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Summary

The outskirts of galaxies contain multiple clues about the formation processes that
shaped galaxies into the current morphological scheme, and their evolution. Neverthe-
less, the analysis of the low surface brightness regions around galaxies is limited by the
depth of our current imaging surveys and the presence of various types of systematic
effects (i.e., projection effects, PSF contamination, sky over subtraction). In this PhD
thesis we focus on the properties of the outskirts of disc galaxies, combining simulations,
models and observations of disc galaxies with new methods and statistical tools to avoid
systematic biases.

In the first part of this thesis (Borlaff et al. 2016) we focus on the effect of the in-
crease of the disc scale-height of stellar discs as a function of the galactocentric radius on
the surface brightness profiles of edge-on disc galaxies. This phenomenon (also named
flaring) has been detected in the stellar discs of simulated and real galaxies, including the
Milky Way. We use realistic 3D models based on observations to demonstrate that flares
can create down-bending surface brightness profiles when observed at high inclinations.
Contrarily, flares have no effect on the profiles of face-on galaxies, partially explaining
the relatively high abundances of Type-II breaks in edge-on galaxies. Moreover, the dis-
tribution of inner-to-outer scale-length ratio of the resulting exponential profiles matches
the observed distribution of breaks (Martin-Navarro et al. 2012), previously associated
with radial star formation thresholds. In addition, we found that flares explain the
weakening of the breaks with the vertical distance from the plane found by Pohlen et al.
(2007) and Martinez-Lombilla et al. (2018).

In Borlaff et al. (2017, 2018) we analyse the properties of the Type-III (antitruncated)
profiles of lenticular galaxies beyond the local Universe. We aim to study if the structural
and photometric scaling relations found previously in Borlaff et al. (2014) in the Type-
I1T SO galaxies at z = 0 are compatible with a sample objects of the same type beyond
the local Universe. In Borlaff et al. (2017) we identify a sample of red sequence galaxies
from the GOODS-N field and classify them morphologically, according to their shape,
surface brightness profile, and the star formation rate (SFR). Afterwards, we decompose
and correct their images for PSF effects. Finally we identify 14 Type-III SO galaxies
between 0.2 < z < 0.6. In a second paper (Borlaff et al. 2018), we analyse the structural
and photometric properties of the identified sample, compared to the local Type-III SO
galaxies. We found that the general structure of Type-II1 SO galaxies does not present a
significant change, although they do show a general dimming of Ay ~ 1.5 mag arcsec™2
since z ~ 0.6. We compare the results to a grid of Single Stellar Population (SSP)
models, in order to obtain an estimate of the age of the dominant stellar population.
We find that if the star formation history (SFH) if similar to that of an SSP, this cannot
have happened earlier than z ~ 1.2. Otherwise, the SFH has to be more extended in
time or present multiple SFR bursts.

The last chapter of the PhD is focused on the near infrared (NIR) observations of the
Hubble Ultra Deep Survey (HUDF). In order to continue the analysis of the outskirts of
disc galaxies to higher z, NIR observations become mandatory. Nevertheless, the limiting
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surface brightness of most ground and space-based surveys is dominated by systematic
effects, rather than the signal-to-noise ratio. Sky over-subtraction, PSF contamination,
NIR persistence, and flat field residuals generate irreversible biases on the final combined
mosaics and the science products. Mitigation of these effects requires a careful and
robust treatment of the science exposures. For instance, it has been shown that the
low surface brightness structure around the galaxies of the WFC3/IR HUDF (see XDF,
Nlingworth et al. 2013; HUDF12, Koekemoer et al. 2013) was significantly removed by
the reduction process because of background over-substraction. In a recent paper (Borlaff
et al. submitted)! we test a number of techniques to improve the reduction pipeline of
the WFC3/IR HUDF. These methods include the creation of sky flat fields, correction
of NIR persistence, residual background removal, careful sky level matching and robust
co-adding. As a result, we successfully recover the removed structure in the outskirts
of galaxies, increasing the depth of the images by reducing the systematic biases. We
obtained a new version of the WFC3/IR, HUDF mosaics which preserves the properties
of the objects at all angular scales and intensity ranges, valid for the study of the low
surface brightness Universe.

'The ABYSS HST Ultra Deep Imaging Project: http://www.iac.es/proyecto/abyss/

Este documento incorpora firma electrénica, y es copia auténtica de un documento electrénico archivado por la ULL segun la Ley 39/2015.

Su autenticidad puede ser contrastada en la siguiente direccidn https://sede.ull.es/validacion/

Identificador del documento: 1630214 Caédigo de verificacion: t9B5ZwC4

Firmado por: ALEJANDRO SERRANO BORLAFF Fecha: 26/10/2018 14:30:18

UNIVERSIDAD DE LA LAGUNA

Juan Esteban Beckman Abramson
UNIVERSIDAD DE LA LAGUNA

26/10/2018 14:38:43

MARIA DEL CARMEN ELICHE MORAL
UNIVERSIDAD DE LA LAGUNA

26/10/2018 15:54:08

JOAN FONT SERRA
UNIVERSIDAD DE LA LAGUNA

26/10/2018 18:45:45

6/100



Universidad de La Laguna
Oficina de Sede Electréonica

Entrada

N° registro: 2018/95508
N° reg. oficina: OF002/2018/89916
Fecha: 30/10/2018 12:24:38

vii

Resumen

Las regiones externas de las galaxias contienen miiltiples pistas sobre los procesos de
formacién que dieron lugar a los distintos tipos morfol6gicos observados en la actualidad
y su evolucién. Sin embargo, el andlisis del Universo a bajo brillo superficial esta limitado
por la profundidad de las imagenes actuales y la presencia de diversos tipos de efectos
sistemaéticos; efectos de proyeccién, contaminacién por funcién de dispersién de punto
(PSF), sobre-substraccién de nivel de cielo, entre otros. En esta tesis doctoral nos
centramos en el estudio de las propiedades de las partes externas de las galaxias de disco,
combinando simulaciones, modelos y observaciones con nuevos métodos y herramientas
estadisticas para evitar efectos sisteméticos.

En la primera parte de esta tesis (Borlaff et al. 2016) nos centramos en el efecto
del incremento de la escala vertical de disco como funcién del radio galdctico sobre los
perfiles de brillo superficial de galaxias de canto. Este fenémeno (llamado flaring) ha sido
detectado en el disco estelar de simulaciones de galaxias y en galaxias reales, incluyendo
la propia Via Lactea. Mediante el uso de modelos de galaxias 3D realistas basados en
observaciones, demostramos que los flares pueden producir truncamientos en los perfiles
de brillo superficial de galaxias con muy alta inclinacién. Por otro lado, los flares no
producen ningun efecto en galaxias a baja inclinacién, lo cual explica parcialmente la
relativa alta frecuencia de deteccién de truncamientos en galaxias de canto. Ademas,
nuestros modelos reproducen la distribucién del cociente entre la escala de disco interna
y externa al truncamiento (Martin-Navarro et al. 2012), previamente asociada a una
caida brusca en la tasa de formacién estelar. Finalmente, observamos que los flares
explican la caida en la intensidad de los truncamientos a mayores distancias del plano
galdctico observada por Pohlen et al. (2007) y Martinez-Lombilla et al. (2018).

En Borlaff et al. (2017, 2018) analizamos las propiedades de los discos antitruncados
de galaxias lenticulares a distancias cosmolégicas. El objetivo es comprobar si las rela-
ciones de escala en estructura y fotometria descubiertas previamente en Borlaff et al.
(2014) en galaxias lenticulares con perfil Tipo IIl a z = 0 son compatibles con una
muestra de objetos del mismo tipo fuera del Universo local. En Borlaff et al. (2017)
identificamos una muestra de galaxias de la secuencia roja en el campo cosmoldgico
GOODS-N, clasificindolas morfolégicamente por su forma aparente, perfil de brillo su-
perficial y la tasa de formacién estelar (SFR). Después, descomponemos y corregimos las
imégenes de efectos de PSF. Generamos perfiles de brillo superficial y los clasificamos
en los distintos subtipos mediante el uso de herramientas estadisticamente robustas de-
sarrolladas por nosotros con este objetivo. Finalmente identificamos 14 galaxias SO con
perfiles Tipo IIT a 0.2 < z < 0.6.

En el segundo articulo de la serie (Borlaff et al. 2018), analizamos las propiedades
estructurales y fotométricas de los discos antitruncados de esta muestra, comparandolas
con una muestra de objetos del mismo tipo en el Universo local. Los resultados mues-
tran que la estructura general de los discos antitruncados en galaxias lenticulares no ha
cambiado significativamente desde 0.4 < z < 0.6, aunque su brillo en la banda R ha
disminuido en Ap ~ 1.5 mag arcsec™2 desde z ~ 0.6. Comparamos los resultados con
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una red de evolucién de modelos de poblacién estelar tinica (SSP) con el objetivo de
obtener una estimacién sobre la época de formacién de la poblacién estelar dominante
en las galaxias SO Tipo III. Los modelos muestran que, si la historia de formacién estelar
(SFH) de las SO Tipo III puede aproximarse como un tnico brote de poblacién estelar,
este brote tuvo que tener lugar a z < 1.2. En cualquier otro caso, la SFH debe ser mas
extendida en el tiempo o presentar diversos brotes de formacién estelar.

El dltimo capitulo de la tesis esta dedicado a las observaciones en infrarrojo cercano
(NIR) del Campo Ultra Profundo de Hubble (HUDF). Para continuar el andlisis de las
partes externas de galaxias de disco hacia rangos mayores de desplazamiento al rojo
son necesarias observaciones en el rango espectroscépico del NIR. Sin embargo, el limite
de brillo superficial de la mayor parte de las exploraciones desde telescopios en tierra
o espaciales esta dominada por efectos sisteméticos, en lugar del cociente de senal a
ruido. Los efectos de sobre-sustraccién de cielo, contaminacién de PSF, persistencia en
el NIR y residuos de correccién de campo plano generan desviaciones irreversibles en
los mosaicos finales y por lo tanto en los resultados cientificos. Mitigar estos efectos
requiere un tratamiento cuidadoso y robusto de las exposiciones individuales. Se ha
observado que la estructura de bajo brillo superficial de los mosaicos de HUDF obtenidos
usando la cdmara WFC3/IR del Hubble Space Telescope (ver XDF, Illingworth et al.
2013; HUDF12, Koekemoer et al. 2013) fue significativamente sobre sustraida durante el
proceso de reduccién de los datos. En Borlaff et al. (submitted)? probamos una serie de
técnicas para mejorar el proceso de reduccién de datos de WFC3/IR en el HUDF. Estos
métodos incluyen auto-calibracién de campo plano, correccién de persistencia, correccién
de gradientes residuales y ajuste del nivel de cielo relativo de las exposiciones, asi como
combinacién robusta de las imdgenes. Como resultado de estas mejoras, recuperamos la
estructura externa de las galaxias presentes en los mosaicos, aumentando la profundidad
de las imagenes debido a la reduccién de los efectos sistemadticos. La nueva version de
los mosaicos NIR del HUDF preserva mejor las propiedades de los objetos a todas las
escalas angulares y de intensidad, permitiendo de esta manera el estudio del Universo a
bajo brillo superficial mediante todas las técnicas actuales y propuestas.

2El proyecto ABYSS de imagen ultra-profunda con HST: http://www.iac.es/proyecto/abyss/
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From the exponential disc to the outer
haloes.
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From my life experience:
If you want the smallest thing to be solved
successfully, make the greatest effort!

— Alexei Leonov - USSR Cosmonaut.
Dedicated to the IAC on the visitors book during
Starmus 2016.

1.1 Disc galaxies on the Hubble sequence

Once we overpass the surface brightness of the darkest night sky (1 = 22 mag arcsec™2)
we are able to detect a reasonable fraction of the structure of the galaxies that surround
us. The number and variety of galaxies rapidly increases with the apparent size and
luminosity. Galaxies present a large diversity of shapes and properties. Based on Hub-
ble (1922), the Hubble Sequence (Hubble 1926) was the first attempt to classify them
based on its apparent shape and structural complexity. Although it was later revised by
de Vaucouleurs (1959a) and Sandage (1961), it is still one of the fundamental pillars of
astronomy (see in Fig. 1.1 the original diagram published in Hubble 1936).
In an early general view, galaxies were divided into several classes:

Este documento incorpora firma electrénica, y es copia auténtica de un documento electrénico archivado por la ULL segun la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente direccidn https://sede.ull.es/validacion/

Identificador del documento: 1630214 Caédigo de verificacion: t9B5ZwC4
Firmado por: ALEJANDRO SERRANO BORLAFF Fecha: 26/10/2018 14:30:18
UNIVERSIDAD DE LA LAGUNA
Juan Esteban Beckman Abramson 26/10/2018 14:38:43
UNIVERSIDAD DE LA LAGUNA
MARIA DEL CARMEN ELICHE MORAL 26/10/2018 15:54:08

UNIVERSIDAD DE LA LAGUNA

JOAN FONT SERRA 26/10/2018 18:45:45
UNIVERSIDAD DE LA LAGUNA

13/100



Universidad de La Laguna
Oficina de Sede Electréonica

Entrada

N° registro: 2018/95508
N° reg. oficina: OF002/2018/89916
Fecha: 30/10/2018 12:24:38

2 Chapter 1. From the exponential disc to the outer haloes.

1. Elliptical galaxies, with spheroidal shapes and generally an axisymmetric smooth
light distribution without any visible disc or spiral substructure. They are classified
from 1 to 7 by its increasing ellipticity’® e.

2. Spiral galaxies, with a disc structure and a noticeable spiral pattern, usually pop-
ulated with blue knots of active star formation. They are divided into two parallel
branches, barred and non-barred, with three sub-types (a, b and ¢) depending on
the tightness of the spiral pattern and the brightness of its bulge component.

3. Irregular galaxies. This class includes all the objects without clear shapes or pat-
terns that do not match into any other classes.

It is not until Spitzer & Baade (1951) that the lenticular galaxies or SOs were identified
as the hypothetical intermediate class of galaxies between the elliptical and the spiral
galaxies theorised by Hubble (1926, 1936). Lenticular galaxies present clear smooth disc
structure, sometimes with dust lanes (Annibali et al. 2010; Finkelman et al. 2010) but
they do not show any signs of spiral pattern and present very low star formation rates
(SFR). Although later studies have proved that galaxies do evolve between types along
the Hubble diagram, it is worth noting that many authors have incorrectly claimed
that this proposed classification system was supposed to imply an evolutionary path or
direction, despite the explicit note in Hubble (1927)2.

The colours and spectral properties present a continuous variation along the Hubble
Sequence (Holmberg 1958; de Vaucouleurs 1959a, 1963) suggesting that this early mor-
phological classification is deeply linked to the real formation and evolution of galaxies.
In fact, elliptical galaxies tend to be red, massive and they show little or low SFR, while
the spirals are less massive, bluer and present higher SFR. Due to their usual smooth
structure, lenticular galaxies are difficult to classify using only photometric information
(Bernardi et al. 2010), as they are easily confused with elliptical galaxies when in face-on
orientations (Emsellem et al. 2007; Cappellari et al. 2011; Krajnovié et al. 2011). It is for
these reasons that new classification schemes have been proposed where lenticular form
a parallel sequence to that of the spirals (van den Bergh 1976). Some authors (King
1992; Djorgovski 1992) announced the need for more physically motivated alternatives
to the Hubble sequence, a claim that was addressed by more recent studies, taking into
account the internal dynamics of the galaxies (Emsellem et al. 2007; Cappellari et al.
2011; Laurikainen et al. 2010; Kormendy & Bender 2012). These studies have shown that
the slow rotators are morphologically assigned to a mix of E and SO galaxies. Lenticular
and spiral galaxies enclose all classes of disc galaxies (with the exception of dwarfs, which
we will not address in this work). In this PhD thesis we will focus on the properties of
the outskirts of disc galaxies, paying special attention to the lenticular galaxies.

!The number corresponds to the first decimal of e = 1 — b/a where a and b are the minor and the
major axis

2In Hubble (1927), the author noted: ”This nomenclature, it is emphasised, refers to the position
in the sequence, and temporal connotations are made at one’s peril. The entire classification is purely
empirical and without prejudice to theories of evolution” (see Baldry 2008, for a detailed discussion about
this).
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Figure 1.1: Hubble’s original tuning-fork diagram as published in 1936 in The Realm of
the Nebulae (Hubble 1936). From left to right: elliptical galaxies (E), lenticulars (S0),
and spirals (S). The top branch of spirals represent the sequence of bar-less (normal)
spiral galaxies and the bottom, its parallel sequence of barred spirals.

1.2 Evolution of disc galaxies: spirals and lenticulars

Motivated by their disc structure, there have been multiple studies looking for evo-
lutionary connections between the spiral and SO galaxies. It has been observed that
the number density of SO galaxies has increased since z ~ 1, at the expense of spi-
ral galaxies (Dressler 1980; Dressler et al. 1997; Poggianti et al. 2009; D’Onofrio et al.
2015). This effect has been observed in clusters and groups. As a consequence, SOs
have become numerically dominant at the characteristic L* of the luminosity function
(L ~ L*, Schechter 1976) in the local Universe over other morphological types in both
environments (Marzke et al. 1994; Bernardi et al. 2010). It is then clear that a signif-
icant fraction of SOs were spirals in the past, although the mechanisms that drive this
evolution are still a matter of debate. Their morphological transformation had to take
place either through internal processes which removed the gas, the spiral structure and
quenched the star formation in their discs, or through interactions with other galaxies.
It has been generally thought that disc galaxies are too fragile to survive or reconstruct
their structure after a merger (Toth & Ostriker 1992; Kormendy & Kennicutt 2004).
In that scenario, spiral galaxies would have been transformed into SOs after their star
formation was cut-off (Aragén-Salamanca et al. 2006), either through gas stripping in
the disc (Gunn & Gott 1972; Bekki et al. 2002; Laurikainen et al. 2010), removal of their
gas halo reservoirs (starvation or strangulation, Larson et al. 1980), harassment (Moore
et al. 1996), or strong and sustained star formation in the central regions of the galaxies
(Kormendy & Kennicutt 2004).
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Pseudobulges present relatively flat shapes and with a significant degree of rota-
tional support (Kormendy 1993; Laurikainen et al. 2006; Graham 2013), contrary to
the classical spheroidal kinematically-hot bulges. Their presence in SO galaxies is often
considered as a proof of their secular origin (Laurikainen et al. 2010; Vaghmare et al.
2015), because it is considered difficult to explain the properties of such structures after
violent processes such as major mergers. Some studies claim that structures related to
minor and major mergers such as shells, ripples (Malin & Carter 1980) and polar rings
(Schweizer et al. 1983) appear in SO galaxies, although they are not very common (in
Sect. 1.5 we will demonstrate that current measurements of the relative frequency of
such structures may be strongly biased due to the limiting depth of the images). Similar
arguments have been applied to other structures such as lenses (Laurikainen et al. 2011).
Despite this, alternative simulation studies based on minor and major merger processes
have been proposed to create pseudobulges and lenses (Eliche-Moral et al. 2012, 2013;
Querejeta et al. 2015a; Eliche-Moral et al. 2018). In addition, there are observations of
galaxies which contain both classical and pseudobulges (Erwin et al. 2015), proving that
structures associated with very different formation mechanisms can coexist in the same
galaxy.

The processes behind the transformation of spiral galaxies to lenticulars that are
related to the environment of the galaxies may only play a significant role in the formation
of intermediate-to-low mass SO galaxies (Ravikumar et al. 2006; Bernardi et al. 2011a,b;
Barway et al. 2013; Cerulo et al. 2017) located in clusters (Vollmer et al. 2005, 2012;
Crowl et al. 2005; Rodriguez Del Pino et al. 2014). In fact, some authors suggest that
this transformation may be more efficient in low density clusters than in high density
ones (Fasano et al. 2000). Nevertheless, half of the SO galaxies reside in groups or on
the field, with very few cases of isolated SOs (Huchra & Geller 1982; Berlind et al. 2006;
Crook et al. 2007; Wilman et al. 2009; Khim et al. 2015).

Contrary to widespread belief, many studies prove that major mergers can produce
well-defined disc remnants (Bekki & Kenji 1998, 2001; Bekki & Couch 2011; Bour-
naud et al. 2005, 2007; Bournaud et al. 2011; Governato et al. 2007, 2009; Hopkins
et al. 2009a,b; Hopkins et al. 2013; Eliche-Moral et al. 2018) or even spiral galax-
ies (Athanassoula et al. 2016; Rodionov et al. 2017; Peschken et al. 2017). In fact,
bulge/disc decompositions of the lenticular galaxies by Barway et al. (2009) suggest
that the low-luminosity lenticulars were formed by secular evolution processes, while the
bright (more massive) lenticulars may have been formed through major merger processes.
Thus, lenticular galaxies may approach their morphology from different initial states by
moving along multiple evolutionary paths (van den Bergh 1990). Many questions arise
from these studies: how can processes of such different nature end up creating systems
of similar apparent morphology as the lenticular galaxies? How stable — from the evo-
lutionary point of view — are the structures of the galactic discs? Are there significant
differences between the structure of stellar discs at different redshifts?
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1.3 The surface brightness profiles of galaxy discs

1.3.1 Type I or pure exponential discs

One of the first surface brightness profile analysis was published by Reynolds (1913).
This author found a rapid decrease of the surface luminosity of M31 as a function
of radius (see Fig.1.2), which was associated with the interaction of the light from a
hypothetical inner central star with the surrounding nebulous material of the spiral.
Reynolds also discussed the alternative hypothesis that M31 could actually be a distant
galaxy made of stars, arguing that in that case, it would be very improbable that the
composed surface brightness profile of the stars would follow the observed curve. The
discovery of Cepheids in M31 and M33 a decade later by Hubble (1925) proved that such
possibility was in fact correct.

Later on, Patterson (1940) determined that the luminosity distribution along the
galactocentric radius of M33 was nearly exponential. This result was later confirmed by
de Vaucouleurs (1959b) using photometric data in three optical bands (U, B and V).
Sérsic (1963) pointed out that the variation of the surface brightness is a consequence of
the stellar density decline as a function of galactocentric radius. Since then, an increasing
number of observational studies confirmed the exponential nature of the galactic discs
using larger samples of galaxies (Freeman 1970; Kent 1984; de Jong 1996). The shape of
the surface brightness profile of a galaxy is a proxy of its surface mass density and thus
its study is extremely useful for the analysis of the gravitational potential of galaxies.
Freeman (1970) compared HI rotation curves with the predicted rotation curves from the
observed optical exponential discs of NGC300 and M33, concluding that there should
be an unknown amount of undetected additional matter — as large as the mass of the
detected galaxy — with a very different distribution from the observed exponential disc.
This was one of the first suggestions® of the presence of dark matter in galaxies, tightly
linked to the structure of the exponential disc.

Despite the observational limits, all exponential discs profiles must present some
type of deviation from their trend at some radius. Either a truncation (see Sect.1.3.2)
or a transition to a external component (i.e, the stellar halo). Nevertheless, even using
the current observational capabilities, some objects present very extended light profiles
that do not seem to end, maintaining a single exponential disc down to very low-surface
brightness limits (4 = 30 mag arcsec™2) and large radius (~ 9 — 10 scale-lengths).
Examples of such objects are NGC5383 (Barton & Thompson 1997), NGC4123 (Weiner
et al. 2000), or NGC300 and NGC7793, analysed by Bland-Hawthorn et al. (2005) and
Vlajié et al. (2009, 2011) using star count methods.

30ort (1940) already observed discrepancies between the structure and dynamics of NGC3115: "It
may be concluded that the distribution of mass in the system must be considerably different from the dis-
tribution of light. [..] The most remarkable feature is that the mass density appears to remain practically
constant outside a = 10”7, though the light-intensity falls off steeply. The strongly condensed luminous
system appears embedded in a large more or less homogeneous mass of great density.”
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Light Curve of the Andromeda Nebula,

Figure 1.2: M31 original surface brightness profile reproduced from The light curve of the
Andromeda nebula (NGC 224) by Reynolds (1913). In the vertical axis, light intensity
(arbitrary units). The horizontal axis represents the spatial dimension (in mm, where 1
mm = 69”). Solid line represents the observed values, while the dotted line represents
a fitted law (z + I)%?y = C, where z is the radius, y is the intensity and I and C are
constants.

The mechanisms for the formation of such exponential profiles that extend out to ~
9—10 scale-lengths are still unknown. Early models (Mestel 1963; Gunn 1982) show that
exponential profiles could be generated by the collapse of a uniformly rotating gas sphere.
Nevertheless, these authors found also that the resulting disc is only exponential over
~ 3 scale-lengths, which can partially explain down-bending profiles (see Sect. 1.3.2), but
such models cannot explain the presence of exponential discs that extend for almost 10
scale-lengths. Moreover, Efstathiou (2000) showed that in order to reproduce exponential
profiles for so many scale-lengths through angular momentum conserving collapse, the
initial halo should present an abrupt, and physically implausible, upturn of the rotation
curve at some radius. In addition to the collapsing halo models, Hohl (1971) proposed
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that bars and spiral instabilities could form exponential profiles through scattering.
Other models suggest that exponential profiles appear when the viscous flow rate of the
gas equals the star formation rate (Lin & Pringle 1987; Yoshii & Sommer-Larsen 1989;
Ferguson & Clarke 2001).

Nevertheless, not all galaxies with exponential discs present spiral arms, bars or
bulge-like remnants of dissipated bars that could have scattered the stars. In addition,
such models cannot explain the prevalence of exponential discs in dwarf galaxies, which
do not suffer from shear or present obvious spirals or bars (Hunter et al. 2011). Finally,
it is not clear that the exponential profile can be reconstructed after interactions in a
reasonable time-scale (Struck & Elmegreen 2017). More recently Elmegreen & Struck
(2013, 2016) found that orbiting or transient stellar scattering cores (such as clumps,
holes or transient dark matter halos) can form exponential profiles in two dimensional
simulations with a fixed halo potential if there is an slight inward bias in the scattering
direction probability. Such scattering in simulations of dwarf irregular galaxy discs
produce exponential surface density profiles in the stellar population from an initial
uniform distribution in ~ 1 Gyr (Struck & Elmegreen 2017). Despite the number of
models proposed, the exact mechanism or mechanisms that form exponential discs and
the reason for this profile is still a problem to be solved.

1.3.2 Type II: breaks and truncations

Nevertheless, not all galaxies present pure exponential profiles along their observable
radius. In Freeman (1970), the author identified two different types of discs according
to their surface brightness profiles. The first type of profiles were well modelled with
a single exponential for the whole detectable radius. The second type presented a sur-
face brightness deficit in the outer parts of the disc with respect to the extrapolated
trend of the inner regions. It was later observed by van der Kruit (1979) and van der
Kruit & Searle (1981a,b), that the profiles of some edge-on galaxies apparently showed
sudden cut-offs of their surface brightness profiles in the form of a sharp end or ”trun-
cation”. As mentioned in Sect.1.3.1, Mestel (1963) proposed gravitational collapse of
a uniformly rotating, constant-density gas sphere as a possible explanation for the for-
mation mechanism of the exponential galactic discs. Interestingly, the surface density
profiles of collapsing models with initial halo density distributions produce compatible
results, creating truncated profiles with break radius at ~ 2 — 4h, where h is the scale-
length of the inner disc, similar to the observations (Gunn 1982; van der Kruit 1987;
Dalcanton et al. 1996; Bullock et al. 2000). The observational prevalence and ubiquity
of the truncated profiles was in apparent agreement with the cosmological point of view
that the main formation mechanism of disc galaxies was the collapse of a rotating gas
halo with a certain amount of angular momentum, which defined the break radius.
Later studies of face-on galaxies by Naeslund & Joersaeter (1997), Byun (1998), de
Grijs et al. (2001), and Pohlen et al. (2002) pointed out that the down-bending breaks
were not as sharp as those found by van der Kruit (1987) in edge-on galaxies, finding a
steeper but noticeable outer profile beyond the truncation. As an alternative to the halo
collapsing models, Kennicutt et al. (1989) suggested that truncations could be explained
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Figure 1.3: Top row: mean scaled surface brightness profiles of 9 Type-I (left column),
39 Type-1I (central column) and 21 Type-III (right column) spiral galaxies in the SDSS
r-band (filled circles) and g-band (open circles). Small dots represent the individual
profiles. Central row: SDSS g — r mean colour profiles. Bottom row: surface stellar
mass profiles calculated using the colour-to-M/L conversion from Bell et al. (2003).
Taken from Bakos et al. (2008)

if there is a critical limit on the gas surface density, so that beyond which the star
formation could not occur. Moreover, Battaner et al. (2002) proposed that if large scale
galactic magnetic fields created significant forces over the ionised gas component (Nelson
1988; Battaner et al. 1992a,b) and if those were in equilibrium with the gravitational
and centrifugal forces, the magnetic forces would be suppressed after the interstellar gas
is transformed into stars. Stars beyond a certain radius would then escape, creating a
deficit of stars that could explain the truncation.
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It has been observed that the Type-II galaxies present U-shaped colour profiles,
following a bluening with the galactocentric radius and a turn-over beyond the break
(Azzollini et al. 2008a; Bakos et al. 2008). This suggests a minimum age of the stellar
population at the break radius and redder colours at the outer disc. This result is com-
patible with the observations from Radburn-Smith et al. (2012), who found that beyond
the break radius, the profile is steeper for younger populations. Bakos et al. (2008)
also found that the down-bending surface brightness profiles present nearly exponential
surface mass density profiles, showing less signs of the Type-II break in the stellar mass
profile than in the surface brightness profile (see Fig. 1.3). These results strongly contrast
with the halo collapsing models, which can partially explain the observed down-bending
profiles, but they cannot reproduce the presence of an outer steeper exponential disc
made of old stars beyond the break radius (Naeslund & Joersaeter 1997; Byun 1998).
Roskar et al. (2008a,b) associated this feature with increasing levels of SFR (stimulated
by the bar or the spiral arm structure) with the galactocentric radius combined with
scattering of old stars towards larger radii, beyond the break radius. This is partially
supported by observations with the Hubble Space Telescope (HST) on deep cosmological
fields which revealed that the break radius of Type-II discs has increased by a factor of
1.34+0.1 since z ~ 1 (Perez 2004; Azzollini et al. 2008a), suggesting a moderate inside-out
growth formation of discs (Thilker et al. 2004; de Paz et al. 2005; Mufioz-Mateos et al.
2006; Thilker et al. 2007).

