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A B S T R A C T 

The V oids-within-V oids-within-V oids project used dark-matter -only (DMO) simulations to study the ab undance and structure 
of dark matter (DM) haloes o v er 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 

4 –10 

7 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 rele v ant in this halo mass range (cooling and 

photoheating). In the non-radiative simulation, above 10 

5 . 5 M �, 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 
belo w ∼10 

2 . 7 M �. Ho we ver, 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. 
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 I N T RO D U C T I O N  

easurements of the cosmic microwave background (CMB) have 
evealed that dark matter (DM) is the dominant component 
 ∼84 per cent ) of cosmic matter (Planck Collaboration XVI 2020 ). 
espite its important role as the principal driver within the Lambda 

old dark matter ( � CDM ) framework of the growth both of large-
cale structure and of galaxies (Davis et al. 1985 ; White & Frenk
991 ), the nature of DM is still uncertain, and numerous elementary
article candidates have been proposed (e.g. weakly interacting mas- 
ive particles also known as ‘WIMPs’, sterile neutrinos, axions, see 
ertone, Hooper & Silk 2005 ; Roszkowski, Sessolo & Trojanowski 
018 for re vie ws). 
Various probes involving the present-day properties of small-scale 

sub)structures have emerged as possible constraints on the nature 
f DM (e.g. their abundance, concentration, and DM annihilation 
ignals, see Frenk & White 2012 , for a re vie w). The properties
f DM particles set the minimum scale for structure in the post-
ecombination universe, and this, in turn, determines the minimum 

ass of the non-linear structures that form at later times (e.g. Bode,
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striker & Turok 2001 ; Avila-Reese et al. 2003 ). A detailed under-
tanding of how this is reflected in the abundance and structure of
ow-redshift mini-haloes may thus be key in constraining DM. Until 
ecently, such understanding has come from extrapolating results for 
uch larger haloes, or from approximate structure formation theories 

e.g. Press & Schechter 1974 ; Bond et al. 1991 ; Sheth, Mo & Tormen
001 ). Recently, ho we ver, the full halo mass range rele v ant for WIMP
M was resolved in the V oids-within-V oids-within-V oids (VVV) 
ultizoom DM simulation suite of Wang et al. ( 2020 ). This suite uses

ine levels of resimulation to span over 20 orders of magnitude in
alo mass, resolving present-day halo structure all the way from rich
luster masses ( ∼10 15 M �) down to the Earth mass limit expected
n a typical WIMP model ( ∼10 −6 M �). The VVV simulations thus
rovide a direct prediction for the abundance and structure of present- 
ay mini-haloes (Zheng et al. 2024 ). This contrasts with earlier work
n low-mass halo formation which concentrated on halo properties at 
igh redshift and did not follow evolution until the present-day (e.g.
iemand, Moore & Stadel 2005 ; Ishiyama, Makino & Ebisuzaki 
010 ; Angulo et al. 2017 ). 
These predictions can be impro v ed by taking baryonic physics

nto consideration, which, as pointed out in many studies, can 
lter low-redshift halo properties such as abundance (or halo mass) 
nd density profile (or concentration), thus affecting the predicted 
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Table 1. Parameters of the different simulations. 

Name of simulations N particles m dm 

[ M �] m gas [ M �] εsoftening [ cpc ] r res ( z = 0) [ ckpc ] 

DM 4 × 10 7 177.35 – 29.51 694.45 
NR 8 × 10 7 149.48 27.87 29.51 700.40 
RI 8 × 10 7 149.48 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 ( εdm 

= εgas ); 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. 
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uminosity in annihilation radiation. The effect on halo abundance
epends on halo mass and on the baryonic physics considered.
 or e xample, in simulations with reionization, star formation, and
uperno vae feedback, Sa wala et al. ( 2013 ) report a 20 −30 per cent
ecrease in the cumulative halo mass function at 10 9 to 10 11 h 

−1 M �,
nd Grand & White ( 2021 ) report a 30 per cent decrease in halo
bundance and a factor of 2 decrease in halo DM annihilation
uminosity for haloes in the mass range 10 7 . 3 –10 10 . 5 h 

−1 M � For
imulations additionally including black hole feedback, Schaller et al.
 2015 ) report a 20 −30 per cent decrease in the halo mass function
t 10 8 –10 11 h 

−1 M �, and Vogelsberger et al. ( 2014 ) report a similar
ecrease for 10 8 –10 11 h 

−1 M �. 
We note that the abo v e studies focus on relatively large-mass

cales ( > 10 7 . 3 M �), and cannot be applied to haloes with shallower
otential wells and no star formation at all (Rees 1986 ; Thoul &
einberg 1996 ; Gnedin 2000 ). Recently, Benitez-Llambay & Frenk

 2020 ) presented a detailed model of gas cooling in haloes as a
unction of redshift and mass, defining a ‘halo occupation fraction’
s the fraction of haloes containing at least some stars as a function
f halo mass; they found this halo occupation fraction to drop to zero
t ∼3 × 10 8 M �. This is very convenient for simulations of even
ower mass haloes, since only relatively clean baryonic physics need
e included, i.e. the cooling and reionization of gas. 
In this study, we carry out high-resolution hydrodynamic simu-

ations, based on the dark-matter-only (DMO) simulations of Wang
t al. ( 2020 ) in order to investigate the impact of baryons on such
ow-mass haloes, and how that impact depends on halo mass. Our
esults are useful for making accurate predictions for halo properties
ele v ant to DM detection based on methods focusing on mini-haloes,
 10 8 M �, such as strong gravitational lensing (Dalal & Kochanek

002 ; Koopmans 2005 ), density fluctuations in tidal streams (Ibata
t al. 2002 ; Johnston, Spergel & Haydn 2002 ; Banik et al. 2021 ), and
-ray emission from DM annihilation (e.g. Bergstr ̈om et al. 1999 ;
toehr et al. 2003 ; Springel et al. 2008 ; Grand & White 2021 ). 
The paper is organized as follows. Section 2 describes the

imulation details. Section 3 presents our results. Sections 4 and 5
iscuss the impact of thermal pressure, of numerical limitations and
f baryonic processes not included in this paper. Section 6 presents
ur conclusions. 

