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ABSTRACT

We use zoom-in, hydrodynamical, cosmological N-body simulations tracing the formation of the first stellar clumps from
the SImulating the Environments where Globular clusters Emerged project, to study key structural properties of dark matter
haloes when the Universe was only 0.92 Gyr old. The very high resolution (maximum physical resolution 0.3 4 ' pc at z =
6.14, smallest dark matter particle mass 164 M) allows us to reach the very low mass end of the stellar-to-halo mass relation
(M = 1075 Mp) to study the processes that mould dark matter haloes during the first stages of structure formation.
We investigate the role of baryonic cooling and stellar feedback, modelled from individual stars, in shaping haloes, and of
environmental effects as accretion of dark matter along cosmic filaments and mergers. We find that the onset of star formation
(typically for log M,/ Mg =~ 7.6) causes the inner cusp in the haloes’ density profile to flatten into a core with constant density
and size proportionally to the halo virial mass. Even at these mass scales, we confirm that baryons make haloes that have
formed stars rounder in the central regions than haloes that have not formed stars yet, with median minor-to-major (g) and
intermediate-to-major (s) axes 0.66 and 0.84, respectively. Our morphological analysis shows that, at z = 6.14, haloes are largely
prolate in the outer parts, with the major axis aligned along filaments of the cosmic web or towards smaller sub-haloes, with the
degree of elongation having no significant dependence on the halo mass.

Key words: galaxies: formation— galaxies: haloes—galaxies: high-redshift—galaxies: kinematics and dynamics— galaxies:

structure —early Universe.

1 INTRODUCTION

According to the current cosmological model, dark matter represents
a crucial and significant component of almost all complex systems
that populate the Universe. It fills and shapes the cosmic web, it
wraps the tiniest dwarf galaxies up to the largest galaxy clusters, it
governs the dynamics and behaviour of cosmic structures on nearly
all scales (Planck Collaboration XIII 2016). All of these systems
stem from the evolution of high-density fluctuations in the primordial
density field, and exhibit a non-linear, hierarchical growth through
the merging of smaller structures and the accretion of matter along
filaments (Lacey & Cole 1993, 1994). In this scenario, it is natural to
expect that the structural and kinematic characteristics of dark matter
haloes may depend on the environment where they live in (Allgood
et al. 2006; Vera-Ciro et al. 2011), on the particles they are made of
(Spergel & Steinhardt 2000; Hui et al. 2017; Nadler et al. 2021), on
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the baryonic matter they (may) host (Bullock & Johnston 2005) and
their overall mass assembly history.

While, for instance, the central parts of haloes, where galaxies
originate, may be more sensitive to processes involving infall of
baryons, baryonic cooling and stellar feedback (Kazantzidis et al.
2004; Abadi et al. 2010; Butsky et al. 2016), the structure of the
outer haloes is, instead, expected to be driven by interactions with
systems of comparable or lower mass or by ramifications of the
cosmic web (Maccio, Dutton & van den Bosch 2008; Tomassetti et al.
2016). In this respect, the three-dimensional shape and orientation
of haloes, and the presence of cores with constant densities at their
centres can provide crucial information on these properties and aid
in understanding the evolution and assembly history of galaxies
(Dubinski & Carlberg 1991; Cole & Lacey 1996).

In the Lambda cold dark matter (ACDM) model, dark matter
haloes assemble hierarchically (White & Rees 1978), with massive
systems forming through the merging of smaller ones. These mergers
are inherently clumpy, directional, and anisotropic. As aresult, haloes
should not be perfectly spherical, which is, for instance, an assump-
tion made in the analytical top-hat spherical collapse model (Gunn &
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Gott 1972; Gunn 1977) commonly used to describe halo formation.
This is particularly important considering that the relaxation time of
haloes is often longer than the typical time-scale required for mergers
to occur (Allgood et al. 2006). The vast majority of predictions of
halo shapes comes from N-body simulations, both in the form of dark
matter-only simulations (hereafter DMO; Dubinski & Carlberg 1991;
Allgood et al. 2006; Maccio et al. 2008; Jeeson-Daniel et al. 2011),
where the baryonic component is neglected, or hydrodynamical ones
(Bryan et al. 2013; Chua et al. 2019; Prada et al. 2019; Chua et al.
2022). All these research works show, indeed, that haloes deviate
significantly from spherical symmetry, to a degree that depends on
the halo mass, on the redshift, on the presence or absence of stars and
gas, and on the stellar feedback model implemented in the simulation.
While early studies of halo morphology produced conflicting results
(Frenk et al. 1988; Dubinski & Carlberg 1991; Warren et al. 1992),
nowadays it is reasonably well established that present-day halo
shapes vary at least with the distance from the halo centre, with a
tendency to be triaxial/oblate in the outer parts (Abadi et al. 2010;
Vera-Ciro et al. 2011; Chua et al. 2019). Moreover, several authors
found that the inclusion of baryons makes haloes distinctly more
spherical, especially in the halo centre. For instance, by studying
Milky Way (MW)-sized galaxies (M,;; ~ 10'> M) shapes in the
Ilustris simulations (Genel et al. 2014; Vogelsberger et al. 2014a,
¢), and comparing them with similar haloes in DMO simulations,
Chua et al. (2019) found that the average minor-to-major axis of
these haloes increases from (g) = 0.52 £ 0.10 in DMO to (gq) =
0.70 £ 0.11 in full physics simulations, and the intermediate-to-
major axis (s) from 0.67 = 0.14 to 0.88 £ 0.10 (see also Bryan et al.
2013; Butsky et al. 2016; Prada et al. 2019; Cataldi et al. 2021 for
similar results, but based on different suites of simulations). This
‘sphericization’ (Dubinski 1994) of the central haloes induced by
baryons somewhat reduces the tension between previous results from
simulations and indirect measures of MW-like halo shapes obtained
from orbital analysis of stellar streams, such as the Sagittarius stream
(Ibata et al. 2001; Vera-Ciro & Helmi 2013), Pal 5 and GD-1 (Bovy
et al. 2016), or from the analysis of high-velocity stars (Law &
Majewski 2010).

However, while theoretical models and observations at z = 0
confirm the presence of non-spherical shapes in dark matter haloes,
our current understanding of the process by which these shapes
are acquired remains incomplete. This is especially true when
considering two crucial factors: (i) the influence of the dynamics
of the surrounding large-scale structure in the non-linear regime, and
(ii) the incorporation of the formation and co-evolution of baryonic
structures within dark haloes. With only a few exceptions, these
factors have been insufficiently investigated, as, for instance, the
majority of previous studies on halo shapes have predominantly
focused on the present-day structural properties of massive haloes
(M;; > 10'9M;). Following the shape evolution with redshift of
haloes from DMO simulations in the standard cosmological model,
Allgood et al. (2006) found that, at redshift z = 0, the oldest
haloes tend to become spherical earlier, and more rapidly than
haloes forming later in time, almost independently of the final
mass. Focusing on five MW-like galaxies at z = 0 in the Aquarius
simulations, Vera-Ciro et al. (2011) also recognizes environment
effects as the primary driver of the redshift evolution of halo shapes,
with haloes being more prolate at high redshift than at z = 0.
Therefore, analysing the shapes of haloes, from high to low redshifts,
and reconstructing the halo assembly history can provide insights
into the nature of dark matter and the processes involved in halo and
galaxy formation.

As mentioned, the presence of cusps or cores of constant densities
at the centres of dark matter haloes can also have a significant
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impact in differentiating between cosmological and galaxy evolution
models (Bullock & Boylan-Kolchin 2017; Del Popolo & Le Delliou
2021). The contrast between DMO simulations, that predict haloes
to accumulate mass in the inner parts following cuspy profiles, and
measurements based on observations of rotation curves of local
disc galaxies is, indeed, an indication that the effects of baryons
may not be negligible on small-scale halo structures (Pontzen &
Governato 2012) or may alternatively hint that exotic dark matter
models/cosmologies may be required (Governato et al. 2015). As for
baryon-induced cores, it has been shown that they can be formed
in a cosmological context in various ways: before star formation
in the halo ignites, by heating the cusp via dynamical friction of
fragmented gas (Nipoti & Binney 2015), by subsequent and rapid
events of star formation if enough energy is transferred to dark matter
(Navarro, Eke & Frenk 1996a; Read & Gilmore 2005; Governato
et al. 2012). Although these processes are persuading, much still
remains debated as, for instance in the latter case, the halo/stellar
threshold mass for an efficient core formation (Governato et al.
2012; Di Cintio et al. 2014b), or the dependence of the simulations
on the resolution and on the stellar feedback (Vogelsberger et al.

2014b).

The results emerging from these investigations indicate that
mechanisms related to density sphericization and core—cusp trans-
formation manifest primarily in the central regions of haloes, where
the fraction of baryonic-to-dynamical mass is the highest. Moving
towards the outer parts of haloes, where this fraction becomes much
smaller, the environment becomes increasingly more important. This
radial distribution of baryonic-to-dark mass, however, varies as a
function of halo mass and redshift, and the occurrence and impact
of these processes on low-mass, high-redshift haloes remain poorly
understood. In this work, we rely on state-of-the-art, high-resolution
cosmological simulations to study the properties of young dark
matter haloes during the first stages of cosmic structure formation.
We analyse the least massive haloes to form, pushing towards
the very low mass end of the high-redshift stellar-to-halo mass
relation (SHMR). Our very high spatial resolution and the ability
to resolve stellar feedback from individual stars allow us to inspect
the complex interplay between dark matter haloes and baryons, how
and to what extent the former influence the latter in a Universe
that is just 0.92 Gyr old, and the role of environment in shaping
the structures that will end up dominating present-day galaxies
and clusters. To our knowledge, this represents the first time that
the effects of baryons and environment on the haloes’ inner and
outer structures are studied on these low-mass scales and high
redshift.

The paper is organized as follows: in Section 2, we describe
the set-up of the simulations analysed in this work; in Sections 3
and 4 we describe the methods used to identify dark matter haloes
and stellar clumps in the simulations, and the fitting procedures
adopted to derive relevant quantities such as halo centres, density
profiles, and shapes. In Section 5, we discuss our results and
compare them with the literature. Finally, in Section 6 we draw our
conclusions.

