in this
model. The temperature at these times is not independent across
redshift, and varying the models over a range of IGM
temperature and Lya P(k) at a given redshift amounts to direct
assumptions on those properties at adjacent redshifts where the
dominant photoheating mechanisms are the same.

Addressing this issue requires a potentially large number of
hydrodynamical simulations of cosmological structure forma-
tion that capture various photoheating histories and manage to
resolve the Lya forest structure robustly on small scales. Our
CHIPS simulations represent a first step in this direction, and
the computational efficiency of the Cholla code will enable us
to realize the required number of simulations with moderate
additional effort.

7. Summary

Motivated by new observational efforts that will provide
unprecedented detail on the properties of the Lya forest (e.g.,
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DESI Collaboration et al. 2016a), we have initiated the CHIPS
series of hydrodynamical simulations of cosmological structure
formation. Our simulations use the GPU-native Cholla code to
maintain exquisite spatial resolution in the low-density IGM
throughout cosmological volumes. In this first paper, we conduct
N = 2048 resolution simulations to compare the thermal history
and physical properties of the Ly forest using two models for
the photoheating and photoionization rates induced by an
evolving ultraviolet background (Haardt & Madau 2012;
Puchwein et al. 2019). A summary of our efforts and
conclusions follows:

1. We extended the Cholla code to perform cosmological
simulations by engineering gas self-gravity, a Fourier-
space Poisson solver, a particle integrator, a co-moving
coordinate scheme, and a coupling to the GRACKLE
heating and cooling library (Smith et al. 2017).

2. We provided extensive tests of our cosmological
simulations, including the Zel’Dovich (1970) pancake
test and comparisons with the results of other cosmolo-
gical simulation codes. Cholla agrees with Nyx (Almgren
et al. 2013), Ramses (Teyssier 2002), and Enzo (Bryan
et al. 2014) to sub-percent accuracy on all spatial scales
for N-body cosmological simulations, and matches
Ramses and Enzoresults to within a few percent for
adiabatic hydrodynamical simulations.

3. We provide a new method for testing the dual energy
formalism (Bryan et al. 1995) of Eulerian hydrodynami-
cal codes for cosmological simulations by matching the
mean cosmic gas temperature in adiabatic simulations,
and we show that Cholla recovers the expected results.

4. In accordance with prior results (e.g., Puchwein et al.
2019), we find that after hydrogen reionization, simula-
tions using the Haardt & Madau (2012) photoheating
rates predict a cooler IGM temperature than the Puchwein
et al. (2019) UVB model. At redshifts z~4-6, the
Puchwein et al. (2019) model is hotter owing to hydrogen
reionization completing later than in the Haardt & Madau
(2012) scenario. At redshifts z <4, the IGM is hotter in
the Puchwein et al. (2019) model owing to the Hell
photoheating rates powered by AGNS.

5. We compare the Ly« transmitted FPS P(k) computed for
these simulations with observations. We find that at
redshifts 2 <z<5.5, the performance of the models
varies with scale. Using the Puchwein et al. (2019)
photoheating rates results in good agreement with the
observed P(k) on k> 0.0l skm ' at 2 <z <4.5.

6. On larger scales, the amplitude of the observed P(k)
increases faster from z ~ 2.2 to z ~ 4.6 than the structure
in the simulated forest. The observations appear inter-
mediate between the simulation results using the Haardt
& Madau (2012) and Puchwein et al. (2019) photoheating
rates at 2.2 <z < 4.6 for k~0.002 —0.01 skm .

7. At higher redshifts, z 2> 4.5, as the epoch of hydrogen
reionization is approached, the P(k) amplitude in the
simulations increases at rates that bracket the observed
flux P(k). The observed Ly« optical depth also lies in
between the model predictions at these redshifts.

