arXiv:astro-ph/0603199v1 8 Mar 2006

Mon. Not. R. Astron. Sod00, 1 (2006) Printed 5 February 2008 (MATEX style file v2.2)

Cosmological Radiative Transfer Codes Comparison Projedt The
Static Density Field Tests

llian T. lliev!*, Benedetta Ciardj Marcelo A. Alvarez, Antonella MaselH,
Andrea Ferrarg Nickolay Y. Gnedin, Garrelt Mellem&?®, Taishi Nakamott,
Michael L. Normar®, Alexei O. RazoumoV, Erik-Jan Rijkhorst, Jelle Ritzerveld,
Paul R. Shapirg Hajime Sus&, Masayuki Umemurg Daniel J. Whalef{!

1 Canadian Institute for Theoretical Astrophysics, Univigrsf Toronto, 60 St. George Street, Toronto, ON M5S 3H8 adan
2 Max-Planck-Institut fiir Astrophysik, 85741 Garching,r@any

3 Department of Astronomy, University of Texas, Austin, TKL281083, U.S.A.

4 SISSA/International School for Advanced Studies, ViauBdir34014 Trieste, Italy

5 Fermilab, MS209, P.O. 500, Batavia, IL 60510, U.S.A.

6 Department of Astronomy & Astrophysics, The University lit@go, Chicago, IL 60637, U.S.A.

7 ASTRON, P.O. Box 1, NL-7990 AA Dwingeloo, The Netherlands

8 Sterrewacht Leiden, P.O. Box 9513, NL-2300 RA Leiden, TheeNands

9 Center for Computational Sciences, University of Tsukiisakuba, Ibaraki 305-8577, Japan

10 Center for Astrophysics and Space Sciences, Universitglifbéhia, San Diego, 9500 Gilman Drive, La Jolla, CA 9200824, U.S.A.
11 physics Division, Oak Ridge National Laboratory, Oak Ridgd 37831-6354, U.S.A.

12 Department of Physics, College of Science, Rikkyo Uniyei34-1 Nishi-lkebukuro, Toshimaku, Tokyo, Japan

13 T-6 Theoretical Astrophysics, Los Alamos National LabamgtLos Alamos, NM 87545, U.S.A.

5 February 2008

1 INTRODUCTION

Numerous physical problems require a detailed understignofi
radiative transfer (RT) of photons in different environrtsemang-

* e-mail: iliev@cita.utoronto.ca

ABSTRACT

Radiative transfer simulations are now at the forefrontwierical astrophysics. They are
becoming crucial for an increasing number of astrophysical cosmological problems; at
the same time their computational cost has come to the rdanhrently available computa-
tional power. Further progress is retarded by the condideraumber of different algorithms
(including various flavours of ray-tracing and moment scegndeveloped, which makes the
selection of the most suitable technique for a given prokdemon-trivial task. Assessing the
validity ranges, accuracy and performances of these schisrittee main aim of this paper, for
which we have compared 11 independent RT codes on 5 tesepnsb(0) basic physics, (1)
isothermal H Il region expansion and (2) H Il region expansidth evolving temperature,
(3) I-front trapping and shadowing by a dense clump, (4) iplgltsources in a cosmological
density field. The outputs of these tests have been comparkditierences analyzed. The
agreement between the various codes is satisfactory aglthoot perfect. The main source
of discrepancy appears to reside in the multi-frequen@timent approach, resulting in dif-
ferent thicknesses of the ionized-neutral transitionalegiand the temperature structure. The
present results and tests represent the most completerbarichvailable for the develop-
ment of new codes and improvement of existing ones. To thisadlitest inputs and outputs
are made publicly available in digital form.

Key words: H Il regions—ISM: bubbles—ISM: galaxies: halos—galaxietgh-redshift—
galaxies: formation—intergalactic medium—cosmologgdty—radiative transfer— meth-
ods: numerical

ing from intergalactic and interstellar medium to stellamptane-
tary atmospheres. In particular, a number of problems ofnces
logical interest cannot be solved without incorporatingd@lcula-
tions, e.g. modeling and understanding of thexlfgrest, absorp-
tion lines in spectra of high-z quasars, radiative feedheftacts,
the reionization of the intergalactic medium (IGM) and $tama-
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tion, just to mention a few (see elg. Ciardi & Ferrara 200%,a0 logical problems. The comparison is made among 11 indepénde

recent review on some of these topics). In many of thesetgins codes, each of which is described conciselyj @ (and more ex-
the physical conditions are such that the gas in which plsgpoop- tensively in the corresponding methodology paper, wheareyesl-
agate is optically thick; also, the geometry of the probldterois able). We would like to emphasize that the interaction amiteg
quite complex. As a consequence, approaches relying ocadti various participating groups has been characterized byyacem-
thin or geometrical approximations yield unsatisfact@myd some- structive and scientifically honest attitude, and resuhedany im-
times incorrect) results. provements of the codes.

The RT equation in 3D space has seven (three spatial, two Here we present the results from a set of tests on fixed den-
angular, one frequency, one time) dimensions. Althoughpie-s  sity fields, both homogeneous and inhomogeneous, whiclyveri
cific cases certain kinds of symmetry or approximations can b the radiative transfer methods themselves. In a follow-ajpep we
exploited, leading to a partial simplification, most prabkeof as- plan to discuss the direct coupling to gas-dynamics and aoenp
trophysical and cosmological interest remain very compkex the results on a set of several radiative hydrodynamics|g@mnu
this reason, although the basic physics involved is welkustod,
the detailed solution of the complete radiative transferagign is

presently beyond the available computational capatslifie addi- 2 THE CODES
tion, the technical implementation of the RT equation in etical ) ] ) ) o
codes is a very young and immature subject in astrophysics. In this section we briefly describe the eleven radiative sfan

codes which are taking part in this comparison project. Taée d
scriptions point to the more detailed methodology papemneker
available. All the codes, their names, authors and curesatufes
are summarized in Tablé 1.

RT approaches have been attempted in the past to study spe
cific problems as the light curves of supernovae, radiatromf
proto-stellar and active galactic nuclei accretion diske® radia-
tion from collapsing molecular clouds, continuum photonage
from galaxies and the effects of dust obscuration in gataxigpi-
cally, either the low dimensionality of these approachehersim-
plified physics allowed a numerical treatment that resuhexdsuf-
ficiently low computational cost given the available maelsinAs
this last constraint has become less demanding, the nunmoer a C>-Ray is a grid-based short characteristics ray-tracing edtich
type of desirable applications has expanded extremelgiyapiar- is photon-conserving and causally traces the rays away fhem
ticularly spreading to galaxy formation and cosmology feld ionizing sources up to each cell. Explicit photon-consgovais

Following this wave of excitement, several groups then at- assured by taking a finite-volume approach when calculdtieg
tacked the problem from a variety of perspectives by using-co ~ Pphotoionization rates, and by using time-averaged optleaths.

2.1 (C?-Ray: Photon-conserving transport of ionizing
radiation (G. Mellema, I. lliev, P. Shapiro, M. Alvarez)

pletely different, independent, and dedicated numerigalrithms. The latter property allows for integration time steps muatyeér

It was immediately clear that the validation and assessiiethie than the ionization time scale, which leads to a considerspéed-
various codes was crucial in order not to waste (always)dicni  up of the calculation and facilitates the coupling of our edd
computational and human resources. At that point the coritgnun ~ gasdynamic evolution. The code is described and testedai de
faced the problem that, in contrast with e.g. gas-dynamidies, Mellema et al.|(2006a).

very few simple radiative transfer problems admit exactydival The frequency dependence of the photoionization rates and

solutions that could be used as benchmarks. Just a few ygars a the photoionization heating rates is dealt with by usingiency-
only a few RT codes were available and these were still mostly integrated rates, stored as functions of the optical detiesion-

in the testing/optimization phase, and therefore lackiegrieces- ization threshold. In its current version the code includely hy-
sary degree of stability required to isolate truly scieatifsults drogen and does not include the effects of helium, althohely t
from uncertainties due to internal programming bugs. Inlgse could be added in a relatively straightforward way.

few years the subject has rapidly changed. Not only has the re The transfer calculation is done using short charactesisti
liability of existing codes matured, a new crop of codes Hame where the optical depth is calculated by interpolating ealaf grid
novel techniques has been developed, making a comparisoerof cells lying closer to the source. Because of the causal amafithe
timely. The time is now ripe to do this comparison project faigy ray-tracing, the calculation cannot easily be paralleliferough
complete and meaningful form and this paper presents tldlett ~ domain decomposition. However, using OpenMP the code is effi
outcome of our effort. ciently parallelized over the sources. The code is curyerséd for

The aim of the present comparison is to determine the type large-scale simulations of cosmic reionization and itssotebility
of problems the codes are (un)able to solve, to understamd th (llievetall2005bl Mellema et BI. 2006b) on grid sizes up06®
origin of the differences inevitably found in the results,stimu- and up to more thah0” ionizing sources.
late improvements and further developments of the existougs There are 1D, 2D and 3D versions of the code available. It was
and, finally, to serve as a benchmark to testing future ones. developed to be directly coupled with hydrodynamics caftahs.
We therefore invite interested RT researchers to make use of The large time steps allowed for the radiative transfer entte

our results, including tests descriptions, input and outgata, use of the hydrodynamic time step for evolving the combined s
all of which can be found in digital form at the project web- tem. The first gasdynamic application of our code is preskeitte
sitelht t p: /7 Www. mpa- gar chi ng. mpg. de/ t su3/l At this Mellema et al.|(2005).

stage our interest is not focused on the performances ofaitiesc
in terms of speed and optimization.

This project is a collaboration of most of the community and
includes a wide range of different methods (e.g. variousigas
of ray-tracing, as well as moment schemes), some of whick hav The Optically Thin Variable Eddington Tensor (OTVET) apfro
already been applied to study a variety of astrophysicakastho- mation [Gnedin & Ab¢l 2001) is based on the moment formufatio

2.2 OTVET: Optically-Thin Variable Eddington Tensor
Code (N. Gnedin, T. Abel)
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Table 1. Participating codes and their current features.

Code (Authors) Grid Parallelization  gasdynamics Helium Rec. radiation
C?-Ray (G. Mellema, 1. lliev, P. Shapiro, M. Alvarez) fixed/AMR shared yes no no
OTVET (N. Gnedin, T. Abel) fixed shared yes yes yes
CRASH (A. Maselli, A. Ferrara, B. Ciardi) fixed no no yes yes
RSPH (H. Susa, M. Umemura) no grid, particle-based  dideibu yes no no
ART (T. Nakamoto, H. Susa, K. Hiroi, M. Umemura) fixed distried no no yes
FTTE (A. Razoumov) fixed/AMR no yes yes yes
SimpleX (J. Ritzerveld, V. Icke, E.-J. Rijkhorst) unstuetd no no no yes
Zeus-MP (D. Whalen, M. Norman) fixed distributed yes no no
FLASH-HC (E.-J. Rijkhorst, T. Plewa, A. Dubey, G. Mellema) xetl/AMR distributed yes no no
IFT (M. Alvarez, P. Shapiro) fixed/AMR no no no no
Coral (I. lliev, A. Raga, G. Mellema, P. Shapiro) AMR no yes sye no

of the radiative transfer equation:

adE, OF: R
- - = - VEI./ vy
c Ot Ozt " 5
¢ ot Tamiv = R @)

whereE, and F? are the energy density and the flux of radiation
respectivelyx, is the absorption coefficiens,, is the source func-
tion, andh¥ is a unit trace tensor normally called the Eddington
tensor.

It is important to underscore that the source functiy{z)
is considered to be an arbitrary function of position, sd thaay
contain both the delta-function contributions from any iemof
individual point sources and the smoothly varying contiins
from the diffuse sources.

