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Abstract.

This thesis presents the search for the [C II] 158 µm emission line, one of the brightest
far-infrared (FIR) emission lines, in a selection of z > 6 (the Universe was less than 1 Gyr
old) galaxies. These galaxies have been observed with CARMA and PdBI millimeter
interferometers and no [C II] nor continuum emission is detected. The estimated upper
limits show that the [C II] line in these galaxies is not as bright as in some galaxies
with similar values of star formation rates at lower redshifts. These results indicate
that the low metallicity expected for these type of galaxies could be the reason of the
non-detection of [C II] .

For a lensed multiple-imaged galaxy (MACS0329-iD) observed with the ALMA millime-
ter interferometer a tentative detection of the [C II] emission line with a 3.7� significance
has been detected. This detection would put the galaxy at a spectroscopic redshift of
z = 6.17722±0.00005, in agreement with the photometric redshift previously estimated.
The galaxy is not detected in the continuum, with a 3� upper limit of 1.8 mJy at 158
µm restframe. The ratio between the tentative observed [C II] emission line and the far-
infrared luminosity of > 5.0 ⇥ 10�4 puts this galaxy near what is typically found in the
local star-forming galaxies. In conclusion, significantly deeper [C II] observations than
previously thought are need in the future to securely detect [C II] emission in the highest
redshift galaxies.

This work also presents the search for lensed submillimeter galaxies with the goal of
studying the faint population of dusty starbursting galaxies. Observations were made
of 15 galaxy clusters using the bolometers LABOCA at APEX telescope and GISMO at
IRAM 30 meters telescope. Of the 62 unique sources detected, we were able to find the
galaxy counterpart to the far-infrared emission when was possible. Our sample of lensed
submillimeter galaxies appears to be within the range of observed infrared luminosities
at z < 2 and being lower than other samples at z > 2. When comparing the stellar
masses and the SFR of our sample, they appear to agree well with the main-sequence
of galaxies at z ⇠ 2.

This thesis presents the e↵orts of studying high redshift galaxies with submillimeter and
millimeter observations and some techniques to better analyze and understand them.

Zusammenfassung.

Diese Doktorarbeit beschreibt sensitive Beobachtungen der [C II] 158 µm Emissionslinie,
eine der hellsten Emissionslinien im Ferninfraroten (FIR), in Galaxien bei Rotverschiebun-
gen von z > 6 (Alter des Universums: weniger als 1 Gyr). Die Galaxien wurden mit
den CARMA und PdBI Millimeterinterferometern beobachtet, und es wurde weder die
die [C II] Linie noch Kontinuumsemission detektiert. Die erzielte Empfindlichkeit zeigt,
dass diese Galaxien nicht so hell in [C II] Emission sind, wie Galaxien bei geringeren
Rotverschiebungen mit ähnlichen Sternentstehungsraten. Diese Ergebnisse lassen da-
rauf schliessen, dass eventuell die geringe Metallizität der Galaxien der Grund für die
schwache [C II] Emission ist.

Im Fall der vielfach vergrösserten Galaxy MACS0329-iD haben Beobachtungen mit dem
ALMA Interferometer ergeben, dass die Quelle mit einer Signifikanz von 3.7� detektiert
wurde. Diese Detektion entspricht einer spektroskopischen Rotverschiebung von z =
6.17722±0.00005, diese stimmt der zuvor bestimmten photometrischen Rotverschiebung
überein. Die Galaxie wurde nicht im Kontinuum detektiert (mit einem 3� Flusslimit von
1.8 mJy bei 158 µm). Das Verhältnis der Leuchtkraft der [C II] Emissionslinie und der
Ferninfrarot Leuchtkraft ist > 5.0 ⇥ 10�4, d.h. die Galaxie verhält sich so wie typische
Galaxien im lokalen Universum.

Diese Doktorarbeit beschreibt ausserdem die Suche nach Submillimetergalaxien, deren
Helligkeit durch Gravitationslinsen verstärkt wird, um die schwache Population von
sternbildenden Galaxien zu untersuchen, die reich an Staub sind. Hierzu wurden Beobach-
tungen von 15 Galaxienhaufen durchgeführt, und zwar mit Hilfe der LABOCA (APEX)
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und GISMO (IRAM 30m) Bolometerkameras. Von den insgesamt 62 Quellen, die im FIR
detektiert wurden, konnten die entsprechenden Galaxien bestimmt werden. Die hier un-
tersuchten Submillimeter Galaxien sind denen bei Rotverschiebungen von z < 2 ähnlich,
sind allerdings schwächer als die bei z > 2. Ein Vergleich der stellaren Massen und
Sternentstehungsraten zeigt, dass die hier untersuchten Galaxien den ‘Main-Sequence’
Galaxien bei ⇠ 2 sehr ähneln.

Diese Doktorarbeit beschäftigt sich daher mit den Schwierigkeiten, Galaxien bei hohen
Rotverschiebung im Submillimeter und Millimeterbereich zu untersuchen, und beschreibt
mögliche Beobachtungsansätze diese besser zu analysieren und zu verstehen.







A Andrea y mi familia.





Acknowledgements

I am sure that this acknowledgments section will never be finished, I apologize for any

person that deserves to be here and that is missing.

First of all, I need to thank my parents, Rosa y Fernando, and my siblings Nando

and Belen for all the support. Gracias por el apoyo en este viaje de convertirme en
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Chapter 1

Motivation

1.1 Motivation.

One of the main subject of interest in astrophysics are the high redshift galaxies. Red-

shift, z, is a quantification of the ratio of the observed wavelength (�
o

) to the emitted

wavelength (�
e

) of light:

1 + z =
�

o

�
e

. (1.1)

The redshift can also be associated to the recession velocity associated to the longitudinal

relativistic Doppler e↵ect:

1 + z =
�

o

�
e

=

s
1 + v/c

1 � v/c
, (1.2)

where v is the recession velocity for a given redshift z (c is the speed of light in vacuum).

In a cosmological context, the redshift of the light is mainly produced by the expansion

of the Universe, i.e.

1 + z =
�

o

�
e

=
R(t

now

)

R
e

, (1.3)

where R(t) is the scale factor which describes the time evolution of the Universe (?).

When we observe a galaxy at z = 6, we are actually observing the light emitted when the

Universe was 1/7th of its present size. When we assume some cosmological parameters

like ⌦
m

= 0.3, ⌦⇤ = 0.7 and H0 = 70 km s�1Mpc�1 a galaxy at z = 6 is emitting its

1



Motivation. Motivation 2

light when the Universe was ⇡ 0.9 Gyr old. Because the expansion of the Universe

is a function of distance, observing high redshift galaxies means that we are observing

distant galaxies as well.

The high redshift galaxies do not just represent a population of very distant galaxies, but

also show how were the younger version of the galaxies observed in the local Universe.

From this point of view, observing and studying the high redshift galaxies can reveal

critic information about the evolution of galaxies as a whole. From the moment that

we realized that those ’nebulae’ in the sky were in fact extragalactic objects we began

to note di↵erences among them. These di↵erences can be morphological (Elliptical and

Spiral galaxies), of colors (red and blue galaxies), of size (dwarf and Cd galaxies), activity

(high and low star formation rates). To know how these galaxies end up as they are

observed in the local Universe, we need to understand they evolution throw cosmic time,

by looking to di↵erent stages in the evolution of similar galaxies at high redshift.

The study of high redshift galaxies have revealed several interesting facts about galaxy

evolution. One of the facts is that the star formation rate density of the Universe peaks

at redshift ⇠ 2, ⇠ 3.2 Gyr after the Big Bang. Another interesting fact is how mergers

appear to have a very important role in the growth and evolution of galaxies. How the

environment where the galaxies are located can play an important role in quenching or

activating the process of star formation, just to name a few. The more we learn about

high redshift galaxies, the more we understand galaxies as a whole and therefore our

own Galaxy.

One of the bases of the study of galaxies is having large samples. As we go to higher

redshifts we are actually observing larger volumes to where galaxies can be located,

which is good for the purpose of having large samples. The problem with this is that we

also are observing farther and therefore the capacity to observed faint galaxies decreases

at the same time. The current machinery for observing high redshift galaxies is based

in large photometric surveys of regions in the sky, and then by di↵erent criteria select

galaxies that are either interesting, bright, or are believed to be distant throw di↵erent

estimators (colors for example). For the selected galaxies, the next step is to obtain deep

spectroscopy to first, constraint the redshift, and to study the state of the interstellar

medium in the galaxies. The main problem with this process is that deep spectroscopy

is expensive and is limited to a number of galaxies per pointing, although the latter is

improving with the later instruments advances.

With the goal of complementing the current methods of observations, some alternatives

have arise for the study of high redshift galaxies. Here we explain the alternative methods

that will be used in this thesis with the purpose of studying high redshift galaxies.
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The first alternative is related with the fact that we need deep spectroscopy to obtain

several critical properties from the galaxies, such as redshift, metallicity, star formation

rate, etc. In the cases when the galaxies are bright and the continuum can be detected,

the observation of emission and absorption lines reveal most of the critical information

that we want to obtain. The true is that not all the observed galaxies are bright enough

to be detected in such detail with optical spectroscopy, as we go higher in redshift,

smaller is the amount of bright galaxies to be observed. Because of this luminosity plus

instrumentation limitation, most of the information that we obtain from high redshift

galaxies comes from the observation of one bright emission line, the Lyman-↵ emission

line. The Lyman-↵ line is produced by hydrogen (H) when one electron falls from

the orbital n = 2 to n = 1, emitting a photon at 1215.67Å. The process that allows

the Lyman-↵ photon escape the galaxies after the light scatters between the hydrogen

atoms manages to excite the electrons and then emit the energy in the form of Lyman-↵

photon is very complex and not fully understood yet, making the analysis of the observed

Lyman-↵ line not a trivial task.

As complement to the Lyman-↵ line, it has been used the bright emission lines that are

emitted in far infrared (FIR) of the spectra of galaxies. These emission lines are emitted

by di↵erent processes and region in the galaxy, resulting in that far-infrared emission

lines are not a↵ected by some limitations as it is sometimes the Lyman-↵ line. One of

the brightest emission lines in the far infrared is the [C II] emission line that at 157.7

µm and it is already a very good complement to the Lyman-↵ line in the study of the

highest redshift galaxies.

The second alternative that we will use is the observation of the continuum of high

redshift galaxies in submillimeter wavelength instead of in the optical. The choice to

observe galaxies in the submillimeter comes from two simple reasons. First, the farther

the galaxy, the fainter it looks, as product of the flux being inversely proportional to

the distance. Second, if a galaxy emits in the red part of the spectrum, when observed,

the redshift is going to shift the emission from the red to the near infrared, where the

observations are not so easy from most of the current telescopes. In the submillimeter,

specifically at 870 µm rest frame, we observe the Rayleigh-Jeans region of the spectrum

produced by the cold dust present in most of galaxies. In the submillimeter, as product

of the negative K-correction, as the redshift of the galaxies increases the observed flux

density at 870 µm increases as well. The peak of the dust emission is usually around

100 µm, higher the redshift the peak of the dust emission is going to be shifted to longer

wavelengths, closer to 870 µm . When we observe high redshift galaxies at 870 µm , the

fact that they should be fainter is countered by the fact that we are observing closer to

the peak of the emission as well, resulting in that higher redshift galaxies are brighter
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Fig. 4. The predicted flux density of a dusty galaxy as a function of redshift in various
submm atmospheric windows, and at shorter wavelengths that will be probed by
forthcoming space missions. Note the powerful K correction in the mm and submm
wavebands at wavelengths longer than about 250 µm, which yields a flux density
that is almost independent of redshift. The template spectrum is chosen to reproduce
the typical properties of distant submm-selected galaxies (Fig. 2). Subtle e↵ects due
to the additional heating of dust by the CMB, and fine details of the radio SED of
galaxies are not included; these e↵ects are illustrated in Fig. 8.

ies are expected to produce greater flux densities than their more proximate
counterparts.

Note that both the radio and optical flux-density–redshift relations decline
steeply with increasing redshift, and so high-redshift galaxies are not selected
preferentially in those wavebands. The advantage that faint radio and optical
galaxy surveys have over submm surveys comes from the complementary probe
of astrophysical signatures, and the combination of greater fields of view and
finer angular resolution.

A submm telescope that is su�ciently sensitive to detect a certain class of
galaxy at redshift z ' 0.5, can detect any similar galaxies out to a redshift
z ⇠ 10 (Blain and Longair, 1993a). Note, however, that surveys to exploit this
unusual K correction are not immune to selection e�ects. The K correction

19

Figure 1.1 Example of how the negate K-correction a↵ects the observation of high red-
shift galaxies. The predicted flux density of a dusty galaxy template as a function of
redshift in various submm atmospheric windows. Each color line represent the flux den-
sity observed at a given wavelength. For observations at wavelength longer than 250 µm
the flux density is almost independent of redshift (?).

at 870 µm than galaxies at lower redshift, making the observation at these wavelength

a very good method to obtain information about high redshift galaxies (Fig. 1.1).

The third alternative method that we will use is related to where to search for high

redshift galaxies. Galaxy clusters provide a natural lens that amplify the light emitted

by galaxies in the background and they are observed several times brighter than they

truly are. The magnification produced by the galaxy cluster can make a galaxy appear

up to ⇠ 100⇥ brighter, therefore revealing galaxies that would be impossible to observed

if not thanks to the galaxy clusters. The magnification produced by galaxy clusters and

even by galaxies has been used for years to observed distant galaxies. The main problem
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with this method is that the magnification produced by the galaxy clusters is a quantity

di�cult to estimate, and without an accurate value it is impossible to know if the intrinsic

flux is half of even a tenth of the observed flux as an example. The magnification values

depend of many factors, the redshifts of the sources and the clusters, but mainly in the

mass distribution of the galaxy clusters. In some cases, surveys are designed to observed

galaxy clusters field with the purpose of modeling the mass distribution of them and

also to have accurate photometric redshifts of the lensed galaxies, allowing the fast

identification of lensed galaxies and by how much magnified. We will take advantage of

such surveys to observed line and continuum emission is lensed galaxies.

The combination of these alternatives method in the study of high redshift galaxies,

makes the motivation and core of this doctoral thesis.

1.2 Concepts of studying high redshift galaxies.

In this section I will familiarize the reader with some of the concepts used throw this

thesis work. The concepts describe below are in close relation to the observations of

high redshift galaxies. The far-infrared emission of the galaxies consists mainly of two

sources, the continuum emission and emission lines. Both of the emission are emitted by

di↵erent processes and deliver complementary information about the physical properties

of the galaxies.

1.2.1 Cosmic star-formation history

The star-formation process is crucial in the evolution of galaxies through cosmic time.

Observations of galaxies at di↵erent redshifts have have been used to estimate the co-

moving UV luminosity density. These UV luminosities densities can be converted to

star-formation densities, resulting in a global view of the evolution of star-formation

activity per unit comoving volume over cosmic time (?). The conversion from UV lu-

minosity to star-formation rate is not a robust calculation, since is based in several

extrapolation and assumptions, one of the most important being the amount of UV

extinction produced by dust absorption at di↵erent redshift. Despite of that, the results

have been broadly accepted as a good indicator of the star-formation activity across

time.

In Fig. 1.2 we show the star-formation density versus redshifts for the latest studies,

going even up to z ⇠ 10 (Bouwens et al., 2014). This plot shows how the star-formation

activity increases from z=0 to z ' 2, stays stable up to z ⇠ 3 and then decreases for
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Figure 1.2 The UV luminosity density (right axis) and star formation rate density (left
axis) versus redshift (extracted from Bouwens et al. (2014)). These luminosity densities
and SFR densities are only considered down to a limiting luminosity of �17.7 AB mag.
The UV luminosity is converted into a star formation rate using the canonical UV -to-
SFR conversion factors. The upper set of points at every given redshift and orange
contour show the dust-corrected SFR densities, while the lower set of points and blue
contours show the inferred SFR densities before dust correction. The data is been taken
from Bouwens et al. (2007, 2011b); Coe et al. (2013); Ellis et al. (2013); Oesch et al.
(2012, 2013, 2014); Reddy and Steidel (2009); Schiminovich et al. (2005); Zheng et al.
(2012).

higher redshifts. The two sets of points from z = 0 to z = 8 show the di↵erence between

the dust-corrected and observed values of star-formation rate densities. The amount of

dust in high redshift galaxies is still a topic of debate, since no many dust observations

of normal star-forming galaxies have been made at high redshift.

The evolution rate of the star-formation density appears fairly constant between z ⇠ 2

and z ⇠ 8, showing how the di↵erent process at z > 2 trigger star formation in galaxies

(e.g. mergers and gas accretion). The discovery of candidates to galaxies at z > 8 show

that the evolution in star-formation density would be faster at z > 8 than in the lower

redshift range. The sample of galaxies at z > 8 is still low and not statistically strong

to confirm this tendency.

1.2.2 Far-Infrared Continuum Emission

The Far-Infrared of the spectrum is usually defined as the emission corresponding to

wavelength at � > 30Å restframe. This emission is associated to the interstellar dust
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Figure 2: Spectral energy distribution (SED) and Herschel/SPIRE colors of HFLS3. a, HFLS3 was 
identified as a very high redshift candidate, as it appears red between the Herschel/SPIRE 250-, 350-, 
and 500-µm bands (inset). The SED of the source (data points; λobs, observed-frame wavelength; νrest, 
rest-frame frequency; AB mag, magnitudes in the AB system; error bars are 1σ! r.m.s. uncertainties in 
both panels) is fitted with a modified black body (MBB; solid line) and spectral templates for the 
starburst galaxies Arp 220, M82, HR10, and the Eyelash (broken lines, see key). The implied FIR 
luminosity is 2.86+0.32

-0.31 x 1013 Lsun. The dust in HFLS3 is not optically thick at wavelengths longward of 
rest-frame 162.7 µm (95.4% confidence; Figure S12). This is in contrast to Arp 220, in which the dust 
becomes optically thick (i.e., τd=1) shortward of 234+/-3 µm.20 Other high-redshift massive starburst 
galaxies (including the Eyelash) typically become optically thick around ~200 µm. This suggests that 
none of the detected molecular/fine structure emission lines in HFLS3 require correction for extinction. 
The radio continuum luminosity of HFLS3 is consistent with the radio-FIR correlation for nearby star-
forming galaxies. b, 350 µm/250 µm and 500 µm/350 µm flux density ratios of HFLS3. The colored 
lines are the same templates as in a, but redshifted between 1<z<8 (number labels indicate redshifts). 
Dashed grey lines indicate the dividing lines for red (S250µm<S350µm<S500µm) and ultra-red sources 
(S250µm<S350µm and 1.3 x S350µm < S500µm). Gray symbols show the positions of five spectroscopically 
confirmed red sources at 4<z<5.5 (including three new sources from our study), which all fall outside 
the ultra-red cutoff. This shows that ultra-red sources will lie at z>6 for typical SED shapes (except 
those with low dust temperatures), while red sources typically are at z<5.5. See Supplementary 
Information Sections 1 and 3 for more details. 
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Figure 1.3 Example of a fit to the FIR continuum emission in a submillimeter galaxy
HFLS3 at z = 6.34. HFLS3 was identified as a very high redshift candidate, as it
appears red between the Herschel/SPIRE 250, 350, and 500 µm bands (inset). The
SED of the source (black data points) is fitted with a modified black body (MBB; solid
line) and spectral templates for the starburst galaxies Arp 220, M82, HR10, and the
Eyelash (broken lines, see key) (Riechers et al., 2013).

present in galaxies that consists of the combination of dust grains of di↵erent sizes and

composition.

The emission that we are interest in is that emitted at the longer wavelength, � > 100Å,

which is generally dominated by dust grains in thermal equilibrium at low temperatures.

The dust grains that emit at this wavelength have sizes between 0.01-0.25 µm , they are

heated to temperatures about 20�200 K, depending in the spectrum and intensity of the

interstellar radiation field (ISRF). The dust grains emit the absorbed energy as thermal

radiation until they reach an equilibrium temperature Td.

For a particular galaxy, there will be a distribution of dust temperatures, reflecting the

di↵erent nature and environment of the dust grain (Blain et al., 2002). When working

with unresolved dust emission it is usually assumed that all the dust grains have similar

size and composition and that they reach a similar equilibrium temperature Td. In

this case, the emission is equivalent to that of a single temperature blackbody (MBB,

Fig. 1.3), which is the Planck function for a given temperature multiplied by the dust
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absorption cross section (Bianchi, 2013). In this approach, the peak of the FIR emission

is a good indicator of the dust heating in the interstellar medium (ISM). In the cases

when FIR emission is observed with high spectral resolution it is also good to model the

emission with di↵erent dust grain sizes reaching di↵erent dust temperatures (da Cunha

et al., 2008).

The study of the dust emission in the FIR can be used as an indicator of some galaxies

properties as the dust mass and the star formation rate (SFR). If you have more dust

the emission associated to it will be higher, and if you have more SFR, the ISRF will be

higher and there will more energy heating the dust grains and therefore more thermal

emission. Details of the usage of the FIR observations will be discussed below.

1.2.3 Far-Infrared Emission Lines

We already know that with the continuum FIR emission we are observing the emission

of the di↵use dust in the ISM, with the observation of FIR emission lines we explore the

emission of the gas (atomic or molecular) in the ISM.

The gas in the ISM can be found in di↵erent phases, depending strongly in the envi-

ronment (density, temperature, radiation field). We already pointed out that the gas

in the ISM can be atomic or molecular form, and the atomic gas can also be in ionized

or neutral form. The complexity of the ISM as its di↵erent phases can be studied by

the observations of the di↵erent emission lines that are emitted in each of the di↵erent

phases.

The molecular gas mass is dominated by the presence of molecular Hydrogen, H2 and

in second place by carbon monoxide CO (Carilli and Walter, 2013). The molecular gas

forms giant clouds where the high gas density, the dust and H2 protect the molecules

of being destroyed by UV photons. The cold molecular clouds is where the star for-

mation process is thought to happen, therefore the importance of characterize them to

understand the galaxy evolution.

The main source of study of the molecular gas are the CO rotational emission lines.

The CO molecules have quantized rotational states that are exited by collision with

H2, protons, electrons or by the radiation field. The decay of the rotational states

release photons of a fixed frequency associated to the rotational level J. The emission

of di↵erent rotational level lines depend strongly in the density and temperature of the

medium, therefore, the observations of the di↵erent CO rotational lines can reveal the

physical properties of the molecular clouds. The excitation of CO is mainly triggered

by the collision with H2 molecules, and because of these molecules being the fuel of star
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62 Carilli & Walter

Figure 5: The CO line width (FWHM) versus CO line luminosity (left) and
versus the FIR luminosity (right panel). Note that the CSG show systematically
lower line widths for a given CO line luminosity than the hyper–starburst quasar
hosts and SMGs (we have corrected the vrot,max values given in Tacconi et al.
(2010) to give accurate FWHM values). The grey datapoints show local spiral
galaxies (with stellar masses >1010 M� from the HERACLES/THINGS surveys
(Leroy et al. 2009, Walter et al. 2008). The local FWHM values are corrected for
inclination, the high–z values are not (in the absence of unknown inclinations).

Figure 6: The ratio LCII/LFIR as a function of LFIR (data from Table 3). The
dashed horizontal line indicates a value of 3⇥10�3 ⇠ Milky Way value. The LFIR

measurements are corrected for lensing (where known).

Figure 1.4 The ratio L[CII]/LFIR as a function of LFIR for some observed galaxies. The
dashed horizontal line indicates a value of 3⇥10�3 ⇠ Milky Way value. This plot shows
how bright is the [CII] emission with respect to the total FIR emission of some galaxies.
(Carilli and Walter, 2013).

formation, it is normal to use CO emission lines as good tracer of star formation rate in

the ISM of distant galaxies.

The atomic gas is mainly studied by the fine structure emission lines (e.g. [C I], [C II],

[N II], [O I] and [O III]). These emission lines are produced when the fine-structure en-

ergy levels (given by total angular momentum) are collision excited and decay emitting

photons at a given frequency for each element and energy level.

In the ionized ISM, where Hydrogen is in the form of H II , the tracer emission lines cor-

respond to [C II] , [N II] and [O III] . In the neutral ISM, the emission lines [C I] , [C II] and

[O I] are produced. These fine structure lines have been noted to be the main dominant
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coolant of the ISM, being [C II] the brightest emission lines in FIR for a wide range of

galaxy population and has been used to observed the ISM of high redshift galaxies (Fig.

1.4).

These emission lines are important because can reveal more information about the ISM.

Observations of the di↵erent emission lines of [C I] at 370 and 609 µm can give informa-

tion about the excitation temperature, neutral carbon column density and mass. The

combination of observations of [C I] , [O I] and CO can reveal more information about the

molecular gas and the neutral medium. In the other hand, the observations of the emis-

sion lines associated to the ionized medium ([N II] and [O III] ) can reveal the hardness of

the radiation field. Because of the ionization level of [C II] (11.3 eV) being lower than

the one of the Hydrogen (13.6 eV), the [C II] emission can be produces in the neutral

and in the ionized medium. The observation of [N II] can be used to estimate how much

of the [C II] is produced in the ionized medium.

1.3 Outline.

This thesis is divided in three projects. The first project, that will be discussed in

Chapter 2 consists in the search for [C II] and continuum emission in three Lyman-↵

emitters at z > 6.5 and in one lensed Lyman break galaxy at z ⇠ 11. We discuss what

can we learn from the non detection of such emission from those galaxies. The second

project, that is a continuation of the first project, will be discussed in Chapter 3 and

consists on the search for [C II] emission in a multiple imaged lensed Lyman break galaxy

with zphot = 6.18+0.05
�0.07 discovered behind the galaxy cluster MACS0329.6-0211 and the

search for other continuum and line emissions in the field. The third project, that

will be discussed in Chapter 4 consists in the search for lensed submillimeter galaxies

behind galaxy clusters using submillimeter and millimeters observations. In Chapter 4

we present a summary and conclusion of our work.

Throughout this thesis we use a ⇤-Cold Dark Matter cosmology with H0 = 70 km s�1

Mpc�1, ⌦⇤ = 0.7 and ⌦m = 0.3.



Chapter 2

Search for [C II] emission in

z = 6.5 � 11 star-forming galaxies.

This project corresponds to the publication González-López et al. (2014)

2.1 Introduction

Lyman-alpha Emitters (LAE) are galaxies selected through strong Ly↵ emission and

are among the most studied galaxy populations at high redshift. The use of narrow

band filters over a wide area on the sky has proven to be a very e↵ective method to find

galaxies up to z ⇠ 7 (Fontana et al., 2010; Iye et al., 2006; Ono et al., 2012; Rhoads

et al., 2012; Schenker et al., 2012; Shibuya et al., 2012; Vanzella et al., 2011). The

possibility of finding LAEs from z ⇠ 1 to z ⇠ 7 shows that this type of galaxies can be

used to understand galaxy evolution over cosmic time. It has been observed that the

LAE fraction in UV selected galaxies increases with redshift up to z ⇠ 6 (Stark et al.,

2010), which is expected due to the decreasing dust content at higher redshifts. Beyond

z ⇠ 6 it is expected that the LAE fraction decreases as the amount of neutral Hydrogen

(H I ) increases, due to the incomplete reionization of the Intergalactic Medium (IGM)

(Ono et al., 2012; Ota et al., 2008; Pentericci et al., 2011; Schenker et al., 2012; Stark

et al., 2010). This is consistent with the comparatively low success rate of detection of

Ly↵ emission at z & 7.

If Lyman-alpha photons from redshifts z � 7 are absorbed by H I in the IGM (Dayal

and Ferrara, 2012), it will be di�cult to spectroscopically confirm the candidates at high

redshift, such as the candidate z ⇠ 12 galaxy UDFj-39546284 discovered in the Hubble

Space Telescope (HST) Ultra Deep Field (UDF) (Bouwens et al., 2011a; Brammer et al.,

11
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2013; Capak et al., 2013; Ellis et al., 2013), and the candidates found behind galaxy

clusters at z ⇠ 9.6 MACS1149-JD and ⇠ 10.7 MACS0647-JD (Coe et al., 2013; Zheng

et al., 2012).

Among the usual Interstellar medium (ISM) tracers at optical/UV wavelengths, the

only line that has been observed at z > 4 in galaxies is Ly-alpha. The emission of

Ly-alpha is complicated by its high optical depth in the emission region and its escape

through resonant scattering, by dust absorption, and by the contribution from outflows.

