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2
The SLACS Survey

The goal of the Sloan Lens ACS (SLACS) Survey, conducted with the Ad-
vanced Camera and Spectrograph (ACS) aboard the Hubble Space Telescope
(HST), is the confirmation and imaging of galaxies acting as strong gravita-
tional lenses with respect to fainter background sources. The lens candidates
are selected spectroscopically from the Sloan Digital Sky Survey (SDSS).
SLACS is the most successful survey to date for galaxy-scale strong lenses, hav-
ing provided a sample of 70 new confirmed lens galaxies (mostly of the early-
type morphology) at z = 0.08− 0.51. This sample, possibly complemented
with follow up integral-field unit (IFU) spectroscopic observations, constitutes
an ideal data set for the joint lensing and dynamics study of early-type galax-
ies beyond the very local Universe. A combined analysis (assuming lensing
and dynamics as independent problems) reveals that SLACS systems: (i) are
well described by a nearly isothermal total density profile (i.e. ρtot ∝ r−γ′ with
γ′ ' 2) with a small intrinsic spread in the logarithmic slope; (ii) do not show
evidence for evolution of γ′ with redshift; (iii) have an average projected dark
matter fraction of about 25% within the Einstein radius. Moreover, SLACS
lenses are found to be statistically indistinguishable from the parent SDSS
sample, suggesting that the obtained results can be generalized to the overall
population of massive early-type galaxies.

2.1 Overview of the SLACS Survey
Gravitational lensing and stellar dynamics, as discussed in the previous Chapter, are
invaluable tools for the study of early-type galaxies beyond the very local Universe.
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Evidently, if one is to carry out a thorough combined analysis of these systems, the
availability of a large and homogeneous sample of early-type lens galaxies at differ-
ent redshifts is a requirement of the utmost importance. However, until very recent
years, only a small number of suitable galaxy-scale strong lenses had been discov-
ered or studied (see e.g. Warren et al. 1996 and the Lens Structure and Dynamics
Survey, LSD, Koopmans & Treu 2003; Treu & Koopmans 2003, 2004), although the-
ory predicts that a large number of such objects should be observable in the optical
(Miralda-Escudé & Lehar 1992).

The dedicated SLACS Survey (Bolton et al. 2006; Treu et al. 2006b; Koopmans
et al. 2006; Gavazzi et al. 2007; Bolton et al. 2008a; Gavazzi et al. 2008; Bolton et al.
2008b; Treu et al. 2008, hereafter Papers I−VIII) was initiated in 2003 with the pur-
pose of greatly extending the count of strong gravitational lens galaxies at redshift
. 0.5, providing an ideal sample of systems to be analyzed with joint lensing and
dynamics techniques. Out of 131 successfully observed candidates, 70 confirmed
strong lenses and 19 possible lenses have been discovered so far, making SLACS the
most productive “strong lens factory” to date.

Here we provide an overview of the SLACS Survey and its main findings. We
refer the reader to Bolton et al. (2004), Paper I and Paper V for a detailed description
of the sample selection and data reduction procedures, and to Bolton et al. (2007) and
Papers II−VIII for a thorough discussion of the results.

2.1.1 Selection of candidate lenses
SLACS is a spectroscopic lens-selected survey. The candidate lenses were selected
from the database of galaxy spectra of the SDSS, by identifying those objects which—
within the 3′′ diameter of SDSS spectroscopic fiber—have composite spectra con-
sisting of a quiescent absorption-dominated continuum at one redshift (the “fore-
ground” redshift zl) and multiple nebular emission lines1 at a different, higher red-
shift (the “background” redshift zs). A particularly illustrative example is shown in
Fig. 2.1. Thus, simply due to the selection method, accurate redshifts for the pu-
tative source and lens are available for each system. This constitutes an enormous
advantage for many quantitative scientific applications of the SLACS sample and, in
particular, is essential for strong lensing modelling.