Equations[{ll) form an open system of two partial differen-
tial equations, because the Eddington tensor can not bendat
from them. In the OTVET approximation the Eddington tensor i
computed from all sources of radiation as if they were ofitica
thin, h¥¥ = P /Tr P, where

ij 3 - (xz_le)(xg_le)
P = [t S

wherep. is the mass density of the sources e.g. stars.

Thus, the OTVET approximation conserves the number den-
sity of photons (in the absence of absorption) and the fluxiay
introduce an error in the direction of the flux propagatidncan
be shown rigorously that the OTVET approximation is exactsfo
single point-like source and for uniformly distributed soes, but
is not exact in other cases.

While it is difficult to prove rigorously, it appears that the
largest error is introduced for the case of two sources, onehm
stronger than the other. In that case the H Il region arouadtitong
source is modeled highly precisely, but the shape of the Eldian
around the weaker source (before the two H Il regions merge) b
comes ellipsoidal with the deviation from the spherical syetry
never exceeding 17% (1/6) in any direction.

2.3 CRASH: Cosmological RAdiative transfer Scheme for
Hydrodynamics (A. Maselli, A. Ferrara, B. Ciardi)

CRASH is a 3D ray-tracing radiative-transfer code basedhen t
Monte Carlo (MC) technique for sampling distribution fuiocis.

The grid-based algorithm follows the propagation of thezimy
radiation through an arbitrary H/He static density field aattu-
lates the time-evolving temperature and ionization stmgcof the
gas.

The MC approach to RT requires that the radiation field is dis-
cretized into photon packets. The radiation field is thusaapced
by emitting packets, according to the configuration undexyan
sis, and by following their propagation accounting for thpacity
of the gas. For each emitted photon packet, the emissiotidoca
frequency and propagation direction are determined byanahg
sampling the appropriate probability distribution functs (PDFs),
which are assigned as initial conditions. It is possiblendiude
an arbitrary number of point/extended sources and/orsiffuack-
ground radiation in a single simulation. This approach #@iesvs
a straightforward and self-consistent treatment of thimiskf radia-
tion produced by H/He recombinations in the ionized gas.

The relevant radiation-matter interactions are accoufied
during the photon packet's propagation. At each cell cryssach
packet deposits a fraction of its photon content accordinthé
cell's opacity which determines the absorption probabil@nce
the number of photons absorbed in the cell is calculated, mek fi
the effect on the temperature and on the ionization stateeo§as,
by solving the discretized non-equilibrium chemistry améngy
equations. Recombinations, collisional ionizations analiog are
treated as continuous processes.

The detailed description of the CRASH implementation is
given inlCiardi et al.1(2001) and Maselli et &l. (2D03), andiran
proved algorithm for dealing with a background diffuse ong
radiation is described in_Maselli & Ferrara (2005). The dede-
scribed in this paper have been performed using the mostegbda
version of the code (Maselli etlal. 20003).

The code has been primarily developed to study a number of
cosmological problems, such as hydrogen and helium reitipiz,
the physical state of the kyforest, the escape fraction of Lyman
continuum photons from galaxies, the diffuseaLgmission from
recombining gas. However, its flexibility allows applicats that
could be relevant to a wide range of astrophysical problérhs.
code architecture is sufficiently simple that additionaygibs can
be easily added using the algorithms already implementadex
ample, dust absorption/re-emission can be included withimim
effort; molecular opacity and line emission, although mzmpli-
cated, do not represent a particular challenge given thesrioah
scheme adopted. Obviously, were such processes addedyrthe c
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putational time could become so long that parallelizaticvubd and energies. Hydrodynamics is not incorporated into thieeoti

be necessary. This would be required also when CRASH will be version.

coupled to a hydrodynamical code to study the feedback aiopho In the first step of the ART scheme, a ray, on which photons
processes onto the (thermo-)dynamics of the system. propagate, is cast from the origin by specifying the propiagan-

gles. When the distance from the ray to a grid point is smétlen
a certain value, a segment is located at the grid point. Aectiin
2.4 RSPH: SPH coupled with radiative transfer (H. Susa, M. of all the segments along the ray is considered to be a decmpo

Umemura) tion of the ray into segments. The radiative transfer cakiomh is
sequentially done from the origin towards the downstreata sh
each segment. From one segment to another, the optical depth
calculated and added. Finally, changing the angle andrshithe
origin, we can obtain intensities at all the grid points diesl along
all the angles.

ART has two versions for the integration of intensities over
the angle. The first is a simple summation of intensities iith
nite solid angles. This scheme is fit to diffuse radiatioresa3he
second one, designed to fit point sources, uses a solid ahtjle o
source at the grid point to evaluate the dilution factor. fiplying
the representing intensity at the grid point and the dilufactor,
we can obtain the integration of the intensity over the anglen-
erally, the radiation field can be divided into two parts: éée

The Radiation-SPH scheme is designed to investigate theatton
and evolution of the first generation objectsat 10 (Sus:a 2006),
where the radiative feedback from various sources play itapb
roles. The code can compute the fraction of chemical speaxies
H*, H, H™, Hs, and rg by fully implicit time integration. It also
can deal with multiple sources of ionizing radiation, ashaslthe
radiation in the Lyman-Werner band.

Hydrodynamics is calculated by the Smoothed Particle Hydro
dynamics (SPH) method. We use the version of SPH by Umémura
(1993) with the modification by_Steinmetz & Mueller (1993hda
we also adopt the particle resizing formalism lby_Thacketlet a
(2000). In the present version, we do not use the entropydbrm

ISm. direct incident radiation from point sources and the othéhé dif-

. Th? non-equilibrium chemistry and radiative cooling for fuse radiation. ART can treat both radiation fields appatety by
primordial gas are calculated by the code developed by using two schemes simultaneously.

Susa & Kitayamal (2000), where;Hooling and reaction rates are The integration over the frequency is done using the one-

mostly t?kez frolzn G.a”I.& Plal 2.(1998). lov th et frequency method, which is similar to the six-frequency moelt
As for the photoionization process, we employ the on-that-sp devised by Nakamoto etlal. (2001). Since in our present probl

approxma}tlon (Spitzex 1978). We solve the transfer 0““.’@ both the spectrum of the source and the frequency-depeadsnc
photons directly from the source but do not solve the trarufdif- the absorption coefficient are known in advance, once waicalc
fuse photons. Instead, it is assumed that the recombingliotons late the optical depth at the Lyman limit frequencg/ the anmaf

are absorbed in the neighbourhood of the spatial positioarevh absorption at any frequency can be obtained with’out cayryint
they are emitted. The absence of source terms in this appeexi integration along the ray for the different frequency.

tion greatly simplifies the radiation transfer equationlvig the The parallelization of ART can be done based not only on

transfer equation reduces to the determination of the alpdiepth the angle-frequency decomposition but also on the spatiaain

from the source to every SPH particle. . . decomposition using the Multiple Wave Front (MWF) method
The optical depth is integrated utilizing the neighbour (Nakamoto et 4l 2001)

lists of SPH particles. It is similar to the code described in
Susa & Umemulée (2004), but now we can deal with multiple point
sources. In our new scheme, we do not create so many gridspoint 2.6 FTTE: Fully threaded transport engine (A. Razoumov)
on the light ray as the previous code (Susa & Umemural2004) did
Instead, we just create one grid point per SPH particle ingtgh-
bor. We find the 'upstream’ particle for each SPH particle tsn i
line of sight to the source. Then the optical depth from thec®
to the SPH particle is obtained by summing up the opticalldapt
the 'upstream’ particle and the differential optical dept#tween
the two particles.

The code is already parallelized using the MPI library. Th
computational domain is divided by the Orthogonal Recer&i

FTTE is a new method for transport of both diffuse and point
source radiation on refined grids developed at Oak RidgeoNaiti
Laboratory. The diffuse part of the solver has been destribe
Razoumov & Cardall (2005). Transfer around point sourcedsie
in a separate module acting on the same fully threaded daiz st
ture (3D fields of density, temperature, etc.) as the diffis. The
e point source algorithm is an extension of the adaptive pitisig
scheme of_Abel & Wandelt (2002) to a model with variable grid
section method. The parallelization method for radiaticans- re_sc_)lution, with all discretization done on the gr_id. Sasof ra-
fer part is similar to the Multiple Wave Front method develdp diation can be hostgd by cel!s Of any level of reflr.lem.ent,oalgtn
usually in cosmological applications sources reside indisepest

by INakamoto et al.l (2001) and _Heinemann étlal. (2005), bu it i level of refi A d h boi build
changed to fit the RSPH code. The details are described._in Susg€Ve! of refinement. Around each point source we build a syste

(2006). The code also is able to handle gravity with a Bates- of radial rays which split either when we move further awaynir
tree, which is also parallelized the source, or when we enter a refined cell, to match the local m

imum required angular resolution. Once any radial ray iseefi
it stays refined (even if we leave the high spatial resolugiatch)
until further angular refinement is necessary.

All ray segments are stored as elements of their host celis, a
actual transport just follows these interconnected datactires.
Whenever possible, an attempt is made to have the most generi
ART is a grid based code designed to solve the transfer oéradi ray pattern possible, as each ray pattern needs to be cainmlie
tion from point sources as well as diffuse radiation. On thetp- once. The simplest example is an unigrid calculation (noeefi
ionization problem, ART solves time-dependent ionizatsbates ment), where there is a single ray pattern which can be useallfo

2.5 ART: Authentic Radiative Transfer with Discretized
Long Beams (T. Nakamoto, H. Susa, K. Hiroi, M.
Umemura)



Cosmological Radiative Transfer Codes Comparison Proje@&

sources. Another computationally trivial example is aeciion of
halos within refined patches with the same local grid geoyetr
seen from each source.

For multiple sources located in the same H Il region, we can
merge their respective ray trees when the distance fronotiress
to a ray segment far exceeds the source separation, andttbal op
depth to both sources is negligible — 5ee Razoumov et alZ2{Z60
details.

The transport quantity in the diffuse solver is the specjjir (
unit frequency) intensity, whereas in the point source esoivis
the specific photon luminosity — the number of photons pet uni
frequency entering a particular ray segment per unit tinoe.dis-
cretization in angles both modules use the HEALPiIx algarith
(Gorski et all 2002), dividing the entire sphere ifox 4" ! equal
area pixels, where = 1,2, ... is the local angular resolution. For
point source transfer, is a function of the local grid resolution,
the physical distance to the source, and the local ray paitea
cell. As we go from one ray segment to another, in each cell we
accumulate the mean diffuse intensity and all photo-reaatates
due to point source radiation. For rate equations, we ustrtiee
dependent chemistry solver from Anninos etlal. (1997).

Currently there is only a serial version of the code, alttioug
there is a project underway at the San Diego Supercomputing C
ter to parallelize the diffuse part of the algorithm angjeamgle.
Even in the serial mode the code is very fast, limited in pcadby
the memory available to hold ray patterns. We have run vartest
problems up to grid size256> with five levels of refinemens(92®
effective spatial resolution), and up to the angular resmiuevel
n = 13.

2.7 SimpleX: Radiative Transfer on Unstructured Grids (J.
Ritzerveld, V. Icke, E.-J. Rijkhorst)

SimpleX [Ritzerveld et al. 2003) is a mesoscopic particlehoe,
using unstructured Lagrangian grids to solve the Boltznequa-
tion for a photon gas. It has many similarities with Latticelt3-
mann Solvers, which are used in complex fluid flow simulations
with the exception that it uses an adaptive grid based onrihe ¢
terion that the local grid step is chosen to correlate withriiean
free path of the photon. In the optimal case, this last matifio
results in an operation count for our method which doesscale
with the number of sources.

