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ABSTRACT

We analyze the stellar populations of a sample of 62 massive (logM∗/M⊙ > 10.7) galaxies in the
redshift range 1 < z < 1.6, with the main goal of investigating the role of recent quenching in the
size growth of quiescent galaxies over the redshift range 1.25 < z < 2 where the apparent growth is
particularly rapid. We demonstrate that our sample is not biased toward bright, compact, or young
galaxies, and thus is representative of the overall quiescent population. Our high signal-to-noise ratio
Keck LRIS spectra probe the rest-frame Balmer break region which contains important absorption
line diagnostics of recent star formation activity. We show that improved measures of the various
stellar population parameters, including the star-formation timescale τ , age and dust extinction, can
be determined by fitting templates jointly to both our spectroscopic and broad-band photometric
data. These parameter fits allow us to backtrack the evolving trajectory of individual galaxies on the
UV J color-color plane. In addition to identifying which quiescent galaxies were recently quenched, an
effect often termed progenitor bias in studies of the evolution of this population, we discover important
variations in the star formation history of quiescent galaxies indicating the likelihood of more than
one quenching route. By using sizes measured in the previous paper of this series, we confirm that
the largest galaxies are indeed among the youngest at a given redshift, an effect consistent with
some contribution to the apparent growth from recent arrivals. However, we calculate that recently-
quenched objects can only be responsible for about half of the increase in the average size of quiescent
galaxies over a 1.5 Gyr period corresponding to the redshift interval 1.25 < z < 2. The remainder
of the observed size evolution arises from a genuine growth of long-standing quiescent galaxies. We
discuss the prospects of determining whether the combination of minor merging and progenitor bias
can explain the remarkably fast apparent growth rate during this short period of cosmic history.
Subject headings: galaxies: evolution — galaxies: fundamental parameters — galaxies: high-redshift

— galaxies: structure — galaxies: stellar content

1. INTRODUCTION

In the local universe, quiescent galaxies present a
particularly tight red sequence in the color-mass di-
agram (e.g., Bower et al. 1992; Blanton et al. 2003;
Baldry et al. 2004). Understanding the mass assembly
history of this remarkably homogeneous population re-
mains one of the most important questions in the field of
galaxy evolution. Quiescent galaxies selected at high red-
shift demonstrate that the red sequence seen locally was
already in place at z ∼ 2 (Labbé et al. 2005; Kriek et al.
2008). However, high redshift quiescent galaxies are sig-
nificantly smaller at fixed stellar mass (e.g., Daddi et al.
2005; Trujillo et al. 2006; van Dokkum et al. 2006, 2008)
raising the question of how such size growth occurred
while maintaining the uniformity of the population. Al-
though the inferred size evolution was initially ques-
tioned, subsequent studies have confirmed the result, rul-
ing out biases in both the mass and size measurements
at high redshift (e.g., Muzzin et al. 2009; Szomoru et al.
2012).
Among the physical processes that may be responsible

for this surprising size growth, theoretical arguments fa-
vor minor mergers since they represent an efficient way to
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increase the size of a galaxy compared to the growth of its
stellar mass (e.g., Naab et al. 2009; Hopkins et al. 2010).
However, as the comoving number density of quiescent
galaxies increases by about an order of magnitude be-
tween z ∼ 2 and z ∼ 0 (e.g., Muzzin et al. 2013), most of
those observed locally cannot be the descendants of those
at high redshift. The remainder were likely star-forming
systems whose star formation was quenched and subse-
quently arrived on the red sequence. As star-forming
galaxies are typically larger than quiescent galaxies (e.g.,
Newman et al. 2012), some of the inferred growth with
time in the quiescent population may be due to the later
arrival of these quenched systems. It has been argued
this effect, termed progenitor bias, could explain part or
all of the surprising size evolution in the quiescent pop-
ulation (e.g., Carollo et al. 2013; Poggianti et al. 2013).
Detailed spectroscopic studies provide the most effec-

tive way to make progress in understanding both the
physical origin of the size growth in quiescent objects as
well as in disentangling the contribution from progenitor
bias. In the first paper of this series (Belli et al. 2014a),
we investigated the size growth of quiescent galaxies to
z ∼ 1.6 using deep Keck LRIS spectroscopy of over 100
massive galaxies with z > 1. We considered size evo-
lution at fixed velocity dispersion arguing that the lat-
ter quantity should remain relatively constant with time
even in the event of minor mergers (e.g., Hopkins et al.
2009). By matching each high redshift galaxy to lo-
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cal samples with equivalent velocity dispersions, we con-
cluded that physical size growth must have occurred and
that progenitor bias alone cannot explain the observa-
tions. Moreover, the growth efficiency d logR/d logM
we inferred over 0 < z < 1.6 is consistent with that ex-
pected for minor mergers, a conclusion in agreement with
the frequency of likely associated pairs observed over this
redshift interval in deep CANDELS data (Newman et al.
2012).
The present paper addresses the more challenging as-

pect of the observations. At redshifts above z ∼ 1.5,
the rate of size growth accelerates significantly. Specifi-
cally, in Newman et al. (2012) we found the growth at
fixed stellar mass over 1.5 < z < 2.5, an interval of
only 2 Gyr, is comparable to that which occurred in
the subsequent 9 Gyr to the present epoch. However, in
this redshift range, the frequency of likely minor merg-
ers is insufficient to explain the rapid growth. To ver-
ify this remarkably rapid size growth, we recently ex-
tended our spectroscopic study to a smaller sample of 2 <
z < 2.5 quiescent galaxies using MOSFIRE, a new near-
infrared multi-object spectrograph at the Keck observa-
tory (Belli et al. 2014b). Combining dispersion measures
for this new sample with the limited number of simi-
lar z > 2 measures in the literature (van Dokkum et al.
2009; Toft et al. 2012; van de Sande et al. 2013) enabled
us to measure the growth efficiency, which is too high to
be consistent with the minor merging scenario. In addi-
tion to the shortage of observed associated pairs during
this early period (Newman et al. 2012), numerical simu-
lations in the ΛCDM framework are also unable to ex-
plain the fast growth rate (Nipoti et al. 2012). Given the
fast rise in the comoving number density of quiescent sys-
tems, progenitor bias is likely to become more important
at higher redshift, and is conceivably a significant factor
in explaining growth in the 1.5 < z < 2.5 interval.
A direct way to estimate the contribution of newly-

