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Abstract

The principal observational contribution of this thesis is an innovative technique,
using spatially resolved spectroscopy of highly magnified, gravitationally lensed
galaxies, to study their internal structure and kinematics at redshift, z > 1 on
sub-galactic scales. The scientific objective is to measure the important, but poorly
understood, role of star formation and associated feedback on galaxy evolution.
With Gemini GMOS-IFU observations of CFRS034-1077, a lensed galaxy at z=2.94,
we determined surface brightness and integration time requirements for spatially
resolved kinematics with spectra in the visible region (< 1 micron). For reasonable
exposure times the presence of a strong emission line is key, limiting the redshift
range to < 1.5 for [OI1]3727A. To tackle the lack of suitable lenses for such studies,
we designed a lens search algorithm suitable for multi-color photometric data (with
a minimum of 2 colors). Our method uses a two-step approach, first automatically
identifying galaxy clusters and groups as high likelihood lensing regions, followed
by a dedicated visual search for lensed arcs in pseudo-color images of sub-regions
centered on these candidates. By using the color-position clustering of elliptical

galaxies in high density environments, the algorithm efficiently isolates candidates
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with a completeness > 80% for z < 0.6 in Monte-Carlo simulations. Implemented
on the CFHT Legacy Survey-Wide fields with available g, r and i photometry, the
present yield is 9 lenses (8 new and 1 previously known) from 104 deg?. With
Cemini GMOS, we confirmed two lensed galaxies with strong [OI1]3727A emission
suitable for IFU spectroscopy. The follow-up of both systems, the confirmation of
remaining lenses and the application of the lens detector to the remaining 91 deg?
of CFHTLS-Wide are ongoing.

In a complementary project, we aim to understand non-linear structure forma-
tion within the A-CDM framework by characterizing the mass distributions and
mass/light ratios of galaxy groups; these structures (where 60% of all galaxies re-
side), have masses representative of the critical break between cluster and field
galaxy mass scales. We use strong gravitational lensing to constrain the mass in the
inner core, with velocity dispersion measurements from MOS spectroscopy to map
the mass distribution up to the scale of the virial radius. The formalism supporting
this approach as well as the tools for analysis (including an efficient B-spline based
method for flat fielding and sky subtraction of sky limited spectra) are presented in
this thesis. The deflectors of 6 lenses in our catalog resemble galaxy groups suitable
for this study. One group, for which the observations are complete, is compatible
with either NF'W or Hernquist profile; these results will be corroborated with ob-
servations of other candidates in forthcoming observing programs. The objective is
to amalgamate our results with mass measurements from weak lensing and X-ray
observations from our Strong Lensing Legacy Survey (SL2S) collaborators to build
a comprehensive picture of the dark matter profile and thus constrain theoretical

predictions of mass assembly in galaxy groups.
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Chapter 1
Introduction

1.1 Prelude

Recent years have seen rapid - and exciting - progress in Physical Cosmology, the
study of structure growth in the Universe. Complementary advances on both the
observational and theoretical fronts have been the key drivers of these developments.
With this growing knowledge, we are piecing together details of how the near perfect
isotropy of the early Universe, imprinted in the Cosmic Microwave Background at
redshift z~ 1000 (Figure 1.1, top panel * ), metamorphosed to the stunning variety
of gravitationally bound structures we observe in the Universe today, on mass scales
ranging from super clusters (mass ~ 10 M), through clusters, groups, individual
galaxies like the Milky Way down to that of individual stars and their planetary
systems, with mass of < 1 Mg, - a scale that extends over 15 orders of magnitude.
A striking example of gravitationally bound structure in the local universe on the
scale of clusters is shown on the bottom panel T of Figure 1.1, by galaxy cluster,
Abell A2218.

In the current cosmological paradigm, the growth of this large scale structure
was driven primarily by gravitational collapse and occurred through a series of hi-
erarchical merging processes, with structure on small mass scales forming first and
then merging to form structure at ever increasing scales (Longair, 1998). From

observations and extensive theoretical work, supported by numerical simulations

*http://map.gsfc.nasa.gov/
Thttp://apod.nasa.gov/apod/ap011007.html
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Galaxy cluster
Abell 22158
z=0.175

Figure 1.1: Large scale structure in the universe as imprinted on the Cosmic Mi-
crowave Background (CMB) at redshift z~1000 (top), compared with gravitation-
ally bound structure in the local universe on the scale of a galaxy cluster, spec-
tacularly illustrated by Abell A2218 at z=0.175. Several gravitationally lensed arc

images of galaxies at higher redshifts are clearly visible in the cluster.
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and semi-analytic models, our understanding is converging toward a concordance
cosmological model - the spatially flat, vacuum energy dominated A-CDM ¥ model
(Spergel (2005), Springel et al. (2005) and references therein). The general princi-
ples of the model have successfully withstood tests from a variety of independent
and complementary observations, such as the WMAP CMB observations (Komatsu
et al., 2008, Spergel et al., 2003), high redshift supernovae observations (Riess et al.,
2007), redshift surveys such as the 2dF (Percival et al., 2002) and by cosmic shear
observations (Massey et al., 2005). Finer details, however, such as the inner slope
of cluster dark matter profiles, (Sand et al., 2004, Primack, 2004), or the assembly
of stellar mass in clusters (Balogh et al., 2008), are yet to be fully resolved.

In this cosmological model, the principal components of the universe are dark
energy (A), non-relativistic (cold) dark matter (CDM) and baryonic matter; in this
context, baryonic matter includes all matter that we detect through their electro-
magnetic interactions. Recent WMAP-CMB 5-year results, (Komatsu et al., 2008),
constrain the energy budget of the universe to 4.4% baryonic matter, 21.4% dark
matter with the remaining being dark energy. Dark energy drives the overall dy-
namics of the Universe at present times, dark matter governs the formation of large
scale structure, while it is the physics of baryonic matter, the most visible, which is
the principal driver of evolution on the lower end of the mass scale, that of galaxy
clusters and smaller structures.

It is to understand the important role of baryonic processes associated with
active star formation in galaxies in the early universe (at redshift, z> 1), that
the principal focus of the thesis is devoted. Section 1.2 presents a review of the
rapidly advancing state of research in this area and the specific questions which mo-
tivate this work. The complementary observational approaches of wide field surveys

and detailed studies of individual objects, both of which provide the bulk of our

YA list of acronyms and abbreviations used in this thesis, with corresponding expansions, is

provided in Appendix B for reference
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knowledge on high redshift star formation are reviewed. The relative importance
of detailed sub-galactic scale investigations and the enormous observational chal-
lenges of carrying out such studies are set forth in Section 1.2.2. These provide the
background for the principal observational goal of this thesis, to develop a unique
method harnessing the magnification of gravitational strong lensing coupled with
spatially resolved IFU spectroscopy - concisely, Gravitational Lens Assisted Spec-
troscopy, GLAS - to successfully overcome the observational hurdles. This review
thus sets the stage for the detailed description of the pilot implementation of our
observational technique, which forms the bulk of Chapter 2.

In a complementary project, we aim to understand non-linear structure forma-
tion within the A-CDM framework by characterizing the mass distributions and
mass to light ratios of galaxy groups; these structures (where 60% of all galaxies
reside, Silk (2004)), have masses representative of the critical break between cluster
and field galaxy mass scales. The observational strategy we adopt is to combine
mass estimates from gravitational lensing in the inner core of the groups with mea-
surements of the mass distribution up to the virial radius derived from the observed
velocity dispersion of the member galaxies. We utilize the catalog of lensing galaxy
groups and clusters developed for the IFU work to carry out these investigations.
Due to the complementary mass measurements from gravitational lensing and from
the kinematics of member galaxies determined by spectroscopy, we include this in-
vestigation as a second application of GLAS. Section 1.3 reviews pertinent results
from literature, highlighting the issues and outlining the methodology we adopt in

Chapter 5 to address these questions.

1.2 High redshift star forming galaxies

The bulk of our knowledge of the nature and evolution of star forming galaxies

even at redshifts, z ~ 3 and higher comes from large spectro-photometric surveys,
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which constrain the statistical properties of the high-redshift populations. From
these surveys, it is now clear that even at early times in the history of the universe,
galaxies had very high star formation rates (Nesvadba et al., 2007, Pettini et al.,
2001), were screened by appreciable amounts of dust (Shapley et al., 2006, Savaglio
et al., 2004, Sawicki and Yee, 1998) and were dominated by starburst-driven outflows
of material seen both in the kinematics of their gaseous and stellar components
(Pettini et al., 2000) and in their effect on the surrounding Ly« forest (Adelberger
et al., 2003). A compilation of results from several observational surveys, shown
in Figure 1.2, (Reddy et al., 2008), traces the evolution of universal star formation
rate density as a function of redshift or equivalently with the age of the universe
(usually referred as a Madau plot, Madau et al. (1998)); the star formation rates in
the plot are derived from UV and Infra-red measurements which have been corrected
for extinction. The striking feature is the peak in star formation activity at z~1
followed by the rapid decline to the present. It is at the period of intense star
formation, 1 < z < 1.5, with consequent rapid stellar mass build up and evolution
of the galaxies, that we direct our observational investigations, as discussed in the
following Section 1.2.2.

However, while all this evidence indicates that galaxies were undergoing in-
tense episodes of star formation at z = 1 or higher, we do not yet have a clear
understanding of the mechanisms that trigger and govern the associated baryonic
processes. Theoretical models at present invoke poorly understood feedback mech-
anisms to match these observational results (e.g. Bertone et al. (2007), Cattaneo
et al. (2007)). Detailed observations of such processes at work in individual low
mass galaxies - principal star formers at all redshifts (Juneau et al., 2005), are
therefore a pressing requirement.

Even with the aperture and resolution of today’s 8m telescopes, such studies are
very difficult (at z = 1, a disk scale of 4kpc is < 0”.5 on the sky). Our research goal

is therefore to test and apply the innovative observational technique of spatially
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Figure 1.2: In this recent Madau plot from Reddy et al. (2008), a compilation of
results from several observational surveys in the UV (blue symbols) and Infra-red
(red symbols), trace the evolution of the star formation rate density with redshift.
The redshift interval at which we focus our IFU spectroscopy is indicated by dashed
lines; it coincides with the interval of peak star formation activity in the universe.
The lack of points in this region highlights the presence of the ’redshift desert’,
discussed in §1.2.1. The upper redshift bound is only an observational limitation

at present; see concluding paragraph of §2.11 for a discussion

resolved spectroscopy combined with the magnification boost from gravitational
lensing to carry out such detailed studies of galaxies at z > 1. In order to motivate
our scientific objectives, the following section provides a summary of pertinent re-
sults from published studies of high redshift star forming galaxies, highlighting the

outstanding issues which we aim to address with our research.
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1.2.1 Results from surveys

Our understanding of the population of high redshift star forming (SF) galaxies
received a big boost with the advent of the Lyman Break technique (Steidel et al.,
1996). This method uses two colors to effectively isolate the break in the observed
flux between the high ultra-violet (UV) continuum (from the O and B stars) and
the low flux blueward of the Lyman limit at 912A due to absorption by the neutral
hydrogen in the galaxy itself as well as by intervening absorbers. For z ~ 3 galaxies,
Steidel et al. (1996) used (U-G) and (G-R) colours; the technique has since been
extended to higher redshifts by using the appropriate filter sets, e.g., for galaxies
at z ~7-8 in the HUDF (Hubble Ultra Deep Field), Bouwens et al. (2004) use the
optical z- and the infra-red J and H filters.

For the z~1-2 range, a similar increase in observed numbers was achieved by
Gemini Deep Deep Survey, GDDS, (Abraham et al., 2004) using the ‘Nod and
Shuffle’ technique for optical spectroscopy. The z~1-2 redshift range is aptly named
the ‘redshift desert’ due to the lack of strong emission features in the rest frame
UV spectrum, which is redshifted into the (observed) optical band - this lack of
spectral features therefore demands high quality data, specifically low sky residuals
from the strong atmospheric hydroxyl emission. For their survey, Abraham et al.
(2004) combined the Nod and Shuffle technique (Cuillandre et al., 1994) with multi-
object spectroscopy (MOS) to achieve the required high signal-to-noise ratio (SNR)
in their observations.

Results from these surveys have clearly shown that even at z ~3-4, these ‘Lyman
Break Galaxies’, LBGs (so named for the technique used by Steidel et al. (1996)),
were actively forming stars when the Universe was less than 2 Gyr old in standard
cosmology. Their measured UV continuum luminosities - indicative of massive,
young stars - are over 60 times those of the brightest SF regions observed in the
local universe (Steidel et al., 1999, 1996). With even more intense star formation

rates, > 100Moyr~—, the dust enshrouded Sub-Millimeter galaxies (SMGs) observed
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at z > 2 fall into a category on their own (Blain et al., 2002). The far-infrared
luminosity of these galaxies far exceeds that of their local counterparts, the Ultra
Luminous Infrared galaxies (ULIRGs) at z < 0.1, leading Goldader et al. (2002)
to hypothesize some very efficient and as yet unknown mechanism of gas cooling
and star formation at high redshifts. However, Erb et al. (2006) argue that intense
star formation can equally be induced by ‘wet” mergers of gas rich galaxies, which
would funnel the molecular gas in them to their core; along with increasing star
formation, this would also lead to the observed higher active galactic nucleii (AGN)
activity. Recent observations of a SMG at z = 2.6 seem to support this merger
scenario (Nesvadba et al., 2007). One of our goals is to address this uncertainty by
constructing spatial maps of the star forming regions in these galaxies - irregular
patches of star forming regions will support the merger scenario of Erb et al. (2006),
while a stable disc-like structure will lend support to the hypothesis of Goldader
et al. (2002).

"Downsizing’ in the evolution of star formation rate densities is a related issue
which is also being actively investigated. First proposed by Cowie et al. (1996),
this refers to the observed anti-correlation between galaxy mass and the evolution
of star formation rate density. GDDS results (Juneau et al., 2005) have shown
that massive galaxies (M > 10'%® M) formed their stars early, at z > 2, while
the peak occurred at z ~ 1.5 for intermediate mass systems; recent results from
the Cosmic Evolution Survey (COSMOS) survey lend support to these findings
(Mobasher et al., 2008). In addition, Willmer et al. (2006) find that luminosity
function of the red population remains unchanged at least up to z ~ 1 indicating
that there is a substantial population of massive galaxies with passively evolving
stellar populations even at this early time. Further support comes from two other
studies - Bell et al. (2004) find that the red sequence is well in place by z ~ 0.7
indicating that galaxies at the massive end of the sequence have no ongoing star

formation. However, Faber et al. (2007) find that the stellar mass in these massive
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galaxies shows a significant rise from z = 1 to the present, perhaps due to ‘dry’
gas poor, galaxy mergers. All these complementary results run counter to the
hierarchical mass assembly expected in the A-CDM paradigm in which more massive
galaxies should be actively forming stars to the present due to continued accretion
of gas. The nature of the mechanism which quenches the associated star formation
is unclear. Both Bell et al. (2007) and Faber et al. (2007) point out that most of
the star formation at z > 1.5 happens in massive blue galaxies; if star formation
were therefore somehow quenched, these massive blue galaxies would migrate to the
massive end of the red sequence, where they would continue to accrete mass by ‘dry’
mergers. Current galaxy evolution models (Bertone et al., 2007, Cattaneo et al.,
2007, Bower et al., 2006, Croton et al., 2006) have only been able to reproduce
these observational results by invoking poorly understood feedback mechanisms,
eg. superwinds and AGN activity, to regulate star-formation. Results from surveys
therefore provide only the general trend in the assembly of stellar mass in galaxies;
an understanding of the mechanisms driving this evolution will require detailed
observations on sub-galactic scales of the associated baryonic processes at work.
This unresolved issue of 'downsizing’ is a key motivation for our research and we
aim to verify the various proposed theoretical models with our observations.
Finally, there is no consensus yet on how these rapidly star forming galaxies
in the early universe are related to the galaxies in the local universe. The strong
clustering of LBGs resembles that expected of massive dark matter halos (Adel-
berger et al., 1998), suggesting that they may be direct ancestors of present-day
massive ellipticals and spirals (Baugh et al., 1998, Steidel et al., 1996). In an al-
ternative scenario, LBGs could be low-mass systems seen undergoing brief bursts
of star formation as they orbit their massive dark-matter hosts (Somerville et al.,
2001, Sawicki and Yee, 1998). On the basis of a handful of measurements, the
LBGs’ metallicities appear to be sub-solar (Pettini et al., 2001), and so in agree-

ment with either scenario, while broadband colors cannot rule out the presence
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of large numbers of old, faint stars expected in massive systems (Papovich et al.,
2001, Sawicki and Yee, 1998). It thus remains unclear if LBGs are the direct pre-
cursors of present-day massive galaxies, if they build up mass through repeated,

merger-induced star-forming episodes, or if they turn into faded, low-mass objects.

1.2.2 Studies on sub-galactic scale

For a more complete picture, population statistics must be complemented by de-
tailed observations of individual galaxies. Spatially resolved observations (both
spectroscopy and multi-color imaging) of the stellar and gaseous components would
allow us to construct pixel-by-pixel maps of the internal kinematics, outflows and
of the dust and star formation history on sub-galactic scales. Such results will help
answer fundamental questions as, “Are star forming regions in these galaxies dis-
tributed or centrally condensed?”, “Are they rotationally supported?”, “Is there
evidence for the Tully-Fisher (Tully and Fisher, 1977) relation at high redshift?”,
and “Are super novae (SNe) driven gas outflows in galaxies common?”.

Unfortunately, at redshift > 1, galaxies are too compact with half light radii,
HLR ~ 0”.25 (Giavalisco et al., 1996) and too faint to allow spatially-resolved stud-
ies even with HST. The limited number of published studies of individual z > 1
SF galaxies have therefore focused upon gravitational lens systems. Lensing mag-
nifies the spatial extent of distant galaxies while conserving the surface brightness,
such that even z ~ 3 SF galaxies are magnified into giant arcs of extent 10 square
arcseconds.

The most detailed study of a high-redshift SF galaxy concerns MS1512-cB58
(referred as ¢B58), located at z = 2.73, which is lensed by a foreground galaxy
cluster, MS1512+36 at z = 0.37 (Yee et al., 1996); the resulting magnification
has been determined to be up to 30 (Seitz et al., 1998). Pettini et al. (2000)
used the Low Resolution Imaging Spectrograph (LRIS) and the high resolution
Echelle Spectrograph and Imager (ESI) (Pettini et al., 2002) on the 10m Keck



1. Introduction 11

telescope to resolve the stellar and interstellar lines and obtain a variety of kinematic
and chemical abundance measurements. It must be mentioned that the lensed
image of cB58 is only < 1” in length (Yee et al., 1996), making it unsuitable for
IFU observations at present; the development of Adaptive Optics combined with
the IFU, will make this interesting target accessible for spatially resolved optical
spectroscopy in the near future.

Pettini et al. (2000) find that ¢B58 is a LBG with a stellar mass ~ 10 M, and
is undergoing an intense burst of star formation. The stellar spectrum resembles
that of a local starburst galaxy and is well reproduced by a synthetic spectrum
containing O and B stars with a Salpeter IMF (Salpeter, 1955) extending beyond
50 Mg. The strength of a-elements such as Mg, O and Si, produced mainly by
the higher mass stars, are already enriched to 2/5 solar values while the Fe-peak
elements, mainly from the lower mass stars, are smaller by a factor of 3 compared
to the solar value. Based on the timescales needed for the o and Fe-peak element
enrichment, Pettini et al. (2002) deduce that the start of the burst was within the
previous 300Myr and that the intensity of the continuous SF had converted nearly
a third of its gas into stars.

In addition, the stellar and interstellar spectral lines show a relative velocity of
~ 250kms™!, with the gas blue shifted toward the observer indicative of a bulk
motion of gas driven by the intense star formation and consequent SNe explosions.
Comparing the dynamical mass of the galaxy and the estimated outflow gas speed,
Pettini et al. (2000) surmise that only part of this outflowing material is retained
by the galaxy, leading to a rapid chemical enrichment of the interstellar medium
(ISM), while the rest of the gas is lost to the intergalactic medium (IGM).

A similar large scale outflow of ~ 300kms~! has been observed in another
lensed galaxy at z = 4.92 (Franx et al., 1997). Given that there are only these
two observations, it is important to determine if galactic winds are common in high

redshift galaxies. If so, they could be the mechanism regulating SF by driving away
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the gas while allowing the escape of ionizing photons as well as enriching the IGM
with metals (Pettini et al., 2000)

In addition, ¢cB58 may not be representative of the LBG population since both
the lack of a Balmer break in its rest frame optical spectrum (Teplitz et al., 2000)
and its broadband colors indicate that it is much younger than nearly all LBGs.
Therefore, only a detailed spectroscopic study of a larger sample of galaxies will give
us a more representative picture of the processes going on inside high-z galaxies.

Swinbank et al. (2003) carried out pioneering work in this direction, albeit at a
lower redshift. Using the boost provided by gravitational lensing, they obtained a
detailed rotational velocity curve for a galaxy at z = 1.034. The galaxy lies behind
the rich Abell cluster A2218, (shown in Figure 1.1), one of several multiply imaged
sources; the magnification is 4.9, as determined from a detailed mass map of the
cluster. Spatially resolved spectroscopy of the strong [OII]3727A emission line was
carried out with the Gemini Multi Object Spectrograph plus the Integral Field Unit
(GMOS-IFU).

Using a lens model, the distortion introduced by the lensing was removed in or-

! a remarkable result indicating

der to compute a rotational velocity of 206 km s~
the presence of a disc at a lookback time of 8.7Gyr. The inferred rotational veloc-
ity places this galaxy on the B- and I-band Tully-Fisher relations for local spiral
galaxies, assuming passive evolution. These observations provide clear proof that
such studies can resolve galaxies at z > 1 and probe the kinematics and other key
properties of the stellar and gaseous components on scales which are otherwise not
accessible.

It must however be mentioned that very recently Near Infra Red IFU spec-
troscopy with Adaptive Optics (AO) has made successful inroads into resolving

these high redshift galaxies even without the magnification boost of gravitational

lensing. First results using this technique from the ongoing Spectroscopic Imaging

survey in the Near Infra-red with SINFONI (SINS, Forster Schreiber et al. (2006) )
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at the European Southern Observatory, Very Large Telescope (ESO-VLT), indicate
that, of the currently observed total of 14 galaxies at z ~ 2, nine show lumpy disk-
like rotation while two others show clear signs of mergers. The SINS methodology
requires a natural guide star for AO correction and is thus restricted to fields close to
stars of suitable brightness. However, with the advent of Laser Guide Star Adaptive
Optics (LGSAO) this restriction is largely removed, making large areas of the sky
available for observation. In an impressive demonstration of this technique, Wright
et al. (2007) have obtained a variety of results including bulk rotation and velocity
dispersion, metallicity and the dereddened SF rate of a galaxy at z = 1.5. Their
kinematic model of this galaxy is well fit by an inclined disk combined with the
likelihood of an ongoing merger. Since then, Law et al. (2007) have extended this
technique to z~2-3 and have obtained the kinematics of three LBGs with just 4h
of integration per target. Therefore, this complementary technique for sub-galactic
scale observations of high redshift galaxies may soon provide a viable alternative to
GLAS for the study of high redshift galaxies.

Finally, it must be emphasized that though IFU observations of gravitational
lenses offers a viable and tested method of observing high redshift galaxies with
sub-galactic scale resolution, few suitable lenses for such studies are known, prin-
cipally due to the lack of dedicated searches. To address this pressing need for
confirmed gravitational lenses to carry out these investigations, we have developed
an automated search algorithm tuned for multi-color imaging (with a minimum of
2 colors). Our method uses a two-step approach, first automatically identifying
galaxy clusters and groups as high likelihood lensing regions, followed by a dedi-
cated visual search for lensed arcs in pseudo-color images of sub-regions centered
on these candidates. Chapter 3 provides a review of various cluster detection meth-
ods in order to motivate our chosen approach as well as to highlight its aptness
to the imaging on which it is implemented. Details of the implementation of this

method using the photometric catalogs from the Canada France Hawaii Telescope,
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Legacy Survey, Wide component, (CFHTLS-W) are also given, as well as details
of the cluster and galaxy group catalogs that we have constructed as a useful by-
product of this work. Chapter 4 provides details of the 9 candidate lenses we have
discovered by the visual inspection and of the observations completed to confirm
them. As a continuation of this work, the visual search for lensed images in RGB
stamp images has been matched by an automated scheme. To provide the necessary
background, a review of available algorithms for the detection of lensed images in
wide field imaging is given, along with the test results which support our choice of
Arc_detector, developed by Lenzen et al. (2004). The fully automated implementa-
tion awaits selection and completeness estimations, which are discussed along with

plans for future observations in the concluding remarks in Chapter 6.

1.3 Dark matter distribution in galaxy groups

In this complementary project, we turn the focus of Nature’s telescope - the gravi-
tational lens - from studying the evolution of high redshift galaxies, to studying the
properties of the telescope - the deflector - itself. In strong lensing, the geometry
and relative magnifications of the multiple images are a sensitive function of the
mass distribution in the deflector (along with the redshfits and relative positions of
the source and the deflector). Therefore, the observed positions and magnifications
of the lensed images may be inverted to deduce the underlying distribution of grav-
itating mass - dark matter plus the baryonic components- of the deflector, referred
as the lens model. Kneib et al. (2003) have reconstructed the mass distribution
of the rich cluster Cl 002441654 at z=0.395 as an illustrative application of the
principle.

Our objective in this work is to infer the dark matter profile of galaxy groups
using this technique in order to constrain models of hierarchical assembly of mass,

specifically on the scale of 10" < M < 10" M. In this section, we provide a
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summary of pertinent literature to highlight the critical mass regime galaxy groups
occupy as well as the questions which motivate our work. In order to obtain a more
comprehensive picture of the dark matter distribution, we complement the mass
estimates from strong lensing in the core of the group with the dynamical mass
measured using the observed line of sight velocity distribution (LOSVD) of the
member galaxies. This extends the mass estimate to the scale of the virial radius.
Our catalog of galaxy clusters and groups with strong lensing images (referred
hence as lensing clusters for brevity) from the CFHTLS-Wide fields provides an
adequate observational sample to undertake this work. We wish to point out that
our results will be complemented and extended to radii beyond the virial radius
by the multi-wavelength observations being undertaken by other members of the
Strong Lensing Legacy Survey (SL2S) collaboration, of which we are a part. A
list of these complementary observations being pursued by various members of the

SL2S is provided at the end of this section.

1.3.1 Structure formation on the scale of galaxy groups

The evolution of large-scale clustering of mass in the Universe is well described by
the concordance A-CDM model (Springel et al., 2005), salient features of which
are described in Section 1.1. In this model, the homogeneous density field of the
early universe following Inflation was seeded by minute quantum mechanical per-
turbations (Longair, 1998). Due to self-gravity, these perturbations grew even as
the Universe expanded. Baryonic matter could not follow this density growth at
early times since it was coupled with the hot radiation through Thompson scatter-
ing; overdensities in the baryonic field existed in an oscillating density field due to
interactions with the high energy photons. Dark matter, on the other hand, inter-
acts only through gravity and was thus free to clump and grow into gravitationally
bound halos. Therefore, large scale structure (LSS) formation is governed primar-

ily by gravitational interactions of dark matter, the dominant mass component; the
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linear scale referred to in this context is > fewxMpc, the scale of clusters, the
largest, gravitationally bound structures observed in the Universe today. On this
large scale, two views of the structure in the universe (Figure 1.3), one observed by
the 2 degree Field Galaxy Redshift Survey (2dFGRS, Colless et al. (2001)) and the
other taken from The Millennium Simulation, a large numerical simulation (10
particles in a 500Mpc region, Springel et al. (2005)) show remarkable similarity.
The simulated structure (left panel, Figure 1.3) and the observed one (on the right)
not only visually resemble each other remarkably well, but their statistical corre-
lation functions match closely (Primack, 2005), which gives further support to the
A-CDM model.

As the universe expanded and cooled, the primordial baryonic matter effectively
decoupled from the background radiation; it is the imprint of structure at the time
of this decoupling that is observed as the temperature fluctuations, (at the level
of 1073K), in the Cosmic Microwave Background, shown in Figure 1.1. Present
estimates put this decoupling at redshift, z~1100. Once decoupled, the baryons,
consisting of 75% hydrogen, 24% helium with traces of other light elements from Big
Bang nucleosynthesis (Wagoner, 1973), accreted rapidly into the large gravitational
potential wells of the dark matter halos. During the ensuing dark ages, the gases
cooled and grew denser till the threshold for nuclear reactions was reached and the
first stars ‘turned on’. Present estimates put this epoch of first light in the range
20 > z > 6, though this remains to be confirmed (e.g. Ellis et al. (2001), Kneib
et al. (2004)). The progression from first stars to first star forming galaxies, if such
a distinction could be made, was rapid. In the A-CDM picture, these proto-galaxies
merged and built the stunning variety of visible bound structures we observe, mas-
sive elliptical galaxies, galaxy groups up to the scale of galaxy clusters, an example
of which, Abell 2218, is seen on the bottom panel of Figure 1.1.

Observations and simulations show that galaxy clusters, residing at the upper

end of the mass hierarchy, with mass > 10'* My, are dominated by dark matter.
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In a survey of 72 low redshift clusters as part of the Cluster Infall Regions in the
Sloan Digital Sky (CIRS) survey, Rines and Diaferio (2006) found that the mass
distribution is well fit by either a NFW (Navarro et al., 1997) or a Hernquist profile
(Hernquist, 1990), both of which describe dark matter density distributions. At the
other end of the mass scale, the observed mass to light ratio of galaxies, M/L~ 5
indicates that the visible baryonic matter, gas and stars, contributes a significant
fraction of the mass; early type galaxies show a higher (~ 10) value (Freeman,
2001), indicating a larger dark matter component. The distribution of mass in early
type galaxies, determined from lensing analyses, shows that they are well fit by a
single power law ellipsoidal profile. Results from a joint strong lensing and stellar
dynamics analysis for 15 early type galaxies at z < 0.33 from the Stong Lensing
in Advanced Camera for Surveys (SLACS, Koopmans et al. (2006)), show that the
density profile, p oc =7, with v = 2, indicative of an isothermal instead of NFW-like
distribution. The mean dark matter mass ellipticity within the Einstein radius is
0.78; more importantly, they find that there is remarkable alignment between the
light and mass distribution. Within the Einstein radius, the contribution of dark
matter to the total mass is only 25%, indicating that the inner core is baryon rich
while the dark matter is dominant only at larger radii. These results are consistent
with results for 5 early type field galaxies at higher redshift (0.5 < z < 1.) in the
Lenses Structure and Dynamics survey (Treu and Koopmans, 2004). In addition,
the lens model for the spectacular double Einstein ring, SDSS J0946+1006, where
the deflector is an early type galaxy at z=0.22, gives similar values for the power
law slope of the density profile as well as ellipticity (Gavazzi et al., 2008), indicating
that the distributions of mass at the scale of galaxies are clearly different from the
NFW-like distributions observed in clusters. The interaction of baryons are a likely
cause of these observed differences.

In the hierarchical A-CDM model, galaxy groups are assembled from field galax-

ies, such as those studied in SLACS. If this were the case, it is unclear if the density
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profile of the group would match that of the dominant central galaxy or if it would
appear as a smoothed out version of the contributions of all the group members.
On the other hand, the CDM model also predicts that the dark matter distribution
should be similar over a wide range of virialised mass (Navarro et al., 1997). Un-
der this assumption, galaxy groups should represent the lower mass end of clusters
and scaling relations, such as the X-ray luminosity-temperature (Lx - T) relation,
should be the same for both classes of objects. For local clusters, the observed rela-
tion, expressed as L o< T%, gives av = 2.64+0.27 (Markevitch, 1998). It is interesting
to note that this value is much higher than a naive CDM prediction, a = 2, which
does not take into account radiative cooling of the intracluster gas or heating by
super novae and AGN feedback; this highlights the importance of including bary-
onic contributions toward not only the mass budget but also its distribution as a
function of radius in virialised structures. The observed slope of the Lx - T relation
for galaxy groups is much steeper, a = 4.9 4+ 0.8, estimated from 24 X-ray bright
galaxy groups (Helsdon and Ponman, 2000). Mulchaey (2004) cautions however
that in this comparison of cluster and group properties, aperture effects have to be
accounted for, since the observed properties of groups are obtained from a smaller
aperture relative to the virial radius; results from the Group Evolution Multiwave-
length Study (GEMS) find that the slope estimated from 60 groups does match the
cluster value (Osmond and Ponman, 2004). In addition, a recent compilation of
results taken from several surveys for groups and clusters shows a closer agreement
in the slopes (Fassnacht et al., 2008). On the other hand, Hartley et al. (2008)
find that in their recent large hydrodynamical simulation (matching the Millenium
Simulation (Springel et al., 2005) in number of particles and volume), mergers drive
clusters both along as well as below the Lx - T plane; though they do not specifi-
cally discuss galaxy groups, the higher merger rate in the group environment may
be expected to have a similar and stronger effect on their X-ray luminosities as well.

To summarize therefore, galaxy groups fall in an important transition range in
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mass between massive field galaxies, governed by baryonic processes, and clusters,
which are dark matter dominated. It is still unclear how the mass distribution and
M /L ratio of groups fit within the evolution from galaxy to cluster scales. There are
several other reasons that call for detailed studies of galaxy groups. More than 60%
of the galaxy population reside in groups. Active mergers in the group environment
have a strong effect on the star formation rates in the member galaxies (Silk, 2004);
ongoing episodes of such merger induced star formation have a strong effect on the
M/L ratio of galaxy groups. In a model comparison of the properties of virialised
objects of different halo masses in various cosmologies, Marinoni and Hudson (2002)
find that, for A-CDM, the M/L ratio increases monotonically with X-ray luminosity
as L%® for the range of mass from poor groups, M=10' M, to that of rich clusters,
10" M. Interestingly, Marinoni and Hudson (2002) find that the slope of the
power law relation between optical and X-ray luminosities shows a clear break at
a mass scale corresponding to that of a poor group, (consisting of < 5 L, galaxies,
with Milky way scale mass). Whether this break is observed will be interesting to
determine and interpret.

These unresolved issues related to density distribution in galaxy groups and
their relation to clusters, which are discussed above, have initiated several large ob-
servational surveys, e.g, GEMS (Osmond and Ponman, 2004), X-ray Multi-Mirror
Large Scale Structure Survey, XMM-LSS (Willis et al., 2005), XMM/IMACS (XI)
Group Project (Rasmussen et al., 2006) as well as studies using galaxy group cat-
alogs detected in public wide field surveys, such as the SDSS DR5 (Tago et al.,
2008) and the 2dF (Tago et al., 2006). These reasons are also the prime drivers
behind our work and we have initiated observations using our catalog of lensing
galaxy groups and clusters. Given the strong constraints the SLACS were able to
derive on the distributions of visible and total mass in the early type galaxies by
combining strong lensing with mass estimates from stellar dynamics (GLAS-II),

our proposal is to extend this methodology to observations of the galaxy groups
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in our catalog. The dynamical mass we estimate is from the observed LOSVD of
the member galaxies. It must be mentioned that our contribution fits with a larger
multi-wavelength survey undertaken by our SL2S collaborators. Details of the col-
laboration as well as a list of observations already underway or planned for the near

future are listed in the following section.

1.4 Strong Lensing Legacy Survey (SL2S)

The Strong Lensing Legacy Survey (SL2S) is an international collaboration of re-
searchers interested in the various applications of gravitational lensing, both strong
and weak, to address questions in cosmology. The research is directed principally on
observational aspects, though there are substantial contributions on the theoretical
side as well as on the development of tools for data analysis and lens detection.
At present, the observations are exclusively follow-up programs of strong lenses
found in the public releases of the Canada France Hawaii Telescope Legacy Survey
(CFHT-LS) imaging, from both the Deep and the Wide components. Extension
to future space and ground based surveys is a natural evolution. Details of the
collaboration as well as the lens catalogs, descriptions of the ongoing observational
programs as well as listings of the publications from this work may be found at the
SL2S website’ and are also summarized by Cabanac et al. (2007).

Amongst the several avenues of research being pursued by the members of the
collaboration, for the project focussed specifically on building a comprehensive mass
map of galaxy groups, using the sample of lensing clusters and groups in the SL2S

catalogs, we have initiated a multi-wavelength observational campaign consisting

of:

e — Deep multicolor imaging available from CFHTLS

Shttp:www-sl2s.iap.fr
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— HST/ACS and WFC2 (following the failure of ACS) imaging for arcs prop-
erties/lens modeling (Kneib, J-P (PI), Cycles 15 and 16),

e — X-ray imaging (XMM-LSS covers CFHTLS-W1 and Chandra/COSMOS,
the CFHTLS-D2); submitting an XMM proposal for the candidates in the
other fields is planned.

— Near-IR imaging for the stellar mass of the groups.

— Optical or Near-IR spectroscopy to confirm the redshifts of the lensed galax-

ies (sources).

With Gemini MOS spectroscopy, our contribution to this suite of observational
data is the estimate of the dynamical mass from measured kinematics of select
member galaxies (i < 21 mag). The members are also pre-selected for observation
using CFHTLS colors or photometric redshifts, if available. As part of these spec-
troscopic programs, we also confirm the redshifts of the sources, when possible. Full
details of our objectives as well as the observational strategy are given in Chapter
5. With the combined expertise of our collaboration, we are confident of achieving
the objectives of the velocity dispersion work as well as all the broader goals of the

SL2S campaign.



Chapter 2
Spatially resolved (IFU)

spectroscopy of
CFRS03+1077, a

gravitationally lensed

galaxy at z = 2.94

2.1 Introduction

Our principal research goal is to understand the role of baryonic processes in the
evolution of star forming galaxies in the early universe (z > 1). The summary of
published literature given in Chapter 1 clearly underlines that spatially resolved
observations of individual galaxies at high redshift are essential to provide us with
this knowledge. Carrying out detailed observations on these high redshift galax-
ies is extremely challenging at the current state of observational technology. We
have addressed this observational challenge by devising an innovative technique,
which combines spatially resolved spectroscopy with the magnification boost from
gravitational lensing, and thus achieve detailed observations of galaxies even at
zn~2—=3.

