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Abstract

We present a study on the relationship between star formation rate (SFR) and environmental
overdensity in galaxy clusters around redshift z ∼ 1 using galaxy cluster samples drawn from
the Observations of Redshift Evolution in Large-Scale Environments (ORELSE) Survey.
With data from the 15 fields of the ORELSE survey, we examine the dependence of two
different star formation indicators, [O II] λ 3727 Å and UV+IR emission, on two different
overdensity indicators, log(1 + δgal) (local overdensity) and log(η) (distance from the cluster
center). We bin our sample by cluster redshift and cluster mass along with galaxy mass to
investigate the impact of environment on star formation. We find that intermediate-mass
galaxies (10.1 ≤ log(M∗/M�) ≤ 10.8) at higher redshifts and in more dense environments
exhibit both higher SFRs and higher SFR efficiency (on average ∼ 0.5σ in the log for
both) relative to field galaxies, as well as to similar mass galaxies at lower redshift (by
a factor of 2 in the log and by an order of magnitude respectively). High-mass galaxies
(log(M∗/M�) ≥ 10.8) in our higher redshift bins also experience little suppression, but
are only comparable to the corresponding field galaxies rather than enhanced. Galaxies in
clusters in our lower redshift sample have suppressed SFR relative to field galaxies (as is the
case locally), but at higher redshift we do not see this trend. We also observe a population
of high- and intermediate-mass galaxies in the highest density environments at high redshift,
with high star formation rates, which have not been previously seen. We dub these “4H”
galaxies and examine their properties for clues to their origin.
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1. Introduction1

The connection between star formation and environment in galaxy groups and clusters2

plays a fundamental role in the high-mass large-scale structure of the universe. In the3

local Universe, this relationship between star formation and environment is well understood,4

with, on average, galaxies in regions of higher overdensity having lower star-formation rates5

(SFRs) than when compared to galaxies located in regions of lower overdensity (Lewis et al.,6

2002; Gómez et al., 2003; Christlein and Zabludoff, 2005; Cooper et al., 2008; Tomczak et al.,7

2019). At these lower redshifts, galaxies within clusters are suppressed of their star formation8

relative to the surrounding field, and this effect is heightened in more dense environments9

(Rasmussen et al., 2012). As studies have expanded farther into the universe and to higher10

redshifts, the impact of environment on star formation is less well studied, and thus less11

understood. At z > 1.5, many studies show high levels of star formation in the cores of12

clusters, thus signaling a change in the relation between density and star formation (Tran13

et al., 2010; Strazzullo et al., 2013; Santos et al., 2015; Wang et al., 2016; Noirot et al.,14

2018). Yet, many of these studies are restricted to the centers of the clusters, and do not15

consider galaxies in the nearby field. Additionally, the epoch of this change remains elusive:16

with many studies in 0.5 < z < 1.5 giving mixed results. Some find that within this17

redshift range the star formation-density relation is reversed with regions of higher density18

having higher SFR (Elbaz et al., 2007; Cooper et al., 2008; Popesso et al., 2011), but others19

find that with clusters within this range there is no significant change in the SFR-density20

relation (Patel et al., 2011; Muzzin et al., 2012; Ziparo et al., 2014). There are even studies21

that find star formation to be largely independent of environment within this redshift range22

(Grützbauch et al., 2011; Darvish et al., 2016). Much of the tension among these findings can23

be attributed to the fact that there is no common way to calculate a galaxies environment,24

nor a single procedure for revealing the indicators of SFR (e.g., spectral energy distribution25

(SED) fitting vs, [O II] λ 3727 Å emission vs, etc.), and the fact that contamination by26

active galactic nuclei (AGN) can also impact and muddle results.27

Galaxy clusters and superclusters represent much of the Universe’s large-scale structure and28

to understand them one must shed light on what causes the current arrangement of galaxy29

clusters, the physical properties they have, and how those properties correlate to one another,30

as well as the trends in characteristics of their corresponding member galaxies. Surveys31

at extremely low redshift, along with various numerical simulations, unveil a filamentary32

structure within the universe that stretches between galaxy clusters and superclusters (Geller33

and Huchra, 1989; Einasto et al., 1997; Colberg et al., 2000; Colless et al., 2001; Evrard et al.,34

2002; Dolag, 2006). At nodes of this filamentary structure, clusters form through accreting35

galaxies and groups of galaxies from the surrounding field (Frenk et al., 1996; Eke et al.,36

1998). Through this mode, galaxies begin to slowly group together, thus affecting their own37

individual properties and combining to create the characteristics of the larger cluster.38

On the individual galaxy level, the environment in which it resides – which is oftentimes39

intimately tied to its relation to a cluster – plays a significant role in its evolution and in40

its physical qualities (Muzzin et al., 2012, 2014; Balogh et al., 2016; Tomczak et al., 2017,41
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2019; Lemaux et al., 2017, 2019). For example, galaxies in regions of higher density have42

an elliptical morphology more frequently (Dressler, 1980), and tend to have older stellar43

populations (Smith et al., 2006; Cooper et al., 2008). These galaxies also exhibit redder44

colors and higher stellar masses (Hogg et al., 2004; Kauffmann et al., 2004). This is, in45

part, due to various physical processes, such ram-pressure stripping (Gunn and Gott, 1972;46

Hester, 2006; Boselli et al., 2009) or galaxy harassment (Moore et al., 1996, 1998), that47

rapidly remove gas from the galaxies as they begin to fall into larger groups and clusters48

(i.e. regions of higher density). These higher density processes often help to quench galaxies49

of star forming material, and lead to a depletion of star formation within them as the galaxies50

are starved of essential star forming gas. This star forming gas is oftentimes in the form of51

neutral hydrogen (H2) and atomic neutral hydrogen (HI), and the depletion of a galaxies52

hydrogen reservoirs directly regulates its star formation abilities (Guo et al., 2021).53

