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Figure 4. Left: evolution of log(M⋆/M⊙) > 10.8 quiescent (red points) and star-forming (blue points) galaxy effective radii. Here “quiescent galaxies” are defined
as those falling on the quiescent red sequence illustrated in Figure 6. The large blue and red crosses show the median radii of star-forming and quiescent galaxies,
respectively, in bins of ∆z = 0.25. The dashed line is a power-law (in 1 + z) fit to the small red points. Small black points near z = 0.06 are from the SDSS; note that
these points were not included in the power-law fit. Center: same as the left panel, but for galaxy surface densities. Right: evolution of the massive quiescent galaxy
number density with redshift. Error bars for the z = 0.5–2 points do not take cosmic variance or selection uncertainties into account; only Poisson errors are included.
Here the z ∼ 0 point is computed from the SDSS red galaxy mass function of Yang et al. (2009). The observed strong evolution since z = 2 in each of the three
quantities (size, surface density, and comoving number density) is well described with a power law in (1 + z)α , where α = −1.09, 2.37, and −1.0, respectively.
(A color version of this figure is available in the online journal.)

Table 2
Best-fit Power-law Parametersa for the Structural Evolution of Massive Galaxies

Sample αr br αΣ bΣ αn bn

All −0.88 ± 0.06 0.73 ± 0.02 1.92 ± 0.11 7.90 ± 0.04 . . . . . .

Quiescent red sequence −1.09 ± 0.08 0.74 ± 0.03 2.37 ± 0.14 7.87 ± 0.05 −0.96 ± 0.13 −3.44 ± 0.07
Non-(quiescent RS) −1.09 ± 0.08 0.88 ± 0.03 2.44 ± 0.15 7.52 ± 0.06 . . . . . .

sSFR < 0.3/tH −1.17 ± 0.07 0.78 ± 0.02 2.52 ± 0.13 7.80 ± 0.04 −0.73 ± 0.14 −3.45 ± 0.08
sSFR > 0.3/tH −0.92 ± 0.09 0.85 ± 0.03 2.14 ± 0.18 7.57 ± 0.07 . . . . . .

(U − V ) > 1.5 −1.00 ± 0.06 0.75 ± 0.02 2.23 ± 0.12 7.83 ± 0.04 −0.47 ± 0.19 −3.45 ± 0.10
(U − V ) < 1.5 −1.26 ± 0.19 0.98 ± 0.08 2.79 ± 0.40 7.30 ± 0.16 . . . . . .

Notes. In all subsamples a mass cut of log(M⋆/M⊙) > 10.8 has been imposed. The SDSS data were only included in the fit for αn; the αr and αΣ fits
were based solely on UDS data.
a Power-law parameters are defined such that f (z) = bf (1 + z)αf , where f is re, Σ⋆, or n; uncertainties are estimated with bootstrap resampling.

Table 3
Size Evolution Power-law Fits in Different Mass Bins

log M⋆/M⊙ All Quiescent Star Forming

αr br αr br αr br

10.6–10.8 −0.51 ± 0.07 0.51 ± 0.02 −0.75 ± 0.10 0.44 ± 0.03 −0.77 ± 0.08 0.70 ± 0.03
10.8–11.0 −0.81 ± 0.07 0.66 ± 0.03 −1.06 ± 0.11 0.66 ± 0.04 −1.10 ± 0.10 0.86 ± 0.04
>11.0 −1.09 ± 0.09 0.87 ± 0.03 −1.30 ± 0.10 0.90 ± 0.03 −1.32 ± 0.15 1.03 ± 0.05

Notes. Power-law parameters αr and br are defined such that re(z) = br (1 + z)αr . Quiescent and star-forming subsamples are selected via the “quiescent
red sequence” method described in the Appendix.

(log re > 1.1 or log re < −0.25). However, the SDSS data
point was included in the fit to the number density evolution.
For comparison, van der Wel et al. (2009) find that effective radii
of early-type galaxies with Salpeter (1955) masses >1011 M⊙
(equivalent to our mass limit) are 0.54 ± 0.04 times smaller
at z = 1 than z = 0 and 0.3 ± 0.1 times smaller at z = 2.
In both size and surface density, the evolution they infer is
somewhat slower than what we find; this might be a result of
different sample selection methods. They also derive a comoving
mass density equal to 35% ± 13% of the local value at z = 1
and 10+4

−6% at z = 2.4, while our number density evolution
is somewhat shallower than this (although roughly consistent
between z = 0 and 1), implying significant mass growth in the
existing quiescent galaxy population over these redshifts.

The above fits include galaxies spanning a somewhat wide
range of masses (log M/M⊙ > 10.8), but with this large
sample it is possible to investigate the growth of galaxies as
a function of stellar mass. Table 3 lists size evolution power-law
indices (αr ) and normalizations (br) for these same quiescent
and star-forming subsamples (as well as the total sample)
in three narrower mass bins. A strong trend is immediately
apparent: more massive galaxies undergo significantly faster
size evolution with redshift. For the total sample αr steepens
from −0.52 to −1.09 between stellar masses of 1010.6 and
>1011 M⊙, and from about −0.8 to −1.3 over the same mass
interval for both the quiescent and star-forming subsamples. A
similar trend was also noted by Franx et al. (2008). Although
this could, in principle, be due to systematic galaxy mass
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Figure 1. (a) Cumulative number density of galaxies at a given stellar mass for different redshifts, derived from the mass functions of
Marchesini et al. (2009). At a fixed cumulative number density of nc = 1.4×10−4 Mpc−3 (dashed black line) we determine the corresponding
stellar mass for a given redshift bin (dotted vertical lines). (b) Stellar mass vs. redshift for galaxies selected at nc = 1.4 × 10−4 Mpc−3.
The solid curve represents a second order polynomial fit and is given by Equation 2. A galaxy with a stellar mass of M ≈ 5 × 1010 M⊙

at z = 2.75 grows by a factor of ∼ 3 in mass by z = 0.375. For a given redshift, we study the structural properties of galaxies at
nc = 1.4× 10−4 Mpc−3 by selecting objects in a narrow mass bin around the predicted stellar mass from Equation 2.

mass function at z ∼ 0.1, as reported in Marchesini et al.
(2009) but scaled to a Chabrier IMF. We then integrated
these mass functions, Φ(M), to determine the cumulative
number density of galaxies as a function of stellar mass
at different redshifts:

n(> M) =

∫ ∞

M
Φ(M)dM (1)

We chose a cumulative number density for our study of
nc = 1.4× 10−4 Mpc−3 (dashed line) as this value repre-
sents the number density of galaxies with stellar masses
slightly above the stellar mass limit at z = 3 (M ∼
1010.6 M⊙). As seen in Figure 1a, the selected value
of nc intersects the cumulative number density curves at
lower redshifts at higher stellar masses, tracing out the
mass growth at that particular number density. The cor-
responding stellar masses at nc = 1.4× 10−4 Mpc−3 are
shown as a function of redshift in Figure 1b. In order
to quantify the redshift dependence we fit a second order
polynomial to these datapoints, resulting in the following
relation between stellar mass and redshift:

logMnc
/M⊙ = 11.19− 0.068z − 0.040z2 (2)