2 SIMULATION

The first simulation analysed in this work is a part of the SImulating
the Environment where Globular clusters Emerged (SIEGE) project,
a suite of hydrodynamical, cosmological, zoom-in simulations aimed
at a detailed study of the formation of the first star-forming clumps
in the Universe, that includes sub-parsec resolution and feedback
from individual stars. This specific simulation, first presented in
Calura et al. (2022), is aimed at modelling the properties of an
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extended star-forming complex observed in the lensed field of the
galaxy cluster MACS J0416.1—-2403, at redshift z = 6.14 (Vanzella
et al. 2019; Calura et al. 2021). The simulation was performed with
the adaptive mesh refinement (AMR) hydrodynamic code RAMSES
(Teyssier 2002) and evolved down to z = 6.14, when the Universe
was 0.92Gyr old. In this work, we adopt the same ACDM, flat
cosmological model as in the simulation, with matter density 2, =
0.276 and Hubble constant Hy = 70.3 km s*'Mpc’l (Sharov &
Vorontsova 2014; Omori et al. 2019). The maximum resolution
allowed by the use of AMR is 0.3 /27! pc at z = 6.14.

The physical processes included in the simulation are (i) atomic
radiative cooling due to hydrogen, helium and metals in photoioniza-
tion equilibrium with a redshift-dependent ionizing ultraviolet (UV)
background (Haardt & Madau 2012); (ii) formation of individual
stars; (iii) consequent stellar winds (SWs) and supernovae (SNe)
feedback modelled directly for individual stars. To avoid artificial
radiative loss of the energy injected by the stars, a delayed cooling
feedback scheme as described in Teyssier et al. (2013) is adopted in
the simulation. In particular, stars in the mass range [3, 8] My, give
a dominant contribution in terms of ejected mass in the AGB phase,
although they are not a substantial source of heating for the gas;
stars in the mass range [8, 40] My (massive stars) contribute with
both pre-SN and SN feedback while more massive stars collapse
instantaneously, not polluting the system. In all cases, the amount of
mass, energy, and metals deposited in the interstellar medium (ISM)
depends on the stars initial mass. Stars are created individually by
means of a initial mass function (IMF) sampling method (Sormani
etal. 2017; Andersson, Agertz & Renaud 2020): for the adopted IMF
(Kroupa 2001), the mass range is divided in 12 bins and, when a gas
cell reaches the condition for star formation and a stellar particle
is formed, individual stars are drawn from the IMF via Poisson
sampling. To avoid the computational expense of too many stellar
particles, all individual stars with mass < 3 M, are grouped in single
star particles. Since the simulation is evolved for less than 1 Gyr,
these star particles do not contribute in terms of stellar feedback as
they live longer than the age of the Universe at z = 6.14. The choice
to generate individual stars is motivated by the very high resolution
reached by the simulation that, in most cases, makes the amount
of gas eligible for star formation enough to generate a few stars
only.

The initial conditions (ICs) of the simulation have been generated
via the MUSIC software (Hahn & Abel 2011) at z = 100. To define
the zoom-in region, the simulation box is initially described by 64°
dark matter particles with 64° cells and the simulation is run down
to z = 6.14. Then, an isolated halo with a mass within three times its
virial radius of ~ 4 x 10'° My, is identified with the HOP halo finder
(Eisenstein & Hut 1998). All the particles belonging to the target
halo are flagged, traced back in time, and two refinement levels are
added. The whole procedure is repeated another time and the ICs
are computed again with the inclusion of baryons. In the end, the
initial number of dark matter particles in the simulation is 2 x 108,
with a lowest dark matter mass per particle of 164 M. The procedure
adopted is the same as in Fiacconi et al. (2017) and Lupi et al. (2019).
For further details on the generation of the ICs, the implementation
of star formation, feedback or cooling processes we refer to Calura
et al. (2022).

To check whether our results are driven (or not) by the inclusion
of a baryonic component in the simulation, we include in all the
subsequent analysis also a second simulation, which we will refer to
as DMO, that comprises solely dark matter, that is set up with the
same ICs, and that is evolved down to the same redshift as the full
physics simulation just described.

MNRAS 526, 1428-1446 (2023)

3 HALOES AND STELLAR CLUMPS
IDENTIFICATION

We now outline the algorithm adopted to locate dark matter haloes
and stellar clumps (Sections 3.1 and 3.2), and the methods used to
build the samples of haloes and stellar systems in the full physics
simulation (Section 3.3) and the sample of haloes in the DMO
simulation (Section 3.4).

3.1 Dark matter

To identify dark matter haloes in the full physics simulation, we rely
on the density-based, hierarchical clustering method proposed by
Campello, Moulavi & Sander (2013), as implemented in the software
library HDBSCAN (MclInnes, Healy & Astels 2017)! HDBSCAN finds
overdensities and groups in multidimensional sets of data, minimiz-
ing a predetermined distance between elements of the group. One
of the advantages of HDBSCAN with respect to the classical DBSCAN
(Ester et al. 1996; Schubert et al. 2017) is that it does not require to
specify a maximum distance (¢) used as boundary to define if two
elements of the same data set are part of the same group, but it rather
marginalizes over €, evaluating the best value for each cluster. The
algorithm thus adapts to the local density of multidimensional data
and it performs much better on data sets where clusters are expected
with very different densities, as in our specific case.

We select all dark matter particles within a cuboid enclosing the
central clump and the filament that branches out of it, and we run
HDBSCAN adopting as metric the Euclidean distance

dij = \/(Xi =X+ (i =¥+ @ — )% (D

where the triplet {x;, y, zx} denotes the coordinates of the kth
dark matter particle. As a reference, the right-hand panels of Fig. 1
show the dark matter surface density within the selection box when
the system is projected along two different directions. As relevant
parameter, HDBSCAN only demands to specify the minimum number
of elements per group (n1pa) which we set to np, = 50 000. Since all
dark matter particles within the region of interest have the same mass
(mam = 164 M), this requirement approximately fixes the minimum
halo mass that the algorithm will sample to ~ 8.2 x 10°Mg. The
total number of dark matter haloes thus identified is 190.

3.2 Stars

We repeat the same procedure running HDBSCAN over the stellar
particles, but excluding those particles lying within a cube ~ 11 kpc?
wide, centred on the central clump, and we set np, = 250. Differently
from halo particles, stellar particles have different mass. However,
since different stellar particles are merged into one if, individually,
less massive than 3 Mg, the minimum stellar mass sampled by
the algorithm is 750 Mg. Nevertheless, the algorithm identifies the
same number of clumps almost independently from np,: as it is
particularly evident from the top-left panel of Fig. 1, where we show
the projected stellar mass density of the same portion and along the
same line of sight as in the top-right panel, the separation between
stellar clumps in the full three-dimensional space is very clear.

The central region excluded from the clustering algorithm is rich
of substructures: (i) the massive and dense roundish clump at the
centre of the box; (ii) the stellar stream that wraps the central clump
to the north; (iii) at least four smaller systems that are merging

Thttps://hdbscan.readthedocs.io/en/latest/index.html
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Figure 1. Left-hand panels: Stellar surface density projected along the y direction (top) and the z direction (bottom). Right-hand panels: Same as the left-hand
panels, but showing the dark matter surface density map. In the right-hand panels, blue colours correspond to high-density regions while red colours to
low-density regions. The orange circles in the left-hand panels show the positions of clumps shown in the top and middle panels of Fig. 3, while the black circles
in the right-hand panels mark the position of starless haloes later analysed in the bottom panels of Fig. 3.

with the central clump. When included in the clustering algorithm,
this portion of the simulation box is unphysically fragmented into a
relatively large number of clumps whose number depends on 72,
and that, from a simple investigation by eye, overlap or are poorly
distinct between one another. This is why we exclude this portion

from the automatic stellar clump identification via HDBSCAN and
manually add the four aforementioned clumps to the ones identified
via HDBSCAN. The total number of stellar clumps identified in this
way is 45. We note that while we manually add these four clumps
to the sample, the dark matter haloes they live in have all been
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identified by the clustering algorithm run over the dark matter
particles.

3.3 Building the final samples

We determine the centres of the stellar clumps via the shrinking
sphere method (SSM; Power et al. 2003), an iterative scheme used
to evaluate the centre of mass of a given set of particles with known
masses and positions. At the iteration i + 1, the algorithm computes
the centre of mass considering all the particles enclosed within a
sphere centred on the ith estimate of the centre of mass, and with
radius ;| = Kr;, with r; the radius of the sphere at the ith iteration and
0 < K < 1 a constant. The algorithm stops when the sphere contains
a predetermined number of particles. In all our computations we set
K=0.95.

We consider all particles classified as group members by HDBSCAN
so that, at the zeroth iteration, the initial sphere has a diameter equal
to the largest distance among any pair of star particles in the group.
The algorithm stops when the sphere is left with ~5 percent of
those particles. In the case of the four additional clumps that have
not been identified by HDBSCAN, at the zeroth iteration, we consider
all particles enclosed within a sphere whose centre lies within the
clump and with 2~ 300 pc radius. We tested the algorithm against
different stop conditions, specifically 2.5 percent and 1 percent
of the initial particles, finding converged results, i.e. with a relative
variation of the centre of mass with respect to the 5 percent case
always smaller than 10 pc for the majority of the clumps, and smaller
than 40 pc in a few cases.

For these 45 clumps only, we run SSM over the dark matter
particles to get a first estimate of the centre of the haloes in which they
are embedded. We use the centre of the stellar component previously
determined as initial guess, and we consider all dark matter particles
within the stellar clump half-mass radius, with the stop condition set
to 2 per cent of the dark matter particles within the initial sphere. We
again tested the method against stop conditions of 1 percent and 5
per cent of the input dark matter particles finding difference between
the centres, in most cases, always smaller than 15 pc.

For the dark matter haloes identified with HDBSCAN, we use
the same iterative scheme and consider the dark matter particles
identified as group members by the clustering algorithm. Here, SSM
stops when 1000 particles are left inside the sphere. We later repeat
the process starting from the previous estimate of the centre of mass
and passing all dark matter particles within a 1 kpc sphere radius, not
just the ones flagged as members.

