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Abstract
Observations suggest that almost half of the total light emitted by stars in the Universe
is absorbed by dust, and the emission is re-radiated at far-infrared and submillimeter
wavelengths. Dusty star-forming galaxies play a significant role in the stellar mass buildup at high redshift, but their contribution to the cosmic star formation rate density at
z > 4 is still unknown, due to the currently limited availability of statistically significant
high-redshift dusty galaxy samples.
In this thesis we analyze data from two large area surveys, the HerMES Large Mode
Survey (HeLMS) and the Herschel Stripe 82 Survey (HerS), observed with the Herschel SPIRE instrument at far-infrared wavelengths of 250, 350 and 500 µm. We describe the
process of constructing maps from detector data that provide an unbiased estimate of
the sky signal, then we use a map-based detection method to assemble a large catalog of
candidate z > 4 dusty star-forming galaxies detected in HeLMS. The large area of the
survey allows us to detect a significant number of sources and we are able to determine
the differential number counts of these galaxies at 500 µm. We find an excess of such highredshift galaxies compared to model predictions, and our counts suggest strong evolution
in their properties.
We examine the properties of our sources at different wavelengths. Follow-up observations with ALMA, SCUBA-2 and ACT strengthen our initial assumption that the
detected population consists of high-z dusty galaxies with their spectrum dominated by
thermal dust emission, best fitted with an optically thick modified blackbody. These
follow-up observations also allow us to examine the biasing effects in our number counts
due to blending of nearby sources.
We also investigate the mean dusty star formation activity in moderate redshift massive galaxy clusters detected by the Atacama Cosmology Telescope. We find that, on
average, there is an excess of far-infrared emission in the line of sight of these clusters.
Finding dusty star-forming galaxies in massive clusters implies that the environment can
affect the star formation activity in galaxies.
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Preface
During my doctoral studies I contributed to research done by the HerMES (Herschel
Multi-tiered Extragalactic Survey) collaboration and I was also part of the SCUBA-2
commissioning team, the HerS (Herschel Stripe 82 Survey) team and I was involved
in projects in the HerMES-ACT (Atacama Cosmology Telescope) joint collaboration.
Throughout this thesis I summarize work done by others in these collaborations, and I
describe in detail the analysis carried out by me.
My contribution to the map-making project described in Chapter 2 was the adaptation
of the SANEPIC map-maker software to work with pre-processed SPIRE data. I carried
out tests to determine the additional pre-processing steps that need to be applied to the
SPIRE detector timestreams before map-making with SANEPIC (Sec. 2.4.2). I created
SANEPIC maps from the HeLMS and HerS datasets (Sec. 2.4.3) that will be part of
the next public HerMES data release. I compared the performance of the SANEPIC and
the SHIM map-makers through various tests (Sec. 2.4.4−2.4.6). Part of this work was
published in the article Viero et al.: ”The Herschel Stripe 82 Survey (HerS): Maps and
Early Catalog.” ApJS, 210:22 (2014). Any similarities of the text in Chapter 2 with the
text in this paper are due to the fact that the map-making sections of this article were
written by me. Fig. 2.9 and 2.11 of this thesis are taken from this article, but these plots
were also created by me.
I contributed to the high-redshift source search project described in Dowell et al.
(2014), and I lead a similar project based on the new HeLMS field, this project is described
in Chapter 3. The HeLMS high-redshift source catalog and my results will be published
in a paper lead by me, this publication is currently under internal review. The final
publication will be a shorter version of Chapter 3, so the text and figures in this paper
will show similarities with Chapter 3. Most of the data analysis in Chapter 3 was done
by me. The ALMA spectroscopy analysis in Sec. 3.4 was carried out by Alex Conley,
but the text of this section was written by me. The ACT maps used in Sec. 3.5 were
processed by the ACT collaboration, I used the final data products in my analysis.
The SCUBA-2 telescope-time proposal that our data in Chapter 4 are based upon
iii

was written by Rob Ivison, and I was a Co-Principal Investigator of this project. I helped
in the sample selection, in the preparation of the observations and I was at the telescope
supervising part of the observing run. All data analysis presented in Chapter 4 was
carried out by me. In the analysis described in Chapter 5 I used the public ACT-selected
cluster catalog and the HeLMS and HerS maps created by me with SANEPIC. All text
in this thesis was written by me and all plots except for Fig 1.2 were created by me.
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Chapter 1
Introduction
One of the key goals of astronomy is to understand how the structure of the Universe
evolved from primordial density fluctuations into the galaxies and galaxy clusters we see
today. The visible building blocks of these structures are the stars, made of luminous
baryons. Although baryons only represent a small fraction of the total mass of the
Universe, they trace the underlying dark matter distribution, and thus it is important
to understand the process of the stellar mass assembly in galaxies in order to study the
structure formation in the Universe.
Stars emit most of their light in the optical and ultraviolet wavelength range, but observations show that almost half of the total light emitted by stars is absorbed by dust,
and this radiation is re-emitted by the heated dust grains at far-infrared and submillimeter wavelengths. Optical surveys miss a whole population of optically faint but infraredluminous distant dusty star-forming galaxies at the epoch when the bulk of the stellar
mass in the Universe formed. Thus it is crucial to study the far-infrared/submillimeter
sky to gain a comprehensive view of the cosmic star formation history.
In this chapter we give a broad overview of our current knowledge of the history of
star formation, emphasizing the role of dusty star-forming galaxies, and we describe what
we can learn from dedicated surveys of the far-infrared/submillimeter sky.

1.1

Structure formation and stellar mass assembly

According to the current cosmological models (e.g. Bennett et al., 2013; Planck Collaboration et al., 2014a) the Universe began ∼ 13.8 billion years ago with the Big Bang as
a hot and dense plasma of baryons, electrons, and photons. As the Universe expanded,
the plasma started to cool down, and eventually protons and electrons combined to form
hydrogen atoms, while the photons decoupled from the matter and radiated away freely.
1

This recombination occurred ∼ 378,000 years after the Big Bang, corresponding to a
redshift of z ∼ 1100 (The wavelength λe of the light a distant object emits increases as
the Universe expands, and it is observed at λo = (1 + z)λe . The redshift z is often used to
describe cosmological distances). In the “dark ages” following the recombination, small
initial density fluctuations in the molecular gas started to grow as the gas fell into the
gravitational potential well of dark matter halos. When these over-densities became massive enough to overcome the internal pressure of the gas, they collapsed, nuclear fusion
began and the first stars were born at perhaps z ∼ 30 (Barkana and Loeb, 2001). Today
the stars are a part of large structures, spiral, elliptical or irregularly shaped galaxies,
and these galaxies form even larger structures, galaxy groups, clusters and superclusters. The most accepted theory describing the evolution of galaxies from the first light
in the Universe to these large structures is the hierarchical structure-formation model
(Press and Schechter, 1974; White and Rees, 1978). This theory describes a “bottomup” formation scenario, where small dark matter halos form first and larger structures
are created by merging and accretion of these smaller halos. Large N-body simulations
of the evolution of the dark matter distribution have been carried out that support this
model (e.g. Springel et al., 2005). However, to include the star-forming processes in these
simulations, additional complex, and often non-linear physical effects must be included,
and the results of the simulations will also strongly depend on the wide range of initial
conditions.
There are several theories about processes that can trigger and quench star formation
activity in galaxies. The fuel of star formation is the cold molecular gas. Star formation
at a moderate rate can be maintained for an extended period of time by cold gas accretion
from the intergalactic medium and by minor mergers with gas rich dwarf galaxies (e.g.
Dekel et al., 2009). Additionally, major mergers of gas rich galaxies (e.g. Li et al., 2007;
Tacconi et al., 2008; Genzel et al., 2010) can trigger intense short-lived bursts of star
formation. These “starburst” galaxies can form stars at a rate hundreds to thousands
times larger than normal star-forming galaxies, but this starburst phase is expected to
be relatively short, since intense star formation uses up all of the cold gas on a short
timescale. There is also evidence that early galaxies contained more cold gas, than
galaxies in the local Universe; thus they could form more stars even without the high
star formation efficiency of a starburst (e.g. Daddi et al., 2008, 2010; Geach et al., 2011).
Many local galaxies have old, passively evolving stellar populations and do not show
significant current star formation activity, suggesting that the star formation was stopped
(“quenched”) by some process. Star formation stops if there is not enough cool gas
left in the system. The environment in which galaxies reside is suspected to play a
2

role in quenching star formation. In the local Universe elliptical and lenticular galaxies
with evolved stellar populations and very little star formation activity tend to reside in
dense environments in the cores of galaxy clusters, while star-forming spiral galaxies are
more common in the outskirts of clusters or in the field (Dressler, 1980; Gómez et al.,
2003). Observations suggest that this trend might change at higher redshifts, as more
distant star-forming galaxies are found in dense environments (Butcher and Oemler, 1978;
Ellingson et al., 2001; Saintonge et al., 2008; Haines et al., 2009). This evidence suggests
that the environmental effects arising as galaxies fall into clusters can stop the star
formation activity. Interactions between galaxies in dense environments can remove cold
gas, for example, through tidal effects (“strangulation”, Larson et al., 1980), disturbance
by close high-speed passes between galaxies (“galaxy harassment”, Moore et al., 1996)
or ram-pressure stripping as galaxies move through the intra-cluster medium (Gunn and
Gott, 1972).
Apart from environmental quenching, there are intrinsic processes that can remove
cold gas from the star-forming regions. In merging galaxies the gas can be accreted
by the central black hole, creating an active galactic nucleus (AGN), which then emits
radiation that can blow away or heat up the remaining gas, thus stopping star formation
activity (Hopkins et al., 2008). To a lesser degree, feedback from stellar winds and
supernova explosions in intense starburst regions can have a similar effect. There is also
some evidence that the quenching can depend on the stellar mass of the galaxy (Peng
et al., 2010) such that more massive galaxies experience quenching earlier than low mass
galaxies. This is also similar to the observational trend called “downsizing” (Cowie et al.,
1996; Collins et al., 2009), that suggests that more massive galaxies formed their stars
earlier than smaller galaxies. The most massive local elliptical galaxies have evolved
stellar populations that must have formed much earlier than the hierarchical models
predict. This seemingly anti-hierarchical evolution for the largest galaxies also supports
the mass quenching scenario.
Current observations cannot determine unambiguously which one of these wide range
of processes is the most dominant in affecting the star formation history. The stellar mass
build-up in merging dark matter halos can depend on many complex, non-linear effects
that are hard to simulate, and more observational constraints from star formation activity
at different epochs are needed to fine-tune these models and to properly determine the
initial conditions.

3

1.2

The role of dusty star-forming galaxies

While the dominant component of the interstellar medium is gas, it also contains dust
particles. This dust consists of irregularly shaped, sub-micron sized grains made typically
of graphites and silicates. These dust particles can scatter and absorb the optical/UV
light emitted by stars; thus the measured intensity of the radiation is reduced. It has
been known for a long time that optical studies need to apply a correction factor when
measuring the brightness of stars to account for the dust extinction in the interstellar
medium (e.g. Trumpler, 1930). These studies, however, assume that the dust is not very
optically thick, and the light is only partially blocked out. While the optical light of
stars is dimmed, the absorbed power of the radiation also causes the dust to warm up
to typically 10s or 100s of Kelvin; thus the light is re-radiated at infrared wavelengths.
The real importance of studying the dust emission was only discovered when the first
space-based infrared telescopes were launched.
The first survey to detect a large number of galaxies based on their infrared radiation
was carried out by the InfraRed Astronomy Satellite (IRAS, Neugebauer et al., 1984).
The highlight of this mission was the discovery of a 60-µm-selected population of luminous
infrared galaxies (LIRGs, Soifer et al., 1984; Sanders and Mirabel, 1996) with infrared
bolometric luminosities LIR > 1011 L (L = 3.846 × 1026 W is the solar luminosity),
and ultraluminous infrared galaxies (ULIRGs, Houck et al., 1985) with LIR > 1012 L .
These galaxies turned out to be very faint or undetected at optical wavelengths. The
extreme IR luminosity of these sources was attributed to emission from dust heated by
intense starburst regions or active galactic nuclei, while the optical emission of the young
massive stars is completely blocked out by the dust. Most of these local (z . 0.3) LIRGs
and ULIRGs were identified as major mergers between gas rich galaxies, or as galaxies
with irregular morphologies, where interaction probably triggers the very active dusty
star formation phase (e.g. Murphy et al., 1996; Clements et al., 1996).
Although the discovery of these LIRGs and ULIRGs showed that optical surveys potentially miss the most active star-forming galaxies that are heavily obscured by dust,
these galaxies turned out to be very rare locally compared to normal galaxies, and they
were shown to only contribute ∼ 30% to the total local infrared luminosity (Soifer and
Neugebauer, 1991). However, the discovery of the cosmic infrared background (CIB) suggested, that dusty star-forming galaxies should be more common at higher redshifts. The
extragalactic background light is the integrated radiation from galaxies at all distances in
the Universe. It was long predicted that the integrated background light should contain
a contribution from the infrared emission of galaxies (Partridge and Peebles, 1967). The
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CIB was first detected by the Cosmic Background Explorer (COBE) satellite with the
FIRAS instrument (Far Infrared Absolute Spectrophotometer, Puget et al., 1996; Fixsen
et al., 1998) and later with the DIRBE instrument (Diffuse Infrared Background Experiment, Hauser et al., 1998). Surprisingly, the contribution from the infrared background
light was measured to be comparable to the total integrated optical light, suggesting that
almost half of the light emitted by stars in the Universe must be absorbed by dust and reemitted at far-IR wavelengths (Dwek et al., 1998). Since the contribution of local LIRGs
and ULIRGs cannot explain this emission, it was expected that most of the infrared light
comes from the redshifted emission of more distant dusty star-forming galaxies.
A high redshift population of dusty star-forming galaxies was first discovered at
submillimeter wavelengths with the SCUBA instrument (Submillimetre Common-User
Bolometer Array, Holland et al., 1999) at the James Clerk Maxwell Telescope (Smail
et al., 1997; Hughes et al., 1998; Barger et al., 1998). These 850-µm-selected galaxies
looked like distant ULIRGs with luminosities LIR > 1012 L , forming hundreds to thousands of stars per year. It was shown that almost all of these sources are at redshifts
z > 1, with a median at z ∼ 2.3 (Smail et al., 2000; Chapman et al., 2005; Pope et al.,
2005), and based on their observed number counts their emission can account for most
of the 850 µm background light (Blain et al., 1999; Barger et al., 1999).
Since the discovery of the first submillimeter galaxies, further surveys at different farinfrared and submillimeter wavelengths were able to successfully resolve most of the CIB,
proving that the background is really made up of individual galaxies mostly at high-z
(e.g. Dole et al., 2006; Knudsen et al., 2008; Devlin et al., 2009; Marsden et al., 2009). It
was shown that dust-obscured star formation dominates the total star formation activity
at redshifts z & 1 (Le Floc’h et al., 2005); thus star formation studies based on optical
and UV data alone are expected to significantly under-predict the star formation rate at
these epochs.

1.3

Thermal emission from dust

The source of the far-infrared and submillimeter emission of galaxies is thermal radiation
from dust heated by star-forming regions or an AGN. The dominant emission comes
from dust grains in thermal equilibrium with the local radiation field. In equilibrium
the total power absorbed by the dust is equal to the total radiated power, and the dust
temperature is determined by this balance. Typical equilibrium temperatures of local
LIRGs and ULIRGs range between Td ∼ 20 K and 60 K (Sanders and Mirabel, 1996).
The amount of radiation these galaxies emit at different frequencies depends on the dust
5

properties. The dust grains can differ in size, geometry, composition and emissivity
properties, and their spatial distribution also affects the resulting functional form of the
radiation. Assuming an optically thin dust cloud, the featureless continuum emission
from dust grains in equilibrium can be modelled as a modified blackbody radiation, and
the spectral energy distribution (SED) can be expressed as
Sν ∝ ν β Bν (Td ).

(1.1)

Here

ν3
2h
(1.2)
c2 ehν/kTd − 1
is the Planck function, describing the blackbody radiation, c is the speed of light, h is the
Planck constant, k is the Boltzmann constant, and β is the dust grain spectral emissivity
index (β ∼1-2, e.g. Hildebrand, 1983). The quantity
Bν (Td ) =

Sν =

Lν 0
4πDL (z)2

(1.3)

is the observed spectral flux density of a source of luminosity L at redshift z. Here
the spectral luminosity Lν 0 is the total power per unit frequency interval radiated by
the source at the rest frame frequency ν 0 = (1 + z)ν, and DL (z) is the model-dependent
luminosity distance (see e.g. Hogg, 1999). Note, that in submillimeter astronomy the flux
density is usually expressed in units of Jansky, with 1 Jy = 10−26 W m−2 Hz−1 (hence
the notation in terms of frequency), but it is common to plot these flux density values
as a function of wavelength as Sν (λ), where λ = c/ν.
Small dust grains can be heated transiently above their equilibrium temperatures by
absorbing single photons near star-forming regions. Emission from these grains dominates
the mid-infrared part of the spectrum. Narrow emission and absorption line features
from silicates and Polycyclic Aromatic Hydrocarbons (PAHs) also contribute at these
wavelengths. The spectrum of dusty star-forming galaxies also contains emission lines
from atomic and molecular transitions, (e.g. the CO ladder, C+, HCN and HCO+) that
can be excited in high density regions. Spectroscopic redshift measurements are based
on the detection of such spectral lines.
Apart from the fact that a significant fraction of the star formation activity at high
redshift is obscured by dust, and thus it is invisible at optical wavelengths, observing
sources at submillimeter wavelengths has another unique advantage. The shape of the
dust emission spectrum allows us to easily observe objects in a significantly larger redshift range than is possible at optical or radio wavelengths. The observed flux densities
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Figure 1.1: The so-called “negative k-correction” at submillimeter wavelengths illustrated
with the redshifted spectral energy distribution of a local ULIRG, Arp220. The vertical
lines correspond to the wavelengths we discuss in this thesis, the Heschel -SPIRE bands at
250 µm, 350 µm and 500 µm, together with the 850 µm SCUBA-2 band. At far-infrared
and submillimeter wavelengths the measured flux densities are not decreasing as fast
with redshift as they do in the optical range, and they remain approximately constant
at 850 µm.
of a source with a fixed luminosity normally decrease with the square of the distance
(Eq. 1.3). In the rest frame the dusty SED typically peaks around 100 µm, and this peak
is redshifted to λ & 200 µm at z & 1. Thus FIR/submillimeter wavelengths sample the
SED closer to its peak at higher redshift, and this effect can counteract the decrease
of flux density. On the long wavelength side of the SED peak, where the flux densities
are a steeply decreasing function of λ, this can mean that the observed flux densities
remain approximately constant at a large redshift range (z ∼1-10). This effect is also
called a “negative k-correction” (Franceschini et al., 1991; Blain and Longair, 1993), and
is illustrated on Figure 1.1. At λ ∼200-500 µm the FIR/submillimeter flux densities still
decrease with increasing redshift, but not at the same rate as they do at optical or radio
wavelengths, so even in this range we can observe higher redshift sources more easily.

1.4

Observing the far-infrared/submillimeter sky

Since the discovery of the first submillimeter galaxies with SCUBA, a large range of
experiments have been designed to observe the far-infrared/submillimeter sky at different
7

wavelengths in an attempt to resolve the cosmic infrared background into individual
sources, and to investigate the properties of these dusty star-forming galaxy populations.
The two biggest limiting factors when observing at these wavelengths are the opacity
of the atmosphere, and the relatively large beamsizes of single dish telescopes at the
observed wavelengths. Water vapour in the atmosphere absorbs most of the infrared
radiation; thus ground-based telescopes can only observe the FIR/submillimeter part
of the electromagnetic spectrum through specific atmospheric windows. To overcome
this effect, balloon-borne or space-based telescopes have been built, but the resolution
of these experiments is typically limited due to the small diameters of their mirrors.
Ground-based interferometric instruments can achieve much better resolution, but due
to their small fields of view they are usually better suited to carry out targeted follow-up
observations of individual sources rather than performing large area surveys.
Although the physical properties of individual galaxies can be very different from one
another, it is useful to investigate the average properties of a galaxy population as a
whole. Selecting sources at different wavelengths usually selects different populations.
Notable instruments that have mapped large areas of the FIR/submillimeter sky include
Spitzer -MIPS (24, 70, 160 µm, Rieke et al., 2004), Herschel -PACS (70, 100, 160 µm,
Poglitsch et al., 2010), BLAST (250, 350, 500 µm, Devlin et al., 2004), Herschel -SPIRE
(250, 350, 500 µm, Griffin et al., 2010), SCUBA and SCUBA-2 (450 and 850 µm, Holland
et al., 1999, 2013), LABOCA (870 µm, Siringo et al., 2009), and AzTEC (1.1 mm, Wilson
et al., 2008), among others.
It needs to be noted, that an important wavelength-dependent selection effect arises
due to the different dust temperatures. For example, it was shown that 850-µm-selected
SCUBA samples were biased against warmer dust galaxies and preferentially select colder
dust (T ∼ 40K) objects (Eales et al., 2000; Blain et al., 2004; Kovács et al., 2006).
BLAST and SPIRE sample the spectral energy distribution closer to the peak, and they
are less biased against warmer dust objects. Also, since the k-correction becomes very
negative above 500 µm wavelengths, galaxy samples selected at longer wavelengths are
more likely to detect higher redshift galaxy populations. In the following subsections we
describe what we can learn about populations of galaxies from large dedicated surveys,
emphasizing the results from Herschel -SPIRE, the instrument used to obtain the majority
of the data analyzed in this thesis.
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1.4.1

Number counts

Measurements of the number of galaxies detected in a survey per unit area in different
flux density bins can provide an insight into the evolution of the selected population of
sources. Number counts are usually expressed in a differential form as dN/dS, describing
the number of objects falling into a flux density bin, or in an integral form, N (> S),
corresponding to the total number of objects with flux densities above S. The observed
differential counts are usually best fitted by either a Schechter-type function,
dN
N0
=
dS
S0



S
S0

−α




S
exp −
,
S0

(1.4)

or a double power law,
N0
dN
=
dS
S0



dN
N0
=
dS
S0



S
S0

−α

S
S0

−β

; S ≤ S0 ,

(1.5)

; S > S0 ,

where N0 , S0 , α, and β are parameters of the fit.
Assuming a flat Euclidean universe, the expected shape of the number counts for a
non-evolving population can be easily derived. No evolution means that all sources have
luminosity L and their number density ρ is constant. For such a distribution the number
of sources in a radial shell with radius r and thickness dr can be determined as
dN = ρ 4πr2 dr ∝ r2 .

(1.6)

The flux at distance r from a luminosity L object is S = L/(4πr2 ), and from this we can
derive
L
dS
=−
∝ r−3 ,
(1.7)
3
dr
2πr
and

1
1
L 2
r=
∝ S− 2 .
(1.8)
4πS
Combining equations 1.6, 1.7 and 1.8 we get
5
dN
dr
= ρ 4πr2
∝ r5 ∝ S − 2 .
dS
dS

(1.9)

Thus in a flat Euclidean universe, which contains uniformly distributed sources, the
counts are expected to vary as dN/dS ∝ S −5/2 , or in integral form as N (> S) ∝ S −3/2 .
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If the population of sources is evolving (e.g. their luminosity or number density changes
with redshift), then the slope of the observed counts will deviate from the Euclidean
value. Note however, that number counts at submillimeter wavelengths are expected to
appear steeper than the Euclidean counts, even without an evolving population, due to
the increasing negative k-correction and the larger volume sampled at higher z, but the
expected number counts for a non-evolving population can be modelled. Steep number
counts can suggest that the number of luminous sources decreases over time. Submillimeter number counts are known to be much steeper than predictions based on non-evolving
models, suggesting that the properties of these populations are strongly evolving with
redshift (e.g. Borys et al., 2003; Coppin et al., 2006; Perera et al., 2008; Patanchon et al.,
2009; Austermann et al., 2010; Glenn et al., 2010; Oliver et al., 2010; Béthermin et al.,
2012b; Geach et al., 2013).
1.4.1.1

Effects of gravitational lensing on the number counts

Massive objects between a distant source and the observer can act as lenses, bending
the light coming from the background source. This effect is called gravitational lensing,
and it can magnify and distort the image of the distant object. The magnification
of faint sources by foreground galaxies and galaxy clusters has been widely exploited
in submillimeter astronomy, since it allows the investigation of objects that would be
otherwise too faint to be detected based on the typical survey flux density limits. Surface
brightness (the flux density per unit solid angle) is conserved by gravitational lensing, so
if an object is magnified by a factor of µ (meaning that the observed solid angle of the
source becomes dΩobs = µ dΩ), then its observed flux will also increase as Sobs = µS.
This magnification effect can change the observed number counts (e.g. Paciga et al., 2009;
Jain and Lima, 2011). Due to the magnification of the solid angle, the observed volume
decreases, so the number of sources in the same area decreases to Nobs = N/µ, thus the
differential number counts will change as
1 dN
dNobs
(Sobs ) = 2
(Sobs /µ).
dSobs
µ dS

(1.10)

As discussed before, the unlensed FIR/submillimeter number counts usually decrease
very steeply at the bright end, and scale as dN/dS ∝ S −α , so the observed lensed counts
−α
. Since α  2 at the bright end of the
will be proportional to dNobs /dSobs ∝ µα−2 Sobs
counts, we see more bright sources than we would without lensing. Combining this effect
with the negative k-correction at submillimeter wavelengths above about 500 µm suggest
that the bright end of the submillimeter counts could be dominated by high-z lensed
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objects (Blain, 1996; Negrello et al., 2007). This lensed population has already been
detected with Herschel -SPIRE (Negrello et al., 2010; Bussmann et al., 2013; Wardlow
et al., 2013), where objects with 500 µm flux densities above ∼ 100 mJy are all expected
to be magnified by lensing. Similarly, the majority of the bright galaxies selected at
1.4 mm wavelengths with the South Pole Telescope (SPT) are strongly lensed (Vieira
et al., 2013; Weiß et al., 2013).
1.4.1.2

Confusion noise

One of the limitations of FIR/submillimeter astronomy that makes it difficult to resolve the faint sources contributing to the CIB is confusion noise (Condon, 1974; Dole
et al., 2003). This noise arises due to the combination of the limited resolution of FIRsubmillimeter telescopes and the steep source counts of the galaxy populations selected
at these wavelengths. The smallest angular scale θ that a telescope can resolve depends
on the diameter (D) of the optics and the observed wavelength λ as θ ∼ λ/D. Since the
wavelengths we want to observe are relatively large compared to the diameter of single
dish telescopes, the beam sizes of these instruments are fairly wide. Due to the steep
source counts, faint objects on the sky become increasingly numerous, and below a flux
density limit each beam-area in the sky will contain more than one source. These sources
cannot be distinguished from each other anymore, and the sum of their flux densities
creates an uncertainty in the maps. If the beam response function of the telescope is
f (θ, φ), then the fluctuation from sources below the confusion limit Slim can be expressed
as
Z
Z Slim
dN
2
2
dS.
(1.11)
σconf = f (θ, φ) dθdφ
S2
dS
0
Unlike the instrumental noise, confusion noise cannot be reduced by longer observing
times, since it is fixed on the sky.
Although sources with flux densities below the confusion limit cannot be resolved,
statistical methods can be used to investigate the properties of these faint galaxies. One of
the commonly used methods is called probability of deflection analysis or P (D), which is
based on recovering the number counts based on pixel intensity histograms in FIR/submm
maps (Patanchon et al., 2009; Glenn et al., 2010). Another often used method is based
on determining the covariance between the confusion-limited maps and Spitzer -MIPS
24 µm selected source positions (“stacking”, Pascale et al., 2009; Marsden et al., 2009).
It has been shown that 24-µm-selected catalogs are able to resolve the majority of the
CIB (Papovich et al., 2004; Dole et al., 2006), and it has been assumed that these objects
are the same sources that create the confusion limit at longer wavelengths. There is a
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good agreement between the P (D) and stacking results and the counts also agree well
with the extrapolation of the resolved number counts (Béthermin et al., 2012b), showing
that these statistical methods work well to determine the counts below the confusion
limit.
Investigating the statistics of the unresolved emission in FIR/submillimeter maps
can also be useful to study the clustering properties of the sources that constitute the
cosmic infrared background. A strongly clustered population will create an excess in
the angular power spectrum of the background intensity variations compared to the
Poisson-term caused by unclustered sources. At small angular scales this excess power
dominantly comes from clustering of galaxies within a single dark matter halo, while on
large angular scales the extra power is the result of the clustering of galaxies residing in
different halos (e.g. Cooray and Sheth, 2002; Amblard et al., 2011). The one-halo term
starts to dominate above the unclustered signal at angular scales of a few arcminutes,
while the transition to the two-halo term is detected at ∼ 10 arcminute angular scales
(e.g. Viero et al., 2009, 2013). To detect this low spatial frequency correlated signal in
the background anisotropies it is crucial to carry out large-area surveys and to create
maps from the observed data that reconstruct these large-scale signal variations in an
unbiased way. One of the main goals of the current work is to produce such maps from
large-area Herschel -SPIRE observations.