8. We show that our results are insensitive to small changes
in the cosmological parameters comparable to the Planck
Collaboration et al. (2020) uncertainties, and we
demonstrate that our results for the FPS have converged
with resolution studies.
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These initial CHIPS simulations demonstrate that commonly
used models for the photoheating and photoionization rates
(Haardt & Madau 2012; Puchwein et al. 2019) broadly
reproduce the observed thermal history and transmitted FPS of
the Lya forest. However, in detail, the agreement with the
observations can be improved, including better recovering of the
redshift- and scale-dependence of the flux P(k) and the evolution
in the Lyaoptical depth. Matching these observations more
completely will require changing the photoionization and
photoheating rates for both hydrogen and helium. We will
explore these improvements using additional large-scale cosmo-
logical simulations in future work.

We wish to thank Francesco Haardt and Ewald Puchwein for
their discussions and guidance. The simulations used for this
paper were produced in the Summit system (ORNL) project
AST149. This research used resources of the Oak Ridge
Leadership Computing Facility at the Oak Ridge National
Laboratory, which is supported by the Office of Science of the
U.S. Department of Energy under Contract No. DE-ACO05-
000R22725. We acknowledge use of the /ux supercomputer at
UC Santa Cruz, funded by NSF MRI grant AST 1828315. B.V.
is supported in part by the UC MEXUS-CONACyT doctoral
fellowship. B.E.R. acknowledges support from NASA contract
NNG16PJ25C and grant SONSSC18K0563. We acknowledge
the comments and suggestions received from the anonymous
referee, which helped improve the content and clarity of
this work.

Software: Cholla (Schneider & Robertson 2015, https://
github.com/cholla-hydro/cholla), Python (van Rossum 1995),
Numpy (Van Der Walt et al. 2011), Matplotlib (Hunter 2007),
MUSIC (Hahn & Abel 2011), PFFT (Pippig 2013),
GRACKLE (Smith et al. 2017), CLOUDY (Ferland et al.
2017), ROCKSTAR (Behroozi et al. 2013).

Appendix A
Resolution Convergence Analysis

To assess the numerical convergence of our results, we
performed runs with different resolutions. Each simulation was
run with the same box size (L =50hr"" Mpc) and identical
cosmological parameters (Planck Collaboration et al. 2020),
but with differing resolutions of N=512°, N=1024", and
N =2048> cells and dark matter particles. These simulations
have co-moving spatial resolutions of Ax=098, 49, and
24 h™" kpc, respectively. The initial conditions were generated
to preserve the large-scale modes in common to each
simulation, such that the properties of the simulations could
be compared directly on shared spatial scales. We measured
the Lya effective optical depth and transmitted FPS at each
resolution.

The left panel of Figure 17 shows the convergence of the
Lya transmitted FPS with resolution. As the resolution
increases, the large-scale P(k) decreases while the small-scale
power increases. This progression reflects the structure of the
forest becoming better resolved as the number of cells
increases. The N= 1024 and N =2048> simulations agree
well over most spatial scales, with little evidence that the
N =2048% simulation requires further refinement on scales
k>0.007 skm .

The right panel of Figure 17 details the redshift evolution of
the Ly« optical depth measured in the convergence study. As
the structure of the forest becomes better resolved, the optical
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Figure 17. Ly forest statistics measured for similar simulations with different spatial resolutions Ax = 98, 49 and 24 i~ kpc (co-moving). All simulations have
L=50n" Mpc and use the Puchwein et al. (2019) UVB model and Planck Collaboration et al. (2020) cosmological parameters. The transmitted FPS A2F atz=>51s
shown in the left panel, and the redshift evolution of the effective optical depth 7. is shown in the right panel. Both measurements demonstrate that the relevant
statistics of the Ly« forest have converged for the high-resolution simulations used in this work.

depth lowers. This decline reflects the decrease in large-scale
power as the resolution improves, as illustrated in the left ;)anel
of Figure 19. As with the P(k) analysis, the N=1024" and
N =2048" simulations agree well in their Ly« optical depth
evolution. The large-scale structure of the forest also agrees
well between these simulations, demonstrating that the
N =2048 simulations have converged on scales that con-
tribute the most to the optical depth.

