
The	
  Hubble	
  Ultra	
  Deep	
  Field	
  (HUDF)	
  opens	
  up	
  an	
  unique	
  window	
  to	
  witness	
  galaxy	
  assembly	
  at	
  all	
  cosmic	
  distances.	
  Thanks	
  to	
  
its	
  extraordinary	
  depth,	
  it	
  is	
  a	
  privileged	
  tool	
  to	
  beat	
  the	
  cosmological	
  dimming,	
  which	
  affects	
  any	
  extragalacCc	
  observaCons	
  
and	
  has	
  a	
  very	
  strong	
  dependence	
  with	
  redshiD	
  –(1+z)4–.	
  In	
  parCcular,	
  massive	
  (Mstellar>	
  5x1010	
  M☉)	
  Early	
  Type	
  Galaxies	
  (ETGs)	
  
are	
   the	
  most	
   interesCng	
   candidates	
   for	
   these	
   studies,	
   as	
   they	
  must	
   grow	
   in	
   an	
   inside-­‐out	
   fashion	
  developing	
   an	
  extended	
  
stellar	
  envelope/halo	
  that	
  accounts	
  for	
  their	
  remarkable	
  size	
  evoluCon	
  (~5	
  Cmes	
  larger	
  in	
  the	
  nearby	
  Universe	
  than	
  at	
  z=2-­‐3).	
  
To	
  this	
  end	
  we	
  have	
  analysed	
  the	
  6	
  most	
  massive	
  ETGs	
  at	
  z	
  <	
  1	
  in	
  the	
  HUDF12.	
  Because	
  of	
  the	
  careful	
  data	
  reducCon	
  and	
  the	
  
exhausCve	
  treatment	
  of	
  the	
  Point	
  Spread	
  FuncCon	
  (PSF),	
  we	
  are	
  able	
  to	
  trace	
  the	
  galaxy	
  surface	
  brightness	
  profiles	
  up	
  to	
  the	
  
same	
  levels	
  as	
  in	
  the	
  local	
  Universe	
  but	
  at	
  <z>	
  =	
  0.65	
  (31	
  mag	
  arcsec-­‐2	
  in	
  all	
  8	
  HST	
  bands,	
  ~29	
  mag	
  arcsec-­‐2	
  res`rame	
  or	
  beyond	
  
25	
  effecCve	
  radii).	
  This	
   fact	
  enables	
  us	
   to	
   invesCgate	
   the	
  galacCc	
  outskirts	
  or	
   stellar	
  haloes	
  at	
  a	
  previously	
  unexplored	
  era,	
  
characterising	
  their	
  light	
  and	
  mass	
  profiles,	
  colors	
  and	
  for	
  the	
  first	
  Cme	
  the	
  amount	
  of	
  mass	
  in	
  ongoing	
  mergers.	
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Figure 5. The circularized stellar mass density profiles for the Massive Galaxies (MGs) in our sample, comparing them with similar
mass SDSS ETGs and the massive compact galaxies in Szomoru et al. (2012). HUDF massive galaxies show an excess of mass in their
outer parts, opposite to what could be seen for the high-z sample, and closer what was found for local massive ETGs. This evidence
points to the progressive building up of stellar haloes as the link between the two other populations.

and fraction of mass in the outer parts for our six galaxies,
where they approximately follow the Cooper et al.’s ETG
predictions.

Quantitatively, Figure 8 (left side) in Trujillo & Bakos
(2013), Figure 4 in van Dokkum et al. (2014) and Figure 12
in Trujillo & Fliri (2015) show that the haloes of Mstellar

∼ 1010 − 1011 M⊙ late-type galaxies constitute at most
10% of their total light at z = 0. Our small but unique
sample shows that the stellar mass in massive ETG stellar
haloes is larger, of the order of 10-30%. This contrast be-
tween galaxy types must be investigated further (see for in-
stance D’Souza et al. 2014), but makes sense from a ΛCDM
perspective, where the histories of ETGs should be more
merger-dominated than for disky galaxies (Cole et al. 2000;
Croton et al. 2006; Purcell et al. 2007; Ruiz et al. 2015), and
also because ETGs do not have a prominent disk storing a
significant fraction of the galaxy’s baryons.

5.4 Constraining the merger channel for massive
galaxy growth

HUDF12 images provide us for the first time with the pos-
sibility of quantifying how much mass is involved in ongoing
mergers as opposed to traditional close pairs extrapolations.
By fitting a single Sérsic function to the whole galaxy, we
can then subtract this model from each galaxy profile, leav-
ing us with the features that are not described by overall
spheroidal component. This is an approximation, because
we do not know about any potential extra galaxy compo-
nents that could be revealed only by means of kinematic
information.

Making use of the multiwavelength data, it is now
straightforward to convert our residual maps into mass by
using again the Bell et al. (2003) prescriptions, and we
present the results in Figure 8. The patchy pattern arises
from the neighbour galaxy masking. Two massive galaxies,
HUDF-1 and HUDF-2, display large residuals in their cen-
ters and this might be related to unresolved structures such
as inner disks. Nevertheless, it is very interesting to note that
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Figure 7. Fraction of the galaxy stellar mass between 10 and 50 kpc versus the total mass for our sample of six ETGs. Overplotted
are the results for ETGs and late-type galaxies 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
is not exactly at z = 0 (median redshift < z >= 0.65). There is a rough correlation between galaxy mass and the percentage of mass
in the outskirts, following the simulation predictions. Most importantly, 10-30% of ETGs stellar mass is located in their “haloes”, above
the relation for late-type galaxies and in stark contrast with recent results for this kind of objects (Trujillo & Bakos 2013; van Dokkum
et al. 2014; Trujillo & Fliri 2015).

