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Abstract
The rapid progression in both the theoretical and observational aspects to understanding
galaxy formation elicits intrigue towards their connection and whether it remains constant
with environment. We construct a mock luminosity catalog by abundance matching halo
velocities from the Bolshoi-Planck simulation with luminosities from SDSS and check that
the mock data are consistent with observations. We then investigate the galaxy-halo
luminosity connection in nine different density environments and find no environmental
dependence with r band magnitudes when probing at 8 and 16 Mpc scales and the same for
the g band at the 8 Mpc scale. However, there is deviation for the galaxy-halo connection
at the bright end for u band magnitudes on the 8 Mpc scale, especially in the most dense
and also the least dense environments. Predictions on galaxy formation are then offered at
nine different density environments through the mock galaxy mass accretion rates and
concentrations and how they evolve with r-band magnitudes. We find that at brighter
magnitudes mass accretion rates at higher density environments are more dominant, while

higher at the faint end for less dense regions.
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1 Introduction

Understanding galaxy formation and evolution in the universe is an extensive effort in modern
astronomy. In the standard model of cosmology, known as ACDM, there is an ample amount
of evidence that galaxies form and evolve in halos composed of cold dark matter (CDM). To
cite one example, the existence of dark matter (DM) is necessary to arbitrate the discrepancy
between observations and Keplerian expectations of stellar orbits in galaxies. Under our
current understanding of the structure formation paradigm, cold dark matter constitutes
25.9%, dark energy is 69.3%, and ordinary baryonic matter composes 4.8% of the universe
based on the latest analysis of the Planck Collaboration. According to this model, CDM halos
evolve by the accretion of material into halos and through mergers with other halos while at
the same time galaxy formation and evolution takes place under the various astrophysical
processes that ultimately shape their observed properties. Naturally, it is expected that the
observed properties of galaxies should be closely related to the properties and evolution of
dark matter halos.

From the theoretical point of view, the formation and evolution of the key properties
of dark matter halos are very well understood through the use of cosmological simulations.
From this perspective, studying the observed properties of galaxies through the galaxy-halo
connection is of great convenience to understand and constrain the key astrophysical process
that could play a main role during the formation and evolution of the galaxies. In this
direction, statistical approaches to connect galaxies with their host halos are not only a
simple but also a powerful alternative to study how galaxies and halos coevolve.

Galaxy formation can be also studied by using more complex methods. For example, hy-
drodynamical simulations of galaxy formation provide a powerful technique for calculating
the non-linear evolution of cosmic structure formation while at the same describing the for-
mation of a galaxy. Apart from hydrodynamical simulations, semi-analytical models try to
solve the equations describing the formation of galaxies by using approximate analytic tech-

niques. The main disadvantages of the above methods is that hydrodynamical simulations



are extremely expensive to run computationally. Furthermore, the complexity and degener-
acy on the parameters used in semi-analytical models lead to a great degree of uncertainty
in the modeling.

The main advantage of statistical approaches is that they are powerful methods because
we do not require any initial knowledge of galaxy evolution, i.e., galaxy formation can be
studied in an empirical basis. Moreover, these models can be used to constrain the more
complex approaches as those described above. The statistical approach we use in this paper
is abundance matching.

Abundance matching is a technique in which the observed galaxy number density for a
given property is matched to the theoretical halo number density, resulting in an output of
an empirical correlation between galaxy and halo properties. The most popular properties
employed in the literature are luminosities for galaxies and the maximum circular velocities
of the halos. Several authors have found that abundance matching, i.e., the luminosity-
maximum circular velocity relationship, predicts galaxy clustering that is in excellent agree-
ment with observed data. However, a common assumption in the literature is that galaxy
luminosities only depend on the maximum circular velocities of the halos.