The Observations of Redshift Evolution in Large-Scale Environments (ORELSE) Survey54

is a study of large-scale structure (LSS) that contains data concerning many of these key55

parameters. The ORELSE survey primarily focuses on structure at scales greater than 1056

h−1
70 Mpc around 20 well-known clusters at redshifts 0.6 < z < 1.3, and contains an un-57

precedented amount of spectroscopic coverage with hundreds to thousands of high-quality58

spectra and redshifts per field (Lubin et al., 2009). The survey covers 5 square degrees, all59

targeted at intermediate-to-high-density regions, making it complementary and compara-60

ble to field surveys such as the Deep Extragalactic Evolutionary Probe 2 Redshift Survey61

(DEEP2; Davis et al. (2003)) and the Cosmological Evolution Survey (COSMOS; Scoville62

et al. (2007); Koekemoer et al. (2007)). The ORELSE survey has been the source for a63

number of subsequent studies, and has been expanded on by the work of Hung et al. (2020).64

In this study, we will utilize data from the expanded Hung et al. (2020) where possible, so,65

for brevity, any mention to ORELSE data implies this data as well.66

In this paper, we leverage galaxy data samples drawn from the ORELSE survey to investigate67

the relation between star formation rate and environment around z ∼ 1. In Section 2, we68

discuss the data and sample selection along with the various processes – including Voronoi69

tessellation Monte Carlo (VMC) mapping – used to filter and obtain the measurements.70

Section 3 contains our main findings regarding star formation and overdensity, while Section71

4 explores the significance and implication of these findings. Throughout the paper, we use72

a cosmology with H0 = 70 h−1
70 km s−1 Mpc−1, Ωm = 0.3, and ΩΛ = 0.7.73

2. Data and Methods74

2.1. The ORELSE Survey75

This paper utilizes data from the ORELSE Survey (Lubin et al., 2009). The ORELSE cluster76

sample is drawn from various other surveys that employ a variety of different detection77

techniques (X-ray, radio, optical) to reduce any bias within the sample selection (Oke et al.,78

1998; Rosati et al., 1998; Vikhlinin et al., 1998; Gladders and Yee, 2005; Gioia et al., 1999,79

2003; Stanford et al., 2002; Blanton et al., 2003; Hashimoto et al., 2005; Henry et al., 2006;80

3



Pierre et al., 2006; Maughan et al., 2006). The ORELSE survey’s first detected large scale81

structure was the CL 1604 supercluster and it has the most extensive multi-wavelength82

photometric and multi-object spectroscopic data (see Gal et al., 2008). The properties of83

the confirmed members of CL 1604 are used as a guide throughout the ORELSE survey84

for choosing appropriate galaxy magnitude and color selections in the other clusters (Lubin85

et al., 2009).86

The first phase of the ORELSE survey was to do wide-field (25’) optical/near-infrared (r’ i’87

z’ Ks) imaging of the 20 cluster fields with all of the near-infrared observations being orig-88

inal to the ORELSE survey, and the optical imaging coming from both new and archived89

observations (see Table 1 of Lubin et al. (2009)). The ORELSE survey employed the Large90

Format Camera (LFC; Simcoe et al. (2000)) and the Wide-Field Infrared Camera (WIRC)91

on the Palomar 5 m, Suprime-Cam on the Subaru 8 m (Miyazaki et al., 2002), the Wide-92

Field Infrared Camera (WFCAM) on the United Kingdom Infra-Red Telescope (UKIRT)93

3.8 m, and the Florida Multi-Object Imaging Near IR Grism Observational Spectrometer94

(FLAMINGOS) on the Kitt Peak National Observatory (KPNO) 4 m in their original ob-95

servations to cover an area of at least 0.2 deg2 around each of the 20 target clusters (Lubin96

et al., 2009). For the XLSS005 field, the initial optical imaging was acquired with Mega-97

CAM (Boulade et al., 2003). This original optical imaging was initially used to characterize98

the large-scale environment around the target clusters, as well as to identify possible cluster99

members for follow up multi-object spectroscopy, and the near-infrared Ks imaging was used100

to measure stellar masses and provide improved photometric redshifts (Lubin et al., 2009).101

The ORELSE survey also utilizes the wide-field, multi-object spectroscopic capabilities of102

the Deep Multi-Object Imaging Spectrograph (DEIMOS; Faber et al. (2003)) on the Keck103

10 m for much of its spectroscopic data.104

By employing this wide range of sources, the ORELSE survey contains an unprecedented105

amount of spectroscopic coverage, as well as a sample size larger than most currently avail-106

able. Through these efforts, the ORELSE survey contains ∼ 11,000 high quality spectro-107

scopic objects, with 100 - 500 confirmed members per structure.108

Hung et al. (2020) employed the rich data of the ORELSE survey in combination with the109

powerful Voronoi tessellation Monte-Carlo (VMC) mapping technique to search for serendip-110

itous galaxy overdensities at 0.55 < z < 1.37 within 15 of the ORELSE fields to cover a111

combined spectroscopic footprint of 1.4 degrees. Hung et al. (2020) were able to discover and112

characterize 402 new overdensity candidates with precisely measured redshifts and unprece-113

dented sensitivity in the 15 targeted ORELSE fields. With VMC mapping, they were able114

to measure precise redshifts, provide an estimate of the total gravitating mass, and maintain115

high levels of purity and completeness at z ∼ 1 with only moderate levels of spectroscopy.116

For more comprehensive information on the ORELSE data and its expansion we refer the117

reader to Lubin et al. (2009) and Hung et al. (2020).118
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2.2. Star Formation Rates119

