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1
Introduction

Galaxies are large and massive gravitationally bound systems composed of stars, gas
and dust, believed to be embedded in extended dark matter haloes, and constitute
the building blocks of the visible Universe.

A striking feature of galaxies is that, despite the huge number of such systems
which have been observed, they can all be classified in a handful of relatively well-
defined macro-groups on the basis of their (visual) morphology. This was noted
already in the Twenties (see Hubble 1926, 1927), a time when the study of galax-
ies was still in its early infancy and the embers of the so-called Great Debate on
the nature of “nebulae” were still glowing. The Hubble classification scheme (first
presented in the form of the well-known tuning-fork diagram in Hubble 1936; see
Fig. 1.1) undoubtedly proved to be one of the most successful and long-lived taxo-
nomic undertakings in modern astronomy, also due to the fact that several other im-
portant properties of galaxies turned out to correlate well with morphological type,
and therefore remains widely used to this day (see, e.g., Sandage & Bedke 1994 for
an extended, more complete modern version).

Within this scheme, galaxies are divided into four main classes: (i) elliptical galax-
ies, which are characterized by smooth and featureless spheroidal light distribu-
tions with projected ellipticity ranging from 0 to 0.7; (ii) spiral galaxies, consisting
of a stellar disk which exhibits spiral arms and (usually) a central concentration of
stars called bulge; (iii) lenticular galaxies, which show properties somewhat interme-
diate between the previous two groups, i.e. a prominent bulge surrounded by a
disk without evidence of spiral arms; and (iv) irregular galaxies, which are typically
low-luminosity, gas-rich systems without regular structure.

Collectively, ellipticals and lenticulars are frequently referred to as “early-type”
galaxies, while spirals and irregulars are called “late-type” galaxies, due to the lo-
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Figure 1.1: A modern representation of the Hubble tuning fork diagram. Elliptical galaxies are
indicated as En (where n = 0, 1, . . . , 7 is ten times the observed ellipticity). Lenticular galaxies
are denoted as S0. Spiral galaxies are divided into two classes: normal (S) and barred (SB);
along the sequence from Sa/SBa to Sc/SBc the bulge becomes less luminous and the spiral
arms more loosely wound. Irregular galaxies are not shown. (Image credit: Wikipedia).

cation occupied in the Hubble diagram. Investigating the structure of distant early-
type galaxies constitutes the main focus of the present Thesis. Therefore, in this
Chapter we will discuss in more detail the properties of these systems (§ 1.3), after
briefly reviewing two preeminent diagnostic tools employed for their study, namely
stellar dynamics (§ 1.1) and gravitational lensing (§ 1.2).

1.1 Stellar dynamics
Stellar dynamics is the branch of astrophysics which studies the properties of sys-
tems consisting of a large number (typically N = 105 to 1012) of massive particles
(“stars”) only subject to gravitational interactions (see e.g. Binney & Tremaine 2008).

In early-type galaxies (where usually N ≈ 1011) the typical mean free path of
stars is so large that the effects of close encounters (“collisions”) on the orbit of a
subject star can be safely neglected on the time scale of the age of the Universe. Such
a system is called a collisionless stellar system. As a consequence, to the purpose of
studying the motions of point particles, the galaxy can be described as a smooth dis-
tribution of mass, regardless of the fact that its physical nature is that of an assembly
of point-like masses separated by enormous distances.

Analogously to fluid or gas dynamics, it is normally not feasible to follow the mo-
tions of each of the very numerous particles which compose the system, and instead
a description in terms of statistical mechanics is adopted. Therefore, a complete de-
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scription of the stellar system is provided by the distribution function (DF) f (~x,~v, t),
which represents the phase-space density of the galaxy1. The time evolution of the
DF is governed by a fundamental relation called the collisionless Boltzmann equa-
tion (CBE), i.e.

d f
dt
≡ ∂ f

∂t
+~v · ∂ f

∂~x
− ∂Φ

∂~x
· ∂ f

∂~v
= 0 , (1.2)

where Φ is the total gravitational potential of the system, and d/dt denotes the con-
vective (or Lagrangian) derivative. In the following, let us assume that the system is
stationary, i.e. f = f (~x,~v), so that ∂ f /∂t = 0.