1.5

The evolution of the luminosity function and the
star formation rate density

As we discussed in Section 1.4.1, the observed functional form of the number counts
provides a hint to the evolution of the source population. The number of objects we
are able to observe on the sky above some flux density limit is the projected number
of sources at different redshifts having different luminosities. If we know the redshift
of a source then we can calculate its bolometric infrared luminosity by integrating the
observed spectral energy distribution over the wavelength range 8−1000 µm (this range
being the conventional choice),
1000µm
Z

4πDL (z)2 Sν (λ)dλ.

LIR =
8µm
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(1.12)

Thus if we know the redshift distribution of our sources, we can convert our number
counts into a function φ(L) describing the number of galaxies per unit luminosity and
unit volume. In flux-limited samples, high luminosity galaxies can be detected to greater
distances than faint sources, and the luminosity function is usually determined by the
1/Vmax method (Schmidt, 1968). In this method the maximum redshift zmax is found at
which a source with luminosity LIR would still be detectable based on the flux density
limits of the survey. Then the comoving maximum volume corresponding to this redshift
is calculated as

3
4π DL (zmax )
Vmax =
,
(1.13)
3
1 + zmax
where the term DL /(1 + z) is called “comoving distance” (see e.g. Hogg, 1999). After we
calculate the maximum available volume for each of our sources, the number of galaxies
in ∆L luminosity intervals can be determined as
φ(L) =

1 X 1
,
∆L i Vmax,i

(1.14)

where the sum includes all i sources with luminosities falling into the given ∆L bin,
L ≤ Li < L + ∆L. The quantity φ(L) can often be parametrized as a Schechter function:

φ(L)dL = φ∗

L
L∗

α



L
exp −
L∗

  
L
d
,
L∗

(1.15)

where the parameters of the fit are the faint end slope α, the characteristic density
φ∗ , and the break luminosity L∗ , above which the number of bright sources decreases
exponentially. For an evolving population L∗ = L∗ (z) and φ∗ = φ∗ (z), thus the shape of
the luminosity function changes with redshift. To investigate this evolution in an observed
population, the luminosity function is usually determined separately in several different
redshift bins, and L∗ and φ∗ are obtained from fitting the luminosity distribution in the
given z range. Studies of the FIR luminosity function all show strong evolution of these
parameters, which implies that the contribution of dusty galaxies to the total luminosity
density increases towards higher redshift (e.g. Le Floc’h et al., 2005; Gruppioni et al.,
2013; Magnelli et al., 2013; Burgarella et al., 2013).
If we assume that the stellar light is fully reprocessed by dust, we can infer the star
formation rate from LIR , as discussed in Kennicutt (1998):
SFRIR = κIR × LIR ,
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(1.16)

where the conversion factor κIR = 1.72 × 10−10 M yr−1 L−1 proposed by Kennicutt (1998)
is widely used in the literature. Although the infrared luminosity only traces star formation obscured by dust, observations show that in most of the massive dusty star-forming
galaxies the obscured star formation activity dominates over the unobscured contribution
(e.g. Buat et al., 2010) and so LIR is a good tracer for the total star formation activity
in dusty galaxies. With this relation the luminosity functions can be used to determine
the evolution of the dust-obscured star formation rate density. The infrared comoving
luminosity density is determined as
Z∞
L φ(L, z)dL,

ρL,IR (z) =

(1.17)

Llim

where Llim is the limiting luminosity of the survey at the given redshift. Using Equation 1.16 we can obtain the star formation rate density as
ρSFR,IR (z) = κIR × ρL,IR (z).

(1.18)

Based on the analysis of a large range of available of multi-wavelength (both infrared
and ultraviolet) datasets, Madau and Dickinson (2014) showed that the star formation
activity in the Universe peaked ∼ 3.5 Gyr after the Big Bang, corresponding to a redshift
of z ∼ 1.9, and the star formation rates declined towards both earlier and later epochs
(see top of Figure 1.2). UV studies of star formation are very sensitive to reddening effects
caused by dust extinction in the interstellar medium. The bottom panel of Figure 1.2
shows the contribution from the UV data uncorrected for the dust attenuation and also
from infrared surveys that trace the obscured star formation. The limitations in the
correct determination of the cosmic star formation history are clearly visible. While
the infrared luminosity densities provide a calorimetric measure of the obscured star
formation rate density, the UV data need substantial correction, and the exact values
of this correction are quite uncertain, even in the local Universe. The IR values give a
less biased result, but so far the available redshift range is limited. Currently Herschel
surveys provide the highest redshift results, as Gruppioni et al. (2013) used PACS and
SPIRE data to determine the luminosity evolution up to z . 4. While several examples
of z > 4 dusty star-forming galaxies are known (e.g. Daddi et al., 2009; Coppin et al.,
2009; Capak et al., 2011; Riechers et al., 2013), due to the lack of statistically significant
higher redshift samples there are no current estimates of the luminosity function at z > 4
and the contribution of dusty star-forming galaxies to the high-z star formation rate
density is still unknown. One of the main goals of this thesis is to assemble a catalog
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Figure 1.2: Star formation rate density of the Universe at different redshifts. The top
figure shows the best fit to a range of datasets in the infrared, as well as ultraviolet data
corrected for dust attenuation, while the lower figure shows the IR and the uncorrected
UV values. Republished with permission of Annual Reviews, from Madau and Dickinson
(2014); permission conveyed through Copyright Clearance Center, Inc.

15

of candidate z > 4 galaxies detected in a large area survey observed by Herschel -SPIRE
and to examine the number counts of these sources in order to infer their role in the
stellar mass build-up in the early Universe.

1.6

Modelling the evolution of dusty star-forming
galaxies

The steep slope of the observed far-infrared and submillimeter number counts and studies
of the infrared luminosity function suggest that the properties of dusty star-forming
galaxies are strongly evolving. There are many different ways to create models that
describe this evolution, with the main constraint that they should be able to predict the
observed number counts and redshift distribution of the dusty galaxy populations.
Backward evolution models are purely empirical. In these approaches the physical
properties of individual sources are ignored, and instead the observed number counts
are predicted by extrapolating locally observed correlations (e.g. luminosity functions
or stellar mass functions) and spectral energy distributions, assuming an evolution in
redshift (e.g. Valiante et al., 2009; Béthermin et al., 2011, 2012a). Forward semi-analytic
models and hydrodynamical simulations are more physical. First the build-up of dark
matter halos is reconstructed, then the physical processes are modelled that can drive the
build-up of the baryonic component. These include feedback processes, star formation
rates, gas cooling physics, chemical enrichment and dust radiative transfer models (e.g.
Baugh et al., 2005; Davé et al., 2010; Hayward et al., 2013).
The widely accepted view is that dusty star-forming galaxies represent a relatively
short phase in the evolution of local elliptical galaxies (Lilly et al., 1999; Swinbank et al.,
2006). One of the popular theories of forming dusty starburst galaxies describes a merger
driven picture, in which major mergers between gas rich galaxies trigger a short starburst
period lasting ∼100−200 Myr (e.g. Smail et al., 2004; Greve et al., 2005; Tacconi et al.,
2008), then gas depletion and feedback processes from the central AGN quench the star
formation and an elliptical galaxy is formed with a passively evolving stellar population.
Observations of individual submillimeter galaxies seem to support the merger-driven
theory by showing disturbed morphologies (Conselice et al., 2003; Chapman et al., 2003;
Kartaltepe et al., 2012); however other studies claim that there is no evidence that
merging would be the dominant reason for the starburst activity (Swinbank et al., 2010a).
Another possibility is that these galaxies are very massive, gas rich galaxies that simply
contain more molecular gas than local galaxies, so they can form more stars even without
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an increased star formation efficiency (Tacconi et al., 2010; Targett et al., 2013). Local
star-forming galaxies show a tight correlation between their stellar mass and specific
star formation rate (SFR per unit stellar mass). The majority of galaxies follow this
star formation “main sequence” (Brinchmann et al., 2004; Noeske et al., 2007), while
starbursts show an elevated specific star formation rate compared to similar mass main
sequence galaxies. Some studies claim that the majority of the submillimeter bright
galaxies might be massive star-forming galaxies on the main sequence instead of being
starbursts (Rodighiero et al., 2011).
Since locally the most massive ellipticals can be found in the centres of large virialized clusters, it is reasonable to think that if dusty star-forming galaxies are indeed the
progenitors of these ellipticals at high redshift, then they could reside in a proto-cluster
environment consisting of galaxies falling into a cluster. Some massive galaxy clusters
already contain an evolved sequence of quiescent galaxies at z > 1−2 (Cimatti et al.,
2004; Gobat et al., 2011) suggesting that they should have formed the bulk of their stars
much earlier than the epoch when the cosmic star formation rates peaked. There are several examples in the literature of z > 3−5 starburst galaxies that reside in proto-cluster
environments (Chapman et al., 2001; Daddi et al., 2009; Capak et al., 2011), but as a
a counter example, the environment of the highest redshift dusty star-forming galaxy
found to date (HFLS3; Riechers et al., 2013) does not show signs of an over-density
of star-forming galaxies around it (Robson et al., 2014). In this thesis we will investigate the environments of several z > 4 candidate galaxies. Finding an over-density of
star-forming galaxies around these sources would strengthen the theory that distant starbursts can trace proto-clusters and indicate that the environmental effects of falling into
the cluster can increase the star formation activity in galaxies. We will also investigate
the dusty star-forming activity in moderate redshift massive virialized galaxy clusters.
While these clusters mostly contain galaxies with passively evolving stellar populations,
finding dusty star-forming galaxies in these clusters can provide additional constraints
on evolution models.

1.7

Outline of this thesis

This thesis is organized as follows. In Chapter 2, we describe the process of making
optimal large maps from Herschel -SPIRE data and we describe the two large area surveys
used in this thesis. In Chapter 3, we describe a method to select z > 4 galaxies based on
their SPIRE colors, and we investigate the statistics of the catalog created. In Chapter 4,
we describe a follow-up observing campaign of high-z galaxy candidates using SCUBA17

2. In Chapter 5. we investigate the dusty star formation activity in the line of sight
of moderate redshift galaxy clusters selected by the Atacama Cosmology Telescope. In
Chapter 6. we discuss our main results and future directions and we conclude the thesis.
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Chapter 2
Making large maps from
Herschel -SPIRE data
With the advancement of techniques used to observe the far-infrared sky, the importance
of designing large-area surveys will increase as well. The study of the cosmic infrared
background, either through statistical analysis of the unresolved emission itself, or by
the investigation of the properties of individual galaxies that constitute this background
radiation, gives us a unique insight into the evolution of star formation and large-scale
structure in the Universe. Mapping large areas on the sky helps us to create statistically
significant samples of the resolved galaxy populations that contribute to the CIB and
it increases our chances to find very rare objects that were not previously well studied.
As we discussed in Section 1.4.1.2, we can also learn about the clustering properties and
evolution of the different populations from cross-correlation studies of datasets at different
wavelengths. A large area survey allows the reconstruction of the power spectrum down
to very low angular frequencies. For these studies it is crucial to create maps from the
raw detector data that contain an unbiased estimate of the brightness variations in the
sky on all angular scales.
Far-infrared and submillimeter instruments generally contain incoherent detectors,
that only measure the intensity of the incoming signal, and not the phase. In these
detectors the power of the incoming radiation is converted into a change in voltage or
current compared to the detector baselines. The detectors are also sensitive to variations
in the conditions in the instrument; thus these baselines can change in time. Slow
variations, like temperature drifts in the instrument, cause an 1/f -type low frequency
noise in the detector timestreams, but short noise spikes are also often present in the
data. The main goal of map-making is to separate the observed sky signal from these
components. The crucial step in recovering the large-scale variations in a field is the
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correct handling of the 1/f -type correlated noise in the observed data. To create maps
that are optimal for point-source reconstruction, the easiest approach is to use a high-pass
filter that removes frequencies below the noise knee-frequency where the correlated noise
starts to dominate over the white noise level. However, this process removes any largescale astronomical signal too, and it is not optimal to measure large-scale variations in the
maps. The current far-infrared and submillimeter instruments often contain hundreds of
individual detectors in their focal planes, and the observed data timestreams can contain
significant correlated noise between different detectors, thus the map-makers need to be
optimized to handle these noise components carefully.
The main goal of the map-making project described in this chapter is to create maps
from observations of two wide area fields along the celestial equator carried out by the
SPIRE instrument (Griffin et al., 2010) on the Herschel Space Observatory (Pilbratt
et al., 2010). These two fields are the 280 deg2 HeLMS field, which is part of the Herschel
Multi-tiered Extragalactic Survey (HerMES, Oliver et al., 2012) and the adjacent 80 deg2
field called the Herschel Stripe 82 Survey (HeRS, Viero et al., 2014). In this chapter we
describe the Herschel -SPIRE instrument and the main data processing steps, then we
discuss the shim and sanepic map-makers used in HerMES and HeRS to create maps.
sanepic (Patanchon et al., 2008) was developed for the BLAST-telescope (Devlin et al.,
2004), which was a technical and scientific prototype for SPIRE. This map-maker can
handle correlated noise between detectors to better recover the large-scale sky signal. We
discuss the adaptation of the sanepic map-maker to work with SPIRE data; we test the
performance of recovering large structures by comparing the results to maps made with
the shim map-maker; we investigate the noise properties of the final maps and discuss
current and future science projects that are based on these datasets.

2.1

The Herschel -SPIRE instrument

The European Space Agency’s Herschel Space Observatory (Pilbratt et al., 2010) was
operational between 2009 and 2013 and observed the sky at far-infrared/submillimeter
wavelengths covering the peak of the thermal emission spectrum of cold dust. Herschel
had a large aperture (3.5 m) mirror and a better sensitivity than the detectors operating
at similar wavelengths before. The satellite had three instruments on board; HIFI (Heterodyne Instrument for the Far Infrared, de Graauw et al., 2010), PACS (Photodetector
Array Camera and Spectrometer, Poglitsch et al., 2010) and SPIRE (Spectral and Photometric Imaging Receiver, Griffin et al., 2010), which contained a three-band imaging
photometer and an imaging Fourier transform spectrometer.
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The SPIRE photometer had a field of view of 40 × 80 and was capable of imaging
the sky simultaneously at 250 µm, 350 µm and 500 µm wavelengths with beam sizes that
can be approximated by Gaussian profiles with a full-width half-maximum of 1800 , 2500
and 3600 , respectively. These beam sizes result in a confusion limit of 5.8 mJy beam−1 ,
6.3 mJy beam−1 and 6.8 mJy beam−1 at 250 µm, 350 µm and 500 µm, respectively, as
calculated by Nguyen et al. (2010). The instrument consisted of arrays of 139 (250 µm),
88 (350 µm) and 43 (500 µm) hexagonally packed feedhorn-coupled spider-web Neutron
Transmutation Doped (NTD) germanium bolometers (Turner et al. 2001; Rownd et al.
2003).
Bolometers are common types of thermal detectors used in infrared astronomy. In
SPIRE, the light is absorbed by a spider-web shaped mesh made of silicon nitride coated
with a thin resistive metal layer, and the generated heat is conducted to the thermistor
made of NTD germanium. As the absorbed power increases, the resistance of an NTD
bolometer will decrease. Each bolometer has a biasing AC-current passing through it
and the voltage on the bolometers is measured. The voltage change due to the change
in resistance after photon absorption is registered by the readout electronics.
The SPIRE bolometers have a very low operating temperature of 0.3 K. To achieve
this the arrays need to be cooled to reduce thermal fluctuation from the ∼ 85 K telescope
mirror and the instrument electronics. The bolometer arrays are connected to a 3 He
cooler bath (Duband, 1997) in order to keep their temperature in the operating regime.
At the beginning of the cooler-cycle all of the 3 He is in liquid form. As the Helium starts
to evaporate, a 2 K temperature cyro-pump reduces the vapour pressure and cools the
liquid. The slowly evaporating gas keeps the temperature at ∼ 300 mK. When all of
the Helium has evaporated, the refrigerator is recycled by recondensing the Helium into
liquid form again. For this the pump first needs to be heated up to 40 K to release the
absorbed gas, then the pump is cooled down to 2 K again and a new cooling cycle starts.
The stable temperature phase usually lasts for more than 46 hours, and the recycling
process lasts for 2 hours.
Fluctuations in temperature inside the instrument can change the resistivity of the
bolometers; thus they can imitate the effect of absorbed emission from the sky. Variations
in the cooler bath temperature will affect all bolometers in a similar way, creating a
varying baseline for the detectors. The detector arrays can also be hit by charged highenergy particles. The detected power from these cosmic rays also has a similar effect on
the measured voltage as absorbed photons. It is therefore crucial to understand these
instrumental and external effects and to correctly disentangle them from the sky signal.
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2.2

Initial data processing

The main operating mode of the telescope is scan-mapping. During this operation the
field of view of the detectors is scanned back and forth across the sky with a speed of
30 arcsec s−1 (nominal mode) or 60 arcsec s−1 (fast-scan mode). During this process a
large amount of data is recorded for each bolometer as a function of time, including the
measured voltage, the pointing information, information about the telescope movements
and the instrument conditions. The bolometers are sampled with a frequency of 18.6 Hz,
corresponding to a 0.05 s sampling time-interval. These time-ordered data (TOD) are
uncalibrated and uncorrected. Before any map-making step we need to correct the TODs
for instrumental effects and convert the signal from Volts into flux density units in Jy
beam−1 (1 Jy = 10−26 W m−2 Hz−1 ). These initial processing steps are carried out using
the Herschel Interactive Processing Environment (HIPE, Ott 2010) software package.
The details of the pre-processing are described in Griffin (2009).

2.2.1

Deglitching

As a first step, glitches in the timestream caused by cosmic rays hitting the detector
arrays need to be detected and removed. These cosmic rays can hit a bolometer directly,
causing a large glitch in the timeline of that single detector, or they can hit the bolometer
array frame and cause a change in the signal of multiple detectors simultaneously.
The pipeline first applies a concurrent deglitcher module, which finds and flags the
simultaneously appearing cosmic ray hits. First the timestream for bolometer j, dj (t)
is smoothed with a boxcar filter of width 15, then this smoothed timeline dj,sm (t) is
subtracted from the original timeline to find the residuals
rj (t) = dj (t) − dj,sm (t).

(2.1)

This is repeated for all bolometers in the array, and the median of all bolometer values
at each time index t is calculated as
m(t) = medianj {rj (t)}.

(2.2)

The median absolute deviation from this value is determined as
mad(t) = medianj {rj (t) − m(t)}.
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(2.3)

Now calculating the median in time we get an average number for the whole array as
mmad = mediant {mad(t)}.

(2.4)

Finally the algorithm flags time samples with
m(t) > κmmad

(2.5)

where κ is typically set to 4 during SPIRE map-making. To ensure that the tail of the
glitch is removed too, the algorithm also flags an extra sample at the end of blocks of
consecutive flagged samples.
The next step after concurrent deglitching is to identify and flag the individual cosmic
ray hits that only affect a single detector. Two different methods are implemented in the
reduction pipeline, a “sigma-kappa” deglitcher and a “wavelet” deglitcher. The sigmakappa deglitcher works similarly to the concurrent deglitcher, except here we do not
combine the residuals of different detectors, but calculate a standard deviation value for
each TOD separately. The glitch detection is iterative, such that the glitches are flagged
and excluded when recalculating the standard deviation. The process is repeated until
no new glitches are flagged in the timeline.
A more complex deglitching method can also be used to detect glitches in the timestreams
using wavelet-based local regularity analysis. This assumes that these features have a
shape similar to a Dirac-delta function, but the algorithm is also able to handle clipped
glitches that have different shapes. The method, based on a continuous wavelet transform
with a Mexican-hat wavelet is described in detail in Ordenovic et al. (2005, 2008).

2.2.2

Electrical filter response correction

During the readout process, AC bolometer signals are lock-in amplified at the bias frequency, a process that consists of a band-pass filter, a switch and a low-pass filter applied
to the switched signal. The low-pass filter imposes a time delay on the detector signals,
and thus a delay between the detector signals and the signals recording telescope pointing
information. This delay can be as long as 74 ms, which causes a 2.200 difference in position for nominal scan mode and 4.400 shift in fast scan mode. A low-pass filter response
correction is needed to correct for this effect. The correction happens in Fourier space
by multiplying the timeline with a complex function whose parameters are stored in a
calibration file and are based on the low-pass filter transfer function.
Usually a similar correction is applied to adjust for the time response of individual
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bolometers. This delay is also determined from the calibration file but this correction
step is usually carried out after the data have been converted from voltage values to flux
densities.

2.2.3

Flux Calibration

Before map-making the detector timelines need to be converted from units of voltage to
in-beam flux density. The detailed flux calibration for SPIRE is described in Bendo et al.
(2013) and Griffin et al. (2013).
The spectral in-beam flux density of a source with surface brightness Iν (θ, φ) is
Z

2π

S(ν) =

π

Z
dφ

B(θ, φ)Iν (θ, φ) sin θdθ,

0

(2.6)

0

where B(θ, φ) is the normalized beam profile. As noted in Bendo et al. (2013) and Griffin
et al. (2013) the bolometers measure the spectral response function (SRF) weighted flux
density, which is proportional to the power that the bolometers absorbed. If F (ν) is the
spectral response function of the detector and η(ν) is the aperture efficiency then this
weighted flux density can be calculated as
R
S̄meas =

S(ν)F (ν)η(ν)dν
,
F (ν)η(ν)dν
ν

νR

(2.7)

where we integrate over the passband frequencies. Bendo et al. (2013) find that the
relation between small changes in S̄meas and the voltage change across the bolometer can
be described by the function
dS̄meas
K2
= f (V ) = K1 +
,
dV
V − K3

(2.8)

where K1 , K2 and K3 are constants and are derived empirically based on internal calibration sources. The conversion from measured voltage to S̄meas happens by integrating this
value between the operating voltage V0 of the bolometer and the measured Vm voltage
after photon absorption from sources,
Z

Vm

S̄meas =
V0



K2
K1 +
V − K3


dV.

(2.9)

To convert the data units from the SRF-weighted flux density to monochromatic
spectral flux density we usually assume that the source spectrum is a power law and can
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be written as


S(ν) = S(ν0 )

ν
ν0

α
,

(2.10)

where ν0 is the central frequency of the SPIRE bands corresponding to 250 µm, 350 µm
and 500 µm wavelengths. A power-law index of α = −1 is chosen in the SPIRE data
reduction process in order to obtain a flat νSν spectrum across the band. Combining
Equations 2.10 and 2.7 we get

S(ν) = S̄meas

ν0α
R
ν

R

F (ν)η(ν)dν

ν
ν α F (ν)η(ν)dν


= K4 S̄meas .

(2.11)

The main calibrator for SPIRE is the bright and almost point like source Neptune,
with a well known spectral flux density and an absolute photometric uncertainty of ∼ 4%
(Moreno, 1998; Bendo et al., 2013). The measured flux densities of Neptune are compared
to the expected model values and the differences are corrected. These final pre-processed
timelines will serve as the input for different map-making software packages.

2.3

Map-makers

Several map-making software packages are capable of working with time-ordered data preprocessed by the standard SPIRE pipeline. Some of these have been developed directly
for SPIRE and others were adapted from different instruments. Early versions of the
HIPE pipeline included the Naı̈ve Mapper, which has been replaced by the Destriper.
Other mappers include Scanamorphos, Unimap, HiRes and SUPREME. The description
and a detailed comparison of the performance of these map-makers is presented in Xu
et al. (2014).
Maps in the HerMES survey are usually created with the SPIRE-HerMES Iterative
Mapper (shim, Levenson et al., 2010, Viero et al., 2013), which is part of the SMAP processing pipeline. For the largest maps in HerMES and also for the map observed in the
HeRS survey we use sanepic (Signal And Noise Estimation Procedure Including Correlations, Patanchon et al., 2008), a maximum-likelihood map-maker that was originally
developed for BLAST (Balloon-borne Large Aperture Submillimeter Telescope, Devlin
et al., 2004), a telescope built effectively as a pathfinder for SPIRE. This map-maker
uses the cross-correlation of noise between detector timestreams to remove correlated
noise without removing the largest scale astronomical signal from the datasets. sanepic
was developed at the University of British Columbia, and UBC also had a large involvement in the development of shim. In the following we focus on the shim and sanepic
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map-makers, with emphasis on the optimization of sanepic to work with SPIRE data.

