Disentangling galaxy environment and host
halo mass

Abstract

The properties of observed galaxies and dark matter halcg@sulations depend on their environment. The term
“environment” has, however, been used to describe a widetyaf measures that may or may not correlate with
each other. Useful measures of environment include, fomple the distance to th¥™ nearest neighbour, the
number density of objects within some distance, or, for tseof galaxies, the mass of the host dark matter halo.
Here we use results from the Millennium simulation and a samailytic model for galaxy formation to quantify
the relation between fierent measures of environment and halo mass. We show thabfitbe environmental
parameters used in the observational literature arefectemeasures of halo mass. The strongest correlation
between environmental density and halo mass arises whemuthber of objects is counted out to a distance
of 1.5 — 2 times the virial radius of the host halo and when thkvgeghaloes are required to be relatively
brighymassive. For observational studies this virial radius tseasily determined, but the number of neighbours
out to 1 — 2h~*Mpc gives a similarly strong correlation with halo mass. Eue distance to th&l™ nearest
neighbour the (anti-)correlation with halo mass is neadysttong providedN > 2. We demonstrate that this
environmental parameter can be made insensitive to hale ifiass constructed from dimensionless quantities.
This can be achieved by scaling both the minimum lumingsiss of neighbours as well as the distance to the
nearest galaxhalo to the properties of the object that the environmeneterdhined for. We show how such a
halo mass independent environmental parameter can bedl&imaoth observational and numerical studies. The
results presented here will help future studies to disgieathe €fects of halo mass and external environment on
the properties of galaxies and dark matter haloes.
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CHAPTER 3. DISENTANGLING ENVIRONMENT AND HALO MASS

3.1 Introduction

The formation and evolution of galaxies depends on bothnateand external pro-
cesses (‘nature vs. nurture’). Among the internal processe radiative cooling
and the formation of a multi-phase medium, formation andibaek from stars
and accretion of gas onto and feedback from super-massiek hbles. It is gen-
erally assumed that halo mass is the fundamental pararhatatrives the internal
processes for isolated galaxies. External processes @@rtant because galax-
ies do not live alone in the Universe. Galaxy interaction icetuce gravitational
torques that can significantly alter the angular momentunctire of the matter
in galaxies. This can for example lead to a starburst or toemapid accretion
onto the central black hole, which may trigger a quasar ph&sealler galaxies
may accrete onto the halo of a more massive galaxy. As a gataxes through
the gaseous halo of a more massive galaxy it may lose gas daentpressure
forces. Winds and radiation from nearby neighbours may aft&at the evolution
of a galaxy. To what extent the properties of galaxies arerdehed by internal
and external processes is still an open question.

Even if halo mass were the only driver of galaxy evolutionlagg properties
would still be correlated with environment. Because peakfié initial Gaussian
density field cluster together, more massive galaxies wal tlose to each other
(‘galaxy bias’). A correlation between surrounding galadgnsity and internal
galaxy properties therefore does not necessarily implyusalarelation between
the two.

Early, analytic models predicted that the clustering obhaldepends only on
their mass (Kaiser, 1984; Cole & Kaiser, 1989; Mo & White, @R9while later
papers have shown that clustering also depends on prapékieformation time
(Gao et al., 2005), concentration, substructure contgi, &nd shape, even for
fixed mass (e.g. Harker et al., 2006; Wechsler et al., 2006; &al., 2007; Gao
& White, 2007; Jing et al., 2007; Maccio et al., 2007; Weedl., 2007; Angulo
et al., 2008; Faltenbacher & White, 2010). All dependencigr than the one
with halo mass are, however, second-ordéeas. Lemson & Kafimann (1999)
already showed that the only property of a dark matter habdbrrelates with the
(projected) number density of surrounding galaxies is d@stthalo mass. Other
properties like spin parameter, formation time and corre¢ioh donot depend
on the surrounding dark matter density. The formation time #e halo merger
rate are found to depend on environment (Gottlober et @012Sheth & Tormen,
2004; Fakhouri & Ma, 2009; Hahn et al., 2009).

Both observations and simulations havidulty disentangling halo mass from
the external environment. The two are correlated (highessntaloes live, on
average, in denser environments) and finding an envirorahpatameter that does
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3.1. INTRODUCTION

not correlate with halo mass is non-trivial. Of course, thesaof the dark matter
halo hosting a galaxy is important for the evolution of thalagy, so halo mass is
as good an environmental parameter as any other. One wawlever, like to be

able to distinguish halo mass (the “internal environmefitm the environment

on large scales (the “external environment”). It is not aprclear whether the
environmental parameters used in literature measure hass,rand if so, whether
they measurenly halo mass, or whether they are also, or predominantly, thensi
to the external environment.

Observationally, halo mass is hard to determine. Grougazaias, abundance
(or stellar mass - halo mass) matching, and weak gravitatiemsing all provide
statistical measures of halo mass. Strong gravitatiomeirig is another way of
measuring the total mass of a massive lens system. Nonsshel®st observa-
tional data sets will have to do without dark matter halo mesd define envi-
ronmental parameters based on the distribution of visitdéten (usually stellar
luminosity) only.

Many observational studies have, nevertheless, inveéstghe &ect of the
environment on the physical properties of galaxies. In ggngalaxies form their
stars earlier and faster in higher density environment. (sewis et al., 2002;
Baldry et al., 2004; Balogh et al., 2004a,b; Kaoann et al., 2004; Thomas et al.,
2005; Smith et al., 2006) and there galaxy morphologies hecmore (pressure
support dominated) early type, as opposed to (rotation ated) late type (e.g.
Dressler, 1980; Dressler et al., 1997; Wilman et al., 2009)om observations
alone it is very hard to judge whether these trends are drivestly by halo mass
or whether other halo properties dodlarge-scale environment play an important
role. Crain et al. (2009) find, using tl@IMIC simulations that halo mass is the
only driver of the star forming properties of galaxies. A®lservations environ-
ment is usually contrasted with stellar mass (rather tham imass), an observa-
tionally based distinction between mass and environmenttelaus more about
the stellar mass — halo mass relation than about tfierdnce between external
environment and halo mass.

In simulations, halo mass (and other halo parameters) adlyeavailable.
From simulations much ‘cleaner’ definitions of environmenn be obtained, as
the distance to other objects is very well known in three disi@ns, contrary to
observations which can only provide a precise distancegpelipular to the line of
sight. Radial velocity dferences give an indication of the distance along the line
of sight, but peculiar velocities complicate a preciseahdistance measure.

Many different measures of environment have been used in the liter&ome
are closely related by construction, while the relationmleetn others is more ob-
scure. In this paper we compare several popular indicafoesnoronments. The
aim is to investigate which indicators correlate strongithveach other and with
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CHAPTER 3. DISENTANGLING ENVIRONMENT AND HALO MASS

halo mass and which ones do not. We measure environmentahptars using a
semi-analytic model for galaxy formation constructed om ttierger tree of dark
matter haloes formed in the Millennium Simulation (Sprihggal., 2005), so that
we also have halo masses available. We will present envieatath parameters
that measure halo mass, but are insensitive to externaloament, along with
environmental parameters that are insensitive to halo .m@ikgese can be used
for studies that aim to separate th@eet of halo mass and external environment.
We will show that most of the environmental indicators usetitérature measure
predominantly halo mass. In the remainder of the paper weisgl the term ‘envi-
ronment’ whenever we mean to quantify distances to nearlaxiga, surrounding
galaxy densities etc., but never when referring to halo miaserder to clearly
distinguish the two.

This paper is organized as follows. Section 3.2 gives a shatview of the
literature on environmental parameters, both from obsens and simulations.
In Section 3.3 we determine some of the often used envirotahparameters and
investigate their correlation with host halo mass. Thengfite of the correlation
with halo mass depends on the distance scale used in themméntal parameters,
as we will show in Section 3.4. In Section 3.5 we discuss howatastruct an
environmental parameter that is independent of halo masally; we conclude in
Section 3.6.

3.2 Popular environmental parameters

The study of the #ect of the environment on the evolution of galaxies has un-
dergone considerable progress through large galaxy sirifkey the Sloan Digital
Sky Survey (SDSS; Stoughton et al., 2002) and (z)COSMOS/Bxet al., 2007;
Lilly et al., 2007). Many diferent definitions of environmental density exist. Ob-
servationally, the density around galaxies must usuallydsed on the distribution
of the galaxies themselves, as the full distribution of mas®ry hard to measure
reliably. In observational studies two slightlyfidirent flavours are very often used:
one in which the number density of galaxies within a fixedatise are counted,
and one in which the distance to tN&'e nearest neighbour is measured. Table 3.1
contains a short summary of the literature on the environahatependence of
galaxy properties, both from observations and from sinmutat We will expand
on these in this section and will study some of these in maia@ldesing the galaxy
catalogues in the Millennium database in the next section.

