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ABSTRACT

Recent observations reveal puzzling spatial offsets between the ALMA dust continuum from bright galaxies at z = 5-7 and their UV
emission seen by HST and JWST (e.g. ALPINE and REBELS surveys). We investigated this using Cosmic Dawn (‘CoDa’) 111, a state-
of-the-art radiation-hydrodynamics simulation of fully coupled galaxy formation and re-ionisation, which includes a dynamical dust
model. Dust-UV offsets are predicted for massive, UV-bright galaxies, up to ~2 pkpc for the most massive haloes (Mpy > 10" M,
M, > 10" Mg, and Mage00 < —21.5). Observed offsets are larger for ALPINE (4.4 < z < 5.9) than REBELS (z > 6.5), consistent
with those in CoDa III, where higher-mass haloes appear at lower redshift. These offsets result primarily from severe dust extinction
in galactic centres rather than from a misalignment in the dust- and stellar-mass distributions. At the CoDa III spatial resolution
(1.65 pkpc at z = 6), dust and stellar components typically remain aligned. We predict that dust emission should therefore align well
with stellar rest-frame Near Infra-Red, which is less affected by dust attenuation than the UV. This highlights the importance of dust in
shaping galactic appearance. Our simulated dust masses for such bright galaxies agree with observational estimates, but to match the
observed UV luminosity function, we reduced our dust attenuation. For SMC-like dust, the bright-end of the UV luminosity function
at these redshifts is best fit, for example, with only 7.5% of the dust in CoDa III galaxies. Our massive galaxies thus reproduce the UV
spectral slopes of ALPINE and REBELS galaxies, while preserving their dust-UV offsets, but exhibit dust masses lower than those
suggested by observations.

Key words. methods: numerical — dust, extinction — galaxies: evolution — galaxies: formation — galaxies: high-redshift —
dark ages, reionization, first stars

1. Introduction However, our understanding of the physical processes governing
galaxy formation during this period is still limited, largely due
to observational challenges and the complex interplay of various
astrophysical phenomena.

Recent advancements in observational capabilities have

The formation and evolution of galaxies in the early universe,
particularly during the epoch of re-ionisation (EoR), remains one
of the most intriguing and challenging areas of study in modern
astrophysiqs (Dayal & Ferrara 2018). This era, spanning roughly begun to shed light on the properties of high-redshift galaxies
from redshift z ~ 20 to z ~ 5.3 (Bosman et al. 2022), is charac- (z = 4-7). The Atacama Large Millimeter/submillimeter Array
terised by the birth of the first stars and galaxies, which ionise the (ALMA) has been particularly instrumental in this regard, with
neutral intergalactic medium (IGM) and fundam;ntally alter the arge programmes such as ALPINE (ALMA Large Prog rélm to
cosmos (Barkana & Loeb 2001; Wise 2019; Ocvirk et al. 2016). Investigate C* at Early Times) providing unprecedented insights
into the interstellar medium (ISM) and dust properties of galax-
* Corresponding author: pierre.ocvirk@astro.unistra. fr ies at z ~ 4—6 (Béthermin et al. 2020; Le Fevre et al. 2020).
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These observations have revealed that a significant fraction of
star formation at these redshifts is already obscured by dust, with
some galaxies showing substantial far-infrared (FIR) emission
(Fudamoto et al. 2020; Khusanova et al. 2021).

Building upon these results, subsequent surveys such as
REBELS (Reionization Era Bright Emission Line Survey) have
extended observations to higher redshifts (z > 6.5), using ALMA
to detect dust continuum and [C II] line emission in UV-selected
galaxies (Bouwens et al. 2022; Inami et al. 2022). These stud-
ies have uncovered unexpected features, notably significant spa-
tial offsets between the dust continuum emission detected by
ALMA and the UV starlight observed by HST and/or JWST
(Bowler et al. 2022; Inami et al. 2022; Dayal et al. 2022). The
ALPINE sample, for example, contains 54 galaxies detected in
[CII] and far infrared by ALMA, UV emission in HST data,
and optical emission in K-band UltraVISTA data. In this sam-
ple, about 30% of galaxies (17) feature offsets ranging from 3.5
to 4.5 pkpc (Killi et al. 2024). Such offsets challenge our current
models of galaxy formation and evolution, suggesting a more
complex structure of star formation and dust distribution in early
galaxies than previously thought.

The presence of dust in high-redshift galaxies is itself a
topic of considerable interest. Dust plays a crucial role in galaxy
evolution, affecting the thermal balance of the ISM, catalysing
the formation of molecular hydrogen, and absorbing UV pho-
tons to re-emit in the infrared (Draine 2003). The detection of
substantial dust masses in some galaxies as early as z ~ 7—-8
raises questions about dust production and its properties as
well as growth mechanisms in the early universe (Bakx et al.
2021; Sommovigo et al. 2022; Choban et al. 2024; Algera et al.
2024). Moreover, the fraction of obscured star formation appears
to increase rapidly with stellar mass and may evolve signifi-
cantly with redshift (Novak et al. 2017; Fudamoto et al. 2020;
Zavala et al. 2021), impacting our understanding of the cos-
mic star formation history. Crucially, when trying to quantify
obscured star formation density, observers need to rely on either
i) using the Infra-red excess (IRX)-8 diagram or 1ii) correct-
ing for the attenuation measured in the visible or the UV. How-
ever, both methods can underestimate the amount of obscured
star formation when UV and IR emissions are not co-spatial.
For more details on these two points, see Ferrara et al. (2022),
Sommovigo et al. (2020, 2022).

Theoretical efforts to understand these phenomena have
motivated the inclusion of relevant physics in recent cosmolog-
ical simulations. The goal of the Cosmic Dawn (CoDa) Sim-
ulation Project! is to model galaxy formation during the EoR,
employing fully coupled radiation-hydrodynamics simulations
to self-consistently model the interplay between galaxy forma-
tion and cosmic re-ionisation (Ocvirk et al. 2016, 2020).

