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OUTLINE	  &	  WARNINGS	  
Seleccion:	  Mstellar	  >	  1011	  M☉	  (and	  whenever	  
spheroid-‐like	  n	  >	  2.5)	  
	  
Low	  surface	  brightness	  and	  massive	  galaxies…	  
interes2ng	  combina2on	  because	  it’s	  where	  
ΛCDM ac2on	  takes	  place	  
	  
Low-‐z	  first,	  then	  high-‐z	  
	  
ASTRODEEP:	  going	  beyond	  standard	  photometry	  



7.5 8.0 8.5 9.0 9.5 10.0 10.5 11.0 11.5 12.0
Stellar mass

0

100

200

300

400

500
GAMA	  	  
z	  <0.06	  
Baldry+12	  

log	  

20%	  of	  
stellar	  
mass	  in	  
local	  Univ	  
is	  M*>1011	  

M☉	  

50%	  in	  
M*>5x1010	  

M☉	  

Bezanson+09,	  
Hopkins+09	  



EVO
LU

TIO
N
	  O
F	  M

ASSIVE	  GALAXIES	  (Buitrago	  et	  al.	  2013)	  

12 F. Buitrago et al.

0 1 2 3
Redshift

0.0

0.2

0.4

0.6

0.8

1.0

Fr
ac

tio
n 

of
 m

as
si

ve
 g

al
ax

ie
s

SDSS POWIR GNS A)

0 1 2 3

DISK-LIKE GALAXIES

SPHEROID-LIKE GALAXIES

0 1 2 3
Redshift

0.0

0.2

0.4

0.6

0.8

1.0

Fr
ac

tio
n 

of
 m

as
si

ve
 g

al
ax

ie
s

SDSS POWIR GNS B)

0 1 2 3

LATE-TYPE GALAXIES

EARLY-TYPE GALAXIES

PECULIAR GALAXIES

0 1 2 3
Redshift

-5

-4

-3

N
um

be
r d

en
si

tie
s 

(d
ex

 M
pc

-3
)

D)

0 1 2 3

ALL GALAXIES
EARLY-TYPE GALAXIES

LATE-TYPE GALAXIES
PECULIAR GALAXIES

0 1 2 3
Redshift

-5

-4

-3

N
um

be
r d

en
si

tie
s 

(d
ex

 M
pc

-3
)

C)

0 1 2 3

ALL GALAXIES
SPHEROID-LIKE GALAXIES

DISK-LIKE GALAXIES

Figure 6. Panel A): Fraction of massive (M∗ ! 1011h−2
70 M⊙) galaxies showing disk-like surface brightness profiles (n < 2.5) and

spheroid-like ones (n > 2.5) as a function of redshift. Different color backgrounds indicate the redshift range expanded for each survey:
SDSS, POWIR/DEEP2 and GNS. Error bars are estimated following a binomial distribution. Sérsic indices are corrected based on our
simulations (Trujillo et al. 2007 and Appendix A in the present paper). B): Same as Panel A) but segregating the massive galaxies
according to their visual morphological classification. Blue color represents late type (S) objects and red early type (E+S0) galaxies,
while peculiar (ongoing mergers and irregulars) galaxies are tagged in green. Panel C): Comoving number density evolution of massive
galaxies splitted depending on the Sérsic index value. The solid black line corresponds to the total number densities (the sum
of the different components), with yellow and orange contours indicating 1σ and 3σ uncertainties in their calculation.
Panel D): Same as panel C) but segregating the massive galaxies according to their visual morphological type.

cals are well described with large Sérsic indices due to their
bright outer envelopes. These wings, however, seem to dis-
appear at higher and higher redshifts (see Table 2 or Figure
3) just leaving the inner (core) region of the massive galax-
ies (Bezanzon et al. 2009; Hopkins et al. 2009; van Dokkum
et al. 2010; Carrasco, Conselice & Trujillo 2010). The dis-
appearance of these outer envelopes is also connected with
the dramatic size evolution reported in previous works (see
e.g. Trujillo et al. 2007; Buitrago et al. 2008; Van Dokkum
et al. 2010; Trujillo, Ferreras & De la Rosa 2011; McLure
et al. 2012). Consequently, it is not only that the typical
morphology of the massive galaxy population is changing

with redshift, but also that there is a progressive build-up
of their outer envelopes, making the morphological evolution
appears more dramatic when we use the Sérsic index instead
of the visual classification as a morphological segregator.

An open question is whether we are witnessing
the progressive development of bulges with redshift.
There are many indications which tell us this evo-
lution is taking place. For instance Azzollini, Beck-
man & Trujillo (2009) investigated the luminosity
profiles of massive (M∗ > 1010M⊙ in this case) disks
at 0 < z < 1. Their data showed a combination of
cuspier and brighter surface brightness profiles for
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SÉRSIC	  INDEX	   VISUAL	  MORPHOLOGY	  

n	  <	  2.5	  

n	  >	  2.5	  

(see	  also	  
Van	  der	  
Wel+11,	  
Bruce+12)	  

CONFIRMED	  BY	  3D	  
SPECTROSCOPY	  
(Buitrago+14)	  

n	  =	  2.66	  

n	  =	  5.49	  



OUR	  SAMPLE	  

•  10	  massive	  galaxies	  with	  zspec~1.4	  (from	  DEEP2)	  
•  Selected	  solely	  by	  stellar	  mass	  &	  EW[OII]>	  15	  Å	  
•  Observed	  with	  SINFONI@VLT	  (1.5	  h	  per	  object)	  
•  H-‐band	  for	  mapping	  Hα	  emission	  
•  Objec2ves	  

•  Caveats	  

4 F. Buitrago et al.

Figure 1. Mass-redshift relation for the DEEP2 spectroscopic
sample. Our massive galaxies are highlighted by the red squares.
Our study is an attempt to characterise the high redshift high
mass population of this spectroscopic survey.
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Figure 2. Stacked DEEP2 spectra for the massive galaxies in our
sample around the [OII]λ3727 emission line wavelength. Detect-
ing this emission line in these massive galaxies at z ∼ 1.4 indicates
they are not devoid of star formation (Weiner et al. 2007, Noeske
et al. 2007) and makes them interesting candidates for 3D spec-
troscopy investigations given their high stellar mass.

sky emission lines – based on the atlas from Rousselot et al.
(2000) – which would potentially hamper our results. The
spectral resolution (R ∼ 3000) allows us to disentangle sky
emission lines close to our target.

Our observational strategy was the so-called ‘butter-
fly pattern’ or ‘on-source dithering’, by which the galaxy is
set in two opposite corners of the detector to remove sky
background using contiguous frames in time. Several galax-
ies in our sample (POWIR4, POWIR5 and POWIR7) could

only be observed half of their nominal integration time (1h
30min). Even in these cases, exquisite SINFONI sensitivity
permitted us to detect the emission from all our objects. Im-
ages were dithered by 0.3” in order to minimize instrumen-
tal artefacts when the individual observations were aligned
and combined together. PSF and telluric stars were also ob-
served along with each galaxy for calibration purposes. Mea-
sured PSFs are listed in Table 1, for a mean seeing of 0.56′′

throughout our observations.

