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Abstract

In this thesis we present two projects investigating the evolution and quenching of

cluster galaxy star formation (SF) activity. Leveraging a sample of 36 galaxy clusters,

we measure the level of member SF activity. Over the 7.5 billion years spanned by

our clusters, from z = 1.5 to z = 0.15, the SF activity of cluster galaxies decreases

by a factor of 11. This is much larger than the three-fold decline experienced by

star-forming galaxies (SFGs), or the factor of four drop for quiescent galaxies, which

have SF activity more than an order of magnitude lower than SFGs. The overall

evolution of cluster member SF activity is driven not by the decline of either subset,

but instead by the transitioning of galaxies from star-forming to quiescence. Indeed,

from z = 1.5 to z = 0.15, the fraction of quiescent galaxies rises from 28% to 88%.

To investigate the impact of strangulation, a long timescale quenching mechanism,

we determine whether 58 members of the nearby galaxy cluster Abell 1795 possess

hot halos. Markov chain Monte Carlo sampling is used to fit surface brightness

profiles (SBPs) of stacked X-ray images with models that account for the dominant

X-ray emission in and around cluster members. Hot gas halos around outer Abell

1795 members are detected, in a statistical sense. Inner cluster hot halos, however,

remain undetected, with a luminosity upper limit six times lower than the hot halo

luminosity in the outer cluster. This suggests that Abell 1795’s intracluster medium
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is likely stripping the hot gas halos of infalling members.

To further test our modeling technique we apply it to five additional clusters.

Combining their data, we generate profiles and retrieve a good fit to the inner cluster

SBP. Due to a relative lack of data in the clusters’ outskirts, we are unable to provide

much constraint on hot halo presence. We propose stacking a greater number of

outer cluster members, which would necessitate acquiring additional X-ray data, likely

through a more targeted search of the Chandra Data Archive.
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Chapter 1

Introduction

A galaxy’s appearance is a culmination of its entire evolution, up to the point of its

observation. Much can be inferred about its history from observations of its structural

features and luminosity at various wavelengths. Galaxies can be separated into two

broad morphological categories: early-type galaxies (ETGs) and late-type galaxies

(LTGs). ETGs have smooth, spheroidal appearances, most often with red colors,

which is a sign of a lack of star formation. LTGs, which are typically blue, usually

due to ongoing or recent star formation, include galaxies that have apparent spiral

structure (including edge-on disks), or have irregular or disturbed morphologies. By

studying ensembles of galaxies over a large range in cosmic time, we can explore the

events that shape how galaxies appear at different epochs, thereby learning about the

physical processes behind their evolution.

A full understanding of galaxy evolution requires a close exploration of the signif-

icant impact of environment, as gauged through the density of the galaxy’s surround-

ings. There is a gradient in the density of galaxies, ranging from the lowest density

field environment, where galaxies reside in relative isolation, to galaxy clusters, which
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CHAPTER 1. INTRODUCTION

Figure 1.1: X-ray and optical image of the galaxy cluster Abell 1795.
The X-ray emission due to the hot intracluster medium is shown in blue.
Credit: X-ray: NASA/CXC/Univ. of Alabama/W.P.Maksym et al &
NASA/CXC/GSFC/UMD/D.Donato, et al; Optical: CFHT.

are the densest regions harboring galaxies. Figure 1.1 shows a composite X-ray and

optical image of the galaxy cluster Abell 1795. The blue area shows the X-ray emis-

sion from the intracluster medium (ICM), a hot and dense plasma that permeates

clusters, but is absent from field environments. The presence of galaxy clusters is

often confirmed through X-ray detections of their ICM.

Galaxy clusters are ensembles of many galaxies, and are some of the largest

gravitationally-bound systems in the universe. Membership to a cluster can be deter-

mined through a variety of methods, including comparing the velocities of individual
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1.1. GALAXIES IN CLUSTERS

galaxies relative to the bulk motion of the cluster itself.

As cluster are regions of high galaxy density interactions between galaxies may

be more common than in the field. The cluster ICM can also impact the evolution

of a galaxy in ways not possible in lower density environments. Clusters have very

rich environments, containing potentially thousands of member galaxies of various

types. Each snapshot in time of a cluster allows us to observe phenomena that might

otherwise take billions of years in low-density field environments.

1.1 Galaxies in Clusters

It has been long known that there is a correlation between galaxy morphology and

environment (Hubble & Humason 1931; Abell 1965; Oemler 1974). As the density of

galaxies increases within a given volume, the fraction of ETGs within that region also

increases (Dressler 1980). This morphology-density relationship is well established in

the local Universe (z . 0.1; van der Wel et al. 2007; Fasano et al. 2015; Oh et al.

2018) and has been observed at higher redshifts as well (Dressler et al. 1997; Postman

et al. 2005; Holden et al. 2007).

Analogous to the morphology-density relationship, there is a star formation-density

relationship, in that the star formation rate (SFR) of galaxies in clusters is lower than

that of galaxies in field environments (Balogh et al. 1997; Hashimoto et al. 1998).

When considering all types of galaxies together, this trend seems to be in place out

to z ∼ 1, while SFR then becomes independent of local density up to z ∼ 2 (Darvish

et al. 2016). In some cases, observations of distant clusters reveal that the overall

SFR is as high as in the field (Brodwin et al. 2013; Alberts et al. 2014).

In local clusters, the overall low star formation activity observed has been shown

3



1.1. GALAXIES IN CLUSTERS

to be due primarily to ETGs (Edwards & Fadda 2011). However, this dependence on

environment is not entirely caused by the morphology-density relationship, as cluster

galaxies tend have lower SFRs than field galaxies of the same morphology at the same

redshift (Balogh et al. 1998; Wagner et al. 2015).

In addition to separating galaxies by their morphology, they can also be classified

as either actively forming new stars (star forming galaxies; SFGs) or as being quiescent

(not actively forming stars). Relative to the field, local clusters are predominantly

populated by quiescent galaxies (Chung et al. 2011), and even out to z ∼ 2 the highest

density regions have the largest fractions of quiescent galaxies (Kawinwanichakij et al.

2017; Nantais et al. 2017). These facts imply that environment plays a significant

role in the quenching, or turning off, of a galaxy’s star formation.

In Chapter 2 we present an investigation by Wagner et al. (2017) where we mea-

sure nearly eight billion years of cluster galaxy star formation activity and quiescent

fractions. In that work we find that the growth of the quiescent population strongly in-

fluences the evolution in star formation activity of cluster galaxies. While the fraction

of cluster galaxies that are classified as ETGs increases with the age of the universe,

the quiescent fraction increases for both morphological types. When controlling for

morphology, it becomes apparent that the transitioning of galaxies, regardless of mor-

phology, from actively star-forming to quiescent is the primary driver of the overall

evolution in star formation activity in cluster galaxies. Hence, to gain further insight

into how galaxies in clusters evolve it is integral to understand how they become

quiescent.
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1.2. QUENCHING CLUSTER GALAXIES

1.2 Quenching Cluster Galaxies

Galaxies become quiescent through the depletion of cold gas, the fuel necessary for

the formation of new stars. A number of possible quenching mechanisms are at play

in clusters, acting over different timescales. In this section we will begin by focusing

on methods expected to operate in these dense environments.

The top panel of Figure 1.2 shows a qualitative sketch of how a galaxy will become

quiescent over time if the quenching is relatively sudden. A short timescale process

acts to directly remove a galaxy’s cold gas, thereby quickly stopping star formation

and leaving the galaxy passive.

Active galactic nucleus (AGN) feedback, where gas is accreted by a galaxy’s central

supermassive black hole, heating and/or expelling cold gas from the core of the galaxy,

is a process that can occur on timescales as short as a few 100 Myr (Di Matteo et al.

2005; Hopkins et al. 2006). AGN feedback has been linked to major merger activity

(Springel et al. 2005), where two (or more) approximately equal mass galaxies coalesce

to become a single new galaxy. While a major merger can drive AGN feedback, it is

not necessary for it to occur. Feedback from supernovae, which are the byproducts of

stellar explosions, can also heat and eject a galaxy’s cold gas. While the heated gas

can fall back onto the galaxy (Kim & Ostriker 2018), in some cases it can be swept

away (Bustard et al. 2018).

Ram-pressure stripping (RPS; Gunn & Gott 1972) is another process that quickly

(≤1 Gyr; Quilis et al. 2000) removes a galaxy’s cold interstellar gas, due to the ICM,

what has temperatures of ∼107−108 K and electron densities of ne ∼ 10−4−10−2 cm−3

(Sarazin 1986; Fabian 1994; Zandanel et al. 2014). As a galaxy travels through the

ICM, a pressure is exerted on the cold gas,
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1.2. QUENCHING CLUSTER GALAXIES

Figure 1.2: Upper panel: Qualitative representation of how a cluster galaxy becomes
quenched due to a short timescale quenching mechanism (AGN feedback or ram-
pressure stripping). Lower panel: Qualitative representation of quenching a cluster
galaxy due to strangulation. Figure adapted from Peng et al. (2015).

Pr ≈ ρev
2, (1.1)

where v is the galaxy’s velocity through a medium that has a density ρe (Gunn &

Gott 1972). Since a galaxy’s velocity is dependent on the gravitational potential of

the cluster through which it is traveling, and Pr is proportional to the square of that
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1.2. QUENCHING CLUSTER GALAXIES

velocity, RPS will be most effective in more massive clusters.

Figure 1.3: A composite near-ultraviolet and optical image of JO201, a galaxy un-
dergoing RPS in the cluster Abell 85. The stripped material is harboring regions of
star formation, which can be seen by the blue clumps outside the galaxy, particularly
in the left side of the image. Adapted from George et al. (2018).

As the cold gas is removed, tails of stripped gas can be observed trailing the

galaxy (Haynes et al. 1984; Kenney et al. 2004; Chung et al. 2007; Consolandi et al.

2017), a telltale signature of RPS. The gas can be shock compressed as it is stripped,

leading to temporary bouts of star formation, both in the galaxy and the trailing

material (Bekki & Couch 2003; Bellhouse et al. 2017). Figure 1.3 shows an example

of a galaxy in the cluster Abell 85 undergoing RPS with star formation present in its
7



1.2. QUENCHING CLUSTER GALAXIES

stripped tail. It is unlikely that the overall distribution of existing stars in the galaxy

being ram-pressure stripped will be drastically changed as they are not impacted by

the drag the same way a fluid (the gas) is. RPS will impact the apparent color of

galaxies, which will become redder with time as they evolve more passively with little

to no new star formation.

The lower panel of Figure 1.2 shows a qualitative sketch of a galaxy becoming

quiescent over time if it is quenched by strangulation (Larson et al. 1980). Stran-

gulation, sometimes referred to as starvation, is a several Gyr process that removes

hot, loosely-bound gas from a galaxy’s halo, gas that could otherwise cool and fall

onto the galaxy. While the removal of the halo gas is due to the same ram pressure

described above, in strangulation, the in situ cold gas is not removed. Instead, the

galaxy can continue to form new stars until this supply is depleted.

Paccagnella et al. (2016) showed that while the bulk of SFGs in both the field and

cluster environments have a similar distribution of SFRs, there is a small population

of cluster SFGs with relatively reduced SFRs. By examining the star formation

histories of these latter galaxies, they found that these low SFRs have persisted for a

few Gyr. Others have also found low field-relative star formation activity, which they

also attribute to slow quenching processes (Lin et al. 2014; Jian et al. 2018). These

results are further supported by Wetzel et al. (2013), who proposed a “delayed-then-

rapid” quenching model, which they say best fits the bimodal distribution of cluster

galaxy star formation activity. In this model, they suggest that for a few Gyr after

infall (i.e., entering the cluster environment), galaxy SFRs evolve gradually as cold

gas reserves are consumed, after which a rapid (.1 Gyr) quenching occurs.

However, others have found cluster SFGs with similarly low field-relative SFRs,
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1.2. QUENCHING CLUSTER GALAXIES

suggesting that it is not possible to disentangle whether this quenching is due to

short- or long-timescale processes (Tyler et al. 2013). Furthermore, some results have

indicated that there is no difference between the SFRs of SFGs in some high- and low-

density environments (Wijesinghe et al. 2012; Darvish et al. 2016; Laganá & Ulmer

2018), which is interpreted as evidence for short-timescale quenching (Brough et al.

2013; Tyler et al. 2014).

van der Burg et al. (2018) found that quenching of cluster galaxies must be trig-

gered at a clustercentric radius of r > 0.67R500.1 At this distance, a rapid quenching

timescale of ∼1 Gyr is suggested, consistent with RPS. However, they found that

quenching may begin at distances as large as r ∼ 7R500, where a ∼3 Gyr quench-

ing timescale is appropriate, which clearly points toward strangulation. To reconcile

these two seemingly disparate results, they suggest that if a galaxy begins quenching

at large clustercentric radius, it is due to strangulation. If the galaxy’s cold gas has

not been depleted by the time it reaches r ∼ R500, then RPS will likely quickly remove

any that remains. These results agree with that of Zinger et al. (2018), who found

that at large clustercentric radii ram pressure, while effective at removing halo gas,

cannot effectively remove disk gas.

Clearly, even with relatively recent studies, much uncertainty remains in con-

straining a single dominant quenching mechanism (if there is one) affecting cluster

galaxies. A radial gradient in the presence of cluster member hot halos (i.e., a positive

correlation between hot halo presence/strength and clustercentric radius) would pro-

vide evidence for ongoing strangulation. All that is required to directly test this the

ability to identify which cluster galaxies, if any, still possess a hot halo and measure
1R500 is the radius that defines a sphere within which the mean matter density is 500 times the

critical density of the universe at a given redshift.
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1.2. QUENCHING CLUSTER GALAXIES

the hot halo presence as a function of clustercentric radius.

With that in mind, we present Wagner et al. (2018) in Chapter 3, where we

develop a method to measure hot gas halos around members of the cluster Abell

1795. Using the plethora of publicly available Chandra X-ray Observatory data for

this cluster, we generate average X-ray images of cluster members interior and exterior

to R500 and measure their surface brightness profiles (brightness as a function of

galaxy radius). Markov chain Monte Carlo sampling is used to fit the profiles with

models that account for the expected X-ray emission in and around cluster members.

In a statistical sense, we detect hot halos around r > R500 Abell 1795 members, while

galaxies in the inner cluster no longer possess a hot halo.

Given the promising results of our hot halo identification technique, in Chapter 4

we discuss the results of our fitting method as applied to five additional clusters that

combined have substantially fewer X-ray data available than Abell 1795.

10



Chapter 2

The Evolution and Quenching of

Cluster Galaxy Star Formation

Preamble

This chapter contains a version of the paper titled “The Evolution of Star Formation

Activity in Cluster Galaxies Over 0.15 < z < 1.5,” published in The Astrophysical

Journal. The section numbers have been altered to correspond to the thesis for-

mat. The project that led to this work was conceived during the author’s tenure as a

Master’s student and an initial version of this project formed the second half of the au-

thor’s Master’s thesis. However, substantial changes were made to the project between

the original version and what appears herein. While the cluster galaxy data products

remain the same, the method used to derive galaxy properties was completely revised,

significant improvements were implemented in the analysis techniques, and the focus

of the project was shifted exclusively to cluster galaxies.
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2.1. ABSTRACT

2.1 Abstract

We explore 7.5 billion years of evolution in the star formation activity of massive

(M? > 1010.1M�) cluster galaxies using a sample of 25 clusters over 0.15 < z < 1

from the Cluster Lensing And Supernova survey with Hubble and 11 clusters over 1 <

z < 1.5 from the IRAC Shallow Cluster Survey. Galaxy morphologies are determined

visually using high-resolution Hubble Space Telescope images. Using the spectral

energy distribution fitting code CIGALE, we measure star formation rates, stellar

masses, and 4000 Å break strengths. The latter are used to separate quiescent and

star-forming galaxies (SFGs). From z ∼ 1.3 to z ∼ 0.2, the specific star formation rate

(sSFR) of cluster SFGs and quiescent galaxies decreases by factors of three and four,

respectively. Over the same redshift range, the sSFR of the entire cluster population

declines by a factor of 11, from 0.48 ± 0.06 Gyr−1 to 0.043 ± 0.009 Gyr−1. This

strong overall sSFR evolution is driven by the growth of the quiescent population

over time; the fraction of quiescent cluster galaxies increases from 28+8
−19% to 88+5

−4%

over z ∼ 1.3 → 0.2. The majority of the growth occurs at z & 0.9, where the

quiescent fraction increases by 0.41. While the sSFR of the majority of star-forming

cluster galaxies is at the level of the field, a small subset of cluster SFGs have low

field-relative star formation activity, suggestive of long-timescale quenching. The

large increase in the fraction of quiescent galaxies above z ∼ 0.9, coupled with the

field-level sSFRs of cluster SFGs, suggests that higher redshift cluster galaxies are

likely being quenched quickly. Assessing those timescales will require more accurate

stellar population ages and star formation histories.
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2.2 Introduction

It is well known that the star formation (SF) in cluster galaxies in the z . 1 regime

decreases with the age of the Universe (Couch & Sharples 1987; Saintonge et al. 2008;

Finn et al. 2008; Webb et al. 2013), while the cluster early-type galaxy (ETG) frac-

tion increases (Stanford et al. 1998; Poggianti et al. 2009). By z ∼ 1, a correlation

between SF and environment appears to be in place in galaxy clusters (Muzzin et al.

2012), with high fractions of quiescent galaxies relative to the field leading to signifi-

cant differences between the stellar mass functions of field and cluster galaxies (van

der Burg et al. 2013). The 1 < z < 1.5 epoch does reveal an era of substantial SF

activity for some cluster galaxies (Brodwin et al. 2013; Zeimann et al. 2013; Alberts

et al. 2014). However, the bulk of studies investigating cluster SF at all redshifts ad-

dress mostly the total SF activity within a given cluster, with no attempt to quantify

morphological dependencies. While this allows for larger sample sizes, thus reduc-

ing random uncertainties, it smooths over any potential differences that may exist

amongst subpopulations within the cluster.

Wagner et al. (2015) focused on quantifying the SF activity of massive cluster

galaxies of differing morphologies over 1 < z < 1.5 and found that ETGs, with mean

star formation rates (SFRs) of ∼7M� yr−1, contribute 12% of the vigorous SF in

clusters at that redshift range. This high and consistent SF activity, coupled with

an increasing fraction of ETGs from z = 1.5 to 1.25 was taken as evidence of major

mergers driving mass assembly in clusters at z ∼ 1.4. At later times, cluster galaxies

appear to be transitioning away from an epoch of enhanced SF activity to one of

steady quenching (the depletion of the cold gas necessary for the formation of new

stars).

13



2.2. INTRODUCTION

A number of possible quenching mechanisms, such as strangulation (Larson et al.

1980), ram-pressure stripping (Gunn & Gott 1972), and active galactic nucleus (AGN)

feedback, are at play in clusters, acting over different timescales. Strangulation is a

long-timescale (several Gyr) process that removes hot, loosely bound gas from a

galaxy’s halo, gas that could otherwise cool and fall onto the galaxy. The in situ

cold gas, however, is not removed through this process, and the galaxy can continue

to form new stars until this supply is depleted. Ram-pressure stripping, where the

dense intracluster medium strips a galaxy’s cold interstellar gas as it travels through

the cluster, occurs typically on a ∼1 Gyr timescale. AGN feedback, the heating

and/or expelling of cold gas from the core of a galaxy, is a process that can occur on

timescales as short as a few hundred million years (Di Matteo et al. 2005; Hopkins

et al. 2006), and can be a byproduct of major merger activity (Springel et al. 2005).

In this work, we extend our study of cluster SF activity to the full redshift range

0.15 < z < 1.5, using the Cluster Lensing and Supernova survey with Hubble (CLASH;

Postman et al. 2012) and IRAC Shallow Cluster Survey (ISCS; Eisenhardt et al. 2008)

cluster samples. CLASH covers the range 0.15 < z < 1, while our subset of ISCS

spans 1 < z < 1.5. Measuring the SF activity of cluster galaxies over a large range

in cosmic times may provide insight into the dominant quenching mechanism(s) at

different redshifts.

Our paper is laid out as follows. A description of our cluster samples is found in

Section 2.3, while the galaxy sample selection and estimates of stellar masses (M?) and

SFRs through spectral energy distribution (SED) fitting are presented in Section 2.4.

Section 2.5 explores and discusses cluster galaxy SF activity as functions of stellar

mass, redshift, and galaxy morphology. We summarize our results in Section 2.6.
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We adopt a WMAP7 cosmology (Komatsu et al. 2011), with (ΩΛ, ΩM , h) = (0.728,

0.272, 0.704). Cluster halo mass measurements and uncertainties compiled from the

literature are scaled to this cosmology, assuming the respective authors have followed

the conventions described by Croton (2013) with respect to the treatment of h.

2.3 Cluster Samples

In Table 2.1, we provide relevant details of our cluster sample, including cluster

names, positions, spectroscopic redshifts, and halo mass and velocity dispersion mea-

surements compiled from the literature. While we list the full cluster names in tables,

for brevity we use shortened versions for CLASH clusters in the subsequent text.

For our 0.15 < z < 1 cluster sample, we use the publicly available1 CLASH

survey (Postman et al. 2012), which provides observations of 25 clusters in 16 Hubble

Space Telescope (HST) bands spanning the ultraviolet to the near-infrared, and four

Spitzer/IRAC near-infrared bands. While the main scientific goal of CLASH was to

constrain the mass distributions of galaxy clusters using their gravitational lensing

properties (e.g., Merten et al. 2015), a number of ancillary works have taken advantage

of the wealth of multi-wavelength coverage, including the study of the morphologies

and SFRs of brightest cluster galaxies (BCGs; Donahue et al. 2015), the investigation

of galaxies potentially undergoing ram-pressure stripping (McPartland et al. 2016),

and the characterization of high-redshift core-collapse supernovae rates (Strolger et al.