In parallel, other groups have made significant contributions
to our theoretical understanding. The Renaissance (O’Shea et al.
2015) simulations, for instance, rely on high-resolution, zoom-in
simulations of three regions of varying overdensity (‘void’, ‘nor-
mal’, and representative of a ‘rare peak’ in the dark matter den-
sity). Similarly, the FirstLight simulations (Ceverino et al. 2017)
use several cosmological boxes run at different resolution levels
with a zoom-in technique, and varying cosmological parameters,
so as to unveil any bias introduced by box-size, resolution, or
cosmology.

Other groups have focused on realising full box simula-
tions as opposed to zoom-ins. In this framework, the SPHINX
project Rosdahl et al. (2018), for instance, explored the role of

! https://coda-simulation.github.io/
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binary stars in driving re-ionisation, while Gnedin and collabora-
tors developed the Cosmic Re-ionization On Computers (CROC)
project, providing insights into the re-ionisation process and the
properties of high-redshift galaxies (Gnedin 2014, 2016). Oth-
ers have explored the role of Active Galactic Nuclei (AGN)
in re-ionising the Universe, with zoom-ins of a high-density
proto-cluster region (Trebitsch et al. 2021), as well as full box
simulations (Garaldi et al. 2022). Specific simulation suites also
focused on high-z galaxy morphology in the UV and IR, such
as Arata et al. (2019), Pallottini et al. (2022), Punyasheel et al.
(2024). These theoretical efforts have highlighted the importance
of properly modelling various physical processes, including stel-
lar feedback, metal enrichment, and dust physics.

Hydrodynamical simulations can now incorporate the ab
initio evolution of a dust component separately from the
metal gas content (Bekki 2013; McKinnon et al. 2016; Li et al.
2019; Trebitsch et al. 2021; Lewis et al. 2023). Some sim-
ulations can follow various grain properties, such as size
(Aoyama et al. 2017), chemical composition (Graziani et al.
2020; Chobanetal. 2022), or both (Gjergoetal. 2018;
Granato et al. 2021; Lietal. 2021). Models embedded in a
porous multi-phase ISM allow us to directly account for
observed local extinction curves (Dubois et al. 2024).

Building on these advances, Cosmic Dawn III (CoDa III),
the latest iteration of the Cosmic Dawn Project, incorporates an
early version of the Dubois et al. (2024) dust model, allowing to
follow dust formation, distribution, and its effects on observable
properties of galaxies as well as, for example, ionising escape
fractions (Lewis et al. 2023). This improved modelling is crucial
for understanding the complex relationship between star forma-
tion, dust, and the observed properties of high-redshift galaxies.

This paper is organised as follows: We first lay out our
methodology in Sect. 2, describing the CoDa III simulation and
the simple dust radiative transfer (RT) post-processing we per-
formed, with particular emphasis on the dust mass recalibration
we needed to account for. Results regarding dust-UV offsets in
CoDa III galaxies are then presented in Sect. 3 and compared
with the ALPINE and REBELS samples. Our conclusion fol-
lows in Sect. 4.

2. Methodology
2.1. The CoDa Il simulation

Our study utilises the CoDa III simulation, a state-of-the-art,
fully coupled radiation-hydrodynamics cosmological simulation
of galaxy formation during the EoR. CoDa III is the latest iter-
ation in the Cosmic Dawn Project, building upon the success of
its predecessors (Ocvirk et al. 2016, 2020). The simulation was
performed using the RAMSES-CUDATON code (Lewis et al.
2023), which couples the RAMSES code for N-body dynam-
ics and hydrodynamics (Teyssier 2002) with the ATON radiative
transfer module (Aubert & Teyssier 2008).

CoDa III simulates a co-moving volume of 94.4 cMpc per
side, with a grid resolution of 81923 cells, providing a spatial
resolution of 11.53 co-moving kpc. This corresponds to a phys-
ical cell size of 1.92, 1.65, and 1.44 kpc at redshifts 5, 6, and
7, respectively. The simulation follows the evolution of dark
matter, gas, stars, and ionising radiation from redshift z = 150
to z = 4.6. For a comprehensive description of the simula-
tion setup, including cosmological parameters, star formation
and feedback prescriptions, and radiative transfer methods, we
refer to Lewis et al. (2023). See also Sorce et al. (2016) and
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Sorce & Tempel (2018) for details on the generation of the initial
conditions.

Part of what makes CoDa III a desirable setup for the present
study is the fact that it produces a faithful description of the
high-redshift re-ionising universe. Indeed, Lewis et al. (2022)
show that the simulation is in excellent agreement with a num-
ber of observational diagnostics and forecasts of the intergalactic
medium, namely:

— The evolution of the neutral and ionised gas fractions with
redshift, related to a non-monotonic cosmic ionising emis-
sivity, as described in Ocvirk et al. (2021), and the use of
the true speed of light rather than a reduced speed of light
approximation, with a uniform or even spatially varying
reduction factor (Deparis et al. 2019; Ocvirk et al. 2019);

— The evolution of the ionising rate with redshift;

— The electron-scattering optical depth seen by the cosmic
microwave background; and

— The evolution of the ionising photon mean free path up to
z = 6 (Lewis et al. 2022).

Thanks to these studies, we know that CoDa III’s galaxy popu-
lation re-ionises the universe in a faithful manner.