Some authors found that the break occurs at the same radius regardless of the age of
the stellar population and the height above the disc, being sharpest in the midplane and
nearly disappearing at large heights (de Jong et al. 2007). This result was also found
by Pohlen et al. (2007), measuring a significant weakening of the breaks with increasing
distance from the plane for both inner and outer profiles. Based on the galactocentric
radius and the change of slope of the profile, Martin-Navarro et al. (2012) revised the
definitions for breaks and truncations, identifying them as physically different features.
They associate the former (less strong and typically at lower galactocentric radius) with
star formation thresholds and the latter (sharper and at higher galactocentric radius)
with the maximum angular momentum of the galaxy, measured through the maximum
rotation velocity according to previous models (Mestel 1963; Gunn 1982; van der Kruit
1987; Dalcanton et al. 1996; Bullock et al. 2000). In a recent paper, Martinez-Lombilla
et al. (2018) used the U-shape NIR—r colour profile and the vertical distribution of
the truncations to measure an upper limit for the growth rate of two Milky Way-like
galaxies, NGC4565 and NGC5907. These observations point to a combination of star
formation thresholds and radial migration as the origin of a certain fraction of Type-II
profiles. In Chapter 2 of this thesis we also analyse if some of the breaks in edge-on disc
galaxies can be caused by the combination of flares (increase of the scale-height of the
stellar disc with the galactocentric radius) with the projection effects at high inclinations
(published in Borlaff et al. 2016).
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10 Chapter 1. From the exponential disc to the outer haloes.

1.3.3 Type III: antitruncations

For some time it was taken for granted that all galaxies had down-bending breaks at
their edges (see Pohlen et al. 2004, for a review on the topic), until Erwin et al. (2005)
presented a sample of spiral and lenticular galaxies with the opposite behaviour. They
called them ”antitruncations”. The surface brightness profiles of these objects present
exponential profiles that become shallower beyond a certain radius, showing an excess of
light above the outward projection of the inner exponential profile. Following this work,
Pohlen & Trujillo (2006) and Erwin et al. (2008) revised the stellar disc classification of
galaxies expanding the one presented by Freeman (1970) and classified the galaxies into
three main types according to the shape of their surface brightness profile (see Fig.1.4):

1. Type-I disc galaxies (or pure exponentials) present profiles that are well modelled
with a single exponential profile, up to the their observable radius.

2. Type-II galaxies present a down-bending profile, that is, the profile of the disc
steepens sharply beyond a certain radius with respect to the extrapolated trend
of the inner regions. This type includes the breaks and truncations, as previously
commented.

3. Type-III or antitruncated surface brightness profiles. These profiles present an
up-bending shape, becoming shallower outside the break radius.

Erwin et al. (2005) found two different sub-types of antitruncations, those that main-
tain the ellipticity of their isophotes beyond the break radius (”d”, standing for disc) and
those which present a gradual transition towards rounder isophotes (’s”, standing for
spheroidal). While the former ones are associated to outer exponential discs, the latter
suggest that the inner disc is embedded into an spheroidal component such as the outer
extent of the bulge or a separate stellar halo. The authors found that most Type-III
profiles (~ 70%) are associated with an outer disc component, which sometimes show
spiral arms. Maltby et al. (2012) found a similar fraction (~ 85%) of Type-III ”d” pro-
files, concluding that the extrapolation of the bulge component is insufficient to explain
the excess of light in the outer regions in most cases, in favour of an external disc origin.

Many models have been proposed to explain the Type-III profiles. Most of them can
be classified into three different classes according to their main driving mechanism: 1)
star-formation, 2) secular radial migration, and 3) gravitational interactions. Elmegreen
et al. (2005) proposed radial variation of the SFR as a cause for different types of
surface brightness profiles. Nevertheless, it has been observed that Type-III profiles
are not associated with a change in colour, and they do appear in the surface mass
density profiles (Bakos et al. 2008; Azzollini et al. 2008a; Zheng et al. 2014), in partial
contradiction to the observations of galaxies with Type-II profiles. In addition, Erwin
et al. (2012) found a significant lack of Type-II profiles in the lenticular galaxies of
the Virgo Cluster, whereas Type-III seemed independent of the local density (see also
Pranger et al. 2017, for a less significant but similar result).
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Figure 1.4: Examples of disc profiles. Columns from left to right: Type I (exponential
profile, NGC3626), Type II (down-bending profile, NGC3031), Type III (antitrucated
profile, NGC5740). Top row: Break classification scheme, from Erwin et al. (2008).
Central row: SDSS DRI RGB colour images (using the SDSS gri filters, Ahn et al. 2012)
of NGC3626, NGC3031, and NGC5740. Bottom row: R-band surface brightness profiles
of NGC3626, NGC3031, and NGC5740, as obtained by Erwin et al. (2008, NGC5740)
and Gutierrez et al. (2011, NGC3626 and NGC3031). Diagonal dashed lines represent
the fits for the inner and outer profiles. Vertical solid red lines represents the break
radius for the Type-II and Type-III profiles. The dashed horizontal line represents the
limiting magnitude for the surface brightness profile in each case. Figures taken from

Erwin et al. (2008) and Gutierrez et al. (2011).
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Figure 1.5: Distribution of the scale-length of the inner disc (h;j) as a function of the
break radius (Rpreax) of galaxies with Type-III R-band surface brightness profiles from
Erwin et al. (2008) and Gutierrez et al. (2011). Left panel: Comparison for different
morphological types (red thick solid line: S0-S0/a, grey thin solid line: all spirals, green
dashed line: Sa-Sab, blue dash-dotted line: Sb—Sbc). Right panel: Comparison of the
trends for barred (orange solid line) and unbarred (green dashed line). The results of
the linear fits performed are indicated at the top of each panel. See the legend on each
plot. Reproduced from Eliche-Moral et al. (2015).

These results suggest that: 1) antitruncated profiles are not caused by star formation
or different stellar population profiles, and 2) Type-II and Type-III profiles are probably
caused by totally independent phenomena.

The increase of the stellar disc velocity dispersion due to the effects of in-plane,
smooth gas accretion has been proved to be a viable mechanism to produce Type-III
profiles on simulations (Minchev et al. 2012). Some authors argue that bars could scatter
stars to the outskirts of the galaxies (Brunetti et al. 2011), creating the up-bending
profiles (Ruiz-Lara et al. 2017; Herpich et al. 2017). This effect could be strengthened
by low-spin halos (Herpich et al. 2015). Wang et al. (2018) found that low spin HI-
rich galaxies are more prone to host up-bending profiles. Nevertheless, Type-III profiles
appear in galaxies both with and without bars (Erwin et al. 2008; Gutierrez et al. 2011).
In addition, the lack of significant structural and photometric differences between the
Type-11I profiles of barred and unbarred galaxies (see Fig. 1.5, reproduced from Eliche-
Moral et al. 2015), suggests that either bars are not the only way to produce Type-III
profiles or that they survive the disappearance of the bar. Interestingly, Comerén et al.
(2012) found that at least half of the Type-III profiles are genuine multi-component
structures, caused by a superposition of a thin and a thick discs with different scale-
lengths while the rest are associated with only thin discs.
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1.4 Antitruncated stellar discs resulting from major mergers 13

Nevertheless, most of the proposed mechanisms for the creation of Type-III profiles
are based on different kinds of gravitational interactions. Erwin et al. (2005) pointed
out that many Type-III galaxies present asymmetries in their outskirts. This result was
supported by the observations of Pohlen & Trujillo (2006), who found Type-III galaxies
associated with possible remnants of interactions. Earlier studies from Laurikainen &
Salo (2001) reported that N-body simulations of M51-like pairs presented long-lasting
shallow outer profiles, that could be identified as Type-III surface brightness profiles. The
authors found out that this was a consequence of the stripping of gas and stars from the
galaxies inner discs. Based on numerical simulations, Pefiarrubia et al. (2006) proposed
that the outer extended discs of M31-like galaxies are composed of the disrupted material
of dwarf galaxies that merge in coplanar prograde orbits into the disc. Younger et al.
(2007) tested using simulations of interactions that the mass redistribution of the stellar
disc caused by minor mergers can create Type-III profiles, specially if the gas fraction of
the disc is large enough and the encounter occurs in a prograde direction. Kazantzidis
et al. (2009) found that the bombardment of a Milky Way-like galaxy by dark matter
subhalos can create extended mass density excesses beyond ~ 5 scale-lengths, which
can be associated with the observed Type-III profiles in real galaxies. In Sect. 1.4, we
describe in detail the work published in Borlaff et al. (2014) —which was the basis of this
PhD project— showing that the remnants from major mergers with SO-like morphologies
created with hydrodynamic simulations can reproduce the properties of real Type-III SO
galaxies too.

1.4 Antitruncated stellar discs resulting from major mergers

In Borlaff et al. (2014), the authors investigated whether major mergers could repro-
duce the properties of Type-III galaxies. The main strategy was to analyse the surface
brightness profiles of realistic images created using a set of hydrodynamic simulations of
major mergers whose remnants have SO-like morphologies. Then, the authors compared
the simulated R—band surface brightness profiles with those from a sample of local SO
Type-1II galaxies observed by Erwin et al. (2008) and Gutierrez et al. (2011). In order to
do that, the authors took advantage of the GalMer database* (Chilingarian et al. 2010).

The GalMer database is a library of hydrodynamic N-body simulations of galaxy
mergers which contains ~ 1000 simulations of galaxy encounters (including 876 major
merger encounters). The simulations consider progenitors with different morphologies
(E0, S0, Sa, Sb, Sd) and sizes (g: giant, i: intermediate, d: dwarf). The orbital param-
eters vary in inclination (0, 45, 75, 90 degrees) and initial relative velocity, considering
both retrograde and direct encounters. Each progenitor galaxy is modelled as a spheri-
cal non-rotating dark-matter halo, a gaseous disc (with the exception of the E0 and SO
progenitors) and a central non-rotating bulge (excluding the the Sd progenitors). The
stellar and gaseous discs follow the Miyamoto-Nagai density profile (Miyamoto & Nagai
1975).

4The GalMer database is part of The Horizon Project and it is publicly available at
http://galmer.obspm.fr/
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0.40 Gyr [ 1.00 Gyr

10

Figure 1.6: Time evolution of the baryonic material in a GalMer major merger simu-
lation. The two progenitors are gSd galaxies (model ID gSdgSdo23). Simulation time
is given in the bottom left corner of each frame. Particles belonging to different galaxy
components in the two merging galaxies are coded with different colours according to
the legend in the panels. The label “Star total” refers to the collisionless stellar content
of each progenitor (i.e. the “old stars”). Adapted from Borlaff et al. (2014)

The simulations consider three types of particles: 1) dark matter particles, 2) stellar
particles, and 3) hybrid particles. Stellar and dark matter particles only interact grav-
itationally. The hybrid particles simulate the gaseous component of galaxies, following
the method described in Mihos & Hernquist (1994). These particles contain information
about the total mass of the particle and its remaining fraction of gas. Each hybrid par-
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Figure 1.7: Structural scaling relations of the inner (h;, left panels) and outer (ho, right
panels) scale-lengths vs. the break radius (Rpreak) for the Type-III profiles from major
merger simulations (Borlaff et al. 2014, black dots), minor merger simulations (Younger
et al. 2007, green rhombuses) and observations of local Type-III SO galaxies (Erwin et al.
2008; Gutierrez et al. 2011, red squares and blue triangles, see the legend). We represent
the scaling relations normalising the parameters by its relative size (measured as Ras,
bottom panels) and without normalising (top panels). Solid black line: linear fits to
the simulated data. Dashed red line: linear fits to the observational data. Dotted line:
expected relations derived from the simple observational scaling relations h; @ Rpreak, Po
& Rpreak, and fpreak & Rireak (We refer the reader to Sect. 3.6 from Borlaff et al. 2014).

ticle contains its own SFR and when the gas fraction falls below a 5%, the particle turns
into a stellar particle and its remaining gas is dispersed among its neighbours. The total
number of particles for the giant-giant major merger simulations used in Borlaff et al.
(2014) is 240,000 (120,000 per progenitor galaxy for the three types of particles), with
a total stellar mass of ~ 0.5 — 1.5 - 101" M, depending on the morphological type. The
total simulation time is 3 — 3.5 Gyr per experiment. The code uses a hierarchical tree
method and the gas evolution is simulated by smoothed particle hydrodynamics, with
a softening length of € = 280 pc in the analysed encounters. In addition to star forma-
tion, the simulations consider also pressure gradients, gas viscous forces and radiative
forces. For more details on the simulations, we refer the reader to the original paper
(Chilingarian et al. 2010). We show an example of one of the simulations in Fig. 1.6.
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16 Chapter 1. From the exponential disc to the outer haloes.

The authors analysed the complete set of giant-giant 876 simulations, classifying 67
as dynamically relaxed with E/S0-SO morphologies, hosting a significant disc component
Eliche-Moral et al. (2018). In order to do that, realistic photometric images were created
for the face-on and edge-on orientations, using five broad bands (B,V,R,I and K),
assuming stellar population synthesis models (Bruzual & Charlot 2003). For the stellar
particles, the authors assumed a fixed age of 10 Gyr (Sil’chenko et al. 2012), adopting the
predictions of stellar population evolutionary models which assumed the star formation
histories (SFH) characteristic of the morphological type of the progenitor the particle
originally belonged to, following Eliche-Moral et al. (2010). Finally, noise was added to
the images to an equivalent limiting magnitude of pg ji,m = 27.5 mag arcsec™2. The final
resolution of the images was FWHM= 0.7”, and the assumed distance to the remnants
was D = 30 Mpe, corresponding to the maximum distance in the Erwin et al. (2008)
and Gutierrez et al. (2011) sample.

Once the realistic images were generated, the authors created one dimensional surface
brightness profiles of the relaxed remnants using the R-band images. The surface bright-
ness profiles were then classified in three types by their apparent shape (Type I, Type
II and Type III) and their disc profiles (inner and outer separately, if necessary) were
fitted to exponential profiles, carefully avoiding the bulge region, mimicking the method
used by Erwin et al. (2008) and Gutierrez et al. (2011). For the Type-III profiles, we
calculated the break radius (Rpreax) and its surface brightness (ubreak), the central sur-
face brightness of their inner and outer discs (p0,; and po) and their scale-lengths (h;
and ho).

The authors found several interesting results:

1. A total of 47 out of 67 relaxed S0-like remnants from major mergers (~ 70%) host
Type-1II surface brightness profiles detectable in their R-band images.

2. The scale-lengths of the inner and outer profiles (h; and h,) present tight cor-
relations with the break radius (Rpreak). These correlations are found in both
simulated and real Type-III SO galaxies (see Fig. 1.7).

3. The surface brightness profiles at the break radius (upreak) and the central surface
brightness of the inner and outer profiles (po; and po,) also correlate with Rpreak
in both simulated and real Type-III SO surface brightness profiles.

4. Due to the size of the simulated progenitors, the Type-III SO models lie at the
high end of the extrapolations of the trends shown by real data towards brighter
magnitudes and higher break radii (hi, ho, Ubreak, f0,i and o0 vVS. Rbreak). How-
ever, simulations and observations overlap completely when weighting Ry eak, hi
and h, with the relative size of the galaxy, measured as the mean radius of the
upB = 25 mag arcsec™2 isophote (Ras). In such scale-free diagrams, the simulated
and observed Type-III profiles overlap completely, satisfying the same trends.

5. The presence of bars in some of the real Type-III SO galaxies does not appear
to have any effect or imply a deviation from the observed scaling relations. This
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1.5 The outskirts of galactic discs in the local universe and beyond 17

result was later extended to all morphological types by Eliche-Moral et al. (2015)
who found no statistical evidence for a difference in the properties of antitruncated
stellar discs found in spirals or SOs, barred and unbarred galaxies, both in the R
and 3.6 um bands (see Fig.1.5).

The authors concluded that the observed distributions of the structural (hi, ho,
Rireax) and photometric parameters (f03, fo,0 and ppreax) of the surface brightness
profiles of simulated Type-III SO-like models resulting from major mergers are compatible
with those of the observed galaxies of the same type, taking into account their relative
sizes. After a complete destructive event, some models not only reconstructed disc-
like structures compatible with the morphologies and kinematics of real SO galaxies
(Querejeta et al. 2015a,b; Tapia et al. 2017; Eliche-Moral et al. 2018), but they also
showed Type-III surface brightness profiles. Moreover, the authors found unexpected
scaling relations between the break radius and the photometric and structural parameters
of the inner and outer profiles of observed Type-III SO galaxies from Erwin et al. (2008)
and Gutierrez et al. (2011), that were well-reproduced by the Type-III SO-like simulated
remnants. This demonstrates that major mergers are a viable mechanism for producing
Type-111 SO galaxies.

In order to study the origin and evolution of the antitruncated stellar discs and dis-
criminate between the mechanisms explained here it is necessary to identify and compare
samples of Type-11I galaxies of the same type at different intervals of z. In two of the
papers included in this thesis (Borlaff et al. 2017, 2018, see Chapters 3 and 4) we con-
tinue the work presented in this introduction, obtaining a sample of Type-III SO galaxies
in a significant range of distances (0.2 < z < 0.6) in order to investigate if there is an
evolution in the structural and photometric properties and the scaling relations of the
Type-III profiles found in Borlaff et al. (2014) with z.

1.5 The outskirts of galactic discs in the local universe and beyond

Driven by the realisation that all the knowledge that we have about galaxies is extremely
biased by the shape of their surface brightness profiles, Disney (1976) accurately stated:
?galaxies are like icebergs and what is seen above the sky background may be no reliable
measure of what lies underneath”. As the quality of the photographic plates improved,
the astronomers started to discover new structures in the outskirts of otherwise appar-
ently relaxed and ”normal” galaxies. One of the first examples is Malin & Carter (1980).
In this paper, the authors discovered giant shell-shaped stellar structures around ”nor-
mal” elliptical galaxies (see the original image of NGC1344 in the left panel of Fig. 1.8).
Malin & Carter discussed several scenarios for the formation of such shells, from an
explosive event in the nucleus that displaced the old stars to the outskirts, to a powerful
shock wave that propagated the star formation through the intergalactic medium, and
finally the hypothesis that the stellar shells were in fact the relic of a galactic merger.
Although the latter scenario was supported by contemporary theories of galactic inter-
actions (Toomre 1978; White 1978; Aarseth & Fall 1980), this hypothesis was discarded
due to the apparent lack of irregularities in their nuclei that could be identified as a sign
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18 Chapter 1. From the exponential disc to the outer haloes.

of a recent galactic collision. Nevertheless, later models (Quinn 1984; Dupraz & Combes
1986; Hernquist & Quinn 1988) and observational studies (Ebrova 2013; Carlsten et al.
2017) found that such arc-like structures were in fact clues of past mergers that shaped
the outskirts of such galaxies. In fact, deep explorations of the outskirts of apparently
undisturbed spiral galaxies often reveal large tidal tails and shell-like structures (see
NGC4651, right panel of Fig. 1.8).

Figure 1.8: Examples of observations of merging remnants in the outskirts of galaxies.
Left panel: Shell structures around the elliptical galaxy NGC1344, detected with the UK
Schmidt Telescope in a ITIaJ photographic plate (reproduced from Malin & Carter 1980).
Right panel: Umbrella shaped tidal debris around the spiral galaxy NGC4651. LRGB
(luminance, red, green and blue) image composition (reproduced from Martinez-Delgado
et al. 2010).

Consequently, the outskirts of disc galaxies also contain valuable information about
their formation pathways. As previously discussed in Sect. 1.2, detailed imaging of the
outskirts of disc galaxies allowed the identification of important features of galactic discs,
such as breaks and truncations (Freeman 1970; van der Kruit 1979), which are tightly
related to the formation of the exponential disc itself and possibly to the amount of
angular momentum of the initial halo. Deep imaging is the key to unveiling the nature
of the extended surface brightness profiles of Type-III galaxies in the local Universe
(Pohlen & Trujillo 2006; Erwin et al. 2005) and beyond (see Borlaff et al. 2017, 2018,
included in this thesis, in Chapters 3 and 4). Increasing image depth also allowed the
detection of old stellar thick discs in edge-on disc galaxies (Burstein 1979; Tsikoudi
1979; Dalcanton & Bernstein 2002; Comerdn et al. 2014; Elmegreen et al. 2017) and
stellar warps (Sanchez-Saavedra et al. 1990; Reshetnikov & Combes 1999; Reshetnikov
et al. 2016). The observed flares — increases of the vertical scale of the discs with the
galactocentric radius (see Sect.1.3.2 and Chapter 2) — have been both detected on HI
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1.5 The outskirts of galactic discs in the local universe and beyond 19

and stellar discs (de Grijs 1998; Kregel et al. 2002; Narayan & Jog 2002), and have been
proved to be a possible cause of the ubiquitous appearance of Type-II profiles on edge-on
galaxies (see Borlaff et al. 2016, included in this thesis in Chapter 2). In addition to
these effects, it is known that the light distribution of the outskirts of ~ 30% of disc
galaxies present significant deviations from axisymmetry, known as lopsided asymmetries
(Block et al. 1994; Rix & Zaritsky 1995; Jog & Combes 2009). Such an effect is not
always related to interactions, but in some cases it could be caused by the triaxial
shape of the host dark matter halo (Zaritsky et al. 2013). Moreover, the study of
tidal tails in ongoing satellite accretion processes (Forbes et al. 2003; Martinez-Delgado
et al. 2008, 2009, 2010) and stellar and gas bridges (Toomre & Toomre 1972; Smith
et al. 2007) provide valuable information about the transformation processes that define
the structure, photometry, star formation and metallicity of a galaxy during accretion
and interactions processes. These features are rarely bright but appear in many deep
images of apparently relaxed galaxies. In fact, numerical simulations predict that half
of the galaxies would show at least a tidal structure in their outskirts if explored down
to a limiting magnitude f;,, ~ 30 mag arcsec™2 (Bullock & Johnston 2005; Johnston
et al. 2008). Finally, tightly connected to the previous cases, stellar halos (Ibata et al.
2007; Martinez-Delgado et al. 2010; Trujillo & Fliri 2016; Buitrago et al. 2017) give us
information about the past accretion history of galaxies and the shape of the dark matter
halo, providing an observational test for the ACDM cosmological scenario. These studies
prove that probably most of the extensions of galaxies are still buried under the noise of
the current astronomical images, keeping a fossil record of the past and present of the
formation of disc galaxies.

In addition to this, deep, high-resolution observations allow us to detect such struc-
tures at cosmological distances, helping to understand the evolution and origin of the
outskirts of galaxies. An important factor to take into account is that in an expanding
Universe, the energy flux that an observer receives from a distant source is reduced be-
cause the Universe expanded since its departure. At the same time, the energy of the
photons is reduced because of z, while the apparent angular size of the object is larger
because the observer-source distance was smaller when the light departed. If we take
into account all these effects together, we obtain that the observed surface density of
intensity gets reduced by a factor Iops = Irest—frame - (1 + 2) 7%, which in magnitudes
translates to:

Hobs = Hrest—frame +10- IOglO(l + Z) (11)

This effect is known as the surface brightness cosmological dimming (Tolman 1930,
1934) and affects significantly all the observations of extended sources beyond the local
Universe. In the top panel of Fig.1.9 we show how the limiting magnitude of several
reference studies varies with z because of this effect, and we compare with the typical
surface brightness magnitude of a number of structures. At z = 1, our rest-frame magni-
tude limit is ~ 3 magnitudes brighter than in the local Universe. Beyond that redshift,
it would be impossible to detect stellar halos as bright as those from the local Universe
with the deepest astronomical images ever created to date (the Hubble Ultra Deep Field,
HUDF hereafter). Nevertheless, galaxies were brighter in the past (Bruzual & Charlot
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Figure 1.9: Top panel: Dependence of the limiting magnitude of several reference stud-
ies as a function of z (in colour lines, see the legend in the panel for reference), due to
the cosmological dimming (Tolman 1930, 1934). In black lines we represent the typical
surface brightness of different galactic structures for reference. 1) Median central surface
brightness of a disc galaxy (r-band, dashed line, Fathi 2010). 2) Median surface bright-
ness at the break radius for Type-III SO galaxies at z = 0.6 (dashed-dotted line, Borlaff
et al. 2017, 2018). 3) Median surface brightness at the break radius for Type-IIT SO
galaxies in the local Universe (r-band, dotted line, Borlaff et al. 2017, 2018). 4) Central
surface brightness of the Giant Low Surface Brightness galaxy Malin 1 (CFHT Megacam
i-band, Bothun et al. 1987; Boissier et al. 2016). 5) Stellar stream detection limit (V-
band, solid line, Bullock & Johnston 2005). 6) Inner and 7) outer stellar halo detection
limit (r-band, dashed-dashed line, Trujillo & Fliri 2016). Bottom panel: Dependence of
the inverse angular scale (1/d4) as a function of the lookback time. For comparison, the
horizontal lines and coloured areas represent the limiting resolution for ground-based
observations (with and without adaptive optics) and the imaging instruments aboard
HST (WFC3 and ACS) and JWST (NIRISS, NIRCAM and MIRI).
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1.5 The outskirts of galactic discs in the local universe and beyond 21

2003) partially compensating this effect. In fact, there is a ~ 1.5 mag arcsec™2 differ-
ence between the surface brightness at the break radius for Type-III SO galaxies at z = 0
and z = 0.6 (Borlaff et al. 2018, see Chapter 4). Note that the cosmological dimming is
probably the most important limitation to the study of the high-z low surface brightness
Universe, imposing a steep variation of the rest-frame limiting magnitude with redshift.
We quantified this problem for the detection of Type-III surface brightness profiles in
Borlaff et al. (2018, see Sect.3.6.1), which is based on deep HST/ACS observations of
the GOODS-N cosmological field (Giavalisco et al. 2004; Skelton et al. 2014).

