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ABSTRACT

The Voids-within-Voids-within-Voids project used dark-matter-only (DMO) simulations to study the abundance and structure
of dark matter (DM) haloes over the full mass range populated in the standard Lambda cold dark matter cosmology. Here, we
explore how baryonic effects modify these results for z = 0 halo masses in the range 10*~107 M, below the threshold for galaxy
formation. Our main study focuses on three simulations from identical initial conditions at z = 127, one following DMO, one
including non-radiative gas, and one additionally including the baryonic physics relevant in this halo mass range (cooling and
photoheating). In the non-radiative simulation, above 10°> Mg, halo abundance and internal structure are very similar to the
DMO simulation, and the baryon to DM ratio is everywhere close to the cosmic value. At lower mass, this ratio drops and haloes
are less concentrated and less massive in the non-radiative case. Test simulations at higher resolution show this to be mainly a
resolution effect; the expected drop in baryon content due to residual pressure effects only becomes substantial for z = 0 haloes
below ~10*7 M. However, gas is heated by reionization at z = 6 in our ‘full physics’ run, and this results in almost complete
expulsion of gas from all haloes in our simulated mass range. This suppresses the halo mass function by ~30 per cent, lowers

halo concentration, and consequently weakens the DM annihilation signal by ~40—60 per cent.

Key words: methods: numerical — galaxies: formation — galaxies: haloes —dark ages, reionization, first stars —dark matter.

1 INTRODUCTION

Measurements of the cosmic microwave background (CMB) have
revealed that dark matter (DM) is the dominant component
(~84 per cent) of cosmic matter (Planck Collaboration XVI 2020).
Despite its important role as the principal driver within the Lambda
cold dark matter (ACDM) framework of the growth both of large-
scale structure and of galaxies (Davis et al. 1985; White & Frenk
1991), the nature of DM is still uncertain, and numerous elementary
particle candidates have been proposed (e.g. weakly interacting mas-
sive particles also known as “WIMPs’, sterile neutrinos, axions, see
Bertone, Hooper & Silk 2005; Roszkowski, Sessolo & Trojanowski
2018 for reviews).

Various probes involving the present-day properties of small-scale
(sub)structures have emerged as possible constraints on the nature
of DM (e.g. their abundance, concentration, and DM annihilation
signals, see Frenk & White 2012, for a review). The properties
of DM particles set the minimum scale for structure in the post-
recombination universe, and this, in turn, determines the minimum
mass of the non-linear structures that form at later times (e.g. Bode,
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Ostriker & Turok 2001; Avila-Reese et al. 2003). A detailed under-
standing of how this is reflected in the abundance and structure of
low-redshift mini-haloes may thus be key in constraining DM. Until
recently, such understanding has come from extrapolating results for
much larger haloes, or from approximate structure formation theories
(e.g. Press & Schechter 1974; Bond et al. 1991; Sheth, Mo & Tormen
2001). Recently, however, the full halo mass range relevant for WIMP
DM was resolved in the Voids-within-Voids-within-Voids (VVV)
multizoom DM simulation suite of Wang et al. (2020). This suite uses
nine levels of resimulation to span over 20 orders of magnitude in
halo mass, resolving present-day halo structure all the way from rich
cluster masses (~10'> M) down to the Earth mass limit expected
in a typical WIMP model (~107% My,). The VVV simulations thus
provide a direct prediction for the abundance and structure of present-
day mini-haloes (Zheng et al. 2024). This contrasts with earlier work
on low-mass halo formation which concentrated on halo properties at
high redshift and did not follow evolution until the present-day (e.g.
Diemand, Moore & Stadel 2005; Ishiyama, Makino & Ebisuzaki
2010; Angulo et al. 2017).

These predictions can be improved by taking baryonic physics
into consideration, which, as pointed out in many studies, can
alter low-redshift halo properties such as abundance (or halo mass)
and density profile (or concentration), thus affecting the predicted
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Table 1. Parameters of the different simulations.

Name of simulations Npanicles mam[Mp] Mgag Mol €softening [epe] rres(z = 0) [ckpc]
DM 4 % 107 177.35 - 29.51 694.45
NR 8 x 107 149.48 27.87 29.51 700.40
RI 8 x 107 149.48 27.87 29.51 706.73

Notes. Column 1: name; column 2: number of high-resolution particles (DM and gas); column 3: mass of high-resolution DM particles; column 4: mass of gas
particles; column 5: softening length of high-resolution particles (€qm = €gas); column 6: the distance from the high-resolution centre to the closest higher mass

‘tidal’ particle at z = 0, representing the size of the high-resolution region.

luminosity in annihilation radiation. The effect on halo abundance
depends on halo mass and on the baryonic physics considered.
For example, in simulations with reionization, star formation, and
supernovae feedback, Sawala et al. (2013) report a 20—30 per cent
decrease in the cumulative halo mass function at 10° to 10'! 2~ 'M,
and Grand & White (2021) report a 30 percent decrease in halo
abundance and a factor of 2 decrease in halo DM annihilation
luminosity for haloes in the mass range 107°-10'%5 p~!' My For
simulations additionally including black hole feedback, Schaller et al.
(2015) report a 20—30 per cent decrease in the halo mass function
at 103-10'"'"4~! Mg, and Vogelsberger et al. (2014) report a similar
decrease for 103-10'! h1~! M.

We note that the above studies focus on relatively large-mass
scales (>1073 My,), and cannot be applied to haloes with shallower
potential wells and no star formation at all (Rees 1986; Thoul &
Weinberg 1996; Gnedin 2000). Recently, Benitez-Llambay & Frenk
(2020) presented a detailed model of gas cooling in haloes as a
function of redshift and mass, defining a ‘halo occupation fraction’
as the fraction of haloes containing at least some stars as a function
of halo mass; they found this halo occupation fraction to drop to zero
at ~3 x 108 Mg. This is very convenient for simulations of even
lower mass haloes, since only relatively clean baryonic physics need
be included, i.e. the cooling and reionization of gas.

In this study, we carry out high-resolution hydrodynamic simu-
lations, based on the dark-matter-only (DMO) simulations of Wang
et al. (2020) in order to investigate the impact of baryons on such
low-mass haloes, and how that impact depends on halo mass. Our
results are useful for making accurate predictions for halo properties
relevant to DM detection based on methods focusing on mini-haloes,
<10® Mg, such as strong gravitational lensing (Dalal & Kochanek
2002; Koopmans 2005), density fluctuations in tidal streams (Ibata
et al. 2002; Johnston, Spergel & Haydn 2002; Banik et al. 2021), and
y-ray emission from DM annihilation (e.g. Bergstrom et al. 1999;
Stoehr et al. 2003; Springel et al. 2008; Grand & White 2021).

The paper is organized as follows. Section 2 describes the
simulation details. Section 3 presents our results. Sections 4 and 5
discuss the impact of thermal pressure, of numerical limitations and
of baryonic processes not included in this paper. Section 6 presents
our conclusions.

