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Figure 6. Parametrized redshift evolution of the size-mass relation, from the power-law model fits shown in Figure 5. The left-hand panel
shows the evolution of the intercept, or the size evolution at fixed stellar mass of 5 ⇥ 1010 M�. Strong evolution is seen for high-mass
early-type galaxies; moderate evolution for low-mass early types and for late-type galaxies. The middle and right-hand panels show the
evolution of the slope and intrinsic (model) scatter of the size-mass relation, either with little or no evidence for changes with redshift. The
open symbols represent the observed scatter: these measurements do not take measurement uncertainties and contamination into account.
The fitting parameters shown in this figure are given in Table 1.

Figure 7. Evolution-corrected average sizes at M⇤ = 5⇥1010 M�
for late-type galaxies (top panel, in blue) and early-type galaxies
(bottom panel, in red). The values shown here are the values shown
in the left-hand panel of Figure 6, divided by (1+z)�z as indicated
on the y-axis. The residuals from the best-fitting (1+z)�z law indi-
cate that parameterizing the evolution as a function of the Hubble
parameter (Re↵ / h(z)�H ) may provides a more accurate descrip-
tion for the late-type galaxies. See §3.2 for further discussion.

the mass limit of our sample up to z = 3.
The black lines in Figure 5 indicate the fitting results,

and the evolution of the individual model parameters
(intercept, slope and scatter) are shown in Figure 6. The
fitting results are also given in Table 1. The intercept
of the best-fitting size mass model distributions evolves
significantly with redshift, and particularly rapidly for
the early types.
Usually, the evolution of the intercept is parametrized

as a function of (1 + z). While this is intuitively ap-
pealing because of our familiarity with the cosmologi-

cal scale factor, this is perhaps not the physically most
meaningful approach. Galaxy sizes, in particular disk
scale lengths, are more directly related to the properties
of their dark matter halos than to the cosmological scale
factor. Halo properties such as virial mass and radius
follow the evolving expansion rate – the Hubble param-
eter H(z) – instead of the cosmological scale factor. For
a matter-dominated universe, H(z) and (1+ z) evolve at
a similar pace, but as a result of the increased impor-
tance at late times of ⇤ for the dynamical evolution of
the universe, H(z) evolves much slower in proportion to
(1 + z) at late times than at early times. For example,
at z ⇠ 0 we have H(z) / (1 + z)0.4, while at at z ⇠ 2
this is H(z) / (1 + z)1.4.
For this reason it is reasonable to parametrize size evo-

lution as a function of H(z) in addition to (1 + z). The
solid lines in the left-hand panel of Figure 6 represent the
evolution as a function of H(z), while the dashed lines
represent the evolution as a function of (1+z). These re-
sults are also given in Table 1. The H(z)�H parametriza-
tion is marginally preferred by the data over the (1+z)�z

parametrization, as is more clearly illustrated in Figure
7, where we show the residuals. In addition to the statis-
tical limitations, we note that these residuals are of the
same magnitude as the systematic uncertainties in the
size measurements and color gradient corrections (§2.5).
A more thorough comparison with size evolution of larger
samples at z < 1 with size measurements at visual wave-
lengths would improve these constraints.
Newman et al. (2012) first demonstrated the lack of

strong evolution in the slope of the size-mass relation for
massive (> 2 ⇥ 1010 M�) early-type galaxies. Here, we
confirm that result (middle panel, Figure 6), and find
a slope of R

e↵

/ M0.75 at all redshifts. This slope is
somewhat steeper than measured by Shen et al. (2003)
for present-day early-type galaxies. Di↵erences in sam-
ple selection (star-formation activity vs. concentration)
and methods (R

e↵

from Sérsic profile fits vs. Petrosian
half-light radii) may explain this di↵erence. For the
first time we extend the analysis to late-type galaxies:
the slope is much flatter than the slope for early types
(R

e↵

/ M0.22), with little or no change with redshift.
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SOLUTIONS	
  AT	
  LOW-­‐Z	
  
•  STACKING	
  (Zibeg+04,	
  Tal	
  &	
  Van	
  Dokkum	
  2009,	
  La	
  Barbera

+12)	
  
