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Chapter 1

Introduction

This thesis deals with the optical properties of galaxy clusters and aims at
emphasize the similarities and the differences of these systems with respect
to the less massive early-type galaxies (ETGs).

Galaxy clusters are the largest virialized structures observed in the Uni-
verse. They can be divided in two main categories: 1) rich clusters; 2) poor
clusters. The division is made according to the number of galaxies brighter
than m3+2 (where ms is the magnitude of the third brightest cluster member)
within a radius of » ~ 1.5h~! Mpc from the cluster center. If this amount
of galaxies is larger or equal 30 the cluster is defined “rich”, otherwise it is
“poor” (Abell 1958).

The galaxies in rich clusters move with random peculiar velocities of the
order of ~ 750 km s™! (median line-of-sight velocity dispersion), which trans-
lates in a mass of the order of ~ 5x 10 A1 Mg, within r ~ 1.5 h~! Mpc from
the cluster center. Rich clusters provide also the best laboratory for studying
the baryon fraction (i.e., the ratio of the baryonic mass to the total mass of
the system) on Mpc scale. The mass of baryons in clusters is composed by
two main components (Gonzalez et al. 2013): the hot intracluster medium
and the matter condensed into stars. The temperature of the hot intracluster
gas ranges from ~ 2 to ~ 14 keV, and is typically ~ 5; the central gas density
is ~ 1073 e~ ecm 3.

The hot plasma is detected through its X-ray emission, produced by ther-
mal bremsstrahlung, with Lx ~ 10* erg s=!. The X-ray luminosity well
correlates with the velocity dispersion (Lubin and Bahcall 1993) and the ob-
served correlation indicates that, on average, the energy per unit mass in the
gas and in the galaxies is the same.

The typical iron abundance in the hot intracluster gas is ~ 0.3 + 0.1 (see
e.g., Jones et al. 1992). A strong correlation between the total iron mass and
the total luminosity of the ETGs is observed (Jones et al. 1992). It is likely
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4 CHAPTER 1. INTRODUCTION

caused by the gas stripped out of the ETGs. The overall iron abundance
decreases by a factor ~ 2 from z = 0 to z ~ 1 (Anderson et al. 2009).

Poor clusters have less ETGs and more late-type galaxies than rich clus-
ters, and also a smaller amount of intra-cluster medium (ICM; see e.g.,
Sanderson et al. 2003). However, the metallicity of ICM is nearly the same
(0.3+0.1) over a wide range of cluster masses (see e.g., Songaila et al. 1990;
Ciotti et al. 1991) and also the a-elements content, which is compatible with
that typical of the solar neighborhood (Ishimaru and Arimoto 1997).

According to the A-CDM model, our Universe is made of three differ-
ent components: baryonic matter, accounting for about 5% of the total
mass/energy budget; dark matter (DM), constituting the 25%); dark energy,
which accounts for the 70% and is responsible for its accelerated expansion
(Perlmutter et al. 1998; Riess et al. 1998). In this framework, galaxy clusters
accrete their mass thanks to a hierarchical series of mergers, driven by the
DM mass contribution and Einstein’s General Relativity Theory gravity law,
that build up more massive structures starting from less massive ones.

Zwicky (1933) was the first to use one of them (namely, the Coma cluster)
for providing observational evidences for the presence of DM. Decades later,
Hoessel et al. (1980) used clusters to derive an acceleration parameter con-
sistent with the most recent findings. Later, the clustering properties were
used to verify the gaussianity of random initial fluctuations predicted by the
Cosmological Inflation theory (Bahcall and Soneira 1983). During the 1990s,
galaxy clusters provided an invaluable contribution for deriving the baryonic
matter density in the Universe (White et al. 1993) and for constraining the
cosmological density parameter (Bahcall and Fan 1998; Donahue et al. 1998).
Finally, with the new millennium there was a surge of studies aimed at char-
acterizing the mass power spectrum (see e.g., Borgani et al. 2001; Reiprich
and Bohringer 2002; Seljak 2002; Pierpaoli et al. 2003; Allen et al. 2003;
Schuecker et al. 2003), the hot intra-cluster medium and the galaxy number
counts (see e.g., Allen et al. 2011).

Nowadays, the increasing power of modern computing centers favoured
the execution of complex N-body simulations (e.g., the Millennium Simula-
tion; Springel et al. 2005) that allowed the establishment of a standard for-
mation and evolution scenario. Consequently, many of the bulk properties
of clusters are thought to be determined only by their initial conditions, DM
properties and budget, and gravity law. Moreover, the nearly closed-box na-
ture of their deep potential wells makes them ideal laboratories to study the
galaxy formation processes and their effects on the surrounding intergalactic
medium. Therefore, we understand the necessity of precisely characterizing
the global cluster parameters (e.g., total luminosity, total mass, virial radius,
velocity dispersion) in order to compare them with those ruling the galaxy



regime, and we understand also the importance of precisely characterizing the
galaxy distribution within the clusters themselves (e.g., morphology-density
relation; Fasano et al. 2015).

Up to now, the bulk of our empirical knowledge of galaxy clusters comes
mainly from the X-ray observations of hot ICM. In fact, the X-ray studies
permitted the first measurements of the baryonic mass within clusters and
the first determination of the cluster virial radii. The mass measurements
are based on the analysis of the surface brightness profile of hot ICM and on
the precise knowledge of the background surface brightness levels (see e.g.,
Ettori et al. 2013; Maughan et al. 2016). Then, the data are fitted using a
model involving the gas temperature as free parameter and the so-derived
density profile is translated, by means of the ideal gas and the hydrostatic
equilibrium laws, into a mass profile. The whole procedure is based on several
assumptions: 1) the isothermality of ICM; 2) the hydrostatic equilibrium of
hot ICM; 3) the spherical geometry of the system. In case of rich clusters and
groups with a regular X-ray morphology the hydrostatic isothermal model
(see e.g., Jones and Forman 1984) and its surface brightness counterpart (i.e.,
the standard beta model; Cavaliere and Fusco-Femiano 1976) are generally
able to reproduce the density and surface brightness profiles. However, this
is not true in case of, e.g., irregular groups or cool-core clusters. Nonethe-
less, in both cases the application of a double-component beta model has
brought to a measurable improvement of the fit quality (see e.g., Mulchaey
and Zabludoff 1998; Ettori 2000). In any case, the X-ray observations have
two main limitations: they requires a good evaluation of the background sur-
face brightness level (in order not to introduce a zero-point systematic error)
and they do not allow to measure mass profiles up to large radii, as the gas
is usually detectable only in the central cluster regions.

On the other hand, dynamical studies permitted the analysis of the DM
component in clusters. The dynamical mass profiles (see e.g., Biviano et al.
2017) are based on two key assumptions: 1) that the cluster is in dynamical
equilibrium (which is not true, e.g., in case of recent mergers); 2) that the
mass follows the light (a condition without which the virial theorem cannot
be used for calculating the total mass of the system; Sadat 1995). However,
while several X-ray studies confirmed that the dark component is well traced
by the luminous one (see e.g., Fabricant et al. 1986; Smail et al. 1995; Kneib
et al. 2003; Umetsu et al. 2010; Medezinski et al. 2013; Grillo et al. 2015),
the mutual connection seems to evade a straightforward explaination. For
example, while Rines et al. (2000) and Medezinski et al. (2013) measured
a decrease of the mass-to-light ratio outside the cluster core, Rines et al.
(2004) found such decrease only outside the virial radius, here defined by
900 (i-e., the radius enclosing an average overdensity 200 times larger than
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the critical density of the Universe at a fix redshift); on the contrary, instead,
Rines et al. (2001) measured a flat profile. Moreover, while Newman et al.
(2013) determined an approximatively null amount of DM at the cluster cen-
ter, identified with the brightest cluster galaxy (BCG), Grillo et al. (2015),
by adopting a different center selection criterion, found a dominant DM con-
tribution at the smallest clustercentric distances. In any case, the dynamical
analysis requires the precise measurement, through the Doppler shift, of the
radial velocities of at least several dozen cluster galaxies, possibly at least
to 1900, and a subsequent correct modellization of the potential well of the
cluster.

Another way of deriving the cluster mass profile is through the gravi-
tational lensing (see e.g., Umetsu et al. 2014; Merten et al. 2015; Andreon
2015). With this method no prior assumption is needed to derive the cluster
mass distribution. However, both the weak and the strong lensing cases are
not free of issues. The strong lensing, in fact, is statistically unlikely to hap-
pen and in any case can provide information only about the central, densest
cluster regions. Both the issues can be overcome by using, instead, the weak
lensing, but in this case we need to face two main biases (Hoekstra et al.
2013): 1) the most suitable sources used to detect it are the most distant
(i.e., the faintest ones), which is a huge obstacle in their redshift determina-
tion, and consequently in most cases the adopted sample is highly incomplete;
2) the lack of redshift information can result in a misclassification of clus-
ter objects as “background objects”, which leads to an underestimation of
the cluster mass that varies with the clustercentric distance. Consequently,
the mass derived this way is affected by much larger errors. The idea of
combining the two methods has arised since the 1990s (see e.g., Bartelmann
and Steinmetz 1996; Abdelsalam et al. 1998; Seitz et al. 1998), however its
practical implementation continues to be technically challenging.

The use of simulations for reproducing the information coming from the
previously-analyzed methods (see e.g., Navarro et al. 1995) allowed to prove
that DM haloes are self-similar (i.e., homologous) structures (Navarro et al.
1996). The Navarro, Frenk & White model (Navarro et al. 1997) was the first
one providing a correct representation of the data, and nowadays is still the
most widespread, although subsequent simulations by Navarro et al. (2004),
Graham et al. (2006), and Merritt et al. (2006) proved that the Einasto (1965)
profile and similar models designed to reproduced the deprojection of the
Sérsic profile (Merritt et al. 2006) can match more closely the observations.
The Navarro, Frenk & White model is completely characterized by means of
two parameters: the virial mass and the concentration parameter (i.e., the
ratio between the virial radius and the scale radius of the DM halo). The
two parameters are not independent, in fact the characteristic overdensity of



a halo is tightly related to the halo formation time (Navarro et al. 1997). In
particular, haloes that form earlier are more concentrated and, at the same
time, more likely characterized by smaller mass values. Consequently, the
concentration parameter is expected to anti-correlate with the virial mass,
albeit with significant scatter (see e.g., Maccio et al. 2007). Several models
have been developed to parametrize the Concentration-Mass Relation. At
the present, the most accurate one is that of Zhao et al. (2009).

Finally, also the optical analysis of clusters is not problem-free. The cor-
rect determination of the galactic extinction, the foreground and background
galaxies contamination, the data completeness and the membership uncer-
tainty are only some of the reasons that limited, together with the decades-
long lack of large optical surveys, the number of studies in this field (see e.g.,
Oemler 1974; Dressler 1978; Adami et al. 1998; Carlberg et al. 1996; Girardi
et al. 2000). Even more difficult with these data is the estimate of stellar
masses and mass profiles, which have been derived, in most cases, by means
of strong assumptions. For example, some authors neglected the contribution
of the galaxies outside the red sequence or under a certain mass threshold,
while others assumed a radial-independent luminosity function, therefore ne-
glecting the well-known luminosity segregation effect (see e.g., Andreon 2002;
Durret et al. 2002). Moreover, works based on the early releases of the Two
Micron All Sky Survey (2MASS; Skrutskie et al. 2006) lack the light contri-
bution coming from the outskirts of the measured galaxies, together with the
detection of low-surface-brightness galaxies. Finally, the absence of a proper
evaluation of the field objects number counts allowed only a partial back-
ground subtraction, when present, thus biasing the results. Consequently,
discrepancies of a factor 2 — 3 between the masses obtained through different
methods have been reported (e.g., Wu and Fang 1997).

The modern surveys, producing huge amounts of high-quality data, are
allowing to obtain much better results on the galaxy clusters study. For
example, the MAssive Cluster Survey (MACS; Ebeling et al. 2001)!, aimed at
characterizing distant, X-ray luminous clusters, so far comprises 124 spectro-
scopically-confirmed objects at redshift 0.3 < z < 0.7. Instead, other surveys,
such as the Two-Degree Field Galaxy Redshift Survey (2dFGRS)?, allowed
the dynamical profiles determination for statistically-significant samples of
objects (e.g., Biviano and Girardi 2003). Finally, to the lensing technique was
dedicated the Cluster Lensing And Supernova survey with Hubble (CLASH;
Postman et al. 2011)%, which targeted 25 massive clusters with detected

Thttp:/ /www.ifa.hawaii.edu/~ebeling/clusters/MACS.html
Zhttp://www.2dfgrs.net/
3http://www.stsci.edu/~postman/CLASH /Home.html
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strong lensing signatures and resulted so far in more than 100 pubblications.
Along this vein is the Wlde-field Nearby Galaxy-cluster Survey (WINGS),
that will be discussed later on in this thesis. With these data the possibility
of studying the stellar luminosity and mass profiles of galaxy clusters has
finally become concrete.

The aim of this PhD project is twofold: first, to derive the optical galaxy
clusters photometric profiles; second, to compare the main correlations found
between the structural parameters of clusters with those of ETGs. In fact,
from a dynamical point of view, galaxy clusters are similar to ETGs: both the
systems are dominated by random motions of particles, they are virialized
at z = 0 and, as we will show in this thesis, they also share many other
properties. What can we deduce from the similarity of the light distribution
and of the scaling relations of these systems, given the different spatial scales
involved?

There are many scaling relations, involving the ETGs structural parame-
ters, which we decided to test in the galaxy clusters regime in order to probe
the mass assembly of cosmic structures at very different spatial scales. The
first one is the color-magnitude relation (Baum 1959). It correlates the stellar
population properties of galaxies, expressed by their colors, with their lumi-
nosity. In the color-magnitude space, ETGs show a very tight correlation,
known as “red sequence”, while late-type galaxies are more loosely distributed
in what is named as the “blue cloud”. The red sequence is characterized by
two parameters: scatter and slope. Little evolution of the slope has been
observed up to z ~ 1.3 (see e.g., van Dokkum et al. 2000; Mei et al. 2006).
This fact, together with the small scatter of the correlation, puts strong con-
straints on galaxy formation models. In this thesis work we identified, for
the first time ever, the existence of a red sequence also in the galaxy clusters
color-magnitude diagram.

Moreover, we tested the predicted homology of galaxy clusters (i.e., the
independence of their light distribution from other parameters, such as the
effective radius) and we found that, contrairy to the theoretical predictions,
galaxy clusters appear to be non-homologous structures, like ETGs.

The final relation that we want to mention is the Fundamental Plane (FP;
Djorgovski and Davis 1987; Dressler et al. 1987). It connects the effective
radius with the average intensity (or surface brightness) within it and the
central velocity dispersion of ETGs. The physical mechanisms shaping this
relation are still unclear and will be investigated later in this thesis. Here
we limit ourselves to mention that it is connected with several other galaxy
relations (e.g., the Kormendy relation; Kormendy 1977). In this thesis work
we proposed a new explaination to its tilt, tightness and Zone of Exclusion.

The structure of this thesis is the following:



e in Chapter 2 we introduce the WINGS and Omega-WINGS surveys
(Fasano et al. 2006; Cava et al. 2009; Gullieuszik et al. 2015; Moretti
et al. 2015) from which we obtained the data for performing our work;

e in Chapter 3 we present the procedure that we used for building the
luminosity and mass profiles;

e in Chapter 4 we discuss about the photometric decomposition per-
formed on the photometric profiles;

e in Chapter 5 we present the detected relations among the structural
parameters, among which the color-magnitude relation and the non-
homology of clusters;

e in Chapter 6 we focus on the FP relation;

e in Chapter 7 we present the conclusions and future prospects of our
work;

e in the Appendix, finally, we discuss some physical arguments that were
skipped in Chapter 6 for sake of conciseness.

Throughout the work we have assumed a A-CDM universe, with Hy = 70
km s~' Mpc~! and ©,, = 0.3.
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Chapter 2

The WINGS and Omega-WINGS
surveys

In this chapter we present the WINGS (Section 2.1) and the Omega-WINGS
(Section 2.2) surveys and we give on overview of the data sample used during
the whole project (Section 2.3).

2.1 The WINGS survey

The Wlde-field Nearby Galaxy-cluster Survey (i.e., WINGS, Fasano et al.
2006) is a spectro-photometric survey aimed at creating a high-quality and
statistically significant database of the properties of the nearby galaxy clus-
ters and of their galaxies.

The clusters have been selected from the ROSAT X-ray-brightest Abell-
type Cluster Sample Survey (Ebeling et al. 1996) and its extensions (Ebeling
et al. 1998, 2000) according to two criteria:

e a redshift within the range 0.04 < z < 0.07,;

e a galactic latitude |b| > 20°.

The core of the project is called WINGS-OPTical (WINGS-OPT; Fasano
et al. 2006; Varela et al. 2009) and consists in B- and V-band observations col-
lected with the Wide Field Camera at the Isaac Netwon (WFCQINT) for the
northern emisphere and the Wide Field Imager at Max Planck Gesellschaft
(WFIQMPG) for the southern one (see e.g., Figure 2.1).

The Isaac Newton Telescope (INT) is a 2.54-m optical telescope run, since
1984, by the Isaac Newton Group of Telescopes at Roque de los Muchachos
Observatory on La Palma in the Canary Islands. Its mostly used instrument

11
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is the Wide Field Camera (WFC), a four CCD instrument with a 34’ x 34’
field-of-view (FoV), which was commissioned in 1997. The WFC consists of
4 thinned EEV 2kx4k CCDs. The CCDs have a pixel size of 13.5 microns
corresponding to 0.33 arcsec pixel™'. Both broadband and Strémgren filter
sets can be installed on the filter wheel, as well as a range of narrow band
filters.

The Max Planck Gesellschaft (MPG), instead, is a 2.2-m telescope at the
European Southern Observatory (ESO) in La Silla, Chile. MPG was built in
1984 too, and its telescope time is shared between the Max Planck Institute
for Astronomy (MPIA) and Max Planck Institute for Extraterrestrial Physics
(MPE) observing programmes, while the operation and maintenance an ESO
responsibility. The Wide Field Imager (WFI) is a focal reducer-type camera
permanently mounted on it. It has a 34’ x 33’ FoV, a 0.238 arcsec pixel™*
and an excellent sensitivity from the near ultraviolet to the near infra-red,
with more than 40 filters simultaneously available.

In addition WINGS-OPT was enriched with the WINGS-SPEctroscopy
project (WINGS-SPE; Cava et al. 2009), consisting in 6137 spectra ob-
tained by the Wide-field Fibre Optic Spectrograph at the William Her-
schel Telescope (WYFFOSQWHT) and the Two Degree Field spectrograph
at the Anglo-Australian Telescope (2dFQAAT), covering 51 out of the 76
photometrically-observed clusters.

The William Herschel Telescope (WHT) is a 4.2-m optical /near-infrared
telescope located at Roque de los Muchachos Observatory, as a part of the
[saac Newton Group of Telescopes. WYFFOS is a multi-object, wide-field,
fibre spectrograph containing 150 science fibres, each one of 1.6” diameter,
and 10 fiducial bundles for acquisition and guiding. Its spectral range and
dispersion are 3800-7000 A and 3 A for objects brighter than my = 20.

The Anglo-Australian Telescope (AAT) is a 3.9-m equatorial telescope
operated by the Australian Astronomical Observatory and situated at the
Siding Spring Observatory, Australia. It was commissioned in 1974 and in
2009 was ranked as the fifth highest-impact telescope of the world. The
Two-degree Field instrument (2dF) installed at the primary focus permits
the observation of a field of 2 degrees per pointing. The instrument pos-
sesses a spectrograph equipped with two banks each of 200 optical fibres,
permitting the simultaneous measurement of 400 spectra. Its spectral range
and dispersion are 3600-8000 A and 9 A for objects brighter than my = 20.
Consequently, WINGS-SPE is 1.5 magnitudes deeper than the 2dF survey,
and 2.0 magnitudes deeper than the SDSS.

Later, WINGS-OPT and WINGS-SPE were enriched with near infrared
data thanks to the WINGS-Near Infra-Red project (WINGS-NIR; Valentin-
uzzi et al. 2009), which consists in J- (and K-band) images of 19 (and
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27) clusters obtained with WFCAMQUKIRT. Moreover, ultra-violet U-band
data of 17 galaxy clusters were collected from Omizzolo et al. (2014) by
combining observations from three different instruments: 90prime@BOK,
WFCQINT, and LBCQLBT.

Thanks to the vast amount of data collected, a large number of publi-
cations was created, covering a variety of topics, such as: the study of the
fundamental plane (D’Onofrio et al. 2008, 2013), the properties of early-type
galaxies (Vulcani et al. 2011b; Valentinuzzi et al. 2011), the characterization
of superdense massive galaxies (Valentinuzzi et al. 2010; Poggianti et al. 2013)
and of faint galaxies (Bettoni et al. 2011), the morphology of galaxies (Fasano
et al. 2010, 2012) and its evolution with redshift (Poggianti et al. 2009), the
connection of galaxy morphology with the stellar populations (D’Onofrio
et al. 2011), the initial mass function of galaxies (Vulcani et al. 2011a) and
their mass distribution (Vulcani et al. 2012), or the surface photometry of
galaxies (D’Onofrio et al. 2014).

2.2 The Omega-WINGS survey

The WINGS project, despite being undoubtedly successfull from the scientific
point of view, did not allow a proper study of the transition region between
the cluster core and the surrounding environment. In fact, the 34" x 34/
WINGS field of view grants a radial coverage limited to r < 0.67999. This
is an important limitation, in fact it has been widely demonstrated that the
cluster properties vary with the clustercentric distance (see e.g., Lewis et al.
2002; Gomez et al. 2003). For example, Fasano et al. (2015) proved that the
morphology-density relation (Dressler 1980) holds only within the cores of
WINGS clusters.