Once the centres of the dark matter haloes, identified both by
the clustering algorithm and as the dark counterparts of the stellar
clumps, are determined, we cross-match the samples to eliminate
any duplicates. We consider as duplicates all haloes whose centres
of mass measured by the two methods are closer than 200 pc and, in
these cases, we take as centre of mass the one computed from the
stars. The total number of haloes after the cross-match is 195.2

3.4 The DMO simulation

‘We run the same exact procedure of halo identification described in
Section 3.1 on the simulation comprising only dark matter (same
Npare and same spatial cut of the simulation box) finding a total of
194 dark matter haloes. In this case, we do not need to make any

2Five dark matter haloes with a stellar counterpart were not detected by the
clustering algorithm when finding groups of dark matter particles.
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cross-match and we just determine the halo centres with the SSM
method in the same way as we did with the haloes without a stellar
counterpart in the simulation with baryons.

4 STRUCTURAL PROPERTIES OF DARK
HALOES AND STELLAR CLUMPS

Here, we explain the methods used to determine important structural
properties such as shape, stellar mass, size, virial mass, and density
distributions of dark matter haloes and stellar clumps. For clarity,
we describe the general algorithm used to calculate the shape of
any three-dimensional distribution of particles in Section 4.1, and
we separately analyse the dark matter haloes of both simulations in
Section 4.2 and the stellar components in Section 4.3.

4.1 Shape computation

To compute the shape of any given target (i.e. the directions and
elongations of the principal axes of a set of dark matter or stellar
particles) we diagonalize the system’s unweighted shape tensor (e.g.
Zemp et al. 2011)

N

1
N
> M o

where my is the mass of the kth particle, 7;; and r; are the ith and jth
components of its position vector and S;; is the ij element of the shape
tensor. The sum in equation (2) extends over all particles within a
triaxial shell of major axis width Aa = a;; — a;, where

n” ¢
a < §2+§+;Sal+l, 3

with (&, n, ¢) the coordinates in the principal frame, and

Sij MTiklj ks 2)

s=bja and g =c/a C))

the triaxial shell intermediate-to-major (b to a) and minor-to-major
(c to a) axes. While the eigenvectors of the shape tensor represent
the shell’s principal axes (i.e. they are proportional to &, n and ¢),
called A; > X, > A3 the eigenvalues of the shape tensor, then

Ao A3
=4/—, =4/ —. 5
$ =4/ o q=/ e Q)]

In our analysis, the eigenvalues and eigenvectors are computed
iteratively starting from the guess s = g = 1, which corresponds to
purely spherical bins. The algorithm stops when the relative variation
of ¢ and s between subsequent iterations is less than 1 per cent.

In order to guarantee that even the least massive clumps are
sampled with a sufficiently large number of particles, for the stellar
structures we do not consider variations of shape with the distance
from the centre and, for the shape computation, all stellar particles
are grouped within one shell only. On the contrary, in the case of the
dark haloes (both in the DMO and full physics simulations), we bin
the particles in ellipsoidal shells of semimajor axes evenly spaced
in log-scale. The bins extend, approximately, from tens of pc to 4—
5 kpc and are, in number, proportional to lng Ngm, a function that,
empirically, we find to ensure a good sampling of the density profiles,
where Ngp, is the number of dark matter particles within 1 kpc. Only
for the haloes that host stars, we further merge in a single bin all those
dark matter particles within the radial extent of the corresponding
stellar component.
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4.2 Dark matter density profiles

For any given halo, we compute the dark matter density distribution
in the same bins used to determine the shape profiles. In each radial
bin, we rotate the dark matter particles into a reference frame whose
axes are aligned with the bin’s principal axes. The particles are then
split into 12 cloves of constant volume and the density profile of the
halo is computed in each clove. We take the average density of the
12 cloves as a measure of the density profile and its dispersion as the
error. With this procedure, the errorbars associated with each profile
measure deviations from triaxiality. Note that, in the case of haloes
hosting stars, the inner density distribution is computed using a fixed
shape (see Section 4.1).

We fit the binned density profile of each halo with the coreNFW
model (Read, Agertz & Collins 2016)

Morenew (< 1) = Mnpw(< r)fnﬂ (6)
with
r
f= tanh(—). )
re

In equation (6), Mcoenpw 18 the mass profile of the coreNFW, while
Myrw 18 the mass enclosed within the classical Navarro, Frenk &
White (1996b, hereafter NFW) model

3 r r P\ !
Mnxrw(< 1) =4néper] [In( 14+ — ) — —( 1+ — s 8)
rS rS rS
which corresponds to the density distribution

3p.

m

In equations (8) and (9), r is the halo scale length while p. is the
critical density of the Universe at the time of the simulation. Also,

)

PNEw(r) =

A o

b=——————,
3 ln(l—|—c)—ﬁ

10)

with ¢ the halo concentration. Dark matter haloes are usually
described in terms of virial radius r,; and virial mass M,;.. The
virial radius is commonly assumed as the distance where the halo
average density is A(= 200) times p., while the virial mass is
M, = Mnrw(< ryir). The halo concentration is, then, ¢ = ry;/rs.
At z = 6.14, in a flat ACDM Universe with the adopted Q2,, =
0.276 and Hy = 70.3kms~' Mpc™!, p. = 1.389 x 105 Mg pc .
The coreNFW behaves as an NFW at large radii, but it allows to
describe possibly cored density distributions on scales r < r, (equa-
tion 7). The strength of the core is controlled by the dimensionless
parameter 0 < n < 1: when n = 1, the core has its maximum strength
and the transition between core and outer regions is sharp, whereas
when n = 0 the model is an NFW.

We run a Markov chain Monte Carlo (MCMC) method to explore
the parameter space and to sample the model’s posterior distribution
used to define the best-fitting parameters and confidence intervals.
We run 16 chains per halo adopting uniform priors on the logarithms
of py = rfSpc, rs, e and uniformon 0 < n < 1, with € = {py, rs, rc, n}
the model’s free parameter vector. To sample from the posterior, we
use a combination of the differential evolution proposal by Nelson,
Ford & Payne (2014) and the snooker proposal by ter Braak & Vrugt
(2008) as implemented in the software library EMCEE (Foreman-
Mackey et al. 2013). The log-likelihood of the model given the data
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Dis
ln[,(£|'D)= _1%{/0‘1"’((1")_’0@”‘}2 (11)
2 80dm, k

k=1

where D = {ak, Pam k. 6Pamk} 1S the halo binned density profile
previously derived, pg4n the density of the coreNFW, and Npiys is
the number of radial bins. In the fitting procedure, we exclude from
the profiles all radial bins less dense than 40p.. Depending on the
specific halo, we always remove a burn-in of at least 1500 steps and
adopt a thinning of <40 steps, always of the order of the chains’
autocorrelation length. The remaining steps are used to build the
posterior distributions over €. All the uncertainties over the models
parameters or any derived quantity are estimated as the 16th, 50th,
and 84th percentiles of the corresponding distributions.

Since we consider that the dark matter mass distribution (Mgp,)
stratifies on triaxial shells of semimajor axis a, but equations from
(6) to (9) are valid for spherically symmetric models, the actual dark
matter mass enclosed within «a is related to that inferred from the
model by

Mdm(< a) = qEMcoreNFW(< (l). (12)

In the above equation, 5 is the product of the minor-to-major and
intermediate-to-major axes of the halo and it must be assumed
constant. We determine the halo virial radius r; from the fitting
procedure’ and we later use that estimate to compute the average
shapes ¢ and § directly from the simulation, considering all dark
matter particles within 0.75r,;. We then define the virial mass of our
haloes as

My, = q_EMcoreNFW("vir) (] 3)

As we will discuss in Section 5.3, halo shapes do not depend
significantly on the distance from the centre, which justifies the use
in equation (12) of fixed shape for the virial mass computation.

At the end of the entire procedure of shape determination and
density computation, an additional 39 haloes were removed from the
sample since they resulted in unphysical halo parameters (e.g. ¢ < 1,
q >~ s >~ 0) due to the misclassification of portions of the background
or tight interacting haloes. Six of these haloes where hosting stars.
This lowers the total number of haloes used to 156 and, consequently,
the total number of stellar clumps included in the analysis to 39.

The entire fitting procedure is repeated for the haloes identified
within the DMO simulation. In this case, we removed 35 haloes
lowering the total number of haloes analysed to 159.

4.3 Stellar density profiles

The stellar density profiles are also computed in radial bins of triaxial
shape, with all bins having the same shape. The bins extend out to
a few half-mass radii, estimated directly from the stellar particles
distribution, and they are spaced such that the distance between the
arc-tangent of two adjacent edges is constant, and are, in number,
proportional to In5 N,, with N, the total number of stellar particles
within the previous estimate of the half-mass radius.
We fit the clump density profiles with the Einasto (1965) model

() = p_y exp {—Zn KL> . 1} } (14)
r—s

3In our case, ry; is the semimajor axis where the average triaxial density is
200p0¢.

MNRAS 526, 1428-1446 (2023)

20z aunf 8| uo 1sanb Aq 0Zy1222/82¥L/1/9ZS/PI0IME/SEIUL/WOO"dNO"dlWapede//:Ssdny WOy papeojumoq



1434  R. Pascale et al.

T T
Rodriguez Puebla al. (2017), z = 6.14
TF Moster et al. (2010), z = 6.14
—— Behroozi et al. (2013), z = 6.14
—— Maet al. (2018), 2z =6.14
—— Rosdahl et al. (2022), z=6
0
=
=
=
=5r T
—
o0
=
4 - .
SPHERICAL
3 o )
7 8 9

logyg Myir [Mo)]

T T
Rodriguez Puebla al. (2017), z = 6.14
TH Moster et al. (2010), z = 6.14
—— Behroozi et al. (2013), z = 6.14
—— Maet al. (2018), z =6.14
—— Rosdahl et al. (2022), z=6
—50r 1
—
=
=
=br T
—
o0
=
4 - .
TRIAXIAL
3 & )
7 8 9

logyg Myir [Mo)]

Figure 2. Left-hand panel: Stellar-to-halo mass relation obtained computing the halo virial masses using spherical bins (black squares with errorbars). Points
are shown alongside with the median (dashed grey line), 1o and 30 models (grey bands) derived via a linear fit of median slope 1.40 & 0.3 and ¢ = —6.35 = 0.27.
For a comparison, the red solid line is the SHMR from Ma et al. (2019), the orange line from Rodriguez-Puebla et al. (2017), the blue line from Behroozi et al.
(2013), the cyan from Moster et al. (2010), and the green line from Rosdahl et al. (2022). Right-hand panel: Same as the left-hand panel but here the halo virial
masses are computed accounting for the triaxial shape of the haloes. In this case, the median slope of the relation is 1.45 £ 0.02 while ¢ = —6.70f8:}g. Here,

we added the spherically binned haloes as light red points.