quenched galaxies to the size growth of quiescent sources
is to examine the size distribution as a function of the
age of the stellar population. This tests whether the
most compact objects are the oldest as would be the
case if the growth is mostly due to progenitor bias. Lu-
minosity weighted stellar ages can be inferred from the
detailed absorption features seen in the rest-frame op-
tical spectra. However, as high quality spectra are re-
quired for accurate age measures, limited work has so
far been possible at z > 1 (e.g., Kriek et al. 2006, 2009;
Onodera et al. 2012; Whitaker et al. 2013). The LRIS
spectra of 1 < z < 1.6 galaxies obtained for our ve-
locity dispersion study (Belli et al. 2014a) are ideal for
this purpose. In addition to being the largest systematic
spectroscopic study of quiescent galaxies above z ∼ 1
to date, the rest-frame optical spectra include important
features such as the Balmer absorption lines, the 4000Å
break, and the [OII] emission line, that are sensitive to
the past star formation activity on various timescales
that probe earlier activity out to z ∼2-2.5. As we will
show in this paper, we can improve the age constraints
by combining our spectroscopic measures with those de-
rived from the spectral energy distributions derived over
a wide wavelength range from publicly available multi-
band photometric surveys. We undertake a comprehen-
sive Bayesian analysis that takes into account simulta-

neously both photometric and spectroscopic data (see
Newman et al. 2014). This allows us to secure accurate
stellar population parameters for a large representative
sample of quiescent galaxies at z > 1.
The main goal of the present work is therefore to study

the s ize-age relation for quiescent galaxies at 1 < z <
1.6 and thereby to infer the past size evolution of the
red sequence population, disentangling genuine physical
growth of old sources from the contribution of newly-
quenched sources (progenitor bias). Additionally, by re-
constructing the past star formation of individual ob-
jects now observed on the red sequence, we can explore
the mass assembly history and obtain new insights into
the physical processes responsible for the quenching that
transformed star-forming galaxies into passive objects.
An overview of the paper follows. In Section 2 we re-

view the sample, briefly discussing the LRIS spectra and
the auxiliary photometric data. In Section 3 we derive
the stellar population properties by fitting templates to
our Keck spectra, demonstrating the value of additional
constraints that arise from the presence of [OII] 3727 Å
emission. In Section 4 we analyze in detail various com-
ponents of the color-color diagram for our LRIS sam-
ple and use our stellar population parameters to recon-
struct the past trajectories of individual quiescent galax-
ies, measuring how recently they arrived on the red se-
quence. This enables us to investigate the role of quench-
ing in the observed size growth over 1.25 < z < 2, and
hence to quantify the effect of progenitor bias, in Section
5. Finally, we summarize our results and discuss them
in the context of galaxy quenching scenarios in Section
6. Throughout this paper we use the AB magnitude sys-
tem, and assume a ΛCDM cosmology with Ωm = 0.3,
ΩΛ = 0.7, and H0 = 70km s−1 Mpc−1.

2. DATA

The present analysis is drawn from the spectroscopic
sample of 103 galaxies presented in Belli et al. (2014a),
hereafter Paper I, to which the reader is referred for a
detailed description. In brief, most of the galaxies in the
sample were selected to have photometric redshifts in the
range 0.9 < zphot < 1.6 and stellar masses, derived from
broad-band photometry, larger than 1010.7M⊙. Massive
and quiescent objects were given a higher priority when
designing the slitmasks. All targets were observed with
the LRIS Spectrograph (Oke et al. 1995) and its red-
sensitive CCD on the Keck I telescope, with integration
times ranging from 3 to 11 hours per mask. Examples of
the LRIS spectra are shown in Paper I.
All except three galaxies in our sample lie in fields ob-

served by the Cosmic Assembly Near-IR Deep Extra-
galactic Legacy Survey (CANDELS, Grogin et al. 2011;
Koekemoer et al. 2011). Therefore, high-quality HST
F160W observations, together with a wealth of broad-
band photometric data, are publicly available. For
each object, we collate space and ground-based ob-
servations from the near-UV to the near-infrared, in-
cluding Spitzer IRAC data (Cardamone et al. 2010;
Whitaker et al. 2011; Bielby et al. 2012; Barro et al.
2011; Kajisawa et al. 2011; Newman et al. 2010) and
MIPS data from the Spitzer archive.
In Appendix A we demonstrate that, for stellar masses

above 1010.7M⊙, our sample is fully representative of the
population of quiescent galaxies in this redshift range in
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Fig. 1.— An illustration of our spectral fitting technique for the object 2823 (z = 1.32) which has a signal-to-noise ratio representative
of the sample. Top two panels: observed Keck LRIS spectrum (black), error spectrum (cyan), observed multi-band photometry (blue) and
best-fit model (red). In the top panel, empty red circles show the flux in the observed passbands expected from the best-fit model, and
vertical gray lines mark the most important spectral features. Bottom: the posterior distributions output by pyspecfit are shown for the
five stellar population parameters and the specific star formation rate. Gray histograms represent those obtained by fitting the photometric
data alone, while the red histograms show the same distribution when the LRIS spectrum is included.

terms of both colors and sizes. In the following analy-
sis we will consider those 62 objects with stellar masses
above this threshold. This remains the largest z > 1
unbiased sample with high signal-to-noise spectra.

3. DERIVATION OF PHYSICAL PROPERTIES

3.1. Stellar Populations

Stellar population properties of high redshift galaxies
are usually derived by model fitting of either broad-band
photometry or a spectrum. Our LRIS spectra probe a
rest-frame region rich in diagnostics of recent star for-
mation activity, such as the Balmer lines and the 4000Å
break. Older stellar populations, however, contribute
mainly to the near-infrared emission. To take advantage
of both our high quality Keck spectra and the wealth of
photometry available for our sample, we fit stellar pop-
ulation templates jointly to both the spectroscopic and
photometric data. We use the Bayesian code pyspecfit
presented by Newman et al. (2014), which performs a
Markov Chain Monte Carlo sampling of the parame-
ter space and outputs the posterior distributions, from
which uncertainties and degeneracies can be properly es-
timated.

We mask out the spectral region around [OII] emission
and those pixels most contaminated by sky emission. We
allow a polynomial correction to the observed spectrum
in order to match the broad-band spectral energy distri-
bution. We also add in quadrature a 5% contribution to
represent systematic errors to the photometry, and we
exclude the IRAC datapoint at 8 µm, which is suscepti-
ble to contamination by dust emission. In order to give
appropriate weighting to the spectra and photometry, we
run an initial fit that we use only to calculate the chi-
square, which we then use to rescale the error spectra.
We selected stellar population templates from the

library of Bruzual & Charlot (2003), and assume a
Chabrier (2003) initial mass function (IMF) and the
Calzetti et al. (2000) dust extinction law. We adopt ex-
ponentially decreasing star formation histories (or τ mod-
els), characterized by the age t0 and timescale τ (with
star formation rate proportional to e−(t−t0)/τ ), which
have log-uniform priors in the range 108yr < t0 < tH
and 107yr < τ < 1010yr, where tH is the age of the uni-
verse corresponding to the galaxy redshift, which is fixed
to its spectroscopic value. The templates depend on two
further parameters: the dust attenuation AV , with the
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Fig. 2.— 2D posterior distributions for the object shown in Figure
1: dust extinction versus age (top panel) and stellar metallicity
versus age (bottom panel). Grayscale contours represent the 68
and 95% confidence levels for fit to the photometry alone with the
black point marking the best-fit parameters. Red lines and points
represent the fit to both the photometric and spectroscopic data.
Combining both datasets is successful in breaking the dust-age
degeneracy but less so for the metallicity-age degeneracy.

