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Abstract

In this work, we present analysis to constrain the role of local environment on galaxy evolu-
tion. The hot, dense galaxy cluster environment is utilized as a comparative laboratory to galaxies
that reside in the less dense field where it is ‘alone’. Within clusters, the buildup of red, passive
galaxies is observed to be in excess of the field, yet the mechanisms responsible for this graveyard
of galaxies remain to be clearly identified. This indicates that external gas quenching in the cluster
environment such as through ram-pressure stripping is potentially dominating over any internal
processes that deplete the gas supply. Observations focusing on the cores of clusters reveal that
galaxies are typically already quenched and in a passive state, indicating that the processes respon-
sible occur while the galaxy is located in the outskirts. Therefore, expanding observations beyond
the cores is crucial towards deriving a more representative sample across varying cosmic densities
and is more likely to capture the site of galaxy transformation in sifu. With current telescope capa-
bility ranging from spectroscopy to deep imaging, a thorough inspection of individual members of
a galaxy cluster is feasible.

This study combines the power of ground-based wide-field imaging with space-based slitless
spectroscopy to deliver a multifaceted look into galaxies in clusters as they were more than 5 billion
years ago. This is accomplished in 2 distinct ways: 1) determination of the passive fraction through
a binary classification in UVJ color-color space to determine whether a galaxy is star-forming
or quiescent and 2) further refine these efforts with Ho-based star-formation rate observations
from the Hubble Space Telescope (HST)/WFC3. The first portion of this thesis is devoted towards
an aggregate view of the EDisCS clusters, where cluster membership is defined to at least the
infall radius of each galaxy cluster. This data sample consists of 13 mid-mass clusters in the
range 0.4 < z < 0.8, with spectroscopic redshifts derived from the Low-Dispersion Prism on

Magellan and photometric data collected with the Wide Field Imager on the 2.2m Max Planck
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Gesellschaft/European Southern Observatory (MPG/ESO) telescope, the MOSAIC instrument on
the Cerro Tololo Inter-American Observatory (CTIO) Blanco or the Mayall 4-meter telescope.

On a cluster-by-cluster basis, the passive fraction increases with a decrease in redshift, which
is directly related to the buildup of passive galaxies over time. When compared to stellar mass,
nearly all of the most massive cluster galaxies are passive across the redshift range, which is in
agreement with the literature. As mid-mass clusters, EDisCS has a lower passive fraction than
massive clusters such as Planck and GLASS, which may indicate that external quenching processes
from the local environment are less dominant in EDisCS. Regardless of environment, the most
massive galaxies are predominantly passive, while the cluster cores are mainly (> 90%) quiescent
at all stellar masses and redshifts. Additionally, the passive fraction displays a radial dependence
at higher z (0.6 < z < 0.8) that is not apparent a lower redshifts and higher stellar masses. This
suggests that the infall region is a site of galaxy transformation and a quenching event may be
captured between our high and low redshift bins.

Next, we investigate select areas from the cores and infall regions of 4 EDisCS clusters at z
~0.5 with HST/WFC3 G102 grism and F105W imaging, which provide Hy-based star-formation
rates (SFRs) and undistorted images of the stellar and gas disks. The data reduction involves
introducing a redshift prior from previous observations to the software to aid in the correct deter-
mination of the Ho line. The SFRs are calculated assuming a Chabrier IMF with corrections for
post-AGB emission, dust extinction, and contribution from the [NII] doublet. The SFR vs. stellar
mass relation does not show any difference between the cluster and field environments, which is in
agreement with other main sequence studies at similar redshift ranges. However, there are a num-
ber of UVJ passive galaxies in this sample that display prominent Hoe emission while appearing on
the main sequence. This indicates that passive galaxies can still have active star-formation, despite
appearing ‘red’. In conjunction with the results from the first part of this study on the passive
fraction, photometrically ‘red’ galaxies can still be actively forming stars and this reinforces the
importance of combined methods to investigate galaxy evolution.

The final portion of this study aims to reduce manual labor derived from astronomical obser-
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vations. From the HST Cycle 20 data, there were 13,000+ grism extractions, with some having
multiple emission line maps in addition to the stellar images. Sorting through each of the images is
a tedious task and may be ignored in the case of large sky surveys. However, these images contain
critical information and should be inspected for basic quality metrics at a minimum, particularly
if poor modeling or an artifact presents as a plausible signal. With this in mind, a convolutional
neural network is trained to distinguish between an image that has contamination, a detection, is
noisy, or is on the edge of the chip. A set of more than 1,000 grism emission line maps are used
to train a convolutional neural network on 2, 3 , or 4 image classes. A top accuracy of 86% is
achieved with the GLASS Cycle 21 data with 2 classes defining either contaminated or uncontami-
nated images. Accuracy decreases with an increase in the number of classes, which is likely due to
low resolution extractions and unique emission maps. While accuracy rates >90% are desirable,
this neural network proves that grism data can be trained and automatically classified in less than
half the time it would take a human to complete the same task.

In conclusion, we have demonstrated 2 powerful and complementary tools to investigate the
role of environment galaxy evolution in clusters. The star-formation rate results revealing UVJ-
quiescent core galaxies with significant Hoe emission contributes an interesting point towards how
much weight can be given to passive fraction results. With the latter, we are only able to de-
termine rest-frame colors that generally correlate with star-formation. However, core galaxies,
which have been the culprit of higher proportions of ‘dead’ galaxies in clusters, may actually have
ongoing star-formation, which is evident in the lack of differences between environments on the
main sequence diagram. The galaxy may appear redder for a variety of reasons including AGN,
heated gas, or that they are in the process of quenching. Further observations of galaxies in various
environments comparing rest-frame colors and star-formation rates for galaxies, along with high

resolution spectra, will help refine this result.
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1.2

2.1

22

23

List of Figures

This illustration shows the star formation rate vs. stellar mass relation, which is
known as the main sequence. Galaxies located along the blue oval are star-forming,
where more massive galaxies create stars at a fast rate. Galaxies with extremely
high star formation rates can be starbursting, which is shown as purple stars above

main sequence. Finally, as galaxies quench, their star formation decreases and they

eventually fall off of the main sequence. . . . . . . . ... ... ... . ......

This illustration shows the rest-frame UVJ diagram with the Williams et al. (2009)
boundaries for either quiescent or star-forming as black lines. Galaxies will typi-

cally be located somewhere among the passive clump or the star-forming sequence.

This figure compares the two stellar mass derivations with B - V and U - V for the

EDisCS core observations. Both the core and field galaxies align on a 1-to-1 line,

indicating that the new U - Varereliable. . . . . .. ... .. ... ... .....

This illustrates the environmental definitions within a galaxy cluster, where each
red/blue star represents an individual galaxy. The orange circle is the virial radius

and the region encompassed within this area is defined as the core. Outside of the

virial radius is the infallregion. . . . . . . . .. .. ... ... ... ... .....

The distribution of cluster members as a function of Rygg. The full sample is shown
as the grey dash while the mass-complete sample is in purple. The virial radius

distance is demonstrated by the vertical dashed line. The LDP survey includes

cluster membershiptoamax of 7Rxg0. . . . . . . . . . . Lo
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2.4 (Top Left) The distribution of mass-complete samples from the EDisCS core sur-

2.5

vey for the core (green dash) and field (purple) environments. The median values
for each sample is demonstrated by the vertical line. The core sample is more
deficient in massive galaxies when compared to the field sample. (Top Right)
Rest-frame UVJ color-color diagram for the mass-complete sample with Williams
et al. (2009) boundaries for quiescent (upper left) or star-forming galaxies. (Bot-
tom Left)The distribution of mass-complete samples from the LDP survey for the
core (green dash), infall (blue) and field (purple) environments. The median values
for each sample is demonstrated by the vertical line. Similarly to the EDisCS core
sample above, the core sample is more deficient in massive galaxies when com-
pared to the infall and field samples. (Bottom Right) Rest-frame UVJ color-color

diagram for the mass-complete sample with Williams et al. (2009) boundaries for

quiescent (upper left) or star-forming galaxies. . . . ... .. ... ... .. ...

(Left) The RA and Dec FOV for each cluster in the EDisCS core survey, where
everything with a redshift is a grey dot. Cluster members are circles that are ei-
ther red for UVJ-passive or blue for star-forming. Filled circles represent mass-
complete cluster members. The orange oval represents Rygg around the brightest
cluster galaxy; some clusters do not show this due to the FOV being within Rypg. A
majority of these observations cover Ryog within each cluster. (Center) UVJ color-
color diagrams for the mass-complete cluster members at all radii (green circle)
and field galaxies (purple stars) with the Williams et al. (2009) definitions for pas-

sive (upper left) and star-forming regions. (Right) The stellar mass distributions

and median values for cluster (green) and field (purple) galaxies. . . . . . ... ..
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2.6

3.1

32

(Left) The RA and Dec FOV for each LDP cluster, where everything with an LDP
redshift is a grey dot. Cluster members are circles that are either red for UVJ-
passive or blue for star-forming. Filled circles represent mass-complete cluster
members. The orange oval represents R»og around the brightest cluster galaxy. The
blank areas without any dots represent a mask for bright stars where observations
could not be completed. The combined LDP and WFI observations extend far
beyond the core into the infall region in each cluster. (Center) UVJ color-color
diagrams for the mass-complete cluster members at all radii (green circle) and
field galaxies (purple stars) with the Williams et al. (2009) definitions for passive

(upper left) and star-forming regions. (Right) The stellar mass distributions and

median values for cluster (green) and field (purple) galaxies. . . . . . . ... ...

The interloper fraction, f;,;, as a function of stellar mass. The spectroscopic sample
has a shallower mass-completeness level (LogM,. /M, > 10.4) than the photomet-
ric sample, so the interloper fraction is extrapolated to cover those mass bins. Note

that there were no identified interlopers in the LogM, /M 11.0 — 11.2 mass bin,

however, an average of the fj,; from LogM, /M > 11.0isused. . . . . ... ...

The passive fraction vs. redshift for each of the LDP EDisCS clusters. Cluster
members are shown as green circles and the field (outside £0.02 of z.,.,) as a
purple dashed line with the shaded region corresponding to a 10 binomial error.
The buildup of passive galaxies is evident with the increased passive fraction at

lower redshifts. The cluster members include all galaxies within the FOV for the

cluster. . . . . s

X1



33

34

The passive fraction vs. redshift for each of the LDP EDisCS clusters, but sep-
arated by the internal cluster environment. Cluster core members are shown as
green circles, cluster infall members as blue triangles, and the field (outside +
0.02 of zj,5¢r) as a purple dashed line with the shaded region corresponding to a
1o binomial error. Blue and green points are calculated within the same bin, but
are staggered for ease of interpretation. The buildup of passive galaxies is still evi-
dent with the increased passive fraction at lower redshifts. There isn’t a clear trend

of passive galaxies with intracluster environment, however, for clusters at z < 0.6,

all but two of the seven have infall regions entirely comprised of passive galaxies. .

The passive fraction vs. stellar mass for all EDisCS clusters in the VLT sample,
where the cluster f ;e are filled circles and those in the field are shown as open
squares. Points encompass the same bin range but are staggered for ease of inter-
pretation. These data only encompass the cluster cores from White et al. (2005).
Galaxies are binned by stellar mass and redshift into a lower (Left; 0.4 < z < 0.6,
red) and higher (Right; 0.6 < z < 0.8, yellow) z bin. A comparison to the 0.5 < z
< 1.0 field fp4g5ive from Muzzin et al. (2013) is shown in grey, the Planck clusters
(0.5 <z < 0.7 van der Burg et al. 2018) as brown circles, and comparison field as
open brown squares, and GLASS clusters (0.3 < z < 0.5 Morishita et al. 2017) as
the purple circles. On the left pane, the black star is positioned as a fpugive = 1;
from Equation 3.1, it is possible to determine a f4g5ive > 1 with the field correction.
The fpassive dependency on redshift is apparent with the EDisCS clusters, with an
approximate 20% increase in the f},qgsive from high to low-z. In the low-z bin, only
the most massive galaxies have significantly differentiated f4qsive, indicating that

environmental quenching is not dominant here. Additionally, the core at all z has

alower fpassive than the massive Planck and GLASS clusters. . . . . . . ... ..
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3.5

3.6

The passive fraction vs. stellar mass for all EDisCS clusters in the LDP sample,
where cluster galaxies are circles and those in the field are shown as open squares.
Galaxies are binned into four stellar masses and by redshift into a lower (0.4 < z
< 0.6, red) and higher (0.6 < z < 0.8, yellow) z bin. A comparison to the field 0.5
(< z < 1.0) f4g5ive from Muzzin et al. (2013) is shown in grey, the Planck clusters
van der Burg et al. (2018) as brown circles and comparison field as open brown
squares, and GLASS clusters Morishita et al. (2017) as the purple circles. The

fpassive €nvironmental dependence is much more apparent here, where the low-z

bin has a clear and significant difference from the field. . . . . . .. ... ... ..

The passive fraction vs. stellar mass separated by intracluster environment for
mass-complete galaxies in the LDP cluster (circle) and field (open square) samples.
The grey band represents the field sample from Muzzin et al. (2013) (0.5 < z <
1.0) and comparison fqive from cluster studies in Morishita et al. (2017) and van
der Burg et al. (2018). (Left) The core sample f},4ive Vs. LogM, /M. Nearly all of
the galaxies within the virial radius in the low-z sample (red) are quiescent, which
is a contrast from the high-z sample (orange) where the lowest mass galaxies are
40% star-forming. (Right) The infall LDP sample f)g5ive vS. LogM, /Mg, The
same relation as on the left, but for galaxies beyond the virial radius in the infall
region. While the low-z sample displays a similar trend to the lower mass core

galaxies, the high-z sample has a strong trend of quiescence with stellar mass. The

most massive galaxies are passive in both the core and infall regions. . . . . . . .
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3.7

3.8

3.9

The passive fraction vs. stellar mass separated by both of the original EDisCS core
(circles and dashed line; White et al. 2005) and LDP (triangles and solid line; Just
et al. 2019) observations. Orange markers are for the high-z sample while the red
is the low-z. The LDP observations are limited to the virial radius while the VLT
sample covers the general central core area, but is approximately one magnitude

deeper in photometric completeness. The low-z clusters have similar fqqive at all

masses, but the high-z sample islessclear. . . . . ... ... .. ... ......

The passive fraction vs. cluster-centric distance for the EDisCS LDP sample across
the mass-complete sample where low-z is in red and high-z in orange. Compar-
isons to GAMA clusters from Barsanti et al. (2018) at z ~ 0.2 (green open squares),
to the Planck Clusters (van der Burg et al., 2018) (brown circles) and from the
ELIAS-N1/XMM-LSS fields (Pintos-Castro et al., 2019) as triangles split into high
(yellow; 0.5 < z 0.7) and low-z bins (red; 0.3 < z < 0.5). This reveals the passive-
dominated cores of clusters, followed by a decrease in the infall region in high-z
clusters. While there are a higher fraction of quiescent galaxies at lower redshifts,
it is interesting that the outskirts of the clusters are predominantly passive as well.
The passive fraction vs. cluster-centric distance for the EDisCS LDP sample in two
mass-complete bins. (Top) The lower bin of the mass-complete sample reveals that
nearly all of the low-z cluster sample is quiescent. However, this is in stark contrast
to the high-z sample, which shows a sharp downturn outside of the virial radius to
a fpugsive low of 30% from 2.5 — 3.5R5. A gradual increase to 60% is apparent at
the outskirts of the cluster. (Bottom) The higher mass sample of the mass-complete
galaxies displays a different trend with radial distance. In both redshift bins, 80%

or more of the galaxies are passive, with the core entirely devout of star-forming

galaxies. . . . . ... e e
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4.1

4.2

4.3

The RA and Dec spatial distribution of galaxies in each cluster. Grey dots rep-
resent all objects in the FOV that have an LDP redshift, red/blue points signify
UVJ-identified quiescent/star-forming cluster member sources, and the virial ra-
dius is indicated by the orange circle. HST/WFC3 G102 observations are repre-
sented by the black squares, where the two unused infall pointings in C11059 are

dashed. The distributed sampling among the core and infall region allows for a

direct comparison of SFRs by environment. . . . . . .. ... ... ... .....

(Top) HST WFC3 F105W (1.05um infrared direct image of the CL1301-11.2
pointing. (Bottom) HST WFC3 G102 grism data, which provides a spatially re-
solved spectrum for every object in the FOV of the F105W image. The spectrum

for each object is extracted within the grism wavelength range after a polynomial

fit to the continuum is subtracted off. . . . . . . . . . . . ... ...

This collection of data products represents a comparison between the same galaxy
with a blind GRIZLI extraction (top row) and with an LDP prior (bottom row).
Initially, GRIZLI identifies it as a 2.99 S/N in Ho galaxy at z = 0.685. With the
prior, it is now a 3.99 S/N in Ha z = 0.434, resulting in a redshift difference of
0.25. The F105W direct image of the stellar content is on the far left, followed
by the detected Hor emission line map. In the third panel is the p(z) from the red-
shift fitting algorithm (black line), with a blue line indicating the applied Gaussian
redshift-prior in the bottom panel. The p(z) after the prior is applied (black line
- bottom row, middle panel) is much more constrained than the blind p(z). Note
the redshift scale differences between the extractions. The rightmost panel shows
the 1D spectra in green with a fit (red). The blind extraction for the p(z) is very
uncertain and could easily be a high or low-z galaxy. The application of the prior
dramatically alters the results of the redshift determination. The ability of the prior

to be successfully applied to a low S/N Ho galaxy is important towards creating a

sample that is not biased towards strong Hox line galaxies. . . . . . ... ... ..
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4.4 (Top) A UVJ diagram color-coded by A, is shown for a subset of the ULTRAV-

4.5

ISTA catalog that is similar in redshift and mass distribution to the HST sample in
this study. (Middle) The median in 0.2 bins in U — V and V —J from the top plot is
shown, which is used to match in color-color space to the HST sample. If a galaxy
falls outside the distribution of ULTRAVISTA, it is matched to the nearest bin.
UVJ-quiescent galaxies have low A, as expected and redder star-forming galaxies
have elevated values. (Bottom) The spread of each bin across the 75 — 25 percent

quartile. The spread is noticeably small in the passive region. Black lines in all

plots are the Williams et al. (2009) boundaries. . . . . . ... ... .. ... ...

(2 left panels): RA and Dec postage stamps show the stellar continuum from the
F105W 1.05um direct image and the Ha emission extraction at 0.957um. (2 right
panels): The fitted redshift, shown as the black line, is fully consistent with the
photometric redshift prior probability distribution in blue. The 1D spectrum data

are shown in green, with a best fit template in red. Note the prominent Ho emission

line at 0.95um witha S/Nof36.6. . . . . . ... .. ... ... ... .......
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4.6

4.7

The GRIZLI-extracted redshift (no prior) vs the GRIZLI-extracted redshift with an
applied spectroscopic (top left) or photometric (bottom left) prior for cluster core
(blue circle), infall (purple triangle), and field (green star) galaxies. A majority
of objects fall along the 1-1 line in black, indicating that the GRIZLI extractions
without a prior can be reliable. A pointing with a significantly higher background
is apparent in the blind GRIZLI redshifts above the 1-to-1 line in the top and bot-
tom left, which is mostly corrected with the LDP spectroscopic or photometric
prior. Several low S/N Ha galaxies are also corrected through the prior. The 68%
confidence levels for the photometric redshifts are shown with error bars, while the
error on the spectroscopic redshifts is insignificant on this scale. This photometric
relation has noticeably more scatter around the 1-to-1 line, which is a reflection of
the reduced accuracy of photo-z measurements. The GRIZLI-extracted redshifts

with a spectroscopic (top right) or photometric (bottom right) prior are shown in

comparison to their blind redshift. . . . . . . ... ... 00000

U — V vs. V — J rest-frame colors color-coded by Ha-based SFR for the mass-
complete sample of HST-observed galaxies. Galaxies with S/N < 3 in Ho are grey
open symbols, which are predominantly located in the quiescent clump. The SFR
color-coded points are the final sample of 67 galaxies selected for S/N > 3 and
emission line extraction quality. 51 of the 67 of the sources with F(Ho) S/N > 3
lie in the star-forming region, with 16 residing in the quiescent region. The stellar
continuum and Ho emission line maps for the 16 passively-classified galaxies are

shown in Appendix 4.14. Black dashed lines follow the quiescent and star-forming

definition of Williams et al. (2009). . . . . . . . . . . . .. ... ..
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4.8

4.9

(Left) The distribution of the stellar masses for each of the core, infall, and field
mass-complete samples is shown in the blue, purple, and green-dashed histograms.
The median value for each sample is the vertical line. (Right) The same three
samples are shown with their distributions in redshift space, with the median shown
again as the vertical lines. A more significant difference in z is apparent between
the field and cluster samples and is corrected following the equation in § 4.1.3. The
elevated median for the infall sample is due to the lack of two samples for C11059

at z = 0.4564, which is the lowest z cluster. Thus, the median z is offset to a higher

value than the core which includes galaxies from this cluster. . . . . . . .. .. ..

The Ha-based SFR — M, main sequence relation for 163 S/N >3 and 82 S/N
<3 (down arrow) galaxies. (Left) The locations of these galaxies are distributed
among the cluster core (blue circles), infall region (purple triangles), and field
samples (green stars), where the mass-completeness line is denoted by the vertical
black line and filled in symbols. The <3 S/N galaxies are plotted at their 30 limit,
which occupy the lower end of the SFRs on the main sequence here. These data are
systematically above the main sequence relations defined by Whitaker et al. (2012)
and Schreiber et al. (2015), which is shown in Figure 4.15. The scatter is larger
than the literature, but is still expected due to varying star-formation histories and
other disturbances throughout a galaxy lifetime. A comparison is shown to the
EDisCS narrow band Ho SFRs in Finn et al. (2005) (orange squares) at z = 0.75
and Ha SFRs Vulcani et al. (2016) from the GLASS clusters at 0.4 < z < 0.7
(grey dashed line + 10 scatter). (Right) This same sample is now color-coded by
location in Figure 4.7, where blue circles are star-forming and salmon triangles are

quiescent. The quiescent galaxies mostly occupy the lower portion of the main

sequence, which also have suppressed SFRs. . . . . . . . ... ... ... ... ..
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4.10

4.11

4.12

4.13

Each panel shows the SFR vs. stellar mass as in the left panel of Figure 4.9, but
separated by cluster. Each cluster reveals a similar distribution of galaxies above
the Vulcani et al. (2016) mean distribution, as well as galaxies with lower SFRs.
This indicates that no cluster is offset with respect to the others and influencing the

combined relation. The highest-z cluster in the bottom right, C11227, has notice-

ably fewer galaxies, which is also evident in Figure 4.1. . . . . . . . .. ... ...

The difference in SFR for each of the three environments (blue=core, purple=infall,
field=green) from the Vulcani et al. (2016) GLASS clusters Hox main sequence.

The median values for each environment are signified by the corresponding vertical

line, which are ~0.7 dex below the GLASS relation. . . . . . ... ... .....

The MIPS 24um SFRs derived from the EDisCS core pointings of this sample
from Finn et al. (2010) compared to the Hor SFRs in this study. There are only
matches between the core (blue circle) and field (green triangle) because these
Spitzer pointings did not extend to the infall region. Left arrows are non-detections

in 24um at the 80% completeness limit. The ~0.7 dex offset from the 24u SFRs

is similar to the one seen with GLASS. . . . . . . . . . . ... ... ... ...

The distance from the center of the cluster (defined as the BCG in White et al.
(2005) is computed for each core and infall galaxy and compared to the SFR. The
mass-complete sample is shown as blue stars for cluster members and the average
for the field is the dashed green line, where error bars on the median are the 10
confidence level from a bootstrap resampling. Galaxies with S/N in Ha < 3 are the
grey arrows and are not accounted for in the median values. All but three of these
upper limits are for UV J quiescent galaxies and so the apparent radial dependence
in the fraction of galaxies with upper limits just reflects the well-known radial

dependence in the quiescent fraction in clusters. For the robust Ha detections, no

significant radial trend exists for the mass-complete sample. . . . . .. ... ...
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4.14 The stellar continuum (left) and Hy, line emission map (right) for each UVJ quies-

4.15

5.1

5.2

5.3

cent galaxy shown as a pair of images. The direct F105W images for each galaxy
show signatures of early-type galaxies with a lack of spiral arms or clumpy mor-

phology. The Ho emission maps are typically low intensity or diffuse distributions,

which makes inferences about the gas morphology difficult. . . . . .. ... ...

The main sequence for the galaxies with S/N>3 in the core (blue circle), infall
(purple triangle) and field (green stars) regions, where UVJ quiescent galaxies are
circled in red and galaxies with less than S/N<3 are shown as the down arrows.
Comparison lines to field main sequence derivations are shown in grey (Whitaker

et al., 2012) and brown (Schreiber et al., 2015), which are at least 0.5 dex below

the Ho relations. . . . . . . . . . .

The tensor given to the CNN is a 4-D array, where the image height and width are
six pixels and the number of channels is 3, one for each of red, green and blue
(RGB). The pixel values of each channel are in a matrix of the image dimensions

that will be used to create a filter. Each image has these properties and the total

number of images analyzed by the CNN at a time is the batch size. . . .. .. ..

Two pairs of grism images show how a filter is created for a galaxy detection in Hor
(top) and artifact (bottom). Darker purple indicates a higher flux detection within a
given emission line, while yellow is equivalent to no detection. The yellow pixels

then are masked out in both images to leave the main feature with purple pixel

values of the image that is common among theclass. . . . . . .. ... ... ...

The top left matrix, which is an 8 x 8 minimized representation of the artifact filter,
can be pooled into a smaller 4 x 4 matrix by keeping the largest value within each
set of four cells. The activation map on the bottom row retains the main feature of

the artifact filter by reducing the clumps of standalone pixels derived from noise.
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5.4 (Top) The input image that the CNN is being asked to classify. The computer

has already been trained on four classes, which are listed in the bottom panel on

the vertical axis. The assigned probability on a scale from zero to one is on the

horizontal axis. The CNN determines that this image is more than >98% probable

to be an artifact, with <1% for either a noisy or compact galaxy. . . . .. ... .. 91
5.5 Each of the six GRIZLI image sequences shows the F1I05W stellar component on

the left, followed by the Hor and [SII] emission line maps within the same FOV

for the same source. The defined class is based upon any of the emission maps

produced by GRIZLI and is labeled in the upper right corner. These classes are

not based solely on scientific classification, but with more emphasis on a visual

interpretation to demonstrate the abilities of a CNN. Several classes are combined

in the results as follows. The artifact and poor model classes are merged into

a single class since the main feature is nearly identical between the two types.

Additionally, diffuse and compact are merged as a detection class. The four main

classes, starting from the top are detection, noisy, artifact/poor model, and edge of

chip. . . e 95
5.6 In this grism extraction, the Hor disk in the 4th panel is linearly extended, which

would easily fit the artifact/poor model filter. The resulting probabilities only result

in ~60% chance that this is contaminated, with a 40% chance of usable data. . . . 98
5.7 Inthis grism extraction, the Ha disk in the 4th panel is not apparent, but the artifact

in the noise on the right hand side likely fits the contamination filter since it is a

faint linear line. The resulting probabilities only result in ~50% chance that this is

contaminated or not, indicating that the model did not have a good fit to this image. 98
5.8 In this grism extraction, the Hox disk is resolved and clumpy. . . . . . . . ... .. 99
5.9 In this grism extraction, the Hor disk in the 4th panel is compact and ~ 20 pixels

in area. However, there is also an artifactin the top left. . . . . .. .. ... ... 99
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Chapter 1

Introduction

1.1 Characterizing Galaxies in the Universe

One of the key questions facing the astronomical sciences is how galaxies evolve over cosmic
time and what factors are capable of influencing this process. Early on in the 20th century, nearby
galaxies were classified by Edwin Hubble into two basic types of morphology: spiral and elliptical
(Hubble, 1926). Despite the primitive nature of this cosmic assessment, this broad classification
proves be timeless and forms the foundations of many studies in the present day. Following a
century’s worth of advancements in technology capabilities and manpower dedicated to exploring
the cosmos, a vast wealth of galaxies in all types of shapes, sizes, and colors have been discovered
and provide an increasingly complicated window into the world of galaxy evolution.