Once we identified the first sample of anti-truncated stellar discs out to z ~ 0.6 (Bor-
laff et al. 2017, 2018), the next natural step is to continue the exploration to z ~ 1 and
beyond. At z = 1, the angular scale is d4 ~ 8 kpc arcsec™! (see Fig. 1.9, bottom panel).
Thus, in order to resolve the structure of the discs at z ~ 1, high-resolution (FWHM
< 0.1 arcsec) and ultra-deep imaging (i, > 30 mag arcsec™2, 30 measured on 10 x 10
arcsec boxes) data is necessary. In addition, in order to observe high-redshift objects at
similar rest-frame wavelengths compared to the local galaxies (which usually are studied
in the optical R—band or similar wavelengths, Erwin et al. 2008; Gutierrez et al. 2011),
the observations must cover the near-infrared region of the spectrum (A = 1.0 — 1.6 um).
With a limiting magnitude of ~ 32.5 mag arcsec™? (3¢ measured on 10 x 10 arcsec
boxes) and a resolution of 0.06 arcsec, the WFC3/IR Hubble Ultra Deep Field (Koeke-
moer et al. 2012; Illingworth et al. 2013) provides the best observations for our purposes.
Located in the southern hemisphere (a=3h 32m 39.0s, § = —27;47;29.1, J2000), in the
Fornax Constellation, it is inside the Chandra Deep Field South (Giacconi et al. 2002)
and the GOODS-South Field (Giavalisco et al. 2003) and it covers an area of 2.2 x 2.4
arcmin?. Multiple follow-up projects have expanded the observations of the HUDF at
very different wavelengths from radio (VLA, Rujopakarn et al. 2016 and ALMA, Dunlop
et al. 2016; Aravena et al. 2016b,a; Walter et al. 2016), to infrared (Spitzer/IRAC, Labbe
et al. 2015), optical and near-infrared (NIR) spectroscopy (VLT/MUSE, Bacon et al.
2017), ultraviolet (WFC3/UVIS, Teplitz et al. 2013), and X-rays (Chandra, Xue et al.
2011; Luo et al. 2016), (XMM-Newton, Comastri et al. 2011), providing ancillary data
to make of this field the best candidate to study the shape of the disc galaxies at z ~ 1
and beyond.

Three main reduced versions of the WFC3/IR HUDF data have been published up to
now, adding subsequently more exposure time to the final mosaics: HUDF09 (Bouwens
et al. 2009), HUDF12 (Kockemoer et al. 2012) and XDF (Illingworth et al. 2013). The
reduction process of such ultra deep fields is an extremely challenging task. Although
space may provide better stability to the observation conditions, due to the lack of
atmospheric changes (temperature, humidity, less contamination by stray light), in-orbit
observations present a large number of problems compared to ground-based observations,
such as the difficulty of creating accurate flat-fields or the rapid variation of the infrared
sky-background in orbit. One of the largest problems is the sky-background and residual
gradients subtraction. While XDF is the lastest version of the HUDF mosaics and the
one that includes more exposure time, their sky subtraction procedure was extremely
aggressive, artificially over-subtracting the outskirts of the largest objects in the field.
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22 Chapter 1. From the exponential disc to the outer haloes.

The result is the presence of regions with negative counts around the largest objects. We
must note that while this strategy may be suitable for the analysis of small, unresolved
sources at high-z (which was the primary objective of the observations), it produces a
systematic bias in the outer regions of the extended objects. We will address this problem
in Chapter 5, where we present a dedicated version of the HUDF WFC3 mosaics for the
study of the low surface brightness limits of the extended objects, in particular the
outskirts of galaxy discs up to z ~ 1 (Borlaff et al. submitted).
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Type-1I surface brightness profiles in
edge-on galaxies produced by flares

Observation: You couldn’t see a thing.
Conclusion: dinosaurs.
— Carl Sagan, Cosmos: A Personal Voyage

In this chapter we study one of the possible causes for the presence of down-bending
surface brightness profiles in edge-on galaxies: galactic disc flares. In Borlaff et al. (2016)
we investigate if the apparent ubiquity of Type-II profiles in edge-on galaxies could be a
projection effect, due to the variation of the vertical scale-height of the stellar disc. Most
surface brightness profiles of such objects are performed by using slits of a fixed width
along the major axis of the galaxy. This technique allows the observer to analyse the
profile at different heights in order to avoid the dust extinction of mid-plane regions, for
example. Early studies considered that the vertical scale-height (k) of disc galaxies was
independent of radius (van der Kruit & Searle 1981a,b, 1982; Kylafis & Bahcall 1987;
Shaw & Gilmore 1990; Barnaby & Thronson 1992). In contrast, later studies reported
that h, actually increases with the galactocentric radius in some galaxies (de Grijs &
Peletier 1997; Bizyaev et al. 2014), making the galactic discs thicker in the outskirts
when compared to the inner regions. This effect is called flaring, and it reduces the local
density of stars in the galactic plane at high galactocentric radii. Strong flaring has been
found in the disc of the Milky Way (Lépez-Corredoira et al. 2002; Lépez-Corredoira &
Molgé 2014; Kalberla et al. 2014), and in fact, cosmological based simulations predict
that flaring in the edges of old stellar discs may be a common feature for most galaxies
(Minchev et al. 2015).

The surface brightness profile of an edge-on disc galaxy with a flare measured along
an fixed width slit is dimmer at the outskirts than in the case of an equivalent galaxy
that does not not suffer from flaring (see the scheme in Fig.2.1). This is because the
density of stars in the galactic plane is smaller in a galaxy with a flare than in the
non-flared case, reducing the observed intensity. In most cases, the shape of the flare

23

Este documento incorpora firma electrénica, y es copia auténtica de un documento electrénico archivado por la ULL segun la Ley 39/2015.
Su autenticidad puede ser contrastada en la siguiente direccidn https://sede.ull.es/validacion/

Identificador del documento: 1630214 Caédigo de verificacion: t9B5ZwC4

Firmado por: ALEJANDRO SERRANO BORLAFF Fecha: 26/10/2018 14:30:18
UNIVERSIDAD DE LA LAGUNA
Juan Esteban Beckman Abramson 26/10/2018 14:38:43
UNIVERSIDAD DE LA LAGUNA
MARIA DEL CARMEN ELICHE MORAL 26/10/2018 15:54:08
UNIVERSIDAD DE LA LAGUNA
JOAN FONT SERRA 26/10/2018 18:45:45

UNIVERSIDAD DE LA LAGUNA

35/100



Universidad de La Laguna
Oficina de Sede Electréonica
Entrada
N° registro: 2018/95508
N° reg. oficina: OF002/2018/89916
Fecha: 30/10/2018 12:24:38

24 Chapter 2. Type-II profiles in edge-on galaxies produced by flares
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Figure 2.1: Projection effects of a flare on the outskirts of surface brightness profiles of
disc galaxies. The red galaxy presents a fixed scale-height to all radius, while the blue
galaxy present an obvious flare. In the right section of the diagram, we represent the
edge-on (left) and face-on (right) surface brightness profiles from a model. The mid-
plane density of stars is smaller in the outskirts of the galaxy with a flare, resulting in
a down-bending profile in an edge-on view (see panels on the right). This effect would
not be detectable in face-on galaxies (see the right panels). Adapted from Borlaff et al.
(2016)

would not be directly detectable on the images. The excess of light above and below
the galactic plane at high galactocentric radius can be buried deeply into the noise level,
making it undetectable on the images and it would only create a noticeable effect on
one-dimensional surface brightness profiles. Interestingly, if we were able to travel fast
enough through space to observe the same galaxies in a face-on orientation, we would
find that the surface brightness profile of both galaxies (the one with a flare and the one
with a fixed hpr) is exactly the same. The reason for this is that while the density in
the galactic plane gets smaller with higher hp, the integrated density along the vertical
direction remains the same, yielding equal surface brightness profiles.

Kregel et al. (2002) briefly analysed with numerical models if this effect could create
the observed truncations of the old stellar discs of a sample of 34 edge-on galaxies,
concluding that flares could not create the down-bending profiles observed in real edge-
on galaxies. However, these authors underestimated the strength of real flares according
to more recent studies (Lépez-Corredoira et al. 2002; Lépez-Corredoira & Molgé 2014;
Kalberla et al. 2014). In Borlaff et al. (2016) we thoroughly revisited this topic using
10,000 realistic 3D models for the bulge and the disc, paying special attention to the
shape and strength of the flare as a function of the morphological type and stellar mass.
We found that flares can produce intermediate-to-low strength Type-1I profiles in edge-on
galaxies, in agreement with the observations. Moreover, our models explain the observed
inner to outer scale-length ratio distribution of breaks found by Martin-Navarro et al.
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(2012) in a sample of edge-on galaxies. These breaks were interpreted by the authors as
an effect of star formation thresholds at some galactocentric radii. In addition, we found
that flaring can easily explain the observed weakening of the breaks with the increasing
distance from the plane reported by Pohlen et al. (2007). We conclude that Type-II
discs produced by flares reproduce the properties of real Type-II edge-on discs with
intermediate-to-low break strengths. The work presented in this Chapter was published
as a Letter to the Editor in Astronomy € Astrophysics the 21st of June of 2016, in the
Volume 591, with article number L7, under the title ” Type-II surface brightness
profiles in edge-on galaxies produced by flares”.
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ABSTRACT

Previous numerical studies had apparently ruled out the possibility that flares in galaxy discs could give rise to the apparent breaks
in their luminosity profiles when observed edge-on. However the studies have not, until now, analysed this hypothesis systematically
using realistic models for the disc, the flare, and the bulge. We revisit this theme by analysing a series of models which sample a
wide range of observationally based structural parameters for these three components. Using observational data, we have considered
realistic distributions of bulge-to-disc ratios, morphological parameters of bulges and discs, vertical scale heights of discs and their
radial gradients defining the flare for different morphological types and stellar mass bins. The surface brightness profiles for the face-
on and edge-on views of each model were simulated to find out whether the flared disc produces a Type-II break in the disc profile
when observed edge-on, and if so under what conditions. Contrary to previous claims, we find that discs with realistic flares can
produce significant breaks in discs when observed edge-on. Specifically a flare with the parameters of that of the Milky Way would
produce a significant break of the disc at a Ry of ~8.6 kpc if observed edge-on. Central bulges have no significant effects on the
results. These simulations show that flared discs can explain the existence of many Type-II breaks observed in edge-on galaxies, in a
range of galaxies with intermediate to low break strength values of —-0.25 < § < -0.1.

Key words. galaxies: formation — galaxies: fundamental parameters — galaxies: evolution — galaxies: structure — Galaxy: disk —

Galaxy: structure

1. Introduction

Disc galaxies often do not show a single radial exponential sur-
face brightness profile (Freeman 1970). Pohlen & Trujillo (2006)
and Erwin et al. (2008) classified the discs of galaxies into three
classes according to the shape of their profiles. Type-I discs are
well modelled with a single exponential profile. Type-II discs
present a down-bending profile, i.e. a brightness deficit in the
outer parts of the disc with respect to the extrapolation of the
inner profile outside a given “break radius”. Finally, the profiles
of Type-III discs are shallower outside the break radius than the
extrapolation of the inner exponential profile (antitruncation). In
the present study we focus on Type-II profiles.

Sharp truncations in galaxy disc profiles were first reported
in edge-on galaxies (van der Kruit 1979). Owing to projec-
tion effects, edge-on galaxies present a larger number of trunca-
tions and Type-II breaks than their face-on counterparts (Pohlen
etal. 2007). Recent studies associate sharp truncations with stel-
lar density cut-offs and inner down-bending breaks to different
stellar formation thresholds (Martin-Navarro et al. 2012). Laine
et al. (2014) found an interesting correlation between the break
in Type-II profiles and the characteristic radii of structures in the
galaxy: lenses, rings or pseudorings. This means that these mor-
phological features may be associated with the break in some
Type-II profiles. Previous studies also explored the possibility
that flares (i.e. an increase in the scale height of the stellar disc
with galactocentric radius) may be responsible for the down-
bending profiles detected in highly inclined galaxies. More than

a decade ago, Kregel et al. (2002) performed 2D decompositions
of 34 edge-on late-type galaxies; 60% of them showed Type-II
profiles. The authors studied whether a linear radial increase in
the scale height of the disc could produce some of the detected
truncations if the discs were observed at high inclination. They
created a set of artificial images (~50 simulations) using a ran-
dom uniform distribution covering the observed range of val-
ues of the disc central surface brightness (u), disc scale length
(hg), disc scale height (h,), bulge effective surface brightness
(ie), bulge effective radius (r.), and bulge axial ratio (¢) of their
data. They also restricted the bulge-to-disc ratio to B/D < 2.
Finally, they concluded that values of the radial gradient of the
scale height larger than 1 h. per hg are needed — according to
their models — to reproduce the characteristics of the observed
truncations. However, this gradient in late-type galaxies is typi-
cally very low (Vgh, ~ 0.1 h:/ng, see de Grijs & Peletier 1997), so
Kregel et al. concluded that flaring is a very unlikely explanation
for the breaks observed in late-type galaxies.

Radial variations of the scale height of galaxy discs are diffi-
cult to measure (Mosenkov et al. 2015), but as better and deeper
data are obtained, higher values of the radial gradient of the
scale height (Vgh.) are being derived even for late-type galaxies
(Bizyaev et al. 2014). The Milky Way (MW, which is thought
to be an SBbc galaxy) exhibits a thin+thick disc structure, both
affected by a particularly strong flare (Vgh, ~ 0.15 at 20 kpc for
the thick disc; Lépez-Corredoira et al. 2002; Lopez-Corredoira
& Molgé 2014; Kalberla et al. 2014). Cosmological simulations
also predict much stronger flares for old stellar discs than current
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Fig. 1. Photometric and structural parameter distributions for the simulations. Density clouds represent the parameter distributions of the 10000
3D simulations of realistic bulge + flared disc light distributions created from the observations as a function of the morphological type, T. Dots
represent the observations from Graham (2001), Kregel et al. (2002), Bizyaev et al. (2014) and Mosenkov et al. (2015). Upper row, from left to
right: disc absolute magnitude M gisc. disc central surface brightness uo, disc scale length /g, bulge-to-disc ratio B/D, and disc radial-to-vertical
scale-lengths ratio /ig/h.. Lower row, from left to right: bulge absolute magnitude Mppuige, bulge surface brightness at the bulge effective radius
e, effective radius re, bulge Sérsic index n, and the radial gradient of 4., Vgh,. The green diamond represents the MW.

data reveal (Minchev et al. 2015). These authors have pointed
out that the phenomenon may be unavoidable on the outskirts of
galaxies. Consequently, the effects of flares on the disc profiles of
edge-on galaxies may have systematically been underestimated
in previous studies.

No study has analysed systematically whether flares can pro-
duce Type-II profiles in highly inclined discs, using realistic
models for the bulge, the disc, and (especially) the flare. So we
have revisited this question to quantify the possible effects of re-
alistic flares on the generation of breaks in edge-on disc profiles.
To this end, we used observations for different morphological
types and masses to create 3D models of disc galaxies assum-
ing distributions of B/D, bulge and disc photometric parameters
(Mo, hg, pe, re, Sérsic index n), scale heights of the discs, and
their trend with the galactocentric radius. To properly sample the
complete range of parameters, we performed 10 000 simulations
of realistic flared disc galaxies. We derived edge-on and face-on
surface brightness profiles for the resulting flared galaxy models.
The surface brightness profile of each galaxy model was anal-
ysed to find out whether the flare produces a significant break in
the disc in the edge-on view compared with the face-on view.

2. Methods

‘We created 10000 3D models of galaxies, each with an exponen-
tial disc plus a Sérsic bulge. We adopted the following functional
form for the exponential disc (Lépez-Corredoira et al. 2002):

AN
w®) 7(0)

P(R’Z)=PO'€XP(;R)'CXP( ()

hg
Following the observations, we explored the effect of a linear
increase in the vertical scale height, as follows:

:(0) if R < Rpare

2
1.(0) + Vgh, - R if R > Rpue. @

h(R) = {
Graham (2001) analysed a sample of 86 face-on disc-dominated
galaxies previously selected by de Jong & van der Kruit
(1994). This author performed a bulge + disc decomposition for
69 galaxies in the /-band, correcting for the effects of the inter-
nal extinction, Galactic extinction, inclination, and cosmologi-
cal dimming (Graham 2003), that we used as a reference for our
models. We estimated stellar masses using the relationship be-
tween the V-band mass-to-light ratio of galaxies and their dust-
corrected rest-frame colours derived by Wilkins et al. (2013).

L7, page 2 of 5

According to these authors, for z < 0.1 the optimal observed
colour is (B — V), so we have estimated this colour for the
69 galaxies of Graham (2003) from HyperLeda data', and es-
timated the stellar mass of each galaxy using the relations in
Wilkins et al. For those objects without (B — V) available in
HyperLeda, we estimated them from their SDSS (g — r) colour
following the transformations published in Jester et al. (2005).
To simulate realistic images of the disc galaxies, we adopted
the observational /-band distributions of Graham (2001, 2003)
for the photometric parameters (r., Sérsic index n, hg, po, pe,
B/T, the absolute magnitudes of the disc My gisc and the bulge
Mps buige)> and four morphological type bins (S0-Sa, Sb-Sbc,
Sc—Scd and Sd-Sdm), in three mass bins (10 < log,, M/My <
10.7,10.7 < log,y M/Ms < 11 and log,y M/Mg > 11) in order
to explore realistic mass distributions for the morphological type
bins. In Fig. 1 we represent the distributions of the structural and
photometric parameters from which we created the models and
compared them to the observations they are based on. For each
morphological type bin we randomly chose the ratio of scale
height to scale length (%:/n) from the observational range of val-
ues corresponding to each type reported by Kregel et al. (2002)
and Mosenkov et al. (2015) in the /-band, as shown in Fig. 1.
‘We explored the range of Vi, values derived by recent ob-
servational studies for galaxies of different types (see also Fig. 1)
in the /-band: 0 < Vgh, < 0.15 (Bizyaev et al. 2014; Mosenkov
et al. 2015). These values agree with those measured in the MW
by several authors (Alard 2000; Lépez-Corredoira et al. 2002;
Momany et al. 2006; Hammersley & Lépez-Corredoira 2011;
Lépez-Corredoira & Molgé 2014; Kalberla et al. 2014, and ref-
erences therein). Mosenkov et al. (2015) argued that the scale
heights derived from 1D decompositions may be biased to higher
values than reality owing to bulge contamination (up to 10% in
galaxies with B/T ~ 0.4). Therefore, we restricted the sample
from which we obtain the scale-height gradients to objects with
B/T < 0.4 to avoid bulge contamination. The radius at which
the flare starts (Rpare) is randomly chosen following a uniform
distribution between 2 and 5 times the scale length of the disc.
The lowest value is set to avoid bulge contamination from the
inner regions of the profile (de Grijs & Peletier 1997), while the
highest value is the typical maximum radius where the limit-
ing magnitude of both edge-on and face-on images is reached:
Mim = 25 mag arcsec™2. At higher radial distances the flare
would not have any significant effect on our profiles. Finally,
once a set of parameters describing a realistic galaxy model is

! HyperLeda database available at: http://leda.univ-1lyonl. fr/
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created, we check that the chosen values of M gisc and Maps pulge
provide a B/T ratio within the observed distribution of B/T val-
ues for the stellar mass and morphological type of the galaxy.
We created a non-flared analogue of each flared model in order
to compare their edge-on profiles. The 3D models of luminosity
distribution in the I-band have a spatial resolution of 1 arcsec,
with a total size of 301 arcsec in each direction. The adopted
resolution is similar to the typical FWHM achieved with ground-
based seeing-limited observations. We assumed a distance of
100 Mpc to the simulated object, which is the upper limit of the
distance distribution of the galaxies in Graham (2001). Owing to
the increase in the thickness of the disc in the flared models, the
simulations might suffer from flux loss because of the limited
box size. To prevent this, we automatically removed any models
with differences greater than 1% in total flux between the flared
and non-flared models. We created face-on and edge-on density
images by integrating along the line of sight. The images are then
convolved with a Gaussian kernel of o = 1 arcsec. The surface
brightness profile for each galaxy model has been derived for
edge-on and face-on views, by locating a 1 arcsec wide single
slit along the major axis in the first case and with the ellipse
task in IRAF in the second. We included Poissonian noise across
the whole profile. We assumed Planck cosmology when required
(Qu = 031,Q5 = 0.69, Hy = 67.8 kms~' Mpc™'; Planck
Collaboration XIII 2015).

We took the model of the MW presented in Loépez-
Corredoira & Molgé (2014) as reference. These authors fit-
ted SDSS-SEGUE MW data to a flared thin+thick disc model,
obtaining compatible and deeper results than previous studies
(Lopez-Corredoira et al. 2002). They provide the 3D distribu-
tion, A distribution, as well as the fitted parameters for the thin
and thick discs and both flares. We built up this model following
the described procedure. For this model, we also created a non-
flared analogue MW model by assuming the scale height at the
sun’s radius to be constant for the whole disc.

3. Results and discussion

In Fig. 2 we present one example of the realistic flared and non-
flared models that we have created. The top and middle pan-
els represent the simulated images for the flared and non-flared
model of a galaxy with a stellar mass of 10'® M, and type Sd—
Sdm, for edge-on and face-on views. The lower panels show the
surface brightness profiles for the two models and for both in-
clinations (see the caption for details). The main result is that
there is no significant difference between the flared and non-
flared models in face-on orientation, either in the images or in
the surface brightness profiles. On the contrary, when we com-
pare the models in edge-on orientation, we clearly detect a break
in the surface brightness profile of the flared model that does
not appear in the non-flared analogue. We have found detectable
breaks in the edge-on profiles of ~42% of all our models in-
cluding a flare, with a mean strength® of § = —0.15, and 98%
of them with —0.21 < § < —0.11. We obtain higher detection
rates in brighter discs (i.e. higher masses), and in those mod-
els with values for Vgh, greater than ~0.05. This is expected
if a fixed limiting magnitude and spatial resolution is assumed.
This means that realistic flares can frequently produce noticeable
Type-II breaks in highly inclined galaxies, contrary to previous
claims.

2 The strength of a disc break is defined as § = log,q (ho/h;), with h;
and h, the scale lengths of the inner and outer discs.
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Fig. 2. Top panels: edge-on I-band images for the flared and non-flared
models. Intermediate panels: the same for the face-on discs. Bottom
panels: surface brightness profiles in the major axis of the galaxy for
edge-on (left) and the face-on (right) views of the two models (red: non-
flared model, blue: flared model). Blue vertical solid line: flare radius
Rfare- Black dot-dashed line: bulge component. Solid blue and red lines:
linear fits performed to the inner regions of the disc for the flared and
non-flared models. Dashed blue and red lines: the same for the outer
regions of the disc. Black dotted lines: bulge r. and yvalues. Horizontal
dashed black line: limiting magnitude j, = 25 mag arcsec2. Vertical
dashed magenta line: inner limit for the inner profile. We note that the
disc profile in the flared case exhibits a clear Type-II break in the edge-
on view, whereas the non-flared model keeps the exponential profile that
both models exhibit in the face-on view. See the legend for details.

Concerning the MW reference model, we find a significant
drop in its surface brightness profile at 8.5813“3 kpc in the edge-
on profile in the flared model, which is not observed either in
the face-on profile or in the edge-on profile of its non-flared ana-
logue. We obtained a break strength § = —0.22 for the break of
the MW flared model. Therefore, we conclude that a flare such
as the one reported for the MW in many studies, would produce
a Type-II profile if the MW were observed edge-on.

In Fig. 3 we represent the ratio between the break radius and
the scale length of the inner disc (Ryuar/hi) vs. the break strength
(S). The flared models reproduce the observations by Laine et al.
(2014) in the lower break strength part of the real distribution
(-0.25 < § < =0.1). We note that our 3D models are dust-free
by construction. We can compare them because the authors use
data in the K and 3.6 microns bands; these data are negligibly
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Fig. 3. Break radius normalized by the inner disc scale length vs. the
break strength S. Our simulations are plotted with colour-coded circles
according to Vgh.. The edge-on MW model is overplotted with a green
diamond. The asterisks represent the Type-II breaks observed by Laine
etal. (2014) from the S*G survey. See the legend in the figure.

g
- | —— Present study
© ! Martin-Navarro+2012:
P | — — Breaks
! === Truncations
g I ~— Lopez-Corredoira
§ | & Molgs (2014)
zZ < !
o I
I
o
4] I
° 1
o |
P= i
0
!
@
S
©
E ©
2
z < . . .
=] | m " m”
§ oo i
oot
=] JLA I S Y
< T T T
10 15 20
Rora/ho

Fig. 4. Histograms comparing the distribution of Type-II profiles from
the present study and Martin-Navarro et al. (2012), as a function of the
ratio between the inner and the outer scale length hi/h, (upper panel)
and of the break radius normalized by the outer scale length Ryu/ho
(lower panel). The vertical green lines mark the values for the MW ref-
erence model. See the legend in the figure.

affected by dust extinction. We find a significant correlation be-
tween S and Vgh; (pspearman = —0.32, p-value < 1075), which is
not found between S and the morphological type (see Fig. A.1).

In Fig. 4, we compare characteristics of the Type-II profiles
from the observational sample by Martin-Navarro et al. (2012)
with those of our flared models. These authors identify two types
of Type-II profiles: the breaks, which appear as down-bending
transitions, and the truncations, much steeper and located much

L7, page 4 of 5

further out. In order to reproduce the latter type, often classified
as sharp truncations, we would require significantly greater val-
ues of Vgh, than those reported in galaxies by current observa-
tional studies, including the MW. This contrasts with the breaks,
whose distribution can be partially reproduced by flared discs, as
demonstrated by our models.

We have also studied the surface brightness profiles as a
function of the distance from the galactic plane in the flared
models that exhibit breaks in their edge-on profiles. We find
an increase in the values of A; and h, with z equal to factor of
1.15%023 for the inner disc and 2.19%)2} for the outer disc up to
a maximum height of z/h, < 5, such that h, becomes closer to
h;. This agrees with the results of Pohlen et al. (2007), where
the authors found a significant weakening of the breaks with in-
creasing distance from the plane for both inner and outer profiles,
with factors of 1.1-1.4 and 1.4-2.4, respectively. So we can con-
clude that the Type-II discs produced by flares in our simulations
can reproduce the global properties of real edge-on Type-II discs
with low to intermediate break strengths.

4. Conclusions

The present realistic 3D models of flared disc galaxies demon-
strate that, contrary to previous claims, flares can produce Type-
II profiles in galaxies when viewed edge-on, especially for
breaks with intermediate to low strength (-0.25 < § < -0.05).
‘We also find a significant weakening of the breaks with the dis-
tance from the plane, which agrees with observations. We do not
find any correlation between the existence of a significant bulge
component and the presence of a Type-II break.
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A. Borlaff et al.: Type II surface brightness profiles in edge-on galaxies produced by flares
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Fig. A.1. Break radius normalized by the inner disc scale length vs.
the break strength S. Our simulations are plotted with coloured circles,
colour-coded according to the morphological type of the object simu-
lated object. The edge-on MW model is overplotted with a green di-
amond. The asterisks represent the Type-II breaks observed by Laine
etal. (2014) from the S*G survey. See the legend in the figure.
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Evolution of the anti-truncated stellar

profiles of SO galaxies since z = 0.6 in the
SHARDS survey: I. Sample and methods

The probability of success is difficult to estimate;
but if we never search, the chance of success is zero.

— Philip Morrison, MIT professor

In this Chapter we continue the work presented in Borlaff et al. (2014) on the prop-
erties of antitruncated stellar profiles of SO galaxies. We focus on SO galaxies for two
main reasons: 1) Type-III profiles are more abundant in lenticular galaxies, and 2) the
surface brightness distributions of their discs are less dominated by stellar formation
effects, being a more accurate proxy of the true stellar mass surface density. The main
objective of Borlaff et al. (2017) is to identify a sample of Type-III SO galaxies beyond
the local Universe (0.2 < z < 0.6) in order to investigate if there is an evolution of the
structural and photometric parameters and their scaling relations with respect to the
objects of the same type at z ~ 0. The detailed analysis of the profiles will be presented
in Chapter 4 (Borlaff et al. 2018, included in this thesis).

In order to obtain a significant sample of Type-IIT SO galaxies at 0.2 < z < 0.6 we
require high spatial resolution imaging with a significant survey area. In addition, to
perform a quantitative morphological classification of the initial SO candidates, we need
additional ancillary data, particularly precise measurements of the SFR and the total
stellar mass of the galaxies in order to ensure that the morphological classification is
correct, avoiding dust reddened spirals, for example. By doing so, we also ensure that
the stellar masses of the local and the intermediate-z samples are comparable. The
observations of HST/ACS in the GOODS-N cosmological field (Dickinson et al. 2003;
Giavalisco et al. 2004) are excellent for this purpose. In addition, we made use of the
Survey for High-z Absorption Red and Dead Sources data (SHARDS, Pérez-Gonzilez

31
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et al. 2013). The SHARDS survey obtained data in the GOODS-N field between 5000
A and 9500 A for galaxies down to magnitudes m < 26.5 AB mag, in 25 medium band
filters with a full width at half maximum (FWHM) of ~ 170 A. The authors then
combined all the available data in the field to analyse the spectral energy distributions
(SEDs) from UV (GALEX) to NIR (Herschel). Finally, they made the stellar masses
and SFRs available through the Rainbow Database (Barro et al. 2011a,b).

The analysis presented in this paper can be summarised as follows:

1. First, we selected 150 candidates of red-sequence galaxies from a (U — V)-(V —J)
colour-colour diagram (Whitaker et al. 2011, 2012), between 0.2 < z < 0.6. We
selected 150 red-sequence galaxies in this step.