uniform prior 0 < AV < 4, and the metallicity Z, with a
normal prior centered on the solar value Z⊙ = 0.02 and
with a width of 0.005. The final output of the fitting
procedure includes also the stellar mass M∗, obtained by
scaling the best-fit template to the observed photometric
data. The specific star formation rate (i.e., star forma-
tion rate per unit stellar mass) is not a free parameter,
but is uniquely determined by the combination of t0 and
τ .
Figure 1 illustrates the procedure for a representative

galaxy at z = 1.32. The template provides an excellent
fit to the observed photometry from the rest-frame UV to
the near-infrared and also the detailed Keck spectrum.
The fit is fully described by the five stellar population
parameters t0, τ , AV , Z, and M∗. The posterior dis-
tributions output by pyspecfit for each parameter are
shown in red in the bottom panels of Figure 1. The pos-
terior distribution for the specific star formation rate,
derived from the posteriors of t0 and τ , is also shown. In
each panel, the posterior distribution obtained by fitting
only the photometric data (but keeping the redshift fixed
to its spectroscopic value) is shown as a gray histogram.
The advantage of including the spectroscopic data in the
fit is clear: the posterior distributions become much nar-
rower. For example, the median uncertainty on the ages
in our sample decreases from 0.10 dex to 0.05 dex when
including the spectra. The stellar population parameters
and their uncertainties are listed in Table 1.
Including the rest-frame spectra in the fitting proce-

dure breaks degeneracies between some of the stellar
population parameters. A familiar degeneracy is that
between age and dust extinction, each of which has a
similar reddening effect on the spectral energy distribu-
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Fig. 3.— A comparison of the star formation rate as derived
from our spectral fitting technique with that estimated from the
strength of [OII] 3727 Å emission. Median uncertainties are shown
in the bottom right corner, and upper limits are marked as gray
triangles. Objects for which the IRAC colors imply the presence
of an AGN are marked with red diamonds.

tion. The Balmer absorption lines and other features in
the rest-frame optical spectrum, marked in Figure 1, are
only sensitive to the age. Once the age is well determined
spectroscopically, the amount of dust extinction is much
more effectively constrained. The top panel of Figure
2 shows the two-dimensional (2D) posterior distribution
of dust extinction and age for the galaxy presented in
Figure 1 and how inclusion of the spectrum improved es-
timates of both. A further degeneracy is that between
age and metallicity, for which the 2D posterior distri-
bution is shown in the bottom panel. In this case our
technique is somewhat less successful.
The fitting procedure usually yields posterior distribu-

tions that are smooth and well separated from the edges
of the prior. In only three cases (that we will discuss
in Section 4.1) the age and τ parameters have the mini-
mum allowed values. We discard these objects from our
sample, since their star formation histories are unreliable.
Broadly speaking the uncertainties in each parameter are
comparable with those given in the example in Figure 1
and this is important to remember in the following sec-
tion.

3.2. [OII] Emission

Many galaxies in our sample show [OII]λ3726, 3729
emission which is useful as an additional diagnostic of the
current star formation rate, independent of the fitting
procedure described above. Accordingly, we measured
the [OII] rest-frame equivalent width for each spectrum
by first subtracting the best-fit model spectrum from the
observed one and fitting a double Gaussian to the resid-
ual. Both components of the [OII] doublet were assumed
to have a fixed relative wavelength and identical width.
Line emission with an equivalent width larger than 2Å
is seen for 40 out of 58 objects for which the observed
spectra cover the appropriate wavelength range.
To derive star formation rates, we convert the equiv-

alent widths to luminosities using the continuum flux
given by our best-fit model spectra. We use the
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Kewley et al. (2004) calibration to derive the star forma-
tion rate, which we then correct for dust extinction. Fig-
ure 3 compares the star formation rates obtained in this
way with those obtained via spectral fitting. For galaxies
with a significant level of star formation (i.e., above ∼1
M⊙/yr), the spectral fitting star formation rates are in
good agreement with the ones derived from [OII] emis-
sion. Although we do not use the star formation rates
in our main analysis, the agreement between the two es-

timates represents an important independent confirma-
tion of the stellar population parameters obtained with
pyspecfit.
A number of galaxies that are not forming stars ac-

cording to the spectral fitting show weak, but clearly
detected emission lines. Other than star formation, pos-
sible causes for the presence of an [OII] line are AGN and
LINER emission. We use IRAC colors to identify strong
AGNs, following Donley et al. (2012), and find only two.
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Both are star-forming objects, and one has [OII] in the
observed range and is marked with a red diamond in
Figure 3. The [OII] lines detected in quiescent galaxies
are therefore due to LINER emission, in agreement with
what found at z ∼ 0 (Yan et al. 2006; Graves et al. 2007)
and z ∼ 1 (Lemaux et al. 2010). Such emission might be
caused by hot old stars and is not necessarily associated
with AGNs (Singh et al. 2013).

4. THE RED SEQUENCE

As discussed in Paper I, quiescent galaxies in our LRIS
sample can be identified using a UV J color-color diagram
(e.g., Wuyts et al. 2007; Williams et al. 2009). Figure 4
shows how the stellar population parameters obtained
via spectral fitting (as described in Section 3) are dis-
tributed according to the location of the galaxy in this
diagram (see Appendix A for details on the rest-frame
colors). In each panel the solid line indicates the division
between quiescent and star-forming galaxies adopted by
Muzzin et al. (2013).
Even in the redshift range 1 < z < 1.6 a familiar pic-

ture emerges. A tight red sequence is clearly visible with
a sharp upper envelope. Red sequence galaxies have low
specific star formation rates, mature ages and relatively
short τ parameters. Moreover, they have little to no
dust extinction. Elsewhere in the diagram, ‘blue cloud’
galaxies present significant star formation rates and dust
extinction with larger τ parameters.
The last panel of Figure 4 show the distribution of the

Spitzer MIPS 24 µm flux. As with the earlier discussion
of [OII]λ3726, 3729 emission, this measure is completely
independent of the spectral fit and supports the above
picture. In particular, we note that the objects that com-
prise the tightest part of the red sequence have very low
mid-infrared emission. Clearly they are genuinely qui-
escent galaxies and their red colors are not due to the
effect of dust extinction.