2 SIMULATION DETAILS

To investigate baryonic effects on the properties of mini-haloes,
we concentrate on three high-resolution zoom simulations with
the GADGET-4 code (Springel et al. 2021). We adopt the same
cosmological model parameters and generate initial conditions using
the same methods as Wang et al. (2020) for the VVV-project. The
VVV simulations, which model DMO, consist of a single ACDM
simulation of a cosmological volume 737.79 Mpc on a side (the LO
volume), and a nested series of zoom simulations within LO that
target smaller and smaller low-density regions (the L1-L8 volumes).
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In order to be able to simulate the formation of the population of
present-day haloes over 20 orders of magnitude in mass with a
reasonable computational cost, the strategy adopted in VVV was
to zoom into voids. This, by construction, excludes the most massive
virialized objects in the zoom region, reducing the computational
expense dramatically. A visual representation of this set-up is shown
infig. 1 of Wang et al. (2020). Each of these nested zoom simulations
contains a core region that can be simulated all the way to redshift
zero without being contaminated by heavier particles. For the current
paper, it proved convenient to reuse a set of initial conditions created
for the VVV project. We took a region called ‘L3-pilot” which is
located within the L2 core region. The high-resolution region of the
L3-pilot initial conditions is close both in size and in position to the
L3 volume, but it has a particle mass that is 64 times larger than in
the VVV-L3 simulation.

In Table 1, we list the parameters of our three simulations: DMO
(identical to the original L3-pilot); DM plus non-radiative primordial
gas (NR), and DM plus primordial gas that is heated by reionization
and able to cool through atomic cooling (RI). We take the DM
simulation as the fiducial simulation to compare against. The initial
conditions for the NR simulation is generated from the DM initial
conditions using a feature of the GADGET-4 code that splits each
high-resolution DM particle into a DM particle with less mass and
a gas particle. We set the initial gas temperature to 245 K according
to the fitting formula provided by Tseliakhovich & Hirata (2010)
evaluated at our starting redshift of 127. We adopt a smoothed
particle hydrodynamics (SPH) neighbour number, Ny, = 64, and
the artificial viscosity constant, ctgon = 1. The RI simulation further
includes radiative cooling (Katz, Weinberg & Hernquist 1996) and
photoheating by a uniform ultraviolet (UV)/X-ray background from
galaxies and quasars (Haardt & Madau 1996). The GADGET-4 code
implements cooling and heating assuming ionization equilibrium at
all times. The UV background is turned on at redshift six triggering
prompt reionization of hydrogen at that redshift. Since atomic cooling
has virtually no effect before reionization (the temperature of almost
all gas is well below 10* K), we adapt a snapshot of the NR simulation
at z = 10 as the initial condition for the RI simulation. Baryonic
processes such as star formation and stellar feedback are not included,
since the minimum halo mass for star formation is ~3 x 108 Mg
(Benitez-Llambay & Frenk 2020), which is above the mass range
present in our simulations.

The cosmological parameters of these simulations are taken
from Planck Collaboration VI (2014): @, = 0.307, 2, = 0.693,
Qp = 0.04825, h = 0.6777, ng = 0.9611, and oy = 0.8288. These
are the same parameters used in the EAGLE project (Schaye et al.
2015). The same linear matter power spectrum is also used but is
extended to higher wavenumbers as explained in Wang et al. (2020).
We note that our procedures lead to a small inconsistency between
our initial conditions and those expected in a Planck cosmology
including baryons, since the growth of small-scale linear fluctuations
(k > 10>3 Mpc~!) between recombination and z = 127 is slightly
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weaker in a universe containing both DM and baryons than in
one containing DMO, and furthermore the distributions of baryons
and DM differ slightly on small scales (see e.g. Delos & White
2023). This causes us to overestimate slightly the abundance and
concentration of haloes at masses below about 10° M, but we prefer
our simpler set-up since all differences between the DM run and the
two runs with baryons are then due to baryonic effects during the
simulated time period.

We use GADGET-4 to identify haloes and subhaloes, and to con-
struct halo merger trees. DM haloes are identified using the ‘friends-
of-friends’ (FOF) algorithm (Davis et al. 1985), with a dimensionless
linking length of 0.2 and a minimum of 32 DM particles. Gas
particles are attached to these haloes as the secondary link types.
The SUBFIND algorithm (Springel et al. 2001) is then used to identify
gravitationally bound subhaloes with at least 20 particles. In this
paper, only central haloes are considered. We adopt My to define
the mass of haloes, where My is the mass within a sphere centred on
the potential minimum with a mean enclosed density of 200 times the
mean matter density of our Universe. The merger tree construction
follows Springel et al. (2005), and the merger trees provide the mass
accretion history of haloes.

For each simulation output, we conservatively define a fiducial
region as a sphere of radius, rpg, containing only high-resolution
particles and with no larger mass particles close by. Specifically, we
take the centre of the sphere to be the centre of mass of all the high-
resolution particles and its radius to be ryigh = 0.87s, Where e is
the distance from the centre to the closest more massive particle. We
use only particles or haloes whose centre lies within this sphere for
all our quantitative analysis. In practice, at any given output time
the spherical regions in the DM, NR, and RI simulations are almost
identical allowing accurate like-with-like comparisons to be made.

3 RESULTS

3.1 Large-scale structure

We show the z = 0 projected total matter, DM and baryonic matter
surface densities in the high-resolution regions of our three zoom
simulations in Fig. 1. The DM distribution on large scales is virtually
the same in all three simulations and the shape and size of the high-
resolution region is almost unchanged. The distribution of gas in
the NR simulation closely traces the DM structure, while in the RI
simulation, where the the gas has been heated by a UV background,
the gas is diffuse everywhere and is not concentrated to any visible
extent in any of the DM haloes within the volume. In the RI simulation
some of the gas has left the high-resolution region by redshift zero.
This is a result of our not including gas in the low-resolution region,
so that there is, in effect, a zero-pressure boundary condition on the
high-resolution region.

In Table 2, we list the total, DM and baryonic densities within
our fiducial regions, normalized by the corresponding cosmic mean
densities of these components. Unsurprisingly, given the selection of
the underdense L3-pilot region, the total matter density is much lower
than the cosmic mean matter density with the ratio decreasing with
time. The scaled DM and baryon densities, fgas,Nr»> and fior,pm agree
extremely well at all redshifts in the NR simulation. This contrasts
with the RI simulation where the the difference is 2.2 percent at
z = 3.06 and rises to 11 percent at z = 0. The difference is driven
by photoheating which raises the temperature of the gas in the RI
simulation abruptly at redshift six, leading to the outflow visible at
the edges of the gas distribution in the lower right panel of Fig. 1.
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3.2 The halo mass function and the baryonic mass fractions
within haloes

The evolution of the halo mass function and of the halo baryonic
fractions are shown in Figs 2 and 3, respectively. Both of these
quantities are evaluated within our fiducial analysis regions defined
at the end of Section 2. The number of haloes in each mass bin in the
z = 0 DM simulation is given in column 2 of Table 3.