2. Secondly, we made a morphological classification of the candidates based on their
two-dimensional light distribution and the shape of the surface brightness profile.
We found 50 S0-E/SO galaxies within our initial red-sequence sample, 40 post-
starburst objects, 32 diffuse galaxies, nine elliptical galaxies, nine objects with
signs of being in interaction with others, seven ”green peas” (Cardamone et al.
2009) and three spiral galaxies (see Sect. 2.2 of Borlaff et al. 2017, for more details
on the morphological classification).

3. Thirdly, to avoid contamination in the outskirts of the galaxies due to the point
spread function (PSF) of the mosaics (Sandin 2014, 2015), we performed two-
dimensional models using GALFIT3.0 (Peng et al. 2002, 2010) for each one of the
S0-E/S0 galaxies and used the models to correct the original images for PSF effects,
following the procedure described in Trujillo & Bakos (2013) and Trujillo & Fliri
(2016). In order to do that, we created a hybrid PSF model for the GOODS-N
images, using the core of a median stacked star (from 3D-HST, see Skelton et al.
2014) and the wings from a Tiny Tim model (Krist et al. 2011).

4. Next, we created accurate surface brightness profiles using elliptical apertures.
We corrected them for Galaxy dust extinction, cosmological dimming, and K-
correction.

5. Finally, we analysed the surface brightness profiles with Elbow, an automatic sta-
tistical method presented in this paper to determine whether a possible break is
significant or not and its type. We made this method publicly available on GitHub!

We found 14 lenticular galaxies with antitruncated surface brightness profiles (~ 30
of the total sample of S0-E/SO galaxies, similarly to the fraction found on the local
Universe). This is the first sample of Type-III profiles in SO and E/SO galaxies at
0.2 < z < 0.6 corrected by PSF effects. We found that one third of the Type-III surface
brightness profiles were false positives due to the effect of the PSF in the outskirts
of the discs. In addition, we found two galaxies with significant Type-II profiles that

'Elbow: a program for automated break analysis of disc surface brightness profiles is publicly avail-
able at GitHub (https://github.com/Borlaff/Elbow)
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showed pure exponential profiles in the PSF uncorrected images. Finally, we reported
that the structural parameters of the Type-III profiles at 0.2 < z < 0.6 (Rpreak, hi
and h,) present similar distributions to their local counterparts, while the photometric
parameters (fbreak, fo0i and fi90) appear to be Ay ~ 1.5 mag arcsec™ 2 brighter than
the local sample. In Borlaff et al. (2018, see Chapter 4) we investigate this apparent
dimming of the stellar populations with time, taking into account the stellar masses of
the samples and their colour profiles. In addition, we compare there the scaling relations
of the parameters of SO galaxies with Type-III profiles in both the local Universe and at
0.2 <2z<0.6.

The work presented in this Chapter was published in Astronomy & Astrophysics, the
24th of August of 2017, in the Volume 604, with article number A119 under the title
”Evolution of the anti-truncated stellar profiles of SO galaxies since z = 0.6
in the SHARDS survey I. Sample and methods”.

Important note: Pages from 23 to 71 of the paper presented in this Chap-
ter contain Appendices that have been moved to Chapters A, B, and C in
this thesis in the benefit of clarity.
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ABSTRACT

Context. The controversy about the origin of the structure of early-type SO-E/SO galaxies may be due to the difficulty of comparing
surface brightness profiles with different depths, photometric corrections and point spread function (PSF) effects (which are almost
always ignored).

Aims. We aim to quantify the properties of Type-III (anti-truncated) discs in a sample of SO galaxies at 0.2 < z < 0.6. In this paper,
we present the sample selection and describe in detail the methods to robustly trace the structure in their outskirts and correct for PSF
effects.

Methods. We have selected and classified a sample of 150 quiescent galaxies at 0.2 < z < 0.6 in the GOODS-N field. We performed
a quantitative structural analysis of 44 SO-E/S0O galaxies. We have corrected their surface brightness profiles for PSF distortions
and analysed the biases in the structural and photometric parameters when the PSF correction is not applied. Additionally, we have
developed Elbow, an automatic statistical method to determine whether a possible break is significant — or not — and its type. We have
made this method publicly available.

Results. We find 14 anti-truncated SO-E/S0 galaxies in the range 0.2 < z < 0.6 (~30% of the final sample). This fraction is similar
to the those reported in the local Universe. In our sample, ~25% of the Type-III breaks observed in PSF-uncorrected profiles are
artifacts, and their profiles turn into a Type I after PSF correction. PSF effects also soften Type-II profiles. We find that the profiles of
Type-I SO and E/S0 galaxies of our sample are compatible with the inner profiles of the Type-III, in contrast with the outer profiles.
Conclusions. We have obtained the first robust and reliable sample of 14 anti-truncated SO-E/SO galaxies beyond the local Universe,
in the range 0.2 < z < 0.6. PSF effects significantly affect the shape of the surface brightness profiles in galaxy discs even in the case
of the narrow PSF of HST/ACS images, so future studies on the subject should make an effort to correct them.

Key words. methods: observational — methods: statistical — galaxies: fundamental parameters — galaxies: structure —
galaxies: elliptical and lenticular, cD

Nevertheless, as deeper observations allowed the study of
the outskirts of galactic discs, it was found that many lenticu-

1. Introduction

The origin and evolution of lenticular (or SO) galaxies is still a
matter of debate. Traditionally they were classified as the nat-
ural transition between the elliptical galaxies and more com-
plex galaxy types; spirals, in the Hubble morphological sequence
(de Vaucouleurs 1959; Sandage 1961). The cause of this is that
SO galaxies usually appear without any spiral structure or signs
of recent star formation in their discs. Freeman (1970) pointed
out that the discs of spiral and SO galaxies usually show surface
brightness profiles that are (to first order approximation) reason-
ably well-fitted by an exponential function out to a certain radius,
due to the stellar density decline as a function of galactocentric

lar galaxies do not follow a purely exponential profile along their
whole observable radius (Sil’chenko 2009; Kormendy & Bender
2012; Ilyina & Sil’chenko 2012). Erwin et al. (2005) pointed out
that a significant fraction of SO galaxies present light excesses in
the outskirts of the discs, which also show an exponential decline
but with a shallower slope than their inner discs. Erwin et al.
(2008, E08 hereafter) expanded the stellar disc classification of
galaxies from Freeman (1970), according to the profile struc-
ture. Type-I discs are well modelled with a single radial expo-
nential profile. Type-II galaxies present a down-bending profile,
this is, a brightness deficit in the outer parts of the disc with

radius (Sérsic 1963). respect to the extrapolated trend of the inner regions beyond a

Article published by EDP Sciences A119, page 1 of 71
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given break radius. Type-IIT discs becomes less steep outside
the break radius than the extrapolation of the exponential trend
of the inner parts (anti-truncation, see Pohlen & Trujillo 2006).
E08 and Gutiérrez et al. (2011, G11 hereafter) showed that the
fraction of anti-truncated discs was higher for SO galaxies that
for any other morphological type, increasing from ~10-20% in
Sc-Sd galaxies, up to ~20-50% in SO-Sa galaxies (see also
Ilyina & Sil’chenko 2012; Maltby et al. 2015). In the present
study we will focus on the Type-III profiles.

A high fraction of the anti-truncated profiles are due en-
tirely to disc structure, although ~15% might be due to outer
stellar haloes (Maltby et al. 2012). In some cases, transitions be-
tween the inner and outer profiles are associated with structural
components of the galaxy such as rings or lenses (Laine et al.
2014). Some authors (e.g. Comer6n et al. 2012) pointed out that
these transitions might be caused by combinations of thin+thick
discs with different radial scale-lengths. The role of environmen-
tal density in the formation of these structures is still a mat-
ter of debate. Some authors do not find a significant correla-
tion between the presence of Type-III profiles and the environ-
ment (Maltby et al. 2012) while other authors do (Laine et al.
2014). A recent study (Pranger et al. 2017) found that the outer
scale-lengths of both Type-II and Type-III profiles are ~10%
larger in the cluster environment compared to the field. These
authors also suggest that the Type-I profiles would be an inter-
mediate step in the transformation of Type-II into Type-III pro-
files. Nevertheless, Type-III profiles are ubiquitous regardless of
their environment (Erwin et al. 2012; Pranger et al. 2017), and
the observed suppression of Type-II profiles in the clusters ar-
gues against a common origin for both Type-II and Type-III pro-
files. On the contrary, this suggests that the two types of pro-
files are caused by completely different phenomena (Erwin et al.
2012; Roediger et al. 2012; Laine et al. 2014).

Radially varying profiles of star formation have been pro-
posed as a cause for both Type-II and Type-III profiles
(Elmegreen & Hunter 2006). However, most of the proposed
mechanisms to explain Type-III profiles are based on differ-
ent modes of gravitational interactions, such as close encoun-
ters (Pefarrubia et al. 2006), accretion of dark matter sub halos
(Kazantzidis et al. 2009) or minor mergers (Younger & Bryan
2007). In addition, Herpich et al. (2015) also proposed radial
mass redistribution as a cause for the different types of pro-
files due to different initial angular momentum of the host halo.
Borlaff et al. (2014) tested whether major mergers can produce
anti-truncated stellar profiles in SO galaxies using hydrodynami-
cal N-body simulations. They found that Type-III profiles of SO
remnants can be produced after a major merger event, and that
those profiles obey similar scaling relations to those found in ob-
served Type-IIT SO galaxies. In a later paper, Eliche-Moral et al.
(2015) reported that these relations are similar to those found in
Type-III spiral galaxies, which suggests that fundamental pro-
cesses must be responsible for the formation of these structures
in disc galaxies along the whole Hubble Sequence. However, no
study has analysed the properties of anti-truncated SO and E/SO
galaxies beyond the local universe to learn about their possi-
ble evolution, because cosmological dimming efficiently moves
these structures towards even fainter (and prohibitive) surface
brightness levels.

The controversy that arises out of the comparison between
different datasets may be due to the difficulty of comparing sam-
ples with different depths and surface brightness profile cor-
rections. Measuring robust surface brightness profiles down to
fim ~ 27-28 mag arcsec™? is a challenging task. de Jong (2008)
showed that the detection of an apparent halo around the minor

A119, page 2 of 71

axis of an edge-on galaxy in the Hubble Ultra Deep Field can
be largely explained by scattered light from the inner regions.
This light spreading follows a point spread function (PSF) whose
shape depends on the telescope, instrument, filter and even time
(Sandin 2014, 2015). It modifies the true light distribution of the
object as a convolution, “blurring” the resulting image. The PSF
effect scales with the intensity of the source, and it usually be-
comes smaller rapidly with increasing radii. Nevertheless, the
contribution of the outer wings of the PSF profile can be sig-
nificant in the outskirts of galaxies, where the light intensity is
very faint. This would produce apparent light emission excesses
where they otherwise would not be found. Thus estimating and
correcting the PSF effect is a crucial step for any study of surface
brightness profiles in the outskirts of galaxies, especially when
looking for Type-III profiles.

In order to estimate the surface brightness profile of an ob-
ject, the observer must know the shape of the PSF out to (at
least) 1.5 times the maximum size of the object in radius (Sandin
2014). To estimate precise measurements of the structural pa-
rameters of galaxies, it is not enough to simply scale the PSF pro-
file to the central surface brightness of the profile (de Jong 2008).
The observer must subtract the PSF contribution created by the
whole 2D light distribution (or at least by a realistic model) not
only by the innermost region but also from the outer regions
of the object. Direct image deconvolution methods such as the
Richardson-Lucy (Prato et al. 2012) are tempting, but inefficient
(see Karabal et al. 2017, for a recent and less time-consuming
method of direct deconvolution) and may lead to disruptions of
the low surface brightness regions. In contrast to these, recent
papers propose accurate methods for removing the PSF contri-
bution by fitting 2D models of the galaxy taking into account the
PSF (Trujillo & Fliri 2016). This method permits the derivation
of reliable surface brightness profiles down to ~31 mag arcsec 2,
according to these authors. In the present work we will follow a
similar procedure, even though our profiles are limited to radii
where the profiles are 3—4 mag arcsec™ brighter, where the ef-
fects of the PSF are less significant.

In order to shed light on the evolution of these structures,
we have selected a sample of galaxies from the red sequence and
then we have identified the SO and E/SO galaxies at 0.2 < z < 0.6
by studying their star formation rate, morphology and analysing
their surface brightness profiles. We have quantified the proper-
ties of Type-III discs in this sample and compared them to the
Type-III profiles from the samples at z = 0. In this paper, we
present the sample selection and describe in detail the statistical
methods to trace the structure in their outskirts and correct for
PSF effects. We will analyse the scaling relations at 0.2 < z < 0.6
and compare them with their local counterparts in a forthcoming
paper (Borlaff et al., in prep.).

The outline of this paper is as follows. The method is de-
scribed in detail in Sect. 2. The results are presented and dis-
cussed in Sect. 3. The final conclusions can be found in Sect. 4.
We tabulate the general properties of the initial red galaxy
sample in Appendix A. Appendix B contains the profile clas-
sifications for the SO — E/SO sample and their structural and
photometric parameters. Appendix C describes the final sample
of anti-truncated SO and E/SO galaxies individually and shows
the RGB images used for the morphological classification as
well as the decompositions performed to the profiles. We as-
sume a concordant cosmology (Qu = 0.3,Qx = 0.7,Hy =
70 kms~' Mpc~!, see Spergel et al. 2007). All magnitudes are
in the AB system unless otherwise noted.
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2. Methods

In order to study the properties of the surface brightness pro-
files of non-local SO — E/SO galaxies in the GOODS-N field at
z < 0.6, first we had to create a sample of quiescent candidates,
that must include SO and E/SO galaxies, by definition. The data
used are presented in Sect. 2.1 and the selection of a sample
of quiescent candidates with z < 0.6 is described in Sect.2.2.
Secondly, we performed a visual morphological classification
based on the data available for the selected objects (2D structure,
presence of AGN activity, star formation rate (SFR), total stellar
mass and surface brightness profile), as described in Sects. 2.2
and 2.8. Thirdly, we modelled each object and corrected any pos-
sible PSF contributions to the surface brightness profiles. After
this, we estimated the necessary corrections for dust extinction,
cosmological dimming and K-correction for each SO and E/SO
object (Sects. 2.5). This is explained in detail in Sects.2.3-2.4
and 2.7. Finally, we performed the identification, characterisa-
tion and analysis of the structure of the components in the sur-
face brightness profiles as described in Sect. 2.6. The efficiency
and reliability of the PSF correction performed to the galaxies in
our sample is checked in Sect.2.7.

2.1. Data description
2.1.1. SHARDS and the Rainbow database

The Survey for High-z Absorption Red and Dead Sources
(SHARDS, Pérez-Gonzilez et al. 2013) is an ESO/GTC Large
Program carried out with the OSIRIS instrument on the 10.4 m
Gran Telescopio Canarias (GTC). This survey obtained data be-
tween 5000 A and 9500 A for galaxies in the GOODS-N field
down to magnitudes m < 26.5 AB mag, in 25 medium band fil-
ters with a full width at half maximum (FWHM) of ~170 A.
The main goal of this survey was to study the properties of
stellar populations of massive galaxies in quiescent evolution at
z = 1.0-2.3 through the pseudospectra resulting from the data of
this photometric medium band filter system (the set is equivalent
to low resolution integral field spectroscopy, R ~ 50) and deep
ancillary broad-band data. The wavelengths include key absorp-
tion indexes such as Mg(UV) (1 ~ 2800 A), essential for the
study of high-z early-type galaxies. This technique allowed the
SHARDS team to select quiescent objects, calculate star forma-
tion histories (SFH) and photometric redshifts with a precision
better than Az/(1+z) ~ 0.007 (Dominguez Sanchez et al. 2016).
See Pérez-Gonzilez et al. (2013) for a detailed description.

SHARDS data are available through the Rainbow Database
(Barro et al. 2011a,b) in compilation with multiple photometric
and spectroscopic data for several cosmological fields, such as
GOODS-N and GOODS-S, COSMOS, or the Extended Groth
Strip. The authors used all the available photometry to build
spectral energy distributions (SEDs) from X-ray to radio. Us-
ing the SED fitting procedure, they derived photometric redshifts
and estimates of parameters such as the stellar mass, the UV-
and IR-based SFRs, the stellar population age and rest-frame
magnitudes in different filters (Pérez-Gonzdlez et al. 2005, 2008,
2013).

In this study, we have selected a sample of GOODS-N galax-
ies included in the SHARDS survey, that: 1) have low star for-
mation rates, compatible with being early-type galaxies; 2) have
total stellar masses similar to those of the available local samples
(M ~ 10°-10"" M), and 3) have morphologies compatible with
being SO — E/SO objects. We restricted the selection only to the
objects with reliable SHARDS data because: 1) we wanted to

ensure that the SO and E/SO galaxies included in the sample are
really quiescent and have stellar masses comparable with the lo-
cal sample; and 2) we aimed to create a sample of anti-truncated
S0 and E/SO galaxies that can be used in a forthcoming study to
investigate the properties of the stellar populations, metallicities
and star formation rates of their inner and outer profiles. We have
used SHARDS data release 2 in the database (iDR2beta).

2.1.2. HST/ACS data in the GOODS-N field

We have derived, corrected and analysed the surface brightness
profiles using the deepest images available in our dataset tracing
the rest-frame V and R bands, that is, those in the F775W band
of HST/ACS. The GOODS-N field is a large cosmological field
with HST/ACS imaging centred on the Hubble Deep Field North
(Dickinson et al. 2003). The spatial resolution of these images is
0.06 arcsec/px and the 1o fluctuation level of the surface bright-
ness on a area of 1 arcsec” is 27.7 mag. The average FWHM
for the F775W filter mosaic is 0.11 arcsec (Skelton et al. 2014,
see Table 6). In order to derive the surface brightness profiles
for the SHARDS objects, we relied on the ACS F775W mo-
saic from the ACS V2.0 data release (HST Cycle 11, programme
IDs 9425 and 9583, Giavalisco et al. 2004) available at the 3D-
HST project webpage' (Skelton et al. 2014). The zeropoints of
the images are available in Table 6 of Skelton et al., such that:

@

The reduction process of the raw data was performed by using
the CALACS software, available at the Space Telescope Sci-
ence Institute site (Pavlovsky et al. 1999). This pipeline accounts
for the bias subtraction, gain correction, and flat-fielding cor-
rection of each individual exposure. The corrected (flt.fits) in-
dividual images were then drizzled to the final mosaic through
the Multidrizzle software package (Koekemoer et al. 2003), and
corrected for geometric distortion at the same time, removing
cosmic-rays and performing sky-subtraction. For more details
on the process of reduction and the data, we refer the reader to
Giavalisco et al. (2004).

We set the upper limit on redshift for the initial sample at
z = 0.6, in order to cover; with the F775W filter from HST/ACS,
a similar wavelength range as the local universe observations we
wanted to compare with (usually, in the V or R bands). This band
traces similar wavelengths as the R band fromz = 0.1toz ~ 0.3
and is equivalent to F606W (tracing approximately V) between
z=0.2 and z = 0.6. Thus, we selected the initial sample within
0.2 < z < 0.6. In order to compare the surface brightness pro-
files between the local sample and ours, we also performed a
photometric K-correction to our data to transform them into the
rest-frame R filter (see Sect. 2.5).

Hr77sw = —2.5 - logg(counts/area) + 25.671.

2.2. Red sample selection and morphological classification

In the local universe and beyond, galaxies are divided into
two main classes: star-forming galaxies and quiescent galax-
ies (van Dokkum et al. 2000; Willmer et al. 2006; Kodama et al.
2007; Williams et al. 2009; Brammer et al. 2011; Whitaker et al.
2011). These two populations of galaxies show very different
distributions in rest-frame colour-magnitude diagrams: quies-
cent galaxies usually have high luminosities and red colours
while the star-forming galaxies present lower luminosities and
! 3D-HST - A Spectroscopic Galaxy Evolution Survey with
the Hubble Space Telescope: http://3dhst.research.yale.edu/
Home.html
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Fig. 1. Initial sample selection with the (U — V) vs. (V — J) colour-colour diagram by redshift intervals up to z = 0.6. Dashed line: Whitaker et al.
(2011, 2012) boundaries for identifying the quiescent galaxy population and the star-forming galaxies (see Eqs. (2)-(4)). Red dots: quiescent
galaxies from the initial SHARDS sample. Blue stars: star-forming galaxies from the initial SHARDS sample. The number of objects selected in

each class and interval of redshift are given on the panels.

bluer colours. This means that the two populations of galax-
ies appear as two well separated sequences in the (U — V) vs.
(V —J) colour-colour diagram, so we can select a quiescent sam-
ple (that includes SO and E/SO galaxies, in which we are inter-
ested) by using the following boundary-relations (Whitaker et al.
2011, 2012):

U-V>08x(V-J)+07 )
U-V>13 3)
V-J<15. 4)

The galaxies selected within these boundaries present very red
colours, either because they depleted their gas reservoir and can-
not create new stars or because they are extremely extinguished
by interstellar dust. We selected all sources from the GOODS-N
field in the SHARDS catalogue (excluding those classified as
stars) which present redshifts 0.2 < z < 0.6, and we have
used the previous boundaries in the colour-colour diagram to se-
lect those in the red sequence. We have excluded objects with
z < 0.2 in the catalogue because of the high uncertainties de-
tected in the estimates of the photometric redshifts at these dis-
tances (Barro et al. 2011b). In addition to this, we used visual
morphology classification as well as near-IR (NIR) and UV SFR
to prevent reddened spiral and irregular galaxies from being in-
cluded in the sample of quiescent galaxies (see Sect.3.2). In
Fig. 1 we show an example of this first selection process. Rest-
frame U, V and J magnitudes as well as the redshifts and stellar
masses were taken from the Rainbow Database (see Sect. 2.1.1).
The panel shows those SHARDS objects within the red sample

A119, page 4 of 71

according to the criteria outlined previously. With blue stars,
we represent the discarded objects. For the sake of complete-
ness we show the diagrams corresponding to the interval z =
[0,0.6] with Az = 0.1. We removed eight objects with 0.2 <
z < 0.6: seven of them were artifacts and spurious detections
(SHARDS10007608, SHARDS10009632, SHARDS10012462,
SHARDS10012556, SHARDS20013873, SHARDS20001446
and SHARDS20009949) and one object was clearly affected
by nearby star contamination (SHARDS20008526). Finally we
identified 150 objects as “red” (mostly quiescent, as we will
show in Sect.3.2) in total between 0.2 < z < 0.6. The sample
presents median value of z = 0.41. We note that ~75% of the
objects have z > 0.27. The red objects in our sample and their
main properties (coordinates, morphological type, photometric
and spectroscopic redshifts, stellar mass, SFR, rest-frame abso-
lute K and V magnitudes, extinction and K-correction for the
F775W filter) are provided in Table A.1.

We have performed a visual morphological classification of
the objects based on the HST/ACS images in the F435W, F606W
and F775W bands, and a false colour combined image of these
three ones. In Fig.2 we present a summary of the morphologi-
cal classification process by showing the available information
of one object of each morphological class that we have consid-
ered, which we describe below. From left to right, the first three
columns represent the images of each object in the three filters
used for this analysis: F435W, F606W and F775W. We used the
F435W filter to detect possible star formation regions that may
not be detectable in the other redder filters. This allowed us to
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SHARDS100004592
Elliptical
a=189.3917
6=62.32704
10g:0(M/M>)=10.435
SFRrot1=1.14 Mo yr-*
2=0.2733

SHARDS10003402
SO

0=189.4151
§=62.29735
10g:0(M/M:)=10.817

SHARDS10004423
Spiral
a=189.3738

SHARDS10000536
CPSTB

a=189.4165
8=62.22312
logi(M/M~)=8.315
SFRrota=0.11 Mo yr-
z=0.23

SHARDS20007536
Ongoing merger
a=189.0747
6=62.23943
Toge(M/Me .103
SFRrota1=23.94 Moyr
z=0.56

SHARDS10003299
Diffuse
a=189.1697
6=62.30192
1ogse(M/M: .496
SFRrota1<0.29 Moyr
z=0.32

Fig. 2. F435W, F606W and F775W images of some objects from the initial selected red sample, used for the morphological classification. Columns,
from left to right: 1) F435W image; 2) F606W image; 3) F775W image; 4) RGB colour image, using the previous filters for the blue, green and
red colours, respectively; 5) information panel with the identifier of the object in the SHARDS data release 2, position (@, §), total stellar mass,
SFR and z.

discard from the red sample the dust-reddened spirals that had
not been rejected using the colour-colour criteria, or contamina-
tion sources which were very bright in the bluer bands but diffi-
cult to identify in the redder bands, such as small satellites, tidal
tails or minor mergers in the outskirts of the objects. The RGB
images shown in the fourth column were created by the combi-
nation of the previous three filters. These RGB images were used

for the morphological classification, together with the individual
filter images. In addition, preliminary surface brightness profiles
(i.e, without PSF correction) as well as some characteristic pa-
rameters of each object (see the right column of Fig. 2) were used
for the classification process. The images used during the classi-
fication presented a field-of-view (FoV, hereafter) of 7x Ry, were
Ry is the Kron radius (Kron 1980) of the object (available from
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the Rainbow Database, see Sect.2.1.1). It was defined in this
way to show a sufficient portion of the surrounding areas around
the object to identify possible interactions, close companions or
sources of diffuse light contamination.

We classified the objects of the initially selected red sample
morphologically according to the following criteria (see an ex-
ample of each morphological type in Fig. 2):

— A. Morphological types assigned to well-resolved galaxies:

1. Elliptical galaxies (E): they do not present any signs of
a disc component, but a smooth light distribution sur-
rounding a bright compact core with very low elliptic-
ity. The surface brightness profiles usually decrease with
a steeper and non-constant slope when compared to an
exponential profile. The surface brightness profiles are
usually well-fitted with a single Sérsic profile with index
n ~ 3=5. They do not show appreciable star formation
signs, bars, or spiral arms.

. SO — E/SO galaxies: they show a noticeable disc compo-

nent with a smooth light distribution, without any signs

of spiral structure or star-forming regions. For those ob-
jects where the dominant component is the disc, we have
assigned the SO classification. On the contrary, the ob-
jects with a dominant central bulge or halo were classi-
fied as E/SO. Some SO galaxies at low inclination may
be mistaken for elliptical galaxies in the visual classifi-
cation. To avoid contamination between the types, we re-
fined our visual classification by using the surface bright-
ness profiles and the multi-component GALFIT3.0 anal-

ysis, as detailed in Sect. 2.3.

Spiral galaxies (Sp): they present a disc component and

a spiral pattern with clear star-forming regions detected

in the F435W band.

Ongoing mergers (OM): these objects present highly ir-

regular and distorted light distributions in the images.

The progenitors can still be identified separately. Close

pairs without clear signs of tidal interaction were not in-

cluded in this category and we have classified them as
two independent galaxies.

)

b

>

— B. Morphological types associated with low signal-to-noise
ratio (S/N) or low resolution data:

1. Compact post-starbursts (CPSTB) and green peas (GP):
these are very compact objects. The spatial resolution is
not enough to resolve their structure or different com-
ponents. Some of these objects present recent merger
signs. The CPSTBs present extremely red colours, pos-
sibly caused by extreme dust extinction. In contrast, the
GPs usually present green colours in the false RGB im-
ages used to classify them. We adopted the green peas
nomenclature following Cardamone et al. (2009), but in
order to confirm the objects within this class as real GPs
according to their definition we would require specific
observations, which are beyond the scope of this paper.

2. Diffuse galaxies (DF): we classify as diffuse galaxies
those objects with very low S/N ratio, usually with
elongated morphologies. Faint spirals or interacting disc
galaxies are possible candidates to appear as diffuse
galaxies. They fall into the red sequence probably be-
cause of dust extinction. The surface brightness pro-
files are too faint and noisy due to the low apparent
luminosities.

A119, page 6 of 71

As explained before, SO galaxies can be confused with ellipti-
cal galaxies, especially those at low inclination. The discs of
spiral and SO galaxies usually show surface brightness profiles
that follow an exponential law (Freeman 1970) out to a cer-
tain radius. In contrast, elliptical galaxies show a steeper sur-
face brightness decline, usually well fitted by a n ~ 4 Sérsic
profile (i.e. a de Vaucouleurs profile). We exploited these struc-
tural characteristics to distinguish SO from E galaxies even at
low inclination. Thus, for the elliptical, SO and E/SO galax-
ies identified visually, we refined the morphological classifica-
tion using the surface brightness profiles, as well as the 2D de-
composition, to ensure that we are not including elliptical ob-
jects in the final SO — E/SO sample (see Sect.2.3). We found
50 SO and E/SO galaxies within our initial sample of 150 red
galaxies (38 SO and 12 E/SO). We could correct for PSF ef-
fects 44 out of these 50 SO and E/SO galaxies, as explained
in Sect.2.3. The remaining objects were removed from the
final sample because they did not present stable bulge+disc
2D decompositions (SHARDS10001928, SHARDS10002901,
SHARDS10005029, SHARDS10008552, SHARDS20000858
and SHARDS20004273). The morphologies of our red galaxy
sample and their global properties are described in detail in
Sects. 3.1 and 3.2. The final morphological classification for all
objects in our red sample is provided in Table A.1. The RGB im-
ages of the objects finally classified as SO and E/SO that could be
corrected for PSF effects are provided in Appendix C.

