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A B S T R A C T 

An important characteristic of cosmic hydrogen reionization is the growth of ionized gas bubbles surrounding early luminous 
objects. Ionized bubble sizes are beginning to be probed using Lyman α emission from high-redshift galaxies, and will also be 
probed by upcoming 21 cm maps. We present results from a study of bubble sizes using the state-of-the-art THESAN radiation- 
hydrodynamics simulation suite, which self-consistently models radiation transport and realistic galaxy formation. We employ 

the mean free path method and track the evolution of the ef fecti ve ionized bubble size at each point ( R eff ) throughout the Epoch 

of Reionization. We show that there is a slow growth period for regions ionized early, but a rapid ‘flash ionization’ process for 
regions ionized later as they immediately enter a large, pre-existing bubble. We also find that bright sources are preferentially 

in larger bubbles, and find consistency with recent observational constraints at z � 9, but tension with idealized Lyman α

damping-wing models at z ≈ 7. We find that high-o v erdensity re gions hav e larger characteristic bubble sizes, but the correlation 

decreases as reionization progresses, likely due to runaway formation of large percolated bubbles. Finally, we compare the 
redshift at which a region transitions from neutral to ionized ( z reion ) with the time it takes to reach a given bubble size and 

conclude that z reion is a reasonable local probe of small-scale bubble size statistics ( R eff � 1 cMpc ). Ho we ver, for larger bubbles, 
the correspondence between z reion and size statistics weakens due to the time delay between the onset of reionization and the 
expansion of large bubbles, particularly at high redshifts. 

K ey words: radiati ve transfer – methods: numerical – galaxies: high-redshift – dark ages, reionization, first stars. 
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 INTRODUCTION  

undreds of millions of years after the big bang, the first stars
nd g alaxies beg an to form and emit radiation that ionized the
urrounding h ydrogen g as to mark the end of the cosmic dark ages
nd the beginning of the Epoch of Reionization (EoR; Shapiro & 

iroux 1987 ; Barkana & Loeb 2001 ; Furlanetto, Oh & Briggs 2006 ;
ise 2019 ). During the EoR, which took place at redshifts of z ≈

–20, the gas in the Universe underwent a phase transition during 
hich ionized bubbles expanded around radiation sources, eventually 
ielding a nearly fully ionized Universe as observed today. Central to 
his process is the percolation of ionized bubbles as they merged into
ne another causing rapid increases in bubble sizes (Furlanetto & 

h 2016 ). Observing galaxies and the intergalactic medium (IGM) 
uring the EoR poses challenges due to its high redshift. Ho we ver,
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ecent and forthcoming JWST surv e ys and 21 cm telescopes promise
nsights into high-redshift galaxies and ionized bubble properties, 
espectively (Robertson 2022 ). A complete picture of the EoR 

equires understanding both the IGM and galaxy sources, moti v ating
tudies to decode ionized bubble dynamics and morphologies as well 
s their connection to the local environment (Gnedin & Madau 2022 ).

The EoR can be explored using a variety of observational tech-
iques, including analysing spectra of Lyman α emitting galaxies at 
igh redshift. The recently launched JWST is revolutionizing the field 
f high-redshift galaxy observations by providing unprecedented 
ccess to high-resolution rest-frame optical imaging of reionization- 
ra galaxies. Several of the first JWST observations have indicated 
righter galaxies at earlier times than most theoretical models 
redicted (Finkelstein et al. 2023 ; Harikane et al. 2023b , c ; Robertson
t al. 2023 ), and abo v e e xtrapolations of data taken from the Hubble
pace Telescope (Finkelstein et al. 2022 ). Several theoretical studies 
ave sought to explain this discrepancy by considering modifications 
o galaxy formation models, and impro v ed treatment of dust effects
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Kannan et al. 2023 ; Shen et al. 2023 ), different early stellar
opulations (Steinhardt et al. 2023 ), skewed mass-to-light ratios for
arly galaxies (Inayoshi et al. 2022 ), and alternative dark energy
odels in the early universe (Smith et al. 2022a ). In addition to
ndings of more faint active galactic nuclei (AGNs) than expected
Bischetti et al. 2022 ; Harikane et al. 2023a ), these early results hint
t potential paradigm shifts in the role of various populations of
alaxies in contributing to reionization mechanisms. Spectroscopic
tudies facilitated by the Near Infrared Spectrograph aboard the
WST have also inferred constraints on ionized bubbles sizes around
igh-redshift galaxies. Typically, these are based on damping-wing
bsorption redward of the Ly α line (Fujimoto et al. 2023 ; Hayes &
carlata 2023 ; Hsiao et al. 2023 ; Jung et al. 2023 ; Umeda et al.
023 ), but there have also been studies that use the transmission of
he Ly α emission line itself to constrain the ionized bubble sizes
round galaxies (Saxena et al. 2023 ; Witstok et al. 2024 ). 

In parallel to galaxy observations, 21 cm radio interferometers,
ncluding the Low Frequency Array (van Haarlem et al. 2013 ),
ydrogen Epoch of Reionization Array (DeBoer et al. 2017 ; HERA
ollaboration 2023 ), Square Kilometer Array (Mellema et al. 2013 ),
nd others, are beginning to map the neutral hydrogen in the Universe.
he complementary advantage of the 21 cm observations is the ability

o directly probe the IGM through line emission from the forbidden
pin-flip hyperfine transition of neutral hydrogen. By looking for
he redshifted signal from the EoR, these instruments will allow us
o see the distribution of neutral and ionized gas in the IGM. These
easurements will be critical for studying the ionized bubbles during

he EoR as well as constraining cosmological parameters (McQuinn
t al. 2006 ; Mesinger, Furlanetto & Cen 2011 ; Liu & Parsons 2016 ;
ark et al. 2019 ; Kannan et al. 2022b ). 
In conjunction with the recent and upcoming observational capa-

ilities, there has also been strong progress on developing theoretical
ethodologies to explore and interpret signals from the EoR. This is

hallenging because predictions of ionized bubble sizes will depend
n the volume of the simulated box, which must be large enough
o obtain a converged bubble size distribution. A variety of methods
ave been employed to study the processes of hydrogen reionization
ncluding perturbative evolution of density fields with ionized regions
lassified with excursion-set theory, furnishing rapid insights into
onized region classification and model parameter spaces (Furlanetto,
aldarriaga & Hernquist 2004a ; Mesinger et al. 2011 ; Park et al.
019 ; Fialkov, Barkana & Jarvis 2020 ; Mu ̃ noz, Dvorkin & Cyr-
acine 2020 ; Lu et al. 2024 ). Beyond this, post-processing of

imulated dark matter haloes with galaxy formation and radiative
ransfer models yields complementary insights about the physics
f ionizing sources (Ciardi, Stoehr & White 2003 ; Iliev et al. 2007 ;
cQuinn et al. 2009 ) and semi-analytical models of galaxy formation

hat include a variety of approximate or efficient prescriptions for
ncluding inhomogeneous reionization on the fly (Mutch et al. 2016 ;
avies et al. 2023 ; Puchwein et al. 2023 ). Finally, the most accurate
ut also computationally demanding are self-consistent radiation-
ydrodynamics simulations, which couple the intricacies of galaxy
ormation and fully time-dependent radiative transfer physics (Xu,

ise & Norman 2013 ; Gnedin 2014 ; P a wlik et al. 2017 ; Rosdahl
t al. 2018 ; Lewis et al. 2022 ). 