. . . . dIn p. _
where r_; is the radius where the logarithmic slope 3o gr lr, = =2,

p—> the corresponding density. Here, n controls the shape of the
inner and outer profile. We run the same MCMC procedure used
for the dark matter haloes, but using 12 chains per clump. The log-
likelihood of the model is the same as in equation (11), but £ =
(p—2,7-2, 1), D = {ri, Pur, 8pxr} is the stellar binned density profile
and the model is given by equation (14). We use uniform and wide
priors on the logarithms of p_, and r_,, while we restrict to 0.2 <
n < 10. Also in this case, since stars stratify on triaxial shells, but
equation (14) is that of a spherical model, the total stellar mass is

+00
M, = 4ngs / pu(@)a’da, 15)
0

with ¢ and s the (constant) semiminor and semimajor axis lengths
determined in Section 4.1.

5 RESULTS

We now present the results of our analysis. At first, in Section 5.1,
we focus on the SHMR of our sample of haloes, comparing relations
derived accounting for the triaxial shape of haloes and not. The
following sections explore the role of baryons and environment
in the determination of structural properties of haloes. Section 5.2
investigates the occurrence and efficiency of mechanisms related to
the formation of density cores at the centre of haloes hosting stars;
Section 5.3 deals with the mechanism of central halo sphericization
induced by baryons; Section 5.3 presents a peculiar case of cusp
regeneration in one of the haloes of the simulation; to conclude,
Section 5.5 predominantly addresses the outer haloes regions and
the processes that shape them. Finally, Section 5.6 discusses whether
and how physical processes not accounted for in the simulations
could modify our results.

5.1 The stellar-to-halo mass relation

Fig. 2 shows the SHMRs obtained matching virial masses from

haloes that host stars with their corresponding stellar masses. The
MNRAS 526, 1428-1446 (2023)

results are compared considering haloes whose masses are derived
via a spherical binning scheme (left; ¢ = s = 1 in the previous
sections) and when using triaxial shells (right), alongside analytical
results extrapolated at our redshift/mass range from Moster et al.
(2010), Behroozi, Wechsler & Conroy (2013), Rodriguez-Puebla
etal. (2017), and not extrapolated from Ma et al. (2019) and Rosdahl
et al. (2022). Stellar masses are always computed in triaxial bins.
To help the comparison, in both cases we measured the slope () of
the relation in the mass regime covered by the data by means of a
linear fit in the log M,;;—log M, plane (grey dashed line),* inferring
m = 1.40 £ 0.03 and m = 1.45 4 0.2 when binning in spherical and
triaxial shells, respectively.

At redshifts comparable to ours, Ma et al. (2019, shown by a red
curve in Fig. 2) provides a statistically meaningful sample of haloes
from a set of 34 high-resolution cosmological zoom-in simulations
from the FIRE project (Feedback in Realistic Environments; Hopkins
etal. 2018). Maet al. (2019) consider haloes with virial mass between
1093 and 10'2 M, for 5 < z < 12 and, in their analysis, they do not
find a significant evolution of the SHMR with redshift, measuring
a slope m = 1.53, consistent with ours within the intrinsic scatter
of their sample (~0.2 dex). The offset between the Ma et al. (2019)
relation and ours ranges from 0.57 at M;, ~ 108 Mg t00.46 at M;, ~
10° Mg in the triaxial binning scheme, and from 0.53 at M,; =~
103 Mg to 0.4 at M,;, >~ 10° My, in the spherical binning scheme, in
both cases with converging results towards higher masses. Our results
are also consistent with Rosdahl et al. (2022, shown by a green curve

4The model’s likelihood is

N
In£(&) = _1 Z[ log My x — mlog Myirk — g : (16)
25 L/A%log M, + m? A% log My ’

with log M, x and log M; the stellar and virial masses of the kth halo,
Alog M, i, and Alog My;;x the corresponding average errors, and m and g the
slope and height of the relation, respectively. We used an MCMC procedure
similar to the one used in Sections 4.2 and 4.3 to derive median parameters
and uncertainties.
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in Fig. 2) who, analysing galaxies in the SPHINX suite of cosmological
radiation hydrodynamical simulations resolving virial masses M., >
7.5 x 10’ M, at redshift z = 6, derived an SHMR very similar to
ours. The slope of the SHMR inferred by Rodriguez-Puebla et al.
(2017) and Behroozi et al. (2013) is, respectively, m = 1.65 and
m = 2, even less consistent with ours, even though their SHMR is
extrapolated in the mass range covered by the stellar systems of our
simulation. Recently, Ceverino et al. (2023) presented the analysis of
galaxies from two sets of cosmological, zoom-in simulations from
the VELA suite with different feedback models. Although they do
not attempt to provide analytical fits to the SHMR, we are consistent
with their relation at redshift z = 6 at least for M,;, ~ 10'° Mg, the
least massive halo masses covered by their simulations. Apart from
Rosdahl et al. (2022), all SHMRS from the literature shown in Fig. 2
imply lower stellar masses for a fixed halo mass than our SHMR,
especially at the low-mass end of the relation which is most sensitive
to implementations of different stellar feedback.

In the context of N-body numerical simulations, a precise mea-
surement of the SHMR is essential for a realistic assignment of dark
matter haloes to stellar clumps. We find that a single halo mass can
differ by even a factor 1.6 with respect to its spherically binned
analogous when accounting for its triaxial symmetry. However, the
median effect on the SHMR is negligible since the median ratio
between ‘spherical’ and ‘triaxial’ virial masses for haloes in our
sample is unitary. Despite haloes are always expected to depart from
sphericity, especially in the outer regions where the vast majority
of the mass resides (Vera-Ciro et al. 2011), our analysis, that only
focuses on z = 6.14, suggests that we may expect similar results (i.e.
negligible effect on the SHMR when account for triaxiality) at all
redshifts.

5.2 Baryon-driven flattening of cusps in dark matter haloes

We now give details on the properties of the stellar systems formed in
the simulation and we consider the effects that star formation has on
halo profiles. In the top row of panels in Fig. 3, we show the binned
stellar density distribution superimposed to that of the median model
of equation (14) for a selection of four stellar systems. The small
insets show the corresponding surface density maps projected along
the same line of sight as in the top panels of Fig. 1 where, to facilitate
the comparison, they have also been marked by orange circles. The
middle panels show, instead, the profiles and surface density maps
of the dark matter haloes in which the clumps in the top panels
are embedded, while the bottom panels are density distributions of
a selection of four dark matter haloes that have not formed stars
yet at z = 6.14 (shown by black circles in the right-hand panels
of Fig. 1). On average, we find that dark matter dominates over
stars at all radii. As a reference, the median ratio between dark
matter and stellar densities at the stellar half-mass radius is ~100,
with a larger dispersion towards higher ratios than lower ratios. The
median stellar half-mass radius is about >~ 200 pc, with the smallest
clump having a half-mass radius of 90 pc. The shape and size of
the stellar distributions depend on the stellar clump’s total mass:
massive systems (M, > 10° M) have, on average, index n >~ 0.8
(equation 14) and larger half-mass radii, while the low-mass ones
(M, < 10° Mg,) have a median n > 1, a wide marginalized posterior
distribution over n, and have lower half-mass radii. On average,
the most massive stellar systems in the simulation are also more
concentrated and less diffuse than the least massive ones. In terms of
mass, size, and dark matter content, the newly formed stellar systems
resemble dark matter dominated dwarf galaxies (see also fig. 12 of
Calura et al. 2022).
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As for the dark matter haloes, a quantitative insight on their
properties is given in Fig. 4. Here, the left-hand panel shows the
halo virial masses against the halo concentrations, for all haloes
identified, following the procedure in Section 3, in both the full
physics and DMO simulations. In case of the full physics simulation,
haloes are differentiated by colour, with haloes that have formed
stars at z = 6.14 being shown in orange and haloes that have not
formed stars in black. For clarity, haloes in the DMO simulation
are shown in the background as two-dimensional distributions. The
distinction between families of haloes with and without stars is
sharp and falls around M; >~ 5 x 10’ Mg, which corresponds to
the virial mass of an atomic cooling halo [computed by inverting
equation 26 in Barkana & Loeb (2001) and shown in Fig. 4 by a blue
band assuming 7y;; = 8000K and T,;; = 10000 K]. As dark matter
structures increase in mass through the accretion of smaller systems,
gas is heated up to the halo virial temperature. Since the simulation
lacks molecular hydrogen cooling and metallicity is initialized to
zero at the beginning of the simulation, gas only cools via atomic
cooling that is effective down to 7 ~ 10* K. When the halo virial
temperature becomes greater than this value, gas starts to be confined
by the potential well of the halo, and it can efficiently trigger star
formation. It is then evident, and it follows throughout the rest of
this paper, that a distinction between haloes that have formed and
not formed stars naturally implies a selection in halo mass, with
log Mi;/ Mg 2 7.6 indicating the former and log M,;;/ Mg < 7.6
the latter. We also note that star-forming haloes are more concentrated
than starless haloes in the full physics simulation. This may be due
to adiabatic contraction (e.g. Blumenthal et al. 1986; Gnedin et al.
2004), which is more efficient in haloes above the atomic cooling
limit, since these haloes can efficiently cool gas and accumulate
baryons at the centre.

