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INTRODUCTION

The formation and evolution of galaxies depends on bothrnate

ABSTRACT

The properties of both observed galaxies and dark matteebat simulations depend on their
environment. The term “environment” has, however, been tselescribe a wide variety of
measures that may or may not correlate with each other. Roméasures of environment
include, for example, the distance to tN& nearest neighbour, the number density of objects
within some distance, or, for the case of galaxies only, theswf the host dark matter halo.
Here we use results from the Millennium simulation and a sgnailytic model for galaxy for-
mation to quantify the relations betweeiffdrent measures of environmentand halo mass. We
show that the environmental parameters used in the obgarabliterature are inféect mea-
sures of halo mass, even if they are measured for a fixedrstedlss. The strongest correlation
between environmental density and halo mass arises whawthber of objects is counted
outto a distance of 1.5 — 2 times the virial radius of the hast And when the galaxigsloes
are required to be relatively brightassive. For observational studies this virial radius is no
easily determined, but the number of neighbours out to h=*RIpc gives a similarly strong
correlation with halo mass. For the distance tokfenearest neighbour the (anti-)correlation
with halo mass is nearly as strong providéd> 2. We demonstrate that this environmental
parameter becomes insensitive to halo mass if it is cornsulifrom dimensionless quantities.
This can be achieved by scaling the minimum lumingsityss of neighbours to that of the
object that the environment is determined for and by digdime distance to a length scale
associated with either the neighbour or the galaxy undesideration. We show how such
a halo mass independent environmental parameter can bed&finboth observational and
numerical studies. The results presented here will helpégtudies to disentangle thigexts

of halo mass and external environment on the propertieslakigs and dark matter haloes.

Keywords: galaxies: haloes — galaxies: statistics — galaxies: furtaahparameters — galax-
ies: evolution — galaxies: general — methods: statistical

forces. Winds and radiation from nearby neighbours mayatifsct
the evolution of a galaxy. It is still an open question to wizeent
the properties of galaxies are determined by internal atel el

and external processes (‘nature vs. nurture’). Among tternal
processes are radiative cooling, the formation of and faekifrom
stars, and accretion of gas onto and feedback from supesireas
black holes. Itis generally assumed that halo mass is thaafuen-
tal parameter that drives the internal processes for stlgalax-
ies. External processes are important because galaxiestdioen
alone in the Universe. Galaxy interactions can induce tatighal
torques that can significantly alter the angular momentuuocstre
of the matter in galaxies. This can for example lead to a statb

processes.

lation between the two.

or to more rapid accretion onto the central black hole, winhay Early, analytic models predicted that the clustering obkal
trigger a quasar phase. Smaller galaxies may accrete antuath depends only on their mass (Kalser 1984. Cole & Kalser [1989;
of a more massive galaxy. As a galaxy moves through the gaseou M0 & White [1996).. Lemson & Kafimanh (1999) found in semi-

halo of a more massive galaxy, it may lose gas due to ram pressu analytic models of galaxy formation that, to first order, thdy
property of a dark matter halo that correlates with the (pro-

jected) number density of surrounding galaxies is halo mass
* E-mail: mhaas@stsci.edu (MRH) Other properties like spin parameter, formation time and-co

Even if halo mass were the only driver of galaxy evolution,
galaxy properties would still be correlated with their eoniment.
Because peaks in the initial Gaussian density field clusgzther,
more massive galaxies will live close to each other (‘galaiag’).

A correlation between surrounding galaxy density and irder
galaxy properties therefore does not necessarily implyuaalae-
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centration do not strongly depend on the surrounding dark ma
ter density. However, later papers have shown that clusteri
also depends on properties like formation time, concdbtrat
substructure content, spin and shape, even for fixed mags (e.
Gao et al. 2005; Harker etlal. 2006; Wechsler €t al. 2006; &etl.
2007; | Gao & White. 2007;_Jing etlal. 2007; Maccio €tlal. 2007;
Wetzel et al. | 2007;_Angulo et al. 2008; Faltenbacher & White
2010). All dependencies other than the one with halo mass are
however, second-ordeiffects. The formation time and the halo
merger rate are also found to depend only weakly on envirohme
(Gottlober et al.| 2001; Sheth & Tormen 2004; Fakhouri & Ma
2009 Hahn et al. 2009). These findings are consistent wétinyh
drodynamical simulations of Crain et al. (2009), who fouhalttall

the variations in the properties of simulated galaxies withiron-

relation between others is more obscure. In this paper we com
pare several popular indicators of environments. The aitu is-
vestigate which indicators correlate strongly with eadimeotand
with halo mass and which ones do not. We measure environmen-
tal parameters using a semi-analytic model for galaxy fdiona
(De Lucia & Blaizot 2007) constructed on the merger tree akda
matter haloes formed in the Millennium Simulation (Sprineteal.
2005), so that we also have halo masses available. We wilepte
environmental parameters that measure halo mass, butsanesin
tive to external environment, along with environmentalgoaeters
that are insensitive to halo mass. These can be used foesttdit
aim to separate theffect of halo mass and external environment.
We will show that most of the environmental indicators usetit+
erature are inféect measures of halo mass. In the remainder of the

ment can be accounted for by the dependence of the halo maspaper we will use the term ‘environment’ whenever we qugntif

function on environment.

For both observations and simulations it ighidult to disen-
tangle the fects of halo mass from those of the external environ-
ment. The two are correlated (higher mass haloes live, orageg
in denser environments) and finding an environmental paemme
that does not correlate with halo mass is non-trivial. Ofrseuthe
mass of the dark matter halo hosting a galaxy is importanthier
evolution of that galaxy, so halo mass is as good an enviranme
tal parameter as any other. One would, however, like to be tabl
distinguish halo mass (the “internal environment”) frone #mvi-
ronment on large scales (the “external environment”). Iha$ a
priori clear whether the environmental parameters useladtitier-
ature measure halo mass, and if so, whether they measlyrealo
mass, or whether they are also, or predominantly, sendiivee
external environment.

Observationally, halo mass is hard to determine. Group cat-
alogues, abundance matching, clustering, and gravitdtlensing
all provide statistical measures of halo mass. Nonethgaiesst ob-
servational data sets will have to do without dark matteo Inahss
and define environmental parameters based on the distiibafi
visible matter (usually stellar luminosity).

Many observational studies have, nevertheless, invéstiga
the dfect of the environment on the physical properties of galax-
ies. In general, in higher density environments galaxiesnfo
their stars earlier and faster (e.g. Lewis et al. 2002; Raddial.
2004; Balogh et al. 20044a,b; Kéimann et al. 2004; Thomas et al.

distances to nearby galaxies, surrounding galaxy desst®, but
never when referring to halo mass, in order to clearly digtish
the two.

This paper is organised as follows. Sectidn 2 gives a short
overview of the literature on environmental parameterth fimm
observations and simulations. In Secfidn 3 we investigatedften
used environmental parameters correlate with host hals.méae
strength of the correlation with halo mass depends on thertis
scale used in the environmental parameters, as we will sh@&¢-
tion[4. In Sectioi b we discuss how to construct an environaien
parameter that is insensitive to halo mass. Finally, we lcolecin
Sectior 6. In appendixJA we provide fitting functions for thesh
halo mass as a function of galaxy environmental parameters.