The scatter about this relation is only σ = 0.0046 dex,
suggesting that this parametrization is adequate for the
redshift range studied here. Note that this scatter does
not reflect the systematic uncertainty in measuring stel-
lar masses of galaxies at high redshift, which can be sub-
stantial (e.g., Marchesini et al. 2009). For a given red-
shift, we study the properties of galaxies within a bin of
size ∼ 0.3 dex in stellar mass centered on the predicted
mass from Equation 2. The actual boundaries of the bin
are adjusted such that the median mass is close to the
value given by Equation 2. Given the steepness of the

mass function, in practice this results in selecting galax-
ies at (logMnc

/M⊙)
+0.15
−0.1 . The bin size is broad enough

to allow for robust measurements of median structural
parameters. In order to avoid confusion, we emphasize
that at a given redshift we are not selecting all galaxies
with masses above the mass limit implied by the given
value of nc, but instead, we are selecting galaxies in a
narrow mass bin at the mass determined by nc.
Equation 2 indicates that galaxies at nc = 1.4 ×

10−4 Mpc−3 grow by a factor of ∼ 3 from z = 2.75
to z ∼ 0, resulting in a galaxy at low redshift with a
stellar mass of M ∼ 1.5× 1011 M⊙ (i.e., ∼ 2M⋆). From
z = 2 to z = 0.1, Equation 2 predicts that the stellar
mass grows by a factor of ∼ 2, which is very similar to
what is found in van Dokkum et al. (2010). We note that
the stellar mass growth inferred from Equation 2 is less
than what is predicted from abundance matching tech-
niques (e.g., Conroy & Wechsler 2009), though the latter
analysis is quite uncertain at z > 1. At z ∼ 0, where
the observations are more robust, abundance matching
indicates that a ∼ 2M⋆ galaxy occupies a dark matter
halo of mass M ∼ 2×1013 M⊙, which is typical of galaxy
groups.
Both van Dokkum et al. (2010) and Papovich et al.

(2011) show with simulations that in selecting galaxies
at a fixed number density, the completeness fraction de-
clines with cosmic time, meaning that some of the objects
selected in a given number density bin at high redshift
are no longer found in that bin at lower redshift. Con-
taminants from other number density bins also enter the
sample. However, most of the contaminants scatter in
from neighboring bins and likely display properties that
are very similar to those of galaxies in the number density
bin of interest.
Finally, we note that although we use mass functions

from Marchesini et al. (2009), which are based on dif-
ferent data from what is employed here, we arrive at

Patel+2013
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Data and Analysis
COSMOS

z=0 z=3z=2z=1
I814 J125 H160

COSMOS (0.25<z<1):!
• Wide-area ACS I814 (Koekemoer
+2007, Scoville+2007)!

• Ks-selected UVISTA catalog (29 
bands) (Muzzin+2013b)!

• Wide area: needed to sample 
massive galaxies

UDS (1<z<3):!
• CANDELS J125, H160 (Koekemoer
+2011, Grogin+2011)!

• K-selected catalog from R. 
Williams+, in prep (DR8)!

• Deep near-IR: crucial to reach 
low mass limits at high redshift

Uniform Analysis:!
• Photo-z’s w/EAZY!
• Stellar masses w/FAST!
• Structural parameters w/
GALFIT (Peng+2002)
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Marchesini et al. (2009). At a fixed cumulative number density of nc = 1.4×10−4 Mpc−3 (dashed black line) we determine the corresponding
stellar mass for a given redshift bin (dotted vertical lines). (b) Stellar mass vs. redshift for galaxies selected at nc = 1.4 × 10−4 Mpc−3.
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at z = 2.75 grows by a factor of ∼ 3 in mass by z = 0.375. For a given redshift, we study the structural properties of galaxies at
nc = 1.4× 10−4 Mpc−3 by selecting objects in a narrow mass bin around the predicted stellar mass from Equation 2.
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(2009) but scaled to a Chabrier IMF. We then integrated
these mass functions, Φ(M), to determine the cumulative
number density of galaxies as a function of stellar mass
at different redshifts:

n(> M) =

∫ ∞

M
Φ(M)dM (1)

We chose a cumulative number density for our study of
nc = 1.4× 10−4 Mpc−3 (dashed line) as this value repre-
sents the number density of galaxies with stellar masses
slightly above the stellar mass limit at z = 3 (M ∼
1010.6 M⊙). As seen in Figure 1a, the selected value
of nc intersects the cumulative number density curves at
lower redshifts at higher stellar masses, tracing out the
mass growth at that particular number density. The cor-
responding stellar masses at nc = 1.4× 10−4 Mpc−3 are
shown as a function of redshift in Figure 1b. In order
to quantify the redshift dependence we fit a second order
polynomial to these datapoints, resulting in the following
relation between stellar mass and redshift:

logMnc
/M⊙ = 11.19− 0.068z − 0.040z2 (2)

The scatter about this relation is only σ = 0.0046 dex,
suggesting that this parametrization is adequate for the
redshift range studied here. Note that this scatter does
not reflect the systematic uncertainty in measuring stel-
lar masses of galaxies at high redshift, which can be sub-
stantial (e.g., Marchesini et al. 2009). For a given red-
shift, we study the properties of galaxies within a bin of
size ∼ 0.3 dex in stellar mass centered on the predicted
mass from Equation 2. The actual boundaries of the bin
are adjusted such that the median mass is close to the
value given by Equation 2. Given the steepness of the

mass function, in practice this results in selecting galax-
ies at (logMnc

/M⊙)
+0.15
−0.1 . The bin size is broad enough

to allow for robust measurements of median structural
parameters. In order to avoid confusion, we emphasize
that at a given redshift we are not selecting all galaxies
with masses above the mass limit implied by the given
value of nc, but instead, we are selecting galaxies in a
narrow mass bin at the mass determined by nc.
Equation 2 indicates that galaxies at nc = 1.4 ×

10−4 Mpc−3 grow by a factor of ∼ 3 from z = 2.75
to z ∼ 0, resulting in a galaxy at low redshift with a
stellar mass of M ∼ 1.5× 1011 M⊙ (i.e., ∼ 2M⋆). From
z = 2 to z = 0.1, Equation 2 predicts that the stellar
mass grows by a factor of ∼ 2, which is very similar to
what is found in van Dokkum et al. (2010). We note that
the stellar mass growth inferred from Equation 2 is less
than what is predicted from abundance matching tech-
niques (e.g., Conroy & Wechsler 2009), though the latter
analysis is quite uncertain at z > 1. At z ∼ 0, where
the observations are more robust, abundance matching
indicates that a ∼ 2M⋆ galaxy occupies a dark matter
halo of mass M ∼ 2×1013 M⊙, which is typical of galaxy
groups.
Both van Dokkum et al. (2010) and Papovich et al.

(2011) show with simulations that in selecting galaxies
at a fixed number density, the completeness fraction de-
clines with cosmic time, meaning that some of the objects
selected in a given number density bin at high redshift
are no longer found in that bin at lower redshift. Con-
taminants from other number density bins also enter the
sample. However, most of the contaminants scatter in
from neighboring bins and likely display properties that
are very similar to those of galaxies in the number density
bin of interest.
Finally, we note that although we use mass functions

from Marchesini et al. (2009), which are based on dif-
ferent data from what is employed here, we arrive at
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Figure 4. Evolution in the structural properties of galaxies selected at a constant cumulative number density of nc = 1.4× 10−4 Mpc−3.
(a) Effective radius vs. redshift. The shaded region indicates where re < FWHM/2. (b) Sérsic index vs. redshift. (c) Axis ratio vs.
redshift. The black circles represent the median for the full nc selected sample while the red and blue data points represent the median
values for the QG and SFG sub-populations, respectively (offset in redshift for clarity). The gray filled circles at z = 0.06 represent the
median values for an SDSS sample at z = 0.06 from Szomoru et al. (2012, in preparation). The typical size of a galaxy at nc increases by
a factor of ∼ 3 − 4 since z ∼ 3, with most of this change occurring at z < 2. The apparent constant size at 1.5 < z < 3 is a consequence
of the changing mix of QGs and SFGs combined with the overall growth of galaxy masses and sizes over this redshift range. The Sérsic
indices increase from n ∼ 1 at high redshift to n ∼ 6 at low redshift. This suggests that most of the stars in galaxies at nc were distributed
in a disk at z ∼ 3, while at low redshift they are distributed in a bulge. The increasing axis ratios towards low redshift further support
this view. The median axis ratio of b/a ∼ 0.52 at z ∼ 2.75 is close to what is expected for randomly oriented thin disks, while at z ∼ 0 the
axis ratios are more indicative of spheroidal systems.