The large right-hand panel of Fig. 4 shows halo virial masses as
a function of the median core radius r. of the coreNFW model
used in the fitting procedure of Section 4.2. The plot indicates
that when haloes reach the log M,;;/ Mg ~ 7.6 mass threshold, the
ignition of star formation (and related phenomena such as winds, SN
feedback, gas cooling, and condensation) has a significant impact on
the redistribution of dark matter particles within the central regions
of the haloes, erasing the classical central »~! cusp in favour of a
core of constant density. This effect of cusp flattening is unseen in
the DMO simulation, where haloes maintain their original cusp in
the central regions. Indeed, we point out that all measurements of
r. shown in Fig. 4 obtained for starless haloes and haloes in the
DMO simulation resulting from the fitting procedure of Section 4.2
are upper limits. Only star-forming haloes have a well-defined lower
limit on 7, (see also Fig. 3). When evaluating the binned dark matter
density distributions, in case of starless haloes and haloes in the
DMO simulation, we set the smallest radial bin of the profile to
40 pc (vertical dashed line in the right-hand panel of Fig. 4), a value
smaller than the minimum stellar half-mass radius measured among
the population of stellar systems. In case of haloes with stars, instead,
we set this number to 10 per cent of the corresponding stellar half-
mass radius. This ensures us to have a good inference power on sizes
comparable to that of stars, crucial to resolve the effects of baryons
and of the growth of a stellar component in the centre of haloes. In
this respect, we note that the upper limits found on r, are always of
the order of this 40 pc minimum resolution.

The formation of cores at the centre of dark matter haloes has
been long debated (Bullock & Boylan-Kolchin 2017; Del Popolo &
Le Delliou 2021). The tension, named the ‘core/cusp problem’,
comes from observations of present-day dwarf galaxies, in which
a constant dark matter density distribution is inferred from measures
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Figure 3. Top panels: Binned stellar density distribution (squares with errorbars) superimposed to the median model (14; green solid line) for a selection of
four stellar systems. The dark and light bands show, respectively, the 1o and 30 uncertainties computed as described in Section 4.3. The vertical dashed green
line marks the position of the stellar median half-mass radius. The small insets show the corresponding surface density distribution obtained assuming, as line
of sight, the system z-axis. The green circle has an aperture given by the stellar median half-mass radius. Middle panels: Same as the top panels, but showing
the corresponding dark matter haloes (orange). Here, to help the comparison, we added the same median stellar densities shown in the top panels. The vertical
dashed orange line in the main panels and the black circle in the small insets mark the position of the halo virial radius. The binned density distributions are
computed in triaxial bins of varying shape. Section 4.2 gives details on the fitting procedure. Bottom panels: Same as the middle panels, but for a selection of
four dark matter haloes without a stellar counterpart (red). The position of the stellar systems and the corresponding dark matter haloes in the middle panels are
shown in the left-hand panels of Fig. 1, while the position of the haloes in the bottom panels are shown in the right-hand panels of Fig. 1.

MNRAS 526, 1428-1446 (2023)

a [kpe]

20z aunf 8| uo 1sanb Aq 0Zy1222/82¥L/1/9ZS/PI0IME/SEIUL/WOO"dNO"dlWapede//:Ssdny WOy papeojumoq



Dark matter haloes in the SIEGE simulations

1437

. (ewor) = 3.71 (logyp ) = —0.78
- _rr
g ol (Cws) = 5.54 4 —
9
<
11 =1 o .
0 T T T 1 T T T T
1 1
1 Central clump 1
1
l| 1 Central clump
- 1 =€ 1 - -
9 1 H f—a—
1 1
1 1
1 1 b= atomic cooling
¥ ™ . : halo mass for —
sl | —+ e Ty € [0.8,1] x 10°K T |.| 7
@ VA L7 = /E e 7 7 7 7 7 7 7
= W=
g1t 1 ====
=] 1
&0 1
< 1
L 4 1 4 4
6 1
1
: E¥ MW halos DMO
1 halos w stars ;
5T T : E -  halos w/o stars I ]
1 #  upper limits
: [4 ——- Correa et al. (2015) []
4 L1 1 1 1 1
—0.5 0.0 0.5 1.0 1.5-1.5 —-1.0 —0.5 0.0 0 20
logyg ¢ logqo 7 [kpe] number

Figure 4. Halo virial mass log M, as a function of the halo concentration log ¢ (left-hand panel; squares with errorbars) and as a function of the halo core radius
log r, (right-hand panel). The orange squares correspond to haloes that have formed stars while the black squares to haloes that have not formed stars yet in the
full physics simulation. The triangles in right-hand panel are, instead, upper limits on r.. The small panels to the top and to the right show the corresponding
one-dimensional distributions over ¢, My, and r., together with the median values of the distributions (dashed lines). Here, the distributions in the top panels
are normalized to unity, while the one-dimensional distributions to the right show the number of haloes per mass bin. We show results from the DMO simulation
as red two-dimensional distributions in the background of the log Myi;—log ¢ and log M,;;—log r. planes. Also, all values of r, that come from the fit in DMO
simulation are upper limits. The horizontal blue band shows the mass range of an atomic cooling halo for virial temperatures Ty;; € [0.8, 1] x 10* K [computed
from equation 26 of Barkana & Loeb (2001) at z = 6.14], the dashed red line in the left-hand panel is the M,;; versus c relation from Correa et al. (2015) at z =
6.14, and the dashed black line in the right-hand panel marks the value of the smallest radial bin used to compute the density distributions of the starless and

DMO haloes.

of central rotation velocities (McGaugh & de Blok 1998; de Blok,
Bosma & McGaugh 2003; Gentile et al. 2007; Salucci et al. 2007;
Oh et al. 2015), whereas dark matter haloes from early N-body,
DMO simulations preferentially form cusps (Dubinski & Carlberg
1991; Navarro et al. 1996a). Cores of nearly constant density can be
formed, however (i) naturally in a cosmological context with other
cosmological models than the classical ACDM paradigm, invoking,
for instance, exotic dark matter particles (Hui et al. 2017; Nadler
et al. 2021); (ii) via interactions with baryons missed or usually not
accounted for or not properly described in simulations. Focusing
on (ii), Pontzen & Governato (2012) and Teyssier et al. (2013)
demonstrated that sudden and oscillating changes in the gravitational
potential driven by SN explosions, and the consequent shift towards
equilibrium via violent relaxation (Lynden-Bell 1967), can efficiently
sweep low angular momentum gas at the centres of haloes, becoming
a viable process to transfer energy to dark matter, heating it up and
erasing the cusp over less than a cosmic time. The mechanism is
efficient and produces relatively extended cores also when a small
fraction of baryons at the centre of haloes forms stars, even with low
SN efficiency (Maxwell, Wadsley & Couchman 2015), as long as the
star formation rate (SFR) remains bursty. Nipoti & Binney (2015)
showed that the flattening of the cusp can happen even before the

onset of star formation. As the gas is accumulated at the centre of
the halo in a disc, it eventually becomes denser than the local dark
matter density and unstable against gravity. When the disc fragments,
the remaining gas clumps shift towards the halo centre and transfer
energy to the dark matter cusp via dynamical friction. This process
erases the cusp on short time-scales.

Thanks to the high spatial resolution of our simulation and to the
possibility to resolve stellar feedback from individual massive stars
at very high redshift, we are able to witness the interplay between
baryons and dark matter that shapes low-mass young haloes in a fully
cosmological context. Although we will dedicate a detailed study to
the properties of the stellar clumps detected in the simulation in
a second paper (Pascale et al., in preparation), all stellar clumps
found here present a very irregular and discontinuous star formation.
We show, for a qualitative comparison, the SFRs of four stellar
clumps in Fig. 5 (the green line is the central clump). In all cases,
the SFR is bursty and discontinuous, with variations from the
median SFR of even a factor of 10, in agreement with requirements
for core formation from previous works. In our case, we believe
that dynamical friction of gas may have contributed to the early
flattening of the cusp, since several haloes around the mass threshold
log M,i:/ Mg =~ 7.6, but without stars, have large upper limits over
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Figure 5. Selection of SFHs from four stellar systems in the simulation. The
green curve is the SFH of the central galaxy while the black dashed line is
the total SFH of the simulation. The legend reports the values of the median
SFR computed over times of active star formation. The other stellar systems
in the simulation have SFHs similar to the ones presented here.

r.. However, only for haloes that have formed stars there is evidence
that the dark matter halo is cored, indicating that the onset of stellar
feedback from winds and SNe explosions is predominantly efficient.
In Fig. 4, it can be observed that, for star-forming haloes, there is
a distinct trend of an increasing halo core size with halo mass. As
Calura et al. (2022) have demonstrated, there is a positive correlation
between the stellar mass of the clumps within the simulation and
their half-mass radius r, (see fig. 12 of Calura et al. 2022). This
implies that there is also a positive correlation between the halo core
size (r.) and the size of the corresponding stellar clumps, and further
suggests that baryonic matter directly impacts the host haloes on
scales smaller than a few r.

A similar analysis has been conducted by Fitts et al. (2017) who
studied isolated galaxies with M.;; ~ 10'® M, at z = 0 from a set of
15 high-resolution cosmological simulations within the FIRE project.
In the case of Fitts et al. (2017), the cusp flattening is measured in all
those haloes hosting galaxies with stellar mass (at z = 0) higher than
~ 2 x 10® Mg, corresponding to M,/M,;; = 2 x 107, In our case,
instead, core formation happens also in the least massive galaxies
of the sample, with M, ~ 107 Mg, corresponding to M,/M,;; ~
10~3—107*. Although our results differ from those of Fitts et al.
(2017), it is important to consider that the two analyses differ in
several significant aspects. First of all, this comparison involves
galaxies at very different redshifts, which may reflect completely
different environments and physical conditions for galaxy evolution
[e.g. at z = 6.14 the galaxies in our sample are still star-forming while
most of the low-mass galaxies in Fitts et al. (2017) are quenched];
also, the two sets of simulations have very different resolution and
feedback prescriptions, e.g. in FIRE, the initial metallicity is 107*
solar, hence gas cools down and fragments more easily at early times,
forming stars in smaller haloes, whereas in our case we are limited to
atomic cooling haloes (Calura et al. 2022). Despite these differences
and the exact mass threshold for core formation, Fitts et al. (2017)
also report a distinct increasing trend of the halo core size with the
stellar mass, with cores more extended in more massive galaxies, and
always of the order of the stellar half-mass radius.

Other processes that can influence the formation and evolution of
cores in haloes are interactions and mergers with smaller systems,
resulting in the so-called cusp regeneration (Laporte & Penarrubia
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2015; Orkney et al. 2021). We will delve further into this topic by
examining the merger history of the central, massive clump in the
simulation in Section 5.4.