To overcome this deficiency and allow a proper study of the property gra-
dients, the Omega-WINGS project was born. Thanks to OmegaCAM@QVST
B- and V-band images of 46 WINGS clusters (see e.g., Figure 2.2), with
a FoV of 1 square degree each, were obtained by Gullieuszik et al. (2015).
Moreover, spectroscopic observations of 17985 objects from 33 of these clus-
ters were carried on by Moretti et al. (2017) thanks to AAOmega@AAT,
which spans the wavelenght interval between 3800 A and 9000 A.

2.3 Our data sample

The photometric and spectroscopic WINGS and Omega-WINGS catalogs
are available in the Virtual Observatory thanks to the work of Moretti et al.
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(2014) and of Gullieuszik et al. (2015). These catalogs contain not only the
magnitude and position of each galaxy, but also other important quantities,
such as the effective parameters, the axial ratio, the morphological type, or
the SED-derived mass (when available).

In this work we used the following data:

e WINGS and Omega-WINGS B- and V-band photometric data;

e WINGS and Omega-WINGS spectroscopic data.

The B- and V-band magnitudes used for each object are the SExtrac-
tor AUTO magnitudes (see Bertin and Arnouts 1996 for details), while the
WINGS and the Omega-WINGS V-band completeness were calculated, re-
spectively, by Varela et al. (2009) and Gullieuszik et al. (2015). The complete-
ness is different from survey to survey, with WINGS being slightly deeper
than Omega-WINGS (90% completeness treshold at magnitude my ~ 21.7
for the WINGS data versus my ~ 21.2 mag for the Omega-WINGS ones).

The objects in the photometric catalogs belong to three different cate-
gories: stars, galaxies, and unknown. This classification was performed ac-
cording to the SExtractor stellarity index of each object and further refined
by using different diagnostic diagrams (see Varela et al. 2009 and Gullieuszik
et al. 2015 for details). The stars were useless to our purpose, so we focused
on the galaxies and unknown objects.

The redshifts of the galaxies in the spectroscopic catalogs, the mean clus-
ter redshifts and the rest-frame velocity dispersions were measured by using
a semi-automatic method (Paccagnella et al. 2016). A galaxy was classified
as “member” if its redshift was compatible with the cluster redshift with an
error at most equal to +3 root-mean-squares (RMS). 7999 was computed as
in Poggianti et al. (2006) and used to express the distance from the cluster
center (assumed to be the BCG).

In total, we had at our disposal spectroscopic data for 42 of the 46 Omega-
WINGS galaxy clusters.

A recap of all the WINGS and Omega-WINGS observations at our dis-
posal is shown in Table 2.1.
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Table 2.1: Summary of all the WINGS and OmegaW-
INGS photometric and spectroscopic observations.

WINGS  Omega-WINGS WINGS Omega-WINGS

cluster photometry spectroscopy spectroscopy
A85 yes no yes
A119 yes yes no
A133 no no no
A147 yes no no
A151 yes yes no
A160 yes yes no
A168 yes no yes
A193 yes yes yes
A311 no no no
A376 no yes no
A500 yes yes yes
Ab548b no no no
A602 no no no
A671 no yes no
AT54 yes yes yes
AT780 no no no
A957 yes yes yes
A970 yes yes yes
A1069 yes yes yes
A1291 no yes no
Al631a yes yes yes
A1644 no yes no
A1688 no no no
A1736 no no no
A1795 no yes no
A1831 no yes no
A1983 yes yes no
A1991 yes yes no
A2107 yes yes no
A2124 no yes no
A2149 no no no
A2169 no yes no
A2256 no no no
A2271 no no no

A2382 yes yes yes
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Table 2.1: Continued.

WINGS  Omega-WINGS WINGS Omega-WINGS

cluster photometry spectroscopy spectroscopy
A2399 yes yes yes
A2415 yes yes yes
A2457 yes yes yes
A2572a no yes no
A2589 yes yes no
A2593 yes yes no
A2622 no yes no
A2626 no yes no
A2657 yes no no
A2665 yes no no
A2717 yes no yes
A2734 yes no yes
A3128 yes yes yes
A3158 yes yes yes
A3164 no no no
A3266 yes yes yes
A3376 yes yes yes
A3395 yes yes yes
A3490 no yes no
A3497 no yes no
A3528a yes no yes
A3528b yes no yes
A3530 yes no yes
A3532 yes no yes
A3556 yes yes yes
A3558 yes no yes
A3560 yes yes yes
A3562 no no no
A3667 yes no yes
A3716 yes no yes
A3809 yes yes yes
A3880 yes no yes
A4059 yes no yes
I[IZW108 yes yes yes
RX0058 no yes no
RX1022 no yes no

RX1740 no yes no




2.3. OUR DATA SAMPLE

Table 2.1: Continued.

WINGS  Omega-WINGS WINGS Omega-WINGS
cluster photometry spectroscopy spectroscopy
MKW3s yes yes no

71261 no no no

72844 no yes no

78338 no yes no

78852 yes yes no
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Chapter 3

Construction of the photometric
and mass profiles

In this chapter we discuss the procedure that allowed us to build the photo-
metric and mass profiles of Omega-WINGS galaxy clusters. In Section 3.1 we
present the procedure that allowed us to build the cluster intensity profiles
from which, in Section 3.2, we derived the photometric profiles. In Section 3.3
we quantify the correction associated to the objects fainter than our photo-
metric cut, and in Section 3.4 we explain in which way we combined all the
previous data for obtaining the stellar mass profiles of our clusters. Finally,
in Section 3.5 we show and comment the photometric and mass profiles of
our clusters.

3.1 The intensity profiles construction

The Omega-WINGS FoV is 4 times larger than the WINGS one, but it gen-
erally does not contain the central regions of the cluster. Moreover, WINGS
data are tipically deeper than the corresponding Omega-WINGS ones. For
these reasons, instead of working on the Omega-WINGS data alone, we chose
to merge the two photometric catalogs. In case of disagreement in the source
magnitude, we chose to use the WINGS value, as slightly more precise in
most cases. All the objects classified as stars were rejected, so we kept only
the galaxies and the unknown objects. We will now use the definition of
main photometric catalog when referring to this catalog, which contains the
position of each object, its B- and V-band magnitudes, and its classification
as galaxy, star or unknown objects (see Section 3.1.2 for details).

Then we performed a cross-check with the spectroscopic catalog in order
to move the known non-member galaxies (identified by the redshift measure-

21
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ment) from the main photometric catalog to a non-members catalog,.

Finally, all the objects in the main photometric catalog were sorted ac-
cording to their distance from the BCG, which was taken as a reference
for defining the cluster center, and we could calculate the intensity profiles
starting from the following formula:

I(R,) = Z [cc(my, Ry) - gf (my) - 107%4™ ] — Iy, (3.1)
i=1

where R, is the distance of the n-th source from the BCG computed in
degrees (from now on, we will use the notation R when referring to angular
distances and r for physical distances), i < n is the index of a generic object
within R,, m; the magnitude of this generic object, R; its distance from
the BCG and cc(m;, R;) and gf(m;) its completeness and galaxy fraction
corrections (see Sections 3.1.1 and 3.1.2), and e (Section 3.1.3) is the
integrated intensity of all the field objects within the considered area. In
Section 3.1.1 we will deepen the completeness correction, in Section 3.1.2 the
galaxy fraction correction, and in Section 3.1.3 the field intensity calculation.

3.1.1 The completeness correction

The detection probability of a source varies as a function of many parameters,
the most important of which, in our case, are its magnitude m; and cluster-
centric distance R;. The completeness correction cc(m;, R;) is the inverse
of this detection probability. Under the hypothesis that the two parameters
are uncorrelated (which is true, if we consider an average CCD sensibil-
ity curve by neglecting second-order variations connected to the flat-field of
each image), we can express the completeness correction as the product of
two mutually-independent terms:

cc(my, R;) = cpn(my) - ac(R;), (3.2)

namely, the photometric completeness c,,(m;), and the areal completeness
ac(R;). Each of them will now be studied in detail, starting from ¢, (m;).
The detection rate of galaxies is far more complicated to parametrize than
the detection rate of stars because galaxies are extended sources, so their light
distribution is not only a function of their magnitude, but it depends also
on many secondary parameters (e.g., morphological type, compactness, or
inclination). The impact of each parameter on the detection rate could be
quantified by running several Monte Carlo simulations meticulously tuned
to reproduced the observed parameter distribution, however this approach
would not only be time-consuming, but also affected by severe uncertainties.
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For avoiding this problem, we decided to introduce a photometric cut where
the detection rate is ~ 100%, and to neglect the contribution of fainter
sources. We will now discuss the details of our choice.

Moretti et al. (2017) demonstrated that the photometric sample is well
represented by the spectroscopic one as long as my < 20 mag. For the
WINGS survey the V-band detection rate of galaxies was calculated by Varela
et al. (2009), who randomly added artificially-generated stars to the WINGS
images and quantified the average detection rate as a function of the magni-
tude. Gullieuszik et al. (2015), instead, calculated the relative completeness
of the two surveys by comparing the number of Omega-WINGS objects to
the number of WINGS objects, after having applied a normalization to match
the total number of sources with VV-band magnitude 16 mag < my < 21 mag,
to correct the observations for the different sky coverage.

At my = 20 mag the WINGS detection rate is equal to 97%, and the
relative completeness among the two surveys is 100%, plus the fraction of
light given by the unknown objects is completely negligible, which means
that SExtractor is able to properly classify the overwhelming majority of
galaxies. All these considerations made us feel safe to choose my = 20 mag
for applying the previously-mentioned photometric cut. In Section 3.3 we
will demonstrate that this choice is legitimated also by the fact that the
integrated contribution of the fainter sources to the cluster luminosity is
negligible.

The B-band completeness correction, instead, was not evaluated for any
of the two surveys. Therefore, being unable to determine the B-band 97%
completeness treshold, we chose to build our photometric profiles by using
only a V-band limited sample of objects, with my < 20 mag, and to assume
cpr, = 1 also in the case of the B-band observations.

In order to determine whether these assumptions could lead us to intro-
ducing some bias, we considered the following facts:

e the equal number of sources in the B and V' bands rules out the possi-
bility of having drastically different c,; values between the two bands
within the considered photometric range;

e the integrated intensity of all the sources of our catalogs with mp < 20
exceeds of a factor larger than 10 the combined intensity of all the
sources within the magnitude range: 20 mag < mp < 21 mag;

e the introduction of a B-band photometric cut, whose difference with
respect to the V-band photometric cut is tuned to reproduced the ob-

served average cluster color (i.e., (B — V) ~ 0.8), did not significantly
modify the measured intensity and color profiles.
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All these considerations made us feel safe in assuming only a V-band
completeness treshold and a photometric completeness correction c,, = 1 for
both the photometric bands.

So the completeness correction was approximated with only the second
term of Equation 3.2, namely the areal completeness correction ac(R;).

The detection rate of an object is a function of its position in the sky,
here expressed thanks to the clustercentric distance R;. In fact, due to the
presence of gaps between the CCDs and to the fact that our FoV is not a
circle centered on the BCG, when integrating on circular areas a fraction of
each circle can lay outside the FoV. The areal completeness correction is used
to account for this pixel loss, which reflects on a loss of sources too, therefore
it is defined as the inverse of the fraction of the ring of mean radius R; and
thickness 1 pixel that lies inside the merged WINGS and Omega-WINGS
FoVs.

3.1.2 The galaxy fraction

Under the reasonable assumption that SExtractor did not misclassify any star
as galazy, at least in the considered photometric range, the galaxy fraction is
1 for all the sources classified as galazries. However, it becomes smaller than
1 when we consider the unknown objects, because they can contain a certain
fraction of stars. This galaxy fraction among the unknown was calculated by
Varela et al. (2009) and is in good agreement with other values that can be
found in literature at least up to my = 24 mag.

For objects brighter than 20 the expected percentage of galaxies among
the unknown is 100%, while for fainter objects (observed only in the B band)
it goes down to 95%.

3.1.3 The field intensity

To quantify the intensity emitted by the field galaxies firstly we used the
galaxy number counts provided by Berta et al. (2006), which were derived
with the same WINGS instrumental setup, and secondly we corrected the
derived quantity for the intensity associated to the already identified field
objects. Therefore, the intensity associated to the field objects can be ex-
pressed according to the following formula:

[ﬁeld<Rn) = [Berta<Rn) - [non-members (Rn)a (33)

where Ipeq,(R,,) is the intensity calculated starting from the statistical num-
ber counts, and I,,on-mempers(Ry) is the intensity associated to the detected
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N (mv § 20)/Ntot

mp [mag]

Figure 3.1: Upper panel: total number of galaxies in each B-band magnitude
interval detected by Berta et al. (2006) (in blue), and fraction of them with
my < 20 mag (in red). Lower panel: fraction f; of galaxies with V-band
magnitude brighter than 20 as a function of their B-band magnitude.
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non-member galaxies in the considered FoV and within the considered radius
R,. Now we will analyze each of the previous terms in detail, starting from
the first one.

Berta et al. (2006) provide the V- and B-band galaxy number counts from
magnitude 16 to 28 and normalized to a 1-square-degree FoV, with bins of
width 0.5 mag. Therefore, we can define Ig., as:

p
Iperta(Rn) = R2 - Y Nj - fi(my < 20) - 1070475, (3.4)

j=1

where j is the generic index associated to any magnitude bin, p is the total
number of bins, N; and m; are the number of counts and their average
magnitude within the j-th bin, and f;(my < 20) is the fraction of galaxies
in the considered magnitude bin with my < 20 mag.

For the V' band f;(my < 20) is a step function equal to 1 when my < 20
mag and equal to 0 when my > 20 mag, while for the B-band data, given
that we are dealing with a V-band-limited sample, it is necessary to subtract
only the field contribution given by objects brighter than my, = 20 mag.
To achieve this, we downloaded the Berta et al. (2006) original photometric
data and we rebuilt the histogram of galaxy counts taking into account only
these sources. In Figure 3.1 we show their trend (in red) versus the trend of
the original sample (in blue). The trend of f;(my < 20) in fractional units,
instead, is plotted in the bottom panel.

Now we will analyze the second term: I,pn mempers(Rn). It is needed
because, while I, can provide the intensity of the statistically-expected
field sources, we already removed a certain amount of such object due to the
membership check. So, in order to avoid the oversampling of the field objects
contribution, we needed to introduce this term into the equation. Under the
hypothesis of having detected ¢ field galaxies, I,,on-mempers 18 €equal to:

4q 10~0-4my

2
]non—members =7 Rn : E Wa

k=1

(3.5)

where £ is the index associated to the a generic detected field galaxy with
magnitude my, and the FoV is expressed in square degrees. The lower mag-
nitude limit for including an object in the sum corresponds to the bright end
of Berta et al. (2006) number counts, while the upper one to our photometric
cut.
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3.2 The photometric profiles construction

Equation 3.1 allowed us to calculate the the integrated intensity value at the
distance of every source from the BCG, which resulted in an oversampling
of the profiles and in an irregular spacing between the points. In order to
have equally-spaced points we rebinned our data through a weighted least
squares (WLS) interpolation with a constant sampling of 0.057509. Then we
converted the integrated intensity profiles into differential intensity profiles,
which we converted into absolute magnitude profiles (Mp(< R) and My (<
R)), from which we derived the local color profiles:

(B =V)(R) = Mp(R) — My(R). (3.6)

Starting from the local color profiles, we calculated the K-correction for
each radial bin like in Poggianti (1997). In fact, the K-correction is a function
of two parameters: the first is the average color index and the second is the
redshift of the source, which was assumed to be the mean cluster redshift. If
a radial bin had (B — V') > 0.8 we adopted the K-correction valid for ETGs,
if it had 0.8 > (B — V) > 0.5 we applied typical correction for Sa galaxies,
while if it had (B — V') < 0.5 we used the K-correction of Sc and Irregular
galaxies.

This is clearly an approximation, in fact the K-correction should be ap-
plied to each galaxy singularly thanks to a precise knowledge of its mor-
phology and redshift, which unfortunately are available only for the objects
belonging to the spectroscopic sample. However, as long as the procedure
in Section 3.1 is correct the average K-correction of the galaxy populations
in each bin can reliably be calculated without introducing errors larger than
0.05 mag.

3.3 The faint objects correction

Quantifying the amount of light coming from sources fainter than our photo-
metric cut is of fundamental importance for understanding if our photometric
and color profiles can reliably reproduce the properties of the observed clus-
ters.

In order to do it we used the luminosity function (LF) provided by Moretti
et al. (2015) for the V-band data of the stacked WINGS sample. Such a
parametrization is based on a double Schechter function:
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ab f of
O(L) = (?_i‘i) . <L£§’,) ce B 4 (%) : (%) .efL/LJ&, (3.7)

where ¢%, and ¢}, are normalization constants, L% is the luminosity associ-
ated to MY = —21.25 mag, a® = —1.10, L{/ is the luminosity associated to
M, = —16.25 mag, and of = —1.5.

Under the assumptions that all the clusters have a similar LF and that
¢(L) is not a function of R (which is only an approximation of the real case,
where the LF varies with R; see, e.g., Agulli et al. 2016, 2017), we could
calculate an approximated LF correction ¢y as the ratio between the total
expected V-band cluster intensity I,,; and the observed one I,;:

c _ ]tot _ fOLBCG L¢(L) dL (3 8)
Y I [P Lg(LydL '

L V,cut

where Lpcg is the V-band luminosity of the BCG, and Ly . is the V-
band luminosity at magnitude 20. The two integrals represent the luminosity
density associated to a distribution of objects with LF ¢(L) and luminosity
within the integration interval. Both the integrals can be solved through the
incomplete gamma function and lead to a correction of the order of 2 — 5%.

Being a very small value, we can conclude that our hypothesis of intro-
ducing a photometric cut at my = 20 mag cannot generate any significant
bias; finally, since the B-band LF was not derived, we decided to not apply
such a correction to our photometric profiles.

3.4 The mass profiles construction

In order to build the stellar mass profiles of our clusters, a four-steps proce-
dure was followed:

e firstly, we built the stellar luminosity profiles of our photometric sam-
ple;

e secondly, we repeated the same procedure but selecting only the objects
within the spectroscopic sample;

e thirdly, we built the stellar mass profiles for the spectroscopically-
selected cluster members;
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e finally, starting from the previously-derived profiles and from the faint
objects correction, we obtained the total stellar mass profiles of the
clusters.

Now we shall analyze each of these points into detail.

The construction of the luminosity profiles for the photometric sample
was performed as described in Sections 3.1 and 3.2. The construction of
the luminosity profiles of the spectroscopic sample, instead, presented three
fundamental differences:

e the photometric completeness could reach values significantly smaller
than the aforementioned 97%, which means that the associated cor-
rection in Equation 3.2 (c,,) could not be approximated with 1 any-
more. However, since the photometric sample is nearly 100% complete,
Moretti et al. (2017) were able to precisely calculate the detection rate
without making any prior assumption;

e no galaxy fraction correction was needed;

e the statistical field subtraction was not needed, as the membership of
each object was known.

The spectro-photometric masses of all the galaxies in the spectroscopic
sample either are public (Fritz et al. 2011) or have been measured by Moretti
et al. (private communication) with the same SED-fitting procedure de-
scribed by Fritz et al. (2007). This allowed us to build the spectroscopic
stellar mass profiles through the following formula:

My (S R,) =) ce(my, Ri) - M, (3.9)
=1

which is a sum analogous to the one in Equation 3.1, where M, is the mass
of the i-th galaxy cluster member and cc(m;, R;) has been defined in Equa-
tion 3.2. As for the photometric profiles, the stellar mass profiles were also
rebinned to have equally-spaced points every 0.05 r9qq.

Finally, the integrated mass profiles were built starting from the previous
ones thanks to the following formula:

Lph<§ R)
Ly(< R)’
where L,,(< R) and L, (< R) are, respectively, the integrated luminosity

within the radius R of the photometric and spectroscopic samples, and ¢y g
is the above-mentioned correction for faint objects.

Mi(S R) = cLr My (< R) - (3.10)
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Behind this relation there is the implicit assumption that the measured
mass-to-light ratio at each radius is representative of the true one in the
cluster, which is generally true since the overall spectroscopic sample is more
than 80% complete with respect to the photometric one for my < 20 mag.

3.5 The photometric and mass profiles

Table 3.1 compares the main parameters of our clusters.

Figures 3.2—3.24 show the photometric profiles of our galaxy clusters.
In the upper plots we see the integrated magnitude profiles, in the central
ones the integrated and local (B — V') color profiles and in the lower ones
the surface brightness profiles. Blue and green lines are, respectively, the B-
and V-band data, while yellow and orange lines are the local and integrated
colors.

Figures 3.25—3.45 present the light and mass profile of our clusters both
for the photometric and spectroscopic samples. The upper panels display
the integrated V-band luminosity of the photometric (green line) and spec-
troscopic (red line) samples, while the lower ones show the associated stellar
mass profiles.

