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Chapter 6

Improved sensitivity to substructure
with Ground Based Adaptive Optics

Work done in collaboration with: L. V. E. Koopmans, P.J. Marshall, C.D. Fassnacht, T. Treu, & A.S. Bolton.

ABSTRACT
We study the gravitational lens system SDSS J0737+3216 observed both with the
Hubble Space Telescope (HST) and with the laser guide star adaptive optics (LGSAO)
system on the Keck telescope to show that, high quality infrared ground based data
can provide similar constraints on the lens galaxy mass distribution as HST data.
We model the system using the Bayesian adaptive method by Vegetti & Koopmans
(2009a). HST and Keck-LGSAO observations yield to models which are consistent
with each other. We then use mock data realisations, based on the best reconstructed
model of SDSS J0737+3216, to compare the sensitivity of the different data sets to
mass structure in the lens galaxy. We find that Keck-LGSAO observations are as sen-
sitive as HST to mass substructure.

6.1 Introduction
We have shown in Chapter 3 of this Thesis that a relatively large number of high quality observed
lens systems are required to constrain both the dark matter mass fraction in substructure and the
substructure mass function. Thanks to the SLACS survey, a sample of 100 lenses is already
available with HST data-quality, while future surveys such as LSST/JDEM in the optical and
EVLA, e-MERLIN, LOFAR and SKA in the radio are expected to provide as many as ∼ 104 new
systems. However, in the near future a significant amount of data could already be provided by
ground based observations with adaptive optics such as the LGSAO system on the Keck telescope.
It is important, therefore, to understand how well data taken with these instruments can constrain
the properties of the lens galaxy and its mass substructure. For this purpose we consider the lens
system SDSS J0737+3216 for which both HST and LGSAO from Keck are available. A similar
analysis has already been carried out by Marshall et al. (2007). This work differs in two major
aspects from Marshall et al. (2007): we model the lens system not with a parametric source but

105
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using the fully pixelized adaptive Bayesian method of Vegetti & Koopmans (2009a) and we extend
the analysis to the detection of mass substructure and their properties.

6.2 The data
Here we give a short introduction of the lens system SDSS J0737+3216 and observations carried
out with Keck and HST. We refer to the work by Marshall et al. (2007) for a more detailed descrip-
tion. The system was selected as a lens candidate from the SDSS catalogue by the presence of
multiple emission lines at redshift zs = 0.5812 superimposed on the spectrum of a lens galaxy at
redshift zl = 0.3223. It was subsequently observed with the Advanced Camera for Surveys (ACS)
and the Near-Infrared Camera and Multi-Object Spectrometer (NICMOS) on board HST (HST
program 10494), through the filters F555W (2200 s) and F814W (2272 s). A one-orbit observa-
tion with NIC2 through the filter F106W was obtained with NICMOS (2560 s). In addition, SDSS
J0737+3216 was imaged with the LGSAO system on the Keck II telescope. A total integration of
3120 s was obtained in the K′ band with the near-infrared camera (NIRC2). The pixel scale of the
AO observations is 0.04” pixels−1.

6.3 Lens modelling
We model the lens system SDSS J0737+3216 using the adaptive grid method developed by Veg-
etti & Koopmans (2009a). We refer to Chapter 2 of this Thesis for a detailed description of the
modelling procedure. For both data sets we model the lens surface density profile as a single
power-law (see Chapter 4) with the following free parameters: the lens strength b, the position
angle θ, the axis ratio q, the centroid coordinates xc and yc, the density slope γ, the shear strength
Γsh and position angle θsh. Both data sets are modelled using a curvature regularization for the
surface brightness distribution of the source. The regularization is adaptive with the inverse of
the signal-to-noise ratio as weight function for the LGSAO system. In the case of HST data we
build the adaptive grid on the source plane using every pixel on the lens plane, while in the case
of LGSAO data using one every two pixels is sufficient. We subsequently seek for the best set
of parameters describing the lensing potential. In both cases we find that the lens mass profile
is well described by a power-law with a slope close to isothermal. All lens parameters are con-
sistent between the two observations (see Table 6.1). A similar result was also found with the
parametric source modelling by Marshall et al. (2007). This shows that high-quality images from
NIRC2+LGSAO can provide comparable constraints in terms of the lens main parameters. Figure
6.1 show the reconstructed lensed images and source galaxy for HST and LGSAO data in the top
and bottom panels respectively.