2.2 Data reduction & observed kinematic maps

We have used the ESO-SINFONI pipeline version 2.5.0
(Modigliani et al. 2007, Mirny et al. 2010) to reduce our
data. In brief, this pipeline subtracts sky emission lines
(using algorithms by Davies et al. 2007), corrects the im-
age using darks and flat-fields, spectrally calibrates each
individual observation and reconstructs all the information
into a final datacube. The recipe used for this purpose was
sinfo rec jitter, which was fed exclusively with the mas-
ter files provided by ESO. All of these processes were per-
formed separately for each individual exposure. Afterwards
the two datacubes were combined into a single one by us-
ing the recipe sinfo utl cube combine. We always used the
pipeline parameter product-density = 3 (which retrieves the
most detailed possible outputs), objnod-scales sky = true (to
perform a subtraction of the median value at each wave-
length and thus remove the sky more efficiently) and sky-

cor.rot cor = true (to remove the contribution of any rota-
tional OH transitions).

The final datacube was spatially smoothed using a sub-
seeing Gaussian core (FWHM=2 pixels) to increase the
Signal-to-Noise Ratio (SNR) without affecting our data in-
terpretation. We analysed this datacube with IDL routines
we constructed. Basically, we located the Hα line in each
spaxel according to the known spectroscopic redshift of the
target galaxy, and then fit a Gaussian profile, taking into
account the sky spectrum weighting its contribution with
the help of the routines mpfit and mpfitfun (Markwardt
et al. 2009). Radial velocity maps were computed using the
relativistic velocity addition law:

Vspaxel =
(zspaxel − zcen)

1 + zcen
c

where zspaxel and zcen are the redshifts for a given spaxel
and for the kinematic centre of the galaxy, respectively.

From the Hα line width, we computed velocity disper-
sion maps, subtracting the instrumental broadening, mea-
sured from sky lines. In addition, we obtained Hα and [NII]
λ6583Å line flux maps. The SNR per spaxel was calculated
in the following manner: the signal was the intensity of the
Hα line, and the noise was the standard deviation of the
residual spectrum, with both signal and noise weighted by
the sky contribution around the Hαwavelength. A contin-
uum map was also constructed with the spectral information
in the range 1.5 − 1.7µm, i.e., in all the H-band except its
borders, where the information was noisier. We fit a linear
function to the galaxy spectrum in this wavelength range
in order to account for the existence of continuum emission
and its possible variation within this wavelength range. Our
continuum maps show the integral of the fitted mathemati-

-‐Spectroscopic	  confirma2on	  of	  the	  photometric	  scenario	  
(galaxy	  kinema2cs)	  
-‐Spa2al	  informa2on	  gives	  insight	  on	  the	  mass	  assembly	  
(galaxy	  mergers)	  

-‐Emission	  comes	  from	  ionized	  gas	  not	  from	  the	  stars	  (but	  not	  bad	  
agreement	  if	  the	  system	  is	  relaxed,	  i.e.,	  Förster-‐Schreiber+2011)	  
-‐Is	  our	  sample	  biased	  towards	  star-‐forming	  objects?	  Certain	  SFR	  is	  not	  
unusual	  (Pérez-‐González+08,	  Cava+10)	  and	  our	  equivalent	  widths	  are	  
as	  expected	  (in	  HiZELS	  –Sobral+11–	  or	  in	  3D-‐HST	  –Fumagalli+12–)	  

Buitrago	  et	  al.	  (2014)	  



Bell	  &	  De	  Jong	  
(2001)	  z=0	  

Cresci	  et	  al.	  
(2009)	  	  
z~2.2	  
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Figure 4. Maximum rotational velocity inferred from our modelling versus the 1/error2 velocity dispersion after correcting it for beam
smearing. Numbers depict each one of the massive galaxies from our sample, whereas the violet triangles come from the MASSIV sample
(Epinat et al. 2012) and the green squares from the SINS sample (Förster-Schreiber et al. 2009). Note that, for these latter objects, error
bars are asymmetric. We also attach the histogram of the Vmax/σ of our massive galaxies with and without the addition of the massive
galaxies in other samples (dashed or solid histogram respectively). For all these massive galaxies we find that Vmax/σ > 1, as they lay
above the 1:1 solid line, with most of them showing ratios 3−5 which corroborates their gravitational support. The fact that SINS and
MASSIV objects lay in the upper part of this plot is further evidence that these systems are more disk-like.

dynamical status of massive galaxies at high redshift, where
the information is not so detailed as in the local Universe.
This is a completely separate method for obtaining informa-
tion on the nature of these galaxies beyond imaging. This
comparison is shown in Figure 4 where we use the maximum
rotational velocity from our models, and the 1/error2 veloc-
ity dispersion for our sample. We supplemented this infor-
mation with SINFONI data from published massive galax-
ies with modelling information available, from the MAS-
SIV survey (galaxies VVDS140258511 and VVDS220584167
from Contini et al. 2012, Epinat et al. 2012) and the SINS
samples (galaxies Q2343-BX610, D3a-6004,D3a-6397, D3a-
15504 from Förster-Schreiber et al. 2009).

As can be seen, all the galaxies in these samples exhibit
Vmax/σ > 1, in most cases with values larger than 3. We
construct as well the histogram of the data shown in Figure
4. The dashed part corresponds to the galaxies that are not
part of our sample. Although the number statistics are poor,
all the massive galaxies plotted show rotational velocities ex-
ceeding their computed central velocity dispersions, in most

cases by a large factor. Interestingly, the objects from the
SINS and MASSIV surveys have Vmax/σ ratios which are
on average larger than our values. One possible explanation
is that, as these objects are selected by their star-formation,
they are potentially even more rotationally dominated than
our sample. This is another piece of evidence that several
massive galaxies in our sample have settled down by z ∼ 1.4,
and are developing a possible bulge component, as suggested
by the anisotry plot.

3.3 Dynamical masses

Our integral field spectroscopy results may also be used to
explore the dark matter content in our sample. To achieve
this aim we computed dynamical masses combining the in-
formation coming from the rotational velocity and the ve-
locity dispersion maps using the formula (from Epinat et al.
2009)

Mdyn = Mθ +Mσ =
V 2
maxRlast
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Fig. 1.— The neighborhood of NGC1277 as seen by the HST F625W filter. The left panel shows the two closest galaxies whose light
contaminate NGC1277. The right panel shows NGC1277 after the subtraction of the contaminant light. The results indicates that NGC1277
is rather symmetric with no distortions neither bright tidal streams surrounding it.