A number of considerations emerge from their analysis:

e most of the luminosity profiles seem to be still increasing at the maxi-
mum photometric radius;

e the (B — V) integrated color typical of a moderately evolved mix of
stellar populations ((B —V) ~ 0.75) and usually shows a gradient
between the central region, which is redder, and the outskirts, which
are bluer; in the most extreme case (i.e., [IZW108) such gradient is
equal to A(B—V)/Ar = 0.36 mag 5. The local colors are, generally,
more noisy than the integrated ones due to the lack of sources in some

radial bins;

e the surface brightness profiles, although dominated by random fluctu-
ations at the adopted spatial binning, show a clear cusp in the central
region and very different gradients when the profiles are plotted in units
of 7200;

e the spectroscopic and the photometric light and stellar mass profiles
are quite different from cluster to cluster.

Concerning the last point we believe that the origin of the systematic
difference between the photometric and spectroscopic profiles is due to the
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observational difficulty of positioning the multi-object spectrograph fibers to
get a simultaneous coverage in the whole cluster region, particularly in the
dense core of the clusters. In most cases the spectra of the most luminous
galaxies in the cluster center have not been obtained, and sometimes even
the BCG spectrum is missing. The consequence is that the completeness
correction c,,(m;) (i.e., the ratio between the total number of objects in a
given magnitude bin from the photometric sample and the corresponding
number from the spectroscopic sample) could not be calculated in certain
magnitude bins, so the lost flux clould not be redistribuited between the
observed sources (e.g., in Equation 3.9), resulting in a net displacement of
the two curves. The effect appears to be larger in the center and smaller
in the outern regions, thus supporting our explanation. Clearly, the correct
mass and light profiles are those based on the most complete photometric
sample.



Table 3.1: Cluster name (Column 1), LF correction (Column 2), observed over total expected cluster luminosity
(Column 3), color gradient (Column 4), number of substructures from Ramella et al. (2007) (Column 5), total
luminosity of the substructures over the main cluster component luminosity (Column 6), effective radius in units
of 7999 (Column 7), effective LF-corrected mass (Column 8), ropo in units of kpc (Column 9), and integrated mass
within 7999 (Column 10).

Cluster LF corr. Lobs/Leazp A(B — V)/A?" Nsub Lsub/Lmain Re/T’QOQ ./\/le 7200 M200

mag 7500 102 Mgy kpe 10 Mg
AS85 1.03 0.66 —0.27 2 0.72 0.87 0.91 2366 1.15
A119 1.02 0.42 —0.06 2 0.36 - - 2087 -
A147 1.03 0.85 —0.29 2 0.34 - - 1612 -
A151 1.03 0.52 —0.12 2 0.71 1.33 1.12 1779 1.00
A160 1.03 0.61 —0.11 3 0.44 - - 1359 -
A168 1.03 0.75 —0.32 1 0.28 1.22 0.70 1323 0.67
A193 1.03 0.93 —0.17 0 - 0.29 0.18 1847 0.40
A500 1.05 0.75 —0.23 1 0.50 1.22 0.79 1895 0.71
AT54 1.03 0.58 —0.18 2 0.97 0.88 2.00 2216 2.14
A957 1.02 0.60 —0.26 0 - 1.83 - 1550 0.41
A970 1.04 0.72 —0.32 1 0.30 0.76 0.83 2031 1.10
A1069 1.05 0.66 —0.32 1 0.50 1.59 0.95 1667 0.78
Al631a 1.03 0.84 —0.15 0 - 1.11 2.33 1839 1.78
A1983 1.03 0.63 —0.22 - - - - 1276 -
A1991 1.04 0.77 —0.20 1 0.40 - - 1441 -
A2107 1.02 0.72 —0.17 0 - - - 1436 -
A2382 1.04 0.76 —0.18 0 - 1.28 1.12 1675 0.78

A2399 1.04 0.85 —0.27 - 1.08 0.81 1755 0.79
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Table 3.1: Continued.

Cluster LF corr. Lobs/Lezp A(B - V)/AT Nsub Lsub/Lmam Re/T’QOQ Me 7200 M200
mag 7500 102 Mgy kpe 10 Mg
A2415 1.04 1.38 —0.27 1 0.14 0.69 0.47 1661 0.76
A2457 1.04 0.97 —-0.21 1 0.07 0.77 0.80 1634 0.95
A2589 1.02 0.59 —0.31 1 0.35 - - 1978 -
A2593 1.02 0.74 —0.23 - - - - 1700 -
A2657 1.02 0.76 —0.16 1 0.77 - - 924 -
A2665 1.04 0.57 —0.29 1 0.03 - - 1500 -
A2717 1.03 0.62 —0.10 - - 1.87 - 1315 0.27
A2734 1.04 0.68 —0.14 3 0.52 1.39 1.23 1875 1.00
A3128 1.04 0.63 —0.19 3 1.53 1.00 2.45 2016 2.45
A3158 1.04 0.61 —0.22 1 0.65 1.08 1.82 2461 1.76
A3266 1.04 0.47 —0.24 0 - - - 3170 -
A3376 1.03 0.52 —0.26 2 0.66 1.55 - 2043 3.43
A3395 1.03 0.25 —0.10 - - - - 2912 -
A3528a 1.03 0.55 —0.21 - - 1.34 - 2450 1.15
A3528b 1.03 0.49 —0.30 1 0.25 - - 2078 -
A3530 1.03 0.52 —0.09 0 - 1.61 3.91 1625 1.91
A3532 1.04 0.52 —0.17 0 - 2.48 - 1940 0.07
A3556 1.03 0.63 —0.10 - - 1.39 3.51 1616 2.51
A3558 1.03 0.38 —0.25 0 - - - 2424 -
A3560 1.03 0.27 —0.12 - - 2.45 - 2030 2.23
A3667 1.04 0.29 —0.02 3 1.16 2.42 - 2434 2.45
A3716 1.03 0.89 —0.10 1 0.64 0.39 2.14 2053 3.80
A3809 1.04 1.01 —0.26 - - 1.13 1.26 1330 1.20
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Table 3.1: Continued.

Cluster  LF corr. Lops/Lesy A(B—=V)/Ar Ngw  Lew/Lmain  Re/T200 M, 79200 Mg
mag 7500 102 My kpe 10 Mg
A3880 1.04 0.42 —0.01 0 - 2.44 - 1656 1.12
A4059 1.03 0.63 —0.06 - - 1.27 - 1818 1.57
1IZW108 1.03 0.67 —0.36 1 0.17 1.37 0.59 1478 0.48
MKW3s 1.03 0.63 —0.23 1 0.12 - - 1305 -
78852 1.02 0.74 —0.21 2 0.19 - - 1690 -
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Figure 3.2: Photometric profiles of the clusters A85 and A119. Upper plot:
integrated magnitude profiles, where the blue lines correspond to the B-
band data, and the green lines to the V-band data. Central plot: color
index profile with the orange lines corresponding to the integrated color index
(B—V)(< R) and the yellow lines to the local color index (B—V)(R). Lower
plot: surface brightness profiles, with the same color code of the upper plot.
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Figure 3.3: Photometric profiles of the Omega-WINGS galaxy clusters. Con-
tinued.



3.5. THE PHOTOMETRIC AND MASS PROFILES

#(R)

[mag arcsec™?]

#(R)

[mag arcsec™?]

A160
7 [Mpd]
0

1.0 pluhunnng

LML
Po o

w w N
N O @

o
=]
[=]
N

0.5 1.0 15 2.0

[,
LOPr st

LS LITTLITT]
SHAINE

IR OLH
11

w
N

0.00 0.25

1.00 1.25 1.50 1.75

R/ 7200

0.50 0.75

37

Figure 3.4: Photometric profiles of the Omega-WINGS galaxy clusters. Con-
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Figure 3.5: Photometric profiles of the Omega-WINGS galaxy clusters. Con-
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Figure 3.6: Photometric profiles of the Omega-WINGS galaxy clusters. Con-

tinued.



40 CHAPTER 3. THE PHOTOMETRIC PROFILES CONSTRUCTION

1 ! }
TITRTLITTRIT] Venn! i iy 1

1
g ::‘tl: UH GRS
AT "o o o 1

[ !

©(R)

[mag arcsec™?]

o
T
1

w o ow
N
1

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
R/Tzoo

Figure 3.7: Photometric profiles of the Omega-WINGS galaxy clusters. Con-
tinued.



3.5. THE PHOTOMETRIC AND MASS PROFILES 41

=N LOFsun s o g A e o,
g

| —E§ 05F e l'"'ii'l"ii'ii‘:i"""I'Iii:"'iu ' HHLE] ]
M E oof .
05F ]
24
726 ]
Y
[
o 30 E
£
— 0.0 0.2 0.4 0.6 0.8 1.0 1.2 14 1.6
R/T200
A1983
7 [Mpd]
0.0 0.5 .0 1.5 2.0
-26; : i : - . - '
. -25f ]
= _oal i
VIS 2
‘gé -23r 1
—22 ]
2.0 } } } } } } } }
1.5': Y T
= 1.0 A :llll'll g, ] 1
|7 st R i ]
] E
0 ]
oo J
=
[ .
)
©
£ 32k L L L L L N N N 4
- 0.0 0.2 0.4 0.6 0.8 1.0 1.2 14 1.6 1.8

R/ 7200

Figure 3.8: Photometric profiles of the Omega-WINGS galaxy clusters. Con-
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Figure 3.9: Photometric profiles of the Omega-WINGS galaxy clusters. Con-
tinued.
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Figure 3.12: Photometric profiles of the Omega-WINGS galaxy clusters.
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Figure 3.19: Photometric profiles of the Omega-WINGS galaxy clusters.
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Figure 3.25: Luminosity and mass profiles of the Omega-WINGS galaxy
clusters. Upper plot: V-band integrated luminosity profile for the objects in
the photometric (green line) and spectroscopic (red line) samples. Lower plot:
integrated mass profile for the objects in the photometric and spectroscopic
samples, with the same color code as the upper plot.
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Figure 3.26: Luminosity and mass profiles of the Omega-WINGS galaxy
clusters. Continued.
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Figure 3.27: Luminosity and mass profiles of the Omega-WINGS galaxy
clusters. Continued.
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Figure 3.28: Luminosity and mass profiles of the Omega-WINGS galaxy

clusters. Continued.
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Figure 3.29: Luminosity and mass profiles of the Omega-WINGS galaxy
clusters. Continued.
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Figure 3.30: Luminosity and mass profiles of the Omega-WINGS galaxy

clusters. Continued.
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Figure 3.31: Luminosity and mass profiles of the Omega-WINGS galaxy
clusters. Continued.
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Figure 3.32: Luminosity and mass profiles of the Omega-WINGS galaxy
clusters. Continued.
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Figure 3.33: Luminosity and mass profiles of the Omega-WINGS galaxy
clusters. Continued.
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Figure 3.34: Luminosity and mass profiles of the Omega-WINGS galaxy
clusters. Continued.
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Figure 3.35: Luminosity and mass profiles of the Omega-WINGS galaxy
clusters. Continued.
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Figure 3.36: Luminosity and mass profiles of the Omega-WINGS galaxy

clusters. Continued.
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Figure 3.37: Luminosity and mass profiles of the Omega-WINGS galaxy
clusters. Continued.



3.5. THE PHOTOMETRIC AND MASS PROFILES 71

A3376
r [Mp¢]
0.0 0.5 1.0 1.5 2.0
1012 T T T T T
&
VIS
5=
1014
&
o) 13
l//\E 10
=
1012 1 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0
R/T200
A3395
r [Mp¢]
0.0 0.5 1.0 1.5 2.0 25
104 T T T T T T
. 1013
s ——
VIS
~J - 1012
1015
10 e
© 1013 L
vg 10
=
10 F
11 1 1 L 1
10 0.0 0.2 0.4 0.6 0.8
R/T200

Figure 3.38: Luminosity and mass profiles of the Omega-WINGS galaxy
clusters. Continued.
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Figure 3.39: Luminosity and mass profiles of the Omega-WINGS galaxy
clusters. Continued.
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Figure 3.40: Luminosity and mass profiles of the Omega-WINGS galaxy
clusters. Continued.
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Figure 3.41: Luminosity and mass profiles of the Omega-WINGS galaxy
clusters. Continued.
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Figure 3.42: Luminosity and mass profiles of the Omega-WINGS galaxy

clusters. Continued.
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Figure 3.43: Luminosity and mass profiles of the Omega-WINGS galaxy
clusters. Continued.
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Figure 3.44: Luminosity and mass profiles of the Omega-WINGS galaxy
clusters. Continued.
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Figure 3.45: Luminosity and mass profiles of the Omega-WINGS galaxy
clusters. Continued.



Chapter 4

The photometric profiles analysis
procedure

In this chapter we analyze the previously-derived photometric profiles. In
Section 4.1 we introduce the models that we used to fit our data, namely
the King model (Section 4.1.1), the standard S-model (Section 4.1.2), and
the Sérsic model (Section 4.1.3); in Section 4.2 we introduce the goodness-
of-fit criteria used to discriminate between the different models (namely, the
Akaike Information Criterion and the Bayesian Information Criterion), and
we motivate our choice; in Section 4.3 we describe the fitting procedure and
the best model selection; finally, in Section 4.4 we present and comment all
the fits.

4.1 The modeling of luminosity profiles

As we noted in Section 3.5, the luminosity profiles appear to be still increas-
ing at the largest possible radius. Therefore, we decided to reproduce their
photometric profiles with some model from which we could obtain the cluster
structural parameters.

The profile fitting was done on the integrated luminosity profiles, as the
surface brightness profiles display an important level of statistical noise that
could only be removed by enlarging the size of the radial bins. However, by
enlarging the size of the radial bins we were going to lose spatial informa-
tion, which is particularly important in the central region, where the surface
brightness profiles display their central cusp. The choice of applying our fits
to the luminosity profiles allowed us to have both a denser spatial sampling
and a more controlled level of statistical fluctuations.

The models that we decided to adopt for fitting our data are the following
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ones:

e the King model;
e the standard S-model;

e the Sérsic model.

Each of them will now be analyzed in detail.

4.1.1 The King model

The King (1962) model was created to reproduce the density profiles of glob-
ular clusters, but later it was adopted also to describe the intensity profiles
of galaxies, expecially in the case of dwarf elliptical galaxies. Marmo et al.
(2004) preliminary attemped to use it for fitting the WINGS cluster surface
brightness profiles and other authors (e.g., Adami et al. 1998) to reproduce
the number density profiles in galaxy clusters

The King profile is given by the following formula:

I(R):k<1/\/R2/R§+1—1/ R,?/REJrl)_Q, (4.1)

where k is the scale surface brightness, R, the core radius, and R; the tidal
radius. In the case of galaxies, the core radius is the radius, calculated at 45°
of inclination with respect to the major axis, where the intensity is equal to
one half of the central intensity value. The tidal radius, instead, is the radius
where the intensity value abruptly falls. Starting from these two quantities,
one can also define the concentration parameter ¢ = log(R./R;).

The King law has a theoretical foundation. In fact, it describes the in-
tensity profile of a spherically-simmetric stellar system, where the velocity
dispersion of stars is isotropic and constant. Under these hypothesis, the
tidal radius is the radius starting from which the centrifugal force depletes
the system of its components.

An isothermal sphere is characterized by ¢ — oo, while in the case of real
objects: ¢ ~ 2.2 for giant elliptical galaxies, and ¢ ~ 1 for globular clusters.

The integral of this profile is given by:

- 7rk{Rglog(RQ/RgnLl)+1/\/R§/R§+1 [R?/ IR+ 1+

+ B2 (1VEIRE 1 - /R RE+1)] b+ Lo,

where Lzp is the zero-point luminosity level.

(4.2)
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4.1.2 The standard S-model

The standard S-model (Cavaliere and Fusco-Femiano 1976) has traditionally
been used to reproduce the intensity profile of an isothermal sphere of hot
intracluster medium (ICM) in hydrostatic equilibrium (see e.g., Jones and
Forman 1984). This appears to be a valid approximation only in the case of
galaxy clusters with a regular X-ray morphology, although it is applied also
to clusters where this is not verified.

The S-model can be expressed through the following formula:

R 2
1 —
(&)

where [ is the central surface brightness value, R. the core radius that we
defined in Section 4.1.1, and f is the ratio between the specific energy within
hot ICM and the specific energy within galaxies. In other words:

0.5—38

I(R) = I , (4.3)

pmp o

b=t (4.4
where p is the mean molecular weight, mp the proton mass, k the Boltzmann
constant and Ticm the ICM temperature.

Thanks to the fits performed on ROSAT PSPC data, most authors have
derived beta values of the order of § ~ 0.5 in the case of galaxy groups (see
e.g., Ponman and Bertram 1993) and 5 ~ 0.64 for galaxy clusters (see e.g.,
Mohr et al. 1999).

In principle the S-model could be used to reproduce our luminosity pro-
files because the galaxy distribution, just like the ICM, should be a tracer of
the potential well where the entire cluster resides. Its luminosity profile is
equal to:

1.5-38
L(<R) = /ZWRI(R) dR = 2;?3620 {1 + (Rﬁ)} + Lzp.  (4.5)

4.1.3 The Sérsic model

The Sérsic (1963, 1968) law is widely adopted for reproducing the bulges of
both early- and late-type galaxies (see e.g., Caon et al. 1993; D’Onofrio et al.
1994; Andredakis et al. 1995). It is expressed by the following formula:

I(R) — [ee—bn[(R/Re)l/n—l]’ (46)
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where R, is the effective radius (i.e., the radius containing one half of the
total luminosity), I, the effective intensity (i.e., the local value of the intensity
at R = R.), n the Sérsic parameter, and b, a function of the n parameter
without an analytical expression. In fact, b,, is defined as the parameter for
which:

['(2n) = 2y(2n,b,), (4.7)

where ' and v are, respectively, the gamma and lower incomplete gamma
functions, i.e.:

+oo
[(x) = / e dz, (4.8)
0

Yy
'y(a:,y):/ e dz. (4.9)
0

While R, and I, control the size and luminosity of the source, the n
parameter defines the shape of the curve. In particular, for n = 1 the Sérsic
law becomes the exponential law (Freeman 1970) for galaxy disks and pseudo-
bulges, and for n = 4 it becomes the de Vaucouleurs (1948) law for classical
bulges, which was also used by Marmo et al. (2004) for parametrizing the
surface brightness profiles of WINGS clusters.

The integrated luminosity of the Sérsic model is given by:

_ 2mnRZI. el
o bh2n

L(< R) = / omr I(R) dR o (20, b (R/R)V™) + Lyp, (4.10)

where we chose to parametrize b, with the Prugniel and Simien (1997) ap-
proximation for n > 0.5 and with the MacArthur et al. (2003) approximation
for n < 0.5.

4.2 The goodness-of-fit criterium choice

The models analyzed in Section 4.1 have a different number of free parame-
ters: 4 in the case of the King law, and 3 for the § and Sérsic models and the
x? generally decreases as the number of free parameters increases. Therefore,
a goodness-of-fit criterium is required for comparing the different models and
selecting the one that best reproduces the data by keeping at minimum the
number of free parameters.

Two of the most commonly-used goodness-of-fit criteria are:
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e the Akaike (1973) information criterion (AIC):

2k (k+1)
N—-k-1
where k is the number of free parameters, and N the number of data
points to be fitted;

AIC = x* + 2k + (4.11)

e the Bayesian information criterion (BIC, Schwarz 1978):

BIC = x>+ kIn (N). (4.12)

The rule for both criteria is to choose the model able to minimize the
AIC or BIC value.

A comparison between them can be found in Burnham and Anderson
(2002), according to which both the AIC and the BIC can be obtained, by
changing the prior, in the same Bayesian context. These authors identify
two main theoretical advantages of the AIC over the BIC: firstly, the AIC
is derived from the principles of information, while the BIC is not; secondly,
the BIC prior is not sensible in the information theory context. Moreover,
as a result of simulations, the authors also concluded that the AIC is less
biased than the BIC.

Despite this, we chose to priviledge the BIC over the AIC for two main
reasons: first, it is built starting from a vague or uniform prior (Burnham
and Anderson 2002), which is a good assumption in our context, where we
have no theoretical justification to privilege a particular category of models;
secondly, it penalizes more strongly models with a higher number of free
parameters (Kass and Raftery 1995), thus it reduces the risk of adopting
over-complicated models (which will be particularly useful in Section 4.3).

In order to understand how strongly one model is favoured in comparison
with another, we used the criterion defined by Kass and Raftery (1995),
according to which, if we call ABIC the difference between the BICs of the
two models:

e 0 < ABIC < 2 is not worth more than a bare mention;

e 2 < ABIC < 6 indicates a positive evidence towards the lowest-BIC
model;

6 < ABIC < 10 indicates a strong evidence towards the lowest-BIC
model;

ABIC > 10 indicates a very strong evidence towards the lowest-BIC
model.
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Figure 4.1: The growth curves of the 4 clusters (green lines) best-fitted with
the King models (yellow lines) and the corresponding Sérsic fits (blue lines).
The cluster name is displayed on the upper-left corner of each panel, while
on the lower-right corner we plotted the discrepancy between the two models
quantified with the two criteria defined in Section 4.2.

4.3 The profile fitting procedure

To have more reliable fits (expecially in the central regions, where the inte-
grated luminosity steeply rises) we rebinned the profiles with a radial spacing
of 0.02 T200-

The King model offered the worst representation of the observed lumi-
nosity profiles, and the Sérsic model the best one. Figure 4.1 allows a visual
comparison between the King model (yellow line), the Sérsic model (blue
line), and the data (green line) in the case where the parameter ABICkg,
assumed the smalles values. In all these cases the King model is strongly
disfavoured with respect to the Sérsic model. Moreover, in order to match
the bulk of the data points, the King profile usually mismatched the central
luminosity value, which is known with a high precision. As a consequence,
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Figure 4.2: The light profiles of the 4 clusters (green lines) best-fitted with
the B-models (yellow lines) and the corresponding Sérsic models (blue lines).
The cluster name is displayed on the upper-left corner of each panel, while
on the lower-right corner we plotted the discrepancy between the two models
quantified with the two criteria defined in Section 4.2. Since the number
of free parameters and data point is equal in the case of the two models,

AEgI(jBS — BICBeta - BICSersic — AlAI(jBS — AICBeta - AICSersic — AXQ

the King model was rejected.