2.2.1. UVIR SFR120

Star-formation rates measured through IR and UV emission are drawn from work done121

in Tomczak et al. (2019). The SFR is estimated by adding contributions from obscured122

and unobscured young stellar populations as traced by IR and UV emission respectively.123

They used the calibration presented in Bell et al. (2005) scaled to the Chabrier (2003) IMF124

relation:125

SFRUV +IR[M�/yr] = 1.09× 10−10(2.2LUV + LIR)[L�] (1)

Where LIR is the bolometric infrared luminosity (8-1000 µm) derived by shifting the IR126

template (from Wuyts et al. (2008)) to the peak z, scaling the IR template to the observed127

24 µm flux, and integrating between 8-1000 µm in the IR template’s rest frame. LUV =128

1.5 ν Lv,2800 represents the rest-frame 121.6-300 nm luminosity estimated in Section 2.3 of129

Tomczak et al. (2019) with ν being the frequency of light at 280 nm. In some cases, where130

there was low resolution in the far-IR imaging, fluxes were derived using TPHOT code131

(Merlin et al., 2015). TPHOT creates models of objects detected in a higher resolution image132

by convolving them to the resolution of the far-IR image. These models are simultaneously133

scaled to match the fluxes in the observed far-IR image which effectively accounts for the134

blending from neighboring objects. Additional information on the SFRUV IR estimates can135

be found in Section 2.7 of Tomczak et al. (2019).136

2.2.2. [OII] SFR137

Another important star-formation metric used in this study comes from [O II] λ3727 Å line138

luminosity. This method has been calibrated against a variety of star formation indicators,139

and has been tested effectively (Moustakas et al., 2006; Weiner et al., 2007). The [O II] star140

formation rates used in this study are drawn from work done in Lemaux et al. (2010, 2014,141

2017), as well as the extinction correction from Wuyts et al. (2013) and the FourStar Galaxy142

Evolution Survey (ZFOURGE) code described in Straatman et al. (2016). The catalogs used143

in this study contain [O II]-derived SFRs for all galaxies in ORELSE with a high-quality144

spectroscopic flag in the redshift range 0.55 < z < 1.3. All of these galaxies have [O II] in145

the spectral range, have equivalent width measurements (EW)[O II] < -2.5 Å (see Appendix146

A of Lemaux et al. (2010)), and are not NUVrJ quiescent by the criterion of Lemaux et al.147

(2014) to avoid emission not originating from star formation (Lemaux et al., 2010, 2017)).148

2.3. Estimating Environment149

2.3.1. Local Environment150

The local environmental densities used in this paper are estimated through a technique that151

employs a Voronoi Monte Carlo algorithm. For the ORELSE survey data, this procedure152

was developed and tested for performance in studies done by Lemaux et al. (2017), Tomczak153
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et al. (2017), and Hung et al. (2020). It has also already been used in a variety of studies154

over a broad redshift range 0.6 < z <4.6 (e.g. Darvish et al. (2015); Shen et al. (2017,155

2019); Rumbaugh et al. (2017); Cucciati et al. (2018); Pelliccia et al. (2019)). A Voronoi156

tessellation is the division of a 2D plane into a number of polygonal regions equal to the157

number of objects in that plane. The Voronoi cell of each object is defined as the region (or158

all the points that don’t contain another object) closer to it than to any other object in the159

plane. Objects in high density regions therefore have small Voronoi cells, while objects in160

lower density regions have larger cells. The inverse area of the cell sizes can thus be used to161

measure the local density at the position of the object bounded by the cell.162

In using VMC mapping, galaxies are partitioned into thin redshift slices with each slice163

spanning 3000 km/s in velocity space and overlapping by 1500 km/s from slice to slice.164

Each slice in redshift is then projected onto a 2-dimensional Voronoi tessellation that is165

calculated using the positions of the galaxies within it. Local environmental density is166

defined as the inverse of the area of a Voronoi cell multiplied by the square of the angular167

diameter distance at the corresponding mean redshift of the slice. The Voronoi maps are168

then projected onto a 2D grid of pixels sized 75 x 75 proper kpc. The local environmental169

overdensity at pixel (i,j) is defined as:170

log(1 + δgal) ≡ log(1 +
Σi,j − Σ̃

Σ̃
) (2)

Where Σi,j is the density at pixel (i, j) and Σ̃ is the median density of all the pixels where171

the map is reliable (i.e. where there is coverage in nearly all images and not near the edge172

of the detection image). The local overdensity for a given galaxy is set by the closest pixel173

in proximity in the transverse and redshift directions. As shown in Tomczak et al. (2017,174

2019) and Lemaux et al. (2019) these local overdensities have been shown through tests175

to be strongly concordant with other density metrics and trace out the known structures176

extremely well.177

2.3.2. Global Environment178

In this study, the parameter η (defined by Rproj/R200×|∆v|/σv) is used to determine global179

overdensity relative to an individual group or cluster and helps to separate different galaxy180

populations. Adopting definitions based on N-body simulations and other semi-analytic181

simulations (Noble et al., 2013), |η| < 0.1 is the virialized core region, 0.1 < |η| < 0.4 is the182

intermediate region (possibly containing some backsplash galaxies, see Haines et al. (2012);183

Gill et al. (2005)), and 0.4 < |η| < 2 as the outer region containing galaxies that have184

recently been accreted, often known as the infall region (Haines et al., 2012). Galaxies with185

η > 2 are located within the surrounding field and are not associated with any group or186

cluster. For further information see section 5.5.1.1 of Shen et al. (2017).187
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2.4. The Sample Selection188

To select our sample, we filtered through the data from the 15 ORELSE fields that were189

expanded on by Hung et al. (2020). Since there is no one uniform method for gauging the190

