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Abstract (optional):
Galaxy evolution is driven by many complex interrelated processes as galaxies accrete gas, form
new stars, grow their stellar masses and central black holes, and subsequently quench. The
processes that drive these transformations is poorly understood, but it is clear that the local
environment on multiple scales plays a significant role. Today’s massive clusters are dominated
by spheroidal galaxies with low levels of star formation while those in the field are mostly still
actively forming their stars. In order to understand the physical processes that drive both the mass
build up in galaxies and the quenching of star formation, we need to investigate galaxies and their
surrounding gas within and around the precursors of today’s massive galaxy clusters –
protoclusters at z & 2. The transition period before protoclusters began to quench and become the
massive clusters we observe today is a crucial time to investigate their properties and the
mechanisms driving their evolution. However, until now, progress characterizing the galaxies
within protoclusters has been slow, due the difficulty of obtaining highly complete spectroscopic
observations of faint galaxies at z & 2 over large areas of the sky. The next decade will see a
transformational shift in our understanding of protoclusters as deep spectroscopy over wide fields
of view will be possible in conjunction with high resolution deep imaging in the optical and
near-infrared.
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Galaxy evolution is driven by many complex interrelated processes. Galaxies accrete gas from
the intergalactic/circumgalactic medium (IGM/CGM), form new stars from their gaseous interstel-
lar media (ISM), and at the end of their lives, these stars return gas enriched with metals to the
ISM/CGM. The processes that drive the triggering and subsequent quenching of galaxies is poorly
understood, but it is clear that the local environment on multiple scales plays a significant role. In
order to understand these physical processes that drive the quenching of star formation in the uni-
verse we need to investigate galaxies and their surrounding gas within and around the precursors
to today’s massive galaxy clusters – protoclusters at z & 2.

1 Large Scale Structure and the Role of Protoclusters
A critical outstanding problem in galaxy evolution is understanding environment’s role on the
formation and growth of galaxies in overdense and underdense regions of large scale structure.
In the local universe (z ∼ 0), the final result of galaxy processing is widely observed in dense
galaxy cluster environments. Ample evidence supports that galaxies living in cluster environments
have more spheroidal-dominated morphologies, older stellar populations, and lower star formation
rates (SFRs) relative to mass-matched galaxies in the field (Balogh et al. 1998; Wake et al. 2005;
Skibba et al. 2009; Collins et al. 2009). While the SFRs of all galaxies are increasing towards
higher redshifts (Madau & Dickinson 2014), a relation between redder colors (or lower SFRs) in
cluster galaxies exists all the way to z ∼ 1.5 (Cooper et al. 2010; Rundcik et al. 2012; Kovac et al.
2014; Lemaux et al. 2018). This in turn indicates that a substantial amount of stellar mass buildup,
and the subsequent quenching of star formation must have happened at z > 1.5. Indeed, there is
tantalizing evidence that the cores of some z > 1.5 clusters are experiencing elevated rates of star
formation with respect to the field (e.g., Tran et al. 2010; Brodwin et al. 2013; Santos et al. 2014,
2015), although this has yet to be verified through systematic searches of representative samples
of overdensities probing the galaxy populations that inhabit them.