4 and HUDF-6 show comparatively smaller mass in their
residuals than expected. The first one is the most compact
and hence this fact has to do with lack of merging. HUDF-6
is harder to explain but, being the most distant galaxy (z =
1.096), cosmological dimming has a deeper impact than for
the rest of the objects, and thus hiding some extra mass in
undetected features.

6 SUMMARY AND CONCLUSIONS

We present a comprehensive characterisation of the six
most massive (Mstellar ! 5×1010 M⊙) Early-Type Galaxies
(ETGs) at z <∼ 1 in the deepest HST field, the HUDF. We
focused our efforts in the HUDF12 programme (Ellis et al.
2013; Koekemoer et al. 2013), whose data reduction pre-
serves extended low surface brightness features and at red-
shifts where cosmological dimming is not yet strong enough
( <∼ 2 mag) to remove the traces of minor merging.

The substructures present in the outer parts of ETGs,
whose origin is the progressive build-up of these objects via
merging, have not been studied to date at intermediate/high

redshift due to their intrinsic faintness and the very rapidly
growing cosmological dimming, which make these outskirts
very challenging to detect. Therefore, it is not yet known
whether these outer parts could be described as galactic
haloes, similar to those found in disk galaxies. Our work
aims to clarify this situation and investigate how massive
galaxies change their observational properties since z = 1.
A companion paper, Buitrago et al. (2016) in prep., studies
the implications of our study for the size-mass relation of
massive galaxies.

We carefully analysed each galaxy image according to
the recipes in Trujillo & Bakos (2013), fitting up to 4 Sérsic
functions convolved with the PSF in the 8 HST filters avail-
able. In so doing, we are able to remove the PSF distor-
tion in the observed profiles. Our ultradeep dataset reaches
galaxy surface brightness profiles down to 31 mag arcsec−2

(∼29 mag arcsec−2 after correcting by cosmological dim-
ming), which translates into 25 effective radii in distance, or
as far as 100 kpc in some cases at an 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). Our
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Figure 2. Observed surface brightness profiles measured within each of 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 probed 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).

surface brightness profiles with the rest of the fits, as well
as the observational galaxy profiles.

Our PSF choice must not only be accurate but very
extended as well, in order to prevent any red spurious excess
at large radii mimicking the light contribution of a stellar
halo (e.g. Trujillo & Fliri 2015). In theory, we should go as
far as 1.5 times the full galaxy size (Sandin 2014, 2015). Tiny
Tim (Krist 1995) is the only way to build such extended HST
PSFs. Therefore, we created our Tiny Tim simulated stars
by assuming they should extend up to the equivalent size of
200×200 kpc at the median redshift (< z >= 0.65) of our
galaxy sample. This translates into PSF sizes of 500×500
pixels for WFC3 and 1000×1000 pixels for ACS. However,
for ACS images, Tiny Tim cannot retrieve models spanning
such large distances, and thus we content ourselves with the
maximum extent possible for this camera. However, this fact

has very little (if any) impact in our analysis because of the
very small sizes of our passive galaxy sample in the bluest
bands.

We further improved the PSF produced by Tiny Tim
in each band by replacing the core with that of an isolated
non-saturated star at RA=03:32:38.01, DEC=-27:47:41.67
(J2000). This mitigates the effect shown by Bruce et al.
(2012) whereby Tiny Tim underpredicts the PSF flux at
distances greater than 0.5 arcsec. We also rotated these hy-
brid stars in order to match the position of the stellar spikes
in HUDF science image. The chosen stars spectral type is
K4-K5 star (Pirzkal et al. 2005), which is optimal for study-
ing early-type galaxies as the light from both the star and
the galaxies is scattered similarly in brodband filters (La
Barbera et al. 2012).
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LESSONS	
  LEARNED	
  
-­‐  10-­‐30%	
  of	
  the	
  stellar	
  mass	
  for	
  these	
  galaxies	
  is	
  contained	
  at	
  10	
  <	
  R/kpc	
  

<	
  50	
  
-­‐  This	
   is	
   in	
   agreement	
  with	
   simulaCons,	
   and	
   typically	
   2-­‐3x	
  higher	
   than	
  

for	
  late-­‐types	
  
-­‐  The	
   fracCon	
   of	
   stellar	
  mass	
   stored	
   in	
   the	
   outer	
   envelopes/haloes	
   of	
  

Massive	
  Early-­‐Type	
  Galaxies	
   increases	
  with	
  decreasing	
  redshiD,	
  being	
  
28.7%	
  at	
  <z>	
  =	
  0.1,	
  22.6%	
  at	
  <z>	
  =	
  0.65	
  and	
  3.5%	
  at	
  <z>	
  =	
  2	
  

-­‐  1-­‐3%	
   of	
   the	
   galaxy	
   mass	
   is	
   in	
   ongoing	
   mergers	
   in	
   agreement	
   with	
  
minor	
  merging	
  growth	
  

WHAT	
  DO	
  YOU	
  NEED	
  TO	
  GO	
  ULTRADEEP	
  
-­‐  PSF	
  to	
  be	
  known	
  up	
  to	
  1.5x	
  the	
  galaxy	
  size	
  
-­‐  Data	
   reducCon	
   must	
   preserve	
   the	
   low	
  

surface	
  brightness	
  wings	
  of	
  extended	
  sources	
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