Our main goal is to determine whether the connection between the galaxy luminosity
to halo maximum circular velocity relation from abundance matching has a dependence on
the environment. As mentioned above, previous studies have assumed that this relation is
independent of environment, and we will be the first to test whether this is true. In reality,
this relation is expected to depend on environment because the properties of the galaxies
might be determined by different halo properties that depend on some environmental factor.
We will test this by studying the dependence of the luminosity function with environment
and compare to the predictions when the galaxy luminosity to halo maximum circular veloc-
ity relation is assumed to be universal. With higher resolution simulations and observations
advancing in better instrumentation, it is important to connect the data between both fronts

that are progressing towards understanding galaxy formation. If the galaxy-halo luminosity



connection reproduces observations, remaining constant with environment, then we can con-
clude that the relation is appropriate to use for acquiring predictions on galaxy formation. A
universal relation would also imply that there is a single halo property to understand galaxy

formation.

2 Methods

2.1 The Bolshoi-Planck Simulation

To study the environmental dependence of the galaxy-halo connection, in this paper we will
use a very high resolution (1 kpc) N-body cosmological simulation, the Bolshoi Plank sim-
ulation (BolshoiP). This simulation has 2048 DM particles, each of mass 1.9 - 1030 /h, in
a box of side length 250 Mpc/h (with the Hubble parameter h = 0.678). This simulation
was run on the Pleiades supercomputer and uses cosmological parameters from the Planck
satellite. Halos/subhalos and their merger trees were calculated with the phase-space tem-
poral halo finder ROCKSTAR [1][2]. Halo masses were defined using spherical overdensities
according to the redshift-dependent virial overdensity Ay, (z) given by the spherical collapse
model [3], with Ay, (2) = 333 at z = 0. The Bolshoi-Planck simulation is complete down to
halos of maximum circular velocity vy.x ~ 55 km/s. Many properties in the simulation have
been analyzed through the ROCKSTAR code, but we still have a surplus of data waiting
to be analyzed. Our main goal here is to study the distribution of galaxies through the

distribution of dark matter halos via abundance matching.

2.2 Determining the Luminosity-V,,,. Relation

Abundance matching is a simple approach relating a halo property, such as mass or maximum
circular velocity, to that of a galaxy property, such as luminosity or stellar mass. As a result,
abundance matching gives a galaxy-halo relation. In its most simple form the number density

distribution of the halo property is matched to that of the galaxy property to obtain the
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relation. Note that abundance matching assumes that that there is a one-to-one monotonic
relationship between galaxies and halos with some scatter. This is actually not surprising
since, as for galaxies, the most abundant halos are least massive. In this paper we choose to

relate galaxy luminosities, L, to halo maximum circular velocities V., as

/ bt LVL = [ (V! )dVinas, (1)
L Vmaz

in which ¢4, (L") and ¢, (V,),,.) represent the differential form of the density distribution func-
tion to their respective properties, i.e., the luminosity and velocity functions respectively.
Figure 1 illustrates the application of abundance matching by relating galaxy’s luminos-
ity with a halo’s mass by using a similar equation. Normally, halo masses are used but
recent studies have found that halo maximum circular velocities are more fundamental to
connect halos to galaxies [5]. This figure shows that by equating the abundances between
galaxy luminosity to the abundances of halo mass it is possible to obtain the corresponding
luminosity-halo mass relation and thus the mass-to-light ratio as indicated in the inset figure.
To construct a mock galaxy catalog of luminosities from the Bolshoi-Planck simulation we
apply the above procedure for every halo in the simulation by matching the halo velocity

function and the galaxy luminosity function.

2.3 Inputs for Abundance Matching

2.3.1 The V,,,, Halo Distribution

Previous studies have found that the maximum circular velocity of distinct dark matter halos
(those that are not contained in bigger halos) is the halo property that correlates better
with galaxy luminosity. For subhalos (halos that are contained in bigger halos), however, [5]
found the highest maximum circular velocity reached along the halos main progenitor branch
correlates better with galaxy luminosity by comparing to observations of galaxy clustering.

The motivation behind this is that subhalos can lose mass once they fall into a larger halo.
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Figure 1: We obtain abundances from each the galaxy luminosity function and the halo
mass function. We take some galaxy magnitude’s cumulative number and find at which halo
mass this abundance occurs, and repeat for all magnitudes. Then we can obtain a relation
between the galaxy luminosities and halo masses [4].

