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Our understanding of the structure and 
formation of early-type galaxies (ETGs) 
is rapidly evolving, but our inability to 
disentangle stellar mass from dark mat-
ter often prevents direct comparison  
of galaxy formation models with obser-
vations without making strong assump-
tions, such as for the initial mass func-
tion (IMF) or dark matter mass fraction 
and density profile. As an example,  
the increase in mass-to-light ratio (M/L) 
along the Fundamental Plane could be 
partly due to changes in the structure  
of the ETGs, but also to a change in the 
ratio of dark versus stellar mass and 
even to a change in the stellar M/L with 
galaxy velocity dispersion (by a steep-
ening of the IMF). We report on ongoing 
efforts to disentangle the structure of 
early-type galaxies using gravitational 
lensing, two-dimensional kinematics 
and stellar population analysis making 
use of high-resolution images from HST, 
integral field spectroscopy from VIMOS, 
and UVB/VIS spectra from X-shooter.

Background 

Understanding the internal structure of 
massive galaxies, the present-day end-
products of galaxy formation, as well  
as their evolution over cosmic time is 
important for understanding galaxy for-
mation and the physical processes that 
shape galaxies. 

One of the roadblocks in these studies 
has been the (often) unknown contribu-
tion of dark matter to the mass distribu-
tion of galaxies. Historically, galaxy 
dynamics has been the main diagnostic 
to determine how matter is distributed  
in galaxies, but even in the local Universe 
it has been difficult to disentangle the 
contributions and relative distributions of 
baryonic matter (stars and gas) and dark 
matter; the reason being the notorious 
mass-anisotropy degeneracy inherent in 

dynamical analyses. This has led to many 
claims of the presence or absence of 
dark matter in early-type galaxies (ETGs), 
although some were based on assump-
tions that were hard to justify (e.g., orbital 
(an)isotropy). 

In recent years, substantial progress has 
been made to remedy these issues, in 
particular using integral field spectros-
copy to map the kinematics of galaxies 
(velocities and velocity dispersions) in two 
dimensions (e.g., ATLAS3D; COMA). 
 However, studies remain confined to the 
relatively nearby Universe, where ETGs 
can be studied in greater detail and out 
to larger galactic radii than at larger cos-
mological distances. Studying the cos-
mological evolution of galaxy structure 
remains out of reach using kinematic/
dynamic techniques alone, at least until 
the recently approved European Ex -
tremely Large Telescope (E-ELT) and its 
equivalents in the US are completed in 
ten years time. 

At cosmological distances (say z >~ 0.1), 
massive galaxies may act as gravita -
tional lenses on background sources at 
higher redshifts. Modelling the shape of 
strongly gravitationally lensed sources 
has become a powerful new tool to 
investigate the structure of the lens gal-
axies. While the total mass within the 
 Einstein radius (typically 5–10 kpc at cos-
mological distances) can be measured 
extremely accurately (to a few percent), 
lensing analysis alone also suffers from 
degeneracies, notably the mass-sheet 
degeneracy, that prevent unambiguous 
determination of the mass profile. In order 
to break these degeneracies, additional 
information or a combination of informa-
tion from several independent methods is 
required. 

Over the past decade, new techniques 
have been developed that systematically 
combine strong gravitational lensing  
with galaxy dynamics to break the mass-
sheet and mass-anisotropy degeneracies 
(see e.g., Koopmans & Treu, 2002; Treu  
& Koopmans, 2004). The constraints from 
the two methods are complementary, 
making their combination particularly 
powerful in studying galaxy structure. 
The combination of a lensing analysis 
with even a single stellar velocity disper-
sion measurement allows the total mass-

density slope at the Einstein radius to  
be measured with an accuracy of typi-
cally better than 5% out to redshifts of 
z ~ 1 (Koopmans & Treu, 2002; Treu & 
Koopmans, 2002). The reason is that the 
mass enclosed by the Einstein radius  
is accurately determined from the lensing 
constraints, significantly reducing its 
degeneracy with the orbital anisotropy. 

