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Wandering stars,
for whom it is reserved
the blackness
of darkness
forever?

Portishead - Wandering star

The Cosmos is all that is or ever was or ever will be. Our fegidentemplations of
the Cosmos stir us — there is a tingling in the spine, a catdhénwoice, a faint
sensation, as if a distant memory, or falling from a heighe. Rivow we are
approaching the greatest of mysteries.
Initial words in "Cosmos”, by Carl Sagan



Abstract

This thesis describes the properties and evolution of M@$si,;.;i., > 10" hof M)
galaxies ab < z < 3, including their relationship to lower mass systems. Rreday
massive galaxies are composed mostly of early-type objattteough it is unknown
whether this was also the case at higher redshifts. In arbl@cal assembling scenario
the morphological content of the massive population is etqubto change with time
from disk-like objects in the early Universe to spherokklgalaxies at present. We
first probe this theoretical expectation by compiling a¢esgmple of massive galaxies
in the redshift interval &@z<3. Our sample of 1082 objects is composed of 207 local
galaxies selected from the Sloan Digital Sky Survey, plisd@ijects observed with the
HST from the POWIR/DEEP2 Survey and the GOODS NICMOS Surg8&$. of our
objects have spectroscopic redshifts. Our morphologiealsdication is done in the
V-band restframe both quantitatively (using the Sérgieias a morphological proxy)
and qualitatively (by visual inspection). Using both teicjugs we find a significant
change in the dominant morphological class with cosmic tifitee fraction of early-
type galaxies among the massive galaxy population has eldafigm ~20-30% at
z~3to~70% at z=0. Spheroid-like galaxies have been the predormmnarphological

massive class only since-A.

This morphological evolution is so far based on the detaibedphological analysis of
these objects, which ultimately rests on the shape of thefase brightness profiles.
To explore the consistency of this scenario, we examineitienkatic status of a small
subset of these galaxies. We have observed in the H-band &Siveajalaxies at
z ~ 1.4 with the Integral Field Spectrograph SINFONI at VLT. Our gdenf galaxies
have been selected purely by their photometric stellar méisgout accounting for

any morphological criteria a priori, and having [Oll] ling@valent widths of> 154
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to secure their kinematical measurements. Through a 3Dnatieal spectroscopy
analysis we conclude that half (i.e.-5@%) of our galaxies are compatible with being
rotationally supported disks in agreement with our presipbiotometric expectations.
This is around a factor of two higher than what is observedhegresent Universe
for objects of the same stellar mass. Strikingly, the mgjari these massive galaxies
show clear and fairly large rotational velocity maps, impgythat massive galaxies
acquire rapidly rotational support and hence gravitati@ailibrium. In addition,
we have evidence, based on our measured velocity dispsraim@himaging, to favour
a picture in which minor (and major) mergers are the mainingiforce behind the

evolution of this massive galaxy population.

There is also cumulative evidence showing that the formapimcess for a number
of these massive galaxies occur at even higher redshifts ¢) and that their mor-
phological features are preserved when observing themeituh restframe. Hence,
we made use of the excellent capabilities of GNS to locatesturtly massive galaxies
beyondz = 3 within our imaging and secondly determining whether thergjrmass-
size relation found for the most massive objects holds akfarclower mass objects.
Our findings show the extreme compactness of massive olgeets- 3 and only a

moderate evolution in size below ol('! M, mass limit.
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Science is a collaborative enterprise spanning the germrat When it permits us to

see the far side of some new horizon we remember those whargadepe way seeing
for them also.

Carl Sagan in the fourth Cosmos chapter ‘Blues for the red plaet’

The electron is a theory we use; it is so useful in understamthe way nature works
that we can almost call it real

Richard P. Feynman — Surely you're joking Mr Feynman



Chapter 1

Introduction

1.1 A Universe of Galaxies: our current cosmological

view

Most Astronomy theses start with words similar to thesetemiby Aristotle over two

thousand years ago:

ATIA TAP TO ©ATMAXYEIN OI ANOPQIIOI KAT NTN KAI TO IIPQTON
HPZANTO ®IAOXOPEIN, EE APXHY. MEN TA ITPOXEAPA TOQN ATOIIQN
OATMAYANTEY, EITA KATA MIKPOY OYTQ IIPOIONTEY. KAI IIEPI
TON MEIXONQN ATATIOPHYANTEY, OION ITEPI TE TQON THY YEA-
HNHY ITAOHMATQON KAI TON ITEPI TON HAION KAT AXTITA KAT ITEPI
THY TOY ITANTOX TENEXEQY. (‘Foritis owing to their wonder that men both
now begin and at first began to philosophize; they wonderiginadly at the obvious
difficulties, then advanced little by little and stated diffities about the greater mat-
ters, e.g. about the phenomena of the moon and those of thensluof the stars, and
about the genesis of the Universe.” — Aristotle, Metaphg/5i©82b12-24)

We owe the ancient Greeks many things. Arguably the most itapbone is this:
the Universe is knowable. The first recorded scientistg@apher, Thales of Miletus,

dared to say that to understand what is surrounding us weneelgt to comprehend the
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natural phenomena, without any interventions from god<dres. He and his follow-
ers were seeking to find the essence of things, their reatitawersts, what they called
pvois (‘physis’). Hence, our word Physics originally means thesfifor knowing the

essential nature of all things.

Since then, and even before, a plethora of Cosmologies e deeveloped. In this
context, Cosmology means the description of all the beingishwvexist. The society
we live in is the so called Western world, where the dominasibn of the Universe

was based upon the fact that we can describe it by using Maifesas Galilebstated

five centuries ago. Nevertheless, we must not forget cartiabs from other western
cultures like the Arabs (Maimonides, Arzachel, etc.), teesl (Abraham Zacut, etc.)
or from completely different civilizations which inhabit€hina, India, America, Aus-
tralia, etc. Everywhere there were people measuring thiesyf the sun, the moon,
the stars, the planets. Moreover, the study of these calledjiects (or Astronomy, or
Astrophysics as we explained previously) spans from pbpbgal concepts to Chem-
istry, Biology or Computer Science. This shared endeavotiramtically make it a sort

of Humanism, an eclectic science.

Less than a hundred years ago, mankind still believed in addse composed solely
by the stars and nebulae we could see with our bare eyes omvathall telescope.
The astronomers found the celestial objects were part frargar system, something
whose structure is seen at night crossing the sky as a biigiht salled the Galaxy.
Again, this word comes from the Greek testtiloc yaraZiog (‘kyklos galakticos’),
which means milky circle, due to its appearance. It looke kkcloud, but a cloud
made of stars. Edwin Hubble (Hubble, 1926) resolved staoshar celestial nebulae.
Specifically, a special class of variable stars called CielshéBy a previous study of
Henrietta Swan Leavitt, it was known there is a correlatiebween the luminosity
and the variability period of these stars. Consequentlyldtbxploited that fact. He
realized they were too distant to be members of the Milky Végyablishing that the
nebulae that contained these stars were galaxies in theiright as well. From that

moment the limits of our Universe have been greatly enlarigegond our imagination.

Who knows what he felt when seeing for the first time Jupiterigssatellites with that rudimentary

telescope?
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Afterwards, it was discovered that the galaxies recede frismt a velocity that is pro-
portional to their distance (Lemaitre, 1927; Hubble & Hso@, 1931). The conclu-
sion reached was that the very fabric of the Universe, theesfime as Albert Einstein
named it, was expanding. Along with it, all the energy andteradre affected by this
global process, which ‘ruthlessly’ stretches the lighnirthe galaxies to longer (and
thus redder) wavelengths. Lastly, we realized that thimegn has been accelerated
(Riesset al,, 1998; Perlmutteet al,, 1999). Our fellow galaxies escape from us every
second quicker than the previous one. This is happeningeivehy moment you are

reading these lines.

This is the Universe we live in. A place in which we do not knowah about the
mysterious (dark) components that account for the vastnityagf it, a place in which
the tiny left-over (which is the baryonic matter or our ‘n@frmatter) condensed cre-
ating the galaxies. From these atoms of baryonic matehialelements that composed
our planet Earth such as carbon, oxygen, silicon or iron amertraces in comparison
with the ubiquitous hydrogen or helium, which are the maimponents of the stars.
These stars light up an awe-inspiring Universe filled witimgits, black holes, gigantic
supernovae explosions and other uncountable wonders. &/evarwhelmed by its
immensity. It may well be boundless, or surrounded by irdioither Universes, if we

pay attention to some string theory renditions.

Someone called the study of galaxies ‘Observational Casgyal It is truly so. They
are the bricks of our cosmic home. Their shapes, their coitios, their colors, their
locations are the features which ultimately shape our Usevéself. This is a thesis

about these galaxies.

1.2 Galaxies in aA\CDM framework

We should define the foundations ®€DM, which is the current paradigm for galaxy
formation and evolution. However, to fully explain the poaf this section we ought

to dedicate a few sentences to the Big Bang méd€his is the current prevailing

2As Carl Sagan said: ‘If you want to create an apple pie fronatstr, you must first create the

Universe’.
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theory about the origin of the Universe, but as always inre@ewe must leave open
a door to other theories — we may cite past ideas as the SteantySiverse (Hoyle,
1948) or a modern one such as the Ekpyrotic Universe (StalhBaTurok, 2002) —.
Since the Universe is expanding and cooling the idea thame point the in past,
it was in an extremely hot and dense state naturally arisesdd\hot know what was
before. We do not know why it started expanding. What we kreothat there was no

explosion, as space and time themselves arise from thap&xcal event.

The Big Bang theory became so successful as it predicts nizsgreables of the prim-
itive Universe, in particular the pattern of the Cosmic Miwave Background (CMB)
and the primordial nucleosynthesis. However, there aravknssues still unresolved.
Why is the curvature of the Universe so close to zero? (Thedts problem) Why
is it homogeneous and isotropic at largel60 Mpc) scales? (The horizon problem)
Why did we not observe any relics from this ancient stage efdhiverse (for exam-
ple magnetic monopoles)? To answer these questions, a mechealled ‘Inflation’
(Guth, 1981) was proposed, and it is still a matter of delBaesically, it consists of a
period of exponential expansion of the Universe, whichsl&éstm 1036 to 10-3* sec,
when the Universe grew by a factor of“¢@Liddle, 2003). Before the Universe was
very small and close to the thermodynamic equilibrium. QueamnPhysics laws domi-
nated this period, where there were some tiny quantum fltiohgain all the physical
guantities due to the Uncertainty Principle. Then Inflati®supposed to take place,
spatially amplifying all the primeval perturbations, revitgy at its end all the theoreti-
cal issues enumerated above. For these reasons, altheglajve, at the time being
it is generally accepted. From this moment onwards the Uséves filled with a fluid

of elementary particles.

After approximately 380,000 yr, there occurred the dedogpdf matter and radiation.
The temperature was low enough to permit electrons to jaratbmic nuclei, and the
free photons left imprinted the tiny primordial density tuations that were at that
time, in the form of the Cosmic Microwave Background (CMBeg $agure 1.1). After

this preamble, this is the perfect time to introduce A&DM components.

A stands for the elusive dark energy which permeates the Whulerse accelerating

its expansion which pulls the galaxies and their clustesstajts most direct evidence
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Figure 1.1: 7-year Wilkinson Microwave Anisotropy Probe (WMAP) map bitCosmic Mi-
crowave Background (CMB) seen over the full sky. This imagehie internal lineal combi-
nation map, which is the combination of the five WMAP frequemncaps weighted to mini-
mize the contribution of the galactic foreground. The CasMicrowave Radiation was firstly
detected by Penzias & Wilson (1965). To measure its temperdluctuations over the.7K
background (which are of the order of tenths of microkeNimp reliable way we had to wait
until the COBE satellite observations (Smaatt al, 1992) . When the astronomer George
Smoot announced the discovery of these ripples he said it'likasseeing the face of God'.
The map is beautiful in itself as it really is the first light tife Universe. This map shows
the CMB temperature fluctuations (linear scat®00.K). Credit to WMAP Science Team
http : //lambda.gs fec.nasa.gov/product/map/current/m-4images.cfm.

comes from the larger than expected dimming of SNe Type k& r@kerences in sec-
tion 1.1), although attempts to measure the cosmic actelerare under way using
alternative methods like Baryon Acoustic Oscillations &veeak Lensing (for a review

and future plans consult Lauregs al., 2011).

CDM is the abbreviation for Cold Dark Matter. As stated poesly, there is evidence
for the existence of a larger amount of matter that is inlesilt was initially posited
in Zwicky (1933) and since then it has been corroborated byynoéservables, being
perhaps the more famous the non-decaying rotational cumvegiral galaxies (Ru-
bin, Thonnard & Ford, 1978), although other possible exaii@ms for this anomaly
remain open as MOND (MOdified Newtonian Dynamics Milgrom83R Dark mat-
ter would be composed by the so-called Weak Interactive Mag&articles (WIMPS).
Their most likely candidate is the neutralino, which is tiggatest stable particle in su-
persymmetric theories, and large efforts are conductedtectlit. This could be done
directly (in principle with the CMS experiment of the Largadtton Collider) or in-
directly (via products of their scattering with atomic neiabr their annihilation). The
term ‘cold’ comes from the fact that this material moves at-nelativistic velocities

at the epoch of matter-radiation decoupling and thus it m#ke large-scale structure
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of the Universe to grow in a bottom-up manner (Peebles, 1B&8atin, Merrifield &
Green, 2008).

Coming back again to the moment in which the CMB started, wetrhaar in mind
that the places with slight overdensities of matter at tretodipling time were the
seeds for structure creation in the next stages of the UsavelThe word matter in
this context refers principally to dark matter. As it is faora abundant than ‘normal’
baryonic matter, the gravitational potential wheels tdac®stly the DM distribution.
The DM patrticles were clumped into haloes which merge onéhandn a hierarchical
way, i. e. they grow from smaller haloes, dragging with thém baryonic matter.
When a sufficient density of this matter was present, it abaled condensed into the
first stars and protogalaxies. Cosmological simulations tha Millennium Simula-
tion 1l (Boylan-Kolchinet al,, 2009, see Figure 1.2) — have permitted us to visualize the
structure of the Universe even at such these early cosmichgpd'hese simulations
show a filament-dominated large scale structure, hostisigenDM haloes and galax-
ies in continuous interaction, tailoring a gigantic cosmigb. Gravitational torques
provided sufficient angular momentum to create the firstagi@laisks (Efstathiou &
Jones, 1979). Toomre & Toomre (1972) also suggested tlgtiedl galaxies eventu-
ally evolve from major mergers of massive disk galaxies.a®akevolution is viewed

as a hierarchical merging scenario (Toomre, 1977).

On the contrary, monolithic collapse scenario (Eggen, EymBell & Sandage, 1962),
whereby galaxies are fully assembled at the same time as thtars are formed, is
not compatible with the evolving number densities of galpgpulations. This is es-
pecially important speaking about early-type massivexjesa(van Dokkumet al.,,

2008), however well this model predicts the chemical emnieht of these galaxies.
A high redshift rapid hierarchical formation may mimic theoperties of such this

formation mechanism.

Cosmological volume simulations including dark matter &adyons are far beyond
our currently technology. However, one can trace the mergeiof DM haloes and add
a posteriori baryonic Physics recipes or prescription®sélrso-called semi-analytical
models have succeed on following the evolution of individyeaxies (e.g. White &

Frenk, 1991; Kauffmann, White & Guiderdoni, 1993), reproicig many observables
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for late-type and early-type galaxies (De Lueiaal., 2006), unambiguously demon-

strating that merging of smaller systems is the cornersbbgalaxy assembly.

Taking a closer glimpse on the primeval galaxies39-10; Robertsoet al., 2010), it

is important to realize that they contain the first generatibstars. They must con-
dense out of the neutral intergalactic medium which fillezighace. As it was virtually
metal-free, these stars were able to accrete enormousitiggnf gas and thus it has
been theorized they were extremely massive. In fact, theyldhbe very different
from present day stars, releasing huge amounts of energy/ aadiation, either pro-
duced via nuclear fusion — Population Il stars (Tegmetrél., 1997; Greif & Bromm,
2006; Zackrissoret al., 2011) — or perhaps dark matter annihilation — Dark Matter
Stars (Spolyar, Freese & Gondolo, 2008; Frestsa., 2010) —. Together with the first
QSOs and GRBs, they are thought to ionize the surroundireggatactic medium.
Nevertheless, our knowledge of this process is still lichieritchard & Loeb, 2010).
Major constraints come from the absorption of UV radiatigrhigdrogen clouds along
the line of sight of distant QSOs (Becker al,, 2001), which tells us that the end of
this reionization process occurred at z=6-7 (see Figurg I'Banks to this, we can
behold the UV restframe light from the galaxies even whenthiverse wad 0% of

its current age and perhaps even slightly before (Mclairal, 2010; Lehneret al,
2010; Bouwenst al,, 2011). Figures 1.4 and 1.5 aim to explain how the time scale

and the spatial scale of the Universe vary with the redshift.

Galaxies at high redshifts do not look the same as at lowgz fdrahamet al,, 1996;
Conselice, Blackburne & Papovich, 2005; ElImegreeml., 2005; Delgado-Serrano
et al, 2010; Conselicet al,, 2011b, with these papers emphasizing the morphological
evolution). First indications of this included finding adar number of blue galax-
ies at increasing higher redshift in clusters (Butcher & @#n984), known as the
Butcher-Oemler effect. When efficient observational mé#to locate galaxies at high
redshift were developed more probes were added to addissssire. They were both
technical —with the development of CCD cameras— and couakptolor criteria to
select high redshift galaxies, for instance the ‘Lyman Bréachnique’ (Steideét al,,
1996) or the ‘BzK method’ (Daddkt al,, 2004)—. It is worth noting that these detec-
tion methods rely on the expected shape of the galaxy SEDB)dtance this ‘Lyman
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100 A~ Mpe 10 h-kMpe

z=0.99

7=0.00

Figure 1.2: In the last 30 years, Astronomy has been revolutionized byarical simulations.
Computers not only speed up scientists’ calculations bett ahable them to experiment with
different laws and initial conditions for astronomical ebfs. For instance, N-body dark matter
simulations such as these series of snapshots from thenMiillen Simulation Il (spatial resolution
1hg kpe and mass resolutioh89 x 106k, M) have shown the intricate filamentary pattern of
DM aggregates in the large scale structure of the Univerddétaievolution through a wide redshift
range. Image from Boylan-Kolchiet al. (2009).

Break Technique’ is based on the fairly fat— 2 and extremely red — G colors for

star forming galaxies.

Measurements of star formation indicated its peak was ilglaround: ~ 2 (Lilly

et al, 1996; Madatet al, 1996) and also AGN activity reached its maximum by that
cosmic time. It has been show as well that, contrary to whapéas to dark matter, the
baryonic component of galaxies does not share the samerbatp’ evolution. This
anti-hierarchical scenario was firstly reported as the atign of the peak efficiency of

star formation rate from low to high masses as redshift emes (Cowiet al., 1996).
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Figure 1.3: Observations at > 6 are hampered by the existence of an ubiquitous haze made
by the primordial atoms created after recombination. Assstéad galaxies began to condense
in it, they emitted huge quantities of UV photons, which ¢teglabubbles of ionized material in
their surrounding areas. These bubbles grew in number aed witil they overlapped, making
the Universe transparent for the restframe UV radiation @lkct from the high redshift galaxies.
Image from Robertsoet al. (2010)

Certainly, this is not the only manifestation (Fontaebal., 2009) of this ‘downsizing’.
Another observation associated with it which plays an irtgettrrole in this thesis is
the fact that, the more massive a galaxy is, the more rapidigams it has assembled

its stellar component (Bundst al, 2006; Pérez-Gonzalet al,, 2008a).
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Figure 1.4: This diagram represents the relationship between cosmioakback time and
redshift in the concordance model, which is a good approtima2, = 0.3, A = 0.7,
Hy = 70kms~ ' Mpc') to the most updated cosmological parameters (see Korab#12011).

It is relevant to include this chart for two reasons: firstt adopted cosmology affects many key
parameters in our studies such as masses, distances areshrightness — see Hogg (1999) for a
revision — and secondly, because we sometimes forget ttislhifeand time are not linearly cor-
related. As this thesis studies massive galaxy evolutidhatz < 3, the reader can see we are
covering84% of the cosmic time. Image taken from Baugh (2006).
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One of the most conspicuous constituents of galaxies isuperSviassive Black Hole
(SMBH) which most of them (especially the massive ones) imofteir centers (Kor-
mendy & Richstone, 1995; Uedd al., 2003; Bargeet al., 2005; Blucket al.,, 2011,
to cite some relevant studies). They are thought to be the &Gdines. The mass
of this SMBH (which usually ranges betwe#df — 10°M1,,) is tightly correlated with
the one of the galactic bulge or spheroid (Magoreaml., 1998) and its velocity dis-
persion (Ferrarese & Merritt, 2000; Haring & Rix, 2004)guéating how the SMBH
growths. This feedback is invoked to explain the quick ariidieht quenching of star
formation and the sustained lack of cooling in massive gatafGranataet al., 2004;
Crotonet al,, 2006). Several issues remain open in this picture as stronafail to
reproduce this from first principles. In order to retrieve tight numbers of objects
in the high mass end of the galaxy mass functions, the amddeedback should be

modified accordingly.

As time goes by, galaxies progressively acquire the chenatt features found in the
Local Universe. There is a clear bimodality (see Fig. 1.@hmcolor distribution of
galaxies (Baldryet al, 2004). To produce it, there are several physical processes
take into account. Massive stars are very luminous, espeaiabluer wavelengths,

but short-lived as well. Once they die, the galaxy quicklgrates to redder colours,
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Figure 1.5: Due to the geometry imposed by the adopted cosmologicahpeteas, the angular
size of the celestial bodies is not smaller and smaller aeaging redshift/lookback time. In con-
trast, we reach a maximum pointat- 1.5 , where the scale length is roughly 8.5 kpc arcsec
Galaxies above that redshift value appear larger in the skyceeasing redshift, which is a coun-
terintuitive idea. Image taken from Epinattal. (2010).
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in a timescale of 1-2 Gyr. Metallicity has also a key role, asermetal-rich stars are
redder and dust attenuation is more effective at shorteel@agths. All this translates
—with some environmental influences, see the final paragrébiis section and Faber
et al. (2007) — in the color-magnitude diagram for galaxies in ¢hseparated zones,

which are named the blue cloud, the green valley and the pesee.