Therefore direct constrains on the gas properties from the Ly-alpha line strength and

shape are di�cult to derive. This motivates the exploration of alternative means to study

the highest redshift galaxies. Promising candidates include far-infrared fine structure

emission lines, e.g., [C II] (2P3/2 ! 2P1/2) at 157.74 µm, which is not a↵ected by the

increasingly neutral IGM at z > 7 and can account for up to 1% of the total infrared

luminosity in some galaxies, especially in those with low luminosity and metallicity

(Crawford et al., 1985; Israel et al., 1996; Madden et al., 1997; Stacey et al., 1991).

The [C II] line traces photo-dissociation (a.k.a. photon-dominated) regions (PDRs), as

well as di↵use H I and H II regions. In PDRs, the far-UV radiation produced by OB

stars heats the surface layers of molecular clouds, which cool preferentially through

[C II] emission. It has been observed that most of the [C II] emission in IR-bright galaxies

is coming from PDRs, and that the PDR gas mass fraction can be up to 50% in starbursts

like M82 (Crawford et al., 1985).

Modeling of FIR emission lines observed in starburst galaxies showed that at least 70%

of the [C II] emission is produced in PDRs (Carral et al., 1994; Colbert et al., 1999;

Lord et al., 1996). In the low-metallicity system Haro 11, on the other hand, at least

50% of the [C II] emission arises from a more di↵use, extended ionized medium (Cormier

et al., 2012). The di↵erent conditions in which the [C II] emission is produced, and the

direct or indirect relation of these conditions with the star formation process, suggest

that [C II] emission should be a good tracer of the global galactic star formation activity

(de Looze et al., 2011), at least for galaxies with low Tdust or low ⌃IR = LIR/⇡r2
mid�IR

(Dı́az-Santos et al., 2013). [C II] is found to be the strongest emission line, stronger than

CO, and thus is the most promising tracer of the dense, star forming regions in distant

galaxies where [C II] can be detected with ground-based telescopes due to the redshift

into observable atmospheric windows.

In the past years, the [C II] 158 µm emission line has been established as a promising

observable in high-redshift galaxies (Carilli et al., 2013; Cox et al., 2011; De Breuck

et al., 2011; Gallerani et al., 2012; Hailey-Dunsheath et al., 2010; Iono et al., 2006;

Ivison et al., 2010; Maiolino et al., 2009, 2005; Riechers et al., 2013; Stacey et al., 2010;

Valtchanov et al., 2011; Venemans et al., 2012; Wagg et al., 2010, 2012; Walter et al.,
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2012a, 2009; Wang et al., 2013; Willott et al., 2013). Most of the high-z detections were

for infrared-luminous starbursts, many of which also show signatures of AGN. See the

review by Carilli and Walter (2013) for more details.

With star formation rates of a few tens M�yr�1, based on the Ly↵ and UV continuum

emission, LAEs are classified as “normal” star forming galaxies. Di↵erent studies claim

that LAEs are young, dust free, starbursting galaxies, supported by UV observations

(Finkelstein et al., 2007; Gawiser et al., 2006; Lai et al., 2008). Recent MIR detection

of LAEs at z ⇠ 2.5 and z < 0.3 show that a significant fraction of the star formation

in these galaxies is strongly obscured by dust (Oteo et al., 2012a,b). Thus, LAEs are

promising targets for the detection of [C II] at high redshift.

Previous attempts to detect [C II] in a small sample of LAEs at z ⇠ 6.6 were unsuccessful

(Kanekar et al., 2013; Ouchi et al., 2013; Walter et al., 2012b).

Here we present the result of a search for [C II] in three LAEs at z > 6.5 and in a lensed

galaxy at z ⇠ 11. In Sect. 2 we describe the target selection and observations. The

data is shown in Sect. 3 together with some implications and analysis in Sect. 4. A

summary of the paper is presented in Sect. 5. Throughout this paper we use a ⇤-Cold

Dark Matter cosmology with H0 = 70 km s�1 Mpc�1, ⌦⇤ = 0.7 and ⌦m = 0.3.

2.2 Observations

2.2.1 Source Selection

The three Lyman-↵ emitters targeted in this study were discovered in the Subaru Deep

Field (SDF). Two of the LAEs observed belong to the sample of LAEs at z ⇠ 6.6

discovered by Taniguchi et al. (2005). The targets are the brightest LAEs (sources 3

and 4 in their catalog) and have a narrow and bright Lyman-↵ emission line. The third

LAE (IOK-1) was discovered at z ⇠ 7 by Iye et al. (2006). It is one of the brightest and

most distant LAEs known to date.

The fourth target, MACS0647-JD, is a lensed Lyman-break galaxy (LBG) discovered be-

hind the galaxy cluster MACSJ0647.7+7015 at z = 0.591 (Coe et al., 2013). The galaxy

was discovered as a J-Dropout galaxy lensed into 3 magnified images as part of The

Cluster Lensing And Supernova survey with Hubble (CLASH) (Postman et al., 2012).

The three images of the galaxy MACS0647-JD1, MACS0647-JD2 and MACS0647-JD3,

have a magnification of ⇠8,⇠7 and ⇠2 respectively. The photometric redshift of the

galaxy is 10.7+0.6
�0.4 (95% confidence limits). This is one of the highest redshift galaxy

candidates known to date.
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2.2.2 CARMA Observations

Observations of the three z ⇠ 6.5�7 LAEs were carried out using the Combined Array for

Research in Millimeter-wave Astronomy (CARMA) between 2008 July and 2010 July.

The array configurations used were the most compact, D and E, to minimize phase

decoherence and maximize point source sensitivity. The [C II] line has a rest frequency

of 1900.54 GHz (157.74 µm). For the redshifts of the targets, the line is shifted to

the 1 mm band. The receivers were tuned to a frequency ⇠150 km s�1 bluer than the

expected frequency from the redshift determined by the peak of the Lyman-↵ line. This

is for taking into account the possible absorption by the IGM in the Lyman-↵ line.

The setups provide an instantaneous bandwidth of ⇠ 1.5 GHz (⇠ 1800 km s�1) with a

spectral resolution of 31.25 MHz (⇠ 37 � 39 km s�1 ).

The observations were processed using MIRIAD (Sault et al., 1995). The absolute flux

calibrators used are 3C84, MWC349, 3C273 and Mars, the latter being the most used.

As passband calibrators the QSOs 3C273, 3C345 and 0854+201 were used. As gain

calibrator the QSO 1310+323 was used. The time on source for IOK-1 was 58.5 hours,

for SDF J132415.7+273058 was 15.9 hours and for SDF J132408.3+271543 4.6 hours.

The final cubes were made using natural weighting to maximize point source sensitivity.

The observations resulted in the following beamsizes: IOK-1: 1.86”⇥1.33”, PA= �0.34�,

SDF J132415.7+273058: 1.92” ⇥ 1.56”, PA= 83.45�, SDF J132408.3+271543: 2.54” ⇥
2.01”, PA= 88.02� (all targets: D and E configurations). For D configuration the

minimum baseline is 11 meters and the maximum is 150 meters. For E configuration

the minimum baseline is 8 meters and the maximum is 66 meters. Table 2.1 summarizes

the sensitivities reached for the observations of the LAEs.

2.2.3 PdBI Observations

All MACS0647-JD observations were carried out in 2012 November as part of a DDT

(Director’s Discretionary Time) program with the Plateau de Bure Interferometer (PdBI).

The target was observed with 4 WideX frequency setups (3.6 GHz bandwidth each), cov-

ering 80% of the photometric redshift range (z = 10.1 � 11.1). Two of the three lensed

images (JD1 and JD2) are within 18” of each other and they were covered in a common

2 mm pointing. The absolute flux calibrators used are MWC349, 2200+420, 3C279 and

0716+714. As gain calibrator the QSO 0716+714 was used. The total on source time

for all tunings was 7.4 hours (6-antennas equivalent). The observations were processed

using GILDAS. The beamsize of the observations is the following: MACS0647-JD :



Chapter 1. Search for [C II] emission in z = 6.5 � 11 star-forming galaxies. 15

2.10” ⇥ 1.76”, PA= 102.0� (C configuration). For C configuration the minimum base-

line is 22 meters and the maximum is 184 meters. Table 2.2 summarizes the sensitivity

reached for the observations of MACS0647-JD .

2.3 Results

2.3.1 Line Emission

The spectra of the three z ⇠ 6.5 � 7 LAEs are presented in Fig. 2.1 and the spectrum

of MACS0647-JD is shown in Fig.2.2. No significant emission is detected at the red-

shifted line frequencies or close to them. The observations were sampled to a channel

resolution of 50 km s�1 similar to the expected FWHM of the [C II] emission line (see

Sect. 2.4.1). We use our non-detections to put constrains on the luminosities of the

[C II] lines for all targets. The results for the LAEs can be seen in the Table 2.1 and

for the MACS0647-JD in Table 2.2. The upper limits were estimated assuming that

the sources were unresolved. For MACS0647-JD the spectra of the two images were

corrected by the primary beam pattern before combination. The [C II] luminosities were

estimated assuming that the velocity integrated flux of the line is Iline=Sline �v, with

Sline being 3 times the r.m.s. of the 50 km s�1 channel and �v = 50 km s�1 the range

in velocity (details on Tab. 2.1 notes). Using 3� over a 50 km s�1 channel to estimate

the upper limit in the luminosities can result in a underestimation. We point out that

for a more conservative estimation the luminosities should be multiplied by a factor 2.

(i.e. 3� over 200 km s�1 channel). Assuming a channel width of 200 km s�1 , our IOK-1

[C II] limit is ⇠ 10% deeper than the previous PdBI limit (Walter et al., 2012b).

2.3.2 Continuum Emission

No continuum emission is detected in our observations of the three LAEs and the z ⇠ 11

LBG. The sensitivity reached for the continuum observations is given in the Tab. 2.1

for the LAEs and a continuum map for the three LAEs is shown in Fig. 2.3. The results

for the MACS0647-JD are given in Tab. 2.2 and the continuum map is shown in Fig.

2.4. In Sect. 2.4.2 we discuss how the CMB a↵ects our continuum observations and in

Sect. 2.4.3 we use our continuum measurements to constrain the nature of our targets.
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Table 2.1. Summary of Observations and Results for the LAEs

source RA DEC za ⌫obs
b

�cont
c

�line
d L[CII]

e LN6946
IR,CMB

f SFRdust,CMB
g SFRUV

h

J2000.0 J2000.0 GHz mJy b�1 mJy b�1 108 L� 1011 L� M� yr�1 M� yr�1

IOK–1 13:23:59.80 +27:24:56.0 6.965 238.881 0.19 1.17 <2.05 <6.34 <109.1 ⇠24
SDF J132415.7 13:24:15.70 +27:30:58.0 6.541 252.154 0.37 2.82 <4.52 <10.3 <177.2 ⇠34
SDF J132408.3 13:24:08.30 +27:15:43.0 6.554 251.594 0.75 5.67 <10.56 <21.0 <360.9 ⇠15

Note. — All luminosities upper limits are 3 �.

aReferences: IOK–1:Iye et al. (2006); Ono et al. (2012) –SDF J132415.7+273058 and SDF J132408.3+271543 : Taniguchi et al. (2005)

bObserving Frequencies; tuned ⇠125 MHz blueward of the Ly–↵ redshifts for all targets.

c1� continuum sensitivity at 158µm rest wavelength.

d1� [C II] line sensitivity over a channel width of 50 km s�1.

e3� [C II] luminosity limit over a channel width of 50 km s�1 assuming Lline = 1.04 ⇥ 10�3
Iline ⌫rest(1 + z)�1

D

2
L, where the line luminosity,

Lline, is measured in L�; the velocity integrated flux, Iline=Sline �v, in Jy km s�1 ; the rest frequency, ⌫rest = ⌫obs(1 + z), in GHz; and the
luminosity distance, DL, in Mpc. (e.g. Solomon et al. (1992)

f3� limit based on the SED of NGC 6946 and including the e↵ect of the CMB.

g3� limit based on LN6946
IR including the e↵ect of the CMB.

hUV–based SFR from Jiang et al. (2013)
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Figure 2.1 Spectra of the LAEs with a velocity resolution of 50 km s�1 . The relative ve-
locities are with respect to the frequency expected for the [C II] line including absorption
by the IGM (150 km s�1 to the blue of zLy↵

). The redshifts of the target are z=6.965 for
IOK-1, z=6.541 for SDF J132415.7+273058 and z=6.554 for SDF J132408.3+271543 .
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Figure 2.2 Spectrum of MACS0647-JD . The spectrum shows the added fluxes measured
on the positions of the two lensed images JD1 and JD2 (combined magnification µ ⇠ 15).
The spectra of the two images were corrected by the primary beam pattern before
combination. The 4 setups are plotted in di↵erent colors, blue, red, green and orange
the colors for the setups A, B, C and D respectively. The error bars correspond to the
quadrature of the errors of the individual measurement of the fluxes for JD1 and JD2
in each frequency channel. For display purposes, the spectrum is sampled at a channel
resolution of 200 km s�1 , but the search of the [C II] line as well as the analysis was
made with the spectrum sampled to 50 km s�1 .

Figure 2.3 Rest-frame 158 µm continuum maps of the LAEs. Each contour level rep-
resents 1� steps (±1� levels are not shown). Solid contours are positive signal and
dashed contour are negative signals. The 1� levels are 0.75 mJy beam�1 for SDF
J132408.3+271543 , 0.37 mJy beam�1 for SDF J132415.7+273058 and 0.19 mJy beam�1

for IOK-1. The blue crosses represent the position of each LAE as given in Tab. 2.1.
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Table 2.2. Summary of Observations and Results for MACS0647JD

Parameter MACS0647-JD1, JD2

Coordinates (J2000) JD1 06:47:55.731,+70:14:35.76
Coordinates (J2000) JD2 06:47:53.112,+70:14:22.94
µ (JD1+JD2) ⇠ 15
Redshift 10.7+0.6

�0.4
UV SFR ⇠ 1 [M�yr�1]
⌫ 156.7-171.1 [GHz]
�cont

a 0.17 mJy b�1

�line (Setup A)b 3.31 mJy b�1

�line (Setup B)b 4.12 mJy b�1

�line (Setup C)b 3.19 mJy b�1

�line (Setup D)b 6.42 mJy b�1

L[CII] (Setup C)c < 6.78 ⇥ 107 ⇥ (µ/15)�1[L�]
L[CII] (Setup D)c < 1.36 ⇥ 108 ⇥ (µ/15)�1[L�]

LN6946,
IR

d(Corrected CMB) < 1.65 ⇥ 1011 ⇥ (µ/15)�1[L�]
SFR (LIR) (Corrected CMB)e < 28 ⇥ (µ/15)�1 [M�yr�1]
SFR (L[CII]) (Setup C)f < 5 ⇥ (µ/15)�1 [M�yr�1]
SFR (L[CII]) (Setup D)f < 9 ⇥ (µ/15)�1 [M�yr�1]

Note. — All luminosities upper limits are 3 �.
References: Coordinates, magnification, redshift and UV-SFR
from Coe et al. 2013.
All the luminosities and SFR are corrected by magnification.

a1� continuum sensitivity at 158µm rest wavelength.

b1� [C II] line sensitivity over a channel width of 50 km s�1.

c3� [C II] luminosity limit over a channel width of 50 km s�1 as
in Tab. 2.1. The two results correspond to the most sensitive and
the least sensitive setups.

d3� limit based on the SED of NGC 6946 and including the
e↵ect of the CMB.

e3� limit based on LN6946
IR including the e↵ect of the CMB.

fBased on the De Looze et al., 2011 L[CII] � SFR relation. The
two results correspond to the most sensitive and the lest sensitive
setups.

2.4 Discussion

2.4.1 Width of the [C II] emission line.

Previous studies have presented the non-detection of [C II] (Ouchi et al., 2013; Walter

et al., 2012b) with a channel resolution of 200 km s�1 , a choice motivated by the width

of the Ly↵ emission line. We argue that recent observations and models of [C II] in LAEs

suggest that the [C II] line could be narrower that the previously assumed value.

2.4.1.1 [C II] detection on a LAE z=4.7.

In support of a the narrow emission line is the detection of [C II] in a LAE at z = 4.7

(Ly↵ -1) with ALMA (Carilli et al., 2013). The FWHM of the emission line is 56 km s�1 ,
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Figure 2.4 Continuum map of the field of MACS0647-JD . Each contour level represents
1� steps (±1� levels are not shown). Solid contours are positive signal and dashed
contour are negative signals. The 1� level is 93 µmJy beam�1. The blue plus signs
represent the positions of the two lensed images MACS0647-JD1 and MACS0647-JD2
as given in Tab. 2.2.

which is one order of magnitude narrower than the width of the Ly↵ emission line of

⇠ 1100 km s�1 of the same source (Ohyama et al., 2004; Petitjean et al., 1996). Despite

of the LAE being at a separation of 2.300 (⇠ 15 kpc) to the quasar BRI 1202-0725, there

is no evidence for a significant influence of the quasar on the properties of the LAE from

the observations. Carilli et al. (2013) tried to model the emission of the LAE taking into

account the radiation coming from the luminous nearby quasar. All the models that

reproduce the [C II] and Ly↵ luminosities predict higher luminosities for other UV lines

that are not detected (Ohyama et al., 2004). Given this results, they conclude that the

quasar is unlikely the source of heating and ionization in the LAE.

Based on deep, spatially resolved optical spectroscopy of the LAE, Ohyama et al. (2004)

argue that the LAE is likely the composition of a normal star-forming galaxy and an
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Figure 2.5 Top: Spectral energy distribution of IOK-1. The photometric points corre-
spond to those measured by Cai et al. (2011); Iye et al. (2006); Ono et al. (2012); Ota
et al. (2010). The red triangle corresponds to the 3� upper limit given by the CARMA
observations. The colored lines correspond to the SEDs of local galaxies shifted to
the redshift of IOK-1 and scaled to the observations in the UV band. The dashed
lines correspond to the observed SED of the local galaxies after the e↵ects of the CMB
on the observations are taken into account. Bottom: Spectral energy distribution of
MACS0647-JD. The photometric points correspond to those presented by Coe et al.
(2013). The SED of the galaxies follow the same prescription as in the upper panel.
The red triangle corresponds to the 3� upper limit calculated as the quadrature of the
errors of the individual fluxes of JD1 and JD2, in the same way as the errors presented
by Coe et al. (2013). The 1� photometric uncertainty of the observations is 0.093 mJy,
and the error of the added fluxes is 0.13 mJy.
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extended nebula with violent kinematic status. This nebula emission would produce a

broadening of the Ly↵ emission. This nebula can be explained, at least in a qualitative

way, as a superwind caused by the supernovae explosion of OB stars in the late phase

of the evolution of a starburst.

In conclusion, this LAE is not intrinsically di↵erent from the general population of LAE.

The [C II] detection in this LAE can thus be used as a reference for [C II] searches in other

LAEs at high redshift.

2.4.1.2 Himiko simulations.

Simulations also suggest narrow [C II] emission lines at high redshift for LAEs. Vallini

et al. (2013) combine a high resolution cosmological simulation with a sub-grid multi-

phase model of the interstellar medium to simulate the [C II] emission in a halo similar

to the LAE Himiko at z = 6.6. They find that 95% of the [C II] emission is generated in

the Cold Neutral Medium (CNM), mainly in clumps of individual size  3 kpc. They

present a spectrum for the simulated [C II] emission, where the FWHM of the main peak

is ⇠ 50 km s�1 , very similar to the 56 km s�1 of the LAE at z=4.7. This suggests that

the width of the [C II] line is to first order determined by the gravitational potential of the

clumps. The [C II] emission produced in the CNM follows the gravitational potential of

the clumps, resulting in narrow emission lines associated with each clumps. An ensemble

of emitting clumps moving through the galaxy following the potential of the galaxy could

combine and produce a broader line. Such behavior is not observed in the simulations,

where just a small number of clumps dominate the [C II] emission.

We conclude that the adopted width of ⇠ 50 km s�1 for the [C II] line in LAEs agrees

with recent observations and simulations. Nevertheless, we do not discard the possibility

of [C II] lines being broader than our assumption, but that the occurrence of unusually

narrow lines in this population appears plausible.

2.4.2 CMB e↵ects.

The Cosmic Microwave Background Radiation (CMB) emits as a black body with a

temperature of T z=0
CMB= 2.7 K. The temperature of the CMB increases linearly with

(1 + z), becoming an important factor to take into account for observations of objects

at high redshift. da Cunha et al. (2013) showed the e↵ect of the CMB on observations

of high-redshift galaxies. Here we will follow the prescription formulated by da Cunha

et al. (2013) to take into account the e↵ects of the CMB in the continuum observations
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of galaxies at high redshift in the mm and sub-mm. We will apply this prescription to

the SED of the local galaxies, as if they would be observed at a given redshift z.

The templates that we use are those presented by Silva et al. (1998) for the galaxies Arp

220, M82, M51 and NGC 6946. For the galaxies assume cold dust with temperature

T z=0
dust and an emissivity index �. For Arp 220 we used T z=0

dust = 66.7 K and � = 1.86

(Rangwala et al., 2011), for M82 T z=0
dust = 48 K and � = 1 (Colbert et al., 1999), for

M51 T z=0
dust = 24.9 K and � = 2 (Mentuch Cooper et al., 2012) and for NGC 6946 we

used T z=0
dust = 26 K and � = 1.5 (Skibba et al., 2011). At a given redshift the CMB

contributes to the dust heating such that the equilibrium temperature is:

Tdust(z) =
⇣
(T z=0

dust )4+� + (T z=0
CMB)4+�

⇥
(1 + z)4+� � 1

⇤⌘ 1
4+�

. (2.1)

T z=0
dust is a measurement of the mean dust temperature as determined by a modified black-

body fit to an observed galaxy IR SED at z = 0, representing the total IR luminosity of

the galaxy. As a representative fit, this is equally applicable to both optically thin galax-

ies and optically thick as in Arp 220. So long as the galaxy is transparent to the CMB

radiation (true for even Arp 220), Eq. 1 holds. The additional heating by the CMB

a↵ects the SEDs such that the peak of the emission is shifted to a shorter wavelength

and the total luminosity associated to the cold dust is higher by [Tdust(z)/T z=0
dust ](4+�).

We need to modify the intrinsic SED of the galaxies to include this new Tdust(z). The

flux density depends on the black body radiation for the given temperature,

F
⌫/(1+z) / B

⌫

(T
dust

(z)), (2.2)

To include Tdust(z) we have to apply the following factor to convert the intrinsic SED

flux density to the emission associated with the new temperature F ⇤
⌫/(1+z).

F ⇤
⌫/(1+z) = F int

⌫/(1+z) ⇥ B
⌫

(Tdust(z))

B
⌫

(T z=0
dust )

. (2.3)

This factor will only apply to the part of the SED that correspond to the emission of

the cold dust. To accomplish this, we scale a modified black body (MBB) to the peak

of the FIR emission of the SED at T z=0
dust , and then use this MBB emission to estimate

the ratio (R
⌫

) of emission associated with the cold dust at a given frequency,

R
⌫

=
K⌫�B

⌫

(T z=0
dust )

F int
⌫

, (2.4)
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where K is just the scaling factor. The flux density associated to the new temperature

of the cold dust will be:

F ⇤
⌫/(1+z) = M

⌫

⇥ F int
⌫/(1+z) (2.5)

with

M
⌫

=


(1 � R

⌫

) + R
⌫

⇥ B
⌫

(Tdust(z))

B
⌫

(T z=0
dust )

�
. (2.6)

Finally, following da Cunha et al. (2013), we have to take into account the e↵ect of the

CMB as an observing background. For this we have to multiply the flux associated with

Tdust(z) by C
⌫

,

C
⌫

=


1 � B

⌫

(TCMB(z))

B
⌫

(Tdust(z))

�
, (2.7)

resulting in the flux observed of the galaxies as:

F obs
⌫/(1+z) = C

⌫

⇥ M
⌫

⇥ F int
⌫/(1+z), (2.8)

with C
⌫

⇥M
⌫

representing the e↵ect of the CMB in the observations at a given frequency.

The same corrections are derived when an optically thick emission is assumed, as in the

case of Arp 220.

As we can see in Fig. 2.5, the e↵ect of the CMB decreases the observable flux density

at 2 mm by up to a factor of 5⇥ (in the case of M51) for the galaxy at z ⇠ 11, when the

temperature of the CMB is higher, as expected. Also, the e↵ect is higher for galaxies

with a lower temperature of the cold dust. Galaxies with temperature of order of 25-30

K are more a↵ected than those with temperature of 40-50 K. The CMB e↵ects will be

important for estimations of the flux densities of these type of galaxies in the continuum

and for the correct interpretation of the observations.

The CMB e↵ects on the [C II] line observations are similar to those on the continuum.

The flux of an emission line observed against the CMB is:

Sobs
⌫/(1+z)

Sint
⌫/(1+z)

=


1 � B

⌫

(TCMB(z))

B
⌫

(Texc)

�
, (2.9)
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with Texc being the excitation temperature of the transition. For the case of local

thermal equilibrium (LTE), when collisions dominate the excitation of the [C II] line,

the excitation temperature of the transition is equal to the kinetic temperature of the

gas (Tkin). The kinetic temperature varies for the di↵erent [C II] emission regions. Gas

temperatures within PDRs are typically T ⇠ 100 � 500 K (Stacey et al., 2010), for the

CNM T ⇡ 250 K, for the WNM T ⇡ 5000 K and for the ionized medium T ⇡ 8000

K(Vallini et al., 2013). Since the CMB temperature at z = 6.5 � 11 is much lower than

the gas temperature of the [C II] emitting region, it will not contribute significantly to

the [C II] excitation, but must be taken into account as the background against which

the line flux is measured. In most of the [C II] emission regions, the temperatures are

so high that the observed flux of the line against the CMB is similar to the intrinsic

flux (Sobs
⌫/(1+z)/Sint

⌫/(1+z) ⇡ 1). For the extreme case where all the [C II] emission is being

produced in PDRs with temperature of 100 K in a galaxy at z = 11, the observed flux

(using Eq. 2.9) would be 90% of the intrinsic flux. We found this case very unlikely,

since in low redshift galaxies the [C II] emission produced in PDRs is 50-70% of the total

[C II] luminosity and the gas temperatures associated to the PDRs are higher (Carral

et al., 1994; Colbert et al., 1999; Crawford et al., 1985; Lord et al., 1996). We conclude

that the CMB e↵ects on the [C II] line observations are negligible for our observations.

2.4.3 Spectral energy distribution of the galaxies.

Using the upper limits on the continuum, we compare the targets with the spectral

energy distribution templates of local galaxies (SEDs). For the LAEs, the SEDs of the

local galaxies are scaled to the flux of a near-IR filter that is not contaminated by the

Ly↵ emission line. For MACS0647-JD , the filter used for the scaling is the one next

to the Lyman Break. The photometry of IOK-1 and MACS0647-JD together with the

SED of local galaxies are shown in Fig. 2.5. For SDF J132415.7+273058 and SDF

J132408.3+271543 (not shown) the situation is very similar: the sources have a similar

redshift, the continuum upper limits are comparable and the CMB e↵ects are of the same

order. Our upper limit for IOK-1 is comparable to the upper limit found by Walter et al.

(2012b) using PdBI observations.

Using the SED of NGC 6946 as a template, we estimate the IR luminosity given the

upper limit flux densities, similar to the approach shown by Walter et al. (2012b). We

scale the SED of NGC 6946 to the 3 sigma upper limits of the mm observations and

integrate from 8 µm to 1 mm (rest frame) to compute the IR luminosity.

The IR luminosity corresponding to this intrinsic SED and the SFR associated (Ken-

nicutt, 1998) are given in Tab. 2.1 for the LAEs and in Table 2.2 for MACS0647-JD .
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We note that estimating the IR luminosity using NGC 6946 without taking into ac-

count the CMB result in a significant underestimation of the luminosity upper limits.

The IR luminosity limit corrected by the CMB of the LAEs at z ⇠ 6.6 is 35% higher

than without correcting by the CMB. For IOK-1 at z ⇠ 7, the IR luminosity limit is a

50% higher than the estimation without correcting by the CMB. For MACS0647-JD at

z ⇠ 10.7, the IR luminosity limit corrected for the CMB is ⇠ 3.5 times the IR luminosity

limit not corrected by the CMB. For galaxies with cold dust temperature of ⇠ 25 K,

the e↵ect of the CMB on the observations is very important at high redshift, and it will

significantly limit the feasibility of detecting not extremely starbursting galaxies in the

IR continuum, it will not greatly a↵ect the detectability of [C II] emission.