The bimodal nature of galaxy morphology can still be seen through more recent large sky ob-
servations in surveys such as the Sloan Digital Sky Survey (SDSS; Tempel et al. 2011) and the 2dF
Galaxy Redshift Survey (Madgwick, 2003), all of which have provided a more in depth look to the
Universe and its components; Sandage (2005) provides a comprehensive overview of the histori-
cal evolution of these classifications over the past century that provides an ever-increasing picture
of the nature of the Universe. However, there is more to the cosmic story of simply classifying
galaxies. Spiral galaxies tend to be blue and star-forming, denoted as ‘late-type’ while elliptical,
or ‘early-type’ present as red, with little to no star-formation and a featureless light distribution
(Roberts, 1963; Roberts & Haynes, 1994). These two populations of galaxies correlate with other
properties such as the ratio of the flux above and below the 4000 A break (D,4000; Kauffmann et al.

2003), color (Baldry et al., 2004; Williams et al., 2009), and star-formation (Conselice, 2014).



1.2 Star Formation in Galaxies

Star formation is a cosmic process that governs the conversion of a galaxy’s gas to stars and is
characterized by the balance of cold gas accretion and feedback (Dutton et al., 2010; Bouché et al.,
2010). While we can only capture an instantaneous image of this process at various stages, our
foundational knowledge of atomic physics allows for convenient conversions from an emission line
flux to a star-formation rate (SFR). Assumptions concerning quantities such as the light-to-mass ra-
tio and star formation history of each galaxy are required in order to calculate the SFR. Since we are
not able to directly observe individual stars in a large majority of extragalactic galaxies, we must
utilize a tracer to determine how many there are and their respective ages. The Kennicutt-Schmidt
Law defines the relation between the surface gas density and star-formation rate (Schmidt, 1959;
Kennicutt, 1998), so we are able to derive SFRs from observations of gas. The Hydrogen-alpha
(Ha) emission line is a well-suited recombination tracer and the luminosity is directly proportional
to the ionizing radiation.

Now that we have an observable emission line, how can this be related to star formation and
its intricacies? HII regions contain hot, massive stars (classification O), which are short-lived and
are capable of ionizing the surrounding gas into Ha. These stars are associated with areas that
are forming stars (O’Dell 2001), and in conjunction with their lifetimes on the order of millions
of years, have the ability to trace star formation on 20 million year timescales. The motivation to
search for Ho across the Universe is driven by a prominent emission line that allows for detection
to low levels of surface brightness and reduced susceptibility to dust extinction than other common
SFR tracers such as [OII]. Previous Ho studies include the NEWHa survey (Lee et al., 2012), the
H-o Galaxy Survey (James et al., 2004), and WISP, which surveys the Universe out to a redshift
(z) of 1.5 (Atek et al., 2010).

A recently defined relation between the SFR and stellar mass, known as the star-forming main
sequence, is a tight correlation illustrating that more massive galaxies are forming stars at a quicker
rate (Figure 1.1; Daddi et al. 2007; Noeske et al. 2007; Whitaker et al. 2012). The overall observed

scatter in the main sequence is likely due to varying star formation histories of each galaxy (Hop-



kins et al., 2014; Dominguez Sanchez et al., 2014), where this scatter is consistent across stellar
mass and redshift at ~ 0.3 dex (Whitaker et al., 2012; Tacchella et al., 2016). The normalization
of the star-forming main sequence evolves with time, where galaxies at z ~ 2 and ~ 1 have a main
sequence that is 20x (Daddi et al., 2007) and 7x higher (Elbaz et al., 2007), respectively, than at
z ~ 0 (Brinchmann et al., 2004a). This decline in overall star formation to the present day poses
many questions surrounding the nature and fate of the Universe.

While the main sequence is generally presented with a slope ranging from 0.2 — 1.2 (Speagle
et al., 2014), there have been numerous studies that show that bulge-dominated massive galaxies
contribute towards a flattening in the SFR at higher masses (Karim et al., 2011; Whitaker et al.,
2012, 2014; Schreiber et al., 2015; Erfanianfar et al., 2016). This ‘internal’ quenching mechanism
is directly related to the morphology and stellar mass of the galaxy and results in a less efficient
conversion of gas to stars (Martig et al., 2009) due to disk stability and is referred to as mass
quenching. There are other types of internal quenching processes that are derived from the galaxy
itself and not interaction with another object or environment; these include an expulsion of the gas
through AGN feedback (Fabian, 2012), supernovae explosions and stellar winds (Dekel & Silk,
1986), a cutoff in gas accretion (Larson et al., 1980), and starvation, which is the natural depletion
of the gas supply. Processes that suppress star formation through an external event or environment
include the removal of the gas via ram-pressure stripping (Gunn & Gott, 1972; Quilis et al., 2000),
tidal interaction (Byrd & Valtonen, 1990), mergers, and harassment (Moore et al., 1999; Treu et al.,
2003). Additionally, some ram-pressure stripping and merger events have been observed to first
create enhanced SFR activity, followed by a suppression phase (Poggianti et al., 2016; Jaffé et al.,
2016; Vulcani et al., 2018). These two types of quenching are not mutually exclusive and their
respective effects across redshift, mass, and environment are still under investigation.

Galaxies with an elevated SFR ~ 2.5 those above the main sequence can potentially be in a
‘starbursting phase,” which can be the result of mergers and interactions (Hopkins et al., 2006; Cox
et al., 2008), disk instability (Kennicutt, 1998; Romeo & Fathi, 2016) or ram-pressure stripped

tails (Poggianti et al., 2017). Starburst galaxies are representative of a short-lived phase rather than
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Figure 1.1: This illustration shows the star formation rate vs. stellar mass relation, which is known
as the main sequence. Galaxies located along the blue oval are star-forming, where more massive
galaxies create stars at a fast rate. Galaxies with extremely high star formation rates can be star-
bursting, which is shown as purple stars above main sequence. Finally, as galaxies quench, their
star formation decreases and they eventually fall off of the main sequence.

a specific morphology (Karl et al., 2010), but are an important insight to the transition from star-
forming to quiescent states. In contrast to these starbursters, there are galaxies that lie below the
main sequence where their star formation is reduced. As galaxies begin to shut off star formation
and fall off the main sequence, they enter the green valley (Baldry et al., 2004; Martin et al., 2007),
which is hypothesized to be the transition between star forming and quiescent states. The term
‘green’ actually has nothing to do with observable color and is based off of banter about the Green
Valley retirement community in Arizona. The green valley is therefore the place in which galaxies
go to ‘retire’ on their way to becoming quiescent. When star formation is nearly or completely
reduced, galaxies are classified as quiescent and are not on the main sequence. These galaxies tend
to be the most massive red galaxies in the Universe and comprise the majority of the local stellar

mass.

1.3 The Role of Cosmic Environment on Galaxy Evolution

Primordial density fluctuations in the early Universe expanded into the large-scale structure of

galaxies in filaments, clusters, and groups that we see today (Peebles, 1982). The variation of
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cosmic environments for individual galaxies can range from overdensities in cluster cores to un-
chaperoned in the field. With this in mind, the exploration of ‘nature vs. nurture’ scenario in
galaxy evolution has come forward in an attempt to explain differences in observed galaxy popu-
lations (Dressler, 1980); however, this has been debated by the varying accretion times of massive
elliptical and mixing of galaxy populations during halo assembly (De Lucia et al., 2012; Wetzel
et al., 2013). Intrinsic mechanisms fall into the ‘nature’ category, while external interactions are
the result of the local environment.

The most dense regions of the universe consist of galaxy clusters with thousands of members
that are gravitationally bound and contain a hot intracluster medium (ICM). Many of the most
massive galaxies reside in the cluster cores, with the brightest cluster galaxy (BCG) generally
being at the minimum or center of the cluster potential well and elliptical in shape. There are
an increased number of massive, passive galaxies in dense environments when compared to the
field (Dressler, 1980; Postman et al., 2005; Baldry et al., 2004; Postman et al., 2005; Peng et al.,
2010; Wetzel et al., 2012). Numerous studies on the central cores (area within ~Rqo) of galaxy
clusters have revealed that the star formation is suppressed (Balogh et al., 1997; Kauffmann et al.,
2004; Postman et al., 2005; Pannella et al., 2009; Peng et al., 2010; Finn et al., 2010; Vulcani
et al., 2010; Paccagnella et al., 2016; Old et al., 2019) when compared to the field, indicating
that ‘external’ quenching mechanisms are dominating over internal processes. In Lewis et al.
(2002); Gémez et al. (2003), this suppression of SFRs also occurred in the outskirts of galaxy
clusters at low redshift (z < 0.1), indicating that the dense cores are not solely responsible for
environmentally-based galaxy quenching. However, several recent studies including Vulcani et al.
(2016), Erfanianfar et al. (2016) and Tiley et al. (2020) have found that at redshifts between 0.5
and 1.0, there is little dependence on the SFR between the field and dense environments such as
within groups and clusters. Studies with reduced cluster-to-cluster variation in parameters (e.g.
mass and velocity dispersion) and increased sample sizes (Moran et al., 2007; Patel et al., 2011;
Oemler et al., 2013) are needed to further quantify these star formation rates more in depth across

various cosmic densities, halo masses and a range of SFRs.



Cluster membership extends far beyond the virial radius and encompasses the infall region
where galaxies are accreted into the cluster environment. Several studies have also found that SFRs
are decreased in the outskirts of clusters (Lewis et al., 2002; Gémez et al., 2003), reinforcing the
hypothesis that regions of elevated density are behind environmentally-driven quenching and thus,
reducing the SFR. Ram-pressure stripping events at cluster-centric radii > the virial radius support
this extrinsic quenching process (Gullieuszik et al., 2017; Jaffé et al., 2018; Gavazzi et al., 2018).
The infall region of galaxy clusters has the potential to host the sites of galaxy transformation and
quenching processes in situ that may differ from those in the core. Just et al. (2019) found that 30
- 70% of the galaxies in local clusters were located in the infall region at z ~ 0.6, meaning that
these galaxies may become the majority of cluster galaxies at z ~ 0. This finding reinforces the
importance of the cluster infall region with respect to the environmentally-driven transformation

of galaxies.

1.3.1 Gas Depletion Mechanisms

As galaxies form stars, the gas reservoir will be consumed unless it is replenished. Some processes
deplete this gas more rapidly and result in a decline in star-formation. One process unique to the
cluster environment is ram-pressure stripping (RPS), which is a result of the hot ICM interacting
with an infalling galaxy; this is observed in the form of a disturbed gas disk, with a possible
extension through tail, while the stellar disk remains intact (Gunn & Gott, 1972; Quilis et al.,
2000; Bekki, 2009; Poggianti et al., 2016). RPS has been observed frequently in the nearby Coma
and Virgo clusters (Vollmer et al., 2001; Boselli & Gavazzi, 2006; Smith et al., 2010; Boselli
et al., 2016), in groups (Rasmussen et al., 2006, 2008; Hess & Wilcots, 2013), and as well as in
simulations (Abadi et al., 1999; Quilis et al., 2000; Roediger & Briiggen, 2007; Vollmer, 2013).
While this appears to be an efficient process in both neutral hydrogen (HI; Haynes et al. 1984;
Cayatte et al. 1990; Kenney 2004; Jaffé et al. 2015 and ionized hydrogen (H; Gavazzi et al. 2002;
Yagi et al. 2010; Yoshida et al. 2012), molecular gas stripping is perhaps less efficient than its

atomic counterparts (Kenney & Young, 1989; Boselli et al., 2014). A survey targeting ‘jellyfish’



galaxies (Fumagalli et al., 2014), or those with extended gas tails, known as GASP (GAs Stripping
Phenomena in galaxies with MUSE) (Poggianti et al., 2017), found that a number of these RPS
events have been observed to first create enhanced SFR activity, followed by a suppression phase
(Poggianti et al., 2016; Jaffé et al., 2016; Vulcani et al., 2018). The timescale for this process ranges
from 300 Myr - 3.2 Gyr, which is supported by both observations and simulations (Vollmer et al.,
2004; Roediger & Hensler, 2005; Boselli & Gavazzi, 2006; Crowl & Kenney, 2008; Tonnesen,
2019).

Similar to RPS, strangulation or starvation results when the gas reservoir of a galaxy has been
depleted or removed after falling into the ICM and leaves the stellar disk unchanged. As the supply
of gas is diminished, the SFR decreases (Larson et al., 1980; Bekki et al., 2002; Boselli & Gavazzi,
2006), but on timescales (~1 Gyr) that are typically longer than RPS (Larson et al., 1980; Bekki
etal., 2002). While less dramatic than a jellyfish-type display, starvation can result in passive disks
(Bundy et al., 2010; Cantale et al., 2016a) or enlarged bulges (Kawata & Mulchaey, 2008).

Finally, a process that is not necessarily environment-dependent are mergers, where two galax-
ies interact with another in a variety of ways. In contrast to the previous two scenarios, mergers
can result in an alteration of the stellar and gas disk. This can take the form of cannibalism, where
smaller satellite galaxies are accreted into the halo of the larger galaxy or major-mergers, where the
collision of similar-sized galaxies can produce results ranging from starburst activity (Rodighiero

etal., 2011) to transformation into elliptical morphologies (Toomre & Toomre, 1972).

1.4 Quenching Timescales

Various theories regarding the quenching timescales have suggested a delayed-then-rapid quench-
ing procedure as galaxies fall into a cluster environment, meaning that their SFRs are unaffected for
the first two — four Gyr (Wetzel et al., 2013), followed by a rapid quenching period. This is driven
by the lack of SFR suppression in galaxies on the main sequence that are located in dense environ-
ments. This supports a rapid timescale for quenching and transition from star forming to passive

states since low SFR galaxies are typically below the main sequence. Foltz et al. (2018) collated a



significant number of studies (McGee et al., 2011; Wetzel et al., 2013; Muzzin et al., 2014; Taranu
et al., 2014; Haines et al., 2015; Fossati et al., 2017) on quenching timescales and classified them
by environment, revealing that quenching is occurring more rapidly with a decreased redshift and
that groups and clusters quench faster than the molecular depletion timescale. This approximate
quenching timescale is in agreement with models of star formation and environmental quenching

in clusters that predict quenching will occur within three Gyr of infall (Taranu et al., 2014).

1.5 Methods for Observing Processes in Galaxies

In order to quantify the above processes relating to the gas and stellar content of galaxies, observa-
tions at a number of different wavelengths and methods are required. Photometric surveys provide
measured fluxes in a given filter, which can then be converted to a magnitude; a commonly used
system is the Johnson UVB (Johnson & Morgan, 1953) which is a set of wide-band filters in ultra-
violet (U 364 nm), blue (B 442 nm) and visual (V 540 nm). This was later expanded to include
redder filters in the Johnson-Cousins system for red (R 635 nm) and infrared (IR 880 nm) (Cousins,
1976). With the advancement of technology, numerous pass bands exist across the electromagnetic
spectrum and when the fluxes are plotted against the observed wavelength for a given object, this
constitutes a spectral energy distribution (SED). An SED is able to provide key features that can
give information on the redshift, stellar mass, and age of the object (Couch et al., 1983).

The Butcher-Oemler Effect was derived from photometric observations, which found that there
are a higher fraction of blue galaxies in distant cluster cores than in nearby ones (Butcher & Oem-
ler, 1978). This sparked a number of other photometric follow-up studies on rich clusters and
proved this effect to be widespread beyond z > 0.2 (Rakos & Schombert, 1995; Margoniner et al.,
2001; Urquhart et al., 2010). A more recent adaption of this binary classification is through the
UV/J color-color scheme, where the rest-frame U — V and V — J colors with Williams et al. (2009)

boundaries (listed below) allow for a clear identification of passive or star-forming galaxies.
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Figure 1.2: This illustration shows the rest-frame UVJ diagram with the Williams et al. (2009)
boundaries for either quiescent or star-forming as black lines. Galaxies will typically be located
somewhere among the passive clump or the star-forming sequence.
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Galaxies located within the upper left region are defined as the ‘passive clump’ and those
outside of these boundaries are considered star-forming, as shown in Figure 1.2. This follows
the notion that passive galaxies are redder, while star forming ones tend to be bluer. Photometric
observations of galaxies with these rest-frame colors can be quickly classified as passive or star-
forming. The passive fraction (fpassive), Or the proportion of galaxies that are passive from the
entire population, can then be determined for a sample.

In contrast to photometric observations, spectroscopy involves the flux dispersion over a wave-
length interval. This allows for features such as absorption and emission lines to be clearly iden-
tified, which photometric observations may miss. Spectroscopic observations of the galaxies from

Butcher & Oemler (1978) revealed that the blue galaxies have emission lines from star-formation



(Dressler & Gunn, 1983; Couch & Sharples, 1987; Poggianti et al., 1999).

Several forms of spectroscopic arrangements include a long slit or slitless instrument depending
on the goal of the study. With the former, the aperture is elongated and the captured light is
refracted through a prism. Emission and absorption lines can be identified along with Doppler
shift, but this is restricted to the observed area within the slit. This technique can be advantageous
with observations near a luminous source because the observer can still achieve a high signal-to-
noise ratio by blocking the bright source with the area outside of the slit. With slitless spectroscopy,
there is no slit and all of the objects within the FOV of the detector are dispersed through a prism
or grism (prism with a grating).

The Hubble Space Telescope/Wide Field Camera 3 is well-equipped to observe extragalactic
emission lines with slitless spectroscopy, and more specifically, the Ho line which is an afore-
mentioned tracer of star formation. In conjunction with the near-IR spectroscopic grism, an undis-
torted 2D image of the observed galaxy in both the stellar continuum and detected emission line
are resulting products available for analysis. 3DHST (Momcheva et al., 2016) observed more than
100,000 galaxies in the CANDELS fields with WFC3 to produce robust redshifts and emission line
identifications. This showcased the power of the grism and led to numerous publications regarding
star formation rates (Nelson et al., 2012, 2013; Wuyts et al., 2013; Dickey et al., 2016; Nelson
et al., 2016; Whitaker et al., 2017) and a solidification of the main sequence in the field over 10
billion years of cosmic time (Whitaker et al., 2012, 2014). The success of this study led to other
surveys utilizing the same combination of instruments such as the Grism Lens-Amplified Survey
from Space (GLASS) (Treu et al., 2015), which was able to target Ha emission line galaxies in
varying cosmic environments to unveil differences in SFRs (Vulcani et al., 2015, 2016; Abramson
et al., 2018) and reinforce the abilities of the HST grism even in crowded cosmic regions. Ad-
ditionally, the WFC3 is capable of a dual observation mode, which utilizes grism spectroscopy
and direct imaging at the same time. This is advantageous for reducing the amount of required

observing time and obtaining multiple science products for the same objects.
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1.6 Protoclusters: A Search for the Beginning of Clusters

Recent technology advancements have allowed observations of protoclusters at high redshift, which
gives insight on how these structures formed and evolve into the clusters that we see today. The
early universe originally had a high abundance of star-forming galaxies as these low-mass struc-
tures were initially formed (Kauffmann et al., 2004; Peng et al., 2010). At z >2, protoclusters
are typically dominated by massive, star-forming galaxies (Overzier et al., 2008; Galametz et al.,
2010; Hatch et al., 2011; Shimakawa et al., 2014) and it is suggested that these evolve into the
passively-dominated clusters at z < 1 (Muzzin et al., 2012; Foltz et al., 2015; Balogh et al., 2016).
The several billion years between stages reveals a myriad of results, with significant quenching
already in place in a set of protoclusters at 2 < z < 3 (Kodama et al., 2007) and in a z ~ 1.6
cluster (Bauer et al., 2011; Quadri et al., 2012; Lee-Brown et al., 2017), while some at 1 < z <
1.8 still have massive star-forming galaxies (Brodwin et al., 2013; Bayliss et al., 2014; Webb et al.,
2015a,b).

However, we have to ponder what mechanisms are responsible for quenching. Interestingly,
Muldrew et al. (2015) predicts that halo collapse could be a rapid process at z ~ 1.5, which would
then produce conditions capable of stripping galactic gas. Thus, it is safe to say that a singular
property such as galaxy mass or redshift is not responsible for the shut-off in star-formation, but
may be embedded in more complex traits such as the halo mass and age. Understanding the
physical mechanisms that deplete a gas supply are crucial towards bridging the gap of the cluster

transition from star-forming to passive galaxy prevalence.

1.7 Machine Learning Overview

While our technology advancements have allowed for the automatic observation, processing, and
storage of millions of astronomical objects consisting of petabytes or more of data, there are simply
not enough hours from each astronomer to sort through this data in a timely manner. For example,

the first iteration of Galaxy Zoo was estimated to consume a minimum of 27,000 hours for a trained
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graduate student (Pinkowski, 2010), which is far more than the expected time commitment for
even a doctoral degree. Thus, the resources and time of hundreds of thousands of volunteers were
solicited to make this feat possible. The first edition of Galaxy Zoo was completed in just 6 months,
proving to be a large success. However, the glaringly obvious conundrum here is the amount of
human hours required to complete this task. While impressive, there has to be a less labor-intensive
approach to solve this problem, and as new telescopes are constructed, more and more data will
be accumulated. For example, from the HST Cycle 20 program observations discussed earlier in
this thesis, the total grism object extractions totaled more than 13,000 objects! Even though the
final number of galaxies was reduced to ~ 1% of these observations, other programs and all-sky
surveys can quickly amass hundreds of thousands of objects, and we are once again faced with the
unfeasible task of sifting through these data.

Thus, this introduces the need for automated classification that removes the thousands of hours
required for a human to click through images and determine various properties. Initially started
in the mid 1990s, the computational resources available at the time limited classification schemes
to small datasets and lower data quality. Nevertheless, successful algorithms classifying galax-
ies based on parameters such as morphology and color (Abraham et al., 1994; Naim et al., 1995;
Conselice, 2003; Povi¢ et al., 2009; Dieleman et al., 2015; Diaz et al., 2019) have become more
popular over time with the advent of computationally-powerful laptops and local cluster resources.
Similar to the citizen science initiatives, automated classification has also been tested on larger sur-
veys such as COSMOS (Cassata et al., 2007) and GAMA (Alpaslan et al., 2015). These first steps
to automated classification can be improved through the use of machine learning and supervised
learning methods, which actually trains the computer to search for trends and correlations among
datasets and images.

Machine learning, which is a subset of the larger field of artificial intelligence, employs com-
puters to not only learn, but improve algorithms through experience. They build a mathematical
model that will make decisions after being trained on a presorted dataset and can then apply the ac-

cumulated knowledge on a new dataset. Three different types of machine learning methodologies
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exist: 1) supervised, which is designated with inputs and outputs to teach the computer, 2) unsu-
pervised, where the decision model is decided by the computer and optimized to find potentially
hidden patterns, and 3) reinforcement learning, which interacts with the environment to continu-
ously adapt and improve. Here, only the first method of supervised learning is utilized, which is
explained in further detail in the following sections.

Supervised learning includes a number of various approaches that have been applied for as-
tronomical purposes such as neural networks (Ball et al., 2004; Dieleman et al., 2015; Diaz et al.,
2019; de Diego, José A. et al., 2020), Bayesian classifiers (Quireza et al., 2007; Henrion et al.,
2011; Ferreira et al., 2020), linear discriminant analysis (Ferrari et al., 2015; Abolfathi et al.,
2018; de Diego, José A. et al., 2020) random forests (Richards et al., 2011; Biswas et al., 2013;
Clarke et al., 2020) and decision trees (Jarrett et al., 2000; Suchkov et al., 2005; Barchi et al.,
2020). This field is rapidly accelerating as researchers discover the high versatility and efficiency
of such algorithms and papers in the realm of machine learning in astronomy are now submitted
numerous times per week on the arXiv to solve research questions such as gravitational wave de-
tection (George & Huerta, 2018a), exoplanet detection (Shallue & Vanderburg, 2018), lens fitting
and identification (Voigt & Bridle, 2010; Lanusse et al., 2018) and signal analysis (Hoyle, 2016;

George & Huerta, 2018b) across a variety of instruments and wavelengths.

1.8 This Work

In this thesis, we inspect the role of local environments on galaxy evolution using the aforemen-
tioned observation methods. This study combines the power of ground-based wide-field imaging
with space-based slitless spectroscopy to examine galaxies in the field and within clusters as they
were more than 5 billion years ago. This is accomplished in two specific ways: 1) assess the
photometric observations with the UVJ-defined passive fraction across the EDisCS clusters as a
function of cluster radius, stellar mass, and redshift and 2) further analyze the spectroscopically
observed star-formation rates of galaxies residing in clusters in three distinct environments (clus-

ter core, infall region, and field) with HST. The first portion of this thesis is devoted towards a
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photometric view of the EDisCS clusters by determining the passive fraction in relation to stellar
mass, redshift, and cluster-centric distance. This data sample consists of two sets of observations
of mid-mass clusters in the range 0.4 < z < 0.8. The original observations of EDisCS focused
on the central core regions and obtained both photometric and spectroscopic information with the
Very Large Telescope (VLT) and New Techology Telescope (NTT). Follow-up wide-field obser-
vations include spectroscopic redshifts derived from the Low-Dispersion Prism on Magellan and
photometric data collected with the Wide Field Imager on the 2.2m Max Planck Gesellschaft/Eu-
ropean Southern Observatory (MPG/ESO) telescope, the MOSAIC instrument on the Cerro Tololo
Inter-American Observatory (CTIO) Blanco or the Mayall 4-meter telescope.

Next, we investigate select areas from the cores and infall regions of four EDisCS clusters at z
~0.5 with HST/WFC3 G102 grism and F105W imaging, which provide Hy-based star-formation
rates (SFRs). The data reduction involves introducing a redshift prior from previous EDisCS obser-
vations to the software to aid in the correct determination of the Hox line. The SFRs are calculated
assuming a Chabrier IMF with corrections for post-AGB emission, dust extinction, and contribu-
tion from the [NII] doublet. We attempt to determine the effect of local environment on SFR-stellar
mass relation by separating galaxies into three distinct local environments (cluster core, infall re-
gion, and field).

The final portion of this study aims to reduce manual labor derived from astronomical observa-
tions. WFC3 G102 observations easily produce thousands of extractions, where some objects have
multiple emission line maps. Previously, grism extractions have been inspected by eye for mor-
phological classification, artifact contamination, and poor modeling, which can be a cumbersome
task for even small observation programs. However, these images contain critical information and
should be inspected for basic quality metrics at a minimum, particularly if poor modeling or an
artifact presents as a plausible signal. With this in mind, a convolutional neural network (CNN)
is trained to distinguish between an image that is unusable, diffuse, compact, or noisy. This CNN
is trained on HST grism observations with either 2 or 10-orbit depth to determine if automatic

classification is possible with grism data.
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This work is divided as follows. The datasets used in the study are described in detail in Chapter
2, including stellar mass calculations, photometry corrections, and quality cuts. In Chapter 3, we
present the passive fraction analysis as a function of redshift, stellar mass, and cluster-centric
distance for EDisCS clusters. A comparative field sample is derived from galaxies residing outside
the cluster redshift range (£0.02) within the FOV. This is followed by an excerpt from Cooper
et al. (2021, submitted) in Chapter 4 where we present Ha-based SFRs for select galaxies in the
EDisCS sample. Observations are collected across a range of cluster-centric distances to directly
compare local environment with Hoe emission. In Chapter 5, we present the image classification
neural network study on grism extractions. Finally, in Chapter 6, we present a summary and set
of conclusions derived from the preceding chapters. In Appendix A, the code used to create the
neural network is provided. All magnitudes are given in the AB system and we assume a Chabrier
IMF (Chabrier, 2003). We adopt a ACDM cosmology with Q,, = 0.307, QA = 0.693, and Hy =
67.7 km s~! Mpc_1 (Planck Collaboration et al., 2016).