2.3.1

sanepic

sanepic (Signal And Noise Estimation Procedure Including Correlations, Patanchon
et al., 2008) is a maximum likelihood map-maker developed for BLAST (Devlin et al.,
2004), a balloon-borne experiment using similar detectors as the bolometers in SPIRE.
sanepic can preserve large-scale signals in the sky by removing correlated noise from
the timelines based on the cross-correlation of the timestreams of different detectors.
The timestream of a bolometer indexed by i can be modeled as
d~i (t) =

X

Ai (t, p)~s(p) + ~ni (t),

(2.12)

p

where t is the sample time, s is the signal in pixel p of the final map of the sky and
Ai (t, p) is the pointing matrix, which gives the weight of the contribution of the signal
in pixel p to the timestream of bolometer i at time t. If our map has np pixels and the
TOD has ns time-samples, then Ai (t, p) is a matrix of size ns × np . The SPIRE beams
are approximately symmetric, so we can treat ~s as the beam-convolved sky, in which case
the pointing matrix contains only zeros and ones and it simply tells us the pixel position
where bolometer i points on the sky at time t.
If many closely-packed detectors observe the same area of the sky, then they can all
feel similar biasing effects from their environment. The noise term ni (t) can be modelled
as the sum of an uncorrelated noise component ñi (t), and a common-mode signal c(t),
which is the same for all detectors, apart from a detector-dependent multiplicative factor
αi :
ni (t) = ñi (t) + αi c(t).
(2.13)
If we assume that the noise is Gaussian and stationary, satisfying hni (t)i = 0, then we
can construct the time-domain noise covariance matrix for detectors i and j as
Nij (t, t0 ) = hni (t)nj (t0 )i.

(2.14)

For timestreams containing ns samples, this will be a matrix of size ns × ns that will have
non zero off-diagonal elements if there is correlated noise between detector i and j. We
note that if we have multiple bolometers nb , then in this notation d~ and ~n correspond to
(ns · nb ) element column-vectors with all the detector timestreams stitched together, and
the N matrix of size (ns · nb ) × (ns · nb ) is built up of ns × ns sized blocks of Nij :
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(2.15)

Nnb 1 Nnb 2 . . . Nnb nb

The sky signal can be estimated from the detector TODs using maximum likelihood
methods. The log-likelihood of the data is
~ s) = − 1 (d~ − A~s)T N−1 (d~ − A~s).
log L(d|~
2

(2.16)

and the maximum likelihood solution is given by
~
~ŝ = (AT N−1 A)−1 AT N−1 d.

(2.17)

The SPIRE instrument samples the sky at 18.6 Hz, which means that we have time
samples 0.053 s apart, and many scans last for over 10 hours, creating TOD vectors that
contain > 106 elements. For datasets this large an explicit inversion of the time-domain
covariance matrix N would be too time-intensive. Instead sanepic assumes that the
TODs have no gaps and are circulant, meaning that the observations end at the same
place where they started. If this is true, then the covariance matrix is circulant too, and
its values only depend on the time separation between samples as
N(t, t0 ) = f (|t − t0 |).

(2.18)

The Fourier transform of a circulant matrix is diagonal and it can be constructed from
the power spectrum of the timestreams. So if we know the power spectrum of the detector
TODs then the inverse of the time-domain covariance matrix can be calculated as
N−1 = F −1 [P(ω)−1 ],

(2.19)

where F −1 represents an inverse Fourier-transform and P(ω) is a matrix constructed
from the auto- and cross-power spectra of the TODs, containing information about the
common-mode noise between bolometers in addition to the uncorrelated noise terms.
P(ω) contains diagonal blocks of Pij sub-matrices that can be expressed as the binaveraged power spectrum between bolometers. If we divide the frequency range into

27

q bins with bin sizes dq, each bin containing nq samples, then the bin-averaged power
spectrum can be written as
ωq +dq/2
1 X ˜∗
di (ω)d˜j (ω),
Pij (ωq ) =
nq

(2.20)

ωq −dq/2

where d˜i (ω) represents the Fourier-transformed TOD for bolometer i. We can also express
the power spectrum in terms of the common-mode and uncorrelated noise components
as
h
D
E
D
Ei
Pij (ω) = αi αj c̃∗ (ω)c̃(ω) + δij ñ∗i (ω)ñj (ω) .

(2.21)

In practice the latter equation is used in the sanepic algorithm and the parameters
are determined by a blind component separation method similar to the one described
in Delabrouille et al. (2003). The noise power spectra matrix of the timestreams is
determined from the data during an iterative process. In the first iteration the algorithm
assumes that the TODs contain only noise and a first realization of the sky map is created.
In the subsequent iterations the current map needs to be reprojected into time-ordered
data and subtracted from the data timestreams to remove the astronomical signal. An
example comparison of an auto- and cross-power spectrum of a bolometer TOD is shown
in Figure 2.1. It can be seen that the uncorrelated white noise at high frequencies
dominantly comes from a single bolometer and the correlated noise that dominates at
low frequencies is a component that both bolometers can see. The operation N −1 d
corresponds to dividing the Fourier-transformed data with the noise power spectrum,
and this step removes the large-scale correlated noise from the timestreams.
T −1
−1
The inverse of the pixel-pixel noise covariance matrix, N−1
is not
pp0 = (A N A)
calculated explicitly in the map-making process. Instead the map-maker uses an iterative algorithm based on the conjugate gradient method with preconditioner to find the
maximum likelihood solution for the map. The method works by minimizing
Ψ = rT N−1
pp0 r,

(2.22)

r = (AT N −1 Asˆk − AT N −1 d) = (AT N −1 dk − AT N −1 d).

(2.23)

where r is defined as

Here sk is the map estimate at iteration k and dk = Ask is this map projected into a
timestream.
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Figure 2.1: Diagonal values of two sub-matrices from the power spectrum matrix P(ω).
The solid line shows the diagonal values of an auto-power spectrum matrix Pii (ω) calculated from the TOD of bolometer i, the dashed line shows the diagonal values of the
cross-power spectrum matrix Pij (ω) between two different bolometers i and j and the
dotted line is the difference of the two plots. The correlated noise is seen by both bolometers and this information is used to de-weight the correlated noise in the timestreams.

Usually a few hundred iterations are needed to reach convergence. sanepic also creates an error map as an extension to the output products. This map gives an estimate
of the variance of the noise in each pixel of the final map. Obtaining this error term
correctly would require calculating the explicit pixel-pixel noise covariance matrix, but
that operation is too computationally intensive and is never carried out during the iterative map-making. The error map sanepic creates is a first-order estimate of this noise,
computed by neglecting the off-diagonal terms in the inverse pixel-pixel noise covariance
matrix, assuming that the final map only contains white noise. We note, that this method
can result in an over-estimation of the real residual noise values in the maps, but the
error map can still be used to assign weights to each pixel in our final map.

2.3.2

shim

The SPIRE-HerMES Iterative Mapper (shim, Levenson et al., 2010, Viero et al., 2013)
formalism is based on an iterative baseline removal algorithm. After a median subtraction
the time-ordered data d(t) for a given detector in a given scan are passed to the mapmaker where they are modelled as
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~ =g
d(t)

X

A(t, p)~s(p) + b~m (t) + ~ñ(t).

(2.24)

p

P
Like in Eq. 2.12, p A(t, p)~s(p) represents the reprojected signal from the sky-map ~s into
a bolometer timestream, and ~ñ(t) is the uncorrelated noise component. The baseline drift
responsible for the low frequency 1/f noise is modelled as an mth-order polynomial b~m (t),
and g is the relative detector gain, which can be changed if we assume that the beam
shapes of the individual bolometers are not exactly the same. As a first iteration the
gain is set to unity and the timestream is simply rebinned into a map. In the following
iteration steps the g value is first fixed to be the result from the previous iteration and the
b~m (t) polynomial is fit to the timestream residual Rk (t), which is calculated at iteration
k by subtracting the map calculated in the previous iteration from the timelines,
"

#

~ − gk
R~k (t) = d(t)

X

A(t, p)~sk−1 (p) .

(2.25)

p

After finding the optimal baseline, the g value can also be fitted to the data by minimizing Rk (t) while keeping the polynomial term fixed. The absolute detector gains for
SPIRE have been determined from observations of calibration sources and these values
are applied to the timestream during the HIPE pre-processing steps. In practice, the relative gain described here will not differ significantly from unity, and the g value is often
kept constant during map-making. At the end of each iteration the inverse variance of
the residual timestream is assigned as a weight to the bolometer TOD as
"

1 X
Rk (t)2
wk =
N t

#−1
.

(2.26)

This whole process is repeated for all detector timestreams in all of the individual scans
of the observation and a new map is constructed by creating a weighted mean of all of
the samples that fall into the same pixels,
wk (d(t) − bm
k )/gk
∈p
P
sk (p) =
,
wk
P

∈p
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(2.27)

where the sum runs over all samples in all bolometer timelines and all scans that map
onto pixel p. The noise map is calculated from the weights as
#−1/2

"
σk (p) =

X

wk

.

(2.28)

∈p

Unlike sanepic, shim deals with the low frequency noise component individually for each
bolometer timestream, ignoring correlations between detectors. As a result, shim will
not be as efficient in reconstructing the largest angular scales in a sky map as sanepic.
We will compare the performance of sanepic and shim in Section 2.4.4.

2.4

Using sanepic with SPIRE data

The Herschel Multi-tiered Extragalactic Survey (HerMES, Oliver et al., 2012) is a “wedding cake” type survey containing small and deep maps and larger shallower observations
of different fields. The area of these fields varies between 0.005 deg2 and 19 deg2 . In the
HerMES project the native map-maker used to create the final data products is shim.
shim maps are optimal for point-source detection and they also recover signals at larger
angular scales than the size of the point-spread function, but the largest angular scales
are filtered out in the map-making process. The recent addition of the 280 deg2 HeLMS
field and the adjacent 80 deg2 HeRS field – which was observed in a close collaboration
with HerMES – raised the need to improve the map-making process in order to fully
exploit the large area of these maps by preserving the large scale sky signal as much as
possible.
In the following we describe the HeLMS and HeRS surveys and the application of
the sanepic map-maker to these two datasets. We compare the resulting maps to data
products created with shim, investigate the noise properties and the transfer function,
and discuss future uses of these large area maps.

2.4.1

The HeLMS and HerS surveys

The HerMES Large Mode Survey (HeLMS, Oliver et al., 2012) consists of a large area
shallow observation of an equatorial field at wavelengths of 250, 350 and 500 µm, obtained
using SPIRE. HeLMS covers 280 deg2 of the sky, making it the largest area observed in
the HerMES survey. The HeLMS field spans 23h 14m < RA < 1h 16m and −9◦ <
Dec < +9◦ , an equatorial region with low contamination from heated dust clouds in
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the Milky Way (Galactic cirrus). It is designed to have a large overlap with the Sloan
Digital Sky Survey’s Stripe 82 field, one of the most highly observed areas of the sky,
with extensive multi-wavelength ancillary data coverage. The equatorial area has the
advantage that it can be observed from almost any ground-based telescope site in the
world. The HeLMS field was observed with the telescope operating in fast-scan mode
(60 arcsec s−1 scan-speed) and the observations were repeated in two nearly orthogonal
scan-directions in order to obtain cross-linked data. The dataset consists of 11 individual
scans, out of which six cover the full HeLMS area in one scan direction and five in the
other. The coverage map is shown in Figure 2.2. Since the scans corresponding to the
same scan-direction are designed to be adjacent to each other with minimal overlap, the
coverage of the map is nearly uniform. Having only two scans at each part of the map
gives shallower coverage than the deepest SPIRE maps. However, the noise is still only a
few times higher than the confusion level, and the large area of the survey compensates
for this loss in depth.
The Herschel Stripe 82 Survey (HerS, Viero et al., 2014) is a field adjacent to HeLMS
and although this survey is not a part of HerMES, the two analysis teams work in a close
collaboration with each other and have a substantial overlap in personnel. HerS covers
79 deg2 of the sky between 0h 54m < RA < 2h 24m and −2◦ < Dec < +2◦ . The span
in declination is smaller than that of the HeLMS field, but together HeLMS and HerS
cover the whole Stripe 82 region in RA. The observing strategy for HerS was similar to
that of HeLMS. This observation is made up of 21 individual scan-lines, but unlike in
HeLMS, here the adjacent scans have some overlap with each other, creating areas in the
map with deeper coverage. The HerS coverage map is shown in Figure 2.3.
Due to the equatorial position and the full overlap with the SDSS Stripe 82 field,
the HeLMS and HerS surveys have a very rich ancillary data coverage. These datasets
include the SDSS-III’s Baryon Oscillation Spectroscopic Survey (BOSS; Eisenstein et al.,
2011), the Hobby-Eberly Telescope Dark Energy Experiment (HETDEX; Hill et al.,
2008), the Spitzer -HETDEX Exploratory Large Area Survey (SHELA; Papovich et al.,
2012), the Spitzer -IRAC Equatorial Survey (SpIES; Richards et al., 2012), the VLAStripe82 (Hodge et al., 2011), VISTA-VIKING (Emerson et al., 2004), and the Hyper
Suprime-Cam (HSC; Miyazaki et al., 2012) surveys, among others. In addition, HeLMS
and HerS overlap with a survey of the cosmic microwave background (CMB) conducted
by the Atacama Cosmology Telescope (ACT; Swetz et al., 2011) in Stripe 82. There is a
collaboration between HerMES, HerS and ACT to conduct studies that involve both the
Herschel and ACT datasets. Part of this map-making project is to create data products
that facilitate cross-correlation studies between the ACT and Herschel datasets.
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Figure 2.2: Coverage map of the HeLMS dataset. Dark areas have the lowest coverage,
meaning that the number of detector time-samples projecting onto the map-pixel in
question is low. The observation consists of 11 individual scans, five of which with similar
scan directions span most of the RA range of the survey and the other six orthogonal
scans span the total range in declination. The scans having similar detector orientation
are adjacent to each other with minimal overlap, and the final map has a nearly uniform
coverage.

Figure 2.3: Coverage map of the HerS dataset. HerS consists of 21 individual scans,
and while the adjacent observations spanning the declination range are designed to have
minimal overlap, the scan-lines in the orthogonal scan direction overlap with each other
to some extent, creating areas with better coverage than the rest of the map. Those areas
that have been observed three times are clearly visible as light stripes in the coverage
map. The pixel-noise in these areas is smaller than the noise in the rest of the map.

33

2.4.2

Additional timeline processing

The initial processing of the SPIRE time-ordered data segments is carried out in HIPE,
as discussed in Section 2.2. Different map-makers might need to apply extra processing
steps to these timelines, depending on the data properties and the assumptions made
about the data by the mapping algorithm.
Before passing the data to either shim or sanepic, the TODs are read in by the
SMAP pipeline. As discussed in 2.2.1, deglitching happens during the initial data preprocessing of the timelines in HIPE. In some cases, however, this first-level deglitching
fails, and the anomalous signal propagates into the maps. The shim map-maker applies
an iterative second-level glitch detection algorithm, using the fact that each pixel on the
sky is sampled multiple times. Based on the large number of samples projecting onto
the same sky pixels, the expected flux density in that pixel can be predicted and any
samples that are more than 10σ away from this value are flagged and not included in the
map-making process. This deglitching information is saved and can be re-used later. We
use this information created from initial shim-processing of the HeLMS and HerS data
to remove residual glitches from the timestreams before passing the TODs to either shim
of sanepic.
An astrometry correction step is also carried out in SMAP before map-making to
test the reliability of the pointing information and to correct for any shifts in position.
This is usually done by stacking initial maps for each observation on the positions of
Spitzer-MIPS (Rieke et al., 2004) 24 µm sources. For the HeLMS and the HerS regions
MIPS catalogs are not available and the correction is based on positions of sources in the
WISE survey (Wright et al., 2010). Both of the MIPS and WISE catalogs have positional
accuracies better than 0.500 . After stacking the SPIRE maps on these positions the source
profile is fitted to determine the measured position and the offsets (usually in the range
of a few arcseconds) are applied as a correction in any later map-making process. After
these processing steps the timelines are exported into FITS files that correspond to the
sanepic input file format.
The largest component of the low frequency correlated noise between different detectors is the result of temperature fluctuations in the 3 He cooler. As discussed in Section 2.1
all bolometers in the same focal-plane are cooled to the same temperature and the cooler
is recycled periodically. Although the temperature is very stable for the most part of the
cooler-cycle, slow temperature drifts will cause the signal of the bolometers to change
over time. These changes are usually gradual and create a baseline well represented by
a low-order polynomial.
Each detector array contains two thermistors that monitor the same temperature
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changes that the bolometers experience. SMAP has a temperature-drift correction module nominally used before shim map-making, which removes the temperature-drifts from
the detector timelines using the information from the thermistors. The thermistor timelines are smoothed to remove noise on small scales and these smoothed timelines are then
fitted to the bolometer timelines and the fitted shape is subtracted. In this process the
mean is also subtracted from each scan.
Before sanepic map-making the temperature-drift correction module in SMAP is
turned off, since sanepic can handle the correlated noise in its own way. First a loworder polynomial is fit to each timeline and the result is subtracted. This step is needed
because large gradients from variations on timescales longer than the timestream itself
are not well represented by Fourier-modes and they can cause leakage during Fouriertransformation, which introduces striping and other artifacts in our maps. An example
TOD before and after the baseline removal is shown on Figure 2.4.

Figure 2.4: The effect of gradual temperature drifts in the cooler on the detector timelines.
The changing temperature has a similar effect as absorbed power from photons, so the
timestreams will have a non-zero baseline. This long variation needs to be subtracted
from the timelines before map-making, since gradients can cause ringing during Fouriertransforms and the final maps would contain stripes. The bottom figure shows the same
TOD after the baseline has been subtracted.
The order of the polynomial can be set manually and the shape of the timestreams
needs to be investigated by eye before applying this setting. For the shorter HerS time35

lines this method works well, since the baseline is well fitted with a linear shape, but
we have to be careful because some observations are carried out shortly after a coolerrecycle process when the temperature increases abnormally. The baseline caused by these
“cooler-burps” cannot be fitted by a single polynomial. This effect is frequently seen in
the very long (>11 hours) HeLMS TODs. An example of a cooler-burp is shown on
Figure 2.5. To remove this effect without using a harsh high-pass filter on the data we
need to deal with the affected scans individually. These long timelines are broken up into
parts where the TOD can be fit by a simple polynomial. Some of the largest scales might
be removed due to the subtraction of the polynomials, but these scales can be recovered
from the cross-scans during map-making.

Figure 2.5: The effect of cooler-burps on the detector timestreams. During the recycling
of the refrigerator the temperature changes abruptly and the detector baseline cannot be
removed by a simple polynomial fit.
Since sanepic assumes that each data segment is circulant, and the start and end of
the observation is strongly correlated, we apodize the data segments at the edges over
100 samples. The samples we remove this way are usually in a telescope turnaround
region at the edges of the maps, where the coverage is sparse. These regions are usually
masked out in any science analysis, so this process does not affect our data quality. After
these processing steps the data segments are ready to be passed to the map-makers.

2.4.3

sanepic maps

Two sets of maps at 250, 350, and 500 µm were made in order to accommodate different
science goals. For the first set, we used a gnomonic or tangent-plane (TAN) projection
with pixel sizes of 600 , 8.33300 and 1200 for the 250, 350, and 500 µm maps, respectively.
These values are typical for SPIRE maps, chosen to correspond to roughly one-third of the
size of the SPIRE beams. Since the HeLMS and HerS fields overlap with the equatorial
stripe observed by the Atacama Cosmology Telescope (ACT), we also made maps using
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the nominal ACT map projection, to be used for cross-analysis of the two data sets. The
motivation for matching pixels is that it avoids the reprojecting/regridding of maps that
would be necessary to perform map-based operations, which could potentially introduce
systematic uncertainties. These maps were made using a cylindrical equal-area (CEA)
projection with pixel sizes of 29.700 in all three bands, corresponding to the nominal ACT
pixel size.

2.4.4

Comparison of sanepic and shim maps

To test whether sanepic is indeed a better choice than shim to create maps from the
largest observations, we compare two sets of maps made with each of these map-makers.
We select a 300 × 300 arcminute area from the HeLMS region, which is about the largest
square area that can be selected. First we compute the 2-dimensional power spectrum,
which is the square of the absolute value of the Fourier-transform of the maps, and
contains information about the power in the maps at different angular frequencies. We
show the 2D power spectrum of the 350 µm shim and sanepic maps in Figure 2.6. If the
original map has dimensions of npix ×npix with each pixel having a size of θpix arcminutes,
and the full size of the map in arcminutes is θmap × θmap , where θmap = npix × θpix , then
the dimension of the 2D power spectrum image is still npix × npix , but the reciprocalspace pixel sizes are dk = 1/θmap , and the axes run from (−npix /2) × dk to (npix /2) × dk.
The nearly isotropic power in the middle of both power spectra represents the largest
scale signal in the maps. The main visible difference is extra power in the shim maps in
symmetric patches at angular frequencies of k ∼ 1.5 and k ∼ 3 arcmin−1 , corresponding
to an angular sizes of ∼ 4000 and ∼ 2000 , which is comparable to the beam size of 2500 at
350 µm. The origin of this noise is as yet unknown, but these patches disappear in the
sanepic maps.
We also calculate the azimuthally averaged power spectrum by averaging all modes
in the 2D spectrum that are at a certain k radius away from the center. The results are
plotted on Figure 2.7. Here it is clearly seen, that while both map-makers retain similar
power at frequencies above k ∼ 10−2 arcmin−1 , the power at frequencies below this limit
is attenuated in the shim maps. This corresponds to physical scales larger than ∼ 100
arcminutes. This filtering in shim probably comes from the mean-subtraction that is
needed to apply the temperature drift correction. While both map-makers can produce
similar quality data products for small-area observations, sanepic is clearly a better
option to use when making very large maps.
The filtering effect of the shim map-maker is clearly visible for very large-scale bright
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Figure 2.6: 2-dimensional power spectrum of a 300 × 300 arcminute area selected from
the HeLMS 350 µm map. The left figure shows a power spectrum created from a map
made with shim, and the right image shows the resulting power in the sanepic map.
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Figure 2.7: Azimuthally averaged power spectra for the HeLMS 350 µm map created
with sanepic and shim. shim attenuates angular frequencies below 10−2 arcmin−1 ,
corresponding to scales larger than 100 arcminutes on the sky, while sanepic is able to
recover these larger scales.
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Galactic cirrus structures in the maps. Figure 2.8 shows an area of the HerS map with a
very bright patch of cirrus spanning more than 1500 on the sky. The dark patches around
the bright structures in the shim map are the result of the filtering effect visible on the
plot in Figure 2.7.

Figure 2.8: A strong Galactic cirrus patch spanning ∼ 150 arcminutes in HerS. The
left image shows the shim reconstruction and the right image shows the sanepic maps.
The dark patches around the bright regions in the shim map show the filtering effect for
scales larger than 100 arcminutes. The large-scale structure is visibly better recovered
with sanepic.

2.4.5

Noise properties

To examine the properties of the residual noise in our maps, we create so-called “jackknife” difference maps by splitting the timestream data into two halves and making a
separate map for each half. The difference map is then made by multiplying one of the
jackknifes by minus one and then averaging the two maps. This process removes the
astronomical signal but retains the noise, so the jackknife difference map contains the
same instrumental noise properties as the co-added sky map.
There are in principle several different ways to split the data in half, some more
effective than others, but the shallow depth of the HeLMS and HerS observations limit
our options. If the map area is observed several times in the same manner, the data can
be split by observation time. Since our fields are only scanned once in each orthogonal
direction, this option is not available for these surveys. We could split the datasets based
on the different scan directions, but we find that the resulting maps have very strong
residual correlated noise along the scan directions due to the lack of cross-linking. A third
way to split the data is to divide up the detector focal planes, and only use every second
bolometer to make our maps. Even though this method gives the best coverage, at the
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nominal pixel sizes, the resulting maps are still quite sparse, especially at 500 µm where
the sampling density is the lowest. This problem is not present in the maps made in the
ACT mapping configuration, since the pixel sizes are much larger and more time-samples
are projected onto the same pixels.
In Figure 2.9 we plot the HerS pixel-histograms of the coadded (or sky) and differenced jackknife maps, showing both the standard (TAN) and ACT (CEA) projections.
The coadded jackknife maps contain both instrumental and confusion noise (the latter
illustrated as vertical dotted lines), and are thus wider than the differenced jackknife
maps. While the instrumental noise is the dominant contribution in the TAN maps, the
instrumental noise in the ACT-CEA maps is lower, due to their pixels being 24.5, 12.7,
6.1 times larger (by area) at 250, 350, and 500 µm, respectively, such that they have
approximately equal contributions from instrument and confusion noise. We find that
the noise is well described by a Gaussian distribution.
Having two independent maps from only half of the data also allows us to compare
the pure signal and noise power spectrum of the maps. In Section 2.4.4 we investigated
the auto-power spectrum of the map. If we instead compute the cross power-spectrum
between the two half maps, then the uncorrelated noise is removed and the resulting power
spectrum represents the astronomical signal that is visible in both of the half maps. In
Figure 2.10 we show the auto-power spectrum of the total map and the jackknife noise
map, and we also show the cross-power spectrum representing the sky-signal calculated
from the two half-maps. We can see that the noise is not completely white; there is some
excess correlated noise on larger scales in the maps but it is about 100 times smaller than
the signal power at those scales. The signal spectrum reaches the white noise level on
the high frequency side due to the smoothing effect of the pixelization of the maps.

