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The Halo Occupation Distribution (HOD) model is frequentied in surveys to predict the mass
of the dark matter haloes from the clustering of galaxies. tl@nother hand, semi-analytical
models (SAMs) of galaxy formation are often used to popusateulations according to some
physical prescriptions and merger trees. We compare gdélmsymeasured in SAMs with the
bias reconstructed from the halo bias and HOD measured isaime simulations. We find that
the reconstruction underestimates the bias byl®%, which translates in 50% overestimation
of the halo mass. We attribute this failure to assembly bidee clustering of haloes witi <
3—5x 10h1M,, depends strongly on environment (number of subhaloes)asdlso reflects

in different clustering for galaxies with different lumisity but equal halo mass. Thus we need
to include properties other than halo mass to do a proper H@bnstruction.
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1. Introduction

The Halo Occupation Distribution (HOD) (e.g. [1]) formatisuses the Halo Model (e.g. [2])
to describe the population of galaxies in haloes accordirtipe properties of the host haloes. In
many cases we assume that the properties and populationaxiegadepend only on the halo
mass. The population of galaxies is then described by theapitity P(N|M) that a halo of virial
massM containsN galaxies of a given type. One can then calculate galaxyegingt from the
combination of the HOD with the clustering of halos if we assuthat the clustering of haloes
depends only on the halo mass. If these assumptions arenglidin use galaxy surveys to obtain
the relations between properties of galaxies and halo n@assasure the clustering of dark matter
haloes, as well as halo masses (e.g. [3, 4]). However, sardestindicate that several properties
of galaxy and halo clustering depend on properties of dattamhaloes other than mass, such as
halo formation time, density concentration or subhalo pation number [5, 6].

On the other hand, semi-analytical models (SAM) populatexigs in the dark matter haloes
by modelling baryonic processes according to the potentibdark matter [7]. These processes
contain free parameters that can be constrained by obs#rvaBecause of these processes, semi-
analytical models of galaxy formation follow the evolutiohthe dark matter haloes, mergers, and
they are more physical than HOD models in terms of envirorial@tependences and evolution.

Here we study the consequencies of the assumption that ldweygzopulation and clustering
only depends on the halo mass in SAMs. We study the public Séf\alaxies of the Millennium
Simulation to see if we can reproduce the galaxy bias fromHi@®D assumption, thereby assuming
that the clustering of galaxies only depends on the massdidkt halo.

2. Simulation data

We use the Millennium Simulation [8], that corresponds t&@DM cosmology with the
parameters:Qmn = Qgm+ Qp = 0.25, Q, = 0.045, h = 0.73, Qp = 0.75, n=1 andgg = 0.9.
Haloes are identified as Friends-of-Friends (FOF) grougsenT subhaloes are identified in the
FOF groups using the SUBFIND [9] algorithm. We studied seV8AMSs, although here we will
focus on [10] (hereafter G11). For the study of the rest oftloelels we refer to [11].

3. Bias

We estimate the 2-Point Correlation Function (2PCF) usisdy pixels and the expression

& (r12) = (6(r1)d(r2)), (3.1)

whered(r) refers to the density fluctuation defined &¢r) = p(r)/p — 1 in pixels. From that, we
measure the bias using the local bias model:

b(r) = ggn((rr)) (3.2)

whereéy(r) corresponds to the 2PCF of the studied object (haloes okiga)ab(r) is the bias
factor, andy(r) is the 2PCF of the dark matter field. We define the mean valuetimgfb(r) to a
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Figure 1. Left: halo bias as a function of mass at 3 different redshifimpared to theoretical expres-
sions. The squares show the measurements of bias from tleMiim Simulation, while the different lines
represent different theoretical expressions. Each cakpnesents a different redshift, as specified. Right:
Luminosity dependence (in absoluteand magnitude) of galaxy bias at different redshifts asifipd.
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Figure 2: Reconstruction obg(L) from bror(M) atz= 0. The grey shaded region corresponds to the
predictedbrec(L) + 1o, while solid line represents the real measured valug(@f).

constant in the scale ranget23Mpc < r < 30h~*Mpc. The errors are measured with a Jack-Knife
method of this measurementlafusing 64 cubic subsamples. In the left panel of Fig. 1 wegmres
the measured halo bias as a function of mass and we comparesthies with some analytical
models [12, 13, 14]. Note that the agreement with the modé¢l4ff expression is remarkable.
Right panel of Fig. 1 shows galaxy bias as a function of lursitypby(L) at 3 different redshifts,
as specified.