1.9 Commonly Used Terminology

The following terminology and acronyms are frequently used in the subsequent chapters and are

defined for clarity here.

CNN: Abbreviation for Convolutional Neural Network. More discussion on this topic is in

Chapter 5.

Ho: Abbreviation for the hydrogen-alpha Balmer series emission line. This can be utilized

as a star-formation rate tracer.

Local Environment: This refers to the immediate environment of a galaxy, namely the

density.

* Quenching: The process in which a gas reservoir is depleted from a galaxy. This can be ei-

ther intrinsic, which is dependent upon individual galaxy characteristics, or extrinsic, which
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is dependent upon external factors and interactions such as with the local environment.
* SFR: Abbreviation for star-formation rate.

* fussive: Abbreviation for passive fraction, which is the number of UVJ-passive galaxies

divided by the total number of galaxies. This is discussed in more detail in Chapter 3.

* Rygo: Term for the radius of the cluster within which the density is 200 the critical density

of the Universe. Also referred to as the virial radius.
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Chapter 2

Characteristics of the Sample

Abstract

In this chapter, the EDisCS photometric and spectroscopic datasets that established this clus-
ter sample are briefly discussed in Section 2.2. The subsequent wide field survey that defined
cluster membership out to multiple virial radii is presented in Section 2.3. The methodology
for stellar mass calculations are detailed in Section 2.4, along with photometric corrections.

The environmental definitions of core, infall and field are detailed in Section 2.5.

2.1 Introduction

The ESO Distant Cluster Survey (EDisCS; White et al. 2005) is an ESO Large Program derived
from the optically brightest objects of the Las Campaiias Distant Cluster Survey (Gonzalez et al.,
2001) and comprises 20 clusters within 0.4 < z < 0.8. The velocity dispersion (0;) of these
clusters ranges from 200 — 1200 km s~! (Halliday et al., 2004; Milvang-Jensen et al., 2008) and is
characteristic of local cluster progenitors due to mid-mass halo sizes (Milvang-Jensen et al., 2008).
The main goal of EDisCS is to examine the evolution of cluster populations over a large span of

cosmic time and compare results with respect to halo mass and local cluster populations.

2.2 Photometric and Spectroscopic Observations of the Cluster Cores

The EDisCS Collaboration utilized various ground-based telescopes to clearly identify member-

ship and determine individual galaxy properties in each of the 20 clusters. The core regions, which
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are typically on the order of 0.5 — 2 Mpc across, are defined as the area within the virial radius and
typically include the BCG. For EDisCS, the cores have been extensively studied with deep optical
imaging and spectroscopy on VLT (White et al., 2005; Halliday et al., 2004; Milvang-Jensen et al.,
2008; Vulcani et al., 2012) and near-IR observations on the New Technology Telescope (White
et al., 2005; Rudnick et al., 2009) which has allowed further EDisCS studies such as brightest clus-
ter galaxy identification (White et al., 2005; Whiley et al., 2008), morphologies (Desai et al., 2007;
Simard et al., 2009; Vulcani et al., 2011b,a), fundamental-plane parameters (Saglia et al., 2010),
red-sequence identification (De Lucia et al., 2004), weak lensing (Clowe et al., 2006), 24 tm MIPS
SFRs (Finn et al., 2010) and [OII] SFRs (Poggianti et al., 2006, 2009; Vulcani et al., 2010). Clus-
ter cores are dense regions that are attractive for studying cluster properties and are well-suited
for observations due to high contrast with the background and density of objects within a given
FOV. However, physical processes affecting the evolution of a galaxy appear to occur as these
sources enter a cluster environment and thus the cores likely only provide information on their
fate. This is reinforced through observations that the cores typically include a higher fraction of
massive red disk or quiescent galaxies (Dressler, 1980; Bell et al., 2004; Kauffmann et al., 2004;
Erfanianfar et al., 2016). A spatially-expanded view of clusters is required to gather information on
environmentally-driven quenching mechanisms across a representative sample of galaxies within
a cluster.

Imaging of the cores was completed in 6.5 x 6.5’ fields of view to sufficiently cover numerous
galaxies within the virial radius with either the VLT or NTT. Low redshift (< 0.5) EDisCS clusters
have photometry in the BVIK bands, while the high redshift clusters (> 0.5) are imaged in VRIJK.
Spectroscopic observations were completed with the 600RI+19 grism, which has a wavelength
coverage from 0.53 — 0.9 um (Halliday et al., 2004; Milvang-Jensen et al., 2008).

The following series of photometric quality cuts are applied to catalog to remove stellar arti-
facts and constrain for the limiting magnitude in the I-band. The magnitude limit differs by 0.5

depending on the observation bands for each cluster.
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Local Environment Nyources With Nyources With
Photometric Redshift Spectroscopic Redshift

Cluster Member 4,031 603
Field 16,975 769
Total 21,006 1,372

Table 2.1: From the original EDisCS (White et al., 2005) observations of 60,933 sources, a total
of 21,006 photometric and 1,400 spectroscopic objects remain after the photometric quality cuts.
All 1,372 sources with spectroscopic information have accompanying photometric observations.

wmin > 0.3

Starflag < 1
Liotvik < 24.0
Liotvrik < 24.5

After these cuts are applied to the catalog, ~ 21,000 photometric observations remain, with
~ 25% identified as cluster members. Details are listed in Table 2.1. Details for each of the 16
clusters in the EDisCS core sample including the virial mass, infall radius, velocity dispersion and
imaging are listed in Table 2.3 (Just et al., 2019). This dataset is referred to as the EDisCS VLT

core sample.

2.3 Wide Field Catalog of EDisCS Clusters

Galaxy clusters extend far beyond their cores and virial radii, and in order to achieve a more in-
formed understanding of the role of environment on galaxy evolution, it is important to extend
analyses to projected radii greater than Rygg. This is a challenging task, as the reduced density

of the cluster density profile results in a decreased contrast with the foreground and background
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(Newman et al., 2013). Large and wide-field spectroscopic studies are required to conclusively es-
tablish membership in these regions, and since such programs are challenging, there are few studies
of cluster outskirts beyond the local universe (Geach et al., 2006; Patel et al., 2009b; Dressler et al.,
2013; Spérone-Longin et al., 2020). After thoroughly characterizing the cores of EDisCS clusters,
a ground-based spectroscopic survey using the LDP aimed to extend observations beyond the cen-
tral cluster core regions. The spectroscopic observations were completed with the Low-Dispersion
Prism (LDP) on the Inamori-Magellan Areal Camera and Spectrograph (IMACS; (Bigelow et al.,
1998; Dressler et al., 2006) on the 6.5m Magellan Baade telescope. These observations produced a
deep catalog of 25,000 redshifts with an accuracy of ¢ =0.007 and a high spectroscopic complete-
ness up to Rayro < 23.3 (Just et al., 2019). A set of observed BVRIzK; measured colors and mag-
nitudes are available from photometric observations, where VRI were observed with the Wide Field
Imager (WFI) on the 2.2m Max Planck Gesellschaft/European Southern Observatory (MPG/ESO)
telescope (Baade et al., 1999), while Bz were completed on the MOSAIC instrument on the Cerro
Tololo Inter-American Observatory (CTIO) Blanco or Mayall 4-meter telescope. Image reduction
techniques and determination of cluster properties such as the infall radius and velocity dispersion
are described in more detail in Just et al. (2019). This survey forms the basis of the studies in
this thesis and hereafter, is referred to as the ‘LDP survey’. The following paragraphs describe the
quality metrics applied to the full catalog to determine a suitable sample for the studies described
in Chapters 3 and 4.

In the combined spectroscopic and photometric catalog produced from the LDP survey, there
are more than 385,000 objects. ~40,000 have a spectroscopic ‘LDP’ redshift and 287,000 have a
photometric value derived from EAZY (Brammer et al., 2008). Photometric catalogs are derived
from SourceExtractor (Bertin & Arnouts, 1996), with the R-band image serving as the detec-
tion map. The following photometric quality metrics are applied to the catalog, where wK is the
normalized weight in the Ki-band image, sexflagR is the SourceExtractor photometry flag in the
R-band image, classStarR is the SourceExtractor star classification in the R-band image and {B1

is the flux pJy in the B-band from a 1" aperture. The latter cut ensures that the source is detected
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Local Environment Nyources With Nyources With
Photometric Redshift Spectroscopic Redshift

Cluster Member 3,069 1,153
Field 45,431 17,140
Total 48,500 18,293

Table 2.2: From the original 385,000 source catalog, a total of 48,912 objects remain following
both spectroscopic and photometric quality cuts. This table lists the numbers for sources with a
photometric or spectroscopic redshift in either the cluster or field. Nearly all spectroscopic sources
have photometric counterparts, where those without are likely too faint to be detected in the LDP
survey.

and is not a partial or missing observation due to the image edge.

wK > 0.3

sexflagR =0

classStarR < 0.97

fB1> -5

fBlerror >0

This results in a subsample of ~122,000 objects with an available photometric or spectroscopic
redshift. The magnitude-limited completeness is up to mg < 23.3, which leaves a sample of 48,912
objects. This limit is determined through the differential number of sources detected in R-band per
magnitude bin and is described in more detail in Just et al. (2019). Table 2.2 describes the num-
ber of sources per redshift type and dependent upon local environment, where a cluster member
has a z within 0.02 of z.,.-. Each of the clusters from the catalog are listed in Table 2.3 with
their respective redshift, velocity dispersion, virial radius, enclosed virial mass, and the available

imaging.
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2.3.1 Photometric Corrections

As described in Just et al. (2019), there were multiple calibration challenges with the wide-field
photometry that we use in this work, especially with the WFI photometry, which was not taken
under photometric conditions. The WFI photometry in Just et al. (2019) was calibrated to the
EDisCS core photometry and a subsequent calibration step was applied to minimize the residuals
of photometric vs. spectroscopic redshifts. Despite this, the calibration has produced reasonably
good photometric redshifts and it later became apparent that the rest-frame UV J colors had ad-
ditional calibration issues, likely resulting from a non-trivial by-product of the multiple zeropoint
calibration steps that we undertook in Just et al. (2019). While the UV J colors for each cluster
had a clear quiescent clump and SF sequence, they were each systematically shifted with respect
to each other, and to the quiescent clump as defined from the well-calibrated EDisCS photometry
on the cluster cores.

We therefore undertook an additional calibration step in which we used the median colors of
quiescent galaxies in the wide-field sample and shifted the U — V and V — J colors such that this
clump matched the median UV J colors of the spectroscopically confirmed galaxies from EDisCS
that had no emission lines in their spectra. Although calculated for just the quiescent galaxies,
these shifts were applied to all galaxies on a cluster-by-cluster basis. These shifts were < 0.2 in
color but resulted in all of our fields having well matched UV J sequences. This gives us the ability
to robustly separate galaxies in different regions of UV J space. The adjustment to the colors was
also important for our use of the U — V color to compute stellar mass to light ratios and stellar
masses. In practice, the correction was mostly applied to the rest-frame V-band magnitude. The
rest-frame U-band magnitude was derived from well-calibrated B-band observations and the J-
band magnitude was calibrated well to the 2MASS photometry. The V magnitude was more tied
to the problematic WFI photometry due to it being taken in unphotometric conditions and large

effective seeing.
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2.4 Stellar Mass Derivation & Comparison

The stellar masses for the LDP sample were originally calculated from B-band mass-to-light ratios
in Just et al. (2019). However, we have since determined that the rest-frame colors required an
adjustment and thus, also affected the observed V-band flux. Stellar masses are then recalculated
using Equation 2.1 relating the rest-frame U — V color and the mass-to-light ratio in V-band, which
is based on Taylor et al. (2011). The mass-completeness limit is derived from a subset of the
highest redshift galaxies in clusters (~ 0.7 — 0.8) and at one magnitude brighter than the limit of
= 23.3. These galaxies are then ’faded’ to the magnitude limit and the stellar masses are reduced
by the same factor, which results in a mass-complete value. This value is > 10106 M, /M, which
assumes that the mass-to-light ratio of the brightest galaxies is the same as those near the R-band
magnitude limit. SED-fitting for our data is not utilized here due to unreliable photometry on the
observed flux values that requires numerous corrections, so stellar masses cannot be determined
with this method. However, we are able to correct the colors (e.g. U — V) as we have previously
calculated these in the EDisCS cores. Therefore, stellar masses derived from U — V are comparable

to the EDisCS core stellar masses.

LogioM, = 0.998 x (U —V) —1.272+ LogoLy 2.1

Here, LogoLy = L0g10(47erD%/L@V(1 + z)) and fy is the flux in V-band, Dy, is the distance
luminosity, and Lqy is the luminosity of the sun in V-band. While the U — V colors derived from
EAZY do not give errors on the individual magnitudes, we can assume there are systematic errors
from the photometric shifts as well as variations from dust extinction and star formation histories
that could result in a scatter of 0.3 dex. For example, a 0.1 shift in U — V changes the stellar mass
by 0.1 since this equation is a linear relation.

Similarly for the EDisCS core sample, stellar masses were initially derived assuming a Kroupa

IMF (Kroupa, 2001) using a B — V mass-to-light ratio (Bell et al., 2003). Although these stellar
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Figure 2.1: This figure compares the two stellar mass derivations with B - V and U - V for the
EDisCS core observations. Both the core and field galaxies align on a 1-to-1 line, indicating that
the new U - V are reliable.

masses are considered robust, we recalculate them using Equation 2.1 for continuity. A comparison
of the two mass calculations is shown in Figure 2.1. Both the core and field galaxies align well
when comparing methods and result in 4= 0.6 dex scatter. This reinforces the usage of the U —
V-derived stellar masses in both samples. The turnoff at the high mass end in U — V is likely due to
dustier and subsequently redder galaxies, while the low mass end with elevated B — V could be due

to starburst events. The mass-completeness limit for the EDisCS core sample is > 10°% M, /M.

2.5 Environmental Definitions

Within this thesis, environmental definitions are the crux of analysis and conclusions with which

comparisons of local density can be made. The following sections describe the cluster core, infall
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Cluster ID R.A. Dec. z (0] R200 Moo Imaging
(1) (2) 3) @ O (6) (7) )

Cl1018.8-1211  10:18:47 -12:11:53 04734 486%2;  0.9370]) 15375814 VRIK
C11037.9-1243  10:37:51 -12:43:27 0.5783 31973  0.5870 4.067%3(13) BVRIZK
Cl11040.7-1155  10:40:40 -11:56:04 0.7043 41812  0.70700s 8.4773%(13) BVRIZK
Cl1054.4-1146  10:54:25 -11:46:20 0.6972 589778 0.9970-13 2.387)%8(14) BVRIZK
Cl1054.7-1245  10:54:44 -12:45:52 0.7498 5047.0°  0.82701% 1.447)75(14) BVRIZK
C11059.2-1253%  10:59:07 -12:53:15 04564 510732  0.99701Y 1.7870%(14) VRIK
C11103.7-12452% 11:03:35 -12:46:46 0.6261 336735  0.597005 4.6171:92(13) BVRI
Cl1138.2-1133  11:38:10 -11:33:38 04796 732772 140701 5.2071%(14) BVRIK
Cl1202.7-1224%F  12:02:43 -12:24:30 0.424 51817, 1.07 BVIK
Cl1216.8-1201  12:16:45 -12:01:18 0.7943 1018773 1.617013 1.167537(15) BVRIK
Cl1227.9-1138  12:27:59 -11:35:13 0.6357 574772 1.007013 2.29707(14) BVRIK
Cl1232.5-1250  12:32:31 -12:50:36  0.5414  108074° 1.9970%2  1.617037(15) VRIzK
Cl1301.7-1139  13:01:40 -11:39:23 0.4828 687'52 1317518 4.2971-73(14) VRIK
Cl1353.0-1137  13:53:02 -11:37:28 0.5882 6661135 1.197022 3.67721%(14) VRIK
Cl1354.2-1230  13:54:10 -12:31:01 0.762 648%1%>  1.05701F 3.05770(14) BVRIZK
Cl1411.1-1148  14:11:05 -11:48:29 0.5195 7107}%  1.337023 4.63727%(14) VRIK
Cl1420.3-1236%  14:20:20 -12:36:30 0.4962 21818 0417005 1367577 (13) VRIK

Table 2.3: Cluster information from Just et al. (2019): 1. Cluster name. 2. J2000 right ascension
(hours). 3. J2000 Declination (deg). 4. Cluster redshift (Halliday et al., 2004; Milvang-Jensen
et al., 2008)). 5. Cluster velocity dispersion in km sl (Halliday et al., 2004; Milvang-Jensen et al.,
2008). 6. Cluster virial radius in Mpc. 7. Cluster virial mass in units of M. with power of ten
in parentheses (using Equation 10 of Finn et al. 2005). 8. Wide-field imaging bands observed in
each field. Rows containing a * at the end of the Cluster ID only have EDisCS core data (White
et al., 2005) and do not have observations from the LDP survey included in this study. This is
due to unreliable photometry as discussed in Just et al. (2019). However, each cluster listed here
has coverage within the cluster core from White et al. (2005). The 1 with C11202-1223 indicates
that this cluster is included in the EDisCS core sample, but is not in the LDP survey due to time
restrictions. ¢ and Ry information is from Vulcani et al. (2013).
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region and field as defined in EDisCS and the LDP survey.

2.5.1 Cluster Core

The core regions, which are typically on the order of 0.5 — 2 Mpc across, are defined as the area
within the virial radius and can include the BCG. For EDisCS, the cores have been extensively stud-
ied with deep optical imaging and spectroscopy on VLT (White et al., 2005; Halliday et al., 2004;
Milvang-Jensen et al., 2008; Vulcani et al., 2012) and near-IR observations on the New Technol-
ogy Telescope (White et al., 2005; Rudnick et al., 2009) which has allowed further EDisCS studies
such as brightest cluster galaxy identification (White et al., 2005; Whiley et al., 2008), morpholo-
gies (Desai et al., 2007; Simard et al., 2009; Vulcani et al., 2011b,a), fundamental-plane parameters
(Saglia et al., 2010), red-sequence identification (De Lucia et al., 2004), weak lensing (Clowe et al.,
2006), 24um MIPS SFRs (Finn et al., 2010) and [OII] SFRs (Poggianti et al., 2006, 2009; Vulcani
et al., 2010). Cluster cores are dense regions that are attractive for studying cluster properties and
are well-suited for observations due to high contrast with the background and density of objects
within a given FOV. However, physical processes affecting the evolution of a galaxy appear to
occur as these sources enter a cluster environment and thus the cores likely only provide informa-
tion on their fate. This is reinforced through observations that the cores typically include a higher
fraction of massive red disk or quiescent galaxies (Dressler, 1980; Bell et al., 2004; Kauffmann
et al., 2004; Erfanianfar et al., 2016). A spatially-expanded view of clusters is required to gather
information on environmentally-driven quenching mechanisms across a representative sample of

galaxies within a cluster.

2.5.2 Infall Region

Galaxy clusters extend far beyond their cores and virial radii, and in order to achieve a more in-
formed understanding of the role of environment on galaxy evolution, it is important to extend
analyses to projected radii greater than R»oo. This is a challenging task, as the reduced density

of the cluster density profile results in a decreased contrast with the foreground and background
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(Newman et al., 2013). Large and wide-field spectroscopic studies are required to conclusively es-
tablish membership in these regions, and since such programs are challenging, there are few studies
of cluster outskirts beyond the local universe (Geach et al., 2006; Patel et al., 2009b; Dressler et al.,
2013; Spérone-Longin et al., 2020). EDisCS observations beyond the central cluster core region
include wide-field imaging with MIPS (~ 50’ x 20’ FOV; Mann et al. in prep), CO observations
with ALMA (SEEDisCS), (Spérone-Longin et al., 2020) and the Low-Dispersion Prism (LDP; 30’
x 30° FOV) on IMACS/Magellan (Just et al., 2019). This information is crucial towards estab-
lishing cluster membership beyond the central core as in previous EDisCS studies and allows for
targeted follow-up observations of groups or infalling populations.

Just et al. (2019) utilized the theory of secondary infall to identify the infall region of the galaxy
clusters with the equations given in White & Zaritsky (1992). This theory describes how shells of
mass evolve with redshift when centered on a cosmic perturbation; shells that are contained within
a critical mass will eventually follow a gravitational collapse and become bound. The outermost
boundary of the mass shell that experiences collapse at the cluster redshift is defined as the infall
radius.

An illustration of the intracluster environmental definitions is shown in Figure 2.2. A distribu-
tion of the LDP cluster member sample as a function of radius is shown in Figure 2.3. There are a
significant number of galaxies with cluster-centric distances > ~Rjqp, which extends beyond the
virial radius. This reinforces the importance of expanding observations beyond the core region to
produce a more representative sample of the cluster environment. The power of the LDP survey is

shown through cluster membership identification out to 7R, in some clusters (Just et al., 2019).

2.5.3 Field Sample

A field sample, which is assumed to occupy a less dense and interactive region of the universe, is
established in order to form a comparison set of galaxies in an effort to constrain environmental
effects from the cosmic web. Nearly % of all galaxies in the universe reside in the field and have

been the subject of many surveys such as 3DHST (Momcheva et al., 2016) and CANDELS (Grogin
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gion encompassed within this area is defined as the core. Outside of the virial radius is the infall
region.
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Figure 2.3: The distribution of cluster members as a function of Rygp. The full sample is shown as
the grey dash while the mass-complete sample is in purple. The virial radius distance is demon-
strated by the vertical dashed line. The LDP survey includes cluster membership to a max of

etal., 2011). In this study, HST-observed galaxies within each pointing FOV in the range of 0.4 <

z < 0.9 that lie outside £ 0.02 of each cluster redshift are considered to be in the field.

2.6 Sample Overview

This thesis makes use of two separate surveys covering the EDisCS clusters. In total, 13 clusters
have wide field observations (LDP), while 16 only cover the core region (EDisCS Core). Between
the 2 surveys, there is an overlap of 805 galaxies. Obtained fluxes in the photometric portion
of each survey can be converted into rest-frame U — V and V — J colors with EAZY (Brammer
et al., 2008)!. This is completed through a convolution of the best-fit EAZY spectral templates
with Johnson U, V and 2MASS J-band filters. This allows for a color-color selection technique
with the Williams et al. (2009) lines described in Section 1.5 to determine if a galaxy is quiescent

or star-forming. The entire mass-complete sample mass distribution with median values for each

Thttps://github.com/gbrammer/eazy-photoz
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environment shown as vertical lines and a UVJ diagram are shown in Figure 2.4 for both the
EDisCS Core and LDP surveys. The UVJ diagram on the right has the Williams et al. (2009)
cuts as listed in Section 1.5. Additionally, our sample does not have many dusty galaxies, which
explains the vertical signature in V — J. This trend is also observed in the ULTRAVISTA datasets
(Muzzin et al., 2013). Notably, many of the LDP cluster core and infall galaxies are located in the
passive region of the UVJ diagram. K-S 2-sample tests for the LDP survey between the core-infall,
core-field and infall-field have statistics of 0.17, 0.08, 0.14 and p-values of 0.16, 0.85, and 0.003.
While the core-infall and core-field samples are likely from the same distribution, the very low
p-value from the infall-field indicates these samples are statistically different.

Figures 2.5 and 2.6 show a 3-panel overview of each cluster for the EDisCS core and LDP
observations, respectively. The left panel is a spatial RA/Dec view of the cluster, where filled
colored dots represent a cluster member galaxy with stellar mass > 10%8M, for the EDisCS core
or 10'%6M, for the LDP survey that is quiescent (red) or star-forming (purple) as determined from
the UVJ diagram in the middle panel. Open colored dots represent cluster members below the mass
completeness limit. Grey dots are sources that have a spectroscopic redshift in the field and the
orange circle is the virial radius. In the UVJ diagram, mass-complete galaxies in the field are purple
stars and cluster members are green circles. The black lines designate the boundaries between
quiescent and star-forming, as described in Section 1.5 from Williams et al. (2009). Distributions
of the masses by environment are shown in the left column. The mass-complete samples in each

cluster are predominantly in the passive clump, which will be discussed more in depth in Chapter

3.
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Figure 2.5: (Left) The RA and Dec FOV for each cluster in the EDisCS core survey, where every-
thing with a redshift is a grey dot. Cluster members are circles that are either red for UVJ-passive
or blue for star-forming. Filled circles represent mass-complete cluster members. The orange oval
represents Rpoo around the brightest cluster galaxy; some clusters do not show this due to the FOV
being within Ryg9. A majority of these observations cover Ryog within each cluster. (Center) UVJ
color-color diagrams for the mass-complete cluster members at all radii (green circle) and field
galaxies (purple stars) with the Williams et al. (2009) definitions for passive (upper left) and star-
forming regions. (Right) The stellar mass distributions and median values for cluster (green) and
field (purple) galaxies.

36



Cl1018.8—1211 z cluster = 0.4734

] o : @ Cluster members
=y ] r4 225 14 | * Field galaxies
-12.0 4 . |
Foie, ue 8. 308 1
v 200 2 !
. y !
121
175 . !
1
v 150 . |
L 122 = !
(=] 125
3
100
123
4
0.75
, § 5
124 050 . _
025 . . . . . 0 . . .
05 00 05 10 15 20 25 106 108 1m0 12 14
V-] logM=/Mg
Cl1037.9-1243 z cluster = 0.5783
125 : ® Cluster members
* 14 1 *  Field galaxies
1
1
126 12 !
1
10
-127
el
@ = 8
(=)
-128
3
-129 4
2
-13.0
T T T T T T 0.25 T T T T T o T T
1592 1593 1594 1595 1596 1597 05 00 05 10 15 20 25 106 108 ) 12 14
RA V-] logM=/Mg
Mpc
-4 -2 0 2 4 Cl1040.7—1155 z cluster = 0.7043
117 5 @ Cluster members
*  Field galaxies
118 o
-119 15
8 2
(=)
-12.0 10
-121 5
. : ath g i - -
122 12 oL = p- 1"
1600 1601 1602 1603 1604 o5 0o 05 10 15 20 25 106 108 110 112 114 116 118 120 122
RA V-] logM=/Mg
200 @ Cluster members
+ Field galaxies
-116 175
150
117
125
8 =
100
0 118
75
-119 50
25
-120
0.0 .