A better situation was found when comparing the standard S-model with
the Sérsic model. In fact, in this case the two profiles are much more similar
(see Figure 4.2 for a visual comparison), but except for a borderline case
(namely, A85) all the beta models are strongly or very strongly disfavoured
when compared with the Sérsic models. It is interesting to note, however,
that most of the derived 3 parameter values are compatible with those typical
of the ICM in galaxy groups and clusters (Figure 4.3).

The integrated Sérsic profile was able to correctly reproduce most of the
observed profiles, but the presence of luminosity bumps in the profile of a
few clusters resulted in some poor fits. This issue was solved by fitting our
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Figure 4.3: Histogram of all the 8 parameters values derived starting from
the growth curve fitting.

data also with a double Sérsic profile (i.e., the superposition of two Sérsic
profiles), in analogy with the profiles of disk galaxies, which usually display
two embedded components. However, to minimize the risk of adopting over-
complicated models, we chose to privilege the single Sérsic models in every
case, except when a strong or very strong evidence in support of the double
Sérsic ones was present. This resulted in 39 single and 7 double Sérsic fits
whose effective parameters are tabulated in Table 4.1. We note that for all
the double Sérsic profiles the inner component is always smaller and fainter,
but with a higher value of surface brightness than the outern one.

For a recap of the fitting parameters see Tables 4.2 and 4.3, while to see
the fits look at Section 4.4.

The confidence intervals around the best fit parameters have been calcu-
lated with the following procedure: the y? was recomputed giving to all the
points a constant weight calculated in such a way to have a final y> = N —k
(where N — k is the number of degrees of freedom), then each parameter
was individually modified until the x? reached the value N — &k + 9 (i.e.,
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the interval contained a probability of 99.73% of finding the true parameter
value).

In the double Sérsic fits sometimes the threshold N — k + 9 could not be
reached, and the limit was marked as undefined. This happens in two possible
cases: first, when the Sérsic index n;, cannot be safely constrained due to a
very limited number of data points where the inner component dominates;
second, when inside the central region the inner component is not significantly
brighter than the outern one and the outern region displays a very disturbed
profile no significant increase in the y? is possible by increasing the inner-
component effective radius value R, ;.

The confidence limits derived in this way are likely an overestimation of
the structural parameters true errors because they have been calculated by
ignoring the mutual correlations that exist between the parameters them-

selves. Nontheless, all of them are of the order of few percent (see Table
4.2).

4.4 The fits

Figures 4.4—4.26 we present the best-fit values for all the clusters of our
sample.

Almost all the profiles seem to well represent both the luminosity and the
surface brightness of our clusters, however at least in one case (i.e., A1631a)
our best model selection criterion preferred a single Sérsic fit where a human
analysis of the surface brightness profile would suggest a two-component
model.

In a few cases the total asymptotic luminosity may have been overesti-
mated. In fact, in the case of A151, A754, and maybe also A3560 the fitted
profile intercepts with an increasing trend the very upper edge of the growth
curve, which instead appears to flatten. A possible way to improve the qual-
ity of these fits could be the implementation of a simultanous minimization
of the residuals of both the integrated luminosity and surface brightness
profiles. Instead, the profiles of A1991, A2415, and A2657 display some sig-
nificant sudden increases of the luminosity profile that could be due either
to some ongoing major marger or to the presence of important background
structures.

No fit displays a central surface brightness higher than the observed one
(within the error); in fact, to avoid unphysical divergencies at small radii
all the models with higher values were immediately rejected, even if their
reduced x? and their AIC or BIC parameter were prefereable. The same was
not done in case of much lower values, because the central surface brightness



88 CHAPTER 4. THE PHOTOMETRIC PROFILES ANALYSIS

has almost certainly been overestimated; in fact, the central point displays
the luminosity of the BCG and of all the galaxies within 0.01 75, entirely
collapsed to a single point, with no information on its real distribution. As a
consequence, we chose not to constrain our best model selection for matching
a likely unrealistic value.

In a few cases (i.e., A147, A1631a, A1991, A2657, A2717, A3128, A3532,
A3556, and IIZW108) the fitted profile is unable to correctly reproduce the
fluctuations of the luminosity profile at small radii, however this is not, gener-
ally, a problem. In fact, in case of infalling structures larger than the adopted
spatial scale we expect to see such fluctuations. It is interesting to note that
both A1991 and A2657 display important fluctuations at larger radii too.
As a consequence, we can assume that these two systems either are expe-
riencing some relevant merging event or are made of very strongly-bound
substructures.

Finally, the presence/absence of a cool core (see e.g., Henning et al. 2009)
does not seem to influence the number of components used to fit the lumi-
nosity profiles. In fact, 6 of the 7 clusters of our sample analyzed by Henning
et al. (2009) can be parametrized with a single Sérsic profile, despite 2 of
them (i.e., A119, and A4059) have a cool-core and the remaining 4 (i.e.,
A85, A3266, A3558, and A3667) do not. The only exception is A3158, which
has no cool core and a double Sérsic parametrization. No connection seem to
exist also between the cool core presence/absence and the best fit parameters
values.
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Table 4.1: Cluster name (Column 1), effective radius (Columns 2), effec-
tive luminosity (Columns 3) and average intensity within the effective radius

(Columns 4).

Cluster Te L, I,
kpc 10 L, Lg pc?

A85 2058  3.14 0.24
A119 3548  3.87 0.10
Al47 838 0.73 0.33
A151 2373 4.25 0.24
A160 3302 3.31 0.10
A168 1614  1.80 0.22
A193 536 0.67 0.75
A500 2312 2.96 0.18
AT754 1950  3.71 0.31
A957 2837 1.26 0.05
A970 1544 1.39 0.19
A1069 2661  2.06 0.09
Al163la 2041  9.57 0.73
A1983 2105 1.66 0.12
A1991 2248  2.30 0.15
A2107 1335  1.02 0.18
A2382 2144 295 0.20
A2399 1895  2.12 0.19
A2415 1146 0.79 0.19
A2457 1258  1.88 0.38
A2589 2097 1.07 0.08
A2593 1037 1.12 0.33
A2657 2088  1.24 0.09
A2665 2595  1.84 0.09
A2717 2453 1.99 0.11
A2734 2606 1.77 0.08
A3128 2016 5.05 0.40
A3158 2668 441 0.20
A3266 4026  6.23 0.12
A3376 3167 7.28 0.23
A3395 6843  25.99 0.18
A3528a 3283  7.05 0.21
A3528b 2800 @ 5.49 0.22
A3530 2618  11.30 0.52
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Table 4.1: Continued.

Cluster Te L, 1,
kpc 102 Lo Lg pc2

A3532 4811  16.19 0.22
A3556 2246 7.42 0.47
A3558 3636  25.29 0.61
A3560 4978  21.84 0.28
A3667 5890  25.55 0.23
A3716 801 7.78 3.86
A3809 1503  3.54 0.50
A3880 4037  9.52 0.19
A4059 2309 7.88 0.47
I[TZW108 2025 1.53 0.12
MKW3s 2323 1.42 0.08
78852 1301 1.12 0.21




Table 4.2: Cluster name (Column 1), parameters of the best single Sérsic decomposition (Columns 2—4), normalized
x? value associated to the best single Sérsic decomposition (Column 5), AIC value associated to the best single
Sérsic decomposition (Column 6), and BIC value associated to the best single Sérsic decomposition (Column 7).

Cluster n R./rogo  log (I [Lo pc™?]) xay AICem BICgpy
A85 1.48%007  0.871005 —1.005001 0.33  23.93  30.06
A119 4.08T008  1.707003 —1.54%50 0.12 11.01  16.43
A147 1.367003  0.52700; —0.857001 144 67.71  73.20
A160 4767515 2.437597 ~1.6270:01 0.18 1926  26.29
A168 1.137008  1.224004 —0.971001 0.66 54.49  61.48
A193 3.98T052  0.297001 —0.76001 0.34 1886  24.00
A500 2.4270:08 1.2270-07 —1.2143%2 0.30 29.60  36.78
AT754 2.055000  0.88%00; —0.9470:01 022 17.16  23.07
A957 4.37102%  1.83705 —1.861003 0.37 27.61  33.95
A970 3.791015  0.761007 —1.287001 0.47 2998 3595
A1069  2.31709%  1.59100 ~1.487001 0.21 20.78  27.70
A1631a 0171505 1111005 —0.1710 61 1.39 108.58 115.61
A1983  3.04%000 1.65T005 —1.417508 1.76  136.50 143.53
A1991  1.63%0% 1.561009 —1.2270:08 0.94 8390  91.26
A2107  2.45%0L 0.9313% —1.2370:01 0.59 40.34  46.67
A2382 2177556 1287008 —1.12%55 0.25 26.82  34.22
A2399 158101, 1.08%00s —~1.107003 0.60 51.65  58.76
A2415 0437522 0.69700 —0.881005 1.65 95.13  101.26
A2457 142705 0771002 —0.797001 0.28 2535 3214
A2589  4.097015 1.06700 —~1.697001 0.28 18.21  23.70
A2593 2337083 0.617001 —0.94 1501 0.50 31.21  37.12

SLIA HHL 77

16



Table 4.2: Continued.

Cluster n R./rogo  log (I. |[Lo pc™?]) xay AICem BICgpy
A2657  3.087075 2267030 —~1.5279% 2.10 148.95 155.74
A2665  2.247007  1.73%009 —1.5170:02 0.67 5147  58.26
A2734  3.00707 1.397008 —1.591907 0.45 31.41  37.69
A3128  1.547007  1.00053 —0.777001 122 86.56  93.26
A3266  3.64%000 1.277008 —1.447001 0.22 16.18  21.86
A3376  2.75%00%  1.551008 —1.147502 0.20 16.79  22.87
A3395 2711041 2357048 ~1.19%9% 0.52 2833  33.81
A3528a  1.547008%  1.347007 —1.05590 0.47 3620  42.82
A3532 422102 2487018 —~ 1187008 0.69 56.01  62.96
A3556  2.731030 1.3970%3 —0.857001 0.87 64.57  71.32
A3558  2.207005 150700 —0.671501 0.10 10.51  16.00
A3667 2107003 2427002 —1.031907 0.48 33.99  40.32
A3716  1.87109%  0.397001 0.157004 0.30 21.98  28.06
A3809  0.59700; 1137007 —0.507001 0.54 61.97  69.99
A4059  1.8010%  1.277509 —0.7970:08 0.28 23.60  30.22
[IZW108 2.8070 % 1.377003 — 1401907 0.86 62.84  69.54
MKW3s  3.16%01% 1.7870%) —1.571000 1.35 9540  102.10
73852 2.577019  0.7715.53 —1.1613%2 0.89 47.72  53.46

SISATVNYV SHTIA0Hd DIHLANOJLOHd HH.L 'V H4LdVHO



Table 4.3: Cluster name (Column 1), parameters of the best single Sérsic decomposition (Columns 2—7), normalized
x? value associated to the best double Sérsic decomposition (Column 8), AIC value associated to the best double
Sérsic decomposition (Column 9), and BIC value associated to the best double Sérsic decomposition (Column 10).

Cluster

Nin

Re,m/ 7200

log(Ze.in)
L@ pC_2

Nout

Re,out/erOO

log(le,out>
L@ pC_2

)
XBM

AlICgm

BICgpm

A151
A2717
A3158
A3528b
A3530
A3560
A3880

2.31"7%]
an

. —0.37
2.70""%]
168"
0.67755

0.03190%
ol
+1-0.02
0.057001
oot
-~ —0.05

0.8010%9
it
—0.10
0.4110%9
0.357 045
—0.3479:43

1.88%004
ol

+9-0.04
0.527 001
1.13%922
0.93%03}

1487058
1.95%07%
Lk

-0-0.06
1.6270:03
2.507 5
2.50% 008

~1.14%50
Ry i

VP—0.01
—0.4710:0¢
—0.8719:98
—1.03%949

0.26
2.04
0.18
0.19
0.42
0.68
1.51

30.10
174.27
22.34
23.37
45.60
55.71
134.11

42.76
187.92
33.71
35.13
59.18
68.11
147.83
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Figure 4.4: Photometric decomposition of the Omega-WINGS galaxy clus-
ters luminosity profiles: V-band surface brightness and integrated luminosity
profiles of the cluster A85 (green line) with the best single Sérsic fit (in blue).
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Figure 4.5: Photometric decomposition of the Omega-WINGS galaxy clus-
ters luminosity profiles: V-band surface brightness and integrated luminosity
profiles of the cluster A151 (green line) with the best double Sérsic fit (in
red); the pink and orange lines give, respectively, the inner and outer Sérsic

components.
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Figure 4.6: Photometric decomposition of the Omega-WINGS galaxy clusters
luminosity profiles. Continued.
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Figure 4.7: Photometric decomposition of the Omega-WINGS galaxy clusters

luminosity profiles. Continued.
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Figure 4.8: Photometric decomposition of the Omega-WINGS galaxy clusters
luminosity profiles. Continued.
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Figure 4.9: Photometric decomposition of the Omega-WINGS galaxy clusters
luminosity profiles. Continued.
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Figure 4.10: Photometric decomposition of the Omega-WINGS galaxy clus-
ters luminosity profiles. Continued.
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Figure 4.11: Photometric decomposition of the Omega-WINGS galaxy clus-
ters luminosity profiles. Continued.
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Figure 4.12: Photometric decomposition of the Omega-WINGS galaxy clus-
ters luminosity profiles. Continued.
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Figure 4.13: Photometric decomposition of the Omega-WINGS galaxy clus-
ters luminosity profiles. Continued.
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Figure 4.14: Photometric decomposition of the Omega-WINGS galaxy clus-
ters luminosity profiles. Continued.
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Figure 4.15: Photometric decomposition of the Omega-WINGS galaxy clus-
ters luminosity profiles. Continued.
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Figure 4.16: Photometric decomposition of the Omega-WINGS galaxy clus-
ters luminosity profiles. Continued.
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Figure 4.17: Photometric decomposition of the Omega-WINGS galaxy clus-
ters luminosity profiles. Continued.
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Figure 4.18: Photometric decomposition of the Omega-WINGS galaxy clus-
ters luminosity profiles. Continued.



4.4. THE FITS

o
=]

A3395
7 [Mpc]
15

109

2.0 2.5

N
o

N N N
N E-) N
T

i [mag arcsec™?]
%

Cluster profile

— Single Sersic fit

v/\/\/\ — A

1014

1011

0.0

o
=]

0.1

0.5

0.2

0.3

1.0

oj4 0:5
R/T200
A3528a

7 [Mpc]
15 2.0

0.6 0.7 0.8 0.9

2.5 3.0

N
o

N N
N

[mag arcsec™2]
N N
& &
:

W
w
o

1013

—— Cluster profile

PN\

— Single Sersic fit ]

V'“/\AV"‘V[\ 4

0.2

0.4

0j6
R/T200

0.8

1.0 1.2

Figure 4.19: Photometric decomposition of the Omega-WINGS galaxy clus-
ters luminosity profiles. Continued.
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Figure 4.20: Photometric decomposition of the Omega-WINGS galaxy clus-
ters luminosity profiles. Continued.
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Figure 4.21: Photometric decomposition of the Omega-WINGS galaxy clus-

ters luminosity profiles. Continued.
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Figure 4.22: Photometric decomposition of the Omega-WINGS galaxy clus-
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Chapter 5

Scaling relations among the
structural parameters

In this chapter we analyze the main relations that we found among the clus-
ters structural parameters. In Section 5.1 we start by showing the stacked
profiles and the histograms of the various parameters. In Section 5.2 we
introduce the first relations, suggesting that clusteres, like ETGs, are non-
homologous structures. In Sections 5.3 we compare the average red sequence
of Omega-WINGS ETGs with the color-magnitude relation found for galaxy
clusters. Finally, in Section 5.4 we compare all the remaining main scaling
relations valid for ETGs with those found for clusters.

5.1 General considerations

Figures 5.1 and 5.2 show the whole set of luminosity, surface brightness, mass
and color profiles of the clusters stacked in four different plots and normalized
to the effective structural parameters. Note that the cluster profiles show very
different behaviors both in the central and in the outer regions. The central
surface brightness spans a range of ~ 6 mag arcsec™2, while the amount of
light and mass within and beyond R, appears to differ of up to a factor of
~ 2 in units of L, and M..

This is clearly an evidence of a marked difference in the global struc-
ture of clusters. Galaxy clusters do not seem to share a common light and
mass distribution. The only similar behavior is visible in the stacked color
profiles, showing that all the clusters have similar (B — V)(< R) color pro-
files dominated by an old stellar population in the center and by a bluer
one in the outer parts. Despite the large spread observed (around 0.3 mag),
all the measured profiles are compatible with an average old mix of stellar
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Figure 5.1: Superposition of the luminosity and surface brightness profiles
associated to all the best fit models, normalized to the effective parameters.
Blue and red lines are associated to the single and double Sérsic fits used to
reproduce the luminosity profiles.
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Figure 5.3: Histograms of the effective radius and luminosity distribution.
Upper panels: single Sérsic fits data in blue, double Sérsic fits data in red,
and all of them combined in yellow. Lower panels: ETGs data in green.
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populations.

Like in the case of galaxies, the best way to establish the main cluster
properties is to study the relations among the structural parameters.

When available, we compared the measured parameters with those from a
sample of 261 ETGs studied in our previous works (e.g., D’Onofrio et al. 2008;
D’Onofrio et al. 2014), whose structural parameters (i.e., effective radius and
luminosity, mass, velocity dispersion, Sérsic index, etc.) are available from
the WINGS database. The idea is to quantify the correspondences and the
differences between the structural parameters of clusters and ETGs.

Figures 5.3 and 5.4 provides the histograms of the observed distributions
of the structural parameters. It is interesting to note that almost all the com-
ponents follow some gaussian-like distribution. The range of values spanned
by each parameter, although at different scales, is comparable. Note for ex-
ample that the effective radii span in both samples a factor of ~ 50, while
luminosities and average effective intensities span a larger interval (up to a
factor of ~ 100 for galaxies and around 30 for clusters).

Once we observed that clusters and ETGs have a similar distribution
of the photometric structural parameters at different scales, we decided to
investigate the main relations known to be valid for ETGs.

5.2 The non-homology of galaxy clusters

The first relations that we decided to investigate are those connected to the
homology of clusters.

A structure is homologous if it has scale-free properties. A virialized
structure is not necessarily homologous. In the case of ETGs this has been
proved by several works (Michard 1985; Schombert 1986; Capaccioli 1987;
de Carvalho and da Costa 1988; Capaccioli 1989; Burkert 1993; Caon et al.
1993; Young and Currie 1994; Prugniel and Simien 1997) by showing that
the light profiles of these galaxies are best fitted by the Sérsic law and that
the Sérsic index n correlates with the luminosity, the mass and the radius of
the galaxies themselves.

Figure 5.5 shows the distribution of galaxy clusters with respect to the
ETGs in the r. —n and L. — n diagrams in logarithmic units. The dashed
lines gives the bi-weighted least square (BLS) fit of the two distributions.
This kind of fit was applied because we do not know a priori which variable
drives the correlation.

Two considerations emerge from these plots: first, both the classes of
objects span the same range of n; second, the slope found for ETGs seems
to be a plausible slope also for galaxy clusters. Considering that almost all
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Figure 5.5: The r. —n and L. — n correlations in log units for ETGs (green
dots) and clusters (blue dots). The grey dashed lines are parallel to the
BLS fit of the WINGS ETGs. The bold grey dashed line is the BLS fit
of our clusters. The filled areas are used to identify the limits of the rms
standard deviation of the observed distributions, with the same color code
of the sample to which they refer. We removed from the plot the cluster
A1631a because a visual inspection of the surface brightness profile suggests
the presence of a second cluster component in the same area.
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the clusters are in the luminosity range ~ 102 — 103 L, while the galaxies
span the range ~ 10° — 10! L, it is not surprising to see that the L, — n
correlation, well visible in galaxies, is almost absent in clusters. The r, — n
correlation, on the other hand, is well visible for both the types of structures.
This means that clusters with the same luminosity can have very different
structures with different values of r. and, of course, n. In other words,
clusters are likely non-homologous systems, like ETGs.

The idea that clusters are non-homologous systems is not predicted by
cluster simulations. We remember that the DM halos emerging from numer-
ical simulations are structurally homologous systems with similar velocity
dispersion profiles (Cole and Lacey 1996; Navarro et al. 1997). We do not
have enough data at the moment to check the consistency of the DM profiles
with the observed stellar light profiles, so we will addressed this problem in
a future work.

5.3 The color-magnitude diagram of galaxy
clusters

As a consequence of these impressive analogies with ETGs, we decided also to
compare the color-magnitude (CM) relation (B — V)(< R) — My of clusters
with the average red sequence slope found by Valentinuzzi et al. (2011) for
the WINGS galaxies in the CM diagrams of the single clusters. In Figure 5.6
each cluster is represented by a dot with a (B — V)(< R) color that is the
average integrated color index measured within different fractions of r999 and
a total magnitude My that corresponds to the total magnitude of the cluster
within ro09. Note that the WLS fit of the clusters is steeper than the average
red sequence slope of the galaxies in clusters (equal to —0.04) only when
the mapped region of the clusters is larger than 0.6 r509. The plots clearly
indicate that the most massive clusters are, on average, the reddest ones,
while the less luminous clusters are the bluest ones (this is observed also
in the red sequence of ETGs). Note also that in the central region all the
clusters seem to have approximately the same color.