In order to confirm the lens hypothesis, the most promising candidates were ob-
served with the instrument ACS aboard HST, under the discovery programs 10174
(Cycle 13, PI: Koopmans), 10587 (Cycle 14, PI: Bolton) and 10886 (Cycle 15, PI: Bolton).
Program 10174 was conducted in snapshot mode (420 s exposures through filters
F435W and F814W), while different setups (using only filter F814W) had to be a-
dopted for the remaining programs, due to HST being switched to two-gyroscope
mode in August 2005. The targets for these HST follow-up observations were sin-
gled out from a larger set of candidates on the basis of three main criteria: (i) a large
predicted lensing cross section; (ii) the significance of the spectroscopic detection of
the background emission line; (iii) the need to construct, as much as possible, a uni-
form sample in terms of foreground redshifts and velocity dispersions. In order to

1Although most candidates were chosen on the basis of multiple emission lines, a few were selected
just on the basis of secure [O II] 3727 line detections.
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Figure 2.1: SDSS spectrum for the early-type galaxy SDSS J0037, displaying clear background
emission lines. The upper and lower gray lines show, respectively, the SDSS template fitted
to the continuum of the lens galaxy and the 1σ noise level. This galaxy belongs to the SLACS
subsample for which full combined analysis is performed in Chapter 6. (Source: Bolton et al.
2006).

implement the cross section criterion, a first order value for the Einstein radius θEinst
was calculated from the putative source and lens redshifts and from the measured
3′′ SDSS stellar velocity dispersion σSDSS, by adopting a singular isothermal sphere
(SIS) model, i.e.

θEinst = 4π
σ2

SDSS
c2

Dls
Ds

, (2.1)

where Dls and Ds are, respectively, the angular diameter distance between the lens
and the source and between the observer and the source, while c denotes the speed of
light. Since the ratio Dls/Ds typically remains fairly constant throughout the SLACS
sample, this criterion approximately corresponds to a selection in terms of velocity
dispersion.

By means of this procedure, 70 new strong lens systems were discovered and
confirmed by the SLACS survey. The great majority of the lenses shows early-type
morphology (ellipticals and S0), with only a few late-type bulge-dominated galaxies
present. The lens galaxies lie in the redshift range zl ' 0.08 − 0.51, with velocity
dispersions between σSDSS ' 160 km s−1 and 400 km s−1, while the corresponding
source objects have redshifts zs ' 0.2 to 1.2. A few examples of these lens systems
are shown in Fig. 2.2.

The following step, for the purpose of enabling a more detailed study of the
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Figure 2.2: Mosaic of the six lens systems analyzed in Chapters 5 and 6, based on HST F814
images. The brightness levels for each lens have been rescaled in order to make all galaxies
appear to be of roughly equal brightness. Image credit: A. Bolton (UH IfA) for SLACS and
NASA/ESA.

SLACS galaxies, consists in obtaining high-resolution imaging of the confirmed sys-
tems with the HST instruments Wide-Field Channel (WFC) of ACS and Wide-Field
Planetary Camera 2 (WFPC2), after the failure of ACS in January 2007. This was
achieved under programs 10494, 10798 and 11202 (Cycles 14, 15 and 16, respectively;
PI: Koopmans).

In addition, a number of SLACS early-type lens galaxies have been targeted for
spectroscopical observation. In particular, 17 systems have been observed with the
Very Large Telescope (VLT) VIMOS IFU2, providing detailed two-dimensional kine-
matic information which is vital to enable the fully self-consistent combined lensing
and dynamics analysis which constitutes the main topic of this Thesis. Moreover,
long-slit spectroscopy with Keck-I Low Resolution Imager and Spectrograph (LRIS)
has been obtained for another 13 lens galaxies (PI: Treu), producing pseudo two-
dimensional kinematic information by means of several slit position parallel to the
major axis and offset along the minor axis.

2.1.2 Image processing
In contrast with source-selected lenses, where the very bright background source—
typically a quasar—often outshines the foreground galaxy, the SLACS survey tends

2Three systems were observed within the ESO pilot programme 075.B-0226 (PI: Koopmans) and the
remaining fourteen system within the large programme 177.B-0682 (PI: Koopmans).
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to select bright lens galaxies and fainter source objects. Whereas this is ideal for in-
depth studies and detailed modelling of the lens, it makes more difficult to correctly
subtract the luminous foreground galaxy in order to obtain the lensed source surface
brightness distribution, which is the crucial observable for lensing modelling.

