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7
Conclusions and outlook

In this Thesis we have presented a novel framework to combine in a fully self-
consistent manner two major and complementary diagnostic tools for the anal-
ysis of early-type galaxy, namely gravitational lensing and stellar dynamics.
We have developed a practical implementation of this method, the fast CAUL-
DRON code, which we have applied to the study of the SLACS lenses with
available two-dimensional kinematic maps and high-resolution imaging, un-
veiling the mass distribution and dynamical structure of non-local early-type
galaxies (at redshift z = 0.08− 0.33) in unprecedented detail. Building on the
results of this Thesis, we envision three main directions for future work: (i) ex-
tend the CAULDRON code to encompass axisymmetric three-integral dynamical
models; (ii) apply the joint analysis to the larger sample of 30 SLACS systems
for which two-dimensional kinematic maps are or will become available; (iii)
exploit the modularity of the CAULDRON algorithm by applying it separately
to lensing and dynamics, taking advantage of its speed and Bayesian setup for
extensive parameter space exploration and model comparison.

7.1 Results
The major scientific drive of this Thesis has been provided by a fundamental ques-
tion of present-day astrophysics and cosmology, i.e. understanding the formation
and evolution processes of galaxies. Within this broad framework, we have focused
on the issue of unveiling the structure and the density profile of massive early-type
galaxies, and the way these quantities change with increasing redshift. In order to
conduct this study, we had to tackle the problem of developing a reliable and ef-
fective method for the analysis of ellipticals at redshift z & 0.1, which would make
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possible to significantly overcome the shortcomings of the usual diagnostics tools,
i.e. gravitational lensing and stellar dynamics.

In the present Section, we provide a review of the most significant outcomes
of this Thesis, which can be broadly classified in methodological and technical ad-
vancements in the field of combined lensing and dynamics analysis (§ 7.1.1) and re-
sults from the joint study of SLACS early-type lens galaxies at redshift& 0.1 (§ 7.1.2).

7.1.1 Combining gravitational lensing and stellar dynamics
As described in Chapter 3, we have developed—for the first time—a fully self-con-
sistent method to conduct detailed three-dimensional analysis of the structure of
early-type galaxies by combining gravitational lensing and stellar dynamics. Com-
pletely embedded within the framework of Bayesian statistics, this novel method is
modular, versatile and very general, i.e. it can in principle handle galaxy density dis-
tributions of arbitrary complexity (including triaxial or non-symmetric density pro-
files), limited only by the technical complications and the computational constraints.

The most critical advantage of adopting an integrated Bayesian approach lies in
the fact that it provides an objective tool for model comparison, namely the evidence
merit function, whereas no general method is available to tackle this problem within
the context of the so-called orthodox statistics. The evidence has been proven to au-
tomatically and quantitatively embody the Occam’s razor principle (see e.g. MacKay
1992), penalizing models which correctly predict the data but are unnecessarily com-
plex.

Moving from these general principles to practical applications, we have designed
and implemented the computationally efficient CAULDRON code for combined lens-
ing and dynamics analysis, which specifically applies to axially symmetric potentials
and two-integral stellar distribution functions (DF). Under these assumptions, we
can construct a dynamical model for the galaxy in a matter of seconds, by making use
of our fast Monte Carlo implementation of the two-integral Schwarzschild method
of Cretton et al. (1999) and Verolme & de Zeeuw (2002). This method is based on
adopting elementary toroidal stellar systems (called two-integral components, TICs)
as “computationally inexpensive” building blocks for the dynamical model, rather
than the usually employed superposition of stellar orbits integrated within the given
galaxy potential. By making use of the same (three-dimensional) total potential, the
lensed image reconstruction is performed by means of a pixelized source reconstruc-
tion algorithm (similar to the ones introduced by Warren & Dye 2003 and Koopmans
2005).