For the environmental parameters it is important, as we sbitbbw below,
whether the masses of the other galaxies used to measunevitenenental have a
fixed physical lower limit (or luminosity), or whether the mrnum mass is a fixed
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3.2. POPULAR ENVIRONMENTAL PARAMETERS

fraction of the mass of the galaxy one wants to know the enwirent of. It also
matters whether the distance out to which the environmeme@sured is fixed in
absolute terms or whether it is fixed relative to some lengdiesrelated to the
galaxy in question (e.g. the virial radius of its host hal@). Table 3.1 we indi-
cate for environmental parameter listed (described in teedolumn) out to what
distance (or a distance equivalent parameter) the envieahim measured (second
column), and whether the minimum mAsminosity of the galaxies used for the
environmental estimate is fixed in absolute terms or whdthiera fixed fraction
of the masguminosity of the galaxy in question (if applicable, thirdlemn). The
final column lists references to papers employing the paiemeé&rom Table 3.1
it is clear that only very few papers take minimum masses a@fhtmurs angbr
distances relative to properties of the galaxy’s host halo.

Two main classes of observational parameters can be idehtifihose which
measure the number of galaxies out to a given distance, asé thihich measure
the distance out to a giveN" neighbour. Note that using the number of galax-
ies out to a given distance is equivalent to using the numéssity of that same
sample of galaxies (and the same holds for the distan®é"toearest neighbour
and the density of galaxies in the volume out to ki@ nearest neighbour). These
two broad classes of methods are not identical, but thierdince is subtle. In high
density regions th&l neighbour is, on average, closer by and the scale on which
the environment is measured is therefore smaller, whil®ther class of methods
measures the density on a fixed scale.

The environmental parameters used in simulation studees@netimes simi-
lar to the ones used for observations, but can also be vigreit. Using a similar
definition allows one to directly compare models and obgema. However, with
the full (dark matter and baryonic) density field availaldenulators can also de-
termine parameters like the total amount of mass in sphecesd the galaxy in
question. Such guantities might influence the evolutiongslaxy, but are diicult
or impossible to obtain observationally.

Itis well known that high mass galaxies preferentially lindnigher density en-
vironments. A correlation between halo mass and envirotetheensity is there-
fore expected. For example, Kiéimann et al. (2004) use a semi-analytic model of
galaxy formation to show how their measure of environmedégisity (number of
galaxies within 2h~Mpc projected, and a redshiftférence less than 1000 km
s correlates with halo mass. It is, however, unlikely thabhmass is the only
characteristic of the environment that matters. With thanind, Fakhouri & Ma
(2009) have tried to construct an environmental paramétatgloes not scale with
halo mass. They found that the mean over-density in a splietévipc, exclud-
ing the mass of the halo, gives the most mass-independeanpser of the three
parameters they studied. They did not quantify the degreemélation, but their
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Table 3.1:overview of environmental parameters that are frequergdun literature. They are grouped
by the diferent ways of determining out to which distance the envireminis measured either in observational
or simulation studies. The first column specifies the envirental parameter, and the second and third column
indicate out to what distance the environment is measurddviether the minimum magsminosity is fixed or
scales with the galaxy in question. The fourth column spescifie references for the papers: 1: Dressler (1980),
2: Postman & Geller (1984), 3: Gomez et al. (2003), 4: Gotalef2003), 5: Whitmore & Gilmore (1991),

6: Whitmore et al. (1993), 7: Weinmann et al. (2006), 8: Coogteal. (2005), 9: Cooper et al. (2006), 10:
Cooper et al. (2008), 11: Balogh et al. (2004a), 12: Baloghl.2004b), 13: Baldry et al. (2006), 14: Bamford
et al. (2009), 15: Cassata et al. (2007), 16: Pimbblet e@DZ), 17: Lewis et al. (2002), 18: Blanton et al.
(2003b), 19: Blanton et al. (2003a), 20: Hogg et al. (2003), ldogg et al. (2004), 22: Blanton et al. (2005),
23: Kautfmann et al. (2004), 24: Blanton & Berlind (2007), 25: Kova&k (2010), 26: Fakhouri & Ma (2009),
27: Espino-Briones et al. (2007), 28: Ishiyama et al. (2029) Lemson & Katimann (1999), 30: Harker et al.
(2006), 31: Hahn et al. (2009), 32: Faltenbacher (2009)Bl8son et al. (2010), 34: Wilman et al. (2010), 35:
Maccio et al. (2007), 36: Crain et al. (2009), 37: Hester &ifaomi (2010), 38: Abbas & Sheth (2005)., 39:
Maulbetsch et al. (2007), 40: Wang et al. (2007)

Parameter Distance related parameter value Minimum/foasgsosity References
From observations
(Projected) galaxy number density Average of nearest ldxgsd my < 165 1,56
My < -204 6
Group average Mg < -175 2
ClusteyGroup-centric radius - Mr < -205 3,4
my < 165 5
- My < -204 6
Scaled to the virial radius r <1777 7
Projected galaxy number density out N =3, Av = 1000 km s R<241 8,9,10
to theN'™™ nearest neighbour N=45 Mg < =20 11-15,33
with a maximum radial velocity N =5, Av = 1000 km s M < -20.6 11
differenceAv N =5, Av = 1000 km s My < -20 12
N = 4,5,Av = 1000 km st My < -20 13,14
N =10 | <-24 15
N = 4,5,Av = 1000 km s* My < -206 33
N =10 My < -20 16
N =10, in clusters Mp < -19 17
N =5, 10, 20 Av = 1000 km st IaB < 25 25
Galaxy number density in sphere r =8h IMpc, Av < 800 km s T r<17.77 18- 20
of proper radius r=1 h*lMpc r <1777 22
Number of neighbours in cylinders r =2h IMpc, Av = 1000 km sT r <1777 23
with projected radius r=1 h’lMpc, Av correspondingto 8 Mpc  r < 17.77 21
r =0.1-10h~1Mpc, Av = 1000 km st Mo.1r — 5LOgyoh < —19 24
r=1-10h"*Mpc, Av = 1000 km s IaB < 25 25
r=0.5, 1, 2h~'Mpc, Av = 1000 km s My < -20 34
Projected galaxy number density in <IR/(h"IMpc) <3 r <1777 23
annuli {0.5,1,3 < R/(hMpc) < (1,2,3 M < -20 34
From simulations
Halo mass - M > 2.35x 1010M,, 26
Number of neighbours in spheres of radRis  R= 2 h *™Mpc Vimax > 120 km sT 37
Mass or density in spheres of radies R=5h"TMpc - 27,28
R=58h"1Mpc - 38
R=7h"Mpc - 26
R=1,24,8h"Mpc - 35,39
R=18,25h~*Mpc - 36
Matter density in spherical shells 2R/(hIMpc) < 5 - 29, 30,31
2 <R/(h"Mpc) < 7 - 26
Reor < R< 2h™Mpc - 26
Riir < R< 3Ry - 40
Average mass density of surrounding halos N =7 200< Vimax/km s 1< 300 32
Distance to nearest halo with minimum mass My /My > 3 28
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plots indicate a weak, but non-negligible correlation withst halo mass. Obser-
vationally, this quantity cannot be determined. As far asangeeaware no study to
date has found a measure of environment that is indepenéfibatcomass.

3.3 Environmental parameters and their relation to
halo mass

In this section we will investigate the relation betweenesal’environmental pa-
rameters and the host halo mass. First we will briefly sunwedtie main char-
acteristics of the synthetic galaxy populations used. F@ehvironmental param-
eters discussed, we will distinguish between the ‘ideak’caswhich the three
dimensional locations and the masses of all galaxies anerk(@s in simulations),
and the case in which only projected distances and velotfitgrdnces can be mea-
sured and only luminosities are available, as is the caserfabservations.

3.3.1 Simulations

We will compare diferent environmental parameters using the galaxy catalogue
constructed using the semi-analytic model of De Lucia & Bi&i(2007, see also
Croton et al. 2006), run on the dark matter-only Millenniumm@&lation (Springel
et al., 2005). The Millennium Simulation follows the evatut of the dark matter
distribution using 2169 particles in a periodic volume of 500 comovihg'Mpc
from very high redshift down to redshift 0. The model of De lau& Blaizot
(2007) uses recipes for the evolution of the baryons insat& thatter haloes and
is based on the halo merger trees constructed using the &alogues of the Mil-
lennium Simulation. The model predicts the galaxies’ lmre, physical proper-
ties such as their stellar masses and star formation tastamnd observables like
colours and luminosities. The model is calibrated to repecadthe redshift zero
luminosity function in theK- andbj-bands. De Lucia & Blaizot (2007), De Lucia
et al. (2007) and Kitzbichler & White (2007) showed that thiedel reproduces
many other observed properties of the galaxy populatiohérdcal Universe (e.g.
the luminosity function at higher redshift, the colour diastions, the stellar mass
function and the clustering properties). We will only use 2= 0 results.

