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Resumen

Una completa comprensión de la historia de la formación y ensamblaje de masa
en las estructuras en el universo requiere de estudiar el crecimiento de las galaxias
y sus agujeros negros supermasivos (SMBHs, por sus siglas en inglés) en función
de su ambiente local a lo largo del tiempo cósmico. Bajo este contexto, un
aspecto importante es cuantificar los efectos que causan las etapas tempranas del
desarrollo de cúmulos de galaxias en el crecimiento de los SMBHs. Para esto, hemos
estimado la fracción de galaxias de núcleo activo (AGN) de una, relativamente,
gran muestra de galaxias pertenecientes a candidatos de protocúmulos (PCs).
Éstos corresponden a una muestra de fuentes observada con el instrumento
SPIRE del telescopio espacial Herschel, de aproximádamente 228 fuentes rojas y
compactas, seleccionadas con el telescopio espacial Planck. Estimamos la fracción
de AGN usando la fotometría de alta resolución en el infrarrojo medio (mid-IR)
que nos proporcionan los datos de WISE/AllWISE de aproximádamente 650
fuentes homólogas, en el rango de redshifts fotométrico 1 ≲ z ≲ 3. Creamos
un classificador basado en colores de las bandas de WISE en 3.4 µm (W1),
4.6 µm (W2) y 12 µm (W3). Para clasificar robustamente las fuentes AGN
utilizamos un algoritmo de aprendizaje de máquina de clustering y un corte de
color en W1 - W2 > 0.721 en la creación de nuestro clasificador. La incertidumbre
de la fracción de AGN fue estimada bajo una aproximación de Monte Carlo.
Para un mejor entendimiento de la influencia del ambiente en el desarrollo de
las galaxias, comparamos la fracción de AGN en PCs con la fracción de AGN
en el campo. Encontramos una fracción de AGN de fAGN = 0.167 ± 0.03 en
los candidatos a PCs y una fracción de AGN de fAGN = 0.123 ± 0.015 en el
campo. De nuestro catalogo, seleccionamos una sub-muestra mas roja (esto es,
con razones de flujo S350µm/S250µm > 0.7 y S500µm/S350µm > 0.6) que presenta una
sobredensidad de mayor significancia, la cual resulta con una fracción de AGN
de fAGN = 0.283± 0.049, lo que es consistente con fracciones de AGN más altas
para ambientes más densos. Concluimos que nuestros resultados apuntan a una
alta fracción de AGN en ambientes de PCs, y son compatibles con otros estudios.
Sin embargo, es difícil profundizar y obtener mayores conclusiones respecto de la
actividad de AGNs a estos altos redshifts.

Keywords – galaxias: activa – galaxias: alto redshift – galaxias: cúmulos –
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Abstract

A complete understanding of the mass assembly history of structures in the
universe requires the study of the growth of galaxies and their super-massive black
holes (SMBHs) as a function of their local environment over cosmic time. In this
context, an important aspect is to quantify the effects that the early stages of
galaxy cluster development have on the growth of SMBHs. For this, we have
used a sample of Herschel/SPIRE sources of ∼ 228 red and compact Planck
selected sources which are protocluster (PC) candidates to estimate the active
galactic nuclei (AGN) fraction from a relatively large sample of galaxies within
these candidates. We estimate the AGN fraction by using the high resolution
mid-Infrared (mid-IR) photometry provided by the WISE/AllWISE data of ∼ 650

counterparts within the 1 ≲ z ≲ 3 (photometric) redshift range. We created
an AllWISE mid-IR colour-colour selection using a clustering machine learning
algorithm and a WISE colour cut using the 3.4 µm (W1) and 4.6 µm (W2)
passbands, W1−W2>0.721, to robustly classify sources as having AGN. We
estimate the AGN fraction uncertainty by a Monte Carlo approach. We also
compare the AGN fraction in PCs with that in the field to better understand
the influence of the environment on galaxy development. We found an AGN
fraction of fAGN = 0.167 ± 0.03 in PC candidates and an AGN fraction of
fAGN = 0.123 ± 0.015 in the field. Out of our catalogue, we selected a “redder”
(S350µm/S250µm > 0.7 and S500µm/S350µm > 0.6) SPIRE subsample with a higher
overdensity significance, with a resulting AGN fraction of fAGN = 0.283± 0.049,
consistent with higher AGN fractions for denser environments. We conclude that
our results point towards a higher AGN fraction in PCs and are compatible with
other studies. It is difficult to reach further conclusions regarding AGN activity
at these high redshifts.

Keywords – galaxies: active – galaxies: high-redshift – galaxies: clusters –
general: infrared
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Chapter 1

Introduction

1.1 Protoclusters and galaxy evolution

When studying galaxies in the Universe we see that they are not randomly
distributed in space. Instead, some of them are part of large gravitationally-bound
structures, galaxy clusters (e.g. Oort 1983; Waldrop 1983).

Observations show that cluster galaxies exhibit properties that are different from
those of their counterparts in the field. Particularly, they usually have shorter
star formation timescales (faster evolution) and lower star formation rates (SFRs)
both of which depend on mass (e.g. Poggianti et al. 1999; Demarco et al. 2010;
Rettura et al. 2010). This raises important questions on what are the differences
between galaxies as a function of their environment and how their evolutionary
paths vary over cosmic time from the first density fluctuations to local current
structures. To answer these questions, it is necessary to study galaxies that belong
to the progenitor structures of today’s massive clusters called protoclusters (PCs).

For example, Figure 1.1.1 shows near-infrared (NIR) observations of the
protocluster PHz G237.01+42.50, which is at redshift z=2.16.

These structures need to be studied during an epoch when these galaxies formed
the bulk of their stars (Muldrew et al., 2015; Overzier, 2016). This means that
we need to identify and characterize PCs at high redshift at z ∼ 2− 3 ("cosmic
noon”), which corresponds to the time in cosmic history when the peak of the
Universe’s SFR density occurs (Madau and Dickinson, 2014, for a review).