More specifically, SimpleX does not use a grid in the usual
sense, but has as a basis a point distribution, which follines
medium density, or the opacity. Given a regular grid with med
density values, we use a Monte Carlo method to sample outgpoin
according to this density distribution. We construct antwutsured
grid from this point distribution by using the Delaunay &ation
technique. This recipe was intentionally chosen this wagrsure
that the local optical mean free paths correlate linearth thie line
lengths between points. This way, the radiation-matteradtions,
which determine the collision term on the rhs of the Boltzman
equation., can be incorporated by introducing a set of rattigon
coefficients’{c; }, one for each interaction. These coefficients are
exactly the linear correlation coefficients between thécaptnean
free path and the local line lengths.

The transport of radiation through a medium can subseguentl
be defined and implemented as a walk on this resultant graiti, w
the interaction taking place at each node. The operationtomiu
this resultant method 9 (N“l/m), in which N is the number of
points, or resolution, anth is the dimension. This imdependent
of the number of sources, which makes it ideal to do largeescal

reionization calculations, in which a large number of sesrés
needed.

The generality of the method’s setup defines its versatility
Boltzmann-like transport equations describe not only thev fbf
a photon gas, but also that of a fluid or of a plasma. It is tloeeef
straightforward to define a SimpleX method which solves tiogh
radiative transfer equations and the hydrodynamics ezpmself-
consistently. At the same time, we are in the process of ngakin
a dynamic coupling of SimpleX with the grid based hydro codes
FLASH (Eryxell et all 2000) and GADGET-2.(Springel 2005).€Th
code easily runs on a single desktop machine, but will belpara
lelized in order to accommodate this coupling.

For this comparison project, we used a SimpleX method set
up to do cosmological radiative transfer calculations. Témult
is a method which is designed to be photon conserving, updat-
ing the ionization fraction and the resultant exact locaticab
depth dynamically throughout the simulation. Moreoveffudie
recombination radiation, shown to be quite important fer dler-
all result (e.gl_Ritzerveld 2005), can readily be impleredrgelf-
consistently and without loss of computational speed.

For now, we do not solve the energy equation, and do simula-
tions H-only. We ignore the effect of spectral hardeningwihych
we can analytically derive the fraction of the flux above tyenan
limit, given that the source radiates as a black body. We w@adco
for H-absorption by using a blackbody averaged absorptiaffie
cient. The final results are interpolated from the unstmectigrid
cells onto thel28® datacube to accommodate this comparison.

2.8 ZEUS-MP with radiative transfer (D. Whalen, M.
Norman)

The ZEUS-MP hydrocode in this comparison project solves ex-
plicit finite-difference approximations to Euler’s equats of fluid
dynamics together with a 9-species reactive network thHhreg
photoionization rate coefficients computed by a ray-cgstadia-
tive transfer module (Whalen & Nornian 2006). lonizationnfi
thus arise as an emergent feature of reactive flow and regliati
transfer in our simulations and are not tracked by compuing-
libria positions along lines of sight. The hydrodynamicalriv
ables p, e, and thepv;) are updated term by term in operator-
split and directionally-split substeps, with a given sepsincor-
porating the partial update from the previous substep. Tadignt
(force) terms in the Euler equations are computed in sowuae r
tines and the divergence terms are calculated in advedigimes
(Stone & Normain 1992).

The primordial species added to ZEUS-MP (H;" HHe,
He', He*t, H™, H}, H., and €) are evolved by nine addi-
tional continuity equations and the nonequilibrium rateiagpns
of lAnninos et al.[(1997). The divergence term for each spgeisie
evaluated in the advection routines, while the other terons fa
reaction network that is solved separately from the sounckaal-
vective updates. Although the calculations performedtis ¢om-
parison study take the gas to be hydrogen only, in generalewe s
quentially advance each m the network, building thét species’
update from the i - 1 (and earlier) updated species whileyappl
ing rate coefficients evaluated at the current problem tidfarge
and baryon conservation are enforced at the end of each dydro
namic cycle and microphysical cooling and heating processe
included by an isochoric operator-split update to the gndegsity
computed each time the reaction network is advanced. Tha-rad
tive transfer module computes the photoionization ratéficients
required by the reaction network by solving the static eignadf
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transfer recast into flux form along radial rays outward frpoint
source centered in a spherical-coordinate geometry. Timbeuof
ionizations in a zone is calculated in a photon-conservicgmer

that owns the source stores its grid and processor id andsiiake
available to all other processors. Then each processoraegsthe
grids it owns to obtain local column density contributioBgice in

to be the number of photons entering the zone minus the numbergeneral rays traverse more than one processor domain, lttede

exiting.

The order of execution of the algorithm is as follows: fireg t
radiative transfer module is called to calculate ionizatiates in
order to determine the smallest heating/cooling time ongttie:
The grid minimum of the Courant time is then computed and the
hydrodynamics equations are evolved over the smaller ofvibe
timescales. Next, the shortest chemistry timescale offildegcal-
culated

Atchem =0.1 E
Ne

@)

which is formulated to ensure that the fastest reaction atjmey
at any place or time in the problem governs the maximum time
by which the reaction network may be accurately advanced. Th
species concentrations and gas energy are then advanaeithisve
timestep, the transfer module is called again to computewa ne
chemistry timestep, and the network and energy updateseare p
formed again. The ;nand energy are subcycled over successive
chemistry timesteps until the hydrodynamical timestep Ih@en
covered, at which point full updates of velocities, enesgiand
densities by the source and advection routines are compAteeiv
hydrodynamical timestep is then determined and the cygpleats.
This algorithm has been extensively tested with a comprehen
sive suite of quantitative static and hydrodynamical bematiks
complementing those appearing in this paper. The tests ere d
scribed in detail in Whalen & Normah (2006)

2.9 FLASH-HC: Hybrid Characteristics (E.-J. Rijkhorst, T.
Plewa, A. Dubey, G. Mellema)

The Hybrid Characteristics (HC) method__(Rijkhbrst Z005;
Rijkhorst et all 2006) is a three-dimensional radiativesfar algo-
rithm designed specifically for use with parallel adaptivesimre-
finement (AMR) hydrodynamics codes. It introduces a novehfo
of ray tracing that can neither be classified as long, nor ast sh
characteristics. It however does apply the underlying gipies,
i.e. efficient execution through interpolation and pataébility,

of both these approaches.

Primary applications of the HC method are radiation hydrody
namics problems that take into account the effects of pboipa-
tion and heating due to point sources of radiation. The ntetho
implemented into the hydrodynamics package Flash (Fretedl.
2000). The ionization, heating, and cooling processes adetad
using the Doric packagée (Frank & Mellerna 1994). Upon compari
son with the long characteristics method, it was found thatHC
method calculates shadows with similarly high accuracth@lgh
the method is developed for problems involving photoiotiira
due to point sources, the algorithm can easily be adaptebeto t
case of more general radiation fields.

The Hybrid Characteristics algorithm can be summarized as
follows. Consider an AMR hierarchy of grids that is distribd
over a number of processors. Rays are traced over theseediffe
grids and must, to make this a parallel algorithm, be splitrtp
independent ray sections. Naturally these sections areeiffirtst
place defined by the boundaries of each processor’'s subidpma
and in the second place by the boundaries of the grids cautain
within that sub-domain. At the start of a time step, each gsec
sor checks if its sub-domain contains the source. The psoces

contributions are made available on all processors thrawgjbbal
communication operation. By interpolating and accumotatall
contributions for all rays (using a so called ‘grid-mapp)rtbe to-

tal column density for each cell is obtained. The coeffigersed in
the interpolation are chosen such that the exact solutiotinécol-
umn density is retrieved when there are no gradients in theitje
distribution. Tests with d /2 density distribution resulted in er-
rors < 0.5% in the value for the total column density as compared
to a long characteristics method.

Once the column density from the source up to each cell face is
known, the ionization fractions and temperature can be coech
For this we use the Doric package (see Mellema & Lundavisi200
Frank & Mellemal 1994). These routines calculate the photat a
collisional ionization, the photoheating, and the rag@&ooling
rate. Using an analytical solution to the rate equation feribon-
ization fractions, the temperature and ionization frawtiare found
through an iterative process. Since evaluating the inkedoa the
photoionization and heating rate is too time consuming téop
for every value of the optical depth, they are stored in lapkta-
bles and are interpolated when needed.

The hydrodynamics and ionization calculations are coupled
through operator splitting. To avoid having to take timepste
that are the minimum of the hydrodynamics, ionization, aedth
ing/cooling time scales, the fact that the equations foridinéza-
tion and heating/cooling can be iterated to convergencesési.u
This means that the only restriction on the time step conm® fr
the hydrodynamics (i.e. the Courant condition). Note hawvélat,
when one needs to follow R-type ionization fronts, an addéi
time step constraint is used to find the correct propagatocity
for this type of front.

An assessment of the parallel performance of the HC method
was presented Ky Rijkharst (2005). It was found that the rag-t
ing part takes less time to execute than other parts of theical
lation (e.g. hydrodynamics and AMR.). Tests involving rammdly
distributed sources show that the algorithm scales ligewith the
number of sources. Weak scaling tests, where the amount réf wo
per processor is kept constant, as well as strong scalityy telsere
the total amount of work is kept constant, were performed el w
By carefully choosing the amount of work per processor it was
shown that the HC algorithm scales well for at leastl00 pro-
cessors on an SGI Altix, anst 1000 processors on an IBM Blue-
Genel/L system.

The HC method will be made publicly available in a future
Flash release.

2.10 IFT: lonization Front Tracking (M. Alvarez and P.

Shapiro)

We have developed a ray-tracing code which explicitly feBahe
progress of an ionization front (I-front) around a point s@uof
ionizing radiation in an arbitrary three-dimensional dgn§eld
of atomic hydrogen. Because we do not solve the non-eqjuitibr
chemical and energy rate equations and use a simplifiedrtesat
of radiative transfer, our method is extremely fast. While@ode is
currently capable of handling only one source, we are in thegss
of generalizing it to handle an arbitrary number of pointrees.
More detailed descriptions of various aspects of this catele
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found in§ 5.1.3 oflMellema et all (2006a) and of |Alvarez et al.
(2005).

The fundamental assumption we make is that the I-front is

sharp. Behind the front, the ionized fraction and tempeeatue
assumed to take their equilibrium values, while ahead ofritrat
they are assigned their initial values. The assumption aflibg
rium behind the I-front is justified because the equilibmattime
on the ionized side of the I-front is shorter than the recomabi
tion time by a factor of the neutral fraction, which is smathind
the I-front. Because the progress of the I-front will be eliént in
different directions, it is necessary to solve for its ticependent
position along rays that emanates from the source, the angrit
entation of which are chosen to lie at the centers of HEALBIxe
(Gorski et all 2005). Typically, we choose a sufficient tegon of
rays in the sky such that there is approximately one ray pege ed
cell. Along a given ray, we solve the fully-relativistic eation for
the propagation of the I-front_(Shapiro eflal. 2005):

dR cQ(R)
dt — Q(R)+4wR2cn(R)’

where Q(R) is the ionizing photon luminosity at the surface of
the front, R is the distance along the ray, ands the speed of
light. This equation correctly accounts for the finite tlame of
ionizing photons, i.e. aQ(R) — oo, dR/dt — ¢. The arrival
rate of ionizing photons is given by

(©)

R
Q(R) = Qx« — 47r/ ozB(T)n2(7‘)T2d7‘, 4)
0

whereQ.. is the ionizing photon luminosity of the source(r) is
the density along the ray, ards () is the “case B” recombination
coefficient along the ray. The value efz () is determined by the
equilibrium temperature, which varies along the ray.