We tested the viability and scope of our technique in a pilot observation of

a confirmed, gravitationally lensed, star forming galaxy, CFRS03 + 1077, (here-
23
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after CFRS03), at a redshift of 2.94. Spatially resolved spectra of the galaxy were
obtained using the Integral Field Unit (IFU) on the Gemini North spectrograph,
GMOS-IFU. This chapter focusses on these pilot observations, describing in detail
the instrumentation used, the data processing and analysis techniques developed
specifically for this work as well as the results and experiences we gathered from
this study. Subsequent chapters describe the progress and current results from the
survey mode observing strategy we have initiated based on this pilot study.
Finally, we wish to point out that we initiated our pilot study of spatially re-
solved spectroscopy of lensed high redshift galaxies at the same time as a similar
project by Swinbank et al. (2003) (discussed in Chapter 1), but unaware and inde-
pendent of each other. It is reasonable to assume that the commissioning and avail-
ability of the GMOS-IFU during the Gemini Telescope 2002B observing semester,
during which both observations were carried out, brought about this coincidence.
Our objective was to study galaxies at much higher redshift (z ~ 3) than the
emission line galaxies at z ~ 1 which Swinbank et al. (2003) successfully observed.
The chapter is arranged as follows: in Section 2.2 we describe our target, the
gravitational lens, CFRS03, using results from earlier published observations. We
include a discussion of the outstanding questions that motivated our GMOS-IFU
observations as well as additional objectives we aimed to achieve in Section 2.3.
Since the GMOS-IFU is key to our chosen observational method, a pertinent de-
scription of its construction and operation are given in Section 2.4. The specific
IFU configuration we had chosen to achieve these goals and details of our observing
program are provided in Section 2.5. Data reduction results using the Gemini IFU
pipeline are set forth in Section 2.6, highlighting the presence of appreciable sky
subtraction residuals. The characterization of the IFU we undertook to isolate the
cause of these residuals is set forth in Section 2.7, along with a description of the
correction method we devise for scattered light, which we find is the principal cause

of these residuals. The final data cube incorporating the scattered light correction
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is presented in Section 2.7.4 along with the extracted and co-added spectra of the
elliptical galaxy and the lensed high redshift star forming galaxy. We turn to our
objectives and address the question about the existence of a counter image in Sec-
tion 2.8. For the measurement of the velocity dispersion of the elliptical galaxy,
we devise and implement our own approach using direct fitting based on Singular
Value Decomposition. The motivation for our approach and details of implemen-
tation, the characterization and calibration against published velocity dispersion
results compose the bulk of Section 2.9. We then successfully apply our method
to the elliptical galaxy of CFRS03 in Section 2.10. We summarize and discuss the
results from all these sections in the concluding Section 2.11, along with planned

improvements and proposed direction for future observations.

2.2 The gravitational lens, CFRS03

The chosen target for our pilot GMOS-IFU observations was the confirmed grav-
itational lens, CFRS03, (a = 03:02:30.9, 6 = 00:06:02.1), in which a star forming
galaxy at z = 2.94 is gravitationally lensed into an arc of length 3” by a foreground
elliptical galaxy at z = 0.94, as seen in the HST image, Figure 2.1, (Schade et al.,
1995). CFRS03 and another gravitational lens, C'F'RS14.1311, were discovered
serendipitously by Schade et al. (1995) from HST imaging of a set of high redshift
field elliptical galaxies selected from the Canada France Redshift Survey (CFRS)
(Lilly et al., 1995). With follow up CFHT long slit spectroscopy, Crampton et al.
(2002) obtained the redshift of the source and thus confirmed CFRS03 as a bone
fide gravitational lens system; the deflector redshift was already known from the
earlier CFRS MOS observations (Hammer et al., 1995). Pertinent details of the
lens and source gathered from the CFRS MOS spectroscopy, the HST imaging and
the CFHT long slit observations (Schade et al., 1995, Crampton et al., 2002) are

summarized in Table.2.1 for reference.



2. IFU spectroscopy of CFRS03 26

'| ; ] W P
T .;f\l.-:;_.i‘!h_ QA

Do P AL _ Y A T "-L'u- T

Figure 2.1: HST F814W image of our target, CFRS03+1077, showing the gravita-

tionally lensed arc image of a star forming galaxy at z = 2.94 and the foreground
elliptical galaxy at z = 0.94 which is the deflector; three unrelated objects in the
field are also indicated. The likely location of the counter image, as identified with
a lens model by Crampton et al. (2002), is indicated by the yellow circle. The
overplotted GMOS-IFU 3”.5 x 5” field of view (red dashed lines) at the chosen
orientation (PA=270°) clearly covers both the lensed arc and deflector within one

pointing
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Table 2.1: Measured properties of CFRS03+1077

Deflector Source

Elliptical Galaxy Star forming galaxy

Redshift 0.938 Redshift 2.941

Iap 20.36mag i 21.2 mag.arc.sec ™2
Ry o 1.74" Radius 2" 1
Ellipticity 0.67 Length ~ 3"

Photometric, spectroscopic and geometric properties of deflector and lensed source in CFRS03,

summarized from Schade et al. (1995) and Crampton et al. (2002) for reference.

For our pilot IFU observations, we chose CFRS03 based on results from earlier
observations (Hammer et al., 1995, Schade et al., 1995, Crampton et al., 2002)
which showed that the redshift of the lensed galaxy (z = 2.94), its adequate surface
brightness (u; = 21.2 mag.arc.sec™?) and the proximity of the lensed image to the
deflector galaxy (arc radius = 2”.1) made it an ideal test for our observing technique.
In addition, the relative brightness of the elliptical galaxy (i4ap = 20.36 mag) and
the strength of the spectral absorption features were adequate for also measuring its
spatially resolved velocity dispersion, which was the main objective of our observing
program. These objectives and details of the observations are provided in Sections
2.3 and 2.5 following the description of the target in the following paragraphs.

The CFRS MOS spectrum of the deflector, Figure 2.2 (Hammer et al., 1995),
showed an elliptical galaxy at z = 0.938 with a strong 4000A Balmer break and other
spectral features typical of an evolved stellar population. The surface brightness
in the HST image was well fit by a deVaucouleurs R'/* profile, typical of a relaxed
elliptical galaxy (Schade et al., 1995). The CFHT longslit spectrum of the lensed
galaxy, Figure 2.3 (Crampton et al., 2002), showed a typical star forming galaxy at
redshift z = 2.94 4+ 0.008, which was derived by cross correlating against the HST
ultra-violet spectra of two local star burst galaxies. The spectrum showed a deep

Ly, absorption trough typical of a star burst galaxy with a flat continuum and
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Figure 2.2: CFHT-MOS spectrum (with flux [ergs/cm?/s/Hz] and wavelength [A])
of the field elliptical galaxy at z = 0.94, which acts as the deflector in the gravi-
tational lens, CFRS03 (reproduced with permission from Crampton et al. (2002)).
The spectrum was taken as part of the CFRS. The 4000A break and other typical

spectral features of an early type galaxy are indicated.

several nebular and inter-stellar absorption features, principally Si (1393, 1402),
CII (1334), and CIV (1549).

Crampton et al. (2002) used these complementary observations to estimate the
mass of the elliptical galaxy from the observed line of sight velocity dispersion
(LOSVD), which in turn they derived using two independent methods. First, they
used the constraints provided by the positions, orientations and the surface bright-
ness of the lensed arc (along with two likely counter-images) in the HST image, to

reconstruct the lensing geometry and thus obtain the mass distribution from the
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Figure 2.3: CFHT longslit spectrum (with flux [ergs/cm?/s/Hz] and wavelength
[A]) of the star forming galaxy at z = 2.94, which confirmed CFRS03 as a bone
fide gravitational lens (reproduced with permission from Crampton et al. (2002)).
The star burst galaxy template, NGC4214 is shown to highlight the prominent UV

spectral features which confirmed the redshift of the lensed galaxy

best fit lens model. In this, the mass distribution was assumed to be an isother-
mal sphere, thus described by only two parameters, namely the LOSVD, o,,s, and
the core radius, r.; the spherically symmetric mass model was justified in this
case because of the simple lens configuration of an isolated field elliptical galaxy
acting as the deflector. The best fit values for the mass distribution parameters
were 0y, = 387 £ 5kms™! and r. = 2.3kpc in the rest frame of the galaxy. They
compared this mass estimate with the value obtained from the Fundamental Plane
(FP) relations for elliptical galaxies in the local universe. Using the rest frame cen-
tral surface brightness, 1o and the half light radius, R., both measured from the

HST image, and the FP relation for field elliptical galaxies in the local universe,
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(z ~ 0.02), from Jorgensen et al. (1996), they obtained the corresponding LOSVD
as 380 & 60 km s~!, which was consistent with their LOSVD estimate from the lens
model.

However, they point out that if they also took into account the expected dim-
ming of ~ Imag in the luminosity of field ellipticals due to passive evolution from
z = 1 to the present (Schade et al., 1999), the consequent lower py would cor-

1in the FP relation. They use this discrepancy in

respond to a gy, ~ 214kms™
the LOSVD to argue that field elliptical galaxies may have followed very different
evolutionary histories. Their hypothesis runs counter to the passive evolutionary
scenario, and a uniform FP as a consequence, presented by Kochanek et al. (2000)
from their study of 30 lensing galaxies. The principal objective of our GMOS-IFU
program, described in the following section, was therefore to obtain the spatially
resolved LOSVD of the elliptical galaxy from the IFU spectra, constrain the dy-

namical mass and thus address this important question related to the evolution of

elliptical galaxies.

2.3 Objectives of the IFU observations

The science goals of our pilot GMOS-IFU observations focussed on three areas, -1-
Fundamental Plane studies of field elliptical galaxies, -2- evolution of star forming
galaxies at high redshift, (z ~ 3), from spatially resolved spectroscopy of gravita-
tionally lensed images and -3- identification of the positions of the counter images of
the lensed source, which are expected in such a strong lens geometry; the locations
would help constrain the lens model and thus the mass distribution of the CFRS03
gravitational lens system.

Of these, the principal objective was to derive the LOSVD of the elliptical galaxy,
which was the ‘deflector’ in CFRS03 and thus test the hypothesis of Crampton et al.

(2002) that elliptical galaxies may have followed different evolutionary paths in their
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mass assembly than what has been predicted by the Fundamental Plane relation
alone, as explained in Section 2.2.

During these observations, the IFU was oriented so that the lensed arc too was
well within the field of view, as shown in Figure 2.1. The spectrograph, configured
principally for the velocity dispersion measurement of the elliptical galaxy, still
permitted us to obtain the rest-frame UV spectrum (1380 - 2100A) of the lensed
galaxy, with which we aimed to achieve the following objectives related to high

redshift star forming galaxies:

1. measure velocity offsets in the observed stellar absorption lines in different
regions of the lensed image; transform these velocity offsets, indicative of
stellar kinematics, to rest frame values with a lens model and thus estimate

the mass distribution in this high redshift galaxy ,

2. estimate the speed of starburst-induced outflows by comparing the velocity
differences between stellar and interstellar absorption lines and nebular emis-
sion lines (if any are observed); the outflow rates would permit us to estimate

rates of mass loss to the intergalactic medium (IGM),
3. estimate the star formation rate from the strength of the UV continuum, and

4. identify PCygni profiles, which are indicative of the presence of massive stars
(Pettini et al., 2000), and thus constrain the stellar initial mass function, IMF,

in this high redshift galaxy:.

Finally, we also aimed to constrain the location of the counter image(s) of the
lensed source in CFRS03, and thus refine the lens model. Crampton et al. (2002)
had identified two objects seen in the HST image as likely counter images since
they were located within 0”.03 of the positions predicted by their lens model. Our
objective was to confirm this spectroscopically since both candidate counter images

fell within the IFU FOV; the IFU observations would also permit us to identify
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other lensed images by searching for anomalous spectral lines in the spectrum of
the elliptical galaxy but corresponding to the redshift of the source. Identifying
the counter images would add strong constraints on the lens model and thus help

de-lens the image and reconstruct the intrinsic properties of this z ~ 3 galaxy.

2.4 Description of the GMOS-IFU
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Figure 2.4: Constructional details of the GMOS-IFU showing the input pick-off
mirrors, the science and sky fields (within the Enlarger body) and the re-formatted
fibers forming the two pseudo-slits, one on each side of the main body. (Reproduced

with permission from Gemini Telescope Facility)

For our pilot spatially resolved spectroscopy, we utilized the then recently com-
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missioned GMOS-IFU (Aug 2002 - Jan 2003 observing semester) on the Gemini
North telescope. The Integral Field Unit (IFU) provides the added capability of
spatially resolved spectroscopy to the Gemini Multi-Object Spectrograph (GMOS).
The GMOS is the optical imager and spectrograph on the Gemini North and South
telescopes and is designed for broad band and narrow band imaging as well as
longslit and multi-object spectroscopy (MOS). For observing programs requiring
spatially resolved spectroscopy, the IFU is inserted into the incoming light beam
(in the place of a MOS mask) at the front of end of the spectrograph. The design
of the IFU, (see Figure 2.4) uses two pick-off mirrors at the focal plane of the tele-
scope to direct the incoming light beam on to two corresponding rectangular arrays
of lenslets; corresponding bundles of optic fibers behind the lenslet arrays pick up
the light beams and reformat them into two pseudo-longslits for dispersion by the
grating arrangement in the spectrograph (Figure 2.5).

The two arrays contain a total of 1000 lenslets arranged in regular rectangular
grids. The corresponding optic fibers are packed in fiber blocks of 50 fibers each.
The TFU is thus capable of providing 1000 independent spectra with a spatial sam-
pling of 0”.2 from a fixed 5” x 7" patch of sky (called the science field) within
the larger 5.5 x 5’5 field of view of the GMOS. For sky subtraction, a set of 500
fibers, identical to those used for the science field, is arranged to map a 3”.5 x 5”
patch of blank sky, called the sky field, at a distance of 1’ from the science field.
The orientation of the IFU has to be carefully chosen during the preparation of the
observing program to ensure that the sky field is free of faint objects; this is done
using sky catalogs or any available previous imaging. The science and sky fibers
are inter-leaved within the two pseudo-longslits (called blue and red slits, shown
schematically in Figure 2.6) to avoid systematic distortion or losses due to the opti-
cal elements. In the pseudo-slits, the fibers from either two or three science blocks
are bracketed by blocks of sky fibers. With this arrangement of fibers, the dispersed

spectra form two columns of 750 spectra each on the CCD, as seen in Figure 2.7; as
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Figure 2.5: Cross-sectional view of the GMOS-IFU, showing the fiber layout from
the enlarger body to the pseudo-slit (Allington-Smith et al., 2002). The disper-
sion arrangement with the grating and the CCD, both of which form part of the
GMOS spectrograph, are also schematically shown. (Reproduced with permission

from Gemini Telescope Facility)

in the pseudo-slits, the science spectra are bracketed by the sky spectra, thus reduc-
ing instrumental errors in sky subtraction. In the ‘IFU 2-slit’ mode, each spectrum
can use only half the width of the CCD and an order sorting filter is necessary to
avoid spectral overlap. However, when observing small targets, as in the case of
CFRSO03, half the science and sky fields may be masked off at the entrance pupil;
in this ‘IFU 1-slit’ configuration, the science FOV is reduced to 5” x 3"”.5 but the
permitted spectral length on the CCD is consequently doubled. It must be pointed

out that due to the interleaving, adjoining spectra on the CCD may not necessarily
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correspond to contiguous patches on the sky; the reduction pipeline therefore uses

a CCD-to-sky map to reconstruct the observed science field.
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Figure 2.6: Schematic of the mapping of the optic fibers from the input science and
sky fields to the two pseudo-slits of the IFU; highlighted regions show the science
and sky regions used in the 1-slit mode (Reproduced with permission from Gemini

Telescope Facility)

With this design, the [F'U user may access all the grating and filter combinations
available in the GMOS, provided care is taken to avoid spectral overlap while in
the 2-slit mode. The effective width of the IFU pseudo-slits is 0”.31 which gives a
spectral resolution of 1080 to 7100, depending on the chosen grating. A complete
description of the construction of the GMOS and the design characteristics of the
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Figure 2.7: Placement of the 1500 spectra (1000 science + 500 sky) from the 'red’
and the 'blue’ pseudo-slits on the 3-chip GMOS CCD; the chip gaps are also shown.

(Reproduced with permission from Gemini Telescope Facility)

gratings, filters and the CCDs may be found at the Gemini Telescope website *,
from where Figures 2.4 - 2.7 are reproduced. The Gemini reduction pipeline for
GMOS-IFU data and the changes we implemented to improve sky subtraction are

discussed in Section 2.6.

*http://www.gemini.edu/sciops/instruments/gmos/gmosIndex.html
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2.5 GMOS-IFU Observations of CFRS03

The principal focus of our GMOS-IFU observations (Gemini North program GN-
2002B-Q-22, PI D.Crampton) was the elliptical galaxy, as set forth in Section 2.3;
however, the IFU 1-slit field of view was large enough to fit the lensed arc (the
source) completely, see Figure 2.1, thus providing us with data for the additional
science goals related to the lensed star forming galaxy as well.

For the CFRS03 observations we used the GMOS-IFU with the R400 grating
set at central wavelength, A\, = 8630A, and the OG515 order sorting filter with
passband, A\ > 6150A. The chosen grating setting with on-chip 2x spectral binning
provided a spectral resolution, R = 1547 at the central wavelength (corresponding

1'in the rest frame of the elliptical galaxy).

to a velocity resolution of 100 km s~
Eight exposures each of 1800s were taken for a total on-source integration time of
14.4ksec. After the first set of four exposures, the grating was dithered by 50A
to A\e = 8680A to cover the gaps on the three-chip GMOS CCD (seen in Figure
2.7); during each set of four exposures, spatial dithers of 0”.1 in a grid pattern were
used to compensate for the throughput variation across the cross-section of each

fiber. All standard calibrations including observations of the spectro-photometric

flux standard G191B2B were taken.

2.6 IFU data Reduction

Initially we used the standard Gemini GMOS-IFU pipeline to reduce, flux calibrate
and combine the separate science exposures into a single 3D data cube; details of
the steps involved in the reduction process are provided in the following section.
Systematic analysis of the final data cube indicated a higher than expected level of
residuals from the sky subtraction; the assessment methods used and quantitative
values of the residuals are given in the following section. Efficient sky subtraction is

crucial for improved S/N in these spatially resolved, spectroscopic observations of
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low surface brightness targets. Therefore, in order to understand the source of the
residuals and to improve sky subtraction, we systematically characterized the data
reduction process and developed an in-house reduction script, designed to work
in conjunction with the Gemini pipeline. We present the standard Gemini IFU
reductions in the next subsection, followed by a description of the characterization
of the IFU in Sections 2.7.1 - 2.7.3, and then the improvements we incorporated

and the resulting 3D cube in Section 2.7.4.

2.6.1 Gemini IFU pipeline reduction

The Gemini reduction package is a set of Subset Preprocessor (SPP) scripts de-
signed to use available IRAF tasks and work as an external package within IRAF.
Only those tasks related to our reductions are discussed, where necessary; complete
details on the construction and use of the Gemini reduction package may be found
at the Gemini Telescope website .

In the Gemini pipeline, each IF'U science exposure, composed of three individual
FITS extensions for the 3-chip CCD, is bias subtracted, the extensions mosaiced
together and then flat fielded using a calibration flat; the calibration flat is taken
contiguously during night time science observations so that it may be used as a
reference frame to extract the 1D spectrum corresponding to each fiber. Fiber-to-
fiber throughput variations are corrected using a normalized twilight flat. During
extraction of 1D spectra, the five rows on the CCD corresponding to each IFU fiber
are summed together with the option of variance weighting. The extracted spectra
are then wavelength calibrated using a standard calibration arc spectrum. For sky
subtraction, all the spectra from the sky fibers are combined to form a high signal-
to-noise ratio (SNR) master sky spectrum, which is then subtracted from each of
the science spectra. In producing the master spectrum, the user is provided the

choice of discarding one or more columns of sky fibers, if light contamination from

Thttp: //www.gemini.edu/sciops/data/datalR AFIndex.html
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Elliptical Galazy

Figure 2.8: White light image of CFRS03 from the co-added 3D cube from the
Gemini pipeline reductions. The red square indicates the pixel from which the
elliptical galaxy spectrum, Figure 2.9 was taken; similarly the blue square, for the
lensed star forming galaxy, Figure 2.10. Fiber blocks which have been over- and

under-sky subtracted are seen as the dark and bright bands

an unforeseen faint source in the sky field is suspected. The spectra are next flux
calibrated using spectro-photometric standard star observations, if available. The
pseudo-slit-to-sky map for the IFU is then applied to re-arrange the spectra, as
seen on the CCD, into a 3D data cube, in which two spatial dimensions correspond
to the sky positions of the fibers and the third is the spectral direction. Finally,

the 3D cubes from all the science observations are combined to improve the overall
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SNR.

Figure 2.8 shows the white light image from the Gemini pipeline reduction of
the CFRS03 data; the image is made by projecting the co-added 3D cube in the
spectral direction, with each pixel corresponding to a 0”.2 IFU fiber. The locations
of the elliptical galaxy and the lensed arc are visible though not delineated as in the
HST image (Figure 2.1) not only due to the larger IFU pixel size and seeing effects,
but also due to the presence of sky residuals. Spectra extracted from single IFU
pixels from the elliptical galaxy and the arc, indicated by the red and blue squares
in Figure 2.8, are plotted in Figures 2.9 and 2.10 along with the expected 1o noise,
estimated as the Poisson noise in the corresponding pixels prior to sky subtraction.
These two IFU pixels were chosen for illustration since they had the highest flux
in the regions corresponding to the elliptical galaxy and the arc in the white light
image.

The effect of over- or under-sky subtracted residuals in these sky noise dominated
observations is seen in the white light image as bands of dark and white columns
respectively; comparison with the HST image, Figure 2.1, shows that these blank
sky areas should only have residual flux at the level of the sky noise with no features.
These columns of poorly sky subtracted fibers therefore indicate the presence of
some systematic effect along the spatial direction of the CCD, since these contiguous
IF'U pixels correspond to adjacent spectra on the CCD; the IFU fibers are grouped
in blocks of fifty as seen in Figure 2.7. In additiion, the comparison of the elliptical
and arc spectra with their respective sky noise spectra shows not only pixel-to-pixel
variations in the residuals but also a systematic trend in the spectral direction;
this is more clearly seen in the low order continuum fits, shown overplotted in the
respective figures, where high continuum levels coincide with spectral regions of
high sky flux, indicative of the possible presence of scattered light.

In order to quantify sky residuals, we carry out a similar comparison using sky

subtracted sky spectra in the 5 sky blocks; this avoids any contribution from the
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Figure 2.9: Gemini GMOS-IFU pipeline reduced spectrum of the elliptical galaxy at
z=0.94, which is the deflector in CFRS03. The spectrum is extracted from a single
IFU pixel in the co-added 3D cube, marked in Figure 2.8. Overplotted is a low
order continuum fit to illustrate the sky limited nature of these observations, which
therefore need good sky subtraction. The expected noise spectrum is plotted to the
same scale to show that regions of high residuals coincide with spectral regions of

greater sky flux

underlying spectrum of the object being observed. A sample of such an assessment
for the Sky Block I (labeled in Figure 2.6) is shown in Figure 2.11, where the median
of the fifty sky subtracted sky spectra as well as a continuum fit to the median
combined spectrum are compared with the expected noise spectrum (derived from
the same fibers prior to sky subtraction). For this sky block, a systematic over

subtracted trend in the continuum along the spectral direction is seen. In addition,
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Figure 2.10: Gemini GMOS-IFU pipeline reduced spectrum of the lensed star form-
ing galaxy at z=2.94, which is the source in CFRS03. The spectrum is extracted
from a single IFU pixel in the co-added 3D cube, indicated in Figure 2.8; over-
plotted is a low order continuum fit. The expected noise spectrum is plotted to
highlight regions of strong sky residuals and consequent low S/N achieved from

these reductions

Figure 2.12, shows a similar continuum fit to the median combined sky subtracted
sky spectra in all five sky blocks; the arrow indicates their positions along the
CCD (also refer to Figure 2.7). Along with a variation in the spectral direction, a
systematic variation in the residuals along the spatial direction of the CCD is clear.

Expressing the relative sky residual as,
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Figure 2.11: Residual flux after sky subtraction in GMOS-IFU pipeline reductions.
The sample spectrum shown is the median spectrum of the 50 fibers in Sky Block
I after sky subtraction. The expected residual spectrum, which should equal to the

Poisson noise of the sky spectrum, is overplotted to highlight the residuals

where, Fy, and F, are the continuum flux (in ADU) in the sky subtracted sky
spectra and in the corresponding noise spectra, shown in Figure 2.12; neglecting
the contribution from read noise, in the ideal case, this ratio should be 1 and higher
values, > 1, measure the contribution of the sky residuals. For the IFU reductions,
the relative sky residual values are consistently higher, with the maximum residuals
occuring in the fiber blocks, I and J at the top and bottom ends of the CCD; the
median value of the residual, as given by Equation 2.1 is 1.5 for these two blocks
and decreases to 1.1 for the other sky blocks. Of particular note, the spectral region

where the sky residual is high in these spectra coincides with a region of strong sky
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Figure 2.12: Sky residuals measured by sky subtracted sky spectra in the 5 sky fiber
blocks; each spectrum is the median combined sky residual spectrum of a block of 50
fibers. The positions of these blocks in the psuedo-slit and correspondingly on the
CCD are indicated to show the variation of the scattered light in both the spectral

and spatial directions.

lines, which if scattered within the camera will give rise to the strong, featureless
sky residual spectra, seen in Figure 2.12.

In order to assess and correct for these residuals, we first carry out a system-
atic characterization of the IFU in Section 2.7. It must be noted that the 2002B
semester, during which our observations were taken, was the first in which the
GMOS-IFU was available for queue scheduled observations; the characterization
was therefore aimed at improving our understanding of the performance of the IFU

as well as that of the Gemini reduction pipeline. Based on these tests, we have de-
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veloped and applied an improved sky subtraction procedure to the final reductions

described in Section 2.7.4.

2.7 IFU characterization and improved sky sub-
traction

In the IFU reduction process, sky residuals result from three independent, equally
important sources, namely, (i) poor flat fielding, principally inadequate correction
for fiber throughput and illumination variations, (ii) differences in the observed
wavelengths or the widths (FWHM) of night sky emission lines between individual
IFU spectra and (iii) the presence of under- or over- sky subtraction due to scat-
tered light on the CCD. Poor throughput and illumination correction as well as
scattered light affect the residual continuum levels while differences in the observed
characteristics of the sky lines result in narrow residual features. In the following
subsections, we investigate the presence of these three effects individually in the

GMOS IFU and their effect, if any, on the reduction process.

2.7.1 Effect of fiber throughput correction

Optic fiber throughput variations result from differences in their intrinsic material
properties as well as due to mechanical stresses induced by flexure and fiber packing
in the IFU (Barden, 1998). In addition, the placement of the IFU fibers in the
casement, seen in Figure 2.5, results in a non-uniform illumination pattern, and
thus to differences in the observed flux. To measure and compensate for these
unavoidable variations in throughput, the Gemini pipeline uses a calibration twilight
flat field. Twilight flat fields are taken at dawn so that the the IFU is illuminated
with a uniform light source; the grating and filter settings match those of the

observing program for which the flat field is intended. For these twilight flats,
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Figure 2.13: Variation in the throughput and illumination of the IFU fibers mea-
sured as the normalized total flux in the twilight flat fields, as observed (top panel)
and after correction (lower panel). The fiber numbers refer to the order in which
they appear in the pseudo-slit and on the CCD. The flux measurement is done in the
four wavelength bins indicated, to assess any systematic wavelength dependencies;

the plots are offset by 0.1 unit from each other for clarity

after subtracting the bias, the total light throughput from each fiber is measured
by projecting the spectra in the spectral direction and normalizing these total flux
values with their mean or median value. Figure 2.13, (upper panel), shows the
resulting normalized throughput pattern in a typical twilight flat field; in this case,
the normalization is done with the median value. In order to test for wavelength
dependency, we have carried out the comparison in four spectral bins, distributed

from the blue end to the red end in the wavelength range of our observations; the
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four plots are offset by 0.1 unit from each other for clarity. The plots show that
the throughput is lower by ~ 40% for the fibers at the top and bottom ends of the
CCD compared to the median value, with a scatter of ~ 10% around the median
for the other fibers; however, no systematic wavelength dependency is observed.
In order to compensate for this throughput variation, the inverse of the normal-
ized profile, Figure 2.13, is multiplied with the calibration flat field taken with the
science exposure; the calibration flat field corrects pixel-to-pixel sensitivity varia-
tions. This scaled master flat field is used for correcting the science observations
for both sensitivity, fiber throughput and illumination variations. To assess the
efficacy of this correction, we corrected the twilight flat field with the master flat;
the result is shown in the lower panel of Figure 2.13, again estimated in the same
four wavelength bins. The median variation in throughput after correction is < 2%
with even the maximum difference less than 5%. The higher values of relative sky
residuals (> 10%) and the spectral dependency seen in Figure 2.12 indicate that
improper throughput correction makes only a minor contribution, if any, to the sky

residuals.

2.7.2 Spectral line centroid and PSF variations

For effective sky subtraction, the spectrum of the observed object and of the master
sky spectrum should be aligned in wavelength and the widths of corresponding
sky lines in both spectra should be matched (assuming the spectral flux in both
spectra have been matched by the flat fielding, as discussed in Section 2.7.1). Figure
2.14 (upper panel) shows the observed positions of two unsaturated lines in the
calibration arc spectra for the 750 science and sky IFU fibers. The comparison
is shown for two lines, one at the blue end (7272.94A) and the other at the red
end (8667.94A) of the observed range to test for any wavelength dependency; the
plotted ordinate is the relative shift (measured in pixels) of each spectrum measured

with respect to the median value. The shifts are significant and are caused by the
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characteristics of the grating and by the camera optics. The non-linear spectral
shifts are rectified by wavelength calibration using either a calibration arc spectrum
or a set of strong night sky emission lines, if present in the observed spectral range.
For our observations, the presence of these strong atmospheric Meinel bands, seen in
the noise spectrum in Figure 2.11 for example, permitted us to apply and compare
both calibration methods; for calibrating with the night sky lines, the required line
lists were taken from Osterbrock et al. (1996, 1997). We estimate the error in
wavelength calibration using the difference between the nominal and the calibrated
wavelengths of unsaturated lines in a wavelength corrected calibration arc spectrum,;
we carry out this comparison for the two spectral lines chosen. The bottom panel
of Figure 2.14 shows the error, after calibration with the arc spectrum, measured
relative to the nominal central wavelengths indicated. The error for both the blue
and the red lines is < 0.2A; the corresponding velocity error due to wavelength
mismatch, at the central wavelength of 86304, is < 10kms™! at z=0.94. Using the
night sky lines for calibration results in a similar error value. In addition, Figure
2.16 (right panel) shows that the errors in the two lines are not correlated, thus
ruling out systematic spectral trends.

In the case of the IFU, the intrinsic width of a spectral line is further broad-
ened by the characteristics of the optic fiber as well as by the camera optics in the
spectrograph (Barden, 1998). We estimate this instrumental broadening as the full
width at half maximum (FWHM) of a Gaussian profile fitted to an unsaturated
spectral line in the calibration arc spectra which have been wavelength calibrated.
The arc spectral lines may be reasonably assumed to have no intrinsic width, hence
the measured FWHM is solely due to instrumental broadening. Figure 2.15 shows
the measured FWHM for the 750 spectra, measured at 7272.94A and 8667.94A; the
measured median instrumental broadening is 2.4A and no systematic differences
either between the sky and science fibers or in wavelength are seen, as shown by the

scatter in Figure 2.16 (left panel). The measured small errors in wavelength cali-
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Figure 2.14: Measured variations in the positions of the IFU spectra on the GMOS
CCD, compared before and after applying the wavelength calibration. The relative
positions are measured as the centroids of two unsaturated calibration arc lines; the
positions are measured relative to the median value (before correction) and relative
to the wavelength of the spectral lines in a CuAr spectrum used for calibration
(after correction). The ordinate shows the relative positions in units of AA. The
fiber numbers on the abscissa relate to the fiber positions in the pseudo slit and
therefore on the CCD. The plots for the 8667A lines are offset by 5 and by 0.5A

respectively for clarity
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Figure 2.15: Measured variations in the PSF between the IFU fibers measured
using unsaturated calibration arc lines. The measurements are shown for two lines
at 7272.93A and 8668.02A to test for wavelength dependency; the median value at
each wavelength is indicated by the dashed line. The values for the red line are

offset by 0.5 pixel for clarity

bration and PSF indicate that they are not the principal cause of the sky residuals.

2.7.3 Scattered light

In order to estimate possible contamination by scattered light within the GMOS,
we reduce a twilight flat field exposure using the same reduction steps, including
sky subtraction, as used for the science exposures. Since all the IFU fibers in a

twilight flat are exposed to the same uniform light source, this comparison offers a
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Figure 2.16: Correlations between the measured PSF and the variation of spectral
line centroids at a red (8668.02A) and a blue (7272.93A) line to test for systematic

wavelength dependencies in both these quantities.

direct measure of sky residuals due to scattered light in the individual fiber blocks
as well as any systematic trends along the spatial direction of the CCD. In order
to improve the S/N, we median combine the fifty sky subtracted twilight spectra in
each fiber block and then fit a low-order continuum to the median spectrum, since
the scattered light is generally characterized by a slowly varying continuum devoid
of any spectral features. Figure 2.17 shows a smoothed surface fit through all the
continua, arranged in the order in which they appear on the CCD; light and dark
areas in this grey scale image indicate under- and over- subtracted regions due to
the presence of scattered light. Over plotted in the figure is the continuum fit to the
master sky spectrum, which is used for sky subtraction (the median of the spectra
in all the sky fibers); this plot is only used to indicate the shape of the continuum
and highlight regions of high flux; hence the units are arbitrary. The comparison
shows that the region with significant scattered light residuals coincides with the
spectral region of high flux (shown demarcated with vertical lines).

The trend in the scattered light along the spatial direction of the CCD is better
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Figure 2.17: A surface fit to the observed level of scattered light in the GMOS-IFU,
measured in a fully reduced twilight flat spectrum; dark regions indicated over-
subtraction while the white regions show high residuals due to scattered light. The
overplotted spectrum is a continuum fit to the nominal twilight spectrum while the
vertical lines delineate the region used in Figure 2.18 to compare residuals in the

sky and science blocks .

seen in Figure 2.18 (top panel), which is a plot of the median sky residual in each IFU
fiber block, estimated only in the scattered light region marked on Figure 2.17; blue
points refer to sky blocks and red to science blocks with the error bars indicating 1o
scatter for the fifty fibers in each block. The expected Poisson noise in the region
is over plotted for comparison. The trend shows the amount of scattered light is
high on the top and bottom ends of the CCD, which are the I and J sky blocks;

this matches the trend seen in Figure 2.12, thus lending support to the scattered
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light hypothesis. The residuals in both these blocks are ~ 4x the expected residual,
leading to under subtraction in these blocks, while the middle fiber blocks are over
subtracted to the same degree. The presence of scattered light and the resulting
increase in the noise in the science fiber blocks leads to a consequent drop in the

S/N obtained.
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Figure 2.18: The sky residuals in the IFU science and sky blocks before and after
applying the correction for scattered light. For illustration, a sample cubic poly-
nomial, used for scattered light correction, is shown fitted to the median residual
values in the plot. The chained lines indicate the nominal Poisson noise levels in

this spectral region and are shown for comparison with the residual values

Given the diffuse nature of the scattered light, direct modeling and correction
of the sky residual is not feasible. Instead, the strategy we use to correct for this

scattered light is to fit a least squares cubic polynomial to the residual values in
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only the sky blocks along each column of the CCD (perpendicular to the dispersion
direction); the science blocks are not used in this fit since these fibers would normally
have light from the object being observed. The cubic polynomial fit provided the
best compromise between adequately modeling the trend without fitting into noise
features. The correction spectrum for scattered light for each science and sky block,
obtained by interpolation from this fit, is then subtracted from the 50 spectra in
the corresponding block. The median and scatter in the residuals in each block
after applying this correction, shown in the lower panel of Figure 2.18, indicates
that the sky residuals in all the science blocks are within ~ 1.3x the expected noise

(expressed in ADUs) and are more uniform along the CCD.

2.7.4 Scattered light corrected science exposures

The correction method for scattered light, described in Section 2.7.3 is applied to
each science exposure as the final step in the reduction procedure. For this, the
residuals in the sky blocks after sky subtraction, similar to those shown in Figure
2.12, are used for estimating the cubic fits and the scattered light correction spectra.
The individual science exposures are then stacked into 3D cubes, which in turn
are then combined to make final data cube. The white light image, obtained by
projecting the combined 3D data cube in the spectral direction, is shown in Figure
2.19.

On comparison with the white light image from the Gemini pipeline reductions,
(Figure 2.8), the improvement achieved by the correction method we have adopted
for scattered light is clearly noticeable; in both images, the scaling was adjusted
to bring out the features to the best possible extent. It is seen that with the
removal of scattered light from the sky regions surrounding the elliptical galaxy
and the arc, both objects are better delineated ; even the foreground objects seen
in the HST image, Figure 2.1, are resolved. The price we pay for this improvement,

however, is that a fraction of the object continuum flux is also lost due to the
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polynomial fit and subtraction of the residuals; this is seen in the comparison of
the sky subtracted flux in the science blocks in Figure 2.18, Block 11 for example,
before and after correction. In addition, the correction applies only to scattered
light residuals in the continuum, while the narrow sky line residuals from the strong
Meinel bands, which extend redward of ~ 7500A (over half the wavelength range
in our observations) remain as a dominant source of noise in comparison with the
weak absorption features present in the elliptical and arc spectra. The ramifications
of this uncorrected noise on the SNR achievable from such observations, its effect
on the integration time requirements as well as alternate strategies that we propose
are discussed in detail in Section 2.11

In the final data cube, we use spectral cross correlation against standard galaxy
templates to identify the fibers corresponding to the elliptical galaxy and the lensed
high redshift star forming galaxy. The cross correlation is done in Fourier space
with the IRAF task frcor using continuum subtracted IFU and template spectra.
For identifying the elliptical galaxy, the correlation is done using E, SO and Bulge
template spectra from the Kinney catalog, (Kinney et al., 1996), while the six
available star burst templates from the same catalog are used for the lensed source.
An added advantage of using frcor is that the Tonry r-value, which is computed
as part of the correlation process, may be used for weighting individual spectra
during subsequent co-addition; the r-value of the correlation is proportional to the
strength of the correlation peak and the associated SNR in the spectral features
(Tonry and Davis, 1979). Given our science goals, which place more importance
on the SNR in the regions with absorption features than in the overall spectral
continuum, we choose to use the correlation r-value instead of the conventional
scheme with spectral signal-to-noise for weighting during co-addition.

The results from the cross correlation are shown in Figure 2.19 in which the
fibers associated with the elliptical galaxy are marked in red boxes, while the blue

boxes correspond to the lensed source; the regions over which the cross correlation
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Figure 2.19: Projected white light image of the scattered light corrected 3D cube.
Overplotted in red squares are fibers identified by spectral cross correlation as being
associated with the elliptical galaxy; the blue squares indicate the fibers associated
with the lensed star forming galaxy. The fibers on which the cross correlation was

carried out are demarcated in green boxes.

was carried out are demarcated by green boundaries, the regions being chosen based
on the flux (> 40% of the peak flux of the elliptical and lensed SF galaxy). Only
those fibers whose spectra correlate within £0.005 of the published redshifts of the
elliptical galaxy, z = 0.938, and of the lensed galaxy z = 2.94 respectively, and
with r-values > 5 are chosen. For the case of the lensed arc, this stringent selection

chooses only 6 pixels even though several other pixels show comparable flux levels
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in the white light image, Figure 2.19. However, our objective to identify the lensed
counter image by cross correlating the co-added arc spectrum against the elliptical
galaxy spectra and look for correlation peaks from anomalous lines associated with
this star forming galaxy (as explained in the following section). Using a co-added
arc spectrum based on flux levels led to poor results in this cross correlation with no
pattern seen; however, basing the choice on the presence of the absorption features,
which is assured by the strength of the correlation peak and the r-value, gave more
consistent results, shown in Figure 2.22.