From the DF one can construct the usual volume density ρ as

ρ(~x) =

∫
f d3~v , (1.3)

and the components of the mean velocity at location ~x as

v̄i(~x) =
1

ρ(~x)

∫
f vi d3~v . (1.4)

At each position in the galaxy, the spread around the mean velocity is given by the
velocity dispersion tensor σ2

ij:

σ2
ij(~x) =

1
ρ(~x)

∫
f (vi − v̄i) (vj − v̄j) d3~v = vivj − v̄i v̄j . (1.5)

Being symmetric, the tensor σ2
ij(~x) can be diagonalized, obtaining at each point a

(generally triaxial) stellar velocity dispersion ellipsoid. If the velocity dispersion ellip-
soid is spherical at every position ~x, the system is said to be isotropic, while is called
anisotropic otherwise. The anisotropy in the random motions of stars, rather than
ordered rotation, is the main contributor to the shape of massive, slow rotating ellip-
tical galaxies. Therefore—by drawing a physical analogy between the motions of gas
particles and those of stars in a galaxy—ellipticals are often described as “hot”, pres-
sure supported systems, while spirals are said to be “cool” and rotation supported.
For axially symmetric stellar systems, the most common way to quantify the global
shape of the velocity dispersion tensor is provided by the three global anisotropy

1According to the specific definition, which amounts to changing a normalization constant, the DF can
represent a mass density in the phase-space, in case

∫
f (~x,~v, t) d3~x d3~v = Mtot , (1.1)

where Mtot is the total mass of the N stars in the galaxy (assumed to have the same mass m?), a number
density, a luminosity density or a probability density (by substituting Mtot in Eq. (1.1) with, respectively,
N, Ltot and 1).
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parameters usual defined as

δ ≡ 1− 2Πzz

ΠRR + Πϕϕ
, β ≡ 1− Πzz

ΠRR
and γ ≡ 1− Πϕϕ

ΠRR
(1.6)

(Cappellari et al. 2007; Binney & Tremaine 2008), where (R, ϕ, z) are the cylindrical
polar coordinates and

Πkk ≡
∫

ρ σ2
kk d3~x (1.7)

denotes the total unordered kinetic energy in the coordinate direction k.

A concept of crucial importance (both in the field of stellar dynamics and also in
a much broader physical and mathematical context; see e.g. Lynden-Bell 1962 and
references therein) is that of integral of motion. We define an integral of motion I
as a function of the phase-space coordinates (~x,~v) alone which remains constant
along any orbit, i.e. dI [~x(t),~v(t)]/dt = 0. An integral of motion can therefore be
interpreted as a “conservation law” for the orbits.

As proven by the Jeans theorem (Jeans 1915), any steady-state solution of the
CBE depends on the phase-space coordinates only through integrals of motion in
the given potential Φ, i.e. f (~x,~v) = f (I1, I2, . . . , In), and conversely any function of
the integrals of motion provides a steady-state solution of the CBE.

In the case of axially symmetric potentials, which are of particular interest for this
Thesis since in our analysis we will adopt density distributions of the form ρ(R, z)
(see Chapters 3–6), all orbits admit the two classical integrals E and Lz, i.e., respec-
tively, the total energy and the angular momentum along the rotation axis. There-
fore, by virtue of the Jeans theorem, it is reasonable to describe axisymmetric stellar
systems by considering two-integral DFs f (E, Lz), as we will do throughout all the
present Thesis. However, it is often found that for astrophysically relevant axisym-
metric potentials most orbits admit an additional non-classical integral, the so-called
“third integral” (Contopoulos 1963), which does not have in general an analytic ex-
pression, except in the very specific case of Stäckel potentials (see Binney & Tremaine
2008). While axisymmetric two-integral models are bound to have isotropic velocity
dispersion in the meridional plane (i.e. σ2

R = σ2
z at every position), three-integral

models are more flexible and do not have such restrictions on the shape of the ve-
locity dispersion ellipsoid. Unfortunately, as already mentioned, three-integral DFs
normally can not be expressed analytically, and hence it is necessary to resort to more
sophisticated numerical orbit-superposition methods (§ 1.1.1) in order to study this
kind of systems.