4.1. Diversity among Quiescent Galaxies

Our high quality spectra allow us to go beyond the
simple division of the population into star-forming and
quiescent galaxies that is conventionally done at high red-
shift. Thus we depart briefly from our goal of analyzing
the nature of size evolution of the quiescent population to
illustrate this surprising diversity in the quiescent popu-
lation. From Figure 4 we see that perpendicular to the
red sequence, the star formation rate increases progres-
sively. Objects with intermediate values of specific star
formation rate populate the so-called green valley, and
are often considered to be transitional objects moving to-
ward the red sequence, particularly at high redshift (e.g.,
Gonçalves et al. 2012). This population shows similar
ages to the red sequence, but larger τ values, consistent
with elevated levels of star formation. For simplicity, we
will define quiescent galaxies to be all the objects within
the UV J selection box shown in the figure, i.e., the sum
of red sequence and green valley populations. This defini-
tion corresponds to a threshold in specific star formation
rate of 10−10 yr−1, roughly equivalent to a mass doubling
time twice the age of the universe at z ∼ 1.3.
On closer examination, our stellar population parame-

ters indicate there is some diversity even within the red
sequence population itself. Figure 4 shows there is a clear
gradient in the age along the sequence, from ∼1 Gyr at
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Fig. 5.— Distribution of the stellar population parameters τ
and age obtained via our fitting technique (Section 3.1). Large
points indicate the best-fit values, and the posterior distributions
are plotted using small dots. The colors represent different galaxy
populations: blue cloud (blue), green valley (green), red sequence
(red, open symbols) and post-starburst galaxies (orange) - see text
for definitions. The objects shown in black have posterior distri-
butions limited by the prior boundaries, and we consider these to
be less reliable. The gray lines mark regions of the plot of con-
stant specific star formation rate, while the red lines mark regions
of constant quiescent time (as defined in Section 5.1).

the blue end to ∼3 Gyr at the red end. The redder
galaxies also tend to be more massive and less dusty. To
better understand how this diversity might arise, we con-
sider their distribution in the τ vs age plane in Figure 5.
For each object we plot the best-fit value as a large data
point and the full posterior distribution with small dots
which is helpful in indicating the uncertainties. Lines of
constant specific star formation rate are indicated and
the bold line marks the 10−10 yr−1 threshold that corre-
sponds to our adopted UV J selection box for quiescent
galaxies. Star-forming galaxies are thus above this line
and plotted in blue. As a reference, the main sequence
at this redshift corresponds to a specific star formation
rate of 10−9 yr−1 (Speagle et al. 2014).
For the quiescent galaxies below the bold line the pos-

terior distributions are elongated following lines of con-
stant specific star formation rate indicating a small de-
generacy between age and τ . Below a certain level of
star formation, however, the distributions become ver-
tical: for those objects we have a good measure of the
age but only an upper limit on τ , and therefore we can
only obtain an upper limit on the star formation rate.
The transition occurs at a specific star formation rate
of 10−12 yr−1 which we use to differentiate between the
green valley and red sequence objects. To understand
the diversity on the red sequence itself, we separate those
red sequence galaxies which are genuinely old (plotted in
red) from those with relatively young ages (below ∼ 1.25
Gyr) which we will call post-starburst galaxies4 plotted

4 We use this term loosely, to indicate quiescent galaxies that
show signs of recent star formation activity. This is different from
the often used definition in terms of absence of [OII] emission
and presence of strong Balmer absorption lines (e.g., Dressler et al.
2013).
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Fig. 6.— Stacked spectra for the four galaxy populations defined in Figure 5. Gray vertical lines mark the location of important spectral
features. The inset shows the distribution of the populations on the UV J diagram.

in orange. The points in black represent three galaxies
whose determined τ and age are unphysically small and
represent limits governed only by the boundary of the
priors. We discard these objects from our analysis of
the quiescent sample, since their colors are clearly in the
star-forming region of the UV J diagram.
A striking way to further visualize this diversity in the

population of quiescent galaxies is via stacked spectra for
the four populations (Figure 6) defined above. For each
galaxy within the relevant population, we convolve the
spectrum with a Gaussian kernel to yield a fixed velocity
dispersion of 400 km s−1, normalize to a median flux at
4000Å< λ < 4050Å, and produce a median-stack. No
weighting is applied to avoid biasing the results to more
luminous objects. The spectra show a very clear decline
in activity from blue cloud to old red sequence sources as
indicated in a declining level of [OII] emission but an in-
creasing 4000Å break, more prominent G band and deep
Calcium absorption lines, the latter being features associ-
ated with older stars. Importantly, however, these trends
continue within the red sequence itself from the younger
end (populated by post-starburst galaxies) to the older
end. In the inset of Figure 6 we plot the four popula-
tions on the UV J diagram. Clearly the post-starburst
galaxies occupy the blue side of the red sequence (e.g.,
Whitaker et al. 2013).
The purpose of this interlude in our goal to address

size evolution will become clearer when we attempt to
physically understand how these various subsets of qui-
escent galaxies fit into an evolutionary picture in Section
6.

4.2. Reconstructing the Quiescent Population

The availability of ages and τ parameters for each LRIS
galaxy in Figure 4 enables us to reconstruct their past
star formation histories and hence their earlier trajecto-
ries on the UV J color-color diagram. This provides the
basic means by which we can disentangle which quiescent
sources are truly old and possibly growing in physical
size, and which sources became quiescent more recently
and may contribute to apparent growth with time via
progenitor bias.
We use the star formation history to calculate the stel-

lar population parameters, including the rest-frame col-
ors, at various periods earlier in time. In Figure 7 we
plot the distribution for the epoch of observation, tobs
(final panel), and at five earlier times tobs − ∆t, with
∆t in increments of 300 Myr. These panels show clearly
how the currently-observed red sequence of LRIS galax-
ies assembled over the previous 1.5 Gyr. At each time
snapshot, we define galaxies with specific star formation
rate under 10−10 yr−1 as quiescent since, at the epoch
of observation (∆t = 0), this criterion provides a very
good agreement with the UV J selection box. We show
galaxies defined in this way with black points in Fig-
ure 7. The reason we prefer to make this definition in
terms of the specific star formation rate as opposed to
directly selecting quiescent sources from the UV J dia-
gram is that in calculating the evolutionary tracks we
must assume that dust content and metallicity do not
evolve. Since star-forming galaxies are observed to be on
average more dust-rich than quiescent galaxies, quench-
ing must to some extent also be associated with a decline
in extinction. This means that our predicted past colors
will generally be too blue for those galaxies that are qui-
escent at ∆t = 0, but that are still forming stars at earlier



8 Belli, Newman and Ellis

0.0
0.5

1.0

1.5

2.0 −1.5 Gyr

 12

∆ AV =
 1

−1.2 Gyr

 24

0.0
0.5

1.0

1.5

2.0 −0.9 Gyr

 27

−0.6 Gyr

 36

0.5 1.0 1.5 2.0
0.0
0.5

1.0

1.5

2.0 −0.3 Gyr

 44

0.5 1.0 1.5 2.0

 0.0 Gyr

 51

(V−J)rest−frame

(U
−

V
) re

st
−

fr
am

e

Fig. 7.— Reconstructed evolution of the LRIS sample on the
UV J diagram in a series of time snapshots 300 Myr apart up to
the epoch of observation in the final panel (corresponding to the
median redshift of our sample: z = 1.25). For each time snapshot,
black points represent quiescent galaxies, while light blue triangles
are star-forming galaxies that will become quiescent by the end of
the simulated evolution (i.e., at the time of observations). Blue
stars represent galaxies that are star-forming throughout the sim-
ulation. The number of quiescent galaxies, defined as those with
a specific star formation rate less than 10−10 yr−1(Section 4.1), is
shown in each panel.