4. Galaxy biasreconstructions

In this section we want to measure if we can recover galaxy bjaassuming that the HOD
and galaxy clustering depend only on halo mass. To do this akera reconstruction dig(L),
that we will call bec(L), from the measurements bEor(M) and the occupation of galaxies in
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Figure 3: Left: bror(M) for different samples according to their number of subh&g inside atz =

0. Right: bg(Mror) andbrec(Mror) for different luminosity bins. Solid lines represent galaias as a
function of FOF mass of their host haloes with different lnosities represented by different colours. The
grey shaded zone refer to the rangéf(M) + 1o from bror. As the reconstructions are binned by halo
massbrec(M) = bpopM.

these haloes. If we are in the linear regime (as we are) anocthgation of galaxies is only halo
mass dependent (e.g. there is no assembly bias), then te ofdy(L) must coincide with the
reconstructiorbrec(L) obtained from the following expression:

Drec(L) = | aMby(M (v oM ) (4.1)

ng(L)

wheren corresponds to the number density of the galaxies or haloédNg(M,L) is the mean
number of galaxies per halo of mags which we measure directly in the simulation. The error is
obtained by calculating the Jack-Knife error of the recartgion using 64 cubic subsamples.

Fig. 2 shows the reconstructionsif(L) from haloes az = 0. We see that the reconstructions
tend to be different from the SAM measurements by a factor-o7%o at the level of &r. Although
not shown here, this is common for all the SAMs and halo défimst [11]. These differences in
clustering corresponds to a 50% difference in halo massHiged).

For equation (4.1) to be accurate we need to satisfy one dbtlesving to conditions. First,
all the haloes of the same mass have the same clusterings if the case, all the galaxies in these
haloes have the same clustering and then we are assigningrtieet clustering for the galaxies.
Second, galaxies populate haloes only according to thessmiéthis is the case, even if the first
condition is not satisfied the galaxies in the same masses staistically have the same mean
clustering. We have seen that the reconstructions diffen fthe measurement (L), so this
means that both conditions fail. So, for a fixed halo mass$erint haloes must have different
clustering (assembly bias). Moreover, the population ¢dxgas in haloes of the same mass must
be correlated with the halo bias.

In the left panel of Fig. 3 we can ségor(M) separating the samples of FOFs according to
the number of subhaloes in the halo. We see that for a fixed (aassw masses at least), the
dependence db on subhalo occupatior\sy, is very strong, while in the reconstruction we are
wrongly assuming that bias only depends on mass. This isdiaaition of assembly bias. As
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the haloes with higheNs, have more galaxies, the reconstructions produce an unideatisn of
bg(L), since we are assuming the same mean bias for these galakiés the haloes with more
galaxies have a higher bias than the mean value of these snasse

To study the mass dependence of the success in the recdiostsyeove measurely(Mror)
in several luminosity bins. Right panel of Fig. 3 sholygMroF) for galaxies at different lumi-
nosities. This figure, then, allows us to see explicitly hbe teconstructions of galaxy bias work
at different masses. We can see two different behaviourshight masseshy(MroF) is close to
brec(Mror). This means that the reconstructionbgfL) at these masses works, and the halo mass
gives sufficient information to predict galaxy clusteririg.the low mass regions there is a strong
disagreement betwedy(Mror ) andbrec(Mror ), especially for the brightest galaxies. The bias of
the brightest galaxies is much higher than the mean one dfdloes of the corresponding mass.
So, in these low masses, the galaxies are populated pseiselvay that the brightest galaxies are
in the most clustered haloes of the corresponding mass. nMéds, again, that the clustering of
these galaxies does not only depend on mass, and this isredfteaindication of assembly bias,
since haloes of the same mass must have a different clugterin

5. Summary and discussion

The standard implementation of the HOD assumes that theedlug of galaxies only depends
on the mass of the haloes. If for a fixed halo mass there are gadagies in the halos with more
subhalos, then the mean clustering of these galaxies willigpeer than the mean clustering of
the haloes and we will wrongly conclude that they are in moassive haloes. This results in an
overestimation of the halo mass using clustering. We haoe/shhat this is the case for SAMSs,
but we expect this to also be true in any other models of galasymation where the number of
galaxies correlate with the number of subhalos.

The reconstructions dify from haloes work better at high masses, but some diagreemsiit
bg come from the low mass haloes, where the assembly bias &ffstbnger. This effect occurs
for Mp < 3—5x 10''M,,. This indicates that the SAMs agree with our assumptiorargélmasses.
However, other dependences than mass are needed to phedattistering of the SAMs on small
masses, then care must be taken when assuming the HOD mada$seés below 3 5x 101M.,,
especially when assuming that galaxy clustering only dépem mass.

Frequently, the HOD is assumed to relate galaxy propertigshalo masses [3, 4]. In the
case of [3], they measure the HOD parameters form the cingtef galaxies assuming that the
clustering only depends on the halo mass. But these resuitbe affected by the halo assembly
bias since this can affect galaxy clustering.
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