37

woe 1wz 14 1

logM+/Mg




Dec

Dec

Dec

Dec

-4 -2 o 2 4 6 250 Cl1054.7-1245 z cluster = 0.7498
-128 ) @ Cluster members
14 + Field galaxies
-127 1z
10
-128 = 8
&
-12.8
4 =1
11
-13.0 Hlr= !
1 L=
1 1
o T T T T T T T
163 4 106 W8 10 112 14 16 18 120
logM«/Mg
-11.3
@  Cluster members
14 = Field galaxies
-114
12
-115 10
= 8
-11.6 6
4
-117
1
2
1
-118 0 1 T T T T T |I T
106 107 108 109% 110 111 112 113 114
logM«/Mg
14 : @ Cluster members
1 * Field galaxies
-118 1
12 1
1
1
10
-12.0
]
=2
-121 6
4
-122
r
2
| 1
=ilrr =
-123 025 oLl Ll 1l M
T T T T T T T T T T T 1 T T T T y
184.0 1841 184.2 1843 1844 =05 oo 05 10 15 20 25 106 108 10 12 114 16 118 120
RA V-] logM-+/Mg
Mpc
-4 -2 0 2 4 &
250
SRt ) re @ Cluster members
=114 g Y Rl .y o 2325 - +* Field galaxies
r4 200
-11.5
175
r2
> 150
-116 a2~
= o1
117 |, 100
075
118 ¢ el M 5 47 [ 050
. . y -
. ‘ . . ‘ 025 . . . . . N Bl | :
186.7 186.8 186.9 187.0 187.1 187.2 -0.5 0.0 05 10 15 20 25 . 1o 1mz 14 1.6
RA V-] logM=/M¢g

38



=127

-12.8

Dec

-12.9

-13.0

-13.1

-114

-115

-116

Dec

=117

-11.8

-114

-115

-116

Dec

-117
-11.8

-11.9

123
124
§ 125
(=)
-126

-127

RA
Mpc
-6 -4 -2 0 2 6
@
[] %0 o.
Jel
»
. =]
@
@
&
° ]
(GEN] R )
08 ., % v .y o
. P! (5} ’ o @
o CRET REPAEL S
Y ®
? ©°.@ 3 o
oL 8; %, °
o6 - ¢ W AR |
. "5
<)
&

RA
Mpc
-6 —4 -2 0 2 4 6
o
@
o,
L4
081 2082 2083 2084 2085
Mpc
- -4 -2 ] 2 )
-,
Lo . »
[} ] '
@ ': » -

e AR L v
000, - o
TR <

L. % A O %
i Y
8 2 4
B

284 2085 2086 2087

RA

Cl1232.5—-1250 z cluster = 0.5414

T
15

95 0o 10 20 25
V-]
025 , e . .
05 0o 05 10 15 20 25
V-]

T
15

00 05 10 YR
V-]

—05 00 05 10 15 20 25
V-]

39

16 : @ Cluster members
ml +  Field galaxies
1
14 H
I
1
1z i
1
1
10 |
1
1
8 1
r= !
6 1 : |
1 1 H
4 — =] :
] [
21! (]
1
o ! T y T T
106 108 no mz 114
logM+/Mg
: @ Cluster members
12 1 * Field galaxies
1
1
[}
10 1
1
1
I
8 1
1
6 r T H
1
1 !
4 | b=y h
Ll
1 [}
2 1 1
! i
] 1 T 1 . = T
106 08 e 1nz n4 16
logM+«/Mg
: @ Cluster members
16 1 * Field galaxies
1
1
14 I
1
12
10
8
1
I
6 1
1
1
4 1
[}
2 I—I :r'|
- r# = —_
L.l ! .l 1 T T
106 108 no 12 n4 16
logM+«/Mg
@ Cluster members
*  Field galaxies
]
1
1
& 1
1
1
1
4 i
1
1
1
]
2 ~
ki
—_———— -1
1
ol HL . —LL ‘I ?
106 10.8 1o 1.2 1.4 1.6 e
logM-«/M



% -4 -2 0 2 4 6 . Cl1411.1-1148 z cluster = 0.5195
-116 o . & @ Cluster members
go *  Field galaxies
o & <] ®
] @ - e O 5 5
-11.7 - o S A Y & 1
r . a
a8 : !
e : :
-11.8 1
U 5 ® e . 1
Q = 1
s} o o? 3 I
] ® 1
-119 & ' 5 ]
) ' Pe
o 2 re - -=
075 ! i i
120 o & e _a [ :
e 050 v
- ' P
-12.1 025 ol L LI
10

2126 2127 212.8 212.9 213.0 -0.5 0.0 05 10 15 20 25 106

Figure 2.6: (Left) The RA and Dec FOV for each LDP cluster, where everything with an LDP
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for the mass-complete cluster members at all radii (green circle) and field galaxies (purple stars)
with the Williams et al. (2009) definitions for passive (upper left) and star-forming regions. (Right)
The stellar mass distributions and median values for cluster (green) and field (purple) galaxies.
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Chapter 3

EDisCS Quiescent Fraction - Investigating the Evolutionary

Transition

Abstract

This chapter presents an overview of the passive galaxy population of the EDisCS clusters.
First, in Section 3.1, we introduce the passive fraction and correction for interlopers. In
Section 3.2, we present the results for the passive fraction in the core, infall region, and field
environments in relation to redshift, stellar mass and cluster-centric distance. In Section 3.3,
we discuss the results, implications for the role of environment on galaxy evolution, and

future work.

3.1 EDisCS Passive Fraction

The datasets described in Chapter 2 represent the basis of this work, which will combine results
from both the original EDisCS (White et al., 2005) and more recent wide field observations in Just
et al. (2019). In both surveys a distance of R/Rygg < 1 is defined as the cluster core and beyond
this is considered the infall region. The role of environment on the passive fraction is investigated
on a intracluster scale for a range of available comparisons to the field. Additionally, only galaxies
above the respective mass-complete value are considered. From the EDisCS core survey, there
are 2,505 cluster members with LogM, > 9.8. After applying the quality and magnitude-limit
cuts, there are 2,090 galaxies in the LDP survey with LogM, > 10.6, of which 220 are cluster

members. Field samples accompany each dataset that are limited to 0.2 from the cluster redshift.
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Figure 3.1: The interloper fraction, f;,;, as a function of stellar mass. The spectroscopic sample
has a shallower mass-completeness level (LogM.,. /M, > 10.4) than the photometric sample, so the
interloper fraction is extrapolated to cover those mass bins. Note that there were no identified in-
terlopers in the LogM.,. /M 11.0 — 11.2 mass bin, however, an average of the fj,, from LogM, /M,
> 11.0 is used.

This analysis divides results into two redshift bins: a low (0.4 < z < 0.6) and high (0.6 < z <
0.8) sample to search for temporal evolution of the passive fraction. All shown error bars are a 1o
Wilson binomial confidence interval.

The passive fraction, fyussive, 1S simply derived as the number of passive galaxies divided by
the total number of galaxies. However, with the photometric core sample in White et al. (2005),
there is a significant amount of interlopers potentially masquerading as cluster core members that
must be accounted for, as discussed in Pell6 et al. (2009). A spectroscopically observed field
galaxy that is classified as a cluster member in the photometric sample is defined as an interloper
because a spectroscopic redshift supersedes a photometric one; the relative proportion of galaxies
falling into this category, called the interloper fraction fj,,, are examined as a function of stellar
mass in Figure 3.1. While spectroscopic coverage is ~1% of the total photometric sample, fj,;
can be extrapolated out to the entire photometric catalog. The mass-completeness limit for the
spectroscopic sample is LogM,. /M, > 10.4, so the f;,, is approximated to the lower photometric
mass-completeness limit of LogM,/M: > 9.8 by averaging all points of f;,,, at stellar masses
LogM, /M < 11.0.

Seeing as the field typically has a lower fugsive, this indicates that star-forming galaxies could
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be contaminating the core fjussive. In order to approximate the true fjqsive Of the cluster core,
the fraction of interlopers x the photometric field passive fraction are removed from the passive
fraction of the spectroscopic and photometric-only core members (Equation 3.1). The numerator
terms are restricted to passive galaxies while the denominator includes all galaxies, regardless of
UV classification. This equation is calculated in stellar mass bins of 0.4 dex due to the dependence

of f)4s5ive ON Mass.

Npassive,spectroscopic,core + Npassivemhotomtetric,core - finl X Npassivemhotometric7field

fpassive,core =
Nspectroscopic,core +N, photomtetric,core — fint XN, photometric,core

3.1

The first terms in the numerator and denominator are cluster member observations with spec-
troscopic redshifts. The 2nd terms following this are cluster member photometric observations that
do not have a spectroscopic counterpart. Finally, the 3rd terms are field photometric observations
that do not have a spectroscopic counterpart. The field f)4ssive in Equation 3.2 is only the first two
terms of the equation for the core above in 3.1 because we assume the fraction of cluster members

in the field is << than f;;.

Npassive,spectroscopic,field + Npassive,photomtetric,field

fpassive,field = 3.2)

Nspectroscopic,field + Nphotomtetric,field

3.1.1 Passive v. Star-forming Galaxies

The bimodal population distribution of galaxies identified as either blue star-forming or quiescent
red galaxies is well-established in the literature (Blanton et al., 2003; Kauffmann et al., 2003;
Baldry et al., 2004; Brinchmann et al., 2004b; Davies et al., 2019). The straightforward binary
classification scheme in Williams et al. (2009) utilizing rest-frame U — V and V — J colors has

become a widely utilized metric to separate two distinct galaxy populations in the Universe as
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either the passive clump or red sequence and the blue star-forming track. These definitions are
presented in Section 1.4, where the upper left-hand portion of the diagram contains the quiescent
population and those galaxies residing outside of these boundaries are star-forming. Rest-frame
UVJ colors are available for each of the EDisCS clusters out to several virial radii (Just et al.,
2019). Rest-frame V-band (551 nm) photometry is derived from observations on the Wide Field
Imager, but the rest-frame U-band (365 nm) required extrapolation from B-band (Just et al. 2019)
for low-z clusters, while the J-band (1220 nm) photometry is derived from an interpolation of the
K-band (2190 nm). The rest-frame UVJ colors calculated from Just et al. (2019) require a shift for
the passive sequence to align with passive clump identified in the deep EDisCS core data. This
is done on a cluster-by-cluster basis, which results in different shifts for each cluster. While the
shifts are minor (<0.2 in color), this is necessary to correctly compute stellar masses (Section 2.4)
and identify quiescent or star-forming members. Additionally, the offset in U — V is applied to the
rest-frame V flux because the U-band is assumed to be without error, which directly affects the

stellar masses (see Section 2.3.1 for a discussion on photometry issues and calibration).

3.2 Results

3.2.1 f,4ive vS. Redshift

We present the results for the LDP EDisCS passive fraction in two intracluster environments as
a function of stellar mass and cluster-centric distance. In Figure 3.2, the {4 for each cluster
in the LDP survey is compared to the field galaxies in a low and high-z bin. A gradual trend
from high to low-z towards a fgive ~1 demonstrates the buildup of passive galaxies within the
Universe over a several billion year timescale. At low-z, a majority of the clusters have elevated
fpassive When compared to the field, but this trend is less apparent at high-z. A Spearman Rank
coefficient and p-value for the clusters (-0.75, 0.03) confirm this inverse relationship, while the
field (-0.48, 0.09) is less correlated. In this comparison, it is evident that the clusters are evolving

more rapidly than the field.
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Figure 3.2: The passive fraction vs. redshift for each of the LDP EDisCS clusters. Cluster members
are shown as green circles and the field (outside +0.02 of z.;,5.,) as a purple dashed line with the
shaded region corresponding to a 10 binomial error. The buildup of passive galaxies is evident
with the increased passive fraction at lower redshifts. The cluster members include all galaxies
within the FOV for the cluster.

Figure 3.3 is the same comparison as above, but divides the cluster into separate environments
dependent upon intracluster radius into core and infall region for the LDP sample. Here, several
low-z clusters have core and infall regions solely composed of mass-complete quiescent members,
which is also evident in the RA/Dec spatial plot in Figure 2.6. These same clusters also have
systematically higher infall f,ive values than in the field, which may indicate the presence of
various quenching processes between environments. The following sections will explore the f),4ggive
in relation to stellar mass and intracluster redshift in order to constrain which quenching processes

could be contributing to these results.

3.2.2  f,u5ive VS. Stellar Mass

Here, we present the relation for f),4ive vs. stellar mass for both the EDisCS VLT core and the
LDP survey. First, the f)ive for the EDisCS core is shown in Figure 3.4, with a comparison to
the Planck (0.5 < z < 0.7; van der Burg et al. 2018) and GLASS (0.3 < z < 0.6; Morishita et al.
2017 clusters. A field comparison is presented from EDisCS, Planck (van der Burg et al., 2018)
(0.5 <z < 0.7) and ULTRAVISTA (Muzzin et al., 2013) ( 0.5 < z < 1.0). The redshift range for
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Figure 3.3: The passive fraction vs. redshift for each of the LDP EDisCS clusters, but separated by
the internal cluster environment. Cluster core members are shown as green circles, cluster infall
members as blue triangles, and the field (outside £ 0.02 of z.;,.,) as a purple dashed line with the
shaded region corresponding to a 10 binomial error. Blue and green points are calculated within
the same bin, but are staggered for ease of interpretation. The buildup of passive galaxies is still
evident with the increased passive fraction at lower redshifts. There isn’t a clear trend of passive
galaxies with intracluster environment, however, for clusters at z < 0.6, all but two of the seven
have infall regions entirely comprised of passive galaxies.

the ULTRAVISTA field is larger than our EDisCS sample and the Planck sample straddles both
z bins. Including galaxies from an earlier epoch in ULTRAVISTA has the potential to lower the
fpassive In this comparison set.

Mass quenching in both the field and core is evident with the positive relation between stellar
mass and f,qve. This spatially-constrained core sample is elevated in respect to both the EDisCS
and ULTRAVISTA field at low-z and at stellar masses LogM.. /M, < 11.4, which suggests environ-
mental quenching. However, a £ difference of ~ 20% exists at the highest stellar mass; this
indicates that all of the most massive cluster galaxies are already quenched, which is likely due to
intrinsic mass quenching. At high-z, the separation of f i . between core and field galaxies initi-
ates at ~ LogM../M: > 10.0, but disappears at masses greater than LogM.. /M, > 11.0. Similarly
to the low-z clusters, nearly all of the most massive cluster galaxies are quenched. Additionally,
there is moderate redshift dependence within the cluster sample with a shift of approximately 20%
in the f4s5ve from high to low-z, which supports the Butcher-Oemler effect (Butcher & Oemler,

1978) and subsequent findings (Balogh et al., 1999; Poggianti et al., 2006; Wagner et al., 2017;
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Figure 3.4: The passive fraction vs. stellar mass for all EDisCS clusters in the VLT sample, where
the cluster five are filled circles and those in the field are shown as open squares. Points encom-
pass the same bin range but are staggered for ease of interpretation. These data only encompass
the cluster cores from White et al. (2005). Galaxies are binned by stellar mass and redshift into a
lower (Left; 0.4 < z < 0.6, red) and higher (Right; 0.6 < z < 0.8, yellow) z bin. A comparison
to the 0.5 < z < 1.0 field fp4g5ive from Muzzin et al. (2013) is shown in grey, the Planck clusters
(0.5 < z < 0.7 van der Burg et al. 2018) as brown circles, and comparison field as open brown
squares, and GLASS clusters (0.3 < z < 0.5 Morishita et al. 2017) as the purple circles. On the
left pane, the black star is positioned as a {44 = 1; from Equation 3.1, it is possible to deter-
mine a {4550 > 1 with the field correction. The f45ive dependency on redshift is apparent with
the EDisCS clusters, with an approximate 20% increase in the fpqsive from high to low-z. In the
low-z bin, only the most massive galaxies have significantly differentiated fqq;ive, indicating that
environmental quenching is not dominant here. Additionally, the core at all z has a lower f4gsive
than the massive Planck and GLASS clusters.

Jian et al., 2018; Pintos-Castro et al., 2019). The EDisCS points are below the two cluster studies
for Planck and GLASS at all redshifts, which are both samples of massive clusters and may pre-
process galaxies more than smaller clusters (De Lucia et al., 2012). However, the EDisCS high-z
field is in good agreement with the Planck field.

The relation for the LDP survey clusters and field is shown in Figure 3.5, with an additional
field sample from ULTRAVISTA (0.5 < z < 1.0; Muzzin et al. 2013). The low-z sample is in
moderate agreement with the Planck and GLASS clusters and is higher than both the LDP and

ULTRAVISTA field samples. The LDP cluster and field f}4ssive at low-z are more separated than
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Figure 3.5: The passive fraction vs. stellar mass for all EDisCS clusters in the LDP sample, where
cluster galaxies are circles and those in the field are shown as open squares. Galaxies are binned
into four stellar masses and by redshift into a lower (0.4 < z < 0.6, red) and higher (0.6 < z <
0.8, yellow) z bin. A comparison to the field 0.5 (< z < 1.0) fj,45ive from Muzzin et al. (2013)
is shown in grey, the Planck clusters van der Burg et al. (2018) as brown circles and comparison
field as open brown squares, and GLASS clusters Morishita et al. (2017) as the purple circles. The
fpassive environmental dependence is much more apparent here, where the low-z bin has a clear and
significant difference from the field.

in the VLT relation, which can indicate the presence of environmental quenching. However, the
high-z bin for the core does not show significant difference from the LDP and ULTRAVISTA field.
However, the LDP cluster and field f}4gve at low-z are more separated than in the VLT relation;
the 2-sample t-test statistic and p-value for cluster and field at low-z are [-0.86, 0.41] for the VLT
sample and [-2.34, 0.06] for the LDP sample, which demonstrates the larger differences in means
(0.86 vs. 2.34). Mass quenching is potentially more evident in the high redshift epoch, as evident
by the steep relation in high-z bin and flat relation in low-z. While the least massive galaxies at
high-z have yet to be quenched, this could be evidence of the Butcher-Oemler effect.

This relation for the LDP survey is then split by intracluster environment into the core and
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infall samples in Figure 3.6, which is made possible by the wide-field survey of EDisCS (Just
et al., 2019). For the core, both redshift regimes are mostly quiescent galaxies and are in good
agreement with the Planck and GLASS cluster sample comparisons. However, the large error
bars on the high-z core make this statistically insignificant for the infall region as the uncertainty
reaches into the shaded field area and overlaps with the LDP field. These large error bars are due
to the low number of mass-complete galaxies at high-z in the core. Both the low and high-z core
relations are only distinguishable from the field at the lowest masses.

For the infall region, the low-z sample is very similar to the core with potential displays of
environmental quenching. A 2-sample t-test between the infall and field at low [-2.22, 0.06] and
high-z [0.52, 0.62] demonstrate the differences at these two epochs. While the low-z LDP infall
region is higher than the LDP field relation, the high-z relations between the infall and field are
indistinguishable, indicating a lack of environmental quenching at this epoch. However, a moderate
Butcher-Oemler effect in the infall region is potentially present.

The EDisCS VLT and LDP core samples are compared in Figure 3.7. The low-z core samples
are in good agreement, while the high-z regime is less clear due to the large error bars from the

LDP sample.

3.2.3 f,uive VS. Cluster-centric Radius

Finally, we present the f}. as a function of cluster radius from the LDP survey, where the
highest bin at 4.5R;g9 encompasses all galaxies beyond this limit. Rygg < 1 is defined as the
cluster core and beyond this distance is the infall region, where the cluster center is dictated as
the BCG coordinates in White et al. (2005). Inspection beyond the cluster core is crucial towards
capturing galaxies as they enter the cluster environment and the robust LDP observations sample
out to multiple virial radii. This allows us to establish the f,ive at multiple points extending
radially out from the cluster center.

In Figure 3.8, we present the {5 Out to SRy for the mass-complete sample in both the

high and low redshift bins. A comparison to Barsanti et al. (2018) local clusters, van der Burg
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Figure 3.6: The passive fraction vs. stellar mass separated by intracluster environment for mass-
complete galaxies in the LDP cluster (circle) and field (open square) samples. The grey band
represents the field sample from Muzzin et al. (2013) (0.5 < z < 1.0) and comparison f e from
cluster studies in Morishita et al. (2017) and van der Burg et al. (2018). (Left) The core sample
fpassive V8. LogM, /M. Nearly all of the galaxies within the virial radius in the low-z sample (red)
are quiescent, which is a contrast from the high-z sample (orange) where the lowest mass galaxies
are 40% star-forming. (Right) The infall LDP sample f4ssive Vs. LogM, /M. The same relation
as on the left, but for galaxies beyond the virial radius in the infall region. While the low-z sample
displays a similar trend to the lower mass core galaxies, the high-z sample has a strong trend of
quiescence with stellar mass. The most massive galaxies are passive in both the core and infall

regions.
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Figure 3.7: The passive fraction vs. stellar mass separated by both of the original EDisCS core
(circles and dashed line; White et al. 2005) and LDP (triangles and solid line; Just et al. 2019)
observations. Orange markers are for the high-z sample while the red is the low-z. The LDP
observations are limited to the virial radius while the VLT sample covers the general central core
area, but is approximately one magnitude deeper in photometric completeness. The low-z clusters
have similar f),4gsive at all masses, but the high-z sample is less clear.
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Figure 3.8: The passive fraction vs. cluster-centric distance for the EDisCS LDP sample across
the mass-complete sample where low-z is in red and high-z in orange. Comparisons to GAMA
clusters from Barsanti et al. (2018) at z ~ 0.2 (green open squares), to the Planck Clusters (van
der Burg et al., 2018) (brown circles) and from the ELIAS-N1/XMM-LSS fields (Pintos-Castro
et al., 2019) as triangles split into high (yellow; 0.5 < z 0.7) and low-z bins (red; 0.3 < z < 0.5).
This reveals the passive-dominated cores of clusters, followed by a decrease in the infall region
in high-z clusters. While there are a higher fraction of quiescent galaxies at lower redshifts, it is
interesting that the outskirts of the clusters are predominantly passive as well.

et al. (2018) Planck clusters and Pintos-Castro et al. (2019) SpARCS clusters at similar redshifts
to EDisCS are shown. Local cluster comparisons have the potential to show how the cluster envi-
ronment will evolve with time. Within the cluster core, a large majority of galaxies are quiescent
at all redshifts. For the low-z sample, there is little to no radial dependence with five, Which is
also seen in Figure 3.6, Pintos-Castro et al. (2019) and van der Burg et al. (2018). However, the
high-z sample displays a moderate valley-shaped trend (Spearman coefficient and p-value [-0.26,
0.62]), where the f5ive decreases to a low of ~50% from the center to 2Ry in the infall region,
but elevates to >80% at the cluster outskirts. In comparison to a lower redshift sample at 0.05 - 0.2
(Barsanti et al., 2018), there is moderate agreement at distances up to 1.5R»q for the low-z sample,
which is similar to results in (Haines et al., 2015). At distances beyond this, the passive fraction
is much less than is observed in EDisCS. It is important to note that in Barsanti et al. (2018) and
Haines et al. (2015), the stellar mass limits are nearly 1.6 dex and 0.6 dex lower than in the LDP
survey. The inclusion of lower mass galaxies would likely influence in the f,i. negatively as

these galaxies are not as likely to be quenched than more massive ones.
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In order to further quantify the f},. dependence on radial distance and stellar mass, the mass-
complete sample is then divided into lower (10.6 < LogM, /M. <11.0) and higher (LogM, /M.,
>11.0) bins. The results are shown in Figure 3.9, with each plot also separated by low and high-z
bins. The lower stellar mass bin reveals a very similar distribution to that of Figure 3.8, but with a
much more reduced f}455ive 0f ~30% in the infall region. The low and high-z bins are statistically
different, which may indicate that these galaxies are beginning to experience quenching processes
in the infall region during 0.6 < z < 0.8. At the lower z epoch, >80% of the galaxies in the infall
region are photometrically quiescent, which suggests that time in the cluster environment results in
a reddening of the individual galaxies. In the bottom panel for the galaxies with the highest stellar
masses, the two redshift regimes are indistinguishable. This is likely due to the fact that the most
massive galaxies are quiescent through mass quenching. The flattening of the radial dependence

on stellar mass is also observed in Wetzel et al. (2013).

3.3 Discussion

In this study, we have calculated the fpugive as a function of redshift, stellar mass, and radial
distance from the cluster center for the LDP EDisCS wide-field survey. There is a moderate en-
vironmental dependence of the f)qsive between LDP cluster and field at low (0.4 — 0.6) redshifts,
but this is not apparent at higher z. When the LDP cluster environment is split into the core and
infall region, the high-z core region has a systematically higher fjqive than the infall and field,
which may be due to small sample sizes and shallow observations that are only capturing the most
massive (and therefore quiescent) galaxies.

There is a slight dependence on stellar mass for both the LDP and EDisCS core samples which
is in agreement with the literature to support mass quenching (Peng et al., 2010; Muzzin et al.,
2013; Pintos-Castro et al., 2019). This is reinforced through the finding that nearly all of the most
massive galaxies are passive, regardless of environment, which is due to mass quenching of more
massive galaxies at earlier epochs. Additionally, both sets of EDisCS cluster and field samples have

an increase in the fj4sive Over time, which is supported through the buildup of passive galaxies
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Figure 3.9: The passive fraction vs. cluster-centric distance for the EDisCS LDP sample in two
mass-complete bins. (Top) The lower bin of the mass-complete sample reveals that nearly all of
the low-z cluster sample is quiescent. However, this is in stark contrast to the high-z sample, which
shows a sharp downturn outside of the virial radius to a f},4sve low of 30% from 2.5 — 3.5Ry00. A
gradual increase to 60% is apparent at the outskirts of the cluster. (Bottom) The higher mass sample
of the mass-complete galaxies displays a different trend with radial distance. In both redshift bins,
80% or more of the galaxies are passive, with the core entirely devout of star-forming galaxies.
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in the Universe, where more passive galaxies accumulate with time (Fang et al., 2018). In the
low-z LDP sample, there is a clear distinction between the cluster and field fpqgsive to support
environmental quenching. A majority of galaxies at this epoch in the cluster environment are
photometrically passive.

However, this difference disappears at high-z with both the LDP and ULTRAVISTA field com-
parisons. As clusters accrete galaxies from the field, there will be an influx of proportionally higher
star-formers, which will lower the f,ugsive for the cluster. The delayed-then-rapid scenario envi-
sions that there is a several Gyr delay period once the galaxy enters a cluster followed by a quick
quenching event. It is possible that these redshift bins encompass the quenching event that result
in a fpagsive shift from 40 to 90% at LogM, /M, = 10.6. For example, ram-pressure stripping can
happen on the order of a few 100 Myr (Kapferer et al., 2009), which is less than the time spanned
by these redshift bins. Ram-pressure has been observed in nearby clusters (Poggianti et al., 2016;
Vulcani et al., 2018), but observing limitations make this difficult to confirm at higher redshifts.
Additionally, ram-pressure stripping that is strong enough to remove a majority of the star-forming
gas from a galaxy requires specific conditions such as infalling into a rich cluster core at 1000
kms~!, which is likely not present in these EDisCS clusters. Therefore, we must also consider our
small sample sizes both in terms of the number of clusters and galaxies with spectra, as well as
the fact that a coordinated quenching on this scale is unlikely. It is entirely possible that the high-z
sample recently accreted star-forming galaxies or that the low-z sample had an influx of passive
galaxies.

This quenching event can be further constrained by separating out the f,ugsive VS. stellar mass
relation by intracluster environment. The LDP survey has wide field coverage out to multiple virial
radii that fully encompasses the core and infall regions. Within the core, nearly all galaxies are
quiescent at both redshift bins, which is in agreement with Pintos-Castro et al. (2019). However,
this is not the case in the infall region. A strong dependence on stellar mass at high-z in the
infall region is in contrast to a predominantly passive sample at low-z (Figure 3.6). With this

stark difference between the core and infall regions, it becomes apparent that the site of galaxy
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transformation is beyond the virial radius in the infall region. It is possible that newly accreted
galaxies from the field that reside in the infall region have yet to be quenched.

Now that the site of the quenching event has been refined the infall region, it can be further
investigated on a radial basis. There is little to no f,ussive dependence on radial distance at low-
z as most galaxies are already passive, which is in agreement with (Pintos-Castro et al., 2019).
However, at the range of 1.5 — 3.5R5(( in the high-z bin, a decrease in f}4ssive indicates that about
half of the galaxies are still photometrically star-forming, but the quenching event does occur since
galaxies at these distances are then passive at a later epoch. This holds true for stellar masses in the
range 10.6 < LogM, /M. < 11.0, but not at masses beyond 11.0. This suggests mass quenching
is dominating at the massive end at all redshifts, but environmental quenching may be present at
LogM, /Mg < 11.0.

Finally, comparing the fpssive results from the EDisCS core and LDP observations shows
agreement with one another, but larger sample sizes in the LDP survey would better constrain the
binomial errors. It is important to note that the original EDisCS observations are solely classified
as the core when in reality, it is a 6.5’ x 6.5 FOV around the BCG, which is assumed to be the
center of the cluster. Future work could include the constraint to galaxies within a given radial
distance of the BCG for improved comparisons. Although many of the EDsiCS clusters have a
BCG that is located at the approximate physical center of the cluster (White et al., 2005), they
were typically chosen by the brightest isopleth, so radial comparisons can be difficult to robustly
define. However, Pintos-Castro et al. (2019) did not find a significant difference in results when
using the BCG vs. the center of the overdensity.