The WLS fits of our data (bold dashed lines) provide the following rela-

tions valid for different fractions of the clusters areas (in 799 units):

(B —V)(<0.27500) =+1.15 £ 0.39 + 0.01 & 0.02 My (r300)

(B — V(< 0.67500) = —0.47 £ 0.35 — 0.04 & 0.01 My (ra00), (5.1)
(B = V)(< 1.0r900) = —1.59 = 0.36 — 0.08 == 0.01 My (ra00), ‘
(B = V)(< 14ryg0) =—2.23 £ 0.35 — 0.11 = 0.01 My (ra00),
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Figure 5.6: The color-magnitude relation for the whole sample of clusters
considering different cluster areas. On the x-axis we have the integrated V-
band absolute magnitude within r9yo, and on the y-axis the average of all
the integrated colors within the considered radius (plotted on the lower-left
corner of the panel). The blue dots refers to the single Sérsic clusters, the
red squares to the double ones. The grey dashed line gives the average red
sequence slope observed for the CM relations of the galaxies of the WINGS
clusters derived by Valentinuzzi et al. (2011). The average red sequence slope
has been plotted here by matching the intercept of the line to the mean color
of the distribution. The bold dashed line is the WLS fit of the observed

distribution.
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while the corresponding average red sequence slopes for the galaxies of the
WINGS clusters in the same areas matched to the barycenter of the point
distribution (light grey dashed lines) are:

( )(<0.27900) = —0.38 4 0.16 — 0.04 4 0.01 My,
(B —V)(<L0.6700) =—0.48 £ 0.17 — 0.04 + 0.01 My,
( )( )
( ) )

7"200)»
TQOO), (52)

< 1.07990) =—0.56 £ 0.17 — 0.04 = 0.01 My, )

)

= 7200),
< 1.4ryy)=-—0.624+0.18 —0.04 £ 0.01 My,

7200 )-

o~ o~~~

The CM relation of galaxy clusters is found here for the first time. Its
existence should find an explanation in the current models of cluster forma-
tion and evolution. We will dedicate a future work to a possible theoretical
interpretation of what is observed.

In addition to the CM relation we note that a correlation between the
mean effective luminosity of clusters L. and the color gradient A(B—V)/Ar
is significant in our data (see Figure 5.7 and Table 3.1):

A(B = V)/Ar = —1.47 +0.32 + 0.10 = 0.03 log(L.). (5.3)

The color gradient A(B —V')/Ar is negative because clusters, like ETGs,
are redder in the center and bluer in the outskirts, and it appears to be larger
in the fainter clusters. This is at variance with the case of ETGs, where the

optical gradient seem not to correlate with the galaxy luminosity (see e.g.,
La Barbera et al. 2010).

5.4 The main scaling relations of galaxy clus-
ters

Table 5.1 presents the data of the mutual correlations among the structural
parameters of galaxies and clusters. The following figures show the most fa-
mous ETGs parameters correlations extended to the domain of galaxy clus-
ters.

Figure 5.8 compares the Kormendy relation (Kormendy 1977; Hamabe
and Kormendy 1987; Capaccioli et al. 1992; D’Onofrio et al. 2017) of ETGs
with that of our clusters. The green diamonds correspond to the WINGS
ETGs, the blue dots to the single Sérsic fits, the red squares to the gen-
eral parameters of the double Sérsic profiles, the pink triangles to the inner
components of the double Sérsic fits and the orange reversed triangles to the
outern components of the double Sérsic profiles.
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Figure 5.7: The color gradient as a function of the effective luminosity of the
clusters. Color code as in the previous figures.
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Figure 5.8: The Kormendy I, — 7. relation for ETGs and galaxy clusters.
Green diamonds are E'T'Gs. The blue circles are associated to single Sérsic
fits of galaxy clusters, the red squares to double Sérsic fits, the pink triangles
to the inner components of double Sérsic fits, and the reversed orange tringles
to the outern components of the double Sérsic fits.
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It is interesting to note that the effective parameters of galaxy clusters
follow the same relation previously found for ETGs. Clusters reside along
the high-radii tail of galaxies and share the same Zone of Exclusion (for more
details see Section 6.1) of ETGs. The ordinary least squares (OLS) linear
interpolation of both the samples provides the same slope within the errors
(see Table 5.1), compatible with that expected by the scalar virial theorem
(light grey dashed lines) when a constant mass-to-light ratio is assumed. For
a better explanation of the observed distribution in the I, — 7. plane see
Chapter 6.

Figure 5.9 shows the L. — r. and the M. — r. relations between the
effective luminosity /mass and the effective radius. Again we see that the
distribution of ETGs and clusters follows the expected behavior on the basis
of the Virial theorem (see Table 5.1). The position of each object in these
planes depends on the zero-point of the virial relation, which is different for
each system. To see such effect note how the position in the M, —r, diagram
depends on the central velocity dispersion o (color scale on the right plot).
The velocity dispersion values on the plot are those tabulated by D’Onofrio
et al. 2008 for all the galaxies, and were provided us by Biviano et al. (2017)
for the clusters.

To complete the series of plots dedicated to the virial equilibrium of our
clusters, we also show the Faber-Jackson (FJ; 1976) L. — o relation. A plot
similar to Figure 5.10 will be shown and discussed in Chapter 6.

This set of figures clearly shows that ETGs and clusters share the same
virial relations. The occasional deviations come from the different zero-points
of the different systems in each diagram.

Finally, we analyze the stellar mass-to-light ratios of ETGs and clusters.
Figure 5.11 shows the distribution of the M /L ratios as a function of the total
luminosities. We see that ETGs span a factor of 10 in M/L and that the
stellar mass-to-light ratio does not correlate with the luminosity. This seems
in contradiction with the claimed relation between the dynamical M /L ratio
and the luminosity (see e.g., Cappellari et al. 2006, or Cappellari 2008). The
mean stellar M /L ratio of galaxy clusters spans a much smaller interval of
values and again no correlation is seen with the luminosity. The combination
of the two samples seems to suggest a trend with L of the mass-to-light ratio,
but this is a misleading conclusion originated from the absence of clusters
with low M/L values.

These figures provide further evidence that nearby clusters are dominated
by an old stellar population almost over the whole extension of their profiles,
an observational fact that must be reproduced by models of cluster formation
and evolution.

We conclude by observing that the ratio between the luminosity of cluster
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previous figure, the colors represent the velocity dispersion of each point
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Figure 5.10: L. — o relation for the WINGS ETGs and our galaxy clusters.
The symbols are as those in the previous figures, the colors represent the
effective radius (color bar on the right).

substructures and the main cluster component measured by Ramella et al.
(2007) mildly correlates with the cluster velocity dispersion (see Figure 5.12
and Table 5.1). This is a somewhat expected result, as the velocity dispersion
should increase when a merging occurs.
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Figure 5.11: Average value and dispersion of the mass-to-light ratio of all the
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Table 5.1: Summary of all the discussed OLS/WLS relations: y- and z-axis (Column 1), sample used to compute
the relation (Column 2, where g = galaxies, and ¢ = clusters), sample size (Column 3), zero-order polynomial
term (Column 4), first-order polynomial term (Column 5), RMS (Column 6), Pearson Correlation Coefficient PCC
(Column 7), Pearson p-value in logarithmic units (Column 8, where the unreported values indicate a probability
smaller than 3x 10~7, which comes from the 5 RMS criterion), Spearman’s Rank Correlation p (Column 9), Spearman
p-value in logarithmic units (Column 10, where the unreported values again indicate a probability smaller than

3x1077).
y—x Sample N Co 1 RMS PCC log(pp) P log(ps)
(B =V)(£0.2790) — My (r200) c 46 1154039 -0.154+0.15 0.08 015 —048 021 —0.73
(B —V)(< 0.67200) — My (r00) c 46 —047+0.35 —0.04+0.01 0.07 —046 —2.66 —0.46 —2.67
(B = V)(< 1.07200) — My (7a00) c 46 —1.59+0.36 —0.08+0.01 0.07 —0.69 —6.41 +0.67 —5.95
(B = V)(< 1.4700) — My (rag0) c 46 —2.23+0.35 —0.11+0.01 0.07 —0.78 - —0.75 -
A(B = V)/Ar —log(Le) c 46 —1.47+0.32 0.10£0.03 007 051 359 050 —3.37
log(1.) — log(r.) g 261 28240.02 —099+0.05 021 —0.79 - —0.75 -
log(T.) — log(r.) c 53 2754029 —1.02+0.09 031 —0.84 - —0.57 —5.09
log(L.) — log(re) g 261 9.4840.02 1.034£0.05 040 0.80 - 0.75 -
log(L.) — log(re) c 53 9344029  097+0.10 033 0.70 - 0.64 —5.94
log(M.) — log(r.) g 261 10.10+0.03 0914006 031 0.64 - 0.59 -
log(M.) — log(r.) c 20 10.1040.03 091+£0.06 026 054 —1.94 040 —1.16
log(L.) — log(o) g 261 6094021 1.734£010 023 0.75 - 0.78 -
log(L.) — log(o) c 41 7904159  1.63+£056 039 042 —225 0.38 —1.88
log(r.) — log(o) c 41 1934033 1564068 047 0.34 - 0.35 -
log(r.) — log(n) g 261 —0.28+0.04 1334008 026 0.49 - 0.49 -
log(r.) — log(n) c 38 2974007 1.02£0.12 024 033 —135 040 —1091
log(L.) — log(n) g 261 9.0940.05 1.584£0.09 0.32 0.44 - 0.47 -
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Table 5.1: Continued.

y—x Sample N Co ¢ RMS PCC log(pp) p log(ps)
log(L.) — log(n) ¢ 38 1208+009 L0SL£022 048 005 —0.12 —012 —0.31
10g(0) — 10g(Lsuy/ Lmain) ¢ 22 2924003 012+£006 008 043 —1.36 049 —1.68
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Chapter 6

The Fundamental Plane of ETGs
and galaxy clusters

We dedicate this chapter to the Fundamental Plane. In Section 6.1 we intro-
duce the concept, in Section 6.2 we describe the connected problem, and in
Section 6.3 we present a new solution. In Section 6.4 we discuss the details
of our solution, in Section 6.5 its connection to the luminosity, the SFR and
the velocity dispersion of the system. In Section 6.6 we introduce its link
to the Faber-Jackson relation, and in Section 6.7 its connection to the star
formation activity in galaxies.

6.1 Introduction on the Fundamental Plane

The Fundamental Plane (FP) is the following relation:

alog(r.) + blog(I.) + clog(o) +d = 0, (6.1)

connecting the effective radius 7. (i.e., the radius containing one half of the
total luminosity), the average intensity within the effective radius I, and the
velocity dispersion o of any virialized system. Its origin is still unclear, even
after decades from its discovery (Djorgovski and Davis 1987; Dressler et al.
1987) in the case of ETGs. The unsolved question has two aspects: firstly,
the FP coefficients are significantly different from the virial expectation for
homologous galaxies (a ~ 1.2 instead of 2, and b ~ —0.7 instead of —1);
secondly, the scatter around the plane is very small along the whole FP
extension, which spans several orders of magnitude. The observed coefficients
are found to depend on the filter band adopted (see e.g., Scodeggio et al.
1998; Hyde and Bernardi 2009), on the fitting procedure (see e.g., Sheth and
Bernardi 2012) and on the magnitude limit of the selected galaxy sample (see
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e.g., D’Onofrio et al. 2008), but in all cases are significantly different from
the virial expectation.

The first interpretation of the tilt was related to the behaviour of the
stellar populations of galaxies through their stellar mass-to-light ratio which
was seen to vary with luminosity (M /L ~ M®*, with a ~ 0.25; Faber et al.
1987). Subsequent, independent measurements found similar values of « (see
e.g., Pahre et al. 1998; Gerhard et al. 2001; Borriello et al. 2003; Treu et al.
2005).

An alternative explanation was that galaxies are progressively non-homo-
logous systems along the FP (Hjorth and Madsen 1995; Capelato et al. 1995;
Busarello et al. 1997; Prugniel and Simien 1997; Graham and Colless 1997;
Pahre et al. 1998; Bertin et al. 2002; Trujillo et al. 2004; Nipoti et al. 2006;
La Barbera et al. 2010). This scenario was supported by the observation
that the light profiles and dynamics of ETGs deviate systematically from
homology (Michard 1985; Capaccioli 1987; de Carvalho and da Costa 1988;
Capaccioli 1989; Burkert 1993; Schombert 1986; Caon et al. 1993; Young
and Currie 1994; Prugniel and Simien 1997). Ciotti et al. (1996) however
pointed out that a strong fine-tuning between stellar mass-to-light ratio and
the Sérsic index n is required to explain with just structural non-homology
both the tilt of the FP and the small scatter around it (the so-called M /L —
n conspiracy). Cappellari et al. (2006, 2013) also excluded an important
contribution of non-homology to the tilt using integral models of the ETGs
mass distribution based on 2D kinematic maps. Along the same line, the
galaxy mass distribution estimated from gravitational lensing by Bolton et al.
(2008) did not seem to support an important role for non-homology.

Subsequently, the interpretations of the tilt proposed a number of possible
mechanisms: metallicity effects (Gerhard et al. 2001), dark matter distribu-
tion and amount (Tortora et al. 2009; Secco 2001; Secco and Bindoni 2009),
dissipation effects during galaxy collapse (see e.g., Oniorbe et al. 2005; Dekel
and Cox 2006; Robertson et al. 2006; Hopkins et al. 2008), variable initial
mass function (IMF, Chiosi et al. 1998), star formation history (SFH), etc.,
but the contribution of DM and IMF was also excluded by Ciotti et al. (1996)
on the basis of a required strong fine-tuning argument, and observing that
the observed SFH of galaxies is hardly reconciled with the widely accepted
hierarchical paradigm of the A-CDM cosmology.

More recently, D’Onofrio et al. (2013) proposed the existence of a fine-
tuning mechanism able to explain the properties of the FP based on the
observed mutual correlation between galaxy mass, mass-to-light ratio and
Sérsic index. Increasing evidences now exist that the main driver of stellar
population properties in ETGs is the velocity dispersion, with a second order
effect due to galaxy environment (see e.g., La Barbera et al. 2014). The slope
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of the IMF, for example, has been found to correlate with o (Cenarro et al.
2001; van Dokkum and Conroy 2010; La Barbera et al. 2013). At the same
time merging events, gas accretion and feedback processes seem to have a
significant role for the evolution of ETGs, in particular in the center of groups
and clusters. The question therefore is: to what extent all these processes
have affected the FP properties of the nearby ETGs that we see today?

In addition to the tilt, the small observed scatter (~ 20 — 25%) around
the FP is also unexplained. Forbes et al. (1998) and Terlevich and Forbes
(2002) found a correlation between the residuals of the FP and the age of
the galaxies (ETGs with higher /lower surface brightness have younger/older
ages). Gargiulo et al. (2009) claimed that the FP residuals anti-correlate with
the mean stellar age, while a strong correlation exists with [a/Fe|. Graves
et al. (2009) proposed that the stellar population variations contribute at
most to 50% of the total thickness and that correlated variations in the IMF
or in the central DM fraction make up the rest. Magoulas et al. (2012) found
that the residuals about the FP show significant trends with environment,
morphology and stellar population, with the strongest trend being with age.
Unfortunately, even if the data are even better today, the systematic errors
in age, |Z/H| and |o/Fe| are still large and not well understood, as different
packages for stellar population synthesis provide very different results.

The above discussion clearly reveals that a general consensus about the
origin of the FP and its properties is still lacking. We remind that even the
distribution of galaxies in the p, —r. plane, i.e., one of the projections of the
FP, is poorly understood. Kormendy (1977) showed that ETGs do not follow
the distribution expected for galaxies of the same total luminosity, but are
tilted with respect to this line, while Bender et al. (1992) and Burstein et al.
(1997) noted that in this plane galaxies seem to avoid a region of space: the
so called Zone of Exclusion (ZoE). They claimed that the slope of the ZoE
and the progressive displacement of the Hubble types from this line is con-
sistent with the hierarchical clustering scenario with a n = —1.8 power-law
density fluctuation spectrum (plus dissipation). Moreover, Nigoche-Netro
et al. (2008) showed that the Kormendy relation coefficients vary with the
width of the magnitude range and with the brightness of the galaxies within
it.

The same considerations can be done for the Faber-Jackson (1976) rela-
tion, connecting a galaxy luminosity with its velocity dispersion (see, e.g.,
Nigoche-Netro et al. 2010). The slope and zero-point of such relation changed
progressively from the original L oc 0™~* to the contemporary L oc ~2. This
relation is considered a projection of the FP and, as such, was also related
to the Virial Theorem, even though alternative explanations are possible.
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6.2 The Fundamental Plane problem

We assume that ETGs are gravitationally bound stellar systems which satisfy
the Virial Theorem equation:

VZ= G/\;“’t, (6.2)

where M,,; is the total galaxy mass, 7 a suitable mean radius, and V2 a
mean kinetic energy per unit mass. By definition every kind of virialized
system must belong to the Virial Plane (VP) in the space defined by the
variables M, 7 and V2. Unfortunately, these are not observable quantities.
Therefore, in the case of ETGs, the Virial Equation 6.2 is usually written as
follows:

2
Kyoer,

G Y

Mo = (6.3)
where 7, is the effective radius and Ky = 1/(k,kg) takes into account pro-
jection effects, density distribution and stellar orbits distribution. The term
K parameterizes our ignorance about the orientation, 3D structure and dy-
namics of ETGs. The formal expression of Ky (which is a dimensionless
quantity) assumes: V2 = ko2, and T = k..

Introducing the mean effective surface brightness I, = L/27r2, one gets
such expression for the Virial Plane (VP):

lg‘/ Mtot -1 — 1 9
= — I. o 4
e 2rG < L ‘ ’ (64)

or, in logarithmic form:

log(r.) = 2log(o) — log(I,) + log(Ky) — log (A/ll_j‘)t) —log(2nG). (6.5)

This formulation of the Virial Theorem is directly comparable with the
FP of Equation 6.1 rewritten with log(r.) as independent variable empirically
derived from observations.
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Note that for a given mass M, and zero-point there are infinite values
of pe — r. which satisfy Equation 6.5: all the points belonging to a plane
obey such equation. We can therefore define the VP as the locus of points
of the pe — re space which reproduce a constant mass My for an assigned
zero-point.

The zero-point of Equation 6.5 is given by the quantity:

2P pp = log(Ky) — log (ML”) ~log(27G), (6.6)

so that each galaxy has its own zero-point characterized by a peculiar M/L
(dark matter and stellar content) and Ky (degree of non-homology). If ETGs
were perfectly homologous systems (same Ky ) with similar M /L the ZP pp
would be a constant and all galaxies would be distributed along one VP. In
other words, the Virial Theorem does not provide any constraints on the
position of a galaxy in the p. — r. space. Two galaxies with the same mass
and zero-point, but with a different combination of M /L and Ky, may share
the same VP. In general, Equation 6.5 defines a family of planes filling the
te — 1o space for all galaxies.

In the p. —r. space each VP is parallel to the others, so that in principle
one should observe a cloud and not a plane, unless a mechanism constraining
all galaxies on the observed FP is in action.

The connection between the FP and the VP clearly links the tilt of the
plane to the properties of the stellar population, to the DM content and the
galaxy structure and dynamics. It is therefore not surprising that all the
proposed solutions have tried to demonstrate the link of the zero-point with
these galaxy properties. The existence of the FP, with its tilt and small
scatter, requires a connection between Ky (structure) and M/L (DM and
stellar populations). This is the so-called fine-tuning problem.

6.3 The new proposed solution

The new proposed solution comes from the observation that a galaxy of a
given mass M, has not a defined position in the u. — r. space. Its virial
equilibrium is guaranteed by all possible combinations of the variables that
fit the virial equation. It would be useful to have at least another constraint
to better define the location of a galaxy in the u. — r. space.

In order to find such a constraint we consider that a galaxy of a given mass
M has also a total luminosity L;,;. The luminosity of a galaxy ultimately
depends on the luminosities of its stars, which in turn depends on the star
radius and the effective temperature at the star surface.
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The common way of introducing the luminosity in the FP problem was
through the mass-to-light ratio, but we note that luminosity is actually a
quantity independent on the virial equilibrium, being only the product of
the SF history of galaxies.