Even though it does not have the full flexibility of a three-integral orbit super-
position method, the CAULDRON code constitutes an excellent compromise between
generality and computational cost-effectiveness, when considering the quality of the
best data sets currently available for early-type lens galaxies at z & 0.1, of which
the SLACS systems with HST imaging and VLT VIMOS integral-field spectroscopic
observations constitute the most exquisite example. Furthermore, CAULDRON rep-
resents a substantial step forward with respect to the methods for joint lensing and
dynamics study employed so far (e.g. Treu & Koopmans 2004; Koopmans et al. 2006),
due in particular to the following reasons:
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1. CAULDRON combines the two approaches in a rigorous and consistent manner,
rather than just using the Einstein mass obtained from gravitational lensing as
a simple constraint for an independent dynamical modelling based on solv-
ing the spherical Jeans equations (with ad hoc assumptions on the anisotropy
profile).

2. Whereas for previous studies all the dynamical information was encapsulated
in the 3′′ aperture averaged SDSS velocity dispersion σSDSS, CAULDRON in-
stead makes full use of the wealth of information available from the data sets,
typically including high-quality surface brightness maps of the lensed image
and the lens galaxy (from HST), and two-dimensional maps of the projected
velocity and velocity dispersion (from the VLT VIMOS integral-field unit, or
possibly from Keck spectroscopy).

In Chapter 3 and Section 5.5, we have shown that, by virtue of the complemen-
tary constraints provided by gravitational lensing and stellar dynamics, the com-
bined analysis conducted with CAULDRON allows to disentangle to a large extent
several well-known classical degeneracies, namely the mass-sheet, mass–anisotropy
and inclination–oblateness degeneracies. This would not be possible if the two ap-
proaches were used separately. In fact, although it has been shown that, e.g., the
mass–anisotropy degeneracy can be broken by dynamical studies alone, this requires
higher order velocity moments (e.g. Gerhard 1993), which presently cannot be mea-
sured in reasonable integration time for elliptical galaxies beyond the very local Uni-
verse.

In Chapter 4 we have performed a more extreme test, by applying the CAUL-
DRON code to the simulated data sets obtained from a complex system (i.e., the
non-symmetric end-product of a N-body simulation of galaxy merging) which vi-
olates the assumptions of axial symmetry and two-integral DF. The purpose of this
kind of “crash-test” was to assess which quantities can be reliably determined by
our method even in such an extreme situation. Remarkably, it is found that—despite
the adoption of an over-simplified galaxy model, as witnessed by the unusually large
residuals in the reconstructed lensing observables—several global structural and dy-
namical properties of the N-body system can be robustly recovered. These include:
(i) the logarithmic slope of the total density distribution (recovered within better
than 10 per cent), which is a quantity of critical importance in the study of early-type
galaxies; (ii) the dark matter fraction, calculated under the usual “maximum bulge”
assumption (correctly recovered within approximately 10 per cent); (iii) the rotation
status of the system, quantified by the angular momentum and the intrinsic V/σ ra-
tio; (iv) the global anisotropy parameter δ. Although real galaxies are not idealized
systems, and therefore do not need to obey the typical assumptions of axisymmetry
(or even triaxiality) and two- or three-integral DF, nevertheless they will generally be
more regular and smooth than the simulated N-body system adopted for this test, as
also suggested by the much smaller residuals found in the reconstructed lensing ob-
servables for real systems. For this reason, when CAULDRON is applied to real lens
galaxies, one can expect to recover their properties with at least comparable (and
typically better) accuracy with respect to what is obtained from the crash-test.
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7.1.2 Dissecting early-type galaxies beyond the local Universe
In Chapters 5 and 6 we have applied the combined CAULDRON code to the analy-
sis of a sample of six early-type lens galaxies, selected from the SLACS Survey (see
Chapter 2), for which complete data sets are available. These data sets consist of
(i) high-resolution images of the surface brightness distribution of the lens galaxy
and the gravitationally lensed background source (obtained from Hubble Space Tele-
scope instruments ACS and NICMOS) and (ii) two-dimensional kinematic maps of
the lens galaxy projected velocity and velocity dispersion (obtained from VLT VI-
MOS integral-field spectroscopy). The sample covers a relatively broad range in
redshift (z = 0.08− 0.33), velocity dispersion (σSDSS = 212− 332 km s−1) and impor-
tance of rotation, quite representative of the full SLACS sample.

