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Abstract

Data from recent galaxy surveys reveal that, even at fixed stellar mass, quiescent

galaxies are preferentially found around other red galaxies, an observation referred

to as galactic conformity. This detection may o↵er important clues toward a fuller

understanding of galaxy formation and evolution. While dark matter halo mass

is thought to be the dominant reason that star-forming galaxies are eventually

quenched, galaxy conformity suggests that additional physics or environmental

factors could be required. This has important implications for modeling large-scale

surveys and understanding cosmology from small-scale clustering.

We present an analysis of galactic conformity in the Illustris Suite of cosmological

hydro simulations. We find that a strong galactic conformity signal is present out

to r = 3Mpc and that a smaller signal is present to r = 10Mpc for the lowest

mass galaxies in our sample. The red fraction is higher around red galaxies than

around blue galaxies in bins of either stellar mass or halo mass. We show that this

galactic conformity is matched by a dark matter halo conformity in which older

halos are preferentially located nearby other older halos. We connect the two types

of conformity with a semi-empirical model that connect stellar mass and color with
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dark matter halos, and we study how using di↵erent galaxy properties in our model

a↵ects the resultant galactic conformity signal. We discuss the implications of these

results for interpreting similar signals in observations.

We show the results of a small-scale clustering investigation from the PRIMUS

redshift survey. We use spectroscopic-photometric cross-correlations to calculate

local galaxy overdensities as function of galaxy properties from 0.2 < z < 1. We

present the luminosity and color dependencies of galaxy clustering as a function of

physical scale. We show that there exists a luminosity-dependence for both red and

blue galaxies, but that they di↵er in shape, with red galaxies showing non-monotonic

behavior as a function of luminosity while blue galaxies are reasonably fit with a

power-law. We discuss these results in light of physics of galaxy evolution.

We then extend our PRIMUS small-scale clustering study to incorporate an

exploration of galactic conformity. We now select photometric galaxies by their

inferred stellar mass and color, and we use the quotient of the relative overdensities

calculated from the clustering amplitude to define a quiescent fraction around each

PRIMUS galaxy. We present study this quiescent fraction as a function of primary

mass, secondary mass, and redshift. We show that, at 0.2 < z < 0.6, there exists a

galactic conformity signal out to r ⇡ 1Mpc, at least for lower mass primary galaxies.

We also show that there exists a strong mass dependence in our lowest redshift

bin. In our highest redshift bin, we show that the signal is weaker than at lower

redshift. We explain our results in the context of both the current observational and

theoretical literature.
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“I consider books to be good for our health, and also our spirits,

and they help us to become poets or scientists, to understand the

stars or else to discover them deep within the aspirations of certain

characters, those who sometimes, on certain evenings, escape from

the pages and walk among us humans, perhaps the most human of

us all.”

— Jos

´

e Saramago, The Notebook

“Having completely abandoned his domestic

obligations, he spent entire nights in the

courtyard watching the course of the stars and he

almost contracted sunstroke from trying to

establish an exact method to ascertain noon.

When he became an expert in the use and

manipulation of his instruments, he conceived a

notion of space that allowed him to navigate

across unknown seas, to visit uninhabited

territories, and to establish relations with

splendid beings without having to leave his

study.”

— Gabriel Garc

´

ıa M

´

arquez,

One Hundred Years of Solitude
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Chapter 1

Introduction

1.1 General Background

The twenty-first century has ushered in an unprecedented view of cosmology.

With the advent of e�cient, large-scale survey telescopes and massive parallelized

simulations, the fundamental picture of the universe as governed by a ⇤CDM

cosmology has been tested robustly and repeatedly. The growth of structure in the

universe — seen and unseen, baryonic and dark matter — has become possible

with incredible precision. In future years, the shear quantity of data should shrink

the remaining uncertainties, and in process, discover subtle and fundamentally new

physics. And yet the increasingly detailed observations also make fully apparent the

limits of our knowledge, even with respect to questions that go back to the beginning

of modern astronomy. With the increase of statistical power of surveys, simulations

are challenged to reproduce an increasing number of observables.
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CHAPTER 1. INTRODUCTION

It has been 90 years since Edwin Hubble published his classification of

extragalactic nebulae (Hubble 1926). Hubble distinguished between elliptical, spiral,

and irregular galaxies. One of the most perennially engaging inquiry has been to

understand what the dominant processes are in quenching star-formation, in turning

galaxies from star-forming spirals to quiescent ellipticals. Today, we know that these

divisions are not a static matter of relative complexity but are rather an evolutionary

outcome of a complicated and stochastic history of galaxy mergers, gas accretion

and enrichment, stellar and black hole feedback, and star-formation. Moreover,

these baryonic physics occur within the structural confines of dark matter, with

galaxies forming in dark matter overdensities. These processes can be modeled in

cosmological simulations, and the hope is to understand the most relevant physics

with enough detail that, beginning with the underlying matter power spectrum of

the early universe, we can reproduce the present universe as we can see it today with

a combination of gravitational, hydrodynamical and radiative processes.

A particularly fruitful method to understand galaxy formation and evolution

in a cosmological context has been to study the spatial and redshift distribution of

galaxies. Numerous studies have examined the auto- and cross-correlation functions

of galaxies, and from these inferred their origins, although clustering metrics are not

limited to these statistics (see, e.g., Cooper et al. 2006, for one based on nearest

neighbors.)

The most recent forays into this work have been made possible by the

spectroscopic and photometric redshift surveys of the past decade and a half,
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CHAPTER 1. INTRODUCTION

including notably the Sloan Digital Sky Survey (SDSS; York et al. 2000). With

su�cient data, this can be done with increasing specificity, by subdividing galaxy

samples by color, morphology, luminosity, or any other property. In particular, this

has allowed for the careful study of the color bimodality and an investigation into its

causes. Since the 1970s, it has been found that red, quiescent galaxies — those that

have ceased forming stars — live in higher density environments and high mass dark

matter halos than their blue, star-forming counterparts (e.g., Davis & Geller 1976;

Dressler 1980; Willmer et al. 1998; Norberg et al. 2001; Hogg et al. 2003; Zehavi et

al. 2005; Zehavi et al. 2011). More recently, this trend has been traced into the high

redshift universe (e.g., Coil et al. 2008; Williams et al. 2009; Hartley et al. 2010,

2013).

In the process, multiple di↵erent, but generally compatible, theoretical

frameworks have been constructed to interpret these results. These include

principally the halo occupation distribution (e.g., HOD; Peacock & Smith 2000;

Berlind & Weinberg 2002; Zheng et al. 2005), the conditional luminosity function

(e.g., CLF; Yang et al. 2003; Cooray 2006), and (subhalo) abundance matching

(e.g., (SH)AM; Vale & Ostriker 2006; Conroy et al. 2006). At its simplest, the HOD

describes galaxy statistics as the probability P(N |M), where N is number of galaxies

that occupy a halo of mass M . Likewise, the CLF is the probability, �(L|M) dL,

is the number of galaxies in a given luminosity bin present in a halo of mass M .

Meanwhile, abundance matching is slightly di↵erent; here, galaxies are connected

with dark matter halos according to a matched rank ordering of a particular galaxy
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CHAPTER 1. INTRODUCTION

property and a particular halo property, e.g., between stellar mass and halo mass.

All of the above formalisms can be complicated with extra parameters. The HOD

can distinguish between central and satellite galaxies; scatter can be added to the

abundance matching, which disrupts the strict monotonicity between halo and

galaxy properties. These additions further allow for excellent matching between

observations and models.

In all cases, however, these models fundamentally rely on the assumption that

clustering statistics of galaxies are solely a function of halo mass. Any violation

of this assumption is generically referred to as galaxy assembly bias, and it is

analogous to the halo assembly bias that has been found in ⇤CDM dark matter-only

simulations (e.g., Gao et al. 2005; Wechsler et al. 2006; Croton et al. 2007; Li et al.

2008). Below the collapse mass of a particular halo, early-forming halos at fixed

halo mass are di↵erentially clustered compared to later-forming halos. This holds

equally if halos are considered by a present-day property, such as concentration, that

correlates with formation time. The direction of this a↵ect depends on the mass

of the halo. For low-mass halos, early-forming halos are relatively over-clustered,

while at high masses, this e↵ect reverses, and late-forming halos are more strongly

clustered. Dalal et al. (2008) show that at high masses, this is expected directly from

the statistics of rare Gaussian peaks. Meanwhile, for low mass halos, the assembly

bias results from environmental e↵ects: higher mass neighboring halos’ gravitational

fields inhibit the accretion of matter onto the smaller halos.

Whether assuming that properties other than halo mass are negligible, for the
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CHAPTER 1. INTRODUCTION

purposes of cosmology, is acceptable is still an open question. Even in the presence

of halo assembly bias, it is possible that the stochasticity of mergers and galaxy

formation physics will erase any evidence of halo assembly bias from observations

on luminous galaxies. On the other hand, some of the same physical processes that

give rise to halo assembly bias by Dalal et al. (2008) should also lead to a cessation

of accretion of cold gas, such that galaxy properties, including quenching, may be

associated with dark matter halo properties (Hearin et al. 2015b). Nonetheless, the

ability to fit any particular observation is not su�cient proof that additional galaxy

properties or environmental properties outside the host mass are unimportant. To

the contrary, the ability of HOD, CLF, and single-parameter AM models to describe

generic clustering statistics may belie their inability to recover the correct details of

galaxy physics. Zentner et al. (2014) show, for instance, that in a simulation that

has halo assembly bias included, the best-fit standard HOD recovers the incorrect

quenched fraction of satellites, whereas in a simulation without assembly bias, the

HOD correctly recovers the quenched fraction as expected.

In discerning between two possible universes — one, with substantial assembly

bias; another, without — color-dependent clustering statistics are particularly useful.

One recent observation from SDSS is that of galactic conformity (Weinmann et al.

2006). This refers to the fact that quenched satellites are preferentially found around

quenched centrals and likewise that star-forming satellites live around star-forming

centrals. The nomenclature emphasizes the fact that the color of satellites (or more

generally, any galaxy property) appears to “conform” to that of their centrals.
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CHAPTER 1. INTRODUCTION

Initially, this signal was noticed in the the 1-halo regime, between centrals and

their own satellites. Intriguingly, Kau↵mann et al. (2013) found that this galactic

conformity signal extends beyond the virial radius into the 2-halo regime. However,

they find that the strength of the signal varies widely on the mass of the galaxies.

At lower masses, quenched galaxies are found around isolated quenched galaxies out

to at least 4 Mpc. At higher masses meanwhile, the e↵ect is present only at 1-2 Mpc

and even then primarily for star-forming galaxies; that is, the most star-forming

galaxies are preferentially located near other highly star-forming galaxies, but the

most quenched higher stellar mass galaxies do not have a significantly di↵erent

neighboring population than the median galaxy. More recently, analyses have

looked at the details of quenching around Milky Way-size halos (e.g., Phillips et al.

2014, 2015), explored the e↵ects on conformity of centrals and satellites (Knobel

et al. 2015), and used photometric redshifts to study conformity at higher redshifts

(Hartley et al. 2015). This plethora of new results has sparked the creation of new

semi-empirical models (e.g., Hearin & Watson 2013; Hearin et al. 2015b,c; Paranjape

et al. 2015).

The last few years have seen significant e↵ort devoted to understanding galactic

conformity in the context of its physical quenching mechanisms. Kau↵mann et al.

(2013) and Kau↵mann (2015) argue that the signal is most easily understood in

terms of gas preheating by Active Galactic Nuclei (AGN). This is an example of

an internal physical mechanism, in that the large-scale environment is brought

into conformity via a feedback process that stems from an internal process, of
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CHAPTER 1. INTRODUCTION

which AGN is the most discussed possibility. A much di↵erent theoretical picture

is o↵ered by Hearin et al. (2015b): they argue that the galactic conformity is a

direct outcome of halo conformity, and in both cases, conformity is simply the

observational consequence of assembly bias of halos. To this end, they investigate

the mass accretion rate of dark matter halos in DM-only simulations and find that

the accretion rates are correlated on large scales, of up to 30 times the virial radius.

This is explained by noting that halos in the same over- or under-dense environment

will experience similar gravitational tides, and so their accretion rates will thus be

similarly a↵ected. One outcome of this approach is that it naturally explains the

mass-dependence seen in Kau↵mann et al. (2013) without needing to invoke any

additional physics than was otherwise already needed for the dark matter halos. Of

course, AGN also have a mass dependence, but it further requires that the feedback

mechanism propagate to large distances.

There remains substantial disagreement more generally about whether factors

other than mass play a role. In addition to the galactic conformity results of

Weinmann et al. (2006) and Kau↵mann et al. (2013), Yang et al. (2006) detect

stronger bias at low redshift for passive galaxies compared to star-forming galaxies

across a range of masses from 12 < logM
halo

/M� < 14. However, this spans the

transition mass in which the halo assembly bias is expected to invert (Dalal et al.

2008), which complicates the interpretation. Meanwhile, Tinker et al. (2011) find

no evidence of galaxy assembly bias at masses of logM
stellar

/M� < 10; they find

that quenched fraction is relatively constant with environmental overdensity on
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10h�1 Mpc scales, in conflict with the increase in old halo fraction expected from

simulations. However, at higher masses, Tinker et al. (2012) find that star-forming

centrals with at z = 1 are more clustered than their quiescent counterparts beyond

2 Mpc, and similarly, at low redshift, Miyatake et al. (2016) find a strong signal

of assembly bias in SDSS, in which clusters whose satellites have larger average

separations are more highly clustered. If these large-separation halos correspond to

lower concentration, later forming halos, then this is in good agreement with both the

Dalal et al. (2008) theoretical picture of high mass halos. On the other hand, at Zu

& Mandelbaum (2016) use clustering and lensing data to argue that mass quenching,

likely acting via the shock heating of infalling gas at the virial radius, is the sole

relevant factor in turning o↵ star formation in halos with 11.5 . logM
halo

/M� . 14

(see also, Lin et al. 2016, which finds no di↵erence in relative bias in halos with

logM
halo

/M� < 12). Moreover, Mandelbaum et al. (2016) suggests that some signs of

assembly bias in stellar-mass selected samples may be due to di↵ering stellar-to-halo

mass ratios.

This raises a di�cult and important issue: in a cold dark matter universe, the

primary causal agent of quenching is predominantly unseen. Gravitational lensing

studies do o↵er the possibility of directly detecting mass, but assumptions and

models must still be made for the three-dimensional distribution of matter along

the line-of-sight. Moreover, at the present time, the lower masses at which galactic

conformity is expected to be strongest can not be directly probed with weak lensing.

Thus, most attempts to control for halo mass implicitly rely on using other criteria,
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such as stellar mass or group luminosity. This remains an important limitation

on our ability to make strong physical claims directly from observations, and it

motivates continued theoretical research to understand the extent to which this

impedes our understanding. For example, Campbell et al. (2015) show that di↵erent

group finders introduce biases that can either add or subtract from the magnitude

of color-dependent occupation statistics.

It is into this uncertainty that my collaborators and I explore the e↵ects of

color-dependent clustering and galactic conformity in both theory and observations.

On the theory side, we use the Illustris simulation to investigate the presence,

both in amplitude and spatial extent, of galactic conformity in a state-of-the-art

hydrodynamical simulation. On the observational side, we use the PRIsm MUlti-

object Survey (PRIMUS) spectroscopic redshift survey to study color-dependent

clustering and galactic conformity. In what follows, we discuss in more detail the

simulation and survey that we use in our work.

1.2 Conformity beyond the Virial Radius

In light of the recent detections of galactic conformity at low redshift, the obvious

question arises as to whether current models of galaxy formation physics are

su�cient to reproduce these observations. Notably, Kau↵mann et al. (2013)

compare their results with semi-analytic models from Guo et al. (2011) — the most

contemporaneous SAM also from the Munich galaxy formation group. Kau↵mann
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CHAPTER 1. INTRODUCTION

et al. (2013) argue that the results are incompatible, with the Guo et al. (2011)

predictions being weaker than the new analysis of the SDSS observations, and they

claim that the remaining conformity signal found in Guo et al. (2011) is due entirely

to selection e↵ects. Thus, Kau↵mann et al. (2013) posit the necessity of additional

physics. They argue for the possibility of preheating of gas at large scales, an

argument they extend in Kau↵mann (2015). In the latter work, they find an excess

in high mass galaxies and radio-loud AGN around passive galaxies, and use this to

argue that the AGN indicate galaxies that, at an earlier era, may be responsible for

pre-heating the gas over an extended region, leading to the present-day conformity.

In Chapter 2, we provide a much needed counterpoint to the semi-analytical

models, by measuring and explaining the galactic conformity in the Illustris

Suite (Vogelsberger et al. 2014a; Vogelsberger et al. 2014b; Genel et al. 2014).1

Illustris is a hydrodynamical simulation with self-consistent physics and a novel

moving-mech code, arepo (Springel 2010). Until now, galactic conformity has not

been investigated with hydrodynamic treatments within a cosmological volume.

Given that galactic conformity is a somewhat surprising correlation, but also one

that, until recently, had not been looked for, it is perhaps not surprising that a

semi-analytical model (SAM) would fail to reproduce it. That is because the galactic

conformity e↵ect is liable to be the result of two or more halos interacting in a larger

scale environment, and such multi-halo interactions, while in principle possible to

put into a SAM, would require one to do so purposefully. Thus, one of the benefits

1http://www.illustris-project.org
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of using an integrated hydrodynamical and gravity simulation, such as Illustris, is

that we have the possibility of measuring entirely new observations without having

to presuppose what physical mechanism gives rise to the them — whether it be an

internal AGN process or an external gravitational process.

The state-of-the-art nature of the Illustris also makes it well-suited for this

investigation into conformity. As mentioned above, arepo solves the Euler equations

on an unstructured Voronoi tesselation, and the mesh-generating points advect with

the baryons. Thus, for is particularly stable for systems of gas with high angular

momentum, such as star-forming disks, as the baryons do not pass through as

many cells as they would in a static mesh code. This makes it particularly useful

if we wish to study the the cosmological context in which spirals (or conversely

ellipticals) are forming. arepo thus possesses some of the advantages of both

Smooth Particle Hydrodynamics (SPH) and Adaptive Mesh Refinement (AMR)

codes. On the one hand, the advection of the mesh-generating points means that it is

pseudo-Lagrangian in nature, and the code naturally increases the resolution at the

highest gas densities. On the other hand, it accurately solves the hydrodynamical

equations at each time-step on a faces between grid cells.

Illustris thus provides the productive laboratory for investigating the presence

of galactic conformity. It has been shown that Illustris creates a realistic sample of

both quiescent elliptical and star-forming spiral galaxies, a necessary ingredient if

we hope to observe a color or SFR conformity signal. Illustris was not created or

developed with measuring galactic conformity in mind; hence, the initial tuning of
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its hydrodynamical parameters were focused on reproducing the correct one-point

statistics, including neutral hydrogen, metals, and stellar mass. If the correct

two-point color statistics are present, then it is a sign that no additional new physics

is needed, as might be implied by SAMs. Our goal is thus to investigate whether

galactic conformity naturally arises in the Illustris simulation and, if so, at what

physical scales. We then intend to understand what about Illustris’s physics is

responsible for such a signal. Further, we consider the repercussions of our results

for the detectability and interpretation of galactic conformity observations.

1.3 Color and Luminosity-Dependent Clustering

The recent generation of redshift surveys has o↵ered the opportunity to measure

clustering statistics at higher redshifts across a wider range of luminosities. Since

the beginning of the new millennium, there have been numerous spectroscopic

redshift surveys that have been used to study large-scale structure. In addition to

SDSS, the 6-degree Field Galaxy Survey (Jones et al. 2009) has obtained hundreds

of thousands of redshift measurements of galaxies at low redshift. Surveys such as

the DEEP2 Galaxy Redshift Survey (DEEP2; Newman et al. 2013) have obtained

spectroscopic measurements, but in smaller fields of view. The PRIsm MUlti-object

Survey (PRIMUS; Coil et al. 2011; Cool et al. 2013), which we use in this thesis,

spans this entire range, measuring galaxy redshfits from z = 0.2 out to z = 1.2. We

describe here some of the highlights PRUIMUS has brought into this collection of
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new surveys.

Most notably, PRIMUS uses a low-dispersion prism, rather than a higher-

resolution grism or grating, to achieve spectral resolution of roughly R ⇡ 40. The

survey was carried out using the IMACS camera at the Las Campanas Observtory

on the 6.5-meter Magellan I (Baade) telescope. PRIMUS measured ⇠ 130,000

redshifts across a variety of subfields that together cover more than 9 square degrees

on the sky, out to a depth of i
AB

⇠ 23. The combination of number of galaxies and

depth is made possible by the high level of multiplexing, in which the spectra of

approximately 2, 500 objects could be simultaneously measured using the IMACS

instrument’s 0.18 square degree field of view. While the spectral resolution is too

low to measure individual lines, it is highly optimized for obtaining robust redshifts

su�cient for large-scale structure observations.

One complication from optimizing the survey for high galaxy throughput is

that in dense areas of the sky, the spectra of nearby galaxies would intersect. As

is explained in more detail in Coil et al. (2011), to remove this issue, galaxies

that would overlap were given both a magnitude- and density-dependent sampling

probability. The magnitude-sampling ensures that faint galaxies did not predominate

at the expense of observing across a range of magnitudes. Galaxies with apparent

magnitudes of 22.5 < i < 23 were thus downsampled to 30% if they had more than

two collisions, as they could therefore not all be observed on separate slitmasks. If

collisions remained, then a density-dependent sampling was applied for N
collisions

> 2,

such that p(galaxy|N
collisions

) = 1.8

N

collisions

, where the left-hand side of the equation is
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the probability of observing a galaxy conditional of the number of colliding objects.

This a priori sampling still allows for the possibility that some collisions occur, but

most are eliminated in such a way that the resulting observed galaxies survey can be

statistically-weighted with a precisely known weight, which is particularly important

in our cross-correlation studies herein.

The PRIMUS footprint includes multi-wavelength imaging, including UV,

IR, and X-ray. This allowed for the estimation of stellar masses for the PRIMUS

galaxies (Moustakas et al. 2013), and it allows us to cross-correlate the spectroscopic

and imaging data using deprojection methodologies (Eisenstein 2003) previously

employed to study the environments of Luminous Red Galaxies (LRGs) in SDSS

(Eisenstein et al. 2005). Moreover, in addition to the cross-correlation work presented

in this thesis, the PRIMUS collaboration has produced two other galaxy clustering

studies, using projected autocorrelations (Skibba et al. 2014, 2015), as well as many

other works on galaxy physics and evolution (Zhu et al. 2010; Wong et al. 2011; Aird

et al. 2013; Moustakas et al. 2013; Azadi et al. 2015; Hahn et al. 2015; Mendez et al.

2016).

