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A B S T R A C T 

Luminous red galaxies (LRGs) and blue star-forming emission-line galaxies (ELGs) are key tracers of large-scale structure 
used by cosmological surv e ys. Theoretical predictions for such data are often done via simplistic models for the galaxy–halo 

connection. In this work, we use the large, high-fidelity hydrodynamical simulation of the MillenniumTNG project (MTNG) to 

inform a new phenomenological approach for obtaining an accurate and flexible galaxy-halo model on small scales. Our aim 

is to study LRGs and ELGs at two distinct epochs, z = 1 and z = 0, and reco v er their clustering down to very small scales, 
r ∼ 0 . 1 h 

−1 Mpc , i.e. the one-halo regime, while a companion paper extends this to a two-halo model for larger distances. The 
occupation statistics of ELGs in MTNG inform us that (1) the satellite occupations exhibit a slightly super-Poisson distribution, 
contrary to commonly made assumptions, and (2) that haloes containing at least one ELG satellite are twice as likely to host 
a central ELG. We propose simple recipes for modelling these effects, each of which calls for the addition of a single free 
parameter to simpler halo occupation models. To construct a reliable satellite population model, we explore the LRG and ELG 

satellite radial and velocity distributions and compare them with those of subhaloes and particles in the simulation. We find 

that ELGs are anisotropically distributed within haloes, which together with our occupation results provides strong evidence for 
cooperative galaxy formation (manifesting itself as one-halo galaxy conformity); i.e. galaxies with similar properties form in 

close proximity to each other. Our refined galaxy-halo model represents a useful impro v ement of commonly used analysis tools 
and thus can be of help to increase the constraining power of large-scale structure surv e ys. 

Key words: galaxies: haloes – large-scale structure of Universe – cosmology: theory. 
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 I N T RO D U C T I O N  

ith the advent of large photometric and spectroscopic galaxy
urv e ys such as the Dark Energy Surv e y (DES; Abbott et al.
018 ), the Dark Energy Spectroscopic Instrument (DESI; DESI
ollaboration 2016 ), and the upcoming Vera Rubin Observatory
 Rubin ; LSST Science Collaboration et al. 2009 ), and Nancy Grace
oman Space Telescope ( Roman ; Spergel et al. 2015 ), the field
f large-scale structure will enjoy an unprecedented impro v ement
n the precision of galaxy clustering measurements, providing
n extraordinary opportunity to refine our cosmological paradigm
nd expand our understanding of galaxy formation. One standard
pproach in galaxy surv e ys is to extract cosmological information
rom large-scale galaxy clustering by, e.g. using the baryon acoustic
scillations (BAO) as a ‘standard ruler’ (Eisenstein et al. 2005 ).
 E-mail: boryanah@alumni.princeton.edu 
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Pub
ut upcoming surv e ys will also measure the small-scale clustering
ignal with exquisite precision, allowing an alternative path to unravel
ong-standing mysteries pertaining to the nature of dark matter, dark
nergy , gravity , neutrinos, and the initial conditions of the Universe.

Ho we ver, galaxy clustering on small scales is influenced by poorly
nderstood baryonic processes, which makes the task of modelling
his regime very challenging. Purely analytical models such as
f fecti ve field theory (see Senatore 2015 for a re vie w), in which one
dopts a perturbative expansion to model both the non-linear dark
atter structure growth and the galaxy tracing, have the downside

f being limited to the linear and quasi-linear regimes. But since
alaxies form and evolve in dark-matter haloes (White & Rees 1978 ),
 more accurate and practical approach to determining the clustering
f galaxies on all scales can be obtained by modeling the clustering
f haloes jointly with the link between galaxies and their halo hosts,
nown as the galaxy-halo connection. 
While numerical N -body simulations track the evolution of dark
atter under the influence of gravity and are able to accurately
© 2023 The Author(s) 
lished by Oxford University Press on behalf of Royal Astronomical Society 
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redict the halo clustering on small scales, they remain agnostic 
bout the physics of galaxies. Thus, on their own, they cannot 
rovide us with knowledge about the crucial galaxy-halo link for 
onnecting theory with observations. Cosmological, full-physics 
ydrodynamical simulations of galaxy formation (e.g. Schaye et al. 
015 ; Nelson et al. 2019a ; Kannan et al. 2022b ), on the other hand,
imulate the dark matter component along with the gas and stars. In
ydrodynamical simulations, the baryonic and galaxy processes are 
racked by a combination of fluid equations and subgrid models. As
 result of their complexity, this type of simulation is prohibitively 
 xpensiv e to run in the large volumes needed for performing
he observational analysis of upcoming surv e ys. Ho we ver, smaller
imulations can nevertheless provide invaluable insight into how and 
here galaxies form in relation to dark-matter hosts. Such insights 
ave the potential of being highly beneficial for studying cosmology 
nd galaxy formation from observations. 

Only recently hydrodynamical simulations have become suffi- 
iently large to be utilized in large-scale structure analysis (e.g. 
cCarthy et al. 2017 ; Springel et al. 2018 ). But until now, the
ost well-resolved of these simulations have yielded only ∼10 000 

alaxies at the typically expected number densities of current surv e ys
 � 10 −3 [ h 

−1 Mpc ] −3 ) due to the still limited volume, leading to sub-
tantial statistical uncertainties in measured quantities. The new cos- 
ological full-physics MillenniumTNG (MTNG) box offers a signif- 

cant impro v ement o v er previous cosmological hydrodynamical sim-
lations in this regard. With a box size of 500 h 

−1 Mpc and 2 × 4230 3 

esolution elements, it not only offers a factor of ∼15 larger volume
han TNG300-1, the largest simulation from the IllustrisTNG suite, 
t also maintains the high resolution of the IllustrisTNG suite and its
uccessful physics model (for a re vie w of the IllustrisTNG project,
ee Nelson et al. 2019a ). This provides sufficient statistics to study the
alaxy samples targeted by near-future galaxy surv e ys [in particular 
mission-line galaxies (ELGs) and luminous red galaxies (LRGs)], 
aking MTNG an ideal testing ground for developing and validating 

alaxy-halo tools for the pipeline analysis of these experiments. 
One of the standard methods for analysing small-scale galaxy 

lustering data from cosmological surv e ys involv es equipping dark- 
atter-only (DMO) simulations spread o v er different cosmologies 
ith some ‘galaxy-painting’ technique that allows a statistical 

omparison between theoretical predictions of the galaxy distribution 
ith the observed galaxy catalogue. Typically, it is preferable to adopt 

omputationally ine xpensiv e methods that can produce the large 
umber of mock catalogues necessary for cosmological inference. 
mpirical models such as the halo occupation distribution model 

HOD, Berlind & Weinberg 2002 ; Cooray & Sheth 2002 ; Yang et al.
004 ; Zheng et al. 2005 ) and subhalo abundance matching (SHAM,
onroy, Wechsler & Kravtsov 2006 ; Behroozi, Conroy & Wechsler 
010 ; Reddick et al. 2014 ; Guo et al. 2016 ; Chaves-Montero et al.
016 ) offer a simple and computationally ine xpensiv e approach to
odelling galaxy clustering by characterizing the relation between 

alaxies and host (sub)haloes. The HOD prescription dictates the 
verage number of central and satellite galaxies in a given halo as a
unction of only the halo mass, while SHAM connects galaxies to 
ark matter subhaloes using a monotonic relation between galaxy 
uminosity (or stellar mass) and subhalo mass (or maximum circular 
elocity). Both methods come with well-known shortcomings when 
tting observational data (e.g. Norberg et al. 2001 ; Zehavi et al. 2002 ;
eauthaud et al. 2017 ; Zehavi et al. 2019 ). It is crucial to address
nd understand these limitations before applying these methods to 
alaxy surv e ys for the e xtraction of cosmological information. 

In this paper, which is part of a set of introductory studies of
he MillenniumTNG (MTNG) project, we address the question of 
ow to best model the occupations and satellite distributions of 
aloes based on the currently largest hydrodynamical simulation 
f galaxy formation, the large-volume full-physics run of the 
TNG simulations. An o v erview of the full simulation suite of
illenniumTNG and an analysis of matter clustering and halo 

tatistics is given in Hern ́andez-Aguayo et al. ( 2022 ), while Pakmor
t al. ( 2022 ) provide a detailed description of the hydro simulation
ogether with an examination of the properties of its galaxy clusters.
urther introductory papers present analyses of high-redshift galaxies 
Kannan et al. in 2022a ), weak gravitational lensing (Ferlito et al.
n preparation), intrinsic alignment (Delgado et al. in preparation), 
alaxy clustering (Bose et al. 2022 ), cosmological inference from 

alaxy clustering (Contreras et al. 2022 ), and semi-analytic galaxies 
n the light cone (Barrera et al. 2022 ) semi-analytic galaxies on the
ight cone (Barrera et al. 2022 ), and a study of the two-halo term and
he large-scale galaxy-halo connection (Hadzhiyska et al. 2022 ). 

In this work, we test common assumptions about the halo oc-
upation distribution such as the presumed Poisson distribution of 
atellites, and the independence of central and satellite occupations. 
e also study in detail the radial profiles and velocity distributions

or the various galaxy samples, and investigate the supposed isotropy 
f the satellite distribution. We propose a simple and intuitive model
or determining the occupation numbers of haloes and distribution 
f satellites, designed for creating realistic mock catalogues that can 
e used in observational analysis. We test its ability to reproduce
tatistics of the galaxy distribution in MTNG on small scales, 
 . 1 � r � 1 h 

−1 Mpc , i.e. the so-called one-halo regime. In a follow-
p paper (Hadzhiyska et al. in preparation), we extend our analysis
o larger scales and study assembly bias and the two-halo term. 

