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Figure 5. Size-stellar mass distribution of late- and early-type galaxies (same symbols as in Figure 2). A typical 1σ 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 Section 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 and moderate evolution
is seen 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.

because of our conservative sample selection (see Section

2.4) we are not biased against faint, large objects.

The uncertainty in size, δ logReff , is computed as out-

lined by van der Wel et al. (2012). A random uncertainty

of 0.15 dex in m∗ is included in our analysis by treating

it as an additional source of uncertainty in Reff : for a

size-mass relation with a given slope, an offset in m∗
translates into an offset in Reff . Hence, the calculation

of P stays one-dimensional. The fiducial slopes we use

to convert δ logReff into δm∗ are α = 0.7 for early-type

galaxies and α = 0.2 for late-type galaxies.

We also take into account the misclassification of early-

and late-type galaxies. Despite the bimodal distribution

in the color-color diagram (Section 2.4; Figure 1), there

are galaxies in the region between the star-forming and

quiescent sequences, making their classification rather

arbitrary and causing cross-contamination of the two

classes (also see Holden et al. 2012). Motivated by this

work, we take this misclassification probability to be

10%. We will comment on the effects of varying this

parameter below, when we describe the fitting results.

The misclassification probability precisely corresponds

to the early- and late-type contamination fractions in a

sample in cases where the two sub-samples have an equal

number of galaxies. The actual contamination fraction

scales with the early-, and late-type fractions, which de-

pend 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,

catastrophic redshift estimates or misclassified stars. Fi-

nally, in order to avoid being dominated by the large

number of low-mass galaxies, we also assign a weight to

each galaxy thatq 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 α, and intrinsic

scatter σlogReff , each for both types of galaxies):

LET =

�
ln

�
W ·

�
(1−C) ·PET +C ·PLT+0.01

��
(5)

for early-type galaxies, and

LLT =

�
ln

�
W ·

�
(1−C) ·PLT +C ·PET +0.01

��
(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 = LET + LLT.

For the late types, we fit all galaxies with M∗ > 3 ×
10

9 M⊙; this limit provides a good dynamic range of

two orders of magnitude in mass and exceeds the mass
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Figure 5. Size-stellar mass distribution of late- and early-type galaxies (same symbols as in Figure 2). A typical 1σ 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 Section 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 and moderate evolution
is seen 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.

because of our conservative sample selection (see Section

2.4) we are not biased against faint, large objects.

The uncertainty in size, δ logReff , is computed as out-

lined by van der Wel et al. (2012). A random uncertainty

of 0.15 dex in m∗ is included in our analysis by treating

it as an additional source of uncertainty in Reff : for a

size-mass relation with a given slope, an offset in m∗
translates into an offset in Reff . Hence, the calculation

of P stays one-dimensional. The fiducial slopes we use

to convert δ logReff into δm∗ are α = 0.7 for early-type
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and late-type galaxies. Despite the bimodal distribution

in the color-color diagram (Section 2.4; Figure 1), there

are galaxies in the region between the star-forming and

quiescent sequences, making their classification rather

arbitrary and causing cross-contamination of the two

classes (also see Holden et al. 2012). Motivated by this

work, we take this misclassification probability to be

10%. We will comment on the effects of varying this

parameter below, when we describe the fitting results.

The misclassification probability precisely corresponds

to the early- and late-type contamination fractions in a

sample in cases where the two sub-samples have an equal

number of galaxies. The actual contamination fraction

scales with the early-, and late-type fractions, which de-

pend 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,

catastrophic redshift estimates or misclassified stars. Fi-

nally, in order to avoid being dominated by the large

number of low-mass galaxies, we also assign a weight to

each galaxy thatq 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 α, and intrinsic

scatter σlogReff , each for both types of galaxies):

LET =
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ln

�
W ·
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(1−C) ·PET +C ·PLT+0.01
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(5)

for early-type galaxies, and

LLT =

�
ln

�
W ·
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(1−C) ·PLT +C ·PET +0.01

��
(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 = LET + LLT.

For the late types, we fit all galaxies with M∗ > 3 ×
10

9 M⊙; this limit provides a good dynamic range of

two orders of magnitude in mass and exceeds the mass
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Figure 6. Parameterized 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 5×10
10 M⊙. Strong evolution is seen for high-mass

early-type galaxies and moderate evolution is seen 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∗ = 5×10
10 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)βz as indi-

cated on the y-axis. The residuals from the best-fitting (1 + z)βz

law indicate that parameterizing the evolution as a function of the

Hubble parameter (Reff ∝ h(z)βH ) may provide a more accurate

description of the late-type galaxies. See Section 3.2 for further

discussion.

limit of our sample up to z = 2.5 (Figure 2). For the

early types, we fit all galaxies with M∗ > 2 × 10
10

M⊙,
so that we avoid the clearly flatter part of the size-mass

distribution at lower masses (see Section 3.2). This cutoff
exceeds 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 parameter-

ized as a function of (1 + z). While this is intuitively

appealing because of our familiarity with the cosmolog-

ical 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 Λ 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 z ∼ 2 this

is H(z) ∝ (1 + z)
1.4

.

For this reason it is reasonable to parameterize 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

results are also given in Table 1. The H(z)
βH param-

eterization is marginally preferred by the data over the

(1 + z)
βz parameterization, as is more clearly illustrated

in Figure 7, where we show the residuals. In addition

to the statistical limitations, we note that these resid-

uals are of the same magnitude as the systematic un-

certainties in the size measurements and color gradient

corrections (Section 2.5). A more thorough comparison

with size evolution of larger samples at z < 1 with size

measurements at visual wavelengths 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 × 10
10

M⊙) early-type galaxies. Here we

confirm that result (middle panel, Figure 6) and find a

slope of Reff ∝ M
0.75

at all redshifts. This slope is some-

what steeper than measured by Shen et al. (2003) for

present-day early-type galaxies. Differences in sample

selection (star-formation activity versue concentration)
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No. 2, 2009 EVIDENCE FOR INSIDE-OUT GROWTH OF ELLIPTICALS 1293

Figure 2. Relative properties of nearby and z ∼ 2.3 galaxies. The panels show the relations between size and mass (a), density within the effective radius and
density within 1 kpc (b), density within the effective radius and mass (c), and density within 1 kpc and mass (d). Open symbols are nearby galaxies, solid circles are
high-redshift compact galaxies from vD08. The light gray points are nearby galaxies with masses < 1011 M", i.e., lower than the high-z compact galaxies. The arrows
begin at mean values of high-redshift samples and show predictions from simple models for the evolution of the compact galaxies: blue arrows show the direction
of evolution due to equal-mass mergers, green arrows for minor mergers, and red arrows for the expansion model. Simple expansion or minor mergers can bring the
distant galaxies close to the scaling relations defined by nearby galaxies, but equal-mass mergers do not produce galaxies of the right size.

less extreme in the central regions of the galaxies. The nearby
sample shows opposite trends with mass in (c) and (d): the
density within the effective radius decreases with increasing
mass (reflecting the slope of the mass – radius relation), but the
density within 1 kpc grows with increasing mass. Interestingly,
the central densities of the high-redshift compact galaxies are
very similar to those of nearby elliptical galaxies with masses
! 5 × 1011 M".

The trends in Figure 2 are consistent with models in which
the compact galaxies make up the centers of present-day giant
ellipticals. Such inside-out formation scenarios are not new, and
have been explored by, e.g., Loeb & Peebles (2003), Bournaud
et al. (2007), Naab et al. (2007), and Hopkins et al. (2009). The
idea is that a compact core is formed through highly dissipative
processes at z ! 3 (see, e.g., Robertson et al. 2006a; Dekel et al.
2009), which then grows through increasingly dissipationless
mergers at lower redshift. Independently, Franx et al. (2008)
argue that galaxy growth is mostly inside-out, based both on the
regular evolution of the stellar mass–radius relation, and on the
fact that star-forming galaxies are larger than non-star-forming
galaxies of the same mass.

4. PREDICTIONS FROM SIMPLE MODELS

As discussed in Section 1, various models have been proposed
to explain the apparent growth of massive galaxies since z ∼ 2.5.

Here we discuss three possible simple models in the context of
the relations shown in Figure 2: equal-mass mergers, minor
mergers and expansion at fixed mass. We investigate the effects
of these models in Figure 2 with arrows. The starting point of the
arrows is always the mean of the high-redshift compact galaxies,
and they all imply a growth in effective radius of a factor of 5.
We emphasize that we look to constrain the dominant mode of
galaxy evolution; while individual galaxies in the sample will
likely be affected by all of the processes discussed below, we
focus on the overall trends in the larger context of the sample of
galaxies.