A brief outline of the algorithm is as follows. First, we inte
polate the density from the grid to discrete points alondhaag,

where the spacing between points along each ray is apprtelima

C?*—Ray
OTVET

RSPH

FTTE _—
SimpleX ——-—-—-—

Figure 1. Legend for the line plots.

The code follows, by a semi-implicit method, the non-
equilibrium chemistry of multiple species (H, He, C II-VI, N
VI, O I-VI, Ne I-VI, and S 1I-VI) and the corresponding cootin
(Raga et al. 1997; Mellema et al. 1998), as well as Comptok coo
ing. The photoheating rate used is a sum of the photoionizati
heating rates for H I, He | and He Il. For computational efficig
all heating and cooling rates are pre-computed and storedbies.
The microphysical processes — chemical reactions, radigtio-
cesses, transfer of radiation, heating and cooling — arkeimgnted
though the standard approach of operator-splitting (@kvesl each
time-step, side-by-side with the hydrodynamics and calipdeit
through the energy equation). The latest versions of the eteb
include the effects of an external gravity force.

Currently the code uses a black-body, or a power-law iogizin

the same as the cell size of the grid. Next, we compute the equi Source spectra, although any other spectrum can be accoabedod

librium profile of ionized fraction and temperature alongleaay
by moving outward from the source, using the equilibriumtredu
hydrogen density of the previous zones to attenuate thedlaach
successive zone. Equatidd (3) is then solved for each raighwh
gives the I-front position in that direction. The values ohized
fraction and temperature along each ray are set to theifiledum
values inside of the I-front, and set to their initial valwesthe out-
side. Finally, the ionized fraction and temperature arerjmtlated
back from the rays to the grid.

2.11 CORAL (l. lliev, A. Raga, G. Mellema, P. Shapiro)

CORAL is a 2-D, axisymmetric Eulerian fluid dynamics adap-
tive mesh refinement (AMR) code (see_Mellema etlal. 1998;
Shapiro et al. 2004, and references therein for detailectightion).

It solves the Euler equations in their conservative finibs#ne
form using the second-order method of van Leer flux-spgttin
which allows for correct and precise treatment of shock® gitid
refinement and de-refinement criteria are based on the gtadié

all code variables. When the gradient of any variable isdatigan

a pre-defined value the cell is refined, while when the cdtefor
refinement is not met the cell is de-refined.

L http://healpix.jpl.nasa.gov

Radiative transfer of the ionizing photons is treated e by
taking into account the bound-free opacity of H and He in the-p
toionization and photoheating rates. The photoionizagiod pho-
toheating rates of H I, He | and He Il are pre-computed for ifierg
spectrum and stored in tables vs. the optical depths at therng
thresholds of these species, which are then used to ob&@iot
optical depths. The code correctly tracks both fast (bywérglon
an ionization timestep\t ~ ny /ng) and slow I-fronts.

The code has been tested extensively and has been applied

to many astrophysical problems, e.g. photoevaporatiodusfjgs
in planetary nebulae_(Mellema ef al._1998), cosmologicatimi
halo photoevaporation during reionization_(Shapiro 2124104,
lliev et alli2005¢c), and studies of the radiative feedbackifpropa-
gating ionization fronts on dense clumps in Damped Lymasys-
tems (lliev et all 2005a).

3 TESTS AND RESULTS

In this section we describe the tests we have performedgalith
their detailed parameters, geometry and setup, and thésresel
obtained. When constructing these tests, we aimed for thelast
and cleanest, but nonetheless cosmologically-inteiggtioblems.
We designed them in a way which allows us to test and compare
all the important aspects of any radiative-transfer codesg in-
clude correct tracking of both slow and fast I-fronts, in loge-
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Figure 2. Test 0, part 1: Hydrogen rates, cooling

neous and inhomogeneous density fields, formation of shedow
spectrum hardening, and solving for the gas temperatute. sta

a companion paper (Paper Il) we will present the tests whieh i
clude the interaction with fluid flows and radiative feedbaokthe
gas. For simplicity, in all tests the gas is assumed to bedygir-
only. The gas density distribution is fixed. Finally, in orde be

1g(T) [K]

1g(T) [K]

and cross-sectieed by the participating codes.

3.1 Test 0: The basic physics

The solution of the radiative transfer equation is intirhatelated

to the ionization and thermal states of the gas. These depend
the atomic physics reaction rates, photoionization csessions,

as well as cooling and heating rates used. As there is a yariet

included in the comparison, each test had to be done by at leas Of rates available in the literature, for the sake of clavityy have

three or more of the participating codes.

Figure[d provides a legend allowing the reader to identify
which line corresponds to which code in the figures througtioa
paper. The images we present are identified in the corresppnd
figure caption.

All test problems are solved in three dimensions (3D), with
grid dimensions 28 cells. For the 1D (Zeus-MP) and 2D (Coral)
codes the data is interpolated on the same-size 3D grid aad an
lyzed the same way. Unless otherwise noted, the sourcesiairig
radiation are assumed to have a black-body spectrum withtafé
temperaturel.z = 100,000 K, except for Test 1 where the as-
sumed spectrum is monochromatic with all photons havingggne
hv = 13.6 eV, the ionization threshold of hydrogen. In all tests the
temperature is allowed to vary due to atomic heating andimgol
processes in accordance with the energy equation, agdinthrét
exception of Test 1 where we fix the temperaturd'at 10" K.

summarized those used in our codes in Thble 2 and plottedithem
Figurel2. The table columns indicate, from left to right, tizene of
the code and the reference for: case A recombination ratelgf H
He Il and He Ill; case B recombination rate of H Il, He |l and Hle |
dielectronic recombination rate of He II; collisional iaation rate
of H I, He | and He llI; collisional ionization cooling rate ¢f I,

He I and He II; case A recombination cooling rate of H Il, Heritla
He llI; case B recombination cooling rate of H Il, He Il and HE |
dielectronic recombination cooling rate of He II; collina exci-
tation cooling rate of H I, He | and He Il; Bremsstrahlung dngl
rate; Compton cooling rate; cross-section of H I, He | and He |
Note that for those codes in which the treatment of He is not in
cluded, only the references to the H rates are given.

The first thing to note in FigurEl 2 is that although the rates
come from a wide variety of sources, they largely agree. Them
differences are in our recombination cooling rates, paldity at

The few codes that do not yet include an energy equation use avery high temperatures, beyond the typical range of gas ¢emp

constant temperature value.

tures achieved by photoionization heatifg £ 10° K). It should
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Table 2. Rates adopted by the different radiative transfer codes.cblumns are, from left to right, name of the code and referdor: case A recombination
rate (RRA) of H Il, He Il and He Ill; case B recombination raRRB) of H II, He Il and He llI; dielectronic recombination ea{DRR) of He lI; collisional
ionization rate (CIR) of H I, He | and He llI; collisional iorétion cooling rate (CICR) of H I, He | and He II; case A recondtion cooling rate (RCRA)
of H II, He Il and He Ill; case B recombination cooling rate (RB) of H Il, He Il and He llI; dielectronic recombination cand rate (DRCR) of He II;
collisional excitation cooling rate (CECR) of H I, He | and HgBremsstrahlung cooling rate (BCR); Compton coolin@ré€CR); cross-section (CS) of H I,
He | and He Il. Units of RRA, RRB, DRR and CIR are [ésT1], units of CICR, RCRA, RCRB, DRCR, CECR, BCR, CCR are [erg?sm!] and units of
CS are [cm]. Note that for those codes in which the treatment of He ismzitided, only the references to the H rates are given.

CODE RRA RRB DRR CIR CICR RCRA RCRB DRCR CECR BCR CCR CS
C2-Ray 10,11,10 6 10,11,10 23,-,- 10 18 15
OTVET 9,49 9,4,9 2 999 999 9,4,9 9,4,9 2 5,-,5 17 22
CRASH 55,5 20,20,20 5 555 555 55,5 20,20,20 5 55,5 5 8 5 1
RSPH 20 18 20 7 18
ART 19 20 19 19 20 19 19 19 13
FTTE 1 9,99 1 1,11 18,1818 55,5 10,11,10 5 3,55 3 16 15
SimpleX 20 6 15
ZEUS-MP 1 21 12 18 5 5,-,- 3 16 14
FLASH-HC 10,11,10 6 10,11,10 23,-,- 10 15
IFT 9 25 5 18 5,-,- 3 22
Coral 10,11,10 10,11,10 24 6 23,23,23 10,11,10 10,11,10 24 3,2323 10 18 15

(1)|Abel et al. (1997); (2) Aldrovandi & Peauighat (1973)) Black (19811); (4) Burgess & Seatdn (1960); (5) Cen (1992)Qox (1970); (7)
Eukuaita & Kawasakil(1994); (8) Haiman ef al. (1996);.(9) luGnedin [1997); (10) Hummer (1994); (11) Hummer & Storey983 (12).Janev et al.
(1987); (13).Lang.(1974); (14).Osterbrbck (1974); (15) Tsiwck [1989); (16)Peebles (1971); (17) Peeliles (1998)i$hapiro & Kangl(1987); (19)

Shermanl(1979); (20).Snitrer (1978); (21) Tenorio-Taglallef1985); (22) Verner et Al (1996); (23) Agganwal (1982%) Raga et all (1997); (2b) Vororiov
(997);
Notes: the code€'2-Ray, Flash-HC and Coral all share the same nonequilibrinemistry module (DORIC, developed by G. Mellema), so thexetihe
same hydrogen chemistry and heating rates and cross+semtid the same chemistry solver. However, Coral also iesltide chemistry of helium and a
number of metals.

be noted, however, that e.g. shock-heated gas can reach much

higher temperatures, in which case the differences in des fiae-
come very large and caution should be excersised in chodising
appropriate rates. However, even at the typical photoédita tem-
peratures there are differences between the rates by ugttofaf
~ 2. The origin of these discrepancies is currently unclead, iain
is also unclear which fit to the experimental data is moreipeec
There are also a few cases in which particular cooling rates (
Zeus Case B recombination cooling, ART line cooling) arehbt
different from the rest.

As a next step, we did several numerical experiments to asses

the offsets between our results that can arise solely basexliio
different chemistry and cooling rates. We did this by impéering
the rates from several codes representative of the fullrahgates

present above into a single code (1-D version of ART code) and

running the same problem (Test 2 described below, whichgarmex
sion of an H Il region in uniform density gas, s$8.3 for detailed
test definition and solution features). In all cases the gatmo®ion-
ization cross-section (the one of ART) is used and only thesra
are varied. The code OTVET here stands also for the c6tfes
Ray, CRASH, Flash-HC and Coral, since all these codes hthverei
identical, or closely-matching rates. Results are showrignredB
and[3. In Figur&l3 we show the I-front positian, and the I-front

velocity, v; (Both quantities are normalized to the analytical solu-

tions of that problem obtained at temperatiire- 10* K, while the
time is in units of the recombination time at the same tentpezx
Note that the results for Zeus use the recombination coaotiteyof
ART since its currently-implemented rate is overly-sirfipti. We

show the results using the rates of OTVET, FTTE, RSPH, ZeRs-M

and ART.