SFR galaxies, we attempt to examine both SFRUV IR and SFR[OII] within the ORELSE191

survey to verify our findings. First, we identified field members that had contained the192

proper spectroscopic data (i.e. had measured SFRUV IR and/or SFR[OII]) and filtered out193

any quiescent galaxies from that sample. We also made a cut in galaxy mass and only194

included galaxies with log(M∗/M�) ≥ 9.4. Next, we made a cut in log(η) with log(η) ≤ 0.3195

signaling the galaxies to be considered as cluster members, and log(η) ≥ 0.5 identifying the196

galaxies in the nearby surrounding field for each cluster. Through these efforts we were left197

with 1,048 cluster galaxies for the SFR[OII] sample and 897 galaxies for SFRUV IR sample,198

as well as ∼ 2,200 and ∼ 1,600 field galaxies for the SFR[OII] sample and SFRUV IR sample199

respectively. It should be noted that the two samples for both cluster and field galaxies200

contain only star-forming galaxies (SFGs) and are overlapping samples rather than identical201

samples (some galaxies have both types of SFR measured, but other galaxies have only202

SFR[OII] or SFRUV IR recorded). Our sample is comparable in scope and size to the Gemini203

Observations of Galaxies in Rich Early Environments Survey (GOGREEN; Balogh et al.204

(2017); Old et al. (2020)).205

To further narrow our sample, we bin the selected galaxies into 4 groups based on their206

corresponding cluster redshift and cluster mass. The 4 groups are as follows: low cluster207

redshift/low cluster mass, low cluster redshift/high cluster mass, high cluster redshift/low208

cluster mass, and high cluster redshift/high cluster mass (hereby referred to as LZLM,209

LZHM, HZLM, and HZHM) with the division for the high/low redshift and mass cuts being210

at z = 0.97 and log(M∗/M�) = 13.9 respectively. These 2 cuts were chosen to effectively211

distribute the ORELSE clusters from which the SFGs are drawn into comparable bins (see212

Table 1). Due to systematic issues in the data collection, a smaller number of galaxies are213

detected in the LZLM bin and, especially, the HZLM bin even though our bins all contain214

a similar number of clusters (Hung et al., 2020).215

Bin NClust NGal ([OII]) NGal (UVIR)
log(M∗/M�) < 13.9 91 280 175
log(M∗/M�) > 13.9 92 768 722

z < 0.97 101 660 556
z > 0.97 82 388 341
LZLM 55 176 110
LZHM 46 484 446
HZLM 36 104 65
HZHM 46 284 276

Table 1: The distribution of clusters and cluster member galaxies within our cluster redshift and mass splits.
Our chosen splits at z = 0.97 and log(M∗/M�) = 13.9 were chosen to create bins of approximately equal
size for the clusters within our sample.
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3. Results and Discussion216

3.1. Sample Comparison217

Figure 1: The relationship between SFR[OII] and log(1 + δgal) for cluster members and field members in
4 separate redshift/cluster mass bins (see Section 2.4). Errors for Figure 1 and other subsequent similar
figures (i.e Figures 2, Figure 3, and Figure 4, etc.) were determined by taking the robust standard deviation
(calculated through the median absolute deviation or MAD) divided by the

√
N − 1 with N being the

number of galaxies located within that particular local/global overdensity bin.

Due to the limited nature of both of our SFR samples, we first compared the SFRUV IR218

sample to the SFR[OII] sample to probe for any inconsistencies. Using the 4 cluster red-219

shift/mass bins described in Section 2.4, we examined the relationship between SFR[OII]220

and log(1 + δgal) to investigate discernible trends within that sample. In Figure 1, we plot221

SFR[OII] against log(1 + δgal) with the cluster medians, field medians, and individual galax-222

ies all being displayed. The solid green lines with error bars and solid points represent the223

median SFR[OII] for galaxies that are cluster members (i.e. log(η) ≤ 0.3) within each bin.224

These median points were determined by taking median cluster galaxy SFR[OII] and median225

cluster galaxy log(1+δgal) within 3 log(1+δgal) bins that are as follows: log(1+δgal) < 0.25,226
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0.25 < log(1 + δgal) < 0.75, and 0.75 < log(1 + δgal). The solid magenta lines laid horizon-227

tally across each plot represent the median field galaxy SFR[OII] from our sample within228

that redshift (lower redshift for the LZLM and LZHM panels, and higher redshift for the229

HZLM and HZHM panels). The gray points are included for reference and are the individual230

galaxies that contribute to the solid median cluster member SFR[OII] line. On the right of231

each panel lies a histogram showing the distribution of cluster members by SFR[OII].232

Figure 2: The relationship between SFRUV IR and log(1 + δgal) for cluster members and field members in
the 4 separate redshift/cluster mass bins of Section 2.4. Similar to Figure 1, the solid green lines represent
cluster member median SFRUV IR and the solid magenta lines represent the median field SFRUV IR. For
reference, the individual galaxies and a histogram of the SFRUV IR distribution are plotted for cluster
galaxies in the SFRUV IR sample that had physical SFRUV IR values.

The 4 panel structure of Figure 1 allows for close comparison between varying cluster mass233

and between our higher and lower redshift bins. In the upper panels (lower redshifts), the234

median SFRs across the entire log(1 + δgal) scale are consistently suppressed (see Table 2)235

when compared to the corresponding field galaxies at similar redshift. This behavior is236

expected, for the various environment processes of clusters in low redshifts often quenches237

SFR (Lewis et al., 2002; Gómez et al., 2003; Cooper et al., 2008). However, in the higher238
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redshift (lower) panels of Figure 1, this behavior is no longer observed. The median SFR[OII]239

for the cluster galaxies at high redshift fail to display the same suppression as those at lower240

redshift with the median SFR[OII] being similar —or even enhanced —when compared to241

field galaxies at the same redshift (see Table 2).242

Bin and Point Diff From Field Bin and Point Diff From Field
LZLM Left -0.594 σ HZLM Left 0.328 σ
LZLM Mid -0.089 σ HZLM Mid 0.194 σ

LZLM Right -0.332 σ HZLM Right -0.321 σ
LZHM Left -0.302 σ HZHM Left 0.062 σ
LZHM Mid -0.391 σ HZHM Mid 0.070 σ

LZHM Right -0.499 σ HZHM Right 0.366 σ

Table 2: The difference in σ between the median cluster SFR[OII] points and the median field galaxy lines
in the log scale. All of the cluster medians in our lower redshift bins are reduced compared to the field,
whereas most of the cluster medians in our higher redshift bins are comparable or enhanced when compared
to the field galaxies.