•  DEEP	
  PHOTOMETRY	
  (Zibeg	
  &	
  Ferguson	
  2004,	
  Van	
  Dokkum	
  

2005,	
  Atkinson+13,	
  Trujillo	
  &	
  Bakos	
  2013,	
  Duc+15)	
  
•  DEEP	
  SPECTROSCOPY	
  (Coccato+10)	
  
•  STELLAR	
  COUNTS	
  (Crnojevic+13,	
  Rejkuba+14)	
  

WHAT	
  DO	
  WE	
  KNOW?	
  
u  ~70%	
  of	
  nearby	
  ETGs	
  are	
  pdally	
  disrupted	
  

u  The	
  observed	
  features	
  are	
  red	
  and	
  extended	
  
u Assembled	
  via	
  red	
  and	
  dry	
  merger	
  

u Very	
  large	
  number	
  of	
  potenpal	
  satellites	
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McLure)	
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Figure 1. Montage with the HUDF12 WFC3 images from our sample of massive ETGs, also showing their spectroscopic redshifts and
photometric masses. These are the stacked HST NIR images, and the colour palette ranges from 18 to 30 mag arcsec2. The superb
WFC3 resolution (approximately 0.18 arcsec, ∼1.25 kpc at z = 0.65, the median redshift of our observations) allow us to see the huge
stellar envelopes for these objects, apart from broad fans of stars or shells (for HUDF-3 and HUDF-5) and other asymmetries. It is also
striking the presence of so many potential satellites, which may well better contribute to the size increase of the massive objects via
minor merging.

ages were required to be younger than the age of the Uni-
verse at the redshift of the source, and no dust extinction
was allowed in the fitting, because of its negligible impor-
tance for massive ETGs. The results are listed in Table 2.

We also supplement the table with the masses based
on a Salpeter IMF due to increasing evidence for a more
bottom-heavy IMF for massive galaxies (La Barbera et al.
2013; Ferré-Mateu et al. 2013; Mart́ın-Navarro et al. 2015).
We stress that, according to our mass cut, HUDF-1 should
be excluded from our final sample, but this new IMF would
permit us to bring it back to our sample. We decided to keep
it, as it is anyway among the most massive objects in HUDF
at z < 1.

A montage with the galaxies in our sample is shown
in Figure 1. It is noteworthy the number of morphological
features these galaxies display (like the shells in HUDF-3 or
the fan of stars in HUDF-5). In all cases, a large number
of minor galaxies surround the massive ones. Although it is
beyond the scope of this paper to confirm these objects as
satellites to the massive galaxies, this is an indication about

the potential huge number of minor mergers during the evo-
lution of these objects (Newman et al. 2012; López-Sanjuan
et al. 2012; Mármol-Queraltó et al. 2012, 2013; Ferreras et al.
2014).

4 THE ANALYSIS

The survey images were carefully reduced and sky sub-
tracted (Koekemoer et al. 2013). We created 400 kpc wide
postage stamps to explore the light distribution around the
galaxies in the 8 filters available. We masked in all the images
the neighbouring objects using a SExtractor-based (Bertin
& Arnouts 1996) optical and NIR mask, which were later vi-
sually inspected and modified to remove any spurious light
contribution. We were also concerned about any local resid-
ual sky background which potentially might hamper our ef-
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Figure 2. Observed surface brightness profiles for all the HST filters available for our ETG sample. Each individual point was calculated
in elliptical 2 kpc wide apertures (except for the central four points where 0.5 kpc wide apertures were used), applying a 3σ clipped
mean in those annuli, for retrieving the surface brightness values and the associated error bars. For all cases, these massive ETGs are
more luminous and extended in the redder bands. The galactocentric distances proven in this study, sometimes more than 100 kpc at z
= 0.6 - 1, are comparable with local Universe ETG very deep observations (Kormendy et al. 2009; Tal & van Dokkum 2011).