In the NR simulation, the halo mass function of mini-haloes
(<10° M) is suppressed by ~ 30 per cent relative to the DMO
simulation, but the mass function is hardly affected for larger haloes
(=10°3 Mg). The baryonic fraction in haloes of May < 10° Mg
decreases with halo mass at all redshifts. We discuss this trend further
in Section 4 where we also determine the number of particles in a
halo required for the mass function and the baryonic fractions to be
reliably determined. For the NR simulation, the halo mass function
converges to within about 20 percent for haloes with more than
50 particles (here ~10* M) whereas the halo baryonic fractions
converge for 500 particles (here ~10° Mo,).

In the RI simulation, the effect of reionization (Zieionization = 6)
is evident. At z = 9.27, before reionization, the halo mass function
and halo baryonic fractions overlap with those of the NR simulation.
After reionization, haloes rapidly lose baryons by photoevaporation,
beginning with the smaller haloes which have shallower gravitational
potentials. At z = 5.72, the largest haloes still retain most of their
baryons but at lower redshift (z = 3 and 0), all of the haloes are nearly
gas-free, and the halo mass function is suppressed by ~30 per cent
in all mass bins.

Most previous studies (e.g. Crain et al. 2007; Schaller et al. 2015;
Qin et al. 2017) comparing haloes in DMO and hydrodynamic
simulations have focused on much more massive objects than we
consider here, but a few reach sufficiently low mass that their
behaviour is dominated by the same effects that are relevant in our
mass range. Schaller et al. (2015) found the halo mass function over
the range 108 to 10'"'3h~! My, in the EAGLE simulations (Schaye
et al. 2015) to be suppressed by 20—30 per cent while Grand &
White (2021) found the abundance of field haloes in the range 1073~
10'%5h=1 M, in the Auriga simulations to be reduced by 30 per cent
relative to DMO versions evolved from the same initial conditions.

All simulations that have compared models with non-radiative gas
to DMO models from the same initial conditions have found that
the abundance and internal structure of haloes are very similar in
the two cases. Crain et al. (2007) discussed how post-reionization
photoheating affects the baryonic fraction of haloes of mass between
10°3 and 10" ~! Mg,. In their purely non-radiative simulation, the
median baryonic fraction within the halo virial radius is ~90 per cent
of the cosmic mean value and does not depend either on redshift or
on halo mass down to their smallest mass bin (~10°° A~! Mg).
Our results extend this conclusion, showing that above 10°° Mg,
haloes in the NR case retain 90 percent of their baryons, while
below 10* Mg the gas fraction is greatly reduced (see Fig. 9).
This transition is independent of redshift. In contrast, in their
photoheating simulation, Crain et al. (2007) found that low-mass
haloes are unable to keep all their gas, with the baryonic fraction
falling to approximately half the cosmic value at 10" A~' Mg,
and approaching zero at 10°3 A~!Mg. Similar results at higher
redshift were obtained by Okamoto, Gao & Theuns (2008), with the
baryonic fraction in haloes dropping from the cosmic mean value at
log(M /h~'Mg) = 9 (10) to nearly zero for haloes 10 times smaller
in mass at z = 5.0 (2.09). These results are corroborated by our find-
ing that well after reionization fi, na = O for all the haloes in our RI
simulation.
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Figure 1. Top row: the projected matter density for the high-resolution zoom regions of the three simulations listed in Table 1 — NR, DM, and RI. Middle row:
left and right columns show the projected DM density in the NR and RI simulations. Bottom row: left and right columns show the projected baryonic density
in the NR and NI simulations. The rectangular images are an enlargement of the region around the largest DM halo. The white-dashed circles mark the fiducial
spherical region we adopt for quantitative analysis as discussed at the end of Section 2. The smaller dot—dashed circles in the rectangular images mark the 9o
radius of the largest halo in the volume. The large-scale structure in the DM is very similar among the different simulations. The baryons in the NR simulation
mostly follow the DM density field, but they are unbound from haloes in the RI simulations.

3.3 Present-day density profiles

In this section, we compare the radial density profiles of haloes in the
NR and RI simulations with their counterparts in the DM simulation.
To find counterparts, we make use of the common DM particle IDs
in the three simulations and assume a match if the DM halo and
the halo from the other simulation share more than half of the same
particles. The third column of Table 3 shows the number of DM
haloes in bins of halo mass that have a counterpart in both the NR
and RI simulations. Almost all haloes in the mass bins, we study are

MNRAS 532, 3151-3165 (2024)

successfully matched. We focus on four mass bins, each of width 0.5
dex, in the mass range (10>%-1072 My,).

In Fig. 4, the haloes are binned by their mass in the DM simulation,
and we compare the bin averaged total matter density profiles of
the matched haloes for the three simulations. When comparing the
density profiles in the three simulations we must bear in mind that
individual profiles are affected near the centre by the gravitational
softening and by two-body relaxation (Power et al. 2003; Navarro
et al. 2004). Recent work by Zhang et al. (2019) suggests that the
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Table 2. The evolution of rescaled matter density, 5 = p/ €2 pcrit, inside a sphere of radius, rhign, in different
simulations.

z Name of simulations Thigh [ckpc] Prot Pdm Db
DM 555.56 0.07474 0.07474 -
0 NR 560.32 0.073 58 0.073 59 0.073 55
RI 565.39 0.07195 0.07309 0.065 85
DM 373.72 0.27287 0.272 87 -
3.06 NR 375.65 0.27018 0.270 14 0.27041
RI 375.66 0.27021 0.27116 0.26520
DM 317.36 0.41056 0.41056 -
5.72 NR 318.56 0.407 28 0.407 26 0.40740
RI 318.59 0.407 19 0.407 17 0.40728
DM 283.22 0.52991 0.52991 -
9.27 NR 283.83 0.52687 0.526 85 0.52695
RI 283.77 0.52705 0.52704 0.52709

Notes. Column 1: redshift, z; column 2: name; column 3: radius of the high-resolution region analysed, rhigh;
column 4: total matter density, pio, in each region rescaled by the cosmic mean matter density, St = (0dm +
06)/(S2dm + £2b) Pcrit; column S: rescaled DM density, Sam = ©dm/ $2dm Perit, column 6: rescaled baryon density,

3155

Po = Po/ QL Perit-

Power et al. radius (Power et al. 2003) can be too conservative by
about a factor of 2. In the plots, we mark the radius corresponding to
three times the gravitational softening, which for our simulations is
close to half the Power et al. radius.

In the highest mass bin, the density profiles in the NR simulation
are virtually unaffected by the inclusion of baryons. There is a trend,
however, in all but the highest mass bin for the central densities to
be lower than those of the DM counterparts by 5—15 per cent. The
concentration in the two largest mass bins are barely changed.