To further and self-consistently combine 
these methodologies beyond the early 
techniques, where the only lensing con-
straint used was the mass of the ETG, 
Barnabè & Koopmans (2007) developed 
fully grid-based lensing and two-integral 
dynamical models that can describe the 
combined two-dimensional datasets  
(i.e. the lensed images along with velocity 
and velocity dispersion fields) without  
the usual assumption of spherical sym-
metry or Jeans modelling. The combined 
lensing/dynamics analysis yields the total 
mass distribution. The final piece of infor-
mation to disentangle the relative contri-
butions of dark and stellar matter in gal-
axies is stellar population modelling of the 
galaxy spectrum, which yields the mass-
to-light ratio of the stars and information 
on the initial mass function (IMF), ena-
bling the light distribution to be converted 
to the stellar mass distribution. 

Powerful techniques require equally good 
data and much of the effort going into  
the development of the methods has 
been driven by the powerful instrumenta-
tion on 8–10-metre-class telescopes.  
On the VLT, the VIMOS integral field unit 
(IFU) instrument has provided two-dimen-
sional kinematic data of a large sample  
of strong lens systems. More recently, 
X-shooter has provided exquisite spectral 
data whose broad wavelength coverage 
is ideal for detailed stellar population 
analysis. 

In this article we describe some results 
from the Sloan Lens ACS Survey (SLACS; 
see Figure 1), in particular focusing on  
the critical contributions of VIMOS and 
X-shooter toward breaking degeneracies 
in the mass models of ETGs, disentan-
gling the stellar and dark matter density 
profiles and quantifying these as function 
of galaxy mass and redshift. 

On the Inside of Massive Galaxies: The Sloan Lens ACS 
Survey and Combining Gravitational Lensing with Stellar 
Dynamics and Stellar Population Analysis 
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Finding suitable lenses: the Sloan Lens 
ACS Survey 

Progress in strong gravitational lensing 
has often been driven by new instrumen-
tation, allowing detailed study of these 
typically arcsecond-scale systems. The 
advent of space-based observatories,  
in particular the Hubble Space Telescope 
(HST), has allowed optical and infrared 
images with ~ 0.1 arcsecond resolu- 
tion, revolutionising the field. Recently, 
 adaptive optics (AO) observations have 
 enabled ground-based telescopes to 
compete again or even overtake space-
based imaging (see e.g., the SHARP pro-
jects; Lagattuta et al., 2012; Vegetti et  
al., 2012). For spectroscopy, 8–10-metre-
class telescopes are without competition. 
IFU observations with the Very Large 
Tele scope (VLT) in particular have made it 
possible to obtain detailed maps of the 
kinematic fields of lens ETGs, as we will 
show. 

Gravitational lenses are rare — only a few 
hundred are known across the entire sky. 
Early lens searches targeted potentially 
lensed background sources, and conse-
quently the properties of the lenses were 
rather heterogeneous. This changed  
with the advent of the Sloan Digital Sky 
Survey (SDSS) which took spectra of 
many millions of targets, among them 
many ETGs that could act as gravitational 
lenses. Based on an earlier idea of 
 Warren et al. (1996), the Sloan Lens ACS 
(SLACS) collaboration (Bolton et al., 2006) 
searched systematically through the 
spectra of ETGs in the SDSS database 
for signs of emission lines coming from  
a higher redshift. In these cases the 
3-arcsecond SDSS fibres ensure a close 
alignment between a massive ETG and  
a high-redshift source within 1.5 arcsec-
onds from the ETG. Because the Einstein 
radius of these systems is often similar to 
the fibre radius, many of them are excel-
lent strong gravitational lens candidates. 

Two more advantages of such a spectro-
scopic lens search are that the redshifts 
of the lens and source will both be known 
without further follow-up, and, in the case 
of SDSS, a measurement of the stellar 

velocity dispersion of the ETGs comes for 
free from these spectra. Given the red-
shift and the velocity dispersion of the 
ETG, a simple estimate of the Einstein 
radius can be made. Nearly 100% of the 
candidates with an Einstein radius ex-
ceeding that of the fibre turned out to be 
genuine lenses and the overall success 
rate of the HST follow-up programme 
exceeded 50%. Extensive follow-up with 
HST has yielded nearly 100 strong gravi-
tational lens systems with multicolour  
V-, I- and H-band observations, complete 
redshift information and stellar velocity 
dispersions for all systems. A recently 
completed HST snapshot programme 
has yielded another ~50 lens systems 
with somewhat lower stellar velocity dis-
persions. This programme has collected 
the most complete and uniform galaxy-
scale lens sample to date (Figure 1) with 
most lenses being luminous red galaxies 
(LRGs).