minor (dry) merging (van Dokkum et al. 2010). This ac-
creted stellar mass is mainly deposited in the outer region
of the galaxies without feeding with new gas the central
SMBH. For this reason, if NGC1277 had followed the
normal growth path expected for this type of galaxies,
it would ended having a more ”normal” SMBH. If this
picture is correct, it seems reasonable to suggest that
the SMBHs (at least for the most massive galaxies) were
formed together with the bulk of the stars of their host
galaxies in a very fast collapse at high-z. After that, the
SMBHs have remained unchanged in mass while the mass
of the host galaxies have continued growing by successive
merging.
Another interesting issue to discuss about NGC1277

are its dynamics as well as its morphological shape.
Visually, NGC1277 has been classified as a pecu-
liar S0 (Corwin et al. 1994). In fact, its elongated
shape resembles such morphology. However, the de-
tailed structural decomposition of this galaxy done by
van den Bosch et al. (2012) failed to fit this galaxy with
a Sérsic n=4 bulge and an exponential outer disk. We
think this galaxy is, in fact, morphologically peculiar
and with not obvious counterparts with other present-
day galaxies. It is worth noting also that the enlo-
gated shape of NGC1277 is a characteristic that shares
with the massive compact galaxies found at high-z

(e.g. van der Wel et al. 2011; Buitrago et al. 2013) and
the young massive compact galaxies found at z∼0.15
(Trujillo et al. 2012). Finally, in relation to the dynam-
ics of NGC1277 it is worth mentioning the high cen-
tral velocity dispersion (>300 km/s) as well as its fast
rotation (∼300 km/s) measured along its major axis
(van den Bosch et al. 2012). To go further in the dynam-
ical analysis, and also to address better the true morphol-
ogy of NGC1277, is necessary to explore the dynamics of
this object with 3D spectroscopy. At this moment, with
the information along the major axis, we can only spec-
ulate. If this galaxy was in fact formed in a very fast
event, we can think that the dynamics of its most inner
region could resemble the turbulent and chaotic motions
of the shocks of enormous cold flows triggering the star
formation in its center. Its fast rotation also could be
related to the compact structure of NGC1277, which did
that the gas angular momentum at the moment of the
collapse transformed into such high rotational velocity
for its stars.
Finally, one could ask why it has been so difficult to

find a massive compact relic galaxy in our closest Uni-
verse. If the theoretical predictions by Quilis & Trujillo
(2013) are correct, one would expect to find only a sin-
gle relic galaxy every 106 Mpc3. It turns out that this
number is very close to the volume enclosed by a sphere

NGC1277	  @	  73	  Mpc	  
re=1.2	  kpc,	  Mstellar=1.2x1011	  M☉	  
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Figure 3 | Line-of-sight stellar kinematics of NGC 1277. The stellar kinemat-
ics as observed with the Marcario Low Resolution Spectrograph11 on the Hobby-
Eberly Telescope, shown with the 1� error bars, were measured25 at 31 locations
along the major axis of NGC 1277 (See SI.). Panels a,b,c and d, from top to bot-
tom, show the mean velocity, velocity dispersion, and higher-order Gauss-Hermite
velocity moments26 h3 and h4, representing skewness and kurtosis, respectively.
The kinematics show a remarkably flat rotation curve and a dispersion profile that
strongly peaks toward the center. The best-fit Schwarszchild model (black line)
has a 17 ⇥ 109 M� black hole. The relation between black-hole mass and host
luminosity predicts a 108 M� black hole, but the corresponding model (red dot-
dashed line) does not fit the data at all. The telescope resolution (seeing 1.600

FWHM) is indicated in panel b and is sufficient to resolve the Sphere-of-Influence
of the black hole.
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Object Distance �c Re,K Luminosity ✏
(Mpc) (km s�1) (kpc) log(LK ) (1 � b/a)

(1) (2) (3) (4) (5)
ARK90 131 392±4 1.6 11.2 0.7
NGC1270 69 393±3 1.8 11.2 0.8
NGC1277 73 403±4 1.6 11.1 0.5
UGC1859 82 362±4 2.0 11.2 0.6
UGC2698 89 397±3 2.7 11.4 0.7
MRK1216 94 354±4 1.9 11.2 0.6

Table 1 | Global properties of the six compact, high-dispersion galaxies. The
six galaxies presented here were observed with the Marcario Low Resolution
Spectrograph11 on the Hobby-Eberly Telescope as part of a large survey program.
We targeted galaxies from the Two Micron All Sky Survey (2MASS) extended
source catalog27 that are expected to have the largest Sphere-of-Influence. Our
predictions of the Sphere-of-Influence assume that the galaxies follow the rela-
tion between black-hole mass and host galaxy velocity dispersion1. For those
2MASS galaxies without a velocity dispersion value from the literature, we used
an estimate based on the Fundamental Plane relation between galaxy size, surface
brightness and velocity dispersion28. See the SI for for more information on the
survey. The columns show the near-infrared properties (1) Distance from Hub-
ble flow. (2) Stellar velocity dispersion extracted from a central aperture. (3,4,5)
2MASS27 half-light radius, total luminosity and apparent ellipticity.
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Expected number of massive galaxy relics in the present-day Universe 3

Fig. 2.— Left panel: redshift evolution of the ratio of the relic galaxies to the total number of massive galaxies. The three different
lines represent the three considered models. Coloured areas, orange (orange-red) show galaxies that have increased their masses less than
a 10% (30%) since z ∼ 2. Right panel: redshift evolution of the comoving number density of relic galaxies. The lines and colour shaded
areas stand as for the right panel. The red and blue arrow show the observational upper limits from Trujillo et al. (2009) and Taylor et al.
(2010), respectively. The green point display the observational data from Poggianti et al. (2013).

TABLE 1
Fractions and number densities of the present-day massive galaxy relics

∆M∗/M∗ DeLucia et al. (2007) Guo et al. (2011) Guo et al. (2013) Average
(since z=2)

nrelics/ntotal at z ∼ 0
<10% 0.0038 0.001 0.0006 0.0018
<30% 0.016 0.006 0.005 0.009

Number density (Mpc−3)
<10% 2.7×10−6 5.8×10−7 2.6×10−7 1.2×10−6

<30% 1.2×10−5 3.2×10−6 2.0×10−6 5.7×10−6

sive galaxies as cosmic time increases. No substantial
differences appear between the three models. At all red-
shifts, De Lucia & Blaizot (2007) model produces ratios
of relic galaxies slightly higher than the other two mod-
els. As in Fig 1, we distinguish between two samples,
those massive galaxies that have increased their relative
stellar masses less than a 10% and those others with a
relative mass increment less than a 30%. For the shake of
completeness, we include the observational upper limits
from Trujillo et al. (2009) and Taylor et al. (2010), and

the observational data from Poggianti et al. (2013) 2.
The nowadays ratios of relic galaxies to total number

of galaxies and the present-day number densities for the
three different considered catalogues are summarized in
Table 1.

4. DISCUSSION

As mention in the Introduction, to have an accurate
estimation of the expected number density of massive

2 The number densities from Trujillo et al. (2009), Taylor et al.
(2010) and Poggianti et al. (2013) are computed assuming a stan-
dar cosmology: Ωm = 0.3, ΩΛ = 0.7, and H0 = 70 kms−1Mpc−1.

NGC1277: a massive compact relic galaxy in the nearby Universe 7

Fig. 3.— Spectral energy distribution of NGC1277 at different radial distances. The spectra are shown in arbitrary units, with the flux
normalized per unit wavelength and shifted for clarity. The position of several relevant absorption lines are indicated with vertical lines.
The bottom panels show the SFHs derived with STARLIGHT at different radial distances. This represents the fraction of mass created at
each epoch.