Initially, when the I-front is fast and still far away fromaeh-
ing its Stromgren sphere the results for all codes agrely faell,
as expected since recombinations are still unimportanteQa-

1.1{{TIYITI‘NTYT{Y{
1.05

1"I/lﬂanalyt,o
(@]
O
(@)

©
©
T

N
\I‘HH‘HH‘HH T

analyt,0

>

Vi
—_
&)

T
X

Figure 3. Test 0, part 2: I-front expansion in uniform-density fieldthwi
temperature evolution (same as Test 2 below). Plotted aré-fiftont po-

sition (top) and velocity (bottom) all derived from the sammde (1D,

spherically-symmetric version of ART code) and using thetpionization

cross-section from that code, but with the rest of the mieyscs (chem-
istry and cooling rates) taken from several of the partigigacodes, as
indicated by line-type and color. All results are normalize the analytical
ones (which assume fixed temperatife= 10* K) given in equations]6)
below (see text for details).
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combinations do become important;at t.ec, the results start di-
verging. The results for OTVET, FTTE and RSPH remain in close
agreement, within a fraction of once per cent in the |-fradius
and within~ 2% in the I-front velocity. The results using the Zeus
and ART rates however depart noticeably from the othersppu
4% and 6, respectively in radius. The corresponding veéscire
different even more, by up to factor ef 2 at the end, when the
I-front is close to stationary. In Figufd 4 we show the raghiad-
files of the ionized fractior:, and temperatur&, normalized to
the results using OTVET rates (left), and in absolute umight).
The ionized fraction profiles for ART and Zeus again are yadif-
ferent from the rest, by 20-40%, while the rest of the codeseag
between themselves much better, to less than 10%. Agredment
slightly worse close to the ionizing source. In terms of tenapure
profiles the codes agree to better than 10%, with the exceepfio
ART, in which case the resulting temperature is noticeablyek,

by ~ 20%.

The reasons for these discrepancies lie largely in diffsgen
in the recombination rates and the recombination and lirdirogp
rates. The line cooling rate of ART is larger than the onesfost
of the other codes by a factor of 2 - 5 in the temperature range
10* — 10° K, while the recombination rate used by that code is
about 10-15 percent larger in the same temperature rangetth
resulting gas temperature is correspondingly lower. Tdviel tem-
perature results in a higher recombination rate and herecgalver
propagation of the I-front we observed. The reason for teerdp-
ancy with Zeus is mostly due to its higher recombination.rates
again results in a somewhat slower I-front propagation,notitin
significant temperature differences. Accordingly, fortbof these
codes the neutral gas fraction is significantly higher atzalli. The
slightly higher recombination cooling of RSPH results iiglstly
lower temperature and proportionally higher neutral factal-
though both are off by only a few percent, and up to 10% close to
the ionizing source.

The last important element in this basic physics comparison
is to assess the accuracy and robustness of the methods Var use
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Figure 6. Test 1 (H Il region expansion in an uniform gas at fixed temipee Images of the H | fraction, cut through the simulatimiume at coordinate
z = O attimet = 500 Myr (final Stromgren sphere) for (left to right and top totoot) C2-Ray, OTVET, CRASH, RSPH, ART, FTTE, SimpleX, FLASH-HC,

and IFT.

solving the non-equilibrium chemistry equations. Thesgatigns
are stiff and thus generally require implicit solution nadh. Such
methods are generally expensive, however, so often ceqpgirox-
imations are used to speed-up the calculations. In ordestehem,
we performed the following simple test with a single, optica
thin zone. We start with a completely neutral zone at time 0.
We then applied photoionizing flux & = 10"? photons/s/cm?,
with 10° K black-body spectrum for 0.5 Myr, which results in the
gas parcel becoming heated and highly ionized. Thereéfeeion-
izing flux is switched off and the zone cools down and recombin
for further 5 Myr. The zone contains only hydrogen gas witmnau
ber density of» = 1 em™?, and initial temperature df; = 100 K.
Our results are shown in Figurk 5.

All codes agree very well in terms of the evolution of the neu-
tral fraction (top panel), with the sole exception of Simflén
which case both the speed with which the gas parcel ionizesdp
the achieved level of ionization are significantly differé&om the
rest. The reason for this discrepancy is that currentlydbée does
not solve the energy equation to find the gas temperaturedstibh
assume a value insteafl & 10* K in this test). FTTE finds slightly
higher temperatures after its initial rise and correspoglgti lower
neutral fractions.

Some differences are also seen after time- 0.1 Myr, at
which point there is a slight rise in temperature and cooadmg
dip in the neutral fraction. These occur around the time wihen
recombinations start becoming important, singg ~ 0.1 Myr,
which gives rise to slight additional heating. About halftoé codes
predict somewhat lower temperature rise then the rest. dbé ¢
ing/recombination phase after source turn off demonsrgtod
agreement between the codes, although there is smalletifferin
the final temperatures reached which is due to small diftarein
the hydrogen line cooling rates, resulting in slightly difint tem-
peratures at which the cooling becomes inefficient.

3.2 Test 1: Pure-hydrogen isothermal H 1l region expansion

This test is the classical problem of an H Il region expansion
an uniform gas around a single ionizing sou 91

ISpitzell 1978). A steady, monochromatie/(= 13.6 eV) source

emitting NW ionizing photons per unit time is turning on in an
initially-neutral, uniform-density, static environmewtth hydro-
gen number density . For this test we assume that the temper-
ature is fixed afl’ = 10* K. Under these conditions, and if we
assume that the front is sharp (i.e. that it is infinitelyathwith the
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Figure 8. Test 1 (H Il region expansion in an uniform gas at fixed temjpeex Spherically-averaged profiles for ionized fracianand neutral fractions
ryr = 1 — z attimest = 30 Myr and 500 Myr vs. dimensionless radius (in units of the biar)s

is the Stromgren radius, i.e. the final, maximum size of timézied
region at which point recombinations inside it balance titeming
photons and the H Il region expansion stops. The Stromgdins
is obtained from

rs
F= / dnengas(T), (8)
0

i.e. by balancing the number of recombinations with the nema
ionizing photons arriving along a given line of sight (LOSlere
ne is the electron density,

trec = [aB (T)TIH]71 5 (9)

is the recombination time, ands (T) is the Case B recombination
coefficient of hydrogen in the ionized region at temperafir&he

H Il region initially expands quickly and then slows congildy
as the evolution time approaches the recombination et .,
at which point the recombinations start balancing the atmimns
and the H Il region approaches its Stromgren radius. At areew
combination times I-front stops at raditus = rs and in absence of
gas motions remains static thereafter. The photon meanpfath is
£/t e given by

Ty

o

o
T

(&)
s
[AV]
wW
S

Figure 7. Test 1 (H Il region expansion in an uniform gas at fixed tempera Amip = = 0.041 pe. (10)

ture): The evolution of the position and velocity of the o1ft. NHOQ
The particular numerical parameters we used for this test
are as follows: computational box dimensién= 6.6 kpc, gas

gas inside fully-ionized and the gas outside fully-neltitaére is a number densityny = 1072 cm~3, initial ionization fraction
well-known analytical solution for the evolution of thereht ra- (given by collisional equilibrium)z = 1.2 x 1073, and ioniza-
dius,r;, and velocityyvi, given by tion rate N, = 5 x 10*® photonss'. The source is at the cor-
rr o= rs[l— eXp(—t/trec)]l/S 7 ) ner of the box)l.sFor these parameters. the recombilnati.on igme
trec = 3.86 X 10 s = 122.4 Myr. Assuming a recombination rate
v o= Is e (tte) ©  as(T) =259 x 107 cm®s " atT = 10* K, thenrs = 5.4
Btrec [1 — exp(—t/trec)]”/® kpc. The simulation time i, = 500 Myr & 4 t,... The required
where outputs are the neutral fraction of hydrogen on the whold gti

) 13 timest = 10, 30, 100, 200, and 500 Myr, and the I-front position
. — 3N, ) (defined by the 50% neutral fraction) and velocity vs. timengl
T | trag(Tnz | the z-axis.
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Figure 9. Test 1 (H Il region expansion in an uniform gas at fixed temijpeed: Fraction of cells with a given neutral fractiatg; = 1 — =z at times (left)

t = 10 Myr, (middle) 100 Myr and (right) 500 Myr.

In Figure[® we show images of the neutral fraction in the
z = 0 plane at timg = 500 Myr, at which point the equilibrium
Stromgren sphere is reached. The size of the final ionizgidmes

in very good agreement between the codes. In most cases the H |

region is nicely spherical, although some anisotropiestexithe
CRASH and SimpleX results. In the first case these are dueeto th
Monte-Carlo random sampling nature of this code, while engéc-
ond case it is due to the unstructured grid used by that codiehw
had to be interpolated on the regular grid format used ferdbm-
parison. There are also certain differences in the H Il reg@aized
structure, e.g. in the thickness of the ionized-neutrakdiition at the
Stromgren sphere boundary. The inherent thickness otriduisi-
tion (defined as the radial distance between 0.1 and 0.9dfiiac-
tion points) for monochromatic spectrumris18Ams, = 0.74 kpc,

or about 14 simulation cells, equal to 11% of the simulatior b
size. This thickness is indicated in the upper left paneligtifel8.
Most codes find widths which are very close to this expectégbva
Only the OTVET, CRASH and SimpleX codes find thicker tran-
sitions due to the inherently greater diffusivity of thesethods,
which spreads out the transition. For the same reason tldyhig
ionized proximity region of the source (blue-black coloisho-
ticeably smaller for the same two codes.

In Figure[T we show the evolution of the I-front position and
velocity. The analytical results in equatidd (6) are shownnell
(black, solid lines). All codes track the I-front corregtlyith the
position never varying by more than 5% from the analyticéliso
tion. These small differences are partly due to differerinesur
recombination rates, as discussed above, and partly acquoersee
of our (somewhat arbitrary) definition of the I-front positi as
the point of 50% ionization. Our chosen parameters are swah t
the I-front internal structure is well-resolved, and th&dat in-
trinsic thickness is larger than the discrepancies betwtieerdif-
ferent codes. The IFT code in particular tracks the I-frdntcst
perfectly, as is expected for this code by construction. fidye
tracing codes agree between themselves a bit better thardthe

Figure 10.Test 1 (H Il region expansion in an uniform gas at fixed temper-
ature): Evolution of the total neutral fraction.

single grid cell for extended periods of time and thus faéoty
our resolution there.

In Figure[® we plot the spherically-averaged radial profiles
the ionized and the neutral fraction. In the left panel wenstiese
profiles att = 30 Myr, during the early, fast expansion of the I-
front. Most of the ray-tracing code€€-Ray, ART, FLASH-HC
and IFT) agree excellently at all radii. The OTVET, CRASH and

with the moment-based method OTVET. This is again related to SimpleX codes appear more diffusive, finding a thicker hfriwan-

the different, somewhat more diffusive nature of the lastecd’he
I-front velocities also show excellent agreement with thalyt-
ical result, at least until late times (at few recombinattones),
at which point the I-front essentially stops and its renagnslow
motion forward is not possible to resolve with the relatvebarse
resolution adopted for our test. The I-front at this pointisving
so slowly that most of its remaining motion takes place withi

sition and lower ionized fraction inside the H Il region. Theus
code also derives lower ionized fractions inside the H llorglue
to its slightly higher recombinational coefficient. The RS€bde is
intermediate between the two groups of codes, finding esdlgnt
the same neutral gas profile inside the H Il region as thenamirtg
codes, but a slightly thicker I-front, i.e. the ionized fiiaa drops
more slowly ahead of the I-front.
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Figure 11. Test 2 (H Il region expansion in an uniform gas with varyinghperature): Images of the H | fraction, cut through the satioh volume at
coordinatez = 0 at timet = 10 Myr for (left to right and top to bottomiZ2-Ray, OTVET, CRASH, RSPH, ART, FTTE, and IFT.

The same differences persist in the ionized structure ofithe
nal Stromgren sphere at= 500 Myr (Figure[8, left panel). The
majority of the ray-tracing codes again agree fairly weheTFT
code is based on the exact analytical solution of this paetigrob-
lem, and thus to a significant extent could be consideredstitute
for the analytical H Il region structure. Its differenceerfr the ex-
act solution are only close to the I-front, where the noniéayium
effects dominate, while IFT currently assumes equilibricinem-
istry. Away from the I-front, however, the ionized state loé gas is
in equilibrium and there all ray-tracing codes agree pésfethe
SimpleX, OTVET and CRASH codes find thicker sphere bound-
aries and lower ionized fractions inside, but the first twdesofind
slightly smaller Stromgren spheres, while the last findsighy
larger one. The Zeus code finds lower ionized fractions ensie:
ionized region and a somewhat thicker I-front, but an oVesal
region size that agrees with the other ray-tracing codes.|der
ionization is due to the current restriction of Zeus to mdmwoe
matic radiative transfer, with its lower postfront temgaras and
hence higher recombination rates.