In the following equation, we use

Viax Distinet halos
Vmax = (2)
Vpeak Subhalos.
as the halo proxies for galaxy luminosity, where Ve, is the maximum circular velocity
throughout the entire history of a subhalo and V., is at the observed time for halos. The
velocity function (VF) is defined as the number of halos per comoving volume per unit of

Vimax- In this paper, we use the parameterized VF from [6] which is a very accurate fit to

a suite of very high resolution of N-body cosmological simulations. The functional form
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obtained in [6] is

dnhalo 2
= AV,
deax mazx

exp

()l ()] o

where the redshift dependent parameters x; = log(a/E(z)),a,b, and logV; for Eq. 3 have

the form

Xi = X0, + X1,:2%" + X2,:27%, (4)

and the best fit parameters are given in Table 1.

Xi X0,i X1,i X2,i o5 (0%

log(A/E(z)) || 4.785 |-0.207 | 0.011 | 0.897 | 1.856

a -1.120 | 0.394 | 0.306 | 0.081 | 0.554
b 1.883 | -0.146 | 0.005 | 1 2
logVy 2.941 |-0.169 | 0.002 | 1 2

Table 1: Best fit parameters to use in Eq. 3 for the halo maximum circular velocity function.
Though the best fit parameters are redshift dependent, in this paper the focus is on the
nearby universe z = 0 so the expansion rate £ = 1 and only the constant terms are needed
in Eq. 4. From [6], recall that for subhalos Viax = Vieax Was parameterized such that it is

proportional to that of halos, so the VF of subhalos is

dnsub dnhalo

T Csu G Vea s BTN 5
d10g(Voour) (2)G (Vea Z)dlog(VmaX) (%)
where
Osub(2> = CO + Ola + 02a2 + 03a3 + 04(14, (6)
and
G (Vpeak, 2) = X Publexp(—X Psunt), (7)
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with X = Vieax/Veur(2) in which we have the function fit form

109(Veus (2)) = Vi + Viz + Vaz? + Va2® + Vit (8)

and the parameters for Eq. 6 to Eq. 8 are given in Table 2.

Param. || V. Vieak
Co -0.6768 | -0.5800
4 1.3098 1.5905
Cy -1.1288 | -1.1360
Cs 0.0090 -0.0378
Cy 0.214820 | 0.18092

Qo || 11375 | 1.1583

Olsub 1 0.5200 0.5806

Vo 0.2595 0.5410
Vi 3.5144 3.4335
Vs -2.8817 | -3.0026
Vs -0.3910 | -0.3687
Vi 0.8729 0.9450

Table 2: Best fit parameters to use in Eq. 6 through 8 for the subhalo maximum circular

velocity function with velocities measured in km s7.

We calculate the total VF by adding the halo and subhalo VFs which are dnyaio/d10g(Vinax)
and dngyn/d1og(Vpeax), respectively. For illustrative purposes, Fig. 2 shows the total VF as
a function of z for z = 0,2,4,6,8. Recall that in this paper we will focus mainly at z = 0

but we might extend our study in future work to higher redshifts.
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Figure 2: For redshift z = 0, 2, 4, 6, and 8 we have the maximum central velocity function
of halos, E * dn/dVmax vs V4, on logarithmic axes.

2.3.2 The Luminosity Function

In this section we describe the luminosity functions (LFs) employed for abundance matching.
The luminosity function is defined as the number of galaxies per comoving volume per mag-
nitude. Here we use LFs in the u, g and r bands of the Sloan Digital Sky Surveys (SDSS),
kindly provided by Aldo Rodriguez-Puebla. These luminosity functions were carefully con-
structed by using a sample of galaxies from a local volume (0.0033 < z < 0.05) to study very
low mass/luminosity galaxies [7]. Additionally, these LFs have been corrected to account for
missing galaxies due to surface brightness limits in the SDSS. In order to avoid sample and
Poisson variance, these LFs were also recalculated by using a second galaxy sample which
consists (on the main galaxy sample) of the SDSS DR7 with ~ 650,000 galaxies over 7748
deg?. compromising the redshift range between 0.01 < z < 0.2. Thus, the resulting LFs are
a combination of a local sample, excellent to study very low mass/luminosity galaxies, and

of a larger and more distant sample to complete and avoid any sample variance on the high
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end of the LFs. These LFs are excellent tools for studying a very large dynamical range.
In this paper we find the best fitting functions to the u, g and r bands of the LFs. Previous
studies have found that single Schechter function seems to be consistent with observations