The structure of this paper is as follows. In Section 2 , we concisely
escribe the MillenniumTNG simulation suite and the methods we 
dopt for selecting galaxies. In Section 3 , we introduce our model of
he halo occupations and satellite distributions. Finally, in Section 4 ,
e summarize and discuss our findings. 

 M E T H O D S  

.1 The MillenniumTNG simulations 

he MillenniumTNG project aims to provide accurate numerical 
redictions in sufficiently large volumes to impro v e the link between
on-linear galaxy formation and the evolution of large-scale struc- 
ure. The full simulation suite consists of several hydrodynamical 
nd N -body simulations at various resolutions and box sizes. In this
tudy, we employ the largest available full-physics box, MTNG740 , 
nd its DMO counterpart, containing 2 × 4320 3 and 4320 3 resolution 
lements, respectively, in a comoving volume of (0 . 5 h 

−1 Gpc ) 3 .
or MTNG, this yields a mass resolution in the baryons of
 . 1 × 10 7 h 

−1 M � while that of the dark matter is 1 . 1 × 10 8 h 

−1 M �.
hroughout this paper, we refer to these calculations as MTNG and
TNG-DMO. 
MTNG uses the same physics model and cosmology as 

llustrisTNG (Weinberger et al. 2017 ; Pillepich et al. 2018a , b ;
elson et al. 2018 ; Naiman et al. 2018 ; Marinacci et al. 2018 ;
pringel et al. 2018 ; Nelson et al. 2019b ; Pillepich et al. 2019 ),
nd its resolution is comparable to but slightly lower than that
f the largest IllustrisTNG box, TNG300-1. MTNG also uses the 
ame hydrodynamical moving-mesh code AREPO (Springel 2010 ), 
 main feature of which is the use of a Voronoi tessellation for the
onstruction of the computational mesh. AREPO employs a finite- 
olume method to solve the hyperbolic inviscid Euler equations on 
 moving, unstructured mesh that is able to follow the flow in a
MNRAS 524, 2524–2538 (2023) 
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uasi-Lagrangian fashion without imposing any preferred directions.
he dark matter in AREPO is treated through the usual particle-based
iscretization as an N -body system. The self-gravity of the gas
nd the dark matter is computed with a hierarchical multipole
pproximation, a so-called tree-algorithm, coupled to a particle
esh like approach to compute the long-range gravitational field
ith Fourier techniques (Springel 2005 ). Haloes (groups) in MTNG

re identified by applying the standard friends-of-friends (FoF;
avis et al. 1985 ) algorithm to the dark matter particles, adopting a

inking length of b = 0.2 (in units of the mean interparticle distance).
ravitationally bound substructures in halos are identified with the
UBFIND-HBT algorithm described in Springel et al. ( 2021 ). (For
 full technical exposition of the MillenniumTNG simulations and a
escription of the available outputs we refer the reader to Hern ́andez-
guayo et al. in preparation and Pakmor et al. in preparation.) 
Throughout the text, we refer to the ‘virial’ mass and radius of a

alo as the total mass enclosed in a sphere around the halo centre 1 

hose mean density is � c times the critical density of the Universe.
 c is derived from the generalized solution of the collapse of a

pherical top-hat perturbation in a low-density universe, and is well
t by the polynomial function (Bryan & Norman 1998 ): 

 c ( z) = 18 π2 + 82 x − 39 x 2 , (1) 

here x = �m ( z) − 1, and �m ( z) is the matter energy density at
edshift z. 

.2 Galaxy populations 

he main targets of current and near-future galaxy redshift surv e ys
uch as DESI, Euclid , and Roman at z � 2 will be emission-
ine galaxies (ELGs) and luminous red galaxies (LRGs), with
xpected number densities roughly varying in the range 10 −4 �
 gal / ( h 

−1 Mpc ) −3 � 10 −3 . In this work, we extract LRGs and ELGs
t redshifts z = [0.0, 1.0] with two number densities n gal = [7 . 0 ×
0 −4 , 2 . 0 × 10 −3 ]( h 

−1 Mpc ) −3 , corresponding to N gal = [87 800,
50 000] galaxies, with the following procedure: 

(i) ELGs are selected by applying a stellar mass and a specific
tar formation rate (sSFR) cut to the subhaloes in MTNG. At z =
 and z = 1, the corresponding minimum stellar masses are M ∗ =
.9 × 10 9 and 8 . 3 × 10 9 h 

−1 M �, and the minimum sSFR thresholds
re sSFR = 2.9 × 10 −10 and 8 . 2 × 10 −10 h yr −1 for n gal = 7 . 0 ×
0 −4 [ h 

−1 Mpc ] −3 , while for n gal = 2 . 0 × 10 −3 [ h 

−1 Mpc ] −3 , they
re M ∗ = 4.8 × 10 9 and 6 × 10 9 h 

−1 M �, and sSFR = 2.0 × 10 −10 

nd 6 . 0 × 10 −10 h yr −1 , respectively. This selection of ELGs is based
n Hadzhiyska et al. ( 2021b ), who find that the colour-selected ELG
ample is congruous to one selected by sSFR-stellar mass. 

(ii) LRGs are selected by applying a stellar mass cut to the
ubhalos in MTNG. Additionally, we impose a maximum sSFR
hreshold matching that of the ELGs for each corresponding sample
o ensure that there is no o v erlap between the LRGs and ELGs
t a given redshift and number density. Moreo v er, making a sSFR
election in addition to a stellar mass one ensures that we choose the
ost massive quenched galaxies, akin to how observational targets

re selected. At z = 0 and z = 1, the corresponding minimum stellar
asses are M ∗ = 1.1 × 10 11 and 7 . 3 × 10 10 h 

−1 M � for n gal =
 . 0 × 10 −4 [ h 

−1 Mpc ] −3 , while for n gal = 2 . 0 × 10 −3 [ h 

−1 Mpc ] −3 ,
hey are M ∗ = 4.8 × 10 10 and 2 . 8 × 10 10 h 

−1 M �, respectively. 
NRAS 524, 2524–2538 (2023) 

 Taken as the location of the minimum of the gravitational potential of the 
argest subhalo in the group. 

h  

g  

n  

a  
Throughout, we refer to the two number densities, n gal = [7 . 0 ×
0 −4 , 2 . 0 × 10 −3 ] ( h 

−1 Mpc ) −3 , as ‘low’ and ‘high’ for short. The
wo-point correlation functions used in this paper are computed using
he natural estimator via the CORRFUNC package (Sinha & Garrison
020 ). The satellite fraction of the LRGs is around 20 per cent, while
hat of the ELGs around 30 per cent. 

Throughout the paper, we will use ‘true’ to refer to the galaxy
amples extracted from the hydrodynamical simulation. 

 RESULTS  

n this section, we consider common assumptions about the oc-
upation characteristics of satellite galaxies and propose minimal
odifications to well-established recipes, designed to make them
ore flexible and accurate in order to better reproduce the clustering

tatistics of galaxies in MTNG. 
The two-point correlation function of a galaxy catalogue receives

ontributions from the so-called one- and two-halo terms. The one-
alo term is determined by the distribution of satellites within a halo,
hich in real space, is typically confined to scales � 1 h 

−1 Mpc .
n redshift space, ho we ver, the spatial and velocity distributions
f satellites can affect the clustering on appreciably larger scales.
oreo v er, since the peculiar velocities of galaxies are sensitive to

he large-scale gravitational field, they can be used to test modified
ravity and deviations from � CDM in observational analyses. Thus,
roviding accurate predictions for the transition regime between the
ne- and two-halo terms is an important task for small-scale and
eak lensing analyses. 

.1 Halo occupation model 

.1.1 Mean halo occupation distribution 

s upcoming data sets drive the demands for large-volume simula-
ions and multiple mock realizations (Baugh 2008 ), simplicity and
omputational efficiency are highly desirable when generating mock
alaxy catalogues. The halo occupation distribution (HOD) statistic
rovides a simple relationship between the halo catalogues output of
n N -body simulation and the galaxies we find in them. As such, it
an be used to produce a large number of mock galaxy catalogues
elatively quickly and inexpensively. 

The HOD shape of red (LRG-like) and magnitude-limited samples
as been studied thoroughly in the literature, and has been shown to
e well-approximated by the empirical formula given in Zheng et al.
 2005 ), according to which the mean halo occupation of centrals,
 N cen 〉 , and satellites, 〈 N sat 〉 , as a function of mass, M , is 

 N cen ( M) 〉 = 

1 

2 

[
1 + erf 

(
log M − log M min 

σlog M 

)]
, (2) 

 N sat ( M) 〉 = 

(
M − M cut 

M 1 

)α

, (3) 

here M min is the characteristic minimum mass of halos that host
entral galaxies, σ log M 

is the width of this transition, M cut is the char-
cteristic cut-off scale for hosting satellites, M 1 is a normalization
actor, and α is a power-law slope. 