On the basis of such consideration we look for the various expressions
that can give the total luminosity of galaxies. We know that the integrated
bolometric luminosity L of a galaxy of age T can be expressed as:

LﬂbﬁzAw[ﬁiAfUSMLLZ@»ﬁ@MﬂﬂZﬁwdAM%M, (6.7)

where S(M,t, Z(t)) is the stellar birth-rate, f\(M,7’,Z(7")) is the mono-
chromatic flux of a star of mass M, metallicity Z(t) and age 7" = T —t, and
M and My the minimum and maximum star masses that are formed. The
stellar birth rate S(M,t, Z(t)) can be expressed as the total mass converted
into stars per unit time (e.g., Mg yr~') or the total number of stars formed
per unit time at the time ¢ with the chemical composition Z(t). We adopt
the first definition for the sake of consistency with the definition of other
quantities in usage here that are related to the star formation. Separating
the S(M,t, Z(t)) into the product of the SFR W (¢, Z(t)) and the initial mass
function ®(M, Z(t)), and neglecting here the dependence on the metallicity
(it can be easily introduced whenever necessary) the above integral becomes

L:AML%W@RﬁﬁﬁM, (6.8)

where,

My
muqz/ BM) fr(M, ) dM, (6.9)

My,
where F)\(M, 7') is the integrated monochromatic luminosity at each epoch
provided by a single stellar population of age 7" and f)(M, 7’) is the mono-
chromatic luminosity emitted by a star of mass M and age 7’ or t in general.
Finally, we define the luminosity per unit mass of a single stellar population
as:

z@uyzﬁwg@mx (6.10)

and finally:

L:/%wwwaw (6.11)
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We can rewrite Equation 6.11 for the total luminosity considering the
average values of the involved variables as:

L~U(t)x Ly Tg ~ v Te, (6.12)
M
where W is the time average of the current SFR, and T(; is the age of the
galaxy. In the above average, L /M indicates the mean stellar light-to-mass
ratio representative of the whole stellar content. The total emitted light
today is the result of the whole SFH independently on the events that have
contributed to the increase of the SFR or its quenching. We further note that
within the time average values of ¥(t) x Ly, are encrypted the contributions
of the IMF.
Now we remember that the luminosity of ETGs correlates with the ve-
locity dispersion of their stars through the FJ relation (Faber and Jackson
1976). The best way for writing such relation is:

L =L (iy, (6.13)

2]

where oy is a reference zero-point normalization in velocity dispersion, [ is
the exponent derived through the fit of the data (often written in log form)
and Lg is a reference luminosity for the galaxy with o = 0¢. Measured values
for § range from 2 to 5 depending on the width of the magnitude range and
the luminosity of the sampled galaxies within the magnitude range (see e.g.,
Nigoche-Netro et al. 2010).

The origin of this correlation is far from clear. Why, in fact, should L
and o be correlated? The SF is a local phenomenon originating by micro-
physical processes inside clouds of gas and dust, while the velocity dispersion
of a galaxy is a direct consequence of the mass potential well. How do the
two things communicate? A priori there is no reason for such a connection.
A posteriori we understand the L — o relation on the basis of the connection
between mass and luminosity in each single star and on the basis of the Virial
Theorem. We will explore this issue again later on.

In the following we will often prefer to write Equation 6.13 in the form
L = Lyo?, ie., dropping the term oy. In this way we can simplify the
calculations as follows. For the moment we emphasize that in this form the
parameter Ly has units of [g s71], i.e., consistent with a SFR if 8 = 2.

The direct comparison of Equation 6.12 and Equation 6.13 tells us that
the parameter Ly of the FJ relation is connected to the mean SFR. We can
in fact write:
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Lo=9(t) x Ly, Te/o". (6.14)

In this parameter Ly the complex relationship between the galaxy dy-
namics and the SFH is therefore encrypted.

Now, remembering that L, = 2wI.r?, and passing to the logarithms,
Equation 6.13 (in its simplified form) can be rewritten as:

log(re) = (6/2)log(o) — (1/2)log(1.) + (6.15)
+(1/2)1log(Lg) — (1/2)log(2m).

At this point we can consider Equations 6.1 (the FP), 6.5 (the VP), and
6.15 (the FJ) using o as dependent variable:

log(0) = Alog(re) + Blog(I.) + C,
+

log(0) = 3 log(re) + 3 loa(T.) + 3 log(M/L) +
—% log(Ky) + % log(27G), (6.16)
log(e) = 1og(r) + 5 log(T.) = 5 log(La) + 5 log(2r)

where the coefficients A, B and C' are related to those of Equation 6.1. Then

we take the difference FP-VP and FP-FJ. These differences must be equal
on the intersecting lines. After some algebra, it follows that:

(2/6) — (1/2)

lelle) = ) —(1/8)

log(r.) + 11, (6.17)

where II can be defined as:

1 Log(Ky) — 2 log(M/L
1 Liogary — [£1080Y) = Slog(M/L)
2 [z — 3]
—5log(Lo) — 3 log(2m G) + 5 log(2m)]
5 -3l ’
which also defines the dimensional constant K.

Now we ask ourselves if Equation 6.13 could represent the plane we are
looking for in the u. — r. space.

+

(6.18)
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Figure 6.1: Distribution of ETGs in the L — o plane. The dashed lines mark
the position of the VPs (5 = 2) for galaxies with different effective radii and
zero-point. The dotted line marks one possible PFJ plane with Lj = constant
with slope equal to —2 (see text). The classical FJ relation seems to result
from the intersection of the PFJ and the VP planes. The filled circles are
normal ETGs. The red squares are dwarf galaxies of the WINGS database
with masses around 10% — 10° M.

Firstly, we observe that in the FJ relation L is nearly constant for almost
all ETGs (in the mass range 10° — 10'? M) of different o. The value of L
valid for all our ETGs is 1.6 x 10? gr s71. So this relation is not the one we
are looking for as a second virtual plane representing the total luminosity of
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a galaxy in the u, — r. space.

Furthermore, for 5 = 2, which is a good possible fit for the FJ relation
(see Figure 6.1), in Equation 6.17 the slope of the I, —r, relation is undefined.

Looking at Figure 6.1 we note that there are alternative mathematically
correct values of J that could give the total luminosity of a galaxy L.
In other words we should find the correct value for S on the basis of the
observed distribution of galaxies in the FP projections that provides the
total luminosity of each single galaxy. We will see below that the best value
is = —2.

Figure 6.1 shows with dashed lines the slope of the § = 2 lines in the L—o
space. The dotted line, instead, marks the planes with § = —2. Therefore,
heareafter we will write Equation 6.13 with 8 = —2 as L = L{, ¢ 2, dropping
again the normalization constant but remembering of its existence. The
values of Lj, are in this case the intercepts with the log(c) = 0 axis and
have the same unit of Ly (i.e., that of a characteristic luminosity). With
this equation we can assign to L{, which is very different from galaxy to
galaxy, the primary role of capturing the SFH of each object leaving to o
the secondary role of indicating how the velocity dispersion affects the SFR
(note that o could only change in the limited interval provided by the scatter
of the FJ relation).

Since Lj and Ly are correlated, we have for 3 = 2 that Ly = Ljo~. It
follows, on the basis of Equation 6.12, that also Lj, is connected to the SFR:

Ly=V(t) Ly, Tg o’ (6.19)

Now substituting L{ to Ly in Equation 6.15 we obtain a plane in the
le — Te space which is tilted in the right direction with respect to the VP
and with the notable property of having a significantly different zero-point
for each galaxy.

This is the second virtual plane of the u. — r. space that we are looking
for. It represents the total luminosity of a galaxy with a zero-point different
for each object, as it is the case for the total mass in the VP (with M /L and
Ky as zero-points).

We call this plane the “PFJ plane” (pseudo-FJ) for keeping in mind its
origin from the FJ relation and we define it as follows: The PF.J plane s the
locus of points defined by the values of pe — re, which reproduce a constant
luminosity L, for an assigned zero-point Lf. This plane contains, as the
VP, only one galaxy and all PFJ planes are parallel each other in the p, — 7,
space.

The different inclination of the VP and PFJ planes suggests that they
intersect somewhere in the u. —r. space, forming a line in such space. Along
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this line it resides only one object, the one with mass My, luminosity L.
and zero-points Zpp and Zpp; = 1/2log(Lf). In other words, along this line
the product (M /L)Ky Lj is constant.

It is clear that if the zero-points of the VP and PFJ planes vary in a
coordinated way, the result will be the formation of several parallel lines in
the p. — r. space, each one containing one galaxy. The plane that best fits
this distribution of parallel lines is the plane of real galaxies in the p, —
re space (i.e., the FP). Therefore, we define the FP as follows: The FP
is the plane in the p. — r. space that best fits all the parallel lines formed
by the intersections of the VP and PFJ planes. In this plane the quantity
(M/L)Ky Lj is constant. In this framework, the existence of a FP for real
galaxies implies that a close connection must exist between (M/L), Ky and
Ly (or, in other words, between mass, luminosity, structure and SFR).

A graphical sketch representing the mechanism at the origin of the FP
is given in Figures 6.2 and 6.3. Figure 6.2 shows two possible VPs for two
galaxies (in black and grey) and one PFJ plane for one galaxy. The intersect-
ing lines formed in the p. — 7. space by the VP and PFJ planes for galaxies
of masses M,; and luminosities L;,; mark the locus in which galaxies might
reside, in edge on Figure 6.3.

Consequently, the FP plane is naturally tilted with respect to both the
VP and PFJ planes. Its tilt is now connected to the global variation of the
zero-points of the VP and PFJ planes (Zpp and Zpgy), and the small scatter
observed around the plane originates from the fine-tuning effect linking M /L,
Ky and Lj (i.e., linking the galaxy mass, structure and dynamics with the

SFR).

6.4 The observed projections of the Fundamen-
tal Plane

Could we demonstrate observationally that the FP originates from the exis-
tence of the VP and PFJ planes?

Observations have shown that not only the FP of ETGs is tilted with
respect to the VP and that the scatter around the plane is small (~ 20%),
but also that the distribution of galaxies in the FP projections is far from
random. The best known example is the log(1,) — log(r.) plane. Kormendy
(1977) first noted a correlation between these variables with a slope different
from that predicted on the basis of the total luminosity. Capaccioli et al.
(1992), Bender et al. (1992) and Burstein et al. (1997) further noted that

galaxies seem to avoid a region of this space that they called ZoE.
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Figure 6.2: General view of the . — r. space with two possible VPs and one
PFJ plane.

We will see here that the projections of the FP, in particular the log(/.) —
log(r.) plane, the log(1.) — log(c) plane and the log(c) — log(r,) plane can
greatly help us to constrain the value of 5.

The central velocity dispersions were taken from the literature (Bernardi
et al. 2003; Smith et al. 2004), while the SFRs from Fritz et al. (2007). For
deriving them, the authors used a SED-fitting tecnique that consisted in

measuring the SFR at four different cosmic epochs:

e 2—20 Myr, when stellar populations are characterized by lines in emis-
sion and the strongest ultraviolet emission;

e 20—600 Myr, when the Balmer lines reach their maximum intensity in
absorption and the Cak line is almost non detectable;

e 0.6 — 5.6 Gyr, when the Balmer absorption lines become less and less
intense, as the age increases, and the Cak absorption line reaches its
maximum intensity;
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Figure 6.3: Two possible VP and PFJ planes seen edge-on for two ETGs
of masses M; and M, and luminosities L; and Ls respectively are shown
with black (VP) and red lines (PFJ). The FP results in this case from the
connection of the two intersections of the VP and PFJ planes. For many
galaxies the FP is the plane best that best fits all the intersecting lines.

e 5.6 — 17.8 Gyr, when the main features reach an asymptotic value for
these SSP. With these data we define the time average ¥ as the sum
of the four SFRs obtained for the different cosmic epochs.

In the previous section we obtained an equation for the distribution of

galaxies with similar M /L, Ky and Lj in the log(l.) — log(r.) relation. The
zero-point of Equation 6.17 varies as M /L, Ky and L, vary in the FP space.
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Note that the slope of this relation depends only on the value of § (i.e., on
the exponent of the PFJ plane).

Therefore, the question is: where are the projections of the intersecting
lines located, i.e., the lines of constant M /L, Ky and Lj in these 2D planes?

Figure 6.4 shows the log(I,) — log(r,) plane where we have adopted the
solution of Equation 6.18 with § = —2. Note how this value of S naturally
reproduces the slope of the observed distribution of galaxies. It follows that
the so-called ZoE is, in this context, a natural limit reached today by the
values of M /L, Ky and Lj during the cosmic evolution. In the figure we
plotted with different colors different ranges for the M/ L ratios available for
the galaxies of the WINGS database in the V-band (Moretti et al. 2014).
Note that there is not a clear trend of the galaxy distribution with the M /L
ratios, even if the higher mass-to-light ratios seem more frequently distributed
far from the ZoE. The dotted line is in fact the locus where the product of
M/L, Ky and Lj is constant and not simply that where M /L = constant.

Figure 6.5, instead, is a plot of the log(I,) —log(r.) distribution for objects
of very different masses, covering a range from ~ 1 Mg to ~ 10 M, (i.e.,
from stars to galaxy clusters). The data for the globular clusters are taken
from Pasquato and Bertin (2008), while those for stars are taken from the
SIMBAD database!. A similar plot was done by Dantas et al. (2000) using
the k-space over the range going from GCs to galaxy clusters.

Note that the log(1,) — log(r.) relation seems to be valid on every scale.
In this figure the ZoE is well visible in grey. The various virialized systems
are not randomly distributed. Their position in the diagram depends on
their structure and luminosity. The plot demonstrates that for all the kinds
of virialized systems there is a similar link between structure, dynamics and
luminosity. All structures are distributed along lines parallel to the ZoE with
[ = —2. The position of all systems in the diagram should be determined
in some way by the fine-tuning relation linking the luminosity of the stellar
population and the dynamics of the system governed by the total mass.

For stars the M /L ratio increases as far as we move away from the ZoE,
going from the main sequence stars of A spectral type to that of M type
stars. Therefore, if the dominating stellar population inside a stellar system
is made of late-type stars, we will observe a higher M /L that will likely place
the galaxy far from the ZoE2.

Note also that this diagram is done for the V-band, so that there is a
natural selection effect working on, since the lower (M/L) (due to bright

!The selected stars span the spectral types from A0 to M5. They are: o Cor B., Sun,
70 Oph A, 61 Cyg A, EZ Aqu.

2 Assuming that the DM contribution is approximately the same for all galaxies, which
is not exactly the case.



6.4. THE OBSERVED PROJECTIONS OF THE FP

log(le [Lo/Pc?])

2.5 3 3.5 4
log(R,[pc])

151

Figure 6.4: The log(/.) — log(r.) plane of the WINGS ETGs. Galaxies are
plotted with different colors according to their measured stellar mass-to-light
ratio (blue dots: M/L = 1; green: M/L = 3; yellow: M/L = b5; black:
M/L =T7;red: M/L > 8). The solid lines give the locus of constant galaxy
luminosity. The dotted lines mark the locus of constant total mass-to-light
ratio, Ky and L{ (i.e., the projections of the intersecting lines originating

the FP when g = —2).
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Figure 6.5: The log(l.) — log(r.) plane for objects of different masses that
are known to be close to the virial equilibrium: main sequence stars (blue
pentagon = a Cor B; magenta = Sun; green = 70 Oph A; yellow = 61 Cyg A;
grey = EZ Aqu), globular clusters (magenta dots), dwarf galaxies (red dots),
normal ETGs (black dots) and galaxy clusters (blue dots). The solid line
gives the locus of constant absolute magnitude (My = —22 mag), while the
dotted lines are parallel to the ZoE and mark the positions of the different
constant values of (M/L) - Ky - Lj. The shaded area in grey is the ZoE.
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stars that dominate the galaxy luminosity), progressively moves the galaxies
toward the ZoE.

The galaxy clusters appear shifted with respect to the ZoE because these
systems contain several spiral galaxies with low M /L and have a lot of DM,
while globular clusters have a solar mass-to-light ratio because their stellar
population is dominated by stars with high (M/L).

For the other FP projections we obtain:

log(I,) = (B—1)log(o)+ const,

log(o) = 5 ! ﬁlog(re) + const, (6.20)
where the constant zero-points also depend on the combination of M/L, Ky
and L{. Again the § = —2 value determines the distribution of galaxies and
the position of the ZoE in the respective diagrams (see Figure 6.6).

In conclusion, the observed distribution of ETGs in the FP projections
suggests that the fine-tuning between structure and stellar population could
be indeed at the origin of the FP properties. Each galaxy in the u. —r. space
can be represented by two virtual planes that intersect each other. The first
plane is provided by the Virial Theorem and fixes the mass of a galaxy once
the M/L and Ky are given. The other plane represents the total luminosity
and comes from the L = L{ 02 relation, where in the parameter L the role
played by the star formation history is encrypted.

In the next section we will further discuss the connection between lumi-
nosity, star formation and velocity dispersion in ETGs.

6.5 The connection between luminosity, SFR
and velocity dispersion

We have seen that the FP could originate from a fine-tuning of the zero-
points of two planes, the VP and the PFJ plane. This link implies a close
connection between the SF history of ETGs and their structural and dynam-
ical characteristics. The FP projections seem to confirm such link in the
observed non random distribution of galaxies.

Here we will see that a strong link between luminosity, the time average
SFR and the central velocity dispersion exists. In fact, Equations 6.12 and
6.13 can be coupled into a single one:

T _ 2
L= Ly U Tg (030) : (6.21)
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Figure 6.6: The different projections of the FP on the p. —r. axes. The dotted
lines mark a possible position for the ZoE. Color code as in Figure 6.4.
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so that it is possible to predict the validity of the following relation:

L=qV3o, (6.22)

where ¢ = 1/ Lo ﬁ T /oo is a dimensional constant.

All these considerations tell us that we should look at the correlation of
three variables L, o and W. These are mutually connected because the mass
M correlates with the velocity dispersion o through the virial relation and the
light L correlates with the time average star formation rate W. Consequently
o and ¥ are connected. Figure 6.7 provides the observed correlation among
these variables.

The 3D correlation between these variables derived with the R program
gives:

3

log(L) = 0.48(40.06) log(T) + 1.00(40.13) log(c) + 7.81(+0.26)  (6.23)

with an RMS = 0.215 (R = 0.64 and p-value < 1.2 x 107'%). The partial
correlation coefficients of log(L) with log(c) and log(¥) are, respectively,
0.44 and 0.43, indicating a robust 3D relation. This is in remarkable good
agreeement with the theoretical expectation seen above, putting in evidence

that there is such a connection at the basis of the zero-points variations of
the VP and PFJ planes.

6.6 More on the FJ and PFJ planes

We now consider in more detail the meaning of the L — ¢ plane. The FJ
plane contains two measured quantities: the galaxy luminosity and the stellar
velocity dispersion. At variance with the VP that is defined for one galaxy
only in the p. — r. space assigning the mass and zero-point, the FJ plane
contains all real galaxies at the same time. Along the fitted relation the
zero-point Ly is nearly constant for almost all galaxies (let say between 10°
and 10'% M).

The first thing to note is that in the FJ plane the points of constant M /L,
Ky and Lj are the galaxies themselves (see again Figure 6.1). Note how the
selected solution with 3 = —2 used for the log(1,) —log(r.) relation gives here
the series of parallel zero-points that provide the luminosities of all galaxies
for each o, reproducing the observed FJ relation when they are considered
all together. The FJ relation seems to originate from the intersections of the

3https://Www.r—plroject.org.
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Figure 6.8: Left panel: an edge-on view of the FP for ETGs with overplotted
the position of all other types of stellar systems. Right panel: the same
systems on the F'J relation. The color code is the same as in Figure 6.5. The
solid line with a slope of 3.26 is obtained from the fit of all systems together.

“projections” in the L — o space (having collapsed I, and r. in the variable L)
of all the parallel virtual planes that represent the total luminosity of galaxies
with the “projections” arising from the virial planes (the dashed lines where
M/L, Ky and . are constants). The intersections of the L = Lj o2 lines
with the VP projections fix the exact position of galaxies in the L — o space.
This is the relation expected for all virialized stellar systems having similar
zero-point L.

Therefore, in this context it is possible to explain why the residuals from
the FJ relation correlate with M /L (Cappellari et al. 2006) and with galaxy
sizes (Desmond and Wechsler 2017).

Figure 6.8 shows the FP derived here for the present ETG sample (solid
line). It has been obtained as in D’Onofrio et al. (2008) using the MIST
fit kindly provided us by La Barbera (private communication). The FP
coefficients obtained for this sample are: a = 1.29, b = 0.29 (note that here
Tic has been used instead of I..), and ¢ = —7.24.

Dwarf galaxies (M ~ 108 —10% M), globular clusters and galaxy clusters
deviate from the main galaxy relation. This occurs because these systems
have a systematically-different zero-point in their VP and PFJ planes (i.e.,
they have different M /L, Ky and Lj, values.)

The left and right panels of Figure 6.8 clearly show that all stellar systems
behave in a similar way. All systems satisfy the FP and FJ relations, but with
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slightly different zero-points with respect to that typical of galaxies. These
ZP variations depend on the different link between the virialized structure
and its stellar population.

The larger exponent observed in many cases for the FJ relation (4, instead
of 2) in this case could ultimately depend on the heterogeneity of the galaxy
sample (i.e., on the inclusion of galaxies characterized by very different masses
and luminosities). An example is seen in the right panel of Figure 6.8, where
we get a slope of 3.26 for the FJ by fitting together all stellar systems.

In any case the FJ law is a relation that provides a further element to the
virial relation, linking mass (and the virialized system internal gravitational
energy) to the production of radiant energy i.e., to the object luminosity. The
mechanisms of energy production can be very different and can yield to widely
different M /L values even among stellar systems, where the mechanism is
roughly the same, ultimately associated with nuclear reactions in the star
interior.

If we now take Equation 6.18 with § = —2, giving the zero-point of
the relationship between the effective surface brightness I. and the effective
radius 7. (the varies with M /L, Ky and Ly and hence with Zpp), after few
steps we get:

/ Ky L /

K = 47T2GMLO (6.24)
where L) = Lo~ and K’ is a parameter different for each cosmic epoch
(with units of [g? cm?® sec™®] or [L2 pc™!| when the normalization factor
in Lj is not taken into account), the gravitational constant is given in cgs
units or expressed as G = 4.3 x 107° pc Mg' km? s72 and the term Ky
is a function of the Sérsic index n (Bertin et al. 2002). K’ will follow the
evolution of the main galaxy parameters by changing the position of a galaxy
in the log(I.) — log(r.) plane. As a consequence, the whole FP is expected
to vary its tilt across the cosmic epochs.