2015). Our use of the high-quality HST and Spitzer/IRAC observations to derive

physical properties (SFRs and stellar masses) enables us to study the evolution of SF

activity in CLASH galaxies.
1https://archive.stsci.edu/prepds/clash/
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Table 2.1: CLASH and ISCS Cluster Samples
Cluster R.A. Declination z M200 σvel Reference Final Sample Galaxy Counts

(J2000) (J2000) (1014 M�) (km s−1) M200 σvel Ntot NETG NLTG NSFGNQ
CLASH

Abell 383 02:48:03.36 −03:31:44.7 0.187 11.3 ± 3.8 931 ± 59 1 6 28 25 3 2 26

Abell 209 01:31:52.57 −13:36:38.8 0.209 21.9 ± 4.9 1320+64
−67 1 7 21 18 3 3 18

Abell 1423 11:57:17.26 +33:36:37.4 0.213 7.2 ± 1.7 759+64
−51 2 8 16 13 3 5 11

Abell 2261 17:22:27.25 +32:07:58.6 0.224 32.8 ± 7.4 780+78
−60 1 8 27 24 3 2 25

RXJ 2129.7+0005 21:29:39.94 +00:05:18.8 0.234 8.7 ± 2.5 858+71
−57 1 8 28 26 2 2 26

Abell 611 08:00:56.83 +36:03:24.1 0.288 22.4 ± 6.4 · · · 1 · · · 36 33 3 5 31

MS 2137−2353 21:40:15.18 −23:39:40.7 0.315 19.3 ± 7.5 · · · 1 · · · 14 8 6 1 13

RXJ 2248.7−4431 22:48:44.29 −44:31:48.4 0.348 26.7 ± 9.5 1660+200
−135 1 9 39 37 2 3 36

MACS 1931.8−2635 19:31:49.66 −26:34:34.0 0.352 21.7 ± 10.1 · · · 1 · · · 14 11 3 0 14

MACS 1115.9−0129 11:15:52.05 +01:29:56.6 0.353 23.7 ± 5.5 · · · 1 · · · 24 21 3 2 22

RXJ 1532.9+3021 15:32:53.78 +30:20:58.7 0.363 8.5 ± 3.3 · · · 1 · · · 26 23 3 5 21

MACS 1720.3+3536 17:20:16.95 +35:36:23.6 0.391 20.6 ± 6.1 · · · 1 · · · 41 34 7 8 33

MACS 0416.1−2403 04:16:09.39 −24:04:03.9 0.396 15.3 ± 3.7 996+12
−36 1 10 78 62 16 16 62

MACS 0429.6−0253 04:29:36.00 −02:53:09.6 0.399 13.9 ± 5.0 · · · 1 · · · 28 24 4 4 24

MACS 1206.2−0847 12:06:12.28 −08:48:02.4 0.440 25.8 ± 6.0 1042+50
−53 1 11 74 60 14 16 58

MACS 0329.7−0211 03:29:41.68 −02:11:47.7 0.450 12.3 ± 2.8 · · · 1 · · · 67 62 5 6 61

RXJ 1347.5−1145 13:47:30.59 −11:45:10.1 0.451 48.7 ± 12.5 1163 ± 97 1 12 37 35 2 7 30

MACS 1311.0+0310 13:11:01.67 −03:10:39.5 0.494 6.5 ± 0.4 · · · 3 · · · 37 32 5 8 29

MACS 1149.6+2223 11:49:35.86 +22:23:55.0 0.544 35.5 ± 7.9 1840+120
−170 1 13 108 91 17 23 85

MACS 1423.8+2404 14:23:47.76 +24:04:40.5 0.545 8.1 ± 1.4 1300+120
−170 3 13 54 41 13 11 43

MACS 0717.5+3745 07:17:31.65 +37:45:18.5 0.548 38.0 ± 7.6 1612 ± 70 3 14 132 106 26 29 103

MACS 2129.4−0741 21:29:25.32 −07:41:26.1 0.570 · · ·
1

1400+170
+200 · · · 13 57 49 8 15 42

MACS 0647.8+7015 06:47:50.03 +70:14:49.7 0.584 19.7 ± 6.0 900+120
−180 1 13 38 36 2 5 33

MACS 0744.9+3927 07:44:52.80 +39:27:24.4 0.686 25.6 ± 7.0 1110+130
−150 1 13 49 39 10 14 35

CLJ 1226.9+3332 12:26:58.37 +33:32:47.4 0.890 22.2 ± 1.4 1143±162 3 15 61 50 11 18 43

ISCS

J1429.2+3357 14:29:15.16 +33:57:08.5 1.059 · · ·
2

· · · · · · · · · 22 13 9 12 10

J1432.4+3332 14:32:29.18 +33:32:36.0 1.112 4.9+1.6
−1.2 734 ± 115 4 16 11 4 7 8 3

J1426.1+3403 14:26:09.51 +34:03:41.1 1.136 · · ·
2

· · · · · · · · · 20 10 10 10 10

J1426.5+3339 14:26:30.42 +33:39:33.2 1.163 · · ·
2

· · · · · · · · · 28 15 13 19 9

J1434.5+3427 14:34:30.44 +34:27:12.3 1.238 2.5+2.2
−1.1 863 ± 170 4 4 21 10 11 13 8

J1429.3+3437 14:29:18.51 +34:37:25.8 1.262 5.4+2.4
−1.6 767 ± 295 4 4 23 15 8 16 7

J1432.6+3436 14:32:38.38 +34:36:49.0 1.349 5.3+2.6
−1.7 807 ± 340 4 4 21 8 13 14 7

J1433.8+3325 14:33:51.13 +33:25:51.1 1.369 · · ·
2

· · · · · · · · · 19 8 11 17 2

J1434.7+3519 14:34:46.33 +35:19:33.5 1.372 2.8+2.9
−1.4 · · · 4 · · · 18 5 13 16 2

J1438.1+3414 14:38:08.71 +34:14:19.2 1.414 3.1+2.6
−1.4 757+247

−208 4 5 38 15 23 32 6

J1432.4+3250 14:32:24.16 +32:50:03.7 1.487 2.5+1.5
−0.9 · · · 5 · · · 31 12 19 25 6

Total Number 1386 1075 311 392 994
References.
(1) Umetsu et al. (2016); (2) Lemze et al. (2013); (3) Merten et al. (2015); (4) Jee et al. (2011); (5) Brodwin et al.
(2011); (6) Geller et al. (2014); (7) Annunziatella et al. (2016); (8) Rines et al. (2013); (9) Gómez et al. (2012); (10)
Balestra et al. (2016); (11) Biviano et al. (2013); (12) Lu et al. (2010); (13) Ebeling et al. (2007); (14) Ma et al.
(2008); (15) Jørgensen & Chiboucas (2013); (16) Eisenhardt et al. (2008).
Notes.
1A published value of for MACS 2129.4−0741 could not be found.
2ISCS clusters without published values.
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The high-redshift (1 < z < 1.5) portion of our cluster sample is based on the

ISCS (Eisenhardt et al. 2008), which identified 0.1 < z < 2 galaxy clusters in 7.25

deg2 of the Boötes field of the NOAO Deep Wide-Field Survey (NDWFS; Jannuzi &

Dey 1999). A wavelet algorithm was used, with accurate photometric redshifts from

Brodwin et al. (2006), to isolate three-dimensional overdensities of 4.5µm-selected

galaxies, with the cluster centers being identified as the peaks in the wavelet detection

maps. We use 11 spectroscopically confirmed clusters over 1 < z < 1.5, all of which

have deep HST observations (Snyder et al. 2012) and were studied in Wagner et al.

(2015). For a more detailed description of our high-redshift cluster sample, please

consult Wagner et al. (2015).

2.3.1 Cluster Halo Mass

We now describe cluster halo masses, M200, compiled from the literature, and briefly

address how ISCS clusters are likely progenitors of CLASH-mass halos. M200 is the

mass contained in a radius R200, which defines a region where the density is 200 times

the critical density of the Universe, ρcrit.

Umetsu et al. (2016) measured M200 values for 20 of the 25 CLASH clusters using

a combined strong-lensing, weak-lensing, and magnification analysis. We take the

M200 measurement of A1423 from Lemze et al. (2013), who used the projected mass

profile estimator, a dynamical method, to derive the cluster mass. Using a combined

weak- and strong-lensing analysis, Merten et al. (2015) measuredM200 for 19 CLASH

systems. We use their estimate of M200 for MACS1311, MACS1423, and CLJ1226.

For MACS2129, a non-exhaustive search of the literature did not reveal a published

17
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Figure 2.1: Cluster M200 versus redshift for the 31 clusters for which we have halo
mass estimates from the literature. Error bars on M200 values are taken from the
literature. The dashed line separates the CLASH and ISCS subsets.

M200.2

M200 estimates for six of our ISCS clusters are taken from Jee et al. (2011), who

used a weak-lensing analysis. Brodwin et al. (2011) measured the cluster mass of ISCS

J1432.4+3250 using Chandra X-ray observations. For the remaining ISCS clusters in

our sample, which do not have published M200 estimates, their halo masses can be

taken to be the average sample halo mass ofM200 ∼ 1014M�, inferred from an analysis

of the correlation function of the entire set of ISCS clusters (Brodwin et al. 2007).

Figure 2.1 shows M200 as a function of redshift for each cluster in our sample,

excluding those for which we do not have published mass estimates. Given the large

differences between the M200 of CLASH and ISCS clusters, we must now determine

whether the latter clusters could be the likely progenitors of any of the 24 CLASH
2Mantz et al. (2010) report an M500 of ∼1015 M�, based on gas mass derived from X-ray

observations.
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Table 2.2: M200 Evolutionary Track Parameters
Cluster t0 M200 d (M200) /dtL log (σ)

(Gyr) (1014M�) (M� yr−1)
MACS 1311.0+0310 5.0 6.5 105.0 0.65
MACS 0744.9+3927 6.3 25.6 105.9 0.45
ISCS J1429.3+3437 8.7 5.4 105.5 0.65
ISCS J1432.4+3250 9.4 2.5 105.1 0.81

clusters for which we have M200 estimates. Should that be the case, it would follow

that the galaxies that reside in these high-redshift clusters can be considered likely

progenitors of the CLASH galaxies at z < 1.

We model the mass growth of our clusters across the entire redshift range of

our sample with the code COncentration-Mass relation and Mass Accretion His-

tory (COMMAH; Correa et al. 2015a,b,c), which uses an analytic model to generate

halo mass accretion rates for a variety of redshifts (∆z = 0.25) and cluster masses

(∆ log (M200) = 0.2). In addition to the code3 itself, Correa et al. (2015a,b,c) provide

tabulated accretion rates for a number of different cosmologies.4

We compare our sample to their tabulated grids, selecting accretion rates for four

clusters where both the total masses and redshifts agree well (differences of no more

than 0.07 and 0.06 in log (M200/M�) and redshift, respectively). We list these clusters

in Table 2.2, along with the lookback time at their redshift,M200 at their redshift, and

mass accretion rate. With the given accretion rate, a cluster’s mass can be projected

as a function of time through
3http://ph.unimelb.edu.au/~correac/html/codes.html or https://github.com/

astroduff/commah.
4While the d (M200) /dt we use were tabulated for a WMAP9 cosmology (Hinshaw et al. 2013),

the differences in cluster masses are negligible between this and WMAP7.
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2.3. CLUSTER SAMPLES

Figure 2.2: Cluster M200 versus lookback time for clusters in our sample that have
published mass estimates. The circles highlight the clusters listed in Table 2.2, with
the corresponding colored curves showing their projected mass evolution, described
by Equation (2.1) with parameters from Table 2.2.

M200 (tL) = − (tL − t0) d (M200)
dtL

+M200 (t0) , (2.1)

where tL is the lookback time (the negative slope comes from this dependence),

d (M200) /dtL is the mass accretion rate, M200 (t0) is a cluster’s mass at its observed

redshift, and t0 is the lookback time at that redshift.

Figure 2.2 shows the evolutionary tracks based on Equation (2.1) for our selected

clusters. Also shown are the measured cluster M200 values as a function of lookback

time, with the bulk of our sample plotted with gray squares. The four chosen clusters
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are shown with circles that match the color of their respective time-dependent mass

track.

Figure 2.2 can be understood in two ways. It may either tell us about the

unevolved mass of a cluster at earlier lookback times considering its current (low-

redshift) mass, or it may inform us about the evolution of a high-redshift cluster’s

M200 up to recent times. Considering first the two selected ISCS clusters, their

tracks are found to intersect with a number of CLASH clusters (at least within their

uncertainties). For instance, given its expected mass accretion, the cluster ISCS

J1432.4+3250 at z = 1.49 (blue curve) could conceivably evolve into an A383-sized

cluster (M200 ∼ 1015M�). Tracing the potential evolution of ISCS J1429.3+3437

at z = 1.26 (magenta curve), it could also well evolve into a massive cluster, up to

∼2× 1015M�.

While neither of the ISCS tracks overlap with the most massive CLASH clusters,

we now consider the backwards evolution (with increasing lookback time) of the

z = 0.69 cluster MACS0744 (green curve). Given its projected growth rate, it could

be considered as a mid-evolutionary phase between the low-mass clusters we observe

at tL ∼ 9 Gyr and the ∼(3− 5) × 1015M� CLASH clusters. Based on its predicted

evolution, MACS1311 (z = 0.49; orange curve) provides a link between the low-mass

(for our samples) cluster regime at all considered lookback times/redshifts. The good

agreement seen in Figure 2.2 between the measured and inferred cluster M200 values

suggests that ISCS members are, in an aggregate sense, the likely progenitors of

CLASH cluster galaxies.
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2.4 Galaxy Data and Sample Selection

We now describe the selection of cluster members (Section 2.4.1), morphological clas-

sification of CLASH and ISCS galaxies (Section 2.4.2), removal of BCGs (Section

2.4.3) and galaxies that host AGNs (Section 2.4.4), and the measurement of SFRs

and stellar masses (Section 2.4.5).

2.4.1 Selecting Cluster Members

2.4.1.1 ISCS

In Wagner et al. (2015), the selection of ISCS cluster members used two different

methods. First, galaxies were considered members if they had high-quality spectro-

scopic redshifts consistent with ISCS cluster redshifts (Eisenhardt et al. 2008; Brod-

win et al. 2013; Zeimann et al. 2013). Second, if no high-quality zspec was available,

ISCS galaxies were deemed members if they belong to the cluster red-sequence as

determined by Snyder et al. (2012) with HST photometry. Of the 270 ISCS cluster

members, 69 are selected with spectroscopic redshifts, and 201 based on galaxy colors.

Using the published table of spectroscopic redshifts from Zeimann et al. (2013), we

identify 43 confirmed non-members that were included in the red-sequence analysis

of Snyder et al. (2012). Of these galaxies, 11 would have been considered cluster

members based on their color, for a field contamination rate of ∼26%.

2.4.1.2 CLASH

As part of our CLASH membership selection, we prune likely stars from our final

sample by removing objects with the SExtractor (Bertin & Arnouts 1996) stellarity
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parameter CLASS_STAR > 0.85.

Spectroscopic Redshifts While all CLASH clusters likely have spectroscopic red-

shifts measured for a small number of members, the literature provides extensive

catalogs of publicly available spectroscopic redshift measurements for galaxies in a

subset of the 25 CLASH systems. The selections, described below, result in 334

spectroscopic members.

The ongoing CLASH-VLT program (Rosati et al. 2014) will provide an unprece-

dented number of spectroscopic redshifts in 24 of the 25 CLASH fields once completed.

We take advantage of spectroscopic redshifts for the two CLASH-VLT clusters pub-

licly released: MACS0416 (Balestra et al. 2016) and MACS1206 (Biviano et al. 2013).5

For MACS1206, we use the list of cluster members provided by Girardi et al. (2015),

where the membership was determined using the technique for selecting cluster mem-

bers from Fadda et al. (1996). In this method, the peak in the spectroscopic redshift

distribution is found and galaxies are iteratively rejected if their redshifts lie too far

from the main distribution. Balestra et al. (2016), who used the same method for

determining cluster membership, did not include a membership flag in the MACS0416

catalog. However, as all of our potential MACS0416 members are contained within

Rproj . 0.7 Mpc, we use cz ≤ ±2100 km s−1 as our membership criterion, based on

the extent of cluster members at that radius (see Figure 6 of Balestra et al. 2016).

We use spectroscopic redshifts for A383 from Geller et al. (2014), A611 from

Lemze et al. (2013), and for A1423, A2261, and RXJ2129 from Rines et al. (2013).

For each of these five clusters, membership was determined via caustic techniques
5Released CLASH-VLT spectroscopic redshift catalogs are available at https://sites.google.

com/site/vltclashpublic/.
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(Diaferio & Geller 1997; Diaferio 1999). For A383, A1423, A2261, and RXJ2129, the

authors included a membership flag in their published redshift tables; we use this

flag to select spectroscopic members for these four clusters. For A611, spectroscopic

members are based on an unpublished membership list (D. Lemze, private comm.).

We further supplement our catalog with spectroscopic redshifts for candidate

members in MACS1720, MACS0429, MACS2129, MACS0647, and MACS0744 from

the catalog published by Stern et al. (2010). After removing star-like objects, we

include as cluster members galaxies with −0.02 < zspec − zcluster < 0.03, based on the

peak in the distribution of redshift residuals.

Photometric Redshifts To select the remainder our our z < 1 cluster members we

use photometric redshift estimates derived by Postman et al. (2012) using Bayesian

Photometric Redshift (Benítez 2000; Benítez et al. 2004; Coe et al. 2006), a Bayesian

χ2 minimization template fitting software package. Each galaxy’s photometric red-

shift was given an odds parameter, P (z), defined as the integral of the probability

distribution in a region of ∼2 (1 + zphot) around zphot. A value near unity indicates

that the distribution has a narrow single peak (Benítez et al. 2004) and our final

sample only contains galaxies with P (z) > 0.9, considered to be the most reliable by

Postman et al. (2012). For a galaxy to be a cluster member, we require that its zphot

be contained within zcluster ± 0.04× (1 + zcluster).

In order to estimate the potential field contamination of selecting cluster members

by their photometric redshifts we identify the 172 galaxies in our initial CLASH

sample that are confirmed non-members according to their spectroscopic redshifts.

Of these, 45 have zphot consistent with being members, for a field contamination rate

of ∼26%.
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Figure 2.3: Histograms of zspec (red open) and zphot (blue open) CLASH members,
superimposed over the best available redshift of the entire CLASH sample (gray).
Filled blue (hashed red) histograms show the final sample of CLASH zphot (zspec)
members. Each panel shows the shortened cluster name, zcluster, and final number
of zphot (blue) and zspec members (red) over the total number of each. Members not
meeting the cuts described throughout the text are not plotted.
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Cluster Members Figure 2.3 shows the distribution of photometric and spectro-

scopic redshifts for the CLASH members. The 334 zspec members are plotted as the

red open histograms, while the 1975 zphot members are depicted by the blue open

histograms. Cluster names and redshifts are listed. Due to cuts on BCGs (Section

2.4.3), presence of an AGN (Section 2.4.4), morphology (Section 2.4.2), filter require-

ments for SED fitting (Section 2.4.5.2), and stellar mass (Section 2.4.5.3) the final

CLASH sample contains 1134 galaxies. The red hatched (blue filled) histograms show

the 229 (905) final spectroscopic (photometric) members.

2.4.2 Galaxy Morphology

In Wagner et al. (2015), galaxies were visually classified using observed-frame HST

optical images, taken with either the Advanced Camera for Surveys (ACS; Ford et al.

1998) or the Wide Field Planetary Camera 2 (Holtzman et al. 1995), and near-infrared

images, acquired with the Wide Field Camera 3 (WFC3; Kimble et al. 2008). ETGs

were required to have a smooth elliptical/S0 shape, while galaxies that showed clear

spiral structure, or irregular or disturbed morphologies, were collectively classified

as LTGs. For consistency with Wagner et al. (2015), we similarly visually classify

the morphology of CLASH members. Given the broad spectral coverage afforded by

CLASH, we simultaneously inspect at least one HST image in each of the ultraviolet,

optical and near-infrared. We could not cleanly assess the morphology for a small

subset of galaxies. The latter are thus left out of any forthcoming analysis.

Figure 2.4 shows examples of visually classified ETGs and LTGs, spanning the

majority of the redshift range of our sample. While the visual classification was

performed by simultaneously inspecting single-band HST images (shown in the three
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Figure 2.4: Pseudocolor cutouts (left column) of example visually classified ETGs
(top three rows) and LTGs (bottom three rows), with morphology and cluster redshift
listed for each galaxy. A scale of 1′′ is shown by the white line in each pseudocolor
image. The right three columns show the blue, green, and red filters that comprise
each pseudocolor image and that were used for visual classification. Each image is
30x30 kpc.
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rightmost columns, with filter listed), we also provide pseudocolor cutouts in the left

column.

2.4.3 Excluding Brightest Cluster Galaxies

BCGs are typically the dominant, central galaxy in the cluster environment and

are thought to have undergone an evolution different to that of the rest of the cluster

population (Groenewald & Loubser 2014; Donahue et al. 2015, and references therein).

Because of their potentially different histories and sometimes elevated SF activity

(e.g., McNamara et al. 2006; McDonald et al. 2013, 2016), we remove them from our

analysis.

The positions of all galaxies in our CLASH sample are compared with the CLASH

BCGs studied by Donahue et al. (2015, their Table 4). We do not find a match for

eight of their BCGs as our own selection criteria already singled out these galaxies.

We inspect each pair of the remaining matched sources in rest-frame ultraviolet and

optical HST images to ensure that the object is indeed the cluster BCG. This results

in the elimination of 17 additional BCGs across all 25 CLASH clusters.

