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1
Introduction

The term gravitational lensing refers to the deflection of electromagnetic waves when
they propagate through a gravitational field, an effect that constitutes the first exper-
imentally verified prediction of General Relativity (Dyson et al. 1920). Since then, the
large variety of observational manifestations of this effect has led to the development
of an active research field that covers many different astrophysical topics.

Historically, there are three distinct regimes in gravitational lensing, each of them
with its own unique set of astrophysical applications:

• Strong lensing, in which a large massive object (e.g., a galaxy, a galaxy group
or a cluster of galaxies) creates multiple images of a background source (e.g.,
another galaxy). If the source is extended, the resultant images can be extremely
distorted.

• Weak lensing, in which a galaxy, a galaxy cluster, or the large scale structure1
along the line-of-side, produces coherently distorted images of galaxies. Since
galaxies are intrinsically elliptical, these distortions cannot be identified in
individual sources, but only in a statistical sense.

• Microlensing, in which the lens is a low mass compact object (e.g., a star).
The term “micro-” refers to the deflection angle of the images: about a micro-
arcsecond or less, comparedwith the 1-10 arcsecond deflection angles observed
in the strong lensing regime. This effect produces multiple images, but current
instruments are not able to resolve them.

This thesis illustrates the use of radio continuum interferometric observations in
three different strong gravitational lensing scenarios, two of which are intimately
related with high-redshift dust obscured star forming galaxies (commonly known as
sub-mm galaxies). For this reason, the first part of this introduction focuses on the de-
scription of the gravitational lensing phenomenology and nomenclature, whereas the
second part provides an overview about the study of the sub-mm galaxy population.

1the distribution of matter in the universe at the largest scales, which is characterized by a foam-like
structure.
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Figure 1.1: Sketch of the fundamental lensing geometry of a point-like source S that is being
lensed by a point-mass M. θs is the true angular position of the source in the sky, whereas θ
is the angular position of the image. DOL, DOS and DLS indicate the angular diameter distance

between “observer-lens”, “observer-source” and “lens-source”. The parameter ~ξ indicates the

position of the image in the lens plane with respect to the lens center, and ~̂α is the deflection
angle.

1.1 Gravitational Lensing

In most of the situations of astrophysical interest – and in particular in the ones
considered in this thesis – the framework of geometrical optics is an excellent ap-
proximation for gravitational lensing. In this framework, the effects due to the wave
nature of the electromagnetic radiation (like diffraction and interference) are consid-
ered to be negligible. The photons produced by a background source propagate in an
Euclidean space-time, in which the gravitational potential of the lens is considered to
be a small Newtonian perturbation. Therefore, the gravitational field of the lens only
produces a small change in the propagation direction of the light rays with respect
to their original paths: the so called weak-field approximation2.
On the other hand, since the lens size (∼ 50 kpc for galaxies, few Mpc for galaxy

clusters) is typically much smaller than the distance between observer-lens and lens-
source (∼Gpc), we can consider that the lens is contained in a plane orthogonal to the
line-of-sight. This is the so called thin-lens approximation, in which the lens potential
is produced by the projection of the 3Dmass density distribution of the lens onto this
plane (usually referred to as lens plane, or image plane).
Figure 1.1 shows a sketch of the fundamental lensing geometry. Due to the

presence of the lens, a light ray that in principle should not have reached the observer

2This approximation is valid because the Newtonian potential of the lens is small compared to c2, and
the relative velocities of the lens, source and observer are small compared to c (where c is the velocity of
light).
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is deflected towards him/her by an angle ~̂α(~ξ), resulting in an apparent displacement

of the observed position of the source. The angular positions of the source ( ~θs) and

the image (~θ) are related by the lens equation:

~θs = ~θ − ~α(~θ) (1.1)

where ~α(~θ) = (DOL/DOS) ~̂α (~ξ) is the reduced deflection angle and ~ξ = DLS ~θ indicates
the position of an image in the lens plane with respect to the lens center. This equa-
tion describes how the lensed surface brightness distribution in the image plane is

mapped onto the source plane, and can have more than one solution ~θ for a given

source position ~θs. In other words, gravitational lenses can produce multiple images
of a single background source.

Two other fundamental properties of gravitational lensing are: (i) the surface
brightness is conserved (a consequence of Liouville’s theorem) and (ii) it changes the
shape and size of the lensed image(s) compared with the original source. Therefore,
we define the magnification as the ratio between the solid angles subtended by the
source in the image plane and in the source plane. This magnification has two
contributions: (i) an isotropic stretching that depends on the local lens surface mass
density and (ii) an anisotropic distortion caused by tidal gravitational fields (shear).
Since thefluxof the image is the source surface brightness integrated over its apparent
solid angle, it can be increased or sometimes decreased with respect to the unlensed
flux of the source.
The last important property of gravitational lensing is that photons which are

being lensed take longer to reach the observer compared with the case in which
no lens is present. This time delay has two contributions: (i) the geometrical delay,
due to the increased path length compared with the undeflected light path, and (ii)
the Shapiro delay, because photons travel a longer path in the curved space-time
generated by a deep potential well than in a flat space-time.

1.1.1 The Formation of Multiple Images

The most distinctive and spectacular manifestation of gravitational lensing is the
formation of multiple images of background galaxies, which has being observed in
three main forms:

• Multiply imaged quasars, first discovered byWalsh et al. (1979). In this case the
source is compact (i.e. the bright core of a high-redshift active galaxy) and the
lens is usually an isolated galaxy or a galaxy group. The separation between
the image and the lens galaxy is usually of the order of 1′′.

• Giant arcs, discovered by Lynds & Petrosian (1986) and Soucail et al. (1987)
and confirmed to have a lensing nature by Soucail et al. (1988). In this case,
the source is an extended galaxy and the lens is a galaxy cluster or group. The
average distance between the center of the cluster and the arc is typically tens
of arcseconds.
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Figure 1.2: Light ray deflection produced by an ideal convergent lens.

• Einstein rings, first observed in the radio by Hewitt et al. (1988) and Langston
et al. (1989). In this case both the source and the lens happen to be (almost)
perfectly alignedwith the observer. The diameters vary between 0.33′′ (Patnaik
et al. 1992) and 5′′ (Belokurov et al. 2007).

To visualize how multiple images are formed, and illustrate how gravitational
lenses compare to conventional optical lenses, we have simulated the lensing effect
of a point-mass with ZEMAX, a ray-tracing software package used by optical engi-
neers to design lenses and optical systems. Since point-mass lenses are circularly

symmetric, ~̂α(~ξ) ≡ ~̂α(ξ). In this case, the modulus of the deflection angle is given by:

α̂(ξ) =
4GM(ξ)

c2ξ
(1.2)

where ξ is the distance from the center of the lens (impact parameter) andM(ξ) is the
mass enclosed within the radius ξ.
In a conventional optical lens, there are two parameters controlling the way in

which the light is deflected: (i) the refraction index n, which is ameasure of howmuch
the velocity of light is reduced inside the medium compared to a vacuum and (ii) the
shape of the lens surface. Therefore, given amaterial with a constant refraction index
(e.g., n = 1.49 for Plexiglas), it is possible to construct an optical lens that reproduces
Eq. 1.2 by adequately shaping its surface3. As shown by Refsdal & Surdej (1994), the

3Another possibility would be to use amaterial in which the refraction index changes in the direction of
the vertical axes of the lens. For example, the formation of mirages is due to a refractive index distribution
n(z) in the air due to vertical temperature and density gradients.
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thickness of such an optical lens as a function of the impact parameter is given by:

∆(ξ) = ∆(ξ0) +
2Rsc
n − 1 ln

(

ξ0
ξ

)

(1.3)

where Rsc = 2GM/c2 is the Schwarzschild radius of a point-mass. The resulting
shape of this optical point-mass lens looks remarkably similar to the typical base
of a wine glass. Note that galaxies and galaxy clusters usually have asymmetric
mass distributions or, in the case of galaxies, are sitting within galaxy groups that
contribute to the overall lensing potential. Therefore, to make our model a bit more
realistic, we can tilt the optical point-mass lens with respect to the optical axis to
break the symmetry.
In the case of an ideal converging lens, the deflection angle increases linearly

with the impact parameter, which means that all of the rays coming from a source
located at infinity are focused into a single point (see Fig. 1.2). This effect can also
be reproduced in gravitational lensing if we assume that the lens is circular and has

a constant surface mass density. However, ~̂α(~ξ) is non-linear in typical gravitational
lenses, which results in a complicated light-ray network such as the one illustrated
in Fig. 1.3. Therefore, instead of having a single focal point, the light is distributed in
the observer plane in a non-homogeneous way that depends on the distance between
the observer and the lens (see bottom diagrams of Fig. 1.3).
Imperfections in optical systems that produce this kind of light-ray distributions

are called aberrations, and they introduce artifacts in the resultant images. Grav-
itational lenses suffer from all kinds of aberrations except for the chromatic one,
because the deflection angle in gravitational lensing is independent of wavelength.
The diamond-shaped envelope that connects the regions where there is a high con-
centration of light rays intersecting the observer plane is called a caustic (see Fig. 1.4).
Figure 1.5 shows the ray-tracing diagram for the non-symmetric point-mass lens,

where the black dots indicate different positions of the observer with respect to the
optical axes. The panels below display the size and position of the observer with
respect to the light distribution in the observer’s plane (white circle-cross in the
left panels) and the corresponding image configuration (right panels). As can be
seen, the complicated crossing pattern of the light rays produced by the gravitational
lens is not the only reason behind the formation of multiple images. The second
fundamental ingredient is the fact that we, as observers, are very small compared
with the caustic pattern produced by a gravitational lens. In this way, by sitting in a
particular small region with respect to the caustic pattern we are selecting which set
of rays will reach the observer. The fact that this set of rays have a particular range
of deflection angles means that the photons that reach the observer only come from
a discrete number of specific directions, creating the illusion that there is a source
located in each of these directions. Therefore, a particular image configuration (arcs,
rings or individual images) is determined by the geometry of the system, that is, the
position of the observer with respect to the caustic pattern.
Note that in real astronomical situations the position of the observer in the ob-

server plane is fixed, whereas we can have several sources (located at different posi-
tions in the source plane or in several source planes at different distances DLS) that
are being lensed. Therefore, it is more convenient to define the caustics in the source
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Figure 1.4: Caustic patterns can be easily observed in our daily life, for example, when light
passes through a glass of ice tea (left). The bright lines that are often seen in the bottom of a
swimming pool are another famous example (right).

plane. In the standard gravitational lensing formalism, caustics separate regions of
the source plane in which a source produces different number of images. The pro-
jection of the caustics in the image plane are the critical curves, which constitute the
places were the lens provides infinite magnification.

1.2 Applications of Gravitational Lensing

Depending on the particular element of a gravitational lens system that we are inter-
ested to study, it is possible to distinguish three regimes of astrophysical applications
of gravitational lensing: (i) study of the lens, (ii) study of the source, and (iii) cosmo-
logical studies.

1.2.1 Study of the lens

Whatmakes gravitational lensing a particularly attractive - and in someways unique
- tool is that, as shown in the previous sections, it is a pure geometrical effect that
only involves gravity. Therefore, the effects of lensing do not come mixed with other
(possibly less-well understood) physical effects. But also, lensing is independent
of both the nature of the matter present in the lens (luminous or dark) and of its
dynamical state, a feature that makes gravitational lensing a powerful technique to
measure the amount and distribution of mass in galaxies and galaxy clusters.

In the case of strong lensing, measurements of the fluxes and relative positions
of the lensed images (together with a given cosmological model, the redshifts of the
source and the lens, and measurements of time delays when available) permit the
observer to obtain information about (i) the total mass of the lens within the region
enclosed by the multiple images and (ii) the properties of the lens mass distribution,
such as the symmetry of the potential (ellipticity, position and position angle), core
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Figure 1.5: Effect of the size andpositionof the observerwith respect to the caustic pattern. The
ray tracingdiagramcorresponds to thenon-symmetric point-mass lens. Theblackdots indicate
different positions of the observer with respect to the optical axis. The panels below indicate
the observer size and position with respect to the caustic pattern (left) and the corresponding
image configuration (right) for each black dot.
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radius and slope of the radial density profile. This approach has three important
applications within the framework of structure formation and evolution studies:

• The study of the density profile ofmassive galaxies at z≥ 0.1, and the formation
and evolution mechanisms of these systems (e.g., Barnabé 2009, and references
therein).

• The estimate of the total mass and mass distribution in the central region of
galaxy clusters (e.g., Fort & Mellier 1994).

• The detection of substructures in the dark matter halos of lens galaxies (e.g.,
Mao & Schneider 1998; Dalal & Kochanek 2002; McKean et al. 2007; Vegetti &
Koopmans 2009b).

On the other hand, weak lensing can probe the dark matter distribution in galax-
ies4 and galaxy clusters at much larger angular separations from the cluster center
than the ones accessible in strong lensing studies. By measuring a statistical aver-
age of the ellipticities and position angles of many background sources, one obtains
a shear map that can be inverted to obtain a reconstruction of the projected two-
dimensional mass distribution of the cluster (see the Chapter about weak lensing in
Schneider et al. 2006, for a review).
Finally, the microlensing regime provides another three interesting applications

(see the Chapter about microlensing in Schneider et al. 2006, for a review):

• The study of compact objects in the dark matter halo of the Milky Way (MW)
that lens background stars in theMWbulge, the LargeMagellanic Cloud (LMC)
or the Andromeda galaxy. Due to the relative motion between the source and
the lens, one of these compact objects can pass very close to the line of sight
of a background star, inducing a temporal magnification in the brightness of
the star. This microlensing event can be detected by continuously monitoring
the brightness of the star over long periods of time (usually referred to as the
lightcurve).

• The study of compact (dark) matter present in a galaxy that produces multiple
images of a quasar, by means of the microlensing effects that these compact
objects introduce in each of the observed multiple images (usually referred to
as quasar microlensing).

• The search of extrasolar planets. Planets that are orbiting a star that is acting as a
gravitational lens can leave an observable trace in themicrolensing lightcurves,
permitting not only their detection, but also providing information about the
planet mass and size.

1.2.2 Study of the source

Gravitational lenses can also be used as natural telescopes thanks to themagnification
that they introduce in the observed images. If the lensed image is unresolved, the

4usually called galaxy-galaxy lensing
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increase in size and the conservation of surface brightness results in an increase of the
observed flux with respect to the unlensed source. In this way, gravitational lensing
provides a way to observe sources that otherwise would be below the detection limit
of current instruments. On the other hand, lensed images that are resolved will
benefit from the high resolution provided by the lensing magnification, which can be
used to study the structure of high-redshift sources with a level of detail that would
otherwise not be possible. Astrophysical applications of the magnification provided
by gravitational lenses include:

• Search for z≥7 Lyα emitting galaxies through deep imaging and spectroscopic
observations of galaxy clusters, to derive constrains on thepossible contribution
of low luminosity star forming galaxies to cosmic reonization (Ellis et al. 2001;
Santos et al. 2004; Kneib et al. 2004a; Egami et al. 2005; Richard et al. 2006; Stark
et al. 2007; Richard et al. 2008; Willis et al. 2008).

• Detection of high-redshift water maser emission (Impellizzeri et al. 2008; Wagg
& Momjian 2009).

• Study of the physical properties (e.g., star formation rates (SFRs), metallicities,
dynamical masses, velocity dispersions, and spectral energy distributions) of
intrinsically faint sources lensed by galaxies and galaxy clusters through photo-
metric and spectroscopic observations (e.g., Rigby et al. 2008; Siana et al. 2008;
Finkelstein et al. 2009; Hainline et al. 2009; Siana et al. 2009; Quider et al. 2009).

• Study of the morphology and internal dynamical properties of high-z sources
that are lensed by galaxies and galaxy clusters into giant arcs or Einstein rings
(Swinbank et al. 2003, 2006a; Nesvadba et al. 2006; Swinbank et al. 2007; Coppin
et al. 2007; Marshall et al. 2007; Stark et al. 2008; Brewer & Lewis 2008; Riechers
et al. 2008; Swinbank et al. 2009).

• Study of the size of the different emitting regions of quasars and their two-
dimensional brightness profile by means of quasar microlensing (e.g., Grieger
et al. 1988; Kochanek 2004; Sluse et al. 2007).

• Study of the surface brightness distribution of the stars in theMW to test stellar
atmosphere models, by means of galactic microlensing events that allow to
obtain detailed spectra (e.g., Albrow et al. 1999, 2001).

1.2.3 Cosmological studies

Finally, gravitational lensing can be used in a variety of cosmological applications:

Determination of the Hubble parameter

Since the time delay is proportional to the angular diameter distance to the lensed
object, it is inversely proportional to the Hubble parameter (H0), which means that
multiply imaged systems can be used to constrain H0 (Refsdal 1964). This approach
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has twomain advantages over the traditional distance-ladder methods: (i) it is a one-
step method, because it does not rely on local distance indicators, and (ii) it provides
a measurement of H0 at cosmological distances, whereas distance ladder methods
are often locally confined and therefore can suffer from larger fractional deviations
from the Hubble flow.

Arc statistics

The abundance of giant arcs in galaxy clusters depends on: (i) the cluster abundance,
(ii) cluster internal structure (e.g., asymmetries, substructures), (iii) cluster dynamical
state, (iv) abundance of background sources, (v) source redshift distribution, and (vi)
distances. Therefore, comparison between predictions and observations of giant arcs
can provide information about the cosmological parameters (e.g., Bartelmann et al.
1998; Li et al. 2005; Fedeli et al. 2008) and potentially (although it has not been done
so far) about the dark energy (e.g., Meneghetti et al. 2005; Fedeli & Bartelmann 2007)
and the structure and evolution of galaxy clusters.

Determination of the Cosmological parameters

The cosmic shear maps obtained from weak lensing galaxy surveys can be used
to reconstruct the dark matter power spectrum, prove the effect of dark energy
in the geometry of the universe (geometrical tests), and measure the cosmological
parameters analyzing the 3D shear power spectrum in redshift slices (tomography)
(see the Chapter about weak lensing in Schneider et al. 2006, for a review).

1.3 The importance of dusty Infraredluminous Galaxies

The formation and evolution of galaxies and all of the structures in the Universe
involves the radiation of energy due to gravitational and nuclear processes. All this
radiation, integrated over the entire age of the Universe is known as the extragalactic
background light (EBL). Its spectrum, shown in the top panel of Fig. 1.6, indicates
how the energy of the Universe is distributed as function of wavelength. The main
contribution to the EBL comes from the cosmicmicrowave background (CMB),which
contains the black-body radiation that was produced in the hot and dense phases of
the early Universe. The second dominant contribution, observed between the near-
UV andmillimeter wavelength range, corresponds to the diffuse emission associated
with the formation of the first luminous structures (e.g., stars, galaxies, etc.).
The bottom panel of Fig. 1.6 shows the best observational constraints for the EBL

between the near-UV and millimeter wavelengths. Note that the energy appears to
be about equally divided between light produced by stars and AGN5 (the cosmic
UV-optical background; CUVOB) and light that has been absorbed and re-emitted
by dust (the cosmic IR background, CIB). This means that about half of the total
radiation in the Universe comes from dust-obscured galaxies that are missing from
optical surveys. Moreover, in order to explain the amount of energy contained in the

5Active Galactic nuclei
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Figure 1.6: To panel: Full spectrum of the extragalactic background light (EBL), taken
from Hauser & Dwek (2001). The labels indicate: the radio background (CRB), the cos-
mic microwave background (CMB), the cosmic infrared background (CIB), the UV-optical
background (CUVOB), the X-ray background (CXB) and the Gamma-ray background (CGB).
Bottom Panel: Best measurements of the EBL from UV to millimeter wavelengths, compared
with the SED of M82 (a starburst galaxy with L = 3 × 1010 L⊙) normalized to the peak of the
CIB at 140 µm. Figure taken from Lagache et al. (2005).



Submillimeter Galaxies 21

CIB, the integrated star formation rate at z = 1.5must be at least a factor 2 higher than
what is implied from UV/optical observations (see Lagache et al. 2005, for a review
about CIB).
The population of dust-obscured IR-luminous galaxies that contributes to the CIB

was first discovered by IRAS6 (Houck et al. 1985; Soifer et al. 1987) and resolved at
7µm, 15µm, 90µm and 170µm by ISO7 up to z∼1 (see reviews in Elbaz 2005; Verma
et al. 2005; Oliver & Pozzi 2005). The next step into the high-z Universe came with
the advent of sub-mm and mm surveys, started in 1997 at 850µm and 450 µm with
the commissioning of the SCUBA camera8. Other important sub-mm bolometer
arrays include SHARC-II9 (350µm), Bolocam10 (1.1 mm), MAMBO11 (1.2 mm) and
LABOCA12. The reason that these sources are referred to as being IR-luminous is
because, unlike the typical galaxies observed in the optical, they emit most of their
energy in the FIR (see Fig. 1.8). Based on their IR (8−1000µm) luminosities, they have
been classified into two main categories: (i) Luminous Infrared Galaxies (LIRGs),
with 1011 < LIR < 1012L⊙ and (ii) Ultra-Luminous Infrared Galaxies (ULIRGs) with
LIR > 1012L⊙. When LIR > 1013, they are also referred to as Hyper Luminous IR
Galaxies (HyLIRGs)13.
Although LIRGs and ULIRGs are rare in the local universe (orders of magnitude

less numerous than normal galaxies), their number density increase substantially
with redshift (approximately as (1 + z)4). In particular, LIRGs are the dominant
population of IR galaxies out to z∼1, whereas ULIRGs become more significant at
z>1 (orders of magnitude more numerous than galaxies with similar luminosities
in the local Universe). In fact, high-z ULIRGs discovered in mm/sub-mm surveys
outnumber optically bright QSOs at those redshifts by a large margin. This indicates
that LIRGs and ULIRGs constitute a cosmologically significant population that plays
an important role in galaxy formation and evolution. Understanding the nature of
these sources is therefore of great importance (See Lonsdale et al. 2006, for a review
on (U)LIRGs).

1.4 Submillimeter Galaxies

The high-z ULIRGs detected in mm/sub-mm surveys, known as sub-mm galaxies
(SMGs), were first discovered with SCUBA (Smail et al. 1997; Hughes et al. 1998;
Bartelmann et al. 1998; Eales et al. 1999). Their continuum emission (also for IR-
luminous galaxies in general) has three main components: (i) thermal emission

6InfraRed Astronomy Satellite, launched in 1983.
7Infrared Space Observatory, launched in 1995.
8Sub-millimeter CommonUser BolometerArray (Holland et al. 1999). Mounted at the 10m JamesClerk

Maxwell Telescope on Mauna Kea until its decommission in September 2005. Its predecessor, SCUBA-2,
was installed at the JCMT in March 2008.
9Sub-millimeter High Angular Resolution Camera, located at the Caltech Sub-mm Observatory.
10also located at the Caltech Sub-mm Observatory.
11MAx-planck Millimeter BOlometer, located at the 30 m IRAMmillimeter telescope.
12Large APEX Bolometer Camera, mounted on the APEX (Atacama Pathfinder Experiment) 12 m radio
telescope.
13Note that ∼ 15 − 20% of the HyLIRG population consist of highly-magnified lensed ULIRGs (Farrah
et al. 2002).
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Figure 1.7: SED model for the continuum emission of a dust-obscured starforming galaxy
(Yun&Carilli 2002). Note that the flux scale is in arbitrary units. TopPanel: Contribution from
each of the different components that constitute the continuum emission at radio wavelengths.
Bottom Panel: Change on the FIR peak position with redshift. Note that, when observing
in the sub-mm band, the luminosity remains approximately constant in the redshift range
1 . z . 8 (negative K-correction).
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Figure 1.8: Rest frame SEDs of different types of galaxies from the UV to the millimeter
wavelength, including both continuum and line emission. Figure taken from Lagache et al.
(2005).

from dust, (ii) thermal bremsstrahlung (free-free) emission due to the HII regions
that surround young stars, and (iii) radio synchrotron emission produced by ultra-
relativistic electrons (see top panel of Fig. 1.7). On top of this continuum component,
there is also line emission from atomic and molecular transitions in the interstellar
gas (see Fig. 1.8).
The reason that mm/sub-mm surveys are so successful in selecting high-z dust-

obscured galaxies is because the FIR peak of the rest-frame spectral energy dis-
tributions (SEDs) of these sources is redshifted into the mm/sub-mm part of the
electromagnetic spectrum (see bottom panel of Fig. 1.7). Due to the spectral shape of
the thermal dust emission, the observed sub-mm flux density of dusty galaxies with
a given luminosity remains approximately constant in the redshift range 1 . z . 8
instead of declining with increasing distance14. This effect, usually referred to as
negative K-correction, applies at wavelengths longer than ∼ 250 µm (Blain & Longair
1993, 1996; Blain et al. 2002) and it is stronger in the mm waveband.

Multi-wavelength follow up observations of SMGs, a crucial ingredient in the
study of their physical properties, have been challenging for two main reasons:

• Other wavebands apart from the mm and sub-mm do not benefit from the
negative K-correction, so the SMG counterparts are usually very faint. Optical
observations, in particular, also suffer from high levels of extinction due to the

14Note that the normal (1+ z)−4 reduction in surface brightness still applies, but it is not significant until
z > 5.
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large amounts of dust present in these systems.

• The lowangular resolution andpoor positional accuracy of single dishmm/sub-
mm facilities results in a large number of possible counterparts for a single SMG
(∼10 optical galaxies per SCUBA beam).

Nonetheless, progress has been possible by means of the so called FIR-radio cor-
relation (van der Kruit 1973; Helou et al. 1985; Condon 1992), a tight correlation
between the integrated FIR flux-density and the radio continuum emission observed
in star-forming galaxies out to z∼1 (Garrett 2002; Appleton et al. 2004). The origin of
this empirical correlation is thought to lie in processes of high-mass star formation.
Young massive stars, which are surrounded by their dusty natal molecular cloud,
emit UV radiation that is absorbed by the dust grains and re-emitted in the FIR.
When these stars end up exploding as supernovae, the generated shocks accelerate
surrounding electrons up to ultra-relativistic velocities, which then produce the ob-
served synchrotron emission when propagating in the galaxy magnetic field (Harwit
& Pacini 1975; Helou et al. 1985). Therefore, the FIR and radio emission are expected
to come from the same regions of the galaxy, which is not necessarily the case for the
FIR and optical emission due to dust obscuration.

Initially assumed to be valid for z ≥ 1, there is now observational evidence that
the FIR-radio correlation is also followed by SMGs (Kovács et al. 2006; Vlahakis et al.
2007; Ibar et al. 2008). In this way, it has been possible to take advantage of the high
resolution and positional accuracy provided by radio interferometric observations15

to pinpoint the position of the SMGs, making it possible to find their counterparts in
the optical and near-infrared (NIR hereafter) wavebands and measure their redshifts
(e.g., Chapman et al. 2005; Pope et al. 2006). As a result, much of what is now
known about SMGs is based on the radio selected sub-sample. The fact that the
surface density of the µJy radio population is significantly less than that of optical
galaxies makes the probability that they are randomly associated with a SMG quite
low (Ivison et al. 2002; Borys et al. 2004b).

1.4.1 Properties of submm galaxies: state of the art

Since the discovery of SMGs a decade ago, our knowledge about the properties of
this important galaxy population has grown substantially:

• The SMG redshift distribution peaks around z∼2.2 (Chapman et al. 2005; Pope
et al. 2006), with a few examples at z∼4 (Capak et al. 2008; Schinnerer et al.
2008; Daddi et al. 2009a,b; Coppin et al. 2009).

• With luminosities greater than 1012 L⊙ and star formation rates of ∼ 103M⊙ yr−1
(assuming a standard Salpeter initialmass function), they are among the bright-
est and most active objects in the Universe.

15e.g., ∼ 2′′ resolution and sub-arcsecond positional accuracy of the Very Large Array (VLA) at 1.4 GHz,
compared with the ∼ 15′′ resolution and ∼ 2′′ − 3′′ positional accuracy of SCUBA at 850µm.



Submillimeter Galaxies 25

• CO observations indicate that they have large molecular gas reservoirs (∼ 40%
of their total mass), with masses ∼ 1010 − 1011M⊙ (Greve et al. 2005; Neri et al.
2003; Tacconi et al. 2006).

• X-ray, radio, IR and CO studies indicate that the FIR emission from the bulk
of SMGs is dominated by star-formation processes, but a significant fraction
of them also host heavily obscured AGNs (Afonso et al. 2005; Chapman et al.
2005; Greve et al. 2005; Valiante et al. 2007; Menéndez-Delmestre et al. 2007)

• Themorphology anddynamical properties of SMGs indicate that their starburst
activity seems to be induced by galaxy interactions/mergers (Chapman et al.
2004; Swinbank et al. 2006b; Tacconi et al. 2006, 2008; Bouché et al. 2007).

• Numerous follow-up studies indicate that SMGs undergo episodes of major
star formation, leading to the production of massive (> 2L∗ ) ellipticals (Scott
et al. 2002; Simpson et al. 2004; Chapman et al. 2004, 2005; Greve et al. 2005;
Tacconi et al. 2006).

• They appear to be a strongly clustered population (Blain et al. 2004; Borys et al.
2004a; Scott et al. 2002, 2006; van Kampen et al. 2005; Farrah et al. 2006; Blake
et al. 2006; Gilli et al. 2007).

Understanding the physical relation between the different high-z galaxy popula-
tions identified at different wavelengths is one of the main issues in galaxy formation
and evolution. Hydrodynamical simulations of galaxy formation (Di Matteo et al.
2005; Hopkins et al. 2005; Bower et al. 2006) support a picture where a cold SMG pro-
duced during a gas rich major merger evolves first into a warm obscured QSO and
then into an unobscured QSO, before finally becoming a passive spheroid (Sanders
et al. 1988). Although the QSO and SMGphases do not overlap significantly 16, when
a QSO is detected in the mm/sub-mm it could be in the transition phase from a SMG
to an unobscured QSO (e.g., Page et al. 2004; Stevens et al. 2005; Coppin et al. 2008).
Finally, one of the most interesting features of SMGs is that they represent a major

challenge for the current models of the hierarchical assembly of galaxies. Using
standard prescriptions of gas cooling, star formation and feedback, these models
cannot reproduce the observed number of SMGs with the observed SFRs. Possible
solutions include modifications in the assumed initial mass function (IMF) for the
stars formed in bursts (Baugh et al. 2005), in the treatments of gas cooling and
supernovae feedback (Granato et al. 2004) or in the virialization and the survival
of sub-halos (van Kampen et al. 1999, 2005). More and improved observations are
required to distinguish between these different scenarios.

1.4.2 Faint submm galaxies

Due to the confusion limit of current mm/sub-mm instruments (S850µm ∼ 2 mJy),
our knowledge about the properties of the SMG population outlined in the previous
section is based on the study of the brightest members (S850µm & 2 mJy), which might

16QSOs make up ∼ 4% of flux-limited samples of SMGs (Chapman et al. 2005).
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not be representative of the entire SMG population as a whole. In fact, according to
Cowie et al. (2002) and Knudsen et al. (2008), the dominant contribution to the sub-
mm extragalactic background comes from the fainter (sub-mJy) sources. The only
way in which it has been possible to push below this confusion sensitivity limit, is by
using the lensing magnification provided by massive clusters of galaxies to increase
the effective resolution of SCUBA. This approach has improved the sensitivity of
sub-mm maps by factors of a few with respect to blank field surveys, although just
a hand-full of faint SMGs have being identified so far (Smail et al. 2002; Cowie et al.
2002; Knudsen et al. 2008). Since so little is known about these intrinsically faint
sources, it is crucial to further investigate their properties (e.g., SEDs, morphologies,
redshifts, etc.) and assesswhether theydiffer from the observedproperties of brighter
SMGs.
A promising strategy to gather information about faint SMGs is to studymembers

that are multiply imaged by clusters of galaxies. In these cases, the magnification
factor can go up to 30 (or more), providing not only the opportunity to detect but
also to spatially resolve the morphologies and internal dynamics of faint SMGs at a
level of detail far greater than would otherwise be possible. An illustration of this
powerful technique in the optical was recently presented in Swinbank et al. (2007),
where a factor of 16 in magnification by the cluster RCS0224-002 permitted those
authors to study the star formation activity, mass and feedback processes of a Lyman
break galaxy (LBG) at z ∼ 5, something that is not possible beyond z ∼ 2 with current
instruments.
To date, there are three clusters that show the presence of (potential) multiply-

imaged SMGs:

• Abell 2218, in which a triply-imaged system (SMM J16359 + 6612) has been
robustly identified near the core of the cluster (Kneib et al. 2004b, 2005; Garrett
et al. 2005; Knudsen et al. 2008, 2009).

• Abell 1689, in which 8 new sub-mm galaxies have been reported. Five of
these detections could be associated with three multiply-imaged optical sys-
tems (Knudsen et al. 2008).

• MS0451.6−0305, in which an elongated (∼ 1′) region of 850µm emission (SMM
J04542−0301) is coincident with an optical arc and two possibly triply-imaged
NIR sources (Chapman et al. 2002a; Borys et al. 2004a).
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1.5 Outline of this thesis

In this thesis, we illustrate how the phenomenon of strong gravitational lensing at
radiowavelengths can be used as a tool to obtain information about the internal struc-
ture of galaxies. This is doneby investigating twoparticular lens systems: B1600+434,
in which the study of the lens galaxy is the main priority, and the galaxy cluster
MS0451.6−0305, in which we concentrate on the analysis of a group of multiply-
imaged sources. In addition, we make statistical predictions of the abundance of
giant arcs expected at radio and sub-mmwavelengths, to investigate the possibilities
of future studies similar to the one carried out in MS0451.6−0305.

Chapter 2
We start with the system that has the simplest lensing configuration: B1600+434, in
which a galaxy is producing two images of a distant quasar. There are two features
that make this system unique. First, it is one of the few gravitational lenses for which
it has been possible to measure the time delay between images. And second, it is the
only radio lens that has shown extrinsic image flux changes17, which might be due to
radio microlensing by compact objects in the lens galaxy. This microlensing scenario
is a very exciting possibility because there is no robust observational evidence of
microlensing at radio wavelengths so far, and it can provide us with a tool to con-
strain the mass function of compact objects in the dark-matter halo of the lens galaxy.
However, the observed extrinsic variability could also be the result of scattering in
the lensing galaxy and/or scintillation caused by the ionized component of the ISM
in our own galaxy.

The presence of extrinsic variability in B1600+434 was first reported by Koop-
mans et al. (2000), after monitoring the 8.5 GHz flux of both lensed images with the
VLA over a period of eight months. In Chapter 2, we have expanded the 8.5 GHz
B1600 light curves presented inKoopmans et al. (2000) using the data of another three
VLA observing seasons of eight months. These observations show the presence of
significant extrinsic variability in all the seasons, suggesting that this effect is real. In
addition, the flux-ratio of the lensed images changes from season to season, an inter-
esting discovery that any plausible scenario will also have to be able to reproduce.
Finally, we provide the most precise and robust time delay estimate of this system to
date.

Chapters 3 and 4
These Chapters are dedicated to the study of the extended sub-mm emission SMM
J04542−0301, located in the core of the galaxy cluster MS0451.6−0305. This sub-mm
emission is coincident with an optical arc that originates from a z = 2.9 Lyman break
galaxy (LBG), and five NIR sources which appear to be produced by two triply-
imaged extremely red objects (EROs18). A lens model of the cluster, presented in
Borys et al. (2004a), indicates that the ERO pair and the LBGmay constitute a merger

17changes in the image fluxes which are not associated with physical processes that are taking place in
the background source itself.
18Extremely Red Objects, photometrically defined as R − K > 5.3.
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at z = 2.9 in the source plane. If this merger is the origin of the observed sub-mm
emission, SMM J04542−0301 could turn out to be the first known case of a sub-mm
giant arc. However, the low resolution and poor positional accuracy of the sub-mm
observations makes it very difficult to confirm the link between SMM J04542−0301
and the optical/NIR lensed sources.

UsingVLAarchival observations of this cluster, we reported thedetection 1.4GHz
radio emission coincident with SMM J04542−0301 in 2007. The simple data reduction
and analysis performed at that time (which is presented in Chapter 3), suggested that
at least part of the radio emission originates from the same source(s) responsible for
the observed sub-mmemission. Thanks to this discovery, the clusterwas re-observed
at 1.4 GHz with the VLA in its highest resolution configuration. In Chapter 4, we
present the results obtained from the improved data reduction and analysis of the
combined archival and high-resolution observations, fromwhich we have character-
ized the compact and extended radio emission detected within SMM J04542−0301.
These radio detections have allowed us to establish a link between the low resolu-
tion sub-mm observations and the high-resolution optical/NIR sources, providing
strong observational evidence in favor of the merger scenario proposed by Borys
et al. (2004a).

Chapter 5
The results presented in Chapter 4 illustrate the promising prospects for radio inter-
ferometry and strong gravitational lensing in clusters of galaxies to study the internal
structure of sub-mm galaxies. With the new generation of radio interferometers such
as e-MERLIN and the EVLA, together with the revolutionary capabilities of ALMA,
it might be possible to create a sample of faint sub-mm galaxies that are been lensed
as giant arcs. Such a sample could be studied to obtain, for example, information
about the general morphological properties of faint sub-mm galaxies, and how they
compare with what is currently known about the brightest members.
To explore the possibilities of creating such a sample , we have estimated the number
of arcs that can be expected from sub-mm galaxies that are lensed by clusters of
galaxies, both at radio and sub-mm wavelengths. The initial results of this study,
presented in Chapter 5, constitute the first attempt of predicting the abundance of
gravitational arcs at wavelengths other than optical using a realistic model for the
cluster population. The resultant arc abundances, provided as a function of sur-
face brightness, will be useful to design possible giant arc surveys with the future
radio/sub-mm facilities.

Chapter 6
In this final Chapter we first describe how the radio interferometric observations
presented in this thesis have contributed to our understanding of B1600+434 and
SMM J04542−0301, and provide an overview of possible lines of research for future
studies in these systems. Further progress in arc statistics studies at radio and
sub-mm wavelengths, and future applications for the high spatial magnification
provided by gravitational lensing to study the properties of high-redshift sources,
are also discussed.
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The gravitational lens B1600+434: A
precision Timedelay and evidence for
continuous Extrinsic RadioVariability

We present VLA 8.5 GHz lightcurves of the two quasar images in the gravitational
lens B1600 + 434, obtained from a monitoring campaign between February 1998 and
September 2002. The lightcurves were produced using 4 seasons of ∼8 months in
which the two images arewell separated. Thanks to a strong peak in the intrinsic flux
of the lensed quasar in the last season, we have been able to obtain the most precise
and robust timedelay of this system todate: ∆t = 40.1±1.2 (random)±1.0 (systematic)
days (4.8% precision at the 68% confidence level). We also report the detection of
short-term extrinsic variability (∼ 3 − 4 times larger than what is expected from
the 1.1% measurement errors), which occurs at the 3 − 5% level on time scales of
∼ days/weeks. In addition, we have detected variations in the flux-ratio of the
lensed images from season to season (6% from the beginning to the end of the ∼ 4
years monitoring campaign), which are indicative of extrinsic variability in longer
time-scales (≥ 7 months). The observed extrinsic variability can be caused by two
physical mechanisms: scintillation/scattering in the lens galaxy or the Milky Way, or
microlensing of a superluminal jet-component in the quasar due to massive compact
objects in the lens galaxy. A detailed analysis in the context of these two physical
models will be done in a forthcoming publication.