[8]. A Schechter function is totally defined by three parameters, having the form

d(M) = In 10¢ 10040 =M)(1+0) gy (_100.4(M*—M)) (9)
where M* is the characteristic luminosity where the functions change from a power law to an
exponential decay, ¢* is the normalization of the function which has units of number density,
and « the slope of the power-law range.

However, more recent detailed studies have questioned the above, finding that a double
Schechter function is more accurate for the description of the LFs in addition of finding
more shallower slopes at the high luminosity end instead of an exponential decay. Therefore,
in this paper we choose to use LFs that are described by a function composed of a single
Schechter function plus another Schechter function with a subexponential decay for the u, g

and r bands, which is

(10)

+1121 150¢ 10045 =M)(1+a2) oo (_100.4(M;_M),32> '

The parameters for the r, g, and u bands are given in Table 3. The total LFs for each band
are shown in Fig. 3 from both observations (circle markers) and the fitting functions (solid
lines). Magnitudes are increasing in brightness towards the right, and abundances increase
towards the top. We can see that our proposed function in Eq. 10 accurately describes the

observations in the r, g, and u bands.
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Band || M o B1 | logl0(¢) || My Qg B log10(¢)2
u -17.7805 | -0.577162 | 1 | -1.5749 -11.5607 | -1.00881 | 0.28859 | -0.201578
g -20.2124 | -1.54755 | 1 | -2.35423 | -17.9455 | 0.0544511 | 0.623114 | -1.97345
r -21.033 | -1.49327 |1 |-2.4128 -18.3412 | 0.14242 0.583125 | -2.10106
Table 3: Parameters in each band for the Schechter function LF’s [7].
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Figure 3: Luminosity functions for u, g, and r bands by using Eq. 10 with parameters
tabulated in Table 3 (solid lines), along with observations (circle markers).

2.4 The Luminosity-V,,.. Relation

In this section we describe how we obtain our luminosity-V,,., relationships in the u, g and
r bands from abundance matching. We begin by integrating the total VF distribution from
some value of V., out to infinity to obtain the cumulative number VF. We calculate the

cumulative VF from 35 km/s to 2000 km/s by taking fifty velocity bins of equal increments
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in the logarithmic space. We then solve Eq. 1 by finding the corresponding galaxy lumi-
nosity for a given V.. using the bisection method and find the resulting luminosity-V/,,q.
relationships for the fifty bins. We do the same for every band. With these relationships, we
are then able to convert directly from velocities to luminosities in each band to construct a
mock catalog using the Bolshoi-Planck simulation.

Once we have the luminosity-Vi,.. relationships, we tabulated these relations into a separate
file. 'We then use cubic spline interpolation to obtain the closest function from velocities
to luminosities in BolshoiP. Here we input V., for distinct halos while for subhalos we
input Vieak, see Eq. 2, from our sample of 2659847 halos and subhalos from BolshoiP to
obtain mock luminosity magnitudes in the r, g, and u bands. These mock magnitudes could
now be used in LFs to compare with observations. The relationships between velocities
and magnitudes in each band are shown in Fig. 4. In this figure, we observe that there
is a systematic rollover near log Vi.x ~ 2.3, i.e., Viax ~ 200 in all the relations which
approximately corresponds to Milky-Way sized galaxies and also approximately represents

the line between star forming and quenched galaxies.