Figure 5. Example postage stamps for galaxies selected at a constant cumulative number density of nc = 1.4× 10−4 Mpc−3 at different
redshifts. At a given redshift, objects were selected to have properties that follow the general trends seen in Figure 4. Each postage stamp
is 30 kpc on a side and is rotated such that the major axis is aligned horizontally. The PSF FWHM is indicated by the circle in the bottom
right of each panel and the effective radius (in kpc), Sérsic index, and axis ratio (q) are given in the bottom left. The half-light ellipse is
shown in white. Towards lower redshift, more light is added to the outer parts, leading to the larger sizes, Sérsic indices, and the buildup
of stellar mass. Towards higher redshifts, the median axis ratio declines, suggestive of randomly oriented disks.

Figure 5 shows example postage stamps of galaxies se-
lected at nc at different redshifts. For illustrative pur-
poses, we selected galaxies with structural parameters
that follow the general trends seen in Figure 4 but with
more consideration for the trend in axis ratios. Each
postage stamp is 30 kpc on a side and note that the size
of the galaxy in each redshift bin is larger than the PSF.
The relative sizes between redshift bins are therefore easy
to compare in this figure when paired with the indicated
half-light ellipses. Towards lower redshifts, especially at
z < 2, Figure 5 shows how light is added to the outer
parts, leading to the increasing size and Sérsic index of
galaxies selected at nc. At higher redshifts, the axis ra-
tios decrease, suggesting a larger contribution from disks.
Synthesizing the structural information above with the

star formation activity discussed in Section 4.2, we see
that the progenitors of ∼ 2M⋆ galaxies at z ∼ 3 were star
forming disks with re ∼ 2 kpc. By z ∼ 1.5, many of these
star forming disks disappear and give rise to a population
of compact QGs. By z ∼ 0, these compact QGs evolved
into the large-sized, bulge dominated, quiescent ∼ 2M⋆

galaxies.

4.4. Mass Assembly

A more intuitive view of how the change in structural
properties has impacted the evolution of galaxies at nc =
1.4× 10−4 Mpc−3 is given by the evolution of the mass
surface density profiles in Figure 6a. In order to compute
these profiles, we first used the best fitting Sérsic index
and effective radius for each galaxy to determine the light
profile using the standard formula for a Sérsic profile

Σ(r) = Σe exp(−bn[(r/re)
1/n − 1]) (5)

where Σ(r) is the surface brightness at radius r, re
the half-light radius, Σe the surface brightness at re,
n the Sérsic index, and bn a constant that depends on
n. Szomoru et al. (2012) find that the surface bright-
ness profiles of galaxies at high redshift generally follow
Sérsic profiles quite well. For simplicity, we therefore use
the analytic representation of the profile for each galaxy.
These light profiles were converted into mass profiles by
normalizing the integrated light in the Sérsic profile to
the stellar mass of each galaxy. Note that this conversion
neglects radial gradients in the mass-to-light ratio. For
a given redshift bin, the median of the mass profiles was

nc=1.4x10-4 Mpc-3
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Figure 4. Evolution in the structural properties of galaxies selected at a constant cumulative number density of nc = 1.4× 10−4 Mpc−3.
(a) Effective radius vs. redshift. The shaded region indicates where re < FWHM/2. (b) Sérsic index vs. redshift. (c) Axis ratio vs.
redshift. The black circles represent the median for the full nc selected sample while the red and blue data points represent the median
values for the QG and SFG sub-populations, respectively (offset in redshift for clarity). The gray filled circles at z = 0.06 represent the
median values for an SDSS sample at z = 0.06 from Szomoru et al. (2012, in preparation). The typical size of a galaxy at nc increases by
a factor of ∼ 3 − 4 since z ∼ 3, with most of this change occurring at z < 2. The apparent constant size at 1.5 < z < 3 is a consequence
of the changing mix of QGs and SFGs combined with the overall growth of galaxy masses and sizes over this redshift range. The Sérsic
indices increase from n ∼ 1 at high redshift to n ∼ 6 at low redshift. This suggests that most of the stars in galaxies at nc were distributed
in a disk at z ∼ 3, while at low redshift they are distributed in a bulge. The increasing axis ratios towards low redshift further support
this view. The median axis ratio of b/a ∼ 0.52 at z ∼ 2.75 is close to what is expected for randomly oriented thin disks, while at z ∼ 0 the
axis ratios are more indicative of spheroidal systems.

Figure 5. Example postage stamps for galaxies selected at a constant cumulative number density of nc = 1.4× 10−4 Mpc−3 at different
redshifts. At a given redshift, objects were selected to have properties that follow the general trends seen in Figure 4. Each postage stamp
is 30 kpc on a side and is rotated such that the major axis is aligned horizontally. The PSF FWHM is indicated by the circle in the bottom
right of each panel and the effective radius (in kpc), Sérsic index, and axis ratio (q) are given in the bottom left. The half-light ellipse is
shown in white. Towards lower redshift, more light is added to the outer parts, leading to the larger sizes, Sérsic indices, and the buildup
of stellar mass. Towards higher redshifts, the median axis ratio declines, suggestive of randomly oriented disks.

Figure 5 shows example postage stamps of galaxies se-
lected at nc at different redshifts. For illustrative pur-
poses, we selected galaxies with structural parameters
that follow the general trends seen in Figure 4 but with
more consideration for the trend in axis ratios. Each
postage stamp is 30 kpc on a side and note that the size
of the galaxy in each redshift bin is larger than the PSF.
The relative sizes between redshift bins are therefore easy
to compare in this figure when paired with the indicated
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Figure 5 shows example postage stamps of galaxies se-
lected at nc at different redshifts. For illustrative pur-
poses, we selected galaxies with structural parameters
that follow the general trends seen in Figure 4 but with
more consideration for the trend in axis ratios. Each
postage stamp is 30 kpc on a side and note that the size
of the galaxy in each redshift bin is larger than the PSF.
The relative sizes between redshift bins are therefore easy
to compare in this figure when paired with the indicated
half-light ellipses. Towards lower redshifts, especially at
z < 2, Figure 5 shows how light is added to the outer
parts, leading to the increasing size and Sérsic index of
galaxies selected at nc. At higher redshifts, the axis ra-
tios decrease, suggesting a larger contribution from disks.
Synthesizing the structural information above with the

star formation activity discussed in Section 4.2, we see
that the progenitors of ∼ 2M⋆ galaxies at z ∼ 3 were star
forming disks with re ∼ 2 kpc. By z ∼ 1.5, many of these
star forming disks disappear and give rise to a population
of compact QGs. By z ∼ 0, these compact QGs evolved
into the large-sized, bulge dominated, quiescent ∼ 2M⋆

galaxies.