At any rate, for the distant (i.e. redshift & 0.1) early-type galaxies analyzed in
this work, we find that the adoption of two-integral axisymmetric models represents
an excellent approximation which provides a satisfactory reconstruction of the ob-
servables. We refer in particular to Chapters 6 and 7 for further discussion on this
topic.
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1.1.1 Schwarzschild’s methods

Schwarzschild’s methods are numerical orbit-superposition techniques which allow
to construct dynamical models of steady-state stellar systems in a very flexible way.
In its original implementation (Schwarzschild 1979, which was aimed at proving
the existence of self-consistent triaxial models) the methods consists of four major
steps: (i) assume a three-dimensional density distribution ρs(~x) for the stellar sys-
tem; (ii) calculate, by means of the Poisson equation, the corresponding gravitational
potential Φs(~x); (iii) generate within such potential a representative library of orbits,
consisting of many stellar orbits—to be integrated for a time much longer than the
typical crossing time—chosen to have a wide variety of initial conditions, so that,
ideally, they can provide a good sampling of the phase-space; (iv) find the orbit su-
perposition which allows to reproduce the assumed density distribution ρs(~x), by
determining the set of weights to be associated with the orbits. In general, however,
many solutions will be possible, so one has also to introduce some kind of merit
function in order to determine the set of weights which constitutes the “best solu-
tion”.

An extension of this technique (Pfenniger 1984; Richstone & Tremaine 1984; Rix
et al. 1997) consists in making use of Schwarzschild’s orbit-superposition methods
to model kinematic data sets, i.e. line-of-sight velocity moments. Recently, this tech-
nique has been widely used in the analysis of nearby early-type galaxies, with the
aim of determining the dynamical structure, mass distribution and dark matter frac-
tion of these systems, usually employing three-integral axisymmetric models (see
e.g. Thomas et al. 2007b and Cappellari et al. 2007, which make use, respectively, of
long-slit spectroscopic data and integral-field stellar kinematics) rather than signifi-
cantly more complex fully triaxial models (see van den Bosch et al. 2008).

1.2 Gravitational lensing

The deflection of light rays by gravitational fields is among the most important pre-
dictions of General Relativity (see the early studies of Chwolson 1924 and Einstein
1936), and the many diverse phenomena associated with this effect are collectively
referred to as gravitational lensing (see Schneider, Ehlers, & Falco 1992, for a thor-
ough introduction). What makes gravitational lensing particular appealing for the
study of astrophysical objects is that, depending solely on gravity, it represent the
most direct probe of mass available.

Let us consider a scheme of a typical gravitational lensing situation (illustrated
in Fig. 1.2): the light rays propagating from a source S located at a luminosity dis-
tance Ds from the observer O are deflected by an angle α̂ due to the presence of
an interposing mass distribution (i.e., the gravitational lens) at distance Dd. In most
astrophysical situations, the lens object can be considered thin with respect to the
distances involved in the propagation of the light path (thin screen approximation).
Therefore, to the purpose of describing the light rays deflection, we can replace the
three-dimensional lens mass density distribution ρ with its line-of-sight projection Σ



14 Introduction

Figure 1.2: Illustration of a
typical gravitational lens sys-
tem (see text). Here, β and
θ denote the angular separa-
tions from the optic axis of, re-
spectively, the source S and the
image I, as seen by the ob-
server O. These quantities are
related by the lens equation,
Eq. (1.10), via the reduced de-
flection angle α = (Dds/Ds)α̂.
The distances observer-source,
observer-lens, and lens-source
are indicated as Ds, Dd and
Dds, respectively. These are lu-
minosity distances, and there-
fore the transverse distances
are simply given by η = Dsβ
and ξ = Ddθ.

on the so-called lens plane, i.e.