The red sequence (see Figure 1.6) is of particular inteoeshé aim of this thesis, as
it is mostly populated by massive galaxies. The small scattéhe color-magnitude
diagram (again Figure 1.6, right chart) originates becadfig@o reasons. Firstly, the
similar ages on the formation of these objects. This factleas tested independently
by measuring theirv-enhancement (the ratio of elements against iron). As the el-
ements Fe and Cr from delayed supernovae explosions, isslge to constrain the
formation timescale of the stellar populations (Matteut&94; Thomaet al., 2005;
Calura & Menci, 2011). Secondly, there is a lack of later egées of star formation.
This relates most probably with the previously mentionedB&Meedback, making

them passively evolving afterwards.
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Figure 1.6: The probability density of galaxy colors (left panel) ané tialaxy color-magnitude
relation (right panel) in the SDS8:!(g — r) stands for(g — ) colors which magnitudes have
been converted to the same restframe bands=ai.1. It is easy to notice two peaks in the color
distribution, a broad one in the blue part and a narrow redtbeeed side. Typically, they have
been linked with the young and blue late-type galaxies aadtth and red early-types. If looking
at the color-magnitude chart, the peaks are called blueldod red sequence, with the transition
zone in between being the green valley. The picture is natgsttforward, as one can find blue
star-forming ellipticals (Schawinslgt al., 2009) and red passive spirals (Mastetsal, 2010).
Interestingly, brightest (and thus usually the most majgijalaxies appear to be reddest. Image
taken from Mo, van den Bosch & White (2010).
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Once the galaxies settle into a specific morphology theifimsic properties establish
certain well-defined dependencies, known as the Tullydfiggationship — luminosity
and maximum rotational velocity; Tully & Fisher (1977) — fiate-type galaxies and
the Fundamental Plane — effective radius, surface brigstaad velocity dispersion;

Faber & Jackson (1976); Kormendy (1977) — for early-typaxjals.

Another major debate is the so-called ‘nature or nurturebfm, i. e. knowing
to what extent the environment of galaxies influences thepgrties. After the pi-
oneering work of Dressler (1980), it was established thateths a morphological
segregation related to the environmental density. A nurobptausible mechanisms
have been proposed — ram-pressure stripping (Gunn & Gotg)19uffocation (Lar-
son, Tinsley & Caldwell, 1980), harassment (Moeteal., 1999) — to facilitate passing
from blue star-forming systems which are mainly locatechimdluster outskirts to the
early-type population which dominates in the cluster cétewever, there is not yet a
definitive answer about how all the physical agents comlmgether to reproduce the
morphology-density relation, although multiple appraesiare devoted to answering
this (see for instance Grast al., 2009; Poggiantet al., 2009; Ferreras, Pasquali &
Rogers, 2011).

1.3 The properties of massive galaxies

Hereafter, we will refer to massive galaxies as those With.;., > 10" h, M.
The motivation for this specific mass, although somewhatrary, is that it roughly
matches with local Universe values of NIM . ~ 7 x 10'°h;2M,, (Coleet al,
2001), assuming a Salpeter (1955) IMF). In the Press-Stietdrmalism (Press &
Schechter, 1974) for galaxy mass functions, this paransetiee mass value apart from
which the number of galaxies decays exponentially. Masgalaxies are thought to
be formed in the high density peaks of the mass distributidhe primitive Universe.
They are often the most luminous galaxies at their redspdthk because of their huge
stellar component, thus making their observations extetkst-beds for galaxy for-
mation theories. Furthermore, they may drive the galactgrenment around them,

being the central objects of galaxy clusters and groupser@ewbservational works
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assure us they are already in place even at early cosmic € f0ohselicest al., 2007;
Pérez-Gonzaleet al, 2008a; Mortlocket al,, 2011), but there is a lack of them in
comparison with their theoretically predicted numberd thanot well explained by
galaxy formation models (Bensaet al,, 2003). It is hard to reconcile observations
of seemingly massive galaxies at high-z (many of them dyspéghigh star formation
rates) with a Universe in which structures grow hierardhyd®@augh, 2006). We must
conclude massive galaxies are very interesting objects &ibher the theoretical and
observational point of view, and the fact that they are amtiegorightest objects at
high redshift greatly helps the exploration of their prdjger and those of the early
Universe. We devote this section to the current knowledge tae lack of it) for

massive galaxies.

1.3.1 Are massive galaxies really massive?

We ought to preface this Section 1.3 explaining how stellasses are computed, as
stellar mass is indeed not observable but only the elecgaeta radiation coming
from the galaxies. The study of the Spectral Energy Distitims (SEDSs), i.e. the flux
of the targeted galaxy convolved with various photomether, is becoming a stan-
dard for obtaining stellar masses and photometric redslHfir high redshift galaxies,
we must rely on this approach for the majority of galaxiegawse of the intrinsic
faintness of galaxy spectra but also to cover large areaseofky. This method con-
sists of matching synthetic spectra or empirical galaeglates with the observed
photometric fluxes of a given galaxy. Proceeding in such wayg, we sample the
parameter space defined by the combination of several staafmn histories, and
different dust and metal contents. There are various madéhe literature to conduct
this (Fioc & Rocca-Volmerange, 1997; Bruzual & Charlot, 3DMaraston, 2005, to
cite the most known). However, numerous assumptions mest tlmade when making
these calculations: parametrization of the star formdtistories, IMF shape and dust
extinction, to name but a few. There is an ample debate inxtragalactic commu-
nity about what are the best combinations of parametersctdetdnow high-z SEDs
should be interpreted. Complicated issues remain opamipélly the age-metallicity

degeneracy, the universality of the IMF and the Thermallg&ing Asymptotic Giant
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Branch stars (TP-AGB) contribution to the NIR spectra-df Gyr old galaxies.

Muzzin et al. (2009) have shown, for a sample of 34 K-selected (and thusivegs
galaxies atz ~ 2.3, the impact of using different stellar population syntsesides,
dust laws and metallicities. They inferred differences amsmof 0.18 dex between best
estimations and the most extreme combination of paraméihrs difference is larger
(0.3 dex) when using a bottom-light IMF instead a Chabri@0@ one. No errors in
the redshifts were assumed, as they had spectroscopidfted3imey also confirmed
that the addition of Spitzer IRAC photometry substantiaiiproves the results (e.g.
Pérez-Gonzaleet al, 2008b). Summarizing, the quality of the fits remains almost
constant through the different codes, although best fit malsees could change by a

factor of~1.5-3 for massive galaxies.

1.3.2 Theories about their formation

The conundrum about their origin is far from being clear. Lredshift studies point out
that these objects are the ones which dominate the red segjaed as such, their stel-
lar populations tell us about a short and unique period otlsigr formation (Cimatti

et al,, 2008; Wiklindet al,, 2008). Extremely high star formation rates at high-z are
necessary to form these objects. There are candidates wiatth this condition,
along with the required stellar mass surface densities antber densities. They are
the so-called submillimeter galaxies (Hugletsal., 1998; Blainet al.,, 2002, selected

by flux density $5, > 3 mJy). They are among the most powerful starbust galaxies in

the Universe, reaching sometimes star formation ratesgisas 100QV/.yr .

Following this rationale, the formation scenario of massialaxies would be the fol-
lowing one. Gas rich disks at high-z merge, triggering hugeests of star formation

in timescales 0f-0.1 Gyr (Hopkinset al., 2008; Cimattiet al., 2008). The size of the
subsequent galactic remnant is inversely proportiondieddvel of dissipation (Hop-
kins et al,, 2009b; Wuytset al., 2010). This remnant is also fed by a number of gas
rich merging/cold flows, resembling a monolithic collapkergeSet al., 2005; Dekel

et al, 2009; Oseet al, 2010). Once finished, another prediction of the modelsas th
the resulting galaxy is more flattened that its low redsh#issive counterparts (Naab
& Trujillo, 2006; Naab, Johansson & Ostriker, 2009).
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In order to test all the previous theoretical ideas obsematly, Ricciardelliet al.
(2010) proceeded to look for this kind of galaxies within@@0ODS NICMOS Survey
(GNS; see Conseliagt al.(2011a) and Chapter 2 Section 2.2) and GOODS ACS public
imaging (Giavalisceet al, 2004). They focused on Michatowski, Hjorth & Watson
(2010) sample, which provided them with spectroscopichigdsand multiwavelength
information (masses, star formation rates, SEDs, etc)y Ttvend 12 galaxies with a
mix of morphologies and sizes, which nevertheless coulddseramodated into an
evolutionary sequence. They concluded that it was not plesg reject a scenario of

these galaxies being likely precursors of the compact magsilaxy population.

1.3.3 On their compactness

In the local Universe, massive galaxies are predominaintly froportion of 3:1) early-
type objects (Baldnet al, 2004). They harbour old and metal rich stellar populations
with abundance ratios resembling those produced by maimldollapse (Thomas

et al, 2005; Ferreragt al, 2009). There exists a clear correlation between mass
and size, with the most massive galaxies featuring largegss{Sheret al., 2003).
Moreover, they are scarce objects, especially at the enkdeofjalaxy mass function
(Bernardiet al., 2006; Cimattiet al., 2008).

This last observational hurdle has been overcome sincedtrenaof large NIR extra-
galactic surveys in the last years, which have opened a winddocate these objects
at high ¢ > 1 — 1.5) redshift. Daddiet al. (2005) firstly reported the apparent high
compactness of these objects, with sizes- 1.5 kpc. Subsequent works confirmed
those observations (Truijillet al., 2006a,b, 2007; Longhettit al., 2007; Zirmet al,,
2007; Toftet al,, 2007; Cimattiet al., 2008; Buitragcet al,, 2008; van Dokkunet al.,,
2008; Damjano\wt al,, 2009; Carrasco, Conselice & Trujillo, 2010; Williares al.,,
2010; van Dokkurret al., 2010; Cassatat al, 2010, 2011; Trujillo, Ferreras & de La
Rosa, 2011; Damjancet al, 2011; Ryaret al,, 2012, among many others). The sur-
face brightness profiles of these objects has been investiga to very faint48 — 29
mag arcsed®) limits. It is important to stress that, when talking aboatpactness,
we are referring to the average size of this population (sagsrsize relationships in

Trujillo et al.(2007) or Buitrageet al. (2008) where some objects could be found close
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to the local mass-size relationship). This detail is a splimbe about there is no bias
when measuring galaxy sizes, as we are able to detect bgthdad small objects at
all cosmic distances. It has also been argued about the ol existence of a low
surface brightness galaxy population which will be systiérally missed in our ob-
servations. Deepest images to date — Hubble Ultra Deep; Belkkwithet al. (2006)

—do not show any galaxy with these characteristics (Bouwéns, 2004).

There appear in the literature several claims about thedyiéity of these results (Valentin-
uzziet al, 2010a,b; Mancinet al., 2010). The main concern since the beginning of
these investigations resides in the fact that, at large otugyital distances, the surface
brightness of the celestial objects dropgby-z)?. This effect is usually called surface
brightness dimming or simply cosmological dimming. Theref when discussing the
compactness of these objects there may be two major sourcesi@sm: either the
size measurements are wrong as we are missing a large anfahet lgght in their

external parts or stellar mass estimates fail.

To address the first argument, Trujiéb al. (2006a) conducted a comprehensive series
of comparisons with many observational setups (changitegdilvarious PSFs/seeing
and fixing Sérsic indices) and obtaining a mass-size o#laliip (and also a luminosity-

size one) robust against these changes. It was in agreenthrihese massive objects
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Figure 1.7: Galaxy flux missed according to its Sérsic index modél:s;,, ) stands for the fraction
of the total light missed from a galaxy beyond a radigis assuming the galactic surface brightness
profile is well-described by a Sérsic function, ,,.q is the effective radius given by the galaxy
model. As massive galaxies at high-z are typically obsemneth 3 — 4 effective radii, on looking

at this diagram one can have an idea of the total amount dfiiggsed because of our image noise
according to the retrieved Sérsic index. Plot taken fromjillo, Graham & Caon (2001).
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having much smaller sizes than same-mass present-dayagalaxfact, the first probe
on the amount of light lost with the observational conditigmarametrizing the galac-
tic luminosity profile as a Sérsic model should be tracedkltacTrujillo, Graham &
Caon (2001). There, the authors show the amount of lightedisecording to the
Sérsic index depending on how far we reach in a galaxy dete@ieproduced in Fig.
1.7). The outcome of this figure is that the detection of a)yalg to 3-4 effective
radius (typical HST quality for a massive high-z galaxy)@auts for 80-90% of its

total luminosity, for the observed range of Sersic indicemassive galaxies.

Another very useful empirical test was the image stackingirm et al. (2007); van
Dokkum et al. (2008, 2010). We would like to highlight the Figure 1.8 frohist
last work. Here the exposure-corrected stacked images eveeted summing the
individual images and dividing them by their weight mapsi@hhcontained masks for
the neighbouring objects). Every galaxy image was norredliay its flux within 75

kpc, and the average flux outside this area was subtracte@lasWese were done

original stocked images

. - . .
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Figure 1.8: Top row We presentthe stacks of 270 (32+87+73+78) massive galaxieur redshift
bins 0.2 < 2<0.8,08<2z<14,14<2z<1.8,18 <z < 2.2)invan Dokkumet al. (2010).
The images reach 28.5 magyp arcsec? and correspond te- 300 hr of total exposure time in
a 4m-telescopeMiddle row. Deconvolved stacks. Lines show the radii where the flus¢isand
0.5% respectively of the peak flux. We appreciate a significati@igion of low surface features
over redshift.Bottom row The blue line denotes the observed surface brightnessgmafed the
deconvolved ones, while black is for the stacked image abstégain, we are witnessing the
development of the galactic wings with decreasing redshifage taken from van Dokkuet al.
(2010).
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in order to reliably detect the galactic outskirts and hdwe game image quality in
every redshift bin. Looking at the stacks of massive gakataifferent redshift bins,
it is easy to follow how massive galaxies build up their outgions, in an inside-out

fashion.

Surface brightness profiles were also explored for indizidbjects (see e.g. Carrasco,
Conselice & Truijillo, 2010; Szomoru, Franx & van Dokkum, 2)1In this former arti-
cle, best resolution (to date) NIR images (and hence opts#frame, Figure 1.9) were
taken with AO in the K-band2(2.m). No hidden low surface brightness component

was found, in agreement with previous results.

About derived stellar masses at high redshift, we develtpedection 1.3.1. However,
we must mention that several works based on massive galagssroscopy (Cenarro
& Trujillo, 2009; Cappellariet al., 2009; Newmaret al., 2010; Martinez-Manset al.,,

2011) have found velocity dispersions of the ordersof~ 200 kms™!. This fact
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Figure 1.9: Left side:State-of-the-art K-band adaptive optics observation &pteeroid-like & =
2.54) massive galaxy at = 1.77, with an effective resolution o 0.15”. The object seems to
be concentrated in a very small area of the detector. Itaseatbrightness profile unambiguously
confirmed its compactness, reaching a surface brightnessdf ji.,.;; ~ 25.5 Kap arcsec?
which is translated in mass a8°Mkpc?. Image taken from Carrasco, Conselice & Truijillo
(2010).Right side:Another galaxy from the Carrasco, Conselice & Truijillo (B)adaptive optics
massive sample. It is easy to see some differences with #véopis image, such as its larger size
and the presence of a likely interaction on its eastern) $&de. This disk-likef = 1.47) galaxy
has an effective circularized radius4€B82 kpc. It has been argued that the claimed compactness
for this galaxy population is an observational artifact,le/lsome others think all their members
are very small. Both extreme views are incorrect, as we icdytabserve some large objects.
However, the average massive galaxy is much smatler;(.=1-2 kpc) than their local Universe
counterparts.
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reassures us the massive nature of these objects, as tiesg aee similar as those

found in local massive galaxies (Hopkiesal., 2009b).

Summarizing all the facts, there are several strong pietegidence about the com-

pact nature of massive galaxies at high-z:

The repeatability of these results using many differergsbpes, instruments

and observational conditions.

e Their inherent massive nature, assessed through very teéppetry and spec-

troscopy.

e The disappearance of faint features when stacking galakmgsgressively higher
redshifts.

e Similar sizes have been found in different photometric lsamtlicating that we
are not missing different galactic components (bulge dk)diepending on the

passband (Trujillet al,, 2007; Buitrageet al., 2008; Cassatet al., 2010, 2011).

e Indeed, if any light is missed, we lose it as well in the magsregion, which

would lead into even higher masses.

1.3.4 Searching for massive and compact galaxies in the Lddani-

verse

According to some model renditions, a fraction betw&#nand10% of massive com-
pact galaxies could survive intact (in the sense that theyldvoot have experienced
important merging events) up to= 0 (with a space density of 10~*Mpc~3 Hopkins
etal, 2009b). If we found any of them, our knowledge will broadensiderably as we
would have an open window to the high redshift Universe, mgliossible unprece-
dented detailed observations for such these objects.ir&jlykin the nearby Universe.
Trujillo et al. (2009) only found a fractior: 0.03% of galaxies (NYU Value-Added
Galaxy Catalog, Blantoet al.(2005), based on SDSS Data Release 6) roughly consis-
tent with their criteria of massive compact galaxigs, (> 10'°8M/, andr, < 1.5kpc).

There were 48 galaxies at< 0.2. 19 were rejected from observational issues (close



Introduction: 22

to stars, close pairs and edge-on systems) and from the frabj2ct sample, their
spectra showed ages of2 Gyr and metallicitiesZ ~ Z.. AO imaging for a number
of these galaxies is shown in Figure 1.10 (Trujillo, Carca&cFerre-Mateu, 2012).
Their scarcity was confirmed by Taylet al. (2010); Shih & Stockton (2011). The
conclusions we may draw are that these few young objectsracenpatible with be-
ing descendants of the extremely small and massive gald&tested at high z, which

virtually disappear in the nearby Universe.

Where are the high-z massive galaxies hidden in the localdsse? According to their
masses and number densities the most plausible explamstivet they consist of the
cores of present day Brightest Cluster Galaxies (Bezaasah 2009; Hopkinst al.,,
2009a). Ifthis affirmation is correct (which most probalslyas the stellar mass present
at high z cannot magically vanish), the former questionaagformed into: How do

these objects evolve to match their low redshift countes@arSeveral evolutionary
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Figure 1.10: Adaptive optics observations in the K-band for compact adll massive galaxies
(note the criterion for compact massive objects in this wsill, > 10°-8)/, and . <1.5 kpc).
These are the best resolution NIR images to date of the larapact galaxy population. Sérsic
indices are~ 3. One expects to find a great number of details on these imagesg to the
exceptional resolution (pixel scale05 arcsec/pix; effective FWHM 0.2 arcsec) and low redshift.
However, being so compact the galaxies are always enclosedmall number of pixels and their
morphology is not perfectly clear. From Trujillo, Carrastéerre-Mateu (2012).
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pathways have been advocated as suitable ways to explasizthgrowth, modifying
at the same time the luminosity profiles of these objects dieteeloping the massive

ellipticals in the local Universe.

1.3.5 Evolutionary pathways from high to low redshift

Speaking in chronological time, major (similar mass) ditld gas amount) merging
was the first physical agent believed to contribute in thixpss (Boylan-Kolchin, Ma
& Quataert, 2006; Khochfar & Silk, 2006), which have beenestsed at all cosmolog-
ical distances (e.g. Pattaat al., 2000; Conselicet al., 2003; Conselice, 2006; Con-
selice, Yang & Bluck, 2009; Bluckt al,, 2009; de Ravett al,, 2009; Lopez-Sanjuan
et al, 2009a,b, 2010b,a). The size-mass relationship for maggilaxies cannot be
explained only with this mechanism, as too few events haga been to explain it only
by themselves (Bluckt al, 2009; Bundyet al,, 2009; Lopez-Sanjuaet al., 2010Db).
To palliate this absence of a process supported by obsengatible to increase dra-
matically the galaxy sizes, the AGN puffing up scenario wappsed. In brief, the
onset of a SMBH would remove the gas from the central parteefjalaxy (and thus
guenching the star formation, which would explain why mosasgive galaxies in the
local Universe are quiescent elliptical galaxies), dabtahg the galaxy inner struc-
ture, and returning the whole system to an equilibrium caméigon by acquiring a
more expanded stellar distribution (Fenal., 2008, 2010). Truijillo, Ferreras & de La
Rosa (2011) suggested this scenario is not compatible aiti-&/pe galaxy observa-
tions atz < 1. According to the puffing up model, there should be an agenidgncy
on the mass-size relation due to the fact that older galdedes more possibilities to
undergo an AGN phase throughout their ‘life’. This effecs ot been seen in the
~ 3000-object spectroscopic sample studied in the aforemerdidmejillo, Ferreras
& de La Rosa (2011).

Nevertheless, the most promising mechanism followingtteD M scenario is minor
merging — usually defined as ratio in mass greater than 4:xsined in Bournaud,
Jog & Combes (2007); Naab, Johansson & Ostriker (2009). Basevirial theorem

assumptions, it is straightforward to show (Naab, Johan&sOstriker, 2009; Bezan-
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sonet al.,, 2009):

142 Mo
— 1.1
- A (1.1)

(for equal-mass mergers)
2

142 My o
= 1.2
() (1.2)

(for minor merging, as\/; >> M)

The rendition from these formulae is that minor merging isenefficient on grow-
ing the galaxy size and it matches better with the low-z nafsemassive galaxies.
This latter statement has to do with the constraint that sepdhat the mass has to
grow only mildly with redshift, as most massive galaxies at 0 surpass the limit of
M, > 1015 M, very rarely, being the number density for the galaxies at $hiecific
mass~ 10~* Mpc—3 (Bell et al, 2003). Resuming our minor merging discussion, its
detection is especially challenging at high redshift, vehtbeir tidal features have sur-
face brightness well beyond 30 mag arcSefvan Dokkum, 2005). Its observations
usually reach ratios of 10:1 in mass or luminosity (Lop@njBanet al, 2011), with
~100:1 in case of very deep HST imaging (Bluekal,, 2011). This minor merging
must consist of a continuous bombardment with minor objetish should surround
the massive ones. These minor satellites will eventualligewith the massive galax-
ies, providing pristine gas that will feed their star forioat Alternatively, cold gas
flows could be accreted from the cosmic web filaments (Ketreg, 2005; Dekekt al,,
2009; Ceverino, Dekel & Bournaud, 2010), retrieving typistar formation rates of
~ 100M,yr~—! (Oseret al,, 2010).

According to this picture, star formation rates are a pivptant to understand the
evolution of massive galaxies. Various works pointed oat thassive galaxies should
evolve passively after their formation process, in ordeagoee with the stellar popu-
lations of their local Universe counterparts. By doing $@ytmust be ‘red and dead’
objects (Krieket al., 2006; van Dokkurret al., 2008; Krieket al, 2009). However,
thanks to FIR data, it was soon found that this was not the ((&ez-Gonzaleet al.,
2008b) but many of these objects should be heavily dust ebddlieroet al,, 2012).
Comparing UV and IR star formation indicators confirmed tlaggo indicating a flat
evolution in the star formation of massive galaxies$.at< =z < 2.5. Hence, the phys-

ical agent responsible of their star formation quenchingughact quickly to match
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with their properties in the present day Universe (Twtal., 2012). It is also impor-
tant to note that disk-like massive galaxies are the mosf@taing objects, although
spheroids are not completely devoid of star formation (Geval., 2010; Vieroet al.,,
2012).

So far our description seems to be closed, but we might iecquirrselves: How all
these factors reflect on the galaxy surface brightness gs@fiDo disks or spheroids
better describe the morphology of these galaxies? Is itiples® check spectroscopi-
cally the importance of rotation versus velocity dispemsiosetting their gravitational

potential?