In anticipation of the forthcoming 21 cm data, numerous theo-
etical studies have sought to characterize the properties of ionized
ubbles and their connections to the dominant processes in cosmic
eionization. Different reionization schemes and source models can
ead to different bubble morphologies, and the distribution of bubble
izes has emerged as a distinguishing feature between different reion-
zation models (McQuinn et al. 2007 ; Majumdar et al. 2016 ). Recent
NRAS 531, 2943–2957 (2024) 
nvestigations indicate that quasars provide a negligible contribution
o the ionizing radiation needed to reionize the Universe (Eide et al.
020 ; Jiang et al. 2022 ), suggesting that stellar matter within galaxies
s likely primarily responsible for hydrogen reionization. Discerning
hether this process is driven by smaller numbers of highly luminous
alaxies or the collection of numerous faint galaxies remains a critical
oal of reionization research (Bera et al. 2023 ; Kostyuk et al. 2023 ;
eh et al. 2023 ). The specific topological properties of the spread
f ionized regions with potential to distinguish otherwise degenerate
odels is also a topic of current research. There has been a focus to

etermine the conditions for cosmological regions to ionize via an
inside-out’ scenario, where the ionizing radiation originates from
ithin the galaxy, or an ‘outside-in’ scenario, where the ionizing

adiation emanates from external sources and propagates into the
alaxy to reionize the gas (Choudhury, Haehnelt & Regan 2009 ). 

Topological analyses of the ionization field, redshift of reioniza-
ion, and bubble morphologies have been fruitful in characterizing
he distinctive signatures of reionization (Friedrich et al. 2011 ; Busch
t al. 2020 ; Th ́elie et al. 2022 ; Cain et al. 2023 ; Elbers & van de
eygaert 2023 ). There are a variety of ways to characterize the

opology and morphology of reionization, including the utilization
f Betti numbers (Giri & Mellema 2021 ; Kapahtia et al. 2021 ),
enus curves (Lee et al. 2008 ), and various alternative metrics (Giri,
ellema & Jensen 2020 ). Other works focus specifically on forecasts

or the 21 cm signal (Furlanetto, Zaldarriaga & Hernquist 2004b ;
aldarriaga, Furlanetto & Hernquist 2004 ) or observed spectra

Gazagnes, Koopmans & Wilkinson 2021 ). 
A variety of methods exist for the detection and analysis of ionized

ubble sizes within hydrodynamical simulations and semi-analytical
odes. Prominent among these are the mean free path (MFP) method,
hich calculates bubble sizes by tracing rays from ionized cells

o their first neutral cell encounter (Mesinger & Furlanetto 2007 );
pherical averaging, which calculates the largest ionized sphere based
n a set ionization threshold (Zahn et al. 2007 ); friends of friends
FOF), which links ionized cells within a given distance to form a
ubble (Ivezi ́c et al. 2014 ), granulometry uses a ‘sieving’ process to
ount objects fitting within a given structure (Kakiichi et al. 2017 );
nd the watershed method identifies bubbles by filling ‘catchment
asins’ from local minima until neighbouring basins intersect (Lin
t al. 2016 ). 

Many of these analyses have been performed using semi-numerical
chemes that do not self-consistently model the impact of galaxies
n hydrogen reionization. To build upon these existing studies, we
erform an analysis of ionized bubble sizes and connections to their
ocal cosmic environments within the THESAN simulations (Garaldi
t al. 2022 ; Kannan et al. 2022a ; Smith et al. 2022b ; Garaldi et al.
023 ), which combines the galaxy formation model of IllustrisTNG
Weinberger et al. 2017 ; Pillepich et al. 2018a , b ) with radiative
rocess modelling including radiative transport ( AREPO-RT ; Kannan
t al. 2019 ), non-equilibrium heating and cooling, and realistic
onizing sources throughout a large box of 95.5 cMpc per side. The
HESAN simulations have been used to make a wide range of EoR
redictions (e.g. Kannan et al. 2022b ; Qin et al. 2022 ; Borrow et al.
023 ; Kannan et al. 2023 ; Xu et al. 2023 ; Yeh et al. 2023 ; Shen et al.
024a , b ). 
The paper is organized as follows. In Section 2 , we describe our
ethods, including a brief summary of the THESAN suite of simula-

ions, the MFP methodology, and our particular implementation of
he MFP bubble size calculator. In Section 3 , we present our findings
n the time evolution of bubble sizes, followed by an exploration of
he impact of environmental factors on these sizes in Section 4 . In
ection 5 , we focus on the utility of the redshift of reionization as a
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robe of bubble sizes. Finally, we present our o v erall conclusions in
ection 6 . Supplementary discussions on grid resolution, smoothing 
cale, and simulation convergence are provided in Appendices A , 
 , and C , respectively. All further mentions of ‘reionization’ refer

pecifically to hydrogen reionization. 

 SIMULATION  AND  ANALYSIS  METHODS  

e briefly describe the THESAN reionization simulations in Sec- 
ion 2.1 , focusing primarily on the ionization field as it pertains to
his study. We then provide additional details about our procedure 
or determining bubble sizes using the MFP method in Section 2.2 ,
nd our MFP implementation and data products in Section 2.3 . 

.1 THESAN simulations 

he THESAN project (Garaldi et al. 2022 ; Kannan et al. 2022a ;
mith et al. 2022b ; Garaldi et al. 2023 ) is a suite of large-volume
 L box = 95.5 cMpc) radiation-magneto-hydrodynamic simulations 
hat simultaneously resolve large-scale structure for reionization and 
ealistic galaxy formation using the IllustrisTNG model (Pillepich 
t al. 2018a ), which is an updated version of the model used in
llustris (Vogelsberger et al. 2013 , 2014a , b ). THESAN provides state-
f-the-art resolution and physics for a reionization simulation of this 
olume and presents a unique opportunity to investigate connections 
etween the topology of reionization and the galaxies responsible for 
eionizing the Universe. Photons from sources including stars and 
GNs are tracked self-consistently in three energy bins (13.6–24.6, 
4.6–54.4, and ≥54.4 eV). Stellar population properties including 
uminosities and spectral energy densities are determined by using 
he Binary Population and Spectral Synthesis library (Eldridge et al. 
017 ). THESAN also incorporates non-equilibrium thermochemistry 
or tracking cooling by hydrogen and helium, as well as equilibrium 

ooling by metals. The high-resolution, fiducial simulation, THESAN- 
 , has dark matter and baryonic mass resolutions of 3 . 1 × 10 6 and
 . 8 × 10 5 M �, respectiv ely. Haloes are resolv ed down to masses of
 halo ∼ 10 8 h 

−1 M � (Garaldi et al. 2023 ). The simulations use the
fficient quasi-Lagrangian code AREPO-RT (Kannan et al. 2019 ), an 
xtension of the moving mesh code AREPO (Springel 2010 ; Wein- 
erger, Springel & Pakmor 2020 ) that includes radiative transport, 
o solve the fluid dynamics equations on an unstructured Voronoi 

esh produced by approximately following the flow of the gas. 
he radiative transport equations are solved using a moment-based 
pproach assuming the M1 closure condition (Levermore 1984 ; 
ubroca & Feugeas 1999 ). The gravity solver uses the hybrid 
ree-PM method, which estimates short-range gravitational forces 
sing a hierarchical oct-tree algorithm (Barnes & Hut 1986 ). Long-
ange gravitational potentials are calculated solving the Poisson 
quation using the Fourier method. 

The THESAN simulations output 81 snapshots of particle positions 
nd properties spanning redshifts from 20 to 5.5. These particle 
napshots are converted into Cartesian grids with varying resolutions: 
28, 256, 512, and 1024 cells per side. These Cartesian grid repre-
entations encapsulate volume-weighted properties, including the 
onized fraction. In this paper, we use the renders with 512 cells per
ide. A discussion of convergence across different grid resolutions is 
rovided in Appendix A , but we note that we demonstrate satisfactory 
onvergence of bubble size statistics. The resolution effects are 
inimal between global neutral fractions of 0.1 and 0.9, i.e. ∼10 

 ∼30) per cent agreement for 256 (128) cells per side compared to
he fiducial 512 resolution. The deviation is more significant at the 
 ery be ginning and end of reionization, which is expected due to the
ncreased importance of small-scale structures during these phases. 