2 1.1. Protoclusters and galaxy evolution

Figure 1.1.1: NIR observations of UltraVISTA Ks band (6’x6’) for the
protocluster PHz G237.01+42.50. The 4’x4’ black square shows the region in
which spectroscopic images will be taken with the LUCI spectrograph. The red
rectangles (1” x 8-10 ”) show the slits for each target and yellow squares show
alignment stars. The SPIRE positions are shown with the cyan circles of 11”.
Also, Planck red-exccess countours are shown in purple, at the levels of 50, 62.5,
75 and 87.5% of the highest value. Figure taken from Polletta et al. (2021).
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Figure 1.1.2 shows the history of cosmic star formation from Madau and Dickinson
(2014), and how it peaks around those redshifts.

In order to be able to provide a complete picture of galaxy evolution as large scale
structures assemble and develop, we must understand the simultaneous growth of
galaxies and their super-massive black holes (SMBHs). The active growth of a
SMBH in a galaxy is typically signaled during its most vigorous phases of mass
accretion (active galactic nucleus; AGN).

There is clear evidence that the occurrence of AGN in the Universe has a peak also
at the above redshift interval of z ∼ 2− 3 (e.g. Hasinger et al. 2005; Bongiorno
et al. 2007; Fanidakis et al. 2012), although this is the case of non-obscured AGN.
The first stages of SMBH growth may well be occurring hidden from view at
higher redshifts in dust-obscured galaxy mergers (Piconcelli et al., 2015; Wu et al.,
2018; Díaz-Santos et al., 2018).

Nevertheless, it is still unclear whether or not the local environment of galaxies
plays a significant role in the growth of galaxies and their SMBHs. To clarify this,
a statistical study of the environment hosting AGN activity is required, and in
particular, it is important to determine the occurrence of AGN in PCs.

Studies of high redshift PCs concluded that they exhibit higher fractions of AGN
and star-forming galaxies compared to the field, as opposed to overdensities at
lower redshifts which have lower fractions than the field (e.g. Overzier 2016, a
review; Martini et al. 2013).

For instance, Lehmer et al. (2009, 2013), Digby-North et al. (2010) and Krishnan
et al. (2017), measured AGN fractions in PC of ∼ 6, 3.5, 20 (or 6, depending on
the method) and 2 times higher than in the field, respectively. Also Polletta et al.
(2021) found similar results for AGN fraction (= 13%± 6%) in a PC at z = 2.16.
Recently, Macuga et al. (2019) found a PC at z = 2.53 with an AGN fraction
∼ 2 times lower than in the field, indicating a lack of clarity regarding the AGN
activity in PCs.

Figure 1.1.3 shows Macuga et al. (2019)’s results, alongside the AGN fraction
from the studies of Lehmer et al. (2009, 2013), Digby-North et al. (2010) and
Krishnan et al. (2017). In this figure it is possible to see different AGN fractions
in protoclusters and field galaxies, as a function of redshift. Mainly, all fractions
are higher in PCs at z>2, except for Macuga et al. 2019. Is also important to
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Figure 1.1.2: History of cosmic star formation, derived with FUV+IR rest-frame
measurements, from Madau and Dickinson (2014). This figure clearly shows the
peak around redshift z ∼ 2 − 3. Different colors denote different observations,
while the black line shows the best fit.
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Figure 1.1.3: AGN fractions in protoclusters (filled symbols) and field galaxies
(empty symbols), as a function of redshift. Here it is shown how the AGN fraction
is lower in PCs for z<1, comparable at 1<z<1.5, and usually higher at z<2, with
Macuga et al. 2019 results (black symbols) as an exception. Red symbols are
measurements using emission lines, green symbols denote measurements using
broad-band colors and purple and blue show averages for large samples of clusters.

note that these AGN fractions were measured with relatively low statistics per
sample (see for instance Table 3 from Macuga et al. 2019).

Further, all of these studies showing a larger AGN fraction are based on X-ray
selected AGN. This type of selection is biased against highly obscured sources
(Hatcher et al., 2021, and references therein). Therefore, to provide a complete
picture, other methods must be used to select AGN.

Whether differences in AGN fractions are due to redshift evolution, observational
biases of PC selected in different halo masses or evolutionary states, variations in
the general and systematic properties of PC depending on how they are selected
or just individual PC-to-PC variations remains a crucial open question.

Large samples of PC candidates have been built using large photometric surveys
that have mapped significant areas of the sky, and some effort has been made to
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characterize these kind of environments (e.g., Chiang et al. 2013; Umehata et al.
2015; Lee et al. 2016; Shimakawa et al. 2018; Miller et al. 2019). Performing a
larger census of galaxies, especially AGN, within PCs is crucial to understanding
the physical processes involved and determine whether the environment of a
forming galaxy cluster at high redshift can actually trigger or drive the growth of
SMBHs in its member galaxy population.

1.2 Thesis objective

The main goal of this study is to measure the AGN fraction in a large sample of
PC candidates. We use the sample of 228 Planck selected PC candidates found
in Planck Collaboration et al. 2015 (hereafter Planck XXVII), which itself is
drawn from a more general sample of Planck High-redshift candidates (Planck
Collaboration et al., 2016). This sample was followed-up by Herschel/SPIRE, and
it is biased towards highly-star forming regions. We combined the Planck XXVII
catalogue with the data from the Wide-field Infrared Source Explorer (WISE;
Wright et al. 2010) AllWISE data release, which has mapped the whole sky. Using
WISE sources allows us to use a mid-IR method that selects both obscured and
unobscured AGN (Stern et al., 2012). For this we built a classifier that includes
both a clustering machine learning algorithm and a W1-W2 colour cut. With the
classification of our sources, we were able to estimate AGN fractions in both PC
members and field galaxies.

This thesis is organized as follows: in Section 2 we describe our Planck XXVII
sample and its WISE counterparts, along with the control sample needed to
construct our classifier; in Section 3 we present how we classify AGN sources with
our classifier together with estimates of the method uncertainty; in Section 4 we
present the measured AGN fractions and our comparison to previous results in the
literature; and in Section 6 we discussed our results and present our conclusions.
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Chapter 2

Data and Catalogs

2.1 Overview

In this thesis, we study high-z color-selected sources from the Planck Collaboration
et al. 2015 (Planck XXVII; see Section 2.2.1). In particular, we use a catalogue
of 228 Planck fields that were followed-up by Herschel/SPIRE. These fields are
expected to be reliable high-redshift (z ≳ 1) PC candidates. The sources detected
at > 3σ in the Herschel/SPIRE 350µm band will be referred to as "SPIRE
sources".