2.3. GALFIT modelling and PSF correction

In order to estimate and correct the amount of dispersed light by
the PSF in the HST/ACS images, especially in the outskirts of
the galaxies, we cannot simply perform a numerical deconvolu-
tion of the image, because it would affect the light distribution in
the low surface brightness region (see Sect. 1). We have followed
a similar procedure to that presented in Trujillo & Bakos (2013).

First, we performed careful masking in all the images,
in order to avoid contamination by foreground objects, non-
symmetric components such as satellites, compact bright regions
or close stars or their PSF spikes. We created these masks in two
steps. We performed an automatic masking by using SExtractor
(Bertin & Arnouts 1996), which is later manually checked. We
manually extended the masks of the largest foreground objects
with circular masks in order to prevent the scattered light from
contaminating the surface brightness profiles of the galaxies. We
estimated the limits of each manual masking by analysing the
isophotal map on smoothed images. We gradually increased the
smoothing kernel from two up to eight to ten pixels, checking
on each step the possible features that appeared. By using the
isophotal contours, we checked the possible distortions due to
contamination sources or extreme changes in the position angle
and ellipticity in each object. Finally we used the masked im-
ages (centred on each object, with a FoV of 100 x 100 arcsec)
to measure individually the sky noise distribution, which defines
for each object the limiting magnitude of the profile. See some
examples of isophotal maps and masked regions in the figures
of Appendix C. The effects of PSF correction on the resulting
profiles are analysed in Sect. 3.5.

We used GALFIT3.0 (Pengetal. 2002) to fit two sets of
models for each object within our sample of 50 SO and E/SO
galaxies: a single free Sérsic model and a free Sérsic model +
exponential profile. In this step, we discarded from the SO and
E/SO sample those objects which: 1) cannot be fitted with a sta-
ble model, due to small size or irregularities; 2) are well fitted
with a single (high n) Sérsic profile, so the profile corresponds to
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an elliptical galaxy rather than an E/SO or SO (see Sect. 2.2); or 3)
do not drastically reduce the residuals of the fit by adding a sec-
ond component to the first one. This revision was performed in-
dividually by three co-authors, checking the differences between
the modelled and the original profiles. In this phase we distin-
guished between the elliptical galaxies from face-on SO galaxies
by analysing their surface brightness profiles. In order to do that,
we have estimated for all the objects two different 2D decom-
positions: 1) using a single Sérsic profile and 2) with a Sérsic
bulge + exponential disc profile. We note that each 2D decom-
position implies a different PSF deconvolution. We analysed the
residual profile of each object, and identified those which do
not drastically improve with the addition of a disc component
and present a smooth decrease of the slope with the galactocen-
tric radius. Finally we confirmed that the nine objects that visu-
ally presented elliptical morphologies really were ellipticals ac-
cording to their surface brightness profiles. We show the surface
brightness profiles, with the corresponding models and residual
profiles, for the SO and E/SO galaxies with successful PSF cor-
rection in Appendix C.

‘We have estimated the errors of the parameters of each model
by performing Monte Carlo simulations over the original im-
ages, varying each pixel value within the noise level and fit-
ting sequentially. We note that we assume 1, 2 and 3o limits
as those values that enclose 68%, 95% and 99.7% of the prob-
ability distribution of the sample. In the case of the noise level
of our images the sample are the sky-dominated pixels. We de-
fine as sky-dominated pixels any pixel that was not identified
as part of a source in the masks generated before to create the
GALFIT3.0 models and the surface brightness profiles. We es-
timated the noise level as the upper 1o fluctuation of the sky
background distribution. This value is equivalent to the standard
deviation if we assume that the sky background follows a nearly
Gaussian distribution with a mean of zero and dispersion equal to
the measured noise level. By providing GALFIT3. 0 a PSF model
for the image, the programme tries to fit the best model that, af-
ter convolution with the PSF, matches the original image. This
allows us to estimate the amount of diffuse light scattered into
the outskirts of the image. We estimate the deconvolved image
through the following image operation:

Residuals = Image raw — PSF * Modelgaprir. (®)
Deconvolved final image = Modelgargir + Residuals. (6)

The 3DHST team provides a star-stacked PSF, but the model
size is very small for our purposes (~4 arcsec in diameter) while
we need at least a ~25 arcsec diameter PSF to perform any kind
of PSF subtraction (Sandin 2014, 2015). Otherwise, the recon-
volved model (i.e., the fitted PSF-free model, again convolved by
the PSF) would systematically underestimate the amount of dis-
persed light at radii larger than half the diameter of the PSF. This
limit in size was calculated by multiple iterations in the surface
brightness profile fitting, and roughly corresponds to 1.5 times
the limiting radius at S/N = 3 in the surface brightness profiles
of the larger galaxies in our sample. We show an example of
the deconvolution and modelling in Fig. 3. In the top panel, we
represent the surface brightness profiles of the original and PSF-
corrected image, as well as the profiles of the models used for
the deconvolution. We note that the deconvolved profile is sys-
tematically biased towards brighter magnitudes in the centre and
dimmer magnitudes in the outskirts. This effect is clear in the
bottom panel, where we show the differences between the orig-
inal and the PSF-corrected profiles (red dots). We also note that
the original and reconvolved profile (black squares) are nearly

Radius (kpc)
0 2 4 6 8 10 12 14 16 18 20 22
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0.0

T R il
¥

Duterzswr)
-1.0

T T T T T T T T
00 05 10 15 20 25 30 35
Radius (arcsec)

Fig. 3. Top panel: surface brightness profiles of the Type-IIT SO galaxy
SHARDS10009610. Blue squares: surface brightness profile of the
original image. Black dots: the same for the PSF-corrected image
(black). We represent the magnitude scale for the observed F775W band
(left axis) and for the rest-frame R band (right axis). The red solid and
blue dashed lines correspond to the models fitted during the deconvolu-
tion and used for checking the visual morphological selection (see the
legend). Bottom panel: residuals between the original and corrected pro-
files. Red circles: difference between the original and the PSF-corrected
profiles. We note that the PSF effects create a systematic upturn beyond
~1.0 arcsec. Black squares: difference between the original profile and
the reconvolved PSF-corrected image profile. The vertical red line rep-
resents the limiting radius.

identical along the whole profile, showing that the PSF correc-
tion and the fit are adequate, under the assumption that the PSF
model is robust and realistic (we demonstrate this in Fig. 4, see
below).

GOODS-N is an extremely star-clean field, so PSF mod-
elling using star stacking may lead to noisy and biased distri-
butions in the outskirts of the profiles due to the lack of bright
stars in the field. Instead, we have created a model of the PSF
using the Tiny Tim software (Krist et al. 2011) for the PSF out-
skirts, combined with a GOODS-N stacked star PSF for the
inner regions of the PSF provided by 3DHST. Tiny Tim is a
modelling tool for generating HST model PSFs for multiple
cameras and filters. The synthetic PSFs generated by Tiny Tim
have been previously used in similar studies (See de Jong 2008;
Trujillo & Bakos 2013). GOODS-N has a covering grid of 3 x 5
individual ACS pointings, with some overlap to check the photo-
metric and astrometry consistency between individual pointings.
There is a rotation of the field of 45° between the odd-numbered
epochs and the even-numbered epochs. In order to approximate
the effect of the combination of rotated images in the final mo-
saic, we combined two Tiny Tim PSF model images of 29 arc-
sec in diameter, rotated 45° degrees (Trujillo & Fliri 2016). After
that, the centre of the resulting PSF model was replaced by the
natural star PSF model of 3DHST, which is reliable only out to
4 arcsec. We measure a FWHM of our combined PSF model is
0.09 arcsec. As mentioned in Sect. 2.1.2, in Skelton et al. (2014)
(see Table 6), the authors report an average FWHM of 0.11 arc-
sec for the F775W band mosaic of GOODS-N.
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Star profile

° Tiny Tim PSF model
Combined PSF model

+ ==« Tiny Tim PSF residuals

— = Combined PSF residuals
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Fig. 4. Comparison of the subtraction of a star with GALFIT3.0, using a 15 arcsec Tiny Tim PSF (upper row) and our combined PSF (lower row).
Top left panel: F775W image of a star. Bottom left panel: intensity profiles for the star, the PSF models and the residual images after the subtraction
of the Tiny Tim PSF and after the subtraction using our combined PSF (see the legend for details). Middle column: PSF scaled models for the Tiny
Tim model (top) and the combined PSF (bottom). Right column: residuals of the subtraction for the Tiny Tim model (fop) and the combined PSF
(bottom). We note that the residuals for the wings in case of using our combined PSF are smaller at all radii than those resulting from using the
Tiny Tim PSF, despite the common central underestimate. The FoV of all the images is 24 x 24 arcsec®. All images are in the same colour scale.

In Fig. 4 we show a quality test to show that our PSF model is
robust and realistic. The upper panels show the test using a stan-
dard PSF created by Tiny Tim for the F775W filter, whereas the
lower panels show the test using our combined PSF. We have fit-
ted each PSF to a well-centred field star in the GOODS-N image,
using GALFIT3.0. The residuals of the two cases are shown in
the right panels, and the residuals profile in the bottom left panel.
We find that our combined PSF model significantly reduces the
residuals of the PSF modelling of the star when compared to the
original Tiny Tim model. The success of the subtraction is sig-
nificant especially for the intermediate and external parts where
the characteristic spikes and rings of the HST PSF are removed
almost completely. In addition, the remaining residuals in the
centre do not show circular symmetry, which would introduce
contamination in our azimuthally averaged profiles.

Additionally, in order to test on each object the validity of
the PSF-deconvolved model obtained, we again convolve the
PSF-deconvolved image by the PSF model (or reconvolved im-
age), and compute the differences between the surface brightness
profiles derived from the original and reconvolved images. We
found that the differences between the original and the recon-
volved profiles were less than 1o in the surface brightness pro-
files up to the limiting radius in each case. Thus, we concluded
that the applied PSF correction is robust and self-consistent.

2.4. Surface brightness profiles

‘We derived the surface brightness profiles by two different meth-
ods, depending on the inclination of the object. For the low
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inclined objects we relied on the ellipse task from IRAF. We
fixed the position angle and ellipticity of the ellipses to the mean
values obtained with SExtractor in the galaxy disc on the orig-
inal image, with the limiting threshold set at 1o~. By doing so,
we avoid unstable solutions for the position angle and ellipticity,
especially common in the outskirts, where the S/N ratio is low
(see E08) and where we will be centring our attention. As a side
effect, the innermost parts of the profiles (the first five or six pix-
els in radius) may be slightly biased towards lower values, but
we discarded this region in the vast majority of the cases, so it
does not affect our results. On the other hand, the nearly edge-on
objects were analysed by using ISOFIT (Ciambur 2015). This
task replaces the angular parameter that defines quasi-elliptical
isophotes in polar coordinates for the eccentric anomaly. By do-
ing this, ISOFIT provides more accurate modelling of galaxies
with non-elliptical shapes, such as disc galaxies viewed edge-on,
and thus recovers more accurate surface brightness profiles. We
have used free position angle and ellipticity in this case.

In order to separate the edge-on objects from the rest of
the sample, we have used the results from the 2D decom-
position models performed previously for the deconvolution
process. The Monte Carlo simulations that we performed on
the GALFIT3.0 models provide the probability distribution for
the axis ratio (¢ = b/a) of the disc component. We as-
sumed an intrinsic axis ratio for the SO galaxies of gy ~ 0.25
(Weijmans et al. 2014), with the exception of those objects with
g < 0.25 where we used gp = 0.1, which is the lower limit
of the go distribution from Weijmans et al. (2014). We note
that we apply this ratio only as a median value in order to
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Fig. 5. Left panel: estimated K-correction for the F775W filters to the R band as a function of z. It is important to highlight that the linear fit applies
to the observed correlation of the SO and E/SO galaxies of the sample. The intensity levels of the linear fit represent the 1, 2 and 30~ confidence
regions of the fit. Right panel: stellar mass for the initial red sequence sample vs. z. Consult the legend in the figure for the morphological

classification.

select objects with high inclinations, and it is not used to ex-
tract conclusions for single objects. The values of the incli-
nation angle for each object are included in Table B.I. The
median dispersion for these values are +3 degrees. We iden-
tify five objects with gy < 0.25 as nearly edge-on galaxies
(SHARDS10000845, SHARDS 10001727, SHARDS20000827,
SHARDS20003134 and SHARDS20011817). In addition to
these, after visual classification, we added SHARDS 10002351
and SHARDS10003402 to the edge-on sample. For them, the
surface brightness profiles have been derived with ISOFIT in-
stead of ellipse, as commented above.

We defined the outer limit of the profile on the major axis
as the outermost elliptical bin with an integrated intensity with
S/N > 3. The 1o sky noise level was defined for each azimuthal
bin as

T sky,pixel

(]

O sky,bin =

VN

where oy pixel Tepresents the standard deviation of the back-
ground, measured on the masked images and N is the number of
pixels included in each radial bin. The sky noise for each ellipse
is then combined by addition in quadrature with the intrinsic dis-
persion along the azimuthal direction for each ellipse. The upper
and lower limits of the magnitude values have been calculated by
performing Monte Carlo simulations of the final noise distribu-
tion for each bin. The median limiting magnitude for our profiles
iS tp7zswim = 27.09270023 mag arcsec? (the uncertainties refer
to the percentiles 84.1 and 15.6, equivalent to + 10 in a Gaussian
distribution).

2.5. Photometric corrections

The rest-frame wavelength range for a filter varies as a function
of z, so we need to apply a K-correction (Humason et al. 1956;
Oke & Sandage 1968) to the photometry of our profiles. We

have performed the K-correction directly by estimating the vari-
ation of the colour between the apparent magnitude estimated
from the fitted SED in the rest-frame filter we want to com-
pare with (R band) and the observed magnitude in the F775W
filter. The rest frame (synthetic) R and the observed F775W ap-
parent magnitudes for each object of our sample are available
at the Rainbow Database. Rest-frame magnitudes have been cal-
culated by direct integration over the best-fit SED for each ob-
ject (Pérez-Gonzilez et al. 2013). In the left panel of Fig.5 we
show the K-correction derived for the SO and E/SO galaxies of
our sample, as a function of z. It nearly follows a linear relation
for SO and E/SO galaxies, which we have fitted by using 10 000
bootstrapping simulations of a least squares fit, resulting in:

R~ F775W = 03407003 — 161970953 - 2, ®)

with a Spearman correlation coefficient of p = —0.838, and a
Pearson test probability p < 2.2 x 107'°. We calculate the K-
corrections for each object by using the previous linear relation,
which applies a median correction as a function of z. The final K-
corrections for each object are shown in Table A.1 in Appendix 4
(the median uncertainty for R— F775W is +0.060). Therefore,
the final surface brightness profiles of our 0.2 < z < 0.6 sample
are in the rest-frame R band, as the available data on local Type-
III SOs by E08 and G11.

In order to check the goodness of the Rainbow photometric
redshift for our subsample of SO and E/SO galaxies at 0.2 < z <
0.6, we have estimated the difference between the spectroscopic
and the photometric redshifts for those objects where the former
is available (47 out of the selected 50 SO and E/SO galaxies have
spectroscopic redshift). We found an excellent overall agreement
between the spectroscopic z and the photometric z with a me-
dian dispersion in our subsample of Az/(1 + z) = 0.0024, mean-
ing that the photometric z estimated in Rainbow from SED fit-
ting are very good for the galaxies of our sample. A notable
exception is the object SHARDS10000845 (zphoto = 0.36, but
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Zspee = 0.5123). The spectroscopic redshift flag at the Rainbow
Database is four, which means a very reliable value for zpec.
Nevertheless, this discrepancy does not affect the results, as the
Zspee Was used instead of the zppoto result in all the calculations
when available. Only three SO — E/SO galaxies did not present
available zg. values (SHARDS10005029, SHARDS 10008552
and SHARDS20011817). However, the two first cases were re-
moved from the final sample (see the reasons in Sect. 2.2) and the
last was finally classified as an SO galaxy with a Type-I profile.

We corrected our profiles for Milky Way dust extinction too.
To estimate the necessary corrections, we used the dust red-
dening maps from Schlegel et al. (1998), available through the
NASA/IPAC Infrared Science Archive’. We extracted the ex-
tinction factor E(B — V) for each object at its position. We as-
sumed a Landolt V band extinction in magnitudes Ay = 3.315 x
E(B — V), and the ratio Ap77sw/Ay = 0.65 (Fitzpatrick 1999;
Indebetouw et al. 2005). We corrected for the calculated extinc-
tion correction for each object in the sample. The values obtained
are available in Table A.1.

Finally, we have corrected the profile for cosmological dim-
ming, which entails a factor Ay = =10 x log, (1 + z). We use the
best z value for each object available in the Rainbow Database
to perform this correction (see Table A.1).

2.6. Elbow: automated break analysis of disc surface
brightness profiles

After the surface brightness profile calculation, we proceeded to
classify the profiles into the three types described in Sect. 1, pay-
ing special attention to those objects showing a Type-III profile.
We have performed this classification using two procedures: 1)
simple visual classification and 2) an automated break analysis
via an algorithm written by us in R* (R Core Team 2016) that
we called E1bow. E1bow accepts as input the surface brightness
profile and the errors in both magnitude and position of each bin,
as well as minimum and maximum radial limits for the analysis.
The tasks of the programme are: 1) to estimate the best double
exponential fit to a surface brightness profile and 2) to calculate
the probability that the slopes of the inner and outer fitted pro-
files are statistically different. The algorithm works by carrying
out Monte Carlo + bootstrapping simulations on the input pro-
file, using the uncertainties provided by the user for each data
point in both radius and magnitude. This is a two-step process.
First, for each simulation, E1bow generates a new profile by ran-
dom re-sampling with replacement (bootstrapping). This implies
that the new profile contains the same number of points as the
original one, but some points are not included in each simula-
tion. Secondly, we replace each data point with the values from
a Gaussian distribution with a mean value equal to the original
data point and o~ equal to the original error (Monte Carlo). This
is done for both variables (r and u). We take advantage of the
combination of the bootstrapping and Monte Carlo methods in
order to take into account the different uncertainties associated
to each point and obtain an accurate probability distribution of
the parameters at the same time. One of the main benefits of the
re-sampling methods is to avoid any assumptions of normality
on the sample and hence obtain a more accurate distribution for
certain statistics. In addition, the shape of the resulting proba-
bility distributions for the parameters give us information about
the presence of outliers and irregularities. This method of fitting
2 http://irsa.ipac.caltech.edu/applications/DUST/

3 R: A language and environment for statistical computing http://
www.R-project.org
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breaks in linear trends via bootstrapping was already tested in
Cardiel et al. (1998) to detect changes in the slope of the line-
strength gradients of Mg, and the 14000 A break as a function of
the galactocentric radius in central cluster galaxies, and more re-
cently by Marino et al. (2016) to detect breaks in surface bright-
ness profiles.

We have avoided the inner parts of the profile — which are
dominated by the bulge emission — by using the bulge model fit-
ted with the GALFIT3.0 and removing from the fit the section
of the profile where the bulge dominates the emission over the
exponential profile. For several objects this minimum limit was
not enough to properly mask the central part of the profile (be-
cause of additional inner components), and it had to be set to a
more restrictive and larger radius by visual inspection of the pro-
file and the model decompositions. Similarly, we cut the profile
of several objects before reaching the limiting radius, due to the
presence of irregularities or possible contamination sources that
we wanted to avoid in the final profile fit.

For each simulation, E1bow minimises the residual distances
of the input observational profile to a broken profile modelled as

25 r
Hoi + o) 7 if r < Roreaks
ulr) = ©)

. r
+ ——— — if r > Ryreax
Hoo n(10) 7y 1L 7 > Rpreaks

In(10) 4oi — Hoo
25—y

Roreak = hi - ho - 10
hence we obtain the probability distribution of the characteris-
tic parameters for both inner and outer profiles, as well as the
Rureak probability distribution. We estimate the maximum likeli-
hood solution for h;, poj, ho and o, (or best solutions) as the
mode of the corresponding distribution. For each simulation, we
calculate a value for Rpeax following Eq. (10). The best solution
Of Rpreak 1S defined as the value corresponding to the maximum
likelihood solution for A, fio, ho and fgo. Thus, Ryreak is a de-
pendent parameter of the inner and outer fits to the profile. In
contrast to that, the corresponding pprea values are calculated
from the interpolation of the input profile at the break position
R = Ryreak-

Elbow estimates the probability density distributions (PDDs,
hereafter) as the distribution of each parameter resulting from the
simulations (~100000 in our case). We used these PDDs to es-
timate the central values of each distribution (maximum proba-
bility values, which is the mode of the distribution, as mentioned
above) and the uncertainty intervals (for 1,2 and 30). We also
used these PDDs to estimate the probability that the inner and
outer profiles are significantly different. That is:

Ho,1:hi = ho, (11)
Hop:po, = poo- (12)

Our null hypothesis is that the two profiles are not different, so
that the inner slope and the outer slope would be the same (Hy ;)
or that the central magnitude of the inner profile is compatible
with that of the outer profile (Hy>). Thus the probability for this
test consists of two estimators: 1) the fraction of simulations that
gave an h, > h; in the case of a Type-III profile (and i, < h;
in the case of a Type-II profile) and 2) the fraction of simula-
tions that gave (o, > po, in the case of a Type-III profile (and
Moo < Moj in the case of a Type-II profile). These two p-values
are extremely consistent and in most cases they present equiva-
lent or equal results (see Table B.1). We note that this test does
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not only take into account the presence of a noticeable excess of
light in the outskirts of the galaxy, but it also would give nega-
tive results if this light distribution is not well fitted by a double
exponential disc function. This was the case in several objects
with irregularities in the outer regions of their profiles.

After that, we ran the simulations and identified those objects
with significant breaks in their final profiles. Finally we visually
checked the profiles and the fits, and classified all the objects
in the three different classes (Type I, IT or III). We assume a
p-value of 1072 as a the limit value beyond to accept a profile
as a Type III, which corresponds to a 99% confidence level that
the PDDs of the characteristic parameters of the profile are not
compatible with a Type-I profile. The same was applied for the
Type-II profiles.

In Fig. 6 we show three examples of the final break analysis
performed to the deconvolved profiles. The top panels show the
composed RGB images of each object with the limiting radius
indicated. The intermediate panels of Fig. 6 represent the corre-
sponding surface brightness profile in the R band corrected for
dust extinction, cosmological dimming and K-correction of each
object. We plot those radial bins that were included in the final
break fit. We systematically avoided the innermost regions due
the dominant bulge emission. We plot the best fits to the inner
and outer regions, along with the best Ryeak and fpreak reSpec-
tively, with their 1o~ confidence regions, also indicated. The best
results obtained for the inner and outer fitted profiles along with
their respective confidence intervals are indicated in the interme-
diate panels.

For the profile of the object in the first column of panels of
Fig. 6 (SHARDS20002966) the confidence regions of the inner
outer profiles completely overlap (see the left bottom panel). The
p-value associated with this profile is p = 0.224, so the null hy-
pothesis is not discarded and therefore, we do not find any dif-
ference between the inner and outer profiles, meaning that this
galaxy has a Type-I profile. On the contrary, SHARDS 10000845
(second column of panels) presents a clear Type-II profile. The
associated p-value calculated with Elbow for this profile is
p = 3.4 x 107, thus we can discard the null hypothesis and
the break is statistically significant. A clear Type-III case is
SHARDS10000327 (see the third column of panels in Fig.6).
The associated p-value for this Type-III break is p = 3.0 x 1074,
thus the break is statistically significant. The lower row of pan-
els of Fig.6 represents the 2D probability distribution (PDD)
of the scale-length h and central surface brightness g for the
three cases. The colour scale is linear and represents density of
solutions of both inner (io;, h;) and outer profiles (uoo, ho) in
an arbitrary scale. These 2D histograms represent where the fit-
ted solutions concentrate for each profile, in order to find the
best central surface brightness and scale-length. In the case of
SHARDS10000327 and SHARDS10000845 (which present a
clear break) the solutions converge on a bimodal distribution
with two maxima, marked with black crosses. On the contrary,
the PDD of SHARDS20002966 only presents one clear maxi-
mum, meaning that it is a Type-I profile.

In Fig. 7 we show the PDDs for each parameter of the sur-
face brightness profile of SHARDS10000327 (hi, ho and Rpreax
in the upper row, and po, too and ppreax in the lower row). We
show the maximum likelihood solution for 7, uoj, he and pig.
The PDD for Ryeax sShows the solution derived from these best-
fit parameters following Eq. (10). Finally, we show the corre-
sponding PDD for the jipreax measured over the surface bright-
ness profile with the best fit solution marked also with a verti-
cal dashed-dotted line. As detailed before, SHARDS 10000327
shows a Type-1III surface brightness profile. This causes that the

PDD for A; is centred at a lower value that the PDD for h,. An
analogous result is found for zo; and po,. As a consequence of
this, the histograms for Ryyeax and ppreax show single-peaked and
Gaussian-like PDDs, meaning that the break is well-defined and
statistically significant.

The best fitting results for the 44 SO and E/SO galaxies at
z < 0.6 within our sample, along with the confidence intervals
and p-values, are available in Table B.1.

2.7. Efficiency and reliability of the PSF correction

We also tested the reliability and efficiency of the PSF cor-
rection process by including synthetic images of galaxies with
intrinsic exponential profiles into the GOODS-N image con-
volved with our PSE. After that, we analysed the type of pro-
file which is recovered following the same procedure that we
have used with real ones. To do this, we generated nine synthetic
galaxy models with bulge + pure Type-I exponential discs. We
chose three different size ranges: small, medium and large, with
Reft puige = 0.06,0.12 and 0.18 arcsec and /& = 0.24, 0.42 and 0.6
arcsec respectively. We used three different inclinations (0°, 45°
and 90°) in order to test the variation of the PSF effects and the
dependence of the result of the deconvolution with disc inclina-
tion. The models were generated with GALFIT3.0.

The synthetic images were generated by convolving the
models created with GALFIT3.® with our PSF model (see
Sect.2.3). After this, we included the resulting image in a re-
gion free of detections in the GOODS-N mosaic. We took into
account: 1) the possible presence of background sources not re-
solved or with low S/N ratio that were not detected in the mask-
ing process; and 2) the noise distribution, which had to be similar
to the one in the real images. We did not find any differences with
the results described next when a pure Gaussian noise distribu-
tion was added to the images, which indicates that the sky level
and the background sources were not affecting our profiles. After
the synthetic galaxies are generated, we used the same procedure
as in the case of the real images (see Sects. 2.4-2.6).

In Fig. 8 we show the surface brightness profiles of our syn-
thetic Type-I models convolved (analogous to our original data)
and not (i.e., the real profile) by the PSF of our data, and the sur-
face brightness profiles of the deconvolved images, meaning the
profiles recovered after using the same extraction and analysis
procedures as in our real data. We also plot the radius at which
S/N = 3. The surface brightness profiles of the PSF-affected
models present clear excesses in the outskirts compared to the
real (non-affected by the PSF) profiles, which systematically in-
creases the radial region where the object has a S/N > 3. The
main result is that, after the PSF correction, we successfully re-
move or reduce most of the scattered light, reconstructing the
real shape of the profiles in the centre at the same time (see the
differences between the real, original Type-I profiles and those
recovered by our procedure in the corresponding subpanels, as a
function of radius).