2.5 Luminosity Functions by Environment

As mentioned in the introduction, our main goal is to determine whether the connection
between the galaxy luminosity to halo maximum circular velocity relation from abundance
matching has a dependence on the density environment. Our strategy is to assume that
the relation is independent of environment for which our mock catalogs as described above
would make strong predictions regarding the abundance of galaxies as a function on their
environment. We are particularly interested to test this in different bands. Theoretically, it
is predicted that stellar mass is the galaxy property that correlates better with halo mass,
thus the reason of studying different bands is that while redder bands (r-band) would trace
much better stellar mass and perhaps be less sensitive to large scale environment, ultraviolet

bands (u-bands) trace better the star-formation rates in galaxies. It is a well established
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Figure 4: The relation between maximum central velocities from halos in BolshoiP and ob-
served magnitudes in the r (red), g (green), and u (purple) bands, found by using abundance
matching.

observation that star-forming galaxies with young stars producing UV and blue light are
more likely to be found in less dense environments while red galaxies with older stars are
more likely to be found in denser environments. Based on that, we expect that as we go
towards more ultraviolet bands, the assumption that the galaxy luminosity to halo maximum
circular velocity relation with environment should break.

Next, we define our proxy for environment in our mock galaxies for BolshoiP. We begin by
defining a sample of galaxies to use as tracers for environment. We choose galaxies that range
from -21.8 to -20.1 magnitudes in the r—band. We note that our definition of environment
would not depend on our tracers but we chose this particular range given that the number

of galaxies in observations is maximized. We will define the environment by counting the
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number of all neighboring galaxies with ranges from -21.8 to -20.1 magnitudes in the r—band

by centering spheres of 8 Mpc in every galaxy and calculate

5 ==L (11)

bl‘

Here p is the number density within the sphere of 8 Mpc and p is the average number density
within the whole box of side length 250 Mpc/h. Following [9], we separate galaxies by using
the same density environments used in that paper. The divisions are shown in Table 4
along with effective volume fractions in the simulation (which also must be considered). We
perform a Monte-Carlo integration for the 2659847 halos and subhalos, and find the volume
fraction for each of the nine density environments occupied by placing the same number of
randomly distributed galaxies in the 250 Mpc length box [10]. The volume fraction of each
region is the number of galaxies in that region divided by the total number of galaxies. We

thus calculate the luminosity function for each density environment as

N

® = S50 onr (12)

where f is the volume fraction of each density environment listed in Table 4, and N is the
number of halos in each magnitude bin of width d M. Here, 6 M is the difference between the
maximum and minimum magnitude divided by 30 which is the number of bins. In this way,
we have the galaxy LF from our mock galaxy catalog to compare to observations for each
density region. Additionally, by maintaining galaxies in the same environments calculated
from the r-band (with the same volume fractions), we calculate their LF’s for each density
environment by using their u and g band magnitudes. We will also calculate environments
by using spheres of size 16 Mpc, though we only compare the r band LF’s with observations
for the sphere of 16 Mpc. As we will argue below, the reason for this is that the 16 Mpc

scale is not very reliable to probe in underdense and overdense regions.
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region || ds 16 min | dg16 max | fg fi6

d1l -1.00 -0.75 0.2553 | 0.0573
d2 -0.75 -0.55 0.1554 | 0.1418
d3 -0.55 -0.40 0.0864 | 0.1255
d4 -0.40 0.00 0.1640 | 0.3050
db 0.00 0.70 0.1670 | 0.2701
d6 0.70 1.60 0.1022 | 0.0881
dr 1.60 2.90 0.0453 | 0.0118
ds8 2.90 4.00 0.0136 | 0.0005
d9 4.00 00 0.0108 | 0.0

Table 4: Bounds in density contrasts for each region, along with the volume fractions done
for both sphere sizes of 8 and 16 Mpc calculated from the r-band.

3 Results

In this paper we compared our predicted LF's based on our environment independent lumi-
nosity to halo maximum circular velocity relationships from abundance matching to obser-
vations. Measurements to observations were carried out by Aldo Rodriguez by using the
SDSS DR7 galaxy catalog with environments calculated in a similar way as described above.
The counts for observed samples are required to be corrected for incompleteness, conversely
to mock data. The LFs were executed for galaxies with spectroscopic redshifts with z < 0.1.
Magnitudes were K — and evolution corrected at a rest-frame z = 0 using K —correct [11].