4.1. Model 1: Growth via Equal-Mass Mergers

In this model, the growth is driven by (near-) equal-mass
mergers. These mergers will not only increase the size of the
galaxies, but also their mass. Applying straightforward virial
arguments implies

K1+2 = K1 + K2, (6)

with K1+2 the kinetic energy of the remnant and K1, K2 the
kinetic energy of the progenitors. With K = 1

2Mσ 2 we have

1
2
M1+2σ

2
1+2 = 1

2
M1σ

2
1 +

1
2
M2σ

2
2 , (7)

Bezanson+09
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Figure 2. Relative properties of nearby and z ∼ 2.3 galaxies. The panels show the relations between size and mass (a), density within the effective radius and
density within 1 kpc (b), density within the effective radius and mass (c), and density within 1 kpc and mass (d). Open symbols are nearby galaxies, solid circles are
high-redshift compact galaxies from vD08. The light gray points are nearby galaxies with masses < 1011 M", i.e., lower than the high-z compact galaxies. The arrows
begin at mean values of high-redshift samples and show predictions from simple models for the evolution of the compact galaxies: blue arrows show the direction
of evolution due to equal-mass mergers, green arrows for minor mergers, and red arrows for the expansion model. Simple expansion or minor mergers can bring the
distant galaxies close to the scaling relations defined by nearby galaxies, but equal-mass mergers do not produce galaxies of the right size.
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Figure 8. Evolution in the radius–mass plane. Our data are consistent with
measurements for individual galaxies of the same masses and redshifts in the
FIREWORKS CDF-South survey of Wuyts et al. (2008) and Franx et al. (2008)
(open circles). Our z = 0 point from the OBEY survey (Tal et al. 2009) is
consistent with data from Virgo ellipticals by Kormendy et al. (2009) and a
recent determination of the mass–size relation in the SDSS (Guo et al. 2009).
The evolution in effective radius is stronger than in mass: the solid line is a fit of
the form re ∝ M2.04. The dashed line is the expected evolution of the effective
radius for inside-out growth, calculated using Equation (7) and the measured
value of the Sersic index n at each redshift.
(A color version of this figure is available in the online journal.)

particularly the definition of total mass (Equation (2)), leads
to subtle and redshift-dependent correlations of the errors. The
inset in Figure 7 shows individual measurements of re and n
from the bootstrapped stacks. Correlations exist but they are not
sufficiently large to influence our results. The lines are fits to
the data of the form

re = 13.2 × (1 + z)−1.27 (4)

and
n = 6.0 × (1 + z)−0.95. (5)

The formal errors in these relations are small and the scatter in
the residuals is small: 0.029 in log re and 0.015 in log n. Together
with Equations (1) and (2), these expressions provide a complete
description of the evolution of the stellar mass in galaxies with
a number density of 2 × 10−4 Mpc−3, as a function of redshift
and radius.

The evolution in the effective radius is a factor of ∼4,
whereas the mass evolves by a factor of ∼2. The evolution
in the familiar radius–mass diagram (see, e.g., Trujillo et al.
2007) is shown in Figure 8. The solid line is a fit to the
OBEY and NMBS data; the slope implies that re ∝ M2.04.
In addition to the OBEY data, we show the mass–size rela-
tion for massive early-type galaxies from Guo et al. (2009;
Sloan Digital Sky Survey, hereafter SDSS) and the average
of four Virgo ellipticals from Kormendy et al. (2009; see
Appendix D). The z = 0 data are in good agreement with each
other and also with an extrapolation of the NMBS data to lower
redshift. Open circles show the median sizes of galaxies in the
GOODS CDF-South field, as determined by the FIREWORKS

Figure 9. Comparison of the mass contained within a fixed radius of 5 kpc (red
curve) to the mass at larger radii (blue curve), as a function of redshift. Error
bars are 95% confidence limits derived from bootstrapping. The total mass is
shown in black. Galaxies with number density n = 2 × 10−4 Mpc−3 have a
nearly constant mass in the central regions. The factor of ≈2 increase in total
mass since z = 2 is driven by the addition of stars at radii >5 kpc.
(A color version of this figure is available in the online journal.)

survey (Wuyts et al. 2008; Franx et al. 2008). The CDF-South
is a much smaller field (by a factor of >10), but the imaging
data is of very high quality (see Franx et al. 2008). The CDF-
South data are in excellent agreement with our results, although
we note that the uncertainties are large as there are only 10–15
galaxies in each of the bins. Finally, we note that the sizes of
the z = 2 galaxies are a factor of ∼3 larger than the median of
nine quiescent galaxies at z = 2.3 (van Dokkum et al. 2008).
The reason is that we include all galaxies in the analysis, not
just quiescent ones, and as is well-known star-forming galaxies
are significantly larger than quiescent galaxies (e.g., Toft et al.
2007; Zirm et al. 2007; Franx et al. 2008; Kriek et al. 2009a).

4. DISCUSSION

4.1. Inside-out Growth

As demonstrated in Sections 2.2 and 3, galaxies with a
space density of 2 × 10−4 M& Mpc−3 increased their mass
by a factor of ≈2 since z = 2, apparently mostly by adding
stars at large radii. The radial dependence of the evolution
can be assessed by integrating the deprojected density profiles
of the galaxies. Following Ciotti (1991), the surface density
profiles were converted to mass density profiles using an Abel
transformation. The mass in the central regions can then be
determined by integrating these mass density profiles from zero
to a fixed physical radius (see Bezanson et al. 2009). Bezanson
et al. (2009) used a radius of 1 kpc, which corresponds to the
typical effective radii of quiescent galaxies at z ∼ 2.3. In our
data 1 kpc corresponds to a small fraction of a single pixel, and
we use a fixed radius of 5 kpc instead.

The evolution of the mass within 5 kpc is shown in Figure 9
by the red datapoints. Errors were determined from 500 boot-
strapped realizations of the stacks. Also shown are the evolution
of the total mass and the evolution of the mass outside a fixed

vanDokkum+10
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Figure 2. Relative properties of nearby and z ∼ 2.3 galaxies. The panels show the relations between size and mass (a), density within the effective radius and
density within 1 kpc (b), density within the effective radius and mass (c), and density within 1 kpc and mass (d). Open symbols are nearby galaxies, solid circles are
high-redshift compact galaxies from vD08. The light gray points are nearby galaxies with masses < 1011 M", i.e., lower than the high-z compact galaxies. The arrows
begin at mean values of high-redshift samples and show predictions from simple models for the evolution of the compact galaxies: blue arrows show the direction
of evolution due to equal-mass mergers, green arrows for minor mergers, and red arrows for the expansion model. Simple expansion or minor mergers can bring the
distant galaxies close to the scaling relations defined by nearby galaxies, but equal-mass mergers do not produce galaxies of the right size.

less extreme in the central regions of the galaxies. The nearby
sample shows opposite trends with mass in (c) and (d): the
density within the effective radius decreases with increasing
mass (reflecting the slope of the mass – radius relation), but the
density within 1 kpc grows with increasing mass. Interestingly,
the central densities of the high-redshift compact galaxies are
very similar to those of nearby elliptical galaxies with masses
! 5 × 1011 M".

The trends in Figure 2 are consistent with models in which
the compact galaxies make up the centers of present-day giant
ellipticals. Such inside-out formation scenarios are not new, and
have been explored by, e.g., Loeb & Peebles (2003), Bournaud
et al. (2007), Naab et al. (2007), and Hopkins et al. (2009). The
idea is that a compact core is formed through highly dissipative
processes at z ! 3 (see, e.g., Robertson et al. 2006a; Dekel et al.
2009), which then grows through increasingly dissipationless
mergers at lower redshift. Independently, Franx et al. (2008)
argue that galaxy growth is mostly inside-out, based both on the
regular evolution of the stellar mass–radius relation, and on the
fact that star-forming galaxies are larger than non-star-forming
galaxies of the same mass.

4. PREDICTIONS FROM SIMPLE MODELS

As discussed in Section 1, various models have been proposed
to explain the apparent growth of massive galaxies since z ∼ 2.5.

Here we discuss three possible simple models in the context of
the relations shown in Figure 2: equal-mass mergers, minor
mergers and expansion at fixed mass. We investigate the effects
of these models in Figure 2 with arrows. The starting point of the
arrows is always the mean of the high-redshift compact galaxies,
and they all imply a growth in effective radius of a factor of 5.
We emphasize that we look to constrain the dominant mode of
galaxy evolution; while individual galaxies in the sample will
likely be affected by all of the processes discussed below, we
focus on the overall trends in the larger context of the sample of
galaxies.

4.1. Model 1: Growth via Equal-Mass Mergers

In this model, the growth is driven by (near-) equal-mass
mergers. These mergers will not only increase the size of the
galaxies, but also their mass. Applying straightforward virial
arguments implies

K1+2 = K1 + K2, (6)

with K1+2 the kinetic energy of the remnant and K1, K2 the
kinetic energy of the progenitors. With K = 1

2Mσ 2 we have
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Figure 8. Evolution in the radius–mass plane. Our data are consistent with
measurements for individual galaxies of the same masses and redshifts in the
FIREWORKS CDF-South survey of Wuyts et al. (2008) and Franx et al. (2008)
(open circles). Our z = 0 point from the OBEY survey (Tal et al. 2009) is
consistent with data from Virgo ellipticals by Kormendy et al. (2009) and a
recent determination of the mass–size relation in the SDSS (Guo et al. 2009).
The evolution in effective radius is stronger than in mass: the solid line is a fit of
the form re ∝ M2.04. The dashed line is the expected evolution of the effective
radius for inside-out growth, calculated using Equation (7) and the measured
value of the Sersic index n at each redshift.
(A color version of this figure is available in the online journal.)

particularly the definition of total mass (Equation (2)), leads
to subtle and redshift-dependent correlations of the errors. The
inset in Figure 7 shows individual measurements of re and n
from the bootstrapped stacks. Correlations exist but they are not
sufficiently large to influence our results. The lines are fits to
the data of the form

re = 13.2 × (1 + z)−1.27 (4)

and
n = 6.0 × (1 + z)−0.95. (5)

The formal errors in these relations are small and the scatter in
the residuals is small: 0.029 in log re and 0.015 in log n. Together
with Equations (1) and (2), these expressions provide a complete
description of the evolution of the stellar mass in galaxies with
a number density of 2 × 10−4 Mpc−3, as a function of redshift
and radius.