4.4. Mass Assembly

A more intuitive view of how the change in structural
properties has impacted the evolution of galaxies at nc =
1.4× 10−4 Mpc−3 is given by the evolution of the mass
surface density profiles in Figure 6a. In order to compute
these profiles, we first used the best fitting Sérsic index
and effective radius for each galaxy to determine the light
profile using the standard formula for a Sérsic profile

Σ(r) = Σe exp(−bn[(r/re)
1/n − 1]) (5)

where Σ(r) is the surface brightness at radius r, re
the half-light radius, Σe the surface brightness at re,
n the Sérsic index, and bn a constant that depends on
n. Szomoru et al. (2012) find that the surface bright-
ness profiles of galaxies at high redshift generally follow
Sérsic profiles quite well. For simplicity, we therefore use
the analytic representation of the profile for each galaxy.
These light profiles were converted into mass profiles by
normalizing the integrated light in the Sérsic profile to
the stellar mass of each galaxy. Note that this conversion
neglects radial gradients in the mass-to-light ratio. For
a given redshift bin, the median of the mass profiles was
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Progenitors at z=3 are Star Forming6

Figure 3. Fraction of UV J classified quiescent galaxies (QGs,
solid red circles) and star forming galaxies (solid blue squares) vs.
redshift for galaxies with measured structural parameters selected
at a constant cumulative number density of nc = 1.4×10−4 Mpc−3.
The star forming fraction is simply the complement of the quies-
cent fraction. The 1σ error bars are computed assuming a bino-
mial distribution. The open symbols represent the values for the
appropriate mass and redshift from Brammer et al. (2011). The
change in the proportion of QGs towards low redshift for galaxies
at nc is dramatic, increasing from ∼ 23% at z ∼ 2.75 to ∼ 89% at
z ∼ 0.375. At z ∼ 3, most of the progenitors of massive galaxies
were star forming.

star forming given that their colors coincide with those
of SFGs in UV J color space. From z ∼ 3 to z ∼ 1.5
there appears to have been a substantial buildup in the
population of QGs, which become the dominant popula-
tion at z ! 1.5 for galaxies selected at nc. At z < 1.5,
the population of QGs continues to grow. We examine
how the structural properties have evolved in the next
section.

4.3. Structural Evolution

We now turn to the structural properties of massive
galaxies as they grow in time. The general proper-
ties of galaxies selected at nc are summarized in Ta-
ble 1. Figure 4 shows the evolution of the median ef-
fective radius, Sérsic index, and axis ratio for galaxies
at nc = 1.4 × 10−4 Mpc−3. We include in these figures
a sample of SDSS galaxies at z = 0.06 from Szomoru
et al. (2012, in preparation) selected at the appropriate
mass from Equation 2. The SDSS data is not used in
any of the fits that follow. Below z < 2, where QGs be-
come the dominant population in the sample, Figure 4a
shows that the effective radius increases substantially
from re ∼ 2 kpc at z ∼ 2 to re ∼ 7 kpc at z ∼ 0.
The size evolution at 0.25 < z < 2 follows

re = (9.3± 1.0) kpc× (1 + z)−1.1±0.2 (3)

with the exponent being very similar to what was found
in van Dokkum et al. (2010) over roughly the same red-
shift range. A striking feature in Figure 4a is the lack of
evolution at 1.5 < z < 3 in the median effective radius.
We investigate this further by showing the evolution of
QGs and SFGs separately in Figure 4. The constant

median re arises because SFGs are larger than QGs and
their relative abundance changes as a function of redshift.
Above z > 3, the size evolution is likely determined al-
most solely by SFGs since they become an overwhelming
majority of the population. We therefore expect the sizes
of galaxies to decrease above z " 3 (Oesch et al. 2010;
Mosleh et al. 2012, see, e.g.,) for samples selected at nc.
We can test whether the apparent constant value of re at
1.5 < z < 3 is a generic feature or a consequence of the
particular value of nc selected for our study. At lower
values of nc (i.e., higher masses at a given redshift), we
find that re can increase gradually from z ∼ 3 to z ∼ 2.
The Sérsic index determines the distribution of light

and hints at the presence of a bulge or disk. The median
Sérsic index in Figure 4b increases from n ∼ 1 at z =
2.75 to n ∼ 6 at z ∼ 0. The Sérsic index evolution at
0.25 < z < 3 can be characterized by

n = (6.7± 0.5)× (1 + z)−0.9±0.1 (4)

which is again very similar to what was found in van
Dokkum et al. (2010). The Sérsic index evolution indi-
cates that while most of the stars in ∼ 2M⋆ galaxies in
the nearby universe are distributed in a bulge, the stars
in their progenitor galaxies at z > 2 were distributed in
structures resembling exponential disks. We note that
Wuyts et al. (2011) also find that SFGs at high red-
shift, which represent the majority at nc, generally have
low Sérsic indices around n ∼ 1. The fact that QGs at
2 < z < 3 in Figure 2 generally have higher Sérsic in-
dices than SFGs (see also, Bell et al. 2012), as is also the
case at lower redshifts, further suggests that our Sérsic
profile fitting measurements are not significantly biased
by the limiting depth of the HST imaging for higher red-
shift galaxies. In the Appendix, we show this to also be
the case with a much larger, stellar mass limited sample
(Figure 9).
While the Sérsic indices can be suggestive of a bulge

or disk component, the axis ratio distribution provides a
better constraint on the shapes of galaxies. Owing to the
high resolution of the HST imaging, we can examine the
axis ratios of galaxies selected at nc to z ∼ 3. The me-
dian axis ratio of galaxies at nc = 1.4× 10−4 Mpc−3 has
increased significantly since z ∼ 3. At z = 2.75, the typ-
ical axis ratio is b/a ∼ 0.52, a low value that is indicative
of a distribution of randomly oriented thin disks. Mean-
while, at z = 0.06, the axis ratio is b/a ∼ 0.76, closer
to what is expected for elliptical galaxies. This value is
in good agreement with SDSS studies of massive QGs at
z = 0.06 (van der Wel et al. 2009; Holden et al. 2012). At
the highest redshifts (2.5 < z < 3), the residuals to the
single component Sérsic profile fits are smooth and visual
inspection of these residuals suggests that the lower axis
ratios at high redshift are not generally driven by multi-
ple components. In addition, varying the number density
selection to lower values, such as n = 10−4 Mpc−3, does
not impact the general decreasing trend of the median
axis ratios towards higher redshifts. Finally, as seen in
Figure 2c the axis ratios of SFGs are generally lower than
that of QGs at a given redshift and SFGs increasingly
become the dominant population at z > 1.5. The axis
ratios therefore also indicate, in addition to the Sérsic in-
dices, that the stars in the progenitors of ∼ 2M⋆ galaxies
were distributed in disks at z ∼ 3.

nc=1.4x10-4 Mpc-3
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Figure 3. Fraction of UV J classified quiescent galaxies (QGs,
solid red circles) and star forming galaxies (solid blue squares) vs.
redshift for galaxies with measured structural parameters selected
at a constant cumulative number density of nc = 1.4×10−4 Mpc−3.
The star forming fraction is simply the complement of the quies-
cent fraction. The 1σ error bars are computed assuming a bino-
mial distribution. The open symbols represent the values for the
appropriate mass and redshift from Brammer et al. (2011). The
change in the proportion of QGs towards low redshift for galaxies
at nc is dramatic, increasing from ∼ 23% at z ∼ 2.75 to ∼ 89% at
z ∼ 0.375. At z ∼ 3, most of the progenitors of massive galaxies
were star forming.

star forming given that their colors coincide with those
of SFGs in UV J color space. From z ∼ 3 to z ∼ 1.5
there appears to have been a substantial buildup in the
population of QGs, which become the dominant popula-
tion at z ! 1.5 for galaxies selected at nc. At z < 1.5,
the population of QGs continues to grow. We examine
how the structural properties have evolved in the next
section.