The identified spectra are then weighted by their r-values and co-added to make
the final elliptical and star burst galaxy 1D spectra, shown in Figures 2.20 and 2.21,
with their associated sky noise spectra. Typical absorption lines in Elliptical and
star burst galaxy spectra, which provided the strength of the cross correlation, are
marked at their observed wavelengths for reference. From the cross correlation, the
(r-value) weighted mean redshift of the elliptical galaxy is 0.9363+£0.0018 while that
of the lensed galaxy is 2.9429 + 0.0017, with errors computed from the weighted

variance.

2.8 Location of lensed counter image

The size of the field of view of the IFU and the position of the elliptical galaxy
in it, permits us to search for the location of a counter image to the lensed arc.
The lens model developed by Crampton et al. (2002) predicted two likely locations
for the counter image, both of which fell within the IFU FOV. Since the spectrum
of the counter image should match that of the lensed arc, we correlate the co-
added arc spectrum, shown in Figure 2.21, against the spectrum of each IFU fiber
within a select region with a high likelihood of containing the counter image for the
given lens geometry. In order to avoid spurious noise signals, the cross correlation

is done using a 100 pixel window centered on each of the spectral lines marked
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Figure 2.20: Co-added 1D spectrum of the elliptical galaxy, obtained as the weighted
mean of the spectra identified by cross correlation; the r-value is used for weighting
(see §2.7.4 for details). The spectrum has been median smoothed to the spectral
resolution; the associated Poisson noise spectrum, (shown offset by -15ADU for
clarity), highlights spectral lines free of sky noise regions. Overplotted are typical
spectral lines found in elliptical galaxies (strong feature = solid line and labeled;

weak spectral feature = dashed line)

in Figure 2.21; the correlation is done in pixel space using frcor, as described in
Section 2.7.4 and is run for each spectral line separately. For each spectral line,
only fibers which correlate within a pixel of the co-added arc spectrum and whose
correlation strength, given by the r-value, is greater than 10 are selected and the
fiber position with the maximum r-value is identified as the most likely location of

the counter image. The cross correlation is carried out for each of the twelve lines
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Figure 2.21: Co-added 1D spectrum of the star forming galaxy at z=2.94, obtained
as the weighted mean of the spectra identified by cross correlation; the spectrum
has been median smoothed to the spectral resolution; the associated Poisson noise
spectrum, (shown offset by -15ADU for clarity), highlights spectral lines free of sky
noise regions. Overplotted are typical spectral lines found in star burst galaxies
(strong feature = solid line and labeled; weak spectral feature = dashed line); the

identified spectral lines are listed in Table 2.2

available within the observed spectral range, as listed in Table 2.2. On Figure 2.22
the best locations identified for ten spectral lines are shown by the different colored
symbols; two of the spectral lines did not meet the selection criteria. It must be
noted that the locations of two pairs of lines coincided exactly, therefore leaving only
8 distinct symbols seen in the figure. Table 2.2 lists the spectral lines, corresponding

rest frame wavelengths and the best correlation values and corresponding locations.
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The region over which the correlation was carried out is demarcated in green.

Figure 2.22: Likely locations of the counter image identified by cross correlating
the co-added arc spectrum with each fiber spectrum in the region demarcated in
green. The different symbols represent the positions of maximum r-value for each
of the 10 spectral lines which met the selection criteria. The weighted barycenter

of the counter image is denoted by the yellow annular symbol

The locations identified by the 10 lines are then combined using the correspond-
ing r-value as weights; the barycenter of the counter image thus deduced is marked
with a yellow annular symbol in Figure 2.22. The location thus identified coincides
with a small bright region on the periphery of the elliptical galaxy and also with
the likely location of the counter image identified by Crampton et al. (2002) using



2. IFU spectroscopy of CFRS03 61

Table 2.2: Details of spectral lines identified in the lensed counter image

Line Ao TDR X y
A pixel | pixel

Sill | 1526.7066 | 46.8 14 42
Sill* | 1533.4312 | 47.0 14 42
CIV | 1548195 | 22.0 13 46
CIV 1550.77 18.1 16 47
Fell | 1608.4511 | 16.6 13 40
AlIl | 1670.7874 | 37.9 15 38
Nill 1709.6 20.0 10 44
Nill | 1741.549 - - -
Nill 1751.91 18.1 14 46
Sill | 1808.0126 | 20.2 10 44
AL | 1854.7164 - - -
AIIIIL | 1862.7895 | 93.7 19 43
=r, ()b 340.4 | 15.0 | 42.7

List of spectral lines which met the selection criteria for inclusion in the search for the counter
image; their rest frame wavelengths, the maximum r-value of the correlation and the fiber (x,y)
position corresponding to the maximum value are listed; the coordinate origin in Figure 2.22 is
the bottom, left corner. The last row lists the total r-value and the weighted barycenter of the
counter image in pixel (x,y) coordinates. The two spectral lines, which did not meet the selection

criteria are included for completeness, though they are not used for computing the barycenter

their lens model. The implications of this coincidence and the contribution to an

improved lens model are discussed further in the summary of results in Section 2.11.

2.9 Velocity dispersion of deflector galaxy

As stated in Section 2.5, one of our principal objectives was to determine the veloc-
ity dispersion of the elliptical galaxy and thus test whether this galaxy had indeed
followed an evolutionary path different from the Fundamental Plane prediction, as
proposed by (Crampton et al., 2002) from their CFHT long slit spectroscopy. In

addition, given the spatial information from our IFU observations, we aimed to de-
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rive the radial velocity dispersion profile, depending on the S/N achieved in various
radial bins. The velocity profile reflects the total (i.e, dark matter 4+ baryonic) mass
enclosed within a given radius, and would thus provide tight constraints on the 2D
mass distribution of the galaxy and therefore on the lens model..

The observed spectrum of a galaxy is a composite of the intrinsic spectra of its
stellar population, but broadened by the kinematic motion of the stars in the grav-
itational potential of the galaxy (reflected by the velocity dispersion and measured
by the line of sight velocity dispersion, LOSVD) and by the instrumental profile of
the telescope and spectrograph; the intrinsic stellar spectrum is already broadened
by atmospheric effects in each star, such as due to pressure and rotation. Since the
observed absorption lines in the galactic spectrum are well fit by Gaussians, both
the LOSVD and the instrumental broadening are normally modelled as convolu-
tions by Gaussians (Rix and White, 1992); but see Saha and Williams (1994) for a
non-parametric approach. However, in their Fundamental Plane studies of elliptical
galaxies, Kelson et al. (2000) note that deviations from a guassian profile account
for less than 10% variation in the LOSVD.

The basic task may therefore be stated thus: given the observed galaxy spec-
trum, a representative stellar template and a known instrumental broadening func-
tion, one must derive the parameters for the broadening function describing the
LOSVD. Since the first systematic approach by Simkin (1974), several methods
have been proposed for the extraction of both the the bulk velocity (or redshift)
and the velocity dispersion of a galaxy. Earlier methods utilized the computational
advantage of the Fourier domain and Fast Fourier Transforms for the deconvolution,
such as the Direct Quotient method (Sargent et al., 1977), the Fourier Cross Cor-
relation method (Tonry and Davis, 1979) and variations of these basic approaches
(Franx and Illingworth, 1988, Bender, 1990, Statler, 1995). For observed spectra
of low redshift galaxies with S/N ~ 100, the Fourier methods provide an efficient

approach and have found extensive use. However, a significant drawback of Fourier
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based methods is that noisy segments in the observed spectrum are folded into the
Fourier decomposition and there is no straightforward method of masking them.
This is specially important for galaxies at z > 1 for which the absorption lines at
wavelengths redward of the Balmer break (at A = 4000A) normally used for LOSVD
measurements, have been redshifted to the spectral region with strong night sky
emission lines (at A > 75OOA); for such spectra, it would be distinctly advantageous
to be able to mask an absorption line that falls directly on a strong sky emission
feature while using other lines in the spectrum with acceptable S/N values. Other
drawbacks include 'ringing’ either due to the abrupt discontinuities at either end of
the spectrum or other sharp noise features such as residuals from sky subtraction
(see Rucinski (1999) for a more detailed discussion).

The alternate approach is to work in pixel space, which permits direct masking
of noisy spectral regions. Under the assumption that the broadening function has
a parametric form, pixel-space methods use a y? minimisation technique for esti-
mating the parameters (Rix and White, 1992, van der Marel et al., 1994, Gebhardt
et al., 2000, Kelson et al., 2000, Rucinski, 2002, Cappellari and Emsellem, 2004);
the methods differ either in the parametric representation of the broadening func-
tion (Hermite polynomials are included with the Gaussian for complex kinematic
profiles) or in the numerical minimization scheme adopted. Of these different meth-
ods, we have adopted the Singular Value Decomposition (SVD) method, described
in detail by Rucinski (1992) and references therein. The deconvolution is recast as
a series of over-determined linear equations, which the SVD is particularly efficient
in solving. Due to its numerical efficiency for such applications, the SVD algorithm
has been incorporated in many numerical toolboxes including IDL, which we use.
Rucinski et al. (1993), Rucinski (1999) have successfully applied this method to ob-
tain the complex kinematic profiles of contact binaries. A summary of the pertinent
details of the method are given below; a detailed description of the methodology
and a discussion of the advantages of SVD are provided in Rucinski (1992, 1999),
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Press et al. (1992)
The (digital) convolution of a representative stellar template S, by the broad-
ening function, B, to obtain the observed spectrum, P, may be expressed in matrix

form as an over-determined system of linear equations,

[S{B} = {P} (2.2)

The stellar template is assumed to be either a set of single stellar templates each of
high S/N or a linear combination of such templates. The template is redshifted to
the best estimated redshift of the galaxy; corrections to the redshift are obtained
as part of the SVD solution. The templates are resampled to the instrumental
resolution of the spectrograph; the instrumental resolution is determined by fitting
a Gaussian to one or more high S/N but unsaturated emission lines in the cali-
bration arc spectrum. In the matrix representation adopted in our approach, the
length of the observed spectrum, represented by the column vector, P, determines
the number of linear equations, n. The number of spectral pixels, m, required to
adequately sample the LOSVD determines the length of the column vector, B; since
the parameters of the broadening function are unknown apriori, the length has to
be chosen iteratively. For the LOSVD of the elliptical galaxy, we adopt a Gaussian
parametrization. For this parametrization, we find that the solution converges for
a broadening function of 51 pixels or less. With these dimensions for the colunm
vectors, the convolution of the template by the broadening function may be repre-
sented in matrix form as the product of a (m x n) ’design’ matrix, S, by the colunm
vector, B. In the SVD method, the design matrix is then decomposed into a product

of three matrices as

[S] = {UHWHV} (2.3)

in which, U and V7T represent orthonormal basis vectors and W is a diagonal matrix
of weights, (the eigen values), associated with each basis vector. The power of the

SVD comes from this decomposition, which makes it feasible to invert each matrix
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and thus solve directly for the broadening function, B, as,

{B} ={V}W {U}Y'{P} (2.4)

Finally, the parameters of the broadening function are recovered by fitting a Gaus-
sian to the elements of the column vector, B. The LOSVD is the full width at half
maximum (FWHM) of the Gaussian while the centroid and the normalisation pro-
vide the redshift correction, if any, as well as the flux scaling between the template
and the galaxy spectrum. In SVD, as in all other methods, the choice of the stel-
lar template plays a crucial role in the solution. One of the advantages of SVD is
that regions of the template which are devoid of spectral features have correspond-
ingly smaller matrix elements during decomposition and may thus be identified and

exluded (ie, set to zero after inversion).

2.9.1 Implementation of the SVD method

We have implemented the SVD method for velocity dispersion estimation in IDL,
making use of the available toolboxes in this programming environment. For the
stellar templates, we use the publically available templates from the Sloan Digital
Sky Survey (SDSS). The SDSS template set consists of 1D spectra of 32 G and K
gaint stars in M67 observed with a velocity resolution of 90 km s~ *, which matches
the GMOS-IFU resolution for our observations. The typical spectral S/N of these
templates is ~ 100. We test and calibrate our SVD implementation in several steps

as described below.

2.9.2 Effect of the spectral S/N and the Gaussian FWHM

on the recovery efficiency of the SVD method

In order to assess the SVD method’s efficiency in recovering the parameters of the

broadening function at varying spectral S/N levels, we convolve one of the SDSS

thttp://www.sdss.org/dr5 /algorithms /veldisp.html
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stellar templates with a Gaussian, whose FWHM is chosen to correspond to a
realistic velocity dispersion in early type galaxies (in the range 150 — 300 kms™!);
we add Poisson noise to the broadened spectrum to mimic S/N values from 10 -
100 and then test the recovery of the input Gaussian parameters, specifically the
width, o, by the SVD method; the FWHM = 2.350. Table 2.3 lists the parameter
values used in these tests. For each S/N value, we repeat the test with 100 different
realizations of the noise spectrum added to the same broadened object spectrum,
to obtain statistical estimates of the recovery process. The template spectrum used
for the SVD solution is the unbroadened stellar template; we estimate the effect of
using different templates in the recovery in a subsequent test.

The procedure used to test the recovery efficiency of the SVD method is illus-
trated by the four panels in Figure 2.23. Each panel pertains to the trials done
for one of the Gaussian widths; the plots chosen for illustration refer to S/N =
15. In each of the four panels, the upper plot shows the input normalized Gaus-
sian (in red) used as the broadening function. The stellar template is convolved
with the broadening function and then Poisson noise is added to make the observed
spectrum, P, in Equation 2.2. The level of noise added is chosen such that the
spectrum, P, has the required S/N value. Using the unbroadened stellar template
as the template spectrum, S, the Equation 2.2 is solved for the broadening function,
B, using the SVD method. The test is repeated 100 times with a new realization
of the Poisson noise spectrum added to the observed spectrum, P. The overplotted
Gaussians, shown in blue in Figure 2.23, have been generated using the parameters
recovered by the SVD method in these 100 trials done for each S/N value. The
differences between the input Gaussian and the 100 fitted Gaussians are plotted in
the lower panel to show graphically where the main differences between the shapes
of the input and fitted Gaussians lie. The trends seen in these plots are discussed
along with the other results below.

The results from these tests are shown in Figure 2.24 and the numerical values
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Figure 2.23: The four panels show the efficiency of recovery of the Gaussian width by the SVD method; the results
pertain to a S/N of 15 for the four o values used. The lower panels show the error in the fit as the difference between

the input Gaussian and the fitted one
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Figure 2.24: FErrors in the fitted Gaussian width for the four values of o as a
function of the spectral S/N. The left panel shows the effect of decreasing the S/N
for a fixed input Gaussian width. The percentage errors at fixed S/N but with

increasing Gaussian width are shown in the right panel.
summarized in Table 2.3. The error in the SVD fit value is defined as,

error = (Gin = 0it) (%] (2.5)

Oin

The results show that the SVD method recovers the input Gaussian width with
errors < 5% for the range of values of ¢ used in these trials and for S/N > 10;
for lower S/N, the errors are below this margin only for ¢ < 1.6 and then increase
rapidly at higher values. Since the o values used represent the expected range of

LOSVD values for elliptical galaxies, we therefore stipulate a minimum S/N of 12,

erring on the side of caution, for acceptable error margins of < 5%. The increase
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Table 2.3: Gaussian parameters used to test the SVD method and results obtained

oin | FWHM | LOSVD | S/N Ofit Errorl Error2

A A kms~! - A % %
60 1.213 £ 0.004 -1.1
30 1.203 £ 0.007 -0.5

12 2,83 154 15 1.225 £0.061 -0.8 —2.94 £ 0.61
8 1.119 £ 0.07 1,4
60 1.607 £ 0.004 -0.2

X 30 1.589 £+ 0.007 0.7

10 3.77 205 15 1.556 £ 0.029 0.8 —0.09£0.73
8 1.518 £ 0.041 2.7
60 2.017 £ 0.010 -2.0
30 1.984 £ 0.016 2.7

20 4.71 257 15 1.932 £0.021 3.4 —1.314+0.38
8 1.833 £0.025 5.4
60 2.367 + 0.009 0.1
30 2.336 +0.010 5.1

4 5.65 308 15 1.270 £0.012 8.4 4.25+£0.35
8 2.144 +0.019 10.7

List of Gaussian widths used to test the efficiency of recovery of the SVD method at different S/N
values. The LOSVD values corresponding to these input parameters are also given. The fit values
and their corresponding spread (measured as the inter-quartile distance from 100 trials) as well
as the corresponding errors (Errorl) are listed in the next two columns. The final column lists
the bi-weight mean and spread of the errors associated with stellar template mismatch discussed

in Section 2.9.3

in the errors for lower S/N values at any given Gaussian width is as expected.
However, the differences between the input and the fitted Gaussians, seen in Figure
2.23, as well as shown by the trend in errors seen in Figure 2.24, indicate that at
smaller values of o, the SVD method overestimates the width, though the error in
the fit is only < 2% for all the S/N values; with higher values of sigma, the method
underestimates the width and the resulting error is then a function of the S/N,
being < 5% only for S/N > 15%, which is acceptable for our application. Since the

SVD method relies on a direct solution of a system of linear equations without any
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tunable parameters, it may be interesting to investigate the reason for the trend
and correct for it, as part of a future development.

In order to verify that there is no wavelength dependency in the fitted errors,
the upper panels in Figure 2.25 show a 500A spectral region of the input broadened
stellar templates for the four values of o used in these trials (spectra shown in
red); the spectra chosen for these plots pertain to S/N=15. Overplotted in blue are
the 100 fitted spectra, which are the stellar template broadened by the broadening
functions recovered by the SVD solution in the 100 trials; the fitted spectra are
hardly distinguishable from the input spectrum due to the close match. The lower
plots show the differences between the input and the fitted spectra; for ease of
comparison, the units of flux used in both panels are the same. The results support
that there is no wavelength dependency in the fitted errors; trials using other stellar

templates produced similar results.

2.9.3 Effect of stellar templates on the recovery efficiency

of the SVD method

In order to assess the effect of different stellar templates on the recovery efficiency
and to obtain the error introduced due to template mismatch, we run the SVD
method on the broadened stellar template prepared in Section 2.9.2, but use the 31
other SDSS stellar templates to obtain the broadening parameters. The tests are
done for all four Gaussian widths but only for S/N = 15 to obtain an upper bound
on the error introduced; higher values of S/N result in progressively smaller errors
(N.B: the error referred here follows the definition given in Equation 2.5).

Results are shown in Figure 2.26, each panel representing a different value of
o used for broadening. Each point and the associated errors bars represent one of
the SDSS templates. It must be emphasized that no information about the exact
spectral types of the templates is available, and is therefore not used in the SVD

method; the order in which the templates are numbered in the plot is therefore
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Figure 2.26: Plots showing the effect of using different stellar templates on the recov-
ery efficiency of the SVD method and the consequent errors in the fitted Gaussian
width. The test is carried out on the broadened template described in Section 2.9.2

for four different values of o and S/N = 15 to obtain an upper bound on the error.

arbitrary. The trials for each template is repeated 100 times for the different real-
izations of noise, as described in Section 2.9.2 and the mean and IQD values are
derived for each template (indicated by the symmetric error bars). Finally, the bi-
weight mean and spread of the errors from all the templates is used as the measure
of the overall Gaussian width and error; these values are listed in the last column
of Table 2.3.

The effect of template mismatch is more evident for smaller values of o as
indicated by the scatter in the individual values of width as well as the spread in

the associated errors; however, the scatter even for o = 1.2 is less than 1%. The bi-
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weight mean error shows the same increasing trend with increasing Gaussian width,
as discussed in Section 2.9.2 reaching a maximum of 4.2% for ¢ = 2.4, which we

accept as the upper bound on the error due to template mismatch associated with

the SVD method.

2.9.4 Calibration against SDSS velocity dispersion values

Having assessed the intrinsic performance of the SVD method, we then calibrate
it against published velocity dispersion values available at the SDSS on-line galaxy
catalogs. The SDSS catalogs provide velocity dispersion and redshift values, as well
as position and photometric details, of elliptical galaxies with spectroscopic obser-
vations taken as part of the survey; the corresponding spectra and the associated
noise spectra are also available to the public. The SDSS collaboration use both
the Fourier and the Direct fitting methods, described in Section 2.9, to obtain two
independent velocity dispersion estimates, the mean and rms error of which are the
values published in the catalog; their minimum acceptable S/N, determined by cal-
ibration trials, is 12. Since we use the SDSS stellar templates for the SVD method,
the SDSS results provide a robust benchmark of our implementation.

Figure 2.27 illustrates intermediate steps in the implementation of the SVD
method on an observed elliptical galaxy spectrum from SDSS, plotted in the upper
left panel along with the associated noise spectrum. The galaxy used in this trial
is an elliptical galaxy at a redshift, z = 0.284 and with velocity dispersion of 228 +
22kms~!. The corresponding S/N spectrum, median smoothed for clarity, is used
to select the spectral region (S/N > 12) over which to apply the SVD method.
Overplotted are lines representing strong spectral absorption lines taken from the
reference line list available at the SDSS website; the lines have been appropriately
redshifted to match the observed galaxy. It must be mentioned that in an earlier
version of the SVD method, each line was individually fit with the SVD solution
and the biweight mean of the values was taken as the LOSVD of the galaxy. The
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Figure 2.27: The four panels show intermediate steps in the implementation of

the SVD method on observed elliptical galaxy spectra, discussed in Section 2.9.4.

The observed spectrum and the associated noise spectrum (top, left) are used to

compute the median smoothed S/N spectrum (top, right). Overplotted are spectral

lines from the reference line list which lie in the region with S/N higher than the

cutoff, > 12. The lower left panel shows a preliminary estimate of the reduced 2,

with the minimum value providing a first guess for the LOSVD. The continuum

subtracted galaxy spectrum with the broadened template spectrum overplotted is

shown in the lower, right panel
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method worked well for galaxies with strong spectral features matching the line
list but failed on those where several lines were weak or absent. Therefore, in the
current implementation, the complete spectral range above the threshold S/N value
is used.

In our implementation, we have chosen to use each SDSS stellar template inde-
pendently and take the biweight mean of the LOSVD values to represent that of
the galaxy. This choice is based on the uncertainty in knowing the stellar make up
of individual galaxies and thus on the proper weighting scheme to be used to make
a linear combination of stellar templates. Our approach therefore applies equal
weight to all stellar templates.

For each stellar template, we obtain a preliminary estimate of the broadening
parameters using the reduced y? computed for an assumed range of observed ve-
locity dispersions (lower left panel). The estimate is then iteratively refined using
the SVD method within a minimization routine. It must be noted that during this
minimization, we estimate best fit values for the midpoint, scale and the FWHM
of the broadening Gaussian function, as well as error estimates associated with the
minimization of all three parameters. A non-zero value for the fitted mid point indi-
cates the correction to be applied to the assumed value of the redshift. The velocity
dispersion is finally scaled to the rest frame of the galaxy. The lower, right plot in
Figure 2.27 shows the continuum subtracted galaxy spectrum in the spectral range
used for the SVD solution overplotted with one of the stellar templates broadened
using the best fit broadening parameters.

Figure 2.28 shows the LOSVD values and the associated fit errors for this ellip-
tical galaxy derived using the individual stellar templates and the bi-weight mean
and spread (velocity dispersion = 221 4+ 18 kms™!) computed from this set (blue
square). For comparison, the SDSS velocity dispersion value and the error margins
(228 + 22 kms™!) for this galaxy, taken from their catalog, are overplotted (red tri-
angle). The calibration was repeated for a set of 25 elliptical galaxies from the SDSS
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Figure 2.28: Plot showing the individual LOSVD estimates from the SVD method
obtained using each stellar template individually and the bi-weight mean (blue
square) and associated error values derived from them. Overplotted is the LOSVD

and the associated error from the SDSS catalog for this z=0.284 elliptical galaxy.

catalog and the velocity dispersion values matched within the respective errors in
all cases but one (at z=0.36) which had only two spectral lines in the spectral region
above the S/N cutoff (while other galaxies had on average 6 or more lines). This
case underlines the importance of the presence of strong spectral lines for the SVD

method, as it is for any velocity fitting algorithm.
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Figure 2.29: Plot showing the LOSVD estimates and associated errors for the ellip-
tical galaxy in CFRS03, obtained using individual stellar templates; the combined
value and error margin are overplotted (blue square). For comparison, the velocity
dispersion for this system obtained by Treu and Koopmans (2004) from their best

fit lens model and the associated error values are overplotted (red triangle)

2.10 Application of the SVD method to CFRS03

We finally implement the SVD method on the co-added spectrum of the elliptical
galaxy of CFRS03 (Figure 2.20 described in Section 2.7.4). At the redshift of this
galaxy, six strong absorption lines (Ca H, Ca K, SII, Hj, G-band and H~) fall
within the spectral window with S/N > 15. The individual template solutions of

the LOSVD and associated errors are shown in Figure 2.29 with the overall mean
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and error margins (267.5+12.7kms™!) shown by the blue square. We compare our
estimate of the velocity dispersion with the value of 29448 kms~! published in Treu
and Koopmans (2004), which they obtain from their best fit Singular Isothermal
Sphere (SIS) lens model. Even though our spectroscopic estimate of the LOSVD
differs from this model by ~ 10%, both values are more consistent with the veloc-
ity dispersion of a passively evolving galaxy and exclude the higher value derived
by Crampton et al. (2002). These results are discussed further in the conclusions,
which follow in the next section. Finally, the spatially resolved velocity dispersion
measurements for this elliptical galaxy will be carried out along with the develop-

ment of the lens model planned for future work.

2.11 Conclusions

This chapter describes in detail the pilot program applying our observational tech-
nique of IFU spectroscopy of gravitationally lensed systems to study baryonic
physics in high redshift, star forming galaxies with sub-galactic scale resolution.
The program was successfully carried out on the confirmed gravitational lens sys-
tem, CFRS03+41077, using the Gemini GMOS-IFU spectrograph to carry out the
observations. With this work, we achieved two important observational goals: (i)
we tested the feasibility of our approach with a modest 4h observation and (ii) we
gained valuable experience both in data acquisition and in analysis with the then
newly commissioned GMOS-IFU. From the observations, we verified that the 0”.2
IFU fibers adequately sample the median PSF from ground based observations and
provide enough independent spatial elements on the lensed image, as needed for our
spatially resolved investigations.

Pre-processing the observations using the Gemini pipeline resulted in apprecia-
ble residuals after sky subtraction and consequent low SNR for this low surface

brightness target. Therefore, we carried out a series of tests aimed at characteriz-
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ing the performance of the IFU and the efficacy of the data reduction steps, and
thus improve the sky subtraction. The tests indicated significant contamination of
the spectral continuum from scattered light. We have therefore incorporated an
extra step in the Gemini pipeline to estimate and then apply a correction for the
scattered light in the individual IFU fiber blocks. The simple procedure uses the
residual flux in sky fibers after sky subtraction to estimate the level of scattered
light in these fiber blocks; the corresponding amount of scattered light in the science
blocks, which are interleaved with the sky blocks, is then obtained by interpolation.
We assessed the improvement achieved by applying the correction to the processing
of a twilight flat field; since the twilight field exposes all the IFU fibers to a uniform
light source, this test provides a direct estimate of residuals with and without scat-
tered light correction. On average, the sky residuals in the continuum are decreased
by 25% of their levels without correction, with the reduction being ~ 50% in the
extreme cases. In all the fiber blocks, the sky residual levels after correction are
consistent within 10% of the expected Poisson noise level. We have applied this
correction step in the data reduction of all the science observations.

It must be mentioned that due to the design layout of the sky fiber blocks in
the pseudo-slit of the IFU, the correction procedure can only use these 5 regions to
sample and then interpolate for the scattered light level in the 10 science blocks.
The interpolation with a least squares cubic polynomial fit, may therefore leave
some residual scattered light or to the loss of useful signal from the science blocks
along with the scattered light due to overcorrection. The association that is seen
between the spectral region with high flux and the corresponding CCD columns
with scattered light, indicates that the probable cause is reflections within the
GMOS camera or from the CCD. However, due to the complex pattern of the
scattered light from multiple reflections within the camera optics, it is difficult, if
not impossible, to assess the loss of useful flux or to correct for it. We propose two

alternate approaches to overcome this drawback in the developments planned for
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future, which are discussed with the concluding remarks in Chapter 6.

The principal scientific objective for this program was to test the hypothesis
put forth by Crampton et al. (2002) that the elliptical galaxy, which is the deflector
in CFRSO03, has followed an evolutionary path different from that predicted by
the Fundamental Plane model. With IFU spectroscopy, we proposed to verify their
measurement of the LOSVD, which formed the basis for their finding. We developed
a stringent selection procedure with spectroscopic cross correlation to identify fibers
associated with the elliptical galaxy. This approach assured us of identifying only
those fibers in which the spectral features, used for LOSVD measurement had S/N
values > 15. For determining the LOSVD at this SNR value, we adopted a direct
fitting method which permits us to selectively mask out noisy spectral regions, thus
giving a distinctive advantage over the Fourier based methods for this application.
Our method uses x? minimization to determine the parameters of the Gaussian
representing the LOSVD; we employ the SVD method for the solution of the set
of linear equations during the minimization. We have characterized and calibrated
the recovery efficiency of our method using SDSS stellar template spectra as well
as spectra of elliptical galaxies from the SDSS public spectroscopic catalogs, which
have published velocity dispersions. Our calibrations indicate that our SVD method
is able to recover the LOSVD in the typical velocity range observed in elliptical
galaxies with errors < 5% from spectra with SNR > 15 in the spectral regions used
for the velocity measurement; it is for this reason that we adopted the spectral
cross correlation method to identify the fibers instead of the conventional S/N in
the continuum. We have assessed that the error introduced by mismatched stellar
templates is ~ 2%, with the error being < 5% even in the worst case; these levels of
error are reported by the SDSS for their measurement methods. In our comparison
with 25 published SDSS velocity dispersion measurements, the SVD values matched
24 within the associated error bars; the spectrum of the galaxy for which the values

did not match, had only two spectral features with adequate SNR for LOSVD fitting
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(compared to 6 or more features in all the other spectra with successful matches);
this is the likely reason for the difference in the velocities determined for this one
case by the SDSS and the SVD methods.

We have used the SVD method to determine the LOSVD of the elliptical galaxy
in CFRS03 as 267.5 & 12.7kms™!. Our velocity differs by over 50 from the value
of 380kms™! determined by Crampton et al. (2002), thus arguing against their
hypothesis. Our velocity determination is more consistent with the estimate of
294kms~! by Treu and Koopmans (2004), with both results supporting the passive
evolution of elliptical galaxies predicted by the Fundamental Plane model. Using
the spatial resolution offered by the IFU observations, we plan to extract a radial
velocity dispersion of this elliptical galaxy and thus estimate its dynamical mass
distribution. This will form part of the work on building lens models for the systems
we have observed, including those described in Chapters 4 and 5, and is discussed
in the overall thesis summary in Chapter 6.

Even though these observations were tuned primarily for the LOSVD of the
elliptical galaxy, the presence of the lensed arc within the IFU FOV encouraged
us to attempt spatially resolved observations of this z = 2.94 galaxy, which if
successful,would be a redshift milestone for such observations. However, the spectral
S/N per IFU pixel, even with the improvements incorporated in the data reduction,
was of order ~ 1 from the 4h of integration, and attempts to measure velocity offsets
between different regions in the lensed image using the weak absorption features in
the rest frame UV spectral region, gave inconclusive results.

As a positive outcome, however, the coadded arc spectrum, constructed using the
spectral cross correlation technique we developed for these observations, permitted
us to identify the location of the lensed counter image. This location matches a
bright feature seen on the periphery of the elliptical galaxy in the HST image and
falls close to the likely position proposed by Crampton et al. (2002) using their

lens model. The location of the counter image provides an additional and strong
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constraint for the development of the lens model.

Finally, this experience with IFU observations of a low surface brightness tar-
get (~ 22mag.arc.sec™?) has helped us assess the integration time requirements for
similar observations; the S/N of ~ 1 per spatial element from the 4h integration
time corresponds to ~ 25h per lensed galaxy to reach even the minimum S/N ~ 5
to measure velocity offsets between the (absorption) lines. However, the success-
ful results from a similar observation by Swinbank et al. (2003) using the strong
[OH]3727A emission line on a z=1.034 lensed star forming galaxy using the same
instrumentation, the GMOS-IFU, with 5h integration time, clearly highlights the
feasibility of this technique - the presence of a strong emission line is tantamount
to success at the current state of fiber optic and IFU technology. This equates to
an upper bound on the accessible redshift as < 1.5 for GMOS IFU observations.

The key challenge at present is to increase the sample size of lensed star form-
ing galaxies in this redshift interval with sufficient surface brightness for spatially
resolved observations. Chapters 3 and 4 describe the progress we have achieved
in identifying and confirming suitable gravitational lenses using the CFHT Legacy

Wide survey imaging data.



Chapter 3
Search for lensing

galazxy groups and

clusters in

CEFHTLS-Wide

3.1 Introduction

Recent observational results have clearly shown that baryon physics play a key
role in galaxy evolution though our understanding of these potentially complex
processes is far from complete. Detailed observations of such processes at work in
individual low mass galaxies - principal star formers at all redshifts - are therefore a
pressing requirement. Spatially resolved observations (spectroscopy and multi-color
imaging) of the stellar and gaseous components will provide answers to the many
fundamental questions discussed in detail in Chapter.1.2.1.

Toward this end, we have devised an observational approach using gravitational
lensing combined with IFU spectroscopy for sub-galactic scale observations of high
redshift galaxies. Results from our pilot study of CFRS03, described in Chapter
2, have shown the viability of this method for emission line galaxies at redshifts
up to z ~ 1.5; the accessible redshift range for such studies may be extended in
the near future with advances in instrumentation. Our conclusions from this pilot

study are fully supported by results from other successful studies in the published
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literature (Swinbank et al., 2003, 2006, 2007) using the same technique. The success
of such studies have depended on two key observational features: (1) gravitational
lensing, which conserves the surface brightness of these high redshift objects, and
(2) the presence of bright emission lines for adequate spectral S/N. Consequently,
the number of such detailed observations have been limited mainly due to the lack
of a significant sample of bright, lensed galaxies to carry out these investigations.

Our first goal therefore is to build a catalog of confirmed lensed, emission line
galaxies within the appropriate redshift interval, (z < 1.5) and with adequate sur-
face brightness, (u; < 23 mag.arc.sec™2), for follow-up IFU observations. These con-
straints are solely for observational reasons: for (z < 1.5), the redshifted [OI1]3727A
emission line, expected to be strong in star forming galaxies (and is therefore used
as a star formation rate calibrator (Kennicutt, 1998)), falls within the accessible
wavelength range of the GMOS. The surface brightness value is chosen to provide
a S/N ~ 5 per IFU pixel in the [OII] emission line at z ~ 1.5 even with a moderate
exposure time (~ 5h), as calculated using the Gemini GMOS-IFU Integration Time
Calculator *; this S/N is adequate for our science goals,

The extensive imaging data from the Canada France Hawaii Telescope Legacy
Survey (CFHTLS) offers a suitable dataset in which to carry out our search. In
particular, we have chosen the Wide component (CFHTLS-W) with a sky coverage
of 195 square degrees and have designed our search strategy specifically to work
with the multi-filter (g,r and i minimum) and deep (i45 < 24.0 mag) photometric
data from this ongoing survey; pertinent details of this survey are given in Section
3.2.

In this search for lenses in a wide field imaging survey, we narrow the search
area first by detecting galaxy clusters and then carry out a dedicated search for
strong lens images in these cluster regions. The rationale for this approach is

that the large mass concentrations in clusters (M > 10'* M) lead to significant

*http://www.gemini.edu/sciops/instruments/itc/ITCgmos.html
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lensing cross sections and therefore a high likelihood of lensing background objects
(Kochanek et al., 2004). An order of magnitude estimate of their lensing cross
section may be used to illustrate this; Appendix A contains a description of the
geometry and relevant equations used. The deflection angle, «, in gravitational
lensing depends on the local surface mass density, ¥, (Eqn. A.6), which is the
projection of the three dimensional mass distribution on to the lensing plane. In
this discussion, mass refers to the total dark matter and baryonic mass; and of
this, the 80% dark matter content (WMAP 5 year results, Komatsu et al. (2008))
is expected to be the principal component. On the lensing plane, strong lensing,
in which the background source is distorted to form multiple images, may only
occur in regions where the surface mass density exceeds a critical value, .., (Eqn.
A.10). This is the case for all points within the Einstein angle, 6z, (Eqn. A.5) or
the equivalent projected Einstein radius, Rg; both quantities are functions only of
the enclosed mass for given source and deflector redshifts Therefore, the Einstein
angle or radius offer a direct scale of comparision of strong lensing cross sections of
different mass distributions. For a galaxy cluster, with (M > 10 M) at a redshift
of 0.5, the Einstein angle is of order 10”7, when the background galaxy is at z = 1.2;
we assume a centrally concentrated mass distribution for simplicity, noting that a
more realistic mass parametrization leads to an Einstein angle of the similar size.
Since the Einstein angle scales as the square root of the total mass,(Eqn. A.5), the
Og for a cluster is 10 times larger than that of even a massive field galaxy with
mass, M ~ 10'2 M; this corresponds to an increase of two orders of magnitude in
the lensing cross section and therefore a similar boost in the likelihood of lensing
background galaxies with a given volume density and distribution with redshift.
In addition, centrally concentrated clusters lead to higher magnification of the
lensed images, and can produce giant arcs of length ~10”. Due to the large image
radius, the lensed arc is also well separated from the brightness of the central

galaxies, which dominate the core of clusters. With the modern 8m class ground
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based telescopes, the arcs are marginally resolved along the minor axis, normally in
the radial direction. The resulting surface area of these giant arcs combined with
the surface brightness, which is conserved by gravitational lensing even for a high
redshift source, provide the magnification boost to carry out spatially resolved IFU
spectroscopy.

Therefore, we have chosen to search for giant arcs around galaxy clusters as a
first step in constructing this catalog of lensed galaxies. We do accept that our
present technique is not tuned for the detection of galaxy-galaxy lenses, similar
to CFRS03. However, this work is being done as part of a larger, international
collaboration, the Strong Lensing Legacy Survey, (SL2S). Within our collaboration,
a sub-group is working on the detection and follow-up of galaxy scale lenses in the
CFHTLS-Wide. Our cluster scale sample will therefore form a good complement
to their work.

To summarize, we have adopted a three-step process to compile the catalog of

lensing galaxy clusters from the CFHTLS-W photometric data:

e first, we detect galaxy groups and clusters with an efficient search method

which uses the color and position information available for each Wide Field;

e second, within a pre-defined aperture around each detected group or cluster,

we use a search algorithm tuned to identify arc-like objects;

e finally, we prioritize each detection by visual inspection, in conjunction with
photometric redshift estimates based on available colors. Final spectroscopic
confirmation is achieved with follow-up longslit or multi-slit (MOS) observa-

tions.