We take into account all galaxies with stellar masses in sxaé 13°M,,.
This is roughly the same lower mass limit as Fakhouri & Ma @Q0@se (they use
1.2x10%M,, total mass). The reason for this choice is an estimate oftmution
limit of these simulations. Boylan-Kolchin et al. (2009)oghthat the subhalo
abundance of haloes in the Millennium Simulation is conedripr subhaloes more
massive than about 3M,, roughly independent of parent halo mass (as long as
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the parent mass is larger than'd®l,). Guo et al. (2010) also investigate the
subhalo abundance convergence of the Millennium Simulafithey compare the
dark matter halo mass functions for main- and subhaloeghegand conclude
that halo and subhalo abundance is convergedVfor 10'%1M,. These halo
masses were matched by Guo et al. (2010) to the stellar masgdiu from the
seventh data release of SDSS from Li & White (2009), from Wwhiwey conclude
that the observed galaxies with stellar mass > 10'%?M,, reside in converged
haloes. The exact number of neighbours counted in some eotiepends on the
lower stellar mass limit for galaxies in the sample (or, espondingly, the flux
limit of the survey), but as we will show, the scalings andrelations are usually
not sensitive to this lower limit.

3.3.2 The ideal case: using 3-dimensional distances and nsas

We will use the simplest version of both classes of obsamatly determined
parameters: the number of galaxiBl, within some volume with radiuR and the
distance to theN'" nearest neighbouRy. Parameters derived from these numbers
(such as the number density of galaxies within that volunie) ewill obey the
same qualitative conclusions.

In Fig. 3.1 we show the correlations between host (Frierigsriends) halo
mass and three definitions of environment: the number okgedavithin 1.5 virial
radii of the galaxies’ host haloes, the number of galaxighiwil h~*Mpc, and the
distance to the fourth nearest neighbour (left to right).il&VN1 vpe/n and particu-
larly N1sryir are strongly correlated with halo mass over the full masgeahalo
mass only varies witlR4 for Ry < 2h~'Mpc (corresponding td1 < 1013°My).
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Number of galaxies within a given distance

If the distance out to which galaxies are counted is scalgtidovirial radius of
the halo that the galaxy resides in, then the correlatiomdet halo mass and
environment is very strong, as is shown in the left panel gf Bil. Because the
region within which galaxies are counted grows with halo sn@asmore or less
constant fraction of the satellites is counted. A fixed facof all satellites is a
number of satellites that grows roughly linearly with halass, resulting in a very
tight correlation. This can be understood in terms of thalte$ound by Gao et al.
(2004): the fraction of the mass in subhaloes, the disinhutf subhaloes and
the shape of the subhalo mass function are independent bhalmssmass, while
the normalization (so the total number of and total mass bhaloes) scales (to
first order) linearly with halo mass. The number of subhal@esl thus satellite
galaxies) within a radius that is fixed relative to the viniatlius therefore grows
roughly linearly with halo mass. This makes the paramBleg.ir a very strong
measure of halo mass.

A slightly weaker correlation exists between halo mass d&ednumber of
galaxies within a fixed physical distance, as shown in thedfeiganel of Fig. 3.1
(for a distance of h~*Mpc). The upper envelope is populated by the central galax-
ies in the sample, while the satellites form the less tightlyrelated cloud below
the relation of the centrals. At the high mass end there anme mgalaxies with
M. > 10' M, per halo, causing the correlation betwediipen and Mpajo t0
weaken.

Distance to theN" nearest neighbour

In the right panel of Fig. 3.1 we show the correlation betw#enhost halo mass
and the distance to the fourth nearest neighbByi(which is very often used ob-
servationally, see Table 3.1). The distafedecreases with halo mass, because
more massive haloes are on average found in denser envintsime

For halo masseM > 103> M, the correlation betweeR, and M becomes
much weaker. This behaviour arises from the fact that forhae masses the™s
nearest neighbour (witM, > 10 M,) resides in another halo, whereas at high
masses we are counting galaxies within the same halo. Tigticm between the
two regimes depends on the rankfor higher ranks, the jump occurs at higher
halo mass.

The three parameters displayed in Fig. 3.1 all depend ore-ttireensional
distances. We will now proceed to investigate parametexsaite observationally
more feasible.
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3.3.3 The realistic case: using projected distances and lunosities

Observationally we have no access to the three-dimensgaparations between
galaxies. Instead, one measures distances projected skytland diferences in
redshift. Moreover, while luminosities are readily avhilg stellar mass determi-
nations depend on SED modelling, which comes with condiderancertainty.
We will now investigate to what extent the use of observableakens the corre-
lations compared with the ‘ideal cases’ discussed in Se@i8.2. As is done in
many observational studies (see Table 3.1) we will only medesof galaxies with
redshifts that are within 1000 kntsof the redshift of the galaxy for which the
environment is determined. We include both the Hubble flod eculiar veloci-
ties in our calculation of the redshifts. For reference, lacity difference of 1000
km s™* corresponds to a distance of AGtMpc if the peculiar velocity dference is
zero. We will denote the parameters using the same symbuls ased for the 3-D
distance variants, but with lower case letters. For examplenotes the projected
distance to the fourth nearest neighbour (using only gasawithin the redshift dif-
ference cut). We only include galaxies with an absokitband magnitude smaller
than -23, which corresponds M, ~ 10'®2M,,. This results in a slightly smaller
sample than the one used before. For the sample of galaxiesvyi> 10°°M,
the luminosity function shows signs of incompleteness ajnmitades fainter than
K=-23.

In Fig. 3.2 we show the dependence of the parameters sirithose used in
Fig. 3.1, but using projected distances and luminositiéserahan 3-D distances
and stellar masses. Note that the left panel still requiresvedge of the virial
radius of the host halo of the galaxy and is therefore hardeterchine observa-
tionally (we left it in for completeness). The virial radiaan be estimated if one
has a group catalogue available, like the one by Yang et @7(2who grouped
galaxies using a a friends-of-friends like algorithm. To&k luminosities of the
groups are then ranked and matched to a ranked list of halsasiagrawn from a
halo mass function sampled in a volume equal to that of theeguiT his procedure
results in the assignment of a host halo mass to all galamigsei sample. How-
ever, if such a catalogue is available, then the halo maskdsurse just as well
known as the virial radius, so using this environmental datbr as a measure of
halo mass is not very useful.

In the middle panel of Fig. 3.2 we show the halo mass as a fumaif the
number of galaxies with a projected distance less than*Mpc, with a redshift
difference less tham1000 km s! and withK < —23. Compared with the 3-D
version, there are now more low mass galaxies with a high eambneighbours.
This is due to projectionféects. We note that the correlation @agent is still
very high ¢0.71), so we can conclude that this environmental indicatarstrong
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indicator of host halo mass. The horizontal scatter (inremvhental parameter for
fixed halo mass) at low halo masses (roughly 0.3 dex upwardislawnwards in
number of neighbours) is dominated by the projectifinas, while at high masses
the scatter (0.2 dex upwards, 0.5 dex downwards in numbeeighbours within
the projected distance) is mainly caused by satellites enothitskirts of the halo.
The scatter in the environmental indicator is smallest &domasses of about 10
Mo, where it is roughly 0.2 dex both upwards and downwards. Eorenn; ppcn
the spread in halo masses is small for low and high valueseo&tivironmental
indicator (roughly 0.3 dex) and highest for values of abdungighbours within
this distance ¥ 0.5 dex in halo mass) and is roughly symmetrical.

In the right panel of Fig. 3.2 we show the projected distandfé fourth near-
est neighbour withk < —23. Because of projectiorffects the bi-modal behaviour
visible in the right panel of Fig. 3.1 has been smeared oue ddrrelation with
host halo mass is therefore slightly weaker. Because ofifteitinuity in the dis-
tribution, the correlation cdicient is a function of the masses (both galaxy stellar
mass and host halo mass) of the objects that are taken intaratcc

3.3.4 A multi-scale approach

Wilman et al. (2010) recently measured the number densigaltaixies in concen-
tric rings in order to investigate trends in the- r colour distribution of galaxies
with environment at several distance scales (for given Issgale density, if de-
sired). They included all galaxies from the fifth data reéee@6SDSS with magni-
tude brighter than 17.77 in theband and with a mean surface brightness within
the half-light radius ofs; < 23.0 mag arcse?. The number density of galaxies
was determined in rings with radii fixed in physical coordé@sa In this approach
neither the mass nor the distance out to which the envirohinéeletermined scales
with the properties of the galaxy in question. We therefoqgeet that these mea-
sures of environment vary strongly with halo mass.