In a manner similar to the BCG identification method of Lin et al. (2013) we

identify potential ISCS BCGs by first selecting the ∼5 galaxies in each of the 11

ISCS cluster fields that have the highest 4.5µm flux. However, none of these 56

galaxies match our final list of ISCS members. We are confident that our cluster

sample is free of BCGs.
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2.4.4 AGN Removal

Since AGNs contribute to galaxies’ infrared flux and can potentially contaminate our

SFRs and stellar masses, we remove their host galaxies from our sample. Following

Wagner et al. (2015), we identify AGNs using the IRAC color-color selection from

Stern et al. (2005). Unlike that treatment, however, we do not remove galaxies with

fewer than four good IRAC fluxes. Additionally, all ISCS galaxies with hard X-ray

luminosities exceeding 1043 erg s−1 are removed. This results in the removal of 17

cluster members.

2.4.5 Estimating Physical Properties of Cluster Galaxies

2.4.5.1 ISCS

Wagner et al. (2015) used IRAC observations as positional priors to match the MIPS

fluxes to HST catalog sources. The Chary & Elbaz (2001) templates were used to

convert the measured 24 µm fluxes to total IR luminosities, then SFRs were calculated

using relation (4) from Murphy et al. (2011). Using HST images, ISCS members

were visually inspected to determine isolation. Galaxies with nearby neighbors were

removed from the final sample, as their mid-infrared SFRs could not be reliably

measured due to the large MIPS point spread function. For consistency with our

CLASH sample, here we calculate ISCS SFRs through SED fitting. We describe this

procedure in Section 2.4.5.2, and in Section 2.7 we present a comparison of these

SFRs and the 24 µm SFRs from Wagner et al. (2015).

Stellar masses were estimated in Wagner et al. (2015) by fitting galaxies’ SEDs

to population synthesis models using iSEDfit (Moustakas et al. 2013), the Bruzual

& Charlot (2003) stellar population models, and the Chabrier (2003) IMF. As with
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the ISCS SFRs, we re-derive stellar masses as described in the following section, and

compare them to the values calculated with iSEDfit in Section 2.7.

Photometry for our ISCS galaxies includes three NDWFS optical wavebands (Bw,

R, and I), three near-infrared bands from the FLAMINGOS Extragalactic Survey

(J,H, and Ks; Elston et al. 2006), one near-infrared HST band (F160W), and five

Spitzer bands (3.6, 4.5, 5.8, and 8.0 µm on IRAC, and 24 µm on MIPS). Despite the

small number of bands relative to CLASH, the ultraviolet portion of the spectrum is

well-covered at z ∼ 1 by the Bw and I filters, with R band straddling the ultraviolet

and optical regimes. F160W and all four bands of IRAC provide good coverage of

the infrared. In the range of z ∼ 1.5, F814W and R now also sample the ultraviolet,

while F160W falls into the redshifted optical regime. While we do have 24 µm MIPS

observations, we exclude them from our final SED fits in order to be more inclusive

of non-isolated galaxies. We discuss the validity of this choice in Section 2.7.

2.4.5.2 Spectral Energy Distribution Fitting

To estimate the SFRs and stellar masses for all galaxies in our sample we use the

Code Investigating GALaxy Emission (CIGALE; Burgarella et al. 2005; Noll et al.

2009; Roehlly et al. 2012, 2014).6 Combining various models, each encompassing

a number of free parameters, CIGALE builds theoretical SEDs, using the energy

balance approach, in which (conceptually) a portion of a galaxy’s flux is absorbed

in the ultraviolet with a corresponding re-radiation in the infrared, with the latter

balancing the total energy of the system. CIGALE then compares the theoretical

SEDs to multi-wavelength observations, generating a probability distribution function

for each parameter of interest.
6CIGALE is publicly available at http://cigale.oamp.fr/.
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Table 2.3: CIGALE Input Parameters

Parameter Value(s)
Double declining exponential star formation history

τmain (Gyr) 0.5–5
τburst (Gyr) 10
tmain (Gyr)1 1–11
tburst (Myr) 50–750

fburst 0–0.2
Dust Attenuation: Calzetti et al. (2000) and Leitherer et al. (2002)
E(B − V )?,young

2 0–1
Dust template: Dale et al. (2014)

fAGN 0
αdust 1–3

Notes.
1At a given redshift tmain never exceeds the age of the Universe.
2Following Buat et al. (2014), a 50% reduction factor is applied to the E (B − V )?
for old stellar populations (age > 10Myr).

The input data for each galaxy in our sample are its unique identifier, redshift, and

the flux and associated errors in each observed filter. With CIGALE’s energy balance

approach in mind, we only include galaxies that have good fluxes in at least one rest-

frame filter in each the ultraviolet and near-infrared. To reduce computational time

during the SED modeling, we set the redshift of each member galaxy to its parent

cluster’s redshift. For all CIGALE runs we adopt a Bruzual & Charlot (2003) stellar

population model, with a Chabrier (2003) IMF, and solar metallicity. Table 2.3 lists

the CIGALE parameters that define the template SEDs for all galaxies.

Star formation histories (SFHs) commonly found in the literature include a single

stellar population with an exponentially declining SFR, a single stellar population

with an SFR that declines exponentially after some delay time, or a two-component
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exponentially declining model consisting of a recently formed young stellar popu-

lation on top of an underlying old stellar population. As galaxies are expected to

undergo multiple SF episodes, this latter type of SFH is better suited than a single-

population SFH to model complex stellar systems (Buat et al. 2014). However, Ciesla

et al. (2016) have recently shown promising results using a truncated delayed SFH to

model the rapid quenching expected of galaxies undergoing ram-pressure stripping in

the cluster environment. While a comparison of the physical properties of CLASH

galaxies derived by different SFHs will be reviewed elsewhere, we adopt a double

declining exponential SFH in this work.

The SFR in a declining exponential SFH is characterized by

SFR (t) ∝ e−t/τ , (2.2)

where t is time (i.e., the age of the stellar population) and τ is the e-folding time.

As our adopted SFH comprises an old (main) and younger (burst) stellar population,

each has an age (tmain and tburst, respectively) and an e-folding time (τmain and τburst,

respectively). Prior to the burst occurring (t < tmain − tburst), the galaxy forms

stars according to Equation (2.2). Subsequently, the SFR of the galaxy is modeled

as a linear combination of two such functions, with the exponential component for

the young stellar population modulated by a burst fraction (fyoung), which defines

the mass fraction contributed by young stars. To generate a wide array of possible

galaxy histories, we supply CIGALE with a range of values for tburst, tmain, and

τmain. We approximate a constant burst of SF for the young population by fixing

its e-folding time at 10 Gyr. The remaining parameters listed in Table 2.3 are the

dust attenuation of the young population (E(B − V )?,young), the fraction of infrared
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Figure 2.5: CIGALE-derived SFR versus stellar mass for cluster members, with our
final sample plotted with green points. Also shown are galaxies cut from the sample
(see legend), as well as the stellar mass cut (vertical line). Galaxies identified as likely
AGN hosts (Section 2.4.4) are not plotted. The error bar in the lower right corner
shows the typical uncertainty in the SFRs and stellar masses derived with CIGALE.

emission due to an AGN (fAGN), and the infrared power law slope (αdust). As we

remove AGNs from our entire cluster sample (Section 2.4.4), we fix fAGN = 0 for all

models. While we have removed galaxies with a dominating AGN component, there

may be some subdominant AGN contribution to the measured SFRs of the remainder

of our sample. However, disentangling such low-level contribution is beyond the scope

of this work.
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2.4.5.3 Star Formation Rates and Stellar Masses

Figure 2.5 shows the CIGALE-derived SFRs and stellar masses for our cluster sample.

In addition to the sample cuts described up to this point, we impose a further cut

on our sample by requiring all galaxies to meet the 80% mass completeness limit of

Wagner et al. (2015), log (M?/M�) > 10.1.7 Galaxies that fall above our stellar mass

cut (to the right of the vertical line) for which we could not reliably determine a

morphology (Section 2.4.2) are plotted with open black circles. We do not identify all

galaxies without a morphology as many of the galaxies that fall below our mass cut

were not inspected for morphology. BCGs identified in Section 2.4.3 are shown by

the red points and our final sample (N = 1386) is shown by the green circles. Table

2.1 gives the breakdown by cluster of the number of cluster members (Ntot), ETGs

(NETG) and LTGs (NLTG) in our final sample.

2.4.5.4 Separating Star-forming and Quiescent Galaxies

In addition to classifying cluster galaxies based on their morphologies, we separate

members based on whether they are still actively forming new stars (star-forming

galaxies; SFGs) or are quiescent (i.e., have little to no ongoing SF). These two galaxy

types are commonly separated on the basis of the strength of the 4000 Å break,

which is an indicator of their stellar population age (Bruzual 1983; Balogh et al.

1999; Kauffmann et al. 2003). The amplitude of the break, Dn (4000), is used to

separate galaxies into young (star-forming) and old (quiescent) galaxies (e.g., Vergani
7Because galaxies build up stellar mass over time, this constant cut may introduce some bias in

our sample selection. For example, the progenitor of a log (M?/M�) ∼ 10.1 galaxy at low redshift
will likely have had a lower stellar mass at higher redshift and hence be excluded from our sample.
However, while the ideal solution would involve an evolving stellar mass cut, our sample size precludes
adopting such a selection.
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Figure 2.6: SFR-M? plane for SFGs (blue) and quiescent galaxies (red) defined by a
Dn (4000) = 1.35 cut. The black line shows a constant specific SFR of SFR/M? =
0.1 Gyr−1.

et al. 2008; Woods et al. 2010). Our SED fits enable a recovery of Dn (4000), which

CIGALE calculates as the ratio of the flux in the red continuum (4000–4100 Å) to

that in the blue continuum (3850–3950 Å), based on the definition of Balogh et al.

(1999).

We adopt a cutoff of Dn (4000) < 1.35 (Johnston et al. 2015) to select SFGs, which

results in 392 star-forming and 994 quiescent cluster members. Table 2.1 lists the

final number of SFGs (NSFG) and quiescent galaxies (NQ) in each cluster, and Figure

2.6 shows the SFR versus stellar mass of each subset. Another common metric for

selecting SFGs (e.g., Lin et al. 2014) is the specific SFR (sSFR ≡ SFR/M?), which

measures a galaxy’s efficiency at forming new stars. For comparison, we find that a

constant sSFR of 0.1 Gyr−1 (black line) qualitatively agrees with our Dn (4000) cut.

We reinforce that our selection of ETGs and LTGs in Section 2.4.2 was based on their

morphologies and should not to be confused with spectroscopically early- and late-

type galaxies, terms that are sometimes used to refer to quiescent and star-forming
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galaxies, respectively (e.g., Vergani et al. 2008).

2.5 Results and Discussion

Throughout this section, we incorporate into our error bars the uncertainty due to

the potential field contamination of the cluster members selected with photomet-

ric redshifts or through red-sequence color selection (see Section 2.4.1). Error bars

on fractional values are calculated as the quadrature sum of uncertainties based on

binomial confidence intervals (Gehrels 1986) and those due to potential field contami-

nation. The latter are the differences between the calculated fraction and the bounds

of the fraction assuming 26% of the zphot/color-selected subset contained interlop-

ers. The error bars on sSFR values are calculated as the quadrature sum of simple

Poisson errors and 5000 iterations of bootstrap resampling. To calculate the former,

the number of galaxies used in each bin is the sum of the number of zspec members

and 74% of the number of zphot/color-selected members (to simulate a 26% interloper

rate). For each iteration of bootstrap resampling, pairs of SFR and stellar mass are

chosen from the set of spectroscopically-selected members and a random sampling of

74% of the non-zspec members.

2.5.1 The Relation Between SFR and Stellar Mass in Cluster

SFGs

SFR (or sSFR) as a function of stellar mass, hereafter referred to as the SFR-M? rela-

tion, has been studied extensively over the last decade, resulting in a tight correlation

between these two physical quantities, often referred to as the “main sequence” of SF
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Figure 2.7: Upper panels: SFR versus M? for cluster SFGs (light green stars). SFGs
are fit (dark green lines) by Equation (2.3), with the number of galaxies, fit coef-
ficients, and 1σ and total (when accounting for potential field contamination; see
text) uncertainties listed. Lower panels: Comparison of SFR-M? parameters for our
best fit, with 1σ (dark green rectangles) and total (light green rectangles) uncertain-
ties shown. A selection of literature best-fit parameters, calibrated by Speagle et al.
(2014), are provided: Elbaz et al. (2007); Noeske et al. (2007); Chen et al. (2009);
Dunne et al. (2009); Santini et al. (2009); Oliver et al. (2010); Karim et al. (2011);
Whitaker et al. (2012); Kashino et al. (2013); and Sobral et al. (2014). Colored er-
ror bars show the parameter uncertainties (if available) from the literature; best-fit
parameters with no uncertainties are shown by open circles.
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(Noeske et al. 2007; Elbaz et al. 2011). This is often characterized by a power law of

the form

log
(
SFR/M� yr−1

)
= α log (M?/M�) + β, (2.3)

where α and β are the slope and normalization, respectively. The SFR-M? relation as

a function of redshift has been investigated in numerous studies (e.g., Vulcani et al.

2010; Ilbert et al. 2015; Schreiber et al. 2015; Tasca et al. 2015). Speagle et al. (2014)

compiled and standardized a sample of 25 studies from the literature over the range

of 0 < z < 6 and found that despite a variety of SFR and stellar mass indicators,

there is a good consensus on the SFR-M? relations, with a 1σ scatter of ∼0.1 dex

among publications. Although Speagle et al. (2014) calibrated the literature fits to a

Kroupa (2001) IMF, they note that differences between this and the Chabrier (2003)

IMF we employ have a negligible impact on the coefficients of the SFR-M? relation.

While studies of the SFR-M? relation have largely focused on field SFGs, higher-

density environments have received more recent attention (e.g., Greene et al. 2012;

Jaffé et al. 2014; Lin et al. 2014; Erfanianfar et al. 2016). Along those lines, we

plot SFR versus stellar mass in the upper panels of Figure 2.7, for the star-forming

cluster galaxies (green stars) selected in Section 2.4.5.4. Our cluster SFGs are sep-

arated into two broad redshift bins, 0.15 < z < 0.584 and 0.584 < z < 1.5, each

spanning ∼3.75 Gyr in lookback time. The galaxies are fitted (dark green lines) with

Equation (2.3) and the results are reported in each panel. Despite the considerable

scatter in our SFR-M? fits, the standard deviation of 0.38 at 0.15 < z < 0.584 is

similar to the observed 1σ scatter in the literature, which ranges from 0.15 to 0.61,

as compiled by Speagle et al. (2014) for studies where the redshift ranges overlap

with ours. Similarly, over 0.584 < z < 1.5, our 1σ scatter of 0.36 is consistent with
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the corresponding range (0.09 to 0.47) of measured standard deviations reported by

Speagle et al. (2014). Shown in the upper panels are 1σ uncertainties per parameter

derived using the formalism from Press et al. (1992), assuming the uncertainty of each

ordinate value is the mean SFR uncertainty. The total uncertainties, shown in paren-

thesis, account for possible field contamination in the non-spectroscopically selected

cluster SFGs. We devise a Monte Carlo realization to calculate the uncertainty due

to potential interlopers, whereby 74% of the zphot/color-selected subset (to simulate

a 26% interloper rate; see Section 2.4.1) are randomly selected. These galaxies are

combined with the zspec members and a new fit is re-derived. This is performed 5000

times in each redshift bin, and the standard error is calculated for the 5000 sets of

parameters. The standard error is added in quadrature with the 1σ uncertainty to

derive a total parameter uncertainty.

In the lower panels of Figure 2.7, we show our best-fit α and β, with corresponding

uncertainties, along with a sample of best-fit SFR-M? parameters and uncertainties

(if available) from the literature, as calibrated and provided by Speagle et al. (2014).

Given the consistency of our fits with those from the literature, this suggests that

(even when accounting for any potential contamination from interlopers) the SFR-M?

relation of star-forming cluster galaxies is robust and effectively the same as that of

field SFGs, echoing similar conclusions by, e.g., Greene et al. (2012), Koyama et al.

(2013), and Lin et al. (2014).
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Figure 2.8: Upper panel: Fraction of quiescent cluster galaxies as a function of stellar
mass. Lower panel: Specific SFR versus stellar mass for cluster SFGs (stars) and
quiescent galaxies (open circles). Points have been slightly offset for clarity.

2.5.2 The Impact of Stellar Mass on Star-forming and Qui-

escent Cluster Galaxies

The upper panel of Figure 2.8 shows the fraction of quiescent cluster galaxies, fQ, as

a function of stellar mass. Given our stellar mass binning, three cluster galaxies with

log (M?/M�) > 11.6 are excluded. Their removal plays no role in our final results. In

each stellar mass bin, galaxies are separated into three redshift slices, each spanning

∼2.5 Gyr of lookback time (see legend for color coding).

The fraction of quiescent galaxies and stellar mass are correlated, regardless of
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redshift. However, the increase in fQ with stellar mass is relatively mild at z ∼ 0.3

and z ∼ 0.6, and given the uncertainties, formally consistent with no trend. Over

0.2 < z < 0.5 and 0.5 < z < 0.8, which are similar to our two lower redshift bins, Lin

et al. (2014) found fQ values that are uniformly lower at log (M?/M�) . 11.3, even

when accounting for the difference between their adopted Salpeter (1955) IMF and our

Chabrier (2003) IMF. While Lin et al. (2014) did not provide the halo mass range of

their sample, they differentiated between groups and clusters based on richness. Their

cluster selection corresponds to halo masses &1014M�, which is nearly an order of

magnitude lower than the minimumM200 of our cluster sample over the same redshift

range (∼8× 1014M�). As quiescent galaxies tend to populate more massive halos at

a given stellar mass (Lin et al. 2016), the large difference in the underlying properties

of the two cluster samples may explain the substantial differences in fQ.

The high fraction of quiescent galaxies at z . 0.8 implies that most of the passive

cluster population was being built up at earlier times. Since the most massive cluster

galaxies (log (M?/M�) ∼ 11.3) are almost uniformly passive as far back as z ∼ 1.2,

this build up can be attributed to the quenching of lower-mass galaxies at (or above)

this redshift.

Quiescent fraction and stellar mass are more strongly correlated at z ∼ 1.2 than

at z ∼ 0.3 or z ∼ 0.6, with ∆fQ = 0.53 over the same stellar mass range as in the two

lower redshift bins. Qualitatively, this matches the results of Balogh et al. (2016) for

galaxies in log (M200/M�) ∼ 14.5 clusters at z ∼ 1, although they found that fQ rises

sharply at log (M?/M�) ∼ 10.5, followed by a gradual increase up to log (M?/M�) ∼

11.3. The correlation between fQ and M? above z = 0.8 suggests that quenching is

ongoing at this epoch and the build up of stellar mass plays a role in turning off the
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SF activity of SFGs. Lee et al. (2015) found a strong correlation between quiescent

fraction and stellar mass for candidate cluster galaxies over 1 < z < 1.5, which they

also attribute to mass quenching.

Some portion of the increase in quiescent fraction over time at fixed mass, how-

ever, is likely due to the accretion of previously-quenched galaxies from lower-density

environments into clusters (pre-processing; e.g., Haines et al. 2015). Regardless of

the method by which cluster galaxies are quenched, or even whether they fall into the

cluster environment pre-quenched, it is the increasing quiescent fraction that drives

the strong evolution in the SF activity of the overall cluster population with time

(Section 2.5.3).

In the lower panel of Figure 2.8 we consider the SF efficiency of our cluster galaxies

as a function of stellar mass. Due to the paucity of low-redshift SFGs, particularly

at higher stellar mass, we combine the two lower redshift bins (see legend). While

fQ shows a strong dependence on M? at higher redshift, the sSFRs of both SFGs

and quiescent galaxies are more mildly correlated with stellar mass. In fact, at a

given redshift, there is at most a factor of ∼2 − 3 difference between the sSFR of

the lowest- and highest-mass cluster galaxies within each subset. We find a similar

trend in the tabulated results of Lin et al. (2014), over the same stellar mass range

that we study, and the cluster galaxy sSFRs measured by Muzzin et al. (2012) over

0.85 < z < 1.2 align extremely well with ours at 0.8 < z < 1.5. While the build

up of stellar mass appears linked to transitioning galaxies between the star-forming

and quiescent populations, stellar mass has less of an impact on the SF efficiency of

galaxies within each distinct subset.

42



2.5. RESULTS AND DISCUSSION

2.5.3 The Evolution of Cluster Galaxies: The Mixing of Two

Distinct Populations

Given that stellar mass has a relatively mild impact on the SF efficiency of cluster

galaxies when independently considering star-forming and quiescent populations, we

now investigate the redshift evolution of sSFR for these two subsets, along with the

overall cluster sample. The upper panel of Figure 2.9 shows sSFR versus redshift

for all cluster galaxies (green squares), and the star-forming (green stars) and quies-

cent (green open circles) subsets, with galaxies separated into five redshift bins, each

spanning ∼1.5 Gyr of lookback time.

For comparison, two sSFR fits from the literature are plotted. Elbaz et al. (2011)

measured the sSFR redshift evolution of galaxies observed in the northern and south-

ern fields of the Great Observatories Origins Deep Survey. Their best-fit sSFR evo-

lution, which assumes α = 1 (Equation 2.3), describes a main sequence of

13 (13.8 Gyr− tL)−2.2 ≤ sSFR ≤ 52 (13.8 Gyr− tL)−2.2 , (2.4)

which is plotted as the gold shaded region. For a given tL, Elbaz et al. (2011) classified

galaxies above this range as starbursts; galaxies that lie below 13 (13.8 Gyr− tL)−2.2

were considered to have “significantly lower” SF.

Alberts et al. (2014) modeled the evolution of SF activity in cluster galaxies over

0.3 < z < 1.5, shown here as the solid black curve (dashed curves are the 1σ uncer-

tainties in their fit). Their fit only includes galaxies with cluster-centric distances of

Rproj < 0.5 Mpc; similarly excluding all galaxies beyond this radius from our sample

would not alter our qualitative results.