4.3. Structural Evolution

We now turn to the structural properties of massive
galaxies as they grow in time. The general proper-
ties of galaxies selected at nc are summarized in Ta-
ble 1. Figure 4 shows the evolution of the median ef-
fective radius, Sérsic index, and axis ratio for galaxies
at nc = 1.4 × 10−4 Mpc−3. We include in these figures
a sample of SDSS galaxies at z = 0.06 from Szomoru
et al. (2012, in preparation) selected at the appropriate
mass from Equation 2. The SDSS data is not used in
any of the fits that follow. Below z < 2, where QGs be-
come the dominant population in the sample, Figure 4a
shows that the effective radius increases substantially
from re ∼ 2 kpc at z ∼ 2 to re ∼ 7 kpc at z ∼ 0.
The size evolution at 0.25 < z < 2 follows

re = (9.3± 1.0) kpc× (1 + z)−1.1±0.2 (3)

with the exponent being very similar to what was found
in van Dokkum et al. (2010) over roughly the same red-
shift range. A striking feature in Figure 4a is the lack of
evolution at 1.5 < z < 3 in the median effective radius.
We investigate this further by showing the evolution of
QGs and SFGs separately in Figure 4. The constant

median re arises because SFGs are larger than QGs and
their relative abundance changes as a function of redshift.
Above z > 3, the size evolution is likely determined al-
most solely by SFGs since they become an overwhelming
majority of the population. We therefore expect the sizes
of galaxies to decrease above z " 3 (Oesch et al. 2010;
Mosleh et al. 2012, see, e.g.,) for samples selected at nc.
We can test whether the apparent constant value of re at
1.5 < z < 3 is a generic feature or a consequence of the
particular value of nc selected for our study. At lower
values of nc (i.e., higher masses at a given redshift), we
find that re can increase gradually from z ∼ 3 to z ∼ 2.
The Sérsic index determines the distribution of light

and hints at the presence of a bulge or disk. The median
Sérsic index in Figure 4b increases from n ∼ 1 at z =
2.75 to n ∼ 6 at z ∼ 0. The Sérsic index evolution at
0.25 < z < 3 can be characterized by

n = (6.7± 0.5)× (1 + z)−0.9±0.1 (4)

which is again very similar to what was found in van
Dokkum et al. (2010). The Sérsic index evolution indi-
cates that while most of the stars in ∼ 2M⋆ galaxies in
the nearby universe are distributed in a bulge, the stars
in their progenitor galaxies at z > 2 were distributed in
structures resembling exponential disks. We note that
Wuyts et al. (2011) also find that SFGs at high red-
shift, which represent the majority at nc, generally have
low Sérsic indices around n ∼ 1. The fact that QGs at
2 < z < 3 in Figure 2 generally have higher Sérsic in-
dices than SFGs (see also, Bell et al. 2012), as is also the
case at lower redshifts, further suggests that our Sérsic
profile fitting measurements are not significantly biased
by the limiting depth of the HST imaging for higher red-
shift galaxies. In the Appendix, we show this to also be
the case with a much larger, stellar mass limited sample
(Figure 9).
While the Sérsic indices can be suggestive of a bulge

or disk component, the axis ratio distribution provides a
better constraint on the shapes of galaxies. Owing to the
high resolution of the HST imaging, we can examine the
axis ratios of galaxies selected at nc to z ∼ 3. The me-
dian axis ratio of galaxies at nc = 1.4× 10−4 Mpc−3 has
increased significantly since z ∼ 3. At z = 2.75, the typ-
ical axis ratio is b/a ∼ 0.52, a low value that is indicative
of a distribution of randomly oriented thin disks. Mean-
while, at z = 0.06, the axis ratio is b/a ∼ 0.76, closer
to what is expected for elliptical galaxies. This value is
in good agreement with SDSS studies of massive QGs at
z = 0.06 (van der Wel et al. 2009; Holden et al. 2012). At
the highest redshifts (2.5 < z < 3), the residuals to the
single component Sérsic profile fits are smooth and visual
inspection of these residuals suggests that the lower axis
ratios at high redshift are not generally driven by multi-
ple components. In addition, varying the number density
selection to lower values, such as n = 10−4 Mpc−3, does
not impact the general decreasing trend of the median
axis ratios towards higher redshifts. Finally, as seen in
Figure 2c the axis ratios of SFGs are generally lower than
that of QGs at a given redshift and SFGs increasingly
become the dominant population at z > 1.5. The axis
ratios therefore also indicate, in addition to the Sérsic in-
dices, that the stars in the progenitors of ∼ 2M⋆ galaxies
were distributed in disks at z ∼ 3.

nc=1.4x10-4 Mpc-3
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Figure 4. Evolution in the structural properties of galaxies selected at a constant cumulative number density of nc = 1.4× 10−4 Mpc−3.
(a) Effective radius vs. redshift. The shaded region indicates where re < FWHM/2. (b) Sérsic index vs. redshift. (c) Axis ratio vs.
redshift. The black circles represent the median for the full nc selected sample while the red and blue data points represent the median
values for the QG and SFG sub-populations, respectively (offset in redshift for clarity). The gray filled circles at z = 0.06 represent the
median values for an SDSS sample at z = 0.06 from Szomoru et al. (2012, in preparation). The typical size of a galaxy at nc increases by
a factor of ∼ 3 − 4 since z ∼ 3, with most of this change occurring at z < 2. The apparent constant size at 1.5 < z < 3 is a consequence
of the changing mix of QGs and SFGs combined with the overall growth of galaxy masses and sizes over this redshift range. The Sérsic
indices increase from n ∼ 1 at high redshift to n ∼ 6 at low redshift. This suggests that most of the stars in galaxies at nc were distributed
in a disk at z ∼ 3, while at low redshift they are distributed in a bulge. The increasing axis ratios towards low redshift further support
this view. The median axis ratio of b/a ∼ 0.52 at z ∼ 2.75 is close to what is expected for randomly oriented thin disks, while at z ∼ 0 the
axis ratios are more indicative of spheroidal systems.

Figure 5. Example postage stamps for galaxies selected at a constant cumulative number density of nc = 1.4× 10−4 Mpc−3 at different
redshifts. At a given redshift, objects were selected to have properties that follow the general trends seen in Figure 4. Each postage stamp
is 30 kpc on a side and is rotated such that the major axis is aligned horizontally. The PSF FWHM is indicated by the circle in the bottom
right of each panel and the effective radius (in kpc), Sérsic index, and axis ratio (q) are given in the bottom left. The half-light ellipse is
shown in white. Towards lower redshift, more light is added to the outer parts, leading to the larger sizes, Sérsic indices, and the buildup
of stellar mass. Towards higher redshifts, the median axis ratio declines, suggestive of randomly oriented disks.