1.4 Aim of this thesis & its outline

This thesis tries to answer some of these open questiongir&@waim was finishing the
largest compilation of massive galaxieslat < z < 3 with the goal of characterizing
in a statistically meaningful way their size evolution. $hé published in Buitrago
et al.(2008) and it is a perfect introduction to various aspectswileover throughout

the present document.

Figure 1.11 shows the stellar mass-size distribution fat gample. It is clear that,
at a given stellar mass, massive galaxies are progresswajier at higher redshift.
Remarkably, none of the galaxieszat> 1.7 fall in the mean distribution of the lo-
cal relation. Moreover, if the stellar masses were overeded by a factor of two,
only two galaxies from the sample would fall in the dispensad the local relation.
To quantify the observed size evolution, in Figure 1.12 wteld the ratio between
the GNS massive galaxy sizes (and Trujiébal. (2007) sample) and the measured
sizes of nearby galaxies at the same mass, by using agairD®g.3n light of this
diagram, one may conclude that disk-like € 2) massive galaxies have undergone
an increment of a factor of 3 in effective radius since= 3, being a factor of 5 in
the case of spheroid-like:(> 2) objects. Mean stellar densities reached are compa-
rable to present-day globular clusters. These facts aigdlgalaxy formation models
(Hopkinset al,, 2010) and their feedback mechanisms (Siétlal., 2010).

We proceed in different ways to elucidate the nature of maggalaxies at high red-
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shift. Chapter 2 is devoted to a photometric descriptiorheée objects. We collect a
sample of 1082 massive galaxies in the redshift rahge z < 3 investigating their
structural parameters and visual morphologies using SBging (for the objects at
z ~ 0) and an extensive set of HST imaging (for the high-z popaigti Following a
naive AC'D M rationale, whereby galaxies follow dark matter in theingtto process,
one would expect a progressive emergence of an spheroigalagimn as cosmic time
increases due to hierarchical nature of the this paradigithoAgh there is indirect
proof of this scenario (see e.g. van der Welal, 2011; van Dokkunet al., 2011),
we conducted a comprehensive series of tests on the mopbaloature of massive

galaxies ab < z < 3.

To test to what extent this morphological evolution is cotreve need ultimately spec-
troscopic confirmation. However, traditional long-slith@iques cannot provide us
with properties such as rotational velocity, velocity @ispon or metallicity over the
spatial extent of the galaxy, and thus accounting for howntlags assembly is taking

place. 3D spectroscopy is the solution to this problem, andstudy utilising this ob-
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Figure 1.11: The stellar mass-size distribution in Buitragbal. (2008). Top row display the
positions of disk-like galaxiessy( < 2) and the bottom one for spheroid-like galaxies £ 2)
Overplotted are the mean and the dispersion of the distribution of the Sérsic half-lightinas

of SDSS galaxies as a function of stellar mass (Sttead, 2003) and the crosses are the galaxies
from van Dokkumet al. (2008) whose masses have been converted to a Chabrier {€@h20603)
IMF. Typical error in sizes is about 0.3 kpc and it is denotgdte smaller bar at the right side.
Uncertainties in stellar masses ard).2 dex. Image from Buitraget al. (2008).



Introduction: 27

servational method could be found in Chapter 3 . This redhtimovel observational

technique is a synergy between photometry and spectrosdbs/based on the di-

vision of the telescope field-of-view in several parts whask afterwards dispersed
and rearranged in the initial configuration, producing al fiteda cube with images of
the galaxy at different wavelengths. This is perfect for purposes as we want to
know how the internal velocities of the galaxy relate withstructure. Moreover, the
kinematics of massive galaxies is influenced by the phygicatesses which have an
impact in their evolution. Thus, valuable information candrawn attending to the
physical phenomena that are occurring in our sample, etmaguahich ones are more
significant, such as minor & major merging, AGNSs, elusive gad flows or a clumpy

phase in their formation.

In Chapter 4 we construct the mass-size relationship fotdteé GOODS NICMOS

Survey (GNS) sample. By doing so we aim to figure out the caimmexbetween mas-
sive galaxies and lower mass systems. So far the only wellvkrmass-size relation
at high-z is the one built using massive galaxies, and oukwsan attempt to clar-

ify whether the rest of the galaxies follow a similar size letion. We also tried to
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Figure 1.12: Size evolution of massive galaxies with redshift. We plat thtio between the
GNS massive galaxy effective radii and the measured effecéidii of nearby SDSS galaxies at
the same mass. Circles refer disk-like objeeis<( 2) while square symbols refer spheroid-like
galaxies f > 2). At 0.2 < z < 2, the points correspond to the massive galaxy sample oflloruji
et al. (2007), in which Sersic separationis= 2.5. Error bars ard — o errors. Image from
Buitragoet al. (2008).
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characterise the massive galaxies at 3.

We finish this thesis in Chapter 5 with a summary of our resartsthe description of
the future projects we will perform to study in depth the matof the massive galaxy
population. The Appendices provide us with the simulatiwaglid to test the recovery
of the structural parameters in our GNS H-band imaging (AppeA) and a guide of

useful abbreviations used (Appendix B).

Throughout this thesis, we use AB magnitudes and adopt a&@rdance’ cosmology

(Ho=70 km s 'Mpct, 2, = 0.7, and),, = 0.3) unless otherwise stated.



Yet it is possible that some bodies, of a nature altogether ard whose discovery
may tend in future to disclose the most important secretsarsystem of the universe,
may be concealed under the appearance of very minute sitagkerso way
distinguishable from others of a less interesting charattat by the test of careful
and often repeated observations.

John Herschel, on creating the Royal Astronomical Society

E pur si muove. (And yet it moves.)

Galileo Galilei, after recanting about his theories



Chapter 2

Morphological change of massive

galaxies sincer = 3

2.1 Introduction

The present-day massive galaxy population is dominatedbpgcts with early-type
morphologies (e.g. Baldrgt al., 2004; Conselice, 2006). However, it is still unknown
whether this was also the case at earlier cosmic epochse8sidg this question is key
in our understanding of the physical processes that drilexgavolution, as galaxy
morphology is directly linked to the evolutionary pathsidated by these objects. In
fact, a profound morphological transformation of the masgalaxy population is
expected within the currently most favoured galaxy formascenario, the hierarchi-
cal model. For massive galaxies the model predicts a rapideton phase at2z<6
dominated by a dissipational in-situ star formation fed bigdlows (Oseet al., 2010;
Dekelet al., 2009; Kere®t al., 2005) and/or gas rich mergers (Ricciardetlal., 2010;
Wuytset al, 2010; Bournauckt al, 2011). At the end of this phase, massive galax-
ies are expected to be more flattened and disk-like than linear redshift massive
counterparts (Naab, Johansson & Ostriker, 2009). Aftarrtionolithic-like formation
phase, massive galaxies are predicted to suffer a periogterfise bombardment by
minor satellites (Khochfar & Silk, 2006; Hopkiret al., 2009a; Oseet al., 2010; Feld-
mann, Carollo & Mayer, 2011) that may eventually transfoha original disk-like

population into the predominant present-day spheroieligpulation.
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Although the above scenario is very suggestive of a deep motwpical transforma-
tion of the massive galaxy population, there is no compgltbservational evidence
supporting this scenario. However, some recent works sigdeat this could be the
case (e.g. Van der Wel al. 2011 Cameroret al. 2011). To probe this transformation
is difficult from the observational point of view due to theaste number of massive
galaxies at high-z. However, the advent of wide area and deapinfrared surveys
(e.g. Dickinson, Giavalisco & GOODS Team, 2003; Scowdteal., 2007; Conselice
et al, 2011a) have opened the possibilities of exploring a latgeber of these galax-
ies up to high redshifts. In this chapter we address, for tts¢ fime, the issue of
the morphological transformation of massive galaxiesgiaistatistical representative
sample of nearly~1000 galaxies with\/, > 10''h-7M,, obtained from the SDSS
DR7 (z~0; Abazajianet al, 2009), POWIR/DEEP2 (0:2z<2; Bundyet al., 2006;
Conseliceet al, 2007) and GNS (17z<3; Conseliceet al,, 2011a) surveys. We have
already conducted a morphological quantitative analyste@above galaxies in pre-
vious papers (Trujilleet al., 2007; Buitragcet al,, 2008) where we have provided clear
evidence for a significant size evolution for these objeicisesz~3. However, a visual
classification of these galaxies has been missing. In ttaptehn we take advantage of
the combined power of the visual and quantitative morphobldgnalysis to explore

how the morphologies of the massive galaxy population hasgéd with redshift.

The structure of this chapter is as follows: Section 2.2 otk to the data description
and its analysis, Section 2.3 presents our main resultsraBection 2.4 we discuss
them. At the end of this thesis we add an Appendix contairfiegstmulations we have
performed to test the accuracy of our structural paramegtsrohination in the GNS.

Hereafter, we adopt a cosmology with,=0.3,02,=0.7 and H=70 kms ! Mpc—'.

2.2 Data

To accomplish our objectives we need a large number of nagsikaxies to be statis-
tically meaningful at all redshifts. Ideally we would alskd to study all our galaxies
in a similar wavelength range. This is the reason behind baice of working with

several different surveys. The imaging for the local Urseegalaxy reference sample
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was obtained using the SDSS DR7 (Abazagaml., 2009) although our sample was
selected from the NYU Value-Added Galaxy Catalog (DR6). sTéatalog includes
single Sérsic (1968) fits fa?2.65 x 10° galaxies (Blantoret al., 2005), from which
1.1 x 10% galaxies have spectroscopic information. Stellar massegdrom Blanton
& Roweis (2007), which uses a Chabrier (2003) IMF. We limitedt work to all the
massive {7, > 10''h-?M.) galaxies with spectroscopic redshifts upzto= 0.03.
We have selected this redshift to have a local sample withhaben of objects{200)
similar to the number of galaxies we have in our higher rdtiims. On doing this
we assure they are all affected statistically in a similay,we., the statistical errors
are similar. By selecting also z=0.03 we guarantee that alaixges are retrieved from
a sample that is complete in stellar mass. One object of tted gample was rejected
as we discovered it was a stellar spike. Our final number @fllgalaxies is 207. We

have used the g-band imaging of SDSS to classify visuallyaal sample.

In the redshift rang@.2 < z < 2 we utilised the Palomar Observatory Wide-field In-
fraRed POWIR/DEEP2 survey (Bunéy al., 2006; Conselicet al,, 2007). In relation
to the imaging used, we restricted ourselves to the ACS dmmverage in the Ex-
tended Groth Strip (EGS). The sample of massive galaxiesteel from this survey
constitutes the largest sample of massive galaxies in d¢aishift range published to
date. The EGS field (63 Hubble Space Telescope tiles) wasidhaigh the Advanced
Camera for Surveys (ACS) in the V(F606W, 2660s) and I-ba®d4®V, 2100s). Each
tile was observed in 4 exposures that were combined to peodymxel scale of 0.05
arcsec with a Point Spread Function (PSF) of 0.125 arcséd\kdih Half Maximum
(FWHM). The depth reached i5,5 = 27.52 (50) for point sources, and about 2 mag-
nitudes brighter for extended objects. Complementaryghetry in the B, R and |
bands was taken with the CFH12K camera at CFHT 3.6-m telesaog in the, and

J bands with the WIRC camera at the Palomar 5-m telescope.

In total, 421 massive galaxies possess spectroscopidftsaslt of the total 795 in this
survey. There were 35 more massive galaxies in the parergleabut they were ex-
cluded as they are identified as AGN and hence they may skewesuits. When spec-
troscopic information was not available, photometric heftis were calculated for the

bright galaxies R4p < 24.1) using ANNZ code (Collister & Lahav, 2004) and BPZ
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(Benitez, 2000) for the rest. Accuracyis/(1+z) = 0.025 for z < 1.4 massive galax-
ies, andyz/(1 + z) = 0.08 for the others (Conselicet al,, 2007). Masses were calcu-
lated with the method described in (Bunelyal,, 2006; Conselicet al., 2007; Trujillo

et al, 2007): fitting a a grid of model SEDs constructed from (Bralz& Charlot,
2003) (BC03) models, parametrizing star formation hig®bySF R « exp(—t/T)
(the so-called tau-model) with a range of metallicities dndt contents. To analyze
the impact of TP-AGB emission, the same exercise was aldorpeed with Charlot
& Bruzual (2007) models, inferring slightly smaller mas$es10%). Combining the
total uncertainties with those of the photometric redsh#trors in the masses could

be as high as- 32% for z > 1.4 galaxies (Trujilloet al, 2007).

For the highest redshift bins we used the GOODS NICMOS Sui@®sS; Conselice
et al, 2011a). The GNS is a large HST NICMOS-3 camera program ofoa®ipgs
centered around massive galaxieg at 1.7 — 3 at 3 orbits depth, for a total of 180
orbits in the F160W (H) band. Each tile (52"x52", 0.203"/pixas observed in six
exposures that were combined to produce images with a piaéd f 0.1 arcsec, and
a PSF of~ 0.3 arcsec FWHM. The massive galaxies were firstly identifiech@isi
series of selection criteria: Distant Red Galaxies fromdvagh et al. (2006), IRAC
Extremely Red Objects from (Yaet al, 2004) and BzK galaxies from Dadéh al.
(2007). Photometric redshift and masses take advantadme aiuperb GOODS fields
coverage (BVRIizJHK). Basically, they are obtained usin@0B models assuming
Chabrier (2003) IMF. As we are probing the optical restframéhese observations,
possible effects by TP-AGB stars are minimized. Errors gpécally 0.2-0.3 dex.
We use spectroscopic redshifts (11) when available (Ba@ewie & Wang, 2008;
Popesset al, 2009), that agree well with photometric determinations A1 + z) ~
0.03, Buitragoet al.(2008) —. This sample is the largest massive galaxies codpen

(80 objects) at.7 < z < 3 we are aware of.

2.2.1 Quantitative and visual morphological classificatio

Once we selected the final sample of objects, the surfackthags distributions of all
our galaxies were fit with a single Sérsic model (Sérsi68)eonvolved with the PSF

of the images. The Sérsic model has the following anallyforan:
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I(r) = I exp {—bn [(ai) " 1] }

where I, is the intensity at the effective radius, andis this effective radius along
the semimajor axis enclosing half of the flux from the modgttiprofile. The quan-
tity b,, is a function of the radial shape parametefcalled the Sérsic index), which
defines the global curvature in the luminosity profile, andbgined by solving the
expressior’(2n) = 2v(2n,b,), wherel'(a) andvy(a, z) are, respectively, the gamma
function and the incomplete gamma function. We first estadidhe apparent magni-
tudes and sizes of our galaxies using SExtractor (Bertin 8ofits, 1996) which were
then fed as initial conditions to the GALFIT code (Pestal., 2002, 2010). GALFIT
convolves Sérsic'f” 2D models with the PSF of the images and determines the best
fit by comparing the convolved model with the observed gataxyace brightness dis-
tribution using a Levenberg-Marquardt algorithm to mirsmihey? of the fit. From

our measurements, the sizes were circularizeds: a.\/1 — ¢, with ¢ the projected

ellipticity of the galaxy.

Before we carried out our fitting we removed neighbouringagis using an object
mask — as in Haussleat al. (2007) —. GALFIT allows the user to exclude pixels
from a fit by setting them to a value greater than zero in a ‘MmBBKS file. This is
done for objects that lay far away from the target galaxy. hie tase of very close
galaxies with overlapping isophotes, objects were fit siamdously. Due to the point-
to-point variation of the shape of the camera PSF in our image chose several
(non-saturated) bright stars to gauge the accuracy of qanpeter estimations. The
final values for the structural parameters are the mean eétimelependent runs (one
per each star used as PSF) per object. They are publishedtas gaujillo et al.
(2007) and Conselicet al. (2011a). Details on our structural parameter recovery can

be found in Appendix A.

In relation to the SDSS imaging, although the NYU catalogadiy provides us with
structural parameters obtained using Sérsic fits to thexgad, for the sake of consis-
tency with our methodology, we ran GALFIT on the SDSS imadethese galaxies
to obtain structural parameters. Besides, it is known tmaiNYU catalog has a sys-

tematical underestimation of the Sérsic index, effectadius and total flux, as it is
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reported in the simulations performed in Blan&tral. (2005) and in the appendix of
Guoet al. (2009). It occurs mostly for objects with > 2, and it is due to the fact
that they are using azimuthally averaged 1D Sérsic prafistead of more accurate
2D algorithms such as GALFIT, and also because of an ovarattin of the local sky
noise in dense environments by their pipeline. Our findingge@with this fact, as we
find an offset oR6 £ 2% for the circularised effective radius values of our galaxaad
another14 + 3% for the Sérsic indices. (excluding all the galaxies whighifh NYU

catalog’s fit constraints, which are= 5.9033 andr, = 29.7504 arcsec).

In addition to the quantitative morphological analysislekgped above, visual morpho-
logical classifications were done for all the galaxies in sample. To assure a high
reliability in our results, the student and his supervigéi8 and IT, with checks by
CC) classified visually all the galaxies in an independent. Ww&le divided our sam-
ple according to the Hubble classification scheme into sptidike objects (E+S0
or early-type), disk-like objects (S or late-type) and geciwgalaxies (either irregular
galaxies or ongoing mergers). In Figure 2.1 we show some pbeof our classifi-
cation scheme at different redshifts. Very conspicuougdslystems were identified
as early-type objects. Both E and SO galaxies are hencedetliogether in the same
morphological class. We avoid segregating between E andn86,st high-z, it is a
difficult task to distinguish between these two types of gigls, and we prefer to re-
move this potential source of error. Spiral or late-type phatogies are detected by a
central brightness condensation located at the centrelohaisk containing more or
less visible spiral arms of enhanced luminosity. Lastly @iegd irregular (unsymmet-
rical) galaxies and mergers in the same class, again to avyidnisclassification at
high-z where the details are more difficult to interpret. \Weated a series of randomly
generated galaxy montages (from Figure 2.2 to Figure 2dl&how the reader repre-
sentative examples of the various morphological clasgesigin the different surveys

presented in this chapter.

It is not straightforward to asses the robustness of thesdtsebased on visual mor-
phologies due to the subjective nature of classificatioriz~®, we can compare our
classification with independent studies. First, we companeresults with the SDSS

Bayesian automated morphological classification by Hse@tampanyet al. (2011).
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EARLY-TYPE LATE-TYPE PECULIAR

POWIR/DEEP2 POWIR/DEEP2
-

a= 1486

Figure 2.1: Some examples illustrating our morphological criteridfomns) for different galaxies
of our sample. Each row shows galaxies of the different simvelease note the different scales of
each image due to each galaxy redshift (lower left cornegealing to the cosmology used in this
work, 10 arcsec in SDSS are6 kpc at 2-0.03, while 1 arcsec in the HST imagingzat 1is~ 8
kpc. Despite the decrease in angular resolution and thealoginal surface brightness dimming
with redshift, the exquisite HST depth and resolutieriQ times better than ground-based SDSS
imaging) allow us to explore the morphological nature ofligh-z galaxies. Note that irregulars
and mergers are in the same morphological class (peculiars)
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There are 190 out of our 207 galaxies in common where can mdkeet compari-
son. They applied support vector machine techniques (Esibmpanyt al., 2008)

to associate a probability to each galaxy being E, SO, Saledr Bor those galaxies
where they have assigned a probability larger than 90% a¢&iméng to a given class,
their neural network agrees with our visual classification§9% of the early-types
and 68% of the late-types. Moreover, all our SDSS local getalkave been visually
classified within the Galaxy Zoo project (Lintat al., 2011) with similar criteria than
ours. We find that 112 out of the 121 galaxies that we classifgeglrly-type are clas-
sified as ellipticals by Galaxy Zoo (i.e:93%). For spiral galaxies we get 48 out of 62

(i.e. ~77%). Consequently, our local classification seems to bestob

2.2.2 Potential observational biases

We acknowledge, however, that at higher redshifts visuapimalogical classification
is more controversial for several reasons. First, the ctmgal surface brightness
dimming may affect the recognition of fainter galactic feas and second, the angu-
lar resolution is poorer at higher redshift. Nonetheldss first effect is compensated
by the increase of the intrinsic surface brightness of thaxyes due to the higher star
formation in the past and the fact that their stellar popoitet are younger. In relation
to the angular resolution, at z=0.03, one arcsec is equivabe0.6 kpc, whereas at
1<z<3 itis ~8.0 kpc. Fortunately, the higher resolution imaging usecdeigploring
the morphologies of our high-z galaxies (FHWMoid 25arcsec [pixel scale 0.05 arc-
sec/pix] for the ACS camera a3 arcsec/pix [pixel scale 0.1 arcsec/pix] for the NIC-
MOS3 camera) compared to the local ones (FWHMD-1.5 arcsec [pixel scale 0.396
arcsec/pix]) alleviates this problem, although in genexaimoother surface brightness
distribution due to the worse resolution is expected. Adstheffects, combined, would
imply that at higher redshifts there would be a larger nunalbésatureless objects that
visually would be confused with early-type galaxies. Wd slilow in the next section
that this is the opposite of what we find, giving a strongempsupto the results of this

chapter.
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2.2.3 K-correction study

The K-correction effect is another potential source of elroth in the quantitative
and visual morphological classification. We have selectadfitiers at each survey
to minimise this effect and observe the galaxies as much ssile in the restframe
g-band. Nonetheless, our classification atJz32 could be compromised by using

F814W as this filter is tracing the UV restframe of our targets

We explore how relevant this effect is by analysing the prioge of 24 galaxies with
z<2 in our sample of the EGS which have also H-band NICMOS inadim Trujillo
et al. (2007) we showed the size difference between the opticahaad-infrared for
these galaxies (their Fig. 4). We did not find a systematis,lhat a scatter of 32%
for these measurements of the effective radius. In reldtdhe Sérsic index, we find
an offset of30 + 9% towards larger indices in the H-band. The difference in ibaal
morphology between the | and the H-bands shows that 19 galg%i+ 18%) have the

same morphology in the two filters, while only Bl(+ 9%) are catalogued differently.

In addition to this analysis of galaxies in the EGS, we canpgam the difference be-
tween the | and H band morphologies for those galaxies in N8 @ith 1.7<z<2
(which is the redshift range where our POWIR/DEEP2 and GNSsima galaxy sam-
ples were selected to overlap). We use the I-band ACS imagfittge GOODS fields
(Giavaliscoet al., 2004). This represents the most extreme K-correctioniegalax-
ies we studied in ACS. Post-stamps images for the 20 commnlarigawere retrieved
from the RAINBOW databasdgBarroet al,, 2011). RAINBOW is an interactive web-
based tool to obtain SEDs and images for galaxies within prenCANDELS fields
(Groginet al,, 2011). We found that 6 galaxie30(+ 12%) were not possible to clas-
sify due to the few pixels that correspond to the galaxy inithege, most probably
due to dust obscuration (Buitraga al., 2008; Baueet al,, 2011). For the other 14,
11 (65 + 17%) have the same visual morphology while for 3 galaxigs+ 9%) it is
different. Regarding the accuracy in retrieving their stowal parameters, our GAL-
FIT analysis show that the effective radius and the Sénslex are recovered without
any significant offset, but with a large scatter as in theeafwntioned Trujillcet al.
(2007). On the visual morphologies detected, in the ACS ca@ + 17% are late-

Yhttps 1 / /rainbowz. fis.ucm.es/Rainbow navigator_public/
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types 60 + 16 in NICMOS), 29 + 14% are early-types3p + 13%) and29 + 14% are
peculiars (5 £+ 9%). Summarizing, K-correction undoubtedly plays a role, \natial

morphologies are robust against these changes within ody.st

A number of studies (e.g. Conselietal,, 2011b; Weinzirkt al., 2011) have redshifted
local massive galaxies with codes such as FERENGI (Bard#mk& & Hauller,
2008) to measure directly the impact of the K-correction easimological dimming
in the galaxy images. Despite this method intends to takihalsystematics into con-
sideration, its efforts are inherently hampered by the issgmlity of determining the
luminosity evolution history for a given galaxy. As we wikkgain on Section 2.3,
we carried out extensive simulations to measure to whahemte are able to reliably
retrieve the galaxy structural parameters, which it is derahtive unbiased way to
probe whether we are missing a certain parameter spacaregithe massive galaxy

properties.