The commonly employed technique of fitting the galaxy with de Vaucouleurs
(1948) or Sérsic (1968) profiles generally leaves systematic residuals, which makes it
necessary to use a more flexible modelling method based on the B-spline technique
(see de Boor 1977 and Paper I). This ensures that the surface brightness of the lensed
source is properly conserved, which is essential for lensing studies. On the the other
hand, two-dimensional ellipsoidal de Vaucouleurs models permit to measure with
sufficient accuracy foreground galaxy observables such as magnitude, effective ra-
dius Re and (projected) axial ratio q?,2D.

2.2 Main results
In the present Section, we report and briefly discuss some of the major scientific
results coming from the SLACS Survey, namely:

1. The total mass density profile of the SLACS lenses is nearly isothermal within
the probed region (i.e. within about Re/2), with a small intrinsic scatter of order
6%.

2. The total density profile does not show evidence of evolution with redshift.
3. SLACS early-type galaxies are essentially homologous systems, and the tilt of

the fundamental plane is due to a systematic variation of the total mass-to-light
ratio with mass.

4. Although the SLACS systems are dominated by the luminous mass component
within their inner regions (up to about Re), the average dark matter fraction is
significant (being of order 35− 40% in projection).

Clearly, an issue of the greatest import is knowing if such findings are only spe-
cific of the sample of lens galaxies under study, or, conversely, if they can be referred
to the population of massive ellipticals at large. For this reason, the SLACS lenses
have been thoroughly compared with samples of non-lens galaxies from the SDSS
database having similar redshift, spectral properties and velocity dispersion. It is
found that the SLACS systems are fully consistent with being drawn at random by
the parent SDSS early-type galaxy distribution in terms of every examined observa-
tional property, including size, surface brightness, luminosity, weak lensing signal,
location on the fundamental plane (by accounting for the passive evolution of the old
stellar population) and environment (see Papers I, II, IV, V and VIII). This provides
a very convincing indication that the results obtained for the SLACS systems can
be generalized to the overall population of massive early-type galaxies at redshift
z & 0.1.

2.2.1 The total density profile and its redshift evolution
A combined gravitational lensing and stellar dynamics analysis of the inner regions
of SLACS galaxies shows that these objects are characterized by a remarkably homo-
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geneous total density profile very close to isothermal, i.e. ρtot ∝ r−γ′ with γ′ ∼ 2.
This is equivalent to a flat rotation curve for systems supported by rotation (i.e., disk
galaxies).

We summarize here the general features of the method employed for the joint
study, which is fully described and applied to 15 SLACS lenses in Paper III. The
convergence κ of the lens object, i.e. the mass distribution projected on the sky plane
(x′, y′) and normalized by the critical (surface) density, is described by a singular
isothermal ellipsoid (SIE) profile,

κ(x′, y′) =
bSIE
√qSIE

2
√

q2
SIEx′2 + y′2

, (2.2)

where qSIE denotes the axial ratio and the lens strength bSIE (expressed in radians)
can be related to a velocity dispersion σSIE by

bSIE = 4π
σ2

SIE
c2

DlDls
Ds

. (2.3)

The definition (2.2) ensures that the mass enclosed by the critical curve is invariant
under changes of qSIE, for fixed bSIE.

Under this assumption, and optimizing for the three model parameters (i.e. lens
strength, axial ratio and position angle of the total mass distribution) the galaxy
subtracted lensed image is mapped back to the source plane by means of the pix-
elized source reconstruction technique of Koopmans (2005), based on Warren & Dye
(2003). The derived value for the Einstein mass MEinst (i.e. the total mass enclosed
in projection within the Einstein radius) is remarkably accurate and largely model-
independent (e.g. Kochanek 1991), and therefore it can be used as a robust constraint
for the subsequent dynamical analysis.

