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Fig. 2.—Relations between size and (total) stellar mass (left panel) and between the average stellar density inside the effective radius and stellar mass (right
panel). Large symbols with error bars are the quiescent galaxies. Small symbols are SDSS galaxies, with galaxies that are not on the red sequence in lightz ∼ 2.3
gray. The dotted lines indicate the expected location of galaxies with stellar velocity dispersions of 200, 300, and 500 km s!1. The high-redshift galaxies are much
smaller and denser than SDSS galaxies of the same stellar mass.

Uncertainties in the structural parameters of faint galaxies
are difficult to estimate, as they are usually dominated by sys-
tematic effects. For each galaxy, we added the residual image
of each of the other galaxies (excluding 1256-1967) in turn,
repeated the fit, and determined the rms of the seven values
obtained from these fits. The uncertainties listed in Table 1 are
2# these rms values, to account for additional systematic un-
certainties. These were assessed by changing the size of the
fitting region, scrambling the subpixel positions of the galaxies,
and changing the drizzle grid.

The Keck images offer an independent test of the reliability
of the fit parameters. Fitting the Keck images with a range of
stellar PSFs (including stars in the field of view) gives results
that are consistent with the NIC2 fits within the listed uncer-
tainties. As an example, for 1030-1813, we find kpc,r p 0.73e

, and from the Keck image. In the follow-n p 1.6 b/a p 0.32
ing, we will use the values derived from the higher signal-to-
noise ratio (S/N) NIC2 images; our conclusions would not
change if we were to use the Keck results for 1030-1813, 1256-
0, and 1256-1967.

4. SIZES AND DENSITIES

The most remarkable aspect of the galaxies is theirz ∼ 2.3
compactness. The circularized effective radii range from 0.5
to 2.4 kpc, and the median is 0.9 kpc. To put this in context,
this is smaller than many bulges of spiral galaxies (including
the bulges of the Milky Way and M31, which have r ≈ 2.5e

kpc; van den Bergh 1999). In the left panel of Figure 2, the
sizes are compared to those of SDSS galaxies. The SDSS data
were taken from the New York University Value-Added Galaxy
Catalog (Blanton et al. 2005) in a narrow redshift range, with
various small corrections (M. Franx et al., in preparation). Dark
gray points are galaxies on the red sequence, here defined as

. Stellar masses for theu ! g p 0.1 log M " (0.6 ! 0.2) z ∼
galaxies were taken from Kriek et al. (2008a) and corrected2.3

to a Kroupa (2001) initial mass function (IMF). The median
mass of the galaxies is M,. The median11z ∼ 2.3 1.7 # 10

of SDSS red sequence galaxies with massesr (1.5–1.9) #e

M, is 5.0 kpc, a factor of ∼6 larger than the median size1110
of the galaxies.z ∼ 2.3

The combination of small sizes and high masses implies very

high densities. The right panel of Figure 2 shows the relation
between stellar density and stellar mass, with density defined
as (i.e., the mean stellar density within3r p 0.5M/[(4/3)pr ]e

the effective radius, assuming a constant stellar mass-to-light
[ ] ratio with radius). The median density of theM/L z ∼ 2.3
galaxies is M, kpc!3 (with a considerable rms scatter103 # 10
of 0.7 dex), a factor of ∼180 higher than the densities of local
red sequence galaxies of the same mass.

We note that it is difficult to determine the morphologies of
the galaxies, as they are so small. Nevertheless, it is striking
that several galaxies are quite elongated (see Fig. 1). The most
elongated galaxies are also the ones with the lowest n-values
(the correlation between n and is formally significant at theb/a
199% level9), and a possible interpretation is that the light of
a subset of the galaxies is dominated by very compact, massive
disks (see § 5).

5. DISCUSSION

We find that all ( ) of the quiescent, massive galaxies"0100 %!11

at spectroscopically identified by Kriek et al. (2006)AzS p 2.3
are extremely compact, having a median effective radius of
only 0.9 kpc. This result extends previous work at z ∼ 1.5
(Trujillo et al. 2007; Longhetti et al. 2007; Cimatti et al. 2008)
and confirms other studies at similar redshifts that were based
on photometric redshifts and images of poorer quality (Zirm
et al. 2007; Toft et al. 2007). Our study, together with the
spectroscopy in Kriek et al. (2006) demonstrating that the H-
band light comes from evolved stars, shows that the small
measured sizes of evolved high-redshift galaxies are not caused
by photometric redshift errors, active galactic nuclei, dusty
starbursts, or measurement errors.

It is remarkable that all nine galaxies are so compact; even
the largest galaxy in the sample (HDFS1-1849) is significantly
offset from the relations of red galaxies in the nearby universe
(see Fig. 2). We do not find any galaxy resembling a fully
assembled elliptical or S0 galaxy, which means that such ob-
jects make up less than ∼10% of the population of quiescent
galaxies at . This result effectively rules out simplez ∼ 2.3

9 There is no significant correlation between and n, or between andr re e

.b/a

agreement with the merger scenario proposed by Kauffmann &
Haehnelt (2000). In addition, Daddi et al. (2005) find four very
compact (re P 1 kpc) and massive (M! k 1011 h"2

70 M#) objects
at z $ 1:7 in the UDF. These objects could be the same class of
compact galaxies that we find here and could be found at red-
shifts as low as z $ 1 (see Fig. 9 of McIntosh et al. 2005). In a
!CDM universe, Khochfar & Silk (2006b) find that early-type
galaxies at high redshifts merge from progenitors that have
more cold gas available than their counterparts at low redshift.
As a consequence, they claim that the remnant should be smaller
in size at high redshift (Khochfar & Silk 2006a). These high-z
spheroid-like objects are very massive, so it is not expected that
their masses can increase dramatically since then. Hence, a mech-
anism that makes the size of the galaxies grow very rapidly at
increasing their mass is expected. As stated in x 1, the merger of
early-type galaxies could increase their sizes. If this is the case,
repeated mergers of the most massive spheroid-like objects that
we observe at z > 1:5 could bring them into the local observed
stellar massYsize relation of early-type galaxies. A more detailed
analysis of the nature of these compact objects in the FIRES
sample will be presented in S. Toft et al. (2006, in preparation)
and A. Zirm et al. (2006, in preparation).

We want to add a final cautionary note on the interpretation of
the evolution of the luminosity-size and stellar massYsize rela-
tions. There is a hint that the degree of evolution of these relations
could be different depending on the luminosity and stellar mass
range (or size) analyzed (Barden et al. 2005; McIntosh et al.
2005). To test this, we show in Figure 14 the size evolution for
galaxies more massive than our completeness mass limit (M!k
6:6 ; 1010 h"2

70 M#). In this case, the evolution in the sizes (at a
given stellar mass) seems to be larger than if we maintain the
current limit. However, the uncertainty particularly at the high-
n sample is very large to make any strong conclusion.

7. SUMMARY

Using very deep NIR images of the HDF-S and theMS 1054-
03 field from the FIRES survey, we have analyzed the evolution
of the luminosity-size and stellar massYsize relation, measured
in their optical rest frame, for luminous (LV k 3:4 ; 1010 h"2

70 L#)
and massive (M! k 3 ;1010 h"2

70 M#) galaxies with z > 1. By
combining HDF-S with the MS 1054-03 field, we have tripled
the number of galaxies with z > 1 used in Trujillo et al. (2004).

Several tests have been run in order to estimate the robustness
of our structural parameter estimates. From these tests we estimate

an uncertainty in our sizes of $25% and in the concentration
(Sérsic index n) parameter of$60%.Moreover, we have briefly
investigated whether our sample is affected by surface bright-
ness selection effects. As shown in that cursory analysis, our
magnitude selection criterion appears sufficiently conservative
enough to avoid such a concern.

