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Abstract

Understanding how galaxies stop forming stars is a principle pursuit of extragalac-
tic astrophysics. Here, I present a study of the relation between galaxy stellar age
and mass in the z = 1.62 protocluster IRC 0218. After separating star forming and
quiescent galaxies on the basis of their UVJ colors, we find that at stellar masses
M, > 10'98)1, | the quiescent fraction in IRC 0218 is fo= 1.01“8:?(6), approximately
2 —3x higher than the field value. At lower masses, fp is consistent with the field.
Using galaxy D,,(4000) values as measures of stellar age, we find no relation between
age and mass. This may indicate that the mass dependence of fp was imprinted early
in IRC 0218’s history. Alternatively, the lack of a relation may be due to mass re-

distribution through gasless merging. Ultimately, our results place constraints on the

mechanism(s) responsible for quenching in dense environments at z > 1.5.
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Chapter 1

Introduction

In the local Universe, galaxies populate two distinct regions in color-magnitude space. Red, mas-
sive galaxies with predominantly early-type morphologies and little or no ongoing star formation
form a tight relation known as the red sequence, while the blue cloud consists of lower-mass, star
forming galaxies with late-type morphologies (Kauffmann et al., 2003). This bimodality is unam-
biguously observed to redshifts z > 2 (e.g. Kriek et al. 2008; Williams et al. 2009; Whitaker et al.
2013), and massive quiescent galaxies have been detected as early as z ~ 4 (Straatman et al., 2014).

The properties of galaxies also depend on their environment. Numerous studies have found
an inverse relation between star formation rate (SFR) density and galaxy overdensity, such that
the SFR density in cluster cores is much lower than that of the field (e.g. Hashimoto et al. 1998;
Lewis et al. 2002; Gémez et al. 2003; Hogg et al. 2004; Balogh et al. 2004; Patel et al. 2009).
Additionally, by z ~ 0, the fraction of quiescent, lower-mass cluster galaxies relative to the field is
significantly enhanced and approaches the value for the more massive central galaxies (Tal et al.,
2014). These results indicate that in addition to the intrinsic mechanisms responsible for the field
red sequence, environmentally-driven processes exist and may even play a dominant role in the
quenching of lower-mass galaxies (e.g. Bassett et al. 2013; Delaye et al. 2014). A comprehensive
understanding of the physical processes responsible for quiescence and their relative importances

as a function of galaxy mass and environment is one of the primary objectives in extragalactic



astrophysics.

Attempts to observe dynamically young clusters, where massive (M, > 10'°M) quiescent
galaxies are building up the bulk of their stellar populations and actively shutting off star formation,
have naturally pushed to higher redshifts. Atz > 1, the cluster environment is strikingly different
than that observed at lower redshifts, with many clusters showing evidence for high fractions of
star forming galaxies (e.g. Tadaki et al. 2012; Brodwin et al. 2013), recent or ongoing merging
(Rudnick et al., 2012; Lotz et al., 2013), and star forming early-type galaxies (Mei et al., 2015).
Perhaps the most striking difference, however, is that the well-known z ~ 0 inverse relation between
SFR density and galaxy overdensity appears to reverse between z = 1 and z = 1.5 (Tran et al.
2010; Tadaki et al. 2012; Brodwin et al. 2013; Alberts et al. 2014, though see Gobat et al. 2011;
Quadri et al. 2012). This observed trend is generally interpreted as being indicative of decreasing
environmental impact on star formation rate as redshift increases (e.g., Quadri et al., 2012; Brodwin
et al., 2013; Fassbender et al., 2014; Nantais et al., 2016).

Still, even at z > 1.5, the environment likely still plays an important, though secondary, role
in cluster red sequence assembly. In recent years a steadily increasing number of high-redshift
(z > 1.5) clusters or protoclusters have been discovered and confirmed (e.g. Andreon et al. 2009;
Papovich et al. 2010; Gobat et al. 2011; Santos et al. 2011; Stanford et al. 2012; Zeimann et al.
2012; Mei et al. 2015; Cooke et al. 2016). What studies have found is that while significant cluster-
to-cluster scatter exists, z > 1.5 clusters still have elevated quiescent fractions relative to the field
(Quadri et al. 2012; Newman et al. 2014; Cooke et al. 2016; Nantais et al. 2016, though see Lee
et al. 2015). However, it is not yet clear what mechanisms drive the observed enhanced quiescent
fractions.

To address this deficiency, we focus in this work on one high-redshift dense environment, the
z=1.62 protocluster XMM-LSS J02182-05102 (also known as IRC 0218 and hereafter referred to
as such). The protocluster was identified as an overdensity in red Spitzer/IRAC colors coincident
with weak XMM X-ray emission, and subsequently spectroscopically confirmed with IMACS (Pa-

povich et al., 2010). It was simultaneously and independently discovered and confirmed through



similar methods by Tanaka et al. (2010). Various followup studies have built up a wealth of multi-
band photometric and spectroscopic observations (see Chapter 2.1) making the protocluster an
important object for the study of high-redshift dense environments.