2 POPULAR ENVIRONMENTAL PARAMETERS

The study of the ect of environment on the evolution of galaxies
has undergone considerable progress through large galaxgys
like the Sloan Digital Sky Survey (SDSS; Stoughton et al.Z2)00
and (z)COSMOS (Scoville et al. 2007; Lilly etlal. 2007). Matify
ferent definitions of environmental density exist. Obstovally,
the density around galaxies must usually be based on thibdist
tion of the galaxies themselves, as the distribution of n&ssry
hard to measure. Two slightly ffierent measures are used very of-
ten: the number of galaxies within a fixed distance and thaie

2005%; Smith et al. 2006) and galaxy morphologies become more to theN™ nearest neighbour. Tallé 1 contains a short summary of

(pressure support dominated) early type, as opposed tati(not
dominated) late type (e.q. Dressler 11980; Dressleriet 8719
Wilman et al.. 2009). From observations alone it is very hard t

the literature on the environmental dependence of galagpegrr
ties, both from observations and from simulations. We wifand
on these in this section in the next section we will study safne

judge whether these trends are driven mostly by halo mass orthese in more detail using the galaxy catalogues from théeMil

whether other halo properties dadlarge-scale environment play
an important role. As in observations environment is uguatin-
trasted with stellar mass (rather than halo mass), suchnatigm-
ally based distinctions between stellar mass and envirohmay
tell us more about the stellar mass — halo mass relation thaut a
the diference between external environment and halo mass.

nium database.

For the environmental parameters it is important, as we will
show below, whether the masses of the other galaxies usedade m
sure the environmental have a fixed physical lower limit (oni-
nosity), or whether the minimum mass is a fixed fraction of the
mass of the galaxy one wants to know the environment of. & als

In simulations, halo mass (and other halo parameters) are matters whether the distance out to which the environmemeis-

readily available. From simulations much ‘cleaner’ defonis of
environment can be obtained, as the distance between shgect
known in three dimensions, contrary to observations whigh c
only provide precise separations perpendicular to thedfreght.
Radial velocity diferences give an indication of separations along
the line of sight, but peculiar velocities complicate thinterpreta-
tion.

sured is fixed in absolute terms or whether it is fixed relatove
some length scale related to the galaxy in question (e.gvittz
radius of its host halo). In Tabld 1 we indicate for each emvir
mental parameter listed (described in the first column) owthat
distance (or distance equivalent parameter) the envirohimenea-
sured (second column), and whether the minimum yhasmosity
of the galaxies used for the environmental estimate is fireabk

Many different measures of environment have been used in solute terms or whether it is a fixed fraction of the milassinosity

the literature. Some are closely related by constructidnlenthe

of the galaxy in question (if applicable, third column). Thst
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column lists references to papers employing the paranfetem
Table[1 it is clear that very few papers take minimum masses of
neighbours andr distances relative to properties of the galaxy’s
host halo.

Two main classes of observational parameters can be identi-
fied: those which measure the number of galaxies out to a given
distance, and those that measure the distance out to a bilen
neighbour. Note that the number of galaxies out to a distance
is equivalent to the local number density of that same samwiple
galaxies smoothed on the scaleith a top-hat filter. Similarly, the
distance to thé&N\"" nearest neighboury, is equivalent to the local
number density of galaxies smoothed on scaldn higher density
regions theN"" nearest neighbour is, on average, closer by and the
scale on which the environment is measured is thereforelamal
while the other class of methods measures the density on @ fixe
scale.

The environmental parameters used in simulation studies ar
sometimes similar to the ones used for observations, bulsarbe
very different. Using a similar definition allows one to directly com-
pare models and observations. However, with the full (dagt-m
ter and baryonic) density field available, simulators cao aleter-
mine parameters like the total amount of mass in spheresdibe
galaxy in question. Such quantities might influence thewgiah of
a galaxy, but are dicult or impossible to obtain observationally.

It is well known that higher mass galaxies preferentially
live in higher density environments. A correlation betwéeto
mass and environmental density is therefore expected. >&one
ple,|Kaufmann et al.|(2004) and Berrier et al. (2010) used semi-
analytic models of galaxy formation to show how their measur
of environmental density (number of galaxies withh5, 1, 2, 3,

6) h™'Mpc projected, and a redshiftftiirence less than 1000 km
s™1) correlates with halo mass. They find a good correlation with
spread of a factor of a few (for small projected cylindersa tiew
tens (for larger projected cylinders). It is, however, kely that
halo mass is the only characteristic of the environment tineit
ters. With that in mind, Fakhouri & Ma (2009) tried to constran
environmental parameter that does not scale with halo masy.
found that the mean over-density in a sphere of 7 Mpc, exatudi
the mass of the halo, gives the most mass-independent parashie
the three parameters they studied. They did not quantifdéigeee
of correlation, but their plots indicate a weak, but nonliugigle
correlation with host halo mass. Observationally, thisngityacan-

not be determined. As far as we are aware, to date no study has,

found a measure of environment that is independent of haksma

3 POPULAR ENVIRONMENTAL PARAMETERSAND
THEIR RELATION TO HALO MASS

In this section we will investigate the relation between sarhthe
widely used environmental parameters and the mass of the hos
halo. For the environmental parameters discussed, we istihd
guish between the ‘ideal case’ in which the three-dimeradito:
cations and the masses of all galaxies are known (as in simula
tions) (Sectio 3]2), and the case in which only projectsthdices
and velocity diferences can be measured and only luminosities are
available, as is the case for observations (Seffidn 3.8 \we will
briefly summarise the main characteristics of the synttgaiaxy
populations used.

3.1 Simulations

We will compare diferent environmental parameters using the
galaxy catalogue constructed using the semi-analytic imofle
De Lucia & Blaizot (2007, see also Croton et al. 2006), run on
the dark matter-only Millennium Simulation (Springel etl2005).
The Millennium Simulation follows the evolution of the dark
matter distribution using 2180particles in a periodic volume
of 500 comovingh *Mpc down to redshift 0. The model of
De Lucia & Blaizot (2007) uses recipes for the evolution of th
baryons inside dark matter haloes and is based on the hafgemer
trees constructed from the halo catalogues of the MillemrBim-
ulation. The model predicts the galaxies’ locations, pteisprop-
erties such as their stellar masses and star formationrieisto
and observables like colours and luminosities. The modedlis
brated to reproduce the redshift zero luminosity functiothie K-
and by-bands.! De Lucia & Blaizbtl (2007), De Lucia el &l. (2007)
and Kitzbichler & Whitel(2007) showed that this model reprogs
many other observed properties of the galaxy populatiohérd-

cal Universe (e.g. the colour distributions, the stellasgfainction
and the clustering properties). We will only use the 0 results.

We take into account all galaxies with stellar masses greate
than 16°%NM,. This is roughly the same lower mass limit
as | Fakhouri & Ma [(2009) used (they used a total mass of
1.2x10%%h~*M,,). This choice is dictated by the resolution limit of
the simulation._Boylan-Kolchin et al. (2009) showed thag gub-
halo abundance of haloes in the Millennium Simulation is-con
verged for subhaloes more massive than abotihttM,, roughly
independent of parent halo mass (as long as the parent mass is
larger than 1&h~*M,,).IGuo et al.|(2010) also investigated the sub-
halo abundance convergence of the Millennium Simulatiod an
concluded that the halo and subhalo abundances are codvierge
M > 10'?*h~*M,. These halo masses were matched by Guo et al.
(2010) to the stellar mass function from the seventh datasel of
SDSS from Li & White (2009), from which they conclude that ob-
served galaxies with stellar mabg » 10'°2h~1Mj, reside in con-
verged haloes. The number of neighbours counted in somereolu
depends on the lower stellar mass limit for galaxies in thepta
(or, correspondingly, the flux limit of the survey), but as wil
show, the scalings and correlations are usually not seegiithis
lower limit.

3.2 Theideal case: using 3-dimensional distances and masses

We will use the simplest version of both classes of obsamatly
determined parameters: the number of galaxigg,within some
volume with radiuR and the distance to thé" nearest neighbour,
Ry. Parameters derived from these numbers (such as the number
density of galaxies within that volume) will obey the sameda-
sions.

