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Fig. 1 Role of feedback in modifying the galaxy luminosity function
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2 are the electromagnetic and gravitational fine structure con-
stants. For a cooling function ⇤(T ) / T

�
, over the relevant temperature range (105 � 107 K), one can

take � ⇡ �1/2 for a low metallicity plasma (Gnat & Sternberg, 2007). The result is that one finds a
characteristic galactic halo mass, in terms of fundamental constants, to be of order 1012M� (Silk, 1977).
The inferred value of the mass-to-light ratio M/L is similar to that observed for L⇤ galaxies. This is a
success for theory: dissipation provides a key ingredient in understanding the stellar masses of galaxies,
at least for the “typical” galaxy. The characteristic galactic mass is understood by the requirement that
cooling within a dynamical time is a necessary condition for efficient star formation (Fig. 1).

However, the naı̈ve assumption that stellar mass follows halo mass, leads to too many small galax-
ies, too many big galaxies in the nearby universe, too few massive galaxies at high redshift, and too
many baryons within the galaxy halos. In addition there are structural problems: for example, massive
galaxies with thin disks and/or without bulges are missing, and the concentration and cuspiness of cold
dark matter is found to be excessive in barred galaxies and in dwarfs. The resolution to all of these
difficulties must lie in feedback. There are various flavors of feedback that span the range of processes
including reionization at very high redshift, supernova (SN) explosions, tidal stripping and input from
active galactic nuclei (AGN). All of these effects no doubt have a role, but we shall see that what is
missing is a robust theory of star formation as well as adequate numerical resolution to properly model
the interactions between baryons, dynamics and dark matter.

2.2 Star formation rate and efficiency

In addressing star-forming galaxies, the problem reduces to our fundamental ignorance of star formation.
Phenomenology is used to address this gap in our knowledge. Massive star feedback in giant molecular
clouds, the seat of most galactic star formation, implies a star formation efficiency (SFE), defined as star
formation rate (SFR) divided by the ratio of gas mass to dynamical or disk rotation time, of around 2%.
This is also found to be true globally in the Milky Way (MW) disk.

Remarkably, a similar SFE is found in nearby star-forming disk galaxies. Indeed, SFRs per unit area
in disk galaxies, both near and far, can be described by a simple law, with SFE being the controlling
parameter (Silk, 1997; Elmegreen, 1997):

SFE =
SFR⇥DYNAMICALTIME

GASMASS
⇡ 0.02. (1)
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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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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
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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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empirical analysis of Sloan Digital Sky Survey galaxies - I. Spectral synthesis
method. Mon. Not. R. Astron. Soc. 358, 363–378 (2005). ADS.

22. van Dokkum, P. G. et al. Confirmation of the Remarkable Compactness of Massive
Quiescent Galaxies at z ⇠ 2.3: Early-Type Galaxies Did not Form in a Simple
Monolithic Collapse. Astrophys. J. 677, L5–L8 (2008). ADS.

23. van Dokkum, P. G., Kriek, M. & Franx, M. A high stellar velocity dispersion for a
compact massive galaxy at redshift z = 2.186. Nature 460, 717–719 (2009). ADS.

24. van der Wel, A. et al. The Majority of Compact Massive Galaxies at z ⇠ 2 are Disk
Dominated. Astrophys. J. 730, 38 (2011). ADS.

25. Cappellari, M. & Emsellem, E. Parametric Recovery of Line-of-Sight Velocity
Distributions from Absorption-Line Spectra of Galaxies via Penalized Likelihood.
Pubbl. Astron. Soc. Pacific 116, 138–147 (2004). ADS.

26. van der Marel, R. P. & Franx, M. A new method for the identification of non-Gaussian
line profiles in elliptical galaxies. Astrophys. J. 407, 525–539 (1993). ADS.

27. Jarrett, T. H. et al. 2MASS Extended Source Catalog: Overview and Algorithms.
Astron. J. 119, 2498–2531 (2000). ADS.

28. Pahre, M. A., Djorgovski, S. G. & de Carvalho, R. R. Near-Infrared Imaging of
Early-Type Galaxies. III. The Near-Infrared Fundamental Plane. Astron. J. 116,
1591–1605 (1998). ADS.

Acknowledgements KG and JW are supported by the National Science
Foundation (NSF-0908639, AST-1102845). KGü acknowledges support pro-
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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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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-
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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 8. The black histograms are the percentage of spheroid-like (n > 2.5) massive (Mstellar > 1010 M⊙) galaxies in all CANDELS
fields at 0.6 < zspec < 0.7. The x-axis is the ratio between the galaxies’ effective radii divided by the effective radii of their local Universe
counterparts, according to SDSS, GAMA and the lowest redshift bin (< z >=0.25) published for CANDELS (left, middle and right
columns respectively). The rows refer to using objects with spectroscopic (top) or photometric (bottom) redshifts. As a reference, we
also plot the size distributions for the local Universe for Mstellar = 1011 M⊙ galaxies (GAMA and CANDELS; red and pink lines). In
GAMA, as the width of the distribution is not available, we plot the distribution of sizes for objects with masses 8×1010 < Mstellar <
1.2×1011. The vertical coloured lines stand for the galaxies within our HUDF sample. Apparently, all galaxies in the same redshift slide
as our HUDF massive sample are fairly consistent with their expected z = 0 size, implying that most of the size evolution for massive
galaxies should occur at z > 0.7.

at every distance step in order to understand at the same
time these potential source of error. The total increase in
size and mass between the 60×60 and 400×400 kpc images
are 21% and 13% on average, respectively, which is only
a moderate amount. It is also noticeable that the sizes in-
crease asymptoticly and the stellar mass saturates with the
analysed stamp size. This behaviour assures us about the
consistency of our analysis.

When taking into account the galaxy’s full extent,
three galaxies in our sample (irac160002, irac159343 and
irac160707) reach the local size-mass relation locus. Only
irac160251 and the small irac160271 lay 1.25- and 1.6-σ away
from the SDSS relationship. Another galaxy (irac160271) re-

mains compact. The CANDELS < z >=0.75 relation seems
also compatible with our data points. However, due to the
small volume sampled by this survey at z < 1 (and hence
the lack of massive galaxies) we do not believe that the pink
lines are accurate for Mstellar 1011 M⊙ objects.

Leaving aside of the discussion the galaxy at z = 1.1
(irac160251), the fact that only a single galaxy clearly depart
from the local relations cast shadows into the size evolution
for ETGs at z < 1. This is not a new concern. For instance,
Buitrago et al. (2008) Fig. 2 indicates an overestimation of
size evolution for the two lowest redshift bins of the spheroid
like objects when fitting them along with their higher red-
shift data points (see also Huertas-Company et al. 2013).
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NEXT	
  CHALLENGE:	
  HUBBLE	
  FRONTIER	
  FIELDS	
  PROGRAMME	
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  surface	
  brightness	
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  dealing	
  with	
  
overcrowded	
  images:	
  why	
  not	
  adding	
  this	
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  to	
  TPHOT?	
  Merlin	
  et	
  al.	
  (2015)	
  in	
  prepara2on	
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•  Observa2onal	
  Cosmology:	
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  rel.	
  is	
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•  CANDELS	
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  no	
  need	
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  evolu2on	
  
•  Preliminar	
  analysis	
  shows	
  extended/interac2ng	
  and	
  compact	
  massive	
  

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