2.4.4 Ratio L[CII]/LFIR

Figure 2.6 presents our upper limits to L[CII]/LFIR and LFIR together with detections of

[C II] in other galaxies. The arrows represent the region of possible values for L[CII]/LFIR

and LFIR (integrated from 42.5µm to 122.5µm rest frame). If we used UV-based SFR

estimates to infer LFIR, our data points would move across the diagonal arrows towards

the region where local galaxies are, putting our L[CII]/LFIR upper limits close to the

average value found for the local galaxies. The ratio L[CII]/LFIR is a measure of how

e�cient the [C II] emission is in cooling the gas. The values presented for our targets,

log(L[CII]/LFIR) ⇠ �2.9, do not necessarily imply that [C II] is not e�cient in cooling the

gas in these galaxies, it is most likely a consequence of the galaxies having much lower

FIR luminosities than our conservative upper limits. Di↵erent processes can a↵ect the

ratio L[CII]/LFIR. In galaxies with low extinction and low metallicity, like in Haro 11,

about 50% of the [C II] emission arises from the di↵use ionized medium (Cormier et al.,

2012). Variations on the fraction of [C II] emission associated with the ionized medium

will also a↵ect the ratio L[CII]/LFIR. In some galaxies, the internal dust extinction can

a↵ect the ratio L[CII]/LFIR. In Arp 220, the dust is optically thick at 158 µm and

can absorb part of the [C II] emission, decreasing the ratio L[CII]/LFIR (Rangwala et al.,

2011).

Dı́az-Santos et al. (2013) present the results of a survey of [C II] in luminous infrared

galaxies (LIRGs) observed with the PACS instrument on board the Herschel Space

Observatory. They found a tight correlation between the ratio L[CII]/LFIR and the far-

IR S
⌫

(63µm)/S
⌫

(158µm) continuum color, independently of their LIR. They found that

the ratio decreases as the average temperature of dust increases, suggesting that the main

observable linked to the variation of L[CII]/LFIR is the average dust temperature. For

the galaxies with dust temperatures ⇠ 20K the average ratio is log(L[CII]/LFIR) ⇠ 10�2,

suggesting that for galaxies like NGC 6946 with a dust temperature of ⇡ 26 K, the ratio
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L[CII]/LFIR should be on the same order of magnitude. Dı́az-Santos et al. (2013) also

found a correlation between L[CII]/LFIR and luminosity surface density of the mid-IR

emitting region (⌃IR = LIR/⇡r2
mid�IR). LIRGs with lower L[CII]/LFIR ratios are warmer

and more compact. We can use this relation to find a rough estimation for L[CII]/LFIR

of our targets. As rmid�IR we use the size found in the UV observations of the targets.

The half-light radius of IOK-1 is ⇡ 0.62 kpc (Cai et al., 2011). The full width at half

maximum size of SDF J132415.7+273058 and SDF J132408.3+271543 are ⇡ 4.0 and

3.2 kpc respectively (Taniguchi et al., 2005). For MACS0647-JD the delensed half-light

radius is . 0.1 kpc (Coe et al., 2013). Using our LIR upper limits as an approach to

LIR we can estimate ⌃IR. For IOK-1 the estimated ratio is log(L[CII]/LFIR) ⇠ �2.9, for

SDF J132415.7+273058 is log(L[CII]/LFIR) ⇠ �2.5 and for SDF J132408.3+271543 is

log(L[CII]/LFIR) ⇠ �2.6. For the LAEs the average of L[CII]/LFIR is similar to the

average value for the local galaxies (Fig. 2.6). For MACS0647-JD the estimated ratio is

log(L[CII]/LFIR) ⇠ �3.2.

2.4.5 SFR-L[CII] Relation

In Fig. 2.7 we present our L[CII] upper limits with the UV-SFR estimated for the targets

together with upper limits detections for published LAEs (Carilli et al., 2013; Kanekar

et al., 2013; Ouchi et al., 2013). The black solid lines corresponds to the relation found

by de Looze et al. (2011), with the gray area corresponding to 2� scatter in the relation.

Our upper limits for the [C II] luminosity fall within the scatter of the SFR-L[CII], with

the exception of SDF J132408.3+271543 , where the upper limit falls above the relation

due to the moderate depth of its observations. The detection of the LAE at z=4.7

(Ly↵ -1) agree very well with the relation found by de Looze et al. (2011) using the

UV-SFR estimated by Ohyama et al. (2004). The upper limits for the lensed LAE at

z = 6.56 HCM 6A and Himiko suggest that LAEs at z > 6 could fall below the relation

found at low redshift. More observations are needed to clarify if there is an intrinsic

di↵erence between the LAEs at z ⇠ 4.5 with the higher redshift population. The high

magnification of MACS0647-JD allows us to explore an UV-SFR one order of magnitude

lower than the ones of the LAEs, showing the advantage of observing lensed galaxies to

cover the intrinsically faint population at high redshift.

2.4.6 IOK-1 Models

Using the same procedure presented in Vallini et al. (2013) for the [C II] emission of

Himiko, we estimate the emission of [C II] for IOK-1 at z ⇠ 7. For this simulation, the

star formation rate was set to 20 M�yr�1 and a stellar population age of 10 Myr. The
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Figure 2.6 Ratio of the [C II] luminosity to the FIR luminosity vs the FIR luminosity
(integrated from 42.5µm to 122.5µm rest frame) for galaxies at di↵erent redshifts. The
green symbols correspond to the upper limits of the LAEs presented here. The blue
hexagon corresponds to the upper limit of MACS0647-JD using the most sensitive setup.
The FIR luminosities for the galaxies are upper limits estimated from the observations
including the CMB e↵ects. The black diamond corresponds to the upper limit for Himiko
with ALMA observations (Ouchi et al., 2013). The horizontal dashed line is the average
value for L[CII]/LFIR on the local galaxies. (Cox et al., 2011; De Breuck et al., 2011;
Iono et al., 2006; Ivison et al., 2010; Luhman et al., 2003; Maiolino et al., 2009; Malhotra
et al., 2001; Negishi et al., 2001; Ouchi et al., 2013; Riechers et al., 2013; Stacey et al.,
2010; Swinbank et al., 2012; Venemans et al., 2012; Wagg et al., 2010; Walter et al.,
2012a, 2009; Wang et al., 2013)
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Figure 2.7 Relation of the [C II] luminosity with the UV-derived star formation rate of
galaxies. The black solid lines correspond to the relation found by de Looze et al. (2011),
with the gray area corresponding to 2� of the scatter in the relation. The black dots
with error bars correspond to the data used to find the relation of [C II] - SFR. The
green circle, square and pentagon correspond to the LAEs with the [C II] upper limits
presented in this paper assuming the star formation rate estimated from the UV fluxes.
The blue hexagon corresponds to the [C II] upper limit of MACS0647-JD with based in
the most sensitive setup and the star formation rate estimated from the UV fluxes. The
red star corresponds to the LAE detected with ALMA at z ⇠ 4.7 (Carilli et al., 2013).
The black triangle corresponds to the upper limit of the [C II] emission found for HCM-
6A by Kanekar et al. (2013). The black diamond corresponds to the upper limit of the
[C II] emission found for Himiko by Ouchi et al. (2013).
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metallicity was set to solar to have a conservative estimation of the [C II] emission. The

simulation does not include the emission from PDRs and should be seen as a lower

limit. In Fig. 2.8, we show the [C II] emission produced by the three modeled phases,

cold neutral medium (CNM), warm neutral medium (WNM) and the ionized medium.

Most of the [C II] emission comes from the CNM (⇠ 50%), the rest is coming from the

WNM (⇠ 20%) and from the ionized medium (⇠ 30%). For comparison, in Himiko, 95%

of the emission is produced in the CNM and the rest in the WNM. No emission from

the ionized medium was modeled in the simulation of Himiko (Vallini et al., 2013). We

can also see in the emission that the FWHM of the main peak is ⇠ 50 km s�1, just as

expected.

In Fig. 2.9, we present the integrated flux of [C II] for a di↵erent combination of metal-

licities and stellar population ages. This shows a strong dependency on the metallicity,

which is expected, since it is treated linearly with the abundance of [C II] in the gas. The

second main feature of this results is the dependency with the stellar population age.

Here we assumed a continuum star formation rate of 20 M�yr�1, for the older stellar

populations there is a higher amount of heating photons coming from the UV part of

the spectrum. This is a result of using a continuum star formation mode, for a given

SFR, older populations have more time generating young UV emitting stars. These

extra heating photons avoid the cooling of the gas, which decrease the amount of gas in

the cold neutral medium, where most of the [C II] emission is produced.

2.4.7 Spectral Resolution

For a Gaussian emission line, with a FWHM of 50 km s�1 observed at a channel resolu-

tion of 200 km s�1, emission lines will be significantly diluted. In the best case scenario

of the line falling completely in one channel, we will recover 38% of the peak flux density

of the line. This suggests to carry out observations a su�ciently high spectral resolution.

E.g. with a line of FWHM of 50 km s�1 and a channel resolution of 10 km s�1, we expect

to recover 97% of the peak flux density of the line.

2.4.8 Atomic Mass Estimation

We use Equation 1 from (Hailey-Dunsheath et al., 2010) to give rough upper limits to the

atomic mass associated with PDRs in our targets (Assuming all [C II] would arise from

PDRs). As approach to the PDRs conditions we use the result of Vallini et al. (2013)

for the temperature and density in the CNM of Himiko, n = 5 ⇥ 104 cm�3 and T=250

K. Using our upper limits for [C II] we obtain the following upper limits to the atomic

mass: For IOK-1 MHI . 2 ⇥ 108M�, for SDF J132415.7+273058 MHI . 4 ⇥ 108M�, for
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Figure 2.8 Simulated [C II] spectrum of a galaxy similar to IOK-1 at z ⇠ 7. The param-
eters set for this simulation were a SFR of 20M�yr�1, and stellar population age of 10
Myr and a solar metallicity. The blue spectrum corresponds to the emission produced in
the cold neutral medium, the orange spectrum corresponds to the emission produced in
the warm neutral medium and the green spectrum corresponds to the emission produced
in the ionized medium. The main peak (at ⇠ 80 km s�1 ) of the cold neutral medium
has a FWHM of ⇠ 50 km s�1 . For more details on the simulations of [C II] emission in
high redshift galaxies see Vallini et al. (2013).

SDF J132408.3+271543 MHI . 1 ⇥ 109M� and for MACS0647-JD MHI . 6 ⇥ 107M�.

Assuming that the mass of atomic gas is similar to the mass of molecular gas, we can

compare our upper limits with the measurements of similar galaxies at lower redshift.

The only molecular gas masses measured in high redshift UV-selected star-forming galax-

ies come from the detection of CO transition lines in lensed LBGs. The measured values

are, ⇠ 4 ⇥ 108M�, ⇠ 9 ⇥ 108M� and ⇠ 1 ⇥ 109M� for MS 1512–cB58 (z = 2.73), the

cosmic eye (z = 3.07) and MS1358–arc (z = 4.9) respectively (Coppin et al., 2007; Liv-

ermore et al., 2012; Riechers et al., 2010). Our upper limits for the LAEs are similar to
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Figure 2.9 Contour plot of the integrated [C II] flux of IOK-1 in mJy km s�1 for di↵erent
simulation conditions. As comparison, our upper limit for integrated flux of IOK-1 is
175 mJy km s�1 . The two independent parameters are the stellar population age and
the metallicity of the gas. The flux is integrated over the whole area of the cube and in
a channel resolution of 500 km s�1 around the peak of the emission. The integrated flux
is a conservative upper limit for the di↵erent parameters. We can see from the contour
plot that the [C II] emission is very sensitive to the metallicity of the galaxy, and in a
less significant way to the age of the stellar population. The di↵erent ages correspond
to a di↵erent amount of heating photons coming from the young stars, which is critical
for the cooling of the gas.

the values estimated for the observed LBGs. For MACS0647-JD our upper limit for the

molecular mass is at least 8⇥ lower than in the observed LBGs.

Using the UV-SFR relation we can estimate the gas depletion timescales for our tar-

gets, assuming ⌧dep = Mgas/SFRUV. We estimate upper limits for the depletion time

of . 8Myr, . 11Myr and . 66Myr for IOK-1, SDF J132415.7+273058 and SDF

J132408.3+271543 respectively. For MACS0647-JD the depletion time is . 60Myr. The

estimated depletion times for the observed lower redshift lensed LBGs are within the

range of ⇠ 7 � 24 Myr, similar to our upper limits. The depletion times for the LAEs

are consistent with the ages estimated for the young population of LAEs at z ⇠ 4.5 of

< 15 Myr found by Finkelstein et al. (2009) and to the simulated LAEs at ⇠ 3.1 with
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ages < 100 Myr (Shimizu et al., 2011). The depletion times of the LBGs are consistent

with the LBG-phase predicted duration of 20 � 60 Myr (González et al., 2012).

Saintonge et al. (2013) presented molecular gas masses and depletion timescales for a

sample of lensed star forming galaxies at z = 1.4�3.1. The range of measured molecular

gas masses is 5.6⇥109 �4⇥1011M� and of depletion timescales is 127�1089 Myr. The

longer depletion timescales measured for the lower-z sources could indicate that they

experience less ‘extreme’ bursts of star formation in comparison to our z > 6.5 sample.

Although, assuming a higher molecular-to-atomic gas ratio (of at least 5) would put our

upper limits within the values measured by Saintonge et al. (2013).





Chapter 3

Search for [C II] emission in a

normal star-forming lensed galaxy

at the end of the reionization

epoch.

3.1 Introduction

We are beginning the exploration of the faint normal star-forming galaxies population

at high redshift. We refer to normal star-forming galaxies as those galaxies that follow

the relation between star formation rate (SFR) ans stellar mass found up to z ⇠ 2

(Daddi et al., 2007; Elbaz et al., 2007; Noeske et al., 2007). Generally, these galaxies

have SFR . 100M�yr�1 and they dominate the star formation density in the universe,

at least at z ⇠ 2(Rodighiero et al., 2011). The fact that the peak of the universe star

formation density is at z ⇠ 2 and that the star formation process is dominated by these

type of galaxies, makes important the study of them in detail. Until now, most of our

knowledge of high redshift normal star-forming galaxies come from the observation of

the UV-optical emission and the study of stars, star formation and ionized gas. We need

to study the interstellar medium (ISM) and cool gas, which are the fuel of star formation

(Carilli and Walter, 2013, and references therein).

Two complementary approaches have been taken to study the cold gas in galaxies at

high redshift. First, the observation of the dust emission can reveal the amount of dust

present in the galaxies and give indication of the obscured star formation and the dust

attenuation present in the optical observations. Secondly, the study of emission lines

35
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produced in the interstellar medium (ISM) can reveal physical properties as density,

temperature, radiation intensity and the amount of molecular gas available for star

formation (Carilli and Walter, 2013, and references therein).

These methods have been used to study normal star-forming galaxies at high redshift

since more than 10 years ago. Chapman et al. (2000) detected a Lyman-break galaxy

(LBG) at 450µm and 850µm using the bolometric array SCUBA revealing a real star

formation rate (SFR) ten times higher than the one estimated from the UV observations.

Peacock et al. (2000) showed that LBGs in the Hubble Deep Field (HDF) with the highest

UV-SFR (⇠ 1M�yr�1) are detected statistically at 850µm, indicating that the total star

formation activity is on average six times higher than the one estimated from the UV

observations. A big step forward was taken when Baker et al. (2001) detected the 1.2

mm dust continuum emission in the gravitationally lensed LBG MS 1512 + 36�cB58, a

system with an intrinsic SFR⇠ 24M�yr�1 (Baker et al., 2004).

Several posterior searches for continuum dust emission in z ⇠ 5 Ly↵ emitters (LAE)

and LBGs in well studied fields resulted in non detections (Carilli et al., 2007; Davies

et al., 2012; Stanway et al., 2010). Davies et al. (2013) investigated the far-infrared

(FIR) emission in LBGs z ⇠ 3 using the Large Apex Bolometer Camara (LABOCA)

in the Extended Chandra Deep Fields South (ECDFS) and detected the composite

emission of the three samples of galaxies at 870µm. Together with Herschel SPIRE

observations of the field, they were able to do spectral energy distribution (SED) fitting

of the galaxies and reached to the conclusion that, although their sample falls in the

main sequence relation, the detected subsample likely represent the high obscuration

end of the LBG population at that epoch. These results show that the search for dust

continuum emission in normal star-forming galaxies is still bias to very obscured systems.

In the case that the observations of faint galaxy population are restricted by the current

instrumentation, the best approach is to use the gravitational lensing to study, at least

in a small numbers, these elusive targets. With this in mind, Sklias et al. (2014) studied

7 lensed galaxies as part of the Herschel Lensing Survey and they were able to study

the physical properties of individual normal star-forming galaxies between z ⇠ 1.5 � 3

up to a factor ⇠ 10 fainter that the search achieved with blank field observations. The

importance of these studies is that they are able to extend the range of dust mass

down to ⇠ 2 ⇥ 107M�, lower than previous studies at the same redshift. Recently,

Boone et al. (2013) presented the 870µm LABOCA detection of a possible lensed dusty

normal star-forming galaxy at z = 6.1. Although the possibility of this detection being

a substructure of the Sunyaev-Zel’dovich e↵ect produced by the lensing galaxy cluster

is not rejected, the possibility of the emission being related to the lensed galaxy makes

the study of such type of galaxy at the end of the reionization epoch unique.
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As stated above, the second approach to study high redshift galaxies is by the observation

of FIR emission lines. The most observed emission lines are the di↵erent transition of

the molecule of CO, such lines have been observed in many galaxies at z > 1, see Carilli

and Walter (2013) for a complete list of CO detections. As expected, these lines were

the first to be targeted to be observed in normal star-forming galaxies in lensed and

not lensed galaxies, resulting in several detections (Baker et al., 2004; Coppin et al.,

2007; Daddi et al., 2010; Tacconi et al., 2013). Due to the low luminosity of the CO

emission lines, other emission lines have been focused to study these type of galaxies at

high redshift. The main emission line that has been searched in high redshift galaxies is

[C II] (2P3/2 ! 2P1/2), one of the brightest FIR emission lines, accounting for up to 1% of

the FIR luminosity in some galaxies (Malhotra et al., 2001). This line has been observed

in local and high redshift galaxies up to z = 7.1 (Carilli et al., 2013; Cox et al., 2011;

De Breuck et al., 2011; Gallerani et al., 2012; Hailey-Dunsheath et al., 2010; Iono et al.,

2006; Ivison et al., 2010; Maiolino et al., 2009, 2005; Riechers et al., 2013; Stacey et al.,

2010; Valtchanov et al., 2011; Venemans et al., 2012; Wagg et al., 2010, 2012; Walter

et al., 2012a, 2009; Wang et al., 2013; Willott et al., 2013). Most of the high-z detections

were for quasars and infrared-luminous starbursts. Many e↵orts have been made in the

search of [C II] in galaxies with star formation rate (SFR) less than 100 M�yr�1 at z > 4.

Until now, most of the searches have resulted in non-detections (González-López et al.,

2014; Kanekar et al., 2013; Ota et al., 2014; Ouchi et al., 2013; Schaerer et al., 2014;

Walter et al., 2012b). The only detections are of a LAE at z = 4.7 (Carilli et al.,

2013), of a triplet of LBGs in a protocluster associated with the submillimeter galaxy

(SMG) AzTEC-3 at z = 5.3 (Riechers et al., 2014). Both detections were made in

systems where very bright and starbursting galaxies are surrounded by these normal

star-forming galaxies. No continuum was detected in the galaxies, suggesting that these

galaxies are significantly metal-enriched, but not heavily dust-obscured. The fact that

most of the non-detections correspond to LAEs at z > 6.5 with very strong Lyman-↵

emission open the possibility that those galaxies correspond to a di↵erent population

than those LAE and LBG at z < 6, although, more observations are needed to confirm

that hypothesis as pointed out by Ota et al. (2014).

In complement to [C II] , the lines [N II] and [O III] produced in the ionized medium are

starting to be observed in submillimeter galaxies (SMG) and starbursting galaxies at

high redshift (Combes et al., 2012; Decarli et al., 2014, 2012; Ferkinho↵ et al., 2011, 2010;

Nagao et al., 2012). Of particular importance is the detection of [N II] in the transition
3P1 ! 3P0 in the LAE at z4.7 in Decarli et al. (2014). The ratio [C II] /[N II] ⇠ 1�2 in the

LAEs suggest that, at least in these sources, most of the [C II] emission is associated with

the ionized medium (H II regions) rather than the neutral medium (photon-dominated

regions). These results show the importance of observing several emission lines in these
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galaxies to constraint the physical properties of the ISM in high redshift galaxies and

also that emission lines produced in the ionized medium rise as a good alternative to

[C II] to be observed in normal star-forming galaxies at high redshift.

Here we present the result of a search for [C II] in a multiple imaged lensed LBG with

zphot = 6.18+0.05
�0.07 discovered behind the galaxy cluster MACS0329.6-0211 (Zitrin et al.,

2012), hereafter MACS0329-iD. In Sect. 2 we describe the target selection and obser-

vations. The data is shown in Sect. 3 together with some implications and analysis in

Sect. 4. A summary of the paper is presented in Sect. 5. Throughout this paper we use

a ⇤-Cold Dark Matter cosmology with H0 = 70 km s�1 Mpc�1, ⌦⇤ = 0.7 and ⌦m = 0.3.

3.2 Observations

3.2.1 Target Selection

The galaxy MACS0329-iD was discovered as a high-redshift dropout as part of The Clus-

ter Lensing And Supernova survey with Hubble (CLASH) (Postman et al., 2012). The

galaxy is lensed into four images by the galaxy cluster MACSJ0329.6-0211 (z
l

= 0.45),

the mass model for the cluster shows that the galaxy has a total magnification across the

multiple images of µ ⇡ 37 (Zitrin et al., 2012). The combination of the 4 images pho-

tometry yields a secure photometric redshift of zphot = 6.180.05
0.07 (95% confidence level).

The best-fit to the spectral energy distribution (SED) of HST and Spitzer photometry

results in a demagnified stellar mass of ⇠ 109 M�, low dust content (A
V

⇠ 0.1 mag),

a SFR-weighted age of ⇠ 180 Myr and an intrinsic SFR of ⇠ 3.2 M�yr�1. The stellar

metallicity is not well constrained, but the distribution of best-fit models has a median

of Z ⇠ 0.5Z�, being Z ⇠ 0.2Z� the one with the highest probability.

The SED fit shows that this galaxy can be a very evolved galaxy at the end of the

reionization epoch, and with a very well constraint photometric redshift, small enough

to do a search for [C II] in the 2� range of the photometric redshift in just one tuning

with the Atacama Large Millimeter/sub-millimeter Array (ALMA).

3.2.2 ALMA observations

The galaxy MACS0329-iD was observed in March 23 2014 as part of the ALMA cycle-

1 early science. To cover the 2� range in the photometric redshift, we positioned 4

spectral windows (SPW) in the upper sideband, covering the frequency range of 262.6-

267.5 GHz, mapping the [C II] emission line between z = 6.105 � 6.237, more extended
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than the photometric redshift range of zphot = 6.11 � 6.23 that is estimated by the

photo-z. The correlator was setup to use the Frequency Division Modes (FDM) with an

averaging channel factor of N=16, resulting in a channel resolution of 7.812 MHz (⇡ 8.85

km s�1). We used the averaging channels feature to have a higher spectral resolution

than using Time Division Mode (TDM) but still having a low data rate. The total on

source integration time was of 10 minutes using 38 antennas (some of them were flagged

in the reduction process).

The observations were reduced using the Common Astronomy Software Applications

(CASA). As passband calibrator was used J0457-2324, and as phase calibrator was used

J0339-0146. As flux calibrator was used Callisto. The flux calibration resulted in an

error of 4% in the phase calibrator flux. The images were produced using ’natural’

weighting.

The galaxy was observed in low elevation, resulting in a very elongated synthesized

beam. Because of this, for the clean task we used the uv-taper option to select the

short baselines to obtain a less elliptical beam. In the ’nominal’ resolution, with no

uv-tapering, the resulting synthesized beam: 1.8500 ⇥ 0.5500. When we request for a uv-

taper (requested: 1.500), hereafter ’extended’ resolution, a resulting synthesized beam of

2.2300 ⇥ 1.2600 is obtained. The continuum depth reached are of 121.3 µJy b�1 for the

nominal resolution and 176.5 µJy b�1 for the extended resolution. For the 7.812 MHz

channels, a sensitivity of 2 mJy b�1 is reached in the central channels with the nominal

resolution and 3 mJy b�1 for the extended resolution. All the shown maps are corrected

by the primary beam (PB).

3.3 Result

3.3.1 Continuum Emission

In the continuum map of Fig. 3.1, where no uv-tapering was used, there are two positive

signal that have significance higher than any negative signal. The one with the highest

signal-to-noise is outside the half-power beam width (HPBW) and there is no optical

counterpart, which do not necessary means that it is not real rather that it is more

di�cult to find the redshift of the source.

The second detection, and most reliable, is detected with 3.3� (Fig. 3.13), with S1,1mm =

550 ± 167 µJy. The galaxy is detected in the observations made as part of the HST

CLASH survey (Postman et al., 2012). The photometric redshift of the galaxy is

zphot = 3.54+0.14
�0.19 (1� errors), we can see the in probability density function (pdf) for
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Figure 3.1 Continuum map of one pointing in the galaxy cluster MACS0329. The synthe-
sized beam is of 1.8500 ⇥ 0.5500. The contour levels are in step of 1�, starting in �2�, 2�,
with � = 121.3 µJy b�1 in the phase center. The contours are corrected by the primary
beam sensitivity. Two detections are found with sn > 3� and no negative detection of
similar significance. One of them is outside the HPBW and no optical counterpart is
found. The second detection corresponds to a lensed galaxy at z ⇠ 3.5.

the photometric redshift that there is a secondary peak around z ⇠ 0.5. That secondary

peak is small in comparison to the one at higher redshift. The ALMA detection puts a

prior for the galaxy being at high redshift. In the search for continuum emission in the

galaxy MACS0329-iD, the continuum maps for the two angular resolutions are shown in

Fig. 3.2. No continuum emission is detected in either of the lensed images of the galaxy.

Although, two peaks of 2� each are located just in the location of the brightest regions

of the lensed image in the bottom (MACS0329-iD2), they are not strong enough to be

considered as detection, and they are not observed in the upper image D1. In the right

panel, we show red crosses at the position of the brightest region of the galaxy together

with the synthesized beam, with the purpose of showing that by combining the emission
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Figure 3.2 Rest-frame 158 µm continuum map of the region around MACS0329-iD. Each
contour level represents 1� steps. Solid contours represent positive signal and dashed
contour represent negative signal. The panel to the left shows the nominal resolution
and the one in the right shows the extended resolution. In the left panel, the 1� levels
are of 121.3 µJy b�1in the phase center and are corrected by the PB. In the right panel,
the 1� levels are of 176.5 µJy b�1in the phase center and are corrected by the PB as
in the left panel. The black solid line represent the ALMA HPBW. The red crosses are
the position of the brightest regions of each image of the lensed galaxy. The red ellipse
is the synthesized beam, 1.8500 ⇥ 0.5500 for the left panel and 2.2300 ⇥ 1.2600 for the right
panel.

of the 4 points we can put constrains to the total emission of the galaxy. There is a

extended 2� signal just to the north of the image D2, this is not related to the galaxy,

but it is related to the 3� continuum that can be seen in the left panel. That contin-

uum signal correspond to a lensed galaxy described above. By stacking the continuum

emission of the 4 crosses position, no continuum is detected, resulting in a final rms for

the continuum non-detection of 0.62 mJy b�1 using the extended resolution.

3.3.2 [C II] emission in MACS0329-iD.

For the search of [C II] emission, we combine the signal of the two lensed images as we

did for the continuum emission. The final spectrum is the sum of the emission in the

position of the brightest region of the lensed images (red crosses in Fig. 3.2). The rms

of the spectrum is calculated as the addition in quadrature of the rms (PB corrected) in

each position. The rms for the central channels of the spectrum is of 6mJy. The upper

lensed image is located just in the edge of the HPBW, where the noise is higher than

the one near the phase center.