Appendix B
Cosmological Parameter Study

The relative difference in the Ly« forest properties between
simulations using the Haardt & Madau (2012) or Puchwein
et al. (2019) rates is substantial, but understanding whether
these differences are large compared to differences in the forest
resulting from cosmological parameter variations requires
further simulation. To answer this question we repeated our
highest-resolution simulation using the Puchwein et al. (2019)
rates with a range of cosmological parameters, varying over the
reported uncertainty in the Planck Collaboration et al. (2020)
analysis. We ran four simulations where we varied the Hubble
parameter H,, matter density (2, baryon density (2,, rms
fluctuations on 8 4~ Mpc scales og, and the spectral slope of
initial perturbations n,. The chosen numerical values of the
cosmological parameters are reported in Table 1.

Table 2 shows the mean co-moving baryonic density g, for
the reference simulation CHIPS.P19 and the simulations with
alternative cosmologies. Additionally, for the alternative
cosmologies, the fractional difference of the average density
Ap,/p, relative to the reference CHIPS.P19 is shown in the
second column. The differences in the mean gas density are
approximately a few percent and reflect differences in the mean
optical depth measured in the alternative cosmology simula-
tions with respect to the CHIPS.P19 simulation. The
differences in the effective optical depth D[7.g] relative to
CHIPS.P19 as a function of redshift are shown in Figure 18.
The differences in 7.¢ range from —2% to 6%, exhibit little
evolution with redshift, and cannot, e.g., account for the
deviations of 7. resulting from the Puchwein et al. (2019)
model and the observational measurements shown in Figure 14.
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Figure 18. Redshift-dependent fractional difference of the effective optical
depth 7. in the alternative cosmology simulations, measured with respect to
the fiducial CHIPS.P19 simulation that evolves a Planck Collaboration et al.
(2020) cosmology. The variations in 7. reflect differences in the mean
baryonic density g, for the alternative cosmologies shown in Table 2.

Table 2
Mean Gas Density Comparison for Alternative Cosmologies
Simulation Mean Baryon Density Ap, /P,
0, [Mokpe™ ] [x 1073

CHIPS.P19 6.315

CHIPS.P19.A1 6.275 —0.62
CHIPS.P19.A2 6.334 0.31
CHIPS.P19.A3 6.394 1.25
CHIPS.P19.A4 6.449 2.12

Figure 19 shows the resulting variation in the transmitted
flux P(k) induced by the small variations introduced in the
cosmological parameters. The differences in the power
spectrum D[AZ] relative to the reference CHIPS.P19 are
shown for four snapshots at redshifts between z=2.0 and
z=1>5.4. The differences in P(k) are scale dependent, but are
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Figure 19. Fractional differences in the FPS A2 of the alternative cosmology simulations. The differences are measured with respect to the fiducial CHIPS.P19
simulation that evolves a Planck Collaboration et al. (2020) cosmology (shown for redshifts z = [2, 3, 4, 5.4]). The differences are scale dependent, and the overall

variations in normalization reflect the differences in 7.¢ shown in Figure 18.

consistent with the differences shown in Figure 18 for 7., as
the mean transmitted flux F sets the normalization of P(k). To
disentangle the effect that varying each cosmological parameter
has on the Lya statistics, a more extensive study would have to
be performed. However, we conclude that the overall effect of
the cosmological variations is small, and as Figure 19
demonstrates, the difference in physical structure between
simulations conducted with the Haardt & Madau (2012) or
Puchwein et al. (2019) rates cannot be easily mimicked with
cosmological parameter variations allowed by experimental
constraints. This result also emphasizes the need to account for
the IGM thermal history when inferring cosmological proper-
ties from the forest.

We also compared the evolution of the thermal parameters Ty
and v from the alternative cosmology simulations to the
reference CHIPS.P19 simulation, and found that the differences
in Ty and ~ relative to the Planck Collaboration et al. (2018)
cosmology were <3%. Since these differences are of the order of
the uncertainties resulting from modeling the density—temper-
ature distribution as a power-law relation (Equation (43)), we do
not report any significant variation in the thermal history of the
IGM owing to small variations of the cosmological parameters.
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