By contrast, the density profiles in the RI simulation are strongly
affected in all the mass bins. The total total matter density at a
fixed physical radius is 25—30 per cent lower than in the DM case
near the centre and 15—20 per cent lower close to ryy. Fitting the
density profiles! with either an NFW profile (Navarro, Frenk &
White 1996) or an Einasto profile (Einasto 1965; Navarro et al.
2004) with fixed @ = 0.16 following Wang et al. (2020), we find that
the concentration parameter in the RI haloes is also typically reduced
by 15—20 per cent.

3.4 Mass accretion history

We investigate the mass accretion histories of haloes using the same
matched samples as the previous subsection — apart from excluding
a small number of haloes that have split off a larger halo in the
recent past. This makes only a small difference to the sample sizes
which are listed in the fourth column of Table 3. The mass accretion
histories, computed by following the main branch of the merger trees
(produced by GADGET-4) back from the present, are shown in Fig. 5.

For the NR simulation, in the two largest mass bins (10%7—
1072 My,), haloes follow very similar mass accretion histories to
their counterparts in the DM simulation, showing that just including
non-radiative gas makes little difference. For the two smaller mass
bins (10°2-10%% M), haloes in the NR simulation are only
<5 per cent smaller than their counterparts in the DM simulation

'We are only able to fit the halo profiles in two largest mass bins (1062—
107> Mg) because of resolution limitations: in the smaller haloes, r_, the
radius where the logarithmic slope is -2, is smaller than 3 €goftening, Which
would cause the fits to be unreliable.

at z = 0, while the difference is much larger, ~30 per cent, at earlier
redshifts (e.g. z = 6). The agreement between the NR and DM mass
accretion histories improves once the halo mass exceeds 10°° Mg
regardless of the redshift when this occurs, which suggests that this
effect is numerical rather than physical in the non-radiative case.
This is discussed further in Section 4.

For the RI simulation, the history before reionization is almost the
same as in the NR simulation, suggesting that cooling processes have
no significant impact on haloes of this mass. However, as soon as
reionization is triggered, haloes in the RI simulation begin to follow
different tracks from their NR counterparts; this reflects the fact that
gas is no longer able to accrete onto low-mass haloes, and their
existing gas content is reduced by photoevaporation. This effect can
be seen in the work of Sawala et al. (2013), who found that haloes of
subgalactic scale are 30 per cent less massive in a RI-type simulation
than in the corresponding DMO simulation, a result subsequently
corroborated by Velliscig et al. (2014) and Desmond et al. (2017).
Our results here extend this conclusion to even smaller haloes (i.e.
10*-107 Mp).

3.5 Annihilation signals

We have found that the presence of baryons reduces both the
abundance and the concentration of haloes. Both effects lead to
a reduction of any annihilation signal coming from the smooth
component of haloes and subhaloes. We follow Wang et al. (2020),
estimating the luminosity per unit mass of a halo from?:

L/M o< Vi /(Finax Moo (1)

Here, the halo maximum circular velocity and the radius where this
maximum occurs are denoted by Viax and ryax, respectively.

In Fig. 6, we quantify the reduction in L /M for mini-haloes in the
RI simulation compared to the DM simulation. We see from the lower
subpanel that the signal decreases by ~40 per cent in the mean for

2This formula should be corrected by multiplying by (1 — fp hato)?, as baryons
do not contribute to DM annihilation. However, in the cases, we focus on here
(i.e. comparing the RT and DM runs at z = 0), all haloes are almost empty of
baryons.
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Figure 2. Halo mass functions in the three simulations at the redshifts shown. At z = 9.27, the blue solid line is hidden behind the red line. The vertical
dash—dotted lines in the upper panel represent the mass of 50 DM particles in the hydro runs, indicating the resolution limit above which the halo mass
functions are numerically converged within ~20 per cent (as illustrated in Section 4). The smaller panels under each of the mass function plots show the
corresponding ratios of the halo mass functions in the NR and RI simulations divided by the reference DM mass function. The halo abundance barely changes
at Moo > 10°° Mg in the NR simulation, but it is suppressed by ~30 per cent in the RI simulation since reionization at 7 = 6.

Moy 2, 10° Mg, (though we note there are only a few haloes in these
mass bins), and by ~10 per cent at May < 10> Mg. Convolving
with the ~30 per cent suppression of the halo mass function in the RI
simulation, we estimate that the annihilation signal per unit volume
in the RI case is ~40—60 per cent lower than in the DM-only case
when averaged over haloes in the mass range 10* to 107 M.

4 RESOLUTION AND GAS PRESSURE EFFECTS
IN SIMULATIONS WITH NON-RADIATIVE GAS

We expect that haloes in our NR simulations that are not resolved
with a sufficient number of SPH particles will have artificially low
gas fractions. There is also a physical effect arising from the choice
of the initial entropy of the non-radiative gas which leads to the gas
being too hot for small haloes to be able to capture or retain it. In
this subsection, we make use of additional non-radiative simulations
to separate the numerical and physical effects and to establish their
relative importance for the results presented in Section 3.2.
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In Appendix A, we derive a simple expression for a characteristic
halo mass, M, (equation A20) below which we expect haloes to be
largely gas-free because of the effects of gas pressure. This scale is a
function of redshift and of the initial entropy of the non-radiative gas,
or equivalently of the temperature of the gas in our initial conditions
atz = 127.

We make use of a suite of cosmological simulations within
14.3 Mpc periodic boxes from Liao et al. (2017) to test this
characteristic mass scale. These are suitable for our purposes because
they include simulations differing only in the gas temperature in the
initial conditions. The parameters of the simulations are listed in
Table 4. The values of the cosmological parameters are close to, but
not identical to those of the VVV simulations and we do not expect
the differences to be important for our purposes.

We test numerical convergence in halo properties in the absence
of significant effects from the initial gas pressure using the Ln,
Fn, and Hn simulations, which have the same initial redshift and
temperature (i.e. z; = 127, T; = 245K) as our fiducial simulations
but substantially lower resolution. We define convergence to be
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The faint points in each panel refer to individual haloes.

Table 3. Number of haloes (within ryign) in each mass bin at z = 0 in our
three simulations.

log;o(M200/Mp) Ni N, N3
7.25-7.75 2 2 2
6.75-7.25 12 11 10
6.25-6.75 21 20 20
5.75-6.25 64 62 60
5.25-5.75 240 225 223
4.75-5.25 641 607 602
4.25-4.75 2082 1829 1801

Notes. Column 1: mass bin; column 2: Ny, number of haloes in the DM
simulation; column 3: N, number of matched haloes, binned by the mass
in the DM simulation; see Section 3.3 for details; column 4: N3, number of
matched haloes which are on the main branches of merger trees, binned by
the mass in the DM simulation; see Section 3.4 for details.

agreement within 20 per cent with a simulation of higher resolution.
Fig. 7 shows that the halo mass function converges at a mass
corresponding to ~50 DM patrticles.