The dynamical modelling is based on different assumptions. A spherical single
power-law profile

ρtot(r) = ρ0r−γ′ (2.4)

is adopted for the total density distribution of the lens galaxy, with the normaliza-
tion ρ0 set by the previously obtained value for MEinst, and the logarithmic density
slope γ′ as the only free parameter. The density distribution ρ? of the luminous com-
ponent is described by a Hernquist (1990) spherical profile, and treated as a tracer
of the total gravitational potential. Given a constant value for the stellar anisotropy
βr ≡ 1 − σ2

θ /σ2
r (with the default choice being isotropy, i.e. βr = 0), the spherical

Jeans equations (e.g. Binney & Tremaine 2008) are solved to obtain the radial profile
of the line-of-sight velocity dispersion. Once the effects of aperture and seeing have
been properly accounted for, one remains with a value σmodel(γ′) for the velocity dis-
persion, which can be compared with the observed σSDSS to determine the posterior
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Figure 2.3: Posterior PDFs of the total density logarithmic slope γ′ for the 15 lens galaxies
analyzed in Paper III (black curves), under the assumptions of isotropy of the stellar velocity
dispersion tensor and Hernquist luminosity density profile. The red region is the joint proba-
bility for γ′, with the 1σ intrinsic spread indicated by the horizontal bar. The dashed red curve
shows the joint probability when adopting a Jaffe luminosity density profile. The dashed blue
curves show the joint probability in two specific cases of tangential (β < 0) and radial (β > 0)
anisotropy. (Source: Koopmans et al. 2006).

probability distribution function (PDF) for the logarithmic slope γ′, i.e.

dP
dγ′

∝ exp

[
− (σmodel − σSDSS)2

2 (δσSDSS)2

]
, (2.5)

where δσSDSS is the 1σ error on the measured SDSS velocity dispersion. Fig. 2.3
shows the posterior PDFs obtained for the 15 lens galaxies examined in Paper III.

Clearly, within this approach, gravitational lensing is simply used to put a con-
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straint on the dynamical modelling, and the two problems are treated independently,
with assumptions which are to some extent mutually inconsistent (e.g., spherical
symmetry for dynamics, axisymmetry for the projected mass distribution in the case
of lensing). Furthermore, the only direct observational constraint on dynamics is
provided by a single measurement for the velocity dispersion, i.e. σSDSS. Motivated
by such limitations, in Chapter 3 of this Thesis we will develop and implement—
under the assumption of axial symmetry and two-integral stellar distribution func-
tion—a fully self-consistent method to combine gravitational lensing and stellar dy-
namics which, moreover, makes full use of the abundant information coming from
the lens galaxy surface brightness distribution and the two-dimensional kinematic
maps.

From the joint probability for the 15 γ′ distributions, Koopmans et al. determine
an average logarithmic slope of 〈γ′〉 = 2.01+0.02

−0.03 (68% CL) for the total mass den-
sity profile of the SLACS galaxies, which is extremely close to (and consistent with)
isothermal. The intrinsic spread about 〈γ′〉 is σγ′ = 0.12, corresponding to only 6%.
Choosing a different density distribution for the stellar component, such as a Jaffe
(1983) profile, as well as assuming a radial (βr > 0) or tangential (βr < 0) constant
anisotropy, does not change significantly the conclusions (cf. Fig. 2.3). As we will see
in Chapter 6 of this Thesis, a fully self-consistent analysis on a subset of 6 systems
still finds very similar results, which is suggestive of the robustness and effectiveness
of the joint analysis, even under very simple assumptions.

Of course, the assumption of single power-law density profile does not need to
be correct. In principle, the underlying radial density distribution within the probed
region might be more complex, e.g. a broken power-law, while the obtained slope
would be just an average value. If this was the case, one would expect to see a
trend in the recovered γ′ as a function of the normalized Einstein radius, i.e. REinst/Re
(where Re is the effective radius). No such trend is observed (Paper III), indicating
that the total density profile is actually a power-law within the inner regions, i.e.
approximately inside r . Re. Strikingly, combined strong and weak lensing analysis
of 22 (stacked) SLACS galaxies shows that the total density profile is consistent with
ρ ∝ r−2 also well beyond the inner regions, up to about a hundred effective radii (see
Paper IV).