In Chapter 3, we report on the small-scale, real-space clustering measurements

from the PRIMUS survey. We measure the cross-correlations of more than 60,000

primary galaxies with PRIMUS spectroscopic redshifts and a tracer population of

⇠ 545,000 photometric galaxies over redshifts from z = 0.2 to z = 1, and we report

results as a function of color and luminosity. Simultaneous fitting of color-dependent

clustering statistics remains a challenge for galaxy formation models., but it also
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o↵ers hope of removing degeneracies between di↵erent physical processes that give

rise to the same, color-independent clustering predictions.

At the small scales at which, we are measuring the clustering, spherical

isotropy is a reasonable assumption. Angular clustering measurements thus provide

information on the actual, 3D real-space configuration of galaxies. The methodology

employed in this paper, first outlined in Eisenstein (2003), measures the overdensity

around individual galaxies instead of directly measuring the correlation function.

It avoids the necessity of calculating a derivative of a quantity — the number of

photometric galaxies in a small angular bin — that is often very noisy due to small

number statistics. Moreover, the method, explained in further detail in this thesis,

allows for the computation of the overdensity around each spectroscopic galaxy.

Rather than recomputing the angular correlation function for each desired sample

of galaxies, we are able to pre-compute all the overdensities for all spectroscopic

PRIMUS galaxies and then average them in any possible redshift, luminosity, or

color bin. This makes it a computationally e�cient method for this type of clustering

study.

1.4 Conformity by Mass and Redshift

Di↵erent physical mechanisms for quenching and creating galactic conformity would

lead to di↵erent observables, especially as a function of mass and redshift. As Hearin

et al. (2015b) note, if conformity is due to a large-scale gravitational e↵ects, then
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because the relevant parameter is the collapse mass of the halo, the conformity signal

at fixed mass (either stellar or halo mass) should decrease with increasing redshift.

On the other hand, if very early preheating is responsible for conformity (i.e., at

z > 2), then there should already be significant conformity before z = 1, and there

should not necessarily be any substantial evolution in conformity between z = 1 and

z = 0. Moreover, if 1-halo and 2-halo conformity are of the same origin, then 1-halo

conformity too should disappear at high redshifts.

Interest in the mass and redshift of conformity has motivated several recent

works on the topic. Phillips et al. (2014) and Phillips et al. (2015) investigate the

relative quenching e�ciency around L⇤ host galaxies. They find that for stellar

mass-matched samples, quiescent galaxies preferentially have quiescent satellites.

However, while this is a strong e↵ect for central galaxies with only one major

satellite, the e↵ect is negligible for centrals with two satellites. Thus, it appears that

the conformity e↵ect is strongest at lower masses. Moreover, they measure only

a weak increase in quenching e�ciency around quiescent centrals between those

with one satellite and those with two. This coincides with finding no support for

host mass-dependent quenching at these intermediate masses. On the other hand,

star-forming centrals see a substantial increase in quenching e�ciency between

hosts with one satellite and those with two satellites. This may point either to an

environmental quenching e↵ect or to a non-constant stellar-to-halo mass ratio.

While the Phillips and Kau↵mann studies only study quenching at z . 0.03

(Kau↵mann et al. 2013; Kau↵mann 2015; Phillips et al. 2014, 2015), others have
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taken the opposite approach, looking for conformity at high redshifts in photometric

surveys. Hartley et al. (2015) study galactic conformity over 0.4 < z < 1.9

UKIDSS UDS field, while Kawinwanichakij et al. (2015) investigate conformity over

0.3 < z < 2.5, over three separate fields. In PRIMUS, we have the opportunity to

study galactic conformity at redshifts of 0.2 < z < 0.8, and unlike the aforementioned

studies, we have both substantially larger galaxy samples and more precise redshifts

from the spectroscopy.

In Chapter 4, we expand on the techniques from our previous PRIMUS

cross-correlation work, in order to investigate the presence of galactic conformity

in the PRIMUS fields between redshifts of 0.2 < z < 0.8. We investigate its

dependence on primary mass in several bins over 9.5 < logM < 12, as well as on

redshift. We compare the e↵ect of using di↵erent secondary mass tracer samples. We

discuss the implications that these results have on the alternate models of galactic

conformity. Using measurements out to r = 2h�1 Mpc , we can measure both the

1-halo conformity term, as well as the beginnings of the 2-halo term.

We now present the results of our work that combines both observational and

numerical techniques. Such a union of studies has only recently become possible in

the modern era. This allows for detailed and high-resolution hydrodynamics that

can simulate cosmological volumes down to low redshift and wide-field surveys that

provide an enormous quantity of spectroscopic and photometric galaxies out to high

redshift.
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CHAPTER 2. GALACTIC CONFORMITY IN ILLUSTRIS

Abstract

Comparisons between observational surveys and galaxy formation models find

that dark matter haloes’ mass can largely explain their galaxies’ stellar mass.

However, it remains uncertain whether additional environmental variables, known

as assembly bias, are necessary to explain other galaxy properties. We use the

Illustris Simulation to investigate the role of assembly bias in producing galactic

conformity by considering 18,000 galaxies with M
stellar

> 2 ⇥ 109M�. We find a

significant signal of galactic conformity: out to distances of about 10 Mpc, the

mean red fraction of galaxies around redder galaxies is higher than around bluer

galaxies at fixed stellar mass. Dark matter haloes exhibit an analogous conformity

signal, in which the fraction of haloes formed at earlier times (old haloes) is

higher around old haloes than around younger ones at fixed halo mass. A plausible

interpretation of galactic conformity is the combination of the halo conformity

signal with the galaxy color–halo age relation: at fixed stellar mass, particularly

toward the low-mass end, Illustris’ galaxy colors correlate with halo age, with the

reddest galaxies (often satellites) preferentially found in the oldest haloes. We

explain the galactic conformity e↵ect with a simple semi-empirical model, assigning

stellar mass via halo mass (abundance matching) and galaxy color via halo age (age

matching). Regarding comparison to observations, we conclude that the adopted

selection/isolation criteria, projection e↵ects, and stacking techniques can have a

significant impact on the measured amplitude of the conformity signal.
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2.1 Introduction

Previous investigations of the demographics and distribution of dark matter haloes

in a cold dark matter universe have found that the clustering properties of these

haloes have a dependence on formation time, in addition to the more significant

dependence on halo mass (Gao et al. 2005; Wechsler et al. 2006; Croton et al.

2007; Li et al. 2008). However, current observational frameworks for analyzing the

luminosity- and color-dependent clustering of galaxies do not take into account this

halo assembly bias (e.g., Zehavi et al. 2011). Rather, they use models that assume

that galaxy clustering statistics can be modeled solely based on the mass of the halo

(e.g., Berlind & Weinberg 2002; Yang et al. 2003; Conroy et al. 2006). This would be

a correct assumption, as long as galaxy properties such as stellar mass and specific

star formation rate (sSFR) are not also correlated with other dark matter properties

at fixed halo mass. Otherwise, ignoring the e↵ects of properties other than mass

may lead to biased interpretations of the observational results (Zentner et al. 2014).

Recent observations at low redshift have found a signal of galactic conformity

in which the sSFR and gas fractions of neighboring galaxies correlate with the

respective properties of the central galaxy, both within and beyond the virial radius

(e.g., Weinmann et al. 2006; Kau↵mann et al. 2013; Lacerna et al. 2014; Hartley et

al. 2015; Knobel et al. 2015). Such observations suggest that those galaxy properties

may indeed be correlated with halo properties beyond mass, such that halo assembly

bias may lead to galaxy assembly bias. Simultaneously, though, other observations
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have not found these same manifestations of galaxy assembly bias (e.g., Tinker et al.

2011; Lin et al. 2016). Moreover, there is considerable debate as to what the role

of central and satellite galaxies play in the emergence of this signal (Knobel et al.

2015). Some models treat centrals and satellites identically (Hearin et al. 2015a),

while others have satellites colors correlate directly with group-wide properties,

such as halo concentration (Paranjape et al. 2015). Finally, the debate over the

role of internal (e.g., Hartley et al. 2015) versus external (e.g., Hearin et al. 2015b)

quenching mechanisms, and thus also the extent to which conformity is a product of

assembly bias, relies heavily on the observed amplitude and radius out to which the

conformity signal is observed (Knobel et al. 2015; Paranjape et al. 2015).

Semi-analytic models (Guo et al. 2011) can qualitatively produce the galactic

conformity e↵ect seen in observations, but it has been argued that such theoretical

e↵ects are not as large as in observations (Kau↵mann et al. 2013; Hearin et al.

2015b). The same qualitative conformity signal can also be reproduced using

semi-empirical halo occupation models (Hearin & Watson 2013; Watson et al. 2015;

Hearin et al. 2015b) or with tunable extensions to the Halo Occupation Distribution

framework (HOD, Paranjape et al. 2015).

In this paper, we investigate the presence of galactic conformity in Illustris

(Vogelsberger et al. 2014a), a state-of-the-art cosmological simulation with full

hydrodynamical and sub-grid physics run with the arepo code (Springel 2010).

Galactic conformity has yet to be probed in a hydrodynamical simulation, given the

limitations thus far in encompassed volumes, numerical resolution, and realism and
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statistical significance of the simulated galaxy populations. Illustris, on the other

hand, combines a 75h�1 Mpc per side cosmological volume at kpc resolution with a

population of thousands of galaxies which compare well to observational constraints.

By studying galaxy clustering in Illustris, we see whether a statistically significant

galactic conformity signal arises in a realistic simulation of galaxy formation, and

in particular, whether the conformity can be explained solely by di↵erences in the

halo masses of red and blue galaxies, or whether the additional information about

the assembly history of the haloes is required. Furthermore, we explore the role that

possible observational biases and selection criteria will have on the conformity signal.

This paper is organised as follows. In Section 2.2, we briefly review the

properties of the Illustris Simulation, describe our selection criterion, and explain

how we calculate dark matter halo ages from the merger trees. We present the

detection of both galactic and halo conformity in Section 2.3, and show the presence

of a color–halo age relation in Section 2.4. In Section 4.3, we apply abundance and

age matching models from the literature to the Illustris galaxies to show how galactic

conformity naturally arises in Illustris, and we discuss the di↵erential importance

of centrals and satellites, as well as the e↵ect of other observational choices on

the strength and radial dependence of the conformity signal. We conclude and

summarize in Section 2.6.
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2.2 Simulations and Methods

In this paper we use the Illustris Suite, a set of simulations which form galaxies self-

consistently, by combining an N-body treatment of gravity with the hydrodynamical,

moving-mesh code arepo (Springel 2010) to follow gas. arepo solves the Euler

equations on an unstructured Voronoi tessellation, in which the mesh-generating

points advect with the baryonic flow. The code includes relevant physical processes

such as gas cooling (Katz et al. 1996), a photoionizing background (Faucher-Giguère

et al. 2009), star formation (Springel & Hernquist 2003), black hole seeding and

feedback (Di Matteo et al. 2005; Springel et al. 2005; Sijacki et al. 2007), and

chemical enrichment (Wiersma et al. 2009). Full details of the applied galaxy

formation and feedback model are described in Vogelsberger et al. (2013) with

multi-epoch galaxy population properties being tested and presented in Torrey

et al. (2014). These simulations reproduce realistic populations of galaxies, as

demonstrated in previous Illustris analyses (Vogelsberger et al. 2014a; Vogelsberger

et al. 2014b; Genel et al. 2014).

While the suite includes realizations with di↵erent box sizes and at di↵erent

resolutions, our primary results presented here are based on the highest resolution

run (Illustris-1), where a 75 h�1 Mpc cosmological box is evolved from z = 127 to

z = 0 with initial conditions consistent with WMAP-9 (Hinshaw et al. 2013). The

mass resolution for the dark matter is m
DM

= 6.26 ⇥ 106M�, and for baryons it is

roughly m
b

⇠ 1.26 ⇥ 106M�. At z = 0, the softening lengths are roughly 1.42 kpc
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for dark matter particles and 0.71 kpc for stellar particles, being smaller at higher

redshifts, and the hydrodynamics follows gas down to cell sizes as small as 48 pc.

All the data from the Illustris project and associated documentation is now

publicly available (Nelson et al. 2015).1

2.2.1 Galaxy Sample and Definitions

Haloes and subhaloes in Illustris are identified using the fof and subfind algorithms

(Davis et al. 1985; Springel et al. 2001; Dolag et al. 2009) at 136 snapshots in time.

In what follows, we work exclusively at redshift z = 0 and select a sample of

galaxies by imposing M
stellar

> 2⇥ 109M� (corresponding to a minimum of roughly

2000 stellar particles or 2800 stellar, dark-matter or gas elements). The sample

includes both central and satellite galaxies, with satellites being subfind subhaloes

which are members of their parent fof group regardless of their distance from the

fof center. Thus, in our parlance, central galaxies include field galaxies with no

satellites of their own, and we call any subfind-identified object a halo unless the

distinction between haloes and subhaloes is relevant. Moreover, all galaxy properties

(stellar masses, star formation rates, colors) are derived from subfind-identified

stellar particles or cells within twice the stellar half-mass radius of the galaxy under

consideration. Halo or total masses are defined as the peak mass of each halo’s

1http://www.illustris-project.org
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mass accretion history (see Sec 2.2.2 for details), including all gravitationally bound

resolution elements.

In Fig. 2.1, the color-magnitude diagram and the specific star formation rate

distribution as a function of stellar masses are given for Illustris galaxies at the

current epoch (both centrals and satellites; see also Vogelsberger et al. 2014b; Sparre

et al. 2015). These are in qualitative agreement with observations except for the lack

of a clear bimodality between red and blue galaxies, and an overpopulation of the

green valley and the blue cloud with respect to the red sequence. Encouragingly, the

color distribution of satellite galaxies alone is in good agreement with observations

(Sales et al. 2015).

For the purposes of our conformity analysis, we divide the selected galaxies

into binary red and blue subsamples, rather than using a continuous distribution of

specific star formation rate as a proxy for conformity (see Kau↵mann et al. 2013).

To the extent that the full distribution of sSFR in Illustris di↵ers from observations,

we believe such a binary division better allows us to investigate the emergence of a

conformity signal in Illustris, and the e↵ects of observational choices on the observed

signal. Unless otherwise stated, our cut will be based on stellar colors, as follows:

Red : (g � r)
galaxy

> 0.04(r + 20) + 0.43 (2.1)

Blue : (g � r)
galaxy

< 0.04(r + 20) + 0.43 (2.2)

As shown in the right panel in Fig. 2.1, this corresponds to a slightly increasing

cut in sSFR with increasing stellar mass, with some star formation still ongoing
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Figure 2.1.—: The galaxy population in Illustris. Left: The color-magnitude diagram
for the M

stellar

> 2 ⇥ 109M� galaxy sample used in this work. The solid black line
divides the red and blue populations (shown in corresponding colors.) Contours for
50% and 95% inclusion in absolute M

r

versus g � r color space are shown for our
18,243 galaxies. To allow for a statistically meaningful comparison of redder and bluer
galaxies, we divide the sample such that “green valley” galaxies are grouped with
red sequence galaxies, despite having some ongoing star-formation. Right: Specific
star formation rates as a function of stellar mass. We show how the red-blue color-
luminosity cut in Illustris translates into the sSFR-stellar mass plane. While the 50%
and 95% inclusion contours correspond to the distribution of points in the sSFR-stellar
mass plane, the colors are inherited from the left plot. For clarity, we randomly plot
galaxies with no star formation rate randomly distributed about 2⇥ 10�13 yr�1.
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in the red population, especially at higher masses. Moreover, in the following, we

will use the terms red (blue) and quenched (star-forming) galaxies interchangeably.

Finally, the fraction of red galaxies is a strong function of stellar mass, and satellite

galaxies are more often red than their analog central galaxies at similar masses, in

agreement with observational findings (see left panel of Fig. 2.2).

Following observational practice (e.g., Kau↵mann et al. 2013, Hearin et al.

2015a), in the following sections, we will also adopt an isolation criterion for

our sample of galaxies and divide them into primaries and secondaries. Unlike

observations, we have full spatial knowledge of our galaxies, and so we define

the isolation criterion based on the 3D real-space locations within the simulation

volume, rather than relying on a 2D projection and redshift-space cut for the

line-of-sight dimension. An Illustris galaxy is isolated if, given its stellar mass

M
stellar

, no other galaxy with stellar mass greater than M
stellar

/2 is present within a

3D distance of 500 kpc. The primary sample is constituted by those galaxies with

logM
stellar

> 9.61 ⇡ 4.07 ⇥ 109M� that are also isolated. The adopted mass cut is

the minimum for which we can consistently apply the isolation criterion, given our

minimum mass threshold of M
stellar

> 2 ⇥ 109M�. We use the term secondary or

neighboring to refer to all galaxies in the vicinity (in our case, out to 10 Mpc) of a

primary galaxy.

The purpose of the isolation criterion is to reduce the number of interloping
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Figure 2.2.—: Left: The red fraction and satellite fraction of galaxies as a function
of stellar mass. We note that the isolation criterion has the e↵ect to reduce the
satellite fraction from ⇠ 30% to ⇠ 10%, although the e↵ect is stronger at lower
masses. Both centrals and satellites show a strong relationship between red fraction
and halo mass; however, especially at lower masses, satellites are significantly more
quenched than centrals. Right: Halo age (i.e., lookback halo formation time) as a
function of halo mass, alongside both the color and median stellar age as a function of
halo mass. Despite the fact that lower mass haloes are older than their more massive
counterparts, they host galaxies with younger and bluer stellar populations.
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satellite galaxies in the primary sample when the distinction between centrals and

satellites is not available (as often is the case in observations). This can be seen in

Fig. 2.2, left panel, where the isolation criterion serves to lower the satellite fraction

from ⇠ 30% down to about 10%, with Illustris total satellite fraction falling in

between the estimates from semi-analytical models and observations (Kau↵mann

et al. 2013; Guo et al. 2011; Wang et al. 2013, – at higher masses, the satellite

fraction drops quickly). While a secondary galaxy need not be isolated, it may be.

Thus, secondary galaxies around a particular primary galaxy may themselves be

members of the primary sample, since the conformity signal is measured out to radii

well beyond the 500 kpc radius used for the isolation criterion.

For the conformity itself, we measure the quenched fraction of secondary

galaxies in every 3D real-space radial bin R around primaries. We then report the

mean value of this red fraction for primary galaxies that have at least one galaxy

in radial bin R. Thus, if a particular primary has no neighboring secondary galaxy

in a particular radial bin, this does not count toward the mean. Another way of

saying this is that the mean red fraction of primary galaxies is not equivalent to

the red fraction of the stack of all primary galaxies. This distinction means that

conformity, as we measure it, will equally weight galaxies with few satellites and

galaxies with many satellites, rather than letting the signal be dominated by a

few primary galaxies with the highest halo-to-stellar mass ratios. We report our

galactic conformity results in three bins in primary stellar mass and three bins in

primary halo mass, so that we can discern e↵ects on the conformity signal caused by
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di↵erences in stellar-to-halo mass relation of red versus blue galaxies.

2.2.2 Halo Merger Tree and Assembly Histories

To follow the evolution of individual haloes and galaxies, we use the SubLink merger

tree catalogs from Rodriguez-Gomez et al. (2015). These merger trees provide the

evolution of any subfind property along the main branch of all haloes and galaxies

at z = 0. Specifically, the main branch is defined as the sequence of progenitors

with the most massive history behind them (rather than the sequence of progenitors

which maximize the mass at every time step). While di↵erent definitions of main

branch are on average consistent, the addition utilized here provides a safeguard

against spurious defects in the halo finding algorithms, such as subhalo swapping.

We use the total subfind mass accretion histories to calculate the halo

formation time or halo age, t
form

, of every halo, as well as the halo mass. In practice,

for every object within our sample at z = 0, we first run the sequence of masses at

subsequent snapshots through a median box filter of full width of five snapshots (or

three, if fewer snapshots exist), and then we spline this mass accretion history to

obtain a fine-grained mass evolution as a function of redshift. Moreover, in order

to avoid spurious identifications, we require that each object has existed as either a

central or a satellite for at least three consecutive snapshots. The halo formation

time tx
form

is the earliest moment in cosmic time at which the splined total mass

accretion history reaches x% of the peak mass of a halo (we usually express it here in
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terms of lookback time from the present day, in Gyr). The halo mass is the maximum

mass value reached along the main branch: for central haloes the peak mass is

usually very close to their mass at z = 0 and provides a reasonable approximation of

the virial mass, generally overestimating it by roughly 10%; for satellite subhaloes,

the current-epoch mass is usually much lower than the peak mass, because of mass

loss due to stripping after accretion onto the parent haloes. This procedure ensures

that we have a standard definition of mass and halo formation time that is identical

for both central and satellite haloes; however, by construction, subhaloes’ ages will

always be biased high compared to central haloes’ ages.

In what follows, we will adopt various choices for the halo formation time, with,

e.g., t25
form

, t50
form

, and t75
form

being the age at which a halo has assembled 25, 50, and

75% of its peak halo mass. More massive haloes formed more recently than lower

mass haloes (see Fig. 2.2, right panel, black curve; and also e.g. Wechsler et al.

2002). However, the stellar populations of galaxies residing in more massive haloes

at z = 0 are older than the stellar population of galaxies residing in less massive

haloes (Fig. 2.2, right panel, cyan curve), or equivalently, redder (orange curve – see

e.g. Heavens et al. 2004; Thomas et al. 2005; Nelan et al. 2005; Jimenez et al. 2005

for the first observational claims of archaeological downsizing).
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2.3 Galactic and Halo Conformity

2.3.1 Galactic Conformity

We now present the measurements of galactic conformity in the Illustris simulation.

In Fig. 2.3, we plot the mean red fraction of secondary galaxies around their isolated

primaries (see definitions and methods in Section 2.2.1). Each bin is a spherical

shell of width 500 kpc, centered on real-space distances from r = 0.75 Mpc to

r = 9.75 Mpc. Red and blue squares are used to represent red and blue primaries,

respectively, as defined in Section 2.2, and the error bars define the standard error

on the mean, as determined from 1000 bootstrap resamplings. The top panel shows

the results in three bins in stellar mass for the primary sample, while the lower

panel shows the results in three bins in total halo mass. The red (blue) primaries, by

stellar mass bin, low to high, have 655 (2921), 1114 (1639), and 1171 (191) galaxies,

respectively. The red (blue) primaries, by halo mass bin, low to high, have 559

(3195), 602 (1690), and 721 (654) galaxies. Note that secondary galaxies can have

any mass in all panels.