This chapter is devoted to a description of our cluster detection method, the
tests for selection function, completeness and contamination and the resulting clus-
ter catalog. The arc detection method and results from the longslit and MOS

observations to confirm lensed galaxy candidates follow in Chapter 4. We begin in
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Section 3.2 with a summary of pertinent details of the CFHTLS-W, the data set on
which we carry out our search. Next, in order to explain the motivation behind the
design of our cluster detection method, we review various published methods based
upon optical data in Section 3.3. The strengths and limitations of each method and
its applicability to the CFHTLS-W data are pointed out. We introduce our cluster
detection method in Section 3.4, highlighting its relevance and specific advantages
for this particular photometric data. The Monte-Carlo simulations we have used
to test the selection bias, completeness and false detection rate of our detection
algorithm are described in Section 3.5. In Sections 3.6 and 3.7, we present our
cluster catalogs, categorized into high, medium and low quality based on the detec-
tion likelihood. As a comparison with other cluster detection methods applied to
the CFHTLS observations, we apply our method to the XMM-LSS clusters (Pierre
et al., 2007), and the candidate clusters in the Matched Filter catalog (Olsen et al.,
2007). We conclude the chapter in 3.8 with a discussion of these comparisons, an

outline of improvements in progress and future plans.

3.2 The CFHTLS-Wide survey

The soon to be completed CFHTLS photometric survey is an open collaboration
between the Canadian and French astro-communities and is being carried out at the
Canada-France-Hawaii 4m telescope on Mauna Kea, Hawaii. The survey is designed
around the wide field imager, MegaPrime, at the heart of which is MegaCam, a
thirty six CCD camera with 1 square degree field of view. CFHTLS is designed to
address various cosmological as well as galactic science goals for which it has been
granted 450 nights of observing time spread over 5 years (2003 - 2008). This section
summarizes the survey parameters for the Wide component of the survey which is

relevant to our work. Further details of the survey as well as the sky locations of
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the survey fields may be found at the CFHTLS webpage .

The principal goal of the Wide survey is to map structure formation in the
universe using cosmological weak lensing. To accomplish this, the survey will map
195 square degrees in 4 different sky patches (W1, W2, W3 and W4) to a depth of
i" < 24.5mag. All the fields in the survey area will eventually be imaged in the full
five filter u*g'r’i’z’ set, closely matching the Sloan filters. The fields are initially
observed with only the ¢'r'7’ filters with seeing better than 07.9; imaging with the
u* and 2’ filters as well as re-imaging with the 1’ are done later during a second pass
through each Wide field. As of July 2008, the areal coverage (in square degrees) in
the gri filters completed in the four fields are W1(44), W2(20), W3(41) and W4(16);
the field-to-field variation in the total integration time in the different filters will be
evened out as the survey proceeds toward completion.

Our principal objective is to discover a large sample of clusters at redshifts < 0.8,
which have a high likelihood for lensing emission line galaxies in the redshift range
of interest to our IFU survey (1. < z < 1.5). The CFHTLS-Wide survey with

its extensive sky coverage, adequate imaging depth and a minimum of three filter

passbands provides a rich data set for which we tune our detection algorithm.

3.3 Review of cluster detection methods

From as early as 1937, following Zwicky’s insightful prediction of the presence of
dark matter deduced from observations of the Coma Cluster (Zwicky, 1937), galaxy
clusters have been recognised as valuable probes of large scale structure formation
in the universe as well as laboratories for studying galaxy evolution. Catalogs of
clusters at ever increasing redshifts needed for such studies therefore continue to
be published, each using innovative detection techniques that have kept pace with

the advances in observational technology. Pioneering work in optical detection of

Thttp:/ /www.ctht.hawaii.edu/Science/ CFHLS/
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clusters was carried out by George Abell (Abell catalog, (Abell, 1958)) and by Fritz
Zwicky (Clusters of Galaxies catalog, (Zwicky et al., 1968)), both catalogs being
based on meticulous visual examination of photographic plates with quantitative
selection criteria. These methods have since been superseded by automated meth-
ods applied to digital data from CCD cameras, especially data from recent large
surveys such as the Sloan Digital Sky Survey (SDSS) as well as surveys using large
format CCDs such as the MegaCam on the CFHT; these automated methods form
the core of this review. In addition, cluster catalogs are also constructed with de-
tections at other wavelengths, such as in X-rays emitted by the hot gas trapped in
the deep gravitational potential of clusters (e.g. Pacaud et al. (2007)), as well as in
microwave wavelengths from inverse Compton scattering of the Cosmic Microwave
Background radiation by the hot electrons in the intracluster medium, termed the
thermal Sunyaev-Zel'dovich effect (LaRoque et al., 2003); however, this review fo-
cusses only on optical methods in keeping with the nature of our detection scheme.

Optical detection methods aim to identify the member galaxies of the clusters,
utilizing one or more of their properties observed uniquely in the cluster environment
to isolate them from their field counter parts. For the sake of completeness therefore,
we first describe these defining properties of cluster members in optical observations,

highlighting those which are particularly relevant to our detection scheme.

3.3.1 Optical properties of clusters

Clusters reside at the high mass end (M ~ 10* M) of virialised structures in the
universe. In the hierarchical ACDM structure formation paradigm, clusters occur at
the nodes of the mass filaments where they accrete infalling galaxies and gas in the
inter-cluster medium. Dark Matter is the principal contributor ( 85%) to the mass
budget of a cluster while hot gas, observed in X-rays, is typically (10%) with the
visible galaxies making up the remaining (5%) only (Voit, 2005). In optical surveys

however, it is the enhanced density of galaxies that is the most visible marker of
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the presence of a cluster. A rich cluster like Coma contains over 3000 galaxies
(with r < 20mag) within a radius of ~ 1Mpc (corresponding to a volume density of
~ 1000M pc—?) (Komiyama et al., 2002), while even the much smaller Fornax cluster
has a galaxy density of ~ 500Mpc in its central 0.25Mpc (Ferguson, 1989); these
greatly enhanced galaxy densities stand out in sharp contrast, as seen in Figure 3.1,
against the number density of field galaxies which yeilds only one bright L* galaxy
within a volume of ~ 100Mpc3, based on the normalisation of the observed field
galaxy Luminosity Function (Fried et al., 2001); the galaxy density enhancement

between cluster and field environments is therefore 3-4 dex.

- KLSSCO13
. z=03
. .

Figure 3.1: RGB color image of confirmed Xray cluster, XLLSSCO013, at redshift 0.31
from the XMM-LSS cluster surey (Pierre et al., 2007). Red square marks the center

of Xray emission and the yellow circle shows the inner 0.5Mpc

This contrast between the galaxy densities in cluster versus field enviroments

is futher enhanced by the ‘Morphology - Density’, (1" — X) relation, first observed
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by Dressler (1980) in a sample of 55 rich clusters. The study showed that there
was an increasing fraction of early type E4SO galaxies in the higher density cores
of these low redshift clusters while the late type galaxies were preferentially found
in lower density environments. This enhancement of the (E+4S0) population in
the cluster core is clearly seen in Figure.3.2, which shows the 15 spectroscopically
confirmed early type members of the X-ray cluster, XLSSC013, at z = 0.31, from
the XMM-LSS cluster survey (Willis et al., 2005). This radial trend of galaxy
morphology in cluster environments has since been verified by several studies for
low and intermediate redshifts (see for example Helsdon and Ponman (2003) and
references therein). Recently, Smith et al. (2005b) have confirmed that this higher
E+S0 fraction was in place even by z = 1; however, they find an evolution in the
(T' — X)) relation, with the fraction, f(gis0) = 0.7 being lower at z = 1 compared
to the value of 0.9 observed in the local universe. This evolution in the E+S0
fraction is consistent with the ‘Butcher-Oemler’ effect (Butcher and Oemler, 1984)
in which high redshift clusters are observed to have an excess of blue galaxies in
their cores, indicative of ongoing star formation, compared to their low redshift
counterparts. The Butcher-Oemler effect, also termed the ‘Star Formation Rate -
Density’, (SF R—X) relation, is measured as an increase in the blue fraction, f, with
redshift, and has been observationally validated using a variety of star formation
indicators by several studies (see for example Gerke et al. (2007) and references
therein). In their DEEP2 survey, Gerke et al. (2007) also find that at a given
redshift, the more luminous galaxies are preferentially red and that richer clusters
have a lower f;,.

Combining the two effects, there is a higher density of E4-S0 galaxies in the cores
of clusters compared to the field and the color of these galaxies evolves toward the
red with cosmic time. Several mechanisms have been put forth as being responsible
for this morphology transformation and color evolution in cluster enviromments

though a fully consistent picture has not been agreed upon yet. Gerke et al. (2007)
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Figure 3.2: Spectroscopically confirmed early type (E+S0) member galaxies (ma-
roon circles) and the BCG (red circle) of XLSSCO013 within the inner 0.5Mpc (green
circle) core of Xray cluster XLSSC013. This central enhancement in the population
of luminous, early type galaxies highlights the Morphology-Density relation for this
cluster at z = 0.31

point out that though the effects may be related, the mechanisms responsible for late
to early type morphology transformation may be different from those responsible
for quenching star formation and leading to the color evolution. Though a full
summary of this interesting and ongoing debate is beyond the scope of this work,
for cluster detection using photometric data, which is our focus, the clustering of
early type galaxies offers a consistent and easily detectable signal.

In addition to their physical clustering, the (E4S0) galaxy population in a clus-
ter, especially those within the central core regions, have been observed to possess

a strong correlation between color and absolute magnitude. This Color-Magnitude
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Relation (CMR) is seen as a tight ridge, the ‘Red Sequence’ (Gladders and Yee,
2000), which extends over several magnitudes with small scatter (< 0.1mag) in a
color-magnitude diagram (CMD). In addition, brighter, and hence more massive
galaxies (assuming a simple mass-to-light ratio), are observed to have redder colors
than less massive ones, which therefore leads to a small slope of ~ 0.1 mag/mag
in this color sequence (Kodama et al., 1998). For illustration, the Red Sequence
of XLSSC013 is shown in Figure 3.3; the confirmed cluster members (red dots)
lie along the red sequence defined by the bright central galaxy, BCG, indicated by
the black square, thus distinguishing them from the field galaxy population (black
dots) in a rest frame 1Mpc aperture centered on the cluster; shown in blue dots are
the candidate cluster members identified by our cluster detection algorithm, which
is described in detail in Section 3.4.

de Vaucouleurs (1961) first noted the existence of the correlation between the
absolute magnitude and the ultra-violet colors of E+S0 galaxies in a survey of 148
galaxies. Visvanathan and Sandage (1977) confirmed the existence of the CMR
with a systematic comparison of Virgo with eight other low redshift clusters, and
also measured a uniform slope of 0.lmag/mag in all these clusters. With a similar
comparison of the Virgo and Coma clusters, Bower et al. (1992) proposed that the
homogeneity in the observed colors of early type members in clusters at similar
redshift and the observed evolution in the slope of the CMR could be used as a
cosmological distance indicator, as indicated earlier by Visvanathan and Sandage
(1977) . The correlation has since then been well tested in clusters at increasing
redshifts up to z < 1.5 (e.g. (Stanford et al., 1998, Kodama et al., 1998, Blakeslee
et al., 2003, De Lucia et al., 2007)); recent results using near infra-red observations
indicate that the CMR may have already been in place in proto-clusters as early as
z ~ 3 (Kodama et al., 2007).

From this general body of work, there is consensus that the observed tight red

sequence indicates that the stellar populations in cluster ellipticals are homoge-
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CMD of XLSSC013
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Figure 3.3: Color-magnitude diagram of confirmed X-ray cluster, XLSSC013 at z =
0.31, showing the Red Sequence of confirmed early type (E+4S0) cluster members
(Cluster BGs, red dots) defined by the BCG (demarcated in a black square). The
two lines define the color cuts we use for selecting likely cluster members (blue
dots) in our cluster detection algorithm, described in Section 3.4. The field galaxies

within the detection aperture are shown as black dots

neous, formed very early (z >> 1) and have been passively evolving since then. In
addition, the evidence clearly shows that the CMR is universal, being present even
in poor clusters and is also identical in zero point and slope -within photometric
uncertainties- in any two clusters at the same redshift. The measured intrinsic scat-
ter of only a few centimags may indicate that star formation in all these galaxies
happened in a single burst and was subsequently quenched in the cluster environ-

ment (Kodama and Bower, 2003, Kodama et al., 1998), which is expected in the
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monolithic collapse model for elliptical galaxies (Eggen et al., 1962); however, De
Lucia et al. (2006), Kauffmann and Charlot (1998) argue that the correlation may
also be reproduced using the hierarchical assembly scenario of A-CDM cosmology.
On a related question, Kodama et al. (1999) also show that the slope of the CMR
is primarily a metallicity effect and not due to age (the deeper potential wells of
more massive galaxies retain the metals from the initial burst of star formation
while galactic winds drive them out of the less massive ones); recent work (e.g.
(Brough et al., 2007, de Rossi et al., 2007)) challenge this simple interpretation ar-
guing that the star formation in cluster ellipticals is more complex than the single
burst model and that the slope arises due to a combination of metallicity and age
effects. Though further discussion on this interesting question is outside the scope
of this review, it is important to summarize the following properties since they are

key to our cluster detection method:
e There is a higher density of early type E+S0 galaxies in the cores of clusters

e These (E+S0) galaxies have old, quiescent stellar populations (formation red-

shift z >> 1) which show no evidence of recent or ongoing star formation

e Due to the single burst of star formation followed by passive evolution, the
(E4S0) cluster galaxies have homogeneous colors; due to their very early
formation epoch, these stellar populations have redder optical rest frame colors

than those in any other galaxy at the same redshift.

e The color clustering is universal and is found even in poor clusters; the scatter

in color in any cluster is very small (typically a few centimags)

e Due to the increasing star formation rates in this cluster core (E+S0) popu-
lation with redshift, there is a color evolution toward blue at earlier cosmic

times
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e However, the CMR in two clusters at the same redshift match in zero point
and slope within photometric uncertainties (and hence may be calibrated to

be redshift indicators).

e Due to luminosity segregation, the galaxies at the cluster core are brighter
than those at greater distances from the center, thus making their detection

easier.

Given these strong observational results, we have chosen to focus on this position
and multi-color clustering of the (E+S0) cluster members for efficiently identify-
ing clusters from the field galaxy population in the available multi-color optical

photometric data.

3.3.2 1D methods

In this review, a detection method which uses only a single cluster property for
detection, is referred to as a 1D method; 2D and higher dimensional algorithms are
those that use correspondingly more properties. The most basic property of a cluster
is the physical clustering of galaxies (as seen in projection on an image, without any
redshift information). This is reflected as an enhancement in the density of galaxies
per unit area compared to the statistical value for field galaxies. Used by both
Abell (1958) and Zwicky et al. (1968) for visual detection of clusters, this enhanced
galaxy density was used in the automated Counts in Cells method by Lidman and
Peterson (1996). For the moderately deep, single filter data (I < 22.5mag) from
their Anglo-Australian Telescope survey, Lidman and Peterson (1996) computed
the contrast between the galaxy density in cells over the field value and detected
clusters as enhancements above a threshold value. To avoid spurious noise peaks,
they used the Schechter luminosity function to weight their detections. From the
13 square degrees of survey area, they detected 105 cluster candidates.

The count in cells method is well suited to single filter data, is easy to implement
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and needs only low computational power (though this may not be a major advantage
at present). However, the binning of the data leads not only to a loss of information
but also dependency of the detected structures on the bin size chosen. An additional,
and more serious, drawback is contamination due to projection effects since the
method relies entirely on galaxy positions in the 2D plane of the sky. Moreover,
this method does not utilize any color information, even when available, and so is
a poor choice for the multi-color CFHTLS data.

Vornoi Tessellation, (VT), first proposed by Ebeling and Wiedenmann (1993)
for source detection in images and later extended for cluster detection by Kim et al.
(2002), Ramella et al. (2001), is an allied method, which enhances and detects the
clustering density of galaxies. In this two-step method, all the sources (galaxies)
in the detection image are first demarcated into contiguous Vornoi polygons, the
area of each being an inverse measure of the local galaxy density. A percolation
algorithm, such as the ‘Friends-of-friends’, (Huchra and Geller, 1982) is then used
to detect associated peaks from this density map. VT retains all the advantages
of the Count in Cell method while overcoming the disadvantage due to binning.
However, the method is still prone to projection effects and is also not designed to

include available color information, as in the CFHTLS.

3.3.3 2D methods

A powerful generalization of the simple count in cells was implemented by Post-
man et al. (1996) in the Matched Filter (MF) method. The contrast in this case is
obtained by applying a filter which combines the expected (Schechter) luminosity
function of cluster members as well as their radial (circularly symmetric) distribu-
tion. In this method clusters are detected as enhancements in the resulting density
map. The method was first applied to 5 square degrees in the Palomar Distant
Cluster Survey with a resulting catalog of 79 cluster candidates in the redshift in-

terval z < 1.2. In a more recent application of the MF method, Olsen et al. (2007)
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have used it on the 4 square degrees of CFHTLS-Deep fields to produce a catalog
of 162 clusters complete to z ~ 0.7. This catalog provides a test set against which
we may compare our detection method and we discuss results from this comparison
in Section.3.6.

In the Matched Filter method, the reliance on an ‘ideal’ cluster model is both
the strength and the drawback. By fitting a fiducial cluster model to the data,
the method derives important cluster parameters, such as the richness and redshift,
as part of the detection process. The method is ideal for deep, single filter data
and can be tuned for different cluster models. At the same time however, the
dependency on a cluster model biases the method against clusters which do not
fit the assumed profile. This drawback becomes greater at higher redshifts, where
the higher merger rates produce significant differences among clusters (Cohn and
White, 2005). In addition, this method too is prone to projection effects since it
fits all galaxies, including projected field galaxies, that lie within the aperture to
the assumed cluster model.

This model dependence may be reduced by searching for clusters entirely in
color space by using the Red Sequence of the (E+S0) cluster members, discussed in
Section. 3.3.1. First proposed by Gladders and Yee (2000) in the Cluster Red Se-
quence (CRS) method, this approach comes with two major strengths: (i) by using
color, it effectively reduces foreground and background contamination independent
of the redshift of the putative cluster and (ii) it does not rely on an ’ideal’ model
for the radial distribution of the cluster members as the Matched Filter method
does, thus reducing the selection bias. However, such methods need imaging in at
least two filters for the necessary color information, which may not be the case in
all surveys.

First results from their ongoing ‘Red Sequence Cluster Survey’ show 429 can-
didate clusters from nearly 10 square degrees (Gladders and Yee, 2005). By fitting
a slope to the CMR (described in Section 3.3.1), and using the color evolution of
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elliptical galaxies, the CRS method also derives the likely redshift of the detections;
of the candidates in their first results, 67 lie in the redshift interval (0.9 < z < 1.4).
In an associated publication, which is of relevance to our search for lensing clusters,
Gladders et al. (2003) present 8 strong lensing candidates discovered by visual in-
spection of their RCS imaging. They use their results to argue that the observed
higher incidence of lensing clusters at z > 0.6 in the RCS sample may indicate that
the greater ellipticity or presence of substructure seen in high redshift clusters may
boost their lensing cross section. This hypothesis can be tested using the statisti-
cally significant sample of lensing clusters detected from our current lensing cluster
search.

It is important to point out that the RCS is a dedicated cluster survey and
uses matched R, and 2’ filters to isolate the strong 4000A break in early type
galaxies, thus increasing the detection efficiency only in a specific redshift interval;
this flexibility in choosing the filters may not exist in surveys designed for science
goals other than cluster detection. Hence, in our method we adopt the approach of
color cuts in multiple colors as used by Goto et al. (2002), discussed below, instead
of detecting and fitting to the red sequence as in the CRS method.

In a similar detection scheme using color information, the Cut and Enhance
(CE, Goto et al. (2002)) method applies a series of 34 color cuts to the objects in
the photometric catalogs for 395 square degrees of SDSS early release imaging data.
Each cut thus aims to isolate subsets of galaxies with similar colors from the three
filter (Sloan gri) data. For each galaxy subset, this clustering in color is next com-
bined with the galaxy density computed within cells on a grid covering the imaging
area to create a color-position density map. In this computation, the clustering sig-
nals are amplified by using a weighting scheme based on the inverse square of the
separation in color and position; smaller separation translates to a higher weight.
The computed weights in each cell are converted into ‘gaussian clouds’ and added

together to make a smooth density map. Next, the object detection software, ‘Sex-
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tractor’ (Bertin and Arnouts, 1996) is used to detect peaks in each density map
and thus produce one cluster catalog per color cut. Finally the detections in all the
catalogs are combined, using selection rules described in the paper, to produce the
final cluster catalog.

A closely related technique is the MazBCG (Hansen et al., 2005), also developed
to work with SDSS early release data. Here, each galaxy is tested for the likelihood
of being a Bright Cluster Galaxy (BCG) using a combination of two estimators:
(i) the number of galaxies within a color cut centered on the galaxy’s colors, thus
testing for a red sequence and (ii) the fit to an empirical BCG evolutionary track.
The likelihood function is tested at a series of redshift slices and peaks in the
estimated values are used to locate BCGs and the clusters in which they occur.
This method obtains the richness and redshift of the cluster as part of the fit. A
drawback is the use of the BCG evolutionary model since recent resutls from De
Lucia and Blaizot (2007), Bild (2007) indicate that BCGs in certain rich clusters
have ongoing star formation with colors up to ~ lmag bluer than the red sequence;
such clusters would not be identified by the MaxBCG. In addition, the dependency
on an empirical evolutionary track for all BCGs adds a further selection bias.

After investigating the methods reviewed here, we designed our color-based clus-
ter detection method drawing upon the strengths of the CE and MaxBCG schemes
(with significant changes to the likelihood estimation, see Section 3.4.1). The prin-
cipal reason for our choice is that these color based approaches effectively reject
foreground and background contamination with little dependency on a model. Our
data, the CFHTLS-Wide, is also observed with Sloan filters and in at least two
colors (see Section 3.2), and hence is well suited for such color-based schemes. Our
investigations showed that using the galaxy positions for detection (as in MaxBCG)
is more effective in rejecting noise peaks than using a density map on a grid (as in
the CE method). However, our method does not rely on the modeled color evolu-

tion of elliptical galaxies like the RCS nor of BCGs as in MaxBCG; similar to the
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CE, our method too does not seek any preferred radial distribution nor luminosity
function reducing the selection bias further. Unlike both the CE and MaxBCG, our
method estimates cluster richness and redshift only subsequent to the detection.
We decided to separate the two steps since our principal aim is to detect mass den-
sity enhancements as likely locations to find gravitationally lensed arcs; estimating
cluster properties is secondary and may be accomplished by using any suitable ap-
proach independent of and subsequent to the detection process. Finally, our method
does not require any fine tuning or choice of parameters like the Matched Filter and
may be easily applied to other multi-color imaging (using any filter system) with

only minor changes.

3.3.4 3D and higher methods

Knowledge of the redshift of even a subset of the galaxies in the survey area provides
a third dimension and a very stringent constraint that may be employed for cluster
detection. The redshift may be measured directly from a spectrum or may be
photometric, inferred from available colors. At the time of development of our
cluster detection method, only (g-r) and (r-i) colors were available for most of
CFHTLS-Wide survey area and spectroscopic information for a subset of bright
galaxies is currently available only where the SDSS footprint falls on the CFHTLS
fields. Using available SDSS spectroscopic redshifts, we have tested the accuracy of
estimating photometric redshifts with HyperZ (Bolzonella et al., 2000) using only
two colors. Our results indicate that for ~ 30% of the galaxies the method fails
catastrophically thus making 3D cluster detection methods inadvisable when only
two colors are available. However, we include 3D methods in this review since we
aim to include photometric redshifts in our detection method as CFHTLS-W u and
z filter data become available in the near future.

By incorporating the redshift information, Kepner et al. (1999) refined the basic
Matched Filter algorithm (Postman et al., 1996) into a 2 dimensional (using photo-
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metric redshift) or a 3 dimensional (if spectroscopic redshifts are available) Adaptive
Matched Filter (AMF) method. The AMF retains all the powers of the basic MF
and significantly reduces or removes the noise in the model fit due to foreground
and background contamination. With redshift information, the method provides
better estimates of cluster membership and richness. However, the dependency on
a cluster model still leaves it prone to miss clusters which do not match the input
model. Kim et al. (2002), in a systematic comparison of the MF, the AMF and the
Vornoi Tessellation methods on 25 square degrees of simulated SDSS imaging data,
find that with the inclusion of luminosity and redshift information, the Matched
Filter methods outperform Vornoi Tessellation both in detection efficiency and in
estimating the cluster parameters.

The C4 algorithm (Miller et al., 2005), implemented on 2600 sq. degrees of
SDSS data, incorporates position, five filter photometry and spectroscopic redshifts
for cluster detection. Processing each galaxy in the catalog in turn, the method
uses a 3D position bin («,d, z) around each galaxy to pick a set of neighboring
galaxies ; next, with color cuts in the four colors available, the number of likely
cluster members is estimated and quantified as a ‘number count’ for the galaxy
being tested. By comparing the number counts obtained for 100 galaxies chosen at
random but using the same position bin size and color cuts, the cluster likelihood is
estimated. Using mock SDSS catalogs as well as clusters from N-body simulations,
the method is tested to be over 90% complete and 95% pure for clusters with mass
> 10M, and up to redshift 0.12. The main drawback of this method, especially for
detecting clusters at higher redshift, is the dependency on spectroscopic redshifts,
which at present is expensive in terms of observing time.

This review illustrates that though there are a variety of published methods for
optical detection of clusters, all of them rely on one or more of the well defined
properties of early type galaxies observed in cores of all clusters. The available

observations dictate the appropriate properties to be used. Given the well calibrated
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astrometry and multi-color photometry of the CFHTLS-W described in Section 3.2,

we base our detection method to fully utilize both these properties.

3.4 Cluster search in CFHTLS-W

Given the multi-color and deep CFHTLS photometric data, our natural choice is
a detection method that uses both galaxy positions as well as all available colors.
As mentioned in Section 3.3, in our design we have incorporated the ideas and
advantages of four other methods from published literature. Details of our detection
algorithm and its specific characteristics are given in this section.

The principal idea behind our method is to identify simultaneous density en-
hancements in the projected 2D positions of the galaxies as well as in the two
colors, that are available for each CFHTLS-Wide field; this method may be ex-
tended to include more colors, as they become available. Clusters candidates are
identified using a well defined metric computed with the position-color enhance-
ment. Our method draws upon the strengths of four other methods reviewed in
Section 3.3.3, with improvements tailored for the CFHTLS-W data: -1- the C/
(Miller et al., 2005) though without redshift information, -2- to the Cut and En-
hance (Goto et al., 2002), with a galaxy based density enhancement estimate, -3-
the MazBCG (Hansen et al., 2005) without relying on a BCG evolution model and
-4- to the Cluster Red Sequence (Gladders and Yee, 2000) though we stipulate a
minimum of two colors to increase the robustness of the detections. Our method
does not impose a luminosity distribution or a modeled radial distribution of cluster
galaxies,thereby minimizing any selection bias in the detections.

We compute this position-color enhancement (referred as the weight) within a
predefined aperture around each galaxy in a magnitude selected set. This magnitude
cut is user defined and is based on the depth of the available photometry; the default
has been set at i’ < 20mag for the CFHTLS-Wide data. The radius of the aperture
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is also a user defined parameter; in our detection, it corresponds to a co-moving
distance of 1Mpc at a redshift of 0.5. We chose the aperture size using results
from simulations and the reasons are discussed in detail in Section.3.5. Using this
(two colors + position) enhancement as a metric, we test for the likelihood of the
galaxy being a member of a cluster. Galaxies with density enhancement (referred
as the significance) greater than a threshold value are flagged as candidate cluster
members. We determine this detection significance for each galaxy independently
using a statistical estimate of a ‘field galaxy’ weight; the method used to obtain
this field estimate is explained in Section 3.4.1. A ‘friends-of-friends’ algorithm,
using color and position, then links the detected members into candidate clusters.
We found that by locating the detection filter at each galaxy and not on a grid
defined over the survey area (as is done in both CE and in RCS methods), our
approach becomes more efficient in rejecting false positives due to noise peaks.
This galaxy centered approach instead of a positional grid has been adopted in
both the Adaptive Matched Filter (Kepner et al., 1999) and the MazBCG (Hansen
et al., 2005) methods specifically for this advantage.

3.4.1 Implementation

For cluster detection, we use processed images, with well calibrated astrometry,
produced in-house for each 1 square degree CFHTLS-Wide field. The pre-processing
and astrometric calibration of individual exposures for each filter is done by D.
Balam as part of the CFHTLS-Wide reduction process; kind permission to use these
images for the present project is gratefully acknowledged. We stack the individual
processed images for each field and for each filter using the public software, ‘Swarp
ver. 2.16.4’ from the Terapix group (author E. Bertin).

Object detection and photometry is done on the stacked images using ‘Sex-
tractor’ (Bertin and Arnouts, 1996). The Sextractor output catalogs contain the

position and color information required by our detection method. We use a pho-
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Figure 3.4: Plot of i’ magnitude versus half light radius (HLR) of all objects in
one CFHTLS-Wide field (sky coverage=1deg?). The stellar locus defined by the
HLR is used for star-galaxy segregation. The user defined magnitude and HLR
cuts used are marked in dashed lines and the classification identifies stars (in blue),
bright galaxies (red dots) and faint field galaxies (in green). Overplotted are the
magnitude cuts (chained lines) used for selecting the bright galaxies which are then

tested for cluster membership as described in §3.4.1

tometric zero point of 30 for all filters in Sextractor. The photometry is then
re-calibrated to the Sloan system by matching objects found in common between
the CFHTLS-Wide field and the SDSS DR4 imaging catalog ¥, where available. For
Wide fields without overlap with the SDSS, the zero points are propagated from
calibrated CFHTLS-Wide fields using objects in common between the two images

Available at http://cas.sdss.org/astrodr4/en/tools/search/IQS.asp
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(typically a few hundred objects).
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Figure 3.5: Effectiveness of our photometric calibration illustrated by a comparison
of the observed stellar locus (blue dots) on a color-color diagram versus the empirical
stellar color locus (red dashed line) derived from all the SDSS fields ((Finlator et al.,

2000), with coefficients of fit from D.Balam, private communication).

We also tested for any systematic differences between the use of point sources
and of extended objects for this photometric calibration. Using an i vs half-light-
radius (HLR) cut we segregated point sources (stars, unresolved galaxies) from
extended objects; a typical plot, Figure 3.4 shows the stellar locus and the HLR
and magnitude cuts used. We then derived two independent zero point corrections,
first for the point sources by comparing with SDSS PSF magnitudes and second

for the extended objects using model maginitudes ¥. The difference in the zero

SRefer to http://cas.sdss.org/astrodr4/en/help/docs/ for details on SDSS magnitudes
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point corrections between the two methods was typically less than 0.01mag for
any filter; in comparison, the color cuts we use for cluster detection are typically
larger, ~ 0.15mag. For our work, therefore, we only apply the zero point correction
from extended objects using SDSS model magnitudes to all objects in our catalogs.
In Figure.3.5, we illustrate the effectiveness of the zero point correction with a
comparison between the corrected colors and the empirical stellar (gr vs ri) color
locus derived from all the SDSS fields ((Finlator et al., 2000), with coefficients of
fit from D.Balam, private communication)

For each CFHTLS-W field, the photometrically calibrated catalog forms the
input to the cluster detector; for each object detected by Sextractor, the catalog
contains the ID number assigned by Sextractor, (a,d) in J2000 coordinates, x,y
positions on the (20k x 20k) image, the HLR, and g, r, i Sextractor Kron magnitudes
with corresponding photometric errors. We use simple magnitude (i < 24mag) and
HLR (< 30 pixels) cuts to reject all objects with poor photometry. In addition, we
exclude objects which are not detected in all three filters or have photometric errors
greater then a user defined maximum (=0.5 mag in our implementation). We use
the i - HLR relation Figure 3.4 to select the bright galaxies, referred as BG (shown
as red dots) to be tested for cluster membership. The field catalog, (referred hence
as Fld), consists of all objects in the observed field, which meet the magnitude and
photometric selection criteria mentioned above. Each CFHTLS-Wide field typically
contains of order 2000 BGs and 150,000 F1d objects.

Our cluster detection routines are a group of IDL (Integrated Development Lan-
guage) procedures packaged into a single project file for portability. The cluster
detection algorithm processes each BG in turn for the computation of its (position
+ color) weight; the (g-r) and the (r-i) weights are computed independently and the
results are combined only in the last step of the detection process, when candidate
cluster members are linked to identify clusters. For each BG, we select all objects

(field objects as well as other BGs) within a fixed aperture of radius 0.5Mpc at
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redshift z = 0.5, which corresponds to an angular size of 164 arc.sec.; this physi-
cal radius corresponds to half the virial radius of a typical cluster of virial mass,
(M~ 10 Mg). The chosen aperture size adequately covers the cluster core from
which (E+S0) galaxies contribute the majority of the position and color weight.
Other detection methods, e.g. Hansen et al. (2005), Kim et al. (2002), adopt a sim-
ilar aperture size for this reason. In addition, we have chosen to keep the radius
fixed after our Monte Carlo simulations showed that the detection significance was
unaffected by the size of the aperture (refer to the discussions in Section 3.5.2 ). ¥

For the set of objects within the aperture, we then apply a color cut centered on
the color of the BG to locate likely co-cluster members. The width of the color cut,
(= 0.15mag), corresponds to the photometric color error of a galaxy at the faint
magnitude end (i = 24mag) of our field sample. The cluster weight, as a measure

of the BG being a cluster member (our null hypothesis), is computed as,

. 1 1
W, =
; (Gatea) (02+e)

(3.1)

where the position and color separations, ¢, are measured with respect to the BG;
suffixes refer to the separation in distance (d, measured in pixels) and in color (c,
in mags). The summation is carried out only for the objects, which lie within the
aperture as well as within the imposed color separation from the BG; these position
and color cuts normally yield a few tens of objects per BG. Softening parameters,

€ (3 0), are used to prevent numerical errors due to division by zero; the softening

TWe also tested the feasibility of basing aperture size on the photometric redshift of the BG
estimated using HyperZ with g, r and i magnitudes, which were the only three filters available for
the Wide fields at the time of these tests. Due to the use of only two colors during the photometric
redshift estimation, our results showed that the fits fail catastrophically for a significant number
(~ 30%) of galaxies. Therefore, we decided not to use a photometric redshift dependent aperture.
However, when data in five filters becomes available, our detection routines can be easily modified
to incorporate adaptive aperture radii based on the photometric redshifts of the BGs, as discussed

under future work in Chapter 6.
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parameter for distance is a tenth of the astrometric error (in pixels) and for color
is a tenth of the color error for a galaxy at the bright end of our BG sample (the
softening parameters, €, represent a small fraction of the smallest expected error
values in position and color).

Next, we compute the field weight, which is a measure of the BG being just
a field galaxy (the alternate hypothesis). For this we use the field catalog with
shuffled x, y positions for all the objects; their colors remain unchanged. The BG
is placed at 1000 random positions in this shuffled field and at each position the
weight is computed using Eqn. 3.1. The median and the inter-quartile distance of
this set of 1000 weights is taken to be the field weight, W, and a measure of the
scatter oy. Finally, the significance, which is the metric that we use to measure the
likelihood of the BG being a cluster member, is calculated by,
_ W Wy

af

S. (3.2)

We repeat this computation for all the galaxies in the BG catalog. The computation
of the cluster and field weights for all the BGs in a single CFHTLS-W field takes
~ 15 minutes on a single processor PC.

Detected cluster members are those with significance greater than a threshold,
(30 in our case), in both the (¢ — ) and the (r — i) colors. This threshold value
was determined using the detection efficiency from our Monte-Carlo simulations,
Section.3.5.2.

In the preceding steps, each BG is tested individually if it is a member of a
cluster; subsets of these BGs may be members of the same clusters. We therefore
group together individual cluster members (BGs with significance greater than the
threshold) using a ‘Friends-of-friends’ algorithm (Huchra and Geller, 1982) in which
galaxies within a certain linking length are combined into a single group. We use
both colors and physical separation for linking member galaxies; our chosen link

lengths are the aperture radius (in pixels) and the width of the color cuts used.
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Finally, we separate the detected clusters further into gold, silver and bronze cate-
gories depending on their maximum detection significances being greater than 50 in
both colors, greater than 50 in just one color or less than 50 in both, respectively;
note that all these cluster members satisfy the minimum detection significance of

30, as mentioned earlier.

3.5 Monte Carlo tests for completeness and con-
tamination

In the design of our detection method, we have incorporated a fully automated
pipeline requiring no user intervention during the cluster selection, thus minimizing
any selection bias due to human error. In addition, the method fully utilises all the
available observational data and is flexible enough to incorporate additional infor-
mation (e.g. photometry in the u* and 2’ filters, photometric redshift estimates),
when available. We have also maintained the dependency on a cluster ‘model’ to a
minimum, thus minimizing bias against clusters which do not fit the fiducial model.
In addition, this low dependency on a cluster model minimizes the need for fine
tuning of parameters. By keeping the dependency on parameters to a minimum,
we are able to run the detection on each CFHTLS-Wide field consistently with the
same set of detection parameters.

Despite these safeguards, the method is still prone to selection bias since it as-
sumes the universal presence of the CMR in all clusters, including poor clusters
with few members. We test this assumption using two approaches, first with Monte
Carlo tests on synthetic catalogs as detailed in this section and then with a compar-
ison with two published CFHTLS cluster catalogs, the XMM-LSS and the Matched
Filter catalogs, discussed in Section.3.6. In addition, we use these simulations to
estimate the contamination of our cluster catalog from false positives, e.g. chance

superpositions of galaxies with matched colors, as well as completeness for a spec-
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ified cluster richness and redshift. It is with these results that we have set the

detection threshold of 30 for candidate cluster members.

3.5.1 Simulation methodology

In published literature two methods are normally adopted to carry out Monte Carlo
simulations, either using synthetic clusters planted amongst observed field galaxies
whose positions have been shuffled, or by placing synthetic clusters in a synthetic
field. Our detection depends sensitively on color matches, hence the photometric
field and cluster catalogs used in the tests should be self-consistent in colors. We
investigated the method of synthetic clusters on shufled CFHTLS-W photometric
catalogs and found that our recovery rate was unrealistically high (100% even at
z ~ 1) because of the significant difference between the synthetic colors of cluster
members and the observed colors of the field galaxies. Therefore, we have adopted
the latter approach of simulating synthetic clusters in a synthetic field, taking care to
mimic actual observations by using published and well tested empirical relations or
theoretical results in constructing the photometric catalogs used in the simulations.
We assume a total field galaxy population of 150,000, the median number of
galaxies with ¢/ < 24mag found in a 1 square degree CFHTLS-W imaging field,
see Section 3.4.1. We first generate the field galaxy number distribution, n(z,r’),
as a function of redshift and apparent r-magnitude, using the model source galaxy
distribution commonly used in weak lensing studies (Brainerd et al., 1996)

el
n(z,r') = —T(B/ﬁ)zg’

where, 29 = zo(r). This normalized, parametric fit to observed galaxy distribution

(3.3)

in deep redshift surveys is applicable up to redshift z ~ 1 and 20 < r < 24, and is
thus well matched to our range of interest. The form of the distribution function for
four apparent magnitude bins is shown in Figure 3.6, using the values of the fitted

parameters from Brainerd et al. (1996). In this field galaxy population, we assume
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Figure 3.6: Synthetic field galaxy distribution with redshift as a function of r
magnitude generated using Equation 3.3 and values of the fitted parameters from
(Brainerd et al., 1996); each distribution contains galaxies in lmag bins in the

interval 20 < r'mag < 24

that there are equal numbers of early type E and SO and late type Sb galaxies.
Observations of field galaxy luminosity functions and their evolution with redshift
for different galaxy morphologies have however shown that the field population is
dominated by late types and that their luminosity functions evolve toward higher
luminosity with redshift, while early and intermediate types show little evolutionary
trend (e.g. Canadian Network for Observational Cosmology, CNOC2, survey Lin
et al. (1999)). Therefore our assumption of equal numbers assigns a higher number
density of (E4S0) galaxies to the field than the observed value; consequently, there

is an increase in the field weight (more red galaxies in the field matching the color
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of the BGs) and therefore a reduction in the detection significance; in other words,
the detection significance from our Monte Carlo trials may be taken to be lower
limits, making them a more stringent test of our detection method.