Σ(~ξ) =

∫
ρ(~ξ, z′) dz′ , (1.8)

where z′ is the line-of-sight direction and the vector ~ξ = Dd~θ denotes a location in
the lens plane. Then, the deflection angle ~̂α(~ξ) (which is a two-dimensional vector)
determined by the intervening lens mass distribution is given by:

~̂α(~ξ) =
4G
c2

∫
Σ(~ξ ′)

~ξ − ~ξ ′
|~ξ − ~ξ ′|2

d2~ξ ′ . (1.9)

The true angular position ~β of the source is related to the observed angular posi-
tion ~θ of the corresponding image(s) by the lens equation

~β = ~θ −~α(~θ) , (1.10)

where we have introduced the reduced deflection angle ~α ≡ (Dds/Ds)~̂α. Since the
lens equation is non-linear, under certain conditions multiple images can correspond
to a single source position, a phenomenon which goes under the name of strong
gravitational lensing. More generally, Eq. (1.10) describes how the surface brightness
distribution of the lensed image(s) is mapped onto the source plane.

It is often convenient to express the reduced deflection angle in terms of the di-
mensionless surface mass density κ (usually called convergence) rather than of Σ, so



1.2: Gravitational lensing 15

that

~α(~θ) =
1
π

∫
κ(~θ′)

~θ −~θ′
|~θ −~θ′|2

d2~θ′ , (1.11)

having defined κ ≡ Σ/Σcr, where the critical surface mass density is given by

Σcr =
c2

4πG
Ds

DdDds
(1.12)

and depends only on the geometry of the system. A lens for which (somewhere)
κ > 1 is called supercritical, and will produce multiple images for some location of
the source2.

From Eq. (1.11) one can obtain the insightful relation

~α = ∇~θ ψ , (1.13)

where the deflection potential ψ is the rescaled (three-dimensional) line-of-sight pro-
jected gravitational potential of the lens

ψ(~θ) =
Dds

DdDs

2
c2

∫
Φ(Dd~θ, z′) dz′ =

1
π

∫
κ(~θ′) ln |~θ −~θ′|d2~θ′ , (1.14)

which furthermore satisfies the two-dimensional Poisson equation, i.e.

∇2
~θ

ψ = 2κ . (1.15)

An important property of gravitational lensing is that it conserves the surface
brightness (a consequence of Liouville’s theorem). Lensing does change, however,
the apparent solid angle of the source and therefore the total flux received by the
observer, causing magnification (or demagnification). The distortion of images de-
termined by the deflection potential of the lens is described by the Jacobian matrixA:

A(~θ) ≡ ∂~β

∂~θ
=

(
δij −

∂2ψ(~θ)

∂θi∂θj

)
=

(
1− κ − γ1 −γ2
−γ2 1− κ + γ1

)
, (1.16)

where

γ1 =
1
2

(
∂2ψ

∂2θ1
− ∂2ψ

∂2θ2

)
and γ2 =

∂2ψ

∂θ1∂θ2
(1.17)

are the components of the shear tensor γ ≡ γ1 + iγ2. The convergence causes an
isotropic magnification of the source, while the shear introduces anisotropy, distort-
ing the shape. The inverse of the Jacobian matrix is the magnification tensor, i.e.
M = A−1, from which the (local) magnification µ is obtained as µ = detM. The

2The converse is not always true: although usually multiple imaging occurs only when the lens is
supercritical, there can be exceptions (see Subramanian & Cowling 1986).
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curves in the lens plane on which the magnification is (formally) infinite are called
critical curves, while the corresponding curves in the source plane (mapped through
the lens equation) are referred to as caustics.