IRC 0218’s mass is estimated to be relatively low, around M ~ 4 —7 x 1013M@ (Papovich et al.,
2010; Finoguenov et al., 2010; Pierre et al., 2012; Tran et al., 2015), formally identifying it as a
group/protocluster and making it a likely progenitor of a Virgo-mass cluster (M ~ 10'*M,) in the
local Universe (Hatch et al., 2016). The weakness of its intracluster X-ray emission as observed
by Chandra indicates that it is not yet virialized (Pierre et al., 2012), with recent work supporting
this and finding that the protocluster actually consists of several distinct subgroups in the process
of assembly (Hatch et al., 2016).

The protocluster’s unevolved state and low velocity dispersion suggest a much higher merger
rate than in more mature cluster environments (Papovich et al., 2010; Pierre et al., 2012; Rudnick
etal., 2012; Hatch et al., 2016). Indeed, morphological studies of the red sequence population have
found a lack of compact quiescent galaxies, attributed to a previous and/or currently increased
merger rate in the protocluster relative to the field (Papovich et al., 2012). This explanation is
supported by the direct-imaging study of Lotz et al. (2013), which found that the merger rate for
the massive galaxies (M, > 1010M@) is a factor of 3-10 higher than that in the field, with the bulk
of the extra merging due to dry minor merging.

Since IRC 0218 has a relatively well-developed red sequence, is still in the process of assem-
bly, and shows evidence for elevated merger activity, it is an excellent target for investigating the
buildup of the high-redshift red sequence in dense environments. In this work, we examine the
relation between galaxy mass and D, (4000) (which we use as a proxy for stellar age) in order to
constrain the possible explanations for the buildup of the red sequence in dense environments. For
example, if mass is the primary driver of quenching at high redshifts and cluster galaxies merely
assembled earlier than in the field, then there should be a clear relation between age and stellar
mass. On the other hand, if, e.g., mergers have played a significant role in the buildup of the

cluster’s red sequence, we expect little to no relation between mass and age on the red sequence.



The outline of this work is as follows. Our data is described in Chapter 2.1. In Chapter 2.2 we
explain how we selected our cluster and field samples, measured stellar masses and the D,,(4000)
spectroscopic index (Bruzual A., 1983; Balogh et al., 1999), and estimated sample completeness.
In Chapter 3.1 we discuss the quiescent fraction of galaxies in the cluster and field samples, and
use the measurements of D,,(4000) to constrain age differences between quiescent and star forming
cluster galaxies. Finally, we discuss our results in Chapter 3.2, compare them with the results of
other high-redshift galaxy cluster studies, and conclude in Chapter 4. Throughout, we use a ACDM
cosmology with Q,, = 0.3,Q = 0.7, and Hy = 70 km g1 Mpc_l, and a Chabrier IMF (Chabrier,

2003). Magnitudes given are on the AB system with zeropoint Msp = 25.



Chapter 2

Data

2.1 Data

IRC 0218 is in the UKIDSS Ultra-Deep Survey field (UDS; Lawrence et al. 2007) and was partially
imaged with the WFC3 F125W (J135) and F160W (H¢g) filters as part of the CANDELS survey
(Grogin et al. 2011; Koekemoer et al. 2011). Full CANDELS-depth photometric coverage of the
cluster in F125W and F160W, as well as 10 orbits of G102 grism spectroscopy, were obtained
under a followup program (PI Papovich: GO 12590). Additionally, we use WFC3 F140W filter
and G141 grism coverage of the cluster collected under the 3D-HST survey (Brammer et al., 2012;
Momcheva et al., 2016). The photometry used for this study is contained in the v4.1.5 3D-HST
release, and was self-consistently reduced as described in Skelton et al. (2014), and both G102 and
G141 data were reduced according to the procedure described in Momcheva et al. (2016).

The G102 grism provides low-resolution (R ~ 210) spectroscopy of wavelengths 800 < A <
1150 nm, while the G141 grism covers 1075 < A < 1700 nm with R ~ 130. Thus, the grism ob-
servations cover the rest-frame 4000 A (Balmer) break, the 3727 A (o1 region, and the 4959 A
and 5007 A [OIII] features at the redshift of the protocluster. The range of spectroscopic coverage
provided by the two grisms, as well as the extensive photometric data, together enable precise red-
shift determinations through SED fitting. Several example grism spectra and their accompanying

SED fits are given in Figure 2.1.



0.45¢ 3DHST 30737 |
0.35} by oo — s .

(W AN s W v
0.25, e S ‘
0.15 ffl Ll hAkhior At ssi |
0.05f] | :
3DHST 33092 -
\ N . ; i
N ] W - A A AWk, Al | "
)‘ W o1 - WiK" LR Av “‘

Y
\

" I -
0.02 R | HI'. ¥ I ! ! ! |

0.11} 3DHST 31086

3000 3500 4000 4500 5000 5500 6000

)‘Rest

Figure 2.1: Rest-frame G102 (red) and G141 (blue) grism spectra of three galaxies in IRC 0218,
plotted from ~ 3000-6850 A. The colored lines are measured fluxes, and the black lines are best-
fit SED models. The two grism spectra for each galaxy were fit independently, resulting in some
model discontinuity where the grism wavelength ranges overlap, ~ 4200 A. The vertical green bars
denote the upper and lower D, (4000) indices (see Chapter 3.1).