epochs (shown as blue points in Figure 7). The effect of
dust extinction is shown by the arrow in the first panel.
Clearly, a reasonable amount of dust can shift the pop-
ulation of transitional objects and bring it closer to the
green valley, where galaxies are observed to lie.
We are now in a position to understand the rate at

which the population of quiescent population is being
enriched by recent arrivals. For each past time step we
count the number of quiescent objects defined as above
(numbers shown in black in each panel). Out of 51 qui-
escent galaxies at the epoch of observation, only 12 have
been quiescent for more than 1.5 Gyr, thus the popula-
tion grew by roughly a factor of four in a short period.
Given we have shown that our sample is representative
(Appendix A), we can thus compare the rate at which
the quiescent population is growing from our simulated
evolution to the results of photometrically-based stellar
mass function studies, which are approximately volume-
limited.
Since Muzzin et al. (2013) derive the stellar mass func-

tion for quiescent and star-forming galaxies over 0 <
z < 4 using the same UV J cut that we adopted, it is
the natural comparison sample. Using their Schechter
function fits we integrate over stellar masses larger than
our adopted limit, 1010.7M⊙, to yield Φ(t), the number
density of massive quiescent galaxies per unit comoving
Mpc3, as a function of cosmic time (Figure 8). This
must be compared to the number evolution inferred from
the star formation histories of our spectroscopic sample,
shown in red, up to the median epoch of observation at
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Fig. 8.— The evolving number density of quiescent galaxies
with logM∗/M⊙ > 10.7 from the stellar mass function study of
Muzzin et al. (2013, black points) with respect to the left ordinate
axis. The red line represents the evolution inferred from the star
formation history analysis of our LRIS spectroscopic sample of qui-
escent galaxies whose median redshift is z = 1.25 with respect to
the right ordinate axis. The shaded area shows the effect of the
uncertainties on the star formation histories. The vertical offset
between the two samples is arbitrary given the uncertain volume
probed by our spectroscopic survey.

z = 1.25. As we cannot rigorously calculate the cos-
mic volume probed by our spectroscopic observations,
there is an unknown vertical offset in Figure 8. Thus we
should compare only the rate of increase in the quies-
cent population, which is in remarkable agreement with
the mass function results. To estimate the uncertainty,
we recalculate the number evolution many times, using
slightly different star formation histories extracted from
the posterior distribution of each galaxy, and plot the
68% confidence region in light red. From our analysis
we obtain a number density growth rate from z = 1.75
to z = 1.25 of 0.39 ± 0.03 dex, which compares favor-
ably to 0.34±0.11 derived from the stellar mass function
study. This growth rate is not particularly sensitive to
the selection of the quiescent population: shifting the
UV J selection box of ±0.1 mag changes the rate derived
from the Muzzin et al. data by less than 0.08 dex. This
agreement suggests our best-fit star formation histories
are a reasonable description of the actual evolution of
quiescent galaxies.

5. SIZE EVOLUTION ON THE RED SEQUENCE

We have used our technique to reconstruct the devel-
opment of the quiescent population over a period of 1.5
Gyr prior to the median epoch of observation. This cor-
responds roughly to the redshift range 1.25 < z < 2,
where the size growth rate is particularly rapid. We are
thus now in a position to directly estimate how recently-
quenched galaxies that arrive on the red sequence during
this time interval affect the size growth. In measuring
physical sizes for the LRIS sample (listed in Table 1), we
use the methods described in detail in Paper I.

5.1. The Size-Age Relation

Figure 9 (left panel) shows the stellar mass-size re-
lation for the quiescent galaxies in our sample. For
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Fig. 9.— Left: Stellar mass-size relation for quiescent galaxies in the LRIS sample. The color indicates the quiescent time tq , which
is the interval since the object became quiescent. The dashed line represents the relation derived from the 3D-HST sample at z ∼ 1.25
(van der Wel et al. 2014), and the solid line is the relation obtained for our sample assuming the same slope. Right: Size trends with
quiescent time for both red sequence and green valley galaxies. The ordinate represents the deviation in size of a galaxy with respect to
the mean stellar mass-size relation for quiescent galaxies shown in the left panel: positive values represent larger sizes, negative ones are
smaller. The points are color coded according to their location on the UV J plane as discussed in Section 4: old red sequence (red), young
red sequence (orange) and green valley (green).

convenience we compare this to the relation found at
z ∼ 1.25 by van der Wel et al. (2014) using the 3D-HST
data (dashed line) as this survey also selected quiescent
galaxies via their UV J colors. Although there is signif-
icant scatter, assuming the same slope we find the nor-
malization for our sample differs from that for 3D-HST
by only 0.01 dex (as shown by the solid line). The data
points are color-coded according to their quiescent time
tq, defined as the time interval since the object’s specific
star formation rate fell below 10−10 yr−1, following the
discussion in Section 4.2. The value of tq is uniquely de-
termined by age and τ , as shown in Figure 5 (red lines).
Figure 9 shows that galaxies which have been quiescent
the longest, i.e. with the largest tq, are physically more
compact.
In the right panel of Figure 9 we plot the deviation of

galaxies from the mean mass-size relation as a function
of their quiescent time. The deviation is simply the the
vertical distance of each data point to the dashed line in
Figure 9, normalized to the mean size at 5·1010M⊙. Pos-
itive values indicate galaxies which lie above the mass-
size relation, negative ones below. Here we color code
the galaxies according to whether they lie in the green
valley, in the red sequence, or in the post-starburst re-
gion. This figure shows two important points. First, as
we already saw in the left panel, older galaxies tend to be
smaller, and vice-versa. Second, we now see that among
young galaxies, the ones on the green valley are signif-
icantly larger than the post-starburst systems. In fact,
the young and old halves of the red sequence have quite
similar size distributions.

5.2. The Contribution of Progenitor Bias to the Size
Growth

The overall goal of this paper is to use our recon-
structed history of the red sequence to separate two
modes of size growth in the redshift interval 1.25 < z < 2.
We will use the term individual size growth to indicate
a genuine increase in size for galaxies that have been on
the red sequence throughout this period. Population size

growth, instead, refers to the apparent growth in size of
red sequence galaxies arising from more recent arrivals
which were larger prior to their quenching; this is the
contribution from progenitor bias. As we have seen in the
previous section, the oldest quiescent galaxies are typi-
cally the most compact and so, given we can reconstruct
the rate of arrival of newly-quenched systems following
our analysis in Section 4.2, we are ready to quantify the
two modes of size growth.
In Figure 10 we illustrate the size evolution via a red