In all three simulations, the baryonic fraction starts to drop below
the cosmic value at radii containing fewer then 500 DM particles.
Even for the highest resolution case (Hn) this is at halo masses
far above those where there is any appreciable drop in our fiducial
NR simulation (see Fig. 3). For all these simulations, the model of
Appendix A predicts that physical effects due to the finite entropy of
the gas will lead to a characteristic mass of M;,(z =1.97,T; =
245 K) = 1.08 x 10° Mg, well below the mass scale where the
baryonic fraction drops in any of these simulations, indicating that
our adopted initial gas temperature is too low to have any physical
effect on the baryonic fractions of haloes, in particular, also in our
fiducial NR simulation.
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In Fig. 8, we show that non-radiative simulations in which the
initial gas temperature is much higher, 7; = 107 K, do show an
authentic drop in baryonic fraction. The baryonic fraction resolved
in the Ff simulation (256%) is closely aligned with that in the
Hf simulation (512%). Interpolating values of M, /2, defined by
Sonao(M12) = fo/2, we find 3.41 x 10'® and 3.54 x 10'° M, for
the Ff and Hf simulations respectively. a factor of just 1.3 larger than
our predicted value, M, 5(z = 1.97, T, = 107 K) = 2.65 x 10'° M.
The lowest resolution run, Lf, has 500mg, comparable to the
predicted value of M|, and it clearly overestimates the characteristic
mass. Thus, inferring the baryonic fraction reliably in a non-radiative
simulation requires the characteristic mass to be resolved with at least
500 DM particles. This is consistent with the conclusion of Okamoto
et al. (2008) that the drop in baryonic fraction that they found
prior to reionization below 108 Mg (~500mgy, in their ‘reference’
simulation) was a numerical artefact.

The characteristic mass, M),, as a function of redshift for our
main simulation is M, ~ 492 Mg(l +z)! for haloes with a
concentration ¢ = 35 (see Appendix A). This is well below the
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minimum requirement of 500 DM particles per halo to avoid
numerical suppression of the halo baryonic fraction at all redshifts
of interest here. We do expect that the initial gas entropy will affect
the baryon fractions in very small haloes but simulations of higher
numerical resolution are needed to show this.

We carried out such a simulation, NR-H, making use of higher
resolution initial conditions created originally for the VVV project
(the L4-pilot simulation). The mass of the DM particles in the high-
resolution region of this resimulation is 0.18 My, while the mass of
gas particles is 0.034 My and the softening length for all particles
is ~4.85 cpc. Once again we took 7; = 245 K at z; = 127. The
characteristic mass, M, is well resolved at all redshifts in this
case, so we would expect small mass haloes with more than 500 DM
particles to show a genuine suppression of the baryon fraction due
to the initial gas entropy. This NR-H simulation was expensive and
was stopped at z = 3.06.

In Fig. 9, we compare the baryonic fraction in the NR and
NR-H simulations with our model prediction at z = 3.06. The
value M simutation = 3.78 X 10°* My, found for NR-H matches the
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Figure 5. Comparison of the mass accretion histories of haloes matched in the three simulations. Different panels correspond to different mass bins in the DM
simulation. The upper subpanels show the median mass accretion history, with the black-dashed lines representing the DM simulation and the blue and red solid
lines the NR and RI simulations, respectively; the vertical dash—dotted lines indicate Zreionization = 6. The bottom panels show the ratios, NR/DM, and RI/DM.

Reionization rapidly reduces halo masses by ~30 per cent.

model prediction, M2 model = 2.35 X 10° Mg well, and, indeed,
the model matches the full shape of the simulated suppression as a
function of halo mass quite accurately. We have checked that similar
agreement occurs also at redshifts 5.72 and 9.27 and we list the
characteristic masses in Table Al. Finally we also resimulated the
largest halo in the NR-H simulation at z = 3.06 with eight times
higher resolution. We show the baryonic fractions found for this
one halo in the two simulations as symbols in Fig. 9. The two
symbols agree very well with each other and with our theoretical
prediction.

In conclusion, we have determined that at least 500 DM particles
per halo are needed in non-radiative simulations to obtain the
baryonic fraction of small haloes to better than 20 per cent. Provided
this condition is met, the baryonic fraction of haloes is insensitive
to large increases in numerical resolution and thus appears well
converged. We have also shown that the effect of the initial gas
entropy on the baryonic fraction of small haloes can be seen,
given sufficient numerical resolution, and that both the dependence
of this suppression on halo mass and the characteristic mass at
which it occurs are well reproduced by the simple physical model

of Appendix A. It is notable that the halo mass function is less
sensitive to resolution; we find that a minimum of just 50 particles is
sufficient to determine it in non-radiative simulations to an accuracy
of 20 per cent.

5 DISCUSSION

The NR and RI simulations model the baryons in a very simple way.
In this section, we consider some of the limitations of our simulations
and how the effects of additional physical processes that have not
been modelled might affect our results.

5.1 Applicability of our results to haloes of lower masses

We have focused on mini-haloes with mass between 10* and 107 M,
but we expect in the cold DM cosmogony that there will be haloes
of much smaller mass down to the (unknown) cut-off in the matter
power spectrum. From our model predictions in Appendix A and
the results of the highest resolution simulations shown in Fig. 9, we
find that the gas fractions of haloes with masses below ~10*7 Mg

MNRAS 532, 3151-3165 (2024)
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in the DM (black-dashed line) and RI (red solid line) simulations at z = 0,
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mass in the bottom panel. We plot mean lines down to 50 mgm, because such
low-mass haloes do not capture significant photoheated gas and so are not
affected by possible numerical issues with the hydrodynamics. This L/M
ratio is depressed by ~10—40 per cent in the RI simulation.

Table 4. Parameters of additional simulations run to test the convergence
of halo gas fractions with resolution and choice of initial conditions.

Name of simulations ~ Ngm  mam[Mo]l mgs[Me] €lkpe] T;[K]

Ln 1283 4.92 x 107 7.56 x 10°  2.86 245
Fn 256°  6.15 x 10° 9.45x 10°  2.86 245
Hn 5123 7.69 x 10° 1.18 x 10°  2.86 245
Lf 1283 4.92 x 107 7.56 x 10°  2.86 107
Ff 256°  6.15x 10° 9.45x 105 2.86 107
Hf 5123 7.69 x 10° 1.18 x 105  2.86 107

Notes. Column 1: name of the simulation; column 2: number of DM particles;
column 3: mass of the DM particles; column 4: mass of the gas particles;
column 5: softening length; and column 6: initial temperature of gas particles
at Zipie = 127.

(at z = 0) or ~103% Mg, (at z = 9.27) are very low in non-radiative
simulations simply because the gas entropy is too high for such
small haloes to have accreted any gas. We expect that this would
lead to an even stronger suppression of the low-redshift halo mass
function and of low-redshift halo concentrations relative to a DM-
only simulation than we saw for haloes in the range of 10*-107 Mg,
in the RI simulation, where reionization drives gas out of all haloes
after redshift 6.