The correlation cd@cient for the density in annuli with halo mass is roughly
0.5, and depends on both the width and the radius of the agsyrauoh that smaller
radii (within ~ 0.5 Mpc) have larger correlation cfiients and wider annuli
mostly show weaker correlations. The power of the methodibfidh et al. (2010)
lies in the ability to measure residual trends of galaxy props with large-scale
(annular) environment, while controlling for the enviroemt on some smaller
scale (i.e. the projected number density in the inner giteding the same defini-
tions as oun parameter above). The samples are constructed by takigglalies
for which the number density of galaxies within the inneriwadf the annulus fall
within some bin, and are therefore comparable to horizatitads through the mid-
dle panel of Fig. 3.2. From this figure we can see that in sudice, & very large
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range of halo masses (comparable to the full range of halgesas the catalogue)
is still present.

As an example, we show in Fig. 3.3 the correlation between imalss and the
number of galaxies in annuli with an inner and outer radiug ahd 2 Mpc, re-
spectively, for three narrow bins of the number of galaxiébkiw 1 Mpc (projected
distance, within a redshift fierence of 1000 km‘é). Each bin contains/8 of all
the galaxies, where the lowest bin shown (the second pamel tine left) corre-
sponds to the lowesy8a of the total galaxy population, the middle panel shows the
middle ¥8 and the right-hand panel shows th& fjalaxies with highest numbers
of galaxies within 1 Mpc. From the colour scale it can cledry seen that the
different bins in central number density of galaxies favoffedint halo masses, as
expected from Fig. 3.2.

The correlation ca@&cients are low, for the second and third panel from the
left, which seems to make these parameters nearly halo m@egdandent. Look-
ing more closely at the Figure, we see, however, a positiveeledion between
mediann; > mpgh and My, especially at high mass. The relation with halo mass of
this measure of large-scale environment, at fixed smalesavironment depends
strongly on the (fixed) scales at which the environment issuesl. This, together
with varying flux limits in observational surveys makes ituafy measure of halo
mass, which is hard to interpret physically.

The trends seen in Fig. 3.3 are a typical example of the ‘rsclie’ approach
of Wilman et al. (2010). Changing the radii of the inner andeowedges of the
annuli angor the width of the bins in central galaxy number density domsfect
the qualitative conclusions drawn from Fig. 3.3. The catieh of the number of
galaxies in annuli with halo mass becomes weaker if vereldigtances from the
galaxy in question are taken (5-10 Mpc), but it seems likabt that is merely a
result of the fact that galaxies at such distances do not imah to do with the
galaxy in question anyway.
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3.4 Environment as a measure of halo mass

In this section we will study the strength of the correlatlmtween several envi-
ronmental indicators and halo mass.

We expect the correlation between the number of neighbautshalo mass
to be strongest at some given distance. Taking the distaggeswmall will bias
against massive galaxies (and results in strong discretedtects if the number
of neighbours is very small, as they can only be integer).intathe distance too
large, on the other hand, will result in a sample of galaxies does not have much
to do with the halo the galaxy resides in.

In Fig. 3.4 we show, for two dierent environmental parameters, the value
of the Spearman rank correlation ¢ogent with halo mass, as a function of the
distance related parameter used to measure the envircainaemisity. In the left
panel we show the correlation déeient between halo mass and the environmental
density indicatoin, (the number of galaxies within a fixed physical distangeo-
jected on the sky and withitv = +1000 km s?) as a function of. One example
of this type of parameter was shown in the middle panel of &@. Fig. 3.4 shows
that the correlation first strengthens with distance, reaehmaximum at a scale of
roughly 1h~*Mpc, and declines slowly thereafter. The vertical arrovdate the
median virial radii for the haloes of all galaxies in the séengf the correspond-
ing, and show that the peak of the correlation strength ecaudistances roughly
corresponding to the median virial radius.

In the right panel of Fig. 3.4 we plot the Spearman rank cati@h codficient
between halo mass and environment, now parametrizeg,lifie distance towards
theN™" neighbour (as in the right panel of Fig. 3.2), as a functiothefrankN. The
correlation cofficients are now mostly negative, as a higher density (coorefipg
to a higher halo mass) will result in a smaller distance towaheN™ neighbour.
However, for very massive haloes the distance to the firghfxiur is an increasing
function of mass, as the neighbour needs to be outside th&y@self, and more
massive galaxies are larger. Taking more neighbours givesmig-correlation that
becomes stronger for larger numbers of neighbours for higésrmalaxies. Lower
mass galaxies show the strongest correlation when thendista theN™ nearest
neighbour is taken, wittN > 3, but the correlation does not weaken much for
larger values. For a sample consisting of very high lumiyogalaxies, slightly
more neighbours need to be included to get the best meastni@mmass. The
median number of neighbours within the virial radius, abthesame luminosity
cut is indicated with the arrows.

The vertical arrows in Fig. 3.4 indicate the median viriadites of the sam-
ples in the corresponding colour (left panel) and the medianber of neighbours
above the same luminosity limit within the virial radiusgfnt panel). We conclude
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Figure 3.4: The strength of the correlations between halssnaad two of the
environmental indicators used straightforwardly in olkagons, for two samples,
with lower luminosity limits as indicated. In the left pangk plot the Spearman
rank correlation ca@cient between halo mass and the number of galaxies within
a given projected physical distancéand with a cut in redshift dierence, as de-
scribed in the text) as a function of The arrows show the value of the median
virial radius of the haloes of all galaxies in the sample vilik corresponding
colour. The right panel shows the Spearman rank correlaiefiicient between
halo mass and the projected distance toNffenearest neighbour as a function of
the rankN. The correlation cd@cient is negative, because more massive galaxies
have theitN! nearest neighbour closer by. The arrows indicate the mexdiarber

of neighbours within the virial radius of the haloes abowe itidicated flux limit.

If the environmental parameter is supposed to be a meashedammass, galaxies
out to a distance of1 Mpc is a good choice, or the distance to Mi& neighbour,
with N = 1 or 2. This second parameter is a worse measure of halo nas#ih
first, though the dference is small.
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Figure 3.5: The same as Fig. 3.4, but now for three bins inlatesmagnitude. We
show the correlation cdigcients between halo mass and the observationally feasi-
ble environmental parameters. For the neighbour seardgalaikies withK < —23

are taken into account. The shape of the relation betwearlation codicient

and the distance related parameters are relatively insenef mass, but the cor-
relations are stringer for samples with higher luminosijagies. The numbers in
between the brackets indicate the number of galaxies inaimple.

thatn, andry are both good measures of host halo mass, providedthatmea-
sured ar > rj, andor that the rank of neighbours taken into account is small. If
the host halo mass, and thus the virial radius, are not knoptioa, it is better
to taker larger, as the correlation rapidly weakens towards smeitances and
declines only slowly with increasing distance.

In Fig. 3.5 we break up the samples of Fig. 3.4 in bin&Kelband magnitude.
In the neighbour search we include all galaxies With< —23, but we plot the
Spearman rank correlation dteient between the environmental parameters and
host halo mass for bins afK = 0.5. The correlations are in general weaker
than for the whole sample, although the maxima are very coabp@a K-band
luminosity correlates with stellar mass (although at lowsggs the mass to light
ratios vary stronger), so together with the correlatiomieen stellar and halo mass
(which is very strong for central galaxies, which make upgidy half the sample
averaged over all stellar masses, and a larger fractionifiireh stellar mass or
K- band luminosity) one expects to weaken the correlation Wlo mass if a
narrow range oK—band luminosities is taken. Brighter samples of galaxies ar
more dominated by central galaxies, for which the corretegibetween halo mass
and environmental indicator are stronger.

As we will show below, usind-band luminosity as a proxy for (virial) mass
works well. Guided by the left panel of Fig. 3.2 one might esxtgbat we can im-
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prove onn, as a measure of halo mass $cales witH.lK/ 3. We have tried this, but
the correlation between halo mass and environment doeshstrgnger (or it gets
slightly weaker, with correlation céiécients of 0.65 — 0.7). In the range of halo
masses for which we could test it (any range betweér 46d 135°M,) the cor-
relation is stronger if a projected distance of 1 Mpc is useahtifr o LlK/3 is used.
Specifically, we triedr = 1h™*Mpc-(Lk /Lo)Y3, with Ly = 1005110115120
We therefore conclude that using a fixed physical projecisthice is safe, and
easier in practice than a distance scaling with lumino¥ifg.thus advise to usg
with r of the order ofr > Ry, if a measure of halo mass is desired. For most ob-
served samples of galaxies- 1 Mpc will do, but by iteration better values can be
obtained: use = 1 h~*Mpc, calculate the halo virial radii from the environmental
indicator (using the parametrization given in Appendix)&6d then iterate if the
virial radii strongly deviate from 1 Mpc.