In Figurel® we show histograms of the fraction of cells with a
given neutral fraction during the early, fast expansiorsgh(at time
t = 10 Myr; left), when it starts slowing dowrt (= 100 Myr, close
to one recombination time; middle), and when the final Stgten

sphere is reached (< 500 Myr; right). These histograms reflect
the differences in the I-front transition thickness aneiinal struc-
ture. All codes predict a transitional region of similaresizvhich
contains a few percent of the total volume. In detail, howemece
again the results fall into two main groups. One group inetud
most of the ray-tracing codes, which agree perfectly atiales
and predict thin I-fronts close to the analytical predistid’he
other group includes the more diffusive schemes, namely BTV
CRASH, RSPH and SimpleX, which all find somewhat thicker |-
fronts. During the expansion phase of the H Il region theseeth
codes agree well between themselves, but they disagreevbaine
on the structure of the final equilibrium Stromgren sphpegticu-
larly in the proximity region of the source. The IFT code bggams
differ significantly from the rest, due to its assumed edquilim
chemistry, which is not quite correct at the I-front.

Finally, the evolution of the globally-averaged neutracfr
tions is shown in FigurEZ10. The same trends are evident, thvith
ray-tracing codes agreeing closely among themselvesevthé
OTVET finds about 10% more neutral material at the final time,
due to the different ionization structure obtained by thettmod.
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Figure 12. Test 2 (H Il region expansion in an uniform gas with varyinghperature): Images of the temperature, cut through thelation volume at
coordinatez = 0 at timet = 10 Myr for (left to right and top to bottomiZ2-Ray, OTVET, CRASH, RSPH, ART, FTTE, and IFT.

3.3 Test 2: H Il region expansion: the temperature state

Test 2 solves essentially the same problem as Test 1, bubrthe i
izing source is assumed to havé® K black-body spectrum and
we allow the gas temperature to vary due to heating and apolin
processes, as determined by the energy equation. The tesege
try and gas density are the same as in Test 1. The gas islinitial
fully neutral and has a temperature®f= 100 K.

In Figure[T1 we show images of the neutral fraction on the
z = 0 plane at timef = 10 Myr, during the initial fast expan-
sion phase of the H Il region. All of the results agree fairlglw
on the overall size of the ionized region and its internalcttire.
Again there are modest differences in the thickness of thenit
and the ionizing source proximity region, e.g. the CRASHecod
again produces a somewhat thicker transition and smabeimity
region. The IFT code finds significantly sharper I-fronts tués
equilibrium chemistry, but the internal H Il region structuaway
from the front (which is close to equilibrium) and overalteiof
the ionized region both agree well with the rest of the codés
temperature structure of the H Il region, on the other haathah-
strates significant differences (Figlitd 12). These stegelafrom
the different way the codes handle spectrum hardeninghedong
mean free paths of the high-energy photons due to the muar low

photoionization cross-section at high frequencies. Thesmpmean
free paths result in a much thicker I-front transition andgmisi-
cant pre-heating ahead of the actual I-front, since the aigrgy
photons heat the gas, but there are not enough of them tceioniz
it. The CRASH code, which follows multiple bins in frequency
finds a larger pre-heated region than the other codes. Thesso
significant anisotropies in the CRASH results, due to the fdon
Carlo sampling method used (since not many high-energyophot
packets are sent, leading to undersampling in angle). leuyation
runs, a multifrequency treatment of the single photon packas
been introduced, reducing the anisotropies in the restis.tem-
perature results af?>-Ray, RSPH and ART codes agree fairly well
among themselves, while OTVET and FTTE give much less spec-
trum hardening. Finally, IFT assumes the I-front is shang, does

not have spectrum hardening by construction.

The same trends persist at later times, when the I-front-is ap
proaching the Stromgren sphere (Figurek 13[add 14). Oraia ag
the H Il regions predicted by all the codes are similar in size in-
ternal structure, but with a little different I-front thinkss in terms
of neutral fraction and significant differences in terms péctral
hardening. The FTTE still gives a very sharp I-front, while\GET
finds somewhat less hardening, but its later-time resulbiseraim-
ilar to the other codes than at early times.
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Figure 13. Test 2 (H Il region expansion in an uniform gas with varyinghperature): Images of the H | fraction, cut through the satioh volume at
coordinatez = 0 at timet = 100 Myr for (left to right and top to bottom{z2-Ray, OTVET, CRASH, RSPH, ART, FTTE, and IFT.

(due to its assumed equilibrium chemistry) and ahead of-thant
(due to its assumption that the front is sharp). Comparetidset
codes, CRASH and ART find slightly higher neutral fractiotzse

to the ionizing source, but agree well witlf-Ray and RSPH ahead
of the I-front in the spectral hardening region. The FTTEe

in excellent agreement witfi>-Ray and RSPH codes close to the

In Figure[TH we plot the the position and velocity of the Ifto
vs. time. Unlike Test 1, in this case there is no closed-forma-a
Iytical solution since the recombination coefficients vaigh the
spatially-varying temperature. Nevertheless, as a pdirgference
we have again shown the analytical solution in equatibhga$)
suming?’ = 10* K). All the codes find slightly larger H 1l regions
and slightly faster I-front propagation compared to thialgtical source, but its I-front is much sharper. The OTVET code alsisfi
solution. This is to be expected due to the temperature tegigpr a somewhat sharper I-front, but to a much lesser extent tian t
than10* K and the inverse temperature dependence of the recombi- FTTE code, while close to the source its neutral fractionrily o
nation coefficient. Th€?-Ray, RSPH and FTTE results agree per- slightly higher than the majority of codes, and in close agrent
fectly among themselves, to 1%, as do the results from OTVET, with the ART code. Finally, the I-front derived by the Zeusleds
ART, and Zeus, again among themselves. These two groups of re very sharp. This is due to the use of only single-energy piwby
sults differ by~ 10%, however, while CRASH and IFT find an this code, which does not allow for spectral hardening.

H Il region size intermediate between the two groups.

The corresponding spherically-averaged radial temperatu

profiles at the same three I-front evolutionary phases apensh

in Figure[IT. All results (except the one from Zeus, due to the
and the final Stromgren sphere £ 500 Myr, right). These con- monochromatic spectrum it used) agree well inside the @thie-
firm, in a more quantitative way, the trends already note@tas gion, with the differences arising largely due to slighfeliénces
the 2D images above. The profiles frafff-Ray and RSPH codes  in the cooling rates adopted. The more diffusive OTVET cootesd
are in excellent agreement at all radii and all times. The ¢bde not show as sharp temperature rise in the source proximitjeas
closely agrees with them in the source proximity region, ighibe other codes, but elsewhere the temperature structure & figeees
gas ionized state is at equilibrium, but diverges around-finent with the majority of the codes. Again at the I-front and aheéd

In Figure[I6 we show the spherically-averaged radial pmfile
of the neutral and ionized fractions during the fast expganphase
(t = 10 Myr, left), the slowing-down phaseé & 100 Myr, middle)
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Figure 14. Test 2 (H Il region expansion in an uniform gas with varyinghperature): Images of the temperature, cut through thelation volume at
coordinatez = 0 at timet = 100 Myr for (left to right and top to bottom{z2-Ray, OTVET, CRASH, RSPH, ART, FTTE, and IFT.

it the differences between the results are significant,gtfig the
different handling of hard photons by the codes.

In Figure[I8 we show the histograms of the fraction of cells
with a given ionized fractiom at the same times as the radial pro-
files above. During the early, fast expansion phase all cagese
well except the OTVET code, which finds a slightly thinneradxit,
but an otherwise same histogram distribution shape, andSFRA
whose I-front is a bit thicker. IFT finds a different ionize@dtion
distribution, again as a consequence of its equilibriurmibgy,
which is not correct at the I-front transition. Later, whée t-front
slows down { = 100 Myr) the same trends hold, but in addition
the FTTE results start diverging significantly from the réisiding
notably smaller ionized region and a quite different shajsérie
bution in the largely-neutral regions. This reflects its mabarper
I-front with little spectrum hardening, as noted above affin the
ionized fraction histogram corresponding to the Stromgehere
(T = 500 Myr) shows similar differences. Thé*-Ray, ART and

highly-ionized region, but still diverges considerablytla I-front
and ahead of it.

The corresponding histograms of temperature are shown in
Figure[I®. The ionized gas temperatures found by all codes ha
a strong peak at slightly abov®* K, with only small variations
in the peak position between the different codes. This peskte
be expected, as a consequence of the combination of phéitthea
and hydrogen line cooling (which peaks arouitd K). At higher
temperatures (corresponding to cells close to the ionigmgce)
some differences emerge. The ray-tracing cod€sRay, CRASH,
ART, RSPH, IFFT, IFT) largely agree among themselves, wiitly o
C?-ray finding slightly larger fraction of hot cells. OTVET, on
the other hand does not predict any cells with temperatuoeeab
~ 16,000 K, due to missing the very hot proximity region of the
source, as noted above. Belew8, 000 K, on the other hand, the
differences between results are more significant, refigttie vari-
ations in the I-front thickness and spectral hardeningahatmve.
The results from CRASH, ART and RSPH agree well at all times,

RSPH codes again agree very closely, and CRASH also finds awhile the C%-Ray histograms have similar shape, but with some

similar distribution, but with a thicker I-front and cormndingly
fewer neutral cells. The OTVET distribution follows a rolghkim-
ilar shape but with a thinner front transition and more reutells,
while FTTE agrees well with the other ray-tracing codes ia th

offset, due to its current somewhat simplified handling & ¢m-
ergy input which uses a single bin in frequency. The OTVETTET
and IFT codes find much smaller pre-heating ahead of thenk;fro
and thus different distributions.
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Figure 15.Test 2 (H Il region expansion in an uniform gas with varyingperature): The evolution of the position and velocity & tHront.
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Figure 21.Test 3 (I-front trapping in dense clump): The evolution & fiosition and velocity of the I-front.

Figure 20. Test 2 (H Il region expansion in an uniform gas with varying
temperature): Evolution of the total neutral gas fraction.

Finally, in FigureZD we show the evolution of the total neu-
tral gas fraction. All codes agree well on the final neutratfion,
within ~ 25% or better. The differences are readily understood in
terms of the different recombination rates, mostly as aegnsnce
of the somewhat different temperatures found inside the k-l
gion, in addition to the small differences in the recomborarate
fits used.

3.4 Test 3: I-front trapping in a dense clump and the
formation of a shadow.

Test 3 examines the propagation of a plane-parallel |-famwt its
trapping by a dense, uniform, spherical clump. The condifar
an I-front to be trapped by a clump of gas with number density
can be derived as follow$_(Shapiro etlal. 2004). Let us defire t
Stromgren lengtlis () atimpact parameterfrom the clump cen-
ter using equatior[18), but in this case following linessaght for
each impact parameter. We then can define the “Strdomgren num
ber” for the clump asls = 2rcump/¢s(0), Whererqump is the
clump radius ands(0) is the Stromgren length at zero impact pa-
rameter. Then, iLs > 1 the clump is able to trap the I-front, while
if Ls < 1, the clump would be unable to trap the I-front and instead
would be flash-ionized by its passage.