Combining the analysis of FIRES data with the results obtained
by GEMS at z < 1 (Barden et al. 2005; McIntosh et al. 2005) and
tying both to the present-day results fromSDSS (Shen et al. 2003),
we trace a detailed picture of the evolution of the luminosity-size
and stellar massYsize relations in the last $11 Gyr. For less con-
centrated ( low n) objects, at a given luminosity, the typical sizes
of the galaxies were $3 times smaller at z $ 2:5 than those we
see today. In contrast, the stellar massYsize relation has evolved
less: we see very little evolution to z $ 1:2 and a factor of $2
decrease in size at a given stellar mass at z $ 2:5. The evolution at
a given stellar mass has evolved proportional to (1þ z)"0:40&0:06.
As pointed out by Trujillo et al. (2004), the different evolution in
the luminosity-size and the stellar massYsize relations is explained
by the fact that the M/L ratios of high-z galaxies are lower than
nowadays (or, the stellar populationsweremuch younger at earlier
times). The evolution observed in the stellar massYsize relation,
combined with the fact that galaxies are producing new stars,
implies an inside-out growth of the galactic mass.

The observed luminosity-size relation evolution out to z $ 2:5
for low-n objects matches very well the expected evolution for
MilkyWayYtype objects from infallmodels. For disklike galaxies,
the semianalytical hierarchical predictions based on simple scal-
ing relations between halos and baryons seem to overestimate
the observed evolution of the stellar massYsize relation. The dis-
crepancy is in the sense that the observed galaxies at high redshift
are larger than expected from the model scalings. However, this
model cannot be totally rejected with the current data set.

For highly concentrated (high n) objects, the evolution of the
luminosity-size relation is consistent with (but does not nec-
essarily imply) pure luminosity evolution of a fading galaxy
population. The evolution of the sizes at a given stellar mass is
proportional to (1þ z)"0:45&0:10.

We are happy to thank Shiyin Shen for providing us with the
Sloan Digital Sky Survey data used in this paper and E. F. Bell,
E. Daddi, and C. Heymans for useful discussions. We would
like to thank C. Möllenhoff, C. C. Popescu, and R. J. Tuffs for

Fig. 14.—Ratio between observed size and expected size and at a given mass from the local SDSS sample (Shen et al. 2003) as a function of z for galaxies more
massive than our completeness mass limit (M! k 6:6 ; 1010 h"2

70 M#). The meaning of the symbols is the same as in Fig. 13.

GALAXY SIZE EVOLUTION 39No. 1, 2006

agreement with the merger scenario proposed by Kauffmann &
Haehnelt (2000). In addition, Daddi et al. (2005) find four very
compact (re P 1 kpc) and massive (M! k 1011 h"2

70 M#) objects
at z $ 1:7 in the UDF. These objects could be the same class of
compact galaxies that we find here and could be found at red-
shifts as low as z $ 1 (see Fig. 9 of McIntosh et al. 2005). In a
!CDM universe, Khochfar & Silk (2006b) find that early-type
galaxies at high redshifts merge from progenitors that have
more cold gas available than their counterparts at low redshift.
As a consequence, they claim that the remnant should be smaller
in size at high redshift (Khochfar & Silk 2006a). These high-z
spheroid-like objects are very massive, so it is not expected that
their masses can increase dramatically since then. Hence, a mech-
anism that makes the size of the galaxies grow very rapidly at
increasing their mass is expected. As stated in x 1, the merger of
early-type galaxies could increase their sizes. If this is the case,
repeated mergers of the most massive spheroid-like objects that
we observe at z > 1:5 could bring them into the local observed
stellar massYsize relation of early-type galaxies. A more detailed
analysis of the nature of these compact objects in the FIRES
sample will be presented in S. Toft et al. (2006, in preparation)
and A. Zirm et al. (2006, in preparation).

We want to add a final cautionary note on the interpretation of
the evolution of the luminosity-size and stellar massYsize rela-
tions. There is a hint that the degree of evolution of these relations
could be different depending on the luminosity and stellar mass
range (or size) analyzed (Barden et al. 2005; McIntosh et al.
2005). To test this, we show in Figure 14 the size evolution for
galaxies more massive than our completeness mass limit (M!k
6:6 ; 1010 h"2

70 M#). In this case, the evolution in the sizes (at a
given stellar mass) seems to be larger than if we maintain the
current limit. However, the uncertainty particularly at the high-
n sample is very large to make any strong conclusion.

7. SUMMARY

Using very deep NIR images of the HDF-S and theMS 1054-
03 field from the FIRES survey, we have analyzed the evolution
of the luminosity-size and stellar massYsize relation, measured
in their optical rest frame, for luminous (LV k 3:4 ; 1010 h"2

70 L#)
and massive (M! k 3 ;1010 h"2

70 M#) galaxies with z > 1. By
combining HDF-S with the MS 1054-03 field, we have tripled
the number of galaxies with z > 1 used in Trujillo et al. (2004).

Several tests have been run in order to estimate the robustness
of our structural parameter estimates. From these tests we estimate

an uncertainty in our sizes of $25% and in the concentration
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nowadays (or, the stellar populationsweremuch younger at earlier
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the semianalytical hierarchical predictions based on simple scal-
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are larger than expected from the model scalings. However, this
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Figure 4. Left: evolution in the mean size of quiescent (red) and star-forming (blue) galaxies, measured at matched rest wavelength and normalized to M∗ = 1011 M⊙
using the slope Re ∝ M0.57

∗ . Error bars indicate the 1σ uncertainty in the mean, accounting for random sampling errors only. The shaded region shows the 1σ scatter
in the quiescent population as measured in Table 1. The large red dot indicates our default SDSS relation; the arrow estimates the change if the Guo et al. (2009) sizes
were used instead (Section 2.6). Right: our results (red circles) are compared to other recent estimates, as indicated by the legend.

Table 1
Fits of the Mass–Size Relation of Quiescent Galaxies to

log Rh = γ + β(log M∗ − 11)

Redshift γ β σlog Rh

SDSS z = 0.06 0.54 0.57 0.16
0.4 < z < 1.0 0.46 ± 0.02 0.59 ± 0.07 0.21 ± 0.01
1.0 < z < 1.5 0.30 ± 0.02 0.62 ± 0.09 0.23 ± 0.02
1.5 < z < 2.0 0.21 ± 0.02 0.63 ± 0.11 0.24 ± 0.02
2.0 < z < 2.5 0.04 ± 0.04 0.69 ± 0.17 0.26 ± 0.03

Notes. Fits are plotted in Figure 3. Errors are determined from bootstrap
resampling (negligible in the SDSS). The observed scatter is measured using
the standard deviation.

this perspective, it is perhaps expected that the mass–radius
slope for quiescent systems should persist to very early epochs.

Fits to the mass–size relation are always subject to an
Eddington bias arising from the steep mass function. This
steepness implies that near the limiting mass threshold, lower-
mass galaxies are scattered above the threshold more frequently
than higher-mass galaxies are scattered below it. We estimated
this bias through Monte Carlo simulations, generating mock
data with errors in stellar masses and radii typical of our sample.
These were fit to a linear relation using a simple least-squares
regression with equal weighting, as was done for the real data.
The measured β may underestimate the true slope by 0.02–0.05.
Since this correction is small, sensitive to the true errors in the
stellar mass estimates, and similar at each redshift, we decided
not to apply it.

Noting the lack of significant evolution in the slope of the
mass–size relation of quiescent galaxies, we fix β = 0.57 (the
SDSS slope) and consider the growth of the normalization γ
in Figure 4(a). This figure displays the mean size of quiescent
systems normalized to a stellar mass of 1011 M⊙. It is important
to recognize that the figure concerns the size evolution of the
population as a whole and not necessarily the growth rate of any
individual galaxy. Accordingly, we note that the growth rate at
fixed mass d log γ /dt accelerates over this interval, remaining
fairly gradual at z ! 1 and then noticeably increasing over

z ≈ 1–2.5. We reached the same conclusion in Newman et al.
(2010). Figure 4(b) shows the same data plotted against redshift;
there is no apparent change in d log γ /dz. We concentrate here
on the evolution per unit time because it most directly relates to
the effects of mergers. The blue points in Figure 4(a) indicate the
sizes of the star-forming systems in our mass-limited sample.
Interestingly, the evolution in size is similar to that for the
quiescent galaxies, so that star-forming galaxies are always,
on average, a factor of ≃2 larger than quiescent systems of the
same mass over the entire redshift range (see Law et al. 2012).