In Appendix 3.6 we provide polynomial fits for the halo massdsnction of
several environmental parameters for several lower flukdimvhich can be used
to obtain halo masses from observed samples of galaxiesmatsured environ-
mental indicators.

3.5 Environment independent of halo mass

3.5.1 Mass independent parameters for simulations

All the parameters we have looked at so far correlate witb hass. The lower
masguminosity limit of galaxies included as possible neightsowas set equal to
the resolution limit of simulations, or the flux limit of a si@y. As we saw in the
left panels of Figs. 3.1 and 3.2, the correlation is strohgad almost linear with
halo mass, if the scale out to which galaxies are countedsuwath the virial radius
of the host halo of the galaxy in question. Per unit halo miws.galaxy number
density (either projected or in a spherical region) is tfeeeeroughly constant.
This also holds for dark matter subhaloes in high resoluiomulations, as shown
by Gao et al. (2004).

In order to obtain an environmental indicator that is indefent of halo mass
we have to scale out both the méisminosity of the galaxy and the length scale in
question. We defin®y ; to be the three-dimensional distance to Mith nearest
neighbour with at least times the virial mass of the halo under consideration,
divided by the virial radius of the halo under consideration

IN(Myir>f-M
DN,f — (Myir halo)
Rvir, ngb

where the subscripts ‘ngb’ and ‘halo’ indicate the neightmfiihe halo under con-
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Figure 3.6: Halo mass as a function of the paramBtey. The colour scale gives
the distribution for all central galaxies in the sample, l@hhe solid line is the
median halo mass in bins 8f; 1. The median relation is very flat. The correlation
codficient of this parameter with halo mass is 0.07 (for corretatiodficients as

a function of rank, see Fig. 3.7). We can therefore conclhde this measure of
environment is highly insensitive to halo mass. At the higjy end, where the
median halo mass is very high, there is a residual correlaigible because these
haloes are on the exponential tail of the mass function.

88




3.5. ENVIRONMENT INDEPENDENT OF HALO MASS

—
| B---gf =10 ]
0.6F F-—-9f =1
| O of = 0.1 _.g--8
- I _g-8F “
= g-F
() 04 [ a~ 1
N s
= 021 ]
n I P
0.0 o000 000000

Figure 3.7: The Spearman rank correlationfioent between halo mass and the
environmental indicatoDy s (see Eq. 3.1) as a function of the rahk for f =
{1/10,1,10}. Higher values forf and N result in a stronger correlation in the
range of ranksN and halo masses we tried. As= 1 still gives a very small
rank correlation ca@cient, and because the environmental parameter can only be
determined for the whole sample of galaxies fox 1, we conclude that using

f = 1 and alow rank (e.gN = 1) is a good choice if an environmental parameter
that is insensitive to halo mass is desired. If haloes carelbty identified for
mass lower than the lowest mass one wants to know the envioinfor, then a
value for f as low as possible should be used.

sideration and the halo itself, respectively. As we areidgakith halo properties,
we only take central galaxies (i.e. only Friends-of-Friemdloes) into considera-
tion. The use of the factof to set the minimum mass of haloes taken into account
in the neighbour search and the scaling to the virial radiagte two ingredients
that we expect to make the environmental parameter inggnttmassDy ¢ only
depends on the dimensionless paramel¢@nd f for a given halo, and is also
itself dimensionless.

Because the tidal field of thW’th nearest neighbour scales with the mass of
and distance to this neighbour BlgR3 and the mass scales Wl’cﬁir, the parameter
Dn.s scales with the tidal field to the powed /3. This make®Dy  a very natural
environmental parameter for which the physical interpi@tais clear.

The colour scale of Fig. 3.6 shows the distribution of halaes = 0 in the
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D11 — Mhalo plane. The curve shows the mediBa; in bins of halo mass. The
median halo mass found is always the same fobalikrespective of the factof.
The mediarDy ¢ in the sample is diierent for diferentf, though.

The weak correlation that starts to appear at very high saloeD; ¢, espe-
cially for large f, is caused by the fact that these are probing the most massive
haloes that are on the exponential tail of the Schechterti&lo mass function.
Large scale structure is no longer self-similar in thatmegicausing a slight pos-
itive correlation betweey s and halo mass. We have verified (by inverting the
axes) that for masséd < M. (whereM., is the mass at which the Schechter-like
halo mass function transits from a power law into an expaakfall-oft), where
the mass function is a power law (and therefore scale freegdirelation is very
weak. For higher masses, there is a mass scale imposed bypihreeatial cut-&
of the Schechter-like halo mass function. For values rogughbvef~1M.,, the in-
sensitivity to mass breaks down and a weak positive coipeléetween halo mass
andDy s appears.

In Fig. 3.7 we show the correlation déieients between halo mass abg,
as a function of the rankl for three diterent values of the mass ratios of galaxies
counted as neighbourfs= {1/10, 1, 10}. For all f the correlation between the rank
N and host halo mass increases for with the rank. If an envieoriah indicator
is desired that is insensitive to halo malls= 1 is therefore a good choice. The
correlation is weaker for lower values of the ratio betweestlnalo mass and the
masses of possible galaxies that are included in the neighgsarch. For a value
lower thanf = 1 the environmental indicator cannot be determined for thie f
resolved sample of haloes (as halo masses need to be aMeast Mg, With
Mies the resolution limit, in order to resolve all possible ndighrs). We therefore
advise to takef = 1, as then the parameter can be defined for all galaxies in the
sample and it gives only a very weak correlation with halosndéin a sample
of haloes some of the studied properties demand a much nmorgesit resolution
limit (e.g. if detailed halo profiles need to be fitted), antidloes of much lower
mass are resolved in terms of their virial mass and positluer; one should use
values off < 1, e.g. 0.1, as the correlation between halo mass and enwénan
vanishes.

If in the definition ofDy s the virial radius of the neighbour would be replaced
by the virial radius of the halo under consideration (thgrelsing the connection
to the tidal force of the neighbour), the correlation betwbalo mass and envi-
ronment gets even slightly weaker (e.g. a Spearman ranklatan codicient of
0.04 instead of 0.07 between halo mass Bagl). As using the virial radius of the
neighbour gives a more intuitive external environmentahpeeter, we still advice
to use the virial radius of the neighbour.

We can conclude that the paramel®y ¢, with N = 1 andf < 1 results in
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an intuitive environmental parameter that is very inséresito halo mass. We do
note, however, that in order to calculate this halo massiedeéent environmental
indicator, one needs a measure of the virial mass of the radst HFrom simu-

lations these can be obtained trivially. For observed sampf galaxies this can
be estimated using the environmental indicators that drelzde with halo mass
strongly, as described in the previous section and detailéghpendix 3.6. In the

next section we will present an environmental indicatot t@n be obtained from
observations that is also insensitive to halo mass.

3.5.2 Halo mass independent parameters for observed samplef
galaxies

In some cases it is possible to obtain virial masses and fadine host haloes of
observed galaxies. Using techniques like halo-matchimgyhich the total lumi-
nosity of all galaxies in a group or cluster are added and dh&ead luminosities
matched to a ranked list of halo masses (from either an an&lgto mass function
or a simulation), it is possible to get a reliable estimatelie host halo virial mass
of the observed galaxies, see e.g. Yang et al. (2003); vaidsch et al. (2003);
Yang et al. (2007). This requires, however, that a groupl@giie is available for
the observed sample of galaxies. As such catalogues areailgble for a limited
number of observational samples, it is something whichtesnohot easily done.

Hence, observationally neither the halo mass independawitbemental indi-
cator Dy s nor the virial mass or radius of a halo can be easily deterninge
therefore set out here to formulate a variable that can beeasily determined by
observers and that is as independent of halo mass as pod§iblet the definition
of Dy, guide us. We know that we have to scale the minimum m#Assasosities
of the galaxies that are taken into consideration in thecbelmr neighbours to be
a fixed fraction of the magsminosity of the galaxy under consideration and that
we have to scale the distance to the neighbours to some kygigtance of the
neighbour.

