
UNIVERSIDADE FEDERAL DO RIO GRANDE DO SUL

PROGRAMA DE PÓS-GRADUAÇÃO EM FÍSICA

INSTITUTO DE FÍSICA
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Resumo

Como as galáxias se formam e evoluem ainda é uma questão em aberto na Astronomia
moderna e caracterizar galáxias em altos desvios para o vermelho pode fornecer informações
sobre esse processo. Galáxias submilimétricas são uma população importante em z ∼ 2− 4,
já que elas possuem uma alta atividade de formação estelar com taxas de formação estelar
indo de 100 a 1000 M� ano−1 e luminosidades no infravermelho > 1012L�. Galáxias sub-
milimétricas podem ser magnificadas devido ao efeito de lentes gravitacionais, aumentando
a resolução espacial e a razão sinal-rúıdo da observação, assim possibilitando o estudo dessas
galáxias com um grande ńıvel de detalhe. A detecção de galáxias submilimétricas lenteadas
também permite a investigação do objeto que atua como lente, o qual pode ser uma galáxia,
um grupo ou um aglomerado de galáxias. Estudar a distribuição de massa desses sistemas
pode fornecer v́ınculos em como a estrutura em grande escala do Universo se formou e
evoluiu. A distribuição de massa de grupos de galáxias é particularmente interessante, já
que eles fazem a ponte entre galáxias individuais e aglomerados de galáxias. Sabe-se que
o lenteamento gravitacional é uma ferramenta útil para medir distribuição de massa para
uma ampla variedade de sistemas. Nesse trabalho nós estudamos o sistema HELMS18, um
grupo de galáxias com duas galáxias centrais, uma eĺıptica e um quasar, em z = 0.6 que está
lenteando gravitacionalmente uma galáxia submilimétrica em z = 2.39, do Herschel HerMES
Large Mode Survey (HELMS). Apresentamos o modelamento desse grupo de galáxias que
atua como lente gravitacional e a reconstrução da emissão não lenteada da fonte. Usamos
o método de inversão semilinear para modelar dados de alta resolução do HELMS18, obti-
dos com o Atacama Large Millimeter/submillimeter Array (ALMA). O modelo que recupera
caracteŕısticas observacionais é uma combinação de um perfil de densidade de Navarro-Frenk-
White, para a componente do grupo, e dois elipsóides isotérmicos singulares, para as duas
galáxias centrais. O modelamento recupera a distribuição de brilho superficial da fonte e a
reconstrução revela que a emissão não lenteada da fonte possui duas componentes alongadas
e distorcidas, separadas por 9.5 kpc, sugerindo uma posśıvel fusão de galáxias. Como parte
desse projeto, nós conduzimos observações de espectroscopia multi-objeto com o telescópio
Gemini a fim de obter dados das duas galáxias centrais e dos posśıveis membros do grupo.
Com os dados do Gemini nós confirmamos que as duas galáxias centrais estão no mesmo
desvio para o vermelho. Nós determinamos o desvio para vermelho da galáxia passiva e do
quasar, respectivamente zETG = 0.60246 ± 0.00004 e zQSO = 0.59945 ± 0.00009. Baseado
nisso, determinamos que a velocidade relativa entre as duas galáxias centrais é ∆v = 903±30
km s−1.
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Abstract
Understanding galaxy formation and evolution is still an open question in modern

Astronomy and characterizing high-redshift galaxies can provide insights on these topics.
Submillimeter galaxies (SMG) are an important population at high redshifts (z ∼ 2 − 4),
since they have extremely high star formation activity with star formation rates (SFR)
ranging from 100 to 1000 M� year−1 and infrared luminosities > 1012L�. SMGs can be
magnified due to the gravitational lensing effect, increasing the spatial resolution and the
signal-to-noise ratio of the observations, making the study of these galaxies with a great
level of detail possible. The detection of lensed SMGs also allows for the investigation of
the foreground object, which can be galaxies, galaxy groups or galaxy clusters. Studying
the mass distribution of these systems can provide constrains on how large-scale structure
in the Universe formed and evolved. Of particular interest is the mass distribution of galaxy
groups, since they bridge the gap between individual galaxies and galaxy clusters. It is
well known that gravitational lensing is a suitable tool for measuring the distribution of
mass for a wide range of systems. In this work we study the HELMS18 system, a galaxy
group with two central galaxies, an early-type galaxy (ETG) and one containing a quasar,
at z = 0.6 that is gravitationally lensing a submillimeter galaxy at z = 2.39, from the
Herschel’s HerMES Large Mode Survey (HELMS). We present the modelling of this group-
scale lens and the reconstruction of the unlensed emission of the source. We have used the
semilinear inversion method to model the high-resolution data of HELMS18, obtained with
the Atacama Large Millimeter/submillimeter Array (ALMA). The modelling that recovers
observational features is a combination of Navarro-Frenk-White for the group component and
two singular isothermal ellipsoids for the two central galaxies of the group. Our modelling
recovers the source surface brightness distribution and the reconstruction reveals that the
unlensed emission of HELMS18 has two elongated and disturbed components separated by
9.5 kpc, suggesting a possible merger. As part of this project we conducted Gemini GMOS
multi-object spectroscopy, targeting the two central galaxies and the possible members of
the group. With Gemini data we confirmed that the two central galaxies are at the same
redshift. We determined that the early-type galaxy is at redshift zETG = 0.60246± 0.00004
and the quasar is at redshift zQSO = 0.59945 ± 0.00009, and the relative velocity between
the two central galaxies is ∆v = 903± 30 km s−1.
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Chapter 1

Introduction

The way galaxies form and evolve remains one of the most challenging open questions

in modern Cosmology and Astrophysics. In the past decades, very deep photometric and

spectroscopic surveys unveiled the Universe when it was only a few hundred Myr old and

enabled the astronomers to identify that distant galaxies are very different from those at

z = 0. For instance, these systems have more irregular morphologies, higher gas fractions of

a factor 3-10 (Daddi et al., 2010; Tacconi et al., 2010; Geach et al., 2011) and are more dusty

compared to their local counterparts. Besides, galaxies were observed to have much higher

star formation rates (SFRs) of & 100 M� year−1 in the past (Barger et al., 1998; Daddi et al.,

2005; Gruppioni et al., 2013; Lilly et al., 1996; Schiminovich et al., 2005; Le Floc’h et al.,

2005), when compared to local spiral galaxies with ∼ 3 M� year−1 (Bothwell et al., 2011;

Elbaz et al., 2011; Chomiuk & Povich, 2011). As shown by Madau & Dickinson (2014), the

peak of star formation occurred at redshift z ∼ 2, when the Universe was approximately 3.5

Gyr. Figure 1.1 shows an increasing cosmic SFR from z ∼ 8 to z ∼ 3, peaking at z ∼ 2 and

declining until the present epoch.

The cosmic star formation history can be better constrained by studying submillimeter

galaxies (SMGs) at high redshifts (z ∼ 2−4), which are galaxies with submillimeter emission

mainly due to dust thermal emission. These objects represent a population of galaxies with

extremely high star formation activity and might represent a significant contribution to the

comic SFR density in the early Universe. At high redshifts, a great fraction of the bolometric

luminositiy densities are due to SMGs (Chapman et al., 2003). The star formation rate in

SMGs ranges from hundreds to thousands of M� year−1 and they have infrared luminosities

> 1012 L� (Casey et al., 2014). SMGs are objects that have rest-frame far-infrared emission

primarily due to thermal emission from heated dust grains, with typical dust temperatures

of Td ∼ 40 K (Symeonidis et al., 2013). One of the major questions in studying these galaxies

is to understand the origin of the mechanism that is heating the dust grains, which means

whether is an active galactic nuclei (AGN) or young stars.
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Figure 1.1: Cosmic star formation history from UV + IR restframe showing the increase of
the SFR at 3 ≤ z ≤ 8; a peak at z ∼ 2, when the Universe had ∼ 3.5 Gyr; and a decline
until the present (Madau & Dickinson, 2014).

Different studies revealed that the SMGs are the high-redshift (z ∼ 2−4) counterparts

of the ultra-luminous infrared galaxies (ULIRGs) in the local Universe, since they have

similar bolometric luminosities, LBol ∼ 1012 L�(Engel et al., 2010; Swinbank et al., 2010;

Alaghband-Zadeh et al., 2012; Rowlands et al., 2014). Being local analogs of the SMGs, it

is also important to study these nearby galaxies in order to better understand the galaxy

formation and evolution processes. Very luminous ULIRGs at low redshift enabled resolved

studies of their central regions, indicating that most of the dust emission comes from the

inner sub-kpc regions (Downes & Solomon, 1998; Sakamoto et al., 1999).

ULIRGs have infrared luminosities greater than 1012 L� and seem to be late-state

merger-induced starbursts, so that SMGs seem to be linked with merger events (Engel et al.,

2010; Ivison et al., 2012; Alaghband-Zadeh et al., 2012; Fu et al., 2013; Chen et al., 2015; Oteo

et al., 2016). In fact, Conselice et al. (2003) showed consistent evidence that 40%− 80% of

the SMGs are undergoing major mergers. They also excluded statistically with 5σ confidence

the possibilty that SMGs are ordinary galaxies at high redshift. These results imply directly

in the formation of local massive galaxies since SMGs compose most of the population of

galaxies at high redshift and their majority undergoes major mergers. Thus, SMGs will

likely evolve into massive nearby galaxies (Sanders & Mirabel, 1996; Conselice et al., 2003;

Simpson et al., 2017).

The discovery of SMGs by Smail et al. (1997); Hughes et al. (1998) brought the low

frequency region of the spectrum into observational Cosmology and Astrophysics, opening
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a new window of possibilities in galaxy formation and evolution studies. There are two

main sources of submillimeter radiation in galaxies: atomic and molecular transitions in the

interstellar gas resulting in line emissions and thermal emission from dust grains.

The first large sample measuring stellar mass of high-redshift SMGs was studied by

Borys et al. (2005). In this work, they showed that SMGs have stellar masses in the range

log(M∗/M�) = [11.14, 12.15] with median 〈M∗〉 = 2.5×1011 M�. Hainline (2008) derived the

stellar mass of a large sample of SMGs observed with Spitzer and found a median stellar mass

of 6.3−6.9×1010 M�. Micha lowski et al. (2010) obtained a median value of 3.5×1011 M� for

the stellar mass of SMGs, despite of using the same observational data set as Hainline (2008).

Tacconi et al. (2006) measured the size of SMGs based on CO emission using interferometric

data and mm-continuum data and found that they are relatively compact galaxies with

median diameter 4 kpc.