Initial results from combined gravitational 
lens (mass inside the Einstein radius) and 
kinematic data (velocity dispersion inside 
the SDSS fibre) turned out to be a power-
ful constraint on the total density profile 
(stars plus dark matter) and showed that 
these ETGs have mass slopes very simi-
lar to isothermal spheres (i.e. flat circular 
velocity curves) and similar to those of 
spiral galaxies. No evolution with redshift 
and no correlation with galaxy mass was 
found in the density profiles, although 
recent observations may have shown 
some minor evolution (Bolton et al., 2012). 
In addition, and probably just as interest -
ing, was the related work on the Funda-
mental Plane by Bolton et al. (2007),  
who showed that if one replaces the sur-
face brightness within one effective 
radius (Reff ) by the surface mass density 
derived from lensing and dynamical mod-
els, then the tilt of the Fundamental Plane 
changes to that derived from the virial 
theorem. This finding demonstrates that 
these galaxies are homologous (see e.g., 
Koopmans et al., 2009) and that the tilt is 
mostly due to a change in the dark mat-
ter content of these galaxies. 

Two-dimensional kinematic fields: VLT-
VIMOS 

To further push the lensing and kinematic 
analysis and to assess the effects of 

 anisotropy and the non-spherical nature 
of ETGs in greater detail, a single velocity 
dispersion measurement is not sufficient. 
Integral field spectroscopy of 17 SLACS 
lenses (of which 16 were ETGs) was 
obtained with the VIMOS IFU on the VLT 
in 2006–2008, as part of a VLT Large 
Programme (see Figure 2). Fitting of the 
spectra with stellar templates yielded 
two-dimensional kinematic maps of sys-
tematic velocity (e.g., due to bulk rotation 
of the galaxy) and velocity dispersion, 
typically out to 1 Reff. These data were 
combined with high-resolution HST imag-
ing of the gravitational-lens configuration 
and modelled in a fully self-consistent 
way. Although the results are in remark-
able agreement (in general within the 
errors) with previous results based on 
simpler analyses, a much more detailed 
and three-dimensional census was ob-
tained from the selected 16 ETGs. The 
total mass density profiles (Figure 3) 
could be compared with the stellar mass 
density under the assumption of two dif-
ferent stellar IMFs (Chabrier and Salpeter). 

The main results that have come out of 
the VIMOS studies are that ETGs genu-
inely have total density profiles very close 
to isothermal, but also that there is intrin-
sic scatter between density profiles of 
order 10%, consistent with studies in the 
nearby Universe. A small but interesting 
correlation is found between the density 
slope and the stellar mass density, which 
may be a result of their formation (e.g., 
adiabatic contraction). Another major re-
sult is that, for a fixed IMF along the mass 
sequence, the deviation between the 
total mass-density profile and that for the 
stars increases rapidly. Assuming the IMF 
is not varying (this question will be ad-
dressed later), this implies that the dark-
matter content of ETGs within 1 Reff is not 
only non-negligible but can even domi-
nate for the most massive systems, with 
velocity dispersion σ > 300 km/s. 

The inferred increase in dark matter con-
tent in the inner parts of ETGs is con-
sistent with models where feedback in -
creases for increasingly more massive 
ETGs, either through supernova or active 
galactic nucleus feedback (Hopkins et  
al., 2006). However, it should be kept in 
mind that a similar increase can also be 
caused by a change in the IMF for low-
mass stars (< 0.5 MA; van Dokkum & 

Figure 1 (opposite page). A subsample of 60 SLACS 
lens systems. For each system, the left panel shows 
a multi-colour HST image and the right panel shows 
a reconstruction from the best-fitting lens model. 
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Conroy, 2010). This could indeed work for 
the lower-mass ETGs as can be seen in 
Figure 3, because the shapes of the stel-
lar and total density profiles are relative- 
ly similar up to a constant within 1 Reff. 
Steepening the low-mass end of the IMF 
could increase the stellar mass content  

Koopmans L., Czoske O., On the Inside of Massive Galaxies

Figure 2. Kinematic maps for 17 SLACS lens sys-
tems as derived from VIMOS/IFU observations. For 
each system, the left panel shows the systematic 
velocity (with respect to the mean redshift of the lens 
galaxy), the middle panel the velocity dispersion  
and the right panel the signal-to-noise (S/N) ratios  
of the spectra in the stacked datacube. Kinematic 
measurements were obtained for spectra with  
S/N > 8 (per 0.65 Å pixel). From Czoske et al. (2012). 