In Figure 2, we plot SFRUV IR against log(1 + δgal) to see if trend observed in the SFR[OII]243

sample holds with another measure of SFR. Plotted in a similar manner as Figure 1, Fig-244

ure 2 displays the cluster medians, field medians, and individual galaxies for each of the 4245

cluster redshift/mass bins. However, due to negative IR flux values from the MIPS mea-246

surements, and thus nonphysical SFRUV IR values included within the ORELSE catalogs,247

the full distribution of our catalog sample (all ∼ 1,200 galaxies) includes some galaxies with248

these dubious measurements. Only the individual galaxies with physical SFRUV IR values249

are plotted in Figure 2, but our full sample distribution was used to determine the median250

cluster member SFR[UV IR] and log(1 + δgal) points, as well as the field median SFRUV IR251

lines, in a similar manner to Tomczak et al. (2019). Many of the negative IR flux values252

were the result of noise, and the overall signal is only reliable by using the full distribution253

rather than single point statistics. This correction was not needed for the SFR[OII] data for254

these imperfections do not exist within that sample.255

Figure 2 and the SFRUV IR sample fails to display the same trend that was previously256

observed in Figure 1 with the SFR[OII] sample. In all 4 cluster redshift/mass bins, cluster257

member SFRUV IR is comparable to field SFRUV IR at all local overdensities and very little258

suppression is seen in any bin, whereas this lack of suppression is only seen in the HZLM and259

HZLM bins for the SFR[OII] sample. This difference in observation can be attributed to the260

lack of detection at the lower end of our SFRUV IR sample (around log(SFRUV IR) < 0.5).261

There is a significant lack of low IR flux coverage in the MIPS measurements which in turn262

results in few galaxies with low SFRUV IR being detected.263

In Figure 3, we plot SFR[OII] against log(1 + δgal) again with median cluster member264

SFR[OII], median field SFR[OII], and individual galaxies all being shown, but only for both265

cluster and field galaxies with log(SFR[OII]) ≥ 0.5. The resulting Figure 3 bears a striking266

similarity to Figure 2 in the LZHM and HZHM bins on the right where most of our two267
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samples are concentrated. The median cluster SFR location relative to the median field268

SFR, the shape of the median cluster SFR curves, and in the distribution of SFR within the269

histograms in both those bins between Figure 2 and Figure 3 are in agreement.270

Both Figure 2 and Figure 3 show the same lack of differential evolution between median clus-271

ter SFR and median field SFR. Therefore, we conclude that the two different SFR samples272

are comparable, but there exists more depth within the SFR[OII] sample (i.e more low SFR273

galaxies being detected) that is simply absent from the SFRUV IR sample. The observed274

trend within the SFR[OII] sample could never be seen within the SFRUV IR sample due to275

the lack of low IR flux coverage resulting from limitations within the MIPS spectroscopy.276

If the SFRUV IR sample had increased depth, we could possibly observe the same trend as277

the SFR[OII] sample, but we cannot be certain. Thus, we can only proceed with further278

investigation of the SFR[OII] sample.279

Figure 3: The relationship between SFR[OII] and log(1+δgal) for cluster members and field members in the
4 separate redshift/cluster mass bins is displayed in a similar style as the previous 2 figures. Only galaxies
with log(SFR[OII]) ≥ 0.5 are included to display the detection bias within the SFRUV IR sample.
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3.2. SFR[OII] Sample Findings280

We plot Figure 4 in the same manner as previous figures, but the galaxies have now been281

further binned according to their mass based on the cuts of Tomczak et al. (2019) (i.e. 9.4282

< log(M∗/M�) < 10.1, 10.1 < log(M∗/M�) < 10.8, and 10.8 < log(M∗/M�)). As previously283

shown in Figure 1, median cluster SFR[OII] is suppressed relative to galaxies in the field284

for the LZLM and LZHM bins, and this observation holds in Figure 4 when our SFR[OII]285

sample is split according to galaxy mass (see Table 3). In Figure 4, we also find that in the286

HZLM and HZHM bins all cluster member galaxies are star forming at rates comparable287

to galaxies in the field, and it is primarily the intermediate mass galaxies in the HZHM288

bin that are enhanced relative to intermediate mass field galaxies (on average by ∼ 0.5σ).289

Additionally, high and intermediate mass galaxies in the HZLM and HZHM bins are star290

forming more than the corresponding galaxies in the LZLM and LZHM bins at almost double291

the rate in the log scale, and the distribution of galaxies for high and intermediate galaxies292

by SFR[OII] is shifted upwards in our higher redshift bins. This suggests that the epoch of293

massive quenching within clusters has yet to be reached in our higher redshift sample and294