Finally, we introduce the useful concept of Einstein radius, which will appear often
throughout this Thesis. Let us consider a circularly symmetric supercritical lens: a
source located exactly on the optic axis (i.e., ~β = 0) will be imaged as a ring (called
Einstein ring) of angular radius

θE =

√
Dds

DdDs

4G
c2 ME , (1.18)

where the Einstein mass ME ≡ M(|~θ| ≤ θE) is the total mass enclosed (in projec-
tion) within the Einstein radius θE. The Einstein radius constitutes the character-
istic scale of a lens system: the typical angular separation of images, in the case
of multiple imaging, is of order 2θE. Even in the case of systems which deviate
from spherical symmetry, the enclosed mass ME can be determined from θE in a
remarkably accurate (i.e., within a few per cent) and largely model independent
way (see e.g. Kochanek 1991), making strong gravitational lensing a powerful probe
of the total mass (both dark and luminous) within the Einstein radius. On the
other hand, unfortunately, lensing alone does not allow a reliable determination of
the total mass density profile of the lens object: if κ(~θ) is a model for the conver-
gence which correctly reproduces the lensing observables, then the model family
κλ(~θ) = (1− λ) + λκ(~θ) (where we have rescaled the convergence and added a con-
stant mass sheet κs = 1− λ) will reproduce the data equally well. This is referred
to as the mass-sheet degeneracy (see Falco, Gorenstein, & Shapiro 1985; Gorenstein,
Shapiro, & Falco 1988).

1.3 Early-type galaxies
Early-type galaxies are apparently simple and rather homogeneous stellar systems.
They contain mainly old, red stars and only little amounts of cool gas and dust. Ellip-
ticals and lenticulars become increasingly common when moving from low-density
regions (the field) to higher density environments (galaxy clusters), where they be-
come the dominant population.

Early-type galaxies display a remarkable regularity in their properties, both as in-
dividual systems and as a group. The light distribution of spheroids appears smooth
and featureless and their surface brightness profile I(R) can be very well described,
over large radial intervals, by the simple empirical relation known as the Sérsic law
(Sérsic 1968),

I(R) = Ie exp
{
−b(n)[(R/Re)1/n − 1]

}
, (1.19)

which has a single free parameter, i.e. the Sérsic index n. In Eq. (1.19), Ie ≡ I(Re)
denotes the surface brightness at the effective radius Re (defined as the radius of the
isophote containing half of the total luminosity) while b(n) is determined numer-
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ically (see e.g. Ciotti & Bertin 1999). For the typical value n = 4 one obtains the
well-known R1/4 law (de Vaucouleurs 1948).

Intriguingly, the global properties of early-type galaxies are correlated by several
empirical scaling laws. These include the color-magnitude (Visvanathan & Sandage
1977), color-σ (Bower, Lucey, & Ellis 1992) and Mg2-σ (e.g. Guzmán et al. 1992, Ben-
der, Burstein, & Faber 1993) relations, connecting the galaxy velocity dispersion with
its chemical composition and stellar ages; the correlation between the mass MBH of
the central supermassive black hole and the galaxy stellar mass (Magorrian et al.
1998) or velocity dispersion (Ferrarese & Merritt 2000; Gebhardt et al. 2000); the ex-
istence of the fundamental plane (Djorgovski & Davis 1987; Dressler et al. 1987),
a strikingly tight relation between the global observables Re, the average surface
brightness Īe within the effective radius and the central velocity dispersion σc, i.e.

log Re = a log σc + b log Īe + constant , (1.20)

where the value of coefficients a ≈ 1.2 and b ≈ −0.8 (e.g. Jørgensen, Franx, & Kjær-
gaard 1996) depends, generally quite weakly, on the considered photometric band
(see Bernardi et al. 2003).