2.2. Dust model

The dust model implemented in CoDa III is the same as that
included in the DUSTIiER simulation (Lewis et al. 2023). It
accounts for dust production, growth, and destruction processes.
Dust is produced by supernovae and Asymptotic Giant Branch
(AGB) stars, grows through the accretion of gas-phase metals
in the ISM, and is destroyed by supernova shocks and thermal
sputtering. Dust is accounted for in the ionising radiative trans-
fer module of CoDa III through its opacity at 611 A, as this is the
only photon group we consider here. The dust model assumes
a single grain size, and no chemical composition, which limits
the ability to predict the shape of the extinction curve (useful
to characterise exactly the extinction in the UV). For this rea-
son, we assumed an extinction curve before running the simula-
tion. CoDa III and DUSTIiER employ a Small Magellanic Cloud
(SMC) extinction curve? from Draine & Li (2001)?, as explained
in Lewis et al. (2022, 2023), yielding the following dust absorp-
tion coefficients, in m? /kg of dust (not mixture):

Kiisooa =489 10°
Kiigooa = 3-83x10°
Kirsooa = 8.82% 102

The dynamical dust model parameters (i.e. the dust conden-
sation efficiency, maximum dust-to-metal ratio, and character-
istic timescale for dust growth) were calibrated to reproduce
observed dust masses in high-redshift galaxies by various stud-
ies (Mancini et al. 2015; Burgarella et al. 2020), including those
measured by the REBELS survey (Sommovigo etal. 2022;
Inami et al. 2022; Ferrara et al. 2022) and also reported, for
example, in Dayal et al. (2022). For a detailed description of the
dust model and its calibration, we refer to Lewis et al. (2022,
2023).

By incorporating this calibrated dust model, CoDa III aims
to provide a simple representation of dust content and distribu-
tion in high-redshift galaxies, allowing us to investigate the rela-
tionship between dust emission and UV starlight as well as its

2 We remind here that employing instead a Large Magellanic Cloud
extinction curve can lead to significantly different results, as shown in
the appendix of Lewis et al. (2023).

3 https://www.astro.princeton.edu/~draine/dust/
extcurvs/kext_albedo_WD_SMCbar_0

impact on observable properties of the galaxies. However, as we
explain in more detail in Sect. 2.6, using the raw dust masses
from the simulation yields unrealistically high dust attenuations,
which prompted us to multiply all dust masses by a factor of
caust = 0.075 in the rest of the study.

2.3. Galaxy identification and definition

To identify and define galaxies within our simulation, we
employed a friends-of-friends (FOF) algorithm implemented in
the Parallel Friends-of-Friends (PFOF) code (Roy et al. 2014).
The choice of linking length is crucial in FOF algorithms, as
it determines the extent to which particles are grouped together
into a single structure. The linking length determines the density
at the boundary of the FOF object; for a linking length of 0.2, the
boundary has an overdensity of 81.62 (More et al. 2011). How-
ever, the resulting overdensity of the object depends also on the
concentration, which varies with redshift. Thus, the same linking
length leads to different overdensities at a given redshift, and the
mean overdensity decreases for a given linking length at higher
redshifts due to concentration evolution.

Initially, we experimented at high redshifts with a linking
length of 0.2 times the mean inter-particle separation. This is
a common choice in cosmological simulations at z = 0. How-
ever, we found that this led to overlinking, partly due to an
artificial merging of distinct galactic structures. To address this
issue, we checked shorter linking lengths and adopted a value of
0.15 times the mean inter-particle separation. This choice strikes
a balance between identifying coherent galactic structures and
avoiding spurious linking between separate galaxies. Moreover,
at high redshifts, the FOF mass function is in good agreement
with a spherical overdensity mass function which assumes a
spherical overdensity of 200 (Watson et al. 2013). This confirms
that 0.15 was an appropriate choice.

Using the FOF masses of the structures identified with this
linking length, we then computed for each halo a characteris-
tic radius Rpor using an overdensity of 200, which we use in
the following analysis to identify the stellar particles residing
in the given halo. This approach is consistent with the method-
ology used in the DUSTIiER simulation (Lewis et al. 2023),
although the latter used the RAMSES built-in halo finder PHEW
(Bleuler et al. 2015). By defining galaxies in this manner, we
ensured a robust identification of galactic structures while main-
taining consistency with established methods in the literature.
This definition forms the basis for our subsequent analysis of the
spatial distribution of dust and UV emission within high-redshift
galaxies.

2.4. High-z galaxies in CoDa Ill: An illustrative overview

To illustrate the appearance of galaxies in CoDa III, we show
in Fig. 1 maps of several properties of the baryons in a massive
Mpym = 6.1 x 10" Mg, z = 7 galaxy. All coordinates and quan-
tities use the physical reference frame as opposed to co-moving
frame, hence the ‘pkpc’ in the labels. The red circle in each panel
denotes Rgor, the FOF radius of the halo as defined in Sect. 2.3.

The top row shows the following projected quantities inte-
grated along the line of sight:

— Panel (a) displays the H column density, revealing the over-
all gas distribution of the galaxy halo and its surroundings.
We describe the gas distribution from the centre outwards.
The gas distribution features a central concentration, with
some elongation, i.e. it is not spherical. It also shows signs
of perturbations, such as a gaseous arc to the bottom left
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Fig. 1. Physical properties of a representative galaxy at z = 7 with Mpy = 6.1 X 10'! M. The red circle in each panel indicates Rgor. Top row:
Projected quantities integrated along the line of sight. Bottom row: 1-cell-thick slice at the position of maximum density. (a) H column density,
(b) Dust column density, (c) Stellar mass surface density, (d) Intrinsic (unattenuated) absolute UV magnitude at 1600 A, (e) H number density, (f)

Temperature, (g) HI fraction, and (h) Metallicity (absolute scale).

of the centre, reminiscent of a gas tidal stream, suggesting
ongoing or very recent merging activity, contributing to the
disturbed appearance of the central structure. An infalling
group of gas structures is also seen above and to the left
of the halo centre, supporting the notion that merging is
intense and frequent in this location and at this epoch. Fur-
ther out, filaments extend out all the way to and beyond Rg,g.
Along these filaments, smaller gas clumps are found, corre-
sponding to a population of smaller, infalling sub-haloes and
galaxies.