In the case of ELGs, the standard formula of equation ( 2 ) does
ot provide a good fit for the central occupations, as according to
quation ( 2 ), the mean occupation of centrals flattens to 1 for large
alo masses (see e.g. Avila et al. 2020 ). Ho we ver, since the central
alaxies of massive haloes are typically quenched and red, they do
ot exhibit strong emission lines and are thus unlikely to make it into
n ELG-targeting sample. Better-suited for the ELG occupations is
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Figure 1. Halo occupation distribution of the extracted LRGs and ELGs 
from the MillenniumTNG hydrodynamical simulation at redshifts z = 0 and 
z = 1 at two different galaxy number densities, n gal = 7.0 × 10 −4 (‘low,’ 
top ) and 2 . 0 × 10 −3 ( h −1 Mpc ) −3 (‘high,’ bottom ). The top panel of each 
figure shows the mean occupation distribution, split into its central (dashed 
line) and satellite (solid line) contributions, while the bottom shows the ratio 
between the standard deviation of the satellite halo occupations and its square- 
root (i.e. the Poisson prediction for the standard deviation). Strikingly, we find 
a clear departure from the Poisson prediction in the case of ELG satellites, 
which warrants careful modeling of the halo population. At the ‘high’ number 
density, we see that the deviation from the Poisson prediction of both the z = 0 
and z = 1 ELG samples is roughly 10–15 per cent, which can have significant 
consequences for the one-halo term. 
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he High Mass Quenched (HMQ) model, proposed in Alam et al. 
 2020 ), which expresses the mean central occupation as 

〈 N cen 〉 ( M) = 2 Aφ( M ) 
 ( γM ) + 

1 

2 Q 

[
1 + erf 

(
log 10 M − log M min 

0 . 01 

)]
, (4) 

( x) = N ( log M min , σM 

) , (5) 

 ( x) = 

∫ x 
−∞ 

φ( t) d t = 

1 
2 

[ 
1 + erf 

(
x √ 

2 

)] 
, (6) 

 = 

p max −1 /Q 

max [2 φ( x ) 
 ( γ x )] , (7) 

here the new parameters p max and Q control the amplitude and 
uenching of ELG central occupations, respectively. The occupation 
tatistics of the satellites is assumed to obey the standard functional 
orm of equation ( 3 ). [For more details on the interpretation of
he various parameters, see Alam et al. ( 2020 ).] The model seems
o qualitatively match the shape of the ELG HOD predicted by 
llustrisTNG (Hadzhiyska et al. 2021b ). 

In Fig. 1 , we show the halo occupation distribution of the LRG and
LG samples we extract from MTNG at z = 0 and z = 1, at the ‘low’
 n gal = 7.0 × 10 −4 ) and ‘high’ (2 . 0 × 10 −3 [ h 

−1 Mpc ] −3 ) galaxy
umber densities. Each of the panels shows the mean occupation 
istribution for the different samples, split into their central and 
atellite contributions. The lower panels give the ratio between the 
tandard deviation of the satellite halo occupations and their square- 
oot, which is the predicted standard deviation of the satellite halo 
ccupations provided that they follow a Poisson distribution. This 
atio allows us to explore deviations from the typically assumed 
oisson halo occupation distribution for the satellites. 
According to Fig. 1 , the shapes of the mean halo occupancy match

ell the qualitative form of the Zheng et al. ( 2005 ) and HMQ (Alam
t al. 2020 ) model predictions for the LRGs and ELGs, respectively.
n addition, the behavior of each galaxy sample is similar for the two
edshifts we consider. Interestingly, we find that as we go from high
o low redshift, the masses of haloes containing an ELG central shift
o wards lo wer halo mass, whereas in the case of LRGs, the opposite
s true. This is a reflection of the fact that haloes become on average

ore quenched and more massive as time progresses. Thus, by z =
, ELG centrals living in more massive haloes have already been 
uenched, whereas those in less massive haloes are still undergoing 
igorous star formation. As we will see in later sections, this has
mportant implications for the clustering and bias of ELGs. 

The most striking finding in Fig. 1 is the evident discrepancy 
rom the Poisson prediction in the case of ELG satellites, which 
arrants careful modeling when populating haloes with galaxies. 
t the ‘high’ number density, we see that the inconsistency with the
oisson prediction of both the z = 0 and z = 1 ELG samples is roughly
0-15 per cent, which can have significant consequences for the one- 
alo term (see Section 3.1.2 ). The deviation for the ‘low’-density 
LG samples is less pronounced, at the 5–10 per cent-level, but still
ore noticeable than that of the LRGs. We conjecture that this is the

esult of the tendency of ELG satellites to stick together and exist in
 halo in doublets and triplets, so the larger the number of satellites
er halo, the more pronounced the ‘sticky’ behavior is (and thus, the
arger the deviations from the Poisson distribution). Intuitively, we 
an understand this through the idea of ‘galaxy conformity’ explored 
n later Sections (see e.g. Section 3.1.2 ). None the less, the digression
rom Poisson variance for both LRGs and ELGs seems to increase 
ith halo mass. 
While previous studies have similarly found a slight deviation 

n the case of red (LRG-like) and subhalo samples (e.g. Jiang &
MNRAS 524, 2524–2538 (2023) 
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distribution at fixed mass. 

2 The threshold value of 0.9 is arbitrarily chosen, and its main purpose is to 
reduce the number of haloes for which we need to draw from the pseudo- 
Poisson distribution, which makes the occupation assignment more efficient. 
3 M max is the highest halo mass at which we apply the halo occupation model. 
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an den Bosch 2017 ), to our knowledge this is the first study
hat demonstrates that the deviation from the Poisson prediction
s much more noticeable for ELGs (blue, star-forming galaxies).

ork by Jim ́enez et al. ( 2019 ) also examined this question for both
tar-forming and quenched galaxies, but found no significant non-
oissonian signal. We attribute this to a difference in the galaxy
election procedure of star-forming galaxies (based on SFR rather
han sSFR) and a different galaxy formation model (SAM rather than
 hydro simulation). 

.1.2 Pseudo-Poisson satellite occupation statistics 

n Fig. 1 , we showed that the satellite occupation distribution appears
o deviate from the traditionally assumed Poisson variance for some
amples. In particular, we reported that the ELG samples, especially
he ‘high’-density ones, exhibit super -Poisson beha vior in the halo

ass range of ∼ 10 13 h 

−1 M � and abo v e. In this section, we discuss
ow the super-Poisson variance of ELG occupations affects the one-
alo term and thus their two-point correlation. We then present
 simple method to account for it by designing a new pseudo-
oisson distribution for modeling the satellite occupations. Finally,
e compare the effect of employing the pseudo-Poisson distribution
n the clustering of ELGs and LRGs. 
In halo occupation modeling, one can write the one- and two-halo

erms of the power spectrum (which is the analogous quantity to
he two-point correlation function in Fourier space) in the following
anner (Mo, van den Bosch & White 2010 ): 

 

1 h ( k) = 

∫ 
d M 

〈 N ( N − 1) 〉 M 

n̄ 2 g 
n ( M ) | ̃  u g ( k| M ) | 2 , (8) 

nd 

 

2 h ( k) = P 

lin ( k) 

[∫ 
d M 

〈 N〉 M 

n̄ g 
b( M ) n ( M ) ̃  u g ( k| M ) 

]2 

, (9) 

espectively, where 〈 N 〉 M 

describes the average number of galaxies
hat reside in a halo of mass M , n̄ g is the average number density
f those galaxies, P 

lin ( k ) is the linear power spectrum, n ( M ) is the
alo mass function, b ( M ) is the linear bias of haloes of mass M , and

˜  g ( k| M) is the Fourier transform of the normalized radial number
ensity distribution of galaxies in haloes of mass M . Thus, the one-
alo term of the galaxy autocorrelation function requires the second
oment of the halo occupations, whereas the two-halo term depends

olely on the mean. We can express the second moment in terms of
he satellite and central occupation distributions as 

 N ( N − 1) 〉 M 

= 〈 N s ( N s − 1) 〉 M 

+ 2 〈 N c 〉 M 

〈 N s 〉 M 

, (10) 

here we have assumed that the occupation statistics of satellites and
entrals are independent, i.e. 〈 N c N s 〉 M 

= 〈 N c 〉 M 

〈 N s 〉 M 

(we will revisit
his in Section 3.1.3 ). The second moment of the satellite occupation
istribution is 

 N s ( N s − 1) 〉 M 

= 

∞ ∑ 

N s = 0 

N s ( N s − 1) P ( N s | M) ≡ β2 ( M) 〈 N s 〉 2 , (11) 

here we have introduced a new function β. If the occupation
tatistics of satellites follow Poisson statistics, i.e. 

 ( N s | M) = 

λN s e −λ

N s ! 
, where λ = 〈 N s 〉 M 

, (12) 

hen β( M ) = 1. If β > 1, the distribution is said to be super-Poisson
broader) and if smaller, it is sub-Poisson (narrower). We can now
onnect β to the quantity measured in Fig. 1 , 

√ 

Var [ N s ]( M) / 
√ 〈 N s 〉 M 
NRAS 524, 2524–2538 (2023) 
ia 

2 ( M) = 

(
Var [ N s ] 

〈 N s 〉 M 

− 1 

)
1 

〈 N s 〉 M 

+ 1 . (13) 

Having shown that there is a noticeable deviation from Poisson
tatistics for some of our samples in Fig. 1 , which affects the one-
alo term via the equations abo v e, we proceed to define an alternative
istribution for the satellite occupations. We notice that if we scale
oth λ and N s in equation ( 12 ) for the Poisson distribution by a free
arameter α, so that the distribution takes the form 

 ( N s | M) = 

( αλ) αN s e −αλ

� ( αN s + 1 ) 
, where λ = 〈 N s 〉 M 

, (14) 

hen the o v erall shape and the mean of the distribution ( λ = 〈 N s 〉 )
re retained, but the variance becomes λ/ α, where α > 1 ( α <

) corresponds to a sub-(super-)Poisson distribution. We have also
wapped the factorial in the denominator with the more general
amma function (note that �( x + 1) = x ! for x being a positive

nteger) because its argument, αN s , is no longer guaranteed to be an
nteger. 