For a uniform-density clump equatidd (8) reduces to

ts = ——, (11)
oy Ny
and the Stromgren number is given by
2
Ls— 27 clumpaB (T)N%y (12)

F

The numerical parameters for Test 3 are as follows: the spec-
trum is a black-body with effective temperatdre; ; = 10° K and
constant ionizing photon fluxy’ = 10° s~!cm 2, incident to the
y = 0 box side; the hydrogen number density and initial tempera-
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Figure 22. Test 3 (I-front trapping in dense clump): Images of the H ¢fi@n, cut through the simulation volume at midplane at time 1 Myr for C2-Ray,

CRASH, RSPH, FTTE, Flash-HC, IFT and Coral.

ture of the environment are,,; = 2x 10~* cm ™2 andTout init =
8,000 K, while inside the clump they areciump = 2000wt =
0.04cm ™3 and Tejump,init = 40 K. The box size isL = 6.6
kpc, the radius of the clump i&.mp = 0.8 kpc, and its center
isat(ze, ye, 2zc) = (5,3.3,3.3) Kpc, of (z¢, Ye, 2c) = (97, 64, 64)
cells, and the evolution time is 15 Myr. For these paramedars
assuming for simplicity that the Case B recombination coieffit
is given byap(T) = 2.59 x 1073(T/10* K)~3/4, we obtain
ls ~ 0.78(T/10* K)*/* kpc, andLs ~ 2.05(T/10* K)~3/4;
thus, along the axis of symmetry the I-front should be trapgme-
proximately at the center of the clump fét = 10* K. In reality,
the temperature could be expected to be somewhat differeht a
spatially-varying, but to a rough first approximation thitimate
should hold.

In fact, the I-front does get trapped as expected, slighgly b
yond the clump center. In FiguEel21 we plet — z.)/¢s, the evo-
lution of the position of the I-front with respect to the clproenter
in units of the Stromgren length (top panel) and the cowadmng
velocity evolution (in units oRc, 1 (T = 10°K) = 2(p/p)*/?,
twice the isothermal sound speed in gas at temperaturgoK),
both vs.t/trec,0, time in units of the recombination time inside the
clump (which is~ 3 Myr at 10* K). The I-front is initially highly
supersonic due to the low density outside the clump. Onagétre
the clump it shows down sharply, to about 20 times the soueddsp

it penetrates further into the clump it approaches its (segi.e.
outside-in) Stromgren radius at time- t,ec,0, at which point the
propagation slows down even further until the I-front ispped
after a few recombination times. The velocity drops belay ;,
at which point if gas motions were allowed the I-front wouletb
come slow D-type (i.e. coupled to the gas motion, rather thach
faster than them). All codes capture these basic phases tfah-
ping process correctly and agree well on both the front jprsind
velocity. We note here that the FLASH-HC code currently dosts
have the ability to track fast I-fronts, so its data startly after the
front has slowed down. The IFT method assumes a sharp firmht, a
thus does not allow pre-heating and partial ionization drafahe
front, which results in its being slowed down more abrupkigrt
is the case for the other results. Due to some diffusion, tBEHR
code finds that the front slows down slightly before the hfractu-
ally enters the clump. There are also minor differenceseérlaker
stages of the evolution, to be discussed in more detail below

In Figure[22 we show the images of the neutral gas fraction
on the plane through the centre of the clump at time 1 Myr,
when the I-front is already inside the clump, but still natpped
and moving supersonically. The ionizing source is far to lgfe
of the box. All results show a sharp shadow behind the clurap, a
expected for such a dense, optically-thick clump. Only ti&PR
code shows diffusion at the shadow boundaries, due to tha-int

by the same factor as the density jump at the clump boundary. A sic difficulty of representing such a sharply-discontinsiaiensity
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Figure 23. Test 3 (I-front trapping in dense clump): Images of the terapee, cut through the simulation volume at midplane agtirs= 1 Myr for C2-Ray,

CRASH, RSPH, FTTE, Flash-HC, IFT and Coral.

distribution with SPH particles and the corresponding stiiog
kernel. The FLASH-HC code derives a noticeably sharpeorifr

in both the clump and the external medium (where it is the only
result to still have some gas with neutral fraction abeve0~—4).
This is due to its current inability to correctly track fasfronts,

as discussed above, which leads to somewhat incorrectexeanlly-
tion. The corresponding temperature image cuts (FiguresB8)

the same trends: FLASH-HC and IFT find a very sharp transition
while the rest of the codes agree reasonably well, with oriom
differences in the pre-heating region.

In FigurelZ3 we show the images of the neutral fraction at the
final time of the simulation; = 15 Myr. All codes except CRASH
find very similar ionized structure inside the clump. The CRA
result has significantly higher neutral fraction inside¢henp, and
correspondingly larger shadow behind the clump, as wellgistly
higher neutral gas fraction in the low-density gas. Thisldde
due to the fact that, as mentionedgiB3, CRASH follows multi-
ple bins in frequency over a wider frequency range with resfme
the other codes; this results in a higher ionizing power gi liie-
guencies, which also have smaller photo-ionization ceesgions.
This in turn could be the origin of the lower ionization stafehe
clump and of the low-density gas. The RSPH result again éshib
significant diffusion around the edges of the shadow. Theeeor
sponding temperature structures, on the other hand, @igH)y
show some differences, which stem from the different treats

of the energy equation and spectral hardening by the codes. T
FTTE and IFT codes find almost no pre-heating in the shielded r
gion and the shadow behind if>-Ray and CRASH get smaller
self-shielded regions and some hard photons penetratinghe
sides of the shadow. Finally, RSPH, FLASH-HC and Coral fird al
most no gas that is completely self-shielded, but still finfficient
column densities to create temperature-stratified shadioaikar to
the ones found bg2-Ray and CRASH codes, albeit at higher tem-
perature levels. The Coral result also has a thin, highbtdshell
at the source side of the clump, resulting from this code&bpr
lems in properly finding the temperature state in the firstsden
optically-thick cells encountered by its rays, which leaolgheir
overheating. In production runs this problem was correbiedh-
creasing the resolution and decreasing the cell size scd¢fiatare
not as optically-thick, and by the gas motions, which quiatdol
the gas down as it expands. The low-density gas outside dingpcl
is somewhat cooler in the CRASH and RSPH results compared to
the other codes.
These observations are confirmed by the evolution of the mean
ionized fraction and the mean temperature inside the clurops
in FigureZ®. All codes agree very well on the evolution ofrtean
ionized fraction, except for CRASH, which finds about 25%
lower final ionized fraction, and for FLASH-HC, which eardy
finds a lower ionized fraction, but catches up with the majoof
the codes as the I-front becomes trapped. In terms of megretem
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Figure 24.Test 3 (I-front trapping in dense clump): Images of the H ¢fien, cut through the simulation volume at midplane at time 15 Myr for C2-Ray,

CRASH, RSPH, FTTE, Flash-HC, IFT and Coral.

ature, Coral, and to a lesser extent FLASH-HC find higher mean r/Lyox ~ 0.64), resulting in a less sharp transition there, regard-

temperature due to the overheating of some cells mentidnecea

In Figure[Z¥Y we show the ionized and neutral fraction pro-
files along the axis of symmetry at three stages of the ewnluti
early ¢ = 1 Myr), during the slow-down due to recombinations
(t = 3 Myr, about one recombination time in the clump) and late
(t = 15 Myr). Only the region inside and around the clump is
plotted in order to show details. In the pre-ionization, ctpemn-
hardening zone ahead of the main I-front all profiles agredyfa
well at all times, except that the IFT profiles have a shamif
and no hardening by definition, and the FTTE current methed ap
pears to produce no hardening, either. Otherwise, theseddes
agree well with the others in the post-front region. Soméedf
ences emerge in the position of the I-front (defined as thiet i
50% ionized fraction) and the neutral fraction profiles behihe
I-front. During the initial, fast propagation phase of thertt all
codes agree on its position. However, CRASH and, to a lesser e
tent, FLASH-HC both find consistently higher neutral frags in
the ionized part of the clump than the rest of the codes. Asiae0
guence, they show that the I-front is trapped closer to thiase! of
the dense clump. The reason for this can be seen in the conesp
ing temperature profiles (Figute]29). Both CRASH and FLASH-
HC obtain a slightly lower temperature for the dense ionigasd,
resulting in a higher recombination rate there. The RSPHIERd
results show some diffusion at the source-side clump bayr@da

less of the sharp discontinuity of the gas density. The teatpees

in the post-front fraction of the clump otherwise agree euiell,
with the exception of the first cells on the source side, wiGmeal
finds very high temperatures, as was already mentionedelprés
front region the temperature profile results also agredyfaiell.
Only IFT and FTTE differ there, again producing a very sharp |
front. C2-Ray finds a bit less pre-heating in this region due to its
single frequency bin method. Until = 3 Myr all results except
the FLASH-HC one agree that the shadow region right behiad th
clump is completely shielded and remains at the initial terafure
(8,000 K). At the final time, however, more differences ereerg
At this time only IFT and FTTE still find no pre-heating, agt-
Ray and CRASH find only little heating of the shadow. The Coral
RSPH and FLASH-HC results all find significant pre-heatidg, a
beit at different levels. RSPH is the only code that at thd finze
finds no partially shielded gas at the back of the clump, teeqaice

of which is indicated by the temperature diprdf.,ox ~ 0.88 for

all the other results.

The final results we show for this test are histograms of the
fraction of cells inside the clump with a given ionized fiaat(Fig-
ure[29) and with a given temperature (Figliré 30) at the saree th
evolutionary stages discussed above. These histograrestrefe
differences in the thickness and the internal structurbef{fronts
inside the clump. During the initial fast propagation ane stow-
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Figure 25. Test 3 (I-front trapping in dense clump): Images of the terate, cut through the simulation volume at midplane agtirs= 15 Myr for C2-Ray,

CRASH, RSPH, FTTE, Flash-HC, IFT and Coral.

down phases the RSPH and Coral codes consistently find scahewh
thicker I-front transitions than the other codes. The tssoll C2-
Ray, CRASH and FLASH-HC start with the front somewhat thin-
ner than the ones for RSPH and Coral, but the distributiongbs
as the I-front gets trapped. At the final time, the ionizedticm
distributions are very similar, with only the one for CRASId-b
ing slightly thicker. Finally, FTTE and IFT find significamtthin-

ner front transitions and significant self-shielded gastfoas, as
was noted before. The corresponding temperature disoisiall
show a strong peak at a similar temperature, a few tens of thou
sands of degrees, typical for gas heated by photoionizalibis
temperature is well abové0" K because of the hot black-body
spectrum of the source. At temperatures lower than this paiale,
which largely correspond to the pre-heated zone ahead of the
front, there again is broad agreement, apart from the FTTE an
IFT codes which have a sharp front and little pre-heatingth&t
high-temperature end of the distributiG¥?-Ray, FTTE, FLASH-
HC and Coral diverge from the rest, by finding a small fractén
very hot cells, while the majority of codes find essentiallyaells
hotter than the distribution peak. It should be noted, hexabhat
the fraction of these cells is only 0.1-1% of the total.