This observational evidence is corroborated by results from simulations which indicate that
forming clusters, i.e., protoclusters, form the vast majority of their stellar content at early times,
∼ 50% during the 1.5 Gyr period from 2 < z < 4 (Chiang et al. 2017). During these epochs, it is
predicted that protocluster environments become an important contribution to the overall comoving
cosmic SFR density (SFRD), which is seen to peak at these redshifts. While protoclusters fill only
∼ 3% of the comoving volume of the universe at these epochs, they are estimated to contribute
20 − 30% to the overall SFRD (Chiang et al. 2017), implying a rate of stellar mass assembly far
outpacing that of the field. Other simulations of cosmological structure also show that galaxies
grow faster in dense environments, eventually coalescing into massive galaxy clusters at z < 1
(Collins et al. 2009; Moster et al. 2013). Quantifying observational trends such as the SFR or
color density relations as a function of environment, redshift, and stellar mass, combined with the
knowledge of density fluctuations in the very early Universe, have formed the backbone of our
understanding of hierarchical growth and galaxy formation (Springel et al. 2005) but have largely
been confined to studies at z < 1.5 with the exception of a handful of studies on specific structures
(e.g., Steidel et al. 1998; Venemans et al. 2007; Doherty et al. 2010; Cucciati et al. 2018). The
coming decade is the time to undertake a systematic observational mapping of overdensities at
z & 2 allowing us to empirically link early Universe density fluctuations to z ∼ 0 clusters and
voids, something that is only now possible thanks to the promised imaging and spectroscopic survey
power over wide areas provided by facilities such as Euclid, WFIRST, ATLAS, and the ELTs.
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Figure 1: Adapted from Chiang et al. 2017
Top Panel – The distribution of galaxies around
protoclusters in various stages of cluster growth
as determined from a semi-analytic model. Mid-
dle Panel – The total amount of star forma-
tion in the cluster. Bottom Panel – The fraction
of the star formation that is in the protocluster
core. At z > 1.5 protoclusters are at the peak
of their star formation histories (SFH) but that
star formation is very extended. Many galax-
ies and infalling halos are at both large physi-
cal radii and far outside of the virial radius of
the protocluster core. The SFR is correspond-
ingly widely distributed. Tracking the growth
of galaxies in protoclusters requires wide-field
spectroscopic studies. Studying extended proto-
clusters requires going to low masses, where en-
vironmental quenching is thought to dominate,
and to high enough number densities (faint mag-
nitudes) to measure galaxy overdensities – re-
quiring surveys over wide fields of view.

2 Identifying and Mapping Structures
At z . 1.5, and in a few exceptional cases at higher redshift (Gobat et al. 2011; Wang et al. 2016),
overdensities of galaxies are possible to unambiguously identify through their hot diffuse medium,
which is manifest either through X-ray emission (see review of Kravtsov & Borgani 2012), or
in the sub-mm through the Sunyaev-Zel’dovich (SZ) effect (e.g. Menanteau & Hughes 2009).
Optical/near-infrared (NIR) searches of galaxy overdensities at these low redshifts are generally
aided by the higher projected densities of galaxies within these overdense environments. With the
cores of the structures having already collapsed to sizes with ref = 2 Mpc.

But at earlier times, when processes generating the IGM have had less time to act and the
structures have not had sufficient time to collapse and mature, observational signatures in the X-
ray or through the SZ effect are generally not available. Furthermore, overdensities at z > 2
occupy volumes many times larger than at z ∼ 0 (Onorbe et al. 2014), i.e., typical progenitors
of galaxy clusters are predicted to subtend between a sixth and a third of a degree on the sky.
To attempt to circumvent these issues, signposts such as quasars (e.g., Miley et al. 2004) or
other AGN and dusty star forming galaxies (DSFGs) (e.g., Casey et al. 2015) are used to identify
protoclusters. While these techniques are promising and can be efficient in certain cases, it is not
clear that such signposts trace out typical protocluster environments rather than those in a special
phase of their evolution. Rather, in order to make appreciable progress on open questions related
to the formation and evolution of protoclusters and their galaxy populations, techniques which are
able to select unbiased samples of both are required.

2.1 Galaxy Density Mapping
We can use galaxies themselves as tracers of protocluster environments and the surrounding density
field through a combination of optical/NIR imaging and spectroscopy, and then translate back to
the underlying matter density field through knowledge of the bias parameter of galaxy populations
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used in the density mapping. Such a technique is currently limited at z & 2 to tracing out the
density field of star forming galaxies. As star forming galaxies are the dominant galaxy population
at these epochs at essentially all stellar masses (Ilbert et al. 2013; Tomczak et al. 2014, e.g.,)
a census of this population allows for a nearly unbiased tracing of the matter density field. The
beginnings of systematic searches over relatively large areas of the sky (e.g., COSMOS) are starting
to provide promising samples of protoclusters (e.g., Cucciati et al. 2018). Detections using such
methods are, however, complicated by the presence of background and foreground objects that can
quickly overpower the density peaks at these redshifts if extreme care is not taken.

The deep broadband optical/NIR imaging that will be provided by Euclid (Laureijs et al.
2011) and WFIRST (Akeson et al. 2019), along with the highly multiplexed, large field of view
optical/NIR multi-object spectroscopy possible on the ELTs, will deliver large samples of well-
characterized protoclusters over the next decade by combining dense and highly complete spectro-
scopic coverage along with high quality photometric redshifts over large areas of the sky.

