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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



16 chapter 1: Introduction

1

1

2

3

2

3

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.
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• 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.