Considerable observational and modelling effort has been invested, during the
last decades, to the purpose of unveiling the mass distribution and dynamical struc-
ture of early-type galaxies. Detailed knowledge of these properties is very important
also in order to test galaxy formation and evolution models (see § 1.3.1). The studies
conducted on systems in the nearby Universe have taken advantage of a number of
available tracers, including traditional stellar kinematics (e.g. Saglia, Bertin, & Sti-
avelli 1992, Bertin et al. 1994, Franx et al. 1994, Carollo et al. 1995, Rix et al. 1997,
Loewenstein & White 1999, Gerhard et al. 2001, Borriello et al. 2003, Thomas et al.
2007b and the SAURON Survey: de Zeeuw et al. 2002), the kinematic of discrete trac-
ers such as globular clusters (e.g. Mould et al. 1990; Côté et al. 2003) and planetary
nebulae (e.g. Arnaboldi et al. 1996, Romanowsky et al. 2003) and hot X-ray emitting
gas (e.g. Fabbiano 1989; Brighenti & Mathews 1997; Matsushita et al. 1998; Fukazawa
et al. 2006; Humphrey et al. 2006). The inner regions (approximately within Re) of
early-type galaxies are found to be well described by a total mass density profile of
the form ρ ∝ r−γ′ with logarithmic slope γ′ ≈ 2, often referred to as the “isothermal”
density profile, corresponding to nearly flat equivalent rotation curves. While the
inner regions are clearly dominated by the luminous component, a non-negligible
amount of dark matter is generally found to be present: for instance, Cappellari
et al. (2006) determine a median dark matter fraction of about 30 per cent for their
subsample of 25 SAURON galaxies.

A classical global estimator of the importance of ordered motions (i.e. rotation)
with respect to random motions is provided by the (V/σ, ε) diagram (see e.g. Binney
& Tremaine 2008), where ε is the observed flattening of the galaxy and V/σ the ratio
between the line-of-sight streaming velocity and velocity dispersion3. The (V/σ, ε)

3Traditionally, due to observational limitations, one adopted the peak line-of-sight streaming velocity
vmax as V, and the mean velocity dispersion σe2 inside Re/2 as σ. Recently, however, Binney (2005)
has described a more rigorous way to compute the V/σ ratio when two-dimensional kinematic data are
available.
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Figure 1.3: (V/σ, ε) dia-
gram for the 48 SAURON
early-type galaxies (data
from Cappellari et al.
2007). Red and blue
circles represent, re-
spectively, slow and
fast rotators. Open and
filled symbols denote,
respectively, lenticular
and elliptical galaxies.
The solid curves show
the location of edge-on
oblate galaxies for values
of δ = 0, 0.1, . . . , 0.6, with
the isotropic rotator line
(δ = 0) indicated in green.

diagram can also be used as a tool to quantify the anisotropy parameter δ (Eq. 1.6)—
although one should be aware that there can be significant uncertainties due to the
generally unknown inclination angle under which the system is observed—and in
fact, historically, it has been instrumental in determining that ellipticals are pressure-
supported systems, i.e. flattened mainly by the anisotropy of the velocity dispersion
tensor rather than by rotation (e.g. Illingworth 1977; Schechter & Gunn 1979). As an
illustration, in Fig. 1.3 we show the (V/σ, ε) diagram obtained for the 48 SAURON
early-type galaxies (Cappellari et al. 2007); high-quality integral-field stellar kine-
matics data are available for all these systems.

As shown by Emsellem et al. (2007), early-type galaxies can be classified into the
two structurally different groups of slow and fast rotators. The classification is based
on the parameter

λR ≡
〈R|V|〉

〈R
√

V2 + σ2〉
(1.21)

(where V and σ are the flux-weighted and integrated observed mean velocity and ve-
locity dispersion), which is related to the specific angular momentum of the system
and can be measured from integral-field stellar kinematics. Fast rotators (λR > 0.1)
are generally flattened, nearly axisymmetric and relatively low-luminosity systems
which exhibit large scale rotation, while slow rotators (λR ≤ 0.1) tend to be rounder,
often characterized by kinematical misalignments (an indication that they might be
mildly triaxial), cover a wider range in luminosity and show little or no global rota-



1.4: This Thesis 19

tion.

1.3.1 Formation and evolution of early-type galaxies
The surprising degree of regularity in the population of early-type galaxies and the
origin of the empirical scaling relations must be closely related to the formation and
evolution mechanisms of these systems. A full understanding of these processes,
however, is still lacking and galaxy formation remains among the most fundamental
open problems in present-day astrophysics and cosmology.

According to the so-called monolithic collapse scenario (e.g. Eggen, Lynden-Bell,
& Sandage 1962; Larson 1975), early-type galaxies were formed in a single event at
very high redshift, from the rapid collapse of proto-galactic gas clouds, followed by
passive evolution.