At all redshifts, the overall cluster population lies in good agreement with the
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Figure 2.9: Upper panel: Specific SFR versus redshift for different cluster galaxies
(symbols). At all redshifts, the overall cluster population (squares) is composed of
two distinct subsets: quiescent galaxies (open circles) and SFGs (stars). The sSFR
of cluster SFGs is typically consistent with the SF main sequence from Elbaz et al.
(2011, gold shaded region). The overall cluster sSFR is in excellent agreement with
the Alberts et al. (2014) fit of sSFR versus redshift for cluster galaxies (solid black
curve; dashed curves are 1σ uncertainty). Lower panel: Fraction of quiescent cluster
galaxies versus redshift. The quiescent population builds up quickly at earlier times,
with fractions gradually increasing to more recent times.
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Alberts et al. (2014) relation, with sSFR decreasing by a factor of 11 from z ∼ 1.3

(sSFR = 0.48 ± 0.06 Gyr−1) to z ∼ 0.2 (sSFR = 0.043 ± 0.009 Gyr−1). The SF

efficiency of the SFG subset also declines over the same period, but only by a factor

of 3. We find that this decline is somewhat shallower than the best-fit Elbaz et al.

(2011) sSFR evolution, although our values are consistent within the uncertainties

with their main sequence. That cluster SFGs have similar SF efficiency to the field

population is not surprising given our results from Section 2.5.1, where we found that

the SFR-M? relation of cluster and field SFGs are consistent with each other, despite

large scatters about the best fits. Quiescent cluster galaxies, which have SF efficiency

∼16− 31 times lower than SFGs, experience a similar decrease in sSFR to their star-

forming counterparts from z ∼ 1.3 → 0.2, although with a slightly steeper factor of

4. As with SFGs, this evolution is more moderate than that of the overall cluster

population. Thus, the strong evolution in cluster galaxy sSFR cannot simply be

due to the decline in the sSFR of its constituent subsets, which experience relatively

shallow decreases. Instead, as shown below, the build up of the quiescent population

has a strong impact in the sSFR evolution of all cluster galaxies.

The lower panel of Figure 2.9 shows fQ of all cluster galaxies as a function of

redshift, using the same binning as in the top panel. At z ∼ 1.3, the overall qui-

escent fraction is only 28+8
−19%. Based on their relatively small contribution to the

cluster population, quiescent galaxies have little impact on the overall (high) sSFR

at this redshift. After a sharp rise to fQ = 0.69+0.25
−0.12 at z ∼ 0.9, the quiescent frac-

tion increases gradually with decreasing redshift to z ∼ 0.2, where 88+5
−4% of cluster

galaxies are quiescent. Hence, from ∼7 to 3 Gyr ago, quiescent galaxies progressively

dominate the cluster population, thus lowering the SF efficiency of the overall cluster
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population, more so than their own moderate evolution would imply.

2.5.4 Star-forming and Quiescent Cluster Galaxies: Disen-

tangling Morphology

We now explore whether the morphologies of different cluster galaxies play a role in

the SF activity of the overall population. The evolution of the quiescent fraction for

cluster ETGs and LTGs is plotted in the upper left panel of Figure 2.10, with each

redshift bin spanning ∼1.5 Gyr of lookback time. The fQ of cluster galaxies varies

by morphology at all redshifts. While ETGs quickly build up the majority of their

quiescent population at earlier times (z & 0.9), LTGs are predominantly star-forming

at redshifts above z ∼ 0.6. Furthermore, over 0.15 < z < 1.5, the LTG quiescent

fraction is uniformly lower than that of the ETG subset, by up to a factor of ∼5.

As SFGs comprise a larger component of the LTG population, it would be no

surprise to find that the SF activity of all cluster LTGs is higher than that of all cluster

ETGs (e.g., Wagner et al. 2015), given the substantial difference in SF efficiency

between the overall quiescent and SFG populations (see upper panel of Figure 2.9).

Indeed, we find just such a relation for the sSFR of cluster galaxies, separated by

morphology, in the lower left panel of Figure 2.10. Across all redshifts, cluster LTGs

are ∼2 − 8 times more star-forming than their early-type counterparts. However,

as we noted in Section 2.5.3, simply combining SFGs and quiescent galaxies washes

out the strong differences between these two distinct types of galaxies. Instead,

the morphological segregation of galaxies within the SFG subset (lower right panel

of Figure 2.10) indicates that ETGs and LTGs have remarkably consistent sSFR

values. Quiescent galaxies also show a strong agreement between ETG and LTG SF
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Figure 2.10: Upper left panel: Fraction of quiescent cluster galaxies versus redshift,
separated by morphology. LTGs (blue squares) are predominantly star-forming at
z & 0.9; they become more evenly mixed between SFGs and quiescent galaxies below
this redshift. The quiescent ETG population (red squares) builds up quickly at earlier
times, with fractions gradually increasing to more recent times. The overall quiescent
fraction (green squares) is well-traced by the ETGs. Upper right panel: Fraction
of ETGs for different subsets of cluster galaxies. While quiescent galaxies (open
circles) and the overall cluster population (squares) are predominantly early-type at
all redshifts, SFGs (stars) have a more mixed morphological makeup. Lower left panel:
Specific SFR versus redshift for all cluster galaxies (green squares), all ETGs (red
squares), and all LTGs (blue squares). Lower right panel: Specific SFR as a function
of redshift for cluster ETGs (red symbols) and LTGs (blue symbols), separated into
star-forming (“S-F”; stars) and quiescent (“Q”; open circles) subsets. Independent
of morphology, SFGs (and likewise quiescent cluster members) have very similar SF
efficiency at all redshifts. For clarity, some points in each panel are slightly offset to
the left or right of the bin center.
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efficiency. Star-forming ETGs have SF activity ∼16 − 33 times higher than their

quiescent counterparts; the differences between quiescent and star-forming LTGs are

similar (factors of ∼8 − 34). At each redshift, the sSFR difference between star-

forming and quiescent galaxies of the same morphology is almost uniformly an order

of magnitude or more, while there is at most a minor difference between morphologies

within either the SFG or quiescent subsets.

As noted in Section 2.5.3, the sSFR of the overall cluster population decreases by

a factor of 11 from z ∼ 1.3 to z ∼ 0.2. This decline is larger than that of LTGs, whose

SF efficiency drops by a factor of 4 (or 6 if only considering the evolution down to

z ∼ 0.4). The stronger overall evolution is due to the build up of the ETG population

with time, as seen in the upper right panel of Figure 2.10, where we plot fETG, the

fraction of cluster galaxies classified as ETGs (squares). While z ∼ 1.3 clusters

contain a similar distribution of LTGs and ETGs, at later times, the latter become—

and remain—the dominant galaxy morphology. While the SF efficiency of ETGs is

no different from LTGs when accounting for ongoing SF, a higher fraction of ETGs

are quiescent relative to LTGs. Thus, the confluence of these facts, combined with

the increasing preponderance of ETGs, contributes to driving the observed cluster

sSFR evolution.

The morphological distribution of the star-forming subset is almost uniformly

distinct from that of the cluster population below z ∼ 1.3 (upper right panel of

Figure 2.10). While the overall cluster sample quickly becomes ETG dominated

below z ∼ 1.3, SFGs experiences a potentially more gradual rise in fETG with time

and their ETG fraction never exceeds ∼60%. Even though the majority of cluster

ETGs are indeed passive across 0.15 < z < 1.5, they still contribute approximately
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half of the SFG population. At higher redshifts, even as the entire cluster population

acquires more late-type properties, star-forming ETGs remain prevalent (e.g., Mei

et al. 2015). These results, combined with the sSFR uniformity of all cluster SFGs,

suggests that the assumption that most (or all) cluster ETGs are “red and dead”

oversimplifies their actual diversity.

2.5.5 The Uncertain Path to Quiescence

Addressing the nature and effectiveness of the quenching mechanisms at play in our

CLASH and ISCS cluster galaxies is clearly challenging, however, given our results, we

can draw some broad inferences. For instance, if a sizable fraction of cluster galaxies

are being slowly quenched (strangulation), the SF activity of the SFG subset should

(naïvely) be lower than that of field galaxies (e.g., Paccagnella et al. 2016). This is

supported by Lin et al. (2014), who found that cluster SFGs over 0.2 < z < 0.8 have

17% lower SF activity than field SFGs at fixed stellar mass, attributing the difference

to strangulation. However, at all redshifts we study the SF activity of actively star-

forming cluster galaxies is roughly equivalent to that of field SFGs (upper panel of

Figure 2.9). While these binned sSFRs are consistent with, or even slightly higher

than, the field main sequence of Elbaz et al. (2011), there are some individual SFGs

(13 ± 2%) that lie below this range, which may suggest that strangulation acts, at

least on some level, out to at least z = 1.5 (see also Alberts et al. 2014).

However, given the general uniformity between star-forming cluster and field sS-

FRs and the overall cluster galaxy quiescent fraction that increases by 0.41 from

z ∼ 1.3→ 0.9 (a time span of ∼1.5 Gyr), we suggest that if cluster galaxies are being

quenched within the cluster environment, it must be happening relatively quickly for
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most of them, at least at higher redshifts. This agrees with Muzzin et al. (2012), who

suggested that the lack of an environmental correlation between sSFR and Dn (4000)

in SFGs implies a rapid transition from star-forming to quiescence for z ∼ 1 cluster

galaxies. While the exact quenching method remains unsettled, there is evidence that

points towards major-merger induced AGN feedback acting to quench z & 1 cluster

galaxies. Specifically, Wagner et al. (2015) found that the fraction of early-type clus-

ter galaxies increases over z ∼ 1.4→ 1.25, and previous studies have found evidence

for rapid mass assembly in z & 1 clusters (Mancone et al. 2010; Fassbender et al.

2014), young galaxies continuously migrating onto the cluster red sequence (Snyder

et al. 2012), and substantial (in some cases field-level) SF activity (Brodwin et al.

2013; Zeimann et al. 2013; Alberts et al. 2014; Webb et al. 2015). These results are

all indicative of ongoing major-merger activity. Furthermore, the incidence of AGNs

in z & 1 ISCS clusters is increased relative to lower redshifts (Galametz et al. 2009;

Martini et al. 2013; Alberts et al. 2016).

2.6 Summary

We have combined two galaxy samples of varying redshift to conduct a study of the

evolution of cluster galaxy SF activity over 0.15 < z < 1.5. Our final sample con-

tains 11 high-redshift (1 < z < 1.5) ISCS clusters previously studied in Wagner et al.

(2015), and 25 low-redshift (0.15 < z < 1.0) CLASH clusters. Physical galaxy prop-

erties (i.e., SFRs and stellar masses) were measured through broadband SED fitting

with CIGALE. Star-forming and quiescent cluster members were separated based on

their CIGALE-derived Dn (4000) values, and galaxies were classified into ETGs and

LTGs based on their morphologies through visual inspection of high-resolution HST
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images.

Cluster LTGs were found to have uniformly higher SF activity than ETGs, though

this is caused by an increase in the fraction of quiescent ETGs with time. At each

considered redshift, star-forming ETGs have an sSFR consistent with that of late-type

SFGs.

From z ∼ 1.3 to z ∼ 0.2, the sSFR of cluster SFGs declines by a relatively modest

factor of 3. Their quiescent counterparts experience a similar (factor of 4) decrease

in SF efficiency, while maintaining sSFRs at least an order of magnitude lower than

SFGs. The evolution of the overall cluster sSFR, which agrees well with Alberts

et al. (2014), is largely driven by the relative fraction of its constituent populations.

With their sSFRs matching the field main sequence from Elbaz et al. (2011), cluster

SFGs provide the dominant contribution to the overall population at higher redshifts

(z ∼ 1.3), where they comprise more than 70% of the cluster population. However,

as the fraction of quiescent cluster galaxies rises with decreasing redshift, up to fQ =

0.88+0.05
−0.04 at z ∼ 0.2, their relatively low sSFRs have a much greater impact on the

overall SF activity. This culminates in a factor of 11 decrease in sSFR for all massive

cluster galaxies from z ∼ 1.3 to z ∼ 0.2.

By comparing the sSFRs of our cluster SFGs with the main sequence of Elbaz et al.

(2011), we found a subset with low field-relative SF activity, which makes up 13% of

the cluster SFG population. This is indicative of strangulation acting on some level

in our clusters. However, the approximately field-level SF activity of cluster SFGs

and the quiescent fraction increasing by 0.41 from z ∼ 1.3→ 0.9 would suggest that

at z & 0.9, the mechanism(s) quenching cluster galaxies is likely a rapid process (e.g.,

merger-driven AGN quenching).
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FORMATION RATES AND STELLAR MASSES

While our results provide additional evidence for the rapid quenching of higher-

redshift cluster galaxies, much uncertainty remains in constraining the dominant

quenching mechanisms. Further study is required to better, and more quantitatively,

measure the contributions of the various quenching mechanisms.

2.7 Appendix: Comparison of CIGALE-derived Star

Formation Rates and Stellar Masses

The upper panel of Figure 2.11 shows the SFRs of isolated ISCS galaxies as measured

by CIGALE (SFRSED) versus those calculated in Wagner et al. (2015, SFRMIR). We

run CIGALE twice with the same parameters, first with 24 µm flux points, and then

without. We compare SFRSED from these runs against SFRMIR from Wagner et al.

(2015) with red and green points, respectively. The dashed line shows the 1σ SFR

limit of ∼13M� yr−1.

We find the median absolute deviation (MAD) of

∆ log (SFR) = log
(
SFRMIR

M� yr−1

)
− log

(
SFRSED

M� yr−1

)
(2.5)

for all galaxies plotted here, both including and excluding the 24 µm fluxes, and list

them in Table 2.4. We similarly list the MAD for the SFR differences when only

considering the galaxies above the 1σ SFR limit.

When considering galaxies with low levels of 24 µm SFR, where the uncertainty

in the mid-infrared is high, both CIGALE runs fail to accurately reproduce SFRMIR,

as can be seen by the relatively high MADs. However, above the 1σ level of SFRMIR,

both sets of SFRSED compare favorably, with similar scatter about the 1:1 line, and

MADs that decrease by ∼0.15. Given that the SFRSED values calculated with and
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Figure 2.11: Upper panel: Comparison of SFRs derived through SED fitting
(SFRSED) and 24 µm SFRs calculated in Wagner et al. (2015, SFRMIR). Galax-
ies plotted in red include mid-infrared fluxes in the SED fits, while those plotted in
green do not. The gray arrows are the SFRSED of galaxies undetected at 24 µm.
The vertical dashed line shows the 1σ SFRMIR limit of ∼13M� yr−1. Lower panel:
Comparison of ISCS stellar masses derived with CIGALE and with iSEDfit. The
galaxies highlighted in turquoise are the seven where the two measurements do not
agree within the uncertainties. In both panels the solid line is a 1:1 relation, while
the black error bars show the typical uncertainties in the derived properties.
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Table 2.4: MAD of ∆ log (SFR) Between Wagner et al. (2015) and CIGALE

24 µm Flux In SED SFRMIR Cut MAD
(M� yr−1)

Yes > 0 0.26
Yes > 13 0.11
No > 0 0.33
No > 13 0.16

without mid-infrared fluxes are similar, we opt to use the latter in our analysis. This

provides the additional benefit of allowing us to include non-isolated ISCS galaxies in

our analysis, as our SED fits are not contingent on observations with poor resolution

inherent to the mid-infrared. By including non-isolated ISCS galaxies, the z > 1

portion of our sample has 255 galaxies after all selection cuts are applied, ∼2.5 times

as many as it would have had if only allowing isolated galaxies.

The lower panel of Figure 2.11 shows stellar masses derived by CIGALE versus

those derived by iSEDfit. The salmon colored points are the galaxies where the

two values agree within their uncertainties, while the turquoise points show the seven

galaxies where the stellar masses do not agree. Overall, CIGALE and iSEDfit agree

well with each other. We find a MAD of ∆ log (M?) = 0.05 between the stellar masses

derived with the two codes. We calculate a Pearson correlation coefficient of r = 0.96

between the CIGALE and iSEDfit stellar masses.
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Chapter 3

Stripping of the Hot Gas Halos in

Member Galaxies of Abell 1795

Preamble

This chapter contains a version of the paper titled “Stripping of the Hot Gas Halos

in Member Galaxies of Abell 1795,” submitted for publication to The Astrophysical

Journal. The section numbers have been altered to correspond to the thesis format.

This manuscript was written with journal submission in mind and in order to aid in

readability, several aspects of the data processing were not discussed in detail. In

Appendix A we present further technical details on selected portions of the X-ray

data preparation and analysis.
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3.1. ABSTRACT

3.1 Abstract

The nearby cluster Abell 1795 is used as a testbed to examine whether hot gas in

cluster galaxies is stripped by the ram pressure of the intracluster medium (ICM).

The expected X-ray emission in and around Abell 1795 galaxies is likely dominated

by the ICM, low-mass X-ray binaries, active galactic nuclei, and hot gas halos. In

order to constrain these components, we use archival Chandra X-ray Observatory

and Sloan Digital Sky Survey observations of Abell 1795 and identify 58 massive

(M? > 1010M�) spectroscopic cluster members within 5′ of the Chandra optical axis.

X-ray images at 0.5–1.5 keV and 4–8 keV were created for each cluster member and

then stacked into two clustercentric radius bins: inner (0.25 < Rclust/R500 < 1)

and outer (1 < Rclust/R500 < 2.5). Surface brightness profiles of inner and outer

cluster members are fit using Markov chain Monte Carlo sampling in order to generate

model parameters and measure the 0.5–1.5 keV luminosities of each model component.

Leveraging effective total Chandra exposure times of 3.4 and 1.7 Msec for inner and

outer cluster members, respectively, we report the detection of hot gas halos, in a

statistical sense, around outer cluster members. Outer members have a 0.5–1.5 keV

hot halo luminosity (LX =
(
8.1+5
−3.5

)
× 1039 erg s−1) that is six times larger that the

upper limit for inner cluster members (LX < 1.3× 1039 erg s−1). This result suggests

that the ICM is removing hot gas from the halos of Abell 1795 members as they fall

into the cluster.
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3.2 Introduction

The correlation between a galaxy’s star formation activity and its environment and

look-back time has been known for quite some time. Relative to the low-density

(field) environment, the star-formation activity of galaxies in dense galaxy clusters is

much lower (Balogh et al. 1997). Indeed, local clusters are predominantly populated

by galaxies that are no longer forming stars (they are said to have been quenched

or to be quiescent; Chung et al. 2011). Furthermore, observations of distant clusters

reveal star-formation activity that is higher than what is found locally (Tran et al.

2010), and in some cases as high as in the field (Brodwin et al. 2013; Alberts et al.

2014). Clearly, environment has played a significant role in quenching (turning off)

the star formation of galaxies.

Galaxies become quiescent through the depletion of the cold gas necessary for the

formation of new stars. Several mechanisms, which act over very different timescales,

have been proposed to explain the observed quenching of star formation in clus-

ter galaxies over time. Active galactic nucleus (AGN) feedback is a short-timescale

quenching process (∼100 Myr; Di Matteo et al. 2005) that can heat and expel cold

interstellar gas (Hopkins et al. 2006). Ram-pressure stripping (RPS; Gunn & Gott

1972) will also quickly (≤1 Gyr; Quilis et al. 2000) remove a galaxy’s neutral gas due

to the pressure exerted as it moves through the diffuse intracluster medium (ICM).

This differs from the much slower process of strangulation (>1 Gyr; Larson et al.

1980), by which the loosely-bound hot halo of a galaxy can be stripped by the same

ram pressure during infall into the cluster. The in situ cold gas, however, is not

removed and the galaxy can continue to form new stars until this supply is depleted,

which can take several Gyr.
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While the above quenching mechanisms all act on some level in clusters, recent

observational studies provide indirect support for strangulation being the dominant

process. These lines of evidence include the elevated stellar metallicities in cluster

galaxies (Peng et al. 2015), consistent with long quenching timescales, and stellar

populations that indicate long periods of persistent low-level (compared to the field)

star formation (Paccagnella et al. 2016). However, a more direct approach can be

taken: measuring the gas content of galaxies as a function of environment. From an

X-ray perspective, the observational signature of strangulation would be a transition

around the virial radius of galaxy clusters from gas-rich hot halos at large cluster-

centric radius to gas-poor hot halos in the inner cluster.

Ideally, one would measure the hot halo luminosity for all cluster galaxies as a

function of clustercentric radius. However, the electron density of individual halos

is ne ∼ 10−4 cm−3 (Bogdán et al. 2013), which is comparable to that of the ICM

in the cluster outskirts, making their detection challenging. Worse, in cluster cores

the ICM density can be as high as ∼10−2 cm−3 (Zandanel et al. 2014), which limits

direct detection to only the most luminous cluster galaxy halos (e.g., Sun et al. 2007).

While direct detection likely is not feasible for the vast majority of a cluster’s galaxies,

hot halos can be detected in a statistical sense by stacking X-ray images of cluster

members to derive the average X-ray emission of a population of galaxies. This

stacking method has been used to detect diffuse hot halos around isolated field galaxies

(e.g., Bogdán & Goulding 2015). In addition to the ICM, there are a number of

other sources that contribute to the overall X-ray emission around cluster galaxies.

These include low-mass X-ray binaries (LMXBs), high-mass X-ray binaries (HMXBs),

AGNs, and hot halos (if they are still around cluster galaxies).
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In this work, we construct models that account for the dominant sources of X-ray

emission. This allows us to measure, in an average sense, the X-ray luminosity of each

component and enables us to infer whether cluster members have retained their hot

gas halos. To implement our models, we stack archival Chandra X-ray Observatory

images of the nearby (z = 0.0622; Vikhlinin et al. 2006) cluster Abell 1795 (A1795),

and generate surface brightness profiles (SBPs) in two clustercentric radius bins. A

Markov chain Monte Carlo (MCMC) sampling code is used to fit the SBPs and derive

the contribution from each model component.

Our data sets and sample selection are presented in Section 3.3, while we describe

our model and the results of our SBP fitting in Section 3.4. We discuss our results

in Section 3.5, and summarize our findings in Section 3.6. Throughout, we adopt a

WMAP7 cosmology (Komatsu et al. 2011) with (ΩΛ, ΩM , h) = (0.728, 0.272, 0.704).