The signal-to-noise spectra extracted is shown in Fig. 3.3. No clear detection of [C II] is

observed in the spectrum, putting a 3� upper limit of L[CII] < 3.0⇥107 ⇥ (µ/29.2)�1L�,
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Figure 3.3 Signal-to-noise spectrum of the combination of the two lensed images (D1
and D2) of the galaxy. Using the a channel resolution of 50 km s�1 and the extended
resolution. The blue line correspond to the photometric redshift of 6.18 estimated for
the galaxy. We recall two features that need further study; the channel with a sn = 2.3
just to the right of the line that represents the frequency expected for the [C II] emission
line for the photometric redshift and what appears to be an emission line at 266 GHz.

despite of that, we will further explore the two features that are observed. It is important

to note that we are assuming that the [C II] emission line would fall within the frequencies

range observed. The possibility of the systemic redshift being outside the 2� range

allowed by the photometric redshift is not discarded by our observations. A positive

signal is detected just to the right of the expected photometric redshift of zphot ⇠ 6.18,

the signal has 2.6� and it is located at a frequency 264.8 GHz. No other positive or

negative signal are found with the similar significance. The second feature corresponds

to the channels at frequency 266 GHz that appear to resemble an emission line.

More details about these features are in Sec. ??.

3.4 Discussion.

The discussion about the results will be separated into two parts. In the first part we

will analyze the constraints on the emissions from MACS0329-iD and in the second part

we will analyze the other detections in the field.
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Table 3.1. Summary of Observations and Results for MACS0329-iD

Parameter MACS0329-iD

Coordinates (J2000) D1 03:29:40.18,–02:11:45.60
Coordinates (J2000) D2 03:29:40.06,–02:11:51.72
µ (D1+D2) ⇡ 29.2
Photometric Redshift zphot = 6.18+0.05

�0.07
�cont

a 0.62 [mJy b�1]
UV SFR ⇠ 3.2 [M�yr�1]
⌫ range 262.6-267.5 [GHz]
L[CII]

b
< 3.0 ⇥ 107 ⇥ (µ/29.2)�1

L�
⌫obs

c 264.8012 ± 0.0023 [GHz]
[CII] Redshiftc 6.17722 ± 0.00005
L[CII]

c (3.7 ± 1.0) ⇥ 107 ⇥ (µ/29.2)�1
L�

FWHMc 14.6 ± 4.9 [km s�1]
peak of the linec 55.4 ± 17.4 [mJy]

LN6946,
IR

d
< 1.5 ⇥ 1011 ⇥ (µ/29.2)�1[L�]

SFR (LIR) < 26.9 ⇥ (µ/29.2)�1 [M�yr�1]

LN6946,
FIR

d
< 5.7 ⇥ 1010 ⇥ (µ/29.2)�1[L�]

Note. — All luminosities upper limits are 3 �.
References: Coordinates, magnification, redshift and UV-SFR
from Zitrin et al. 2012.
All the luminosities and SFR are corrected by magnification.

a1� continuum sensitivity at 158µm rest wavelength.

bFor the case of non detection.
cFor the tentative detection in Fig. 3.7

d3� limit based on the SED of NGC 6946 and including the
e↵ect of the CMB.

3.4.1 Constrains in MACS0329-iD

3.4.1.1 FIR Continuum.

We use the continuum non-detection to put constraints to the FIR continuum and

therefore to the properties of MACS0329-iD. In Fig. 3.4 we show the CLASH photometry

and the ALMA upper limit to the FIR continuum. For comparison, the sed of local

galaxies scaled to the reddest HST filter are also plotted. The sed of Arp 220, M82, M51

and NGC6946 were extracted from Silva et al. (1998), the sed of the Wolf–Rayet region

of the Gamma-Ray Burst GRB980425 was extracted from Micha lowski et al. (2009) and

the Spiral, dwarfs and Irregulars galaxies were extracted from Dale et al. (2007). For

GRB980425WR a T z=0
dust = 92 K and � = 1.3 was used (Micha lowski et al., 2009). For

the other sed the temperature correspond to the ones used in González-López et al.

(2014) and Ota et al. (2014).

We used the sed of NGC6946 to estimate the upper limit to the FIR luminosity. We

scale the NGC6946 sed to the ALMA upper limit and then integrated between 42.5 and

122.5 µm restframe to estimate the upper limit to the FIR luminosity. We found that

LFIR < 5.7 ⇥ 1010 ⇥ (µ/29.2)�1L�, after correcting by the magnification of µ = 29.2.
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Figure 3.4 Spectral energy distribution of MACS0329-iD together with several templates
of local galaxies. The black points represent the HST and Spitzer photometry while the
red triangle is the ALMA upper limit to the FIR continuum. All the templates has been
corrected by the e↵ect of the CMB following the procedures presented in da Cunha et al.
(2013) and extended in González-López et al. (2014). The dashed line correspond to the
sed templates of local galaxies.

The IR luminosity is calculated by integrating between 8 and 1000 µm, LIR < 1.5 ⇥
1011 ⇥ (µ/29.2)�1L�.

We note that much more deeper continuum observations will be needed to detect this

type of galaxies at this redshift. It is interesting to note that, the Spitzer photometry

at 3.6 and 4.5 µm already is rejecting most of the local SED templates. Because of

this, we include the SED template of the Wolf-Rayet (WR) region in the galaxy host of

GRB980425, one of the closest known GRBs (z=0.0085) (Micha lowski et al., 2009). The

WR region is where most of the star formation is occurring in the GRB host. its SED

is blue in the optical and luminous in the mid-IR, indicating a very hot dust content.

Despite of the similitude in the optical, the starbursting nature of the WR region is not

shared by MACS0329-iD.
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Figure 3.5 Spectrum extracted in the the position of the emission found at 266 GHz in
Fig. 3.3 using the a channel resolution of 26.5 km s�1 and the extended resolution.

Figure 3.6 Map of the emission associated with the yellow channels in Fig. 3.5 with the
two spatial resolutions. The left panel shows the nominal resolution and the right panel
shows the extended resolution. Each line corresponds to a 1� level starting at �2� and
+2�. The emission appears to be related to a galaxy near the MACS0329-iD2. The
fact that the emission is not observed in MACS0329-iD1 discards the possibility of this
emission being [C II] for the MACS0329-iD. The emission in the left panel appear to not
be related with any optical detected galaxies, making di�cult to associated the possible
emission to a galaxy and therefore identifying the emission line.

We can conclude the MACS0329-iD is not a galaxy with a large amount of dust, and

that has a similar SED to local spiral and dwarfs galaxies.
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3.4.1.2 Constraints on the [C II] emission line.

We will explore the two features observed in the spectrum presented in Fig. 3.3. For the

feature around 266 GHz, we found that when integrating over the channels around 266

GHz the emission is not centered in MACS0329-iD. Whe plot the spectrum extracted at

the position of the feature emitting at 266 GHz in Fig. 3.5, for the plot we used 1 spectral

window and combining three channels, resulting in a channel width of ⇡ 26.5 km s�1.

The red line corresponds to the fit of a gaussian function, resulting in a peak of 13.6±3.3

mJy b�1, a central frequency of 266.01±0.01 GHz and a FWHM of 120.1±33.2 km s�1.

In Fig. 3.6 we show the integrated maps over the yellow channelos of Fig. 3.5, in the left

panel we show the nominal resolution and in the right panel the extended resolution. In

the right panel we see that the emission could be coming from the MACS0329-iD2, but

the fact that the emission is not found in MACS0329-iD1 discards the possibility of the

emission being associated with MACS0329-iD. The second option is that the emission

is related to the galaxy just to the left of MACS0329-iD2, altought that possibility is

allowed by the emission in the right panel, the left panel shows that the emission is

centered to the north of that galaxy. If this emission is real, we will not be able to

associate it to a galaxy detected in the optical.

The second feature corresponds to a channel with the highest signal-to-noise in the

50 km s�1 channels. In Fig. 3.7 we see the frequencies where the channels is but this

time with a spectral resolution given by the default channel width of ⇡ 8.85 km s�1.

There is a signal that could correspond to the [C II] emission of the galaxy. We will

explore the possibility of this positive emission being just a product of random noise.

When we stack the emission of the 4 red crosses in Fig. 3.2 and integrate in the velocity

space of the 4 channels marked in Fig. 3.7 we obtain the map in Fig. 3.9, which would

be the [C II] emission associated to the images D1 and D2 of MACS0329-iD. The peak

of the emission has a signal-to-noise of 3.64�. To estimate what are the odds of finding

a positive signal with this significance we use the same procedure to map Fig. 3.9 but

using 4 random position and a random frequency as center for a 5 channels emission line.

After performing 106 iteration, we find that in 0.026% of the times we observed a signal-

to-noise equal or higher than the observed of 3.64�. When we do the same experiment,

but just using the 3 central channels, which carry out most of the signal associated

with the line, the observed significance is of 3.78�, and the result of performing 106

iterations is of 0.014% of the times observing a signal-to-noise equal or higher than the

observed of 3.78� for the 3 channels. We explore the scenario where the proximity of

the regions used to search for the emission could be causing some correlation that could

increase the possibility of getting a fake emission line. We did the same experiment that

before but this time fixing the distance between the two closest positions to the distance
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Figure 3.7 Zoom in to the positive signal found in Fig. 3.3 but showing the flux density
units instead of signal-to-noise. The red line correspond to a gaussian function adjusted
to the data. The best-fit parameters of the gaussian function are in Table 3.1.

between the brightest regions in each of the lensed images. We obtain fraction values

similar to the ones for the 4 random positions, indicating that by using two position per

lensed image do not increase the chances of the positive emission being fake. From the

total frequency coverage of the observations we obtain 623 channels with native spectral

resolution. When we combine 5 channels as for our tentative emission line we obtain 124

channels. Assuming that the probability of obtaining a signal-to-noise of our tentative

line is of 0.026% per channel, the total probability of obtaining 1 signal as the observed

in any of the observed frequencies is of ⇡ 3.2%.

We find that the possibility of the positive emission shown in Fig. 3.7 being a product

of just random association is not small enough for us to consider the line as a real

detection of [C II]. From hereafter we will considered our observations as a non detection

of [C II] with a tentative detection corresponding to this feature.
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When we fit a gaussian function to the possible emission line, we find an amplitude of

55.4±17.4 mJy, a central frequency of 264.8012±0.0023 GHz, a full width half maximum

(FWHM) of 14.6 ± 4.9 km s�1, resulting in a possible z = 6.17722 ± 0.00005. The spec-

z of 6.17722 ± 0.00005 is at less than 0.1� from the photometric redshift of zphot =

6.18. We believe that the closeness of our tentative line and the expected frequency

for the photometric redshift increases the odds that this feature could correspond to

[C II] emission. The probability of having the measured signal-to-noise so close to the

photometric redshift is of < 0.2%. Another indicator that this feature could be in fact

[C II] coming from the galaxy is that it is emitted in both images D1 and D2 as we can

see in Fig 3.8, where the 2d map is plotted for the 3 central channels of the tentative

emission line.

To check whether the width and the amplitude of the emission line are consistent with

galaxies at the end of the reionization epoch we used the simulations of [C II] emission

in high redshift galaxies described in Vallini et al. (2013). This models present [C II]

emission produced in ionized and neutral medium. One of the main result of Vallini

et al. (2013), is that, without including the emission from photo-dissociation (a.k.a.

photon-dominated) regions (PDRs) most of the emission is produced in the cold neutral

medium (CNM), and in less intensity in the warm neutral medium (WNM). Secondly,

the CNM emission is primary produced in small clumps of cold dust, where the shielding

is enough to prevent the heating of the gas by the UV radiation coming from hot stars.

The [C II] emission is dominated by the several very narrow emission lines associated to

each of the clumps.

Using that model, we use the simulation of the [C II] emission in a galaxy at similar

redshift as comparison to our observations (Models delivered by Livia Vallini, private

communication). For the simulation, we use a SFR= 3.2 M�yr�1, a magnification of

µ = 29.2, and a metallicity of 0.2Z�. We use a metallicity of 0.2Z� instead of the

median value of 0.5Z� estimated by Zitrin et al. (2012) because the former is the one

with the highest probability in the SED fitting and a lower metallicity is favored at this

redshift.

Figure 3.10 show the simulated [C II] emission, we will compare our observation with the

narrow emission that has the highest peak. The emission is binned to match the spectral

resolution of our observations (⇠ 8.85 km s�1), the fit of a gaussian function result in a

line width of ⇠ 30 km s�1, two times the value of the FWHM we found for our possible

emission line. Such narrow line would indicate that the line could be produced in one

of the clumps mentioned in Vallini et al. (2013). The fact that the peak of the line is at

a flux density similar to the one observed could be interpret as that the metallicity of

the galaxy is similar to the one proposed by the SED fitting of the optical photometry.
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Figure 3.8 Map of the three central channels of the tentative [C II] emission shown in Fig.
3.7. The contour levels are in step of 1�, starting in �1�, 1�. The tentative emission line
is observed, at least in low signal-to-noise, in both lensed images D1 and D2, supporting
the hypothesis that this emission could correspond to the [C II] in MACS0329-iD.

We believe that the characteristics of the observed line; frequency, width and amplitude,

support the assumption that we are detecting in fact [C II] emission but we can not

confirm it without more observations. The observed luminosity of the line would be

L[CII] = (3.7 ± 1.0) ⇥ 107 ⇥ (µ/29.2)�1L�. Thanks the the cluster light magnification,

this line is would be one of the faintest [C II] emission line observed at high redshift.

3.4.1.3 SFR-L[CII] Relation

Figure 3.11 shows the results of the search for [C II] emission in normal star-forming

galaxies at high redshift. The black solid lines corresponds to the relation found by de
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Figure 3.9 Stack of the four position of the brightest regions of the lensed images in the
channels around the tentative [C II] detection (marked as yellow channels in Fig. 3.7).
The total signal-to-noise of the line is of 3.64�.

Looze et al. (2011), with the gray area corresponding to 2� scatter in the relation. For

the galaxies we plot the UV-based SFR and the range of possible obscured SFR allowed

by the FIR continuum upper limits.

All the previous searches for [C II] in LAEs and LBGs at z > 6 have resulted in non-

detections (Carilli et al., 2013; González-López et al., 2014; Kanekar et al., 2013; Ota

et al., 2014; Ouchi et al., 2013; Schaerer et al., 2014). The only detections correspond

to the a LAE at z=4.7 and a LBG at z=5.3 (Carilli et al., 2013; Riechers et al., 2014).

The deepest searches for [C II] correspond to the lensed LAE HCM 6A at z=6.5, the

two bright LAEs Himiko at z=6.6 and IOK-1 at z=7, the lensed LBG A1703-zD1 at

zphot ⇡ 6.8 discovered behind the galaxy cluster Abell-1703 and the LAE z8-GND-5296
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Figure 3.10 Simulated [C II] emission for a galaxy at a similar redshift of MACS0329-
iD and with similar characteristics. We use a SFR= 3.2 M�yr�1, a magnification of
µ = 29.2, and a metallicity of 0.2Z�. The yellow lines represent the simulated emission,
the black lines is the emission binned to match the observed spectral resolution of ⇠ 8.85
km s�1. The red line is the best fit gaussian function to the binned emission, resulting
in a line width of ⇠ 30 km s�1.

at z = 7.508 discovered in the COSMOS-N field. The upper limits for [C II] put HCM

6A 2� below the SFR-L[CII] relation, and Himiko, IOK-1 and A1703-zD1 directly o↵

the relation. These results have suggested that the LAEs population at z > 6.5 could

show di↵erent characteristic than low redshift normal star-forming galaxies. The three

current detections, show di↵erent behavior. LAE-1 shows a perfect agreement with

the relation, LBG-1 is 2� above the relation based in the UV-SFR, although, the range

allowed by the obscured star formation still could place it close the relation. MACS0329-

iD is represented with the upper limit in [C II] (red circle, displaced to the left) and with

the tentative detection (red star). Within the errors, the galaxy is in agreement with

the relation, the possible obscured star formation could move the galaxy to the region

where the upper limits for the LAEs are located. Deepest observations are needed
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Figure 3.11 Relation of the [C II] luminosity with the UV-derived star formation rate
of galaxies. The black solid lines correspond to the relation found by de Looze et al.
(2011), with the gray area corresponding to 2� of the scatter in the relation. The black
dots with error bars correspond to the data used to find the relation of [C II] - SFR. We
present our tentative detection in MACS0329-iD (red star) together with the 3� upper
limit (red square, displaced for display purposes). We also present the upper limits
and observations of [C II] in normal star-forming galaxies at z > 4 (Carilli et al., 2013;
González-López et al., 2014; Kanekar et al., 2013; Ota et al., 2014; Ouchi et al., 2013;
Riechers et al., 2013; Schaerer et al., 2014). For each galaxy, the symbol correspond to
the SFR estimated from the UV observations and the error bar in SFR correspond to
the range of values allowed by the FIR non detections.
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to constraint the obscured star formation in the galaxy and the the [C II] emission and

therefore whether it follows the local relation. The measured luminosity for the tentative

line in MACS0329-iD is at least one order of magnitude lower than the previous detected

line, showing the importance of using magnification to study the faint population of

galaxies at high redshift.

3.4.1.4 Ratio L[CII]/LFIR

In Fig. 3.12 we present the ratio L[CII]/LFIR for a number of galaxies. The tentative

detected [C II] emission in MACS0329-iD has a ratio of L[CII]/LFIR > 5.7⇥10�4 and the

upper limit has a similar ratio. This ratio does not necessary means that [C II is not a

good cooling of the gas, it is a result of the continuum observation being not deep enough.

If we assume a LFIR based in the UV-SFR we obtain a ratio of ⇠ 1.6 ⇥ 10�3, similar

to some of the local star-forming galaxies. It would be very interesting to detect the

continuum in MACS0329-iD and put real constrains to the ratio L[CII]/LFIR for normal

galaxies at high redshift for the first time. Despite of the continuum non-detection in

the normal star-forming galaxies at high redshift, [C II] emission line appears to be a

good alternative to study the high redshift population in short amount of time, at least

for a certain type of galaxies.

3.4.2 Other continuum detections.

Using HST, Spitzer, Herschel, LABOCA and ALMA observations we are able to con-

straint some properties for the galaxy. For this purpose, we used the Multi-wavelength

Analysis of Galaxy Physical Properties (MAGPHYS), which is a versatile model that

is capable of interpreting the spectral energy distribution (SED) of galaxies from the

UV up to the FIR in a consistent way. The best fit SED is shown in Fig. 3.15 with

the physical parameters distribution in Fig. 3.16 and in Tab. 3.2. Figure 3.15 shows

that some parameters, as the temperature for the cold and warm dust are not well

constrained by our observations. The star formation rate is estimated in SFR=6.2+4.4
�2.4

M�yr�1, very low in comparison to previous detection in continuum of galaxies at high

redshift. The dust-to-mass ration is ⇠ 0.03, being the former of Md = 4.5+16.0
�3.5 ⇥ 107M�

and M⇤ = 1.6+1.2
�0.57 ⇥ 109M�. When we do a fit with MAGPHYS but just using the

CLASH photometry, the dust mass is estimated in Md = 3.4+7.3
�2.2 ⇥107M� a value in well

agreement, within the errors, to the value estimated using the ALMA detection. This

similarity between the values estimated supports the fact that the continuum detection

is real and that is not just a peak of the noise.
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Figure 3.12 Ratio of the [C II] luminosity to the FIR luminosity vs the FIR luminosity
(integrated from 42.5µm to 122.5µm rest frame) for galaxies at di↵erent redshifts. The
horizontal dashed line is the average value for L[CII]/LFIR on the local galaxies. The
galaxy MACS0329-iD is represented with the red star together with the 3� upper limit
(red circle, displaced for display purposes). (Carilli et al., 2013; Cox et al., 2011; De
Breuck et al., 2011; González-López et al., 2014; Iono et al., 2006; Ivison et al., 2010;
Kanekar et al., 2013; Luhman et al., 2003; Maiolino et al., 2009; Malhotra et al., 2001;
Negishi et al., 2001; Ota et al., 2014; Ouchi et al., 2013; Riechers et al., 2013, 2014;
Schaerer et al., 2014; Stacey et al., 2010; Swinbank et al., 2012; Venemans et al., 2012;
Wagg et al., 2010; Walter et al., 2012a, 2009; Wang et al., 2013)
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Figure 3.13 Continuum detection of a galaxy at z ⇠ 3.5. The contour levels are in step
of 1�, starting in �1�, 1�.

The magnification estimated for the galaxy using the mass distribution of the cluster is

of µ ⇠ 21 (The magnification values were estimated by Mauricio Carrasco, member of

the CLASH team). The FWHM of the detection in the CLASH catalog is of 0.7590’,

when we take this to the source plane we obtain a size of 0.16” which represents a

physical size of ⇠ 1.2 kpc at z = 3.54, putting this galaxy in the category of dwarf

galaxy. The dust-to-stellar mas ratio is a bit high for the stellar mass, but it is similar

to the ratios found in the local universe. Figure 3.17 shows SFR, dust mass and stellar

mass of our galaxy corrected by the cluster magnification and for the sample of galaxies

studied by the KINGFISH survey (Skibba et al., 2011). We also plot some low-metallicity

blue compact dwarf galaxies (Hunt et al., 2005) and some lensed galaxies studied with

Herschel (Sklias et al., 2014). We see that our galaxy falls just in the middle of the local

population when we compare the SFR with the dust mass, but it falls a bit higher than

the local population when we compare the stellar mass and the dust mass. This galaxy

appears to have a higher amount of dust than local galaxies with similar stellar mass
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Figure 3.14 Probability distribution of the redshift for the galaxy detected in continuum
with ALMA. The distribution was calculated using Bayesian Photometric Redshifts and
the 16 HST filters used in the CLASH survey. The low redshift secondary peak is low in
comparison to the main higher redshift peak. The high redshift peak is also supported
by the ALMA 1.1 mm detection.

but the large errors in the estimated dust mass still can put the galaxy near the local

galaxy population. This detection is one of the first detection of a dusty dwarf galaxy

at high redshift and it is only possible because of the galaxy cluster light magnification.

3.4.3 Stacking

The number of galaxies detected in the CLASH survey within the pointing of the ALMA

observation is 32. We will do a stacking to search for continuum in the members of the
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Figure 3.15 Spectral energy distribution of the galaxy detected with ALMA. The red
points are the detection in each filter, from HST and ALMA. The upper limits are plotted
as downward triangles, and correspond to the UV filter from HST, Spitzer channels 1
and 2 at 3.6 and 4.5 µm, Herschel cameras PACS and SPIRES, and APEX/LABOCA
bolometer. The red dashed line corresponds to the stellar emission in the galaxy and the
blue continuum line corresponds to the stellar emission absorbed by dust and re-emitted
in the FIR. The physical quantities distribution obtained from the fit can be found in
Table 3.2.

clusters, and in galaxies by range of redshift. The bpz photometric redshift of the 32

galaxies inside the HPWB are in Fig. 3.18. We will stack the continuum emission of

each of the group marked as G1 to G5. The group G1 correspond to the members of the

galaxy cluster MACS0329. The group G5 corresponds to the photometry of the galaxy

at z=6.17 discussed in González-López et al. 2014b. No continuum emission is detected

in the stacked continuum images, a 3� signal is found at 2” from the center of the stacked

image for G1, we think treat it as a non detection. The results of the stacking are in

Tab. 3.3, for the nominal resolution as well as for the extended resolution. No stacked
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Figure 3.16 Likelihood distribution of the physical parameters fitted by MAGPHYS
to photometry of the galaxy at z ⇠ 3.5. The parameters are, first row in the top;
fraction of the total infrared luminosity contributed by dust in the ambient inter stellar
medium (ISM) associated to the stellar population (fSFR

µ

); fraction of the total infrared

luminosity contributed by dust in the ambient ISM associated to the IR spectrum (fIR
µ

),
the total fraction of the total infrared luminosity contributed by dust in the ambient
ISM (f

µ

) is estimated as the average of the previous values, f
µ

= 0.5 ⇥ (fSFR
µ

+ fIR
µ

);
fraction of the total V-band absorption optical depth of the dust contributed by the
ambient ISM (µ); total e↵ective V-band absorption optical depth of the dust (⌧̂V);
second row from the top; specific star formation rate (sSFR); stellar mass (M⇤); total
infrared luminosity of the dust (LTot

d

); equilibrium temperature of cold dust in the
ambient ISM (T ISM

C ); third row; equilibrium temperature of warm dust in stellar birth
clouds (TBC

W

); contribution by cold dust in thermal equilibrium to the total infrared
luminosity (⇠Tot

C ); global contributions (i.e. including stellar birth clouds and the ambient
ISM) by polycyclic aromatic hydrocarbons (PAHs); global contributions by the hot mid-
infrared continuum (⇠Tot

MIR); fourth row; global contributions by the warm dust in thermal
equilibrium (⇠Tot

W ); e↵ective V-band absorption optical depth of the dust in the ambient
ISM (µ⌧̂V); dust mass (Md); Star formation rate (SFR).
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Figure 3.17 Comparison of the dust mass, stellar mass and star formation rate for the
detected galaxy (red star) with the local galaxies of the KINGFISH survey sample (black
dots). In the lower red corner is the median of the errors for the KINGFISH sample.
The blue squares are the low-metallicity blue compact dwarfs (BCDs) studied in Hunt
et al. (2005). The green pentagons are the lensed galaxies studied as part of the Herschel
Lensing Survey (Sklias et al., 2014), we are only showing the galaxies that have similar
values to the KINGFISH sample. The galaxy detected in our observations agrees very
well with the fit to the KINGFISH sample (black line) in the dust mass to SFR relation.
In the lower panel, the dust mass appears to be slightly higher in comparison to the
galaxies of the KINGFISH sample with similar stellar mass. In general, the BCDs
sample, the lensed galaxies appears to be above the relation found between dust mass
and stellar mass for the KINGFISH sample.

Table 3.2. Best fit parameters from MAGPHYS for the galaxy detected in continuum

Parameter Value

fSFH
µ 0.24+0.09

�0.12

fIRµ 0.26+0.14
�0.13

µ 0.15+0.22
�0.09

⌧̂V 1.62+1.73
�1.17

log(sSFR/yr�1)) �8.37+0.35
�0.45

log(M⇤/M�) 9.2+0.25
�0.19

log(LTot
d /L�) 10.7+0.3

�0.3

TISM
C [K] 18.6+4.0

�2.6

TBC
W [K] 42.4+11.6

�9.2

⇠

Tot
C 0.19+0.13

�0.10

⇠

Tot
PAH 0.08+0.07

�0.04

⇠

Tot
MIR 0.10+0.07

�0.05

⇠

Tot
W 0.60+0.15

�0.13

µ⌧̂V 0.23+0.23
�0.14

log(Md/M�) 7.65+0.65
�0.63

log(SFR/M�yr�1) 0.79+0.24
�0.21

Note. — All the errors correspond
to 1� errors.
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Figure 3.18 Distribution of photometric redshift of the galaxies found within the ALMA
HPWB. We separate the group to do a stacking searching for continuum emission. The
group G5 is the galaxy found at z = 6.17 discussed above. G1 corresponds to the
members of the galaxy cluster.

Table 3.3. Groups of galaxies searched for stacked continuum emission.

Group z F1
⌫ [µJy b�1] F2

⌫ [µJy b�1]

G1, N=7 0.3-0.5 < 182 < 268a

G2, N=6 0.65-0.8 < 229 < 3268
G3, N=3 2.6-2.8 < 276 < 431
G4, N=8 3.4-4.6 < 235 < 333
G5, N=5 5.8-6.2 < 238 < 332a

Note. — All upper limits are 3 �.
aThere is a 3.1� peak at 2” from the center of the stacked

image. It could be related to the galaxies but we treat it as
a non detection. This group corresponds to the members
of the galaxy cluster.

aThis group corresponds to the galaxy at z=6.17 dis-
cussed above. The CLASH photometry breaks the galaxy
in 5 small portions that is why 5 galaxies are found at this
redshift range.
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continuum detection is found in any of the groups of galaxies.

3.4.4 Other Emission lines

Given the large amount of galaxies within the ALMA pointing, we did a simple search

for candidate to emission lines in the data cube. For the search, we made a simple

assumption, that the emission lines are well represented by gaussian functions. We

created data cubes with two spectral resolution; the native with dv = 8.85 km s�1 and one

with dv = 50 km s�1. To help in the search, we also used a third uv-taper configuration,

apart from the two presented above. The synthesized beam for the third configuration

is of 3.2” ⇥ 2.5” with a PA=-65.65 degree.

The search was performed in the data cubes without correction by the primary beam.