The evolution in the effective radius is a factor of ∼4,
whereas the mass evolves by a factor of ∼2. The evolution
in the familiar radius–mass diagram (see, e.g., Trujillo et al.
2007) is shown in Figure 8. The solid line is a fit to the
OBEY and NMBS data; the slope implies that re ∝ M2.04.
In addition to the OBEY data, we show the mass–size rela-
tion for massive early-type galaxies from Guo et al. (2009;
Sloan Digital Sky Survey, hereafter SDSS) and the average
of four Virgo ellipticals from Kormendy et al. (2009; see
Appendix D). The z = 0 data are in good agreement with each
other and also with an extrapolation of the NMBS data to lower
redshift. Open circles show the median sizes of galaxies in the
GOODS CDF-South field, as determined by the FIREWORKS

Figure 9. Comparison of the mass contained within a fixed radius of 5 kpc (red
curve) to the mass at larger radii (blue curve), as a function of redshift. Error
bars are 95% confidence limits derived from bootstrapping. The total mass is
shown in black. Galaxies with number density n = 2 × 10−4 Mpc−3 have a
nearly constant mass in the central regions. The factor of ≈2 increase in total
mass since z = 2 is driven by the addition of stars at radii >5 kpc.
(A color version of this figure is available in the online journal.)

survey (Wuyts et al. 2008; Franx et al. 2008). The CDF-South
is a much smaller field (by a factor of >10), but the imaging
data is of very high quality (see Franx et al. 2008). The CDF-
South data are in excellent agreement with our results, although
we note that the uncertainties are large as there are only 10–15
galaxies in each of the bins. Finally, we note that the sizes of
the z = 2 galaxies are a factor of ∼3 larger than the median of
nine quiescent galaxies at z = 2.3 (van Dokkum et al. 2008).
The reason is that we include all galaxies in the analysis, not
just quiescent ones, and as is well-known star-forming galaxies
are significantly larger than quiescent galaxies (e.g., Toft et al.
2007; Zirm et al. 2007; Franx et al. 2008; Kriek et al. 2009a).

4. DISCUSSION

4.1. Inside-out Growth

As demonstrated in Sections 2.2 and 3, galaxies with a
space density of 2 × 10−4 M& Mpc−3 increased their mass
by a factor of ≈2 since z = 2, apparently mostly by adding
stars at large radii. The radial dependence of the evolution
can be assessed by integrating the deprojected density profiles
of the galaxies. Following Ciotti (1991), the surface density
profiles were converted to mass density profiles using an Abel
transformation. The mass in the central regions can then be
determined by integrating these mass density profiles from zero
to a fixed physical radius (see Bezanson et al. 2009). Bezanson
et al. (2009) used a radius of 1 kpc, which corresponds to the
typical effective radii of quiescent galaxies at z ∼ 2.3. In our
data 1 kpc corresponds to a small fraction of a single pixel, and
we use a fixed radius of 5 kpc instead.

The evolution of the mass within 5 kpc is shown in Figure 9
by the red datapoints. Errors were determined from 500 boot-
strapped realizations of the stacks. Also shown are the evolution
of the total mass and the evolution of the mass outside a fixed
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Figure 1: Stellar mass vs. dark matter halo mass determined using abundance matching in
simulations and calibrated with SDSS data (adapted from Moster et al. 2010). The blue shaded
region denotes the typical stellar masses of the now well-studied massive compact quiescent
galaxies, and their implied halo masses. The red shaded region denotes the stellar masses of the
ultra-massive galaxies in this proposal and their implied halo masses. The lower-mass compact
quiescent galaxies appear to be the progenitors of local Brightest Group Galaxies (BGGs);
whereas the ultra-massive galaxies reside in order-of-magnitude more massive halos and are the
progenitors of local Brightest Cluster Galaxies (BCGs).
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Fig. 8. The stellar mass vs. size relation for massive red-sequence early-
type galaxies in the core of XMMU J2235. Filled symbols are spectro-
scopic members, empty symbols are sources with photo-z within 3σ
of the cluster redshift. The black line and shaded area show the Shen
et al. (2003) determination of the local stellar mass vs. size relation and
its scatter (1σ), based on a sample of SDSS early-types. The dotted
line shows the Shen et al. (2003) relation shifted by a factor 2 in size.
The gray line with errorbars shows the local mass vs. size relation de-
termined by Valentinuzzi et al. (2010) for a sample of nearby cluster
galaxies.

to be larger than similarly massive (non-BCG) galaxies (e.g.,
von der Linden et al. 2007).

The smaller sizes of XMMU J2235 massive early-types
compared to local early-types suggest a scenario where the
evolution of these massive red-sequence galaxies is not actu-
ally fully completed at early epochs, as would be suggested by
the color−magnitude and color-mass relations, as well as the
LF evolution. This leaves room for processes such as minor (and
likely fairly dry) merging events to be relevant at later epochs
to shape the final structural properties of these galaxies, without
substantially altering their stellar masses and stellar populations
(see e.g. Hopkins et al. 2010, and references therein; see also
discussion in Nipoti et al. 2009).

On the other hand, we should note that the comparison of
the stellar mass vs. size relation with a local sample, as shown
in Fig. 8, may be affected by systematics in the determination of
stellar masses at different redshifts, observational biases in the
determination of galaxy sizes (Pannella et al. 2009b; Mancini
et al. 2010), and a possible mismatch between the observed high
redshift sample and the local reference, which are discussed in
more detail below.

In Fig. 8 we also plot the local stellar mass vs. size rela-
tion for a sample of nearby cluster galaxies as measured by
Valentinuzzi et al. (2010). While consistent at 1σ with the Shen
et al. (2003) relation, the Valentinuzzi et al. (2010) determination
is systematically offset (possibly due to an offset with respect to
the stellar mass estimates used in Shen et al. 2003, rather than
because of environmental effects, see discussion in the original
paper – see also results from Graham & Worley 2008). Using the

Valentinuzzi et al. (2010) relation as the local reference thus re-
duces the difference between our sample and local massive (clus-
ter) early-types (median r/rz=0 = 0.64 ± 0.08).

In addition, Maraston (2005) has pointed out how a different
treatment of the thermally pulsing asymptotic giant branch (TP-
AGB) phase of stellar evolution may introduce additional (to
those mentioned in Sect. 4.2) systematics in the stellar masses,
whose significance depends on the age of the stellar populations.
This may be particularly relevant when comparing early-type
galaxies at different redshifts, because while local early-types
are too old for TP-AGB phase making a significant difference, at
higher redshifts they inevitably become closer to hosting the in-
termediate age stellar populations for which a different TP-AGB
phase treatment may have an important effect. For the sample
relevant to Fig. 8, stellar masses estimated with the Maraston
(2005) models are lower by about 0.1 dex than the masses plot-
ted, estimated with Bruzual & Charlot (2003). Using these lower
masses, the size of galaxies in Fig. 8 are ∼50% and ∼70% of
those of early-types at z = 0, based on the local relations by Shen
et al. (2003) and Valentinuzzi et al. (2010) (r/rz=0 = 0.5±0.1 and
0.72± 0.1, respectively). We note that if we use the updated ver-
sion of the Bruzual & Charlot (2003) models (often referred to
as CB07), incorporating an improved prescription for the treat-
ment of the TP-AGB phase, stellar masses for the Fig. 8 sample
are lower (in median) by 0.03 dex; CB07 mass estimates for this
sample range from almost 30% lower to ∼10% higher compared
to Bruzual & Charlot (2003).

A combination of systematics in stellar masses and mismatch
with the local reference relation might thus shift the (median)
difference in size of XMMU J2235 and local early-types be-
tween a factor slightly over 2 and a factor 1.4.

We note that other effects might also systematically bias the
stellar masses and sizes used above. Again, we recall that our
sizes were estimated in the restframe U band, while we are com-
paring with local galaxy sizes measured in the z (Shen et al.
2003) and V (Valentinuzzi et al. 2010) passbands. Based on pre-
vious work (McIntosh et al. 2005; Barden et al. 2005; Trujillo
et al. 2007; Szomoru et al. 2010), correcting our sizes to the
restframe z/V bands might reduce our sizes by a factor of up to
30%, and thus increase the median difference in size with local
counterparts to up to a factor ∼3 (using Bruzual & Charlot 2003
stellar masses, and the Shen et al. 2003 local reference).

We also remind the reader that the stellar masses used here
were derived assuming a fixed, solar metallicity. Should the
metallicity of the galaxies in Fig. 8 be lower than solar, their
stellar masses would be higher, by a factor about 15% and 2%
for metallicites of 0.004 and 0.008, respectively. If their metallic-
ity is supersolar, their stellar masses would be lower, by a factor
∼30% for a metallicity of 0.05.

Finally, we note that the sizes we used were estimated based
on a Sersic profile fit with varying nSersic. Therefore, for the sam-
ple of early types plotted in Fig. 8, nSersic is not fixed to 4, but
ranges between ∼2.5−6 with an average nSersic ∼ 3.5. Because
of the correlation between the estimated nSersic and size, an ob-
ject with a nSersic = 4 profile which is fitted with a lower Sersic
index (possibly due to the faintness of the source) will also have
its size biased to a lower value. In order to estimate the relevance
of such an effect, we fitted all sources in Fig. 8 with nSersic fixed
to 4. This produces a very mild difference (on average <∼15%) in
the estimated sizes, and overall negligible difference (<∼5%) in
the evolution factors quoted above.

Although the above results imply an evolution of the stellar
mass vs. size relation by a factor of about 1.4 to more than 2, this
evolution does not necessarily imply that the invidual galaxies in
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Figure 4. B−V color vs. stellar mass diagram of the observed samples of cluster and field galaxies (left panel: symbols are the same as in Figure 3) with overplotted
contours obtained with the models of Menci et al. (2008; right panel) for galaxies in clusters; the color code represents the abundance of galaxies in a given
( logM∗

M#
− (B − V )) bin.

(A color version of this figure is available in the online journal.)

Figure 5. Mean surface brightness 〈µe〉 vs. effective radius, Re(kpc). The
Kormendy relation in the rest-frame B band for our ETG in the field (filled
blue circles) and in the cluster (filled red circles). All the data are corrected
for the cosmological dimming (1 + z)4. The red dotted-dashed line represents
the KR at z ∼ 0 found by La Barbera et al. (2003), K-corrected to our rest-
frame B band. The error bar in the bottom right is representative of the typical
uncertainties of our measurements.
(A color version of this figure is available in the online journal.)

et al. 2004, 2006, 2007) found that the bulk of galaxies with
comparable stellar masses to ours were at least a factor of 2
smaller at higher redshifts than locally. This is qualitatively

Figure 6. Stellar mass vs. size relation for the ETG in the cluster (filled red
circles) and in the field (filled blue circles). The red dotted-dashed line represents
the same relation at z ∼ 0 found by (Shen et al. 2003) with SDSS data. The
mean size relative error is <20%. Uncertainties in stellar mass are ∼0.15 dex.
(A color version of this figure is available in the online journal.)

consistent with the observed trend in our data, (see Figure 6)
when the sizes and masses of our samples are compared with
the local relation for ETG in Sloan Digital Sky Survey (SDSS;
dotted-dashed red line; Shen et al. 2003). We find no dependence
on the environment of the Re versus M∗ relation, implying that
cluster and field ETGs must undergo similar luminosity and
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Table 1. Characteristics of the final sample of 12 ETGs.