We use an observable, théband luminosity, instead of stellar mass. Lu-
minosity is easier to measure and does not require the niglelf the spectral
energy distribution of the galaxy. We use tkeband because in the very red opti-
cal bands and in the near-IR the correlation between luritinasd stellar mass is
strongest (aside from the uncertainties arising from te&ttnent of thermally puls-
ing asymptotic giant branch, TP-AGB, stars, see e.g. Mana®005; Tonini et al.,
2010). We will also have to normalize in distance. As a raefeeewe use typical
values for central galaxies in a halo with a virial mass of*M,, and therefore a
virial radius equal to 8 h~*Mpc.
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For all central galaxies in a bin of halo mass extending fré%¥4to 10'31M,
we have determined the medi&rband luminosity to be % x 10'L,. The virial
radius, which is used in the definition @fy ¢, scales with halo mass &,
M2 so we scale the distance used to normalize the environrsent &./° (see
below for the neighbour search strategy). As projectecadcsts are more easily
measured than three dimensional distances, we use thetebistances (and test
both with and without a cut in velocity fierence). Our environmental indicator

dn.m then becomes

IN(K <Kga-m) Lingp Y3
dnm = g ( : ) (3.2
Nm T 0.580-IMpc \1.4 x 101L,

where the subscript ‘ngb’ again denotes the neighbour ofjtiaxy in question,
m is the diference in magnitudes (corresponding to a ratio in lumigoe#ss, a
positivemmeans that the neighbours must be brighter) between theygalgues-
tion and the galaxies counted as possible neighbours (Welglvm = 0 below,
and therefore look only for neighbours that are at least ighbas the galaxy un-
der consideration)K is the absolutd-band magnitude andy the luminosity in
the K-band. Rjir13 = 0.58h~*Mpc is the virial radius of the ‘reference mass’ of
103Me.

If Ryir13(Lk /1.4 x 10L,)Y3 would be the virial radius (i.e. if the halo mass
to K-band light ratio would be constant), then the external remvhental indica-
tor dy,m could be described as distance to 8 nearest neighbour which is at
leastm magnitudes brighter than the galaxy we are measuring thieoenvent of,
normalized to the galaxy’s virial radius.

The colour scale in the left panel of Fig. 3.8 shows the diistion of galaxies
in the Mnaio — d1o plane. We include all galaxies in the catalogue Wthx —23.
The sample of galaxies withl, > 101°M,, shows signs of incompleteness at mag-
nitudes fainter thark = -23. Fig. 3.8 shows that halo mass indeed is weakly
sensitive to the parametdj . The Spearman rank correlation éioaent is -0.28,
which indicates a weak anti-correlation.

The parameter shown in Fig. 3.8 includes only galaxies wighiadial velocity
difference of 1000 km=s. Without this cut in redshift dierence the correlation
becomes stronger. Taking into account only galaxies wighirdshift window is
important, but the width of the redshift window is less impoit as long as it is
<10 kmst.

The dependence of the correlation between host halo maskanoh the rank
N is shown in Fig. 3.9, for three fierent values om. We have chosen to show
m = {-2.5,0, 2.5} magnitudes, because a magnitudéedence of 2.5 corresponds
to a luminosity ratio of 10, similar to the mass ratio of 10disdbove. Whenever
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Figure 3.9: The Spearman rank correlationfioent between halo mass addm

as a function of the rank, for m = {-25,0, 2.5} magnitudes. 2.5 magnitudes
corresponds to a factor 10 in luminosity. For the samplarice 2.5 magnitudes
there are fewer possible neighbours and the nearest neighiilbusually be found

in another halo (often even a more massive halo), causinga& e@relation with
halo mass. In the sample faor = —2.5 magnitudes, the parameter is only defined
for a small sample, because neighbours, which have a luitynb® times lower
than the galaxy in question, need to be resolved as well elhighbours are not
required to be much more luminoum (= 0) they can be either in the same or
in another halo, causing a correlation with halo mass tisassrfor low rank and
decrease for higher ranks.

possible neighbours are supposed to be a factor 10 lessdumim = —2.5), the
sample for which this parameter can be determined is muchiegnflaecause all
possible, lower mass neighbours need to be resolved asamdlthe typical haloes
the galaxies are in are more masssive. This results in theweak correlation
with halo mass for all rankhl, as shown in Fig. 3.9. If neighbours are required to
be more than a factor 10 brighter, the most likely neighbevilisreside in other
(more massive) haloes. If the minimum brightness of possilgighbours is the
same as that of the galaxy in question, or higher, the cdioaldetween host halo
mass andl o first increases with the rarfik and goes down after some maximum
(because for large rarik the neighbours are more likely to reside in other haloes).
This maximum and the rank at which the maximum occurs depenithe lower
luminosity limit of the sample and on theftérence in magnitudas. The lowest
possible raniN = 1 gives a very weak correlation and for the same reason asebefo
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we advice to use a luminosity ratio of in(= 0) between the galaxy in question
and its possible neighbours. Again, if neighbours withie@shift window can be
identified below the flux limit used for the analysis, it is @i® use a value fan
as low as possible.

3.5.3 Splitting the sample in centrals and satellites

The middle and right panel of Fig. 3.8 show the distributideentral galaxies and
satellites, respectively, in thélpao — dio plane. For these subsamples the Spear-
man rank correlation cékeicient between; o and halo mass are 0.09 and -0.35,
respectively. The samples combined give the correlatia@haan in the left panel.
Central galaxies find brighter neighbours that are (ofterira§ galaxies in neigh-
bouring haloes, while for the satellites mostly their owntcal galaxy is found as
neighbour. We expect that the correlation between halo magsnvironment is
predominantly caused by galaxies finding satellites inrtbein halo as possible
neighbours. Excluding these satellites should result irniehmveaker correlation.
We postpone such an analysis for future work.

We have verified that for a sample in which the neighbours tExjes are de-
fined as the nearest brighter galaxy that itself has no leigigighbour at smaller
distance (so it is not itself a satellite of that other gajaregults in a very low cor-
relation codfecient between halo mass afg, for the satellites too. In this case, a
satellite galaxy usually finds its own central as a neighljonless there is another
satellite that is brighter and closer to that the galaxy yaul@oking at than to its
central) and central galaxies find the nearest brighter athetral galaxy. A com-
bined sample of all centrals and satellites then still shawsrrelation coicient
of ~ —0.4, as the centrals and satellites show the same bimodal ibehas shown
in the middle and right panels of Fig. 3.8.

Splitting the sample first in a sample of satellites and edstand excluding
the central galaxy of the galaxy’s own host halo would prdpatsult in a weaker
correlation for the sample as a whole. This could be done Ifiyidg a virial
radius for each galaxy (based, for example, oiitdand luminosity) and identify
satellites by searching for galaxies that fall within theatiradius of another, more
luminous, galaxy. These can then be flagged as satellitegighinour search for
the satellites should then exclude a region as large as tfe radius of their
central, in order to be sure that the central galaxy in a rigigting halo is selected
as neighbour. This would significantly complicate the nbimir search and we
will postpone this for future work.
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3.6 Conclusions

The properties of observed galaxies and dark matter hatogisnulations depend
on their environment. The term “environment” has, howebeen used to de-
scribe a wide variety of measures that may or may not coereléth each other.
Useful measures of environment include, for example, teeadce to théN™ near-
est neighbour, the number density of objects within somiudcg, or, for the case
of galaxies, the mass of the host dark matter halo. In thi®ipa carried out
a detailed investigation of several environmental paramsethich are popular in
the (observational) literature, focusing in particulartbeir relationship with halo
mass.

We measured the environmental indicators from the symthgdiaxy cata-
logues produced using the semi-analytic models by De LucBlaizot (2007),
built on the Millennium Simulation (Springel et al., 2005)-his model repro-
duces the number density and clustering properties of wbdegalaxies in the
low-redshift Universe.

We showed that it is of crucial importance to realise thatdbgree to which
environmental parameters measure host dark matter habisdstermined by (1)
whether the scale out to which the environment is measurddswith some typi-
cal scale (e.g. the virial radius) of the galaxy in questind &) whether or not the
minimum masAuminosity that the neighbours are required to have is fireabiso-
lute terms or relative to the maksninosity of the galaxy in question. Specifically,
we found that

1. All frequently used environmental indicators (i.e. soimection of the dis-
tance to theN" nearest neighbour or the number of galaxies within some
given distance, either using three dimensional distancesiag projected
distances for all galaxies within some radial velocityfelience) correlate
strongly with halo mass.

2. For the number of galaxies within a given distange the correlation with
halo mass peaks for distances of 1.5-2 virial radii. Thealvimadius is for
observers in general afficult quantity to measure, but the correlation with
halo mass is nearly as strong for galaxy counts withihMpc.