3.5 Test 4: Multiple sources in a cosmological density field

Test 4 involves the propagation of I-fronts from multipleuszes

in a static cosmological density field. The initial conditits pro-
vided by a time-slice (at redshift = 9) from a cosmological N-
body and gas-dynamic simulation performed using the casgrol
ical PM+TVD code by D. Ryu@bm%). The simulation
box size is0.5 h~! comoving Mpc, the resolution i$28° cells,

2 x 643 particles. The halos in the simulation box were found using
friends-of-friends halo finder with linking length of 0.250r sim-
plicity the initial temperature is fixed & = 100 K everywhere.
The ionizing sources are chosen so as to correspond to th@4t6 m
massive halos in the box. We assume that these have a bldgk-bo
spectrum with effective temperatutigs 10° K. The ionizing
photon production rate for each source is constant and igresb
assuming that each source lives= 3 Myr and emitsf., = 250
ionizing photons per atom during its lifetime, hence

My,

N, = fy—2 13
= i (13)
wherelM is the total halo mas$) = 0.27, Q, = 0.043, h = 0.7.
For simplicity all sources are assumed to switch on at theesam
time. The boundary conditions are transmissive (i.e. pioteav-
ing the computational box are lost, rather than coming baglsiin

periodic boundary conditions). The evolution time is- 0.4 Myr.
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Figure 27. Test 3 (I-front trapping in dense clump): Line cuts of theize and neutral fraction along the axis of symmetry throtighcenter of the clump
at timest = 1 Myr, 3 Myr and 15 Myr.
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Figure 29. Test 3 (I-front trapping in dense clump): Histograms of theized fraction inside the clump at times= 1, 3 and 15 Myrs.

In Figure[31 we show slices of the H I fraction cut through the is in the hard photons), this results in less ionizationfhgacloser
simulation box at coordinate = zy.x/2 and timet = 0.05 Myr, to the sources and more ionization/heating further awaydoger
and in Figurd 3R we show the corresponding temperaturei-distr mean ionized fraction.
butions the same time. SimpleX does not appear in the tempera
ture maps since currently the code does not follow the teatper In Figured3p anfi37 we show histograms of the ionized frac-
evolution self-consistently, but instead assumes a constenper- tion and the temperature at times= 0.05, 0.2 and 0.4 Myr are
ature. In FigureE33 grﬁl’A we show the same as above but a,‘t UMeshown. WhileC?-Ray and FTTE agree quite well, especially at
?: = 0.2_Myr. Sc_)me discrepancies are_already evident frpm a_wsual later times, CRASH, as explained above, produces a thiekent
inspection, which shows somewhat different morpholodiasstill transitions. The thickness of the I-front as found by Sirtpéep-
general agrfeement. In F'g@%,(le,ﬁ panel) we presen_tethe t pears to oscillate with time, initially starting thick, thé&ecoming
poral evolution of the volume- (thin lines) and mass- (thickes) thinner, and thick again towards the end of the simulatidnis T
welghteq |o_n|zed fra(_:tlonsé While CRA_SH and FTTE f'n(_j com- might have been caused by the interpolation of its unstradtgrid
pf’;\rable ionized fractions; -Ray.and SimpleX producg S"Qh“y to the regular grid required for the results. In terms of terafure,
higher and lower values, respectively. The lower value m@éX CRASH finds a systematically lower peak (1.6 x 10* K com-
is obtained as a consequence of the temperature being fixed topared to~ 6.3 x 10% K for C2-Ray and FTTE, which agree well
10* K, which is a little lower than that obtained by the other cade there) inside the ionized regions and a high;ar value in thelo

resulting in a higher recombination rate. density regions. This is once again due to the spectrum higle
The finer sampling in CRASH of the high energy tail of the effects discussed above. The peak produced by FTTE at very lo

spectrum allows a higher resolution of its hardening. Astdtal temperatures arises because of the lack of spectrum hagdand

energy is distributed differently from the other codes (enenergy sharp I-fronts consistently produced by this code, in witiabe no
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Figure 30. Test 3 (I-front trapping in dense clump): Histograms of gmaperature inside the clump at times- 1, 3 and 15 Myrs.

photons propagate ahead of the I-front and thus the gas amiy f  gions. These higher temperatures seem to self-contréwidotwer
the sources remains cold and neutral. ionized fractions found by this code, while the recombimatiate
b used by this code is consistent with the others, indicatipgssible

To understand whether the differences discussed abovescan ) :
(modest) problem with photon conservation.

in fact attributed to photon hardening and the differenatiment
of the high energy tail of the spectrum, we have repeatedaines
simulations with a softer black-body spectrum with effeetiem-
peratur€leg = 3 X 10* K, in which case the spectrum harden-

. . S . 4 SUMMARY AND CONCLUSIONS
ing and I-front spreading should be minimized. We note that t

part was not done by the SimpleX code since currently it do¢s n  We have presented a detailed comparison of a large set ofocosm

treat different spectra. Our results are shown in Figlré&igt logical radiative transfer methods on several common .tdsts
panel),[3B an339. The averaged ionized fraction produced®sy participating codes represent the full variety of existingthods,
Ray and CRASH now have a much better agreement, as far fewermultiple ray-tracing and one moment method, which solverthe
hard photons are present. However, FTTE still produces arow diative transfer on regular, adaptive or unstructuredsyegen with
value, although by only- 5%. CRASH still obtains a somewhat no grid at all, but instead using particles to represent #mesity

thicker ionizing front, due to the inherent adopted methnd,the field. The comparison is a collaborative project involvingshof
agreement is now better, especially at later times, as highgg the cosmological RT community. The results from this coriguar
photons are not present in this case. This is even more efidem will be publicly available for testing of future codes dugitheir

an analysis of the temperature behaviour, where the agredrae development.

tweenC?-Ray and CRASH is now very good at all times, while We began by comparing our basic physics, like chemistry,

FTTE consistently finds higher temperatures inside thezamhie- cooling rates and photoionization cross-sections, whichecfrom
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Figure 31. Test 4 (reionization of a cosmological density field): Imagé the H | fraction, cut through the simulation volume atrhoatez = zpox/2
and timet = 0.05 Myr for C2-Ray (left), CRASH (middle), FTTE (right), and SimpleX (bat). The black-body spectrum has an effective temperature
Tog = 10° K.
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Figure 32. Test 4 (reionization of a cosmological density field): Imagéthe temperature, cut through the simulation volume atdinatez = z,,, /2 and
timet = 0.05 Myr for C2-Ray (left), CRASH (middle), and FTTE (right). The blackeyospectrum has an effective temperatiitg = 10° K.

a variety of sources, and evaluated the effects these haveeon pre-heating ahead of the I-fronts. Some of the algorithmsise
propagation of I-fronts. We concluded that even quite axiprate tently find quite sharp I-fronts, with little spectrum hanileg and
rates generally result in relatively modest divergencékenesults. pre-heating, while the majority of the codes handle theaafes
The discrepancies were limited to 5 — 6% in I-front position more precisely and in reasonable agreement among theraselve
but were somewhat larger in velocity and the internal stmecbf

the H Il region (but never exceeding 20-40%, and usually much

smaller).
Then, we turned to some simple, but instructive and We conclude that the various approximations employed by the
cosmologically-interesting problems which tested théedént as- different methods perform quite well and generally prodooe-

pects encountered in realistic applications. In summaeyrésults sistent and reliable results. There are, however, ceriffarehces
showed that at fixed temperature and for monochromaticiiegniz  between the available methods and the most appropriateotheth

spectrum all of these methods track I-fronts well, to withifew for any particular problem would vary. Therefore, the code e
per cent accuracy. There are some differences in the intibiek- ployed should be chosen with care depending on the spec#&-qu
ness (due to finite mean free path) and the internal struofutres tions whose answer is sought. For example, for problems intwh
I-fronts, related to some intrinsic diffusivity of some difet meth- the I-front structure is not resolved (due to coarse sinates-
ods. olution compared to the characteristic front width), mostimods
Somewhat greater differences emerge when the temperatureconsidered here should perform well and the main criterfmukd
is allowed to vary, although even in this case the agreensergry be their numerical efficiency. On the other hand, in problerhere
good, typically within 10-20% in the ionized fraction. Otharia- the I-front width and spectral hardening matters signifigaatten-
tions between the results are due to the variety of multjffezcy tion should be paid to the accurate multi-frequency treatraed

radiative transfer methods and consequent spectrum hagdand the energy equation.
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Figure 33. Test 4 (reionization of a cosmological density field): Imagé the H | fraction, cut through the simulation volume atrhoatez = zpox/2
and timet = 0.2 Myr for C2-Ray (left), CRASH (middle), FTTE (right), and SimpleX (batn). The black-body spectrum has an effective temperature

T = 10° K.
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Figure 34.Test 4 (reionization of a cosmological density field): Imagéthe temperature, cut through the simulation volume atdinatez = z,,, /2 and
timet = 0.2 Myr for C2-Ray (left), CRASH (middle), and FTTE (right). The blackeyospectrum has an effective temperatiitg = 10° K.

ACKNOWLEDGMENTS

We are very grateful to the Canadian Center for Theoretical A
trophysics (CITA) and the Lorentz Center at Leiden Uniugrfir
their hospitality to the two workshops in 2005 which mades thi
project possible, and to NSERC for funding support. Thiskwor
was partially supported by NASA Astrophysical Theory Peogr

grants NAG5-10825 and NNG04GI77G to PRS. GM acknowledges

support from the Royal Netherlands Academy of Art and Sa@enc
MAA is grateful for the support of a DOE Computational Scienc
Graduate Fellowship. The software used in this work was i pa
developed by the DOE-supported ASC/Alliance Center foradst
physical Thermonuclear Flashes at the University of Cloc&yVv
was funded in part by the U.S. Dept. of Energy through its remtt
W-7405-ENG-36 with Los Alamos National Laboratory.

REFERENCES

Abel T., Anninos P., Zhang Y., Norman M. L., 1997, New Astron-
omy, 2, 181

Abel T., Wandelt B. D., 2002, MNRAS, 330, L53

Aggarwal K. M., 1983, MNRAS, 202, 15P

Aldrovandi S. M. V., Pequignot D., 1973,.&A, 25, 137

Alvarez M. A., Bromm V., Shapiro P. R., 2005, ArXiv Astro-
physics e-prints (astro-ph/0507684)

Anninos P., Zhang Y., Abel T., Norman M. L., 1997, New Astron-
omy, 2, 209

Black J. H., 1981, MNRAS, 197, 553

Burgess A., Seaton M. J., 1960, MNRAS, 121, 471

CenR., 1992, ApJS, 78, 341

Ciardi B., Ferrara A., 2005, Space Science Reviews, 116, 625

Ciardi B., Ferrara A., Marri S., Raimondo G., 2001, MNRAS,
324, 381

Cox D. P., 1970, Ph.D. Thesis

Frank A., Mellema G., 1994A.&A, 289, 937

Fryxell B., Olson K., Ricker P., Timmes F. X., Zingale M., LBm
D. Q., MacNeice P., Rosner R., Truran J. W., Tufo H., 2000,
ApJS, 131, 273

Fukugita M., Kawasaki M., 1994, MNRAS, 269, 563

Gorski K. M., Banday A. J., Hivon E., Wandelt B. D., 2002, isA
tronomical Data Analysis Software and Systems XI, ASP Con-



30 I.T.lliev, etal.

v

X

Figure 35. Test 4 (reionization of a cosmological density field): Thelation of the volume- and mass-weighted ionized fractians(thin lines) andz,
(thick lines), for a black-body source spectra Wity = 10° K (left) andT.g = 3 x 10% K (right).
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Figure 36.Test 4 (reionization of a cosmological density field): Hggms of the neutral fraction at times= 0.05, 0.2 and 0.4 Myrs for a black-body source

spectrum withl g = 105 K.
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Figure 37. Test 4 (reionization of a cosmological density field): Hggtms of the temperature at times= 0.05, 0.2 and 0.4 Myrs for a black-body source

spectrum withl g = 105 K.
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Figure 38. Test 4 (reionization of a cosmological density field): Hggtams of the ionized fraction at timeés= 0.05, 0.2 and 0.4 Myrs for a black-body

source spectrum witli,g = 3 x 10* K.
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Figure 39. Test 4 (reionization of a cosmological density field): Hggtoms of the temperature at times= 0.05, 0.2 and 0.4 Myrs for a black-body source

spectrum withl g = 3 x 10% K.
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