We clearly see that red primaries have a higher fraction of red neighbors than

their bluer counterparts. Furthermore, we see two significant trends. First, there is

a near-field, higher amplitude conformity signal out to roughly 3 Mpc, and then a

plateau of a far-field e↵ect that extends out to at least 5 Mpc. Second, lower mass

primaries have both a higher amplitude conformity e↵ect, in both the near- and
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Figure 2.3.—: Galactic Conformity in Illustris, i.e. mean red fraction of neighboring
galaxies as a function of real-space distance in 500 kpc bins around primary galaxies divided
in three di↵erent stellar (halo) mass bins in the top (bottom) rows. The red solid line is
the fraction of red galaxies around the red population of primary galaxies, while the blue
solid line is the fraction of red galaxies around the blue population of primaries. The
galactic conformity signal is present at all distances, but it is particularly strong at r < 3
Mpc. Standard errors on the means are calculated from bootstrapping. Here the separation
between red/quenched and blue/star-forming populations is based on a color cut (see Section
2.2.1). Moreover, the primaries are isolated galaxies which are mostly centrals, with roughly
20% fraction of satellite intelopers (see Fig. 2.2); secondaries can be either centrals or
satellites, isolated or not.
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far-fields, and the far-field e↵ect continues out to larger radii, remaining present out

to 10 Mpc in the lowest mass bin. We have confirmed that the signal disappears

entirely by 15 Mpc in all cases. We note that for such low mass galaxies, the virial

radii of the primaries are significantly lower than even the radii at which we see the

near-field e↵ect (the typical viral radii spanning from 150 to about 370 kpc across

the three adopted mass bins).

One possibility for the presence of the conformity signal is that red and blue

galaxies, selected in fixed stellar mass bins, are nonetheless hosted by halo masses of

substantially di↵erent size. In this case, the higher red fraction around red primaries

would be due to a halo-mass quenching e↵ect. However, as shown by the lower

panel of Fig. 2.3, selecting our primary galaxies in halo mass bins does not reduce

the amplitude of our signal. Thus, clustering observations that use stellar mass as a

proxy for halo mass are unlikely to be biased by this selection technique. We return

to the role of mass in the conformity signal in Section 4.3.

We have also tested these results for robustness to di↵erent definitions of

quenched/red galaxies. We have used both sSFR and stellar ages, in which quenched

galaxies are defined either as being below the median sSFR or above the median

stellar age; as having sSFR lower than finite values across stellar mass (e.g.,

3, 6, 8⇥ 10�11 yr�1); or in which quenched galaxies are defined using sSFR or stellar

age, but at a cut-o↵ to reproduce the same red to blue ratio we have in our fiducial

definition. In all cases, a galactic conformity remains, including the near- and

far-field distinction: namely, the specific cut to separate red vs blue galaxies does
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not a↵ect whether there exists a statistically significant signal in a particular mass

bin. However, the exact location of, for example, a flat cut in sSFR may a↵ect

the presence and magnitude of a dependence of the conformity signal on primary

mass. For example, choosing a constant cut in sSFR that is unreasonably high

would cause some less massive blue galaxies that are part of “blue cloud” in Illustris

to be classified as red, which would inflate the overall red fraction around more

massive galaxies. In relation to this consideration, we argue that a reasonable color

cut should follow the general number density contours in color-luminosity space, as

opposed to, for example, splitting the blue cloud. Yet we caution that whether or

not the conformity signal exhibits a trend with primary mass may depend on the

adopted split between star-forming and quenched galaxies.

2.3.2 Dark Matter Halo Conformity

In Fig. 2.4, we now present the dark-matter halo conformity e↵ect in the Illustris

Simulation. In order to be able to compare the relative amplitude of the halo and

the galaxy conformity e↵ects, we split Illustris haloes into two samples of haloes,

old and young, which are chosen to match the sample sizes of the red and blue

populations. Here we adopt the t75
form

definition for halo formation time. In the case

of Illustris-1, the global split between old and young haloes occurs at z = 0.965.

We keep the same isolation criterion as before defined by stellar mass, but

now the binning of primary galaxies is by halo mass. In this way, we check only
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Figure 2.4.—: Halo Conformity in Illustris. We show how the e↵ect in Fig. 2.3 is paralleled
by the conformity between old dark matter haloes. We keep the same isolation criterion,
but now, instead of looking at the red fraction around red (blue) galaxies, we plot the
fraction of old haloes around old (young) haloes (where halo age is based on t75

form

). We see
the same qualitative signal as before. The split between old and young haloes is defined
such that the number of old haloes is the same as the number of red galaxies; this ensures
that the relative amplitudes of the conformity signals are the same. In the top row, the
stellar mass cuts are for the galaxies that are in each subhalo. In the bottom row, we also
overplot as dotted lines the results from Illustris-Dark-1, the dark matter only run with
identical initial conditions (without error bars, for clarity). The minimum subhalo mass of
secondary subhaloes used to measure the conformity signal in the Illustris-Dark-1 run is
8.8⇥ 1010M�, and we set the division between old and young subhaloes to match the ratio
in the Illustris-1 hydrodynamical run.
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for the influence on the conformity signal of using stellar versus halo mass, rather

than introducing another di↵erence due to a new isolation criteria. For the top

panel, the stellar masses refer to the galaxies that inhabit those haloes, as we make

the measurements in the fiducial Illustris-1, so haloes and galaxies have direct

counterparts.

A dark-matter halo conformity signal is detected. Old haloes are preferentially

surrounded by other old haloes. Similarly, there is the same near- and far-field split

as in the galactic e↵ect, namely the halo conformity signal is strongest at separations

< 3 Mpc. Halo assembly bias, and its e↵ect on clustering, has been studied for many

years in other dark matter-only simulations and with semi-analytic models (e.g.,

Gao et al. 2005; Wechsler et al. 2006; Croton et al. 2007; Dalal et al. 2008; Lacerna

& Padilla 2011; Wang et al. 2013). Thus, it is not particularly novel that we find

such a signal in Illustris. What is notable is that, as the Illustris Simulation has full

baryonic physics, we can compare the qualitative shape of the galactic conformity,

as seen in Fig. 2.3, with the halo conformity as seen here in Fig. 2.4.

Overall, the galaxy and halo conformity signals are qualitatively similar. Both

show a higher amplitude e↵ect out to ⇠ 3 Mpc, and the signal plateaus at larger

radii. One di↵erence is that the halo conformity signal shows no obvious decline

with increasing halo mass. At first glance, this is in contradiction with the mass

dependence seen first in Gao et al. (2005), in which the relative bias of the oldest

to the youngest haloes was a function of mass. That is, the relative bias was found

to be higher at lower masses. Three di↵erences likely account for this apparent
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discrepancy. First, the range of halo mass that we probe directly in this analysis,

from logM
halo

= 11.25 to logM
halo

= 12, is much smaller than that probed by Gao

et al. (2005). Our mass range corresponds roughly to the four lowest mass bins in

Fig. 3 of that work, over which the relative bias is nearly constant. Any remaining

di↵erence might be attributable to the facts that a) our split between young and

old haloes is global and not halo mass dependent; and b) the bias there is measured

between 6h�1 Mpc and 25h�1 Mpc , whereas most of our measurements lie at

smaller radii, . 10 Mpc.

Another di↵erence between the galactic and halo conformity signals is that the

decline in old fraction with radius is more gradual than the decline in red fraction,

with the sharp feature seen especially prominently in the lowest mass bin not present

in Fig. 2.4. This suggests that there could be a particular scale at which quenching

becomes e�cient. This could be related to internal processes, such as stellar or AGN

feedback, akin the one halo e↵ect o↵ered by Hartley et al. (2015), or it could be due

to external processes, such as the influence of the tidal radii of neighboring haloes

(Dalal et al. 2008; Hearin et al. 2015b). Finally, for the halo conformity signal, the

old fraction around young and old haloes does not return to the global average until

almost 15 Mpc, whereas in the galactic conformity case, the fractions are equal by 6

to 10 Mpc, depending on mass bin.

These results are robust to the e↵ect of baryonic physics: indeed, we confirm the

presence of an equivalent halo conformity signal in the Illustris-1-Dark simulation.

This is overplotted for old and young primaries in the lower panels of Fig. 2.4 as
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dashed lines (green and purple, respectively). The Illustris-1-Dark simulation was

run with the same initial conditions and box size as Illustris-1, but with only dark

matter. Because this run does not have stellar masses, we cannot keep the identical

isolation criteria for this test. We instead define a halo mass cut of 8.8 ⇥ 1010M�,

which is more than two times below the minimum primary halo mass in our sample.

We can thus apply an equivalent isolation criterion to our dark matter haloes – we

require that primary haloes have no neighbor within 500 kpc that has more than half

the primary’s halo mass – and obtain a similar sample size with which to compare

results between Illustris-1 and Illustris-1-Dark. We set the division between old and

young haloes to match the global ratio of old to young haloes in the Illustris-1 run.

The results show that the halo conformity signal is also present in the dark

matter-only run. Specifically, the shape of the halo conformity signal is essentially

identical between the Illustris-1 and Illustris-1-Dark runs. We thus find that this

measure of halo assembly bias is not a↵ected by the inclusion of baryons via

hydrodynamics and feedback.

2.4 The Color–Age Relation

Having seen that Illustris exhibits both a galactic and a halo conformity, and that

they appear to be similar in qualitative shape and amplitude, we turn our attention

to the connection between the two. In this Section, we emphasize the relationship

between galaxy color and halo age, which may explain how the baryonic signal arises
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from the dark matter one. As Sparre et al. (2015) showed for central galaxies in

Illustris, at least some measures of formation time (in that case, when half the stellar

mass is formed) correlate well with galaxy color. In this work, we examine formation

times based on the build-up of the full halo, including mass from dark matter,

stars, and gas. The total mass is chosen because the underlying ansatz of basic

HOD models is that mass is the only contributing factor to galaxy occupation. By

adding in the halo formation time, we simply add one additional parameter, which

attempts to encompass the time evolution of that halo mass. We do not argue that

any particular formation time is a priori superior, but we will show subsequently

that not only are the correlations di↵erent, but some do a better job at reproducing

the measured two-point statistics.

In Fig. 2.5 we show that this correlation between galaxy color (g � r) and halo

age, t75
form

exists in the Illustris Simulation. We see that older haloes tend to host

redder galaxies. However, the trend is split into two distinct regions. Namely, the

reddest galaxies exist almost exclusively in the oldest haloes, but the reverse is not

true; there are old haloes that contain bluer galaxies. This creates a sharp break in

the correlation. As can be seen by the running median (solid black line), in the lower

stellar mass bins, however, there is still a weak correlation between halo age and

color even among the bluer galaxies. The trend is no longer visible at increasingly

high stellar masses. In the two highest mass bins, there is substantial scatter, with a

population of red galaxies hosted by young haloes. The halo masses of galaxies in

these stellar masses range from roughly 3.3⇥ 1011M� to 1.25⇥ 1013M�. Especially
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Figure 2.5.—: Color–Halo Age Relation in Illustris. We show the galaxy color versus
halo formation time in bins of stellar mass. Here the halo formation time is defined as the
accretion time of 75% of the maximum mass for both centrals and satellites (see Section 2.2.2
for details.) Black points are each galaxy in a given stellar mass bin. The solid black line
is a running median of the black points. The dashed orange line defines the monotonic
relationship between color and halo formation time, if we rank order the simulated galaxies
by assigning the reddest galaxies to the oldest haloes. We use this model in Section 4.3 to
reproduce the conformity results from the hydrodynamical simulation.
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at the high halo mass end, internal quenching may be responsible for destroying the

tighter correlation seen at lower stellar masses. In particular, radio-mode feedback

from the AGN will be a contributing factor to the color of the galaxies.

To guide interpretation, we also show the maximal correlation between galaxy

color and halo age (orange dashed line). This is similar to the “age matching” of

Hearin et al. (2015a). For each 0.25 dex stellar mass bin, we rank order the galaxies

by our halo age. We then assign the reddest galaxy in that stellar mass bin to the

oldest halo in that stellar mass bin. We continue this process, such that the bluest

galaxy is eventually assigned to the youngest halo in this mass bin. We then repeat

this process for each mass bin. If the relationship between color and halo age were in

fact monotonic, with redder galaxies always present in older haloes, we would expect

the galaxies in Illustris to lie along the overplotted, orange dashed line. Instead we

see that, due to scatter in the correlation, older haloes are bluer and younger haloes

are redder than the most simplistic model would predict.

Satellite galaxies serve to enhance the overall trend in the color-halo age

plane. By construction, and because of their infall times, they tend to populate

the older-halo end rather than the young one. Because they also have a higher

red fraction at fixed halo (or stellar) mass, this drives the sharp upward shape of

the correlation. Certainly, though, the functional form and scatter at fixed halo

age of the color–age relation depends on the exact choice of the definition for halo

formation time: with t75
form

, for example, values necessarily extend to more recent

halo formation times than the analog t25
form

values. An equivalent relation exists in
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Illustris between halo age and sSFR, and halo age and stellar age.

2.5 Discussion

2.5.1 Modeling and Interpretation

The parsimonious explanation for why the halo and galaxy conformity signals are

qualitatively the same is to invoke a correlation between halo age and galaxy color.

If such a relationship holds, then in the presence of dark-matter halo conformity

based on halo formation time (i.e., halo age), we would expect a color-dependent

galaxy conformity signal to necessarily arise. In the previous sections we have shown

that this is indeed the case in the Illustris hydrodynamical simulation, with the

galactic conformity signal resulting from the combination of the aforementioned two

e↵ects.

First, initial conditions, plus time-evolution under gravity, produces halo

conformity. Studies in dark matter only simulations (Keselman & Nusser 2007; Dalal

et al. 2008; Hearin et al. 2015b) provide possible physical mechanisms for this e↵ect

that we do not explore, since we are concerned primarily with the role played by

baryons. Second, due to the correlation between stellar mass and dark matter mass

build-up, Illustris naturally exhibits a color–halo age relation at z = 0. Together,

they produce a galactic conformity e↵ect.

To test whether this qualitative picture works in practice, we present in Fig. 2.6

43



CHAPTER 2. GALACTIC CONFORMITY IN ILLUSTRIS

Figure 2.6.—: Galactic Conformity vs Semi-Empirical Modeling. Data points with errors
are Illustris measurements from Fig. 2.3, while dashed curves represent the results from
our semi-empirical abundance + age matching model, using two di↵erent definitions of halo
age: t75

form

and t50
form

. We also show the e↵ect of adding scatter to the color–halo age relation
for use in the age matching. More recent definitions of halo age produce larger conformity
amplitudes at all separations, while adding scatter to the color–halo age relation lowers the
amplitude of the conformity signal.
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the measured galactic conformity signal with the same method as used in Fig. 2.3,

except that now we have reassigned the galaxies to di↵erent haloes according to a

toy semi-empirical model.

The fiducial model (‘No Scatter, t75’) works as follows. First, we assign galaxies

to dark matter haloes via subhalo abundance matching (Conroy et al. 2006; Vale &

Ostriker 2006), with a scatter of �
M

= 0.18, which falls in between various literature

values (e.g., Han et al. 2015; Zu & Mandelbaum 2016) and which is roughly

consistent with the actual scatter at fixed halo mass in the stellar-to-halo mass

Illustris relation (this varies within 0.13-0.23 over the range logM
halo

= [11.3, 13.5]).

Next – following the same basic procedure as Hearin & Watson (2013), but using

our 75% formation time, t75
form

– in bins of 0.25 dex in log M
stellar

, we rank galaxies

according to color, and we assign the reddest galaxy to the oldest halo. This would

be equivalent to the orange line in Fig. 2.5, except that, rather than using stellar

masses directly from Illustris, we first perform subhalo abundance matching.

The results from the model are shown as solid lines in Fig. 2.6, overplotted

to the points from Fig. 2.3. It bears mentioning first that when we perform only

abundance matching – and no age matching of any kind – and thus erase any

connection between color and halo age, we obtain a null result, in which the red

fraction is indistinguishable for red and blue primaries in all mass bins. On the other

hand, when we add in age matching, we see that the results are qualitatively the

same as those found directly from the hydrodynamical simulation, with some small

di↵erences especially at the lowest mass bin. Indeed, we know from Fig. 2.5 that the
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color–age relation in Illustris is not, in fact, strictly monotonic and exhibits a large

scatter in color at fixed halo age: therefore, our fiducial model is implementing an

extreme version of a color–halo age relation.

As we noted in Section 2.4, the functional shape of the color–age relation

depends on the exact choice for the definition of halo age. We have therefore checked

the output of the above-described semi-empirical model for di↵erent definitions

of halo formation time. Moreover, we have tested the dependence of the modeled

conformity signal also on the adopted amount of scatter in the color–age relation.

Three of these additional models for di↵erent choices of formation time and

scatter in the color–age relation are shown for comparison and insight in Fig. 2.6.

In all three, the subhalo abundance matching remains fixed. The ‘0.1, t75’ model

adds 0.1 Gaussian scatter in g � r at fixed halo age. The ‘No Scatter, t50’ model

has no scatter, but ranks galaxies according to halo age as defined by the 50%

formation time. Finally, the ‘Variable’ model has weaker scatter at low stellar mass,

and increasingly strong scatter at high stellar mass. Specifically, using the same

0.25 dex bins that we use to assign colors, we increase the scatter by 0.02 per bin,

beginning with 0.02 scatter in the logM
stellar

= [9.25, 9.5] bin. Thus, this model

has 0.1 scatter (equivalent to the ‘0.1, t75’ model) in the logM
stellar

= [10.25, 10.5]

bin, and higher scatter at higher masses than that. These adopted scatter choices

encompass the actual values from Fig. 2.5, even though with somewhat di↵erent

functional dependences on halo age and mass.
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The models all have quite similar consequences for the conformity signal in the

two larger primary stellar mass bins. However, for the lowest stellar mass bin, the

‘No Scatter, t50’ and ‘0.1, t75’ models both under-predict the conformity signal

below 3 Mpc. Meanwhile, both the ‘No Scatter, t75’ and the ‘Variable Scatter, t75’

models over-predict the conformity signal beyond 3 Mpc.

More importantly, two general trends can be taken away from such a comparison.

First, more recent definitions of halo age produce larger conformity amplitudes at

all separations. Compared to t75
form

, using t25
form

(not shown) lowers the amplitude

of the signal significantly, while using t50
form

lowers it by an intermediate amount.

No particular formation time measure is a priori better than any other, but in

the Illustris Simulation, t75
form

leads to the greatest spread in halo ages for central

galaxies. We argue that this allows for a less noisy relationship between halo ages

and galaxy colors, and therefore results in a larger inferred galactic conformity signal

(at least for the specific color-based cut adopted in this work). Second, as should

be expected, adding scatter to the color–halo age relation lowers the amplitude of

the conformity signal. This trend continues with higher values of the scatter until

the entire signal is washed away. The implication of this is substantial: galactic

conformity cannot exist without a reasonably tight relationship between the galaxy

property (in this case, color) and the underlying dark matter property (in this case,

halo age), which itself is clustered. The fundamental clustering is between dark

matter haloes; galactic conformity comes along for the ride.
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2.5.2 The Roles of Centrals and Satellites

In presenting our results, we have measured the galactic conformity signal of all

neighboring galaxies above a stellar mass threshold around isolated primary galaxies.

However, a subset of satellite galaxies remains in the primary sample despite

the isolation criterion. Furthermore, the secondary sample includes all galaxies,

regardless of whether they are central or satellite. In this Section, we present the

e↵ect of satellites in Illustris on the galactic conformity signal, with its possible

implications for observational searches for assembly bias.

In Fig. 2.7, we show two analog versions of the measurements presented in

Fig. 2.3 but for di↵erent selections of the primary/secondary samples. In the top

panels, we require the primary galaxies not only to be isolated, but also to be

centrals, as defined in the Illustris catalogs. That is, the galaxy must belong to the

central subfind halo in a given fof halo, and it must still be isolated, according

to our previous definition. We thus ensure that we are not introducing any added

e↵ect from nearly equal mass, merging subhaloes, and remove the e↵ect of the 10%

– 20% of satellites that would otherwise remain in the primary sample (see Fig. 2.2).

Compared to Fig. 2.3, we see that the quenched fraction around red galaxies is

reduced in the near-field (out to 3 Mpc) by about a third in the lower and middle

stellar mass bins, and almost eliminated in the highest mass bins. Moreover, the

signal amplitude beyond 3 Mpc is also reduced, although as can be seen for the

lowest mass bins, it remains statistically significant out to 10 Mpc nonetheless.
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Figure 2.7.—: Galactic Conformity in Illustris for di↵erent galaxy selections. Top Panel:
We show the conformity signal as calculated selecting only central galaxies, in addition to
the isolation criterion, in stellar mass bins. A conformity signal remains at r < 3Mpc,
but the signal out to 10 Mpc is substantially reduced. Thus, while the isolation criterion
selects mostly central galaxies for the primaries, much of the observed conformity signal
at larger scales appears due to the correlation between low-mass primaries and satellites
around other central galaxies. Bottom Panel: We show the conformity signal as calculated
using only central galaxies, for both the primary sample and the secondary neighbors. With
no satellites included in either sample, a conformity signal remains at r < 3Mpc, but the
signal out to 10 Mpc is completely eliminated.
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The influence of satellites becomes enlarged when the isolation (or central)

criterion is extended to the the secondary neighbors. If one is interested primarily in

the galaxy assembly bias within central haloes, then this is the best way to control

for any possible satellite e↵ect. In Fig. 2.7 (bottom panel), we have thus limited

our measurement to only isolated, central galaxies for the primaries and central

galaxies for the neighboring secondaries. While a conformity signal now remains out

to ⇠ 3 Mpc – one which is nearly identical to the top panel – the far-field conformity

e↵ect between 3 – 10 Mpc has completely been suppressed. In addition, the overall

quenched fraction has also been reduced, as satellites are preferentially redder than

central galaxies.

In Illustris, we thus find that while satellites have a significant role in the

emergence of a conformity signal, central galaxies on their own can produce a signal

beyond the virial radius and out to roughly 3 Mpc in real-space distance. Therefore,

it is possible that repeated analyses of observations using di↵erent methods for

classifying isolated galaxies will obtain somewhat di↵erent quantitative results.

Interestingly, these results from Illustris imply that the terms 1-halo and 2-halo

used to describe the two conformity regimes may be misleading. Specifically, in

Illustris, we find a conformity signal out to 3 Mpc that, while enhanced by the

inclusion of satellites, is still present when using only centrals, at least for lower

primary masses. Thus, the near-field e↵ect is in fact a 2-halo correlation. Conversely,

eliminating satellites entirely from both the primary and secondary samples, as

opposed to just the primary sample, eliminates the far-field signal beyond 3 Mpc.
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Thus, this portion of the signal in Illustris appears due to the correlation between

centrals and satellites around other centrals, a 2-halo term, but one that will be

diminished if there is no 1-halo correlation between centrals and their own satellites.

We postpone to future analysis the task to identify the physical mechanisms

responsible for the emergence of the near- and far-field e↵ects. In fact, whether or

not it makes sense to distinguish between centrals and satellites in understanding

assembly bias depends of the question being asked, but as noted by Hearin et al.

(2015b), many satellites may have only recently been centrals themselves, and

likewise, centrals may have been formerly satellites during close interactions.