We took the data cube and made a gaussian convolution in the spectral axis. For each

data cube the � values for the gaussian convolution ranged from 0 to 5 times the channel

resolution. Covering from 0�45 km s�1 for the native resolution and from 0�250 km s�1

with the channel resolution of 50 km s�1 . After the convolution, in each spectral channel,

we took the rms of the pixels and search for peaks with signal to noise at least of 4�.

The same exercise is made to look for negative peaks. For each significance, (hereafter

SN), we count the number of positive (Npos) and negative (Nneg) peaks. We calculate

the parameter R = (Npos �N
neg

)/Npos, which should be around zero for when the peaks

are representative of the noise for a given significance and a given value of � used in the

convolution. For a given data cube, if emission lines are found, the parameter R should

trend to unity while increasing the values of SN. In Fig. 3.19 we show the R values

for each of the three synthesized beams and the 2 spectral resolutions. The values are

calculated until no positive peak are found for the given SN. For a positive peak to be

assigned as candidate to emission line needs to meet the following criteria:

1. The R value for that positive signal needs to be unity. Meaning that no negative

peaks are found with the same line width and significance SN.

2. The R value needs to reach unity before the final SN. For each �, R has to be 1

for a value of SN<max(SN).

3. The position of the positive peak has to be located in the map where the sensitive

of the primary beam is at least 10% of the one in the phase center.

4. The emission line when integrated in frequency has to have a signal-to-noise higher

than 5�. This has to be done in the data cube corrected by the primary beam.
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Figure 3.19 R values for di↵erent channel resolutions and di↵erent angular resolution.
The top row represent the native spectral resolution and the bottom row the search in
the data cube where the channel resolution was set to 50 km s�1 . For each row, each
color represents the search for emission lines with a given line width, set by the � value
assigned in the legend of the plot. For each row, the left panel is the one with the
nominal resolution, the middle is the one with the extended resolution and the right
panels are for the third angular resolution reached by using a smaller uv-tapering. In
the top row, the green and magenta lines in the middle and right panel follow the trends
that indicate a possible emission line. The same behavior is observed for some lines
in the bottom row. It is important to note that one candidate to emission line can be
detected in several panels at the same time.

Once these criteria are fulfilled, the positive signal passes to be a candidate to emission

line. A list with the candidate to emission lines is in Tab. 3.4. The lines are shown in

Fig. 3.20.

Below we describe each of the possible emission lines.

3.4.4.1 Line 1

The emission line L1 in the top left panel in Fig. 3.20 is clearly detected with two

peaks. This line has a signal-to-noise of 7.4 when the emission is integrated in the yellow

channels. In Fig. 3.21 we see the integrated emission line with the two spatial resolution

used. In the left is the extended resolution and in the right is the nominal resolution.
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L1 L2

L3 L4

Figure 3.20 Spectra of the 4 candidate to emission lines found in the data cube. The
list from L1 to L4 is in decreasing signal to noise value.

Figure 3.21 Emission line 1. Each contour represent 1� (starting in ±2�) of the emission
integrated in the yellow channels in Fig. 3.20. The red and green circles are the positions
of the detection made with CLASH. The red circles represent the detections made using
the optical images and the green circles the ones made with the IR images in the CLASH
survey.

The line was first discovered in the extended resolution. The nominal resolution is shown

to see the spatial distribution of the emission and to find the counterparts.

The double peak feature can be explained by three scenarios. i) we are seeing a merger

of galaxies; ii) this is the superposition of two emission lines of two galaxies at di↵erent

redshifts and iii) this is the resolved emission of a rotating disk. The third scenario is

not supported by the fact that the width of the two component are very di↵erent. Daddi

et al. (2010) presented the resolved emission of CO(2-1) on rotating disk at z ⇠ 1.5, one

of the main results from they observations and numerical simulations is that in the case
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Figure 3.22 Map of the two peaks found in Line 1 in Fig. 3.20. The contours are in step
of 1� starting in ±2�. The blue contours represent the line with the peak at the higher
frequency.

of rotating disk, the emission from the peak can have di↵erent peaks values, but they

velocity distribution (width of the line) needs to be similar. Similar results is found in

the observations of H I in nearby local galaxies, where the two peaks show similar widths

(Walter et al., 2008). The blue component shows a FWHM at least three time larger

than the one in the red component, showing that the velocity distribution is di↵erent

and therefore discouraging the rotating disk scenario.

The spatial distribution of the two peaks is shown in Fig. 3.22, we see how the emission

from the red peak is more extended than the blue peak. If we compare the emission

from Fig. 3.21 right panel and the map of the two peaks, we that that the emission

extends to the left, to a galaxy that is not close to the peak of the emission. We see
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that the extension is only shown in the red peak, indicating a possible emission coming

from that galaxy. Still, we see that the peak of the emission associated to the red peak

is not located in the other galaxy, so we can not say that the red peak is coming from

that galaxy, but may be just part of it. The scenario of the merger can not be discarded

until we have optical spectra of the possible galaxies counterpart.

For the search of counterparts, we will explore the possibility of the emission coming

from one or two of the closest galaxies to the peak of the emission. In Fig. 3.26 we plot

the probability distribution of the photometric redshift for the possible counterparts to

the detected emission lines. The vertical lines are the redshifts that the counterparts

should be if the detected line is the one in the name. In the first row of Fig. 3.26 we have

the two possible counterparts for L1. The galaxy 1 has a zphoto = 0.87+0.17
�0.18 and if the

emission line is CI(3P1 !3 P0) the redshift of the galaxy would be z = 0.86. For galaxy

2 the photometric redshift is zphoto = 3.97+0.23
�0.26, the emission line closest to the peak of

the redshift distribution for this galaxy is CO(11-10), which would put this galaxy at

z = 3.79. The emission line CO(11-10) has been observed at high redshift just in the

quasar APM 08279+5255 at z = 3.9 (Bradford et al., 2011; Weiß et al., 2007), which

is one of the brightest object in the universe. The gas properties of APM 08279+5255

di↵er from those seen in in other high-z quasar and local starburst (Weiß et al., 2007),

showing that the chances of this line being C(11-10) are very low.

The small di↵erence between the photometric redshift for galaxy 1 and the redshift

obtained if we assume that the emission line is CI(1-0) strongly suggest galaxy 1 as

the counterpart to the emission line. The next step is to see if the photometry for

galaxy 1 is according with having the detected flux for CI(3P1-3P0). When we do a

SED fitting to galaxy 1 using MAGPHYS we obtain a SFR ⇠ 0.06M�yr�1. We will use

the results from Walter et al. (2011) where a ratio of CI(1-0)/CO(3-2)⇡ 0.32 is found

for a sample of quasar and submillimeter galaxies and the relation between CO(3-2)

and L0
FIR found by Iono et al. (2009) to estimate the expected line luminosity for the

galaxy. Using the relation L0
FIR = 5.8 ⇥ 109 ⇥ SFR we obtain a L0

CO(3�2) ⇠ 2.9 ⇥ 106

K kms�1pc2 and L0
CI(1�0) ⇠ 9.3 ⇥ 105 K kms�1pc2. The observed luminosity is of

3.2 ⇥ 109 K kms�1pc2. The ratio between the observed and the estimated luminosity is

of log(L0obs
CI(1�0)/L0est

CI(1�0)) ⇠ 4.4, more than 4 order of magnitude higher. Is is di�cult to

conciliate our observed luminosity with the estimated luminosity, resulting than either,

our detected emission line is fake, or the photometric redshift is not accurate. It is

important to note that the average AB magnitude for the galaxy is 28 and that it is

detected with 5� in just 2 out of the 16 CLASH filters, which make the photometric

redshift not reliable.
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Figure 3.23 Emission line 2. Each contour represent 1� (starting in ±2�) of the emission
integrated in the yellow channels in Fig. 3.20. The red and green circles are the positions
of the detection made with CLASH. The red circles represent the detections made using
the optical images and the green circles the ones made with the IR images.

3.4.4.2 Line 2

The emission line L2 top right panel in Fig. 3.20. The range of frequencies between

263.6 and 263.8 GHz has a higher noise than the other channels because the emission

is a↵ected by an atmospheric water line. This line is detected in the edge of the data

cube, the cut of the emission is because the data cube is used up to where the sensitivity

is 10% of the one in the phase center. In Fig. 3.23 left panel, we see that in the center

of the emission there is a detection made with HST. That galaxy is detected in the

combination of all the images, but is none of the filter the galaxy is detected with more

than 5�, which makes the photometry and therefore redshift probability distribution not

reliable. For completion, we show the redshift probability distribution in Fig 3.26 middle

row left panel. The closest lines to the peak of the distribution is CO(7-6) and CI(1-0).

If this line is CI(1-0), then CO(7-6) falls in the observed range of frequency, but is not

detected and as CO(7-6) is always brighter than CI(1-0), this discards the possibility

of the observe line being CI(1-0). The another possibility is CO(7-6), resulting in a

redshift of z = 2.05, close to the zphoto = 1.89+0.54
�0.66. The luminosity for CO(7-6) would

be LCO(7�6) = 3.6 ⇥ 108L�.

3.4.4.3 Line 3

The emission line L3 is in the bottom left panel in Fig. 3.20. In the left panel in Fig. 3.24

is the emission where the line was discovered, and in the right panel is the emission for

the same channels but in the nominal resolution. The emission is clearly related to the
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Figure 3.24 Emission line 3. Each contour represent 1� (starting in ±2�) of the emission
integrated in the yellow channels in Fig. 3.20. The red and green circles are the positions
of the detection made with CLASH. The red circles represent the detections made using
the optical images and the green circles the ones made with the IR images.

galaxy to the left of the peak of the emission. The photometric redshift of that galaxy is

zphot = 4.4+0.2
�0.3. When we check for the possible emission lines that could account for the

one observed we see that there are two possible lines, in Fig. 3.26 middle row right panel

we have the redshift probability distribution for the galaxy and the two lines CO(12-11)

and [N II] . The CO lines is discourage to be the one observed because the probability of

observing that line are very low, as stated above. The second possibility is that the line

is [N II] in the transition 3P1 ! 3P0, which together with the other transition 3P2 !3 P1

has been observed a few times before at high redshift (Combes et al., 2012; Decarli

et al., 2014, 2012; Ferkinho↵ et al., 2011; Nagao et al., 2012). In the case of the line

being [N II] , the redshift of the galaxy would be z = 4.5. The two detection in normal

star-forming galaxies correspond to two Lyman-alpha emitters (LAE) at z=4.7 (Decarli

et al., 2014), we will be using those galaxies as reference to check weather the detected

line can correspond to the [N II] in the galaxy at z=4.4.

From the sed fitting of the galaxy using MAGPHYS we obtain a SFR = 10.3+4.0
�2.8M�yr�1.

The observed luminosity of the line is L[NII] = 3.0 ± 0.5 ⇥ 108L�, if we compare the

emission found in LAE-1, where the [N II] luminosity is L[NII] = 1.4 ± 0.6 ⇥ 108L� for a

SFR=13M�yr�1(Petitjean et al., 1996) we find that the luminosities are very similar,

indicating that the observed line flux is consistent with a galaxy a high redshift and such

star formation rate. The magnification estimate for the galaxy is of µ ⇠ 23.5, indicating

that we are exploring the very faint population of galaxies at high redshift. We conclude

that the observed line corresponds to a lensed galaxy at z = 4.4965 ± 0.0001 with a

SFR= 0.44+0.17
�0.11 ⇥ (µ/23.5)M�yr�1 and a [N II] luminosity of L[NII] = 1.6 ± 0.2 ⇥ 107 ⇥
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Figure 3.25 Emission line 4. Each contour represent 1� (starting in ±2�) of the emission
integrated in the yellow channels in Fig. 3.20. The red and green circles are the positions
of the detection made with CLASH. The red circles represent the detections made using
the optical images and the green circles the ones made with the IR images.

(µ/23.5)L�. We will need [C II] observations for this galaxy to put constraints to the

ionization medium in the ISM.

3.4.4.4 Line 4

The emission line L4 is in the bottom right panel in Fig. 3.20. In the left panel in Fig.

3.25 is the emission where the line was discovered, and in the right panel is the emission

for the same channels but in the nominal resolution. The emission is clearly related to

the galaxy to the right of the peak of the emission. The photometric redshift of that

galaxy is not well constrained and has two peaks with similar probability, one at high

redshift and other at low redshift. When we check for the possible emission lines that

could account for the one observed we see in Fig. 3.26 bottom row the two peak of the

redshift probability distribution. The peak around z ⇠ 3.6 has possible CO emission

lines but the transition are too high to be easily observed and associated to the observed

line, also the lines are not too close to the peak of the redshift distribution. For the

low redshift peak around z ⇠ 0.4, the possible line are HCN are HCO, but those are

usually faint in comparison to the usually observed emission lines at high redshift. The

combination of the double peak redshift distribution and that none strong emission line

appears to be in the peaks of the distribution makes di�cult to disentangle which line

corresponds to the observed one. We do not attempts to assign a redshift to the galaxy

based in the observed emission line.
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Line 1 Line 1
galaxy 1 galaxy 2

Line 2 Line 3

Line 4 Line 4

Figure 3.26 Redshift probability distribution of the possible counterparts to the emission
lines detected in the data cube. Each probability distribution is normalized to the peak
of the distribution. For each distribution, the vertical lines corresponds to the redshift
that the galaxy would be if the detected line corresponds to the one in the label. The
closest the line to the peak of the distribution higher are the chances that the observed
line corresponds to that.
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3.4.5 Positional O↵sets

As we can see in Fig. 3.13, 3.21, 3.23, 3.24 and 3.25, there are clear o↵sets of up to 1.3”

between the continuum and line emission and the optical detected galaxies. That o↵sets

can be explained if there are no relation between the mm observed signals and the optical

galaxies, meaning that the counterpart correspond to very obscured galaxies or that all

the mm signals are fake, both options very unlikely but not impossible. O↵sets between

FIR emission lines and optical or new infrared counterparts have been observed before

in lensed galaxies behind galaxy clusters. Johansson et al. (2012) observed CO(3-2) and

CO(1-0) emission lines in a lensed galaxy behind the bullet cluster finding o↵sets of up

to ⇠ 2”. They claim that the observed o↵sets could be the results of the combination

of pointing uncertainties, low signal-to-noise ratio and the elongated beam. Such e↵ects

could be also producing our observed o↵sets.

To check weather the o↵sets corresponded to a pointing error we checked if there was

a privileged direction for the o↵set shifting. There is a small tendency of the o↵set

toward the axis of the elongated axis of the synthesized beam but in both directions, the

other o↵sets have di↵erent directions. We concluded that the o↵sets are not produced

by a pointing error. We also checked if there was a dependency of the o↵sets with

the observed signal-to-noise but not dependency was observed. Finally, we noted that

the emission lines showed a higher o↵set value while closer to the region of maximum

magnification, as the cases for L1, L3 and L4. Because of this, we explore the relation

between the o↵sets and the magnification.

The o↵sets of the galaxies were measured as the the distance between the brightest pixel

in either the continuum emission or in the line emissions of our ALMA observations with

the nearest galaxy detected in CLASH. To estimate the magnification, we can not use

the value of magnification given by the models because for three of the emission lines,

the nearest galaxies have not a well defined photometric redshift so the magnification

can not be constrained. As an alternative to the magnification, we use the distance to

the critical curve of the galaxy cluster for a source at z = 2. The critical curve represent

the region where the magnification is maximum for a given source redshift. The critical

curves for sources at di↵erent redshift are di↵erent, but should be located very close, as

we can see in Zitrin et al. (2012) where the critical curves for sources at z=2 and z=6 are

very similar for the cluster MACS0329. The normal distance between a lensed galaxy

and the critical curve at z = 2 should be a good indicator of its magnification. For our

measurement and for practical reasons, we used the critical curve as the region where the

magnification is µ > 500, while the real critical curve is where the magnification trends

to infinity. In Fig. 3.27 we plot the o↵sets of our ALMA detected sources (continuum

and line emission) and the distance to the critical curve at z = 2. We see that the points
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show a clear trend to have higher o↵set values while closer to the critical curve (smaller

distance), where the magnification is higher. In blue is shown the power law function

that best fit the points, with the purpose of showing the observed trend.

The observed behavior could be explained if the continuum and line emissions are not

produced in the exact region of the lensed galaxies, meaning that there is an intrinsic

o↵set between the optical and the submm emission. Such o↵sets should be amplified by

the magnification of the galaxy cluster by a value ⇠ p
µ, resulting in an o↵set higher

for the most magnified galaxies. The magnification µ can be defined as the ratio of

the observed and the intrinsic area of a lensed galaxy, µ / A. The intrinsic o↵set is a

linear distance in the galaxy, such linear distance l can be roughly proportional to the

area, meaning that l /
p

A and therefore l / p
µ. Because we are using the normal

distance (d) of the galaxy to the critical curve we used the fact that µ / 1/d to find

that l / 1/
p

d / d�0.5. The fact that the power law that best fit the two quantities

in Fig. 3.27 has an index of ↵ = �0.46 ⇠ �0.5 could support our explanation for the

observed o↵set. This hypothesis can not be confirmed with our current observations.

Obtaining optical spec-z for the nearest optical galaxies could confirm the association

between the observed FIR emission lines and the optical galaxies, therefore confirming

the o↵sets. Deeper ALMA observations could also help disentangle the reason of the

observed o↵sets.



Figure 3.27 O↵set between the optical detected galaxies nearest to the continuum and
line emission detected in our ALMA observation vs the distance to the critical curve
of the galaxy cluster at z = 2. The o↵sets and distances were calculated between the
center of the optical galaxies and the brightest pixel of the mm source. The errors of the
points correspond to the size of the pixel in the ALMA observations of 0.1”. The point
label as C1 corresponds to the continuum detection of the galaxy at zph = 3.5 and the
other points correspond to the emission lines. The blue line correspond to a power law
fit with an index of �0.46.





Chapter 4

Submillimeter Galaxies behind

the CLASH galaxy clusters.

4.1 Introduction

Submillimeter galaxies (SMG) represent a population of dusty, highly star-forming, high-

redshift galaxies. They were first observed as part of blind surveys with Submillimeter

Common-User Bolometer Array (SCUBA) (Eales et al., 1999; Hughes et al., 1998; Smail

et al., 1997). Their large infrared (IR) luminosities (> 1012L� ) make them important

contributors to the luminosity density at early epochs (Le Floc’h et al., 2005). These

SMGs are heavily obscured objects that often co-exist with active galactic nucleus (AGN)

of minor luminosity, despite of that, their are powered mainly by star-formation activity

of ⇠ 1000 M� yr�1 (Alexander et al., 2005).

The starbursting nature of SMGs appears to be driven by major gas-rich mergers

(Combes et al., 2012; Engel et al., 2010; Riechers et al., 2011; Tacconi et al., 2008;

Wang et al., 2011) or by the accretion of cold gas (Davé et al., 2010; Dekel et al., 2009;

van de Voort et al., 2011). SMGs usually have stellar masses of ⇠ 1010 M� and dust

masses of 108�9 M� (Hainline et al., 2011; Magdis et al., 2012; Magnelli et al., 2012;

Santini et al., 2010; Simpson et al., 2014)

Despite of some SMGs being extreme objects with high star formation rates (SFRs)

that contribute largely to the star formation in the Universe, even at the high redshift

(Riechers et al., 2013), they are not the representative of the SMGs population. The

steep number count distribution shows that the number of SMGs increases for low flux

densities, being most of them at sub-mJy flux densities (Chapman et al., 2001; Hughes

et al., 1998; Knudsen et al., 2008; Smail et al., 2002).

75
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It is di�cult to study this sub-mJy population because of the low resolution of the used

bolometers and the confusion limit. Massive galaxy clusters at z < 1 have been largely

used to find intrinsically faint star forming galaxies in the submm/mm regime, aided

by the gravitational lensing magnification (Boone et al., 2013; Chapman et al., 2002;

Egami et al., 2010; Johansson et al., 2012, 2010, 2011; Knudsen et al., 2006, 2005, 2008;

Rex et al., 2009; Sklias et al., 2014; Smail et al., 1997, 2002; Wardlow et al., 2010). In

such way, the lower end of the submillimeter flux density number counts can be probed

and the properties of these galaxies can be studied in much more detail than possible

for ’blank-field’ selected SMGs. Although most cluster fields studied so far count with

important ancillary multi-wavelength datasets, few of them are able to produce detailed

lensing models that enable to reconstruct the background sources in the image plane, and

hence study their morphologies. This is a critical requirement in order to disentangle the

major channel for galaxy growth: i.e. galaxy mergers vs. cold mode accretion scenarios.

In the case of galaxy mergers, the distribution of stars and gas is centrally concentrated,

as observed in local ULIRGs (Mihos and Hernquist, 1996); while in the latter, the gas

and stars are distributed across the disk, punctuated by kpc-regions of enhanced star-

formation and gas density (Dekel et al., 2009). For this, high-angular resolution multi-

wavelength imaging to resolve internal structure within the lenses (particularly giant arc

lenses) are needed, thus benefiting from the increase in spatial resolution provided by

lensing, is crucial.

One of the most interesting cases is the lensed SMG SMMJ0658 at z = 2.79 discovered

behind the Bullet Cluster with a magnification of ⇠ 100 (Gonzalez et al., 2010; Johansson

et al., 2010, 2011; Rex et al., 2009). SMMJ0658 was observed as a bright source with

APEX LABOCA at 870µm but corresponds to the combined emission of two lensed

images, which were observed in CO emission lines with a interferometer afterward. This

corresponds to a good example of how to use galaxy clusters to study the faint population

of SMGs. In this work we do a search for similar lensed bright SMGs behind a sample

of galaxy clusters belonging to the CLASH survey.

In section 2 we present the observations used for this project, in Section 3 we present

the results of the observations together with source extraction and flux deboosting. In

section 4 we present how we search for candidates to the observed sub and mm sources,

in section 5 we present the implication of that counterparts and finally in section 6 we

present a summary and conclusion of our work. Throughout this paper we use a ⇤-Cold

Dark Matter cosmology with H0 = 70 km s�1 Mpc�1, ⌦⇤ = 0.7 and ⌦m = 0.3.



Chapter 4. Submillimeter Galaxies behind the CLASH galaxy clusters. 77

4.2 Observations

4.2.1 LABOCA

Thirteen galaxy clusters were observed with The Large Apex BOlometer CAmera (LABOCA)

(Siringo et al., 2009) in the Atacama Pathfinder EXperiment (APEX). The data was

taken in July, August and December of 2012 and in May and June of 2013. The data

was reduced using the Comprehensive Reduction Utility for SHARC-2 (CRUSH) using

the calibrations provided by the APEX telescope team. CRUSH uses the combination of

the skydips observations together with the radiometer data taken during the observation

to calibrate the data. As flux calibrators were used primary planets observed together

the targets. The reduction configuration was set to look for point sources within the

beam of LABOCA of 19.200.

4.2.2 GISMO

Three Galaxy clusters were observed using the Goddard-IRAM Superconducting 2 Mil-

limeter Observer (GISMO) (Staguhn et al., 2008) in Institut de radioastronomie mil-

limétrique (IRAM) 30 meters telescope. The data was taken in October 2013 and April

2014. The data was also reduced using CRUSH. The reduction configuration was set to

look for point sources within the beam of GISMO of 16.700. In both cases the pointing

model used was the ones provided by the instruments support members and included in

the latest version of the CRUSH package.

4.2.3 Complementary data.

The HST CLASH collaboration is a survey to map 25 galaxy clusters with 16 HST

filters. The photometry is public as well as the photometric redshift estimated for each

detected galaxy. Herschel Space Observatory images of the galaxy cluster were acquired

from the archive when available, corresponding to The Photodetector Array Camera and

Spectrometer (PACS) and The Spectral and Photometric Imaging REceiver (SPIRE)

instruments. The images were already calibrated in Jyb�1 or in Jypixel�1. The images

calibrated in Jypixel�1 were transformed to Jyb�1.

The three bands of SPIRE correspond to the 250, 350 and 500 µm , with beam sizes of

FWHM of 18.1, 25.2, 36.600 respectively (Gri�n et al., 2010). The two bands of PACS cor-

respond to the 100 and 160 µm , with beam sizes of 6.5 and 10.300 respectively (Poglitsch

et al., 2010). For the search for counterparts for the LABOCA and GISMO sources they
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where assumed as point sources in the PACS and SPIRE observations. A summary of

the depth of the PACS and SPIRE images is in Tab. 4.3.

4.3 Results

The depth reached for each cluster can be found in Tab. 4.1 for the LABOCA observa-

tions and in Tab. 4.2 for the GISMO observations. Not all the galaxy clusters have the

same exposure time therefore the di↵erence between the rms reached. In Fig. 4.1 we plot

the histogram of all the pixels signal-to-noise belonging to the LABOCA observations

and compare the distribution with a gaussian distribution. In the bottom of the figure

we also plot the ratio between the histogram observed and the gaussian function for the

corresponding signal-to-noise value, we see how the ratio is constant between S/N = �4

and S/N = 2, beyond that point the ratio begins to raise as product of the real sources.

We see how the distribution of errors is well described for a gaussian function.
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Figure 4.1 Histogram of the pixels in signal-to-noise for the LABOCA observations. The
red line corresponds to a gaussian noise. In the bottom of the plot we can see the ratio
of the data and the gaussian noise. The error bars in the upper plot correspond to
the square root of the number of pixel per interval. The error bars in the bottom plot
correspond to the error propagation of the errors in the counts. At signal-to-noise higher
to 3 we can see how the data is clearly departing from the gaussian model, indicating
the existence of real sources.
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Figure 4.2 LABOCA signal-to-noise map towards the galaxy cluster MACS0416. Each
detected source is marked as black circle with the corresponding name.
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Figure 4.3 LABOCA signal-to-noise map towards the galaxy cluster Abell209. Each
detected source is marked as black circle with the corresponding name.
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Figure 4.4 LABOCA signal-to-noise map towards the galaxy cluster Abell383. Each
detected source is marked as black circle with the corresponding name.
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Figure 4.5 LABOCA signal-to-noise map towards the galaxy cluster MACS0329. Each
detected source is marked as black circle with the corresponding name.



Chapter 4. Submillimeter Galaxies behind the CLASH galaxy clusters. 84

Figure 4.6 LABOCA signal-to-noise map towards the galaxy cluster MACS0429. Each
detected source is marked as black circle with the corresponding name.
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Figure 4.7 LABOCA signal-to-noise map towards the galaxy cluster MACS1149. Each
detected source is marked as black circle with the corresponding name.
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Figure 4.8 LABOCA signal-to-noise map towards the galaxy cluster MACS1931. Each
detected source is marked as black circle with the corresponding name.
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Figure 4.9 LABOCA signal-to-noise map towards the galaxy cluster MACS2129. Each
detected source is marked as black circle with the corresponding name. Here are also
plotted the GISMO detection.
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Figure 4.10 LABOCA signal-to-noise map towards the galaxy cluster MS2137. Each
detected source is marked as black circle with the corresponding name.
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Figure 4.11 LABOCA signal-to-noise map towards the galaxy cluster RXJ1347. Each
detected source is marked as black circle with the corresponding name.
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Figure 4.12 LABOCA signal-to-noise map towards the galaxy cluster RXJ2129. Each
detected source is marked as black circle with the corresponding name.
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Figure 4.13 LABOCA signal-to-noise map towards the galaxy cluster RXJ2248. Each
detected source is marked as black circle with the corresponding name.
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Figure 4.14 LABOCA signal-to-noise map towards the galaxy cluster MACS1115. Each
detected source is marked as black circle with the corresponding name.
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Figure 4.15 GISMO signal-to-noise map towards the galaxy cluster MACS0647. Each
detected source is marked as black circle with the corresponding name.
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Figure 4.16 GISMO signal-to-noise map towards the galaxy cluster MACS2129. Each
detected source is marked as black circle with the corresponding name. Here are also
plotted the LABOCA detection.
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Figure 4.17 GISMO signal-to-noise map towards the galaxy cluster MACS0717. Each
detected source is marked as black circle with the corresponding name.
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Table 4.1. Properties of the galaxy clusters observed with LABOCA/APEX

Cluster RA (J2000) DEC (J2000) zCl RMS [mJy b�1]

Abell 209 01:31:52.57 -13:36:38.8 0.206 8.4
Abell 383 02:48:03.36 -03:31:44.7 0.187 8.4
MACS0329.7-0211 03:29:41.68 -02:11:47.7 0.450 7.5
MACS0416.1-2403 04:16:09.39 -24:04:03.9 0.42 3.1
MACS0429.6-0253 04:29:36.10 -02:53:08.0 0.399 3.0
MACS1115.9+0129 11:15:52.05 +01:29:56.6 0.352 1.9
MACS1149.6+2223 11:49:35.86 +22:23:55.0 0.544 3.0
RXJ1347.5-1145 13:47:30.59 -11:45:10.1 0.451 3.8
MACS1931.8-2635 19:31:49.66 -26:34:34.0 0.352 2.5
MACS2129.4-0741 21:29:26.06 -07:41:28.8 0.570 2.3
RXJ2129.7+0005 21:29:39.94 +00:05:18.8 0.234 3.4
MS2137-2353 21:40:15.18 -23:39:40.7 0.313 2.8
RXJ2248.7-4431 (Abell 1063S) 22:48:44.29 -44:31:48.4 0.348 2.9

Note. — The RMS correspond to the deepest region of the observations. References: Coordi-
nates and redshift from Postman et al. 2012.