3. The strength of the anti-correlation between the distandheN™ nearest
neighbourry, and halo mass is nearly constant for> 2 and only slightly
weaker forN = 1. The relation betweery and halo mass is slightly weaker
than forn, if r is taken to be similar to the virial radius.

4. Bothn, andry correlate more strongly with halo mass if the neighbours are
required to be more luminous or massive.

96




3.6. CONCLUSIONS

We have shown that it is possible to construct environmepaahmeters that
are insensitive to halo mass by using only dimensionlesatiigs. For the case of
dark matter haloes in numerical simulations this can foetf@mple be achieved by
scaling the distance out to which environment is measuréuktwiral radius of the
halo for which the environment is determined and by scalegtinimum required
mass to that of the halo in question. The correlation witlo hrabss becomes
smaller if the minimum mass required for neighbours is lowkthe neighbours
are more massive than the halo for which the environment &sored, then scaling
the distance to the neighbour’s virial radius gives moreiiive results and lead to
only a slight increase in the strength of the correlatiorhwitilo mass. These
environmental parameters are, however, only insensitiMeato mass for haloes
that are not on the exponential tail of the mass function.

For observers, usually only a position on the sky, some randitation of
the distance along the line of sight and the flux or luminositgome waveband
are available. We showed that analogous environmentaluresaghat are highly
insensitive to halo mass can also be constructed using belk+tband luminosi-
ties, projected distances on the sky, and a maximum radiatitx difference for
neighbours. Specifically, the parametglp, defined as the projected distance to
the nearest brighter galaxy within a radial velocitffelience of 1000 km'$ (that
itself does not have a brighter neighbour closer by and thexgrobably is a cen-
tral galaxy of a halo) divided by thK-band luminosity of the neighbour to the
power one third, correlates only very weakly with host hakmss

In summary, when measuring environments for (virtual) oleéons, we ad-
vise to make use of both a halo mass independent measure aedsana that is
highly sensitive to halo mass. For purely theoretical gtsidhe halo mass is al-
ready known and we therefore advise to use an environmeatahyeter that is
insensitive of halo mass. The following parameters are gbaices:

e Insensitive to halo mass; for simulationBhe distance to the nearest (main)
halo that is at least times more massive than the halo in question, divided
by the virial radius of that neighbour. The choife= 1 works well, but
if resolution permits it, smaller values yield even weakerrelations with
halo mass. Dividing instead by the virial radius of the haself gives a
slightly weaker correlation with halo mass, at the experisesing the intu-
itive definition in which the environment relates to the tiflald due to the
neighbour.

e Sensitive to halo mass; for observatioriBhe number of brighter galaxies
within a projected distance of 1 h™'Mpc, within a redshift window cor-
responding taAv < 1000 km s*(n; Mpgh). Even better would be to sub-
sequently iterate the following two steps until the progedconverges: (i)
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check what the corresponding halo masses are using thensldtetween
n, and halo mass given in Appendix 3.6; (ii) adapt the maximuajeoted
distance to 1.5 times the typical virial radius of the halimethe sample.

¢ Insensitive to halo mass; for observatioriBhe parameted; o, as given by
Eqg. 3.2. The correlation with halo mass is weaker if sagdlinvf the galaxy
in question are excluded. This may be possible by requirieighibours
to be further away than some minimum distance. It may evenossilple
to vary this distance with the virial radius of the neighhowhich can be
determined using the measure that is very sensitive to haksmThis is
work in progress.

Many studies have measured galaxy properties as a functibotb stellar
mass and environment. The environmental indicators usechdst authors are
effectively measures of halo mass. While halo mass is a perfeaid measure of
environment, and may be particularly relevant for sagslitwe note that because
stellar mass is also expected to correlate strongly with imalss, these studies may
not have separated “internal” and “external” influences elsas one might naively
think. The work presented here will enable future obseoveti and theoretical
studies to disentangle théfects of halo mass (internal environment) from those
of the external environment. This may eventually tell us thlhehalo mass is the
only important driver of the physics governing galaxy evialo.

Appendix A. Obtaining the halo mass from environmen-
tal parameters

In this Appendix we provide fitting functions in order to ointghe halo mass from
different environmental indicators, for several lower limitstbe galaxy luminos-
ity. This luminosity limit holds for both the galaxies thevmonment is determined
for and for the galaxies included in the neighbour searchwieise the projected
guantities, as described in Section. 3.3.3, with a maximadnat velocity difer-
ence of 1000 km & (the fits are not sensitive to this choice) at redshift 0. We
show figures corresponding to Fig. 3.2, but without the cotmale and including

a polynomial fit that can facilitate future studies that wile the environmental
indicators to measure halo mass.

Environmental indicators that are directly obtained from observations

Here we will use environmental parameters that can be addadirectly from ob-
servations. In the next section we will describe how a betsimate of halo mass
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Figure 3.10: Halo mass as a function of threffedent environmental indicators
(corresponding to the columnsg 5 mMpgh N1 Mpgh @ndNampen), for three diferent
lower luminosity limits (corresponding to the rows, < {-23, -24,-25}). The
symbols are the medians of the data, while the errors repréise 1 spread (as
defined in the text). The solid line is the best fit third ordetypomial with coef-
ficients given in Table 3.2.
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Figure 3.11: Halo mass as a function of threffeifent environmental indicators
(corresponding to the columns, r4 andrqg), for three diferent lower luminosity
limits (corresponding to the rows < {-23 -24,-25}). The symbols are the
medians of the data, while the errors represent thesgread (as defined in the
text). The solid line is the best fit third order polynomiakkvcodticients given in
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Figure 3.12: Halo mass as a function of threffedtent environmental indicators
(corresponding to the columns, ryir N1.5 Rvir @NAN2Rvir), fOr three diferent lower
luminosity limits (corresponding to the rows, < {—23, —24, —25}). The symbols
are the medians of the data, while the errors representittspiead (as defined in
the text). The solid line is the best fit third order polynolwiéh coefficients given
in Table 3.2.

can be obtained iteratively. We provide the parametergspanding to third order
polynomial fits for the halo mass as function of the environtakindicators. We
fit a function of the form

log Mhato = (109 Mhaig)o + AP + BP? + CP®

WhereP indicates the logarithm of the environmental parameteniestion. We
fit on the medians in bins separatedAly = 0.25 for all indicators.

The fitted values for the normalization lddfa0)o and the three other polyno-
mial codficients are g, B, C) are given in Table 3.2 for six fferent environmental
parametersng.s mpeh, N1 Mpc/h, N2 Mpe/h, 1, T4 @andrg) and for six diferent upper
magnitude limits K = {—23,-23.5, —24, —24.5, - 25, —25.5}). Similarly, we fit the
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(10) spread in halo mass at fixed environment:
o (10g Mhaio) = (109 Mhaio)o + aP + gP? + yP3

Note that the distribution is not perfectly Gaussian, hansyetric, so as ad
error we user = (Psa — P16)/2, Wherepga e are the 84'th and 16'th percentile
of the distribution. The fit parameters are also given in @&bR. The halo mass
for a given environment can then be estimated from obsenaltidata sets using
Eq. 3.3, with the uncertainty given by Eq. 3.4. For comples=n the final column
of Table 3.2 indicates the Spearman rank correlatiorfficient between the halo
mass and the environmental indicator in question for thepd&aim question.

Similar fits can be requested at the author fdfedent filters used for the se-
lection, diterent redshifts, dierent environmental parameters gdlifferent flux
limits.

In Fig. 3.10 we show some of the relations between enviromnpamametrized
by n;, and halo mass for threeftirent values of and for three dterent samples
with different lower luminosity limits. The symbols are the mediassaduin the
fits, and the error bars are the 3preads of the data. The solid line is the best fit
third order polynomial for which the céécients are given in Table 3.2.

Fig. 3.11 shows the same, but now for the environment paraedtbyry for
three values of the rank. Note that these distributions are bimodal as shown in
Fig. 3.2, so the correlation with halo mass is in generahlljgveaker.

For the samples with a very high flux limit the fits are based bmied num-
ber of galaxies and bins, and are therefore more uncertamd®hot expect that
the brightest flux limits quoted here are used for low redstifdies.