8 I. Trujillo et al.

Fig. 4.— Age, metallicity and α/Fe profiles of NGC1277. The
figure shows the mean mass-weighted age and total metallicity de-
rived using STARLIGHT. An independent measured of the metallicity
and α/Fe was obtained from an indices analysis. The profiles show
a small change of the stellar population properties of this relic
galaxy across its structure out to 3Re. It seems that the entire
galaxy was formed in a unique, very fast event, which produced
the high α/Fe abundances.

Trujillo+14	  
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Fig. 1.— Stacked SEDs for MQGs at 0.9<z<1.5 in GOODS-N. Left: stack for the low-mass sample, composed by 42 galaxies with
1010.5<M⋆/M⊙<1011.0 (<M⋆>=1010.6 M⊙) and 0.91<z<1.49 (<z>=1.12). Right: stack for the high-mass sample, composed by 7
galaxies with 1011.0<M⋆/M⊙<1011.5 (<M⋆>=1011.2 M⊙) and 0.94<z<1.25 (<z>=1.09). For both samples, we show the complete UV-
to-NIR stack (top), and a zoom over the spectral region covered by the WFC3 G141 grism observations (bottom). The stacked SEDs have
been normalized to the average TiO2 continuum flux. On the complete SEDs, we plot the data for individual galaxies (gray dots) and
the average fluxes in bins of 20 photometric data points (orange), including 2σ bars. Black lines show best-fitting SSP models (BC03,
Kroupa IMF, Calzetti et al. (2000) attenuation law), whose main parameters are given in the legend. We also provide 5”×5” RGB postage
stamps for representative examples of the samples. The zoomed-in SEDs show the stacked (gray) and smoothed (orange) grism spectra
(using 10 and 20 Å bins, respectively), and their SNR. Black lines show best-fitting MIUSCAT SSP models defined by the quoted ages,
extinctions and IMF slopes. The shaded region marks the TiO2 spectral feature (blue), and other interesting IMF-sensitive indices (green;
La Barbera et al. 2013; Spiniello et al. 2014).

than star-forming galaxies and are sufficiently well rep-
resented by a single stellar population (SSP) model (see,
e.g., Whitaker et al. 2013).
MQGs at 0.9<z<1.5 were selected with two crite-

ria: (1) the UV J diagram complemented with (MIPS,
PACS and SPIRE) fluxes in the MIR/FIR; and (2)
a sSFR vs. stellar mass plot. Briefly, we worked
with the mass (IRAC) selected sample presented in
Pérez-González et al. (2008). From this work, we took
the spectral energy distributions (SEDs), stellar popu-
lation, and dust emission models for all IRAC sources
in GOODS-N. Those SEDs were complemented with
medium-band optical photometry from the Survey for

High-z Absorption Red and Dead Sources, SHARDS
(Pérez-González et al. 2013). The broad- and medium-
band photometry was fitted with a variety of stellar
population models to obtain photometric redshifts, stel-
lar masses, SFRs, and rest-frame synthetic colors (see
Barro et al. 2011a,b). Thanks to the ultra-deep medium-
band data from SHARDS, the quality of our photometric
redshifts is excellent: the median ∆z/(1+z) is 0.0067 for
the 2650 sources with I<25 (Pérez-González et al. 2014,
in prep; see also Ferreras et al. 2013b). SFRs were cal-
culated for all galaxies using various dust emission tem-
plates and the Spitzer-MIPS and Herschel-PACS/SPIRE
fluxes, jointly with UV-based measurements for non-
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Figure 4. Radial IMF slope profiles for the low- and high-mass
galaxies, NGC4387 and NGC4552, respectively. The IMF slope,
Γb, is inferred by a detailed analysis of gravity-sensitive features
in the galaxy spectra, at different galactocentric distances. The
fraction of low-mass stars (M<0.5M⊙) with respect to the total
stellar mass is shown in the right vertical axis. The massive ETG
(yellow) shows a significant IMF slope variation with radius. The
less-massive system, NGC4387, shows a rather flat IMF radial
profile. Our measurements reveal that the enhanced population
of dwarf stars (i.e. a higher Γb) in massive galaxies is confined to
the central regions.

low M<0.5M⊙, whereas for the outermost radial bin, this
ratio decreases down to ∼ 50%. For the low-mass galaxy,
NGC 4387, stars with M<0.5M⊙ account for a roughly con-
stant 56% of the total stellar mass at all radii.

4.4 The near-infrared Na I doublet radial
behaviour

The near-infrared Na I doublet, at λ ∼8200 Å is a promi-
nent feature in the atmospheres of low-mass dwarves,
and it has been used, along with the Wing-Ford FeH
band at (λ ∼9900 Å), to derive a significant excess of
low-mass stars in the central regions of massive ETGs
(van Dokkum & Conroy 2010). Unfortunately, for all the
three galaxies analysed here, the NaI 8190 index is signifi-
cantly contaminated by telluric absorption. No telluric stan-
dard is available to obtain a reliable correction, hampering
the study of this line. However, since the relative absorption
of flux is virtually the same at all radial positions for each
galaxy, telluric absorption should not affect the amount of
radial variation of the NaI 8190 EWs, with only a constant
shift in their absolute values. Since this statement is only
exactly true in case of no radial rotational velocity, we have
tested it directly by constructing a telluric absorption model
for each galaxy. For this purpose, we have used the ratio be-
tween a two-SSP model and the observed spectrum in the
innermost radial bin (around the Na feature), to correct the
spectra at each radial position (i.e. each row of the two-
dimensional spectrum of the galaxy, before correcting the

single-row spectra for radial rotation, Fig. 1). For each ra-
dial bin, 1D spectra are then re-extracted, and the NaI 8190
re-measured, as for the case of no telluric correction. The
observed gradients of NaI 8190 are found to change by only
a few hundredths of Å among the corrected and uncorrected
spectra, for all three galaxies.

In Fig. 5, the radial gradients of NaI 8190 are shown
for the low- and high-mass galaxies, with a constant shift
arbitrarily applied to each galaxy, to match the IMF slope
derived from the other indices in the outermost radial bins.
The shifts are +0.2, −0.2, and −0.5 Å for NGC4387 (empty
circles), NGC4552 (filled circles), and NGC5557 (crosses),
respectively. Remarkably, for the low-mass ETG, no radial
gradient in NaI8190 is detected, while a strong decrease is
observed with galactocentric distance for both high-mass
galaxies. The amount of variation is −0.8 Å and −0.9 Å for
NGC5557 and NGC4552, respectively. As shown by the
grids in the Figure, only a small amount of the variation
(−0.2 Å and −0.3 Å , respectively) can be explained by the
metallicity gradients of NGC5557 and NGC4552.