2.5.3 Tests of Mass-Dependence and the Central-Satellite

Split

In Fig. 2.8, top left, we show that for the lowest stellar mass bin, there is a di↵erence

in the mean (thick lines), as well as the 25th and 75th percentiles (thin lines) in the

masses of the neighbors of red and blue galaxies. It is thus natural to ask whether

this di↵erence — which is maximal for this stellar mass bin, and disappears at the

highest stellar mass bin — is su�cient to reproduce the conformity signal. Given

the role that satellite galaxies play in producing the full galactic conformity signal,

however, it is also sensible to ask whether the conformity signal can be modeled

knowing only that a particular halo is a central versus a satellite, in addition to

knowing its mass, rather than the particular epoch of formation.
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Figure 2.8.—: In the top left panel, we show the mean halo mass, along with 25th and 75th
percentiles, of the neighbors around primary galaxies in the 9.6 < logM

stellar

< 10 stellar
mass bin. We choose this bin for demonstration purposes, because the di↵erence between
red and blue galaxies is maximal compared to the other stellar mass bins. (In the largest
mass bin, the reverse is actually true: more massive galaxies surround blue primaries than
red primaries.) Because red fraction generally increases with stellar mass (see Fig. 2.2), we
test whether this mass di↵erence is su�cient to account for the conformity signal.
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Figure 2.8. (Continued)—: In the top right panel, we show the red fraction as a function
of halo mass for both centrals and satellites, as well as both the joint population. We
note that halo mass is defined as the peak mass of the accretion history. We use this
relationship to test the e↵ect the halo mass has, on its own, on the conformity signal
compared to the e↵ect of using additional properties that are sensitive to assembly history.
In the bottom left plot, we assign to each galaxy the value of the mean quenched fraction
at its halo mass, as defined by a spline over narrow bins in halo mass. We plot the
mean of these weights for neighboring galaxies as a function of real-space distance in 500
kpc bins for the 9.6 < logM

stellar

< 10 stellar mass bin of the primary galaxies. If the
conformity signal is due entirely to quenched galaxies being surrounded by more massive
galaxies than unquenched galaxies, then the signal should be of the same magnitude as
in Fig. 2.3, whereas if the signal is not due to the masses of the secondary galaxies, but
rather dependent on assembly history, then there should be no signal, because all that
information has been discarded by considering only mass. As can be clearly seen, there is
no remaining signal. In the bottom right panel, we can add back in the dependence on
halo assembly, but without directly using t

form

as a proxy. Rather we weight the centrals
and satellites separately, in each case by mean red fraction as a function of peak halo
mass, and we qualitatively recover the conformity signal. This reinforces the idea that
there is nothing special about formation time, per se. Rather, any additional measure of
halo assembly, including splitting by central and satellite galaxies, introduces a bias not
included by a single definition of mass.
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In this scenario, the exact definition of halo formation is unimportant; we

question whether knowing something of a halo’s environment is a su�cient proxy for

its assembly history. We tackle these issues in this Section, by further noticing that

the red fraction for centrals and satellites as a function of halo mass is substantially

di↵erent, with satellites on average much redder than centrals (Fig. 2.8, top right):

therefore, even if mass alone is insu�cient to explain the conformity signal, the

central–satellite division could produce an e↵ect in the correct direction.

In Fig. 2.8, bottom left, we confirm that the clustering dependence we measure

in Illustris is not merely a product of low-mass quenched primaries being in the

large-scale environment of more massive secondaries. To test this, we measure a

weighted conformity signal, in which the weights are assigned solely as a function of

the peak halo mass. First, we measure the mean quenched fraction as a function of

halo mass in appropriately small bins (Fig. 2.8, solid line, top right.) Then, by fitting

a spline over the halo masses our our galaxy sample, we have assigned an average

“quenched weight” to each halo based on its total halo mass. We then measure the

equivalent mean weighted quenched fraction as a function of radius.

If the conformity signal was caused by higher red fractions in higher mass bins,

combined with the fact that smaller mass quenched galaxies were more often found in

the vicinity of these haloes, then we would expect to reproduce our conformity signal

from Fig. 2.3. In this case, however, we see in Fig. 2.8 (bottom left) that erasing

the spatial information and measuring the conformity signal due to the average

red fraction completely eliminates all trace of conformity. This is because it is not
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merely the halo masses making the galaxies around quenched galaxies preferentially

quenched, but some other property associated with halo assembly. However, it also

suggests that satellite-specific baryonic processes may be partially degenerate with

long-term environmental e↵ects for creating the color–halo age relation. Still, we

note that based on the previous subsection, satellite quenching mechanisms cannot

be solely responsible, because galactic conformity remains, even when only central

galaxies are considered, albeit out to smaller scales.

Now, we add the assembly information: we repeat the above procedure for

assigning quenched weights independently for centrals and satellites. Each central

is assigned a weight based on its red fraction as a function of central peak halo

mass, and each satellite is assigned a weight based on its red fraction as a function

of satellite peak halo mass. Once again, we measure the average mean weighted

quenched fraction around our primary galaxies. The results (shown again for the

9.6 < logM
stellar

< 10 stellar mass bin; Fig. 2.8, bottom right panel) replicate

the qualitative results seen in the top left plot of Fig. 2.3: namely, we can model

galactic conformity also by using the central vs satellite split. This is not surprising:

satellites are, by construction, significantly older at fixed stellar mass than central

galaxies. Thus, using the central vs. satellite information rather than the formation

times gets at similar information regarding the assembly history. Both formation

time and whether a galaxy is a satellite are proxies for the much more complicated

information encoded in the full history of a halo’s location within its environment.

However, the amplitude of this signal is roughly similar to the ‘No Scatter, t50’
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model in Fig. 2.6. Thus, like the 50% formation, the central-satellite split contains

less information about the color of a galaxy than its 75% formation time.

2.5.4 Toward Comparisons with Observations

In this paper, we have focused on the measurement of the conformity signal in the

Illustris simulation almost exclusively from a theoretical perspective. However, in

the previous sections we have touched upon typical observational choices that can

a↵ect the measured amplitude and shape of the galactic conformity e↵ect. Here, we

attempt a summary of such approaches and present future analysis directions.

A few choices distinguish this work from observations-based ones (e.g.,

Kau↵mann et al. 2013) and make direct comparisons di�cult to interpret. These

include: 1) di↵erent isolation and selection criteria, which a↵ect satellite galaxy

inclusion; 2) 3D vs 2D projected separations with additional redshift-space cuts; 3)

di↵erent averaging approaches for the measurement of the signal, i.e. non-stacking

vs stacking techniques of the primary galaxies; 4) di↵erent splittings of the galaxy

population into quenched and star-forming samples, as fixed binary groupings (red

and blue galaxies) vs a more continuous split by sSFR percentiles typically done in

observations; and finally 5) di↵erent apertures for the measurement of the relevant

galaxy properties themselves, either colors or sSFR, i.e., within the whole galaxy or

within a multiple of the stellar half-mass radius vs within the aperture of the SDSS

⇠ 1 kpc fibers (or consistently corrected measurements).
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In Section 2.5.2, we have demonstrated that the amplitude of the galactic

conformity signal is enhanced with the inclusion of satellite galaxies in the primary

and secondary samples, and that the far-field term is due exclusively to satellite

galaxies. We have therefore inferred that di↵erent methods for classifying isolated

galaxies and separating centrals from satellites might imply di↵erent quantitative

results. This is in agreement with the findings of Campbell et al. (2015), who

have more systematically quantified to what extent errors in group finders can

a↵ect color-dependent occupation statistics measured directly with galaxy group

catalogues. For example, Kau↵mann et al. (2013) find a conformity e↵ect for

quenched galaxies predominately out to a projected 3 Mpc: given our findings from

Fig. 2.7, this could be associated to a central-central correlation alone, but some of

the amplitude is likely due to the inclusion of isolated satellites as well.

We have also tested (but not shown) that measuring conformity in Illustris as

a function of 2D projected separations instead of 3D real-space distances reduces

the amplitude of the signal, and so, for example, we would expect that a projected

conformity signal at any distance would require a 3D signal out to an even larger

radius.

Relatively to the averaging technique, Kau↵mann et al. (2013), for example,

stack their galaxies in each primary bin together, thus weighting more heavily

galaxies with more satellites. On the other hand, as noted above, in this work we

average the red fractions for each galaxy together, thus equally weighting primary

galaxies that, when binned in stellar mass, can di↵er in halo mass by up to a factor
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of 10. When we stack instead, the primary di↵erence is that the plateau at large

radii in the conformity signal truncates earlier. This is interesting, as it suggests

that the farthest-field e↵ects are being driven by primary galaxies in low-density

environments (as defined by number of neighbors), whereas the nearest-field are

being driven by galaxies in high-density environments. Paranjape et al. (2015)

suggest that only at the large (> 8Mpc) scales is the di↵erence between 1-halo and

2-halo conformity discernible. If the choice of whether to stack or not a↵ects the

amplitude at these scales, then great care must be taken to understand what signal

is expected from assembly bias, in addition to the interpretation complications

associated to scale-mixing, given that large-radius e↵ects in 3D can a↵ect, at reduced

amplitude, 2D conformity on smaller scales.

Furthermore, in this work, we have split our sample into red and blue

populations, rather than using the full sSFR distribution. As commented in Section

2.3, this choice can per se a↵ect the detection of a primary-mass dependence of

the conformity signal. Splitting sSFR by percentiles has the potential to reveal the

overall trend in conformity in a single-mass bin – in particular, whether the trend

is continuous or exhibits sharp features – while using a global color cut highlights

any change in red fraction as a function of mass. Both choices are useful, but

comparisons need to be done with care. In this work, measuring conformity based

on sSFR percentile binning would accentuate possible di↵erences in the overall sSFR

distribution between the simulation and observations, potentially obscuring the

nonetheless robust connection between halo age conformity and galactic conformity
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through the color–halo age relation.

If the simulated and actual one-point sSFR distributions do not match each

other, two-point statistics will not match each other either. In Illustris, both the

color–magnitude diagram and the sSFR distribution as a function of stellar mass are

in reasonable agreement with the observations. However, it has been shown that a

significant fraction of red and quenched galaxies is in fact missing in Illustris at the

intermediate and large mass range (Vogelsberger et al. 2014b; Genel et al. 2014),

making the Illustris color distribution less bimodal than observed. In fact, when we

split the Illustris sample by sSFR percentiles, as Kau↵mann et al. (2013) do with

the Guo et al. (2011) semi-analytical model, we also find a weaker conformity signal

than the one inferred from SDSS – e↵ectively by construction given the narrower

range of sSFR. Such discrepancy can point either to di↵erences in the way color

or sSFR are being measured, or to choices of the subgrid and galaxy-formation

models that are adopted in Illustris but that do not fully capture galaxy processes.

With regard to the actual measurement technique, it would be indeed ideal to be

able to directly measure sSFR in the inner cores of Illustris galaxies using mock

fibers, rather than to compare some choice for a simulated global value (e.g., the

half-mass or twice-half-mass radius SFR values) with the corrected global SDSS

SFRs (Brinchmann et al. 2004). We have tried this approach, but at z = 0, the mock

fibers are barely larger than Illustris’ resolution of 700 pc, and so the comparison

relative to point 5) above is simply not feasible at this time. As for the latter point,

we are planning to explore in future analyses the emergence of galactic conformity
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and of the color–age relation, and specifically to address how the actual shape of

the galaxy color distribution at fixed mass a↵ects the amplitude and shape of the

galactic conformity signal: this will be possible thanks to upcoming realizations of

the Illustris volume with di↵erent prescriptions for the underlying galaxy-formation

and subgrid models.

Finally, the discussion proposed thus far serves to emphasize the degree to which

methodology impacts the perceived amplitude and shape of galactic conformity.

In a recent work, Kau↵mann (2015) has presented an independent comparison of

conformity-like signals in Illustris and SDSS, by making use of the publicly available

Illustris data (Nelson et al. 2015) and by concluding that the simulated conformity

e↵ects do not show comparable strength to those seen in observations. It bears

emphasizing clearly that our primary results and the conformity signal from Illustris

presented by Kau↵mann (2015) in Fig. 8 are not in conflict, but two di↵erent analyses

of the same underlying simulation. Whereas Kau↵mann (2015) presents Illustris data

to directly compare to observations, our focus is on understanding the conformity

signal in the Illustris Simulation. In fact, the apparent qualitative discrepancies are

due to observationally-motivated choices as the one discussed above. The di↵erence

in sSFR distributions, together with the employment of projected separations and

stacking techniques, is bound to suppress the measured conformity signal, therefore

explaining why the Illustris-based results in Kau↵mann (2015) appear weaker than

the one presented here. In turn, the fact that the conformity signal in Fig. 8 of

Kau↵mann (2015) is weaker than the one inferred from SDSS data might indeed
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imply that in our simulation galactic conformity is underestimated: it is reasonable

to speculate that a stronger bimodality in the simulated Illustris galaxy population

or simply a di↵erent galaxy color distribution that better matches observations could

enhance the theoretically-measured conformity signal herein presented.

2.6 Summary and Conclusions

In this paper we have presented a series of phenomenological measurements of

the galactic and halo clustering signals and of the relation between galaxy colors

and dark-matter halo ages from the redshift z = 0 snapshot of the Illustris

simulation. This is a full-volume cosmological hydrodynamical simulation from

which we have selected a sample of about 18,000 galaxies with stellar mass

> 2⇥ 109M� in a 75h�1 Mpc box. Rather than compare directly with observations,

we have chosen to analyze the conformity signal found in Illustris and sought

to explain it in the context of dark-matter halo clustering. Further, we have

attempted to understand what confounding e↵ects may a↵ect the inferred am-

plitude and shape of the galactic conformity signal obtained from actual observations.

Our primary results are as follows:

1. We find that the colors of galaxies at fixed stellar or halo mass are spatially

correlated for pair separations that go well beyond the virial radius. Namely,
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we find in Illustris that red isolated galaxies are surrounded by a higher fraction

of red neighbors than their bluer counterparts, in qualitative agreement with

recent observational claims.

2. This galactic conformity signal extends out to ⇠ 10 Mpc for low mass primary

galaxies (far-field term), has a larger amplitude at separations smaller than

about 3 Mpc (near-field term), and decreases in overall amplitude toward

higher primary mass (Fig. 2.3).

3. In concordance with previous gravity-only numerical studies, we find a

qualitatively similar dark-matter halo conformity signal, in which older haloes

are preferentially neighbored by older haloes, at fixed mass (Fig. 2.4).

4. We show that a galaxy color–halo age relation naturally arises in the Illustris

Simulation, with the reddest galaxies being preferentially found in the oldest

dark-matter haloes (Fig. 2.5).

5. We demonstrate that a plausible interpretation of the galactic conformity

e↵ect can be given as the combination of the halo conformity signal with the

relation between galaxy colors and halo ages.
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6. In practice, we show that by using abundance and age matching, we

can reproduce the signal measured directly in the Illustris simulation,

demonstrating that once a reasonably tight relationship exists between

galaxy property (in this case, color) and the underlying halo property

itself clustered (in this case, halo age), then galactic conformity is, to first

approximation, a consequence of halo conformity. Conversely, increasing

the scatter in the color–halo age relationship lowers the amplitude of the

so-modeled conformity, suggesting that strong feedback mechanisms that

remove this galaxy-halo correlation may eliminate entirely any galactic

conformity signal. In this picture, the underlying dark matter clustering

is the primary contributing factor to the galactic conformity signal, rather

than a spatial correlation induced by baryonic processes. A color–halo age

relation must necessarily be present for a galactic conformity signal to be visible.

7. In fact, di↵erent proxies for the assembly history of haloes (di↵erent halo

formation time choices, as well as knowledge of whether a galaxy is a central

or satellite) can give substantially di↵erent quantitative results, even as the

qualitative picture remains the same. Thus, understanding the primary way in

which assembly history a↵ects galaxy properties remains an outstanding issue.

8. Finally, we show that the conformity signal out to ⇠ 3 Mpc arises from both

correlations between central galaxies and from central-satellite correlations.
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Therefore, there is a 2-halo e↵ect in Illustris accounting for the near-field

conformity signal, as well as a 1-halo term. At larger radii, the signal is driven

by the correlation between central galaxies and the satellites of other centrals.

We note that the actual quantitative amplitude of the theoretically-predicted

conformity signal ultimately depends on the simulated color-magnitude diagram

(or equivalently, the sSFR vs stellar mass distribution). Given the lack of a strong

bimodality of Illustris galaxies colors at intermediate masses and given the lack of

a significant fraction of quenched galaxies towards the high-mass end, it is likely

that the quantitative galactic conformity results presented in Fig. 2.3 underpredict

the observational conformity. Nonetheless, this paper shows that even with a

significantly smaller bimodality, halo assembly bias is an e↵ective mechanism for

producing a galactic conformity signal in Illustris. Spatial correlations or interactions

between baryons in di↵erent haloes are not needed; all that is required is a strong

enough correlation between halo age and galaxy color. However, we do not rule out

the possibility that the color-halo age relation could be induced by baryonic physics

that a↵ect volumes beyond the virial radius. As new measurements are made in

di↵erent spatial fields and at higher redshifts, the selection criteria and the choice of

stacking techniques may have a dramatic e↵ect on the amplitude and shape of the

conformity signal inferred from observations, and therefore, on its interpretation.
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Abstract

We report small-scale clustering measurements from the PRIsm MUlti-object

Survey (PRIMUS) spectroscopic redshift survey as a function of color and luminosity.

We measure the real-space cross-correlations between 62,106 primary galaxies with

PRIMUS redshifts and a tracer population of ⇠ 545,000 photometric galaxies over

redshifts from z = 0.2 to z = 1. We separately fit a power-law model in redshift and

luminosity to each of three independent color-selected samples of galaxies. We report

clustering amplitudes at fiducial values of z = 0.5 and L = 1.5L⇤. The clustering

of the red galaxies is ⇠ 3 times as strong as that of the blue galaxies and ⇠ 1.5 as

strong as that of the green galaxies. We also find that the luminosity dependence

of the clustering is strongly dependent on physical scale, with greater luminosity

dependence being found between r = 0.0625h�1 Mpc and r = 0.25h�1 Mpc ,

compared to the r = 0.5h�1 Mpc to r = 2h�1 Mpc range. Moreover, over a range

of two orders of magnitude in luminosity, a single power-law fit to the luminosity

dependence is not su�cient to explain the increase in clustering at both the bright

and faint ends at the smaller scales. We argue that luminosity-dependent clustering

at small scales is a necessary component of galaxy-halo occupation models for blue,

star-forming galaxies as well as for red, quenched galaxies.
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3.1 Introduction

Because baryons are a subdominant component of the matter density of the universe

in ⇤CDM cosmology, galaxies form within dark matter overdensities. Precise

measurements of galaxy clustering can thus be used to probe the underlying dark

matter structure, and the dependence of clustering on galaxy properties can be used

to examine the connection between galaxy formation and the large scale structure

environment.

Redshift surveys supply increasingly plentiful data, and galaxy clustering

measurements continue to o↵er one of the best ways to interpret these surveys in the

context of the ⇤CDM framework. At low redshifts, for example, the 2-degree Field

Galaxy Redshift Survey (Colless et al. 2001), the Sloan Digital Sky Survey (SDSS;

York et al. 2000), and the 6-degree Field Galaxy Survey (Jones et al. 2009) measured

hundreds of thousands of redshifts over tens of thousands of square degrees out to

z ⇠ 0.2. At intermediate redshifts, the wide-field AGN and Galaxy Evolution Survey

(AGES; Kochanek et al. 2012) measured tens of thousands of redshifts over almost

eight square degrees, and at higher redshifts, surveys such as the DEEP2 Galaxy

Redshift Survey (DEEP2; Newman et al. 2013), zCOSMOS (Lilly et al. 2007), and

the VIMOS-VLT (Very Large Telescope) Deep Survey (Le Fèvre et al. 2005) have

measured tens of thousands of redshifts each over fields up to a few square degrees.

Previous studies have established that the galaxy clustering signal depends on

observational quantities such as morphology, luminosity, color, and their physical
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analogs such as stellar mass and star formation rate. For example, Davis & Geller

(1976) measured steeper autocorrelation functions for elliptical than spiral galaxies,

Dressler (1980) provided evidence that galaxies with more luminous spheroidal

components preferred higher density regions, and White et al. (1988) showed that,

in agreement with Cold Dark Matter models, galaxies with higher circular velocities

traced high density environments. More recently, observations from the local universe

out to redshifts of z ⇠ 1 demonstrate that red, passive galaxies form are more highly

clustered than blue, star-forming galaxies (e.g., Zehavi et al. 2005; Coil et al. 2008;

Skibba et al. 2009), and that galaxies with higher luminosity and stellar mass are

more clustered than those with lower luminosity and mass (e.g., Norberg et al. 2001;

Coil et al. 2006; Meneux et al. 2006; Meneux et al. 2009; Coupon et al. 2012; Marulli

et al. 2013). In particular, the faint and bright ends of the luminosity spectrum of

red galaxies show increased clustering (e.g., Hogg et al. 2003; Eisenstein et al. 2005;

Swanson et al. 2008; Zehavi et al. 2011). Using photometric redshift surveys, the

dichotomy between quiescent and star-forming galaxies, and the emergence of their

di↵erential clustering, has been studied out to beyond redshift of z = 3 (Williams et

al. 2009; Hartley et al. 2010; Hartley et al. 2013).

Into this context, the PRIsm Multi-object Survey (PRIMUS; Coil et al. 2011;

Cool et al. 2013) measures ⇠ 130,000 redshifts from z = 0.2 out to z = 1.2 over

almost ten square degrees. With a larger survey area to reduce cosmic variance and

more depth than previous intermediate redshift surveys, PRIMUS allows for the

measurement of the evolution of galaxy properties over this redshift range and of
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clustering as a function of galaxy properties out to z ⇠ 1. Only the VIMOS Public

Extragalactic Redshift Survey (VIPERS; Guzzo et al. 2014) is comparable in its

targeting of a similar number of redshifts out past z ⇠ 1 over a wide survey area,

although to a slightly lower depth.

The first clustering results from PRIMUS (Skibba et al. 2014) used auto-

correlations to measure the galaxy clustering as a function of luminosity and color

over projected scales of 0.1h�1 Mpc  r  20h�1 Mpc . This work extends those

results to smaller scales and examines the luminosity dependence as a function of

color and scale. We employ the cross-correlation methodology of Eisenstein (2003;

hereafter E03) to measure the real-space, deprojected clustering of 62,106 PRIMUS

galaxies with respect to ⇠ L⇤ tracer galaxies drawn from a parent population of

⇠ 545,000 photometric galaxies from the imaging catalogs that overlaps the PRIMUS

footprint. Eisenstein et al. (2005; hereafter E05) previously applied this technique to

LRGs in SDSS; we now extend this to a wider range of luminosities and colors, to

smaller physical scales, and to higher redshifts.