Panel (b) shows the dust column density, which is also con-
centrated within the central regions, with smaller clumps
co-located with the infalling sub-haloes of panel (a). The
0.075 factor justified in Sect. 2.6 is accounted for. We note
that the maps of panels (a) and (b) are reminiscent of the
structures reported in the proto-giant galaxy SPT2349—-56 by
Sulzenauer et al. (2025).

Panel (c) presents the stellar mass surface density. It fea-
tures a centrally concentrated stellar component, with a few
clumps corresponding to the infalling sub-haloes. It also dis-
plays some extended, low-density structure.

Panel (d) depicts the intrinsic unextincted absolute UV mag-
nitude at 1600 A, highlighting the regions of recent star for-
mation. Indeed, only the latter have a significant output at
1600 A. The extended structure of panel (c) is less prominent
in this panel, because it corresponds to an older, passively
evolving stellar component.

The bottom row presents the following 1-cell-thick slices at the
position of maximum density, allowing us to see fine structures
that are not visible in the projected maps:

— Panel (e) shows the H number density slice, revealing
detailed gas structures including filaments and clumps,
but also gas shells typical of supernova (SN)-driven
winds.
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— Panel () displays the temperature slice, where the high tem-
perature of the gas shells seen in (e) confirms their ori-
gin as SN-induced shocks and winds, reaching all the way
to Rpop and in places slightly beyond. The several quasi-
concentric shells likely originate from a series of distinct,
strong episodes of star formation. Remarkably, the most cen-
tral region of the galaxy remains cool despite the intense star
formation activity. Beyond xy; = 1072, the un-shocked inter-
galac4tic medium sits at a typical photo-heated temperature of
~ 10" K.

Panel (g) presents the neutral hydrogen fraction slice, show-
ing the ionisation state of the gas. The halo and its sur-
roundings are highly ionised except at the very centre of the
galaxy, which remains neutral. Some fractions of connecting
filaments, at or beyond Rpg.p, are moderately neutral, with
xur = 1072, The rest of the halo is strongly ionised, reflecting
the high-temperatures of the circumgalactic medium, with
extreme ionisation shells (xg; = 107%) accompanying the SN
shocks. Beyond the range of SN winds, the photo-ionised
intergalactic medium has a neutral fraction slightly below
XHI = 10_4.

Panel (h) shows the metallicity slice, illustrating the enrich-
ment of the ISM by stellar feedback, with higher metallic-
ities in the galaxy centre and in outflowing gas, as well as
uncontaminated, pristine gas beyond Rgop.

This multi-panel view provides a comprehensive picture of
the galaxy’s physical properties, showcasing the complex inter-
play between gas, dust, stars, and feedback processes in high-
redshift galaxies. Altogether, the structure we find is typical
of simulations of early galaxies, their circum-galactic medium
(CGM), and surrounding IGM and is similar to the distribu-
tions seen in, for example, Ocvirk et al. (2008) and Ocvirk et al.
(2016). We note, however, that cold neutral cores are gen-
erally more prominent in massive galaxies than portrayed in
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Ocvirk et al. (2016)’s figures. This is likely a consequence
of the increased mass and spatial resolution compared to
CoDa II and of the changes in the sub-grid star formation
model.

The dust-UV offsets we proposed to investigate take place
at very small scales, in the centre-most regions of our galaxies.
To illustrate the different scales of the dataset, panel (d) shows a
green square indicating the size and position of the regions we
consider and analyse in our galaxy sample throughout the rest of
this paper.

2.5. Attenuated UV map generation

To produce synthetic observations for each galaxy, we extracted
the dust data cube from the simulation for the region containing
a dark matter halo and its associated stellar particles. We centred
this cube on the peak of gas density within the halo. The intrin-
sic UV emission from the stellar particles was calculated using
the Binary Population and Spectral Synthesis (BPASS) models
Eldridge et al. (2017), consistent with the approach used in the
CoDa III and DUSTIER simulations Lewis et al. (2022, 2023).

To simulate the absorption of UV photons by dust, we per-
formed a 1D radiative transfer calculation along the z-direction,
treating this direction as the line of sight to the observer. The dust
grain properties, including the extinction curve, are based on the
SMC model by Draine & Li (2001), as detailed in the DUSTiER
paper (Lewis et al. 2023) and in Sect. 2.2. This ensured consis-
tency in our treatment of dust across different aspects of the sim-
ulation and analysis®.

For simplicity, we accounted exclusively for absorption and
did not consider the albedo of the grains or any subsequent
reflection and/or diffusion of incident radiation. As a conse-
quence, it may appear that our treatment overestimated the dust
attenuation. However, since the absorption cross-section we used
corresponds to (1-albedo) times the interaction cross-section, our
treatment resembles the limiting case of a model with reflection
on dust grains, where the reflected radiation (the albedo) is emit-
ted in the same direction as the incident radiation. Because of the
isotropic nature of the stellar sources, and the roughly spherical
nature of our gas and dust distributions at the centre of the CoDa
IIT galaxies, we expected that a full accounting of reflections
and diffusions would not significantly alter our results, although
this is admittedly a limitation in our study. Indeed, studies show
that not accounting for scattering can affect the attenuation
and extinction curve (Sommovigo et al. 2025; Cochrane et al.
2019; Narayanan et al. 2018). Probing these aspects (at the lim-
ited spatial resolution of CoDa III) would require more accu-
rate dust radiative transfer post-processing such as SKIRT®
(Camps & Baes 2015), RASCAS® (Michel-Dansac et al. 2020),
or POWDERDAY (Narayanan et al. 2021).