Uncertainty with photometric redshifts is also discussed as the interloper contamination, which
is corrected for in Equation 3.1. However, this is an estimation extrapolated from the comparison
to the spectroscopic redshifts (~1.5% of the photometric sample) and does not reflect a galaxy-
by-galaxy correction. As discussed in Section 2.3.1, the LDP photometric observations also have
their own irregularities and are corrected to the EDisCS core passive clump for each cluster. It is

also possible that our mass limit is too high and therefore minimizes effects by environment.
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3.4 Conclusions & Future Work

In this chapter, we define the f4qqive in three environments (core, infall, and field) at two redshift
bins (low: 0.4 < z < 0.6 and high: 0.6 < z < 0.8) to quantify the role of environment on galaxy
evolution.

The main findings are as follows:

1. Across all environments, the fps5ive cOnverges to one at the highest stellar masses. This
supports mass quenching and that the most massive galaxies are passive.

2. The fpassive dependence on redshift is visible in both the EDisCS VLT core and the LDP
sample. When separated by intracluster environment, this difference only observed in infall region
and not in the cluster core.

3. Across all stellar masses at low-z, EDisCS clusters have a higher f},4ssive than in the field.
This is not apparent at high-z. This could possibly be an environmental quenching event that
happens at some point in the cluster environment, which is supported by the timescale for ram
pressure stripping. However, we must also consider that our high-z sample could have recently
accreted a sample of star-forming galaxies, or that the low-z sample accreted a subset of passive
galaxies. Either of these events would influence the fjqqsive to produce the observed result and we
cannot disentangle this possibility from a rapid quenching event.

4. At low-z, the core and infall region galaxies are predominantly passive at all stellar masses,
indicating that a quenching event has occurred at all locations in the cluster environment. However,
the high-z core is primarily composed of quiescent galaxies, while the high-z infall region displays
a positive correlation with stellar mass to support mass quenching. This suggests that as star-
forming field galaxies are accreted into the cluster, the quenching event takes place in the infall
region at some point between the high and low-z epochs.

5. The Planck and GLASS clusters have fjqsive Values comparable to those in the LDP core
and infall at low-z, but are higher than the original EDisCS VLT core observations.

6. A radial dependence on f4gsive 18 only observed in high-z clusters at LogM, /M, between

10.6 and 11.0. It is possible that galaxies in the infall region are ram pressure stripped between
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high and low z. The most massive galaxies in our study, which are greater than LogM,. /M = 11.0,
are already passive due to mass quenching.

Now that we have concluded that an important site of galaxy transformation occurs in the infall
region, the next to step is to investigate what exactly is causing galaxies to shift from star-forming
to quiescent sources. Despite providing robust spectroscopic redshifts, the LDP data does not
provide an introspective view of each galaxy. Thus, high resolution imaging of galaxies in the
infall and core regions can give details on the gas dynamics and any potential quenching activities

that have or are occurring.
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Chapter 4

H, Star-Formation Rate Relation

Abstract

This chapter is an excerpt from Cooper et al. on the HST Ho observations of four EDisCS
clusters. In Section 4.1, we introduce the HST observations, data reduction process, and star
formation rate calculations. Results including the main sequence relation and star formation
rate comparisons are presented in Section 4.2. Finally, in Section 4.5, we discuss a variety

of scenarios to support the findings in the prior section.

4.1 HST/WFC3 observations

We obtained HS7/Wide Field Camera 3 FI0OSW imaging and G102 grism spectroscopy in a Cycle
20 program (GO-12945: PI Rudnick) for four EDisCS clusters at z ~ 0.5 to target star-forming
Hao emitters. Details for each cluster in this study are listed in Table 4.1.

There are 14 pointings consisting of two orbits each (2800 seconds) that are distributed over the
four clusters, where ~ 15% of the time is devoted to F1I0SW (rest-frame R-band) direct imaging
and the remaining 85% used for G102 grism spectroscopy. This is a similar split between modes
as in 3DHST (Nelson et al., 2012; Momcheva et al., 2016). The distribution of the pointings aims
to equally cover the cluster core and infalling region in each cluster in order to sample a range of
environments, as shown in Figure 4.1. Of the 14 pointings, only 12 are utilized due to unreliable
photometry in C11059; this results in the loss of two infall pointings, which are designated as

dashes in Figure 4.1. There are a total of 581 galaxies in these 12 pointings. This study divides
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Cluster ID R.A. Dec. V4 o) R200 Rinfall Moo

(hours)  (degrees) (kms™!)  (Mpc) (Mpc) (10" M)

@ 2) 3) “) &) (6) Q) ®)
C11059.2-1253  10:59:07 -12:53:15 0.4564 51073 0.99701% 319  1.7870%(14)
CI1138.2-1133 11:38:10 -11:33:38 0.4796 732712 1.40701%  4.62 52071014

Cl1227.9-1138 12:27:59 -11:35:13 0.6357 574772 1.007013 229 2.297097(14)

-01- .20- .16 .
Cl1301.7-1139  13:01:40 -11:39:23 0.4828 68775z 1.31701° 434  4.297173(14)

Table 4.1: Parameters for each of the clusters in this study from Just et al. (2019). 1. EDisCS
Cluster ID 2. Right ascension in hours 3. Declination in degrees 4. Cluster redshift 5. Velocity
dispersion. 6. Virial radius in Mpc 7. Infall radius in Mpc 8. Virial mass. The range in velocity
dispersions between the clusters is small in order to reduce cluster to cluster variation. Each of the
clusters has an infall radius between three — four Mpc from the BCG-defined center. The multiband
wide-field observations in each cluster extend past the infall region for sufficient cluster coverage
(Just et al., 2019).

the local galaxy location into three distinct environments: cluster core, infall region, and the field.
Details for each pointing including cluster membership and location are listed in Table 4.2.

The G102 grism spans a wavelength range of 0.7 — 1.1um, which contains the Ho emission
for 0.4 <z < 0.7. As the brightest Balmer series emission line, the Ha flux can straightforwardly
be transformed into a SFR (see § 4.1.2 for a further explanation) and is an excellent tracer of
nearly instantaneous star-formation on ~10 million year timescales. The ability to detect Ho
to low surface brightness levels coupled with less dust extinction vulnerability than other tracers
(e.g. [OI] makes Ha well-suited for a comprehensive environmental-dependent study on gas
transformative and quenching processes across a range of SFRs and cosmic densities.

The G102 grism resolution of 700 km s~! is much higher than the typical internal galaxy
velocity dispersion, which results in a resolved Ho map of the galaxy. The emission line map is
produced by subtracting a polynomial fit to the background from the 2D spectrum, where the emis-
sion line is initially masked. The residual provides an image of the galaxy at a given wavelength
within the grism range for the masked emission line. An example of z ~ 1 Ha emission line maps

are available from 3DHST observations in Nelson et al. (2012). Additionally, as a robust optical
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Pointing ID RA Dec Location Noataxies Neiuster N fieta
(hours) (degrees) (cluster/infall) (Ho) (Ho)
(1) (2) 3) “4) ) (6) (N
C11059-12.0 10:59:08.16 -12:45:05.04 I 161 X X
C11059-12.1 10:59:03.36 -12:51:59.04 I 152 X X
C11059-12.2 10:59:14.16 -12:53:11.04 C 152 8(4) 15
C11059-12.3  10:59:32.16 -12:54:12.64 C 179 17(2) 12
CI1138-11.0 11:38:16.56 -11:33:23.04 C 80 15(6) 13(24)
CI1138-11.1 11:38:51.60 -11:33:30.24 I 108 4 5(4)
CI1138-11.2 11:37:54.48 -11:30:23.04 I 179 3(1) 7
Cl11227-11.0 12:28:02.40 -11:35:11.04 C 117 3(4) 3(2)
Cl1227-11.1 12:28:08.16 -11:31:02.64 I 167 3 5(3)
Cl1227-11.2 12:28:20.64 -11:30:59.04 I 129 3 9(3)
Cl11301-11.0 13:01:35.76  -11:36:59.04 C 167 4(3) 3(6)
Cl1301-11.1 13:01:25.44 -11:31:42.24 I 143 6(3) 6(1)
Cl1301-11.2 13:01:33.36 -11:40:27.84 C 184 5(7) 1(5)
Cl11301-11.3 13:01:02.88 -11:30:15.84 I 145 4 7(5)

Table 4.2: Information for each of the 14 pointings observed with HST/WFC3. In column 1,
the prefix of the Pointing ID relates to the Cluster ID from Table 4.1 column 1. Columns 2 and
3 contain the RA/Dec information. For the Location column, I and C refer to infall and core,
respectively, where infall is outside of Rygg as specified in Table 4.1 column 6. The number of
sources extracted with GRIZLI in each pointing are listed in column 5. The number of galaxies
with Ho S/N > 3 and without contamination in the cluster (6) and field (7) for each pointing,
where Ha S/N < 3 are designated within parentheses. An x signifies that the pointing was not
utilized. All of these sources have a wide-field catalog counterpart with rest-frame colors and
stellar mass calculations. For Cl11059, the two pointings (12.2 & 12.3) in the core do not have
well-calibrated photometric wide-field data and thus replacement observations and redshifts are
utilized from previous VLT/FORS observations (White et al., 2005). The two infall pointings
(C11059-12.0 & C11059-12.1) do not have substitute coverage and are not included in analysis.

tracer, Hor can detect SFR to low surface brightness levels, which is crucial for creating a sam-
ple that encompasses galaxies as they are shutting off star formation. The SFR detection limit is
variable depending on the extent and morphology of the galaxy, which makes defining a detection

1

limit nontrivial. The lowest SFRs derived in this study are ~ 1 My yr~*, which is considered a

typical value for a regular star forming galaxy such as the Milky Way.

61



Cl1059-1253 z = 0.4564 Cl1138-1133 z =0.4796
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Figure 4.1: The RA and Dec spatial distribution of galaxies in each cluster. Grey dots represent all
objects in the FOV that have an LDP redshift, red/blue points signify UVJ-identified quiescent/star-
forming cluster member sources, and the virial radius is indicated by the orange circle. HST/WFC3
G102 observations are represented by the black squares, where the two unused infall pointings in
Cl11059 are dashed. The distributed sampling among the core and infall region allows for a direct
comparison of SFRs by environment.

62



4.1.1 Data Reduction

GRIZLI (grism redshift & line analysis software for space-based slitless spectroscopy)! is a reduc-
tion and extraction pipeline in Python that allows for end-to-end processing of WFC3 data, starting
from a query of the ESA Hubble Science archive to download all of the data associated with an
observation ID. It then performs a routine calibration of the data, including image background sky
subtraction, alignment and flat-fielding, resulting in the two drizzled mosaic data products shown
in Figure 4.2. The WFC3 camera captures both an infrared 1.05um direct image (F105W) and the
spectrum as a dispersed image for each object in the FOV (G102 grism). The 2D spectra are the
streaks, which represent the flux of each object as it is spread out over the range (0.7 — 1.1um) of
the grism. Several conditions may make a grism spectrum unusable, including contamination from
a bright source, low signal-to-noise, or FOV restrictions. All sources included in our analysis are
visually inspected for artifacts or poor modeling. While the analysis focuses on galaxies with S/N

Ho > 3, those with < 3 are presented as down arrows in several figures.

4.1.2 Ho Line Extraction & Redshift Prior

The redshifts in GRIZLI are fit using a coarse grid (resolution ~0.005) with three line complex
templates composed of 1) [OII]+[NellI], 2) [OIII]+Hp, and 3) Ha+[SII] + weaker red lines. Each
of the line complexes has fixed line ratios in order to reduce line misidentification and break red-
shift degeneracies. A minima in the )-squared fit on the redshift grid allows for the best fit deter-
mination of the redshift.

To reduce the misidentification of other emission lines as Het, a redshift prior is utilized during
extraction within GRIZLI. Priors are derived from the LDP spectroscopic or the wide-field pho-
tometric redshift surveys discussed in § 2.3. To determine the probability distribution (P(z)) in

Equation 4.1,

'GRIZLI is written and developed by Gabriel Brammer and is publicly available as open-source software (Brammer
et al., 2016). github.com/gbrammer/grizli
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Figure 4.2: (Top) HST WFC3 F105W (1.05um infrared direct image of the CL1301-11.2 pointing.
(Bottom) HST WFC3 G102 grism data, which provides a spatially resolved spectrum for every
object in the FOV of the F105W image. The spectrum for each object is extracted within the grism
wavelength range after a polynomial fit to the continuum is subtracted off.
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Figure 4.3: This collection of data products represents a comparison between the same galaxy
with a blind GRIZLI extraction (top row) and with an LDP prior (bottom row). Initially, GRIZLI
identifies it as a 2.99 S/N in Ho galaxy at z = 0.685. With the prior, it is now a 3.99 S/N in Hx z
= 0.434, resulting in a redshift difference of 0.25. The F105W direct image of the stellar content
is on the far left, followed by the detected Hor emission line map. In the third panel is the p(z)
from the redshift fitting algorithm (black line), with a blue line indicating the applied Gaussian
redshift-prior in the bottom panel. The p(z) after the prior is applied (black line - bottom row,
middle panel) is much more constrained than the blind p(z). Note the redshift scale differences
between the extractions. The rightmost panel shows the 1D spectra in green with a fit (red). The
blind extraction for the p(z) is very uncertain and could easily be a high or low-z galaxy. The
application of the prior dramatically alters the results of the redshift determination. The ability of
the prior to be successfully applied to a low S/N Ha galaxy is important towards creating a sample
that is not biased towards strong Ho line galaxies.

- (zfzprior)2

P(z) = (cV2m) e 27 (4.1)

the prior is multiplied by the GRILZI redshift fit, using either a Gaussian probability (Just et al.,
2019) with a o = 0.007 or the average of the 68% photometric redshift confidence levels, respec-
tively. Figure 4.3 is a demonstration of applying the prior to a low S/N Ho galaxy that changes the
determined redshift by >0.2, which is significant when cluster membership is determined within a
0.02 range in z. Example code for integrating the prior is detailed in Appendix C.

A full set of data products for a strong Ha emission line C11059 cluster member is shown
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in Figure 4.5. This galaxy has a spectroscopic prior applied, but it also had a well-determined
redshift based solely on the blind GRIZLI extraction. A comparison between the available red-
shifts for each galaxy in this sample with and without priors is shown in Figure 4.6. The general
agreement of GRIZLI z extractions without a prior to the wide-field catalog of spectroscopic and
photometric redshifts supports the usage of this software in Ho line identification without previ-
ous information, but it is most important for low S/N emission lines or quiescent galaxies where
a prominent emission line may not exist. These lower S/N sources are critical for encompassing a
range of SFRs in a main sequence analysis and exclusion of these galaxies would introduce a bias
towards strong emission line galaxies.

This dataset has three types of redshifts available: GRIZLI, GRIZLI + Gaussian prior from a
spectroscopic LDP, and GRIZLI + Gaussian prior from a photometric wide-field, where the prior
is described in Equation 4.1. GRIZLI is first run without any priors, and is then rerun to include
a prior with either a spectroscopic LDP or photometric wide-field redshift for each galaxy. When
compared for sources with Hoe S/N > 3, the blind GRIZLI redshifts do remarkably well, with
~85% matching the extracted redshift with an LDP prior and ~62% for the photometric prior as

shown in Figure 4.6.

4.1.3 Star-formation Rate Corrections

GRIZLI outputs a line flux, but there are several intrinsic properties that need to be accounted for
while calculating a SFR. Following the prescription in Carleton et al. (2020), a series of corrections
are applied to achieve a correct Ho-based SFR. The resolution of the grism is not fine enough to
distinguish between the Ho and [NII] line doublet emission, indicating that measured line fluxes
include the contribution of [NII] and therefore need to be reduced to account for the additional flux.
Strom et al. (2017) find that the [NII] contribution is uniform across SFR per given stellar mass,
so Carleton et al. (2020) calculates this reduction through a mass-dependent metallicity relation.
The mass-metallicity relation is derived from Zahid et al. (2014), which is then transformed into

an Ho/[NII] ratio (Kewley & Ellison, 2008), resulting in a flux reduction of ~ 33% for our sample.
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Carleton et al. (2020) required a ~ 25% correction for z ~ 1 galaxies, while 3D-HST (Wuyts et al.,
2011) found ~20%.

The Ha line is also contaminated with emission from post-AGB stars and this is remedied by
subtracting fagp =2 x 1.37 X 10%° erg g1 MCT)] from the line luminosity (Carleton et al., 2020),
where the factor of two comes from the 1:1 ratio of [NII]/Hea lines (Belfiore et al., 2016) and
the 1.37 x 10%° factor comes from the expected contribution of ionization by the post-AGB stars.
When compared to the Hot line luminosity (~ 10%° — 10*?), the post-AGB emission is negligible.
This correction is equivalent to a reduction in the specific SFR of 1.2 x 10712 yr—1,

Dust within each galaxy is responsible for the scattering of internal galactic light and thus,
contributes towards suppressed Hoe emission lines and SFRs. This is remedied by the use of the
Calzetti et al. (2000) extinction law and the Wuyts et al. (2011) nebular emission, Ag, relation
to the continuum emission, A.,us, at Ha. The relation is as follows: Agg = 1.9Ac0nr - 0.15A30m
(Carleton et al., 2020), where A, is approximated through the use of the ULTRAVISTA catalog
(Muzzin et al., 2013). The HST G102 grism does not allow for sufficient observations of the
continuum, meaning that extinction at Ha is not calculated from these observations. MAGPHY'S
(da Cunha et al., 2008) is run on the ULTRAVISTA catalog (Muzzin et al., 2013) with the available
photometry barring the exclusion of the ultraviolet and narrow band filters. The generated values
for 7in MAGPHYS represent the optical depth of the dust seen by young stars in their birth clouds
or for the diffuse component for all stars outside the birth cloud, neither of which are appropriate
for 7 of the entire galaxy. We then develop our own estimation of 7 to represent the optical depth
across the galaxy with the following. Best-fit SEDs are available for attenuated and unattenuated
models, which are the curves representing the light from all stars with birth cloud and diffuse dust
and the light from all stars without dust included. The ratio of the energy at 5500A from both
models is then used to estimate T = -1 x |Q@fenuated j|(unattenuated gnq A = 1,086 X T.

EDisCS galaxies in this study are then matched to ULTRAVISTA sources in UVJ color-space in
bins of 0.2 as shown in Figure 4.4 in order to predict the extinction as accurately as possible. This

final correction for Ay is applied to the Kennicutt & Evans (2012) Hoe SFR, which is calculated
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as

LoglO(SFRHa/M@yr*I) =Logo(Lua/Le) —41.2740.4AHq 4.2)

where

Lug(Lo) = 47 fugD? —2 x 1.37 x 10%%rg s ! x Log, (M. /M) (4.3)

as detailed in Equation 4.2.

4.2 Results

4.2.1 Galaxy Sample Properties

From the Just et al. (2019) catalog, there are 581 EDisCS galaxies in the 12 HST pointings FOV.
This is further reduced to 326 after limiting the redshift range to 0.4 < z < 0.7. Adopting a
S/N in Ho cut > 3 results in 190 sources in the sample. Finally, removing extractions that are
unsatisfactory due to poor contamination modeling, artifacts, or being on the edge of the chip
result in a sample of 163 galaxies, of which 67 (30 core, 13 infall, 24 field) are above the mass-
complete limit of log;o(M./My) = 9.75. This mass-complete sample of Ho-emitter galaxies is
dominated by blue, star-forming objects as shown in the UVJ diagram in Figure 4.7. We discuss
corrections to the wide-field photometry in more detail in Section 2.3.1.

In Figure 4.8, we present the distributions of the stellar masses and redshift for each environ-
ment in the mass-complete sample. While the core and infall have similar median values for M,
(K-S statistic of 0.12), the field masses average slightly higher, but follow a similar distribution

with a 2-sample K-S statistic of 0.32 and 0.29 with the core and infall regions, respectively.
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Figure 4.4: (Top) A UVJ diagram color-coded by A, is shown for a subset of the ULTRAVISTA
catalog that is similar in redshift and mass distribution to the HST sample in this study. (Middle)
The median in 0.2 bins in U — V and V —J from the top plot is shown, which is used to match in
color-color space to the HST sample. If a galaxy falls outside the distribution of ULTRAVISTA,
it is matched to the nearest bin. UVJ-quiescent galaxies have low A, as expected and redder star-
forming galaxies have elevated values. (Bottom) The spread of each bin across the 75 — 25 percent
quartile. The spread is noticeably small in the passive region. Black lines in all plots are the
Williams et al. (2009) boundaries.
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Figure 4.5: (2 left panels): RA and Dec postage stamps show the stellar continuum from the
F105W 1.05um direct image and the Ho emission extraction at 0.957um. (2 right panels): The
fitted redshift, shown as the black line, is fully consistent with the photometric redshift prior prob-
ability distribution in blue. The 1D spectrum data are shown in green, with a best fit template in
red. Note the prominent Ho emission line at 0.95um with a S/N of 36.6.

In contrast, the redshift distributions have significant differences (K-S statistics: core-infall
(0.60), core-field (0.65), infall-field (0.46)). We therefore correct the redshifts of field galaxies to
the median of the cluster sample (0.48) following Schreiber et al. (2015) in Equation 4.4. Here, r
= Logio(l + z), mg=0.5,a9=0.15 a, =0.3, m; =0.6,a, =2.5and m = LoglO(M*/]09M®. This
allows us to correct for any variation in the SFR that comes from redshift evolution. The lack of
an infall sample in C11059 at z = 0.4564 is likely driving the variation in the median z’s between

the core and infall distributions.

Log1o(SFRys[M ® /yr]) = m—mo+ apr — aj[max(0,m —m; — azr)]2 4.4)

There are 16 galaxies identified as quiescent based upon the Just et al. (2019) UV/J rest-frame
colors, with five of them being in the core, two in the infall, and nine in the field. These are
identified as red triangles in the right panel of Figure 4.9. As seen in Figure 4.7, there are galaxies
that are quiescent based on their UVJ colors, but which have significant He emission. We will
discuss these galaxies in §4.5. GRIZLI produces a stellar continuum and emission line map for

each observed galaxy, which is shown in Figure 4.14 for select galaxies.
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Figure 4.6: The GRIZLI-extracted redshift (no prior) vs the GRIZLI-extracted redshift with an
applied spectroscopic (top left) or photometric (bottom left) prior for cluster core (blue circle),
infall (purple triangle), and field (green star) galaxies. A majority of objects fall along the 1-1 line
in black, indicating that the GRIZLI extractions without a prior can be reliable. A pointing with a
significantly higher background is apparent in the blind GRIZLI redshifts above the 1-to-1 line in
the top and bottom left, which is mostly corrected with the LDP spectroscopic or photometric prior.
Several low S/N Ho galaxies are also corrected through the prior. The 68% confidence levels for
the photometric redshifts are shown with error bars, while the error on the spectroscopic redshifts
is insignificant on this scale. This photometric relation has noticeably more scatter around the
1-to-1 line, which is a reflection of the reduced accuracy of photo-z measurements. The GRIZLI-
extracted redshifts with a spectroscopic (top right) or photometric (bottom right) prior are shown
in comparison to their blind redshift.
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Figure 4.7: U -V vs. V—J rest-frame colors color-coded by Ha-based SFR for the mass-complete
sample of HST-observed galaxies. Galaxies with S/N < 3 in Ho are grey open symbols, which are
predominantly located in the quiescent clump. The SFR color-coded points are the final sample of
67 galaxies selected for S/N > 3 and emission line extraction quality. 51 of the 67 of the sources
with F(Ha) S/N > 3 lie in the star-forming region, with 16 residing in the quiescent region. The
stellar continuum and Hoe emission line maps for the 16 passively-classified galaxies are shown in
Appendix 4.14. Black dashed lines follow the quiescent and star-forming definition of Williams

et al. (2009).
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Figure 4.8: (Left) The distribution of the stellar masses for each of the core, infall, and field mass-
complete samples is shown in the blue, purple, and green-dashed histograms. The median value for
each sample is the vertical line. (Right) The same three samples are shown with their distributions
in redshift space, with the median shown again as the vertical lines. A more significant difference
in z is apparent between the field and cluster samples and is corrected following the equation in
§ 4.1.3. The elevated median for the infall sample is due to the lack of two samples for C11059 at z
=0.4564, which is the lowest z cluster. Thus, the median z is offset to a higher value than the core
which includes galaxies from this cluster.
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4.2.2 Stellar Mass - SFR Relations

In Figure 4.9, we present the Ho-derived SFR — M, main sequence relation for four EDisCS
clusters separated into three environments: core (blue circles), infall (purple triangles) and field
(green stars) for 163 galaxies in the left panel. In the right panel, galaxies are divided by their
classification from Figure 4.7, where red triangles are defined as UVJ-quiescent. Both panels
include galaxies with S/N in Hoe < 3 as down arrows at their 3¢ upper limit SFR. A scatter of ~1
dex is observed across all masses with a lack of flattening of the SFR relation for more massive
galaxies in the cluster core as shown with Schreiber et al. (2015). The average SFR for the mass-
complete sample with S/N > 3 in Ha is 0.46 with a standard deviation of 0.48. The infall times
of galaxies into the cluster environment can vary and contribute towards this large scatter, which
is double the 10 value of 0.25 dex in GLASS clusters from Vulcani et al. (2016). The mean SFRs
for the three EDisCS clusters in Finn et al. (2005) at z = 0.75 are shown as orange squares. 2D
image cutouts of the stellar and Ho maps for the UVJ quiescent are available in Figure 4.14. We
also show the SFR — M, distribution on a cluster-by-cluster basis in Figure 4.10. The apparent
distribution of galaxies seen in Figure 4.9 is not dominated by any individual cluster, but rather
contains small contributions from each cluster. The distribution of SFRs appears to be similar
between the clusters.

As an alternative way of comparing the SFRs across environment, in Figure 4.11 we show
the distribution of the SFR with respect to the cluster-based main sequence from Vulcani et al.
(2016) for each of the three environments in the mass-complete sample. The median SFR for each
environment is ~0.7 dex below the relation, which may be to due to the correction procedure. In
a 2-sample K-S test for the mass-complete sample, the core and infall SFRs compared to the field
have p-values of 0.50 and 0.348 and a statistic of 0.22 and 0.27. Therefore, we cannot rule out the
null hypothesis that the core, infall, and field galaxies are drawn from the same SFR distribution.

In Figure 4.12, we compare our Ha SFRs to those derived from Spitzer MIPS 24um emission
(Finn et al., 2010). This comparison is only for the core galaxies, as those were the only ones with

MIPS coverage from Finn et al. (2010). Many of the galaxies from our study are non-detections in
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Figure 4.9: The Ho-based SFR — M, main sequence relation for 163 S/N >3 and 82 S/N <3
(down arrow) galaxies. (Left) The locations of these galaxies are distributed among the cluster
core (blue circles), infall region (purple triangles), and field samples (green stars), where the mass-
completeness line is denoted by the vertical black line and filled in symbols. The <3 S/N galaxies
are plotted at their 30 limit, which occupy the lower end of the SFRs on the main sequence here.
These data are systematically above the main sequence relations defined by Whitaker et al. (2012)
and Schreiber et al. (2015), which is shown in Figure 4.15. The scatter is larger than the literature,
but is still expected due to varying star-formation histories and other disturbances throughout a
galaxy lifetime. A comparison is shown to the EDisCS narrow band Hoe SFRs in Finn et al. (2005)
(orange squares) at z =0.75 and Ho SFRs Vulcani et al. (2016) from the GLASS clusters at 0.4 < z
< 0.7 (grey dashed line + 10 scatter). (Right) This same sample is now color-coded by location in
Figure 4.7, where blue circles are star-forming and salmon triangles are quiescent. The quiescent
galaxies mostly occupy the lower portion of the main sequence, which also have suppressed SFRs.
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Finn et al. (2010), with an overall trend that Ha sources underestimate the SFRs when compared
to 24um data. A mean offset of ~0.77 dex between the 24um and Ho SFRs indicate that we
might be slightly underestimating our extinction values, which is in agreement with the ~0.7 dex
offset in SFRs from Vulcani et al. (2016). The consistent offset suggests that we are recovering a
majority of the obscured SF with our set of corrections.