5.3 Effect of baryons on the central dark matter halo shape

We now focus on studying the inner shape of our sample of haloes,
with particular attention on the mechanisms determined by baryons.
The left-hand panel of Fig. 6 shows the two-dimensional distribution
(bottom-left) of intermediate-to-major (s) and minor-to-major axes
(g), the corresponding one-dimensional, marginalized distributions
of s (bottom-right), ¢ (top-left) and of the triaxiality parameter ¢
(top-right) considering the dark matter haloes that host stars. The
triaxiality parameter is (Franx, Illingworth & de Zeeuw 1991)

= 1—s2
=T

and it measures the prolateness or oblateness of an ellipsoid. As a
convention, t < % indicates oblate systems (¢ < s >~ 1), % <t<l1
prolate systems (g < s), while to % <t< % corresponds to triaxial
systems. We also define the innermost region of a halo as the triaxial
ellipsoid with semimajor axis that extends up 0.25ry;, while the
outermost region corresponds to the radial range [0.75, 1]ry;. For
the purposes of Fig. 6, for each halo we have recomputed ¢ and s in
these bins adopting as r.;; the median value resulting from the fitting
procedure of Section 4.2. We will therefore refer to the halo inner
shape as the shape computed within 0.25r;, and as halo outer shape
the one computed within [0.75, 1]ry;.. In Fig. 6, we have marked with
different colours distributions of inner (red) and outer shapes (blue)
to empathize the two different behaviours.

It is particularly appreciable that haloes that have formed stars
(log My;;/ Mg 2 7.6) are more spherical in the central regions while
they become more elongated and prolate in the outer parts, with a
median (g) and (s) decreasing from 0.661( 1} to 0.497(|7, and from
0.8470% t0 0.6710:17, respectively. In a similar manner, the pattern
is also evident when examining the one-dimensional ¢ distribution:
while only 33 percent of haloes have triaxiality ¢ > % in the inner
parts, the percentage increases to 68 per cent outwards, with a median
(t) ranging from 0.58%029 (inner) to 0.7375-2¢ (outer), and an overall
distribution skewed towards large 7. The right-hand set of panels of
Fig. 6 shows the same distributions of ¢, s and 7 as in the left-hand
panels, but considering haloes without stars. In this case, when stars
are absent, the picture is completely different: haloes are arranged
along the bisector of the two-dimensional ¢ — s space and thus are
prolate, with no significant difference between the inner and outer
regions.

Given that the sample of haloes identified in the simulation en-
compasses a very broad range of masses (log My;;/ Mg >~ 5.5 —9),
the separation between star-forming and non-star-forming haloes
at log M,i;/ Mg = 7.6 necessitates the comparison of haloes with
considerably different masses. This large difference raises the ques-
tion of whether the distinct behaviours of inner shapes are truly
attributable to the presence of baryons, or if it is biased by the fact
that the two classes of haloes represent dynamically distinct objects,
with the smaller ones being younger and potentially having a very
different mass assembly history. In Fig. 7, we show the median s,
g, and ¢ as a function of the haloes’ semimajor axis normalized to
the virial radius. For a fairer comparison, in this case we have also
included the median shapes profiles computed for the dark matter
haloes identified in the DMO simulation. Different types of haloes
are labelled by different colours: orange and black are star-forming
and non-star-forming haloes in the principal simulation, respectively,
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Figure 6. Left-hand panels: Two-dimensional distributions (bottom-left panel) of intermediate-to-major (s) and minor-to-major (g) axes of the dark matter
haloes that have formed stars within the simulation at redshift z = 6.14, alongside the corresponding one-dimensional, marginalized distributions ¢ (top-left
panel), s (bottom-right panel), and triaxiality ¢ (equation 17, top-right panel). Blue colours refer to inner ([0, 0.25]ry;;) while red colours to outer halo shapes
([0.75, 1]ryir). Details on the procedure used to determine the halo shapes are given in Section 4.3. The diagonal in the two-dimensional distribution marks the
allowed portion of the s — g space (¢ < s < 1). The vertical(/horizontal) dashed line in the top (right) panel shows the median g (s). Right-hand panels: Same as
the left-hand panels but for the haloes that do not have formed stars.
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Figure 7. Left-hand panel: Median minor-to-major axial ratio as a function of the semimajor axis normalized to the halo virial radius for haloes that have formed
(orange solid line) and have not formed stars (black solid line) in the main simulation, and haloes above (red solid line) and below (red dashed line) the mass cut
log Myir/ M =~ 7.6 in the DMO simulation. The band is the region between the 16th and 84th percentiles of the one-dimensional ¢ distribution for any fixed
alryir. For clarity, we only show the band for the star-forming and non-star-forming haloes. The profiles obtained for haloes in the DMO simulation have, however,
a very similar dispersion to that of the non-star-forming haloes. Middle panel: Same as the left-hand panel, but showing the median intermediate-to-major axis
s profile. Right-hand panel: Same as the left-hand panel, but showing the median triaxiality parameter ¢ profile (equation 17). The single halo profiles have been
interpolated with a cubic spline and re-sampled to compute the corresponding distributions.

while in red we show the profiles derived for haloes in the DMO
simulation. In this latter case, we have applied the same mass cut
log Myi:/ Mg =~ 7.6 showing different profiles for different mass
ranges. It is now much more evident that, on average, haloes that
do not host stars and all haloes in the DMO simulation have very

similar g, s, and ¢ profiles that are maintained approximately constant
throughout their full radial extent. Haloes with stars, on the contrary,
populate very different regions of the plot and are the only ones
that are, in their centres, much more spherical than all the others.
Both median inner (s) and (g) of haloes without stars and in the
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DMO simulation are approximately 0.2 dex smaller than the same
values measured from massive, star-forming haloes, with triaxiality
parameter distribution being strongly shifted towards unity (right-top
panel of the Fig. 6 and right-hand panel of Fig. 7).

Analogous to the cusp-flattening discussed in the previous section,
processes related to star formation are the primarily culprits for
reshaping the inner haloes. Blumenthal et al. (1986) argued that
the infall of cool gas increases the central density of dark matter
haloes, due to adiabatic contraction, leading to a change of the
orbital distribution in the central halo that ultimately reshapes the
inner halo towards a less prolate/rounder configuration (Dubinski
1994; Debattista et al. 2008). This result has later been supported by
several studies focusing, via hydrodynamical N-body simulations, on
the present-day shape of dark matter haloes and its dependence on
the halo baryonic content. Comparing adiabatic (i.e. without cooling)
and full physics (i.e. with star formation, SNe, metal enrichment,
cooling, and UV ionizing background) simulations of galaxy groups
and isolated, MW-like, galaxies, Kazantzidis et al. (2004) found
that baryonic dissipative processes make the central dark matter
haloes rounder, with a decreasing trend towards the outer parts. In
a similar way, analysing haloes from the NIHAO suite of high-
resolution cosmological simulations, Butsky et al. (2016) found
rounder halo inner shapes when full baryonic physics are accounted
for, with an average minor-to-major axial ratio ¢ >~ 0.8 in galaxies
with masses comparable to that of the MW. However, especially
at the low-mass end of their halo sample (< 10'' Mg), they do
not find strong differences with respect to DMO simulations, in
contrast with our results. Studying haloes from Illustris TNG100
and TNG50 simulations and galaxies from EAGLE and NIHAO at
z = 0, and comparing results with analogous DMO simulations, in
agreement with past results, Chua et al. (2022) also found rounder
shapes at the centre of haloes in the virial mass range 10'°-!4 Mg,
with a less pronounced effect for less massive haloes. They also
explored variations of halo shapes resulting from variations of stellar
feedback models implemented (i.e. strength of SW and BHs) via
smaller box hydrodynamical simulations. Although they find that
different feedback prescriptions have a different degree of impact
on halo shapes, with stronger/faster galactic winds producing the
least spherical haloes, all feedback models they explore produce
results significantly different from those of similar haloes in DMO
simulations, with inner shapes anyway rounder and with shape
profiles close to one another. Bryan et al. (2013) also found that
baryons have a non-negligible effect on inner halo shapes for a wide
variety of halo masses (galaxies to clusters) up to redshift z = 2
looking at haloes extracted from the OWLS (OverWhelmingly Large
Simulations) suite of cosmological simulations. Very similar results
were obtained by Prada et al. (2019) looking at MW-like galaxies in
the AURIGA simulations, and Cataldi et al. (2021) with the Fenix
and EAGLE cosmological simulations, also finding a dependence of
halo shapes on galaxy morphology.

We not only confirm that baryons make dark matter haloes rounder
in the central parts, but we also provide quantitative evidence that
the effect occurs as soon as haloes are illuminated by the first stars, a
process that, in principle, sets in at very high redshift. In this respect,
we extend previous results from studies that primarily focus on the
present-day shape of massive haloes to theirs high-redshift, low-mass
halo progenitors.

5.4 Sphericization and cusp regeneration
We select two additional snapshots at redshifts z = 10 and z = 8, when

the Universe is 0.48 and 0.65 Gyr old, respectively, and explore to
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what extent structural properties of haloes such as shape and density
distribution depend on the halo merger history, on redshift and on
the growth of the stellar component in its centre. For the sake of
simplicity, we restrict the analysis to the most massive halo of the
simulation at z = 6.14, which guarantees, even at these high redshifts,
sufficient sampling by both dark matter and stellar particles.

The sequence of panels in the upper row of Fig. 8 shows a zoom-in
view of the central region of the simulation box. The panels follow
the evolution and growth of the central halo and the dark matter
filaments connecting to it. The bottom row of panels shows, instead,
the corresponding stellar surface density maps superimposed with
dark matter streaming velocity maps in the plane of the image. The
central halo at z = 6.14 is the result of a major merger between
two systems with similar mass in the redshift interval 8§-6.14. We
identify the haloes and compute their centres, density distributions,
and shapes following the same procedures as described in Section 4.2.
At z = 8, the progenitors have virial masses =~ 8.4 x 10® and ~
10° Mg, which implies, approximately, a 1:1 merger. At z = 10, we
focus only on one of the two progenitors, shown to the left of the
panel of Fig. 8 by a red circle, whose structure is sufficiently regular
to allow us to derive its properties with confidence. At z = 10, the
halo virial mass is 8.7 x 10® M, while the central stellar system has
built 16 percent of its total stellar mass at z = 6.14, which increases
to 50 percent at z = 8, meaning that, subsequently to the merger,
the central halo builds the vast majority of its stellar mass (see the
green line in Fig. 5 which represents the SFH of the central galaxy).