We also used Elbow to analyse whether the PSF wings can
create apparent Type-III profiles in the synthetic Type-I galaxies
that we have simulated. This test was also useful as a benchmark
to test E1bow on a synthetic model. The results of the analysis
are summarised in Table 1. In the table we show the p-values
associated with the likelihood of each surface brightness profile
to be well-represented by a single exponential profile. We find
that:

— The amount of light scattered by the PSF to the outskirts of
the synthetic objects is generally small, but it is detectable as
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Fig. 6. Examples of the three kinds of disc profiles in our sample of SO and E/SO galaxies and their analysis. Columns, from left to right: 1)
Type I: SHARDS20002966; 2) Type II: SHARDS 10000845 3) Type III: SHARDS10000327. Upper row: RGB composed images of the objects
using the HST/ACS filters F435W (blue), F606W (green) and F775W (red). The total FoV is 10 x 10 arcsec®. The red ellipse marks where the
surface brightness profile presents a S /N = 3. The green ellipse indicates the location of the break if the profile is a Type II or IL. The yellow bar
represents 10 kpc in physical size. Middle row: surface brightness profiles in the rest-frame R band corrected for the dust extinction, cosmological
dimming and K-correction of the corresponding objects. Only the black filled points where included in the final break fit. The yellow points were
removed from the fit to avoid bulge light contamination or are outside the limiting radius. The red and blue dashed-dotted lines represent the best
fits to the inner and outer regions of the disc, and the coloured uncertainty regions around them represent the 1o~ confidence interval of each fit,
respectively. The red vertical line represents the limiting radius for considering data points in the fit (S/N = 3). The dotted lines indicate the most
probable break location in the profile (note the high uncertainty in the Type-I profile). Lower row: 2D probability density distributions (PDDs) for
the scale-length /i and central surface brightness uy decompositions. We note that in the case of SHARDS1000327 and SHARDS10000845 the
PDDs show two peaks where the inner and outer profiles are located, while in SHARDS20002966 the solutions for the two profiles peak around
an unique point. The rainbow-like colour scale represents probability density, with redder colours indicating higher values.

a break by Elbow in PSF-uncorrected profiles (especially in ~ — The PSF deconvolution procedure efficiently removes the
the face-on and 45° inclination cases of the small objects). scattered light in the outskirts and recovers the inner profile
at the same time.
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Fig. 7. Probability density distributions of the surface brightness profile fit for the Type-III SO galaxy SHARDS10000327. Upper row, from left
to right: scale-length for the inner disc profile /; (kpc), scale-length for the outer profile 4, (kpc), break radius Rieax (kpc). Lower row, from
left to right: central surface brightness profile of the inner profile 1o; (mag arcsec™), central surface brightness profile of the outer profile 4,
(mag arcsec™2), surface brightness at the break radius (iprax). The dashed-dotted lines represent the best solutions for each parameter, and the

dotted lines mask the limits of the 68% (1) confidence region.

Table 1. Likelihood (p-values) for the surface brightness profiles of the
synthetic models, so that the PSF uncorrected images and the decon-
volved models present a Type-I (pure exponential) profile.

Orientation PSF Large Medium  Small
E Uncorrected ~ 0.105 0.010 6x107*

4O Deconvolved  0.199 0499 0.120
450 Uncorrected  0.119  0.013  2x10™

Deconvolved  0.489 0.185 0.079

Edee-on Uncorrected  0.009 0.131 0.085

g Deconvolved  0.365 0.230 0.496

Notes. The small, medium and large models present Refpuge = 0.18,
0.12 and 0.06 arcsec and & = 0.6, 0.42 and 0.24 arcsec respectively.
The models were deconvolved following the procedure described in
Sect. 2.3, and analysed with E1bow.

Consequently, the deconvolved images are completely free of
misclassified Type-III profiles in all ranges of sizes and orien-
tations due to PSF effects. We can therefore conclude that the
procedure that we have followed for extracting and correcting
the surface brightness profiles for PSF effects is reliable and ef-
ficient for recovering the real profiles.

2.8. AGN in the initial sample

‘We detailed in the previous sections that the deconvolution pro-
cedure relies on the fact that the light distribution of the objects
is sufficiently well approximated by a certain analytical func-
tion (in our case, different combinations of Sérsic profiles). For
galaxies hosting a powerful active galactic nucleus (AGN), this
may not be the case. The light distribution of the central regions
of AGN host galaxies may be much brighter than those with no
AGN emission. As a consequence of this, we may be systemati-
cally underestimating the PSF contribution in the outskirts.

Alexander et al. (2003) have identified X-ray emitters in the
Chandra Deep Field North, which covers the entire GOODS-N
field. They detected 503 sources in 7 X-ray bands between 0.5—
8 keV. Barger et al. (2003) found optical and infrared counter-
parts for the objects identified by Alexander et al. (2003). In
Bauer et al. (2004), the authors classified the 504 objects in the
categories AGN, star-forming galaxies and Galactic stars by
using their optical spectral classifications, radio morphologies,
variability, X-ray-to-optical flux ratios, X-ray spectra and their
intrinsic luminosities. In order to take into account the presence
of AGN in our sample, we have cross-correlated our initial red
sample with the AGN catalogues in GOODS-N. We used the op-
tical coordinates from Barger et al. (2003) to find the matching
sources within 1 arcsec of separation.

We found nine matching sources, four of which
are  classified as  star-forming  galaxy  candidates
(SHARDS10001344, SHARDS20000827, SHARDS20002935
and SHARDS20003134) and five of them classified as AGN
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Fig. 8. Surface brightness profiles of the synthetic images of galaxies: Top panels: i = 0°. Middle panels: i = 45°. Bottom panels: i = 90°.

Left column: large sized model. Middle column: medium sized model.
surface brightness profile (real profile). Red dashed-dotted profile: PSF-

Right column: small sized model. Blue dashed profile: non-PSF affected
-affected surface brightness profile (analogous to our original uncorrected

data). Black solid profile: PSF-corrected surface brightness profile. The vertical solid lines represent the limiting radius of each profile (solid
black line: PSF-corrected profile, dashed blue line: non-PSF affected model profile, dashed-dotted red line: PSF-convolved model profile). Lower
panels: black dotted line differences between the non-PSF affected and the corrected surface brightness profile. Dashed line differences between

the non-PSF affected and the PSF affected surface brightness profile.

(SHARDS10000827, SHARDS20002147, SHARDS20003119,
SHARDS20003377 and SHARDS20004440). All nine sources
are SO or E/SOs in our classification, with the exception of
SHARDS20003119, which was classified as a red spiral by us.
The maximum distance between the matching sources in the
Rainbow catalogue and the optical coordinates was less than
0.3 arcsec and we did not find any other possible counterparts
until we increased the matching radius to 5 arcsec, well above
the precision of the astrometry.

The emission of a source smaller than the pixel size of the
detector would create a 2D light distribution equal to the PSF,
by definition. To account for the possible optical emission of
the AGN in these objects, we have added a PSF component to
their GALFIT3. 0 model. Therefore, we fitted the AGN, the bulge

A119, page 14 of 71

component and the disc as the sum of a PSF, a free Sérsic and
an exponential (n = 1) Sérsic profile. The model fitting was per-
formed inside out, starting from a PSF + free Sérsic profile for
the inner regions and then adding the disc component once a sta-
ble solution was reached for the inner regions. In some cases, we
needed to fix several parameters alternatively, such as total fluxes
or the centres of the components. Finally, we inspected the resid-
uals and the solution, paying attention to the innermost regions.
Due to unavoidable degeneracies between the PSF and the bulge
total flux as a result of the limited spatial resolution, we have
flagged the AGN objects in our sample in Table B.1, although
we have kept them in the final sample of SO-E/SO galaxies.

Furthermore, the classification of 4 SO galaxies by
Bauer et al. (2004) as star-forming galaxies appears to be in
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contradiction with the results from the SFR calculated using the
data in the Rainbow Database (see Sect. 3.2). We checked ancil-
lary data for each one of these objects for signs of star-formation.

SHARDS20000827 was included in the sample from
Treu et al. (2005) (Table 1, ID 1267). These authors do not re-
port any [OII] or [Hé] emission lines ina S /N = 32.12 spectrum
and the galaxy was also classified as SO. This object was also
studied in Georgakakis et al. (2007) (Table 1, ID 81). They do
not find any IR emission excess above the stellar expectation.
They pointed out that X-ray emission of this object may be due
to hot gas and low mass X-ray binaries.

SHARDS10001344 was also classified as an IR-faint ob-
ject in Georgakakis et al., (Table 1, ID 354). These authors pro-
pose a post-starburst classification (possibly due to a past merger
event) as a cause for the observed X-ray emission, although the
observed IR luminosity is compatible with those of early-type
galaxies.

The observed wavelength of the He emission line for
SHARDS20002935 is Ay, ~ 9677 A (z = 0.4745), which is in
the observable spectral window of the WFC3 grism in the NIR
(G141). The Rainbow Database contains a G141 1D spectrum,
which we analysed looking for any signs of emission lines. We
found an Ha emission line candidate at 1 = 9692 A with a total
flux of fzo = 1.6175%) X 107'¢ ergem™s~". This emission en-
tails a total Ha luminosity in of Ly, = 1347335 x 10*° ergs™".
Assuming the expression given by Kennicutt et al. (1994):

SFRuq (Moyr™) =7.9x 1072 Ly, (ergs™), (13)

we estimate a SFRy, = 1.06*1%7 Mo yr~'. This value is very sim-
ilar to the total SFR obtained by the combination of the NIR and
2800 A emission and thus compatible with a quiescent galaxy
(SFR=3.05 M, yr’l and log,, M/Mg = 10.92, see Sect. 3.2).

The Team Keck Treasury Redshift Survey (TKRS,
Wirth et al. 2004) has an available optical spectrum between
5000-10000 A of SHARDS20003134 (ID 4554). Simple visual
inspection of the data was sufficient to discard any signs of emis-
sion lines associated with star formation.

Finally, Ptaketal. (2007) uses SED fitting proce-
dures to estimate photometric redshift and separate
galaxy types. According to their results the SEDs of
SHARDS10001344, SHARDS20000827, SHARDS20002935
and SHARDS20003134 are compatible with those of early-type
galaxies.

In conclusion, we have identified the objects and corrected
the images and the profiles of the sources with possible AGN
activity accounting for the central AGN light emission. In addi-
tion to this, the ancillary data studied supports our morphologi-
cal classification, and confirms that the SFR levels of the objects
included in our sample are compatible with those of early-type
galaxies. Therefore, these four AGN with SO morphology were
finally kept in the final SO — E/SO sample.

3. Results and discussion
3.1. Statistics of the red galaxy sample by morphology

After the revision performed to the visual morphological classi-
fication by checking the images and the PSF-corrected surface
brightness profiles, we find that, from the original sample of 150
red galaxies at 0.2 < z < 0.6, 38 were finally classified as SO
(25.3%) and 12 as E/SO (8.0%) — this is a total of 33.3% SO and
E/SO objects in the red galaxy sample. Additionally, 40 sources

were classified as compact post-starburst objects (26.6%), 32 ob-
jects have been classified as diffuse objects (21.3%), nine objects
present clear signs of being in interaction with others (6.0%),
seven are classified as “green peas” (4.7%), nine objects have
been confirmed as E galaxies (6.0%), and we have also identi-
fied three spiral galaxies.

The results of the morphological classification of the red
galaxy sample selected at 0.2 < z < 0.6 within the SHARDS
catalogue in the GOODS-N field and the following physical pa-
rameters are presented in Appendix A: position (a, 6), morpho-
logical type, photometric redshift (zphot), Spectroscopic redshift
when available (zgpec), stellar mass, SFR, rest-frame absolute
magnitude in the Johnson V (My) and K bands (M), the ex-
tinction correction (A 77sw) and the median (R — F775W) colours
used for K-correction. In conclusion, from 150 objects from the
red sample we have removed 100 objects and we have obtained
a final sample of 38 SOs and 12 E/SOs (50 objects in total) from
which to search for Type-III disc profiles.

3.2. Star formation rates and masses as a function
of the morphology

The right panel of Fig. 5 represents the stellar masses of the ob-
jects of the red sequence sample vs. their redshift. We have used
different symbols according to the assigned morphology, to com-
pare the properties of our selected subsample of 50 SO and E/SO
with those of all galaxies in the initial red sequence sample. The
objects classified within the well-resolved high-S/N morphologi-
cal types (see Sect. 2.2) present stellar masses two orders of mag-
nitude higher than the low-S/N counterparts. The SO and E/SO
galaxies have stellar masses between 10° and 10'! M.

One of the fundamental characteristics of the SO galax-
ies is their low SFR in the discs, by definition. We have se-
lected our initial sample by using a colour-colour diagram that
isolates the objects in the red sequence, which are good can-
didates for having old stellar populations and no recent star
formation episodes (see Sect.2.2). In order to confirm their
quiescence, we have used the available data in the Rainbow
Database to ensure that the SFRs of the selected SO and E/SO
objects are low, coherently with their morphological type. In
Fig. 9 we represent the SFR (top panels) and the specific SFR,
defined as sSFR=SFR/M, (bottom panels) for the objects of
the initial red sequence sample, as a function of z (left col-
umn) and the stellar mass (M,, right column). We show the
typical values for the SFR of different morphological types
in the local universe (Thronson etal. 1989; Young & Knezek
1989; Young & Scoville 1991; Caldwell et al. 1994; Kennicutt
1998; Sansom et al. 2000; Wei et al. 2010a,b; Amblard et al.
2014). In the bottom panels we plot a conservative upper
limit for the sSFR in quiescent galaxies (sSFR=0.2 Gyr™'

, see
Dominguez Sdnchez et al. 2016), along with a higher value for
this limit of quiescence (sSFR=0.32 Gyr~!, see Barroetal.
2013). The procedure to estimate the total SFR from the UV
emission at 2800 A (caused by young stars) and the total IR
emission between 8 and 1000 x#m (caused by dust re-emission)
is fully detailed in Barro et al. (2013, and references therein).
The data available in the Rainbow database do not provide
direct SFR values for most of our objects. In fact, 129 out
of 150 only have upper limits for the SFR (represented by down-
pointing arrows, see the top panels in Fig.9). We note that the
observed correlation of the SFR upper limits is a systematic ef-
fect due to the detection limits in NIR and UV. Thus, for the ob-
jects at increasing z, we obtain higher upper limits. Nevertheless,
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Fig. 9. SFR (top row) and sSFR (bottom row) for the objects of the initial red sequence sample, as a function of z (left column) and the stellar mass
(right column), according to their morphological types. Arrows indicate upper limits for the SFRs. The horizontal dashed lines in the top panels
represent the typical values for the SFR for different morphological types in the local universe (see references in the text). Note that these values
change with z (see the text). The blue dash-dotted line and the green dashed line in the bottom panels correspond to two typical reference upper
limits for the sSFR in early-type galaxies (see the text). Consult the legend in the figure for the morphological type.

this does not affect our aim, because we only needed to test
whether the objects present low levels of star formation or not
and the detection limits are low enough to do so. In the upper
panels of Fig. 9, it is shown that the galaxies classified as SO and
E/SO present SFR levels close to the typical values of local SO-Sa
galaxies, as expected for the quiescent nature of SOs and E/SOs,
corroborating the morphological classification that we have per-
formed. Multiple studies indicate that galaxies were forming
stars more actively in the past, regardless of their environment
(Lilly et al. 1996; Schiminovich et al. 2005). The typical SFR of
S0 and E/SO galaxies increases from the local universe to z = 0.8
and it reaches values of 4 Mo yr~' at z = 0.6 (Menanteau et al.
2001). This is in good agreement with the SFR distribution of
our SO and E/SO sample ((SFR) = 2.4*1§ Mo yr™").
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We also show that the sSFR of those objects classified as
S0 and E/SO is lower than -or close to- the typical values usu-
ally considered as the upper limit to identify quiescent objects
in the bottom panels of Fig.9. The only object that presents
an upper limit for the sSFR higher than the reference values
is SHARDS20002889 (SFR < 1.68 M yr™', sSFR<0.95 Gyr™',
log,y M/Mg = 9.25). Careful visual inspection of the images
reveals a close bright galaxy in the F435W band, which has a
clumpy structure and could be a face-on spiral galaxy. Traces of
star formation in the outskirts of our object by this spiral galaxy
may be biasing the sSFR derived from Rainbow data towards
higher values. We note that the objects classified as diffuse, green
peas, and compact post-starburst galaxies show higher sSFR than
the SO and E/SOs, clearly above the limits of quiescence. Those
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Fig. 10. Synthetic rest-frame absolute magnitude distribution of the objects in the red sample versus z, as a function of their morphological types.
Left panel: Johnson V band rest-frame absolute magnitude. Right panel: K band rest-frame absolute magnitude.

objects present similar values for the total SFR as our SOs and
E/SOs but much lower stellar masses, thus resulting in higher
sSFR values.

In Fig. 10 we show the distribution of rest-frame absolute
magnitudes in the Johnson V band and K band, as a function
of their redshift and the morphological type. We find that the
objects classified as SO or E/SO present absolute V band mag-
nitudes between —22 < My < —18. Quiescent galaxies present
colours with typical values of (B— V) ~ 1.0 (Kinney et al. 1996;
Bell & de Jong 2001), so the objects classified as SOs and E/SOs
in our sample, would present absolute magnitudes in the John-
son B band of —17 > My > —21. The available data on local
Type-III SO galaxies present a similar range of absolute magni-
tudes in the B band (Erwin et al. 2008; Gutiérrez et al. 2011), so
the SO and E/SO galaxies in our sample at 0.2 < z < 0.6 are anal-
ogous to those in the available local samples, enabling the direct
comparison with them.

The right panel of Fig.10 shows the same diagram as in
the left panel, but for the rest-frame K absolute magnitude. We
find that the SO and E/SO galaxies of our sample present val-
ues between —19 > Mg > —23. By using the stellar masses
in the Rainbow database we find a mass-to-light ratio in the
K band of M/Lg = 0.68‘:32‘]‘2 Mo /Lgo. Assuming (B—V) ~ 1.0,
Bell et al. (2003) predict a mass-to-light ratio in the K band of
M/Lg ~ 0.85 My /L for quiescent galaxies, which is compat-
ible with the results found for the objects in our sample.

We conclude that the SFR and sSFR of the objects that we
have identified visually as SOs and E/SOs are characteristic of
quiescent objects at the corresponding redshifts of each galaxy,
therefore supporting our morphological classification.

3.3. Types of disc profiles in the SO sample

We created GALFIT3.0 models for 44 objects from the sample
of 50 SO and E/SOs (~88%). We discarded the six remaining ob-
jects because they presented an apparent size too small and/or
a GALFIT3.0 solution too unstable for a bulge+disc model

(SHARDS10001928, SHARDS10002901, SHARDS 10005029,
SHARDS10008552, SHARDS20000858, SHARDS20004273).
The presence of significant breaks in the SO — E/SO sample was
confirmed quantitatively by Elbow. Using automatic fitting clas-
sification, we classified the galaxies into three types: Type I
(23 objects, 52% of the sample), Type II (seven objects, 16%
of the sample) and Type III (14 objects, 32% of the sample).

Due to the limiting depth of the observations, we find three
different cases where a Type-III profile may be detectable by the
automated break analysis routine E1bow:

1. The outer profile is clearly resolved, usually associated with
bright values of the fipreax and low p-values of Elbow (e.g,
SHARDS10000327).

. The outer profile is not clearly resolved, because it presents
low values of the h,/h; ratio or dimmer values of the fipreak,
that usually result in smaller detectable radial zones to fit
(e.g. SHARDS10003647).

3. The anti-truncation is observed on a bright region, but the

outer profile presents irregularities or is not well represented
by an exponential disc (e.g, SHARDS10001344).

[N]

In order to estimate the effects of the PSF on the profiles, we
also analysed the original profiles without the PSF correction.
We found that 6 anti-truncations detected in PSF-uncorrected
images were removed from the profiles after the PSF correction
(SHARDS10001269, SHARDS20002147, SHARDS20003377,
SHARDS20003678, SHARDS20004440, and the apparent hy-
brid Type II+III profile, SHARDS10001847, which resulted to
be a simple Type-II profile). Two Type-I profiles were classi-
fied as Type-II after the PSF subtraction (SHARDS10004777
and SHARDS20002995). None of the Type-II profiles was clas-
sified as Type I or Type III after PSF correction. Due to the shape
of the PSF — that disperses light from the brighter and (almost al-
ways) inner parts of a source — this was an expected result, given
that it is extremely unlikely for any object to present more light
in the outskirts after PSF deconvolution.
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Finally, we report that 14 out of a final sample of 44 SO and
E/SO galaxies present anti-truncated surface stellar profiles once
corrected for PSF effects. As explained above, this final sample
of 44 objects only includes those SO and E/SO galaxies that were
successfully corrected from PSF effects through 2D modelling
and were not contaminated by FoV objects. We note that the
p-values for the break test in SHARDS20003134 present very
different values (p, = 2.0x 1072 and p,,, = 7.6 x 10~*). The pro-
file clearly shows a Type-II break, although with an irregular in-
ner profile, which could be the cause of the lack of agreement in
this case. 13 out of the 14 the Type-IIT objects have z values equal
or higher than 0.4, with the exception of SHARDS20000593,
which has a spectroscopic redshift of z = 0.247. The lack of ob-
jects at the lower redshift range is expected since the 82.6% of
the SO and E/SO sample have redshifts higher than z = 0.4. This
means that we find a fraction of ~30% of Type-III profiles in SO
and E/SO galaxies at 0.4 < z < 0.6. This fraction of Type-III pro-
files from the total SO and E/SO sample is slightly lower than the
observed ratio of Type-III profiles in local SO and E/SO galax-
ies in EO8 and G11 (~50%), but compatible to the ~20-30%
detected in Laine et al. (2014, 2016).

The final profile classification is available in Table B.1. Com-
ments on individual objects, RGB images and the piecewise fits
to the PSF-corrected disc surface brightness profiles of the 44 SO
and E/SO galaxies in our PSF-corrected sample are available in
Appendix C.

Finally, we compare the surface brightness profiles of the
identified Type-I galaxies with the surface brightness profiles of
the Type-II and Type-III galaxies from our sample. We fit sin-
gle exponential profiles to the Type-I profiles and estimate their
values of scale length / and central surface brightness . We
found a median value for the scale length of the Type-I galax-
ies of h = 1.69‘:8_‘2'3 kpc, and the central surface brightness of
Ho = 18.65*03) magarcsec™. In contrast, the median values
for the scale-lengths of Type-II profiles are iy = 3.15709 kpc
and hy = 2.23*09 kpc, and po; = 17.92*99% magarcsec?,
Hoo = 16.84*03¢ mag arcsec™ for the central surface brightness.
In the case of Type-1II profiles, these values are h; = 1.94*02}
kpc and h, = 3.31‘:3‘5 kpc, and po; = 18. 19‘:3‘%2 mag arcsec™>,
Hoo = 20.21ﬁg¢"‘3’ mag arcsec ™2 for the central surface brightness
(see Table 2). As before, the median values were estimated by
50.000 1o bootstrapping + Monte Carlo simulations. In Fig. 11
we show the distribution of the central surface brightness y vs.
scale-length 4 for each profile type. We have represented the in-
ner and outer profile parameters by separate in the case of Type-
1T 'and Type-III galaxies. We found an overall agreement between
the distributions of the inner parts from the Type-III profiles and
the same parameters from Type-I profiles, which is not observed
in the outer Type-III profiles or in the Type-II profile parameters.
‘We conclude that the profiles of the Type-I SO and E/SO galaxies
in our sample at 0.2 < z < 0.6 have values for the character-
istic parameters more similar to the inner discs of the Type-IIT
galaxies than those of the outer profiles of Type-III galaxies (see
Table 2).

3.4. Comparison of anti-truncated discs of SO galaxies
at 0.2< z< 0.6 with local analogs

In Fig. 12 we show the distributions of the characteristic param-
eters of the Type-III surface brightness profiles of our sample of
S0 and E/SO galaxies at 0.2 < z < 0.6, compared to those of local
Type-I1I SO galaxies by E08 and G11. This local sample consists
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ing the distribution of the Type-I, Type-II and Type-III profile parame-
ters. See the legend for details.

Table 2. Median values of the structural and photometric parameters
fitted to Type-III profiles of real SOs.

Parameter z=0 02<z<06
a)  (Roreak) [kpc] 7.8 7.88* 140
b) () [kpe] 1.96°045  1.94*021
o) (h) [kpe] 3581020 3310008
&) (Horear) [mag arcsec™?]  24.30*030  22.68*017
e)  {uo) [mag arcsec™?]  19.597032  18.19%9%2
) {(koo) [mag arcsec™?]  21.6070%  20.21*01%

Notes. Left column: values for the samples on the local Universe (E08,
G11). Right column: Values for the sample at 0.2 < z < 0.6. Rows from
top to bottom: a) Break radius Ryeq (kpc); b) inner profile scale length
hi (kpe); ) outer profile scale length A, (kpc); d) surface brightness at
the break radius pye. (mag arcsec™); e) central surface brightness of
the inner profile yo; (mag arcsec2); f) central surface brightness of the
outer profile y, (mag arcsec ~2).

20 antitruncated SO — E/SO galaxies. Thus the sample size is low
but comparable to our own (N = 14). The median values of each
distribution are shown with solid vertical lines. The top panels
represent the distribution of the structural parameters (Ryreak, /i
and h,), and the lower panels represent the distribution of the
photometric parameters (Upreak, Moi and o). The median val-
ues of the distributions for each parameter, for both samples, are
summarised in Table 2, and were estimated by 50.000 1o~ Monte
Carlo + bootstrapping simulations.

The distributions of the structural parameters Ryyeak, /i, and
h, in the top panels of Fig.12 are very similar for the local
and our 0.2 < z < 0.6 sample, showing compatible median
values (see also Table 2). We use the Anderson-Darling crite-
rion (Scholz & Stephens 1987) in order to test whether the pa-
rameters from both samples arose from a common unspecified
distribution function (null hypothesis). The results indicate that
there are no noticeable differences between the distributions of
the structural parameters (the p-values are p = 0.463 for Ryreax,
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Fig. 12. Normalised distributions of the structural and photometric parameters of the Type-III breaks of the our sample of SO and E/SO at 0.2 < z <
0.6, compared to those from the local universe (E08 and G11). Upper row, from left to right: break radius Ry (kpc), scale-length of the inner disc
profile i; (kpc), scale-length of the outer profile /, (kpc). Lower row, from left to right: surface brightness at the break radius gy (mag arcsec™2),
central surface brightness of the inner disc profile z; (mag arcsec2), central surface brightness of the outer profile 4, (mag arcsec™). The red
solid histogram marks our sample of Type-IIT SO and E/SO galaxies at 0.2 < z < 0.6. The blue dashed histogram represents the distributions found

for local universe sample from data by EO8 and G11.

p = 0.243 for i; and p = 0.542 for h,). We found that our sam-
ple at 0.2 < z < 0.6 shows lower maximum values of A, (i.e,
the largest outer profile scale length in the local sample has a
value h, = 22.26 kpc, while the maximum of the our higher
redshift sample is h, ~ 7 kpc). Similarly, the outermost break
of the local sample presents a Rpreax = 18.6 kpc compared with
the maximum value Ry = 10.89734 kpe of the sample at
0.2 < z < 0.6. This could be for two reasons: 1) the local sample
contains deeper data than ours at 0.2 < z < 0.6, and therefore, we
could be losing the outermost parts of the corresponding analogs
at z ~ 0.5; or 2) the profiles of the local sample with such large
values of Ryreak and h, could be affected by diffuse PSF tails that
were misidentified with real Type-III profiles, because these au-
thors did not correct for PSF effects. Nevertheless, we note that
the Anderson-Darling test did not find any noticeable differences
between the general distributions of the structural parameters,
thus the impact of these effects would require to be tested with
larger samples. We also note that the Type-IIT SO with the largest
Rureak from the sample at 0.2 < z < 0.6 is also the only edge-on
S0 galaxy with a Type-III profile.

The lower panels of Fig. 12 show the distributions of preak,
fo; and poo. Contrary to the structural parameters, the pho-
tometric parameters of the two samples do not give either
compatible distributions or median values. We apply again the

Anderson-Darling criterion to test whether the parameters from
both samples arose from a common parent sample. The p-values
are p = 6.9 x 107 for ppreax, p = 4.4 x 107 for Mo, and
p = 3.1 x 107 for yp,. The results indicate that there are
noticeable differences between the distributions of the photo-
metric parameters of the samples of Type-III S0-E/SO galaxies
at 0.2 < z < 0.6 when comparing to the local sample. The
Horeaks> Mo, and o, values of the sample at 0.2 < z < 0.6 are
brighter than the local sample by ~1.5 mag arcsec™ (Altpreak =
-1.61703 magarcsec, Augi = 140703 magarcsec™?,
Moo = —1.49fgjg mag arcsec™2). Deeper surface brightness
profiles and a possible PSF contribution could possibly explain
this result. But, in any case, we expect a general brightening of
the surface brightness profiles of galaxies with increasing z, due
to the stellar population evolution, which could also explain this
difference (see Bruzual & Charlot 2003; Tapia et al. 2017, and
references therein).