In order to have a higher resolution photometry than Herschel/SPIRE, we use
their WISE counterparts (see Section 2.2.2).

In order to create a classification scheme that selects AGN, we compiled a control
sample that includes catalogues of AGN (see Section 2.3.1) and non-AGN sources
(see Section 2.3.2).

2.2 Main sample

2.2.1 Planck XXVII

Our main sample consists of the Herschel/SPIRE follow-up observations of 228
Planck sources from Planck Collaboration et al. (2015). These fields, selected
as cold sources of the cosmic infrared background (CIB) and from the Planck
catalogue of Compact Sources (PCCS), were chosen for follow-up because their
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rest-frame far-infrared colours show a peak between the frequency range 353-857
GHz, allowing the selection of ultra luminous infrared galaxies in the redshift
range 1 < z < 3. This sample is thus supposed to be dominated by dusty far
infrared galaxies, with high star formation rates.

In this catalogue, an unusually high concentration of bright and compact sources
which peak at 350 µm were found, suggesting the presence of highly-star
forming PCs, chance line-of-sight projections, and strongly-lensed sources. A
few protoclusters have been confirmed in the 1 < z < 3 range from this sample
(Flores-Cacho et al., 2016; Kneissl et al., 2019; Koyama et al., 2021; Polletta et al.,
2021, 2022; Lammers et al., 2022; Berman et al., 2022), although Negrello et al.
(2017) advocates that most of these structures may be line-of-sight alignments.

Our photometric catalogue for this sample includes the Herschel/SPIRE
photometry of 7099 sources at 250µm, 350µm and 500µm with angular resolutions
(FWHM) of 17.′′9, 24.′′2 and 35.′′4, respectively. The sources in this catalogue are
flagged as “in” (“out”) following if the source is in the inner (outer) side of a region
defined as the 50% Planck intensity contour at 545 GHz (Planck Collaboration
et al., 2015). This region is approximately 5 arcmin across, with Planck angular
resolutions (FWHM) of 4.6′, 4.8′ and 4.9′ for the 857, 545 and 353 GHz maps,
respectively (Planck Collaboration et al., 2016, Planck XXXIX).

Following the “in” and “out” flag from the Herschel catalogues, we consider the
sources flagged as “in” as (proto-)cluster member candidates, while sources flagged
as “out” as field galaxy sources. Also, we discarded the Herschel/SPIRE sources
that are considered lensed in this study (Cañameras et al., 2015, Dole H., private
communication). After removing the lensed sources, we are left with 193 fields
and 6904 sources.

In Figure 2.2.1 we show the WISE image of one of the PC candidates as an
example. We show the W2 band image for the field PLCK_HZ_G086.1plus61.6,
along with the “in” and “out” sources (pink and cyan circles, respectively). The
Herschel 500µm emission is also shown in yellow contours, showing the difference
in resolution between Herschel and WISE. Also, we show the contour at 50% of
the peak flux for the Planck image at 545 GHz, that separates the “in” and “out”
regions.
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Figure 2.2.1: A 20 × 16 arcmin2 WISE observation at 4.6µm (W2 band) of
one of our PC candidates, PLCK_HZ_G086.1plus61.6, shown as an example.
The yellow contours show emission levels at 2σ and 3σ of the Herschel/SPIRE
observation at 500µm, for the same field. The red contour corresponds to the 50%
of the peak flux of the respective Planck image at 545 GHz, that separates the
“in” and “out” regions. WISE “in” and “out” sources are enclosed by magenta and
cyan circles, respectively. The sources enclosed by a blue star were classified as
AGN according to our method (see Section 3.1).
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2.2.2 Planck XXVII WISE counterparts

The WISE survey is an all-sky mid-IR survey at 3.4 µm, 4.6 µm, 12 µm and 22
µm (the W1, W2, W3 and W4 bands, respectively) with angular resolutions of
6.′′1, 6.′′4, 6.′′5 and 12.′′0. WISE data provide observations with higher resolution
compared with those from Herschel/SPIRE with 18.′′1, 25.′′2 and 36.′′6 at 250 µm,
350 µm and 500 µm, respectively (Griffin et al., 2010). Also, while Herschel
probes dust heated by ongoing star formation, WISE W1 and W2 bands probe
the stellar emission. Furthermore, WISE observations have been demonstrated
to be especially efficient at revealing the presence of an AGN, due to the mid-IR
emission of AGN-heated dust (Stern et al., 2012; Mateos et al., 2012; Assef et al.,
2013; Hviding et al., 2022).

We have thus decided to take advantage of the AGN diagnostic power provided
by WISE, to asses the presence of AGN activity in the Planck XXVII PC sample,
by using the WISE counterparts of our SPIRE sources. Moreover, since we expect
PC members to be bright and red sub-mm sources, we are reducing contamination
from non members by only selecting WISE sources associated with Herschel
sources.

The SPIRE sources were crossmatched with the AllWISE data release1 (Wright
et al., 2010; Mainzer et al., 2011), using the public database from the NASA/IPAC
Infrared Science Archive 2 (IRSA). The match considered only the closest source
as a counterpart (avoiding multiple counterparts) in a radius of 9′′, which is half
the resolution of the SPIRE’s 250 µm band. This was a conservative choice
to limit wrong associations. We also considered that the WISE sources were
photometrically not affected by contamination or artifacts (cc_flags=`0000')
and that they were point-like (ext_flg=0) as expected for high-z sources. We use
w#mpro Vega magnitudes (where # in the observing band 1, 2, 3 or 4), which is
the appropriate magnitude of non-extended sources.