Figure 6.9 shows the relation between L{ derived from Equation 6.24
and the total galaxy luminosity L. Here we used the stellar M /L being
M/L unknown for our galaxies. We observe that the link of L{ and L is
far from being trivial: Lj is derived in fact from a complex combination of
M/L and Ky. The fit between these variables is done here with the classical
unweighted bisector linear regression analysis (Feigelson and Babu 1992). We
used this method because there is not a priori a dependence of one variable
on the other and the errors for both are poorly determined. We note that the
residuals of this relation mildly depend on the central velocity dispersion o.
The correlation coefficient is only 0.11, but the probability of a correlation
by chance is p = 6.5 x 1072, indicative of a possible dependence. This hidden
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correlation with o provides a further support to the idea that Lj is a proxy
of ¥ and there is a 3D dependence between luminosity, SFR and velocity
dispersion.

Furthermore, Figure 6.10 gives a clear indication that both L and Lj
are correlated with the time average SFR of the galaxies measured by Fritz
et al. (2007). The residuals of these correlations present again a significant
dependence on o. The probability of correlation by chance between the
residuals of the log(L) — log(¥) relation and log(c) is p = 7.2 x 107!, For
the residuals of the log(L{,) —log(¥) relation the probability of correlation by
chance with log(o) is instead p = 2.4 x 1072. In both cases this correlations
reveal the presence of a second hidden parameter (i.e., o), which is significant
for the 261 ETGs of our sample. This is a further element in favor of the 3D
relation L — ¥ — o.

In summary, we have played with two different correlations: the first one
is that between mass M and velocity dispersion ¢ provided by the virial
theorem; the second one is that between luminosity L and mean SFR V.
Since mass and luminosity are connected through the M/L ratio the FJ
relation can be derived assuming that Lo = r.L/GM. The residuals of the
L — o relation depend on ¥ (or proxy of it likes M/L), while the residuals
of the L — W relation depend on o. It follows that the 3D relation provided
by L — o — ¥ (in logarithmic units) originates from such mutal correlations.

With this in mind we now better understand why we should use the
L = L}yo~? relation for building the second virtual plane in the j, —r, space.
In fact, in order to build such a plane we need to use the direct correlation
between L and U valid for each galaxy and not the one between L and o
valid for all galaxies (this is in fact the virial plane rewritten). What we want
is to express the galaxy luminosity independently from its mass. The L — ¥
relation has o as second hidden parameter, as we have seen.

In the next section we will further explore the consequences of our findings
for the problem of the star formation activity in galaxies.

6.7 The star formation activity in galaxies

Equation 6.14 provides a link between Ly and the mean SFR of galaxies. It
does not give a direct link between the current SFR, the velocity dispersion
and Ly. What we are looking for, instead, is a more direct link between these
quantities. How are they connected? We will show in Appendix that the FJ
relation can be interpreted as a possible translation of the Stefan-Boltzmann’s
law valid for stars to the case of stellar system, putting in evidence that it is
always possible to express the energy of a system with the more convenient
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Figure 6.9: Upper panel: plot of L{ derived from Equation 6.24 versus the
measured total galaxy luminosity L. Lower panel: plot of the residuals from
the best fit of the above relation versus the measured velocity dispersion o
in log units.
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Figure 6.10: Left panel: log(L) —log(V) plot. Right panel: plot of log(Lg) —

log(¥), which is the time-averaged SFR. Note that the residuals of these
relations mildly depend on log(o).

units (the ones we can measure).
Doing this exercise we noted that the galaxy luminosity can be expressed
at any time t as:

Le = o, Ny M2, (6.25)

where the quantities underneath — are weighted time-averages over the whole
stellar population. Here N, is the number of stars in the galaxy, M, their
mass and v? their velocity dispersion. The constant a is different for each
galaxy and represents the ratio between the total energy emitted in the form
of electromagnetic radiation and the total kinetic energy of a galaxy. This
relation is valid for any stellar system in virial equilibrium.

In this context the quantity Ly can be expressed by the relation:

Ly t
= - M, :/ W(t)dt, (6.26)
Qg 0

where we have explicitly written the mass of the galaxy as the integral of
its star formation rate and we have highlighted the time-dependence of this
parameter.

We can now recast Equations 6.24 and 6.26 in a different way putting in
evidence the star formation rate of a galaxy. From this expression we can
argue that at any epoch ¢ after the virialization the SFR could be given by:
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d <47r2GK’(t)M(t) | >

YO =2\ a0k @) L) o0 (6:27)

This theoretical relation is important because it allows the derivation of
the global SFR of a virialized galaxy at any time ¢ taking into account the
structure, the dynamics and the light produced by its stars. This relation
explains why we have a fine-tuning between structure and stellar population
and, consequently, why we observe the FP and the ZoE. The existence of
the L — ¥ — o relation should in other words be the final output of such
fine-tuning.

Equation 6.27 tells us that at each cosmic epoch t after virialization the
SFR in a galaxy is not free. An unperturbed galaxy can form stars only at
the rate permitted by Equation 6.27 along the whole cosmic history. In other
words, once the mass and the potential well of a galaxy are given, the star
formation proceeds according to the galaxy dynamics and the expected evolu-
tion of the stellar populations formed. If a galaxy does not merge with others
and does not experience a significant infall of new gas, its SFR will not be
considerably modified, continuing its evolution according to Equation 6.27.
However, we know that ETGs experienced repeated merging events and infall
of gas during their evolution. During major mergers galaxies are perturbed
in their virial equilibrium and the validity of Equation 6.27 is probably lost
for the time required to recover the virial equilibrium (approximately the
free-fall time). At the same time large infall of gas, ram-pressure events and
feedback forces could switch on/off the SFR compressing or stripping the gas
component. Therefore, these external influences should be reflected in some
way in the properties of the FP (and its projections) and the FJ relations.
Variations are expected in the FP and FJ relations of ETGs when they are
subject to merging and infall/quenching events perturbing the SFR. Obser-
vations of high-redshift ETGs should therefore shed light on the mechanism
originating the FP.

In the case of our sample of nearby ETGs these events are exceptions.
Merging and large infall or quenching events are in the far past history of
these objects. They had time to recover their structure (virial equilibrium)
and their SFR should therefore follow the behavior expected from Equa-
tion 6.27. Note that for these ETGs the central velocity dispersion is high
and the SFR is low. This is expected on the basis of Equation 6.27.

Could we test in some way the validity of Equation 6.27 through observa-
tions? Unfortunately, this requires a database of masses, luminosities, SFRs
and velocity dispersions of galaxies at different redshifts, while ours limited
only to the nearby objects. However, considering that at ¢t = 0 the SFR was
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0, we can predict that the mean SFR of today galaxies will be approximately
given by:

Lo 1 Mg
OésAt - 5 TG ’
where At = Ty is the galaxies luminosity-weighted age.

Figure 6.11 shows the mean SFR measured by Fritz et al. (2007) in 4
distinct epochs from the direct fit of the galaxy SEDs versus the mean SFR
obtained by Equation 6.28. The correlation (c.c. = 0.6 and RMS ~ 2.8 but
significant at a ~ 7 o confidence level) appears consistent with the theoretical
expectation, taking into account the various sources of errors affecting both
quantities, even if the sample is biased and the correlation may be driven by
few points at high SFR values. This test gives therefore a marginal indication
for the validity of Equation 6.27.

We believe that this equation is important to understand the FP and the
star formation history in galaxies. Simulations are today the only way to
test the validity of Equation 6.27. To what extent merging/feedback events
could change the mainstream of SF' that each galaxy has encrypted in it
since the beginning of the virial equilibrium? At which redshift the FP and
FJ relations of ETGs are in place? These are all questions for the upcoming
JWST telescope. A study of the FP and FJ relations for high redshift objects
observed during the phase of their maximum activity in SF will likely shed
more light on the validity of Equation 6.27.

U =

(6.28)
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Figure 6.11: Plot of the mean observed SFR measured by Fritz et al. (2007)
for the galaxies of the WINGS database using the fitted SEDs versus the
mean SFR calculated on the basis of the prediction of Equation 6.27. The
thin line is the one-to-one relation, while the thick line is the fitted distribu-
tion.



Chapter 7

Summary, conclusions, and future
prospects

This Chapter is aimed at summarizing and drawing the conclusions of this
PhD thesis work. In Section 7.1 we present the summary and conclusions,
and in Section 7.2 the future prospects of our work.

7.1 Summary and conclusions

The aim of this section is to present a summary and the conclusions of our
work on galaxy clusters (Section 7.1.1) and galaxies (Section 7.1.2).

7.1.1 The photometric decomposition of galaxy clusters

We have produced the stellar light (and mass) profiles of 46 (and 42) nearby
galaxy clusters observed by the WINGS and Omega-WINGS surveys. The
best fit of the luminosity growth profiles was obtained with the Sérsic law
and compared with the King model and the standard S-model. From the
analysis of the light profiles we derived the main cluster parameters (effective
radius, total luminosity and mass, effective surface brightness, (B —V") colors
and Sérsic index). Then we used such parameters, in combination with the
measured velocity dispersion of the clusters, to test the main scaling relations
already analyzed in the past for ETGs.

When fitting the light profiles, we found that 7 out of 46 clusters are best
fitted by a double Sérsic profile (an inner brighter structure plus an outer
fainter one). The presence of multiple components seems disconnected from
other cluster properties such as the number of substructures visible in the
optical images or a difference in the stellar populations content. It seems

165
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also not linked to the presence of the BCG in the center of the clusters.

All the analyzed relations confirm that the clusters of our sample are well
virialized structures. Notably, the same relations valid for ETGs are visible
for clusters, at different scales, providing a clear indication that a scale-free
phenomenon of mass accretion regulated by gravitation is at work. Like
ETGs, clusters also exhibit a degree of non-homology (different values of the
Sérsic index even for clusters with the same luminosity) in their visible light
and stellar mass profiles, and a quite robust correlation of the Sérsic index
with the effective radius. This is a somewhat unexpected property on the
basis of numerical simulations (see e.g., Cole and Lacey 1996; Navarro et al.
1997), which predict self-similar dark matter halos with Navarro-Frenk-White
profiles.

The most interesting and new relation found here for the first time is the
existence of a color-magnitude relation for clusters. When it is calculated
considering only the galaxies within an area of 0.6 ry, the CM slope per-
fectly matches the average red sequence slope found for the galaxies in the
Omega-WINGS clusters. The CM cluster relation appears even more clearly
when the analysis of the cluster properties is pushed beyond 0.6 7599. The
blue (red) clusters are the faint (bright) ones. The existence of such rela-
tions must find an explanation in the current paradigm of galaxy and cluster
formation. In fact, it is not easy to understand why the most massive struc-
tures preferentially host the older and redder galaxies, while the less massive
clusters host the younger and bluer ones. In fact, the hierarchical accretion
scenario predicts that the first structures to form are the smallest ones, while
the biggest ones are the latest.

To what extent the CM cluster relation is a cluster environment effect?
What model of cluster formation and evolution is consistent with such data?
All these questions are left to future investigations.

Finally we observed that the cluster luminosity correlates with the intrin-
sic (B — V) color gradient measured within rqpo. We see that the faintest
clusters show the largest color gradients. This behavior is not observed in
ETGs, where the optical color gradient appears uncorrelated with the galaxy
luminosity (La Barbera et al. 2010).

7.1.2 The Fundamental Plane

We have shown that the origin of the FP can be traced back to the validity
of two basic physical relations: the virial dynamical equilibrium and the
L — ¥ — o relation linking the galaxy luminosity, the time-averaged SFR
and the velocity dispersion. When it is written as L = L{c~2 this relation
provides a second virtual plane in the y, — r. space, whose zero-point varies
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in a coordinated way with the VP. This fine-tuning is at the origin of the
properties of the FP. The coupling of these relations could also explain the
existence of the downsizing phenomenon and the nature of the ZoE in the
FP projections.

Since, as demonstrated by Zaritsky (2012), a Fundamental Manifold can
be constructed for all stellar systems, the easy prediction is that in general
the FP and FJ relations are different for each class of stellar system (GCs,
dwarf galaxies, late-type galaxies, normal ETGs, cluster of galaxies) that are
dominated by velocity dispersion. The diversity is originated by the different
zero-points of the VP and PFJ planes or, in other words, by the different SFH
and the different coupling between structure, dynamics and stellar popula-
tions. The combination of the virial equilibrium, of the L = L{, 02 relation
and the validity of the PFJ law for galaxy systems constrain objects of simi-
lar characteristics to the same FP, which is the locus of constant M /L ratio,
Ky and ¥ at each time epoch.

The projection of the intersecting lines connecting the VP and L = L{j o
planes explains the properties observed for ETGs in the log(I.) — log(r.)
plane and, in particular, the existence of the ZoE that, in this framework, is
the natural limit reached by the stellar and dynamical evolution of a stellar
system today.

The existence of the FP for nearby ETGs provides a natural constraint to
the possible SFR activities, dynamical and structural transformations that
these objects might experience. Once formed and virialized in a given poten-
tial well, the global SFR of an unperturbed ETG could not deviate from the
track imposed by Equation 6.27. In other words, the evolution of the SFR
depends on the transformations in mass, luminosity, structure and dynamics
(unless new merging phenomena occur at later epochs).

Equation 6.27 should be studied now through photometric and dynamical
simulations following the details of the mass assembly in stars and their
relative luminosities. Naively, we can predict that, since the stellar mass
is generally increasing while luminosity and stellar velocity dispersions could
vary with the generations of stars, the resulting SFR will probably see various
peaks at different redshift epochs depending on the galaxy dynamics.

It will be interesting to see if Equation 6.27 will help to quantify the
problem of the star formation across the cosmic epochs and to constrain in
some way the mass quenching phenomenon. Firstly, it will be important
to verify if the two principal types of galaxies in the color-magnitude (or
stellar mass), color-concentration, and color-morphology diagrams can be
reproduced (Strateva et al. 2001; Kauffmann et al. 2003; Brinchmann et al.
2004; Baldry et al. 2004, 2006; Driver et al. 2006; Bamford et al. 2009). We
know that in these plots there are two main regions: the so-called “blue cloud”
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(or main sequence), where galaxy mass correlates with the star formation
rate, and the “red sequence” where there is no such correlation and galaxies
are passive. The origin of this bi-modality is commonly attributed to the
bulge and disk structure of galaxies. In general, disks are bluer in color than
bulges (e.g., Peletier and Balcells 1996) and galaxies with lower stellar mass
and lower Sérsic index tend to be bluer (and, hence, to have higher SFRs)
than higher stellar mass and higher Sérsic index systems (Baldry et al. 2004;
Driver et al. 2006; Baldry et al. 2006; Bamford et al. 2009). Similar trends are
observed for luminosity and stellar light concentration (Strateva et al. 2001;
Driver et al. 2006). This idea fits with the found dependence of the SFR
on the Sérsic index and the velocity dispersion found here. Unfortunately,
all these relationships are complicated by the effects of the environment, so
that disentangling the various effects on the star formation efficiency is quite

difficult.

7.2 Future prospects

In this section we show that several of the previously-derived Omega-WINGS
clusters surface brightness profiles, once normalized to the effective radius
and shifted in surface brightness, are almost perfectly superposed to the
corresponding BCG profiles (Section 7.2.1). Upon the empirical definition
of “good BCG-cluster matches” between the profiles through the parameter
RMS(Ap) < 0.4 mag, we find that 24 clusters out of the 45 used (~ 53%)
turn out to have the same Sérsic index of the corresponding BCGs. This
fraction remains higher than 35% even if RMS(Au) < 0.3 mag. Using as
control sample the 2nd ranked brightest galaxies of the same clusters, the
fraction of good matches decreases to ~ 1%. We conclude that up to 50% of
present day BCGs and clusters have very similar Sérsic index. This finding
is marginally confirmed by the data extracted from the Illustris simulation.

7.2.1 The connection between the BCG and galaxy clus-
ter profiles

Figure 7.1 shows four best matches obtained between the equivalent surface
brightness profiles of the BCGs and the corresponding profiles of the clusters.
The green curves are the data for the BCGs while the orange curves are the
Sérsic fit of the surface brightness distribution of the galaxy clusters. Both
curves are re-scaled on the basis of the respective effective radius R.. The
value of the constant shift in surface brightness required to get the match is
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Figure 7.1: The four best matches obtained between the surface brightness
profiles of the BCGs and clusters. The cluster name and the adopted Ap are
reported, respectively, over and on the lower-left corner of each plot. The
data are in green, and the model in orange.

reported in the corner of each panel. Note that the BCG and cluster profiles
are almost perfectly superposed in the whole range 0 < R/R. < 3.

Matches of this quality are obtained for 24 BCGs over a total sample of 45
objects (~ 53%) for which GASPHOT found a good Sérsic index. We used
45 out of 46 clusters as the BCG determination for Z8852 was uncertain.
Upon inspection of the matched profiles, we decided to adopt an empirically-
working criterium to judge in a less qualitative way the goodness of the
observed matches. We therefore classified as “good matches” those profiles in
which the RMS of the residuals Ap = pcr, — ppeg evaluated in the interval
0 < R/R. < 3 are lower than 0.4 mag. A different and more precise criterium
can certainly be adopted to identify the best matches, but given the large
errors in the determination of n (An ~ £1) and R. (~ 20%) we cannot
obtain a significant variation in the fraction of the identified best matches.
In fact, by setting the value of RMS(Ap) to 0.3 mag, the percentage of best
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matches decreases to ~ 35%, which is anyway a considerable fraction for a
random phenomenon to occur.

In order to exclude that the good matches are originated by the nor-
malization with the effective radius, we derived the same surface brightness
residuals using a control sample of galaxies. We choose the 2nd ranked
brightest galaxies of the same clusters.

The black line in Figure 7.2 gives in the left panel the histogram of the
RMS of the Ay residuals calculated in the range 0 < R/R. < 3. We clearly
see a peak at RMS(Apu) ~ 0.25 mag whereas the galaxies of the control sam-
ple (2nd BCG) represented by the red line are almost randomly distributed.
In particular, the fraction of best matches (RMS(Apu) < 0.4 mag) is ~ 53%
for the BCGs versus a value of ~ 1% for the 2nd ranked BCGs. The right
panel, instead, shows the histogram of the Sérsic index for the two popula-
tion of galaxies (BCGs and 2nd BCGs). Note how the two distributions are
systematically shifted and peak at different values of n.

We therefore conclude that the observed match between the BCG and
cluster light profiles is not due to a chance alignment determined by the
normalization of the profiles, but it is a physical phenomenon. The two
systems (BCGs and clusters) share in at least 30 — 40% of cases almost the
same Sérsic index.

Figure 7.3 shows in the left panel the comparison between the Sérsic index
of the BCGs and that of clusters. The red symbols mark the matches with
RMS(Ap) < 0.4 mag. It is clearly seen here that 24 out of 45 clusters have
approximately similar Sérsic indexes of their BCGs within the errors.

Figure 7.3 shows in the left panel the comparison between the Sérsic index
of the BCGs and that of clusters. The red symbols mark the matches with
an RMS of the residuals lower than 0.4 mag. It is clearly seen here that 24
out of 45 clusters have approximately the same Sérsic index with respect to
their BCGs, within the errors.

The right panel of the same figure shows the histogram of the Sérsic index
for the BCGs that share good matches with the cluster profiles (RMS(Apu) <
0.4 mag) and those that do not (RMS(Au) > 0.4 mag). Note the different
superposition in the values of n for the two samples.

7.2.2 Comparison with numerical simulations

The fact that BCGs have approximately the same Sérsic index of clusters,
when we look at their equivalent circular growth curves normalized to the
respective effective radii, implies that their potential wells have similar degree
of concentration inside 3R, or more. Is this predicted by modern numerical
simulations in the A-CDM hierarchical framework?
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Figure 7.2: Left panel: in the upper box the black histogram gives the num-
ber of BCGs as a function of the RMS of the Apu residuals, while the red
histogram is that measured using the 2nd ranked brightest cluster galaxies.
The lower box shows the same quantities for the galaxies simulated by the
[Mlustris simulation. In blue we have the histogram of the matches between
the BCG and the cluster, while in green that for the 2nd BCG. Right panel:
the upper box shows the distribution of the Sérsic index for BCGs (black
line) and 2nd BCGs (red line). The lower box shows the same distribution
for the simulated BCGs (blue line) and 2nd BCGs (green line).
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red dots mark the objects in which the RMS of the residuals of Ay is lower
than 0.4 mag; Right panel: histogram of the Sérsic index values for the
sample of BCGs with RMS(Au) < 0.4 mag (upper box in red color) and
RMS(Ap) > 0.4 mag (lower box in black color).

To check this we used the data provided by the Ilustris simulation (Vo-
gelsberger et al. 2014). We extracted the 20 most massive clusters (with
masses ranging from 2.77 x 103 to 2.55 x 101 A=t M) at redshift z = 0.
No other selection criteria (such as the degree of relaxation or the X-ray
emission) was applied for the selection of the simulated clusters. This is
not the case for the WINGS sample, where clusters were selected on the ba-
sis of their X-ray emission. We used the light emitted in the V-band from
the star particles of the simulation together with their comoving coordinates
(«',y', 2") inside the cosmological box. Setting z’ = 0 we built the projected
growth curves in circular annuli for each BCG-cluster pair, as we did for the
WINGS objects. It was therefore possible to derive the effective radii of both
systems and normalize the curves shifting each other in surface brightness.
Figure 7.4 shows four matches obtained between BCGs and clusters. The
RMS of matched curves was again calculated between 0 and 3R,.