line, that we obtain in the same way as for the red line
in Figure 8, but measuring at each time step the average
size (as opposed to just counting the number) of the qui-
escent galaxies. Again, the shaded area is obtained by
varying the star formation histories according to the pos-
terior distributions. The black points in the figure rep-
resent the evolution with redshift in the normalization
of the mass-size relation from van der Wel et al. (2014),
and the dashed line is a fit to the points. Since we are
principally interested in the growth rate, we normalize
the red line so it matches the van der Wel et al. (2014)
fit at z = 1.25. This required shift is negligible as we
already showed that our mass-size relation is in close ab-
solute agreement with that of van der Wel et al. (2014).
Figure 10 shows the principal result of our study: size

evolution due to the arrival of larger, newly-quenched
galaxies - i.e. ‘population growth’ - is insufficient to ex-
plain the observations. The size evolution of quiescent
galaxies directly observed is 0.167± 0.014 dex over a 1.5
Gyr period, which is larger than that obtained above by
measuring the sizes of the oldest galaxies at z ∼ 1.25,
0.084 ± 0.020 dex over the same period. The remain-
der (0.083 ± 0.024 dex) must be due to individual size
growth in long-standing quiescent objects. We show the
relative contributions of individual and population size
growth in Figure 10 with, respectively, blue and green
arrows. In linear units, each process causes a relative
size increase, at fixed mass, of 21% over 1.5 Gyr. A more
direct way to view this is to see that even the oldest,
smallest objects at z < 1.5 are larger than the average
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Fig. 10.— Growth measured in terms of the normalization of the stellar mass-size relation for red sequence galaxies (parameterized as
the average size at M∗ = 5 · 1010M⊙), as a function of cosmic time. Black points represent the observations of van der Wel et al. (2014)
and the dashed line is their fit to the data. The red line is the evolution inferred by measuring the sizes of the galaxies in our sample that
were quiescent at a given cosmic time. The effect of taking different star formation histories that are still consistent with the observations
is shown by the shaded area. Our method is sensitive only to the growth due to the change in the composition of the quiescent population
(blue arrow). The difference with the observed overall size evolution, then, must be due to the growth of individual galaxies (green arrow).

quiescent galaxies observed at z > 1.5, a point first made
by Newman et al. (2012), which estimated the minimum
individual growth by measuring the size increase of the
smallest quiescent objects, obtaining a value in agree-
ment with ours (0.096 ± 0.018 dex over 1.5 Gyr). The
only possible explanation for this difference is that phys-
ical growth of individual quiescent galaxies has occurred.
This result is very robust in terms of size mea-

surements, which are accurate to the 10% level for
both our sample and the 3D-HST reference sample
(Newman et al. 2012; van der Wel et al. 2012). Due to
the high quality of our spectroscopic data, this result is
also robust against random errors in the age estimates,
as shown in Figure 10. These do not include systematic
effects, due, e.g., to the assumption of simple declining
star formation histories, which do not include the effect
of secondary bursts. However, the agreement between
our reconstructed number evolution of the red sequence
with the evolution directly observed by the 3D-HST sur-
vey (shown in Figure 8) strongly suggests that our ages
are not significantly biased. Regarding the size evolution
we also made the implicit assumption that the observed
size of a galaxy does not change during the quenching
process. The size, however, might decrease because of
disk instability (that causes a change in the mass distri-
bution) or because of the removal of dust (which would
cause a change in the light distribution). In both cases
the effect of newly quenched galaxies on the mean mass-
size relation would be smaller than what assumed in our
analysis, and therefore our measurement of the progeni-
tor bias would be an upper limit.

6. SUMMARY AND DISCUSSION

Taking advantage of deep LRIS spectra, together with
associated imaging and broad-band photometry, we have
investigated the stellar population parameters of an un-
biased sample of quiescent galaxies within the redshift
range 1 < z < 1.6. By reconstructing their star forma-
tion histories, we were able to reproduce the evolution
in number density of quiescent galaxies measured inde-
pendently in deep photometric surveys. We measured
the relation between size and mass, and found that older
galaxies are significantly smaller. We then reconstructed
the evolution of the mean size in the 1.5 Gyr prior to the
time of observation. Comparing this to the mean sizes
measured at different redshifts from the HST CANDELS
survey, we found that the oldest galaxies in our sample
must have been growing in size since z ∼ 2.
Our result is in agreement with the conclusions of

dynamical studies undertaken at higher redshift. In
Belli et al. (2014b), we measured velocity dispersions for
a small sample of quiescent galaxies at 2 < z < 2.5,
and by comparing their sizes and masses to those of lo-
cal galaxies with same velocity dispersion, we concluded
that physical growth occurred. It is noteworthy that
the physical growth of quiescent galaxies over the pe-
riod corresponding to 1 < z < 2, first suggested by
number density arguments (e.g., Bezanson et al. 2009;
Newman et al. 2012), has now been confirmed by two
independent techniques and datasets.
As the apparent growth over 1.25 < z < 2 can now be

dissected into a near-equal combination of genuine (phys-
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ical) growth and that arising from recently-quenched ar-
rivals (progenitor bias), the question arises as to the
mechanism by which the older quiescent galaxies are
growing. In Paper I we showed that minor mergers are
likely to be the primary mechanism for the size growth
over 0 < z < 1.5 (see also van Dokkum et al. 2010;
Nipoti et al. 2012). However, at z ∼ 2 spectroscopic ob-
servations suggest that the growth in mass and size is
inconsistent with arising exclusively via minor mergers
(Belli et al. 2014b). Moreover, the merger rate inferred
from HST imaging (Newman et al. 2012) appears to be
insufficient to account for the physical growth even af-
ter accounting for progenitor bias. Hopefully improved
estimates of the minor merger rate together with larger
spectroscopic samples beyond z ∼ 2 will enable us to ad-
dress this important remaining question in the evolution
of compact quiescent galaxies.
Our result was made possible by the high quality of

the spectroscopic data, which allowed us to derive accu-
rate stellar population parameters. An earlier attempt to
measure the relation between size and age at 1 < z < 2
used the UV J colors as proxy for age. By splitting the
red sequence into blue and red halves, Whitaker et al.
(2012) did not detect any difference in size. As we showed
in Section 4, the post-starburst objects that populate
the blue side of the red sequence do, in fact, show sim-
ilar sizes to the oldest galaxies. The main contribution
to the size growth of the population comes instead from
galaxies in the green valley.