Figure 4(b) compares our results on quiescent galaxies
to several recent studies. Overall, there is a fair degree of
convergence given the diverse nature of the samples, which
apply various selection techniques to different types of data
(e.g., sizes measured in different wavebands, from space and the
ground, selection by color or morphology). In compiling these
data, we have harmonized all stellar masses to a Salpeter IMF
and have applied an additional correction of ∆ log M∗ = −0.05z
for data fit with Bruzual & Charlot (2003, BC03) models.6 We
caution that direct comparisons of simple parametric fits may
be misleading, since these can depend strongly on the redshift
interval that is fit.

The primary conclusion from the high-quality CANDELS
data now in hand is a factor of 3.5 ± 0.3 growth in size at
fixed stellar mass for quiescent sources over the redshift interval
0.4 < z < 2.5, with evidence for accelerated growth at earlier
times (Figure 4(a)). Our challenge in the remainder of the paper
will be to attempt to explain this growth rate. Although most
workers have focused on the growth of the mean size at a given
epoch (Figure 4), there is valuable information in the distribution
of sizes which can be used to discriminate between the growth
of individual systems over time and the arrival of new members
of the population. Although we will discuss this model in more
detail in Section 5, it is helpful to describe the data in terms of
the evolving size distribution at this juncture.

6 This accounts for the average difference between BC03 and CB07 stellar
mass estimates in our quiescent sample. The redshift dependence is expected,
since the thermally pulsing asymptotic giant branch (TP-AGB) phase that
distinguishes these models is predominant at ages of ∼1 Gyr.
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Fig. 1.—HST NIC2 images of the nine spectroscopically confirmed quiescent galaxies from Kriek et al. (2006). Each panel spans 3.8! # 3.8!; north isz 1 2
up, and east is to the left. The small panels below each galaxy show the best-fitting Sérsic model (convolved with the PSF) and the residual after subtraction of
the best-fitting model. The red ellipses are constructed from the best-fitting effective radii, axis ratios, and position angles. Note that the ellipses are significantly
smaller than 10 kpc, which is the effective diameter of typical massive elliptical galaxies in the nearby universe. Gemini GNIRS spectra from Kriek et al. (2006)
are also shown. Insets show Keck LGS/AO images of three galaxies.

TABLE 1
Structural Parameters

ID z

are

(kpc) ! n ! b/a !

1030-1813 . . . . . . . . . . 2.56 0.76 0.06 1.9 0.5 0.30 0.03
1030-2559 . . . . . . . . . . 2.39 0.92 0.18 2.3 0.6 0.39 0.04
1256-0 . . . . . . . . . . . . . . 2.31 0.78 0.17 3.2 0.9 0.71 0.10
1256-1967 . . . . . . . . . . 2.02 1.89 0.15 3.4 0.1 0.75 0.07
1256-142 . . . . . . . . . . . 2.37 0.93 0.04 0.9 0.3 0.35 0.04
ECDFS-5856 . . . . . . . 2.56 1.42 0.35 4.5 0.4 0.83 0.07
ECDFS-11490 . . . . . . 2.34 0.47 0.03 2.8 0.8 0.63 0.07
HDFS1-1849 . . . . . . . 2.31 2.38 0.11 0.5 0.2 0.29 0.02
HDFS2-2046 . . . . . . . 2.24 0.49 0.02 2.3 0.8 0.76 0.08

a Circularized effective radius.

filter using the NIC2 camera on HST, from 2006 June– 2007
June. Two orbits were used for each of the brightest two gal-
axies, and three orbits for each of the remaining seven. Each
orbit was split in two (dithered) exposures. The reduction fol-
lowed the procedures outlined in Bouwens & Illingworth
(2006) and R. Bouwens et al., in preparation. Before combin-
ing, we drizzled the individual exposures to a new grid with
0.0378! pixels to ensure that the point-spread function (PSF)
is well sampled. Images of the nine galaxies are shown in
Figure 1.

Three of the galaxies (1030-1813, 1256-0, and 1256-1967)
were also observed with Keck, using LSG AO to correct for
the atmosphere. The data were obtained on 2007 May 14 and
2008 January 13 using the NIRC2 wide-field camera, which
gives a pixel size of 0.04!. The reduction followed standard
procedures for near-IR imaging data. The Keck images are
shown as insets in Figure 1. They show the same qualitative
features as the NICMOS data.

3. FITTING

Each galaxy was fitted with a Sérsic (1968) radial surface
brightness profile, using the two-dimensional fitting code GAL-
FIT (Peng et al. 2002). The Sérsic n-parameter allows for a
large range of profile shapes and provides a crude estimate of
the bulge-to-disk ratio. For each galaxy, a synthetic NIC2 PSF
was created by generating subsampled PSFs with Tiny Tim 6.3
(Krist 1995), shifting them to replicate the location of the gal-
axy on the individual exposures, binning these to the native
NIC2 resolution, and finally drizzling these “observations” to
the grid of the galaxy images. The resulting fit parameters are
listed in Table 1; ellipses corresponding to the best-fit param-
eters are indicated in red in Figure 1. The (circularized) effec-
tive radii were transformed to kiloparsecs using kmH p 700

s!1 Mpc!1, , and .Q p 0.3 Q p 0.7m L

10 kpc
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Each galaxy was fitted with a Sérsic (1968) radial surface
brightness profile, using the two-dimensional fitting code GAL-
FIT (Peng et al. 2002). The Sérsic n-parameter allows for a
large range of profile shapes and provides a crude estimate of
the bulge-to-disk ratio. For each galaxy, a synthetic NIC2 PSF
was created by generating subsampled PSFs with Tiny Tim 6.3
(Krist 1995), shifting them to replicate the location of the gal-
axy on the individual exposures, binning these to the native
NIC2 resolution, and finally drizzling these “observations” to
the grid of the galaxy images. The resulting fit parameters are
listed in Table 1; ellipses corresponding to the best-fit param-
eters are indicated in red in Figure 1. The (circularized) effec-
tive radii were transformed to kiloparsecs using kmH p 700
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APPENDIX A: NON-CUMULATIVE GALAXY
STELLAR MASS FUNCTION

In Section 3.1 we provided tabulated fits to the cumulative
galaxy stellar mass function. Although useful for this paper,
the CMF is less commonly used in the literature compared
to the (di↵erential) galaxy stellar mass function. Here, we
provide similar fits to the (di↵erential) galaxy stellar mass
function from the Illustris simulation that can be used easily
for comparisons against other simulations or observational
data sets. We adopt a functional form of

� =
dN

dLogM⇤
= A M̃

↵+�Log

˜M⇤
⇤ exp(�M̃⇤) (A1)

where M̃⇤ = M⇤/(10
�
M�) and the fit coe�cients are al-

lowed to vary with redshift as described in equations 2-5.
We identify the best fit coe�cients using an ordinary regres-
sion based on the tabulated di↵erential stellar mass func-
tion over the redshift range 0 < z < 6. The galaxy stellar
mass functions taken directly from the simulations and the
associated best fits are shown in Figure A1 as solid and
dashed lines respectively. The inset shows the errors asso-
ciated with the fits, which are marginally larger than what
was found for the CMF. However, the error remains well
below 10% for the full resolved redshift, mass, and number
density. The appropriate limits on this fitting function cover
the mass range 107M� < M⇤ < 1012M�, mass function val-
ues � > 3⇥10�5Mpc�3dex�1, and redshift range 0 < z < 6.
The best fit coe�cients can be found in Table A1 and a basic
python script to evaluate the mass functions can be found
online.4

4

https://github.com/ptorrey/torrey_cmf

Figure A1. Galaxy stellar mass functions derived from the
galaxy populations formed in Illustris are shown at several red-
shifts as indicated in the legend. The dashed lines shown within
indicate the galaxy stellar mass function fitting functions. The
fitting functions approximate the actual galaxy stellar mass func-
tion at all redshifts reasonably well, with the “error” associated
with these fits in the panel inset.