We observe that in ~ 50% of the cases RMS(Ap) < 0.5 (see Figure 7.2 left
bottom panel), while this does not happen for the 2nd BCGs. This is quite
similar to what we see for real galaxies, even if the peak of the distribution
is slightly shifted to higher RMS with respect to that of observed BCGs
(RMS(Ap) ~ 0.5). For the simulated data the distribution of the residuals
for BCGs and 2nd BCGs is not so different as in real galaxies. This is



7.2. FUTURE PROSPECTS

7\ T T T T T \\\\‘\\\\ﬁi\ T ‘ T 1T T T \\\\‘\\\\7
PR id:1 ] id2 ]
O - . i
Qo
9 il ]
© 20 k \ ]
= <Y T ]
ag i 1 \ ]
m = —+4 —
E 25 \ -+ T -
— r — T T
= —~—— A ]
< [ Au=5.3126 T Au=5.4775 )

AR
o | id:15 \ id:17
9] - i
)
9 T ]
8 20 7 \ ]
= <UL T ]
a i \ 1 ]
(6 = —+4 —
Eoesh - e
E L \,, |
< [ Au=4.5216 T Au=7.9598 ]

\\\\‘\\\\‘\\\\‘\\\\‘\\\\ \\\\‘\\\\‘\\\\‘\\\\‘\\\\

0 1 2 3

r/reff

4 0

1 2 3 4

r/reff

173

Figure 7.4: The four panels show the matches obtained from the analysis of
the growth curves of the BCGs and the corresponding clusters extracted from
the Illustris simulations. Colors are as in Figure 7.1. The shift in surface
brightness is reported in the bottom left corner of each panel.
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confirmed by the fact that the Sérsic index distribution for both objects is
very similar (Figure 7.2 right bottom panel), while this is not the case for
real galaxies.

Our conclusion is that there is only a marginal agreement between simu-
lated structures and observations that seems to confirm the possibility that
many BCGs and clusters share the same light profiles. It seems that nu-
merical simulations do not provide yet Sérsic index and effective radii in full
agreement with observations (see below).

7.2.3 A possible explanation

The present finding naturally raises a number of questions: what do the
observed matches physically mean in the context of the BCG-cluster connec-
tion? How could this match be explained in the current hierarchical scenario
of structure formation and evolution provided by the A-CDM cosmology?
Which type of clusters present such match with the BCGs?

Let us start from the last question. In order to find a possible answer we
tried to correlate the residuals RMS of the RMS(Apu) with several measured
properties of the clusters and the BCGs extracted from the WINGS database.
We explored the correlations of RMS(Ap) with the BCG and cluster flatten-
ing b/a, central velocity dispersion RMS(Agu) (in log units), effective radius
r. and effective surface brightness p.. We also looked at the number of ob-
served 2D substructures in the clusters, at the cD versus E morphological
classification, at the X-ray luminosity of the clusters, at the total stellar
masses, at the local density around the BCGs and finally the magnitude dif-
ference between the first and second ranked brightest cluster galaxies. We
did not find any significant correlation, with the only exception of the central
velocity dispersion ¢ of the BCGs that seems to systematically increase for
objects with larger RMS(Ap). We got a correlation coefficient in the rela-
tion RMS(Apu) vs log(o(BCG)) of 0.27, a RMS of 0.08 and a significance of
2.5 x 1072 using 35 BCGs with measured values of o. The correlation there-
fore is quite poor and the significance is marginal, but prompted us to look
at the correlation of the Sérsic index n with the central velocity dispersion o
and with the effective radius R, of the BCGs and the clusters.

Figure 7.5 shows in the left panel the log(n)—log(o) relation for the BCGs
of our sample. The black dots mark the galaxies that have RMS(Ap) > 0.4,
while the red dots those with RMS(Ap) < 0.4. The black and red lines
give the corresponding least square fit of the observed distributions. Note
that in the case of the BCGs that do not share the same profile of the
clusters the log(n) — log(o) relation is significant, while for those matching
the cluster profiles the relation does not seem to exist. For the black sample
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Figure 7.5: Left panel: the log(n) — log(o) relation for the BCGs of our
sample. The black dots mark the galaxies that have RMS(Apu) > 0.4 mag,
while the red dots those with RMS(Au) < 0.4 mag. The black and red
lines give the corresponding least square fit of the observed distributions.
Upper right panel: the log(n) — log(r.) relation for BCGs (black dots), 2nd
BCG (red dots) and clusters (open squares). The blue filled (open) circles
(squares) mark the values found for the simulated BCGs (clusters), while
the green dots mark the 2nd BCGs of the Illustris simulation. Lower right
panel: the log(n)—log(r.) relation for the BCGs with RMS(Au) < 0.4 (filled
circles) and RMS(Ap) > 0.4 (open stars).
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the correlation coefficient is 0.75 (with 13 points) and the significance of the
correlation is 6.5 x 10™*. For the red sample the correlation coefficient is 0.10
(with 17 points) and the significance of the correlation is 6.7 x 107

We clearly see in this figure that the log(n) — log(o) correlation appears
when the sample of BCGs that do not fit the cluster profiles is used. This
is a possible indication that the origin of this correlation likely resides in the
effects of the merging events experienced by the BCGs along their history.
Once a merger occurs it is well know even in N-body simulations that both the
Sérsic index and the central velocity dispersion of the clusters progressively
change. In this framework one might therefore be tempted to say that the
observed ~ 50% of BCGs that do not share the same profiles of clusters are
those in which the merging events have altered significantly the shape of the
original galaxy:.

The upper right panel of Figure 7.5 shows instead the log(n) — log(R,)
relation for BCGs, 2nd BCGs and clusters. Note that all systems are non-
homologous, i.e. the shape of their profiles varies with the effective radius.
The slopes of the relations are pretty similar in all systems (1.17 for BCGs,
0.96 for 2nd BCGs and 1.02 for clusters). This is telling us that all virialized
systems follow the same rules in assembling the luminous matter. After a
merging event both n and R, could change, but the slope of the log(n) —
log(r.) relation does not seem to vary. The lower panel of the same figure
shows in fact that the fitted relations are pretty similar for both types of
galaxies.

It is interesting to see that the data coming from numerical simulations
seem to follow the same trends of real galaxies despite the evidence that the
effective radii are too small for clusters and a bit higher for BCGs. This could
be related to limitations in cosmological simulations due to approximations
made in subgrid physics (see Natarajan et al. 2017, for a comprehensive
discussion).

Coming to the first two questions we should say that there is no simple
interpretation for the observed high percentage of good matches between
cluster and BCG profiles. Clearly our result reinforces the idea of a strong
connection between the BCG and the cluster as a whole. In principle we do
not see a plain contrast with the hierachical scenario of the A-CDM cosmology
as long as the smaller and denser DM structures are the first to appear and
the first to experience the baryonic matter collapse. These structures later
evolve and grow and eventually might result in potential wells with similar
shape at the different scales traced by the luminous matter.

The results of De Lucia and Blaizot (2007) seem to confirm what we
observe. In their Figure 5 they show that the assembly history of the BCGs
follows the evolution of the dark matter and stellar content of its own halo
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with a delay time due to dynamical friction.

The phenomenon is not trivial. Observations have not revealed a clear
physical parameter for distiguishing the clusters where the profiles are similar
to the BCG profiles. The only indication coming from observations is that
the properties observed today for the BCGs likely depends on the number
of succesive merging experienced across their history. This led us to suspect
that the BCG-cluster connection starts at very early times and only the
subsequent evolution progressively disrupt the link between them.

In conclusion we have several unanswered questions: when was the BCG-
cluster match established? Does the hierarchical growth of the DM structures
forming the cluster leave unaltered the photometrical properties at the cen-
ter? Why have the merging events experienced by the BCG not altered the
BCG-cluster connection?

Possible answers could come from deeper analyses of numerical simula-
tions that take into account the baryon collapse in the dark matter halos and
from observations of BCGs and clusters at larger redshifts.

We cannot further address such issue in this PhD thesis, so we simply
conclude by noting that the observed match between the BCG and cluster
profiles, here seen for the first time, is a step forward towards understanding
the problem of the BCG-cluster connection and it is potentially a useful
proxy of the degree of evolution of the cosmological structures.
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Appendix A

A possible origin for the FJ
relation

In this Appendix we aim at demonstrating that the FJ relation with g = 2
could be seen as a sort of translation of the Black Body Stefan-Boltzmann
law, valid for individual stars, to the case of an entire galaxy, made by an
assembly of stars in which the temperature is replaced by the velocity dis-
persion. During this analysis the link connecting Ly and Lj, with the SFR of
galaxies will appear again.

It goes without saying that there is not an immediate straight correla-
tion between the physical situations in stars and galaxies; however, we will
convincingly see that such analogy is possible and also argue that dynamics
(via the velocity dispersion) and stellar populations in a galaxy (via the light
emitted by stars) are each other intimately related. To demonstrate that this
is possible we proceed as follows.

A.1 The case of single stars

A star of mass M, radius r,, luminosity L,, and effective temperature T, is
an assembly of N heavy particles (nuclei, ions, and atoms, whereas electrons
can be neglected) in thermal motion with mean temperature 7' and in virial
equilibrium, i.e., satisfying the condition:

GM?

Ts

M2 = ‘ = FEy, (A.1)

where v, is the mean particle velocity in a gram of matter, M, = Nm, with
N is the number of heavy particles and m,, their mean mass, and finally Ey
stands for the “virial energy”.

179
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Consider first the total bolometric luminosity of a star (i.e., the total
energy emitted per second by the surface). This is usually derived from the
Stefan-Boltzmann law, since stars are in good approximation Black Body
systems.

In a star we can measure the luminosity L, the effective temperature T,
and the radius ry which are related by the well known Black Body law:

L, = 47T7"§(TSBT4

es?

(A.2)

where ogp is the Stefan-Boltzmann constant. The suffix SB is to distinguish
it from the velocity dispersion that we indicated with the same symbol.

It is worth recalling that the luminosity can be derived from the energy
content of the Black Body according to:

87§} K

Ups(T) = thg( ) 5

(A.3)

where k is the Boltzmann constant, €2 the total volume and Ugg(T") the total
energy of the Black Body. From this we obtain the luminosity of the star

Arrie = —SUBB (T)C.

s

 Ugg(T)
==

L, (A.4)

Ts

At this point we verify that the gravitational energy, the mean kinetic
energy of the particles, and the Black Body energy content of the whole star
with mean temperature T are comparable to each other. Taking the Sun as a
typical star, for which we assume r, = 6.94 10! cm, M, = 1.9910% g, mean
internal temperature 7'~ 5 x 10 K, and central value 7'~ 107, ' we obtain:

e the mean density of kinetic energy of the N particles in the star is:

N 2
— 1 myv 3
E,== Z —2P — "pkT ~ 3.47 x 10 erg cm?®, (A.5)
Q - 2 2
IThe elementary theory of stellar evolution by combining the equations for hydrostatic
equilibrium, mass conservation and physical state of the plasma (e.g., P = MminT)7
provides a simple relation for the mean temperature inside a star:
= M e
T >4.58 x 106u——-2K
> M

where M and r are the total mass and radius of the star and x the mean molecular weight
of the gas. For a solar-like star y ~ 1, so that 7'~ 5 x 10%. The central temperature is
higher than this and close to 107.
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where m,, and v, are the mass and velocity of each particle and n = N/Q
is the number density of particles;

e the mean density of gravitational energy is:

_ seme
E, = e 2.72 x 10" erg cm®; (A.6)

e the mean energy density of the photons is:

8

Ups(T) = m(

ET)* ~ 1.15 x 10" erg/cm?, (A7)

for a mean temperature of 107 K.

Within the numerical approximation the three energies are of the same
order. Strictly speaking, one should have Fg ~ Ej + Ugg. Within the
approximation our estimates fulfill this constraint. Analogous estimates can
be made for other types of star with similar conclusions. In other words ,
there seems to be a relationship between the gravitational energy density and
the sum of the electromagnetic and kinetic energy densities. Finally, using
the virial condition we can also estimate the mean velocity of the particles in
a star (the Sun, in this example), which is about v, ~ 200 km s~!, depending
on the exact value adopted for the temperature.

Given these premises, the luminosity of a star can be derived from

dE;
dt

L, = ‘ , (A.8)

where Ej; is the total internal energy (sum of the nuclear and gravo-thermal
contributions). We may generalize the above relation by supposing that the
luminosity can be expressed as:

— 4
L, = a,Ey = aS/\/lsv_p2 = asUBngrg’, (A.9)

where ay is a suitable proportionality factor with the dimension of an inverse
of time. In other words we link the luminosity L, to the internal properties of
the star, in particular to the mean velocity of the constituent heavy particles.



182 APPENDIX A. A POSSIBLE ORIGIN FOR THE FJ RELATION

However, the same luminosity can be expressed by means of the surface
Black Body with temperature equal to the effective temperature T, of the
star (e.g., 5.78 x 10? K for the Sun and 3 x 10% for a RGB star).

L = Upgdner?, (A.10)

where Ujy is the energy of the black body at the surface temperature. This
implies that the ratio of the external to the internal Black Body energies
is Upg ~ 107'3Upg. The size of the proportionality coefficient can be un-
derstood as due to the 7% dependence of the Black Body energy density
and the natural variation of the temperature from the surface to the in-
ner regions of a star. The typical temperature gradient of a Sun-like star is
|AT/Ar|| ~ 107" Kem ™, where AT =TT ~ T and |Ar|| = ||r—7'|| =+’
if 7 and T refer to a inner region (close to the center) and r’ and 7" to the
surface. Therefore T"/T ~ 1072

It follows from all this that a, ~ 107!¢/r,. Inserting the value for the
light velocity and the radius of a typical star (like the Sun) one obtains
a, ~ 10714 571,

The factor ¢/r; secures that the energy density is translated to energy lost
per unit time (a power). What we have done so far is a simple rephrasing
of the classical expression for the luminosity. The reason for writing the star
luminosity in this apparently curious way will become manifest as soon as
we move to galaxies (i.e., to systems hosting billions of stars).

The whole discussion above has been checked against stars like the Sun, so
that one expects that by changing type of stars the value of o, should change.
This is shown in Figure A.1. As expected, a, spans a wide range, passing
from dwarfs to massive stars, but this will not affect our final conclusions.

A.2 The case of galaxies

We extend now the above consideration and formalism to the case of a galaxy
with mass M and radius r¢, a large assembly of stars each of them shining
with the luminosity L, ;. In brief, the luminosity of the galaxy is the sum of
the luminosity of all the stars inside it. The luminosity of each star can be
expressed as proportional to the total kinetic energy of gas particles, therefore
we may write:

2The values assumed for the central and surface temperature of the Sun amply justify
a ratio T"/T =~ 0.0001 or lower and a proportionality factor 107! in the relationship
between the energy densities Upp and Uf.
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Figure A.1: Upper panel: «ay (in the case of stars) and ag (in the case of
galaxies) plot as a function of the virialized system mass. Note the large
range of values spanned by ay at varying the mass of the star from a dwarf
to a massive object. Finally, note that the values ag for the galaxies fall in a
range typical of the low mass (old) stars. Lower panel: plot of Ly = a5 - Mg
(using the stellar mass, instead of the total galaxy mass) versus the galaxy
masses. The solid line gives the observed value for L in the FJ relation.
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N
LG = Z O‘s,iMs,iUii; (All)
=1

where N; is the total number of stars within the galaxy, and as;, M,
and v,; are the basic quantities characterizing each star. In analogy with
Equation A.1, the galaxy luminosity can be rewritten as:

Lo = TN M2, (A.12)

where the quantities beneath — are weighted averages over the whole stellar
population. Note that for galaxies of the same “size” (mass and radius) these
values will be very similar.

Now, thanks to the homologous nature of the gravitational collapse at all
scales, it is possible to note that the quantity o5 (i.e., the mean velocity of
particles inside a star), turns out to be comparable to the velocity dispersion
of stars within a galaxy, here named o (in km s™'). Tt is then possible to
write:

L = Lyo}, (A.13)

where:

Lo = ;N M, = a,Mg. (A.14)

It can be shown that even for a galaxy there is a relationship between the
total gravitational energy, the total kinetic energy of the stars, and the total
radiative energy emitted by stars, so that the relation A.14 can be replaced
by:

Lo = agMg = %Mg, (A.15)

where ag refers to the galaxy as a whole. Like in the case of stars, ag has
the dimension of an inverse of time.

To demonstrate the validity of Equation A.15 we consider a generic mean
stellar content of N, =~ 10'? (for sake of simplicity Sun-like) objects (i.e.,
with mass Mg = 2x 103 g, radius 7., = 6.94 x 10'Y cm, surface temperature
T, ~ 5780 K), total mass Mg = 102 M, total radius rg ~ 100 kpc. In this
example we ignore the contribution to the mass given by Dark Matter (DM).
According to the current understanding of the presence of DM in galaxies,
the ratios of the dark-to-baryonic matter (BM) both in mass and radii of
the spatial distributions (supposed to be spherical) Mpy ~ f x Mgy and
rpm = [ X rgv. This means that within the volume occupied by the BM
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there is about 1/3? x Mpy (Bertin et al. 1992; Saglia et al. 1992; Bertin
et al. 2002). For the current estimates, § ~ 6 DM in the internal regions of
a galaxy where stars are located; therefore, it can be neglected.

The energy density of the photons emitted by all the stars in the galaxy
evaluated at any arbitrary point inside the galaxy is given by:

¢ N, o, T2
U, = Upp .—  4mridr—=, A.16
BB,G /0 BB (), 2 ( )
where r¢g is the galaxy radius, Upp , refers to the Black Body at the tem-
perature of the stellar sources®, Qg is the volume of the whole galaxy, and
the factor Ugp , X N,/€Qg the mean Black Body radiation inside the galaxy.
Although the integrand of Equation A.16 is not strictly correct for evaluating
the variation of the Black Body energy as a function of the galacto-centric
distance, it is adequate to our purposes. The quantity Ugg , is given by:

8t i 3
U]IBB,S = WB<I€T)4 ~ 8.02 ergcm ™ (A.17)

so that for Upp ¢ of Equation A.16 we estimate:

Upp.c ~ 1.29 x 1072 ergem ™3, (A.18)

where we assumed N, ~ 102 stars, 7, ~ 6.94 x 10'% cm (roughly the solar
radius), Qg ~ 1.13 x 10™ em? for a galactic radius of about 100 kpc.
The mean density of kinetic energy of the stars turns out to be of the order
of 3.52 x 107! ergem ™3 for a mean velocity dispersion of about 200 km s,
The mean gravitational energy density for the galaxy (limited to the
volume occupied by the BM) is:

2
3
E,c = G#— ~ 7.79 x 107"% ergcm . (A.19)
re 4w

The gravitational energy is surely underestimated because we have ne-
glected the presence of Dark Matter.

Therefore, also in this case there is an approximate relationship between
the gravitational and the sum of electromagnetic and kinetic energy densities.
We can then write the equation:

3In relation to this, we remind the reader that in most nearby galaxies the detected
light is due to stars from the main sequence turnoff (or slightly fainter than that) to the
tip of the RGB. In sufficiently old galaxies the corresponding mass range is rather small.
In other words, the stellar population responsible for the observed light can be reduced to
a single population of a certain age and mean chemical composition.
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LG = OZGM00'2 = (IgU_Cﬂ“?;. (AQO)

Thanks to the assumption of uniform distribution of stars and stellar
types most contributing to the light in our model galaxy, also the photon
energy distribution inside is uniform and always equal to that of many Black
Bodies of similar temperature. Furthermore, owing to the very large number
of stars in a galaxy the light emitted by a certain region (e.g., within the
effective radius) can be assimilated to that of Black Body at a certain mean
temperature and very large surface. Therefore, we may write:

LG = UBB,G47TCTé, (A21)

so that for solar-type stars ag ~ c¢/rg ~ 10713 s71 ~ q,. It is worth

emphasizing here that a( is nearly identical to a, and for each galaxy there
is a star with similar a.

In conclusion, the classical Faber-Jackson relationship L = Lgo” can be
understood as a sort of translation of the Stefan-Boltzmann law for BBs to
the case of galaxies that can be viewed as the sum of many BBs.

Figure A.1 shows the range of values for the parameter ag of galaxies and
compares them with those for stars. Note that low-mass galaxies have in gen-
eral higher « values (closer to the values for intermediate-mass stars), whereas
the big galaxies are preferentially populated by low-mass stars. What mat-
ters here is the exsistence for every galaxy of a combination of Ly (~ azMg)
and og able to reproduce the total galaxy luminosity. The lower panel of
Figure A.1 shows that Ly = a,Mg is approximately constant for a wide
range of galaxy masses.

We calculated Ugg and E, for a small sample of nearby ETGs from
(Moretti et al. 2014) for which all the basic data are available and estimated
the ag parameter for all of them. The results are shown in the two panels of
Figure A.2.

One might argue whether this is true also for spiral galaxies. We believe
that the origin of the Tully-Fisher relation for late-type systems can be likely
reported to the same context. Here the mean characteristic velocity of the
stellar system is no longer the velocity dispersion, but the circular rotation.
For more complex systems, where rotation and velocity dispersion are signif-
icant, a combination of the two is required to characterize the total kinetic
energy. This issue, however, is left to a future investigation.

2
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Figure A.2: Upper panel: the mean gravitational energy density as a function
of the mean Black Body energy for a sample of ETGs. Bottom panel: the
quantity ag as a function of the stellar mass of the galaxy in solar units for
the object of the same sample.
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