Importantly, we can obtain an empirical estimate of α from the
easured satellite occupation distributions as 

ˆ ( M) = 

〈 N s 〉 M 

Var [ N s ] 
, (15) 

hich can be used when generating mock catalogues. Next, we
onsider how our choice of the pseudo-Poisson distribution of
quation ( 14 ) affects the one-halo term of galaxy clustering. For
implicity, and to reduce the number of free parameters in the model,
e assume α to be constant o v er some mass range and equal to one
utside that range. 
In Fig. 2 , we show the ratio of the correlation function between

he predicted LRG and ELG samples at z = 1, and the ‘true’ LRG
nd ELG samples extracted from MTNG. We show the results
nly for the ‘high’ number density, since Fig. 1 indicates that it
s the ‘high’-density sample that exhibits more noticeable pseudo-
oisson behavior. The predicted samples are generated by adopting
 mass-only HOD (i.e. the most ‘basic’ approach) with mean halo
ccupations as a function of mass taken directly from the full-physics
imulation. The number of centrals in each halo is then drawn from
 binomial distribution, whereas the number of satellites is either
rawn from a Poisson distribution with mean taken from the HOD
f satellites, or from a mixture between Poisson and pseudo-Poisson
equation 14 ) distributions. 

We obtain the free parameter α that appears in equation ( 14 ) by
alculating the minimum halo mass, M min , at which 〈 N s 〉 / Var [N s ]
rst dips below 0.9 2 and compute the average value of α between
 min and M max . 3 For the ELGs, the corresponding values of the two

arameters are α ≈ 0 . 8; M min ≈ 9 . 0 × 10 12 h 

−1 M �, while for the
RGs, they are α ≈ 0 . 80; M min ≈ 5 . 7 × 10 13 h 

−1 M �. We note that
e draw from the pseudo-Poisson distribution only for the haloes in

he mass range ( M min , M max ), which decreases the computational cost
f the halo assignment. Once the number of satellites and centrals
as been determined, we distribute the satellites by following the
teps in Section 3.2 ; i.e. we draw randomly from the ‘true’ satellite
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Figure 2. Correlation function ratio between the predicted LRG and ELG 

samples at z = 1 and z = 0, compared to the ‘true’ LRG and ELG samples 
extracted from MTNG. Results are shown for the ‘high’ number density. The 
predicted samples are generated by adopting a mass-only HOD with mean 
halo occupations as a function of mass taken directly from the full-physics 
simulation. The solid lines indicate the result when the number of satellites 
in a halo were chosen by drawing from the pseudo-Poisson distribution of 
equation ( 14 ), while the dashed lines correspond to the traditionally used 
Poisson distribution. While in the case of the LRGs, switching to the pseudo- 
Poisson satellite distribution has a negligible effect on the clustering, in the 
case of ELGs, the clustering is increased by ∼10 per cent in the one-halo 
re gime, impro ving the agreement with the ‘true’ sample. The deviation at 
large distances is produced by assembly bias, which is studied in more detail 
in a companion paper (Hadzhiyska et al. in preparation). 

 

a
t  

h  

‘  

n
T  

i
s
s  

b
h  

o  

i  

T
d

3

A
t
i  

s  

d  

t
t
b  

t
a

r  

w
s
t
i

 

L
c  

m  

s  

a  

c
i  

�  

h  

i
r  

t
s  

(  

T  

s
t
i
c
i  

c  

e  

s
s

 

a  

p  

a  

l  

s  

o  

t  

t  

a  

0  

n  

g  

t  

t  

2  

2
 

s  

W

κ

w  

a  

o

m
u  

o  

a
d  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/524/2/2524/7226460 by guest on 01 February 2024
In Fig. 2 , we illustrate the effect of switching between Poisson
nd pseudo-Poisson satellite occupation distribution. In the case of 
he ELGs, their clustering is increased by ∼10 per cent in the one-
alo regime ( r < 1 h 

−1 Mpc ), improving the agreement with the
true’ sample. In the case of the LRGs, the effect on the clustering is
egligible. On larger scales, the clustering is unaffected, as expected. 
his finding suggests that halo models of ELGs may benefit from

mplementing pseudo-Poisson schemes for populating haloes with 
atellites, especially when pursuing sub per cent accuracy on small 
cales. The deviation from one that we see on large scales is caused
y the galaxy assembly bias effect; i.e. the dependence on additional 
alo properties apart from mass, which is neglected in the mass-
nly model used to generate the predicted samples (this is discussed
n more detail in our companion paper, Hadzhiyska et al. 2022a ).
he remaining deficiency in the predicted ELG clustering is further 
iscussed in Section 3.2 . 

.1.3 Correlation of the central-satellite occupation statistics 

nother common assumption of the halo occupation model is that 
he occupation numbers for centrals and satellites in a halo are 
ndependent of each other. This question has not been e xtensiv ely
tudied in the literature (see Hearin et al. 2016a , for a general
iscussion), though the authors of Jim ́enez et al. ( 2019 ) investigated
his effect in a semi-analytic model (SAM) for galaxy formation 
hrough accounting for the central-satellite occupation correlation, 
ut they did not find a significant evidence for it. We note that both
heir galaxy formation model (SAM rather than hydro simulation) 
nd the selection procedure of star-forming galaxies (based on SFR 
ather than sSFR) differ from the present work. In this section,
e challenge the assumption of independence of the central and 

atellite occupations in MTNG and propose a simple method for tying 
ogether the central and satellite probabilities. To our knowledge, this 
s the first study of this issue in hydro simulations. 

In this section, we concentrate only on the ELG samples, as the
RG selection procedure we adopt has a trivial central-satellite 
orrelation. Specifically, it is obtained by making a cut in stellar
ass; thus, in virtually all cases, the central galaxy has the highest

tellar mass, and its presence is ef fecti vely a prerequisite for the
bility of its parent halo to host satellites. We note that often some
oupling of the central and satellite occupations in LRG samples 
s imposed by multiplying equation ( 3 ) by a Heaviside function,
 ( M min ), which ‘bans’ the existence of satellites from lower mass

aloes that are incapable of even hosting a central. This modification
s also often adopted when populating mock catalogues with other 
ed and magnitude-limited galaxy samples. Ho we ver, in the case of
he ELGs, the central occupation distribution has a more complicated 
hape (see Fig. 1 ), such that haloes are not guaranteed to have a central
in fact, the HOD peaks at ∼10 per cent before rapidly declining).
his is the case because ELGs are e xtremely sensitiv e to quenching,
tar formation, galactic cannibalism, tidal disruption, etc. Many of 
hese processes are the direct or indirect result of central-satellite 
nteractions, and therefore, make it more likely that a central-satellite 
orrelation is induced in the occupation statistics. The implication 
s that the properties of satellites (stellar mass, colour, etc.) may be
orrelated with the properties of their centrals, which is also inter-
sting to understand from an astrophysical point of view. The most
ignificant effect this correlation would have on the large-scale galaxy 
tatistics is a modification of the one-halo term (see equation 10 ). 

In Fig. 3 , we show the probability distribution of the ELG centrals
t z = 1 and z = 0 as a function of halo mass. The curves indicating the
robability that a halo of a given mass contains a central, P (1 cent),
re equi v alent to the dashed curves in the lower panel of Fig. 1 . The
ines corresponding to the conditional probability, P (1 cent | > 0 sat),
ignify the probability that a halo contains a central given that it hosts
ne or more satellites. We compute this quantity as the probability
hat a halo contains a central and at least one satellite, divided by
he probability that it contains at least one satellite. Traditionally, the
ssumption is that the two probabilities are the same, i.e. P (1 cent | >
 sat ) = P (1 cent). Interestingly, from this figure, we find that this is
ot the case. In fact, the probability that a halo has an ELG central
iven that it has at least one ELG satellite is about twice as large as
he probability that it has a central with any satellite configuration, in
he mass regime 10 12 –10 13 h 

−1 M �. The ratio peaks at halo masses
 × 10 12 and 5 × 10 12 h 

−1 M �, with a maximum value of 1.8 and
.5, for the z = 1 and z = 0 samples, respectively. 
We also notice that the conditioned curves, P (1 cent | > 0 sat), are

lightly offset from the total central occupation curves, P (1 cent).
e denote their ratio by a new variable κ( M ), defined as 

( M ) ≡ P (1 cent | > 0 sat ) 

P (1 cent) 
, (16) 

here the dependence on halo mass of the probabilities is implicitly
ssumed. We next explore the ramifications of this finding on the
ne-halo clustering, and provide some possible explanations. 
To implement the conditional probability of ELG centrals into a 
ock creation model, we propose the following procedure. First, we 

se equations ( 4 ) and ( 3 ) to obtain the mean central and satellite
ccupations for each halo, given its mass. Next, we draw from
 Poisson or pseudo-Poisson distribution (see Section 3.1.2 ) to 
etermine the number of satellites that occupy each halo. We then
MNRAS 524, 2524–2538 (2023) 
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M