Table A1. The best fit parameters to the redshift-dependent
di↵erential mass function presented in Equation (A1) are given.

i = 0 i = 1 i = 2

ai -3.082270 0.091113 -0.125720
↵i -0.675004 0.091193 -0.049466
�i -0.043321 0.025282 -0.007046
�i 11.512307 -0.190260 0.021313

c� 0000 RAS, MNRAS 000, 000–000
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Figure 8. Evolution of the SMF from z = 0–1. The black squares show the comoving number density of galaxies in 0.1 dex wide bins of stellar mass based on
our SDSS-GALEX (upper-left panel) and PRIMUS samples (subsequent six panels), respectively. Filled (open) squares indicate stellar mass bins above (below) the
stellar mass completeness limit at the center of each redshift bin. The shaded tan region in each panel reflects the quadrature sum of the Poisson and sample variance
uncertainties in the SMF, and the solid curve, reproduced in every panel for reference, shows the SDSS-GALEX SMF. We find that the SMF for the ensemble population
of galaxies has evolved remarkably little over the range of redshifts and stellar masses where PRIMUS is complete.
(A color version of this figure is available in the online journal.)

Table 5
Cumulative Number and Stellar Mass Density of All Galaxies

⟨z⟩ log (n)a log (ρ)b log (n) log (ρ) log (n) log (ρ) log (n) log (ρ)

log (M/M⊙) > 9.5 log (M/M⊙) > 10 log (M/M⊙) > 10.5 log (M/M⊙) > 11

0.100 −2.09 ± 0.05 8.35 ± 0.05 −2.32 ± 0.05 8.31 ± 0.05 −2.68 ± 0.05 8.18 ± 0.05 −3.41 ± 0.05 7.78 ± 0.04
0.250 −2.12 ± 0.05 8.32 ± 0.09 −2.36 ± 0.06 8.28 ± 0.10 −2.70 ± 0.09 8.16 ± 0.13 −3.41 ± 0.29 7.78 ± 0.29
0.350 −2.11 ± 0.06 8.35 ± 0.06 −2.30 ± 0.05 8.32 ± 0.06 −2.65 ± 0.07 8.20 ± 0.07 −3.39 ± 0.10 7.77 ± 0.11
0.450 −2.16 ± 0.09 8.31 ± 0.08 −2.35 ± 0.07 8.27 ± 0.08 −2.69 ± 0.08 8.16 ± 0.09 −3.47 ± 0.14 7.70 ± 0.16
0.575 >−2.22 >8.30 −2.39 ± 0.04 8.28 ± 0.05 −2.69 ± 0.04 8.18 ± 0.05 −3.42 ± 0.08 7.78 ± 0.10
0.725 . . . . . . >−2.37 >8.35 −2.61 ± 0.05 8.27 ± 0.05 −3.28 ± 0.07 7.90 ± 0.08
0.900 . . . . . . . . . . . . >−2.79 >8.15 −3.35 ± 0.07 7.85 ± 0.07

Notes.
a Number density in h3

70 Mpc−3.
b Stellar mass density in h70 M⊙ Mpc−3.

result which we quantify below. Given the expected stellar mass
growth of galaxies due to star formation (see, e.g., Figure 1)
and galaxy mergers, this result may at first appear surprising.
However, in Section 5.2.2, we show that the lack of significant
evolution in the SMF for the ensemble galaxy population is a
consequence of how the SMFs of the star-forming and quiescent
galaxy populations separately evolve. Moreover, in Section 6.1
we show that the relative lack of evolution in the global SMF,
especially at the massive end, suggests that mergers do not
appear to play a significant role for the stellar mass growth of
galaxies at z < 1.

By integrating the SMF above various stellar mass thresholds
we can quantify the observed (lack of) evolution in the SMF,
and look for evidence of mass assembly downsizing within the
global galaxy population (see Section 1). In Figure 9 we plot
versus redshift the cumulative number density of galaxies with
stellar masses greater than 109.5, 1010, 1010.5, and 1011 M⊙.
We focus here on the number density evolution, although the
evolution in stellar mass density leads to the same basic conclu-
sions (see Table 5). We integrate the observed SMF directly, but
exclude stellar mass bins containing fewer than three galaxies

where the SMF is noisiest. We use the best-fitting Schechter
model to extrapolate the observed SMF as needed over small
intervals of stellar mass. We emphasize, however, that these
model-dependent corrections typically modify the measured
number densities by !0.02 dex, and therefore potential errors
in the extrapolations do not affect any of our conclusions. The
solid black squares in Figure 9 show the mean number density,
while the vertical error bars indicate the Poisson uncertainty; the
thin black boxes around each point indicate the quadrature sum
of the Poisson and sample variance uncertainties in the vertical
direction, and the redshift bin width in the horizontal direction.
This graphical representation shows that sample variance un-
certainties are frequently comparable to or larger than the Pois-
son uncertainties. Finally, symbols with upward-pointing arrows
represent lower limits, and the gray shaded region shows for ref-
erence the comoving number density of galaxies at z ≈ 0.1, to
illustrate the case of no evolution.

Figure 9 shows that the cumulative number density of galaxies
above all four stellar mass thresholds does not appear to change
significantly over the range of redshifts where PRIMUS is
complete. To quantify this result, we fit a power-law function of
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Figure 8. Evolution of the SMF from z = 0–1. The black squares show the comoving number density of galaxies in 0.1 dex wide bins of stellar mass based on
our SDSS-GALEX (upper-left panel) and PRIMUS samples (subsequent six panels), respectively. Filled (open) squares indicate stellar mass bins above (below) the
stellar mass completeness limit at the center of each redshift bin. The shaded tan region in each panel reflects the quadrature sum of the Poisson and sample variance
uncertainties in the SMF, and the solid curve, reproduced in every panel for reference, shows the SDSS-GALEX SMF. We find that the SMF for the ensemble population
of galaxies has evolved remarkably little over the range of redshifts and stellar masses where PRIMUS is complete.
(A color version of this figure is available in the online journal.)

Table 5
Cumulative Number and Stellar Mass Density of All Galaxies

⟨z⟩ log (n)a log (ρ)b log (n) log (ρ) log (n) log (ρ) log (n) log (ρ)

log (M/M⊙) > 9.5 log (M/M⊙) > 10 log (M/M⊙) > 10.5 log (M/M⊙) > 11

0.100 −2.09 ± 0.05 8.35 ± 0.05 −2.32 ± 0.05 8.31 ± 0.05 −2.68 ± 0.05 8.18 ± 0.05 −3.41 ± 0.05 7.78 ± 0.04
0.250 −2.12 ± 0.05 8.32 ± 0.09 −2.36 ± 0.06 8.28 ± 0.10 −2.70 ± 0.09 8.16 ± 0.13 −3.41 ± 0.29 7.78 ± 0.29
0.350 −2.11 ± 0.06 8.35 ± 0.06 −2.30 ± 0.05 8.32 ± 0.06 −2.65 ± 0.07 8.20 ± 0.07 −3.39 ± 0.10 7.77 ± 0.11
0.450 −2.16 ± 0.09 8.31 ± 0.08 −2.35 ± 0.07 8.27 ± 0.08 −2.69 ± 0.08 8.16 ± 0.09 −3.47 ± 0.14 7.70 ± 0.16
0.575 >−2.22 >8.30 −2.39 ± 0.04 8.28 ± 0.05 −2.69 ± 0.04 8.18 ± 0.05 −3.42 ± 0.08 7.78 ± 0.10
0.725 . . . . . . >−2.37 >8.35 −2.61 ± 0.05 8.27 ± 0.05 −3.28 ± 0.07 7.90 ± 0.08
0.900 . . . . . . . . . . . . >−2.79 >8.15 −3.35 ± 0.07 7.85 ± 0.07

Notes.
a Number density in h3

70 Mpc−3.
b Stellar mass density in h70 M⊙ Mpc−3.

result which we quantify below. Given the expected stellar mass
growth of galaxies due to star formation (see, e.g., Figure 1)
and galaxy mergers, this result may at first appear surprising.
However, in Section 5.2.2, we show that the lack of significant
evolution in the SMF for the ensemble galaxy population is a
consequence of how the SMFs of the star-forming and quiescent
galaxy populations separately evolve. Moreover, in Section 6.1
we show that the relative lack of evolution in the global SMF,
especially at the massive end, suggests that mergers do not
appear to play a significant role for the stellar mass growth of
galaxies at z < 1.