Conversely, within the competing scenario of hierarchical merging (e.g. Toomre
1977; Frenk et al. 1988; White & Frenk 1991; Barnes 1992; Cole et al. 2000)—which
is strongly rooted in the standard Lambda-Cold Dark Matter (ΛCDM) cosmolog-
ical paradigm of structure formation—massive early-type galaxies are built up by
the merging of pre-existing lower mass disk systems, embedded in their own dark
matter haloes.

The close connection with the cosmological context and the success of numerical
merger simulations in reproducing many observed global properties of spheroids,
including morphology, isophotal profile, kinematics, anisotropy, and fine structure
(such as shells and ripples at large radii) in the light profile have contributed greatly
to the attractiveness of the hierarchical merging model (see e.g. Hernquist & Spergel
1992; Naab & Burkert 2003; Jesseit et al. 2007). There remain, however, many impor-
tant unsolved issues. In particular, massive ellipticals—characterized by old, red,
metal-rich stellar populations—are found to be already in place at redshift z ≈ 1− 3,
and hardly appear to be compatible with being formed by the merging of typical disk
galaxies (which have younger stellar populations and tend to live in different, low-
density environments) or their likely progenitors (see e.g. Renzini 2006; Naab & Os-
triker 2009, and references therein). The processes which determine the emergence
(and the subsequent preservation) of the empirical scaling laws are also not com-
pletely explained, although there are strong indications that gas dissipation might
play a crucial role (e.g. Robertson et al. 2006). Furthermore, it is very likely that the
intricacies of gas physics are a major player also in the yet unknown mechanism
responsible for the ubiquitous (nearly) isothermal total mass density profiles in the
inner regions of early-type galaxies, since cosmological numerical simulations pre-
dict, for the dark matter haloes, inner density cusps with logarithmic slope of order
1 to 1.5 (Navarro, Frenk, & White 1996, Moore et al. 1998), i.e. too shallow to be com-
patible with the recovered ρ ∝ r−2 profiles, and collisionless merging cannot make
these cusps steeper (Dehnen 2005).

1.4 This Thesis
A detailed and reliable knowledge of the density profile, dark and luminous mass
distribution and dynamical structure of early-type galaxies beyond the local Universe



20 Introduction

is of critical importance in order to achieve a better understanding of the formation
and evolution processes of these systems, and to enable stringent tests of galaxy
evolution models.

Unfortunately, the available diagnostics for the study of distant ellipticals, i.e.
at redshift z & 0.1, are confronted with severe limitations and degeneracies, when
employed independently. Strong gravitational lensing provides a formidable tool to
investigate the total mass content of the lens object, and it has been used in several
studies (see e.g. Rusin & Ma 2001; Winn et al. 2003; Rusin & Kochanek 2005; Dye &
Warren 2005; Brewer & Lewis 2006b, 2008) to put constraints on the inner mass distri-
bution of lens galaxies at redshift out to z ≈ 1. However, as mentioned above (§ 1.2),
whereas the total mass within the Einstein radius can be reliably measured, the mass-
sheet and the related mass-profile (Wucknitz 2002) degeneracies make it challenging
to accurately determine the slope of the galaxy density profile. In the case of stellar
dynamics studies, the main difficulties are represented by the lack of bright kine-
matic tracers at large radii and by the degeneracy between the mass density profile
of the galaxy and the anisotropy of its stellar velocity dispersion tensor. Higher order
velocity moments, which would allow to disentangle this mass–anisotropy degener-
acy by providing additional constraints (e.g. Gerhard 1993; van der Marel & Franx
1993), cannot be measured in reasonable integration time for such distant systems
with any of the current instruments.

In this Thesis, we tackle the major issue of overcoming these difficulties and pro-
viding a reliable method for the analysis of distant early-type galaxies by combining
the largely complementary approaches of gravitational lensing and stellar dynam-
ics. This technique has been recently pioneered by the work of Koopmans and Treu
(Koopmans & Treu 2002, 2003; Treu & Koopmans 2002b, 2003, 2004; see also Chap-
ter 2). Here, for the first time, we expand this approach into a general and self-
consistent method, completely embedded within the framework of Bayesian statis-
tics, which goes beyond the simple assumption of spherical symmetry and takes full
advantage of all the information available from the data sets (Chapters 3 and 4).