 SIMULATION  DETA ILS  

o investigate baryonic effects on the properties of mini-haloes,
e concentrate on three high-resolution zoom simulations with

he GADGET-4 code (Springel et al. 2021 ). We adopt the same
osmological model parameters and generate initial conditions using
he same methods as Wang et al. ( 2020 ) for the VVV-project. The
VV simulations, which model DMO, consist of a single � CDM

imulation of a cosmological volume 737 . 79 Mpc on a side (the L0
olume), and a nested series of zoom simulations within L0 that
arget smaller and smaller low-density regions (the L1–L8 volumes).
NRAS 532, 3151–3165 (2024) 
n order to be able to simulate the formation of the population of
resent-day haloes o v er 20 orders of magnitude in mass with a
easonable computational cost, the strategy adopted in VVV was
o zoom into voids. This, by construction, excludes the most massive
irialized objects in the zoom region, reducing the computational
xpense dramatically. A visual representation of this set-up is shown
n fig. 1 of Wang et al. ( 2020 ). Each of these nested zoom simulations
ontains a core region that can be simulated all the way to redshift
ero without being contaminated by heavier particles. For the current
aper, it pro v ed conv enient to reuse a set of initial conditions created
or the VVV project. We took a region called ‘L3-pilot’ which is
ocated within the L2 core region. The high-resolution region of the
3-pilot initial conditions is close both in size and in position to the
3 v olume, b ut it has a particle mass that is 64 times larger than in

he 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
as (NR), and DM plus primordial gas that is heated by reionization
nd able to cool through atomic cooling (RI). We take the DM
imulation as the fiducial simulation to compare against. The initial
onditions for the NR simulation is generated from the DM initial
onditions using a feature of the GADGET-4 code that splits each
igh-resolution DM particle into a DM particle with less mass and
 gas particle. We set the initial gas temperature to 245 K according
o the fitting formula provided by Tseliakhovich & Hirata ( 2010 )
 v aluated at our starting redshift of 127. We adopt a smoothed
article hydrodynamics (SPH) neighbour number, N sph = 64, and
he artificial viscosity constant, αsph = 1. The RI simulation further
ncludes radiative cooling (Katz, Weinberg & Hernquist 1996 ) and
hotoheating by a uniform ultraviolet (UV)/X-ray background from
alaxies and quasars (Haardt & Madau 1996 ). The GADGET-4 code
mplements cooling and heating assuming ionization equilibrium at
ll times. The UV background is turned on at redshift six triggering
rompt reionization of hydrogen at that redshift. Since atomic cooling
as virtually no effect before reionization (the temperature of almost
ll gas is well below 10 4 K), we adapt a snapshot of the NR simulation
t z = 10 as the initial condition for the RI simulation. Baryonic
rocesses such as star formation and stellar feedback are not included,
ince the minimum halo mass for star formation is ∼3 × 10 8 M �
Benitez-Llambay & Frenk 2020 ), which is abo v e the mass range
resent in our simulations. 
The cosmological parameters of these simulations are taken

rom Planck Collaboration VI ( 2014 ): �m 

= 0 . 307, �� 

= 0 . 693,
b = 0 . 04825, h = 0 . 6777, n s = 0 . 9611, and σ8 = 0 . 8288. These

re the same parameters used in the EAGLE project (Schaye et al.
015 ). The same linear matter power spectrum is also used but is
xtended to higher wavenumbers as explained in Wang et al. ( 2020 ).
e note that our procedures lead to a small inconsistency between

ur initial conditions and those expected in a Planck cosmology
ncluding baryons, since the growth of small-scale linear fluctuations
 k ≥ 10 2 . 3 Mpc −1 ) between recombination and z = 127 is slightly
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eaker in a universe containing both DM and baryons than in 
ne containing DMO, and furthermore the distributions of baryons 
nd DM differ slightly on small scales (see e.g. Delos & White
023 ). This causes us to o v erestimate slightly the abundance and
oncentration of haloes at masses below about 10 5 M �, but we prefer
ur simpler set-up since all differences between the DM run and the
wo runs with baryons are then due to baryonic effects during the
imulated time period. 

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

ollows Springel et al. ( 2005 ), and the merger trees provide the mass
ccretion history of haloes. 

For each simulation output, we conserv ati vely define a fiducial 
egion as a sphere of radius, r high containing only high-resolution 
articles and with no larger mass particles close by . Specifically , we
ake the centre of the sphere to be the centre of mass of all the high-
esolution particles and its radius to be r high = 0 . 8 r res , where r res is
he distance from the centre to the closest more massive particle. We
se only particles or haloes whose centre lies within this sphere for
ll our quantitative analysis. In practice, at any given output time 
he spherical regions in the DM, NR, and RI simulations are almost
dentical allowing accurate lik e-with-lik e comparisons to be made. 

 RESULTS  

.1 Large-scale structure 

e show the z = 0 projected total matter, DM and baryonic matter
urface densities in the high-resolution regions of our three zoom 

imulations in Fig. 1 . The DM distribution on large scales is virtually
he same in all three simulations and the shape and size of the high-
esolution region is almost unchanged. The distribution of gas in 
he NR simulation closely traces the DM structure, while in the RI
imulation, where the the gas has been heated by a UV background,
he gas is diffuse everywhere and is not concentrated to any visible
xtent in any of the DM haloes within the volume. In the RI simulation
ome of the gas has left the high-resolution region by redshift zero.
his is a result of our not including gas in the low-resolution region,
o that there is, in effect, a zero-pressure boundary condition on the
igh-resolution region. 
In Table 2 , we list the total, DM and baryonic densities within

ur fiducial regions, normalized by the corresponding cosmic mean 
ensities of these components. Unsurprisingly, given the selection of 
he underdense L3-pilot region, the total matter density is much lower 
han the cosmic mean matter density with the ratio decreasing with 
ime. The scaled DM and baryon densities, ˜ ρgas , NR , and ˜ ρtot, DM 

agree 
xtremely well at all redshifts in the NR simulation. This contrasts
ith the RI simulation where the the difference is 2.2 per cent at
 = 3 . 06 and rises to 11 per cent at z = 0. The difference is driven
y photoheating which raises the temperature of the gas in the RI
imulation abruptly at redshift six, leading to the outflow visible at 
he edges of the gas distribution in the lower right panel of Fig. 1 . 
.2 The halo mass function and the baryonic mass fractions 
ithin haloes 

he evolution of the halo mass function and of the halo baryonic
ractions are shown in Figs 2 and 3 , respectively. Both of these
uantities are e v aluated within our fiducial analysis regions defined
t the end of Section 2 . The number of haloes in each mass bin in the
 = 0 DM simulation is given in column 2 of Table 3 . 

In the NR simulation, the halo mass function of mini-haloes 
 � 10 5 M �) is suppressed by ∼ 30 per cent relative to the DMO
imulation, but the mass function is hardly affected for larger haloes
 � 10 5 . 5 M �). The baryonic fraction in haloes of M 200 � 10 5 M �
ecreases with halo mass at all redshifts. We discuss this trend further
n Section 4 where we also determine the number of particles in a
alo required for the mass function and the baryonic fractions to be
eliably determined. For the NR simulation, the halo mass function 
onverges to within about 20 per cent for haloes with more than
0 particles (here ∼10 4 M �) whereas the halo baryonic fractions 
onverge for 500 particles (here ∼10 5 M �). 

In the RI simulation, the effect of reionization ( z reionization = 6)
s evident. At z = 9 . 27, before reionization, the halo mass function
nd halo baryonic fractions o v erlap with those of the NR simulation.
fter reionization, haloes rapidly lose baryons by photoe v aporation, 
eginning with the smaller haloes which have shallower gravitational 
otentials. At z = 5 . 72, the largest haloes still retain most of their
aryons but at lower redshift ( z = 3 and 0), all of the haloes are nearly
as-free, and the halo mass function is suppressed by ∼30 per cent
n all mass bins. 