In Fig.[d we show the correlations between host (Friends-of-
Friends) halo mass and three definitions of environmentntime-
ber of galaxies within 1.5 virial radii of the galaxies’ hdsdloes,
the number of galaxies within ir*Mpc, and the distance to the
fourth nearest neighbour (left to right). All three measunéenvi-
ronment are strongly correlated with the mass of the host hal

If the distance out to which galaxies are counted is scaled to
the virial radius of the halo that the galaxy resides in, ttiencor-
relation between halo mass and environment is very strang a
shown in the left panel of Fif] 1. Because the region withimciwh
galaxies are counted grows with halo mass, a more or lessartins
fraction of satellites is counted. A fixed fraction of all sltites is a
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Table 1. Overview of environmental parameters that are frequergldun literature. They are grouped by th&etient ways of determining out to which
distance the environment is measured either in obsenatmrsimulation studies. The first column specifies the emvitental parameter, and the second and
third column indicate out to what distance the environmemeéasured and whether the minimum rfassinosity is fixed or scales with the galaxy in question.
The fourth column specifies the references for the pape®rdssler|(1980), 2: Whitmore & Gilmore (1991), 3: Gomezle{2003), 4:Postman & Geller
(1984, 5| Whitmore et all (1993), 6: Goto et al. (2003). 7iMrfeann et al.|(2006), 8: Cooper el al. (2005). 9: Cooper &R806), 10| Cooper et al. (2008),
11:|Balogh et 2l (2004a), 12: Balogh et al. (2004b), 13: Baéd al. (2006), 14: Bamford et al. (2009), 15: Cassata|dPalD7), 16! Ellison et al| (2010), 17:
Kovac et al. |(2010), 18: Pimbblet et al. (2002), 19: Lewiglet2002), 20! Blanton et al. (2005), Z1: Blanton et al. (200 22:| Blanton et al| (2003a), 23:
Hogg et al.|(2003), 24: Blanton & Berlind (2007), 25: Berréral. (2010), 26: Wilman et al. (2010), 27: Hogg €t al. (20@8;Kaufmann et al.|(2004), 29:
Park & Chai (2009), 30: Harker etlal. (2006), 31: Hester & T&simi (2010), 32: Maccio et al. (2007), 33: Maulbetschle(2007), 341 Espino-Briones etlal.
(2007), 35i Ishivama et al. (2008), 36: Abbas & Sheth (208F),Crain et al.|(2009), 38: Lemson & Kémann ((1999), 39: Fakhouri & Ma (2009), 40:
Hahn et al.|(2009), 41: Wang et al. (2007), 42: Faltenbac@@t®)

Parameter Distance related parameter value Minimum fnessosity  References
From observations
(Projected) galaxy number density Average of nearest Jdkigs my < 165 1,2,3
My < -204 3
Group average Mg < -17.5 4
ClusteyGroup-centric radius - M, < =205 5,6
- My < -204 3
- my < 165 2
Scaled to the virial radius r<17.77 7
Projected galaxy number density out N =3, Av = 1000 km s1 R<241 8,9, 10
to theNt" nearest neighbour N=45 Mg < =20 11-16
with a maximum radial velocity N = 4,5,Av = 1000 km s? M, < -20 13,14
differenceAv N =4,5,Av = 1000 km s? M; < -20.6 16
N =5, Av = 1000 km s? M; < —206 11
N =5, Av = 1000 km s? M < -20 12
N =5, 10, 20,Av = 1000 km s lag < 25 17
N =10 My < -20 18
N =10 | <-24 15
N =10, in clusters Mp < -19 19
Galaxy number density in sphere r ~1 h-IMpc r<17.77 20
of proper radius r = 8h™Mpc, Av < 800 km st r<17.77 21,22,23
Number of neighbours in cylinders r =0.1-10h IMpc, Av = 1000 km s? Mo.1r — BLog;ph < —-19 24,25
with projected radius r =0.5, 1, 2h~IMpc, Av = 1000 km s M < -20 26
r = 1 h~Mpc, Av corresponding to 8 Mpc r < 17.77 27
r=1-10h"'Mpc, Av = 1000 km s Iag < 25 17
r =2 h Mpc, Av = 1000 km s r<17.77 28
Mass density due to nearest neighbour N =1 or N for which p is maximal Mingb 2 M gal + 0.5 29
(p = 3Mngb/4nT ) Av =400, 600 km st
Projected galaxy number density in {0.5,1,2 < R/(h"*Mpc ) < {1,2,3 M; < -20 26
annuli 1< R/(h"IMpc) < 3 r<17.77 28
From simulations
Halo mass - M > 2.35x 10%h~1M, 30
Number of neighbours in spheres of radRis R= 2 h~1Mpc Vimax > 120 km st 31
Mass or density in spheres of radils R=1,2,4,8h IMpc - 32,33
R=5h"Mpc - 34,35
R=5,8h"Mpc - 36
R=7h"Mpc - 30
R =18 25h~Mpc - 37
Matter density in spherical shells 2R/(h"*Mpc) < 5 - 38, 39, 40
2 < R/(hMpc) < 7 - 30
Rror<R< 2 hflMpC - 30
Riir < R< 3Rjir - 41
Average mass density of surrounding halos N =7 200< Vmax/km s 1< 300 42
Distance to nearest halo with minimum mass - Mo/M; > 3 35
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Figure 1. The correlations between host halo mass and three envirgahgarameters: the number of galaxies within B% (left panel), the number of
galaxies within 1h~Mpc (middle panel) and the distance to the fourth nearesthbeiur (right panel) for all galaxies withl, > 101°h~1M. The numbers
printed in the top-left of each panel indicate the Spearmaak correlation ca@cient and the diamond symbols and error bars show the bineelibms and
the 16th and 84th percentiles (for Gaussian distributibiswould be+10) of the distribution. All three parameters are measuresalif mass. From left to
right the correlations with halo mass decrease in strength.
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Figure 2. As Fig.[d, but now for observable versions of the environmaleparametersK-band luminosities rather than stellar masses, projedsdntes and

a cut in redshift dference (of 1000 km$) rather than 3-D separations for all galaxies Witk —23. For the left panel, the virial radii of the host haloe# sti
need to be known. Galaxies with= 0 are placed at Logn = -1 for illustrative purpose. The correlations are slightlgaker than the corresponding ones
found for the ideal case (Figl 1), mainly due to projectifieets, which make galaxies populate the regions in the plbishwvere unoccupied in Fifl 1. The

correlations are, however, still strong.

number of satellites that grows roughly linearly with halass, re-
sulting in a very tight correlation. This can be understaoterms
of the results found A@M): the fraction of tlassin
subhaloes, the distribution of subhaloes and the shapesdfitb-
halo mass function are independent of host halo mass, wigle t
normalisation (so the total number of and total mass in Soklsa
scales (to first order) linearly with halo mass. The numbesutd-
haloes (and thus satellite galaxies) within a radius thfikésl rel-
ative to the virial radius therefore grows roughly lineaslith halo
mass. This makes the paramehdrs ryir & Very strong measure of
halo mass.

A slightly weaker correlation exists between halo mass and
the number of galaxies within a fixed physical distance, asveh
in the middle panel of Fid1 (for a distance ofht'Mpc). The
upper envelope is populated by the central galaxies in thwplea
while the satellites form the less tightly correlated cl@imbve the
relation for the centrals.

In the right panel of Fig]1 we show the correlation between
host halo mass and the distance to the fourth nearest neigtitio
(which is very often used observationally, see Tdble 1). dise
tanceR, decreases with halo mass, because more massive haloes
are on average found in denser environments.
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The correlation with mass is strongest &y ~ 1h~*Mpc,
which marks the transition from the regime in which the nsare
4 galaxies are typically part of the same haR) (< 1h~* Mpc;

M > 10" h~*M,) to the regime in which it resides in another halo
(Rs > 1h*Mpc; M < 102 h™'M,). The transition between the
two regimes depends on the ramkfor higher ranks, the jump oc-
curs at higher halo mass.

there are now more low-mass galaxies with a high number ghrei
bours. This is due to projectiorffects. We note that the correlation
codficient is still very high £ 0.71), so we can conclude that this
environmental parameter is a strong indicator of host hadsan
The horizontal scatter (scatter in environmental paranfetdixed
halo mass, so this is not the scatter indicated with the &ars) at
low halo masses is dominated by projectidfeets, while at high

The three parameters displayed in . 1 all depend on three- masses the scatter is mainly caused by satellites in thkidstsf

dimensional distances. We will now proceed to investigat@m-
eters that can be measured observationally.