By integrating the SMF above various stellar mass thresholds
we can quantify the observed (lack of) evolution in the SMF,
and look for evidence of mass assembly downsizing within the
global galaxy population (see Section 1). In Figure 9 we plot
versus redshift the cumulative number density of galaxies with
stellar masses greater than 109.5, 1010, 1010.5, and 1011 M⊙.
We focus here on the number density evolution, although the
evolution in stellar mass density leads to the same basic conclu-
sions (see Table 5). We integrate the observed SMF directly, but
exclude stellar mass bins containing fewer than three galaxies

where the SMF is noisiest. We use the best-fitting Schechter
model to extrapolate the observed SMF as needed over small
intervals of stellar mass. We emphasize, however, that these
model-dependent corrections typically modify the measured
number densities by !0.02 dex, and therefore potential errors
in the extrapolations do not affect any of our conclusions. The
solid black squares in Figure 9 show the mean number density,
while the vertical error bars indicate the Poisson uncertainty; the
thin black boxes around each point indicate the quadrature sum
of the Poisson and sample variance uncertainties in the vertical
direction, and the redshift bin width in the horizontal direction.
This graphical representation shows that sample variance un-
certainties are frequently comparable to or larger than the Pois-
son uncertainties. Finally, symbols with upward-pointing arrows
represent lower limits, and the gray shaded region shows for ref-
erence the comoving number density of galaxies at z ≈ 0.1, to
illustrate the case of no evolution.

Figure 9 shows that the cumulative number density of galaxies
above all four stellar mass thresholds does not appear to change
significantly over the range of redshifts where PRIMUS is
complete. To quantify this result, we fit a power-law function of
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Figure 8. Evolution of the SMF from z = 0–1. The black squares show the comoving number density of galaxies in 0.1 dex wide bins of stellar mass based on
our SDSS-GALEX (upper-left panel) and PRIMUS samples (subsequent six panels), respectively. Filled (open) squares indicate stellar mass bins above (below) the
stellar mass completeness limit at the center of each redshift bin. The shaded tan region in each panel reflects the quadrature sum of the Poisson and sample variance
uncertainties in the SMF, and the solid curve, reproduced in every panel for reference, shows the SDSS-GALEX SMF. We find that the SMF for the ensemble population
of galaxies has evolved remarkably little over the range of redshifts and stellar masses where PRIMUS is complete.
(A color version of this figure is available in the online journal.)

Table 5
Cumulative Number and Stellar Mass Density of All Galaxies

⟨z⟩ log (n)a log (ρ)b log (n) log (ρ) log (n) log (ρ) log (n) log (ρ)

log (M/M⊙) > 9.5 log (M/M⊙) > 10 log (M/M⊙) > 10.5 log (M/M⊙) > 11

0.100 −2.09 ± 0.05 8.35 ± 0.05 −2.32 ± 0.05 8.31 ± 0.05 −2.68 ± 0.05 8.18 ± 0.05 −3.41 ± 0.05 7.78 ± 0.04
0.250 −2.12 ± 0.05 8.32 ± 0.09 −2.36 ± 0.06 8.28 ± 0.10 −2.70 ± 0.09 8.16 ± 0.13 −3.41 ± 0.29 7.78 ± 0.29
0.350 −2.11 ± 0.06 8.35 ± 0.06 −2.30 ± 0.05 8.32 ± 0.06 −2.65 ± 0.07 8.20 ± 0.07 −3.39 ± 0.10 7.77 ± 0.11
0.450 −2.16 ± 0.09 8.31 ± 0.08 −2.35 ± 0.07 8.27 ± 0.08 −2.69 ± 0.08 8.16 ± 0.09 −3.47 ± 0.14 7.70 ± 0.16
0.575 >−2.22 >8.30 −2.39 ± 0.04 8.28 ± 0.05 −2.69 ± 0.04 8.18 ± 0.05 −3.42 ± 0.08 7.78 ± 0.10
0.725 . . . . . . >−2.37 >8.35 −2.61 ± 0.05 8.27 ± 0.05 −3.28 ± 0.07 7.90 ± 0.08
0.900 . . . . . . . . . . . . >−2.79 >8.15 −3.35 ± 0.07 7.85 ± 0.07

Notes.
a Number density in h3

70 Mpc−3.
b Stellar mass density in h70 M⊙ Mpc−3.

result which we quantify below. Given the expected stellar mass
growth of galaxies due to star formation (see, e.g., Figure 1)
and galaxy mergers, this result may at first appear surprising.
However, in Section 5.2.2, we show that the lack of significant
evolution in the SMF for the ensemble galaxy population is a
consequence of how the SMFs of the star-forming and quiescent
galaxy populations separately evolve. Moreover, in Section 6.1
we show that the relative lack of evolution in the global SMF,
especially at the massive end, suggests that mergers do not
appear to play a significant role for the stellar mass growth of
galaxies at z < 1.

By integrating the SMF above various stellar mass thresholds
we can quantify the observed (lack of) evolution in the SMF,
and look for evidence of mass assembly downsizing within the
global galaxy population (see Section 1). In Figure 9 we plot
versus redshift the cumulative number density of galaxies with
stellar masses greater than 109.5, 1010, 1010.5, and 1011 M⊙.
We focus here on the number density evolution, although the
evolution in stellar mass density leads to the same basic conclu-
sions (see Table 5). We integrate the observed SMF directly, but
exclude stellar mass bins containing fewer than three galaxies

where the SMF is noisiest. We use the best-fitting Schechter
model to extrapolate the observed SMF as needed over small
intervals of stellar mass. We emphasize, however, that these
model-dependent corrections typically modify the measured
number densities by !0.02 dex, and therefore potential errors
in the extrapolations do not affect any of our conclusions. The
solid black squares in Figure 9 show the mean number density,
while the vertical error bars indicate the Poisson uncertainty; the
thin black boxes around each point indicate the quadrature sum
of the Poisson and sample variance uncertainties in the vertical
direction, and the redshift bin width in the horizontal direction.
This graphical representation shows that sample variance un-
certainties are frequently comparable to or larger than the Pois-
son uncertainties. Finally, symbols with upward-pointing arrows
represent lower limits, and the gray shaded region shows for ref-
erence the comoving number density of galaxies at z ≈ 0.1, to
illustrate the case of no evolution.

Figure 9 shows that the cumulative number density of galaxies
above all four stellar mass thresholds does not appear to change
significantly over the range of redshifts where PRIMUS is
complete. To quantify this result, we fit a power-law function of
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Figure 4. Left: evolution in the mean size of quiescent (red) and star-forming (blue) galaxies, measured at matched rest wavelength and normalized to M∗ = 1011 M⊙
using the slope Re ∝ M0.57

∗ . Error bars indicate the 1σ uncertainty in the mean, accounting for random sampling errors only. The shaded region shows the 1σ scatter
in the quiescent population as measured in Table 1. The large red dot indicates our default SDSS relation; the arrow estimates the change if the Guo et al. (2009) sizes
were used instead (Section 2.6). Right: our results (red circles) are compared to other recent estimates, as indicated by the legend.