of these galaxies to a level that dark mat-
ter is no longer needed, but in general 
this requires an IMF that is steeper than 
the Salpeter IMF. In many cases, how-
ever, scaling of the stellar mass profile 
does not match the total density profile, 
reflecting the fact that a steepening of  
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Figure 3. Left: Spherically averaged mass distribu-
tions for the 16 early-type galaxies in the SLACS/
VIMOS sample, arranged by increasing galaxy mass. 
The total mass profiles, as derived from the lensing/
kinematics analysis, are shown by solid black lines. 
Stellar mass profiles have been derived for two dif-
ferent IMFs: Salpeter (red) and Chabrier (blue). The 
dashed black line rescales the luminous mass profile 
to its maximum value consistent with the total mass 
distribution (the maximum-bulge hypothesis).  
Right: Dark matter fractions (fDM) versus total mass 
enclosed within the three-dimensional effective 
radius for the 16 early-type galaxies in the sample, 
computed for Salpeter (red) and Chabrier (blue) 
IMFs. Lower limits for the dark matter fractions were 
obtained from the maximum-bulge hypothesis (open 
triangles). From Barnabè et al. (2011). 

the IMF cannot be the sole cause of the 
change in M/L in ETGs. In fact, models 
with constant M/L can also be excluded 
for many other lens ETGs for which 
 kinematic data are available, showing the 
strength of combining these two tech-
niques. However, some degeneracies 
between stellar and dark matter mass 
remain.

Stellar populations and the initial mass 
function: XLENS with X-shooter 

Our ability to measure the stellar IMF of 
these galaxies is one final piece in the 
puzzle posed by disentangling the frac-
tion of the total mass in ETGs that is 
 contained in dark matter. Again, the com-

bination of lensing and dynamics gives 
very interesting clues. In Treu et al. (2010) 
it was found that a full analysis of 
53 SLACS ETGs indicates that a Salpeter 
IMF fits the data best and that “light” 
IMFs (e.g., Chabrier, Kroupa) can be ex -
cluded. This agreed well with the later 
result by, for example, van Dokkum & 
Conroy (2010) that the spectra of ETGs 
seem to show absorption-line equivalent 
widths typical for low-mass stars and thus 
are only consistent with more bottom-
heavy IMFs. A complementary analysis 
by Auger et al. (2010) based on their full 
structure seems to confirm that light IMFs 
are inconsistent with the kinematics of 
these ETGs. 

Another tantalising result from SLACS 
was that the IMF seems to steepen with 
galaxy mass, although this was only 
found at the 2σ confidence level (Treu  
et al., 2010). In order to investigate this 
effect in greater detail we started the 
XLENS survey, which follows up a sub-
sample of ten lenses with X-shooter 
 covering the full ultraviolet to near-infra-
red (UV–NIR) wavelength range in order 
to measure the equivalent widths of sev-
eral absorption lines (Na i, FeH, TiO2, etc.) 
that are especially sensitive to low-mass 
stars. Based on a pilot programme, 
 Spiniello et al. (2011) combined kinematic 
constraints from X-shooter data with 
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lensing data of the Horseshoe lens sys-
tem (Figure 4) as well as spectral energy 
distribution (SED) fitting to disentangle 
the stellar and dark matter distributions. 
Although lighter IMFs are harder to ex -
clude due to degeneracies between the 
stellar and dark matter halo mass distri-
butions, IMFs as steep as Salpeter (slope 
2.35) were allowed. Also mass-function 
slopes steeper than 3.0 were excluded, 
based simply on the total enclosed mass 
within the Einstein radius of the system  
as well as the velocity dispersion profile 
(Spiniello et al., 2011). 