A. Berciano Alba, L.V.E. Koopmans, C. D. Fassnacht & A. G. de Bruyn, in prep.
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2.1 Introduction

Multiply imaged quasars constitute unique astrophysical systems, since they can
be used as cosmological probes, as well as laboratories to study both the lens and
source structure. The fundamental parameter involved in these kind of studies is
the time delay, that is, the difference between the propagation times of two images1,
which depends on the cosmology, the projected lens potential and the quasar and
lens redshifts.

On the cosmological side, time delays offer the prospect of determining the Hub-
ble parameter (H0) without the need to rely on local distance indicators (Refsdal
1964), a topic that has being the main driver of time delay measurements since the
discovery of the first lens (Walsh et al. 1979). For individual lenses, this method
can provide H0 estimates with an error better than 10% if, together with a well con-
straint mass model of the lens, the time delay measurement errors are of the order
of 3% − 5%. From the 19 time delay lenses known to date, 10 reach this level of
precision (see Table 2.1). In addition, there is a weaker dependence between the time
delay and the other cosmological parameters (the matter density of the Universe
Ωm, the dark energy density Ωde, the curvature Ωk, and the dark energy equation of
state parameters w0 and wa) which is usually ignored. However, given the dramatic
increase on the known time delay lenses expected from the forthcoming optical and
radio surveys, the ability of time delays to constrain other cosmological parameters
is also starting to be explored (Mörtsell & Sunesson 2006; Dobke et al. 2009; Coe &
Moustakas 2009). Finally, time delays can also be used to constrain the slope of the
lensing density profile 2 by adopting the value of H0 obtained by other methods

3.
In addition, Keeton & Moustakas (2009) have recently proposed a new formalism to
use time delays as a proxy for Dark Matter substructures in lens galaxies.

Measurements of time delays require intensive monitoring campaigns aimed to
producewell sampled lightcurves for the individual lensed images. These lightcurves
can show two kinds of variability: (i) correlated intrinsic variability, due to physical
processes that are taking place in the quasar and (ii) uncorrelated extrinsic variability,
due to effects produced by structures in our galaxy or in the lens galaxy that happen
to be lying along the line-of-sight of each image. When the same intrinsic fluctuations
are observed in two lightcurves, they can be cross correlated to derive the time delay
and flux-ratio between the corresponding images. Once these two parameters are
known, they can be used to calculate the ratio between the lightcurves of two lensed
images (flux ratio lightcurve hereafter) in order to isolate the extrinsic variability. If
this extrinsic component is negligible, the lightcurves can be combined to improve
the sampling of the intrinsic fluctuations observed in the quasar and compare them
with models of AGN structure (e.g., Kawaguchi et al. 1998; Goicoechea et al. 2008).
Otherwise, the flux ratio lightcurve can provide valuable information about the com-
pact objects in the lens galaxy and the structure of the source (and/or the intervening
ionized medium, if the lens is observed in the radio) .

1since the ray path lengths differ for each observed image, their associated absolute light travel times
are also different.
2the baryon-dark matter transition region of the lens galaxy where multiple images are usually found.
3e.g., H0 = 72 ± 8 km s−1 Mpc−1 from the HST Key Project (Freedman et al. 2001).
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Table 2.1: Current gravitational lens systemswithmeasured times delays. Refrences between
parentheses correspond to papers that have only been published in astro-ph.

Lens Name band images time delay accuracy references
(%)

B0218+357 8.4, 15 GHz AB 10.5 ± 0.4 3.8 Biggs et al. (1999)
B1422+231 8.4, 15 GHz AB 1.5 ± 1.4 93.3 Patnaik & Narasimha (2001)

AC 7.6 ± 2.5 32.9
BC 8.2 ± 2.0 24.4

B1600+434 8.5 GHz AB 47.0+12.0−9.0 25.5 Koopmans et al. (2000)

I-band AB 51.0 ± 4.0 7.8 Burud et al. (2000)

B1608+656 8.5 GHz AB 31.5+2.0−1.0 6.3 Fassnacht et al. (2002)

8.5 GHz BC 36.0 ± 1.5 4.2

BD 77.0+2.0−1.0 2.6

PKS 1830-211 8.4, 15 GHz AB 44.0 ± 9.0 20.5 van Ommen et al. (1995)

8.6 GHz AB 26.0+4.0−5.0 19.2 Lovell et al. (1998)

AB 24.0+5.0−4.0 20.8 (Wiklind & Combes 1999)

HE 0435-1223 R-band AD −14.4+0.8−0.9 6.3 Kochanek et al. (2006)

AB −8.0+0.7−0.8 10.0

AC −2.1+0.8−0.7 38.1

HE 1104-1805 R-band 161.0 ± 7.0 4.3 Ofek & Maoz (2003)
A,B-band 157.0 ± 21.0 13.4 Wyrzykowski et al. (2003)

R-, B-band 152.2+2.8−3.0 2.0 Poindexter et al. (2007)

HE 2149-2745 V-, I-band AB 103.0 ± 12.0 11.7 Burud et al. (2002a)
RX J0911+0551 I-band A1B 143.0 ± 6.0 4.2 Hjorth et al. (2002)

A2B 149.0 ± 8.0 5.4
A3B 154.0 ± 16.0 10.4

RX J1131-1231 R-band AB 12.0+1.5−1.3 12.5 (Morgan et al. 2006)

AC 9.6+2.0−1.6 20.8

AD −87.0 ± 8.0 9.2

SBS 0909+532 R-band BA −45.0+1.0−11.0 24.4 Ullán et al. (2006)

R-band −49.0 ± 6.0 12.2 Goicoechea et al. (2008)
SBS 1520+530 R-band AB 130.0 ± 3.0 2.3 Burud et al. (2002b)

V-, R-band 130.0 ± 3.0 2.3 Gaynullina et al. (2005)
Q0957+561 AB 417.0 ± 3.0 0.7 Kundic et al. (1997)
Q2237+0305 R-band BA −6.0 ± 41.0 h Vakulik et al. (2006)

CA 35.0 h
DA 2.0 ± 44.0 h

X-rays AB 2.7+0.5−0.9 h 33.3 Dai et al. (2003)

SDSS J1004+4112 R-band BA 40.6 ± 1.8 4.4 Fohlmeister et al. (2008)
CA 821.6 ± 2.1 0.3

SDSS J1650+4251 R-band AB 49.5 ± 1.9 3.8 Vuissoz et al. (2007)
FBQ 0951+2635 R-band AB 16.0 ± 2.0 12.5 Jakobsson et al. (2005)
PG 1115+080 V-band BC 23.7 ± 3.4 14.3 Schechter et al. (1997)

BC 25.0+3.3−3.8 15.2 Barkana (1997)

X-rays AB 2.7+0.5−0.9 33.3 Dai et al. (2001)

WFI J2033-4723 R-band BA 35.5 ± 1.4 3.9 Vuissoz et al. (2008)

BC 62.6+4.1−2.3 6.5



32 chapter 2: A Precision Timedelay for the gravitational lens B1600+434

Figure 2.1: HST/WFPC2 image of the lens system B1600+434 obtained with the F814W filter
(HST GO Program 8268, PI Impey), courtesy of M. Auger. The labels indicate the main lens
galaxyG1 (an edge-on late type spiral with a prominent dust lane), its companionG2 (a face-on
barred spiral) and the quasar images A and B.

The gravitational lens B1600 + 434 (B1600 hereafter) is a doubly imaged quasar
that was discovered in the CLASS4 radio survey by Jackson et al. (1995) (see Fig. 2.1).
The main lens galaxy (G1) is an edge-on late-type spiral with a nearby companion
(G2) which is a nearly face-on barred spiral (Jaunsen & Hjorth 1997; Koopmans et al.
1998). Both galaxies lie in a group of at least seven late-type galaxies at z ∼ 0.41,
with a velocity dispersion of 90 km s−1 (Auger et al. 2007). The two images A
and B, separated by 1.39 ± 0.01′′, correspond to a background quasar located at
redshift z = 1.589 ± 0.006 (Fassnacht & Cohen 1998). The ray path of image A passes
mainly through the dark matter halo of G1, whereas the ray path of image B passes
predominantly through its disk and bulge. The time delay between both images
has been estimated to be 47+12−9 days from VLA

5 8.5 GHz radio observations (26%
precision at the 95% confidence level; Koopmans et al. 2000, K00 hereafter) and 51±4
days from optical observations (8% precision at the 95% confidence level; Burud et al.
2000), with image A leading.

The radio observations of K00, carried out over a period of 8 months (February -
October 1998), showed the presence of an intrinsic decrease in the flux density of both
lensed images, plus short term extrinsic variability (time scales from days to weeks)
which appears to be much stronger in image A than in image B. Interestingly, this is
the only time delay radio lens (out of the 5 with measured time delays to date) that
has shown this kind of variability. Two plausible explanations have being suggested:
(i) a combination of scattering in the lensing galaxy and scintillation caused by the
ionized component of the interstellar medium (ISM) in our own galaxy, or (ii) radio

4Cosmic Lens All-sky Survey (Myers et al. 2003; Browne et al. 2003).
5Very Large Array, located in New Mexico.
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microlensing by massive compact objects in the lens galaxy.
Unlike in the case of optical microlensing (e.g., Paraficz et al. 2006), there is still

no conclusive proof of the detection of microlensing in the radio domain. The reason
is that, since the typical sizes of compact radio sources6 are much larger than the
typical separation between the caustics in the magnification pattern (few µas), all
the possible microlensing variability is smoothed out and therefore very difficult to
observe (Wambsganss 1990). However, if the quasar has a relativistic jet-component
moving towards the observer, Doppler boosting could make mJy sources observed
at high frequencies look small enough to make radio microlensing detectable (e.g.,
Gopal-Krishna & Subramanian 1991, K00 also describes this in detail).
Using WSRT7 observations at 1.4 GHz and 5 GHz and the VLA 8.5 GHz ob-

servations form K00, Koopmans & de Bruyn (2000) (KdB00 hereafter) analyzed the
frequency dependence of the extrinsic variability observed in B1600 and concluded
that the microlensing scenario (in which a superluminal jet-component in the quasar
is beingmicrolensedby compact objects in the halo of the lens galaxy) is a preferred al-
ternative over scintillation. However, high-resolution (0.5 mas) VLBA8 observations
at 15 GHz have failed to detect the core-jet structure in the quasar images (Patnaik
& Kemball 2001). Moreover, these data suggest that image B is scatter-broadened at
the lens, so that its size is larger than that of image A, and hence could scintillate less
than image A.
The possibility that the extrinsic variability of B1600might be due tomicrolensing

is very exciting, since it would provide a tool to constraint the mass function of com-
pact objects in the dark-matter halo of G1, as well as information about the structure
of the possible quasar radio jet (KdB00). To see whether this mechanism is indeed
the dominant cause of the observed variability in image A, a multi-wavelength ob-
servational campaign was carried out with the VLA between June 1999 and January
2003 to monitor this system. This Chapter focuses on the analysis of the high-
resolution 8.5 GHz observations of this campaign (in which both lensed images are
well separated) combined with the 8.5 GHz observations presented in K00. Since ra-
dio sources often show stronger and faster brightness variations at high-frequencies,
these observations are expected to provide the best time delay estimate of the whole
multi-wavelength campaign. Therefore, the immediate goals in this Chapter are (i)
to provide an improved time-delay measurement of B1600 and (ii) use this delay to
investigate the presence of extrinsic variability, as found in K00.
The outline of this Chapter is as follows. In Sect. 2 we present the relevant

information about the full VLA observational campaign. In Sect 3, we describe
the data reduction procedure adopted for the 8.5 GHz observations. The resultant
lightcurves of the B1600 lensed images are presented in Sect. 4, together with the
corresponding error analysis. Section 5 describes the method used to calculate the
time delay and flux ratios and the results derived from it. The characterization of the
extrinsic variability present in the lightcurves is discussed in Sect. 6. Summary and
conclusions are presented in Sect. 7.

6≥ 1mas for≥ 1 Jy flat spectrum sources at low frequencies, and several tens of µas for∼ 10mJy sources
at high frequencies.
7Westerbork Synthesis Radio Telescope, located in The Netherlands.
8Very Long Baseline Array.
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Table 2.2: Information about the full VLA monitoring campaign. Season 1 correspond to the
observations used in Koopmans et al. (2000) and Koopmans & de Bruyn (2000). Observations
and array configurations that were not used in this work are indicated between parenthesis.

Season Project Start date End date Array config. Epochs Bands

1 AX004 13/02/1998 09/06/1998 A, AB 52 X
1 AF340 11/06/1998 19/10/1998 AB, B 40 X
2 AB922 15/06/1999 12/02/2000 (AD), A, AB, B 92 L, C, X

(AK507) 19/02/2000 20/06/2000 (BC), (C), (CD) 41 X, U, K
3 AK518 06/10/2000 29/05/2001 (D), A, AB, B 67 L, C, X, U
4 AK543 17/01/2002 28/09/2002 (D), A, AB, B, (BC) 80 L, C, X, U

(AK554) 01/10/2002 05/01/2003 (BC), (C) 32 C, X, U

VLA observing bands: K=22 GHz, U=15 GHz, X=8.5 GHz, C=5.0 GHz, L=1.4 GHz

Table 2.3: Average integration time per epoch during the X-band observations for the phase
calibrator (J1549+506), theflux calibrator (B1634+627) and the lens (B1600+434). Theminimum
and maximum integration time used in each project are indicated between parenthesis. The
names of the projects that were not used in this work are also indicated between parentheses.

J1549 + 506 B1634 + 627 B1600 + 434
Project Int. time (min) Int. time (min) Int. time (min)

AX004 7 (2.0 - 13) 6 (1.2 - 8.8) 9 (5.0 - 10)
AF340 3 (1.0 - 5.8) 6 (2.3 - 11) 11 (4.0 - 20)
AB922 3 (1.2 - 5.7) 2 (0.7 - 4.9) 4 (2.2 - 9.5)
(AK507) 2 (1.4 - 3.8) 1 (0.4 - 1.6) 4 (2.2 - 6.6)
AK518 2 (1.7 - 4.3) 1 (0.6 - 1.2) 5 (3.1 - 8.4)
AK543 2 (1.3 - 2.7) 1 (0.6 - 1.2) 5 (1.2 - 10)
(AK554) 2 (1.6 - 2.2) 1 (0.8 - 1.2) 12 (9.7 - 22)

2.2 Observations

The lens B1600wasmonitoredwith theVLA in continuummode9 fromFebruary 1998
to January 2003 as part of a multi-source campaign. The details of these observations
are summarized in Table 2.2. Note that the full campaign includes observations in
several bands and VLA configurations. The results presented here correspond to the
analysis of the 8.5 GHz (X-band) data10, since it is the highest frequency which has
being observed during the full 4 year observing period. In addition, we focused in
the A, BnA, and B configuration data because these are the only ones that provide
enough angular resolution at this frequency to resolve the lensed images (between
0.2′′ and 0.7′′). The typical observing time per epoch spent in the phase calibrator
(J1549+ 506), the flux calibrator (B1634+ 627, also known as 3C343), and the lens are
listed in Table 2.3. The average time interval between epochs is 3.3 days.
Figure 2.2 shows a map of the phase calibrator, the flux calibrator and the lens,

9two IFs of 50 MHz, each containing right and left circular polarizations and one channel.
10IFs centered at 8.4351 GHz and 8.4851 GHz.
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Figure 2.2: VLA 8.5 GHz maps of the observed sources, produced using one of the A-array
epochs. Left panel: J1549 + 506, the phase calibrator. Contours are drawn at -2, 2, 4, 8, 16, 32,
64, 128, 256, 512, 1024 and 2048 times the 4.6 × 10−4 Jy noise level. Central panel: B1634 + 627
(3C343), the flux calibrator. Contours are drawn at -2, 2, 4, 8, 16, 32, 64, 128, 256, 512, 1024 and
2048 times the 2.0 × 10−4 Jy noise level. Right panel: the lensed images. Contours are drawn
at -4, 4, 8, 16, 32, 64, 128 and 256 times the 9.0 × 10−5 Jy noise level.

produced using the data of one of the A configuration epochs. J1549 + 506 is a
compact, flat spectrum source, so its intrinsic flux is expected to vary significantly
withing time scales of the order of months. B1634 + 627, on the other hand, is an
extended steep spectrum source (not expected to be variable on these time scales)
which is resolved by the VLA in A configuration. These sources are detected with
signal-to-noise ratios (SNR) of the order of ∼ 100 − 1000.

2.3 Data Reduction

The data reduction was conducted using the NRAO11 data reduction package AIPS,
following the same calibration procedure adopted in K00. Instead of using the flux
calibrator (B1634 hereafter) to establish the absolute flux scale of the observations, we
set an approximateflux scale by assigning a constant fluxof 1 Jy to thephase calibrator
(J1549 hereafter). Since J1549 is a variable source, the difference between its real flux
and the arbitrary flux scale can change considerably during the 4 year observing
period. Therefore, by using the phase and gain solutions derived with J1549 as
first-order calibration for the B1634 and B1600 data, we are transferring the intrinsic
variability of J1549 to the B1634 and B1600 lightcurves. Since the flux of B1634
is considered to be constant, dividing the lightcurves of the lensed images by the
lightcurve of B1634 should remove all of the J1549 variability and calibration errors
from them. The absolute flux scale is recovered by dividing the B1634 lightcurve by
the true flux of the source (normalized B1634 lightcurve hereafter), for which a value
of 0.84 ± 0.01 Jy12 is adopted.
To facilitate the data reduction process and make it uniform for all epochs, this

procedure was implemented in a semi-automatic pipeline written in Parseltongue

11National Radio Astronomy Observatory.
12based on WSRT 8.5 GHz observations carried out in December 1998, see K00.
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(Python interface to classic AIPS, see Kettenis et al. 2006). The different steps followed
for the data reduction of each source are described in the following sections.

2.3.1 Phase Calibrator

After setting the flux of J1549 to 1 Jy with SETJY, the first and last 10 seconds of each
scan of J1549, B1634 and B1600 are removed with QUACK. Then, the average flux and
rms of the J1549 data are estimated with FINDR, to clip potential outliers with fluxes
20σ above the average.
Using a point-like source model, preliminary amplitude and phase solutions are

derived with CALIB for time intervals of the average observing scan. A second run
of FINDR and CLIP is carried out to remove outliers with flux-deviations larger than
5σ above the average, after which the data of each IF and polarization are manually
inspected and flagged with TVFLG andWIPER. Finally, the bandpass shape is calibrated,
and the final amplitude and phase solutions are re-calculated by running CALIB for a
second time. To assess the quality of the final calibration, we create a contour map of
J1549, and graphs of the visibility amplitudes as function of time and UV distance. If
corrupted data were still present, TVFLG and WIPER would be run again and the final
calibration repeated.

2.3.2 Flux Calibrator

After proper interpolation, the final amplitude and phase solutions obtained with
the phase calibrator are applied to the B1634 and B1600 data. As in the previous
case, outliers are removed by setting a clipping level of 20σ before the data of each IF
and polarization aremanually inspected and flaggedwith TVFLG andWIPER. A contour
map of B1634, together with plots of the visibility amplitudes as function of time and
UV distance, are made to verify that all corrupted data were removed.
Once the data have being satisfactory edited, the first-order phase solutions are

further refined through an iterative cycle of cleaning (which provides a new clean
componentmodel of B1634 in each iteration) and phase-only self-calibration. The full
cycle is composed by seven iterations in which the depth of the cleaning is gradually
increased and the time interval for which the phase solutions are derived is gradually
decreased. When the full cycle is completed, the resultant contour map and visibility
plots are inspected again in case that more corrupted data shows up. If these plots
are considered to be satisfactory, the flux of B1634 is obtained by summing the flux
of all the clean components of the final model, which is then divided by 0.84 Jy to
express it in terms of a normalized flux scale.
For the cleaning step of the iterative cycle, we create one set of clean boxes13 that

contain the low surface brightness features shown in Fig. 2.2. This set of boxes was
used in the data reduction of all epochs. Therefore, for those epochs in which these
faint features are not detected or not resolved, we could be introducing spurious clean
components in the final model of B1634 that will affect the derived flux. However,
since this source is detected with SNR∼100, the effect of spurious clean components
is expected to be negligible.

13areas of the B1634 dirty map in which the clean algorithm is allowed to look for clean components
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Table 2.4: Parameters used to characterize the two Gaussian components in the initial X-
band B1600+434 model, taken from 8.5 GHz VLBA observations (Koopmans et al. 2000). The
coordinates are given respect to the phase center (RA = 16h 1m 40.446s, DEC = 43◦ 16′ 47.76′′).

Lensed ∆ RA ∆ DEC Flux diameter
image (arcsec) (arcsec) (mJy beam−1) (mas)

A -0.333 0.6368 30.1 1
B 0.3902 -0.5529 23.4 1

Nonetheless, we decided to get an alternative estimate of the B1634 flux in each
epoch as consistency check. In order to do that, we produced tapered maps for each
epoch by limiting the UV-range such as to provide a clean beam with the major axes
between 3.5′′ and 2.5′′ (so B1634 is “seen” by the interferometer as an unresolved
source). The task UVFIT was then used to fit a Gaussian model to the data within
the specified region of the UV-plane (note that the calibration still corresponds to
the phase and gain solutions derived using all the baselines). The flux of B1634
is obtained from the best Gaussian fit. As a result, two lightcurves of B1634 were
produced: one using the fluxes derived with the clean component models, and the
other one using the fluxes derived from the tapered data. The resultant lightcurve
ratio has an rms scatter of ∼ 0.52% arround a mean value of 0.42%, which indicates
that the fluxes derived from the clean-component model are systematically higher
than the ones derived from the tapered data. This is probably due to the fact that the
Gaussian fit in the UV-plane is not perfect, resulting in an under-estimation of the
flux obtained from the tapered data.

2.3.3 Lensed Images

The data reduction procedure followed for the B1600 data is identical to the one
described for B1634, with the exception of the iterative cleaning and phase self-
calibration cycle, which is replaced by an iterative model fitting and phase self-
calibration cycle.

Given that the lensed images are unresolved in the A-array configuration maps,
the system ismodeledwith twoGaussianswhich parameters have been set according
to higher resolution VLBA 8.5 GHz observations (K00, see Table 2.4). After refining
the first-order phase solutions by re-calibrating the data with this initial model, the
task UVFIT is used to update themodel by fitting twoGaussians in the UV-plane. Since
the size and positions of the lensed images in the initial model are well constrained
from the VLBA observations, only the flux of the Gaussians is optimized. The
updated model is used to improve the calibration of the data, and the process is
iterated 4 times. The resulting flux of each lensed image corresponds to the peak flux
of the Gaussian components in the final model.
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Figure 2.3: Normalized VLA 8.5 GHz lightcurves of the B1600+434 lensed images A (red)
and B (blue) between 13/02/1998 (2450858) and 08/09/2002. The error bars indicate the final
1.1%measurement error estimated for each data point (see Sect. 2.4.1 for details).

2.4 Lightcurves

Once the full data reduction was completed, the resulting maps of B1634 and B1600
were inspected to identify obvious problematic epochs. In this way, we noticed 20
epochs of B1634 and 8 epochs of B1600 that showed strong artifacts in the final maps.
The overlap between the epochs associated with both sets of maps was only 2. A
posterior inspection of the lightcurves also revealed the presence of 2 outliers in the
second season of the B1634 lightcurve, and two outliers in the B1600 lightcurve (one
in season 1, which epoch was already identified as problematic when inspecting the
B1634 maps, and the other one in season 2). All these epochs were removed from the
final lightcurves.

2.4.1 Error analysis

The errors associated with each point of the B1634 and B1600 lightcurves can be
divided in two main categories: (i) systematic, which affect all the epochs in the
same way (resulting in an absolute flux scale error), and (ii) random, which affect
each epoch independently. Since, as it will be shown in Sect. 2.5 and 2.6, both
the determination of the time delay and the characterization of extrinsic variability
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involve the ratio of the two lensed image lightcurves, any source of systematic error
will have no impact in the results derived for these two quantities. The random
error, on the other hand, can have three different origins: (i) residual RFI14 errors,
due to imperfect data flagging and incomplete UV coverage, (ii) noise errors, given
by the rms noise of each source map in each epoch, and (iii) amplitude and phase
calibration errors.
Calibration errors can be caused by, for example, pointing inaccuracies and at-

mospheric conditions, but also by the way in which the sources are modeled during
the self-calibration procedure. This is particularly relevant in the case of B1634, due
to its complicated extended structure (see Fig. 2.2). In K00, both the flagging and the
self-calibration of B1634 and B1600 were carried out with the DIFMAP package (only
the calibration of J1549 was done in AIPS). In particular, they used a single Gaussian
component to first model fit the visibilities of B1634, after which the Gaussian fitting
was replaced by image cleaning to include the extended structure in the final model.
Since we have edited and self-calibrated the data presented in K00 in a different
and independent way15, the residual RFI and calibration errors can be estimated by
comparing the results provided by both methods.
The ratio between the first season of the B1634 and B1600 lightcurves presented

here, and the ones presented in K00, show an rms scatter of ∼ 1%. This corresponds
to a systematic error for each lightcurve point of 1/

√
2 = 0.72%. On the other hand,

the average thermal noise error per epoch is about 0.4 mJy beam−1 for B1634 and
0.09 mJy beam−1 for the lensed images (0.04% and 0.4% respectively). As a result,
the total measurement error assumed for each point of the final B1600 lightcurve is:√
0.422 + 2 × 0.722 ∼ 1.1%. The factor 2 accounts for the calibration errors in B1634,
because the final B1600 lightcurve is divided by the lightcurve of B1634.

2.4.2 Structure of the lightcurves

The final normalized lightcurves of the B1600 lensed images16 are shown in Fig. 2.3.
The long-term flux changes (∼months) are probably due to intrinsic variability of the
quasar, whereas the short term fluctuations (∼ days/weeks) can have both an intrinsic
and/or extrinsic origin.
The most prominent feature corresponds to the steep increase of the flux in the

last 8 month season of the lightcurve (a factor ∼ 2 between the minimum and the
maximum), after which the flux of both images start to decrease again. From the
relative position of this flux peak in the two lightcurves it is clear that image B lags
image A in time, in agreement with the predictions of the lens model presented in
Koopmans et al. (1998). As it will be shown in Sect. 2.5, this feature will allow us
to obtain a more precise estimate of the time delay than the ones that are currently
available.

14Radio Frequency Interference.
15Note that, for the self-calibration of the B1600 data, K00 used the same initial model adopted here
(see Table 2.4). However, the solution intervals and number of iterations were different than the ones
implemented in our pipeline, which in general will make both procedures converge in a different way (so
they can be treated as independent).
16B1600 lightcurves divided by the B1634 normalized lightcurve.
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The most remarkable feature, however, corresponds to the dramatic flux increase
(and posterior decrease) of image A on a time scale of several weeks in the second
season. Since this feature is not present in the in the lightcurve of image B, it must
have an extrinsic origin. A more detailed description of this event will be presented
in Sect. 2.6.

2.5 Time delay and flux ratio

To estimate the time delay and flux ratio between the lensed images, we use the
minimum-dispersion method developed by Pelt et al. (1996). The idea of this method is
to find the time and flux corrections (∆t and f ) that have to be applied to lightcurve
B in order to find the best match with lightcurve A. This is carried out by means of
the composite lightcurve C, which contains the data points of lightcurve A and the
corrected data points of lightcurve B. A generic point on the composite lightcurve is
described as:

Cn(tn) =

{

Ai if tn = ti
f B j if tn = t j + ∆t

Given a particular value of∆t and f , the dispersion of this composite lightcurve is
a measure of the goodness of the match between the lightcurves A and B. Therefore,
the true time delay and flux ratio between the lensed images correspond to the values
of ∆t and f that minimize the rms dispersion of lightcurve C inside a sliding window
function.
The dispersion measure used in our calculations indicates how close two points

Cn and Cm are in the composite lightcurve. It is given by:

D24(∆t, f ) =

∑N−1
n=1

∑N
m=n+1 Sm,nWm,nGm,n(Cn − Cm)2
∑N
m=n+1 Sm,nWm,nGm,n

(2.1)

Note that this dispersion function includes not only strictly neighboring pairs, to
get a statistically more stable curve by adding more (Cn − Cm)2 points. The variable
Gm,n guarantees that the dispersion ismeasured in the overlap areas of the lightcurves
A and B (Gm,n = 1 when Cn and Cm are from different lightcurves, and Gm,n = 0
otherwise). The variable Wn,m weights the pairs taking into account the 1σ error of
their flux densities (σi):

Wm,n =
WnWm
Wn +Wm

; Wi =
1

σ2
i

(2.2)

Finally, Sm,n is the decorrelation weight function, which is introduced to avoid
correlation between two points separated by a long time gap17. The form of Sm,n
adopted in this work is :

Sm,n = exp

(

−(tm − tn)2
2τ2

)

(2.3)

17note that, since the noise observed in quasar lightcurves is random, long time correlation is not
expected to happen.
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where τ is the decorrelation time scale in days.
The error associated with the time delay and the flux ratio derived with this

method was estimated following a Monte-Carlo (MC) approach. In order to do that,
a sample of 1000A andB lightcurve pairswas generated by changing the noise values
of each data point. Since the true underlying lightcurves are unknown, we doubled
the variance of the MC lightcurves by adding, to the measurement error of each data
point, a random noise value which is extracted from a Gaussian distribution with
σ equal to the measurement error (1.1%). The minimum of the dispersion function
associated with each lightcurve pair was determined by exploring the parameter
space for ∆t between 0 and 100 days, and f between 1.1 and 1.4 . In this way, a
time-delay and a flux ratio probability distribution function (PDF) were generated
from the values of ∆t and f obtained for each lightcurve pair in our MC sample (see
Fig. 2.4). The time-delay and flux ratio of each season derived from the PDFs (which
were computed for three different decorrelation time scales) are listed in Tables 2.5
and 2.6, respectively. Note that doubling the variance of the noise on the observed
lightcurves leads to a conservative error estimate on the time-delay.
Figure 2.5 shows the minimum of the dispersion function associated with the

observed lightcurves independently calculated for each season. Note that the most
precise and least degenerate estimate of the time delay comes from season 4, as
a consequence of the good sampling of the flux peak present in this part of the
lightcurve. If we compare the time delays derived from the other seasons with this
one (∆ti/∆t4, see Table 2.5), we see that the differences between them are consistent
within the errors. However, a similar comparison between the corresponding flux
ratios (φi/φ4, see Table 2.6) shows discrepancies of 3 − 4σ (2 − 3%) between season 1
and season 4 (also between season 2 and season 4), and 7−8σ (5−6%) between season
1 and season 4. In other words, the flux ratio between the lensed images changes
during the ∼4 year monitoring campaign, which indicates the presence of extrinsic
variability on time scales of ≥ 7 months.
Because of this significant variation in the flux ratio (which can clearly be seen

in Fig. 2.5), using the data from all the seasons simultaneously to calculate the
time delay yields a biased result. Instead, the final time delay obtained for each
decorrelation time scale τ (see Full in Table 2.5) is calculated by weighting the values
derived independently for each season:

∆tFull =

∑

∆ti/σ2i
∑

1/σ2
i

±
(
∑

1/σ2i
)−1/2

(2.4)

A small decorrelation time scale is very sensitive to the short term variability in the
lightcurves (more pronounced in A than in B), whereas a large decorrelation time is
more sensitive to their long term gradients. Therefore, we consider that τ = 6 days
gives the best estimate of the time delay and the flux ratios, although the estimated
time-delays change by < 1 days for these different assumptions. Therefore, to be in
the conservative side, we add ±1 day of systematic error to the rms value, to take into
account the effect of the decorrelation time scale. In this way, the final best estimate
for the time delay becomes: ∆t = 40.1 ± 1.2 (random) ± 1.0 (systematic) days (4.8%
precision at the 68% confidence level, from the weighted average for τ = 6).
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Figure 2.4: Time delay probability distribution functions (PDFs) obtainedwhen theminimum
dispersionmethod is combinedwithMonte Carlo simulations using a decorrelation time scale
of τ = 6 days. The dashed line indicated the best estimate of the time delay, whereas the
shaded region indicates its uncertainty (∆tFull = 40 ± 1.9 days for τ =6, see the end of Sect. 2.5
for details). The different panels correspond to season 1 (top left), season 2 (top right), season
3 (bottom left) and season 4 (bottom right).
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Figure 2.5: Minimum of the dispersion function associated with the observed lightcurves of
the lensed images (1.1% measurement error), independently calculated for each season. The
different panels correspond to season 1 (top left), season 2 (top right), season 3 (bottom left)
and season 4 (bottom right). The white contours (which purpose is to illustrate the behavior
of the dispersion and the degeneracies between delay and flux-ratio) are spaced by a factor of
1.01. Note that both the colors and contours are plotted in logarithmic scale.

The time delays obtained in this work for season 1 are shorter and better con-
strained than the ones reported in K00 (see Table 2.7), despite the fact that both were
determined following the same method. The reason is that K00 fixed the flux ratio to
1.212 ± 0.005, whereas we consider it as a free parameter. As a graphical illustration
of this point, let’s consider the upper left panel of Fig. 2.5. Note that the region of the
dispersion functionminimum (indicated with white ellipses) is rather flat and nearly
horizontal. Therefore, a small increase in the flux ratio results into a rapid increase in
the time delay uncertainty. Since the flux-ratio that we currently find is lower than
the assumed value on K00, both the time delay and its associated uncertainty are
reduced.

On the other hand, our new time delay is inconsistent at the 3σ level with the
value of 51 days obtained from optical observations (Burud et al. 2000). In fact, as
can be seen in Fig. 2.4, the peak of the time delay PDF of each observing season
is close to 40 days, whereas 51 days always lies in the region of lowest probability.
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Table 2.7: Comparison between the time delays presented in Koopmans et al. (2000), and the
ones derived in this work using the same data (season 1, see Table 2.2). The columns show:
decorrelation time scale (τ), previous estimates of the time delay (∆tB−A), time delays obtained
in this work (∆t) and flux ratios obtained in this work (Flux ratio). Note that, in Koopmans
et al. (2000), the flux ratio was fixed to 1.212 ± 0.005 days.

τ (days) ∆tB−A (days) ∆t (days) Flux ratio

3 46+7−8 40.88 ± 0.36 1.2055 ± 0.0007
6 46+6−5 37.70 ± 0.51 1.2031 ± 0.0007
12 48+5−6 39.70 ± 0.66 1.2045 ± 0.0009

Table 2.8: Flux ratios derived by Fassnacht et al. (2002) for the three pairs of images observed
in the lens system B1608 + 656. The columns φi/φ1 list the ratio between the flux ratio of
each season and season 1, where the errors have been derived following standard propagation
techniques. The significance of the flux ratio changes from season to season (signif.) is
calculated as (1 − φi/φ1)/errorφi/φ1 .

Image pair Season Flux ratio φi/φ1 signif.

AB 1 2.042 ± 0.012 − −
AB 2 1.986 ± 0.014 0.973 ± 0.009 3.1
AB 3 2.006 ± 0.014 0.982 ± 0.009 2.0

CB 1 1.039 ± 0.006 − −
CB 2 1.031 ± 0.007 0.992 ± 0.009 0.9
CB 3 1.028 ± 0.007 0.989 ± 0.009 1.2

DB 1 0.351 ± 0.002 − −
DB 2 0.345 ± 0.003 0.983 ± 0.010 1.7
DB 3 0.342 ± 0.003 0.974 ± 0.010 2.5

Therefore, given the agreement between the independent time delays obtained for
each of the four observing seasons (which are also better sampled than the optical
lightcurves), we conclude that the new lower estimate is more appropriate. Note
also that the optical flux ratio derived by Burud et al. (2000) is A/B = 1.50, whereas
our best estimate for the first season is A/B = 1.203 ± 0.007.

Finally, it is worth mentioning that there is another lens in which long term flux
ratio changes have being observed: the four-image system B1608 + 656 (Fassnacht
et al. 2002). However, the significance of the flux ratio changes from season to season
is lower than in B1600+434 (see Tables 2.6 and 2.8).
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2.6 Extrinsic variability

Figure 2.6 shows a blowup of each season of the B1600 lightcurves, before and after
the time delay and flux ratios have being taken into account. From the comparison
between the green and red lightcurves it is clear that image A shows more scatter
than image B on time scales of ∼days / weeks, a feature that is not only present in
season 1 (as already reported in K00) but also in the other three seasons. Note that,
as shown in Fig. 2.7 and Table 2.9, the fluctuations in season 4 only appear to be
smaller because of the difference in flux-density scale.
This short termvariability can have three causes: (i) calibration errors, (ii) intrinsic

variability in the quasar, and (iii) extrinsic variability due to structures (e.g., small-
scale ISM or potential fluctuations) in our galaxy or in the lens galaxy that happen to
be lying along the line of sight.
Since the intrinsic quasar variability is the same in both images, the extrinsic

component can be isolated by dividing the lightcurve of image B by the lightcurve
of image A. For this, lightcurve B has to be corrected for the time delay and scaled
to match lightcurve A using the corresponding flux ratios. Finally, lightcurve B is
interpolated to the times of the lightcurve A data points, and the resulting interpo-
lated B lightcurve is divided by the A lightcurve. Note that, because image B hardly
varies on short time-scales, interpolating its flux-densities leads to negligible errors
in comparison to interpolating the lightcurves of image A.
Figure 2.7 shows the resultant flux ratio lightcurve split in the individual seasons.