Large-scale environmental properties such as the dark matter 
 v erdensity, δ ≡ ( ρ − ρ̄) / ̄ρ, where ρ̄ is the mean density, are most
eaningful after smoothing to a given filter scale. Bubble statistics 

re sensitive to small-scale features, so it is preferable to smooth out
otentially transient or local features. Therefore, we also construct 
moothed versions of the Cartesian outputs. Specifically, the particles 
re first binned at 1024 3 resolution and then a periodic mass-
onserving Gaussian smoothing kernel is applied with smoothing 
cales defined by standard deviations of 0 ckpc (no smoothing), 
25 ckpc, 250 ckpc, 500 ckpc, and 1 cMpc. We emphasize that
ower resolution grids are coarse-grained versions of the high- 
esolution one with volume and mass weights propagated correctly. 
esults for bubble size evolution and comparison to the redshift 
f reionization are reported using the unsmoothed outputs, whereas 
he environmental analysis is performed using a smoothing scale 
f 125 ckpc chosen to be abo v e the grid resolution and extend up
o typical galaxy separations such that the bubble sizes reflect the
ources and environmental properties. The effects of the varying 
moothing scales are discussed in Appendix B , including potential 
ensitivities to o v ersmoothing of the ionization field. As the degree
f smoothing increases, so does the median bubble size at each
nstance. This correlation is an expected outcome of the blurring of
onized regions induced by smoothing. The smallest bubbles tend 
o be approximately the same size as the smoothing scale (or the
ell size in the unsmoothed case). The influence of smoothing scales
n bubble sizes diminishes as reionization progresses, leading to 
ubstantial agreement once the majority of the gas becomes ionized 
nd bubble sizes significantly exceed the smoothing scales. 

.2 Mean free path methodology 

n this paper, we e xclusiv ely employ the MFP method for determining
haracteristic bubble sizes. We have chosen the MFP method because 
f its close correspondence with physical parameters, such as the 
FP of photons emitted from the central cell. Lin et al. ( 2016 )

ssert that both the MFP and watershed methods stand out as the
ost meaningful metrics for determining bubble sizes. Notably, the 
FP determination of bubble sizes yields size distributions which 

re not biased toward artificially large or small bubble sizes in well-
efined test cases (Lin et al. 2016 ), signifying that the peak of the
 ubble size distrib ution (BSD) aligns with the ‘correct’ radius for
 binary field with a single spherical ionized region. Unlike the
atershed approach, the MFP method allows us to assign each cell
 characteristic bubble size according to the ionization states of the
urrounding gas. This corresponds to the ef fecti ve bubble size ‘seen’
y a region in the simulation. For example, if a small bubble begins to
erge with a larger one, methods such as FOF and watershed might

lassify all the ionized cells as constituents of one e xtensiv e bubble
ith identical size characteristics. In contrast, the MFP method would 

etain more information about the progenitor bubbles because the 
FP bubble size would be smaller for cells within the smaller

ubble compared to the larger one. This distinction is useful for
tudying environmental effects on bubble sizes, as well as in drawing
omparisons with photon MFP and line-of-sight results. 

In our analysis, we identify bubble sizes by extending 192 
ays in isotropically determined directions, following the HEALPIX 

rescription of equal area segmentations of a sphere (Gorski et al.
999 ). This ensures uniform sampling of the directions of the rays.
he number of HEALPIX rays was chosen to account for the complex
ubble morphology, while keeping computation time low. We find 
MNRAS 531, 2943–2957 (2024) 
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ess than 5 per cent deviation in median bubble sizes compared to
sing 768 rays per cell (and variations � 10 per cent compared to
8 HEALPIX rays). We calculate the length of each ray between the
tarting point and the first instance that it intersects a cell possessing
n ionization fraction below a threshold value of 0.5. We utilize
econd-order ray tracing with gradient limiters to maintain values in
he range [0, 1] and a v oid o v ershooting neighbouring values. F or an y
eutral cells where the ionized fraction is x H II < 0 . 5, the MFP bubble
ize is assigned a value of zero. This choice of threshold, x H II = 0 . 5 is
rbitrary, and median bubble sizes differ by � 10 per cent compared
o thresholds of x H II = 0 . 1 and 0.9, for most of the EoR. There are
arger relati ve v ariations ( � 30 per cent ) at high neutral fraction
 x H I � 0 . 8), when bubbles are small. The algorithm we employ
s similar to the method utilized by Tools21cm (Giri et al. 2020 ),
pecifically adapted to account for periodic boundary conditions and
ystematic sampling of every ionized cell with uniformly distributed
ay directions according to the HEALPIX prescription. Each ray
s followed through the ionization field which has been linearly
nterpolated between neighbouring cells, again with second-order
ay tracing. The ray’s length is recorded once it surpasses the neutral
hreshold value. We allow a maximum ray length of twice the box
ize (191 cMpc) due to the periodicity of the grid. 

.3 Mean free path data products 

e apply the MFP method to the Cartesian outputs with a resolution
f 512 cells per side such that the cell sizes are L cell = 186.5 ckpc. We
ompute the effective MFP bubble size, denoted by R eff , for each cell
y averaging multiple second-order ray traces along 192 HEALPIX

irections. Positioning these bubbles as ‘centred’ on the cell itself
ermits R eff to be considered as a distinct property of each cell,
acilitating direct comparisons with other spatial attributes. Note that
e consider R eff to be the average of the lengths of the radial rays,
ot as the ef fecti ve radius of the volume sampled by the 192 rays.
hese statistics are, by construction, volume-weighted as each equal-
olume Cartesian grid cell gives an equal contribution to population
tatistics (e.g. BSDs and median bubble sizes). 

Additionally, we generate a BSD histogram encompassing all ray
engths originating from ionized cells throughout the simulation
ox. For the smoothed renders we also compile two-dimensional
istograms of ray lengths and the local dark matter o v erdensity δ
nd other environmental quantities of the starting cell to explore
nvironmental effects. The global BSD histogram is saved with a bin
esolution of L cell /8, representing a characteristic scale on which the
onized fraction may change. For the unsmoothed case, we perform
he MFP analysis on all 81 of the THESAN snapshots to achieve

aximum redshift resolution. For the smoothed outputs, we report
esults from the MFP bubble size analysis for nine snapshots, chosen
uch that the global volume-weighted neutral fraction increases from
 H I = 0 . 1 to 0.9 in increments of 0.1. 
In Fig. 1 , we illustrate the density ρ coloured by the ionized

raction x H II , redshift of reionization z reion , and ef fecti ve bubble
ize R eff in the left, middle, and right columns, respectively. The
napshot corresponds to a redshift when the global neutral fraction
s one half. The middle row displays the entire THESAN box ( L box =
5.5 cMpc), while the top and bottom ro ws of fer detailed views of two
oomed-in regions. The leftmost column shows neutral gas in blue
nd ionized gas in yello w, with v ariations in colour intensity denoting
he density, with lighter (darker) shades corresponding to more (less)
ense regions. The left column is a high-resolution (2048 2 ) projection
hrough 10 per cent of the box, whereas the middle and right columns
ho w the equi v alent slice through the 512 cells per side render
NRAS 531, 2943–2957 (2024) 
ox. This figure illustrates the complexity of interconnected ionized
egions along with the richness of the large-scale structure. The
edshift of reionization retains the structure of the bubble evolution
nd the instantaneous bubble size ( R eff ) shows the morphology at a
eutral fraction of 0.5. 

 EVOLUTION  OF  BUBBLE  SIZES  

s the Universe becomes reionized by the emission of ionizing
adiation from astrophysical sources, the ionized gas bubbles grow
nd merge in a process called percolation. As neighbouring regions
f ionized gas run into one another, percolation causes sudden and
ramatic increases in bubble sizes within a short period of time.
he top panel of Fig. 2 illustrates the BSDs with each line showing

he distribution for neutral fractions between 0.1 and 0.9 at select
edshifts between 6 and 11, while the bottom panel quantifies the
umulative distribution functions reflecting the probability that an
onized bubble has an ef fecti v e radius abo v e the giv en R ). The distri-
utions are volume-weighted as each Cartesian grid cell contributes
n equal number of MFP measurements. The bubbles tend to grow
n size throughout reionization with the distributions being unimodal
nd most strongly peaked during the early ( x H I � 0 . 9, yellow line)
nd late ( x H I � 0 . 1, dark purple line) phases of the EoR. In the
ormer case, individual bubbles are forming and growing in isolation,
ielding a fairly consistent characteristic size. Conversely, towards
he end of the EoR, most of the ionized gas resides within e xtensiv e
ubbles that have formed through the percolation of many smaller
ubbles. The unimodality of the distributions indicates that there
ontinues to be a well-defined characteristic bubble size throughout
eionization, despite the complex growth and percolation processes.
n addition, since we are considering volume-weighted statistics,
he largest bubble will be primarily responsible for the distributions
n the largest scales, while contributions from smaller bubbles are
ystematically repressed. 