Finally, some authors argue about the convenience of peifigr double Seérsic fits
(fixing the disk component to = 1 and the bulge taw = 4, or allowing variations
in this bulge Sérsic index). This bulge-to-disk decomposiis undoubtedly a better
description of the galaxy luminosity profile. However, oreeds sufficient signal-to-
noise ratio in the images to obtain meaningful results, adequate? values in the
fits. We must note that our images (except SDSS ones) do nwiitpgrch exercise.
Besides, utilizing single Sérsic models makes possibieparisons among our sam-

ple’s galaxies and with the vast majority of works in therkiire.

2.2.4 AXxis ratios

Finally, we can conduct a further test to quantify the robass of our visual classi-
fication, namely to explore the axis ratio distribution ofr abjects. The axis ratio
distribution of local disk galaxies has a mean value-@®5 (Ryden, 2004). On the
other hand, the axis ratio distribution of the nearby E/Spupation is known to peak
at around 0.7-0.8 (Ryden, Forbes & Terlevich, 2001). In @&bll we show the mean
axis ratio for our different galaxy population as a functminredshift. We find that

the objects that are visually classified as early-type gadalave a typical axis ratio

of ~0.7 (independent of their redshift). This is similar to tteues found in the local
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Universe. Also, for galaxies visually classified as diske, axis ratio is independent
of the redshift with an average b/8.55. Again, our value is in good agreement with
the expectation from the local Universe. This test reirdsrour idea that the visual

classification that we are doing is accurate.

2.3 Results

The evolution of the morphologies of the galaxies with refistan be addressed in
two different ways: quantitative (exploring how the sturetl parameters have changed
with time) and qualitative (probing how the visual appeasmhas evolved with red-
shift). In the local Universe, the structural propertiested massive galaxies (mainly
its light concentration) can be linked with their appeasanén particular, as a first
approximation one can identify disk or late-type galaxiethwhose galaxies having
lower values of the Sérsic index~Ad; Freeman, 1970) and early-type galaxies with
those having a profile resembling a de Vaucouleurs (1948)esta-4). This crude
segregation based on the Sérsic index was shown to wor&rrably well by Ravin-
dranathet al. (2004). Whether this equivalence also holds at higher idshnot

clear, and in this chapter we explore this issue.

In Fig. 2.11, we show the Sérsic index distribution for oiffedent visually classified
morphological types as a function of redshift. The meaneas well as the width
of the distribution is listed on Table 2.1. At all redshiftsassive galaxies identified
visually as late-types show low values of the Sérsic indéms reinforces the idea that
the stellar mass density distributions of rotationallysoged systems are close to an
exponential profile. However, the distribution of the $&iadex for these late-type
galaxies shows a tail towards larger values. This is nogmaterpreted as the result
of the bulge component. In fact, the excess of light causatiépulge at the center of
the disk will increase the value of this concentration patenwhen the galaxies are
fitted just using a single Sérsic model. Interestingly, Wearve that at higher redshift
the prominence of this tail of higher Sérsic indices desesdor the late-type galaxies.
One could be tempted to interpret this result as a resulteoflisappearance of promi-

nent bulges at higher redshifts. However, a detailed eaptor of this issue is beyond
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the scope of this study. In the same figure, we show the disioip of the Sérsic index
for massive galaxies visually classified as early-types.sééethat at low redshift, the
distribution of Sérsic indices for these galaxies predmntly show large values of
concentration as expected. Up tek5 there is a peak around-#-6 (see also Ta-
ble 2.1). A general trend is also observed: there is a preyeshift towards lower
and lower Sérsic index values as redshift increases. Tdsonefor that shift could be
double: either it is real (produced by a decrease in the fath® surface brightness
distribution of the spheroid galaxies at higher redshifty} ¢s artificial (produced by a

bias at recovering large Sérsic index values).

To explore this last possibility we have conducted extemsnnulations to check
whether there is any bias on the recovery of the Sérsic indeke case of the POWIR
sample the simulations are fully explained in Trujidébal. (2007). We did not find any
significant trend in either the sizes or the concentraticgh@fjalaxies (see their Fig. 3)
but for a slight underestimation ef 20% in the Sérsic index of the very faifz > 24
spheroid-like galaxies. A similar analysis has been cotatlnow for the galaxies in
the GNS sample. The results are comprehensively explam#tki Appendix at the
end of this thesis. We find that for objects with disk-likefage brightness profiles (i.e
Ninput <2.5), both sizes and Sérsic indices are recovered witttalsino bias down
to our limiting explored H-band magnitude. However, by gasing the input Sérsic
index we find biases in the determination of the sizesrartebr a galaxy with p,,,,~4
and H=22.5 mag (our typical magnitude within the GNS cataé)gthe output effec-
tive radii are~ 10% smaller and output Sérsic indices are20% smaller than our
input galaxies. The results of these simulations show thatdecrease in the Sérsic
index we observe from~22.5 to z=0 for the spheroid-like population (which is around
a factor of~2) can not be explained as a result of the bias on recoverm@émsic

index.

We can now use the output of our simulations, (., r'e outpur @Nd Ny4p,.) 10 €StiMate
the intrinsic (input) values of our sample and provide a naweurate representation
of the evolution of the Sérsic indices at high-z. In Figurgl2 we already implement
these corrections for GNS and also for the POWIR/DEEP2 usiegesults of the

Trujillo et al. (2007) simulations. Even after the corrections are appiwedtrend
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we observe towards lower Sérsic indices at higher redstgfimaintained. In fact,
the corrections are minor (see in Figure 2.12 the uncomecadues). We use these
corrections in the rest of the chapter. The interpretatidh® histograms of Fig. 2.11
is in the next section. In relation to the distribution of ®érsic index for the galaxies

we classified as interacting or irregulars, we see a largeasipr

Many studies (e.g. Shet al,, 2003; Barderrt al., 2005; Mcintosket al.,, 2005; Trujillo

et al, 2006b) have used n=2.5 as a quantitative way to segregatedre early and
late-type galaxies. We explore, using this criteria, hogvlrcentages of the different
types of massive galaxies evolve with redshift. This is ghawFig. 2.13 A. That
figure clearly indicates that the fraction of massive gaaxwvith lower Sérsic index
values has dramatically increased at higher redshift. dfaksociation between the
Sersic index and the global morphological type that hotdewa redshift also applies
at high-z this would imply that massive galaxies at the tedbniverse were mostly
late-type (disk) galaxies. However, there is no guararitaesuch an association holds
at all redshifts. For this reason, we explore the evolutibthe fraction of different
galaxy types with redshift using the visual morphologieg(Big. 2.13 B). We find that
the population of visually classified massive disk galargesains almost constant with
(if any) a slight increase with redshift. The most dramatiareges are associated with
the early-type and irregular/mergers classes. The fraatfovisually classified E/SO
galaxies has increased by a factor of 3 sine@ o now, whereas a reverse situation is
seen for the irregular/merging galaxies. This latter fgceas with merging becoming
more important in massive galaxy evolution at increasimghét (Conselice, Yang &
Bluck, 2009; Blucket al., 2009). One of the most important outcomes of Fig. 2.13 is
that the E/SO type has been the dominant morphologicaldracf massive galaxies

only since z-1.

The number density of massive galaxies has significantiggbasince 23 (e.g. Rud-
nick et al, 2003; Pérez-Gonzalet al,, 2008a; Mortlocket al, 2011; Conselicet al.,,
2011a) with a continuous increase in the number of thesewhje the last-11 Gyr.
In order to probe the emergence of the different galaxy tygx@sored in this chapter
we have estimated the comoving number density evolutioadi elass. To do this, we

have used the Schechter fits to the stellar mass functiongebby Pérez-Gonzalez
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et al. (2008a, their Table 2). We have integrated these functionalf massive objects
With Myepar > 10 hof M. We have later multiplied those numbers by the fractions
we have estimated for the different classes of galaxiesoegglin this work. We show
the comoving number density evolution in Fig. 2.13 C & D. Thanber density of
both disk-like and spheroid-like massive galaxies, adogrtb their Sérsic index, has
changed with time. This evolution is particularly signifitéor spheroid-like objects,
which are now a factor o£10 more numerous per unit volume than at2z The
number of massive disks has also increased as cosmic tirgeegses, but at a lower
rate than spheroid galaxies. Finally, the comoving numbeasty of massive irregu-

lar/merging galaxies has very mildly grown (if any) in thetla11 Gyr.

2.4 Discussion

The evidence collected in the previous section suggestdhbee is a strong evolu-
tion in the morphological properties (both quantitativel gualitative) of the massive
galaxy population. At high redshift, in agreement with thedretical expectation,
the dominant morphological classes of massive galaxielatgdypes and peculiars.
Consequently, the morphology that better represents therityaof these galaxies at
a given epoch has dramatically evolved as cosmic time iseseaTwo effects could
play a role explaining this significant change on the domtinaorphological class. On
one hand, the galaxies that are progressively been addedhmtfamily of massive
objects (i.e. by the merging of less massive galaxies) candmeporated with already
spheroidal morphologies. On the other hand, the alreadynassive galaxies can
also evolve towards spheroidal morphologies due to fregoemgers. For instance,
frequent minor mergers (Lopez-Sanjuetnal., 2010b; Kaviraj, 2010; Lopez-Sanjuan
et al, 2011, Blucket al. 2011) experienced by the massive galaxy population will
destroy existing stellar disks and also would be respoasdslthe appearance of long
tails in their luminosity profiles. This scenario could exiplwhy the evolution towards
spheroid-like morphologies is stronger when we use theiSardexn instead of the
visual classification. In fact, the surface brightness arbhg massive ellipticals are
well described with large Sérsic indices due to their briglils or envelopes. These

wings, however, seem to disappear at higher and higherifesist leaving the inner
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(core) region of the massive galaxies (Bezansbal., 2009; Hopkinset al,, 2009a;
van Dokkumet al,, 2010; Carrasco, Conselice & Trujillo, 2010). The disappree
of these tails is also connected with the dramatic size &éenlueported in previous
works (see e.g. Trujilleet al, 2007). Consequently, it is not only that the typical
morphology of the massive galaxy population is changindnweidshift but also that
there is progressive build-up of their tails making the nn@ipgical evolution appears
more dramatic when we use the Sérsic index instead of thmédassification as a

morphological segregator.

If we were just using the information contained in the chamighe fraction of morpho-
logical types with redshift we would be tempted to explamimorphological evolution
as being just a consequence of a transformation from ong tdasother, however, the
evolution in the number density of all the classes suggesisr@ complex scenario.
In fact, one of the results we can conclude from the evolutibthe number densi-
ties of all the galaxy classes is that high-z massive digk-fjalaxies cannot be the
only progenitors of present-day massive spheroid-likexgak. They are just simply
not enough in number to explain the large increase of the euamnsity of elliptical

galaxies at low redshifts.

All the morphological classes (maybe with the exceptiomre@gular/merging galaxies)
have increased their number densities with cosmic times €hiergence of massive
galaxies is more efficient (by a factes2) for creating spheroid-like galaxies than disk-
like objects from 1 to now. The reason why the formation of elliptical galaxges
more efficient at recent times than it was in the past has Hesoretically linked to

a lower availability of gas during the merger phases thatcagating new galaxies
(Khochfar & Silk, 2006, 2009; Eliche-Morat al, 2010; Shankaet al, 2011).

2.5 Summary

Using a large compilation of massivé/( > 10''h-7 M) galaxies £1100 objects)
since z-3 we have addressed the issue of the morphological changes gfdpulation
with time. We have found that there is a profound transforoman the morphological

content of massive galaxies during this cosmic interval séize galaxies were typi-
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Table 2.1: Mean structural parameters for visually classified magdie > lollh;OQM@) galax-
ies at 0<z<3

Early-type galaxies

Redshift Range Number of galaxies  Survey  Effective radiusérsis index Axis ratio Mean stellar mass
(kpc) (bla) (0" ho? M)
0-0.03 133 SDSS 7.15 + 1.56 4.83+1.19 0.744+0.13 1.26 £ 0.22
0.2-0.6 44 POWIR 4.77+2.14 557+146 0.71+0.15 1.51 £0.45
0.6-1.0 184 POWIR 3.52 £ 1.87 5.13+1.41 0.67+£0.19 1.78 +0.69
1.0-1.5 104 POWIR 2.06 +1.07 4.39+1.32 0.63£0.19 1.70 £0.51
1.5-2.0 30 POWIR 1.31 £0.73 3.97+1.38 0.65+0.17 1.56 £+ 0.37
1.7-3.0 25 GNS 1.30 £0.55 2.73+£0.96 0.68+0.11 1.58 £ 0.42
Late-type galaxies
Redshift Range Number of galaxies  survey  Effective radiusersis index AXIS Tatio Mean stellar mass
(kpc) (bla) (0" hy M)
0-0.03 67 SDSS 8.44 4+ 3.28 2.71+£1.19 0.60+0.22 1.21+0.14
0.2-0.6 26 POWIR 5.39 + 2.20 2.624+1.28 0.50£0.25 1.40 £0.30
0.6-1.0 124 POWIR 4.91+2.21 1.86 £0.98 0.54+0.21 1.53 £0.49
1.0-1.5 95 POWIR 4.81 £2.17 1.534+0.87 0.57+£0.23 1.58 £ 0.41
1.5-2.0 42 POWIR 3.88 +1.60 1.20+0.73  0.504+0.20 1.61 £ 0.49
1.7-3.0 34 GNS 2.55 £+ 1.18 1.38+0.62 0.54 +0.18 1.55 4+ 0.50
Peculiar galaxies
Redshift Range Number of galaxies ~ Survey  Effective radiusérsi§ index Axis ratio Mean stellar mass
(kpc) (bla) (0" hyg M)
0-0.03 7 SDSS 8.39 +2.22 3.17+0.61 0.724+0.13 1.16 £0.13
0.2-0.6 8 POWIR 4.93 +2.43 4.95+2.04 0.56 £0.23 1.16 £ 0.08
0.6-1.0 42 POWIR 4.16 £2.35 3.056+240 0.56 £0.20 1.65 £ 0.49
1.0-1.5 58 POWIR 3.83+1.71 1.96 +1.62 0.61+0.18 1.65 £ 0.51
1.5-2.0 30 POWIR 2.53 £1.68 1.70+1.36  0.53 +0.26 1.81 +0.68
1.7-3.0 21 GNS 2.45+1.04 1.69+1.31 0.61£0.18 1.44+0.34

cally disk-like in shape atz1 and elliptical galaxies have been only the predominant
massive class since that epoch. The fraction of early-typgohologies in massive

galaxies has changed fror0-30% at 2.3 to ~70% at z=0 (see Figure 2.13).

We have addressed the morphological transformation of thesive galaxies using a
guantitative (based on GALFIT fits to the surface brightraésgibution of the galax-
ies) and a qualitative (visual classification) approachthBamalyses agree on a clear
morphological change in the dominant morphological clagh time. In particular,
the quantitative approach, which uses the Sérsic indexnasrphological segregator,
shows that the number of galaxies with low Sérsic index g4z was higher than in
the present day Universe. We interpret this as a consequéitwe phenomena: a de-
crease in the number of early-type galaxies at higher régsghs an intrinsic decrease
of the Sérsic index values of those elliptical galaxiesaalier cosmic times due to the

loss of their extended envelopes.
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Figure 2.2: Randomly generated sample of SDSS early-type galaxies.
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Figure 2.3: Randomly generated sample of SDSS late-type galaxies.
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Figure 2.4: Randomly generated sample of SDSS peculiar galaxies.
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Figure 2.5: Randomly generated sample of POWIR/DEEP2 early-type gedax
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Figure 2.7: Randomly generated sample of POWIR/DEEP2 peculiar gadaxie
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Figure 2.8: Randomly generated sample of GNS early-type galaxies.
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Figure 2.9: Randomly generated sample of GNS late-type galaxies.
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Figure 2.10: Randomly generated sample of GNS peculiar galaxies.




Morphological change of massive galaxies since= 3 55

% of massive galaxies

020L SDSS 0.0<2<0.03 POWIR 02<2<06
0.15F 1
0.10F 1
0.05F A
0.00 1__.____-_._
0205 POWIR 06<z<1.0 POWIR 10<z<15
0.15F 4
0.10F
nosL ‘ ' J ]
Iy .
0.00 i = l!__ E— —
020  POWIR 15<2<20 GNS 17<2<30
k EARLY-TYPE GALAXIES 1
0.15F LATE-TYPE GALAXIES E
g PECULIAR GALAXIES ]
010 4
. L [ | 1
0830
I 1]
0 0 2 4 6

Sersic index

Figure 2.11: Sérsic index distribution of massivéf, > 10''h ;M) galaxies at different red-
shift intervals. The Seérsic indices of the individual géés have been corrected following the
simulations presented in Trujillet al. (2007, POWIR) and the Appendix A. Color coding is re-
lated with visual morphology: blue for late-type galaxiesq for early-type galaxies and green
for peculiar (irregulars/mergers) galaxies. For our SD&8e, the Sérsic index of disky objects
are mainly located betweench<3 but for some galaxies extend up#o= 5. Conversely, the
Sérsic index of spheroid galaxies starts at3nand then peaks at+5. The distributions of the
Seérsic index steadily shift to lower values at increasiedghift with the high Sérsic index values
progressively disappearing.
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Figure 2.12: These are the highest redshift histograms of the Figure 8Hdwing the observed

Sérsic indices values, without any a posteriori correcbased on Trujillo et al. (2007) or our
current GNS simulations (Appendix A). The more noticealilarge is seen for the GNS data,
where it is very conspicuous the non-existence of any laige (.62) Sérsic index. The difference

between these histograms and the ones presented in Figdris Z2mall.
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Figure 2.13: Panel A): Fraction of massivé(, > 10''h; M) galaxies showing disk-like sur-
face brightness profiles (< 2.5) and spheroid-like ones.(> 2.5) as a function of redshift. Differ-
ent color backgroundsindicate the redshift range expafudedch survey: SDSS, POWIR/DEEP2
and GNS. Error bars are estimated following a binomial diiston. Sérsic indices are corrected
by Trujillo et al. (2007) and Appendix A simulations. Panel B): Same as Panbl&$egregating
the massive galaxies according to their visual morphohligilassification. Blue color represents
late type (S) objects and red early type (E+S0) galaxiesiewdgculiar (ongoing mergers and ir-
regulars) galaxies are tagged in green. Panel C): Comovxintger density evolution of massive
galaxies split depending on the Sérsic index value. Thiel thck line corresponds to the sum
of the different components. Panel D): Same as panel C) lgnegating the massive galaxies
according to their visual morphological type.



Sein Gesicht scheint nichtmnlich oder kindlich, sondern irgendwie tauseitiig,
irgendwie zeitlos. Tierednnen so aussehen odedlBne, oder Sterne. (His face
seems not manly or child-like, but somehow millenary, sawdlmeless. Animals

could look like that, or trees, or stars.)

Hermann Hesse in ‘Demian’

Can we actually ‘know’ the Universe? My God, it's hard enodigling your way
around in Chinatown.
Woody Allen



Chapter 3

Spectroscopic confirmation of the
rotational support of massive galaxies

atz =14

3.1 Introduction

Massive My > 101 hof M) galaxies represent a challenge to the doming2dM
paradigm as many of their observables (such as number #snSFRs, sizes, mass
growth or merging histories) are not well reproduced in gyakvolution models (e.g.
Bensonet al,, 2003; Baugh, 2006; Conselia al, 2007). Interestingly, the most
massive galaxies are nearly all in place at high-z (e.g. €lareset al,, 2007; Pérez-
Gonzalezet al, 2008a; Mortlocket al., 2011) and their high luminosities allow us
to track them throughout a wide redshift range. As such, nsnglies focused on
these massive galaxies, trying to comprehend the evolnygmaths between systems
seen at low and high redshift. In the present day Universs, éine mainly (but not
only, see Panel B Figure 2.13 Chapter 2) composed of eliijgialaxies which feature
large sizes and harbour red, old and metal-rich stellar latipus (Baldryet al.,, 2004;
Thomaset al, 2005). Conversely at ~ 2, massive galaxies show 5 times smaller
sizes than their local counterparts (e.g. Dagtdil., 2005; Trujilloet al., 2006a,b, 2007;

Buitragoet al,, 2008; Carrasco, Conselice & Truijillo, 2010; van Dokketral., 2010;
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Cassatat al, 2010; Truijillo, Ferreras & de La Rosa, 2011), a variety af sbrmation
histories (Cavaet al., 2010; Vieroet al,, 2012; Baueeet al, 2011) and differing mor-
phologies (Cameron et al. 2011, Van der Wel et al. 2011, vakkDm et al. 2011,
Chapter 2 of the present thesis), suggesting huge dynatrécedformations for this

galaxy population since ~ 2.

To explain this dichotomy, simulations predict that priralemassive galaxies are rem-
nants of very dissipative mergers (Wuwsal., 2010; Bournauet al,, 2011, see also
Ricciardelli et al. 2009) which afterwards suffer a comhiom of frequent minor
merging events (Bournaud, Jog & Combes, 2007; Naab, Jobads©striker, 2009)
and dry major mergers (Khochfar & Silk, 2006). Followingghationale, it is natural
to expect a size increment and the modification of other stratproperties. However
it is hard to constraint the merger history, especially whealing with faint galactic
companions. Another physical mechanism that may congibwthis picture is the
existence of cold gas flows, which will feed the massive gaRwith pristine gas to
support large star formation rates of 100M.yr—! (Dekel et al,, 2009; Oset al,
2010). These cold streams create turbulent and unstalde disich will fragment
into star-forming clumps that gradually migrate to the gatacenter developing their

bulge component (Ceverino, Dekel & Bournaud, 2010).