To better understand the nature and determine the properties of SMGs, large sub-

millimeter surveys, such as the Herschel Astrophysical Terahertz Large Area Survey (H-

ATLAS, Eales et al., 2010a), the Herschel Multi-tiered Extragalactic Survey (HerMES,

Oliver et al., 2012), and the South Pole Telescope surveys (Carlstrom et al., 2011; Vieira

et al., 2013) were conducted to provide data for these systems. With the Atacama Large

Millimeter/submillimeter Array (ALMA) and other interferometers, it is possible to have

high-resolution data of SMGs at high redshift. Ma et al. (2015) presented rest-frame optical

SEDs and inferred stelar masses ranging from 8× 1010 M� to 4× 1011 M�. They also found

SFRs around 100 M� year−1 which is consistent with the scenario of major mergers trigger-

ing star formation. Brisbin et al. (2017) carried out ALMA observations and detected 152

galaxies and estimated photometric and spectroscopic redshifts for the sources. The median

redshift of their sample is z = 2.48± 0.05, which is consistent with previous works (Simpson

et al., 2014; Chapman et al., 2005). They also found that a significant percentage of the

sample are multi-component systems. Simpson et al. (2017) presented a multi-wavelength

study of 52 SMGs identified by ALMA. They modelled the FIR emission from the sources

and found a median value of FIR luminosity LFIR = 3.2 × 1012 L�. Moreover, analysing

the SMGs’ possible evolutionary pathways they show that SMGs are progenitors of local

elliptical galaxies and they probably do not evolve into spiral and lenticular galaxies.

By using ALMA interferometry, it is also possible to target strongly lensed SMGs that

are at higher redshift, enabling high-resolution studies of these distant sources. Gravitational

lensing is predicted by Albert Einstein’s theory of General Relativity. The light from a distant

source is bent by the presence of a massive body, such as a galaxy or a galaxy cluster, which

distorts spacetime. When this effect is strong enough, it produces multiple and distorted

images, like arcs or even complete rings. The latter occurs when there is exact alignment

of the source, lens and observer. This is useful since strongly lensed systems are magnified,

increasing the spatial resolution and signal-to-noise ratio of the observation.
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Blain (1996) and Negrello et al. (2007) were the pioneers in proposing that strongly

lensed systems could be found in the submillimeter, however, it was only a few years later

that Negrello (2010), Vieira et al. (2010), Hezaveh & Holder (2011), and Wardlow et al.

(2013) confirmed the existence of lensed SMGs in the submillimetric with the surveys men-

tioned previously. Several authors proposed that instead of using wide-area surveys to detect

multiple images, a cut in the flux density could be used to detect lensed sources (Blain, 1996;

Perrotta et al., 2002, 2003; Negrello et al., 2007). Negrello et al. (2010) showed an efficient

technique to detect strongly lensed SMGs using the number of galaxies at a given flux den-

sity. The explanation is that even a small number of magnified SMGs could change the

shape of the bright tail of the submilllimeter source counts. Apart from the SMGs, other ob-

jects such as high-redshift radio-loud AGNs (de Zotti et al., 2005) and starbursts and spiral

galaxies (Serjeant & Harrison, 2005) can affect the bright end of the submillimeter source

counts. However, these contaminants can be easily removed by using optical/near-IR/radio

imaging analysis, so that flux-limited submillimeter surveys could be used to detect lensed

SMGs with almost 100% accuracy. Based on a subset of bright galaxies detected in the

Herschel-Astrophysical TeraHertz Large Area Survey (Eales et al., 2010b), they proposed a

flux density cut at 100 mJy at 500 µm (1.2). Since then, several lensed SMGs have been

confirmed in Herschel surveys (Conley et al., 2011; Fu et al., 2012; Bussmann et al., 2012;

Wardlow et al., 2013; George et al., 2013; Calanog et al., 2014; Negrello et al., 2017). After

that, many follow-ups were conducted in order to study these sources with a great level of

detail.

One example of follow-up using the flux density cut method to find lensed SMGs from

Negrello et al. (2010) was the work from Messias et al. (2014). They studied a candidate

lensed galaxy selected by the Herschel-ATLAS field. Using multi-wavelength and high-

resolution imaging they confirmed the lensing scenario, which revealed that the foreground

galaxy is surrounded by an almost complete Einstein radius θE = 2.18 kpc, which is half the

angular separation of the distorted images. The system was modelled using the semilinear

inversion method (Warren & Dye, 2003), allowing the estimation of the total and stellar

masses within the Einstein radius, which are respectively, MT = 8.13× 1010 M� and M∗ =

1.60 × 1010 M�. The source reconstruction indicates a possible merger event with tens-of-

kpc-long tidal tail. The dynamical mass of one of the components is 5.8 × 1010 M� and

the dynamical analysis shows that this component is morphologically disturbed. Another

example of follow-up is the work from Dye et al. (2015), where they modelled the strong

lens system SDP.81, one of the first five systems discovered by H-ATLAS, that was selected

as a target for ALMA Science Verification. Using CO emission line, they reconstructed the

kinematics of the source which indicated the presence of a rotating disk. They also found a

dynamical mass of 3.5±0.5×1010 M� within 1.5 kpc. The total dust mass 1.8±0.3×1010 M�

was estimated by SED fitting by combining ALMA data with photometry of the source. Also,
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Figure 1.2: Number counts of dust-obscured star-forming galaxies. Three populations can
be distinguished at 500 µm source counts: low-redshift starbursts or spiral galaxies, radio
loud AGNs and high-redshift SMGs. Flux densities above 100 mJy are dominated by lensed
SMGs and the contaminants can be removed using imaging analysis. The data points are
from H-ATLAS (Clements et al., 2010). Figure was taken from Negrello et al. (2010).

they estimated a total gas mass of 2.7± 0.5× 1010 M� and a SFR of ∼ 470± 80 M� year−1

and found evidence of a possible merger.

By detecting lensed SMGs it is also possible to study the foreground object, which

can be individual galaxies, groups of galaxies or even galaxy clusters. Characterizing the

mass distribution of these systems can provide critical constrain on theories of formation and

evolution of large-scale structures in the Universe (Bartelmann et al., 2013). Of particular

interest is the radial density profile of dark matter (DM) haloes, which can be sensitive to

many baryonic processes, such as feedback from active galactic nuclei (AGNs) and supernovae

explosions. Since the effects of each of these processes on the density profile might vary with

the stellar mass, halo mass, and star formation history of the structure, it is important to

examine the baryonic and DM content in structures across the full range of masses, i.e., from

individual galaxies to massive clusters.

Galaxy clusters are the most massive virialized objects, have the highest density con-

trast and are rare, whereas individual galaxies are less massive and more abundant. In this

framework, groups of galaxies bridge the gap between isolated galaxies and clusters. They

can contain dozens of galaxies and are the most common structures in the Universe, harbor-

ing at least 50% of all galaxies at low redshift (Eke et al., 2004). Moreover, they trace large

scale structure and offer a new window of investigation in the mass spectrum.
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Several N-body simulations for a cold DM Universe have shown that the mass distribu-

tion within DM halos follow a Navarro-Frenk-White (NFW) density profile (Navarro, 1996;

Navarro et al., 1997). For the inner part of the DM halo, the profile scales with r−1, whereas

for the outer part of the halo it scales with r−3, for any halo mass. In the Universe, the

density profile depends on both dark and baryonic matter. In order to form galaxies, baryons

cool and condense in the central regions of DM halos. Since dissipative gas-cooling processes

(Blumenthal et al., 1986; Gnedin et al., 2004), feedback from AGN (Martizzi et al., 2013)

and supernovae (Navarro et al., 1996; Pontzen & Governato, 2012) and dynamical heating

in mergers (El-Zant et al., 2001; Nipoti et al., 2004; Tonini et al., 2006; Laporte & White,

2015) can create a much more concentrated mass distribution at the center of the DM halo,

baryonic processes can change drastically the inner density profile, making it steeper than

the NFW (Hammer & Rigaut, 1989). Thus, accurate measurements of the mass distribution

across a wide range of systems can be used to test and constrain galaxy formation models.

It is widely recognised that gravitational lensing is the most suitable tool for measuring

the distribution of mass (dark + baryonic) across galaxies, groups and clusters. Modelling

the strong lensing effect allow us to measure the total mass within the system of multiple

images, defined as the Einstein radius (θE). This technique is robust in the sense that is

insensitive to the dynamical properties of the mass that causes the deflection of passing light

rays from a background source. This is in contrast to methods using dynamics to probe the

gravitational potential of the mass since these must make several uncertain assumptions.

Combining strong lensing technique with other observations allows us to measure the

density profile at different radii. For instance, the combination of strong lensing and stellar

kinematics is used to probe the mass profile of galaxy-scale lenses (θE < 2” and halo masses

Mvir < 1013 M�) (Treu & Koopmans, 2002; Auger et al., 2010; Barnabè et al., 2013) and the

combination of strong lensing, weak lensing and stellar kinematics of the centrally-located

galaxies is now established as one of the most reliable techniques for analyzing the mass

distribution in clusters (θE > 8” and halo masses Mvir > 1014 M�; see Bartelmann (2010)

for a review). While some studies suggest that baryons and DM follow a nearly isothermal

density profile (with logarithmic slope γ = 2) in early-type galaxies (ETGs), other studies

found that the inner DM density slope in galaxy clusters is shallower than the NFW slope,

suggesting a connection between the inner halo and the assembly of stars in the central

galaxies (Sand et al., 2008; Newman et al., 2013; Schaller et al., 2015).

Such techniques have been mainly applied to galaxy-scale and cluster-scale lenses, so

the main goal of this project is to bridge the gap in the trends observed in the density profiles

of small and large scale structures (see Figure 1.3) by studying the intermediate mass range

of group-scale lenses (2′′ < θE < 8′′). So far, very few studies focused on the measurement

of the density profile of group-scale lenses (Newman et al., 2015; Verdugo et al., 2007).

In the past few years, Newman et al. (2015) presented new observations and analysis

combining SL and stellar kinematics of 10 group-scale lenses at z = 0.36 characterized by
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Figure 1.3: Trends in the total density slope γtot within the effective radius as a function
of Einstein radius θE. The galaxy-scale lenses are represented by blue dots, the group-scale
lenses by black squares and BCGs of massive clusters by green stars. Darker symbols show
the mean of each data. The dashed line represents an unmodified NFW profile halo without
stars. The solid lines represent the mean trends for the 5 halo occupation with different
IMFs and inner density profiles. Figure taken from Newman et al. (2015).

Einstein radii θE = 2.5”− 5.1”. All group-scale lenses are ETGs in intermediate mass halos

of M200 = 1014 M�. Figure 1.3 shows the trends in the slope of the total density profile.

They found that the average slope of the total density profile within effective radius, which is

the radius containing half of the light of the galaxy, is 〈γtot〉 = 1.64±0.05 for the group-scale

lenses.

Another result within the past decade is that Verdugo et al. (2011) combined SL

modelling with dynamical constraints to study SL2S J02140-0535, a galaxy group at z = 0.44.

The best fit model that recovered observational features was a single halo for the group

component, described by a NFW profile, plus three galaxy scale components associated with

the central galaxies, described as Pseudo Isothermal Mass Distribution (PIEMD) density

profile (Eĺıasdóttir et al., 2007).