By cross-correlating our primary galaxies against a sample nearly ten times

larger, we avoid the Poisson noise inherent in the autocorrelation of small subsamples

of galaxies. For example, it is less important, in our case, that bins in luminosity

be of relatively equal size, because the secondary sample defines the environmental

densities around each population in precisely the same manner, and so even bins

with relatively small numbers of primary galaxies have small error bars. This is

important because we wish to measure the clustering out to z = 1, where we must
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contend with small total numbers of galaxies, while still measuring trends over

subsamples in color and luminosity.

Precise measurements of small-scale clustering are crucial to understanding

galaxy formation. These cross-correlation measurements bear directly on the

connection between dark matter halo properties and galaxy properties predicted

and interpreted with analytic and semi-empirical models of galaxy formation (e.g.,

Peacock & Smith 2000; Berlind & Weinberg 2002; Yang et al. 2003; Zehavi et al.

2005; Conroy et al. 2006; Skibba & Sheth 2009; Behroozi et al. 2010; Moster et

al. 2010; Hearin & Watson 2013; Masaki et al. 2013), by probing the “one-halo”

term and the transition to the “two-halo” term. By examining jointly the relative

clustering of color and luminosity selected galaxy samples over these scales, we can

study how galaxy evolution depends on the local environment. In this paper (Paper

I), we present our initial results along with interpretations in the context of halo

models. In a follow-up paper (Paper II), we will address the presence of galactic

conformity (see Weinmann et al. 2006; Kau↵mann et al. 2013; Hearin et al. 2015a;

Hartley et al. 2015) in the PRIMUS sample.

The paper proceeds as follows: Section 2 provides a detailed explanation of the

cross-correlation methodology. Section 3 overviews the PRIMUS survey and presents

the sample selection for both the spectroscopic and imaging samples. We present

our results in Section 4 and interpret them and compare them to the literature in

Section 5. We conclude in Section 6 by highlighting our main results and suggesting

avenues for future investigation. Throughout this paper, we use an ⌦
m

= 0.3 flat
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cosmology with h = 1. We use AB magnitudes with dust reddening corrections

applied (Schlegel et al. 1998).

3.2 Cross-correlation Methodology

We measure the real-space galaxy clustering using the angular cross-correlation

methodology described in E03. This requires both a primary galaxy sample with

known redshifts and a significantly larger catalog of photometric galaxies. In our

case, the primary sample uses PRIMUS galaxies with spectroscopic redshifts (Section

3.4), and the secondary sample uses galaxies from the imaging catalogs that overlap

the PRIMUS field. The imaging catalog provides a tracer population with which to

measure the real-space density around each spectroscopic galaxy. We calculate the

cross-correlation signal for each primary by assuming that all imaging galaxies are at

the same redshift as the spectroscopic galaxy. This allows us to calculate passively

evolved, k-corrected absolute magnitudes (see Section 3.3) and projected distances

for each imaging galaxy. We then cross-correlate with the spectroscopic PRIMUS

primary galaxy only those imaging galaxies in a fixed luminosity bin, so as as to have

a tracer population with a well-understood number density. Because foreground and

background galaxies in the secondary sample have no physical correlation with the

spectroscopic galaxy, only those imaging galaxy that are at the same redshift will

contribute to the clustering signal; E05 shows gravitational lensing can be neglected.
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3.2.1 Computational Details

By assuming spherical isotropy, angular clustering measurements can be inverted into

a measure of the real-space clustering, ⇠(r), using an Abel transformation (von Zeipel

1908). This deprojection, however, requires computing the derivative of the angular

clustering. Instead, the E03 method eliminates the need to calculate this noisy

derivative by integrating the correlation function over a spherical three-dimensional

window:

�(a) =
1

V (a)

Z 1

0

4⇡r2⇠(r)W (r, a) dr (3.1)

where the weighted volume V (a) =
R1
0

4⇡r2W (r, a) dr and W (r, a) is the smoothing

window, such that the correlation function is weighted by W at a distance r, given a

scale length a. �(a) is the overdensity of objects from the imaging catalog; to wit,

a measurement of �(a) = 1 would mean that the density of imaging objects in the

window W (r, a) was equal to the mean density of that imaging tracer population.

In this paper, we pick the same smoothing window as E05, which relative to a

spherical Gaussian window, reduces the contribution of spectroscopic-imaging pairs

at small angular distances to the weighted overdensity, �(a), thus reducing the

contribution of systematics from photometric deblending.

W (r, a) =
r2

a2
exp (� r2

2a2
) (3.2)

E03 shows that the �(a) statistic can be computed as a pairwise summation of
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the spectroscopic and the imaging catalogs, as:

�(a) =
1

N
sp

X

j2{sp}

1

�
0

(z
j

)V

X

k2{img}

G(R
jk

) (3.3)

=
1

N
sp

X

j2{sp}

�
j

(a), (3.4)

where N
sp

is the number of primary spectroscopic objects, �
0

(z) is the real-space

density of objects at redshift z
j

, and R
jk

is transverse distance, and where the

weighting function G(R) is defined as:

G(R) =
1

R

dF

dR
, (3.5)

F (R) =
2

⇡

Z
R

0

r2W (R)p
R2 � r2

dr, (3.6)

This method allows us to compute a noisy estimate of the overdensity, �
j

(a),

around each and every spectroscopic object. These individual values can then be

trivially averaged together over any subset of galaxies within the full sample. This

permits quick measurements of the �(a) statistic with respect to many di↵erent

dependent quantities — such as luminosity, color, and redshift — without the

computational overhead involved in repeatedly calculating the angular clustering

of di↵erent subsamples. In fact, without additional assumptions, the calculation

returns �
0

(z)�(a), which is the overdensity multiplied by the number density of

the tracer population. So in order to recover �(a), we need a model of the redshift

evolution of the number density, which we define in Section 3.3.

To correct for excluded regions (bright stars, bad pixels, edges, etc.), we create

a random galaxy catalog in which a dense set of galaxies are distributed within all

74



CHAPTER 3. LUMINOSITY-DEPENDENT GALAXY CLUSTERING IN
PRIMUS

survey gaps and around the borders of the imaging catalog masks. These random

points only need be assigned an angular position on the sky (as opposed to a

redshift, color, or luminosity). For each primary galaxy, �
j

(a) is calculated for both

galaxy-galaxy pairs and for galaxy-random pairs. These terms are summed together,

but the galaxy-random sum carries an additional weight to account for the di↵erence

in projected densities between the imaging catalog and the random catalog. This is,

in e↵ect, a volume completeness correction, upweighting �
j

(a) to account for any

masked volume in the spherical window.

We truncate the pair-wise summation at an inner radius of 500, below photometric

deblending is not su�ciently accurate. We must also truncate the summation at

an outer radius; for this, we choose r = 9a. This is large enough that the analytic

correction to the sum is small, since W (r, a) falls as a Gaussian in r/a; meanwhile, it

is small enough that we can measure the cross-correlation function out to an e↵ective

radius of 2h�1 Mpc even at our lowest redshifts. To account for the inner and outer

summation limits of our calculation, we must include in our computation an analytic

correction term that is a function of F (R). The full derivation and implementation

are given in E03 and E05.

Lastly, to correct for completeness, each galaxy receives the PRIMUS primary

sample completeness weight. These weights include both a priori magnitude- and

spatial density-dependent sparse sampling, details of which can be found in Coil et

al. (2011) and Cool et al. (2013), as well as an a posteriori spectroscopic success rate

weight — f
target

and f
collision

, respectively, as described in Equation 1 of Moustakas
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et al. (2013).

It is useful to be able to directly compare �(a) with ⇠(r). For an assumed

power-law form of ⇠(r) / r�, E05 note that the relationship between the two is given

by:

�(a) =
2

3

r
2

⇡

p
2
�+1

�

✓
2 +

� + 1

2

◆
⇠(a). (3.7)

In this work, we assume that � = �2, so �(a) = ⇠(a)/3 ⇡ ⇠(1.73a). For ease of

comparison with the literature, we thus define:

⇠�(r) = �(r/1.73) (3.8)

We report all scale-dependent measurements as a function of r. Thus, in order to

obtain our results from 0.0625h�1 Mpc  r  2.0h�1 Mpc , we choose scale factors

that range roughly from 0.036h�1 Mpc  a  1.16h�1 Mpc . Our statistic, ⇠�(r), is

directly comparable to the usual real-space correlation function, ⇠(r).

To calculate statistical errors, we use jackknife resampling of 39 spatially

coherent regions, defined such that each one has ⇠ 1,500 primary spectroscopic

PRIMUS galaxies. Each jackknife region is of order ⇠0.25deg2, and is divided in RA

and Dec, such that all PRIMUS subfields have between three and sixteen subregions,

as shown in Fig. 3.1. The spatial covariance matrix is computed using the same

conventions as Zehavi et al. (2011). For overdensities, ⇠� , at scales r
i

and r
j

, the
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Figure 3.1.—: PRIMUS coverage from the six science fields used in this work. Galaxies
are shown in color; red, green, magenta, and cyan are used only to distinguish between the
spatial jackknife regions used for error estimation, and so repeated colors are not represen-
tative of any physical di↵erence. Each jackknife region has approximately 1,500 primary
spectroscopic PRIMUS galaxies. Black points show the secondary imaging sample (sparse
sampled by 50% for visual clarity.) Tan points are randoms distributed in the masked re-
gions. At most, 100,000 random points are shown, but usually many fewer. The masked
border regions extends beyond the edges of the figures, but are not shown for clarity. In
fact, the masked regions are more densely sampled than photometric regions.
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covariance between the two values is given as follows:

Cov(⇠
�

i

, ⇠
�

j

) =
N � 1

N

NX

l=1

(⇠
�

l

i

� ⇠
�

i

)(⇠
�

l

j

� ⇠
�

j

), (3.9)

where N = 39 in this work, and ⇠
�
i

is the mean value of all subregions at scale r
i

.

3.3 Data

3.3.1 PRIMUS Motivation

The PRIsm MUlti-object Survey (PRIMUS; Coil et al. 2011; Cool et al. 2013) is a

wide-area, spectroscopic, faint galaxy survey out to z ⇠ 1. Using a low-dispersion

prism instrument, PRIMUS obtained robust redshifts of ⇠130,000 unique objects to

an accuracy of �
z

/(1 + z) ⇠ 0.005 over 9.1 deg2 of sky and to a depth of i
AB

⇠ 23.5.

To meet these needs, PRIMUS designed a low-dispersion prism to be installed

on the Magellan I (Baade) 6.5m telescope at Las Campanas Observatory. It

measured redshifts with a resolution of R = �/�� ⇠ 40. This is substantially higher

resolution than most photometric redshifts (�/�� ⇠ 3 � 5) and still more than a

factor of two better than the best photometric surveys, such as COMBO-17 (Wolf

et al. 2004)) or ALHAMBRA (Moles et al. 2008) . This reduces the average redshift

errors, �
z

/(1 + z), from ⇠3 � 5% to only 0.5% compared to the usual photometric

errors. Moreover, the redshift completeness in PRIMUS is not color-dependent (Cool
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et al. 2013). These errors are su�cient to measure large-scale clustering, and by

reducing uncertainty in the distance modulus, they also better constrain the galaxy

luminosities — important if we wish to measure luminosity-dependent clustering.

The IMACS camera on Baade has a e↵ective field of view of 0.18 deg2, making

it a good choice for a wide-field survey. Compared to a photometric redshift survey,

the decision to use a prism meant that otherwise blank sky pixels would instead

gather spectral information. The prism also allowed for ⇠ 2,500 objects to be

observed simultaneously in each pointing, more than a traditional grism or grating.

This multiplexing on a large telescope made possible both the excellent survey depth

and the high number of measured redshifts. For a more recent implementation of

similar methods, see Kelson et al. (2014).

3.3.2 Science Fields and Photometric Catalogs

The PRIMUS target selection and data reduction pipeline are described in detail by

Coil et al. (2011) and Cool et al. (2013). This works uses six of the science fields with

PRIMUS redshifts. These are the Chandra Deep Field South-SWIRE field (CDFS,

Giacconi et al. 2001), the European Large Area ISO Survey-South 1 field (ELAIS-S1,

Oliver et al. 2000), the DEEP2 02hr and DEEP2 23hr fields, the COSMOS field

(Scoville et al. 2007), and the XMM-Large Scale Structure Survey field (XMM-LSS,

Pierre et al. 2004).

For CDFS, we used SWIRE photometry (Lonsdale et al. 2003). For ELAIS-S1,
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we used combined photometry from ESO/WFI and VLT/VIMOS (Berta et al. 2006,

2008). For XMM-LSS, we used the photometry from the CFHT Legacy Survey

(Coupon et al. 2009) that has been reprocessed and published by Erben et al. (2009).

For the DEEP2 fields, we use their photometry from fields 3 and 4, which are the

23hr fields and 02hr fields, respectively (Coil et al. 2004). For COSMOS, we used the

April 2009 data release (Ilbert et al. 2009). Figure 3.1 shows the sky coverage of the

spectroscopic and imaging samples for each science field. Table 3.1 lists properties

of each field for both the spectroscopic and imaging samples, whose selections are

described in detail in the subsequent section.

3.3.3 Imaging Sample Selection

We select our secondary imaging sample from the parent catalogs in two steps. First,

as necessary, we apply zero-point corrections, convert from Vega to AB magnitudes,

apply extinction corrections, and remove stars using star-galaxy flags as given by

each survey. See Coil et al. (2011) for further details on these corrections, which

are identical in our science analysis, except for CDFS zeropoints, for which no

o↵set was applied. We remove any objects that fall outside of our imaging masks.

It is imperative that the photometry inside our masks be as uniform as possible

(e.g., surveyed to the same depth) and that it not be a↵ected by cosmic rays, bad

pixels, or saturation due to nearby bright stars. Thus, we choose to be relatively

conservative in expanding bright star regions and masking areas in which there is
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Table 3.1:

PRIMUS Spectroscopic and Photometric Statistics

Field RA a Dec a A b

spec

N c

spec

N d

red

N d

green

N d

blue

N e

jack

A f

img

N g

img

CDFS 03:32 -28:54 1.95 12481 2726 1258 8461 8 2.14 74000

COSMOS 10:00 +02:21 1.03 7918 1802 737 5379 5 1.59 59000

DEEP2 02hr 02:30 +00:36 0.58 4849 1030 500 3319 3 0.86 25000

DEEP2 23hr 23:30 +00:09 0.67 4814 1261 374 3179 3 0.96 25000

ELAIS S1 00:36 -43:30 0.90 6676 1909 823 3944 4 1.41 39000

XMM-LSS 02:20 -04:45 2.88 25368 5740 2254 17374 16 15.72 322000

Total 9.05 62106 14504 5946 41656 39 22.68 545000

a Approximate field centers (J2000); see Coil et al. 2011) for details

b Area of primary science fields (in deg2); does not include primary objects removed due to location

outside of imaging mask

c Number of primary PRIMUS objects used in this work

d Number of primary PRIMUS objects in each color sample

e Number of jackknife regions used to calculate cosmic variance errors

f Exact area of imaging mask (in deg2)

g Approximate number of imaging galaxies used in cross-correlation calculation
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uneven coverage (e.g., vignetting at survey edges). Our survey region boundaries are

defined using mangle (v2.2, Swanson et al. 2008).

Second, for the entire imaging sample, we precompute a grid of k-corrections

from the entire range 0.2  z  1.0 in increments of �z = 0.02. This reduces

the computational overhead of selecting the secondary luminosity-defined tracer

galaxies. We assign to each imaging galaxy the absolute magnitude it would have at

the redshift of the spectroscopic galaxy. Then, we apply the appropriate k-correction

(kcorrect, version 4.2; Blanton & Roweis 2007) and passively evolve the galaxy from

this redshift to z = 0.1, by linearly interpolating between the grid of k-corrections

and evolving the imaging galaxy as M
g,0.1,k+e

= M
g,0.1,k

+Q(z � 0.1), with Q = 2.04

magnitudes per unit redshift (Blanton et al. 2003). A photometric galaxy becomes

part of the secondary sample for a given primary object if M
g,0.1,k+e

falls within an

empirically defined range. An empirical tracer sample is defined as:

M⇤
g,0.1,k+e

� 0.5  M
g,0.1,k+e

 M⇤
g,0.1,k+e

+ 1.0 (3.10)

where M⇤
g

= �19.39 (Blanton et al. 2003). Note that, unless otherwise indicated, all

absolute magnitudes in the paper are k-corrected and passively evolved to z=0.1,

but henceforth, we will suppress the additional subscripts, and write the absolute

magnitudes more concisely as M
g

.

Choosing a fixed absolute magnitude range for our imaging sample defines a

nearly uniform population of tracers galaxies. The actual spatial density of the
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imaging catalog at a particular redshift is unknown because it depends on the true

evolution of a diverse population of galaxies that includes a range of spectral and

morphological types. If our model evolution di↵ers from the actual evolution, then

our clustering amplitude measurement will evolve anomolously in redshift, even if

the underlying clustering amplitude of our primary spectroscopic sample is constant;

hence, we do not attempt to constrain redshift evolution in this work. Nonetheless,

the relative clustering amplitudes of di↵erent luminosity and color subsamples at a

given redshift are still exactly correct, because the same secondary tracer population

is used to measure the cross-correlation around all PRIMUS galaxies, and these

relative amplitudes (e.g., red vs. blue clustering) can be compared exactly across

redshifts.

While we have attempted to reduce the number density evolution of our

secondary sample, we are constrained by completeness limits in the imaging catalogs

at high redshift. A lower value of passive evolution, Q, for our empirical selection

would bring the SDSS results into better agreement with, for example, the DEEP2

luminosity function (Willmer et al. 2006) at intermediate redshift. However, using

the higher passive evolution measured by SDSS allows us to use the faintest possible

selection at high redshift, while still using ⇠ L⇤ tracers at low redshift. This implies

that we are likely cross-correlating our PRIMUS galaxies with a slightly more

biased tracer population at higher redshifts than at lower redshifts. We account

for this o↵set in our calculation of the real-space number densities of our tracer

sample. We integrate the luminosity function to obtain the number density for
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our empirically-selected tracer population. We choose the theoretical luminosity

evolution model so that the predicted number density at z = 0.5 of a 1.5 magnitude

bin around M⇤ is roughly equivalent given the luminosity functions of SDSS (Blanton

et al. 2003) and DEEP2 (Willmer et al. 2006). We used the DEEP2 fits for their

hzi = 0.9 sample with ‘optimal’ weights. This is still necessarily an approximation

because the luminosity functions do not agree on the slope of the faint end. Table 3.2

gives the values of �
com

in increments of �z = 0.05.

The theoretical evolution model passive evolution model is:

M
g,0.1,k+e

= M
g,0.1,k

+Q(z � 0.1) (3.11)

Q = q
0

(1 + q
1

(z � 0.1)) (3.12)

where q
0

= 2.0 and q
1

= �0.8.

3.3.4 Spectroscopic Sample Selection

We select our spectroscopic sample from PRIMUS’s ‘primary’ catalog, whose

known selection function allows us to create a statistically complete galaxy sample.

We select only those galaxies with high-quality redshifts (Q � 3) in the range

0.2  z  1.0. We have tested our analysis on only the highest redshift quality,

Q4, selection, and the di↵erence in results is within our statistical errors, so we

choose to use the somewhat larger sample. From comparisons to higher-resolution

84



CHAPTER 3. LUMINOSITY-DEPENDENT GALAXY CLUSTERING IN
PRIMUS

Table 3.2:

Modeled Densities of Secondary Sample

z �
com

(z) a z �
com

(z) a z �
com

(z) a

0.20 1.2798 0.50 1.0741 0.80 0.6306

0.25 1.2623 0.55 1.0155 0.85 0.5424

0.30 1.2384 0.60 0.9499 0.90 0.4545

0.35 1.2077 0.65 0.8779 0.95 0.3693

0.40 1.1702 0.70 0.7999 1.00 0.2649

0.45 1.1257 0.75 0.7171

a The values of the comoving densities �
com

(z), which are calculated by matching SDSS (Blanton

et al. 2003) and DEEP2 (Willmer et al. 2006) luminosity functions at z=0.5, are in units of

10�2 h3 Mpc�3 . Because our measurements are in physical units, when we calculate ⇠� , we divide

out the proper density, �0 = (1 + z)3�
com

.
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spectroscopy, the fractional redshift error �
z

/(1 + z) < 0.03 for 92.2% galaxies

and < 0.1 for 98% of galaxies. The dispersion among the 92.2% with the highest

quality redshifts is �
z

/(1 + z) ⇠ 0.0051 (for details, see Coil et al. 2011). As noted

in Section 3.2, each galaxy in the primary catalog has an individual completeness

weight by which we weight all of our clustering measurements. We eliminate from

our primary sample any galaxy that falls outside our imaging mask. This a↵ects

at most only a handful of objects in all fields except CDFS, where it a↵ects ⇠ 600

galaxies. Even then, this is only ⇠ 1% of our primary catalog, and so we err on the

side of being conservative and avoid galaxies where photometric issues might bias

our results. Lastly, we exclude any primary galaxies for which the angular masks

account for more than 50% of the projected area on the sky at the largest scale.

In this paper, we report results in terms of the k-corrected and passively evolved

absolute magnitudes, M
g

, of the PRIMUS galaxies. We use the quadratic passive

evolution model given in the previous subsection, where q
0

= 2.0 and q
1

= �0.8.

Figure 3.2 plots absolute magnitude versus redshift for our primary sample.

We divide our primary science sample into three rest-frame color bins: red,

green, and blue. We do so using a linear fit to the red sequence, using M
g

and u� g

color, over the full redshift range of our primary sample, and over the magnitude

range �21  M
g,k

 �17, where the red sequence is well-sampled. We fit using

k-corrected (but not passively evolved) absolute magnitudes. Specifically, the M
g

vs. u � g color space is binned in 0.25 increments in magnitude and 0.05 in color,

and the red sequence is defined in each magnitude bin as the peak of the color
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Figure 3.2.—: Contours for 50%, 87%, and 99.7% inclusion in absolute M
g

versus redshift
space for the 62,106 PRIMUS galaxies used in this work. Galaxies are k-corrected and
passively evolved to z = 0.1. Top: A histogram of the redshifts in �z = 0.1 bins.
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distribution. We fit the red sequence slope, and then shift it in color-space to define

the other color bins. The shift is chosen so that the color cuts roughly match those

of Skibba et al. (2014), in which magnitudes were k-corrected to z = 0 rather than to

z = 0.1, so that the results can be more easily compared. We then allow for redshift

evolution in the color cuts using the values found by Aird et al. (2012). We obtain

the following color cuts for the lower bound of the red sample and the upper bound

of the blue sample:

(u� g)
red

= �0.035M
g

� 0.065z + 0.848 (3.13)

(u� g)
blue

= �0.035M
g

� 0.065z + 0.648 (3.14)

The green sample is the independent subset from the upper blue boundary to

the lower red boundary. Figure 3.3 plots M
g

versus u� g color for our spectroscopic

sample, with the color cuts for a galaxy at z = 0.5 overlaid.