2.6. Dust mass recalibration

The impact of dust on the UV luminosity function (UVLF) is
strongest at the bright end. Due to its limited size (16 h™! cMpc),
DUSTIER (Lewis et al. 2023) could not probe this aspect beyond
Magi600 < —21. When analysing CoDa III, which ran using the
DUSTIER calibration of the dust model, we found that in order

* The corresponding extinction curve, along with other models, can be
found here: https://www.astro.princeton.edu/~draine/dust/
dustmix.html

5 https://skirt.ugent.be/root/_home.html

% http://rascas.git-cral-pages.univ-1lyonl.fr/rascas/
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Fig. 2. Bright-end UV luminosity function of CoDa III galaxies for
redshifts z = 5, 6, and 7 and various dust contents. The shaded areas
represent the average dust-attenuated LFs plus or minus the Poisson
noise for cgy = 0.075. The dotted lines represent the unattenuated LFs.
The dashed lines represent the full dust content LFs (i.e. cqu = 1.0).
The horizontal dot-dashed line represents the 1/V limit, where V is the
volume of the simulated domain in Mpc?. The observed LFs are from
Bouwens et al. (2021).

to reproduce the UV galaxy luminosity function (LF)’s bright
end, we had to reduce the raw simulation dust masses by a factor
cause = 0.075, and all the dust masses and densities used in the
present paper take this factor into account. We note, however,
that such a recalibration of the dust masses should not affect the
re-ionisation history obtained for CoDa III by much. Indeed, as
found in Lewis et al. (2023), the galaxy ionising escape fractions
are dominated by HI opacity, and the dust <912 A opacity is sub-
dominant at all halo masses and all redshifts of the simulation.
While this is true in the CoDa III framework and spatial reso-
lution, dust may not always be sub-dominant in determining the
ionising escape fractions. Indeed, since dust grains do not ionise
and become transparent as H does, dust may impact the ionis-
ing escape fraction and thereby the re-ionisation history, if the
sources’ environment consists of a large dust density in a highly
ionised hydrogen medium, as seen for instance in Glatzle et al.
(2019).

To compute the UVLF presented in Fig. 2, we proceeded as
follows. For any galaxy, we generated its attenuated UV map
and integrated its flux spatially. Our LFs therefore account for
dust attenuation by construction. The LFs are shown for sev-
eral dust contents: the fiducial cq, = 0.075 reduction factor
(shaded areas), the full dust content (dashed coloured lines), and
no dust (dotted coloured lines). The full dust content cdust = 1.0
LFs are incompatible with the observations. Reducing the dust
content moved the LFs towards the unattenuated limit. We set-
tled on the cqyse = 0.075 value as it yielded the best agreement
with the observed LFs of Bouwens et al. (2021). This trend has
also been reported in the literature. In Dayal et al. (2022), for
instance, the model that best fits the dust masses undershoots the
UVLFs, whereas the model that best reproduces the UVLFs has
a smaller dust content. More recently, difficulties to match high-
z LFs using the very high dust masses suggested by ALPINE
and REBELS have also been reported in Toyouchi et al. (2025),
Zhao & Furlanetto (2024).

Support for this chosen fiducial dust mass recalibration,
caust = 0.075, is also found in the UV slope S of our simulated
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Fig. 3. Magi600-8 distributions of CoDa III galaxies (orange: dust-
attenuated; green: unattenuated), along with the ALPINE and REBELS
samples (red and blue symbols with error bars, respectively). The grey-
shaded colours indicate the number of galaxies (dust-attenuated) resid-
ing in each cell, as a visual guide. Note that nebular continuum emis-
sion is not accounted for and can redden the spectra by up to A8 = +0.3
(Wilkins et al. 2016).

galaxies. To obtain the UV slope, we computed two attenuated
flux maps, as explained in Sect. 2.5, in a 200 A -wide window
centred on 1500 and 2500 A. We then spatially integrated the
map to obtain the fluxes, Fisop and Fasop, and computed the
UV slope as 8 = log(F2s500/F1500)/ 10g(2500/1500). The slopes
are shown in Fig. 3 at three redshifts (z = 5, 6, and 7), along
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Fig. 4. Dust masses in the CoDa III simulation at z = 5 as a function of
stellar mass, along with the ALPINE and REBELS samples. Green and
orange colours correspond to 100% and 7.5% of the simulated galaxies’
dust masses, respectively. Our fiducial model for the post-processing of
this study is the 7.5% case.

with the ALPINE and REBELS samples detailed in Sect. 2.8.
For each redshift, we show the attenuated and unattenuated
(Mag1600, B) distributions of simulated galaxies. The impact of
dust on the simulated galaxies is clearly evident as significant
dimming and reddening. The brightest, dust-attenuated CoDa I1I
galaxies have a fair amount of overlap with the ALPINE and
REBELS samples at z = 5. Our results also suggest that galax-
ies fainter than the REBELS and ALPINE samples should have
bluer colours. The reasonable overlap between CoDa III and
observed galaxies confirms our fiducial dust mass recalibration,
Caust = 0.075.

However, this recalibration degrades the agreement between
our simulated dust masses and the observed dust masses, as
seen in Fig. 4. The DUSTIER simulation (Lewis et al. 2023)
was initially calibrated to match them and did so successfully.
But, the reduction factor we introduced to match the UVLFs
means that we now undershoot the observed dust masses, even
including their significant error bars. We were unable to obtain
good agreement simultaneously with the UVLFs at z = 5,
6, and 7 and the dust masses, necessitating a compromise,
although this remains not fully satisfactory. Agreement with the
UVLFs was prioritised, as these are considered more secure,
due to fewer assumptions in their observational determina-
tions, although this choice may reflect the authors’ personal
bias.

Admittedly, the spatial resolution of CoDa III is limited to
>1pkpc at z = 7, which may not fully capture the fine struc-
ture of dust and star formation in galaxies. In fact, it is rea-
sonable to expect some amount of structure beyond the reso-
lution of CoDa III. Galaxy effective radii, for instance, have
often been determined to be smaller than 1pkpc at z ~ 7,
albeit for galaxies fainter than the REBELS sample (Yang et al.
2022). Moreover, the galaxy itself may display structure beyond
this limit, as shown in for example Arataetal. (2019) and
Pallottini et al. (2022). Despite these limitations, we will see
that our approach allows us to make meaningful comparisons
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between the large-scale distributions of dust and UV emission in
our simulated galaxies, which is the primary focus of this study.