5.2 Effect of early relative streaming motions between baryons
and DM

A streaming velocity, vy, between DM and baryons is generated
at early times because the baryons are coupled strongly to radiation
much longer than the DM. The typical root mean square value of vy, at
the recombination time is oy ~ 28 km s~!, and then decaysas 1+ z
(Tseliakhovich & Hirata 2010). This streaming velocity is thought to
have a major impact on the formation of the first baryonic structures:
Tseliakhovich & Hirata (2010) show that it would suppress the halo
mass function for 10*~10% M, haloes at z = 40 by ~50—70 per cent.
A similar conclusion may be found in McQuinn & O’Leary (2012)
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Figure 7. Resolution study for the halo mass function and baryonic fraction
at z = 2. We compare results from the Ln (128° DM particles, light green),
Fn (256%, green), and Hn (5123, deep green) simulations. These all have
the same initial temperature, 7; = 245 K, as our fiducial simulations. The
subpanels show the ratios between the Ln (or Fn) and the Hn simulations.
The vertical dash—dotted lines in the upper panel represent 50 DM particles
in each simulation and the dash—dot-dotted lines in the bottom panel
500 particles. The horizontal dotted line indicates the cosmic baryonic
fraction, f, = Qb/ Q2m, and the horizontal-dashed line + grey-shaded band
a ratio (relative to the highest resolution simulation) of 1 & 20 per cent. The
continuous lines in the lower panel indicate median values as a function of
halo mass, while the dots in the larger subpanel indicate values for individual
haloes with depth of shading representing the relative number of haloes with
each value. Note that discreteness effects are visible in this distribution at the
lowest halo masses because of the small number of particles involved. The
halo mass function is converged within 20 per cent in the various simulations
for M 2 50mgm, while the baryonic fraction is converged for ~500m g,
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Figure 9. Baryonic fraction in the NR and NR-H simulations at z = 3.06.
Blue and pink lines show the median baryonic fraction in the NR and NR-H,
respectively, while the purple line is the prediction from our model (elaborated
in Appendix A) assuming halo concentration ¢ = 10. Thresholds of 500m 4,
are marked with vertical dash—dot—dotted lines, and the cosmic baryonic
fraction is marked with a horizontal dotted line. The pink and magenta markers
show the baryonic fraction of the largest halo in the NR-H simulation and
of a further zoomed in simulation of this same halo. The high-resolution run
shows that haloes with sufficiently small mass <103* Mg, (at z = 3.07) are
unable to capture gas even without reionization; they are too small, however,
to be resolved in our main NR simulation.

Baryonic effects on low-mass haloes 3161
at z ~ 15—40. According to Greif et al. (2011), Fialkov (2014),
and Schauer et al. (2019), the streaming velocity may hinder the
formation of the first stars.

Although the effects of the streaming velocity are important at
high redshift, they become less so at lower redshift. For example,
Naoz, Yoshida & Gnedin (2012) show that the halo abundance at
10°-107 Mg, at z = 11 is almost unaffected for vy, = oyp; to make
a difference of ~30 per cent at the same redshift, an extreme value
of vy, as high as 3.40,, would be required for an appreciable effect,
which would be arare case according to Ahn (2016) and Ahn & Smith
(2018). Thus, while streaming might induce a sizeable suppression
of halo formation and baryonic fractions at z 2 20, the majority of
haloes in our void region form much later than this and we expect
only minor changes from our results at z < 9.3.

5.3 Molecular hydrogen cooling

Another issue that needs addressing is the possibility of Pop III
star formation before reionization. These first stars could produce
additional feedback that could expel baryons from haloes at early
times. As we focus on an extremely underdense region, halo growth
is suppressed (e.g. in our simulations, the mass of the largest halo
only exceeds 10° Mg at z ~ 12), leading to delayed Pop III star
formation. Most previous studies (e.g. Yoshida et al. 2003; Reed
et al. 2005; Gao et al. 2007; Wise, Turk & Abel 2008) have focused
on regions of average or above average density. For example, Regan
(2023) performed zoom simulations of three clusters and one region
of cosmic mean density, and found Pop III star formation before
z = 22 in all three clusters, while the cosmic mean density region
showed a slower halo mass accretion history and no sign of star
formation when the simulation ended at z = 20.85.

In their hydrodynamical simulations, Yoshida et al. (2003) found
a critical halo mass, ~5 x 10° A~'M, for Pop III star formation to
occur at z > 16 (mostly at the intersections of filaments). Gao et al.
(2007,2010) suggested a threshold virial temperature, 7,3~ 1000 K,
for molecular hydrogen production to be boosted and cooling to
become efficient, allowing the first stars to form with a redshift delay,
Az ~ 3—4, in haloes whose mass increases from 2.21 to 2.55 x
10° My between z ~ 50—10. By comparison, the largest haloes
in our simulation have masses of Mag = 6.01 x 10%, 4.97 x 10°
and 3.37 x 10® Mg, corresponding to virial temperatures of T, =
326, 961, and 2531 K at z = 19.90, 14.07, and 10.08, respectively.
This suggests that first star formation could possibly occur in our
simulation at z ~ 10—14.

However, the possibility of background Lyman—Werner (LW)
radiation released by an earlier generation of Pop Il stars complicates
the situation considerably. Yoshida et al. (2003) found that even a
low value of LW radiation of J,; = 0.01 (where J,; denotes the
intensity of the radiation in units of 107! ergs s~ cm™2 Hz~!) could
increase the critical virial temperature from 1800 to 2800 K due to
the dissociation of molecular hydrogen by the background photons;
this could, however, be largely compensated by self-shielding. They
also found that a value of J,; = 0.1 would almost entirely prevent
gas from cooling and collapsing. Reed et al. (2005) found a similar
result for J,; = 0.08 and argued that shielding of LW radiation is
unimportant in this case. (The transmission factor is reduced to 0.1
only over a large distance, 1 cMpc; by comparison, the radius of our
high-resolution region at z = 12 is ~0.335 cMpc).

In our case, the first stars are very likely to form outside our under-
dense high-resolution region before the haloes in our simulations gain
enough mass to form stars. First star formation was long considered
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highly uncertain due to the many competing effects’ (Bromm &
Larson 2004; Reed et al. 2005), but some recent studies, integrating
these effects within more sophisticated subgrid models, suggest a
clearer conclusion: the earliest forming first stars inhibit further star
formation elsewhere. For example, Nebrin, Giri & Mellema (2023),
using the LW background provided by the model of Incatasciato,
Khochfar & Ofiorbe (2023), found that the halo mass threshold to
form the first star is increased by ~0.5 — 1 dex between z = 15—10
due to this radiation; Hegde & Furlanetto (2023) suggested a similar
mass threshold of ~5 x 10° (10%) Mg, at z = 10 (15) based on a
semi-analytic method, particularly when using the same model for
the gas central density as Nebrin et al. (2023) (their equation 7).
These results indicate that most of the slowly growing haloes in our
study miss the time window for forming first stars, further justifying
our decision to neglect star formation and related subgrid physics in
our simulations.