The dotted lines correspond to the average measurement error, which is clearly
smaller than the fluctuations present in all the seasons. In order to characterize the
significance of the the observed short-term variability we use the modulation index:

MI =

√

rms2 − σ2aver
σ2aver

(2.5)

The resultant MI values obtained for each season show that these fluctuations are
∼ 3 − 4 times larger than what is expected from the estimated measurement errors
(see Table 2.9). This result constitutes a robust indication of the extrinsic nature of
most of the observed short-term variability, which is predominantly taking place in
the lightcurve of image A. Moreover, the second season of the flux ratio lightcurve
shows flux density fluctuations of ∼ 15% between 29/08/1999 and 24/09/1999 with
MI∼7 (S2 event, see Table 2.9). If we look at the top right panel of Fig. 2.6, we see that
in this period (561.5 and 592.25 days) the lightcurve of image A experiences a strong
sharp variation in the observed flux-density that is clearly not observed in lightcurve
B.
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Figure 2.6: Blowup of each season in the normalized lightcurves of the B1600+434 lensed
images presented in Fig. 2.3. The green points correspond to the lightcurve of image B, after
being corrected using a time delay of ∆t = 40 days and the flux ratios listed in Table 2.6 for
τ = 6. The different panels correspond to season 1 (top left), season 2 (top right) season 3
(bottom left) and season 4 (bottom right).
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Figure 2.7: Ratio of the A and B image lightcurves after correcting for both the time delay
(∆ = 40 days) and the flux density ratio of each season obtained for τ = 6 (see Table 2.6). The
dotted lines indicate the region in which the variability would be expected if it was only due
to measurement errors (see Table 2.9). Panels from top to bottom correspond to season 1, 2, 3
and 4.

Table 2.9: Characterization of the extrinsic variability observed in the flux ratio lightcurves
displayed in Fig. 2.7. The columns show: lightcurve segment (season), rms scatter (rms),
average measurement error (σaver) and modulation index (MI, see Eq. 2.5). Errors have been
derived following standard propagation techniques.

Season rms (%) σaver (%) MI

1 2.8 ± 0.007 1.0 2.57 ± 0.76
2 4.9 ± 0.013 1.1 4.31 ± 1.19
3 3.3 ± 0.011 1.1 2.67 ± 1.04
4 3.8 ± 0.010 1.1 3.44 ± 1.02

S2 event 8.0 ± 0.050 1.1 7.43 ± 4.70



Summary and Conclusions 49

2.7 Summary and Conclusions

The gravitational lens B1600+434 is a doubly imaged quasar for which the time delay
hadpreviously beenmeasuredboth in optical (51±4days, Burud et al. 2000) and radio
(47+12−9 days at 8.5 GHz, Koopmans et al. 2000). What makes this system extremely
interesting is the presence of short term extrinsic variability in the radio lightcurve
of image A (Koopmans et al. 2000), which could be due to microlensing by compact
objects in the halo of the main lens galaxy (G1, see Fig. 2.1) or scattering/scintillation
by the ISM in G1 or/and in our own galaxy.
To identify which of these twomechanisms is the dominant cause of the observed

extrinsic variability, amulti-wavelengthobservational campaignwas carriedoutwith
the VLA between June 1999 and January 2003 to monitor this system. This Chapter
focuses on the analysis of the 8.5 GHz high resolution observations of this campaign
(inwhich both lensed images arewell separated), including the observations between
February 1998 and October 1988 presented in Koopmans et al. (2000) (4 seasons of ∼
8 months in total). The main results of this analysis can be summarized as follows:

• Thanks to the good sampling of an intrinsic flux peak present in the last season
of the A and B lightcurves, we have obtained the most precise and robust time
delay estimate of this system to date: ∆t = 40.1±1.2 (random)±1.0 (systematic)
days (4.8% precision at the 68% confidence level). The method used to derive
this value was the one proposed by Pelt et al. (1996) (minimum dispersion
method), combined with Monte-Carlo simulations to estimate the errors in-
volved. Whereas this new time-delay is consistent with the one derived in K00,
it differs at the 3σ level respect to the optical time-delay presented in Burud
et al. (2000). This suggests that the errors estimated for the optical time delay
have been underestimated.

• We report the detection of significant short-term extrinsic variability in each
of the four seasons of the image A lightcurve (∼ 3 − 4 times larger than what
is expected from the 1.1% measurement errors), which happens at the 3 − 5%
level on time scales of ∼ days/weeks.

• The data also show variations in the flux-ratio of the lensed images from season
to season (6% from the beginning to the end of the ∼ 4 years monitoring
campaign), which are indicative of extrinsic variability on time-scales of ∼ 7
months.
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3
Radio counterpart of the lensed sub
mm emission SMM J04542−0301

Previous authors have reported the detection of intrinsically faint sub-mm emission
lensed by the cluster MS0451.6−0305. They suggest that this emission arises from a
merging system composed of a Ly-break galaxy and a pair of extremely red objects
which are multiply-imaged in the optical/NIR observations. Since the sub-mm emis-
sion presents an unusually large angular extent (∼1′), the possible radio emission
associated with that system can help to identify optical/NIR counterparts due to the
higher spatial resolution and astrometric accuracy of the radio observations. We
present a radio map of the central region of MS0451.6−0305 produced using VLA
archival data (BnA configuration at 1.4 GHz), and report the detection of gravita-
tionally lensed radio emission coincident with the previously discovered sub-mm
lensed emission. The overall morphology and scale of the radio and sub-mm emis-
sion are strikingly similar. This observation strongly suggests that the radio and
sub-mm emission arise from the same sources. Preliminary estimates of the total
S850µm/S1.4GHz flux density ratio appear to be consistent with that expected from dis-
tant star forming galaxies. The radio emission is resolved into 7 distinct components,
and the overall structure can be explained, using a simple lens model, with three
multiply-imaged radio sources at z ∼ 2.9. One of these sources is predicted to lie
in the middle of the previously mentioned merger system in the source plane, sug-
gesting that it is related to the intense star formation generated during the merging
process.

Originally published as:
A. Berciano Alba, M.A. Garrett, L.V.E. Koopmans, & O. Wucknitz, 2007, A&A, vol.

462, p.903
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3.1 Introduction

Sub-mm galaxies (SMGs) were first detected by SCUBA1 (Smail et al. 1997) and are
believed to be dusty star forming galaxies located at high redshift (e.g. Ivison et al.
2002; Smail et al. 2002; Chapman et al. 2003). It is also suggested that they are the
progenitors of present-day massive elliptical galaxies (e.g. Lilly et al. 1999; Swinbank
et al. 2006b). Little is known about the objects associated with the faint end of the
SMG population (S850µm < 2mJy), but they are predicted to dominate (energetically)
the population as a whole (Knudsen 2004). A recent statistical stacking analysis
(Knudsen et al. 2005), suggests that distant red galaxies (DRGs) and Extremely Red
Objects (EROs) contribute ∼ 50% of the flux density of sub-mm sources with 0.5 <
S850µm < 5mJy.
Intrinsically faint SMG cannot easily be detected, since their flux densities lie

below the ∼ 2 mJy confusion limit of SCUBA images at 850 µm. Typically they also
fall well below the (thermally limited) sensitivity of current radio instruments, such
as the VLA. Individual systems can often only be detected via strong gravitational
lensing effects, produced by massive foreground clusters of galaxies (Knudsen 2004;
Kneib et al. 2004b; Garrett et al. 2005). The spatial magnification provided by the
lensing cluster overcomes instrumental confusion limitations in the sub-mm and also
boosts the measured flux density of the source (provided the lensed images remain
unresolved), thereby increasing the probability of detection (Blain 1997). Another
advantage of cluster lensing is that the magnification provided by the lens effectively
increases the spatial resolution of the observations, with the largest magnifications
usually occurring in cases of multiple imaging. SMM J16359+6612, associated with
the cluster Abell 2218, was the first intrinsically faint, multiply imaged SMGdetected
in both the sub-mm (Kneib et al. 2004b) and radio (Garrett et al. 2005). In this Chapter,
we present VLA 1.4 GHz radio observations of a second case, SMM J04542−0301
(Chapman et al. 2002a), associated with the cluster MS0451.6−0305.
MS0451.6−0305 is a cluster of galaxies situated at z = 0.55 (Gioia & Luppino

1994) that has recently been observed in optical and near-Infrared (NIR) (Borys et al.
2004a). The analysis of these observations indicate that the sub-mm emission is
probably originating from an interacting system of three objects lying at z ∼ 2.9: a
Lyman Break Galaxy (LBG) and a pair of Extremely Red Objects (EROs). The LBG
is imaged into two visible arcs, and the ERO pair is supposed to be associated with
5 NIR sources located within the sub-mm emission (Takata et al. 2003; Borys et al.
2004a, T03 and B04 hereafter). However, the emission coming from the north-eastern
and the central regions of the sub-mm image do not seems to be associated with the
LBG and the ERO pair (see Fig. 7 from B04).
In this Chapter, we present deep, high resolution 1.4 GHz VLA observations of

SMM J04542−0301. In Sect. 3.2, we describe the VLA data analysis and present the
resultant radio images. Section 3.3 describes a simple lens model for the system,
in an attempt to explain the lensed nature of the radio emission related to SMM
J04542−0301. In Sect. 3.4, we compare the radio and sub-mm emission, including a
discussion about possible optical/NIR counterparts, and the preliminary calculation

1Sub-millimeter Common-User Bolometer Array, mounted at the James Clerk Maxwell Telescope
(JCMT)
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Figure 3.1: The VLA 1.4 GHz naturally weighted contour map (solid white lines) superim-
posed upon the SCUBA 850-µm contour map (solid thin black lines) and a HST F702W image
of the centre of the cluster MS0451.6−0305 (Borys et al. 2004a). The axes represent the right
ascension (x-axis) and declination (y-axis) in the J2000 coordinate system. The solid thick black
curves are the tangential (outer) and radial (inner) critical lines at z = 2.911 associated with the
lens model of the cluster determined by Borys et al. (2004a). The boxes indicate the positions
obtained via Gaussian fits of the radio sources. The diamonds correspond to the positions of
three EROs from Takata et al. (2003), and the crosses/circles are the positions of a LBG lensed
as two arc (ARC1 and ARC1 ci), and a triply-imaged EROs pair: B1/B2/B3 (images of ERO B)
and C1/C2/C3 (images of ERO C) (see Borys et al. 2004a). The squares and circles have a size
of 1′′to illustrate the random and systematic errors due to measurement uncertainties and the
alignment of the different images. Contours of the radio map are drawn at -3, 3, 4, 5, 8, 12 &
16 times the 1σ noise level of 9 µJy beam−1. Contours of the sub-mm map are drawn at 4, 6,
7, 9, 10, 11 & 11.5 mJy beam−1. The white circle inside a box in the bottom-right corner is the
beam size of the radio map (6.99′′ × 6.03′′ in position angle PA = 32.6◦) whereas the black one
corresponds to the beam size of the sub-mm map (15′′ × 15′′).

of the S850µm/S1.4GHz flux density ratio. A summary of our main results is presented
in Sect. 3.5. In the following discussion, we assume a ΛCDM cosmological model
with Ωm=0.3 , Ωλ=0.7 and h0=0.7.
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3.2 Radio Observations

VLA 1.4 GHz observations of the cluster MS0451.6−0305, made in June 2002, were
retrieved from the NRAO2 data archive system3. The integration time was 7.8 hours
with the VLA in BnA configuration, employing two 25 MHz IFs in both left and
right-hand circular polarization. Each IF was subdivided into 7 channels. The
data analysis was performed using the NRAO AIPS package using standard analysis
techniques. The absolute flux density scale was set by observations of 0137+331, and
phase calibration was performed via short observations of 0503+020 between the 1
hour target scans. Awide-field image wasmade and bright sources far from the field
centre were subtracted from the data. Self-calibration using the remaining sources in
the centre of the field realised images with a 1σ rms noise level of 9 µJy beam−1.
In Fig. 3.1, we present the radio contour map (solid white lines) of the naturally

weighted VLA image of SMM J04542−0301, superimposed upon the HST F702W
image and the sub-mm contour map (solid thin black lines) presented in B04. Note
that the SCUBA beam is 15′′ × 15′′, significantly larger than the VLA beam (6.99′′ ×
6.03′′ ). To compare the radio and sub-mm emission at the same resolution (see
Sect. 3.4), we also produced a tapered image of the radio data, weighting down the
long baselines to reach a Gaussian restoring beam similar to the SCUBA beam. The
resulting map is presented in Fig. 3.3 (solid white lines).

The AIPS task IMFIT was used to fit Gaussian components to all the radio sources
detected in the field (3 and 4 Gaussians simultaneously, in the case of the two ex-
tended regions of radio emission in the naturally weightedmap). The resultant radio
positions are indicatedwith square boxes in Fig. 3.1. The results are listed in Table 3.1,
together with their formal errors.

The radio sources Ra, Rb, Rc and Fa appear to be related to the sub-mm emission.
The source Fb may be related to the central brightest cluster galaxy (BCG) (see
Table 3.6), but there is no obvious optical/NIR counterpart for Fc.

We also detect two strong radio sources (Fd and Fe) which are almost two orders
of magnitude brighter than the other radio sources in the field. The latter is clearly
identified with a optical/NIR counterpart. These sources are probably not lensed
images of the same background source — Fe is more compact than Fd, even though
it is brighter. The positions of Fd and Fe are coincident (within the errors) with two
radio sources already reported in Stocke et al. (1999) (see Table 3.6).

3.3 A lens model of the radio emission

Inorder to aidour interpretationof the radio emissionassociatedwithSMMJ04542−0301,
we have created a simple elliptical lensmodelwith external shear to describe the clus-
ter lens potential. Our analysis employs the GRAVLENS software package developed
by Keeton (2001). The modeling strategy is described in Sect. 3.3.1, and the results
of the model are discussed in Sect. 3.3.2.

2National Radio Astronomy Observatory.
3project ID AN0109, PI: Nakanishi.
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Table 3.1: Details of the radio sources observed in the core ofMS0451.6−0305. The columns
show: position (RA, DEC), peak flux density (SPk), total flux density (ST) and deconvolved
Gaussian sizes (major axis, minor axis and position angle) with their corresponding formal
errors. Cases where the parameters of the Gaussian fits are not well constrained are indicated
by a dash. The coordinates are given as offsets with respect to the cluster centre, RA(J2000) =
4h54m10.8s, DEC(J2000) = −3◦0′51.6′′ (see Takata et al. 2003, Table 2).

Name RA DEC SPk ST Maj Axis Min Axis PA
J2000 (′′) J2000 (′′) µJy µJy (′′) (′′) deg

Ra2 31.3±0.3 1.1 ± 0.4 70 ± 8 95 ± 18 6 ± 1 2 ± 1 27 ± 28
Ra1 30.3±0.2 −7.1 ± 0.2 109 ± 9 109 ± 9 − − −
Rb1 26.5±0.2 −26 ± 0.2 151 ± 9 151 ± 9 − − −
Rb2 22.3±0.5 −30.50 ± 0.7 52 ± 8 100 ± 22 9 ± 2 3 ± 2 158 ± 14
Rc1 22.1±0.6 −18.3 ± 0.4 50 ± 9 55 ± 16 6 ± 2 − 112 ± 11
Rc2 13.5±0.6 −31.3 ± 0.8 41 ± 8 58 ± 18 7 ± 2 1 ± 3 10 ± 163
Rc3 35.4±0.8 10.9 ± 0.5 52 ± 8 78 ± 19 8 ± 2 0 ± 2 73 ± 11

Fa 10.1±0.6 −12.7 ± 0.6 45 ± 9 50 ± 17 4 ± 6 0 ± 4 123 ± 38
Fb 3.5 ±0.6 −0.8 ± 0.6 49 ± 9 70 ± 20 6 ± 5 3 ± 6 122 ± 45
Fc 50.4±0.6 −37.5 ± 0.6 44 ± 9 44 ± 9 − − −
Fd 64.1±0.1 −17.2 ± 0.1 634 ± 9 1039 ± 21 7.6 ± 0.1 1.4 ± 0.5 128 ± 1
Fe −22.40±0.02 −0.07 ± 0.02 1549 ± 9 1777 ± 17 3.3 ± 0.1 0.8 ± 0.5 125 ± 3

3.3.1 Modeling strategy

The first lens model of MS0451.6−0305 was presented in T03, and describes the total
mass distribution of the cluster by a singular isothermal ellipsoid. To be more sensi-
tive to the local mass distribution, B04 modeled the cluster core and 39 galaxy cluster
members using 40 smoothly truncated pseudo-isothermal ellipticalmass distribution
profiles (PIEMD, see Kneib et al. 1996).
The critical curves of the best lens model found by B04 are shown in Fig. 3.1. It

can be seen that the tangential critical curve lies between the radio emission Ra1-Ra2,
Rb1-Rb2 and Rc1-Rc2. Based on the general properties of the lens geometry, this
suggests that each of these image pairs belongs to a group of 3 images produced by
one source located close to the caustic in the source plane. In order to explain the
distribution of radio sources, we propose the following scenario:

• Ra2-Ra1 are fold images of a source Ra, with an expected counterpart image
(Ra3) close to ARC1ci.

• Rb1-Rb2 are fold images of a source Rb with an expected counterpart image
(Rb3) close to Rc3.

• Rc1-Rc2-Rc3 are multiple images of a single source Rc, located behind the
cluster.

To test this hypothesis, we implemented a new lens model for MS0451.6−0305
using the GRAVLENS code. Since we are only interested in testing the lensed nature
of the radio emission, we modeled the overall mass distribution of the cluster using
a single mass profile plus external shear (see Appendix 1 for details). Unlike the
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Table 3.2: Optical/NIR constraints used in the lens model. The columns show: position
(RA, DEC), total flux density in K’ band and predictedmagnification µ (see also Table 1 in B04).
The coordinates are given as offsets with respect to the cluster centre, RA(J2000) = 4h54m10.8s,
DEC(J2000) = −3◦0′51.6′′ (see Takata et al. 2003, Table 2).

Name RA DEC Flux in K’ band µ
J2000 (′′) J2000 (′′) µJy

B1 29.95 7.498 3.6 ± 0.1 8 ± 1
B2 28.47 −9.702 1.9 ± 0.1 10 ± 1
C1 29.95 4 1.4 ± 0.1 10 ± 1
C2 28.47 −7.502 0.9 ± 0.1 5 ± 1
B3/C3 1.481 −32.9 2.5 ± 0.1 5 ± 1

two previous models, we choose an NFW profile (Navarro et al. 1996) for the clus-
ter mass distribution that is consistent with observations (e.g. Pointecouteau et al.
2005; Comerford et al. 2006; Bassino et al. 2006) and predictions from dark matter
simulations.
To constrain the model, we performed a number of distinct steps. First, the

parameters of the mass model were chosen in order to reproduce the general shape
of the critical lines determined by B04 (see Fig. 3.1). Second, the positions and fluxes
of the ERO images (B1, C1, B2, C2, B3/C3) were used as constraints for the first
optimization of the input model. And third, we included the positions and fluxes
of the radio images as new constraints (following the previous hypothesis) to re-
optimize the model. The constraints are listed in Tables 3.1 and 3.2. The coordinates
of the cluster centre used in T03 were chosen as the origin of the coordinate system.
The lens model obtained through this process turned out to have a degeneracy

between themass and the scale radius. To break this degeneracy, weused information
about the concentration parameter (δc) derived from ΛCDM N-body simulations.
First, we produced a set of 10 new models varying the core radius between 40 and
150 (a range that contains the core radius value of the degenerate model). Following
the formalism presented in Bullock et al. (2001), we calculated the concentration
parameter and the virial mass for the set of newmodels (see Appendix 1 for details).
We found that, while δc varies between 3.3 and 9.6, the virial mass is always of the
order of 1015M⊙. For a halo of that mass situated at z = 0.55, the toy model presented
in Bullock et al. (2001) predicts a concentration parameter of δc = 3.35. So we plotted
δc versus the core radius for the set of new models, interpolating the results in order
to determine the core radius that corresponds to δc = 3.35. Finally, we fixed the core
radius of the model to this value and re-optimized the remaining parameters.

3.3.2 Results

Figure 3.2 and Table 3.3 show the results of the lens model. Although the model is
not unique, it is able to reproduce the positions of the ERO images and the radio
emission (Ra1, Ra2, Rb1, and Rb2) very well. The largest offsets are found for Rc1,
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Table 3.3: Lens model results. The columns show: coordinates of the predicted images (RA,
DEC), predicted lensed flux (ST), offsets between themeasured and predicted quantities (∆RA,
∆DEC, ∆ST) and predicted magnification (µ). The coordinates are given as offsets with respect
to the cluster centre, RA(J2000) = 4h54m10.8s, DEC(J2000) = −3◦0′51.6′′ (see Takata et al. 2003,
Table 2).

Name RA ∆RA DEC ∆DEC ST ∆ST µ
(′′) (′′) (′′) (′′) µJy µJy

B1 −29.80 −0.15 7.25 −2.75 2.82 0.75 12.19
B2 −28.05 −0.42 −9.76 0.06 2.70 0.83 −11.66
B3 −1.50 0.02 −32.66 −0.24 1.13 0.11 4.89

C1 −30.07 0.12 4.23 −0.23 1.31 0.11 17.66
C2 −28.92 0.45 −7.40 −0.1 1.26 0.36 −17.00
C3 −1.47 −0.01 −33.14 0.24 0.35 0.88 4.75

Ra2 −31.03 −0.29 0.94 0.17 100.95 −5.95 25.18
Ra1 −29.99 −0.26 −7.18 0.12 99.23 −9.77 −24.76
Ra3 −3.30 − −33.67 − 19.73 − 4.92

Rb1 −26.75 0.23 −26.52 0.54 131.12 −19.88 −36.78
Rb2 −22.11 −0.22 −30.70 0.2 111.05 −11.05 31.15
Rb3 −36.93 − −2.58 − 37.65 − 10.56

Rc1 −24.16 2.11 −22.12 3.86 72.17 17.17 −11.51
Rc2 −11.76 −1.76 −30.90 −0.43 62.34 −4.34 9.94
Rc3 −32.96 −2.39 10.28 0.63 42.37 35.63 6.75

Rc2 and Rc3 (see panel 4 in Fig. 3.2) which are the most distant images from the
critical curves. This is consistent with the effect of degeneracies in the global mass
model near the critical curves: a change in the model parameters produces a more
significant change in the image properties when they are located further from the
critical curves.

To improve the fit of images Rc1-Rc2-Rc3, the redshift of the model was changed
for source Rc, but this only produces a radial shift of their predicted positions in the
same direction, something that cannot improve the fit shown in panel 4. Therefore, we
believe that the most important contribution to this offset is probably coming from
the group of galaxies in the region between Ra1 and Rc1 (see Fig. 3.1). This group
of galaxies is expected to introduce perturbations in the overall mass distribution of
the cluster which are not accounted for in the smooth NFWmass model.

One notable result is that the model predicts two faint counterpart images (Ra3
and Rb3) that do not appear in our radio image. In our model Ra3 and Rb3 are less
magnified than Ra1-Ra2 and Rb1-Rb2 respectively. The predicted relative magnifi-
cations suggest that Ra3 and Rb3 should appear in our maps at the 2 and 4σ level
respectively, but there is no evidence for this in the radio images. We note, however,
that the predicted magnifications depend strongly on the overall mass model em-
ployed and perturbations by individual galaxies, so they should be treated as rough
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Figure 3.2: Lens model results. The solid black curves represent the critical curves (panels
1 - 5) and caustics (panel 6) that define the model. Filled symbols represent the measured
positions of the ERO images (Borys et al. 2004a) and the radio components; empty symbols are
the positions predicted by the model. The ERO pair and each group of suggested multiply-
imaged radio components are shown separately in different panels (1 to 4). Panel 5 shows all
of these components plotted together. Panel 6 shows the position of the ERO pair and radio
sources in the source plane.
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Table 3.4: Lens model parameters. The columns show: Mass model (Model), Mass scale (κs),
Galaxy position in arcsec (x0, y0), ellipticity (e, θe), external shear (γ, θγ) and scale radius in
arcsec (rs). The errors represent the 1σ level of the χ2 function for each parameter. The scale
radius has no error estimations because its value was fixed during the optimization process to
be consistent with a concentration parameter of 3.35 (see sect.3.3.1)

Model κs x0 y0 e θe γ θγ rs

NFW 0.33+0.01−0.01 −0.90+0.7−1.2 4.51+0.9−1.4 0.55+0.03−0.03 −42.20+1.1−5.6 0.18+0.02−0.02 61.44+2.4−8.4 [142.90]

estimates of the true magnification. Therefore, the non-detection of these images do
not necessarily mean that the lens model is wrong, since the real magnification could
be less than that predicted by this simple model.

The mass model parameters that characterise the NFW profile are summarised
in Table 3.4. The errors represent the 1σ level of the χ2 function of each parameter.
We note that the shear of the model is quite large, and the model centre is shifted
∆RA = −0.9′′ and ∆DEC = 4.5′′ from the assumed position of the cluster centre.
These effects are most likely systematic errors that compensate for the contribution
of the group of galaxies that we are not including in the model, and the fact that we
are forcing it to fit Rb1 and Rb2 as mirror images (a hypothesis that we will discuss
in detail in Sect. 3.4).

As already noted, this lens model is only meant to test if the configuration of
the observed radio emission can be understood as the result of gravitational lensing.
In that sense, Fig. 3.2 shows that the model is able to reproduce the position of the
EROs and the radio observations reasonably well, explaining the morphology of the
radio map as the result of three lensed background radio sources. Therefore, we
expect the two EROs and the three radio sources lie at the same redshift in the source
plane (z ∼ 2.9, estimated in B04 for the EROs including the spectroscopic redshift
information of the ARC in their lens model).

But perhaps the most interesting result from the lens model is that the source Ra
and the EROs B and C are predicted to be located inside a region of about 0.6′′in
the source plane (see panel 6 of Fig. 3.2), which corresponds to a linear separation of
only 4.7 kpc. The same situation is found in the case of the LBG and the ERO pair,
which are separated by ∼10 kpc in the source plane (see B04). This means that the
radio source Ra is lying just between the LBG and the EROs, all of which are located
in a region smaller than the extent of a typical galaxy (∼20 kpc). It would appear
therefore, that the radio source Ra, the LBG and the ERO pair indeed constitute an
interacting or merging system of galaxies.
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Figure 3.3: The VLA 1.36 GHz tapered contour map (solid white lines) superimposed upon
the SCUBA 850-µm contour map (solid black lines) and a HST F702W image of the centre of
the cluster MS0451.6−0305 (Borys et al. 2004a). The axes represent the right ascension (x-axis)
and declination (y-axis) in the J2000 coordinate system. Contours of the tapered radiomap are
drawn at -3, 3, 4, 5, 6, 8, 10, 11, 13 & 15 times the 1σ noise level of 14.2 µJy beam−1. Contours
of the sub-mm map are drawn at 4, 6, 7, 9, 10, 11 & 11.5 mJy beam−1. The positions of the
radio sources and relevant objects in the NIR (see Fig. 1), are plotted for reference. The black
circle inside the box in the bottom-right corner is the beam size of the sub-mmmap (15′′×15′′),
whereas the white one (almost covered by the black circle) corresponds to the beam size of the
radio map (15.06′′ × 14.26′′, in position angle PA = 68.3◦).

3.4 Comparison of the radio, submm & optical/NIR data

3.4.1 Submm vs Radio emission: morphology and flux density ratio

Figure 3.3 presents the sub-mm and tapered radio maps with a common resolution
of ∼ 15′′ × 15′′. The regions of radio and sub-mm emission are not only coincident,
but they are extended on the same angular scale (∼ 1′) and have a strikingly similar
morphology. This strongly suggests that the radio and sub-mm emission are associ-
ated with each other and are produced by the same (lensed) sources, probably star
forming galaxies at z > 2. In addition, the positions of the radio components located
at Rb1, Rb2, Rc1, Rc2 and Fa (see Fig. 3.1) are consistent with the sub-mm emission
that could not be reproduced using only the ERO images and ARC1 (see B04).
However, Fig. 3.3 also shows some differences in themorphology of the radio and

sub-mmemission. Themost relevant one is that the brightest region in sub-mm is not
associated with the brightest region in radio (Rb1/Rb2), but with the second brightest
(Ra1/Ra2). One explanation for this apparent discrepancy in Rb1/Rb2, is that the radio



Comparison of the radio, submm & optical/NIR data 61

Table 3.5: Flux density ratios. The columns show: name of the sub-mm emission (SMM),
redshift of the sub-mm source (z), cluster in which the sub-mm emission is located (Cluster
lens), SED template that provides the best fit to the observed flux ratio (Best SED template),
flux density ratio obtained from observations (FDR obs), flux density ratio predicted by the
template (FDR temp), deviation between the observed and predicted flux ratio (deviation).
The value of FDR observed in SMM J16359+6612 was calculated by adding the fluxes of all
the images together. The deviations were calculated as (FDR template / FDR observed)-1.

SMM z Cluster SED FDR FDR deviation References
lens obs temp

J14011+0252 2.56 A1835 NGC5253 127 ± 37 115 -0.09 I01
J16359+6612 2.516 A2218 Mrk231 60 ± 10 49 -0.18 K04; G05
J04542-0301 2.9 MS0451 M82 100 ± 11 115 0.15 Sect. 4.1

and sub-mm emission arise from slightly different regions in the source plane and
are differentially magnified. This effect could be quite significant for sources lying
close to or extending across a caustic. Indeed, we note that recent Mid-IR and radio
studies of local star forming galaxies show variations across the disk of up to a factor
of ∼ 5 in the ratio of the FIR and radio luminosity (Murphy et al. 2004). Another
possibility is that the radio emission in the region Rb1/Rb2 is not only associated with
the sub-mm emission that arises from high-z star formation but from an additional
component, perhaps an AGN in the foreground cluster that has no counterpart in the
sub-mm. Indeed, a possible galaxy cluster member is located within 1.5′′of the radio
component Rb1, and may be an optical/NIR counterpart to this source (see Table 3.6).

The tapered map (see Fig. 3.3) also shows an extension of the radio emission
towards B3/C3which is not seen in Fig. 3.1. This suggests the possible existence of an
extended radio source in this region, presumably associated with the faint sub-mm
emission “toe” that appears in the image presented by B04. This is consistent with
the existence of the radio counterpart Rc3 predicted by the lens model.

Assuming that the radio and sub-mm emission is produced by the same galaxies,
the S850µm/S1.4GHz flux density ratio provides information about their spectral energy
distributions (SEDs). Note that, since the sub-mm image does not resolve the radio
components shown in Fig. 3.1 due to the poor resolution of SCUBA, the radio flux
density should be obtained from the tapered radiomap. The integrated flux densities
were calculated with the AIPS task TVSTAT, using the 4 mJy beam−1 sub-mm contour to
delimit the same integration area in the sub-mmand tapered radiomaps (see Fig. 3.3).
Using this method, we find S850µm = 54.6 ± 5.7 mJy and S1.4GHz = 0.547 ± 0.03 mJy.
The errors were calculated using the expression σbeam ×

√
N, where σbeam is the noise

per beam of the image, and N is the number of beams within the area delimited by
the 4 mJy beam−1 sub-mm contour.

The observed S850µm/S1.4GHz flux density ratio in MS0451.6−0305 was compared
with the flux density ratio obtained from a set of SED galaxy templates. This set
is composed by the archetype star forming galaxies Arp220 and M82 (Polletta et al.
in prep), the AGN-dominated galaxy Mrk 231, and the set of Blue Compact Dwarf
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galaxy SEDs presented in Hunt & Maiolino (2005). To detect possible differences in
the nature of faint and bright sub-mm sources, we also performed the same analysis
for the faint sub-mm source detected in A2218, and the bright source detected in
A1835 (see Table 3.5).
We find that the observed flux density ratio in MS0451.6−0305 is closer to the one

obtained using the SED template of M82. However, we note that the observed total
flux ratio is being underestimated due to the “excess” of radio emission associated
with Rb1/Rb2, and therefore a SED similar to Arp 220 may be more appropriate for
this source. Until the sub-mm emission can be resolved into different components
to determine their flux ratios independently, all we can conclude is that the overall
flux density ratio is largely consistent with the favored hypothesis that the bulk of
the radio/sub-mm emission is arising from distant star forming galaxies that appear
to follow the well known FIR-radio correlation (see page 24).
The bright source in A1835 is the only one which is well fitted by one of the BCD

templates presented by Hunt & Maiolino (2005). The faint source in A2218 seems to
be similar to Mrk 231, perhaps suggesting it is a “warm” SCUBA source following
the classification presented in Egami et al. (2004).

3.4.2 Optical/NIR counterparts to the radio emission

B04 proposed that the sub-mm emission is related with three objects (see Fig. 3.1): A
LBG (imaged as ARC1 and ARC1 ci) and a pair of triply-imaged EROs (B, imaged as
B1/B2/B3; and C, imaged as C1/C2/C3).
As is shown in Fig. 3.1, ARC1 is situated well inside the region of radio emission

associated with Ra1/Ra2, and is therefore probably related to it. However, in the case
of the ERO pair, the images B1 and C1 are located at the edge of the radio emission,
suggesting that they are not directly contributing a significant amount of the radio
flux density in this region.
On the other hand, as shown in Fig. 3.1, although ARC1ci and TF (an ERO from

T03) are most likely contributing to some of the measured flux density in the “sub-
mm toe”, B3/C3 is coincident with the maximum of this region. Therefore the EROs
are certainly related to the sub-mm emission, so we expect them to be related with
the radio emission as well.
The offsets between the estimated centres of the radio emission and the opti-

cal/NIR candidates in the image plane are summarized in Table 3.6. Note that the
offsets of ARC1 and the ERO images with respect to Ra1 and Ra2 are larger in decli-
nation (∆DEC = 3′′) than in right ascension (∆RA = 2′′). This is probably an effect
of the magnification produced by the lens cluster, whose largest component is pref-
erentially aligned in the direction of declination (as is reflected in the direction of
ARC1 and the overall morphology of the sub-mm and radio emission). In the source
plane, our lens model predicts that the offset between Ra and the ERO pair in the
image plane is reduced to ∼ 1′′. Indeed, as shown in Sect. 3.2, the LBG and the
EROs probably constitute an interacting system, with the radio source Ra situated
between them in the source plane. This suggests that the detected radio and sub-mm
emissionmay come from the region inwhich the systems interact, perhaps due to the
enhanced star formation produced by the merging process. A similar phenomena is
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Table 3.6: Suggested NIR counterparts. The columns show: name of the radio source (Radio
Source), name of the suggested NIR counterpart (Counterpart), coordinates of the counter-
part source (RA, DEC), offsets between the position of the radio source and its NIR coun-
terpart (∆RA, ∆DEC) and references that contain information about the counterpart sources
(References). Note that ∆RA, ∆DEC should be interpreted as indicative values (see Sect.
3.4.2 for details). The coordinates are given as offsets with respect to the cluster centre,
RA(J2000) = 4h54m10.8s, DEC(J2000) = −3◦0′51.6′′ (see Takata et al. 2003, Table 2).

Radio Counterpart RA DEC ∆RA ∆DEC References
source (′′) (′′) (′′) (′′)

Fb BCG 1.1 −0.8 2.4 0.0 1
Fd 0451-03C 63.4 −16.2 0.8 1 1
Fe 0451-03A −21.6 −1.2 0.7 1.1 1

Ra1 ARC1C1 32.2 −4.3 1.9 −2.8 2
Ra1 ARC1BE2 31.9 −6.3 1.6 −0.8 3, F720W HST image
Ra2 ARC1C1 32.2 −4.3 0.8 −3.2 2
Ra2 ARC1TE3 32.3 −1.7 0.9 2.8 3, F720W HST image
Ra2 B1 29.8 −0.1 −1.4 −6.4 3
Ra2 C1 30.0 0.1 −1.4 −2.9 3
Ra1 B2 28.5 −9.7 −1.8 2.1 3
Ra1 C2 28.5 −7.5 −1.8 0.4 3
Rb1 Tc 27.9 −24.7 1.4 −1.3 4
Rb1 GCM4 24.8 −25.4 −1.8 −0.6 3, F720W HST image
Rb2 Td 20.5 −29.7 −1.8 −0.8 4

Counterpart: (1) AC1 centre; (2) AC1 bottom end; (3) AC1 top end, (4) galaxy cluster member

References: (1) Stocke et al. (1999); (2) C. Borys, private communication; (3) Borys et al. (2004a);

(4)Takata et al. (2003)

also observed in the Antennae galaxy, where the bulk of the 20 cm radio emission
is situated between the nuclei of both galaxies (see Hummel & van der Hulst 1986).
This scenario can explain the offsets between the radio, sub-mm and NIR emission
observed in the region of ARC1, B1 and C1 in the image plane.
Moving to the southern region of Fig. 3.1, the open diamonds correspond to the

positions of three additional EROs reported in T03. Two of these EROs (Tc and Td) are
located within 2′′ of Rb1 and Rb2 (see Table 3.6), and may be their NIR counterparts.
In this case we expect them to be mirror images, as we assumed in our lens model.
We note that Takata et al. argue that these EROs have different photometric redshifts
(zC = 3.730, zD = 0.5), which is inconsistent with that hypothesis. However, both
show the same colors (within the errors) in all bands except for B and Ic, and in those
cases the differences may be due to contamination effects (from the galaxy cluster
members situated close to Tc) and the use of a different aperture in each source (see
T03, Table 1). Therefore, with this information we cannot discard the possibility that
Tc and Td are lensed images of the same source. On the other hand, the scenario in
which Tc and Td are not mirror images (but still the optical/NIR counterparts of Rb1
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and Rb2), is also possible within the lensing context. As is shown in Fig. 3.1, Rb1
is located very close to the critical curve presented in B04, so a small change in its
position can move it right on top of the critical curve (and the source component on
top of the caustic), resulting in extremely highmagnifications. This is consistent with
the non-detection of the predicted counterpart image Rb3, and the high brightness
of Rb1 in the image plane. We also note that the shape of Tc is extremely elongated
in the same direction of other faint arcs that appear in the same region of the Hubble
image, suggesting that Tcmay be lensed.
Another possibility (as discussed earlier in Sect. 3.4), is that a possible cluster

galaxy member could be the NIR counterpart of Rb1. This scenario can also explain
the high brightness of Rb1 if the galaxy cluster member turns out to be a “radio loud”
AGN.
Note that four of the six optical/NIR possible counterparts of the radio/sub-mm

emission are EROs, which is consistent with the results presented in Knudsen et al.
(2005). On the other hand, studies carried out so far are inconclusive with respect to
the overlap between LBGs and SMGs (Chapman et al. 2002b; Adelberger et al. 1998;
Webb 2002; Huang et al. 2005). However, in the scenario proposed here, the radio
and sub-mm emission is the result of an interaction that involves a LBG, rather than
emission coming from the LBG directly.
Apart from the effects of lensing magnification, we also identify four other pos-

sible sources of error associated with the measured offset positions. In order of
importance these include:

• Random measurement errors in the determination of the centre of the unre-
solved, blended radio components.

• Errors in the choice of the position ofARC1, due to its extended and complicated
structure.

• Systematic errors due to offsets between theHST andVLA coordinate reference
systems (expected to be up to∼ 1′′, but clearly not dominant since no systematic
trend is shown in Table 3.6).

• Intrinsic offsets that can appear if the radio and sub-mm emission come from
different regions in the source plane.