Having chosen to use a flux-limited sample to enhance the size of our primary

sample, we need to account for the redshift-dependence in out results. We do this

in two ways, each of which highlights di↵erent science results. First, we fit the

clustering amplitudes to a joint power-law model in redshift and luminosity. For

each color sample, the model takes the form:

⇠data
�,i

= ⇠model

�

✓
1 + z

1.50

◆
↵

✓
L

1.5L⇤

◆
�

i

(3.15)
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Figure 3.3.—: Inclusion contours, as in Fig. 3.2, but in the color-magnitude diagram of
primary galaxies. Solid lines show color cuts between the red, green, and blue samples, as
defined by Eqns. (3.12) and (3.13), for a hypothetical galaxy at z = 0.5, but actual color
bins are redshift dependent. See 3.1 and Section 3.3.4 for selection details.
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where ⇠model

�
is the best-fit amplitude at the fiducial normalization of z = 0.50 and

L = 1.5L⇤ at the ith scale. We fit the model individually at each proper scale

over a dense grid in redshift while allowing only the amplitude and �
i

to vary, and

then we calculate the best-fit using �2

total

=
i=4P
i=0

�2

i

, for each grid point in redshift.

By this, we demand that the redshift evolution of the clustering amplitude be the

same as all physical scales, but we allow the luminosity dependence to vary as a

function of scale. The normalizations at z = 0.50 and L = 1.5L⇤ are chosen at

convenient locations near the median redshift value of the overall primary sample,

such that small variations in these normalizations have negligible e↵ect on the

best-fit clustering amplitude ⇠model

�
. We suppress the superscript in our plots.

Second, we present empirical clustering measurements without any underlying

assumption that the luminosity dependence is a power-law. However, because we

are using a flux-limited sample, the mean redshifts of brighter magnitude bins are

higher than those of lower magnitude bins by approximately z ⇠ 0.1 per magnitude.

Lest we confuse redshift evolution for luminosity dependence, we “detrend” the

empirical clustering amplitudes on a object-by-object basis before binning them in

magnitude. Specifically, we divide the measured ⇠data
�

by
�
1+z

1.50

�
↵

, where we use the

color-dependent value of ↵ calculated using the above model. Thus, the clustering

amplitudes presented in this way once again represent the clustering strength of a

fiducial galaxy at z = 0.5.
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3.4 Results

In Figure 3.4 (top), we present our best-fit cross-correlation measurements ⇠� of the

primary PRIMUS galaxies with respect to the photometric galaxies in the fixed,

k+evolution corrected, absolute magnitude range M⇤
g

� 0.5 < M < M⇤
g

+ 1. These

clustering amplitudes correspond to the fiducial value L = 1.5L⇤ and z = 0.5, as

given in Equation 3.13. The results cover proper scales from r = 0.0625h�1 Mpc

to r = 2.0h�1 Mpc , and we split them according to the color samples defined in

Section 3.3. The bottom plot presents r2⇠� so as better to display small deviations

from a power-law. Note that M⇤
g

⇡ �19.93 at z = 0.5 using our quadratic passive

evolution model. The corresponding best-fit values for the redshift evolution

is ↵
red

= �1.90 ± 0.64, ↵
green

= �1.25 ± 0.92, and ↵
blue

= �2.10 ± 1.15, and

the corresponding best-fit luminosity dependence are shown in Figure 3.5. We

highlight key points in this section, and we discuss them in light of theory and other

observations in the following section.

The real-space cross-correlation function of PRIMUS galaxies shows a strong

dependence on color. The clustering amplitude of red galaxies is ⇠ 1.5 to 3 times

that of blue galaxies and ⇠ 1 to 1.5 times that of green galaxies. Given the statistical

errors, this relative clustering bias between red and blue galaxies and between

red and green galaxies appears mostly constant with physical scale. However, at

250h�1 kpc , where the blue galaxy sample displays a noticeable inflection from a

power-law, there is an increase in the relative bias of red and blue galaxies.
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Figure 3.4.—: Modeled overdensity (⇠�) around red, green, and blue galaxies (red cir-
cles, green triangles, and blue squares, respectively) as a function of scale h�1Mpc . The
secondary sample has a redshift-evolving 1.5 magnitude range, as given by Eqn. (3.9). The
model is a joint power-law fit to redshift and luminosity dependence, where redshift depen-
dence is fixed across scales, but luminosity dependence varies independently at each scale.
The clustering amplitude is normalized at z = 0.5 and L = 1.5L⇤. The top panel plots ⇠� ,
whereas the bottom panel plots r2⇠� , in order to better resolve the fluctuations with scale.
Values on the horizontal axis are o↵set by 7% for visual clarity. All error bars represent
jackknife resampling over 39 spatially contiguous regions, as shown in Fig. 3.1.
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Figure 3.5.—: The best power-law exponent fit for luminosity (�) as a function of scale
for the amplitudes shown in Fig. 3.4. Red, green, and blue galaxies are represented by red
circles, green triangles, and blue squares, respectively. The functional form of the fit is given
by Eqn. (3.14), and the jointly best-fit redshift evolution (which is not scale dependent) is
↵
red

= �1.90±0.64, ↵
green

= �1.25±0.92, and ↵
blue

= �2.10±1.15. Luminosity dependence
is strongest at smaller scales for all three color samples.
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In Figure 3.5, we show the best-fit luminosity power-law exponents as a function

of proper scale. We find clear evidence that galaxies exhibit increasingly strong

luminosity dependence at the smallest scales, regardless of color, whereas luminosity

dependent clustering is consistent with zero at 250h�1 kpc and 500h�1 kpc . The

red and blue galaxy samples again appear to show slight luminosity dependence

at 1h�1 Mpc and above, but the statistical errors are large. However, as shown

next, a power-law model of the luminosity dependence is not su�cient to explain

the variation in clustering as a function of luminosity. Values for the best-fit ⇠� and

luminosity dependence parameter (�) — along with their respective jackknife errors

— are given in Table 3.3, while Table 3.4 reports the ratios of the red-green and

red-blue clustering amplitudes as a function of scale.

Figure 3.6 presents r2⇠� as a function of magnitude. Luminosity dependence

appears more complicated than a simple power-law relation, and so unlike in the

Figure 3.4, we show the empirical averages of the clustering amplitudes, not fits.

However, because we are using a flux-limited sample, the mean redshifts of the

brighter magnitude bins are higher than the lower magnitude bins by approximately

z ⇠ 0.1 per magnitude, and so as noted in Section 3.3, we detrend the galaxies to

our fiducial redshift of z = 0.5. Due to Poisson fluctuations and the large number

of bins created by subdividing in both color and luminosity, there are several bins

in which the clustering is measured to be negative. We plot those points at 10�4

instead, so that the 1� errors can be viewed on the logarithmic scale.

The results indicate that the luminosity dependence is not smooth over the range
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Figure 3.6.—: Overdensities (⇠�) for the red, green, and blue sample (red circles, green
triangles, and blue squares, respectively) as a function of luminosity M

g

. Bins are each one
magnitude in width, and centered on integer magnitudes from M

g

= �17 to M
g

= �21.
Significant breaks from a single power-law in luminosity can be seen, particularly for red
galaxies. Measurements have been normalized to redshift z = 0.5; see Sec. 3.3.4 for details.
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of luminosities available in PRIMUS. While blue galaxies’ luminosity dependence

appears to be fairly well-approximated by a power-law, the red galaxies have had

their luminosity dependence underestimated by fitting a power-law. In particular,

the apparent lack of luminosity dependence at 250 h�1 kpc and 500h�1 kpc in

Figure 3.5 obscures non-monotonicity in the luminosity dependence. On these scales,

red galaxies show the weakest clustering at roughly L⇤, with strongly increasing

clustering at higher luminosities, and weaker increases in clustering strength at

fainter luminosities. The green galaxy sample, while noisy, displays similar clustering

strength to the blue sample at the smallest scales, but is indistinguishable from the

red galaxy sample at larger scales.

3.5 Discussion

3.5.1 Comparison to Past Studies

Our results present a methodologically unique look at galaxy clustering at a fiducial

redshift of z = 0.5. In particular, we use cross-correlations to extend the study of

luminosity and color dependence down to 62.5h�1 kpc , which is smaller than other

works in the literature that look at similar trends (e.g., Hogg et al. 2003, Coil et al.

2008, Zehavi et al. 2011, Marulli et al. 2013, Skibba et al. 2014). Because our results

examine scales that are primarily a measure of the one-halo clustering, measurement

of the clustering length or clustering slope are not readily comparable with those
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measured using projected statistics to much larger scales. However, we can still

qualitatively compare the clustering as a function of color, luminosity, and scale.

In our best-fit amplitude measurements of color-dependent clustering in Fig. 3.4,

we find an o↵set of ⇠ 2 to 3 between red and blue samples at L = 1.5L⇤ in the

cross-correlation amplitude, which would be equivalent to an o↵set of ⇠ 4 to 9 in

the auto-correlation function. This is consistent with both low redshift SDSS results

(Zehavi et al. 2011) and high redshift DEEP2 results (Coil et al. 2008). We find

that this relative clustering o↵set of red and blue galaxies continues to 62.5h�1 kpc

without any noticeable increase in magnitude. In fact, the largest relative clustering

di↵erence as a function of scale occurs at r = 250h�1 kpc , which we attribute to the

fact the transition between one- and two-halo clustering terms occurring at smaller

scales for blue than for red galaxies, due to their location in less massive halos at

fixed luminosity. As seen in Fig. 3.6, this feature appears driven primarily by the

fainter blue galaxies, but is still present in all but the highest luminosity bin. Skibba

et al. (2014) also see a small but significant increase in the red to blue bias for their

lowest luminosity threshold sample at the same scale (see their Fig. 11).

We also find a monotonic increase in clustering strength from blue to red

galaxies, such that green galaxies have an intermediate clustering strength. In

both Fig. 3.4 and Fig. 3.6, we see some evidence that the green galaxy population

may be a transitional population, undergoing quenching via the environment or

internally, rather than being simply a mixture of overlapping red and blue galaxy

distributions (e.g., Mendez et al. 2011). At all scales, the clustering of green galaxies
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is statistically indistinguishable, but almost exclusively lower, than that from the

red galaxies. However, at scales of r = 250h�1 kpc to r = 1h�1 Mpc , the blue

population demonstrates a significantly lower clustering signal than either the red of

the green samples, whereas at the smallest scales, there is no statistical di↵erence

between the green and blue clustering signal. Thus, it is possible that at large

scales, green galaxies are demonstrating clustering similar to the red galaxies, while

at smaller scales showing clustering similar to the blue galaxies. A similar result

was previously found by Coil et al. (2008) at z ⇠ 1, but not by Zehavi et al. (2011)

at z ⇠ 0. Alternately, the green population may be substantially identical to the

red population, but mixed with some blue galaxies. Most directly, however, the

color-dependent results in the projected auto-correlation measured by Skibba et al.

(2014) in PRIMUS do not appear to show this scale dependence for the green valley

(see their Fig. 14). This apparent discrepancy could be a result of the combination

of di↵erent color bins and di↵erent scales. Skibba et al. (2014) measure substantial

di↵erence between the ‘redder’ and ‘reddest’ samples, but little di↵erence between

the ‘redder’ and ‘green’ samples. Furthermore, the projected statistics mix real-space

scales, so the the convergence of blue and green clustering results seen in our work

occurs at scales not adequately probed by Skibba et al. (2014). Thus we cannot

reliably discern between the two possibilities, not only because we are limited by

small number statistics (see Table 3.5) but particularly because at the smallest scale

the overall di↵erence in clustering amplitude between red and blue decreases relative

to the di↵erence at r = 250h�1 kpc . Nonetheless, this points to the impact such
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selection e↵ects can have and motivates studying clustering as a function of intrinsic

physical, rather than observable, properties, such as that being done by Mendez

et al. (2016), which is examining PRIMUS clustering as a function of specific star

formation rate and stellar mass.

As shown in Fig. 3.5, we find roughly equal luminosity dependence in all of our

color samples. For r � 250h�1 kpc , Fig. 3.6 shows luminosity dependence in the

red population only our brightest bin. The lack of luminosity dependence at scales

of roughly r = 250 � 500h�1 kpc confirms other observations at higher redshift.

VIPERS (Marulli et al. 2013) also shows a lack of either luminosity or stellar mass

dependence at this scale in their redshift-space correlation function (see their Fig. 3),

while finding more dependence at both smaller and larger physical separations. This

e↵ect is washed out in their w
p

measurements, so we should not expect to see a

similar e↵ect in Skibba et al. (2014), and we do not. On the other hand, Meneux

et al. (2009) report finding no statistically significant luminosity evolution in the

zCOSMOS survey and instead report a trend with stellar mass, particularly at small

scales (r
p

< 0.3h�1 Mpc ). Nonetheless, their Fig. 10 shows weak (if insignificant)

luminosity evolution at small scales, a trend our results confirm. Moreover, their

measurement of stellar mass versus clustering amplitude in their z = 0.5 � 0.8 bin

(see their Fig. 15) shows a similar ‘pinching’ at r
p

⇠ 0.3h�1 Mpc , in which there

is no trend in stellar mass at that scale, but there is a trend at both lower and

higher scales. Moreover, in this redshift bin, Meneux et al. (2009) report a one-halo

clustering slope that is steeper for the higher stellar mass bins, as well as significant
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excess power in the two-halo term. They discuss the possibility that these e↵ects are

due to known large-scale structure in the COSMOS field at z ⇠ 0.73. If so, then our

results, which include the COSMOS field, would be influenced by the same structure.

We tested the e↵ect of removing the COSMOS field entirely from our analysis, but

while there were minor shifts in clustering amplitude, the luminosity trend at small

scales, for all color samples, remained the same.

The luminosity dependence that we find for red galaxies agrees well with Zehavi

et al. (2011) at low redshift, who find that for large scales, there is little luminosity

dependence on the red sequence until L > 4L⇤, which indeed would enter in our

brightest magnitude bin. Likewise, at our smallest scales, we see an increase in

clustering among red galaxies. But the increase is not as substantial as in Zehavi

et al. (2011) — the clustering remains lower for the faint red galaxies than for our

bright red galaxies — and we only find evidence at the smallest scales, whereas

Zehavi et al. (2011) observe the increase in clustering out to r
p

⇡ 2h�1 Mpc . On

the bright end, again, at intermediate redshifts (0.20 < z < 0.44), E05 found a

monotonic scale dependence of the luminosity trend across a range of scales from

r ⇡ 0.22 � 7h�1 Mpc in a sample of LRGs, with smaller scales showing higher

luminosity dependence. Meanwhile, at scales of r & 1.75h�1 Mpc , the luminosity

trend is much less steep for galaxies with L < 3L⇤, while at smaller scales the

luminosity dependence was similar regardless of the luminosity range — results with

which PRIMUS concurs at higher redshift.

The luminosity dependent results for blue galaxies match the higher redshift
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DEEP2 results of Cooper et al. (2006) and Coil et al. (2008) more than the low

redshift SDSS results, which show little luminosity dependence for blue galaxies (e.g.,

Hogg et al. 2003). While not strictly a clustering study, Cooper et al. (2006), in their

analysis of local environmental densities using a projected third-nearest-neighbor

metric, found that blue galaxies showed as much of a luminosity trend as red

galaxies at z ⇠ 1, and Coil et al. (2008) found that blue galaxies exhibited

luminosity-dependent clustering at small scales. Luminosity dependence in DEEP2

red galaxies was not conclusive due to larger error bars and a smaller e↵ect size, but

in at least one bin in projected distance (r
p

⇠ 0.15; see their Fig. 9), there is a hint

of a similar trend. Additionally, Coil et al. (2008) used four luminosity thresholds

for each color subsample, but the brightest and faintest thresholds only di↵ered by

⇠ 1 in median magnitude, and probe the L⇤ regime, where luminosity dependence

is weakest. Our results show that by exploring a wider range of luminosities, both

blue and red galaxies show luminosity dependence down to z ⇠ 0.5. While Fig. 3.6

appears to support a closer adherence to a power-law dependence on luminosity

for blue galaxies compared red galaxies, further investigation of this is necessary

to determine whether it is statistically significant. Regardless of the exact form

of the dependence, luminosity dependence in the clustering of both red and blue

galaxy populations should be considered a necessary ingredient in modeling galaxy

formation.
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3.5.2 Physics of Galaxy Evolution

Both our color and luminosity dependent results have consequences for understanding

the physics of galaxy assembly and evolution. We touch briefly on the most significant

here.

In general agreement with work at both low and high redshift, we find a

monotonic increase in clustering strength from the blue, through green, to the red

galaxy samples (e.g., Hogg et al. 2003; Coil et al. 2008; Zehavi et al. 2011). However,

as mentioned in the previous subsection, we see signs that at the smallest scales,

green galaxies are clustered similarly to blue galaxies, while at larger scales, they

cluster as red galaxies. This could suggest suggest that they are not a distinct

population, separate from blue and red galaxies, but that they are being quenched

(Krause et al. 2013). This clustering significance for the green galaxies at small

scales is marginal, however, and as noted, the red and blue population are less

distinct, and so physically, we cannot reliably distinguish it from the alternative for

the green valley galaxies, which is that they are caused by scatter from the red and

blue populations, or that they are dusty star-forming galaxies. However, the fact

that the green galaxies have much more similar clustering to red than blue galaxies

between r = 250h�1 kpc and r = 1h�1 Mpc suggests that dust is an unlikely to

explain most for the e↵ect. Specifically, it appears that if the green valley is a mix of

the red and blue populations, then the majority of the galaxies must be scattering

in from the redder sample. On the other hand, if quenching is responsible for the
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signal, then satellites may be quenched as they enter the virial influence of a larger

halo, while central galaxies may be only now be reaching a point at which mergers

or internal processes are shutting o↵ star formation. Given the parity in large-scale

clustering with red galaxies, green galaxies are likely to be hosted by similar halos;

a lower small-scale clustering, although very small in this work, agrees with the

DEEP2 results of Coil et al. (2008), and the clustering signal of red spiral galaxies

in Skibba et al. (2009) (see their Fig. 10), which was smaller than for red galaxies

generally at projected scales of r
p

< 1h�1 Mpc .

We also find that luminosity dependence is strongest at the smallest scales,

and weakest at scales of r = 0.25 � 0.5h�1 Mpc , for all our our color samples.

However, the quantitatively similar fits to the luminosity dependence that we report

in Fig. 3.5 may belie di↵erent physical causes. In the two smallest bins in scale,

red galaxies begin to show increased clustering (although not to the extent of

Zehavi et al. 2011) at faint luminosities, while to statistical significance, the blue

galaxies’ clustering amplitudes plateau. This should be unsurprising if external

quenching mechanisms are at work: less luminous, blue galaxies will be correlated

with star-forming galaxies with lower stellar mass and less total gas mass. They

will remain star-forming longer if they live in matter underdense environments; if

they are satellites in more matter overdense regions, physical quenching mechanisms

will more quickly end star-formation, moving them onto the red sequence. Thus,

more extant satellites will contribute to the red galaxy clustering signal, and the

contributions to the blue signal will primarily be from the underdense field. While
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recent galactic conformity observations show that quenched fractions around passive

hosts are higher than around star-forming hosts, these results are not in conflict.

Physical quenching mechanisms will still move some less-luminous blue satellites

onto the red sequence, whether by mass-dependent quenching (Phillips et al. 2014)

or via feedback (Hartley et al. 2015) or some other process. Thus, it is not necessary

that all low-luminosity blue satellites are quenched; the shape of the clustering signal

is expected if lower-luminosity blue galaxies quench more easily than more luminous

blue galaxies.

Likewise, the relative bias of red and blue galaxies is particularly strong at

r = 0.25h�1 Mpc , where there is an inflection in the clustering of the blue galaxy

sample that is at least ⇠ 2� stronger than at the other scales. These scales roughly

correspond to the transition between the one- and two-halo clustering regimes.

Zheng et al. (2007) fit HOD models to intermediate redshift DEEP2 observations

and find the transition from the one- to two-halo term occurs at projected distances

of r
p

⇠ 0.4 � 0.6h�1 Mpc , with the higher luminosity thresholds having larger

transition distances. As those thresholds range from M
B

< �19 to M
B

< �20.5

(and noting that M
g

⇠ M
B

), while the mean luminosities of the red and blue

samples are M
g

= �19.10 and M
g

= �18.67, respectively, we would expect the halo

transition to occur at a somewhat smaller physical scale. Thus, this signal may result

from blue galaxies being found in less massive halos than their equal-luminosity,

red counterparts. However, future modeling in mock halos of the cross-correlation

statistic is clearly needed to confirm this as the likely cause.
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3.6 Conclusions

We have measured the clustering of 62,106 spectroscopic galaxies from the PRIMUS

survey between z = 0.2 and z = 1.0. We used a method previously used principally

for bright LRGs (E05; see also Hogg et al. 2003) to measure the cross-correlation

of roughly L⇤ secondary galaxies around PRIMUS primary galaxies. We use this

method to maximize the statistical power of our primary sample, while subdividing

it as a function of color, luminosity, and scale. Our key results are that:

1. We present precise and detailed measurements of strong — but notably

scale-dependent — luminosity dependence in the clustering amplitude at scales

of r = 0.0625� 2.0h�1 Mpc . This luminosity dependence is evident separately

for each of the red, green, and blue galaxy samples, showing that luminosity

dependence in clustering is not a color-dependent phenomena, nor a side-e↵ect

of changing red fractions in higher luminosity samples.

2. Luminosity dependence is present over the full luminosity range for

r  0.125h�1 Mpc , while at larger scales, the luminosity dependence is only

evident at M
g

= �21, while the clustering plateaus for fainter galaxies.

Luminosity dependence is a thus a complicated emergent phenomena that

traces the small-scale e↵ects of galaxy formation and evolution. Reproducing

color and luminosity binned clustering, in addition to average clustering,

provides better constraints on the addition of new galaxy physics and feedback

prescriptions in these models.
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3. We find that red galaxies cluster more strongly than green galaxies and much

more strongly than blue galaxies at an e↵ective redshift of z = 0.5. On average,

over physical scales of r = 0.0625 � 2.0h�1 Mpc , we detect a relative bias of

red to blue galaxies of ⇠ 2 � 3 and a relative bias of red to green galaxies of

⇠ 1.5. This agrees with previous work at both lower and higher redshifts.

4. We detect a maximum relative bias of 3.8± 0.9 between red and blue galaxies

at r = 250h�1 kpc . We posit that the significantly non-power-law behavior

of the blue galaxy correlation function at this scale that leads to this large

relative bias is indicative of the one- to two-halo transition occurring at a

smaller scales for blue galaxies.

This paper is the second in a series of papers quantifying the clustering

properties of PRIMUS galaxies. It follows Skibba et al. (2014), which examined

the color and luminosity dependence of the auto-correlation function, w
p

(r
p

),

out to r
p

= 30h�1 Mpc . Additionally, Mendez et al. (2016) will measure the

auto-correlations as a function of stellar mass and specific star formation rate.