At higher redshifts when the first ionized bubbles are beginning to
row around ionizing sources, these structures tend to be small, on
cales of a few hundred comoving kiloparsecs (ckpc). By a redshift
f z ∼ 9, the characteristic bubble size surpasses the threshold of
 eff = 1 cMpc. Fig. 3 shows the median, mean, and log mean bubble
izes o v er time, with the shaded re gion representing the 16th–84th
ercentile range in the top panel. The global neutral fraction is
lotted on the lower horizontal axis, while corresponding redshifts
re marked on the upper horizontal axis. Predicted line-intensity
apping results from Kannan et al. ( 2022b ) are shown in light blue

nd are consistent with the MFP estimates of bubble sizes found
ere, especially at lower redshifts. Additionally, the analytic model
ssuming no bubble o v erlap from Furlanetto & Oh ( 2005 ), shown
s the black dash–dotted line, also agrees well with our bubble size
easurements. 
In the bottom panel of Fig. 3 , we show median bubble sizes

eighted by the number of haloes brighter than the threshold dust-
ttenuated UV magnitude M UV according to the dust correction
rom Gnedin ( 2014 ) and Vogelsberger et al. ( 2020 ). Since brighter
ources tend to reside in larger bubbles, these curves lie abo v e the
 v erall bubble sizes, more closely reflecting observations that are
iased towards more luminous galaxies. Bubble size constraints from
y α damping wings found in high- z galaxy spectra from JWST
re shown with the dark blue circle (Hsiao et al. 2023 ) and purple
quares (Umeda et al. 2023 ). The bubble size ( R < 0 . 2 pMpc) and
eutral fraction ( x H I > 0 . 9) inferred by Hsiao et al. ( 2023 ) for the
 = 10.17 triply lensed galaxy MACS0647-JD are consistent with
ur findings. Ho we ver, the bubble sizes reported in Umeda et al.
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Figure 1. Image of the THESAN-1 box (centre row) and zoomed-in regions (top and bottom rows) illustrating the ionized fraction x H II shaded by density ρ, 
redshift of reionization z reion , and ef fecti ve bubble size R eff . The leftmost column shows a high-resolution projection through the central 10 per cent of the 
box with a two-dimensional colour bar such that the blue and yellow colours correspond to neutral and ionized gas, respectively, while the brightness scale 
corresponds to the logarithmic fractional o v erdensity, f δ . The middle column shows an equi v alent slice through the intermediate-resolution render box of the 
redshift of reionization, defined as the last redshift at which each cell is neutral ( x H II < 0 . 5). The rightmost column shows the effective bubble size as seen by 
each cell, displaying sharp edges following the open or closed topology of the ionized regions. The cosmic web is not as prominent in the z reion and R eff images 
as in the density projection due to volume-weighting x H II o v er scales larger than individual filament widths ( L box / 512 ≈ 0 . 2 cMpc ). 
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 2023 ) are higher than our estimates, particularly at lower redshifts
oward the end of the EoR. This discrepancy is possibly due to
heir assumption of a homogeneous IGM, potentially leading to 
 systematic o v erestimation of neutral fractions during the EoR.
dditionally, Keating et al. ( 2023 ) have found that many of these
y α damping-wing observations can be explained with smaller 
ubble sizes and larger intrinsic Ly α fluxes from the host galaxies 
hemselves. Late-time BSDs are also limited by the box size, which
ould be addressed by running larger -v olume simulations in the
uture within the same framework. As a more concrete next step, we
lan to investigate analytic biases with end-to-end forward modelling 
or a more fair comparison. Finally, with only a few observations it
s difficult to simultaneously constrain the local line-of-sight bubble 
ize and global evolution of the neutral fraction. 
MNRAS 531, 2943–2957 (2024) 
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Figure 2. Ionized bubble size distributions for the fiducial THESAN-1 
simulation. Each line shows the distribution at a different neutral fraction, 
or equi v alently, redshift. All statistics are volume-weighted. The top panel 
shows the probability distribution function for bubble sizes and the bottom 

panel quantifies the cumulative distribution function for bubbles with ef fecti ve 
radii ≥R . Bubble sizes grow o v er time as reionization progresses with the 
formation and growth of bubbles that eventually percolate to create much 
larger interconnected bubbles. There is a sharp peak at R ∼ 1 cMpc for 
x H I = 0 . 9 (yellow line) as most b ubbles ha ve recently formed and have not 
yet merged. There is another sharp peak at R � 50 cMpc for x H I = 0 . 1 (dark 
purple line) once most of the ionized cells are part of large regions spanning 
the simulation volume. 
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Figure 3. Redshift and global neutral fraction evolution of the characteristic 
bubble sizes for the fiducial THESAN-1 high-resolution simulation renderings. 
The median, mean, and log mean bubble sizes are shown as a function of 
neutral fraction and redshift in the top panel. The shaded region indicates 
the 16th–84th percentile range. We compare to the THESAN line intensity 
mapping (LIM) results from Kannan et al. ( 2022b ) in light blue, which 
are fairly consistent at redshifts below about 9. We also compare with the 
analytic model from Furlanetto & Oh ( 2005 ) in the black dash–dotted line. 
The bottom panel shows median bubble sizes weighted by the number of 
bright haloes according to the threshold dust-corrected UV magnitude M 1500 . 
These are compared with the observationally inferred bubble size constraints 
from Hsiao et al. ( 2023 ) in the dark blue circle and from Umeda et al. ( 2023 ) 
in the purple squares. 

h  

u  

s  

T  

t
 

d  

e  

d  

a  

s  

l  

t  

s  

7  

d

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/531/3/2943/7681982 by M
IT user on 05 August 2024
The variation in bubble size is relatively small at the beginning

nd end of the EoR. At very high redshifts ( z � 10), ionized bubbles
ave only recently begun to form around luminous objects and have
ot yet grown enough to instigate percolation, a process that rapidly
ncreases individual bubble sizes. Consequently, nearly all of the first
onized bubbles remain below 1 cMpc in size, as most galaxies are
ot yet massive enough to sustain high star formation rates. As the
ubbles continue to expand due to radiation continuously ionizing
ore and more gas around the source, the bubbles begin to percolate

nd coalesce. This leads to a relatively large spread in bubble sizes
uring the intermediate stages of the EoR mirroring the asynchronous
ature of reionization (6 � z � 10). At even later stages ( z � 6), as
he majority of bubbles become encompassed by larger neighbouring
ubbles, the sizes reflect the vast network of interconnected ionized
egions. By this point near the end of the EoR, these immense bubbles
NRAS 531, 2943–2957 (2024) 
ousing the majority of the ionized gas all merge with each other
ntil there is ef fecti vely one large bubble filling nearly the entire
imulation box, which is dominant in volume-weighted statistics.
his is indicated by the median bubble size at neutral fractions close

o zero becoming larger than the side length of the box. 
Regions that become ionized at different times during the EoR have