Since we cannot properly estimate the contribution of these errors (with the
exception of the systematic error), the offsets shown in Table 3.6 should be taken as
indicative values.

3.5 Summary and Conclusions

We have presented deep VLA archive observations at 1.4 GHz of the central region
of the cluster MS0451.6−0305, discovering multiply-imaged radio sources coincident
with the sub-mm emission SMM J04542−0301, originally discovered by Chapman
et al. (2002a) and recently studied by Borys et al. (2004a). This is the second case of
multiply-lensed radio emission coming from an intrinsically faint SMG (the first case
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was SMM J16359+6612 in A2218, see Kneib et al. 2004b; Garrett et al. 2005).

With a resolution of 7′′×6′′ , the radio emission associated with SMM J0452−0301
can best be represented by seven discrete Gaussian components. A simple lensmodel
of this system (based on aNFWmass profile) can reproduce the positions of the radio
components assuming that they aremultiple images of 3 background sources located
at z = 2.9. However, the model raises some questions that need to be resolved.

Although the radio and sub-mm emission are clearly coincident and present a
similar and unusually large angular extent (∼1′) and morphology (as expected if the
radio and sub-mm emission comes from the same sources), the brightest peak of the
radio emission is not coincident with the peak in the sub-mm. We find two possible
scenarios that might explain this result:

• The discrepancy is due to differential magnification produced by the gravi-
tational lensing effect – assuming that the radio and sub-mm emission have
different morphologies and arise from different regions of the galaxy. Indeed,
we note that Rb1 is situated very close to the critical curve presented in Borys
et al. (2004a) (see Fig. 1).

• Part of the radio emission observed in that region is produced by an AGN that
might be associated with the foreground cluster.

Borys et al. suggested that the sub-mmemission arises from an interacting system
of galaxies formed by an ERO pair and a LBG. Although the association of the EROs
with the radio emission appears to be uncertain in the image plane (B1 and C1 are
clearly located at the very edge of the radio emission), one of the three radio sources
predicted by our lens model (Ra) is situated between the LBG and the ERO pair in
the source plane. Our interpretation of this result is that the interacting region of
the LBG and the ERO pair might be the source of the radio and sub-mm emission
(due to the intense star formation generated during the merging process), whereas
the optical/NIR emission might correspond to the cores of the merging galaxies.
This scenario (a situation already observed e.g. in the Antennae galaxy) provides a
consistent explanation of the offsets between the radio, sub-mm and NIR emission
observed in the image plane (upper region of the map).

From the analysis presented in Borys et al. (2004a), it is also evident that the LBG
and the ERO pair cannot account for all the emission coming from the central region
of the sub-mm map. However, the higher resolution VLA observations show ex-
tended radio emission located in that region, which is expected to arise from 2 radio
sources. Two of the components of that extended emission (Rb1 and Rb2) could be
related with another two EROs discovered by Takata et al. (2003) (Tc and Td). Both
EROs show similar colors, supporting the idea (assumed in our lens model) that Rb1
and Rb2 are images of the same source. However, this latter scenario implies that the
photometric redshifts of Tc and Td reported in Takata et al. (2003) may be incorrect.
We also found a bright galaxy (probably a cluster member) that can be the opti-
cal/NIR counterpart of Rb1, keeping open the possibility that this particular region of
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the radio map might include emission from a foreground AGN. Unfortunately, none
of the evidence is compelling enough to discriminate between the various scenarios
that might explain the nature of Rb1 and Rb2.

In summary, we conclude that the radio and sub-mm emission found in the core
of the cluster MS0451.6−0305 arises from at least 3 highly magnified background
sources, one of them being the interacting system proposed by Borys et al. (2004a).

Further progress with this system requires a more complete comparison of multi-
wavelength data to be made, and a more detailed lens model to be constructed.
Deep, mid-IR observations, as well as higher resolution sub-mm data, might be very
important in understanding this system, in particular to confirm the possible lensed
nature of Rb1 and Rb2.
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3.A Calculation of the concentration parameter and the

virial mass of the cluster

The NFW density profile (Navarro et al. 1996) is defined in the three-dimensional
space as:

ρ(r) =
ρs

(r/rs)(1 + r/rs)2
(3.1)

where ρs is the characteristic density and rs is the scale radius.

However, the GRAVLENS code (Keeton 2001) works with the projected surface mass
density of the NFW profile, which is given by:

κ(r) = 2κs
1 − F
x2 − 1 ; κs = ρsrs/Σcrit (3.2)

where x = r/rs, κs is the mass scale, and F is defined as:

F (x) =























1√
x2−1
tan−1

√
x2 − 1 (x > 1)

1√
1−x2
tanh−1

√
1 − x2 (x < 1)

1 (x = 1)

Following the formalism used in Bullock et al. (2001), we define the scale radius
as:

rs = Rvir/cvir (3.3)

where cvir is the concentration parameter and Rvir is the virial radius.

Comparing the definitions of virial mass used in Navarro et al. (1996) (M200) and
Bullock et al. (2001) (Mvir), the characteristic density can be written as:

ρs = ρu(z) δc (3.4)

where ρu(z) is the universal density at redshift z, and δc is the characteristic over-
density, which is linked with cvir by the following expression:

δc =
∆vir(z)
3 f (cvir)

f (cvir) =
c3
vir

log(1+cvir)−
cvir
1+cvir

The parameter ∆vir(z) is called the virial over-density, and can be approximated
(Bryan & Norman 1998) by:

∆vir(z) ≃ (18π2 + 82x − 39x2)/Ωm(z) − 1
x = Ωm(z) − 1

Combining equations 3.1, 3.2, 3.3 and 3.4, the concentration parameter can be
calculated using the following expression:

f (cvir) =
3 κs Σcrit

ρu(zcl) rs ∆vir(zcl)
(3.5)



68 chapter 3: Radio counterpart of SMM J04542−0301

The terms κs and rs are given by the lens model (see Table 3.4). Using the
estimated redshift of MS0451.6−0305 from Luppino et al. (1999) (zcluster = 0.55),
ρu(zcluster) was calculated scaling the value for z = 0 given in Bullock et al. (2001)
(ρu(z = 0) = 8.3 × 1010h2 M⊙ Mpc−3).

Finally, knowing the value of cvir, the virial mass of the cluster can then be
estimated as:

Mvir =
4 π

3
∆vir(zcl) ρu(zcl) R

3
vir (3.6)



4
New evidence for the merger scenario
in SMM J04542−0301

SMM J04542−0301 is an extended (∼ 1′) sub-mm source located near the core of
the cluster MS0451.6−0305. It has been suggested that part of its emission arises
from the interaction between a LBG and two EROs at z ∼ 2.9 that are multiply-
imaged. However, the dramatic resolution difference between the sub-mm map
and the optical/NIR images make it difficult to confirm this hypothesis. In this
Chapter, we present a deep (∼ 10 µJy beam−1), high resolution (∼ 2′′) 1.4 GHz radio
map of the cluster core, in which we have identified 6 sources located within SMM
J04542−0301. The strong lensing effect in the radio data has been quantified by
constructing a new lens model of the cluster. The brightest and most extended of
these sources (RJ) is located in the middle of the sub-mm emission, and has no
obvious counterpart in the optical/NIR. Three other detections (E1, E2 and E3) seem
to be associated with the images of one of the EROs (B), although the NIR and radio
emission appear to originate at slightly different positions in the source plane. The
last two detections (CR1 and CR2), for which no optical/NIR counterpart have been
found, seem to constitute two relatively compact emitting regions embedded in a
∼ 5′′ extended radio source located at the position of the sub-mmpeak. The presence
of this extended component can only be explained if it is being produced by a lensed
region of dust obscured star formation in the center of the merger. A comparison
between the radio and sub-mm data at the same resolution suggests that E1, E2, E3,
CR1 and CR2 are associated with the sub-mm emission. These radio observations
provide strong observational evidence in favor of the merger hypothesis. However,
the question if RJ is also contributing to the observed sub-mm emission remains
open. These results illustrate the promising prospects for radio interferometry and
strong gravitational lensing to study the internal structure of sub-mm galaxies.

A. Berciano Alba, L.V.E. Koopmans, M.A. Garrett, O. Wucknitz & M. Limousin,
accepted for publication in Astronomy & Astrophysics on September 7th, 2009
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4.1 Introduction

The detection of the cosmic infrared background (CIB) by the COBE satellite (Puget
et al. 1996; Hauser et al. 1998) established that about half of the total radiation in the
universe comes from dust-obscured galaxies that are missing from optical surveys
(see Lagache et al. 2005, for a review). This population of dusty objects was first
resolved by the IRAS and ISO satellites up to z ∼ 1, and turned out to be dominated
by luminous and ultra-luminous IR galaxies (LIRGs and ULIRGs). The step into
the high-z universe came with the advent of sub-mm and mm surveys, since the
far-infrared (FIR) luminosity peak of high-z obscured galaxies is red-shifted into the
sub-mm band (Franceschini et al. 1991; Blain & Longair 1993). As a result, sub-
mm galaxies (hereafter SMGs) turned out to be hundreds of times more numerous
than galaxies with similar luminosities in the local universe, suggesting that they
constitute the dominant contributor of the CIB and cosmic star formation at z & 1.
This illustrates the very important role that SMGs play in the context of galaxy
formation and evolution (see Lonsdale et al. 2006, for a review on (U)LIRGs and
SMGs).
One decade after their discovery with SCUBA1 (Smail et al. 1997; Hughes et al.

1998; Barger et al. 1998; Eales et al. 1999), it is generally accepted that SMGs are heavily
dust-obscured galaxies at high redshift (2 < z < 3) with ULIRG-like luminosities
(LFIR ∼ 1012 L⊙) and star formation rates of the order of 1000M⊙ yr−1. This enormous
bolometric luminosity seems to be dominated by star formation processes induced
by galaxy interactions/mergers, although a good fraction (∼ 30 − 50%) of SMGs also
host AGN activity (Alexander et al. 2005). First estimates of their physical properties
indicate that SMGs aremassive, gas rich systems (Mgas ∼ 1010−1011M⊙) in which the
starburst region has a typical scale in the range 1 − 8 kpc (Neri et al. 2003; Chapman
et al. 2004; Greve et al. 2005; Tacconi et al. 2006;Wang et al. 2007; Biggs & Ivison 2008).
The available evidence also suggests that SMGs might be the progenitors of massive
local ellipticals (Lilly et al. 1999; Smail et al. 2002, 2004; Webb et al. 2003; Genzel et al.
2003; Alexander et al. 2003, 2005; Swinbank et al. 2006b).
However, these general properties of SMGs are based on the study of the very

brightest examples of this class of object (S850µm & 2 mJy), and may not be repre-
sentative of the entire SMG population. In fact, according to Knudsen et al. (2008),
the dominant contribution to the sub-mm extragalactic background comes from the
fainter (sub-)mJy sources that cannot usually be detected due to the confusion noise
of current instruments (S850µm ∼ 2 mJy). The only way in which it has been possible
to push bellow this sensitivity limit, is by using the lensing magnification provided
bymassive clusters of galaxies to increase the effective resolution of SCUBA. This ap-
proach has improved the sensitivity of sub-mmmaps by factors of a fewwith respect
to blank field surveys, although just a handful of faint SMGs have being identified
so far (Smail et al. 2002; Cowie et al. 2002; Knudsen et al. 2008). Since so little is
known about these intrinsically faint sources, it is crucial to further investigate their
properties (e.g. spectral energy distributions (SEDs), morphologies, redshifts, etc.)
and assess whether they are different from the observed properties of brighter SMGs.

1Sub-millimeter Common-User Bolometer Array, decommissioned in September 2005 from the James
Clerk Maxwell Telescope on Mauna Kea.
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Figure 4.1: Summary of the results presented in Borys et al. (2004a). SCUBA 850 µm
contour map of SMM J04542−0301 superimposed upon a HST image of the center of the
cluster MS0451.6−0305. Highlighted with rectangles are an optical arc (ARC1) and its counter
image (ARC1 ci), produced by a LBG at zspect = 2.911. The red circles indicate the positions of
five NIR sources that have been interpreted as multiple images produced by two EROs (ERO
B, lensed as B1/B2/B3, and ERO C, lensed as C1/C2/C3) at zmodel = 2.85± 0.1. Assuming z = 2.9
for both the LBG and the EROs, their predicted positions in the source plane would be located
withing a region of ∼ 10 kpc, suggesting that they constitute a merger.

Apromising strategy to gather information about faint SMGs is to studymembers
that aremultiply imaged by clusters of galaxies. In this cases, themagnification factor
can go up to 30 (or more), providing not only the opportunity to detect but also to
spatially resolve the morphologies and internal dynamics of faint SMGs at a level of
detail far greater than would otherwise be possible (see Swinbank et al. 2007, for an
example of this technique in the optical). To date, only one multiply-imaged faint
SMGs has been confirmed: SMM J16359+6612, located near the core of the cluster
A2218 (Kneib et al. 2004b, 2005; Garrett et al. 2005; Knudsen et al. 2008, 2009). There
are, however, two other clusters which seem to host multiply-imaged SMGs: A1689
(Knudsen et al. 2008) and MS0451.6−0305 (Chapman et al. 2002a; Borys et al. 2004a;
Berciano Alba et al. 2007).

The case of MS0451.6−0305 is particularly interesting, since the “sub-mm source”
(SMM J04542−0301) is an elongated (∼ 1′) region of 850 µm emission which is coinci-
dent with an optical arc and fiveNIR sources (see Fig. 4.1). While the optical arc is the
result of a strongly-lensed Lyman Break Galaxy (LBG) at zspect = 2.911, a lens model
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of the cluster predicts that the set of NIR sources could be produced by two triply-
imaged EROs located at almost the same redshift (zmodel = 2.85±0.1). Themodel also
indicates that the ERO pair and the LBG may constitute a merger at z = 2.9 in the
source plane, with their interaction likely being at the origin of the observed sub-mm
emission (Borys et al. 2004a, B04 hereafter). Unfortunately, the low resolution (∼ 15′′
at 850 µm) and poor positional accuracy (∼ 2′′ − 3′′ rms) of SCUBA, makes it very
difficult to confirm the link between SMM J04542−0301 and the proposed optical/NIR
sources. Moreover, the emission coming from the north-eastern and central regions
of the sub-mm emission cannot be reproduced by the arc and the NIR sources (see
Fig. 7 in B04), suggesting that it might arise via other sources.

A possible way to overcome this resolution problem is by taking advantage of
the observed correlation between the radio synchrotron and FIR emission in star-
forming galaxies (van der Kruit 1973; Condon et al. 1982; Helou et al. 1985; Garrett
2002; Appleton et al. 2004; Beelen et al. 2006), which also seems to hold for SMGs
out to z ∼ 3 (Kovács et al. 2006; Vlahakis et al. 2007; Ibar et al. 2008; Michałowski
et al. 2009). Thanks to this FIR-radio correlation, radio interferometric observations can
be used as a high-resolution proxy for the rest-frame FIR emission observed in the
sub-mm. This approach has been extensively used to pinpoint the position of SMGs
in order to identify their faint optical counterparts (e.g. Ivison et al. 2000; Barger et al.
2000; Chapman et al. 2005; Ivison et al. 2007).

In the third Chapter of this thesis, we reported the detection of 1.4 GHz radio
emission coincident with SMM J04542−0301 using VLA2 archival data. Part of this
radio emission is located in the region between the optical arc and the ERO images,
which is consistent with the interacting region of the hypothetical merger being the
source of the observed radio and sub-mm emission. We also detected bright radio
emission in the central region of SMM J04542−0301, although it was not clear if this
emission is produced by a high-z lensed object or AGN activity associated with a
cluster member.

In this Chapter, we present a higher resolution 1.4 GHz radio map of the cen-
ter of the cluster MS0451.6−0305 (MS0451 hereafter), obtained after combining the
previous VLA archival data (BnA configuration) with new VLA high resolution ob-
servations (A configuration). The details of both sets of observations are presented
in Sect. 2, together with a description of the data analysis procedure, which has been
considerably improvedwith respect to the previousChapter. Section 3 is dedicated to
the analysis of the final combined data set, from which we characterize the compact
and extended radio emission detected within SMM J04542−0301. Identification of
optical (HST/ACS F814W) and NIR (SUBARU/CISCO K’ band) counterparts for the
radio detections, as well as their connection with the sub-mm emission, is discussed
in Sect. 4. In Sect. 5 we describe a new lens model of the cluster MS0451, built to
investigate the lensed nature of the compact radio detections. A discussion about the
merger scenario proposed by B04, including the results from the radio observations,
is presented in Sect. 6. Summary and conclusions are presented in Sect. 7.

Theadopted cosmology corresponds to aΛCDMmodelwithΩm = 0.28,Ωλ = 0.72
and h0 = 73 (Spergel et al. 2007).

2Very Large Array interferometer of the National Radio Astronomy Observatory (NRAO)
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4.2 Radio Observations and Data Reduction

The 1.4 GHz observations of the cluster MS0451 presented in this Chapter were
obtained with the VLA in A and B configurations (A-array and B-array hereafter)
using thewide-field pseudo-continuummode. Thismode consists on two IFs of 25MHz,
centered at 1.3649 GHz and 1.4351 GHz. Each IF contains right and left circular
polarizations and it is split into seven 3.125 MHz channels. The absolute flux density
scale was set by the flux calibrator 0137+331 (3C48), while 0503+020 was used as the
phase calibrator (PHCS hereafter). The data reduction was conducted in classic AIPS
using our own semi-automatic pipeline written in Parseltongue (Python interface to
classic AIPS, see Kettenis et al. 2006).

4.2.1 Aarray Observations

The A-array observations consist on 2 × 6 hours of data acquired the 5th and 10th of
February 2006 (correlator integration time of 3.3 seconds). Each IF of each observing
day was independently self-calibrated, resulting in four data sets that were in the
end combined to obtain the final A-array map of the target. In order to avoid source
smearing, no averaging in frequency nor time was applied to the data. The different
steps followed during the data reduction of each epoch are described next.

First, we improved the positional accuracy of the antennas in our data by applying
the most recent baseline corrections determined by NRAO. Corrupted data were
visually inspected and flagged independently for each channel, IF and polarization
at different stages of the data reduction process.

To set the flux scale, amplitude and phase corrections were calculated for 3C48
using a model of this source provided by AIPS. Then, 3C48 was used to calibrate the
bandpass shape. In the case of the PHCS, we first derived a preliminary calibration
in amplitude and phase using a point source model. Subsequent self-calibration
produced a more accurate clean component model (CC model hereafter), which was
ultimately used to derive the final phase calibration. After proper interpolation, the
resultant amplitude and phase solutions were applied to the cluster data, and further
refined through self-calibration in order to produce the optimal map for our target.

Figure 4.2 (top) shows a low resolution 1×1 degmap of the cluster producedwith
the inner 10 kλ baselines of the A-array data. Due to the significant number of bright
sources located outside the main lobe of the primary beam (black circle), 37 facets
were used for the imaging part of the self-calibration process: 31 overlapping facets
that cover the central 0.32 deg radius region, and 6 individual facets centered at the
positions of bright NVSS sources3 located in an annulus between 0.32 and 0.5 deg.
radius. The size of each facet is 2048× 2048 pixels, with a pixel scale of 0.247′′. Areas
for CLEANING were restricted by placing boxes around the brightest sources in each
facet. The weighting scheme used for imaging was selected by the IMAGR parameter
ROBUST (R hereafter), with value ranging from+5 (pure natural weighting) to−5 (pure
uniform weighting). To produce a good model of the compact emission, R = 0 was

3The NRAO VLA Sky Survey (NVSS) is a 1.4 GHz continuum survey covering the entire sky north of
−40 deg. declination, with a completeness limit about 2.5 mJy
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Figure 4.2: VLA 1.4 GHz maps centered in the core of the cluster MS0451.6−0305. The
maps were produced using the visibilities of the central 10 kλ region of the UV-plane only,
to enhance the source visibility. The facets used during the selfcalibration of the cluster data
are indicted with boxes, while the circle represents the VLA FWHM primary beam (0.25◦. at
1.4 GHz). The central bold box corresponds to the target region mapped in Fig. 4.4. The
brightest sources in the field are indicated with labels. Top Panel: 1◦ × 1◦ map produced with
the A-array observations. Each box is 8.4′×8.4′. Bottom Panel: 1.5◦×1.5◦ map produced with
the B-array observations. The big boxes (used in the first step of the selfcalibration procedure)
are 27.8′ × 27.8′ in size, whereas the small boxes (used in the second step) are 6.8′ × 6.8′.
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used until the last iteration of the self-calibration procedure, where we switched to
R = 5 to include the extended emission.

From the sources indicated in the top panel of Fig. 4.2, SRC1 is compact, and it is
the brightest and closest to the target, so it should provide the best self-calibration
solutions in the target region. However, the extended sources SRCA and SRCB
dominate the solutions in the short baselines. In order to get the final calibration
only from SRC1 for all baselines, all the sources located outside the central facet were
subtracted from the data using the final CC model of the outer 37 facets. Finally, the
resultant data set was self-calibrated again using R = 5 during the imaging process.

This procedure was followed for each IF of each epoch, resulting in four indepen-
dently calibrated data sets (in which only the sources from the central facet remain)
that were concatenated with DBCON to produce the final A-array map of the target.

4.2.2 Barray Observations

The B-array observations, made the 9th and 10th of June 2002, were retrieved from
the NRAO data archive system4 (7.8 hours in total, correlator integration time of
10 seconds). In Chapter 3, these observations were treated as a single epoch and
averaged in time, with no independent calibration for each IF. However, since our
goal is to combine the data fromboth array configurations to produce amore sensitive
map of the target, the B-array observations were re-reduced following essentially the
same procedure described in the previous section. The only difference corresponds
to the self-calibration of the cluster data, which we now describe in detail.

Figure 4.2 (bottom) shows a 1.5 × 1.5 deg low resolution map of the cluster
produced with the inner 10 Kλ baselines of the B-array data. Note that SRC2 is
brighter than SRC1, contrary to the situation in the A-array data (top) where SRC2 is
resolved. However, since SRC2 is considerably further away from the phase center,
the best self-calibration solutions on the target region will still be provided by SRC1.
Therefore, the data was self-calibrated in three steps. First, a set of 7 overlapping
facetswas used to image the central 0.4 deg radius region of the data, while another 36
facets were centered at the positions of NVSS sources located in an annulus between
0.4 and 1.6 deg radius (big boxes in the bottom panel of Fig. 4.2). Each facet is
2048 × 2048 pixels, with a pixels size of 0.814′′. Once the self-calibration procedure
was completed, the CC model from the 42 outer facets was subtracted from the
data, leaving only the sources located in the central facet. In the second step, the
central region of the resultant data set is imaged again using 31 overlapping facets
of 500 × 500 pixels. After following the same self-calibration procedure used in the
first step, the best CC model of the outer 30 facets was subtracted from the data. In
the third step, this final data set is calibrated (phase only) using a solution interval of
5 min and R = 5.

As in the case of the A-array observations, the four independently calibrated data
sets obtained in this way (one per epoch and IF) were then combined and imaged to
produce the final B-array map of the target.

4Project ID AN0109, PI: Nakanishi
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Figure 4.3: Histogram of the A+B array clean map produced using R = 0.6. The black curve
is the best Gaussian fit to the noise peak, while the positive excess on the right side is due to
source emission. The good agreement between the fit and the data in the negative side of the
Gaussian indicates that the noise of the map is well behaved, making faint detections more
reliable.

4.3 Analysis of the A+Barray map

Before the A-array and B-array observations could be combined to produce the final
radio map of the cluster center, it was necessary to correct for a single position shift
between the two calibrated data-sets. This correction was achieved by performing a
global phase-selfcalibration of the B-array data set using the best A-array CC model.

To produce the map with the best compromise between sensitivity and noise
properties, we explored the full range of values available for the IMAGR parameter
ROBUST. The histograms of the resultant clean maps show that the noise distribution
is closest to Gaussian when R = 0.6 (see Fig. 4.3). Note also that the rms noise of the
R = 0.6 map (∼ 10 µJy) is only 2% higher than the one obtained for R = 5, which is
the most sensitive map that can be produced with this data.

4.3.1 Catalog of radio sources

Figure 4.4 shows a detail on the R = 0.6 map of the cluster center produced by
cleaning the data down to a depth of 5.5 µJy. The contours indicate the region of
extended sub-mm emission reported by B04, in which six of the eight identified radio
sources are located. Postage stamps of these six sources and their CC models are
shown in Fig. 4.5.

The radio detections located outside the sub-mm emission, labeled Fd and Fe, are
the same sources reported inChapter 3. Theirmorphology in the newhigh resolution
radio map is very elongated, typical of radio jets produced by AGNs. In the case
of the other 6 sources, the morphology and distribution of their clean components
show that, with the exception of the (almost) point-like structure of E1, the rest of
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Figure 4.4: VLA 1.4 GHz map derived from the A+B-array data set using R = 0.6. The
greyscale has units of Jy beam−1, and the corresponding contours (white) are drawn at -4, 4,
5, 6, 8, 10, 14, 18, 28, 48 & 78 times the 1σ noise level of 10.34 µJy beam−1. The black lines (4,
6, 7, 9, 10, 11 & 11.5 mJy beam−1) correspond to the SCUBA 850 µm contour map published
in Borys et al. (2004a). A comparison of the beam size of both contour maps is shown in the
bottom right corner: 2.14′′×1.71′′ at a position angle of −1◦.43 for the radio map, and 15′′×15′′
for the sub-mm map.

the sources are extended. In particular, RJ shows a bright elongated main body
and an irregular 4σ extension towards the west. Note however, that the amorphous
extensions present in the 2σ contours of E1, CR2 and E3 are not considered to be part
of their real structure. In the following, references to the 2σ contours of these sources
will implicitly exclude these amorphous extensions.

The peak positions and peak fluxes of all the radio detectionswere calculatedwith
the task MAXFIT, which fits a quadratic function to a rectangular area that encloses the
source (in our case, a rectangle delimited by the 2σ contours of the source). The total
flux, on the other hand, was determined in two different ways: (i) by integrating
the emission over the area defined by the 2σ contour of the source (S2σ), and (ii) by
adding the flux of all the clean components of the source model (SCC). In this way,
we can calculate the flux excess contained in the clean component model respect to
the 2σ flux, which is an estimate of the amount of flux contained in the wings of the
PSF-convolved sources below the 2σ contour.
The results obtained for the different parameters are listed in Table 4.1. Note that,

since the cleaning procedure is stopped at certain flux level (half a sigma below the
noise level), it is expected to have some left-over emission from the sources in the
residual map, specially in the case of extended sources. To estimate this left-over
flux, we have integrated the emission inside the 2σ contours of each source in the
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residual map (see Sresid in Table 4.1). The results show that the SCC for CR1 and RJ is
underestimated by ∼ 6%, and by ∼ 10% in the case of E2 and E3. The negative values
for Sresid obtained for E1 and CR2 indicate that all the flux has been included in the
CC model.
We also tried to characterize the properties of the six sources located within the

sub-mm emission region by comparing them with Gaussians. The task JMFIT was
used to fit simultaneously all the parameters of an elliptical Gaussian in the same
rectangular area used with MAXFIT. Since the shape of RJ is far from being elliptical ,
we restricted the Gaussian fitting to the area that only contains the 2σ contours of the
bright main body. The center and FWHM of the best fitting Gaussians are shown in
Fig. 4.5.
The parameters derived from the best fits and their formal errors are listed in

Table 4.2, where the sum of the square of the residuals is a measure of the relative
goodness of the fit. As expected, the worst fits are obtained for RJ and E3, since they
have the most irregular shapes. The best fits correspond to CR1 and E2, but note that
the FWHM of the Gaussian in CR1 does not include the north-east 2σ extension.
When compared with Table 4.1, we see that the Gaussian fit provides basically

the same estimates for the position (RA, DEC) and flux peak (SPk). The nominal
integrated flux (SGauss) is in general larger than SCC (except for E1), but consistent

within the errors. The largest discrepancies are found for E3 and CR2 (see SCC−SGaussSGauss
in Table 4.1), probably because SGauss is including some flux from the 2σ amorphous
extensions in these two sources that were not accounted for in the clean component
model.
Finally, we would like to emphasize that, despite the faintness of CR1 and CR2

(SNR ∼ 4.6), the histogram presented in Fig. 4.3 and the distribution of −4σ peaks in
the final map (only a small number, located far away from the target region) suggests
that they are real detections.

4.3.2 Disentangling the compact and extended radio emission

As can be seen in Fig. 4.6, the region between E1 and E2 shows an enhanced low
level background when compared with the rest of the map, suggesting the presence
of diffuse radio emission that has been partially resolved out. From now on, we will
refer to this diffuse emission as the extended component, whereas E1, E2, E3, CR1 and
CR2 will be consider compact sources by comparison.
If present, this extended component would only be detectable on short baselines,

while the emission produced by compact sources will be picked up by all baselines at
different resolution levels. Therefore, a map produced using only the short baselines
does not permit us to distinguish between extended emission and a compact source
observed at low resolution. The only way to isolate the extended component is by
subtracting a model of the compact sources from the data.
Given the faintness of CR1 and CR2, and the complicated low level background

in this region, the choice of boxes during the cleaning procedure becomes a highly
subjective issue, and even the decision of cleaning CR1 and CR2 (and hence their CC
models) can be questionable. For this reason, we produced a new version of the map
presented in Fig. 4.4 (following the same procedure) in which CR1 and CR2 have not
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Figure 4.5: Detail of the six radio sources located within the sub-mm emission region in
Fig. 4.4. The white radio contours are drawn at 2, 3, 4, 5, 6 & 8 times the 1σ noise level of
10.34 µJy beam−1. The radio peak positions (SPk) listed in Table 4.1 are indicated with white
plus-symbols. The green crosses correspond to the positions of the clean components in each
source model. Orange plus-symbols and ellipses represent the center and FWHM of the best
fitting Gaussian for each source. A scaled version of the radio beam (2.14′′×1.71′′ at a position
angle of −1◦.43) is included in the bottom right panel.

been cleaned. Then, we calculated SPk, S2σ and SCC for all the sources in the newmap,
and compared them with the values presented in Table 4.1. In the case of E2 (which
is the closest source to CR1 and CR2) we find differences of ∼ 10% for SCC and ∼ 14%
for S2σ, whereas for the rest of the sources the differences in all three parameters are
less than 7%. Since these variations are well withing the errors estimated for SPk and
S2σ in Table 4.1, we can use the CC models of CR1 and CR2 presented in Fig. 4.5
without compromising the results.

Fig. 4.7 shows three ∼ 5′′ resolution maps of the region between E1 and E2,
produced by tapering the data with a Gaussian of FHWM = 30 kλ. In map (A)
no compact sources were subtracted before the tapering and imaging. The central
map (B) shows the result of subtracting the CC model of E1 and E2 from the data,
and map (C) shows what is left after subtracting all the compact sources. Given the
robust detection of a 6.6σ elongated source in panel (B), the presence of resolved
extended radio emission in this region of the ∼ 2′′ map (Fig. 4.6) is confirmed. Using
the 2σ contour of map (B) as template, the integrated fluxes in panels (B) and (C)
are SB = 173.52 ± 26 µJy and SC = 84.14 ± 26 µJy. The flux error was calculated as
rms ×

√
N, where rms is the rms noise of the map, and N is the number of beams

within the area delimited by the 2σ contour of map (B). These numbers indicate that
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Figure 4.6: Detail of Fig. 4.4. The greyscale has been modified to make more evident the low
level background in this region of the radio map.

∼ 50% of the flux in panel (B) has been included in the ∼ 2′′ CC model of CR1 and
CR2. Therefore, it seems that CR1 and CR2 constitute two relatively compact regions
of an extended radio source located between E1 and E2. However, given the faintness
of CR1, CR2 and the extended component in panel (C), deeper observations will be
required to confirm this result.
Finally, to estimate the relative contribution of all the compact sources respect to

the extended emission, we used the 2σ contour of map (A) as template to calculate
the integrated flux of each map in Fig. 4.7: SA = 285 ± 33 µJy, SB = 204 ± 33 µJy and
SC = 109 ± 32 µJy. The comparison of these fluxes indicates that 38% of the emission
comes from an extended component, whereas 62% is produced by the compact
sources (28% from E1 and E2, 34% from CR1 and CR2). As it will be discussed in
detail in Sect. 4.4.1, the presence of this extended radio component constitutes a
strong observational evidence in favor of the merger scenario proposed in B04.

4.4 Multiwavelength Counterparts

Table 4.3 summarizes the relevant information about all the multi-wavelength data
of MS0451 (optical, NIR and sub-mm) that we have collected from the literature to
compare with our radio map. To identify possible counterparts of the radio sources,
the radio and K’ band observations were alignedwith respect to the HST image5. For

5astrometrymatched to Subaru/Suprime-Cam observations ofMS0451 for the PISCES survey (Kodama
et al. 2005) using the IRAF package CCMAP.
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Figure 4.7: VLA 1.4 GHz maps obtained by tapering the A+B-array data set with a Gaussian
of FWHM = 30 kλ. The crosses indicate the positions of the radio detections identified in
Fig. 4.4. Panel (A) includes all the emission between E1 and E2. In panel (B) the CC models of
E1 and E2 were subtracted from the data before the tapering and cleaning procedure. Panel
(C) shows what is left when CR1 and CR2 are also subtracted from the data. The greyscale
has units of Jy beam−1, and the corresponding contours are drawn at 2,3,4,5 & 6 times the 1σ
noise level of 14 µJy beam−1. The dimensions of the beam are 5.27′′ × 5.12′′ at a position angle
of −88◦.25 (panel (C), top right corner).

.

Table 4.3: Observations details. The columns show: Telescope and camera (Instrument),
Frequency and filter indicated between parentheses (Freq.), Dates in which the observations
were carried out (Obs. dates), total exposure time (Exp. time), depth of observations in
magnitudes (depth) and references (Ref.)

Instrument Freq. Obs. dates Exp. time depth resolution Ref.
(µm) (dd/mm/yy) (ks) (mag) (arcsecs)

HST/ACS 0.83 (F814W) − 2.4-2.71 25 1.0 1,2
SUBARU/CISCO 2.13 (K’) 17-18/11/2000 9.22 22.1 0.6-0.8 3
JCMT/SCUBA 850 03/09/1998 22 − 15.0 4

Ref.: (1) Moran et al. (2007)2; (2) Smith et al., in prep.; (3) Takata et al. (2003); (4) Borys et al. (2004a).
1 per pointing
2 Further information on their wide field survey in MS0451 can be found in Chapter 2 of the PhD
thesis of S. Moran. Survey data products from their wide field survey in MS0451 are available
at http://www.astro.caltech.edu/ smm/clusters/
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Figure 4.8: Detail of the HST image in the arc region, including the critical curve at z = 2.911
predicted by the lens model described in Sect. 4.5 (black line). The red circles indicate the
positions of the multiply imaged EROs mentioned in Borys et al. (2004a), whereas the blue
circles correspond to the compact radio detections identified in this region. The radius of the
circles indicate the estimated positional errors: ∼ 0.20′′ for the EROs (astrometric error for
the standard stars quoted in Takata et al. 2003), between 0.1′′ − 0.2′′ for the radio sources (see
Table 4.1) and ∼ 0.08′′ (half a pixel) for the optical sources. The contours correspond to the
∼ 2′′ resolution radio map presented in Fig. 4.4 (left panel), and two of the ∼ 5′′ resolution
radio maps presented Fig. 4.7 (central and right panel).

the alignment of the radiomapwe used 13 compact radio sources with reliable bright
counterparts in the HST image, whereas 93 compact NIR sources were used to align
theK’ band image. Wefindan rms scatter of 0.29′′ between the radiomapand theHST
image, and 0.06′′ between the K’ band and the HST images. Therefore, the inferred

error in the alignment is 0.29/
√
13 = 0.08′′ for the radio map and 0.06/

√
93 = 0.006′′

for the K’ band image. These errors are negligible compared with the (relative)
astrometric accuracy of the sources in each map, so they will be ignored in further
analysis.

4.4.1 Comparison between radio and optical/NIR

Figures 4.8, 4.9 and 4.14 show different details of the HST image where the radio
detections are located. The positions of the relevant sources are indicatedwith circles:
blue for the radio sources and red for the K’ band sources. The counterparts of the
sub-mm emission proposed by B04 have been indicated following the nomenclature
introduced in Fig. 4.1. Note that the images B3 and C3 are supposed to be unresolved
in the K’ band image presented in B04, and therefore referred to as B3/C3.
The relative position of the radio and NIR sources in these figures suggests that

E1, E2 and E3 might be associated with B1, B2 and B3/C3. To better quantify these



Multiwavelength Counterparts 85

associations, as well as identify other possible counterparts, we have used Bayesian
inference to calculate the probability that the compact radio sources are physically
associated with their nearest optical/NIR sources. The mathematical expression of
this probability has been derived as follows.
Let P(µ|d) be the probability density of the true distance µ between two sources

given an observed distance d. Following Bayesian inference, this probability is given
by

P(µ|d) =
L(d|µ) P(µ)
P(d)

(4.1)

where L(d|µ) is the likelihood of the observed distance given a true distance,
P(µ) is the probability density of the true distance before any measurement, and
P(d) is the probability density of the observed distance for all possible distances (a
normalization constant).
As pointed out in Churchman et al. (2006), the likelihood of the observed distance

between two sources which positions are described by a Gaussian distribution is not
Gaussian. Instead, this likelihood in two dimensions is given by:

L(d|µ) =
d I0 (d µ/(σ21 + σ
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(4.2)

Where σ1 and σ2 are the errors in the position of each source, and I0 is themodified
Bessel function of integer order zero.
Since the area inside an annulus at radius µ increases as µ dµ, we assume that,

for a source located at a random position, P(µ) = µ. Therefore:

P(µ|d) ∝ L(d|µ) · µ (4.3)

Which normalized gives:

B(µ|d) =
L(d|µ) · µ

∫ ∞
0
L(d|µ) dµ

(4.4)

The integral of this function between µ1 and µ2 gives the probability that, for
a given pair of source centroids with observed offset d, the true distance between
them lies between µ1 and µ2. Intuitively, one would say that the condition for two
sources to be counterparts of each other is µ = 0. The problem is that, in the case of
extended sources like galaxies, the peak of emission at different wavelengths can be
located at different positions, which means that µ , 0 despite the fact that they are
physical counterparts. For this reason, we will consider that a radio source has an
optical/NIR counterpart when the centroid of the source emission lies inside the area
of the optical/NIR source. The probability of meeting this condition is given by:

Passoc. =

∫ rsrc

0

B(µ|d) dµ (4.5)

A list with the nearest optical/NIR sources of each radio detection, together with
their associated probabilities, is presented in Table 4.4. As expected, only the images
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Table 4.4: Counterparts of the radio detections. The columns show: possible counterparts
of the radio detections (Optical/IR source), measured offset between the radio source and the
optical/IR source (dobs), radius of the optical/IR source (rsrc) and probability that the centroid
of the radio source lies inside the area of the optical/IR source (Passoc.). The coordinates of
the counterpart sources can be found in tables 4.5 and 4.6. Sources which positions were
taken from the K’ band image are indicated with an asterisk (otherwise we used the HST
coordinates). The positions of the radio sources used to calculate dobs correspond to the values
derived with MAXFIT in the aligned radio map.