2.4.6

Transfer function

To investigate how reliable sanepic is in reconstructing sky signal on different angular
scales we determine the map-maker’s transfer function through simulations. This assessment is made by creating simulated pure-signal maps, which are then reprojected into
detector TODs and fed back into our map-maker similarly to the real data timestreams.
The transfer function is the ratio of the the azimuthally-averaged Fourier transforms
of the reconstructed map and the pure-signal input map. In the ideal case the ratio
should be unity at all spatial scales. If the map-maker introduces false signal into our
maps, or removes existing power, then the transfer function deviates from unity at the
corresponding angular scales.
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Figure 2.9: Pixel flux histogram of the HerS maps in both TAN and CEA projection,
determined from jackknife tests. Solid lines show the sum of two jackknife maps made
from each half of the data. This sum represents the total map, including sky signal
and detector noise. Dotted lines represent the histogram of the maps made by taking
the difference of the two jackknife maps. Taking the difference cancels out the sky
contribution, so these maps can be used to investigate the properties of the residual
noise. The noise can be well fitted by a Gaussian. The instrumental noise compared to
the confusion noise is more dominant in the TAN projection maps, where the pixel sizes
are smaller and thus contain fewer data samples per pixel. The excess tail in the coadded
total maps arises due to the log-normal nature of the confusion noise distribution. From
Viero et al. (2014)
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Figure 2.10: Azimuthally averaged auto-power spectra calculated from the difference of
the jackknife maps showing the noise (dash-dotted red line), the full map that is a sum
of both halves of the data (solid blue line), and a cross power spectrum of the two half
jackknife maps (dotted green line), which shows the astronomical signal in the maps.
The signal clearly dominates over the noise even on the largest scales where the noise
is not completely white. The signal spectrum reaches the white noise level on the high
frequency side due to the pixelization effects. This plot was made from the HerS CEA
maps at 350 µm.
We constructed 100 pure signal maps with a Monte Carlo simulation using a power-law
power spectrum resembling that of the cosmic infrared background without the Galactic
cirrus. Figure 2.11 shows the resulting transfer function for the HerS maps at 500 µm.
The simulated and reconstructed maps were made with the same pixel size, so the pixel
window function does not have any effect here, and the transfer function remains unity
on small scales. The transfer function only starts to drop at k ∼ 0.01 (or ` ∼ 200 in
the multipole notation usually used in power spectrum studies, where ` ≡ 2π/λ[rad] =
21600 × kθ [arcmin−1 ]) corresponding to a scale of 100 arcmin. In studies analyzing the
power spectrum of the sky this function can be used to correct any deviations that are
less than ∼ 15 % from unity. Here this corresponds to k ∼ 0.003, or scales smaller than
300 arcmin. For larger deviations the reconstruction of large scales is not reliable. The
smallest extent of the HeRS survey is about this size, so most of the available scales are
reconstructed by the map-maker.
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Figure 2.11: Transfer function, T , of the sanepic map-maker at 500 µm, estimated with
a Monte Carlo simulation as described in Section 2.4.6. The lower axis indicates the
multipole scale usually used in CMB studies and is defined by ` ≡ 2π/λ[rad] = 21600 ×
kθ [arcmin−1 ]. T is found to be approximately unity down to ` ∼ 200 (∼ 100 arcmin
angular scales), dropping to 0.5 at ` ∼ 30 (∼ 720 arcmin). The vertical dashed line
represents the largest accessible scale in the HeRS survey, showing that effectively all
scales available in the HeRS map are reconstructed. From Viero et al. (2014)

2.4.7

Applications

We showed that while the shim and sanepic map-makers work similarly well on relatively
small angular scales, sanepic clearly shows a better performance in reconstructing the
largest structures in wide surveys. We constructed sanepic maps for the HeLMS and
HerS surveys in both the nominal SPIRE projection and pixelization and also created
maps that match the ACT equatorial maps in both projection and pixel size to help
cross-correlation studies.
A very wide range of past, current and future projects are based on the analysis
of the HeLMS and HerS maps. As an example, Gralla et al. (2014) investigate the
thermal Sunyaev-Zel’dovich (SZ) effect (see Chapter 5) in 1.4 GHz selected radio AGNs
by stacking their position on the ACT maps. They use the HeLMS and HerS maps in
their analysis to show that there is no significant contamination from dusty galaxies in
the SZ signal.
Wang et al. (2015) use the HeLMS and HerS maps to cross-correlate a sample of Type
1 quasars from the SDSS with the cosmic infrared background fluctuations. They detect
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the submillimeter emission in the quasars and find that their star formation activity is
stronger than the star formation in satellite galaxies in the outskirts of the halos that
host these quasars.
An auto- and cross-frequency correlation analysis between the 250, 350 and 500µm
maps of HeLMS and HerS and also between these Herschel maps and the ACT 218 and
148 GHz maps is also underway. This study is similar to the analysis described in Hajian
et al. (2012) and Viero et al. (2013), and the aim is to determine the correlation between
the cosmic infrared background and the cosmic microwave background, and to detect
the clustering signal of dusty star forming galaxies. These studies benefit the most from
the better large-scale signal recovery properties of the sanepic map-maker, since this
clustering signal extends to low spatial frequencies. The CIB can also act as a foreground
for CMB measurements and these cross-correlation studies can also help in removing the
bias from dusty galaxies on these very low SNR measurements.
Cross-correlations with other catalogs and maps will also be possible, including the
BOSS QSO sample, optical SDSS cluster catalogs, the HETDEX LAE catalog, the Planck
maps that have full sky coverage and also future instruments like ACTPol or ALMA.
In the following chapters of this thesis we will also describe two specific projects
using the HeLMS and HerS observations. In Chapter 3 we describe a project to find a
large sample of rare high-redshift dusty star forming galaxies in the HeLMS region, and
in Chapter 5 we investigate the star formation activity in Sunyaev-Zel’dovich-selected
galaxy clusters from the ACT equatorial maps that are found in the area overlapping
with HeLMS and HerS.
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Chapter 3
A search for high redshift dusty
galaxies in the HerMES Large Mode
Survey
As we discussed in Section 1.5, our knowledge about the evolution of the cosmic star
formation rate density at z > 4 is still uncertain due to the lack of statistically significant
samples of high-redshift dust obscured star-forming galaxies, and the uncertainty of the
extinction-correction of the available UV luminosity functions. At lower z the redshift
distribution of the observed samples is usually determined by calculating photometric
redshifts based on available multi-wavelength datasets. However, as of now only a small
set of observed fields have sufficient ancillary data coverage, limiting the samples available with known redshift distribution. Additionally, dusty galaxies at z > 4 are often
undetectable at shorter wavelengths; thus the determination of the photometric redshifts
becomes uncertain. To study the contribution of the high redshift dusty galaxies to the
star formation rate density we need a way to select z > 4 objects based on their properties
in the available far-infrared/submillimeter datasets alone.
Dowell et al. (2014) constructed a catalog of potentially high-z galaxies selected from
21 deg2 of data from the Herschel Multi-tiered Extragalactic Survey (HerMES, Oliver
et al., 2012) at wavelengths of 250, 350 and 500 µm. They used a map-based search
method to find sources with rising flux densities towards longer wavelengths (S500 >
S350 > S250 ), since at z & 4 the redshifted spectrum of dusty galaxies is expected to peak
at λ & 500 µm (see Figure 1.1). Follow-up observations of a subsample of these sources
showed that most of these galaxies are indeed at z > 4, and this analysis resulted in the
detection of the z = 6.34 source HFLS3 (Riechers et al., 2013), the highest redshift dusty
starburst galaxy found to date, forming stars at a rate of several thousand solar masses
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per year. Dowell et al. (2014) found an excess of these “500 micron riser” or “red” objects
compared to available galaxy evolution model predictions, and if the current ∼ 10 red
sources with spectroscopically confirmed high redshifts are representative of the whole
population, then the number density of such galaxies poses a challenge to our current
knowledge about galaxy evolution, indicating that dusty star formation had a larger role
in the early universe than we predicted before. However, the Dowell et al. (2014) sample
is still relatively small and insufficient to investigate the shape of the number counts.
In this chapter we describe a continuation of the program started by Dowell et al.
(2014). We use a similar map-based search technique to create a large sample of potentially high redshift galaxies by analyzing the 280 deg2 HeLMS field (see Section 2.4.1).
The instrumental noise in this map is higher than the noise in any of the previously studied HerMES fields, so we will not be sensitive to the faintest objects close to the confusion
limit. However, since the observed area is much larger than before, we expect to find
a statistically significant sample of brighter objects, including some very rare, strongly
lensed galaxies with flux densities above S500 = 100 mJy as described by Negrello et al.
(2010), Paciga et al. (2009) and others. With a sufficiently large catalog the differential
number counts of high redshift galaxies can be investigated, and as we discussed before,
the shape of the counts could hint to the evolution of the observed population. In the
following we will describe the catalog creation, the observed number counts and simulations used to infer the corrected counts. We then discuss spectral energy distribution fits
and follow-up observations.

3.1

Catalog creation

We use a technique similar to the map-based search method described in Dowell et al.
(2014) to find red sources in the HeLMS field. This area of the sky lacks Spitzer-MIPS
24 µm data that are often used in Herschel observations as a prior to deblend sources
(see e.g. Roseboom et al., 2010). Note however, that these catalogs would not be very
useful anyway to find high-redshift sources, since z > 4 sources are often too faint at
24 µm to be detected in these wide area surveys. Catalogs of Herschel -SPIRE objects
are also often constructed by using the sources found in the higher resolution 250 µm or
350 µm maps as priors, but these datasets would not be optimal for finding our typical red
sources, since we expect these 500 µm-riser galaxies to have low signal-to-noise ratio in the
250 µm or 350 µm maps, and hence many of them would probably be undetected in such
a catalog. As in Dowell et al. (2014), instead of matching sources found independently
at each wavelength, we combine our observations at different wavelengths and use the
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information in the maps directly. However, as a modification to the method we use a
point source-matched filter instead of a Gaussian kernel to reduce the confusion noise in
the smoothed maps.

3.1.1

Maps

We use the SHIM mapmaker described in Section 2.3.2 to create our maps. We note that
SANEPIC maps were not yet available at the time when we carried out this analysis,
however, as we showed before, SHIM has a performance similar to SANEPIC on small
angular scales, so the SHIM maps are just as optimal for point source detection as the
SANEPIC data products. The nominal pixel sizes at 250, 350 and 500 µm are 600 , 8.33300
and 1200 , respectively, to match one third of the full-width half-maximum (FWHM) of
the beam in each band (1800 , 2500 , 3600 ). Since we want to combine our observations, we
create all three of our maps with matching pixel sizes of 600 instead. We also make sure
that our maps are aligned, so that the same pixels correspond to the same coordinates.
We discard the edges of the map where the telescope turned around between scans
and the data are not cross-linked. This area is too noisy and the coverage is too sparse to
reliably estimate the fluxes of our objects. Similarly, we discard a smaller region in the
middle of the map, where part of one of the overlapping scans had to be removed due to
stray light in the telescope. The large-scale cirrus background is subtracted during the
source-finding method, but there is a a “seagull-shaped” area in the middle of the maps,
where the cirrus is too strong to be easily removed and the flux estimations are biased
high, so we mask this region manually (see Figure 3.1). The total remaining area that
we use in our analysis is 273.9 deg2 .

3.1.2

Matched filter

The convolution of a map with its point-spread function yields a map of the likelihood of
point sources if the noise in the original map is uniform and uncorrelated and the signal
consists of isolated sources (see e.g. Stetson, 1987). However, our maps already have
significant confusion noise at their nominal resolution, and extra smoothing will further
increase this highly correlated noise component. Although the 1σ instrumental noise
levels in the raw maps (12.8, 12.5 and 15.0 mJy at 250, 350 and 500 µm, respectively)
are larger than the nominal confusion levels in SPIRE (5.8, 6.3 and 6.8 mJy, Nguyen
et al. 2010), after we smooth the maps to the same resolution the confusion noise in the
smoothed maps will dominate over the instrumental noise. Dowell et al. (2014) smoothed
the 500 µm map using a Gaussian kernel with a full-width half-maximum of 35.300 (the
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Figure 3.1: Grayscale image of the HeLMS 250 µm map with solid lines showing the area
we use in our analysis. We discard the edges of the maps, where the data lack overlapping
scans, and we also discard a smaller region in the middle where part of the scan had to be
removed and our coverage is sparse. We additionally mask out a “seagull-shaped” region
of strong Galactic cirrus emission. The cirrus in this structure cannot be easily removed
and biases our flux estimation of sources. The total area of the remaining dataset after
applying the mask is 273.9 deg2
.
beam size in this band). This resulted in a final resolution of 49.800 FWHM, and the 250
and 350 µm maps were smoothed with a kernel so that their final resolution matched this
value. We decided to apply a different filter to our maps, which reduces confusion and
does not degrade our resolution as much as a Gaussian filter would.
We use an optimal filter that maximizes the signal-to-noise ratio in a map with nonnegligible confusion noise. This filter is described in detail in Chapin et al. (2011). The
signal-to-noise ratio in Fourier space after we cross-correlate our signal S with our filter
F is
P
SNR = 
P

k

F̂kT Ŝk


2 1/2
T
|
F̂
N̂
|
k
k
k

.

(3.1)

Here N is the noise, the hats denote the discrete Fourier transforms of our variables, the T
superscript refers to a transpose of our filter, and the index k corresponds to components
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in the spatial frequency domain. We can derive the optimal filter by finding F for which
∂(SNR)
∂ F̂jT
The resulting filter is
F̂jT =

2

|N̂j |

(3.2)

2

T
k |F̂k N̂k |
P
T
k F̂k Ŝk

P

Ŝj

= 0.

!
,

(3.3)

where Nj represents the total noise at each frequency component j. While the instrumental noise is white and its value is constant at all frequencies, the power spectrum of
the confusion noise will have a shape similar to the point spread function, since confusion
arises from point sources in the same beam. The shape of our matched filter can be seen
in Figure 3.2, compared to the 500 µm beam shape and the final source profile after applying the filter to our maps. Due to the smaller width of our filter, our final resolution
will be closer to the original resolution of the 500 µm map than in Dowell et al. (2014),
and this can help reduce source blending effects for nearby objects (see an example in
Figure 3.3).
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Figure 3.2: Shape of the matched filter at 500 µm, compared to the Gaussian point
spread function (PSF) and the final source profile in the smoothed maps. The filter used
for smoothing our maps has a smaller full-width half-maximum than the beam, so the
resolution of our maps after smoothing is close to the unsmoothed resolution.

After finding the optimal matched filter for the 500 µm map, we need to construct the
smoothing kernels K250,350 that create the same effective source shape at 250 and 350 µm
49

Figure 3.3: Comparison of the final resolution in our maps when using different smoothing
kernels. On the left, we smoothed our map with the matched filter described in Sec. 3.1.2,
while on the right we used a Gaussian filter. In addition to reducing the confusion noise
from unresolved faint sources in our telescope beam, the matched filter also reduces
blending effects between neighbouring bright sources.

that we measure in the smoothed 500 µm map. First we convolve the 500 µm beam (a
Gaussian with 35.300 FWHM) with the matched filter to find the final source shape in
our smoothed maps. If P250,350 denote the nominal beam shapes at 250 and 350 µm and
Pmf500 is the matched-filtered source-shape at 500 µm, then we can find K250,350 from the
convolution
P250,350 ⊗ K250,350 = Pmf500 .
(3.4)
Thus the smoothing kernels are determined by taking the inverse Fourier transformation
of the Fourier-space ratio of the final and initial beam shapes.
Before filtering the maps, we subtract a local background to remove any large-scale
fluctuation from Galactic cirrus (radiation from heated dust clouds in our Galaxy), which
might otherwise affect our flux estimation. The background removal algorithm first
breaks up the image into 30 × 30 blocks and calculates the median value in each block
while iteratively removing sources by discarding pixels that are more than three standard
deviation away from the median of the current image. Then, the image containing these
30 × 30 blocks with constant values is smoothed with a moving box with a size twice the
subimage size. The resulting background map is subtracted from our original maps. We
have tested that this method removes large scale cirrus fluctuations (see e.g Figure 3.4)
but does not have a significant biasing effect on point source flux density estimation.
After background removal we filter our data with the matching kernels using inversevariance weighting based on the error extension of our maps, which is an output of the
mapmaker and gives us the noise values in each pixel. Since the mapmaking pipeline
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Figure 3.4: A patch of the HeLMS image containing extended cirrus emission, before
(left) and after (right) background subtraction.

does not correct for the effects of pixelization, we create our filters on an oversampled
grid, and then rebin them to our final pixel-size. We also apply our filters to our error
maps to find the typical instrumental noise values in our pixels after smoothing. We test
this filtering method by injecting fake sources with known flux density values into our
raw maps, and find no significant bias in the recovered flux distribution after subtracting
the background and applying our filter.

3.1.3

Difference map

Because the sources responsible for the confusion noise in the maps emit at all three
SPIRE wavelengths, one can produce a difference map that has a substantially reduced
confusion limit. It will be much more effective to search for bright 500 µm sources in
such a difference map (D) than in the raw 500 µm maps (M500 ). Dowell et al. (2014)
have found that the difference
D=

√

1 − k 2 M500 − k M250

(3.5)

reduces confusion, while red sources remain bright in the D map. By carrying out
extensive simulations using different coefficients, they demonstrated that the value k =
0.392 works well empirically to maximize D/σconf in the maps. They also experimented
with creating linear combinations using all three maps, but they have found that including
a 350 µm term does not improve the efficiency of the source selection. We find that this
same choice of coefficients also works well for our HeLMS maps.
Our final difference map is constructed as D = 0.920 M500 − 0.392 M250 . We also combine the error maps and measure the resulting instrumental noise levels. After measuring
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the total variance of our map we calculate the confusion noise in our final map as
σconf =

q
2
2
σtotal
− σinstr
.

(3.6)

The noise levels in our smoothed maps and the difference map are listed in Table 3.1.
σtot
(mJy)

σinst
(mJy)

σconf
(mJy)

250 µm

15.61

7.56

13.66

350 µm

12.88

6.33

11.21

500 µm

10.45

7.77

6.98

8.54

7.75

3.5

D

Table 3.1: 1 σ noise levels in our smoothed 250, 350 and 500 µm maps and in the difference
map.

3.1.4

Source extraction

To find red sources in our maps we first search for the brightest peaks in our difference
map and then we select the 500 µm riser objects from the resulting list. We apply a
local-maxima search algorithm to our D map, which finds the positions of the pixels that
have greater values than their eight adjacent pixels. We create a list of these peaks with
a cutoff at 4σtotal which corresponds to D = 34 mJy in the difference map.
To select red sources from this list we simply require that S500 > S350 > S250 . However,
to evaluate this we need to extract the actual flux densities from our single wavelength
maps at these D-peak positions. It is not trivial to determine if it is optimal to use our
smoothed maps to measure these values or to go back to the nominal resolution maps
and find the sources there. Due to a typical positional uncertainty of ∼ 600 between
bands, extracting the fluxes at the precise D position biases our flux estimation at 250
and 350 µm. To address this we could re-fit our peaks in each of the smoothed maps
to find the actual peak position in each band and extract the fluxes there. However, a
typical red source has an S500 /S350 flux density ratio that is close to 1, and hence adjacent
sources often boost our 350 µm flux density above S500 , even if in the nominal maps we
clearly detect our source as a red source. This is an important issue at the bright end,
where the source counts decrease rapidly, and even in our very large area field we expect
only to find a handful of such objects.
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After careful consideration, we decided that for this last step it is better to measure the
fluxes from the less confused nominal resolution maps, but instead of doing photometry
at the measured D-position, we find the best-fit source after taking into account our
positional uncertainty. To achieve this we move around our D-peak position in sub-pixel
steps, allowing the search radius to change corresponding to our typical uncertainty, and
we calculate the Pearson correlation coefficient r between our data d and the beam shape
P at each position by
Npixels

X
i=1

r=

1/2 

Npixels

X

i=1

¯ i − P̄ )
(di − d)(P
Npixels

¯ 2 )
(di − d)

X

i=1

1/2 .

(3.7)

(Pi − P̄ )2 )

We pick the position where the correlation is the largest, and we extract the flux density
at this position using inverse variance weighting:
Npixels

X
S=

di Pi /σi2

i=1
Npixels

X

.

(3.8)

Pi2 /σi2

i=1

We test the validity of this method by injecting artificial sources on a grid with known
flux densities in the raw maps, and we run our source extraction pipeline on these maps.
We inject 66 874 objects into the map, using the same mask as we used for source finding.
These artificial sources are spaced 37.586 pixel away from each other, corresponding to
225.51600 angular separation. This spacing is deliberately not an exact multiple of the 600
pixel size, so the source centres will not always coincide with the pixel centres, similarly to
our real sources. We generate an oversampled Gaussian point spread function accounting
for the corresponding sub-pixel shifts, then we re-bin this PSF to have 600 pixels. This way
we can generate sources with their peaks not always located the centre of the pixel. Then
we run our detection pipeline and we compare the injected and measured flux densities.
In Figure 3.5 we show an example of the distribution of measured flux densities after we
inject sources into our three maps with flux densities S500 = 80 mJy, S350 = 70 mJy and
S250 = 50 mJy. Since we smooth our maps to match the resolution at 500 µm, in this band
all three methods give similar results. In the other two bands, however, fixing the peak
position to the D-peak clearly under predicts the real flux densities. Finding the peaks in
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Figure 3.5: Histogram of the measured flux densities for injected sources with S500 =
80 mJy, S350 = 70 mJy, S250 = 50 mJy. The blue dashed line shows the distribution of
flux densities measured in the smoothed maps at the fixed D-peak position, the dotted
black line is the distribution of flux densities measured in the smoothed maps after refitting the peak positions in each band, and the red solid line represents the recovered
flux densities in the nominal resolution maps using the positions in each band where the
correlation with the PSF is the largest.

each band and measuring the smoothed map flux densities at these peak positions does
a better job in recovering the actual flux densities, but a small bias still exists, and due
to the larger confusion noise in the smoothed maps, the recovered distribution is wider
than what we measure in the nominal resolution maps, reducing the efficiency of finding
sources that have flux densities close to our selection limits. Measuring the flux densities
from the nominal resolution maps is clearly the best choice, and we conclude that the
method described above reduces the bias due to positional uncertainties.

3.1.5

Final catalog

Before finalizing our high-z catalog we need to address the radio source contamination
of our sample. Flat spectrum radio quasars can have colors similar to those of our highredshift dusty galaxy candidates, but these objects can be easily identified from available
radio surveys. We compare our catalog to the 21 cm radio catalogs from the NRAO VLA
Sky Survey (NVSS, Condon et al., 1998) and the FIRST survey (Becker et al., 1995) and
we flag 17 of our sources that show up in these catalogs with a radio flux density brighter
than 1 mJy. We do not use these sources in any further analysis.
Our catalogs could be contaminated by cosmic ray hits or other spikes in the detector
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Figure 3.6: Example of incorrect glitch detection in the detector timestreams. The shaded
area shows the part of the data that is masked out and not used in further processing.
In this case, the large spike, usually caused by a cosmic ray hitting the detector array, is
only partially masked out, and the long tail of the fluctuation is not removed.
timestreams that are not properly removed by the initial deglitching process described
in Section 2.2.1. Figure 3.6 shows an example of a very large spike in the time-ordered
data, where incorrectly only half of the feature is masked out during data pre-processing,
and the long tail of the glitch is included in the further map-making steps. A spike left
in the 500 µm array data would mimic a 250 and 350 µm dropout source. During the
iterative mapmaking process for ordinary SPIRE data, isolated spikes are recognized as
outliers among the samples associated with a given pixel, and are removed from the data
as described in Section 2.4.2. However, the HeLMS maps are sparsely sampled and there
may be too few samples near a given pixel for this recognition procedure to be reliable.
The result is a “hot” pixel or a stripe of a few very bright pixels in the map from one
array, while the neighbouring pixels show values consistent with the instrumental noise
and no spike is present in the other arrays. After smoothing the map with our matched
filters, these corrupted pixels appear like bright sources in the 500 µm map. An example
of such a spurious source can be seen on Figure 3.7.
A common method to detect these objects is to create two maps, each from one
half of the data. The false sources only show up in one of the maps. However, due
to the very shallow depth of our observation these half-maps are sparsely sampled, and
they contain new artifacts due to the lack of cross-linking. In the case of the HeLMS

55

Figure 3.7: Example image of an undetected cosmic ray hit in our maps. The top row
shows the raw images, with a stripe of very bright pixels showing up in the 500 µm
map, while the other two maps show only noise. The bottom row shows the smoothed
map, where the cosmic ray is detected as a very bright source at 500 µm, that has no
counterparts in the shorter wavelength maps.
observations this method does not reliably remove cosmic rays from the maps. Instead
we turn to a different approach. We compare the raw and smoothed maps in a 5 × 5
pixel region around each source, and discard all candidates if any pixel shows a large
difference, (Sraw − Ssmooth ) > 5σraw . Most cosmic rays produce outlier pixels almost
10σ away from the smoothed values, and this method works well to discard these false
sources. Nonetheless, we still use the images from each half of our data as a consistency
check when there were no obvious artifacts in those maps, and we find that we correctly
discard the bright outlier pixels caused by cosmic rays. In our final catalog we adopt
a 5σ cut of S500 > 52 mJy to protect from fainter cosmic rays that this technique may
not have recognized. After discarding these cosmic rays and the radio sources, the final
number of objects in our catalog with S500 > 52 mJy, D > 34 mJy, and red colors, is 477.

3.2

Number counts

We measure the raw 500 µm differential number counts of the red sources in our final
catalog in nine logarithmic bins between 52 mJy and 195 mJy. The uncorrected numbers
are listed in Table 3.2 and plotted on Figure 3.8. In practice, raw number counts need to
be corrected for completeness and flux-boosting effects, and the expected number of false
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Smin

Smax

Smean

Nbin

dN /dS

(mJy)

(mJy)

(mJy)

52.0

60.2

56.1

225

60.2

69.8

65.0

154

69.8

80.8

75.3

55

80.8

93.6

87.2

27

93.6

108.4

101.0

9

108.4

125.5

117.0

4

125.5

145.4

135.4

1

8.41
1.84 +
− 1.79

145.4

168.4

156.9

1

7.26
1.58 +
− 1.55

168.4

195.0

181.7

1

6.27
1.37 +
− 1.33

(×10−4 mJy−1 deg−2 )
998.6 ± 66.6

590.1 ± 47.5

181.9 ± 24.5

77.1 ± 14.8
22.2 ± 7.4

8.5 ± 4.3

Table 3.2: Raw 500 µm number counts.
detections needs to be subtracted from the binned data in order to examine the underlying true source distribution. When measuring number counts at a single wavelength
these corrections usually only depend on the flux density and signal-to-noise ratio, and
they are relatively easy to simulate when we are investigating sources with flux densities
far above the confusion limit. Our catalog, however, has a more complicated selection
function, and the correction factors will also depend on the colors of our sources, with
these colors having a very large scatter due to the low signal-to-noise ratio at our shorter
wavelengths. Additionally, these corrections require us to assume an intrinsic shape for
our number counts based on model predictions and previous observations, but due to the
small sample sizes the slope of the red source counts has not been measured before. Here
we do not explicitly correct our estimated counts for these biases, but instead, in the
next subsection, we describe a simulation where we attempt to predict the most likely
shape of our intrinsic source counts.

