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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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