6 CONCLUSION

In this paper, we study the properties of mini-haloes (10*-~107 M)
using a suite of very high-resolution hydrodynamic simulations
(mgm ~ 150 Mg, mgas ~ 28 Mg,). This work builds upon the methods
and results of the VVV multizoom simulation project (Wang et al.
2020) that modelled the formation of haloes of all masses in a
DMO universe up to the present-day. Our simulations consist of a
‘DM simulation’ (only DM), an ‘NR simulation’ (non-radiative gas),
and an ‘RI simulation” where radiative cooling and photoheating of
gas by a UV background is turned on at z = 6 leading to prompt
reionization. We make use of initial conditions created originally for
the VVV project and model the formation of mini-haloes in a low
density region approximately 1 Mpc across today.

On the scale of the region as a whole, the large-scale structure at
the present-day is very similar in all three simulations. The gas in
the NR simulation traces the DM closely at all times. However, after
reionization the gas in the RI simulation is heated to the point that it
becomes diffuse and smooth on the scale of even the largest haloes
in the region.

The halo mass function and baryonic fraction are almost identical
in the NR and RI simulations before reionization, demonstrating that
cooling has only a minor effect on haloes in this mass range. After
Zreionization = 0, gas flows out of all haloes in the RI simulation leading
to a suppression of the halo mass function by ~30 per cent at z = 0.

In the NR simulation, we see a drop in the baryonic fraction at
Moy ~ 10°3 M, but we conclude that this is mostly a numerical
artefact. In Section 4, we show that the baryonic fraction in non-
radiative simulations is suppressed by numerical effects in haloes
with less than 500 DM particles. We also show that non-radiative
simulations with sufficient resolution are able to model the physical
suppression of the baryonic fraction due to the initial gas entropy. In
Appendix A, we set up a simple analytic model for this suppression as
a function of halo mass and redshift and show that it reproduces quite
well the evolution found in simulations with sufficient numerical
resolution. Thus, small haloes (Mg < 107 Mg at z = 0; My <

3For example: (i) LW radiation; (ii) X-ray and UV radiation that can increase
the free electron density and so catalyze molecular hydrogen production;
(iii) the explosion of the first SNe, sending blast waves into the surrounding
gas, removing much of the gas from surrounding haloes and preventing
further cooling; (iv) metal enrichment which enhances cooling; (v) H™
photodetachment, which suppresses the production of molecular hydrogen.
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10°# Mg, at z = 9.27) will never be able to capture gas, even in non-
radiative runs without reionization. In consequence, the streaming
velocity between baryons and DM at early times will have little
effect on such small haloes.

We identify corresponding haloes in our three different simulations
in order to study baryon effects on individual haloes, comparing
results from the NR and RI simulations with those from the reference
DM simulation. The density profiles and mass accretion histories of
haloes more massive than 1092 Mg are very similar in the NR
and DM simulations, while for smaller haloes, 10°%~10%% M, the
density profile in the central regions, 0.1r,, is ~10 per cent lower
in the NR case; in this mass range, halo masses at high redshift are
suppressed by up to 30 per cent in the NR case. In the RI simulation,
the loss of gas from haloes gives rise to shallower density profiles and
a reduction of ~30 per cent in mass at low redshift over the entire
mass range, showing that reionization reduces halo potential wells.

The RI simulation allows an improved prediction for DM annihi-
lation signals from the smooth DM component of haloes. We find
that the lowered abundance and concentration combine to reduce the
annihilation rate per volume for mini-haloes in the mass range10*—
107 Mg, by 40—60 per cent.
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APPENDIX: THE EFFECT OF INITIAL
ENTROPY ON HALO GAS DENSITY PROFILES
IN NON-RADIATIVE SIMULATIONS

Let us consider the entropic function S, defined for a non-relativistic
gas with pressure p and density p, by S = p/ pg/ 3. In the absence
of significant heating or cooling, gas evolves adiabatically and S
remains constant except at shocks, where it always increases. Thus,
in non-radiative simulations of the kind studied in this paper, S must
everywhere be at least as large as the value, S;, defined by the initial
density and temperature of the gas.

On the other hand, well-resolved non-radiative cosmological
simulations in which S; is negligibly small produce haloes in which
the baryon fraction is close to the cosmological value and the gas
density profile is very similar to that of the DM, hence to that
found in DMO simulations. Thus, halo accretion shocks have just the
strength needed to produce the profile, S(r), which corresponds to
pg(r) o< p(r) in hydrostatic equilibrium, where p(r) is the total mass
density. Taylor & Navarro (2001) made the remarkable discovery
that for haloes with an NFW total density profile, these conditions
require S(r) to be very close to a power law.

In our own non-radiative simulations (NR, NR-H, and the simula-
tions of Table 4), we find that the gas and DM densities do track each
other in high-mass haloes and at large radii, resulting in near power-
law behaviour for S, but that § ~ §; at small radii where S < S; is
predicted by inward extrapolation of the large-radius behaviour. This
motivates a simple analytic model where haloes are taken to have
NFW mass profiles, the gas and DM densities are assumed parallel
at large radii where this implies S > S;, and the gas is adiabatic with
S = §; at smaller radii.

For a spherical system in hydrostatic equilibrium, the potential
@(r), the gas density p,(r), and the gas pressure p(r) satisfy

de(r)
dr

dp(r)
ar = —pg(r)

(AL)

Assuming p,(r) = fb p(r), where p(r) is the total mass density
profile, and f;, = ©,/Qn is a constant, the pressure profile can be
obtained by integration,

de(r’) |,
dr’.
dr’ d

p(r) = fb/ p(r) (A2)

If we now take p(r) and its associated ¢(r) to have NFW form, we
have

p(r) = p (1 +7)72, (A3)
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the enclosed mass within radius r is

M) = dripyr? [In(1 +7) — —— |, (A4)
1+F

and the potential is

B(r) = —4nG a2~ In(1 + 7). (A5)

Here, r; and p; are the scale radius and the characteristic density of
the NFW profile, and 7 = r/r is the non-dimensionalized radius.
Thus, the gas density profile is

pe(r) = fo- o7 ' A+ )72, (A6)
the pressure profile is

p(r) = fo - 4nGplrl - K(F), (A7)
and the entropic function profile is

S(r) = p(r)pe(r) P = J°1 - 4nGplPr? - L(7). (A8)
where

K(F) = /:ox—%l +x)2 [111(1 ) — % dx, (A9)
and

L) = PPA 4+ 7)'9PK#). (A10)

Over the radial range of interest here, 7 € (1072, 10%), L(F) is
represented to better than 10 percent by the simple power law,
0.2557'28. Thus, S(r) can be taken to be a power law with this
index.*

Using the halo mass definition adopted throughout this paper,
equation (A8) can be converted into

¢ 173

Sy = £ - (120 3¢ |In(1 -

()= 020! in(l 40— o

G sy May - L(F), (Al)

where pa00 = 2002, Perit,0(1 + z)? is the mean matter density within
the halo virial radius rg, the critical density of the Universe at
present is pgig0 = 3H02 /871G, and ¢ = ryg /7, is the halo concentra-
tion.