In this work, we focus on the strong lensing regime and, more specifically, on the

study of the HELMS18 system, a group of galaxies at z = 0.6 that is lensing a SMG at

z = 2.39 from the Herschel’s HELMS survey. The main goal of this project is to model the

group-scale lens, and with the modelling, reconstruct the unlensed emission of HELMS18,

thus enabling the study of the submillimeter source. This project also involved obtaining

multi-object spectroscopic data from Gemini. These observations targeted the two central

galaxies and also the possible members of this galaxy group. With Gemini data we were

able to confirm that the two central galaxies are at the same redshift.
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The layout of this dissertation is as follows: Chapter 2 describes the gravitational lens-

ing effect, and in Chapter 3 we describe the HELMS18 lens system and the data available for

this object. Chapter 4 presents results of the lens modelling and the source reconstruction

of HELMS18 lens system. Chapter 5 summarises our results and describes the perspec-

tives. Throughout this dissertation, the cosmological parameters assumed are: H0 = 67 km

s−1Mpc−1, Ωm = 0.32, ΩΛ = 0.68 (Planck Collaboration et al., 2014).



Chapter 2

Gravitational Lensing

Gravitational lens effect occurs when the light from a distant source is bent by the

presence of a massive body. This phenomenon happens due to the distortion of space-time

by a massive body and was predicted by Albert Einstein’s General Theory of Relativity.

The properties of the original image can be modified in different ways by gravitational

lensing. Some visible effects are the magnification of the source, resulting in an increased

measured flux and the appearance of multiple and distorted images from the same source.

These effects depend on the alignment and distances of the observer, lens and source and

also on the gravitational potential. The lens is the mass distribution causing the deflection

of light and it can be galaxies, galaxy groups or clusters of galaxies.

The phenomenon can be divided into two regimes: strong and weak lensing. The

strong regime causes visible deformations on the sources and sometimes produces multiple

images, like gravitational arcs. The weak regime also causes distortions, however it is only

detected statistically using a large number of sources. Figure 2.1 is an example of the strong

lens regime, showing multiple and distorted images, while Figure 2.2 is an example of the

weak lens regime. In the weak regime it is not possible to observe directly the lensing, but

it is detected in statistical analysis of the images of background galaxies.

The first cosmological lensing configuration was discovered by Walsh et al. (1979a). A

few years later, Soucail et al. (1987) found a blue giant ring-like structure in Abell 370, which

was the first detection of gravitational lensing in galaxy clusters. After that, the lensing effect

became a suitable tool to study different topics in Astrophysics and Cosmology. One of the

main uses of gravitational lensing is to measure the mass distribution of the lenses. The main

advantage of this technique is that the internal physical processes and the dynamical state

of the lens do not impact the lensing phenomenon. Owing to this fact, the study of density

profiles can provide information about the distribution of dark matter and the baryonic

processes in the inner parts of the lenses. For instance, using such technique it was possible to

discover that the mass distribution in galaxy clusters is smoother than in individual galaxies

(Bergmann et al., 1990; Hammer et al., 1989). Another result is that the density profile in
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Figure 2.1: Cosmic Smile (NASA): exam-
ple of a strong lens system. The group
of galaxies acts as a lens, distorting the
images of background galaxies into gravi-
tational arcs.

Figure 2.2: Bullet Cluster (NASA): example
of weak lensing regime. The small distortions
of background galaxies were used to measure
the distribution of dark matter (in blue) in
this merging cluster system.

clusters is steeper in their central regions compared to their outskirts (Hammer & Rigaut,

1989). Moreover, the magnification provided by the gravitational lensing effect allows for

the study of distant sources that otherwise would be too faint to be detected (Zwicky, 1937;

Kneib et al., 1993). Through gravitational lensing it is also possible to measure the Hubble

constant (Wucknitz et al., 2004; Suyu et al., 2010).

In this work we focused on the strong lensing regime, more specifically, on the study of

a group of galaxies at z = 0.6 that is strongly lensing the submillimeter galaxy, at z = 2.39.

This system is called HELMS18. In the following, we introduce the main concepts and

the basic equations of the gravitational lens theory, that describes the deflection of light

by a gravitational field. More detailed descriptions can be found at Meneghetti (2016);

Furlanetto (2012); Lima Neto (2020). We also introduce the semilinear inversion method

(Warren & Dye, 2003) that was adapted and used to perform the lens modelling and source

reconstruction.

2.1 Lens Theory

2.1.1 Historical Context

The idea that a massive body should deflect light had been speculated even by Newton

in his works, however he had never presented any mathematical description about it. In 1804,

von Soldner was the first to publish the deflection of light using Newtonian mechanics and

estimated that the light from a background source which propagates in a gravitational field

of a point mass M at a distance ξ is deflected by an angle
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α̂ =
2GM

c2ξ
, (2.1)

where G and c are, respectively, the gravitational constant and the speed of light. Based

on that, he inferred that the light beam of a distant star would be deflected by an angle

α̂ = 0.84′′ when propagating through the Sun’s gravitational potential.

In 1911, Einstein proposed that the deflection angle could be measured during a Solar

eclipse Einstein (1911). He suggested that during the eclipse it would be possible to observe

the shifts in the positions of the stars due to the deflection of light. However, it was only

with the General Theory of Relativity that Einstein correctly predicted the path of photons

in the presence of a massive object (Einstein, 1916). With the General Relativity Theory,

Einstein proposed that the deflection angle would be

α̂ =
4GM

c2ξ
. (2.2)

This equation is valid only for the case of weak gravitational fields. Considering M = M�

and ξ = R�, the equation 2.2 leads to a deflection angle of 1.74”, which is the light deflection

near the Solar disk. This prediction was confirmed during the the Solar eclipse observed in

May 1919 (Dyson et al., 1920).

In 1924, Chwolson suggested that the alignment of two stars in the line-of-sight could

generate multiple images and, if the lens and the source were perfectly aligned, a circular

image in the form of a ring would appear (Chwolson, 1924). In 1936, Einstein obtained the

same result as Chwolson. Considering the lensing of a star by another star, he estimated

the magnification, the position and the separation of the images (Einstein, 1936). In that

same work, the configuration of the perfect alignment between source, lens and observer was

calculated. The resulting image was later called Einstein ring.

The hypothesis that galaxies (called extragalactic nebulae at the time) could act

as lenses was first considered by Fritz Zwicky in 1937 (Zwicky, 1937). Given that these

objects were distant and more massive, the separation between the lensed images could

reach the order of few arcseconds, making the galaxies interesting candidates to observe the

gravitational lensing effect.

The first observational evidence of lensing in galaxies was obtained in 1979. Walsh

et al. (1979b) observed multiple images of a quasi-stellar object (QSO) in the optical, and

spectroscopic measurements indicated that both sources were at redshift z = 1.41. In 1987,

gravitational arcs in galaxy clusters were first detected by Soucail et al. (1987) in Abell 370.

More recently, the first exoplanet was detected using the gravitational lensing technique

Bond et al. (2004).
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2.1.2 Lens Equation

The mass distribution between the source and the observer has an effect on the prop-

agation of light beams. However, with the exception of large scale mass distribution, it is

possible to assume that the deflecting mass is projected in a specific location between source

and observer. Thus, light deflection occurs only at this specific location, called the lens

plane. This assumption is called thin lens approximation and it is only possible because

the deflecting object has a small extent along the line-of-sight if compared to the distances

between observer and lens (DOL) and between lens and source (DLS). The thin lens ap-

proximation is valid for most of physical situations of interest, since the typical extent of a

galaxy is approximately 50 kpc and the typical extent of a galaxy cluster is 1 Mpc, while the

distances between observer and lens, and lens and source are typically of the order of Gpcs.

The geometric configuration of a gravitational lens system is depicted in Figure 2.3.

The light from a source located at redshift zs, which corresponds to a distance DS, is deflected

by a mass distribution, also called lens, at a redshift zl, which corresponds to a distance DOL.

The distance between the lens and the source is DLS. Note that for cosmological distances,

DLS 6= DS−DOL. In Figure 2.3, the dashed line represents the optical axis that connects the

observer and the source in the perpendicular source plane. This optical axis passes through

the mass distribution at the lens plane, which is perpendicular to the line-of-sight.

Considering that the true, two dimensional position of the source in the source plane

is η and that the true angular position of the source is β, it is possible to see that η = βDS.

The impact parameter ξ is the position of the deflected light in the lens plane and can be

expressed in terms of θ, the corresponding angular position, as ξ = θDOL. For small θ, β

and α̂, the following geometric relation is valid:

η =
DS

DOL

ξ −DLSα̂(ξ). (2.3)

Dividing 2.3 by DS and replacing η and ξ, we obtain

β = θ − DLS

DS

α̂(DOLθ). (2.4)

Defining the reduced deflection angle as

α(θ) :=
DLS

DS

α̂(DOLθ), (2.5)

it is possible to rewrite 2.4 so that the lens equation attains the simple form

β = θ −α(θ). (2.6)
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Figure 2.3: Illustration of lens configuration. Image adapted from Bartelmann & Schneider
(2001)

This lens equation states that the light from a source at the true position β can be

seen at the observed position θ. If there is more than one solution for the lens equation, the

source at β will be observed in different positions, that is, multiple images will be detected.

2.1.3 Lens Potential

The thin lens approximation considers that the mass distribution along the line-of-

sight is projected in the lens plane, so that the gravitational field of the deflector acts over

light in a single point. Therefore, instead of using the three dimensional mass density, it is

used the surface mass density Σ, which is obtained by integrating the mass density ρ along

the line-of-sight:

Σ(ξ) =

∫ ∞
0

ρ(ξ, z)dz, (2.7)
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where ξ is a two-dimensional vector in the lens plane. Since we are considering weak gravita-

tional fields, it is possible to describe an extended mass distribution as a linear superposition

of mass elements, each one acting as a point mass. The deflection angle for a point mass

is given by equation 2.2, consequently, for an extended lens, the contribution of each mass

element of size d2ξ′ can be expressed as

dα̂ =
4G

c2
Σ(ξ′)

ξ − ξ′

|ξ − ξ′|2
d2ξ′, (2.8)

where ξ′ is the distance of the mass element Σ(ξ′)d2ξ′ from the origin. The total deflection

angle is obtained by summing the contribution of all mass elements,

α̂(ξ′) =
4G

c2

∫
d2ξ′Σ(ξ′)

ξ − ξ′

|ξ − ξ′|2
. (2.9)

This equation is valid for any mass distribution. Using the equation 2.5 and the relation

ξ = DOLθ it is possible to rewrite equation 2.9 as

α(θ) =
1

πΣcrit

∫
d2θ′Σ(DOLθ

′)
θ− θ′

|θ − θ′|2
, (2.10)

where

Σcrit =
c2

4πG

DS

DOLDLS

(2.11)

is the critical surface density, a quantity that characterizes the lens system and which is a

function of the angular diameter distances of lens and source.

It is possible to compress equation 2.10 by defining a new quantity, the dimensionless

surface mass density, or convergence, as

κ(θ) :=
Σ(DOLθ)

Σcrit

. (2.12)

The convergence is used to distinguish the gravitational lensing regimes. A mass

distribution with κ ≥ 1 (or Σ ≥ Σcrit) acts as a strong lens and produces multiple and

distorted images for some positions of the source. On the other hand, a mass distribution

with κ � 1 (or Σ � Σcrit) acts as a weak lens. Hence, Σcrit is a specific amount for the

surface mass density that represents the transition from the strong lens regime to the weak

lens regime.