To estimate the completeness of our WISE sample, we look for all the sources
in AllWISE within a search radius of 20 arcmin from the Planck’s field centres,
which is a few times larger than a typical Planck “in” region, obtaining more
than 1 million sources. With these sources, we estimate the mean fluxes with

1Explanatory supplement to the AllWISE data release products in https://wise2.ipac.caltech.
edu/docs/release/allwise/

2https://irsa.ipac.caltech.edu/

https://wise2.ipac.caltech.edu/docs/release/allwise/
https://wise2.ipac.caltech.edu/docs/release/allwise/
https://irsa.ipac.caltech.edu/
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Figure 2.2.2: Flux densities of WISE sources at SNR ≥ 7 in Planck fields of
SPIRE sources. Blue, green, yellow and red colours correspond to W1, W2, W3
and W4 bands, respectively.

different signal-to-noise ratio (SNR) limits for each band and compare them with
the AllWISE completeness estimates that were available 3.

Considering that our Planck XXVII catalogue are secure SPIRE detections,
we looked for WISE counterparts with a SNR ≥ 7, which corresponds to a
WISE/AllWISE sample completeness level of at least ∼ 45%.

The histograms used to measure the completeness of our WISE counterparts
sample are shown in Figure 2.2.2.

The mean of the histograms were then compared to the completeness from a flux
density value for each WISE band. This is shown in Figure 2.2.3.

Also, this SNR threshold is consistent with a confident point source detection
(Lonsdale et al., 2015). Finally, from our 6904 SPIRE sources we obtain 646
AllWISE counterparts. Out of the total AllWISE sample, 150 are considered PC

3https://wise2.ipac.caltech.edu/docs/release/allwise/expsup/sec2_4a.html#allwisew3w4 for W1
and W2, and https://wise2.ipac.caltech.edu/docs/release/allsky/expsup/sec6_5.html for W3 and
W4.

https://wise2.ipac.caltech.edu/docs/release/allwise/expsup/sec2_4a.html##allwisew3w4
https://wise2.ipac.caltech.edu/docs/release/allsky/expsup/sec6_5.html
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Figure 2.2.3: Completeness of AllWISE catalogue as a function flux density, for
the bands W1, W2, W3 and W4.
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members (or “in” sources) and 496 are considered field galaxies (or “out” sources).

A WISE W1-W2 vs. W2-W3 colour-colour diagram of our AllWISE sources is
shown in Figure 2.2.4. Here, we show both the PC members (“in”) and field
galaxies (“out”) sources.

2.3 Control Sample

Our control sample comes from a compilation of two catalogues of AGN and
two catalogues for SF/non-AGN galaxies. For the AGN subsample, we used the
Veron catalogue of Quasars & AGN, 13th Edition (VERONCAT; Véron-Cetty and
Véron 2010) and the AGNs in the MIR using AllWISE data (Secrest et al., 2015)
catalogue. For the SF/non-AGN subsample, we use the catalogue of spectroscopic
galaxies in WISE+SDSS from Chang et al. (2015) and of star-forming galaxies at
z ∼ 1.6 in the FMOS-COSMOS survey from Kashino et al. (2019).

Since our SPIRE sources are in the (photometric) redshift range 1 < z < 3, we
selected these four mentioned catalogue due to the fact that they have spectroscopic
redshifts (zs) in the same redshift range. The use of spectroscopic redshifts is
important to be certain of the redshift range in which we are training our classifier.

The Secrest et al. (2015) and Chang et al. (2015) catalogues already include the
magnitudes and colours in the WISE bands. Therefore, we used the WISE colours
data available in them.

On the other side, for VERONCAT and Kashino et al. (2019) we did a cross-match
with AllWISE, following the same procedure as that for the SPIRE sources, but
using a search radius of 6′′, which corresponds to half the best angular resolution
of the WISE bands.

2.3.1 AGN

The VERONCAT catalogue contains 168,941 objects of different types of AGN
(99,848 sources within 1 ≤ zs ≤ 3). This catalogue is a compilation of all AGN
known from the literature (until the VERONCAT’s publication date), including
data from the 2dF (Croom et al., 2001, 2004) catalogue, and the data releases
(from 1st to 7th; Abazajian et al. 2003, 2004, 2005; Adelman-McCarthy et al. 2006,
2007, 2008; Abazajian et al. 2009) of the Sloan Digital Sky Survey (SDSS; Fan
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Figure 2.2.4: W1-W2 vs. W2-W3 colour-colour diagram of the WISE
counterparts for the SPIRE sources. Purple and cyan dots show the sources
that are “in” and “out” of the Planck 50% intensity region, respectively. The “in”
display the same spread in colours as the sources in the “out” region. The over
plotted contours show color distribution for our control sample in the 1, 1.5 and
2σ levels. Blue contours show the distribution for AGN sources, while the red
show the non-AGN sources. Our control sample is used to train and test our
classifier (see Section 3.1) and includes 614 AGN from the Véron-Cetty and Véron
(2010) and the Secrest et al. (2015) catalogues, and 636 SF/non-AGN from the
Chang et al. (2015) and Kashino et al. (2019) catalogues (see Section 2.3). We
see that most of the SPIRE sources have colours in the same range of the colours
from the control sample. The AGN distribution tends to be redder in the W1-W2
colour and bluer in the W2-W3 colour when compared to SF/non-AGN galaxies.
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Table 2.3.1: Summary of our final control sample. For each catalogue we show
the type of galaxy selected, the number of sources and the corresponding reference.

Catalogue name Type N selected Reference
sources

VERONCAT AGN 348 Véron-Cetty and Véron (2010)
AGNs in the MIR using AGN 266 Secrest et al. (2015)
AllWISE data
SFR for WISE + SDSS SF/non-AGN 120 Chang et al. (2015)
spectroscopic galaxies
FMOS-COSMOS SF/non-AGN 516 Kashino et al. (2019)
Total 1250

et al. 1999) catalogue. The Secrest et al. (2015) catalogue is an all-sky sample
that contains more than 1 million sources (> 66, 000 within 1 ≤ zs ≤ 3), including
previously uncatalogued AGN from the AllWISE data release (Wright et al., 2010;
Mainzer et al., 2011), using two-colour infrared selection criteria.