For these three galaxy types, we compute the synthetic colors with the evo-
lutionary galaxy SED models (Bruzual and Charlot, 2003) and the transmission
functions of the CFHT gri filters, assuming a uniform formation redshift, z = 10.
We have verified that varying the parameters of the SED models, such as formation
redshift or metallicity, have little effect on the results of our simulations since such
changes affect both the field and the cluster galaxy colors equally; for our simula-
tions, it is necessary that the field and cluster galaxy colors be consistent relative
to each other, their absolute values are of little import. To the generated colors, we
add photometric errors using the prescription in Sextractor (Bertin and Arnouts,
1996) with the published CFHTLS magnitude limits for the different filters. The
positions of the field galaxies are distributed randomly within the (20kx20k) field.

Our objective is to test the effectiveness of our method in detecting clusters
with different numbers of members and Abell richness (Abell, 1958) and at var-
ious redshifts. Therefore, for generating each synthetic cluster, we start with a
prescribed number of member galaxies and select their absolute magnitudes from
the Schechter luminosity function. For our simulations, we use published values of
Schechter function parameters, M* — 5log(h) = —20.67, faint end slope o = —1.2
and normalization, ¢* = 0.0146h3 Mpc—3; these values are taken from Blanton et al.
(2003), and apply to the Sloan r-band filter for galaxies at z=0.1. With the gen-
erated absolute magnitudes, converted to corresponding apparent magnitudes at
z=0.1, we then compute the Abell richness of the synthetic cluster. We iterate this
procedure till the generated cluster richness matches the Abell richness value for
which the simulation is carried out.

We assign the morphologies and projected positions of member galaxies using

observed results from literature for the morphology-density relation and the lumi-
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nosity segregation of cluster galaxies. Applying the observed luminosity segregation
from the ESO Nearby Cluster Survey (ENACS, (Biviano et al., 2002)), we desig-
nate all cluster members with absolute magnitude M, < —22. as elliptical galaxies,
which populate only the cluster core. Probability density functions, derived from
Figure 4 in Biviano et al. (2002), are used to assign the projected radial distribution
of these bright galaxies; their angular distribution is randomly assigned, assuming
circular symmetry. The cluster members, fainter than M, = —22mag are assumed
to follow the Plummer radial distribution; their angular distribution is assumed
to be circularly symmetric and is therefore randomly assigned. Depending on the
radial position of each member, the morphology (E, SO and Sb) is determined us-
ing the observed morphology-density results from Thomas and Katgert (2006) (the
required probability densities are computed from results in Figure 2 of the publica-
tion). The colors of the E, SO and Sb cluster galaxies are obtained from the same
SED models for these morphologies used for the field galaxies, thus maintaining
color consistency. At the assumed cluster redshift, member galaxies with apparent
magnitudes below the survey limit of ¢ > 24mag are not included during detection.
Photometric errors for the cluster members are assigned using the same method as
for the field galaxy population, thus maintaining consistency in their photometry.
Finally, we wish to emphasize that though we use the Schechter luminosity function
and the Plummer radial distribution function to generate the synthetic cluster, our
detection method does not rely on these models and uses only cuts in position and
in colors for locating candidate cluster members.

The synthetic cluster is then merged with the field by placing it at a random
position in the 20k x 20k field and converting the radial and angular positions of
the cluster members into field x,y positions. The BG catalog for detection contains
cluster members brighter than the magnitude cut (see Section 3.4.1); all cluster
members are treated as part of the Fld catalog as well. These two catalogs form the

input to the cluster detector, thus following the methodology we use for the actual
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CFHTLS-W fields. The detection routine is repeated for a user defined number
of trials (typically 100 times) for each synthetic cluster, with a different cluster
location for each run. The (g-r) and (r-i) detection significances as well as their
median and inter quartile values are written to file for analysis. The completeness
and contamination results from these Monte Carlo simulations are discussed in the

following section.

3.5.2 Monte Carlo results

We first test the rate of false positives for different significance thresholds, (Eqn.3.2),
in order to check for any underlying bias in our multi-color based cluster detection
method, for instance due to a chance superposition of galaxies being classified as a
cluster. For this we select 100 bright galaxies (with i’ < 20mag, the magnitude cutoff
we impose for BGs in our cluster detector) and compute the median and scatter in
their field weights, (Eqn.3.1), from 100 random locations in the field, repeating this
process in redshift increments of Az = 0.05 in the interval 0.1 < z < 1. The false
positive rate is taken to be the percentage number of times a galaxy in a random field
position is flagged as a cluster with significance greater than the chosen threshold
in a particular color. The histograms, shown separately for the (¢’ — 7’) and the
(r' — ') colors in Figure.3.7, are compilations of the median false positive rates
for a representative set of galaxies, each bar representing a redshift bin; results for
different significance thresholds are represented by the colors indicated. We test
the false detection rates for significance thresholds of 1, 2, 3 and 50.

The results show that a 1o detection threshold leads to an appreciable contami-
nation due to false positives of ~ 20% in both colors; the contamination rate shows
no clear correlation with redshift, since the detections are based on galaxy colors
and not on magnitudes. The false positive rate decreases to ~ 5% at a threshold of
20 and drops to 1 ~ 2% at 3c; with further increase to 50 detection significance,

the contamination drops essentially to 0. In addition, during cluster detection, we
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Figure 3.7: False detection rates for our cluster detection method estimated from
Monte-Carlo simulations using significance thresholds of 1o (red), 20 (green), 30

(blue) and 5o (essentially zero)

impose the more stringent constraint that the significance should exceed the detec-
tion threshold in both colors; therefore, we have accepted the 30 threshold, with a
combined contamination ~ 1%, for cluster detection. It must be mentioned that
in this False Positives test, we included bright galaxies with various magnitudes
up to the magnitude cut of i < 20mag and did not find any dependency on the
magnitude of the BG.

As a further test, we compute the completeness of our cluster detections using
the recovery rate of synthetic clusters which are generated to resemble three ob-
served clusters of different Abell richness classes. The results presented in Figure.3.8

pertain to clusters which resemble Coma (Abell richness class A. = 2, with number
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of member galaxies, Ny, = 500 with apparent magnitude ¢ < 24mag at z = 0.1,
our magnitude limit for cluster detection), Fornax (A. = 1), and a poor WBL clus-
ter (A. = 0) (WBL named after the authors of the catalog of poor clusters, White,
Blyton and Ledlow, (White et al., 1999)); in the discussion we refer to these three
classes by the names of their template clusters. The figure shows the detection sig-
nificances in each color (left panel (g-r), middle (r-1)), as well as for the both colors
combined (right panel), for these clusters as a function of redshift. These results
pertain to 100 realizations of each class of cluster (ie. 100 Coma-like clusters gener-
ated using the method described in Section 3.5.1 and similarly for the other classes);
the detection significance, (Eqn.3.2), for each cluster is computed at 100 random lo-
cations in the field in redshift increments of Az = 0.05 in the interval 0.1 < z < 1..
The magnitudes and colors of each cluster, generated at the fiducial redshift of 0.1,
are computed taking into account cosmological dimming and k-corrections; at each
redshift, member galaxies fainter than the magnitude limit (/' = 24mag), are not
included in the computation. In these plots, the significance for each cluster at
each redshift is taken to be the median of the significances computed at the 100
locations. The completeness in each color at each redshift step is then computed
as the fraction of clusters with median significance greater than 3, the threshold
we have set for cluster detection based on the false detection estimates. Figure 3.9
plots the median significance values with the 1o scatter indicated; the significance
threshold is also indicated.

The comparison shows that the detections are complete to > 80% for Coma in
both the (g-r) and (r-i) colors at all redshifts up to z ~ 0.8; the detection efficiency
drops rapidly at higher redshifts and asymptotes to a few percent (essentially equal
to the false detection rate) by z ~ 0.9. This high detection efficiency is driven
mainly by the bright early type galaxies in the core; their color clustering increases
the detection significance while their bright magnitudes ensure that they are above

the ¢/ < 24 magnitude limit of the survey even at the higher redshifts. In addition,
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Figure 3.8: Completeness as a function of redshift for a Coma-like (blue), Fornax-
like (red) and a poor WBL cluster (black); the completeness values have been

estimated for the (g-r) and (r-1) colors separately, as well as for both colors combined

at all redshifts, the (r-i) detection significance is higher, as is expected from the
homogeneous red colors of the early type galaxies in the cluster core; the combined
detection significance, (right panel), therefore closely mimics the (g-r) significance,
which is the smaller of the two significances. In the other cluster classes, the Fornax
clusters are detected at efficiency > 80% only to z < 0.6 while the WBL retain this
efficiency only till z ~ 0.3. It must be pointed out that though the early type (E+S0)
cluster members are the principal contributors to the detection significance, the late
type galaxy colors fall within the color cuts at certain redshift intervals. This leads
to a corresponding increase in the detection efficiency at these redshifts, as seen in

Figure 3.8, with the rise and fall of significances, instead of a monotonic decrease.
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Figure 3.9: The median and lo scatter in the detection significance values as a
function of redshift computed for the Coma-like, Fornax-like and a poor WBL
cluster; the significance values are shown separately for the (g-r) and (r-i) colors.

The red line indicates the 30 threshold we have adopted for cluster membership

Our principal goal is to identify simultaneous enhancements of galaxy density
and color as seen in photometric data and use these as proxies to signal the presence
of mass enhancements due to clusters, therefore with the increased likelihood of
detecting strongly lensed background galaxies. With the Monte Carlo simulations,
we have tested the efficacy of our multi-color based detection scheme and have also

determined the optimal detection parameters for this approach.
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3.6 Cluster Catalogs, Deep Fields

As the first application of our cluster detection method, we applied have it to the
CFHTLS-Deep fields, which cover four patches each of 1deg? within the larger Wide
fields. Other than just being proof of concept, the resulting catalogs permit us to
compare our detections with those of two other existing cluster catalogs for the
CFHTLS-Deep fields, -1- The Matched Filter cluster catalogs (the MF catalogs,
(Olsen et al., 2007), for the four CFHTLS-Deep fields) , and -2- the XMM-LSS
cluster catalogs, (X-ray Multi-Mirror mission Large Scale Structure survey, (Pierre

et al., 2007) for the CFHTLS-Wide field 1, which includes Deep field 1).

Table 3.1: Comparison of cluster detections in CFHTLS-Deep

| Field | Nyota | Neitver | Novonze | Neotar | MFa | MF5 | MFo | MFioa
Deep 1 18 8 7 33 19 13 14 48
Deep 2 29 17 17 63 17 18 10 45
Deep 3 23 19 8 50 8 6 6 20
Deep 4 10 7 6 23 11 16 9 36

Comparison of the numbers of clusters detected in the four CFHTLS-Deep fields by our method

with those in the Matched Filter Catalog (Olsen et al., 2007)

Details of the numbers of clusters detected in each of the CFHTLS-Deep fields
by our method are given in Table.3.1, separated into Gold, Silver and Bronze cate-
gories (as defined in Section 3.4.1). In addition, a sample of RGB color composites
of representative candidate clusters (2 each from the Gold, Silver and Bronze cat-
egories) drawn from the D1 field are shown in Figure.3.11 to visually highlight the
presence of red sequence galaxies in the cores of these clusters, which is picked up by
our method. In Table.3.1, the number of detections by the Matched Filter method
(Olsen et al., 2007) are also listed for comparison; Olsen et al. (2007) use visual
inspection of gri color images to classify the MF cluster candidates as follows: Class
A show a clear overdensity of galaxies with homogeneous colors; Class B show an

overdensity but do not exhibit clustering in colors and, Class C' visually indicate
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little enhancement either in position or color of their likely member galaxies. The
numbers listed under these three classes for the MF clusters are taken from their

public catalogs .

Table 3.2: MF clusters in CFHTLS-D1 detected also by cluster detector

’ MF class ‘ Number ‘ Ngold ‘ Nitver | Noronze | NND ‘
A class 19 12 - - 7
B class 13 2 3 2 6
C class 14 6 1 1 6

Breakdown of the MF cluster detections in CFHTLS-Deep 1 which are also detected by our
cluster detection method, classified by the assigned class and a non-detections (ND); details of

the classification scheme are described in §3.6

The results in Table.3.1 show that there is noticeable field to field variation
both in the number of clusters detected by our method as well as in the make-up of
the categories of these detections. Other than cosmic variance due the presence of
large scale structure along the lines of sight of these 1 deg? patches, the differences
arise due to the variations in the observed depths in the three filters in these fields,
especially in the case of D4, which was added to the survey three years after com-
mencement of observations. This field to field variation in detected numbers in the
three classes is evident in the Matched Filter results as well, though the pattern of
variations is different from that seen in our method.

Carrying this comparison a step further, Table 3.2 lists the breakdown of each
detection class in the MF cluster catalog, which are also detected by our cluster
method in this blind trial; the results pertain to the Deep 1 field, with similar
breakdown values obtained for the other Deep fields. To generate this classification,
the positions of the candidate clusters in our cluster catalog are matched with those
of the MF clusters, with a match being assigned if the positions fall within a distance

equal to our detection aperture. It must be noted that during this match up, it

Ihttp://webviz.u-strasbg.fr/viz-bin/VizieR-2, J/A+A /461/81
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was found that ~ 30% of our clusters contain more than one MF cluster; this was
specially true of our high significance Gold category. The reason is because we link
together detected BGs within one detection aperture radius of each other into a
single cluster candidate; the MF method on the other hand, treats each detection
location as an independent cluster.

The comparison shows that our detection method matches all the MF Class
A detections that lie at redshifts z < 0.8; the 7 non-detections lie at higher red-
shifts, according to the photometric redshift value assigned by the MF cluster filter.
Similarly, the z > 0.8 MF candidates in Class B and C are not detected by our
method along with ~ 25% of cluster detections at redshift below 0.8; nearly all
these low redshift non-detections lie at z < 0.2. One possible cause may be that
our detection aperture size is not including all the galaxies in the core of these low
redshift clusters to provide the 30 minimum detection significance. However, this
effect is not observed in the Monte Carlo tests, where we observed the converse
in that the detection significance was insensitive to aperture size above a certain
minimum radius; this is the justification for the fixed detection aperture we use.
An adaptive aperture based on photometric redshift, planned for a future version
of cluster detector, may address this cause, if present. The other possible reason
for the mismatch between MF and our detections at z < 0.2 may be that the MF
method, relying solely on galaxy density enhancement in a single filter, is more
prone to contamination at lower redshifts, where the number of galaxies above the
magnitude threshold is higher, leading to enhanced density.

For a visual support of the arguments for the mismatches at higher redshift,
the three RGB images in the left column of Figure 3.12 show cluster candidates
detected by both the MF and our method (top), by the MF only (middle) and
by our method only (bottom panel). The top panel clearly shows that a 'typical’
cluster to the eye is detected by both methods consistently. On the other hand,

a cluster with multiple central galaxies or without a radial symmetry (as seen in
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the middle panel) is missed by the MF perhaps due to the method’s reliance on
a fiducial cluster model; our detection method, which relies solely on position and
color matching of the cluster members, is able to identify such cluster candidates.
Our method, however, does not detect high redshift candidates, mainly because of
the faint magnitudes and associated color errors, which are greater than the color
cuts used for selecting member galaxies.These high redshift non-detections match
the completeness trend predicted by our Monte Carlo simulations, presented in
Section 3.5.2, which indicate a steep drop in detection efficiency even for a rich
Coma-like cluster at z > 0.8. The higher z” magnitude of these high redshift red
galaxies may provide better S/N values, and therefore, this redshift boundary may
be advanced to z > 1 with the planned inclusion of the (i-z) color in a future
development of our detection method.

Finally, it must be emphasized that the MF uses only the i’ photometric catalog
during the detection process and thus has no color information, even though data
for the Deep fields are available in all five filters; the only use of color in the MF
method is to classify their detections into the three classes, as mentioned above.
Differences in detection efficiency between the detection methods have been shown
to be significant by Kim et al. (2002) in their comparison of the Matched Filter
method with Vornoi Tessellation, the principal reason being the assumption of a
uniform background by the MF scheme. In our scheme, the inclusion of color makes
it less susceptible to contamination by the background and this may be the reason
for the differences in detection numbers as well as in the assignment of the detection
classes.

The availability of the spectroscopically confirmed Xray clusters from the XMM-
LSS survey region which overlaps the CFHTLS-Deep 1 field (Pierre et al., 2007),
provides a more stringent test for our cluster detection method; since Olsen et al.
(2007) have carried out a similar comparison with their Matched Filter catalogs,

we also gain some insight into the detection bias of these two optical methods
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from these comparisons. We match the cluster detections in our catalogs with the
published XMM-LSS cluster positions using the same method we adopt to match
the MF clusters; a detected cluster BG in our catalog (with ¢ < 20 mag, detection
significances in gr and ri > 3), which lies within a distance equal to our detection
aperture radius measured from the published central positions of X-ray emission is
taken to be a match. We take these XMM-LSS positions from Olsen et al. (2007)
(Table 5) in order to maintain consistency in our comparison with the MF method.
The detection parameters we use to make the Deep 1 catalog are the same as
those used normally for all Wide fields and each cluster, if detected, is classified
as Gold, Silver and Bronze based on their significance thresholds (refer to Section
3.4.1). The detection results provided in Table 3.3 list whether each XMM cluster
is detected by our method (GD) and by the Matched Filter (MF') scheme (as given
in Olsen et al. (2007)) as well as the detection significances in the (¢ — r) and
(r — 1) colors and the corresponding cluster classification. As a visual check of this
comparison, the three RGB images in the right column of Figure 3.12 show, (top
panel) a representative XMM-LSS cluster also detected by our method, (middle)
an X-ray cluster not detected by our method and (bottom panel) one of our Gold
clusters in Deep-1, which does not have any associated X-ray emission and hence
is not part of the XMM-LSS catalog.

The comparison shows that our method detects 12 of the 17 XMM clusters. It is
significant to note that our method detects all the X-ray clusters upto z = 0.8; all 5
clusters which are not detected are faint, high redshift clusters at redshifts ~ 0.8 or
higher. As seen in the middle panel of Figure 3.12, the faint members of these high
redshift clusters are indistinguishable against the field galaxies in the foreground;
the i” magnitude cut used fails even to locate a BG for XLSSC029 at z = 1.05.
On the other hand, the high significance Gold cluster in the bottom panel and
which visually resembles a 'typical” cluster with a BCG and member galaxies with

homogeneous colors, is not part of the XMM-LSS catalog, perhaps due to a lack of
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associated X-ray emission. These results are fully consistent with our results from
the Monte-Carlo simulations in which the detection significances in both colors and
therefore the completeness are > 80% even for Fornax-like clusters up to redshift
0.6 and then drop steeply off beyond z = 0.8 even for a Coma-like cluster with Abell
richness = 2. However, as emphasized under Section.3.5.2, our principal focus at
present, using only the available (g-r) and (r-i) colors, is to identify clusters up to
redshift ~ 0.6; we aim to extend this to higher redshifts once the fields have also
been observed in the z’ filter.

The MF success rate for the XMM clusters is 10 out of 17. It is interesting to
note that it fails to detect three clusters at z = 0.29,0.34, and 0.46, all of which
are detected with high significance by our method while it successfully detects two
higher redshift clusters at z = 0.92, and 1.05, though with redshift errors of ~ 0.1;
at the same time the MF fails on a z = 0.92 cluster which is detected as a marginal
"Gold’ detection by our color based scheme.

To summarize, the Monte Carlo results show that our cluster detection method
is complete (> 80%) up to a redshift of 0.6 for clusters of richness matching or
higher than Fornax; for poorer clusters, the completeness remains at > 80% till
z=0.3 and declines to ~ 60% by z=0.6. These simulation results are supported
by the comparison of our catalogs against clusters detected by the MF method as
well as the XMM sample of X-ray selected clusters in the CFHTLS-Deep 1. Given
the expected correlation between richness and the lensing cross section of a cluster,
the completeness level achieved by the cluster detector is adequate for the current

application of searching for lenses.

3.7 Cluster Catalogs, Wide Fields

We have applied our cluster detection method to the 41 deg? of CFHTLS-W3 fields

for which g, r and i observations are available. We chose to run the detector first
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Figure 3.10: Histograms showing the distribution of gr and ri detection significances
for the cluster candidates detected in the 41 deg? of CFHTLS-W3 for which g, r

and i images are available

on the W3 fields because they contain 4 of the 9 lens candidates detected by earlier
visual examination of each 1 deg? field during data processing; this increases the
likelihood of detecting more lens candidates by the dedicated visual search of the
RGB stamp images of the detected clusters. The preparation of the cluster catalogs
for the other three Wide fields will be complete in the near future.

We use the Terapiz T04 stacked images and photometric catalogs from the
Canadian Astronomy Data Center (CADC) to construct our cluster catalogs. The
cluster catalogs list the cluster name, J2000 (a and §), the i magnitude and gr and ri
colors of the BCG, the gr and ri detection significances, the number of bright cluster

members with i < 20 mag (the BG magnitude limit) and the Abell richness using
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the T04 i magnitudes of all the member galaxies (which fall within the detection
aperture as well as within the color cuts for selection).

The catalogs for the 41 fields contain a total of 1671 cluster candidates (gold
650, silver 461 and bronze 560). All four visually selected lensing clusters in the
W3 fields have been detected in the gold category. The median number of can-
didates per field is 40 with an interquartile distance (IQD) of 20; amongst these,
the median(iqd) fractional distributions for gold are 0.38(0.21), silver 0.29(0.14)
and bronze 0.33(0.20). Figure 3.10 shows the distributions separated by the gr and
ri detection significances, running from the minimum value of 3 (the threshold for
selection as a candidate) to a maximum of 20, chosen for the plot. In either distribu-
tion, objects with significances greater than 20 are added to the highest significance
bin; there are 11 candidates with gr significance > 20 and 7 objects with similar
significances in ri color. The distributions show that there is a significant fraction
of candidates (~ 40%), in either color with detection significances > 5, which puts
them in the gold category. Separated by the Abell richness classes, 1609 candidates
fall in richness class 0 and lower (WBL-like clusters), 39 are Fornax-like (richness
= 1) and 23 have richness above 1, thus in the Coma class. The next step is to
estimate photometric redshifts of these candidates in order to draw clearer infer-
ences from the distributions of these color dependent detection significances. The
refinements will also make the cluster catalogs useful for other cosmological inves-
tigations. The immediate focus is to prepare and visually inspect the color images
for these candidates. Visual examination of a sample RGB images of the richer
candidates shows the expected cluster of galaxies with early type morphologies and
colors. Automating the process of preparing the RBG images for all the candidates
is underway. With a total of 62 Fornax-like and richer cluster candidates, there is

a high likelihood of detecting more lenses in these fields.
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3.8 Conclusions and future direction

We have developed an automated detection method to build cluster catalogs using
two-color, wide field imaging data; these cluster catalogs form the first step toward
our ultimate goal of building a catalog of lensed z ~ 1 star forming galaxies suitable
for IFU follow-up. Since the mass concentration in clusters have a higher likelihood
of gravitationally lensing background objects than galaxies in the field, our strategy
is to systematically search only the regions around the cluster candidates either
visually or with an automated search method for lensed images; this reduces the
search to only ~ 10% of the total survey area. The cluster search method is designed
for two-color photometric data and is tuned for the g, r and i images from the
public CFHTLS-Wide survey, which covers 195 deg? in four patches. The algorithm
adopts a well defined detection metric, based on position and color clustering of the
dominant early type galaxy population in the core of clusters. We have reviewed
published observational results to adequately justify our chosen detection strategy.

Using Monte Carlo simulations, we have determined the contamination rate
from false detections as well as the completeness function of our method. We have
tested the completeness for clusters of three representative Abell richness values,
namely for rich Coma-like clusters. for moderate Fornax-like clusters and for poor
(WBL) candidates, which resemble galaxy groups. The detection method is >
80% complete for Fornax-like and richer clusters up to a redshift of 0.6, which is
the principal redshift range of interest in our search for lensing clusters; for WBL
clusters, the detection method is only complete at this level for redshifts up to
0.3 and drops to 60% by z=0.6. However, the lensing cross section of these low
mass systems show a consequent steep decline with redshift and the likelihood of
detecting lensed images in poor clusters at high redshift is low; therefore the lower
completeness does not pose any disadvantage for our application.

As an additional stringent test of our detection method, we have compared our

cluster candidates in the CFHTLS-Deep fields, which are 1 deg? patches within the
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larger Wide fields, against two published cluster catalogs from the same imaging
fields, namely, the Matched Filter catalog by Olsen et al. (2007) and the spectro-
scopically confirmed clusters in the XMM-LSS catalog (Pierre et al., 2007). The
comparison has confirmed that our candidates match those in both catalogs up to
a redshift of 0.8, which encompasses our principal region of interest; due to the
faint magnitudes of galaxies at higher redshift, the associated color errors become
larger than the color cuts we use for detection, leading to the observed drop in the
detection efficiency.

Supported by these successful test results, we have applied the cluster detection
to 41 deg? of CFHTLS-WS3 fields for which g, r and i imaging are currently available;
catalogs for the other Wide fields will be completed in the near future. Using an
automated method, RGB color images of the high likelihood candidates have been
generated for a visual search for lensed arc images; the catalog of candidate lensed
images from this visual search as well as preliminary results from an automated
search scheme are presented in the following chapter, as well as results from our

spectroscopic confirmation of these lens candidates.
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Figure 3.11: Mosaic of RGB color images of representative Gold (top row),
Silver (middle) and Bronze (bottom row) clusters candidates from CFHTLS-
Deepl field; see §3.6 for details. Full scale individual images available online at

http : //astrowww.phys.uvic.ca/ ~ karun/Thesis_JPGs/D1/
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Table 3.3: Comparison of XMM-LSS X-ray cluster detections in CFHTLS-Deep 1

’ XMM ID ‘ R.A.(de.g.) ‘ Dec.(de.g. ) ‘ Zsp ‘ GD ‘ Sgr ‘ Sri ‘ Class ‘ MF ‘
XLSSC029 36.0172 -4.2247 1.05 N 0.00 0.00 - N
XLSSC044 36.1410 -4.2376 0.26 Y 12.90 9.38 G Y
XLSSJ022522.7-042648 36.3454 -4.4468 0.46 Y 20.52 9.76 G N
XLSSC025 36.3526 -4.6791 0.26 Y 9.27 10.77 G Y
XLSSJ022529.6-042547 36.3733 -4.4297 0.92 Y 5.27 9.23 G N
XLSSC041 36.3777 -4.2388 0.14 Y 10.47 | 10.58 G Y
XLSSC011 36.5403 -4.9684 0.05 Y 11.08 3.25 S Y
XLSSJ022609.9-043120 36.5421 -4.5226 0.82 N 2.51 7.57 - N
XLSSCo017 36.6174 -4.9967 0.38 Y 15.38 | 10.13 G Y
XLSSC014 36.6411 -4.0633 0.34 Y 14.27 | 7.50 G Y
XLSSJ022651.8-040956 36.7164 -4.1661 0.34 Y 5.03 3.37 S N
XLSSC005 36.7877 -4.3002 1.05 N -0.56 | -0.10 - Y
XLSSC038 36.8536 -4.1920 0.58 Y 3.26 3.04 B Y
XLSSCo013 36.8588 -4.5380 0.31 Y 12.53 9.66 G Y
XLSSC022 36.9178 -4.8586 0.29 Y 14.39 | 11.64 G N
XLSSJ022534.2-042535 36.3925 -4.4264 0.92 N 1.01 3.30 - Y
XLSSC005b 36.8000 -4.2306 1.00 N 1.07 1.25 - N

Comparison of the detections of the spectroscopically confirmed XMM-LSS X-ray clusters

in the

CFHTLS-D1 field (Pierre et al., 2007), using our detection method (GD) against the results with

the Matched Filter scheme (MF) for the same clusters given in Olsen et al. (2007). Our detections

are classified further as Gold (G), Silver (S) or Bronze (B), as given in Section. 3.4.1
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Figure 3.12: Mosaic of RGB color images of representative Matched Fil-
ter (left panels) and XMM-LSS clusters (right panel) matched against clus-
ter candidates in our catalog for CFHTLS Deep-1 field. See §3.6 for a
description of each panel. Full scale individual images available online at

http : //astrowww.phys.uvic.ca/ ~ karun/Thesis_JPGs/D1/



Chapter 4
Detection and

Spectroscopic
Confirmation of Lensed

Ares

4.1 Introduction

The focus of the work reported in this chapter is to compile a catalog of confirmed
lensing clusters from amongst the cluster candidates in the CFHTLS-Wide catalogs
described in Chapter 3; in this context, lensing clusters refer to those clusters with
mulitple, strongly lensed images of background objects. The ultimate aim of this
work is to develop a catalog of gravitationally lensed z ~ 1 star forming galaxies
suitable for IFU spectroscopy in order to address the science goals set forth in
Chapter 2.

Our initial search strategy was to use a dedicated visual search for likely lensed
images in the RGB color images of either the 1 deg? CFHTLS fields or of the stamp
images of the candidate clusters. Aiding our visual search is the distinctive blue
color of these lensed images, due to the high UV continuum associated with star
formation, being redshifted (at z < 1.5) into the blue end of the optical spectrum;
these blue, lensed images stand in sharp contrast against the red colors of the early

type galaxies in the cluster core, the region of the cluster which has the highest

133
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strong lensing cross section (see Appendix A for details on strong lensing). In
addition, the principal lensed images (those with significant magnification) also
generally have a distinctive arc-like geometry, making their visual detection easier;
the RGB panels in Figures 4.2-4.5 at the end of Section 4.4 show several illustrative
examples of these lensed arcs. Our cluster catalog from each 1 deg? CFHTLS-Wide
field contains ~ 60 candidates in total in the three detection classes (gold, silver
and bronze); the visual search for lenses takes ~ 2h for the cluster candidates from
each field.

Despite the advantage of simplicity, visual search is slower compared to auto-
mated schemes and is prone to human error and selection bias. False detection
rates, such as due to contamination from foreground star forming galaxies or galax-
ies with disturbed morphologies, are difficult to quantify as is the completeness as
a function of redshift and surface brightness. Therefore, in conjunction with the
systematic cluster detection method we have developed, we have also implemented
an automated method for detecting lensed arcs, developed by Lenzen et al. (2004).
This scheme was chosen as appropriate for the CFHTLS data after a systematic
evaluation of the performance of three different approaches in published literature.
A survey of these automated methods for detecting gravitational lenses, highlighting
merits and limitations of each method is presented in Section 4.2. Results from our
comparisons of the performance of three available methods specifically on CFHTLS
images follow in Section 4.3 to support our choice of Arc_Detector (Lenzen et al.,
2004). For our application, we have tuned the method to work with minimal user
intervention on the cluster stamp images from our cluster detector; in Section 4.3,
we also report pertinent details of the implementation. Results of the performance
of Arc_Detector on visually detected lens candidates are given in Section 4.4.

In order to confirm these gravitational lens candidates, we have initiated an ob-
servational campaign using longslit and MOS spectroscopy with the Gemini GMOS.
Section 4.5 describes the observational approach, highlighting in sub-section 4.5.2
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the improved B-spline based reduction procedure we have developed for these low
surface brightness targets observed under marginal sky conditions. Observational
results follow in Section 4.6. The chapter concludes in Section 4.7 with a summary
of this work on the detection and confirmation of lensed arcs, as well as plans for

future improvements.

4.2 Survey of arc detection algorithms

The majority of gravitational arcs known at present have been discovered either
serendipitously in spectroscopic or imaging surveys (usually focussed on other sci-
ence goals) or by visual examination of images over small regions of the sky in
dedicated lensing surveys (eg. 2 lenses discovered in the CFRS (Hammer et al.,
1995) discussed in Chapter 2, and 7 new serendipitous discoveries in RCS (Gladders
et al., 2003) mentioned in Chapter 3) . With the commissioning of large multi-CCD
mosaic cameras such as the Megacam and the availability of public surveys such
as the SDSS, the need to automate this detection process has been recognized, as
shown by the growing number of techniques proposed in recent literature.

These detection techniques may be broadly classified based on the type of data
on which they may be applied (spectroscopic vs imaging) and also on the type of
strong lenses they detect (galaxy-galaxy lenses vs cluster lenses). Please note that
in the following discussion, we focus only on detection methods for extended arc-
images of lensed background galaxies, (in keeping with the focus of the thesis), and
do not include methods for point-images of lensed quasars.

The automated detection algorithms designed for imaging data rely principally
on the morphology of the gravitationally lensed arcs - elongated along one direction
(typically tangential to the cluster radius) and narrow in the transverse direction
(i.e., radial); the length-to-width ratio may be ~ 10 or more in the case of giant

arcs, with the width being barely resolved (~size of the PSF). In the case where
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the lensing is due to a single galaxy, as in CFRS03 described in Chapter 2, the sym-
metric mass distribution in the deflector leads to a classic arc-like image (see Figure
2.1); in a cluster however, the presence of multiple deflectors and the more complex
mass distribution, often leads to a more extended (bigger radius of curvature, higher
L/W ratio) but distorted image (eg. top panel in Figure 4.5). Detection methods
for imaging data base their algorithms on these geometric properties, using either
of two approaches, (i) direct detection of elongated objects followed by a rule-based
selection of arcs or (ii) apply one of a variety of filtering schemes to enhance the
geometric properties of arcs while suppressing contamination from other elongated
structures (eg. an edge-on spiral galaxy); both methods are discussed in detail in
the following sections. For spectroscopic data, an efficient strategy, first proposed
by Hewett et al. (2000), is to identify anomalous emission lines of the background
lensed galaxy superposed in the spectrum of the foreground deflector galaxy; to cite
one example of the several successful applications, Willis et al. (2006) discovered
five new galaxy-galaxy lenses in the SDSS-DR4 spectroscopic data with this tech-
nique. However, spectroscopy is expensive in terms of the required telescope time;
additionally, this method relies crucially on the small separation of the lensed image
from the deflector, so that the spectra of both the lensed and the lensing objects
are superposed within a single slit or spectroscopic fiber, making this approach ap-
plicable only to galaxy-galaxy or galaxy-quasar lenses. In cluster lenses, the lensed
image separation from the principal deflector galaxy is typically ~ 107, which makes
this detection method unsuitable. Therefore, cluster lens detection relies mainly on
imaging surveys and we devote this review to arc detection techniques designed for

wide field, photometric data such as the CFHTLS-Wide survey.

4.2.1 Sextractor based Arc finder

The most direct approach is to use an efficient object detection program such as

Sextractor (Bertin and Arnouts, 1996) to identify all the elongated objects in the
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field and then search through the detections for arc-like candidates using their spe-
cific morphological characteristics; this technique is particularly applicable to space
based observations where seeing effects are minimized. Horesh et al. (2005) have
implemented this method to detect simulated arcs in HST images in their study
of the lensing cross sections of 10 X-ray selected z ~ 0.2 clusters. In their lensing
simulations, they use the Hubble Deep Field as the background galaxy distribution
which is lensed by these foreground clusters, with cluster mass distributions esti-
mated from HST imaging (Smith et al., 2005a). To detect these synthetic lensed
arcs, Sextractor is run repeatedly six times, each time with a carefully chosen set
of object detection parameters; at each step, detected objects with length-to-width
ratio lower than a user defined threshold are eliminated to produce a final catalog
of arc candidates. Results from their simulation indicate all arcs with integrated
r-magnitude < 21 are recovered though the detection efficiency drops steeply to 0.5
at r ~ 23mag; it must be noted that no observational effects, such as blurring due
to seeing, were included in their simulations. A comparison with the Arc_Detector
by Lenzen et al. (2004) (discussed later in this section) indicated that detection
at brighter magnitudes (r < 2lmag) were on par for both methods; however, the
efficiency of the Lenzen et al. (2004) method remained at 80% even till r ~ 23mag
compared to the 50% for Arc finder. This higher detection efficiency at fainter mag-
nitudes of the method by Lenzen et al. (2004) is particularly relevant for our lensing
cluster search since r ~ 23mag is the median magnitude of the arc-candidates we
have visually detected in our survey. This comparison, as well as results from our in-
vestigations discussed in Section.4.3 indicate that the Lenzen et al. (2004) scheme is
the more viable method for automated arc detection in the ground based CFHTLS
survey data.

Estrada et al. (2007) adopted a similar Sextractor-based approach in their search
for lensed giant arcs in SDSS galaxy clusters. The catalog of detected objects from

Sextractor is then categorized using the ratio of the sizes along the major and
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minor axes of each object (measured from their light profiles) to identify a subset of
elongated objects (with major-to-minor axis ratio > 1.4). Final selection of lensed
arc-candidates is done using a neural network. An application of this method to 825
clusters detected in SDSS Data Release 5 by the MaxBCG method ((Hansen et al.,
2005), discussed in Section 3.3.3) did not find any giant arcs. Visual inspection of
these clusters was used to support this null result, with which the authors constrain
the arc production efficiency of clusters in the redshift interval 0.1 < z < 0.3. This
null result is surprising since Willis et al. (2006) have reported 5 new lenses with
their spectroscopic search method implemented on SDSS DR4 catalogs. In addition,
we have discovered 9 lensing cluster candidates in 102 deg? of CFHTLS-Wide, with
an areal coverage smaller than the SDSS (though the imaging is deeper). In the face
of these results, it would be instructive to test the arc detector developed by Estrada
et al. (2007) on the CFHTLS lenses and also compare the MaxBCG catalogs with
our clusters (there is sizable overlap between the CFHTLS and SDSS fields).

4.2.2 Arc detection from computed object ellipticity and

orientation

As a refinement to this direct object detection, the ellipticity (or elongation) and
orientation of each object, determined using higher moments of its light distribution,
may be used to refine the search. Designed to work on large imaging surveys, such
as the CFHTLS, the method proposed by Alard (2006) uses a local estimator of
elongation based on the second moments of the light distribution; the moments are
computed at every point in the image within a window of size a few times that of
the PSF. For suppression of false detections from noise, such as diffraction spikes,
the image is first filtered with a Mexican hat band pass filter. The estimation
of elongation is done in two steps: second moments of the light distribution are
computed to identify any elongated structure that may be present at the point,

as well as the orientation of its principal axes in the global image coordinates; if
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an elongated structure is detected, the image axes are rotated to coincide with the
principal axes of the structure and an estimator is used to determine the L/W ratio
of the structure in these local coordinates (the image rotation improves the S/N of
this estimation). This two step process effectively isolates gravitational arcs and
also provides their properties, such as the orientation and radius of curvature, as
part of the detection process. Results from an application to a single (1k x 1k
pixels) CFHTLS i’ image indicate that the method is capable of recovering the
arc-candidate, which is visible in this field. Results from the independent tests we
carried out on this method are presented and discussed in the following Section 4.3.