pixels fainter than our limit of 31 mag arcsec−2. We proceed
in such way for the χ2 being as accurate as possible, and not
to be affected by any residual light coming from bad mask-
ing or any local sky subtraction problems far away from our
region of interest close to the galaxies. In addition, one must
be very careful on determining the exact PSF of our images.
In the Appendix A of Bruce et al. (2012), the authors con-
cluded that HST PSF deconvolutions should be done using
natural stars instead of Tiny Tim (Krist 1995) generated
PSFs, as the Tiny Tim model underpredicts the PSF flux at
distances greater than 0.5 arcsec. This is the reason for our
PSF choice, which is the star located at RA=03:32:38.01,
DEC=-27:47:41.67 (J2000) in the HUDF12 image. It is the
bright and well isolated star in the image, except for a very
minor object in the south east at 85-pixel distance. How-
ever, it is saturated in the V and I ACS bands, and for
these cases we took the correspondent Tiny Tim model star,

taking special care on matching the position of the stellar
spikes between the model and the real image. We also want
to stress how important is a proper centering of the star
used as deconvolution kernel for GALFIT.

We decomposed the galaxies within our sample in a
combination of several (from 1 to 4) Sérsic components. The
Appendix A displays the best 4-component Sérsic analyses
(Figures A1 to A6, Tables A6 to A6). We do not assign a
physical meaning to any of these components, as our purpose
is only to reproduce as well as possible the observational pro-
files with a PSF convolved model we can later deconvolve.
According to our reduced χ2 (χ2

ν) maps (overplotted in each
appendix figure in the bottom right corner), no more than
four components are needed to describe fully our galaxy pro-
files (D’Souza et al. 2014). In fact, we have some examples
which already show some overmodeling (χ2

ν < 1). Previous
HUDF works gave physical interpretation to the Sérsic com-

c⃝ 0000 RAS, MNRAS 000, 000–000
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Figure 2. The u, g, r and i-band Sloan filters equivalent restframe surface brightness profiles for the six galaxies in our sample. They were
created by linearly interpolating the HST filters, both for the observed and the model+residual profiles, and then correcting the surface
brightness by cosmological dimming. It is clear that the PSF effect scattering the light coming from these objects is more pronounced for
the inner galaxy parts. It is also interesting checking that HUDF-2, HUDF-3 and HUDF-5 have bumps at restframe magnitudes 25-26,
and they are specially strong in the redder bands. By joining this information with their visual appearance, we associate these features
to recent merging events.

the various subcomponents of late-type galaxies follow dif-
ferent light distributions, allowing the canonical bulge-disk-
halo characterization (e.g. Trujillo & Bakos 2013). This is of
course not possible for ETGs. However, simulations circum-
vent this problem by tracking the accreted stellar mass as
opposed to the in situ formed stars. Observationally, think-
ing in a pure inside out-growth scenario, what we could do
is assuming that most of the accreted mass is located in the
haloes. Then, integrating to the same distances both our
observational and simulated profiles we can compare our re-
sults with the theoretical expectations.

We took as our fiducial simulations the work in Cooper
et al. (2013) where the authors predicted the surface bright-
ness and mass profiles of ∼1900 dark matter massive haloes
(1012-1014) specifically focusing on these galaxies’ stellar en-
velopes, whose structure is largely determined by hierarchi-

cal assembly. They separate late and early types in these
simulations by the ratio of bulge to total mass (B/T less or
greater than 0.9 respectively). It is also necessary to select a
value for the “most bound factor” (fmb) for selecting stellar
particles with the right phase space to be part of our sys-
tem, and we take 1% as the value for the free parameter,
although noticing our mass determination are robust about
changes on this parameter.

The further from the galaxy center the less dominated
our profiles are by the in situ material from the galaxy. Be-
ing conservative we will start our integration from the typi-
cal distance where high-z massive galaxy surface brightness
profile finish (∼10 kpc Szomoru et al. 2012; Damjanov et al.
2014) and hence identifying our haloes as the previous light
component missed in shallower observations. We stop at 50
kpc in order not to be affected by any color uncertainties in

c⃝ 0000 RAS, MNRAS 000, 000–000
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Figure 3. The u−g, g− r and r− i Sloan filters equivalent restframe color profiles for the six galaxies in our sample. Both observational
and model+residual profiles area plotted with their errors. At large distances, all the profiles (specially for the galaxies suffering mergers)
rise, but this is just a hint within the error bars. In a inside-out massive galaxy growth scenario, we may link these tendencies to positive
gradients in color and with minor old merging happening in the outskirts.