2.3.2 SF/non-AGN galaxies

The catalogue from Chang et al. (2015) is a combination of the complete SDSS
spectroscopic data with WISE photometry. The full sample contains 858,365
galaxies, however, only 120 sources are in the redshift range of interest and contain
WISE colour data available. The catalogue from Kashino et al. (2019) contains
5,484 objects observed over the COSMOS field, with ∼ 30% of them being within
1 ≤ zs ≤ 3. Only 516 sources remained, after cross-matching, with AllWISE
photometry.

2.3.3 Balanced Control Sample

The resulting count of sources is a total of 636 SF/non-AGN sources and more
than 165,000 AGN.

To have a well statistically balanced sample, we had to reduce our AGN sample
by uniformly selecting random sources in order to have a 50% of each type, AGN
and non-AGN. Finally we work with a total of 1,250 sources from all catalogue,
summarized in Table 2.3.1.

The colour-colour diagram for our final control sample can be seen in the right
panel of Figure 2.2.4. Here we distinguish between the AGN and non-AGN
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samples. At first glance, no strong separation between AGN and non-AGN can
be seen. However, the AGN distribution tends to be redder in the W1-W2 colour
and bluer in the W2-W3 colour when compared to SF/non-AGN galaxies.
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Chapter 3

Methodology

3.1 AGN classification

We design a colour-colour selection criterion (i.e. a classifier) in order to sort
galaxies of our SPIRE sources as AGN or non-AGN galaxies. This is achieved by
finding a way of separating both types of galaxies on a W1-W2-W3 colour-colour
space. This classifier uses two main criteria. First a K-means clustering machine
learning algorithm (Macqueen, 1967; Lloyd, 1982) is applied to the WISE colour-
colour diagram of known AGN and star-forming (SF)/non-AGN sources (i.e. the
control sample). After that, a mid-IR/WISE colour selection criterion is applied.
In this case, we use a colour cut of W1−W2 ≥ 0.721 (see next subsection). This
colour cut is similar to those used in other studies (e.g. Papovich 2008; Stern
et al. 2012; Blecha et al. 2018; Lam 2018).

This type of classifier is based on similar studies, that were able to distinguished
different types of galaxies, mostly at lower redshifts, in a colour-colour diagram of
WISE W1-W2 and W2-W3 colors (Lake et al., 2012; Mingo et al., 2016; Jarrett
et al., 2017).

After classifying the WISE counterparts of our SPIRE sources, we estimate the
AGN fractions for both the PC members (“in” sources) and field galaxies (“out”
sources). The AGN fraction uncertainty is estimated via a Monte Carlo approach.
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3.1.1 Building the classifier

Before training our classifier, we subdivide our control sample into a training set,
that corresponds to an 85% of the full sample, and a test set, corresponding to
the 15% left of the sample. This resulted in 1,062 galaxies for the training set
and 188 galaxies for the test set. The percentages that we used to make each
sub-sample were decided based on having enough sources to train the classifier,
and enough sources that allowed us to evaluate the accuracy of the classifier.

The first part of the classifier consists of using a k-means algorithm from
the Python package Scikit-learn (Pedregosa et al., 2011). K-means is an
unsupervised, machine learning, clustering algorithm. This algorithm subdivides
the sample into clusters so that the sum of the squares of the data values in the
W2−W3 vs W1−W2 colour-colour space within each cluster is minimized.

The K-means module uses the K-elbow parameter to decide how many clusters
the algorithm will divide the data into. Considering that we want to distinguish
between AGN and non-AGN, we set the K parameter as K = 2, thus dividing
the data into two clusters.

Once the algorithm finishes with assigning every data point in the training set to
a given cluster, each point gets flagged with either 1 or 0, which means that the
source was selected as either an AGN or a non-AGN, respectively. The separation
is given by W1 −W2 = 0.884(W2 −W3) − 2.526. Since running the k-means
algorithm alone does not cleanly divide our sample, we added a colour cut into
this classifier. This colour cut was defined as the mean minus 3-σ of the W1-W2
AGN distribution from our control sample, and corresponds to W1−W2 = 0.721

(see Figure 4.1.1). In summary, we consider a source to be an AGN if its W1-W2
colour agrees with the following:

W1−W2 >

0.721 for W2−W3 ≤ 3.674

0.884(W2−W3)− 2.526 for W2−W3 > 3.674
(3.1.1)
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Figure 3.1.1: Confusion matrices of our classification test with a 188 sources test
sample. Each matrix shows the number of true positives (top left), false negatives
(top right), false positives (bottom left) and true negatives (bottom right). Left
panel: Confusion matrix for the classifier without adding the colour cut at W1-W2
= 0.721. The accuracy of the classification is of 82%, with 97% completeness and
77% reliability. Right panel: Confusion Matrix for the classifier, now adding the
colour cut at W1-W2 = 0.721. The accuracy of the classification using the colour
cut increases to an 88.8%, with 99% completeness and 83% reliability.

3.1.2 Testing

We estimate the completeness and reliability of the classifier using the test sample,
with a size of 188 sources. We first verify the classification only by considering
a k-means clustering. This results in a classification of 96 true positives and 60
true negatives, meaning, a completeness of 97% and a reliability of 77%. We then
tested these parameters using the combined k-means algorithm with the colour cut
criterion. This resulted in 69 true negatives and 98 true positives. This essentially
means that adding the colour cut improves the completeness and reliability to 99%

and 83%, respectively, of our classifier. In Figure 3.1.1 we present the confusion
matrices, summarizing these values.

3.1.3 Monte Carlo simulation

To estimate the uncertainty of our method we performed a 10,000-step Monte Carlo
simulation. Each step simulates colors in the space W1-W2 vs. W2-W3, for which
we use our classifier and then measure an AGN fraction. In order to construct
our simulation, we interpolate the W1-W2 and W2-W3 colour distributions of
the SPIRE sources for both PC members (‘in’ sources) and field galaxies (‘out’
sources).
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Figure 3.1.2: SPIRE WISE counterparts distributions for the W2-W3 (left panel)
and W1-W2 (right panel) colours. Purple and cyan colours represent sources
flagged as in and out, respectively. The green and blue dashed curves show the
interpolation to the in and out distributions. We used these interpolations to
generate the simulated data for the Monte Carlo simulation (used to estimate the
uncertainty of the classifier).