Seidel and Bartelmann (2007) have adopted the same approach for their Ar-
cfinder algorithm, but they compute the ellipticity and orientation in cells (chosen
with a user defined scale size) to improve the SNR of their estimator. Contigu-
ous cells with matching values are then linked to identify larger arc-like features.
Results from preliminary tests on HST images of two clusters with known lensed
features, carried out mainly to fine tune the detection parameters, indicate that the
method recovers the arc features; however, it is mentioned that the method suf-
fers from appreciable contamination from diffraction spikes, though a quantitative
assessment of the characteristics is postponed for a future publication. No results

from ground based observations are provided.

4.2.3 Arc_detector, using anisotropic diffusion filtering

To improve the detection of arc-like structures in ground based imaging, Lenzen
et al. (2004) use the anisotropic diffusion filtering method, which identifies and
selectively enhances their edges only along the direction of elongation without af-
fecting their brightness distribution in the transverse direction. The observed sur-
face brightness of lensed arcs is typically at the level of the sky background, (eg.
22 mag.arc.sec”? at Mauna Kea, (Krisciunas, 1997)); therefore, the filter is applied

only to image pixels whose flux lies within user defined minimum and maximum
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thresholds. This selective rejection of bright objects improves the computational
efficiency of this method while the minimum threshold avoids spurious noise fea-
tures. The filtered image is then partitioned into contiguous pixels belonging to
objects, with the remaining pixels forming the background region; due to the edge
enhancing effect of anisotropic filtering, only extended objects are identified by the
partitioning algorithm in this segmentation step. In the final step, user defined se-
lection criteria are applied to isolate arcs from the detected set of elongated objects.
As proof of concept, Lenzen et al. (2004) have applied their algorithm to two HST
images of cluster A1689 and one ground-based image of cluster RXJ1347-1145 and
have successfully detected all the known giant arcs in these two lensing clusters. It
must be noted that these tests were carried out on two lensing clusters in which
the incidence of lensed arcs is greater than that of contaminating features, thereby
biasing the tests in favor of the detection method. We therefore ran a blind test
on the CFHTLS Deep 1 field to test for false detections; the results are discussed
in Section 4.4. Arc_detector also performed with very encouraging success when we
compared it against the methods proposed by Horesh et al. (2005) and Alard (2006),
testing all three methods on CFHTLS-W data; details of these trials are given in the
following section. Based on these results, we have adopted the anisotropic diffusion
method for the automated detection of arcs in the CFHTLS cluster catalogs. The
details of the implementation and results from our tests are discussed in Section

4.4.

4.3 Automated arc detection in CFHTLS clus-
ters

For arc detection in CFHTLS, we were able to obtain the computational codes
for both Arc_detector, the anisotropic diffusion filtering method (Lenzen et al.,

2004) and the Sextractor based Arc finder, Horesh et al. (2005), both of which
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are available from the authors on request; in addition, the beta version of the
code by Alard (2006) was also made available for our trials (R.Cabanac. private
communication). Therefore, we decided to independently test and choose a scheme
appropriate for cluster lens detection in the CFHTLS imaging, instead of developing
our own algorithm.

In these trials, we tested the detection efficiency of each method on fields con-
taining candidate giant arcs around clusters, all of which had been detected earlier
by visual examination of CFHTLS-W fields during image processing (D. Balam,
private communication). Our trials indicated that Arc_detector, the anisotropic dif-
fusion method (Lenzen et al., 2004), designed for cluster lens detection in ground
based imaging, was able to match 6 of the 9 visually detected candidate lensed arcs
with only minor changes to the set of default detection parameters (changes mainly
to account for differences in the photometric zero points and PSF in the images).
These results as well as possible reasons for the 3 non-detections are discussed
further in Section 4.4.

On the other hand, in our trials the Sextractor based method by Horesh et al.
(2005) was unable to locate the arcs in the test fields using the default parameter
set; our findings were confirmed by the authors (A.Horesh, private communication)
who acknowledged that the parameter set had been fine tuned for HST imaging
only and may not be applicable for the smearing effects due to seeing in ground-
based imaging. However, for efficient detection, the method relies on tuning a large
number of parameters during the six consecutive runs of Sextractor, thus making
this approach difficult to adapt to ground based photometry, such as from CFHTLS.
Similarly, the method by Alard (2006), designed principally for close separation
galaxy-galaxy lensing was unable to detect the giant arcs in the test fields. Tuning
the filter parameters and the detection rules did not improve the detection rate.

Therefore, based on the above results, we have selected Arc_detector and carried

out further tests only to fine tune the detection parameters for CFHTLS-W imag-
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ing; the scope of this thesis does not permit tests to understand the completeness
of detections and contamination from false positives. However, we have shared our
experience from the CFHTLS trials with the authors with future plans of quan-
tifying the selection function and fine tuning it for our cluster catalogs. For the
sake of completeness, we discuss pertinent operational details of Arc_detector in the

following paragraphs, before presenting results from our trials in the next section.

Table 4.1: Critical Arc_detector parameters for CFHTLS-W images

’ Step # ‘ Parameter ‘ Value H Step # ‘ Parameter ‘ Value ‘
1. Scaling 3. Detection
Min 740 Minlevel 0.1
Mazx 840 Minsize 5
Mode 4 Mindif f 0.3
Maxthick 35
2. Smoothing 4. Selection
T 12 Minecc 0.7
K 0.0001 Minthick 2
o 2 Mindif f 0.3
P 12

Values of Arc_detector parameters used for detecting lensed arcs in CFHTLS-W images; refer to

Lenzen et al. (2004) for a description of the effect of each parameter on the associated process

Arc_detector is available as a C-based set of source programs, which is compiled
using a standard Linux compiler and linked with the cfitsio library *. The code is
designed to accept image files in FITS format, thus making it readily compatible
with the output from standard astronomical reduction tools such as IRAF. For arc
detection, the method uses four consecutive steps: scaling the flux in the input
image, filtering the scaled image with the anisotropic diffusion filter, segmentation
of individual objects in the filtered image and finally, selection of arc candidates
based on a set of rules. The user defined control parameters for these steps are

provided in a separate input file. The four steps must be executed in the sequence

*http:/ /heasarc.nasa.gov /fitsio /fitsio.html
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given above; however, in order to help optimize the parameters, intermediate results
from each step are saved so that user may stop and resume execution at any point.
Further details of the installation and use of the method are described in Lenzen
et al. (2004) as well as in the user’s guide provided with the tarball containing the
source code. For reference, Table 4.1 lists the principal parameters and the values

we used for arc detection in the CFHTLS-W images.

segmented obects { detectel]l oblecizyg

Figure 4.1: Sequence of operations carried out by Arc_detector on the 1’21’ images
centered on bright cluster members: (from top left) the input stamp image is scaled
and filtered using the anisotropic diffusion filter, objects are segmented (23 in this

case) and finally elongated objects (lensed arcs) are selected

For arc detection, we use (1’ x 1) image sections centered on each candidate
cluster member in our catalogs; this aperture is adequate to cover the typical sepa-

ration of ~ 10”7 of the lensed arc from the deflecting galaxy. We base our detection
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principally on g’-images since star forming galaxies at z < 1.5 -the principal focus
of our work -usually have higher flux in this waveband due to the redshifted UV
continuum from the star formation. The blue arcs stand out in greater contrast
against the red cluster members. We use an automated script to cut out the stamp
images around each candidate cluster member and pipe them to Arc_detector for
processing. Figure 4.1 shows the effect of each step in the arc detection sequence;
we have chosen a section containing a lensed arc specifically to highlight the efficacy
of the detection process. The top panels show the original stamp image (on the
left), followed by the scaled and filtered image; the effect of the anisotropic filter
in enhancing the extended morphology of the arc is noticeable. The bottom panels
show the segmented objects (left panel) and the lensed arc isolated by the final
selection process (right).

At present, we have only tested Arc_detector on lensed arc candidates, which
were detected by an earlier visual search. Of the 9 arcs on which this test was carried
out, the detector identified 6 (both detections and non-detections are discussed in
detail in subsequent sections); in these trials, the highlighting done by detector,
seen in Figure 4.1, isolates the arcs from the background objects. When used
for arc detection, such highlighted objects may be identified by subsequent visual
examination of each field after running Arc_detector on it. Implementation of this
automated search and tests for completeness and contamination are planned for
future work, discussed in Section 4.7. Results from our comparison between visual

detections and those from Arc_detector are discussed in the following section.

4.4 Results from Arc _detector

Visual inspection of the CFHTLS-W fields during image pre-processing and stack-
ing for the Weak Lensing survey, led to the serendipitous detection of 9 strongly

lensed arc candidates (shown in Figures 4.2 - 4.5, plates included at the end of
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this section) and two other candidates, shown in Figure 4.6, with lower likelihood
of being lenses, either due to the geometry (left panel) or faint surface brightness
(right panel). As mentioned in Section 4.1, all these lens candidates were detected
by visual inspection of the individual 1 square degree Wide fields; visual inspection
of RGB stamp images of our cluster candidates is ongoing as the cluster catalogs
are prepared for the Wide fields for which gri imaging becomes available. Of the
9 lenses, 8 are first time discoveries; only the arc candidate, SL2SJ141911+532616
was discovered serendipitously in the Red Sequence Cluster Survey (Gladders et al.,
2003) as RCS1419.245326, though without spectroscopic confirmation. The posi-
tional details of all these candidates were kindly made available for our lensing
cluster survey (D. Balam, private communication). The results presented in this
section pertain only to these lenses; we will extend our search for more lenses as
we continue building our cluster catalogs. In the discussions, we use the nam-
ing convention for lenses as adopted by our Strong Lensing Legacy Survey (SL2S)
collaboration.

Stamp images of the 6 visually detected arc candidates, which were also flagged
as high likelihood detections by Arc_detector, are shown in Figures 4.2 - 4.4. For
each candidate, the top panel is a 1’ x 1’ g’ stamp centered on the cluster BCG,
the middle panel is the corresponding RGB color composite from the gri images
and the bottom is the detection image from Arc_detector. In the Arc_detector
image, high significance arc candidates are color coded red, mediocre, green and
low likelihood objects are yellow. Figure 4.5 shows the three visually detected
arc candidates, which were not detected by Arc_detector. For each candidate, the
RGB color composite is shown on the left panel and the g’ stamp on the right.
In the following discussion of these detections, we focus only on the performance
of Arc_detector on these lenses, and postpone a presentation of the properties of
each lens candidate for Section 4.6, where we include results from the follow-up

spectroscopy. In addition, i’ stamp images of the two low likelihood gravitational
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lenses detected visually are also shown in Figure 4.6; both these arcs are not detected
by Arc_detector due to their faint surface brightness, as explained later in this
section.

It must be emphasized that for all these trials, we used the same set of detection
parameters without any fine tuning for specific lenses. The initial parameter selec-
tion was done on the candidate arc, SL2SJ1419114532616 (right column, Figure
4.3). For this lens, the minimum and maximum scaling values were set based on
the average flux in the g’ image, and the smoothing parameter was chosen to match
the PSF; all other parameters were held at the default values suggested by Lenzen
et al. (2004) for detecting giant arcs. It is therefore encouraging that the method
detected > 60% of the arcs, including the faint, small arc SL2SJ085915-034515
(right column, Figure 4.4).

Of those candidates not detected, shown in Figure 4.5, we notice that they
fall in two broad categories: (1) the arcs have small separation from the bright
central galaxy and are therefore not isolated as independent, extended objects after
filtering, (eg. SL2SJ022025-044817) or, (2) the arcs are faint (surface brightness <
0.25 mag.arc.sec™2 above the sky background) and hence fall below the lower cutoff
threshold during scaling, (eg. SL2SJ022546-073738); for these candidates, lowering
the threshold resulted in the detection of not only the arcs but also numerous
spurious background noise ridges.

A simple estimate of the false detection rate in a typical 1deg? CFHTLS field was
obtained by applying Arc_detector to the candidate cluster members in CFHTLS-
Deepl cluster catalog. We chose to test this field since it had been carefully ex-
amined visually and no lens candidates had been reported, either from the exami-
nations (D. Balam, private communication) or in available literature. Our cluster
catalog for D1 contains 33 clusters composed of 140 bright (¢ < 21mag) cluster
members. Using a wrapper script, Arc_detector was run on 1’ x 1’ stamp images

centered on each cluster member; the output detection images as well as the details
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of the detected objects were piped out for analysis. There were 12 independent
detections from the 140 images; of these two were repeatedly detected due to the
associated member galaxies belonging to the same cluster. Visual examination of
these detections showed that edge-on spiral galaxies (Figure 4.7, left panel) dom-
inated the false detections (10 out of 12); two were interacting galaxies with dis-
turbed, extended morphology (Figure 4.7, right panel). Our trials indicate that
the type (giant arcs, arclets, contaminants such as edge-on spirals) and number
of detections (fitting to noise features) depend crucially only on the 3 parameters
governing the anisotropic diffusion filter and on the final object selection rules after
segmentation. We have shared all our findings with the authors of the algorithm to
motivate improvements to the detection efficiency in future versions.

To summarize, our current results indicate that Arc_detector locates bright arcs
(> 0.5 mag.arc.sec™2 brighter than the sky background, typically 22 mag.arc.sec™2),
which are well separated (> barc.sec) from the deflector galaxy. These properties
are consistent with the types of arcs we need for IFU follow-up, hence Arc_detector
offers a viable automated detection method which matches the objectives of our
cluster lens survey. At present, having tuned Arc_detector to work in conjunction
with visual examination, our aim is to extend it to be a wholly automated detection

process with a well understood selection function.

4.5 Spectroscopic confirmation of candidate arcs

Longslit and MOS spectroscopy on the Gemini North and South telescopes were
used to confirm the lensing hypothesis of these gravitational lens candidates (by
measuring the redshifts of the deflector and source) and, more pertinently, to assess
the suitability of each system for deeper IFU follow up; the IFU selection crite-

ria, which are based on our experience with CFRS03, are (i) surface brightness,
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Figure 4.2: Stamp images (1’ x 1') of the visually detected arc candidates are
shown in each column. (Top panel) g’ image centered on the principal deflector,
(middle) corresponding RGB color composite and (bottom) detection image from
Arc_detector, with red = high detection significance, green = medium, and yellow =
low significance. Relevant photometric details of each candidate are given in Table

4.3
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Figure 4.3: Stamp images of visually detected arcs and corresponding output images

from Arc_detector, in a format similar to Figure.4.2
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Figure 4.4: Stamp images of visually detected arcs and corresponding output images

from Arc_detector, in a format similar to Figure.4.2
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Figure 4.5: RGB images (left panels) and g’ stamp images (right) of three visually
detected arcs, which are not detected by Arc_detector using the standard set of

parameters without tuning for individual cases
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Figure 4.6: Stamp i’ images of two arcs, which have low likelihood of being lenses,

as mentioned in §4.4; both were detected, along with other candidates, by visual

inspection of the CFHTLS-W 1 deg? fields

Figure 4.7: Stamp images from CFHTLS-D1 showing the two typical types of false

detections - edge on spiral galaxies or tidal disruption features due to galactic

interactions - flagged as lensed arcs by Arc_detector
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wi < 22mag.arc.sec™? (which may be measured from available CFHTLS photome-
try) and, (ii) the presence of one or more emission lines in the observed spectrum, in
regions clear of strong night sky emission bands (which needs spectroscopic confir-
mation). A description of the observing approach adopted and the data reduction,
specifically the improved sky subtraction method using B-splines that we have im-

plemented, are given in the following subsections before presenting the results.

4.5.1 Observing approach

In the three observing semesters since we began this survey, we have observed 6
of the 9 visually selected candidates lenses; all these observations were carried out
either at the 8m Gemini North or South telescopes. Pertinent details of our observ-
ing programs for each candidate, including the Gemini program ID, are given in
Table.4.2; a description of the general characteristics of the Gemini GMOS spectro-
graph is provided along with the IFU design in Chapter 2 (Section 2.4). For these
GMOS spectroscopic observations, we initially chose a 1 arc.sec. longslit. The slit
width was consistent with the expected seeing of 1”.1 under the 'poor weather’ ob-
serving conditions we had requested. Such 'poor weather’ programs are specifically
designed to tolerate a wide range of sky conditions, including patchy cloudy skies
and ’grey’ sky brightness, and thus may be scheduled in queue at over 80% of the
available time during the semester; this greatly enlarges the window of opportunity
for these observations at these heavily subscribed telescope facilities, For our long
slit program, however, during the first semester of observations it became evident
that setting up the slit on these low surface brightness targets, especially under poor
observing conditions, was challenging, if not impossible. We therefore revised the
instrument configuration to use MOS instead of the longslit, using the bright galax-
ies in the lensing cluster for mask acquisition. The bonus of this revised strategy
is that we simultaneously obtain spectroscopic redshifts of several group members,

for which we relied earlier on photometric estimates only.
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We used the R400 grating (with 400 lines/mm) set at a central wavelength of
7500A for both the longslit and the MOS observations (both using 1” slit width); the
consequent spectral resolution (R=959 with 2x spectral binning) permits measure-
ment of the redshift to an accuracy, Az = +0.001, which is adequate for confirming
the gravitational lensing hypothesis of the observed system. The grating central
wavelength at 7500A permits a spectral coverage of 5500 — 9500A, corresponding
to the redshift range, 0.47 < z < 1.55 for the [OII]3727 emission line doublet; the
[OII] emission line is associated with star forming galaxies and the strength of the
line is therefore used as one of the standard calibrators of the rate of star formation
(Kennicutt, 1998). At the chosen grating central wavelength however, the spec-
tra of these low surface brightness lensed arcs are dominated by strong night sky
emission lines; since the observations were also carried out under poor weather con-
ditions, there was a consequent increase in the sky noise. Using the standard Gemini
pipeline for data reduction and extraction of these sky dominated spectra resulted
in high residuals from both the sky subtraction and inadequate fringe correction
(a quantitative comparison follows in sub-section 4.5.2). Therefore, we have devel-
oped and incorporated a B-spline based sky subtraction procedure first proposed
by Kelson (2003) and have extended it for preparing the fringe correction frame as
well; the method is adapted with minor modifications for both MOS and longslit
data. Details of this new reduction technique are discussed first in sub-section 4.5.2
before we present our results from the observations. We include a comparison with

results from the Gemini pipeline to illustrate the improvement achieved.

4.5.2 B-spline reduction procedure

The principal difference between the B-spline method (Kelson, 2003) and the reduc-
tion procedure commonly used for optical spectroscopy lies in the application of the
wavelength calibration. In longslit or MOS spectroscopy, the observed spectrum on

the CCD is distorted by the camera optics as well as by other effects such as a tilt
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in the slit. This non-linear distortion, usually seen in both the x and y directions
of the 2D spectrum, is rectified using a wavelength calibration, which maps the
intrinsic (x,y) coordinates of the CCD to the observed wavelength (\), and spatial
coordinate, y’; this mapping is obtained using emission lines of known wavelength
in either calibration arc spectra or unblended, strong night sky emission lines seen
in the science observations themselves.

The usual reduction procedure - which is adopted by the Gemini pipeline as
well- is to estimate and apply the wavelength calibration as one of the first steps
in data reduction, usually after bias subtraction and flat fielding of the spectra.
Sky subtraction is only done subsequently on the spectra which have been rectified
and resampled to the linear (\,y’) coordinate system of the CCD. This linearisation
is necessary since the sky spectrum is fitted using a parametric fitting function in
these rectified coordinates.

Kelson (2003) points out that the key to improving sky subtraction is to avoid
the resampling of the observed 2D spectrum- resampling of the strong sky lines leads
to correlated noise in the adjoining pixels, which then unavoidably gives rise to the
sharp over- and under-subtracted residuals during sky subtraction. The problem
is made worse in regions around pixels affected by cosmic rays or by CCD defects,
where the noise level is higher. To circumvent the introduction of correlated noise,
Kelson (2003) propose using the wavelength calibration only as a map of the sam-
pling of the sky spectrum along each row of the CCD. The small non-linear shifts
in wavelength from one CCD row to the next due to camera distortions or tilted
slitlets ensure that all the sky lines are well sampled. Instead of resampling to lin-
earized coordinates, the B-spline method stacks all the rows together (assuming the
dispersion direction is along the rows) to make a well sampled 1D sky spectrum as a
function of observed wavelength (which is known from the wavelength calibration).
This approach thus fully utilizes the sampling of the sky spectrum, which is lost

during the linearisation adopted in the traditional sky subtraction methods.
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Without the resampling and linearisation however, the common parametric func-
tions for fitting the sky spectrum cannot be used. Instead B-splines, a family of
non-parametric, piecewise linear functions, are used for fitting. B-splines find exten-
sive application in engineering design; Farin (1988.) provide a complete treatment
of their properties and the generating functions. The added advantage of this ap-
proach is that cosmic rays may be easily rejected using a robust sigma clipping
algorithm during the fitting procedure; bad pixels and other defects may similarly
be excluded with a suitable mask.

For this non-parametric fitting of the sky spectrum, we use the extensive B-
spline library available within IDL. The steps involved in our reduction procedure
are illustrated in the five panels shown in Figure.4.8; each panel is the same 800A
spectral window, (7650 — 8450A), of a typical MOS 2D spectrum taken from our
Gemini GMOS observations of SL2SJ022546-073738.

1. Bins subiracied 2D science specirum

2. B—spline Ited Dot Nield (fringe frame)

PR TS WASSSON\ES o )

‘3. Flai Nielded 2D science specirom

4, B—spline fiited 2D sky specirom

5. aky sobiracted 2D sclence spectrom

Figure 4.8: The steps involved in our B-spline reduction procedure are illustrated
in these five panels; each panel is the same 800A spectral window, (7650 — 8450A),
of a typical MOS 2D spectrum taken from our Gemini GMOS observations of
SL2SJ022546-07373A
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The first panel in Figure.4.8 shows a bias subtracted 2D spectral section; this
wavelength section has been chosen since it contains two bands of strong night sky
emission lines, which are seen as the dominant dark lines in the inverse grey scale
image; at this early stage of the reduction process, the galaxy spectrum is not even
visible against the high background level of sky emission and clearly illustrates the
challenges of sky limited observations. Some of the cosmic ray spikes in this 1h
exposure are also visible. Of particular note in this panel are the wavy patterns
due to the severe fringing in the GMOS CCD at wavelengths > 7500A; we have
estimated variations of ~ 40% in the ADU counts along a sky line due to fringing in
the red end of the detector. This appreciable, wavelength dependent variation in the
flux in the sky lines poses a further major challenge to sky subtraction, especially
for the low surface brightness targets observed. In addition, for MOS observations,
this wavelength dependency causes abrupt changes in the fringe patterns from one
slitlet to the next due to the changes in the position of the slits in the mask as well
as any tilt in the slit, if used.

In the standard Gemini pipeline, the calibration flat field, taken contiguously
with the science exposure, is also used for fringe correction. The fringe frame is
prepared by fitting and normalizing the flat field with a parametric fitting function;
there is no built-in flexibility to fit different functions or orders to match the changes
in the fringe patters from one slitlet to the next. We have therefore developed
a method of fitting an appropriate order of B-spline that matches the changing
continuum in each slitlet; the method takes into account the wavelength dependency
of the fringe pattern during fitting by using the wavelength solution. The second
panel shows the fringe frame prepared from the calibration flat field; the third
panel shows the flat fielded science exposure, where the effect of the fringing has
been significantly reduced.

The sky spectrum in the flat fielded frame is then fit with a B-spline, taking

the wavelength variations from one CCD row to the next into account. We use a
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Figure 4.9: A comparison of sky subtraction residuals, (as defined in §4.5.2), from
B-spline and Gemini GMOS-MOS pipeline reductions. The 1D extracted spectral
section shown is the 800A window in Figure 4.8; the corresponding shot noise from

the sky lines is also shown (offset by -250ADU for clarity)

30 rejection to exclude cosmic rays and a mask to exclude bad pixels and longslit
bridges from the fit. The fitted sky spectrum is then propagated to all the rows
to make a 2D sky spectrum, shown in the fourth panel, which is then subtracted
from the flat fielded science frame. The 1D object spectrum is extracted from the
resulting sky subtracted spectrum, (bottom panel).

A comparison of the sky residuals in the extracted 1D spectrum from this
B-spline approach with those from the Gemini Pipeline reductions is shown in
Figure.4.9; the shot noise, computed from the sky spectrum, is also shown to high-

light areas of expected higher residuals. For this comparison we have chosen a region
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with strong sky residuals and low object continuum; the sky ‘residual’ for this sky
dominated spectrum is therefore taken to be the sky subtracted object spectrum it-
self. The pipeline reduced spectrum shows the under- and over-subtracted skylines
due to the resampling. On average, the sky subtraction residuals are reduced by a
nominal 30% by using the B-spline method. However, the residuals in the B-spline
reductions are still ~ 2x what is expected from Poisson scatter alone. Most of the
contribution to this noise comes from inadequate fringe correction and associated
noise, which are visible as the dark and white bands on either side of the galaxy
spectrum in the bottom panel of Figure.4.8. Though further improvements by more
efficient fringe correction may be possible, we use the B-spline method in its cur-
rent form and counter-check the extracted 1d spectra with those from the Gemini
Pipeline for good measure.

Finally, it must be emphasized that the requested integration times for our ob-
servations were designed to confirm the presence of a strong [OII] emission line
(rest frame EW > 15) providing a S/N ratio of 5 or higher However, the practical
limitation of a modest (~ 1h) integration time coupled with the relaxed observing
constraints means that when the emission line is not present, the continuum spec-
trum alone from these low surface brightness lensed arcs rarely provides adequate

SNR for redshift confirmation.

4.6 Results from Longslit and MOS spectroscopy

Results for each lens candidate from our longslit/MOS spectroscopic campaign as
well as from the available CFHTLS-W photometry are presented in this section; a
summary of pertinent properties of each candidate obtained from these observations
is also provided in Table 4.3, The redshift of each lensed galaxy is estimated by cross

correlating the extracted and co-added 1D spectrum against a set of 6 star burst
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galaxy templates (Kinney et al., 1996), as well as templates of late type spirals
(Sa, Sb and Sc) from the same catalog. Spectra of the deflectors, where available,
are correlated against early type galaxy templates (E, SO and Bulge). The Fourier
cross correlation package, Frcor available within IRAF is used for the correlations.
The Tonry r-value (Tonry and Davis, 1979), which is proportional to the ratio
of the strength of the correlation peak and the associated noise, is used as the
measure of the accuracy of the redshift estimation. The redshift errors from the

correlation are quoted in units of ¢z kms™!

in Table 4.3; since the rms error from
wavelength calibration is typically < 0.1A or a difference of ¢z < 10kms™!, it is
neglected. It must be noted that during our longslit observations of the lensed
arcs, our request for contiguous spectroscopy of the central galaxies of the lensing
clusters was not awarded time; therefore, for the lensing clusters observed with the
longslit, we estimate photometric redshifts with available CFHTLS-W photometry.
Such photometric estimates are flagged accordingly in Table.4.3.

We start our summary with results for the two lenses which show [OIT] 3727A
emission, our leading candidates for IFU follow-up. In the cross correlation, we also
tested spectral regions containing H, and other emission lines commonly observed
in star burst galaxies; these gave lower correlation peaks than the [OII] region or
the fits did not converge. Therefore we are reasonably confident that the observed
emission features are consistent with redshifted [OII] lines; the redshift of the de-
flector, where available lends support to our assumption. For each candidate the
results presented are, the 2D spectral section showing the emission line, the ex-
tracted, continuum subtracted 1D spectrum used for the cross correlation, the best
fit galaxy template redshifted to match that of the arc, and the expected sky noise
spectrum. The best fit template is the one with the highest r-value. Given the
low continuum flux in the arc spectrum, the overall S/N per spectral pixel is low;
however, the given sky noise spectrum shows that the spectral features, mainly the

emission lines, lie clear of the strong night sky emission lines. Finally, since the ob-
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servations were taken as poor weather programs, no flux calibration is attempted;
this is not a drawback since the objective is to only estimate the redshift from the

spectral line centroids.

Figure 4.10: [OII] 3727A emission line (highlighted in red box) in processed 2D
spectral window (8750 — 9450A) of SL28J143000+-554648 (top panel); the unpro-
cessed spectral section (bottom panel) shows that the line lies clear of the strong
Meinel bands on either side. The effect of the significant fringing on sky subtraction

in this far red end of the CCD is clearly visible

SL2SJ143000+554648: With a classic lensing geometry, a background galaxy
at a redshift of 1.435 is lensed by the BCG of a galaxy cluster at a redshift of 0.501.
The g’ image and the RGB color composite are shown in Figure 4.2; also refer to
the RGB color composite, Figure 5.5, for the 5.5 x 5.5 GMOS-MOS observations
described in Chapter 5. The processed 2D longslit spectrum, Figure. 4.10, shows
an emission feature lying between two strong Meinel bands in the extreme red
end of the CCD. Even though the sky residuals are significant due to the severe
fringing at these wavelengths, the emission feature is unaffected by the sky noise.
In the extracted 1D spectrum, the emission feature (Figure 4.11), is seen to lie
clear of the sky lines. From cross correlation with the Kinney spectral templates
of star forming galaxies, we estimate the line to be [OII] 3726, 3728.7A, though the
doublet is unresolved with the chosen 17 slit width and R400 grating combination
(AN = 12A at A, = 7500A). The redshift of the deflector is spectroscopically

confirmed from our MOS observations obtained as part of our survey for the dark
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SL25J143000+554648: Source at z=1.435
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Figure 4.11: Extracted 1D spectrum of SL2SJ1430004-554648 at redshift z=1.435
(top panel), compared with the redshifted best fit star burst galaxy template from
the Kinney et al. (1996) catalog (middle) and sky noise spectrum (bottom panel).
Typical spectral features indicative of star formation (Pettini et al., 2000) are
marked (ezpected strong features with rest frame equivalent width > 2 = solid

lines and labeled; weaker features in dashed lines)

matter profile of lensing groups, which is discussed in detail in Chapter 5.
SL2SJ022025-044815: As a more tentative gravitational lens candidate, two
arc-like structures are observed around a galaxy with an early type morphology,
Figure 4.5. The arcs are bluer than the central galaxy in the RGB color compos-
ite (constructed using ugi images, since the r’-image of this region was corrupted
due to a dead Megacam amplifier). In our longslit observations, each arc was ob-
served with an independent pointing, with the slit oriented along the length of the
arc. Each 2D spectrum clearly shows a strong emission feature at the same red-

shift of 1.059; the emission feature lies within the strong Meinel bandhead between
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SL 25J022025-044815: Source at z=1.059
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Figure 4.12: Extracted 1D spectra of SL25J022025-044815 at redshift z=1.059, Arc
1 (top) and Arc 2 (bottom), compared with the redshifted best fit star burst galaxy
template and the sky noise spectrum. Typical spectral features are also marked as

in Figure 4.11
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7600 — 8000A (Figure 4.12) but is strong enough to be seen even in the 2D spectra
prior to sky subtraction. In cross-correlation with star burst galaxy templates, the
strongest peak corresponded to the [OII] doublet, though the doublet is unresolved;
no other spectral features are seen in the observed spectral range. The measured
37.5 distance between the arcs in the g’-image corresponds to ~ 32kpc in the rest
frame. This is marginally consistent with the object being just a face-on spiral
galaxy with a bright bulge. However, the measured angular separation of the two
lensed images, the redshift of the source and the probable redshift of the deflector
judging by its color, are highly indicative of a gravitational lens. With only the
available ugi images, the photometric redshift estimate of the deflector gave incon-
sistent results with large errors in the fit, probably due to light contamination from
the blue arcs in the u and g images. Our proposal for GMOS longslit spectroscopy
of the central galaxy was not awarded time. Therefore, the nature of the object

remains unconfirmed and can be resolved with additional (IFU) observations.

Table 4.3: Measured properties of lensed arcs and BCGs

SL2S ID Arc BCG

i r l Zs cz i g—r | r—1 Zs cz
SL2SJ143000+554648 22.3 4.3 5.6 1.435 | 230 18.9 1.85 0.97 | 0.501 | 141
SL2SJ022025-044815 22.7 1.9 3.6 1.059 | 197 19.96 - - - -

SL25J022546-073738 22.8 6. 10.1 - - 19.8 1.8 1.01 | 0.511 | 179
SL25J085914-034514 224 | 46 | 44 - - 20.12 1.76 1.41 | 0.644 | 157
SL25J084633-015421 21.76 | 4.1 5 - - 20.12 1.62 1.35 - -
SL25J085208-034312 22.93 6. 4.9 - - 18.61 2.01 0.94 - -

Measured properties of candidate arcs and BCGs from Gemini GMOS longslit/ MOS spec-
troscopy and from CFHTLS photometry. Properties and units listed are: (Arc) surface bright-
ness, f1; mag.arc.sec”2; radius, r arc.sec; length, 1 arc.sec; spectroscopic redshift, zy; redshift error,
czkms™!: (BCG) i ABmag; g-r color, ABmag; r-i color, ABmag; spectroscopic redshift, z,; red-

1

shift error, czkms™". For lenses with two lensed arcs, only details for the principal image are

provided; arc and BCG spectroscopic redshifts are listed only where available
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Figure 4.13: Extracted 1D spectra of the BCGs of the lensing cluster SL2SJ022546-
073738 (z=0.51) (top), and of SL2SJ085914-034514 (z = 0.64) (bottom); the BCG

spectra are compared with redshifted Elliptical galaxy template and the correspond-

ing sky noise; typical absorption features indicative of an old, passively evolving

stellar population are marked (strong features = solid lines with labels; weaker

features in dashed lines)
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Figure 4.14: Extracted 1D spectra of lensed arcs in SL2SJ022546-073738,
SL2SJ085914-034514, SL2SJ084633-015421 and SL2SJ085208-034312 for which the
redshifts could not be determined due to low S/N and the lack of emission lines.
The continuum subtracted spectral regions used for cross correlation are plotted,
with flux in unscaled counts. A corresponding sky noise spectrum is shown for

comparison

SL2SJ022546-073738: This lens candidate shows a distinct blue arc and ten-
tatively a smaller arclet, both of which are centered on the BCG of a cluster (Figure
4.5). The longer arc (length ~ 107, [/w ~ 5) lies at a radius of ~ 6” from the
brightness peak of the central galaxy measured in the i’ image. The CFHTLS g’
photometry of this arc indicated only two small regions with surface brightness,

pg < 23.mag.arc.sec”?, the magnitude limit imposed by the observing conditions

8000
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and our modest integration times. In our MOS observations therefore, the field was
oriented such that two slitlets (length ~ 15”) covered these two regions and had
adequate sky regions; this configuration permitted us to also place a short ~ 5”
slitlet on the central galaxy, with two sky slitlets placed beyond the slitlets for the
arcs. In this field orientation, however, most of the bright (i’ mag < 20) candidate
cluster members could not be observed since they lie along the line connecting the
BCG and the arc. The extracted spectra of the arcs do not show any emission
features; the spectrum of the brighter arc is shown in the top panel of Figure 4.14.
Cross correlation of the continuum against star burst galaxy templates did not yield
any consistent results, thus the redshift of the source remains unknown. For the
BCG however, the extracted 1D spectrum (top panel, Figure 4.13) gave a strong
correlation peak at z = 0.51 with early type galaxy templates, the strongest being
with that of an elliptical galaxy. The measured redshifts of three other objects in
the field on which we had placed slitlets, are consistent with that of the central
galaxy; the median redshift and associated error are listed in Table 4.3.
SL2SJ085914-034514: Exhibiting an interesting configuration, four galaxies
lie in a tight group with the candidate lensed arc approximately centered on the
geometric center of the group (Figure 4.4). Close examination reveals that the arc
extends nearly into a full Einstein ring (radius ~ 4”), with two other segments
visible above the sky background; for our MOS spectroscopy, however, only the arc
segment lying to the South of the galaxy group has sufficient surface brightness.
For the observations, the mask was oriented to place a slitlet along the length
of this arc segment; a second slitlet was placed on the central galaxy group. No
emission lines are observed in the extracted spectrum of the arc, (panel 2, Figure
4.14), therefore we are unable to determine the redshift of the background galaxy.
Cross correlation of the deflector galaxy spectrum gave a strong peak at z = 0.64,
with a strong Balmer break and several other spectral features seen in an elliptical

galaxy (bottom panel, Figure 4.13). The measured redshifts of the other objects
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on which we placed slitlets did not match the redshift of the central galaxies; this
may indicate that the deflector galaxies form a compact galaxy group, warranting
further detailed MOS/ IFU spectroscopy to determine the dark matter profile which
is the focus of the work reported in Chapter 5.

SL2SJ084633-015421, SL2SJ085208-034312: In the visual inspection of
stacked CFHTLS-W images, both these targets were flagged as candidate lensed
arcs due to their extended morphology (Figure 4.6) , though their colors and ge-
ometry put them in a lower likelihood category than the 9 high priority candidates
discussed in Section 4.4. Both targets were observed as part of the longslit pro-
gram but the extracted 1D spectra have low continuum flux and are devoid of
any indicative spectral features (panels 3 and 4, Figure 4.14). As a consequence,
cross correlation against star burst galaxy templates did not provide any redshift

estimate.

4.7 Conclusions and future work

With visual inspection of stacked CFHTLS-Wide color images as well as dedicated
visual searches in stamp RGB images of the cluster candidates in our CFHTLS-
Wide catalogs, we have compiled a set of 9 gravitational lens candidates, of which
8, if confirmed, are first time discoveries.

We have initiated a spectroscopic campaign of these candidates not only to verify
the lensing hypothesis but also to assess the suitability of the lenses for deeper
IFU follow-up aimed at addressing the scientific objectives set forth in Chapter
2. We have observed 6 of the 9 candidates at the current stage of the survey,
using the Gemini GMOS with either longslit of MOS spectroscopy carried out at
either the North or the South telescope, as warranted by the declination of the
lens target.We have successfully confirmed SL2SJ143000+554648 as a classic lens

(source at z=1.435, deflector at z=0.501) and in addition, have verified it as a
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prime candidate for IFU spectroscopy due the presence of strong [OII] emission
which lies clear of the night sky lines. A strong [OII] emission has been confirmed
for the ’source’ galaxy of SL25J022025-044815 at z=1.059; however, we are yet
to be awarded time to determine the redshift of the deflector. The redshifts of
the other 4 observed systems have not been confirmed due to the lack of emission
lines; the continuum SNR in our 1h observations under marginal sky conditions
are too low for redshift measurements. We are planning follow-up near Infra-red
spectroscopy of these candidates in forthcoming observing semesters. Observations
of the other lens candidates, including new ones discovered in the cluster catalogs
under preparation, will be undertaken in future observing semesters.

In order to automate this search for gravitational lenses in the available 195 deg?
of multi-color, CFHTLS-Wide imaging, we have implemented Arc_Detector, an al-
gorithm developed by Lenzen et al. (2004) to identify lensed arcs in ground based,
photometric data, using anisotropic diffusion filtering to enhance the elongated ge-
ometry of arcs and thus detect them. We have tuned the detection parameters for
CFHTLS g’ imaging and have matched the visual detections for over 60% of the
candidates. We reserve a more comprehensive assessment of the method’s com-
pleteness and false detection rate for future work to be carried out in collaboration
with the developers of the algorithm. Correlating the detections in the g’ image
with those from the i’ filter will help to understand the dependency, if any, of
Arc_detector on the observed filter; this will be extended to the u*, r’ and z’ filters,
after observations of depth comparable to the g and i filters (~ 24mag) become

available.