Figure 3. Probability distribution of the ELG centrals at z = 1 and z = 0 
as a function of halo mass. The dashed curves indicate the probability that 
a halo of a given mass contains a central, P (1 cent) (matching the dashed 
curves in Fig. 1 ). The solid lines correspond to the conditional probability, 
P (1 cent | > 0 sat), that a halo contains a central given that it hosts one or more 
satellites. The lower panel shows the ratio of the solid to the dashed curves 
for each sample. Interestingly, we find that the probability that a halo has an 
ELG central given that it has at least one ELG satellite is about twice as large 
as the probability that it has a central with any satellite configuration o v er the 
mass range 10 12 –10 13 h −1 M �, which contains the majority of galaxies. The 
ratio peaks at halo mass 2 × 10 12 and 5 × 10 12 h −1 M �, and its maximum 

values are 1.8 and 2.5, for the z = 1 and z = 0 samples, respectively. 
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Figure 4. Correlation function ratio between the predicted and ‘true’ high- 
density ELG samples at z = 1 and z = 0. The predicted samples are generated 
by either assuming that the satellite and central occupation distributions 
are independent (dashed lines) or by adopting the conditional probability 
approach developed in Section 3.1.3 (solid lines). The satellite occupations 
are obtained via Poisson draws, and the satellite profile distribution follows 
the procedure in Section 3.2.5 . For the mean occupations, we adopt the 
mass-only HOD scenario for simplicity, which affects the two-halo regime 
and is easy to disentangle from the satellite-central occupation correlation. 
We see that both samples assuming a central-satellite correlation show 

substantial impro v ement o v er the samples assuming independent central 
and satellite probabilities. While the large-scale behaviour is unchanged 
( r > 1 h −1 Mpc ), as expected, the one-halo term of the central-satellite 
correlated sample appears to match reasonably well the ‘true’ one-halo term at 
r ≈ 0 . 1 h −1 Mpc . Ho we v er, we observ e that it starts to deviate near the edges 
of the halo, approaching the results for the independently drawn samples near 
r ≈ 0 . 7 h −1 Mpc . We conjecture that this is related to the effect of anisotropic 
satellite distributions of the ELGs discussed in Section 3.2.4 . 
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plit the haloes into two groups: haloes containing at least one ELG
atellite, and haloes containing exactly zero satellites. To determine
hether the haloes in the first group contain a central or not, we flip
 biased coin with probability P (1 cent | > 0 sat ) = κ( M ) P (1 cent).
or simplicity and to reduce the number of free parameters, we treat
as constant and set it to a fixed value, determined by averaging

( M ) o v er the mass range of interest (though the calculations below
old regardless of whether κ is a constant or a function of halo mass).
rom here onwards, we set κ = 1.5 and 1.8 for the z = 1 and z = 0
LG samples, respectively. 
For the remaining haloes ; i.e. those containing zero satellites,

e need to express the conditional probability of having a central
iven no satellites, P (1 cent | 0 sat), through the parameters in the
OD model: the central and satellite probabilities, P (1 cent) and
 ( > 0 sat), and the conditional probability P (1 cent | > 0 sat ) =
P (1 cent). We arrive at the following expression: 

 (1 cent | 0 sat ) = 

[
P (1 cent ) 

P ( > 0 sat ) 
− P (1 cent | > 0 sat ) 

]
P ( > 0 sat ) 

1 − P ( > 0 sat ) 
, (17) 

hich upon substituting κ can be rew ork ed into 

 (1 cent | 0 sat ) = P (1 cent ) 

[
1 + 

1 − κ

P ( > 0 sat ) −1 − 1 

]
. (18) 

ll probabilities are conditioned on the halo mass, but the depen-
ence is not denoted for the sake of brevity. Having determined the
ccupation numbers of both the centrals and the satellites in each
NRAS 524, 2524–2538 (2023) 
alo, we can proceed with the creation of mocks. We first need to
dopt a one-halo population scheme. For this study, we choose the
henomenological approach for the ELGs in Section 3.2.5 , which
ccounts for the observed anisotropy of the satellite distribution. 

In Fig. 4 , we show that there is a noticeable impro v ement
o the one-halo term when we adopt the conditional probability
rocedure outlined abo v e, compared with the traditional approach
hich assumes independence of the central and satellite occupation
istributions. In particular, the ratio of the correlation functions
or the conditional probability model is close to one; i.e. perfect
greement, around r ≈ 0 . 1 h 

−1 Mpc , but begins to deviate near the
dges of the halo, converging with the prediction of the standard
odel near r ≈ 0 . 7 h 

−1 Mpc . We conjecture that this is related to the
ffect of the anisotropic satellite distribution of the ELGs discussed
n Section 3.2.4 . 

A plausible interpretation of the correlation between central and
atellite occupations is provided by the cooperative galaxy formation
ypothesis. A more commonly used term in the literature in recent
ears is ‘galaxy conformity,’ first detected in SDSS data (Weinmann
t al. 2006 ) and later investigated theoretically in Kauffmann et al.
 2013 ) and Kauffmann ( 2015 ) (see also Hearin, Watson & van den
osch 2015 ; Hearin, Behroozi & van den Bosch 2016b ; Pahwa &
aranjape 2017 ; Calderon, Berlind & Sinha 2018 ; Otter et al. 2020 ;
u et al. 2022 ). According to the cooperative galaxy formation
odel, first proposed in Bower et al. ( 1993 ), cooperati ve ef fects arise
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hrough radiative and hydrodynamical processes during protogalactic 
v olution and contrib ute beyond the traditional models of galaxy 
ormation, which predict that the correlatedness in the luminosity 
f nearby galaxies due to the large-scale correlation between their 
ensity peaks (i.e. ‘proto-supercluster’ and ‘proto-void’ scales). 
ccording to the galaxy conformity conjecture, there are additional 
on-gravitational and non-local effects, which make it more likely 
hat we find brighter galaxies in the presence of other bright galaxies
earby. An example is the collapse of proto-structures into filaments 
nd pancakes, which could result in an increase in the pressure and
ensity of the intergalactic medium and an enhancement of the galaxy 
ormation processes. 

Another possible mechanism for achieving coherent galaxy for- 
ation is through large-scale star formation, which would be ac- 

ompanied by massive superwinds. These superwinds might then 
ropagate towards neighbouring protogalactic clouds and stimulate 
urther galaxy formation. This supposition is related to the idea 
f ‘e xplosiv e g alaxy formation’, through which g alaxies form and
roduce stars by triggering each other’s activity in quick succession. 
After roughly ∼1 Gyr, we expect ELGs to become quenched and 

urn into red galaxies. By that time, the y hav e also drifted apart
rom each other, which might explain why the ELGs exhibit stronger
patial correlation compared with the LRG satellites. We explore this 
n detail in Section 3.2.4 , where we test for anisotropy in the satellite
istribution. Cooperative galaxy formation may also manifest itself 
n the form of environmental assembly bias, which we address in 
ur companion paper (Hadzhiyska et al. 2022a ). A more detailed test
f this hypothesis is in any case warranted to elucidate the physical
echanism of the coherent central-satellite formation process we 

bserve in MTNG. This is ho we ver left for future work, as the aim
f the current study is to merely identify problematic assumptions of
he halo occupation model and propose viable solutions that can be 
traightforwardly implemented in current cosmological analyses. 

.2 Satellite distribution model 

ne of the key steps in creating mock galaxy catalogues is to decide
ow the satellite galaxies are distributed spatially within their host 
aloes. This is vital for reco v ering the small-scale clustering on scales
f r � 3 h 

−1 Mpc , corresponding to the one-halo regime and the
ransition between the one- and two-halo terms. Typically, satellite 
ositions and velocities are assigned via one of three schemes: 

(i) Based on assuming that satellites trace the dark-matter profile 
f the halo, one can fit a Navarro, Frenk & White ( 1996 , NFW)
rofile to the haloes in the simulation and draw randomly from it
o populate each halo with satellites (angular positions being chosen 
andomly). The velocity of the satellites is typically simply drawn 
rom a Gaussian using the halo’s velocity dispersion. This method is
omputationally ine xpensiv e, as one can obtain analytical predictions 
or the dark-matter profiles without accessing the particle data, but it
ives an inaccurate correlation with the matter field of the simulation. 
(ii) A slight modification to the abo v e is to place satellites on a

andomly selected dark matter particle. This ameliorates the issue 
ith the lack of a tight correlation between galaxies and matter, but
ne here needs to access the particle data for each halo. 
(iii) Picking a random subhalo within the halo (or doing abundance 
atching using some subhalo property). A problem with this method 

s that the subhaloes in a hydrodynamic simulation behave markedly 
ifferently from those in an N -body simulation, since tidal disruption
nd stripping are modified due to a modified halo structure, affecting 
he phase-space distribution and survi v al of satellites (e.g. D’Onghia 
t al. 2010 ; Vogelsberger et al. 2014 ; Hadzhiyska et al. 2021a ). In
ddition, this method requires that we have identified subhaloes, 
hich can be e xpensiv e for large simulations and depends both on

he resolution of the simulation and the subhalo finder. 

In our model, we take advantage of having the knowledge of the
true’ positions of the galaxies in MTNG when baryonic effects 
re fully accounted for. Thus, instead of drawing the satellite 
ositions randomly from an NFW profile or from the particle/subhalo 
ample, we can draw from the ‘true’ satellite distribution seen in the
ydrodynamic simulation at fixed halo mass. 

In detail, we can proceed in different ways. We can find the
losest subhalo/particle to the drawn satellite radius, or we can 
ssume that the satellites are isotropically distributed around the 
alo and assign a ‘ghost’ galaxy. The advantage of using the nearest
ubhaloes/particles is that we trace the substructure inside the halo 
etter, and we do not need to assume that its shape is spherical.
o we ver, an issue we discovered is that we cannot al w ays find
 subhalo/particle even within 100 h 

−1 kpc of the drawn radius, as
ome FoF groups exhibit percolation issues and their satellites lie 
utside the virial radius (see Fig. 5 ). Since this paper considers large-
cale statistics of only the galaxies, we resort to the ‘ghost’ galaxy
ethod, which also gives us the freedom of switching on and off

arious features of our model and testing their effects on the galaxy
ummary statistics. 

While the particular choices of the parameter values in our 
roposed model will vary depending on the redshift and number 
ensity of the tracer, in this work, we aim to propose a flexible enough
odel that can accommodate and handle the small-scale clustering 

ehaviour of various samples. For all phenomena investigated in 
ections 3.1 and 3.2 , we find that the high-density and the low-
ensity samples hav e qualitativ ely similar behaviour. Therefore, 
hen performing cosmological analysis, our recommendation is 

o fit the additional parameters of our model alongside the other
osmological and astrophysical parameters that are being varied. 
urthermore, constraining our models from real data is also crucial 

o understanding the accuracy of the MTNG physical model. 