Figure 5 shows example postage stamps of galaxies se-
lected at nc at different redshifts. For illustrative pur-
poses, we selected galaxies with structural parameters
that follow the general trends seen in Figure 4 but with
more consideration for the trend in axis ratios. Each
postage stamp is 30 kpc on a side and note that the size
of the galaxy in each redshift bin is larger than the PSF.
The relative sizes between redshift bins are therefore easy
to compare in this figure when paired with the indicated
half-light ellipses. Towards lower redshifts, especially at
z < 2, Figure 5 shows how light is added to the outer
parts, leading to the increasing size and Sérsic index of
galaxies selected at nc. At higher redshifts, the axis ra-
tios decrease, suggesting a larger contribution from disks.
Synthesizing the structural information above with the

star formation activity discussed in Section 4.2, we see
that the progenitors of ∼ 2M⋆ galaxies at z ∼ 3 were star
forming disks with re ∼ 2 kpc. By z ∼ 1.5, many of these
star forming disks disappear and give rise to a population
of compact QGs. By z ∼ 0, these compact QGs evolved
into the large-sized, bulge dominated, quiescent ∼ 2M⋆

galaxies.

4.4. Mass Assembly

A more intuitive view of how the change in structural
properties has impacted the evolution of galaxies at nc =
1.4× 10−4 Mpc−3 is given by the evolution of the mass
surface density profiles in Figure 6a. In order to compute
these profiles, we first used the best fitting Sérsic index
and effective radius for each galaxy to determine the light
profile using the standard formula for a Sérsic profile

Σ(r) = Σe exp(−bn[(r/re)
1/n − 1]) (5)

where Σ(r) is the surface brightness at radius r, re
the half-light radius, Σe the surface brightness at re,
n the Sérsic index, and bn a constant that depends on
n. Szomoru et al. (2012) find that the surface bright-
ness profiles of galaxies at high redshift generally follow
Sérsic profiles quite well. For simplicity, we therefore use
the analytic representation of the profile for each galaxy.
These light profiles were converted into mass profiles by
normalizing the integrated light in the Sérsic profile to
the stellar mass of each galaxy. Note that this conversion
neglects radial gradients in the mass-to-light ratio. For
a given redshift bin, the median of the mass profiles was
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Table 1
Properties of Galaxies Selected at a Constant Cumulative Number Density of

nc = 1.4× 10−4 Mpc−3

Redshift Na Massb Quiescentc red Sérsice b/af

Range logM/M⊙ Fraction (kpc) Index

0.25 < z < 0.5 120 11.16 0.89± 0.03 6.1± 0.3 4.6± 0.2 0.74± 0.01
0.5 < z < 1 448 11.12 0.77± 0.02 5.1± 0.2 4.1± 0.09 0.71± 0.01
1 < z < 1.5 20 11.05 0.65± 0.1 3.2± 0.5 3.2± 0.5 0.64± 0.05
1.5 < z < 2 41 10.95 0.44± 0.08 2.4± 0.3 2.5± 0.3 0.57± 0.07
2 < z < 2.5 37 10.84 0.32± 0.08 2.3± 0.3 1.8± 0.4 0.68± 0.06
2.5 < z < 3 35 10.70 0.23± 0.07 2.3± 0.3 1.5± 0.3 0.52± 0.03

a Number of galaxies in the sample at the given redshift.
b Stellar mass of galaxies at nc = 1.4×10−4 Mpc−3 for a given redshift (see Equation 2).
c Fraction of galaxies that are quiescent based on UV J selection.
d Median effective radius for galaxies at nc.
e Median Sérsic index for galaxies at nc.
f Median axis ratio for galaxies at nc.

Figure 6. (a) Stellar mass surface density profiles of galaxies selected at a constant cumulative number density of nc = 1.4×10−4 Mpc−3

for different redshifts. At a given redshift, light profiles were derived for each galaxy in the 0.3 dex mass bin based on the best fitting Sérsic
index and effective radius. These light profiles were then normalized to the stellar mass of each galaxy and then median combined. The
dotted portion of each profile indicates where the bootstrapped uncertainty of the median is greater than 20%. The gray shaded region
extends to the radius that corresponds to the maximum PSF FWHM/2 for the full sample (occurs at z = 1.76). (b) Cumulative stellar mass
at a given radius relative to the total mass within r < 100 kpc for a galaxy at z ∼ 0. The mass profiles overlap at small radii suggesting
very little mass growth in the inner parts of a galaxy at nc, while at larger radii there appears to be a substantial buildup of mass with
cosmic time.

computed at each radius resulting in the profiles shown
in Figure 6a. The uncertainty in the median of the mass
profile at a given radius was computed by bootstrapping
the sample.
A naive interpretation of Figure 4b would be that the

bulges of galaxies grow in time given the increase in the
Sérsic index, a crude proxy for the bulge-to-disk ratio
(e.g., Lackner & Gunn 2012). However, the mass profiles
in Figure 6a generally overlap at small radii and diverge
at large radii, suggesting a buildup of mass in the outer
parts of the galaxy with time. Figure 6b shows the cumu-
lative proportion of mass assembled at different radii rel-
ative to the total mass within r < 100 kpc of the median
galaxy at z = 0.06. Roughly ∼ 50% of the total mass of
the galaxy is assembled within r < 7 kpc at z = 0.06,
as expected given that re ∼ 7 kpc at that redshift. At
z ∼ 2.25, the assembled mass within r < 7 kpc is ∼ 40%

of the total mass at z = 0.06 indicating that much of the
mass within r < 7 kpc was already in place ∼ 10 Gyr ago.
Note that the small sample in the 1 < z < 1.5 bin likely
leads to this curve falling slightly above the 0 < z < 1
data at r < 10 kpc.
In Figure 7, we compare the mass growth between the

central and outer regions of galaxies selected at nc =
1.4 × 10−4 Mpc−3. The total stellar mass as a function
of redshift is shown by the black line, while the projected
mass inside and outside of r = 2 kpc is given by the red
and blue lines, respectively. These values are determined
by integrating Equation 5 as follows:

M(rin < r < rout) =

∫ rout

rin

Σ(r)2πrdr (6)

where rin and rout are the inner and outer radii enclos-

0.25 < z < 1!
COSMOS!
(ACS I814)!

!
1 < z < 3!

UDS!
(WFC3 J125, H160)

nc=1.4x10-4 Mpc-3

Patel+2013



Inside-Out Mass Growth at z<2 9

Figure 7. Projected stellar mass for different radial regions of
galaxies selected at a constant cumulative number density of nc =
1.4 × 10−4 Mpc−3. At small radii (r < 2 kpc, red line), most of
the stellar mass was in place by z ∼ 2. At larger radii (r > 2 kpc,
blue line), there has been a substantial buildup of mass, fueling the
overall mass growth of the galaxy.