Radio Optical/IR dobs rsrc Passoc.
source source (arcsecs) (arcsecs) (%)

E1 B1∗ 0.38 0.6 67.8

CR1 ARC 1.1 1.12 0.15 < 1
ARC 2.1 1.40 0.25 < 1
ARC 3.1 1.60 0.20 < 1

CR2 G2 1.39 0.70 < 1
C2∗ 1.82 0.60 < 1

ARC 1.2 1.92 0.15 < 1

E2 B2∗ 0.26 0.60 79.29
G10 0.74 0.23 < 1

E3 4.3∗ 0.77 0.60 20.7
5.3∗ 1.22 0.30 < 1
G23 1.54 0.35 < 1

RJ G8 1.91 0.30 < 1
G11 2.40 0.26 < 1
G14 1.39 0.60 < 1

of EROB have a non-negligible probability of being associatedwith some of the radio
sources (E1, E2 and E3). However, if E1, E2 and E3 are indeed the radio counterparts
of B1, B2 and B3, they have to be multiple images produced by a radio source at
z ∼ 2.9. A quantitative analysis of this lensing scenario is presented in Sect. 4.5.4.
Finally, note that no optical/NIR counterpart has been identified with RJ. There-

fore, given the depths of the optical and NIR images, it seems more likely that the
extended morphology of RJ corresponds to an AGN rather than a resolved low red-
shift star forming galaxy. Within the AGN scenario, we expect that the peak of the
radio emission corresponds to the position of an undetected optical source, and the
extensions in opposite directions are two jets coming from it. Another conceivable
scenario would be that the galaxy G14 is an AGN host with a one sided radio exten-
sion. However, the mayor axes of RJ does not seem to be aligned with G14, and this
kind of AGN is not very common.

4.4.2 Comparison between radio and submm

In this section, we will use the FIR-radio correlation to check whether the radio
detections could be associated with the observed sub-mm emission. To make this
kind of analysis, it is necessary to match the resolutions of the radio and sub-mm
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observations. Therefore, the A+B array data was tapered with a Gaussian of 8.5 Kλ6

and restoredwith a clean beam of 15′′×15′′ at the end of the imaging process. The left
panel of Fig. 4.11 shows the final tapered radio map (white contours) superimposed
upon the sub-mm map (black contours) and the HST image of the cluster core. The
positions of the detections in the high resolution radio map have been indicated with
crosses as reference.
If all the observed sub-mm emission would be produced by a single SMG that

does not host an AGN, it is expected that the radio and sub-mmmorphologies would
resemble each other. This is because the origin of the FIR-radio correlation seems to
be linked to massive star formation (see page 24), which means that both the radio
and sub-mm emission are originated in (approximately) the same regions of the
galaxy. However, the S850µm/S1.4GHz flux ratio observed in sub-mm galaxies displays
a broad scatterwhich strongly depends on the characteristic dust temperature and the
redshift (e.g Blain et al. 2002; Chapman et al. 2005). Therefore, if the observed sub-mm
emission is being produced by several blended SMGs, wemight find “morphological
inconsistencies” like theonepresent in the left panel of Fig. 4.11 (note that thebrightest
peak of the radio emission is located in the region of RJ instead of been coincident
with the brightest sub-mm peak).
Interestingly, if the CC model of RJ is subtracted from the data, the morphology

of the radio emission becomes remarkably similar to the sub-mm emission (right
panel of Fig. 4.11). This result strongly suggests that the source/sources responsible
for the radio emission observed in this panel are also responsible for the bulk of the
sub-mm emission. The other conclusion derived from this comparison is that, if RJ
is contributing to the sub-mm emission, either its properties (redshift and/or dust
temperature) are different from the properties of the source/sources associated with
the other radio detections, or it has a “radio excess” due to an AGN.
Using 350 µm, 850 µm and 1.4 GHz observations of 15 bright SMGs with spectro-

scopic redshifts, Kovács et al. (2006) (K06 hereafter) conclude that the FIR-radio corre-
lation remains valid for SMGswith z ∼ 1−3 and luminosities between 1011−1013M⊙
(except when they are radio-loud AGN). To see how our system compares with this
sample, we havemade amore quantitative analysis of the FIR-radio correlation using
the qL parameter introduced in K06:

qL = log

(

LFIR
[4.52 THz] L1.4GHz

)

(4.6)

were total FIR luminosity is inferred from the flux density at 850 µm assuming a
grey body model:

LFIR = 4πD
2
LΓ(4 + β)ζ(4 + β)

(

kTd
hν

)4+β
(

ehν/kTd − 1
)

νS850µm (4.7)

and the radio luminosity can be derived as:

L1.4GHz = 4πD
2
L S1.4GHz (1 + z)

α−1 (4.8)

6which corresponds to a clean beam of 15.78′′ × 14.65′′.
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Figure 4.9: Detail of the HST image in the region of RJ, including the critical curve at z = 2.911
predicted by the lens model describe in sect.4.4.1 (black line). The contours correspond to the
∼ 2′′ resolution radio map presented in Fig. 4.4. The radius of the circles show the estimated
positional uncertainties: 0.1′′ for RJ (see Table 4.1) and ∼ 0.08′′ (half a pixel) for G14. The
blue line indicates the approximate orientation of the major axis of the radio source. For
comparison, the yellow line shows the orientation of the RJ centroid respect to the galaxy G14.
The black ellipse indicates the beam size of the radio map (2.14′′ × 1.71′′ at a position angle of
−1◦.43).

2 3 4 5 6 7 8 9
z

1.5

2.0

2.5

3.0

3.5

4.0

4.5

q
_
L

10 K
20 K
30 K
40 K
50 K

Figure 4.10: Change of the parameter qL with redshift for different characteristic dust temper-
atures. The horizontal dashed lines indicate the minimum and maximum value of qL found in
the SMG sample studied by Kovács et al. (2006). The dotted vertical line indicates the position
of z = 2.9.
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Figure 4.11: Detail of the HST image of the cluster center, with the sub-mm 850 µm contour
map superimposed in black. The white lines correspond to the VLA 1.4 GHz contour map
obtained after tapering the A+B-array data tomatch the resolution in sub-mm. Radio contours
are drawn at 2, 3, 4, 5, 6 & 7 times the 1σ noise level of 33.93 µJy beam−1. Sub-mm contours are
drawn at 4, 6, 7, 9, 10, 11& 11.5mJy beam−1. Thewhite crosses indicate the position of the radio
sources identified within the sub-mm emission region. The beam size (15′′ × 15′′) is indicated
in the top right corner. Left panel: map produced including all radio detections. Right panel:
map produced after subtracting the CC model of RJ from the data. Indicated with diamonds
are the positions of 3 EROs reported in Takata et al. (2003) that could be contributing to the
observed sub-mm emission.

In these formulas,DL is the luminosity distance, β is the effective emissivity index
(we assume β = 1.5), Td is the characteristic dust temperature, ν corresponds to the
observed sub-mm frequency, and α is the radio spectral index (we assume α = 0.7).
At the position of the sub-mm peak, the radio and sub-mm fluxes were derived

using the area delimited by the 3σ radio contour shown in the left panel of Fig. 4.11
(S850µm = 15.5 ± 2.8 mJy and S1.4GHz = 241 ± 42 µJy). The different values of qL
derived from these fluxes as function of redshift and Td are shown in Fig. 4.10. The
horizontal dashed lines indicate the minimum and maximum value of qL found in
the K06 sample (discarding AGN hosts). Note that there is a wide range of z and Td
for which the observed fluxes are consistent with K06. If we now assume that the
radio and sub-mmemission are produced by a (lensed) star forming galaxy at z = 2.9,
only temperatures between ∼ 20 − 40 K would be allowed, which is the temperature
range in which most of the K06 sources lie.

Since AGNs do not follow the FIR-radio correlation, an estimate of the qL value
for RJ could provide extra evidence to confirm/discard the possible AGN nature of
this source. However, that would require a higher resolution 850 µmmap, to confirm
the connection of RJ with a discrete sub-mm source and get an accurate estimate of
its sub-mm flux. In addition, the redshift of RJ needs to be determined in order to
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break the degeneracy between z and Td illustrated in Fig. 4.10.
Finally, is important to mention that, although the energy output of the majority

of SMGs is dominated by star formation, about 30 − 50% host an AGN (Alexander
et al. 2005). Therefore, even if the source associated with RJ is an AGN, it could still
be contributing to the sub-mm emission observed in that region. Other potential
contributors to the observed sub-mm emission are indicated in the right panel of
Fig. 4.11.

4.5 Gravitational lens modeling of MS0451

In order to investigate the possible lensed nature of the radio detections, we used
the publicly available LENSTOOL7 code to model the mass distribution of the cluster.
This modeling involves an optimization procedure, aimed to find the mass model
parameter values that best reproduce the observational constrains (positions of the
multiply imaged systems). For a detailed description of the strong lensing method-
ology followed in the LENSTOOL software we refer to Limousin et al. (2007), Jullo et al.
(2007) and the appendix A2 of Smith et al. (2005).
The current best lens model of the cluster MS0451, published in B04 (B04 model

hereafter), was produced with the first version of LENSTOOL (Kneib et al. 1993). This
version is based on a downhill χ2 minimization (which can be very sensitive to local
minimum in the likelihood distribution), and does not provide estimates of the errors
on the optimized parameters. The latest LENSTOOL version (Jullo et al. 2007) used in
this Chapter includes a Bayesian Monte Carlo Markov chain (MCMC) optimization
routine, which permits to determine errors in the optimized parameters and lowers
the probability of ending in local χ2 minimum.

4.5.1 Mass Model

The cluster mass model is constructed using two different components: (i) a clus-
ter halo, which represents the DM component on cluster scales and the baryonic
intracluster gas, and (ii) 27 galaxy halos that account for individual galaxies. Both
components are describedusing aPIEMDprofile (e.g. Limousin et al. 2005; Elı́asdóttir
et al. 2007), parametrized by position (RA, DEC), position angle (θ), ellipticity (ǫ),
core radius (Rcore), scale radius (Rcut) and velocity dispersion (σ0). The density dis-
tribution for this profile is given by :

ρ(r) =
ρ0

(1 + r2/R2core)(1 + r2/R
2
cut)

(4.9)

The galaxy-scale component contains the cluster members located relatively close
to the area were the multiple images are formed, because they are the ones that have
the strongest effect in the potential of that region. We also included some fainter
galaxies located close to the strong lensing constraints, since they are known to
perturb the strong lensing configuration (Meneghetti et al. 2007). The details of our
galaxy catalog are listed in Table 4.5, and their positions and sizes are displayed in

7http://www.oamp.fr/cosmology/lenstool/



Gravitational lens modeling of MS0451 91

Figure 4.12: Detail of the HST image of the cluster core, indicating all the galaxies that have
been included in the lens model. The sizes of the ellipses correspond to the morphological
parameters listed in Table 4.5. The lines represent the critical curves (black) and caustics
(white) predicted by the lens model at z = 2.911.

Fig. 4.12. Note that the galaxy catalog used in the B04 model (39 galaxies in total)
includes cluster members located farther away, but not the faint galaxies mentioned
before.

4.5.2 Multiple images

Figure 4.13 shows a close up of ARC1 as seeing on the ACS image. From its knotted
structure we can identify 3 sets of mirror images, each of which should have its own
counter-image. However, since it is not possible to distinguish the different knots
in the de-magnified image of the arc (ARC1 ci, see Fig. 4.14), we assigned the same
position to the counter-image of each set of constraints coming from the arc.

The positions for the EROs used in our model come from the Subaru K’ band
image published in Takata et al. (2003), which is deeper and has higher resolution
than the CFHTK’ band image published by B04. Based on theirmodel, B04 identified
theNIR source labeledB3/C3as the result of the blendingbetween the counter-images
of B andC.However, we have detected a faint source (labeled ‘5.3’ in Fig. 4.14) located
very close to B3/C3 in the Subaru K’ band image. This source was not reported in
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Table 4.5: Galaxy catalog for the new lens model of MS0451. The columns show: galaxy
number (ID) galaxy coordinates (RA, DEC), semi-major axes (a), semi-minor axes (b), position
angle (θ) and magnitude in the HST image (mag). An asterisk in the ID number indicate
galaxies that were not included in the model presented in Borys et al. (2004a).

ID RA (+4h 54m) DEC (−3◦) a b θ mag (F814W)
J2000 (sec) J2000 (′,′′) (arcsec) (arcsec) (deg)

01∗ 12.933 00 : 41.494 0.24 0.23 65 21.9511
02 12.884 01 : 01.056 0.70 0.55 40 20.1111
03∗ 12.886 00 : 55.685 0.12 0.09 -28 24.6286
04 12.855 01 : 09.205 1.50 0.60 59 19.0257
05∗ 12.831 01 : 03.476 0.17 0.15 55 23.2229
06∗ 12.723 00 : 42.529 0.24 0.17 30 22.3768
07 12.697 00 : 54.889 0.53 0.40 140 20.8427
08∗ 12.655 01 : 16.586 0.30 0.10 -44 22.5806
09∗ 12.639 01 : 04.288 0.70 0.25 -80 20.7576
10∗ 12.634 01 : 00.949 0.23 0.17 50 22.4744
11∗ 12.610 01 : 15.312 0.26 0.16 -69 22.1831
12∗ 12.563 01 : 04.426 0.19 0.19 20 22.5221
13 12.492 01 : 08.202 0.90 0.50 81 19.6345
14 12.461 01 : 17.075 0.60 0.45 105 20.0909
15∗ 12.334 01 : 15.892 0.25 0.25 -15 21.9945
16 12.283 00 : 53.001 0.55 0.45 50 20.3429
17 12.280 00 : 54.816 0.64 0.42 115 20.0471
18 12.189 01 : 01.348 0.75 0.73 10 19.5202
19 11.962 01 : 04.756 0.70 0.46 63 20.1070
20∗ 11.833 00 : 59.879 0.45 0.25 16 21.1736
21 11.817 00 : 57.484 0.53 0.45 15 20.3933
22 11.312 01 : 01.400 0.55 0.45 66 20.6069
23∗ 11.032 01 : 26.400 0.35 0.30 -40 21.4960
24 10.884 00 : 57.231 1.20 0.85 50 18.1360
25 10.853 00 : 51.865 1.30 1.00 30 18.1454
26∗ 10.767 01 : 24.772 0.12 0.08 21 25.2539
27 10.076 00 : 50.338 0.47 0.47 56 20.5351
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Figure 4.13: Detail of the optical arc as seeing in the HST image. The circles indicate the
positions of the three sets of mirror images listed in Table 4.6.

Figure 4.14: Detail of the source E3, including its radio contours as presented in Fig. 4.4. Top
panel: HST image of the region, including the positions of the counter images of the optical arc
(ARC1 ci) and the ERO pair (B3/C3) reported by Borys et al. (2004a). Bottom panel: K’ band
image of the region, indicating the constraints used in the lens model (4.3 and 5.3). The radius
of the circles show the estimated positional uncertainties: ∼ 0.20′′ for the K’ band sources
(astrometric error for the standard stars quoted in Takata et al. 2003), 0.2′′ for E3 (see Table 4.1)
and ∼ 0.08′′ (half a pixel) for the optical sources. The black ellipse indicates the beam size of
the radio map (2.14′′ × 1.71′′ at a position angle of −1◦.43).
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Table 4.6: Constraints for the new lens model of MS0451. Sources used as constraints in the
lens model presented by Borys et al. (2004a) are indicated with an asterisk in their ID number.

Source name ID RA (+4h 54m) DEC (−3◦) Band
J2000 (sec) J2000 (′,′′)

1.1∗ 12.956 0 : 53.379 F814W
ARC1 1.2∗ 12.931 0 : 58.029

1.3∗ 11.124 1 : 26.641

2.1 12.958 0 : 54.869 F814W
ARC1 2.2 12.938 0 : 57.446

2.3 11.124 1 : 26.641

3.1 12.958 0 : 55.147 F814W
ARC1 3.2 12.945 0 : 56.710

3.3 11.124 1 : 26.641

B1 4.1∗ 12.806 0 : 44.344 K’ band
B2 4.2∗ 12.684 1 : 01.488
B3 4.3∗ 10.927 1 : 24.795

C1 5.1 12.822 0 : 47.834 K’ band
C2 5.2 12.747 0 : 59.481
C3 5.3 10.897 1 : 25.627

RC1 6.1 12.890 0 : 53.907 1.4 GHz
RC2 6.2 12.868 0 : 59.696

Takata et al. (2003) because it is too faint to be classified as a DRG8 (T. Takata, private
communication). Since it is possible that this source is the resolved counter-image
of ERO C, we decided to include it as a constraint in the new model. The full set of
constraints used for the optimization is listed in Table 4.6.

4.5.3 Optimization

The set of free parameters used during the optimization are: (i) all the parameters
that characterize the cluster halo (except Rcore) and (ii) the velocity dispersion (σ∗0)
and scale radius (R∗cut) of a galaxy at z = zcluster with a typical luminosity L

∗ that
corresponds to an observed magnitude of m = 18.8.
The σ0 and Rcut of all the galaxy halos included in the mass model are derived

from the luminosity of their associated galaxy using the following empirical scaling
relations:

Rcut = R
∗
cut

(

L

L∗

)1/2

σ0 = σ
∗
0

(

L

L∗

)1/4

(4.10)

8Distant Red Galaxies, photometrically defined as J − Ks > 2.3.
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Table 4.7: Ranges in which the free parameters are allowed to vary during the lens model
optimization. BCG is an abbreviation for Brightest Cluster Galaxy.

Parameter Opt. range

X ±6′′ from BCG center
Y ±6′′ from BCG center
ǫ 0 - 0.7
θ 0 - 180 deg
σ0 900 - 1800 km/s
Rcore 30 - 120 kpc

σ∗0 120 - 140 km/s
R∗cut 30 - 180 kpc

The scaling relation for σ0 assumes that mass traces light, and its origin resides
in the Tully-Fisher and Faber-Jackson relations. The scaling relation for the radial
parameter assumes that the mass-to-light ratio is constant for all galaxies. The zero
point of these relations is set by the magnitude of the L∗ galaxy. The rest of the
parameters of all galaxy halos (RA, DEC, θ and ǫ) are fixed to the values measured
from the light distribution of the related galaxy, while their Rcore is set to zero.

The ranges in which the free parameters are allowed to vary during the optimiza-
tion are listed in Table 4.7. Note that the scale radius describes the properties of the
mass distribution on scales much larger than the radius over which the multiple im-
ages can be found. Therefore, since strong lensing cannot give any reliable constrains
on this parameter, its value is set to an arbitrary large number (1500 kpc). The ranges
adopted for the L∗ galaxy are motivated by galaxy-galaxy lensing studies in clusters
(Natarajan et al. 1998, 2002a,b; Limousin et al. 2007).

Since the redshift of the EROs has not been confirmed spectroscopically, the
modeling procedure was carried out in four steps. In the first step, only the sets of
images from ARC1 at zspect = 2.911 where used as constraints in the optimization.
The resultant best model was then re-optimized, including the constraints provided
by ERO B but leaving zB as free parameter. As a result, the predicted redshift of ERO
B is zB = 2.93±0.13. In the third step, the constraints from EROCwere used in a new
re-optimization of the best model obtained in the previous step, assuming zB = 2.9
and leaving zC as free parameter. This provides a zC = 2.85 ± 0.06, which is the same
redshift that B04 derived for the ERO pair. In the final step, the previous best model
is re-optimized (in the image plane) including all the constraints with z = 2.911.

TheBayesianMCMCoptimization routine included in thenewversionof LENSTOOL
provides two kinds of outputs: (i) the likelihood of reproducing the observed con-
straints, independently derived for each free parameter of the mass model, and (ii)
the set of model parameters that provides the best fit to the input data. The most
likely values for the model parameters obtained from these histograms are listed in
Table 4.8, whereas the parameters of the best model (MFINAL hereafter) are listed in
Table 4.9. The image positions are well reproduced, with image plane positional



96 chapter 4: New evidence for the merger scenario in SMM J04542−0301

Table 4.8: Most likely mass model parameters. The columns show: position respect to the
brightest cluster galaxy (X,Y), ellipticity of the mass distribution (ǫ, expressed as a2−b2/a2+b2,
were a and b are the semi-major and semi minor axes of the ellipse that describes the light
distribution of the clump), position angle (θ), velocity dispersion (σ0), core radius (rcore) and
scale radius (rcut). Error bars correspond to 1σ confidence level as inferred from the MCMC
optimization. Values into brackets are not optimized. When the posterior distribution is not
Gaussian, we report the mode and asymmetric error bars. The coordinates of the brightest
cluster galaxy are RA = 4h54m10.87s, DEC = −3◦0′54.00′′.

Clump X Y ǫ θ σ0 rcore rcut
(′′) (′′) (deg) (kpc) (kpc)

Cluster -0.5+4.1−1.2 2.7±1.5 0.69+0.0−0.1 31.3±1.1 1144.8±36 60.8±24 [1 500]

L∗ elliptical galaxy – – – – 135.1±43.9 [0] 30.1+43.6−4.9

Table 4.9: Best mass model. The columns show: position respect to the brightest cluster
galaxy (X,Y), ellipticity of the mass distribution (ǫ, expressed as a2 − b2/a2 + b2, were a and
b are the semi-major and semi minor axes of the ellipse that describes the light distribution
of the clump), position angle (θ), velocity dispersion (σ0), core radius (rcore) and scale radius
(rcut). Values into brackets are not optimized. The coordinates of the brightest cluster galaxy
are RA = 4h54m10.87s, DEC = −3◦0′54.00′′.

Clump X Y ǫ θ σ0 rcore rcut
(′′) (′′) (deg) (km/s) (kpc) (kpc)

Cluster −0.77 2.26 0.70 31.15 1117.32 7.67 [1 500]

L∗ elliptical galaxy – – – – 150.42 [0] 3.88

rms differences between ∼ 0.1′′ and 0.3′′ (see Table 4.10). The projected mass within
the Einstein radius (here approximated by the ARC1 distance from the center, is
M2D (30

′′) = 1.73 × 1014 M⊙.

4.5.4 Analysis of the radio data using the new lens model

Since CR1 and CR2 are located in a region with several multiply-imaged systems
(see Fig. 4.8), it is conceivable that they might also constitute a set of mirror images.
To test this hypothesis, we redo the optimization using the positions of these two
radio sources as an additional set of constraints (system 6, see Table 4.6), first assum-
ing zCR = 2.911 and then considering zCR as a free parameter. A summary of the
properties of the resultant best models (MZFIX and MZFREE hereafter) is presented in
Table 4.10 and Table 4.11.
The optimization with z free results in a predicted redshift for system 6 of zCR =

2.4 ± 0.074, which is not consistent with z = 2.911. If we compare the probability of
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Table 4.10: Results of the best models for each set of constraints. The columns show: ID of
each set of constraints (System), reduced χ2 obtained for each model (χ2 final, zfix and zfree)
and average separation between the observed and predicted position of the lensed images for
each model (rms final, zfix and zfree).

System χ2 χ2 χ2 rms rms rms
MFINAL MZFIX MZFREE MFINAL MZFIX MZFREE

1 3.89 6.71 4.04 0.34 0.45 0.35
2 2.02 0.68 1.28 0.25 0.14 0.20
3 1.33 0.74 0.95 0.20 0.15 0.17
4 3.86 8.53 6.32 0.34 0.51 0.44
5 0.50 1.48 0.62 0.12 0.21 0.14
6 35.46 3.70 1.26 0.41

Table 4.11: General results of the best models. The columns show: Nickname of the model
(Model), sum of the reduced χ2 of all the optical/NIR sets of constraints (χ2 optical), reduced
χ2 for the radio set of constraints (χ2 radio), average separation between the observed and
predicted position of all the lensed images used as constraints (aver rms), probability of the
model to reproduce the observations (log(evidence)).

Model χ2 optical χ2 radio aver rms log(evidence)

MFINAL 11.60 − 0.26 -24.503
MZFIX 18.14 35.46 0.53 -45.340
MZFREE 13.21 3.70 0.30 -29.741

MZFIX and MZFREE to reproduce the observations (the evidence, see Table 4.11), it is
clear that MZFREE is preferred overMZFIX. Note also that the rms difference between the
observed and predicted image positions for system 6 is three times worse for MZFIX
compared with MZFREE (see Table 4.10). On the other hand, the total χ2 of MZFREE for
all the optical/IR multiply imaged systems (χ2 optical, see Table 4.11) is just slightly
worse that the corresponding χ2 of MFINAL, which means that MFINAL and MZFREE are
equally good. Note that the evidence cannot be used to compare these two models
because the number of free parameters in each of them is different.

Therefore, unless the positional uncertainty of CR1 and CR2 could be as large as
∼ 1′′ (which seems unlikely, since the positional error for these sources derived from
the observations is 0.2′′ − 0.3′′), these results indicate that the lens model favors an
scenario in which CR1 and CR2 (if assumed to be mirror images) are produced by
a radio source that is not located at the same redshift as the optical arc. However,
as discussed in Sect. 4.3.2, CR1 and CR2 seem to be two relatively compact (∼ 2′′)
regions of an extended (∼ 5′′) radio source. Therefore, it is possible that this extended
radio emission is a multiply imaged structure produced by a source at z = 2.9, in
which CR1 and CR2 are not mirror images. Until the structure of this extended
radio emission can be robustly mapped with deeper observations and included in
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Figure 4.15: Analysis of the lensing nature of E1, E2 and E3 with the lens model MFINAL.
The orange circles indicate the image positions predicted after tracing each of the three radio
sources independently into the source plane and lens them back into the image plane. The
radius of the circles correspond to 0.3′′. The rest of the labels are the same used in Fig. 4.8.

the modeling process, the possibility that CR1 and CR2 are associated with a lensed
source at redshift 2.9 remains open.
As mentioned in Sect. 4.4.1, the multiple images of ERO B have a non-negligible

probability of being associated with the radio detections E1, E2 and E3. However,
the probability that E3 and B3/C3 are associated is significantly lower than for E1-B1
and E2-B2. For this reason, we used MFINAL to check if the positions of E1, E2 and
E3 would be consistent with a set of three images produced by a radio source at
z = 2.9. This was done in the following way: for each radio detection, its position
was traced back into the source plane, and the resultant source was lensed again into
the image plane. In this way, the model provided three predicted positions for each
radio source, one of them being the position used as input.
The results (shown in Fig. 4.15) indicate that E3 cannot be interpreted as the radio

counterpart of B3/C3, since the images produced by E1 and E2 in the counter image
region are located on the right side of B3/C3 (unlike in the case of E1 and E2), at a
distance which is inconsistent with the average rms of MFINAL. A possible scenario
that can explain this result is that E1 and E2 are multiple images (but we don’t detect
the associated counter-image because it is too faint) and E3 is a non-lensed radio
galaxy that it is serendipitously lying in this region. However, as it will be discussed
in the next section, it is also possible to explain E3 as a lensed image produced by a
source at z = 2.9 under the merger scenario proposed in B04.
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4.6 Discussion: the merger scenario

Figure 4.8 shows a detail of the HST image at the position of the sub-mmpeak, where
ARC1 and the EROs are located. The contour map of the right panel indicates the
total radio emission observed in this region, whereas the left and central panels show
the compact and extended component. The black line correspond to the critical curve
at z = 2.9 predicted by the lens model of the cluster described in Sect. 4.5.
If ARC1 and the EROs are indeed multiple images produced by three different

regions of a merger at z = 2.9, the rest of the merger lying between them should also
be multiply-imaged. Hence, if the merger contains a lot of dust (as expected from a
high-z SMG), this images would not be seen in the optical, but they would show up
in the radio.
Under this scenario, the fact that CR1 and CR2 do not seem to have optical

counterparts, and lie in the region between ARC1 and the ERO images, suggests
that they could be lensed images associated with the highly-obscured center of the
merger. However, as discussed in Sect. 4.5.4, they can also be interpreted as a set
of mirror images produced by another radio galaxy located at a different redshift.
The real strong evidence in favor of the merger hypothesis comes from the extended
component in which CR1 and CR2 seem to be embedded, which provides 38% of
the observed radio flux in the region of the sub-mm peak. As is clearly shown
in the central panel of Fig. 4.8, this extended component constitutes a bridge of
emission between the compact radio sources, as expected from the multiply imaged
dust-obscured material of the merger located between the optical and NIR emitting
regions. In complete agreement with this scenario, the shape of the total radio
emission in the right panel of Fig. 4.8 follows the distribution of the optical arc and
the ERO images remarkably well.
In this case, we can also expect the extended emission to be multiply imaged like

ARC1 and the EROs, producing a counter-image in the region between ARC1 ci and
B3/C3 (see Fig. 4.14). Since the images in this region are de-magnified, it is likely that
the expected radio counterpart of B3/C3, and the counter image associated with the
extended emission, are blended. Thatwould shift the peak of the total observed radio
emission towards ARC1 ci, explaining why the probability derived for E3-B3/C3 is
much lower than what it is found for E1-B1 and E2-B2.
Finally, it is also not surprising that E1-B1 and E2-B2 are not identified as robust (≥

95%) counterpart pairs. With the cluster magnification generating a high resolution
(distorted) view of the inner structure of the merger, the observed offset between E1-
B1 and E2-B2 could be real, indicating that the NIR and radio emissions are arising
from slightly different regions inside the merger.
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4.7 Summary and Conclusions

SMM J04542−0301 is an elongated region of bright sub-mm emission located in the
core of the cluster MS0451.6−0305. It has been suggested (Borys et al. 2004a) to
be partially produced by a multiply-imaged z = 2.9 merger which contains a LBG
(lensed as ARC1 and ARC1 ci), and two EROs (lensed as B1, B2, C1, C2 and B3/C3).
Given the low resolution and poor positional accuracy of the sub-mmmap, it is very
difficult to confirm the connection between SMM J04542−0301 and the optical/NIR
lensed images. However, high resolution radio interferometric observations can
help to establish this connection thanks to the FIR-radio correlation, which has being
found to be valid for SMGs (Kovács et al. 2006; Vlahakis et al. 2007; Ibar et al. 2008;
Michałowski et al. 2009).
In Chapter 3, we reported on the detection of 1.4 GHz radio emission coincident

with this system using VLA archival data. Now, following a more sophisticated data
reduction procedure, the previous B-array observations have being re-reduced and
combined with new high resolution A-array observations. The resultant data set has
been used to produced two radio maps of the cluster core:

(i) A deep (∼ 10 µJy), high resolution (∼ 2′′) map, to compare with the optical/NIR
images. In this map we have detected 5 sources (E1, E2, CR1, CR2 and E3)
located near the optical/NIR lensed images, and one source (RJ) located in the
central region of the sub-mm emission (see Fig. 4.4). Despite the fact that some
of the sources have SNR < 5, the fact that the −4σ peaks lie far from the central
target region adds confidence to the reality of the sources.

(ii) A 15′′ resolution map, to compare with SMM J04542−0301 (see Fig. 4.11).

The source RJ is the brightest and most extended of these six detections, with no
obvious counterpart in the optical/NIR. Although its extended morphology could be
interpreted as an AGN signature, the degeneracy between redshift and dust temper-
ature permits the observed S850µm/S1.4GHz at the position of RJ to be consistent with
a starforming SMG that follows the FIR-radio correlation. In any case, the low reso-
lution of the 850 µm map makes impossible to determine if RJ is really contributing
to the observed sub-mm emission in this region.

On the other hand, the other five radio detections constitute a strong observational
evidence in favor of the merger scenario proposed by Borys et al. (2004a). The
evidence that supports this conclusion can be summarized as follows:

• If the optical arc and the EROs are multiple images produced by three different
regions of amerger at z = 2.9, the dust obscuredmaterial between these regions
is expected to be lensed in the same way, but only visible at radio and sub-mm.
In agreement with this scenario, the shape of the radio emission observed at the
sub-mm peak follows the distribution of the optical arc and the ERO images
remarkably well (Fig. 4.7).
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• CR1 and CR2 do not have any optical/NIR counterpart. However, they seem
to constitute two relatively compact emitting regions embedded in a ∼ 5′′
extended source located between E1 and E2. The presence of this extended
component (which contributes 38% of the total radio flux in the sub-mm peak)
can only be explained if it is being produced by the dust obscured lensed ma-
terial in the center of the merger.

• The compact sources E1 and E2 have a high probability of being associatedwith
the images of ERO B, but this probability is considerably lower for E3-B3/C3.
A plausible explanation of this result can be provided by the merger scenario,
in which the lensed extended component is expected to have a counter image
which would be blended with the radio emission associated with E3/C3. This
would shift the position of the total observed peak, lowering the probability of
identifying E3 and B3/C3 as counterparts.

• The fact that B1, B2 and B3/C3 are not robust (≥ 95%) counterparts of E1, E2
and E3, indicates that the radio and NIR emission is being produced at slightly
different positions in the sources plane, which can be distinguished thanks to
the enhanced resolution provided by the lensing magnification.

• If the 15′′ resolution radio map is produced after the CC model of RJ is sub-
tracted from the data, its morphology turns out to be remarkably similar to
the sub-mm map (right panel of Fig. 4.11). This result strongly suggests that
the sources E1, E2, CR1, CR2 and E3 are associated with the extended sub-mm
emission, allowing us to establish a direct link between SMM J04542−0301 and
the merger.

In this Chapter we have also presented a new lens model of the cluster MS0451.6
−0305, produced with the latest version of the LENSTOOL code (Jullo et al. 2007),
in which the positions of the ERO images and the arc knots have been used as
constrains. The redshifts of the EROs predicted by this model are zB = 2.93 ± 0.13
and zC = 2.85 ± 0.06, in agreement with Borys et al. (2004a).
Including thepositions ofCR1andCR2asmirror images in themodel significantly

degrades the overall rms of the optimization. However, since these two sources are
embedded in an extended source (which cannot be included in the lens model due
to the current limitations of the LENSTOOL code), it is very difficult to establish a one-
to-one identification of structures in the image plane. Therefore, the possibility that
CR1 and CR2 are lensed images produced by the dust-obscured core of the merger
remains open.
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5
On the abundance of gravitational arcs
produced by submillimeter galaxies at
radio and submm wavelengths

We predict the abundance of giant gravitational arcs produced by sub-millimeter
galaxies (SMGs) lensed by foreground galaxy clusters, both at radio and sub-mm
wavelengths. The galaxy cluster population is modeled in a realistic way with the
use of semi-analytic merger trees, while the density profiles of individual deflectors
take into account ellipticity and substructures. The adopted typical size of the radio
and sub-mm emitting regions of SMGs is based on current radio/CO observations
and the FIR-radio correlation. The source redshift distribution has been modeled
using three different functions (based on spectroscopic/photometric redshift mea-
surements and a simple evolutionary model) to quantify the effect of a high redshift
tail on the number of arcs. The source number counts are compatible with currently
available observations, and were suitably distorted to take into account the lensing
magnification bias. We present tables and plots for the numbers of radio and sub-mm
arcs produced by SMGs as a function of surface brightness, useful for the planning
of future surveys aimed at arc statistics studies. They show that e.g., the detection
of several hundreds sub-mm arcs on the whole sky with a signal-to-noise ratio of at
least 5 requires a sensitivity of 1 mJy arcsec−2 at 850 µm. Approximately the same
number of radio arcs should be detected with the same signal-to-noise ratio with a
surface brightness threshold of 20 µJy arcsec−2 at 1.4 GHz. Comparisons of these
results with previous work found in the literature are also discussed.

C. Fedeli & A. Berciano Alba, accepted for publication in Astronomy & Astrophysics
on September 7th, 2009.
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5.1 Introduction

The effect of gravitational lensing constitutes a unique research tool in many astro-
physical fields, since it permits to investigate the structures of both the lenses (e.g.,
galaxies and galaxy clusters) and the lensed background sources, as well as to probe
the three-dimensional mass distribution of the Universe. In particular, one of the
most spectacular phenomena associated with the gravitational deflection of light are
the giant arcs observed in galaxy clusters, which are originated by extended back-
ground sources lying in the regions where the lensing magnification produced by
the cluster is strongest. The effective source magnification can easily reach ∼ 30 in
these cases, providing the opportunity to detect and spatially resolve the morpholo-
gies and internal dynamics of high redshift background sources at a level of detail
far greater than otherwise possible. An illustration of this powerful technique was
presented in Swinbank et al. (2007), where a magnification factor of 16 by the cluster
RCS 0224-002 permitted to study the star formation activity, mass and feedback pro-
cesses of a Lyman break galaxy at z ∼ 5, something that (without the help of lensing)
would not be possible beyond z ∼ 2 with current instruments.
A particularly interesting application of gravitational lensing is made by the

so-called arc statistics, i.e. the study of the abundance of large tangential arcs in
galaxy clusters. Among other things, this abundance is sensitive to the cluster mass
function, the cluster dynamical activity (e.g., infall of matter, mergers, etc.) and
internal structure of host dark-matter halos (e.g., triaxiality and the concentration
of the density profile), which makes arc statistics a unique tool to study the cluster
population. In fact, arc statistics studies at optical and near-infrared wavelengths
have beennumerous in thepast decade onboth the observational (Luppino et al. 1999;
Gladders et al. 2003; Zaritsky & Gonzalez 2003) and theoretical sides (Bartelmann &
Weiss 1994; Wambsganss et al. 1998; Bartelmann et al. 2003; Meneghetti et al. 2003;
Wambsganss et al. 2005; Fedeli et al. 2008).
Interestingly, all the currently known giant arcs come from detections in the opti-

cal. However, the fraction of lensed sources observed in themm/sub-mmwavebands
is expected to be much larger than in the optical (Blain 1996, 1997): due to the spec-
tral shape of the thermal dust emission, the observed sub-mm flux density of dusty
galaxies with a given luminosity remains approximately constant in the redshift
range 1 . z . 8 instead of declining with increasing distance (usually referred to as
negative K-correction, see Blain & Longair 1993, 1996; Blain et al. 2002). This effect,
together with the steep slope of the observed sub-mm number counts, produces a
strong magnification bias that makes sub-mm galaxies (hereafter SMGs) an ideal
source population for the production of lensed arcs.
The SMGswere first detected about a decade ago with SCUBA1 (Smail et al. 1997;

Hughes et al. 1998; Barger et al. 1998; Eales et al. 1999). The current observational
evidence indicates that these objects are high-redshift dust obscured galaxies, in
which the rest frame FIR peak of emission is observed in the sub-mmband. Their FIR
luminosities, in the range 1011−1013L⊙, are∼ 100 timeshigher thanwhat is observed in
local spirals. Their energy output seems to be dominated by star formation processes

1Sub-millimeter Common User Bolometer Array (Holland et al. 1999), which used to be mounted at
the James Clerk Maxwell Telescope (JCMT) located in Hawaii.
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induced by galaxy interactions/mergers, although a good fraction (∼ 30 − 50%) of
SMGs also seems to host an Active Galactic Nucleus (AGN, e.g. Alexander et al. 2005;
Michałowski et al. 2009). The available evidence also suggests that SMGs might be
the progenitors of massive local ellipticals (Lilly et al. 1999; Smail et al. 2002, 2004;
Webb et al. 2003; Genzel et al. 2003; Alexander et al. 2003, 2005; Swinbank et al. 2006b,
2008; Michałowski et al. 2009).