#ID RA(J200) Dec(J200) m814 Re(arcs) Re(kpc) n zph log(M*) age AV Ks

93409 10:01:27.0044 01:39:53.1198 22.73±0.08 0.78±0.11 6.70±0.92 4.26±0.34 1.52 11.45 2.40 0.08 17.68
112083 09:59:11.4551 01:42:25.2173 22.93±0.05 0.44±0.04 3.73±0.32 3.33± 0.21 1.61 11.63 2.75 0.00 17.51
125656 10:00:22.9577 01:44:16.8353 22.53±0.07 0.73±0.09 6.26±0.81 4.37± 0.35 1.43 11.48 2.75 0.08 17.66

136738 09:59:47.0280 01:45:52.2360 21.98±0.11 2.02±0.45 17.27±3.84 7.29± 0.58 1.59 11.64 2.40 0.00 17.35
157677 10:01:34.2920 01:48:32.0022 22.51±0.20 3.20±1.06 27.36±9.03 4.46± 0.62 1.70 11.58 2.50 0.00 17.64

200390 10:01:01.9974 01:54:32.4251 23.43±0.11 0.68±0.14 5.81±1.24 4.57± 0.60 1.61 11.47 2.00 0.08 17.68
217431 10:02:39.5288 01:56:59.1162 21.85±0.12 2.22±0.47 18.92±3.98 4.81± 0.44 1.61 11.57 2.40 0.00 17.56

254025 10:02:28.4912 02:02:13.6899 22.50±0.06 0.68±0.07 5.79±0.61 4.14± 0.26 1.71 11.64 2.10 0.08 17.54
307881 10:02:35.6396 02:09:14.3640 22.95±0.04 0.37±0.02 3.16±0.20 1.92± 0.12 1.52 11.53 2.50 0.08 17.59
399354 10:02:49.4055 02:21:47.4012 22.98±0.14 0.75±0.20 6.39±1.60 4.57± 0.64 1.70 11.59 2.30 0.08 17.63

472257 10:01:06.0754 02:31:35.1966 23.04±0.04 0.25±0.02 2.13±0.14 3.63± 0.23 1.52 11.46 2.40 0.00 17.69
535544 10:00:00.6592 02:40:29.6220 22.29±0.09 1.06±0.16 9.03±1.39 4.76± 0.35 1.41 11.41 2.30 0.16 17.54

From left to right: #ID: identification number in the catalogue of McCracken et al (2009); RA(J2000) and Dec(J2000):
coordinates from WIRCAM/K-band data set; m814: ACS F814W I–band magnitude; Re: effective radius in arcseconds and
kpc; n: Sérsic index; zph: photometric redshifts, log(M*): galaxy stellar masses in M! units; mean stellar age in Gyrs; AV

reddening parameter; Ks: K-band WIRCAM+CHFT magnitude in Vega system).

Figure 4. Mass vs size for ETGs at z ! 1.4, compared with the
local relation (solid line) and its 1 σ dispersion (dashed lines).
The figure is adapted from Figure 15 of Cimatti et al. (2008) by
adding our 12 ETGs, shown as red large filled pentagons. The
open symbols represent a compilation of the literature results for
passive galaxies: big open circles are from Cimatti et al. (2008)
(GMASS-CDFS); open triangles from Longhetti et al. (2007) and
Trujillo et al. (2006); open square are the HUDF passive-BzK
of Daddi et al. (2005) and Maraston et al. (2006); open dia-
monds show the sample of van Dokkum et al. (2008) after a
mass-rescaling of a factor ∼ 1.4, to Maraston et al. (2005) mod-
els, for homogeneity with the other galaxies in the figure. The
small open circles are from Zirm et al. (2007) (FIRES-HDFS),
Toft et al. (2007) (FIRES- MS1054), McGrath et al. (2008), and
Cimatti et al. (2004) (K20 survey).

correlated via the n−Re and n−M∗ relations (Caon et al.
1993; D’Onofrio et al. 1994). Thus, for input n > 4 the out-
put n values tend to be underestimated up by a factor of
∼ 1.5, and mostly for galaxies with the lowest S/N. Hence,
this underestimate of n is accompanied by a size underesti-
mate, as illustrated in Fig 6. The recovered effective radius

Figure 5. In the top panel the stellar mass-size relation for our fi-
nal sample of 12 ETGs (big open diamonds) is compared with the
results obtained for 24 simulated objects (filled red symbols), all
characterised by input Sérsic parameters of nin=6, Re,in ∼ 7 kpc
and magnitude m814,in=22 (red triangles), 23 (red diamonds), or
23.5 (red squares). The bottom panel shows the Sérsic index (n)
- effective radius (Re) relation. The symbols are the same of the
top panel. In both of the diagrams the local M*–Re and n–Re

relations with their 1 σ dispersions, from Shen et al. (2003) and
Caon et al. (1993), respectively, are represented as red solid and
dashed lines. The black filled circle shows the input n and Re

values common to all the 24 simulated objects. Note the large
scatter in measured effective radius and Sérsic index for the sim-
ulated objects, well reproducing the scatter observed for the real
galaxies.

decreases with increasing n index (and decreasing luminos-
ity). Similar trends are generally found for simulated galax-
ies with Re,in ! 3.5 kpc.

These experiments confirm that for objects with large
effective radius and Sérsic index, as ETGs with masses of >
2.5×1011 M! are expected to be, with the typical S/N of our
12 ETGs (i.e. S/N" 50 − 100) one could still substantially
underestimate n and Re. This may be due to the fact that
the halos in high Sérsic-index profiles are very extended and
therefore have very low surface brightness, so that they can

Mancini+10
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Figure 5. Deviations of galaxy profiles from Sérsic profiles. The difference
between the best-fit Sérsic profile and the residual-corrected profile is plotted as
a function of radius for all galaxies in our sample (black lines). The mean profile
is shown in red, with the shaded light red region indicating the 1σ spread in the
distribution. Although individual galaxy profiles deviate from Sérsic profiles,
on average the difference is consistent with zero.

our error estimates are correct, then their effect on the scatter is
!0.01 dex. The scatter we measure is comparable to that found
in Newman et al. (2012). These authors find σlog10 re

≈ 0.25 for
galaxies with 1010.7 M" < Mstellar ! 1011.7 M" at z ∼ 2. We
note that our sample contains several galaxies that are part of
an overdensity at z = 1.6 (e.g., Gilli et al. 2003; Castellano
et al. 2007; Kurk et al. 2009). In particular, the two largest
galaxies in our sample are part of this overdensity. Excluding
the z = 1.6 galaxies from our analysis does not significantly
alter the spread in galaxy sizes in the 1.5 < z < 1.75 redshift
bin: σlog10 re

= 0.21 ± 0.14.
The size measurements used in Shen et al. (2003) have been

shown to suffer from systematic errors due to background over-
subtraction (Guo et al. 2009). As a result of this, the mass–size

relation measured by Shen et al. (2003) is significantly shallower
than that found by, e.g., Guo et al. (2009). We therefore repeat
our determination of the scatter around the z ∼ 2 mass–size
relation using the Guo et al. (2009) measurements. This results
in a decrease in the scatter by only ∼0.03 dex, and does not
affect our conclusions.

We note that, even within the limited redshift range under
consideration, differences in redshift play a role: the galaxies
in the 1.75 < z < 2.5 subsample are clearly smaller than
the 1.5 < z < 1.75 galaxies. This may explain some of
the disagreement between studies of high-redshift quiescent
galaxies. In particular, the large effective radii found by Mancini
et al. (2010) for some high-redshift quiescent galaxies could be
due to the fact that they select galaxies with 1.4 < z < 1.75.
In this context, part of the size evolution between z ∼ 2 and
z = 0 could be due to the appearance of young, relatively large
quiescent galaxies after z ∼ 2 (e.g., van Dokkum et al. 2008;
Franx et al. 2008; Saracco et al. 2009; van der Wel et al. 2009;
Cassata et al. 2011). We note that Saracco et al. (2009) find
evidence for a correlation of galaxy compactness with stellar
age, such that the most compact high-redshift quiescent galaxies
contain older stellar populations than quiescent galaxies that
lie close to the z = 0 mass–size relation. We investigate this
correlation in Figure 7, using rest-frame U − V color as a proxy
for galaxy age. We define galaxy compactness as the offset
between the z ∼ 2 galaxy sizes and the z = 0 mass–size relation
of Shen et al. (2003): re/re,z=0 = re/(2.88×10−6 ×M0.56). We
find no evidence for a correlation between galaxy compactness
and galaxy age in our data.

In Figure 8, we compare the stellar mass surface density
profiles of the z ∼ 2 galaxies to those of low-redshift galaxies.
Based on their masses and number densities, we expect z ∼ 2
quiescent galaxies to evolve into the most massive low-redshift
galaxies (e.g., van Dokkum et al. 2010). As a comparison
sample, we therefore use surface brightness profiles of elliptical
galaxies with equal or higher mass in the Virgo Cluster from
Kormendy et al. (2009). These authors used a combination of
space-based and ground-based observations to obtain surface
brightness profiles with very high resolution and dynamic range,
covering almost three orders of magnitude in radius. The surface
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Figure 6. Relations between size and stellar mass (left panel) and size and rest-frame r-band absolute magnitude (right panel). Gray lines indicate the low-redshift
mass–size and magnitude–size relations from Shen et al. (2003), green and blue points indicate the z ∼ 2 sample (divided into low- and high-redshift bins, respectively).
The z ∼ 2 galaxies are, on average, almost an order of magnitude smaller than low-redshift galaxies of similar mass and luminosity. However, there is a significant
range in sizes at both redshifts. The largest z ∼ 2 galaxies lie very close to the z = 0 mass–size relation.
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Fig. 8. The stellar mass vs. size relation for massive red-sequence early-
type galaxies in the core of XMMU J2235. Filled symbols are spectro-
scopic members, empty symbols are sources with photo-z within 3σ
of the cluster redshift. The black line and shaded area show the Shen
et al. (2003) determination of the local stellar mass vs. size relation and
its scatter (1σ), based on a sample of SDSS early-types. The dotted
line shows the Shen et al. (2003) relation shifted by a factor 2 in size.
The gray line with errorbars shows the local mass vs. size relation de-
termined by Valentinuzzi et al. (2010) for a sample of nearby cluster
galaxies.

to be larger than similarly massive (non-BCG) galaxies (e.g.,
von der Linden et al. 2007).