As a final note, some of the galaxies in IRC 0218 have redshifts derived from higher resolution
ground-based spectroscopy (Subaru/MOIRCS: Tanaka et al. 2010, Magellan/IMACS: Papovich
et al. 2010, KECK/MOSFIRE+LRIS: Tran et al. 2015). The cases where these redshifts were
adopted are indicated in Table A.1. In general, preference was given to these redshifts except in
three cases where the grism-based redshifts were indisputably superior. The procedure by which

the grism redshifts were derived is detailed in Chapter 2.2.2.

2.2 Sample Selection and Completeness

2.2.1 The Field and Protocluster Grism Samples

We select our spectroscopic field and protocluster samples from the galaxies with G102 coverage
of the rest-frame 4000 A break, which limits our samples to galaxies in the redshift range 1.27 <
z < 1.77. Additionally, the spatial extent of the spectroscopic samples are limited to the single 3D-

HST field UDS-18, the only field for which we have the requisite G102 coverage. Comparison of



the SED fit-derived grism+photometric redshifts with those obtained by higher resolution ground-
based spectroscopy indicates an average deviation of Az = 0.01 at the protocluster redshift, so we
construct the cluster sample using all 25 galaxies with redshifts z = 1.62 +0.02 in the field. For

the field sample, we use all 38 galaxies in the field with redshifts 1.27 <z <1.58,1.66 <z < 1.77.

2.2.2 Measurement of Stellar Masses and D,,(4000)

Stellar masses for the protocluster and field galaxies were estimated through template fits to the
rest-frame photometry, using the fitting code FAST (Kriek et al., 2009). For the template fits,
we adopted the maximally likely redshifts from the redshift probability distributions derived from
available G141, G102, and photometric data. As a galaxy’s redshift probability distribution is, in
general, non-Gaussian, upper and lower 68% redshift confidence intervals were estimated through
resampling. The protocluster sample contains 15 galaxies with precision redshifts measured from
high-resolution spectroscopy, and for these galaxies we fix their redshifts to the spectroscopic
values. Bruzual & Charlot (2003) stellar population models were used to generate templates with
metallicity fixed at Z = 0.02, ages A in the range 107% < A(yr~—!) < 10'*!, and exponentially
declining star formation histories with 7 in the range 10’ < 7(yr~—!) < 10'0 yr. The dust law of
Calzetti et al. (2000) was adopted for the template fitting, though we note that galaxy mass is
relatively insensitive to the specific choice of dust law.

The rest-frame 4000 A break is due to line blanketing - primarily Ca and Fe lines - of the stellar
continuum emission from lower-mass (F, G, and K spectral type) dwarfs and giants. Young stellar
populations will have weak 4000 A breaks due to the luminosity contribution from high-mass stars,
and old populations with prominent absorption lines will have the strongest 4000 A breaks. Thus,
the D(4000) spectroscopic index (Bruzual A., 1983), defined to be the ratio of flux above the 4000
A break to the flux below it, provides a straightforward estimate of a galaxy’s luminosity-weighted
age (see, e.g, Rudnick et al. 2000; Kauffmann et al. 2003). In this work, we adopt the wavelength
definitions of Balogh et al. (1999), i.e., the index is defined to be the ratio of mean rest-frame flux

in the region 4000 < A < 4100 to the flux in the region 3850 < A < 3950, and we denote this as



D,,(4000). The principle advantage of D, (4000) over the original index definition of Bruzual A.
(1983) is its insensitivity to reddening effects.

The method used to estimate the uncertainties in D, (4000) is as follows. First, one-dimensional
optimally-weighted spectra were extracted from the 2-D G102 grism spectra following the method
of Horne (1986). Next, a redshift was randomly drawn from the per-galaxy redshift probability
grid derived from jointly fitting the G102, G141, and photometric data. For the joint-fit redshifts,
typical redshift probability grid step sizes are Az < 10~3; we nonetheless linearly interpolated onto
a 10x denser grid before the random draw. If a galaxy had an adopted ground-based spectroscopic
redshift, this redshift was selected instead and fixed. Finally, under the assumption of normally
distributed flux uncertainties, the flux in each wavelength bin was randomly drawn, and appropri-
ately redshifted D, (4000) calculated. Linear interpolation was used to estimate the flux in partial
wavelength bins at the index boundaries. After several thousand iterations of this process for each

galaxy, upper and lower 68% confidence intervals were calculated for each measured D,,(4000).

2.2.3 Completeness

We estimated the spectroscopic completeness of our sample by comparing the G102 sample with
the much deeper photometric catalog in the spatial region of the protocluster. We find that 90% of
the photometric sources with J4p < 22.6 have extracted grism spectra (Figure 2.2).This limiting
magnitude was then used to obtain an empirical estimate of the spectroscopic mass completeness,
following the procedure of Marchesini et al. 2009. To do this, we selected photometric sources
with 22.0 < Jup < 23.0 and redshifts 1.40 < z < 1.75, and scaled their J45 luminosities to the
Jap < 22.6 spectroscopic limit, holding galaxy mass-to-light ratio (M /L) constant. Under the
assumption that the distribution of galaxy M /L is unchanged over the magnitude and redshift
ranges we used, the luminosity scaling process creates a simulated, relatively complete population
at the spectroscopic limit. The high-mass end of the simulated population then gives an estimate
of the mass completeness. We find our 95% grism mass-completeness limit to be 10'-2M,,. In the

protocluster, 14 /25 extracted grism sources are above the mass completeness limit, and in the field



12/38 sources are above the cutoff.