Table 4.2. Properties of the galaxy clusters observed with GISMO

Cluster RA (J2000) DEC (J2000) zCl RMS [⇥10�4 Jy b�1]

MACS0647.8+7015 06:47:50.03 +70:14:49.7 0.584 2.2
MACS0717.5+3745 07:17:31.65 +37:45:18.5 0.548 2.4
MACS2129.4-0741 21:29:26.06 -07:41:28.8 0.570 1.7

Note. — These galaxy clusters were selected as high magnification clusters. References:
Coordinates and redshift from Postman et al. 2012.

4.3.1 Source Extractor

To find the sources we used the task provided together with CRUSH, the name of the

task is ’detect’. The extraction algorithm implements a false-detection rate approach,

that continues until a set false detection (or detection confidence) goal is reached. Each

source extracted from the maps has an assigned confidence level, based on the likelihood

of being a false detection at the same significance level in the given extraction area.

The task also returns a cumulative number of false detections that are expected at

levels above each source. The minimum confidence level set for each detection is 0.95,

the minimum signal to noise was set to 3.0, the expected number of false detection

was set to 1 and the minimum integration time for a detection was set to half of the

maximum integration time. In Tabs. 4.4 we present the sources found by the task in the

LABOCA and GISMO observations, we present all the sources where the corresponding

false detection was less than Nf < 2, allowing one more possible false detection than the

requested of 1.
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Table 4.3. Properties of the galaxy clusters observed with PACS/Herschel and
SPIRE/Herschel

Cluster 100 µm 160 µm 250 µm 350 µm 500 µm
[mJy b�1] [mJy b�1] [mJy b�1] [mJy b�1] [mJy b�1]

Abell 209 17.9 21.0 1.7 1.6 1.8
Abell 383 3.3 6.3 2.8 1.7 2.2
MACS0329.7-0211 1.6 1.6 2.3 2.5 2.9
MACS0416.1-2403 16.5 18.4 2.5 2.5 2.5
MACS0429.6-0253 1.8 1.9 3.0 2.1 2.6
MACS1115.9+0129 3.2 5.7 2.4 2.9 3.1
MACS1149.6+2223 3.2 6.0 1.6 1.6 1.8
RXJ1347.5-1145 3.0 5.3 4.0 3.6 3.8
MACS1931.8-2635 1.6 1.6 2.7 2.4 3.0
MACS2129.4-0741 3.3 6.1 1.9 1.5 1.9
RXJ2129.7+0005 2.8 5.7 4.9 3.9 4.4
MS2137-2353 3.4 6.4 1.9 1.7 1.8
RXJ2248.7-4431 (Abell 1063S) 3.3 6.3 1.7 1.6 1.8
MACS0647.8+7015 6.2 5.4 1.6 1.4 1.7
MACS0717.5+3745 6.2 5.4 1.8 1.5 1.9

Note. — The RMS correspond to the deepest region of the observations.

4.3.2 Flux deboosting

As explained by Scott et al. (2008) for the search of SMGs at 1.1 mm in the COSMOS

field, sources with low signal-to-noise ratio are detected at fluxes systematically higher

than their intrinsic flux density when the source population increases in number with

decreasing flux. When there are a large number of faint sources, with fluxes below the

detection limit (specially important in our observations) than are bright sources, there

is a higher probability of detecting faint sources boosted by the noise than observing

bright sources with fluxes decreases by noise. This e↵ect is important when searching

for SMGs because of the typical low S/N detections and because of the steep luminosity

distribution known for SMGs (Scott et al., 2006).

To take this e↵ect into account, for each source detected in our observations we need to

calculate a posterior flux distribution (PFD) which describes the intrinsic flux densities

of the sources in terms of probabilities. The goal is to find the probability distribution

of a source having an intrinsic flux density S
i

when measured a flux density of S
m

±�
m

.

This probability distribution can be express as

p(S
i

|S
m
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m
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where p(S
i

) is the prior distribution of flux densities, p(S
m

, �
m

|S
i

) is the likelihood of

observing the data and p(S
m

, �
m

) is a normalizing constant. For the likelihood of ob-

serving the data we used a Gaussian noise distribution motivated by the results observed
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in Fig. 4.1, where
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To simulate flux distribution p(S
i

) we use the Schechter function of the form

dN

dS
= N 0

✓
S

S0

◆
↵+1

exp(�S/S0), (4.3)

where we use the same parameters used by Johansson et al. (2010) for the LABOCA

observations, N 0 = 1703 deg2 mJy�1, S0 = 3.1 mJy and ↵ = �2.0. These parameters

were scaled from the values fitted to the SCUBA SHADES survey of Coppin et al. (2006)

at 850µm to 870µm using a spectral index of 2.7. For GISMO the same procedure was

made by this time scaling the values to 2 mm, resulting in N 0 = 16113 deg2 mJy�1,

S0 = 0.33 mJy and ↵ = �2.0.

For the detected sources, the peak of the PFD corresponds to the deboosted flux density

and the deboosted error corresponds to the � of a gaussian function fitted to the PFD.

As an example of the process, we used the the measured flux of MACS1931-870.2 of

S
m

= 17.9 mJy with �
m

= 2.8 mJy. In Fig. 4.18 we show the PFD for the source

(black solid line), the likelihood of observing the data p(S
m

, �
m

|S
i

) (green dash line),

the simulated flux distribution p(S
i

) (red blue line) together with the Schechter function

(red solid line). The vertical lines show the observed flux density (vertical green dash

line) and the deboosted flux density (vertical black line), in this case S
i

= 14.8±3.0 mJy.

There are cases where the observed flux is so high and the detection is of low signal-to-

noise that the PFD does not have a local maximum. This is the case for MACS0329-870.3

where S
m

= 28.4 mJy and �
m

= 7.7 mJy. Despite of having a S/N ⇠ 3.7, the PFD in

Fig 4.19 has only a maximum at 0 mJy. This result is due to the fact that it is very

unlikely to find a SMG with such high flux density at 870µm. We could use these results

as a method to estimate which of the detection are probably false, because they are not

likely to have a deboosted flux di↵erent from 0.

The problem with this approach is that we are looking for lensed SMG, which will have

higher fluxes than the normal population, meaning that not having a deboosted flux does

not mean strictly that the source is false. Hereafter we will focus in the sources that fall

within the CLASH observed region,where there is a higher probability that the SMGs are

in fact lensed due to the closeness to the most magnified region of the clusters. For those

sources, with the purpose of having a deboosted flux to search for possible counterparts,

we will assume that the SMG is lensed with a magnification value of µ = 2.5, resulting
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in a lower demagnified flux density and errors. To the demagnified values we apply the

same procedure to estimate the deboosted fluxes than before and then multiplying the

results by µ to get a deboosted observed flux density. As an example, for MACS0329-

870.3, assuming µ = 2.5 we get S
m

= 11.3 mJy and �
m

= 3.1 mJy, which deboosted

flux is S
i

= 6.9 ± 3.4 mJy, applying µ = 2.5 again we obtain a deboosted observed flux

density of S
i

= 17.2±8.5 mJy. We apply this method to estimate a deboosted flux for all

the sources that fall within the CLASH catalogs and does not have a deboosted flux in

the same way as the others. In the last column of Tab. 4.4 we present the deboosted flux

densities for the observed sources, in blank are the sources that do not have a deboosted

flux for the reasons stated above and in some cases the estimated deboosted flux by

using µ = 2.5.

No deboosted fluxes were derived for the PACS and SPIRE detections. Despite of the

PACS and SPIRE observations being a↵ected in the same way as the LABOCA and

GISMO observations, the smaller beam sizes of the PACS observations and the higher

signal-to-noise of the PACS and SPIRE detections should make the e↵ects less important

in comparison to the LABOCA and GISMO detections.
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Figure 4.18 We show the PFD for MACS1931-870.2 (black solid line), the likelihood
of observing the data p(S

m

, �
m

|S
i

) (green dash line), the simulated flux distribution
p(S

i

) (blue line) together with the Schechter function (red solid line). The vertical lines
show the observed flux density (vertical green dash line) and the deboosted flux density
(vertical black line). For this source we found a slightly lower deboosted flux density
with a similar associated error.
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Figure 4.19 We show the PFD for MACS0329-870.3 (black solid line), the likelihood of
observing the data p(S

m

, �
m

|S
i

) (green dash line), the simulated flux distribution p(S
i

)
(red blue line) together with the Schechter function (red solid line). The vertical lines
show the observed flux density (vertical green dash line) and the deboosted flux density
(vertical black line). Fro this source we are not able to estimate a deboosted flux density
since the PFD does not have a local maximum for S

⌫

> 0.
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Table 4.4. List of sources detected in the LABOCA and GISMO observations.

ID RA (J2000) DEC (J2000) S⌫ [mJy] S/N Conf. [%] Nf Sd
⌫ [mJy]

MACS0416-870.1a 04:16:14.54 -24:05:10.6 11.0±3.2 3.47 46.0 0.78 6.1±3.6
Abell209-870.1 01:31:59.39 -13:34:20.9 44.6±10.8 4.13 94.0 0.06 -
Abell209-870.2 01:32:06.01 -13:36:06.0 34.7±9.3 3.74 87.0 0.28 -
Abell209-870.3a 01:31:44.90 -13:35:41.5 33.0±9.4 3.53 81.0 0.64 -/16.0±10.8b

Abell209-870.4a 01:31:49.66 -13:35:12.8 32.5±9.4 3.47 81.0 0.82 -/15.2±11.1b

Abell209-870.5 01:31:44.86 -13:34:57.4 36.6±10.6 3.46 82.0 0.83 -
Abell209-870.6 01:32:05.73 -13:37:16.3 38.0±11.3 3.35 79.0 1.25 -
Abell209-870.7 01:32:08.15 -13:34:08.3 30.9±9.3 3.33 79.0 1.35 -
Abell209-870.8 01:32:03.17 -13:41:39.0 38.8±11.7 3.31 79.0 1.45 -
Abell209-870.9a 01:31:51.32 -13:37:46.5 33.0±10.0 3.29 79.0 1.55 -/15.9±11.7c

Abell383-870.1a 02:48:08.88 -03:32:58.9 42.1±11.5 3.66 68.0 0.39 -/17.5±13.6b

MACS0329-870.1 03:29:40.19 -02:17:15.6 47.2±11.9 3.98 91.0 0.1 -
MACS0329-870.2 03:29:42.36 -02:15:47.5 36.1±9.4 3.86 92.0 0.17 -
MACS0329-870.3a 03:29:43.77 -02:11:25.5 28.4±7.7 3.69 89.0 0.33 -/17.2±8.5b

MACS0329-870.4a 03:29:43.80 -02:12:32.1 26.8±8.1 3.29 75.0 1.44 -/13.5±9.4b

MACS0429-870.1a 04:29:41.48 -02:54:46.3 23.4±3.6 6.46 100.0 0.0 18.5±3.7
MACS0429-870.2 04:29:20.93 -02:49:50.5 15.9±3.8 4.24 98.0 0.03 10.0±4.0
MACS0429-870.3 04:29:42.26 -02:50:30.4 15.9±3.8 4.18 99.0 0.04 9.8±4.1
MACS0429-870.4 04:29:46.98 -02:51:39.6 15.8±4.4 3.62 91.0 0.44 6.9±5.1
MACS0429-870.5 04:29:27.30 -02:51:15.1 11.0±3.3 3.36 84.0 1.18 5.6±3.8
MACS0429-870.6 04:29:43.87 -02:55:46.5 14.7±4.4 3.35 85.0 1.22 -
MACS0429-870.7a 04:29:29.55 -02:54:21.4 14.7±4.5 3.3 84.0 1.48 -/10±5.1b

MACS1149-870.1 11:49:46.70 22:26:30.6 19.8±4.8 4.08 93.0 0.07 9.8±5.4
MACS1149-870.2 11:49:19.17 22:24:20.6 19.5±5.2 3.78 88.0 0.24 7.2±6.3
MACS1149-870.3a 11:49:44.21 22:22:27.3 14.9±4.3 3.47 78.0 0.82 5.7±5.4
MACS1931-870.1a 19:31:49.51 -26:34:35.0 20.5±2.5 8.11 100.0 0.0 18.1±2.6
MACS1931-870.2 19:31:49.94 -26:32:00.9 17.9±2.8 6.34 100.0 0.0 14.8±3.0
MACS1931-870.3 19:31:27.76 -26:31:22.6 18.3±4.4 4.13 98.0 0.06 10.0±4.8
MACS1931-870.4 19:31:34.81 -26:33:39.3 15.5±4.1 3.82 95.0 0.2 8.2±4.5
MACS1931-870.5 19:31:30.07 -26:29:33.6 14.2±3.9 3.69 94.0 0.35 7.4±4.3
MACS1931-870.6 19:31:51.56 -26:38:19.4 20.5±5.8 3.54 91.0 0.62 0.1±0.2
MACS1931-870.7 19:31:39.15 -26:38:36.8 12.4±3.6 3.48 91.0 0.77 6.3±4.1
MACS1931-870.8 19:31:42.31 -26:28:36.6 11.2±3.2 3.47 91.0 0.81 6.2±3.6
MACS1931-870.9a 19:31:43.25 -26:33:44.0 10.5±3.1 3.4 90.0 1.05 5.8±3.5
MACS1931-870.10a 19:31:56.56 -26:34:42.5 8.5±2.5 3.39 90.0 1.06 5.3±2.7
MACS1931-870.11 19:31:47.17 -26:29:29.5 10.5±3.1 3.39 90.0 1.09 5.7±3.5
MACS1931-870.12a 19:31:45.27 -26:33:06.1 9.2±2.8 3.32 89.0 1.41 5.3±3.1
MACS2129-870.1 21:29:25.67 -07:45:30.6 12.0±3.1 3.83 82.0 0.2 7.5±3.4
MACS2129-870.2a 21:29:31.40 -07:42:32.7 12.1±3.3 3.69 83.0 0.34 7.1±3.7
MACS2129-870.3 21:29:13.04 -07:38:40.8 13.6±3.7 3.65 85.0 0.4 7.2±4.2
MACS2129-870.4 21:29:29.57 -07:46:30.0 13.5±4.0 3.38 75.0 1.09 5.4±4.9
MACS2129-870.5a 21:29:20.80 -07:41:16.2 8.7±2.6 3.37 76.0 1.15 5.3±2.9
MACS2129-870.6a 21:29:28.83 -07:41:38.7 9.0±2.8 3.24 72.0 1.85 4.9±3.2
MS2137-870.1a 21:40:19.65 -23:38:12.0 12.1±3.2 3.75 78.0 0.25 7.3±3.6
MS2137-870.2 21:40:24.90 -23:36:27.6 12.0±3.7 3.23 49.0 1.78 4.4±4.8
RXJ1347-870.1a 13:47:27.90 -11:45:50.9 17.4±4.4 3.93 89.0 0.11 8.9±4.9
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Table 4.4 (cont’d)

ID RA (J2000) DEC (J2000) S⌫ [mJy] S/N Conf. [%] Nf Sd
⌫ [mJy]

RXJ1347-870.2 13:47:47.82 -11:44:40.4 14.4±4.4 3.28 59.0 1.36 -
RXJ2129-870.1a 21:29:36.03 00:04:20.1 18.1±4.2 4.3 98.0 0.03 10.7±4.6
RXJ2129-870.2a 21:29:41.45 00:06:14.5 13.5±3.5 3.83 91.0 0.19 7.9±3.9
RXJ2129-870.3 21:29:26.88 00:03:24.9 14.9±4.0 3.69 90.0 0.33 7.4±4.6
RXJ2129-870.4 21:29:34.96 00:07:31.7 16.3±4.4 3.67 91.0 0.35 7.2±5.2
RXJ2129-870.5 21:29:19.02 00:07:45.7 18.3±5.4 3.41 84.0 0.95 0.1±0.2
RXJ2129-870.6 21:29:43.15 00:01:36.2 13.0±3.9 3.31 82.0 1.36 4.9±4.9
RXJ2248-870.1a 22:48:48.98 -44:32:27.5 15.5±3.2 4.89 100.0 0.0 11.4±3.3
RXJ2248-870.2a 22:48:45.16 -44:29:50.3 15.7±3.4 4.54 100.0 0.01 10.7±3.7
RXJ2248-870.3a 22:48:41.93 -44:31:44.3 9.5±3.0 3.21 72.0 1.85 4.9±3.5
MACS1115-870.1 11:15:45.90 01:25:33.1 7.7±2.3 3.41 38.0 0.98 5.0±2.6
MACS1115-870.2a 11:15:50.28 01:30:30.0 6.1±1.9 3.23 32.0 1.85 4.1±2.0
MACS0647-2000.1a 06:48:00.83 70:13:22.4 1.48±0.49 3.0 37.0 0.98 -/0.93±0.57b

MACS0717-2000.1a 07:17:37.24 37:44:24.5 1.32±0.31 4.28 99.0 0.00 0.93±0.31
MACS2129-2000.1a 21:29:24.23 -07:42:49.9 0.83±0.23 3.59 87.0 0.13 0.58±0.24
MACS2129-2000.2a 21:29:21.28 -07:41:14.3 0.70±0.22 3.20 76.0 0.56 0.44±0.24
MACS2129-2000.3a 21:29:28.94 -07:40:14.9 0.80±0.26 3.09 75.0 0.81 0.44±0.30

Note. — Sources found by the detect task. In the first column, the ID corresponds to -870 when the detection
was made in the LABOCA observations and -2000 when the detection was made in the GISMO observations.
The fourth column shows the flux densities extracted and in the fifth column the signal-to-noise. The sixth
column corresponds to a probability assign to each detection of being real, based in the sources and noise
distribution of each observations. The seventh column corresponds to the expected number of false detection
whit a signal-to-noise equal or higher than the detected source. The last columns shows the deboosted flux
densities for each source, when no deboosted flux is estimated a magnification is assumed and a estimation of
the deboosted flux is used.

aDetection that is within the fields of the CLASH observations.

bDeboosted flux density estimated by assuming a magnification of µ = 2.5.

cDeboosted flux density estimated by assuming a magnification of µ = 3.0.

4.4 Counterparts

One of the challenges of studying SMGs discovered by bolometer observations is finding

and identifying the counterparts to the emission. In the past, the most used method

was to use radio interferometers to pin point the emission of these bright sources thanks

to its higher angular resolution. The problems with this method is that it assumes that

a SMG is going to be bright in radio wavelengths, which is not intrinsically true. The

second problem is that there is a bias to detect object with z < 4 when using radio

observations, this is because the K correction is not the same in the sub-mm as in cm

wavelengths.

As presented by several studies, the best way to truly confirm the counterparts to

bolometers detected SMGs is by using interferometers in the sub-mm, since it is possible

that one bolometer detected source can be the combination of the emission of several

sources (Hodge et al., 2013).

For each LABOCA and GISMO sources, we look for sources in the Herschel SPIRE and

PACS images that could belong to the same galaxy. After having the sub-mm fluxes we
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combine those to the optical and near-IR photometry provided by CLASH and explore

if any of the galaxies could account to the observe LABOCA and GISMO fluxes.

4.4.1 MAGPHYS

We use Multi-wavelength Analysis of Galaxy Physical Properties (MAGPHYS) to find

the best candidate for the counterpart of the LABOCA and GISMO emission. We use

all the galaxies within a radius of 14 arcseconds around the position of the LABOCA

detection as possible counterparts, this value is based in the results from Hodge et al.

(2013). We fit the photometry with MAGPHYS and find the best fit according to

the sub-mm fluxes and the optical fluxes. MAGPHYS is a self-contained, user-friendly

model package that interprets observed spectral energy distributions of galaxies in terms

of galaxy-wide physical parameters pertaining to the stars and the interstellar medium.

MAGPHYS returns a chi-squared of the best fit to the data, we used that value to

estimate which of the galaxies could be associated to the sub-mm detection.

4.4.2 Counterpart candidates.

The criteria to determine if one galaxy can be the counterpart to the bolometer emission

is that the model expected flux density has to fall within 1� of the submm deboosted

flux. If multiple galaxies have models that can account for the detected sub-mm and

mm fluxes, in the cases of PACS or SPIRE detection, we use those detection as prior

to estimate which are the correct counterparts, since the resolution of that instruments

are higher. The galaxies with lower �2 values and that are closer to the PACS and

SPIRE detection are selected as candidate to counterparts. In the case of only detection

in LABOCA or GISMO, the galaxies with lower �2 values and closer to the center

of the corresponding detection is favored as candidate to counterpart. The search for

counterparts was made just in the region covered by the HST CLASH observations.

In Fig. 4.20, 4.21, 4.22, 4.23 and 4.24 we show false color images of the positions where

the counterpart candidates are. Below we present the search for counterparts for each

of the detected sources.

MACS0416-870.1: There is one galaxy that has the photometric properties to be

a counterpart to the LABOCA emission. The photometric redshift of the galaxy is

zph = 2.628.

Abell209-870.3: No galaxies have the properties to account for the observed emission.

Meaning that there is a high chance that this source is a false detection.
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Abell209-870.4: No galaxies have the properties to account for the observed emission.

Meaning that there is a high chance that this source is a false detection.

Abell209-870.9: There is one galaxy that has the photometric properties to be a

counterpart to the LABOCA emission. The photometric redshift of the galaxy is zph =

1.129.

Abell383-870.1: There are three possible candidates to be the counterpart to the

LABOCA emission. The one at the center is favored by the higher resolution detection

in SPIRE and PACS and we will select it as the counterpart galaxy. The The photometric

redshift of the galaxy is zph = 0.438.

MACS0329-870.3: No single galaxies have the properties to account for the observed

emission. This could a case where the emission is produced by the combination of

multiple sources, since some galaxies are expected to have similar flux densities in the

FIR.

MACS0329-870.4: There are two galaxies that have the photometric properties to

be a counterpart to the LABOCA emission. The galaxy at zph = 1.955 is closer to

the PACS/SPIRE detection, meaning that is favored by them. The other galaxy at

zph = 1.061 best fit the photometry. We will treat both as possible candidates.

MACS0429-870.1: No galaxies have the properties to account for the observed emis-

sion. The source is detected in SPIRE and PACS. The center of the detections falls in

the border of the HST images, having a large part of the LABOCA beam outside the

ACS field. There is a high probability that the counterpart is not in the catalog.

MACS0429-870.7: No galaxies have the properties to account for the observed emis-

sion. Meaning that there is a high chance that this source is a false detection.

MACS1149-870.3: The detection falls in the border of the ACS field and no galaxy

has the photometric properties to account for the LABOCA emission.

MACS1931-870.1: Corresponds to the brightest cluster galaxy (BCG) of the galaxy

cluster. It has been detected in other wavelengths, from FIR to radio.

MACS1931-870.9: The three closest galaxies to the center could account for the

LABOCA emission. At this points it is impossible to disentangle if there is only one

counterpart or is the combination of the emission from several sources.

MACS1931-870.10: There are several galaxies that can account for the LABOCA

emission. We select the galaxy closest to the PACS detection at 125 micron as the

counterpart to the LABOCA emission.
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MACS1931-870.12: Two galaxies can account for the LABOCA emission. The one at

zph = 5.355 better fit the observed fluxes but is farther from the center of the LABOCA

detection. We will select both as possible counterparts.

MACS2129-870.2: There are several galaxies that can account for the LABOCA

emission. We select two galaxies as the possible counterparts. The first the one at

zph = 0.675 because it better fit the photometry and is closest to the center of the

LABOCA detection. The second galaxy is the one at zph = 1.302, which is closest to

the PACS detection at 160 microns.

MACS2129-870.5/MACS2129-2000.2: This source is detected in LABOCA and in

GISMO. There are many options as possible counterparts, the best candidate is the one

zph = 2.282 because it at the center of the emission in SPIRE at 250 microns.

MACS2129-870.6: No galaxies have the properties to account for the observed emis-

sion. Meaning that there is a high chance that this source is a false detection.

MS2137-870.1: Several galaxies can account for the LABOCA emission. We select the

one at zph = 0.938 because of the detection in SPIRE at 250 microns.

RXJ1347-870.1: Several galaxies can account for the LABOCA emission but the high

resolution detection only allows the galaxy behind the cluster member at zph = 1.431,

which photometry is only partial, due to the galaxy member superposition.

RXJ2129-870.1: As in the other cases, several galaxies could account for the LABOCA

emission but the high resolution detection only allows the one at the center, close to the

center of the detection. The redshift of the galaxy is zph = 1.932.

RXJ2129-870.2: From the sed fit and the high resolution detections we select the two

central galaxies as possible counterparts. The first one is separated in two detections

at zph = 0.628 and the second one is the larger galaxy that has a better sed fit at

zph = 0.728, being the latter the one favored.

RXJ2248-870.1: There is only one detection that can account for the LABOCA emis-

sion and is also favored by the SPIRE detection at 250 microns. The galaxy is mainly de-

tected in the near-IR HST filters. The redshift of the sources is estimated in zph = 1.938.

RXJ2248-870.2: The detection is in the edge of the ACS observations, meaning that

we are not able to estimate a possible counterpart for the emission.

RXJ2248-870.3: There are three galaxies that pass the MAGPHYS fit to be possible

counterpart to the emission. The three galaxies are well spread over the LABOCA beam

and the SPIRE and PACS detection clearly favored the one in bottom at zph = 0.569.

This galaxy has a measured spectroscopic redshift of z = 0.607 (Karman et al., 2014).
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MACS1115-870.2: Three galaxies could account for the LABOCA emission. Although

the high resolution detection clearly favored the one at zph = 1.165.

MACS0647-2000.1: In the edge of the ACS field. No galaxies can account for the

GISMO emission.

MACS0717-2000.1 This detection corresponds to a known radio galaxy previously

detected at 1.425 GHz with the Very Large Array (VLA). The galaxy has been identified

as a foreground galaxy at z = 0.1546 (Bonafede et al., 2009) and is not detected in any

of our submm observations.

MACS2129-2000.1: There are four galaxies that could account for the GISMO emis-

sion. Of the galaxies, the one at zph = 3.193 has the lower value for chi square and

therefore is our candidate to be the counterpart of the GISMO emission.

MACS2129-2000.3: For this source we have two possible counterparts to the GISMO

emission. The galaxy at zph = 3.967 is at the edge of the GISMO beam, reason why we

will use the other galaxy closer to the center of the GISMO detection as the counterpart.

The redshift of the galaxy is zph = 3.798

In Tab. 4.5 we present the list of the galaxies that are candidates to be the counterpart

to the LABOCA and GISMO detections. For the cases where there are more than 1

candidate for a counterpart, we name each candidate to counterpart with a letter, being

A the one with the highest priority, B the second in priority and C the last in priority.

Each candidate assumes that the FIR emission correspond to that particular galaxy.

This is because we can not estimate which fraction of the FIR emission belong to each

possible counterpart, this assumption could overestimate the dust emission properties.

4.5 Discussion

4.5.1 MACS1931 BCG

The source MACS1931-870.1 corresponds to the BCG of the galaxy cluster MACS1931.

A extended radio emission is observed surrounding the central AGN and also surrounding

the observed X-ray cavities (Ehlert et al., 2011). The power estimates for the jets in

the BCG are among the most powerful observed jets ever. In Fig. 4.29 we show the

LABOCA emission toward the BCG. The emission is clearly extended in a direction

close to the direction of the jets which are causing the radio cavities (red circles). The
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Table 4.5. List of candidates to be the counterpart of the LABOCA and GISMO
detections.