We begin by describing the LFs calculated in the r-band and with environments calculated
on spheres of 8 Mpc scales. Figure 5 shows the predicted BolshoiP mock LFs compared to the
SDSS LFs shown as the solid lines and filled circles, respectively. The different colors show the
resulting LFs from the various environments in 8 Mpc sphere scales as tabulated in Table 4.

The shaded areas show the Poissonian errors from the mock catalog calculated as the square
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Figure 5: A comparison of BolshoiP mock LFs (solid lines) with SDSS LFs (circle markers)
in 9 different density environments on the 8 Mpc scale, using r-band magnitudes.

root of the counts. Approximately, the environments shown in Fig. 5 and tabulated in Table
4 range from undense regions d; corresponding to voids to very high density environments
dg corresponding to clusters. We begin by noting the excellent agreement between our mock
data and observations since our predicted LF's seems to globally reproduce the correct trend
with environment. Recall that the main assumption in our model is that the luminosity
to halo maximum circular velocity relation is the same on every environment. Both for
the BolshoiP simulation and observations show that the luminosity function is very well
described by a Schechter function (see also [9]), that is, the LFs can be very well described
by a power law at low luminosities and by an exponential decay at high luminosities.

Figure 6 shows again the the predicted BolshoiP mock LFs compared to the SDSS LF's in the

20



107

o [h* Mpe= mag™!]

10° . 1 1 1 . e
=17 -18 -19 —20 —21 —22 —23 —24

M. —5lagh

Figure 6: A comparison of BolshoiP mock LFs (solid lines) with SDSS LFs (circle markers)
in 9 different density environments on the 16 Mpc scale, using r-band magnitudes.

r-band but this time for environments in 16 Mpc spheres scales, see Table 4. In this case we
also find a remarkable agreement with observations. Similarly to when environments were
calculated in spheres of 8 Mpc, here we find that Schechter functions accurately describe
both mock LFs and the observational data. Note that the range of density environments
is different from above, i.e., environments dg and dy where omitted. The reason is that
using larger spheres invokes a tendency to find more average environments, where a high
density would be difficult to measure. Here we find that density bins below d; are robust
enough to make a comparison to observations. In other words, on the 16 Mpc scale the
universe looks more homogeneous so most of the galaxies selected in different environments

for the case of the 8 Mpc scale would migrate from low and high to more median density
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environments. Therefore, the 16 Mpc scale is not very reliable to probe in underdense and
overdense regions. Thus, we exclude the two most overdense regions since they have small
volume fractions on the 16 Mpc scale. However, interesting results could still be obtained

for these median density regions.
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Figure 7: A comparison of BolshoiP mock LFs (solid lines) with SDSS LFs (circle markers)
in 9 different density environments on the 8 Mpc scale, using g-band magnitudes.

In a similar manner to the previous figures, Fig. 7 illustrates again the the predicted BolshoiP
mock LFs compared to the SDSS LF's using spheres of 8 Mpc but this time in the g-band.
There is once again an agreement between the observational data and the mock LF’s, though
with visibly greater deviations when increasing in brightness than in the r-band.

Figure 8 illustrates the predicted BolshoiP mock LFs compared to the SDSS LFs using

spheres of 8 Mpc sphere size, this time in the u-band. A similar correlation between the
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Figure 8: A comparison of BolshoiP mock LFs (solid lines) with SDSS LFs (circle markers)
in 9 different density environments on the 8 Mpc scale, using u-band magnitudes.

observational data and the mock LF’s are reached at the faint end. However, it appears that
there is a deviation between the galaxy-halo connection occurring at the brighter end that is
most prominent in the most dense and also in the least dense environments. This outcome
was of course an expected result when shifting towards more ultraviolet bands. As mentioned
in Section 2.5, observational studies have found that star formation rates has a tendency to
correlate with environment. This result is will be important for future studies based on
photometric mock data which could lead to wrong results when comparing to observations.