We then apply this combined method to the analysis of a sample of six early-type
lens galaxies, in the redshift range z = 0.08− 0.33, selected from the SLACS Survey
(see Chapter 2), for which both high-resolution imaging obtained with the Hubble
Space Telescope and two-dimensional kinematic maps (from VLT VIMOS integral-
field spectroscopy) are available. This allows us to address important questions—
within the context of galaxy formation and evolution—on the structure of early-type
galaxies beyond the local Universe, by investigating in unprecedented detail the den-
sity profile, mass distribution and global dynamical properties of these systems at
z & 0.1 (Chapters 5 and 6).

1.4.1 Outline of the Thesis
Chapter 2 presents an overview and a summary of the major results of the Sloan
Lens ACS (SLACS) Survey, which has provided confirmation and HST imaging of a
sample of at least 70 (mostly early-type) lens galaxies, at redshift z ≈ 0.1− 0.5. The
six E/S0 galaxies that we study in this Thesis are selected from the SLACS Survey,
and complemented with integral-field unit (IFU) spectroscopic observations.
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In Chapter 3, based on Barnabè & Koopmans (2007), we develop and demon-
strate a novel and general method which combines—in a fully self-consistent way—
gravitational lensing and stellar dynamics for the analysis of early-type galaxies be-
yond the local Universe, breaking several of the classical degeneracies. The imple-
mented algorithm, called CAULDRON, is based on the assumptions of axisymmetric
potential and two-integral DF, and is designed for computational efficiency. The
whole method is embedded within the framework of Bayesian statistics, allowing
objective model comparison. By applying CAULDRON on a combined data set, one
can recover the “best” (i.e. the most plausible in an Occam’s razor sense) set of pa-
rameters for the adopted potential (or density) model, and simultaneously the cor-
responding best reconstruction for the lensed source surface brightness distribution
and for the dynamical model (as a set of weights in the integral-space E, Lz).

Real galaxies, however, are not idealized objects and might well violate the as-
sumptions of axial symmetry and two-integral DF. Therefore, in Chapter 4, based on
Barnabè et al. (2008), we crash-test the CAULDRON code by studying how it performs
in an extreme case, applying it to the end-product of a two-component N-body simu-
lation of a merger process, i.e. a system which does not obey any restrictive prescrip-
tion of symmetry. Despite adopting an oversimplified model, we find that several
important quantities of the system are recovered with remarkable accuracy, includ-
ing the logarithmic slope of the total density distribution, the dark matter fraction,
the total angular momentum and the global anisotropy parameter δ.

In Chapters 5 and 6, based on Czoske et al. (2008) and Barnabè et al. (2009) re-
spectively, we make use of the combined CAULDRON code to perform a detailed
analysis of a sample of six early-type lens galaxies selected from the SLACS Survey.
This sample covers a relatively broad range in redshift (z = 0.08 − 0.33), velocity
dispersion and importance of rotation. The data sets consist of high-resolution HST
images of the lensed image and lens galaxy surface brightness distributions and two-
dimensional kinematic maps of the lens galaxy line-of-sight velocity and velocity
dispersion (determined from IFU spectroscopy obtained with the VLT instrument
VIMOS). The analysis reveals that the inner regions of the sample galaxies are char-
acterized by a total mass density profile close to isothermal (albeit with an intrinsic
spread in the logarithmic slope), remarkably smooth and fairly round in shape, with
a dark matter fraction of order 15 − 30 per cent. No evolution of the total density
logarithmic slope appears to take place within the probed redshift range. In terms of
global dynamical properties, the examined galaxies are found to be similar to their
nearby counterparts of comparable velocity dispersion.

Finally, in Chapter 7, we summarize our most significant results, we draw the
conclusions, and we outline a few possible directions of future work based on the
research carried out in this Thesis.