ID RA (J2000) DEC (J2000) zph

MACS0416-870.1A 4:16:13.96 -24:05:13.49 2.628
Abell209-870.9A 1:31:51.54 -13:37:52.99 1.129
Abell383-870.1A 2:48:08.94 -3:32:58.92 0.438
MACS0329-870.4A 3:29:43.99 -2:12:27.76 1.061
MACS0329-870.4B 3:29:44.14 -2:12:31.70 1.955
MACS0429-870.7A 4:29:29.25 -2:54:26.65 3.254
MACS1115-870.2A 11:15:50.68 1:30:35.62 1.165
RXJ1347-870.1A 13:47:27.62 -11:45:50.67 1.431
MACS1931-870.9A 19:31:43.46 -26:33:50.92 3.639
MACS1931-870.9B 19:31:43.80 -26:33:40.89 2.81
MACS1931-870.9C 19:31:43.78 -26:33:39.78 2.566
MACS1931-870.10A 19:31:56.22 -26:34:47.44 1.263
MACS1931-870.12A 19:31:44.77 -26:33:09.08 2.468
MACS1931-870.12B 19:31:44.69 -26:33:13.32 5.355
MACS2129-870.2A 21:29:31.45 -7:42:31.63 0.675
MACS2129-870.2B 21:29:31.54 -7:42:24.46 1.302
MS2137-870.1A 21:40:19.82 -23:38:07.75 0.983
RXJ2129-870.1A 21:29:35.93 0:04:19.54 1.932
RXJ2129-870.2A 21:29:41.36 0:06:12.62 0.628
RXJ2129-870.2B 21:29:41.59 0:06:06.80 0.728
RXJ2248-870.1A 22:48:49.06 -44:32:25.05 1.938
RXJ2248-870.3A 22:48:41.77 -44:31:56.84 0.607
MACS2129-2000.1A 21:29:23.66 -7:42:41.52 3.193
MACS2129-2000.2A 21:29:21.28 -7:41:17.74 2.282
MACS2129-2000.3A 21:29:29.09 -7:40:17.60 3.798

Note. — List of possible galaxy counterparts to the LABOCA
and GISMO detections. For al the sources, the letter in the ID
corresponds to the priority of being the only counterpart to the
emission. In the case where more than 1 letter is assign to a
LABOCA or GISMO detection, the order of the letters means
the order of priorities. The Last column corresponds to the pho-
tometric redshift assigned to each galaxy in the CLASH catalogs.

LABOCA emission extends farther than the radio emission, showing that the emission

could come from the ejected material. The spectral energy distribution of the BCG shows

that the LABOCA emission at 870µm is mainly non-thermal (the expected flux density

at 870µm is several times lower than observed). The emission at 500µm observed in

SPIRE may also be non-thermal, but in less fraction. The SFR estimated from the sed

fit is 98.2+21.2
�17.5 M� yr�1, lower than the ⇠ 170 M� yr�1 estimated from the H↵ emission

(Ehlert et al., 2011). This could indicate that part of the H↵ emission is powered by the

AGN instead of star formation.

4.5.2 Lensed SMGs

For each of the candidates presented in Tab 4.5 we estimated the magnification values

using the mass model provided by the CLASH team for the observed galaxy clusters

(Postman et al., 2012) (The magnification values were estimated by Mauricio Carrasco,
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Figure 4.20 False color image of the CLASH galaxy clusters at the position of LABOCA
and GISMO detections. The central red cross represent the position of the LABO-
CA/GISMO detection and the red circle is the 14” radius allowed for the search for
counterparts (16.7” in the case of the GISMO detections). The yellow circles show the
galaxies that were selected as possible counterparts. For each galaxy is also presented
the value of ⇠2 from the MAGPHYS fit and the photometric redshift estimated from
the CLASH observations. The orange cross shows the center of the lower wavelength
detection of the source in either PACS or SPIRE instruments in Herschel shown in Figs.
4.25-4.28.

member of the CLASH team). Once we have the magnification values and the best

fit from MAGPHYS, which are presented in Fig 4.25, 4.26, 4.27 and 4.28 we are able

to estimate some physical properties of the lensed galaxies. In Tab. 4.8 we present

the candidates, the magnification values, the stellar and dust masses, dust luminosity

and the star formation rate estimated from MAGPHYS. The FIR flux densities for the

candidates are presented in Tab. 4.6 and 4.7. Below we compare the intrinsic properties

with other non and lensed galaxies.
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Figure 4.21 Continuation of Fig. 4.20.

4.5.2.1 Infrared Luminosity.

The IR luminosity (8 to 1000 µm restframe) is usually used as an estimator of star

formation activity (Kennicutt, 1998). We compare the intrinsic IR luminosity our sample

of lensed SMGs with other studies at di↵erent redshifts in Fig. 4.31. Most of the SMGs

studied follow a clear relation between the observed LIR and redshift, which is determined

by the depth of the observations (Combes et al., 2012; Elbaz et al., 2011; Magdis et al.,

2010; Magnelli et al., 2012; Symeonidis et al., 2013). Our targets at z < 2 are in the same

region as those from other studies. Since the magnification is higher for the galaxies at

z > 2, our sample is below the previous studies and even below other sample of lensed

galaxies (Johansson et al., 2010; Sklias et al., 2014).
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Figure 4.22 Continuation of Fig. 4.20.

4.5.2.2 Star Formation Rate and Stellar mass

In the star-forming galaxies population, there are two proposed categories defined by

the process that they are enduring during the star formation. Most galaxies follow a

relation between the amount of star formation for a given amount of stellar mass, this

population is called the ’normal’ star-forming galaxies. Galaxies that have a higher star

formation rate for a given stellar mass are called ’starburts’ galaxies, population where

the star formation process has been enhanced by other processes as mergers or cold gas

accretion. When we compare our observed lensed galaxies we see that most of them,

if not all of them, follow the relation between stellar mass and SFR found for normal

star-forming galaxies. It is important to note that our sample is in the lower part of

the range of SFR and stellar mass. In the same range of stellar masses is located the

SMGs discovered behind the Bullet Cluster (Johansson et al., 2012, 2010), the SFR for

that galaxy is considerably higher than the values of our sample, being an example of

the starbursting nature of that lensed SMG.



Chapter 4. Submillimeter Galaxies behind the CLASH galaxy clusters. 115

Figure 4.23 Continuation of Fig. 4.20.

Figure 4.24 Continuation of Fig. 4.20.
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Figure 4.25 Spectral energy distribution of the best fit model made with MAGPHYS for
the candidates to counterparts of the LABOCA and GISMO detections. The red points
correspond to the observed photometry from the CLASH catalogs and from the archive
images of PACS/SPIRE in Herschel and in the LABOCA/GISMO observations, the
orange triangles show the upper limits of the observations. The green lines corresponds
to the stellar un-attenuated emission and the blue line corresponds to the observed
emission after the stellar emission is attenuated by the dust and re-emitted in the FIR.
In the box we show the ID of the candidate, the �2 value for the fit and the assumed
redshift.
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Figure 4.26 Continuation of Fig. 4.25.

The red line represents the Main-Sequence (MS) of star-forming galaxies in a redshift

range of 1.5 < z < 2.5 observed in the COSMOS and GOODS-South fields (Rodighiero

et al., 2011). The green line is the same relation but amplified by a factor of 4, it

represents where the starbursting population begins to separate from the MS population.

In purple is shown the MS estimated for star-forming galaxies at z ⇠ 2 by Daddi et al.

(2007), which is slightly steeper than the one estimated by (Rodighiero et al., 2011).

It has been observed that the fraction of SMGs in outburst phase increases with the

star formation rate, being ⇠ 50% for SMGs with SFR > 1000 M� yr�1. This fraction

decreases for lower values of SFR. A sample of lensed SMGs with intrinsic lower SFRs

values should be dominated by MS galaxies, just as observed in our case.
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Figure 4.27 Continuation of Fig. 4.25.

4.5.2.3 Dust Mass and Stellar mass

One of the main properties of the SMG population is the presence of large amount

of dust, therefore they are good laboratories to study the dust formation at di↵erent

redshift. The dust mass is related to the SFR as a consequence of the SFR being

correlated with the gas mass and the latter being roughly proportional to the dust

mass. Galaxies with higher SFR show a higher amount of gas, and the amount of gas

is correlated with the amount of dust. The relation between SFR and dust mass has

been observed for a large sample of galaxies. When we combine that relation with the

fact of the existence of the MS observed in Fig. 4.32 between stellar mass and SFR. A

correlation between stellar mass and dust mass is a reasonable conclusion.
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Figure 4.28 Continuation of Fig. 4.25.

In Fig. 4.33 we show the result of our observations together with a sample of local

spiral galaxies, ULIRGS, SMGs and lensed SMGs (Johansson et al., 2010; Micha lowski

et al., 2010; Santini et al., 2010; Sklias et al., 2014). The green line corresponds to the

relation found dust mass and stellar by Smith et al. (2012) for the Herschel-ATLAS

sample of galaxies at z < 0.5. The green dashed line corresponds to the fit to the local

galaxies observed as part of the KINGFISH survey (Skibba et al., 2011). The red line

corresponds to the maximum amount of dust allowed for a given amount of stellar mass

in the case of a closed box scenario (Rowlands et al., 2014). Several galaxies, from our

and other samples, fall above the red line, meaning that they have more dust that they

should,according to the current understanding of dust production in galaxies. The lack
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Figure 4.29 False color image of the galaxy cluster MACS1931 in the position of the
detected LABOCA source MACS01931-870.1. Each white line corresponds to a 1�
emission starting at ±2� with � = 2.7 mJy b�1. The LABOCA detection is clearly over
the BCG of the galaxy cluster, being this known by hosting a powerful AGN. The red
ellipses corresponds to the radio cavities identified by Ehlert et al. (2011). This cavities
are aligned with the X-ray cavities, being the latter of smaller size than the ones shown
in the image. The BCG is known by having powerful jets, which push the cavities in
each directions. The extension of the LABOCA emission could be an indication of the
emitting dust following the direction of the jets, more observations are needed to confirm
this relation. The extended emission could also be a residual of the Sunyaev-Zel’dovich
e↵ect, although the extended emission should be filtered out by the mapping algorithm.
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Figure 4.30 Spectral energy distribution of the best fit model made with MAGPHYS. The
red points correspond to the observed photometry from the CLASH catalogs and from
the archive images of PACS/SPIRE in Herschel and in the LABOCA observations. The
green lines corresponds to the stellar un-attenuated emission the blue line corresponds
to observed emission, after the stellar emission is attenuated by the dust and re-emitted
in the FIR. In the box we shoes the �2 value for the fist and the assumed redshift, being
this the redshift of the galaxy cluster MACS1931.

of explanation for the amount of dust in these galaxies is well-known as the ’dust-budget

crisis’.

In our case, a possible explanation of these results is the miss-identification of the coun-

terparts. We could be assigning the wrong galaxy to the submm and mm emission,

meaning that it is possible to be selecting galaxies with lower stellar masses than the

proper ones. This explanation is a possibility, and it has been commented in Santini

et al. (2014) as an explanation to the ’dust-budget crisis’ at lower stellar massesm be-

cause of the di�culties of assigning counterparts to the SMGs with lower luminosities.

The fact that other galaxies from other surveys also show that amount of dust for such

lower stellar masses reflect the possibility of our resulting being true. It is important to

note that half of our sample follow the relation found for the galaxies between stellar

and dust mass, while the other half have a higher amount of dust.
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Figure 4.31 IR luminosities estimates for the list our list of candidates given by MAG-
PHYS and their photometric redshift. As comparison to our sample we also plot a
number of SMGs detected in previous surveys in di↵erent colors. The black squares
correspond to our sample candidates that are first priority to be the unique counterpart
to the LABOCA and GISMO emission, the magenta sample correspond to the B and
C priorities. For the Symeonidis et al. (2013) sample we present the region with a 1�
dispersion (yellow regions). It is important to note that the purple and green stars
correspond to the lensed SMGs studied in Combes et al. (2012) and in Johansson et al.
(2010). The down blue triangles correspond to a sample of lensed SMGs studied with
Herschel. The other points correspond to the references: Sklias et al. (2014). (Elbaz
et al., 2011; Magdis et al., 2010; Magnelli et al., 2012). Our sample of galaxies at z < 2
is located in the same region as other surveys. For the galaxies at z > 2 of our sample,
they have very low IR luminosities in comparison to other observed SMGs showing that
despite of our galaxies with low magnification they are still intrinsically fainter than
previous studies.
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Figure 4.32 Comparison of the SED fit derived SFR and stellar mass of our candidates
with a sample of other SMGs. The solid red line corresponds to the fit to the main
sequence of galaxies at z ⇠ 2 done by Rodighiero et al. (2011), the dashed red lines
corresponds to 1� range in the ↵ index from the red line. The purple line corresponds
to the MS estimated by Daddi et al. (2007). The green line corresponds to the mul-
tiplication of the red line by ⇥4 and it represents a separation between the MS and
the starburst galaxies. The black squares correspond to our sample candidates that are
first priority to be the unique counterpart to the LABOCA and GISMO emission, the
magenta sample correspond to the B and C priorities. Most of our sample galaxies fall
well within the 1� range of the MS sequence, showing that the nature of these galaxies
appears to be that of the main-sequence normal star-forming phase. These results are
di↵erent as some of the SMGs in other surveys have SFR above the MS line, showing
how some SMGs are better represented as galaxies in starburst phase. Reference of the
SMGs are Johansson et al. (2010); Magnelli et al. (2012); Micha lowski et al. (2010);
Sklias et al. (2014).



Chapter 4. Submillimeter Galaxies behind the CLASH galaxy clusters. 124

Figure 4.33 Comparison of the SED fit derived dust and stellar masses of our candidates
with a sample of other SMGs. The solid green line corresponds to the fit to a sample
of galaxies at z < 0.5 done by Smith et al. (2012). The dashed red lines corresponds to
the KINGFISH survey of nearby galaxies (Skibba et al., 2011). The red continuum line
corresponds to the maximum amount of dust estimated for a given value of stellar mass
assuming the highest e�ciency in the production of dust by stars in a ’closed box’ sce-
nario (Santini et al., 2014). The black squares correspond to our sample candidates that
are first priority to be the unique counterpart to the LABOCA and GISMO emission,
the magenta sample correspond to the B and C priorities. The spirals, ULIRGs and
high-z SMGs sample were taken from Santini et al. (2010). Here we see that a big part
of the SMGs fall in the regions around the solid green line, showing similarities with the
z < 0.5 population of galaxies. A second part of the SMGs in our sample and in the
other surveys fall well above the red line, showing a large amount of dust in comparison
to their stellar mass. We see that at the lower values of stellar masses higher is the
di↵erence between the local relation (green lines) and the estimated dust masses for our
and other samples. Reference of the SMGs are Johansson et al. (2010); Magnelli et al.
(2012); Micha lowski et al. (2010); Sklias et al. (2014).
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This duality makes harder to have a simple explanation of the results. Bourne et al.

(2012) showed an anti-correlation between the dust-to-stellar ratio and the stellar mass,

meaning that galaxies with lower stellar masses have a higher fraction of dust than the

galaxies with higher stellar masses. This could be the explanation for our case, where

the magnification is allowing to study galaxies with intrinsically lower stellar masses.

Di↵erent theories have arise to explain the budget crisis, from the supernovae e�ciency

to intersterllar medium (ISM) dust grains productions(Rowlands et al., 2014). The study

of lensed galaxies could add very interesting information the study of the ’dust-budget

crisis’.





Chapter 5

Summary and Future Work

5.1 Summary.

5.1.1 Search for [CII] emission in z = 6.5 � 11 star-forming galaxies.

We have presented a search for [C II] emission in three LAEs at z ⇠ 7 and in a LBG

at z ⇠ 11 using CARMA and the PdBI. We summarize our results and conclusions as

follows:

1. We have not detected [C II] emission line any of our targets. Given the recent

observational results and simulations of the [C II] emission in high redshift LAE,

we adopt a line width of 50 km s�1 for the [C II] emission. We put constrains on

the luminosity of the line for the targets. For the LAEs the 3� L[CII] upper limit

are < 2.05, < 4.52 and < 10.56 ⇥ 108L� for IOK-1, SDF J132415.7+273058 and

SDF J132408.3+271543 respectively. Our [C II] upper limits are consistent with

the relation of SFR-L[CII] found by de Looze et al. (2011). The 3� upper limit

in the [C II] luminosity of MACS0647-JD is < 5.27 ⇥ 107 ⇥ (µ/15)�1L� (Assuming

that the redshift of the galaxy is within the most sensitive setup).

2. No detection of the FIR continuum is found at a wavelength of 158 µm rest frame

for any of the 4 targets. Assuming a spectral energy distribution template for the

local galaxy NGC 6946 as a template for the high redshift galaxies observed here,

we present conservatives upper limits for the FIR luminosity. We find < 2.33, 3.79

and 7.72 ⇥ 1011L� as upper limits for IOK-1, SDF J132415.7+273058 and SDF

J132408.3+271543 respectively, these values account for the e↵ect of the CMB on

the observations. For MACS0647-JD, the upper limit in the FIR luminosity is <

6.1⇥1010⇥(µ/15)�1L�, after correcting for the CMB and the lensing magnification.
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3. We present the results of simulations supporting the brightest component of the

[C II] line having a width of the order of 50 km s�1 . Here we want to emphasize

the necessity of resolving such emission lines in future ALMA observations, to not

loose signal-to-noise ratio, by selecting a channel resolution that is too low.

4. The e↵ect of the CMB must to be taken into account in attempts to detect the FIR

continuum in galaxies at high redshift. The heating of cold dust by CMB photons

can shift the peak of the FIR continuum to values up to a ⇠ 400 microns for

galaxies with temperature of ⇠ 25 K and redshift of z ⇠ 11. We emphasize that not

including the e↵ects of the CMB on the observations results in an underestimation

of the FIR luminosities for the targets. The CMB corrected FIR luminosity limits

are 35% higher than those without CMB correction at z ⇠ 6.6, 50% higher at

z ⇠ 7, and 350% higher at z ⇠ 11 for a T= 26 K.

5. Simulations are already showing us that the task of detecting [C II] in high redshift

galaxies is going to be di�cult even with ALMA, as confirmed by the recent

sensitive non-detection of Himiko by Ouchi et al. (2013). Accordingly to our IOK-

1 simulations, a key parameter for the [C II] emission in LAEs is the metallicity,

as we discussed in Sect. 2.4.6. If these simulations were applicable to all high

redshift LAEs, we should first try to detect [C II] in the LAEs with the highest

metallicity. Estimating the metallicity of LAEs at high redshift is not an easy

task, however, Cowie et al. (2011) found that for the sample of LAEs discovered

by the Galaxy Evolution Explorer (GALEX) grism in the redshift range of z =

0.195�0.44, there is an anti-correlation of the equivalent width of the H↵ emission

line with metallicity. Higher EW(H↵) sources all have lower metallicities, bluer

colors, smaller sizes, and less extinction. Cowie et al. (2011) also found a broad

general trend that for higher EW(H↵), the EW(ly↵) is also higher. If we assume

that these relations are valid for the LAEs at high redshift, and that the goal is to

observe the LAE with the highest metallicity possible, it may be best to target the

brightest LAE in the UV but with the lowest Ly↵ equivalent width. Lyman-break

galaxies with Ly↵ detection may thus be ideal targets for [C II] searches at high

redshift.

5.1.2 Search for [C II] emission in a normal star-forming lensed galaxy

at the end of the reionization epoch.

We have presented the search for the [C II] emission line in a multiple-imaged lensed

galaxy at the end of the reionization epoch using ALMA. We have used the data cube to

also search for continuum and line emissions in the galaxies within the ALMA pointing.

We summarize our results and conclusions as follows:
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1. We have not detected a robust signal of [C II] emission line in the lensed galaxy but

we do find a tentative detection. We explore the possibility of the non detection

and of the tentative detection being real. In the case of the non detection, we put

a 3� upper limit of L[CII] < 3.0⇥107⇥(µ/29.2)�1L� for the [C II] luminosity, being

µ = 29.2 the estimated magnification for the two brightest lensed images D1 and

D2 (Zitrin et al., 2012) (assuming that the line falls within the range of frequencies

observed). For the tentative detection of [C II] , we observed a [C II] luminosity

of L[CII] = (3.7 ± 1.0) ⇥ 107 ⇥ (µ/29.2)�1L�. The gaussian function fit to the

tentative line results in a FWHM= 14.6 ± 4.9 km s�1 an amplitude of 55.4 ± 17.4

mJy and a central frequency of 264.8012 ± 0.0023 GHz resulting in a possible z =

6.17722 ± 0.00005. This line, if real, would be one of the faintest [C II] emission

lines detected at high redshift. The amplitude and the frequency agree with what

is expected for a [C II] emission line in a galaxy at this redshift. The possible

measured redshift from the [C II] line is at less than 0.1� from the photometric

estimates. The low signal-to-noise (sn=3.7) and the narrowness of the tentative

line do not allow us to claim it as a detection of [C II] , just as a tentative line.

2. We find that MACS0329-iD is in agreement, within the errors, with the SFR-

L[CII] found by de Looze et al. (2011), for the two cases, of a non detection and

of the tentative detection. For the tentative detection, we observed that it would

locate MACS0329-iD slightly lower than the other two detection at similar redshift

(LAE-1 and LBG-1).

3. No detection of the FIR continuum is found at a wavelength of 158 µm rest

frame for MACS0329-iD. Our 3� upper limit of 1.8 mJy put an upper limit to

the FIR luminosity of < 5.7 ⇥ 1010 L� (using the SED of NGC6946), resulting

in a SFRdust < 26.9 M�yr�1. The ratio L[CII]/LFIR > 5 ⇥ 10�4 (using the ten-

tative detection) is low in comparison to local star-forming galaxies but it can be

explained because of the continuum observation being not deep enough. Similar

result is observed for LAE-1 at z=4.7.

4. This detection, of being real, confirm the possibility of using the [C II] emission

line as a way to measure spectroscopic redshifts for high redshift galaxies and as

an complementary way to study them.

5. We detected one continuum emission from a galaxy at zphoto =⇡ 3.5 that according

to the sed fitting and the mass distribution model of the galaxy cluster we find that

the galaxy corresponds to a high redshift dwarf galaxy. With a magnification of

µ ⇠ 21 we find the intrinsic value of star formation rate, dust mass and stellar mass

for the galaxy. When we compare the galaxy with the local population studied

in the KINGFISH survey, we see that the galaxy agrees well in the SFR-dust
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mass relation, but it fall higher than the local population in the stellar-dust mass

relation. We conclude that this is one of the first detections of a dusty dwarf galaxy

at high redshift that roughly follows the characteristic of local dwarf galaxies.

More observations at shorter wavelength are needed to explore the possibility of

this galaxy being dustier than the local counterparts.

6. We have done a stacking of the continuum emission of the galaxies inside the

HPBW of ALMA. Using the photometric redshift estimator BPZ we have found

5 di↵erent group of galaxies separated in redshift. We have calculated 3� upper

limits to the emission at 1.1 mm for the galaxies. The lowest upper limit corre-

sponds to the galaxies being at the redshift of the galaxy cluster, with F
⌫

< 182

µJy b�1 using the nominal resolution.

7. We have performed a search for emission lines in the data cube of the ALMA

observations. Using a simple approach for looking for gaussian-like emission like

we have found 4 candidate to emission lines. For the first line, L1, the line frequency

agrees with the photometric redshift of a galaxy near the peak of the emission if

the line is CI(1-0). Although, the sed fitting parameters of the galaxy does not

account for the observed luminosity of the line. The faintness of the galaxy, even

for HST, makes the photometry and therefore the photometric redshift distribution

not reliable. We do not confirm this emission lines as CI(1-0).

For the second line, L2, the frequency of the line agrees with being CO(7-6) for the

redshift distribution of the galaxy in the peak of the emission. The galaxy is faint

as the galaxy in L1, making the photometric redshift not reliable. It is di�cult

to estimate the emission of CO(7-6) for galaxy without knowing the emission of

others CO lines, therefore, we do not confirm this emission line as CO(7-6).

The third line, L3, agrees well with being [N II] in a galaxy at zphot = 4.4+0.2
�0.3.

Resulting in a spectroscopic redshift of z = 4.4965 ± 0.0001. The star formation

rate and the observed [N II] luminosity agree very well with the previous detection

of [N II] in a LAE at z = 4.7, supporting the fact that this emission line is actually

[N II] . This is the faintest [N II] emission line observed at high redshift and it is also

the first time that a photometric redshift is confirmed by using this line.

The emission line L4, it is related to a galaxy that has a photometric redshift not

well constrained. The redshift probability distribution of the galaxy has two peak

with similar values, one at z ⇠ 0.4 and the other at z ⇠ 3.6. For the peak at

high redshift the none emission lines agree well with the redshift, for the one at

low redshift, the possible lines are HCO(4-3) and HCN(4-3). These emission lines

should be fainter than the line observed, so we do not suggest those as possible
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counterpart. We are not able to find possible counterpart to the observed emission

line.

We have used the light magnification by the galaxy cluster to explore the faint population

at high redshift. With just 1 short observation, we have been able to find the continuum

emission of a dwarf galaxy and the very secure detection of [N II] in a normal star-forming

galaxy at z = 4.5. These results have been only possible by the extended studied made

of the galaxy cluster by the CLASH survey. In the future we expect to confirm our

results by observing the same galaxies at shorter wavelength and in other emission lines,

such as [C II] or [O III] .

5.1.3 Submillimeter Galaxies behind the CLASH galaxy clusters.

We have presented the search for strongly lensed SMGs behind 15 CLASH galaxy clusters

using the bolometers LABOCA and GISMO. For the 15 galaxy clusters observed, we

have created a catalog of 62 unique detection at 870 µm or at 2 mm. For the sample

of LABOCA and GISMO detections that fall inside the observed regions by CLASH we

have presented the deboosted flux densities estimated for the flux densities measured.

Using the deboosted fluxes, the HST observations from CLASH and the archive images

of PACS and SPIRE in Herschel we did a search for the possible counterparts to the

submm and mm detections. Using MAGPHYS to do SED fitting of the galaxies around

the detections we searched for the possible galaxies that have been detected in the optical

and NIR by HST and could account for the FIR observed flux densities. For the galaxies

that could account for the FIR emission, we use the higher resolution detection with

SPIRE or PACS when available to estimate which of the galaxies are the counterparts

to the observed LABOCA and GISMO emissions.

At this point we identified two sources that where at redshifts lower or equal of the

corresponding observed galaxy clusters. One of the sources is a radio galaxy in the

foreground of the galaxy cluster MACS0717 with a z = 0.1546 that has been studied

in the past. The emission for this source is clearly not related with thermal emission

because of the non detection at shorter wavelength (Bonafede et al., 2009). The second

source corresponds to the BCG of the galaxy cluster MACS1931, being this one of the

brightest AGN detected in X-ray and radio. The LABOCA emission is extended in a

direction that could be aligned to the observed jets cavities observed in radio and X-ray,

meaning that some of the ejected material could be emitting at 870 µm. When we do

a SED fitting of the galaxy we recover a SFR⇠ 100 M� yr�1 which is lower than the

previously estimated from H↵ observations of ⇠ 170 M� yr�1 (Ehlert et al., 2011). From
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the SED fitting we see that part of the emission at 500 and 870 µm does not correspond

to a thermal emission, being powered by the AGN undergoing in the galaxy.

For the galaxies selected as possible counterparts to the submm/mm emissions we es-

timated the magnification produced by the galaxy clusters using the mass models pub-

lished by the CLASH team and assuming that the photometric redshifts are correct.

Once we had the magnification values we used the MAGPHYS results to estimate the

intrinsic stellar and dust masses, IR luminosities and SFR values for the galaxies. The

first that we noted is that the magnification values are not so high, being the maximum

of µ ⇠ 4, showing that no bright strongly lensed SMGs are detected behind any of

the galaxy clusters. This could indicate that galaxy clusters as a whole, are not the

best candidates to study bright strongly lensed SMGs. Despite of the low magnification

observed for the counterparts, we still measured a lower IR luminosity than the SMGs

observed at black fields at z > 2.

When comparing the estimated stellar masses and star formation rate with other samples

of SMG we note that most of our sample of galaxies follow the main sequence relation at

z ⇠ 2, showing that non of these galaxies are in a starbursting phase of star formation.

When we compare the dust and stellar masses of our sample with other surveys, we

note that a large fraction of the galaxies have higher amount of dust mass for the

corresponding stellar masses. This fact has been observed in other samples of SMGs

at high redshift but is important to note that the higher ratio of dust-to-stellar are

present mainly in the galaxies with the lower values of stellar masses, which could be an

indication that we are not finding the correct counterparts to the emissions or that there

are more than 1 galaxy associated to each LABOCA or GISMO detections. Observations

with higher resolution could help disentangle if these galaxies are actually as dusty as

estimated by our results. ALMA is the perfect instrument to do these kind of studies in

the future.