ramatically different size evolution patterns. To highlight this, we
xplore the typical bubble growth trajectories for regions reionized at
ifferent redshifts. Categorizing by the redshift of reionization, z reion ,
llows us to identify different populations, each with unique bubble
ize histories o v er time. The z reion of a simulation cell is defined as the
owest redshift at which the cell transitions from neutral ( x H I < 0 . 5)
o ionized ( x H I ≥ 0 . 5). We examine the evolution of bubble sizes for
even z reion ranges delineated by the bin edge values: z reion ∈ [5.5, 6,
, 8, 10, 12, 15, 20]. The median bubble size trajectories for these
ifferent z reion ranges are shown in Fig. 4 . 
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Figure 4. Bubble size trajectories o v er time grouped by the local redshift 
of reionization z reion for the high-resolution fiducial THESAN-1 model. Each 
solid curve shows the median ef fecti ve bubble size R eff from all histories 
within each z reion range, while the shaded regions are the 16th–84th percentile 
ranges. The dashed grey curve shows the largest bubble size measured from 

each snapshot. We define z reion of each cell to be the lowest redshift at which 
the cell crossed from neutral ( x H II < 0 . 5) to ionized ( x H II ≥ 0 . 5). By z ∼ 6, 
regions are flash-ionized because they immediately join a large pre-existing 
bubble. 
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Figure 5. Top panel : Probability density functions of local environmental 
o v erdensity for the entire simulation volume (dashed lines) and just the 
ionized volume (solid lines), shown at times when the global neutral fraction 
is 0.1, 0.5, and 0.9. Bottom panel : The median o v erdensity and 16th–84th 
percentile range as functions of neutral fraction and redshift. The distributions 
are nearly non-o v erlapping at the earliest times but quickly converge as the 
entire simulation box becomes ionized. 
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Cells with z reion ≥ 15 (pink line) are the first cells to become ionized 
nd initiate the reionization process. The bubbles around these cells 
uickly reach an ef fecti ve radius of about 1 cMpc, then begin to grow
oughly exponentially with the declining neutral fraction until they 
each the maximum allowed bubble size of ∼200 cMpc, marking the 
oint when the entire box is reionized. Cells with z reion � 10 follow a
imilar trajectory, indicating that most of these cells become ionized 
ithout immediately joining a pre-existing large bubble. The bubble 

izes for these early-reionized cells start small ( ∼cMpc scales) and 
hen exhibit a gradual growth pattern, similar to delayed versions of
he first ionized regions. 

Once z reion � 10, many of the newly ionized cells promptly 
erge with existing ionized bubbles, which have sizes ranging 

rom a few cMpc to tens of cMpc for 7 � z reion � 10 and 6 �
 reion � 7, respectiv ely. F ollowing the main mergers into large pre-
 xisting ionized re gions, the bubble sizes grow at a more subdued
ate similar to the growth observed in earlier-reionized cells. This 
radual assimilation process is coherent, considering that the later- 
onized cells are likely integrated into the very same bubbles that 
he early-reionized cells began to form. Thus, this slower expansion 
ay track a characteristic bubble growth rate persisting throughout 

he procession of reionization. The large vertical scatter in bubble 
ize indicates that inside-out reionization is still occurring even at z �
0 (Kannan et al. 2022a ; Borrow et al. 2023 ). New small bubbles are
till forming in neutral areas even after much of the IGM has become
onized and percolation of large bubbles has become a significant 
ause of bubble size increases. 

The most rapid growth rates are observed right at the culmination 
f reionization, specifically after a redshift of 6, shown in the red
ine in Fig. 4 . These late-reionization regions are ‘flash-ionized’ as
hey immediately become part of the last large pre-existing bubble 
hich already fills most of the simulation box. These cells represent 

ome of the final neutral island regions in the simulation. Thus, no
lear bubble boundaries are discernible by the time they become 
onized, as the ionized gas essentially forms one final space-filling 
ubble. 

 CONNECTIONS  TO  THE  LOCAL  

NVIRONMENT  

n an effort to understand the conditions that influence ionized 
ubble properties, we investigate the relationship between the sizes of 
onized bubbles and the local environmental o v erdensity. We smooth
he o v erdensities from the Cartesian grid on the scale of 125 ckpc such
hat the o v erdensities are probing the local environment as opposed
o smaller scale density fluctuations. We begin by examining the 
istribution of o v erdensities within our simulated volume at different
tages of reionization. These distrib utions, both v olume-weighted 
nd ionized volume-weighted, are shown in the top panel of Fig.
 . The ionized volume-weighted distributions are shifted towards 
igher o v erdensities early in reionization as compared to their full
olume-weighted counterparts. This indicates that regions that are 
MNRAS 531, 2943–2957 (2024) 
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Figure 6. Characteristic ionized bubble sizes compared to o v erdensity for THESAN high resolution cube smoothed on 125 ckpc scales at different neutral 
fractions x H I and their corresponding redshifts. Grey contours show the 1 σ , 2 σ , and 3 σ regions in solid, dashed, and dotted lines, respectively. While the 
contours do not indicate a strong correlation between o v erdensity and bubble sizes, the shape of the histogram indicates that regions with high local o v erdensities 
preferentially have large bubbles. The black solid lines show the median bubble size at each o v erdensity, and the light grey lines show the median overdensity 
at each bubble size. 

m  

r  

T  

t  

w  

v  

w  

t  

v  

f  

i
 

e  

w  

s  

t  

δ  

p  

r  

r  

T  

o  

o  

o  

p  

s  

s
 

n  

t  

s  

e  

F  

w  

a  

s  

t  

t  

i  

r  

o  

l  

p
 

t  

h  

t  

o  

t  

t  

a  

a  

e  

w  

l  

t  

b  

A  

v
 

b  

N  

r  

v  

i  

i  

o  

s  

v  

a  

i  

r  

t  

h  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/531/3/2943/7681982 by M
IT user on 05 August 2024
ore o v erdense tend to be ionized early and that man y of the first
egions that are reionized reside in locally o v erdense environments.
his is also reflected in the bottom panel of Fig. 5 which shows

he median and 16th–84th percentile range of o v erdensity with both
eighting schemes. We again see that at high redshifts, the ionized
olume-weighted median of o v erdensity is larger than the volume-
eighted median. These medians and one sigma ranges converge to

he same values by the end of reionization when nearly all of the
olume of the box contains ionized gas. Specifically at global neutral
ractions of x H I = { 0 . 9 , 0 . 5 , 0 . 1 } the bias in the median o v erdensity
s log (( δH II + 1) / ( δ + 1)) = { 0 . 24 , 0 . 09 , 0 . 02 } . 

We mo v e on to investigate the specific correlation between local
nvironmental o v erdensity and ionized bubble sizes. For consistency
ith the o v erdensity analysis, we smooth the bubble sizes on the

ame 125 ckpc scales to focus on the most ‘significant’ bubbles in
he local area. In Fig. 6 , we show two-dimensional histograms in the
–R eff plane highlighting various environmental effects, where each
anel corresponds to a different neutral fraction and its corresponding
edshift. The contours outline the central 68, 95, and 99.7 percentile
anges to guide the eye in discerning the volume-weighted statistics.
he solid black curves show the median ef fecti ve bubble size for each
f the o v erdensity bins, and the light grey curves show the median
 v erdensity for each of the bubble size bins. In summary, the local
 v erdensity has the strongest impact early on during the formation
hases. As reionization progresses, there is a significant deficit of
mall bubbles in o v erdense re gions whereas underdense regions can
till harbour neutral structures. 

At early times during the EoR, when 90 per cent of the gas remains
eutral, bubble sizes are generally small with R eff � a few cMpc, but
here is a slight correlation between o v erdensity and bubble sizes, as
hown by the asymmetrical shape of the 2D histograms in Fig. 6 . By
xamining the central 68 percentile contour in the rightmost panel of
ig. 6 , we see that the smallest bubbles primarily reside in regions
ith 0 � log( δ + 1) � 0.5. This indicates that initially these bubbles

re primarily forming in o v erdense re gions before e xpanding into
urrounding areas with a wider range of densities, as depicted by
he broader shape of the contours in the higher bubble size region of
NRAS 531, 2943–2957 (2024) 
he panel. As reionization progresses and more of the gas becomes
onized, the o v erdensity dependence washes out, likely due to ionized
egions joining pre-existing bubbles. By the time the EoR is almost
 v er and 90 per cent of the gas is ionized, most of the bubbles are
arge ( R eff � 10 cMpc ) and there is no significant correlation with
articular o v erdensity values. 
We focus on the relationship between bubble sizes and o v erdensity

o determine whether bubbles predominantly form and grow within
igh-density regions or low-density regions. Higher-density regions
ypically contain more ionizing sources, but their higher density
f initially neutral gas makes them more difficult to ionize. In the
op panel of Fig. 7 , we show the median bubble size in relation
o the corresponding o v erdensity at which it is centred. We employ
daptive binning in overdensity to improve the statistical significance
t the highest and lowest densities. Across all redshifts that we
xamined, a clear pattern emerges where the bubble size increases
ith o v erdensity. This indicates that the largest bubbles are more

ikely to originate from and surround denser regions. Ho we ver,
his trend becomes less pronounced as reionization progresses and
ubbles undergo percolation, coalescing into fewer ionized regions.
s a result of structure formation, the late-time ionized landscape is
olume-biased towards being underdense. 