A better halo mass estimator

As we have shown in Section 3.3.2 the strongest correlatatwden halo mass
and environment is obtained whenever galaxies are countaithwa distance that
scales with the virial radius of the halo. In order to to doaoestimate of the halo
mass is necessary. Using the relations described earlithismAppendix, from
the observable environmental indicators an estimate didfleemass can be made.
Using

Mhaio \° 1
Riir = 0.27h~*Mpc 0 3.5

" P (1012|\/|O 1+7 (35
which is the same relation as used in the rest of the paperttnotirial radii,
an estimate for the virial radius can be obtaineds the redshift, which is zero
throughout this paper.
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Table 3.2: The codicients of third order polynomial fits to the halo mass as a tfancof six different
environmental indicators which can be obtained directiyrfrobservations above a flux limit (indicated in the
first column, fit codficients in columns 2-5), as well as ¢heients of third order polynomial fits to the spread of
the data (columns 6-9) and the Spearman rank correlatioficent between halo mass and the environmental
indicator (final column). The symbols are as defined in EsaBd 3.4.

P = Log;0[No.5 mMpd

MaximumK (Iog Mhaio)o A B [ (1og Mhato)o @ B Y S(Mhalo, P)
23 12.0 234 0.70 0.21 0.52 217 2.66 0.78 0.65
-23.5 12.0 2.83 -1.00 0.26 0.52 2.70 -3.84 1.33 0.61
24 11.9 3.97 -2.15 0.61 0.86 0.98 -1.57 0.41 0.54
245 11.9 5.60 3.77 0.97 0.92 2.31 -5.53 2.79 0.44
25 11.8 8.48 -8.40 3.02 1.51 -0.63  -3.33 3.47 0.32
255 12.0 12800 12800  0.00 2.38 -6.00  4.00 8.00 0.20
P = Log; o[N1 mpc]

MaximumK (logMhaio)o A B [§ o (logMhaio)o @ B Y S(Mhalo. P)
23 12.1 053 1.15 0.35 0.16 2.84 271 0.67 0.71
-23.5 12.1 1.30 0.56 -0.21 0.32 2.60 -2.52 0.59 0.65
24 12.0 225 -0.14  -0.06 0.50 263 -3.05 0.82 0.58
-24.5 11.8 5.06 -3.99 1.56 0.61 412 -6.91 2.76 0.49
-25 11.8 7.45 -6.78 2.32 1.02 3.78 -9.57 5.16 0.38
-25.5 12.0 6400 12800  0.00 2.62 -4.00 0.00 12.00 0.25
P = Logyo[n2 mpcl

MaximumK (Iog Mhaio)o A B [ (1o Mhaio)o @ B Y S(Mhalo, P)
23 12.4 -1.04 2.06 047 0.20 1.88 -1.05 0.11 0.63
235 123 -0.77 211 -0.53 0.16 2.45 -1.53 0.20 0.58
-24 123 -0.20 2.05 -0.61 0.30 2.69 -1.86 0.26 0.52
245 12.2 1.47 0.78 -0.31 0.41 4.09 -4.13 0.91 0.45
25 12.0 471 -2.86 0.84 0.56 728  -1415  7.07 0.38
255 12.7 6.72 -9.81 5.63 2.00 241 215 463 0.28
P = Logyolrs (™" Mpc)]

MaximumK (logMhaio)o A B [§ o (logMhaio)o @ B Y S(Mhalo. P)
23 12.6 0.15 057 0.26 1.17 035  -0.02 0.06 -0.47
235 125 -0.50 0.63 0.37 1.13 041  -0.02 0.10 -0.56
24 125 -0.85 0.59 0.45 1.00 -0.49 0.25 0.29 -0.56
-24.5 12.7 -1.07 0.51 0.46 1.12 -0.32 0.10 0.19 -0.50
-25 13.1 -1.16 0.21 0.33 1.38 0.08 -0.18  -0.01 -0.43
-25,5 14.1 -0.70 -0.30 0.08 1.23 1.04 -0.06  -0.37 -0.29
P = Logslr4 (h~TMpc)]

MaximumK (log Mhaio)o A B [ (1og Mhaio)o @ B Y S(Mhalo. P)
23 12.8 0.84 0.70 0.37 1.04 007  -0.07 0.02 -0.67
-23.5 12.9 -1.03 0.64 0.41 1.10 0.17 012 -0.06 -0.61
24 13.1 -1.35 0.48 0.49 1.05 0.18 012 -0.07 -0.52
-24.5 135 -1.48 0.20 0.43 1.05 0.54 -0.05  -0.13 -0.42
-25 14.3 -1.24 -0.37 0.24 1.01 0.95 001  -0.37 -0.35
255 14.9 0.26 -2.42 1.02 0.58 0.26 2.36 -1.35 -0.20
P = Logyqlr1o (h™"Mpc)]

MaximumK (Iog Mhaio)o A B [ (1o Mhaio)o @ B Y S(Mhalo, P)
23 133 -1.30 0.39 0.42 0.99 0.47 006  -0.16 -0.62
235 13.6 -1.63 0.21 0.56 0.93 0.48 010  -0.14 -0.53
24 13.9 -1.80 -0.06 0.70 0.89 0.71 0.06 -0.25 -0.43
245 14.6 -1.89 -1.27 1.22 1.01 0.52 0.09 -0.19 -0.34
25 15.1 -0.83 -2.67 1.45 0.97 0.42 0.31 -0.15 -0.28
255 10.6 10.40 9.15 234 2.79 -4.01 4,05 -1.20 -0.13
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Table 3.3: The codiicients of third order polynomial fits to the halo mass as atfancof three diferent
environmental indicators for which a good estimate of th@liadius is needed, above a flux limit (indicated in
the first column, fit coéicients in columns 2-5), as well as ¢heients of third order polynomial fits to the spread
of the data (columns 6-9) and the Spearman rank correlatigficent between halo mass and the environmental
indicator (final column). The symbols are as defined in Eca8d 3.4.

P = Log0[Ns Rvirl

MaximumK (logMhaio)o A B [§ o(log Mhaio)o @ B Y S(Mhalo. P)
23 12.0 207  -050 0.08 0.61 0.04 0.14 0.02 0.85
-235 12.0 268  -1.00 0.20 0.65 0.15 -0.32 0.07 0.81
-24 12.0 3.52 -1.75 0.40 0.85 -0.43 0.17 -0.06 0.74
-245 12.0 4.38 -2.42 0.56 1.15 -1.32 1.03 -0.34 0.63
25 11.7 866  -8.91 3.33 1.76 -4.44 551 231 0.49
255 125 896  -1437 892 3.06 1413 2625 -15.34 031
P = Log; 0[Ny 5 Rid

MaximumK (Iog Mhaio)o A B [ o (log Mhaio)o @ B Y S(Mhaio. P)
23 12.0 150 -005  -0.02 0.50 0.42 -0.40 0.07 0.86
-235 12.0 194  -034 0.03 0.58 0.35 -0.41 0.07 0.82
-24 12.0 259  -0.79 0.13 0.75 0.10 -0.31 0.06 0.75
245 11.9 446 274 0.72 113 -1.30 1.15 -0.39 0.66
-25 11.7 820  -8.34 3.16 1.64 -3.72 4.65 -2.02 0.53
-25.5 12.9 459 371 1.40 2.84 21168  19.69  -10.26 0.34
P = Logs0[M Rvirl

MaximumK (Iog Mhaio)o A B [ o (log Mhaio)o @ B Y S(Mhaio. P)
-23 12.0 1.24 0.09 -0.04 0.44 0.59 -0.48 0.08 0.86
-235 12.0 1.71 -0.20 0.01 0.53 0.56 -0.53 0.10 0.81
-24 12.0 239  -0.68 0.11 0.73 0.15 -0.27 0.05 0.75
245 12.1 315  -1.18 0.21 0.94 -0.11 -0.25 0.04 0.67
-25 12.0 5.38 -3.62 1.01 1.36 -1.51 0.93 -0.33 0.56
-25.5 12.7 642  -7.77 3.74 2.79 -11.36  19.20  -10.01 0.37

A better estimate of the halo mass can then be found by megshe projected
number of neighbours within a given multiple of the viriatlnas (with the same cut
in radial velocity diference), as shown in Section 3.3.3. In Table 3.3 we provile th
same third order polynomial fits as in Table 3.2, but for tHatien between halo
mass anahy rvir, N1.5 rRvir ANM2 Rvir, @S Well as the corresponding (higher) Spearman
rank correlation caoicients. Fig. 3.12 shows the relations for a selection of the
fits.

This procedure of obtaining a better estimate for the halssntan then be
used to iterate towards a reliable estimate for the halo nradading the spread in
halo masses at fixed environment (note that this spreadyssweall for high mass
haloes if the neighbours are counted within a multiple ofuin@l radius of order
one.)

We note that these halo masses are measured in the MillerBiomalation,
which uses the WMAP first year results for the cosmology, Whias (among
other diferences) a larger amplitude of fluctuations), This means that for a
given galaxy luminosity, the haloes will be slightly too ree. How this &ects
the relations between environment and halo mass is not clear
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