3.5. Effects of the PSF on the profiles

In order to test the effects of the scattered light on the surface
brightness distribution, we have analysed the profiles of the orig-
inal images without the PSF correction and compared them with
the PSF-corrected profiles. In Fig. 13 we compare the results of
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not have any effect.

the structural and photometric parameters of the Type-III pro-
files in our SO and E/SO sample before and after being cor-
rected by PSF contribution. The histograms in the upper row
show the decimal logarithm of the ratio of the Ryreak, #i and
h, values measured on the corrected profiles over those param-
eters measured on the uncorrected profiles. We plot the value
that would result if the PSF did not have any effect on the ob-
served structure. We found that 4, can have significantly higher
values in the uncorrected profiles than in the PSF-corrected
ones (Ahy = ho,corr — ho,uncorr = —0.377033 kpc). Thus,
the dispersed light can increase systematically the outer pro-
file scale length. This also happens with the distribution of A;
(Ah; = =0.105*032 kpe) although the results are less significant.
In contrast, the distribution of ratios of Ryea does not show any
clear bias (ARpreax = —0.087753% kpc).

In the lower panels of Fig. 13, we represent the differences
between the values of prea, o, and o, measured on the pro-
files corrected for PSF effects and the original (uncorrected)
ones. Again, the dashed lines represent the position in a case
in which the dispersed light did not have any effect on our
profiles. We do not find any systematic effect in their distri-
butions (Attreak = 0.16%033 magarcsec™, Aug; = —0.07*01]
mag arcsec™2, Ao = —0.10702> magarcsec™). In conclusion,
the inner and outer disc scale-lengths are the parameters that are
most affected by the PSF scattered light.

A119, page 20 of 71

4. Conclusions

‘We present the first sample of SO and E/SO galaxies with anti-
truncated discs obtained beyond the local Universe (at 0.2 < z <
0.6), on the basis of PSF-corrected surface brightness profiles.
‘We have described in detail the selection procedure and analysis
performed to characterise them on a sample of 150 red galax-
ies at 0.2 < z < 0.6 on the GOODS-N field, by using both
HST/ACS and SHARDS data from the Rainbow database. We
have selected a sample of quiescent disc galaxies with visual
S0 and E/SO morphologies, and studied their SFRs, sSFRs, stel-
lar masses and their surface brightness profiles. Additionally, we
have corrected for PSF-scattered light in their F775W images, to
obtain surface brightness profiles unbiased by the light disper-
sion produced by the PSF of our data.

To estimate the break parameters accurately and perform a
quantitative morphological classification of the surface bright-
ness profiles, we have developed Elbow, a programme to detect,
classify and fit breaks in surface brightness profiles, which we
have made publicly available. We identified SO and E/SO objects
at 0.2 < z < 0.6, with exponential (Type I), truncated (Type II)
and anti-truncated (Type III) profiles and fitted their different
disc components with exponential functions. We compared the
structural and photometric parameters from the sample of Type-
III galaxies in the range 0.2 < z < 0.6 with the local samples
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from previous studies (EO8 and G11). Our main results are the
following:

. We report the first sample of Type-III profiles in SO and E/SO
galaxies at 0.2 < z < 0.6, corrected for PSF effects. We
found that 14 out of 44 SO-E/S0 galaxies at 0.2 < z < 0.6 af-
ter PSF corrections have antitruncated profiles (~30%). This
fraction is similar to the those reported in the local Universe
by Laine et al. (2014, 2016).

2. Asaresult of correcting the profiles for scattered light by the
PSFE, we found that ~25-30% of the apparent Type-III SO
discs detected in uncorrected profiles are false positives and
can be explained by a combination of pure exponential pro-
files and scattered light from the inner regions. In two cases,
we found significant down-bending breaks (Type-II profile)
after the PSF deconvolution.

3. The structural parameters (Ryreak. /i and h,) of the Type-IIT
profiles at 0.2 < z < 0.6 present similar distributions to their
local counterparts. In contrast, the photometric parameters
(Ubreak> Moi and po) have values ~1.5 mag arcsec2 brighter
than the local sample from EO8 and G11.

4. The PSF-dispersed light tends to increase the scale-lengths
of the inner and outer disc profiles (A, h,) in our sample of
Type-III SO and E/SO galaxies, but it does not significantly
affect either the central surface brightness values of the inner
and outer discs (1o, to,0) or the break location, Rpreak-

5. The profiles of Type-I of our SO and E/SO sample have char-

acteristic values compatible with the inner profiles (uo; and

;) of Type-11I SO and E/SO galaxies, but they are not consis-

tent with the equivalent parameters (uo,, and h,) of the outer

profiles.

The wings of the PSF tend to create an apparent excess of emis-
sion in the outskirts of the galaxies. This tends to increase both
hi and h, in Type-III profiles. For any study that does not take
into account the effects of the PSF on the profiles, this will yield
a systematic bias in the results. This applies not only to Type-III
profiles, but also to Type-II profiles, as commented above. We
also show that the PSF-corrected images recover some Type-1I
breaks, which were not detectable in the original images. There-
fore; in PSF-uncorrected data, an unknown fraction of the real
Type-II profiles may be softened to the point of being misclassi-
fied as Type-I by the observers.

In this work we have presented Elbow?, a statistically robust
and automated method to fit, classify the surface brightness pro-
files and calculate the likelihood associated with a certain break
to exist (Types II and III) or not (Type I). This tool is free and we
make it available for the scientific community. The non-linear
nature of the surface brightness magnitudes demands a careful
treatment of the uncertainties and error propagation, especially
when measuring quantities in the low S/N regime. In order to
properly account for the uncertainties associated with the sur-
face brightness profiles, Elbow calculates the errors using non-
parametric statistics, such as the bootstrap resampling and the
Monte Carlo method. Future studies may analyse what percent-
age of the reported surface brightness profiles have been previ-
ously misidentified due to the lack of an appropriate statistical
method. Moreover, the results from the present and other recent
studies (such as Sandin 2014; Trujillo & Fliri 2016, and refer-
ences in Sect. 1) demonstrate that the PSF corrections are clearly
necessary in this sort of studies, especially when working with
low surface-brightness Type-III profiles.

4 Elbow is publicly available at GitHub (https://github.com/
Borlaff/Elbow)

According to the results presented here, the structure of the
Type-III profiles of SO galaxies at 0.2 < z < 0.6 appears to be
similar to the local ones. Nevertheless, the uo;, too and ppreax
have brighter values than the local sample by —1.5 mag arcsec™.
This could be due to one or several of the following reasons:

1. The difference may be due to the evolution of the stellar pop-
ulations. This is expected to produce general brightening of
the surface brightness profiles of galaxies with increasing z,
sufficient to explain the difference between the samples (see
Bruzual & Charlot 2003; Tapia et al. 2017, and references
therein).

. Due to the observational depth limit in the surface brightness,
we could be biased to the innermost (and thus brighter) Type-
III breaks. Nevertheless, we think this effect is negligible in
our sample, because the Ryyeqk, i and &, distributions of our
0.2 < z < 0.6 SO and E/SO galaxies are highly compatible
with those of the local sample, and only differ for the high
values.

. The local sample studies traditionally have not corrected for
PSF effects. The wings created by the PSF tend to create
Type-III profiles with dimmer values of p, and larger val-
ues of h,. Still, although the scattered light may introduce
systematic biases in the results — especially in the /, values -
it is highly unlikely that most Type-III profiles in the current
local samples have been dramatically modified (or produced)
by the PSF effects alone.

N

w

Recent papers have thrown doubt on the real nature of some
Type-III profiles, attributing them to central light scattered ra-
dially outwards by the PSF of the telescope optics. Here we
have carried out a successful detailed procedure to correct this
effect from a large sample of objects and get unbiased samples
of discs with real breaks in their surface brightness profiles. As
a result, we present the first sample of proven Type-III profiles
of SO and E/SO objects beyond the local Universe, in the range
0.2 < z < 0.6, and that will be analysed in detail in a forthcoming
paper (Borlaff et al., in prep.).
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Evolution of the anti-truncated stellar

profiles of SO galaxies since z = 0.6 in the
SHARDS survey II. Structural and
photometric evolution

Ez luna, scientia

— Apollo 13 mission badge

In this Chapter we continue the analysis of the Type-III SO-E/S0O galaxies making
use of the sample presented in Borlaff et al. (2017, see chapter 3) on the GOODS-N field.
The main objective is to compare the properties of the Type-III profiles at 0.2 < z < 0.6
with those of the local Universe (Erwin et al. 2008; Gutierrez et al. 2011). We study if
the correlations found in the structural and photometric diagrams reported on Borlaff
et al. (2014) using local galaxies and simulations were present ~ 6 Gyr ago. In addition,
we analyse the distribution of the structural (Rpyeak, hi and h,) and photometric (pbreaks
po,i and fi9,) parameters as a function of the stellar mass in order to detect possible
variations with z. In addition, we study the rest-frame (B — R) colour profiles of the
sample of Type-III SO galaxies. In order to do that, we analysed the bands adjacent to
the F775W filter (in which the Type-III surface brightness profiles were detected, see
Borlaff et al. 2017), this is the F606W and F850LP bands, correcting them for PSF
effects, galactic dust extinction, cosmological dimming and K-correction, as done with
the F775W. Finally, we compare if the results are compatible with the predictions of a
grid of Single Stellar Population models (SSPs).

57
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We found several interesting results. The structural scaling relations found on Borlaff
et al. (2014) in local SO Type-III galaxies and simulations of SO galaxies formed through
major mergers are also found in Type-IIT SO-E/S0 galaxies at 0.4 < z < 0.6. In contrast,
the parameters related to the surface brightness (fpreak, o, and fioo) do not present
compatible distributions when compared to the local sample. Moreover, we found a
statistically significant dependence of the surface brightness at the break radius (upreak)
with z. The expected pipreak at a constant break radius is Appreax ~ 1.5 mag arcsec™ 2
brighter at z ~ 0.6 than in the galaxies from the local Universe. This result is significant
even if we correct for inclination or when we remove the objects with large stellar masses
from the sample (log;q(M/Mg) > 10M).

In addition, we found no differences between the median colour profiles of the inner
and outer parts with respect to the break radius Rpeak. In addition, we did not find
any significant difference between Ryeax or the scale-lengths of the inner and outer
profiles (h; and h,) when comparing the objects at 0.4 < z < 0.6 with those of the
local sample, contrasting with the 1.3 & 0.1 increase of the break radius with cosmic
time for Type-II profiles since z ~ 1 found by Azzollini et al. (2008b). Finally, we
analysed if the apparent dimming of Afipreax ~ 1.5 mag arcsec™2 in the R band since
z ~ 0.6 is compatible with the expected evolution of an SSP model. We found that
an instantaneous stellar formation burst should not be older than ~ 8 Gyr to decrease
its brightness by ~ 1.5 mag arcsec™? from z = 0.6 to z = 0. This means that, if the
dominant population of the Type-IIT SO galaxies was formed in a very short period of
time, this must have occurred no earlier than z ~ 1.2. Otherwise, the SFH of these
galaxies must have been be more extended in time than an instantaneous burst.

These results set strong constraints on the models of formation of Type-III SO galax-
ies, which have to explain: 1) the presence of antitruncated SO galaxies at z ~ 0.6 at a
similar relative fraction to that in the local Universe, 2) the stability of their structure
(Rpreak, hi and hy), and 3) their dimming of Appreak ~ 1.5 mag arcsec™? in the R band
since z ~ 0.6 when compared to the objects of the same type in the local Universe.

The work presented in this chapter was published in Astronomy € Astrophysics,
the 5th of July of 2018, in the Volume 615, with article number A26 under the title
”Evolution of the anti-truncated stellar profiles of SO galaxies since z = 0.6
in the SHARDS survey II. Structural and photometric evolution”.
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ABSTRACT

Context. Anti-truncated lenticular galaxies (Type-III SOs) present tight scaling relations between their surface brightness photometric
and structural parameters. Although several evolutionary models have been proposed for the formation of these structures, the obser-
vations of Type-III SO galaxies are usually limited to the local Universe.

Aims. We aim to compare the properties of Type-III discs in a sample of SO galaxies at 0.2 < z < 0.6 with those of the local Universe.
In this paper, we study the evolution of the photometric and structural scaling relations measured in the rest-frame R-band with z and
the possible differences between the rest-frame (B — R) colours of the inner and outer disc profiles.

Methods. We make use of a sample of 14 Type-III E/S0-SO galaxies at 0.2 < z < 0.6 from the GOODS-N field identified and charac-
terised in a previous paper. We study whether or not the correlations found in local Type-III SO galaxies were present ~6 Gyr ago. We
analyse the distribution of the surface brightness characteristic parameters (Ryreak» Ubreaks Mis Hos o and p1g,) as a function of the stellar
mass and look to see if there is a significant change with z. We also derive their rest-frame (B — R) colour profiles. Finally, we compare
these results with the predictions from a grid of SSP models.

Results. We find that the inner and outer scale-lengths of Type-III SO galaxies at 0.4 < z < 0.6 follow compatible trends and scaling
relations with those observed in local SO galaxies as a function of the break radius, Ryea. We do not detect any significant differences
between the location of Ry between z ~ 0.6 and z ~ O for a fixed stellar mass of the object, whereas the surface brightness at the
break radius iy is ~1.5 mag arcsec™> dimmer in the local Universe than at z ~ 0.6 for a fixed stellar mass. We find no significant
differences in the (B — R) colour between the inner and outer profiles of the Type-III SO galaxies at 0.2 < z < 0.6.

Conclusions. In contrast to Type-II (down-bending) profiles, the anti-truncated surface brightness profiles of SO galaxies present com-
patible Ry, values and scaling relations during the last 6 Gyr. This result and the similarity of the colours of the inner and outer discs
point to a highly scalable and stable formation process, probably more related to gravitational and dynamical processes than to the
evolution of stellar populations.

Key words. galaxies: fi | parameters — galaxies: elliptical and lenticular, cD — galaxies: structure — galaxies: evolution —
galaxies: formation — galaxies: general

nomenclature referred to apparent complexity and did not imply
any direction of evolution in the morphological classification

1. Introduction

The mechanisms of formation of lenticular (or SO) galaxies are
not yet well understood. Although SO galaxies usually have a
prominent disc component, they do not show any signs of star
formation or spiral arms on it. They present an intermediate
apparent morphology between spiral galaxies (which also show
discs but with noticeable arms and star-formation regions) and
elliptical galaxies (without any clear signs of a disc or spiral arms
and with no star formation). Many authors have claimed that
this intermediate position in the well known Tuning Fork dia-
gram (Hubble 1926) was supposed to imply an evolutionary path.
Nevertheless, Hubble (1927) warned that the “late/early-type”

system (see Baldry 2008, for a detailed discussion about this).
Despite this, there are signs of evolution between the dif-
ferent morphological types. Recent studies such as D’Onofrio
et al. (2015) suggest that spiral galaxies have been transform-
ing into SO galaxies for the last ~7-8 Gyr (since z ~ 1). This is
supported by a number of observational facts, such as that the
fraction of spiral galaxies at redshift z ~ 0.5 was two to three
times higher than in the local Universe, while there is an appar-
ent decrease in the fraction of SO galaxies (Dressler et al. 1997,
Abadi et al. 1999). Gunn & Gott (1972) pointed out that this pro-
cess may have been taking place during the fall of the spirals
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in the early Universe into the gravitational well of galaxy clus-
ters through ram-pressure stripping. Another process associated
to the clusters that could potentially transform spiral galaxies
into SOs is galaxy harassment (Moore et al. 1996, 1999; Bialas
et al. 2015). In this scenario, high-velocity fly-bys would quench
the star formation from spirals, strip stars into the intracluster
medium and ultimately transform them into SOs. Galaxy encoun-
ters (i.e. mergers) were already suggested by Spitzer & Baade
(1951), who considered that galaxy mergers might be responsi-
ble for the gas depletion of spiral galaxies, creating a parallel
sequence of SO galaxies.

Although these environmental mechanisms can successfully
transform spiral galaxies into SOs, almost ~50% of SO galaxies
reside in groups and the field, not in clusters. (see Huchra &
Geller 1982; Berlind et al. 2006; Crook et al. 2007; Wilman
et al. 2009). This implies that the mechanisms leading to the
formation of SOs may depend on the environment density and
the stellar mass (Barway et al. 2009). Many authors claim that
in low-density environments, the most important processes for
the formation of SOs are galaxy interactions and the loss of
gas from the disc through secular processes. Therefore, secular
evolution has been proposed as an important driver of galaxy
formation, especially in low-mass SO galaxies, while the forma-
tion of higher mass SOs may have been dominated by mergers
(Barway et al. 2007, 2009). This is consistent with the preva-
lence of pseudobulges in low-luminosity SOs against classical
bulges in high-luminosity SOs (Kormendy & Kennicutt 2004;
Vaghmare et al. 2013). Given that observational and theoretical
studies suggest that massive E-SO galaxies have undergone at
least one major merger during the last ~9 Gyr regardless of the
environment (Eliche-Moral et al. 2010; Prieto et al. 2013), galaxy
interactions may have had an important role in low-density envi-
ronments. It has been suggested that it is in galaxy groups, and
not clusters, where the merger rate is higher (Jian et al. 2012).
Contrary to popular belief, major mergers can produce well-
defined disc remnants (Naab & Burkert 2003; Bournaud et al.
2005; Athanassoula et al. 2016; Rodionov et al. 2017). In fact,
many authors find observational evidence of a major-merger ori-
gin of many SOs at z < 1 (see Peirani et al. 2009; Yang et al.
2009; Hammer et al. 2009a,b, 2012; Tapia et al. 2014; Querejeta
et al. 2015a,b). In summary, the existence of multiple evolution-
ary pathways for the formation of SO galaxies (Laurikainen et al.
2010; Roche et al. 2010; Wei et al. 2010; Cortesi et al. 2013;
Barway et al. 2013), has triggered a heated debate about their
origin and evolution.

One of the most common methods to study the origin and
evolution of galaxies is the analysis of their surface brightness
profiles. The discs of spiral and SO galaxies show surface bright-
ness profiles that are to first order approximation well-fitted by
an exponential function out to a certain radius (Patterson 1940;
de 1958; Freeman 1970). This is due to the stellar density decline
as a function of galactocentric radius (Sérsic 1963). Neverthe-
less, many spiral and lenticular galaxies do not follow a purely
exponential profile along their whole observable radius (van der
Kruit 1979; Pohlen et al. 2000; Pohlen 2002; Kregel et al. 2002;
Sil’chenko 2009; Kormendy & Bender 2012; Ilyina & Sil’chenko
2012), although some others do until extremely faint magnitudes
(NGC 300, Bland-Hawthorn et al. 2005). Erwin et al. (2005)
pointed out that a significant fraction of SO galaxies present light
excesses in the outskirts of the discs, which also show an expo-
nential decline but with a shallower slope than their inner discs
(see also Pohlen & Trujillo 2006). Therefore, Pohlen & Trujillo
(2006) and Erwin et al. (2008, EO8 hereafter) designed a stellar
disc classification of galaxies in three main types, according to
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the profile structure. Type-I discs are well modelled with a single
exponential profile. Type-II galaxies present a down-bending
profile, that is, the profile of the disc steepens sharply beyond a
certain radius with respect to the extrapolated trend of the inner
regions (truncation). Type-III discs become shallower outside
the break radius than the extrapolation of the exponential trend
of the inner parts (anti-truncation, see Pohlen & Trujillo 2006).
EO08 and Gutiérrez et al. (2011, G11 hereafter) showed that the
fraction of anti-truncated discs was higher for SO galaxies than
for any other morphological type, increasing from approximately
10 to 20% in Sc-Sd galaxies and up to ~20-50% in SO-Sa
galaxies (see also Ilyina & Sil’chenko 2012; Maltby et al. 2015).
In the present study we focus on SOs with Type-III profiles.

Many mechanisms have been proposed to explain the ori-
gin of Type-III profiles, which are sometimes connected to the
process responsible for the formation of the SO galaxy itself.
Radially varying profiles of star formation have been proposed
as a cause for both Type-II and Type-III profiles (Elmegreen &
Hunter 2006). In addition to this, some authors (e.g. Comerén
et al. 2012) pointed out that these transitions might be caused
by combinations of thin+thick discs with different radial scale-
lengths. Radial mass redistribution has also been proposed as a
cause for the different types of profiles (Herpich et al. 2015, 2017;
Ruiz-Lara et al. 2017). In a recent paper, Elmegreen & Struck
(2016) found that in galaxy disc simulations, exponential profiles
appear from random scattering when there is a slight inward bias
in the scatter. They also found that radial variation or thresh-
olds of this bias are able to produce double exponential profiles.
Holes and clumps of interstellar gas have been proven to be valid
gravitational scattering centres in simulations of dwarf galaxy
discs and they were able to generate exponential discs from an
initially flat profile in ~1 Gyr (Struck & Elmegreen 2017). How-
ever, most of the proposed mechanisms for the formation of
Type-I1I galaxies are based on some kind of gravitational interac-
tion, such as high-eccentricity fly-bys (Laurikainen & Salo 2001;
Penarrubia et al. 2006), minor mergers (Younger et al. 2007),
major mergers (Borlaff et al. 2014), bombardment of the disc by
cold dark-matter halos (Kazantzidis et al. 2009) or galaxy harass-
ment (Roediger et al. 2012). Laurikainen & Salo (2001) reported
that N-body simulations of M51-like pairs present shallow outer
profiles. The authors found out that this was a consequence of
the stripping of gas and stars from the galaxies inner discs.

A high fraction of the anti-truncated profiles in spiral galax-
ies are due entirely to disc structure, although ~15% might be
due to outer stellar haloes (Maltby et al. 2012). In lenticular
galaxies, the fraction of anti-truncated profiles caused by the
presence of a spherical component (bulge contribution, haloes)
may be as high as ~50% (Maltby et al. 2015), although it is
important to note that this is only an upper limit to the real frac-
tion due to the bulge profile used on their analysis. In some cases,
transitions between the inner and outer profiles are associated
with structural components of the galaxy such as rings or lenses
(Laine et al. 2014).

Borlaff et al. (2014, B14 hereafter) tested whether major
mergers can produce anti-truncated stellar profiles in SO galax-
ies using hydrodynamical N-body simulations. They found that
Type-III profiles of SO remnants can be produced after a major
merger event, and that these profiles obey similar scaling rela-
tions to those found in real Type-III SO galaxies. In a later
paper, Eliche-Moral et al. (2015) reported that these relations
are similar to those found in Type-III spiral galaxies and are
independent of the presence of bars, which suggests that funda-
mental processes must be responsible for the formation of these
structures in disc galaxies along the whole Hubble sequence. To
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our knowledge, no other study to the date has addressed the pos-
sible formation of these tight scaling relations in Type-III profiles
through mechanisms other than major mergers.

Previous studies revealed that the break radius of truncated
(Type-II) spiral galaxies evolves with time, increasing by a factor
of ~ 1.3 £ 0.1 between z = | and z = 0 (Azzollini et al. 2008).
However, no study has analysed the properties of anti-truncated
S0 and E/SO galaxies beyond z ~ 0.2 to learn about their possi-
ble evolution, because cosmological dimming efficiently moves
these structures towards even fainter (and prohibitive) surface
brightness levels. In order to shed light on the evolution of these
structures, we have analysed a sample of Type-IIT SO galaxies
at 0.2 < z < 0.6, identified in Borlaff et al. (2017, Paper I here-
after) and compared them to their local analogues from the z ~ 0
samples by EO8 and G11. We study whether the scaling relations
found by B14 in a sample of both local and simulated Type-III SO
galaxies are consistent with those found in Type-III SO galaxies
at0.2 <z<0.6.

The outline of this paper is as follows. The methodology is
described in detail in Sect. 2. The results are presented in Sect. 3.
‘We discuss the results in Sect. 4. The final conclusions can be
found in Sect. 5. In Appendix A we show the K-corrections
applied to the F606W and F850LP band images. We compare
the results of the surface brightness profile parameters (Rpreak
and fprear) for the F775W and F850LP bands in Appendix B.
We summarise all the results of the linear fits applied to the
structural, photometric, stellar mass planes and the K-corrections
in Appendix C. Finally, we show the surface brightness and
colour profiles of our sample of Type-IIl SO galaxies at
0.2 < z < 0.6in Appendix D. We assume a concordance cosmol-
ogy (Qu = 0.3,25 = 0.7,Hy = 70 km s~ Mpc™!, see Spergel
et al. 2007). All magnitudes are in the AB system (Oke 1971)
unless otherwise noted.

2. Methods and data

In this section we describe the available data and the process
to obtain surface brightness profiles from the HST/ACS data of
the GOODS-N field. We summarise the results from Paper I and
describe some novel work performed for the present paper. In
Sect. 2.1 we describe the initial sample and the ancillary data
from the SHARDS database (SFRs, stellar masses, rest-frame
magnitudes) that have been used in Paper I and the present
one. We describe the HST imaging data, the PSF and photo-
metric corrections of the images and the attainment of surface
brightness profiles of the Type-III SO galaxies in our sample
in Sect. 2.2. In this section we also detail the methods used to
analyse, classify and characterise the corrected surface bright-
ness profiles in Paper I. Finally, we extend the analysis in this
paper to two additional HST/ACS filters (F606W and F850LP)
in Sect. 2.3.

For a full description of the morphological classification,
the PSF and photometric corrections of the surface brightness
profiles and their analysis for the full sample of SO galaxies at
0.2 < z < 0.6, we refer the reader to Paper I.

2.1. SHARDS database

The sample of Type-IIT SO — E/SO galaxies was selected from an
initial sample of quiescent galaxies on the GOODS-N field. We
restricted the study to this region in order to take advantage of
the Survey for High-z Absorption Red and Dead Sources data in
this field (SHARDS, Pérez-Gonzilez et al. 2013). This project

is an ESO/GTC Large Program carried out with the OSIRIS
instrument on the 10.4 m Gran Telescopio Canarias (GTC). The
SHARDS survey obtained data between 5000 A and 9500 A for
galaxies in the GOODS-N field down to m < 26.5 AB magni-
tudes, in 25 medium band filters (FWHM ~170 A). SHARDS
data are available through the Rainbow Database (Barro et al.
2011a,b). For the GOODS-N field (Barro et al., in prep.) the
authors used all the available photometry to build spectral energy
distributions (SEDs) from UV (GALEX) to nIR (Herschel).
They derived photometric redshifts and estimates of parameters
such as the stellar mass, the UV- and IR-based SFRs, the stel-
lar population age and rest-frame magnitudes in different filters
from spectral template fitting of the SEDs (Pérez-Gonzilez et al.
2005, 2008, 2013). The accuracy of the photometric redshifts
from SHARDS for the original sample is Az/(1 + z) = 0.0024.
Nevertheless, we used the spectroscopic redshifts when avail-
able. We note that all the objects in the final sample of Type-IIT
SO galaxies at 0.2 < z < 0.6 presented available spectroscopic
redshifts.

We selected all sources from the GOODS-N field in the
SHARDS catalogue (excluding those classified as stars or arte-
facts) which present redshifts in the range 0.2 < z < 0.6. We
used the boundaries on the (U — V) versus (V — J) colour—colour
diagram presented in Whitaker et al. (2011, 2012) to select only
those objects in the red sequence. The main objective of this
was to isolate a sample of potentially quiescent galaxies, which
must contain the analogues of local (quiescent) SOs. We excluded
those objects with z < 0.2 in the catalogue because of the high
uncertainties detected in the estimates of the photometric red-
shifts at these distances (Barro et al. 2011b). After this process,
we obtained a sample of 150 red-sequence objects in the range
02<2z<0.6.

2.2. Surface brightness profiles: data, reduction and
corrections

We identified every object in the red-sequence sample in
the ACS F435W, F606W, F775W and F850LP mosaics from
3D-HST (HST Cycle 11, programme IDs 9425 and 9583,
Giavalisco et al. 2004) available at the 3D-HST project webpage'
(Skelton et al. 2014). We performed a visual morphological clas-
sification based on the ACS images to identify E/SO and SO
galaxies, supported by the PSF-uncorrected surface brightness
profiles in some cases to avoid misclassification of ellipticals as
face-on SOs. We classified the objects in seven different morpho-
logical types: (1) ellipticals, (2) SO-E/SO galaxies, (3) spirals,
(4) ongoing mergers, (5) compact post-starbursts, (6) green peas
and (7) diffuse galaxies. We also analysed the presence of active
galactic nucleus (AGN) activity in the selected E/SO-SO sample
to discard AGN hosts, which would have made the PSF cor-
rections uncertain. We checked that the specific star formation
rates (sSFR) of the selected E/S0-SO objects were coherent with
being quiescent, accordingly to local SOs. These tests were done
as a function of the total stellar mass derived by the SHARDS
project.