Skibba et al. (2015) analyze the stellar mass dependent clustering of PRIMUS

galaxies using analytic models and mock galaxy catalogs. Bray et al. (in prep.)

will use the real-space, cross-correlation statistics used in this work to probe

three-dimensional galactic conformity. This follow-up paper (Paper II) will use

both luminosity- and color-selected secondary galaxies to examine the red fractions

around PRIMUS galaxies both in the ‘1-halo’ and the ‘2-halo’ regime.
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Abstract

Spectroscopic studies at very low redshifts and photometric work at higher

redshifts have found evidence of galactic conformity — the fact that quiescent

galaxies are preferentially found in the vicinity of other quiescent galaxies at fixed

stellar mass. We use the PRIsm MUlti-object Survey (PRIMUS) to investigate

galactic conformity out to r = 2h�1 Mpc based on more than 60,000 secure

spectroscopic redshifts up to z = 0.8. We split our sample by redshift, primary mass,

and secondary mass. We find the highest levels of galactic conformity for low-mass

primary galaxies and at lower redshift. However, we still detect a strong signal out

to z = 0.6, while above that, the signal becomes weaker. Particularly from z = 0.2 to

z = 0.4, we detect a strong decrease in galactic conformity from low to high stellar

masses. We emphasize that even with our large number of galaxies, cosmic variance

is significant for galactic conformity.

4.1 Methodology

In Bray et al. (2015), we analyzed the luminosity-dependence of deprojected galaxy

clustering using the cross-correlations of spectroscopic galaxies from the PRIMUS

survey and photometric galaxies from six di↵erent science fields: DEEP2 (02hr

and 23hr), CDFS, XMM, COSMOS, ES1. Our clustering analysis relied on the

methodology developed in Eisenstein (2003), in which a sample of photometric
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galaxies with unknown redshifts acts as a tracer population to measure the real-space

density around each spectroscopic galaxy. Only those photometric galaxies at the

same redshift as each spectroscopic galaxy contribute to the clustering signal. A full

description of the computational details used in this work can be found in Bray et

al. 2015 (hereafter; B15), and the methodology is derived in Eisenstein (2003) and

Eisenstein et al. (2005). In what follows, we discuss all di↵erences and additions to

the methodology between B15 and this investigation.

In this work, we investigate the presence of galactic conformity via the

di↵erential red fractions around star-forming and quiescent galaxies. To study this

as a function of primary stellar mass and redshift, we first use stellar-mass limited

catalogs for our primary PRIMUS sample, and star-forming and quiescent galaxies

are split using an evolving cut in SFR rather than by color. Second, we use stellar

mass-selected rather than luminosity-selected secondary photometric samples as our

tracer populations with which to calculate the overdensities — and subsequently,

the red fractions — around our primary galaxies. Third, and most importantly, in

addition to dividing our secondaries by stellar mass, we also use their rest-frame

colors to split them into red and blue subsamples. This last step allows us to

calculate red fractions around each spectroscopic PRIMUS galaxy.
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4.1.1 Stellar Masses

We use stellar masses and SFRs from Moustakas et al. (2013) and Mendez et al.

(2016). The stellar masses and SFRs are derived from the galaxies’ multi-wavelength

spectral energy distributions (SED) using a Baysian model, iSEDfit, to fit the

data to model SEDs generated from a multi-dimensional space of stellar population

parameters. Fiducial parameters use the population synthesis models of Conroy &

Gunn (2010), which are based on a Chabrier IMF (Chabrier 2003). The masses and

SFRs assume exponentially declining star formation histories with bursts. Details

of the code and implementation are described in Section 4 and Appendix A of

Moustakas et al. (2013).

4.1.2 Spectroscopic Sample Selection

For our primary spectroscopic sample, we begin with the same primary sample as

in B15, which is derived from PRIMUS’s primary catalog. This sample used only

science-quality redshifts (Q � 3) over the redshift range 0.2  z  1.0 that fall within

our photometric masks. There are a total sample of 62,025 such PRIMUS galaxies

that also have derived stellar masses and SFRs. Because the presence of galactic

conformity appears both highly redshift and stellar mass dependent, we divide this

sample into stellar-mass and redshift bins, as shown in Fig. 4.1. At 0.2 < z  0.4,

we set a lower bound of log(M/M�) � 9.5; at 0.4 < z  0.6, we set a lower bound

of log(M/M�) � 10.0; at 0.6 < z  0.8, we set a lower bound of log(M/M�) � 10.4;
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Figure 4.1.—: Stellar mass vs. redshift for the PRIMUS primary sample. Black lines divide
the sample into bins corresponding to the results in Figs. 4.5 – 4.10. Dashed black lines are
used to show the overlapping mass bins that we use to examine the redshift dependence of
conformity around intermediate mass primary galaxies. Galaxies are assigned completeness
weights as described in Sec. 4.2.2. Blue and red points show star-forming and quiescent
galaxies as split by Equation (4.1).
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and at 0.8 < z  1.0, we set a lower bound of log(M/M�) � 10.8. We set an upper

bound of log(M/M�) < 12.0 at all redshifts.

We adopt a related binary division into star-forming or quiescent galaxies

as Moustakas et al. (2013) (private communication). They have fit the SFR

sequence from Salim et al. (2007) as a function both of M = M/M� � 10 and

redshift. However, rather than adopt a division that closely tracers the lower

bound of the star-formation main sequence, we choose to split the samples at a

lower normalization; that is, quiescent galaxies are required to have even lower

star-formation in our analysis relative to Moustakas et al. (2013). Thus, as shown in

Fig. 4.2, we use the following:

log (SFR) = �1.29 + 0.65 log (M) + 1.33 (z � 0.1). (4.1)

As can be seen clearly in Fig. 4.1, the quiescent galaxies are generally higher

mass than the star-forming galaxies at fixed redshift, and lower redshift at fixed

mass, and this is true even within joint redshift and mass bins. Thus, in addition to

the completeness weights used in B15, we compute a SFR-dependent weight that

we include multiplicatively with the previous completeness weights. To calculate

this weight, we use a sliding box kernel with a width of 0.2 in log(M) and 0.05 in

redshift, and we either upweight or downweight the star-forming galaxies such that

their weighted number density is statistically equal to their neighboring quiescent

galaxies, as defined by both the kernel and the completeness limits as outlined in
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Figure 4.2.—: Star formation rate (SFR) vs. stellar mass in six bins of redshift from
z = 0.2 – 1 for our primary PRIMUS galaxies, similar to Moustakas et al. (2013). The
primary sample is split into star-forming (blue points) or quiescent (red points) according
to whether they lie on or by the star formation division given by equation (4.1); thus, the
line in each panel is intended only as an approximation to guide the eye, and it is shown at
the middle of the redshift range for each bin.
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Fig. 4.1. This avoids spurious weighting due to proximity to the completeness limits.

We also explored other weighting schemes; for example, we tried weighting the

quiescent histogram to match the star-forming histogram, rather than the opposite,

but because completeness weights for individual quiescent galaxies were already

higher in general, this tended to slightly amplify the shot noise. The maximum

e↵ective weight for any galaxy is ⇠28, while the mean weight is ⇠0.7.

4.1.3 Imaging Sample Selection

For the selection of our secondary imaging sample, we begin with the sample reduced

catalog as in B15. In that work, we constructed a pre-computed grid of k-corrected

luminosities (kcorrect, version 4.2; Blanton & Roweis 2007) for all photometric

galaxies, in redshift intervals of �z = 0.02. For each spectroscopic galaxy from the

primary PRIMUS sample, an imaging galaxy is assigned the luminosity and color it

would have at that redshift, by interpolating between grid points.

However, rather than define tracer populations as a function of luminosity, we

infer approximate stellar masses based on the galaxy colors and average mass-to-light

ratios. For the mass-to-light ratios, we use the PRIMUS spectroscopic sample, for

which we have both colors and modeled stellar masses, to do a linear fit of M/L
g

as

a function of g � r color. The results of these fits are shown in Fig. 4.3. We only fit

PRIMUS galaxies with redshifts of z < 0.7, and for photometric galaxies above this

range the fit from the highest redshift bin is used.
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Figure 4.3.—: Mass-to-light ratio vs. g� r color of the PRIMUS galaxies in three redshift
bins. The best-fit relation is used to define stellar masses for the photometric secondary
sample, which are used as tracers of the density field around the spectroscopic primary
PRIMUS galaxies. For secondary galaxies around PRIMUS galaxies with z > 0.7, the
relation from the highest redshift bin is used. See Sec. 4.2.3 for more details.
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Next, to calculate red fractions requires cross-correlations calculated with both

stellar mass-selected samples, only (hereafter, the ‘all’ sample), and also stellar

mass-selected samples with an additional color cut (hereafter, the ‘red’ sample.) For

the photometric galaxies, we choose to define our red population as in Skibba et al.

(2014), where a red galaxy is defined as one for which:

(u� g) > �0.031M
g

� 0.065z + 0.695; (4.2)

moreover, to reduce interlopers and hence lower our noise floor, we require that both

the ‘all’ and ‘red’ samples satisfy the criterion that 0 < u� g < 2.2.

For both our ‘all’ and ‘red’ samples, the fiducial tracer sample is defined as:

9.6  logM/M�  10.3 (4.3)

While there will be some color evolution about the secondaries due to our

choice of using a constant color cut, we are interested in galactic conformity, which

is a relative quantity. Thus, while the overall red fraction of galaxies may evolve

with redshift, the o↵set between the red fractions around star-forming and quiescent

galaxies is nonetheless robust.

For comparison, we also show results for a significantly wider stellar mass bin
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tracer sample:

9.0  logM/M�  11.0 (4.4)

This allows us to expand our secondary sample size, which is particularly productive

for higher redshift primary galaxies.

4.1.4 Clustering and Conformity Measurements

The computational details are the same as in B15, except for the the choices of

radii over which to compute the mean overdensities. In B15, we chose to use only

a handful of specific radii, each separated by a factor of two in distance, to reduce

the covariance between radial bins. However, in the present case, we choose to keep

a smoother distribution of radii, primarily for clarity. While the inflections, bin

to bin, in the red fraction signal are often at or below the noise, it is helpful to

have more bins, so as to reduce the risk of over-interpreting a single outlier. The

only modification to the computations was to change the truncation radius from

R
max

= 9a to R
max

= 8a, to better reflect the size of the individual PRIMUS science

fields.

As before, we show our results physical scale, r = 1.73a, where a is the scale

radius of the density kernel, W (a). We do so to emphasize the connection between

the overdensity statistic �(a) and the correlation function ⇠(r). If the slope of the

correlation function for our sample of galaxies is assumed go as ⇠(r) / r�2, as we
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roughly found in B15, then �(a) ⇡ ⇠(1.73a). Thus, we are reporting the same red

fraction as could be reported by using the quotient of two cross-correlation functions.

Because we are interested only in a relative measurement — the red fraction

— there is no added utility in converting the weighted overdensity, �
0

�(r), to

the correlation function, ⇠(r). Rather, as discussed in E05, �
0

V� + �
0

V is the

kernel-weighted number of galaxies around each spectroscopic galaxy; however, we

can neglect the homogeneous term �
0

V , since it is small and dropping as r2 at the

small smalls which we probe.

Hence, we can define the red fraction of galaxies around a spectroscopic galaxy

as the ratio of �
0

� for the ‘red’ sample divided by �
0

� for the ‘all’ sample. As

in B15, the errors are jackknifes over 39 similarly sized spatial regions that divide

the total PRIMUS coverage. Rather than jackknife on the mean overdensities,

we jackknife on the red fractions themselves, in the present investigation. This is

particularly important; given the large field-to-field variations, Poisson statistics

would substantially underestimate our errors.

4.2 Results

4.2.1 Overdensites by Color

The mean overdensities from which the red fractions are derived are shown in

Fig. 4.4, for a single bin in redshift and mass (0.2 < z < 0.4; 10 < logM/M� < 10.8.)
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Figure 4.4.—: Mean overdensities vs. physical radius for both star-forming (blue lines) and
quiescent galaxies (red lines) in PRIMUS calculated using either only stellar-mass selected
secondaries (dashed lines; hereafter, the ‘all’ sample) or with an additional color cut to
select only red secondaries (solid lines; hereafter, the ‘red’ sample). This plot shows the
results for the low-z, intermediate mass (0.2 < z < 0.4; 10 < logM/M� < 10.8) bin. The
red fractions presented in this work are the ratios between the red overdensities and the all
overdensities.
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Two trends are clearly visible. First, the mean overdensities are larger around the

respective primary samples when using the ‘all’ secondary tracer samples. This

is generally true; however, because the deprojection kernel W (r) is negative for

some values of r, it is possible that for small enough primary or secondary samples,

the ‘all’ overdensity could fall below the ‘red’ overdensity in the shot noise limit.

This would be reported as a red fraction greater than one. Second, and relevant

to the interpretation of galactic conformity, the mean overdensity around quiescent

primaries is higher than around star-forming primaries, using either the ‘red’ or the

‘all’ secondary tracer population. This is after weighting quiescent and star-forming

galaxies to account for di↵erences in stellar mass and redshift within individual bins.

In this mass and redshift bin, quiescent primaries appear to live in higher number

density environments. We will return to this claim in the discussion section.

4.2.2 Conformity By Primary Mass

Figure 4.5 shows the red galaxy fraction as a function of scale around star-forming

and quiescent galaxies in four di↵erent mass bins for the 0.2 < z < 0.4 redshift

bin. The red galaxy fraction is not a gradual function of scale for low mass primary

galaxies. Rather, the red fraction is flat out to ⇠ 700h�1 kpc , and then declines

and reverts to the mean red fraction of the field. Thus, we detect a strong one-halo

conformity signal, but not an equally strong two-halo term. However, due to the

sizes of our fields, we are insensitive to weak conformity e↵ects beyond ⇠ 1h�1 Mpc ,
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Figure 4.5.—: Red fractions vs. physical radius around star-forming (blue squares) and
quiescent galaxies (red circles), respectively. From top left to bottom right, we present the
results for four mass bins in the 0.2 < z < 0.4 range.
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especially at low redshifts. For logM/M� > 10.4, though, we observe a higher red

fraction at small scales, which then steadily declines with radius.

The red fraction is not a strong function of stellar mass for the quiescent

primary galaxies; rather, at r ⇠ 0.3h�1 Mpc , the red fraction is approximately

60% in all mass bins. However, the red fraction around star-forming primaries has

a strong trend with stellar mass, rising from ⇠ 30% to ⇠ 70% from the lowest to

highest mass bins in our sample. Consequently, we detect a mass-dependent galactic

conformity signal at low redshift: at low primary masses (logM/M� < 10.0) the red

fraction is higher around quiescent galaxies, but at high masses (logM/M� > 10.8),

the star-forming galaxies have a higher red fraction.

We show our intermediate redshift galactic conformity results in Fig. 4.6. Unlike

at low redshift, there appears to be a significant conformity signal in all mass bins,

although the signal is strongest at the smallest scales. This results from the fact

that the quiescent primary galaxies show a substantial trend in red fraction with

physical scale, where as the blue galaxies only show hint of a scale-dependence in

the high mass bin below 0.2h�1 Mpc . Nonetheless, we note the same basic trend

as at low redshift: the red fraction around quiescent galaxies is relatively constant

with increasing primary mass, whereas for star-forming primaries, there is a (slight)

increase in red fraction, albeit only at the smallest scales.

Finally, Fig. 4.7 shows no significant galactic conformity in either mass bin in

the 0.6 < z < 0.8 range, the highest for which we can separate our sample into
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Figure 4.6.—: Red fractions vs. physical radius around star-forming (blue squares) and
quiescent galaxies (red circles), respectively. From top left to bottom right, we present the
results for three mass bins in the 0.4 < z < 0.6 range.
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Figure 4.7.—: Red fractions vs. physical radius around star-forming (blue squares) and
quiescent galaxies, (red circles) respectively. From top left to bottom right, we present the
results for two mass bins in the 0.6 < z < 0.8 range.

at least two mass bins. Our mass bins are overlapping, and hence, the results

are correlated. The noise is too high to entirely rule out some scale-dependent

conformity, but regardless of whether it is present or not, there are no significant

di↵erences as a function of mass. At these redshift, the secondary sample has fewer

low stellar mass galaxies; thus, a higher fraction of the sample will be background

or foreground contamination, which reduces our S/N. We show the e↵ect of the

secondary sample in Sec. 4.2.4.
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4.2.3 Conformity By Redshift

We now recapitulate the aforementioned galactic conformity results by emphasizing

their substantial di↵erences as a function of redshift. Figure 4.8 shows the same

mean red fractions for the high mass bin (10.8 < logM/M� < 12) as in the previous

three figures, but now grouped by redshift. At low redshifts of 0.2 < z < 0.4, the

star-forming galaxies have higher red fractions while at intermediate redshifts of

0.4 < z < 0.6, red fractions are higher around quiescent galaxies. In the highest

redshift bin (0.6 < z < 0.8), however, there is no di↵erence between the populations.

In our narrower intermediate mass bin (10.4 < logM/M� < 11), we see in Fig. 4.9

a similar result as in Fig. 4.8. A significant conformity signal is present only in the

intermediate redshift bin, while at both higher and lower redshift, the red fractions

are equivalent within the errors for the quiescent and star-forming populations. In

Fig. 4.10, at lower mass (10 < logM/M� < 10.8), however, we see a clear galactic

conformity signal in both the intermediate and low redshift bins. Nonetheless,

the intermediate redshift bin shows a scale-dependence that is entirely due to the

quiescent primary population, whereas the low redshift bin shows no significant

scale dependence. On particular note, red fractions around star-forming galaxies are

significantly lower at higher redshifts. Interpreting the redshift dependence of the

galactic conformity further would require more modeling of how our photometric

color cuts are evolving with redshift, as the conformity e↵ect is now convolved with

the overall evolution of quiescent fraction with time.
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Figure 4.8.—: Red fractions vs. physical radius around star-forming (blue squares) and
quiescent galaxies (red circles), respectively. From top left to bottom right, we present the
results for three redshift bins in the 10.8 < logM/M� < 12 range.

130



CHAPTER 4. THE MASS AND REDSHIFT DEPENDENCE OF
CONFORMITY IN PRIMUS

0.1 1.0
r [h-1 Mpc]

0.0

0.2

0.4

0.6

0.8

1.0

R
ed

 F
ra

ct
io

n 
(q
6

re
d/q

6
al

l)

0.1 1.0
r [h-1 Mpc]

0.0

0.2

0.4

0.6

0.8

1.0

R
ed

 F
ra

ct
io

n 
(q
6

re
d/q

6
al

l)

Quiescent Primaries, N = 1265

0.2 < z < 0.4, 10.4 < log M < 11

Star-forming Primaries, N = 1768

0.1 1.0
r [h-1 Mpc]

0.0

0.2

0.4

0.6

0.8

1.0

R
ed

 F
ra

ct
io

n 
(q
6

re
d/q

6
al

l)

0.1 1.0
r [h-1 Mpc]

0.0

0.2

0.4

0.6

0.8

1.0

R
ed

 F
ra

ct
io

n 
(q
6

re
d/q

6
al

l)
Quiescent Primaries, N = 2186

0.4 < z < 0.6, 10.4 < log M < 11

Star-forming Primaries, N = 3331

0.1 1.0
r [h-1 Mpc]

0.0

0.2

0.4

0.6

0.8

1.0

R
ed

 F
ra

ct
io

n 
(q
6

re
d/q

6
al

l)

0.1 1.0
r [h-1 Mpc]

0.0

0.2

0.4

0.6

0.8

1.0

R
ed

 F
ra

ct
io

n 
(q
6

re
d/q

6
al

l)

Quiescent Primaries, N = 2628

0.6 < z < 0.8, 10.4 < log M < 11

Star-forming Primaries, N = 3681

Figure 4.9.—: Red fractions vs. physical radius around star-forming (blue squares) and
quiescent galaxies (red circles), respectively. From top left to bottom right, we present the
results for three redshift bins in the 10.4 < logM/M� < 11 range.
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Figure 4.10.—: Red fractions vs. physical radius around star-forming (blue squares) and
quiescent galaxies (red circles), respectively. From top left to bottom right, we present the
results for two redshift bins in the 10 < logM/M� < 10.8 range.

4.2.4 Conformity By Secondary Stellar Mass Threshold

We now present the e↵ects of di↵erent empirical mass selections for the secondary

photometric tracer populations. Thus, we show in Fig. 4.11 a direct comparison with

Fig. 4.5, but we have used a wider stellar mass range of 9.0 < logM/M� < 11.0 to

select our photometric galaxies. In selecting such a large range of matches, we forego

any attempt to directly be able to compare across redshifts, as the selections from

the photometric surveys are flux-limited. While this makes it impossible to directly

compare the size of the conformity e↵ect — because we are mixing redshift and

stellar mass dependence — the relevant measurement at a particular redshift is still

robust. This is particularly useful at higher redshift, so that we can have su�cient

number counts in our secondary mass annular bins to be able to detect a conformity
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Figure 4.11.—: Red fractions vs. physical radius around star-forming (blue squares)
and quiescent galaxies (red circles), respectively, but using a significantly larger secondary
imaging sample of 9.0 < logM/M� < 11.0. From top left to bottom right, we present the
results for four mass bins in the 0.2 < z < 0.4 range. Compared to Fig. 4.5, we see that the
overall trends in conformity remain identical, suggesting that conformity at low redshift is
not highly dependent on our choice of secondary sample. The red fractions for both samples
fall slightly, though, indicating that the larger stellar mass bin increases the number of blue
secondary galaxies.
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signal above the short noise floor.

At low redshift, there are no significant di↵erences between the two figures.

Thus, we can conclude that galactic conformity, at least is not being driven primarily

by the stellar masses of the secondary population. Moreover, because the sample size

is now larger, our mean overdensities are less noisy, and we can be more confident

that the inversion in the galactic conformity signal at high masses is not due to a

small tracer sample size. The red fraction around star-forming primaries is now

higher at all scales, unlike in Fig. 4.5. However, the primary sample is nonetheless

much smaller than other mass and redshift bins, particularly for the star-forming

subsample, and the inverted detection is not significant.

For 0.4 < z < 0.6, it can be seen in Fig. 4.12 that the enlarged tracer sample

has lessened the size of the conformity e↵ect. This occurs for two reasons. One,

the red fraction around star-forming primaries is higher, and two, there is a greater

radial dependence, and so the red fraction increases more sharply at small physical

scales. This is a product of the e↵ective secondary samples being of higher mass:

the 9.0 < logM/M� < 9.6 galaxies are generally too faint to fall into the sample,

whereas the 10.3 < logM/M� < 11.0 galaxies are more likely to be red. Moreover,

the secondaries are now more likely to also be of higher mass than the primaries,

which creates the increased radial dependence in the red fraction signal for both

quiescent and star-forming primaries.

