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0.75

0.80

0.85

0.90

0.95

1.00

1.05

1.10

1.15

N
or

m
al

iz
ed

F
lu

x



massive quiescent galaxies appear to be 
mostly assembled by z~1 then 

passively evolve to z~0 

e.g., Bundy+ 2006; Renzini 2006; Cirasuolo+ 2007; Vergani+ 2008;  
Marchesini+ 2009; Banerji+ 2010; Moustakas+ 2013; Muzzin+ 2013
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Figure 11. Evolution of the SMFs of (left) star-forming and (right) quiescent galaxies from z = 0–1 based on the data presented in Figure 10. We use progressively
lighter shades of blue to show the evolution of the star-forming galaxy SMF, and shades of orange to show how the SMF of quiescent galaxies has evolved. The black
shaded region in each panel shows the corresponding SDSS-GALEX SMF.
(A color version of this figure is available in the online journal.)

Figure 12. Evolution in the number density of all (black squares), quiescent (red diamonds), and star-forming (blue points) galaxies in four 0.5 dex wide intervals
of stellar mass ranging from 109.5–1010 M⊙ in the upper-left panel, to 1011–1011.5 M⊙ in the lower-right panel. The error bar on each measurement is due to the
quadrature sum of the Poisson and sample variance uncertainties in each redshift interval; we denote lower limits on the number density using upward-pointing arrows.
The solid black, dot-dashed red, and dashed blue lines show weighted linear least-squares fits to the data, and the corresponding shaded regions show the 1σ range of
power-law fits drawn from the full covariance matrix. We find a factor of ∼2–3 increase in the number density of ∼109.5–1010.5 M⊙ quiescent galaxies since z ≈ 0.5,
and a remarkably little change (−8% ± 10%) in the space density of star-forming galaxies over the same range of stellar mass and redshift. Between 1010.5–1011 M⊙,
the space density of quiescent galaxies increases by 58% ± 9%, while the number density of star-forming galaxies declines by −13% ± 23%. Meanwhile, above
1011 M⊙ we find a steep 54% ± 7% decline in the number of massive star-forming galaxies since z ≈ 1, and a small increase (22% ± 12%) in the space density of
comparably massive quiescent galaxies. The distinct evolutionary trends exhibited by star-forming and quiescent galaxies conspire to keep the number density of all
galaxies relatively constant over the range of stellar masses and redshifts probed by PRIMUS.
(A color version of this figure is available in the online journal.)

we find that the number density of 109.5–1010 M⊙ quiescent
galaxies increases significantly toward lower redshift, by a factor
of 3.2 ± 0.5 since z = 0.4, whereas the number density of
star-forming galaxies decreases marginally, by −10% ± 15%
over the same redshift range. Meanwhile, the number density
of 1010–1010.5 M⊙ quiescent galaxies increases by a factor of
2.2 ± 0.4 since z = 0.6, while the number of comparably
massive star-forming galaxies changes by −4%±15%. Finally,

in the 1010.5–1011 M⊙ stellar masses bin we find a 58% ± 9%
increase in the space density of quiescent galaxies since z =
0.8, and a −13% ± 23% decrease in the number of star-
forming galaxies over the same redshift range. Thus, we find
remarkably little change (−8% ± 10%) in the number density
of 109.5–1010.5 M⊙ star-forming galaxies over the full range
of redshifts where PRIMUS is complete, and a gradual, but
significant buildup in the population of quiescent galaxies

20

The Astrophysical Journal, 767:50 (34pp), 2013 April 10 Moustakas et al.

Figure 11. Evolution of the SMFs of (left) star-forming and (right) quiescent galaxies from z = 0–1 based on the data presented in Figure 10. We use progressively
lighter shades of blue to show the evolution of the star-forming galaxy SMF, and shades of orange to show how the SMF of quiescent galaxies has evolved. The black
shaded region in each panel shows the corresponding SDSS-GALEX SMF.
(A color version of this figure is available in the online journal.)