Chapter 5
Dark matter

distribution in galaxy

groups

5.1 Introduction

Nature’s telescope, gravitational lensing, provides a valuable cosmological probe
not only to study the nature and evolution of high redshift galaxies, but also as
a tool to map the distribution of gravitating mass in the universe and thus piece
together structure formation at all mass scales ranging from massive clusters (mass
> 10" Mg) down to that of individual field galaxies (M ~ 10'' M). This latter
application provides a well understood test of the model of heirarchical mass as-
sembly, which in turn forms the corner stone of the concordance A-CDM model of
cosmic evolution. Observations and simulations indicate that galaxy groups, which
lie in the mass range (10" < M < 10 M), form a crucial link between clusters,
which are dark matter dominated, and galaxies, in whose structure baryons play a
significant role. Open questions related to the contribution of dark matter in the
distribution of mass in galaxy groups have been reviewed in Chapter 1. At that
point it was discussed that only recently have observational results begun to address
these issues. Our catalog of confirmed gravitational lenses from the CFHTLS-Wide
fields provides a good sample of objects that, by their richness estimates, represent

galaxy groups and hence suitable targets for a systematic study on the distribution
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of dark matter in this mass scale.

Toward this objective, the Strong Lensing Legacy Survey (SL2S) collaboration,
of which we are a part, has undertaken a multi-wavelength survey of these candidate
groups and clusters; details of the survey are given in Chapter 1, §1.4. Within this
broad framework, the focus of this chapter, is to estimate the mass distribution
in these lensing systems from the kinematics of member galaxies, measured as the
line of sight velocity dispersion (LOSVD) using MOS spectroscopy. Our results
will complement the mass measurements from the lens model, describing the inner
strong lensing core, the weak lensing studies, which are measured at radii outside
the viral radius and from the Xray measurements which provide an estimate of the
baryonic contribution. Taken together, these independent but complementary mass
measurements will provide a more complete picture of the mass distribution than
individual estimates using only one of these methods, which has normally been the
approach in published work to date.

In Section 5.2, we use the substantial theory on galactic dynamics (eg. Binney
and Tremaine (1987), to relate the underlying density distribution in a galaxy group
to the projected mass and then to the LOSVD, which is the observable quantity in
our work. We apply the formalism in subsection 5.2.1 to three parametric density
profiles to characterize their effects on the LOSVD and thus to test how well our
observations will distinguish one model from the other. Results from our theoretical
comparisons for galaxy kinematics alone are presented in subsection 5.2.2, which are
then refined in subsection 5.2.3 by adding the constraints provided by the projected
mass estimated from a lens model. The observational and data reduction details
of two lensing systems from our catalog, which have been observed to date, are
described in Section 5.3, The kinematics of member galaxies deduced from these
observations are presented in subsection5.3.3. A comparison of observations and the
theoretical predictions follow in subsection 5.3.4, which includes a mass estimate

under the assumption of a simple lens geometry. A full treatment of the lens model
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will be undertaken with the SL2S HST Cycle 16 observations currently underway.

The chapter concludes with an outline of work in progress and future plans.

5.2 Model estimates of LOSVD for specific den-
sity profiles

The objective of this section is to compute the theoretical LOSVD models of three
commonly used dark matter density profiles for galaxy group and cluster scale
objects, and thus compare how well we are able to distinguish one from the other
observationally. We compare three parametric density profiles, the Navarro, Frenk
and White (NFW (Navarro et al., 1997)) and the Hernquist (HRQ, (Hernquist,
1990)) profiles and compare them against the Softened Isothermal Sphere, SIS,
a generic model used to describe virialized mass distributions*. In the Softened
Isothermal Sphere model, a non-zero core radius is used to prevent the singular
behavior at r=0 of simple Singular Isothermal Sphere (Binney and Tremaine, 1987).

Our choice of the NFW and HRQ profiles for this comparison is motivated by
published results, which indicate that at the scale of clusters, observations to date
are unable to exclude one density distribution in favor of the other; this trend may
extend to the lower mass scale of groups as well. As an example, the CIRS survey,
(Cluster Infall Regions in the Sloan Digital Sky Survey, Rines and Diaferio (2006)),
which mapped the mass distributions in 72 low redshift clusters (z < 0.2), found
that equal numbers were fit with the NFW (36) and the Hernquist (35) profiles,
with SIS being the best fit for only one cluster. The mass distributions in this
survey were estimated by combining galaxy dynamics from Sloan observations with
mass maps from archival X-ray measurements, On the other hand, Gavazzi et al.

(2003), in their strong lensing analysis of cluster MS2137.3-2353, found that the

*The abbreviation, SIS, used in this chapter consistently represents a Softened Isothermal

Sphere only
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locations and brightness of the images are better fit under the assumption of a
SIS dark matter profile than with a NF'W distribution. Therefore, we also include
the SIS as a baseline for comparison. However, we do not test alternate density
parametrizations such as the Kravtsov model (Kravtsov et al., 1998), which differ
from the NFW profile only in the inner slope at radii < 0.1 times the virial radius;
this difference has little effect on the LOSVD, which is measured within an aperture
nearly equal to the virial radius. Finally, in this comparison, we assume spherical
symmetry for all three profiles and neglect any effects due to triaxiality; this analysis
may have to be refined in the future, if our observational results indicate the need to
include triaxiality. In Section 5.2.1, we present the formalism we have employed for
this comparison; we follow the methodology developed by Lokas and Mamon (2001)
for their investigations of the properties of NF'W profiles, though we generalize the
formulations for all three density profiles used in our comparison. The results from

our analysis are discussed in Section 5.2.2.

5.2.1 Formalism used for LOSVD computation

In this formulation, we use the standard representation of the three spherically
symmetric density profiles; NFW (Navarro et al., 1997), HRQ (Hernquist, 1990)
and SIS (Binney and Tremaine, 1987), which are given by,

1

pnrw (1) < (f) <1 . TL)Q (5.1)
prna(r) ﬁ (5:2)
psis(r) o< ! (5.3)

2
T
1+ ()
where, the principal parameters describing the profiles are, r, the scale radius for

NFW, a, the scale radius for HRQ and r., the core radius of SIS. For the second
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parameter needed to set the normalization, we choose the mass enclosed within a
prescribed radius. In the first part of the analysis, in which we compare the model
characteristics of the three profiles against each other, we use the virial mass of
a typical rich cluster, M, = 10 My, for the normalization; this assumed virial
mass also permits us to benchmark our results with similar results in Lokas and
Mamon (2001) (for NFW alone) and in Willick and Padmanabhan (2000) (in their
comparison of mass distributions from galaxy dynamics and weak lensing), both
studies having used the same fiducial cluster mass. We set the virial radius, 7, to
be the radius within which the mean density is 200 times the present critical density
of the unverse, pf. For the specified virial mass, the viral radius is obtained from,

4
M, = gmfj(A ) (5.4)

where, the chosen overdensity parameter, A = 200. In the second part of this
analysis, where we compare the estimated LOSVDs of lensing clusters, we use the
mass enclosed within the Einstein radius as the mass constraint; thus we ensure that
the strong lensing characteristics within the inner core of the cluster are identical for
the three profiles and test for differences in the galaxy dynamics, as measured by the
observed LOSVD, due to the intrinsic characteristics of the density distributions.
Along with introducing the normalization, we also recast the expressions of the
HRQ and the SIS profiles in such a way that they may be defined using the same set
of parameters as used for the NF'W profile. This refinement leads to a consistent set
of equations for the various properties of these profiles, which therefore lends well to
a systematic comparison. Under this formulation and using the notation employed
by Lokas and Mamon (2001), the normalized density profiles may be succinctly

expressed as
p(s) = pg 0c1(s) (5.5)

where s is the scaled radius, r/r,. The function, n(s), which describes the shape of
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the profile, is represented for the NFW, HRQ and SIS by,

1
n(s) = )T o) NFW (5.6)

HRQ (5.7)

1
1) = G ()

where, the concentration index, c, is given by (r,/rs) for NFW, (r,/a) for HRQ and

SIS (5.8)

(ry/r.) for the SIS profiles. The functional form of the concentration parameter, 6.,
which contains the normalization scale for each profile, is obtained by setting the

expression for the enclosed mass within the virial radius, M(r,), equal to the virial

M(r) = ( /0 ' 47rk:2p(k:)dk:)

Substituting the normalized density profiles, Equations 5.5 - 5.8 and carrying out

mass, M,

4
— Smri(A ) (59)

r=ry

the integral in Equation 5.9, yields analytical expressions for d. for the NFW, HRQ
and SIS as,

3
5. = % Ac NFW (5.10)
(ln(l +c) — (pcrc))
2 1\’
1 AP
5o == ‘ SIS (5.12)

" 3(c — tan~1(c))
Thus, in the first part of the analysis, we have chosen the virial mass, M,, and
the concentration index, ¢ to describe these two-parameter, spherically symmetric
density distributions. In our comparison, we use two typical values for the concen-
tration index of the NFW profile: ¢ = 5, which corresponds to typical cluster mass
scale, 1014 < M < 10¥M,, and ¢ = 10, for cD galaxy scale halos, ~ 10*M, (Willick
and Padmanabhan, 2000). The former, hereafter referred as NFW5, corresponds
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to the typical lensing group or cluster in our sample while the latter (NFW10) in-
cludes the cases where the strong lensing is dominated by the central galaxy alone.
It must be noted that this comparison of two concentration indices (at the same
overall virial mass), is intended only to quantify the effect of the underlying scale
radius on the LOSVD. Furthermore, Comerford and Natarajan (2007) have pointed
out that the actual value of ¢ in clusters may be 2 ~ 3 times higher than the earlier
estimates; in the current analysis, therefore, we avoid associating the NF'W profiles
with any names for the objects they represent. Using the NFW5 profile as the
benchmark, the concentration indices for the HRQ and SIS are adjusted to match
the profiles at the scale radius, r; this follows the approach adopted by Willick
and Padmanabhan (2000) in their comparison of the NFW and Kravtsov profiles
in weak lensing. The resulting density profiles, scaled by the critical density, are
shown in Figure 5.1 and are discussed in Section 5.2.2.

With the enclosed mass distribution, Equation 5.9, quantities required to com-
pute the LOSVD may be derived. Of these, the corresponding scaled circular ve-

locity, V'(s), may be expressed as,

Vis) _ M(s)
= 5.13
T (5.13)
where the circular velocity is scaled with the value at the virial radius, given by,
GM,
V, = (5.14)
Ty

For the chosen halo mass, 10'® My, the circular velocity at the virial radius, V, =
1434kms!. Next, the radial velocity dispersion, o,(r), is obtained as the solution
of the Jeans equation for hydrostatic equilibrium (Binney, 1980). In our radially
symmetric analysis, we assume that the anisotropy factor, 3 = 1 — (0g/0,)?, which
is a measure of the radial and tangential velocity components, is negligible; oy is
the tangential velocity dispersion. Our assumption is based on results from dark
matter simulations (Cole and Lacey, 1996) on cluster scales, which have borne

out that § ~ 0, thus lending support to the assumption of isotropy in the radial
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Figure 5.1: Comparison of properties of dark matter halos described by NFW, HRQ
and SIS density profiles; for this plot, the profiles have been matched as described
in Section 5.2.1. The top panels show the scaled density, log(p/pf) (left) and the
enclosed mass, M /M, (right) as functions of the scaled radius, r/r,, while the
corresponding bottom panels are the circular velocity, V/V,, and the radial velocity

dispersion, o,./V,.

velocity dispersion. Under this assumption, the scaled radial velocity dispersion

may be expressed as,

o2(s) 1 [ p(k)M(k)
- _p(s)/s S (5.15)

Using an IDL implementation of the numerical integration routines in QUADPACK
(Piessens et al., 1983), we compute the unstable double integral for o,.(r). Published
values in Lokas and Mamon (2001) for the NFW profile permit us to verify our
methodology, and apply it to the HRQ and SIS profiles. The computed circular
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velocities and radial velocity dispersions for the three profiles used in our comparison

are shown in the bottom panels in Figure 5.1.

Sightline

Projected R

Aperture IIJ

Sightline

Figure 5.2: Geometry of the 3-D dark matter distribution with the projected aper-
ture overplotted; 3-D variables indicated are virial radius, r,, and intrinsic radius, r;
corresponding projected variables are, aperture radius, R, and the angular variable

of integration, v

For our comparison of strong lensing and galaxy dynamics in different dark
matter density distributions, we need the projected mass and the LOSVD within an
observed aperture, referred as the aperture LOSVD. Expressions for the projected
properties of the halo, namely the surface density, >,,, the projected mass, M,
and the LOSVD, o10g, are derived first by integrating the radial profiles of the
corresponding halo properties along the line of sight. At an observed 2-D aperture

radius, R, (indicated in the schematic Figure 5.2), the surface density is given by,

[ roln)
Sul(R) = [ =2 dr (5.16)
R/\/r — R
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where, 1 is the 3-D intrinsic radial coordinate. For numerical stability, we carry
out the integration with a change to an angular variable, 1, such that the scaled

surface density may be expressed as,

™

Em(F) = /R' p(R")cosec(1)) di (5.17)

"ol

where the variable, R = R cosec(y)). The projected mass within the observed
aperture, R, obtained by integrating the surface density within the aperture, is

given in units of r2p§ by,
R
M,(R) = / K 5,(K) dK (5.18)
0

with K being a variable of integration. The corresponding LOSVD, o10g, at the
2-D radius, R, is obtained as the density weighted radial velocity dispersion. Using
the results from Equations 5.9, 5.15 and 5.16, the scaled LOSVD may be expressed

as,
™

ULOVS@(R) =5 | B ARG cosetw) v (5.19)

where, as in Equation 5.17, the scaled radial coordinate, R’ = R cosec(v)). Finally,
the aperture LOSVD, o,,, is the surface density weighted value of o0g within the
observed aperture. Using Equations 5.16-5.19, the aperture LOSVD, in units of V2,

is obtained from,

o2 (R) = / K S (K)o2pg(K) dK (5.20)

Comparative plots of these projected quantities for the different density profiles are

shown in Figure 5.3 and discussed in the following subsection.

5.2.2 Results from LOSVD comparison - I

We first establish a baseline for our LOSVD predictions by matching the density
profiles of the NFW, HRQ and the SIS distributions and then comparing their
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intrinsic and projected characteristics. For this, we adjust the concentration indices
of the HRQ and SIS distributions such that their scaled densities match with the
NFW?5 profile at the scale radius, s = 0.2 r, (Figure 5.1); this matches the density
distributions within the inner core and tests for differences in the consequent velocity
fields. The NFW10 profile provides a comparison for variations in the concentration
index; the scale radius is this case is 0.1 r,. The virial mass in all cases is fixed at
10% Mg, and provides the second constraint needed to determine the two parameters
of these profiles. This cluster scale mass was chosen only because the NF'W results
could be compared against published values in Lokas and Mamon (2001) for the
same virial mass; group scale masses, more pertinent to our work, are used in the
second comparison, discussed in Section 5.2.3.

The intrinsic properties of the density distributions as functions of the scaled
radius, r/r, are shown in Figures 5.1, and their projected counter parts as functions
of the scaled aperture (= projected) radius, R/r, in Figure 5.3. Since the density
distributions have been matched, the principal differences in the intrinsic properties
arise mainly in the velocity profiles, with the radial velocity dispersion of the sharply
peaked NFW10 profile showing a maximum at a smaller radius (0.8V, at s = r/r, =
0.08) compared to the NFW5 (0.7V,, at s = 0.13) and the Hernquist profiles (0.66V/,
at s = 0.3); for the assumed virial mass, the circular velocity at the virial radius,
V, = 1434kms~!. In comparison, the velocity dispersion of the SIS model remains
constant at 0.56V, within the core radius, where it is governed by the constant
density distribution. The velocity dispersion then rises smoothly to plateau at
(0.71V,) at larger radii (r > r.); this follows the trend expected from the Virial
Theorem which indicates that the radial velocity dispersion for a purely isothermal
sphere is a constant (Binney and Tremaine, 1987). The differences between the
radial velocity dispersions however, are significant only within the core and the
profiles, except the SIS, converge toward each other at larger radii (eg. at r/r, > 0.1,
the differences are 172kms—!, 186 kms~! and 315 kms~! between the NFW10 and
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Figure 5.3: Comparison of the scaled projected properties of NFW, HRQ and SIS
density profiles. The top panels show the scaled surface density, X,/r3p3 (left),
and the projected mass, Xy /r,p3 as functions of the scaled projected radius, R/r.;

the corresponding bottom panels are the LOSVD, o105/V, at an aperture radius,

R, and the aperture LOSVD, 04,/V,

the NFW5, SIS and HRQ profiles, but drop to ~ 50kms™! at r/r, = 0.8 for all
profiles except for the SIS for which it is higher by 230kms~! and continues to
increase with radius. Though the radial velocity dispersion is not directly observed,
these radial trends affect the projected LOSVD, which is the measured quantity
and is discussed below.

The projected properties reflect the cumulative variations between these pro-
files and show significant differences both in the projected mass as well as in the

LOSVD. The variations in these observed properties are particularly relevant for
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our work since lensing properties are governed by the projected mass and the galaxy
dynamics, which are the focus of our observations, probe the aperture LOSVD. As
expected from the variations seen in the intrinsic properties, the principal differ-
ences lie within the core regions and become smaller at larger aperture radii (eg, at
R/r, = 0.8, the observed LOSVD of NFW5 and HRQ are 75 — 100 km s~ below
that of NFW10 and 150 km s~! lower than the SIS at this radius. Therefore, even in
the case of matched densities, we expect to distinguish between the SIS and the two
other density profiles with the observed LOSVD. The predicted differences between
NFW5 and HRQ for this case however, are smaller than the expected errors in

! making it difficult to distinguish between the two;

our observations, ~ 100 km s~
this prediction is consistent with the observational results from the CIRS survey,
(Rines and Diaferio, 2006), discussed earlier in Section 5.2. It is for this reason
that the additional constraints provided by strong lensing, which are sensitive to
the projected mass distributions at smaller radii, R/r, ~ 0.1, become particularly
important. The effect of including the additional constraint provided by the lens
model on the aperture LOSVD of the NFW, HRQ and SIS density distributions is

discussed in the following subsection.

5.2.3 Results from Lensing + LOSVD comparison - II

We extend this comparison of LOSVDs to galaxy groups in which the presence of
strong lens features provides additional constraints for the estimation of the mass
distribution. Using the observed lens geometry, ie. the positions and brightness
of the lensed images, and measured redshifts of the deflector and source, a lens
model may be constructed to obtain the projected mass distribution of the deflector,
the galaxy group in our observations. In this theoretical comparison of density
distributions, we assume that the lens model is available, and match the projected
masses within a chosen aperture, instead of matching the density at a chosen radius

as in Section 5.2.2; for simplicity, the aperture radius for computing the projected
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mass is taken to be the Einstein radius corresponding to the source and deflector
redshifts. The redshifts used as an example in this comparison are those of the
galaxy group, SL2SJ143000+-554648 (z4 = 0.501, z; = 1.435), which was observed
as part of this project and is described in Section 5.3.

The comparisons are carried out for five different values of the virial mass,
10 — 10% Mg, in equal increments, to cover the typical mass scale from galaxy
groups to cluster values. For each virial mass, the concentration index of each
profile is iteratively adjusted to match the projected mass, M,, within the Einstein
radius, rg, to the mass value obtained from the lens model. For the assumed lens
geometry and for a spherically symmetric density distribution, the projected mass

within the Einstein radius is given by,

dis 4GM
Op = | — P 21
g dd, 2 (5:21)

where, g = rg/d; is the Einstein angle ; the cosmological distances, d;, ds and d;s

refer to the angular diameter distances from observer to the deflector, to the lensed
source and from deflector to source, respectively.

Figure 5.4 shows the resulting projected mass profiles (left panels) and the
LOSVD (right) for the NFW, HRQ and SIS profiles as functions of the scaled
aperture radius; the effects of increasing virial mass are shown in the five profiles
plotted. Table 5.1 lists the pertinent numerical values: the first three columns
tabulate the viral masses, corresponding virial radii (for an overdensity, A = 200)
and the circular velocity at the virial radii. The fourth column is the scaled Ein-
stein radius, sg = rg/r,; the observed Einstein radius of the lensing galaxy group,
SL2SJ1430004-554648, described in Section 5.3, is used as an example in this com-
parison. The projected mass and the observed LOSVD at a rest frame radius of
0.77Mpc for the three density profiles are listed in columns five to ten; this radius
corresponds to the aperture in our observations of this lensing group (see Section
5.3.3). Additionally, correlations of the aperture LOSVD for the three density dis-

tributions plotted against each other are shown in Figure 5.13; for clarity, only the
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Figure 5.4: Effect of the virial mass of the galaxy group or cluster on the projected
mass within an aperture (left panels), and the aperture LOSVD (right) for the
NFW, HRQ and SIS density distributions respectively; refer to §5.2.3 for model
parameters used in these plots. The locus of the projected mass and aperture
LOSVD at the scaled Einstein radii corresponding to the virial masses is overplotted

(chained line)

plots for virial mass of 10 Mg, and 10'® M, are shown and the comparisons are
discussed along with the observational results in Section 5.3.4.

The effect of decreasing virial mass for a fixed projected mass within the Einstein
radius, seen in Figure 5.4 | is to increase the fraction of projected mass within the
inner radii, as expected; the underlying density distribution becomes more peaked
toward the center. The scaled aperture LOSVD consequently reflects this central

concentration of mass and shows a higher relative peak in each profile as well as
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Table 5.1: Modeled values of projected mass and LOSVD as functions of virial mass

My, Ty Vo SE My [Me] oros [kms™']
[Mo] | Mpd] | [kms™] | [ NFW HRQ SIS NFW | HRQ | SIS
1.00E+415 2.09 1434. 0.014 | 5.67E+14 | 5.84E+14 | 5.65E+14 907. 889. 1011.
7.50E+14 1.90 1303. 0.015 | 4.76E4+14 | 4.90E+14 | 4.71E+14 815. 794. 921.
5.00E+14 1.66 1138. 0.017 | 3.64E+14 | 3.74E+14 | 3.63E+14 696. 673. 806.
2.50E+14 1.32 904. 0.022 | 2.21E+4+14 | 2.23E+14 | 2.31E+14 526. 498. 640.
1.00E+14 0.97 666. 0.030 | 1.04E+414 | 1.01E+14 | 1.25E+14 353. 324. 472.

Modeled values of projected mass and aperture LOSVD as functions of virial mass, M, for
the NFW, HRQ and SIS density distributions (column 1). The corresponding halo properties
tabulated are virial radius, r,, circular velocity, V,, scaled Einstein radius, sg, the projected
mass, M, and observed LOSVD, o105, for NFW, HRQ and SIS respectively; the listed projected
mass and LOSVD are interpolated values corresponding to the Einstein radius (=29Kpc) and
observed aperture radius (=0.77 Mpc) of the galaxy group SL2SJ143000 (see Section 5.2.3 for

details)

an overall increase in the LOSVD for decreasing virial mass; however, the increase
in the scaled LOSVD is largely offset by the decrease in the circular velocity, seen
in column 3 in Table 5.1; the observed value of the LOSVD, in units of velocity, is
therefore lower for a smaller virial mass.

The peaked trend in the aperture LOSVD for both the NFW and HRQ indi-
cates a significant and measureable difference between the values within the core
(eg. 0.2r,) and at a larger radius, ~ r,; for example, for the NFW profile, the
difference is ~ 200kms™! for a galaxy group scale object. The advantage of this
approach is that it provides an additional constraint, thus removing the reliance
on the unknown virial mass. This method may be applied with MOS observations,
where the number of members with confirmed redshifts permits this binning. De-
pending on the number of members, a finer binning may also be adopted and the
radial trend in the LOSVD may be derived. We have applied this novel approach
to our GMOS-MOS observations of SL2SJ143000+554648, described in the next
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section. Comparisons of the observed and predicted values of the LOSVD and the

results inferred from them are discussed in Section 5.3.4.

5.3 Observations

We have complemented our theoretical models of the LOSVD with an observational
campaign of MOS spectroscopy of lensing groups ' from our catalog, presented in
Chapter 4. The goal of the observations is to measure the redshifts of a sample of
member galaxies of each group and thus estimate the LOSVD; candidate member
galaxies are identified for spectroscopic follow-up using colors in the CFHTLS-
W imaging as part of the cluster detection algorithm described in Chapter 3. At
present, HST imaging of these galaxy groups is ongoing as part of a campaign by the
SL2S collaboration (HST Cycle 16, PI. J-P. Kneib) and lens models are not available
yet. Therefore, for the present comparison, we use the simplifying assumption that
in each case the lensed arc lies on the Einstein radius, as discussed in Section 5.2.3.
This permits us to obtain the projected mass without a full reconstruction of the
mass distribution in the inner core of the group; this will be verified and refined as
necessary when the lens models become available.

In this spectroscopic campaign, we have completed MOS observations of two
groups, SL2S5J143000 + 554648 and SL2SJ143139 + 553323, both done as part of
our Gemini North program, GN2007A-Q-92 during the observing semester spanning
August 2007. We begin this section with a description of the instrument and target
selection as well as the data reduction before we present and discuss the results

from our analysis.

TFor brevity, all the objects are referred as groups though their actual virial masses are yet to

be determined with lens models using the SL2S HST observations
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Table 5.2: Details of spectroscopic follow-up observations of candidate arcs

SL2S ID RA Dec Gemini Date GMOS Int time

- hh:mm:ss dd:mm:ss Program Observed Instrument S

SL2SJ143000+554648 | 14:30:00.65 | 55:46:47.90 | GN-2007A-Q-92 | Aug 2007 | MOS+R400 14400
SL2S5J143139+553323 | 14:31:39.00 | 55:33:23.00 | GN-2007A-Q-92 | Aug 2007 | MOS+R400 14400

Details of Gemini GMOS observations of lensing groups to measure redshifts of member galaxies
and the LOSVD. For each target, the columns are the Strong Lensing Legacy Survey (SL2S)
ID, sky position (J2000 «, d), the Gemini Observing program (with GN=Gemini North), date of

observation, the GMOS instrument + grating used and the total on-source integration time

5.3.1 Instrument configuration and target selection

Our objective is to obtain the LOSVD of each lensing group from the statistical
spread in the measured spectroscopic redshifts of its observed member galaxies. The
strength of this estimate depends on the number of member galaxies observed as
well as by their (well separated) radial distribution, In order to contiguously observe
and obtain the redshifts of several galaxies (~ 20 or more) within an aperture
spanning a few arc minutes, we chose the GMOS-MOS with a FOV of 5.5 x 5.5
and capable of both imaging and spectroscopy; by choosing target galaxies brighter
than ¢ ~ 22mag, we could use the GMOS-MOS in standard mode, ie. without nod
and shuffle, for modest integration times (~ 2h), and thus maximize the accessible
area of the observed field. With 17 MOS slitlets and the R400 grating set at
a central wavelength of 6800A, the spectral resolution was 480, which provided
redshift sampling, Az = 0.002 . With this instrument configuration and the chosen
4x spatial binning and 2x spectral binning, the spectral S/N > 5 per pixel was
adequate for our observational goals. At the chosen grating setting, the consequent
wavelength range of 4750 — 8750A permitted coverage of the strong 4000A break in
these early type galaxies in the redshift interval 0.2 — 1, in which we expected these

lensing groups to lie.
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We chose to observe each field with two masks in order to increase the number
of candidate member galaxies observed; the crowded regions in the centers of these
lensing groups required judicious placement of the MOS slitlets. In addition, we
oriented the field such that we could place a slitlet along the long axis of the
lensed arc and thus aimed to obtain the redshift of the lensed source at the same
time. The set of target galaxies were chosen using available CFHTLS colors and
magnitudes. The top priority galaxy candidates were those that lay within a color
difference < 0.3mag (in both (g-r) and (r-i) colors) of the BCG and were brighter
than ¢ = 22mag, the magnitude limit which could be observed with a modest
2h integration time in the standard GMOS configuration. The chosen galaxies
were further ranked by magnitude during slit placement, a brighter galaxy being
chosen over a faint one in case of conflict. This high priority list included the
visually identified bright central galaxy and the lensed arc, Regions in the slit
mask, which were free after placement of these top priority targets, were filled with
second priority galaxies that matched the BCG in one color only (within 0.3mag) or
were brighter than the magnitude cut. This approach provided good slit placement
over the observed field and permitted us to observe 20 galaxies on average per mask
(plus two or three stars for mask acquisition) In addition, the observations were
specifically designed to act as poor weather filler-programs in order to increase the
window of opportunity. Complete details of the observations are listed in Table 5.2.

All standard calibration observations were also obtained.

5.3.2 Data reduction and analysis

Both sets of MOS observations were processed using the b-spline based reduction
procedure we have developed, described in Chapter 4; 1-D spectra were extracted
using standard IRAF tasks and then co-added to make the final spectrum for each
observed object. The spectra were continuum subtracted and then cross correlated

against template galaxy spectra to determine the redshift; the continuum subtrac-



5. Dark matter in galaxy groups 190

tion and cross correlation were carried out with in-house scripts designed for MOS
data. For the cross correlation, performed in Fourier space, we used the IRAF
task F'Xcor. Three template spectra from the Kinney catalog (Kinney et al., 1996,
McQuade et al., 1995) corresponding to a galactic bulge, Elliptical and SO galaxies
were used for the cross correlation. The cross correlation was carried out in two
steps for each template, first to obtain a nominal redshift and then a second run,
with the template redshifted by the nominal value from the earlier step, in order
to verify the estimated redshift and improve it, if necessary. The best fit template
was determined as the one which gave the highest R-value in Step 1; the R-value
is a combined measure of the strength of the correlation peak and the S/N in the
spectrum (Tonry and Davis, 1979). For the best fit template, the redshift correction
in the second step was smaller than the instrument resolution of Az = 0.002 in all
cases and was therefore neglected; this second step however provided a complemen-
tary check for the fits in the first step. The cross correlation range in the observed
galaxy spectrum had to be restricted to wavelengths below 8300A due to the noise
from the strong sky bands as well as from residual fringe patterns. This restricted
wavelength was not a disadvantage for the two groups we observed since the strong
absorption features, which provided the majority of the correlation signal, fell well
clear of the sky bands and fringe regions. This may have to be modified on a case
by case basis for galaxy groups at higher redshifts by choosing spectral windows
in between the Meinel bands for cross correlation. In the following section, results

from our observations are discussed separately for each galaxy group.

5.3.3 Observational results

General results from our Gemini GMOS-MOS observations of the two galaxy groups
are first described and discussed individually before being compared to the theoret-
ical LOSVD predictions from the models presented in Section 5.2.3. As explained

in that section, since we do not have an estimate of the total (virial) mass of these
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objects, we compensate by applying our theoretical analysis to a range of virial
masses.

N:B: The color plates, figures and tables accompanying the observational results
are included at the end of the chapter for better presentation.

SL2SJ143000+554648: With a classic lensing geometry, a background galaxy
at a redshift of 1.435 is lensed by the mass in the central regions of a galaxy group
at a redshift of 0.500870000%; the statistical method used for measuring the LOSVD,
described in the following Section 5.3.4, also provides estimates of the group redshift.
The redshift of the source was determined by longslit observations as part of our
Gemini program, GN-2007A-Q-114, described in Chapter 4. The RGB color image,
Figure 5.5, composed of 5.5 x 5.5 CFHTLS-W g, r, i images of the field, shows
that the light in this core region of the group is dominated by the BCG, which may
be assumed to contribute the majority of the mass in the region and therefore is
the principal deflector; also refer to Figure 4.2, which shows a 1’ square region in
the core of the group. Using color and magnitude cuts, defined in Section 5.3.1,
we identified 31 high priority galaxies (excluding the BCG and the lensed arc),
and 19 objects of second priority for MOS observations; of these, the chosen field
orientation and slitlet sizes (width 1”7, length typically 10”) permitted observations
of 39 galaxies, along with 3 acquisition stars and the lensed arc, using two MOS
masks. Of the observed galaxies, 38 matched the early type templates during cross
correlation and yielded secure redshifts. Of these, 19 galaxies are consistent within
+Az = 0.01 of the redshift of the BCG at z = 0.4972, as shown in Figure 5.6; these
are taken to be members of this group. Their distribution on the sky, Figure 5.7,
indicates that 10 members lie within a projected aperture radius corresponding to
rest frame 0.5 Mpc, shown in the blue circle. The green and magenta apertures
are used for LOSVD comparisons and are described in Section 5.3.4. Table 5.3 lists
the spectroscopic redshifts, measured photometry and the sky positions relative to

the BCG of the member galaxies. Figure 5.8 shows the velocity distribution of



5. Dark matter in galaxy groups 192

the member galaxies as well as the fit to the LOSVD, both of which are discussed
further in Section 5.3.4.

SL2SJ143139+553323: In this interesting, but at present candidate lensing
group (unknown source redshift), shown in the 5.5 x 5.5 RGB color composite in
Figure 5.9, four galaxies with colors consistent with early type galaxies are clustered
within a projected aperture of radius ~ 3”7 ( 20kpc in the rest frame of this group
at z = 0.6694). The blue lensed image, lying to the NE of these central galaxies,
appears distorted by the complex mass distribution. Even though we devoted a
slitlet on one mask to the lensed arc during these MOS observations, we have been
unable to determine the source redshift due to the lack of any emission line in
the observed wavelength range; the continuum flux level from 2h of integration
per mask is inadequate for redshift determination from absorption lines with cross
correlation against star burst galaxy templates. For target selection for these MOS
observations, our color and magnitude prioritization provided 19 high and 24 second
priority targets; of these, the chosen field orientation, permitted slitlet placement on
25 objects (of which 12 were high priority, including only one slitlet on the central
galaxies, and one on the lensed arc) plus 3 acquistion stars on the two masks.
Cross correlation of the extracted 1D spectra of these galaxies with the early type
templates yielded secure redshifts for 22 objects; of the three remaining objects,
two had spectra of low mass stars and the spectrum of the arc did not provide
a redshift of the source. The redshift distribution, Figure 5.10, shows 9 galaxies
consistent with a group at a median redshift, z = 0.66947000;"; the redshift of the
central four galaxies is 0.6651 & 0.0003. The projected radial distribution, Figure
5.11, shows that 7 of these members lie within a projected distance of 0.5Mpc of the
center of the group, the barycenter being taken to coincide with the center of the
light distribution of the four galaxies in the core. Measured values of spectroscopic
redshifts, photometry and sky positions of the member galaxies are listed in Table

5.4; their velocity distribution and the LOSVD fit are shown in Figure 5.12 and
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discussed in the following section.

5.3.4 LOSVD estimation and comparison with theoretical

predictions

The statistical spread in the spectroscopic redshifts of the observed members of
the galaxy groups provides a direct measure of their LOSVD within the observed
aperture. By the Virial theorem, the LOSVD of these ‘test particles’ traces the grav-
itational potential, and thus the mass distribution, of the underlying -and dominant
-dark matter distribution. Since we are working under the assumption that these
are virialised galaxy groups, the LOSVD may be adequately described by a single
Gaussian. However, given the limited number of member galaxies observed, the sta-
tistical estimators used to measure central location and the spread of the Gaussian,
and thus the LOSVD of the group, must be resistant to errors due to small num-
ber statistics, especially due to outliers and any intrinsic departure of the velocity
field from a Gaussian distribution. These outliers may arise either from measure-
ment errors in the redshift or due to the intrinsic non-virialized nature of individual
member galaxies, which may be in the initial phases of infall or may be undergoing
interactions between themselves. In the presence of outliers, the classic estimators,
namely the sample mean and the standard deviation, are prone to significant error
due to the dominant first and second moments of these outlying points. Gebhardt
and Beers (1991) and Beers et al. (1991) provide detailed discussions on these issues
related to estimating the LOSVD using small samples of redshifts as well as effects
due to the non-Gaussian nature of the velocity field. Based on these discussions,
a comprehensive review of several alternate estimators, specifically applicable for
the dynamical analysis of galaxy groups, is provided by Beers et al. (1990), who
have incorporated various robust statistical methods into a public software package
ROSTAT, which we utilize for our analysis. Based on their simulated comparisons

of these methods, we adopt the bi-weight for estimating the central location and
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spread for our samples, typically n ~ 10 — 20 galaxies with secure redshifts. The
error in the redshift of each galaxy from the cross correlation is taken into account
by ROSTAT during the estimation of the bi-weight spread. The values of the esti-
mators for the two galaxy groups, corrected to their rest frame values, along with
their confidence intervals are listed in Table 5.5. The 1o confidence intervals on the
spread, given in the table, are estimated in ROSTAT with a bootstrap technique
(see Beers et al. (1990) for details on the methodology).

Figure 5.8 is a histogram of the velocity distribution of the 20 member galax-
ies of SL25J143000+554648 about the bi-weight mean redshift of the group, z =
0.5008. The LOSVD is 1081 kms~! within the observed aperture using the spread
in the measured redshifts as listed in Table 5.3; the overplotted Gaussian in Figure
5.8 shows the ROSTAT bi-weight fit to the velocity distribution from which the
LOSVD was estimated. The estimated value corresponds to a rest frame LOSVD
of 72091, kms™" within an aperture of radius 0.77Mpc at the redshift z = 0.5008
(shown in magenta in Figure 5.5).

Figure 5.12 shows the velocity distribution of the 9 observed cluster members of
SL2SJ143139+553323 about the group redshift, z = 0.6694; the estimated LOSVD

1 within an

is 1005kms~!, corresponding to a rest frame value of 56375% km s~
aperture of 0.912Mpc (indicated by the magenta circle in Figure 5.9).
We carry these LOSVD measurements an additional step by comparing its values
at two (or more) aperture radii in galaxy groups where the number of members with
measured redshifts permits such binning, eg. SL2SJ143000. Due to the peaked
profile of the aperture LOSVD as a function of aperture radius, seen in Figure.5.3,
we expect observable differences in these values; both the NFW and the Hernquist
profiles show this trend. Therefore, the additional constraints provided by these
differential measurements of the LOSVD at two or more aperture radii may be used

both for estimating the parameters of the underlying density distribution as well

as for distinguishing one profile from another. We apply this test to SL25J143000,
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in which there are 6 members within a rest frame aperture of 0.2Mpc (shown as
a green circle in Figure 5.5); this is the minimum number of galaxies needed for
meaningful LOSVD measurement, according to results from ROSTAT simulations
(Beers et al., 1990). The rest frame LOSVD for this subset of group members in
the inner core of SL25J143000 is 7847175 kms ™.

Figure. 5.13 shows a comparison of the rest frame aperture LOSVD for the
two apertures in SL2SJ143000, plotted along with the predicted values for NFW,
HRQ and SIS profiles; the error bars are 1o confidence intervals returned by the
ROSTAT bootstrap method. The left panel is for a virial mass of 10! My, while
the right pertains to 0.5 x 10 M. The rest frame LOSVD of SL25J143139 is also
overplotted, though only for reference; a more complete comparison of this group
can only be done once the source redshift of this system is known, thus permitting a
lens model. The theoretical predictions are computed assuming that the projected
mass within the lensed arc (assumed to be the Einstein radius for now) is known
from the gravitational lens model; the parameters of the density distribution are
calculated using interpolation for each virial mass, using the projected mass from the
lens model as the constraint, as discussed in Section 5.2.3. In this simplified model,
the contribution of the baryonic mass of the BCG (a fewx 102 M) to the projected
mass has not been taken into account ; the effect of including this additional mass
in the core however, will only shift the LOSVD profile vertically and will not affect
the general trend, namely, radius corresponding to the maximum LOSVD and the
slope at larger radii, which are the principal results of this analysis.