Nsp/Nph

20 21 22 23 24 25
J 4B

Figure 2.2: G102 completeness, given as the ratio of spectroscopic to photometric detections, as

a function of 3D-HST J4p magnitude. Solid bars indicate galaxies above our 90% spectroscopic
completeness limit, which occurs at J4p = 22.6.



Chapter 3

Results and Discussion

3.1 Results

3.1.1 The Quiescent Fraction in IRC 0218 and the Field

The protocluster and field samples were separated into quiescent and star forming populations
according to their positions in the (U —V),(V —J) plane, following the work by Wuyts et al.
(2007) and Williams et al. (2009). Separating galaxies in the UV J plane allows for a dinstinction
between quiescent galaxies and dust-obscured, star forming galaxies that might appear quiescent
based on their (U — V) colors alone. The results of this selection process are given in Figure 3.1
and Figure 3.2.

We find that above our mass completeness limit, 8 /14 protocluster and 2/12 field galaxies meet
our adopted requirements for quiescence. Defining the quiescent fraction as fp = ng/(nsr +np),
where ng and ngr are the numbers of quiescent and star forming galaxies, respectively, we find
that fp = O.57f8:{2 in the protocluster, and fp = 0.17f8:ﬂ in the field. The upper and lower
uncertainties given are the 68% binomial confidence intervals calculated according to Gehrels
(1986).

As our definition of quiescence only uses UV J information and our stellar mass values are

derived from photometry, we can extend the field sample to include all galaxies with masses M, >
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Figure 3.1: (U —V), (V —J) color-color diagram for the protocluster sample. Points in the upper
left bounded region of each plot are classified as quiescent, while points outside the region are
classified as star forming. Point size indicates mass scaled relative to the most massive quiescent
protocluster galaxy, M, = 10'1*8)1.. Open points represent galaxies below the adopted mass
completeness threshold of M, = 10'02M,. The grayscale region shows the colors of the full 3D-
HST G141 grism sample above the mass completeness threshold in the redshift range 1 <z < 2.
The arrow indicates the change in (U — V) and (V — J) expected for a one magnitude increase in
reddening in Vyp, following the Calzetti et al. (2000) extinction law.

101921, and redshifts 1.40 < z < 1.54, 1.70 < z < 1.90, in order to avoid the larger uncertainties

due to the small sample size of the G141+G102 derived field sample. The extended field sample
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Figure 3.2: (U —V), (V —J) color-color diagram for the field sample. Format is identical to
Figure 3.1.

has 248 galaxies with mass M, > 10'92M_: 67 quiescent and 177 star forming, according to their
UV J plane positions. From this sample we obtain fp = O.27J_r8:83, consistent with the G141+G102
sample, though considerably more precise. Thus, we conclude that considering all galaxies with
M, > 10'02M, the protocluster is approximately 2 — 3 x as quenched as the field.

We also examined fp as a function of stellar mass for the field and protocluster. To do this,

we binned the protocluster and field samples by mass, and calculated fp in each bin. For the

12



Table 3.1. Mass and fp

lOg(M/M@) NQ+SF NQ fQ

IRC 0218
11.175 4 4 1.0039
10.525 4 6  0.40)1
Field
11.3 8 3027039
11.1 12 6 0.33913
10.9 30 17 03655
10.7 40 13 0.25090]
10.5 38 15 0.28007
10.3 49 13 021588
Note. — Only the mass-complete pro-

tocluster sample considered here. Masses
correspond to bin centers; bin widths are
Alog(M /M) = 0.65 for the cluster and
Alog(M /M) = 0.40 for the field.

protocluster sample, we constructed two mass bins, where the boundary between the bins was
taken to be the midpoint of the range in mass spanned by the most massive protocluster galaxy and
the mass completeness limit. For the field, galaxies were separated into 6 equal-width mass bins
spanning 10'92 < M, < 1014, The results of this process are given in Table 3.1.

We find that in the mass range 10'02M,, < M, < 10198p, fo in the protocluster is consistent
with value in the field. Within the protocluster, the difference between low and high mass galaxy
bins is marginally significant; in the high mass bin, fp = 1'0418:(3)2’ while in the low mass bin, fp =
O.4ir8:%g. However, over the same mass ranges, fo in the field is fp = 0.341“8:82 and fop = 0.24f8:8‘3‘,
respectively. Thus, at high masses, the protocluster is significantly more quenched than the field,
while at low masses the protocluster and field f values are consistent with one another.

Moderate changes to the UV J criteria used to select quiescent galaxies, e.g., reclassifying

the three star forming galaxies near the Whitaker et al. (2012) quiescent selection box (see Fig-
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ure 3.1), would slightly weaken our mass trend in fp. Reclassifying those three points results in
fo = 0.6010-38 for the M, < 10'%3M, bin. On the other hand, the high fp in the M, < 10!,
bin is robust; the galaxies in this mass range are well-separated from the UV J selection bound-
ary. Additionally, we note that slight changes to our mass completeness limit would leave our

conclusion of an enhanced quenched fraction at high stellar masses unchanged.