3.2.1

Intrinsic number counts

The raw source counts can provide a biased estimator of the intrinsic source distribution
through a number of effects. In the following we describe the biases that change the
shape of the observed distribution, and we describe a self-consistent simulation where we
attempt to determine the shape of the intrinsic counts accounting for all these biases.
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Figure 3.8: Raw 500 µm differential number counts of our sample of “red” sources. Filled
blue circles represent the raw counts with 1σ Poisson error bars, except for the highest
three flux density bins, where due to the very small number of objects we plot the
95% upper confidence limits. The green diamonds shows the total Herschel 500 µm
number counts measured by Clements et al. (2010). The dotted blue line represents
the expected observed counts from an intrinsic distribution shown by the solid blue
line. These two lines are derived from the simulations described in Section 3.2.1 which
account for blending, Eddington bias, false detections and completeness. The cyan stars
connected with a dashed line are binned data from creating a simulated catalog based
on the earlier Béthermin et al. (2011) model, and selecting objects with the same criteria
as we do for our catalog. The red crosses connected with a dashed line show the same
with a catalog drawn from Béthermin et al. (2012a) model. The model comparisons are
discussed in Section 3.2.2.
3.2.1.1

Blending

There may be a bias in our counts that arises from the variation of our angular resolution
with wavelength. There will be closely adjacent sources that appear blended into one
object at 500 µm and resolved into several at 350 or 250 µm. If one of these sources is
very red, but not bright enough for catalog inclusion, and the other(s) neither very bright
nor very red, the sum may well appear both bright enough and red enough for inclusion.
This results in a fairly red but slightly faint object in the catalog. Examples of sources
that appear to be a single object in the 500 µm map and in the difference map are shown
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Figure 3.9: Postage-stamp images of three sources detected in our catalog that appear
to be a single object in the 500 µm map and in D. From left to right we show the
nominal resolution 250 µm, 350 µm and 500 µm map, and the difference map, respectively.
Example A shows a source that is isolated and has a clear counterpart in each band.
Example B shows an object that clearly breaks up into two sources in the 250 µm and
350 µm maps, but is blended at 500 µm. Example C shows a complex blend with no
clearly identifiable counterparts that could be used for deblending.
in Figure 3.9. During source selection we only require that our objects are detected as a
point source at the 500 µm resolution, and appear red in the maps, but we do not require
a detection at 250 and 350 µm, because that could bias our selection against the reddest
objects. We note that the photometry method we described in Section 3.1.4 will bias
our flux density estimation at these shorter wavelengths if our sources clearly break up
into multiple component in these bands. In some cases the components of the blend are
clearly identifiable in the 250 and 350 µm maps and their positions can in principle be
used to deblend the 500 µm flux density, but most of the time we only see a very confused
region with low signal-to-noise ratio and no clear detectable peak positions, so we cannot
extract individual flux densities for these faint objects. We examined our objects by eye
in the higher flux density bins, and determined that about 33 % of our detected sources
in each bin have an unreliable photometry due to blending or nearby sources. We still
include these sources in our analysis, because simply discarding these objects by eye is
highly subjective. We include the correlation values in our catalog to show how reliable
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our flux estimation is in each band. We note that the simulation we describe in the
following takes the effects of blending into account.
3.2.1.2

Detection efficiency

In an ideal case we would be able to determine the true flux densities of our sources
without measurement errors, thus we would detect every source with a flux density
above a given catalog cut with 100 % efficiency. In practice, however, the measured
flux densities can be scattered below this cutoff by noise. If we want to investigate the
statistics of our catalog, we need to account for the sources that we potentially miss
during source extraction. The completeness of a catalog at a given flux density is the
ratio of the number of sources recovered with the source detection pipeline to the real
number of objects with that intrinsic flux density in the map. The measured raw number
counts are usually divided by the mean completeness in each flux density bin to account
for sources that are missed during source extraction. Calculating the completeness in a
catalog of sources selected at a single wavelength is straightforward, since the detection
efficiency only depends on the signal-to-noise ratio of these sources. Having an extra
color-constraint leads to a very large variation in the completeness at each 500 µm flux
density bin, since even at high 500 µm signal-to-noise ratio the measured colors of sources
with S500 & S350 or S350 & S250 are often not red due to the noise scattering.
To investigate how the detection efficiency changes with color, we create a 3-dimensional
grid of flux density triplets, we determine the detection efficiencies at each grid-point,
then we determine the efficiency of finding a source with a particular color using cubic
interpolation between these grid points. To do this we inject sources into our raw maps
as described in Section 3.1.4. In all three bands we create a separate map for injected
flux densities ranging from 10 mJy to 200 mJy in 10 mJy steps. Then we combine the
three maps of our different bands in all possible variations to calculate the efficiencies for
all the flux density triplets corresponding to our grid points. We find, that if we fix the
flux densities in any two bands, the detection efficiency of the source will be a smoothly
changing function of the third flux density value, thus we can estimate the efficiencies
from our three dimensional grid using axis-wise cubic interpolation. On Figure 3.10 we
illustrate the smooth change in efficiency with the flux density at one particular SPIRE
wavelength, while fixing the flux density values in the other two bands. It is clearly seen,
that even sources detected with high signal-to-noise ratio in the 500 µm map can have
a low detection efficiency if the 350 µm flux density is close to S500 or S250 , so unless
we know the exact color distribution in our bins, we cannot correct our 500 µm number
counts with an average completeness value.
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Figure 3.10: Detection efficiency as a function of flux density at a particular wavelength
while the flux densities at the other two SPIRE wavelength are fixed. These fixed values
are illustrated with vertical grey lines. The smooth change allows us to find the efficiency
values between the grid points using axis-wise cubic interpolation. For a source with a
fixed 500 µm flux density the detection efficiency drops to ∼ 50% if S500 ≈ S350 or
S350 ≈ S250 , thus the completeness in a given 500 µm bin is not constant.
This effect is also illustrated on Figure 3.11, where we plot what the detection efficiency of each of our catalog sources would be if the measured flux density values
corresponded to their true flux densities. In each 500 µm bin there is a large scatter in
actual detection efficiencies. Dowell et al. (2014) calculated these efficiency values for
each catalog source and used these values as a correction factor in the number counts
measurement, but due to the large uncertainties of the flux density measurements of
these sources this method is not optimal.
3.2.1.3

False detections and Eddington bias

On Figure 3.10 it can be seen that sources that have flux densities where the S500 >
S350 > S250 relation does not apply can still have nonzero detection efficiencies due to
the noise in the flux density measurements. To correctly determine the number of such
falsely detected non-red sources, a correct model describing the population with almost
red colors is needed, but current models are trained to describe the monochromatic
number counts, not the color distribution of the SPIRE sources.
If the intrinsic source counts are a steep function of source brightness, or the flux
uncertainties are large, a larger number of faint sources may accidentally appear to satisfy
our catalog selection criteria than the number of acceptable sources that accidentally
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Figure 3.11: Detection efficiency calculated for each of our catalog sources, assuming
that their measured flux density corresponds to their true flux density. The detection
efficiency is not constant in our 500 µm bins; the actual values also depend on the 250
and 350 µm flux density values for each source.
appear not to. This so-called “Eddington bias” (Eddington, 1913) may be present at the
cuts where we require S500 > 52 mJy, D > 34 mJy, S500 > S350 and S350 > S250 , and this
will affect the observed slope of the number counts. In order to calculate the expected
correction for this effect, we would need to know the shape of the intrinsic red source
counts, but as we mentioned before, this has not been measured yet.
3.2.1.4

Simulations

The shape of our final measured number counts is a complex combination of the above
mentioned effects, so instead of correcting for them separately, we take a self-consistent
approach that incorporates all of these biases. We use the Béthermin et al. (2012a) model
to create simulated maps at all three wavelengths that contain no red sources, then we
add the measured instrumental noise to these maps and we inject artificial red sources
into this dataset drawn from a parametric power-law distribution, and by using Monte
Carlo simulations we fine-tune the parameters of this distribution until the measured
counts in these simulated maps look similar to our real measured red source counts.
The Béthermin et al. (2012a) model is an empirical model that extrapolates locally
known correlations of different galaxy properties to high redshift, without using physical
information about the modelled population. The model’s predictions agree well with the
observed monochromatic SPIRE number counts, so we draw sources from this model to
create our simulated sky maps. The model is based on the evolution of main-sequence and
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starburst galaxies and uses a simple SED template where the dust gets slightly warmer
with increasing redshift. The first ingredient of the model is the stellar mass function
of star-forming galaxies that evolves with redshift and can be described by a Schechter
function as
ΦM∗

dN
= Φb (z) ×
=
dlog(M∗ )dV



M∗
Mb

−0.3



M∗
× exp −
× ln(10),
Mb

(3.9)

where M∗ is the stellas mass of the galaxy, Mb = 1011.2 M is the characteristic mass, and
the characteristic density Φb (z) is constant for z < 1 (Φb,z<1 = 10−3.02 Mpc−3 , Sargent
et al. 2012), and decreases at z > 1 as
log(Φb (z)) = log(Φb,z<1 ) + 0.4 × (1 − z).

(3.10)

We can calculate the co-moving volume element dV as
dV = DH ×

DL2
p
dzdΩ,
(1 + z)2 Ωm (1 + z)3 + 1 − Ωm

(3.11)

where DH = c/H0 is the Hubble distance, c is the speed of light, DL is the luminosity
distance, and the cosmology parameters used are H0 = 70 km s−1 Mpc−1 , Ωm = 0.27,
Ωk = 0. Combining this relation with the mass function we can get an expression for
the number of galaxies in intervals of redshift and logarithmic stellar mass per unit solid
angle as
dV
dN
= ΦM ∗ ×
.
(3.12)
dlog(M∗ )dzdΩ
dzdΩ
We draw (z, M∗ ) value pairs from this distribution, finding the total number of sources
per unit solid angle by integrating Equation 3.12 with respect to our whole z and log(M∗ )
range.
The main sequence (MS) specific star formation rate for each source can be determined
as

−0.2
M∗
sSFRMS (z, M∗ ) = sSFRMS,0 ×
× (1 + min(z, zevo ))3
(3.13)
1011 M
where sSFRMS,0 = 10−10.2 yr−1 is the specific star formation rate for an M∗ = 1011 M
galaxy at z = 0, and zevo = 2.5 represents the redshift where sSFRMS stops to evolve. The
actual specific star formation rate for galaxies will scatter around sSFRMS , and starburst
(SB) galaxies will have highly elevated sSFR values compared to the main sequence.
The probability for a galaxy with known redshift z, stellar mass M∗ and corresponding
sSFRMS value to have a certain sSFR specific star formation rate can be described by a
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double log-normal distribution (Sargent et al., 2012) as

(log(sSFR) − log(sSFRMS ))2
p(log(sSFR) | M∗ , z) ∝ exp −
+
2
2σMS


(log(sSFR) − log(sSFRMS ) − BSB )2
∝ pMS + pSB ,
+ rSB (z) × exp −
2
2σSB


(3.14)

where σMS = 0.15 dex, σSB = 0.2 dex (Salmi et al., 2012) are the standard deviation of
the log-normal MS and SB distributions, BSB = 0.6 dex describes the boost in sSFR for
starbursts compared to main sequence galaxies, and the redshift evolution up to zSB = 1
is coded in
rSB (z) = 0.012 × (1 + min(z, zSB )).
(3.15)
We first assign an MS or SB type for each of our drawn galaxies based on the
pMS /(pMS + pSB ) and pSB /(pMS + pSB ) probability ratios, then we draw an sSFR value
from the double log-normal probability distribution centered on sSFRMS for our main
sequence objects or on sSFRMS +BSB for the starbursts.
Having drawn values of stellar mass and specific star formation rate for each of our
sources, we can calculate the total star formation rate as SFR = sSFR×M∗ . The infrared
star formation rate can be converted to infrared luminosity LIR based on Kennicutt (1998)
as
SFRIR
= 1.7 × 10−10 M yr−1 L−1 .
(3.16)
LIR
In lower mass dusty galaxies not all of the star formation is obscured by dust, and the
total SFR is the sum of the infrared and UV star formation rates, with the mean ratio
of these components depending on the stellar mass as

r = 2.5 log

SFRIR
SFRUV




= 4.07 × log

M∗
M


− 39.32,

(3.17)

adopting the relation in Pannella et al. (2009). Combining equations 3.16 and 3.17 and
using SFR = SFRIR + SFRUV we can convert our generated SFR values to infrared
luminosity as
SFR
100.4r
LIR =
×
.
(3.18)
1.7 × 10−10 M yr−1 L−1 1 + 100.4r
With a redshift and LIR value in hand for each simulated source, we determine the
flux densities of these objects at the three SPIRE wavelengths using the infrared SED
templates from Magdis et al. (2012).
After we determine the 250, 350 and 500 µm flux densities of our generated sources,
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we inject these sources into an empty map at random positions, then we add instrumental
noise that resembles the noise measured in our real maps. We discard any sources that
have red SPIRE colors in this simulated dataset, then we inject artificial red sources into
our newly created sky maps. To do this we first draw 500 µm fluxes from a power-law
distribution of the shape dN/dS = N0 × S −α , then we fix the color ratios of our injected
objects to the median of the color ratios measured in our catalog, S500 /S250 = 1.55 and
S500 /S350 = 1.12. We note that the actual colors of our objects are not constant, but
due to the large uncertainties in the color measurements it is not straightforward to
determine the underlying color distribution. In Figure 3.12 we plot the measured color
distribution in our 500 µm bins. The largest scatter is in the lowest two bins, where many
of the objects with high color ratios are either blends or have very low signal-to-noise
ratio counterparts at 250 and 350 µm. After injecting our artificial red sources we run
our detection pipeline in the same way as we do for our real maps and we compare the
measured counts from this simulated data with our raw numbers. In an iterative process
we change the input parameters N0 and α until the output counts resemble the measured
raw number counts in our real data. In Figure 3.8 we show the result of a simulation
with an area of 1500 deg2 . The blue solid line represents a power law dN/dS = N0 × S α
with α = −5.6 and logN0 = 8.6, while the dotted blue line shows the measured number
counts for simulated objects with 500 µm flux densities drawn from this distribution
and with fixed color ratios. The simulations are in good agreement with our observed
counts, suggesting that assuming a power-law model without a break is adequate for our
purposes.

3.2.2

Comparison to models

We compare our observed number counts to mock “red” catalogs created from the
Béthermin et al. (2011, B11) and the Béthermin et al. (2012a, B12) models. We generate
1000 deg2 simulations from both of these catalogs, and then select sources the same way
as we do for our observed sample (S500 > 52 mJy, D > 34 mJy, and red S500 > S350 > S250
colors). These two models predict the total Herschel number counts very well, but as
Dowell et al. (2014) already showed, they both under-predict the number of red sources
in the HerMES fields. The resulting counts from these simulations are plotted on Figure 3.8. We can see that B11 predicts more red sources; however, they are mostly at
z < 3, and since all of our red objects with measured redshift are at z > 3 we know that
this model’s predictions are not correct. The B12 model predicts even fewer red sources
than the B11 model, but in this sample all of the objects lie above z = 3, agreeing with
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Figure 3.12: Measured SPIRE colors of red sources in our catalog as a function of the
500 µm flux density. The vertical lines show the edges of the flux density bins we used
to measure the differential number counts. The horizontal lines at S500 /S250 = 1.55 and
S500 /S350 = 1.12 show the median colors of our sample. The sources with anomalously
large colors are mostly blends or objects without clear 250 and 350 µm detections.
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our follow-up results. We note that both of these models are empirical and are based
on extrapolation of the properties of lower redshift starburst galaxies, such as the luminosity function (B11) or the stellar mass function (B12), instead of the actual physics of
these galaxies; however, at present none of the physically-motivated models have been
fine-tuned to properly describe the observed Herschel number counts.
In Fig. 3.8 we also show the total SPIRE 500 µm counts measured by Clements et al.
(2010), which is in good agreement with other SPIRE total number counts measurements
(Oliver et al., 2010; Glenn et al., 2010; Béthermin et al., 2012b). We can see that the
inferred corrected slope of our counts is very steep, suggesting a strong evolution of our
population of red sources. Negrello et al. (2010) predicted that the number counts of
unlensed galaxies at 500 µm are rapidly decreasing and reach zero at S500 ∼ 100 mJy.
Every bright object with flux densities above this value is expected to be strongly lensed,
and the number counts are expected to have a bright tail due to this lensed population.
We have found several red objects with bright 500 µm flux densities, but their low numbers in our flux density bins do not allow us to see an actual departure from the steep
power-law shape of red sources at lower flux densities.
Our inferred number counts do not show any significant differences compared with
the Dowell et al. (2014) findings, although we now have much better statistics. The
Dowell et al. (2014) sample consists of red sources with S500 > 30 mJy and D > 24 mJy,
and they found the total corrected cumulative counts to be 3.3 ± 0.8 sources per deg2 .
If we assume that the shape of our distribution can be described by the power law, that
we found in Section 3.2.1, and that it does not have a break between 30 mJy and 52 mJy,
then integrating this power law above 30 mJy gives us a total number of more than 10
red sources per deg2 . However, this comparison is not straightforward, since many of
these objects at lower 500 µm flux densities would be discarded by the D cut used in the
Dowell et al. (2014) analysis. Integrating our power law for S500 > 40 mJy (where the
two samples have a larger overlap) results in 2.8 objects per deg2 , which is closer to the
Dowell et al. (2014) result.

3.3

Colors and SED fits

The interpretation of our red color-selection as leading to a catalog rich in high-z galaxies
relies on the assumption that galaxies with rising flux densities towards longer wavelengths are at high redshifts. Although some observations suggest that the temperature
of starburst galaxies could be rising slightly towards high z, it does not rise as fast as
(1+z), and the observed temperature Tobs = Td /(1+z) drops with redshift. This behavior
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is evident in the catalog of 25 strongly-lensed galaxies selected at 1.4 mm with the South
Pole Telescope (Weiß et al., 2013; Vieira et al., 2013), where the apparent temperature is
fit by Tobs = [11.1 − 0.8(1 + z)] K. This pattern is consistent with examining the spectral
energy distributions (SEDs) of several known lower redshift dusty starburst galaxies, and
measuring their expected flux-ratios at the SPIRE wavelengths for different redshifts.
In Figure 3.13 we present the color-color plot for our objects with S500 > 60 mJy. As
a comparison we also show the redshift tracks for two starburst galaxies, as well as the
colors of our two red sources that have ALMA spectroscopic redshift measurements and
four spectroscopically confirmed z > 4 galaxies from the Dowell et al. (2014) sample.
We have examined the SPIRE images of our S500 > 60 mJy sources by eye and flagged
objects that look blended at higher resolution. As discussed before, we include possible
blends in our catalog, since although we are not able to deblend the flux densities of
the components, we assume that at least one component is a red source. We included
this effect in the number counts simulation, but when we are investigating the colors
of individual objects, we need to note that blending effects can result in boosted flux
densities that are not well fitted by a modified blackbody SED. We plot the positions of
these confused sources in our color-color space with a different symbol on Figure 3.13 to
illustrate how the anomalous colors that are very distant from the typical redshift tracks
are often the result of blending.
In Section 1.3 we discussed that the spectral energy distribution of submillimeter
galaxies is often modelled as an optically thin modified blackbody. Dowell et al. (2014)
show that most of the red sources in their sample are better fit with an optically thick
model described as
Sν = (1 − e−τν )Bν (Td )Ωs ,
(3.19)
where Bν (Td ) is the Planck function, Ωs is the solid angle of the source, and
τν = (ν/ν0 )β

(3.20)

is the optical depth term. Here β is the dust grain spectral emissivity index as discussed
before (β ∼ 1−2) and ν0 defines the frequency at which the optical depth equals unity.
At frequencies larger than ν0 , where τν > 1, the dust cloud becomes optically thick.
This usually corresponds to rest-frame frequencies of ν0 ∼1.5−3 THz or wavelengths
of λ ∼100−200 µm (Draine, 2006; Conley et al., 2011). Dowell et al. (2014) applied
an optically thick model to fit the SED of several dusty galaxies with well-sampled
spectra, including three sources from their red sample, and they have found that the
rest frame wavelengths where the dust cloud becomes optically thick are in the range
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Figure 3.13: Color-color plot of our red sources with S500 > 60 mJy. Blue filled circles
represent the objects that look isolated in the nominal resolution maps, while open black
squares show the more confused sources that we have flagged by eye to illustrate that
anomalous colors are usually the result of blending. The green dashed line represents the
redshift-track for the starburst galaxy Arp220 and the dotted black line for SMMJ21352–
102 (Cosmic Eyelash, Swinbank et al. 2010b), with the labels on these curves showing the
redshifts. Red filled diamonds show two sources from the catalog discussed in our paper
that have ALMA spectroscopic redshift measurements. From left to right: HeLMS65 with
z = 4.997 (or z = 3.798, see discussion in Section 3.4); and HeLMS34 with z = 5.162. For
these two sources we show the typical errors in their color measurements. The black open
diamond symbols represent four sources from the Dowell et al. (2014) red source sample
that have spectroscopic redshift measurements. From left to right: FLS1 (z = 4.3); FLS5
(z = 4.4); LSW102 (z = 5.3); and FLS3 (z = 6.3).
190 µm< λ0 < 270 µm.
We use the affine invariant Marcov chain Monte Carlo (MCMC) code described in
Dowell et al. (2014) to fit an optically thick modified blackbody to our SPIRE flux densities. When fitting the redshifted SED in the observed frame, the fitted parameters
become Tobs = Td /(1 + z) and λ0,obs = λ0 (1 + z). Since we only have three data points,
and four parameters to fit (Tobs , β, λ0,obs and an amplitude), we apply a broad Gaussian
prior to the parameters that are not well constrained by our SPIRE data alone. Following
Dowell et al. (2014) these constraints are β = 1.8 ± 0.3 and λ0,obs = (1100 ± 400) µm
(assuming a typical redshift of z ∼ 4.5 for red sources). An example of the parameter
distribution of the MCMC samples for one of our sources (HELMS34) is shown in Fig69

ure 3.14. As shown on the marginal histograms, although β and λ0,obs are not fixed, they
are narrowed down and are only allowed to vary between the Gaussian limits given above.
Figure 3.15 shows the observed temperature parameter distribution of the MCMC chains
for the case when we do not apply a prior on λ0,obs . The very large and small λ0,obs values
correspond to a long tail of the fitted temperature distribution, corresponding to values
with low probability, thus applying the prior will not bias our results significantly.
The resulting observed temperature distribution for our isolated sources is plotted
in Figure 3.16. We also show the distribution of λmax , the observed wavelength where
the SED peaks. The mean observed temperature is (11.03 ± 1.91) K. This is cooler
than Tobs for SPIRE-selected galaxies in general (e.g. Amblard et al., 2010; Casey et al.,
2012). At the same time, this is warmer than the (8 ± 2) K mean apparent temperature
seen for galaxies in the 1.4-mm selected SPT sample. Since only a small fraction of
our sample has very bright 500 µm flux densities (S500 > 100 mJy), the majority of our
sources are not expected to be strongly magnified by gravitational lensing and are thus
intrinsically very luminous. Heating from intense star formation can explain these warmer
dust temperatures. The SPT sample, however, contains very strongly lensed galaxies
and we can assume that they select intrinsically fainter and colder objects than the
typical red sources we find. This can explain the difference in the apparent temperature
distributions. We have to be very careful however, when comparing temperature values
quoted in the literature. Applying an optically thin model, where λ0 → 0, the fitted Tobs
values can decrease by ∼ 15%, so the observed temperatures can have a different meaning
depending on the SED model applied. Using the same parameters as Dowell et al. (2014),
our observed temperature distribution is similar to their measurements, showing that we
select a similar population of sources in our maps. Red sources with known redshifts have
a very warm inferred intrinsic dust temperature. The three sources with spectroscopic
redshift estimations listed in Dowell et al. (2014), FLS1 (z = 4.29), FLS5 (z = 4.44)
and LSW20 (z = 3.36) have dust temperatures of 63 K, 59 K and 48 K, respectively, and
Riechers et al. (2013) quote Td = 56 K for the z = 6.3 source HFLS3. The observed
SED peak wavelength λmax is more directly constrained by the data than Tobs . For a
similar λmax distribution as the one we measure, Dowell et al. (2014) estimates a mean
photometric redshift of z = 4.7 by determining priors of the rest-frame peak wavelength
based on different comparison samples. While we did not carry out a similar analysis,
based on the similar selection function and measured λmax and Tobs distribution of our
sample, we can assume that our catalog also consists of mostly high-redshift objects.

70

3.0

β

2.5
2.0
1.5
1.0

S500 [mJy]

λ0,obs [µm]

0.5
2500
2000
1500
1000
500
0
140
130
120
110
100
90
80
8 10 12 14 16

Tobs [K]

1.5

2.5

β

1000 2000

80 100 120 140

λ0,obs [µm]

S500 [mJy]

Figure 3.14: Parameter distributions for MCMC samples. We show joint distributions
of two different variables, with arbitrary density contours, and also show marginal histograms of the given parameter. The black dashed line in the β and λ0,obs histograms
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Figure 3.15: Histogram of the posterior temperatures from the MCMC chain when there
is no prior applied to λ0,obs . The black line shows the total distribution. Small and large
λ0,obs values contribute to low probability tails of the temperature distribution, showing
that applying a prior on λ0,obs will not change the fitted results significantly.