Observationally, most of the information regarding thesessive galaxies comes from
large and deep NIR surveys, which aim to probe galaxy evarutiuring the last 10
Gyr. The data gathered so far favours a picture in whichtigte-and clumpy/interacting
objects are more common at high-z, due to the higher gasdrector these systems
(Erbetal, 2006; Tacconet al,, 2010) and higher merging rates (Conseétal., 2007;
Bluck et al,, 2009; Lépez-Sanjuaet al, 2010b,a). Ultimately, we would ideally like
to rely on spectroscopic information to fully test and cleseaize all the processes
involved in galaxy assembly. However, even for massive (aog very often lumi-
nous) galaxies, it is very expensive in observational tionetttain high signal-to-noise
spectra. From the tens of massive galaxies studied so far-ati.5 with traditional
long-slit techniques (Krielet al., 2006; Cimattiet al., 2008; Newmaret al., 2010;
Onodereet al,, 2010; van de Sandet al., 2011) there is some agreement on the high

velocity dispersion values of these objects, reassurieg thherent massive nature
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even at such early cosmic times (Cenarro & Trujillo, 2009 @lariet al, 2009).

Integral field spectroscopy (aka 3D spectroscopy) is ptgsanwell-establish tech-
nique which can enhance greatly our understanding of magsilaxies, both at low-
redshift (Cappellaret al., 2011; Sancheet al,, 2012) and at high-redshift (Laet al.,
2009, Forster-Schreiber et al. 2009 —hereafter F-S09aEpt al. 2009 —hereafter
EO09-). On the one hand, it measures the rotational and tleityedispersion sup-
port (currently from gaseous kinematics) for a galaxy, dngtprovides us with pro-
found physical information on characteristics of the tg&hxy system (both baryonic
and dark matter components). On the other hand, the possilifilhaving spatially-
distributed spectral information helps us addressing thestijon of how morphology
and galaxy assembly are linked. State-of-the-art studiew s kinematic mixture at
high-z (Genzekt al, 2008; Nesvadbat al., 2008; Shapireet al,, 2009; Crescet al,,
2009; Lawet al., 2007, 2009; Wrighet al,, 2007, 2009; Bouchét al.,, 2010; Lemoine-
Busserolle & Lamareille, 2010; Gneruatial, 2011, Epinat et al. 2012) , with a high
percentage of objects displaying large ordered rotatiorions, and also fairly large
velocity dispersions. Uncovering the origin of these mgics difficult as it is hard to
separate kinematically merging systems from more turbaleimpy phases of galaxy

formation (e.g. Forster Schreiberal.,, 2011b).

We stress in this chapter the importance of massive galatieégyh redshift as po-
tential targets for integral field spectroscopy becauseheir trelative compactness
(which make them easy to observe even with a small field-®f¥yiand the current
lack of spectra for this galaxy population. Ideally, absiom lines would be the best
indicators to examine their stellar populations (e.g. Bgdret al., 2009). Neverthe-
less, Hvemission line analysis is usually preferred due to its nedatase of study.
However by using H one must be cautious when interpreting the derived kinasati
since this ionized gas may not be coupled with the stellarpmrant in the galaxy.
Although there is a good correlation between gas emissionbaoadband imaging
(Forster Schreibeet al,, 2011a) it is important to keep in mind that this comes from
ionized gas, which is collisional and dissipative. Henae i emission may exhibit
complicated morphologies and kinematics which will ultteig be related to what ex-
tent the galaxy at study is relaxed. The SAURON survey (denZes al., 2002) and
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the more recent ATLAS’ survey (Cappellart al., 2011) have opened a new perspec-
tive on this topic, whereby they classify early-type gadsxas slow and fast rotators
depending on the degree of angular momentum they show. &asors have been
found to host disks made up of gas and stars which containgerahthe galactic
mass fraction (Krajnoviét al., 2008). Massive fast rotators appear to have large reser-
voirs of hot gas which is co-rotating with the stellar comeon(Falcon-Barroset al.
2006, Daviset al. 2011).

We present in this chapter 8m-telescope VLT observatiomsaxsive galaxies using
the SINFONI integral field spectroscopy instrument. Our gi@aomprises 10 objects
at z ~ 1.4, whose redshift choice is a trade-off between high redsimft having a
sample selected by stellar mass. Nevertheless, this fedsbi particular importance
in the development of massive galaxies in particular, arledx@ss in general, as it
nearly coincides with the star formation and quasar agtpétak, apart from being the
most likely period at which massive galaxies switch theirphmlogies from late to
early types (see Chapter 2). We discuss thedgerived kinematic properties for this

sample and interpret these findings in the context of magsilaxy formation.

This chapter is structured as follows: Section 3.2 dessribe data reduction and sub-
sequent analysis, Section 3.3 shows each individual gaéxpfaining in a detailed
way its particularities and how each massive galaxy is edlatith the total sample,
Section 3.4 discusses what the different probes of 3D spsmipy offer towards char-
acterizing the rotation dominated nature of these objeaais$jn Section 3.5 we present
the conclusions of our study. We name the galaxies in our Eamiph the prefix
POWIR followed by a number, instead of the numeric code inphient survey, as
it is easier to use these numbers throughout the chapteasgleote there is not a
POWIR9 galaxy). These numbers are written in the plots awst# symbols for the
reader to locate and understand the properties of indiVighlaxies. We assume the
following cosmology: H=70 km s'Mpc—!, Q, = 0.7, and(2,, = 0.3, and use AB

magnitude units unless otherwise stated.
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Table 3.1: Observational data for our massive galaxy sample

Name | POWIRID| RA(J2000) | DEC(J2000)| =z logM K, mag Observ. night Integration time| (S/N) | Seeing
‘ ‘ (hours) (degrees) log (h;¢ Ms) | Vega magnitudes sec "

@ [ @ [ @ (4) G | () @) ®) © o) | (11)
POWIRL| 32007614 | 23:30:582 [00:02:27.5 | 1.374 |  11.23 18.24 21 — Jun 5400 3 0.58
POWIR2| 32073051 | 23:31:08.2 |00:06:38.5| 1.396 |  11.02 18.65 04 — Sep 5400 3 0.52
POWIR3 | 32015443 | 23:29:59.2 [00:09:20.8 | 1.384 11.16 18.47 08 — Aug 2700 3 0.65
POWIR4 | 32015501 | 23:30:12.2 |00:06:03.8 | 1.394 11.41 17.97 31— Jul 2700 2 0.58
POWIRS5 | 32021317 | 23:29:585 [00:10:07.1| 1.382 |  11.33 18.26 20 — Jul 5400 2 0.55
POWIR6 | 32021394 | 23:29:45.4 [00:09:084| 1.375 | 11.52 17.90 01 — Jul 5400 3 0.48
POWIR7 | 32029850 | 23:31:02.4 [00:16:52.6 | 1.396 11.34 18.26 19 — Jul 5400 2 0.63
POWIR8 | 32037003 | 23:30:13.8 |00:20:17.0 | 1.400 11.02 18.38 01 — Jul 5400 3 0.42
POWIR9 | - - - - - - - - - -
POWIR10| 32100059 | 23:30:57.8 [00:01:15.0 | 1.389 |  11.10 18.71 20 — Jul 5400 3 0.55
POWIR11| 32100778 | 23:30:41.7 [00:14:55.2| 1.393 |  11.09 18.34 08 — Aug 2700 2 0.65

Notes. (1) Name of the galaxy (2) Name of the galaxy in the aP©WIR/DEEP2
survey (3) Right ascension (4) Declination (5) Spectroscogdshift from our SIN-
FONI observations (6) Stellar mass from the parent POWIRBE survey (7)K -
band magnitude from the parent POWIR/DEEP2 survey (8) Ditieecobservations,
all done in 2007 (9) Integration time (10) Signal-to-noiaga threshold (see S/N per
pixel map in Fig. 3.3 - 3.24) above which we show the spaxelki®@in the kinematical
maps (11) Seeing as derived from the SINFONI telluric stashslabserved.

3.2 Data and analysis

3.2.1 Observations

The parent sample where our target galaxies are selectegisdoom the Palomar Ob-
servatory Wide InfraRed survey (POWIR; Bunelyal., 2006; Conselicet al., 2007).
This survey covers &.53 deg area in the Kand J bands down t&7y.,, = 21 and
Jvega = 23.5. This imaging consists of 75 WIRC camera pointings, withxapscale

of 0.25” /pix. In the K;band 30-s exposures were taken, for total 1-2h integration
time per pointing, and with typical seeing value(of — 1”. In addition, optical cov-
erage was imaged with the 3.6m Canada-France-Hawaii Bgeq€FHT) using the
CFH12K camera in the B, R and | bands. The R-band depiis = 25.1, with
similar results for the other two bands (see Gihl, 2004a, for more details). Both
Palomar and CFHT images were analysed ugindiameter apertures. Stellar masses
were derived with the photometric techniques discussedumdBet al. (2006) using

a Chabrier (2003) IMF. Basically, our stellar mass compoitetl method consists of
fitting a grid of model SEDs constructed from Bruzual & Chaf2003) stellar pop-
ulations synthesis models using a number of star formatistoies. It turns out that
parameters such as metallicity, e-folding time or age ateasowell constrained as
stellar mass due to various degeneracies. The final erréelilarsmass was measured
as 0.2-0.3 dex, i.e. roughly a factor of two (Bunelyal., 2006; Conselicet al., 2007,
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Grutzbauctlet al, 2011b).

Spectroscopic redshifts were measured by the DEEP2 Red@&hifey (Coilet al,
2004b) using the DEIMOS spectrograph (Fabeal,, 2003) at the Keck Il telescope.
Spectra were obtained with a resolution ®f~ 5000 within the wavelength range
6500 — 9100A. Redshifts were measured comparing templates to the daawa@s an
artificial emission line spectrum with a velocity dispersialue coincident with the
instrumental broadening (60 km/s). The second was a sigrabise ratio absorption
dominated spectrum obtained averaging thousands of SD&8em Ay ? minimiza-
tion was applied between data and templates, giving as & teeumost 5 likely red-
shifts for human inspection. We only utilised those in whislo or more lines were
identified. See Coiét al. (2004b) or the most updated Newmetral. (2012) for more

information. Masses were derived using spectroscopidiigsvhen available.

With all these data at hand, our final choice of galaxies tenleswas not based on
a selection using colours, morphologies or sub-mm flux asyno#imers have done.
Instead our sample is solely selected by stellar mass asé tpalaxies with large [O
Il] equivalent widths & 1521). This last fact might signify that we are more likely in-
vestigating star forming systems. However, this is a neggsequirement to robustly
assess our galaxies’ kinematic features and it is not uhasuis galaxy population
show high star-formation independently of their luminggitofile, and nearly all mas-
sive galaxies at this epoch have some star formation (ergzFGonzaleet al.,, 2008b;
Cavaet al, 2010; Vieroet al, 2012). We also took special care in our final selection to
ensure that none of our galaxiesatines were situated close to any OH sky emission
lines, based on the atlas from Rousseloal. (2000), which would potentially hamper

our results.

Our group was granted 20 hours of observing time in servicgemwath the NIR (1.1-
2.45 um) 3D-spectrograph SINFONI (Eisenhawstral, 2003; Bonneet al., 2004)
at ESO-VLT located at the Cassegrain focus of UT4-Yepuns Tistrument has four
different configurations depending on the observed bard, |d,and H+K), with three
possible pixel scales (&8” —seeing limited mode—, X3” and 0.8"<0.8” —adaptive
optics mode-). The SINFONI field of view is sliced into 32 ebc Each one of them

is imaged onto 64 pixels of the detector. Thus one obtains 64 spatial pixels (aka
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spaxels), providing a coverage of 2048 spectral pixels ¥@ryeone of them. Our
observations were conducted during 9 nights from June tée8dyer 2007 — ESO
run ID 079.B-0430(A) —. SINFONI was used in seeing limitedda@nd thus with
a spatial sampling 0d.125” x 0.25”. Due to the redshifts of our sample of galaxies
(z ~ 1.4) we choose to observe them in the H-band (1.45 - 183 in order to map
the Hyemission. The spectral resolutioR (~ 3000) allows us to disentangle any
minor sky emission lines close to our target line withoutigeons. Our observational
strategy was the so-called ‘butterfly pattern’ or ‘on-seudithering’, by which the
galaxy is set in two opposite corners of the detector to resrsky background using
contiguous frames in time. For several galaxies in our sarfPOWIR4, POWIR5
and POWIR?7) the galaxies were not correctly placed in thedwaers of the detector
but only in its center, reducing the final integration timehsif of its total nominal
value (1h 30min) and thus reducing the final signal-to-ncési® by a factor ofy/2.
Even in these cases, exquisite SINFONI sensitivity peeditts to detect the emission
from all our objects. Images were dithered®$” in order to minimize instrumental
artifacts when the individual five minute observations waigned and combined to-
gether. PSF and telluric stars were also observed alongratth galaxy for calibration
purposes. However, no flux calibration was attempt as ourveas to focus only in
the kinematical properties of our sample. Measured PSHss#éed in Table 3.1, for a

mean seeing df.56 arcsec.

3.2.2 Datareduction & Observed kinematical maps

The ESO-SINFONI pipeline version 2.5.0 (Modigliagtial,, 2007; Mirnyet al.,, 2010)
was utilised in order to reduce our data. In brief, this pipebkubtracts sky emission
lines (using algorithms by Davies (2007), corrects the ienaging darks and flat-fields,
spectrally calibrates each individual observation an@mstructs all the information
into a final datacube. The recipe used for this purposesivés rec- jitter, which was
fed exclusively with the master files provided by ESO. All bése processes were
performed separately for each individual exposure. Afteds the two datacubes were
combined into a single one by using the recgigfo_utl cube combine. We always

used the pipeline parametproduct-density = 3(which retrieves the most detailed
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possible outputs)pbjnod-scalesky = true(to perform a subtraction of the median
value at each wavelength and thus remove the sky more effigi@md skycor.rotcor

= true (to remove the contribution of any rotational OH transishn

The final datacube was spatially smoothed using a sub-séaingsian core (FWHM=2
pixels) to increase the signal-to-noise without affectouy data interpretation. We
analyse this datacube with IDL routines we constructed. id@dg, we located the
Haline in each spaxel according to the known spectroscopishiéidof the target
galaxy, and then fit a Gaussian profile, taking into accouatstty spectrum weight-
ing its contribution with the help of the routinepf i t andnpfi t f un (Markwardt,
2009). Radial velocity maps were computed using the reditvvelocity addition

law:

(zspamel — Zcen) - (31)

‘ / —
spazel ]
Zcen

wherez, ... andz.., are the redshifts for a given spaxel and for the kinematieater
of the galaxy, respectively. From thexHine width, we computed velocity dispersion
maps, subtracting the instrumental broadening which waassored from sky lines.
Our routines produced other outputs for every galaxy: arlife flux map, a [NII]
AN65834 flux map, a signal-to-noise per spaxel and a continuum map thedfinal
outcome, we used the spectral information in the rah§e- 1.7um, i.e., all the H-
band except its borders where the information is noisier.tiga fit a linear function
to the galaxy spectrum in this wavelength range in order tmaat for the existence
of a continuum emission and its possible variation withiis thiavelength range. Our
continuum maps (top right panels in the first set of each gataaps; from Figure 3.3
to Figure 3.24) show the integral of the fitted mathematiagatfion. All our objects
have continuum emission which we compare to the ionized gasseén, which in
principle only tells us about the areas of star formationaiohegalaxy. As such, com-
paring the peak of the emission and the continuum gives ughitssof how well Hy,
and hence star formation, traces the underlying oldefstetipulation. One caveat to
this is a known problem (ironically with unknown origin; Bplat private communi-
cation) with the SINFONI detector, where there appearpestrof flux in the data after

coadding high numbers of spectral pixels. One can see theimstance in the contin-
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uum maps of Fig. 3.3 (lower part of the galaxy) and Fig. 3.7i{@tripe on the top of
the galaxy). This effect prevents us from making a total icanim flux measurement,
but does not affect qualitatively the fact that we can logdtere the maximum of the

continuum is in the detector.

3.2.3 Data modelling

We recover the kinematical parameters for each galaxy isamnple by fitting a model
to the velocity field obtained from our SINFONI datacubes.p@form this task we
assume that the galaxies from our sample are described &tieailty as rotating disk
systems with a symmetric rotation curve. For this method tilesed the formalism
and programs developed in EQ9. The full theoretical desonpof this method is in
Epinatet al.(2010), where the authors also conducted a comparisonodéhgalaxies
to asses the reliability of their method. Essentially thiasists of ay? minimization
between the observed data and a given high resolution modebtved to our pixel
scale and seeing conditions. We chose the flat rotation Qaremetrization used by
Wright et al. (2007, 2009) as suggested in Epieagl. (2010) from the study of local
galaxy velocity fields projected at high redshift:

Vir)=V,— (3.2)

T
whenr < r; and
V(r)=V, (3.3)

otherwise. In the above equatiolisis the value for the plateau in the rotation curve
andr; is the radius at which the plateau is reached. The model ic@gaven param-
eters : the center:( andy,), the systemic redshift (or velocity), the inclination bgt
disk, the position angle of the major axis and the two rotatiorve parameters. Note
that the fit to these simple formulas are done by considehiagssociated error map

for the velocity field.

As shown and discussed in Epiratal. (2010), due to the reduced spatial information
of our data and due to some degeneracy in the models, the eentehe inclination
are the parameters that are the least constrained. We tedgffig center to the spaxel

with the maximum flux in the continuum maps (as we expect itistéer proxy for the



Spectroscopic confirmation of the rotational support of masive galaxies at
z=14 67

stellar component kinematics) as well as the inclinatieducing to four the number
of free parameters of our model. In rotating disk modelsdl®a degeneracy between
rotation velocity and inclination (its sine) that could prde solved using very high
resolution data. As a result the inclination is the majorrsewf uncertainty for de-
termining the actual rotation velocity. Given the photoneeguality of our POWIR
parent sample imaging, it is difficult to constrain this paeter with a high certainty.
We used GALFIT (Pengt al., 2010) surface brightness fits for our sample in order to
into account the large Point Spread Function (PSF) of ougaeaWe also use bright,
non-saturated stars within our imaging to create a model P& output inclination

was then utilised as input for our velocity modelling.

Once the best fit for the rotational velocity was obtained,aé® computed a model
velocity dispersion map. To calculate this we take into actthe width of the K line
due to the unresolved velocity gradient. The intrinsic eglodispersion is obtained
after subtracting in quadrature the velocity dispersiordetanap from the observed
one. To facilitate comparison with other samples and taudiseach galaxy as a whole,
we computed the integrated velocity dispersion value, inteig the value of every
spaxel by an amount inversely proportional to their squamdr (1/error). From
this we obtain a measure of the overall velocity dispersiadhe galaxy. Results from
the models are listed in Table 3.2 and their kinematical nzapsn the montages in
Figures 3.1 and 3.2.

In addition, we look for any possible correlation betweeaiticlination and the main
kinematical parameters, namely the rotational veloditg,ihtegrated velocity disper-
sion andV,,,.../o. This was performed using the maximum/integrated valuesdgch
galaxy and the ones inferred within their effective radégsSection 3.4.1). We have
also computed the Pearson correlation coefficient in eash (Ettom right corner of
every chart), that it is always consistent with no correlatiThis is a strong indication

that our kinematical parameters are measured without gmyfisiant bias.
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3.3 Individual galaxy observations

In this section we present a detailed description of eachsivegalaxy within our
survey. The description of the galaxy maps are detailedenctptions of the maps
belonging to the first galaxy, in Figure 3.3 and 3.4. Eachaxaiion begins with the
comparison between the parent POWIR/DEEP2b&nd imaging and their resem-
blance to H flux images from SINFONI. Then we comment the different feagwof
the H-band continuum, radial velocity (and its model), oted velocity dispersion
(and the inferred velocity dispersion after removing tharhesmearing), signal-to-
noise and error maps. In our maps, north is up and east isaledtwe show not the
whole field-of-view but the spaxels where the galaxy imageslap in the two oppo-
site corners of the detector. The model maps are discussbd ahd of this section.
Ha contours are overlapped in all of the maps (with decremdrit8% in flux between
adjacent contours), in order to facilitate the reader tokkmich spaxels belong to the
galaxies. It is noteworthy to tell both POWIR and SINFONI bakre same astrometry,
but the SINFONI resolution after dithering is a factor of 2tbe The axes show sizes
both in kpc and arcsec. The kinematical centers used for odeis are located in the
spaxels with the maximum flux in the continuum maps, and aelighted by a cross.
In the kinematical maps, the coloured spaxels shown areballeaa certain thresh-
old (usually 3, 2 for the weakest galaxy detections) in digoanoise which is written
in Table 3.1, Column (S/N). The signal-to-noise is compwedhe intensity of fitted
line over the standard deviation of the residual spectruith koth signal and noise
weighted by the sky contribution around the:iWavelength. However, this threshold
was not applied for the continuum maps, in order to undedstamere in the galaxy
the Hx emission originates (see Section 3.2.2). Finally, we giteohto quantify the
existence of AGN sources within our sample compiling tNé /] /Ha ratio summing
up the contributions of all the galaxies’ spaxels (see Tat8¢ For POWIR1, 3 and 7
we do not find anything conclusive as th&6583 4 [NI1] line is located over OH sky
lines. The results of the analysis of this ratio, as well &&ptesults, are described in

each galaxy subsection.
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3.3.1 POWIR1

The maps belonging to this galaxy are Figures 3.3 and 3.4 Jdlaxy, albeit a clear
detection, is a very compact system both in theb&nd and in the Himage. The
explanation for this is in its inclination, which is the higgt of the sample. When
looking at the continuum image other features appear. Tiseseflux stripe in its
right side which is spurious as it has no counterpart in th§ViFROimaging and its
shape and extension makes it an impossible object to exmtekkr, we notice two
blobs which seem real because they have an angular size cafgwith the seeing
of this observation, although it is certainly strange theyndt have any H emission.
The fainter one, in the northern part of the galaxy, may halunderstand why the
galaxy shows large values of the velocity dispersion closi, t&as this may signal a
minor merging event. Conversely, the brightest spot in thettswest of the continuum
image of the galaxy is not associated with any éinission and it does not cause
any significative distortion of the main galaxy. Kinematiozodels show a regular
rotational gradient and a fairly high( 70 km/s) velocity dispersion. Although it is
tentative to identify this galaxy as a merger, we prefer assify it as very inclined
disk galaxy, because of its large rotational velocity argdkoed velocity field without

any substantial disruption.

3.3.2 POWIR2

The maps belonging to this galaxy are Figures 3.5 and 3.6 HRi@ux map covers in
this case the whole of the galaxy. The continuum center anddtiter are well aligned.
The Hx map peaks in the center, and there is also a very bright gricgjgaaels located
in the north west part of the galaxy. This sharp feature istrposbably caused by a
cosmic ray not totally removed by the reduction pipeline.e Qalaxy looks slightly
asymmetrical in its southern part. But overall we can statthis galaxy looks like a
relaxed and ordered systemaHine lies in a spectral region far away from any sky line
and thus the [NII] line is clearly identified, giving a ratié @V//]/Ha = 0.494. As a
matter of fact, this 1:2 ratio betweernknd [NII] is preserved even within the external

spaxels, being this an AGN hint. We consider this system asady disk-like galaxy
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or spheroid with a disk, as its large velocity dispersion dredlow importance of the
rotational velocity on setting its gravitational suppathe lowV,,.. /o ratio reveal. A
full discussion on these considerations is described iméxt section. Nevertheless,

the interpretation as a disk galaxy is favoured at the ligth@strong velocity gradient.