3.1.2 D,(4000) and Stellar Mass

We now turn our attention to D, (4000) and its ability to constrain relative age differences between
galaxies in IRC 0218. In Figure 3.3 and Figure 3.4 we show D,,(4000) as a function of stellar mass
for the protocluster and field G102+G141 samples, respectively, along with D, (4000) predicted
by Bruzual & Charlot (2003) models with exponentially declining star formation histories and
formation redshifts 2.0 < zy < 4.0.

The lack of spectroscopic redshifts and weak 4000 A breaks lead to relatively uncertain D,, (4000)
measurements for star forming field galaxies. This, combined with the lack of quiescent field galax-
ies, precludes strong conclusions based on the field sample. We simply note that as expected, the
quiescent field galaxies are consistent with having stopped their star formation a few Gyr prior to
the epoch of observation, while the star forming galaxies are generally consistent with ongoing
star formation.

Redshifts for protocluster galaxies are, on average, more precise due to the availability of
ground-based spectroscopic redshifts, and the well-populated red sequence allows for comparison
between star forming and quiescent galaxies. Figure 3.5 shows the results of a weighted linear
regression fit to D, (4000) as a function of mass for the protocluster quiescent galaxies above our
completeness limit. For the fit, galaxies were weighted by the inverse squared average of their
respective upper and lower 68% confidence limits on D, (4000). Confidence intervals on the fit
were estimated by bootstrapping. We find no significant evidence for a relation between D,,(4000)
and stellar mass for quiescent galaxies above our stellar mass limit.

The weighted mean D,,(4000) values for the quiescent and star forming galaxies in IRC 0218
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Figure 3.3: D, (4000) plotted against stellar mass for the protocluster G102 grism sample. Red and
blue points represent quiescent and star forming galaxies, respectively, as determined by galaxy
UVJ. Filled (open) points show galaxies above (below) the adopted mass completeness thresh-
old. Error bars show the 68% D,(4000) confidence intervals, determined by resampling from
the joint-fit G102 + G141 + photometry redshift probability distribution and flux uncertanties for
each galaxy. For galaxies with high resolution spectroscopic redshifts, the error bars incorporate
only flux uncertainties. Galaxies with large error bars generally have uncertain redshifts and/or
low SN. The dashed horizontal lines show the D,,(4000) predicted by Bruzual & Charlot (2003)
galaxy spectral evolution models with Z = 0.02 and exponentially declining star formation histo-
ries (T = 300 Myr), for a variety of formation redshifts. The solid horizontal line indicates the
D,,(4000) expected for a model with constant star formation. Arrows attached to the exponen-
tial SFH model lines indicate the change in D, (4000) produced by changing galaxy metallicity to
Z = 0.05 (upward arrows) or Z = 0.004 (downward arrows); the lines for zy = 2.0 and constant
star formation are virtually unchanged under these changes.

are g = 1.48+0.09 and pgr = 1.27 £0.15, respectively. Under our adopted 7 = 300 Myr ex-

ponential SFH, we find that the quiescent galaxies in IRC 0218 are consistent with star formation
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Figure 3.4: D,(4000) plotted against stellar mass for the field G102 grism sample. Format is
identical to Figure 3.3. Two star-forming field galaxies from Table A.2 have extremely uncertain
D,,(4000) and are omitted from the figure

starting in the redshift range 2.3 < zy < 3. This formation epoch is consistent with the estimate
by Papovich et al. (2010) on the basis of (U — B) colors, and is similar to the formation redshifts
estimated for several high-redshift clusters (e.g. Mei et al. 2009; Hilton et al. 2009). The star
forming sample is consistent with ongoing or very recently truncated star formation.

These results are robust against moderate changes to the underlying UV J quiescent/star form-
ing classifications. Under the reclassification of the three galaxies discussed in Chapter 3.1.1, the
significance of the difference between star forming and quiescent galaxies in IRC 0218 would be
somewhat strengthened: pg = 1.47+0.09 and pgr = 1.14 £0.03. Under such a reclassification,

there is still no relation between D, (4000) and galaxy mass. Additionally, as before, moderate
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Figure 3.5: Weighted linear regression fit to D, (4000) as a function of mass for the quiescent
protocluster galaxies. Only quiescent (red points) galaxies above the mass completeness limit were
considered, with weights given by the inverse squared mean 68% confidence range in D, (4000).
The solid (hatched) shaded region around the fit shows the upper and lower 68% (95%) confidence
interval on the fit, as determined by bootstrapping. The dashed horizontal lines are the same as in

Figure 3.3

changes to our mass completeness limit do not impact our results. Finally, we note that mea-

surements of D, (4000) from simulated spectra degraded to the G102 grism resolution show no

11.2

systematic offsets relative to measurements at higher resolutions (Henke, 2015).
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3.2 Discussion

3.2.1 The Quiescent Fraction in IRC 0218

In IRC 0218, the quiescent fraction at M, > 1098 is 2-3x higher than in the field. This elevated
quiescent fraction is similar to that seen in the results from clusters at similar mass and redshift
(Newman et al., 2014; Cooke et al., 2016), as seen in Figure 3.6. At masses below M, = 1()]0‘8M@,
we find that the quiescent fraction in IRC 0218 is consistent with the field value, though our
uncertainties mean we cannot rule out moderate (2x) enhancements of fp as seen in Newman
et al. (2014); Cooke et al. (2016).