2.7. Dust maps

To complement our attenuated UV maps, we also generated dust
maps for each galaxy. These maps were created by integrating
the 3D dust density distribution along the same z-axis used for
the UV maps.

It is worth noting that an accurate estimation of dust con-
tinuum emission typically requires accounting for the amount
of UV light absorbed by dust, and computing the dust temper-
ature, which determines the blackbody mean frequency, since
this absorbed energy is re-radiated in the infrared. For the sake
of simplicity in this study, we did not include this step in our dust
map generation. Instead, we used the dust density projection as
a proxy for dust emission. By doing this we assumed that far-IR
diffusion on dust grains does not significantly affect the geome-
try (and at least the position of the maximum of emission), and
that the dust temperature is constant across our galaxies.

Since the ALMA beam is comparable to our cell size at
z = 5-7, we did not degrade our maps through, for exam-
ple, a spatial convolution, as done for higher resolution simu-
lations. Despite this simplification, our results demonstrate that
this approach still effectively captures the key geometrical dif-
ferences between the dust emission and UV-emitting stellar dis-
tributions, which are central to this study. While the absolute
brightness of our dust continuum maps may not be precisely
calibrated, their morphology and relative brightness distribution
provide valuable insights into the dust structure of these early
galaxies.

2.8. Observed offsets: ALPINE and REBELS

Our comparison with observations draws upon data from two
major surveys of high-redshift galaxies: ALPINE and REBELS.
These surveys provide crucial observational constraints on the
spatial relationship between dust and UV emission in early
galaxies.

The ALPINE survey (Le Fevre et al. 2020; Béthermin et al.
2020) targeted 118 star-forming galaxies in the redshift range
4.4 < z < 5.9. For our analysis, we specifically used the subset
of ALPINE galaxies that had both a [C II] line detection (pro-
viding a spectroscopic redshift) and a measured continuum-UV
offset. This selection ensured that we could accurately convert
the observed angular offsets to physical distances. It yields 14
galaxies.

The REBELS survey (Bouwensetal. 2022; Inami et al.
2022; Bowler et al. 2024) focused on 40 UV-bright galaxies at
z > 6.5. These galaxies were selected based on their photometric
redshifts, with spectroscopic confirmation coming from [C II] or
[O III] line detections. We retained the galaxies for which off-
sets, stellar masses, and UV slopes 8 were computed in these
articles. It is worth noting that we excluded one object from
the REBELS sample in our analysis. The galaxy REBELS-19
showed an exceptionally large offset by approximately 8 pkpc,
which appeared to be an outlier compared to the rest of the sam-
ple. While this object merits further investigation, we chose to
omit it from our current analysis to avoid potentially skewing
our results. This left us with 17 REBELS galaxies.

In both ALPINE and REBELS surveys, it should be recalled
that comparing positions measured with such radically different
instruments as ALMA and HST/JWST is not trivial. Great care
must be taken to establish the error budget of each observation

and assess the significance of the offsets. We refer to the discus-
sion in Bowler et al. (2022) on this topic.

To ensure consistency in our comparison, we converted
all angular offsets from both surveys to physical distances in
kiloparsecs. This conversion was performed using the standard
Planck cosmology (Planck Collaboration VI 2020), which is the
same cosmology used in our CoDa III simulations. Specifically,
we used the cosmological angular-size distance appropriate for
each galaxy’s redshift.

By combining data from these two surveys, we assembled
an observational dataset of dust-UV offsets in the early uni-
verse. This dataset provides a valuable benchmark against which
we can compare our simulation results, allowing us to test the
validity of our dust models and improve our understanding of
the complex interplay between dust and star formation in high-
redshift galaxies.

3. Results
3.1. UV and dust maps

Figure 5 shows (from left to right) the attenuated and intrinsic
restframe UV maps, as well as the dust column density and the
projected stellar density for four representative massive galaxies
Mpy > 5x 101 M, between z = 5 and z = 7. While Fig. 1 illus-
trates general galaxy structure and uses a wide dynamic range,
we chose in Fig. 5 to use a more narrow dynamic range to be
more representative of current instrumental detection limits. This
can be easily seen by comparing the colour bars of the two fig-
ures for the same field.

Similar to that noted in the global halo view in Sect. 2.4, the
central distributions of the dust and stellar mass are not spheri-
cally symmetric. Instead, they display perturbed morphologies,
suggestive of ongoing interaction with recent or current infalling
and/or merging objects. We also mark the positions of maximum
dust column density and maximum attenuated stellar UV flux
with symbols. We use the position of the maximum of the stellar
density as a proxy for the stellar restframe NIR maximum flux
position, since stellar NIR flux is much less attenuated by dust
than UV. These maps are projections of the simulation grid, cen-
tred on galaxy centres, at the native grid resolution of the simu-
lation. The blocky appearance of the maps, therefore, reflects the
cell size, which is 11.53 ckpc, i.e. 1.65 pkpc at z = 6.

We begin with a few simple remarks to check the correct
behaviour of these outputs. The attenuated maps are significantly
fainter than the intrinsic maps, as expected due to dust attenua-
tion. The intrinsic UV maps have a morphology similar to that
of the dust and stellar density maps for each galaxy. In all cases,
the dust and NIR maximum flux coincide. However — and this
is the most striking aspect of this gallery of maps — the attenu-
ated maps differ significantly from all the others: only a frac-
tion of the stellar distribution is seen in the attenuated maps.
More critically, the attenuated UV maximum and the dust max-
imum, shown by the ‘+’ and Y’ symbols, are frequently offset
(e.g. rows one and two from the top). This is obviously due to
dust extinction, since the faintest cells in the attenuated maps are
those with the highest dust column density. Although such dust-
UV offsets are common, in particular, at the highest halo masses,
they are not systematic. The two bottom rows, for instance, show
galaxies where all four maxima are co-located in the central
cell. This configuration is more typical of CoDa III lower mass
galaxies.