3.3 Therealistic case: using projected distances and
luminosities

Observationally, we have no access to the three-dimerisiepa-
rations between galaxies. Instead, we measure distanciesiad
on the sky and dierences in redshift. Moreover, while luminosi-
ties are readily available, stellar mass determinationzedé on
SED modelling, which comes with considerable uncertaikit.
will now investigate to what extent the use of observableaksas
the correlations compared with the ‘ideal cases’ discugs&kc-
tion[3.2. As is done in many observational studies (see Taple
we will only make use of galaxies with redshifts that are with
1000 km s of the redshift of the galaxy for which the environ-
ment is determined. We include both the Hubble flow and paculi
velocities in our calculation of the redshifts. For referepa ve-
locity difference of 1000 km$ corresponds to a distance of 10
h~*Mpc if the peculiar velocity dference is zero. We will denote
the parameters using the same symbols as we used for thes-D di
tance variants, but with lower case letters. For exampldenotes
the projected distance to the fourth nearest neighboundusily
galaxies within the redshift fierence cut). We only include galax-
ies with absolutek-band magnitude smaller than -23, which cor-
responds tavl, ~ 10'°%?h~1M, because in our sample of resolved
haloes, the galaxy luminosity function shows signs of inplate-
ness for fainter galaxies. This results in a slightly smadkemple
than the one used before. The luminosity function of gakawiih

M, > 10*°h~IM, shows signs of incompleteness at magnitudes
fainter thank = -23.

the halo. The scatter in the environmental indicator is ksgafor
halo masses of about ¥th= M. For a givem ypen the spread in
halo masses is small for low and high values of the envirotiaien
indicator (roughly 0.3 dex) and highest forypen ~ 10 (2 0.5 dex
in halo mass).

In the right panel of Fid.]2 we show the projected distance to
the fourth nearest neighbour with < —23. Because of projection
effects the bi-modal behaviour visible in the right panel of libas
been smeared out. The correlation with host halo mass isftiver
slightly weaker. Because of the discontinuity in the dizition,
the correlation ca@cient is a function of the masses (both galaxy
stellar mass and host halo mass) of the objects that are tatcen
account.

3.4 A multi-scale approach

Wilman et al. [(2010) recently measured the number density of
galaxies in concentric rings of 0.5, 1.0, and 2:8Mpc in order
to investigate trends in the-r colour distribution of galaxies with
environment at several distance scales (for given smalesten-
sity, if desired). They included all galaxies from the fiftatd re-
lease of SDSS with magnitude brighter than 17.77 inrtirand
and with a mean surface brightness within the half-lighiusaf
4 < 23.0 mag arcse@. The number density of galaxies was de-
termined in rings with radii fixed in physical coordinates.this
approach neither the mass nor the distance out to which thie en
ronment is determined scales with the properties of thexgata
guestion. We therefore expect that these measures of anvart
vary strongly with halo mass.

We find that the Spearman rank correlationféo&nt for the
density in annuli with halo mass is roughly 0.5, and depents o

Fig.[2 shows the relation between halo mass and the parame-both the width and the radius of the annulus, such that smalle

ters shown in Fid.]1, but using projected distances and losities
rather than 3-D distances and stellar masses. For all tlaneene-
ters the correlations are slightly less strong than in tlealidase.
Galaxies without any neighbours within the specified distaare
assigned a number density of lgfn) = —1.

Note that the left panel still requires knowledge of thealiri
radius of the host halo of the galaxy and is therefore hardeto d
termine observationally (we left it in for completenessheTvirial
radius can be estimated if a group catalogue is availalie ttie
one byl Yang et all (2007) who grouped galaxies using a a fsiend
of-friends like algorithm. The total luminosities of theogips are

then ranked and matched to a ranked list of halo masses, drawn

radii (s 0.5 Mpc) have larger correlation cfiients and wider
annuli mostly show weaker correlations. The power of thehaet
ofWilman et al.|(2010) lies in the ability to measure residtends
of galaxy properties with large-scale (annular) environmehile
controlling for the environment on some smaller scale {he pro-
jected number density in the inner circle). The samples are ¢
structed by taking all galaxies around which the number ithen$
galaxies within the inner radius of the annulus fall withimse bin,
and are therefore comparable to vertical slices througtmiidelle
panel of Fig[2. From this figure we can see that in such a dice,
large range of halo masses is still present.

As an example, we show in F[d. 3 the correlation between halo

from a halo mass function sampled in a volume equal to that of mass and the number of galaxies in annuli with inner and catgr

the survey. This procedure results in the assignment of ghads
mass to all galaxies in the sample. However, if such a cataldg
available, then the halo mass is of course just as well kn@thea
virial radius, so using this environmental indicator as asuge of
halo mass is not very useful.

of 1 and 2 Mpc, respectively, for three narrow bins of the nends
galaxies within 1 Mpc (projected separation, within a reffif-
ference of 1000 km$). Each bin contains/& of all the galaxies,
where the second panel from the left corresponds to eflthe
total galaxy population with the lowest valuemfy,en. Similarly,

In the middle panel of Fid.]2 we show the halo mass as a the 3rd and 4th panels show the relation betweigg, andn;.; wpen

function of the number of galaxies within a projected dis&nf 1
h~*Mpc, with a redshift dference less than1000 km st and with
K < —23. Compared with the 3-D version (middle panel of Eig. 1),

for the 1/8 of the galaxies for whiclm; vpe/n is, respectively, in the
middle and the highest of the values spanned by the totall@opu
tion. The diferent bins in central number density (i.e. thatient
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Figure 3. Halo mass as a function of the number of galaxies in annuh miber and outer radii of 1 and 2 Mpc, respectively. The fiestgd shows the full
sample, while the other three panels correspond to thresimumber of galaxies within 1 Mpc, showing the lower, mé&dhd upper one eighth of the total

distribution from left to right. The galaxies with = 0 are placed at Logn =

—1. Although the range of halo masses in each bin is large ytiieal halo

mass is higher for the bins corresponding to higher values ggh. The mediamy mpe/h for the three bins are 1, 4 and 21, respectively, and the media
109, 9(Mhaio/Mo) are 12.3, 12.7 and 14.2. Dividing the sample into narrovs liftsmall-scale environment’ generally reduces the giifenf the correlation
betweem.» mpgh andMhalo, but for large values afi;_» mpgn it actually increases it.

panels) favour dferent halo masses, as expected from[Hig. 2. Com-

paring panels 2—4 with the first panel, which shows the redait
the full population, we see that the correlation betweg,, and
M2 mpgh 1S Much reduced for fixed, low values bf yipen. How-
ever, for high values afiy mpen (last panel) the correlation actually
becomes stronger.

The trends seen in Fifl 3 are a typical example of the ‘multi-
scale’ approach of Wilman etlal. (2010). Changing the raidihe
inner and outer edges of the annuli srdhe width of the bins in
central galaxy number density does nffeat the qualitative con-
clusions drawn from FidL]3. The correlation of the numberalfy-
ies in annuli with halo mass becomes weaker if very largadists
from the galaxy in question are taken (5-10 Mpc), but thatetyer
reflects the fact that galaxies at such large distances dbawat
much to do with the galaxy in question.

4 ENVIRONMENT ASA MEASURE OF HALO MASS

In this section we will study the strength of the correlati@tween
several environmental indicators and halo mass in morel dita
particular, we will determine which parameter provides st
measure of halo mass.

and withinAv = +£1000 km s?) as a function of. An example of
this type of parameter was shown in the middle panel of[Bigr2 f

r = 1 h™*Mpc. Fig.[4 shows that the correlation first strengthens
with distance, reaches a maximum at a scale of rougtiyMpc,
and declines slowly thereafter. The vertical arrows, whincticate
the median virial radii for the haloes of all galaxies in tlaenple,
show that the correlation betweagypen and Mpa, 0CCurs wherr

is slightly greater than the median virial radius.