5.2 Future Work.

In my future research, I want to follow and expand my current research. A project

accepted for ALMA cycle 1 to search for [C II] in a lensed galaxy at z = 6.027 behind

the galaxy cluster Abell 383 is currently being observed. I will do an analysis simi-

lar to the one made for the lensed galaxy behind MACS0329 presented in this thesis.

With the purpose of understanding the [CII] emission at high redshift, I have a project

accepted for ALMA cycle 2. The z=4.4 quasar BRI 1335-0417 provides the unique

opportunity to study the ISM of a quasar host galaxy in unprecedented detail. The

high-quality, 0.2” (⇠1kpc) resolution imaging of the CO(2-1) emission (using the VLA)
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demonstrates that the molecular gas in the host galaxy is distributed over 10 kpc, and is

dynamically complex, hinting at an ongoing gas-rich (“wet”) merger. This is the highest-

quality/resolution CO dataset available for any unlensed high-redshift source accessible

with ALMA. We will complement this dataset with spatially-matched [CII] (and under-

lying continuum) emission. This is possible given the recent detection of strong [CII]

emission in the source using APEX. We will map the [CII] and underlying continuum

at kpc resolution and unprecedented sensitivity. Together with the CO imaging, this

will provide the first beam-matched dataset of a high-z galaxy to study the interplay of

star formation (as traced through [CII] and FIR emission), central black hole accretion

(through unresolved FIR emission) and the molecular gas reservoir (CO).

In complement to this future ALMA observations, with my collaborators we have CO(4-

3) observations with CARMA, and high-resolution imaging of the [CI] and CO(7-6) lines

and 1.2 mm continuum with the PdBI. The analysis of this galaxy in such a detail will

help us understanding galaxy formation and the processes of emission of [CII] at high

redshift.

In parallel, I am part of three projects that will use ALMA cycle 2 observations. Two

of the projects will do a spectroscopic survey in the Hubble Ultra Deep Field at 1 and

3 mm. The survey at 1.3 mm should detect [CII] emission at z ⇠ 6. The third project

is survey for imaging the first 3 massive strong-lensing clusters in the HST Frontier

Fields, which will reveal the faint mm emission of lensed galaxies, and it is a perfect

continuation to our LABOCA and GISMO campaign.

The long term goal of my research is to use the FIR emission lines to characterize the

normal star-forming galaxies at high redshift and check how the ISM properties such

as density, temperature, radiation field and dynamics complexity evolve with redshift.

To fulfill this goal I plan to use EVLA and ALMA to observe the molecular and fine

structure emission lines on a sample of strongly lensed galaxies. The plan is to use EVLA

to observe low-J CO lines and ALMA to observe the fine structure lines. The first step

is to detect the di↵erent emission lines and use that information to study galaxies at

the higher redshift. The sample that I will use corresponds to the 50-100 z > 1 strongly

lensed galaxies detected as part of CLASH. These galaxies have publish redshifts and

magnification values, which are key factors to search for FIR lines and properly analyze

the observed emissions.

Once the lines are detected, the next step will be to resolve the emission of each line to

study the ISM in detail. As part of this project, I want to develop tools to reconstruct

high resolution maps of lensed galaxies taken with EVLA and ALMA. I want to com-

bine the magnification maps provided by CLASH with UV-plane modeling (EVLA and

ALMA) to reconstruct the source images of interferometric data.
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P., Franx, M., Stiavelli, M., Carollo, C. M., Magee, D., and Gonzalez, V. (2011b).

Ultraviolet Luminosity Functions from 132 z ˜ 7 and z ˜ 8 Lyman-break Galaxies in the

Ultra-deep HUDF09 and Wide-area Early Release Science WFC3/IR Observations.

ApJ, 737:90.

Bradford, C. M., Bolatto, A. D., Maloney, P. R., Aguirre, J. E., Bock, J. J., Glenn,

J., Kamenetzky, J., Lupu, R., Matsuhara, H., Murphy, E. J., Naylor, B. J., Nguyen,

H. T., Scott, K., and Zmuidzinas, J. (2011). The Water Vapor Spectrum of APM

08279+5255: X-Ray Heating and Infrared Pumping over Hundreds of Parsecs. ApJ,

741:L37.

Brammer, G. B., van Dokkum, P. G., Illingworth, G. D., Bouwens, R. J., Labbé, I.,
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Popesso, P., Pozzi, F., Riguccini, L., Rodighiero, G., Saintonge, A., Sanchez-Portal,

M., Shao, L., Sturm, E., Tacconi, L., and Valtchanov, I. (2010). The dust content of

high-z submillimeter galaxies revealed by Herschel. A&A, 518:L154.

Sault, R. J., Teuben, P. J., and Wright, M. C. H. (1995). A Retrospective View of

MIRIAD. In Shaw, R. A., Payne, H. E., and Hayes, J. J. E., editors, Astronomical

Data Analysis Software and Systems IV, volume 77 of Astronomical Society of the

Pacific Conference Series, page 433.

Schaerer, D., Boone, F., Zamojski, M., Staguhn, J., Dessauges-Zavadsky, M., Finkel-

stein, S., Combes, F., and Richard, J. (2014). New constraints on dust emission and

UV attenuation of z=6.5-7.5 galaxies from IRAM and ALMA observations. ArXiv

e-prints.

Schenker, M. A., Stark, D. P., Ellis, R. S., Robertson, B. E., Dunlop, J. S., McLure,

R. J., Kneib, J.-P., and Richard, J. (2012). Keck Spectroscopy of Faint 3 < z < 8

Lyman Break Galaxies: Evidence for a Declining Fraction of Emission Line Sources

in the Redshift Range 6 < z < 8. ApJ, 744:179.

Schiminovich, D., Ilbert, O., Arnouts, S., Milliard, B., Tresse, L., Le Fèvre, O., Treyer,
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A., Patel, H., Pearson, C. P., Pérez-Fournon, I., Pohlen, M., Popesso, P., Pozzi,

F., Rigopoulou, D., Riguccini, L., Rosario, D., Roseboom, I. G., Rowan-Robinson,

M., Salvato, M., Schulz, B., Scott, D., Seymour, N., Shupe, D. L., Smith, A. J.,

Valtchanov, I., Wang, L., Xu, C. K., Zemcov, M., and Wuyts, S. (2013). The Herschel

census of infrared SEDs through cosmic time. MNRAS, 431:2317–2340.

Tacconi, L. J., Genzel, R., Smail, I., Neri, R., Chapman, S. C., Ivison, R. J., Blain,

A., Cox, P., Omont, A., Bertoldi, F., Greve, T., Förster Schreiber, N. M., Genel, S.,

Lutz, D., Swinbank, A. M., Shapley, A. E., Erb, D. K., Cimatti, A., Daddi, E., and

Baker, A. J. (2008). Submillimeter Galaxies at z ˜ 2: Evidence for Major Mergers and

Constraints on Lifetimes, IMF, and CO-H2 Conversion Factor. ApJ, 680:246–262.

Tacconi, L. J., Neri, R., Genzel, R., Combes, F., Bolatto, A., Cooper, M. C., Wuyts,

S., Bournaud, F., Burkert, A., Comerford, J., Cox, P., Davis, M., Förster Schreiber,



Bibliography 156
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1.1 Example of how the negate K-correction a↵ects the observation of high
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color line represent the flux density observed at a given wavelength. For
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(left axis) versus redshift (extracted from Bouwens et al. (2014)). These
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a star formation rate using the canonical UV -to-SFR conversion factors.
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starburst galaxies Arp 220, M82, HR10, and the Eyelash (broken lines,
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the total FIR emission of some galaxies. (Carilli and Walter, 2013). . . . 9

2.1 Spectra of the LAEs with a velocity resolution of 50 km s�1 . The relative
velocities are with respect to the frequency expected for the [C II] line in-
cluding absorption by the IGM (150 km s�1 to the blue of zLy↵

). The red-
shifts of the target are z=6.965 for IOK-1, z=6.541 for SDF J132415.7+273058 and
z=6.554 for SDF J132408.3+271543 . . . . . . . . . . . . . . . . . . . . . 17
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2.2 Spectrum of MACS0647-JD . The spectrum shows the added fluxes mea-
sured on the positions of the two lensed images JD1 and JD2 (combined
magnification µ ⇠ 15). The spectra of the two images were corrected by
the primary beam pattern before combination. The 4 setups are plotted
in di↵erent colors, blue, red, green and orange the colors for the setups
A, B, C and D respectively. The error bars correspond to the quadrature
of the errors of the individual measurement of the fluxes for JD1 and JD2
in each frequency channel. For display purposes, the spectrum is sampled
at a channel resolution of 200 km s�1 , but the search of the [C II] line as
well as the analysis was made with the spectrum sampled to 50 km s�1 . 18

2.3 Rest-frame 158 µm continuum maps of the LAEs. Each contour level
represents 1� steps (±1� levels are not shown). Solid contours are pos-
itive signal and dashed contour are negative signals. The 1� levels are
0.75 mJy beam�1 for SDF J132408.3+271543 , 0.37 mJy beam�1 for SDF
J132415.7+273058 and 0.19 mJy beam�1 for IOK-1. The blue crosses
represent the position of each LAE as given in Tab. 2.1. . . . . . . . . . 18

2.4 Continuum map of the field of MACS0647-JD . Each contour level rep-
resents 1� steps (±1� levels are not shown). Solid contours are posi-
tive signal and dashed contour are negative signals. The 1� level is 93
µmJy beam�1. The blue plus signs represent the positions of the two
lensed images MACS0647-JD1 and MACS0647-JD2 as given in Tab. 2.2. 20

2.5 Top: Spectral energy distribution of IOK-1. The photometric points cor-
respond to those measured by Cai et al. (2011); Iye et al. (2006); Ono
et al. (2012); Ota et al. (2010). The red triangle corresponds to the 3�
upper limit given by the CARMA observations. The colored lines corre-
spond to the SEDs of local galaxies shifted to the redshift of IOK-1 and
scaled to the observations in the UV band. The dashed lines correspond
to the observed SED of the local galaxies after the e↵ects of the CMB
on the observations are taken into account. Bottom: Spectral energy dis-
tribution of MACS0647-JD. The photometric points correspond to those
presented by Coe et al. (2013). The SED of the galaxies follow the same
prescription as in the upper panel. The red triangle corresponds to the
3� upper limit calculated as the quadrature of the errors of the individual
fluxes of JD1 and JD2, in the same way as the errors presented by Coe
et al. (2013). The 1� photometric uncertainty of the observations is 0.093
mJy, and the error of the added fluxes is 0.13 mJy. . . . . . . . . . . . . 21

2.6 Ratio of the [C II] luminosity to the FIR luminosity vs the FIR luminosity
(integrated from 42.5µm to 122.5µm rest frame) for galaxies at di↵er-
ent redshifts. The green symbols correspond to the upper limits of the
LAEs presented here. The blue hexagon corresponds to the upper limit
of MACS0647-JD using the most sensitive setup. The FIR luminosities
for the galaxies are upper limits estimated from the observations includ-
ing the CMB e↵ects. The black diamond corresponds to the upper limit
for Himiko with ALMA observations (Ouchi et al., 2013). The horizontal
dashed line is the average value for L[C II] /LFIR on the local galaxies.
(Cox et al., 2011; De Breuck et al., 2011; Iono et al., 2006; Ivison et al.,
2010; Luhman et al., 2003; Maiolino et al., 2009; Malhotra et al., 2001;
Negishi et al., 2001; Ouchi et al., 2013; Riechers et al., 2013; Stacey et al.,
2010; Swinbank et al., 2012; Venemans et al., 2012; Wagg et al., 2010;
Walter et al., 2012a, 2009; Wang et al., 2013) . . . . . . . . . . . . . . . . 28
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2.7 Relation of the [C II] luminosity with the UV-derived star formation rate
of galaxies. The black solid lines correspond to the relation found by de
Looze et al. (2011), with the gray area corresponding to 2� of the scatter
in the relation. The black dots with error bars correspond to the data used
to find the relation of [C II] - SFR. The green circle, square and pentagon
correspond to the LAEs with the [C II] upper limits presented in this paper
assuming the star formation rate estimated from the UV fluxes. The blue
hexagon corresponds to the [C II] upper limit of MACS0647-JD with based
in the most sensitive setup and the star formation rate estimated from the
UV fluxes. The red star corresponds to the LAE detected with ALMA at
z ⇠ 4.7 (Carilli et al., 2013). The black triangle corresponds to the upper
limit of the [C II] emission found for HCM-6A by Kanekar et al. (2013).
The black diamond corresponds to the upper limit of the [C II] emission
found for Himiko by Ouchi et al. (2013). . . . . . . . . . . . . . . . . . . 29

2.8 Simulated [C II] spectrum of a galaxy similar to IOK-1 at z ⇠ 7. The
parameters set for this simulation were a SFR of 20M�yr�1, and stellar
population age of 10 Myr and a solar metallicity. The blue spectrum
corresponds to the emission produced in the cold neutral medium, the or-
ange spectrum corresponds to the emission produced in the warm neutral
medium and the green spectrum corresponds to the emission produced in
the ionized medium. The main peak (at ⇠ 80 km s�1 ) of the cold neutral
medium has a FWHM of ⇠ 50 km s�1 . For more details on the simula-
tions of [C II] emission in high redshift galaxies see Vallini et al. (2013).
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

2.9 Contour plot of the integrated [C II] flux of IOK-1 in mJy km s�1 for di↵er-
ent simulation conditions. As comparison, our upper limit for integrated
flux of IOK-1 is 175 mJy km s�1 . The two independent parameters are
the stellar population age and the metallicity of the gas. The flux is in-
tegrated over the whole area of the cube and in a channel resolution of
500 km s�1 around the peak of the emission. The integrated flux is a
conservative upper limit for the di↵erent parameters. We can see from
the contour plot that the [C II] emission is very sensitive to the metallicity
of the galaxy, and in a less significant way to the age of the stellar pop-
ulation. The di↵erent ages correspond to a di↵erent amount of heating
photons coming from the young stars, which is critical for the cooling of
the gas. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

3.1 Continuum map of one pointing in the galaxy cluster MACS0329. The
synthesized beam is of 1.8500 ⇥ 0.5500. The contour levels are in step of
1�, starting in �2�, 2�, with � = 121.3 µJy b�1 in the phase center. The
contours are corrected by the primary beam sensitivity. Two detections
are found with sn > 3� and no negative detection of similar significance.
One of them is outside the HPBW and no optical counterpart is found.
The second detection corresponds to a lensed galaxy at z ⇠ 3.5. . . . . . 40



List of Figures 162

3.2 Rest-frame 158 µm continuum map of the region around MACS0329-iD.
Each contour level represents 1� steps. Solid contours represent positive
signal and dashed contour represent negative signal. The panel to the left
shows the nominal resolution and the one in the right shows the extended
resolution. In the left panel, the 1� levels are of 121.3 µJy b�1in the phase
center and are corrected by the PB. In the right panel, the 1� levels are
of 176.5 µJy b�1in the phase center and are corrected by the PB as in
the left panel. The black solid line represent the ALMA HPBW. The
red crosses are the position of the brightest regions of each image of the
lensed galaxy. The red ellipse is the synthesized beam, 1.8500 ⇥ 0.5500 for
the left panel and 2.2300 ⇥ 1.2600 for the right panel. . . . . . . . . . . . . 41

3.3 Signal-to-noise spectrum of the combination of the two lensed images (D1
and D2) of the galaxy. Using the a channel resolution of 50 km s�1 and
the extended resolution. The blue line correspond to the photometric
redshift of 6.18 estimated for the galaxy. We recall two features that need
further study; the channel with a sn = 2.3 just to the right of the line
that represents the frequency expected for the [C II] emission line for the
photometric redshift and what appears to be an emission line at 266 GHz. 42

3.4 Spectral energy distribution of MACS0329-iD together with several tem-
plates of local galaxies. The black points represent the HST and Spitzer
photometry while the red triangle is the ALMA upper limit to the FIR
continuum. All the templates has been corrected by the e↵ect of the
CMB following the procedures presented in da Cunha et al. (2013) and
extended in González-López et al. (2014). The dashed line correspond to
the sed templates of local galaxies. . . . . . . . . . . . . . . . . . . . . . 44

3.5 Spectrum extracted in the the position of the emission found at 266 GHz
in Fig. 3.3 using the a channel resolution of 26.5 km s�1 and the extended
resolution. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

3.6 Map of the emission associated with the yellow channels in Fig. 3.5 with
the two spatial resolutions. The left panel shows the nominal resolution
and the right panel shows the extended resolution. Each line corresponds
to a 1� level starting at �2� and +2�. The emission appears to be
related to a galaxy near the MACS0329-iD2. The fact that the emission
is not observed in MACS0329-iD1 discards the possibility of this emission
being [C II] for the MACS0329-iD. The emission in the left panel appear
to not be related with any optical detected galaxies, making di�cult to
associated the possible emission to a galaxy and therefore identifying the
emission line. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

3.7 Zoom in to the positive signal found in Fig. 3.3 but showing the flux
density units instead of signal-to-noise. The red line correspond to a
gaussian function adjusted to the data. The best-fit parameters of the
gaussian function are in Table 3.1. . . . . . . . . . . . . . . . . . . . . . . 47

3.8 Map of the three central channels of the tentative [C II] emission shown in
Fig. 3.7. The contour levels are in step of 1�, starting in �1�, 1�. The
tentative emission line is observed, at least in low signal-to-noise, in both
lensed images D1 and D2, supporting the hypothesis that this emission
could correspond to the [C II] in MACS0329-iD. . . . . . . . . . . . . . . . 49

3.9 Stack of the four position of the brightest regions of the lensed images
in the channels around the tentative [C II] detection (marked as yellow
channels in Fig. 3.7). The total signal-to-noise of the line is of 3.64�. . . 50
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3.10 Simulated [C II] emission for a galaxy at a similar redshift of MACS0329-iD
and with similar characteristics. We use a SFR= 3.2 M�yr�1, a magnifi-
cation of µ = 29.2, and a metallicity of 0.2Z�. The yellow lines represent
the simulated emission, the black lines is the emission binned to match
the observed spectral resolution of ⇠ 8.85 km s�1. The red line is the
best fit gaussian function to the binned emission, resulting in a line width
of ⇠ 30 km s�1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

3.11 Relation of the [C II] luminosity with the UV-derived star formation rate
of galaxies. The black solid lines correspond to the relation found by de
Looze et al. (2011), with the gray area corresponding to 2� of the scatter
in the relation. The black dots with error bars correspond to the data
used to find the relation of [C II] - SFR. We present our tentative detection
in MACS0329-iD (red star) together with the 3� upper limit (red square,
displaced for display purposes). We also present the upper limits and
observations of [C II] in normal star-forming galaxies at z > 4 (Carilli
et al., 2013; González-López et al., 2014; Kanekar et al., 2013; Ota et al.,
2014; Ouchi et al., 2013; Riechers et al., 2013; Schaerer et al., 2014). For
each galaxy, the symbol correspond to the SFR estimated from the UV
observations and the error bar in SFR correspond to the range of values
allowed by the FIR non detections. . . . . . . . . . . . . . . . . . . . . . 52

3.12 Ratio of the [C II] luminosity to the FIR luminosity vs the FIR luminosity
(integrated from 42.5µm to 122.5µm rest frame) for galaxies at di↵erent
redshifts. The horizontal dashed line is the average value for L[C II] /LFIR

on the local galaxies. The galaxy MACS0329-iD is represented with the
red star together with the 3� upper limit (red circle, displaced for display
purposes). (Carilli et al., 2013; Cox et al., 2011; De Breuck et al., 2011;
González-López et al., 2014; Iono et al., 2006; Ivison et al., 2010; Kanekar
et al., 2013; Luhman et al., 2003; Maiolino et al., 2009; Malhotra et al.,
2001; Negishi et al., 2001; Ota et al., 2014; Ouchi et al., 2013; Riechers
et al., 2013, 2014; Schaerer et al., 2014; Stacey et al., 2010; Swinbank et al.,
2012; Venemans et al., 2012; Wagg et al., 2010; Walter et al., 2012a, 2009;
Wang et al., 2013) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

3.13 Continuum detection of a galaxy at z ⇠ 3.5. The contour levels are in
step of 1�, starting in �1�, 1�. . . . . . . . . . . . . . . . . . . . . . . . . 55

3.14 Probability distribution of the redshift for the galaxy detected in contin-
uum with ALMA. The distribution was calculated using Bayesian Pho-
tometric Redshifts and the 16 HST filters used in the CLASH survey.
The low redshift secondary peak is low in comparison to the main higher
redshift peak. The high redshift peak is also supported by the ALMA 1.1
mm detection. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

3.15 Spectral energy distribution of the galaxy detected with ALMA. The red
points are the detection in each filter, from HST and ALMA. The up-
per limits are plotted as downward triangles, and correspond to the UV
filter from HST, Spitzer channels 1 and 2 at 3.6 and 4.5 µm, Herschel
cameras PACS and SPIRES, and APEX/LABOCA bolometer. The red
dashed line corresponds to the stellar emission in the galaxy and the blue
continuum line corresponds to the stellar emission absorbed by dust and
re-emitted in the FIR. The physical quantities distribution obtained from
the fit can be found in Table 3.2. . . . . . . . . . . . . . . . . . . . . . . 57
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3.16 Likelihood distribution of the physical parameters fitted by MAGPHYS
to photometry of the galaxy at z ⇠ 3.5. The parameters are, first row in
the top; fraction of the total infrared luminosity contributed by dust in
the ambient inter stellar medium (ISM) associated to the stellar popula-
tion (fSFR

µ

); fraction of the total infrared luminosity contributed by dust in

the ambient ISM associated to the IR spectrum (fIR
µ

), the total fraction of
the total infrared luminosity contributed by dust in the ambient ISM (f

µ

)
is estimated as the average of the previous values, f

µ

= 0.5⇥ (fSFR
µ

+fIR
µ

);
fraction of the total V-band absorption optical depth of the dust con-
tributed by the ambient ISM (µ); total e↵ective V-band absorption op-
tical depth of the dust (⌧̂V); second row from the top; specific star for-
mation rate (sSFR); stellar mass (M⇤); total infrared luminosity of the
dust (LTot

d

); equilibrium temperature of cold dust in the ambient ISM
(T ISM

C ); third row; equilibrium temperature of warm dust in stellar birth
clouds (TBC

W

); contribution by cold dust in thermal equilibrium to the to-
tal infrared luminosity (⇠Tot

C ); global contributions (i.e. including stellar
birth clouds and the ambient ISM) by polycyclic aromatic hydrocarbons
(PAHs); global contributions by the hot mid-infrared continuum (⇠Tot

MIR);
fourth row; global contributions by the warm dust in thermal equilib-
rium (⇠Tot

W ); e↵ective V-band absorption optical depth of the dust in the
ambient ISM (µ⌧̂V); dust mass (Md); Star formation rate (SFR). . . . . . 58

3.17 Comparison of the dust mass, stellar mass and star formation rate for
the detected galaxy (red star) with the local galaxies of the KINGFISH
survey sample (black dots). In the lower red corner is the median of
the errors for the KINGFISH sample. The blue squares are the low-
metallicity blue compact dwarfs (BCDs) studied in Hunt et al. (2005).
The green pentagons are the lensed galaxies studied as part of the Herschel
Lensing Survey (Sklias et al., 2014), we are only showing the galaxies that
have similar values to the KINGFISH sample. The galaxy detected in
our observations agrees very well with the fit to the KINGFISH sample
(black line) in the dust mass to SFR relation. In the lower panel, the
dust mass appears to be slightly higher in comparison to the galaxies of
the KINGFISH sample with similar stellar mass. In general, the BCDs
sample, the lensed galaxies appears to be above the relation found between
dust mass and stellar mass for the KINGFISH sample. . . . . . . . . . . 59

3.18 Distribution of photometric redshift of the galaxies found within the
ALMA HPWB. We separate the group to do a stacking searching for
continuum emission. The group G5 is the galaxy found at z = 6.17 dis-
cussed above. G1 corresponds to the members of the galaxy cluster. . . . 60
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3.19 R values for di↵erent channel resolutions and di↵erent angular resolution.
The top row represent the native spectral resolution and the bottom row
the search in the data cube where the channel resolution was set to 50
km s�1 . For each row, each color represents the search for emission lines
with a given line width, set by the � value assigned in the legend of the
plot. For each row, the left panel is the one with the nominal resolution,
the middle is the one with the extended resolution and the right panels are
for the third angular resolution reached by using a smaller uv-tapering.
In the top row, the green and magenta lines in the middle and right
panel follow the trends that indicate a possible emission line. The same
behavior is observed for some lines in the bottom row. It is important to
note that one candidate to emission line can be detected in several panels
at the same time. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

3.20 Spectra of the 4 candidate to emission lines found in the data cube. The
list from L1 to L4 is in decreasing signal to noise value. . . . . . . . . . . 64

3.21 Emission line 1. Each contour represent 1� (starting in ±2�) of the
emission integrated in the yellow channels in Fig. 3.20. The red and
green circles are the positions of the detection made with CLASH. The
red circles represent the detections made using the optical images and the
green circles the ones made with the IR images in the CLASH survey. . . 64

3.22 Map of the two peaks found in Line 1 in Fig. 3.20. The contours are in
step of 1� starting in ±2�. The blue contours represent the line with the
peak at the higher frequency. . . . . . . . . . . . . . . . . . . . . . . . . . 65

3.23 Emission line 2. Each contour represent 1� (starting in ±2�) of the
emission integrated in the yellow channels in Fig. 3.20. The red and
green circles are the positions of the detection made with CLASH. The
red circles represent the detections made using the optical images and the
green circles the ones made with the IR images. . . . . . . . . . . . . . . . 67

3.24 Emission line 3. Each contour represent 1� (starting in ±2�) of the
emission integrated in the yellow channels in Fig. 3.20. The red and
green circles are the positions of the detection made with CLASH. The
red circles represent the detections made using the optical images and the
green circles the ones made with the IR images. . . . . . . . . . . . . . . . 68

3.25 Emission line 4. Each contour represent 1� (starting in ±2�) of the
emission integrated in the yellow channels in Fig. 3.20. The red and
green circles are the positions of the detection made with CLASH. The
red circles represent the detections made using the optical images and the
green circles the ones made with the IR images. . . . . . . . . . . . . . . . 69

3.26 Redshift probability distribution of the possible counterparts to the emis-
sion lines detected in the data cube. Each probability distribution is
normalized to the peak of the distribution. For each distribution, the
vertical lines corresponds to the redshift that the galaxy would be if the
detected line corresponds to the one in the label. The closest the line to
the peak of the distribution higher are the chances that the observed line
corresponds to that. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
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3.27 O↵set between the optical detected galaxies nearest to the continuum and
line emission detected in our ALMA observation vs the distance to the
critical curve of the galaxy cluster at z = 2. The o↵sets and distances were
calculated between the center of the optical galaxies and the brightest
pixel of the mm source. The errors of the points correspond to the size
of the pixel in the ALMA observations of 0.1”. The point label as C1
corresponds to the continuum detection of the galaxy at zph = 3.5 and the
other points correspond to the emission lines. The blue line correspond
to a power law fit with an index of �0.46. . . . . . . . . . . . . . . . . . 73

4.1 Histogram of the pixels in signal-to-noise for the LABOCA observations.
The red line corresponds to a gaussian noise. In the bottom of the plot
we can see the ratio of the data and the gaussian noise. The error bars
in the upper plot correspond to the square root of the number of pixel
per interval. The error bars in the bottom plot correspond to the error
propagation of the errors in the counts. At signal-to-noise higher to 3
we can see how the data is clearly departing from the gaussian model,
indicating the existence of real sources. . . . . . . . . . . . . . . . . . . . 79

4.2 LABOCA signal-to-noise map towards the galaxy cluster MACS0416.
Each detected source is marked as black circle with the corresponding
name. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

4.3 LABOCA signal-to-noise map towards the galaxy cluster Abell209. Each
detected source is marked as black circle with the corresponding name. . 81

4.4 LABOCA signal-to-noise map towards the galaxy cluster Abell383. Each
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4.5 LABOCA signal-to-noise map towards the galaxy cluster MACS0329.
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4.6 LABOCA signal-to-noise map towards the galaxy cluster MACS0429.
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name. Here are also plotted the GISMO detection. . . . . . . . . . . . . 87
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