Since Na features are mainly sensitive to IMF slope and
[Na/Fe], one may speculate that the remaining amount of
gradient, δ(NaI8190) ∼ −0.6 Å, in both galaxies, might be
attributed to a radial variation of [Na/Fe]. However, such
an explanation would be inconsistent with the following
facts: (i) based on the expected sensitivity of NaI8190 to
[Na/Fe] (see LB13), one would need an abundance gradi-
ent as high as ∆[Na/Fe]∼ −1.2 dex to explain the observed
δ(NaI8190). This would imply a radial variation of ∼4 Å
in the optical NaD index, while for both NGC 4552 and
NGC 5557, the maximum allowed radial variation of NaD
from our data (after removing the amount of change due to
metallicity, age, and [α/Fe], and testing for possible system-
atics due to telluric absorption and air-glow contamination)
is less than ∼1 Å; (ii) the NaI 8190 index is expected to
decrease with [α/Fe], whereas our high-mass galaxies have
both high [α/Fe] in their centre, and a very high NaI 8190
line-strength. In conclusion, the radial gradients of Na fea-
tures, for both high-mass galaxies, also point to a significant
radial variation of their stellar IMF, with an excess of low-
mass stars in the central regions, and a standard, Milky Way
Kroupa-like, IMF outwards.

5 ROBUSTNESS OF INFERRED IMF
GRADIENTS

To prove the robustness of our results, we have performed
a battery of tests, varying the procedure to infer the IMF
slope. These tests are described in the following.

Age estimate: This is one of the main uncertainties in
the IMF determination, as most IMF-sensitive spectral in-
dices are sensitive to age. Besides including the Ca2 index
in the analysis (which is sensitive to IMF, but not to age),
we have addressed the age estimate issue as follows. (i) We
have tested the effect of more complex star formation his-
tories (than a single SSP), estimating the age from spectral
fitting with two-SSP models. (ii) As a further, extreme, test,
we have also calculated the radial IMF profiles by neglect-
ing completely the age constraint from spectral fitting, i.e.
repeating the fits by removing the first term in the right-
hand side of Eq. 1. (iii) We have tested the impact of our
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of our sample, we use the age determinations from the
SED fitting.
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Fig. 3.— χ2 values in the IMF slope vs. age plane for the low-
mass (top) and the high-mass (bottom) samples. Darker tones
indicate more probable SSP solutions. The solid and dashed red
lines enclose the 1- and 2-σ probability contours. The dashed cyan
regions mark the age range inferred from SED fitting (1.0±0.2 Gyr
and 1.7±0.3 Gyr for the low- and high-mass stacks, respectively).
The combination of the TiO2 index measurements and the stel-
lar ages indicates that the IMF of massive quiescent galaxies at
z∼1 is bottom-heavy (in comparison with a Kroupa IMF). For the
low-mass galaxies, degeneracies are larger and the IMF slope de-
termination is significantly more uncertain.

For the high-mass sample, Figure 3 shows that our age
determination of 1.7±0.3 Gyr combined with the TiO2
index measurements strongly suggest that the IMF of
M⋆!1011 M⊙ MQGs at z∼1 is bottom-heavy. The IMF
slope is Γb=3.2±0.2, very similar to that measured for
present-day early-type galaxies (La Barbera et al. 2013;
Spiniello et al. 2014). For the low-mass stack, consider-
ing a typical age of 1.0±0.2 Gyr, we find that the IMF
is flatter: Γb = 2.7+0.3

−0.4. The uncertainty in this case is
larger, mainly because the degeneracies between age and
IMF increase for younger ages and flatter IMFs. Fur-
thermore, low-mass galaxies tend to have more extended
SFHs (Thomas et al. 2005) and therefore, their SED may
be less well represented by a single SSP. Note also that
the departure from a SSP is expected to become larger
if galaxies are observed closer to their formation age. In
addition, at lower stellar masses the nature of galaxies
becomes more heterogeneous, increasing the likelihood
of having systems following different evolutionary tracks
(e.g., disks and spheroids with different assembly histo-
ries maybe affecting the IMF).

Two main caveats should be considered before further
interpreting our data: the effect of α-element enhance-
ment and metallicity. Our fits do not account for non-
solar α-elements abundances. Massive galaxies exhibit
an enhanced fraction of α-elements compared to the so-
lar neighborhood, commonly interpreted as an imprint
of a fast formation process (Thomas et al. 2005). For a
1-2 Gyr old population, an overabundance of ∼1 dex in
[Ti/Fe] would be needed to mimic the effect of a Γb=3.2
IMF (Thomas et al. 2011). However, La Barbera et al.
(2013) found an excess of only ∼0.2 dex in [Ti/Fe] for
massive galaxies in the nearby Universe. Therefore, un-
less the situation is totally different at high-z (but see
Choi et al. 2014), our TiO2 measurement is unlikely to be
explained with a standard IMF plus a non-solar [Ti/Fe]
abundance. The second caveat relates to the fact that
we have used models with fixed solar metallicity. The
effect of the metallicity on the TiO2 line is very weak
but not null. In this sense, we find steeper IMFs when
assuming larger metallicities. However, neither our SED
fits, nor z∼1 massive galaxies (La Barbera et al. 2013)
suggest a strong departure from solar metallicity. Thus,
our claim of a bottom-heavy IMF in massive galaxies at
z∼1 is robust against an underestimation of the actual
metallicity.
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Fig. 4.— IMF slope vs. velocity dispersion for MQGs at
z∼1, compared to the relation found for present-day ETGs
(Ferreras et al. 2013a) and a Kroupa (2001) IMF. The inset ex-
plicitly shows the differences among all these IMFs.

In a more qualitative way, in Figure 4 we compare our
results with the IMF slope vs. velocity dispersion rela-
tion found in the nearby Universe (Ferreras et al. 2013a).
We have translated our stellar mass scale to velocity dis-
persion using individual measurements for our galaxies
and statistical properties for samples at the same red-
shift and selected in similar way. Based on measurements
found in the literature (mainly in van de Sande et al.
2013; Belli et al. 2014) we obtain an average velocity
dispersion of 252 ± 10 km s−1 and 208 ± 8 km s−1 for
our high- and low-mass stacks, respectively. In addition,
individual velocity dispersions have been measured for
two galaxies contributing to our low-mass stacked spec-
trum (Newman et al. 2010). The mass of one of these
galaxies is M⋆=1010.6 M⊙ and its velocity dispersion
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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 irac160707 and irac161317) and other asymmetries. It is also
striking the presence of so many likely satellites, which may well better contribute to the size increase of the massive objects via minor
merging.

we thought they were the most representative of the total
stellar component in our galaxy sample. The ellipse widths
were 0.5 kpc in the central 2 kpc, and from there 2 kpc in
order to reduce the photometric errors. In those annuli, we
performed a 3σ clipped mean for determining the surface
brightness profiles using the formula:

SB = −2.5log(F ) + zp+ 5log(pixsize)

where SB is the surface brightness luminosity profile, F the
3σ clipped mean flux, zp the zeropoint of the image and the
final term correspond to the pixel size of our images.

We show our derived observed surface brightness pro-
files in Figure 2. It is noteworthy that the various galaxies in
our sample extent to different galactocentric distances and
that none of them have signs of abrupt truncation even at
the faint levels explored. Every galaxy is more extended and
more luminous in the redder bands as expected for passive
ETGs. For some of the objects, we reach 10-12 arcsec in the
H-band, which is comparable to local Universe very deep ob-

servations (Kormendy et al. 2009; Tal & van Dokkum 2011)
but this time at a median redshift z∼0.65.