3.3.3 POWIRS3

The maps belonging to this galaxy are Figures 3.7 and 3.8h Bpand continuum
maps show an elongated structure with a diagonal shape &tinol right parts of
the detector. K contours do not exactly overlap the galaxy continuum anderadn
the brightest K spots coincide with it. The Hcenter and the continuum center are
located in different places. Regarding the continuum, Weae its center location (it
is clear its position) but not on the shape as it may be affielsyethe aforementioned
flux stripes in the continuum maps. This is a clear case oftidisd object, but it is
remarkable that even in this case, the rotational field iseqelear. The lack of any
neighbouring galaxy and stretched shape are evidence fongming merger. With
the data we have we cannot add anything to this discussias.irftportant to stress
that this is one of the galaxies which was observed half ofritegyration time in the
detector and for this reason it does not have a well-definageshand taking all the

available probes into account we define it as disturbed.

3.3.4 POWIR4

The maps belonging to this galaxy are Figures 3.9 and 3.1ldhdflooks either at the
K, band map or at the continuum map a bright galaxy appears,\aits &astern side
a very elongated arc-shaped feature i ,Hvhich has some very weak continuum as
well. In this case, it seems that the emission comes from amoibject whose gas has
been stripped or conversely a fan of stars coming from the mlaject. The Palomar
image also shows this feature, indicating that the mergitgrpretation is favoured.
Our kinematics are thus inferred for thevMisible object which, at the light of the
facts, was not the primary target of our observations. We dindtational velocity

field but not large (maybe because its non-massive natuckpasomparatively big
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velocity dispersion consistent with its interacting natuits morphology is clumpy,

disentangling at least two clumps on it. We catalog it asudigd/merging galaxy.

3.3.5 POWIRS5

The maps belonging to this galaxy are Figures 3.11 and 3.§2o0d&king at its flux
images, this galaxy appears as a blob with a tail in its uppet. dts Hy emission
extends over the Kimage and the continuum image. The maximum rotational wgloc
is very high, as is the velocity dispersion, and thus the dyoal mass is the second
largest in our sample. This might be related with a contrdsufrom a sky line in
the redder part of the spectrum. The pipeline is meant to ven@H sky lines, but
there are sometimes (as in this case) residuals. Whendhiaéland the sky line are
close to each other it becomes very hard for our IDL prograsrdigentangle them,
increasing somewhat the final results. It is impossible tandgify with certainty this
effect although it is not dominant as our routines were abtesolve the gradientin the
radial map. We findN77]/Ha = 0.602, which is puzzling as it is a large ratio and we
note that the [NII] is detectable all over the galaxy spaxasl not just concentrated
in the center, as we will expect for a standard AGN emissidme properties of this
object cannot be perfectly explained as a disk-like object, @espite the limitations

of our information, we classify this galaxy as a perturbetdar.

3.3.6 POWIRG6

The maps belonging to this galaxy are Figures 3.13 and 3.1ds i$ the brightest
galaxy in our POWIR imaging. The ddappearance of the galaxy is largely different
from either the continuum or the ,and. Remarkably, we do not detect Emission

in the central area, appearing as a hole in theflix map and four knots or clumps
surrounding it. This hole overlaps with the center of theakd continuum images.
Similar cases are seen in Epimatl. (2010), for example the local galaxy UGC04820,
which has a ring morphology indd, produces the same kind of kinematical maps after
redshifting it atz = 1.7 than ours. This is typically found in early-type spiral gaés.

The clumps are also conspicuous in the velocity dispersiap.mBoth theoretical
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expectations and recent works agree in their existenast@Schreibeet al,, 2011b,
and references therein). We identify four of them in the rhlap, which match the
velocity dispersion enhancements. Another piece of ewiedn reassure us in our
view of a star-forming disk is that it is strongly rotatiolyasupported (},.... /o = 4.88
andV,,.. = 214 km s™b).

3.3.7 POWIRY

The maps belonging to this galaxy are Figures 3.15 and 3rilthid case, one of the
images of the galaxy fell in the borders of the SINFONI dedect his is the reason
why its low signal-to-noise for all its spaxels. However, KOWIR/DEEP imaging,
Ha and continuum maps overlap well, and show a slight distateticlumpy galaxy.
Rotation seems to play an important role in the support ofilexy (withV,,,.. /o =
6.88), but the low signal-to-noise prevents us from drawing a&@iconclusions. Its
[NII] line is coincident with an OH sky line, impelling any alysis about it. Because

of its irregular shape, we classify this is a perturbed galax

3.3.8 POWIRS

The maps belonging to this galaxy are Figures 3.17 and 3.18.b6st seeing (0.42
arcsec) observations are for this system, where we retaigeey clear disk, even when
the continuum map displays a faint spurious flux strip. A budgmponent in the center
could be present, as the central region is very bright in bbttand K, imaging, and
displays a large velocity dispersion @f~ 130 km/s. This agrees with the renditions
of the anisotropy plot (which will be explained in the nextten), as it occupy a
locus close to the local fast rotators. However, its rotalcsupport is very strong
(Vinaz/o = 4.60). Its dynamical mass is very largé.¢3 x 10''M/.) and reliably
measured due to its clear velocity gradients, which ideatifon was helped by the

excellent seeing of this object’s observation. We clagsify galaxy as a rotating disk.
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3.3.9 POWIR10

The maps belonging to the main galaxy are Figures 3.19 af)j®tile the secondary
object appears in Figures 3.21 and 3.22. We present twaeliffset of figures for this
galaxy. Our K and continuum images show two galaxies. Most of the flux isehe/o
maps comes from the object in the southern part of the imdthewmh Hy emission is
mainly found in the galaxy located in the north. This systexrs $ome similarities with
POWIR4, specifically in that most of thedtmission does not come from the main
galaxy. For this reasonddkinematical parameters listed on the tables are relatdd wit
the object identified as the non-massive galaxy, as kineshatuld only be reliably
retrieve from it. As a matter of fact, we found strong emissab the [NII] wavelength
for the central spaxels of this object in the south part ofdagector. This makes us
suspect that, given it is a point source, this system hagauAGN on its center, and
the Hy emission at its sides might be outflows of material comingfiaunh it. As said
previously, we surprisingly found another galaxy in the fap which we can see a
hint of continuum and very clear kinematics. Due to its disbm/clumpiness, the high
velocity dispersions present in the southern part and ofseosince K is detected at
the same wavelength as the AGN object, we classify this sysi® a merger. Due
to the low values in the kinematical velocities for this setaalaxy we think the

photometrical mass is only derived for the AGN.

3.3.10 POWIR11

The maps belonging to this galaxy are Figures 3.23 and 3.2s i$ a clearly de-
tected galaxy which was only observed half of the total iraggn time. However,
K, and continuum images clearly show an extended galaxy, ieeagent with the
Ha emission. It is most probably close to being face-on, asiibriation is 30. The
signal-to-noise decreases in its right side because ofrésepce of a sky line at the
same side of the spectrum where the lithe is found, and as consequence our algo-
rithms give less statistical importance to thesedétections. Nevertheless, the rota-
tional velocity gradient is easy to observe in the whole xyaknd this was the reason

behind settings/N = 2 as a threshold for the galaxy maps, as we know that even in
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the faint outskirts what we are detecting is the lthe. Overall, this galaxy presents a
disturbed discoidal shape and a couple of brightdgots or clumps in its central part.
The absence of clear merger events makes us conclude thas thidisk, although

rather perturbed or turbulent, as indicated by its fairly 1g,,,.. /o ratio.
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Figure 3.5: POWIR2 — Disk-like galaxy.Comments:Very extended K emission. Very clear
Ha detection, with an elongation and a signal-to-noise endiareit in the lower part, arguably
because of a merging episode.
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Figure 3.6: POWIR2 — Disk-like galaxyCommentsThe group of spaxels in the top right displays
high velocity dispersion are an artifact, but not the higluigain its center. This latter feature points
towards the development of a spheroidal component.
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Figure 3.7: POWIR3 — Merging/Interacting galaxyComments:K, and continuum images are
vaguely related but not with theddmap. Most probably this is an ongoing merger, and this would
explain its elongated shape.
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Figure 3.9: POWIR4 — Merging/interacting galaxyComments:Both K, and continuum maps
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Figure 3.10: POWIR4 — Merging/interacting galax¢ommentsFor the Hx detection, which is
the non-massive galaxy, non-neglectable values of rotaitnal velocity dispersion are retrieved.
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Figure 3.11: POWIR5 — Perturbed rotata@ommentsK , continuum and 4 overlap in the same
place, showing a galaxy slightly elongated in its top part.
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Figure 3.12: POWIR5 — Perturbed rotatorComments:High radial velocity values. Velocity
dispersion might be affected by a close sky line, increasligiptly its actual value.
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Figure 3.13: POWIR6 — Disk-like galaxy.Comments:This ring pattern in the Himage was
observed before in low redshift late galaxies (see Epinak éX010).
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Figure 3.14: POWIRG6 — Disk-like galaxyCommentsWe identify four different clumps in H and
the velocity dispersion map.
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Figure 3.15: POWIR7 — Perturbed rotata€ommentsK, , Ha and continuum maps overlap well.
This galaxy was not observed half of the integration timeviag set in the border of the detector,
which explains its low signal-to-noise detection.
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Figure 3.16: POWIR7 — Perturbed rotatoilComments:Slightly disturbed morphology, with a
possible clumpy structure.
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Figure 3.17: POWIRS8 — Disk-like galaxyCommentsClear and extended disk in all the images.
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Figure 3.18: POWIR8 — Disk-like galaxy.Comments:High radial velocity values, with a large
velocity dispersion in its center, which is a hint of a bulgenponent.
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Figure 3.19: POWIR10 — Merging/interacting objedommentsSimilar case as POWIR4. Here
we can see the main object, which has another blob in its upgrr As most of the continuum
and K, signal come from this main object, we identify it as the masgialaxy. It shows high [NII]
values in its centers, indicative of its AGN nature. The dietections at its sides might be related

with gas outflows.
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Figure 3.20: POWIR10 — Merging/interacting objecCommentsMessy kinematics, we cannot
infer anything conclusive.
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Figure 3.21: POWIR10 — Merging/interacting objecommentsThis is the galaxy which was at

the top of the previous AGN object. It is a large, at least Eltda map.
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dispersion enhancement in the lower part, where the twxigalare connected/interacting.
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Figure 3.23: POWIR11 — Disk-like objectCommentsClose agreement between Kcontinuum
and Hx. Low signal-to-noise because of the observational problenhis is the galaxy with the
lowest inclination in our sample.
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Figure 3.24: POWIR11 — Disk-like objectComments:Clear velocity gradient as ddis clearly
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3.4 Results

3.4.1 Kinematical classification

Previous studies of high redshift galaxies connecting gietry and spectroscopy
have demonstrated that these systems are more clumpularend have higher ve-
locity dispersions than local galaxies (Forster Schredieal., 2011a, and references
therein). There are several attempts in the literature tetbésh a kinematical classi-
fication of high-z galaxies relying ondkinematics (Flore®t al., 2006; Lawet al,,
2009; Crescet al, 2009; Forster Schreibet al., 2009; Epinatt al., 2009; Gnerucci
et al, 2011, Epinat et al. 2012). All of them roughly agree thatr¢hare three ba-
sic kinematical classes, which may be linked with the molp#ical nature of each
galaxy. First, rotating disks have been observed, showilgdefined and regular ro-
tational velocity gradients that are larger than their g#lodispersion. Usually these
systems are large in size. Ongoing mergers are also claatigglished, not only by
disentangling two or more components but also through athaelocity pattern, and
local increments in the velocity dispersion. Finally, attgewhich do not fit in any
of the previous categories are tagged as perturbed rotatbish are probably more
similar to early type systems due to a high velocity dismerén comparison with the

maximum rotational velocity.

Before characterising our sample according to these iajt@e should enumerate sev-
eral caveats that might affect our interpretation of thedgtrstly, behind this classifi-
cation there is the disk-like assumption in the modellingisTwill not be an accurate
model when dealing with mergers or pure spheroidal galaxdeguably, this has an
impact in our sample as massive galaxies in the local Unaars predominantly ellip-
tical (e.g. Baldryet al, 2004). However, at the redshift of our observations-(1.4),
we would expect to have a morphological mixture (van Doklatral. 2011 or see this
thesis Chapter 2). To the best of our knowledge, only disketsoldave been consid-
ered when dealing with high-z 3D spectroscopy observatidiss is based on that
fact these disk models — for a review on them, please go toéEgi al., 2010) — work
reasonably well for the previous star forming selected dasnfGenzekt al, 2008;

Cresciet al, 2009). Investigating how to take into consideration a bldgheroidal
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component into the modelling is certainly a necessary &path of study, as evolved
galaxies are present at high-z (Kriekal,, 2006) and the advent of increasing quality
data will permit more detailed studies. Finally, we must eember we are looking

at the gas emission and not at the total stellar componemtorReng a preliminary
visual classification, we firstly noticed that thexldmission extends over all of the
K, and continuum images for most cases, which is difficult t@nede with the pos-
sibility of being spheroid-like objects, specially whemvEmission is usually linked
with present star formation. As stated in the introductiie, existence of gas disks
within elliptical galaxies has been reported in the pastodaBarrosoet al. 2006,
Krajnovic et al,, 2008; Oosterlo@t al., 2010) but their sizes (hundreds of parsecs) are

much smaller than our current gas disks which span the gakize.

We focus now on the individual properties of the sample, Whias been discussed
in detail in Section 3.3. POWIRG is recognized as a late-typaxy. POWIR1, 2
and 8 show clear rotational gradients. Although the cerdétke latter two display
fairly large velocity dispersions. But in both EO9 and F-S88se were indicators
of typical disks galaxies which are developing a bulge congmb. We classify the
three of them as disk-like galaxies, primarily based inrtfege and regular rotational
velocity gradients. POWIR4 and 10 are classified as intergobjects. In fact, in both
cases the H emission originates (although there is a very weak deteati® OWIR10
for the main object) from spaxels that do not belong to thgetagalaxy. Hence we
discern two separate galaxies interacting in our SINFON&.d&he photometric data
information has been derived for the main objects, which demiify as the massive
objects in the Kband imaging, while the Hdetection comes from the secondary
galaxies. We exclude the latter from the plots as they arenastsive galaxies, but we
derived kinematics for them to understand which physicatesses are taking place
in the merger. Little can be said about the two massive and wigjects: POWIR4
is completely devoid of H emission, while POWIR10 looks like a point source with
a strong [NII] line in its center, that suggests it host an AGIOWIR3 is an object
which may be in this category as well. Thig &d continuum images do not match
with the Hx emission, whose map is quite irregular. The rest of the ebj@e more
difficult to catalog visually. We must bear in mind that 2 otittee 3 other objects were

observed half of the integration time because our ‘on-sodithering’ problem. Either
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POWIRS5, 7 and 11 have relaxed morphologies in theukd continuum bands while
Ha shows, as expected, a more complicated pattern. POWIR 1ffeisedt, despite the
observational issues. It has an easily distinguishabldage in size rotational field,
which fits better the disk object classification. The othew tyalaxies are catalogued

as perturbed rotators.

In low redshift studies, th&,,,.../o vs. ¢ diagram (also called the anisotropy plot; Fig-
ure 3.26; with the ellipticityy = 1— axis ratio) is a classical tool to measure elliptical
galaxies’ kinematics (lllingworth, 1977; Bender, SagliaGerhard, 1994; Cappellari
et al, 2007; Emsellenet al, 2011). We created this plot with our sample’s data as
an exercise, as massive galaxies at low-z are ellipticaleénmajority and this is a
good test to shed light into the nature of our sample. If oorda clearly departs from
the locus occupied by ellipticals we may accept it as a godécation about their
distinct nature. The disk modelling has no important impagarding this plot, as it
only corrects the measured velocity by more realistic v@hreaking the degeneracies
introduced by the inclination and the beam smearing at highhis is of course not
necessary at low-z due to the high resolution of the obsensatHowever, the plotted
parameters used in this relation usually are measured agféeative radius distance
from the galaxy center. To palliate our uncertainty on thng, computed effective
radii in our sample using the relation published in Buitrag@l. (2008) for massive
disk-like galaxies (to be consistent with our modellingdirapolated to each galaxy’s
redshift. Then we computed,,.../o in the closest aperture to the calculated effec-
tive radius, as to calculate velocity dispersions we neeithi@ger number of spaxels
around our kinematical center. All the information usedhisulated in Table 3.4. We
add low redshift galaxies from ATLAS Survey (Emsellenet al, 2011). Note that
their kinematics are obtained for the stellar componenttaat not all their masses
fulfill our definition of massive galaxyM/. > 10''M). Nevertheless the comparison
makes sense as their sample is composed of some of the mastengalaxies in the
nearby Universe. Our results tell that, although uncetitzsnare huge (also for the
ellipticity, due to the coarse resolution of our images),fimd that all of the massive

galaxies at high-z lay above the line defined by

(K) ~ 0.890\/ 2 (3.4)
o 1—¢
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which is the minimal rotational approximation to the isgiydine optimized for integral-
field kinematic observations (Binney, 2005; Cappeléral., 2007). This reveals the
high level of rotational support for these massive galaiigbe high-z Universe, es-
pecially when comparing with slow rotators that are the muss$sive galaxies nearby.
It is interesting as well that both POWIR2 and POWIRS8 are eltbge isotropy line.
Both galaxies show a clear disk with a velocity dispersiohagrtement in the center,
which we identify as a hint of a bulge component. Possiblgéhgalaxies are begin-
ning to fall into the early-type group due to secular evalnti But due to their total
Vimaz /o (the ones not derived within one effective radius) and rotad velocity fields

we acknowledge them as more similar to disk dominated gegaxi

Perhaps, for high redshift studies where the informatiamoisso detailed, it is more
meaningful to plot the rotational velocity versus the vélpdispersion as in Figure
3.27. We use the maximum rotational velocity from our modeld thel /errof® ve-
locity dispersion for our sample, and we supplemented ihV@8tINFONI observed
massive galaxies with published modelling informationiladde, coming from the
SINS sample (galaxies Q2343-BX610, D3a-6004,D3a-639%; I&b04 from F-S09).
The Spectroscopic Imaging survey in the Near-infrared SIthFONI (SINS; F-S09)

is very useful for our purposes as it is the largest surveyigit-b (1.3 < z < 2.6)
using SINFONI, consisting of 62 rest-UV/optically seletsources through a variety
of methods, targeting mainly theird-and [NII] emission lines. As one can see, all the
galaxies in Figure 3.27 exhibit,,.. /o > 1, in most cases larger than 2.4. We con-
structed as well the histogram of the Figure 3.27. The daphedcorresponds to the
galaxies that are not part of our sample. Although the nurstagistics are poor, all the
massive galaxies plotted show rotational velocities wiexteed their computed cen-
tral velocity dispersions, in most of the cases by a larg®fainterestingly the objects
from the SINS survey havg,,.. /o ratios which exceed ours. One possible explana-
tion is that, as these objects are selected by their stardion, they are later types
than our sample. Again, this fact would be evidence for nvasgalaxies have settled
down byz ~ 1.4 and developing a bulge component, as suggested by the rapigot
plot.
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3.4.2 Dynamical masses

Integral field spectroscopy can be used to explore the datten@ntent in our sam-
ple. To achieve this aim we computed dynamical masses camgpine information
coming from the rotational velocity and the velocity disgien maps using the formula
(from E09)
V2 Rus 0°R}
M . = M Ma _ _max as ast
dyn = Mo a G

whereM, describes the mass enclosed up to a raffius and M/, is called the asym-

(3.5)

metric drift correction (Meureet al. 1996) by which one takes into account the veloc-
ity dispersion/random motions support within the galaxjl. the terms are described
in Table 3.3 excepk, which is the gas surface density disk scale length destblye
a Gaussian function, whose expressioh is (2(n2)~'/?r,. Our assumptions are that
both M, andr, are for disk-like systems, as explained in Section 3.4.k dlitcomes
of this calculation are plotted in Figure 3.28. Two lines drawn on it: the solid one
is the 1:1 reference, while the dashed line is the localioelahip (Mg, /M, = 1.68

is the average ratio for SDSS galaxies) coming from van del&anal. (2011). In
principle, one would expect all galaxies to populate théomgbove the solid 1:1 line,
as their dynamical mass would have to account for the bacyamiss plus the dark
matter component. This does not happen for all the objeasiisample. There are a
number of reasons which may explain this disagreement, Riesmust not forget that
this mass originates from the ionised gas dynamics whichahegwart from the values
obtained from the stellar measurements. Secondly, ouulegilons account for the
mass withinR,,;, i.e., the maximum H radius, which is smaller than the apertures
where the stellar masses has been measured and also simati¢hé typical radius
used in other works such F-S09 to obtain this parameter. ¢ghardical masses would
grow if we correct them by these effects. Adding both contiitlms would make our
dynamical masses larger. Besides, Martinez-Maetsal. (2011) claimed a possible
overestimation on the stellar masses we are utilising framdy et al. (2006). If
confirmed, our dynamical masses would be in better agreemémnthe new stellar
masses. To try to understand better the origin of these dyahmasses, we per-
formed a plot of the relative contributions of each term atfia formula in the Figure

3.29. The galaxy 220584167 from EQ9 is plotted, correctiagwo contributions to
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the total mass to match our Chabrier IMF. This shows us thatime of a confirmed
massive rotating disk (according to EQ9) in this chart. regéngly, this galaxy is the
most rotation dominated objecdfy /M, = 18 andV,,../oc = 5.9) of that sample.
Apart from the anomalous POWIR7, the contribution for thioeiy dispersion term
is quite important for all our sample, making its additionnmdatory to retrieve correct

dynamical mass estimations of high-z galaxies.

3.4.3 Tully-Fisher relation

The Tully-Fisher Relation (TFR) links the maximum rota@buelocity of spiral galax-
ies with their luminosity or stellar mass (Tully & Fisher, 718 Fernandez Lorenzo
et al,, 2009, this last one for a comprehensive update). It hasb&lsn extended to SO
galaxies (e.g. Bedregal, Aragon-Salamanca & Merrifie@Q&) and early-type galax-
ies in general (e.g. Davet al,, 2011). Modern investigations focus on finding and un-
derstanding any evolution in its slope, intercept or botantBord, Aragon-Salamanca
& Milvang-Jensen, 2006). It is a powerful scaling relatiohigh accounts for how the
stellar mass and the dark matter content are related (Goaselal, 2005). Several
attempts to determine it with SINFONI integral-fieldWdpectroscopy have been per-
formed. Crescet al. (2009) found a slope consistent with the Bell & de Jong (2001)
z ~ 0 relationship, while in EO9 the scatter is higher, espegialt those galaxies with

the lower rotational velocity values.