For SL2SJ143000, the comparison favors a virial mass of 0.5 x 10 M, compared
to 10 My, for this galaxy group. In addition, the LOSVD and the differential val-
ues are consistent with either a NF'W or a Hernquist distribution and rule out the
SIS profile, in which the aperture LOSVD increases with radius; this increase in
the observed velocity dispersion for the SIS profile is due to the integration of the

constant isothermal value up to larger aperture radii. As expected the limited data
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cannot differentiate between the NF'W and the HRQ profiles; though preliminary,
this is consistent with observational results from the CIRS survey (Rines and Di-
aferio, 2006) in which the mass distribution in equal numbers of local clusters were
fitted by the NFW and the HRQ profiles. Though, the LOSVD of SL2SJ143139
appears consistent with these results, this can only be confirmed once the source
redshift and thus the lens model are available. A full reconstruction of the LOSVD
profile of galaxy groups and parameter estimation of the underlying density distri-
bution are planned for future work and will be undertaken with the accumulation

of observations of other lensing groups as our observational campaign progresses.

5.4 Conclusions and future work

The focus of the work reported in this chapter is to map the distribution of mass,
i.e., dark matter as well as baryonic components, in galaxy groups and thus ad-
dress broader issues related to the hierarchical assembly of mass in this crucial
scale, which links the dark matter dominated clusters with the scale of field galax-
ies, where baryons provide the bulk of mass. The key feature of the method we
have developed to achieve this objective is that it combines the complementary
constraints from gravitational lensing and from observed galaxy dynamics, to map
the mass distribution from the core of the galaxy group to a radial distance up
to the virial radius. To obtain the mass estimate from galaxy dynamics, we use
MOS spectroscopy of member galaxies in the sample of confirmed lensing galaxy
groups and clusters in our CFHTLS-Wide catalogs described in Chapters 3 and 4.
The gravitational lens models are obtained from complementary HST observations
being undertaken by members of our SL2S collaboration.

In this chapter, we have presented details of our method and the associated for-
malism, developed specifically for three popular, parametric dark matter profiles for

group and cluster scales, namely, the NF'W, Hernquist and the Softened Isothermal
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Sphere model. The objective of this theoretical work is to relate the LOSVD of the
member galaxies to the underlying dark matter distribution which governs their
dynamics. We have successfully verified the methodology against published results
for specific cases, where available. Our goal is to use the observed LOSVD from our
MOS spectroscopy along with the mass constraints from the lens model to identify
the dark matter profile appropriate for the scale of galaxy groups and also extract
the parameters describing the density distribution.

Gemini GMOS observations are complete for two of the groups in our catalogue,
the confirmed lensing group, SL2SJ143000+554648 (deflector redshift, z=0.5008,
source z=1.435, with 20 confirmed members, LOSVD = 720kms~! within a rest
frame aperture of 0.77Mpc) and the candidate lensing group, SL2SJ143139+553323
(z=0.6994, source redshift yet to be determined, with 9 confirmed members, LOSVD
= 563 kms~! within a rest frame aperture of 0.912Mpc). For the confirmed lensing
group, SL2SJ143000, we have combined the LOSVD measurement with a simple
lens model to favor a virial mass of 0.5 x 10> M, for this galaxy group; this prelim-
inary estimate will be refined when the lens model from HST observations becomes
available. The same observational approach of MOS spectroscopy for galaxy dy-
namics and HST observations for constructing the lens models will be adopted for
all the lensing clusters and groups in our catalog. We propose to submit proposals
in the upcoming Gemini observing semesters to carry out MOS observations of the
lensing groups in our catalogs.

In addition, we have devised a differential measure of the LOSVD, estimated
at two or more apertures, in order to constrain the slope of the velocity profile
and thus distinguish the underlying dark matter density profile. We have applied
this approach to SL2SJ143000 using the LOSVD measurements of the 20 member
galaxies taken at two apertures. Our results exclude the softened isothermal sphere
model as viable for the dark matter distribution in this galaxy group. However, the

estimated slope of the density distribution is compatible with either a NFW or a



5. Dark matter in galaxy groups 198

Hernquist profile in this case. The accumulation of results from future observations
will permit us to test whether this compatibility with both density models, which
has been reported in literature for clusters, extends to the scale of galaxy groups as
well.

Our observational campaign is being carried out as part of a multi-wavelength
survey of lensing galaxy groups by the SL2S collaboration. Our mass estimates
from galaxy dynamics and strong lensing will be extended to distances beyond the
virial radius with weak lensing mass maps as well as refined with estimates of the
baryonic and stellar mass contributions obtained from X-ray and NIR observations.
By combining these independent and complementary mass measurements, we will
achieve a complete picture of the mass distribution in galaxy groups, which is an

important issue yet to be fully addressed in observational cosmology.
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Figure 5.5: RGB color image of a 5.5 x 5.5 GMOS field of view centered on the
lensing cluster SL2SJ143000, observed as part of our observational program, GN-
2007A-Q-92. The color image was made from CFHTLS-W g r.i images of the field
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Figure 5.6: Histogram showing the redshifts of the observed galaxies in the
SL25J143000 MOS field; the bin width used is 0.01. Of these, 19 galaxies (high-
lighted in red) are consistent with the red shift of the BCG
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Table 5.3: Details of confirmed cluster members in SL2SJ1430004-554648

ID RA Dec i (g1) (r-1) z Az RA offset | Dec offset
- deg. deg. mag mag mag - kms~! arc sec arc sec
BCG | 217.502833 | 55.779878 | 19.049 | 1.638 | 0.880 | 0.4972 112.4 0.0 0.0
#1 217.559250 | 55.764219 | 19.43 1.23 0.70 | 0.5038 72.8 203.1 -56.4
#2 217.456500 | 55.769869 | 20.09 1.55 0.81 | 0.4959 131.0 -166.8 -36.0
#3 217.446750 | 55.768939 | 20.10 1.65 0.92 | 0.4992 140.3 -201.9 -39.4
#4 217.550250 | 55.756489 20.32 1.71 0.87 0.5052 99.2 170.7 -84.2
#5 217.445417 | 55.767169 | 20.36 1.59 0.79 | 0.4988 128.6 -206.7 -45.8
#6 217.504583 | 55.780339 | 20.48 1.64 0.89 | 0.5009 170.3 6.3 1.7
#7 217.555208 | 55.792289 | 20.69 1.58 0.84 | 0.5024 109.4 188.6 44.7
#8 217.497292 | 55.775089 | 20.77 1.74 0.90 | 0.5019 82.4 -20.0 -17.2
#9 217.506000 | 55.788300 | 20.80 1.61 0.84 | 0.4969 126.8 11.4 30.3
#10 | 217.561667 | 55.765411 | 20.80 1.12 0.50 | 0.5081 117.8 211.8 -52.1
#11 217.515917 | 55.782339 20.80 1.69 0.87 0.4952 120.5 47.1 8.9
#12 | 217.459958 | 55.761981 | 20.81 1.34 0.63 | 0.4987 120.5 -154.4 -64.4
#13 | 217.513917 | 55.772692 | 21.04 1.66 0.90 | 0.5018 128.3 39.9 -25.9
#14 | 217.516000 | 55.773239 | 21.17 1.42 0.67 | 0.5018 115.1 47.4 -23.9
#15 | 217.507792 | 55.780000 | 21.20 1.42 0.70 | 0.5041 79.4 17.8 0.4
#16 | 217.557292 | 55.794850 | 21.23 1.54 0.68 | 0.5017 140.0 196.0 53.9
#17 217.533917 | 55.763511 21.25 1.37 0.72 0.4990 174.5 111.9 -58.9
#18 | 217.545917 | 55.756819 | 21.31 1.44 0.69 | 0.5047 114.5 155.1 -83.0
#19 | 217.497167 | 55.759511 | 21.34 1.40 0.65 | 0.5017 142.1 -20.4 -73.3

Details of the spectroscopically confirmed cluster members of lensing group SL2SJ143000+554648.
The columns tabulated are member ID, sky position (J2000 «,d), i magnitude, (g-r) and (r-i)
colors, spectroscopic redshift, redshift error, positional offsets in RA and Dec measured relative

to the position of the BCG
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Figure 5.7: A 5.5 x 5.5 CFHTLS-W i’-image showing the observed GMOS-MOS
field centered on SL2SJ143000 at z=0.502, with the confirmed cluster members indi-

cated (numbered in descending order of brightness). An aperture corresponding to
0.5Mpc at the redshift of the cluster is shown (blue circle) for reference. Also shown
are the inner (green) and outer (magenta) apertures used for LOSVD measurement

(see Section 5.3.4
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Table 5.4: Details of confirmed cluster members in SL2SJ143139+553323
ID RA Dec i (g1) (r-1) z Az RA offset | Dec offset
- deg. deg. mag mag mag - kms~! arc sec arc sec
BCG | 217.915500 | 55.556389 | 18.917 | 1.312 | 0.960 | 0.6651 84.2 0.0 0.0
#1 217.878583 | 55.551211 20.48 1.68 1.12 0.6690 203.3 -132.9 -18.6
#2 217.978333 | 55.565781 20.55 0.88 0.67 0.6722 95.6 226.2 33.8
#3 217.920000 | 55.570400 20.70 1.65 0.98 0.6747 150.5 16.2 50.4
#4 217.872750 | 55.562561 21.06 1.69 1.24 0.6694 70.2 -153.9 22.2
#5 217.886250 | 55.553411 21.07 1.23 0.93 0.6667 152.6 -105.3 -10.7
#6 217.933333 | 55.557511 21.07 1.67 1.15 0.6667 164.0 64.2 4.0
#7 217.950917 | 55.553389 21.14 1.11 0.88 0.6702 92.3 127.5 -10.8
#8 217.912333 | 55.570531 21.32 1.71 1.10 0.6731 149.9 -11.4 50.9

Details of the spectroscopically confirmed members of lensing group SL2SJ143139+553323. The

columns tabulated are member ID, sky position (J2000 «, ), i magnitude, (g-r) and (r-i) colors,

spectroscopic redshift, redshift error, positional offsets in RA and Dec measured relative to the

position of the BCG

Table 5.5: ROSTAT results of the LOSVD for two lensing groups

SL2S Bi-weight | BCG | Rest frame LOSVD [kms™!] | Aperture radius [Mpc]
1D median z Z Inner ‘ Outer Inner Outer
SL2SJ143000+554648 | 0.5008 | 0.501 | 7841138 720791, 0.2 0.77
SL2SJ143139+553323 | 0.6694 | 0.67 - 563797 - 0.912

Median redshift and LOSVD of confirmed members of the two lensing groups observed by our

Gemini GMOS-MOS campaign; the statistical values tabulated are the bi-weight central location

and spread computed by ROSTAT using the spectroscopic redshifts and errors. The 1o confidence

intervals on the rest frame LOSVD are bootstrap values from ROSTAT, converted to rest frame

values using the redshift of the group
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J143000: Velocity histogram of member galaxies
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Figure 5.8: Histogram showing the velocity distribution of the member galaxies of
SL2SJ143000 about the bi-weight mean redshift of the group. Overplotted is the
Gaussian fit to the velocity distribution with parameters estimated by ROSTAT,

as described in Section 5.3.4
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Figure 5.9: RGB color image of a 5.5 x 5.5 GMOS field of view centered on the

lensing cluster SL2SJ143139, observed as part of our observational program, GN-
2007A-Q-92. The color image was made from CFHTLS-W g r.i images of the field
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SL25J143139: Redshift distribution of observed objectsin MOS FOV

10 T T T T T T T T T ‘ T T T T T T T T T ‘ T T T T T T T T T ‘ T T T T T T T T T
| SL2SJ143139: i
. Obsobjects: 22 i
gl— Obsmembers: 9 _
. Median z: 0.669 i
. BCGz 0.670 i
6 L |
aj L _
o]
E L _
>
Z — -
4— 7 —
T 7 ]
0 L / L L 1 L L 1 L % L % L % L L L L L % ‘ \\\\\\ @ L L |
0.4 0.5 0.6 0.7 0.8

Redshift

Figure 5.10: Histogram showing the redshifts of the observed galaxies in the
SL25J143139 MOS field; the bin width used is 0.01. Of these, 9 galaxies (high-
lighted in red) are consistent with the red shift of the BCG
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Figure 5.11: A 5.5 x 5.5 CFHTLS-W i’-image showing the observed GMOS-MOS
field centered on SL2SJ143139 at z=0.6694, with the confirmed cluster members

indicated (numbered in descending order of brightness). An aperture corresponding

to 0.5Mpc at the redshift of the cluster is shown (blue circle) for reference.
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J143139: Velocity hlstogram of member galaxies
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Figure 5.12: Histogram showing the velocity distribution of the member galaxies of
SL25J143139 about the bi-weight mean redshift of the group. Overplotted is the
Gaussian fit to the velocity distribution with parameters estimated by ROSTAT,

as described in Section 5.3.4



5. Dark matter in galaxy groups 209

Predicted VS observed LOSV Predicted VS observed LOSVD
1000 [T T T e 1000 [T T

900 , 900+~ M_vir = 5.0E+14
800/ 800
7 7
£ 00 £ 700
8 : 8
53 ; 5
600 - 600
i i
500 - 500 -
i NFW ——— | NFW ———
i s — | ] SIS B
400:\ \\HH‘ HH‘ Il \\\HH‘ Il \: 400 L \\\HH‘ HH‘ L \\\HH‘ L
0.01 0.10 1.00 0.01 0.10 1.00
Aperture radius [Mpc] Aperture radius [Mpc]

Figure 5.13: Comparison of the measured LOSVD values for the two lensing groups
from our GMOS observations against the predicted values for NFW, HRQ and SIS
density profiles. The left panel is for a virial mass of 1. EF15Mg, while the right is for
5.F14 My; observed LOSVD of SL.2SJ143000 (triangle) and SL2SJ143139 (square)
for the inner and outer apertures with 1o confidence intervals from ROSTAT are

overplotted



Chapter 6
Concluding remarks

and future direction

The principal observational goal of this thesis is to develop innovative methods,
which harness the magnification boost offered by gravitational lensing with recent
technological advances in spectroscopy on 8m class telescopes, as viable probes of
the distant universe, succinctly, Gravitational Lens Assisted Spectroscopy, GLAS.
We have reported the development, application and current results from two such
methods in this thesis.

The principal scientific goals motivating the two avenues of research are,

e —to quantify the important, but at present poorly understood, role of baryonic
processes in the evolution of star forming galaxies at redshifts > 1, (reported

in Chapter 2), and

e — to map the distribution of dark matter in galaxy groups as a key test of the
hierarchical structure formation model of the universe (the focus of Chapter

5).

Along with building the necessary data processing and analytical tools, we have
also developed and implemented an algorithm for detecting gravitational lenses
suitable for these investigations. The current implementation, tuned for two-color
photometric data, consists of two steps, detecting mass enhancements in clusters
and groups as high likelihood regions for lensing in step 1 (described in Chapter 3),
followed by the detection of arcs either by visual examination or by an automated
scheme (details provided in Chapter 4). In these concluding remarks, we summarize

210
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the results and contributions of each aspect of our work and discuss the status of

the ongoing observational survey as well as plans for future developments.

6.1 GLAS Application I

The baryonic processes referred in our first objective are active star formation and
associated processes such as supernovae feedback and their effects, individually as
well as collectively, on the evolution of the host galaxies at early cosmic times. Due
to the complex and interconnected nature of these processes, their individual effects
may only be estimated from observations with sub-galactic scale resolution. At the
redshift of interest, z > 1, observations of these faint (y; ~ 22 mag.arc.sec™2), com-
pact galaxies (with a length scale, 3kpc ~ 0”.3 at z=1) are extremely challenging,
even from space. Gravitational strong lensing however, ‘magnifies’ these compact,
faint galaxies into giant arc-like images of length ~ 10", while leaving their surface
brightness unchanged, and therefore provides a viable avenue to achieve the needed
resolution even from ground based observations.

The observational technique we have developed as part of this thesis, utilizes
IF'U spectroscopy to effectively gather the spatial and the spectral information in
these lensed images. The quantities of interest to achieve our science goals and
the observables we measure are, the rate of star formation from UV continuum
or spectral line (e.g. [OII] 3727A) indicators, galaxy kinematics and gas outflow
velocities from the relative offsets of stellar and nebular line centroids and chemical
enrichment from the relative strengths of the spectral lines. In these observations,
the grating configuration may be chosen to match the desired velocity resolution;
the spatial resolution is determined by the IFU design and the PSF during observa-
tion. For example, the optical fibers in the Gemini GMOS-IFU, which we used for
our pilot program, have a resolution of 0”.2 per spatial element while the median

seeing was 0”.6; the PSF was therefore well sampled by the IFU fibers, while the
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lensed arc, which we observed, had a minimum of 12 individual spatial elements,
adequate for deriving the kinematics. However, it must be emphasized that this
latter estimate assumes that every IFU element samples a different region of the
lensed galaxy and does not take into account any reflection symmetries that may be
present in the lensed image. Such intrinsic image symmetries depend on the lensing
mass distribution, the relative alignment of the deflector and the source and their
redshifts, and can only be determined from a lens model. The development of the
lens model, though not accomplished in this thesis work, is planned as part of the
future work discussed below.

As a pilot program, we used available GMOS-IFU observations of a confirmed
gravitational lens, CFRS034-1077, described in §2.2. Even though the observations
were obtained for deriving the velocity dispersion of the field elliptical galaxy, which
is the deflector, and the spectrograph was tuned for this goal, the presence of
the lensed image in the FOV permitted us to apply our technique on the 4h of
spectroscopic data.

The processing of the data permitted us to characterize the newly commissioned
GMOS-IFU and evaluate the performance of the Gemini data reduction pipeline.
We identified scattered light within the camera optics of the spectrograph as the
principal contributor to the significant continuum residuals following sky subtrac-
tion; the residuals occur in spectral regions where the flux level is high and, in the
worst cases, is ~ 3x the expected residual level from Poisson statistics alone. To
reduce the scattered light contamination, we have implemented a scheme which uses
the residuals in the sky blocks to interpolate, with a least squares cubic polynomial
fit, and correct for the scattered light in the science blocks. Tests done using a
twilight flat field spectrum indicate that the residuals are reduced to within ~ 10%
of the Poisson noise and we assume this to be the case for the science observations
as well (where the presence of the object spectrum does not allow a similar test to

be carried out). The tests on the twilight flat also indicated that the cubic fit, being
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an approximation with just 5 data points, may result in inadequate correction or
overcompensation with resulting loss of object flux, as discussed in §2.11.

An alternative approach, therefore, may be to assess the scattered light from IFU
fibers in the science field itself, which are exposed to blank sky regions within the
observed target field. This simple extension of the method we have used, however
depends on how much of the science field falls on blank sky regions; in the case
of CFRS03, the light from the central elliptical galaxy and the lensed arc left very
few fibers which could be used. A third approach may be to estimate the scattered
light level from the CCD rows which form the boundary between the 5 rows for
adjacent IFU fibers; due to the low light throughput by the edge of an optic fiber,
any measurable flux in these edge rows would provide an estimate of scattered
light. This approach would therefore sample the scattered light uniformly across
the entire CCD and thus provide a better estimate of the scattered light. However,
the estimate per CCD row would have low SNR due to the low levels of flux,
requiring a robust, non-parametric fitting procedure. We have implemented such a
fitting procedure using B-splines for flat fielding and sky subtraction of our MOS
observations described in Chapter 4. We propose to adapt this B-spline method for
estimating the scattered light in the GMOS-IFU as part of future developments.

With the processed observations of CFRS03, we measured the LOSVD of the
elliptical galaxy, which is the deflector, as 267.5 £ 12.7kms™!. The galaxy spec-
trum was extracted from the processed data cube using a spectral cross correlation
technique, which assured adequate S/N (> 15) in the spectral regions used for es-
timating the velocity dispersion. Due to the uncertainty in the level of residual
scattered light discussed above, we adopted this cross correlation method instead
of the S/N per spectral pixel estimated over the entire spectrum. For the LOSVD
measurement, we chose to implement a method which directly fits a set of broadened
stellar templates to the observed galaxy spectrum and thus estimates the intrinsic

velocity broadening; the advantages of this approach as well as details of our the im-
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plementation, which combines a y?minimization with a SVD solution scheme, are
described in §2.9.1. Tests using ‘synthetic’ galaxy spectra (artificially broadened
stellar spectra), show that the our method effectively estimates the LOSVD with
an error < 5% of the true value (in the observed range, 150-300 kms™!, of LOSVD
in elliptical galaxies). The quoted error applies to spectra with SNR > 15 in the
spectral regions used for the velocity measurement; the errors increase to ~ 10%
with a drop of SNR to 8. Comparison of our LOSVD estimates for 25 observed
SDSS elliptical galaxy spectra, taken from their public catalogs, against published
SDSS velocity dispersion estimates for these galaxies indicated a match of 96% be-
tween the two values, the only case of failure being a galaxy with only two spectral
lines available for the velocity fitting.

Our estimate of the velocity dispersion of the elliptical galaxy in CFRS03 differs
by over 50 from the value of 380 kms™! determined by Crampton et al. (2002) and

! which they argue would

is more consistent with the lower value of ~ 214kms~
be indicative of passive evolution; as further support, our estimate is also consis-
tent with the velocity dispersion based on the lens model put forth by Treu and
Koopmans (2004). Taken together, these results argue against the hypothesis of
Crampton et al. (2002) that elliptical galaxies may have followed different evolu-
tionary paths. Instead our result lends support to the uniform evolutionary scenario
indicated by Fundamental Plane studies, thus successfully achieving the principal
objective of these IFU observations.

As an additional positive result, we identified the location of the lensed counter
image of the star forming galaxy. The identification was done by cross correlating
a coadded arc spectrum against individual elliptical galaxy spectra drawn from the
region with a high likelihood of containing the counter image, based on image ge-
ometry. A peak in the cross correlation was taken to be indicative of a spectrum

similar to that of the lensed galaxy and hence arising from a counter image. The

coadded spectrum of the lensed galaxy that was used in the cross correlation con-
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tained 12 absorption features in the rest frame UV range from 1380-2100A. The
location of the counter image matches a bright feature seen on the periphery of
the elliptical galaxy in the HST image and falls close to the position proposed by
Crampton et al. (2002) using their lens model.

The LOSVD of the elliptical galaxy, taken as a proxy for its mass distribution,
as well as the location of the counter image place constraints on the geometry of
the gravitational lens. With the archival HST F814W image of CFRS03 combined
with these additional constraints, we are well poised to build a lens model, which
is necessary to interpret any results we may have from the spatially resolved obser-
vations of the lensed image. With regard to building the lens model, our inclusion
into the SL2S has made the vast experience and the necessary software (Jullo et al.
(2007), Suyu et al. (2006) and Kneib et al. (1996)) available to us. We propose to
undertake this work in the near future.

Finally, the spatially resolved spectroscopy that we aimed to achieve with this
IFU observation of a star forming galaxy at z=2.94, was unsuccessful due to in-
adequate S/N, ~ 1 per IFU pixel, from 4h of integration even with the improved
data reduction procedure we implemented. However, the experience permitted us
to establish another key condition needed for successful IFU spectroscopy of grav-
itational lenses at present, the presence of an emission line to boost the S/N even
with modest integration times (~ 5h, instead of ~ 25h per target needed if using
absorption lines). The successful results from similar observations of star forming
galaxies at redshift < 1.5 by Swinbank et al. (2007), Swinbank et al. (2006) and
Swinbank et al. (2003) using the GMOS-IFU provide adequate proof of concept.
The key challenge at present is to increase the sample size of lensed star forming
galaxies suitable for these investigations - a challenge we have successfully addressed

with our lensing clusters search in the CFHTLS-W fields.
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6.2 Search for lensed arcs

As the first step in our search for gravitational lenses in wide field imaging, we have
developed and implemented an automated search algorithm that uses the observed
clustering in color and position of the population of early type galaxies in the cores
of groups and clusters to isolate them from the dominant field galaxy populations.
By isolating these regions of mass concentration which have higher likelihood of
lensing background galaxies, we effectively reduce the area over which we carry out
a dedicated visual search for lenses - without compromising the chances of locating
them.

Monte Carlo simulations have established that the completeness of our cluster
detector is better than 80% for clusters resembling or richer than Fornax, at all
redshifts up to 0.6; poorer clusters are detected with an equivalent completeness up
to z=0.3 and the completeness drops to 60% by z=0.6. These completeness results
from simulations were borne out in the comparison of our catalog for the CFHTLS-
Deep 1 with the confirmed XMM-LSS X-ray selected clusters for the same field -
in this blind test, our catalog included all the XMM clusters up to z=0.8; all five
XMM clusters not detected by our method lie at higher redshift. At redshift > 0.8,
the drop in the number of cluster members above the magnitude threshold we use
for detection, and the increase in the photometric color errors are the likely reasons
for the decline in the detection efficiency.

It must be emphasized however, that our principal focus at present is on de-
tecting lenses, therefore it is in this context that the completeness results have to
interpreted. The lensing cross section (using the Einstein radius as a simple mea-
sure) correlates directly with the mass of the deflector. In addition, a significant
fraction of the known highly magnified giant arcs -the ideal candidates we seek for
the IFU spectroscopy -are found in rich clusters at redshift below 0.6 (Abell 2218,
shown in Figure 1.1, is a well known example). Therefore, for a given distribution

of background objects, we expect that the current version of the cluster detector
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is locating ~ 80% of lenses suitable for IFU observations. We plan to carry out a
systematic estimate of the completeness of our lens detections along with the im-
plementation of an automated lens search method, as discussed later in this section.

Our immediate goal hence, is to build the cluster catalogs and complete the
search for lenses in all the CFHTLS-Wide fields for which g, r and i photometry
is available; at present only the cluster catalogs for the 41deg?® of CFHTLS-W3
fields with g, r and i imaging is complete and visual inspection for lenses in these
fields is pending. Along with this work, confirmation of lens candidates with MOS
spectroscopy and assessing their suitability for IFU follow-up will be undertaken.
SL25J1430004-554648, the confirmed lensed star forming galaxy at z=1.435, will be
our first GMOS-IFU proposal in the forthcoming observing semester. Along with
these applications however, there is ample scope to expand the applications of both
our cluster as well as lens catalogs to address other cosmological questions and it is
toward these that the future developments, discussed in the following paragraphs
are directed.

In the observing strategy adopted by the CFHTLS, all the Wide fields were ini-
tially observed only in g, r and i filters, with the u and z (along with a re-observation
in r filter) planned for and completed during a second pass through all these fields.
In keeping with the available imaging, the current version of cluster detector was
designed to use only two colors. However, inclusion of additional colors, which are
now available for a significant number of fields, in the detection scheme involves
only minor modifications along with the selection of magnitude limits and widths
of color cuts appropriate for each color. Though this has not been implemented,
the advantage for cluster detection that we anticipate, especially from the red (i-
z) color, will be the detection of clusters beyond the current completeness limit at
z=0.6. The four color photometry would also permit photometric redshift estimates
of the cluster candidates, thereby increasing the usefulness of the cluster catalogs,

for example for measuring the luminosity function of clusters and test for evolution
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with redshift. In this context, Mazure et al. (2007) have reported cluster cata-
logs for the CFHTLS-Deep fields constructed using an adaptive kernel for detecting
structures as density enhancements in measured photometric redshifts. Comparing
their catalog with the results from our cluster detector, with both methods relying
on color information, will reveal similarities as well as any inherent bias in either
scheme. Finally, the blue (u-g) color would enhance the visual detection of the
lensed arcs in the RGB color images.

For arc detection, the visual inspection of color images has been a direct and
successful approach, resulting in the current tally of 9 lens candidates. However,
selection effects and the subjective bias in visual detection are difficult to quantify
making comparisons of our lens catalogs with those from other surveys difficult. It
is for this reason that we have implemented the automated Arc_Detector, assessing
its performance by comparing it with the visual detections; the results have been
favorable with > 65% of matches between the two methods. The tests have also
helped us identify that low surface brightness and proximity to the deflector (sep-
aration < 2”) are two probable reasons for the cases in which Arc_Detector failed
to identify a visually detected arc. The tests for false detection rates showed that
another aspect that requires refinement is the set of rules used to distinguish arcs
from other elongated objects, such as edge on spiral galaxies. Our test results have
been conveyed to Lenzen et al. (2004), the developers of the algorithm with whose
active collaboration we plan to implement these developments. Estimating the se-
lection bias of this method and understanding the completeness of the detections

using simulations are planned for the long term work.

6.3 GLAS Application II

The second objective pursued in this thesis is to determine the distribution of dark

matter in galaxy groups using a joint analysis of strong lensing plus dynamical
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mass measurement from MOS spectroscopy of member galaxies. Due to the com-
plementary use of gravitational lensing along with spectroscopic measurements of
galaxy kinematics to estimate the mass distribution in galaxy groups, we classify
this project, perhaps debatably, as our second application of GLAS. This work is be-
ing carried out as an integral part of a multi-wavelength survey by the SL2S group,
which aims to incorporate weak lensing, X-ray and NIR measurements to build a
comprehensive picture of the baryonic and dark matter profiles in virialized struc-
tures in the mass range ~ 103 M, and thus understand hierarchical mass assembly
in galaxy groups within the framework of the A-CDM model. The development
of the necessary formalism for our contribution is complete and we have already
determined the LOSVD of two lensing groups, as proxies to their dynamical mass,
with Gemini MOS observations.The completion of this work requires the estimate
of the mass in the core of these objects, which is determined from strong lensing
analysis. HST observations (Cycle 16, PI J-P. Kneib) of these targets, which are
required for building the lens models, are ongoing as part of a SL2S program. The
status of the observations in the other wavelengths are in the preliminary stages.
Our plan for the immediate future, therefore is to continue with the MOS observa-
tions of confirmed lensing galaxy groups, along with the MOS and IFU observations
proposed in §6.2.

The thesis began with a narrow and deep focus on investigating the role of
star formation in the evolution of late type galaxies at high redshift (z > 3) using
IFU spectroscopy of lensed galaxies. Based on results from pilot observations,
the focus has since been revised to target emission line galaxies at z < 1.5. At
the same time, the scope of the thesis has been expanded to include two other
projects, building galaxy cluster and group catalogs from wide field imaging as
well as identifying a subset of these objects with associated strong lensing images
for follow-up spectroscopy. However, both catalogs provide avenues for several

related cosmological investigations. The mapping of dark matter in galaxy groups,
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which may be taken to be the fourth component of this thesis, is an example.
The necessary data processing and analytical tools for all four aspects of our work
have been developed, tested and applied. In addition, our inclusion with the SL2S
collaboration provides access to a wealth of relevant experience and additional tools
to assist in all aspects of our work. Thus, we are confident that the contributions
we have made so far to the general body of knowledge in Physical Cosmology, will

continue to increase in the near future.



Basic theory of gravitational lensing

A.1 Introduction

The principal observational focus of this thesis is on developing and applying inno-
vative techniques for cosmological investigations, by harnessing the magnification
boost of gravitational lensing with the advances in astronomical instrumentation on
the modern 8m class telescopes. In order to supplement or explain the lensing re-
lated terms and concepts used in the thesis, this appendix presents pertinent results
drawn mainly from three treatises on lensing theory, namely, Kochanek et al. (2004),
Mollerach and Roulet (2002) and Schneider et al. (1992). Due to the large overlap
in the material amongst the three references, they are not individually referenced,
except where specifically warranted.

Gravitational Lensing is a direct manifestation of the curvature of space-time
postulated by Einsteins General Theory of Relativity (GR). GR postulates that
the geometry of space-time of the Universe is intimately related to the total energy
density present where there is non-zero energy density, space-time is curved. This
equivalence between geometry and energy density is given by the field equations.

The predominant contribution (~ 90%) to the lensing mass density is from dark
matter. On the spatial scales at which strong lensing occurs (a few kpc, the scale
radius of a galaxy cluster), the contribution from dark energy to the total mass

(energy) is minimal and therefore its effect on lensing may be neglected.

A.2 Lens equation for a point point mass

The deflection of light in lensing is related to the curvature of space. Light travels
along null geodesics, according to GR; the geodesics follow the curvature of space

induced by any massive object, e.g., a cluster this resembles the deflection of a
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light ray in an ordinary glass lens, hence the name.
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Figure A.1: Schematic to illustrate the geometry of a single, point mass lens. The
source, S, is lensed by the mass in the lensing plane, L, and appears as the image, I
to the observer at O. /3 is the angle to the unlensed source and 6 is the angle to the
lensed image, both angles measured from the optic axis joining the observer and
the lensing mass. « is the deflection angle. All distances are cosmological, angular

diameter distances.

The deflection angle for a point mass is calculated using a Schwarzschild metric.
A light ray incident at a radial distance, £ (impact parameter) from a point mass,

M, will be deflected by an angle, «, given by,
AGM 2R,
al) ===
c*§ 3

where, G is the gravitational constant, c, the velocity of light and Ry is the

(A1)

Schwarzschild radius of the mass. This result holds only when £ >> R;, therefore
permitting the use of the weak gravitational field approximation. This assumption
is fully justified on the scale of cluster lenses since R; ~ 0.01pc for a cluster of mass
~ 10 Mg, while the typical impact parameter is few hundred Kpc (calculated
using a nominal angle of separation, ~ 10", between the cluster center and the

lensed arc).
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The position of the lensed image may be calculated using geometric optics pro-
vided all distances are measured as angular diameter distances to account for the
curvature of space-time. In a typical lensing geometry, shown in Figure A.1, a light
beam from a distant source, S, is deflected through an angle, «, by a mass located
in the plane, L, and reaches the observer, O; the observer therefore sees the lensed
image, I. The line connecting the observer and the lens defines the optic axis, OL.
The angle to the unlensed source is § and that to the lensed image is ¢, both angles
measured with respect to OL.

For the simple case of a point mass lens, the lens equation may be obtained by
equating distances on the source plane and re-arranging terms,

_ Dos

n= D—OLf — Dps (&) (A.2)

Substituting for the deflection angle and replacing the impact parameter, £ =

Doy, 0, yields the lens equation,
B =0—a) (A.3)

The scaled deflection angle, &, is computed in terms of the Einstein angle, 0,

as,

alg) = £ (A.4)

with the Einstein angle defined as,

yo _AGM D
E 2 Dor Dos

(A.5)

Taken with the Einstein Radius, g = 0 Dor, these last three quantities pro-

vide scales for comparing different lensing geometries.

A.3 Lens equation for a distributed mass

For light deflection by the distributed mass of a cluster lens, the lens equation for a

point mass is extended by linear superposition, permitted in the weak field limit. In
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addition, the 3D mass distribution of the cluster lens is projected on the lens plane
as a surface mass distribution, . This thin lens approximation holds since the
linear dimension of the lensing mass in the direction of the light ray is insignificant
in comparison with the distances between lens, source and observer. A suitable
point, e.g., the centre of mass, is chosen for the optic axis. This point also forms
the origin of a coordinate system in which the impact parameter and all the angles
are measured as 2D vectors. Under these conditions, the 2D deflection angle is

given by,

_,—‘_4G /(g_é /
W= [, DGy e (A6)

and the corresponding vectorial thin lens equation may be expressed as,

God_& (A7)
The scaled 2D deflection angle is given in terms of the surface mass distribution
as,
| S (0 —0
a(f) = = / K(Q')Q d*0' (A.8)
T Jre |6" — 0|
where, k, is the non-dimensional surface mass density. We define a critical sur-

face mass density, 2., for the generalized (distributed) lens, similar to the Einstein

radius for a point mass.

—

=~ X(Dor 0
(@) = 2P0 0) (A.9)
ECT‘
where, the critical mass density is given by,
C2 DOS
Y = A.10
e DOL DLS ( )

The non-dimensional surface mass density, x, is a measure of the strength of
the lensing. Strong lensing occurs in regions where x > 1 this is the area where
multiple images and giant arcs occur. By estimating Y., for given source and lens
redshifts (i.e., for known angular diameter distances), the areas where arcs are likely

to occur may be mapped out for a known or assumed mass distribution.
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A.4 Magnification

In gravitational lensing, the light ray is only deflected; there is neither absorp-
tion nor emission (assuming that extinction due to dust is negligible). Therefore,
the specific intensity of the light beam remains unaffected, which implies that the
surface brightness of the lensed image equals that of the (hypothetical) unlensed
image.

However, the areas (= solid angles subtended) of the lensed image and the
unlensed source differ due to the lensing e.g., a 0”.3 galaxy at z=1 is lensed into a
giant arc of area ~ 10 square arc.seconds.

Magnification is, therefore, defined as the ratio of the solid angles subtended by
the lensed image to that subtended by the unlensed source. Since the lens equation,
Equation A.7 is just a coordinate transformation, the ratio of areas is given by the

Jacobian determinant, A, of the transformation.

Y]
(6) 57 (A.11)
The magnification, p, is then given by,
0= (A12)

Equation A.12 implies that wherever the Jacobian vanishes, the magnification
diverges. For a given lensing mass distribution and for specified source and lens
redshift, the locus of points on the lens plane where A vanishes may be computed
from the lens equation, A.7 this locus is called the critical line of the lens geometry.
The lens equation may be inverted and the corresponding points on the source plane
may also be computed the locus of these points is the caustic.

The critical curve is smooth and has continuous first derivatives. The slope of
the caustic, however, may change abruptly due to the non-linear nature of the lens
equation. The points on the critical line where the slope is undefined are the cusps.

A giant arc is formed only when an extended source, such as a galaxy, lies at a cusp.
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Though brief, this treatment is intended to summarize some of the principal
concepts of gravitational lensing for the sake of completeness. For a more complete

treatment, please refer to the cited references.



Acronyms and abbreviations

gr, ri (g-r) and (r-1) colors
BG bright galaxy
BCG bright central galaxy

CFHT Canada France Hawaii Telescope

CFHTLS || Canada France Hawaii Telescope Legacy Survey

CFRS Canada France Redshift Survey

CMB Cosmic Microwave Background
CuAr Copper-Argon calibration arc lamp
FITS Flexible Image Transport System
FOV field of view

FWHM Full width at half maximum

GMOS Gemini Multi-Object Spectrograph

HLR half light radius

HRQ Hernquist density profile

HST Hubble Space Telescope

IFU Integral Field Unit

IGM intergalactic medium

IMF initial (stellar) mass function

IRAF Image Reduction and Analysis Facility

A-CDM | A (dark energy) - cold dark matter
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LBG Lyman break galaxy

LOSVD Line of sight velocity dispersion

mag magnitude

MF Matched Filter

NFW Navarro Frenk and White density profile
RGB red-green-blue pseudo-color images
ROSTAT || Robust Statistics software

SDSS Sloan Digital Sky Survey

SFR star formation rate

SIS Singular Isothermal Sphere density profile
S/N signal-to-noise

SL2S Strong Lensing Legacy Survey

SNR signal to noise ratio

SVD Singular value decomposition

MOS Multi-object spectroscopy

uv Ultraviolet

XMM-LSS || X-ray Multi-Mirror telescope, Large Scale Structure survey
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