3.4

ALMA spectroscopy

Follow-up observations of red sources have already shown that we can indeed successfully
select high-redshift dusty galaxies based on their red SPIRE colors. To further increase
our sample of sources with confirmed spectroscopic redshift estimations we observed
two of our red sources (HeLMS34 and HeLMS65) using the Atacama Large Millimeter/submillimeter Array (ALMA) during the Cycle 2 operational phase. These sources
were selected based on their very red colors and we already have photometric redshift
estimates for these two sources, zphot = 5.15 ± 0.12 and zphot = 5.24 ± 0.27, respectively
(Asboth et al. in prep.). The observations were carried out in Band 3, covering frequencies between 84 and 116 GHz, which contains the redshifted CO rotational lines typically
below the J = 6 − 5 transition.
The observed spectra are shown in Figure 3.17. In the spectrum of HeLMS34 we
detect two lines, unambiguously identified as the CO(5 − 4) and CO(6 − 5) transitions.
These correspond to a redshift of z = 5.162 that is in very good agreement with the
photo-z estimate of 5.15.
Only a single strong line is seen in the spectrum of HeLMS65. There are several
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Figure 3.16: Distribution of the observed temperature Td /(1 + z), and the observed SED
peak wavelength λmax of our red sources, measured by fitting an optically thick modified
blackbody spectrum to our SPIRE flux densities, as described in Section 3.3.
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Figure 3.17: ALMA spectrum for two red sources in our catalog. In the spectrum of
HeLMS34 we detect two CO lines and their observed frequencies correspond to redshift
z = 5.162. HeLMS65 has only one high signal-to-noise line in its spectrum and the
redshift can be either z = 4.997 or z = 3.798, depending on whether the low signal-tonoise ratio spectral feature at 102.6 GHz is only a noise fluctuation or a faint [CI] spectral
line. See the discussion in Section 3.4 for details.
spectral lines that could fall into this region. We can discard the possibility that the
observed line is CO(6 − 5) or a higher transition, since then we would always detect
other CO rotational lines in the observed spectrum. If we identify the detected line as
the CO(5 − 4) transition, then the redshift of this source is z = 4.997 and we would
not see any other lines in the observed spectral range; this is consistent with the photo-z
estimate. If, on the other hand, the detected line corresponds to the CO(4 − 3) transition
then the redshift is z = 3.798 and we should be able to detect a [CI] line at 102.6 GHz.
There is a possible low signal-to-noise peak near to this frequency, but the spectral feature
in question is not larger than a dozen other spikes in the observed spectrum, and hence
the identification is not definite. We note that we have seen cases where the photo-z
estimate is not consistent with later spectroscopic data, and so from this measurement
alone we cannot determine the redshift unambiguously. Additional follow-up observations
are planned to determine the actual redshift of this source.

74

Together with follow-up observation results of sources from the Dowell et al. (2014)
sample we now have more than ten red sources with spectroscopically confirmed highredshift, with the majority being at z > 4, and the rest at z > 3, strengthening the initial
assumption that our search method selects high-redshift dusty galaxies.

3.5

Red sources in the ACT maps

Since red sources have increasing flux densities towards longer wavelengths, with their
SED peaking close to 500 µm, we expect that these galaxies should also be detected at
millimeter wavelengths. As we discussed in Section 2.4.1, there is an overlap between the
HeLMS region and equatorial observations made by the Atacama Cosmology Telescope
(ACT; Swetz et al., 2011). ACT is a 6-m off-axis Gregorian telescope located in the
Atacama Desert. It observes the sky in three frequency bands, at 148 GHz, 218 GHz and
277 GHz corresponding to wavelengths of 2000 µm, 1400 µm and 1100 µm, respectively.
The ACT beams at these frequencies have a FWHM of 8400 (2000 µm), 6000 (1400 µm) and
5400 (1100 µm). These beams are much larger than the SPIRE beams, so the ACT data
cannot be used to refine the positions of our sources, but detecting millimeter emission
towards these red galaxies would confirm their thermal nature.
We use the available 1400 µm and 2000 µm equatorial maps (Dünner et al., 2013) to
find our red sources in the overlapping region. To improve point-source detectability, the
maps are matched filtered with the ACT beams (Hasselfield et al., 2013b) as described in
Marsden et al. (2014). The resulting maps have typical uncertainties of 3.3 and 2.2 mJy
at 1400 µm and 2000 µm, respectively.
We find that only a small fraction of our sources are detected in the ACT maps with
a signal-to-noise ratio larger than three, so instead of measuring the individual source
flux densities, we define 10 mJy wide intervals of 500 µm flux density values, and we
stack the ACT maps at the positions of all of our sources in the overlapping area with
S500 falling into the given interval. This method increases the signal-to-noise ratio in the
ACT dataset and we are able to detect the average flux densities of the sources that are
too faint to be detected individually. The stacked images are shown on Figure 3.18 and
the average SPIRE and ACT flux density values for the sources falling into the different
500 µm flux density bins are listed in Table 3.3. The errors are determined by dividing
the standard deviation of the pixel values in the individual images at the position of the
stacked peak by the square root of the number of objects that belong to the stack.
It is encouraging to find that all the stacked images (except for the 2000 µm stack
corresponding to 90 mJy > S500 > 80 mJy) show a clear point source at the position of
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Figure 3.18: (a.) ACT stacks using the red source positions in different 500 µm flux
density bins (bin 1: S500 > 100 mJy, bin 2: 90−100 mJy, bin 3: 80−90 mJy).

S500 range
(mJy)
1
2
3
4
5
6

> 100
90−100
80−90
70−80
60−70
52−60

hS250 i
(mJy)

hS350 i
(mJy)

hS500 i
(mJy)

hS1400 i
(mJy)

86.69 ± 11.75 118.76 ± 13.01 132.34 ± 13.74 19.13 ± 2.41
56.10 ± 4.33 80.16 ± 4.65 94.27 ± 1.28 8.66 ± 2.64
57.82 ± 1.81 72.90 ± 1.68 82.92 ± 0.47 3.30 ± 0.99
46.49 ± 1.89 64.01 ± 1.62 74.84 ± 0.52 5.24 ± 1.16
38.80 ± 0.97 52.83 ± 0.82 64.58 ± 0.25 2.20 ± 0.44
30.79 ± 0.72 44.06 ± 0.60 55.80 ± 0.19 2.51 ± 0.33

hS2000 i
(mJy)
5.55 ± 1.53
3.55 ± 0.41
0.29 ± 0.72
1.66 ± 0.41
0.85 ± 0.33
0.95 ± 0.24

Table 3.3: Average 250 µm, 350 µm, 500 µm, 1400 µm and 2000 µm flux densities of the
sources falling into different 500 µm flux density bins.
our red sources. The average colors of our brightest sources with ACT detections are
S500 /S1400 = 7.1 and S500 /S2000 = 21.5. The average flux densities we detect in the
stacked maps are lower than what we would expect from the S500 values. However, the
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Figure 3.18: (b.) ACT stacks using the red source positions in different 500 µm flux
density bins (bin 4: 70−80 mJy, bin 5: 60−70 mJy, bin 6: 52−60 mJy).

ratios mentioned above are typical for isolated sources, and as we discussed before, source
blending is a significant biasing effect in our catalog, and it is possible, that a fraction of
red sources in each of these stacks have a lower S500 flux density than what we measure. If
the other component of the blend is a non-red source, then this component will probably
be too faint to be detected in ACT, and it is possible that the millimeter emission we
see is from the fainter, but red component of the blend. Additionally, we only detect the
brightest sources in ACT individually, and these rare sources might be lensed but less
luminous sources with different SED properties, than the majority of our sources in the
catalog.
In Figure 3.19 we plot the average SED of the sources belonging to our different S500
bins. Except for Bin 3 all average SEDs follow a similar shape, showing that the sources
in different bins have very similar properties. Our bin corresponding to 90 mJy > S500 >
80 mJy shows higher 250 µm and lower longer wavelength flux densities than what we
would expect based on the average SED in the other bins. To test whether this anomalous
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Figure 3.19: Average spectra of the sources falling into the different S500 bins listed in
Table 3.3.
behavior is caused by some extreme outliers, or by sources with different SED properties
than the rest of our red sources, we will need to investigate the sources belonging in
this bin individually. We note, that due to the very steep 500 µm source counts, the bins
corresponding to higher S500 values contain significantly fewer galaxies than the lower flux
density bins, thus these bins can be more biased by outliers. The successful detection
of our sources in the ACT bands indicates that it is worth pursuing high-resolution
interferometric follow-up observations of these sources at millimeter wavelengths. These
follow-up observations would help us in several ways. Interferometric observations give a
much more accurate position for our sources, which is crucial for spectroscopic redshift
observations. Additionally the higher resolution and better sensitivity would allow us to
investigate in more detail the biasing effects of blending on our number counts.

3.6

Summary

We used a map-based detection method similar to Dowell et al. (2014) to search for
“red”(S500 > S350 > S250 ), potentially z > 4 dusty star-forming galaxies in the HeLMS
field. The HeLMS survey has a significantly larger area than the HerMES fields studied
before, and this allowed us to assemble a catalog of red sources 15 times larger than the
78

catalog we had before. Spectral energy distribution fits to the SPIRE flux densities of
the HeLMS red sources resulted in observed dust temperature and SED peak-wavelength
distribution similar to what we measured in the Dowell et al. (2014) sample, showing
that we were able to detect a similar population of sources in the HeLMS map. The total
number of detected HeLMS red sources confirms previous findings, that there is an excess
of luminous dusty star-forming galaxies at high redshifts compared to model predictions.
Our large sample, however, also allowed us to investigate the functional form of the
differential number counts of these high-z galaxy candidates for the first time. The very
steep slope of the 500 µm differential counts of our sources suggests that the properties
of these galaxies are strongly evolving, and they possibly have a significant role in the
stellar mass build-up of massive galaxies in the distant Universe. The very high redshift
of two of our sources was confirmed by ALMA spectroscopic follow-up observations. So
far, all red sources selected for follow-up observations either from the Dowell et al. (2014)
sample, or the new HeLMS red galaxy sample described in this thesis, were proven to
be indeed at high-z, the majority of them at z > 4 − 5, and the lowest redshift source
is still very distant (z > 3). The detection of millimeter-wave emission from our sources
in the ACT maps also shows that long-wavelength interferometric follow-up observations
of red sources are worth pursuing. In the future, we will extend our spectroscopically
confirmed subsample of high-z red sources, and multi-wavelength photometric followup observations will allow us to determine the photometric redshift distribution of our
population. This will help in the construction of the z > 4 infrared luminosity function,
and thus we will be able to determine the contribution of these luminous dusty galaxies
to the high-z cosmic star formation history.
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Chapter 4
Observing SPIRE-selected “red”
sources with SCUBA-2
We observed a sample of HerMES-selected “red” (S500 > S350 > S250 , as discussed in
Chapter 3) sources with the SCUBA-2 instrument (Submillimetre Common-User Bolometer Array–2; Holland et al., 2013) on the James Clerk Maxwell Telescope (JCMT) operating at the summit of Mauna Kea in Hawaii. SCUBA-2 is a bolometer camera containing
10,000 detectors and it observes the sky simultaneously in two atmospheric windows at
450 and 850 µm. Due to the telescope’s large 15-m diameter dish, the images observed
with SCUBA-2 have significantly better resolution than the SPIRE images obtained by
using the 3.5-m diameter Herschel mirror. The SCUBA-2 beams have a full-width half
maximum of 7.500 and 14.500 at 450 and 850 µm, respectively.
There are several advantages of observing our sources with SCUBA-2. First, obtaining
submillimeter flux densities at 850 µm – the long-wavelength side of the peak of the
dusty spectral energy distribution – can confirm the thermal nature of the emission and
thus can constrain the dust temperature, infrared luminosity, star formation rate and
other physical properties of the sources. SCUBA-2 images have larger resolution and
lower confusion limits than the SPIRE maps, which allows us to potentially detect overdensities of faint galaxies around these bright red objects. Detecting such over-densities
would strengthen the idea that distant dusty starburst galaxies possibly reside in protocluster environments (see discussion in Section 1.6).
Our observational campaign had two tiers. First we observed a relatively large sample
of red sources at 850 µm to a depth of 4 mJy RMS, well above the confusion limit (σconf <
1 mJy). Then we selected four of our reddest galaxies, and we mapped a large area
field down to 2 mJy RMS around these sources in order to examine their environments.
Although the telescope observes the sky simultaneously at both 450 µm and 850 µm
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wavelengths, the transmission of the atmosphere at 450 µm is only about half the 850 µm
value; thus in order to obtain high signal-to-noise ratio data at 450 µm excellent weather
quality and very long integration times are needed. Due to the limited telescope time
available, we decided to design our observing proposal with the goal to reach the required
depth at 850 µm, and due to the shorter integration times the 450 µm data we obtained
were too noisy to be used in any further analysis.
In this chapter we describe our sample selection, the observations and the data reduction, and we summarize the early results of this observing campaign.

4.1

Sample selection

Our sample of red sources was selected from three HerMES fields (Lockman-SWIRE,
Bootes and ELAIS-N1), which were visible from the JCMT during the observing semester.
The location of these fields and their SPIRE detector noise levels are listed in Table 4.1.
We selected a total of 54 red sources from these fields detected with the map-based
search method described in Section 3.1. We required that they look like point-sources
at the 500 µm resolution, and that their SPIRE flux densities follow the relation S500 >
S350 > S250 . We also required that their flux density at 500 µm should be greater than
5×σ500 but at the same time less than 100 mJy. Above S500 = 100 mJy the relative
likelihood that a source is strongly lensed, rather than intrinsically luminous, increases
dramatically (Negrello et al., 2010). The focus of our study is to find sources with the
most intense star formation activity, while finding the bright, lensed ordinary sources
is part of a separate program. Since the instrumental noise levels in these HerMES
observations are lower than in the HeLMS maps, many of the selected sources are fainter
at 500 µm than 52 mJy (the flux density cutoff in our HeLMS catalog), with the faintest
sources having flux densities of S500 ∼ 30 mJy, but due to the thermal shape of the
spectral energy distribution we expect to measure 850 µm flux densities in the range of
0.3 to 1.0 × S500 , so they should be visible in these SCUBA-2 maps with flux densities
at a level of > 3σ.
In the second part of this observational campaign we observed four sources named
LSW28, LSW102, XMM30 and XMM26. We required that these sources are “ultra-red”,
meaning that their flux densities obey the S500 /S250 > 1.5 criterion in the smoothed
maps. The SPIRE flux densities of the observed sources are listed in Section 4.4 along
with the SCUBA-2 flux density measurements.
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Field

RA
(deg)

Dec
(deg)

Area
(deg2 )

Lockman-SWIRE
Bootes
ELAIS-N1

162.20
218.15
242.55

58.16
34.17
54.33

16.1
10.6
3.3

σ250
(mJy)

σ350
(mJy)

σ500
(mJy)

9.1 (4.9)
5.3 (3.4)
3.4 (2.7)

8.9 (4.9)
5.1 (3.4)
3.2 (2.8)

10.8 (5.7)
6.1 (4.2)
3.9 (3.2)

Table 4.1: Location, area and 1σ SPIRE detector noise values for the HerMES fields
included in the red source sample selection. The noise values are measured in maps
created with the nominal SPIRE pixel sizes of 600 , 8.33300 and 1200 at 250, 350 and 500 µm,
respectively, and the values in parentheses denote the noise values in point-source filtered
maps.

4.2

Observations

The observations were carried out in April and December 2012. In the first part of the
project in order to quickly obtain 850 µm flux densities we observed our sources using
a constant velocity “daisy” pattern (Holland et al., 2013). In this observing mode the
telescope moves in a precessing ellipsoidal pattern around the observed source, giving a
deep coverage in the central 3 arcminute region of the ∼12 arcminute wide image (see
left panel in Fig. 4.1). In the second part of the project we used the rotating “pong-900”
pattern (Holland et al., 2013) to obtain large and deep maps with uniform coverage. This
observing mode results in a uniformly mapped area with a diameter of 150 around the
source (see right on Fig. 4.1).
The optimal integration time for each source depends on the requested depth, the
size of the fields, the scanning pattern used and the weather quality at the time of the
observation. The integration time to reach a given 1-σ850 [mJy] depth is calculated as
tintegr

1
=
f



a
T850


−b

1
σ850

2
,

(4.1)

where T850 is a weather-dependent atmospheric transmission factor, f is a sampling factor,
(a, b) = (189, 48) for the “daisy” observations and (a, b) = (407, 104) for the “pong-900”
pattern.
SCUBA-2 is a ground-based detector, so any signal with intensity I0 needs to travel
through a volume of air; thus the measured intensity Im will be attenuated compared to
I0 . T850 describes the atmospheric transmission and it is calculated as the ratio of the
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Figure 4.1: Coverage map of the “daisy” (left) and “pong-900” (right) scanning patterns
of the JCMT. Bright colors correspond to areas with deep coverage.
measured and incident intensities,
T850 =

Im
= e−τ850 A ,
I0

(4.2)

where A is the airmass (the optical path length through Earth’s atmosphere for light
from a source on the sky) and τ850 is the extinction coefficient or opacity at 850 µm. The
airmass A for a source at declination δ during transit can be expressed as
A=

1
0.9 cos



π
(δ
180

.
− 19.823)

(4.3)

As described in Dempsey et al. (2013), the opacity is determined based on the amount
of precipitable water vapor (PWV, in units of mm) in the atmosphere as
τ850

h
i
= 0.179 PWV/(1mm) + 0.337 .

(4.4)

The PWV values are measured with the JCMT’s water vapor monitor (WVM) at 183 GHz
along the line-of-sight of the telescope. The neighbouring Caltech Submillimeter Observatory (CSO) has a radiometer that measures the zenith opacity at 225 GHz. Although
the WVM has better time resolution than the CSO radiometer, and in general gives a
better measurement of the opacity even when the atmosphere is unstable, during stable
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Weather Grade
Grade
Grade
Grade
Grade
Grade

1
2
3
4
5

PWV
<0.83
0.83−1.58
1.58−2.58
2.58−4.58
>4.58

τ225
mm
mm
mm
mm
mm

<0.05
0.05−0.08
0.08−0.12
0.12−0.20
>0.20

Table 4.2: Weather grades defined at the JCMT. PWV means the amount of precipitable
water vapor in the atmosphere in units of mm, and τ225 is the opacity measured at 225
GHz at the Caltech Submillimeter Observatory (CSO).
weather conditions the 225 GHz opacity determined from PWV values measured at the
zenith with the WVM as τ225 = 0.04PWVzen + 0.017 are in excellent agreement with the
CSO τ225 measurements (Dempsey et al., 2013). In practice, the quality (or “grade”) of
the weather during JCMT observations is defined based on the CSO τ225 values. The
corresponding PWV and opacity values are listed in Table 4.2.
The f value in Equation 4.1 is a sampling factor corresponding to the map-making
options for SCUBA-2 data. The nominal pixel size of SCUBA-2 maps at 850 µm is 400 ,
and the noise in each pixel depends on the number of samples that are projected onto
the given pixel. If we know in advance that we want to use pixel sizes different from the
nominal size, the final pixel noise will change, and we need to take this into account in
the integration time calculation by applying a correction factor f , determined as
f = (used pixel size/default pixel size)2 .

(4.5)

Additionally, if we are planning to use a point source matched filter during the analysis of
the maps, which increases the signal-to-noise ratio in the final products, then the required
integration time to reach a given sensitivity will decrease by a factor of f = 5 at 850 µm.
To carry out the shallower “daisy” observations we applied for telescope time with
Grade 3 weather conditions, and we intended our observations to reach an RMS of
σ850 = 4 mJy. This is well above the confusion limit, but since most of our objects
are brighter than 30 mJy at 500 µm, we expect to detect these objects at a level of at
least 3σ in the 850 µm SCUBA-2 maps if their spectral energy distribution is indeed
dominated by thermal dust emission. Using the matched-beam factors, we calculated
observing times of 12−15 minutes per source depending on the declination of the target.
The deeper “pong” observations were carried out during Grade 2 weather conditions,
and we needed 2.5−3 hours of integration time per source to reach 2 mJy RMS (> 3σ
above the confusion limit) with the matched-beam factors.
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The success of any observational campaign depends on the weather conditions during
the allocated observation periods, and due to bad weather not all of the proposed sources
were observed. In the first part of the project we obtained data for 28 out of 54 sources,
and out of the four deep maps XMM30 was only observed for a fraction of the proposed
time, so that particular observation did not reach the required RMS.

4.3

Data reduction

The SCUBA-2 data reduction pipeline uses components of the Starlink Software Environment (Warren-Smith and Wallace, 1993; Jenness et al., 2009). There are two ways to
reduce the raw telescope data. The ORAC-DR data reduction pipeline (Cavanagh et al.,
2008) creates maps quickly with the most optimal settings for the given observation type.
Additionally, one can use a combination of SMURF (Sub-Millimetre User Reduction Facility; Chapin et al., 2013) and KAPPA (Kernel Application Package; Currie and Berry,
2013) commands directly for more advanced customization options. Post-processing of
the maps happens in PICARD (Pipeline for Combining and Analyzing Reduced Data;
Gibb et al., 2012).
The maps are constructed with the Dynamic Iterative Map-Maker (DIMM, Chapin
et al., 2013), which is part of the SMURF package. We use a configuration file that is
optimized to reduce observations of blank fields containing only faint sources. In this
configuration the map-maker applies a harsh high-pass filter to the detector timelines
at the beginning of data processing to remove fluctuations on spatial scales larger than
20000 . Since we are not interested in recovering any large scale structure in these maps,
this recipe applies a noise-removal method to each bolometer time stream independently,
ignoring any possible correlations between detectors. An extinction correction is also
applied during map-making to correct for the signal attenuation caused by the atmosphere. In this step a time varying scaling factor is applied to the data based on PWV
measurements with the JCMT waver vapor monitor.
DIMM and the associated pipeline produces a map in units of pW (pikowatt). OracDR automatically uses the standard flux conversion factors (FCFs) to convert the maps to
units of Jy. These FCFs are determined based on observations of bright calibrator sources
with known flux densities (e.g. Uranus). The standard value at 850 µm is FCF850 = 537±
24 (Jy pW−1 ), as measured in Dempsey et al. (2013). During the actual observations,
calibrator sources close to the target have been observed to make sure that the calibration
falls within 5% of the standard value.
Our final maps have pixel sizes of 400 . Very long observations are always split into
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shorter timelines. Maps are made from these smaller datasets separately, and in PICARD
we can co-add these images using inverse noise-weighting. The most important postprocessing step is the application of a point-source matched filter. In this step the
algorithm first smooths the image with a broad Gaussian kernel with a FWHM of 3000 ,
and subtracts this map from the original image to remove any large-scale background from
the maps. The 850 µm beam is also smoothed with the same Gaussian, and a weighted
convolution is carried out with this modified beam in order to increase the point-source
detectability. For a raw map M (x, y) and an error map σ(x, y) the convolution with the
beam P (x, y) is calculated as
Mfilt (x, y) =

[Mraw (x, y)/σ 2 (x, y)] ⊗ P (x, y)
,
[1/σ 2 (x, y)] ⊗ [P 2 (x, y)]

(4.6)

and after filtering the variance map becomes
2
σfilt
(x, y) =

1
.
⊗ [P 2 (x, y)]

[1/σ 2 (x, y)]

(4.7)

In the resulting filtered maps the flux density of the detected sources is determined by
their peak pixel values.

4.4

Results and discussion

Here we present the results of our two observing campaigns and our early findings, while
a more detailed analysis of this dataset will be part of future projects, that also include
follow-up data from several other telescopes at different wavelengths.