The smaller sizes of XMMU J2235 massive early-types
compared to local early-types suggest a scenario where the
evolution of these massive red-sequence galaxies is not actu-
ally fully completed at early epochs, as would be suggested by
the color−magnitude and color-mass relations, as well as the
LF evolution. This leaves room for processes such as minor (and
likely fairly dry) merging events to be relevant at later epochs
to shape the final structural properties of these galaxies, without
substantially altering their stellar masses and stellar populations
(see e.g. Hopkins et al. 2010, and references therein; see also
discussion in Nipoti et al. 2009).

On the other hand, we should note that the comparison of
the stellar mass vs. size relation with a local sample, as shown
in Fig. 8, may be affected by systematics in the determination of
stellar masses at different redshifts, observational biases in the
determination of galaxy sizes (Pannella et al. 2009b; Mancini
et al. 2010), and a possible mismatch between the observed high
redshift sample and the local reference, which are discussed in
more detail below.

In Fig. 8 we also plot the local stellar mass vs. size rela-
tion for a sample of nearby cluster galaxies as measured by
Valentinuzzi et al. (2010). While consistent at 1σ with the Shen
et al. (2003) relation, the Valentinuzzi et al. (2010) determination
is systematically offset (possibly due to an offset with respect to
the stellar mass estimates used in Shen et al. 2003, rather than
because of environmental effects, see discussion in the original
paper – see also results from Graham & Worley 2008). Using the

Valentinuzzi et al. (2010) relation as the local reference thus re-
duces the difference between our sample and local massive (clus-
ter) early-types (median r/rz=0 = 0.64 ± 0.08).

In addition, Maraston (2005) has pointed out how a different
treatment of the thermally pulsing asymptotic giant branch (TP-
AGB) phase of stellar evolution may introduce additional (to
those mentioned in Sect. 4.2) systematics in the stellar masses,
whose significance depends on the age of the stellar populations.
This may be particularly relevant when comparing early-type
galaxies at different redshifts, because while local early-types
are too old for TP-AGB phase making a significant difference, at
higher redshifts they inevitably become closer to hosting the in-
termediate age stellar populations for which a different TP-AGB
phase treatment may have an important effect. For the sample
relevant to Fig. 8, stellar masses estimated with the Maraston
(2005) models are lower by about 0.1 dex than the masses plot-
ted, estimated with Bruzual & Charlot (2003). Using these lower
masses, the size of galaxies in Fig. 8 are ∼50% and ∼70% of
those of early-types at z = 0, based on the local relations by Shen
et al. (2003) and Valentinuzzi et al. (2010) (r/rz=0 = 0.5±0.1 and
0.72± 0.1, respectively). We note that if we use the updated ver-
sion of the Bruzual & Charlot (2003) models (often referred to
as CB07), incorporating an improved prescription for the treat-
ment of the TP-AGB phase, stellar masses for the Fig. 8 sample
are lower (in median) by 0.03 dex; CB07 mass estimates for this
sample range from almost 30% lower to ∼10% higher compared
to Bruzual & Charlot (2003).

A combination of systematics in stellar masses and mismatch
with the local reference relation might thus shift the (median)
difference in size of XMMU J2235 and local early-types be-
tween a factor slightly over 2 and a factor 1.4.

We note that other effects might also systematically bias the
stellar masses and sizes used above. Again, we recall that our
sizes were estimated in the restframe U band, while we are com-
paring with local galaxy sizes measured in the z (Shen et al.
2003) and V (Valentinuzzi et al. 2010) passbands. Based on pre-
vious work (McIntosh et al. 2005; Barden et al. 2005; Trujillo
et al. 2007; Szomoru et al. 2010), correcting our sizes to the
restframe z/V bands might reduce our sizes by a factor of up to
30%, and thus increase the median difference in size with local
counterparts to up to a factor ∼3 (using Bruzual & Charlot 2003
stellar masses, and the Shen et al. 2003 local reference).

We also remind the reader that the stellar masses used here
were derived assuming a fixed, solar metallicity. Should the
metallicity of the galaxies in Fig. 8 be lower than solar, their
stellar masses would be higher, by a factor about 15% and 2%
for metallicites of 0.004 and 0.008, respectively. If their metallic-
ity is supersolar, their stellar masses would be lower, by a factor
∼30% for a metallicity of 0.05.

Finally, we note that the sizes we used were estimated based
on a Sersic profile fit with varying nSersic. Therefore, for the sam-
ple of early types plotted in Fig. 8, nSersic is not fixed to 4, but
ranges between ∼2.5−6 with an average nSersic ∼ 3.5. Because
of the correlation between the estimated nSersic and size, an ob-
ject with a nSersic = 4 profile which is fitted with a lower Sersic
index (possibly due to the faintness of the source) will also have
its size biased to a lower value. In order to estimate the relevance
of such an effect, we fitted all sources in Fig. 8 with nSersic fixed
to 4. This produces a very mild difference (on average <∼15%) in
the estimated sizes, and overall negligible difference (<∼5%) in
the evolution factors quoted above.

Although the above results imply an evolution of the stellar
mass vs. size relation by a factor of about 1.4 to more than 2, this
evolution does not necessarily imply that the invidual galaxies in
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Figure 4. B−V color vs. stellar mass diagram of the observed samples of cluster and field galaxies (left panel: symbols are the same as in Figure 3) with overplotted
contours obtained with the models of Menci et al. (2008; right panel) for galaxies in clusters; the color code represents the abundance of galaxies in a given
( logM∗

M#
− (B − V )) bin.

(A color version of this figure is available in the online journal.)

Figure 5. Mean surface brightness 〈µe〉 vs. effective radius, Re(kpc). The
Kormendy relation in the rest-frame B band for our ETG in the field (filled
blue circles) and in the cluster (filled red circles). All the data are corrected
for the cosmological dimming (1 + z)4. The red dotted-dashed line represents
the KR at z ∼ 0 found by La Barbera et al. (2003), K-corrected to our rest-
frame B band. The error bar in the bottom right is representative of the typical
uncertainties of our measurements.
(A color version of this figure is available in the online journal.)

et al. 2004, 2006, 2007) found that the bulk of galaxies with
comparable stellar masses to ours were at least a factor of 2
smaller at higher redshifts than locally. This is qualitatively

Figure 6. Stellar mass vs. size relation for the ETG in the cluster (filled red
circles) and in the field (filled blue circles). The red dotted-dashed line represents
the same relation at z ∼ 0 found by (Shen et al. 2003) with SDSS data. The
mean size relative error is <20%. Uncertainties in stellar mass are ∼0.15 dex.
(A color version of this figure is available in the online journal.)

consistent with the observed trend in our data, (see Figure 6)
when the sizes and masses of our samples are compared with
the local relation for ETG in Sloan Digital Sky Survey (SDSS;
dotted-dashed red line; Shen et al. 2003). We find no dependence
on the environment of the Re versus M∗ relation, implying that
cluster and field ETGs must undergo similar luminosity and
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Table 1. Characteristics of the final sample of 12 ETGs.

#ID RA(J200) Dec(J200) m814 Re(arcs) Re(kpc) n zph log(M*) age AV Ks

93409 10:01:27.0044 01:39:53.1198 22.73±0.08 0.78±0.11 6.70±0.92 4.26±0.34 1.52 11.45 2.40 0.08 17.68
112083 09:59:11.4551 01:42:25.2173 22.93±0.05 0.44±0.04 3.73±0.32 3.33± 0.21 1.61 11.63 2.75 0.00 17.51
125656 10:00:22.9577 01:44:16.8353 22.53±0.07 0.73±0.09 6.26±0.81 4.37± 0.35 1.43 11.48 2.75 0.08 17.66

136738 09:59:47.0280 01:45:52.2360 21.98±0.11 2.02±0.45 17.27±3.84 7.29± 0.58 1.59 11.64 2.40 0.00 17.35
157677 10:01:34.2920 01:48:32.0022 22.51±0.20 3.20±1.06 27.36±9.03 4.46± 0.62 1.70 11.58 2.50 0.00 17.64

200390 10:01:01.9974 01:54:32.4251 23.43±0.11 0.68±0.14 5.81±1.24 4.57± 0.60 1.61 11.47 2.00 0.08 17.68
217431 10:02:39.5288 01:56:59.1162 21.85±0.12 2.22±0.47 18.92±3.98 4.81± 0.44 1.61 11.57 2.40 0.00 17.56

254025 10:02:28.4912 02:02:13.6899 22.50±0.06 0.68±0.07 5.79±0.61 4.14± 0.26 1.71 11.64 2.10 0.08 17.54
307881 10:02:35.6396 02:09:14.3640 22.95±0.04 0.37±0.02 3.16±0.20 1.92± 0.12 1.52 11.53 2.50 0.08 17.59
399354 10:02:49.4055 02:21:47.4012 22.98±0.14 0.75±0.20 6.39±1.60 4.57± 0.64 1.70 11.59 2.30 0.08 17.63

472257 10:01:06.0754 02:31:35.1966 23.04±0.04 0.25±0.02 2.13±0.14 3.63± 0.23 1.52 11.46 2.40 0.00 17.69
535544 10:00:00.6592 02:40:29.6220 22.29±0.09 1.06±0.16 9.03±1.39 4.76± 0.35 1.41 11.41 2.30 0.16 17.54

From left to right: #ID: identification number in the catalogue of McCracken et al (2009); RA(J2000) and Dec(J2000):
coordinates from WIRCAM/K-band data set; m814: ACS F814W I–band magnitude; Re: effective radius in arcseconds and
kpc; n: Sérsic index; zph: photometric redshifts, log(M*): galaxy stellar masses in M! units; mean stellar age in Gyrs; AV

reddening parameter; Ks: K-band WIRCAM+CHFT magnitude in Vega system).