Most previous studies (e.g. Crain et al. 2007 ; Schaller et al. 2015 ;
in et al. 2017 ) comparing haloes in DMO and hydrodynamic

imulations have focused on much more massive objects than we 
onsider here, but a few reach sufficiently low mass that their
ehaviour is dominated by the same effects that are rele v ant in our
ass range. Schaller et al. ( 2015 ) found the halo mass function o v er

he range 10 8 to 10 11 . 5 h 

−1 M � in the EAGLE simulations (Schaye
t al. 2015 ) to be suppressed by 20 −30 per cent while Grand &

hite ( 2021 ) found the abundance of field haloes in the range 10 7 . 3 –
0 10 . 5 h 

−1 M � in the Auriga simulations to be reduced by 30 per cent
elative to DMO versions evolved from the same initial conditions. 

All simulations that have compared models with non-radiative gas 
o DMO models from the same initial conditions have found that
he abundance and internal structure of haloes are very similar in
he two cases. Crain et al. ( 2007 ) discussed how post-reionization
hotoheating affects the baryonic fraction of haloes of mass between 
0 9 . 5 and 10 13 h 

−1 M �. In their purely non-radiative simulation, the
edian baryonic fraction within the halo virial radius is ∼90 per cent

f the cosmic mean value and does not depend either on redshift or
n halo mass down to their smallest mass bin ( ∼10 9 . 5 h 

−1 M �).
ur results extend this conclusion, showing that above 10 5 . 5 M �, 
aloes in the NR case retain 90 per cent of their baryons, while
elow 10 4 M � the gas fraction is greatly reduced (see Fig. 9 ).
his transition is independent of redshift. In contrast, in their 
hotoheating simulation, Crain et al. ( 2007 ) found that low-mass
aloes are unable to keep all their gas, with the baryonic fraction
alling to approximately half the cosmic value at 10 10 h 

−1 M �,
nd approaching zero at 10 9 . 5 h 

−1 M �. Similar results at higher
edshift were obtained by Okamoto, Gao & Theuns ( 2008 ), with the
aryonic fraction in haloes dropping from the cosmic mean value at
og ( M/h 

−1 M �) ≈ 9 (10) to nearly zero for haloes 10 times smaller
n mass at z = 5 . 0 (2 . 09). These results are corroborated by our find-
ng that well after reionization f b , halo ≈ 0 for all the haloes in our RI 
MNRAS 532, 3151–3165 (2024) 
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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 r 200 

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. 
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.3 Present-day density profiles 

n this section, we compare the radial density profiles of haloes in the
R and RI simulations with their counterparts in the DM simulation.
o find counterparts, we make use of the common DM particle IDs

n the three simulations and assume a match if the DM halo and
he halo from the other simulation share more than half of the same
articles. The third column of Table 3 shows the number of DM
aloes in bins of halo mass that have a counterpart in both the NR
nd RI simulations. Almost all haloes in the mass bins, we study are
NRAS 532, 3151–3165 (2024) 
uccessfully matched. We focus on four mass bins, each of width 0.5
ex, in the mass range (10 5.25 –10 7.25 M �). 
In Fig. 4 , the haloes are binned by their mass in the DM simulation,

nd we compare the bin averaged total matter density profiles of
he matched haloes for the three simulations. When comparing the
ensity profiles in the three simulations we must bear in mind that
ndividual profiles are affected near the centre by the gravitational
oftening and by two-body relaxation (Power et al. 2003 ; Navarro
t al. 2004 ). Recent work by Zhang et al. ( 2019 ) suggests that the
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Table 2. The evolution of rescaled matter density, ˜ ρ = ρ/� ρcrit , inside a sphere of radius, r high , in different 
simulations. 

z Name of simulations r high [ ckpc ] ˜ ρtot ˜ ρdm 

˜ ρb 

DM 555.56 0.074 74 0.074 74 –
0 NR 560.32 0.073 58 0.073 59 0.073 55 

RI 565.39 0.071 95 0.073 09 0.065 85 

DM 373.72 0.272 87 0.272 87 –
3.06 NR 375.65 0.270 18 0.270 14 0.270 41 

RI 375.66 0.270 21 0.271 16 0.265 20 

DM 317.36 0.410 56 0.410 56 –
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 0.529 91 0.529 91 –
9.27 NR 283.83 0.526 87 0.526 85 0.526 95 

RI 283.77 0.527 05 0.527 04 0.527 09 

Notes. Column 1: redshift, z ; column 2: name; column 3: radius of the high-resolution region analysed, r high ; 
column 4: total matter density , ˜ ρtot , in each region rescaled by the cosmic mean matter density, ˜ ρtot = ( ρdm 

+ 

ρb ) / ( �dm 

+ �b ) ρcrit ; column 5: rescaled DM density, ˜ ρdm 

= ρdm 

/�dm 

ρcrit , column 6: rescaled baryon density, 
˜ ρb = ρb /�b ρcrit . 
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ower et al. radius (Power et al. 2003 ) can be too conservative by
bout a factor of 2. In the plots, we mark the radius corresponding to
hree times the gravitational softening, which for our simulations is 
lose to half the Power et al. radius. 

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

By contrast, the density profiles in the RI simulation are strongly
ffected in all the mass bins. The total total matter density at a
xed physical radius is 25 −30 per cent lower than in the DM case
ear the centre and 15 −20 per cent lower close to r 200 . Fitting the
ensity profiles 1 with either an NFW profile (Navarro, Frenk & 

hite 1996 ) or an Einasto profile (Einasto 1965 ; Navarro et al.
004 ) with fixed α = 0 . 16 following Wang et al. ( 2020 ), we find that
he concentration parameter in the RI haloes is also typically reduced 
y 15 −20 per cent . 

.4 Mass accretion history 

e investigate the mass accretion histories of haloes using the same 
atched samples as the previous subsection – apart from excluding 
 small number of haloes that have split off a larger halo in the
ecent past. This makes only a small difference to the sample sizes
hich are listed in the fourth column of Table 3 . The mass accretion
istories, 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 6.5 –
0 7.25 M �), haloes follow very similar mass accretion histories to 
heir counterparts in the DM simulation, showing that just including 
on-radiative gas makes little difference. For the two smaller mass 
ins (10 5.25 –10 6.25 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 (10 6.25 –
0 7.25 M �) because of resolution limitations: in the smaller haloes, r −2 , the 
adius where the logarithmic slope is –2, is smaller than 3 εsoftening , which 
ould cause the fits to be unreliable. 

2

d
(
b

t z = 0, while the difference is much larger, ∼30 per cent , at earlier
edshifts (e.g. z = 6). The agreement between the NR and DM mass
ccretion histories impro v es once the halo mass exceeds 10 5 . 5 M �
egardless of the redshift when this occurs, which suggests that this
ffect is numerical rather than physical in the non-radiative case. 
his is discussed further in Section 4 . 
For the RI simulation, the history before reionization is almost the

ame as in the NR simulation, suggesting that cooling processes have
o significant impact on haloes of this mass. Ho we ver, as soon as
eionization is triggered, haloes in the RI simulation begin to follow
ifferent tracks from their NR counterparts; this reflects the fact that
as is no longer able to accrete onto low-mass haloes, and their
xisting gas content is reduced by photoe v aporation. This ef fect can
e seen in the work of Sawala et al. ( 2013 ), who found that haloes of
ubgalactic scale are 30 per cent less massive in a RI-type simulation
han in the corresponding DMO simulation, a result subsequently 
orroborated by Velliscig et al. ( 2014 ) and Desmond et al. ( 2017 ).
ur results here extend this conclusion to even smaller haloes (i.e.
0 4 –10 7 M �). 