The identity

∇θln |θ − θ′| =
θ − θ′

|θ − θ′|2
, (2.13)

is true for any two-dimensional vector θ, thus it is possible to write α as the gradient of a

function
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α(θ) =∇θ

[
1

π

∫
κ(θ′)ln |θ − θ′| d2θ′

]
. (2.14)

Defining the lens potential ψ(θ) as the expression inside the brackets,

ψ(θ) =
1

π

∫
κ(θ′)ln |θ − θ′| d2θ′, (2.15)

it is possible to obtain that

α(θ) =∇θψ(θ), (2.16)

which means that the lens mapping given by equation 2.6 is a gradient mapping.

2.1.4 Distortion and Magnification

Given that the gravitational field of the lens deflects the light from a background

source, multiple and distorted images are formed. These distorted images are one of the

main features of the gravitational lensing effect. The shape and position of these images

can be determined by solving the lens equation. If the angular scale which the properties of

the lens vary is greater than the source, the lens mapping can be linearized locally, and the

distortion of the images can be described by a Jacobian matrix

A(θ) ≡ ∂β

∂θ
=

(
δi,j −

∂αi(θ)

∂θj

)
=

(
δi,j −

∂2ψ(θ)

∂θi∂θj

)
, (2.17)

which used the equations 2.6 and 2.16.

Another main feature of the gravitational lensing effect is the magnification, which is

a consequence of the distortion. The deflection changes the path of the light beam without

altering the number of photons emitted by the source or its wavelength (in other words, it is

an achromatic effect), ensuring that the surface brightness of the lensed image is conserved.

Since the surface brightness is preserved, the change of the solid angle in which the source

is observed implies that the flux measured from this object is magnified (or demagnified).

Magnification is defined as the ratio between the solid angles of the image and of the

source and is quantified by the inverse of the determinant of the Jacobian matrix

µ ≡ detM =
1

detA
. (2.18)

The inverse of the Jacobian matrix, M = A−1 is called the magnification tensor and

its eigenvalues, µr and µt, measure the amplification in the radial and tangential directions,

respectively.

There are some particular positions for the source in the source plane where the

determinant of the Jacobian is zero, hence the magnification diverge and is formally infinite.
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This divergence is not a physical phenomenon, since infinite magnifications do not occur in

nature. These positions define a curve in the source plane called caustics, which are not

necessarily smooth and can present cusps. The critical curves, which are closed smooth

curves, are obtained by mapping the caustics to the lens plane through the lens equation.

2.1.5 Lens Models

In this section we present some simple lens models. We begin with the simplest case

of a point mass. We also present the models that are used in the lens modelling described

in Chapter 4.

Point Mass

Gravitational lensing by point masses is the simplest case, given the simplicity of the

lens and the fact that it can be solved analytically. Considering a punctual mass M at the

origin of the lens plane and using equation 2.9 with Σ(ξ) = MδD(ξ), it is possible to write

the deflection angle as

α̂ =
4GM

c2

ξ

|ξ|2
. (2.19)

Replacing this expression in equation 2.5, the lens equation becomes

β = θ − 4GMDLS

c2DOLDS

θ

|θ|2
= θ − θ2

E

θ

|θ|2
, (2.20)

where θE =
√

4GM
c2

DLS

DOLDS
is the Einstein radius. The two possible solutions for this equation

are:

θ =
|β| ±

√
4θ2

E + |β|2

2

β

|β|
(2.21)

Having two possible solutions means that for each source position β two images are

formed. For the specific case where the source is positioned exactly behind the lens (β = 0),

the solution to the lens equation is the circle |θ| = θE, which is known as the Einstein ring.

The magnification follows from the Jacobian matrix

detA = 1− 1

(θ/θE)4
. (2.22)

Thus, the magnification is

µ =

(
1− 1

(θ/θE)4

)−1

. (2.23)
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The eigenvalues of the magnification tensor are

µr =

(
1 +

1

(θ/θE)

)−1

, (2.24)

µt =

(
1− 1

(θ/θE)

)−1

. (2.25)

Considering the case in which θ → θE, the radial magnification (µr) is finite while the

tangential magnification (µt) diverges, thus forming the Einstein ring.

Singular Isothermal Sphere

Gravitational lensing by axially symmetric lenses is advantageous because their surface

density is independent on the position angle with respect to the lens center. The singular

isothermal sphere (SIS) profile can be used to model lenses, at least as a first approach, in

order to describe properties of the galaxies or galaxy clusters that are acting as gravitational

lenses. Assuming that the lens is an ideal gas in hydrostatic and thermal equilibrium confined

by a spherical potential it is possible to obtain the density profile

ρ(r) =
σ2
v

2πGr2
, (2.26)

where r is the distance to center of the sphere and σ2
v is the velocity dispersion of the gas

particles.

Since the model is symmetric, it is possible to write Σ(ξ) = Σ(ξ), where ξ is the

distance from any point to the center of the sphere. Therefore the deflection angle is

α̂ =
4GM(ξ)

c2ξ
, (2.27)

and M is the projected mass within radius ξ.

The surface mass density is obtained by projecting the three-dimensional density given

by 2.26 along the line-of-sight. Thus, the surface mass density is

ΣSIS =
σ2
v

2πG

∫ ∞
−∞

dz√
ξ2 + z2

=
σ2
v

2Gξ
. (2.28)

The projected mass inside the radius ξ is

M(ξ) = 2π

∫ ξ

0

Σ(ξ′)ξ′dξ′ =
πσ2

v

G
ξ, (2.29)

hence, the deflection angle is

α̂SIS =
4πσ2

v

c2
. (2.30)

Thus, the reduced deflection angle is



Chapter 2. Gravitational Lensing 18

αSIS = 4π
(σv
c

)2
(
DLS

DOS

)
= θE. (2.31)

It is important to mention that circularly symmetric lenses are too idealized to describe

astronomical objects, like galaxies, groups of galaxies or even galaxy clusters. More realistic

models can be constructed by adding more parameters, like ellipticity and a position angle

to describe the lens orientation. Replacing the coordinate ξ by

ζ =
√
ξ2

1 + f 2ξ2
2 , (2.32)

where f is the axis ratio which is taken from the interval 0 < f ≤ 1, it is possible to get

the equations for the corresponding elliptical case. Hence, the surface mass density for the

singular isothermal ellipsoid (SIE) is given by

ΣSIE =

√
fσ2

v

2G

1√
ξ2

1 + f 2ξ2
2

=

√
fσ2

v

2Gζ
, (2.33)

where f ′ =
√

1− f 2, and the deflection angle of the SIE is given by

α̂SIE =

√
f

f ′

[
arcsin

(
f ′

f
cosφ

)
e1 + arcsin(f ′sinφ)e2

]
, (2.34)

where φ is the angle of the polar coordinates and ei is the unit vector in the xi direction

(Kormann et al., 1994).

Navarro-Frenk-White Density Profile

In order to model groups of galaxies and clusters it is necessary to take into account

the dark matter contribution. A very well known model is the Navarro-Frenk-White (NFW)

density profile (Navarro et al., 1997), which was obtained from dark matter N-body simula-

tions. This profile is described by

ρ(r) =
ρs(

r
rs

)(
1 + r

rs

)2 , (2.35)

where ρs is a characteristic density, given by

ρs =
∆ρc

3

c3[
ln(1 + c∆)− c∆

1+c∆

] , (2.36)

and rs is a scale radius, given by

rs =
r∆

c∆

=
1

c∆

(
3M∆

4π∆ρc

)1/3

, (2.37)

and the halo concentration, c∆ is defined as
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c∆ ≡
r∆

rs
. (2.38)

The mass enclosed within radius r is given by

M(r) =

∫ r

0

4πr′2ρ(r)′dr′ =
4πρsr

3

c3
∆

[
ln(1 + c∆)− c∆

1 + c∆

]
. (2.39)

When, r → ∞ the mass of the cluster diverges, however, it is possible to define a “cluster

radius”, r = r∆, which encircles a region with density ∆ times greater than a reference

density. The reference density is usually adopted to be the critical density of the Universe,

ρc. The virial mass and radius of the cluster is usually defined for ∆ = 200, but the exact

value of the virial ∆ depends on the Cosmology. For the Einstein – de Sitter model (Ωm = 1

and ΩΛ = 0), ∆ ∼ 178, and for Ωm = 0.3 and ΩΛ = 0.7, ∆ ∼ 100 (Bryan & Norman, 1998).

It is important to notice that the profile has slopes that depend on the range fitted,

steepening from −1 near the center to −3 at large r/rs. The scale radius rs corresponds to

the region where the logarithmic slope of the density profiles equals the isothermal value.

Therefore, the NFW profile is shallower than a SIE profile in the central region of the cluster,

and steeper than SIE in the outskirts of the cluster.

Taking equation 2.35 and choosing rs = ξ0 it is possible to obtain the surface density

Σ =
2ρsrs
x2 − 1

f(x), (2.40)

where f(x) is

f(x) =


1− 2√

x2−1
arctan

√
x−1
x+1

(x > 1)

1− 2√
1−x2 arctanh

√
1−x
1+x

(x < 1) .

0 (x = 1)

(2.41)

and x is the position of the lensed image normalized by rs.

The lens potential is given by

ψ = 4κsg(x), (2.42)

with

κs = ρsΣ
−1
cr , (2.43)

and

g(x) =
1

2
ln2x

2
+


2arctan2

√
x−1
x+1

(x > 1)

2arctanh2
√

1−x
1+x

(x < 1) .

0 (x = 1)

(2.44)
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Therefore, the deflection angle is given by

α(x) =
4κs
x
h(x) (2.45)

where

h(x) = ln
x

2
+


2√
x2−1

arctan
√

x−1
x+1

(x > 1)

2√
1−x2 arctanh

√
1−x
1+x

(x < 1) .

1 (x = 1)

(2.46)

2.2 Lens modelling

In this work, we use the semilinear inversion (SLI) method (Warren & Dye, 2003)

to model the mass distribution of the lens and to reconstruct the unlensed emission of the

source.

This methods assumes a pixelized source plane and a parametric model for the lens

mass distribution. For a given lens model, the method computes the linear superposition of

lensed images of each source plane pixel that best fit the observed lensed image. The SLI

method simplifies the parameter space by separating the lens parameters from the source

parameters. The step of inverting the image to obtain the pixelized source light distribution

that minimize the merit function is a linear one, for a given lens mass distribution. Thus, by

searching the mass parameter space for the lens model, it is possible to find the minimum

of these minimum of the merit function. Searching the parameter space is a nonlinear step,

being the reason why the method is called semilinear. This process simplifies the search for

best-fit parameters, speeding up the inversion and producing an unbiased solution.

The SLI method was successfully applied in many science cases, such as the measure-

ment of the density profile of the lens galaxy in the Einstein ring system 0047-2808 (Dye &

Warren, 2005). It was also used on the modelling of the first strong lenses systems from the

Herschel-ATLAS survey (Dye et al., 2014). The method is suitable to model high-resolution

data, being used to reveal the complex nature of SDP.81 lens system (Dye et al., 2015).

Moreover, the SLI method was adapted to deal with interferometric data and it was used to

analyze highly star-forming lensed galaxies that were detected with Herschel and observed

with ALMA (Dye et al., 2018).

In the following, we briefly describe the theory of the SLI method. We begin with the

case in which the parameters of the lens model are fixed and then we expand for the general

case, in which the minimization is also on the lens mass parameters.