Figure 8. Radius enclosing a fixed stellar mass as a function
of redshift for a galaxy at nc = 1.4 × 10−4 Mpc−3. Different
colored lines indicate the evolution in the radius that encloses the
given mass, ranging from 2× 1010 − 1011 M⊙. The lines therefore
represent horizontal cuts in Figure 6b (ignoring a normalization
factor). The lines of constant mass terminate in high redshift bins
where the given mass had not yet been assembled. For reference,
the effective radius for galaxies at fixed nc is indicated by the gray
line. Below z < 2, the radius enclosing a given mass remains
roughly constant, indicating that new stellar mass growth towards
low redshift occurs at larger radii. From z ∼ 3 to z ∼ 2, the radius
enclosing a given mass decreases but this trend may not be robust.

ing the mass, M . For the central regions (rin = 0 kpc,
rout = 2 kpc), the stellar mass appears to grow from z ∼
3 to z ∼ 2 but then levels off around ∼ 1010.5−10.6 M⊙.
In contrast, in the outer regions (rin = 2 kpc, rout =
100 kpc) mass continues to build up over the entire red-
shift range studied, growing by a factor of ∼ 3. The

stellar mass that has been added to the outer parts of
galaxies over time is therefore the dominant source of as-
sembled mass, as the central parts appear to have been
assembled by z ∼ 2. These results are in qualitative
agreement with those of van Dokkum et al. (2010).
An alternative projection of Figure 7 is shown in Fig-

ure 8. This figure shows the radius enclosing a given
stellar mass as a function of redshift (analogous to Fig-
ure 1 in Diemand et al. 2007) for galaxies at nc =
1.4 × 10−4 Mpc−3. It is the equivalent of taking hori-
zontal cuts in Figure 6b, and scaling by a stellar mass.
The figure therefore depicts the evolution in the “onion
layering” of stellar mass. The lines of constant mass ter-
minate in high redshift bins where the given mass had
not yet been assembled. Below z < 2, the radius enclos-
ing a given mass remains roughly constant. This again
highlights that new stellar mass growth below z < 2 oc-
curs at larger radii and that the mass within the inner
parts remains roughly unchanged. Between z ∼ 3 and
z ∼ 2, the radius enclosing a given stellar mass appears
to decrease by roughly a factor of ∼ 2.

5. DISCUSSION

5.1. Inside-out Mass Growth

In Section 4 we have shown that as a galaxy grows in
stellar mass by a factor of ∼ 3 from M ∼ 5 × 1010 M⊙

at z = 2.75 to M ∼ 1.5 × 1011 M⊙ at z ∼ 0, most of
the new stellar mass that is added contributes towards
mass growth at larger radii as one moves towards lower
redshifts. The mass profiles presented in Figure 6 high-
light this point as they show that most of the mass in
the core is in place by z ∼ 2. Below z ∼ 2, Figure 7
shows how mass growth continues in the outer parts to
the present epoch. As a consequence, the effective ra-
dius of the galaxy grows from r ∼ 2 kpc at z ∼ 2 − 3 to
r ∼ 7 kpc at z ∼ 0. Fitting the mass and effective radius
evolution at z < 2, we find that re ∝ M2.0±0.3, which is
almost exactly the relation found in van Dokkum et al.
(2010) at z ! 2.
The high resolution of the HST imaging allowed us to

probe the mass distribution of galaxies at z > 2 at very
small radii. This was not possible in the van Dokkum
et al. (2010) study as it relied on ground based imaging.
With the higher resolution HST imaging, we find that
the mass within r = 2 kpc, which is roughly the median
effective radius for a galaxy selected at nc at z > 2, re-
mains roughly constant at z < 2. Thus, there does not
appear to be any substantial growth at z < 2 in the cen-
tral part of the bulge that will characterize this galaxy
at z ∼ 0. From z ∼ 3 to z ∼ 2 there is evidence for
mass growth in the inner part of the galaxy, as seen in
Figures 7 and 8. We note, however, that selecting galax-
ies at different values of nc can result in a more constant
enclosing radius across redshift for a given mass. Larger
samples at z > 2 may help in clarifying the potential
mass buildup in the inner parts of galaxies at those early
times.
Dissipationless minor mergers are thought to play a

significant role in the buildup of mass for QGs. In ad-
dition, such processes are predicted to assemble mass at
large radii, thereby contributing towards the size growth
of galaxies (e.g., Bournaud et al. 2007; Naab et al. 2009;
Bezanson et al. 2009). For example, using a cosmological

inner

outer

total
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can grow galaxies inside-out

Inside-out growth of ellipticals 5

Figure 3. Top panels: Stellar surface mass density profiles and cumulative stellar mass distributions for the fiducial 1:1 (left), 1:5
(middle) and 1:10 (right) bulge-only merger models after each merger event (colored lines from bottom to top, for 1:1 and 1:5 mergers
we show every generation, for 1:10 mergers every second). For all mass-ratios the surface densities increase at all radii with merger
generation with a trend of a stronger increase in the outer regions for lower mass-ratios. Bottom panels: Same for mergers of systems
with dark matter halos. Equal-mass mergers show a similar behaviour than bulge-only models. For 1:5 and 1:10 bulge+halo models
(mergers with compact satellites are indicated by the dotted lines) the inside-out growth trend is stronger than for bulge-only models.
Regions inside 4kpc are almost unaffected and the satellite stellar mass assembles predominantly at large radii similar to observations
van Dokkum et al. (2010).

Farouki et al. 1983 for discussions on the weak but exist-
ing break of homology). This evolution scenario would be in
disagreement to observations of van Dokkum et al. (2010),
which show, that early-type galaxies grow inside-out, i.e.
the central densities stay constant and most of the mass as-
sembles at larger radii, building up an extended envelope of
stars.

The second column in Fig. 3 depicts the surface densi-
ties and mass assembly of minor mergers with an initial mass
ratio of 1:5. For the bulge-only models (top) with a diffuse
satellite (Sat 1:5, Fig. 2), the surface density stays nearly
constant up to r ∼ 1 − 2kpc and increases mainly in the
outer parts. This effect was already reported by Villumsen
(1983) as a possible explanation for abundance gradients

in elliptical galaxies. The same scenario leads to an even
stronger inside-out growth if the galaxies are surrounded by
a dark matter halo (bottom panel, second column). Here the
bulge particles get stripped at larger radii and the central
surface density (r < 4kpc) stays unaffected; it only increases
at radii r > 2 − 3kpc. The size growth shown in Fig. 2 is
due to this build-up of a massive stellar envelope. The mass
is added to large radii where, prior to the merger, the dark
matter component was large. Due to our accounting pro-
cedure the dark matter fraction within re increases, even
though the dark matter added in such mergers to the in-
ner parts is negligible. The dotted lines in these panels show
the four remnants, where the satellites are more compact

Hilz+2012b
Major!

mergers
Minor!

mergers
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Figure 2. The projected spherical half-mass radius of the stellar
component (the mean value along the three principal axes) as
a function of bound stellar mass for 1:1 (blue), 1:5 (red), and
1:10 (green) mergers. The observed size growth is indicated by
the solid black line (van Dokkum et al. 2010). The size evolution
of models in the grey shaded area is too weak to be consistent
with observations. All mergers of bulges embedded in massive
dark matter halos and high mass-ratios (1:5, 1:10, red and green
solid/dashed-dotted lines) show a rapid size evolution. The size
evolution of the bulge-only models (short and long dashed lines)
are not efficient enough, except the 1:10 scenario with a diffuse
satellite (green dashed line). The accretion of compact satellites
results in less size growth compared to the diffuse satellites. The
major merger lines (blue) show size growth that is far too slow.

ratio of now 1:6 (1:11), and so on. We perform 6 generations
of 1:10 mergers and 5 generations of 1:5 mergers using satel-
lites with fixed scale radii (Sat 1:5/1:10, see Fig. 1). For com-
parison, we also performed minor mergers of two-component
models with compact satellites (cSat 1:5/1:10, see Fig. 1).
Again all parabolic orbits have pericenter distances of half
the spherical half-mass radius of the bulge of the massive
progenitor galaxy.

The 1:10 bulge-only simulations have no dark matter
halo and the in-falling satellites suffer less from dynami-
cal friction. Therefore the final coalescence takes by far the
longest time. However, taking about ∼ 9Gyrs for 10 merger
generations even this process could be completed by the
present day assuming a z = 2 progenitor. All other merger
series are completed in less than ∼ 7Gyrs.