In this cosmology, A1795 has a luminosity distance of 277.7 Mpc.

3.3 Data and Sample Selection

3.3.1 SDSS

The optical portion of our data comes from the Sloan Digital Sky Survey (SDSS)

Data Release 12 (Alam et al. 2015). The SDSS provides positions and spectroscopic

redshifts for 864 galaxies located within 50′ (∼3.6 Mpc) of A1795, whose position is

taken from Shan et al. (2015). Our cluster membership uses the redshift selection

criterion from Shan et al. (2015), which gives a redshift membership range of 0.0552 <

zgal < 0.0692 for A1795, based on its velocity dispersion. This cut, which results in 190

galaxies, is very conservative and will likely exclude some bonafide A1795 members.
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Figure 3.1: Distribution of galaxy stellar masses for our final sample. The majority
of galaxies in both clustercentric radius bins are concentrated in a fairly narrow range
in stellar mass between M? = 1010M� (our lower mass cut) and M? ∼ 5× 1010M�.

However, as background and foreground galaxies will have hot halos, including them

could bias our stacked X-ray images.

Using the R500 for A1795 from Vikhlinin et al. (2006), members are separated into

two clustercentric radius (Rclust) bins: 0.25 < Rclust/R500 < 1 and 1 < Rclust/R500 <

2.5. Galaxies within the inner 25% of R500 are excised to reduce contamination from

the ICM.

We match our member list to the catalog of Chang et al. (2015), who measured

star-formation rates (SFRs) and stellar masses using SDSS and WISE photometry for

the spectroscopic SDSS sample compiled by Blanton et al. (2005). This results in 135

members with SFRs and stellar masses that are located within 0.25 < Rclust/R500 <

2.5.

60



3.3. DATA AND SAMPLE SELECTION

Figure 3.2: Comparison of a single i-band image and median-stacked images with
five, 10, and 25 different galaxies. Each image is 260 pixels (∼103′′) per side. Median
stacking of the optical images results in a smooth and relatively isotropic SBP.
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Even though low-mass galaxies are the most numerous in galaxy clusters, they will

have their hot halos stripped more quickly than higher-mass galaxies (Vijayaraghavan

& Ricker 2015). As our goal is to detect the presence of hot halos around A1795

members, we impose a minimum stellar mass cut of 1010M� on our sample. Figure

3.1 shows the distribution of stellar masses for our final sample. The remaining sample

cuts will be described in Section 3.3.2.

SDSS i-band images that cover the A1795 field of view are downloaded, then mo-

saicked using Montage (Jacob et al. 2010a,b, version 5.0).1 SExtractor (Bertin

& Arnouts 1996) is used to identify stars in the mosaicked image and their positions

are masked with zero values. Individual 103′′×103′′ cutouts are made for each cluster

member from the i-band SDSS mosaic. For each clustercentric radius bin, SDSS im-

ages are then stacked, and SBPs are calculated (see Section 3.3.3). The i-band data

will provide us with a proxy for the low-mass X-ray binary populations within A1795

members (see Section 3.4.3).

We stack images by taking the median value at each pixel instead of the mean.

While the overall shape of the SBPs are similar (especially towards the center of the

stacks) between the two types of images, those created by taking the median value at

each pixel have smoother shapes as they are not as impacted by outliers (i.e., light

from non-target galaxies). Figure 3.2 shows a comparison of a single i-band image

(top left) with median-stacked images of multiple galaxies. While the image of the

single galaxy is clearly non-isotropic, individual galaxy features are smoothed over as

more galaxies are included in the stack. With 25 galaxies the stack is highly smooth

and circular.

We inspect the i-band images of the final A1795 members and find 10 of the 58
1http://montage.ipac.caltech.edu/
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galaxies have obvious late-type features, with five in each clustercentric radius bin.

This results in early-type galaxy fractions of 0.84+0.07
−0.09 and 0.81+0.08

−0.11 for the inner and

outer cluster, respectively.2

3.3.2 Chandra

We have acquired 170 Chandra observations from the Chandra Data Archive3 covering

A1795 out to 50′ (∼3.6 Mpc). We match the observation positions against those of

our galaxy sample in order to select the 58 members that fall within 5′ of the Chandra

optical axis in at least one observation (and also meet the mass and clustercentric

radius cuts described in the previous section). As the Chandra point-spread function

(PSF) is strongly dependent upon the position within the telescope’s field, degrading

as a function of off-axis angle, this selection helps mitigate PSF broadening.

Our sample was observed on average four times per galaxy, for a total sample

exposure time of 5.1 Msec, with 3.4 Msec for the 32 galaxies at low clustercentric

radius and 1.7 Msec for the 26 galaxies in the outer cluster.

All observations are reprocessed using CIAO version 4.9 (Fruscione et al. 2006)

and version 4.7.6 of the Chandra Calibration Database. For each observation, expo-

sure maps are created with CIAO’s fluximage script and PSF maps are generated

with mkpsfmap. We then run wavdetect to detect sources in each observation. For

each galaxy, we make 50′′×50′′ cutouts over the 0.5–1.5 keV (soft X-ray) and 4–8 keV

(hard X-ray) ranges from the exposure maps and the reprocessed events files. For the

galaxies that were observed more than once, cutouts are made from each exposure map
2Uncertainties on early-type fractions are calculated based on binomial confidence intervals

(Gehrels 1986).
3http://cda.harvard.edu/chaser/
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Figure 3.3: Stacked X-ray images for the inner (left) and outer (right) cluster, for
both soft (top) and hard (bottom) X-rays. Each image is 101 pixels (∼50′′) per side.
When compared to the outer cluster, the inner cluster’s relatively high background is
evident at 0.5 − 1.5 keV. Any potential gradient in the background due to telescope
orientation has removed through the stacking procedure.
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and events file in which the galaxy was observed. All individual events file cutouts

are then exposure corrected with fluximage, using the script’s default values, which

ensures that the exposure-corrected images have units of flux (photons s−1 cm−2). Us-

ing dmcopy with the exclude filter, the source positions detected above are masked in

each exposure-corrected image. We only exclude sources that lie more than 5′′ away

from the center of the cutout (i.e., the galaxy’s location) to ensure that we do not

mask our final sample members. The exposure-corrected cutouts are first stacked and

averaged for each multiple-exposure galaxy, then all cutouts are stacked and averaged

for each clustercentric radius bin. The final stacked images are shown in Figure 3.3.

We extract SBPs for each of these stacks, as described in the following section. Be-

cause the exposure-corrected images have units of flux, the SBPs are in units of flux

per area.

In order to identify individually detectable objects we first estimate our sensitivity

in the soft X-ray images. For each cutout, we iteratively add a single count to a

random position in the image within a 5x5 pixel region (∼ 2.5′′ × 2.5′′). To ensure

that we are not adding flux to the target, counts are only added outside of the central

50x50 pixels (∼25′′ × 25′′) of the cutout. After each count has been added, we run

wavdetect. This process is repeated until a new source has been detected, at which

point we exposure correct the modified cutout. The background flux of the cutout is

measured using a large area that does not intersect with the target, artificial source,

or any sources originally detected in the image. The region defined by wavdetect

is used to sum the flux of the added source, which is converted into a luminosity

with LX = 4πd2
LfX , where dL is the luminosity distance of A1795 and fX is the X-

ray flux. Background-subtracted luminosities are calculated for sources detected in
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each cutout, as long as the source is located at the center of the image. A target

is flagged as detected if its background-subtracted luminosity is at least as large as

the sensitivity limit found above. Four such objects are found, all lying beyond R500.

Three of the objects have stellar masses of (2− 5)× 1010M�, while the fourth galaxy

is a more massive 2 × 1011M�. Formally, our detection fractions are 0.00+0.06
−0 and

0.15+0.11
−0.07 for the inner and outer cluster, respectively.

We investigate fitting the SBPs of the individually detected galaxies. For three

of the galaxies, there are not enough data to generate SBPs with fine enough bin-

ning to accurately model the inner portions of the profile. The remaining galaxy has

substantially more data, but upon fitting the galaxy’s SBP, the residuals are so large

that it prevents any meaningful analysis. However, we find no evidence in any of

the four profiles of an extended component beyond what could be expected from a

combination of an AGN, LMXBs, and the ICM. While these galaxies likely contribute

a significant portion of the data in the stacked profile, we cannot analyze them indi-

vidually. Hence, we do not remove them from our stacked outer cluster SBP; this is

akin to measuring SFRs with stacked infrared observations.

3.3.3 Measuring Surface Brightness Profiles

We define 52 (15) concentric annuli for the stacked Chandra (SDSS) images, centered

on the middle of the pixel that corresponds to the target’s location. In general,

the SBPs are then defined by summing the flux in all pixels in each annulus, then

dividing by the area of the annulus. Starting with the innermost annulus and working

outward, pixels are considered to be in an annulus if the center of the pixel is contained

within the annulus’ radius. The entire flux from that pixel is then considered to be
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in that annulus. The sum of the flux from all the pixels in each annulus is divided

by the area, which is the total number of pixels. This initial surface brightness is

then divided by the square of the pixel scale to give a surface brightness in terms of

square arcseconds. For fitting and plotting purposes, the corresponding radius point

for each surface brightness value is redefined as the midpoint between the current and

previous annulus radius.

3.4 Modeling the X-ray Emission From Member

Galaxies in Abell 1795

In this section we will describe some of the components that can be expected to con-

tribute to X-ray emission in and around galaxies in A1795, with the initial simplifying

assumption that A1795 members no longer possess a hot halo. Hence, we expect X-

ray emission only due to AGNs (Section 3.4.1), the ICM (Section 3.4.2), and/or X-ray

binaries (XRBs; Section 3.4.3). To test our assumption, we will build models that

incorporate these components and assess how well they fit the X-ray SBPs of stacked

A1795 members. We shall refer to the position within the galaxies’ stacked images

as the galactocentric radius, Rgal.

3.4.1 Active Galactic Nuclei

In our SBPs, the emission due to an AGN takes the shape of the Chandra PSF. To

accurately model the PSF at various positions on the detector, we use the SAO-

Trace (v2.0.4; Jerius et al. 1995)4 ray tracing code to simulate light rays through
4http://cxc.harvard.edu/cal/Hrma/SAOTrace.html
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the telescope optics, and MARX (v5.3.2; Davis et al. 2012)5 to create PSF images.

The resulting PSF images—one for each galaxy for each observation in which it was

observed—are multiplied by the total flux in a 1′′-radius aperture around the target

position in the respective reprocessed observations. For each galaxy, all of its PSF

images are stacked and averaged. As with the X-ray images, these resulting images

are also stacked and averaged after being separated into the two clustercentric radius

bins. SBPs as a function of galactocentric radius, IPSF (Rgal), are then extracted for

each of the PSF stacks, following the method described in Section 3.3.3.

In order to account for PSF differences between optical and X-ray data, we gen-

erate a convolution kernel, PSF , from each PSF SBP, which will be used to convolve

some components in our models.

3.4.2 The Intracluster Medium

A constant component is used in all of our X-ray fits to account for the cluster

background. The background in individual X-ray cutouts may have a gradient that

depends on the galaxy’s position in the cluster and the orientation of the telescope

at the time of observation. However, our average stacked images of multiple galaxies

over multiple observations effectively removes any such gradient, as can be seen by

the relatively isotropic background in all four panels of Figure 3.3.

3.4.3 X-ray Binaries

To determine the expected relative significance of each type of XRB system in A1795

galaxies we use relations from the literature to estimate their X-ray luminosities. In
5http://space.mit.edu/cxc/marx/
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each case, we scale the relation from the energy range in the published work to our

energy range of interest, 0.5–1.5 keV, using WebPIMMS.6 The HMXB spectrum is

modeled as a power law with a photon index of 2.1 (Sazonov & Khabibullin 2017),

while the LMXB spectrum is treated as a 7 keV thermal Bremsstrahlung (Boroson

et al. 2011).

HMXBs are linked to galaxies’ recent star formation as massive stars are the stellar

companion in this type of XRB system. Hence, we use the relation between SFR and

HMXB X-ray luminosity from Mineo et al. (2012, their Eq. 39), which, when scaled

to our energy range, gives an expected HMXB luminosity of

LHMXB
0.5−1.5 keV/

(
erg s−1

)
= 1.06× 1039 SFR/

(
M� yr−1

)
. (3.1)

To find the expected X-ray luminosity due to LMXBs, we use the relation between

stellar mass and LMXB X-ray luminosity from Zhang et al. (2012).7 Scaled to our

desired energy range, this results in an expected LMXB luminosity of

LLMXB
0.5−1.5 keV/

(
erg s−1

)
= 2.48× 1039M?/

(
1011M�

)
. (3.2)

We calculate the ratio of the expected 0.5–1.5 keV luminosity due to HMXBs and

LMXBs (LHMXB
0.5−1.5 keV/L

LMXB
0.5−1.5 keV) for our final sample and plot their distribution in

Figure 3.4. The mean ratio in each clustercentric radius bin is shown by the dashed

vertical line. For outer cluster galaxies, the expected luminosity due to HMXBs is

an order of magnitude lower than that of LMXBs. In the inner cluster, HMXBs

are expected to contribute less than one percent of the XRB flux. Because of their

substantially lower expected 0.5–1.5 keV luminosity, we can safely exclude HMXBs

from our analysis.
6https://heasarc.gsfc.nasa.gov/cgi-bin/Tools/w3pimms/w3pimms.pl
7L0.5−8 keV/M? = 9.6× 1039 erg/s per 1011 M�
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Figure 3.4: Distribution of the ratio between the expected 0.5–1.5 keV luminosity of
HMXBs and LMXBs. The mean ratio of 0.003 (0.1) for the inner (outer) cluster is
shown by the red (blue) vertical dashed line. This figure demonstrates that LMXBs
are expected to dominate the stellar contribution to the X-ray profiles, and we can
safely exclude HMXBs from our analysis.

The companion in an LMXB system is typically an older, low-mass star. Since

cluster galaxies are comprised mainly of old stellar populations, and LMXBs are not

expected to be distributed differently than the underlying old stellar population, we

will use the distribution of old stars in A1795 galaxies to model the shape of the

LMXB contribution. The i-band SDSS images provide excellent proxies for the old

stellar populations.

We perform a least squares fit to each of the SDSS SBPs measured in Section 3.3.1,
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Figure 3.5: Optical surface brightness of stacked A1795 members (black points and
error bars) in the i-band. SBPs in each panel are well fit with a model comprising
two Sérsic functions and a constant. The resulting two-Sérsic component provides
the shape of the LMXB component of our model.
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modeling the profiles with two Sérsic (Sérsic 1963) functions plus a constant. During

fitting, the sum of the Sérsic functions and the constant is convolved with a Gaussian

whose standard deviation is approximately the median value of the SDSS i-band PSF

(1.4′′).8 The results of these fits are shown in Figure 3.5. The non-convolved double

Sérsic function, Si (Rgal), is used to describe the shape of the LMXB component in

our X-ray emission model. The LMXB (i-band) surface brightness component is

Ii (Rgal) = [Si (Rgal) ∗ PSF ] . (3.3)

In this equation, the Sérsic function is convolved with the PSF kernel.

3.4.4 Modeling X-ray Emission With an AGN, LMXB, and

Background

Before describing our models we first present the 0.5–1.5 keV SBPs (black points

and error bars) in the upper panels of Figure 3.6. These SBPs are measured from

the stacked images shown in Figure 3.3, using the procedure outlined in Section

3.3.3. While centralized emission can be seen in the stacked inner cluster SBP, it is

not immediately obvious in the upper left panel of Figure 3.3. Although we do not

present it, a smoothed image makes the emission apparent.

The magenta curves in Figure 3.6 show the ray-traced PSFs that we modeled

in Section 3.4.1. Given that the shapes of the PSFs (and the AGN emission they

imply) are fixed, and all that can be adjusted are their amplitudes, it is clear that an

AGN alone cannot account for all the flux in and around A1795 members, in either

clustercentric radius bin.
8http://www.sdss.org/dr12/imaging/other_info/
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The arbitrarily scaled PSF (AGN) reasonably fits (by eye) the first few SBP

values at low Rgal for both the inner and outer cluster galaxies. Qualitatively, the

main deficit in an AGN-only model is that it cannot account for the background flux

(the relatively flat SBP values at large Rgal). To remedy this we define our first model,

I (Rgal) = C + AAGNIPSF (Rgal) , (3.4)

where C is the (constant) ICM background, and AAGN is the multiplicative factor for

IAGN (Rgal), the surface brightness contribution due to an AGN. With this AGN+BG

model defined, we use MCMC sampling to determine the contribution of each compo-

nent, enabling us to generate model SBPs. We use the MCMC sampling code emcee

(Foreman-Mackey et al. 2013),9 which uses sets of Markov chain walkers to explore

the parameter space, with each walker starting from some initial assigned value. To

determine initial values of AAGN and C, we take the amplitude of our scaled PSF and

the median of the 20 outermost SBP values, respectively. We use 400 walkers per

parameter, each starting at a random value within 0.1% of the initial input. Using

uniform priors on our parameters (AAGN ≥ 0 and C ≥ 0), we run emcee for 1600

steps and cut the first 100 steps for burn-in. This results in 6×105 sets of parameters

(i.e., 6× 105 values for each parameter). This process is the same for both the inner

and outer cluster.

We generate an SBP for each parameter set and find the 15th, 50th and 85th

percentiles of these profiles at each galactocentric radius. The sampled SBPs are

plotted in red in the upper panels of Figure 3.6. The lower panels show the relative

residuals between the AGN+BG model and 0.5–1.5 keV SBP ([data - model]/model).

We use the Python package uncertainties10 to derive errors on the relative residuals
9http://dan.iel.fm/emcee/current/

10https://pythonhosted.org/uncertainties/
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by propagating the uncertainties on the measured and model SBPs. For the model

SBP, we treat the 15th and 85th percentiles as the uncertainty range. The relative

residual is plotted with a solid line and the uncertainty range is shaded.

Qualitatively, the AGN+BG model fits the background fairly well in both the

inner and outer cluster, but the overall fit is poor. More specifically, the surface

brightness is overestimated at low Rgal, while being underestimated at moderate Rgal

(around ∼2′′ in the inner cluster and 2′′ . Rgal . 7′′ in the outer cluster). This is due

to the shape of the model interior to the background being driven only by the PSF.

Using the median model SBPs, we calculate reduced χ2 values of 3.02 and 4.26 for the

inner and outer cluster, respectively. These values suggest what was also determined

qualitatively: an AGN+BG model is not sufficient to account for the X-ray flux of

A1795 members.

We now consider a model that includes all the components previously described

in this section: the cluster background, LMXBs, and AGNs. We reiterate our initial

assumption that none of the X-ray emission is due to a hot gas halo from individual

galaxies. The general form of this AGN+Stellar+BG model is

I (Rgal) = C + AiIi (Rgal) + AAGNIPSF (Rgal) , (3.5)

where Ii (Rgal) is the i-band SBP from Equation 3.3, Ai is the multiplicative factor

modulating the i-band Sérsic, and AAGN and C are defined as in Equation 3.4.

With our AGN+Stellar+BG model defined, we again use emcee, beginning with

the inner cluster. To determine the initial parameter values, we first perform a least

squares fit between the 0.5–1.5 keV SBP and the AGN+Stellar+BG model. For

this fit, and during the inner cluster MCMC simulation, the only constraints on
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Figure 3.6: Upper panels: SBPs of stacked 0.5–1.5 keV images of A1795 members (black points
and error bars). Red curves are the median SBPs of the AGN+BG model, which comprises a
background (constant), and an AGN (simulated Chandra PSF). The green curves show the SBPs
of the AGN+Stellar+BG model, which include an additional LMXB (i-band SDSS) component.
The blue curve in the upper right panel is the median SBP of the AGN+Stellar+BG+Halo model,
which further adds a hot halo component (Beta function). The shaded regions show the 15th to 85th
percentile range of the model SBPs. All model SBPs are generated through MCMC simulations. For
both outer cluster runs that have an LMXB component (green and blue curves), the distribution of
i-band-to-X-ray ratios from the inner cluster MCMC run with the AGN+Stellar+BG model (green
curve) is used as a prior. The dashed magenta lines show the simulated PSF, scaled so that the
innermost point equals the innermost point of the AGN+Stellar+BG model. This shows that an
AGN-only model is not sufficient to account for the X-ray profile in either clustercentric radius bin.
Lower panels: Relative residuals ([data-model]/model) of the measured and model SBPs. Relative
residuals are color coded to match their respective model, the uncertainty ranges are shaded, and
the lines are slightly shifted to the left and right for clarity.
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the parameters are that they must be non-negative. The resulting three best-fit

parameters of Equation 3.5 for the inner cluster are used as initial values for emcee.

For this model, we use 500 walkers per parameter, assigning their starting values as

before. emcee is run for 2500 steps, cutting the first 500 for burn-in, resulting in one

million sets of parameters.

The upper left panel of Figure 3.6 presents the sampled inner cluster SBP for the

AGN+Stellar+BG model in green. The relative residuals for this model are plotted

with the same color in the bottom left panel. Qualitatively, the overall fit is good due

to the extra flexibility provided by the LMXB term. The large residuals that were

present in the AGN+BG model have been reduced slightly.

Quantitatively, the χ2 drops from 147.7 for the AGN+BG model to 138.2 for the

AGN+Stellar+BG model. This drop of 9.5 in χ2 with only one less degree of freedom

(through the addition of the LMXB’s Ai term) results in a subtle improvement in the

reduced χ2, which decreases from 3.02 to 2.88 for the inner cluster AGN+Stellar+BG

model. The qualitatively better fit of the AGN+Stellar+BG model, coupled with

its lower reduced χ2, validates the addition of the LMXB term. While a reduced χ2

of 2.88 may suggest that an additional component could be added to the model, it

might also be a symptom of the scatter of the background. We will revisit the topic

of potentially adding more terms to this model for the inner cluster, but we must first

turn to the outer cluster.