.5 Annihilation signals 

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

2 : 

/M ∝ V 

4 
max / ( r max M 200 ) . (1) 

ere, the halo maximum circular velocity and the radius where this
aximum occurs are denoted by V max and r max , respectively. 
In Fig. 6 , we quantify the reduction in L/M for mini-haloes in the

I simulation compared to the DM simulation. We see from the lower
ubpanel that the signal decreases by ∼40 per cent in the mean for
MNRAS 532, 3151–3165 (2024) 

 This formula should be corrected by multiplying by (1 − f b , halo ) 2 , as baryons 
o not contribute to DM annihilation. Ho we ver, in the cases, we focus on here 
i.e. comparing the RI and DM runs at z = 0), all haloes are almost empty of 
aryons. 
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M

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 abo v e 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 M 200 ≥ 10 5 . 5 M � in the NR simulation, but it is suppressed by ∼30 per cent in the RI simulation since reionization at z = 6. 
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 200 � 10 6 M � (though we note there are only a few haloes in these
ass bins), and by ∼10 per cent at M 200 � 10 5 . 5 M �. Convolving
ith the ∼30 per cent suppression of the halo mass function in the RI

imulation, we estimate that the annihilation signal per unit volume
n the RI case is ∼40 −60 per cent lower than in the DM-only case
hen averaged over haloes in the mass range 10 4 to 10 7 M �. 

 RESOLU TION  A N D  G A S  PRESSURE  EFFECTS
N  SIMULATION S  WITH  N O N - R A D I AT I V E  G A S  

e expect that haloes in our NR simulations that are not resolved
ith a sufficient number of SPH particles will have artificially low
as fractions. There is also a physical effect arising from the choice
f the initial entropy of the non-radiative gas which leads to the gas
eing too hot for small haloes to be able to capture or retain it. In
his subsection, we make use of additional non-radiative simulations
o separate the numerical and physical effects and to establish their
elative importance for the results presented in Section 3.2 . 
NRAS 532, 3151–3165 (2024) 
In Appendix A , we derive a simple expression for a characteristic
alo mass, M 1 / 2 , (equation A20 ) below which we expect haloes to be
argely gas-free because of the effects of gas pressure. This scale is a
unction of redshift and of the initial entropy of the non-radiative gas,
r equi v alently of the temperature of the gas in our initial conditions
t z = 127. 

We make use of a suite of cosmological simulations within
4 . 3 Mpc periodic boxes from Liao et al. ( 2017 ) to test this
haracteristic mass scale. These are suitable for our purposes because
hey include simulations differing only in the gas temperature in the
nitial conditions. The parameters of the simulations are listed in
able 4 . The values of the cosmological parameters are close to, but
ot identical to those of the VVV simulations and we do not expect
he differences to be important for our purposes. 

We test numerical convergence in halo properties in the absence
f significant effects from the initial gas pressure using the Ln,
n, and Hn simulations, which have the same initial redshift and

emperature (i.e. z i = 127, T i = 245 K) as our fiducial simulations
ut substantially lower resolution. We define convergence to be



Baryonic effects on low-mass haloes 3157 

Figure 3. The fraction by mass of baryons in haloes within r 200 as a function of halo mass in the NR and RI simulations at the four redshifts shown. The 
solid coloured lines show the median fractions and the black horizontal dotted line marks the cosmic mean baryonic fraction, f̄ b = �b /�m 

. The vertical 
dash–dot–dotted lines in the upper panels of each pair represent the mass of 500 DM particles in the hydro runs, indicating the resolution limit abo v e which 
the baryonic fractions in the non-radiative simulations are converged within ∼20 per cent (as illustrated in Section 4 ). To the left of these lines our results are 
susceptible to numerical issues, so the medians are plotted in grey. The black solid lines in the small panels show the corresponding ratio of the RI/NR baryonic 
fractions. At redshift z = 9 . 27, which is before reionization, the blue NR line is hidden behind the red RI solid line. In the NR simulation, haloes of mass 
≥10 5 . 5 M � have a baryonic fraction close to the cosmic mean value, while in the RI simulation they lose almost all their baryons after reionization at z = 6. 
The faint points in each panel refer to individual haloes. 

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

log 10 ( M 200 / M �) N 1 N 2 N 3 

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: N 1 , number of haloes in the DM 

simulation; column 3: N 2 , number of matched haloes, binned by the mass 
in the DM simulation; see Section 3.3 for details; column 4: N 3 , 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. 
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greement within 20 per cent with a simulation of higher resolution.
ig. 7 shows that the halo mass function converges at a mass
orresponding to ∼50 DM particles. 

In all three simulations, the baryonic fraction starts to drop below
he cosmic value at radii containing fewer then 500 DM particles.
ven for the highest resolution case (Hn) this is at halo masses

ar abo v e those where there is any appreciable drop in our fiducial
R simulation (see Fig. 3 ). For all these simulations, the model of
ppendix A predicts that physical effects due to the finite entropy of

he gas will lead to a characteristic mass of M 1 / 2 ( z = 1 . 97 , T i =
45 K) = 1 . 08 × 10 3 M �, well below the mass scale where the
aryonic fraction drops in any of these simulations, indicating that 
ur adopted initial gas temperature is too low to hav e an y physical
ffect on the baryonic fractions of haloes, in particular, also in our
MNRAS 532, 3151–3165 (2024) 

ducial NR simulation. 
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M

Figure 4. Comparison of total matter density profiles of the matched haloes in our three simulations at z = 0. ρmean denotes the mean matter density of our 
Uni verse. Dif ferent panels correspond to different mass bins for haloes in the DM simulation. The upper subpanels show density profiles, with the black-dashed 
lines representing the DM simulation, and the blue and red solid lines the NR and RI simulations, respectively; the arrows mark 3 εsoftening . The bottom panels 
show the ratios NR/DM and RI/DM. For halo masses abo v e 10 5 . 5 M �, the total matter density profiles are ∼15 −30 per cent lower for RI than for NR and DM, 
while below 10 5 M � both the RI and NR profiles are below the DM profile by a similar amount. 
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In Fig. 8 , we show that non-radiative simulations in which the
nitial gas temperature is much higher, T i = 10 7 K, do show an
uthentic drop in baryonic fraction. The baryonic fraction resolved
n the Ff simulation (256 3 ) is closely aligned with that in the
f simulation (512 3 ). Interpolating values of M 1 / 2 , defined by
 b , halo ( M 1 / 2 ) = f̄ b / 2, we find 3 . 41 × 10 10 and 3 . 54 × 10 10 M � for

he Ff and Hf simulations respectively. a factor of just 1.3 larger than
ur predicted value, M 1 / 2 ( z = 1 . 97 , T i = 10 7 K) = 2 . 65 × 10 10 M �.
he lowest resolution run, Lf, has 500 m dm 

comparable to the
redicted value of M 1 / 2 and it clearly o v erestimates the characteristic
ass. Thus, inferring the baryonic fraction reliably in a non-radiative

imulation requires the characteristic mass to be resolved with at least
00 DM particles. This is consistent with the conclusion of Okamoto
t al. ( 2008 ) that the drop in baryonic fraction that they found
rior to reionization below 10 8 M � ( ∼500 m dm 

in their ‘reference’
imulation) was a numerical artefact. 