This is the first time that the structural and dynamical properties of early-type
galaxies beyond the local universe are analyzed in such detail, amounting in a sense
to a three-dimensional “dissection” of these systems.

We have found that a simple axisymmetric oblate power-law profile ρ ∝ m−γ′

(with m being the ellipsoidal radius) for the total mass density distribution provides
a remarkably good description of the inner regions of the examined galaxies, approx-
imately up to one effective radius. Beyond this radius we have little information,
except through weak lensing analyses (Gavazzi et al. 2007).

In particular, the residuals in the reconstructed lensing observables (which are
very sensitive to inhomogeneities and lack of symmetry) are generally very close
to the noise level. This result seems to imply a striking degree of smoothness in the
mass structure of early-type galaxies, at least within 1 Re, which is probably an impor-
tant signature of the (not fully understood) formation mechanisms of these objects.
Moreover, no external shear is required in the modelling of any of the considered
lenses, suggesting that there are neither dramatic twists or asymmetries in the total
density profile of the galaxies even beyond the effective radius, nor strong tidal fields
near the lens or along the line of sight.

The total density distributions of the analyzed systems are not merely well de-
scribed by the power-law profile: intriguingly, they also all have approximately the
same logarithmic slope, very close to γ′ = 2, the so-called “isothermal profile”, cor-
responding to equivalent flat rotation curves. For our sample, we obtain an average
value 〈γ′〉 = 1.98± 0.05, consistent with an isothermal profile, and in agreement with
previous studies of early-type galaxies both in the local Universe (e.g. Gerhard et al.
2001; Thomas et al. 2007a) and up to z ≈ 1 (Koopmans et al. 2006). It is important to
notice, however, that the logarithmic slope of the sample galaxies is not exactly the
same within the errors, being characterized by an intrinsic spread of 4.6+4.5

−0.2 per cent.
Although more systems need to be analyzed in order to better constrain this value,
the intrinsic spread in γ′ is certainly there, and will have to be explained by future
models of galaxy formation and evolution.

Consistently with the analysis of Koopmans et al. (2006), no evidence for evolu-
tion of the logarithmic slope with redshift is found in the probed range z = 0.08−
0.33. Furthermore, no correlation is found between γ′ and quantities such as the nor-
malized Einstein radius REinst/Re, the axial ratio and the aperture averaged velocity
dispersion σSDSS, indicating that systematics are well under control.
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The sample galaxies are determined to have a fairly round total density distribu-
tion, with axial ratio q & 0.65, which is, moreover, generally very close to the axial
ratio of the inferred (three-dimensional) luminous distribution. The fast-rotating,
lenticular galaxies SDSS J0959 constitutes, however, an obvious exception, showing
a (mildly) flattened stellar system embedded within an almost spherical total den-
sity distribution. There are indications (cf. Koopmans et al. 2006) that this might be
a general feature of lenticular galaxies.

Although in the inner regions of early-type galaxies the mass distribution is dom-
inated by the luminous component, dark matter is found to play already a quite
relevant role. Under the so-called maximum bulge hypothesis, which consists in
maximally rescaling the luminous density profile (assuming a position-independent
stellar mass-to-light ratio), we obtain for the dark matter fraction lower limits of or-
der 10 to 25 per cent in total mass, within a sphere of radius r = Re/2 (the kinematic
data typically reach or exceed this distance, with the single exception of SDSS J0912).
The dark matter fraction rises further to 15 to 30 per cent at the effective radius.
Dynamical studies of nearby ellipticals typically find similar results (see e.g. Ger-
hard et al. 2001; Cappellari et al. 2006; Thomas et al. 2007a). At the same time, this
approach allows us to place upper limits on the stellar mass-to-light ratio of the an-
alyzed galaxies, determining 5 . (M/L)¯,B . 9, consistent with stellar population
studies (e.g. Trujillo et al. 2004).