In the right panel of Fig[l4 we plot the Spearman rank
correlation cofficient between halo mass and environment, now
parametrised byy, the distance towards th¢" nearest neighbour
(as in the right panel of Figl]2 foN = 4), as a function of the
rank N. The correlation ca@icients are now mostly negative, as
a higher density (corresponding to a higher halo mass) esllit
in a smaller distance towards thNg" nearest neighbour. However,
if we only consider galaxies witl < —25.5, then halo mass is
an increasing function of the distance to the nearest neighas
the neighbour needs to be outside the galaxy itself, and mas
sive galaxies tend to be larger. Taking more neighbourshigher
values ofN, gives an anti-correlation that, for high-mass galax-
ies, becomes stronger for larger numbers of neighbourdokrar
mass galaxies < —23) the correlation betwean, and Mpq is
strongest foN ~ 3—4, but does not weaken much for larger values.

We expect the correlation between the number of neighbours The median number of neighbours within the virial radiusweb

and halo mass to be strongest at some given distance. Tdidng t
distance very small will result in strong discreteneeats, while
taking the distance too large will result in a sample of gsixhat
does not have much to do with the halo the galaxy resides in.

In Fig.[4 we show, for two dferent environmental parameters
and for two diferent luminosity cuts, the value of the Spearman
rank correlation ca@cient with halo mass, as a function of the
distance related parameter used to measure the envircaindent
sity. In the left panel we show the correlation fii@ent between
halo mass and the environmental density indicatqithe number
of galaxies within a fixed physical distancerojected on the sky

the same luminosity cut is indicated with the arrows.

We conclude thah, andry are both good measures of host
halo mass, provided that is measured at > ry; and thatN is
suficiently large N ~ 10). If the host halo mass, and thus the
virial radius, is not known a priori, then it is better to takkarger
(r 2 1h~*Mpc), as the correlation rapidly weakens towards smaller
distances and declines only slowly with increasing distanc

Observational studies often contrast stellar mass andomvi
ment. A dependence on environment for fixed stellar mass-is as
sumed to reflect nurture rather than nature. However[Figo%'s
that breaking up the sample in small binskeband magnitude for
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Figure 4. The strength of the correlations between halo mass and titea#nvironmental indicators that can be used straightfaily for observations for
two samples of galaxies with the luminosity limits indichie the legends. In the left panel we plot the Spearman ranieletion codicient between halo
mass and the number of galaxies within a given projectedighiydistancer (and with a cut in redshift dierence of 1000 km$) as a function of. The
arrows show the value of the median virial radius of the fafdall galaxies in the sample with the corresponding calotine right panel shows the Spearman
rank correlation cacient between halo mass and the projected distance t'ftheearest neighbour as a function of the r&hkThe correlation ca@cient

is typically negative, because more massive galaxies teieNt™ nearest neighbour closer by. The arrows indicate the meuiarber of neighbours within
the virial radius of the haloes above the indicated flux lififie parametens, with r > 1 Mpc andry with N ~ 10 are very good measures of halo mass for a
wide range of luminosities.
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Figure 5. The same as Fifl 4, but now for three bins in absdksgand magnitude for the galaxy under consideration (fomttighbour search all galaxies
with K < —23 are taken into account). The numbers in between the gtidicate the number of galaxies in the sample. The cdivak between the
environmental parameters and halo mass are insensititie ko-band luminosity (and thus to stellar mass) except for suadlies ofr andN. Even for narrow
bins inK, the environmental parameters correlate strongly witb hadss.

the galaxy under consideration (in the neighbour searchiWins for (virial) mass works well. Guided by the left panel of H#jj.one
clude all galaxies withK < —23), which correlates well with stellar ~ might expect that we can improve opas a measure of halo mass
mass for central galaxies, does not reduce the strengtle aottne- if r scales with_i”. We have tried this, but the correlation between

lations between environment and halo mass. Thiis¢es attributed halo mass and environment does not get stronger (or it ggtglgl

to environment, even in studies that fixed stellar mass, aslyn weaker, with correlation cdgcients of 0.65 — 0.7). In the range of
due to halo mass. This is important, as halo mass, at leasefor halo masses for which we could test it (any range betweéhat@l
trals, is considered to reflect nature rather than nurtuneddels of 10'5°h~1M,,) the correlation is stronger if a projected distance of
galaxy formation. 1 Mpc is used than if o« L/® is used. Specifically, we tried =

. ) o 1h*Mpc (L /Lo)¥3, with Ly = 1011051101151201] e therefore
As we will show below, usind<-band luminosity as a proxy
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conclude that using a fixed physical projected distancefés sad
easier in practice than a distance scaling with luminoSifg.thus
advise to usen, with r of the order ofr > Ry, if a measure of
halo mass is desired. For most observed samples of galaxigs
Mpc will do, but by iteration better values can be obtainese u
r = 1h~*Mpc, calculate the halo virial radii from the environmental
indicator (using the parametrisation given in Apperidix Ajldhen
iterate if the virial radii strongly deviate from 1 Mpc.

In AppendiXA we provide polynomial fits for the halo mass as
a function of several environmental parameters for sefiepvalim-
its, which can be used to obtain halo masses from observegleam
of galaxies with measured environmental indicators.

5 ENVIRONMENT INDEPENDENT OF HALO MASS

In the previous section we have considered which enviromahen
parameters are the best measures of halo mass. In thisrsetio
will construct new measures of environment, both for usé iitn-
ulations §5.1)) and with observationg$.2), that are highly insen-
sitive of halo mass.

5.1 Halomassindependent parametersfor simulations

All the environmental parameters we have looked at so faeeor
late with halo mass. The lower mg@ssninosity limit of galaxies in-
cluded as possible neighbours was set equal to the resolirtia
of the simulations, or the flux limit of a survey. As we saw ie th
left panels of Figd.]1.]2, arid 4, the correlation is strongesd al-
most linear with halo mass, if we count neighbouring galsuaet
to the virial radius of the host halo of the galaxy in questiBer
unit halo mass, this galaxy number density (either progeoten a
spherical region) is therefore roughly constant. This &lsids for
dark matter subhaloes in high-resolution simulations hasva by
Gao et al.|(2004).

In order to obtain an environmental indicator that is indepe
dent of halo mass, we expect that we will have to scale outtheth
masguminosity of the galaxy and the length scale in question. We
defineDy ¢ to be the three-dimensional distance to Mi&nearest
neighbour with a viral mass that is at ledstimes that of the halo
under consideration, divided by the virial radius of & nearest
neighbour:
rN(Mngb>f'Mhalo)

DN,f = 5 (l)

Rvir, ngb
where the subscripts ‘ngb’ and ‘halo’ indicate, respetyivéhe
neighbour of the halo under consideration and the haldf.itS&l-
serve that the adjustable parameterand f, as well adDy itself,

are all dimensionless. Because the tidal force due td\thaearest
neighbour scales a¥ng/RS, o (Ruirngs/Rn)?, the parameteDy ¢
scales with the tidal force to the powed/3. This makeDy ¢ a
natural environmental parameter with a clear physicalrmeta-
tion.

Park & Chai (2009) found in an observational study that the
physical properties of galaxies are sensitive to the digtdan the
nearest neighbour, normalised by the virial radius of tle#gtmbour.
They estimated virial properties of the galaxies from theihosi-
ties. We will use a similar approach in the next section.