The characteristic mass, M 1 / 2 , as a function of redshift for our
ain simulation is M 1 / 2 ∼ 492 M �(1 + z) 1 . 5 for haloes with a

oncentration c = 35 (see Appendix A ). This is well below the
NRAS 532, 3151–3165 (2024) 
inimum requirement of 500 DM particles per halo to a v oid
umerical suppression of the halo baryonic fraction at all redshifts
f interest here. We do expect that the initial gas entropy will affect
he baryon fractions in very small haloes but simulations of higher
umerical resolution are needed to show this. 
We carried out such a simulation, NR-H, making use of higher

esolution initial conditions created originally for the VVV project
the L4-pilot simulation). The mass of the DM particles in the high-
esolution region of this resimulation is 0 . 18 M �, while the mass of
as particles is 0 . 034 M � and the softening length for all particles
s ∼4 . 85 cpc . Once again we took T i = 245 K at z i = 127. The
haracteristic mass, M 1 / 2 , is well resolved at all redshifts in this
ase, so we would expect small mass haloes with more than 500 DM
articles to show a genuine suppression of the baryon fraction due
o the initial gas entropy. This NR-H simulation was e xpensiv e and
as stopped at z = 3 . 06. 
In Fig. 9 , we compare the baryonic fraction in the NR and

R-H simulations with our model prediction at z = 3 . 06. The
alue M 1 / 2 , simulation = 3 . 78 × 10 3 M � 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 z reionization = 6. The bottom panels show the ratios, NR/DM, and RI/DM. 
Reionization rapidly reduces halo masses by ∼30 per cent . 
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odel prediction, M 1 / 2 , model = 2 . 35 × 10 3 M � well, and, indeed, 
he model matches the full shape of the simulated suppression as a
unction of halo mass quite accurately. We have checked that similar
greement occurs also at redshifts 5.72 and 9.27 and we list the
haracteristic masses in Table A1 . Finally we also resimulated the 
argest halo in the NR-H simulation at z = 3 . 06 with eight times
igher resolution. We show the baryonic fractions found for this 
ne halo in the two simulations as symbols in Fig. 9 . The two
ymbols agree very well with each other and with our theoretical 
rediction. 
In conclusion, we have determined that at least 500 DM particles 

er halo are needed in non-radiative simulations to obtain the 
aryonic fraction of small haloes to better than 20 per cent. Provided
his condition is met, the baryonic fraction of haloes is insensitive 
o large increases in numerical resolution and thus appears well 
onv erged. We hav e also shown that the effect of the initial gas
ntropy on the baryonic fraction of small haloes can be seen, 
i ven suf ficient numerical resolution, and that both the dependence 
f this suppression on halo mass and the characteristic mass at 
hich it occurs are well reproduced by the simple physical model 
fi
f Appendix A . It is notable that the halo mass function is less
ensitive to resolution; we find that a minimum of just 50 particles is
ufficient to determine it in non-radiative simulations to an accuracy 
f 20 per cent. 

 DI SCUSSI ON  

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

.1 Applicability of our results to haloes of lower masses 

e have focused on mini-haloes with mass between 10 4 and 10 7 M �
ut we expect in the cold DM cosmogony that there will be haloes
f much smaller mass down to the (unknown) cut-off in the matter
ower spectrum. From our model predictions in Appendix A and 
he results of the highest resolution simulations shown in Fig. 9 , we
nd that the gas fractions of haloes with masses below ∼10 2 . 7 M �
MNRAS 532, 3151–3165 (2024) 
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Figure 6. Comparison of the annihilation luminosity-to-mass ratio of haloes 
in the DM (black-dashed line) and RI (red solid line) simulations at z = 0, 
with the ratio of the means from the top panel shown as a function of halo 
mass in the bottom panel. We plot mean lines down to 50 m dm 

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 N dm 

m dm 

[ M �] m gas [ M �] ε [ kpc ] T i [K] 

Ln 128 3 4 . 92 × 10 7 7 . 56 × 10 6 2.86 245 
Fn 256 3 6 . 15 × 10 6 9 . 45 × 10 5 2.86 245 
Hn 512 3 7 . 69 × 10 5 1 . 18 × 10 5 2.86 245 
Lf 128 3 4 . 92 × 10 7 7 . 56 × 10 6 2.86 10 7 

Ff 256 3 6 . 15 × 10 6 9 . 45 × 10 5 2.86 10 7 

Hf 512 3 7 . 69 × 10 5 1 . 18 × 10 5 2.86 10 7 

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 z init = 127. 
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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 3 DM particles, light green), 
Fn (256 3 , green), and Hn (512 3 , deep green) simulations. These all have 
the same initial temperature, T i = 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, f̄ b = �b /�m 

, 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 � 50 m dm 

, while the baryonic fraction is converged for ∼500 m dm 
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at z = 0) or ∼10 3 . 8 M � (at z = 9 . 27) are very low in non-radiative
imulations simply because the gas entropy is too high for such
mall haloes to have accreted any gas. We expect that this would
ead to an even stronger suppression of the low-redshift halo mass
unction and of low-redshift halo concentrations relative to a DM-
nly simulation than we saw for haloes in the range of 10 4 –10 7 M �
n the RI simulation, where reionization drives gas out of all haloes
fter redshift 6. 

.2 Effect of early relati v e streaming motions between baryons 
nd DM 

 streaming velocity, v bc , between DM and baryons is generated
t early times because the baryons are coupled strongly to radiation
uch longer than the DM. The typical root mean square value of v bc at

he recombination time is σvbc ∼ 28 km s −1 , and then decays as 1 + z

Tseliakhovich & Hirata 2010 ). This streaming velocity is thought to
ave a major impact on the formation of the first baryonic structures:
seliakhovich & Hirata ( 2010 ) show that it would suppress the halo
ass function for 10 4 –10 8 M � haloes at z = 40 by ∼50 −70 per cent .
 similar conclusion may be found in McQuinn & O’Leary ( 2012 )
NRAS 532, 3151–3165 (2024) 
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Figure 8. As the lower plot of Fig. 7 , but for simulations with a very high 
initial temperature, T i = 10 7 K. These simulations are Lf (128 3 DM particles, 
coral), Ff (256 3 , gold), and Hf (512 3 , brown). With the high gas pressure 
caused by such an extreme initial temperature haloes of mass � 10 11 M � are 
unable to retain a baryonic fraction close to the cosmic mean value. 