Figure 9 shows our predicted BolshoiP mock LF's for the 8 Mpc sphere scale to a different
set of observations. Here we compared observations from [9] who used the GAMA survey.

The GAMA survey is developed from previous spectroscopic surveys, such as SDSS, the
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Figure 9: A comparison of BolshoiP mock LFs with GAMA LFs in different density envi-
ronments on the 8 Mpc scale, using r-band magnitudes.

2dF Galaxy Redshift Survey (2dFGRS) and the Millennium Galaxy Catalogue (MGC). The
GAMA team executed this survey by using the AAOmega multi-object spectrograph on
the Anglo-Australian Telescope (AAT) and it contains ~ 300,000 galaxies of magnitudes of
r < 19.8 over ~ 286 deg®. Similarly to the LFs presented from the SDSS, [9] calculated the
LFs from the GAMA survey using spheres of 8 Mpc to count neighbors. Here we reproduce
their results using Schechter functions (see Eq. 9) with the best fit parameters a = —1.25,
log ¢* = —2.03, and M* = —20.70. Again, solid lines are mock LF’s and circle markers
represent observations. Similarly to Fig. 5, there is a striking resemblance in most density
regions with exceptions in the lowest and highest density environments. Note that for the

comparison we are using their best fit models to Schechter functions which at the same time
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were parameterized as a function of environment. By looking to Fig. 7 in [9] we find that
their fits are actually very inaccurate both for at the lowest and highest density bins which
explains the disagreement with LFs. Nevertheless, is encouraging that by using two data

sets we find that our mock LF's give and accurate description of the observed universe.

4 Summary and Discussion

In this paper we use a photometric mock catalog based the BolshoiP simulation by using
abundance matching. To do so, we calculate galaxy luminosity to halo maximum circular
velocity relationships in the u, g and r bands. Our main goal was to determine to what
extent the validity of the assumption that galaxy luminosity to halo maximum circular
velocity relationships is independent of environment. This was motivated by the standard
application of this relation where the independency is assumed by default, for which it has
been proved that galaxy clustering is in excellent agreement with observed data. While
previous studies have found that this is the case when using stellar mass, there are no
systematical studies regarding this assumption by using luminosities in different bands. In
this paper, we test the above by studying the dependence of the luminosity function with
environment and compared to the predictions when the galaxy luminosity to halo maximum
circular velocity relation is assumed to be universal based on our photometric mock catalog.

The main results and conclusions are:

1. When measuring the environment in spheres of 8 Mpc in the r-band the predicted
BolshoiP mock LFs compared to the SDSS LFs are in excellent agreement. Similarly,

when comparing to the GAMA LFs instead.

2. When measuring the environment in spheres of 16 Mpc in the r-band we also find
that the BolshoiP mock LFs compared to the SDSS LFs are in excellent agreement.
Though we caution to the reader that the 16 Mpc scale is not very reliable to probe

in underdense and overdense regions because it averages over such a large region.
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3. When measuring the environment in spheres of 8 Mpc in the g-band the predicted
BolshoiP mock LFs compared to the SDSS LF's are in excellent agreement. Though,

this has visibly greater deviations when increasing in brightness than in the r-band.

4. When measuring the environment in spheres of 8 Mpc in the u-band we find a less
impressive agreement with observations. It appears that there is a deviation between
the galaxy-halo connection occurring at the brighter end that is most prominent in the

most dense and also in the least dense environments.

This experiment demonstrates that by using a simple semi-empirical model approach we can
obtain remarkable agreement between our simulation and observations, specially when using
the r band. The luminosity-halo connection for our observations appear to have a consistent
trend. The agreement is best along the knee of the Schechter function for all environments,
and is relatively constant across all magnitudes for medium density environments. By in-
spection, we see that in the lowest environment bin, the observed LF from GAMA is shifted
farther below our prediction. This could be due to inadequate fits in [9], as we see in their
Fig. 7 the Schechter function parameters deviate the greatest from their fits in underdense
environments.