As mentioned in Section 5.2, the central galaxy has one of the
smallest core size at redshift z = 6.14 (r. >~ 0.12 kpc) despite having
the largest mass among all haloes examined (see Fig. 4), in contrast to
the other haloes. The median core sizes of the progenitors at redshift
z=8arer. ~ 0.9kpc and r. ~ 0.22 kpc, in one case smaller to the
one at z = 6.14, in the other case larger. At z = 10, instead, r, =~
0.14 kpc, still larger. This means that, as the central halo grows in
time, it reduces the size of its density core while increasing the extent
of its stellar component. In other words, its cusp is regenerating. This
cusp regeneration is more evident in the bottom panels of Fig. 9,
where we show the dark matter density profiles of the central halo at
redshift z = 6.14 and of its progenitors.

Phenomena related to the regeneration of the cusp in haloes have
been discussed, for instance, by Laporte & Penarrubia (2015) and
Orkney et al. (2021). Laporte & Penarrubia (2015) studied the merger
trees for 4 out of 10 massive satellites in an MW-like dark matter
halo in the Aquarius Aq A-2 suite of simulation, and they found that
a large fraction of haloes that undergo 1:3 down to 1:30 mergers are
the most likely to reform a cusp at redshift z = 0, due to the accretion
of dense dark matter structures able to reach the halo centre before
being tidally disrupted. In our case, the central cusps in the progenitor
haloes are first erased by the ignition of star formation, which in the
simulation starts at z = 16 (see Calura et al. 2022). From z = 10
to z = 8, as the halo accretes mass, the core radius reduces, with a
major effect during the mass accretion subsequent to minor mergers.
The major merger at redshift z Z 8 produces, in the end, a halo with
core size much smaller the ones of the progenitor haloes (see Fig. 9).
Orkney et al. (2021) also argues that mergers can provide a viable
mechanism to heat and erase dark matter cusps. Although in their
case the effect is stronger and effective in ultrafaint dwarf galaxies
with quenched star formation, we do not find any sign of density core
formation induced by mergers, since almost all haloes that did not
form stars and all haloes in the DMO simulation at z = 6.14 have
dark matter cusps (see Fig. 4).

The top row of panels in Fig. 9 shows the shape parameter profiles
(g, s, and 1) of the corresponding haloes in the bottom panels. Here,
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Figure 8. Top panels: Series of dark matter surface density maps from different snapshots of the full physics simulation. The maps show a zoom-in view of the
region around the central and most massive dark matter halo of the simulation at z = 10, z = 8, z = 6.14, respectively from left to right. Blue colours correspond
to high-density regions while red colours to low-density regions. Bottom panels: Same as the top panels but showing the stellar density maps. In the bottom
panels, we have superimposed the dark matter streamline velocity field parallel to the plane of the image. In the bottom-left and bottom-middle panels, we mark

the haloes that have been included in the analysis with a red circle.

the profiles highlight the change of inner shape resulting from the
growth of the stellar component. At early times (z = 10 and z =
8), the progenitor haloes are approximately prolate in the centre,
similarly to what measured in the DMO simulation or in the other
starless haloes, with an inner triaxiality # ~ 0.65—0.8 (¢ ~ 0.25—0.5
and s ~ 0.7). The subsequent mass accretion and the later episodes
of star formation as the one at r = 0.7-0.8 Gyr (see Fig. 5) produce a
significant redistribution of dark matter in the inner region resulting
in an oblate/spherical distribution (¢ >~ 0.25, ¢ >~ 0.7, s >~ 0.9).

5.5 Prolateness of the outer haloes

While baryons certainly impact the inner regions of dark matter
haloes, the overall shape of both classes of haloes (those with and
without stars) remains largely consistent in the outer regions, exhibit-
ing a distinct prolate tendency towards r;,. Here, the median outer
triaxiality reads (f) = 0.7375-2 in haloes with stars, comparable to
the (1) = 0.81f81£ of the smaller dark companions (see Fig. 6), with

the exception that the latter are prolate at all scales, with no statistical

change of triaxiality with radius (Fig. 7). Most importantly, this same
outer degree of prolateness is measured also in all haloes identified
in the DMO simulation, which is a strong indication that whatever
mechanism determines the larger scale structure of haloes, it is likely
independent of baryonic matter (see right-hand panel of Fig. 7).
Allgood et al. (2006) conducted a comprehensive study of the
relationship between halo shape and mass and redshift of a wide
range of haloes in six high-resolution dissipationless simulations in
a ACDM Universe. They analysed virial halo masses ranging from
9 x 10" to 2 x 10'* 2 Mg, and a redshift range of 0-3 finding that
most of the haloes tend to be prolate, with a relatively low average
minor-to-major axial ratio ({(¢) ~ 0.6) for the lowest mass bin and
higher redshift, which is agreement with our results.” In their study,
the tendency to be prolate increases with the halo mass, meaning
that more massive haloes are more prolate in the outer regions. The

SNote that the estimates of shape of Allgood et al. (2006) are computed at
0.3ryir.
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Figure 9. Top panels: Minor-to-major axis ¢ (solid red line), intermediate-to-major axis s (solid blue line), and triaxiality parameter ¢ (solid grey line) as a
function of the semimajor axis a for the progenitors of the central halo for decreasing redshifts (from left to right). In the top-middle panel, to distinguish between
the two haloes at z = 8 we use different linestyles. Bottom panels: Binned dark matter density distributions (squares with errorbars) superimposed to that of the
median coreNFW model for the progenitors of the central halo in the same redshifts as in the top panels. The dark and light orange bands show, respectively,
the 1o and 30 uncertainties. The vertical solid and dashed black lines mark the positions of the median halo core radius.

prolateness of our dark matter haloes is also in agreement with Vera-
Ciro et al. (2011) who, using high-resolution cosmological N-body
simulations from the Aquarius project (Springel et al. 2008), find the
shape of haloes evolves in time, from prolate shapes at high redshift
to triaxial/oblate geometry at present day (see also Despali, Giocoli &
Tormen 2014). In Fig. 10, we show the outer triaxiality parameter
t (top panel), the outer minor-to-major axis g (middle panel) and
qo.75 (bottom panel), the minor-to-major axis computed within [0.5,
0.75]ryir as measure of prolateness in an intermediate distance, as a
function of the halo virial mass for all haloes classified within the full
physics and the DMO simulations. Differently from Allgood et al.
(2006), we do not find any significant dependence of shape on halo
mass at any distance, and neither find an increasing degree of pro-
lateness (measured by ¢ for a comparison) for decreasing halo mass.

The prolate shape of dark matter is supposed to have a strong
correlation with the halo merger history. Prolate distributions reveal
how mergers between haloes occur along preferred directions (Fal-
tenbacher et al. 2005; Zentner et al. 2005) or how the inflow of
material along filaments shapes the outer halo. In Fig. 11, we show
dark matter isodensity maps from a relatively large selection of haloes
with and without stars (orange and black, respectively). In each panel,
the systems have been rotated to align the halo’s major and minor
axes with the vertical and horizontal axes of the panel. We recall that,
when computing halo shapes from dark matter particles, rather than
using only particles classified as group members by HDBSCAN, we
include in the analysis all particles enclosed within the circularized
halo virial radius. This makes our estimates of halo shapes sensitive
to the granularity of the background that is given, for instance, by
sub-haloes in the process of merging. As it can be seen from Fig. 11,
in most cases the selected haloes present a relatively large number
of interacting sub-haloes distributed, preferentially, along the major
axis (e.g. panels a, i, 1, m, n).

As pointed out, the least massive haloes in the simulations are,
on average, dynamically younger than more massive ones, they are
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Figure 10. Top panel: Outer triaxiality parameter against halo virial mass for
all haloes identified within the simulation (points with errorbars) and haloes
in the DMO simulation (red distribution). Middle panel: Same as the top panel
but showing the outer minor to major axis g. Bottom panel: Same as the top
panel but showing ¢g .75, i.e. the minor-to-major axis computed considering
dark matter particle within [0.5, 0.75]ryi;. The vertical red dashed line shows
the star formation threshold mass log Myi;/ Mg =~ 7.6.
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Figure 11. Series of dark matter isodensity maps for a selection of 16 dark matter haloes. All haloes have been rotated to align the halo outer major and minor
axes with the vertical and horizontal axes of the panel. The systems have then been projected along the intermediate axis. Orange isodensities correspond to
haloes that formed stars at z = 6.14, while black to haloes without stars. In each panel, we have superimposed an ellipse with semimajor and semiminor axes
ryir and gryir long, respectively, with ¢ the outer minor-to-major axis. Panel (f) shows the central halo.

in their formation phase and, thus, more strongly affected by the
frequent infalling of material from mergers. On the other hand,
more massive haloes have had more time to relax and start to
dominate the surrounding mass distribution, thus their elongation
is hardly influenced by mergers with small mass ratios, but rather by
accretion along filaments of the cosmic web, which provide a slow
and continuous fuelling along preferential directions. In this latter
case, the ability of filaments of determining prolate outer shapes of
haloes is expected to be much more important at high redshift, when
the filament cross-section is small compared to the size the halo
(Vera-Ciro et al. 2011). In our case the effect is particularly evident

looking at the central, most massive halo (panel f of Fig. 11), clearly
elongated towards the direction of a filament that flows mass in it,
as it can be also appreciated from the dark matter streaming velocity
field shown in the bottom-right panel of Fig. 8).

5.6 Discussion

Although the simulations analysed in this work are innovative in
many respects (e.g. implementation of individual star formation,
feedback from individual stars, sub-parsec resolution), processes
such as radiative feedback from massive stars, molecular gas physics,
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or population III stars, have not been accounted for in the thermal
and feedback models adopted. Therefore, in this section, we briefly
discuss whether and how our results could be modified by these
processes, differentiating between (i) halo shapes and (ii) core/cusp
transformation.