In the ∼ 30 clusters observed with SCUBA (Smail et al. 2002; Chapman et al.
2002a; Cowie et al. 2002; Knudsen et al. 2008), only 4 multiply imaged SMGs have
been reported to date (Borys et al. 2004a; Kneib et al. 2004b; Knudsen et al. 2008).
This extremely low detection rate is due to three major limitations of current 850 µm
surveys: (i) very small sky coverage (∼ 3 square degrees, including all cluster and
blank filed surveys), (ii) confusion limited maps at ∼ 2 mJy (which means that only
the brightest members are detected) and (iii) insufficient resolution (∼ 15′′) to resolve
extended lensed structures. Current efforts to increase the surveyed area at 850 µm
include the SASS2, the SCLS3 and the all sky survey that will be carried out with
the HFI bolometer on board of the Planck satellite4, but their resolutions will still be
insufficient to identify lensed arcs. The only instrument that can currently provide
sub-arcsecond resolution in sub-mm (at 890 µm) is the SMA5.

However, the tight correlation between radio synchrotron and FIR emission ob-
served in star-forming galaxies (van der Kruit 1973; Helou et al. 1985), provides an
alternative way to obtain high resolution images of SMGs. Commonly referred to
as the FIR-radio correlation, it covers about five orders of magnitude in luminosity
(Condon 1992; Garrett 2002) out to z ∼ 3 (Kovács et al. 2006; Vlahakis et al. 2007; Ibar
et al. 2008; Michałowski et al. 2009). The standard model about its nature considers
that both emissions are caused by massive star formation (see page 24). Therefore,
given the possible common physical origin of both emissions, radio interferometric
observations can be used as a high-resolution proxy for the rest-frame FIR emission
of high-z galaxies observed in the sub-mm.

The advent of ALMA6 will open a new window into mm/sub-mm astronomy
at sub-arcsecond resolution and sub-mJy sensitivity, permitting the detection of re-
solved gravitational arcs produced by SMGs. Although its small instantaneous field
of view (FOV) severely limitsALMA’s survey capability, a 25meter sub-mmtelescope
(CCAT7) is also going to be built on a high peak in the Atacama region to provide
wide field images (∼ 400 arcmin2) with a resolution of ∼ 3.5′′ at 350 µm. With the
combined capabilities of both instruments, arc statistics studies in the sub-mmmight
be possible.

At the same time, radio interferometry is also experiencing major technological

2SCUBA-2 All Sky Survey, a ∼ 2 × 104 square degree survey with a 5σ depth of 150 mJy and 15′′
resolution.
3SCUBA-2 Cosmology Legacy Survey, a ∼ 35 square degree survey with a 5σ depth of 3.5 mJy and 15′′

resolution.
45σ depth of ∼ 350 mJy and ∼ 50′′ resolution.
5The Sub-millimeter Array in Hawaii.
6The Atacama Large Millimeter Array in Chile.
7Cornell Caltech Atacama Telescope.
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Figure 5.1: Effective radii and axis ratios derived for the 1.4 GHz radio counterparts of the 12
SMGs presented in Biggs & Ivison (2008). The red points correspond to the 890 µmcounterpart
of GN20 detected with the SMA, which size was derived by fitting a Gaussian (triangle) and
an elliptical disk (square) to the data (Younger et al. 2008). Error bars are computed through
standard error propagation.

improvements. In particular, the VLA8 and MERLIN9 are currently undergoing
major upgradeswhichwill boost their sensitivities by factors 10−30 and dramatically
improve their mapping capabilities. The new versions of these arrays (e-MERLIN
and EVLA) will be fully operational in 2010 and 2012 respectively. In order to
assess the prospects for the study of gravitationally lensed arcs at sub-mm and
radio wavelengths, in this work we report detailed theoretical predictions about the
abundance of arcs produced by the SMG population at 850 µm and 1.4 GHz.
The Chapter has been organized as follows. In Sect. 5.2, we introduce all the

relevant quantities that are necessary to derive the total number of arcs detectable
on the sky. In Sect. 5.3 we present and discuss all the observational information
about SMGs that is required for the subsequent strong lensing analysis: morphology,
redshift distribution and number counts. A description of our cluster population
model and the way in which the abundance of large arcs is computed is given in
Sect. 5.4. The derived arc redshift distributions and number of arcs are presented in
Sect. 5.5, while in Sect. 5.6 we discuss how these relate to previous findings in the
literature. Summary and conclusions are presented in Sect. 5.7.
The adopted cosmology corresponds to the standard ΛCDM model with cos-

mological parameters inferred from the WMAP-5 data release in conjunction with
type Ia supernovae and baryon acoustic oscillations data sets (Dunkley et al. 2009;
Komatsu et al. 2009), namely Ωm,0 = 0.279, ΩΛ,0 = 0.721, σ8 = 0.817 and H0 = h100
km s−1 Mpc−1, with h = 0.701.

8The Very Large Array in New Mexico.
9The UK Multi-Element Radio Linked Interferometer Network.
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Figure 5.2: Arcwidth probability distributions derived from a set of sources at zs = 1 thatwere
lensed by (the three projections of) themost massive cluster of theMareNostrum simulation at
z = 0.3. The two panels illustrate the difference between selecting arcs with a length-to-width
ratio d ≥ d0 = 7.5 (left) and d ≥ d0 = 10 (right). The black histograms were produced using the
typical source size of SMGs at 1.4 GHz and 850 µm assumed in this work (Re = 0.25′′ and b/a
randomly varying in the interval [0.3, 1]). The blue histograms correspond to optical sources
as usually described in lensing simulations (Re = 0.5′′ and b/a ∈ [0.5, 1]). The red dashed
region shows the 150mas resolution limit of the e-MERLIN radio interferometer at 1.4 GHz.

5.2 Strong lensing statistics

The choice of thebest parameters tobeused inorder to characterize themorphological
properties of long and thin gravitational arcs is still a matter of debate. In this work,
we adopted the quite popular choice of the length-to-width radio d, which has to be
larger than a certain threshold d0 (usually 7.5 or 10) in order to consider an object as
a giant arc.
Given a set of background sources placed at redshift zs, the efficiency of the galaxy

cluster population to produce arcs with length-to-width ratio d ≥ d0, is parametrized
by the optical depth

τd0 (zs) =
1

4πD2s

∫ zs

0

∫ +∞

0

n(M, z)σd0 (M, z)dMdz, (5.1)

where Ds is the angular diameter distance to the source redshift and n(M, z) is the
total number of clusters present in the unit redshift around z with mass in the unit
interval aroundM. The cross section σd0 (M, z) is the area of the region on the source
planewhere a source has to lie in order to produce (at least) one gravitational arcwith
d ≥ d0, for a single cluster with massM at redshift z. This depends in general on the
cluster structure, the source properties, and the redshifts of both the cluster and the
source. Since in realistic situations sources are distributed at different redshifts, we
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can calculate the average optical depth by integrating τd0(zs) over the source redshift
distribution p(zs),

τ̄d0 (zs) =

∫ zs

0

p(ξ)τd0(ξ)dξ. (5.2)

In this way, the total number of arcs with length-to-width ratio d ≥ d0 can be
calculated as (Bartelmann et al. 1998)

Nd0 = 4πN τ̄d0 , (5.3)

where N is the observed surface density of sources, and τ̄d0 = τ̄d0(+∞) is the total
average optical depth (i.e., the average optical depth with the integral extending to
all possible source redshifts). Therefore, the number of arcs produced by a given
population of background sources can be calculated by providing the following
observational constraints: (i) the characteristic source shape and size, which is neces-
sary to compute the cluster cross sections σd0 (M, z), (ii) the source redshift distribution
p(zs), which is necessary to evaluate the optical depth τ̄d0 , and (iii) the cumulative
source number counts N.

5.3 Characteristics of the SMG population

5.3.1 Source shape and size

In strong lensing statistics studies, it is customary to characterize the size of elliptical

background sources using the equivalent effective radius Re ≡
√
ab, which is the

radius of a circle that has the same area of the elliptical source with semi-major
axis a and semi-minor axis b. In addition, the orientation of sources is randomly
chosen, and to account for the different source shapes the value of the axis ratio b/a is
considered to vary within a certain interval. The typical values of these parameters
used in optical ray-tracing simulations are Re = 0.5′′ and b/a randomly varying in
the interval [0.5, 1] (Meneghetti et al. 2000, 2003, 2005; Fedeli et al. 2006).
Due to the low resolution of sub-mm single-dish observations (e.g., FWHM ∼ 15′′

for SCUBA at 850 µm), current estimates of the typical size of SMGs are based
on continuum radio (Chapman et al. 2004; Biggs & Ivison 2008) and millimeter
(e.g. Tacconi et al. 2006) interferometric observations of small source samples. In
particular, Biggs & Ivison (BI08 hereafter) combined 1.4 GHz data from the VLA and
MERLIN to produce high resolution radiomaps of 12 SMGs detected in the Lockman
Hole. The deconvolved sizes derived from these radiomaps (obtained by fitting each
map with an elliptical Gaussian), are consistent with Chapman et al. (2004) (see also
Muxlow et al. 2005) and Tacconi et al. (2006).
Figure 5.1 shows the effective radius and axis ratio for each of the 12 radio sources

reported in BI08 (black circles). Note that, although the b/a interval [0.5, 1] used in
optical lensing simulations contains 11 out of the 12 radio sources, there are several
error bars that extend below its lower limit. In addition, the optical effective radius
of 0.5′′ is not suitable to describe them. Since the source sample is too small (and
the error bars rather large) to derive a reliable size distribution, we decided to use
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an effective radius close to the median of the sample. As a result, the size of the
1.4 GHz radio emission produced by the SMG population has been characterized in
the following by b/a randomly varying within [0.3, 1] and Re = 0.25′′.
Since SMGs seem to follow the FIR-radio correlation (e.g. Kovács et al. 2006),

their emission at both 1.4 GHz and 850 µm is expected to be associated with massive
star formation. This means that, as a first approximation, the same morphological
parameters can be used to characterize the sizes and shapes of SMGs at radio and
sub-mm wavelengths. This choice of parameters for the sub-mm emission is also
consistent with the recent SMA observations presented by Younger et al. (2008),
which have partially resolved the 890 µmemission of a SMG (GN20) for the first time
(see Fig. 5.1).

If we wish to characterize gravitational arcs via their length-to-width ratio and
make comparisons between observations and theoretical predictions in an unbiased
way, it is crucial to resolve their width. To address if the resolution provided by
radio and sub-mm instruments could be an issue for arc statistics studies, we have
investigated the width distribution of arcs produced by a population of sources that
is being lensed by a galaxy cluster. In particular, we used the most massive lensing
cluster at z = 0.3 from theMareNostrum cosmological simulation (Gottlöber & Yepes
2007), a large n-body and gas-dynamical run, whose lensing properties have been
recently studied by Fedeli et al. (2009, in preparation). The mass distribution of
this cluster was projected along three orthogonal directions, for which we derived
deflection anglemaps by standard ray-tracing techniques (Bartelmann&Weiss 1994).
Then, a set of sources at zs = 1 (source redshift at which the lensing efficiency peaks
for lenses at z ∼ 0.3) with Re = 0.25′′ and axis ratios randomly varying in the
interval [0.3, 1] was lensed through the three projections. As usual in this procedure,
the sources are preferentially placed near the lensing caustics following an iterative
procedure to enhance the probability for the production of large arcs. The bias
introduced by this artificial increase of sources is corrected for by assigning a weight
≤ 1 to each source, which is reduced at each new iteration step (see Miralda-Escude
1993; Bartelmann &Weiss 1994; Bartelmann et al. 1998 for further details).

The black histogram shown in Fig. 5.2 corresponds to the width distribution
of arcs derived from this simulation. For comparison, we have also included the
corresponding distribution derived from the parameters used in optical lensing sim-
ulations (blue histogram). The two panels illustrate the difference between selecting
arcs characterized by d ≥ d0 with d0 = 7.5 (left) and d0 = 10 (right). As expected,
reducing the source equivalent size produces a decrease in the width of lensed im-
ages. Note also that the behavior of the distributions is practically independent of the
minimum length-to-width ratio used to select the arcs. The most important feature,
however, is that both distributions drop to zero forwidths below∼ 0.2′′, meaning that
virtually no radio/sub-mm (or optical) arcs have widths smaller than that value. At
1.4 GHz, ∼ 0.2′′ resolution is already accessible with MERLIN/e-MERLIN (∼ 0.15′′).
Therefore, resolving the width of long and thin images for arc statistics studies is
in principle already possible at radio wavelengths. However, until the advent of
ALMA, the ∼ 0.75′′ resolution of the SMA at 950 µm will only be capable to resolve
a very small fraction of arcs produced by the most extended SMGs.

Finally, we would like to stress two points related to the choice of source morpho-
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Figure 5.3: Left panel. Redshift distribution of SMGs derived from the spectroscopic sample
of Chapman et al. (2005) (cyan histogram) and the photometric sample of Aretxaga et al. (2007)
(dark-grey histogram). The curves SPZ and PHZ correspond to the best fits provided by Eq.
(5.4) to the spectroscopic and photometric data, respectively. The curve CHM corresponds
to the best Gaussian fit to the simple evolutionary model for SMGs used in CH05 (as quoted
in CH05), normalized to the redshift interval [0,+∞]. Note that the binning adopted here is
different from the one used in CH05, so the redshift desert in the redshift interval z = 1.2−1.8 is
not evident. However, changing the binning of the histogram changes little of the subsequent
fit. Right panel. The cumulative distributions corresponding to the fits reported on the left
panel, calculated using Eq. (5.5).

logical parameters presented in this section. First, the most luminous SMGs seem to
be the result of merger processes (e.g., Greve et al. 2005; Tacconi et al. 2006), hence it
is unlikely that their true shape is elliptical, as we assumed. However, if a merging
source is lensed as an arc at a particular wavelength, irregularities in its shape and
internal structure will not change significantly the global morphological properties
of the arc, like the length-to-width ratio. What can happen is that the length-to-width
ratio of an arc changes with wavelength because the emitting region of the source at
thosewavelengths havedifferent sizes. For someof thewavelengths the sourcemight
even look like a group of small isolated emitting regions instead of a continuous one,
which means that in the image plane it will be observed as a group of disconnected
multiple images instead of a full arc. A very illustrative example of this scenario
is SMM J04542−0301, an elongated region of sub-mm emission which seems to be
associated with a merger at z = 2.9 that is being lensed by the cluster MS0451.6−0305
(see Chapters 2 and 3 of this thesis). Until more complete information about the
average structure of SMGs becomes available, we believe our approach to be the best
that can be done.

Second, since the radio sources studied byBI08 are brighter than 50µJy, the typical
size derived from this sample might be different from the one that could be derived
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Figure 5.4: Left panel. Histogram of the redshift distribution of SMGs derived by Chapman
et al. (2005), corrected for spectroscopic incompleteness. This correction was implemented by
interpolating the CH05 distribution in the region of the redshift desert (M. Swinbank, private
communication). The SPZC line indicates the best Gaussian fit to the histogram. The blue
solid line corresponds to the redshift distribution of SMGs with S850µm > 5 mJy and S1.4GHz >
30µJy predicted by the semi-analyticmodel presented in Swinbank et al. (2008). The SPZ curve
presented in Fig. 5.3 has being included for comparison. Right panel. The same histogram,
also corrected for radio incompleteness using CH05 evolutionary model. The blue solid line
corresponds to the redshift distribution of SMGs with S850µm > 5 mJy predicted in Swinbank
et al. (2008). The CHMC line indicates the best Gaussian fit to the histogram. The SPZ and
CHM curves presented in Fig. 5.3 have being included for comparison.

from fainter SMGs. Note however, that the change of the cluster cross section with
source size has a very small slope for Re between 0.2

′′ and 1.5′′ (Fedeli et al. 2006).
Therefore, deviations from Re = 0.25′′ within this interval (which is two times larger
than the interval that contains the sizes measured by BI08 and Tacconi et al. (2006),
see Fig. 6 of BI08) will have a negligible effect in the derived number of arcs.

5.3.2 Source redshift distribution

A key point in trying to estimate the abundance of strong lensing features that are
produced by the galaxy cluster population is the redshift distribution of background
sources. Distributions peaked at higher redshift, or with a substantial high-z tail,
will have in general more potential lenses at their disposal, and hence will produce
larger arc abundances as compared to low-z-dominated distributions. In addition,
the lensing efficiency for individual deflectors is also an increasing function of the
source redshift.
The most robust estimate of the redshift distribution of SMGs to date is based

on the ∼ 15 arcmin2 SCUBA survey carried out by Chapman et al. (2005) (CH05
hereafter). Radio observations were used to pinpoint the precise location of the
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sub-mm detections, permitting the identification of optical counterparts that could
provide precise spectroscopic redshifts. The final sample is composed of 73 SMGs
with 850 µm flux densities > 3 mJy and radio counterparts with flux densities at
1.4 GHz > 30 µJy.
On the other hand, the SCUBA Half-Degree Extragalactic Survey (SHADES,

Mortier et al. 2005; van Kampen et al. 2005) is the largest (720 arcmin2) 850 µm
survey to date10. From their catalog of 120 SMGs, 69 have robust radio counterparts
with S850µm ≥ 3 mJy and S1.4GHz ≥ 20 µJy. Photometric redshifts for this sub-sample
were calculated by Aretxaga et al. (2007) (AR07 hereafter) by fitting Spectral Energy
Distribution (SED) templates to the available photometry at 850 µm and 1.4 GHz,
including upper limits at 450 µm (additional photometry at millimeter wavelengths
was also used for 13 out of the 69 sources). The histogram of the resulting photo-
metric redshift distribution, together with the spectroscopic one reported by CH05,
are shown in Fig. 5.3. The accuracy on the photometric redshifts derived by AR07 is
∆z ∼ 0.65. Note that the requirement of a radio counterpart biases these two redshift
distributions against SMGs with z > 3, due to the less favorable K-correction in the
radio compared with sub-mm. Using a simple evolutionary model, CH05 estimated
that the fraction of SMGs (S850µm > 5 mJy) that is missing between z ∼ 2.5 and z ∼ 5
in their spectroscopic redshift distribution is ∼ 35%, a number that is in agreement
with the fraction of radio-unidentified SMGs reported in Ivison et al. (2002); Chap-
man et al. (2003) and the SHADES survey (AR07). The model evolves the local FIR
luminosity function in luminosity with increasing redshift following the prescription
of Blain et al. (2002). To account for the dust properties of SMGs, it also includes
a range of SED templates that have been tuned to fit their observed sub-mm flux
distribution (Chapman et al. 2003; Lewis et al. 2005).
In order to investigate the effect of this high-z tail on the predicted number of arcs,

we used three different analytic expressions to characterize the redshift distribution
of SMGs in our calculations (see Fig. 5.3). One of them (CHM) corresponds to the best
Gaussian fit to the distribution predicted by the CH05 evolutionarymodel, as quoted
in CH05. The other two (SPZ and PHZ) were obtained by fitting the CH05 and AR07
histograms with the following analytic function, usually adopted for optical strong
lensing studies (Smail et al. 1995),

p(zs) =
β

z3
0
Γ(3/β)

z2s exp

[

−
(

zs
z0

)β
]

, (5.4)

where Γ(x) is the complete Euler-gamma function evaluated at x, z0 is a free parameter
that broadly selects the position of the peak, and β is another free parameter that
defines the extension of the high-redshift tail. Note that, unlike the histograms, this
function drops to zero at low redshift. However, the contribution to the global lensing
optical depth coming from sources at z . 1 is likely negligible, due to the geometric
suppression of lensing efficiency (see also the subsequent discussion in Sect. 5.5). The
resultant best-fitting parameters of these three functions are summarized in Table 5.1.
The SPZ curve constitutes a good representation of CH05 data not corrected for

10The largest SMG survey to date (0.7 deg2) has being carried out at 1.1 mmwith the AzTEC continuum
camera mounted on the JCMT (Austermann et al. 2009).



Characteristics of the SMG population 113

Table 5.1: Parameters of the analytic expressions for the redshift distribution of SMGs
presented in Figures 5.3 and 5.4. The columns show: name of the distribution (Nickname),
best fit parameters of Eq. (5.4) (z0, β), width of the best Gaussian fit ( rms) and peak position
of the distribution (zp). Note that the parameters for SPZC and CHMC, provided by M.
Swinbank, were misquoted in Swinbank et al. (2008) and Chapman et al. (2005).

Nickname z0 β rms zp

SPZ 1.99 2.81 − 1.76
PHZ 2.51 13.3 − 2.18
CHM − − 1.30 2.30

SPZC − − 0.64 2.05
CHMC − − 0.81 2.25

spectroscopic incompleteness11. The PHZ curve on the other hand, does not describe
very well the AR07 distribution, failing to reproduce its z ∼ 3 − 4.5 tail. This is
a consequence of how the function in Eq. (5.4) is constructed. In particular, to
accommodate the low-z part of the photometric histogram in Fig. 5.3, the function
needs to raise very steeply and hence, by construction, it must also drop steeply
at high-z. Despite the function in Eq. (5.4) not being a good choice for fitting
the photometric data, we nevertheless included the PHZ curve in our calculations
because it highlights the consequence of choosing a distribution that is truncated at
z ∼ 3. Finally, the CHM curve permits to predict the number of expected arcs if
the CH05 histogram is corrected for spectroscopic incompleteness and high-z SMGs
without radio counterparts (radio incompleteness). We stress that at this stage we
are not interested in using the best possible representation for the true source redshift
distribution, but only to adopt a few motivated choices that broadly cover the range
of realistic possibilities, in order to check the corresponding effect on the abundance
of arcs.
To show more clearly the different behavior in the high-redshift tail of our three

choices, we present their cumulative distributions in the right panel of Fig. 5.3,
namely

P(z) =

∫ z

0

p(ξ)dξ. (5.5)

In particular, when P(z) ≃ 1 for SPZ, at z ∼ 3.5, we still have P(z) ≃ 0.8 for CHM,
implying that still ∼ 20% of the SMGs can be found at z & 3.5 using the latter
distribution.
In order to further show that this family of three functions cover all the rea-

sonable possibilities, we have compared them with the predictions of one of the
semi-analytical models that have been developed to explain the properties of SMGs

11Due to the lack of strong spectral features falling into the observational windows, it is not possible to
measure the spectroscopic z of sources in the range z = 1.2 − 1.8 (the so called redshift desert).
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(Swinbank et al. 2008, SW08 hereafter). The histogram in the left panel of Fig. 5.4
shows CH05 data corrected for spectroscopic incompleteness. Note that the SPZ
curve is very consistent with the semi-analytic model prediction (SWR), although
both curves peak at slightly lower redshift (∆zp = 0.3) than the best Gaussian fit to
the histogram (SPZC). However, as pointed out in SW08, the CH05 distribution is
expected to be uncertain by at least ∆z ∼ 0.25, which is the field-to-field variation be-
tween the seven sub-fields in the CH05 sample due to cosmic variance. Therefore, we
can consider SPZ as a good representation of the current observations, despite the fact
that comes from a histogram thatwas not corrected for spectroscopic incompleteness.
Only after the computations of the number of arcs were completed, we became

aware of the fact that the parameters quoted in CH05 for the best Gaussian fit to
their simple evolutionary model (CHM, see Table 5.1) were incorrect (M. Swinbank,
private communication). As it is shown in the right panel of Fig. 5.4, the CHM
distribution has a higher-z tail as compared to the correct Gaussian fit (CHMC) and
the prediction of the semi-analytical model (SWS). Since the true high-z tail of the
redshift distribution of SMGs is expected to be in between the cases considered in
our calculations (SPZ, PHZ and CHM), and (as it will be discussed in Sect. 5.5.2) the
final effect of the source redshift distribution on the number of arcs is small given the
many uncertainties involved, we considered it unnecessary to repeat the calculations
for CHMC.

5.3.3 Source number counts

The final ingredient needed to estimate the number of arcs produced by SMGs is the
observed surface density of this source population, both at 1.4 GHz and 850 µm. Let
n0(S) be the differential number counts, defined as the surface density of unlensed
galaxies per unit flux density S. Integrating n0(S) over all fluxes above a given
threshold, we obtain the respective cumulative number counts

N0(S) ≡
∫ +∞

S

n0(ξ)dξ. (5.6)

Let now µ be the lensing-induced magnification of images on the lens plane, and
µ+ ≡ |µ|. If P(µ+|d0) is the magnification probability distribution for sources that are
imaged into arcs with d ≥ d0, then the magnified differential number counts can be
calculated as (Bartelmann & Schneider 2001)

n(S) =

∫ +∞

0

n0

(

S

µ+

)

P(µ+|d0)
µ2+

dµ+. (5.7)

Hence, the magnified cumulative number counts read as

N(S) ≡
∫ +∞

S

n(ξ)dξ =

∫ +∞

0

N0

(

S

µ+

)

P(µ+|d0)
µ+

dµ+. (5.8)

As can be seen in Eq. (5.8), the lensing magnification bias has a twofold effect.
On one side, sources that would be too faint to be detected without the action
of lensing are amplified, and hence the respective images are brought above the
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detection threshold. On the other side, the unit solid angle is stretched by lensing
magnification, implying that the number density of sources is decreased. Which one
of these two effects wins depends on the local slope of the unmagnified cumulative
number counts. In particular, ifN0(S) ∝ S−α and α > 1, the number density of sources
will be increased, while if α < 1 it will be decreased. It should be noted that, while for
the unmagnified counts N0(S) the flux density is derived by integrating the surface
brightness over the area of the source, for the magnified counts N(S) the integral is
performed over the area of the resulting arc.
Since our main motivation was to provide predictions for the abundance of giant

arcs to be detected in surveys carried out with future instruments, we needed to
provide the predicted number of arcs as function of the surface brightness, instead
of flux density. The reason is that we are working under the assumption that arcs
are resolved structures, and therefore they are observed as extended objects. Under
these circumstances, the flux integrated over the resolution element of the instrument
(seeing, PSF, pixel or beam) is no longer the total flux of the source (as in the case of
unresolved sources), and it may therefore be below the limiting flux although the arc
as a whole is not. In other words, arc detectability under these circumstances is not
limited by the flux density but rather by the surface brightness.
In order to take this into account, we had to convert the observed number counts

as a function of flux density into number counts as a function of surface brightness.
Assuming that the size of sources is given by Re, and that the surface brightness is
constant across it, then N0(B) = N0(S/πR2e). Note that, since the surface brightness
is not affected by lensing, the magnification bias will manifest itself only through
the solid angle stretching. Therefore, the cumulative magnified number counts (as a
function of surface brightness) can be written as

N(B) = N0(B)

∫ +∞

0

P(µ+|d0)
µ+

dµ+. (5.9)

Among other things, this implies that themagnification bias will always decrease the
cumulative number counts, irrespective of the shape of the unmagnified ones.
In the following we used the magnification distribution given by Fedeli et al.

(2008), which is represented by the superposition of two Gaussians. In particular,
we adopted the P(µ+|d0) function for d0 = 10, but the result is virtually the same
also for the case d0 = 7.5. Note however, that this (conditional) magnification dis-
tribution was computed for a background population of sources that have different
morphologies than SMGs (see Sect. 5.3.1). In principle, the bimodality of the mag-
nification distribution is expected to be preserved because it only depends on the
caustic structure (Li et al. 2005), but it can be affected by the source morphology
in two opposite ways. On one hand, since SMGs are smaller than in Fedeli et al.
(2008), we expect large arcs to form closer to the critical curves, and therefore to have
larger magnifications on average. On the other hand, the fact that SMGs are more
elongated will favor the formation of large arcs in regions of lower magnification.
Given the uncertainties in other parts of the calculation, we consider that the use of a
magnification distribution derived for optical sources will have a marginal effect in
the derived number of arcs produced by SMGs. For a comprehensive review of the
many effects that could affect the estimation of arc abundances by galaxy clusters,
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Table 5.2: Best-fit parameters to the combined 850 µm differential number counts from the
LSLS survey and the SHADES survey presented in Knudsen et al. (2008). The names refer to
the best fit provided by a double power-law function (DB, Eq. (5.10)), the best fit provided
by a Schechter function (SB, Eq. (5.11)) and the shallowest Schechter function consistent with
the data (SM). Note that S∗ is always expressed in mJy, while n0,∗ is expressed in deg

−2 for the
double power-law and in deg−2 mJy−1 for the Schechter function.

Name S∗ n0,∗ α β

DB 9.6+0.3−2.12 658 ± 48 2.12+0.14−0.08 6.22+0.51−0.34
SB 4.30 ± 0.08 1039 ± 69 −2.62 ± 0.10 −
SM 4.22 970 -2.52 −

see the discussion in Fedeli et al. (2008).

Submm number counts

For the latest and most complete estimate of the sub-mm number counts at 850 µm
we refer to Knudsen et al. (2008) (hereafter KN08), who made a combined analysis
of the counts derived from the Leiden SCUBA Lens Survey (LSLS) and the SHADES
survey. With an area of 720 arcmin2, the SHADES survey is the largest blank-field
850 µm survey completed to date, and therefore the least affected by cosmic variance.
It provides the best constraints for the sub-mm number counts in the flux density
range 2 − 15 mJy (Coppin et al. 2006). On the other hand, the LSLS survey targeted
12 galaxy cluster fields which cover a total area of 71.5 arcmin2 in the image plane. It
provides the deepest constrains at the faint end of the sub-mm counts (0.11 mJy, after
correcting for the lensing magnification). In their analysis, KN08 used two functions
to characterize the combined differential number counts from both surveys: a double
power-law,

n0(S) =
n0,∗/S∗

(S/S∗)
α
+ (S/S∗)

β
(5.10)

and a Schechter function (Schechter 1976),

n0(S) = n0,∗

(

S

S∗

)α+1

e−S/S∗ . (5.11)

Moreover, when fitting the observed cumulative number counts, they added the
supplementary constraint that the integrated light well below 0.1 mJy should not be
larger than the extragalactic background light (Puget et al. 1996; Fixsen et al. 1998).
The resulting best-fit parameters are summarized in Table 5.2.
Figure 5.5 shows the (unmagnified) cumulative number counts derived from

the best fit Schechter function (black solid line) and the best fit double power law
function (red solid line) presented in KN08 using Eq. (5.6). Note that, whereas
both curves behave almost identically at the bright flux end, their predictions for
the low flux number counts differ by a factor of ∼ 2.5 at 0.1 mJy. Since the low flux
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tail of the sub-mm counts dominates the number of SMGs that could potentially be
lensed, we computed predictions for arcs produced by SMGs at 850 µm for the two
following cases: (i) the shallowest Schechter function consistent with the combined
LSLS and SHADES data (also shown in Fig. 5.5) and (ii) the best fit double power
law function. The first one (SM hereafter) provides the minimum expected number
of arcs consistent with observations, whereas the second one (DB hereafter) gives the
number of arcs predicted by the best fit to the data (see Table 5.2).

The cumulative number counts derived for these two cases as a function of flux
density are shown in the top left panel of Fig. 5.6, including the corresponding
counts corrected from magnification bias using Eq. (5.8). In the same Figure, the top
right panel shows the cumulative number counts as function of surface brightness.
The corresponding counts corrected for magnification bias (which will be used to
compute the number of arcs) were derived using Eq. (5.9).

Radio number counts

Figure 5.5 also shows the cumulative sub-mm number counts predicted by the SW08
model (blue solid line) compared with the results from different 850 µm SCUBA
surveys. Note that, although the model tends to over-predict the counts at faint
fluxes compared with the best fits provided by KN08 (red and black solid lines), it is
consistent with the observational errors. The cyan solid line indicates the predicted
counts for SMGs with radio counterparts assuming S1.4 GHz > 30 µJy. The fact
that its shape is different from the shape of the blue solid curve, is because current
observations only detect radio emission from∼ 60%of the observed SMGs. However,
if we allow the sensitivity threshold to go down to the µJy level expected for e-
MERLIN, the SW08 model indicates that it would be possible to detect all the radio
counterparts of SMGs with S850µm > 5 mJy (cyan dashed line).

Since SMGs seem to follow the FIR/radio correlation (e.g. Kovács et al. 2006), the
1.4 GHz number counts of SMGs (whichwe need to predict the number of radio arcs)
could be derived by scaling the 850 µm number counts introduced in the previous
Section (DB and SM). As shown in Fig. 7 of CH05, the ratio between the 850 µm
flux density and the 1.4 GHz flux density shows a broad scatter (up to one order
of magnitude), which is probably a consequence of the strong influence of the dust
temperature on the SEDs of SMGs. However, most of the points in this Figure are
located between redshift 2 and 3, and have an average S850µm/S1.4GHz ratio between
50 and 100. Therefore, we decided to use these two scaling factors to derive first
order upper and lower limits of the radio number counts of SMGs. The resultant
cumulative radio number counts are shown in the lower panels of Fig. 5.6. Note that
the values of 50 and 100 chosen for the sub-mm/radio flux density ratio are meant to
be indicative, since there are still many sources that display a ratio below 50 or above
100. The reader interested in results given by different values of this ratio can scale
appropriately the curves in the upper panels of Fig. 5.6. Also, exact numerical values
can be made available by the authors upon request.
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Figure 5.5: Comparison between observed and predicted cumulative number counts. The
red and black solid curves corresponds to the best-fit double power-law (DB) and the best-fit
Schechter function (SB) derived by Knudsen et al. (2008) for the combined 850 µm cumulative
number counts from the LSLS survey (Knudsen et al. 2008) and the SHADES survey (Coppin
et al. 2006). The black dashed line indicates the shallowest Schechter function consistent
with the data of these two surveys (SM). The blue solid line indicates the cumulative number
counts predicted by the semi-analytic model presented in Swinbank et al. (2008) for SMGs
with S850µm > 5 mJy. Model predictions for SMGs with S850µm > 5 mJy and S1.4GHz > 30 µJy,
and SMGs with S850µm > 5 mJy and S1.4GHz > 0.5 µJy are indicated by the cyan solid and
dashed lines, respectively. Note that the cyan dashed line and the blue solid line are almost
indistinguishable.
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Figure 5.6: The cumulative number counts of SMGs at 850 µm (top panels) and 1.4 GHz
(bottom panels), as function of flux density (left panels) and surface brightness (right panels).
The conversion from flux density into surface brightness was done assuming that the emission
at both sub-mm and radio wavelengths is homogeneous, and that the size of the unlensed
source is Re = 0.25′′. Thin lines correspond to S1.4GHz = S850µm/50, while thick lines assume
S1.4GHz = S850µm/100. Themagnification pattern used to compute themagnified number counts
is the one for arcs with d ≥ d0 = 10. SM indicates the shallowest Schechter function that is
consistent with the data, while DB represents the best fit double power-law (see the text for
more details).

5.4 Strong lensing optical depth

To compute the total optical depth for lensed SMGs, we constructed a synthetic
cluster population composedby q = 1000 cluster-sizeddark-matter haloswithmasses
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uniformly distributed in the interval [1014, 2.5 × 1015]M⊙h−1 at z = 0. Note that it is
not necessary to extract these masses according to the cluster mass function, since
this is already taken into account in Eq. (5.1) by weighting the cross sections with
the function n(M, z). The structure of each cluster is modeled using the NFW density
profile (Navarro et al. 1995, 1996, 1997), which constitute a good representation of
average dark-matter halos over a wide range of masses, redshifts and cosmologies in
numerical n-body simulations (Dolag et al. 2004). Several studies of strong lensing
and X-ray luminous clusters also show that these are well fitted by an NFW profile
(Schmidt & Allen 2007; Oguri et al. 2009). This profile also has the advantage that its
lensing properties can be described analytically (Bartelmann 1996).
To account for the asymmetries of real galaxy clusters, the halos are assumed

to have elliptically distorted lensing potentials. However, instead of considering
a single ellipticity value to describe all the synthetic cluster lenses, we derived an
ellipticity distribution from a set of numerical clusters extracted from the MareNos-
trum simulation (Gottlöber & Yepes 2007). The strong lensing analysis required to
generate this ellipticity distribution was taken from Fedeli et al. (2009, in prepara-
tion), which has been already described in Sect. 5.3.1. For each simulated cluster,
the lensing analysis along three orthogonal projections was performed, computing
the cross sections for arcs with d ≥ d0 = 7.5 and sources with zs = 2. For each of
these projections, we found the ellipticity e of the NFW lens which cross section is
closest to the cross section of the numerical cluster, i.e., we found the ellipticity that
minimizes the quantity

r(e) =
∣

∣

∣σ(n)
7.5 − σ7.5(e)

∣

∣

∣ , (5.12)

where σ(n)
7.5 is the cross section of the numerical lens, and σ7.5(e) is that of the NFW

lens for a given potential ellipticity e.
Figure 5.7 shows the distribution of the ellipticities that minimize the quantity

r(e) in Eq. (5.12) for all clusters in our numerical analysis. The dashed red line is
derived by fitting the distribution with a log-normal function of the kind

p(e)de =
1√
2πσe

exp

[

− [ln(e) − ln(e0)]
2

2σ2e

]

d ln(e), (5.13)

where the best-fit parameters are e0 = 0.31 and σe = 0.23. The ellipticity values used
to characterize the potential of the synthetic NFW cluster lenses were then randomly
extracted from the above distribution.
Elliptical NFW profiles are a good representation of realistic cluster lenses only

when the clusters do not undergo major merger events (Meneghetti et al. 2003).
Since the merger activity of galaxy clusters is known to have a significant effect in
the statistics of giant arcs (Torri et al. 2004; Fedeli et al. 2006), it has to be taken into
account in the construction of the synthetic cluster population. For this reason, we
used the excursion set formalism12 developed by Lacey & Cole (1993) (see also Bond
et al. 1991; Somerville & Kolatt 1999) to construct a backward merger tree for each
model cluster at z = 0, assuming that each merger is binary (see discussion in Fedeli

12Also referred to as “extended Press & Schechter (1974) formalism”.
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& Bartelmann 2007). When a merger happens, the event is modeled assuming that
the two merging halos (also described as elliptical NFW density profiles) approach
each other at a constant speed. The duration of the merger is set by the dynamical
timescales of the two halos (see Fedeli & Bartelmann (2007) and Fedeli et al. (2008)
for a detailed description of the modeling procedure).
With the synthetic cluster population constructed in this way, the total average

optical depth was derived by computing individual cross sections with the semi-
analytic algorithm developed by Fedeli et al. (2006), especially designed to estimate
the strong lensing cross sections of individual lenses in a fast and reliable way. The
optical depth for a discrete set of lenses can be written as

τd0 (zs) =
1

4πD2s

∫ zs

0















q−1
∑

i=1

σ̄d0,i(z)

∫ Mi+1

Mi

n(M, z)dM















dz, (5.14)

where the massesMi (1 ≤ i , q) have to be sorted from the smallest to the largest at
each redshift step, and the quantity σ̄d0,i(z) is defined as

σ̄d0,i(z) ≡
1

2

[

σd0 (Mi, z) + σd0 (Mi+1, z)
]

. (5.15)

This effectively means that, for all the clusters with mass between Mi and Mi+1, we
assume the average cross section of the model dark-matter halos with massesMi and
Mi+1. The algorithm of Fedeli et al. (2006) for computing strong lensing cross sections
consists of first assuming sources as point-like circles, and then introducing the effect
of source ellipticity according to Keeton (2001). The source finite size is taken into
account by convolving the local lensing properties over the typical source size.
The total average optical depth is calculated by integrating Eq. (5.14) over the

source redshift distribution. Effectively, the p(zs) weighting is avoided since we
assigned individual source redshifts (randomly extracted from the distribution p(zs))
at each of the q halos in the cluster sample and evolved theirmerger trees back in time
until the respective source redshift. Given the large number of synthetic dark-matter
halos used, this approach permits to omit p(zs) in Eq. (5.2) when the redshift integral
is discretized.
Despite the fact that the ellipticity distribution used tomodel the synthetic cluster

population was derived for d ≥ d0 = 7.5, the best fit parameters of Eq. (5.13) can be
used to compute the cross sections for arcs also with d0 = 10 without compromising
the results. The reason is that, although there might be a mild dependence of the
distribution of lensing ellipticities on d0, it is the overall caustic structure that defines
the abundance of arcs above a certain d0, regardless of its precise value. In fact,
the criterion used to determine the ellipticity distribution is based on the similarity
between the cross sections of the NFW lens and the numerical lens, which is an
indirect way of comparing the overall caustic structures produced by both kinds of
lenses. To verify this argument, the ellipticity distribution was re-computed using
a criterion that is directly related with the caustic structure, that is, by defining the
best fitting ellipticity as the one that minimizes the modified Hausdorff distance13

13This parameter constitutes one of the best ways to quantify the morphological difference between
two sets of points (Dubuisson & Jain 1994). See also Rzepecki et al. 2007 for a different application to
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Figure 5.7: The distribution of NFW lens ellipticities fitting the cross sections of a sample of
numerical clusters. The red dashed line represents the best fit log-normal distribution, whose
median and dispersion are labeled on the top-right corner of the plot.

