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There are strong hints that the most luminous high-redshift galaxies preferentially trace the
densest regions of the evolving Universe. Surveys made at far-infrared(IR) and submillimetre
(submm) wavelengths to highlight these galaxies have covered only modest fields, and are
very arduous to follow up. The detected galaxies extend over a large range of distances,
rendering the survey geometry a narrow pencil beam, not well-matched to the isotropic, foamy
distribution of galaxies. This geometry and the modest number of redshifts ensure that
surveys of large-scale structure when stars in the Universe were forming most intensely remain
mostly the domain of optical/near-IR studies. The Herschel, Planck Surveyor and WISE space
missions, and the ground-based JCMT/SCUBA2, SPT, ACT, ALMA and CCAT telescopes
will provide a much more comprehensive view of dust-enshrouded starbursting galaxies and
AGN from z ∼ 1 out to beyond reionization. The detailed astrophysics of the luminous
galaxies discovered in these surveys hold special promise for revealing the key factors that
drive and limit galaxy formation, including their environments and the importance of galaxy
interactions and feedback to and from the intergalactic medium.

1 Galaxy clustering and the underlying mass distribution

Three-dimensional galaxy surveys10 have revealed the full range of structure in the present-day
Universe, linking into a consistent picture the density contrast on cluster scales σ8 and larger-
scale observations of the cosmic microwave background (CMB). The distribution of the brightest
galaxies out to 500 Mpc is well measured from the 2dF & SDSS surveys,17 with redshift-space
distortions due to galaxy proper motions providing direct evidence for dark matter not traced
by starlight. The imprint of large-scale baryon acoustic oscillation (BAO) modes are detected.16

Direct measurements of dark matter are now accessible directly from weak-lensing surveys.13

At higher redshifts, measurements of the evolving structure are less precise, owing to smaller
surveyed volumes.5 Detection can be either via emission line objects, or from the recogniz-
able narrow range of ‘red sequence’ colors of evolved stars. So far, few deep fields have the
photometric,15 and even more rarely extensive spectroscopic,18,5 redshifts available to reveal



three-dimensional structures. The largest suitable fields cover transverse distances of only ≃ 50-
100 Mpc. The optical spectroscopic redshift desert from z ≃ 1.2-1.8 imposes a further limit
on direct observations.a Current direct surveys of distant large-scale structure all have a pro-
nounced pencil-beam geometry. In order to map directly the evolution of the distribution of mass
in the Universe, surveys must cover several times the typical scale of supercluster structures: at
moderate and high redshifts, fields of order 200 Mpc, or 8 deg on the sky, are necessary.

Complementary selection methods to the detection of optical light include finding emission
from galaxies thought to trace overdense regions: active galaxies at radio and X-ray wave-
lengths; galaxies with strong far-IR/submm excesses, from Spitzer Space Telescope or at submm
wavelengths.20 Distortions to the CMB spectrum from scattering in the hot intracluster medium
(ICM) – the Sunyaev-Zel’dovich (SZ) effect – can also be sought. Currently such surveys also
suffer from either a small field extent, or the detection of just extreme rare objects. They also
require extensive time-consuming follow-up imaging and spectroscopy.3 The efficient detection of
distant ultraluminous IR galaxies (ULIRGs), with far-IR luminosities ∼ 1013 L⊙ using ground-
based submm telescopes currently takes place in the narrowest pencil-beam geometries of all:
∼ 50 × 3000 Mpc, owing to very wide, uniform redshift selection. Intriguingly, however, despite
the modest sample sizes and unfavourable geometry, they show hints of strong clustering.2

Simulations of dark matter evolution,7 with initial conditions matched to precise CMB mea-
surements, produce mass distributions that agree with these observations. The most massive
galaxies are found now preferentially in the densest regions, with their stars more enriched in
metals, despite forming earlier than the average for stars in less massive galaxies. The most con-
sistent explanation appears to be rapid early star formation, limited subsequently by feedback
from winds powered by low-level accretion onto central supermassive blackholes, which keeps
the interstellar medium (ISM) gas warm and prevents the gas from cooling to form new stars.
This process operates more efficiently in more massive systems.6 There are several consequences
of this picture: the tight bulge–blackhole mass correlation was established at moderate-to-high
redshifts, and bulges formed, presumably quickly, at epochs comparable to the peak of AGN
activity at z ∼ 2-3. It is thus important for a complete picture of galaxy evolution to find
examples of the most massive galaxies forming, and to understand their environments in detail,
so that the triggering and feedback processes that regulate the formation of stars and the growth
of blackholes can be understood.

2 Observing the formation of massive galaxies

The direct detection of candidates young or forming bulges and ellipticals is tough. Evolved,
red, mostly quiescent galaxies (EROs/DRGs) have stellar spectral energy distributions (SEDs),
space densities and stellar masses that are consistent with early ellipticals are found in optical/IR
surveys.11 Submm surveys select ULIRGs with larger stellar and dynamical masses:21 while
these galaxies contain AGN, the AGN appear to generate a minority of the total luminosity.1,14

With their narrowest, deepest geometry, redshifts are crucial in order to interpret these surveys.
Spitzer surveys, that cover up to 60 deg2 provide a large sample of luminous galaxies: selected on
the short wavelength side of the far-IR SED peak, the targets are mostly at z ∼ 1; many are disks
with enhanced star formation. Many also contain powerful AGN, owing to high-temperature
dust emitting into the 24-µm channel. Spitzer has demonstrated the ability to identify clusters
of red galaxies at z > 1 from their uniform and quiescent ‘red sequence’ colours at restframe
optical wavelengths,8,12 or from mid-IR spectral features redshifted into the 24-µm mid-IR band.9

Submm surveys that probe the redshifted dust SED peak tend to generate the best candidate
young ellipticals, a class which makes up a large fraction of the detections in these surveys.

aNote, however, that multi-object near-IR spectrographs are becoming available, and the field of view, capa-
bility and thus surveyed volume of large optical spectrographic surveys continues to improve.