.2.1 Radial profile 

ext, we discuss the radial and velocity profiles of the ‘true’ galaxies,
ark matter particles, and subhaloes in the full-physics MTNG 

imulation, and summarize the proposed satellite distribution model. 
e first test the question of whether the subhaloes and particles trace

he radial profiles of the satellite galaxies. In Fig. 5 , we show the
adial profiles of satellites, subhaloes, and dark matter particles at 
 = 1 for the full-physics MTNG run split into four mass bins: [12.5,
3.0, 13.5, 14.0] ± 0.05 in units of log ( M [ h 

−1 M �]). The satellites
ome from the LRG and ELG samples at the ‘high’ number density.
he particle and subhalo profiles are calculated for all haloes in a
iven mass bin regardless of whether or not they host a satellite
alaxy. We select subhaloes with total mass abo v e log ( M ) = 10 for
he ELGs and log ( M ) = 10.5 (in units of h 

−1 M �) for the LRGs,
orresponding to the minimum total subhalo mass of each tracer. 
he curves are normalized to sum to unity, so that they inform us of

he fraction of objects (satellites, subhaloes, particles) contained in a 
iven radial bin out of the total, at fixed halo mass. Thus, the curves
llustrate ρ( r ) r 2 up to a normalizing factor, where ρ( r ) is the radial
umber density. 
The most striking feature of the satellite profiles is that they exhibit

 bimodal behavior; i.e. a large number of the satellites lie outside
he virial radius and contribute to a second bump in the satellite
MNRAS 524, 2524–2538 (2023) 
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Figure 5. Radial profiles of the galaxies (solid lines, ‘high’ number density), 
subhaloes (dashed lines), and dark matter particles (dotted lines), at z = 

1 for the full-physics MTNG run. We show LRGs (top panel) and ELGs 
(bottom panel) in four mass bins: [12.5, 13.0, 13.5, 14.0] ± 0.05 in units of 
log ( M [ h −1 M �]). The satellite profiles exhibit a noticeable bimodality; i.e. a 
large number of satellites lies outside the virial radius and contributes to a 
second bump at r / R vir > 1. These are the result of FoF percolation; i.e. two or 
more dark-matter clumps are strung together by feeble particle connections 
between halos. The effect is most pronounced for LRGs in the lowest mass bin, 
and almost disappears in the highest mass bin. The second bump for ELGs 
appears to be less halo-mass dependent. The particle profiles also exhibit 
bimodality, albeit of much smaller and less mass-dependent amplitudes, 
suggesting that FoF haloes are equally likely to percolate regardless of 
their mass. The subhalo profiles are slightly offset from the particle profiles, 
peaking at r / R vir ≈ 0.9 rather than r / R vir ≈ 0.6. The radial satellite distribution 
is, therefore, better traced by the particles, although they still underestimate 
the satellite population outside the virial radius. 
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rofiles. Visualizing the haloes hosting these satellites, 4 we see that
hey are often the result of FoF percolation; i.e. two or more dark-

atter clumps are strung together by the FoF algorithm. This effect
s the most pronounced for LRG satellites in the lowest mass bins
NRAS 524, 2524–2538 (2023) 

 At this link, we have compiled two-dimensional visualizations of haloes of 
ass 10 13 h −1 M � containing satellites outside the virial radius. 

t  

v  

m  

c  
nd is much more diminished in the highest mass bin. The most
lausible explanation is that haloes of mass log ( M ) = 12.5 are very
nlikely to host LRG satellites, as they are rarely massive enough to
upport a satellite (see Fig. 1 ), and a satellite would either be tidally
estroyed as it gets near the central, or merged into it (which would
ubstantially increase the total halo mass and bump the halo to a
igher mass bin). Therefore, the cases we are most likely to observe
n that mass range involve two haloes in the process of merging, but
hich are already identified by the FoF algorithm as a single halo.
ote that the virial mass of such a FoF group is much smaller than the
oF mass itself, as the virial radius cuts through the middle of these
roups, ef fecti vely deblending them. The ELG satellite profiles, on
he other hand, appear to be less halo-mass dependent, although they
lso display bimodal behaviour. 

While ELG-hosting subhaloes are not as massive as the LRG-
osting ones (compare log M > 10 and log M > 10.5), they still
ccupy relati vely massi ve host haloes and appear to prefer the
utskirts of the halo, which at a fixed virial mass, is more likely
o occur in the case of percolating FoF groups, as their virial mass
s then low compared with the total FoF mass. We conjecture that
his preference arises because ELGs are quenched as they enter the
igher density inner regions of the halo, so we are more likely to find
hem further away from the halo centre (we see further evidence for
hat in Section 3.2.3 ). 

We can also see a reflection of the bimodality effect in the dark-
atter particle profiles, which exhibit a bump outside the virial radius

albeit of much smaller amplitude). Interestingly, compared with the
atellites, we barely find any mass-dependence in the particle profiles,
uggesting that FoF haloes are equally likely to percolate regardless
f their mass. The subhalo profiles, in addition to being insensitive
o mass, do not show a bump outside their virial radius and are,
n fact, slightly offset from the particle profiles, peaking at r / R vir 

1 rather than r / R vir ≈ 0.6. It is evident from the figure that the
adial satellite distribution is better traced by the particles, although
f we place satellites on random particles, we would underestimate
he satellite population outside the virial radius. We stress again
hat this is a feature of using the FoF finder and is likely to go
way or be modified when either using just the gravitationally bound
ubhalos determined by SUBFIND-HBT, or non-FoF-based group
nders, such as ROCKSTAR (Behroozi, Wechsler & Wu 2013 ) or
ompaSO (Hadzhiyska et al. 2022b ). We leave this question to a

uture study. 

.2.2 Velocity dispersion profile 

n halo occupation modelling, one typically assumes that the veloci-
ies of satellites are Gaussian distributed with the velocity dispersion
f the parent halo. We test this assumption by studying the histograms
f the velocity dispersions of satellites, subhaloes and particles. Fig. 6
ives the velocity dispersion histograms of galaxies, subhaloes, and
ark matter particles at redshift z = 1 for the full-physics MTNG run,
hown for the ‘high’ density LRG and ELG samples in four mass
ins: [12.5, 13.0, 13.5, 14.0] ± 0.05 in units of log ( M [ h 

−1 M �]).
he curves are normalized to integrate to unity, and the velocities of

he satellites, subhaloes, and particles are normalized by the velocity
ispersion of the halo they occupy. 
Overall, we see that the LRG and ELG satellites as well as

he subhaloes exhibit a strong mass dependence, with the mean
elocity dispersion shifting to larger values with increasing halo
ass. We note that this shift is more noticeable for ELGs, which could

onstitute a challenge to reproduce the correct clustering in redshift
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Figure 6. Probability distribution of the velocity dispersion of galaxies (solid 
lines, ‘high’ number density), subhaloes (dashed lines), and dark matter 
particles (dotted lines) at z = 1 for the full-physics MTNG run. We give 
results for the LRGs (top panel) and ELGs (bottom panel) in four mass bins: 
[12.5, 13.0, 13.5, 14.0] ± 0.05 in units of log ( M [ h −1 M �]). Both the satellites 
and the subhaloes exhibit a strong mass dependence, with the mean velocity 
dispersion shifting to larger values with mass. The ratio σ / V disp is lowest 
for the LRGs in the lowest mass bin, which has important implications for 
mock construction, as it suggests that drawing from a Gaussian of width V disp 

w ould mak e the galaxy velocities of LRGs hotter than they should be. On the 
other hand, we see that the ratio σ / V disp exceeds the one for the ELGs in the 
highest mass bins, which could also lead to complications in mock creation. 
Similarly to our observation in Fig. 5 , we find that in the highest mass bins 
the particles are better tracers of the satellite velocities than the subhaloes. 
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pace for simple population models that assign velocity to galaxies by 
rawing around a mean centred on the halo velocity dispersion. This
s a manifestation of the same effect we see in Fig. 5 , where for higher

ass bins, the mean of the radial profiles shifts towards smaller radii,
here the gravitational forces are stronger and the velocity dispersion 

s larger (see e.g. Brown et al. 2010 , for an early measurement of
he dispersion profile of the Milky Way). The ratio σ / V disp is lowest
or the LRG satellites in the lowest mass bin. Comparing this with
he corresponding curve in Fig. 5 , we conclude that this is caused
y the population of satellites lingering right outside the halo virial 
adius. This effect has important implications for mock construction. 
t suggests that according to MTNG, drawing from a Gaussian of
idth V disp w ould mak e the galaxy velocities of LRGs hotter than

hey should be, which would artificially increase the power in the
uadrupole moment of the correlation function. On the other hand, 
e see that the ratio σ / V disp becomes larger than one for the ELGs in

he largest two mass bins, which has the opposite effect of making
he mock galaxies colder. This finding needs to be reexamined when
dopting an alternative halo finder, as part of the effect is likely a
onsequence of FoF percolation. 

Similarly to our observation in Fig. 5 , we find that for the highest
ass bins the particles are better tracers of the satellite velocities than

he subhaloes. The mean of the subhalo velocity dispersion skews 
owards large σ / V disp ratios, reflecting the migration of subhaloes 
owards the halo centre with increasing mass (Fig. 5 ). Recall that
he satellite and subhalo velocities are calculated as the mean of all
articles in the satellite-hosting subhalo. We find the least amount 
f mass dependence in the particle distributions, although there is a
light tendency towards a larger velocity dispersion with increasing 
ass, as with the other two tracers. This might be due to the fact that
e use only the dark matter particles to compute the particle velocity
ispersion rather than all particles (i.e. with baryons). The effect 
f including the baryons, which tend to condense near the centres
f halos and have a low dispersion velocity, is most prominent for
aloes in the lowest mass bin, as the stellar-to-halo mass ratio peaks
t M ∼ 10 12 h 

−1 Mpc . 