6.1. Two Pathways to Quenching?

One of the unexpected findings of this study was
the distinction between green valley galaxies and post-
starburst systems, both of which lie within the quiescent
population defined in Section 3.1. Given the different
levels of star formation rate for these two populations,
one might conclude that green valley and post-starburst
phase represent successive stages in the overall evolution
from the blue cloud to the red sequence. This is clearly
not the case. All the post-starburst galaxies have ages
around 1 Gyr, and very small values of τ , therefore their
quiescent times are also around or slightly below 1 Gyr
(see Figure 5). However, green valley galaxies have ages
between 1 and 4 Gyr, and quiescent times that span the
entire range between 0 and 4 Gyr. Our data are incon-
sistent with a simple picture in which quenched galaxies
first cross the green valley before moving through a post-
starburst phase and arriving on the red sequence. The
more likely explanation is one in which the green valley
and the post-starburst phase represent two independent
evolutionary paths. The main difference is the quenching
timescale: the low values of τ for post-starburst galax-
ies correspond to a fast quenching, whereas for the green
valley galaxies, τ is comparable to the age, resulting in
slowly declining star formation rates. This difference
in timescales results in different levels of star formation
rates for galaxies of identical ages.
Interestingly, this picture is consistent with the studies

of Patel et al. (2013) and Marchesini et al. (2014) which
follow the evolution of a galaxy population by matching
number densities at different redshifts. These authors
find that at high redshift the progenitors of local mas-
sive quiescent galaxies are located both on the blue end
of the red sequence and on the green valley. More impor-
tantly, the progenitors on the red sequence move toward
the red end with cosmic time, while at the same time
the green valley remains significantly populated. This
implies that the post-starburst phase is not just the end-
point of the evolution of green valley galaxies, but con-
stitutes an independent path, which in the case of ultra-
massive galaxies ends by z ∼ 1.5 (see, e.g., Figure 2 of
Marchesini et al. 2014).
The star formation histories are not the only prop-

erties that are distinct across the two quiescent sub-
populations. Green valley systems are typically large and
dusty, while post-starburst galaxies have little dust and
smaller sizes. Although the best-fit dust extinction can
be degenerate with stellar population ages, the sizes are
clearly independently measured. Furthermore, using in-
dependent mid-IR emission as a proxy for dust extinction
does not significantly change our results, thus confirming
the robustness of our conclusions (see Figure 4).
At low redshift, Schawinski et al. (2014) showed how

transitional objects can have either a slow or fast
timescale τ , and how this property is strictly correlated
with their morphology: disks tend to have a slow quench-
ing while spheroidals are preferentially on a fast quench-
ing track. The authors suggest that major mergers pro-
duce a fast quenching and a morphological transforma-
tion, while the slow quenching might be caused by some
process, such as AGN feedback, that interrupts gas ac-
cretion. Our data are consistent with the extension of
such scenario at z > 1. At high redshift, galaxies in the
slow channel did not have the time to completely quench,
which would explain why the old part of the red sequence
is populated by objects with sizes similar to the ones in
the post-starburst phase.
Potential progenitors of compact quiescent galaxies

have been identified by Barro et al. (2013), which
selected a sample of compact star-forming galaxies at
z > 2. Among these galaxies, the ones near the blue end
of the UV J red sequence tend to be small and dust-free
(Barro et al. 2014). These objects are likely to be the
immediate progenitors of the post-starburst systems
that we identified at z < 1.5. However, further studies
of transitional galaxies, including more detailed analysis
of their star formation histories and morphologies, are
needed in order to understand the physical processes
responsible for galaxy quenching.

We acknowledge Danilo Marchesini for useful discus-
sions. The authors recognize and acknowledge the very
significant cultural role and reverence that the summit of
Mauna Kea has always had within the indigenous Hawai-
ian community. We are most fortunate to have the op-
portunity to conduct observations from this mountain.

APPENDIX

A. THE SPECTROSCOPIC SAMPLE IS UNBIASED

Spectroscopic samples are typically biased, because of the combined effects of target selection and the need to identify
spectral features. It is therefore critical to assess whether our sample is biased. For this purpose, it is necessary to use
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Fig. 11.— Left: Comparison of the distribution on the UV J diagram for our sample (red) and for the the 3D-HST reference sample,
defined by logM∗/M⊙ > 10.7 and 1 < z < 1.6 (gray). Only galaxies in the quiescent selection box are shown. The top and right panels
show the histograms of the rest-frame colors for the two samples. Right: Comparison of the magnitude and mass-normalized distributions.
In both panels, the properties of our sample are taken from the 3D-HST catalog, to ensure a consistent comparison.

a larger catalog that can be considered complete down to masses below ∼ 1010.7M⊙. For this task we use the public
catalog from the 3D-HST survey (Brammer et al. 2012; Skelton et al. 2014), that presents two important advantages.
Firstly, it was obtained in the same CANDELS fields in which the majority of our targets lie, allowing a more direct
comparison; secondly, the 3D-HST team adopts the UV J plane for dividing galaxies into quiescent and star-forming,
and this ensures consistency in the definition of the samples.
The 3D-HST catalog contains, among other properties, photometric redshift, stellar mass, and rest-frame colors for

every object. We selected all the objects with 1 < z < 1.6 and M∗ > 1010.7M⊙, and call this the reference sample. We
also identify 58 of our 62 objects in the 3D-HST catalog, by matching the coordinates. Rather than comparing the
properties that we derived for our objects with those published for the reference sample, we carry out a self-consistent
comparison by using only the properties from the 3D-HST catalog.
The left panel of Figure 11 shows the distribution of our sample (red points) and the reference sample (gray points)

in the UV J diagram. Only the objects in the quiescent selection box are shown. The two histograms compare the
rest-frame U − V and V − J colors for our sample and for the reference population. The two samples are remarkably
similar, and a K-S test confirms that the two distributions are formally consistent with each other, in both V − J
(p = 0.43) and U − V (p = 0.63).
We note that when we use the rest-frame colors derived from our best-fit models we obtain slightly different results.

Comparing the colors calculated by us to the ones calculated by the 3D-HST team for the same objects in our sample,
we find a mean shift ∆(V − J) = 0.12 and ∆(U − V ) = 0.03. This discrepancy is probably caused by a difference in
the templates used: we calculate the colors by integrating our best-fit template, while the 3D-HST colors are obtained
from the EAZY templates (Brammer et al. 2008), which include emission lines. As a consequence, the sample shown in
Figure 11 is slightly different from the sample used in the rest of the present paper, as the slightly different rest-frame
colors can cause some objects to fall inside or outside the selection box. We note that the star-forming galaxies are
the ones most affected by this issue, while the objects on the red sequence show the smallest discrepancy.
In the right panel of Figure 11 we compare the distribution of our sample in H magnitude and mass-normalized

size with the reference sample. Again, we can see that our spectroscopic sample is unbiased compared to the parent
population, as is confirmed by the K-S test (p = 0.29 for the H distibutions and p = 0.19 for the size distributions).
We conclude, therefore, that our sample of quiescent galaxies is unbiased, and represents well the underlying galaxy

population.
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TABLE 1
Stellar Population Properties of the Sample of Quiescent Galaxies

Object ID z log sSFR logM∗ log Age log τ AV Z/0.02 Rmaj

(yr−1) (M⊙) (yr) (yr) (kpc)