is evident through our redshift split at z = 0.97.295

Bin Mgal & Point Diff From Field Bin Mgal & Point Diff From Field
LZLM Low Left 0.582 σ HZLM Low Left -0.077 σ
LZLM Low Mid 0.187 σ HZLM Low Mid 0.149 σ
LZLM Low Right -0.125 σ HZLM Low Right -0.168 σ
LZLM Mid Left -1.270 σ HZLM Mid Left 0.168 σ
LZLM Mid Mid -0.384 σ HZLM Mid Mid 0.088 σ
LZLM Mid Right -0.624 σ HZLM Mid Right 0.106 σ
LZLM High Left 0.367 σ HZLM High Left 0.609 σ
LZLM High Mid -0.043 σ HZLM High Mid -0.184 σ
LZLM High Right -0.572 σ HZLM High Right N/A
LZHM Low Left -0.029 σ HZHM Low Left -0.141 σ
LZHM Low Mid -0.644 σ HZHM Low Mid 0.172 σ
LZHM Low Right -0.476 σ HZHM Low Right -0.255 σ
LZHM Mid Left -0.695 σ HZHM Mid Left 0.537 σ
LZHM Mid Mid -0.674 σ HZHM Mid Mid 0.208 σ
LZHM Mid Right -0.719 σ HZHM Mid Right 0.622 σ
LZHM High Left -0.752 σ HZHM High Left 0.032 σ
LZHM High Mid -0.196 σ HZHM High Mid 0.074 σ
LZHM High Right -0.364 σ HZHM High Right 0.030 σ

Table 3: The difference in σ between the cluster member median SFR[OII] points and the field galaxy
median SFR[OII] lines split by galaxy mass. Intermediate mass galaxies in our HZHM bin experience the
most enhancement relative to the field.

However, it is natural for galaxies of higher mass to have higher SFRs for they have more296

star forming material to convert into stars. Therefore, it is crucial to also examine the297
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efficiency of star formation through the metric of specific star-formation rate (sSFR; defined298

as the SFR of the galaxy divided by its stellar mass) which removes the bias towards more299

massive galaxies. Figure 5 takes the same galaxies of the SFR[OII] sample, but instead300

displays the relationship between sSFR[OII] and log(1 + δgal). As expected, suppression,301

especially in galaxies that are members of high mass clusters, can been seen in the lower302

redshift bins (LZLM and LZHM) for galaxies of all masses, and, on average, the sSFR[OII]303

for galaxies contained within clusters is lower when compared to those within the nearby304

field (see Table 4). A lack of suppression, and in some cases enhancement, of sSFR[OII]305

is seen for galaxies in the higher redshift HZLM and HZHM bins when compared to the306

similar mass field galaxies. The higher redshift galaxies continue to exhibit more sSFR[OII]307

than what is traditionally seen at lower redshift signaling that at z > 0.97 the environment308

processes seen in the more local universe have yet to take effect.309

Figure 4: The relationship between SFR[OII] and log(1 + δgal) for cluster members and field members in
the 4 redshift/cluster mass bins. Both the field and cluster galaxies are further binned by their stellar mass
to highlight specific changes. This further binning is reflected in the cluster member medians, the field
medians, the individual galaxy scatter, and histograms with the lowest mass galaxies being represented in
blue, the intermediate mass galaxies being represented in orange, and the highest mass galaxies in red.
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Bin Mgal & Point Diff From Field Bin Mgal & Point Diff From Field
LZLM Low Left 0.633 σ HZLM Low Left -0.262 σ
LZLM Low Mid 0.059 σ HZLM Low Mid 0.109 σ
LZLM Low Right -0.301 σ HZLM Low Right -0.181 σ
LZLM Mid Left -1.397 σ HZLM Mid Left 0.140 σ
LZLM Mid Mid -0.422 σ HZLM Mid Mid 0.034 σ
LZLM Mid Right -0.521 σ HZLM Mid Right -0.136 σ
LZLM High Left -0.029 σ HZLM High Left 0.519 σ
LZLM High Mid -0.066 σ HZLM High Mid -0.232 σ
LZLM High Right -0.703 σ HZLM High Right N/A
LZHM Low Left -0.078 σ HZHM Low Left -0.174 σ
LZHM Low Mid -0.645 σ HZHM Low Mid 0.111 σ
LZHM Low Right -0.544 σ HZHM Low Right -0.298 σ
LZHM Mid Left -0.713 σ HZHM Mid Left 0.584 σ
LZHM Mid Mid -0.753 σ HZHM Mid Mid 0.202 σ
LZHM Mid Right -0.933 σ HZHM Mid Right 0.628 σ
LZHM High Left -0.971 σ HZHM High Left 0.105 σ
LZHM High Mid -0.203 σ HZHM High Mid 0.076 σ
LZHM High Right -0.351 σ HZHM High Right 0.050 σ

Table 4: The difference in σ between the cluster member median sSFR[OII] points and the field galaxy
median SFR[OII] lines split by galaxy mass. Changing our metric from SFR to sSFR does not affect the
observed trend within the SFR[OII] sample.

Figure 6 further expands on this underlying trend within our SFR[OII] sample by plotting310

SFR[OII] in relation to global overdensity within the cluster (log(η)). Median SFR[OII]311

for cluster members are instead binned by log(η) at cuts of log(η) < −1, −1 < log(η) <312

−0.4, and −0.4 < log(η) < 0.3 (corresponding to the η definitions seen in Section 2.3.2).313

By changing over from local to global overdensity, the same trend in SFR[OII] still holds314

regardless of overdensity measurement. Suppresion for high and intermediate mass galaxies315

in clusters occurs almost exclusively in our lower redshift bins, while our higher redshift316

bins seem to be immune to similar suppression. The only notable exception is in the core317

of clusters (log(η) < −1) in the HZHM bin where suppression is seen for galaxies with the318

highest stellar mass.319

Figure 7 gives a detailed look into the relation of sSFR[OII] and log(η). Akin to previous320

figures, suppression seems to be a feature of star forming galaxies in our low redshift clusters321

almost exclusively. Intermediate and high mass galaxies in our higher redshift bins are322

immune to this same suppression and are star forming with more efficiency than their low323

redshift bin counterparts with the only exception being high mass galaxies in the cores of324

clusters. In the HZHM bin, we observe the repeated enhancement in star-formation by the325

intermediate mass galaxies compared to similar galaxies in the field.326
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Figure 5: The relationship between sSFR[OII] and log(1+δgal) for cluster members and field members in our
4 separate redshift/cluster mass bins. Field galaxy median sSFR[OII], cluster member median sSFR[OII],
and individual galaxies are all over-plotted with a histogram sSFR[OII] to the right of each quadrant for
reference. Suppression can be seen in all cluster members at lower redshfits, while at higher redshifts — and
especially for galaxies with intermediate mass in the HZHM bin — this suppression is removed.