The sample galaxies are found to be quite similar to local massive ellipticals also
in terms of dynamical properties. By considering the angular momentum content
and the global and local (intrinsic) V/σ ratio between ordered and random motions,
one can see that the analyzed systems present the typical characteristics of slow and
(in one case) fast rotators (cf. Emsellem et al. 2007; Cappellari et al. 2007). The galax-
ies are all mildly anisotropic, with the global parameter |δ| ≤ 0.16, comparable with
the results obtained for nearby early-type galaxies (Cappellari et al. 2007; Thomas
et al. 2008).

7.2 Future outlook

A reliable and detailed description of the structural and dynamical properties of
early-type galaxies through redshift is of critical importance to understand how these
systems form and evolve, providing stringent tests for any galaxy evolution model.
However, whereas nearby ellipticals have been analyzed in extreme detail by means
of very sophisticated techniques developed and perfected over several decades, up
to very recent years only painfully little was known about their more distant counter-
parts, for which those techniques could not be applied because of the severe obser-
vational limitations. The combination of gravitational lensing and stellar dynamics
has provided a powerful tool to start bridging that gap, and this Thesis represents
one further step in that direction. The novel method that we have developed in this
work has allowed us to study in unprecedented detail the mass distribution and dy-
namical structure of elliptical galaxies at a look-back time of 3.7 Gyr, more than one
fourth of the present age of the Universe. Future instruments, such as the James Web
Space Telescope (JWST) and the European Extremely Large Telescope (E-ELT), will
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extend our reach even further, up to a redshift of 1 and possibly beyond.
Even without looking this far in the future, present and upcoming observations

already offer exciting perspectives for extending the research presented in this The-
sis. Here, we single out three main directions for the development and the applica-
tion of the combined lensing and dynamics approach in the next few years, with the
aim of going beyond the current limitations and further address the questions posed
in § 7.1.

1. Although the axisymmetric two-integral dynamical model of CAULDRON has
proven, so far, to be able to provide a generally satisfactory description of the
surface brightness and the kinematic observables of the examined lens galax-
ies, undoubtedly one can envision the implementation of a more general three-
integral dynamical model as a valuable major improvement. Whereas a two-
integral system is bound to have an isotropic velocity dispersion in the merid-
ional plane (R, z), i.e. σ2

R = σ2
z , a three-integral system is considerably more

flexible and has no such restrictions.

In fact, it is well known that the assumption of two-integral DF does not hold,
in general, for local ellipticals (e.g. Merrifield 1991; Gerssen et al. 1997; Thomas
et al. 2008). With better kinematic data becoming available, a three-integral
model could prove necessary to provide a more adequate description of the
dynamical structure of lens galaxies, not only globally (e.g. the anisotropy pa-
rameters) but also on smaller spatial scales. At the same time, a full-scale orbit-
superposition method is probably too sophisticated in the light of the data sets
to which it would be applied, and would also considerably slow down CAUL-
DRON, with the consequence of making the evidence optimization computa-
tionally unpractical, and the exploration of different model families nearly im-
possible. A possible solution could lie in extending the current framework by
making use of approximate three-integrals (e.g. Gerhard & Saha 1991).

2. Extending the combined lensing and dynamics analysis (ideally by employing
the improved three-integral version of the CAULDRON code) to all the SLACS
systems for which spectroscopic observations are available is an obvious step
to be taken. This sample currently consists of 17 galaxies with VLT VIMOS
integral-field spectroscopy (six of these lenses, for which two-dimensional kine-
matic maps have been reduced, are analyzed in Chapter 6 of this Thesis), and
13 galaxies for which long-slit spectroscopic observations have been obtained
with the LRIS instrument mounted on the Keck-I telescope. Several slit posi-
tions, aligned with the major axis and offset along the minor axis, have been
obtained for each Keck system, thus effectively producing two-dimensional
kinematic information across most of the lens galaxy.