3 EVOLUTION OF THE SIZES

After the completion of every merger, we allow the central
region of the remnant to relax, before we compute the pro-
jected circular half-mass radii, re, along the three principal
axes and the bound stellar (bulge) mass, M∗.

In Fig. 2 we show the evolution of the half-mass radius
as a function of the bound stellar mass for 1:1 (blue), 1:5
(red), and 1:10 (green) merger hierarchies. The black line
indicates the observed evolution, re ∝M2.04, in the mass-
size plane from z ∼ 2 to the present day (van Dokkum et al.
2010). The models here are idealized in the sense that they

do not contain any dissipative component. If present, like
in the ’real’ universe, this component would reduce the size
growth per added mass (Dekel & Cox 2006). Therefore we
consider a model a failure if it occupies the the shaded area
in Fig. 1. Promising models have to lie above this line so
that small amounts of gas - and therefore somewhat smaller
sizes - can be tolerated.

Equal-mass mergers show an almost linear increase
of size with mass, (see also Boylan-Kolchin et al. 2005;
Ciotti et al. 2007; Bezanson et al. 2009; Nipoti et al. 009b;
Hilz et al. 2012), independent of whether the stellar system
is embedded in a dark matter halo or not (blue solid and
dashed lines). As discussed by Boylan-Kolchin et al. (2005),
in mergers with dark matter halos the in-falling galaxy suf-
fers more from dynamical friction in the massive dark mat-
ter halo of the companion galaxy, resulting in more energy
transfer from the bulge to the halo, leading to a more tightly
bound bulge with a smaller size (blue solid line, Fig. 2) com-
pared to the model without dark matter (blue dashed line,
Fig. 2). If we combine the results of both major merger sce-
narios this yields a mass-size relation of re ∝M0.91 which
is comparable to the results of Boylan-Kolchin et al. (2005),
who found a slightly smaller exponent (∼ 0.7) for orbits with
high angular momentum and an exponent ∼ 1 for pure ra-
dial orbits. Nevertheless, as the size grows at most linearly
with mass, dissipationless major mergers cannot be the main
driver for the size evolution of early-type galaxies.

As expected from simple virial estimates (Cole et al.
2000; Ciotti et al. 2007; Naab et al. 2009; Bezanson et al.
2009), the size evolution is stronger for bulge-only models
with lower mass-ratios of 1:5 and 1:10 (red and green lines
in Fig. 2). However, except for the 1:10 mergers with a dif-
fuse satellite (green short dashed line), all minor mergers
with bulge-only satellites are not efficient enough to escape
the ’forbidden’ area. This behaviour is improved for minor
mergers of two-component models, where bulges are embed-
ded in a massive dark matter halos. For mass-ratios 1:5 and
1:10 the size evolution is in excess of the observed evolu-
tion. In the case of 1:5 minor mergers with a less compact
satellite (red solid line), we obtain a mass-size growth rela-
tion of re ∝M2.4 with a similar or even larger exponent for
both two-component 1:10 scenarios. Therefore we consider
all minor merger models (1:5 and 1:10) with dark matter
halos and the diffuse 1:10 mergers to be consistent with ob-
servations even in more realistic models, where dissipational
effects would reduce the size growth (Robertson et al. 2006;
Cox et al. 2006; Hopkins et al. 2008; Covington et al. 2011).
The size growth via major mergers is too slow to fit obser-
vational data.

4 EVOLUTION OF THE SURFACE DENSITIES

We now take a closer look at the evolution of the surface
densities of the merger remnants. In Fig. 3, we plot the stel-
lar surface mass densities and cumulative stellar mass pro-
files after every 1:1 and 1:5 merger and every second 1:10
merger for bulge-only models (top panels) and bulge+halo
models (bottom panels). For equal-mass mergers there is
mass growth at all radii, i.e. the lines are shifted more or
less parallel to higher densities independent of the presence
of a halo (see e.g. Miller & Smith 1980; Villumsen 1983;

see also, Bezanson+2009, 
van Dokkum+2010

Hilz+2012b
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How does QG formation/
mass assembly compare to 
that of lower mass, SFGs?



Stellar mass growth history from an evolving star 
forming sequence

Mass growth computed by 
Leitner 2012

Patel+2013b

SSFR ∝ M-0.35(1+z)3.45 
(Karim+2011)



Stellar mass growth for a SFG with final mass 
M=3x1010 M�

Late mass assembly: since 
z=1, mass roughly doubles
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4

Figure 3. Example SDSS i-band and HST WFC3 postage stamps for progenitors of SFGs with a final mass at z = 0 of M = 1010.5 M⊙.
Each stamp is ∼ 30 kpc on a side. The median stellar mass decreases to high redshift according to Figure 1(c) where the sizes appear
smaller.

(±0.1 dex) centered on the progenitor mass at a given
redshift. We use this UV J selection to identify SFGs,
which occupy the bottom right portion of these diagrams
(Williams et al. 2009; Patel et al. 2012). The descen-
dants, which are more massive, become redder toward
low redshift likely due to their aging stellar populations.
In the SDSS sample, galaxies with SSFR > 10−11 yr−1

were selected as SFGs. Figure 3 shows example SDSS
i-band and HST WFC3 postage stamps for progenitor
SFGs at different redshifts.

4. RESULTS

4.1. Structural Evolution

We examine the evolution in various structural param-
eters for our sample of progenitor SFGs in Figure 4.
Panel (a) shows that most of the progenitors at high

redshift have close to exponential profiles while those at
lower redshift have slightly higher Sérsic indices. The me-
dian axis ratio in panel (b) remains relatively constant
at b/a ≈ 0.60, a low value which for a population of ran-
domly inclined disks would imply an intrinsic axis ratio
of ∼ 0.2. The low Sérsic indices at higher redshifts and
low axis ratios therefore point to the progenitor SFGs as
being disks.
Half-light radii provide a first order view into the dis-

tribution of stellar mass for galaxies in our sample. Fig-
ure 4(c) shows the evolution of the median half-light ra-
dius with redshift. Though we follow the median of a
given property, it is important to note that at a given
redshift and stellar mass, SFGs display a diversity of
property values. The black dashed line represents a fit
to the data of the form:
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Evolution in the size-mass plane for SFGs

re∝M 0.29

• SFGs: re∝M 0.29 
!
• Quiescent galaxies: re∝M2 (e.g., 

Bezanson+2009, van Dokkum
+2010, Patel+2013) 
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Mass surface density profiles: 
continual stellar mass growth at all radii
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Relative mass growth in the central/outer regions

• Most new stellar mass forms in 
outer regions → increasing re 
toward low redshift 

!
• Central regions grow more 

gradually

Patel+2013b



Summary
• We have traced the progenitors of massive (M≈10

11
 M�) elliptical 

galaxies to z≈3"
•At z≈3: 3x less massive, compact, star forming, likely disks"

•These disappear and give way to compact QGs over 1.5<z<3"

•Below z<2: sizes grow with mass as re∝M
2
"

• Size evolution of massive galaxies proceeds via inside-out mass growth 
at z<2"
•Core mostly formed by z≈2, new mass added at larger radii"

•Formation channel different from lower mass SFGs (10
10.5

 M⊙), which grow in size 
with re∝M

0.3
, and continually add mass in both the central and outer regions"

•Questions"

•Fixed mass vs. evolving mass-selected samples?"

•Diversity in galaxy SFHs: impact on tracing median/mean properties - realistic?