Chapter 2. Gravitational Lensing 21

2.2.1 Semilinear Inversion method

For a fixed lens model, in order to find the counts in the source pixels, it is required

to minimize the merit function G, which is simply

G = χ2. (2.47)

Pixels in the source plane can change in size and shape, and are labeled i = 1, ..., I.

Pixels in the image plane should include only counts from the lensed source and are labeled

j = 1, ..., J . This method assumes that the data in each pixel are characterized by the counts

dj and uncertainty σj. It is also assumed that the image pixels are independent, i.e., that

there is no covariance between pixels, which is appropriate for CCD data.

Using a given lens model, an image of each pixel i is formed by suitable ray tracing

using the lens equation 2.6 and convolving with the point spread function (PSF). Thus, the

problem is to minimize G combining these I images and the scalings si, which are the source

counts.

Rewriting the merit function

G = χ2 =
J∑
j=1

(∑I
i=1 sifij − dj

σj

)2

, (2.48)

where fij is the mapping from the source to the image plane, which uses the lens equation,

including the appropriate deflection angle for that given lens model.

Minimizing the merit function with respect to the source terms si, we obtain

1

2

∂G

∂si
= 0 =

J∑
j=1

(
fij
∑I

k=1 skfkj − fijdj
σ2
j

)
, (2.49)

where the factor 1/2 will be explained later. Rewriting these equations in the matrix form

FS = D, (2.50)

where F is a symmetric I × I matrix containing the elements Fik =
∑J

j=1 fijfkj/σ
2
j , S is

a column matrix of length I with elements si and D is a column matrix of length I with

elements Di =
∑J

j=1 fijdj/σ
2
j .

It is possible to find the counts in the source pixels by calculating the matrix inversion

S = F−1D. (2.51)

Searching for the covariance matrix in the source pixels provide a simple solution for

the errors. The matrix F
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Fik =
1

2

∂2G

∂si∂sk
, (2.52)

is 1/2 of the Hessian matrix of the χ2, explaining the factor 1/2 in equation 2.49.

In order to find the solution for the errors, it is required to obtain the covariance

matrix of S, which is C = F−1. The covariance between source pixels i and k is given by

σ2
ik =

J∑
j=1

σ2
j

∂si
∂dj

∂sk
∂dj

, (2.53)

for independent pixels. Using equation 2.51,

σ2
ik =

J∑
j=1

σ2
j

I∑
l=1

Cil
fij
σ2
j

I∑
m=1

Ckm
fmj
σ2
j

, (2.54)

resulting in

σ2
ik = Cik. (2.55)

This linear approach is for a given lens model. For the purpose of finding the full

solution, it is necessary to search through the mass distribution parameter space, which is a

nonlinear procedure. During the search in the parameter space, the χ2 is minimized at each

point by linear inversion, therefore, finding the global minimum.

2.2.2 Semilinear Inversion with Regularization

In order to penalize noisy solutions, it is possible to form a different merit function

by adding to the χ2 a term GL that is a linear combination of terms sisk,

GL =
∑
i,k

aiksisk, (2.56)

since the partial differentials of these terms are linear. Thus, the merit function can be

written as

G = χ2
im + λGL, (2.57)

where λ is a constant that “weights” the regularization term.

Minimizing the merit function with respect to the source terms, it is possible to write

the solution for the counts in the source pixels in the matrix form

S = [F + λH ]−1D, (2.58)
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where H is the regularization matrix with elements

Hik =
1

2

∂2GL

∂si∂sk
. (2.59)

One example of linear regularization term is

GL =
I∑
i=1

s2
i , (2.60)

which was termed “zeroth-order” regularization in the literature.

The source covariance matrix can be obtained by writing R = [F + λH ]−1 and fol-

lowing through the same analysis as § 2.2.1. Therefore,

σ2
ik =

J∑
j=1

σ2
j

I∑
i=1

Ril
flj
σ2
j

I∑
m=1

Rkm
fmj
σ2
j

, (2.61)

resulting in

σ2
ik = Rik − λ

I∑
l=1

Ril [RH ]kl . (2.62)

Again, this linear approach is for a given lens model. The procedure to find the full

solution is the same as for the unregularized case.

2.2.3 Markov Chain Monte Carlo

The search for the global minimum in the mass distribution parameter space is per-

formed by using Markov Chain Monte Carlo (MCMC) method. The MCMC begins at any

location −→p in the parameter space and this should result in convergence. The initial location

is given by

−→p = (p1,i, p2,i, ..., pn,i), (2.63)

where p1,i, p2,i, ..., pn,i are the initial n parameters.

After that, the likelihood at this point is computed L−→p . The jump function proposes

a jump to a different location given by

−→n = (p1,j, p2,j, ..., pn,j), (2.64)

and the likelihood is also computed at this point. Calculating the ratio of the likelihood

a =
L−→p
L−→n

, (2.65)
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the algorithm determines whether to accept or reject the jump. The acceptance criteria is,

if a ≥ 1 then always accepts the jump, however, if a < 1 accepts the jump with a probability

of a. Thus, iteratively it converges towards the global minimum.
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HELMS18 lens system

Negrello (2010) proposed a method to select a sample of strongly lensed sources from

Herschel Space Observatory surveys that achieves almost 100 per cent of efficiency. Several

Herschel teams, such as the Herschel Astrophysical Terahertz Large Area Survey (H-ATLAS;

Eales et al., 2010a) and Herschel’s Hermes Large Mode Survey (HELMS; Oliver et al., 2012),

have used this method to select samples of lensed sources candidates. Then, they used molec-

ular line spectroscopy to measure the redshifts and confirm the lensing nature of the sources

and interferometric observation in submillimeter wavelengths to obtain high-resolution data

for an accurate lensing model.

The H-ATLAS and HELMS teams submitted a joint proposal to obtain Atacama

Large Millimeter/Submillimeter Array (ALMA) observations of a sample of 42 sources se-

lected from both surveys with the highest 500− µm flux densities, with z > 1 and without

any radio-loud AGN signature. Of the 42 sources, only 16 were observed by ALMA in its

Cycle 2 (Amvrosiadis et al., 2018). Among the observed sources is HELMS18, which is the

subject of this work. The lens modelling of ALMA imaging of six galaxy-galaxy strong lens

systems from this sample was presented in Dye et al. (2018). For the remaining nine sources

in the sample, the modelling of the submillimeter emission is ongoing.

HELMS18 is a submillimeter source at redshift z = 2.39. This object is also called

HeLMS J005159.4+062240. The first detection was in the HELMS survey as a candidate of

gravitationally lensed dusty-star forming galaxies by Nayyeri et al. (2016), using the method

described in Negrello et al. (2010). The spectroscopic redshift of HELMS18 was obtained

using CO emission lines. HELMS18 is part of the sample that was followed-up with ALMA

in order to confirm the lensing nature of this source and to obtain some of its intrinsic

properties (Amvrosiadis et al., 2018).

In Table 3.1, we present the coordinates and the submillimeter photometry obtained

by the Herschel Space Observatory using the Spectral and Photometric Imaging Receiver

(SPIRE; Griffin et al., 2010) at the wavelengths 250, 350, and 500 µm. In Figure 3.1, we

present the postage stamp images of HELMS18 in the Herschel far-infrared bands.
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Object name RA Dec S250 ∼ (mJy) S350 ∼ (mJy) S500sim(mJy)
HELMS18 00h51m59s.5 +06◦ 22′41′′ 166± 6 195± 6 135± 7

Table 3.1: Coordinates and flux densities of HELMS18 in Herschel/SPIRE bands.

Figure 3.1: Postage stamp images of HELMS18 obtained with Herschel/SPIRE. Image taken
from Nayyeri et al. (2016).

According to Amvrosiadis et al. (2018), HELMS18 system has an Einstein radius

of θE = 6.54′′ ± 0.05, which was measured from the observed image and compared with

a preliminary lensing model. Nayyeri et al. (2016) fitted the far-infrared spectral energy

distribution (SED) of HELMS18 with modified black-body, which provided the best-fit total

infrared luminosity (integrated over 8−1000 µm) log(LIR/L�) = 13.46 and dust temperature

Td = 30.5 K. In both works, no redshift for the foreground lens was assigned.

In this chapter we describe all the multi-wavelength data we gathered of the HELMS18

system, which includes the public ALMA Band 7 data, photometric and spectroscopic op-

tical data from the 14th data release of Sloan Digital Sky Survey and new multi-object

spectroscopic data we obtained with the Gemini Telescope. These data are used to obtain a

complete description of HELMS18 lens system.

3.1 ALMA data

In this section we briefly describe the technique used to obtain high-resolution images

of astronomical objects using interferometry and the follow-up observations of HELMS18

obtained with the interferometer ALMA.

3.1.1 Interferometry

ALMA is an interferometer located in northern Chile and consists of an array of 66

antennas that can be positioned in many configurations (Figure 3.2).
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Figure 3.2: ALMA antennas on the Chajnantor Plateau of the Chilean Andes. Photograph
taken by Norikazu Mizuno (NAOJ, https://alma-telescope.jp/en/news/mt-post_

31-2).

Interferometers like ALMA measure the interference pattern of the signal from two

antennas separated by a baseline B. This interference pattern is directly related to the

source brightness. More especifically, an interferometer measures discrete components of the

spatial frequency spectrum of the observed object’s brightness distribution on the sky. This

spatial spectrum is often called the “visibility function”, a complex function in the general

case. In particular, for small fields of view, the complex visibility function, V (u, v), is the

two-dimensional Fourier transform of the brightness distribution on the sky, I(x, y):

V (v, v) =

∫ ∫
I(l,m)e−2πi[ux+vy]dxdy. (3.1)

The spatial frequencies sampled are a function of the locations of the interferometer’s

apertures (coordinates u and v on the uv plane), the location of the source in the sky

(coordinates x and y on the image plane), and the wavelength of observation (see Figure

3.3). The locus of a baseline in the visibility plane is the projected length as seen from a

source at the interferometer pointing center.

The interferometer measures V (u, v) only where the baselines are, which means that

this function is sampled on a discrete number of points. A good image quality requires a

good coverage of the uv plane. The Earth rotation, which slowly turns the antennas with

respect to the source, can be used to increase the number of different baselines included in

an observation.

The Fourier transform of the sampling function results in the dirty beam (point spread

function). Taking the Fourier transform of the sampled visibilities results on the dirty

image, which is the true sky brightness distribution convolved with the dirty beam. This

image usually presents several artifacts, that reflect the incompleteness of the uv sampling.

In order to correct for the incomplete sampling of the uv plane a deconvolution process

called “CLEAN” is performed. The resulting cleaned image corresponds to the true image

https://alma-telescope.jp/en/news/mt-post_31-2
https://alma-telescope.jp/en/news/mt-post_31-2
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Figure 3.3: Illustration of the image and uv planes used in interferometry. Image taken from
https://science.nrao.edu.

convolved with the clean beam, which is described by the two-dimensional Gaussian fitting

of the dirty beam. The cleaned image is the final image used for scientific purposes.