In the bottom panel of Fig. 7 , we also illustrate the relationship
etween the variance in logarithmic bubble sizes and o v erdensity.
otably, the variance is significantly higher within low-density

egions compared to more overdense areas. This is likely due to
oid-like regions becoming ionized by pre-existing bubbles growing
nto them (outside-in reionization) as well as some sources creating
onized bubbles within the low-density re gions themselv es (inside-
ut reionization). Like the median bubble size, the variance in bubble
izes also flattens out o v er time as reionization progresses. The
ariance of bubble sizes in the low-density regions starts to decrease
t late times while the variance in o v erdense re gions continues to
ncrease throughout the EoR. The increase in variance in dense
egions is likely due to the increasing number of bright sources over
ime. Although many of the largest bubbles originate from areas of
igher o v erdensity, the formation of new sources in neutral regions
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Figure 7. Median bubble size R eff as a function of o v erdensity at different 
ionized fractions for the fiducial model smoothed on 125 ckpc scales. The 
grey dashed line shows eight times the smoothing scale. Larger o v erdensities 
tend to have larger bubble sizes, especially at early times when the bubbles 
are initially forming. At later times, when most of the gas in the simulation 
box is ionized, bubble sizes have a much weaker dependence on o v erdensity, 
likely due to the pre v alence of few large bubbles which encompass most of 
the ionized volume. Overall, there is larger variance in bubble sizes at lower 
o v erdensities. The variance flattens out with time such that void-like regions 
start to decrease while o v erdense re gions increase, which in the latter case is 
primarily driven by the increasing number of bright objects with time. 
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esults in the simultaneous creation of many smaller bubbles as well. 
his can explain the continual increase in bubble size variance in 
 v erdense re gions as the largest bubbles get bigger, but the small
ubbles continue to form due to the high density of haloes. 

Further analysis reveals that, at z = 10, bubbles situated in the
ighest o v erdensity re gions are approximately 20 per cent larger than
he global median size. Ho we ver, this disparity diminishes to less than 
 per cent by z = 7. This is again due to ionized bubbles primarily
orming in very overdense regions early on and then expanding and 
erging to encompass underdense regions later in the EoR. 
We also investigate how bubble sizes around galaxies depend 

n the galaxy properties, specifically halo mass stellar mass, and 
V magnitude, as these relationships are of much interest to the 
bservational and theoretical communities (Davies et al. 2023 ; 
ayes & Scarlata 2023 ). Our findings, summarized in Fig. 8 , reveal

hat the median bubble size around different mass halos captures 
he correlation of these characteristics with expected bubble sizes 
hroughout the EoR. Additionally, we examined the variance in 
ubble sizes for these galactic properties. The observed trends closely 
lign with the local o v erdensity analysis: more massive, brighter 
alaxies are associated with larger bubble sizes with lower variance, 
specially during the earlier phases of reionization. As the EoR 

oncludes, both the median and variance in bubble sizes flatten 
ut, suggesting a weaker connection between galaxy properties and 
f fecti ve bubble sizes. This is consistent with the notion that bubbles
ave undergone percolation, resulting in a small number of dominant 
onized regions. 

We quantify the degree of correlation between the ef fecti ve
ubble size and halo mass by fitting a power-law model to the
 eff v ersus M halo curv es at each of the neutral fractions shown in
ig. 8 . We note the best-fitting power-law slope only considers
alo masses in the range M halo ≥ 10 9 M �. The best-fitting parameter
alues are listed in Table 1 . The evolution of this metric throughout
he EoR as shown in Fig. 9 clearly shows the strength of the early
orrelation and robustness of the flattening with time. We plot this
ower-law slope, dlog R eff /dlog M halo , as a function of the global
eutral fraction for the fiducial, high-resolution THESAN-1 run (red 
urve) as well as the medium resolution runs THESAN-2 and THESAN-
C-2 (blue and purple curves). Specifically, THESAN-2 uses the same 
odel as THESAN-1 but with two (eight) times coarser spatial (mass)

esolution, and THESAN-WC-2 exhibits weak convergence of x H I ( z) 
y increasing the birth cloud escape fraction from 0.37 to 0.43 to
ompensate for additional unresolved low-mass haloes. Each of 
he THESAN-2 models has been analysed on a Cartesian grid with
56 cells per side, so we also show the small difference by re-
alculating THESAN-1 on this lower resolution grid for consistency 
red dashed curve). More details of the different models can be
ound in Kannan et al. ( 2022a ) and Garaldi et al. ( 2023 ). Our
nalysis reveals that the higher-resolution THESAN-1 simulation 
xhibits the steepest power-law slope between bubble size and halo 
ass. We attribute this to the abundant low-mass haloes and dense

tructures of clumps and filaments that are less resolved in the lower-
esolution runs. Further discussion of the convergence of bubble size 
tatistics across the different resolution THESAN runs is contained in 
ppendix C . 

 CONNECTIONS  TO  THE  REDSHIFT  OF  

EIONIZATION  

he redshift of reionization, denoted as z reion , serves as a powerful
robe of the spatiotemporal distribution of ionizing radiation during 
he EoR. In this work, we define z reion for each point in space as
he latest redshift at which the Cartesian grid cell transitions from a
eutral to an ionized state, specifically when the ionized hydrogen 
raction reaches x H II ≥ 0 . 5. To obtain an accurate estimate of z reion ,
e employ linear interpolation between the simulation snapshots, 

ach separated by a time cadence of ∼10 Myr. 
To investigate the relationship between z reion and R eff , we calculate 

he last redshift at which each cell has an ef fecti ve bubble size that
rosses a specified threshold radius, denoted as z ( R eff ≥ R 0 ). As a
rst glance, we present the distributions of z reion and z ( R eff ≥ R 0 ) for
arious threshold radii in Fig. 10 . Our analysis reveals a reasonably
ood agreement between the distributions of z reion and the redshift at
hich bubble sizes surpass a threshold radius when R eff � 1 cMpc . 
As the threshold for bubble size increases, two notable shifts occur

n the distribution: the peak mo v es slightly to wards lo wer redshifts,
nd the high-redshift tail contracts. At high redshifts, bubbles are 
redominantly small, leading to the omission of many of the earliest
onized regions when higher bubble size thresholds are applied. This 
esults in the attenuation of the slow-rising high-redshift tail observed
n z reion . Additionally, the distributions are slightly shifted towards 
ower redshifts compared to z reion due to the time it takes between a
ell becoming ionized and the subsequent growth of a bubble to the
MNRAS 531, 2943–2957 (2024) 
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Figure 8. Similar to Fig. 7 , we compare median bubble sizes and variances as functions of galactic halo mass, stellar mass, and UV magnitude. Haloes 
are resolved down to masses of M halo ∼ 10 8 h −1 M �, so resolution effects should not be significant in the range considered. We find similar trends to those 
for o v erdensity but as these haloes host the sources of reionization the dependence e xtends across the entire resolv ed halo range, e xhibiting a characteristic 
power -law beha viour. 