Our main conclusion is that at least in the 8 Mpc scale, there is no dependence on en-
vironment for the luminosity-halo connection. This is also evident on the 16 Mpc scale,
though the connection is inconclusive for the most overdense regions. Thus, the luminosity-
halo connection also seems to be independent to the scale that we investigate, especially in
medium density environments. It is apparent that there are no other significant parameters
to consider in the luminosity to halo relation. Thus we conclude that assuming a universal
luminosity to halo maximum circular velocity relation in the r» band is an excellent approx-
imation. The same is true for the g band though we find hints of a small dependence with
environment. Finally, we find that assuming a universal relation in v band is not supported
by observations. The reason for this is because the u band is more sensible to probe the star

formation which is a well established observation that it does depend on environment.
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The results presented in this paper are a first step towards the understanding of the galaxy-
halo connection, especially due to the traditional assumption that this connection is inde-
pendent on environment. It is important to note that more work is required in this direction
since our experiments were carried out only for 8 and 16 Mpc scales. Is this also true for
smaller spheres? Unfortunately, this question is not easy to address in real data and the
reason is simple because while simulations have access to the real 3D positions of mock
galaxies, in observations we are limited to study galaxies in their redshift space where their
peculiar motions introduce an uncertainty in determining their real positions. Nevertheless,
simulations can be easily projected into redshift space and thus address the environments
at different scales. Alternatively, we can also predict scaling relations that could easily be
compared to observations using our 8 Mpc spheres and thus to better understand the galaxy-
halo connection, as we will discuss below. Finally, we would like to note, that our result will

be important for future studies based on photometric mock data.

4.1 Future Work

As mentioned in the introduction, galaxies form and evolve in dark matter halos. This
naturally leads to the assumption that the observed properties of galaxies should be closely
related to the properties and evolution of dark matter halos. Indeed, several authors have
proposed that properties such as the mass accretion rate of the halos should correlate with
the star formation rate of the galaxies and thus with their intrinsic colors [6][12].

Figure 10 shows prediction of medians halo mass accretion rates as a function of the en-
vironment by using our 8 Mpc scales as a function of the r band luminosity. Halo mass
accretion rates were measured over a period of 100 Myr and also a 1 Tdyn ( 0.47 Myr)
dynamical time scale. For the purpose of obtaining simple correlations with environment,
we used six half-integer magnitude bins between -23 and -17. Similarly for Fig. 11 we have
five of the same magnitude bins and concentrations on the vertical axis. We see that in the

brightest regions the mass accretion rate is highest for the most dense environments, while in
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Figure 10: On the x-axis we have red band magnitudes and on the y-axis are mass accretion

rates in the a) 100 Myr scale and b)1 Tdyn scale.
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Figure 11: On the x-axis we have red band magnitudes and on the y-axis are concentrations
a) with respect to Rs_,f, and b)with respect to Rs_jiyp-

the dimmest regions it is highest in the least dense environments. Dense environments may
have the greatest effect on mass accretion rates. We are planning to use these predictions to
compare directly with observations in order to introduce an extra constraint for the galaxy

halo connection.
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Figure 11 shows the same but for the halo concentration parameter (defined as the ratio
of the virial radius to the characteristic radius where the logarithm of the slope of halo
density is -2). Previous authors have claimed that this parameter should correlate with
the age/color of the galaxy [13][14]. The reason for this is that the concentration of the
halo is a good proxy for the formation time of the halo [15]. At a fixed halo mass, high
concentration halos are older compared to those with low concentrations. Concentrations
are shown for two scales of R,. Here Ry, is an analytic formulae found in [16], while
R npw was directly measured in the simulation by assuming that halos are well described
by a Navarro-Frenk-White profile. In general, we observe that concentrations correlate with
environment very strongly. High concentration halos are in dense environments while low
concentration halos are in low environments special for galaxies below M, ~ —19 mag. For
brighter magnitudes we see a cross over. Explaining this cross over phenomena is beyond
the scope of this paper but we would like to highlight that this makes and strong predictions
for future observations. For future work we are planning to compare the predictions shown

above to real observations.
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