In Figure 4.13, we plot the SFR result as a function of distance from the cluster center in relation
to Rogo, where the mass-complete cluster sample (> 10%7°M,) is represented as the blue stars and
the field galaxies are shown in green as a median SFR. Cluster galaxies below the mass-complete
limit are plotted as grey down arrows at the 30 limit. The median for the mass complete cluster
member sample in the core and infall region is shown as a purple triangle with 16 bootstrap re-
sampling error bars. There is no observable difference in the SFRs between the three environments

as in Figures 4.9.

4.3 Visual Inspection of Galaxies with GRIZLI

In Figure 4.7, 16 galaxies are identified as quiescent based upon the Just et al. (2019) UVJ rest-
frame colors, with five of them being in the core, two in the infall, and nine in the field. These
are identified on the right hand side of Figure 4.9 as salmon triangles. GRIZLI produces a stellar
continuum and emission line map for each observed galaxy, which is shown in Figure 4.14. Many
of the galaxies appear to have diffuse Hy with little-to-no stellar structure, indicating that these

may be early-type galaxies.

4.4 Main Sequence Comparisons

The same main sequence from Figure 4.9 is shown below as Figure 4.15 with comparison to
Whitaker et al. (2012) and Schreiber et al. (2015) at the median redshift of 0.487 for the sample.
The comparison SFR derivations utilize a UV+IR flux, which are noticeably below the Hor data

in this study and Vulcani et al. (2016). While both of these comparisons are derived from field
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Figure 4.10: Each panel shows the SFR vs. stellar mass as in the left panel of Figure 4.9, but
separated by cluster. Each cluster reveals a similar distribution of galaxies above the Vulcani et al.
(2016) mean distribution, as well as galaxies with lower SFRs. This indicates that no cluster is
offset with respect to the others and influencing the combined relation. The highest-z cluster in the
bottom right, C11227, has noticeably fewer galaxies, which is also evident in Figure 4.1.
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Figure 4.12: The MIPS 24um SFRs derived from the EDisCS core pointings of this sample from
Finn et al. (2010) compared to the Ha SFRs in this study. There are only matches between the
core (blue circle) and field (green triangle) because these Spitzer pointings did not extend to the
infall region. Left arrows are non-detections in 24um at the 80% completeness limit. The ~0.7
dex offset from the 24u SFRs is similar to the one seen with GLASS.
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Figure 4.13: The distance from the center of the cluster (defined as the BCG in White et al. (2005)
is computed for each core and infall galaxy and compared to the SFR. The mass-complete sample
is shown as blue stars for cluster members and the average for the field is the dashed green line,
where error bars on the median are the 16 confidence level from a bootstrap resampling. Galaxies
with S/N in Hoe < 3 are the grey arrows and are not accounted for in the median values. All but
three of these upper limits are for UV J quiescent galaxies and so the apparent radial dependence
in the fraction of galaxies with upper limits just reflects the well-known radial dependence in the
quiescent fraction in clusters. For the robust Ho detections, no significant radial trend exists for
the mass-complete sample.
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Figure 4.14: The stellar continuum (left) and H, line emission map (right) for each UVJ quiescent
galaxy shown as a pair of images. The direct F105W images for each galaxy show signatures of
early-type galaxies with a lack of spiral arms or clumpy morphology. The Hor emission maps are
typically low intensity or diffuse distributions, which makes inferences about the gas morphology

difficult.
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Figure 4.15: The main sequence for the galaxies with S/N>3 in the core (blue circle), infall (purple
triangle) and field (green stars) regions, where UVJ quiescent galaxies are circled in red and galax-
ies with less than S/N<3 are shown as the down arrows. Comparison lines to field main sequence
derivations are shown in grey (Whitaker et al., 2012) and brown (Schreiber et al., 2015), which are
at least 0.5 dex below the Ha relations.

studies, the papers inspected the main sequence as a function of mass and redshift, which resulted

in a easily determined relation for given epoch.

4.5 Discussion

In this study, there is no significant difference in the distribution of SFRs between environments.
The EDisCS cluster galaxies are roughly aligned with the GLASS clusters Ho-SFRs main se-
quence relation, which also does not reveal a variation from the field SFRs (Vulcani et al., 2016).
Koyama et al. (2013) finds a similar result with Ho observations of clusters, but the SFR limits
are not deep enough to detect significantly suppressed galaxies. However, the lack of an environ-

mental dependence on the SFR that is normally seen across all masses contradicts the notion that
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dense environments are contributing or directly responsible for gas quenching as evidenced by the
buildup of quiescent galaxies (Patel et al., 2009a; Vulcani et al., 2010; Paccagnella et al., 2016).
This result can potentially be explained in the following ways. First, our sensitivity limits are not
low enough to detect galaxies with significantly suppressed SFRs. This is evident in Figure 4.9 in
that the majority of the <3 S/N galaxies appear to populate the bottom of the main sequence. Thus,
there may be a tail of galaxies to lower SFRs, but we would be unable to detect this population
with our data. The importance of highly sensitive SFR limits to interpret the distribution of SFRs
in dense environments is illustrated in Vulcani et al. (2010), in which they do find an excess of
galaxies in EDisCS clusters with low SFRs compared to those in the field, but only because they
probe well below the main sequence.

It is also possible that the galaxies within our sample have not experienced significant quench-
ing and the reasons for this vary by environment. Within the core, galaxies may have been recently
accreted and are still within the "delay" period of the quenching process. In the infall region, the
local density is lower than that of the core and may not create conditions capable of quenching.

Secondly, the lack of a difference in field vs. cluster SFRs is that the timescale for the truncation
of SF is rapid. In this case, galaxies that are undergoing external quenching will fall below our
detection limits before we can observe them in their reduced SFR state. Such a rapid decline
in SFRs caused by dense environments is consistent with the excess of post-starburst galaxies
in dense environments as seen by Poggianti et al. (2008), Muzzin et al. (2012) and Wild et al.
(2016). It is not immediately clear why there is a diversity in the distribution of SFRs in different
environments among different published works. It may be that much of the “action" is in the
tails of the distribution, which requires not only deep observations, but also large sample sizes
to characterize the distribution shapes well away from the median. Observations with the James
Webb Space Telescope or deep UV+IR observations with WISE in the local universe may satisfy
this criteria.

We should also consider that our cluster core and infall samples could likely contain interlop-

ers, which has been estimated to be 15% or more for clusters with historical datasets (Duarte &
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Mamon, 2015; Wojtak et al., 2018). These galaxies may appear to be spectroscopic members by

superposition or our redshift determination is incorrect.

4.5.1 UVJ-quiescent galaxies with Ha emission

There are 16 galaxies in the UV J quiescent region that have Hoo emission that is detected with S/N
> 3 (Figure 4.7). These galaxies lie systematically closer to the dividing line between quiescent and
star-forming galaxies than the rest of UV J quiescent galaxies, however they still exist at red colors
consistent with the larger passive population. As can be seen in Figure 4.9 these UV J-quiescent
Ho emitters also have systematically lower SFRs than UV J-SF galaxies of the same stellar mass,
though again a few of them have Ha fluxes that would imply a SFR up to 10 M, yr—!. Most UV J-
quiescent galaxies have SFR around 1 M, yr~—!. Continuum and emission-line postage stamps for
all these galaxies are shown in Figure 4.14. The emission is faint but visible in all 2D stamps and
in the 1D spectrum and the spectra are free of artifacts. We entertain four possibilities to explain
these sources.

First, we must explore the possibility that our rest-frame colors are uncertain and that these
nominally UV J-quiescent galaxies with Hoe emission actually lie in the SF region but were moved
into the quiescent UV J region by random and systematic rest-frame color errors. This is a potential
concern especially given the calibration challenges that we experienced with the wide-field data
and the additional rest-frame color corrections described in Appendix 2.3.1. We test for this pos-
sibility by comparing the UV J colors as derived from the photometry in this paper with the UVJ
colors derived from the original EDisCS photometry in the cluster cores. The original EDisCS
photometry is well calibrated and results in a very well defined passive clump at the correct color
location. We verified that the UV J colors derived from the wide-field data are slightly different
from the EDisCS UV J colors on a galaxy-by-galaxy basis, but that the differences are not signifi-
cant enough to move galaxies in and out of the passive region. Therefore, we conclude that these
galaxies are indeed in the UV J-quiescent region and that we should discuss the implication of them

having significant amounts of Ha emission.
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Second, it is possible that weak AGN may be contributing to some of the emission. With our
data we cannot explicitly rule out the role of an AGN. Martini et al. (2009) found only two X-ray
AGN in 17 clusters at z < 0.4.. There are some objects that have spatially compact and linearly
extended residuals in the emission line maps in Figure 4.14, e.g. C11059-12.2-447, C11227-11.2-
259. This could be an indicator of the presence of AGN emission, though the emission lines do
not look broad in the 1D spectra. We examine the position in the SFR — M, plane of the 11 objects
with such linear residuals and find that they do not occupy any favored place in either stellar mass
or SFR, being sparsely spread in both quantities and not preferentially biasing the main sequence
in any parameter. We therefore consider contamination by AGN to be a minor contributor to the
Ha flux in this population.

Third, it is possible that the Ho emission comes from a ‘LIER’-like phenomena (Sarzi et al.,
2006; Singh et al., 2013; Belfiore et al., 2016; Rudnick et al., 2017) in which gas from mass loss and
accretion in quiescent galaxies is being heated by preexisting stellar populations, mostly post-AGB
stars. ‘LIER’ stands for "low-ionization emission-line region", which occurs in passive galaxies
that have an emission line, much like the subset of UVJ-passive galaxies with Ho emission. In a
similar emission line study, Rudnick et al. (2017) showed that [OII] emission in EDisCS quiescent
galaxies was less common in galaxies in the EDisCS clusters and groups than in the field, where
quiescent [OII] emitters comprised ~ 5% of the quiescent population with M, > 10.4 in clusters
and groups, and 30% in the field. Those authors attributed this suppression of [OII] in clusters
to a combination of hydrodynamic stripping and a cutoff of gas accretion in dense environments.
We do not have enough galaxies in this EDisCS subsample to make the same comparison but this
could be a similar population of red emission line galaxies.

The fourth possibility is that we are catching galaxies as they are in the process of quenching
their star formation and moving from the star-forming to quiescent region. In this case the low
SFRs and position closer to the boundary of the UV J-quiescent region could indicate that these
galaxies are leaving the main sequence and joining the population with much lower SFRs (Cantale

et al., 2016b; Foltz et al., 2018; Belli et al., 2019; Carnall et al., 2020). These results imply that
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caution must be taken in interpreting the true quiescent nature of galaxies classified by UV J tech-
niques as quiescent. To assess if these UV J-quiescent Ho emitters are truly quenching, it would
be beneficial to obtain high signal-to-noise spectra at medium resolution to model the spectra and
search for evidence of young stellar populations (Webb et al., 2020). We could also obtain deep
molecular gas observations to probe the cold gas reservoirs that would be needed to power the

observed star formation.

4.6 Conclusions & Future Work

In this chapter, we explore the environmental dependence of spectroscopically-derived Ho star-
formation in three distinct regimes in the vicinity of four galaxy clusters at 0.4 < z < 0.7: cluster
cores, infall regions, and the field. We combine HST/WFC3 G102 grism observations at 1 um with
photometric and spectroscopic redshift priors to obtain a sample of 67 galaxies with secure red-
shifts, S/N in Ha > 3 and which are above our mass completeness limit for star-forming galaxies
of M,>10%7.

Our main findings are summarized as the following points:

1. With the combination of grism and redshift priors, we can obtain precise and accurate redshifts

for galaxies with a range of stellar masses and intracluster locations.

2. We find no difference in the distribution of SFRs for galaxies in the three environments or as a

function of radius from the cluster out to 3R»qg.

3. We find 16 galaxies that are identified as UV J-quiescent galaxies, but which have significant
amounts of Ho emission. We explore possible explanations for this emission that include
star formation in quenching galaxies, AGN, and excitation of the gas by post-AGB stars. We

conclude that there may be contributions from all of these scenarios.

4. The similarity of the SFR distributions for our core, infall, and field samples may be attributed

to the delayed-then-rapid quenching scenario, where galaxies are unaffected for the first two —
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four Gyr that they reside in the cluster environment, followed by a rapid quenching event that
leaves the distribution of SFRs for star forming galaxies unaffected. We cannot conclusively
test this scenario without significantly more galaxies measured to lower SFR sensitivity limits.
However, it is possible that our galaxies have not experienced significant quenching processes.
For the infall galaxies, this can be because of the relatively low densities that they inhabit
while for the core galaxies it may be that they have recently been accreted by the cluster and
are still in the “delay" phase of their eventual quenching. Whatever processes do affect star
formation in the infall regions and cores of our clusters must do so in a way that preserve the

indistinguishable distributions.

One possibility for using this dataset to explore the effect of environment on the star formation
properties of galaxies would be to analyze the relative size of the stellar (traced by F105W) and
Ha disks. As different processes may result in a different ratio of these sizes, this may provide a

new constraint on the quenching process. We will explore this in a future work.
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Chapter 5

Machine Learning with HST grism data

Abstract
In this Chapter, we present the machine learning methodology used to classify HST grism
extractions. In Section 5.1, we present an overview of machine learning and how it can
be applied to grism observations. Next, we introduce the convolution neural network in
Section 5.1.1. We further discuss the architecture, training data, and defined classes in Sec-
tions 5.2 and 5.3. Finally, in Section 5.4 we present the accuracy of the classifier based on
numerous groupings of classes and orbit depth. The developed model is then tested on the

data from Chapter 4 to compare image screening times for both a human and computer.

5.1 Applications of Machine Learning to HST Grism Extractions

In Matharu et al. (2019), the authors noted that approximately 1/3 of the HST grism data of [OII]
emission in galaxies had to removed from the final analysis due to poor data quality, which can
arise from a number of issues including inaccurate contamination modeling, artifact presence, and
edge of chip cutoffs. Similar to the study in Chapter 4, there were only a couple hundred galaxies
of interest, it still required a significant amount of time to required to visually inspect each grism
extraction by hand and classify it accordingly. Extrapolating this problem to larger scale surveys
with hundreds of thousands of galaxies, such as 3DHST (Momcheva et al., 2016), would take an
incredible amount of time. This also has the potential to affect results. Values such as measured
fluxes and subsequently derived SFRs can still be completed and appear reasonable, even with

unusable data. Thus, in order to present confident results based on imagery, all images need to be
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inspected for various problems and misleading contamination. This problem formed the inspiration
for this study to develop a neural network capable of analyzing HST grism data for data quality

and morphology at intermediate redshifts.

5.1.1 The Convolutional Neural Network

The development of artificial neural networks is based upon the biological neural networks found
in brains, where a collection of nodes (neurons) transmit signals between each other, just like a
synapses. Neural networks are trained on preclassified datasets which have both an "input" and
"output" designation that help the computer learn and develop a probability-weighted model. A
1968 paper identified two types of visual cortices that are responsible for recognition tasks (Hubel
& Wiesel, 1968), which led to the development of the first neorecognition or convolutional neural
network (CNN) by Fukushima (1980).

With image classification by a CNN, the computer is trained to estimate and distinguish be-
tween ‘classes’ or the main object of the image. In astronomy, this would be like differentiating
between a galaxy and a star. For this purpose, the image should have a main feature that is common
among all images in a class and nothing else. Cropping the image to include only one object per
frame is necessary to create robust models. The study in this chapter aims only to train the CNN
with a single object per image and thus, image classification is a suitable solution.

How the computer learns to classify the inputs is also dependent upon the architecture, which
is the organization and cycle of the layers. The chosen architecture will be discussed more in
Section 5.2.3. In this study, portable network graphics (PNG) files are used, so the neural network
sees a tensor that is a 4-D array, including 1) the number of images per input batch, 2) image
height, 3) image width, and 4) number of channels, the latter of which is three for RGB. For ease of
processing and training, images are cropped to the same size of 224 x 224 pixels. A visualization
of this 3-D RGB channel tensor is shown in Figure 5.1. Several steps need to be taken to help the

computer learn and improve the model for the CNN through a set of three layers.
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Figure 5.1: The tensor given to the CNN is a 4-D array, where the image height and width are
six pixels and the number of channels is 3, one for each of red, green and blue (RGB). The pixel
values of each channel are in a matrix of the image dimensions that will be used to create a filter.
Each image has these properties and the total number of images analyzed by the CNN at a time is
the batch size.

5.1.1.1 Training

First, images are separated into their respective defined classes as required by supervised learning.
This is referred to as ‘truthing’ the data, where both the human and computer know which class the
image belongs to. The image should only contain the relevant class, otherwise, the computer may
not accurately learn. A file structure will consist of sets of each images from each class into train,
validate, and test directories, with a suggested 10:1:1 distribution of items among each (Russell &
Norvig, 2009). The computer then finds and extracts features from the training set as a matrix of
pixel intensities to create a filter, as shown in Figure 5.2. In this example, purple pixels correlate
to a higher flux value from an emission line and are the basis of identified features for the new
CNN models. Filters are created from randomized orientation, mirroring, and scaling of training
images to encompass all possible encounters with a class. Filters are also referred to as the neuron
or kernel, which are in the first layer of the CNN.

Memory and computation requirements are minimized with pooling. This means that the ma-
trix of values is reduced to a smaller and more efficient size, which also helps mitigate overfitting.

For example, an 8 x 8 matrix can be pooled into a 4 x 4 matrix by saving the largest value within
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Figure 5.2: Two pairs of grism images show how a filter is created for a galaxy detection in Hor
(top) and artifact (bottom). Darker purple indicates a higher flux detection within a given emission
line, while yellow is equivalent to no detection. The yellow pixels then are masked out in both
images to leave the main feature with purple pixel values of the image that is common among the
class.

in each quadrant, as shown in Figure 5.3. This step is completed within the second pooling layer
of the CNN.

The locations of image features (filters) with respect to one another create the final output
weight that is the CNN model, which is completed in the 3rd fully connected layer. The class is
determined through a probability calculation from the weight model produced in the final layer. If
the resulting dot product value stored in the weight map is not 0, there is a probability > 0 assigned
to the potential class of the receptive field; higher dot product results lead to a higher probability.
The probabilities are stored in a vector of length equal to the number of classes, where the sum
of values is equal to 1. An example of a grism artifact with probabilities distributed among four
classes is shown in Figure 5.4.

The past decade has seen a rapid advancement of technology to allow for quick processing
and training of CNNs, which has led to sponsored challenges for the most accurate recognition
rate. The best performing groups have achieved an error rate low of 0.23% in 2012 with MNIST, a

handwritten database (Ciresan et al., 2012), and 6.6% with Googl.eNet for image recognition with
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Figure 5.3: The top left matrix, which is an 8 X 8 minimized representation of the artifact filter,
can be pooled into a smaller 4 x 4 matrix by keeping the largest value within each set of four cells.
The activation map on the bottom row retains the main feature of the artifact filter by reducing the
clumps of standalone pixels derived from noise.

Top Classes: ['3', '4', '6', 'S5']
Top Probs: tensor([[9.7545e-01, 1.2592e-02, 1.1880e-02, 7.6582e-05]])

artifact or poor model

Top Classes

diffuse/low SN
noisy

compact

artifact or poor model

0.0 0.5 1.0
Probability

Figure 5.4: (Top) The input image that the CNN is being asked to classify. The computer has
already been trained on four classes, which are listed in the bottom panel on the vertical axis. The
assigned probability on a scale from zero to one is on the horizontal axis. The CNN determines that
this image is more than >98% probable to be an artifact, with <1% for either a noisy or compact
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hundreds of classes (Szegedy et al., 2014) in 2014, which is very close to human accuracy.

The final step is classify images with created filters in the model. The filter can be compared
to another image to determine the appropriate class. The dot product of the matrix values of the
filter and the receptive field are calculated, where masked values of the filter are a 0. The filter then
iterates around an image pixel-by-pixel to search for the filter in the new image in various locations
and orientations. Results of the dot product are stored in a matrix called an activation map, which

completes the convolutional layer.

5.2 System Specifics

This chapter makes use of Python programming and a predefined CNN architecture to create a new

model for grism extractions. The specifics of each are discussed in the following Sections.

5.2.1 PyTorch: Python’s Machine Learning Toolkit

PyTorch, which is the combination of Python and the Torch library, is a free, open source machine
learning library that was developed by Facebook’s Al Lab (Paszke et al., 2019) and has a wide
versatility in computer vision topics and is even used for self-driving capabilities in Tesla vehicles.
Within PyTorch, Python stores and completes tensor computations from each of the layers in fash-
ion similar to NumPy arrays that allows for indexing, slicing, transposing and type-casting. An

alternate software solution is Keras, which also uses Python and is even used at CERN.

5.2.2 Computer Hardware

Tensor computations can be accelerated with the use of Graphics Processing Units (GPUs), but this
work only utilizes Central Processing Units (CPUs). Hardware in this study includes a standard
2.6 GHz Intel Core 15 CPU in a 2014 MacBook Pro and an Intel(R) Xeon(R) CPU E5-2637 v4 3.5

GHz 8-core (16 CPU equivalent) Linux box. Example code structure of a PyTorch CNN used in
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this work is provided in Appendix A and the code repository is available on GitHub !. Computation

time comparisons between the hardware will be discussed in Section 5.5.

5.2.3 vggl6 Architecture

The architecture of a neural network describes the individual processes and steps required to train
a model. This study will use vgg16 architecture. vggl6, which is the product of the Large Scale
Visual Recognition Challenge 2014 (Simonyan & Zisserman, 2014), is one of the premier CNN
architectures and achieves a 92.7% accuracy on the standard dataset ImageNet, which has 14 mil-
lion images in 1000 classes. This architectures requires a standard input RGB PNG image with a
size of 224 x 224 pixels. While most of astronomical data are in Flexible Image Transport System
(FITS) formats, the output of GRIZLI for grism is a PNG of the original FITS file. There are five
sets of the convolution and pooling layers in the training before moving on to the fully connected
layer to produce the weight map. The filters created in the convolutional layers create an activation
map based upon a 3 x 3 pixel search area, which was an improvement over the 7 x 7 kernel used
before vggl6 was developed. However, there are several drawbacks to vggl6 architecture. The
small kernel size and numerous convolution and pooling increases the computation time, meaning
that creating a new model is a lengthy process. Additionally, this creates a very large weight map
with all of the filter information that can be on the order of hundreds of megabytes. Despite this, it
is still a very powerful architecture that is capable of completing training of thousands of images

on a modern laptop.

5.3 Training Data & Class Definitions

CNNs ‘learn’ to classify data that is initially characterized by hand. The preclassified data is
referred to as the training set and is the data that the model is built upon. Here, training sets are

HST grism datasets from the Cycle 20 EDisCS observations at 2 orbit-depth with G102 and the

! github.com/jrcooper91/PyTorchProjects
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Cycle 21 GLASS observations data at 10-orbit depth with G102, with both imaging galaxies at
intermediate to high redshifts. Within each training set, images are separated based upon the main
feature, or class of the image. The following six images in Figure 5.5 represent the six classes that
are used in this study. The images are run through a Python cropping program to separate out each
gas extraction into a 224 x 224 PNG file that is easily read into PyTorch. The F105W images are
not used in this study since traditional images from WFC3 have been successfully utilized in other
machine learning programs.

Only results of CNN models with four or fewer classes are presented and discussed here due to
low accuracy rates with more numerous classes. A CNN with four classes includes edge of chip,
contaminated (artifact and poor model), noisy, and detection (diffuse and compact). A reduction
to three classes combines noisy and detection to uncontaminated, while edge of chip and contam-
inated remain. Finally, two classes distributes edge of chip into contaminated or uncontaminated.
The training data is fully cycled through the architecture for 20 epochs (or revolutions) in order to

train on different patterns that may arise from randomization within the data.

5.4 Results

Initially, classification was ambitious with six classes, but results quickly made it apparent that
a more constrained set would produce a higher accuracy. The quality and resolution of grism
gas extractions at higher redshifts is not refined enough to detect jellyfish, symmetrical, or other
complex morphologies, which will be discussed further in Section 5.5. CNN models are developed
for two, three, and four classes for both the EDisCS and GLASS datasets, which were trained on
1265 and 1754 images, respectively. The test set is composed of different images that are not in the
training set and total ~ 10% of the number in the training set. Additionally, the models are tested
on the Chapter 4 data, which includes 374 Ho extractions comprised of 85% noisy/detection, 13%
artifact/poor model, and 2% edge of chip.

The results from these variations of classes (defined in Section 5.3) are shown in Table 5.1. On

a MacBook Pro, one epoch takes ~ 15 — 20 minutes, while only taking ~ two — three minutes on
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Figure 5.5: Each of the six GRIZLI image sequences shows the F1I05SW stellar component on the
left, followed by the Ha and [SII] emission line maps within the same FOV for the same source.
The defined class is based upon any of the emission maps produced by GRIZLI and is labeled
in the upper right corner. These classes are not based solely on scientific classification, but with
more emphasis on a visual interpretation to demonstrate the abilities of a CNN. Several classes are
combined in the results as follows. The artifact and poor model classes are merged into a single
class since the main feature is nearly identical between the two types. Additionally, diffuse and
compact are merged as a detection class. The four main classes, starting from the top are detection,

noisy, artifact/poor model, and edge of chip.
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the 8-core Linux box. Classifying a single emission map with the developed model takes ~ 2-3
seconds, which would take ~ 15 minutes for the entire Chapter 4 Ho dataset on the MacBook or
only a few minutes on the Linux box when utilizing every core.

The top performing model is the GLASS 2-class CNN which has an accuracy of 86% on the
test set and 80% on the Ha EDisCS data from Chapter 4. Adding an additional class reduces the
accuracy on both the EDisCS and GLASS datasets, which suggests that the grism quality is not
high enough to create unique enough filters between each of the classes. While all of the listed
accuracies are greater than chance, results > 90% are desirable for practical and widespread usage.

Comparing the 2 and 10-orbit G102 data only reveals minor differences in the resulting accu-
racies, indicating that orbit depth is not a major factor in model success. Regardless, the GLASS
models consistently perform better on the test set and data from Chapter 4 than the EDisCS data.
Additionally, ~ 30% more images were used in the training of the GLASS models than in the
EDisCS ones. While the number of images from both datasets are the same order of magnitude,
larger training sets could potentially increase accuracy. The analysis of the Chapter 4 classifica-
tions among the six different CNN models is discussed in detail in Section 5.5.

Differences between the accuracies presented in the test set and Chapter 4 are likely due to the
aforementioned composition of the Chapter 4 data. The test set is designed to equally split the
number of images in each class while Chapter 4 is mostly noisy or a detection, which is discussed

in more depth in Section 5.5.

5.5 Discussion

In this study, six convolution neural networks are made based on 10-orbit depth GLASS and 2-
orbit depth EDisCS G102 grism data, both of which targeted galaxies in the range 0.4 < z < 0.8.
Three CNNs for each dataset were based upon four, three, or two image classes, where the latter
aimed to solely distinguish between contaminated and uncontaminated data. The 2-class models
are the top performers with accuracies > 77% on the test set and Ho extractions from Chapter 4.