Far-IR-luminous galaxies lack sufficient fuel for more than transient luminosity, and thus
the conversion to a true space density requires a lifetime. Furthermore, the impact of a short
lifetime on the inferred underlying clustering properties of the population is complex. Galaxies
common enough for many to reside in a protocluster seem to be more clustered than the general
population, with their bright transient nature highlighting the overdensities.19 However, it is not
clear that the same effect works when the space density of galaxies drops to only a handful per
cluster. In that case, lack of synchronization could lead to a string of rare, briefly luminous
objects, visible only one or two at a time. These flickering tracers can be associated with the
overdensity only by finding more numerous, less extreme companions or conducting (impossible)
observations that cover the time-domain. In order to confirm that high-redshift overdensities
can be identified due to the presence of ULIRGs, their less luminous counterparts at the same
redshift must be found. This is not just to determine the detailed nature of the overdense region,
but to be sure that it exists. This is a very similar to the situation in SZ surveys, where the
measurement of CMB scattering in X-ray gas reveals little direct information about an individual
cluster, until spectroscopy provides a distance, and thus a mass.

3 Identifying high-redshift overdensities

Detailed studies of the overdense regions of the Universe requires spectroscopy. At best, this adds
a year to the discovery process, and at worst is unrealistically slow, at least until multiobject
near-IR spectrographs are widely available. The wide-field, deep IR imaging available from
Spitzer will be supplemented by an all-sky image at half the spatial resolution from WISE,b

which is currently scheduled for launch in Nov 2009, and can identify stellar light from a cluster
cD galaxy out to z ≃ 1. Owing to smaller detector formats, the all-sky survey by the Japanese
mission Akari, while already safely completed, is substantially shallower that the image planned
from WISE. Warm operation of both the larger-aperture Akari and Spitzer will allow these
powerful tools to continue following up candidate clusters by detecting the stellar SEDs of less
luminous galaxies that are also members of the cluster.

WISE can identify high-redshift ULIRGs, by recognizing a combination of a lack of stellar
light with strong 24-µm emission.9 This is a potentially powerful technique for locating distant
clusters, along with complementary detections of the associated redshifted far-IR energy in
new wider-field mm/submm-wave surveys, which both favour detections at higher redshifts, and
have fewer foreground interlopers. These mm/submm-wave surveys will be made using Herschel,
Planck Surveyor, SPT, ACT, JCMT/SCUBA-2, APEX, LMT and ultimately at a much greater
rate by CCAT.c While the presence of ULIRGs increases noise in surveys identifying the SZ
signature of hot gas in clusters, it neither wipes out nor mimics the distinctive spectral signal,
and so SZ surveys would allow the evolutionary state of the galaxies within a forming cluster to
be compared and contrasted with that of the ionized ICM.

The difficulty remains in identifying more numerous, less luminous galaxies in potential
high-redshift clusters, which is necessary to trace out their extent, dynamical masses and three-
dimensional geometry. This is well within the capabilities of existing large optical/near-IR tele-
scopes, but is no small undertaking, requiring campaigns of multi-broad-band imaging and/or
tuned narrow-band filter imaging, to achieve the necessary colour-based discrimination;12 fur-
thermore, it lengthens and complicates the discovery process. Note that even the most ambitious
ground-based deep wide-field imaging surveys at optical and near-IR wavelengths, such as from
the dedicated VISTA, Pan-STARRS and LSST systems,d have difficulty in providing the neces-
sary deep wide-field data for photometric redshifts of potential clusters at z > 1.

bwise.ssl.berkeley.edu
cwww.submm.org
dwww.vista.ac.uk; www.pan-starrs.ifa.hawaii.edu; www.lsst.org



There is a further caveat: the details of the correlation between very luminous galaxies
and overdense regions remains imprecise,4 again because imaging and spectroscopy of the large
samples of less luminous galaxies in clusters at such high redshifts is challenging.22 Where they
have been obtained, the overdensity inferred from the optical galaxy populations is generally
less dramatic than in the submm.4

4 Summary

Observing the growth of structure in the Universe is an essential step in understanding the
evolution of galaxies. The properties of galaxies we see today were determined at redshifts
z > 1, by processes that are sure to be influenced by their environment.

There is more than anecdotal evidence for some of the most luminous galaxies to be found
in denser-than-average regions. The ability to select more extreme examples of these galaxies is
improving, especially with the forthcoming Herschel, Planck Surveyor and WISE missions. The
confirmation of the existence and nature of overdense regions using deep near-IR and optical
imaging and spectroscopy remains a time-consuming but essential goal. The burden is being
made easier, however, thanks to synoptic surveys and multiobject near-IR spectrographs.

The investigation of the power of this ‘lighthouse’ technique, and follow-up observations
required to study the clusters discovered are essential efforts if we are to understand the re-
lationship between the growth of massive structures in the Universe and star formation/AGN
fueling: the spatial, kinematic and internal structure of these overdensities holds the key to un-
derstanding why such luminous phases are triggered in the evolution of galaxies, and the build
up of stars and heavy elements.
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