Table 1
Fits of the Mass–Size Relation of Quiescent Galaxies to

log Rh = γ + β(log M∗ − 11)

Redshift γ β σlog Rh

SDSS z = 0.06 0.54 0.57 0.16
0.4 < z < 1.0 0.46 ± 0.02 0.59 ± 0.07 0.21 ± 0.01
1.0 < z < 1.5 0.30 ± 0.02 0.62 ± 0.09 0.23 ± 0.02
1.5 < z < 2.0 0.21 ± 0.02 0.63 ± 0.11 0.24 ± 0.02
2.0 < z < 2.5 0.04 ± 0.04 0.69 ± 0.17 0.26 ± 0.03

Notes. Fits are plotted in Figure 3. Errors are determined from bootstrap
resampling (negligible in the SDSS). The observed scatter is measured using
the standard deviation.

this perspective, it is perhaps expected that the mass–radius
slope for quiescent systems should persist to very early epochs.

Fits to the mass–size relation are always subject to an
Eddington bias arising from the steep mass function. This
steepness implies that near the limiting mass threshold, lower-
mass galaxies are scattered above the threshold more frequently
than higher-mass galaxies are scattered below it. We estimated
this bias through Monte Carlo simulations, generating mock
data with errors in stellar masses and radii typical of our sample.
These were fit to a linear relation using a simple least-squares
regression with equal weighting, as was done for the real data.
The measured β may underestimate the true slope by 0.02–0.05.
Since this correction is small, sensitive to the true errors in the
stellar mass estimates, and similar at each redshift, we decided
not to apply it.

Noting the lack of significant evolution in the slope of the
mass–size relation of quiescent galaxies, we fix β = 0.57 (the
SDSS slope) and consider the growth of the normalization γ
in Figure 4(a). This figure displays the mean size of quiescent
systems normalized to a stellar mass of 1011 M⊙. It is important
to recognize that the figure concerns the size evolution of the
population as a whole and not necessarily the growth rate of any
individual galaxy. Accordingly, we note that the growth rate at
fixed mass d log γ /dt accelerates over this interval, remaining
fairly gradual at z ! 1 and then noticeably increasing over

z ≈ 1–2.5. We reached the same conclusion in Newman et al.
(2010). Figure 4(b) shows the same data plotted against redshift;
there is no apparent change in d log γ /dz. We concentrate here
on the evolution per unit time because it most directly relates to
the effects of mergers. The blue points in Figure 4(a) indicate the
sizes of the star-forming systems in our mass-limited sample.
Interestingly, the evolution in size is similar to that for the
quiescent galaxies, so that star-forming galaxies are always,
on average, a factor of ≃2 larger than quiescent systems of the
same mass over the entire redshift range (see Law et al. 2012).

Figure 4(b) compares our results on quiescent galaxies
to several recent studies. Overall, there is a fair degree of
convergence given the diverse nature of the samples, which
apply various selection techniques to different types of data
(e.g., sizes measured in different wavebands, from space and the
ground, selection by color or morphology). In compiling these
data, we have harmonized all stellar masses to a Salpeter IMF
and have applied an additional correction of ∆ log M∗ = −0.05z
for data fit with Bruzual & Charlot (2003, BC03) models.6 We
caution that direct comparisons of simple parametric fits may
be misleading, since these can depend strongly on the redshift
interval that is fit.

The primary conclusion from the high-quality CANDELS
data now in hand is a factor of 3.5 ± 0.3 growth in size at
fixed stellar mass for quiescent sources over the redshift interval
0.4 < z < 2.5, with evidence for accelerated growth at earlier
times (Figure 4(a)). Our challenge in the remainder of the paper
will be to attempt to explain this growth rate. Although most
workers have focused on the growth of the mean size at a given
epoch (Figure 4), there is valuable information in the distribution
of sizes which can be used to discriminate between the growth
of individual systems over time and the arrival of new members
of the population. Although we will discuss this model in more
detail in Section 5, it is helpful to describe the data in terms of
the evolving size distribution at this juncture.

6 This accounts for the average difference between BC03 and CB07 stellar
mass estimates in our quiescent sample. The redshift dependence is expected,
since the thermally pulsing asymptotic giant branch (TP-AGB) phase that
distinguishes these models is predominant at ages of ∼1 Gyr.
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BCG progenitors are growing 
envelopes at z~0.6

But their central, “primary” 
components are static
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Figure 6. Re–M⋆ relation for CGs (green circles) and non-CGs (black triangles) for the entire COSMOS sample. Solid lines are the linear fit to the relations, the green
dashed line is the fit to the CGs when their slope is fixed to be the same as non-CGs. In the upper panel, sizes have been measured adopting a de Vaucouleurs profile,
in the bottom panels with a double Sérsic profile (left: mass correction using the double Sérsic profile, right: mass correction using the de Vaucouleurs profile). The
typical errors are shown in the bottom left corner of each panel. In the inset, the 1σ contour errors to the fits are given. In the upper panel, the orange lines represent
the linear (solid) and quadratic (dotted) fit as given in Hyde & Bernardi (2009) for a low-z sample of early-type galaxies, the red lines represent the fits as given in
Bernardi (2009) for CGs in the local universe, for two different CG samples, all fitted with a de Vaucouleurs profiles. In the bottom right panel, regions at >1σ from
the CG +non-CG relation have been marked in cyan (see text for details).
(A color version of this figure is available in the online journal.)

agreement. Even after fixing the slope, when the de Vaucouleurs
profile is adopted to estimate sizes and masses (top and bottom-
left panel), all-CGs and non-CGs are best fit with relations that
are in statistical agreement. In contrast, when double Sérsic
sizes are considered, all-CGs and non-CGs are no longer sta-
tistically compatible. As mentioned above, some of the differ-
ence in size between group all-CGs and non-CGs might stem
from the somewhat different M⋆ ranges spanned by the two

samples. To test this, we consider only the range of overlap
(log M⋆/M⊙ ∼ 10.6–11.6) and perform 10,000 random draws
of both populations. With this reduced dynamic range, we find
that the parameters of the Re–M⋆ relation are in agreement
within 3σ errors between the two samples in 48.5% ± 0.5%
of the extractions when the de Vaucouleurs profile is adopted,
and in 29.1% ± 0.4% of the extractions when the double Sérsic
profile is adopted. Despite the fact that the majority of all-CGs
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follow the non-CG relation, this test reinforces the presence of
fundamental differences in the Re–M⋆ between the two popula-
tions, even over a fixed range in M∗. The statistical significance
of these differences is perhaps underestimated by inadequacies
of the simple linear fit we have adopted. It is not able to cap-
ture the behavior that can be seen visually in Figure 6, namely,
a deviation from a linear form driven by a modest fraction
of all-CGs.

We wish to isolate this fraction of CGs with potentially large
outer components. We use the Re,dSer–M∗,deV relation in the
bottom right panel of Figure 6 to identify those galaxies located
at >1σ from the average relation determined by combining all-
CGs and non-CGs together. A total of 23 all-CGs are flagged as
outliers, representing the 13% of the population. In Section 6 we
will examine whether this population is peculiar in other ways.
We note that there are two non-CGs that are offset at high mass
as well. We visually inspected the non-CGs and found that they
are really characterized by an outer envelope, probably the result
of a recent merger. In one case it is due to the presence of a close
companion. Therefore, outer components might associated with
non-CGs as well, or there might be a mis-identification of some
non-CGs which are actually CGs.