3.1.2 ALMA observations of HELMS18

ALMA observations of HELMS18 were taken from the ALMA Science Portal∗ (data

set ADS/JAO.ALMA#2013.1.00358.S; PI: S. Eales) The spectral setup comprises Band

7 continuum observations in four spectral windows, each of width 1875 MHz centerd on

the frequencies 336.5, 338.5, 348.5 and 350.5 GHz. In each spectral window, there are

128 frequency channels giving a resolution of 15.6 MHz. Forty two 12 m antennas were

used with an on-source integration time of 151.2 s. This results in an angular resolution

of approximately 0.12′′. The calibration and imaging of the data were performed using

the scripts provided on the ALMA Science Portal and the Common Astronomy Software

Application package (CASA†).

Figure 3.4 shows the cleaned ALMA image of the system, where two gravitational arcs

(distorted images of the background HELMS18 submillimeter source), with Einstein radius

θE = 6.54′′ (Amvrosiadis et al., 2018), are observed. It is worth noticing that both arcs are

not pointed to the same geometrical center.

∗http://www.almasicence.org
†http://casa.nrao.edu

https://science.nrao.edu
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The image from Figure 3.4 will be used for the lens modelling performed in Chapter 4.

Figure 3.4: ALMA Band 7 observation of the lensed emission of HELMS18 submillimeter
galaxy, showing the two gravitational arcs. North is up and East is left.

3.2 Sloan Digital Sky Survey data

We obtained the optical information of this lens system from the Sloan Digital Sky

Survey - Data Release 14 (SDSS-DR14) database. When superposing the ALMA data and

the SDSS image of the system, we found that there are two objects within the gravitational

arcs, which indicates that this is a group-scale lens with two central galaxies. In Figure 3.5,

we show the colour-composite SDSS image of the group of galaxies and the superposition

of the SDSS and ALMA data. One of these central objects is a red and passive early-type

galaxy (ETG) that has SDSS spectroscopic data and is at z = 0.6. The SDSS spectrum of

this galaxy is shown in Figure 3.6.

The other object is very blue and has no SDSS spectrum available and it is classified

as a star in the photometric catalogue. However, bright and compact extragalactic systems,

such compact starburst galaxies and distant quasars, can be wrongly classified as stars when

only photometry is used for the classification (e.g. Bai et al., 2019; Logan & Fotopoulou,

2020). Therefore, to investigate the true nature of this blue object, we compared its colour

and magnitude with those of quasars at redshifts close to that of the passive central galaxy

(z ∼ 0.6). To obtain the SDSS-DR14 colours and magnitudes of the quasars, we used the

following query:
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Figure 3.5: SDSS colour-composite image of the group of galaxies (5.6 x 5.6 arcmin, left).
The right panel shows the superposition of the optical (colored) and ALMA data (green) of
the central region of the group. North is up and East is left.

SELECT p.objID, s.ra, s.dec, s.z,

p.petromag g - p.extinction g as g Petro,

p.petromag r - p.extinction r as r Petro,

p.petromag i - p.extinction i as i Petro

FROM SpecObj as s, PhotoObj as p

WHERE p.petromag r <= 22 AND p.petromag r >= 18 AND

s.class = ’QSO’ AND

s.z > 0.55 AND s.z < 0.65 AND

p.objID = s.bestobjID

We found 16 106 objects that satisfy the query criteria, i.e., spectroscopic objects

with r-band Petrosian magnitudes petromag r between 18 and 22 that are spectroscopically

classified as QSOs and are at 0.55 < z < 0.65. In Figure 3.7 we show the (g − i)Petro

colours versus rPetro of the quasars, where gPetro, rPetro, and iPetro are the extinction-corrected

Petrosian magnitudes in the g, r, and i bands. The position of the blue central object in

the colour-magnitude diagram shown in Figure 3.7 suggests that this system is likely to be

a quasar at the same redshift of the passive central galaxy (what we later confirmed with

data obtained at Gemini Observatory, see Section 3.3).
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Figure 3.6: SDSS spectrum of the passive galaxy within the gravitational arcs of the
HELMS18 lens system. This galaxy is at z = 0.6 and it is likely to be one of the cen-
tral galaxy of a group that is lensing the background galaxy HELMS18. This figure was
extracted from the Skyserver SDSS webtool (http://skyserver.sdss.org/).
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5 Confirmed QSOs at 0.55 < z < 0.65

Central early−type galaxy
Central QSO

Figure 3.7: Colour-magnitude diagram of spectroscopically confirmed quasars at 0.55 <
z < 0.65 (grey circles) and with 18 ≤ rPetro ≤ 22, where rPetro is the extinction-corrected
Petrosian magnitude in the r band. The quasars were selected from the SDSS-DR14 database
by retrieving objects classified as “QSO” in the spectroscopic catalogue. The position of the
blue central galaxy (blue square) in the colour-magnitude diagram is compatible with the
position of the confirmed quasars at the redshift of the central ETG galaxy (z = 0.6, red
diamond).

http://skyserver.sdss.org/
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Figure 3.8: (a) Gemini i band image of the group of galaxies. (b) Zoom in the inner region
of the group showing the two brightest central galaxies superposed with ALMA observations
(white) of the lensed emission of HELMS18. North is up and East is left.

3.3 Gemini multi-object spectroscopic data

As part of the project, we conducted multi-object spectroscopic observations using the

Gemini Multi-Object Spectrograph (GMOS‡) installed in the Gemini South Observatory to

target both the group members and the two brightest central galaxies of the group that

is strongly lensing the background galaxy in HELMS18 system. In Figure 3.8, we show

Gemini i band image of the group of galaxies and a zoom in the inner region of showing the

two brightest central galaxies superposed with ALMA data. The observation setup, data

description and reductions are described below.

3.3.1 Observations

The observations were carried out from September to November 2019 (Gemini pro-

gram ID GS-2018B-Q-113). We used GMOS-MOS with the R400-G5325 grating combined

with G455 high-order blocking filter to observe the group-scale lens. The grating’s resolution

of R ∼ 1000 (for slitlet width of 1′′) was suitable for our purposes, and the grating covers

the rest-frame spectral interval from ∼ 3500 Å to ∼ 6000 Å, allowing the observation of the

4000 Å break, the CaII HK, Hγ, Hβ, Mgb, and NaD absorption features, and the Hγ, Hβ,

[OIII]λ4959, 5007 Å emission lines of the QSO candidate.

To maximize the number of observed group-member candidates, we created observa-

tion masks for two different position angles. The criteria used to select the target galaxies for

‡https://www.gemini.edu/sciops/instruments/gmos/

https://www.gemini.edu/sciops/instruments/gmos/
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each mask were based on the optical information retrieved from the SDSS-DR14 database.

We selected the targets in the following order of priority: i) galaxies that are likely to be in

the red sequence of the group; ii) galaxies with photometric redshifts close the redshift of

the central ETG; iii) other bright galaxies in the field, regardless of their colour.

The galaxy color magnitude diagram shows two distinct populations, the red sequence,

which are elliptical galaxies that are no longer forming stars and can be found on galaxy

clusters, and the blue cloud, which usually are spiral galaxies that still have ongoing star

formation(Strateva et al., 2001). To identify the red sequence of the group, we selected all

photometric objects within 3′ from the central ETG and obtained their magnitudes and

photometric redshits from the SDSS database using the query below.

SELECT p.objID, p.ra, p.dec, z.z as photoZ, z.zErr as photoZerr,

p.petromag g - p.extinction g as g Petro,

p.petromag r - p.extinction r as r Petro,

p.petromag i - p.extinction i as i Petro

FROM PhotoObj as p, fGetNearbyObjEq(12.99894, 6.37902, 3) as n,

PhotoZ as z

WHERE n.objID = p.objID AND z.objID = m.objID AND z.z > 0

In Figure 3.9, we illustrate how we used the colours and photometric redshifts to

identify the red sequence of the group. We selected the galaxies indicated as red symbols

in the colour-magnitude diagram (left panel in Figure 3.9) and found that the distribution

of their photometric redshifts peaks around z ∼ 0.6. The median photometric redshifts

of galaxies with colours between 0.9 ≤ (r − i)Petro ≤ 1.5 is zphoto = 0.59 with scatter

σzphoto = 0.12. We also identified other possible structure at z ∼ 0.4 containing red-sequence

member galaxies with colours 0.1 ≤ (r − i)Petro ≤ 0.7, as indicated in the colour-magnitude

diagram in the left panel of Figure 3.9.

3.3.2 Data Reduction and Analysis

The data reduction was performed using the Gemini IRAF package v1.14§, following

the standard reduction procedure. This process included: subtraction of the overscan level,

bias subtraction, flat field correction, wavelength calibration, quantum efficiency correc-

tion, cosmic rays removal, sky subtraction, spectra extraction and flux calibration. Here we

present the results for the two central galaxies; the data reduction of the remaining galaxies

is still ongoing. For the purposes of the lens modelling, only the redshifts of the two central

targets that are within the lens arcs are required.

§https://www.gemini.edu/node/11823

https://www.gemini.edu/node/11823
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Figure 3.9: Possible structures identified along the line of sight of the HELMS18 system.
Left: Colour-magnitude diagram of SDSS galaxies at angular distances θ < 3′ from the
central ETG. The galaxies with (r − i)Petro colours ranging from 0.1 to 0.7 and from 0.9
to 1.5 are indicated by the green and red symbols, respectively. Right: Ditribution of the
photometric redshifts of the galaxies shown in the left panel, indicating two structures at
z ∼ 0.4 and z ∼ 0.6. The latter corresponds to the group that is lensing the background
galaxy of the HELMS18 system.

To determine the spectroscopic redshift of the two central galaxies we used the tasks

EMSAO and XCSAO of the IRAF Radial Velocity Package RVSAO¶ (Kurtz & Mink, 1998). The

task EMSAO uses emission line shifts to measure the radial velocities, while the XCSAO relies

on cross-correlation methods. We used the rest-frame spectra of 10 nearby passive galaxies

as templates for the XCSAO cross-correlation procedure. Using the task XCSAO, we find that

the redshift of the central ETG is zETG,XC = 0.60246± 0.00004, and the agreement with the

value from the SDSS-DR14 is within the errors (zETG,SDSS = 0.6026± 0.0002).

The redshift of the quasar was determined using both the emission-line (zQSO,EM) and

the cross-correlation (zQSO,XC) methods, and we obtain zQSO,EM = 0.59852 ± 0.00007 and

zQSO,XC = 0.59945 ± 0.00009. The difference between these two measurements suggests an

outflow of gas with velocity vgas = 278 ± 34 km s−1 relative to the quasar, and the relative

velocity between the two central galaxies is ∆v = c (zETG,XC − zQSO,XC) = 903± 30 km s−1.

In Figures 3.10 and 3.11, we show the spectra of these two objects. We compare the

Gemini spectrum of the central ETG with that from the SDSS database, and the differences

between them due to slit size, resolution and difference between instruments is within 10%,

as shown in Figure 3.10. The spectrum of the second object is shown in Figure 3.11. We were

able to identify the [Oii]λ3727, [Neiii]λ3869, Hγ, Hβ, [Oiii]λ4959, and [Oiii]λ5007 emission

lines, as indicated in Figure 3.11. We computed the bolometric luminosity, Lbol, by applying

the Lbol−L[Oiii] relation by Pennell et al. (2017), where L[Oiii] is the [Oiii]λ5007 emission-line

luminosity:

log(Lbol) = (0.5617± 0.0978) log(L[Oiii]) + (22.186± 4.164). (3.2)

¶http://tdc-www.harvard.edu/iraf/rvsao/

http://tdc-www.harvard.edu/iraf/rvsao/


Chapter 3. HELMS18 lens system 35

λ (A° )

F
λ 

(1
0−

17
er

g 
s−

1  c
m

−
2 A°

−
1 )

SDSS
Gemini

0
1

2
3

λ (A° )

δF
λ 

/ F
λ

5500 6000 6500 7000 7500 8000 8500 9000 9500

−
0.