2.3 The effect of the PSF in the surface
brightness profiles

The characteristic Point Spread Function (PSF) of our im-
ages accounts not only for the spatial resolution we can
achieve but also dictates how the light coming from our
target galaxy is scattered. Hence, taking into account its
contribution we will be able to infer more realistically struc-
tural parameters, and in a future study age and metallicity
gradients for the underlying stellar populations in our sam-
ple. To carry out this task, we used GALFIT (Peng et al.
2002, 2010). This program convolves Sérsic (1968) r1/n 2D
models with the PSF of the images and determines the best
fit by comparing the convolved model with the observed
galaxy surface brightness distribution using a Levenberg-
Marquardt algorithm to minimise the χ2 of the fit.

For our study, then, obtaining the least residuals and
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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).

the best χ2 has a capital importance. To this end, we masked
pixels fainter than our limit of 31 mag arcsec−2, in order not
to increase artificially the residuals and the χ2 values in our
fits because of adding sky dominated regions not belonging
to the galaxies in our sample. 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 concluded
that HST PSF deconvolutions should be done using natu-
ral stars instead of Tiny Tim (Krist 1995) generated PSFs,
as the Tiny Tim model underpredicts the PSF flux at dis-
tances 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 A1 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 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 profiles (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 components of spi-
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Figure 5. Comparison of the observed H-band surface brightness profiles for the HUDF12, XDF and CANDELS surveys. 1σ errors
are displayed by thickening the profiles. Overplotted are the PSF-convolved four Sérsic fits and Van der Wel single Sérsic profiles. The
circularised effective radii for HUDF12 and CANDELS are represented by the coloured dashed lines, while the black line indicates our 31
mag arcsec−2 limit. For the two less extended cases (irac160002 and irac160271) the three estimations are in good agreement. For the rest
of the cases, only HUDF12 is able to retrieve the extended stellar envelopes, because of the way its data reduction was performed (look at
the sharp drop in the yellow and red profiles where the surface brightness shape is strongly affected even at intermediate galactocentric
distances of about 40 kpc).

J033237.19274608.1). In that paper, the authors claimed a
cD nature for this object based on its extended envelope (as
seen in HUDF09 data) and the fact that it resides in a galaxy
overdensity (Salimbeni et al. 2009). Both the reported stellar
mass (log M/M⊙ = 11.48 ± 0.08) and size (re = 5.19 kpc)
are similar to ours (log M/M⊙ = 11.43 ± 0.03; re = 4.62 ±
0.24 kpc). Another interesting information for this massive
galaxy is its large velocity dispersion (σ = 324 ± 32 km s−1

in van der Wel et al. 2005) and its confirmed passive nature
(weak [OII] emission and Hδ absorption). The authors also
carried out a comprehensive analysis of the surface bright-
ness of the galaxy’s outer parts, arguing about such large
envelopes are found only in cD galaxies. The fact that this
galaxy is placed close to the mean value of the size-mass
relation at its redshift (see Section 4.2) and the ubiquity

of extended envelopes in our HUDF12 imaging suggest we
cannot define this object as an ETG outlier, which is the
definition for a cD galaxy.

4.2 The impact on the mass-size relation

We show in the Fig. 7 the circularized effective radii and
masses for our galaxy sample. As a reference, we overplot
the local size-mass relation for several surveys: SDSS (red
line; Shen et al. 2003), CANDELS (pink line; van der Wel
et al. 2014) and GAMA (purple line; joining the information
in Taylor et al. 2011; Kelvin et al. 2012). These relations
are inferred for spheroid-like objects (n > 2.5), z-band rest-
frame and using a Chabrier IMF. Owing to the fact that
SDSS masses are based on Petrosian instead of total mag-

c⃝ 0000 RAS, MNRAS 000, 000–000
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Figure 7. Mass-size relation for our sample of massive ETGs. The sizes are parametrized by circularized effective radii in the z-band
restframe. Overplotted is the local mass-size relation in SDSS, GAMA and CANDELS surveys for spheroid-like galaxies (red, violet and
pink lines, respectively). Dashed lines correspond to mass-size relations at higher z: the SDSS relation Shen et al. (2003) shifted at z
= 0.65 according to Buitrago et al. (2008) and the determination at < z >=0.75 in van der Wel et al. (2014). The coloured symbols
stand for the distinct postage stamp circularized sizes for our PSF-deconvolved models, being the black asterisks the points inferred at
the maximum distance explored in this paper (400 kpc). Irrespective of the stamp size, we always deal with the best determination of
the galaxy surface brightness, i.e., the four-component Sérsic profile. Our derived effective radii saturate with model size, which assures
us that the global effective radii for our multi-Sérsic component fits are accurate. Violet circles are the published results for the same
galaxies in CANDELS using single Sérsic fits van der Wel et al. (2012); Skelton et al. (2014), while green circles are drawn from these
two papers as well, and they represent their spectroscopic confirmed companions in GOODS-SOUTH. It is noteworthy that both masses
and radii for the shallower and deeper data are in qualitative agreement, despite the fact that the former do not detect the whole low
surface brightness envelope around massive galaxies. This is an evidence for the correctness of previously reported size-mass relations.

(2013). Summarizing, all these corrections ensure that we
compare like with like in this diagram.

We also show two extra dashed lines denoting the ex-
pected results at higher redshift. The pink corresponds to
the next redshift bin in CANDELS < z >=0.75 (van der
Wel et al. 2014) and the red is the SDSS local mass-size re-
lation shifted to z = 0.65 (the median redshift of our sample)
using the recipes in Buitrago et al. (2008).

Ideally, we would like to know how representative our
sample is in the context of the overall ETG population. How-
ever, we are limited by our reduced number statistics. It is to
note that 5 massive galaxies are found at a similar redshift,
coincident or close to the overdensity identified in Salimbeni

et al. (2009) at z =0.66. Because of being in the same red-
shift slice and having a similar mass, their different observa-
tional properties are an indication of distinct galaxy assem-
bly histories and therefore we are likely witnessing massive
galaxies at various stages in their evolution. To complete our
view, we show (green circles) the GOODS SOUTH massive
ETGs (n > 2.5) galaxies with 0.6 < zspec < 0.7 with struc-
tural parameters in the z-band restframe (observed J-band)
from van der Wel et al. (2012). The purple circles denote
our galaxy sample results for those shallower observations.
Interestingly, the circularized sizes are very similar in both
surveys, with a small offset in mass as reported in Section
2.1.
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Figure 5. Size-stellar mass distribution of late- and early-type galaxies (same symbols as in Figure 2). A typical 1� error bar for individual
objects in the higher-redshift bins is shown in the bottom-right panel. The lines indicate model fits to the early- and late-type galaxies as
described in §3.1. The dashed lines, which are identical in each panel, represent the model fits to the galaxies at redshifts 0 < z < 0.5.
The solid lines represent fits to the higher-redshift samples. The mass ranges used in the fits are indicated by the extent of the lines in the
horizontal direction. Strong evolution in the intercept of the size-mass relation is seen for early-type galaxies; moderate evolution for the
late-type galaxies (also see Figure 6. There is no significant evidence for evolution in the slope (also see Figure 6). The parameters of the
fits shown here are given in Table 1.