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 c = 10. Thresholds of 500 m dm 

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 � 10 3 . 4 M � (at z = 3 . 07) are 
unable to capture gas even without reionization; they are too small, ho we ver, 
to be resolved in our main NR simulation. 
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t z ∼ 15 −40. According to Greif et al. ( 2011 ), Fialkov ( 2014 ),
nd Schauer et al. ( 2019 ), the streaming velocity may hinder the
ormation of the first stars. 

Although the effects of the streaming velocity are important at 
igh redshift, they become less so at lower redshift. For example,
aoz, Yoshida & Gnedin ( 2012 ) show that the halo abundance at
0 6 –10 7 M � at z = 11 is almost unaffected for v bc = σvbc ; to make
 difference of ∼30 per cent at the same redshift, an extreme value
f v bc as high as 3 . 4 σvbc would be required for an appreciable effect,
hich would be a rare case according to Ahn ( 2016 ) and Ahn & Smith

 2018 ). Thus, while streaming might induce a sizeable suppression
f halo formation and baryonic fractions at z � 20, the majority of
aloes in our void region form much later than this and we expect
nly minor changes from our results at z < 9 . 3. 

.3 Molecular hydrogen cooling 

nother issue that needs addressing is the possibility of Pop III
tar formation before reionization. These first stars could produce 
dditional feedback that could expel baryons from haloes at early 
imes. As we focus on an extremely underdense region, halo growth
s suppressed (e.g. in our simulations, the mass of the largest halo
nly exceeds 10 6 M � at z ∼ 12), leading to delayed Pop III star
ormation. Most previous studies (e.g. Yoshida et al. 2003 ; Reed
t al. 2005 ; Gao et al. 2007 ; Wise, Turk & Abel 2008 ) have focused
n regions of average or above average density. For example, Regan
 2023 ) performed zoom simulations of three clusters and one region
f cosmic mean density, and found Pop III star formation before
 = 22 in all three clusters, while the cosmic mean density region
ho wed a slo wer halo mass accretion history and no sign of star
ormation when the simulation ended at z = 20 . 85. 

In their hydrodynamical simulations, Yoshida et al. ( 2003 ) found
 critical halo mass, ∼5 × 10 5 h 

−1 M �, for Pop III star formation to
ccur at z > 16 (mostly at the intersections of filaments). Gao et al.
 2007 , 2010 ) suggested a threshold virial temperature, T vir ∼ 1000 K,
or molecular hydrogen production to be boosted and cooling to 
ecome ef ficient, allo wing the first stars to form with a redshift delay,
z ∼ 3 −4, in haloes whose mass increases from 2 . 21 to 2 . 55 ×

0 6 M � between z ∼ 50 −10. By comparison, the largest haloes 
n our simulation have masses of M 200 = 6 . 01 × 10 4 , 4 . 97 × 10 5 

nd 3 . 37 × 10 6 M �, corresponding to virial temperatures of T vir =
26, 961, and 2531 K at z = 19 . 90 , 14 . 07, and 10.08, respectively.
his suggests that first star formation could possibly occur in our
imulation at z ∼ 10 −14. 

Ho we ver, the possibility of background Lyman–Werner (LW) 
adiation released by an earlier generation of Pop III stars complicates
he situation considerably. Yoshida et al. ( 2003 ) found that even a
o w v alue of LW radiation of J 21 = 0 . 01 (where J 21 denotes the
ntensity of the radiation in units of 10 −21 ergs s −1 cm 

−2 Hz −1 ) could 
ncrease the critical virial temperature from 1800 to 2800 K due to
he dissociation of molecular hydrogen by the background photons; 
his could, ho we ver, be largely compensated by self-shielding. They
lso found that a value of J 21 = 0 . 1 would almost entirely prevent
as from cooling and collapsing. Reed et al. ( 2005 ) found a similar
esult for J 21 = 0 . 08 and argued that shielding of LW radiation is
nimportant in this case. (The transmission factor is reduced to 0.1
nly o v er a large distance, 1 cMpc ; by comparison, the radius of our
igh-resolution region at z = 12 is ∼0 . 335 cMpc ). 
In our case, the first stars are very likely to form outside our under-

ense high-resolution region before the haloes in our simulations gain 
nough mass to form stars. First star formation was long considered
MNRAS 532, 3151–3165 (2024) 
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ighly uncertain due to the many competing effects 3 (Bromm &
arson 2004 ; Reed et al. 2005 ), but some recent studies, integrating

hese effects within more sophisticated subgrid models, suggest a
learer conclusion: the earliest forming first stars inhibit further star
ormation elsewhere. For example, Nebrin, Giri & Mellema ( 2023 ),
sing the LW background provided by the model of Incatasciato,
hochfar & O ̃ norbe ( 2023 ), found that the halo mass threshold to

orm the first star is increased by ∼0 . 5 − 1 dex between z = 15 −10
ue to this radiation; Hegde & Furlanetto ( 2023 ) suggested a similar
ass threshold of ∼5 × 10 6 (10 6 ) M � at z = 10 (15) based on a

emi-analytic method, particularly when using the same model for
he gas central density as Nebrin et al. ( 2023 ) (their equation 7).
hese results indicate that most of the slowly growing haloes in our
tudy miss the time window for forming first stars, further justifying
ur decision to neglect star formation and related subgrid physics in
ur simulations. 

 C O N C L U S I O N  

n this paper, we study the properties of mini-haloes (10 4 –10 7 M �)
sing a suite of very high-resolution hydrodynamic simulations
 m dm 

∼ 150 M �, m gas ∼ 28 M �). This work builds upon the methods
nd results of the VVV multizoom simulation project (Wang et al.
020 ) that modelled the formation of haloes of all masses in a
MO universe up to the present-day. Our simulations consist of a

DM simulation’ (only DM), an ‘NR simulation’ (non-radiative gas),
nd an ‘RI simulation’ where radiative cooling and photoheating of
as by a UV background is turned on at z = 6 leading to prompt
eionization. We make use of initial conditions created originally for
he VVV project and model the formation of mini-haloes in a low
ensity region approximately 1 Mpc across today. 
On the scale of the region as a whole, the large-scale structure at

he present-day is very similar in all three simulations. The gas in
he NR simulation traces the DM closely at all times. Ho we ver, after
eionization the gas in the RI simulation is heated to the point that it
ecomes diffuse and smooth on the scale of even the largest haloes
n the region. 

The halo mass function and baryonic fraction are almost identical
n the NR and RI simulations before reionization, demonstrating that
ooling has only a minor effect on haloes in this mass range. After
 reionization = 6, gas flows out of all haloes in the RI simulation leading
o 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
 200 ∼ 10 5 . 5 M �, but we conclude that this is mostly a numerical

rtefact. In Section 4 , we show that the baryonic fraction in non-
adiative simulations is suppressed by numerical effects in haloes
ith less than 500 DM particles. We also show that non-radiative

imulations with sufficient resolution are able to model the physical
uppression of the baryonic fraction due to the initial gas entropy. In
ppendix A , we set up a simple analytic model for this suppression as
 function of halo mass and redshift and show that it reproduces quite
ell the evolution found in simulations with sufficient numerical

esolution. Thus, small haloes ( M 200 � 10 2 . 7 M � at z = 0; M 200 �
NRAS 532, 3151–3165 (2024) 

 F or e xample: (i) LW radiation; (ii) X-ray and UV radiation that can increase 
he free electron density and so catalyze molecular hydrogen production; 
iii) the explosion of the first SNe, sending blast waves into the surrounding 
as, removing much of the gas from surrounding haloes and preventing 
urther cooling; (iv) metal enrichment which enhances cooling; (v) H 

−
hotodetachment, which suppresses the production of molecular hydrogen. 