To determine initial parameter values for the MCMC sampling at Rclust > R500,

we perform a least squares fit between the AGN+Stellar+BG model and the SBP of

the outer cluster. Since Ai is effectively a scaling factor between the i-band and X-ray

emission, it should be independent of position within the cluster, so during this fit we
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fix Ai at the value found during the least squares fit of the inner cluster. This results

in best-fit parameters for the background and AGN components, which we assign as

the initial values for the emcee simulation. We use 500 walkers for each of the three

parameter in the outer cluster emcee run, assigning them for the background and

AGN components as we did for the inner cluster. For the amplitude of the LMXB

component, we draw 500 random values from the inner cluster Ai distribution. In

addition to ensuring that the amplitude of the AGN and constant components are

non-negative, we also use the inner cluster Ai distribution as a prior and require

Ai to fall between the minimum and maximum of the inner cluster distribution.

Following our procedure for the inner cluster, we run emcee for 2500 steps for the

outer cluster, cutting the first 500 steps for burn-in. Using the resulting one million

sets of parameters we generate one million AGN+Stellar+BG model SBPs. The

sampled model SBPs (relative residuals) are plotted in green in the upper (lower)

right panel of Figure 3.6.

The AGN+Stellar+BG model fits the data well at low galactocentric radius, with

relative residuals consistent with zero for Rgal . 1′′. However, the residuals increase

to order unity as the model cannot accurately account for the X-ray flux between ∼2′′

and ∼10′′. With a reduced χ2 of 2.60, the AGN+Stellar+BG model better fits the

measured SBP than just the AGN+BG. However, it clearly cannot account for all of

the 0.5–1.5 keV flux.

Allowing Ai to freely vary between clustercentric radius bins may produce a better

fit in the outer cluster. However, this would imply that the scaling relation between

the i−band and the X-ray is a function of clustercentric radius, and we can invoke no

physical basis for such a claim. While the reduced χ2 of 2.60 may be in part due to the
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scatter of the data, the discrepancy between ∼2′′ and ∼10′′ suggests a shortcoming

of the AGN+Stellar+BG model.

Qualitatively, it is clear that the AGN+Stellar+BG model does not accurately fit

the SBP in the outer cluster. This result, along with a reduced χ2 of 2.60, suggests

that augmenting this model with an additional component is warranted in order to

more adequately account for all the X-ray emission from Rclust > R500 A1795 galaxies.

To test whether the order in which we perform the fits (inner cluster followed by

outer cluster) is the cause of the low quality fit of the AGN+Stellar+BG model in

the outer cluster, we repeat the analysis with this model, but perform the fits and

MCMC simulations on the outer cluster before the inner cluster. We do not present

these results but note that the AGN+Stellar+BG model fits the SBP in the outer

cluster slightly better than with the original analysis order. However, there is still

an excess of flux near 10′′, and the fit of the SBP in the inner cluster is much worse,

more so than with the AGN+BG model. Hence, we conclude that the order of the

fit is not the cause of the large flux excess in the AGN+Stellar+BG fit of the outer

cluster.

3.4.5 Modeling the X-ray Excess

In order to better account for the X-ray flux excess at 2′′ . Rgal . 10′′ in the outer

cluster, we now modify our AGN+Stellar+BG model by including a Beta (β) model

(Cavaliere & Fusco-Femiano 1978), which has a surface brightness profile of

I (Rgal) = I0

[
1 +

(
Rgal

Rc

)2]−3β+1/2

(3.6)

(Anderson & Bregman 2014), where I0 is the central surface brightness (when R =

0) and Rc is the core radius. The β model is commonly used to model hot halos
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Figure 3.7: Same as Figure 3.6 but for 4–8 keV data. All three models fit the
SBP in both clustercentric radius bins equivalently well. This suggests that the
AGN+Stellar+BG (AGN+Stellar+BG+Halo) model is an appropriate model of the
hot halo emission in the soft X-rays in the inner (outer) cluster. Unlike at lower en-
ergy, the AGN+BG models fit the hard X-ray data extremely well at all clustercentric
radii, suggesting that an AGN and the cluster background are the primary sources of
4–8 keV emission.
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around galaxies (Anderson & Bregman 2014), and its inclusion is motivated in part

by the results of Vijayaraghavan & Ricker (2015), who found, using synthetic X-

ray observations, that hot halos should be detectable in stacked low-energy (0.1–1.2

keV) galaxy images out to ∼10′′ at z = 0.05. Given the location of the flux excess

in our outer cluster SBPs, the β model seems like the ideal choice to augment the

AGN+Stellar+BG model.

As with the Sérsic component in the AGN+Stellar+BG model, the β component

is convolved with the PSF surface brightness kernel. In our new model, which we will

call the AGN+Stellar+BG+Halo model, I0, Rc, and β are free parameters, with the

constraints that I0 must be non-negative, β can vary between 0.3 and 0.9, and the

core radius must be in the range 0.08′′ < Rc < 8.5′′.

Following the procedure outlined in Section 3.4.4, we find the best fit between

the X-ray surface brightness in the outer cluster and the AGN+Stellar+BG+Halo

model, using the best-fit parameter values as inputs into emcee. As with the

AGN+Stellar+BG model emcee run, we use the Ai distribution of the inner cluster

as a prior, also drawing from it to seed the initial walker values.

Given that we have three additional parameters for this model, we use 2500 walkers

and run emcee for 1 × 105 steps. The amount of runtime required for the walkers

to fully explore the parameter space is much larger than with any of the previous

models, and we discard all but the last 5000 steps of the run for burn-in. This results

in 12.5 million sets of parameters that are used to generate SBPs, which are plotted

in blue in the upper right panel of Figure 3.6, with the relative residuals shown in

the bottom right panel, with the same color.

Qualitatively, the fit in the outer cluster with this new model is substantially better
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than with either of the previous two models. All of the X-ray excess at 2′′ . Rgal . 10′′

has been accounted for. With a reduced χ2 of 1.62, the fit is also quantitatively

superior and validates the addition of the beta component in the outer cluster.

Given these positive results, we repeat the analysis on the inner cluster with the

AGN+Stellar+BG+Halo model. While we do not plot the modeled SBP, qualitatively

the fit is consistent with the results of the AGN+Stellar+BG model. Furthermore,

with a χ2 of 139.1, the quality of the fit is no better than with the AGN+Stellar+BG

model, and with the addition of the three Beta parameters, the reduced χ2 increases

to 3.09. These results suggest that a hot halo component is unnecessary for fitting

the 0.5–1.5 keV SBPs of inner cluster A1795 members.

3.4.6 Hard X-ray SBPs

In this section, we repeat our analysis for hard X-ray (4–8 keV) SBPs of A1795

members to test whether our soft X-ray model components are appropriately modeling

their intended physical counterparts. Specifically, we focus on the hot halo in the

outer cluster. Given the temperature of galaxy hot halos (∼ 107 K; Forman et al.

1985), which corresponds to kT ∼ 0.9 keV, their expected X-ray emission should

fall primarily within our soft X-ray window. If modeled correctly, we should expect

that the Beta component of our outer cluster AGN+Stellar+BG+Halo model would

account for little-to-no hard X-ray flux.

In Section 3.4.3, we use a fixed 7 keV thermal Bremsstrahlung model to represent

the spectrum of LMXBs. However their emission is expected to span a broad range

in energy (e.g., 0.3–8 keV; Boroson et al. 2011) and could potentially impact the fit

in the hard X-ray band.
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Following the procedure described in Sections 3.4.4 and 3.4.5, we analyze the

4–8 keV SBPs of A1795 members. In the upper panels of Figure 3.7 we plot the

measured hard X-ray SBPs, the sampled model SBPs, and the scaled PSFs. The

relative residuals of the models are plotted in the lower panels. In this figure, we use

the same color scheme as we did for the soft X-ray analysis.

As with the soft X-ray SBPs, the scaled PSF alone cannot account for the 4–8 keV

flux. Qualitatively, however, the AGN+BG model fits the hard X-ray SBPs in both

the inner and outer cluster, despite the large amount of scatter present in the data.

In both clustercentric radius bins, the AGN+Stellar+BG model is consistent with

the AGN+BG model. In the inner cluster, the addition of the LMXB component

results in an increase in the reduced χ2 from 5.09 for the AGN+BG model to 5.63

for the AGN+Stellar+BG model. In the outer cluster, all three models fit the 4–

8 keV SBPs equivalently well. Because of this, each additional component in the

model worsens the reduced χ2. The AGN+BG model has a reduced χ2 of 1.75. With

the addition of the LMXB component, the reduced χ2 rises to 1.84. Finally, the

AGN+Stellar+BG+Halo model has the worst reduced χ2 of the three outer cluster

models, with a value of 2.08.

This can be interpreted as the Halo component adding no new information to the

model fits at 4–8 keV. Hence we are confident that the Beta function is an appropriate

choice for modeling any potential hot halo contribution to the 0.5–1.5 keV SBPs of

stacked outer cluster A1795 members.
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Figure 3.8: X-ray luminosity probability distributions of non-background com-
ponents of the AGN+Stellar+BG model (inner cluster; upper panel) and the
AGN+Stellar+BG+Halo model (outer cluster; lower panel) The green vertical line in
the upper panel shows the estimated upper limit on hot halo luminosity. X-ray lumi-
nosities are calculated from the parameter distributions that result from the MCMC
simulations. The blue shaded regions show the expected LX due to LMXBs based
on the stellar mass-LX,LMXB relation from Zhang et al. (2012). The red shaded re-
gion shows the expected LX due to LMXBs from Anderson et al. (2015), which they
based on the LX,LMXB-LK relation from Boroson et al. (2011). The LMXB X-ray
luminosity derived through our MCMC simulations (red histograms) are consistent
with both comparison LMXB X-ray luminosity ranges. The cyan shaded region shows
the expected LX due to HMXBs from the SFR-LX,HMXB relation from Mineo et al.
(2012). All X-ray luminosities presented here are in the 0.5–1.5 keV range.
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3.4.7 Soft X-ray Luminosities of Model Components

While the AGN+Stellar+BG+Halo model provides a substantially better fit of the

0.5–1.5 keV SBP in the outer cluster, the quality of the fit alone does not tell us much

about whether A1795 galaxies retain their hot halos.

In order to determine the luminosity of the hot halo (and other components),

we use the entire post-burn in set of parameters from our MCMC simulations to

generate SBPs for each component in both models (AGN+Stellar+BG for the inner

cluster and AGN+Stellar+BG+Halo for the outer cluster). The profiles are inte-

grated to find the total flux contributed by each component and the luminosity of

each component is calculated. The probability distributions of the non-background

components are shown in Figure 3.8. There are clear detections of all components in

both clustercentric radius bins.

The LMXB components have similar probability distributions in the low- and

high-clustercentric radius bins, which is unsurprising, given that we use the inner

cluster distribution of Ai as a prior for the MCMC run in the outer cluster. This

is justified as the scaling between the X-ray and i-band should not vary based on

location within the cluster.

Given our data and possible model components, we consider the AGN+Stellar+BG

model to be the ideal representation of the soft X-ray SBP in the inner cluster. For

completeness, however, we estimate the upper limit on any potential hot halo lumi-

nosity by taking the 90th percentile of the set of post-burn in β function parameters

from the test run of the AGN+Stellar+BG+Halo model in the inner cluster (see the

last paragraph in Section 3.4.5). This value, LX,halo = 1.3 × 1039 erg s−1, is plotted

as the green vertical line in the upper panel of Figure 3.8. While the probability
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Table 3.1: 0.5–1.5 keV Luminosities

Component LX
(1039 erg s−1)

Inner Cluster
Total 1.8± 1.7
LMXB 1.6± 0.5
AGN 0.2+0.2

−0.1
Hot halo < 1.3

Outer Cluster
Total 15.6± 2.6
LMXB 2.0± 0.5
AGN 5.4+0.7

−0.8
Hot halo 8.1+5

−3.5

distribution of the hot halo component in the outer cluster has a peak near 1040 erg

s−1, it does have a non-negligible probability tail that extends to a few 1039 erg s−1.

However, the minimum value in the outer cluster hot halo luminosity distribution is

LX,halo = 1.7 × 1039 erg s−1, approximately 1.3 times larger than the upper limit of

the inner cluster hot halo luminosity. Based on these two data points, there appears

to be an environmental trend in the X-ray luminosity of A1795 galaxy hot halos.

In Table 3.1, we present the non-background component luminosities for each

model, the background-subtracted total luminosity (Total), and the upper limit to

the hot halo luminosity for the inner cluster.

85



3.5. DISCUSSION

3.5 Discussion

3.5.1 Literature Comparison

3.5.1.1 Total and Component X-ray Luminosity

As noted previously, the LMXB components of our models have similar luminosities

in the inner and outer cluster. While the LMXB component at 0.25 < Rclust/R500 < 1

provides the dominant contribution to the total background-subtracted X-ray lumi-

nosity, LMXBs are the subdominant component in the outer cluster. In order to

determine whether our values are reasonable, we use the stellar masses of our final

sample and Equation 3.2 to find the expected range in 0.5–1.5 keV luminosity for

the LMXBs in the inner and outer cluster (shown in Figure 3.8 with the blue shaded

regions). Furthermore, Anderson et al. (2015) provides expected LMXB luminosi-

ties based on the LX,LMXB-LK relation from Boroson et al. (2011). Converting their

published LX values to the 0.5–1.5 keV band, we plot these with the red shaded re-

gions in Figure 3.8 for the stellar mass range of our final sample. This is remarkable

consistency between three different estimates of LMXB luminosity.

The cyan shaded regions in Figure 3.8 show the expected 0.5–1.5 keV luminosity

due to HMXBs from Equation 3.1, based on the SFRs of our final sample. This further

exemplifies that HMXBs are not expected to provide a substantial contribution to

the SBPs of A1795 members, and supports their exclusion from our models.

Anderson et al. (2015) provide total galaxy X-ray luminosities (0.5–2.0 keV) for

“locally brightest” SDSS galaxies, binned by stellar mass. In order to compare these to

our background-subtracted LX values, we find the mean stellar mass of our inner and

outer cluster samples, with uncertainties on the mass derived through 10000 iterations
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of bootstrap resampling with replacement. In the inner (outer) cluster, the log of the

mean stellar mass is log (M?/M�) = 10.48±0.05 (log (M?/M�) = 10.67+0.09
−0.11). For our

inner cluster galaxies, the luminosity of the corresponding mass bins from Anderson

et al. (2015) spans the range 7.2 × 1038 < LX,Total/erg s−1 < 3.1 × 1039, while the

range for the bins that overlap with our outer cluster stellar mass is 3.1 × 1039 <

LX,Total/erg s−1 < 9.9 × 1040. These luminosities are corrected for the difference in

energy ranges using WebPIMMS, assuming a compound model of a 1 keV thermal

Bremsstrahlung for the hot gas, 7 keV thermal Bremsstrahlung for LMXBs, and a

power law with a photon index of 2 for the AGN and HMXB emission. We do not

consider the uncertainties published by Anderson et al. (2015), although these would

only serve to widen the luminosity ranges.

Kim & Fabbiano (2013) measured 0.3–8 keV luminosities of nearby gas-poor early-

type galaxies. Following the same procedures as with the Anderson et al. (2015)

luminosities, we convert the Kim & Fabbiano (2013) values to our soft X-ray energy

band, and find that they span the range 1.1 × 1039 < LX,Total/erg s−1 < 5.4 × 1039.

This range is consistent with our inner cluster background-subtracted luminosity of

LX,Total = (1.8± 1.7)×1039 erg s−1. Given that these galaxies have at most negligible

hot halo emission (on average), this consistency is to be expected. Outer cluster

A1795 members, on the other hand, have a relatively strong hot halo component so

we would not expect their total luminosity (LX,Total ∼ 2× 1040 erg s−1) to agree with

those of gas-poor galaxies. A simple subtraction of the hot halo luminosity from the

total for outer cluster galaxies gives a value that is also consistent with the results of

Kim & Fabbiano (2013).

The overall consistency between these total LX values from the literature and our
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background-subtracted total X-ray luminosities is encouraging as it suggests that our

selection of a constant for the ICM was the correct one.

The X-ray luminosity of outer cluster AGNs (LX,AGN ∼ 5× 1039 erg s−1) is consis-

tent with the range of AGN luminosities found by LaMassa et al. (2012) for Seyfert

2 galaxies. While our AGN luminosity at 1 < Rclust/R500 < 2.5 falls on the low

end of this range (2.5 × 1039 . LX,AGN/erg s−1 . 1.6 × 1042; converted to the 0.5–

1.5 keV band), it is likely that only a few of the 26 galaxies in this bin have strong

AGN emission as the fraction of AGNs in low-redshift clusters is small; Martini et al.

(2009) and Haines et al. (2012) both found X-ray detected AGN fractions of < 1% in

0.05 < z < 0.3 and 0.15 < z < 0.3 clusters, respectively. Even at high clustercentric

radius few cluster galaxies are expected to host AGNs (e.g., Lopes et al. (2017) found

an AGN fraction of ∼5% for R/R200 > 1 galaxies in z < 0.1 clusters).

While AGNs provide a substantial component of the X-ray luminosity at large clus-

tercentric radius, they are clearly subdominant for low clustercentric radius galaxies

(LX,AGN ∼ 2 × 1038 erg s−1). Their X-ray luminosity is an order of magnitude lower

than that of LMXBs, and even lower than the upper limit of hot halo luminosity.

The large difference in AGN LX as a function of clustercentric radius is unsurprising

as the AGN fraction tends to increase with clustercentric radius (e.g., Ehlert et al.

2014; Lopes et al. 2017).

3.5.1.2 Hot Halos Around Abell 1795 Galaxies

In Figure 3.9 we plot the 0.5–1.5 keV luminosity (upper limit) of the hot halo compo-

nent of our AGN+Stellar+BG+Halo (AGN+Stellar+BG) model at the mean stellar

mass found in Section 3.5.1.1. We compare our values to a selection of hot halo
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Figure 3.9: Soft X-ray (0.5–1.5 keV) hot halo luminosity versus galaxy stellar mass.
The green point (vertical error bar) shows the median (15th to 85th percentile) X-ray
luminosity of the hot halo of outer cluster members of A1795. The downward facing
green arrow represents the estimated upper limit of the hot halo of inner cluster A1795
members. Both of our values are plotted at the mean stellar mass of the galaxies in the
stack, and the horizontal error bars are the standard error on the mean stellar mass of
the stacked galaxies, derived through 10000 iterations of bootstrap resampling. The
short vertical lines at the bottom of the plot show the mass range of A1795 members.
Other points represent a selection of hot halo LX values from the literature, scaled to
the 0.5–1.5 keV band. The red points are for cluster galaxies, while the blue points
are for galaxies in the field. Lighter colored red and blue points with downward facing
arrows represent upper limits.
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luminosities from the literature, for field and cluster galaxies (see legend). Here we

briefly describe the comparison samples. The reader is encouraged to refer to the

cited papers for further details. For all comparison samples, we convert their pub-

lished LK values to stellar masses using the K-band stellar mass-to-light ratio from

Bell et al. (2003), log10 (M/LK) = −0.42 + 0.033 log10 (M?h
2/M�), and all galaxies

with log (M?/M�) < 10 are removed from our comparison samples. We also convert

all luminosities from their published energy range to our soft (0.5–1.5 keV) X-ray

band.

We plot the luminosity of cluster galaxy halos from Sun et al. (2007) with the red

circles. Most of the hot halo luminosities from Sun et al. (2007) are for individual

detections, although in some cases multiple (two to four) fainter galaxies in the same

cluster were stacked if they had similar net counts and resided close to each other on

the Chandra detector. Sun et al. (2007) provided the cluster in which their galaxies

reside as well as the angular distance between the galaxies and center of the cluster’s

ICM for the majority of their sample. We found R500 for 24 of the 25 clusters they

studied and calculated R/R500 for the 156 galaxies in these clusters that had a pub-

lished angular distance. All of these galaxies lie within ∼0.9 Mpc of the ICM center,

corresponding to our low clustercentric radius bin. For consistency with our sample,

we remove Sun et al. (2007) galaxies with R/R500 < 0.25.

Bogdán & Goulding (2015) hot halo LX values are plotted with blue squares.

Their sample comprises 3130 field elliptical galaxies at 0.01 < z < 0.05, separated

into different mass and velocity dispersion bins, with the X-ray images in each bin

stacked.

We include hot halo luminosities from Goulding et al. (2016) for galaxies from the
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MASSIVE survey (Ma et al. 2014). For these galaxies Goulding et al. (2016) include

the number of nearby neighbors for each. We separate their galaxies into two samples:

those that have at least five neighbors (their classification for rich groups and clusters)

are considered as group/cluster galaxies, and galaxies with fewer than five neighbors

are considered field galaxies.11 We remove group/cluster galaxies that they classify

as either being the central in their potentials or as hosting an AGN. We also include a

subset of lower-mass ATLAS3D (Cappellari et al. 2011) galaxies that Goulding et al.

(2016) published as a comparison sample. We select galaxies that were also studied

by Su et al. (2015) and use their classifications to separate them: galaxies that are

listed as a Virgo cluster member, have at least 15 nearby SDSS neighbors, or were

defined as a group/cluster galaxy in the literature are considered cluster galaxies; all

others are considered field galaxies. The comparison cluster/group (field) galaxies

from Goulding et al. (2016) are shown with red (blue) diamonds.

At 0.25 < Rclust/R500 < 1, A1795 galaxies have a stacked LX,halo upper limit

almost uniformly lower than all other cluster galaxies plotted. Clearly, hot halos

with low X-ray luminosity do exist in the cluster environment, but there appears to

be a lack of cluster galaxies with log (M?/M�) . 10.8 that host hot halos with low

field-relative LX,halo. This could be due to observational biases: cluster galaxies are

embedded in the ICM, making individual detections of very low X-ray luminosity hot

halos nearly impossible. Observations of field galaxies are not subject to this high

background, making hot halo detections easier. Another possible cause of the paucity

of low-luminosity hot halos around lower-mass cluster galaxies is that they are unable

to hold onto their tenuous halo gas when traveling through the ICM.