In the case of the de Vaucouleurs quantities, we compare
our results to those presented in Hyde & Bernardi (2009) and
Bernardi (2009). The former considered early-type galaxies in
the local universe in all environments, while the latter explored
a sample of cluster CGs in the local universe. They both used
the same size profile and IMF as we do. Hyde & Bernardi
(2009) give both a linear fit and a quadratic one, Bernardi (2009)
analyzed two slightly different cluster CG samples and probed
a smaller mass range than we do (log M⋆/M⊙ ∼ 11–12). Here
we report all of their results. We note that these relations have
been computed using circularized sizes, so they are not directly
comparable to ours. In any case they provide us with a baseline
comparison to results from the local universe. We see that the
Re,deV–M∗,deV relation in COSMOS is compatible with the Hyde
& Bernardi (2009) fits for early-type galaxies. In contrast, the fit
determined by Bernardi (2009) for local cluster CGs is steeper
than what we find here. This suggests evolution in the scaling
relation (see also Trujillo et al. 2004; McIntosh et al. 2005),
which we explore in more detail below.

4.1.2. Velocity Dispersion–Stellar Mass Relation

Next, we examine the relation between stellar mass and veloc-
ity dispersion, shown in Figure 7. Of the three scaling relation
variables (Re, M∗, and σ ), the velocity dispersion is likely the
least sensitive to material in potential outer components because
it is a luminosity-weighted quantity and therefore dominated
by the galaxy’s center. Furthermore, we have applied (minor)
corrections to derive estimates for σ within (Re/8), making it
further representative of just the center. Given the results of the
previous section, which demonstrated the similarity between
CGs and non-CGs in observables more sensitive to the inner
regions, we would therefore expect the σ–M∗ relation for CGs
and non-CGs to be nearly identical.

Restricting our analysis to those galaxies with a measured
velocity dispersion, Figure 7 shows the result agrees with our
expectations. The σ–M∗ relation is virtually independent of the
profile adopted17 and so we show only the de Vaucouleurs case.
COSMOS CGs and non-CGs are characterized by very similar

17 The correction of the velocity dispersion to the standard central velocity
dispersion depends only weakly on the effective radius (see Section 2.4.1)

Figure 7. σ–M⋆ relation for CGs (green circles) and non-CGs (black triangles)
for the spectroscopic COSMOS sample. Lines and symbols are as in the upper
panel of Figure 6.
(A color version of this figure is available in the online journal.)

relations, with CGs simply occupying the statistical extreme of
the general population.

Not surprisingly, the parameters of a linear fit to the σ–M⋆

relation are in agreement within the errors for the two pop-
ulations, both when slopes are free and when they are fixed.
Parameters are also compatible with the relation obtained by
Hyde & Bernardi (2009). Deviations might be observed at low
masses, but the number of galaxies with log M⋆/M⊙ < 10.8 is
small in our sample. In contrast, the results for cluster CGs pre-
sented in Bernardi (2009) are significantly different, indicating
a potential flattening of the σ–M∗ relation for CGs with time
that we explore further below.

4.1.3. Size–Velocity Dispersion Relation

Finally, we turn to a comparison of sizes and velocity
dispersions, a scaling relation that relates an observable that can
be sensitive to an outer component (Re) to one that is expected
to be almost entirely defined by the inner regions (σ ). Two
versions of this relation are shown in Figure 8. The left panel
uses Re,deV and the right panel, Re,dSer. In both cases, we see
more scatter than in the previous relations, but also a much
larger separation between group CGs and non-CGs. At any
given velocity dispersion, CGs are systematically larger than
non-CGs by a factor of ∼1.5. When the double Sérsic profile is
adopted, differences between CGs and non-CGs are even more
striking with some CG outliers significantly above the non-CG
population. This result can be interpreted as a more extreme
version of the bottom right panel of the size–mass relation
(Figure 6) which compared Re,dSer to M∗,deV. Here we expect
σ to be even less affected than M∗,deV by light at large radii.
Galaxies with significant outer components should therefore be
even more distinct in the Re,dSer–σ relation.

We note that when the de Vaucouleurs profile is considered
(left panel of Figure 8), the non-CG sample shows a hint of
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Figure 4. Left: evolution in the mean size of quiescent (red) and star-forming (blue) galaxies, measured at matched rest wavelength and normalized to M∗ = 1011 M⊙
using the slope Re ∝ M0.57

∗ . Error bars indicate the 1σ uncertainty in the mean, accounting for random sampling errors only. The shaded region shows the 1σ scatter
in the quiescent population as measured in Table 1. The large red dot indicates our default SDSS relation; the arrow estimates the change if the Guo et al. (2009) sizes
were used instead (Section 2.6). Right: our results (red circles) are compared to other recent estimates, as indicated by the legend.

Table 1
Fits of the Mass–Size Relation of Quiescent Galaxies to

log Rh = γ + β(log M∗ − 11)

Redshift γ β σlog Rh

SDSS z = 0.06 0.54 0.57 0.16
0.4 < z < 1.0 0.46 ± 0.02 0.59 ± 0.07 0.21 ± 0.01
1.0 < z < 1.5 0.30 ± 0.02 0.62 ± 0.09 0.23 ± 0.02
1.5 < z < 2.0 0.21 ± 0.02 0.63 ± 0.11 0.24 ± 0.02
2.0 < z < 2.5 0.04 ± 0.04 0.69 ± 0.17 0.26 ± 0.03

Notes. Fits are plotted in Figure 3. Errors are determined from bootstrap
resampling (negligible in the SDSS). The observed scatter is measured using
the standard deviation.

this perspective, it is perhaps expected that the mass–radius
slope for quiescent systems should persist to very early epochs.

Fits to the mass–size relation are always subject to an
Eddington bias arising from the steep mass function. This
steepness implies that near the limiting mass threshold, lower-
mass galaxies are scattered above the threshold more frequently
than higher-mass galaxies are scattered below it. We estimated
this bias through Monte Carlo simulations, generating mock
data with errors in stellar masses and radii typical of our sample.
These were fit to a linear relation using a simple least-squares
regression with equal weighting, as was done for the real data.
The measured β may underestimate the true slope by 0.02–0.05.
Since this correction is small, sensitive to the true errors in the
stellar mass estimates, and similar at each redshift, we decided
not to apply it.

Noting the lack of significant evolution in the slope of the
mass–size relation of quiescent galaxies, we fix β = 0.57 (the
SDSS slope) and consider the growth of the normalization γ
in Figure 4(a). This figure displays the mean size of quiescent
systems normalized to a stellar mass of 1011 M⊙. It is important
to recognize that the figure concerns the size evolution of the
population as a whole and not necessarily the growth rate of any
individual galaxy. Accordingly, we note that the growth rate at
fixed mass d log γ /dt accelerates over this interval, remaining
fairly gradual at z ! 1 and then noticeably increasing over

z ≈ 1–2.5. We reached the same conclusion in Newman et al.
(2010). Figure 4(b) shows the same data plotted against redshift;
there is no apparent change in d log γ /dz. We concentrate here
on the evolution per unit time because it most directly relates to
the effects of mergers. The blue points in Figure 4(a) indicate the
sizes of the star-forming systems in our mass-limited sample.
Interestingly, the evolution in size is similar to that for the
quiescent galaxies, so that star-forming galaxies are always,
on average, a factor of ≃2 larger than quiescent systems of the
same mass over the entire redshift range (see Law et al. 2012).

Figure 4(b) compares our results on quiescent galaxies
to several recent studies. Overall, there is a fair degree of
convergence given the diverse nature of the samples, which
apply various selection techniques to different types of data
(e.g., sizes measured in different wavebands, from space and the
ground, selection by color or morphology). In compiling these
data, we have harmonized all stellar masses to a Salpeter IMF
and have applied an additional correction of ∆ log M∗ = −0.05z
for data fit with Bruzual & Charlot (2003, BC03) models.6 We
caution that direct comparisons of simple parametric fits may
be misleading, since these can depend strongly on the redshift
interval that is fit.