R

A
A
A  

A
B  

B
B  
0 3 . 8 M � at z = 9 . 27) will never be able to capture gas, even in non-
adiative runs without reionization. In consequence, the streaming
elocity between baryons and DM at early times will have little
ffect on such small haloes. 

We identify corresponding haloes in our three different simulations
n order to study baryon effects on individual haloes, comparing
esults from the NR and RI simulations with those from the reference
M simulation. The density profiles and mass accretion histories of
aloes more massive than 10 6 . 25 M � are very similar in the NR
nd DM simulations, while for smaller haloes, 10 5.25 –10 6.25 M �, the
ensity profile in the central regions, 0.1 r 200 , is ∼10 per cent lower
n the NR case; in this mass range, halo masses at high redshift are
uppressed by up to 30 per cent in the NR case. In the RI simulation,
he loss of gas from haloes gives rise to shallower density profiles and
 reduction of ∼30 per cent in mass at low redshift o v er the entire
ass range, showing that reionization reduces halo potential wells. 
The RI simulation allows an impro v ed prediction for DM annihi-

ation signals from the smooth DM component of haloes. We find
hat the lowered abundance and concentration combine to reduce the
nnihilation rate per volume for mini-haloes in the mass range10 4 –
0 7 M � by 40 −60 per cent . 
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PPENDI X:  T H E  EFFECT  O F  I NI TI AL  

NTROPY  O N  H A L O  G A S  DENSITY  PROFILES  

N  N O N - R A D I AT I V E  SI MULATI ONS  

et us consider the entropic function S, defined for a non-relativistic
as with pressure p and density ρg by S ≡ p/ρ5 / 3 

g . In the absence
f significant heating or cooling, gas evolves adiabatically and S 
emains constant except at shocks, where it al w ays increases. Thus,
n non-radiative simulations of the kind studied in this paper, S must
verywhere be at least as large as the value, S i , defined by the initial
ensity and temperature of the gas. 
On the other hand, well-resolved non-radiative cosmological 

imulations in which S i is negligibly small produce haloes in which
he baryon fraction is close to the cosmological value and the gas
ensity profile is very similar to that of the DM, hence to that
ound in DMO simulations. Thus, halo accretion shocks have just the
trength needed to produce the profile, S( r), which corresponds to
g ( r) ∝ ρ( r) in hydrostatic equilibrium, where ρ( r) is the total mass
ensity. Taylor & Navarro ( 2001 ) made the remarkable disco v ery
hat for haloes with an NFW total density profile, these conditions
equire S( r) to be very close to a power law. 

In our own non-radiative simulations (NR, NR-H, and the simula- 
ions of Table 4 ), we find that the gas and DM densities do track each
ther in high-mass haloes and at large radii, resulting in near power-
aw behaviour for S, but that S ≈ S i at small radii where S < S i is
redicted by inward extrapolation of the large-radius behaviour. This 
oti v ates a simple analytic model where haloes are taken to have
FW mass profiles, the gas and DM densities are assumed parallel

t large radii where this implies S > S i , and the gas is adiabatic with
 = S i at smaller radii. 
For a spherical system in hydrostatic equilibrium, the potential 

( r), the gas density ρg ( r), and the gas pressure p( r) satisfy 

d p( r) 

d r 
= −ρg ( r ) 

d φ( r ) 

d r 
. (A1) 

ssuming ρg ( r) = f̄ b ρ( r), where ρ( r) is the total mass density
rofile, and f̄ b ≡ �b /�m 

is a constant, the pressure profile can be 
btained by integration, 

( r) = f̄ b 

∫ ∞ 

r 

ρ( r ′ ) 
d φ( r ′ ) 

d r ′ 
d r ′ . (A2) 

f we now take ρ( r) and its associated φ( r) to have NFW form, we
ave 

( r) = ρs ̃  r 
−1 (1 + ̃  r ) −2 , (A3) 
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he enclosed mass within radius r is 

 ( r ) = 4 πρs r 
3 
s 

[
ln (1 + ̃  r ) − ˜ r 

1 + ̃  r 

]
, (A4) 

nd the potential is 

( r) = −4 πGρs r 
2 
s ̃  r −1 ln (1 + ̃  r ) . (A5) 

ere, r s and ρs are the scale radius and the characteristic density of
he NFW profile, and ˜ r ≡ r/r s is the non-dimensionalized radius. 

Thus, the gas density profile is 

g ( r) = f̄ b · ρs ̃  r 
−1 (1 + ̃  r ) −2 , (A6) 

he pressure profile is 

( r) = f̄ b · 4 πGρ2 
s r 

2 
s · K( ̃ r ) , (A7) 

nd the entropic function profile is 

( r) ≡ p( r) ρg ( r) −5 / 3 = f̄ 
−2 / 3 
b · 4 πGρ1 / 3 

s r 2 s · L ( ̃ r ) , (A8) 

here 

( ̃ r ) ≡
∫ ∞ 

˜ r 
x −3 (1 + x) −2 

[
ln (1 + x) − x 

1 + x 

]
d x, (A9) 

nd 

 ( ̃ r ) ≡ ˜ r 5 / 3 (1 + ̃  r ) 10 / 3 K( ̃ r ) . (A10) 

ver the radial range of interest here, ˜ r ∈ (10 −2 , 10 2 ), L ( ̃ r ) is
epresented to better than 10 per cent by the simple power law,
 . 255 ̃  r 1 . 28 . Thus, S( r) can be taken to be a power law with this
ndex. 4 

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

( r) = f̄ 
−2 / 3 
b · (12 π) 1 / 3 c −1 

[
ln (1 + c) − c 

1 + c 

]−1 / 3 

·Gρ
−1 / 3 
200 M 

2 / 3 
200 · L ( ̃ r ) , (A11) 

here ρ200 ≡ 200 �m 

ρcrit, 0 (1 + z) 3 is the mean matter density within
he halo virial radius r 200 , the critical density of the Universe at
resent is ρcrit, 0 ≡ 3 H 