We attempt to shed some light into this TFR for our sample ofsive galaxies at
high redshift. The number of objects is not high and theirphotogical nature is not
perfectly constrained, but it is an useful indicator thdates the mass and the rest of
kinematical properties of a given galaxy sample. We showkthieand TFR for our
sample of galaxies in Fig. 3.30 using the maximum rotatimedbcity retrieved in
our modelling. As we did in the previous plots, we add SINFONI measurements
for the massive galaxies in the SINS survey (F-S09, with aiet TFR study in
the aforementioned Creset al. (2009)). The solid line account for the local ¢
0.2 — 0.3) K, band POWIR/DEEP?2 relationship in Fernandez Loreetzal. (2010),
being the crosses the objects studied in that article. €leaig that the relationship was

inferred by inversely weighting the errors of the galaxiethie fit. Overall, our results
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are similar to E09, as POWIR2 and 11 display the lowest mnativelocities plotted
(note that POWIR4 and 10 have also very small ones, but thayotlappear in the
figures as the H detections in those two cases correspond to the non-magdades

which are interacting with the main ones). Whereas for PORMIfts constitutes a
further indication of its departure from a pure disk systéne interpretation is not
so obvious for POWIR11, when looking also at the anisotropy (-ig. 3.26). We

attribute this to the fact that this is the object with lowestlination in our sample,
and subsequently it is more difficult to constrain this pagtnwhich affects to the

rotational velocity determination.

The number of galaxies in our sample and their selectiongmtays from drawing any
significative conclusion about a possible evolution of ti&RTover resdshift. Cresci
et al. (2009) and E09 would be the only direct comparison to our dat to the
similarities with our sample. However we should bear in minel consequences of
finding an evolution in this scaling relation. There is a véipleead consensus about the
intercept change in the B-band, although the works diffehenthe value. Voget al.
(1996, 1997) found\Mp < —0.4 atz = 0.5. Ziegleret al. (2002) and Bohnet al.
(2004) obtained\Mp ~ —1 atz = 1. These last two articles also claimed a change in
the slope of the relationship, whereby the most massivexgadollow the local TFR
but the less massive were brighter in the past. This slopegehis more controversial,

however well it agrees with the luminosity evolution due igher SFR at high-z.

There are a number of other works in other bands (e.g. Gidivatal., 1997; Masters,
Springob & Huchra, 2008) and simulations (van den BoschQ200niniet al,, 2011).
Returning to NIR K-band TFR, Conseliet al. (2005) did not find evolution &t <

z < 1.2. Likewise Fernandez Lorenzi al. (2010), although they found a change in
luminosity for the B, V and R bands. It is noteworthy that thare other works with
the GIRAFFE instrument using IFUs. They showed contradyatesults (Floregt al,,
2006; Puectet al., 2008), probably owing to the different local relationswassd.

The stellar mass or baryonic TFR (using stellar mass instéadninosity) has been
claimed to be a better proxy for the galaxy mass assembly.nde ¢his for our sam-
ple in Fig. 3.31. The solid line is the local relationshipholby Bell & de Jong (2001)

corrected to our Chabrier IMF, while the dashed line is theved stellar mass TFR
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atz ~ 2.2 in Cresciet al. (2009). We also add the disk galaxies from Consetical.

(2005), separating their sample betweer 0.7 andz > 0.7 as they did. There is
a close resemblance with Fig. 3.30. We can see that all ttexigal occupy similar
loci, indicating our disk assumption for the galaxy is notaal lone. In order to disen-
tangle better the disordered motions of the gas we followptiescriptions in Kassin
et al. (2007), where they used the parameigr = \/(0.5 x V2

max

) + o2, arguing that
the scatter in the TFR is tighter when taking into accountdtribution in the ve-
locity dispersion. We show this relation in Fig. 3.32, plogt the highest redshift
(0.925 < z < 1.2) relation inferred in Kassiet al. (2007). Again, galaxies with lower
rotational velocity values are the ones that are furthertdpam the fiducial relation-
ship revealing that their properties are more difficult tachawith the assumption of

simply a disk-like nature.

3.5 Discussion & Conclusions

We present a SINFONI study of a sample of massive galaXigg (., > 10" h-2M.)
at 2 ~ 1.4 selected by stellar mass in order to understand the kinesfsdicular mo-
tions of this galaxy population and furthermore constrhgirtrotational nature. This
is a matter of debate after recent photometrical studiesn-dest Welet al. 2011,
this Thesis Chapter 2 — andaHietections for massive galaxieslat< =z < 1.5 in
the 3D-HST Survey (van Dokkuret al. 2011), being our work an attempt to clarify
the diversity of properties these galaxies display and drehey are better described

kinematically by a disk-like or spheroidal population.

We carefully chose 10 massive galaxieszat- 1.4 with available deep Keck spec-
troscopy and Kband imaging from the POWIR/DEEP2 survey. VLT/SINFONI H-
band observations (with a spatial sampling0of25” x 0.25” and a spectral reso-
lution of R ~ 3000) with a very good (.56 arcsec) seeing, enabled us to build
Ha kinematical maps. We adjusted rotating disk models on thecitg fields that al-
lowed to derive rotation velocities and correct the velpdispersion maps from beam
smearing. Hence we try to minimize potential sources ofreras the uncertainty in

the galaxies’ inclination or the broadening of the spedinas by velocity shear.
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A very reasonable question we may ask ourselves is whetheould generalize our
conclusions to the whole massive galaxy population at 1.4. Our sample was
selected by its mass and [Oll] luminosity. Bothuldnd [Oll] emission come from
ionized gas by star formation activity in HIl regions. HoweeyOll] is more sensitive
on the metallicity, but their luminosities are correlateattbat low and high redshift
(Tresseet al, 2002). Simple ‘downsizing’ arguments tell us that the masgalaxy
population are quenched soon in cosmis history terms, bmiost of this galaxies
devoid of any star formation in the local Universe. Hencepus sample unusual
because of the fact of havingaHemission at = 1.4? To the best of our knowledge,
there is no work that address this question directly. Teital. (2012) sample is not as
massive as ours and not complete in mass. The Hi-redshidt(g3sion Line Survey
— HIiZELS; Geactet al. (2008) — probes with narrow-band filters thin redshift sdide
(Az = 0.03) on looking specially for 4 emission. In the Figure 4 of their work Sobral
et al.(2011), the authors plotted the number of detections-at).84 according to the
mass. For massivel{y...., > 10''M,) galaxies, the fraction of massive galaxies
detected are- 15% (having equivalent widths greater tharl5 A, which typically
translates into star formation rates of 5-10,yr~'; P. Best private communication).
Our galaxies are also selected with equivalent widths grehan this threshold. One

would expect this fraction to increasezat 1.4, but how much?

The series of works which deal with star formation for masgjalaxies (Pérez-Gonzéalez
et al,, 2008b; Caveet al, 2010; Williamset al, 2010; Baueet al,, 2011; Vieroet al,
2012). Their main outcome is that massive galaxies are stariig objects (both
using SFR and SSFR argumentsyat- 1.5. This is specially true for disky galax-
ies. Looking at our data, we find five of these objects, andrerd or 3 suffering
interactions which most probably trigger star formatiod &ence H emission. Con-
sequently, it is hard to state to what extent our sample Ecgl’ in comparison with
the full population of massive galaxies at their redshiftga. Certainly the way they
are selected, albeit as general as possible, obey to thth&cfor observing them, a
certain amount of star formation is necessary and thus pipleanstraining them to
a subset of the total population. Although a level of stanfation is expected, our
conclusions should be taken carefully, as they may be onplicgble to non-passive

massive galaxies. Hopefully, future mass complete spsmbgmc surveys will unveil
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the relation between star formation ratesc étission - mass.

The massive galaxies in our sample show remarkably orda®tigs been seen be-
fore in star-forming less-massive 3D spectroscopy sangilagyh redshift) rotational
velocity gradients and also high velocity dispersions. gélaxies from our sample
showV,,../o > 1, where this ratio in most of cases is greater than 2.4, withcity
dispersion values arour) — 70 kms™!. This is at odds with local Universe coun-
terparts which either display;,../c < 1 (e.g. Emsellenet al,, 2011) for early-type
galaxies oV}, /o > 10 — 20 (e.g. Dib, Bell & Burkert, 2006) in case of spirals. We
agree with previous high redshift 3D spectroscopy studid9;- Lawet al. (2009),
F-S09- such that, at high redshift, galaxy formation andwian is a more turbulent
process because of the larger amounts of cold gas involveidhvat the same time
leads to higher star formation rates than in the present aayelse. Major merging is
indeed occurring (see for instance POWIR4 or POWIR10 gaetgxiHowever most of
the gas should be accreted either via minor merging, whags &ie found in multiple

galaxies of our sample, or cold gas flows along cosmic web @tam

The main difference between our sample and previous pwadislatasets (such as
MASSIV, LSD/AMAZE or SINS surveys) lies in its high stellarass selectionV/;c;;q, >
10''h; 7 My). Observationally, we notice that our sample consists @eqegular ve-
locity fields showing high rotation. As stated in EO9 whercdssing their disk galax-
ies, this fact implies that the most massive disks seem ttaidesobjects even at early
cosmic times. We present here the largest sample of kineahatiaps for massive
galaxies at high redshift. In addition, we gathered othéages in the literature se-
lected by its mass without taking into account any other arpariteria. Strikingly,
the conclusions remain the same. Moreover, less-massiarigs (Lawet al, 2007;
Wright et al,, 2007; Epinatt al,, 2009; Forster Schreibet al., 2009, 2011a) contain
a high percentage of clumpy or distorted objects. We comcthdt massive galaxies
acquire more rapidly a morphology and gravitational euilim than less-massive
objects, accounting for what we call a morphological dowingj. Their high masses
protect them from being perturbed and are key for understgritieir eventual devel-
opment, via either merging or secular evolution, wherelay ghrogressively join the

observational properties of the massive galaxies in thebydadniverse. Future NIR
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high resolution photometry over larger samples of massil@xies shall contribute to
corroborate this scenario. They should be the basis of gsita&ing advantage of new
generation integral field spectrographs which will inceshg a high factor the number

of galaxies with available kinematical information.



Spectroscopic confirmation of the rotational support of masive galaxies at
z=1.4 100

Table 3.2: Modelled kinematical parameters of our sample

Name | Velocity dispersioh Max. rotational velocity| V,.../c | Vel. disp. inr, | Max. rot. vel. inr. | (V;../0). | Inclination | Classification
| kms! | kms! | | kms™! ‘ kms! ‘ ‘ ° (degrees%

1) () (3) (4) (5) (6) (1) (8) (9)
POWIR1 | 70 & 41 | 236 + 19 [337+020 | 71440 | 23615 | 3.32+0.21| 30 | D
POWIR2 | 72+ 30 | 117 4 16 [1.63+£024 | 89+7 | 1749 | 1314009 64 | D
POWIR3 42+ 26 170 + 25 3.96 + 0.62 18+ 29 76419 4.27+1.14 65 |
POWIR4 71430 ‘ 95+ 35 1.34 4 0.50 74422 ‘ 95413 ‘ 1.28+0.17 60 ‘ I
POWIRS | 131£60 | 313 +28 [2.40+£022 | 172+66 | 313+£37 | 1.82+0.21] 48 P
POWIRS | 43+35 | 214 429 [488+069 | 38+32 | 214+£28 | 5.63+0.75] 57| D
POWIR? 20+ 23 141+ 27 6.88 4+ 1.42 17422 141 + 26 8.16 £ 1.58 63 P
POWIRS 60+ 23 | 278 + 27 | 4.60 + 0.47 87+18 ‘ 99 + 21 1.14+0.24 61 ‘ D
POWIR10| 59+£26 | 113418 [1.92+£032 | 53+22 | 114£10 | 213+019] 60 | |
POWIRLL| 45423 | 111+15 [2434£0.36 | 24+22 | | D

1114+10 ‘ 4.53i046‘ 31

Notes. (1) Name of the galaxy (2) ‘1/erfbweighted integrated velocity dispersion
from the modelled velocity dispersion after removing tharbesmearing (3) Maximum
rotational velocity from our rotational velocity modeljri{4) Maximum rotational ve-
locity over velocity dispersion ratio (5) ‘1/errrweighted integrated velocity disper-
sion from the modelled velocity dispersion within oen efifee radius after removing
the beam smearing (6) Maximum rotational velocity at effectadius from our ro-
tational velocity modelling (7) Maximum rotational velbgiover velocity dispersion
ratio at one effective raidus (8) Inclination as measurethfGALFIT analysis. Note
that for POWIR4 and POWIR10 values are fixed t6,688 we show the values for the
Ha well detected objects, that in those cases are not the ¢argedssive galaxies (9)
Final kinematical classification for our massive galaxiBsfor rotating Disks, | for
Interacting galaxies and P for perturbed rotators.

Table 3.3: Masses inferred for our sample & N2 calibrator

Name \ Stellar mass\Dynamical masls Mass enclosed in effective radi\uyksymmetric drift correction\ N2 calibrator \ Notes about N2 calibrator
‘ 10'0h7 M 10077 M, | 10"0hz3 My, ‘ 10'0h77 My, ‘ ‘
()] (2) (3) (4) (5) (6) (7)
POWIR1 17.10 ‘ 9.71 | 6.86 ‘ 2.85 ‘ - ‘ OH line over[N11]65844 wavelength
POWIR2 10.45 30.57 2.97 27.60 -0.31
POWIR3| 1434 |  16.60 | 6.94 | 9.66 | - | OHline over{N11]65841 wavelength
POWIR4 25.73 10.87 1.87 9.00 -0.59
POWIRS | 2121 ‘ 54.86 | 19.82 ‘ 35.06 ‘ -0.22 ‘
POWIR6 33.55 19.58 12.95 6.63 -0.31 OH sky line residual increases this ratio
POWIR7 22.08 ‘ 3.94 | 3.42 ‘ 0.51 ‘ - ‘ OH line over[N11]65844 wavelength
POWIRS8 10.36 66.28 21.96 44.32 -0.60
POWIR10 12.69 ‘ 15.98 | 2.67 ‘ 13.31 ‘ -0.33 ‘ The value for the massive galaxy is N2+6.15
‘ 8.77 | 2.35 ‘ 6.42 ‘ -0.38 ‘

POWIRll‘ 12.38

Notes. (1) Name of the galaxy (2) Stellar mass from the p&#@WIR/DEEP2 survey
(3) Dynamical mass, as calculated in section 3.2 (4) Endlosass term, as calcu-
lated in section 3.2 (5) Assymetric drift correction, asca#ted in section 3.2 (6) N2
calibrator as in Queyradt al. (2009) (7) Observational notes
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Table 3.4: Radii used in our calculations

Name | Model radiug Model radius | Ho maximum radius| Ha maximum radius| Effective radius | Pixels takeny Radius taken
" kpc " kpc kpc kpc
(1) 2 (3 4 (5) (6) (7 (8)
POWIRT 0.12 T.05 0.62 5.26 3.36 35 30
POWIR2 0.12 1.05 1.10 9.27 2.59 2.5 2.63
POWIR3 0.70 5.90 1.22 10.30 3.06 2.5 2.63
POWIR4 0.12 1.05 1.05 8.83 4.18 3.5 3.69
POWIR5 0.43 3.64 1.03 8.68 3.77 3.5 3.68
POWIR6 0.16 1.35 1.44 12.10 4.81 4.5 4.74
POWIR7 0.12 1.05 0.88 741 3.85 3.5 3.69
POWIRS8 0.88 7.43 1.44 12.17 2.58 2.5 2.63
POWIR10 0.12 1.05 1.06 8.90 2.87 2.5 2.63
POWIR11 0.12 1.05 0.97 8.19 2.83 2.5 2.63

Notes. (1) Name of the galaxy (2) Radius of our kinematicatledan kpc (3) Radius
of our kinematical model in arcsec (4)Hnaximum extent in kpc (5) lmaximum
extent in arcsec (6) Effective radius as calculated by tbk-tike relation for massive
galaxies in Table 2 of Buitraget al. (2008) (7) Pixels taken as effective radius ac-
cording to previous column (note that the 0.5 is added as avefsbm the kinematical
center). (8) Equivalent in kpc of the previous column.
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Figure 3.25: Inclination vs rotational velocity, velocity dispersiomdV/,,../o for the maxi-
mum/integrated values for each galaxy (top row) and withigirt effective radii (bottom row).
Galaxies are represented by their respective numbers)dhéivé following color coding: blue for
disk-like galaxies, green for perturbed rotators and yeflor interacting galaxies. Pearson corre-
lation coefficients for each galaxy appear in the bottomtrigiiners. In light of these plots, the
fact about we do not find any correlation indicates there idias on obtaining the kinematical
data for our sample.
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Figure 3.26: (V;,4./0,¢) diagram for massiveMls;cizar > 10* ho M) galaxies in our sample.
Apart from them, we supplemented the figure with publishddesin Emsellenet al. (2011).

These galaxies at low-z are early-type galaxies studiecqd®pthe ATLAS? survey (Cappellari
et al, 2011). Ellipticities for our sample were measured in thbatd imaging of POWIR/DEEP2
survey using GALFIT and thus taking into account the PSF ofimaging. The continuous line
defines the ideal oblate rotator with isotropic stellar e@odistribution for integral field studies
(Binney, 2005; Cappellagt al, 2007). Uncertainties are large but it is clear that masgalaxies

atz > 1.4 depart from velocity dispersion dominated objects.
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Figure 3.27: Maximum rotational velocity inferred from our modellingreeis the ‘1/errct ve-
locity dispersion after correcting it from beam smearingimibers depict each one of the massive
galaxies from our sample, whereas the blue squares comeli@B8INS sample (F-S09). We also
attach the histogram of thg,,,.. /o of our massive galaxies with and without F-S09 galaxiesdsol
or dashed histogram respectively). For all these massieigaV;,..../c > 1, as they lay above
the 1:1 solid line, with most of them showing ratios even ggethan 2.4 which corroborates their
gravitational support. The fact that SINS objects lay indpper part of this plot is evidence about
they are purer disks than our objects. We conclude our sacopigtitutes a more independent and
almost solely selected by mass sample.
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Figure 3.28: Comparison between the inferred dynamical mass and thepigdtic stellar mass
of our galaxies. The dynamical mass was obtained using ttlessd mass estimation due to the
rotational velocity and adding the contribution of the @ty dispersion using the asymmetric drift
correction (Meureet al,, 1996). However this is not true for the four objects coroegjing to the
SINS survey where the estimations are performed assum@gstitropic virial estimation (see
section 9.6 in F-S09). The number of each galaxy is plottetetter understand the properties of
every galaxy. The solid line is the 1:1 relationship, while iashed line is the local relationship for
local SDSS galaxies in van de Saretal. (2011). Assuming good (albeit with 0.2-0.3 dex errors)
stellar mass calculations, the difference in mass maye@éh the fact that what we measure is
the ionized gas content in our galaxies and not the overaldméc matter contribution.
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Figure 3.29: Relative importance of the two terms which contribute todlygamical mass. The
number of each galaxy is plotted, to better understand tbpagties of every galaxy. The solid
line shows the 1:1 relation for convenience. Note that thé¢SSbbjects do not appear in this plot
as their dynamical mass were calculated in a different mathia@ ours. We add the most massive
galaxy in EO9 (MASSIV sample (Contini et al. 2012); changitsgmasses accordingly to our
Chabrier IMF). There is a mix of disky and perturbed galaxigéch prevents us from splitting
their populations using this plot.
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Figure 3.30: Tully-Fisher relation with K absolute luminosity for our massive galaxies at high
redshift. The number of each galaxy is plotted, to bettereustdnd the properties of each galaxy
throughout this chapter. Symbols have the same meaningasiious plots. The solid line comes
from Fernandez Lorenzet al. (2010), and it is the localz( ~ 0.2 — 0.3) Tully-Fisher relation
derived for POWIR K band galaxies (which the small crosses). This relationsipinferred by
weighting the importance of every point by its errors. Gaaxdisplaying the lowest rotational
velocity values are the ones that depart more from the |@dation.
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Figure 3.31: Baryonic or stellar mass Tully-Fisher relation for our nieesgalaxies at high red-
shift. The number of each galaxy is plotted, to better urtdasthe properties of each galaxy
throughout the paper. The solid line is the local relatigm$tfom Bell & de Jong (2001) and the
dashed line is the = 2.2 Tully-Fisher relationship derived in Cresei al. (2009) for SINS galax-
ies. We also add it with the disk galaxies from Conseétal. (2005), separating their sample
between: < 0.7 andz > 0.7 to better comprehend any possible redshift evolution.
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Figure 3.32: Kassinet al. (2007) Tully-Fisher relation. On that work, the authors elep the
So.5 parameter, which iS5 = /(0.5 = (v2,,,)) + 02. They argue this accounts for the non
ordered motions of the gas and also the scatter of its Tu#liad¥ relation is smaller. The solid line
represents the relation they found in their closest retlbhifto our data.925 < z < 1.2). Each
massive galaxy symbol is its number in our sample, to bettderstand their properties throughout
the plots. The scatter in our galaxies is still large, shaovtimat the objects further away from the

Kassin relationship cannot be solely describe as diskgétaxies.




Antes programar era un arte, ahora es todo marketing.
(Before programming was art, now is just marketing.)

Paco Meréndez, speaking about ‘The Abbey of Crime’

Es que no hay nada mejor que imaginar,
la Fisica es un placer.
Y es que no hay nada mejor que formular,
escuchary o a lavez.
Espacio y tiempo juegan al ajedrez.
(There is nothing better than imaging,
Physics is a pleasure.
And there is nothing better than formulating,
hearing and listen at the same time.
Space and time are playing chess together.)

Nacha Pop - ‘Una cecima de segundo’



Chapter 4

Full GNS structural parameter
determination and the size-mass

relationship extended at all masses

4.1 Introduction

In the local Universe there is a strong correlation betwedaxy mass and size, with
the most massive galaxies displaying larger sizes (seS&kayet al., 2003). Multiple
studies in the recent years (Dadtial., 2005; Trujillo et al, 2006b, 2007; Cimatti
et al., 2008; Buitragcet al., 2008; van Dokkunret al, 2008; Damjano\et al.,, 2009,
among many others) find the fact that massive galaxiés.(,. > 10''h-2M.) at
high-z ¢ < z < 3) are on average remarkably smaller (a factor of 4-5 for spdsy
and a factor of~3 for disks) than their local counterparts. The origin ostapparent
evolution in size for this galaxy population is not cleart lius not completely un-
expected, as this resembles a formation through gas-rithligsipative mergers (e.g.
Wuytset al., 2010). K-correction effects and cosmological dimming panthe de-
tection of low surface brightness features that ultimatelyld alter the estimation of
the sizes of high-z objects (Valentinuztial., 2010a,b; Mancinét al,, 2010) although
many observational tests have been conducted in orderéssatteir reliability (Tru-

jillo et al, 2006b; Muzziret al,, 2009; van Dokkunet al., 2010).
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However, there is a significant lack of studies which spedliffeexplore whether this
strong evolution in the mass-size relationship holds fss imassive galaxies. Massive
galaxies, although scarce, are often very luminous ohjedteh helps in their detec-
tion at high redshift. This is not true when working with loweass objects. Very deep
and high resolution surveys in the NIR wavelength range laue hecessary to char-
acterize them, allowing comparisons with the local Unieerfhe GOODS NICMOS
Survey is the perfect tool to address all these questiortguse of its extraordinary
depth —~ 2 magnitudes deeper than any ground-based observatiordgiRet al.,,
2010; Conselicet al,, 2011a) — and good resolutior (0.3 PSF FWHM).