The primary conclusion from the high-quality CANDELS
data now in hand is a factor of 3.5 ± 0.3 growth in size at
fixed stellar mass for quiescent sources over the redshift interval
0.4 < z < 2.5, with evidence for accelerated growth at earlier
times (Figure 4(a)). Our challenge in the remainder of the paper
will be to attempt to explain this growth rate. Although most
workers have focused on the growth of the mean size at a given
epoch (Figure 4), there is valuable information in the distribution
of sizes which can be used to discriminate between the growth
of individual systems over time and the arrival of new members
of the population. Although we will discuss this model in more
detail in Section 5, it is helpful to describe the data in terms of
the evolving size distribution at this juncture.

6 This accounts for the average difference between BC03 and CB07 stellar
mass estimates in our quiescent sample. The redshift dependence is expected,
since the thermally pulsing asymptotic giant branch (TP-AGB) phase that
distinguishes these models is predominant at ages of ∼1 Gyr.
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Figure 2. Example of a CG whose outer Sérsic component is representative of an outer envelope (top), and of a non-CG whose two Sérsic components are attributed
to a bulge and disk (bottom). Both images are arcsinh stretched.
(A color version of this figure is available in the online journal.)

stamp image with a size 4 × aiso, where aiso is the major axis
diameter of the Sextractor isophotal area. We also mask any
other sources from by Sextractor in the postage stamp image.
For 16 of the images, we manually mask nearby sources which
would otherwise disrupt the model fitting.

Each model component is described by seven parameters: flux
normalization, half-light radius, Sérsic index (fixed to n = 4
for de Vaucouleurs profiles), axis ratio, centroid position, and
position angle. In the two-component Sérsic model, the centroid
positions of both components are held to the same value, but all
other parameters are free and independent. The models are fit
using a version of the galaxy fitter used by Lackner & Gunn
(2012), modified to accommodate HST images. Briefly, we
obtain the best-fitting model parameters by performing a χ2

minimization over the difference between the PSF-convolved
model and the galaxy image, weighted by the measured inverse
variance of the image. Although the models used here are
symmetric under rotations, we do not bin pixels in radius, but
perform a full two-dimensional fit. The initial conditions for the
model fits are taken from single-component Sérsic fits, which
are not used in the subsequent analysis. The initial conditions
for the half-light radius and axis ratio for the single-component
fits are derived from the Sextractor isophotal area.

The total half-light radius of the double Sérsic fits is computed
numerically by determining the size of the ellipse that contains
half the flux. For both the de Vaucouleurs and double Sérsic
profiles, we report half-light radii along the major-axis. The
axis ratio and the position angle of the ellipse are taken
from the single-component Sérsic fit. While the least-squared
fitting does report errors on the half-light radii, these are
likely underestimated. Instead, we compute the scatter in the
size measured using different profiles (Sérsic, de Vaucouleurs,

double Sérsic, double de Vaucouleurs, de Vaucouleurs+Sérsic,
exponential+Sérsic, de Vaucouleurs+exponential). The typical
scatter in these half-light radii is ∼20%, and we use this as the
uncertainty for all half-light radii, from now on called simply
sizes for brevity.

2.4.3. Stellar Mass Corrections

While ideally independent, to derive the properties compared
in the usual galaxy scaling relations requires similar assump-
tions. In this section, we make an attempt to reduce the system-
atics due to the different assumptions made to estimate sizes
and masses. Indeed, sizes have been determined through a pro-
file fit to the galaxy’s surface brightness, while masses were
estimated under a different set of assumptions for the shape of
the same surface brightness profile. In particular, stellar masses
have been scaled to a Kron “total magnitude” (mag_auto) as
measured in the K band, not to a luminosity determined from a
multi-component profile fit (Bundy et al. 2010).

To obtain mass estimates that are more closely associated
with the profiles we use to derive size estimates, we apply
the following correction. We first assume that the K-band
mag_auto is obtained with the same SExtractor photometric
estimator as the F814W mag_auto magnitudes (Leauthaud
et al. 2010), and ignore potential color gradients. We then
compute the difference in magnitude, δm, between the F814W
mag_auto and the magnitude associated with either the de
Vaucouleurs or double Sérsic fit described above. Assuming
the same M/L for all early-types, the resulting difference in
log mass, δ log M∗, is given by δ log M∗ = −δm/2.5 in units
of dex. We apply the appropriate correction to M∗ for either
the de Vaucouleurs or double Sérsic fits as required. In parallel
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Prospects with Hyper Suprime Cam

• Hyper Suprime Cam (HSC)
• 1.5 deg imager on Subaru
• Survey began in 2014
• grizY to 26 AB over 1400 deg2
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Prospects with MaNGA
MASSIVE II 5

FIG. 4.— Radial gradients in age, [Fe/H], [Mg/Fe], [C/Fe], [N/Fe], and [Ca/Fe] as calculated by EZ_Ages from the Lick indices measured in the coadded spectra.
The measurements are made on four stacked spectra binned on stellar velocity dispersion (see figure key), and are shown as a function of R in kpc (left) or R/Re.
We fit the radial gradients with a power law of the form X = A log(R/R3)+B for each stellar population parameter X , where R3 is either 3−6 kpc or 1−1.5Re . The
fits to the highest (long-dashed lines) and lowest dispersion (dotted lines) are shown here, and in Tables 1 & 2. Note the decline with radius in [Fe/H] and [C/Fe] in
contrast with the radially constant age, [Mg/Fe], [N/Fe], and [Ca/Fe]. To indicate systematic errors in the light elements due to the unknown oxygen abundance, we
also show the resulting models assuming [O/Fe]= 0.1 rather than the default [O/Fe]= 0.5 (keeping [O/Fe] constant with radius in both cases; σ∗ > 290 km s−1 coadd
in dark and 220 < σ∗ < 250 km s−1 in light color). The [C/Fe] lines with alternate oxygen abundance have been offset by −0.1 dex for presentation purposes.
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FIG. 4.— Radial gradients in age, [Fe/H], [Mg/Fe], [C/Fe], [N/Fe], and [Ca/Fe] as calculated by EZ_Ages from the Lick indices measured in the coadded spectra.
The measurements are made on four stacked spectra binned on stellar velocity dispersion (see figure key), and are shown as a function of R in kpc (left) or R/Re.
We fit the radial gradients with a power law of the form X = A log(R/R3)+B for each stellar population parameter X , where R3 is either 3−6 kpc or 1−1.5Re . The
fits to the highest (long-dashed lines) and lowest dispersion (dotted lines) are shown here, and in Tables 1 & 2. Note the decline with radius in [Fe/H] and [C/Fe] in
contrast with the radially constant age, [Mg/Fe], [N/Fe], and [Ca/Fe]. To indicate systematic errors in the light elements due to the unknown oxygen abundance, we
also show the resulting models assuming [O/Fe]= 0.1 rather than the default [O/Fe]= 0.5 (keeping [O/Fe] constant with radius in both cases; σ∗ > 290 km s−1 coadd
in dark and 220 < σ∗ < 250 km s−1 in light color). The [C/Fe] lines with alternate oxygen abundance have been offset by −0.1 dex for presentation purposes.

Greene+15, 100 galaxies

MaNGA (DR13): 171 Early-types to 2.5 Re



2014-2020: 10,000 galaxies

Spatial resolution = 2” (1-2 kpc)
Spectral resolution = 60 km/s (sigma)
Wavelength range: 3600Å to 10,000Å
S/N = 4-8 at 1.5 Re (~3 hours)

MaNGA Update

Current status: 2500 unique galaxies

Volume-limited samples: log Mstar > 9
Flat in stellar mass and color
Uniform radial coverage

Bundy et al. 2015, ApJ, 798, 7 
Yan et al. 2016, in prep

MaNGA Public data release, 1400 unique data cubes
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Conclusions

• A puzzle: High-mass galaxies grow in 
radius but not mass? 

• New insight coming from deep wide-field 
imaging surveys like Hyper Suprime 
Cam (HSC).

• IFS surveys like MaNGA will provide a 
“global-to-local” test by measuring the 
chemistry of outer stellar populations