Table 1. Power-law fits to the bubble size–halo mass relationship (shown in 
the top left panel of Fig. 8 ) in the form R eff / cMpc = R 0 ( M halo / M �) α for 
each neutral fraction, x H I (and corresponding redshift, z) for THESAN-1 . The 
power-law slope parameter, α, is plotted in Fig. 9 along with those from lower 
resolution simulations. 

x H I 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 
z 6.1 6.4 6.7 6.9 7.3 7.8 8.3 9.0 10.4 

α 0.016 0.050 0.084 0.11 0.15 0.19 0.22 0.27 0.29 
R 0 39 9.0 2.5 0.87 0.21 0.067 0.021 0.0051 0.0020 

Figure 9. Power-law slope for R eff versus M halo over neutral fraction for 
the fiducial, high-resolution THESAN-1 run (red line) as well as the medium 

resolution runs THESAN-2 (blue line) and THESAN-WC-2 (purple line). We also 
compare to THESAN-1 on a grid with 256 cells per side (red dashed line) for 
consistency with the THESAN-2 grid resolution. For all runs, the power law is 
steepest (highest d R eff /d M halo ) early in the reionization process driven by the 
cosmic structure formation but flattens as bubbles expand into void regions. 

Figure 10. Probability density functions for z reion (in black) and the redshift 
at which the bubble size surpasses various thresholds. We see that z reion is 
a good tracer of bubble sizes below about 1 cMpc, but time delays between 
reionization and bubble growth weaken the correspondence between z reion 

and larger bubble size statistics. 
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hreshold size. The time delay between reionization and growing to
ubble sizes larger than ∼ 1 cMpc, washes out the correspondence
etween z reion and the redshift at which a bubble grows to that 
ize. 

In Fig. 11 , we more closely examine the time lags between cell
eionization and the attainment of specific bubble sizes. We find that
arger bubble size thresholds directly translate to longer time lags
etween these two events, while z reion is a good tracer of small bubble
izes below approximately 1 cMpc due to much shorter time lags. For
ll thresholds, this relative redshift difference with respect to z reion is
ore pronounced earlier in the EoR, likely due to the initially small

izes of bubbles early on in reionization. By the time a large fraction
f the simulation volume becomes ionized, this time lag becomes
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Figure 11. Relative difference between redshift of reionization and redshift 
at which the bubble size exceeds some threshold size R 0 plotted against z reion . 
This illustrates the delay between reionization and bubble growth throughout 
the EoR, with the largest time lags corresponding to higher redshifts. 
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Figure 12. Top panel: Median and 16th–84th percentile range of doubling 
time grouped by local z reion . Middle panel: Median and 16th–84th percentile 
range of growth rate of bubbles (change in effective volume over doubling 
time) in the same z reion ranges. Bottom panel: Median and 16th–84th 
percentile range of the speed of ionization fronts in the same z reion ranges, 
assuming spherical bubbles. Each colour corresponds to corresponding 
bubble size thresholds; e.g. dark purple points show the doubling times and 
growth rates for bubbles growing from 8 to 16 cMpc in radius. The later a 
region is locally reionized, the longer the doubling time, and the faster the 
growth rate. This is consistent with the picture of slow bubble growth early in 
reionization and ‘flash ionization’ and runaway percolation at lower redshifts. 
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uch smaller on average. This is because newly ionized regions are 
ore likely to immediately coalesce into large, pre-existing bubbles 

r otherwise flash ionize, thereby reducing the time required to reach 
he specified R eff values. 

To further quantify the bubble growth after the initial reionization 
f the region, we study the times and rates at which bubbles double in
adius. Bubbles that have become ionized at different redshifts during 
he EoR have unique bubble growth properties. We specifically look 
t the doubling time (time for the bubble radius to double in size),
rowth rate (change in effective volume over doubling time), and 
f fecti ve speed of ionization fronts (change in ef fecti ve radius over
oubling time) in Fig. 12 . Each colour point indicates the radius
hange we are considering (i.e. the dark purple shows the doubling 
imes and growth rates for bubbles growing from 8 cMpc in radius
o 16 cMpc). The horizontal axis is z reion allowing us to view how
ifferent populations’ bubbles grow differently, whether they were 
onized early in reionization or later. We note that both growth rate
nd ionizing front speed are calculated assuming spherical bubbles; 
hus, they may not fully represent the morphological complexities 
resent once bubbles coalesce. 
By inspection of Fig. 12 , we see that the latest ionized regions

n the left side of the plots have the shortest doubling times and,
onsequently, the fastest growth rates. This is consistent with our 
icture of ‘flash ionization’ of regions late in the EoR as they quickly
oin large bubbles after becoming ionized, i.e. runaway percolation. 
he doubling times for regions ionized before z ≈ 12 are similar and
uite high, around 100 Myr, even for the different bubble radii. This
ould be partially due to the long time between local reionization in
he region and the end of the EoR, but may also indicate exponential
ehaviour in the growth rate of the radius, as the characteristic 
oubling time appears to be independent of the bubble radius. 

 CONCLUSIONS  

ne of the most promising methods to study the large-scale processes
uring the EoR is the topological analysis of ionized bubbles. 
 significant body of work has been dedicated to developing 
rocedures for identifying and characterizing these bubbles from 
dealized calculations, semi-analytical models, and fully coupled 
adiative transfer simulations. In this context, this work aims to study
onized bubble size statistics during reionization as modelled by the 
HESAN simulations. We primarily employ the MFP method, which 
alculates bubble sizes by extending rays from ionized cells until they 
ntersect with neutral cells, as an ef fecti ve technique for determining
MNRAS 531, 2943–2957 (2024) 
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onized bubble sizes. We examined the time evolution of the bubble
izes, connections between sizes and environmental properties, and
he utility of z reion as an ef fecti ve proxy for tracking bubble size
haracteristics. 

Our detailed analysis of the THESAN simulations has led to several
nsights into the nature of ionized bubbles during the EoR. We
ummarize our main findings as follows: 

(i) Bubbles begin to form coincident with the first significant
onizing sources around redshift z ∼ 15 and exhibit a growth
rajectory from R eff ∼ 100 ckpc to R eff ∼ 100 cMpc by redshift z ∼
.5, indicative of the progressive completion of cosmic reionization
ithin the simulation volume. 
(ii) Bubble sizes are notably larger around bright galaxies. This

uggests that observational measurements of bubble sizes around
igh-redshift sources are lik ely sk e wed to wards larger sizes, and
ccounting for this bias helps reconcile the discrepancy between
redicted and observed bubble sizes. 
(iii) We find redshift-dependent variations in bubble growth rates.

pecifically, regions that undergo reionization early in the EoR
isplay relatively slow bubble expansion. In contrast, regions that are
eionized later in the EoR experience ‘flash ionization’ and rapidly
oin larger, pre-existing bubbles. 

(iv) Bubbles in high-density regions are generally larger than those
n low-density regions, particularly when x H I � 0 . 5 in the earlier
tages of the EoR. This correlation is most pronounced at very high
 v erdensities before the bubbles have expanded and merged enough
o wash out correlations with environment. A similar trend exists for
ubbles surrounding massive galaxies. In both cases, we characterize
he median and variance in bubble sizes, and show that the power-law
lope dlog R eff /dlog M halo flattens as reionization progresses. 

(v) We comment on the utility of the redshift of reionization ( z reion )
s a viable theoretical tracer for small bubble sizes, particularly
or radial sizes below � 1 cMpc . This provides a convenient local
etric for studying non-local phenomena and capturing the temporal

istory of ionized regions. We note that at high redshifts, there exists
 substantial time lag between local reionization and large bubble
rowth, but by z � 6.5, this delay significantly shortens. 

In summary, this work enhances our understanding of the topolog-
cal and evolutionary properties of ionized bubbles during the EoR,
ncluding connections between bubble sizes and both small-scale
alaxy and large-scale environmental properties. 

There is also a wealth of new observational data available from
igh- z galaxy spectra from the JWST . These data can be harnessed to
onstrain both ionized bubble sizes and the neutral fraction through
he analysis of Ly α damping wings. Thus, it would be optimal to
dentify bubble sizes through a synthetic observation framework
hat models the spectra and data reduction pipeline currently in
se. It would be natural to extend this study to incorporate similar
ystematics to the observations and facilitate more complete physical
onnections to theoretical topological metrics. 