New X-shooter data on the sample of ten 
systems continues to be obtained. First 
results were presented in Spiniello et al. 
(2012) based on one extremely interest  -
ing XLENS system (Figure 5) that shows 
very deep Na i and TiO2 lines, which are 
both regarded as potential indicators of a 
population of low-mass stars (< 0.3 MA). 
Naively therefore, this system should 
have a very steep IMF, which can how-
ever be excluded with high confidence for 
slopes exceeding 3.0. Combined with a 
larger sample of spectra from the SDSS 
(Figure 5), it was also shown that these 
lines deepen with increasing stellar veloc-
ity dispersion, suggesting some mild 
steepening of the IMF, in agreement with 
the work of Treu et al. (2010). Theoreti  - 
cal work by, for example, Hopkins (2012) 
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Figure 4 (above). Left: HST image of SDSS J1148+ 
1930 (The Cosmic Horseshoe). Right: X-shooter 
spectrum of SDSS J1148+1930, covering the UVB 
and VIS arms. Several spectral features are marked, 
as are the positions of telluric absorption features 
and sky lines (boxes). From Spiniello et al. (2011). 

Figure 5 (below). Index–index plots of ~250 ETGs 
from the SDSS, colour-coded by velocity dispersion. 
Lines that are sensitive to low-mass stars ([MgFe] 
(Gonzalez, 1993), TiO2, Na i) tend to deepen with 
increasing velocity dispersion, indicative of a steep-
ening of the low-mass IMF slope with galaxy mass 

(panels b and c). Various IMF slopes are plotted  
(C = Chabrier). The bottom-right panel (d) shows the 
correlation between the Na i and TiO2 indicators, 
 displaying a modest steepening of the IMF from 
 Salpeter (slope of 2.35) to an IMF with a slope 
slightly less than 3.0. From Spiniello et al. (2012). 
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seems to be able to explain this result 
based on arguments of gas density dur-
ing star/galaxy formation, but a detailed 
comparison between observations and 
theory remains to be done. 

Future work 

Accurate knowledge of the total mass of 
a galaxy is essential for disentangling  
the distributions of stellar and dark matter 
within it, as it breaks many of the degen-
eracies in mass models based on stellar 
kinematics. The technique of combining 
kinematics and gravitational lensing has 
been used extensively by the SLACS col-
laboration to arrive at a number of inter-
esting results on the mass profiles of gal-
axies, limits on their dark matter content, 
as well as on the Fundamental Plane and 
the stellar IMF, as discussed in this arti-
cle. More recently this analysis has been 
further extended by including constraints 
on the stellar IMF from broadband stellar 
SEDs and spectra. 

Two-dimensional kinematics obtained 
with VIMOS on the VLT in combination 
with gravitational lensing has been shown 
to be powerful at modelling the mass 
 distributions in elliptical galaxies beyond 

the local Universe. The next generation  
of integral field spectrographs both at the 
VLT and the E-ELT will further push the 
limits of applicability of this technique and 
allow the study of the evolution of the 
structure of ETGs over a fair fraction of 
the age of the Universe. 

X-shooter will continue to play a crucial 
role as it allows full ultraviolet to near-
infrared spectral coverage in one go;  
this is critical because the data provide 
not only the kinematics (from lines in  
the optical) but also equivalent widths of 
absorption lines in the infrared that are 
indicators of low-mass stars and hence 
can constrain the slope of the IMF. Much 
work is currently being done in these 
studies worldwide and we expect to  
be able to make a much stronger state-
ment in the near future, based on these 
X-shooter data on a substantial sample  
of ETGs from SLACS, concerning the 
contribution of stars (i.e. their IMF) to the 
mass of ETGs. These results should  
also shed more light on the tilt of the FP, 
as well as on their formation history  
(and feedback) within massive dark mat-
ter haloes. 

With the recent discovery of ~ 50 more 
SLACS lenses — extending the mass 

range down to ~ 150 km/s systems, well 
below the knee of the mass function of 
ETGs — we expect even more discover-
ies in the coming years that will allow a 
complete census of the internal structure, 
formation and evolution of ETGs and  
the successful SLACS saga to continue.
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This false colour picture of the galaxy cluster  
ACT-CL J0102−4915 combines R-, i- and z-band 
images taken with FORS2 on the VLT, griz-band 
images from the SOAR Telescope and X-ray obser-
vations of the hot gas from NASA’s Chandra X-ray 
Observatory. The galaxy cluster is probably the  
most massive, hottest, most X-ray luminous and 
brightest Sunyaev- Zeldovich effect cluster currently 
known at a redshift greater than 0.6 and so was 
named El Gordo. See Release eso1203 for more 
details.
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