Figure 4. Mass vs size for ETGs at z ! 1.4, compared with the
local relation (solid line) and its 1 σ dispersion (dashed lines).
The figure is adapted from Figure 15 of Cimatti et al. (2008) by
adding our 12 ETGs, shown as red large filled pentagons. The
open symbols represent a compilation of the literature results for
passive galaxies: big open circles are from Cimatti et al. (2008)
(GMASS-CDFS); open triangles from Longhetti et al. (2007) and
Trujillo et al. (2006); open square are the HUDF passive-BzK
of Daddi et al. (2005) and Maraston et al. (2006); open dia-
monds show the sample of van Dokkum et al. (2008) after a
mass-rescaling of a factor ∼ 1.4, to Maraston et al. (2005) mod-
els, for homogeneity with the other galaxies in the figure. The
small open circles are from Zirm et al. (2007) (FIRES-HDFS),
Toft et al. (2007) (FIRES- MS1054), McGrath et al. (2008), and
Cimatti et al. (2004) (K20 survey).

correlated via the n−Re and n−M∗ relations (Caon et al.
1993; D’Onofrio et al. 1994). Thus, for input n > 4 the out-
put n values tend to be underestimated up by a factor of
∼ 1.5, and mostly for galaxies with the lowest S/N. Hence,
this underestimate of n is accompanied by a size underesti-
mate, as illustrated in Fig 6. The recovered effective radius

Figure 5. In the top panel the stellar mass-size relation for our fi-
nal sample of 12 ETGs (big open diamonds) is compared with the
results obtained for 24 simulated objects (filled red symbols), all
characterised by input Sérsic parameters of nin=6, Re,in ∼ 7 kpc
and magnitude m814,in=22 (red triangles), 23 (red diamonds), or
23.5 (red squares). The bottom panel shows the Sérsic index (n)
- effective radius (Re) relation. The symbols are the same of the
top panel. In both of the diagrams the local M*–Re and n–Re

relations with their 1 σ dispersions, from Shen et al. (2003) and
Caon et al. (1993), respectively, are represented as red solid and
dashed lines. The black filled circle shows the input n and Re

values common to all the 24 simulated objects. Note the large
scatter in measured effective radius and Sérsic index for the sim-
ulated objects, well reproducing the scatter observed for the real
galaxies.

decreases with increasing n index (and decreasing luminos-
ity). Similar trends are generally found for simulated galax-
ies with Re,in ! 3.5 kpc.

These experiments confirm that for objects with large
effective radius and Sérsic index, as ETGs with masses of >
2.5×1011 M! are expected to be, with the typical S/N of our
12 ETGs (i.e. S/N" 50 − 100) one could still substantially
underestimate n and Re. This may be due to the fact that
the halos in high Sérsic-index profiles are very extended and
therefore have very low surface brightness, so that they can
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Figure 5. Deviations of galaxy profiles from Sérsic profiles. The difference
between the best-fit Sérsic profile and the residual-corrected profile is plotted as
a function of radius for all galaxies in our sample (black lines). The mean profile
is shown in red, with the shaded light red region indicating the 1σ spread in the
distribution. Although individual galaxy profiles deviate from Sérsic profiles,
on average the difference is consistent with zero.

our error estimates are correct, then their effect on the scatter is
!0.01 dex. The scatter we measure is comparable to that found
in Newman et al. (2012). These authors find σlog10 re

≈ 0.25 for
galaxies with 1010.7 M" < Mstellar ! 1011.7 M" at z ∼ 2. We
note that our sample contains several galaxies that are part of
an overdensity at z = 1.6 (e.g., Gilli et al. 2003; Castellano
et al. 2007; Kurk et al. 2009). In particular, the two largest
galaxies in our sample are part of this overdensity. Excluding
the z = 1.6 galaxies from our analysis does not significantly
alter the spread in galaxy sizes in the 1.5 < z < 1.75 redshift
bin: σlog10 re

= 0.21 ± 0.14.
The size measurements used in Shen et al. (2003) have been

shown to suffer from systematic errors due to background over-
subtraction (Guo et al. 2009). As a result of this, the mass–size

relation measured by Shen et al. (2003) is significantly shallower
than that found by, e.g., Guo et al. (2009). We therefore repeat
our determination of the scatter around the z ∼ 2 mass–size
relation using the Guo et al. (2009) measurements. This results
in a decrease in the scatter by only ∼0.03 dex, and does not
affect our conclusions.

We note that, even within the limited redshift range under
consideration, differences in redshift play a role: the galaxies
in the 1.75 < z < 2.5 subsample are clearly smaller than
the 1.5 < z < 1.75 galaxies. This may explain some of
the disagreement between studies of high-redshift quiescent
galaxies. In particular, the large effective radii found by Mancini
et al. (2010) for some high-redshift quiescent galaxies could be
due to the fact that they select galaxies with 1.4 < z < 1.75.
In this context, part of the size evolution between z ∼ 2 and
z = 0 could be due to the appearance of young, relatively large
quiescent galaxies after z ∼ 2 (e.g., van Dokkum et al. 2008;
Franx et al. 2008; Saracco et al. 2009; van der Wel et al. 2009;
Cassata et al. 2011). We note that Saracco et al. (2009) find
evidence for a correlation of galaxy compactness with stellar
age, such that the most compact high-redshift quiescent galaxies
contain older stellar populations than quiescent galaxies that
lie close to the z = 0 mass–size relation. We investigate this
correlation in Figure 7, using rest-frame U − V color as a proxy
for galaxy age. We define galaxy compactness as the offset
between the z ∼ 2 galaxy sizes and the z = 0 mass–size relation
of Shen et al. (2003): re/re,z=0 = re/(2.88×10−6 ×M0.56). We
find no evidence for a correlation between galaxy compactness
and galaxy age in our data.

In Figure 8, we compare the stellar mass surface density
profiles of the z ∼ 2 galaxies to those of low-redshift galaxies.
Based on their masses and number densities, we expect z ∼ 2
quiescent galaxies to evolve into the most massive low-redshift
galaxies (e.g., van Dokkum et al. 2010). As a comparison
sample, we therefore use surface brightness profiles of elliptical
galaxies with equal or higher mass in the Virgo Cluster from
Kormendy et al. (2009). These authors used a combination of
space-based and ground-based observations to obtain surface
brightness profiles with very high resolution and dynamic range,
covering almost three orders of magnitude in radius. The surface
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Figure 6. Relations between size and stellar mass (left panel) and size and rest-frame r-band absolute magnitude (right panel). Gray lines indicate the low-redshift
mass–size and magnitude–size relations from Shen et al. (2003), green and blue points indicate the z ∼ 2 sample (divided into low- and high-redshift bins, respectively).
The z ∼ 2 galaxies are, on average, almost an order of magnitude smaller than low-redshift galaxies of similar mass and luminosity. However, there is a significant
range in sizes at both redshifts. The largest z ∼ 2 galaxies lie very close to the z = 0 mass–size relation.
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Fig. 8. The stellar mass vs. size relation for massive red-sequence early-
type galaxies in the core of XMMU J2235. Filled symbols are spectro-
scopic members, empty symbols are sources with photo-z within 3σ
of the cluster redshift. The black line and shaded area show the Shen
et al. (2003) determination of the local stellar mass vs. size relation and
its scatter (1σ), based on a sample of SDSS early-types. The dotted
line shows the Shen et al. (2003) relation shifted by a factor 2 in size.
The gray line with errorbars shows the local mass vs. size relation de-
termined by Valentinuzzi et al. (2010) for a sample of nearby cluster
galaxies.

to be larger than similarly massive (non-BCG) galaxies (e.g.,
von der Linden et al. 2007).

The smaller sizes of XMMU J2235 massive early-types
compared to local early-types suggest a scenario where the
evolution of these massive red-sequence galaxies is not actu-
ally fully completed at early epochs, as would be suggested by
the color−magnitude and color-mass relations, as well as the
LF evolution. This leaves room for processes such as minor (and
likely fairly dry) merging events to be relevant at later epochs
to shape the final structural properties of these galaxies, without
substantially altering their stellar masses and stellar populations
(see e.g. Hopkins et al. 2010, and references therein; see also
discussion in Nipoti et al. 2009).

On the other hand, we should note that the comparison of
the stellar mass vs. size relation with a local sample, as shown
in Fig. 8, may be affected by systematics in the determination of
stellar masses at different redshifts, observational biases in the
determination of galaxy sizes (Pannella et al. 2009b; Mancini
et al. 2010), and a possible mismatch between the observed high
redshift sample and the local reference, which are discussed in
more detail below.

In Fig. 8 we also plot the local stellar mass vs. size rela-
tion for a sample of nearby cluster galaxies as measured by
Valentinuzzi et al. (2010). While consistent at 1σ with the Shen
et al. (2003) relation, the Valentinuzzi et al. (2010) determination
is systematically offset (possibly due to an offset with respect to
the stellar mass estimates used in Shen et al. 2003, rather than
because of environmental effects, see discussion in the original
paper – see also results from Graham & Worley 2008). Using the

Valentinuzzi et al. (2010) relation as the local reference thus re-
duces the difference between our sample and local massive (clus-
ter) early-types (median r/rz=0 = 0.64 ± 0.08).