The SPIRE distributions in each colour and their interpolations are shown in
Figure 3.1.2.

Each step simulates the data using random data points generated from the
previously mentioned distributions. The W1-W2-W3 colours of one of the
artificially generated distributions are shown in Figure 3.1.3.

After that, each simulated data point gets a designation of AGN or non-AGN,
using our classifier. Finally, the AGN fractions are measured. This procedure is
repeated for PC members and field sources. The Monte Carlo simulation returns
a normal distribution for the AGN fractions of the “in” and “out” simulated data,
which have a mean and standard deviation of µin = 0.162 and σin = 0.03 for the
in simulated data, and µout = 0.133 and σout = 0.015 for the out simulated data.

The normal distributions resulting from our Monte Carlo simulation are shown
in Figure 3.1.4. This figure shows the histogram of the AGN fractions fAGN

measured in each of the 10,000 iterations for the “in” sources (left panel) and for
the “out” sources (right panel). For each histogram we fitted a gaussian model
and found a mean of 0.162 (0.133) and a standard deviation of 0.030 (0.015) for
“in” (“out”) sources, respectively. The 1σ standard deviation is what we use as our
AGN fraction uncertainties, for “in” and “out” sources.
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Figure 3.1.3: Example of simulated data for one iteration of the Monte Carlo
simulation. The figure shows the colour-colour diagram for W1-W2 as a function
of W2-W3. Purple and cyan colours represent sources flagged as in and out,
respectively. Here we show that the simulated data follow a similar colour-colour
distribution than the SPIRE’s one, shown in Figures 2.2.4 and 3.1.2.
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Figure 3.1.4: Resulting normal distributions (red) for the 10,000-step Monte
Carlo simulation of the AGN fractions for sources inside (top left panel) and
outside (top right panel) PCs. The normal distributions for the Monte Carlo
simulations for out redder subsample (bottom left panel) and for the HerMES field
sample (bottom right panel) are also shown. The solid black line shows a fitted
gaussian model, with its corresponding mean (dashed black line) and standard
deviation (shaded gray region). From these normal distribution, we use the 1-σ
standard deviation as our AGN fractions uncertainties. This is, the AGN fraction
for “in” sources has an error of 0.030, the AGN fraction for “out” sources has an
error of 0.015, the AGN fraction of the redder sample has an error of 0.049 and
the AGN fraction of the HerMES sample has en error of 0.007.
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Chapter 4

Results

4.1 Classification of the SPIRE sources

We run the classifier with our SPIRE sources and found the following outcome.
Out of the full catalogue of 646 sources, we found that 86 are selected as AGN,
while 560 are selected as non-AGN sources. In particular, we found that there are
25 AGN that correspond to members of PC candidates and 61 that correspond to
sources outside the PC candidates, i.e. field galaxies. When it comes to non-AGN,
we found 125 that are also PC members, and 435 sources that correspond to
non-PC members. These numbers are summarized in Table 4.1.1.

The final classifier is represented in Figure 4.1.1. In particular, we show the
W1-W2 vs W2-W3 colour-colour diagram for our SPIRE sources. The different
symbols distinguish between the sources that the classifier selects as AGN or
SF/non-AGN. Also, filled and empty symbols differentiate member galaxies of
PC from field galaxies, respectively. We also over-plotted the (training) control
sample as blue and red contours for AGN and SF/non-AGN objects, respectively,
to show the distribution of the galaxies we used to train our k-means method.

Table 4.1.1: Classification result of the SPIRE WISE counterparts.

AGN non-AGN
In 25 125
Out 61 435
Total 86 560



4.1. Classification of the SPIRE sources 25

1 2 3 4 5 60

50N

1 2 3 4 5 6
W2-W3

1.0

0.5

0.0

0.5

1.0

1.5

2.0

2.5

3.0

W
1-

W
2

AGN in PC
AGN out PC
SF/non-AGN in PC
SF/non-AGN out PC

0 50
N

1.0

0.5

0.0

0.5

1.0

1.5

2.0

2.5

3.0

Figure 4.1.1: Classification result for the SPIRE sources (green) in the W1-W2
vs. W2-W3 colour-colour diagram. To consider a source as an AGN, two conditions
must be met. The source must be located: (1) above the black horizontal line,
which corresponds to a 3-σ level threshold for AGN in W1-W2 colour, and (2) over
the red background area of the colour-colour diagram, which corresponds to the
AGN classification given by the k-means separation. Filled (empty) stars represent
the sources inside (outside) the PCs that were classified as AGN. Filled (empty)
circles are the sources inside (outside) the PCs classified as non-AGN. The blue
and red contours show the 1, 1.5 and 2-σ levels of the AGN and SF/non-AGN
sources in the training data set of our control sample, respectively. This shows
that both our main sample and control sample have a similar colour range covered.
The upper panel shows the histogram distribution for the W2-W3 colour for the
SPIRE sources (green), and for the AGN sources (blue) and the SF/non-AGN
sources (red) of the control sample. Similarly, the right side panel shows the
histogram of those distributions for the W1-W2 colour, including the 3-σ level
threshold shown as the solid black line. The different coloured dashed lines show
the fitted gaussian model for each distribution.
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Figure 4.2.1: Figure taken from (Planck Collaboration et al., 2015). Left panel
shows the cumulative overdensity for their Planck fields, using 350µm SPIRE
sources. Right panel shows the normalized cumulative number of sources as a
function of the statistical significance in σ from the density maps. This indicates
how the red sources have a higher overdensity significance.

4.2 AGN fractions

After the classification of sources in our SPIRE sample, we proceeded to measure
the AGN fraction in both the PC candidates and the field. The resulting AGN
fraction for PCs is fAGNPC

= 0.167± 0.03 or 17%. For the field, we found an AGN
fraction of fAGNField

= 0.123± 0.015 or 12%.

For a better understanding of our results, we also measured the AGN fraction
for a SPIRE subsample corresponding to the red SPIRE sources, that fulfill the
flux ratio based conditions S350/S250 > 0.7 and S500/S350 > 0.6. These red SPIRE
sources have an overdensity significance greater than the SPIRE sources (Planck
Collaboration et al., 2015). This is shown in Figures 4.2.1 and 4.2.2.