our light-to-mass conversions. Our results are plotted in Fig-
ure 7. The local relation for ETGs and Late-Type Galaxies
(LTGs) are displayed in pale red and pale blue colors, with
the 16 and 84 quartiles being the dashed lines. We also over-
plot the relations for ETGs at higher redshift (z = 1 and z =
2) as a first attempt to characterize the nature of the outer
parts of ETGs at those redshifts, and to confront them with
our intermediate redshift observational data. These high-z
relations are noisy due to the statistical number of ETGs in
those redshift ranges in the Cooper et al. (2013) simulations.
It is nevertheless clear that there is an overall departure of
our < z >= 0.65 galaxies from the local relation (being
indeed more pronounced for HUDF-6, whose spectroscopic
redshift is z = 1.096). Very interestingly, there is a corre-
lation between the total galaxy mass and the importance
in mass of the outer parts for our six galaxies, where they
approximately follow the Cooper’s ETG predictions.

Quantitatively, Figure 8 left side in Trujillo & Bakos

(2013) and Figure 4 in van Dokkum et al. (2014) show haloes
for Mstellar ∼ 1010−1011 M⊙ late-type galaxies constitute at
most 10% of their total light. Our small but meaningful sam-
ple shows that the stellar mass in massive ETG haloes are
larger, of the order of 10-20%. This contrast between galaxy
types must be investigated further, but makes sense from
a ΛCDM perspective, where the histories of ETGs should
be more merger-dominated than for disky galaxies, and also
they do not have a prominent disk storing a significant frac-
tion of the galaxy’s baryons.

5.4 Constraining the merger channel for massive
galaxy growth

Assuming the stellar halo starts at a fixed distance (10 kpc
in our case) is a “grosso modo” approximation. HUDF12
images provide us for the first time with the possibility of
having an actual idea about how much mass is involved in

c⃝ 0000 RAS, MNRAS 000, 000–000
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Figure 6. From left to right, from top to bottom: galaxy mass profiles and the accumulated percentage of mass, light in z-band restframe
and light in H-band as a function of distance for all the galaxies within our sample.

Table 3. Stellar mass contained in the residuals

Galaxy name Mass in residuals % of galaxy’s mass
M⊙

HUDF-1 9.72±0.88×108 3.7±0.3
HUDF-2 5.57±0.29×109 8.5±0.5
HUDF-3 2.55±0.20×109 3.2±0.3
HUDF-4 1.21±0.74×109 1.9±1.1
HUDF-5 8.82±0.33×109 5.6±0.2
HUDF-6 1.13±0.20×1010 4.2±0.7
Total - 4.5±0.3

contained beyond 20 kpc. We agree with this result qual-
itatively. However, the authors also stated the central 100
kpc of the galaxy stack could be fit using a single Sérsic
function with a re = 13.1 kpc, and in our case using only
one Sérsic function leaves large residuals (especially in the
reddest bands) and none of our galaxies has a effective ra-
dius well beyond 5 kpc (for the reddest band detections).

Huang et al. (2013) fitted 94 of the brightest pure ellipticals
in the nearby Universe, and found that the majority are not
well described by a single Sérsic function. When fitting extra
components to these galaxies, the authors highlight the low
Sérsic index values for the rest of components. This is also
found in our sample, modifying the galaxy spheroidal inner

c⃝ 0000 RAS, MNRAS 000, 000–000
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Figure 5. The circularized stellar mass density profiles for the galaxies in our sample, comparing them with similar mass SDSS ETGs
and the massive compact galaxies in Szomoru et al. (2012). HUDF massive galaxies resemble closer to local galaxies, although their
centers still display a small mass excess, that it is expected to be smoothed/relaxed over time.

of view. Finally, there is only a single galaxy with a remark-
able distinct value, HUDF-4, which is the smallest galaxy in
our sample. Thinking in a pure inside-out growth scenario,
it stands to reason that the most compact galaxy is the one
with less mass in its outskirts.

6 SUMMARY AND CONCLUSIONS

We present a comprehensive characterisation of the external
(> 10 kpc) light in the six most massive (Mstellar !5×1010

M⊙) Early-Type Galaxies (ETGs) at z <∼ 1 in the deep-
est HST field, the HUDF. We focused our efforts in the
HUDF12 programme (Ellis et al. 2013; Koekemoer et al.
2013), which data reduction preserves extended low surface
brightness features and at redshifts where the cosmological
dimming is not strong enough ( <∼ 2 mag) to remove the
trails of minor merging.