The initial entropy S; is given by

Si = p)p) ™ = 0.6 (fo @ peio) " 2o (A12)

where ¢ o = /5kgTy/3um,, in which kg is the Boltzmann constant,
Ty denotes T;(1 + z;)~2 with T; representing the initial gas temper-
ature (i.e. T; = 245 K for the NR, NR-H, Ln, Fn, and Hn runs, and
T, = 107 K for the Lf, Ff, and Hf runs), and j is the mean molecular
weight of a physical gas particle in units of the proton mass, m,,.
For neutral gas composed of 76 per cent hydrogen and 24 per cent
helium, & = 1.2195 and ¢,y = 0.013(7;/245K)"/? km - s~
Normalizing the entropic function profile by S;, we thus

obtain

S(r) 3 028 (r>1-28 <M200>2/3 A13)
S [In(1 +c¢)—c/(A+ 13 \ a0 M, ’

where M, is defined by
M, =24.06(GHy) ™' Q'/2c (14 2)*>. (Al4)

4This behaviour agrees with that found by Taylor & Navarro (2001) for the
pseudo-phase-space density of isotropic NFW DM haloes (which is oc S~!%)
after allowing for the different radial ranges fitted in the two studies.
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Equation (A13) is only valid at radii greater than a core radius
defined by S(r.) = Si. At smaller radii , we assume the gas to be
adiabatic with § = Sj, so that p(r) = S;p,(r)*/*. Integrating equation
(A1) in this case gives

_S5[p(r)  plr)
P =0 =5 {pg(r) - pg<rc>] '

(A15)

Using equation (AS5) then gives the gas density profile at r < r,
pe(r) = fo- o (1 + 7o)
{1 L 277 (1 +7) — 7 Indl + fc)] 02
5 Fe(1 + 7o)? K (7o) ’
where 7. = r./rs is the non-dimensionalized core radius.
Integrating the gas density profile (equation A16 at r <r. and
equation A6 at r > r.) over 0 < r < ryg, and dividing by Fo Moo,

we obtain the factor F by which the halo baryonic fraction f pao is
reduced relative to the cosmic baryon fraction fy,

M
F( 200,c>
M,

(A16)

So.nato/ fo

-1
- [ln(l—i—c)— ﬁ} :

min(7c,c)
x / F'a+m? = 'A+7)2
0

— - - - \13/2
. {ng 11n(1+r)—rclln(1+rc)] )P2d,

5 Fe(1 + 72 K (7e)
(A17)

where 7. is given by S(r.)/S; = 1, hence,

237 —1/1.28
o= [C—‘(lna+c)—c/(1+c))—‘/3 (%) } . (A18)

and to keep consistency, K (7.) is approximated by
K(7o) = 7P+ 7o) TP L)

~ 0,255,7:28 ,;;5/3(1 + 7)1, (A19)

Setting F = 0.5 in equation (A17), we can solve for the charac-
teristic mass M|, at which haloes have a baryonic fraction which
is half of the cosmic mean. Over the range ¢ € [0.1, 100], we find a
good numerical fit to the result to be

M,
lo

£10 M

*

= —0.491 + 0.489 log,, ¢ — 0.0988(log,, c)*

+0.0495(log ¢)* — 0.00589(log,, ¢)*. (A20)

Since M, = 327 (1 + z)*2(T;/245K)*>* Mg (for NR and NR-H
runs), the dependence of baryonic fraction on halo mass in equation
(A17), and the characteristic mass® of equation (A20) are easily
compared with the simulations discussed in the main text. Note
that M, increases with ¢ because the non-dimensionalized core
radius increases with halo concentration. Between ¢ = 5 and 35,
M, ,>/M, increases from 0.658 to 1.507. In Table A1, we compare
our model with the simulations in the main text, and find it to be

SWe provide a code at https://github.com/haonan-zheng/model_fbar_halo
for readers to estimate the baryonic fraction and the characteristic mass
M|, particularly the mass scale to consider effects of the thermal pressure
arising from the initial gas entropy with any halo concentration, redshift, and
cosmology.
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Table Al. Comparison of our model for the characteristic mass M,
at which haloes have half the cosmic baryonic fraction to non-radiative
simulations with different initial gas temperatures 7; at different times.

Name of

simulations z  Ti/[K] ¢ M2 simulation Mol M1/2,model [Mo]
0.00 245 35 - 4.92 x 10?
307 245 10 3.78 x 10° 2.35 x 103

NR and NR-H 572 245 5 6.96 x 103 3.74 x 103
927 245 5 1.33 x 10* 7.07 x 10°

Ln, Fn, and Hn 197 245 5 - 1.08 x 10°

Lf, Ff, and Hf 197 107 5  3.54x 100 2.65 x 100

Notes.M1 3 simulation 1s interpolated/extrapolated from the runs with the
highest resolution (i.e. NR-H and Hf); note that for the NR, Ln, Fn, and Hn
runs, the drop in baryonic fraction is spurious. M1 /2 model is predicted using
equation (A20) with halo concentration ¢ = 35, 10, 5 for NR—H6, and with ¢ =
5 for Hn and Hf (i.e. M2, modet/ M« = 1.507,0.878 and 0.658, respectively):
for the NR and NR-H runs, M, = 327(1 + z)*/2; for the other runs, we
update M, with equation (A14) according to the appropriate cosmological
parameters, initial temperature, and mean gas molecular weight. Our model
provides reasonably accurate predictions.

reasonably accurate although always somewhat low; in the worst
case (for NR/NR-H at z = 9.27), the prediction is about 50 per cent
lower than the characteristic mass estimated from the simulation.

6These values are estimated from the further zoomed NR-H run and DMO
runs in Wang et al. (2020).

This paper has been typeset from a TEX/IATEX file prepared by the author.

© 2024 The Author(s).
Published by Oxford University Press on behalf of Royal Astronomical Society. This is an Open Access article distributed under the terms of the Creative Commons Attribution License
(https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

MNRAS 532, 3151-3165 (2024)

20z Jequiedas z| uo 1senb Aq | 1160.2/151€/E/ZES/RI0IME/SEIUW/WOD dNO-OlWSPESE//:SANY WO} PAPEOIUMOQ


https://creativecommons.org/licenses/by/4.0/

	1 INTRODUCTION
	2 SIMULATION DETAILS
	3 RESULTS
	4 RESOLUTION AND GAS PRESSURE EFFECTS IN SIMULATIONS WITH NON-RADIATIVE GAS
	5 DISCUSSION
	6 CONCLUSION
	ACKNOWLEDGEMENTS
	DATA AVAILABILITY
	REFERENCES
	APPENDIX: THE EFFECT OF INITIAL ENTROPY ON HALO GAS DENSITY PROFILES IN NON-RADIATIVE SIMULATIONS