The AGN fraction of these red SPIRE sources is fAGNRed
= 0.283± 0.049 or 28%.

Hence, at a first glance, we found that the AGN fraction is higher in PC candidates
than in the field. However, this difference is not statistically significant considering
the uncertainties of our estimates.

To compare the AGN fraction of our SPIRE field (‘out’) sources, we also measured
the AGN fraction of the HerMES (Oliver et al., 2010) “level 5” Lockman-SWIRE
field, which has a similar depth to our SPIRE sources (Planck Collaboration
et al., 2015). We find that fAGNHerMES

= 0.111± 0.007 or 11%, which is similar
to fAGNField

. Figures 4.2.3 and 4.2.4 summarize these fractions.
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Figure 4.2.2: Figure taken from (Planck Collaboration et al., 2015). This figure
shows the source density as a function of the colors S350/S250 (left panel) and
S500/S350 (right panel), for different fields. It is shown how the subsample of "in"
sources is higher than other fields.

Since we do not have the exact redshift for each source and only know that these
ones are within 1 < z < 3, we plotted the fractions as a horizontal bar that
extends through that redshift range. In order to compare our results, we added
AGN fractions from Macuga et al. (2019, and references therein) at a redshift of z
= 2.53. The figure also includes measurements for different PCs from Lehmer et al.
(2009), Digby-North et al. (2010), Lehmer et al. (2013), Polletta et al. (2021) and
Krishnan et al. (2017), at redshifts of z = 3.09, 2.3, 2.23, 2.16 and 1.6, respectively.
We found similar values of fAGN in PCs to those in Krishnan et al. (2017) and
Lehmer et al. (2013), while the others seem lower. It is important to keep in mind
that these studies only measured the AGN fraction within one PC, instead of a
fraction within a large set of PC members, like in this study.
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Figure 4.2.3: AGN fractions, fAGN , for the red SPIRE sources (cyan), SPIRE
sources that are inside PC (blue), outside PC (red) and HerMES field (dark red)
versus redshift. For easier visualization, we show the 1-σ significance of the AGN
fractions as boxes in arbitrary redshift positions. Literature values from Polletta
et al. (2021) (black star) and Macuga et al. (2019, and references therein; black
circle, triangle, square and diamond) are added as reference for cluster/PC (filled
black markers) and field (empty grey markers) galaxies. Here we show that the
AGN fraction is, in general, greater in PCs than in the field. See also Figure 4.2.4.
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Figure 4.2.4: AGN fractions, fAGN (and 1-σ significance), for the red SPIRE
sources (cyan), SPIRE sources that are inside PC (blue), outside PC (red) and
HerMES field (dark red). Literature values from Polletta et al. (2021) and
Macuga et al. (2019, and references therein) are added as reference for cluster/PC
(filled stars) and field (empty stars) galaxies. The arbitrary y-axis was chosen to
better distinguish the difference in the AGN fractions, taking into account their
significance. See also Figure 4.2.3.
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Chapter 5

Discussion and Conclusions

5.1 Discussion

5.1.1 AGN selection

We expect that training our AGN classifier with a richer data set would return a
higher accuracy of classification and better statistical results, since here we were
limited by a relatively small sample of star-forming galaxies at high redshift with
WISE photometry. Also, considering Stern et al. (2012) and references therein,
one could decide on a different colour cut between the range 0.7 ≤ W1−W2 ≤ 0.8,
“trading” completeness (bluer colour cut) for reliability (redder colour cut).

Keeping this in mind, plus the fact that our classifier shows an 88.8% of accuracy,
we compared our classification method with the one shown in Assef et al. (2018),
which also classifies AGN based on a colour condition. Particularly, we compared
the number of SPIRE sources selected as AGN, following our criteria versus Assef
et al. (2018). This was made by comparing our equation 3.1.1 with equation 4 in
Assef et al. (2018). The latter equation includes two outcomes, one for a reliability
of 90% and the other for a reliability of 75% (R90 and R75 respectively). We find
that the ratio of AGN classified with our method and the Assef’s one, for R90
(R75), is

AGNThisWork

AGNAssef+18

= 0.84(0.51).

and
AGNThisWork

AGNAssef+18

= 0.95(0.73).
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Figure 5.1.1: Comparison of AGN selection criteria between this work and Assef
et al. (2018). In the left (right) panel we show the colour-colour distribution of
our control (SPIRE) sample (grey dots). The dashed black line shows our AGN
selection criterion, while up- and down-pointing triangles correspond to sources
selected as AGN following Assef et al. (2018) for R90 and R75, respectively. The
AGN selected sources are colour coded for W2 magnitude. The majority of our
AGN selected data, 109% from the control sample, 84% from the all SPIRE
sample, and 95% from the red SPIRE sources were also selected as AGN following
Assef et al. (2018)’s criteria, principally for R90.

for red SPIRE sources. Doing this same analysis with our (test) control sample,
we obtain that:

AGNThisWork

AGNAssef+18

= 1.09(1.07).

However, when comparing the fraction of predicted AGN sources vs. true AGN
sources (True) we find that:

AGNAssef+18

True
= 1.08(1.10)

for R90(R75), and
AGNThisWork

True
= 1.18.

This means that the criterion used in Assef et al. (2018) is able to classify all
AGN sources as an AGN, but includes an extra 8% (10%) of false positives for
R90 (R75), while our method has an extra 18% of false positives. The reason why
we obtain slightly more false positives may be due to the mixture of AGN and
non-AGN in colour-colour space. In Figure 5.1.1 we show a comparison between
Assef et al. (2018)’s and our AGN selection criteria. In Table 5.1.1 we summarized
this comparison.
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Table 5.1.1: Ratio of AGN classifications following this work and Assef
et al. (2018) and the true number of AGN. General comparison between AGN
classification from this work and classification from Assef et al. (2018).