In addition, Maraston (2005) has pointed out how a different
treatment of the thermally pulsing asymptotic giant branch (TP-
AGB) phase of stellar evolution may introduce additional (to
those mentioned in Sect. 4.2) systematics in the stellar masses,
whose significance depends on the age of the stellar populations.
This may be particularly relevant when comparing early-type
galaxies at different redshifts, because while local early-types
are too old for TP-AGB phase making a significant difference, at
higher redshifts they inevitably become closer to hosting the in-
termediate age stellar populations for which a different TP-AGB
phase treatment may have an important effect. For the sample
relevant to Fig. 8, stellar masses estimated with the Maraston
(2005) models are lower by about 0.1 dex than the masses plot-
ted, estimated with Bruzual & Charlot (2003). Using these lower
masses, the size of galaxies in Fig. 8 are ∼50% and ∼70% of
those of early-types at z = 0, based on the local relations by Shen
et al. (2003) and Valentinuzzi et al. (2010) (r/rz=0 = 0.5±0.1 and
0.72± 0.1, respectively). We note that if we use the updated ver-
sion of the Bruzual & Charlot (2003) models (often referred to
as CB07), incorporating an improved prescription for the treat-
ment of the TP-AGB phase, stellar masses for the Fig. 8 sample
are lower (in median) by 0.03 dex; CB07 mass estimates for this
sample range from almost 30% lower to ∼10% higher compared
to Bruzual & Charlot (2003).

A combination of systematics in stellar masses and mismatch
with the local reference relation might thus shift the (median)
difference in size of XMMU J2235 and local early-types be-
tween a factor slightly over 2 and a factor 1.4.

We note that other effects might also systematically bias the
stellar masses and sizes used above. Again, we recall that our
sizes were estimated in the restframe U band, while we are com-
paring with local galaxy sizes measured in the z (Shen et al.
2003) and V (Valentinuzzi et al. 2010) passbands. Based on pre-
vious work (McIntosh et al. 2005; Barden et al. 2005; Trujillo
et al. 2007; Szomoru et al. 2010), correcting our sizes to the
restframe z/V bands might reduce our sizes by a factor of up to
30%, and thus increase the median difference in size with local
counterparts to up to a factor ∼3 (using Bruzual & Charlot 2003
stellar masses, and the Shen et al. 2003 local reference).

We also remind the reader that the stellar masses used here
were derived assuming a fixed, solar metallicity. Should the
metallicity of the galaxies in Fig. 8 be lower than solar, their
stellar masses would be higher, by a factor about 15% and 2%
for metallicites of 0.004 and 0.008, respectively. If their metallic-
ity is supersolar, their stellar masses would be lower, by a factor
∼30% for a metallicity of 0.05.

Finally, we note that the sizes we used were estimated based
on a Sersic profile fit with varying nSersic. Therefore, for the sam-
ple of early types plotted in Fig. 8, nSersic is not fixed to 4, but
ranges between ∼2.5−6 with an average nSersic ∼ 3.5. Because
of the correlation between the estimated nSersic and size, an ob-
ject with a nSersic = 4 profile which is fitted with a lower Sersic
index (possibly due to the faintness of the source) will also have
its size biased to a lower value. In order to estimate the relevance
of such an effect, we fitted all sources in Fig. 8 with nSersic fixed
to 4. This produces a very mild difference (on average <∼15%) in
the estimated sizes, and overall negligible difference (<∼5%) in
the evolution factors quoted above.

Although the above results imply an evolution of the stellar
mass vs. size relation by a factor of about 1.4 to more than 2, this
evolution does not necessarily imply that the invidual galaxies in
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Figure 4. B−V color vs. stellar mass diagram of the observed samples of cluster and field galaxies (left panel: symbols are the same as in Figure 3) with overplotted
contours obtained with the models of Menci et al. (2008; right panel) for galaxies in clusters; the color code represents the abundance of galaxies in a given
( logM∗

M#
− (B − V )) bin.

(A color version of this figure is available in the online journal.)

Figure 5. Mean surface brightness 〈µe〉 vs. effective radius, Re(kpc). The
Kormendy relation in the rest-frame B band for our ETG in the field (filled
blue circles) and in the cluster (filled red circles). All the data are corrected
for the cosmological dimming (1 + z)4. The red dotted-dashed line represents
the KR at z ∼ 0 found by La Barbera et al. (2003), K-corrected to our rest-
frame B band. The error bar in the bottom right is representative of the typical
uncertainties of our measurements.
(A color version of this figure is available in the online journal.)

et al. 2004, 2006, 2007) found that the bulk of galaxies with
comparable stellar masses to ours were at least a factor of 2
smaller at higher redshifts than locally. This is qualitatively

Figure 6. Stellar mass vs. size relation for the ETG in the cluster (filled red
circles) and in the field (filled blue circles). The red dotted-dashed line represents
the same relation at z ∼ 0 found by (Shen et al. 2003) with SDSS data. The
mean size relative error is <20%. Uncertainties in stellar mass are ∼0.15 dex.
(A color version of this figure is available in the online journal.)

consistent with the observed trend in our data, (see Figure 6)
when the sizes and masses of our samples are compared with
the local relation for ETG in Sloan Digital Sky Survey (SDSS;
dotted-dashed red line; Shen et al. 2003). We find no dependence
on the environment of the Re versus M∗ relation, implying that
cluster and field ETGs must undergo similar luminosity and
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Table 1. Characteristics of the final sample of 12 ETGs.

#ID RA(J200) Dec(J200) m814 Re(arcs) Re(kpc) n zph log(M*) age AV Ks

93409 10:01:27.0044 01:39:53.1198 22.73±0.08 0.78±0.11 6.70±0.92 4.26±0.34 1.52 11.45 2.40 0.08 17.68
112083 09:59:11.4551 01:42:25.2173 22.93±0.05 0.44±0.04 3.73±0.32 3.33± 0.21 1.61 11.63 2.75 0.00 17.51
125656 10:00:22.9577 01:44:16.8353 22.53±0.07 0.73±0.09 6.26±0.81 4.37± 0.35 1.43 11.48 2.75 0.08 17.66

136738 09:59:47.0280 01:45:52.2360 21.98±0.11 2.02±0.45 17.27±3.84 7.29± 0.58 1.59 11.64 2.40 0.00 17.35
157677 10:01:34.2920 01:48:32.0022 22.51±0.20 3.20±1.06 27.36±9.03 4.46± 0.62 1.70 11.58 2.50 0.00 17.64

200390 10:01:01.9974 01:54:32.4251 23.43±0.11 0.68±0.14 5.81±1.24 4.57± 0.60 1.61 11.47 2.00 0.08 17.68
217431 10:02:39.5288 01:56:59.1162 21.85±0.12 2.22±0.47 18.92±3.98 4.81± 0.44 1.61 11.57 2.40 0.00 17.56

254025 10:02:28.4912 02:02:13.6899 22.50±0.06 0.68±0.07 5.79±0.61 4.14± 0.26 1.71 11.64 2.10 0.08 17.54
307881 10:02:35.6396 02:09:14.3640 22.95±0.04 0.37±0.02 3.16±0.20 1.92± 0.12 1.52 11.53 2.50 0.08 17.59
399354 10:02:49.4055 02:21:47.4012 22.98±0.14 0.75±0.20 6.39±1.60 4.57± 0.64 1.70 11.59 2.30 0.08 17.63

472257 10:01:06.0754 02:31:35.1966 23.04±0.04 0.25±0.02 2.13±0.14 3.63± 0.23 1.52 11.46 2.40 0.00 17.69
535544 10:00:00.6592 02:40:29.6220 22.29±0.09 1.06±0.16 9.03±1.39 4.76± 0.35 1.41 11.41 2.30 0.16 17.54

From left to right: #ID: identification number in the catalogue of McCracken et al (2009); RA(J2000) and Dec(J2000):
coordinates from WIRCAM/K-band data set; m814: ACS F814W I–band magnitude; Re: effective radius in arcseconds and
kpc; n: Sérsic index; zph: photometric redshifts, log(M*): galaxy stellar masses in M! units; mean stellar age in Gyrs; AV

reddening parameter; Ks: K-band WIRCAM+CHFT magnitude in Vega system).

Figure 4. Mass vs size for ETGs at z ! 1.4, compared with the
local relation (solid line) and its 1 σ dispersion (dashed lines).
The figure is adapted from Figure 15 of Cimatti et al. (2008) by
adding our 12 ETGs, shown as red large filled pentagons. The
open symbols represent a compilation of the literature results for
passive galaxies: big open circles are from Cimatti et al. (2008)
(GMASS-CDFS); open triangles from Longhetti et al. (2007) and
Trujillo et al. (2006); open square are the HUDF passive-BzK
of Daddi et al. (2005) and Maraston et al. (2006); open dia-
monds show the sample of van Dokkum et al. (2008) after a
mass-rescaling of a factor ∼ 1.4, to Maraston et al. (2005) mod-
els, for homogeneity with the other galaxies in the figure. The
small open circles are from Zirm et al. (2007) (FIRES-HDFS),
Toft et al. (2007) (FIRES- MS1054), McGrath et al. (2008), and
Cimatti et al. (2004) (K20 survey).

correlated via the n−Re and n−M∗ relations (Caon et al.
1993; D’Onofrio et al. 1994). Thus, for input n > 4 the out-
put n values tend to be underestimated up by a factor of
∼ 1.5, and mostly for galaxies with the lowest S/N. Hence,
this underestimate of n is accompanied by a size underesti-
mate, as illustrated in Fig 6. The recovered effective radius

Figure 5. In the top panel the stellar mass-size relation for our fi-
nal sample of 12 ETGs (big open diamonds) is compared with the
results obtained for 24 simulated objects (filled red symbols), all
characterised by input Sérsic parameters of nin=6, Re,in ∼ 7 kpc
and magnitude m814,in=22 (red triangles), 23 (red diamonds), or
23.5 (red squares). The bottom panel shows the Sérsic index (n)
- effective radius (Re) relation. The symbols are the same of the
top panel. In both of the diagrams the local M*–Re and n–Re

relations with their 1 σ dispersions, from Shen et al. (2003) and
Caon et al. (1993), respectively, are represented as red solid and
dashed lines. The black filled circle shows the input n and Re

values common to all the 24 simulated objects. Note the large
scatter in measured effective radius and Sérsic index for the sim-
ulated objects, well reproducing the scatter observed for the real
galaxies.

decreases with increasing n index (and decreasing luminos-
ity). Similar trends are generally found for simulated galax-
ies with Re,in ! 3.5 kpc.