While we do not have a formal detection of LX,halo for the inner cluster, by stacking
11Increasing the cutoff to 15 neighbors had no impact on the sample.
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32 galaxies with 3.4 Msec of Chandra coverage, we are able to make measurements

not typically possibly for individual cluster galaxies. Our low clustercentric radius

hot halos have a stacked X-ray luminosity upper limit that is consistent with the

lowest values plotted for field galaxies.

If the true inner cluster LX,halo value is somewhat near its upper limit, there are

two broad possibilities for the distribution of individual hot halo luminosities: most

(or all) of the galaxies in the inner cluster could have some small residual amount

of hot halo gas; or a few members may possess a relatively large amount of hot halo

gas. However, due to the small number of galaxies in our sample, and the coarseness

of our binning, determining which, if any, of these two scenarios is beyond the scope

of this work.

In the outer cluster, A1795 galaxies have hot halo luminosities consistent with

the comparison samples around the same stellar mass. These galaxies have almost

uniformly higher LX,halo than field and cluster galaxies with 10 < log (M?/M�) . 10.5,

and towards the upper envelope in luminosity for galaxies at 10.5 . log (M?/M�) .

11.3. Given that our hot halo luminosity is the average for 26 galaxies over both of

these mass ranges, these results suggests that A1795 galaxies beyond the R500 have

large hot gas halos.

While massive cluster galaxies appear to hold onto their hot halos more readily

than their less massive cluster counterparts, the highest mass (log (M?/M�) & 11.1)

field galaxies have almost uniformly higher hot halo X-ray luminosities than the most

massive cluster galaxies. However, since field galaxies are not subject to the ram

pressure of an ICM, it is unsurprising that they can build up larger hot gas reserves.

Hence, these differences in hot halo X-ray luminosity of field and cluster galaxies at
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large stellar mass are likely due to environmental effects, while at lower stellar mass

the exact cause may be a combination of environments effects and observation biases.

3.5.2 Implications on the Quenching of Cluster Galaxies

We have shown, based on their hot halo X-ray luminosities, that A1795 members are

a dichotomous population. On average, galaxies within R500 retain little-to-none of

their hot halo gas. Outer cluster galaxies have substantially more luminous hot halos,

with X-ray luminosities a factor of six larger than the upper limit of the inner cluster

LX,halo (see Table 3.1 and Figure 3.9). With only two very large clustercentric radius

bins, we cannot determine the radial trend with any accuracy, however it is likely

that we are observing the removal of hot halos as galaxies fall into A1795. Taken on

its own, this is evidence for ongoing strangulation.

Given these results, a next step would be to investigate the implications on dif-

ferent quenching mechanisms. While an in depth study of stellar populations and

cold gas content of A1795 members is beyond the scope of this work and would re-

quire more extensive photometry, we can further leverage the Chang et al. (2015)

catalog. It provides specific SFRs (sSFR = SFR/M?), which are commonly used to

determine whether a galaxy is quiescent or star forming. Adopting an sSFR cut-

off of log (sSFR/Gyr−1) > −1 (e.g., Lin et al. 2014), we find that none of our

galaxies are classified as star-forming. If we instead use a less conservative cut

of log (sSFR/Gyr−1) & −1.5 (Genel et al. 2018, see their Figure A1 for 10 .

log(M?/M�) . 10.5 galaxies at z ∼ 0.1), two of our outer cluster galaxies are classified

as star forming; none of the inner cluster galaxies, however, make this more relaxed

cut. This results in quiescent fractions of 1.0+0
−0.06 (32/32) and 0.92+0.05

−0.09 (24/26) for
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the inner and outer cluster, respectively. With only ∼30 galaxies in each bin, the frac-

tions are quite uncertain and formally consistent with each other, so we are unable

to measure any radial trend.

Using the R200 for A1795 from Shan et al. (2015), we can convert our R/R500 to

R/R200 values and compare our quiescent fractions to those of Wetzel et al. (2012),

who measured quiescent fraction as a function of R200 for z ∼ 0.045 galaxies in

log (Mhalo/M�) > 14 halos (their Figure 5). In terms of R200, our inner cluster

galaxies span 0.15 . R/R200 . 0.61. Over this range, our fraction is comparable

to the values plotted by Wetzel et al. (2012), being consistent with two of their ∼6

binned fractions. At large clustercentric radius (0.61 . R/R200 . 1.51), the situation

is similar, with our fraction consistent with one of their ∼4 binned values.

A galaxy that no longer possesses a hot halo yet is still actively star-forming

would be strong evidence for ongoing strangulation. However, the nature of this work

precludes such a discovery. While we can identify at most two galaxies in the outer

cluster that are still forming stars, given our method for measuring X-ray luminosities

of model components, we cannot determine the individual strengths of these galaxies’

hot halos. Even though most, if not all, A1795 members are quiescent, we can still

begin to broadly investigate some of the possible quenching mechanisms at play.

Since none of the inner cluster members are still forming stars, this is actually

evidence against ongoing strangulation. However, it is possible that members had

their hot halos stripped, but retained a portion of their cold gas when they entered

the cluster environment. That cold gas could have been subsequently consumed as

the galaxies made their way to the inner cluster. This scenario is supported by the

results of Zinger et al. (2018), who found that RPS is not an effective mechanism for
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removing gas from galactic disks in cluster outskirts.

The ineffectiveness of RPS at large clustercentric radius would also suggest that

ram pressure is likely not the cause of the quiescence of the outer cluster members.

Additionally, the galaxies in the outskirts of A1795 still have, on average, substan-

tial hot halos, so ram pressure may not yet be strongly affecting them. However,

inner cluster members have negligible hot halos, which may indicate that RPS has

effectively removed the majority of the hot halo gas and cold interstellar gas. Since

ram pressure is proportional to the square of a galaxy’s velocity, the effects of RPS

will likely be stronger near the centers of clusters, where galaxies are traveling more

quickly through the ICM.

Given the high X-ray luminosity of the AGN component in our model at large

clustercentric radius, quenching due to an AGN may be a possibility. As we noted

in Section 3.5.1.1, though, only a handful of cluster galaxies, even in the outskirts,

are likely to host an AGN, so AGN quenching on a large scale in A1795 is unlikely.

With its large mass (M500 = 5.46 × 1014M�), A1795 would not be a conducive

environment for galaxy-galaxy interactions, which tend to favor regions with low

galaxy velocities. Some A1795 members at large clustercentric radius have likely been

recently accreted from lower density (group) environments, where tidal interactions

between galaxies are more common. It would seem that regardless of the dominant

quenching mechanism, a substantial fraction of the quiescent galaxies, particularly

at large clustercentric radius, may have arrived in the cluster pre-quenched (pre-

processing).
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3.6 Summary

In this paper, we model the stacked, soft (0.5–1.5 keV) X-ray emission of spectro-

scopic member galaxies in A1795. We model the extended, stacked emission using a

combination of spatially-flat background cluster emission, central emission from an

AGN, extended emission from a stellar component (i.e., LMXBs), and an additional

extended component corresponding to the diffuse, hot halo associated with individual

galaxies.

As an ensemble, galaxies interior to R500 have total (i.e., background-subtracted)

soft X-ray luminosities that are consistent with nearby gas-poor early-type galaxies.

In contrast, galaxies exterior to R500 are 3–14 times brighter in the X-ray than that

of the comparison sample. With a 0.5–1.5 keV luminosity of LX,halo =
(
8.1+5
−3.5

)
×

1039 erg s−1, extended hot halos have been detected around A1795 members exterior

to R500, in a statistical sense. This hot halo luminosity also accounts for the difference

in total luminosities between the outer cluster members and the comparison gas-poor

early-type galaxies. While hot halos provide a significant component of the X-ray

emission of outer cluster members, we find that they are clearly subdominant in the

inner cluster, where we calculate an upper limit of LX,halo < 1.3× 1039 erg s−1.

Such a large difference in the X-ray luminosity of extended gas halos around

member galaxies interior and exterior to R500 suggests that we are witnessing the

stripping of hot halos from A1795 members as they travel through the dense ICM.

On its own, this result would support quenching by on-going strangulation. However,

all of the inner cluster members are already quiescent according to their sSFRs, so at

most we can suggest that they were quenched by strangulation. While outer cluster

members, on average, still possess their hot halos, nearly all are quiescent. This
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quenching was likely caused before the galaxies entered the cluster environment, with

the removal of the hot halo preventing the “reignition” of star formation in the future.

Pre-processing is the preferred quenching explanation as AGN activity and galaxy-

galaxy interactions are unlikely to quench on a large scale in A1795, and RPS would

not strip the cold gas and leave the more tenuously-bound hot halo.
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Chapter 4

Extending the Search for Hot Gas

Halos Around Cluster Galaxies

4.1 Introduction

In the previous chapter, we presented a comprehensive method for analyzing surface

brightness profiles (SBPs) of stacked Abell 1795 members using archival Chandra

observations. We found that members in the outskirts of Abell 1795 still retain

significant hot halo luminosity, while inner cluster galaxies have no detected hot halo,

with an upper limit that is around six times lower. This naturally leads to the question

of the universality of these results. Namely, do all low-redshift (z . 0.1) clusters have

members with stripped hot halos in their inner regions, while those in the outskirts

still have hot halos.

Given the success of our analysis of Abell 1795, a cluster with a plethora of

Chandra data, in this chapter we now consider its applicability to a number of other

low-redshift clusters that have substantially fewer observations. As the method we
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apply to this set of clusters remains effectively the same, we refer the reader to

Chapter 3 and Appendix A for the bulk of the sample definition, data preparation

and analysis. Where applicable, we will discuss any differences with the previously

described method.

4.2 Data and Sample Selection

We select five clusters from Shan et al. (2015) that, by definition, have both Sloan Dig-

ital Sky Survey (SDSS) and Chandra coverage. We will refer to these clusters as the

extended sample. For consistency in the the sample selection amongst the extended

sample and Abell 1795, the redshift selection criterion from Shan et al. (2015) is used

to select spectroscopic members. Star formation rates (SFRs) and stellar masses are

again taken from the Chang et al. (2015) catalog, and a log (M?/M�) > 10 cut is

applied to the sample galaxies. Then, for each cluster, we follow the same procedure

for determining Chandra coverage as in Chapter 3 (also see Section A.2), using the

same versions of CIAO (v4.9; Fruscione et al. 2006) and the Chandra Calibration

Database (v4.7.6).

Table 4.1: Extended Sample Properties
Cluster z M500 Inner Outer

Members Exposure Members Exposure
(1014M�) (Msec) (Msec)

Abell 85 0.0557 5.98 26 1.40 5 0.05
Abell 1650 0.0823 4.59 12 0.47 2 0.05
Abell 1692 0.0848 0.97 2 0.04 0 0
Abell 2029 0.0779 8.01 26 0.45 15 0.11
Abell 2142 0.0904 11.96 26 2.23 2 0.21

Abell 1795 0.0622 5.46 32 3.36 26 1.74
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In Table 4.1 we list the extended sample, their redshifts and masses (M500) from

Shan et al. (2015),1 as well as the number of members and effective Chandra exposure

times in both the inner and outer cluster regimes. For comparison, in particular to

the amount of coverage in the outer cluster, we also include Abell 1795 in the table.

While that cluster alone has 1.7 Msec of total effective Chandra coverage for its 26

outskirts members, none of the other five clusters even approach that amount of

exposure time. Given the relative lack of data for each of the clusters, particularly in

their outskirts, we choose to combine the members and data for the extended sample.

Due to the different apparent sizes of galaxies at different redshifts, a side effect of

combining the five clusters may be some blurring of the extended X-ray components.

However, we expect the impact to be relatively minor. From simulations, hot halo

emission is expected out to ∼10′′ in stacked X-ray images at z = 0.05 (Vijayaraghavan

& Ricker 2015). At this redshift, one kpc is 1.′′028, so ∼10′′ is ∼10 kpc. At the lowest

redshift in our sample, z = 0.0557, one kpc is 0.′′929 and extended emission should

be visible to ∼9′′. At z = 0.0904, the highest redshift in the extended sample, this

value shrinks to ∼6′′ as one kpc is 0.′′596. While the redshift range of our members

would act to blur the extended emission, it would make it appear to be more centrally

concentrated on average that what is expected at z = 0.05, and what we found for

Abell 1795 in Chapter 3. Hence, we would not be biasing our SBPs to add more

extended (hot halo) emission.

We then create and stack SDSS and Chandra cutouts as described in Sections 3.3.1

and 3.3.2, respectively. Using the stacked images, SBPs are generated for the SDSS

data using 15 concentric annuli as we did for Abell 1795. We attempt to generate
1Shan et al. (2015) took cluster masses from: Vikhlinin et al. (2006) for Abell 85, Abell 1650,

Abell 1795, and Abell 2142; Vikhlinin et al. (2009) for Abell 2029; and Sun et al. (2009) for Abell
1692.
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SBPs at 0.5-1.5 keV using the same annuli as defined in Section 3.3.3, however we

are unable to recover profiles that are not dominated by noise. We iteratively reduce

the number until we have 11 logarithmically distributed bins. While this is a much

smaller number of bins than in Chapter 3, we choose a logarithmic distribution so

that we maintain a similar resolution toward the inner portion of the profile (at low

galactocentric radius, Rgal). Because of this, the inner ∼5 data points each cover a

similar angular area as those defined in Chapter 3.

4.3 Modeling the Extended Sample Surface Bright-

ness Profiles

With the soft X-ray SBPs defined for the extended sample, we follow Sections 3.4.1

and 3.4.3 to prepare the components of our models. First, we model the Chandra

point-spread function (PSF) with the ray tracing code SAOTrace (v2.0.4; Jerius

et al. 1995), with MARX (v5.3.2; Davis et al. 2012) being used to create PSF images.

Then the i-band SBPs are modeled with two Sérsic (Sérsic 1963) functions plus a

constant.

As the background and hot halo components are defined as functions, with no fur-

ther preparatory modeling required, we then proceed through the soft X-ray analysis

as described in Sections 3.4.4 and 3.4.5. In the upper panels of Figure 4.1, we plot

the 0.5–1.5 keV SBPs (black points and error bars) of the stacked combined cluster

images. The ray-traced PSFs, which we use to represent the active galactic nucleus

(AGN) component of our models are plotted with the dashed magenta lines.

Using the same three models as in Chapter 3, we run our Markov chain Monte
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Table 4.2: Number of Model Parameters and emcee Settings
Model Parameters Walkers Steps Burn-in Steps

AGN+BG 2 400 1600 100
AGN+Stellar+BG 3 500 2500 500

AGN+Stellar+BG+Halo 6 2500 100000 95000

Carlo (MCMC) simulations with emcee (Foreman-Mackey et al. 2013). For each of

the three models, we run emcee using the same initial settings that we did for Abell

1795. As a reminder, we provide the components of the three models and the number

of free parameters each has in Table 4.2. The number of Markov chain walkers,

emcee steps, and burn-in steps to cut required for each model are also given in the

table. We note that we tested running emcee with more walkers and for more steps,

but found that it does not result in an appreciable difference in the fit for any of the

models.

At low clustercentric radius, we see similar results (upper left panel of Figure 4.1)

when fitting the extended sample SBP as we did for Abell 1795. Qualitatively, the

AGN+BG model (red curve) does a slightly worse job at fitting the 0.5-1.5 keV SBP

than the AGN+Stellar+BG model (green curve). The addition of the low-mass X-ray

binary (LMXB) component in the latter model, however, is supported by a decrease

in reduced χ2 from 5.0 to 3.9. While this is a rather large decrease in reduced χ2, it

still might indicate that the addition of additional free parameters may be warranted.

To see if this is the case, we run emcee with the AGN+Stellar+BG+Halo model

(we do not plot this model). While the χ2 drops by a small amount (from 35.1 to

34.9), the reduced χ2 increases to 5.8 when adding a hot halo to the model, due to

the additional three parameters used to describe this component. While these values

are different that what was calculated in Chapter 3, we see the same trend in reduced
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Figure 4.1: Upper panels: SBPs of stacked 0.5–1.5 keV images of cluster members (black points
and error bars). Red curves are the median SBPs of the AGN+BG model, which comprises a
background (constant), and an AGN (simulated Chandra PSF). The green curves show the SBPs
of the AGN+Stellar+BG model, which include an additional LMXB (i-band SDSS) component.
The blue curve in the upper right panel is the median SBP of the AGN+Stellar+BG+Halo model,
which further adds a hot halo component (Beta function). The shaded regions show the 15th to 85th
percentile range of the model SBPs. All model SBPs are generated through MCMC simulations. For
both outer cluster runs that have an LMXB component (green and blue curves), the distribution of
i-band-to-X-ray ratios from the inner cluster MCMC run with the AGN+Stellar+BG model (green
curve) is used as a prior. The dashed magenta lines show the simulated PSF, scaled so that the
innermost point equals the innermost point of the AGN+Stellar+BG model. This shows that an
AGN-only model is not sufficient to account for the X-ray profile in either clustercentric radius bin.
Lower panels: Relative residuals ([data-model]/model) of the measured and model SBPs. Relative
residuals are color coded to match their respective model, the uncertainty ranges are shaded, and
the lines are slightly shifted to the left and right for clarity.
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χ2 here as we did for the inner Abell 1795 results. Up to this point, it would seem

that our extended sample modeling (with the AGN+Stellar+BG model especially) is

successful at fitting the inner cluster SBP.

We now consider the outer cluster SBP of the extended sample, plotted in the

upper right panel of Figure 4.1. It is immediately obvious that the AGN+BG model

is insufficient to accurately model the SBP. The fit at large Rgal appears adequate

due to the background (constant) component, and the model does a reasonable job

at moderate galactocentric radius (1′′ . Rgal . 3′′), although this may simply be

due to the scatter in the profile. In the innermost portion of the SBP, the model

considerably overestimates the X-ray emission, as it did for the extended sample’s

inner SBP, and for both soft X-ray profiles in Chapter 3.

The results of the AGN+Stellar+BG and AGN+Stellar+BG+Halo modeling are

presented in the upper right panel of Figure 4.1 with the green and blue curves, re-

spectively. With similar χ2 values of 30.8 and 34.9, respectively, both models clearly

fit the data better than the AGN+BG model, which has a χ2 of 80.4. The relative

residual (lower right panel of Figure 4.1) would suggest that if there is extended emis-

sion (Rgal ∼ 2′′), the AGN+Stellar+BG+Halo model does a slightly better job at ac-

counting for it than the model without a halo. However, the AGN+Stellar+BG+Halo

model has a reduced χ2 of 5.8, which is nearly twice as large as the 3.4 value for the

model without the halo component. The difference between these two reduced χ2 val-

ues would seem to indicate that a hot halo is not a necessary component for modeling

the outer SBP of the extended sample.

Despite reducing the number of SBP bins and ensuring that the inner few bins

have similar angular coverage as with the Abell 1795 SBPs, there is still a fairly large
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uncertainty due to the relatively low effective exposure time. The sum of the effective

exposure in the outer extended sample is only 420 ksec, more than four times lower

than that of the outer Abell 1795 sample. Given the scatter, we cannot definitively

assert that either model is more appropriate.

4.4 Potential Future Work

Given the outstanding results of our modeling procedure on Abell 1795 (Chapter 3),

a cluster with an enormous amount of X-ray data, and the promising fit we achieve in

this chapter with the inner SBP of the extended sample, we propose in this section

some potential alterations to the method and suggestions to both ourselves and others

who may follow in our footsteps.

Based on the lack of a satisfactory SBP in the outer extended sample, more data

are likely required to reduce the scatter while simultaneously increasing the number

of bins in the profile. The immediate benefit of this would be to more adequately

constrain whether the hot halo component is necessary in the model, and hence

whether the average halo luminosity can be measured for the outer extended sample.

We propose as a first step a search of the literature for well-studied clusters, checking

both the Chandra Data Archive and the SDSS for coverage. Adding clusters to the

extended sample with similar coverage (both Chandra and SDSS) would enable one to

maintain the core steps of our stacking and fitting procedures. Of particular interest

would be augmenting the outer cluster subset in an effort to measure the amount of

effective exposure time required to generate an SBP suitable for constraining whether

the hot halo component is truly necessary.

As the inner portion of the extended sample already has an total effective exposure
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time of ∼4.6 Msec, expanding the overall sample might also allow for the inner subset

to be further divided into two clustercentric radius bins. Given a large enough sample

of clusters with simultaneous Chandra and SDSS coverage, additional subsets (e.g.,

multiple stellar mass bins) could also be created.
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Chapter 5

Summary

In this thesis, we have presented two fully encapsulated manuscripts that delve into

the quenching of cluster galaxies. For these two projects, vastly different data and

analysis methods were used to address this topic from two very different angles.

In Chapter 2 (Wagner et al. 2017) we measured cluster galaxy star formation ac-

tivity and cluster quiescent fractions, as functions of both stellar mass and redshift

(0.15 < z < 1.5, a span of 7.5 billion years). We used spectral energy distribution fit-

ting to derive star formation rates (SFRs), stellar masses, and 4000 Å break strengths

for ∼1400 members in 36 clusters. Star-forming galaxies (SFGs) and quiescent galax-

ies were separated using the strength of the 4000 Å break.

Over the 7.5 billion years of evolution studied in this work, quiescent and star-

forming cluster members experience declines in star formation activity of factors of

four and three, respectively. These relatively small changes cannot account for the

more than order of magnitude decrease in overall cluster galaxy star formation ac-

tivity. Instead, we concluded that it is the large change in cluster quiescent fraction,

which increases from ∼ 30% to ∼ 90% over 7.5 billion years, that drives the strong
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evolution that we measured.

Further splitting cluster members into early- and late-type, we showed that cluster

SFGs at a given age of the universe have similar star formation activity, regardless of

morphology. Hence, it is not solely morphological transitions in the cluster environ-

ment that drive the overall decline in the star formation activity of cluster members.