2 
0 / 8 πG , and c ≡ r 200 /r s is the halo concentra-

ion. 
The initial entropy S i is given by 

 i ≡ p( z i ) ρ( z i ) 
−5 / 3 = 0 . 6 

(
f̄ b �m 

ρcrit, 0 

)−2 / 3 
c 2 s , 0 , (A12) 

here c s , 0 = 

√ 

5 k B T 0 / 3 μm p , in which k B is the Boltzmann constant,
 0 denotes T i (1 + z i ) −2 with T i representing the initial gas temper-
ture (i.e. T i = 245 K for the NR, NR-H, Ln, Fn, and Hn runs, and
 i = 10 7 K for the Lf, Ff, and Hf runs), and μ is the mean molecular
eight of a physical gas particle in units of the proton mass, m p .
or neutral gas composed of 76 per cent hydrogen and 24 per cent
elium, μ = 1 . 2195 and c s , 0 = 0 . 013( T i / 245 K) 1 / 2 km · s −1 . 
Normalizing the entropic function profile by S i , we thus 

btain 

S( r) 

S i 
= 

c 0 . 28 

[ ln (1 + c) − c/ (1 + c) ] 1 / 3 

(
r 

r 200 

)1 . 28 (
M 200 

M ∗

)2 / 3 

, (A13) 

here M ∗ is defined by 

 ∗ = 24 . 06 ( GH 0 ) 
−1 �−1 / 2 

m 

c 3 s , 0 (1 + z) 3 / 2 . (A14) 
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 This behaviour agrees with that found by Taylor & Navarro ( 2001 ) for the 
seudo-phase-space density of isotropic NFW DM haloes (which is ∝ S −1 . 5 ) 
fter allowing for the different radial ranges fitted in the two studies. 

5

f
M
a
c

Equation ( A13 ) is only valid at radii greater than a core radius
efined by S( r c ) = S i . At smaller radii , we assume the gas to be
diabatic with S = S i , so that p( r ) = S i ρg ( r ) 5 / 3 . Integrating equation
 A1 ) in this case gives 

( r c ) − φ( r ) = 

5 

2 

[
p( r ) 

ρg ( r ) 
− p( r c ) 

ρg ( r c ) 

]
. (A15) 

sing equation ( A5 ) then gives the gas density profile at r ≤ r c , 

g ( r) = f̄ b · ρs ̃  r 
−1 
c (1 + ̃  r c ) 

−2 

·
[

1 + 

2 

5 

˜ r −1 ln (1 + ̃  r ) − ˜ r −1 
c ln (1 + ̃  r c ) 

˜ r c (1 + ̃  r c ) 2 K( ̃ r c ) 

]3 / 2 

, (A16) 

here ˜ r c ≡ r c /r s is the non-dimensionalized core radius. 
Integrating the gas density profile (equation A16 at r ≤ r c and

quation A6 at r ≥ r c ) o v er 0 < r < r 200 , and dividing by f̄ b M 200 ,
e obtain the factor F by which the halo baryonic fraction f b , halo is

educed relative to the cosmic baryon fraction f̄ b , 

 

(
M 200 

M ∗
, c 

)
≡ f b , halo / f̄ b 

= 1 −
[

ln (1 + c) − c 

1 + c 

]−1 

·

×
∫ min ( ̃ r c ,c) 

0 

(
˜ r −1 (1 + ̃  r ) −2 − ˜ r −1 

c (1 + ̃  r c ) 
−2 

·
[

1 + 

2 

5 

˜ r −1 ln (1 + ̃  r ) − ˜ r −1 
c ln (1 + ̃  r c ) 

˜ r c (1 + ̃  r c ) 2 K( ̃ r c ) 

]3 / 2 )
˜ r 2 d ̃ r ,

(A17) 

here ˜ r c is given by S( r c ) /S i = 1, hence, 

˜  c = 

[ 

c −1 ( ln (1 + c) − c/ (1 + c) ) −1 / 3 

(
M 200 

M ∗

)2 / 3 
] −1 / 1 . 28 

, (A18) 

nd to keep consistency, K( ̃ r c ) is approximated by 

K( ̃ r c ) = ˜ r −5 / 3 
c (1 + ̃  r c ) 

−10 / 3 L ( ̃ r c ) 

≈ 0 . 255 ̃ r 1 . 28 
c · ˜ r −5 / 3 

c (1 + ̃  r c ) 
−10 / 3 . 

(A19) 

Setting F = 0 . 5 in equation ( A17 ), we can solve for the charac-
eristic mass M 1 / 2 , at which haloes have a baryonic fraction which
s half of the cosmic mean. Over the range c ∈ [0 . 1 , 100], we find a
ood numerical fit to the result to be 

log 10 

M 1 / 2 

M ∗
= −0 . 491 + 0 . 489 log 10 c − 0 . 0988( log 10 c) 2 

+ 0 . 0495( log 10 c) 3 − 0 . 00589( log 10 c) 4 . (A20) 

ince M ∗ = 327 (1 + z) 3 / 2 ( T i / 245 K) 3 / 2 M � (for NR and NR-H
uns), the dependence of baryonic fraction on halo mass in equation
 A17 ), and the characteristic mass 5 of equation ( A20 ) are easily
ompared with the simulations discussed in the main text. Note
hat M 1 / 2 increases with c because the non-dimensionalized core
adius increases with halo concentration. Between c = 5 and 35,
 1 / 2 /M ∗ increases from 0.658 to 1.507. In Table A1 , we compare

ur model with the simulations in the main text, and find it to be
 We provide a code at https:// github.com/haonan-zheng/ model fbar halo 
or readers to estimate the baryonic fraction and the characteristic mass 
 1/2 , particularly the mass scale to consider effects of the thermal pressure 

rising from the initial gas entropy with any halo concentration, redshift, and 
osmology. 

https://github.com/haonan-zheng/model_fbar_halo
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Table A1. Comparison of our model for the characteristic mass M 1 / 2 

at which haloes have half the cosmic baryonic fraction to non-radiative 
simulations with different initial gas temperatures T i at different times. 

Name of 
simulations z T i / [K] c M 1 / 2 , simulation [ M �] M 1 / 2 , model [ M �] 

0.00 245 35 – 4 . 92 × 10 2 

3.07 245 10 3 . 78 × 10 3 2 . 35 × 10 3 

NR and NR-H 5.72 245 5 6 . 96 × 10 3 3 . 74 × 10 3 

9.27 245 5 1 . 33 × 10 4 7 . 07 × 10 3 

Ln, Fn, and Hn 1.97 245 5 – 1 . 08 × 10 3 

Lf, Ff, and Hf 1.97 10 7 5 3 . 54 × 10 10 2 . 65 × 10 10 

Notes. M 1 / 2 , simulation is 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. M 1 / 2 , model is predicted using 
equation ( A20 ) with halo concentration c = 35, 10, 5 for NR-H 

6 , and with c = 

5 for Hn and Hf (i.e. M 1 / 2 , model /M ∗ = 1 . 507, 0.878 and 0.658, respectively): 
for the NR and NR-H runs, M ∗ = 327(1 + z) 3 / 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. 

r  

c  

l

6

r

T

©
P
(

D
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nloaded from
 https://academ

ic.ou
easonably accurate although al w ays some what lo w; in the worst
ase (for NR/NR-H at z = 9 . 27), the prediction is about 50 per cent
ower than the characteristic mass estimated from the simulation. 
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 These values are estimated from the further zoomed NR-H run and DMO 

uns in Wang et al. ( 2020 ). 
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