The colour scale of Fig.l6 shows the distribution of haloes at
z = 0intheDj1 — Mna plane. The curve shows the mediBa;
in bins of halo mass. Although the medi@n ¢ in the sample is
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Figure 6. Halo mass as a function of the environmental paramBter
(eq.d). The colour scale gives the distribution for all calngalaxies in the
sample, while the solid line is the median halo mass in binBof. The
median relation is very flat. The correlation @daent of this parameter
with halo mass is 0.07 (for correlation deients as a function of rank,
see Figll). Except for the very highy 1 end, where the median halo mass
is suficiently high for the haloes to be on the exponential tail & thass
function, D11 and halo mass are uncorrelated.

different for diferentf, halo mass is always independentXfir-
respective of the factof. The weak correlation that appears at the
highest values 0D; ; and My, is caused by the fact that these
massive haloes are on the exponential tail of the Schetikéer-
halo mass function. Large-scale structure is no longerseiilar

in that regime, causing a slight positive correlation bemBy s

and halo mass. We have verified (by inverting the axes) that fo
massedM < M., (whereM., is the mass at which the Schechter-
like halo mass function transits from a power law into an eqmo

tial fall-off), where the mass function is a power law (and therefore
scale free), the correlation is very weak. For higher masbesx-
ponential cut-€ of the Schechter-like halo mass function imposes
a mass scale. For values above roughiyM.,, the insensitivity to
mass breaks down and a weak positive correlation between hal
mass andy s appears.

In Fig.[d we show the correlation cfieients between halo
mass andy ¢ as a function of the rani for three diferent val-
ues of the mass ratio of galaxies counted as neighbours @&nd th
mass of the halo under consideratidns {1/10, 1, 10}. For all val-
ues of f the correlation between the ramk and host halo mass
increases with the rafikIf an environmental indicator is desired
that is insensitive to halo masN, = 1 is therefore a good choice.
The correlation is weaker for lower values of For f < 1 the
environmental indicator cannot be determined for the fdloilved

1 Note that the correlation does not necessarily vanisiNfes oo, because
neighbours must be at leaktimes as massive as the halo under considera-
tion. However, for very larg®\ the parameteby ¢ no longer characterises
the environment of the galaxy as the distance toNHenearest neighbour
diverges withN.
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Figure7. The Spearman rank correlation @@eent between halo mass and
the environmental indicatddy ¢ (see EdIL) as a function of the raNkfor

f ={1/10, 1, 10}. Higher values forf andN result in stronger correlations.
If haloes can be reliably identified for masses lower thanlthest mass
one wants to know the environment for, then using a low valué (.g.

f = 0.1) gives negligible correlations with mass. For= 1 the environ-
mental parameter will be measurable for all haloes that eardéntified
and this value off still gives only very weak correlations with halo mass,
particularly for low values oN.

sample of haloes (as halo masses need to be atNeastf ~1M s,
with Mesthe resolution limit, in order to resolve all possible neigh
bours). We therefore advise to take= 1, as then the parameter
can be defined for all galaxies in the sample and it still gively

a very weak correlation with halo mass. If in a sample of haloe
some of the studied properties demand a much more stringent r
olution limit (e.g. if detailed halo profiles need to be fiftednd

if haloes of much lower mass are resolved in terms of theialvir
mass and position, then one should use valuds-ofl, e.g. 0.1, for
which the correlation between halo mass and environmemirbes
vanishingly small.

If, in the definition of Dy, we replace the virial radius of
the neighbour by the virial radius of the halo under consitien
(thereby losing the connection to the tidal force due to thighm
bour), the correlation between halo mass and environmeoinbes
even slightly weaker (e.g. a Spearman rank correlatiofffictent
of 0.04 instead of 0.07 between halo mass Bagl). As using the
virial radius of the neighbour gives a more intuitive extdranvi-
ronmental parameter, we prefer to use the virial radiusehtkigh-
bour.

We conclude that the paramety s, with N = 1 andf < 1,
results in an intuitive environmental parameter that iy wesensi-
tive to halo mass. We do note, however, that in order to caleul
this halo mass independent environmental indicator, omgla
measure of the virial mass of the host halo. From simulatibese
can easily be obtained. For observed samples of galaxied vir
masses can be estimated using the environmental indi¢htdrdo
correlate strongly with halo mass, as described in the posvsec-
tion and detailed in Appendix]A. In the next section we wikpent
an environmental indicator that can be obtained directiynflob-
servations and that is also insensitive to halo mass.

5.2 Halo massindependent parameters for observed samples
of galaxies

The environmental parametBy ¢ defined in the previous section
depends on the masses of the haloes, which are generallgatbt r
ily available for observed samples of galaxies. Halo masses
e.g. be estimated by abundance matchingl(e.g. Kravtsovi20@4;
Vale & Ostriker | 2004;| Conroy et al. _2006; Conroy & Wechsler
2009), where a sorted list of galaxy luminosities is matcted
sorted list of halo masses (from either an analytic halo rass
tion or a simulation), with or without scatter in the oneetoe re-
lation. However, this technique does not work for satetiddaxies
and it is generally not known which galaxies are centralsvaimdh
are satellites. If a group catalogue is available, then¢kalts can
be improved by summing the luminosities of all galaxies imaug@
and matching the sorted list of group luminosities to theesblist

of halo masses _Yang etlal. (e.g. 2003); van den Bosch et gl. (e.
2003);.Yang et al. (e.g. 2007). Finally, as we have shown itx Se
tion[4, it is possible to use common environmental pararaeter
estimate halo mass. We provide detailed instructions farglso

in the Appendix.

Since it is easier to work with environmental parameters tha
do not require knowledge of halo masses and becBwgealso re-
quired knowledge of 3-dimensional distances, we set oudriadi-
late an environmental parameter that can be easily detedchahb-
servationally and that is as insensitive of halo mass aslgessVe
let the definition ofDy s guide us. We know that we have to scale
the minimum massg@sminosities of the galaxies that are taken into
consideration in the search for neighbours to be a fixedifractf
the masguminosity of the galaxy under consideration and that we
have to scale the distance to the neighbours to some typicgih
scale associated with the neighbour.

We use an observable, theband luminositylLg, instead of
mass. Luminosity is easier to measure and does not requére th
modeling of the spectral energy distribution of the galai use
the K-band because in the very red optical bands and in the near-
IR the correlation between luminosity and stellar massrangest
(aside from the uncertainties arising from the treatmenthef-
mally pulsing asymptotic giant branch stars, see le.q. Manias
2005;| Tonini et all 2010). Instead of 3-dimensional distanwe
will use projected distances, considering only neighbauitis red-
shifts that are within 1000 knt§ of the galaxy for which we are
measuring the environment. Instead of dividing by the V/madius
of the neighbour, we divide bly3, as weR,;; o« M*/® and we expect
thatL will scale roughly asM 0, at least for central galaxies.

Our environmental indicataly , then becomes

TN(K<Kga-m) ( Lk.ngb

-1/3
~ 0.581IMpc \1.4 x 1011|_@) 2)
where the subscript ‘ngb’ again denotes the neighbour ajaiexy

in questionm is the diference in magnitudes (corresponding to a
ratio in luminositymass, a positiven implies that the neighbours
must be brighter) between the galaxy in question and thexgala
ies counted as possible neighbours, &b the absoluté-band
magnitude. Although the cfiicients do not fiect the correlation
with halo mass, we have divided the projected distancBRy; =
0.580 " Mpc(Lk /1.4 x 10* Lo)"1/3 rather than just by./°, where
Riir13 = 0.58h1Mpc is the projected virial radius of the ‘reference
mass’ of 18%h~IM,, to ensure that the actual values dyfy, re-
tain some intuitive, physical meaning.Rf;. 13(Lx /1.4 x 10'1L,)Y3
were the virial radius, then the external environmentalcaibr
dn.m could be described as the projected distance to\thaearest
neighbour that is at least magnitudes brighter than the galaxy we

dN.m
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Figure 8. The host halo masses of galaxies versus the dimensionleserenental parameta; o (see EqR), which is easy to measure from observations.
In the left panel we show all galaxies in the sample, for whieh Spearman rank correlation éé&ent is -0.28. The middle and right panels show the same
relation for central and satellite galaxies, respectivetyr these sub-samples the Spearman rank correlatidficieets are 0.09 and -0.35, respectively. The

correlation betweeiMy,o andds o is weak and nearly vanishes for centrals.
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Figure 9. The Spearman rank correlation ¢@dgent between halo mass
anddnym as a function of the ranN, for m = {-2.5,0, 2.5} magnitudes
(i.e. neighbours withiK-band luminosities that are at least 0.1, 1.0, and 10
times as large as that of the galaxy under consideratioaj éhvironmental
indicator that is insensitive to halo mass is desired, thers anddyo for
anyN < 10 are all good choices.

are measuring the environment of, normalised to the neigfdo
projected virial radius.