Another very interesting question regarding galaxy siz&$ structural parameters’
determination for massive galaxies is the evidence of ainsizes both at the UV and
optical restframe. Truijilleet al. (2007) studied 24 galaxies a2 < z < 2 in the
Extended Groth Strip observed in both the HST ACS i-band artidea HST NICMOS
H-band finding no systematic biases between these two b&uitsagoet al. (2008)
worked with GOODS imaging for all (80) their massive galax@ 1.7 < z < 3
both in ACS (Giavaliscet al,, 2004) and NICMOS (Conselicgt al,, 2011a). In this
case, 49 objects were not detected because of dust obsouf@tueret al, 2011).
For the remaining objects a good correlation was found batvike sizes measured
in both bands, with a small possible bias towards smallessj4t6%) in the H-band

compared to the—band measurements.

More recently, HST WFC3 confirmed these results in the HUDIsdatat al. (2010)
selected 6 massive and passive galaxieb.at< z < 2.4. These galaxies have a
very weak morphological K-correction between a variety ahts (z in ACS; Y, J
and H in WFC3). This was later confirmed in Cassetal. (2011), with a larger
sample of 563 massivel{, > 10°M/ in this case), passive (SSFR 1072 Gyr 1)
and morphologically selected spheroidal galaxie8 at = < 2.5. Summarizing, all
these probes point towards a tentative conclusion, whitthaitsone could have a good
idea of massive galaxy structural parameters using the Wtfraene. This idea is
attractive for us because we stopped analysing the sizeasdine galaxies at redshift
z = 3 in our previous work Buitrag@t al. (2008). We did this as we wanted to

always utilise V-band restframe imaging to provide a dicrhparison with the local
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Universe measurements. Secondly, we were aware that & the contribution of the
cosmological 1 + z)* dimming is very important. Despite this, we are encouraged t
make one step further having all the previous caveats in nhirding at the sizes in

the UV restframe of > 3 massive galaxies using NIR deep observations.

This chapter is based in the GNS parametric analysis of h&fDODS NICMOS
Survey, linking the observational properties . > 10'° — 10 M, galaxies and
the less massive population at high-z. Note as well that Hogmetry used in this
chapter differs from Chapter 1, as we are using now photoonetsses and redshifts
derived for the whole GNS sample, and not the subset of m@aebiects detections in
which the survey was based. All the details for these twordetations can be found
in Conseliceet al. (2011a), and their respective catalogs can be downloadedtfie

GNS webpage
http : / Jwww.nottingham.ac.uk/astronomy/gns/

The structure of this chapter is as follows: Section 4.2 dless our data, the GOODS
NICMOS Survey (GNS), and Section 4.3 deals with their analgad which galaxies
enter in the final study. Section 4.4 presents our resultsSeletion 4.5 we explain
our conclusions. On what follows, we adopt a cosmology With=0.3,2,=0.7 and
Ho=70 kms! Mpc—1.

4.2 The GOODS NICMOS Survey description

Our sample of galaxies originates from the Great Obsenest@rigins Deep Survey
(GOODS) North and South fields (Dickinson, Giavalisco & GO®Deam, 2003) and
are imaged as part of the GOODS NICMOS Survey (GNS; PI C. Gioe3cThe GNS

is a large HST NICMOS-3 camera program of 60 pointings cedtaround massive
galaxies atz = 1.7 — 3 at 3 orbits depth, for a total of 180 orbits in the F160W
(H) band coveringt3.7 arcmir? (roughly one sixth of the GOODS fields). Each tile
(51.2” x 51.2”, 0.203”/pix) was observed in six exposures that were combined to pro
duce images with a pixel scale @fl”, and a PSF of 0.3” FWHM. The details of the
data reduction procedure are discussed in Magee, Bouwellisignorth (2007). We

optimize our pointings to obtain as many high-massM10'* M, galaxies as possi-
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Figure 4.1: Comparison between our photometric and spectroscopitifeséor a total 16% of
our sample). Apart from our HYPERZ derived redshifts, wealteel our measurements using the
Bayesian-approach code BPZ (Benitez, 2000). The formenas chosen due to its slightly better
treatment of outliers on setting low probabilities for the2dshifts. Black crosses stand for all
redshifts, while red circled points denote high probapilédshifts (P> 95 %). The dashed lines
show our limit for catastrophic outlier§Az/(1+ z)| > 0.3. Image taken from (Grutzbauehal,
2011a).

ble, with the selection of these targets described in Careset al. (2011a). Limiting
magnitude reached B ~ 26.8(50).

A total of 8298 objects were detected within GNS imaging ragr8Extractor, using a
20 detection threshold above the background noise and a mimiofi@ adjacent pixels
with values above this threshold. We then constructed aeanaatalog gathering B,
V, i and z ACSv2.0 data products for them. GOODS ACS survewn\@iscoet al,,
2004) probes sources down téda limiting AB magnitude ofz ~ 27.5. We found a
systematic offset of 0.3” between our NICMOS astrometryA6& one. Then masses
and photometric redshift were computed with this set of BMiters. We restricted
ourselves to this 5 bands in order to obtain the highest fidefiotometry and not to be
affected by zero-point random or systematic errors, or ¢pamknd noise and confusion

if utilising Spitzer ancillary data.
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Photometric redshifts were derived usingaminimization procedure with the pro-
gram HYPERZ (Bolzonella, Miralles & Pello, 2000). Details can be fouimdCon-
seliceet al. (2011a); Grutzbauchkt al. (2011a). In brief, synthetic spectra were con-
structed with the Bruzual & Charlot (2003) evolutionary eodrive templates were
used, corresponding to the spectral types E, Sa, Sc and us,apkingle starburst
model. The reddening law comes from Calzettial. (2000). Due to the premium
coverage of the GOODS fields, several spectroscopic releasee available: the
FIREWORKS compilation in the GOODS-S field (Wuy$ al., 2008) and Barger,
Cowie & Wang (2008) in GOODS-N. Photometric redshifts arggaod agreement
with the available spectroscopic ones, for a total of 90&xek with both. Defin-
iNg Az/(1+ 2) = (Zspee — Zphot)/ (1 + Zspec), SOUrces in the GOODS-N field have an
(Az/(142)) = 0.027, with a scatter o = 0.04 (222 out of 537 galaxies with > 95
percent). Sources in the GOODS-S field show similar valgas:/(1 + z)) = 0.043
ando = 0.04 (134 of 369 withP > 95 percent). A visual comparison between
the photometric and spectroscopic redshifts can be fourdguare 4.1 — taken from
(Grutzbauctet al,, 2011a) —.

Stellar masses were inferred with a method which consiststioig a grid of model
SEDs constructed from (Bruzual & Charlot, 2003) stellarydapon synthesis models,
with a variety of star formation histories. We use an exptiaéy declining model

to characterise the star formation history, with variouesagnetallicities, and dust
contents used for different models. A Salpeter IMF (Salpeit®55) was utilised on
this process. Typical errors are 0.2-0.3 dex. To test thisumgalaxy sample, we
utilised the newer Bruzual and Charlot (2011, in prep) medelding that on average
that stellar masses were smaller$y0.07 dex. As this number is much smaller than

our typical uncertainties we conclude that it has not a ficamt impact in our sample.

The photometric redshift and masses we present here diffierthe ones in the Chap-
ter 2 (on the morphologies of massive galaxies). There Wisedithe detections from
previous photometric studies (see Buitragal., 2008; Conselicet al, 2011a, for the
full description). Not all the galaxies previously congielé as massive retain with the
new photometry their status. For the coincident 68 objegesshow in Figures 4.2

and 4.3 a comparison of their properties. Redshifts are etilylp with similar results
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(a measured offset of + 18% towards larger values using the previous photometry)
although masses do not agree that wt£ 71%, again larger for the old values). The
difference in mass is due to the different set of filters usexdgalaxies with similar
redshifts in the old and new photometry display similar tezadnd mean in the mass

determination.

4.3 Structural parameter determination and object se-

lection

We examine the light profiles of the galaxies within our sampith a single Sérsic
model (Sérsic, 1968) to compare our size estimations wetipus works. We utilised
SExtractor (Bertin & Arnouts, 1996) and GALFIT (Peergal, 2002, 2010). All the
procedure is detailed in Chapter 2 Section 2.2.1. Our medsgizes are circularized,
r. = a.v/1 — €, with € the projected ellipticity of the galaxy. This factbr— e is the

axis ratio of the fit.

An important point in our study is the characterization ad MICMOS3 PSF. Due to
the point-to-point variation of the shape of the PSF in ouages we select five (non-
saturated) bright stars to gauge the accuracy of our paeamstimations. The final ef-
fective radii (as well as the rest of the structural paransg@&re théo outlier-resistant
mean of these five independent runs (one per each star us&Fapé& object. We
conducted exhaustive simulations on the recovery of thetstral parameters within
our imaging. They are described in the Appendix A. Our progreas executed for
the whole sample of 8298 galaxies. 1371 of them fell in the GALconstrains we
imposed, namely effective radius values between 0.1 andp2Cakd Sérsic indices
between 0.1 and 9.9. The main reason for the non-realishiesan their fit is their
faintness (being their median magnitudgez = 25.1). For 1010 galaxies our mass de-
termination failed, and they were excluded from subsegaealysis. Our algorithms
could not provide a mass for these objects as they were ddteciy in the H-band
imaging. We also rejected galaxies with stellar masseslentabn10°M/., (another
113). Moreover, we visually inspected all the galaxies easghmple, and discarded ob-

jects whose fit were not meaningful. 91 detections were @stsakwith stars or stellar
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Figure 4.2: Comparison between the redshifts used in Buitragal. (2008) (the ones in Chapter
2) and the ones derived in the total GNS sample — see Constlidg2011a) —. The solid line is
the 1:1 reference. Spectroscopic redshifts where in uskdtmsamples when available.
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Figure 4.3: Comparison between the masses used in Buiteagd (2008) (the ones in Chapter 2)
and the ones derived in the total GNS sample — see Constladg2011a) —. The solid line is the
1:1 reference. Masses computed with spectroscopic réslgitiere in used in both samples when
available.
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spikes that do not enter in our analysis. 185 galaxies laghmse the pointing borders
and thus they were strongly affected by drizzling defeafdnot considered as well.
Finally, galaxies with known defects in their photometratal or their images were
removed, as galaxies close to stars or with non-sense Jaltiesir detection catalogs
(47 more). In total, our size analysis encompasses 548%igajavhich are more than
two thirds of the GNS sample. Out of these, 866 posses sgeopa redshifts and
masses (16%). Summarizing, our sample was carefully seleatcounting for every

bias we could think of.

4.4 Results

4.4.1 Mass-size relationship ab < z < 5 in the H-band

We present the mass-size relationship for disk-like geki < 2.5; Figure 4.5 and
Table 4.1) and spheroid-like galaxies ¢ 2.5; Figure 4.6 and Table 4.2) as done
in Shenet al. (2003). In that article, the authors analysed the sizeidigton of
galaxies, both in luminosity and mass, splitting their sengrcording to the Sérsic
index in order to have a crude automatic estimation whichoealinked with the visual
morphology (Ravindranatét al., 2004, and see also the Chapter 2). Our figures are
divided in 8 redshift bins, covering intervals of 0.5 in rkidiseach one, but the last two
(3 < z < 4,4 < z < 5). Blue points are the means (obtained withveobitlier-resistant
determination) for the following mass interval®M., < M, < 10°M, 10°M,, <
M, < 10"°M,, 10*°M, < M, < 10" M, and> 10" M. Mass intervals with less
than three objects are not considered due to the intringiisstal uncertainties. Error

bars represent the standard deviation of the means.

The solid lines are the SDSS local size-mass relations (8hal) 2003) corrected to
match our Salpeter IMF. This was done by multiplying by adadf 1.7 (0.23 dex),
as they used a Chabrier (2003) IMF. We note that S#teal. (2003) relationships are
built using only the most massive galaxies, especially firesoid-like objects, and
hence they do not cover the entire range of masses studiddsimvork; their mass
ranges aré x 10° —1 x 10'2M,, for spheroid-like objects an®l x 10% —1 x 102M,
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for disk-like objects. To quantify the observed size evolut we calculate the ratio
between the sizes we measure, and the measured sizes of gakkies at the same
mass, by using the SDSS results (Skeal., 2003). Local radii come from the r'’-band,
which is nearly equivalent to the V-band rest-frame at 0.1, the mean redshift of the
galaxies in SDSS. As such, this is better suited to matchetsirame light of galaxies

atl.b < z < 3.

Both disk-like and spheroid-like objects show smalleriratihigher z. This trend is
easier to see for the disks. We attribute this to the factdbastatistics are better con-
strained for low Sérsic index objects, as disk-like are enmumerous than spheroid-
like galaxies (1614 vs 3885 objects). Another effect whi€ltaurse plays a major
role is the K-correction. Whereas in the first redshift bin ave looking at the NIR
resftrame, we are in the UV regime for the last one, as thea@enavelength in the
H-band (1600 nm) corresponds to 1600 nm/(1+z) restframel@agth at every red-
shift. Lastly, cosmologica]l + z)* dimming is hampering our detections largely at the
highest redshifts. This has been quantified in Conseli@d. (2011a); Mortlocket al.
(2011). In Figure 1 of Mortloclet al. (2011) (reproduced in this chapter as Figure
4.4), the magenta lines show the theoretical detectiortdiwii the NICMOS3 cam-
era, calculated for the mass-to-light ratios of a maximalty stellar populations and
combining it with the limiting magnitude of the survey ane tbminosity distance for
each redshift bin. Nevertheless, looking at the same plebitld be more accurate to
take the first value (the higher in mass) of the red pointsciviare the data affected
by incompleteness. These incompleteness limits are th&h/, at1 < z < 1.5,
109M atl.5 < z < 2.5 and10%5M,, at2.5 < z < 3.5. Finally, there is a steady drop
in the number densities of massive galaxies at high-z (Goeset al, 2007; Pérez-
Gonzalezt al, 2008a; Conselicet al, 2011a). As a result, for > 3 the mix between
incompleteness and decreasing number densities prodwdEesnumber statistics in

our study.

We attempted a number of different approaches to clarifyntlags-size relations for
the different objects that compose our sample. Figuresrd4a88 show the evolution
of the mean radius of galaxies within the same mass ranges/erdshift. Note that for

spheroid-like objects only/, > 10'°M,, objects are displayed, to be consistent with
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Figure 4.4: Mass functions of the GNS with increments of 0.5 in redshéfiween consecutively
bins fromz = 1 to z = 3.5. Black points are the data which has been fitted with a Preke¢hiter
function (Press & Schechter, 1974) that it is depicted bygitee=n dashed line. Last redshift bin
points are open circles because they were not included iarthlysis of the parent paper Mortlock
et al. (2011). Vertical pink lines represent the theoretical masis of the GNS survey and the
red points are the ones affected by incompleteness. Theeldalik curve is the fiducial local mass
function in Coleet al. (2001). Image taken from (Mortloait al., 2011).

the Sheret al. (2003) local study. We did not display the first redshift Bsults as the
volume probed by the GNS at these redshifts is too small te bacurate statistical
interpretations. Our results are in agreement with sinmiass-size relations found in
the local Universe, where more massive objects have larges.sThis is somewhat
less clear at > 3, where galaxies display similar sizes almost indepengerftiheir
masses, although we would need a larger number of galaxibsiare careful inspec-
tion of every object to confirm this. In relation with the menassive {7, > 10 M)
galaxies, while at low redshift they fit with the previous dastion, they drastically
change at > 1.5, displaying average radii smaller than lower mass objettss
agrees well with the results of Truijillet al. (2007); Buitragoet al. (2008) (dashed
lines), although we notice a small shift for disk-like oligedue to the low number

statistics.

Relative changes in size in comparison with the SDSS sané the masses are
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shown in Figures 4.9 and 4.10. It seems that, at least forldiskgalaxies, there is
a general trend towards smaller radii at high redshift @gae always bear in mind
the caveats in our interpretation, but this decrease is@albie at even low redshifts).
However, massive galaxies are systematically shifteduetaelative size values, as
it has been reported many times for the massive galaxy popul@.g. Trujilloet al,,
2006b, 2007; Buitraget al., 2008).

Indeed our statistics are better constrained for thosehiéslsvhere the number of
objects is larger. Although this number of objects is wntie Tables 4.1 and 4.2, we
show it graphically in the montage of the Figure 4.11. As exp@, intermediate mass
objects (0°M, < M, < 10 M) at0.5 < z < 1.5 are the most numerous objects in
the GNS survey. We must also stress that GNS was specificadigiaed to probe the
high mass end of the galaxy mass functionat 1.5, having a total overdensity of
3.05 (Conseliceet al., 2011a) of these galaxies than a blank field survey. Thisifeat
helps overcome the problem of their scarcity, allowing ushitain meaningful results

for this mass rangel(, > 101 M.,) as well as the others.

In both Table 4.1 ant Table 4.2 there is an extra column wigcthmparison with pre-
vious photometrical masses and redshifts used for studimmgnassive galaxy popu-
lation at1.7 < z < 3 in our previous article Buitraget al. (2008). As stated in the
introduction of this chapter, we are dealing with newly mhmoétric values derived not
only for the massive galaxies but for all the galaxies witbur imaging. We chose
to work with them for the sake of consistency, as we wantegtfeometry to be the
same throughout the sample to allow comparisons betweeratimis mass and red-
shift bins. The impact of this fact in the sample consisthefreduction in the number
of objects which fulfill the condition of massivél{, > 10! M) in the previously
mentioned redshift range. The final column in the tablesledal/, > 10'! M (B08)

— shows how our new results compare with the old ones. Notethl the Sersic
index separation value between disk-like and spherogeldiiaxies were 2 instead of
2.5 in Buitragoet al. (2008). Nevertheless, looking at the same time to all thelt®s
for massive galaxies we see the same statistical trendsiéoprevious and the new
photometric values within the error bars. We noticed thessior disk-like galaxies

are on average8% larger with the previous results. This is probably due toftut
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that the new photometry retrieves less massive galaxieshaiscbur statistics are less
constrained for these objects. The difference betweenuhbghed values in Table 1
of Buitragoet al. (2008) and in the tables of this chapter for the old photoynate
based on the fact that here we show the mean values of theiwdfemdii, whereas in
the article the chosen statistical value was the medias.ribteworthy that the previ-
ous photometry was chosen upzc= 3, and as a result there are no complementary

values for the photometric masses and redshifts for gaddoagond that limit.

4.4.2 Comparison with other mass-size relationships in thktera-

ture

This is the first attempt, to the best of our knowledge, whgtbb size-mass relation-
ship has been analyzed for the full range of masses of thaigalaithin a survey.

Conclusions must be drawn with caution, as our sample isomptete at all masses
and redshifts, and also cosmological variance effects aréully understood due to

the patchy nature of GNS.

However, for massive galaxies, there are a number of examptle literature. These
works differ on the various criteria they used on splittirdexy types, and thus helping
claiming justifications for their compactness at high-zrédee will cite some of the

most relevant works.

Saracco, Longhetti & Andreon (2009) investigated 32 molpdjically classified early-
type galaxies at < z < 2 observed with the HST NICMOS3 camera in the H-
band. They divided their sample between young and old ETGalndifference in
age~ 1.5 — 2 Gyr). All the compact objects were members of the old pojpurtat
Newer analyses utilizing the same criteria failed to ob&milar results, and using
larger samples of massive galaxies (Trujillo, Ferreras &ad&osa, 2011, McLuret

al. 2012 in preparation).

Williams et al. (2010) studied the size evolution fe¥r30000 massive (in this case
M, > 6 x 10'°M,,) galaxies, splitting them according to their colors andrtpas-
sive/star forming nature. The latter method was the mostessful one, and the

threshold value they chose was SSFR3/t,;, wherety, is the age of the Universe at
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a given redshift. SSFR, i.e., the star formation efficieresmss to be a very promising
mechanism to shed lightinto this problem. Neverthelesgekt changes are always re-
lated with mass. The less massive galaxies in their samete/éen)/, > 6 x 101°M,
M, > 6 x 10'°M.) have milder evolution in size that the 10! M, galaxies. They
parametrized it by, « (1 + 2)%, a ~ —0.7 for the former,a ~ —1.3 for the latter;
while Buitragoet al. (2008) reports—0.82 for massive disk-like galaxies and1.48

for massive spheroid-like galaxies.

Finally, some authors tried to link the size-mass relatigmsvith the environmental
influence (Gutiérrezt al, 2004; Maltbyet al, 2010; Valentinuzzet al., 2010a,b).
There are tantalizing hint about low-mass disks sufferningifa slight decrease in their
sizes in denser environments, although it is not clear tleethe environment play in
this context. This is especially the case for high-z obg@ma, where no relation has
been found between sizes and local densities of neighlgpgataxies (Grutzbauch
etal, 2011a).

Future exploration of the parameter space defined by mags - §SFR - Sérsic in-
dex happens to be key to understand the mass-size relapastits departures for
specific kinds of galaxies. Moreover, it offers an altewativay to constrain at which
point the star formation quenching of massive galaxiesstghace. The problem for
these studies to be achieved is based on the fact that higlv-mhss and complete
samples of galaxies with reliable star SFRs are challenggnipey require very deep
observations with high-quality ancillary data. Steps amé taken in this direction,
with ongoing wide & 1 deg?) and deep NIR surveys as UltraVISTA (McCracken
al. 2012 in preparation, Buitraget al. 2012 in preparation).

4.4.3 Massive galaxies at > 3

To explore the sizes of massive galaxies at 3 is extremely challenging. Interest-
ingly, the actual time to build up any high mass system wag heiited, as the age of
the Universe was less than 2 Gyr. In total, according to oteafi®n criteria and our
photometrical estimations, we detect 11 massive galadigs¥ 10 M) atz > 3.
Eight (73 4 24%) are disk-like ¢ < 2.5) and 3 @7 + 16%) are spheroid-liker{ > 2.5)

galaxies. These percentages fit remarkably well on theidracf massive galaxies at
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z > 2 segregated depending on their Sérsic indices (see Chajtigure 3). Their
size-mass relationship in comparison with the Seeal. (2003) local sample can be
found in images 4.12 (disks) and 4.13 (spheroids).

We also tried to assign a visual morphology to them (knowimg difficulties this
task entails) in the UV restframe. Fivéy(+ 20%) are classified as irregular/peculiar
galaxies (out of which 4 were are also consistent visually i disky nature rather
than a spheroid), 86+ 18%) as disks without disturbances and there ares2413%)
spheroidal galaxies. These results are in agreement widh wes previously reported

in Chapter 2.

Little work has been devoted to investigate galaxies as ties i this section in the
literature. Wiklindet al. (2008) studied 11 candidates for massiv&- x 101 M)
galaxies atl.9 < z < 6.5 (with one redshift confirmed spectroscopically). Remark-
ably, these galaxies were already old, having stellar @i ages between 0.2 and
1.0 Gyr. Their half light radii were always smaller than 2 lgpal 7 of them had Spitzer
MIPS detections at 24n. Recently, (Willottet al., 2012) focused on Lym