of 0.15 dex in m⇤ is included in our analysis by treating
it as an additional source of uncertainty in R

e↵

: for a
size-mass relation with a given slope, an o↵set in m⇤
translates into an o↵set in R

e↵

. Hence, the calculation
of P stays 1-dimensional. The fiducial slopes we use to
convert � logR

e↵

into �m⇤ are ↵ = 0.7 for early-type
galaxies and ↵ = 0.2 for late-type galaxies.
We also take into account the mis-classification of

early- and late-type galaxies. Despite the bimodal distri-
bution in the color-color diagram (§2.4; Figure 1) there
are galaxies in the region between the star-forming and
quiescent sequences, making their classification rather ar-
bitrary, causing cross-contamination of the two classes
(also see Holden et al. 2012). Motivated by this work,
we take this mis-classification probability to be 10%. We
will comment on the e↵ects of varying this parameter
below, when we describe the fitting results.
The mis-classification probability precisely corre-

sponds to the early- and late-type contamination frac-
tions in a sample in case the two sub-samples have equal
numbers of galaxies. The actual contamination fraction
scales with the early-/late-type fraction, which depends
on galaxy mass and redshift. The evolution of the stellar
mass function for the two types is described by Muzzin
et al. (2013), which we use here to compute this ratio.
We also allow for 1% of outliers: these are objects that
are not part of the galaxy population, for example, catas-
trophic redshift estimates or misclassified stars. Finally,

in order to avoid being dominated by the large number of
low-mass galaxies, we also assign a weight to each galaxy
which is inversely proportional to the number density.
This ensures that each mass range carries equal weight
in the fit. The number density is taken from the Muzzin
et al. (2013) mass functions.
Then, we compute the total likelihood for a set of six

model parameters (intercept A, slope ↵, and intrinsic
scatter �

logReff
, each for both types of galaxies):

L

ET

=
X

ln
h
W ·

⇣
(1�C) ·P

ET

+C ·P
LT

+0.01
⌘i

(5)

for early-type galaxies, and

L

LT

=
X

ln
h
W ·

⇣
(1�C) ·P

LT

+C ·P
ET

+0.01
⌘i

(6)

for late-type galaxies, where W is the weight and C is
the contamination fraction, both of which are a function
of redshift and mass. The best-fitting parameters are
identified by finding the model with the maximum total
likelihood, L = L

ET

+ L

LT

.
For the late types we fit all galaxies with M⇤ >

3⇥ 109 M�; this limit provides a good dynamic range of
two orders of magnitude in mass, and exceeds the mass
limit of our sample up to z = 2.5 (Figure 2). For the
early types we fit all galaxies with M⇤ > 2⇥1010 M�, so
that we avoid the clearly flatter part of the size-mass dis-
tribution at lower masses (see §3.2). This cut-o↵ exceeds

van der Wel et al. 9

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.

Constant	  
sca@er	  
interpreted	  
as	  puffing-‐up	  
scenario	  not	  
consistent	  
with	  the	  data	  
(Trujillo+11)	  
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Figure 9. Same as Figure 8, but using a logarithmic x-axis.

Using the same parametrization as in that plot, which was
the ratio of the median sizes of galaxies in our sample with
respect to the sizes of local counterparts, we built the black
histograms in Figures 8 and 9 using the only comparable
observations (but again shallower) to ours: CANDELS. To
increase the statistics, we took Mstellar > 1010 M⊙ objects
at 0.6 < z < 0.7 in all CANDELS fields with Sérsic index
n > 2.5.

The top row plots only the objects having spectroscopic
redshifts, while the bottom row is bad on photometric red-
shifts. Each column is based on a different mass-size local
relation (SDSS, GAMA and CANDELS at < z >=0.25).
Basically, what we have done is taking each object’s mass,
compute its local size and divide its actual size by that num-
ber. For the sake of consistency, sizes are in z-band restframe
and circularized and we corrected the masses in Skelton et al.
(2014) to match ours (-0.136 dex). We also overplot the local
relations (coloured distributions) to give the reader a flavour
of what it is expected at z = 0. SDSS and CANDELS distri-
butions were inferred for Mstellar = 1011 M⊙. GAMA does

not provide with the width of the distribution, and thus
we joined the publicly available masses and sizes in Taylor
et al. (2011) and Kelvin et al. (2012), for the objects with
masses 8×1010 < Mstellar/M⊙ < 1.2×1011. We also add ver-
tical lines with the results for the 5 massive HUDF12 ETGs
at < z >=0.65.

As the GAMA mass-size relation is less steeper than
SDSS in Figure 7, more objects show a ratio smaller than
one in the black histograms, and thus GAMA median values
of the histograms are smaller as well: 1.11 vs 0.92 (SDSS and
GAMA spectroscopic sample) and 1.08 vs 0.86 (SDSS and
GAMA photometric sample). The vertical lines correspond-
ing to our HUDF ETG sample are spread at both sides of
the median value, perhaps strangely missing its probability
peak. Consequently, both by looking at our sample in the
mass-size figure and these histograms, it is hard to justify
any further growth in size for our massive galaxy sample.
Because of their closeness to the local mass-size relation,
these objects will not end up as anomalously big galaxies,
reinforcing the idea that our set of massive galaxies are not

c⃝ 0000 RAS, MNRAS 000, 000–000
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Figure 11. Percentage in mass of the stellar halo versus the total mass for the galaxies in our sample. In the background, we display
the simulations in Cooper et al. (2013), splitting the galaxies between early (fuchsia line) and late (blue line) types according to their
bulge-to-mass ratio (greater or smaller than 0.9 respectively). 1- and 3-σ contours show the statistical uncertainties. It is noteworthy
to state that these simulations do not speak about halo mass but accreted mass, although this is the closest proxy we can draw from
simulations (van Dokkum et al. 2014). At the bottom, we overplot the results for the Milky Way and M31. However, these data help
us understanding whether the mass enclosed in our haloes is expected from a theoretical point of view. A rescaling will provide a very
good matching with our observational data. There is also a hint about, regardless of the mass, the importance of the stellar halo (in
percentage of mass) for ETGs is higher than for disk galaxies.

4, and they are not far from our rough calculation, support-
ing the likely pure merging evolution for the objects in our
sample. It is also reassuring the fact that, if we added up
the missing mass in the map “holes”, we could reproduce
well this ∼5%. However, irac159343 and irac160707 have
slightly larger values because of their ongoing merging pro-
cesses. The mass in irac161317’s halo is abnormally small
because its WFC3 image is cut by the end of the camera’s
field of view. Finally, there is only a single galaxy with a
remarkable distinct value, irac160271, 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 & CONCLUSIONS

We present observations 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 rendition (Ellis et al. 2013; Koeke-
moer et al. 2013), which is optimized both for very high-z
detections and for the observation of extended low surface
brightness features such as the galaxy stellar haloes at low
redshift.