One area of misinterpretation involves galaxies with extended gas disks, particularly if they
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Dataset Orbit Depth  Grism Classes Njjpages Accuracy % Accuracy %
on Test Set on Ch4

&) 2) 3) “ ®) (6) )
EDisCS Cycle 20 2 G102 4 1265 69 52
EDisCS Cycle 20 2 G102 3 1265 75 64
EDisCS Cycle 20 2 G102 2 1265 82 77
GLASS Cycle 21 10 G102 4 1754 77 54
GLASS Cycle 21 10 G102 3 1754 78 62
GLASS Cycle 21 10 G102 2 1754 86 80

Table 5.1: Results for the CNN on the EDisCS Cycle 20 and GLASS Cycle 21 observations. 1.
Dataset used in the training, where EDisCS is data from any of the 14 pointings listed in Chapter
4. 2. Orbit depth of the observation. 3. Grism used, where G102 spans the wavelength range from
0.7 - 1.1um. 4. Number of images used in the training set, where ~ % of this number is available
in the test and validation sets. 5. Accuracy on the test set. 6. Accuracy on the 374 Ho extractions
from Chapter 4. The accuracy increases with a reduction in classes, ultimately leaving the best
classifier as the one distinguishing between contaminated and uncontaminated data.

are highly inclined to appear linear. An example of an elongated emission is in Figure 5.6; this
appears similar to a contaminated image with an artifact and the resulting probabilities are [0.5914,
0.4068] which corresponds to [contaminated, uncontaminated] in the 2-class model. Interestingly,
this same extraction is also identified as contaminated data in the GLASS and EDisCS 3 and 4-class
models, with ~ 50% probability of contamination and ~ 40% detection. In the 2-class model, very
low S/N galaxies oftentimes had random noise detected as contamination (Figure 5.7). However,
the probability outcome [0.5087, 0.4897] [contaminated, uncontaminated] shows that it is nearly a
50-50 chance of being in either class. In the 2-class model, 20% of the Chapter 4 extractions are
misidentified. 60% of these misidentifications have a 2-D tensor probability array [a,b] where a
and b are within 0.1. (i.e. [0.45,0.55] where the model is finding a significant probability for either
class 1 or 2). In the correctly identified 80% of Chapter 4, 18% have an a and b within 0.1 of each
other. The similarity of tensor values indicates that a significant portion of the model doesn’t have
a clear filter match for a subset of images.

Another common source of misinterpretation are galaxies with large and resolved gas disks,

such as in Figure 5.8. At the redshift range of the EDisCS and GLASS observations, these massive
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Figure 5.6: In this grism extraction, the Ho disk in the 4th panel is linearly extended, which would
easily fit the artifact/poor model filter. The resulting probabilities only result in ~60% chance that
this 1s contaminated, with a 40% chance of usable data.
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Figure 5.7: In this grism extraction, the Hor disk in the 4th panel is not apparent, but the artifact in
the noise on the right hand side likely fits the contamination filter since it is a faint linear line. The
resulting probabilities only result in ~50% chance that this is contaminated or not, indicating that
the model did not have a good fit to this image.

galaxies are less common than smaller, compact sources, representing 3% of the total Ho sample.
While the Ha emission map in Figure 5.8 is correctly identified as a detection in the 4 and 3-
class models, the 2-class CNN identified it as contamination. This is possibly due to the higher
proportion of bright (purple) pixels in the image that correlate higher with the contamination filter.
Additionally, the probability outputs from all classes are within 10% of the next highest class,
which again identifies that the model is not trained well on this type of image.

In the 4-class models for both EDisCS and GLASS, only ~ 5% of the Chapter 4 Hox had a
probability > 70% in one class. 100% of these cases are identified as ‘noisy’, and 85% are actually
correct. This indicates that the training set and Chapter 4 sets have consistent noise features that
are extremely similar between the observation cycles. However, this also suggests that the model
is fitting multiple filters to the image and one is not a clearly defined match over the others. This
can be attributed to the wide range of gas disk morphologies and low resolution data.

While not very common, images can also contain more than one class. For example, Figure 5.9

contains a detection and an artifact. Additionally, edge of chip images will also likely contain
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Figure 5.9: In this grism extraction, the Hor disk in the 4th panel is compact and ~ 20 pixels in
area. However, there is also an artifact in the top left.

another class unless > 50 of the image is off of the chip. In cases with multiple classes, the model
will see matches with multiple filters. For the H @ emission map in Figure 5.9, the 2-class models
identify this as an artifact with a 50 — 58% probability. In the 3 and 4-class models, this image is
nearly equally classified across all of the defined classes. The yellow pixels around the artifact are
similar enough to what the edge of a chip looks like with no pixel values, hence the confusion with
this class.

Finally, data quality is certainly a contributing factor to these results. Even though the CNN
architecture takes images that are 224 x 224 pixels, the actual grism emission maps themselves
are only 31 x 31 pixels. Thus, the model is making low-resolution filters on objects that are only
a few pixels wide. A majority of the Ha emission maps span < 50 pixels and not necessarily the
same size or shape, which makes the model difficult to constrain during training and even more
difficult to classify separately. The 3 x 3 pixel search kernel may be too refined for this dataset
and a larger kernel would also reduce the total model computation time.

A major aspect of this study aims to reduce manual labor and time spent classifying images.
As previously stated, it takes ~ 15 minutes with a CNN model to classify 374 extractions. Com-

pleting this task by hand takes anywhere from 5 — 10 seconds per image totaling an hour or more
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accounting for revisits, error, and breaks. This time can also vary depending upon the complexity
of the image and experience of the observer. Therefore, it likely takes double or quadruple the
amount of time to classify these same images by eye. This gain can be expanded with the use of

multi-core machines or computer clusters.

5.6 Conclusions & Future Work

A CNN model has been successfully developed on 2 and 10-orbit G102 grism data to distinguish
between two, three, and four image classes. These models can be used on other grism data to
classify images in less than half the time it would take a human to complete the same task. The
top performing model is the 2-class one which distinguishes between contaminated and uncontam-
inated data. Despite all models having accuracies exceeding random choice, a higher accuracy is
desired. Sources of error here are derived mainly from low resolution emission maps, abnormal
gas disk morphology, and images with multiple classes. However, this study still proves that a
CNN model can be developed on HST grism emission maps; this chapter serves predominantly as
a proof of concept and small-scale study.

With this is mind, this CNN model is best served as an indicator of data quality, where it is
capable of distinguishing between a contamination and usable data. Without visually inspecting
the data, false signals can easily present as realistic Ho or other emission line fluxes and using
this neural network can easily and quickly flag data that should be omitted from the final sample.
Particularly in cases of Large Programs with dozens of orbits, this removes days or even weeks of
manual labor to inspect individual extractions and is crucial towards drawing robust conclusions
from the data.

There are several avenues in which to expand this study. This work only included grism G102
data, however, G141 which spans higher A are also available. The soon-to-launch James Webb
Space Telescope will also have its own grism to produce emission line maps. An interesting study
would include testing G102 data on a G141 model and visa versa. The resolution for both grisms

are very similar, so similar problems would likely persist in a comparative study.
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Additionally, the top CNNs today are trained on millions of images with hundreds of classes.
The training sample size here is quite small and could easily be expanded to 100,000+ with the
use of datasets from 3DHST. This could aid in refining class definitions, which would ultimately
improve the accuracy.

Finally, integration of a CNN model into current astronomical processing steps is pertinent
towards this becoming adopted within the community. It would be most helpful to modify the
code to output the probabilities into a usable format such as a table. Ideally, this study could be
integrated with the current GRIZLI code in the final extraction steps. Once the emission maps are
produced, they could be classified with a CNN model and identify any problematic data with a
flag or other indicator. Additionally, astronomical datasets produce FITS files, so altering the CNN

architecture to read a non-RGB channel tensor is critical towards efficient and rapid processing.
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Chapter 6

Conclusions

We have investigated the role of environment on galaxy evolution at 0.4 < z < 0.8 through two
methods with the EDisCS cluster sample. First, we presented the passive fraction, fp4gsive, as a
function of redshift, stellar mass, and cluster-centric radius for 16 EDisCS clusters. This data
included deep core data as well as a wide field imaging survey to fully encompass the infall re-
gion. The f}4gqive 1s determined through a color-color definition in rest-frame UVJ-space, with a
correction for interlopers in the photometric core data.

We show that the buildup of quiescent galaxies in clusters and the field is evident over several
billion years through the increasing five With a decrease in look back time (Figures 3.2 and 3.3.
The buildup of passive galaxies is apparent in both EDisCS surveys (Figures 3.4 and 3.5). When
the cluster f4s5ive 1s compared to the field, we see a differentiation from the field at low redshifts as
evidence of environmental quenching (Figure 3.5), which is not evident at high-z. This dependence
on redshift is less evident in the core than in the infall region.

We then derived the f),ive in relation to stellar mass, which reveals that the most massive
galaxies are passive through mass quenching. For the EDisCS core sample, the cluster sample
fpassive 1 mostly indistinguishable from the field at all masses in both redshift regimes (Figure 3.4).
However, when using the LDP sample in two intracluster environments, the result varies greatly
(Figure 3.6). The f),4ve in the core is well above the field relation and in agreement with results
from other cluster surveys at similar redshifts, indicating that galaxies may have experienced en-
vironmental quenching. The flat relation suggests environmental quenching is also contributing
towards SFR suppression and is efficient. The infall relation for the low-z galaxies is similar to the

core, where a majority of the galaxies are quiescent; however, the high-z bin has a steep relation
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between stellar mass and f,4ve, Where galaxies with LogM, < 10.8 are mostly star-forming to
suggest that environmental quenching isn’t efficient. The high-z infall is indistinguishable from
the field f4ive, Suggesting a lack of environmental quenching processes. This dramatic shift for
the relation between redshift regimes is interpreted as possible environmental quenching within
the cluster. The most massive cluster galaxies are already quenched regardless of location and red-
shift, but the transition from high to low redshift epochs could contain a period of transformation,
but our low sample sizes both in terms of clusters and individual galaxies are not large enough to
confirm this.

Finally, we inspect the f,ive as a function of cluster-centric distance, which reveals a similar
finding for observed differences in redshift (Figures 3.8 and 3.9). At lower redshifts, there is little
dependence on radial distance and stellar mass with the passive fraction, indicating quenching in
some combination of extrinsic and intrinsic quenching processes. At higher redshifts, the f,qive
decreases outward from the core, which is also seen at 10'%¢ < M, < 10'1'0, Interestingly, the
outskirts of the core at 4.5R;( are composed of >80% quiescent galaxies at all redshifts.

Following this analysis, Hubble Space Telescope observations from select z ~0.5 clusters tar-
geting Ho emitters cover both galaxies in the core and infall region. These Ha fluxes are con-
verted to star-formation rates, with corrections accounting for the [NII] doublet blending, post-
AGB stellar contributions, and internal extinction. We explore the environmental dependence of
spectroscopically-derived Ho star-formation in three distinct regimes in the vicinity of four galaxy
clusters at 0.4 < z < 0.7: cluster cores, infall regions, and the field. We combine HST/WFC3 G102
grism observations at 1 with photometric and spectroscopic redshift priors to obtain a sample of
67 galaxies with secure redshifts, S/N in Ha >3 and which are above our mass completeness limit
for star-forming galaxies of M,>10%7>. We see no differentiation in the main sequence relations
between the three environments (Figure 4.9) on a cluster-by-cluster basis (Figure 4.10).

Finally, a convolutional neural network was trained on more than 1,000 emission line extrac-
tions from the HST observations on EDisCS and GLASS clusters to classify two, three, or four

classes of images (Figure 5.5). A top accuracy of 86% is achieved with the GLASS Cycle 21 data
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with two classes defining either contaminated or uncontaminated images (Table 5.1). Accuracy de-
creases with an increase in the number of classes, which is likely due to low resolution extractions
and unique emission maps. While accuracy rates >90% are desirable, this neural network proves
that grism data can be trained and automatically classified at a rate that takes less than half of the
time it would for a human to complete the same task.

Our conclusions are as follows:

1. The passive fraction decreases with increasing redshift, which supports the buildup of red
galaxies as the Universe ages. This is seen in both the field and dense environments for all EDisCS
clusters. The highest redshift clusters at z = 0.8 have a {5y ~0.6, which gradually increases to
~1.0 for the lower redshift sample at 0.45.

2. EDisCS galaxy cluster core and infall regions have a higher passive fraction than in the field
from at low-z (0.4 < z < 0.6). At high-z (0.6 < z < 0.8), this separation is more indistinguishable.

3. The passive fraction increases with stellar mass regardless of environment, which supports
the finding that the most massive galaxies are ‘red dead’ from intrinsic mass quenching. While
the EDisCS core VLT observations show no indication of environmental quenching, the LDP core
and infall samples at low-z show moderate evidence. At redshifts greater than 0.6, the distinction
between cluster and field {4y 1s less clear in both the core and infall region, which is also seen
in conclusion two above. This trend is observed in both the core and infall regions.

4. There is a dependence of f},ve On radial distance at some stellar masses and redshifts. At
Logio(M./Mg) > 11.0, mass quenching is in effect and a large majority of galaxies are quiescent
at all redshifts. However, at Log1o(M./Mg) > 10.6 and < 11.0, only the low-z sample is quenched.
The high-z sample displays a sharp decline in f)y. outside of the virial radius. This indicates a
possible environmental quenching between the two epochs.

5. With the combination of grism and redshift priors, we can obtain precise and accurate
redshifts for galaxies with a range of star-formation histories. Usage of priors with GRIZLI has
been uncommon in the past and this demonstrated that it is feasible and important towards Ha line

identification. The implementation of this feature improves the capabilities of the software and
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allows for more robust extractions from grism observations.

6. We find no difference in the distribution of SFRs for galaxies in the three environments or
as a function of radius from the cluster out to 3R»qg.

7. We find 16 galaxies in the mass-complete sample (~24%) that are identified as UV J-passive
galaxies, but which have significant amounts of Ha emission. In the first portion of this study
concerning v, these galaxies would be classified as quiescent, but the Har observations tell
another story, much like low-ionization emission line region (LIER) galaxies. These galaxies
appear to be falling off of the main sequence and we may be observing them as they are being
quenched.

8. The similarity of the infall and field samples may be attributed to the delayed-then-rapid
quenching scenario, where galaxies are unaffected for the first two - four Gyr that they reside in the
cluster environment. This indicates that these galaxies have recently been accreted by the cluster
and have not yet undergone any gas quenching processes and present similar SFRs. However, this
does not explain the similarity between the field and core samples.

9. A neural network can be effectively trained to be at least 86% accurate on HST grism data
to distinguish between a decent extraction and one that is unusable due to contamination or poor
modeling.

10. The CNN model can complete a grism classifying task in half of the time or less than it

would normally take a human.

6.1 Future Work

This work has largely focused on the bimodal classification and emission line parameters of galax-
ies in varying cosmic densities to give insight on the role of environment on evolution. Several
avenues can be explored to further understand the role of dense environments on galaxy evolution
with these datasets.

1. The environmental quenching efficiency, or the fraction of galaxies that would have been

star-forming in the field that are now passive in clusters, can be determined for the LDP sample.
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Within a given mass bin, the fraction of quiescent galaxies in the field are subtracted from the
cluster and this number is divided by the star forming fraction in the field at the same mass bin.
Similar to the passive fraction study, this can be done at high and low-z. Additionally, the passive
fraction can be compared to the halo masses from the parent clusters to search for an environmental
effect related to this parameter. As mid-mass clusters, EDisCS clusters are progenitors to local
structures and are less massive than many of the cluster surveys in the literature.

2. Modeling is an important step towards defining a quenching timescale within a given envi-
ronment. The surface density of galaxies across a cluster environment allows for interpretation on
star formation within intracluster distances to approximate a more rapid or slow decay as individual
galaxies are accreted.

3. Each galaxy from Chapter 4 has an F105W and Ho image counterpart where each disk
can be measured (e.g. Sérsic Index) to compare growth between environments and the stellar
vs. Ha sizes. External quenching mechanisms such as ram pressure stripping will present as an
asymmetric gas disk while internal strangulation can change the relative sizes between the two
components. Identification of the quenching process affecting each galaxy will further constrain
the mechanisms at play in galaxy evolution. Along with a visual classification of morphology, these
findings in conjunction with the SFRs presented here will give a well-rounded insight to these z ~
0.5 clusters and the processes responsible for varying SFRs. Additionally, a larger sample set of
galaxies with SFRs to compare to the UVJ classification can help identify galaxies masquerading

as quiescent that actually have ongoing star-formation.

106



Appendix A

HST Catalogs & Data Products

In Tables A.1, A.2 and A.3, we present the information for HST-observed galaxies checked
for quality and with Ho detections above our threshold limit of 3 in the core, infall and field
environments, respectively. In Table A.4, we present the galaxies with S/N in Ha < 3 that have

passed quality checks.
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Object ID RA. Dec z Distance Stellar Mass fluxgy o SFRy ¢ U-v V-J uviJ

Deg. Deg. Mpc Logjo(My/Mg) 10~ erg s~ lem—2 Meyr! AB AB Classification

@ @ 3) () ) ©) ()] ®) © 10 an
Cl11059-12.1-382 164.7492 -12.8713 0.4555 0.366 8.04 1.11 +0.12 1.41 £0.15 0.73 0.73 sf
Cl11059-12.1-165 164.7544 -12.8858 0.4617 0.051 10.8 43.5£04 107.95 £1.09 0.99 0.92 sf
Cl11059-12.1-392 164.7546 -12.8709 0.4602 0.368 9.83 3.33 +£0.16 4.34 +£0.21 1.14 0.75 sf
Cl11059-12.1-087 164.7554 -12.8909 0.4583 0.085 10.12 8.54 £0.26 14.42 +£0.43 1.20 0.93 sf
Cl11059-12.1-334 164.7563 -12.8743 0.4596 0.294 10.28 5.02 £0.32 8.53 +£0.54 1.25 0.97 sf
Cl11059-12.1-217 164.7583 -12.8821 0.4565 0.124 10.46 5.48 £0.34 18.05 +1.11 1.63 1.20 q
Cl11059-12.1-431 164.7654 -12.8686 0.4601 0.407 9.65 1.02 +£0.14 1.33 £0.18 1.22 0.74 st
Cl11059-12.1-461 164.7692 -12.8664 0.4595 0.453 10.91 1.13 +£0.33 4.24 £1.25 1.95 1.23 q
C11059-12.2-320 164.7787 -12.8982 0.4615 0.227 10.71 1.03 +0.227 3.49 £0.92 1.88 1.09 q
C11059-12.2-244 164.7819 -12.9035 0.4538 0.342 11.58 1.73 £0.49 21.37 £6.08 2.18 1.41 q
Cl11059-12.2-231 164.7829 -12.9050 0.4554 0.374 10.96 3.72+0.24 46.23 £2.94 1.97 1.38 q
Cl11059-12.2-261 164.7852 -12.9025 0.4733 0.32 9.63 0.54 +0.17 0.75 +£0.24 1.06 0.69 sf
Cl11059-12.2-192 164.7861 -12.9070 0.4609 0.416 10.6 4.79 £0.226 11.85 £0.63 1.43 1.07 sf
Cl11059-12.2-325 164.7884 -12.8979 0.4528 0.224 9.85 2.93 +£0.36 3.67 £0.46 1.09 0.76 sf
Cl11059-12.2-434 164.7897 -12.8874 0.4598 0.005 10.78 5.67 £0.39 21.39 +£1.48 1.81 1.30 q
Cl11059-12.2-311 164.7908 -12.8992 0.4587 0.253 9.8 0.95 +0.16 2.33+0.4 1.42 1.09 sf
Cl11059-12.2-452 164.7911 -12.8849 0.4577 0.059 5.77 0.99 +£0.14 1.02 £0.14 0.86 0.51 sf
Cl11059-12.2-350 164.7912 -12.8954 0.4573 0.172 8.88 0.79 +£0.17 1.25 £0.27 0.80 -0.46 sf
Cl11059-12.2-441 164.7940 -12.8867 0.4505 0.021 10.44 2.35+0.33 7.15 £1.01 1.62 1.19 sf
Cl11059-12.2-466 164.7959 -12.8802 0.4613 0.161 9.31 0.78 +£0.23 1.34 £0.39 1.00 0.80 sf
Cl11059-12.2-449 164.7962 -12.8853 0.4524 0.053 8.62 1.31 +£0.19 2.03 +£0.3 0.58 0.19 sf
Cl11059-12.2-463 164.7962 -12.8828 0.4564 0.106 9.39 3.32 +£0.16 4.24 £0.2 0.85 0.68 sf
Cl11059-12.2-387 164.8008 -12.8917 0.4561 0.099 9.81 1.17 +£0.16 1.95 +0.27 1.37 0.95 sf
Cl11059-12.2-395 164.8048 -12.8905 0.455 0.079 9.35 2.96 +0.13 491 £0.21 0.94 0.83 st
C11059-12.2-172 164.8059 -12.9082 0.4613 0.455 9.85 2.84 +0.18 4.86 £0.31 1.10 0.96 st
C11138-11.0-1772 174.5345 -11.5584 0.4829 0.035 9.32 2.17 £0.29 2.55 +£0.35 0.87 0.36 sf
Cl11138-11.0-1460 174.5358 -11.5635 0.4781 0.047 8.83 3.16 £0.15 5.90 £0.27 0.69 0.85 sf
CI1138-11.0-199 174.5399 -11.5897 0.4799 0.452 9.7 3.72 £0.24 5.36 £0.34 1.08 0.72 sf
Cl11138-11.0-1203 174.5431 -11.5686 0.4785 0.124 9.11 1.6 £0.29 1.83 +£0.34 0.76 0.34 sf
Cl11138-11.0-1073 174.5450 -11.5705 0.481 0.155 10.28 1.04 £0.3 2.62 £0.75 1.82 0.92 q
C11138-11.0-1230 174.5452 -11.5681 0.478 0.117 8.96 2.78 +£0.46 4.91 £0.81 0.74 0.01 sf
Cl11138-11.0-1573 174.5459 -11.5616 0.4902 0.016 10.67 0.88 +£0.26 3.87 +£1.12 2.11 1.22 q
CI1138-11.0-375 174.5464 -11.5843 0.4787 0.368 9.76 4.83 +£0.63 6.92 +£0.9 1.17 0.77 sf
Cl11138-11.0-298 174.5464 -11.5867 0.4852 0.406 9.6 0.66 +£0.16 1.68 £0.4 1.85 0.98 q
Cl11138-11.0-1516 174.5496 -11.5626 0.4637 0.032 8.05 0.49 £0.1 0.81 £0.17 0.22 -0.12 sf
Cl11138-11.0-1409 174.5531 -11.5647 0.4875 0.066 9.7 6.64 £0.4 9.94 £0.59 0.95 0.79 sf
Cl11138-11.0-1897 174.5574 -11.5566 0.4822 0.064 9.34 5.56 £0.49 6.44 +0.56 1.02 0.48 sf
Cl1138-11.0-668 174.5624 -11.5779 0.4988 0.275 8.69 1.09 +£0.19 2.14 +£0.37 0.29 -0.38 sf
Cl1138-11.0-979 174.5641 -11.5727 0.4851 0.195 10.12 25.1 £0.78 48.50 £1.51 1.17 0.99 sf
Cl11138-11.0-1265 174.5651 -11.5673 0.4697 0.113 9.9 0.39 +0.093 521 +1.25 1.93 1.62 sf
Cl11227-11.0-126 186.9720 -11.6148 0.6375 0.709 10.1 4.65 +£0.25 130.54 £6.97 1.37 1.41 st
Cl11227-11.0-332 186.9794 -11.5997 0.626 0.324 10.07 0.76 £0.23 5.08 +£1.55 1.28 1.22 st
Cl11227-11.0-217 186.9838 -11.6078 0.6321 0.524 10.64 1.44 +£0.23 5.29 +0.83 1.44 0.57 st
Cl11301-11.0-134 195.3694 -11.6311 0.5003 0.458 9.44 3.78 £0.54 4.78 +£0.68 0.87 0.48 sf
C11301-11.0-304 195.3789 -11.6149 0.4681 0.714 9.21 11.6 £0.52 2.44 +£0.23 0.49 0.29 sf
Cl11301-11.0-157 195.3860 -11.6292 0.4871 0.468 9.9 4.86 +0.48 1.58 0.3 1.14 0.79 sf
Cl11301-11.0-187 195.3861 -11.6258 0.4823 0.524 9.94 13.9 +£0.44 36.27 £0.99 1.16 0.86 sf
Cl11301-11.1-502 195.3762 -11.6977 0.482 0.715 8.96 2.1140.2 9.49 £0.94 1.21 0.96 sf
Cl11301-11.1-491 195.3847 -11.6989 0.481 0.725 10.23 19.1 +£0.52 38.41 +1.2 1.16 1.01 sf
Cl1301-11.1-525 195.3862 -11.6954 0.4855 0.665 10.1 33403 9.24 £0.85 1.08 0.94 sf
Cl1301-11.1-560 195.3924 -11.6929 0.4832 0.617 9.78 3.27 £0.23 9.06 +0.64 0.93 0.92 sf
Cl1301-11.1-324 195.3935 -11.7106 0.4862 0911 10.35 1.78 +£0.25 5.00 +0.7 1.28 1.00 sf

Table A.1: Information for core galaxies. 1. Pointing ID - GRIZLI Object ID 2. Right Ascension 3.
Declination 4. Redshift 5. Cluster-centric distance in Mpc. 6. Stellar Mass 7. Hoe flux in cgs units
8. Star-formation rate. 9. U-V rest-frame color 10. V-J rest-frame color 11. UVJ classification
based on Williams et al. (2009) where sf and q represent star-forming and quiescent, respectively.