4.4.1

Daisy observations

The SPIRE 250, 350 and 500 µm flux densities, and the SCUBA-2 850 µm flux density
values of our observed sources are listed in Table 4.3, and postage-stamp images of these
objects are shown on Figure 4.2 (a,b,c,d). The SPIRE flux densities are measured from
the nominal resolution matched-filtered maps, except for the sources that appear to be
blends of several sources in the 250 and/or 350 µm maps. These sources are flagged
with a star symbol in Table 4.3, and the quoted SPIRE flux densities of these objects
correspond to the values in the maps that are smoothed to the 500 µm resolution. We did
not discard any blends from our initial sample, since we expect that even blended objects
should contain at least one red source if they appear to be red in the smoothed maps. We
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note, that the observed sample was selected in the early stages of the red source search
project, when we categorized sources as being red based on their smoothed flux densities.
As we discussed in Section 3.1.4, the flux densities measured in the nominal resolution
maps are less biased by the positional uncertainties, so whenever possible, we quote the
latter values here. This is the reason why some of the sources listed in Table 4.3 have a
maximum flux density at 350 µm.
To check whether the measured 850 µm flux densities of these sources are in agreement
with the values predicted from the SPIRE fluxes alone, we fit a modified blackbody
spectrum to the measured SPIRE and SCUBA-2 flux densities. As in Section 3.3, we use
an optically thick SED model,
Sν = (1 − e−τν )Bν (Td )Ωs ,

(4.8)

where Bν (Td ) is the Planck function, Ωs is the solid angle of the source, τν = (ν/ν0 )β is the
optical depth, β is the dust grain spectral emissivity index, and ν0 is the frequency where
τν = 1 and the dust becomes optically thick. As we discussed in detail in Section 3.3 we
marginalize over the Gaussian priors β = 1.8 ± 0.3 and λ0 (1 + z) = (1100 ± 400) µm .
The fitted curves are shown on Figure 4.3 (a, b, c, d, e).
From Figure 4.2 and Table 4.3 it is clearly seen that most of our sources with a > 3σ
detection in SCUBA-2 (LSW20, 28, 31, 36, BOOTES17, 23, 24, 28, 29, 33, 50, ELAISN11) have bright and isolated counterparts in the SPIRE maps. Figure 4.3 shows that
the measured SCUBA-2 fluxes of these sources are in good agreement with the SPIRE
flux density values, thus we can confirm that the luminosity of these sources is dominated
by thermal dust emission and their SED is best fitted with an optically thick modified
blackbody curve, similarly to the red sources selected in the HeLMS maps. We note,
that many of these isolated sources have slightly higher 500 µm flux densities than our
fitted values. Since we only select sources with S500 > S350 , we are introducing a bias
because were are more likely to find objects with their 500 µm flux densities scattered
higher than the real value. The number counts simulations we describe in Section 3.2.1
take this effect into account.
Our sources that look blended in the SPIRE maps typically show anomalously high
500 µm flux densities compared to the measured SCUBA-2 flux. Our reason to include
these sources in the catalog is that we expect that at least one of the components of
the blend should be red in order to produce red colors in the smoothed maps. The
measured 500 µm flux density of such a source will be the co-added flux density of all
components of the blend. If we assume that red sources are rare enough that they
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Name

S250
(mJy)

S350
(mJy)

S500
(mJy)

S850
(mJy)

SNR850

LSW19?
LSW20
LSW22?
LSW28
LSW31
LSW36
LSW37?
LSW38?
LSW40?
LSW41
LSW42
LSW43?
LSW44
BOOTES17
BOOTES21?
BOOTES23
BOOTES24
BOOTES25?
BOOTES27
BOOTES28
BOOTES29
BOOTES33
BOOTES34
BOOTES37
BOOTES39
BOOTES42
BOOTES50
ELAISN11

27.4 ± 7.6
17.6 ± 4.4
22.2 ± 5.4
33.4 ± 5.2
43.3 ± 4.7
55.3 ± 6.2
26.9 ± 5.0
25.3 ± 7.8
49.0 ± 6.8
26.9 ± 8.6
19.1 ± 5.2
35.7 ± 4.7
28.6 ± 5.4
25.8 ± 4.9
12.8 ± 4.1
33.9 ± 5.1
28.7 ± 4.9
18.3 ± 4.8
24.6 ± 5.2
64.1 ± 4.9
64.0 ± 5.3
53.9 ± 2.7
23.6 ± 5.2
24.3 ± 5.2
15.3 ± 5.0
32.7 ± 3.9
16.9 ± 5.3
19.2 ± 2.9

42.3 ± 6.9
36.6 ± 4.8
36.8 ± 5.2
55.9 ± 4.7
58.6 ± 5.2
63.6 ± 6.8
45.3 ± 4.6
37.9 ± 7.1
51.0 ± 5.8
28.8 ± 6.3
43.3 ± 4.8
45.9 ± 4.7
36.7 ± 5.3
38.1 ± 5.1
36.2 ± 4.4
51.2 ± 5.0
49.6 ± 5.0
36.2 ± 5.1
30.0 ± 5.6
87.4 ± 5.0
74.5 ± 5.1
57.6 ± 2.7
34.7 ± 5.2
27.2 ± 5.0
29.6 ± 5.1
46.1 ± 4.3
28.1 ± 5.3
24.3 ± 2.9

41.9 ± 6.5
43.9 ± 5.5
43.4 ± 6.3
60.0 ± 5.1
52.3 ± 5.3
62.5 ± 7.0
48.7 ± 6.2
47.2 ± 7.6
53.7 ± 7.5
45.2 ± 9.2
44.4 ± 6.1
49.8 ± 6.2
45.2 ± 5.9
43.8 ± 5.9
49.5 ± 4.6
52.5 ± 6.0
55.8 ± 5.9
44.1 ± 6.2
36.9 ± 5.5
75.4 ± 5.7
64.8 ± 5.5
47.4 ± 3.0
37.2 ± 6.3
43.3 ± 5.9
28.3 ± 5.5
35.4 ± 4.8
36.9 ± 6.1
27.6 ± 3.4

10.6 ± 3.9
30.0 ± 4.0
9.1 ± 4.0
40.5 ± 4.0
26.1 ± 4.0
21.8 ± 3.5
8.2 ± 3.9
0.6 ± 3.7
−0.1 ± 3.7
11.7 ± 4.1
11.3 ± 4.0
4.8 ± 3.6
11.7 ± 4.2
14.5 ± 3.6
15.4 ± 3.7
21.7 ± 3.6
15.8 ± 3.8
11.9 ± 4.1
4.2 ± 3.8
15.4 ± 3.6
17.6 ± 4.3
12.5 ± 3.7
6.8 ± 3.7
11.3 ± 4.0
6.1 ± 3.7
9.7 ± 3.4
14.4 ± 3.7
11.1 ± 3.3

2.7
7.5
2.3
10.1
6.5
6.2
2.1
0.2
0.0
2.9
2.9
1.3
2.8
4.0
4.2
6.0
4.2
2.9
1.1
4.3
4.1
3.4
1.8
2.8
1.7
2.9
3.9
3.3

Table 4.3: SPIRE 250, 350 and 500 µm and SCUBA-2 850 µm flux densities and the
850 µm signal-to-noise ratio of our observed sources. The SPIRE flux densities are
measured from the nominal resolution maps, except for the sources marked with a
star symbol, where the flux densities could not be determined due to blending effects.
Here we quote the flux density values we measured from maps smoothed to the same
resolution.
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Figure 4.2: (a.) Postage-stamp images showing 1.80 × 1.80 area around our sources observed with “daisy” scans. From left to right we show the SPIRE 250, 350 and 500 µm
images and the SCUBA-2 850 µm image, respectively. The SPIRE images are scaled
between −5σ and +10σ, and the SCUBA-2 images are scaled between −3σ and +4σ for
better visibility.

89

+

+

+

+

LSW38

+

+

+

+

LSW40

+

+

+

+

LSW41

+

+

+

+

LSW42

+

+

+

+

LSW43

+

+

+

+

LSW44

+

+

+

+

BOO17
Figure 4.2: (b.) Postage-stamp images showing 1.80 × 1.80 area around our sources
observed with “daisy” scans. From left to right we show the SPIRE 250, 350 and 500 µm
images and the SCUBA-2 850 µm image, respectively. The SPIRE images are scaled
between −5σ and +10σ, and the SCUBA-2 images are scaled between −3σ and +4σ for
better visibility.
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Figure 4.2: (c.) Postage-stamp images showing 1.80 × 1.80 area around our sources observed with “daisy” scans. From left to right we show the SPIRE 250, 350 and 500 µm
images and the SCUBA-2 850 µm image, respectively. The SPIRE images are scaled
between −5σ and +10σ, and the SCUBA-2 images are scaled between −3σ and +4σ for
better visibility.
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Figure 4.2: (d.) Postage-stamp images showing 1.80 × 1.80 area around our sources
observed with “daisy” scans. From left to right we show the SPIRE 250, 350 and 500 µm
images and the SCUBA-2 850 µm image, respectively. The SPIRE images are scaled
between −5σ and +10σ, and the SCUBA-2 images are scaled between −3σ and +4σ for
better visibility.
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Figure 4.3: (a.) Modified blackbody SED fits to the SPIRE 250, 350 and 500 µm and
SCUBA-2 850 µm flux densities.
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Figure 4.3: (b.) Modified blackbody SED fits to the SPIRE 250, 350 and 500 µm and
SCUBA-2 850 µm flux densities.
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Figure 4.3: (c.) Modified blackbody SED fits to the SPIRE 250, 350 and 500 µm and
SCUBA-2 850 µm flux densities.
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Figure 4.3: (d.) Modified blackbody SED fits to the SPIRE 250, 350 and 500 µm and
SCUBA-2 850 µm flux densities.
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Figure 4.3: (e.) Modified blackbody SED fits to the SPIRE 250, 350 and 500 µm and
SCUBA-2 850 µm flux densities.

are most likely to be blended with a non-red source, then it is possible that at longer
wavelengths the contribution from this non-red object will become negligible, and the
measured emission from the red source will be fainter than what the biased 500 µm flux
density would suggest. The fact that we often see a 2−3σ source in the SCUBA-2 images
at the positions of these confused objects seems to support this scenario, and while the
measured SPIRE flux densities are biased high, we cannot simply discard these objects
as spurious detections. This result agrees with our findings in Section 3.5, where we
show that even if we include the possible blends in our stacks we still detect a source at
millimeter wavelengths. To examine the detailed properties of blended galaxies higher
resolution images are needed, but both our SCUBA-2 and ACT measurements suggest
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that these blends indeed contain at least one red source.

4.4.2

Pong observations

The matched-filtered “pong” maps of LSW28, LSW102, XMM26 and XMM30 are shown
on Figure 4.4. Each map has a diameter of 150 (a 1 arcmin angular scale corresponds to
a ∼ 0.39 Mpc physical scale at z ∼ 5), so they cover an area of 177 arcmin2 around the
central bright red source. These pong maps are typically created from five observations
of the same field, each ∼ 40 minutes long, and these scans are co-added in PICARD using
inverse-variance weighting. Since the weather conditions are not always stable during long
observations, and since the separate scans of the same field are often observed on different
days, the final noise values will be different in each of these observed fields. Additionally,
XMM30 was only observed two times, so the noise in that map is much higher than in
the other three fields. The noise levels in the central region of the matched-filtered maps
are σLSW28 = 2.1 mJy, σLSW102 = 2.5 mJy, σXMM26 = 2.3 mJy and σXMM30 = 3.3 mJy. As
expected, our central sources are detected in each of these maps with a very high signalto-noise ratio: SLSW28 = 34.8 mJy (17σ), SLSW102 = 72.8 mJy (29σ), SXMM26 = 18.5 mJy
(8σ) and SXMM30 = 32.8 mJy (10σ).
To investigate whether there are over-densities of fainter sources around these galaxies,
we create a signal-to-noise ratio map from our observations, and we search for peaks with
SNR > 3.75 in these maps. This SNR cut is needed in order to reduce the chance of
false detections (e.g. Geach et al., 2013; Casey et al., 2013; Chen et al., 2013). The
detected sources are highlighted with white circles on Figure 4.4, and their measured
SCUBA-2 flux densities along with their separation from the central red source are listed
in Table 4.4. We also list the SPIRE flux densities for the sources that are visible in the
Herschel maps. We check the possibility of false detections by creating two separate maps
for each field from only half of the data, and we examine the positions of the detected
sources in these maps. All of our sources are visible in both halves of the data, thus we
conclude that they are not noise peaks. Note, that the SNR> 3.75 cut corresponds to
different flux density limits in the four maps. We detect eight sources around LSW28
with flux densities S850 & 7.8 mJy, six sources around LSW102 with S850 & 9.4 mJy,
seven sources around XMM26 with S850 & 8.6 mJy, and one source around XMM30 with
S850 & 12.3 mJy.
To improve our statistics, we combine the results for our three fields with similar
noise levels (LSW28, LSW102 and XMM26), and we investigate the average number of
submillimeter-detected galaxies around these red sources. On Figure 4.5 we plot the
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Figure 4.4: 850 µm “pong” observations of our sources LSW28, LSW102, XMM26,
XMM30 (highlighted with red square symbols). The maps are matched-filtered, and
the sources detected around our targets with flux densities above 3.75σ are highlighted
with white circles.
cumulative number counts of the combined fields and we compare our results to the
Coppin et al. (2006) source densities measured in a blank field survey. The resulting
number counts shows no obvious evidence for an over-density of faint galaxies around
our red sources. Additionally, we can also see from Table 4.4 that the observed colors
of the sources that have a counterpart in the SPIRE maps are usually not red, which
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ID

S850
(mJy)

SNR850

Distance
(arcmin)

S250
(mJy)

S350
(mJy)

S500
(mJy)

33.38
64.52
28.10
45.49
30.22
30.79
20.53
10.55

55.86
73.43
38.86
57.56
43.14
18.79
14.42
12.87

59.98
46.27
26.60
55.38
35.25
14.26
21.54

49.71
-

118.14
-

140.40
-

38.09
36.99
29.62
10.14
16.78
-

58.89
39.72
22.62
7.97
20.16
-

69.71
35.67
12.63
13.51
-

23.77
35.40

39.11
54.35

55.59
55.32

LSW28
0
1
2
3
4
5
6
7
8

34.8 ± 2.06
15.69 ± 2.05
13.49 ± 2.05
12.39 ± 2.10
11.49 ± 2.05
8.4 ± 2.07
8.53 ± 2.26
9.25 ± 2.46
9.48 ± 2.53

16.92
7.65
6.58
5.90
5.61
4.06
3.77
3.75
3.75

0.0
1.7
1.8
5.0
0.9
4.4
6.3
6.7
7.0
LSW102

0
1
2
3
4
5
6

72.80 ± 2.51
11.43 ± 2.82
10.86 ± 2.72
9.83 ± 2.53
9.79 ± 2.53
9.56 ± 2.51
9.48 ± 2.53

29.04
4.05
3.99
3.88
3.87
3.81
3.75

0.0
6.4
6.1
4.0
3.5
4.1
4.0
XMM26

0
1
2
3
4
5
6
7

18.48 ± 2.31
10.48 ± 2.30
11.02 ± 2.69
9.58 ± 2.37
9.17 ± 2.28
9.19 ± 2.32
10.7 ± 2.71
9.61 ± 2.51

8.01
4.56
4.10
4.04
4.01
3.97
3.94
3.83

0.0
3.8
7.1
5.4
3.7
4.5
7.0
6.3
XMM30

0
1

32.79 ± 3.41
20.58 ± 3.35

9.61
6.15

0.0
3.5

Table 4.4: Sources detected with S850 > 3.75σ around LSW28, LSW102, XMM26 and
XMM30. ID = 0 refers to the central red source in all cases. See also Figure 4.4
might suggest that they are at a different redshift and are not physically associated with
the central source. The one really bright source we find 3.50 away from XMM30 has red
colors similarly to the central source, which could suggest that these two sources might be
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Figure 4.5: Cumulative 850 µm number counts of the three combined 177 arcmin2 fields
mapped around our sources LSW28, LSW102 and XMM26. The black symbols represent
our raw counts with Poisson errorbars. The blue solid line shows the Coppin et al. (2006)
blank-field number counts with the shaded region corresponding to ±1σ uncertainties of
these counts.
physically related to each other. Unfortunately the signal-to-noise ratio of the XMM30
map is too low to find a larger number of faint sources, so this one detection alone is not
a strong indicator of an over-density; however, the close proximity of another bright red
source makes this galaxy an ideal target for future follow-up observations.
On Figure 4.6 we plot the cumulative number of sources detected within different
radii of the central red source, and we compare this to the distribution we would expect
to observe if our sources were distributed in an unclustered fashion within the observed
area. We do not see any strong deviation from the expected shape that would suggest
angular clustering of the detected sources.
Several high redshift dusty starburst galaxies are known to reside in over-dense regions
(e.g. Chapman et al., 2001; Daddi et al., 2009; Capak et al., 2011), and it was expected,
that the red sources we select could also trace proto-clusters. The lack of observed
over-density around our red sources is similar to the result described in Robson et al.
(2014), who mapped the region around HFLS3 (Riechers et al., 2013), the z = 6.34 red
source found with our map-based search method during our analysis of the FLS field. One
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Figure 4.6: Cumulative number of sources within different radii of the central red source
for the combined fields around LSW28, LSW102 and XMM26. The solid blue line shows
the expected distribution from an unclustered source distribution.
might argue, that the possible companion galaxies might be even fainter than our current
flux limits, or that they contain smaller amount of dust than expected. Laporte et al.
(2015) carried out an analysis to search for Lyman-break galaxies (an unobscured high-z
galaxy population) in the vicinity of HFLS3 , but they also came to the conclusion that
the environment of HFLS3 shows no evidence of an over-density of similar redshift star
forming galaxies. Robson et al. (2014) show that current large-scale structure simulations
would predict that we should find an over-density around such a luminous source. But,
on the other hand, our current observations of three red sources suggest, that it is not
uncommon to find distant starburst galaxies without a clear over-density around them.
This shows how important it is to obtain more observational constraints when modelling
the evolution of star formation in the large-scale structures in the Universe.

4.5

Summary

We described a follow-up observational campaign for SPIRE-selected “red”(S500 > S350 >
S250 ) galaxies with the SCUBA-2 instrument at 850 µm. We found that the observed
850 µm flux densities of sources that appear isolated in all three SPIRE wavelengths are
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consistent with the values we would predict by fitting a thermal modified blackbody
SED to the SPIRE flux densities alone. Together with other multi-wavelength follow-up
observations in the future these additional photometry points will allow us to determine
the photometric redshifts and constrain some physical properties of these sources (e.g.
LIR , dustmass, star formation rate). The observation of sources that appear to be a single
object at the 500 µm resolution, but break up into multiple components in the higher
resolution SPIRE maps resulted in lower signal-to-noise ratio 850 µm detections than we
would have expected based on the 500 µm flux densities alone. At the position of most
of these blends we still see a faint SCUBA-2 source; this suggests that at least one of the
galaxies in the blend is a red source, although its 500 µm flux density is boosted high. This
result shows that the higher-resolution of the SCUBA-2 instrument can help us assess
the biasing effect of blending on our 500 µm number counts of red sources described in
Chapter 3. We also examined the environment of four of our red sources. On average,
we cannot see an over-density of fainter submillimeter galaxies around these sources that
could suggest that these galaxies reside in a proto-cluster environment. This can suggest
that environment has a smaller role in triggering extreme star formation events than
previously predicted, or that these high-redshift dusty galaxies do not always reside in a
proto-cluster environment, as previously thought.
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Chapter 5
Average dusty star-formation
activity in
Sunyaev-Zel’dovich-selected galaxy
clusters
Studying the star formation history of galaxy clusters – the largest gravitationally bound
structures in the Universe – can help us assess whether the environment in which galaxies
reside plays a role in triggering or quenching star formation activity. As we discussed
in Section 1.1, in the local Universe there is no observational evidence for significant
star formation activity in the cores of massive virialized structures; only galaxies in
the outskirts of these clusters form new stars at a moderate rate. There is an ongoing
debate whether this locally observed morphology-density relation universally holds at all
redshifts, or whether there is a reversal in this relation in the high-z Universe. There
is observational evidence both for and against the theory that at higher redshifts star
formation happens in denser environments.
Galaxy clusters can contain hundreds to thousands of individual galaxies, but the
dominant baryonic component of these structures is the intra-cluster gas, having a mass
larger by a factor of ten, than the total mass of the cluster-member galaxies (e.g. Kravtsov
and Borgani, 2012). This hot, ionized gas is in hydrostatic equilibrium in the deep
potential well of the cluster, and it is heated to a temperature of 107 −108 K. Due to
the very hot temperature, the gas emits X-rays in the form of thermal bremsstrahlung
radiation. Apart from identifying clusters by their optical richness (e.g. Abell, 1958;
Gunn et al., 1986), the detection of this X-ray luminosity is one of the most widely used
methods to find clusters of galaxies. The biggest limitation of this technique is, however,
104

the decrease of the intensity of the X-ray radiation with increasing distance, limiting the
range of redshifts where these large clusters can be detected.
A redshift-independent way of finding massive galaxy clusters is based on the detection of the Sunyaev-Zel’dovich effect (Sunyaev and Zel’dovich 1972, and see reviews
e.g. in Birkinshaw 1999; Carlstrom et al. 2002) in cosmic microwave background (CMB)
measurements. The cosmic microwave background radiation originates from the epoch
of recombination, when photons decoupled from the matter in the Universe and started
to propagate freely. This background radiation has a remarkably uniform temperature of
2.725 K. Very small fluctuations of this temperature trace the primordial matter density
perturbations, but secondary anisotropies can also emerge due to the CMB photons propagating through structures along the line of sight. As the CMB photons pass through the
hot intra-cluster gas in the core of massive galaxy clusters, the hot electrons in the gas
can scatter these photons through inverse Compton scattering. As a result, the temperature and thus the energy of the CMB photons increases, and the blackbody spectrum of
the cosmic microwave background becomes distorted, since photons are scattered from
the long wavelength Rayleigh-Jeans side of the peak of the spectrum to the shorter wavelength Wien side. This distortion is called the Sunyaev-Zel’dovich (SZ) effect, and in
practice it is observed as a relative change in the CMB temperature as
∆TSZ
= fSZ (x) y = fSZ (x)
TCMB

Z
ne

kB Te
σT d`,
m e c2

(5.1)

where x = hν/(kB TCMB ) is a dimensionless frequency, y is called the Compton yparameter, ne is the electron number density, σT is the Thomson scattering cross-section,
Te is the temperature of the electrons in the hot gas, kB is the Boltzmann constant and
d` represents the the line of sight extent of the cluster. The frequency dependence of the
distortion is given by the function fSZ (x) as

 x
e +1
− 4 (1 + δSZ (x, Te )).
fSZ (x) = x x
e −1

(5.2)

Here δSZ (x, Te ) is a relativistic correction that cannot be ignored when we are looking
for massive clusters containing very hot gas. The result of this frequency dependence
is an observed decrement in the CMB temperatures below frequencies ν ∼ 220 GHz
(corresponding to wavelengths greater than λ ∼ 1.3 mm), and an increment for larger
frequencies (shorter wavelengths). A similar relation can be applied to the observed intensity of the background radiation, where the change in the intensity is also proportional
to the Compton y-parameter (∆I0 ∝ y I0 ).
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The amplitude of the thermal distortion is independent of redshift, but it depends on
the line of sight extent of the cluster; thus SZ surveys are limited by the cluster mass
and are usually able to select only the most massive structures. Apart from the thermal
Sunyaev-Zel’dovich effect, a distortion in the CMB temperature can also occur due to
bulk motion of the electrons in the hot gas, but the amplitude of this so-called “kinetic
SZ-effect” (Sunyaev and Zeldovich, 1980) is much smaller than the distortion caused by
the inverse Compton scattering of CMB photons. The thermal distortion is already very
small (< 1 mK), so the kinetic SZ effect can be essentially ignored in cluster surveys.
Recently, large cluster samples have been assembled using the Sunyaev-Zel’dovich
detection technique by the Atacama Cosmology Telescope (Marriage et al., 2011; Hasselfield et al., 2013a), the South Pole Telescope (Vanderlinde et al., 2010; Reichardt et al.,
2013) and the Planck satellite (Planck Collaboration et al., 2011, 2014b). The ACT and
SPT telescopes operate at millimeter wavelengths, where a cluster can be detected as
a decrement in the intensity of the cosmic microwave background. At far-infrared and
submillimeter wavelengths the thermal SZ effect causes an increment in the observed
background intensity, which has been detected at 350 and 500 µm with Herschel (Zemcov et al., 2010) and at 850 µm with SCUBA (Zemcov et al., 2003), as well as with Planck.
In this wavelength range sources behind the cluster that are magnified by gravitational
lensing can also contribute to the excess measured FIR/submillimeter flux density towards these clusters, as well as dusty star-forming galaxies that reside inside the observed
cluster. While these point sources are treated as contaminants in the Sunyaev-Zel’dovich
effect measurements, these objects are a focus of several different studies. Exploiting
the lensing magnification allows us to study dusty galaxies with flux densities below our
detection limits, and investigating the rare star-forming galaxies inside clusters can help
us understand the interaction between environment and star formation activity.
In this chapter we exploit the large overlap of our HeLMS and HerS regions with an
equatorial field observed by the Atacama Cosmology Telescope. We investigate dusty
galaxy emission towards massive Sunyaev-Zel’dovich-selected galaxy clusters found with
ACT. Due to the low resolution available with the large SPIRE beams, as well as the
shallow depth of our HeLMS and HerS maps, we do not attempt to investigate the far
infrared emission towards each of these clusters individually and we do not focus on
the cluster member galaxies. Instead we stack the Herschel maps on the positions of
the centers of the clusters determined from the Sunyaev-Zel’dovich effect to increase our
signal-to-noise ratio, and we investigate the average far-infrared emission towards these
massive galaxy clusters.
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5.1

The ACT equatorial cluster sample

The ACT Sunyaev-Zel’dovich-selected equatorial cluster sample (Hasselfield et al., 2013a)
consists of 68 galaxy clusters detected at 148 GHz with a signal-to-noise ratio SNR > 5.1.
All of the cluster candidates have been confirmed to be actual clusters based on optical
or infrared data (Menanteau et al., 2013). As a first step in this confirmation process the
brightest cluster galaxy (BCG) is identified in each candidate cluster using mainly Sloan
Digital Sky Survey (SDSS) data. The BCGs are usually the most massive cluster-member
galaxies and reside in the centers of the clusters. The next step is to find the so-called red
sequence around this central galaxy. The red sequence consists of elliptical and lenticular
(“early-type”) galaxies that have a very tight color-magnitude relation with the redder
galaxies being brighter. This population can be found in all galaxy clusters and the
identification of this red sequence is often used as optical cluster-detection technique
(Gladders and Yee, 2000). A candidate is confirmed as a cluster if it contains more than
15 galaxies within a projected 1 Mpc area of the center of the cluster. The redshifts of
these clusters are determined from follow-up observations, or – if available – from already
existing SDSS spectroscopy data of cluster-member galaxies.
The clusters were selected from a 504 deg2 field along the celestial equator spanning
20h 16m 00s < RA < 3h 52m 24s and −2◦ 070 < Dec < 2◦ 180 . This area has ∼ 100 deg2
overlap with our HeLMS field, and contains the full HerS region (see Section 2.4.1). In
our analysis we select all clusters from the Hasselfield et al. (2013a) sample that fall into
our HeLMS and HerS fields. We find 15 ACT SZ clusters in HeLMS and 11 clusters in
our HerS region. The redshift range of these clusters is 0.21 < z < 1.11 and their typical
masses are ∼ 5 × 1014 M . The ACT IDs, locations and redshifts of these clusters are
summarized in Table 5.1 for HeLMS and in Table 5.2 for HerS.

5.2

Data analysis

Our goal is to investigate the mean far-infrared emission measured towards galaxy clusters
as a function of the distance from their centers determined by the Sunyaev-Zel’dovich
effect. This can be done by stacking our SPIRE maps on the ACT cluster positions, and
investigating the radially-averaged flux density distribution. A simple co-addition of our
maps, however, does not take into account the changing angular extent of these clusters
at different redshifts.
We can define the characteristic physical radius of a cluster to be 1 Mpc (e.g. Koester
et al., 2007; Hasselfield et al., 2013a; Menanteau et al., 2013). Here we adopt similar
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ACT ID
ACT-CL
ACT-CL
ACT-CL
ACT-CL
ACT-CL
ACT-CL
ACT-CL
ACT-CL
ACT-CL
ACT-CL
ACT-CL
ACT-CL
ACT-CL
ACT-CL
ACT-CL

J0022.2 – 0036
J0059.1 – 0049
J2337.6+0016
J0014.9 – 0057
J0044.4+0113
J0058.0+0030
J2351.7+0009
J0018.2 – 0022
J0104.8+0002
J0017.6 – 0051
J0051.1+0055
J2327.4 – 0204
J0045.2 – 0152
J0026.2+0120
J0008.1+0201

RA
(deg)

Dec
(deg)

z

DA
(Mpc)

θ1Mpc
(arcmin)

5.5553
14.7855
354.4156
3.7276
11.1076
14.5189
357.9349
4.5623
16.2195
4.4138
12.7875
351.8660
11.3051
6.5699
2.0418

−0.6050
−0.8326
0.2690
−0.9502
1.2221
0.5106
0.1538
−0.3795
0.0495
−0.8580
0.9323
−2.0777
−1.8827
1.3367
2.0204

0.805
0.786
0.275
0.533
1.110
0.760
0.990
0.750
0.277
0.211
0.690
0.705
0.545
0.650
0.360

1576.4
1563.0
869.5
1316.3
1721.9
1543.8
1678.0
1536.1
874.0
712.9
1485.8
1499.1
1331.5
1448.2
1045.7

2.2
2.2
4.0
2.6
2.0
2.2
2.0
2.2
3.9
4.8
2.3
2.3
2.6
2.4
3.3

Table 5.1: ACT Sunyaev-Zel’dovich-selected clusters in the HeLMS region. Based on the
redshift, we calculate the angular diameter distance DA and the corresponding observed
angular size θ1Mpc of a cluster with a physical size of 1 Mpc.