.2.3 Radial velocity profile 

ypically, mock creation algorithms assign random velocity direc- 
ions to the satellite velocities. Here, we test whether this procedure
s sufficiently accurate by studying the radial velocities of galaxies 
with respect to the central subhalo) in MTNG. In Fig. 7 , we
how the distribution of the normalized radial velocity, v rad / | v| ,
f galaxies, subhaloes, and dark matter particles, at z = 1 for the
ull-physics MTNG run, plotted for the ‘high’-density LRGs and 
LGs in four mass bins: [12.5, 13.0, 13.5, 14.0] ± 0.05 in units of

og ( M [ h 

−1 M �]). A ne gativ e value of v rad / | v| implies inward motion
towards the halo centre), while a positive value implies outward 
otion. The radial velocity is computed as the relative peculiar 

elocity between the halo velocity and the object’s peculiar velocity, 
ormalized by the magnitude of the relativ e v elocity The curv es are
ormalized to integrate to unity. 
From the figure, we see that all three types of objects (subhaloes,

atellites, and particles) have slightly asymmetric radial motions; 
.e. they are more likely to be moving inwards than outwards, and the
symmetry is most extreme for satellites and subhaloes. We also see
vidence for a mass dependence of this behaviour, especially in the
atellite distributions. In particular, the LRG asymmetry decreases 
ramatically with mass: the smallest mass bin is the most extreme,
ith the majority of satellites being on inward radial orbits rather than 
oving outwards. This is not surprising given our findings from Fig. 5

hat LRG satellites in the smallest mass bins live outside the virial
adius and are likely on their first inf all. The f act that there are much
ewer satellites going out suggests that they are likely to be destroyed
pon falling into the halo. At the highest mass bins, the survi v al rate
f LRG satellites is highest, which intuitively makes sense as their
verage concentration is lower (and thus the relative gravitational 
ull they experience towards the centre is smallest). Our findings for
he subhalo population are similar, which emphasizes once again the 
ragility of infalling subhaloes, specifically in low-mass hosts where 
MNRAS 524, 2524–2538 (2023) 
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Figure 7. Normalized radial velocity distribution of the galaxies (solid lines, 
‘high’ number density), subhaloes (dashed lines), and dark matter particles 
(dotted lines) at z = 1 for the full-physics MTNG run. We plot results for the 
LRGs (top panel) and ELGs (bottom panel) in four mass bins: [12.5, 13.0, 
13.5, 14.0] ± 0.05 in units of log ( M [ h −1 M �]). All three types of objects 
exhibit a slight preference for asymmetric radial motion; i.e. objects are 
more likely to be falling in than moving out, with the asymmetry being the 
most extreme for satellites and subhaloes. The LRG asymmetry decreases 
dramatically with mass: the smallest mass bin is the most extreme, with 
the majority of satellites being on inward radial orbits (presumably before 
merging onto the central). On the other hand, the highest mass bin of the 
ELG satellites exhibits the highest asymmetry. We conjecture this is the 
result of quenching, which is strongest in the highest mass bins. The particle 
distributions are the most symmetric, as particles cannot be destroyed, and 
any lingering asymmetry is the result of halo dynamics and resolution effects. 
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he probability of head-on collisions and thus mergers is highest
their concentration, on average, is highest). 

The ELG radial velocity distributions reveal a slightly different
tory. While we see a similar trend to the LRGs of the asymmetry
eing exacerbated for lower-mass haloes, it is also noteworthy that
he highest mass bin completely inverts that trend. We conjecture that
his is the result of quenching, which is strongest in the high-mass
aloes. In other words, as an ELG satellite enters a high-mass halo,
ts star formation rate falls swiftly, quenching the satellite and turning
NRAS 524, 2524–2538 (2023) 
t into a red galaxy in � 1 Gyr. Thus, the ELG radial velocities are
redominantly inwards (see also Fig. 5 , which shows that ELGs tend
o live on the halo outskirts). 

In the case of the particles, their distributions are more symmetric
nd uniform, though we still see some mass dependence in the
symmetry. In particular, since the particles cannot be destroyed,
he asymmetry must be the result of halo dynamics and resolution
ffects: namely, since haloes are constantly interacting with their
urroundings and growing in mass, it is not surprising that there is
n average more inbound than outbound structure. If the haloes were
erfectly virialized, the particle curves would be more symmetric,
hough even then, there could be resolution effects breaking the
ymmetry when particles pass close to the centre of mass (Navarro
t al. 2010 ). 

Having detected the asymmetry in the radial motion of satellites,
t is important that we assess how it affects the galaxy correlation
tatistics. To this end, we devise a simple mechanism that allows
s to obtain a mock catalogue with galaxies that have the same
verage radial velocity profile as the ‘true’ satellites in our mocks.
amely, we draw from the normalized radial velocity distributions

Fig. 7 ) and the velocity dispersion distribution (Fig. 6 ) to determine
he radial velocity of each satellite and then pick randomly the
ngle of the tangential velocity. As an idealized test, we compute
 modified version of the pairwise velocity estimator (Ferreira et al. 
99 9 ): 

( r) = 

∑ 

ij , i<j ( ̂ r i − ˆ r j ) · ( v i − v j ) ∑ 

ij , i<j 1 
, (19) 

here the summations are o v er all pairs of galaxies i and j (including
entrals and satellites), and the final result is binned in separation
istance, r = r i − r j . The denominator corresponds to the data–
ata pair counts; i.e. DD( r ). This statistic essentially weights galaxy
airs by their relative velocity along the line that connects them, and
s such cannot be computed for real data. It is, none the less, helpful
or testing whether we reco v er the correct relative velocities of the
alaxies within the halo. The results are shown in Fig. 8 , and we see
hat for all samples considered there is a substantial impro v ement in
he agreement between MTNG and the mock. 

Ho we ver, since in observations we rarely have direct measure-
ents of the galaxy velocities, it is more instructive to consider a

tatistic that indirectly depends on the satellite velocities. Such a
tatistic is the quadrupole moment of the correlation function, which
etects the anisotropy along the line of sight due to redshift space
istortions. Ho we ver, we find that ξ� = 2 ( r ) is negligibly changed
hen we switch the radial velocity assignment option on or off

result not shown). This suggests that with the precision that the
TNG simulation provides at this number density, we cannot see a

ignificant difference resulting from the radial velocity asymmetries
ith this redshift-space statistic. 

.2.4 Angular distribution 

nother intriguing test of the satellite spatial distribution is presented
n Fig. 9 , where we calculate the cosine of the angle subtending
etween the first and the n th satellite ( n > 1) for the ‘high’-density
RG and ELG samples at redshift z = 1, and compare it with the
istribution of all subhalos and a random (isotropic) distribution (the
ngle between two random vectors is uniform in the range −1 <
os ( θ ) < 1). We note that n is the number of satellites in the halo,
here we order the satellites in each halo by their total subhalo mass

thus, ‘1st’ refers to the most massive satellite), and that the angle is



Improved one-halo term in galaxy-halo link 2535 

Figure 8. P airwise v elocity estimator, ˆ p ( r), defined as the ratio between 
the predicted samples and the ‘true’ LRG and ELG samples extracted from 

MTNG at z = 1. Here, the predicted samples are obtained by holding the 
occupations of haloes fixed to their ‘true’ values, and only modulating the one- 
halo population model. In the simpler model (dashed line), we draw randomly 
from the ‘true’ (i.e. hydro-simulation-derived) radial profile and velocity 
dispersion distributions and choose a random direction for the direction of 
the vectors for each galaxy, whereas in the second model (solid line), we 
additionally draw from the ‘true’ radial velocity distributions to determine 
the radial velocity and then choose the tangential velocity vector randomly. 
We see that for each of the samples, there is noticeable impro v ement with 
respect to the (hydro) ‘truth,’ suggesting that the pairwise velocity statistics 
is better reco v ered when adopting a one-halo term that accounts for radial 
velocity asymmetry. The lingering discrepancy in the LRG case is likely due 
to the satellite–satellite contribution to ˆ p ( r), which is not controlled in the 
v rad sampling model (as v rad is estimated with respect to the centre of the 
halo). The reason that it plays a larger role in the LRG case is that at large 
masses the number of satellites per halo is larger (see Fig. 1 ). 
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Figure 9. Cosine of the angle between the first and the n th satellite ( n > 1) for 
the ‘high’-density LRG and ELG samples at z = 1. The curves are normalized 
to sum to one. In black, we also show the comparison with a random (isotropic) 
distribution (thin line) and with all subhalos abo v e M > 10 9 h −1 M � (thick 
line). The bottom panel shows the ratio of the red and the blue PDFs relative 
to the subhaloes. Although both samples show some preference for having the 
satellites close to each other rather than further apart, we see that the ELGs 
exhibit more evident anisotropy compared with the LRGs at small angles. 
In particular, the n th ELG satellite has a 50 per cent higher probability of 
being close (within 10 ◦) to the first satellite compared with the LRG satellite, 
and 25 per cent less chance of being diametrically opposite ( ∼180 ◦) to it. 
In Fig. 10 , we show that this has important consequences for the galaxy 
clustering. 
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easured with respect to the centre of the given halo. In reality, past
he first couple of satellites, the hierarchy becomes less important, 
s the subhalo masses become very similar. In addition, most ELG-
atellite-containing haloes tend to have at most two to three satellites, 
nd the selection criteria for ELGs (i.e. sSFR) are largely decorrelated 
rom the subhalo mass. The standard assumption is that satellites are 
sotropically distributed, which would entail that they follow the thin 
lack curve of Fig. 9 . Contrary to that expectation, we find that
oth samples, as well as the subhaloes, show a strong preference for
aving the satellites subtend a small angle with respect to the largest
atellite (or subhalo, respectively). Remarkably, this anisotropy is 
ven more strongly pronounced for the ELGs: compared with the 
RGs, the n th ELG satellite is 50 per cent more likely to be located
t an angle smaller than 20 ◦ ( cos ( ̂ r 1 · ˆ r n ) ≈ 0 . 9) with respect to the
rst satellite, and twice more likely compared with the subhaloes. 
s we show in Fig. 10 , this has important consequences for the
alaxy clustering of ELGs. Interestingly, the LRGs exhibit a second 
ocal maximum at 150 ◦ ( cos ( ̂ r 1 · ˆ r n ) ≈ −0 . 9), suggesting that two
RG satellites have a relatively high chance of being diametrically 
pposite to each other as well. One potential explanation is that at
ntermediate angles, i.e. ∼90 ◦ ( cos ( ̂ r 1 · ˆ r n ) ≈ 0), the satellites have 
 higher chance of e x erting destructiv e tidal and gravitational forces
nto each other, which is not an issue if they are on opposite sides
ith respect to the halo centre. 
.2.5 Proposed satellite distribution model 

nce the central and satellite occupations have been assigned to 
ach halo via some recipe (see also section 3.1 of our companion
aper, Hadzhiyska et al. in preparation, for our impro v ed assignment
odel), we distribute the satellites in each halo according to the

ollowing procedures: 