These experiments confirm that for objects with large
effective radius and Sérsic index, as ETGs with masses of >
2.5×1011 M! are expected to be, with the typical S/N of our
12 ETGs (i.e. S/N" 50 − 100) one could still substantially
underestimate n and Re. This may be due to the fact that
the halos in high Sérsic-index profiles are very extended and
therefore have very low surface brightness, so that they can

Mancini+10
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Figure 5. Deviations of galaxy profiles from Sérsic profiles. The difference
between the best-fit Sérsic profile and the residual-corrected profile is plotted as
a function of radius for all galaxies in our sample (black lines). The mean profile
is shown in red, with the shaded light red region indicating the 1σ spread in the
distribution. Although individual galaxy profiles deviate from Sérsic profiles,
on average the difference is consistent with zero.

our error estimates are correct, then their effect on the scatter is
!0.01 dex. The scatter we measure is comparable to that found
in Newman et al. (2012). These authors find σlog10 re

≈ 0.25 for
galaxies with 1010.7 M" < Mstellar ! 1011.7 M" at z ∼ 2. We
note that our sample contains several galaxies that are part of
an overdensity at z = 1.6 (e.g., Gilli et al. 2003; Castellano
et al. 2007; Kurk et al. 2009). In particular, the two largest
galaxies in our sample are part of this overdensity. Excluding
the z = 1.6 galaxies from our analysis does not significantly
alter the spread in galaxy sizes in the 1.5 < z < 1.75 redshift
bin: σlog10 re

= 0.21 ± 0.14.
The size measurements used in Shen et al. (2003) have been

shown to suffer from systematic errors due to background over-
subtraction (Guo et al. 2009). As a result of this, the mass–size

relation measured by Shen et al. (2003) is significantly shallower
than that found by, e.g., Guo et al. (2009). We therefore repeat
our determination of the scatter around the z ∼ 2 mass–size
relation using the Guo et al. (2009) measurements. This results
in a decrease in the scatter by only ∼0.03 dex, and does not
affect our conclusions.

We note that, even within the limited redshift range under
consideration, differences in redshift play a role: the galaxies
in the 1.75 < z < 2.5 subsample are clearly smaller than
the 1.5 < z < 1.75 galaxies. This may explain some of
the disagreement between studies of high-redshift quiescent
galaxies. In particular, the large effective radii found by Mancini
et al. (2010) for some high-redshift quiescent galaxies could be
due to the fact that they select galaxies with 1.4 < z < 1.75.
In this context, part of the size evolution between z ∼ 2 and
z = 0 could be due to the appearance of young, relatively large
quiescent galaxies after z ∼ 2 (e.g., van Dokkum et al. 2008;
Franx et al. 2008; Saracco et al. 2009; van der Wel et al. 2009;
Cassata et al. 2011). We note that Saracco et al. (2009) find
evidence for a correlation of galaxy compactness with stellar
age, such that the most compact high-redshift quiescent galaxies
contain older stellar populations than quiescent galaxies that
lie close to the z = 0 mass–size relation. We investigate this
correlation in Figure 7, using rest-frame U − V color as a proxy
for galaxy age. We define galaxy compactness as the offset
between the z ∼ 2 galaxy sizes and the z = 0 mass–size relation
of Shen et al. (2003): re/re,z=0 = re/(2.88×10−6 ×M0.56). We
find no evidence for a correlation between galaxy compactness
and galaxy age in our data.

In Figure 8, we compare the stellar mass surface density
profiles of the z ∼ 2 galaxies to those of low-redshift galaxies.
Based on their masses and number densities, we expect z ∼ 2
quiescent galaxies to evolve into the most massive low-redshift
galaxies (e.g., van Dokkum et al. 2010). As a comparison
sample, we therefore use surface brightness profiles of elliptical
galaxies with equal or higher mass in the Virgo Cluster from
Kormendy et al. (2009). These authors used a combination of
space-based and ground-based observations to obtain surface
brightness profiles with very high resolution and dynamic range,
covering almost three orders of magnitude in radius. The surface
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Figure 6. Relations between size and stellar mass (left panel) and size and rest-frame r-band absolute magnitude (right panel). Gray lines indicate the low-redshift
mass–size and magnitude–size relations from Shen et al. (2003), green and blue points indicate the z ∼ 2 sample (divided into low- and high-redshift bins, respectively).
The z ∼ 2 galaxies are, on average, almost an order of magnitude smaller than low-redshift galaxies of similar mass and luminosity. However, there is a significant
range in sizes at both redshifts. The largest z ∼ 2 galaxies lie very close to the z = 0 mass–size relation.
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Sample selection
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Sample selection
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27 sources in UltraVISTA+NMBS-II
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Sample selection

7

27 sources in UltraVISTA+NMBS-II

1.5 < z < 3.0

K < 21.5

Wide range in SFRs

z < 2: <z>=1.73 (18)
z > 2: <z>=2.47 (9)
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Figure 4: Twenty-three band SEDs of 12 UMGs at 1.5 < z < 3.0 in the COSMOS/ULTRAVISTA
field. These galaxies are extremely bright, 2.5 - 3.5 magnitudes brighter than the 5σ limit of the
ULTRAVISTA data, and hence have very well-constrained SEDs. In all cases the random errors
in the photometric redshifts are < 2% and random errors in the stellar masses are < 10%. While
all galaxies have large stellar masses, they have a range in SSFR with ∼ 50% being quiescent
(Log(SSFR) < -10.5) and ∼ 50% being star forming (Log(SSFR) > -10.5.

7

Thursday, February 5, 2015



8

Random errors:
Figure 4: Twenty-three band SEDs of 12 UMGs at 1.5 < z < 3.0 in the COSMOS/ULTRAVISTA
field. These galaxies are extremely bright, 2.5 - 3.5 magnitudes brighter than the 5σ limit of the
ULTRAVISTA data, and hence have very well-constrained SEDs. In all cases the random errors
in the photometric redshifts are < 2% and random errors in the stellar masses are < 10%. While
all galaxies have large stellar masses, they have a range in SSFR with ∼ 50% being quiescent
(Log(SSFR) < -10.5) and ∼ 50% being star forming (Log(SSFR) > -10.5.
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Preliminary Results
I. Blending Issues
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WFC3 reveals:

~ 1/3 blended
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Preliminary Results
I. Blending Issues

9

WFC3 reveals:

~ 1/3 blended

Ongoing: deblending of 
multiwavelength photometry
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II.Structural Fitting
Light profile modeled with single Sersic index (n)
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II.Structural Fitting
Light profile modeled with single Sersic index (n)
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II.Structural Fitting
Light profile modeled with single Sersic index (n)
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All single Sersic profiles fit with n< 2.5 

UMG’s are “disky”
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Longhetti+07, Cimatti+08, Mancini+10, Strazzullo+10, Cassatta+11, Szomoru+12, 
Bezanson+13, van de Sande+13, Onodera+14, van der Wel+14; <z>=1.75

III.Mass-Size Relation
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Cassatta+11, Szomoru+12, Krogager+14, Tacchella+14, 

van der Wel+14; <z>=2.25
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Cassatta+11, Szomoru+12, Krogager+14, Tacchella+14, 

van der Wel+14; <z>=2.25
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FIG. 7.— Left Column: ACS (top) and WFC3 (bottom) images for C1-23152. The galaxy is resolved in both bands. Central column: Best fit GALFIT
modeling. Right column: Residual images. The best-fit GALFIT values are re,circ = 1.45± 0.15 kpc, n = 5.5± 0.5 and b/a = 0.85± 0.04 for ACS imaging, and
re,circ = 0.97± 0.10 kpc, n = 4.4± 0.4 and b/a = 0.82±0.03 for WF3 imaging. C1-23152 is more compact (by ∼ 50%) in H160 (rest-frame U-band) than in the
ACS I814 (rest-frame UV). There is no evidence for a central point-like source in either bands.

FIG. 8.— Color image obtained from the combination of the HST ACS I814
and WFC3 H160 bands centered around C1-23152. C1-23152 shows a smooth
and round morphology; the two nearby fainter sources are characterized by
bluer colors.

stellar mass, arguably among the most compact very mas-
sive galaxies at z > 3 (see Figure 9). More quantitatively, the
size of C1-23152 is a factor of ∼2 smaller than the median

FIG. 9.— Plot of stellar mass versus size. Red star indicates the location
of C1-23152. Spectroscopically confirmed quenched galaxies are indicated
in the legend with Q and the redshift range of each study (black points: Belli
et al. 2014a; orange filled circles: Bezanson et al. 2013; green filled circles:
Krogager et al. 2013; light blue triangles: van De Sande et al. 2013; dark
green downward triangles: Belli et al. 2014b). Purple filled squares indicate
the location of spectroscopically confirmed SMGs from Toft et al. (2014).
Red and blue solid lines indicate the median mass versus size distribution
for quiescent and star forming galaxies respectively from van der Wel et al.
(2014). Dark gray dashed line is the mean stellar mass versus size at z ∼ 0
from Shen et al. (2003). All measurements are scaled to match a Kroupa
(2001) IMF.
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Summary
• UMGs at 1.5<z<3 are “disky”; ie n < 2.5

• Sizes consistent with extrapolation of size-mass 
relation derived for lower stellar masses

• 1.5<z<2: size(Q) < size(SF)

• 2<z<3: size(Q) ~ size(SF)

Ongoing: de-blending
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Questions

• proto-BCG’s don’t follow different size 
evolution (at 1.5<z) ??

• What is the formation mechanism of 
compact, massive galaxies?

Larger Re for when observing shorter 
wavelengths: no central starburst? 
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