The colour scale in the left panel of Fig. 8 shows the distribu
tion of galaxies in théVinao — di o plane. We include all galaxies in
the catalogue witlK < —23. The Spearman rank correlation fie
cient between halo mass and environment is -0.28, whicleabes
a weak anti-correlation.

The middle and right panels of Fi§] 8 show the distribu-
tion of central galaxies and satellites, respectively. these sub-
samples the Spearman rank correlationfiécoent betweem, o and
halo mass are 0.09 and -0.35, respectively. Thus, the wegk an
correlation seen in the left panel is mostly due to the inolusf
satellites. More massive haloes contain more satellitegeah fixed
magnitude limit. Hence, for satellites in more massive ésjdhe
distance to the nearest brighter galaxy, which can be anstttel-

lite or the central galaxy of the same halo, is typically derakela-
tive to the virial radius of the halo.

The parameter shown in Fig. 8 requires thgedience in red-
shift between the neighbour and the galaxy under considartd
be smaller than 1000 knts Without this cut in redshift dference
the correlations become stronger. Taking into account galgx-
ies within a redshift window is important, but the result & mery
sensitive to the precise velocity cut.

The dependence of the correlation between host halo mass and
dn.m ON the rankN is shown in Fig[®, for three fierent values of
m. We have chosen to shaw= {-2.5, 0, 2.5} magnitudes, because
a magnitude dference of 2.5 corresponds to a luminosity ratio of
10, similar to the mass ratio of 10 that we used earlier. fhkours
that are less luminous than the galaxy under consideratmila
lowed to count as neighbours (im.negative), then the sample for
which thedy, can be determined is smaller than the total sam-
ple of galaxies (because all possible, lower mass neigkhoerd
to be resolved) and the typical haloes the galaxies are imare
massive. Fom = -2.5, i.e. neighbours that are at least 0.1 times
as bright, we find a weak anti-correlation that slowly desesain
strength with increasind), fromS ~ -0.2forN = 1t0oS ~ -0.1
for N = 10. Form = 0 the anti-correlation is weakest fof = 1,
the case shown in Figl 8. Fan = 2.5, i.e. neighbours that are at
least 10 times more luminous than the galaxy under condidara
we find a very small, positive correlation fof = 1 (S ~ 0.07),
which turns into a anti-correlation fod = 2 that quickly increases
in strength with increasintyl. Hence, if an environmental indicator
that is insensitive to halo mass is desired, thery anddy o for any
N < 10 are all good choices.

6 CONCLUSIONS

The properties of observed galaxies and dark matter hatogmi

ulations depend on their environment. The term “environtiless,

however, been used to describe a wide variety of measuresn#ya
or may not correlate with each other. Useful measures of@mvi
ment include, for example, the distance to € nearest neigh-
bour, the number density of objects within some distancefoor
the case of galaxies, the mass of the host dark matter hatbisin
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paper we carried out a detailed investigation of severatemmen-
tal parameters which are popular in the (observationadjdture,
focusing in particular on their relationship with halo mass

We measured the environmental indicators from the syn-
thetic galaxy catalogues produced using the semi-anatytidel
bylDe Lucia & Blaizat|(2007), built on the Millennium Simuiah
(Springel et al. 2005). This model reproduces the numbesitien
and clustering properties of observed galaxies in the kesshift
Universe.

We showed that it is of crucial importance to realise that the
degree to which environmental parameters measure hostitrk
ter halo mass, is determined by (1) whether the distancemut t
which the environment is measured scales with some typgcaith
scale (e.g. the virial radius of the halo hosting the neiginpand
(2) whether or not the minimum maksminosity that the neigh-
bours are required to have is fixed in absolute terms or veltdithe
masguminosity of the galaxy in question. Specifically, we found
that

(i) Allfrequently used environmental indicators (i.e. sofanc-
tion of the distance to thal™ nearest neighbour or the number of
galaxies within some given distance, either using threeedsional
distances or using projected distances for all galaxielsimgome
radial velocity diference) correlate strongly with halo mass. This
remains true if only galaxies within some narrow rangeotand)
luminosities are considered.

(ii) For the number of galaxies within a distancen,, the cor-
relation with halo mass is strongest if we se&qual to 1.5-2 virial
radii. The virial radius is generally ficult to measure from obser-
vations and knowing it would remove the need to measure halo
mass, but the correlation with halo mass is nearly as strong f
galaxy counts within- 1 Mpc.

(iii) The strength of the anti-correlation between the aliste to
the N" nearest neighboury, and halo mass is nearly constant for
N > 2 and only slightly weaker foN = 1. The relation between
halo mass andy is slightly weaker than that between halo mass
andn; if r is taken to be similar to the virial radius.

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

We have shown that it is possible to construct environmental
parameters that are highly insensitive to halo mass by wmihg
dimensionless quantities. For the case of dark matter fatoeu-
merical simulations this can for example be achieved by oreas
D, the distance to th&l" nearest halo, that is at leakttimes
as massive as the halo under consideration, divided by tied vi
radius of that neighbour. Dividing by the virial radius otthalo
hosting the galaxy itself yields even slightly weaker clatiens
with halo mass, but dividing by the virial radius of the neighr
gives the indicator an intuitive interpretation: the tidatce due
to the neighbour scales aglL ;. The correlation with halo mass
becomes weaker if the minimum mass required for neighbaurs i
lower (i.e. for lowerf). These environmental parameters are, how-
ever, only insensitive to halo mass for haloes that are nahen
exponential tail of the mass function.

In the case of observations, we usually only know a position
on the sky, some rough indication of the distance along tiedf
sight, and the flux or luminosity in some waveband. We showed
that analogous environmental measures that are highinsitse
to halo mass can also be constructed using onlyKHzand lu-
minosities, projected distances on the sky, and a maximuiialra
velocity difference for neighbours. Specifically, the paramegr,
defined as the projected distance to Hi&nearest galaxy that is at

leastm magnitudes brighter and that is within a radial velocity dif
ference of 1000 km$, divided by theK-band luminosity of that
neighbour to the power one third, correlates only very wealith
host halo mass for suitable choicesfandm (e.g.m = 2.5 and

N =1 orm= 0 and anyN < 10). The correlation vanishes nearly
completely for samples that only contain central galaxies.