3. Being a modular code, CAULDRON can also be used separately for either lensing
or dynamical modelling, in those cases (actually the overwhelming majority)
where a combined data set is not available. Clearly, the unique advantages of
the joint analysis are lost, and finding a single non-degenerate solution will be
in general impossible. On the other hand, it might still be feasible to restrict the
most plausible models to a relatively small subset of the full parameter space,
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which can be useful for certain applications, e.g. to set broad upper and lower
limits on the recovered parameters.

A viable application of this kind is the study of very distant or particularly in-
teresting lenses for which little or no dynamical information is (yet) available.
Good examples are the lens galaxies from the LSD Survey, located approxi-
mately at 0.5 . z . 1, and the extremely massive and luminous lens system
known as the Cosmic Horseshoe (Dye et al. 2008), at redshift 0.44. If some kind
of kinematic information is available, typically a single measure of the veloc-
ity dispersion within an aperture, this can be readily included as an additional
constraint, being interpreted by the code as a single-pixel kinematic “map”.

Conversely, CAULDRON (possibly in its improved three-integral version) could
be used simply as a dynamical code for the analysis of nearby non-lens ellipti-
cals, such as the 48 systems of the SAURON Survey (de Zeeuw et al. 2002), for
which exquisite spectro-photometric datasets are available, and the over 200
early-type galaxies that will be observed in the upcoming Atlas3D Survey. Al-
though less sophisticated than the orbit-superposition methods typically em-
ployed for the analysis of these galaxies, CAULDRON is remarkably faster and
therefore could allow a much more comprehensive exploration of the parame-
ter space.

7.3 Conclusive remarks
Throughout this Thesis, we have addressed several major questions concerning the
nature of early-type galaxies and the diagnostic tools that can be employed for the
study of these systems at higher redshifts.

One key scientific question revolves around understanding the physical structure
of massive elliptical galaxies, in particular their total mass density profile, and the
distribution and relative weight of the dark and luminous mass components. Tightly
connected to this problem is the comprehension of the mechanisms by which early-
type galaxies form and evolve. Providing reliable information about the structure of
systems beyond the local Universe is of invaluable importance for the validation of
galaxy evolution models, which so far have usually been tested by comparing the re-
sults of the simulations mainly with the quantities determined from the observation
and analysis of nearby systems.

In this work, we have tackled the issue of the evolution of the total density profile
of massive ellipticals (within their inner regions, corresponding to about one effec-
tive radius) up to a look-back time of almost 4 Gyr, i.e. z ∼ 0.35. We have also
determined several other relevant properties of these galaxies, such as the shape of
their total density distribution, their dark matter fraction and their global dynam-
ical status. In doing this, we have developed a novel method to self-consistently
combine gravitational lensing and stellar dynamics which will allow to further ex-
tend this kind of analysis to higher redshift systems (z ≈ 1 and beyond) with new
instruments becoming available. The new technique that we have designed and im-
plemented provides an effective answer to the need for robust diagnostic tools to
be employed in the study of distant ellipticals, overcoming to a large extent many
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difficulties associated with the classical degeneracies and limitations of gravitational
lensing and stellar dynamics, when considered independently.

Furthermore, the whole combined method is embedded within a very general
framework, so that the limitations of the current implementation are of technical
rather than conceptual nature. By extending CAULDRON to encompass more flexible
models, (e.g., making use of approximate three-integral models), while maintaing at
the same time the current focus on computational efficiency, we will have an even
more powerful tool for the detailed study of early-type galaxies at z & 0.1, capable of
taking full advantage of both the lensed image data sets and the (two-dimensional)
kinematic information, including higher order velocity moments once they will be
made available by future instruments.