Such offsets driven by dust attenuation and complex mor-
phology, clumpiness, or multiplicity have also been reported
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Fig. 5. From left to right: Restframe-UV absolute Magi1600 magnitudes, attenuated and intrinsic (unattenuated), dust column density, and projected

stellar density maps of a sample of four CoDa III galaxies with dark matter halo masses Mpy = 5 x 101 —

10'2 M, at z = 5-7. In the left panel,

for each galaxy, symbols mark the positions of maximum attenuated UV flux (green ‘x’), maximum NIR flux — approximated by the maximum
projected stellar density (green ‘+’) — and maximum dust column density (green “Y’). For the two leftmost plot columns, the colour indicates the
absolute magnitude (attenuated or intrinsic) of each cell. The dust column density and projected stellar density are given in log,o(Me/pkpc?).

in the literature, for example, Arata et al. (2019). It has also
been noted in Pallottini et al. (2022) that “the multi-phase ISM
structure in these systems, consisting of IR-emitting molecu-
lar clumps embedded in a semi-transparent, UV-emitting dif-
fuse component. This configuration also produces a UV vs.
dust continuum spatial offset”. Cochrane et al. (2019) reports
that UV and far-IR emission occupy strikingly different loca-
tions in their simulated galaxies, also driving significant offsets
between UV and dust emission. This can also be seen in Fig. 4
of Behrens et al. (2018). Finally, while Punyasheel et al. (2025)
does not specifically quantify the UV-dust offsets in their study,

their Fig. 5 shows a mixture of clear and insignificant and/or null
offsets.
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3.2. Comparison to observed dust-UV offsets

To contextualise our findings within the broader observational
landscape, we compare the dust-UV offsets found in our CoDa
IIT simulations with those observed in high-redshift galaxies.
Figure 6 presents this comparison.

In Fig. 6, we plot the dust-UV offsets against halo mass.
The blue-shaded region represents the mean and dispersion of
observed offsets from the combined ALPINE and REBELS sur-
veys, providing a benchmark for comparison with our simula-
tions. The coloured lines show the mean offsets found in our
CoDa III simulation at three different redshifts: z = 7 (orange),
z = 6 (green), and z = 5 (red). The shaded regions around these
lines indicate the 1o dispersion of the offsets in our simulated
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Fig. 6. Dust-UV offsets as a function of halo mass. The blue-shaded
region represents the mean and dispersion of observed offsets in the
ALPINE survey, with a tentative, rough dark-matter halo mass range
estimate used to locate the sample on the horizontal axis. Coloured
lines show the mean offsets in CoDa III simulations at different red-
shifts (z = 7, 6, and 5). Shaded regions around these lines indicate the
1o dispersion. The dashed segments to the right represent the cell size
of the simulation.

galaxies. To place the observed sample in this plot, we tenta-
tively assign an approximate dark matter halo mass Mpy =
10197125 M, to the ALPINE+REBELS sample. Several trends
emerge from this comparison:

1. The mean simulated offsets increase with dark matter halo
mass at z = 5, particularly for masses above 10" M.

2. For the most massive dark matter haloes (~10'> M), our
simulated offsets at z = 5 are consistent with the observed mean
offsets.

3. At lower halo masses, the simulated offsets fall below the
cell size of the simulation, making these predictions less reliable.
To help the reader gauge this aspect, the cell size is shown by the
three dashed segments on the right of the figure, representing the
physical cell size at each redshift considered. The cell size of
the simulation is constant in co-moving kiloparsec and therefore
increases with the scale factor. The low mass sample is compati-
ble with a zero average offset given the significant dispersion we
measure.

4. In light of the dispersion of our measurements for each
mass bin and, in particular, at low mass where the offsets are
smaller than the simulation’s spatial resolution, our results are
compatible with a scenario where the offset distribution at a fixed
halo mass does not evolve with redshift between z = 5-7. The
lack of large offsets at z>5 arises simply from the lack of suffi-
ciently massive haloes.

3.3. Dust-NIR distributions

To further investigate the nature of the dust-UV offsets observed
in our simulations, we examined the spatial relationship between
the dust and the bulk stellar component, as traced by the NIR
emission. In practice, we computed the maximum of the pro-
jected, unattenuated stellar density and used it as a proxy for the
location of the stellar rest-frame NIR emission. Figure 7 shows

Dust-NIR offsets (halo mass)
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Fig. 7. Dust-NIR offsets as a function of dark matter halo mass in the
CoDa III simulations. Coloured lines show the mean offsets at different
redshifts (z = 7, 6, and 5), with shaded regions indicating the 1o~ disper-
sion. The dashed segments to the right represent the evolving physical
cell size of the simulation (CoDa III dx).

the offsets between dust and NIR emission as a function of dark
matter halo mass for different redshifts.

The key finding here is that the mean dust-NIR offsets do
not evolve with dark matter halo mass, unlike the dust-UV off-
sets as seen in Sect. 3.2. Their mean value remains well below
the simulation’s cell size and crucially is much smaller than the
dust-UV offsets above 10! M. The stark contrast between the
large dust-UV offsets (Fig. 6) and the small dust-NIR offsets sug-
gests that the former are not primarily due to a misalignment
between dust and stars. Instead, the dust-UV offsets are princi-
pally the result of massive extinction by dust, which obscures
the UV emission from the central regions of galaxies where both
dust and stars are concentrated.