Comparing our quiescent fraction results with those of other high redshift studies, as well as
the GEEC2 and GCLASS results at z ~ 1 (Balogh et al., 2016), we find no evidence that the
quiescent fraction at high stellar masses (M, > 101°8M) evolves as a function of redshift over 1
<z < 1.8, as seen in Figure 3.7. The high quiescent fractions observed in dense environments at
z =1 and high stellar masses were already in place by z = 1.5 — 1.8, and possibly much higher
given our D, (4000) results. The apparent lack of evolution in f, stands in stark contrast with that
observed in high mass galaxies in the field (see Figure 3.7), where the quiescent fraction changes
dramatically between z ~ 1 and z ~ 1.6, indicating ongoing quenching activity in the field over this
redshift range.

Drawing conclusions at lower halo masses is difficult, due to the uncertain masses of the high
redshift clusters and small number statistics, but IRC 0218 is likely a progenitor of a typical M, =
1014 — 1014'5M@ cluster at z = 1 (Rudnick et al., 2012), i.e., its likely descendent would be a
GCLASS cluster, rather than a GEEC2 group. If this is so, then the lower stellar mass end would
appear to evolve in its quiescent fraction over 1 < z < 1.8, increasing by a factor of 1.5-3 for
galaxies of mass 10'92M. < M, < 10'98M. The JKCS 041 sample does not extend to low
enough masses to test this conclusion, but the z = 1.5 Cooke et al. (2016) cluster is consistent with

our inference from IRC 0218.
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Figure 3.6: The quiescent fraction of galaxies as a function of stellar mass from this work (red
stars), the Newman et al. (2014) study of the z = 1.80 cluster JKCS 041 (pink triangles), and the
work by Cooke et al. (2016) on a z = 1.58 cluster near the radio galaxy 7C 1753+6311 (orange
circles). The field sample (gray squares) is composed of all galaxies in the full 3D-HST G141
grism sample with redshifts 1.4 <z < 1.54, 1.7 <z < 1.9. Horizontal error bars span mass bin
widths, and vertical error bars are from binomial counting statistics.

3.2.2 D,(4000) and Stellar Mass

We find no clear relation between D, (4000) and galaxy mass for the red sequence population in
IRC 0218. This may indicate that the observed relation between quiescent fraction and stellar mass
was in place very early in the protocluster’s life, zy ~ 2.3 — 3.0. That is, the high-mass galaxies
observed to be quiescent at z = 1.62 moved to the red sequence at roughly the same epoch after

relatively rapid quenching, creating the shape of the f,-stellar mass relation observed in Figure 3.6.
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Figure 3.7: The quiescent fraction of galaxies as a function of stellar mass from the GEEC2 group
and GCLASS cluster samples (Balogh et al., 2016) at z ~ 1. The field sample (gray squares)
here is from the z ~ 1 sample of van der Burg et al. (2013). Horizontal error bars span mass
bin widths, and vertical error bars are from binomial counting statistics. The background shaded
regions correspond to the envelopes traced out by the 68% binomial confidence limits for the
higher-redshift dense environment (light red) and field (gray) samples from Figure 3.6. Between
z~ 1.6 and z ~ 1, the value of fp in the field dramatically increases for stellar masses above
M, ~ 1010'5M@. However, f( for the dense environment at z ~ 1.6 is consistent with that observed
atz~ 1.

Evidence for early cluster red sequence formation at high stellar masses is observed in the ~ 1
GCLASS sample as well (Muzzin et al., 2012). Most of the GCLASS galaxies have D, (4000)
consistent with very old stellar populations, in many cases approaching the age of the Universe at
z=1.

However, within our uncertainties, we cannot rule out a mild relation between D, (4000) and
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stellar mass corresponding to a range in zy of 1 Gyr. Such a trend would be consistent with
the results given by Muzzin et al. (2012), who found an increase in D,(4000) as a function of
stellar mass for quiescent cluster galaxies at z ~ 1, with AD,(4000) ~ 0.2 over the mass range
10°"M., < M, < 10'""'M_. The case for older stellar populations in more massive quiescent
cluster galaxies has been made by other studies, as well (e.g. Rosati et al. 2009; Jgrgensen &
Chiboucas 2013; Tanaka et al. 2013). Studies of D,,(4000) in more dense environments over this
redshift range should make such a relation apparent, if one exists.

We do note that the weighted mean D,,(4000) for the red sequence galaxies in the protocluster
is the same as the value found in our field sample. With the caveat that our field sample only
contains two quiescent galaxies which may themselves be in dense environments (e.g., groups),
this result is consistent with the suggestion by Newman et al. (2014) that, at least at high galaxy
masses and the redshifts of these dense environments, quenching efficiency may be impacted while
quenching epoch remains unchanged. That is, the elevated quiescent fraction in IRC 0218 above
M, = 1010'8M@ is environmental in origin, but whatever mechanism truncated star formation in
these galaxies did not do so earlier than field galaxies of the same masses. However, such a
mechanism is as-yet unknown.