Further follow-up studies to this could also include performing a
ore e xtensiv e analysis of bubble sizes across the other simulations

n the THESAN suite, which include different dark matter models,
scape fractions, and dominant sources of ionizing radiation. Such
omparative studies would elucidate the distinct signatures imprinted
y different physical processes within the ionized bubbles. Moreo v er,
e plan to perform a complementary topological examination of
 reion to analyse the formation and evolution of ionized regions,
hich will provide invaluable information about the mechanisms
y which the Universe became ionized. Follow-up work will aim to
ontinue to draw conclusions about the interplay of reionization
NRAS 531, 2943–2957 (2024) 
nd galaxy formation, including both local and environmental 
nformation. 
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PPENDIX  A:  IMPACT  OF  GRID  RESOLUTION  

n this appendix, we examine the effects of simulation resolution on
onized bubble size estimates for resolutions of 128, 256, and 512
ells per side. The THESAN simulations and AREPO-RT code employ a
oronoi tessellation constructed from a particle representation of the 
nderlying gas distribution. Cartesian grid outputs are subsequently 
roduced by translating these particle locations and properties on 
o a three-dimensional cubic grid with 1024 cells per side. For
he purposes of this study, we downsample this grid to produce
ower resolution outputs at 512, 256, and 128 cells per side. Due to
omputational constraints, we utilize the 512 cells per side output 
s the fiducial highest resolution for this work. We demonstrate 
onvergence of bubble size estimates between the lower resolution 
uns and the 512 cells per side resolution, thereby confirming that
he effects of resolution on our findings are negligible. 
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M

Figure A1. Upper panel: MFP determined median bubble size for THESAN-1 
for three resolutions: 128 3 , 256 3 , 512 3 . The shaded areas show one standard 
deviation ranges. Lower panel: Relative difference compared to the highest 
resolution run, 1 − R N / R 512 , showing the bubble sizes are converged to within 
10 per cent accuracy. 
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Figure B1. Median bubble sizes o v er time as characterized by neutral 
fraction and redshift for different smoothing scales. The smoothing scales do 
not seem to change bubble sizes much at later times, but bubbles are biased 
lar ger for lar ger smoothing scales, early on. This is partly due to the blurring of 
small ionized regions during the smoothing process that artificially increases 
bubble sizes, likely of the order of the smoothing scale. Once many bubbles 
are larger than the smoothing scale, the bias introduced by the smoothing 
becomes negligible. 
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The bubble size distributions for each of the resolutions look qual-
tatively similar. Specifically, the bubble sizes grow from ∼100 ckpc
cales at the onset of reionization to ∼100 cMpc scales by the end of
eionization. 

We compare the time evolution of the characteristic bubble sizes
cross different resolution outputs to check convergence. Fig. A1
hows the median bubble sizes as a function of neutral fraction for
esolutions of 128, 256, and 512 cells per side. We find that bubble
izes are converged to within approximately 10 and 30 per cent
ccuracy for 256 and 128 cells per side resolutions, respectively.
he bubble sizes of the lower resolution simulations tend to be larger

han the bubble sizes for the 512 cells per side run because the cells
hemselves are larger and artificially expand the bubbles. 

The bubble sizes primarily diverge at the very beginning and end
f reionization. This is expected due to the resolution-scale effects
ecoming important when there are only small patches of ionized and
eutral gas at x H I � 0 . 9 and x H I � 0 . 1, respectively. At the beginning
f reionization, small pockets of ionized gas are either washed out or
lurred into an artificially large bubble on the scale of the cell size,
hich will lead to more divergence from the high resolution model

han intermediate times when the scales of neutral and ionized gas
egions are much larger than the cell sizes. Similarly, at the end of
eionization when the last 10 per cent of gas is becoming ionized,
here are small-scale regions of neutral gas remaining in the high
esolution 512 cell per side box, but those have been washed out by
he resolution effects leading to a larger bubble size by the end of
eionization. 

PPENDIX  B:  IMPACT  OF  GRID  SMOOTHING  

CALE  

e also investigate the effects of smoothing on the derived bubble
izes. The smoothing we use in this work, primarily for environmen-
NRAS 531, 2943–2957 (2024) 
al effects is volume-weighted. The smoothing is performed using a
aussian kernel applied to the simulation outputs before converting

o a Cartesian grid. 
We study the behaviour of the characteristic bubble sizes for

e veral dif ferent smoothing scales: unsmoothed, 125 ckpc, 250 ckpc,
00 ckpc, and 1 cMpc. The comparison of their median bubble sizes
nd one sigma regions are shown in Fig. B1 . As the smoothing
cale increases, so does the median bubble size. This is likely due
o the blurring of ionized regions with the smoothing leading to a
arger observed bubble size. At the beginning of reionization when
he universe is still over 90 per cent neutral, the median bubble
izes depend heavily on the smoothing scale. When the first ionized
ubbles begin to form, they are immediately blurred by the smoothing
ernel leading to the smallest bubble sizes being roughly the size
f the smoothing scale (and for the unsmoothed case, the smallest
ubbles are approximately the size of one cell). These smoothing-
ependent effects appear to wash out as reionization progresses,
ikely due to most ionized cells being part of bubbles with sizes
uch larger than the smoothing scales. By the time reionization is

nding, smoothing effects on the median bubble size seem to have
early completely disappeared as the entire simulation box becomes
onized and part of one large bubble, as expected. 

We explore the effects of smoothing for two main reasons: the
nvironmental analysis and future computational convenience. In
rder to quantify the effect of the environment on one simulation
ell’s bubble size, we need to smooth the density to get information
bout the surrounding medium in the simulation. Checking that the
ubble sizes are consistent under this smoothing ensures that our
nvironmental results reflect the conditions in the local surrounding
reas of the bubble centres without artificially impacting the bubble
ize measurements. 

We also check the effects of smoothing on bubble sizes to
nform future work that may take advantage of the computational
onvenience of having a smoother field to analyse. Since many
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opological analyses require smooth fields, it is important for future 
ork to be able to quantify the effects of this smoothing on bubble

izes. 

PPENDIX  C:  IMPACT  OF  SIMULATION  

ESOLUTION  

n this appendix, we demonstrate the convergence of bubble sizes 
ith simulation resolution. Specifically, in Fig. C1 , we analyse the 
edian and mean R eff evolution from the THESAN-2 and THESAN-WC- 
 medium resolution simulations in comparison with the results from 

he flagship THESAN-1 simulation. Recall from Section 4 that these 
re both from the same initial conditions as THESAN-1 but with two
eight) times lower spatial (mass) resolution, and that THESAN-WC-2 
as a increases the birth cloud escape fraction from 0.37 to 0.43
ompensate for lower star formation. We note that these calculations 
mploy a grid resolution of 256 3 , which has been shown in Fig. A1
o be converged with the 512 3 results within 10 per cent at all times.
he impact on the median and mean statistics is most pronounced in

he initial stages of reionization, primarily due to the abundance of
mall bubbles surrounding the lowest-mass haloes captured by the 
HESAN-1 simulation, as well as variations in escape fraction (see 
eh et al. 2023 ). As these bubbles merge to form larger structures,

he statistical agreement impro v es. 
2024 The Author(s). 
ublished by Oxford University Press on behalf of Royal Astronomical Society. This is an Open
 https://cr eativecommons.or g/licenses/by/4.0/), which permits unrestricted reuse, distribution, and rep
igure C1. Median (solid) and mean (dashed) bubble sizes o v er time
s characterized by neutral fraction and redshift for different simulation 
esolutions. The statistics are affected most strongly during the first half
f reionization ( x H II � 0 . 5) due to the relatively numerous small bubbles
round the lowest-mass haloes resolved by the simulation and escape fraction
ifferences. The agreement impro v es as bubbles coalesce into larger ones. 
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