2
0.

2

Figure 3.10: The SDSS (grey line) and Gemini (red line) spectra of the central passive group
galaxy. The lower panel shows the residuals of the comparison between the SDSS and Gemini
spectra. The dashed and dotted lines indicate δFλ/Fλ = 0 ± 10%, which is due to the slit
size, the resolution and the difference between instruments.

We used the IRAF task SPLOT to measure the [Oiii]λ5007 flux within the slitlet aperture

of 1′′. To compute the total flux, F[Oiii], we applied a correction factor that takes into account

the fraction of the flux outside the aperture of the slitlet. Using the SDSS Petrosian radius

of this galaxy, θPetro = 1.63′′, we estimate that the flux within the slitlet aperture is 38.4%

of the total flux, F[Oiii]. Following this procedure, we obtain F[Oiii] = 5.94 × 10−16 erg s−1.

Therefore,

L[Oiii] = F[Oiii] 4πDL(zQSO,XC) = 9.5× 1041erg s−1, (3.3)

where DL(zQSO,XC) is the luminosity distance at z = zQSO,XC, computed by assuming the

cosmological parameters H0 = 67 km s−1 Mpc−1, ΩM = 0.32 and ΩΛ = 0.68. Finally, using

Equation 3.2, we find that the bolometric luminosity of this galaxy is Lbol = 5.8×1045 erg s−1.

This value is very close to the median value of SDSS objects spectrocopically classified as QSO

at z ∼ 0.6, 〈Lbol(z ∼ 0.6)〉 = 6.5 × 1045 erg s−1. To compute the bolometric luminosities of

the QSO objects at 0.59 ≤ z ≤ 0.61, we adopted the same approach and used the [Oiii]λ5007

emission-line flux measurements from the MPA-JHU catalogue (table galSpecLine in SDSS-

DR14, Brinchmann et al., 2004; Tremonti et al., 2004).
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at z = 0.6.



Chapter 4

Lens modelling and source

reconstruction of HELMS18 lens

system

In this chapter we present the results on the lens modelling and source reconstruction

of HELMS18 system. The semilinear inversion (SLI) method presented in Chapter 2 was

adapted to deal with the more complex mass distribution of a group-scale lens. The ALMA

Band 7 continuum emission of the background source, presented in Chapter 3, was used in the

modelling. The HELMS18 lens system was the first group-scale lens modelled with ALMA

observations. The redshifts of the two central galaxies of the group-scale lens, obtained in

Chapter 3, were used to obtain accurate measurements of the parameters that describe the

lens mass distribution.

4.1 Semilinear inversion method implementation

The semilinear inversion method Warren & Dye (2003) described in 2.2.2 was imple-

mented in Fortran by Simon Dye. The code was primarily developed to model galaxy-scale

lenses, so that it has different profiles that can be chosen in the configuration file to de-

scribe the lens mass distribution. However, such implementation did not allow to construct

a more complex mass distribution for the lens, e.g., by combining different models to describe

different mass components.

As described in Chapter 3, the HELMS18 system consists of a submillimeter source

at z = 2.39 (Nayyeri et al., 2016) that is lensed by a group of galaxies at z = 0.6. The

group-scale lens has two central galaxies, an early-type galaxy and a quasar, as shown in

Figure 3.8. Given such complicated lens configuration, a more sophisticated lens mass model,



Chapter 4. Lens modelling and source reconstruction of HELMS18 lens system 38

taking into account the different mass components of this group-scale lens, should be used.

Therefore, the code needed to be adapted to include the possibility of combining two or more

density profiles. The deflection angle at a given position of the lens plane due to a mass

distribution that consists of more than one component is the sum of the deflection angles of

each component calculated for that same position in the lens plane. This is a linear problem,

since the step of inverting the image to obtain the source light distribution is also a linear

one, as said previously.

As a first approach for the lens modelling, we adapted the code to include the possi-

bility of using N components with the same surface density profile. We then used two SIEs,

one for each of the central galaxies. The parameters used to describe the model were: c,

which is a normalization parameter associated to the mass that is being modelled, xc and yc,

which are the position of the center of the lens in the Cartesian coordinate system, θ which

is the position angle, and e which is the elongation of each mass distribution, defined as

e =
a

b
(4.1)

where a and b are the major and minor axis, respectively. Therefore, the lens model had ten

parameters. More details on the SIE profile can be found in Chapter 2.

This first approach using two SIEs was able to reproduce the position of the arcs,

however the arcs were too thick and the minimum reduced χ2 was χ2 ∼ 2. Moreover, this

model produced two counter-images that were not observed in the ALMA imaging.

Since the first approach using two SIE components to describe the mass distribution of

the lens did not reproduce well the observed lensed image, we decided to add a NFW density

profile to describe the dark matter halo of the group. We also included external shear to

take into account other galaxies in the lens vicinity. Similar model was used in Verdugo

et al. (2011), where they modelled the mass distribution of a galaxy group with three central

galaxies. Their model is a combination of a NFW profile for the group component and 3

pseudo-isothermal mass distributions (PIEMD) for each of the galaxies.

In order to model the group with a NFW and two SIE components, we adapted the

code to include the possibility of combining different profiles. The combination of these

profiles created a more complex model that was able to reproduce the observed data.

This model has eighteen parameters, including five parameters for each SIE, as de-

scribed above. The NFW density profile is described by six parameters: c, a normalization

associated to the total mass of the component, xc and yc, the position of the center of the

component in the Cartesian coordinate system, θ and e which are, respectively, the position

angle and the elongation of the profile, rs, the scale radius of the NFW profile. The remain-

ing two parameters are θγ and γ, which are the position angle and the strength of the shear

component, respectively.
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We carried out the lens modelling in the image plane rather than the uv-plane. There

are two main advantages of modelling ALMA data in the image plane. First, the image can

be masked in the region of interest, that means, regions where there are detected emission

from the background source. This gives a much more sensitive figure of merit for the fitting,

since the modelling in the uv plane fits visibilities and the visibilities describe large areas of

the background sky. Another main advantage is the efficiency. Modelling in the image plane

is much more efficient, because the visibility data sets are particularly large and usually they

have to be trimmed anyway in Fourier space to make the modelling process feasible, as in

Rybak et al. (2015).

The disadvantage of performing the lens modelling in the image plane is that the

Fourier transform of the visibilities are modelled, instead of modelling the visibilities directly.

The main side effect of this approach is that the image pixels are correlated by the beam,

leading to a biased image-plane modelling. This can be avoided by taking into account the

covariance between pixels in the uncertainties. However, measuring this covariance between

pixels is not a simple task.

Moreover, according to Dye et al. (2018), minor differences are found in the recon-

structed source and lens parameters when comparing the results produced by the SLI method

by modelling the cleaned image data and the visibility data directly. In that work, the au-

thors modelled six strong galaxy-galaxy gravitational lens systems from the same sample as

HELMS18 using both methods. The expectation is that such differences will be more no-

table when the coverage of the uv plane becomes more sparse, resulting in a poorer angular

resolution.

In the following we presents the results of the lens modelling and source reconstruction.

4.2 Lens modelling and source reconstruction

We modelled the group-scale lens at z = 0.6 that is gravitationally lensing the submil-

limeter galaxy at z = 2.39 using the semilinear inversion method outlined in Section 2.2.2.

The model that recovered observational features was a NFW density profile for the group

component and two SIEs, one for each of the central galaxies.

Figure 4.1 shows the lensed image of the reconstructed source obtained using the

best-fit lens modelling parameters. The best-fit parameters are listed in Table 4.1 and the

minimum reduced χ2 was χ2 = 1.59.

The semilinear inversion method recovers the source surface brightness when mod-

elling the lens mass distribution. The reconstructed unlensed emission of HELMS18 shown

in 4.2 presents a two-component source separated by 9.5 kpc assuming that the two compo-

nents are in the same plane. Both components present elongated and disturbed morphology,

suggesting that they are undergoing a merger.
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Figure 4.1: Left: lensed image from the reconstructed source. Right: residuals between the
original image and the lensed image from the reconstructed source

Figure 4.2: Reconstructed unlensed emission of the source.
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Table 4.1: Parameters of the best-fit lens model. The positions of the center of the component
are relative to the center of the image. θ is the angle of semi-major axis of ellipsoid to y axis
(counter clockwise). e is the elongation of the ellipsoid.

Component xc (”) yc (”) θ (o) e rs (kpc) θγ (o) γ
SIE1(ETG) -3.413 1.306 -21.278 1.220 - - -

SIE2(quasar) 0.895 -1.377 78.857 1.442 - - -
NFW 0.996 -0.5428 -32.467 1.623 129.230 41.071 0.0011

The spectroscopic redshift from the lensed submillimeter galaxy was obtained by

Nayyeri et al. (2016) using CO emission line. Given the poor resolution of this measurement,

the detection of the emission was not resolved, that is, not being able to separate the arcs

and measure the redshift of each one individually. To confirm the hypothesis that the two

components of the source are a result of a merger, spectroscopic observations of each of the

arcs are needed, so that it is possible to check precisely the redshift of the two components.

It is important to mention that we did not consider in the modelling the possibility of the

two components of the source being in different redshifts. This is a valid hypothesis and, if

confirmed with spectroscopic data, it could be used to better constrain the model.

An advantage of modelling the mass distribution of a lens using the semilinear inver-

sion method is that it reconstructs the surface brightness of each pixel of the source. Most

codes, like LENSTOOL, which was used by Verdugo et al. (2011), reconstruct the source posi-

tions but not the surface brightness of individual pixels. Recovering the unlensed emission

of each pixel in the source plane is far more difficult and more computer power is needed,

since the mapping is done for each pixel of the image.

The mass distribution of the galaxy group that is lensing HELMS18 could be complex

enough, so that it cannot be described by a sum of only three density profiles. Combining

more models means an increase in the total number of parameters, leading to a larger lens

parameter space, which makes the search more complicated and more expensive computa-

tionally. For instance, galaxy clusters, which have very complex mass distributions, cannot

be modelled using the semilinear inversion method since the combination of their density

profiles would lead to an immense number of parameters, making the modelling computa-

tionally prohibitive. A possible next step, to confirm the results of our modelling, would be

modelling the mass distribution of the galaxy group that is gravitationally lensing HELMS18

using another code. One alternative to model the group-scale lens is LENSTOOL∗ (Jullo et al.,

2007), which is an open source code and is commonly used to model galaxy clusters.