ThisWork/Assef+18
R75 R75 R90 R90

SPIRE Red Test SPIRE Red Test

0.51 0.73 1.07 0.84 0.95 1.09

Assef+18/True R75 R90

1.1 1.08
ThisWork/True 1.18

5.1.2 AGN fraction and their implications in protoclusters

The AGN fraction that we find in PCs is not significantly higher than the fraction
measured in the field as found by other studies. An important thing to keep in
mind is that only a few PC in our sample are confirmed. Therefore, we may have
sources that are line-of-sight alignments as suggested by Negrello et al. (2017),
instead of members of the overdensities.

We tested if measuring the AGN fraction in a subsample with a higher overdensity
significance (i.e. a redder subsample), resulted in a higher AGN fraction. We
found a higher AGN fraction than the field by a ∼ 16 % (only ∼ 4 % higher when
comparing the full sample and the field). This could suggest that by selecting this
redder sample we were in fact cleaning our sample and removing "line-of-sight
alignments", and we would be consistent with higher AGN fraction in PCs.

One of the main limitations of this study is that we are using photometrically
selected PC candidates, instead of spectroscopically confirmed structures, due to
the paucity of confirmed PCs available. Having a large data set of spectroscopically
confirmed overdensities at high redshift would make it possible to better understand
the relationship between AGN fractions − and, therefore, the growth history of
SMBHs in galaxies − and the evolutionary state of early dense environments.

Nevertheless, WISE-selected AGN appear to be good indicators of overdensities
(Jones, 2017), as well as other AGN selections in general (e.g. Noirot et al. 2016,
2018). Plus, follow-up observations from Spitzer/IRAC for some of these PC
candidates (Martinache et al., 2018), continue to support the idea that these
sources, or at least a good fraction of them, are true members of PC overdensities.
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Another possible explanation for finding an AGN fraction not as highly significant
in PCs, is that by selecting only sources with a Herschel counterpart, we are only
looking at the most star-forming and dustiest members, instead of the full PC
population, and the AGN population might not overlap with these.

Finally, the most likely explanation is that many PC members are too faint to be
detected by WISE. Further, several PC AGN members may be detected only by
W1 and W2 bands, and not in W3. In that case, this would mean that we are
looking into the brightest AGN in the structures, which are rare.

In order to test this statement, we looked into how many members of the
protocluster PHz G237.01+42.50 (G237) at z=2.16 are detected by WISE. This
PC has 31 spectroscopically confirmed members (Polletta et al., 2021). Using a
crossmatch radius of 6.5′′ (W3 band resolution), out of the 31 sources, we found 5
WISE counterparts. For these counterparts, none of them are detectable in W3
band, i. e. they have, in average, a SNR< 1 in W3 band. In other words, a ∼ 16
% of the members were detected in W1 and W2 bands. Similarly, we consider the
protocluster MAGAZ3NE J095924+022537 at z=3.37 (McConachie et al., 2022).
Out of 22 spectroscopically confirmed members, we found 7 sources within 10′′;
none detected in W3 band. Thus, a ∼ 31 % of the members were detected only in
W1 and W2 bands.

Following this analysis, a diagnostic based only on the W1 and W2 may be
considered for future work. Alternatively, a stacking analysis on the W3 signal
could be done to reveal sources that are too faint to be detected individually.

Also, this analysis could point to the fact that the small difference we found in
the AGN fractions for field and PCs may be significant even if statistically is not.
Thus, even if we did not find a highly significant difference, we think our results
are still hinting to a higher AGN activity in PCs.

5.2 Conclusions

We estimated the AGN fraction in ∼228 protocluster candidates selected by Planck
XXVII and followed-up by Herschel, a representative sample of high redshift
(1 < z < 3) PC candidate members. This sample provides the photometry for
7099 sources and allowed us to compared the measured AGN fraction of galaxies
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inside the overdensities and compared them with field galaxies.

We used the WISE counterparts of these sources, since WISE provides a higher
resolution photometry and the possibility of probing the stellar emission. This
resulted in a catalogue of 646 counterparts.

In order to select the AGN in our sample, we constructed a classifier based on a
mid-IR AllWISE colour-colour selection criterion. This is achieved by combining
a W1-W2 = 0.721 colour cut, which correspond to the mean minus 3-σ of the
W1-W2 AGN distribution of a control sample made up of AGN and SF/non-
AGN catalogue, and a k-means clustering algorithm that separates the control
sample following the W1-W2 = 0.884(W2-W3) - 2.526 relation. Our control
sample includes known AGN and non-AGN galaxies that were used to trained
our classifier.

Out of the 150 PC members, we found 25 AGN and 125 non-AGN, which
corresponds to an AGN fraction of fAGNPC

= 0.167 ± 0.03 or 17 %. For the 496
field galaxies, we found 61 AGN and 435 non-AGN, equivalent to an AGN fraction
of fAGNField

= 0.123 ± 0.015 or 12 %.

For further study of the AGN fraction in PCs, we also measured the AGN fraction
in a “redder” (S350/S250 > 0.7 and S500/S350 > 0.6) subsample of our SPIRE
sources, which has a higher overdensity significance. We found an AGN fraction
of fAGNRed

= 0.283± 0.049 or 28%. Moreover, to asses our AGN fraction for the
field sample, we also measured the AGN fraction in the Lockman-SWIRE field
from HerMES. We found an AGN fraction of fAGNHerMES

= 0.111± 0.007 or 11%.

In terms of AGN activity in PCs, we found that our AGN fraction is not
significantly higher in PCs when compared to the field. However, we think
that our results hints towards a higher SMBH activity in overdensities, specially
since we found a slightly increase in the AGN fraction for the “redder” sample,
proportional to the overdensity significance of the sample. For the field, we found
that both our sample and the one from HerMES have a similar AGN fraction,
thus suggesting that we have a representative field sample.

Our main conclusion is that it is complicated to asses the AGN and SMBH activity
in overdensities, particularly at these high redshifts. We believe that it is necessary
a combined and complete multi-wavelength study to better understand the role
of environment in the evolution of galaxies and their SMBHs. We expect that
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new observations from the James Webb Space Telescope will improve these kind
of studies by delivering deeper and higher resolution data for galaxies and large
scales structures in the redshift interval considered in this work.
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