When isolating cluster SFGs, we found that they generally follow a similar rela-

tionship between SFR and stellar mass as that of star-forming field galaxies, which

is in line with the results of others (Greene et al. 2012; Koyama et al. 2013; Lin et al.

2014). However, we identified a small subset (∼13%) of star-forming cluster members

that have low field-relative star formation activity. We took this as evidence of the

long timescale quenching method strangulation acting, at least in some small part,

on cluster galaxies. This is in line with what others have found in z < 1 clusters (Lin

et al. 2014; Paccagnella et al. 2016). The large increase in quiescent fraction around

z ∼ 1, on the other hand, is suggestive of a rapid quenching of cluster galaxies at

higher redshifts. This conclusion of rapid quenching at higher redshift has been drawn

by others as well, although through different means (e.g., Muzzin et al. 2012; Wagner

et al. 2015).

Our results point to potentially two different mechanisms acting at different times,

with a slow quenching (i.e., strangulation) of cluster galaxies operating in more local

clusters. However, the suggestion of strangulation in Wagner et al. (2017) was based

on indirect methods, and preclude a more definitive conclusion. To more accurately

assess the impact of strangulation, a method for directly detecting cluster member

hot halos would be of great benefit.

Hence, we implemented a modeling technique (Wagner et al. 2018), presented in
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Chapter 3, designed to account for the expected X-ray emission from cluster galax-

ies and their surroundings. This includes hot halos if they are still present around

cluster members. The low-redshift cluster Abell 1795 was chosen for this work due

to its preponderance of Chandra X-ray Observatory data. Surface brightness profiles

(SBPs) were measured from stacked X-ray images of 58 members, separated into two

clustercentric radius bins. Markov chain Monte Carlo (MCMC) sampling was used

to fit the SBPs with each of three models we designed, in both clustercentric radius

bins. We determined that a hot halo is an unnecessary component in modeling inner

Abell 1795 members, but is required to accurately fit the outer cluster SBP.

Using the distributions of model parameters generated through the MCMC sam-

pling, we measured X-ray luminosities of each model component. This has enabled

us to detect, in a statistical sense, substantial hot halo emission around outer Abell

1795 members. Hot halos remain undetected around inner cluster members, however,

which indicates that Abell 1795’s intracluster medium is likely stripping its galaxies’

halos as they travel into the cluster.

As all of the inner cluster members are no longer forming stars and no longer have

hot halos, we could at most surmise that these galaxies may have been previously

quenched by strangulation. The exact mechanism, however, remains undetermined.

Nearly all members in the outer cluster are quiescent and since they still possess, on

average, a substantial hot halo, it is unlikely that they were quenched by Abell 1795’s

ram pressure, and active galactic nucleus feedback and galaxy-galaxy interactions

within the cluster are also unfavorable mechanisms. This would suggest that the

majority of Abell 1795’s outer members arriving in the cluster previously quenched.
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Even though we were unable to determine with any certainty whether strangu-

lation was acting upon inner Abell 1795 members, we were able to rule out a ram-

pressure mechanism as the dominant quenching method in the outer cluster. Further-

more, we have laid the groundwork for future studies to search for cluster member

hot halos in an effort to determine whether strangulation is ongoing.

In Chapter 4, we tested the applicability of our modeling technique on five other

clusters. The Chandra coverage of the inner portions of these five clusters, when

combined, have a similar effective exposure time as that of Abell 1795. However,

the effective exposure times of the outer regions of the five clusters only combine to

have 24% of the effective exposure time of the outer Abell 1795 members. Given the

relative lack of data, we were unable to definitively determine whether there are hot

halos around outer members of these clusters. We proposed that combining even more

clusters with archival data, or acquiring new X-ray data, would rectify this issue and

enable the identification of retained hot halos around members of multiple clusters.
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Appendix A

Measuring and Analyzing Surface

Brightness Profiles of Cluster

Galaxies

In Chapters 3 and 4, we analyzed X-ray surface brightness profiles (SBPs) with the

goal of determining whether it is possible to detect hot gas halos around cluster

galaxies. Chapter 3 contains a description of the steps taken in the data acquisition,

preparation and analysis for fitting the X-ray SBPs of Abell 1795 members.

As that chapter was written with journal submission in mind, some of the technical

details were left out for brevity and to make the manuscript more readable. In this

appendix we will discuss in more detail selected technical aspects behind the data

processing that underpins the analysis in the aforementioned chapters.
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A.1. CHANDRA DATA FILES AND INITIAL PROCESSING

A.1 Chandra Data Files and Initial Processing

Chandra imaging data is provided in “event files” so-called as they are a record of

the time, position, and energy of incident X-ray photons during an observation. Af-

ter following a set of “Standard Data Processing” steps1 that are performed on all

Chandra imaging data, an observation is made publicly available on the Chandra

Data Archive.2 Two sets of data products are available, referred to as Level 1 and

Level 2. Level 1 data files have had a number of corrections applied, including how

the spacecraft dithers to account for calibration uncertainties, however they are not

recommended for direct science use. Level 2 files have further corrections and can be

used for science purposes. It is suggested that the Level 1 data files are downloaded

and reprocessed to generate new Level 2 files. For each observation downloaded,

the CIAO script chandra_repro is run, which automates the generation of a new

science-ready Level 2 event file. This process takes approximately one minute per

observation.3 For the 225 observations used in Chapters 3 and 4, the reprocessing

takes on the order of four hours.

A.2 Determining Chandra Coverage

CIAO’s dmcoords script and the galaxy coordinates acquired from the Sloan Digital

Sky Survey (SDSS) are used to compare the position of each member to each down-

loaded Chandra observation. This allows us to do a series of checks. First, we select
1http://cxc.harvard.edu/ciao/dictionary/sdp.html
2http://cda.harvard.edu/chaser/
3All runtimes quoted in this appendix were measured when running the data preparation and

analysis on a 2016 Apple MacBook Pro 15”, the computer that was used for all of Chapters 3 and
4.
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A.3. CREATING AND STACKING CHANDRA CUTOUTS

only members that lie within 5′ of the Chandra optical axis in a given observation.

Even though we model the point-spread function (PSF) at each target position, this

selection is made because the PSF degrades strongly as a function of off-axis angle,

as we noted in Chapter 3. The second check we perform is to ensure that the target

position is located on one of the Chandra detector chips. To be certain that the entire

target region has no missing data, we check that all four corners of a 50′′× 50′′ region

centered on the target are located on a chip. While a target may be positioned (in

projection) on a chip, it could go unobserved as some chips are not active during an

observation.4 To mitigate this, we ensure that the 50′′ × 50′′ region contains at least

one X-ray count, in any energy band.

While the runtime for these steps is strongly dependent upon the number of obser-

vations and number of cluster members, it only takes approximately one minute per

observation (for ∼200 targets). Hence, for the 225 combined Chandra observations

acquired in Chapters 3 and 4, the total runtime for this section is approximately four

hours.

A.3 Creating and Stacking Chandra Cutouts

In this section, we describe the steps taken to generate the stacked X-ray images used

to generate SBPs in Chapters 3 and 4. For both chapters, the process outlined in this

section was followed in its entirety for each of the 0.5–1.5 keV and 4–8 keV bands.

We iterate through the downloaded observations, performing the following steps. For

each step, we provide relevant details on why each is performed and how it affects

the data.
4Chandra Proposers’ Observatory Guide, http://cxc.harvard.edu/proposer/POG/.
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A.3. CREATING AND STACKING CHANDRA CUTOUTS

1. Run fluximage on the observation’s event file.

Chandra images are natively in counts. In order to measure total and component

luminosities we require stacked images where the data are in physical units so

we must convert between the two. All that is required as input for fluximage

is an observation’s event file, and as one of its outputs, fluximage generates an

exposure map, which gives the distribution of effective area versus sky position.

Two versions of the exposure map are created, one of which is made with a

threshold cut that reduces the noise at the edge of a Chandra detector chip.

For each fluximage run, we provide a desired energy range (taking the mean

of the range as the effective energy), and we specify that the entire 8192x8192

pixel image is processed. This step takes approximately three to five minutes

per observation.

2. Run mkpsfmap on the observation’s event file.

In order to mask non-target sources in the Chandra images, a PSF map is

required, where the map gives the size of the PSF at each pixel in an image. For

each run, we provide the observation’s event file, and specify the effective energy

desired (the same as that specified for fluximage) and the encircled counts

fraction (0.393, which is the 1σ threshold for a two-dimensional Gaussian5).

Approximately one to two minute(s) is needed to complete this step for one

observation.

3. Run wavdetect on the observation.
5http://cxc.harvard.edu/ciao/threads/wavdetect/
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Using the PSF map generated in step 2 and the thresholded exposure map gen-

erated in step 1, wavdetect is used to detect point sources in each observation’s

event file. The position and shape parameters of the sources, each one given as

an ellipse, are stored to be used later to mask non-target sources. According

to the Chandra help pages,6 the weaknesses of wavdetect are that it is slower

than other methods and that it “requires a lot of memory.” However, neither

of these concerns are a factor on most modern computers. On the order of 10

minutes per observation is spent detecting sources.

4. Iterate through each galaxy and perform the following if it was imaged during

the current observation:

(a) Using two separate runs of dmcopy, create a 100x100 pixel (approximately

50′′ × 50′′) cutout around the target position from both the observation’s

event file and thresholded exposure map. The desired energy range is

specified when making the cutout of the event file. Since the exposure map

was generated in the desired energy range above, no further parameters

are needed in its dmcopy call.

(b) Exposure correct the cutout using dmimgcalc to divide the event file cutout

by the exposure map cutout, saving a separate copy to be masked. A copy

of the uncorrected cutout is also separately stored. This latter image, still

in native counts, is used to estimate uncertainties when generating surface

brightness profiles.

The runtime for this entire step (#4) is relatively small, taking only a few

seconds for all the targets with data in a given observation (i.e., that met
6See Footnote 5
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the cuts described in Section A.2).

5. Iterate through each detected point source and check whether the center of its

ellipse is located within 5′′ of any galaxy in the sample. If it is, the point source

is discarded. Otherwise, we save its position and shape parameters to disk.

This check is done to ensure that none of our targets are masked in this section

as we separately identify detectable galaxies, as described in Section 3.3.2. This

step takes up to ∼20 seconds per observation to complete.

Each exposure-corrected cutout is then masked. This is done by iterating through

the observations and temporarily storing all masks for a given observation, if there

are any. We iterate through the targets, first testing whether it was observed in the

current observation, then if any of the masks coincide with the target’s cutout. If

both of these conditions are met, the source is masked using dmcopy with its exclude

filter, where the latter takes as parameters the position and shape of the ellipse. This

dmcopy call replaces any data in the source region of the image with zeros (i.e., no

data).

Once all cutouts have been masked, they can be stacked. Since some cluster

members were observed more than once, their cutouts must first be stacked to generate

a single cutout for the member. This is done by iterating through each member

and using dmimgcalc to average all of its respective target cutouts and saving the

resulting cutout to a new directory for individual stacks. During this iteration, if

the current cluster member has only one cutout, it is simply copied to the individual

stacks directory. The two clustercentric radius bins defined in Chapter 3 are then

iterated through and the cutouts for all members that fall in the current radial bin

are averaged, again using dmimgcalc. While only two radial bins are used in Chapters
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3 and 4, given enough data, this could be extended further. Additionally, the code

can be modified to allow for multiple mass (or other parameter) bins. The stacking

procedure just described takes only a few seconds.

Accounting for the two energy ranges for which the procedures described in the

section must be run, the total runtime to create stacks of exposure corrected X-

ray images is on the order of 100 hours. While this does add up to several days, the

amount of storage required in this section can also be a concern. For each observation,

approximately 1 gigabyte is required to store the fluximage outputs. As this would

require approximately half a terabyte of storage for the 225 observations used in

Chapters 3 and 4, these files are treated as temporary and are deleted once their

respective observation has been processed.

A.4 Simulating the Chandra Point-Spread Function

An active galactic nucleus (AGN) is included in the models used in Chapters 3 and

4 as the contribution from even a relatively weak AGN could dominate the X-ray

emission in the inner ∼1′′. As AGNs are point sources, having sub-pixel angular

sizes, their flux profile will take the shape of a telescope’s PSF. Hence, in order to

have an accurate representation of an AGN’s SBP, we need only have an SBP derived

from an accurate representation of the Chandra PSF. As each of our X-ray emission

models is fit to a single SBP of an averaged stack of cluster members, we need one

averaged representation of the PSF. To accomplish this, we use the following steps,

for both the 0.5-1.5 and 4-8 keV bands:

1. Generate a typical AGN spectrum.
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(a) To do this, we use the Sherpa7 script fake_pha with a combined power

law and absorption model, no background, and the instrument response

files for an arbitrary observation. We tested a number of different obser-

vations and found only a small different in the amplitude of the spectrum

generated, and no discernible difference in the resulting PSF SBP. Hence,

generating one spectrum significantly reduces the complexity of the the

PSF simulation with no apparent drawbacks. When saving the model

spectrum, we specify that the units are energy versus photon flux, which

are required for the ray tracing code.

2. Iterate through each galaxy and do the following:

(a) Iterate through each observation in which the current cluster member was

observed:

i. Use SAOTrace (v2.0.4; Jerius et al. 1995)8 to simulate an AGN’s X-

ray light passing through the Chandra optics and hitting the detector,

thereby simulating how the light from a point source is affected by the

Chandra PSF. We provide the model spectrum, the current target’s

position and the telescope’s pointing and exposure information for the

current observation.

ii. Use MARX (v5.3.2; Davis et al. 2012)9 to model the incident X-rays

and generate an image of the resulting AGN. We provide the ray file

generated with SAOTrace, as well as the same pointing and exposure

information as in step 2(a)i.
7Sherpa is a CIAO application for modeling and fitting data.
8http://cxc.harvard.edu/cal/Hrma/SAOTrace.html
9http://space.mit.edu/cxc/marx/
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iii. Use dmlist to acquire the number of X-ray counts in the appropriate

energy range in a 1′′ circle around the target position. This is done

so that each modeled PSF can be weighted by the amount of data

present at the modeled position.

iv. Use dmcopy to create a 100x100 pixel cutout of the modeled PSF

around the target position. This must be done because the image

generated by MARX is of the same size (8192x8192 pixels) as the

observation’s event file.

v. Use dmimgcalc to multiply each pixel in the PSF cutout by the number

of counts measured in step 2(a)iii. This provides more weight to targets

where there is more data, making their PSF more important to the

final averaged PSF stack.

Following the steps in Section A.3, for each cluster member with multiple PSF cutouts,

the cutouts are averaged to create a single stack. Then all cutouts for a given stellar

mass bin are average stacked.

The simulation takes approximately five seconds per target per observation (i.e.,

all of step 2a). Since the number of observations a galaxy can appear in is quite

variable, the runtime of step 2 for each cluster member is not constant. However,

there are 438 total targets across the six clusters studied in Chapters 3 and 4, for a

total approximate runtime of less than 40 minutes.
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A.5 Fitting X-ray Surface Brightness Profiles

The main goal of Chapters 3 and 4 was to determine whether it is possible to detect the

presence of hot gas halos around cluster members using stacked X-ray SBPs. Hence,

a fitting method that would enable us to measure, preferably with uncertainties, the

amplitudes of different model components was required. To that end, we decided to

leverage the widely-used10 emcee (Foreman-Mackey et al. 2013), an affine-invariant

Markov chain Monte Carlo (MCMC) ensemble sampler. Given that we test a series

of models that comprise between two and six parameters with unknown covariance,

a important benefit of using emcee is its affine-invariance, which ensures that it is

not impacted by parameter covariance (Foreman-Mackey et al. 2013). Very generally,

emcee implements the MCMC technique of randomly exploring (“walking” through)

a parameter space such that a representative set of samples is drawn from the distri-

bution. In a Markov chain (the walk) each step is only dependent upon the previous

step taken.

A.5.1 Setup

While emcee is user friendly and easy to run, it does require some initial setup. In

this section we will outline the main user-defined functions, necessary variables, and

steps taken before emcee is run.

User-defined Functions and Variables

1. A probability function
10As of the writing of this thesis, the 2013 paper describing emcee has been cited more than 1800

times.
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This function is used by emcee to determine whether the walkers will take the

next random step, based on the principle of maximum likelihood. Its input is a

proposed set of model parameters and the SBP data (i.e., the set of radii, surface

brightnesses, and surface brightness uncertainties). The probability function’s

first step is to pass the set of proposed parameters to the prior function, which

tests whether each parameter adheres to its respective prior(s). If any of the

proposed parameters do not meet their respective prior(s) the probability func-

tion receives a value of negative infinity, returning this to emcee, which signals

it to select a new set of random parameters. Otherwise, the probability func-

tion calls the likelihood function, passing the set of proposed parameters and the

SBP data. The value returned by the likelihood function is combined with the

return of the prior function and passed to emcee, which determines whether

to accept the proposed step.

2. A likelihood function

The likelihood function’s first action is to call the model value function, passing

the proposed parameters, and receiving a model SBP in return. The sum of the

squared residual between the model SBP and the actual SBP is calculated and

returned to the probability function.

3. A function for returning model values

This function takes a set of model parameters, then calculates and returns a

model SBP. As the calculation is dependent upon the model being used to fit

the measured SBP, this function is custom for a given model.

4. A prior function
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The priors that apply to the parameters are tested in this function. As with

the function that calculates model values, the prior function is customized to

match the model being used to fit the measured SBP.

Also defined before the MCMC simulation is begun is the number of processor threads

used to run emcee,11 the total number of walkers (which are evenly divided among

the model parameters), and the number of steps that each walker will take.

Initializing The Walkers While there are multiple ways to set the initial values

of the walkers, Foreman-Mackey et al. (2013) suggest assigning, for each walker,

values in a small region in parameter space around what is expected to be close to

the “correct” value. Following this idea, we use the SciPy non-linear least squares

function curve_fit to initially fit each model to the SBP. We provide boundaries to

the function (see Section 3.4.5) and use the Trust Region Reflective algorithm, which

is suggested as a suitable option for “large sparse problems with bounds.”12 The

resulting best-fit parameters are used to initialize a number of walkers (see Section

3.4.4)

A.5.2 Running emcee

Once the walkers are initialized with their starting values, emcee is started with the

desired number of processing threads and allowed to run uninterrupted for the defined

number of steps. The runtime for this step is strongly dependent upon the model

being tested. The simpler the model (i.e., with fewer free parameters) the smaller the
11The computer used for all emcee runs has a four-core processor that can run eight simultaneous

processing threads. Hence, the MCMC sampling was typically run with eight threads.
12https://docs.scipy.org/doc/scipy/reference/generated/scipy.optimize.least_

squares.html

141

https://docs.scipy.org/doc/scipy/reference/generated/scipy.optimize.least_squares.html
https://docs.scipy.org/doc/scipy/reference/generated/scipy.optimize.least_squares.html


A.5. FITTING X-RAY SURFACE BRIGHTNESS PROFILES

number of steps required to fully explore the parameter space. The simplest model on

which we run emcee in Chapters 3 and 4 contains just two components: an AGN and

background (BG) component. Completing the emcee simulation for this model only

takes about half a minute (with 400 walkers running for 1600 steps) per SBP. The

amount of time per emcee run increases for the model that additionally comprises

a low-mass X-ray binary component. As there are now three free parameters, we

increase the number of walkers by 100 and the number of steps rises from 1600 to

2500. With these settings, the emcee run still only takes approximately one minute

per SBP to complete. While this is a relatively substantial increase (a factor of

approximately two), emcee runs incredibly quickly in real-world terms. It is not

until we implement the most complex model, which has six free parameters (due to

the addition of a hot halo component), that the runtime increases appreciably in an

absolute sense. For this model, 2500 walkers and 1× 105 steps are required, and each

emcee run takes between ∼300 and ∼400 minutes per SBP. In Table A.1, we present

examples of emcee runtimes for all three models employed in Chapter 3 as they are

applied to Abell 1795 SBPs.

Table A.1: emcee Runtimes for X-ray SBP Models Tested in Chapter 3
Model Time (minutes)

0.5-1.5 keV 4-8 keV

Inner Cluster Outer Cluster Inner Cluster Outer Cluster

AGN+BG 0.5 0.5 0.5 0.5
AGN+Stellar+BG 0.8 0.9 0.7 0.9

AGN+Stellar+BG+Halo 306.5 420.9 290.5 288.8

While the runtime for some of the steps described in this appendix (e.g., portions

of Section A.3) are dependent upon the number of observations acquired for a cluster,
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emcee runs are instead impacted more by the complexity of the model being em-

ployed. We use the same number of walkers and steps when running emcee for the

same model when applied to Abell 1795 SBPs (Chapter 3) and the SBPs of stacked

images from five other clusters (Chapter 4). Hence, the runtimes are effectively the

same even though we are using substantially different amounts of data.

A.5.3 Generating Model Surface Brightness Profiles

Once emcee has finished running, the set of burn-in parameters are removed and

the list of the remaining parameters is saved to disk. While these two steps are not

time consuming, taking only a matter of seconds, the file sizes for the post burn-in

parameters can range from a few tens of megabytes to a few gigabytes.

We then create model SBPs from the entire set of post burn-in parameters. First,

for each model, the list of parameters is read in from the saved file, which takes less

than a second. Then the function defined in Step 3 (Section A.5.1) for the model

is used to generate an SBP for each set of parameters. Instead of iterating through

the list of parameters, we make use of Python’s multiprocessing package. Through

testing, we found that this method (with eight provessing threads) resulted in a

speed up of a factor of approximately five over simple iteration. Depending on the

number of parameter sets processed, the model SBP generation takes between a few

seconds (e.g., for the AGN+BG model) and approximately half an hour (e.g., for the

AGN+Stellar+BG+Halo model). The model SBPs are then saved to disk such that

in each file there is one SBP per set of post burn-in parameters.
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