In summary, when measuring environments for (virtual) ob-
servations, we advise to make use of both a halo mass independ
measure and a measure that is highly sensitive to halo mess. F
purely theoretical studies the halo mass is already knovanwven
therefore advise to use an environmental parameter thasénsi-
tive to halo mass. The following parameters are good choices

e Insensitive to halo mass; for simulatioriBhe distance to the
nearest (main) halo that is at ledstimes more massive than the
halo in question, divided by the virial radius of that neighb The
choicef = 1 works well, but if resolution permits it, smaller values
yield even weaker correlations with halo mass. Dividingeas by
the virial radius of the halo itself gives a slightly weakerrelation
with halo mass, at the expense of losing the intuitive dédiniin
which the environment relates to the tidal force due to thghe
bour.

e Insensitive to halo mass; for observatiofi$ie parameted, o,
as given by Ed.]2. The correlation with halo mass is weakextéls
lites are excluded.

e Sensitive to halo mass; for observatioriBhe number of
brighter galaxies within a projected distance-af h~*Mpc, within
a redshift window corresponding t#w < 1000 km s(n; mpgh)-
Even better would be to subsequently iterate the followiwg t
steps until the procedure converges: (i) check what theespand-
ing halo masses are using the relations betwgeand halo mass
given in AppendixZA; (i) adapt the maximum projected distarno
1.5 times the typical virial radius of the haloes in the sampl

Many studies have measured galaxy properties as a function
of both stellar mass and environment. We have shown thatrthe e
vironmental indicators used by most authors afeatively mea-
sures of halo mass, even for fixédband luminosity, which is a
proxy for stellar mass. While halo mass is a perfectly vale@hsure
of environment, and may be particularly relevant for saes| we
note that because stellar mass is also expected to corsalangly
with halo mass, these studies may not have separated ‘@fitern
and “external” influences as well as one might naively thifke
work presented here will enable future observational aedreti-
cal studies to disentangle thffexts of halo mass (internal environ-
ment) from those of the external environment. This may ewdht
tell us whether halo mass is the only important driver of thgsics
governing galaxy evolution.
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Yang X., Mo H. J., van den Bosch F. C., 2003, MNRAS, 339, The best estimate of the halo mass can then be found by mea-
1057 suring the projected number of neighbours within a giventimul
Yang X., Mo H. J., van den Bosch F. C., Pasquali A., LiC., Barde ple of the virial radius (with the same cut in radial veloaitifer-
M., 2007, ApJ, 671, 153 ence), as shown in Sectibn B.3. In the tables we provide time sa

third order polynomial fits, but for the relation betweendhalass
andny ryir, N1s Rvir 8N N2 Ryir, @S Well as the corresponding (higher)
APPENDIX A: OBTAINING THE HALO MASS FROM Spearman rank correlation daeients. .
ENVIRONMENTAL PARAMETERS This procedurt_e for obtaining a bett_er estlm_ate for the halo
mass can then be iterated towards a reliable estimate fdratioe
In this Appendix we describe the tables we provide in mass, including the spread in halo masses at fixed enviranmen
the electronic edition of the paper and on the website (note that this spread is very small for high-mass haloesdf t
httpy/environment.marcelhaas.com. These tables provide fitting neighbours are counted within a multiple of the virial radiof
functions for the halo mass as a function dfelient environmental about one.)
indicators. Finally, we caution that these halo masses are measured from
We will use environmental parameters that can be obtained the Millennium Simulation, which uses the WMAP first-year re
directly from observations and those that need an iteratieme sults for the cosmology, which has (among othefedences) too

outlined below, in order to estimate the virial radius of thest large an amplitude of fluctuations-{ = 0.9). This means that for
haloes of the galaxies in question. We provide the parametar a given galaxy luminosity, the haloes will be slightly too sae.
responding to third order polynomial fits for the halo massaas How this dfects the relations between environment and halo mass
function of the environmental indicators. We fit a functiointtoe is not clear.

form

109, o[Mhaio(h™*Mo)] = A+ BP+ CF? + DP® (A1)

Where P indicates the logarithm (base 10) of the environmental
parameter in question. For all indicators we fit to the medialo
masses in bins separated b = 0.25.

The fitted values for the four polynomial d&ieients
(A,B,C,D) are given in the online tables (see sample tablé Al)
for nine diferent environmental parameters, (f4, rio, Nosmpgh,

N1 Mpc/hs M2 Mpezhs » Mt Rvirs N1.5 Rvir andn; ryir).

Because the distribution in halo masses at fixed environment
is neither Gaussian nor symmetric, we provide similar fitshe
16" and 84" percentiles of the data set (these percentiles would
correspond ta 1o for Gaussian distributions), such that at all val-
ues for the environment the median and &&d 84" percentiles of
the distribution of halo masses can be found.

We provide tables for K-band magnitude limited samples with
galaxies brighter thaiK = {-23 -235, -24,-245, -25 -255}
and tables for stellar mass limited samples with
logo[M.(h"*Mgy)] > {10,10.2,104,106,108,11. In the
neighbour search we include all galaxies above the givendtux
stellar mass limit, with a maximum redshiftfiirence of 1000
km/s between the neighbour and the galaxy we determine the
environmental parameter for.

For all parameters and (stellar mass or flux limited) samples
we provide fits for the halo mass including all galaxies, osrimall
bins of stellar mass d€—band magnitude.

Al Iterating towardsthebest halo mass estimator

As we have shown in Sectibn 8.2, the strongest correlatitwesn
halo mass and environment is obtained when galaxies argembun
within a distance that scales with the virial radius of thioteost-
ing the galaxy under consideration. In order to do so, amedé
of the host halo mass is required, which can be obtained fham t
relations described earlier in this Appendix. Using

Mhalo e 1
102h M, 1+7Z
which is the relation that was used in this work to obtainaliradii,

an estimate for the virial radius can then be obtained. Hé&s¢he
redshift, which is zero throughout this work.

R = 0.27 h’lMpc( (A2)
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Table Al. A sample table from the complete tables provided in the erdidition and on our website (httffgnvironment.marcelhaas.com). This table contains
the fits for halo mass as a function of environment for all gjel brighter tharK = —23 and is shown here for two of the environmental parametérs first
two columns give the upper and lower flux limits for which ths fire madeK = —999 indicates no upper flux limit was used). Note that in thighigour
search all galaxies brighter th#h= —23 are used (within a redshiftfirence of 1000 km$). Columns 3 - 6 are the cfizientsA — D of Eq.[A] for the
median relation (subscript ‘med’), and columns 7 - 10 and 14 are the caicientsA — D of Eq.[A] for the 18' and 84" percentiles (subscripts ‘16’ and
‘84"), respectively. The last column gives the Spearmark i@rrelation cofficient between host halo mass and the environmental panariete that all
lines for a given environmental parameter, except for thet éind last, can be used to determine the host halo mass feoentironment for fixed band
luminosity (and for fixed stellar mass in the correspondatges).

Kmax Kmin©~ Amed Bmed Cmed Dmed Aus Bis Cis Dis Asa Bs4 Css Dssa  S(Mhao. P)

P = logyolr1(h™*Mpc)]

-23.0 -999.0 126 -0.15 057 0.26 12.04 -014 059 029 13205 06 03 -0.47
-23.0 -23.5 127 -0.35 058 038 1203 -0.22 0.63 037 13563 - 04 03 -0.22
-23.5 -24.0 124 -036 087 050 1195 -0.23 0.74 040 13.098 - 09 0.6 -0.46
-24.0 -24.5 124 -0.27 061 031 1202 -0.13 0.58 0.27 13.184 - 05 03 -0.52
-24.5 -25.0 124 -022 064 029 12.02 -0.08 064 027 13182 - 05 0.2 -0.57
-25.0 -25.5 123 -045 093 046 1201 -0.17 085 039 12884 - 08 04 -0.64
-25.5 -999.0 123 -080 1.06 056 12.08 -0.38 1.03 043 12641 10 06 -0.70

P = logolra(h~*Mpc)]

-23.0 -999.0 128 -084 070 037 1235 -0.75 0.69 033 13398 06 04 -0.67
-23.0 -23.5 129 -0.81 066 036 1241 -069 064 031 13586 - 05 0.3 -0.68
-23.5 -24.0 128 -08 070 038 1236 -0.71 067 032 13488 - 06 03 -0.68
-24.0 -24.5 128 -0.78 069 034 1227 -081 068 035 13309 - 06 0.4 -0.62
-24.5 -25.0 127 -07v7 072 035 1224 -086 072 036 13289 - 07 04 -0.60
-25.0 -25.5 127 -0.83 082 043 1225 -1.12 082 054 13209 - 0.7 0.4 -0.67
-25.5 -999.0 129 -096 070 039 1250 -122 068 054 13310 06 04 -0.83

G$Sew ojey 1soy pue juswuolinua Axeeb Bulbueluasiq
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