∗The LENSTOOL software is publicly available at https://projets.lam.fr/projects/lenstool/wiki.

https://projets.lam.fr/projects/lenstool/wiki
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Summary & Perspectives

In this work we modelled the group-scale lens at z = 0.6 that is gravitational lensing

HELMS18, a submillimeter galaxy at z = 2.39 using the semilinear inversion method. This

system was first detected in the Herschel’s Large Mode Survey (HELMS) and later it was

followed up with ALMA. The modelling that recovered observational features was a NFW

density profile for the group component and two SIEs as sub-halos for the two central galaxies.

The lens modelling recovers the unlensed emission of the source. The reconstructed source

presents two disturbed and elongated components, separated by 9.5 kpc, suggesting that

they are undergoing a merger.

In chapter 2 we review the gravitational lensing effect, beginning with a brief descrip-

tion of the phenomena, explaining the lensing regimes and the reason why strong lensing is a

suitable technique for studying different astronomical objects. After that, we described the

historical context, followed by the lens equation and potential, explaining the visible effects,

such as magnification and distortion.

We also explain the semilinear inversion method, which was used to model the HELMS18

system. This method separates the lens parameters from the source parameters. It uses a

pixelised source plane and a parametric function for the lens mass distribution. Given a lens

model, the method computes the linear superposition of the lensed images for each source

plane pixel that best fit the data. The step to obtain the source distribution is a linear one,

sine it is inverting the image. The nonlinear step is the search in the lens parameter space,

which is used to find the best model.

In chapter 3 we present the HELMS18 lens system, beginning on its first detection by

Herschel’s Hermes Large Mode Survey. After that, HELMS18 was followed-up with ALMA

and had the spectroscopic redshift z = 2.39 measured by molecular line spectroscopy. We

also give a brief description of interferometry, which is the technique used to observe with

ALMA.

We found out that the HELMS18 lens system has two central galaxies by looking at

the optical counterpart in the SDSS. One of the galaxies was catalogued as an ETG and the
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other one as a star. We analysed SDSS data and the object catalogued as star seemed to be

a quasar. In order to confirm if the object was indeed a quasar we conducted multi-object

spectroscopic observations, using GMOS in Gemini South Observatory.

We performed the data reduction of the GMOS data and confirmed that the quasar

candidate was indeed a quasar. Another result using Gemini data is that we measured the

spectroscopic redshifts for both ETG and the quasar. We confirmed that these two objects

are similar redshifts, with separation of ∆z ∼ 0.003 (∆v = 903± 30 km s−1).

In chapter 4 we describe the implementation of the semilinear inversion method,

explaining that we needed to adapt the code to include the possibility of combining two

or more models. The first approach for the modelling was using two SIEs, however it did

not provide a good fit to the data. The model that best reproduced the observed data was

a NFW density profile for the group component and two SIEs for the two central galaxies.

By modelling the group-scale lens, we were able to reconstruct the source. The un-

lensed emission of HELMS18 presents two sources separated by 9.5 kpc. The morphology of

the source is disturbed and elongated, suggesting strong interaction between two merging

galaxies. However, to confirm this hypothesis, individual spectroscopic data of the arcs are

needed.

The next steps of this work include refining our model by testing different lens con-

figurations and to model the group-scale lens in the uv plane. We also need to determine

the mass within the Einstein radius and the magnification, which will allow us to measure

physical properties of the source. One possibility to validate the lens modelling is to use

another code, such as LENSTOOL, an open source code to model galaxy clusters, which was

used by Verdugo et al. (2011).

Another step is obtaining spectra of the arcs individually in order to measure their

redshifts. If the arcs are confirmed to be at different redshifts, the code would need to be

adapted to include the possibility of reconstructing the surface brightness of the sources at

different redshifts. Also, this would exclude the scenario which the two components of the

source resulted from a possible merger.

Finishing the data reduction of Gemini observations is also within the perspectives.

With the spectra of all observed galaxies in the group field, we will be able to measure

their redshifts and determine the group members. With the spectra we can perform stellar

population synthesis, which will provide the stellar mass of the galaxies. Therefore, we

can combine the strong lensing technique with stellar kinematics of the central galaxies and

kinematics of the group members. This complementary techniques will allow us to investigate

the mass distribution (both dark and luminous) at several widely separated radii. Moreover,

we will be able to investigate a possible interaction between the two central galaxies, which

might have triggered the nuclear activity in one of them.
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Sâ¡LAR, DYNAMICAL, AND TOTAL MASS CORRELATIONS OF MASSIVE EARLY-

TYPE GALAXIES. The Astrophysical Journal, v. 724, n. 1, p. 511–525, November

2010.

BAI, YU; LIU, JIFENG; WANG, SONG; YANG, FAN. Machine Learning Applied to Star-

Galaxy-QSO Classification and Stellar Effective Temperature Regression. Astronomical

Journal, v. 157, n. 1, p. 9, January 2019.

BARGER, A. J.; COWIE, L. L.; SANDERS, D. B.; FULTON, E.; TANIGUCHI, Y.; SATO,

Y.; KAWARA, K.; OKUDA, H. Submillimetre-wavelength detection of dusty star-forming

galaxies at high redshift. Nature, v. 394, n. 6690, p. 248–251, July 1998.
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M.; MARCHETTI, L.; COORAY, A.; RIECHERS, D. A.; AMVROSIADIS, A. Mod-

elling high-resolution ALMA observations of strongly lensed highly star-forming galaxies

detected by Herschel. Monthly Notices of the Royal Astronomical Society, v. 476,

p. 4383–4394, June 2018.

DYE, S.; FURLANETTO, C.; SWINBANK, A. M.; VLAHAKIS, C.; NIGHTINGALE,

J. W.; DUNNE, L.; EALES, S. A.; SMAIL, IAN; OTEO, I.; HUNTER, T.; NE-

GRELLO, M.; DANNERBAUER, H.; IVISON, R. J.; GAVAZZI, R.; COORAY, A.;

WERF, P. VAN DER. Revealing the complex nature of the strong gravitationally lensed

system H-ATLAS J090311.6+003906 using ALMA. Monthly Notices of the Royal

Astronomical Society, v. 452, n. 3, p. 2258–2268, September 2015.

DYE, S.; NEGRELLO, M.; HOPWOOD, R.; NIGHTINGALE, J. W.; BUSSMANN, R. S.;

AMBER, S.; BOURNE, N.; COORAY, A.; DARIUSH, A.; DUNNE, L.; EALES, S. A.;

GONZALEZ-NUEVO, J.; IBAR, E.; IVISON, R. J.; MADDOX, S.; VALIANTE, E.;

SMITH, M. Herschel-ATLAS: modelling the first strong gravitational lenses. Monthly

Notices of the Royal Astronomical Society, v. 440, p. 2013–2025, May 2014.

DYE, S.; WARREN, S. J. Decomposition of the Visible and Dark Matter in the Einstein

Ring 0047-2808 by Semilinear Inversion. The Astrophysical Journal, v. 623, p. 31–41,

April 2005.

DYSON, F. W.; EDDINGTON, A. S.; DAVIDSON, C. A Determination of the Deflection

of Light by the Sun’s Gravitational Field, from Observations Made at the Total Eclipse of

May 29, 1919. Philosophical Transactions of the Royal Society of London Series

A, v. 220, p. 291–333, January 1920.

EALES, S.; DUNNE, L.; CLEMENTS, D.; COORAY, A.; DE ZOTTI, G.; DYE, S.;

IVISON, R.; JARVIS, M.; LAGACHE, G.; MADDOX, S.; NEGRELLO, M.; SER-

JEANT, S.; THOMPSON, M. A.; VAN KAMPEN, E.; AMBLARD, A.; ANDREANI,

P.; BAES, M.; BEELEN, A.; BENDO, G. J.; BENFORD, D.; BERTOLDI, F.; BOCK, J.;

BONFIELD, D.; BOSELLI, A.; BRIDGE, C.; BUAT, V.; BURGARELLA, D.; CARL-

BERG, R.; CAVA, A.; CHANIAL, P.; CHARLOT, S.; CHRISTOPHER, N.; COLES, P.;



BIBLIOGRAPHY 50

CORTESE, L.; DARIUSH, A.; DA CUNHA, E.; DALTON, G.; DANESE, L.; DANNER-

BAUER, H.; DRIVER, S.; DUNLOP, J.; FAN, L.; FARRAH, D.; FRAYER, D.; FRENK,

C.; GEACH, J.; GARDNER, J.; GOMEZ, H.; GONZÁLEZ-NUEVO, J.; GONZÁLEZ-
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A.; PEARSON, C.; PÉREZ-FOURNON, I.; PINSARD, F.; PISANO, G.; PODOSEK, J.;

POHLEN, M.; POLEHAMPTON, E. T.; POULIQUEN, D.; RIGOPOULOU, D.; RIZZO,

D.; ROSEBOOM, I. G.; ROUSSEL, H.; ROWAN-ROBINSON, M.; ROWND, B.; SARA-

CENO, P.; SAUVAGE, M.; SAVAGE, R.; SAVINI, G.; SAWYER, E.; SCHARMBERG,

C.; SCHMITT, D.; SCHNEIDER, N.; SCHULZ, B.; SCHWARTZ, A.; SHAFER, R.;

SHUPE, D. L.; SIBTHORPE, B.; SIDHER, S.; SMITH, A.; SMITH, A. J.; SMITH,

D.; SPENCER, L.; STOBIE, B.; SUDIWALA, R.; SUKHATME, K.; SURACE, C.;

STEVENS, J. A.; SWINYARD, B. M.; TRICHAS, M.; TOURETTE, T.; TRIOU, H.;

TSENG, S.; TUCKER, C.; TURNER, A.; VACCARI, M.; VALTCHANOV, I.; VI-

GROUX, L.; VIRIQUE, E.; VOELLMER, G.; WALKER, H.; WARD, R.; WASKETT,

T.; WEILERT, M.; WESSON, R.; WHITE, G. J.; WHITEHOUSE, N.; WILSON, C. D.;

WINTER, B.; WOODCRAFT, A. L.; WRIGHT, G. S.; XU, C. K.; ZAVAGNO, A.; ZEM-

COV, M.; ZHANG, L.; ZONCA, E. The Herschel-SPIRE instrument and its in-flight

performance. Astronomy and Astrophysics, v. 518, p. L3, July 2010.

GRUPPIONI, C.; POZZI, F.; RODIGHIERO, G.; DELVECCHIO, I.; BERTA, S.;



BIBLIOGRAPHY 54

POZZETTI, L.; ZAMORANI, G.; ANDREANI, P.; CIMATTI, A.; ILBERT, O.; LE

FLOC’H, E.; LUTZ, D.; MAGNELLI, B.; MARCHETTI, L.; MONACO, P.; NOR-

DON, R.; OLIVER, S.; POPESSO, P.; RIGUCCINI, L.; ROSEBOOM, I.; ROSARIO,

D. J.; SARGENT, M.; VACCARI, M.; ALTIERI, B.; AUSSEL, H.; BONGIOVANNI,

A.; CEPA, J.; DADDI, E.; DOMı́NGUEZ-SÁNCHEZ, H.; ELBAZ, D.; FÖRSTER
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DELL, R.; BOCK, J.; BOSELLI, A.; BRIDGE, C.; BUAT, V.; BURGARELLA, D.;

BUSSMANN, R. S.; CABRERA-LAVERS, A.; CALANOG, J.; CARPENTER, J. M.;
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