We compared the distribution of log(sSFR[OII]) between cluster member galaxies in the327

three galaxy mass bins across our 4 cluster redshift/mass bins, as well as against the cor-328

responding field galaxies within each bin using two-sample KS tests. Two-sample KS tests329

allow us to determine how likely or unlikely two samples are to be drawn from the same330

parent population by comparing the determined KS statistic to the samples critical value331

(i.e. when the KS statistic is higher than the critical value, the two distributions are differ-332

ent). We preformed KS tests at a 95% confidence level (α = 0.05). Through these tests, we333

determined that the the overall populations between the 4 cluster redshift/mass bins were334

similar when compared by similar redshift (ex. between LZLM and LZHM; see Table 5),335

but drastically different when compared by similar cluster mass.336

Our two-sample KS tests for cluster member galaxies versus field galaxies supports our find-337

ings within the SFR[OII] sample. We find that in our lower redshift bins the two populations338
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Cluster Bins Compared KS Statistic Critical Value
LZLM and HZLM 0.269 0.157
LZHM and HZHM 0.424 0.094
LZLM and LZHM 0.110 0.111
HZLM and HZHM 0.104 0.146

Table 5: Two-sample KS statistic results for all cluster member galaxies across our 4 cluster redshift/mass
bins. The tests were preformed with α = 0.05.

(cluster member and field) likely come from different distributions, thus reinforcing the sup-339

pressed nature of the cluster member galaxies (see Table 6). However, in our higher redshift340

bins, the two populations come from the same distribution which corroborates the fact that341

the cluster member galaxies have similar SFRs to the field galaxies. In our higher redshift342

bin, the standard and expected cluster quenching has not yet rid the cluster member galaxies343

of their star-forming material.344

Cluster Bin KS Statistic Critical Value
LZLM 0.135 0.010
LZHM 0.198 0.065
HZLM 0.063 0.132
HZHM 0.075 0.086

Table 6: Two-sample KS test results for the comparison of cluster member galaxies to field galaxies. Tests
were performed at a 95% confidence level.

3.3. ”4H” Galaxies345

Contributing to the high SFRs and sSFRs seen in the HZHM bin throughout this paper346

has been a curious population of galaxies not seen in our other 3 cluster redshift/mass bins.347

These galaxies are high in stellar mass and exist within the highest density environments at348

high redshift, but are still star-forming at a high rate. We dub them ”4H” galaxies for their349

4 different ”high” attributes. Table 7 lists 14 ”4H” candidates and some of their properties.350

To be considered as ”4H”, we selected only the galaxies that existed at environments of351

log(1 + δgal) ≥ 1, were star-forming at an efficiency of sSFR[OII] ≥ −8.5M∗/� and had a352

mass of log(M∗/M�) ≥ 10.1.353

Figure 8 shows the location of the 14 galaxies we have tagged as ”4H” candidates. This354

figure is essentially the HZHM panel of Figure 5 pulled out to show additional detail. Only355

the individual galaxies have been plotted with the median cluster member sSFR[OII] and356

median field sSFR[OII] being removed. In Figure 8, the ”4H” galaxy candidates all lie in the357

upper right of the figure in the region of highest overdensity, as well as highest star-formation358

efficiency. These galaxies are unusual due to their high mass and high sSFR[OII] for them359

to exist at high overdensity in the redshift slice of the ORELSE survey. Subsequent work360
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Figure 6: The relationship between SFR[OII] and log(η) for cluster members and field members in our 4
separate redshift/cluster mass bins. Changing the measure of overdensity does little to alter the overall
trends within our SFR[OII] sample.

will investigate these galaxies in an effort to shed more light on their properties and their361

origin.362

4. Conclusions363

In this paper, we examine the relationship between SFR and environmental overdensity in364

two separate samples of 1,048 and 897 galaxies using data drawn from the ORELSE survey365

around z ∼ 1. Two different indicators of SFR, [O II] λ 3727 Å and UV+IR emission, are366

looked at in relation to two different overdensity indicators, log(1 + δgal) (local overdensity)367

and log(η) (distance from the cluster center). Our two samples are split by cluster redshift368

and mass into 4 roughly equal bins of galaxy clusters to investigate impact of environment369

on star formation.370

One of our samples drew from galaxies with measured SFR[OII] and the other from galaxies371
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Figure 7: The relationship between sSFR[OII] and log(η) for cluster members and field members in 4
separate redshift/cluster mass bins. In the higher redshift bins (HZLM and HZHM), only the highest mass
stars existing at the cores of clusters experience significant suppression.

with measured SFRUV IR. These two samples are overlapping, but were providing con-372

flicting results regarding star-formation and environment. We cut the SFR[OII] sample at373

log(SFR[OII]) ≥ 0.5 and found that only then the two samples agreed. This lead us to the374

realization that the SFRUV IR lacked significant low IR flux coverage, and thus was missing375

most of the galaxies in the ORELSE fields with log(SFRUV IR) < 0.5. The SFR[OII] sample376

and SFRUV IR are comparable, but not on an individual galaxies basis. Overall population377

statistics must be utilized to make any sense of the two SFR metrics relative to one another.378