6.4 Sensitivity to substructure
In this section we want to assess whether LGSAO data are also as sensitive as HST data to small-
scale mass substructure in the lens galaxy. For this purpose we create a series of mock data
containing a dark substructure of different masses Msub = (0.001, 0.003, 0.01, 0.03, 0.1, 0.3) ×
1010M�, located, as an example, on the lensed arc at (0.63,−0.67)′′. The smooth component of
the lens potential is kept fixed at the best parameters found in the previous section. By running
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Figure 6.1: Results of the lens and source reconstruction under the hypothesis of a smooth potential for HST
data (top) and LGSAO data (bottom). The top-right panel shows the original lens data, while the top-left one
shows the final reconstruction. On the second row the image residuals (left) and the source reconstruction
(right) are shown.
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a pixelized linear reconstruction which allows for the presence of local potential corrections, we
determine the lowest substructure mass that can be detected in that specific position. We find that
for both data sets the substructure detection threshold is Msub = 0.03 × 1010M� (see Fig. 6.2 top
and middle panels). We stress that this is only a single example and that this conclusion does not
necessarily hold for all lensing geometries.

We then consider an analytic model where the substructure has a truncated pseudo-Jaffe profile
(PJ, Chapter 4). We run the non-linear optimization for the main lens and substructure parameters.
Specifically, the free parameters for the substructure are its mass and central coordinates. Both
HST and LGSAO data lead again to comparable results. We conclude that in this specific case,
good quality ground based observations are equally sensitive to substructure as HST and can
recover the substructure parameters equally well (see Table 6.1). Finally we create a second set
of mock LGSAO data containing the same mass substructures but with improved quality. The
new systems have half the noise level as the original images. In this case the mass threshold for
substructure detection is lowered by a factor three. With an integration time four times longer
the sensitivity to substructure can be considerably improved from Msub = 0.03 × 1010M� to
Msub = 0.01 × 1010M� (see Fig. 6.2 bottom panels).

6.5 Summary and future work
We have analysed HST and ground based adaptive optics observation of the lens system SDSS
J0737+3216. Although admittedly based on a single system, in the following we list our major
results:

• in agreement with Marshall et al. (2007) we find that HST and LGSAO IR observations lead
to comparable constraints on the main lens parameters.

• the lens galaxy SDSS J0737+3216 has an isothermal density profile near the Einstein ring.

• HST and LGSAO appear equally sensitive to mass substructure in the lens galaxy and can
equally well recover the substructure parameters in several mock simulations.

• LGSAO with improved resolution over HST can lower the detection threshold of mass
substructure. Integration times four times longer lead to a lowering of the detectable mass
threshold by a factor three.

We presented in this chapter a qualitative comparison between HST and LGSAO data, based on
the system SDSS J0737+3216. This system is unique in that is has both data-sets available and
the lensed source is a star-forming galaxy (not a bright quasars) suitable for grid-based modelling.
In the future we plan a more quantitative analysis where the different data sets are compared in
terms of the posterior probability distributions for the lens and substructure parameters. Thanks to
its high magnification, gravitational lensing provide a unique opportunity to study the structure of
high and intermediate redshift source galaxies, otherwise not observable in such detail. Marshall
et al. (2007) have shown that high-quality images from NIRC2+LGSAO, the same as considered
here, are capable of providing very similar results on the source model parameters to data sets
from HST ACS and HST NICMOS. While these authors have modelled the source galaxy using a
parametric model we have used a grid-based reconstruction, leaving little to no residuals between
the data and the model. Further simulations are required in order to understand which effects play
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Figure 6.2: Results of the pixelized reconstruction of the source and lens potential corrections for HST
data with a dark substructure of mass Msub = 0.03 × 1010 M� (top panels) and LGSAO data with Msub =

0.03 × 1010 M� (middle panels) and with Msub = 0.01 × 1010 M� (bottom panels). The top-right panel shows
the original lens data, the middle one shows final reconstruction while the top-left one shows the image
residuals. On the second row the source reconstruction (left), the potential correction (middle) and the
potential correction convergence (right) are shown.
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a crucial role in the analysis of background sources by means of pixelized lensing methods and
which properties of these sources can be confidently reconstructed and to what accuracy.
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