(i) At fixed halo mass (i.e. in thin bins of equal mass), we
raw samples from the ‘true’ (i.e. hydro-simulation-derived) satellite 
adial distribution at that mass bin to determine the distances of the
ock satellites from their respective halo centres. The angles of 

he position vectors are picked randomly. Exception: In the case of
LGs, we notice that the satellites are more likely to come in close-
nit groups (see Fig. 9 ), so we adopt a more complex procedure:
amely, we assign a fractional chance X assoc. that the n th ( n > 1)
LG satellite that appears in a host halo is ‘associated’ with the first
atellite rather than the central (which could be explained through 
he idea of cooperative galaxy formation Bower et al. 1993 ). If
he satellite is ‘associated,’ then we draw from a Gaussian with
ean μassoc. and width σ assoc. in a random direction centred on 

he first satellite . Otherwise, we proceed as usual and draw from
he ‘true’ radial distribution around the central. Empirically, we 
et X assoc . = 50 per cent and ( μassoc. , σ assoc. ) = (0.1, 0.1). Fig. 10
ho ws the ef fect that switching this ELG ‘association’ procedure on
nd off has on the galaxy clustering. We see that despite the fact
MNRAS 524, 2524–2538 (2023) 



2536 B. Hadzhiyska et al. 

M

Figure 10. Correlation function ratio between the predicted samples and 
the ‘true’ (hydro) high-density ELG samples extracted from MTNG at z = 

1 and z = 0. Here, the predicted samples are obtained by holding the 
occupations of haloes fixed to their ‘true’ (i.e. hydro-simulation-derived) 
values and only modulating the one-halo population model. In the simpler 
model (dashed line), we draw randomly from the radial profile and velocity 
dispersion distributions and choose a random direction for the radial and 
v elocity v ectors for each galaxy, whereas in the second model (solid line), 
we apply the ‘associated’ satellite model detailed in the text: with probability 
of X assoc. , each satellite is either ‘associated’ with the first satellite or the 
central subhalo; if ‘associated’, its radial distance from the first satellite 
is drawn from a Gaussian distribution with ( μassoc. , σ assoc. ); otherwise, we 
draw from the true radial distributions (Fig. 5 ). We see that the standard 
model; i.e. ‘w/o associated’, shows a significant discrepancy in the range 
0 . 1 h −1 Mpc < r < 1 h −1 Mpc , despite matching the radial profiles of the 
‘true’ ELG sample, conv e ying strong hints of the anisotropic distribution of 
ELG satellites (confirmed in Fig. 9 ). The discrepancy is reduced by more 
than 20 per cent when we adopt the ‘associated’ model. Note that the value of 
X assoc. could be further adjusted to match the one-halo term of MTNG even 
better. 
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hat in both scenarios we have matched the radial profiles of the
true’ ELGs, it is only when we turn on the ‘associations’ that we
an reconcile the clustering discrepancy on small scales. This has
mportant implications for halo modelling as it suggests that ELGs
xhibit non-isotropic or cooperative behaviour. We find this to be
uch less the case for the LRGs. 
(ii) At fixed halo mass (i.e. in thin bins of equal mass), we draw

amples from the ‘true’ satellite velocity dispersion distribution at
hat mass bin to determine the magnitude of the velocity. The angles
f the velocity vectors are either picked randomly or the normalized
adial velocities are drawn from the ‘true’ distribution (i.e. Fig. 7 )
nd the tangential velocities are picked randomly. 

Note that the free parameters of this model, X assoc. , μassoc. , and
assoc. can be adjusted to impro v e the clustering agreement, if needed.

 C O N C L U S I O N S  

n this work, we propose a satellite population model that challenges
tandard assumptions of the galaxy-halo connection and impro v es
he agreement with state-of-the-art hydrodynamical simulations by
ntroducing minimal and flexible modifications to the standard
pproach. The main application of our model lies in the analysis
NRAS 524, 2524–2538 (2023) 
f large-scale galaxy surv e ys with the help of HOD-like techniques
pplied to simulated halo catalogues. We incorporate several optional
ecorations of the HOD approach and discuss in detail their effects on
he galaxy clustering. Due to the modular nature of these decorations,
ur findings are easily translatable to models that make use of the
article and subhalo catalogues, and can thus be helpful in capturing
he galaxy-matter correlation. This work does not assume that the

TNG model reproduces the complex physics of the real Universe
erfectly, but rather it should be viewed as an illustrativ e e xample of
hich assumptions might reasonably be falsified and subsequently
e impro v ed in galaxy-halo modelling. 
Our conclusions regarding the one-halo term can be summarized

s follows: 

(i) When studying the occupation statistics of ELG satellites,
e found evidence of super-Poissonian behaviour, challenging the

raditional assumption made by HOD models that the satellite
ccupations are Poisson distributed (see Fig. 1 ). We then designed a
imple recipe in Section 3.1.2 that allows us to populate haloes with
atellites according to a modified pseudo-Poisson distribution, at the
ost of adding a single free parameter to the model. We showed
n Fig. 2 that this correction is able to impro v e the one-halo term
redictions for ELGs. 
(ii) Furthermore, we disco v ered that the central and satellite

ccupations of ELGs are correlated (see Fig. 3 ), in disagreement
ith the common notion that the probability of a halo hosting a

entral is independent of its probability to host a satellite. We offered
 simple solution in Section 3.1.3 that requires the inclusion of only
ne additional parameter for controlling the conditional probability
f central occupation, and we demonstrated in Fig. 4 that this change
s capable of significantly reducing the discrepancy. 

(iii) Another surprising finding about the ELG satellite distribu-
ion is that compared with LRGs, they appear to be significantly more
nisotropically arranged within the halo. Through Fig. 9 , we showed
hat ELG satellites are often paired (or ‘associated’) with one another,
o that assuming spherical symmetry leads to a poor prediction of the
ne-halo term. We propose a model that gives non-zero probability to
atellites being more strongly ‘associated’ with other satellites rather
han the centre of the halo, which helps to impro v e the agreement in
he one-halo regime (see Fig. 10 ). 

(iv) We argue that the three findings we list abo v e pro vide strong
vidence for cooperative galaxy formation (or galaxy conformity)
hat predominantly affects the ELG population. We conjecture that
tar formation may be triggered on large scales from the collapse of
ensity peaks, which leads to the formation of a population of blue
ELG) galaxies. After a while ( ∼1 Gyr), the galaxies drift apart from
ach other and turn into red galaxies (LRGs) due to quenching. 

(v) The galaxy assignment procedure we adopt follows the satel-
ite profiles and velocity dispersion distributions of the true galaxies
t fixed mass (if using the extended halo model, also at fixed
econdary and tertiary halo property), shown in Figs 5 and 6 . We
nd substantial evidence of FoF percolation; i.e. the chaining of two
r more dark-matter haloes strung together into a single massive
oF group which is treated by standard HOD models as a single
alo. FoF percolation manifests itself in the satellite profiles of low-
nd intermediate-mass haloes by contributing a large number of
atellites outside the virial radius. We plan to further investigate this
ssue, which is also rele v ant to the question of assembly bias, with
he spherical-o v erdensity-based halo finder COMPASO (Hadzhiyska
t al. 2022b ) in a future study. 
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(vi) We also found that the radial velocities of galaxies are strongly 
ke wed to wards the direction of infall (Fig. 7 ). We propose a model
hat assigns radial velocities to the mock galaxies following the true 
istribution (while randomizing the tangential component). Ho we ver, 
hen compared with a model assuming random velocity directions, 
e do not find a signature of this effect in the redshift space clustering
ia the quadrupole, ξ� = 2 , with the current level of precision. 
(vii) In all of the abo v e comparisons (Figs 5 –7 ), we find that

either the particle nor the subhalo catalogues follow the ‘true’ 
alaxy distribution out of the box, but when equipped with 
he proper decorations, the one-halo term can be substantially 
mpro v ed. 

With every step forward taken by observational surv e ys, numerical 
tudies must follow by maximizing their accuracy and applicability to 
alaxy observations. In this finely tuned harmony, the next generation 
f simulations must be equipped with optimal galaxy-halo models 
hat are capable of reliably reproducing galaxy observables at suffi- 
iently large scales. Analyses refining and further developing these 
odels with the help of state-of-the-art hydrodynamical simulations 

re thus invaluable for increasing the cosmological yield of large- 
cale structure surv e ys, and for attaining a profound understanding 
f the physics that go v erns our Universe. 
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