The faint substructures present in ETGs have not been
profusely studied at intermediate/high redshift due to the
fact that these galaxies show very concentrated surface

brightness profiles and thus their wings or outskirts be-
come very challenging to detect. Therefore, there is a lack of
knowledge to understand whether these outer parts could be
described as galactic haloes, similar to those found in disk
galaxies. Our work is a first attempt to clarify this situation
and clarify the process of their mass assembly. A companion
paper, Buitrago et al. (2015) submitted, studies the impli-
cations for the size-mass relation of massive galaxies.

We carefully analysed each galaxy images according to
the recipes in Trujillo & Bakos (2013), fitting up to 4 Sérsic
functions in the 8 HST filters available. In so doing, we are
able to remove the PSF distortion in the observed profiles.
Our ultradeep dataset reach galaxy surface brightness pro-
files down to 31 mag arcsec−2 (∼29 arcsec−2 after correcting
by cosmological dimming), which is always beyond 25 effec-
tive radius in distance, or as far as 100 kpc in some cases at
a outstanding median redshift of < z >=0.65.

The striking difference between previous shallower ob-
servations and the HUDF12 is the appearance of extended
low surface brightness envelopes (or stellar haloes) in the
galaxies outskirts. Previously, Tal & van Dokkum (2011)
stacked 42000 Luminous Red Galaxies at < z > = 0.34
from the SDSS reporting that 20% of the galaxy light was
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Figure 7. Percentage of the galaxy mass between 10 and 50 kpc versus the total mass for ETGs and LTGs (bulge-to-total fraction B/T
> 0.9, most bound fraction fmb 1%) in Cooper et al. (2013) simulations. The dashed lines correspond to the 16-84 percentile range in
the z = 0 relation. The other coloured lines are the results at higher redshifts (z = 1 and z = 2) for ETGs, showed as our sample has a
median redshift < z >= 0.65, although we do not consider them as they are dominated by the low number statistics. These results, in
combination with our sample of six ETGs, are a first attempt to characterize the outskirts of ETGs in these redshift range. It is clear
our sample of galaxies are slightly offset from the local relation, because of their redshift values. There is anyway a rough correlation
between galaxy mass and the percentage of mass in the outskirts, following approximately the simulation predictions.

parts to a more exponential/less concentrated nature in the
outer parts.

Our dataset is unique inasmuch as we demonstrate the
existence, the relative importance and the spatial distribu-
tion of this low surface brightness component for each indi-
vidual galaxy in our sample. Of course, longer integration
times disclose fainter and fainter features (e.g. Mart́ınez-
Delgado et al. 2010; Duc et al. 2015), which are key to un-
derstand the assembly history of massive galaxies, although
their contribution to the total light and mass decrease in im-
portance. We stress that caution needs to be taken with the
image data reduction, as indeed the images must be reduced
in such a way to preserve any low surface brightness feature
in the galaxies’ external parts. Providing we work in this di-
rection, the advent of very deep imaging in the future years
will not only improve our understanding of the high redshift
galaxies but will also greatly enhance our comprehension of
the nearby Universe.

We attempted to place some constraints into the inside-
out growth of massive ETGs by deducing their equiva-
lent Sloan filter restframe profiles and colors, mass profiles
and light and mass cumulative fractions. Their Sloan fil-
ters equivalent photometry shows a smooth decrease in the

flux and galaxies with clear iterations have surface bright-
ness bumps their outer parts. There is also a hint for redder
colours in the outskirts (at > 20 kpc) for these interacting
galaxies. In general, between 20-40% of the light is located
at distances beyond 10 kpc. It is very hard to define un-
ambiguously ETG stellar haloes because of their triaxiality
(specially without kinematic information), or even compar-
ing with in-situ/accreted material in numerical simulations.
However, by integrating both the observational and simu-
lated mass profiles at distances where the hierarchical ac-
cretion is the dominant mechanism for the galaxy growth,
we gather evidence for ETG haloes being relatively more im-
portant than their late-type counterparts (either more or less
than 10% of light and mass respectively). Extended low sur-
face brightness components are present in all massive ETGs
in our sample and they seem to be a ubiquitous ingredient
of the ΛCDM paradigm.