Figure 5.8: Left panel. Differential redshift distributions of SMGs producing large gravita-
tional arcs, corresponding to the cumulative distributions reported in the right panel. Right
panel. The cumulative redshift distributions of SMGs producing radio arcs with d ≥ d0 = 10
for input source redshift distributions SPZ, PHZ andCHM (see the text formore details). Lines
are the best fit functions given in Eq. (5.16) and Table 5.3, according to the labels in the plot.
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Figure 5.9: The total number of arcs with d ≥ d0 = 7.5 (left panels) and d ≥ d0 = 10
(right panels) that are predicted to be observed in the whole sky above the surface brightness
reported on the abscissa. Results for each of the three input source redshift distributions as
well as both source number counts adopted in this work are shown, according to the labels.
The two top panels refer to surface brightness at 850 µm, while the bottom panels refer to
1.4 GHz. In the bottom panels, thin lines refer to S1.4GHz = S850µm/50, while thick lines refer
to S1.4GHz = S850µm/100. Please note the difference in scale on the abscissa between top and
bottom panels.
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between the critical lines of thenumerical andNFWlenses. The ellipticitydistribution
obtained in this way is very similar to the one depicted in Fig. 5.7 (e0 = 0.30, rms =
0.34).
Finally, it is worth mentioning that the median of the ellipticity distribution de-

rived in this work using the lensing cross section (e0 = 0.31, see Fig. 5.7) is completely
consistent with the one obtained by Meneghetti et al. (2003) comparing the deflec-
tion angle maps (e ∼ 0.3, using lenses placed at z ∼ 0.3 and a source population at
zs = 1). Even though these two criteria are arguably tightly related, the former is a
quantity that is more directly related to observables with respect to the latter, hence
it is reassuring that they give comparable results. In addition, this result extends the
previous one by quantifying the scatter around the median ellipticity and dealing
with lenses that are distributed in redshift.

5.5 Results

5.5.1 Arc redshift distribution

The redshift distribution of arcs with d ≥ d0 (arc redshift distribution hereafter) is
expected to provide information about the redshift distribution of the background
source population that is being lensed. However, it will also be distorted by the fact
that the abundance of massive and compact galaxy clusters evolves with redshift,
and that the lensing efficiency depends on the relative distances of sources and lens
with respect to the observer.
To assess the potential of this approach to gather information about the intrinsic

redshift distribution of SMGs, we derived the arc redshift distribution associated
with each of the three source redshift distributions used as inputs in our calculations
(see Fig. 5.3). This was done by computing, for each input distribution, the average
optical depth τ̄d0 (zs) for several different values of zs. That is, we excluded in the
computation of the average optical depth those model clusters (and their respective
chain of progenitors) which associated source redshifts were > zs. The resultant
cumulative arc redshift distributions, obtained after normalizing the optical depth
for each zs to the total average optical depth τ̄d0 (+∞) = τ̄d0 , are shown in the right
panel of Fig. 5.8. The lines correspond to the best fit for each distribution provided
by the simple function

τ̄d0 (zs)

τ̄d0 (+∞)
= 1 − exp

(

− zs
zs,∗

)γ

, (5.16)

where zs,∗ indicates where the transition between the extrema 0 and 1 occur, and γ
indicates how sharp this transition is. The best-fit parameters for each of the three
input source redshift distributions are summarized in Table 5.3. The corresponding
differential arc redshift distributions are shown in the left panel of Fig. 5.8.
Once more, these arc redshift distributions have been shown for arcs with length-

to-width ratio larger than d0 = 10 only. As we verified, since the relative contribution
of individual model clusters to the total average optical depth is the same for both

gravitational lensing.
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Table 5.3: Best fitting parameters for the arc redshift distributions originated by the three
different source redshift distributions adopted in this work (see Fig. 5.3).

p(zs) zs,∗ γ

SPZ 2.64 4.31
PHZ 2.31 8.20
CHM 3.53 3.53

d0 = 7.5 and d0 = 10, the resulting arc redshift distribution also does not change
significantly between the two choices.

A comparison between Figures 5.8 and 5.3 shows that, as expected, the arc redshift
distributions reflect the general properties of the source redshift distributions used
as input, but there are also some noteworthy differences between them. For instance,
the arc redshift distribution associated with CHM tends to zero at very low redshift,
unlike in the case of the original CHM distribution. The reason is that low redshift
sources do not produce many arcs, because (i) they have very few potential lenses
at their disposal, and (ii) the lensing efficiency of those lenses is very small due to
geometric suppression. This results into a lack of low redshift arcs in the distribution,
which shifts its peak to higher redshifts compared with the CHMpeak (from zp = 2.3
to zp ∼ 3.2). Similarly, the peak of the arc redshift distribution corresponding to SPZ
is shifted from zp = 1.76 to zp & 2.
On the other hand, the arc redshift distribution corresponding to PHZ is not

significantly shifted but visibly narrowed. As in the previous cases, low-redshift
sources are removed from the distribution because they cannot produce arcs, but
the distribution could not shift to higher redshift because the input source redshift
distribution is immediately truncated at zs . 3. In other words, there is too little
room between the drop due to lensing efficiency and the one due to the cutoff of
the input distribution to allow a significant shift on its peak, and the only possible
consequence for the distribution is to shrink and increase the peak height in order to
preserve the normalization.

In general, it is apparent that the differences between different source redshift
distributions are somewhat enhanced when it comes to the arc redshift distribution.
Therefore, assuming that redshift information is available for arcs, this approach can
in principle be used to obtain some information about the general characteristics of
the source redshift distribution, although itwill probably not allow one to distinguish
between redshift distributions that are very similar.

5.5.2 Number of radio and submm arcs

In this section we present and discuss the main results of this work: The predicted
number of arcs produced by SMGs at radio and sub-mm waveleghts. To that end,
we computed the total average optical depth for each of the three source redshift



126 chapter 5: Arc statistics at radio and submm wavelengths

Figure 5.10: The total number of arcs with d ≥ d0 = 7.5 (left panels) and d ≥ d0 = 10 (right
panels) that are predicted to be observed in thewhole sky above the surface brightness reported
on the abscissa. Only clusters with massM ≥ 5 × 1014M⊙h−1 are included in the calculations.
Results for each of the three input source redshift distributions and both source number counts
adopted in this work are shown, according to the labels. Top panels refer to sub-millimeter
number counts, while bottom panels concern to radio number counts (notice the different scale
on the horizontal axis). In the bottom panels, thin lines refer to S1.4GHz = S850µm/50, while thick
lines refer to S1.4GHz = S850µm/100.
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Figure 5.11: The number of arcs with d ≥ d0 = 10 predicted to be observed in the whole sky
as a function of the sub-mm flux density at 850 µm (top two panels) and radio flux density
at 1.4 GHz (bottom two). The left panels refers to all clusters in the sample, while the right
ones shows results when only clusters with mass M ≥ 1014M⊙h−1 are considered. Different
line styles and colors refer to different number count models and source redshift distributions.
In the two bottom panels, the thin lines assume S1.4GHz = S850µm/50, while the thick lines refer
to S1.4GHz = S850µm/100.
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distributions presented in Sect. 5.3.2 (PHZ, SPZ and CHM), and for arcs with length-
to-width ratio larger than both d0 = 7.5 and d0 = 10. These quantities were then
multiplied with the magnified cumulative source number counts presented in Sect.
5.3.3 (SM and DB), to obtain the arc number counts as function of surface brightness.
The results, extrapolated to the whole sky, are shown in Fig. 5.9. A detailed list with
the predicted number of sub-mmand radio arcs for different sensitivities is presented
in Tables 5.4 and 5.6, respectively.

Note that the arc number counts given by the source redshift distributions SPZ
and PHZ are almost indistinguishable on the scale of Fig. 5.9, irrespective of the
length-to-width threshold d0 adopted. As expected, SPZ produces more large arcs
than PHZ because it peaks at higher redshift, but only by a factor of ∼ 7%. The
redshift distribution CHM, on the other hand, produces more large arcs than the
other two by a factor of ∼ 2. Since, as mentioned in Sect. 5.3.2, the distributions
CHM and PHZ can be considered as upper and lower limits to the true redshift
distribution respectively, we can conclude that the uncertainty introduced by the
redshift distribution in the predicted number of arcs is less than a factor of two.

In termsof the length-to-width threshold, the number of arcs predicted for d0 = 7.5
is (as was also expected) larger than for d0 = 10. However, we would like to point
out that the ratio between the number of arcs with d ≥ d0 = 7.5 and d ≥ d0 = 10 is
not exactly equal to the ratio in the respective optical depths, since the magnification
distributions for the two kinds of arcs are also different (see the discussion in Fedeli
et al. 2008).

Finally, when it comes to compare the results from the twoadopted source number
counts (DB and SM), we see that the difference in the predicted number of arcs is
negligible for sub-mmsurface brightness limits greater than 5mJy arcsec−2. However,
at B850µm = 0.5 mJy arcsec−2, the function DB predicts 2 times more arcs than SM,
and the difference becomes a factor 5 for 0.1 mJy arcsec−2. In the radio domain, the
difference between DB and SM is negligible for B1.4GHz = 50 µJy arcsec−2, a factor ∼ 2
for 10 µJy arcsec−2, a factor ∼ 3 for 5 µJy arcsec−2 and a factor ∼ 8 for 1 µJy arcsec−2.
Therefore, the uncertainty in the predicted number of arcs is clearly dominated by
the uncertainty of the source number counts at the faint surface brightness end.

Considering an all-sky sub-mm survey with enough resolution to resolve indi-
vidual arcs with d ≥ d0 = 7.5 (∼ 0.2′′), and sensitivity of B850µm = 1 mJy arcsec−2,
our calculations predict between ∼ 500 (PHZ SM) and ∼ 600 (SPZ DB) arcs with a
signal-to-noise ratio (SNR) larger than 5. In the case of d ≥ d0 = 10, the expected
number of arcs would be between 200 and 250. If the sensitivity is reduced to 0.1
mJy arcsec−2, these predictions can vary between ∼ 3400 and ∼ 8300 for d0 = 7.5, and
between 1400 and 3600 for d0 = 10.

In a similar way, an all sky radio survey with a sensitivity of B1.4GHz = 0.1 mJy
arcsec−2 would detect between 8 and 50 arcs for d0 = 7.5 (between none and 25 for
d0 = 10) at SNR ≥ 5, with the main uncertainty given by the S850µm/S1.4GHz ratio
used to obtain the radio number counts by scaling the observed sub-mm counts. If
the limiting radio surface brightness is reduced to ∼ 10 µJy arcsec−2, the predicted
number of arcs could be increased to ∼ 500− 1300 for d0 = 7.5 (200− 600 for d0 = 10).
In order to have an excellent statistics with few thousands giant arcs with SNR ≥ 5,
it would be necessary to go as deep as S1.4GHz = 1 µJy arcsec−2. The largest number
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of arcs is given by the CHM source redshift distribution, which is about a factor of 2
larger than the number of arcs predicted by SPZ and PHZ.

It is plausible that future radio and sub-millimeter surveys of galaxy clusters
would focus on the most massive objects, since the center of attention of manymulti-
wavelength studies is on X-ray bright clusters. To roughly evaluate the effect of this
kind of selection, we re-computed the optical depths by including only those clusters
in our synthetic population with massM ≥ 5× 1014M⊙h−1. The resulting arc number
counts are presented in Fig. 5.10, where we used the same scale and line types as in
Fig. 5.9 to ease comparison. The corresponding numbers of sub-mm and radio arcs
predicted for different sensitivities are listed in Tables 5.5 and 5.7, respectively. The
most interesting feature about these new plots is that the relative difference in the arc
number counts produced by the CHM distribution on one hand, and PHZ and SPZ
on the other, is significantly reduced. This is due to the fact that massive clusters
are found mainly at low redshift, hence lower-mass higher-redshift lenses, that are
accessible only to the CHM distribution, become unimportant.

The order-of-magnitude reduction in the abundance of giant arcs when focusing
only on clusters with massM ≥ 5 × 1014M⊙h−1 is in agreement with the fact that the
bulk of the lensing signal actually comes from low-mass clusters, since the optical
depth is obviously dominated by the lowest mass objects that are capable of produc-
ing a non-vanishing cross sections (see Eq. 5.1). Note also that, unlike the previous
case, PHZ produces slightly more arcs than SPZ. This is due to the fact that we are
including in the calculations only low-z clusters, and PHZ actually has more sources
with e.g., zs > 1 than SPZ (see Fig. 5.3).

Considering again an all-sky sub-mm survey with enough resolution to resolve
individual arcs with d0 = 7.5 and sensitivity of B850µm = 1 mJy arcsec−2, we predict
∼ 20 arcs with SNR ≥ 5 (8 if d0 = 10). This number can increase to 100− 250 (40− 90)
if B850µm ≥ 0.1 mJy arcsec−2. In the case of a radio survey, it would be necessary to
push the limiting flux density down to ∼ 1 µJy arcsec−2 to detect few hundred arcs
(between 40 − 200 if d0 = 10).

5.6 Comparison with previous work

The probability of strong gravitational lensing due to background sources at radio
and sub-mm wavelengths has been a poorly studied issue in the past years. In
addition, the few works available in the literature usually involve cosmological
models, deflector mass ranges, and modeling approaches for the source and lens
populations that are different from the ones used in the present work, making the
comparison between them difficult and often not possible. With this note of caution,
we tried however to make some of these tentative comparisons in the following.
This required to repeat the calculations in the last Section using the number counts
as a function of flux density instead of surface brightness. The results are shown in
Fig. 5.11 only for arcs with d ≥ d0 = 10.
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5.6.1 Submm wavelengths

Given the poor resolution of current sub-mm instruments, observational studies of
sub-mm arcs have not been possible so far, with only one sub-mm arc candidate
reported until now. This arc is supposed to be the brightest region of the extended
sub-mm source SMM J04542−0301, located in the core of the cluster MS0451.6−0305
(seeChapters 2 and3of this thesis). However, higher resolution sub-mmobservations
are required in order to confirm this hypothesis, and meaningful estimates of the
length andwidth of this source, unfortunately, cannot yet be done. On the theoretical
side, gravitational lensing of SMGs due to galaxy clusters was first studied by Blain
(1997), using a circularly symmetric model of the cluster A2218 and the sub-mm
counts predicted by different galaxy evolution models. More recent studies (Cooray
1999; Paciga et al. 2009) have been also focused in predicting the number of sub-mm
lensed sources, but predictions for the abundance of sub-mm arcs have never been
attempted before.

For instance, in the work of Paciga et al. (2009), the authors employ the strong
lensing analysis of theMillennium Simulation performed by Hilbert et al. (2007) (see
also Hilbert et al. 2008) in order to compute (i) the average magnification of SMGs as
a function of flux density, and (ii) the contribution to the differential number counts
given by sources with different redshifts and magnifications. Hence, their results
cannot be compared with ours in a straightforward way.

The only work with which we could try a tentative comparison is the one by
Cooray (1999) (CO99 hereafter), where the author provides number counts of (among
others) gravitationally lensed sub-mm sources as a function of their magnification.
The clusters were modeled as Singular Isothermal Sphere (SIS henceforth) density
profiles, which means that the image magnification equals its length-to-width ratio,
as long as sources are circular and point-like. Since the sources that we are using
are not circular, nor point-like, the following comparison should be treated with
caution. The background sub-mm sources were described by means of the redshift
and number distributions observed in the Hubble Deep Field (HDF). Using aΛCDM
cosmology, and considering cluster lenses withM ≥ 8.8×1014M⊙h−1, CO99 predicted
∼ 500 sub-mm sources in the whole sky with lensing magnification larger than 10
and S850µm ≥ 2 mJy.

On the other hand, our results indicate that, if no mass selection is applied and
for S850µm ≥ 2 mJy we should find few thousand arcs with d ≥ d0 = 10 in the
whole sky. Restricting the cluster mass range to M ≥ 5 × 1014M⊙h−1 reduces the
number of arcs down to ∼ 100 at most. Matching the mass range of CO99 would
only reduce the number of predicted arcs even further, hence being discrepant with
CO99 predictions. Assuming that the source population we are considering is the
same, we ascribe at least part of this disagreement to the fact that CO99 considers
a very high normalization of the power spectrum (σ8 ≃ 1.2), which was based on
old studies of the cluster temperature function (Viana & Liddle 1996). As shown in
Fedeli et al. (2008), this results into larger strong lensing optical depth, and therefore
to an over-prediction of the number of lensed images.
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5.6.2 Radio wavelengths

The first observational search of radio arcs in galaxy clusters dates back to Bagchi
& Kapahi (1995), where the authors considered a cluster sample of 46 objects with
z . 0.3 observed, among others, at a wavelength of 20 cm with a sensitivity of ∼ 1
mJy. They claimed a systematic tangential alignment of radio images with respect to
the cluster centers, and concluded that these are arclets or even giant arcs produced
by background flat-spectrum radio sources. While their resolution was too poor
to reliably measure arc morphological properties, these findings were subsequently
questioned by Andernach et al. (1998), that performed a similar analysis on the Abell
et al. (1989) cluster sample (ACO henceforth) with sources taken from the FIRST14

catalog (White et al. 1997), finding no evidence for a preferential alignment of radio
images in the core of massive galaxy clusters. They also report a rough estimate of
the abundance of strong lensing events that should be seen in ACO clusters, finding
that for a statistically significant detection the limiting flux density should be lowered
to . 0.1 mJy, in agreement with previous, more detailed estimates (Wu & Hammer
1993). More recently, Phillips et al. (2001) searched for strong lensing events with
large angular separations in the FIRST catalog, but none of their candidates turned
out to be a real gravitational lens.
About 40% of the clusters included in the sample of Bagchi & Kapahi (1995)

have velocity dispersion ∼ 1000 km s−1. Assuming cluster galaxies have the same
velocity dispersion of the dark-matter particles (Gao et al. 2004; Biviano et al. 2006;
Faltenbacher & Diemand 2006, see however Colı́n et al. 2000), and adopting the
simulation-calibrated scaling relation of Evrard et al. (2008), this corresponds to a
mass of at least ∼ 8 × 1014M⊙h−1. The rest of their clusters should have a mass
& 4 × 1014M⊙h−1. Assuming a limiting flux of ∼ 1 mJy at 1.4 GHz, our predictions
in Fig. 5.11 give . 100 giant radio arcs in the whole sky when the entire cluster
population is considered, and only . 1 inside clusters with massM ≥ 5× 1014M⊙h−1.
Therefore, we find it quite unlikely that the detection claimed by Bagchi & Kapahi
(1995) is due to the radio emission from SMGs.
The previous considerations suggest the need to go to flux densities fainter than

1 mJy in order to detect large radio arcs in galaxy clusters. This kind of implication is
also supported by the results of Cooray (1998), which showed that the radio emission
corresponding to large optical arcs in three out of the four cases he studied is . 0.5
mJy. In the only optical arc with secure radio counterpart in that work, namely arcA0
in cluster A370, this does not seem to be arc-shaped, which may be due to the radio
emitting region being offset with respect with the optical emission or to resolution
issues.
On the theoretical side, the statistics of radio arcs was first investigated by Wu

& Hammer (1993) (WU93 hereafter). Their predictions were made using the evolu-
tionary model of Dunlop & Peacock (1990) to describe the radio luminosity function
(dominated by starforming galaxies and AGNs preferentially located at z . 1) at
2.7 GHz assuming a cosmological model with Ωm,0 = 1. Conversely, we focus on
the radio counterparts of SMGs (preferentially located at z ∼ 2) at 1.4 GHz in a more
modern ΛCDM cosmology. As pointed out in Bartelmann et al. (1998), the optical

14Faint Images of the Radio Sky at Twenty-centimeters
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depth for optical arcs produced by sources at zs ∼ 1 grows of about one order of
magnitude in going from an Einstein-de Sitter universe to a ΛCDM one. Therefore,
we can use this prescription to get an illustrative comparison between both predic-
tions. Note that, since the SED of SMGs is rather flat at radio wavelengths (spectral
index∼ 0.7, Condon 1992), we expect only a small change in the flux density between
2.7 GHz and 1.4 GHz.

In their calculations, WU93 only considered clusters with z . 0.6 and a galaxy
velocity dispersion > 800 km s−1, which corresponds to a mass & 3.5 × 1014M⊙h−1.
After applying the cosmology correction mentioned before, their predicted number
of giant radio arcs for the whole sky is (i) ∼ 1000 if S2.7GHz & 10 µJy, (ii) . 200 if
S2.7GHz > 0.1 mJy and (iii) very small if S2.7GHz > a few mJy (such that none should
be detected in surveys in the literature at that time). Considering only clusters with
mass ≥ 5 × 1014M⊙h−1 (which have a redshift range comparable to the one used in
WU93), our predicted number of radio arcs with d ≥ d0 = 10 produced by SMGs in
the whole sky is (i) ∼ 100 − 1000 if S1.4GHz > 10 µJy, (ii) few tens if S1.4GHz > 0.1 mJy
and (iii) very small if S1.4GHz > a few mJy.

Our results may thus seem compatible with those of WU99, considering that the
number density of SMGs is certainly smaller than the number density of the entire
radio source population. This inference is however not conclusive, since WU99 are
using sources at rather low-redshift. We cannot say whether considering their same
redshift distribution and number counts would lead to a discrepant result.

In CO99 there is also a study about strongly magnified radio sources, analogous
to the sub-mm sources. It is found that ∼ 20 sources with amplification larger than
10 should be found with S1.4GHz ≥ 10 µJy. For the same parameters, we find in our
high-mass cluster study a number ranging from ∼ 100 up to ∼ 1000, which is much
larger than the findings of CO99. This discrepancy should be even more enhanced if
the two calculations are reduced to the same σ8. The origin of this discrepancy is not
clear, although it might be related with the higher mass threshold that they adopt,
and the fact that the redshift distribution considered by CO99 peaks at z ∼ 1 instead
of at z ∼ 2. It should also be noted that CO99 attribute their finding many less radio
arcs than WU93 to the different number counts evolution adopted.

Finally, we would like to stress that our calculations of the abundance of radio
and sub-mm arcs are more accurate than all the works discussed above for differ-
ent reasons, mainly the different modeling of the cluster population. To start with,
in the literature people often consider all lenses as isolated, spherically symmetric
density distributions. Wu & Hammer (1993) investigate the effect of elliptical mass
distributions, but only on the magnification pattern and not on the efficiency for
the production of large arcs. On the other hand, we included the effect of asymme-
tries, substructures and cluster mergers, that all have been found to be important for
augmenting arc statistics. Next, we used an NFW density profile to model individ-
ual lenses, that is a good representation of average dark-matter dominated objects
like galaxy clusters, while other works have often considered SIS or SIS-like profiles,
which aremore suitable for galaxy lensing. While for a SIS lensmodel the imagemag-
nification equals the length-to-width ratio, it is known to produce less gravitational
arcs with respect to the more realistic NFW profile (Meneghetti et al. 2003).
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5.7 Summary and Conclusions

The advent of the high resolution sub-mm facilities ALMA and CCAT, and the major
technological development that radio interferometry is currently undergoing (e.g.,
e-MERLIN, EVLA and SKA) will make possible the study of radio and sub-mm giant
arcs produced by clusters of galaxies. In particular, the study of giant arcs produced
by sub-mm galaxies (SMGs) seems particularly promising for at least two reasons.

• It provides the opportunity to detect and spatially resolve the morphologies
and internal dynamics of this population of dust obscured high-redshift star-
forming galaxies, which is very difficult to study in the optical.

• It can provide information about the formation and evolution of the high red-
shift cluster population, by means of arc statistics studies.

To assess the prospects for these kind of studies, we provided theoretical pre-
dictions on the abundance of gravitational arcs produced by the SMG population at
radio (1.4 GHz) and sub-mm (850 µm) wavelengths, greatly improving the accuracy
of the results with respect to the first few studies carried out a decade (or more) ago.
The calculation of the number of arcs produced by a background source population
requires four main ingredients: (i) the source shape and size (ii), the source redshift
distribution, (iii) the cumulative source number counts, and (iv) amodel of the cluster
population.
The model of the cluster population used in this work was based on the extended

Press & Schechter (1974) formalism and made use of an NFW density profile to
describe each cluster lens. It also included the effect of asymmetries, substructures
and cluster mergers, which have been found to play an important role in arc lensing
statistics.
Based on current radio/CO observations and the FIR/radio correlation, we have

characterized the typical size of the radio and sub-mm emitting regions of SMGs
with an effective radius Re = 0.25′′, and an axis ratio that varies withing the interval
b/a ∈ [0.3, 1]. Resolving all the arcs produced by this kind of sources will require
∼ 0.2′′ resolution.
Since the most accurate redshift distribution of SMGs available (Chapman et al.

2005) is based on observations of the radio detectedmembers (which is biased against
z ≥ 3 sources), weused threedifferent functions to quantify the effect of a high redshift
tail in the predicted number of arcs. The results indicate that this effect is less than a
factor two ifwe consider all simulated clusters during the calculations, and negligible
if we only consider massive clusters.
The sub-mm source number counts used in this work correspond to the joint fit

of the (bright) SHADES survey counts and the (faint) Leiden SCUBA Lens Survey
counts presented in Knudsen et al. (2008). To account for the uncertainty in the low
flux end, predictions were made for the best fit to the data, and the shallowest fit
consistent with the data. Note that, although only ∼ 60% of the observed SMGs
have being detected in radio, the next generation of radio interferometers will be
capable to detect the radio counterparts of all SMGs with S850µm ≥ 5 mJy. Therefore,
the radio number counts of SMGs have been derived by scaling the sub-mm counts
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Table 5.4: Predicted number of sub-mm (850 µm) arcs produced by SMGs for an all-sky
survey, using all the synthetic cluster population to compute the optical depths (see Fig. 5.9).
The first two rows indicate the surface brightness limit used to determine the number of arcs
(B850µm) and the arc length-to-width ratio thresholds considered in the calculations (d0). The
rest of the labels in the first column correspond to the redshift distribution and number count
function, following the nomenclature introduced in Figures 5.3 and 5.6.

B850µm 5 mJy arcsec−2 1 mJy arcsec−2 0.5 mJy arcsec−2 0.1 mJy arcsec−2

d0 7.5 10 7.5 10 7.5 10 7.5 10

SPZ DB 575 250 3792 1650 8275 3600 50767 22075
PHZ DB 550 233 3575 1533 7800 3342 47892 20517
CHM DB 1142 517 7425 3325 16200 7267 99458 44592

SPZ SM 542 233 2208 958 3567 1550 9658 4200
PHZ SM 508 217 2083 892 3367 1442 9117 3900
CHM SM 1058 475 4317 1933 6992 3133 1058 475

using representative upper and lower limits of the S850µm/S1.4GHz ratio for SMGs at
z ∼ 2 taken from Chapman et al. (2005).
Our calculations show that, a sub-mm all-sky survey with a sensitivity of 1 mJy

arcsec−2 will detect hundreds of arcs with a 5σ significance. In the radio, this number
can be achieved with a sensitivity of 10 − 20 µJy arcsec−2. Obtaining a statistically
significant sample of thousands of arcs would require sensitivities of 0.1mJy arcsec−2

in the sub-mm and 1 µJy arcsec−2 in the radio. However, if only massive clusters
(M ≥ 5× 1014M⊙h−1) are considered in the calculations, the predicted number of arcs
is reduced by about an order of magnitude.
Besides the many uncertainties involved in the theoretical predictions presented

here, the main challenge in designing a future survey for radio/sub-mm arc statistics
studies will be in finding the best compromise between survey area, depth and
resolution, three issues that affect the arc detectability in different manners.
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Table 5.5: Predictednumber of sub-mm(850µm)arcs producedby SMGs for an all-sky survey,
using only clusters withM ≥ 5× 1014 M⊙h−1 to compute the optical depths (see Fig. 5.10). The
first two rows indicate the surface brightness limit used to determine the number of arcs
(B850µm) and the arc length-to-width ratio thresholds considered in the calculations (d0). The
rest of the labels in the first column correspond to the redshift distribution and number count
function, following the nomenclature introduced in Figures 5.3 and 5.6.

B850µm 5 mJy arcsec−2 1 mJy arcsec−2 0.5 mJy arcsec−2 0.1 mJy arcsec−2

d0 7.5 10 7.5 10 7.5 10 7.5 10

SPZ DB 17 8 125 42 267 92 1633 550
PHZ DB 17 8 133 42 283 92 1733 583
CHM DB 25 8 150 50 325 108 2008 683

SPZ SM 17 8 75 25 117 42 308 108
PHZ SM 17 8 75 25 125 42 333 108
CHM SM 25 8 83 33 142 50 383 133

Table 5.6: Predicted number of radio (1.4 GHz) arcs produced by SMGs for an all-sky survey,
using all the synthetic cluster population to compute the optical depths (see Fig. 5.9). The
first two rows indicate the surface brightness limit used to determine the number of arcs
(B1.4GHz) and the arc length-to-width ratio thresholds considered in the calculations (d0). The
rest of the labels in the first column correspond to the redshift distribution and number count
function, following the nomenclature introduced in Figures 5.3 and 5.6. Values with and
without brackets correspond to S850µm/S1.4GHz = 100 and 50, respectively.

B1.4GHz 500 µJy arcsec−2 100 µJy arcsec−2 50 µJy arcsec−2

d0 7.5 10 7.5 10 7.5 10

SPZ DB 50 (8) 25 (0) 583 (233) 250 (100) 1333 (575) 575 (250)
PHZ DB 50 (8) 17 (0) 550 (225) 233 (92) 1258 (550) 542 (233)
CHM DB 100 (17) 42 (8) 1142 (458) 517 (208) 2608 (1142) 1167 (517)

SPZ SM 42 (8) 17 (0) 542 (225) 233 (100) 1058 (542) 458 (233)
PHZ SM 42 (8) 17 (0) 508 (208) 217 (92) 1000 (508) 425 (217)
CHM SM 83 (8) 42 (8) 1058 (442) 475 (200) 2075 (1058) 933 (475)

B1.4GHz 10 µJy arcsec−2 5 µJy arcsec−2 1 µJy arcsec−2

d0 7.5 10 7.5 10 7.5 10

SPZ DB 8275 (3792) 3600 (1650) 18283 (8275) 7950 (3600) 110017 (50767) 47825 (22075)
PHZ DB 7800 (3575) 3342 (1533) 17242 (7800) 7383 (3342) 103783 (47892) 44450 (20517)
CHM DB 16200 (7425) 7267 (3325) 35808 (16200) 16058 (7267) 215517 (99458) 96633 (44592)

SPZ SM 3567 (2208) 1550 (958) 5608 (3567) 2433 (1567) 14325 (9658) 2394 (4200)
PHZ SM 3367 (2083) 1442 (892) 5292 (3367) 2267 (1442) 13508 (9117) 5783 (3900)
CHM SM 6992 (4317) 3133 (1933) 10983 (6992) 492 (3133) 28058 (18925) 12583 (8483)
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6
Conclusions and future outlook

6.1 Physics behind the extrinsic variability in B1600+434

In Chapter 2, we contribute to increase the observational evidence regarding the
extrinsic variability in the gravitational lens B1600+434 reported by Koopmans et al.
(2000). Apart from confirming its presence over a period of four years, we have
identified three different manifestations of extrinsic variability: (i) continuous fluctu-
ations with an rms scatter of∼ 3%, (ii) changes in the flux ratio of the images between
the different observing seasons (separated in time by ∼ 1.5 years), and (iii) two events
with flux variations of 10% and 15% spanning several weeks.

The next step is to establish what is the predominant cause of these fluctuations:
(i) scattering/scintillation by the ISM in the lens galaxy or/and in our own galaxy,
or (ii) microlensing of a jet-component in the quasar, due to compact objects in the
halo of the lens galaxy. As pointed out in Koopmans & de Bruyn (2000), the strong
oppositedependencewith frequencyof these twophysical processesprovidesuswith
a powerful tool to establish the nature of the extrinsic variability. However, validating
the microlensing scenario also requires confirmation that the quasar images have a
core-jet structure.

Theobservations required tomake this kindof analysis are alreadyat ourdisposal.
As indicated in Chapter 2, we have VLA data in another three bands during 3-4
epochs of eight months. We also have 4 VLBA epochs at 15 GHz (spaced by about 50
days), obtained during the season in which the quasar experienced a strong outburst
(season 4 observed in summer 2002, see Fig. 2.3 on page 38). Note that the VLBA
observations presented in Patnaik & Kemball (2001) where made in September 2000,
in a period where the quasar seemed to be in a quiet phase (between our seasons 2
and 3) . If the quasar really has a jet component, it is conceivable that it was very faint
at the time of Patnaik & Kemball observations, explaining why they were not able to
detect it. Our VLBA observations in season 4 might provide the key to address this
question. In addition, the combined flux of both lensed images was monitored with
WSRT at 4.8 GHz, 2.3 and 1.4 GHz for a period of ∼ 60 days during the rise of the
season 4 outburst, leading up to the 1st VLBA observations. The better sampling of
these observations with respect to the VLA campaign (1-2 days compared with 3.3
days) can help to identifymore strong short-term events like the two onesmentioned
before.
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6.2 The nature of SMM J04542−0301

Despite the fact that the work presented in this thesis has contributed substantially to
our understanding of the extended sub-mm emission SMM J04542−0301 (Chapters
3 and 4), there are several questions that need to be answered in order to fully
determine the nature of this system.

First of all, we need to resolve the structure of SMM J04542−0301, to establish
whether the three EROs located in its faint central region (Tc,Td and Tf, see Fig. 4.11
on page 89) and the radio source RJ (see Fig. 4.4 on page 77) are contributing to
the observed sub-mm emission. Before the advent of ALMA, the only instrument
capable to do this is the SMA. Thanks to the sub-arcsecond resolution that it is able
to provide at 890 µm, it might be possible to resolve the sub-mm emission in the
region of the optical arc, helping us to establish a stronger connection between SMM
J04542−0301, the radio sources, and the optical/NIR multiple images.
The radio observations presented in Chapter 3 and 4 already provide strong

evidence in favor of the merger scenario proposed by Borys et al. (2004a). However,
an unambiguous confirmation of this scenario requires the redshifts of the EROs, the
sub-mm emission and the radio emission. Current millimeter facilities can provide
redshift information by detecting (for instance) CO rotational lines, but the relatively
narrow bandwidths of their receivers (< 10 GHz comparedwith the 115 GHz spacing
betweenCO rotational lines)makes the search ofmultiple lines very time-consuming,
and a prior estimate of the redshift of the source is required. Fortunately, blind CO
redshift observations are now possible thanks to Z-Spec, a broadband (∼115 GHz)
millimeter/sub-millimeter spectrograph that has been recently commissioned at the
10.4-m Caltech Sub-millimeter Observatory (Bradford et al. 2009).

The confirmation of the merger scenario would establish SMM J04542−0301 as a
unique high-redshift laboratory to study the morphology and physical properties of
an intrinsically faint sub-mmgalaxywithunprecedented resolution. In fact, our radio
observations indicate the presence of two compact emitting regions embedded in an
extended radio source that seem tobe associatedwith the central dust obscured region
of the merger. Given its faintness, a robust detection and proper characterization of
its properties will require the improved broad-band sensitivity and capabilities (such
as high fidelity imaging of extended low-brightness emission) of the EVLA.

Once all the sources that are contributing to the observed sub-mm emission in
SMM J04542−0301 have been robustly identified, the increased bandwidth and sen-
sitivity of the new receivers that have been installed on the IRAM1 30 m telescope
(located on the Pico Veleta, Spain) and the Plateau de Bure Interferometer (located
in the French Alps), will be well placed to characterize the physical properties of this
system in detail.