2.2 IGM Tomography
Observationally, ∼80% of the baryonic matter in the universe predicted to exist by ΛCDM is miss-
ing. Cosmological hydrodynamical simulations indicate that these missing baryons are coursing
through the IGM in a vast filamentary network of diffuse gas connecting large-scale luminous
structures. While a few detections of this tenuous plasma have been reported, observers have yet
to confirm the theoretical predictions. ELTs will provide the first opportunity to not only detect a
signal from the IGM, but measure its density, structure, and chemical composition.

If we want to observationally constrain the growth of structure, and the physics driving the
accelerated growth of galaxies inside overdensities, we need an unbiased mapping of large scale
structure. This requires deep spectroscopic campaigns over large areas of the sky in the optical and
near-infrared, which will be enabled for the first time by facilities such as the ELTs, PFS on Sub-
aru, the Mauna Kea Spectroscopic Explorer, and space missions such as ATLAS. Spectroscopic
observations are needed to identify galaxies that sit within discrete structures and to provide the
deep continuum spectroscopy needed to map out foreground absorption from the Lyα forest. This
tomographic mapping of the intergalactic medium (IGM; Lee et al. 2014a,b) identifies gas absorp-
tion features in and around the high redshift galaxies that will be mapped in emission. Lee et al.
(2014a) demonstrate that a background source density of 360 deg−2 to 24th magnitude in g-band
can be used to reconstruct 3D maps of the IGM on 2.5 Mpc scales, and the existing density of
26th magnitude sources can reconstruct density maps down to 100 kpc scales. The latter will only
be possible with the ELTs to reach sufficient SNR on the rest-frame UV continuum emission of
galaxies at z > 3. So far, the CLAMATO survey on Keck (Lee et al. 2016) has demonstrated the
technique by mapping the z ∼ 2.5 cosmic web over 0.8 deg2, but deeper observations over wider
FOVs will be essential.

Figure 2, adapted from Lee et al. (2014b), shows an IGM Lyα forest absorption map from
2.36 < z < 2.43 in the COSMOS field constructed with only 24 bright background emission
sources surveyed in half a night of data with LRIS. The structure seen at the edge of the box
at z ≥ 2.43, described in Lee et al. (2016), has also been detected in emission by analysis of
spectroscopic redshifts for known LBGs and DSFGs (Diener et al. 2015; Chiang et al. 2015; Casey
et al. 2015), and is estimated to grow to a 1015 M� structure by z = 0. While such protoclusters
are now being identified regularly in extragalactic deep fields given the large volumes they probe
across large redshift ranges (Chapman et al. 2009; Yuan et al. 2014; Hung et al. 2016; Casey 2016),
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Figure 2: A sample 3D map of the in-
tergalactic medium (IGM) at 2.36 <
z < 2.43 in the COSMOS field as
mapped by Lyα forest absorption in 24
background galaxies, pioneered in Lee
et al. (2014b). A sample skewer is
highlighted with the purple arrow and
cutout panel showing Lyα forest ab-
sorption along the line-of-sight. Figure
adapted from Lee et al. (2014b).

only this structure has been directly detected via absorption using IGM tomography.
Ultimately, we will be able to combine measurements of the LSS galaxy density maps from

photometric surveys and IGM tomography to analyze the correlation of underlying dark matter
structure – to which IGM tomography is sensitive – with large scale baryonic structure. For exam-
ple, some theories predict certain correlations between galaxy alignment and galaxy bias with the
underlying dark matter structure that is so far unconstrained (Aragon-Calvo et al. 2007; Hahn et al.
2007; Jones et al. 2010; Codis et al. 2012; Tempel et al. 2013; Dubois et al. 2014). Higher-redshift
studies of the cosmic web are particularly important as their components are not fully evolved and
gravitationally merged, and much information regarding the properties of galaxies and dark matter
halos, that are lost at low-z due to the gravitational non-linear-interaction regime, is still intact at
z > 2 (Jones et al. 2010; Cautun et al. 2014). This sets the need for contiguous large-volume sur-
veys at higher redshifts (in order to limit the cosmic variance per field), which need to be equipped
with very accurate photometric redshifts.