We proceeded to further break down only the SFR[OII] sample since the SFRUV IR could379

only be trusted for its larger medians and not for its individual statistics. Our study revealed380

what should be a cautionary tale for those using UV+IR emission to study SFR in galaxies381

at z = 1 and beyond. Data from MIPS and other similar data sets should be examined more382

closely to reveal their biases towards galaxies with larger IR flux.383

In the SFR[OII] sample, we find that galaxies in our higher redshift bins and in more384
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Field Structure log(sSFR[OII]) log(1 + δgal) log(M∗/M�)
CL1137 743 -7.97804 1.04275 11.03
CL1137 743 -8.20592 1.0482 10.82
CL1429 A -7.29731 1.35974 10.44

RXJ1053 Hz -7.95245 1.20364 10.53
SC0849 C -8.22810 1.0436 10.85
SC0849 C -8.27406 1.11148 10.82
SC0849 A -8.29696 1.45393 10.37

RXJ0910 308 -8.31075 1.18216 10.38
SC1324 Hz -8.38202 1.0216 10.27
SC1604 1398 -8.40238 1.16944 10.18
SC1604 1398 -8.48441 1.16145 10.24

XLSS005 2848 -8.32921 1.12376 10.31
XLSS005 2848 -8.27778 1.13236 10.18
XLSS005 A -8.39883 1.03145 10.75

Table 7: ”4H” galaxy candidates and their various properties. There exists no discernible trend as to which
field or cluster these galaxies originate from.

dense environments exhibit higher SFRs and higher SFR efficiency relative to field galaxies.385

The SFR and sSFR of the higher redshift galaxies are also much higher than similar mass386

galaxies in our lower redshift bins. We further break down our SFR[OII] sample by galaxy387

mass and find that this trend is especially true for the more massive galaxies (i.e. those388

in the intermediate and high stellar mass bins). We conclude that z ∼ 1 is the epoch for389

massive SFR change within galaxy clusters for slightly at higher redshift the galaxies display390

significant SF that is already absent by z < 1. Though selection bias within our sample has391

yet to be fully explored, we are confident that our results will hold. Both the field galaxies392

and cluster member galaxies come from the same DEIMOS spectroscopy, so the comparisons393

between them help to confirm our current results validity. Galaxies residing in clusters in our394

sample undergo massive amounts of quenching around z ∼ 1, but the physical mechanisms395

behind this quenching remain unclear and continued work on this project will aim to shed396

light on this issue. A comparison to large-scale simulations has not yet been preformed, but397

future work with this project will also pursue that in an attempt to confirm our findings,398

specifically this observation with high- and intermediate-mass galaxies.399

We also observed a population of high-mass galaxies in the highest density environments in400

our highest redshift bin that posses high star formation rates which have not been previously401

seen. These so called ”4H” galaxies seem to be a unique feature of clusters at z > 1 and402

could be one of the driving components behind the enhanced SFR we observed in our higher403

redshift bins. Further studies will be conducted to pursue these galaxies and their properties.404
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Figure 8: The HZHM panel of Figure 5 pulled out to show additional detail. Only the individual galaxies
have been plotted with the median cluster member sSFR[OII] and median field sSFR[OII] being removed.
The cluster members are binned by cluster mass with blue representing the lowest mass galaxies, yellow
representing the intermediate mass galaxies, and red representing the highest mass galaxies. Galaxies that
we have coined the term ”4H” for are plotted in lime green (”4H” standing for high redshift, high cluster
mass, high SFR[OII], and high local overdensity).
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V. H. Tran, G. B. Brammer, M. Cowley, A. Tomczak, T. Nanayakkara, L. Alcorn, R. Allen, A. Broussard,666

P. van Dokkum, B. Forrest, J. van Houdt, G. G. Kacprzak, L. Kawinwanichakij, D. D. Kelson, J. Lee, P. J.667

25



McCarthy, N. Mehrtens, A. Monson, D. Murphy, G. Rees, V. Tilvi, and K. E. Whitaker. The FourStar668

Galaxy Evolution Survey (ZFOURGE): Ultraviolet to Far-infrared Catalogs, Medium-bandwidth Photo-669

metric Redshifts with Improved Accuracy, Stellar Masses, and Confirmation of Quiescent Galaxies to z670

∼ 3.5. ApJ, 830(1):51, Oct. 2016. doi: 10.3847/0004-637X/830/1/51.671

V. Strazzullo, R. Gobat, E. Daddi, M. Onodera, M. Carollo, M. Dickinson, A. Renzini, N. Arimoto,672

A. Cimatti, A. Finoguenov, and R. R. Chary. Galaxy Evolution in Overdense Environments at673

High Redshift: Passive Early-type Galaxies in a Cluster at z ˜2. ApJ, 772(2):118, Aug. 2013. doi:674

10.1088/0004-637X/772/2/118.675

A. R. Tomczak, B. C. Lemaux, L. M. Lubin, R. R. Gal, P.-F. Wu, B. Holden, D. D. Kocevski, S. Mei,676

D. Pelliccia, N. Rumbaugh, and L. Shen. Glimpsing the imprint of local environment on the galaxy677

stellar mass function. MNRAS, 472(3):3512–3531, Dec. 2017. doi: 10.1093/mnras/stx2245.678

A. R. Tomczak, B. C. Lemaux, L. M. Lubin, D. Pelliccia, L. Shen, R. R. Gal, D. Hung, D. D. Kocevski,679
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Appendix712

Much of my first two weeks was spent collating data from various files within the ORELSE713

survey data. Matching objects through their spectroscopic and photometric IDs, I was able714

to combine data that covered SFR UVIR, SFR OII, SED fitted SFR, redshift, mask/slit715

information, associated parent structure, and much more into 15 files (1 for each field in716

ORELSE) which totaled to more than 1.5 million possible objects (though a most of those717

possible were not).718
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