1Instituto de Radiastronomı́a Milimétrica
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6.3 Future Outlook

Radio observations of SMGshave been traditionally used to identify their optical/NIR
counterparts, but also to provide estimates of their sizes (Chapman et al. 2004; Biggs
& Ivison 2008). On the other hand, the magnification bias due to the gravitational
lensing effect produced by clusters of galaxies has been used to increase the detection
rate in sub-mm surveys, and constrain the faint flux end of the sub-mm counts (e.g.
Knudsen et al. 2008). The observations presented in Chapter 4, however, illustrate
that the prospects for both radio interferometry and strong gravitational lensing in
clusters of galaxies to study the internal structure of sub-mm galaxies (SMGs) are
also very promising. With the improved sensitivity of the e-MERLIN and the EVLA,
and the revolutionary view of the sub-mm sky that will be provided by ALMA, the
enhanced resolution ofmultiply-imaged SMGsmight permit us, among other things,
to resolve for the first time their different star-forming regions, and help to assess
the connection between starburst and AGN processes that seem to coexist in these
systems.
In order to follow this line of research, there are two important issues that have

to be considered:

• Howoften aremultiply imaged systems like SMM J04542−0301 observed in the
sky. If they are a common phenomenon, it could be possible to make a sample
of lensed faint SMGs, to obtain information about the general properties of this
largely unknown galaxy population.

• Since these lensed systems consist of multiple distorted images, a reliable re-
construction of the source is essential to guarantee an accurate interpretation
of the observations.

6.3.1 Gravitational arc surveys in radio and submm

The reliability of source reconstruction in gravitational lens modeling depends on
the amount of information that the multiple images can provide to constrain the
lens potential (or the lens mass distribution). In this sense, lens systems with ex-
tended source brightness distributions, like giant arcs and Einstein rings, are the
ideal systems to make this kind of studies, because they provide the largest number
of constraints.
For this reason, in Chapter 5 we explore the possibilities of future systematic

studies of arcs due to SMGs. This has been accomplished bymaking the first detailed
predictions of the abundance of arcs produced by this galaxy population (both at sub-
mm and radio wavelengths) as function of surface brightness.
The results indicate that the detection of a statistically significant number of arcs

due to SMGs is not straightforward: it requires to find the best compromise between
survey area, depth and resolution. Therefore, designing the optimal survey will
benefit from predictions of arc abundances as function of both the surface brightness
and the resolution of the interferometer.
On the other hand, despite the fact that our predictions have used the current

observational information about SMGs, there is room for improvement. From the
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four ingredients required to predict arc abundances (source shape and size, source
redshift distribution, source cumulative number counts and a model of the cluster
population), the large uncertainty in the sub-mmnumber counts at fluxes fainter than
1 mJy is dominating the errors in the results. The predictions could also be improved
by using a source size distribution of SMGs obtained from sub-mm observations,
instead of an average size provided by radio observations. However, since the effect
of source size on lensing cross sections is quite mild, we do not expect a large effect
on the derived arc abundances.

6.3.2 Lens modeling and source reconstruction

In the last few years, the development of lens modeling methods for optical obser-
vations has experienced an important development thanks to the use of pixel-based
image reconstruction techniques (e.g. Warren & Dye 2003; Suyu et al. 2006; Koop-
mans 2005; Brewer & Lewis 2006; Vegetti & Koopmans 2009a), which permit to fully
exploit all the constraints provided by lens systems with extended source brightness
distributions (like giant arcs and Einstein rings).
However, the use of radio and sub-mm arcs produced by SMGs to obtain infor-

mation about their internal structure will require to further develop these kind of
lens modeling techniques in two fronts:

• All these different methods have been implemented to study systems where
the lens is a galaxy. The next step is to increase the degree of complexity
by providing models of galaxy clusters that are suitable to study the lensed
sources.

• Most of the work is focused on optical data. However, a combined multi-
wavelength analysis of arcs and Einstein rings can provide much more con-
strains for the lens model than the optical data alone.

The main challenge of a full multi-wavelength approach is the intrinsic difference
between single dish and interferometric observations. To date, the LensClean code
(Wucknitz 2004) is the only lensmodeling software that takes the effects of incomplete
UV coverage of interferometric observations into account.



Samenvatting

De structuur van het universum

Het zichtbare universum is samengesteld uit verscheidene componenten, waarvan
gas (voornamelijk waterstof) de meest eenvoudige en meest voorkomende compo-
nent is. Dit gas is verspreid in de ruimte, waar het wolken vormt die soms samen-
trekken door de onderlinge aantrekking tussen de atomen en moleculen als gevolg
van de zwaartekracht. Wanneer de dichtheid en druk in het centrum van de wolk
groot genoeg zijn, vinden er nucleaire fusiereacties plaats tussen de deeltjes, waarbij
grote hoeveelheden energie vrijkomen. Deze energie wordt uitgestraald in de vorm
van licht (straling). Door de druk die deze straling uitoefent, stopt de samentrekking
van de wolk en op dat moment is de wolk een ster geworden.
Tijdens het leven van een ster zetten de nucleaire reacties in het binnenste van die

ster dewaterstof om in ander elementen, zoals zuurstof en koolstof. Als de elementen
die deze reacties op gang houden opraken, kan de ster plotseling ineenstorten en een
grote explosie veroorzaken (die een supernova wordt genoemd). Door deze explosie
wordt de materie die is gevormd in de ster gemengd met het omringende gas,
waardoor nieuwe complexe moleculen en stofdeeltjes worden gevormd.
De zwaartekracht vormt niet alleen de sterren, maar houdt ze ook bij elkaar in

grote structuren die sterrenstelsels of melkwegstelselsworden genoemd. Zulke stelsels
kunnen tot wel 100 miljard sterren bevatten. De Melkweg, bijvoorbeeld, is het
stelsel waarin de zon en het zonnestelsel zich bevinden. Net zoals sterren, vormen
melkwegstelsels ook groepen van 50 tot 100 stelsels diemelkwegstelsel clustersworden
genoemd. De melkwegstelsels en clusters (en het gas verdeeld tussen de stelsels)
zijn verdeeld in het universum in een structuur die erg lijkt op schuim: de grote schaal
structuur, of ook wel het kosmisch web genoemd (zie Figuur 1).

Het elektromagnetische spectrum

Het licht dat we kunnen zien met onze ogen is slechts een klein deel van het hele zo-
geheten elektromagnetische spectrum. Licht is samengesteld uit elektromagnetische
golven, die vergelijkbaar zijn met de golven die je krijgt in een touw als je een van
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Figuur 1: Schematische illustratie van de structuur van het universum. Afbeelding A
toont een computersimulatie van de grote schaal structuur. Binnen deze structuur bevinden
zich de clusters van melkwegstelsel, weergegeven in afbeelding B met de cluster Abell 1689.
Afbeelding D toont Messier 51, een mooi voorbeeld van een melkwegstelsel. Dit soort stelsels
met spiraalarmen zit volmet stervormingsgebieden (die bestaan uit gas, sterren en stofwolken)
zoals het gebieddat isweergegeven inafbeeldingC.Als laatste toont afbeeldingEeen illustratie
zien van ons zonnestelsel, dat zich in één van de spiraalarmen van de Melkweg bevindt. Zie
Figuur 1 op pagina 150 voor een kleuren versie.
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Figuur 2: Het elektromagnetische spectrum Zie Figuur 2 op pagina 151 voor een kleuren
versie.

de uiteinden op en neer schudt. De elektromagnetische golven zijn verdeeld in zes
groepen op basis van hun golflengte: radio-, infrarood- (IR), zichtbare, ultraviolet-
(UV), röntgen-, en gammastraling (zie Figuur 2). Al deze verschillende soorten licht
komen we in het dagelijks leven tegen. Een goed voorbeeld daarvan is, uiteraard,
onze zon. Behalve zichtbaar licht, zendt de zon ook UV-straling uit, waar we bruin
van worden op het strand en IR-stralen, die we voelen als de warmte van de zon.
Radiogolven worden gebruikt door televisies en radio’s om gegevens te verzenden
en ontvangen. En röntgenstraling wordt bijvoorbeeld gebruikt in de geneeskunde
om de botten en weefsels in het lichaam te bekijken.

De hoeveelheid licht die eenmelkwegstelsel uitzendt bij verschillende golflengtes
is net als de voetafdruk van een dier: een unieke “handtekening” die we kunnen
gebruiken om verschillende soorten (of families) melkwegstelsels te onderscheiden.
Aangezien alle verschillende componenten van een melkwegstelsel ook hun eigen
“licht voetafdruk” hebben, kunnen waarnemingen van stelsels in verschillende golf-
lengtes ons helpen bij (i) het onderscheiden van de verschillende componenten, (ii)
het bepalen van de chemische samenstelling en fysische eigenschappen van die com-
ponenten en (iii) het begrijpen hoe deze componenten op elkaar inwerken. Figuur 3
illustreert dit door te laten zien hoe de Melkweg er uitziet bij verschillende golfleng-
tes. De afbeelding die gelabeld is met optical laat bijvoorbeeld zien hoe de Melkweg
eruit ziet in zichtbaar licht. Behalve sterren en heldere gaswolken (die verlicht wor-
den door de sterren), zijn er ook gebieden die helemaal donker zijn. Echter, als we
nu naar de infrarood afbeelding (infrared) kijken, zien we het omgekeerde: bijna alle
sterren zijn verdwenen en de donkere gebieden zijn ineens het erg helder geworden.
De reden hiervoor is dat deze donkere wolken bestaan uit stofdeeltjes die het zicht-
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Figuur 3: DeMelkwegwaargenomenbij verschillendegolflengtes. Vanbovennaar beneden
laten deze foto’s zien: straling van atomair waterstof, radio continuüm straling (synchrotron
straling), straling van moleculair waterstof, infraroodstraling, zichtbaar licht, röntgenstraling
en Gammastraling. Zie Figuur 3 op pagina 154 voor een kleuren versie.

bare licht van de sterren absorberen. Hierdoor warmt het stof op en straalt het de
opgevangen energie weer uit in de vorm van infraroodstraling.
Demeestewaarnemingen indit proefschrift zijnwaarnemingenvan radiostraling.

Deze straling heeft het voordeel dat ze niet wordt geabsorbeerd door stofwolken,
zodatwe rechtstreeks kunnen zienhoedemelkwegstelsels er uitzien. In het bijzonder
richten we ons op de zogeheten radio synchrotron straling, die wordt uitgezonden
door elektrisch geladen deeltjes (elektronen) die met extreem hoge snelheid door
het melkwegstelsel bewegen. Deze straling is in Figuur 3 aangegeven met radio
continuüm. De elektronen worden waarschijnlijk geproduceerd en versneld door de
schokken die vrijkomen bij een supernova explosie. De sterren die deze explosies
veroorzaken zijn dezelfde als degene die ook het stof verwarmen. Hierdoor laten
zowel de radio synchrotron als de infrarood straling zien waar in eenmelkwegstelsel
sterren worden gevormd. Dit is geı̈llustreerd in Figuur 3, die laat zien dat de heldere
gebieden in de radio continuüm straling (aangegeven met groen, geel en rood) en de
heldere, witte gebieden in het infrarood veel overeenkomsten hebben.

De studie van de vorming en evolutie van melkwegstelsels

Vanwegede immense ruimte tussenmelkwegstelsels is de bestemanier omafstanden
in het heelal uit te drukken de tijd die het licht van een melkwegstelsel nodig heeft
om ons te bereiken2. Deze afstanden worden uitgedrukt in lichtjaren, de afstand
die het licht in één jaar aflegt (meer dan 60 duizend keer de afstand van de aarde
tot de zon). Bijvoorbeeld: de afstand tot Andromeda (een van de dichtstbijzijnde

2De snelheid van het licht is de hoogst mogelijke snelheid in het universum.
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melkwegstelsels) is 2,5 miljoen lichtjaar. Doordat het licht er zo lang over doet om
ons te bereiken, zien we melkwegstelsels niet zoals ze nu zijn, maar zoals ze er
vele jaren geleden uitzagen. Dus door te bestuderen hoe de eigenschappen van
melkwegstelsels veranderen met de afstand, kunnen we zien hoe melkwegstelsels
zijn geëvolueerd tussen het moment dat ze voor het eerst verschenen in het heelal en
nu.
Afhankelijk van de eigenschap van melkwegstelsels die we willen bestuderen en

de golflengte waarbij we ze waarnemen, zijn melkwegstelsels ingedeeld in een groot
aantal verschillende “families”. Het gevolg is dat twee stelsels die bijvoorbeeld tot
dezelfde familie behoren inhet zichtbare licht, tot tweeverschillende families behoren
bij radio golflengtes. Deze situatie wordt nog complexer doordat melkwegstelsels
ookkunnenbotsen enzich samenvoegen, zodat eengeheel nieuwstelsel ontstaat. Het
proberen te begrijpen hoe melkwegstelsels ontstaan, hoe de verschillende families
overlappen en hoe sommige families van melkwegstelsels evolueren in andere, is
een van de belangrijkste onderzoeksonderwerpen binnen de moderne sterrenkunde
(en de belangrijkste motivatie van dit proefschrift).

Zwaartekrachtlenzen

Behalve het bijeenhouden van melkwegstelsels en clusters, kan de sterke zwaar-
tekracht van deze zware objecten de ruimte vervormen. Dit is te vergelijken met
een bowlingbal (het zware object) die op een trampoline (de ruimte) ligt (zoals
geı̈llustreerd in Figuur 4). In dit voorbeeld beweegt het licht zich over het oppervlak
van de trampoline en het is dus eenvoudig voor te stellen dat als het licht dicht langs
een zwaar object gaat de lichtstraal wordt afgebogen door de vervorming van de
ruimte.
Dit betekent dat als er zich eendergelijk zwaar object bevindt tussen ons en eenver

weg gelegen melkwegstelsel, dit object lichtstralen in onze richting kan “buigen” die
anders langs ons heen zouden zijn gegaan. Hierdoor werkt het zware object als een
enorm vergrootglas (een dergelijk object wordt dan een zwaartekrachtlens genoemd)
dat verscheidene vergrote en vervormde afbeeldingen van het achtergrondstelsel kan
produceren. In extreme gevallen zien de afbeeldingen er uit als lang gerekte objecten,
die zwaartekrachtbogen worden genoemd.
Een andere belangrijke eigenschap van deze meervoudige afbeeldingen is dat

het licht van elk van hen een ander traject volgt, met een andere lengte. Als de
achtergrondbron in helderheid verandert (als gevolg van een proces in de bron) zal
deze verandering niet in alle afbeeldingen tegelijkertijd te zien zijn. Het tijdsverschil
tussen de momenten waarop een verandering in verschillende afbeeldingen wordt
waargenomen wordt de tijdsvertraging genoemd. Afhankelijk van de zwaartekracht-
lens kan de tijdsvertraging enkele uren tot jaren duren.

Het werk in dit proefschrift

Dit proefschrift laat zien hoe sterke zwaartekrachtlenzen, waargenomen in radio
straling, kunnen worden gebruikt om informatie te krijgen over de interne structuur
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Figuur 4: Het effect van een zwaartekrachtlens. Door de aanwezigheid van een zwaar object
(de zwaartekrachtlens) tussendewaarnemer en eenmelkwegstelsel opde achtergrondworden
lichtstralen die normaal gesproken de waarnemer niet zouden bereiken (aangegeven met de
gestreepte pijlen), in de richting van de waarnemer afgebogen. Hierdoor ziet de waarnemer
verscheidene afbeeldingen van het stelsel (in dit voorbeeld twee), welke zijn vergroot en
vervormd.

van ver weg gelegen melkwegstelsels. Dit is op twee manieren gedaan: (i) door
het bestuderen van de lens van het zwaartekrachtlens systeem B1600 + 434 en (ii)
door het bestuderen van de meervoudige afbeeldingen van een ver weg gelegen
melkwegstelsel die worden geproduceerd door de cluster MS0451.6 − 0305.

De studie van de zwaartekrachtlens B1600+434

B1600+434 is een zwaartekrachtlensdie ontdekt is in 1995, waarin eenmelkwegstelsel
twee afbeeldingen van het centrale gedeelte van een achter gelegen stelsel produceert
(zie Figuur 2.1 op pagina 32).
Een eerdere studie van dit systeem in radiostraling vond aanwijzingen dat de

helderheid van één van de afbeeldingen snel varieerde gedurende een periode van
acht maanden in 1998. Aangezien de variaties alleen zijn waargenomen in één van
de afbeeldingen, lijken deze niet afkomstig te zijn van achtergrondbron, maar te
worden veroorzaakt door de zwaartekrachtlens. Een mogelijke verklaring voor dit
fenomeen isdat het gas inhet lens-stelsel (of indeMelkweg)de radiogolvenverstoort.
Een andere mogelijkheid is dat deze variaties het gevolg zijn van kleine objecten
in de buitenste gebieden van het lens-stelsel die zich gedragen als kleine, extra
zwaartekrachtlenzen. Deze laatste mogelijkheid is erg interessant, omdat dit zou
betekenen dat we, door het bestuderen van de helderheidsveranderingen, informatie
zouden kunnen krijgen over de structuur van de zwaartekrachtlens.
Voordat we proberen er achter te komen welk van de twee eerder genoemde

verklaringen de juiste is, is het belangrijk om te bevestigen dat de waargenomen
variaties echt zijn. Daarom is B1600 + 434 opnieuw bestudeerd gedurende drie peri-
odes van acht maanden tussen 1999 en 2002. De resultaten van deze waarnemingen
zijn gepresenteerd in het tweede hoofdstuk en laten zien dat de variaties in één van
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de afbeeldingen aanwezig zijn in alle periodes. Dit bevestigt dat iets in de zwaarte-
krachtlens de afbeeldingen beı̈nvloedt.

Een ander belangrijk resultaat van deze waarnemingen is dat we de meest nauw-
keurige tijdsvertraging tot nu toe hebben kunnen bepalen van dit systeem. Dit is een
cruciaal onderdeel van het proberen te verklaren van de waargenomen helderheids-
veranderingen.

Het gebruik van clusters van melkwegstelsels als natuurlĳke telescopen

Vanwege het vergrotende effect van zwaartekrachtlenzen kunnen clusters van melk-
wegstelsels gebruikt worden als natuurlijke telescopenwaarmeewe ver weg gelegen
objecten kunnen zien die te zwak zijn om waar te kunnen nemen met de huidige
telescopen.

Een geweldig voorbeeld is de cluster MS0451.6 − 0305, die verscheidene afbeel-
dingen in het zichtbare licht produceert die zich lijken te bevinden in een veel groter
gebied van infrarood straling. Van de afbeeldingen in zichtbaar licht wordt gedacht
dat ze van een systeem van drie botsende melkwegstelsels afkomstig zijn. Aange-
zien dergelijke botsingen tussen stelsels de vorming van grote hoeveelheden sterren
en stof kunnen veroorzaken, is het mogelijk dat de waargenomen infrarood straling
van dat stof afkomstig is. Als deze aanname correct is, zouden we gebruik kunnen
maken van het “vergrootglas effect” van clusters om de interne structuur van dit
interessante systeem nader te bestuderen.

Het probleem is echter dat de huidige instrumenten voor het waarnemen van in-
fraroodstraling vanverweggelegenmelkwegstelsels een veel lagere resolutie hebben
dan de telescopen voor zichtbaar licht. Het is dus mogelijk dat de infraroodstraling
afkomstig is van een ander stelsel en dat de grote afmeting van het infraroodgebied
niet veroorzaakt wordt door het feit dat de straling afkomstig is van drie stelsels,
maar dat het in werkelijkheid komt door de lage resolutie van de telescoop. Omdeze
vraag te beantwoorden is een deel van dit proefschrift (Hoofdstuk 3 en 4) gewijd aan
de studie van dit systeem met behulp van radiowaarnemingen. Zoals eerder ver-
meld, zijn radio afbeeldingen vergelijkbaar met infrarood afbeeldingen (beide laten
gebieden van stervorming zien), maar ze hebben het voordeel dat ze een veel hogere
resolutie hebben. Hierdoor kunnen radiowaarnemingen ons helpen bij het bepalen
of de meervoudige afbeeldingen in zichtbaar licht en de infraroodstraling afkomstig
zijn van dezelfde melkwegstelsels.

De resultaten van deze waarnemingen laten zien dat het grootste deel van de
infraroodstraling gerelateerd lijkt te zijn aan de meervoudige afbeeldingen die zijn
waargenomen in het zichtbare licht. Dit houdt in dat de hypothese van de drie bot-
sendemelkwegstelsels hoogstwaarschijnlijk correct is. We constateerden ook dat een
deel van de infrarood straling mogelijk afkomstig is van een ander melkwegstelsel.

De toekomst

Infrarood en radio waarnemingen van ver weg gelegen melkwegstelsels zullen bin-
nenkort een grote ontwikkeling ondergaan dankzij de bouw van betere telescopen.
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Een van deze instrumenten is ALMA3 die bestaat uit 66 onderling verbonden tele-
scopen die samen een grote telescoop vormen (een dergelijke telescoop wordt een
interferometer genoemd). Dit instrument, dat over twee of drie jaar in gebruik
zal worden genomen, zal waarnemingen met ongekende resolutie en gevoeligheid
mogelijk maken van ver weg gelegen stelsels in een golflengtegebied tussen het in-
frarood en radio. Aan de andere kant worden de bestaande radio interferometers
VLA4 enMERLIN5 op ditmoment geüpgrade, zodat ze onder andere zwakke stelsels
makkelijker waar kunnen nemen.
Met behulp van deze nieuwe instrumenten is het mogelijk andere systemen van

meervoudige afbeeldingen, zoals het systeem dat bestudeerd is in Hoofdstuk 4, waar
te nemen. Dit biedt de mogelijkheid informatie te krijgen over de algemene eigen-
schappen van deze familie van melkwegstelsels (de zogeheten submillimeter stelsels).
Om deze reden hebben we in Hoofdstuk 5 theoretische voorspellingen gedaan over
het aantal zwaartekrachtbogen dat wordt geproduceerd door deze familie van stel-
sels en dat kan worden waargenomen met toekomstige telescopen als ALMA, VLA
en MERLIN. In de toekomst zal het mogelijk zijn onze berekeningen te gebruiken
om optimale strategieën te ontwikkelen die een zo groot mogelijk aantal waarne-
mingen van zwaartekrachtbogen, geproduceerd door submillimeter stelsels, zullen
opleveren.

3Het acroniem ALMA komt van de Engelse naam: Atacama Large Millimeter Array.
4Het acroniem VLA komt van de Engelse naam: Very Large Array.
5MERLIN komt van het EngelseMulti-Element Radio Linked Interferometer Network.



Resumen

La estructura del Universo

El Universo visible está compuesto de varios elementos, entre los cuales hidrógeno
en forma gaseosa es el más básico y abundante de todos. Este gas está distribuido
inomogéneamente en el espacio, formando nubes que a veces colapsan debido a la
atracción gravitatoria entre los átomos y las moléculas que lo componen. Cuando la
presión y densidad en el centro de la nube son suficientemente grandes, las partı́cu-
las de gas interaccionan unas con otras a través de reacciones nucleares de fusión,
produciendo enormes cantidades de energı́a que es emitida en forma de radiación
(luz). Gracias a la presión proporcionada por esta radiación, el colapso de la nube
cesa dando lugar al nacimiento de una nueva estrella.
Durante la vida de una estrella tı́pica, las diferentes reacciones nucleares que

tienen lugar en su interior transforman hidrógeno en otros elementos, como oxı́geno
y carbón. Cuando los elementos que mantienen estas reacciones activas se agotan,
la estrella puede colapsar de forma violenta produciendo una enorme explosión (lo
que se conoce comunmente como supernova). De este modo, el material de la estrella
se mezcla con el gas de los alrededores formando moleculas complejas y polvo.
La gravedad no sólo da lugar a la formación de estrallas, sino que también las

agrupa en estructuras llamadas galaxias, que pueden llegar a contener cientos de
millones de estrellas. La Vı́a Láctea, por ejemplo, es la galaxia en la que se encuentran
el Sol y nuestro Sistema Solar. Del mismo modo, las galaxias también se pueden
encontrar formando agregados que se conocen como cúmulos de galaxias, que suelen
tener entre 50 y 100miembros. Las galaxias y los cúmulos de galaxias (ası́ como el gas
entre ellos) están distribuı́dos en el Universo formando una estructura cuya forma es
muy parecida a la de la espuma: la estructura a gran escala, también conocida como la
red cósmica (ver Fig. 1).

El espectro de la luz

La luz que se puede ver con los ojs sólo es una pequeña parte de lo que se conoce
como el espectro electromagnético. La luz está compuesta de ondas electromagnéti-
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Figura 1: Ilustración esquemática de la estructura del Universo. El panel A muestra una si-
mulación por ordenador de la estructura a gran escala. Dentro de esta estructura se encuentran
los cúmulos de galaxias, ilustrados en le panel B con una imagen del cúmulo Abell 1689. Un
ejemplo de galaxia es Messier 51, cuya imagen se muestra en el panel D. Este tipo the galaxias
con brazos espirales estan llenas de regiones de formación estelar (compuestas de gas, estrellas
y nubes de polvo) como la que se muestra en el panel C. Finalmente, el panel E muestra una
ilustración de nuestro Sistema Solar, que se encuentra en uno de los brazos espirales de la
galaxia Vı́a Láctea.
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Figura 2: El espectro electromagnético.

cas, similares a las ondas que se producen en una cuerda cuando se agita uno de
sus extremos. Estas ondas electromagnéticas se dividen en seis grandes grupos de-
pendiendo de su longitud de onda: radio, infrarrojo (IR), visible, ultravioleta (UV)
rayos-X y rayos-Gamma (ver Fig. 2).
Todos estos diferentes tipos de luz están presentes en nuestra vida diaria. Un

buen ejemplo es, por supuesto, nuestro Sol. A parte de la luz visible, también emite
radiación UV que nos pone morenos en la playa, y radiación IR que percibimos
como calor. Por otro lado, las ondas de radio son utilizadas por radios y televisiones
como medio de transmisión y recepción de información. En cambio, los rayos-X son
utilizados en medicina para hacer fotografı́as de los huesos y tejidos que tenemos en
el interior de nuestro cuerpo.
La cantidad de luz que una galaxia emite en diferentes longitudes de onda es

similar a las huellas de los animales: un rasgo único que nos permite distinguir entre
diferentes “especies” (o familias) de galaxias. Y como cada componente de la galaxia
también tiene su propia “huella de luz”, imágenes de galaxias tomadas a diferentes
longitudes de onda pueden ayudarnos a (i) distinguir los diferentes componentes de
una galaxia, (ii) determinar su composición quı́mica y propiedades fı́sicas (como la
temperatura, la masa y la densidad), y (iii) entender cómo todos estos componentes
interaccionan entre ellos. A modo de ilustración, la Fig. 3 muestra el aspecto de la
Vı́a Láctea cuando es observada a diferentes longitudes de onda.
La imagen señalada con la palabra optical6, por ejemplo, muestra cómo se ve

nuestra galaxia en luz visible. Resulta interesante mencionar que, a parte de las
estrellas y las nubes de gas brillante (las cuales están siendo iluminadas por estrellas

6palabra inglesa que significa óptico.
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que se encuentran detrás de ellas), también hay regiones muy oscuras por todas
partes. Sin embargo, si ahora miramos a la imagen tomada en el infrarrojo nos
encontramos justo lo contrario: basicamente todas las estrellas han desaparecido, y
las regiones oscuras se han convertido en las zonas más brillantes de la galaxia. El
motivo es que estas nubes oscuras estan compuestas de polvo, que absorbe la luz
visible producida por las estrellas que hay detrás de ellas. De este modo el polvo se
calienta, reemitiendo la luz visible en forma de radiación infrarroja.

En esta tesis, la mayorı́a de las observaciones han sido hechas en radio, que
tienen la ventaja de que estas ondas no son absorvida por nubes de polvo (lo que
significa que podemos ver el aspecto que tiene la galaxia detrás de ellas). En concreto,
nos concentramos en la llamada radiación sincrotrón, que es emitida por partı́culas
cargadas eléctricamente (electrones) que se mueven a velocidades extremadamente
altas dentro de la galaxia. En la Fig. 3, esta emisión corresponde al panel indicado
como radio continuumemissión de radio continuo. Estos electrones son probablemente
producidos y acelerados en los choques generados por las supernovas, que es la
forma en la que muere una parte de las estrellas que calientan el polvo (las más
masivas). Como resultado, tanto la radiación sincrotrón como la radiación infrarroja
proporcionan fotografı́as de las regiones de la galaxia donde está teniendo lugar la
formación de estrellas. De hecho, como se muestra en la Fig. 3, las regiones brillantes
en la imagen que muestra la emisión de radio continuo (indicadas en verde, amarillo
y rojo) y las regiones blancas en la imagen infrarroja son muy similares.

El estudio de las galaxias

Debido a la inmensa cantidad de espacio que hay entre las galaxias, lamejor forma de
expresar la distancia a la que se encuentran esmediante la cantidad de años que la luz
(que es lo más rápido del Universo) tarda en viajar desde esa galaxia hasta nosotros.
Esta distancia se mide en años luz, que es la distancia que la luz recorre en un año
(más de sesenta mil veces la distancia que hay entre la Tierra y el Sol). Por ejemplo,
la galaxia de Andrómeda, que es una de las galaxias más cercanas a nosotros, se
encuentra a 2.5 millones de años luz. Eso significa que no vemos las galaxias como
son ahora, sino como eran muchı́simo años atrás. Por lo tanto, estudiando cómo las
propiedades de las galaxias cambian con la distancia, se puede ver cómo las galaxias
han evolucionado desde el primer momento en que aparecieron en el Universo hasta
ahora.

Dependiendo de la propiedad de la galaxia que se quiere estudiar, y de la lon-
gitud de onda a la que se observa, las galaxias han sido clasificadas en muchas
familias diferentes. Como resultado, dos galaxias que pertenecen a la misma familia
en el óptico pueden, por ejemplo, pertenecer a diferentes familias en radio. Y por
si fuera poco, las galaxias también pueden chocar y mezclarse entre ellas creando
otra galaxia completamente diferente. Comprender como se formaron las galaxias,
como se superponen las diferentes familias, y como algunas familias envolucionan
hasta convertirse en otras, son algunos de los temas de investigación principales de
la Astrofı́sica moderna (que constituyen el marco de esta tesis).
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Lentes Gravitatorias

A parte de mantener juntas las galaxias y los cúmulos de galaxias, el poderoso efecto
gravitacional producido por estos objetos masivos también deforma el espacio que
los rodea. Es parecido a lo que pasa si ponemos una bola de bolos encima de una cama
elástica, como se ilustra en la Fig. 4. En este ejemplo, los rayos de luz se propagan
sobre la cama elástica, por lo que su trajectoria cambia cuando se acercan a un objeto
masivo debido a la deformación del espacio.
Por lo tanto, la presencia de uno de estos objectos masivos entre nosotros (el

observador) y una galaxia lejana, puede desviar rayos de luz en nuestra dirección
que de lo contrario nunca nos hubieran alcanzado. De este modo, el objeto masivo
actúa como una lupa gigante (al cual se refiere normalmente como lente gravitatoria)
que puede producir múltiples imagenes agrandadas y distorsionadas de la galaxia
de fondo. En algunas ocasiones, las distorsiones hacen que las imágenes parezcan
brillantes objetos alargados que se conocen como arcos gravitacionales.
Otra propiedad importante de estas imágenes múltiples es que la luz que recibi-

mos de cada una de ellas sigue un camino diferente que tiene una longitud diferente.
Por lo tanto, si la galaxia lejana que está detrás de la lente se vuelve más brillante
(debido a algún proceso fı́sico que tiene lugar dentro de la galaxia), este cambio no se
verá en todas las imágenes múltiples de manera simultánea. El intervalo de tiempo
entre el momento en que el mismo cambio de ve en dos imágenes se llama tiempo
de retardo. Dependiendo de la lente gravitatoria, el tiempo de retardo puede variar
desde horas hasta varios años.

El trabajo de esta tesis

Esta tesis ilustra cómo lentes gravitatorias observadas en radio pueden ser utilizadas
como herramientas para obtener información sobre la estructura interna de galaxias
lejanas. Esto se lleva a cabo de dos formas: (i) estudiando la lente que forma parte
de la lente gravitatoria B1600+434, y (ii) estudiando las imágenes múltiples de una
galaxia lejana producidas por el cúmulo de galaxias MS0451.6-0305.

Estudio de la lente gravitatoria B1600+434

B1600+434, descubierta en 1995, es una lente graviatoria en la que una galaxia
está produciendo dos imágenes del núcleo de otra galaxia de fondo (ver Fig. 2.1
en la página 32). Un estudio previo de este sistema en radio indicó que el brillo de
una de las imágenes estuvo cambiando rápidamente en 1998 durante un periodod
de ocho meses. Como estas variaciones solo aparecen en una de las imágenes, parece
que no están teniendo lugar en la galaxia de fondo, sino que son debidas a la galaxia
que actúa como lente. Una posible explicación de este fenómeno es que el gas en
la lente (o en nuestra propia galaxia) está perturbando la propagación de las onas
de radio. Otra posibilidad es que los cambios sean debidos a la presencia de objetos
compactos en la zona exterior de la lente, que actúan como lentes gravitatorias más
pequeñas.
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Figura 3: La Vı́a Láctea, vista en diferentes longitudes de onda. Las imágenes, ordenadas de
arriba a abajo, muestran: emisión del hidrógeno atómico, emisión de radio continuo (radiación
sincrotrón), emisión del hidrógenomolecular, radiación infrarroja, luz visible (óptica), emisión
de rayos X, y emisión de rayos Gamma.

Antes de intentar averiguar cuál de las dos explicaciones es la correcta, es impor-
tante confirmar que los cambios de brillo son reales. Por este motivo, B1600+434 fue
observada de nuevo durante otros tres periodos de ochomeses entre 1999 y 2002. Los
resultados de estas observaciones, presentados en el segundo Capı́tulo de esta tesis,
muestran que los cambios de brillo están presentes durante todas las observaciones,
confirmando que algo en la lente está afectando una de las imágenes. Otro resultado
importante obtenido gracias a estas observaciones es que hemos sido capaces de
medir el tiempo de retardo más preciso de esta lente hasta la fecha, el cual es un
ingrediente fundamental en el proceso de tratar de explicar el origen de los cambios
de brillo.

El uso de lentes gravitatorias como telescopios naturales

Debido al podermagnificador de las lentes gravitatorias, cúmulos de galaxias pueden
ser utilizados como telescopios naturales para ver galaxias lejanas que, de otromodo,
no podrı́an ser detectadas con los instrumentos actuales.

Un gran ejemplo es el cúmulo MS0451.6-0305, el cual está produciendo varias
imágenes múltiples en el óptico que parecen estar situadas dentro de una región
muchomas extensa que está emitiendo radiación infrarroja. Se cree que las imágenes
en el óptico están siendo originadas por tres galaxias lejanas que están chocando entre
ellas. Por lo tanto, como la colisión de galaxias desencadena la formación de largas
cantidades de estrellas y polvo, es posible que la radiación infrarroja esté siendo
producida por el polvo generado en esta colisión galáctica. Si esta interpretación
resulta ser cierta, se podrı́a aprovechar el “efecto lupa” del cúmulo de galaxias para
estudiar las propiedades internas de este interesante choque galáctico en detalle.
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Figura 4: El efecto de lente gravitatoria. Debido a la presencia de un objeto masivo (lente
gravitatoria) entre el observador y una galaxia de fondo, rayos de luz que en principio nunca
hubieran alcanzado al observador (indicados con lineas discontinuas) son desviados en su
dirección. Como resultado, el observador ve varias imágenes de la galaxia de fondo (dos en
este ejemplo en particular) que has sido agrandadas y distorsionadas.

El problema es que la resolución de los instrumentos actuales capaces de detectar
la radiación infrarroja producida por galaxias lejanas es mucho peor que la resolu-
ción de los instrumentos ópticos. Por lo tanto, es posible que la radiación infrarroja
esté siendo producida por otra galaxia completamente diferente. Sin embargo, como
la vemos tan grande por culpa de la baja resolución, parece estar asociada con las
imágenes múltiples cuando en realidad no es el caso. Con el fin de responer esta
pregunta, parte de esta tesis (los Capı́tulos 3 y 4) están dedicados al estudio de este
sistema usando observaciones en radio. Como fue mencionado anteriormente, las
imágenes en radio son como las imágenes en infrarrojo (en el sentido de que ambas
muestran las regiones de formación estelar dentro de la galaxia), pero con la ventaja
de tener mucha mejor resolución. Por lo tanto, observaciones en radio pueden ayu-
darnos a establecer si las imágenes múltiples en el óptico y la emisión infrarroja están
siendo producidas por las mismas galaxias.
Los resultados de estas observaciones muestran que la mayorı́a de la emisión

infrarroja parece estar relacionada con las imágenes múltiples en el óptico, y que la
hipótesis de las tres galaxias en colisión parece ser correcta. También hemos encontra-
do que parte de la emisión infrarroja (la que se encuentra entre las dos regiones donde
están situadas la imágenes múltiples) podrı́a ser debida a otra galaxia diferente.

Perspectivas de futuro

Las observaciones de galaxias lejanas en el infrarrojo y en radio están a punto de expe-
rimentar un desarrollo tremendo gracias a la construcción de nuevos telescopios más
potentes. Entre ellos se encuentra, por ejemplo, el revolucionario telescopio interna-
cional ALMA7, compuesto por 66 radio telescopios interconectados que actúan como

7acrónimo procedente del nombre inglés Atacama Large Millimeter Array.



156

un único telescopio gigantesco (lo que comúnmente se conoce como interferómetro).
Este instrumento, que se espera será completamente operativo dentro de dos o tres
años, será capaz de propocionar imágenes de galaxias lejanas sin precedentes en el
rango de longitudes de onda infrarrojasmás largas (la región entre la banda infrarroja
y la de radio). Por otro lado, los radio interferómetros VLA8 yMERLIN9 están siendo
actualizados en este momento para, entre otras cosas, poder detectar galaxias débiles
más facilmente.
Con ayuda de estos nuevos telescopios serı́a posible detectar otros sistemas de

imágenes múltiples como es estudiado en el Capı́tulo 4, permitiéndonos obtener in-
formación acerca de las propiedades generales de esta familia de galaxias (conocida
como galaxias submilimétricas). Por este motivo, en el Capı́tulo 5 hemos hecho predic-
ciones teóricas sobre el número de arcos gravitatorios producidos por esta familia
de galaxias que telescopios como ALMA, el VLA yMERLIN serán capacez de detec-
tar. Nuestros cálculos podrán ser utilizados en el futuro para diseñar una estrategia
observacional óptima que nos permita detectar el major número posible de arcos
gravitationales producidos por galaxias submillimetricas.

8acrónimo procedente del nombre inglés Very Large Array.
9del nombre inglés Multi-Element Radio Linked Interferometer Network, que quiere decir “Red interfe-

rométrica de múltiples radio elementos interconectados”.
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