Another explanation for the lack of relation between D,,(4000) and stellar mass may be prior or
ongoing merging. IRC 0218 does show evidence for an enhanced merger rate, predominantly due
to dry (gasless) merging (Lotz et al., 2013). It is important to note that dry merging would merely
redistribute red sequence mass, as opposed to the scenario suggested by Brodwin et al. (2013)
for lower-redshift (z ~ 1.3) clusters, where gas-rich merging fuels AGN feedback and subsequent
quenching. Thus, dry merging activity in IRC 0218 may have masked a previously existing trend
in D,,(4000) without changing the total mass on the red sequence. Future work is needed to inves-
tigate the possible impacts of dry merging through morphological examination of the IRC 0218
red sequence down to our mass completeness limit.

Regardless of whether the absence of relation between D, (4000) and stellar mass is due to the

dominant high-redshift quenching mechanism in the protocluster or the impact of dry merging,
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we have shown that the red sequence in IRC 0218 was populated at a very early epoch. This
places constraints on possible quenching mechanisms; any possible mechanism would need to
be capable of truncating star formation rapidly by z ~ 3. This disfavors quenching mechanisms
operating on long timescales (e.g., delayed quenching or strangulation, Wetzel et al., 2013; Peng
etal., 2015), and favors more abrupt mechanisms (e.g., luminous AGN feedback, Bongiorno et al.,
2016). Further constraint of the mechanism responsible for creating the red sequence in IRC 0218

at z ~ 3.0 will require observations of dense environments at that epoch.

22



Chapter 4

Conclusion

We present the results of a study of the quiescent and star forming galaxies in the z = 1.62 proto-
cluster IRC 0218, down to stellar masses M, = 10'%-2M_. Using IR photometry, Hubble/WFC3
grism spectroscopy of the rest-frame 4000 A break, and a mixture of spectroscopic and grism red-
shifts, we classified galaxies in the protocluster and field as star forming or quiescent based on their
rest-frame (U — V) and (V —J) colors. Stellar masses were estimated through template fitting, and
the spectroscopic index D, (4000) was measured for each galaxy.

Considering all cluster galaxies above our mass completeness limit of M, = 10'%2M,, we find
that the quiescent fraction in IRC 0218 is 2 — 3x higher than a comparable-redshift field sample
over a similar range in mass. For protocluster galaxies with M, > 10'98M ., the quiescent fraction
is fo = 1.098936, 2 —3x higher than the field fraction, fp = 0.341“8:82. However for protocluster
galaxies with masses 1010'2M@ <M, < 1010‘8M@, the quenched fraction is fp = ().4J_r8:%g, compa-
rable to the value in the field, which we find to be fp = 0.24f8:8‘3‘. The results at the high stellar
mass end agree with both similar high-redshift clusters as well as likely descendents at z ~ 1, in-
dicating that the high quiescent fraction of galaxies in dense environments is already in place at
z=1.5—1.8. For the low stellar mass end, comparing IRC 0218 with likely descendents at z ~ 1

indicates that fp may increase modestly between the two epochs.

We do not find a significant relation between D, (4000) and stellar mass for quiescent protoclus-
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ter galaxies with masses 10'%2M < M, < 10''9M_. This suggests that the quiescent galaxies in
IRC 0218 shut off star formation at approximately the same time in the redshift range 2.3 < z; < 3,
and that the relation between f and stellar mass was imprinted at the time the protocluster red se-
quence formed. Alternatively, the lack of relation between D,(4000) and stellar mass may be
indicative of mass redistribution in protocluster galaxies through dry merging. In either case, the
red sequence in IRC 0218 was already beginning to be populated at z ~ 3, placing important con-

straints on possible quenching mechanisms.
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Appendix A

IRC 0218 and Field Galaxy Properties

A.1 The IRC 0218 and Field Galaxy Grism Samples
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Table A.1. IRC 0218 Galaxy Sample

3DHSTID Q/SF z JaBrw U=Vt  (V—=J)res log(M/Ms)  D,(4000)
31684 Q  1.6310%% 19.82 1.79 1.15 11.48 156098
30737%"  Q 1.621 19.60 1.76 1.01 11.26 135093
36010 Q  1.6280003  20.39 1.90 1.25 11.03 132013
29983 Q  1.62900%3  20.52 2.14 135 10.97 1.549-12
30169 ° SF 1.629  20.67 1.64 1.69 10.82 1.16033
29899 Q  1.62039%  20.98 1.84 1.28 10.77 2.235-34
30545 %" SF 1.624  20.71 1.54 1.46 10.76 1.150:12
29007 SF  1.6240:0%¢  20.84 1.79 1.45 10.65 143013
33092 Q 16219903 21.19 1.52 0.68 10.62 1.499-:%9
32696 SF  1.6250:0%  21.03 1.63 1.41 10.60 1.43042
31086 ° SF 1.623  21.75 1.40 0.92 10.38 1.220:18
31703 %¢  SF 1.623 2171 0.75 0.83 10.36 114948
28015 Q  1.6200091 21.94 1.61 0.72 10.30 0.950:45
27956 Q  1.62959% 22.17 1.63 0.83 10.27 13704
31715 SF  1.6269003 22.24 0.77 0.82 10.15 123033
30456 SF 16109028  21.55 1.54 2.12 10.08 1.48)799
30472 ° SF 1.623 2221 0.68 0.72 10.05 1.120%
35210 SF  1.63209%3  23.11 1.47 1.01 9.87 117538
29841 SF  1.6239001  22.60 0.43 0.58 9.86 0.919:42
33093 ¢ SF 1.629  23.06 0.65 0.29 9.63 136033
32608 ° SF 1.626  23.19 0.59 0.35 9.55 0.960-18
28036 SF  1.6190:993  23.24 0.62 0.07 9.51 1.30032
29050°  SF 1.624  23.38 0.75 0.54 9.48 0.629-1%
33068 ° SF 1.624  23.60 0.40 0.11 9.38 1.12933
30952 SF  1.629900) 24.41 0.47 0.05 8.88 0.799:33