The logarithmic slopes of the 15 sample systems are plotted against redshift in
Fig. 2.4, together with the slopes obtained for the more distant LSD galaxies and
two additional lenses (Treu & Koopmans 2002b; Koopmans et al. 2003). It is found
that there is no significant evidence for the evolution of γ′ up to a redshift z ≈ 1.
A linear fit gives d〈γ′〉/dz = 0.23± 0.16 (within 1σ) when excluding systems with
σSDSS < 200 km s−1.

2.2.2 The mass fundamental plane

In addition to the ordinary fundamental plane (Djorgovski & Davis 1987; Dressler
et al. 1987),

log Re = a log σc + b log Ie + d , (2.6)
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Figure 2.4: Logarithmic slope γ′ of the total density profile plotted against redshift for SLACS
galaxies (red squares) and LSD galaxies with two additional systems (blue circles); the green
symbols are for SLACS or LSD systems with velocity dispersion within aperture σap ≥ 200
km s−1. The grey band indicates the rms spread around the average slope, calculated for all
systems with σap ≥ 200 km s−1. (Source: Koopmans et al. 2006).

where Ie indicates the surface brightness within Re and σc is the central velocity
dispersion3, a “mass fundamental plane” (or simply mass plane, MP) can be defined
for the lens early-type galaxies of the SLACS Survey, by substituting the observable
Ie with Σe2, the surface mass density (within Re/2) obtained from strong lensing
analysis. By analogy with the formalism of Eq. (2.6), the MP is expressed as

log Re = aMP log σe2 + bMP log Σe2 + dMP (2.7)

(see Bolton et al. 2007 and Paper VII). Since for most systems REinst is very close to
Re/2, and MEinst is almost model-independent, Σe2 will depend only marginally on
the adopted lens model.

Among the most compelling findings of the SLACS Survey is the discovery that—
at variance with the fundamental plane—the MP for the examined systems is con-
sistent with not having any “tilt”, i.e. (aMP, bMP) ≈ (2,−1), often referred as the
“virial plane” expectation. If the generalization to the overall population of mas-
sive ellipticals is justified, this result would imply that early-type galaxies are nearly
homologous systems, with an (almost) universal structure for the total density dis-
tribution, and the tilt of the fundamental plane is caused by a systematic variation
with mass of the total mass-to-light ratio.

3Usually σe8, i.e. the velocity dispersion within Re/8, is adopted as the value for σc.
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2.2.3 Dark matter in SLACS galaxies
The average dark matter fraction within REinst obtained from the analysis conducted
in Paper III (adopting as priors the stellar mass-to-light ratios from the fundamen-
tal plane) is 〈 fDM〉 = 0.25 ± 0.06, with a large scatter for individual systems (from
fDM ' 0 for lenticular galaxies to about 40 − 60% for some of the most massive
systems). In Paper VII, an average value 〈 fDM〉 = 0.38± 0.07 (within one effective
radius) is derived—without any dynamical modelling—for the full sample, based
on general considerations about the trend of the ratio Mdim/MEinst (where Mdim is
a proxy for the dynamical mass) with the normalized REinst. The main conclusion is
that, generally, a non-negligible amount of dark matter is already present in the in-
ner regions of early-type galaxies, an issue that we will explore further in Chapters 5
and 6 of this Thesis.

Further insights about the dark matter distribution can be obtained by compar-
ing the flattening and the alignement of the total and luminous projected density
profiles. The average value 〈qSIE/q?,2D〉 is consistent with unity, although the ratio
for individual S0 galaxies significantly exceeds one, suggesting that lenticulars are
flattened systems embedded within a round halo. The position angles of the pro-
jected major axes for the total and stellar distributions are only slightly misaligned,
with 〈∆θPA〉 = 2.◦5± 2.◦4 (rms of 18◦)4. Both results are confirmed, within a firmer
framework, by the more sophisticated analysis conducted in Chapter 6 of this Thesis.

4In determining this value, galaxies too round to reliably measure θPA,? (i.e. having q?,2D ≥ 0.95) were
neglected.