(i) We argued that the outer halo shape is mainly determined by
the environment, specifically by mergers with smaller haloes and
accretion of matter along filaments, as we showed comparing full
physics and DMO. This result proved to be consistent with the
findings of other authors who conducted similar analyses, especially
those focusing on high-redshift halo shapes (see Section 5.5). Thus,
since the dark matter distribution on a large scale is predominantly
insensitive to the inclusion of baryons, here we do not expect different
implementations of the thermal model and/or the incorporation of
radiative feedback, Pop III stars, or any other baryonic physics to
significantly change our results.

Regarding the inner halo shapes, we showed, instead, that the
primary factor responsible for the sphericization is the condensation
of baryons at the halo’s centre. The core of prolate/triaxial (dark
matter) mass distributions are box orbits that are centrophilic and,
thus, characterized by close passages towards the system’s centre
(see e.g. Gerhard & Binney 1985; Valluri & Merritt 1998; Merritt &
Valluri 1999). When slowly forming a compact massive object at the
centre of a galaxy, as in our case through the isotropic accumulation
of baryons, Debattista et al. (2008) showed that the consequent
steepening of the potential wells induces a redistribution of orbital
families. The dark matter particles populating these orbits, which are
more likely to reach the centre, are scattered on to deformed box
orbits, tube or loop orbits that have a rounder structure. As a result,
the mass distribution also becomes rounder.

This sphericization has been reported in a large variety of simulations,
both cosmological and of isolated galaxies. For instance, studying
isolated prolate/triaxial haloes, Valluri et al. (2010) confirmed that
changes in halo shapes are driven by a regular adiabatic deformation
of orbital families, with orbits that become rounder together with
the global potential, but not chaotic (Kalapotharakos, Voglis &
Contopoulos 2004; Shen & Sellwood 2004). Kazantzidis, Abadi &
Navarro (2010) delved deeper into investigating how the growth of
a central disc galaxy impacts a triaxial dark matter halo, discovering
that the maximum sphericization occurs when the symmetry axis of
the disc aligns with the major axis of the halo. The thermal model
of the cosmological Illustris galaxies of Chua et al. (2019) accounts
for gas self-shielding and radiative feedback from massive stars.
Chua et al. (2022) investigated different feedback models, modifying
the AGB wind prescriptions and black hole (BH) accretion modes.
The NIHAO simulations (Wang et al. 2015), in part analysed in
Butsky et al. (2016), are complemented by radiative feedback and
a different implementation of delayed cooling. The EAGLE and
Fenix simulations by Cataldi et al. (2021) include active galactic
nucleus (AGN) feedback and metal-dependent radiative cooling, star
formation, chemical and energetic SNe feedback (Springel 2005).
Despite different implementations and/or the inclusion of additional
physical properties, all studies on inner halo shapes based on these
simulations find consistent results: rounder haloes in the central parts.
Thus, haloes become rounder at their centre as they acquire baryonic
mass, almost independently of the exact conditions under which
they do so. Based on these studies, we do not believe sphericization
would be impeded or overly modified by physical processes that
are missing in our simulations unless turning off cooling. The only
modification to the thermal model we believe can have an effect is
the inclusion of primordial molecular cooling, which (in the limit
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of the molecular dissociation by UV background) would probably
accelerate the process, leading to rounder haloes above the molecular
cooling halo threshold (rather than the atomic cooling threshold) and,
thus, making haloes rounder earlier in time.

(ii) The effect of baryonic physics in the context of the core/cusp
problem is highly controversial and subject to ongoing debate. In a
ACDM paradigm, it is reasonably well established that alterations
of the inner dark matter density of haloes must be a result of some
heating mechanism that gives energy to dark matter particles, wiping
out the central cusp. Much, however, remains poorly understood,
especially at the regime of the dwarf galaxies.

The cosmological, ACDM, high-resolution simulations of Governato
et al. (2012), differently from ours, also include H, creation, cooling
and dissociation by Lyman—Werner radiation. They focus on z = 0
galaxies, and most of the systems in their sample with stellar mass
< 10° Mg, formed an extended core of dark matter. Similar results
are obtained by Di Cintio et al. (2014a) studying galaxies from the
MUGS project (Stinson et al. 2010) — a sample of 16 zoomed-in
regions of cosmological simulations of L* galaxies. They explored
variations of the initial mass function, the density threshold for star
formation, and energy from SNe and massive stars, and found that the
inner slope of the dark matter density profile depends on the stellar-
to-halo mass ratio, almost independently of the specific parameters
adopted in their stellar feedback model, with cores forming also for
moderate stellar-to-halo mass ratios (see also Governato et al. 2012).
Note, however, that these works follow the entire evolution of the
simulated galaxies and focus on the z = 0 outcome. We are instead
limited to z = 6.14 and low-mass galaxies, making less trivial this
comparison. Not to mention the very different resolution (which
plays a very import role) and, most importantly, the fact that we
model formation and feedback from individual stars.

Although in a non-cosmological context, but via simulations of
isolated dwarf galaxies, Read et al. (2016) were able to reach
resolutions similar to ours and to resolve individual SNe explosions.
They modelled a stellar age and mass dependent injection of energy,
momentum, mass and heavy elements over time via SN II and
Ia explosions. Most importantly, they included SWs and radiation
pressure from massive stars. Gas is also set to a metallicity 1073
solar, to mimic Pop III enrichment. They found that the least
massive galaxies of their sample (virial mass 10®My) were able
to build up a fully formed core in less than few Gyr, given a star
formation activity sufficiently prolonged in time. On the contrary,
Oman et al. (2015) could not find substantial signs of core formation
in low-mass galaxies. They studied systems from the high-resolution
cosmological simulations from the EAGLE project (Crain et al. 2015;
plus DMO analogous) which include star formation, stellar mass-
loss, energy feedback from star formation, gas accretion on to and
mergers of BHs, and AGN feedback.

Based on these examples (but see also Boldrini 2021 for a review),
we may expect, for instance, the addition of molecular gas cooling,
or to the inclusion of radiative feedback to have a negligible effect.
However, it is still hard to fully predict in which way modifications
of the thermal and feedback models could really change our results.
This is not just due to the inclusion of addition processes, but also
because the implementation of the ones already in place, as well as
the resolution of our simulations, are, to some extent, unprecedented.
As an example, the sub-parsec resolution pushes the star formation
threshold up to n ~ 10° cm™3, typical of giant molecular clouds,
rather than 10°cm™ of typical simulations with lower resolution
(see Calura et al. 2022 for a discussion). As shown by Benitez-
Llambay et al. (2019), core formation and the extent of the core is
quite dependent on the star formation density threshold, with larger
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cores forming for larger star formation thresholds. Anyhow, we are
currently incorporating additional physical properties into our sub-
grid model, and we will conduct a detailed study to explore their
effects in a forthcoming paper (Calura et al., in preparation).

6 SUMMARY AND CONCLUSIONS

In this paper, we study how the structure of young dark matter haloes
is influenced by their baryonic content and by environment during
the initial stages of cosmic structure formation, when the Universe
is 0.92 Gyr old. We analyse the output of a cosmological, zoom-
in simulation aimed at reproducing the properties of a star-forming
complex observed at z = 6.14, and an analogous DMO simulation
in the context of the SIEGE project (Calura et al. 2022). We identify
haloes within the simulations using the density-based, hierarchical
clustering method HDBSCAN, we derive their density distributions
and shapes diagonalizing the haloes’ unweighted shape tensor with
an iterative algorithm, and we fit the resulting ellipsoidal density
profile with a flexible coreNFW model that allows to account for the
possibility that the halo has a core of constant density in its central
parts.

The very high resolution of the simulation enables us to cover
the very low mass regime of the SHMR, in the mass range
log M,i;/ Mg = 107723 which is in agreement with the very few
relations found in the literature at the same redshift and, at most,
covering the high-mass end of our relation. In our specific case, we
have quantified that, even if individual halo masses can change within
a factor 1.6 when accounting for their triaxial shape, the effect on the
overall SHMR is negligible.

Almost all haloes that have formed stars at z = 6.14 have their
cusp flattened into a core of constant density. We find that the
mass threshold for the formation of the core is the same as the star
formation threshold, about log My;;/ Mg =~ 7.6, which corresponds
to the mass of an atomic cooling halo at this redshift. In the DMO
simulation, we do not find signs of density core formation. This is
a clear indication that, in our case, the dark matter cusp is heated
by phenomena related to the injection of energy through baryonic
processes, such as stellar feedback from winds and SNe that become
effective as soon as star formation begins. Additionally, we find that
the extent of the core in the dark matter density is proportional to
the mass and size of the formed stellar system. The only exception is
the most massive halo in the simulation (log M,;;/ Mg =~ 9.6) which,
instead, has one of the smallest cores. In agreement with previous
works, after analysing the merger history of the halo, we attribute
the attenuation to the phenomenon of cusp regeneration caused by
mergers, indicating an intricate variety of processes that can concur
in shaping the inner density distributions of haloes.

Also in this very low mass range, we confirm that baryonic infall
of gas and baryonic feedback affects the distribution of dark matter at
the centres of haloes making, on average, the inner shapes of haloes
that have formed stars rounder than the inner shapes of systems
that have not formed stars yet, and also rounder than corresponding
haloes in the DMO simulation. For haloes that have formed stars
in the simulation, which are also the most massive, we measure
inner median intermediate-to-major and minor-to-major axes (s) =
0.8479% and (¢) = 0.66™ 13, respectively, larger by 0.2 dex than the
same quantities measured in the central parts of starless haloes ({s) =
0.677014 and (g) = 0.480-13) or haloes in the DMO simulation,
extending results from previous studies to high redshifts and very
low halo masses. We have quantified the degree of triaxiality of
haloes via the one-dimensional triaxiality parameter and we found
that all haloes (i.e. with and without stars in the full physics and in
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the DMO simulations) have the same degree of prolateness in the
outer parts, to an extent that, at least for the mass range considered,
does not depend on the halo mass. We have shown that the outer
halo shape is predominantly determined by the environment: the
elongated, prolate shape is driven by mergers with massive sub-
haloes for the least massive haloes, and by the accretion of mass that
occurs, preferentially, along dark matter filaments of the cosmic web
for the most massive haloes in the simulations.
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