During this phase, we performed the masking of the back-
ground and foreground objects on the F775W images, in
order to avoid contamination of the profiles. We refer the
reader to Sect. 2.2 on Paper I for details of the morphologi-
cal classification. After this, we found that 50 objects present
! 3D-HST - A Spectroscopic Galaxy Evolution Survey with the
Hubble Space Telescope: http://3dhst.research.yale.edu/
Home . html
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S0-E/SO morphologies, all presenting low SFRs, according
to local SOs.

Since the main objective of this work was to identify anti-
truncated stellar profiles, which appear as light excesses over the
inner exponential profile at large radii, it is mandatory to correct
the images and the profiles for PSF effects. We did this follow-
ing a similar methodology to that of Trujillo & Fliri (2016). First,
we created a PSF model using two sources: (1) the star-stacked
PSF provided by the 3D-HST project for the GOODS-N mosaics
of each band (Skelton et al. 2014), and (2) a model of the PSF
using the Tiny Tim software (Krist et al. 2011). We combined
these to simulate the effect of the dithering pattern and rota-
tion of the camera in the final mosaic (Trujillo & Fliri 2016),
because the star-stacked model size is not enough for our pur-
poses (~4 arcsec in diameter) while, given the apparent size of
our object we need at least a ~25 arcsec diameter PSF to perform
any kind of PSF subtraction without the risk of underestimating
their effect in the outskirts of the galaxies (Sandin 2014, 2015).
After this, we used this PSF model to generate Sérsic bulge +
exponential disc models for 44 objects with SO—E/SO morpholo-
gies on the F775W band using GALFIT3. 0 (Peng et al. 2002). We
discarded 6 objects from the total 50 SO-E/S0O sample in this step
due to their small size and possible contamination from nearby
objects in the field of view. The residuals of this PSF-convolved
model with respect to the original image were added to the image
of the two-dimensional (2D) model before convolution with the
PSF.

The final result is a deconvolved image of the selected object
(Trujillo & Bakos 2013; Trujillo & Fliri 2016). For further details
on the deconvolution procedure, we refer the reader to Sect. 2.3
of Paper 1. Subsequently we calculated the surface brightness
profiles using the PSF-corrected images. After this, we cor-
rected the profiles for dust extinction, cosmological dimming and
K-correction for each SO and E/SO object, obtaining the cor-
rected surface brightness profiles in the rest-frame R band, which
is the one used in the local samples by EO8 and G11 that we use
for comparison (see Sect. 2.5, Table A.1 and Fig. 5 in Paper I).

Finally, we performed the identification, characterisation and
analysis of the structure of the components in the surface bright-
ness profiles by using a semi-automated method called E1bow’:
a statistically robust method to fit and classify the surface bright-
ness profiles, and calculate the likelihood that a certain break
exists (Types II and III) or not (Type I). A detailed explana-
tion of Elbow can be found in Sect. 2.6 of Paper I. Finally, we
found that 14 SO-E/SO galaxies present Type-III profiles after
PSF corrections (13 at 0.4 < z < 0.6 and 1 at z = 0.247). To
our knowledge, this is the first robust sample of anti-truncated
SO0-E/SOs obtained at 0.2 < z < 0.6.

2.3. Data for colour profiles

One of the main objectives of the present paper is to look for
signs of differences between the stellar populations of the inner
and outer profile of our selected Type-III SOs. To do this, we
repeat the masking, 2D modelling, photometric corrections
(PSF, Galactic extinction, K-correction), surface brightness
profile analysis and classification with Elbow for the images of
the 14 Type-III SO-E/SO galaxies in the F6O6W and F850LP
bands, following the same procedure previously described (see
below). In addition, we have also used the surface brightness
profiles in these bands to create colour profiles. We selected

2 Elbow is publicly available at GitHub (https://github.com/
Borlaff/Elbow)
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the F606W and F850LP bands in order to trace regions of
the SED that are as separated as possible in wavelength, but
with enough depth in the GOODS-N field to have sufficient
emission in the outskirts of the objects. After several tests,
the F435W band was discarded because in the vast majority
of cases the surface brightness profile reached the limiting
magnitude before Ryea. The median limiting magnitudes in
our profiles for the selected bands are very similar: ursosw iim =
27.051*9:9% mag arcsec™, 775w im = 27.092*0923 mag arcsec ™
and UpssoLPlim = 26.75fg::§ mag arcsec. The F606W and
F850LP filter images trace Ryyeqx in all cases, although F6O6W
reaches the limiting magnitude at lower galactocentric radial
distances than the F775W and F850LP bands, and thus it
dominates the uncertainties in the colour profiles.

We corrected the images in the F6O6W and F850LP bands
for PSF effects using the same procedure as for the F775W
images (see Sect. 2.2). We checked that the GALFIT3.0 mod-
els for the F606W and F850LP bands were similar to those
calculated for the F775W images. After the PSF correction
process, we generate surface brightness profiles from the final
images for the 14 Type-III SO galaxies selected in Paper I at
0.2 < z < 0.6. We derived the surface brightness profiles by
using elliptical concentric apertures with fixed position angle
and axis ratio, equal to the mean values obtained with SExtrac-
tor (Bertin & Arnouts 1996) in the galaxy disc on the original
image, with the limiting threshold set to lo. As explained in
Paper I, the surface brightness profiles of the edge-on objects
were analysed separately, using ISOFIT (Ciambur 2015). This
program also uses concentric apertures to calculate the surface
brightness profile but replaces the angular parameter that defines
quasi-elliptical isophotes in polar coordinates with the eccentric
anomaly, providing a more accurate modelling of galaxies with
high inclinations. We refer the reader to this paper for details on
the method and the benefits for the modelling of edge-on galax-
ies. In this case, the position angle and ellipticity are allowed to
vary with radius. We apply this method to the unique edge-on
galaxy in our Type-III SO sample, SHARDS20000827.

Finally, the surface brightness profiles are corrected
for Milky Way dust extinction, cosmological dimming and
K-correction (see Appendix A). We must remark that although
in the present work we have included two additional filters to the
analysis, the results from the F606W and F850LP bands are only
used for obtaining the colour profiles, while the rest of the analy-
sis is performed with the parameters estimated from the surface
brightness profiles in the F775W band in Paper I, K-corrected to
rest-frame R band.

3. Results

In this section we analyse the distributions of the characteris-
tic parameters from the surface brightness profiles of Type-III
SO-E/SO galaxies. In Sect. 3.1 we compare the properties of
our sample of 14 Type-III SO-E/SO galaxies at 0.2 < z < 0.6
with those of a sample of 20 Type-IIT SO galaxies in the local
Universe from EO8 and G11 (local sample, hereafter) and the
simulations of Type-III SO galaxies from major mergers from
B14. In Sect. 3.2 we compare the distributions of stellar mass
and rest-frame absolute magnitude in the B and K bands from
the local and 0.2 < z < 0.6 samples. We investigate if there
is any significant change in the distributions of the structural
parameters obtained from the surface brightness profiles with
z at a fixed stellar mass, in particular for Ry (Sect. 3.3) and
hi, h, and the ratio hy/h; (Sect. 3.4). We extend the analysis to
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the photometric parameters i, Ho,o and ppreax in Sect. 3.5. We
study in detail the dependence with z of the fpreak VS. Rbreak rela-
tion in Sect. 3.6. In addition, we analyse the colour profiles and
the median profiles of the 0.4 < z < 0.6 sample in Sect. 3.7.
Finally, we compare the observed distribution of the fpreax Vs.
Rpreak at z ~ 0 and z ~ 0.5 with the predicted evolution from a
grid of single stellar population models (SSP hereafter) just to
check whether the measured evolution between these two red-
shifts could be explained by simple passive evolution or not
(see Sect. 3.8). With the exception of the colour profile analysis,
where we use the F606W and F850LP bands, we again empha-
sise that we use the structural and photometric parameters of the
antitruncations measured in the F775W band in our sample at
0.2 < z < 0.6, after being transformed to rest-frame R band,
in order to compare with the R-band observations of the local
sample (see Sect. 2.2).

3.1. Scaling relations

The left panels of Fig. 1 present the distribution of the inner and
outer scale-lengths (h; and h,) of the Type-III SO galaxies in the
samples at 0.2 < z < 0.6 and at the local Universe (E08; G11) as
a function of the break radius Rpyeak. In addition, we define the
characteristic scale R,3, which corresponds to the radius at which
the surface brightness profile reaches 23 mag arcsec™2. For each
diagram, we present another version with the scale-lengths and
Rupreak normalised by R»3 in the right panels of the figure. In order
to define an intermediate-redshift sample, we only include in the
linear fits of the intermediate redshift sample the objects at 0.4 <
z < 0.6, excluding one and only Type-III SO galaxy at 0.2 < z <
0.4 that we found (SHARDS20000593, z = 0.247). Therefore,
the sample at 0.4 < z < 0.6 includes 13 SO — E/SOs with Type-IIT
surface brightness profiles.

As reported in Paper I, hj, h, and Ryeac present com-
patible distributions in the local and 0.4 < z < 0.6 samples
(hi ~ 1-5 kpe, ho ~ 1.5-20 kpc and Rpreax ~ 2-20 kpc, see
Sect. 3.4 on Paper I for a deeper discussion). The main result
in the present work is that Type-III SO galaxies at 0.4 < z <
0.6 also present similar correlations and compatible trends to
their local analogues in the structural diagrams log,(h;) o«
10g0(Rbreak)> 10g10(hi/R23) o 10g(Roreak/R23) and log;o(ho) o
log;o(Rurear), first reported in B14. We next quantify these
observed correlations and trends between the parameters in
each case.

We take into account the uncertainties of the parameters by
performing 100000 Bootstrapping & Monte Carlo simulations
of the Spearman correlation test. In order to perform a sym-
metrical treatment of the variables, we choose the OLS bisector
linear regression method (Isobe et al. 1990). Additionally, for
each parameter we use the empirical probability density distribu-
tion (PDD) that resulted from the analysis performed with ELbow
of the surface brightness profile of each galaxy as input error
(see Section 2.6 in Paper I). By doing this, we take into account
any internal correlations between the variables and their uncer-
tainties and thus we generate much more accurate Monte-Carlo
simulations than from simply simulating random Gaussian noise
around the central point.

We found that the structural diagrams present statistically
significant (p < 0.05) positive correlations for both local Uni-
verse and 0.4 < z < 0.6 samples (see panels in Fig. 1) with the
exception of 1og,(10/R23) o 10g;0(Rpreak/R23) for the local sam-
ple, which does not present a significant correlation in the case
of the sample at z = 0, although it presents a low p-value. In
contrast to this, the sample at 0.4 < z < 0.6 presents a significant

correlation. We performed linear fits to the distributions in those
planes, which are represented with dashed black (local sample)
and solid red lines (0.4 < z < 0.6 sample) in the diagrams. The
results of the correlation tests and the linear fits are summarised
in Table C.1 in Appendix C.

On top of the parameters of the local Universe and 0.2 <
z < 0.6 Type-III SO galaxies in Fig. 1, we plot the results of
the major merger simulations from B14 in purple squares, and
the corresponding fitted linear trend with a purple dashed-dotted
line. We found that in the diagrams log, (/) o« log;,(Rpreak),
log(hi/Rp3) o< 10go(Rbreax/R23) and log,o(ho) o 10g;o(Roreak)s
the parameters of 0.4 < z < 0.6 and local Type-IIT SO galax-
ies present compatible trends that overlap with the extrapolation
towards lower values of those corresponding to the simulated
mergers sample. We must remark that the simulations present
higher masses (~1-3 x 10'' M) than the real Type-III SO galax-
ies samples. As a consequence, the models present an offset in
the non-normalised diagrams. Despite this, the models and the
observed Type-III SO galaxies overlap in the normalised dia-
grams. We refer the reader to B14 for a detailed discussion on
this subject. We conclude that the parameters of 0.4 < z < 0.6,
local and simulated Type-III SO galaxies present positive corre-
lations and compatible trends in the structural diagrams reported
in B14.

In Fig. 2 we present the distribution of the central surface
brightness of the inner and outer profiles (1 and 1) as a func-
tion of the break radius Ry, and the normalised break radius
(Ruvreak/R23). We report several interesting results. First, in con-
trast with the structural parameters, the values of wuo; and po,
of Type-III SO galaxies at 0.4 < z < 0.6 do not show a similar
distribution to the objects in the local Universe. The objects at
0.4 < z < 0.6 tend to show brighter magnitudes than the objects
from the sample at z = 0 for similar Ry values in all the
photometric diagrams. When po; and o, are plotted against
Rureak/Ra3 (right panels in Fig. 2), the local galaxies still appear
at fainter magnitudes than their 0.4 < z < 0.6 analogues, but
in contrast to the non-normalised diagrams, the objects tend to
overlap into one trend in the normalised ones (compare with
the left panels in the same figure). In the case of the sample
at 0.4 < z < 0.6, we find a significant correlation of the central
surface brightness of the outer disc (ug,) with the break radius
(Roreak) and with the normalised break radius (Rpreak/R23). The
0.4 < z < 0.6 sample does not show any significant correlation
at the o o logo(Rpreak) plane (see Table C.1 in Appendix C),
whereas it does in the normalised diagram. We also find a
higher median of the R,3 value at z ~ 0.5 compared to z = 0
(Raz = 8.46"03% kpc at 0.4 < z < 0.6, but Ry3 = 5.89*0:4 kpc in
the local sample). This may be due to a general brightening of
the surface brightness profiles with z (we comment more on this
in Sect. 3.6).

Additionally, in Fig. 2 shows the results from the simu-
lations from B14. As reported there, the simulations present
compatible trends and positions in the po; o 10g;o(Roreax/R23)
and po, o 10g(Ryreak/R23) with the Type-IIT SO-E/SO galax-
ies from the local sample, except that they are located in the
extrapolation towards higher Ryyeax /R23 values. The trends of SO
galaxies at 0.4 < z < 0.6, although presenting lower Rpreax/R23
values, overlap in these normalised diagrams with the global
trend drawn by the local sample and the simulations at higher
Rpreak/Ro3 values.

In conclusion we find that the structural scaling relations
observed in Type-III SO galaxies at z ~ 0.5 are compatible with
those observed in their local analogues and in similar systems
formed in major mergers simulations. However, our sample of
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Fig. 1. Distribution of the Type-III SO galaxies at 0.2 < z < 0.6 and the local sample from E08 and G11 in the structural diagrams. Upper left panel:

hi VS. Rueak. Upper right panel: hi/Ry3 V8.Ryeak/Roz. Lower left panel: h,

VS. Rpyeak. Lower right panel: ho/Ra3 VS. Ryyear/Ro3. Solid red line: linear

fit to the Type-III SO galaxies at 0.4 < z < 0.6. Dashed black line: linear fit to the local Type-III SO galaxies. Dash-dotted purple line: linear fit
to the simulations of Type-III SO galaxies from B14. Their respective coloured regions represent the 1o~ confidence level region of each linear
fit. In both cases, the relations fitted were in logarithmic scale in both x and y-axis (log;(/) o 10g(Ruveak)s 10g9(hi/R23) o 10g,0(Rureak/R23).
log;o(he) o 10g,5(Rurear) and log,(ho/R23) o 10g,(Roreax/R23)). We refer to the legend in the figure for the redshift colour classification and

correlation tests.

Type-IIT SO galaxies at 0.4 < z < 0.6 present brighter values
in the photometric diagrams at the same values of Rpreax OF
Ripreak/R23 when compared with the local Type-IIT SOs.

3.2. Stellar mass and luminosity in the B and K bands

In Fig. 3 we study if the local Type-III SO galaxies from EO8 and
G11 present compatible distributions in stellar mass and in the

A26, page 6 of 26

rest-frame absolute magnitudes in the B and K bands compared
to the objects from our sample at 0.4 < z < 0.6.

The Mg and Mg values for EO8 and G11 Type-III SO galax-
ies were extracted from the Leda database® (Paturel et al. 2003).
We use synthetic rest-frame Mp and My absolute magnitudes

3 HyperLeda database for physics of galaxies: http://leda.
univ-lyonl. fr
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Fig. 2. Distribution of the Type-III SO galaxies at 0.2 < z < 0.6 and the local sample from EO8 and GlI in the photometric diagrams.
Upper left panel: pig; Vs. Ryyeax. Upper right panel: py; vs. Ryeak/Ro3. Lower left panel: pig o VS. Rireax. Lower right panel: 1y, Vs. Rirear/Ro3. Solid red
line: linear fit to the Type-III SO galaxies at 0.4 < 0.6. Dashed black line: linear fit to the local Type-III SO galaxies. Dash-dotted purple line:
linear fit to the simulations of Type-III SO galaxies from B14. Their respective coloured regions represent the 1o~ confidence level region of each
linear fit. In both cases, the relations fitted were in logarithmic scale for the x-axis (o o 10g;o(Rbreak) Ho,i ¢ 10g,9(Roreak/R23), Ho0 & 10815 (Rpreak)
and po,o o 10g(Roreak/R23)). Consult the legend in the figure for the redshift colour classification and correlation tests.

for the sample at 0.4 < z < 0.6, available through the Rainbow  estimates for 3 additional ones in (Forbes et al. 2016, NGC 4459
Database. In the case of the B band, the distribution lies in the and NGC 7457) and Cano-Diaz et al. (2016, NGC 2880). For
range —18 < My < —20.5 for the sample at 0.2 < z < 0.6 and  comparison, the sample of Type-III SO galaxies at z ~ O presents
—13 < Mp < =20.5 for the local Type-III SOs. For the K band, total stellar masses in the range log,,(M/Mg)=[10.0-11.0],
the distribution lies in the range —20 < M < —23 for the sample ~ while the objects from the sample at 0.4 < z < 0.6 present values
at0.2 <z < 0.6 and —15 < Mg < —23 for the local Type-III SOs.  in the range log,,(M/Mg)=[9.7-11.2]. Again, in the case of our

Total stellar masses are available through the Rainbow intermediate-redshift sample, we only include objects at 0.4 <
Database (Barro et al. 2011a,b) for the sample at 0.4 < z < 0.6.  z < 0.6, which excludes the object at z = 0.247 from our sample.
The stellar masses of 12 objects from the local sample were avail- We show the results for the comparative analysis of the rest-
able from S*G (Mufioz-Mateos et al. 2015), and we found mass ~ frame absolute magnitudes in the B and K bands and the stellar
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Fig. 3. Normalised distributions of the rest-frame absolute magnitude in the B band (left panel), rest-frame absolute magnitude in the K band
(central panel) and the stellar mass (right panel) of our sample of Type-III SO galaxies at 0.2 < z < 0.6 compared to those from the local Universe
(E08 and G11). Grey histogram with black solid line: Type-IIT SO galaxies in the local Universe. Red histogram with dashed line: Type-IIT SO
galaxies at 0.4 < z < 0.6 from the SHARDS sample. The red and black arrows represent the median value for the objects at 0.4 < z < 0.6 and the
local sample, respectively. The solid and dashed vertical lines represent the 1o~ confidence interval for the median for each sample.

Table 1. Mean rest-frame absolute magnitudes in the B and K bands and
mean stellar mass of Type-III SO galaxies in the local and 0.4 < z < 0.6

samples.
Parameter z=0 04<z< p
0.6
(1) @) 3) €]
<Mjp> [mag] —18.85703% —19.74*092 2.1x 107
<Mg> [mag] —21.02703} —21.80%027 82x 1073
<log,((M/M)> [dex]  1047*)1% 107311} 6.2x 1072

Notes: Columns: (1) Parameters. (2) Median values for the samples in
the local Universe (E08, G11). (3) Median values for the sample at
0.4 < z < 0.6, with their corresponding 1o~ uncertainty intervals. (4)
Anderson—Darling test p-value for the null hypothesis of equal parent
distributions for the 0.4 < z < 0.6 and the local Universe samples. Rows
from top to bottom: rest-frame absolute magnitudes in the B and K
bands and stellar mass.

mass in Table 1 and in Fig. 3. We use the Anderson-Darling
criterion (Scholz & Stephens 1987) in order to test whether the
parameters from both samples arose from a common unspec-
ified distribution function (null hypothesis). We find that the
median values and the distributions of stellar masses are com-
patible for the objects from the local Universe and our sample at
0.4 <z<0.6 (p>0.05in Table I, see right panel of Fig. 3). In
contrast to that, the rest-frame absolute magnitudes on the B and
K bands are significantly brighter at 0.4 < z < 0.6 when com-
pared to the Type-IIT SO galaxies at z ~ 0 (p < 0.05 in Table 1,
see also the corresponding panels in Fig. 3). This result confirms
that our sample of Type-III SO galaxies at z ~ 0.5 and the objects
from EO8 and G11 are comparable in terms of stellar mass and
enables us to perform a fair comparison in this sense. However,
this analysis also suggests that Type-IIT SO galaxies of similar
stellar mass were brighter in the past, meaning that they have
undergone a significant dimming in the last 6 Gyr. In Sects. 3.5
and 3.6 we study whether this has affected the whole structure
or the inner (uo;) and outer (uo,) profiles in a different way.
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3.3. Evolution of Ry With z at a fixed stellar mass

With the aim of investigating if the break radius Ryeax presents
any signs of evolution with redshift, we follow the method
described in Azzollini et al. (2008). In this paper, the authors
analysed a sample of Type-II galaxies at several redshift inter-
vals, from the local Universe, up to z = 1. In order to compare
the break position taking into account the size of each galaxy,
the authors estimated the typical value of Ry as a function of
(1) the Johnson B-band absolute magnitude and (2) the total stel-
lar mass. After this, they compare the expected values for Rpreax
at the reference values of Mg = —20 and log,,(M/Ms) = 10 at
different redshifts to check whether there is evolution or not. We
follow the same procedure to test if there is any noticeable differ-
ence in the position of the break (Ryreak) of Type-III SOs between
the local universe and our sample at 0.4 < z < 0.6.

In the left panel of Fig. 4, we show the distribution of
Rureak as a function of the decimal logarithm of the stellar mass
log,o(M/M¢). We compare the expected values for Ry at the
reference value of log,o(M/My) = 10.50 at different redshifts
to check whether there is evolution or not. This reference value
corresponds to the median value for log,,(M/Ms) including
the Type-III SO galaxies from EO8 and G11 and our sample at
02<z<06.

In order to do that, we fit a linear model to each sam-
ple in the diagram of the left panel of Fig. 4. The uncertainty
intervals for each linear fit (i.e. the probability distributions of
the intercept and slope) were obtained by performing 100,000
Bootstrapping + Monte Carlo simulations (see Table C.1 in
Appendix C). The right column of Fig. 4 presents the nor-
malised probability distributions of Ryreac at the characteristic
value of log,o(M/My) = 10.50 for the local Universe sample and
the objects at 0.4 < z < 0.6. These histograms were calculated
using the probability distributions of the intercept and slope of
each fit for both the local Universe sample and our sample at
0.4 < z < 0.6 and interpolating each case to the fixed reference
value of log,(M/Ms) = 10.50.

The main result of this analysis is that we do not find any sig-
nificant differences between the probability distributions of the
break radius Ryreak for Type-III SO galaxies in the local Universe
and their analogues at 0.4 < z < 0.6 when we take into account
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Fig. 4. Position of Ry.x as a function of the stellar mass. Left panel: distribution of the break radius Ry of Type-III SO galaxies at 0.4 < z < 0.6
and at z ~ 0 with the stellar mass. The solid vertical black line in the left panel represents the fixed value at which we compare the linear fits in
the right one. Right panel: comparison of the PDDs of the break radius Ry at fixed stellar mass log,o(M/M,) = 10.5. Grey histogram with black
solid line: PDDs for the Type-III SO galaxies in the local Universe selected from EO8 and G11 samples. Red histogram with dashed line: PDDs
for the Type-III SO galaxies at 0.4 < z < 0.6 from the SHARDS sample. The probability (p—value) for both samples to have compatible values of
Ryrea at fixed stellar mass of log,,(M/M;) = 10.5 is p = 0.266 (we refer to the legend in the panels for a key of the different lines and symbols).

the mass of the galaxy. We estimate that the probability of being
compatible in Ryreak is p = 0.260 when using the stellar mass
for the comparison. We have tested whether this result could
be dependent on the reference value of the mass that we have
chosen. We performed the same test using log,,(M/Ms) = 10.20
(p = 0.44) and 10.80 (p = 0.08), finding a similar result: the dis-
tributions of Ryreac Of SO galaxies at 0.4 < z < 0.6 and z ~ 0
were statistically compatible even accounting for the mass of the
galaxy. Nevertheless, as a consequence of the dispersion in the
Rureax versus log,o(M/My) diagram and the limited size of both
local and 0.4 < z < 0.6 samples, we cannot rule out variations
on the Ryreax lower than ARpreax ~ 3 kpe between z ~ 0.5 and
z ~ 0 for the reference value, which corresponds to the mean
range between the 0.025 and 0.975 quantiles of the distributions
of Ryreax at the characteristic value of log,(M/Mg) = 10.50 (see
the left panel of Fig. 4).

Finally, we conclude that we do not find any significant dif-
ference between the position of Ryyex of local Universe Type-III
SO galaxies and those at 0.4 < z < 0.6 for similar masses. This
result poses strong constraints on the evolution mechanisms that
rule the formation of these structures.

3.4. Evolution of h; and h, with z at a fixed stellar mass

We repeat the previous analysis in order to investigate whether or
not there is any significant difference between the scale lengths
of the inner and outer profiles (k; and h,) between the sam-
ples at z ~ 0.5 and z ~ 0 at a fixed stellar mass. In the left
panels of Fig. 5, we show the distributions of %;, h, and the
ratio ho/h; as a function of the decimal logarithm of the stellar
mass log,o(M/Ms). Again, we fit a linear model to each sam-
ple in the diagrams of the left column of Fig. 5. The results
are shown in Table C.1 of Appendix C. The panels of the right

column present the normalised probability distributions of 4, &,
and ho/h; at the characteristic value of log,((M/My) = 10.50
for the local Universe sample and the objects at 0.4 < z <
0.6 obtained from the fits performed in the corresponding left
panels.

As in the case of Ryreak, We do not find any significant differ-
ences between the expected values of A, h, or the ratio ho/h; at
fixed stellar mass log;o(M/Mo) = 10.50 between the Type-IIT SO
galaxies at z ~ 0 and our sample at 0.4 < z < 0.6. We find that
the probability that the samples are in A; and h, is p = 0.397 and
p = 0.272, respectively, when using the stellar mass for the com-
parison. Additionally, we do not find any significant difference
between the ratio /,/h; of the samples at z ~ 0 and 0.4 <z < 0.6
either (p = 0.247), despite the large ho/h; ratios (ho/hi > 5)
shown by two of the Type-III SO galaxies of the local sample
(NGC 3900 and NGC 3998).

We conclude that we do not find any significant differences
between the general structure of local Type-III SO galaxies and
those of our sample at 0.4 < z < 0.6 at a fixed stellar mass of
log,o(M/Mg) = 10.50. This result agrees well with the observed
similarity of the structural scaling relations of /4; and h, with
Rbreak and Rprear/R23 (see Fig. 1 on Sect. 3.1).

3.5. Evolution of piyeax, to; @and po o with z at a fixed
stellar mass

Finally, we extend the previous analysis to analyse whether or
not there is any significant differences between the ppreax, to,; and
Mo, values of the surface brightness profiles of the Type-III SO
galaxies from the local sample and our sample at 0.4 < z < 0.6,
taking into account the stellar mass. In Fig. 6 we present the
distributions of ftpreak, Mo and o, as functions of the decimal
logarithm of the stellar mass log,,(M/M¢). We fit a linear model
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Fig. 5. Scale-lengths of the inner (/;, top row) and outer profiles (/,, middle row) and the ratio h,/h; (bottom row) as a function of the stellar mass.
Left column: distribution of h;, h, and h,/h; of Type-III SO galaxies at 0.2 < z < 0.6 and at z ~ 0 with the stellar mass. The solid vertical black lines

in the left panel represent the fixed value at which we compare the linear fits in the right one. Right column: compa

son of the PDDs of the scale

lengths Ay, h, and the ratio h,/h; at fixed stellar mass log,,(M/M¢) = 10.5. Grey histogram with black solid line: PDDs for the Type-IIT SO galaxies
in the local Universe selected from E08 and G11 samples. Red histogram with dashed line: PDDs for the Type-IIT SO galaxies at 0.4 < z < 0.6
from the SHARDS sample. The probabilities (p-value) for both samples to have compatible values at fixed stellar mass of log,,(M/M) = 10.5 are
p =0.397 (hy), p = 0.272 (ho) and p = 0.247 (ho/h;). We refer to the legend in the panels for a key of the different lines and symbols.
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