3 Galaxy Properties
In order to understand the physical processes in high redshift galaxies, it is imperative to investigate
their spectroscopic properties. Rest-frame UV spectroscopic observations are a great probe of Lyα
emission, ISM/CGM properties, and galaxy outflows, while rest-frame optical observations are
crucial for investigating star formation rates (SFRs), dust properties, and metallicities. The rest-
frame UV luminosity function at z ∼ 2 has a steep faint-end slope (e.g., Alavi et al. 2016), which
implies that the galaxy population at z ∼ 2 is dominated by galaxies that are fainter than ∼ 25–26
AB mag. It is very difficult to spectroscopically observe these faint galaxies using current 8–10m
class telescopes; thus they are the best targets for deep observations with ELTs. Through extensive
study of faint galaxies at the peak epoch of star formation activity (e.g., Madau & Dickinson 2014),
using thorough correlations between rest-frame UV/optical spectral features, SED-based physical
parameters, and morphological signatures, we will be able to observationally distinguish between
different models of galaxy assembly and growth, allowing us to bridge the gap between the very
well-studied z∼0 galaxies and higher redshift samples.

Continuum and Absorption Line Spectroscopy: High S/N features in the rest-frame UV spectra
of star forming galaxies provide deep understanding into the physical properties of their massive
stars and gas, including the multi-phase ISM and CGM. The low- and high-ionization interstellar
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Figure 3: Adapted from
Muldrew et al. 2015 (left)
and Rubin et al. 2014
(right). Illustration of sim-
ulated large scale structure
surrounding a massive pro-
tocluster at z ∼ 2 and
an example of the types
of measurements that our
program will make over
the extendend filamentary
structure.

absorption lines provide better understanding into various IGM/CGM properties including, the
gas covering fraction, which is directly linked to Lyα properties and escape of Lyman continuum
ionizing radiation, and the kinematic signatures of galaxy outflows (see, for example, Fig. 3),
which play a vital role in the formation and evolution of galaxies.

At the same time, stellar continuum spectroscopy (e.g., Balmer absorption lines, the 4000Å
break) of post-starburst or quiescent galaxies, which typically have weak or no emission lines, is
critically important for measuring stellar ages and constraining star formation histories at z&2.
Such studies require high S/N continuum spectroscopy, which has been only attempted for the
brightest galaxies at z&2 because it is very challenging for 8–10m class telescopes to reach that
depth in a reasonable amount of time. The large collecting area combined with moderate-to-high
resolution and multiplexed optical and NIR spectrographs on the ELTs is essential for such deep
observations.

Emission Line Spectroscopy: The Lyα line is the strongest UV emission line in star forming
galaxies and a very important spectroscopic signature to confirm redshift. Lyα photons are pro-
duced by recombination in H II regions and then propagate through the ISM, interacting with both
neutral hydrogen and dust particles. Because of its resonant nature, Lyα photons can help us to
understand H II regions as well as the much extended ISM/CGM through which they random-walk
their way out of galaxies. The shape of the Lyα profile (e.g., number of peaks, asymmetry) can
also be used to study the kinematics and density distribution of outflowing neutral gas (e.g., Ver-
hamme et al. 2006; Kulas et al. 2012). In addition to Lyα, nebular emission lines including, C
III] λ1909, He II λ1604, and [O III] λ1661/1666, are produced in H II regions and are useful for
probing the ionized ISM and radiation field produced by massive stellar populations (e.g., Erb et
al. 2010; Cassata et al. 2013; Stark et al. 2014; Le Fevre et al. 2018; Nakajima et al. 2018).

Rest-frame optical emission lines also play a significant role in our understanding of various
physical properties of galaxies. With NIR multi-object spectrographs, we can probe [OII] λ3727,
Hβ λ4861, [OIII] λ5007, [NII] λ6548, and Hα λ6564 for galaxies between z ∼ 1.5 to z ∼ 5.3 (z ∼
2.6 to capture the full suite of lines). These emission lines will be used to estimate dust attenuation
(Hα/Hβ), SFRs (Hα, Hβ, [OII]), and line diagnostics to detect intrinsically weak / obscured AGN
and constrain physical ISM conditions, such as metallicity and ionization parameter. With ELTs,
we will be able to make these measurements for fainter, lower-mass systems than is possible with
8–10 m class telescopes, enabling us to trace galaxy and ISM properties throughout protoclusters
and their surrounding filaments for galaxies and structures that will evolve into those that we
observe today in the nearby universe.
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