ACT ID
ACT-CL
ACT-CL
ACT-CL
ACT-CL
ACT-CL
ACT-CL
ACT-CL
ACT-CL
ACT-CL
ACT-CL
ACT-CL

J0206.2 – 0114
J0218.2 – 0041
J0215.4+0030
J0127.2+0020
J0119.9+0055
J0058.0+0030
J0219.8+0022
J0139.3 – 0128
J0104.8+0002
J0152.7+0100
J0156.4 – 0123

RA
(deg)

Dec
(deg)

z

DA
(Mpc)

θ1Mpc
(arcmin)

31.5567
34.5626
33.8699
21.8227
19.9971
14.5189
34.9533
24.8407
16.2195
28.1764
29.1008

−1.2428
−0.6883
0.5091
0.3468
0.9193
0.5106
0.3755
−1.4769
0.0495
1.0059
−1.3879

0.676
0.672
0.865
0.379
0.720
0.760
0.537
0.700
0.277
0.230
0.450

1473.0
1469.3
1614.6
1080.8
1511.8
1543.8
1321.4
1494.7
874.0
761.8
1199.4

2.3
2.3
2.1
3.2
2.3
2.2
2.6
2.3
3.9
4.5
2.9

Table 5.2: ACT Sunyaev-Zel’dovich-selected clusters in the HerS region. Based on the
redshift, we calculate the angular diameter distance DA and the corresponding observed
angular size θ1Mpc of a cluster with a physical size of 1 Mpc.
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standard flat cosmology parameters as used in Hasselfield et al. (2013a), with Ωm = 0.27,
Ωλ = 0.73 and H0 = 70 km s−1 Mpc−1 . If we know the physical size x of an object at
redshift z, the observed angular size θ can be determined from the angular size-redshift
relation for small angles as
x
,
(5.3)
θ=
DA (z)
where DA (z) is the angular diameter distance, a commonly used distance measure in
astronomy. In a flat (Ωk = 0) universe DA (z) can be expressed as
c
DA (z) =
H0 (1 + z)

Z
0

z

dz 0
p
.
Ωm (1 + z 0 )3 + 1 − Ωm

(5.4)

This relates to the quantity DL used in Chapter 3 as DA = DL /(1 + z)2 (see e.g. Hogg,
1999). Using these relations we calculate DA (z) and θ1Mpc values for each cluster. These
values are listed in Table 5.1 and 5.2. It can be seen that there is a large variation in the
angular size of our clusters, since a 1 Mpc physical size corresponds to an angular size of
θ1Mpc ∼ 50 at z ∼ 0.2 and θ1Mpc ∼ 20 at z ∼ 1.1. If our sample was larger, these clusters
could be binned based on their angular size, and stacks could be created in each of these
bins in order to investigate the star formation activity on a physical scale. Instead, due
to the relatively small number of clusters in our sample we create a single stacked image
from all of our 26 clusters, while we resize our individual images so that the pixel sizes in
the SPIRE images corresponds to similar physical extent. We choose to scale all of our
images to match an image where 20 corresponds to a 1 Mpc physical scale. Our nominal
SPIRE pixel sizes at 250, 350 and 500 µm are 600 , 8.33300 and 1200 , respectively, so 20
corresponds to 20.0, 14.4 and 10.0 pixels in each band. In practice as a first step in each
SPIRE band we create 500 ×500 postage-stamp images centered on the position of each SZ
cluster. After we convert our θ1Mpc values in Tables 5.1 and 5.2 from units of arcminutes
to pixels in the corresponding band (θ250 , θ350 , θ500 ), the re-binning factors for each of our
postage-stamp images are calculated as 20.0/θ250 , 14.4/θ350 and 10.0/θ500 . After this step
we trim the edges of each image so that all of our postage-stamp images have the same
dimensions. As a result, our final cut-out images have pixel sizes corresponding to 50 kpc
(250 µm), 69 kpc (350 µm) and 100 kpc (500 µm) (see Figure 5.1). Due to the negative
k-correction at FIR/submm wavelengths we do not expect a significant decrease in flux
density for objects at higher redshifts, so the observed flux densities are not rescaled
during this analysis.
We create a stack from all the postage-stamp images in HeLMS and HerS by calculating their weighted mean. After re-binning the noise-per-pixel values will change
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Figure 5.1: Result of re-binning the SPIRE images of ACT clusters at different redshifts.
A physical radius of 1 Mpc corresponds to an angular scale of θ ∼ 50 at z ∼ 0.2 and θ ∼ 20
at z ∼ 1.3, as shown with white circles. Before re-binning, the pixel sizes correspond
to 600 (250 µm), 8.33300 (350 µm) and 1200 (500 µm) angular size. After re-binning, the
new pixel sizes correspond to a physical extent of 50 kpc (250 µm), 69 kpc (350 µm) and
100 kpc (500 µm).
in our images and we re-scale our noise values based on the ratio of the noise in the
re-binned maps to the original cutouts. The final stack of all 26 cluster images is shown
in Figure 5.2, with white circles illustrating the characteristic 1 Mpc cluster radius.

5.3

Results and discussion

We calculate the radial averages of our stacked images in 100 kpc bins in each band. The
results are plotted in Figure 5.3. Since some of the 26 clusters contain bright objects
that we did not remove, we have to investigate how these outliers affect the mean we
observe. We re-calculate the mean and standard deviation using a bootstrap method.
First we randomly select 20 clusters from our sample of clusters, and we calculate the
radial average of the stacked image created from these 20 clusters. We then repeat this
procedure 1000 times, always selecting a different random set of 20 clusters. We calculate
the mean and standard deviation of the resulting curves of all these different realizations,
and these results are also plotted on Figure 5.3. We can see that the full sample of 26
sources appears to contain some outliers, but the resulting radial average curve is still less
than 2σ away from the mean calculated by the bootstrap method. We also investigate
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Figure 5.2: Stacked image of the 26 ACT Sunyaev-Zel’dovich selected cluster positions
in HeLMS and HerS at 250, 350 and 500 µm (left to right). The white circles correspond
to a physical radius of 1 Mpc.
stacks made from random positions in the map that do not correspond to cluster centres.
Figure 5.4 shows the result of the mean and standard deviation of 1000 realizations of
picking 26 random positions in our maps and calculating the radial average similarly to
the red curve on Figure 5.3.
Our results show that excess far-infrared emission is seen in Fig. 5.3 in all three
bands towards the centers of the clusters compared to the results obtained from stacking
random positions in the maps. This excess is visible up to a distance of ∼ 1.5 Mpc from
the center of the clusters. As we discussed before, an excess of FIR/submm emission
towards clusters could be a result of the SZ increment, or it can be a contribution from
dusty star-forming galaxies inside the cluster, and distant, lensed galaxies behind the
cluster.
Zemcov et al. (2010) measured a Sunyaev-Zel’dovich increment of ∆I0 = 0.268 MJy sr−1
in the 500 µm surface brightness. The amplitude of the increment depends on the lineof-sight extent of the clusters that the CMB photons need to travel through, and this
is encoded in the Compton-y parameter (Eq. 5.1). Zemcov et al. (2010) quote an average of y = 3.46 × 10−4 for their observed clusters. From Hasselfield et al. (2013a)
we determine that our sample has an average y ' 0.95 × 10−4 , and since ∆I0 ∝ y, we
expect to find an increment of ∆I0 ≈ 0.073 MJy sr−1 in the 500 µm surface brightness,
which corresponds to flux densities of ∆S500 ≈ 2.5 mJy beam−1 . The SZ increment in
the 250 µm and 350 µm is expected to be below our detection limits, thus the excess we
see in these bands should be the result of dusty galaxy emission along the line of sight to
the clusters. Typical dusty galaxies are brightest in the 250 µm or 350 µm SPIRE bands
and faintest at 500 µm. Our observed flux densities in Figure 5.3 are at a similar level
in all three bands. This result is consistent with detecting dusty galaxy emission in the
line of sight of the cluster, while the measured 500 µm flux densities are boosted high by
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Figure 5.3: Radial average of SPIRE images stacked at ACT cluster positions. The
radial average of the stacked image containing all 26 clusters is shown with a red line.
The central blue line corresponds to the mean radial profile calculated from a bootstrap
method, by averaging 1000 realizations of radial profiles created from stacking 20 random
cluster positions from our full sample of 26 clusters. The blue contours correspond to
the ±1σ and ±2σ errors determined from the bootstrap method.

the SZ increment. A similar effect is shown in Gralla et al. (2014, Fig. 2.) where the
stacked flux densities of radio AGN would normally decrease towards 500 µm but the SZ
increment increases the measured S500 flux density.
As discussed in Zemcov et al. (2007) and Zemcov et al. (2013), lensing magnification
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Figure 5.4: Radial average of SPIRE images stacked at random map positions. The
blue curves and the contours represent the mean and ±1σ standard deviation of 1000
realizations of radial profiles created by stacking 26 randomly-selected positions in the
map that do not correspond to cluster centers.

of sources is more likely to happen at some distance from the geometrical center of the
clusters, since sources that fall directly behind the center of the lensing mass are distorted
into an Einstein ring and the flux at their centers should decrease. Thus towards the
centers of massive clusters a deficit is expected in the cosmic infrared background surface
brightness, which has been detected in Zemcov et al. (2013). The flux in our stacked
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images consistently increases all the way to the center of the clusters in our 250 µm and
350 µm bands, so it is likely that lensed galaxies only contribute partially to the excess
flux density, and that we see dust emission from cluster member galaxies, possibly even
from the brightest cluster galaxies at the centers of these massive structures.
To determine whether these point sources are star-forming galaxies falling into the
cluster, or lensed dusty galaxies behind the clusters, more detailed analysis is needed.
High signal-to-noise measurements with large resolution instruments can help resolve the
individual galaxies that contribute to this emission. Determining the redshifts of these
sources will unambiguously confirm whether these galaxies are part of the cluster or not.
Additionally, stacking the maps on cluster members identified in optical surveys can tell
us how much dusty star formation exists in these clusters.
Regardless of whether our excess FIR emission emerges from cluster member galaxies
or lensed sources, our results show that the contribution of dusty star-formation towards
these SZ selected galaxy clusters cannot be ignored. Any survey based on the detection
of the SZ distortion needs to take the contribution of these dusty sources into account.
These galaxies could be faint enough at millimeter-wavelengths, that they are not detected individually, but their flux densities can partially fill in the SZ decrement, thus
biasing SZ cluster surveys against finding galaxy clusters containing dusty star-forming
galaxies. The clusters already identified can have an even deeper decrement, thus a larger
mass than predicted without identifying the contamination from such dusty sources. This
shows the importance of cross-frequency studies in cluster detection surveys and the need
to correctly model and disentangle all components that act as contaminants in these surveys. As we mentioned before, a much smaller amplitude distortion in the background
intensities can arise due to the relative motion of the galaxy clusters compared to the
uniform Hubble flow. Measuring this kinetic SZ effect (Sunyaev and Zeldovich, 1980) is
an important part of understanding the velocity field of our Universe, and these measurements are also very sensitive to contamination from dusty sources. While in the above
mentioned studies of the CMB the dusty galaxies act as a source of contamination, we can
also learn important insights from cross-correlation studies of the far-infrared emission
and the CMB temperature. Currently we are not able to directly detect the first galaxies
that contributed to the reionization of the early Universe, but we can still learn about
these objects by investigating the temperature changes of the CMB photons that pass
through the gas that these first galaxies ionized with their radiation. Thus CIB-CMB
cross correlation studies can help us learn more about the timing of the reionization of
the Universe (e.g. Atrio-Barandela and Kashlinsky, 2014).
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Chapter 6
Conclusions
In this thesis we investigated the role of dusty star formation at different redshifts and in
different environments. Studying the evolution of the cosmic star formation history and
the role of the galaxy environment in triggering and quenching star-forming processes is
crucial in order to understand the evolution of large-scale structures in the Universe. It
has been known that dusty star-forming galaxies play a significant role in the stellar mass
build-up at high redshifts, but the currently available samples are limited by observed
sky area and accurate redshift measurements; thus their contribution to the cosmic star
formation rate density at z > 4 is still unknown.
Our main datasets analyzed in this thesis included two recent large area surveys, the
HerMES Large Mode Survey (HeLMS) and the Herschel Stripe 82 Survey (HerS) observed at far-infrared wavelengths by the SPIRE instrument aboard the Herschel Space
Observatory. To fully exploit the spatial extent of these observations it is important to
create maps that provide an unbiased estimate of the brightness variations in the sky
on all angular scales. We created maps for both the HeLMS and HerS field with two
mapmaker software packages, SHIM and SANEPIC. SANEPIC was designed to work
with BLAST data, a pathfinder instrument for SPIRE. After we adapted the SANEPIC
mapmaker to work with SPIRE data, we carried out an analysis to compare the performance of the two algorithms. We concluded that at small angular scales both mapmakers
perform similarly well, but the largest angular scales are better recovered by SANEPIC.
Our final data products have been and will be the base of many multi-wavelength studies.
The large areas of these surveys allow for the detection of statistically significant numbers
of the galaxies that constitute the cosmic infrared background, including the rarest objects on the sky. The power spectrum of the background emission from unresolved faint
galaxies also contains critical information about the underlying galaxy populations, and
cross-correlation studies with other maps at different wavelengths can provide important
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constraints on the evolution of the large-scale structure of the Universe.
The main result of our work is the creation of a large catalog of candidate z > 4
luminous dusty star-forming galaxies detected in the HeLMS survey. We used a mapbased search method to locate galaxies with increasing flux densities towards longer
SPIRE wavelengths. This method has been shown to select high-redshift actively starforming objects. In a previous analysis of smaller area HerMES maps we have found
an excess of these “red” galaxies, but the small samples only allowed us to measure the
total number of sources above some flux density limit. In this work we applied our search
method to the HeLMS field and we created a catalog of 477 red sources. This catalog
is large enough that for the first time we were able to infer the shape of the differential
number counts of these high-redshift galaxy candidates. After carefully investigating the
different biasing effects, we determined the differential number counts of our sources at
500 µm. While the total number of sources confirmed the excess we have seen before, the
very steep slope we found for our number counts suggests that this population is strongly
evolving and that massive luminous dusty galaxies were more important in the past than
popular galaxy evolution models predict. Current simulations are not able to reproduce
the massive gas reservoirs at such early times, which are needed to fuel the very active
star formation.
We determined the spectroscopic redshift for two of our reddest sources with ALMA.
These redshifts are z = 5.126 and z = 4.994 (or z = 3.798). Including these results we
now have more than ten red sources with a confirmed z > 4 redshift, and the lowest
redshift red source we have found so far was still at z > 3. In the future the sample
of sources with confirmed redshift will be extended, and knowing the exact redshift
distribution of these sources will allow us to construct the infrared luminosity functions at
z > 4 and to infer the evolution of the star formation rate density at these high redshifts.
Our current knowledge of the evolution of the star formation history at these epochs
comes from high-z UV data sets that measure unobscured star formation rates, and are
in need of significant and yet quite uncertain corrections due to dust extinction. The
addition of our high redshift far-infrared sample will play a crucial role in understanding
the stellar mass build-up at z > 4.
We designed a follow-up project to measure the 850 µm flux densities of a sample of
red sources with the SCUBA-2 instrument. Based on the SPIRE flux densities alone,
the spectrum of the red sources is usually better fit with an “optical-depth-modified”
blackbody curve than an optically thin model. In this case the dust becomes optically
thick for rest frame wavelengths λ < 200 µm. Our measured SCUBA-2 850 µm flux
densities of sources that are isolated in all three SPIRE bands confirm this trend. Due
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to the large beamsize in our 500 µm SPIRE band some of the red sources we find break
up into several components in the higher resolution 250 µm and 350 µm maps. Our
assumption was that at least one component of these blends should still be a red source,
although with its measured 500 µm flux density statistically biased high. Our observed
SCUBA-2 sample contained such blended sources, and we have found that many of these
blends are still detected with SCUBA-2, although with an anomalously high S500 /S850
ratio. This suggest that our initial assumption, that these blends contain a red source is
correct, and while the non-red component of the blend becomes undetectable, the fainter
red source still shows emission at these longer wavelengths.
In a different analysis we stacked the positions of our HeLMS selected red sources
on maps obtained by the Atacama Cosmology Telescope at wavelengths of 1400 µm and
2000 µm. We created stacks of sources with 500 µm flux densities belonging to different
bins, and in almost all of our bins we have detected a source in the stacked ACT maps.
The average flux density of these sources is lower than we would expect based on their
average 500 µm flux densities, but all of our stacks contained blended objects too, which
have been shown to have anomalous colors. The successful detection of isolated sources
with SCUBA-2 and the fact that we can see emission at long wavelengths at the position of blended objects shows the importance of future follow-up campaigns with better
resolution millimeter-wave interferometric instruments. We were also successful in getting telescope time to observe all of our sources in the HeLMS catalog with SCUBA-2.
The HeLMS sources all have S500 > 50 mJy flux densities, so we expect a large detection fraction at 850 µm. This new dataset will help us reduce the bias in the number
counts caused by blending effects and it will help to better constrain the spectral energy
distributions of the red sources.
We also mapped a larger area around four red sources with SCUBA-2 to investigate
their environments. Our goal was to search for over-densities of fainter star-forming
submillimeter galaxies near these starbursts, similar to what was observed for several
well-studied high redshift dusty galaxies. Such an over-density might indicate that these
galaxies reside in a proto-cluster environment. Our measurements show no obvious overdensity in the vicinity of our red sources. We cannot rule out that the other protocluster members are simply too faint to be detected in our survey, perhaps because
they contain smaller amount of dust than the central red source and are less luminous.
Nevertheless, our results are consistent with environmental studies of the highest redshift
dusty starburst galaxy, the z = 6.34 red source HFLS3, where studies have found no overdensity of either submillimeter emitting or optical Lyman-break galaxies. This suggests
that there are different physical processes triggering extreme star formation apart from
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environmental effects, but in order to create better constraints on the current evolution
models, more observations will be needed.
To exploit the large overlap between the equatorial field mapped by the Atacama
Cosmology Telescope and our HeLMS and HerS surveys, we investigated the average
dusty galaxy emission in the line of sight of moderate redshift massive galaxy clusters
detected by ACT, based on the decrement in surface brightness caused by the SunyaevZel’dovich effect. We stacked our SPIRE maps at the positions of the 26 clusters that are
found in the overlapping area, and we detected excess submillimeter emission in all three
SPIRE bands. The observed amplitudes of this excess are similar in all three bands, and
this suggests that the excess emission comes from dusty galaxies inside the clusters or
lensing magnified clusters that are located behind the cluster, and since the flux density
of these sources should decrease towards 500 µm, the flux we see at 500 µm is a possible
detection of the expected SZ increment. While the current signal-to-noise ratio and
the available resolution are not sufficient to investigate this excess in detail, this result
suggests that there might be more dust-obscured star formation happening in massive
virialized clusters at higher z than in local clusters. These dusty galaxies also bias the
detection of both the kinetic and thermal SZ signals in cosmic microwave background
experiments, so cross correlation of the datasets will be an important part of reducing
this bias.
In summary, we showed the importance of mapping large area fields and detecting the
average properties of high-redshift galaxy populations. In the future, extensive multiwavelength studies of our sources will be carried out to investigate the co-evolution
of different populations, to determine the redshift distribution and the contribution to
the total star formation history. Extragalactic astronomers will continue to exploit the
significantly better resolution of interferometric instruments like ALMA, which will help
us to learn about the structure, the dust properties and the environment of individual
galaxies in the star-forming population.
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N., Evers, J., Fich, M., Finn, T., Franke, B., Gaier, T., Gal, C., Gao, J. R., Gallego,
J.-D., Gauffre, S., Gill, J. J., Glenz, S., Golstein, H., Goulooze, H., Gunsing, T.,
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F., Béthermin, M., Bock, J., Boselli, A., Bridge, C., Buat, V., Burgarella, D., CabreraLavers, A., Casey, C. M., Chapman, S. C., Clements, D. L., Conversi, L., Cooray, A.,
Dannerbauer, H., De Bernardis, F., Ellsworth-Bowers, T. P., Farrah, D., Franceschini,
A., Griffin, M., Gurwell, M. A., Halpern, M., Hatziminaoglou, E., Heinis, S., Ibar, E.,
Ivison, R. J., Laporte, N., Marchetti, L., Martı́nez-Navajas, P., Marsden, G., Morrison,
G. E., Nguyen, H. T., O’Halloran, B., Oliver, S. J., Omont, A., Page, M. J., Papageorgiou, A., Pearson, C. P., Petitpas, G., Pérez-Fournon, I., Pohlen, M., Riechers, D.,
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Sanchez-Portal, M., Sturm, E., Tacconi, L., Valtchanov, I., Amblard, A., Arumugam,
V., Bethermin, M., Bock, J., Boselli, A., Buat, V., Burgarella, D., Castro-Rodrı́guez,
N., Cava, A., Chanial, P., Clements, D. L., Conley, A., Cooray, A., Dowell, C. D.,
Dwek, E., Eales, S., Franceschini, A., Glenn, J., Griffin, M., Hatziminaoglou, E., Ibar,
E., Isaak, K., Ivison, R. J., Lagache, G., Levenson, L., Lu, N., Madden, S., Maffei, B.,
Mainetti, G., Nguyen, H. T., O’Halloran, B., Page, M. J., Panuzzo, P., Papageorgiou,
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Papageorgiou, A., Pérez-Fournon, I., Pohlen, M., Rangwala, N., Rowan-Robinson, M.,
Schulz, B., Scott, D., Serra, P., Shupe, D. L., Valiante, E., Vieira, J. D., Vigroux, L.,
Wiebe, D., Wright, G., and Xu, C. K. (2010). HerMES: SPIRE Science Demonstration
Phase maps. MNRAS, 409:83–91.
Li, Y., Hernquist, L., Robertson, B., Cox, T. J., Hopkins, P. F., Springel, V., Gao, L., Di
Matteo, T., Zentner, A. R., Jenkins, A., and Yoshida, N. (2007). Formation of z ∼ 6
Quasars from Hierarchical Galaxy Mergers. ApJ, 665:187–208.
Lilly, S. J., Eales, S. A., Gear, W. K. P., Hammer, F., Le Fèvre, O., Crampton, D.,
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Negrello, M., Perrotta, F., González-Nuevo, J., Silva, L., de Zotti, G., Granato, G. L.,
Baccigalupi, C., and Danese, L. (2007). Astrophysical and cosmological information
from large-scale submillimetre surveys of extragalactic sources. MNRAS, 377:1557–
1568.
Neugebauer, G., Habing, H. J., van Duinen, R., Aumann, H. H., Baud, B., Beichman,
C. A., Beintema, D. A., Boggess, N., Clegg, P. E., de Jong, T., Emerson, J. P., Gautier,
T. N., Gillett, F. C., Harris, S., Hauser, M. G., Houck, J. R., Jennings, R. E., Low,
F. J., Marsden, P. L., Miley, G., Olnon, F. M., Pottasch, S. R., Raimond, E., RowanRobinson, M., Soifer, B. T., Walker, R. G., Wesselius, P. R., and Young, E. (1984).
The Infrared Astronomical Satellite (IRAS) mission. ApJL, 278:L1–L6.
Nguyen, H. T., Schulz, B., Levenson, L., Amblard, A., Arumugam, V., Aussel, H.,
Babbedge, T., Blain, A., Bock, J., Boselli, A., Buat, V., Castro-Rodriguez, N., Cava,
A., Chanial, P., Chapin, E., Clements, D. L., Conley, A., Conversi, L., Cooray, A.,
Dowell, C. D., Dwek, E., Eales, S., Elbaz, D., Fox, M., Franceschini, A., Gear, W.,
Glenn, J., Griffin, M., Halpern, M., Hatziminaoglou, E., Ibar, E., Isaak, K., Ivison,
R. J., Lagache, G., Lu, N., Madden, S., Maffei, B., Mainetti, G., Marchetti, L., Marsden, G., Marshall, J., O’Halloran, B., Oliver, S. J., Omont, A., Page, M. J., Panuzzo,
P., Papageorgiou, A., Pearson, C. P., Perez Fournon, I., Pohlen, M., Rangwala, N.,

140

Rigopoulou, D., Rizzo, D., Roseboom, I. G., Rowan-Robinson, M., Scott, D., Seymour, N., Shupe, D. L., Smith, A. J., Stevens, J. A., Symeonidis, M., Trichas, M.,
Tugwell, K. E., Vaccari, M., Valtchanov, I., Vigroux, L., Wang, L., Ward, R., Wiebe,
D., Wright, G., Xu, C. K., and Zemcov, M. (2010). HerMES: The SPIRE confusion
limit. A&A, 518:L5.
Noeske, K. G., Weiner, B. J., Faber, S. M., Papovich, C., Koo, D. C., Somerville, R. S.,
Bundy, K., Conselice, C. J., Newman, J. A., Schiminovich, D., Le Floc’h, E., Coil,
A. L., Rieke, G. H., Lotz, J. M., Primack, J. R., Barmby, P., Cooper, M. C., Davis,
M., Ellis, R. S., Fazio, G. G., Guhathakurta, P., Huang, J., Kassin, S. A., Martin,
D. C., Phillips, A. C., Rich, R. M., Small, T. A., Willmer, C. N. A., and Wilson,
G. (2007). Star Formation in AEGIS Field Galaxies since z=1.1: The Dominance of
Gradually Declining Star Formation, and the Main Sequence of Star-forming Galaxies.
ApJL, 660:L43–L46.
Oliver, S. J., Bock, J., Altieri, B., Amblard, A., Arumugam, V., Aussel, H., Babbedge,
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