19826 1.008 −10.55 ± 0.06 11.07± 0.04 9.63± 0.06 9.01 ± 0.06 0.13± 0.04 0.44± 0.04 2.2
51106 1.013 −11.18 ± 0.09 11.29± 0.03 9.37± 0.05 8.55 ± 0.06 0.75± 0.08 0.89± 0.17 6.8
28739 1.029 < −12 11.03± 0.03 9.54± 0.04 8.15 ± 0.55 0.11± 0.05 0.66± 0.10 2.4
21741 1.055 < −12 10.92± 0.03 9.24± 0.05 7.85 ± 0.42 0.41± 0.07 0.74± 0.17 3.1
49418 1.061 < −12 11.37± 0.04 9.48± 0.07 8.47 ± 0.46 0.17± 0.09 0.79± 0.17 4.8
51081 1.062 −10.37 ± 0.10 10.96± 0.04 9.26± 0.06 8.60 ± 0.07 0.71± 0.09 0.91± 0.18 6.0
31377 1.085 −10.43 ± 0.13 10.70± 0.02 9.06± 0.02 8.34 ± 0.04 1.42± 0.09 0.61± 0.15 6.2
13393 1.097 −10.52 ± 0.05 11.15± 0.03 9.34± 0.05 8.66 ± 0.05 0.56± 0.06 0.67± 0.17 8.0
16343 1.098 −11.84 ± 0.19 11.01± 0.01 9.02± 0.01 8.06 ± 0.09 0.32± 0.03 1.02± 0.03 2.4
28656 1.101 < −12 11.19± 0.03 9.55± 0.04 8.59 ± 0.40 0.06± 0.04 0.79± 0.09 3.3
32591 1.110 < −12 11.36± 0.02 9.51± 0.03 7.71 ± 0.49 0.04± 0.05 1.01± 0.05 4.7
21715 1.113 −10.85 ± 0.07 10.92± 0.03 9.30± 0.03 8.53 ± 0.04 0.44± 0.05 1.06± 0.12 2.3
21657 1.125 −11.38 ± 0.09 11.13± 0.04 9.60± 0.05 8.78 ± 0.06 0.23± 0.07 1.14± 0.17 2.5
12988 1.144 −10.33 ± 0.05 10.97± 0.02 9.29± 0.03 8.65 ± 0.04 0.46± 0.05 0.84± 0.16 3.0
1672 1.147 −10.44 ± 0.07 11.05± 0.03 9.14± 0.04 8.43 ± 0.05 0.95± 0.06 1.18± 0.17 9.8
21870 1.179 < −12 11.11± 0.02 9.35± 0.03 7.83 ± 0.43 0.26± 0.05 0.53± 0.08 3.8
1241357 1.188 < −12 10.90± 0.02 9.50± 0.03 8.29 ± 0.46 0.03± 0.03 0.89± 0.11 1.6
41327 1.192 < −12 10.82± 0.03 8.98± 0.04 7.96 ± 0.32 0.46± 0.10 0.84± 0.28 2.0
33887 1.193 −10.66 ± 0.10 10.88± 0.04 9.36± 0.06 8.65 ± 0.07 0.31± 0.09 1.05± 0.23 4.4
45759 1.196 −10.37 ± 0.12 10.92± 0.05 9.35± 0.08 8.70 ± 0.09 0.53± 0.12 0.96± 0.20 5.6
3346 1.217 −10.75 ± 0.08 10.80± 0.02 9.04± 0.04 8.25 ± 0.04 0.51± 0.09 1.05± 0.24 3.3
3867 1.223 −11.59 ± 0.11 10.82± 0.02 9.47± 0.04 8.59 ± 0.09 0.07± 0.04 0.62± 0.12 3.2
34609 1.241 < −12 11.02± 0.02 9.20± 0.04 7.53 ± 0.37 0.80± 0.06 0.81± 0.15 7.9
21750 1.242 −11.51 ± 0.10 11.10± 0.03 9.27± 0.05 8.38 ± 0.05 0.31± 0.06 0.96± 0.22 3.4
7662 1.244 < −12 10.95± 0.00 9.30± 0.00 7.85 ± 0.00 0.21± 0.00 0.98± 0.00 1.7
18249 1.252 −11.18 ± 0.12 10.81± 0.04 9.17± 0.05 8.32 ± 0.06 0.49± 0.06 1.24± 0.19 4.0
7310 1.255 < −12 11.13± 0.02 9.21± 0.03 7.76 ± 0.40 0.60± 0.05 0.54± 0.13 4.7
13073 1.258 −11.50 ± 0.09 11.01± 0.02 9.23± 0.03 8.34 ± 0.03 0.18± 0.04 0.90± 0.15 1.7
30822 1.259 < −12 10.99± 0.04 9.27± 0.08 8.07 ± 0.45 0.48± 0.10 0.97± 0.43 2.2
1244914 1.261 −11.22 ± 0.05 11.24± 0.02 9.47± 0.03 8.66 ± 0.04 0.19± 0.05 0.94± 0.19 5.6
32915 1.261 −11.01 ± 0.05 10.98± 0.02 9.43± 0.03 8.65 ± 0.04 0.17± 0.05 0.54± 0.11 1.5
22760 1.262 < −12 10.90± 0.01 9.36± 0.02 7.66 ± 0.37 0.33± 0.06 0.54± 0.09 1.5
22780 1.264 −10.77 ± 0.10 10.77± 0.01 9.03± 0.02 8.23 ± 0.03 0.62± 0.06 0.84± 0.14 2.6
2341 1.266 < −12 10.82± 0.02 9.01± 0.01 7.39 ± 0.26 0.47± 0.06 1.08± 0.12 1.4
29059 1.278 −10.62 ± 0.09 10.91± 0.02 9.06± 0.04 8.29 ± 0.05 0.44± 0.08 1.10± 0.22 1.8
2823 1.316 −11.12 ± 0.12 11.26± 0.04 9.58± 0.05 8.81 ± 0.07 0.42± 0.09 0.86± 0.17 4.1
34879 1.322 −11.64 ± 0.10 11.45± 0.03 9.61± 0.04 8.75 ± 0.04 0.35± 0.06 0.61± 0.10 5.8
2337 1.327 < −12 11.06± 0.06 9.23± 0.07 7.67 ± 0.41 0.34± 0.06 0.75± 0.25 1.8
14758 1.331 < −12 10.72± 0.02 8.95± 0.02 7.50 ± 0.27 0.53± 0.05 0.73± 0.14 0.9
33786 1.352 −10.21 ± 0.11 10.83± 0.03 9.16± 0.06 8.50 ± 0.07 0.70± 0.10 0.94± 0.21 4.1
25374 1.397 < −12 10.90± 0.09 9.44± 0.10 7.78 ± 0.47 0.20± 0.16 0.83± 0.23 2.8
19498 1.401 < −12 10.78± 0.04 9.25± 0.07 7.68 ± 0.42 0.19± 0.07 0.79± 0.25 1.2
5835 1.405 −10.35 ± 0.07 10.93± 0.02 9.42± 0.05 8.80 ± 0.05 0.35± 0.07 0.58± 0.15 2.3
42109 1.406 −11.29 ± 0.08 10.79± 0.03 9.32± 0.05 8.47 ± 0.05 0.08± 0.06 0.62± 0.14 1.2
5020 1.415 < −12 10.87± 0.03 9.28± 0.08 7.94 ± 0.45 0.15± 0.06 0.51± 0.08 2.2
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