Our final motivation was to obtain as deep and high
spatial resolution surface brightness profiles as current tech-
nology allow us, and at redshifts were cosmological dimming
is not yet much of an issue. This is key to unveil how impor-
tant the longstanding claim about the missed low surface
brightness component affects our understanding of the sizes
and outskirts of massive ETGs. To this end, we carefully
masked and analysed the surface brightness profiles of each
individual massive galaxy fitting up to four Sérsic functions
in the eight HST filters available. Our aim was removing
the PSF distortion, improving the accuracy of our derived
structural parameters and observational errors.

Our ultradeep images reach galaxy surface brightness
profiles down to 31 mag arcsec−2 (∼29 arcsec−2 after cor-
recting by cosmological dimming). This is the threshold for
finding tidal features at z≃1, according to the calculations
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Figure 12. 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 sutbracting 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 4 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 fan of stars in irac160707 or the shells in irac161317.
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Figure 8. From left to right, from top to bottom: galaxy mass profiles and the percentages 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 4. Mass in residuals

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

irac160002 9.72e+08 3.7
irac160251 1.13e+10 4.2
irac160707 8.82e+09 5.6
irac161317 2.55e+09 3.2
irac159343 5.57e+09 8.5
irac160271 1.21e+09 1.9

tive mass contributions in the diverse constituents of the
galaxies’ residuals. Owing to the deep surface brightness
levels reached (∼29 mag arcsec−2), these stellar haloes no
longer look like mere diffuse components but their bright-
est features become visible. There are some cosmetic effects
present such as the uncertainty in the PSF peak and some
inner disk residuals for irac160002 and irac159343. We high-
light the tidal tails in irac160707 and irac161317, although

the total mass involved is not much in comparison with
the other galaxy’s components. The reader could also dis-
tinguish some spurious light surrounding some masked ob-
jects, and several minor objects (some of them truly small)
that were hidden beneath the massive galaxy outer surface
brightness wings.

c⃝ 0000 RAS, MNRAS 000, 000–000
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Age	  &	  metallicity	  gradients	  from	  
photometry	  

g-‐	  r	   g-‐	  r	  

i-‐J
	  

r-‐
z	  

with	  the	  help	  of	  Mireia	  Montes	  



OBJECTIVES	  
•  Best	  photometry	  ever	  
•  Double	  Sérsic	  decomposi2ons	  (and	  bulge	  +	  disk)	  
•  Photometric	  masses,	  redshi�s	  &	  SEDs	  
•  	  IRAC	  DECONFUSION	  ALGORITHM	  

K-‐band	  
modelling	  

R_e,	  Sérsic	  
index,	  ar,	  pa	  

IRAC	  
normaliza2on	  

2.2	  μm	   3.6	  &	  4.5	  μm	   Free	  mag	  &	  x,y	  

www.astrodeep.eu	  





my	  problems	  with…	  ASTRODEEP	  

•  -‐>	  Deliverables:	  document	  about	  analysis	  of	  
S.B.	  fi�ng	  codes	  (both	  parametric	  and	  not)	  

•  When	  signal-‐to-‐noise	  (quan2fy)	  permits	  it,	  a	  
double	  Sérsic	  is	  a	  be@er	  descrip2on	  of	  the	  
data	  –>	  It	  should	  always	  be	  the	  case	  –>	  No,	  
GALFIT	  fits	  elongated	  objects	  when	  it	  is	  not	  
able	  to	  fall	  in	  a	  space	  parameter	  minimum	  
SOLUTION:	  Fits	  “a	  la	  Bruce+14”	  (take	  as	  good	  double	  fits	  those	  for	  which	  
none	  of	  the	  components	  is	  less	  than	  10%	  in	  flux)	  +	  remove	  clearly	  wrong	  
axis	  ra2os	  (those	  smaller	  than	  0.01).	  All	  the	  rest	  of	  the	  models	  should	  be	  

modelled	  as	  single	  Sérsic	  func2ons.	  

Apart	  from	  the	  typical:	  objects	  close	  to	  stars	  or	  very	  bright	  neighbours,	  
SExtrac2ng	  properly	  ALL	  the	  objects	  in	  the	  image,	  spirals,	  2dal	  tails	  and	  the	  like	  



NEXT	  CHALLENGE:	  HUBBLE	  FRONTIER	  FIELDS	  PROGRAMME	  

Parametric	  analyses	  of	  the	  galaxies’	  surface	  brightness	  are	  specially	  suited	  for	  dealing	  with	  
overcrowded	  images:	  why	  not	  adding	  this	  capability	  to	  TPHOT?	  Merlin	  et	  al.	  (2015)	  in	  prepara2on	  
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Figure 2.
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MASS-‐SIZE	  RELATION	  FOR	  MASSIVE	  GALAXIES	  UP	  TO	  
Z=4.5	  USING	  THE	  DEEPEST	  K-‐BAND	  SURVEY	  -‐	  HUGS	  
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Figure 59: 119293
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Buitrago,	  Targett	  et	  al.	  2015	  in	  prep.	  



SIZE	  EVOLUTION	  –	  MASSIVE	  –	  OPT.	  RESTFRAME	  
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•  Size-‐mass	  rela2on	  is	  an	  AVERAGE	  rela2on	  
•  Galaxies	  do	  not	  shrink	  
•  Should	  local	  mass-‐size	  rela2ons	  be	  corrected	  
because	  shallower	  data?	  Apparently	  not,	  if	  using	  
Sersic	  fits	  magnitudes	  as	  GAMA	  (sizes	  &	  masses)	  

•  What’s	  the	  right	  combina2on	  of	  minor	  &	  major	  
merging?	  

•  How	  to	  dis2nguish	  at	  high-‐z	  between	  clumps,	  
merging	  and	  dust	  effects?	  

VERY	  INCOMPLETE	  SELECTION	  OF	  IDEAS	  THAT	  
HAVE	  TO	  DO	  WITH	  THIS	  TALK	  



TAKE	  AWAY	  	  
FROM	  

	  MASSIVE	  GALAXIES	  

Many	  interes2ng	  lessons:	  
new	  paths	  in	  galaxy	  evolu2on,	  IMF	  change,	  
how	  is	  it	  possible	  to	  form	  such	  galaxies,	  
feedback,	  low	  surface	  brightness	  assembly,	  
old	  galaxies	  in	  the	  dawn	  of	  the	  Universe,	  …	  

Huge	  spheroids	  

Compact	  disks	  

•  Observa2onal	  Cosmology:	  constraining	  ΛCDM	  	  
•  Once	  we	  have	  access	  to	  the	  low	  surface	  brightness	  (up	  to	  100	  kpc	  or	  

>25	  re)	  size-‐mass	  rel.	  is	  accurate	  
•  CANDELS	  spheroids@z=0.65	  no	  need	  for	  size	  evolu2on	  
•  Preliminar	  analysis	  shows	  extended/interac2ng	  and	  compact	  massive	  

galaxies	  up	  to	  z=4.5	  
•  Is	  at	  1<z<3	  where	  evolu2on	  takes	  place	  for	  massive	  galaxies?	  

Fernando	  Buitrago	  –	  Tokyo	  –	  Feb.	  2015	  