Note. — Redshifts with uncertainty values are 68% intervals derived by bootstrapping over the

joint-fit G1024+G141+photometry redshift probability distributions. Redshifts without uncertainties
are from ground-based spectroscopy, with sources indicated. In cases where multiple ground-based
redshifts are available, the average redshift is reported. References: (a): Tanaka et al. (2010), (b):
Tran et al. (2015), (c): Papovich et al. (2010).
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Table A.2. Field Galaxy Sample

3DHSTID  Q/SF z TaBry U —=V)eess  (V—=J)rey  log(M/Mz)  D,(4000)
29179 SF 1562909  20.25 1.85 1.71 11.21 2.483-%9
32904 Q  1.3220801 19.69 1.89 1.15 11.07 1.420:63
32468 SF 13080918 20.45 2.23 2.11 11.00 -0.12021
34899 SF  1.2890001 21.03 0.95 1.43 10.82 0.870:03
33670 SF  1.416003¢ 20.88 1.87 1.60 10.65 221319
32166 SF 1.3240003  20.79 1.53 1.31 10.58 1.0203
33472 SF  1.3300:0% 21.24 1.59 1.24 10.39 1.59933
28822 Q 1756000 21.66 1.34 0.74 10.37 1.320%
33524 SF  1.60605 2221 1.58 1.53 10.35 1.400-22
30994 SF  1.278000) 21.55 1.04 1.23 10.28 1.1301¢
34916 SF 15399050 21.93 1.23 1.27 10.26 1.519%3
27657 SF 14520000 21.86 1.01 0.86 10.24 1.480:70
28211 SF 15319913 22.06 1.36 1.70 10.14 16.787532
29879 SF  1.6700%%% 22.39 1.56 1.17 10.12 1.825°83
35978 SF  1.726933% 23.10 1.28 0.93 10.08 176339
32931 Q 15650005 22.47 1.42 0.69 10.03 L1154
31745 SF 150708 2235 1.27 0.78 10.01 1.56)722
31128 SF  1.5530001 2221 0.67 0.37 9.95 0.940 09
31079 SF 13939001 21.87 0.76 0.71 9.91 1.119:98
36949 SF  1.6650005 22.50 0.69 0.41 9.90 1.29943
35083 Q 17290 0s 23.09 1.41 0.86 9.89 1.17038
27454 SF 14090001 21.62 1.09 1.69 9.87 0470 1¢
33889 SF  1.539500: 22.46 0.64 0.52 9.85 1.0501
28584 SF  1.290000; 22.36 0.70 0.55 9.80 1.48052
34940 SF 14609057 22.91 1.38 0.89 9.80 132092
31176 Q  1.554%%9% 2336 1.65 0.57 9.79 19453}
37588 SF  1.7550805 23.10 0.81 0.43 9.71 112033
27068 SF 14995007 22.46 0.68 0.54 9.68 1.2604
33615 SF 1719093 23.28 1.13 0.43 9.66 1.569:%
31068 SF 1718009 23.60 1.08 0.67 9.66 0.67037
27102 SF 15180001 2298 0.48 0.78 9.48 1.5603
35385 SF 1.316p0% 23.01 0.67 0.69 9.48 0.930+0
34110 SF 14100003 23.27 0.69 0.50 9.46 1.200:13
(continued)
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Table A.3. Field Galaxy Sample (continued)

3DHSTID Q/SF z JaBroy  (U=V)es (V=) log(M/Ms)  Dy,(4000)
34110 SF 1410099 23.27 0.69 0.50 9.46 1.209-13
28706 SF  1.484%195 2338 0.72 0.25 9.45 4.573°21
33427 SF 17260051 23.90 0.44 0.23 9.26 6.81]3-52
36977 SF  1.2919%0) 2341 0.65 0.31 9.25 0.72013
32732 SF  1.6959:007 23.58 0.43 0.60 9.24 1.84051

0.005 1.25
28114 SF  1.4790:0%  24.32 0.45 0.11 9.05 1.28}23
Note. — Redshift uncertainties are 68% intervals derived by bootstrapping over the joint-fit

G102+G141+photometry redshift probability distributions.
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