3.4. Dust-UV offsets as a function of UV magnitude

To further facilitate a more direct comparison with observations,
we present the dust-UV offsets as a function of the observed
(therefore dust-extincted) UV magnitude at 1600 A (M aB1600),
in Fig. 8. Several key features appear:

1. A trend with UV brightness: The dust-UV offsets gener-
ally increase as galaxies become brighter. This trend is consistent
across all simulated redshifts and aligns well with the observa-
tional data from ALPINE, especially for CoDa Ill at z = 5.

2. The predicted offsets for galaxies brighter than —22 are
comparable to the simulation’s resolution as per the cell size.
This is also the region where the agreement with ALPINE obser-
vations is found.

3. The ALPINE offsets are significantly larger than the
REBELS’s despite similar magnitudes. However, the large dis-
persion of CoDa III offsets at these magnitudes encompasses
both ALPINE and REBELS samples.

4. For fainter galaxies (Magis00 > —21), the mean of the
simulated offsets falls below the cell size of the simulation (hor-
izontal dashed lines), making these measurements less reliable.

5. Observational bias: The observational data are limited to
relatively bright galaxies (Magi00 < —21). Despite the insuffi-
cient spatial resolution in the fainter >—21 regime, our results
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Fig. 8. Same as Fig. 6 but using the observed (dust-attenuated) absolute
UV magnitude (Magi600)- The ALPINE and REBELS offsets are taken
from Béthermin et al. (2020) and Inami et al. (2022), respectively.

suggest that, taken at face value, dust-UV offsets should be
smaller for fainter galaxies, a prediction that will be tested by
deeper surveys and future numerical simulations.

6. Redshift evolution: As in the previous figures, there is no
clear trend with redshift, beyond the fact that the latest epochs
feature naturally more massive haloes. However, at a fixed mass,
the curves for each redshift fall well within 1 o of each other.
Our results are therefore compatible with a null evolution of the
offsets with redshifts between z = 5-7, at fixed mass.

3.5. Dust-UV offsets as a function of stellar mass

We now present the dust-UV offsets as a function of the observed
stellar masses. Figure 9 presents the relationship between dust-
UV offsets and stellar mass for both our simulations and obser-
vational data. Several key features appear, predominantly in line
with the previous subsections, but with some nuances:

1. A trend with stellar mass: The dust-UV offsets become
significantly larger on average only for the latest epoch and the
most massive galaxies of the simulation. This is especially visi-
ble at z = 5.

2. Interestingly, there is a significant difference in this
parameter space between the two observational samples, as
the REBELS galaxies are on average less massive and display
smaller offsets than their ALPINE counterparts. Strikingly, this
difference is well described by CoDa III galaxies. Indeed, CoDa
III galaxies at M, < 10'© Mg display small offsets (i.e. smaller
than the simulation’s resolution), compatible with a zero aver-
age. The offset increases above this mass and connects with the
ALPINE data. Our results suggest that stellar mass is the main
parameter driving the larger offsets of ALPINE compared with
REBELS.

3. Redshift evolution: As in the previous figures, there is no
clear trend with redshift, beyond the fact that the latest epochs
feature naturally more massive haloes. However, at a fixed mass,
the curves for each redshift fall well within 1 o of each other.
Our results are therefore compatible with a null evolution of
the offsets with redshift between z = 5-7, at a fixed stellar
mass.
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Fig. 9. Same as in Fig. 8 but as a function of stellar mass.

4. Conclusions

Our study of dust-UV offsets in high-redshift galaxies using the
CoDa III simulation has yielded several important findings:

1. Reproducing the observed UV LF at z = 5—7 requires us to
apply a reduction factor, cgquy = 0.075, to all dust masses in
CoDa III. Without this factor, our UV LFs are too faint. With
this reduction, we also find fair agreement with the ALPINE
and REBELS UV slopes 3.

2. Within this framework, the simulation successfully repro-
duces the observed spatial offsets between dust and UV
emission in massive galaxies (Mpy > 10''° M), in partic-
ular at z = 5, with offsets increasing with dark matter halo
mass and UV brightness.

3. These offsets primarily result from severe dust extinction in
galactic centres rather than a misalignment between dust and
stellar distributions. The dust generally remains well-aligned
with the bulk stellar component, and we predict compara-
tively small dust-NIR offsets.

4. The amplitude of the offsets and their dependence on galaxy
properties are in fair agreement with the observational data
from the ALPINE surveys, particularly for the brightest
galaxies (Mapi600 < —21.5) and atz = 5.

5. For these galaxies, the offsets we predict are comparable to
or larger than the cell size and are, therefore, resolved by the
CoDa III spatial grid.

6. Our results suggest that the larger offsets of the ALPINE
galaxies are mainly due to their larger stellar masses as com-
pared to the REBELS sample.

7. Our results also suggest that the dust-UV offsets should be
smaller for fainter galaxies (Mapigoo > —21), a prediction
that can be tested by future deeper surveys and numerical
simulations.

These findings underscore the crucial role of dust in shaping the
observed properties of high-redshift galaxies. They demonstrate
that the complex dust-star geometry in early galaxies can lead to
significant disparities between their apparent and intrinsic struc-
tures. This work provides a theoretical framework for interpret-
ing current and future observations of galaxies during the EoR,
and emphasises the importance of considering dust effects when
studying galaxy formation and evolution in the early universe.
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Future studies should improve on spatial resolution beyond
CoDa III’s, such as in Trebitsch et al. (2021) and Kannan et al.
(2025), as well as on the physical modelling of dust, as in
Dubois et al. (2024). Balancing high-enough spatial resolution
inside of galaxies (e.g. down to giant molecular clouds, for
instance) and large enough volumes to capture the largest galax-
ies remains a very ambitious, until now impractical goal. How-
ever, there is some hope thanks to the increasing power of the
new generation of exascale supercomputers. The future lies with
a new generation of exascale astrophysical simulation codes,
such as Delorme et al. (2024), to further our understanding of the
formation and evolution of galaxies during the EoR and along
cosmic time.
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