Finally, at 0.6 < z < 0.8, the change is even more dramatic. Whereas before
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Figure 4.12.—: Red fractions vs. physical radius around star-forming (blue squares)
and quiescent galaxies (red circles), respectively, but using a significantly larger secondary
imaging sample of 9.0 < logM/M� < 11.0. From top left to bottom right, we present the
results for four mass bins in the 0.4 < z < 0.6 range.
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Figure 4.13.—: Red fractions vs. physical radius around star-forming (blue squares)
and quiescent galaxies (red circles), respectively, but using a significantly larger secondary
imaging sample of 9.0 < logM/M� < 11.0. From top left to bottom right, we present the
results for four mass bins in the 0.6 < z < 0.8 range. Unlike for the narrower stellar mass
bin, for the wider mass bin, we see signs of a weak conformity e↵ect.

there was no significant conformity signal or radial dependence to the red fraction,

there are now both in Fig. 4.13. While in both cases, the signal is weak, the signal is

now monotonic, out to ⇠ 1h�1 Mpc . However, as we discuss further in Section 4.3,

we cannot be sure whether the fact that the signal is weaker than at low redshift is

due to a mass or to a redshift dependence.
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4.3 Discussion

4.3.1 Comparison with Recent Work

In recent years, there have been several investigations of galactic conformity at a

variety of redshifts, and we place the PRIMUS results into the context of the most

comparable of these studies (Kau↵mann et al. 2013; Hartley et al. 2015; Knobel

et al. 2015; Paranjape et al. 2015; Kawinwanichakij et al. 2015).

At low redshift, (z < 0.03), Kau↵mann et al. (2013) use SDSS DR7 to claim

that galactic conformity is present in low-mass galaxies of logM/M� < 10 out to at

least 4 Mpc, but that for high-mass galaxies, conformity is present primarily within

the virial radius. While this is a lower redshift than our results, to the extent that

our lowest redshift bin allows for claims of redshift evolution, we would expect that

the Kau↵mann et al. (2013) results would show even stronger e↵ects as a function

of mass. In PRIMUS, we see the strongest galactic conformity signals for the lowest

mass galaxies, in agreement with Kau↵mann et al. (2013). In spite of significant

field-to-field variation, we find galactic conformity out to z ⇠ 0.6 for primaries

masses up to logM/M� = 11.

However, we are not in complete agreement. We also find the very surprising

inversion in the galactic conformity signal in our highest mass bin, which might

appears to conflict with the results from Kau↵mann et al. (2013). Nonetheless, this

is not necessarily the case, as a few caveats are in order.
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As can be seen in their Fig. 3 in their 11 < logM/M� < 11.5 mass bin,

conformity was only significant between the upper quartile of primaries ranked by

a pseudo-HI mass fraction and secondaries divided by star formation rate. For

primaries ranked by HI gas deficiency and total specific SFR, the detection is only

present in the uppermost decile, whereas even the upper quartile is not significantly

di↵erent from the lowest quartile. And when the authors instead rank their primary

galaxies by central specific star formation, there is no conformity signal in the 1-halo

regime. Furthermore, since the innermost radial measurement is not comparable due

to their isolation criteria, the comparison between this work and Kau↵mann et al.

(2013) is based entirely on their two measurements from 0.5� 1.5 Mpc. Lastly, our

sample includes galaxies up to 0.5 dex larger in stellar mass. We measure a strong

trend in red fraction with increasing stellar mass for star-forming galaxies, and so it

is the inversion may be a result of these highest mass galaxies. We cannot confirm

this, however, due to the limits imposed by our finite sample size. However, our

results, while not inconsistent with Kau↵mann et al. (2013), are di�cult to explain

via their interpretation, as virial e↵ects involving gas accretion or AGN heating

should not lead to more quenching around star-forming galaxies. We will return

to possible alternative physical explanations in the following subsection. Still, the

cosmic variance, in particular of the star-forming galaxies, is su�ciently high that

our results are perfectly consistent with zero signal, rather than an inverted one.

At higher redshifts, using photometric redshifts, Hartley et al. (2015) find

evidence of one-halo conformity in the 0.4 < z < 1.9 redshift range in UKIDSS
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UDS field for intermediate mass central galaxies with 10.5 < logM/M� < 11, while

Kawinwanichakij et al. (2015) study conformity over 0.3 < z < 2.5 for centrals with

logM/M� > 10.5, with UKIDSS UDS, as well as with additional data from the

FourStar Galaxy Evolution Survey (ZFOURGE) and the Ultra Deep Survey with

the VISTA Telescope (UltraVISTA; McCracken et al. 2012). It is with these studies

that our intermediate redshift observations of conformity with PRIMUS are most

relevant.

The redshift range used in Hartley et al. (2015) is much larger than ours.

However, our 0.4 < z < 0.6 sample shows a similar level of conformity, in which

the red fraction around quiescent galaxies is roughly a factor of ⇠ 2 greater than

that around star-forming galaxies. Nonetheless, our highest redshift sample at these

masses (0.6 < z < 0.8) shows less conformity, even when we use the higher mass

secondary sample. Given that the Hartley et al. (2015) results include many galaxies

with much higher redshifts, these results are in tension, because if the conformity

signal is already dropping significantly by z ⇠ 0.8, then it might well be gone entirely

by z = 1.9.

However, our fiducial secondary sample includes the upper end of their

lower-mass satellite selection and the lower end of their higher-mass satellite

selection. At comparable radii of r > 100 kpc, Hartley et al. (2015) find little to no

conformity between their centrals and the high-mass satellite population. Moreover,

our primary population is an amalgamation of ‘true’ centrals and centrals (as is our

secondary population). This will tend to reduce any conformity signal, as quiescent
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satellites on the outskirts of a group will be compared both with other satellites, but

also field galaxies outside the group.

Kawinwanichakij et al. (2015) present galactic conformity results in various bins

in both redshift and mass. They find that conformity is most significantly detected

in the 0.6 < z < 1.6 range, whereas the detection is only weakly detected over either

0.3 < z < 0.6 and 1.6 < z < 2.5. However, the di↵erence in significance between the

bins is arguably less important than the overall positive detection in each field, as

the variation in quiescent fraction is large between individual fields — both in their

work, but also still in PRIMUS, whose sky coverage is more than 3 times larger than

that available in Kawinwanichakij et al. (2015).

Our results thus generally agree, once the significant cosmic variance is

considered. For z < 0.6, both their and our studies find galactic conformity; the

weaker signal at low redshift in their work is due to enormous error bars, especially

on the star-forming central population. For z > 0.6, both our studies find reduced

levels of conformity, although they still claim a significant detection out to z = 1.6.

Given the wide field-to-field variation in quiescent fraction in this redshift range

(see their Fig. 4), it is likely that any di↵erences are due to cosmic variance. As

shown with our samples, even for subsamples with several thousand galaxies each,

the cosmic variance errors are of order ⇠ 10% in the red fraction for each of the

quiescent and the star-forming populations. This is consistent with results in Fig. 4

of Kawinwanichakij et al. (2015), where for example, the quiescent fraction varies

between approximately ⇠ 35� 50% around quiescent galaxies and 15� 22% around
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star-forming galaxies in their three fields for their 0.6 < z < 0.9 bin. Nonetheless,

the combined bootsampling errors reported in their Fig. 6 appear to be smaller than

⇠ 5%, much less than the field-to-field variations. While our results agree in broad

strokes, we are all limited by the small volumes and galaxy counts, especially at

higher redshifts.

Moreover, if there is a steep change in galactic conformity between z ⇠ 0.5 to

z ⇠ 0.7, our spectroscopic measurements may be more sensitive to the change. As

an example, the detection in Kawinwanichakij et al. (2015) between 0.6 < z < 0.9

is smallest in the UltraVISTA field, which is both the largest of their three fields,

but also the one with the lowest quoted redshift errors of �
z

= 0.01, as compared

to �
z

⇠ 0.05 in the other two fields. PRIMUS, on the other hand, has redshift

errors of order �
z

/(1 + z) = 0.005. As Kawinwanichakij et al. (2015) also note, other

possibilities include the di↵erent definitions of quiescent, weightings, apertures, and

isolation selections.

We can also compare our results with Kawinwanichakij et al. (2015) division by

primary stellar mass. They detect a mass dependence in the quenching e�ciency for

the 0.3 < z < 0.6 range, but not for the 0.6 < z < 0.9 range, although the error bars

on the low redshift range appear to be large (see their Fig. 8). To the contrary, we

detect little to no mass dependence to the red fraction around quiescent galaxies;

rather, we detect it strongly around star-forming galaxies, as do Kawinwanichakij

et al. (2015). Although they do not comment on it, the fact that they examine

quenched fraction as a function of mass makes it possible to compare our inverted

141



CHAPTER 4. THE MASS AND REDSHIFT DEPENDENCE OF
CONFORMITY IN PRIMUS

conformity e↵ect at high masses in the low redshift bin. Unfortunately, the error

bars here are large, but the quenching e�ciencies for high-mass star-forming and

quiescent galaxies are not significantly di↵erent. This is to be expected, however,

since their low redshift conformity detection was itself quite weak, but to the extent

that it is present, it does appear to be driven by their lower stellar mass centrals.

4.3.2 Implications for the Physical Origins of Conformity

We now discuss possible physical causes of the galactic conformity signal that are

consistent with our mass-dependent and redshift-dependent results. In Fig. 4.14,

we show the underlying overdensities from which the red fractions were calculated

for the 0.2 < z < 0.4 bin. As can be seen, even after matching for stellar mass and

redshift, quiescent primary galaxies are more highly clustered than star-forming

galaxies. This is true at all four mass bins. This is consistent with our earlier

work in B15, in which we found that red galaxies were found in overdense regions

compared to blue galaxies at fixed luminosity. Apparently, the shift from luminosity

to stellar mass selection is not su�cient to equalize local overdensity. Thus, it is

likely that our quiescent galaxies are consistently found in higher mass halos than

their star-forming companions. This is consistent with a mass-quenching picture of

the primary galaxies.

Nonetheless, mass-quenching is not necessarily su�cient to explain our results,

particularly at the high mass end. In that instance, while the central galaxies
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Figure 4.14.—: Mean overdensities vs. physical radius for both star-forming (blue lines)
and quiescent galaxies (red lines) in PRIMUS calculated using either only stellar-mass se-
lected secondaries (dashed lines) or with an additional color cut to select only red secondaries
(solid lines), but now for all mass bins in the 0.2 < z < 0.4 range.
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are likely to be in larger dark matter halos, the red fraction is higher around the

star-forming galaxies. This would be a significant result, and we caution that while

the conformity e↵ect has certainly diminished at higher masses, the inversion could

be due to our small sample size. But if the inversion is real and not an artifact, then

a larger-scale environmental quenching, rather than mass-quenching, may need to be

invoked to explain the quenching of satellites. Moreover, even if the red fractions are

merely equal, rather than inverted, it nonetheless shows that the lower mass halos

in which the star-forming galaxies appear to live have satellites that are as quenched

as their quiescent central counterparts.

One possibility stems from the results of Wechsler et al. (2006) and Dalal et al.

(2008). Wechsler et al. (2006) showed that younger, less concentrated halos are more

biased at high masses, while the reverse is true at low masses. Dalal et al. (2008)

trace this e↵ect to two di↵erent physical mechanisms being responsible for halo

assembly bias. The first, at low masses, is due to older lower mass halos becoming

unbiased, in contrast to younger accreting halos which are anti-biased. The second,

at high masses, is due to the Gaussian statistics of high mass halos. Convincing

signs of the latter have already been seen in the bias at both high and low redshifts

(Tinker et al. 2012; Miyatake et al. 2016). In a picture where star-forming galaxies

at low redshift are preferentially found in younger halos, their satellites may have

more recently been subject to larger-scale tidal fields (Hearin et al. 2015b). If the

central primary, however, still has a su�ciently large gas reservoir, then it may be

possible to create an inverted conformity signal. Rather than the central galaxy

144



CHAPTER 4. THE MASS AND REDSHIFT DEPENDENCE OF
CONFORMITY IN PRIMUS

being responsible for satellite quenching, the external environment would have

stripped cold gas away from smaller haloes prior to infall onto the current host.

One puzzling feature in our results that complicates the above picture is that,

at fixed stellar mass in the two bins above logM/M� > 10.4, there appears to be a

larger conformity signal for the intermediate redshift bin, between 0.4 < z < 0.6,

than at lower redshift. This trend then reverts in our highest redshift bin for galaxies

with mass 10.4 < logM/M� < 11, but not for the 10.8 < logM/M� < 12, where

when using the wider secondary mass tracer sample, a conformity signal remains.

This would not align with the predictions of declining conformity with increasing

redshift from Hearin et al. (2015b), in which quenched centrals at an earlier epoch

have now fallen into their current halos. Nonetheless, it is possible that 1-halo

halo conformity could stem from 2-halo conformity at higher redshift, but that this

simple picture is complicated by the introduction of additional satellite quenching

processes.

It is also conceivable that the conformity signal is actually coming from both

internal and external quenching processes, and that the predominant e↵ect di↵ers

by halo mass and redshift. In low-mass halos, the galactic conformity may be a

sign of assembly bias, but at higher masses it may be due to physical processes,

such as ram-pressure stripping by a hot halo or by AGN. If these processes present

preferentially in quiescent galaxies, then this could lead to a high-mass conformity

e↵ect. However, this di↵erence might be expected to lessen by later times, as

even around star-forming centrals, this same processes would be at work, albeit
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less e↵ectively. Thus, in time, the quenched fractions in high-mass halos would be

expected to equilibrate.

4.4 Conclusions

In this work, we have presented the empirical results of galactic conformity in the

PRIMUS redshift survey over 0.2 < z < 0.8 using red fractions derived from the 3D

real-space cross-correlation measurements between the PRIMUS spectroscopy and

the underlying photometry. Our sample covers the wide range of primary stellar

masses of 9.5 < logM/M� < 12 for more than 60,000 galaxies over a wide field of

view for these redshifts. Our primary conclusions are as follows:

1. We find that galactic conformity is present at 0.2 < z < 0.4 for low-mass

primary galaxies with logM/M� < 10.8. But in our data this signal is

only detectable out to r ⇡ 1h�1 Mpc . At higher primary masses, however,

the signal decreases until, at in our highest mass bin, it inverts, such that

star-forming primaries have a higher red fraction than quiescent primaries.

These results are still consistent with a null detection.

2. Galactic conformity is certainly still present at 0.4 < z < 0.6. In fact, the

mass-dependence detected at low redshift is substantially weaker, and there is

no inversion at high mass. This may be due to a large sample size, suggesting

that at high masses, the conformity signal does diminish. In this redshift bin,
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the conformity signal is present using both a narrow and a wider secondary

mass bin, a fact we attribute to the wider mass bin increasing the fraction

of higher mass secondaries. Specifically, the conformity declines because the

red fraction around star-forming galaxies is higher for higher mass satellites,

while the red fraction around quiescent galaxies barely changes with the same

increase in mass.

3. In our 0.6 < z < 0.8 bin, our results are more ambiguous. Using the narrow

secondary mass bin, we find no evidence of galactic conformity. However, by

including additional higher mass galaxies in the wider secondary sample, we

actually find an increase in the conformity signal — the opposite e↵ect as at

0.4 < z < 0.6. We attribute this di↵erence to the fact that at these redshifts,

the narrower bin had insu�cient secondary galaxies that met the stricter

(lower) stellar mass criteria, and was thus too noisy to make a detection.

4. We find that halo mass may be insu�cient to explain all the galactic conformity

e↵ects. Specifically, at 0.2 < z < 0.4, the galactic conformity e↵ect disappears

at high masses, even though the local galaxy overdensities — an indication

of the halo mass — are still larger for the quiescent galaxies compared to

star-forming galaxies.

5. We emphasize the need for significantly larger studies of galactic conformity

at these redshifts. Despite a primary sample of more than 60,000 galaxies, we

have substantial cosmic variance. Small fields of view are insu�cient to test
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predictions of galactic conformity, especially those that suggest an evolution as

a function of redshift or mass — a small di↵erence on an already small e↵ect.
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Chapter 5

Conclusions

In this thesis, we have presented both theoretical and observation measurements

of color-dependent clustering and galactic conformity. We summarize here our

primary conclusions.

In Chapter 2, we use the Illustris Suite of simulations, finding a conformity

e↵ect out to 10 Mpc. We measure a significant signal whereby the red fraction

of galaxies around redder galaxies is higher than around bluer galaxies either at

fixed stellar mass or at fixed halo mass. We thus provide evidence that the galactic

conformity signal is not due entirely to a mismatch in the halo masses in the

quiescent and star-forming populations. We likewise measure the halo conformity

signal that measures the fraction of early-forming halos around other early-forming

halos, at fixed halo mass, and we find that the two signals are of comparable shape

and amplitude.

149



CHAPTER 5. CONCLUSIONS

We o↵er a plausible interpretation of our signal in Illustris as being due to

the galaxy color–halo age relation that exists in the Illustris simulation. At fixed

stellar-mass, particularly at lower masses, redder galaxies are hosted by older

halos. We show that a semi-empirical model based on abundance matching and age

matching can reproduce the direct results from the hydrodynamic simulation.

We show further that observations of conformity are very sensitive to the choices

of selection and isolation criteria used for the galaxy samples. For r > 3Mpc, for

example, the conformity e↵ect is due principally to satellite galaxies. Still within

r < 3Mpc, there also exists a conformity signal between central galaxies — galaxies

that are in independent host halos. Moreover, we argue that the signal cannot be

explain solely as a direct mass quenching e↵ect, in which neighboring galaxies are

more massive around quenched primary galaxies.

We note that this conformity e↵ect is present despite the fact that Illustris

has a less well-defined color bimodality than is present in observations. Current

tests of the next generation of Illustris simulations appear to have a significantly

more pronounced red sequence. Because the underlying DM halo conformity (based

on formation age) should remain relatively constant, we expect that the galactic

conformity should remain at least as strong as in the original simulations. However,

it should be tested that the feedback changes responsible for the change in the color

distribution do not have the e↵ect of also shutting o↵ star formation in younger

halos, which could lead to the elimination of a conformity signal.
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In Chapter 3, we use the PRIMUS redshift survey to measure the luminosity-

and color-dependence of the clustering of more than 60,000 galaxies out to z = 1.

The overdensities around red galaxies are ⇠ 3 times as strong as that of the blue

galaxies and ⇠1.5 as strong as that of the green galaxies. We also measure a strong

dependence on physical scale in the luminosity dependence, with the dependence

being stronger at smaller scales. Further, the luminosity dependence — while

approximately fit by a power-law for the blue galaxy population — is not monotonic

for the red population. Thus, we believe that luminosity dependence for both red

and blue galaxies is a necessary observable for semi-empirical models to reproduce.

In Chapter 4, we expand our investigation of color-dependent clustering in

PRIMUS by studying the presence of galactic conformity at fixed stellar mass. At

our lowest redshifts, we confirm that one-halo galactic conformity is present and

strongest for lower mass galaxies. We show that the conformity signal diminishes in

strength with increasing primary mass. Further, we demonstrate that the conformity

signal disappears at the highest masses despite the fact that the relative overdensity

around quiescent primaries does not decrease. Thus, the conformity e↵ect at low

redshifts is not entirely a factor of the local overdensity, which we may suppose traces

the halo mass, but rather of some other environmental factor, such as formation

history or large-scale overdensity.

Meanwhile, at higher redshifts, we show that the conformity signal is lower

than at low redshift. Even that conformity signal is only detectable if we use

a wide secondary stellar mass range, that includes secondaries with mass up
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to logM/M� = 11, rather than our narrower fiducial secondary mass range of

9.6 < logM/M� < 10.3. The fact that any conformity signal remains at high

redshifts — in spite of the need to use higher mass secondaries — likely means that

if we had su�cient number density of secondaries to detect the signal with only

low-mass satellites, the signal would be even higher, if it were to follow the mass

trend at low redshift. Finally, by exploring galactic conformity over a wide field of

view, with thousands of galaxies in each subsample, we reinforce that there exists

substantial cosmic variance in quenching throughout the universe. We show that,

even now, the desired understanding of conformity trends and quenching mechanisms

across time is limited by our sample sizes.

While new surveys, such as SDSS-IV, or new instruments will be particularly

beneficial, immediate progress can be made with understanding galactic conformity

in SDSS-III to reach out to significantly higher redshifts and larger volumes. Using

fits to projected correlations functions, for example, Saito et al. 2015 have now

argued that CMASS data at z ⇠ 0.5 supports the presence of assembly bias. As

with our PRIMUS investigation, one can use the cross-correlation of spectroscopic

and photometric galaxies, we can probe galactic conformity at intermediate redshifts

at least down to primary stellar masses of logM/M� ⇡ 11. This ought to be

able to answer outstanding questions from our PRIMUS studies regarding the

mass-dependence of conformity in the 0.4 < z < 0.6 range.

Another potential option for a more detailed study of galactic conformity in the

next several years is the MaNGA survey from SDSS-IV (Bundy et al. 2015). It will
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contain IFU spectroscopy for ⇠ 10,000 objects, which is roughly the same number

of spectroscopic galaxies that were anayzed in Kau↵mann et al. (2013). This could

allow for a detailed exploration of other types of conformity, including based on gas

propeties, rather than only on global SFR or color. In addition to cosmological

simulations, high-resolution zoom simulations from cosmological boxes o↵er the

chance to better study the quenching mechanisms responsible for the conformity

signal. This is particularly true if conformity is a product of halo assembly on

large scales. While AGN feedback is more reliant on the specifics of the subgrid

physics implemented in each simulation, environmental tidal interactions that serve

to deprive smaller halos of su�cient cold gas for star formation should be readily

detectable with currently available computing resources. Galactic conformity using

spectroscopic galaxies remains an exciting and productive avenue to understand

assembly bias and quenching at low and intermediate intermediate redshifts.
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Kochanek, C. S., Eisenstein, D. J., Cool, R. J., et al. 2012, ApJS, 200, 8

Krause, E., Hirata, C. M., Martin, C., et al. 2013, MNRAS, 428, 2548
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Lilly, S. J., Le Fèvre, O., Renzini, A., et al. 2007, ApJS, 172, 70L

Lonsdale, C. J., Smith, H. E., Rowan-Robinson, M., et al. 2003, PASP, 115,

897

Lacerna, I., & Padilla, N. 2011, MNRAS, 412, 1283

Lacerna I., Padilla N., & Stasyszyn, F. 2014, MNRAS, 443, 3107

Li, Y., Mo, H. J., & Gao, L. 2008, MNRAS, 389, 1419

Lin, Y.-T., Mandelbaum, R., Huang Y.-H., et al. 2016, arXiv:1504.07632

Marulli, F., Bolzonella, M., Branchini, E., et al. 2013, A&A, 557, 17

Mandelbaum, R., Wang, W., Zu, Y., et al. 2015, MNRAS, 457, 3200

Masaki, S., Lin, Y.-T., & Yoshida, N. 2013, MNRAS, 436, 2286

McCracken, H. J., Milvang-Jensen, B., Dunlop, J., et al. 2012, å, 544, 156
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