Finally, our parametric fits allow us to model the inner
core of our sample of ellipticals. Once removed the overall
contribution of this spheroidal component, the diffuse light
still remaining provides us with an idea about the ongoing
minor iterations, and hence gives us insight for ongoing mass
assembly as opposed to more indirect methods such as close
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Figure 8. Mass maps corresponding to the smooth residuals in the galaxy light. Thinking of the inside-out growth of massive galaxies,
we calculated these toy models of how much mass is encompassed in minor interactions by subtracting to every galaxy a Sérsic model
of its core, assuming then the mass-to-light ratio at 20 kpc as representative for the galaxy’s outer parts. The color coding is the same
throughout the plots, but each galaxy is shown up to its full extent. The white patches are the product of neighbour masking, and thus
the numbers listed in Table 3 should be taken as a lower limit. The most striking feature of our mass maps is the low amount of mass
involved in the clumpier asymmetries such as the shells in HUDF-3 or the fan of stars in HUDF-5.
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Figure 5. The circularized stellar mass density profiles for the galaxies in our sample, comparing them with similar mass SDSS ETGs
and the massive compact galaxies in Szomoru et al. (2012). HUDF massive galaxies resemble closer to local galaxies, although their
centers still display a small mass excess, that it is expected to be smoothed/relaxed over time.

Table 3. Stellar mass contained in the residuals

Galaxy name Mass in residuals % of galaxy’s mass
M⊙

HUDF-1 9.72±0.88×108 3.7±0.3
HUDF-2 5.57±0.29×109 8.5±0.5
HUDF-3 2.55±0.20×109 3.2±0.3
HUDF-4 1.21±0.74×109 1.9±1.1
HUDF-5 8.82±0.33×109 5.6±0.2
HUDF-6 1.13±0.20×1010 4.2±0.7
Total - 4.5±0.3

6 SUMMARY AND CONCLUSIONS

We present a comprehensive characterisation of the external
(> 10 kpc) light in the six most massive (Mstellar !5×1010

M⊙) Early-Type Galaxies (ETGs) at z <∼ 1 in the deep-
est HST field, the HUDF. We focused our efforts in the
HUDF12 programme (Ellis et al. 2013; Koekemoer et al.
2013), which data reduction preserves extended low surface
brightness features and at redshifts where the cosmological

dimming is not strong enough ( <∼ 2 mag) to remove the
trails of minor merging.

The faint substructures present in ETGs have not been
profusely studied at intermediate/high redshift due to the
fact that these galaxies show very concentrated surface
brightness profiles and thus their wings or outskirts be-
come very challenging to detect. Therefore, there is a lack of
knowledge to understand whether these outer parts could be
described as galactic haloes, similar to those found in disk
galaxies. Our work is a first attempt to clarify this situation

c⃝ 0000 RAS, MNRAS 000, 000–000

In	
  agreement	
  with	
  
close	
  pairs	
  

espmapons	
  (see	
  
Ferreras	
  et	
  al.	
  2014)	
  



CONCLUSIONS	
  
•  ΛCDM	
  predicts	
  minor	
  and	
  major	
  merging	
  
ubiquous,	
  specially	
  for	
  massive	
  galaxies	
  
– ETGs	
  should	
  grow	
  inside-­‐out	
  

•  Stellar	
  haloes	
  in	
  ETGs…	
  at	
  <z>	
  =	
  0.65!!	
  
•  Smooth	
  surface	
  brightness	
  profiles	
  up	
  to	
  29	
  
mag	
  arcsec-­‐2	
  

•  10-­‐20%	
  mass	
  at	
  10	
  <	
  R	
  <	
  50	
  kpc,	
  as	
  opposed	
  
with	
  late-­‐types	
  (<10%)	
  

•  5%	
  of	
  the	
  galaxy	
  mass	
  in	
  ongoing	
  mergers	
  
STAY	
  TUNED	
  FOR	
  BUITRAGO	
  ET	
  AL.	
  (2015a,b)	
  