108



Object ID R.A. Dec z Distance Stellar Mass fluxgy o SFRy o U-v V-J uviy

Deg. Deg. Mpc Logjo(Mx/Mg) 10~ 10erg s~ Tem =2 Mayr! AB AB Classification

@ (&) 3 “) ) ©) (@) ®) (&) a0 an
CI1138-11.2-166 174.3821 -11.4293 0.4812 244 10.03 1.04 £0.166 2.62 £0.42 1.40 1.94 sf
CI1138-11.2-222 174.3956 -11.4266 0.4818 241 10.08 3.9 +0.219 5.67 £0.32 1.17 1.82 sf
ClI1138-11.2-213 174.3994 -11.4272 0.4654 2.39 10.42 3.33 +£0.314 43.58 £4.11 1.70 1.45 sf
Cl1138-11.2-490 174.4010 -11.4085 0.4735 2.67 9.77 3.37 +0.486 4.69 +£0.68 1.08 0.67 sf
Cl1138-11.1-077 174.6872 -11.5849 0.4869 0.7 9.77 2.26 +£0.624 3.37 £0.93 1.16 0.69 sf
CI1138-11.1-137 174.7016 -11.5811 0.4894 0.71 9.07 2.39 +0.589 2.90 +£0.71 0.66 0.27 sf
Cl1138-11.1-388 174.7105 -11.5616 0.4945 0.45 9.72 6.39 +£0.571 7.85 £0.70 0.81 0.50 sf
CI1138-11.1-263 174.7122 -11.5714 0.4903 0.61 11.09 5.51+0.973 81.80 +£14.43 1.67 2.55 sf
Cl11227-11.1-088 186.9564 -11.6694 0.6166 2.1 9.30 1.37 £0.172 291 +0.37 0.76 0.32 sf
Cl11227-11.1-226 186.9569 -11.6607 0.6383 1.88 10.07 5.49 +£0.254 38.71 £1.79 0.80 1.06 sf
Cl11227-11.1-309 186.9807 -11.6551 0.6358 1.71 10.06 3.87 +£0.253 20.86 +£1.36 1.00 0.87 sf
Cl11227-11.2-225 187.0602 -11.5263 0.6246 1.62 11.22 2.32 +0.385 18.37 +£3.04 1.98 1.37 q
C11227-11.2-163 187.0621 -11.5297 0.6428 1.54 9.66 3.55 £0.162 10.39 +£0.47 0.79 0.61 sf
Cl11227-11.2-347 187.0682 -11.5193 0.6312 1.82 9.03 1.58 +£0.159 3.56 £0.36 0.50 0.37 sf
Cl11301-11.3-220 195.2301 -11.5203 0.4683 2.84 8.50 1.11 +£0.247 1.51 +£0.34 0.13 0.61 sf
Cl11301-11.3-337 195.2334 -11.5130 0.4941 2.95 10.07 3.64 £0.244 5.62 +£0.38 1.01 0.57 sf
Cl11301-11.3-144 195.2358 -11.5266 0.4926 271 10.55 4.38 £0.403 65.68 +£6.05 1.91 1.78 sf
Cl1301-11.3-223 195.2426 -11.5201 0.4947 2.77 8.78 0.49 £0.151 0.94 £0.29 0.17 -0.11 sf
Cl1301-11.1-300 195.3445 -11.5418 0.4974 1.99 9.51 1.35 +0.214 20.73 +£3.28 0.88 1.25 sf
Cl1301-11.1-421 195.3487 -11.5294 0.4976 2.19 9.17 0.95 £0.249 1.85 +0.48 0.94 0.13 sf
Cl1301-11.1-061 195.3502 -11.5586 0.4672 1.7 9.42 5.68 +£0.35 6.09 +£0.38 0.73 0.53 sf
Cl1301-11.1-354 195.3503 -11.5372 0.4944 2.06 10.42 18.8 +0.828 38.16 +1.68 1.13 0.91 sf
Cl1301-11.1-361 195.3542 -11.5363 0.4933 2.06 8.95 0.77 +£0.22 11.53 +£3.30 0.42 1.35 sf
Cl1301-11.1-208 195.3585 -11.5476 0.501 1.87 11.06 1.48 £0.229 6.84 £1.06 2.11 1.28 q

Table A.2: Information for infall galaxies. 1. Pointing ID - GRIZLI Object ID 2. Right Ascension
3. Declination 4. Redshift 5. Cluster-centric distance in Mpc. 6. Stellar Mass 7. Ho flux in cgs
units 8. Star-formation rate. 9. U-V rest-frame color 10. V-Jrest-frame color 11. UVJ classification
based on Williams et al. (2009) where sf and q represent star-forming and quiescent, respectively.
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Object ID RA. Dec z Stellar Mass fluxy o SFRy ¢ U-v V-J uviy

Deg. Deg. Logjo(Mx/Mg) 10~ 10erg s lem—2 Meyr! AB AB Classification

€] 2 3) (C) [©) 6) (@) ®) [©) (10)
CI1059-12.1-326 164.7441 -12.8751 0.6477 10.19 1.32 +£0.21 26.93 +£6.24 1.04 1.99 sf
Cl11059-12.1-413 164.7442 -12.8697 0.6660 10.46 1.39 £0.30 29.61 +£9.39 1.57 2.09 sf
Cl11059-12.1-505 164.7475 -12.8625 0.6323 9.15 0.85 £0.14 16.19 +3.88 1.13 1.97 sf
CI11059-12.1-408 164.7506 -12.8697 0.6582 8.54 0.65 £0.12 1.56 £0.46 0.41 0.19 sf
CI11059-12.1-192 164.7514 -12.8837 0.6705 9.12 0.85 £0.10 16.89 +3.04 0.88 1.70 sf
CI11059-12.1-162 164.7514 -12.8859 0.6716 8.54 0.37 £0.12 0.97 +£0.49 0.55 0.86 sf
CI11059-12.1-517 164.7520 -12.8617 0.4064 10.05 4.08 £0.32 11.74 £0.75 1.19 1.35 sf
C11059-12.1-496 164.7523 -12.8632 0.6979 10.99 0.90 £0.24 20.82 +8.23 1.98 224 sf
C11059-12.1-486 164.7528 -12.8638 0.6544 10.32 0.22 £0.06 4.55 +1.94 222 1.58 sf
Cl11059-12.1-086 1647536 -12.8908  0.6076 8.45 0.47 £0.11 0.85 +0.28 0.23 0.74 sf
Cl11059-12.1-183 1647580  -12.8842  0.6428 9.16 0.41 £0.11 7.87 £3.12 1.19 1.64 sf
Cl11059-12.1-101 164.7626  -12.8893 0.6107 8.22 1.14 £0.35 3.92 +1.68 0.23 1.01 sf
CI11059-12.1-333 164.7639 -12.8740 0.5182 8.60 0.40 £0.09 0.51 +0.12 0.50 0.46 sf
Cl11059-12.1-241 164.7699 -12.8805 0.4865 9.85 3.02 +£0.17 44.02 £2.45 1.37 2.06 sf
Cl11059-12.2-285 164.7730 -12.8781 0.5736 8.63 1.86 +0.09 3.26 +£0.21 0.44 0.70 sf
Cl11059-12.2-220 164.7780 -12.9053 0.4291 9.71 0.45 £0.14 5.61 +1.47 1.43 1.75 q
Cl11059-12.2-405 164.7856 -12.8899 0.5032 8.72 0.87 £0.13 1.75 £0.27 0.62 0.90 sf
Cl11059-12.2-289 164.7867 -12.8999 0.4245 9.53 0.66 £0.19 8.06 £1.97 1.58 1.45 sf
CI11059-12.2-310 164.7926 -12.8992 0.4127 9.83 0.84 £0.25 9.84 +£2.49 1.56 1.78 sf
Cl11059-12.2-447 164.7978 -12.8854 0.5450 10.13 0.99 £0.12 4.36 £0.60 2.37 1.15 sf
CI11059-12.2-396 164.7999 -12.8906 0.5936 9.46 3.29 +0.17 59.62 +£4.10 0.88 1.92 sf
CI11059-12.2-399 164.8028 -12.8902 0.4168 8.64 0.64 £0.13 1.05 £0.17 1.00 0.92 sf
CI11059-12.2-390 164.8050 -12.8911 0.4245 9.53 0.76 £0.22 9.37 £2.28 1.33 1.80 sf
CI1138-11.2-158 174.3800 -11.4304 0.4139 9.21 1.36 £0.42 1.34 £0.34 1.16 1.44 sf
CI1138-11.2-090 174.3832 -11.4337 0.4552 9.32 4.38 £0.45 6.03 +0.57 0.52 1.78 sf
C11138-11.2-060 174.3834 -11.4351 0.6938 9.89 2.82 +0.22 15.19 £1.91 1.22 1.19 sf
C11138-11.2-504 174.3887 -11.4074 0.6761 9.98 1.85 £0.22 9.78 £1.80 1.32 1.20 sf
Cl11138-11.2-376 1743972 -11.4166  0.6875 9.28 1.26 +£0.19 2.10 +£0.51 0.72 1.50 q
CI1138-11.2-246 1743987  -11.4245 0.5759 9.02 1.10 +£0.24 1.95 +£0.53 0.80 0.76 sf
C11138-11.2-079 174.4013 -11.4342 0.5195 10.34 2.40 +£0.46 5.09 +£1.05 1.31 2.03 sf
CI1138-11.0-1481 174.5333 -11.5634 0.6410 8.82 0.99 £0.19 2.36 £0.67 0.63 -0.27 sf
CI1138-11.0-789 174.5375 -11.5756 0.5063 9.58 0.73 £0.11 0.91 +0.14 1.51 0.59 sf
CI1138-11.0-1549 174.5401 -11.5620 0.5182 10.68 1.20 £0.24 3.37 +£0.71 1.98 1.00 sf
Cl1138-11.0-1403 174.5429 -11.5647 0.5186 8.23 1.01 £0.10 1.28 +£0.14 0.68 0.26 sf
CI1138-11.0-180 174.5470 -11.5900 0.6205 8.86 1.70 £0.11 2.58 +£0.24 0.91 0.30 q
Cl1138-11.0-1973 174.5490 -11.5557 0.6994 8.38 1.12 +£0.23 1.79 £0.66 0.21 0.59 sf
CI1138-11.0-2141 174.5566 -11.5758 0.4094 8.26 0.78 £0.23 9.47 £2.26 1.02 1.98 sf
CI1138-11.0-778 174.5613 -11.5758 0.6987 8.66 1.51 +£0.44 248 +1.26 0.48 0.24 sf
CI1138-11.0-673 174.5676 -11.5779 0.6286 9.40 3.60 +£0.19 13.29 +£0.97 1.17 1.20 q
CI1138-11.1-047 174.6884 -11.5869 0.5494 9.89 5.12 +£0.29 86.30 +5.68 1.32 2.73 q
CI1138-11.1-364 174.6985 -11.5631 0.4051 8.75 2.88 +£0.71 8.52 +1.68 0.64 2.30 sf
CI1138-11.1-411 174.7007 -11.5600 0.4531 9.00 0.60 £0.17 1.02 £0.26 0.80 0.98 sf
Cl11138-11.1-193 174.7030 -11.5770 0.6282 10.00 2.80 +0.54 10.60 +2.81 1.23 1.13 sf
Cl11138-11.1-273 174.7040 -11.5697 0.6198 9.89 1.45 £0.24 3.73 £0.84 1.42 1.91 sf
Cl11227-11.0-382 186.9590  -11.6475 0.5286 9.14 2.80 +£0.26 5.66 +0.59 0.72 -0.22 q
Cl11227-11.0-402 186.9637  -11.6452  0.5272 8.97 2.59 +0.13 3.34 +0.18 0.69 0.56 sf
Cl11227-11.0-413 186.9706 -11.6444 0.4342 9.48 0.68 £0.21 8.67 £2.37 1.36 1.38 q
C11227-11.0-196 186.9710 -11.6092 0.5473 9.17 1.76 £0.24 2.39 +0.38 0.82 0.24 q
C11227-11.0-166 186.9742 -11.6632 0.5755 10.20 1.76 +£0.18 31.52 +£3.96 1.51 1.62 sf
Cl11227-11.1-138 186.9822 -11.6656 0.4939 10.54 2.00 +0.45 7.83 £1.79 1.71 1.18 sf
Cl1227-11.1-162 186.9869 -11.6119 0.5512 1091 2.67 +£0.32 13.67 +1.89 1.79 1.32 sf
Cl1227-11.1-322 186.9890 -11.6003 0.4108 8.85 1.51 £0.37 2.42 +0.48 0.73 0.84 sf
Cl1227-11.1-113 186.9907 -11.6159 0.5745 11.07 1.97 +£0.59 36.02 +£12.86 2.04 1.46 q
Cl1227-11.2-136 187.0564 -11.5315 0.5183 9.37 1.24 £0.25 1.58 £0.34 1.13 0.57 sf
Cl1227-11.2-362 187.0578 -11.5183 0.4995 9.12 0.27 £0.09 0.51 +0.17 0.89 -0.19 sf
Cl1227-11.2-035 187.0636 -11.5409 0.5963 9.62 3.47 +£0.49 8.49 +£1.56 0.89 0.81 sf
Cl11227-11.2-247 187.0677 -11.5249 0.5311 9.02 1.77 £0.19 2.30 +£0.27 0.69 0.29 sf
Cl11227-11.2-152 187.0722 -11.5304 0.4723 8.63 1.73 £0.28 2.00 +0.31 0.62 0.32 sf
Cl11227-11.2-208 187.0804 -11.5276 0.5349 9.37 3.25+0.52 4.28 £0.78 0.84 0.41 sf
Cl11227-11.2-259 187.0843 -11.5248 0.5124 11.17 4.07 £0.57 18.94 £2.79 2.05 1.23 sf
Cl1227-11.2-146 187.0855 -11.5309  0.4908 9.34 2.56 +0.54 3.09 +£0.66 0.96 0.53 sf
Cl11227-11.2-204 187.0903 -11.5276 0.5165 10.72 2.73 £0.30 12.79 £1.50 1.81 1.31 sf
Cl11301-11.3-410 195.2339 -11.5075 0.5476 9.16 0.76 £0.16 1.29 £0.31 0.77 0.45 q
Cl11301-11.3-311 195.2408 -11.5145 0.6833 9.07 2.95 +0.23 7.97 £1.03 0.25 0.70 sf
C11301-11.3-176 195.2446 -11.5234 0.5353 8.85 2.46 £0.20 0.63 +0.14 0.97 -0.31 sf
CI1301-11.3-095 195.2452 -11.5302 0.4281 8.89 1.78 £0.39 1.82 +0.34 0.83 0.40 sf
Cl1301-11.3-091 195.2487 -11.5304 0.5213 8.89 1.33 +£0.15 2.79 +£0.35 0.53 0.80 sf
Cl1301-11.3-123 195.2489 -11.5279 0.5358 9.53 2.37 +£0.42 5.16 +1.03 0.75 0.66 sf
Cl1301-11.3-470 195.2491 -11.5031 0.5178 10.15 4.30 £0.54 5.51 +0.74 0.89 0.41 sf
Cl1301-11.3-344 195.2549 -11.5127 0.5986 9.71 4.32 £0.35 10.65 +1.14 0.73 0.84 sf
CI1301-11.1-176 195.3304 -11.5490 0.4339 9.06 0.39 £0.10 5.02 +£0.47 0.29 -0.15 sf
CI1301-11.1-242 195.3365 -11.5452 0.5238 9.07 2.54 +0.18 4.10 £0.32 0.50 0.63 sf
CI1301-11.1-441 195.3429 -11.5251 0.5795 9.60 4.43 £0.13 10.52 +£0.37 0.88 0.74 sf
CI1301-11.0-044 195.3510 -11.5609 0.4224 8.87 1.98 £0.52 2.01 +£0.44 0.69 0.28 sf
CI1301-11.1-262 195.3524 -11.5436 0.5149 8.97 0.95 £0.09 1.19 £0.12 0.80 0.50 sf
CI1301-11.1-356 195.3558 -11.5368 0.4510 7.94 2.26 +£0.30 5.90 +£0.71 -0.11 0.91 sf
CI1301-11.2-605 195.3697 -11.6895 0.5304 11.23 2.14 +£0.61 9.28 +2.87 2.13 1.23 q
Cl11301-11.2-641 195.3771 -11.6856 0.5177 9.95 3.77 £0.33 14.88 £1.40 1.48 1.35 sf
Cl11301-11.2-685 195.3878 -11.6797  0.4230 9.68 0.50 £0.16 0.77 £0.20 1.57 -0.39 sf
Cl11301-11.2-262 195.3880 -11.6186  0.5329 9.14 542 +£0.22 11.05 +0.50 0.54 0.02 sf

Table A.3: Information for field galaxies. 1. Pointing ID - GRIZLI Object ID 2. Right Ascension
3. Declination 4. Redshift 5. Stellar Mass 6. Ho flux in cgs units 7. Star-formation rate. 8. U-V
rest-frame color 9. V-J rest-frame color 10. UVJ classification based on Williams et al. (2009)
where sf and q represent star-forming and quiescent, respectively.

110



Table A.4: S/Ngq < 3 Galaxies

ID RA Dec S/NHo Stellar Mass log10(SFRy o) Loc
Deg. Deg. logo(My/M¢) Meyr~!

1 2 3 4 5 6 7
23 195.38 -11.64 0.68 10.87 1.43 c
59 195.38 -11.64 1.32 9.99 1.01 c
60 195.39 -11.64 -1.29 9.41 0.81 c
67 195.37 -11.64 -1.18 8.84 0.22 f
85 195.26 -11.53 2.81 8.77 0.10 f
92 195.37 -11.63 2.4 10.08 0.17 c
96 195.39 -11.63 2.63 9.75 0.86 f
99 195.39 -11.63 1.84 9.55 0.66 f
106 195.26 -11.53 -2.6 10.35 1.25 i
109 164.81 -12.91 2.83 9.94 0.19 c
120 174.68 -11.58 -0.6 9.49 0.43 f
143 195.38 -11.63 0.89 8.16 0.63 c
151 195.37 -11.63 1.09 8.81 1.32 f
157 174.69 -11.58 1.23 8.60 0.47 f
157 164.81 -12.91 1.56 10.83 0.68 c
159 195.37 -11.63 -0.47 9.21 0.86 c
162 174.72 -11.58 2.61 9.72 1.01 f
177 187.05 -11.53 2.87 8.94 0.38 f
193 195.37 -11.63 -0.2 8.55 0.73 c
197 195.23 -11.52 1.71 9.59 0.37 f
226 195.26 -11.52 0.82 10.79 0.54 i
231 195.38 -11.62 1.21 10.11 1.04 f
244 186.98 -11.61 -1.57 9.88 1.01 c
264 174.55 -11.59 2.21 9.98 0.45 f
265 195.38 -11.62 0.47 9.51 0.94 f
268 195.23 -11.52 2.65 9.27 0.25 i
272 164.78 -12.90 -2.26 10.43 0.46 c
278 195.23 -11.52 1.3 9.63 0.19 f
279 187.06 -11.52 -0.71 10.13 1.25 f
297 174.55 -11.59 2.33 9.21 -0.04 f
298 195.38 -11.62 1.45 8.97 0.68 c
305 186.98 -11.60 2.49 9.77 0.38 f
319 195.38 -11.71 -0.72 10.35 0.89 f
330 186.95 -11.65 2.68 8.78 0.17 f
348 17457 -11.58 2.5 9.02 -0.09 c
364 164.79 -12.89 0.03 10.55 0.44 c
368 186.99 -11.60 2.46 10.20 -0.21 c
384 195.37 -11.61 0.94 9.12 0.53 c
396 186.98 -11.65 2.45 11.02 0.82 f
408 195.38 -11.61 -1.16 9.51 1.10 c
409 174.68 -11.56 2.05 9.32 0.61 f
411 174.56 -11.58 1.39 9.10 -0.32 f
411 187.06 -11.51 2.24 8.79 -0.01 f
418 195.22 -11.51 -1.94 10.19 0.31 f
419 186.97 -11.64 2.85 8.50 -0.52 f
429 174.55 -11.58 0.06 8.78 0.25 f
430 174.57 -11.58 -1.12 8.59 0.20 f
434 174.40 -11.41 1.51 10.48 0.82 i
435 164.77 -12.87 -1.56 9.31 0.09 c
446 195.25 -11.51 -0.83 9.57 -0.37 f
446 195.34 -11.52 1.1 9.07 -0.05 f
460 164.79 -12.88 0.683 10.32 0.32 c
482 186.99 -11.59 -0.08 10.39 0.56 c
486 195.37 -11.70 2.11 9.68 0.69 f
514 195.38 -11.70 -0.71 9.38 -0.22 f
519 186.97 -11.59 2.56 8.77 0.20 f
527 186.99 -11.59 -0.36 10.58 0.56 c
558 174.54 -11.58 2.86 8.56 0.17 f
587 195.37 -11.69 2.97 9.84 0.42 f
590 174.55 -11.58 1.93 10.51 0.41 f
603 195.38 -11.69 0.72 10.50 0.44 f
824 174.55 -11.57 1.92 8.24 0.31 f
851 174.57 -11.57 1.93 9.88 0.21 f
955 174.55 -11.57 2.83 10.30 0.30 c
990 174.55 -11.57 2.69 8.82 -0.18 c
1000 174.54 -11.57 2.83 8.85 0.09 f
1136 174.54 -11.57 1.18 9.33 0.14 f
1138 174.54 -11.57 -0.94 9.50 0.84 f
1231 174.54 -11.57 1.9 9.61 0.05 f
1291 174.55 -11.57 0.33 9.75 -0.27 f
1299 174.54 -11.57 -0.08 8.60 0.09 f
1308 174.55 -11.57 -0.16 8.74 -0.34 f
1404 174.54 -11.56 -0.43 10.17 0.17 f
1420 174.55 -11.56 1.9 9.60 0.36 f
1545 174.54 -11.56 1.92 10.62 0.48 c
1623 174.53 -11.56 2.06 10.79 0.63 c
1645 174.54 -11.56 -0.29 10.92 1.60 f
1650 174.54 -11.56 0.44 10.05 0.14 f
1754 174.54 -11.56 2.69 10.40 0.73 c
1779 174.54 -11.56 -1.12 9.71 0.46 f
1791 174.55 -11.56 2.32 7.66 -0.03 f
2084 174.56 -11.55 2.42 8.64 -0.06 f

Information for low S/N galaxies: 1. GRIZLI Object ID 2. Right Ascension in hours 3. Declination in hours 4. Signal-to-noise in Het 5. Stellar Mass 6. Hor star-formation rate 7. Location where ¢
= core, i = infall, f= field
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Appendix B

GRIZLI Prior Code

The following code can be used after GRIZLI has been completely run through with extractions.
A file with the GRIZLI ID, redshift prior and any errors are required.

For use with an LDP redshift:

from grizli import multifit, utils, fitting

import numpy as np

f = open(’filename.txt’, 'r’)

lines = f.readlines ()[1:]

f.close ()
id = []
z_i = []

for line in lines:
a = line.split ()
id . append (int(a[0]))
z_i.append(float(a[3]))

id = np.array (id)
z_1 = np.array(z_i)

# With prior
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7 =

for

np.arange (0,2,.001)

id_i,z_i1 in zip(id,z_i):
sig = 0.007«(1+2z_i1) # times (I+z)
p_z = np.exp(—-(z -

Z_11)*%2/(2%sig+%2))/((2%np.pi)**%x0.5%xsig)

p_z /= np.trapz(p_z, z)

p_z = np.maximum(p_z, 1.e-10)

_res = fitting.run_all_parallel (id_i, prior=(z,p_z),
zr=[0.05,2], args_file="fit_args .npy’, verbose=True,
group_name=str (id_i) +’LDP-", fitter=["nnls’,

"bounded’ ], get_output_data=True)

For use with asymmetric photometric redshift:

from grizli import multifit, utils, fitting

import numpy as np

f =

open(’filename.txt’, 'r’)

lines = f.readlines ()[1:]

f.close ()

for

line in lines:
a = line.split()
id . append (int(a[0]))
z_i.append(float(a[3]))
z_u.append(float(a[4]))
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z_d.append(float(a[5]))

id = np.array (id)

N

|
—
Il

np.array(z_1)

lN
[=
Il

np.array(z_u)

z_d = np.array(z_d)

# With prior

z = np.arange (0,2,.001)

for id_i,z_ii,z_ui,z_di in zip(id,z_i,z_u,z_d):

sig = 0.5x(z_ui+z_di)x(l+z_ii) # times (I+z)

p_z np.exp(—(z -
Z_i1)*%x2/(2%sig+%2))/((2%np.pi)**%x0.5%xsig)

p_z /= np.trapz(p_z, z)

p_z = np.maximum(p_z, 1l.e-10)

_res = fitting.run_all_parallel (id_i, prior=(z,p_z),

zr=[0.05,2], args_file="fit_args.npy’, verbose=True,

fitter=["nnls’, ’bounded’], group_name=str (id_i)
+ WFI-", get_output_data=True) #negative flux
allowance
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Appendix C

PyTorch CNN Code

\%matplotlib inline

\%config InlineBackend.figure_format = ’retina’

import os

import matplotlib.pyplot as plt

import torch

import numpy as np

from torch import nn

from torch import optim

import torch.nn.functional as F

from torchvision import datasets , transforms , models
from PIL import Image

from collections import OrderedDict

import json
os.getcwd ()

I'pwd

#list your directories and to each dataset
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data_dir =
>/ Users/jennifercooper/Projects/thesis/23.3_mag/all/Extractions/
images/PyTorch_Morphology’
train_dir = data_dir + ’/train’
valid_dir = data_dir + ’/validate’
test_dir = data_dir + ’/test’
#if running on gpu, uncomment. Otherwise, this will be run on
cpu .

#using_gpu = torch.cuda.is_available ()

#Define your transforms for the training , validation , and
testing sets
#rotations , crop to specified length of side of square
train_transforms =
transforms .Compose ([ transforms . RandomRotation (30) ,
transforms . RandomResizedCrop (224) ,
transforms . RandomHorizontalFlip () ,
transforms . ToTensor () ,
transforms . Normalize ([0.485, 0.456, 0.406],
[0.229, 0.224, 0.225])])
testval_transforms = transforms.Compose([transforms.Resize (256),
transforms . CenterCrop (224),
transforms . ToTensor () ,
transforms . Normalize ([0.485, 0.456, 0.406],
[0.229, 0.224,
0.2251H 1)
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# Load the datasets with ImageFolder

image_trainset = datasets.ImageFolder(train_dir ,
transform=train_transforms)

image_testset = datasets.ImageFolder(test_dir ,
transform=testval_transforms)

image_valset = datasets.ImageFolder(valid_dir ,

transform=testval_transforms)

#Using the image datasets and the trainforms , define the
dataloaders.a higher

# batch size processes faster but requires more memory.
With 8GB, 16 would be

# more manageable so that the computer can still be
used while it’s training

image_trainloader = torch.utils.data.DatalLoader(image_trainset,
batch_size=16, shuffle=True)

image_testloader = torch.utils.data.DatalLoader(image_testset ,
batch_size=16, shuffle=True)

image_valloader = torch.utils.data.DatalLoader(image_valset,

batch_size=16, shuffle=True)

#this file lists the classes and their folder location
with open(’/Users/jennifercooper/Projects/thesis/23.3_mag/

—__all/Extractions/images

I

/PyTorch_Morphology/ grism_classifier.json’, 'r’) as f:

cat_to_name = json.load(f)
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#Build and train your network
epochs = 20 #how many cycles to train on
Ir = 0.001 #learning rate, this is the default value in a class

print_every = 10

# Freeze parameters so we don’t backprop through them
hidden_layers = [10, 10] #private to the NN; higher numbers can
solve more complex problems but require more time to produce
the output, doesn’t have to be this high
def make_model(structure , hidden_layers, Ir):
if structure=="densenetl61": #this is for another model
model = models.densenetl61 (pretrained=True)
input_size = 2208
else:
model = models.vggl6(pretrained=True) #current model
input_size = 25088
output_size = 4 #number of classes
for param in model. parameters () :

param.requires_grad = False

classifier = nn.Sequential (OrderedDict ([
(’dropout’ ,nn.Dropout(0.5)),
(’fcl’, nn.Linear(input_size ,
hidden_layers [0])),
(’relul’, nn.ReLU()),
(*fc2’,

nn.Linear(hidden_layers[0],
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hidden_layers[1])),

(’relu2’, nn.ReLU()),

(" fc3’,
nn. Linear(hidden_layers|[1],
output_size)),

(’output’, nn.LogSoftmax (dim=1))

D)

model. classifier = classifier

return model

model = make_model(’vggl6’, hidden_layers , Ir)

criterion

optimizer

nn.NLLLoss ()

optim . Adam(model. classifier.parameters (), Ir=Ir)

def cal_accuracy(model, dataloader):

validation_loss = 0

accuracy

for i

0

(inputs ,labels) in enumerate(dataloader):

optimizer.zero_grad ()

inputs , labels = inputs.to(’cpu’) ,
labels.to( cpu’)

model.to( cpu’)

with torch.no_grad():
outputs = model.forward (inputs)
validation_loss = criterion (outputs ,labels)

ps = torch.exp(outputs).data
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equality = (labels.data == ps.max(1)[1])
accuracy +=

equality . type_as (torch.FloatTensor ()).mean()

validation_loss = validation_loss / len(dataloader)

accuracy = accuracy /len(dataloader)

return validation_loss , accuracy

#this will start training the network,; grism classifier took
approximately 2 hours to run this cell
def my DLM(model, image_trainloader , image_valloader, epochs,

print_every , criterion , optimizer, device=’cpu’):

epochs = epochs
print_every = print_every
steps = 0

model . to(’cpu’)
for e in range(epochs):
running_loss = 0
for ii, (inputs, labels) in enumerate(image_trainloader):
steps += 1

inputs , labels = inputs.to(’cpu’), labels.to(’cpu’)

optimizer.zero_grad ()
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# Forward and backward passes
outputs = model.forward(inputs)
loss = criterion (outputs, labels)
loss .backward ()

optimizer . step ()

running_loss += loss.item ()

if steps % print_every ==
model . eval ()
val_loss , train_ac = cal_accuracy (model,
image_valloader)
print ("Epoch: _{}/{}... I_".format(e+1, epochs),
"Loss:_{:.4f}_ 1,
" . format(running_loss/print_every),
"Validation_,Loss_{:.4f}_1_
".format(val_loss),

"Accuracy_{:.4f}".format(train_ac))
running_loss = 0

my DLIM(model, image_trainloader , image_valloader, epochs,

print_every , criterion , optimizer, ’cpu’)
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