Figure 12. Evolution in the number density of all (black squares), quiescent (red diamonds), and star-forming (blue points) galaxies in four 0.5 dex wide intervals
of stellar mass ranging from 109.5–1010 M⊙ in the upper-left panel, to 1011–1011.5 M⊙ in the lower-right panel. The error bar on each measurement is due to the
quadrature sum of the Poisson and sample variance uncertainties in each redshift interval; we denote lower limits on the number density using upward-pointing arrows.
The solid black, dot-dashed red, and dashed blue lines show weighted linear least-squares fits to the data, and the corresponding shaded regions show the 1σ range of
power-law fits drawn from the full covariance matrix. We find a factor of ∼2–3 increase in the number density of ∼109.5–1010.5 M⊙ quiescent galaxies since z ≈ 0.5,
and a remarkably little change (−8% ± 10%) in the space density of star-forming galaxies over the same range of stellar mass and redshift. Between 1010.5–1011 M⊙,
the space density of quiescent galaxies increases by 58% ± 9%, while the number density of star-forming galaxies declines by −13% ± 23%. Meanwhile, above
1011 M⊙ we find a steep 54% ± 7% decline in the number of massive star-forming galaxies since z ≈ 1, and a small increase (22% ± 12%) in the space density of
comparably massive quiescent galaxies. The distinct evolutionary trends exhibited by star-forming and quiescent galaxies conspire to keep the number density of all
galaxies relatively constant over the range of stellar masses and redshifts probed by PRIMUS.
(A color version of this figure is available in the online journal.)

we find that the number density of 109.5–1010 M⊙ quiescent
galaxies increases significantly toward lower redshift, by a factor
of 3.2 ± 0.5 since z = 0.4, whereas the number density of
star-forming galaxies decreases marginally, by −10% ± 15%
over the same redshift range. Meanwhile, the number density
of 1010–1010.5 M⊙ quiescent galaxies increases by a factor of
2.2 ± 0.4 since z = 0.6, while the number of comparably
massive star-forming galaxies changes by −4%±15%. Finally,

in the 1010.5–1011 M⊙ stellar masses bin we find a 58% ± 9%
increase in the space density of quiescent galaxies since z =
0.8, and a −13% ± 23% decrease in the number of star-
forming galaxies over the same redshift range. Thus, we find
remarkably little change (−8% ± 10%) in the number density
of 109.5–1010.5 M⊙ star-forming galaxies over the full range
of redshifts where PRIMUS is complete, and a gradual, but
significant buildup in the population of quiescent galaxies

20



van Dokkum+ 2010
1026 VAN DOKKUM ET AL. Vol. 709

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

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

re = 13.2 × (1 + z)−1.27 (4)

and
n = 6.0 × (1 + z)−0.95. (5)

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

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

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

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

4. DISCUSSION

4.1. Inside-out Growth

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

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

e.g., Daddi+ 2005; Trujillo+ 2006; van 
Dokkum+ 2008; van der Wel+ 2008; 
Cimatti+ 2008; Bezanson+ 2009; 
Damjanov+ 2009; Williams+ 2010; 
Cassata+ 2010; van Dokkum+ 2010; 
López-Sanjuan+ 2012;  
McLure+ 2013; Belli+ 2013

x4 size growth

x2 mass growth

quiescent galaxies appear to 
grow inside-out
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Figure 9. Specific star formation rate as function of look-back time for early-type galaxies of various masses as indicated by the labels. The grey hatched curves
indicate the range of possible variation in the formation time-scales that are allowed within the intrinsic scatter of the α/Fe ratios derived. No dependence on
environmental density is found. The upper x-axis connects time and redshift adopting Ωm = 0.24, ΩΛ = 0.76, andH0 = 73 km/s/Mpc. Note that these star
formation histories are meant to sketch the typical formation history averaged over the entire galaxy population (at a given mass). Real star formation histories
of individual objects are expected to be more bursty and irregular. Intermediate- and low-mass galaxies in low-density environments get rejuvenated via minor
star formation events below redshift z ∼ 0.2 (see Section 3.8). This suggests a phase transition from a self-regulated formation phase without environmental
dependence to a rejuvenation phase, in which the environment plays a decisive role possibly through galaxy mergers and interactions.

indeed be occurring in early-type galaxies also at recent epochs.
Moreover, AGN outflows at high redshift provide observational ev-
idence for AGN feedback at early epochs in the evolution of galax-
ies (e.g. Nesvadba et al. 2008). The most recent renditions of semi-
analytic, hierarchical galaxy formation models include a prescrip-
tion of AGN feedback (De Lucia et al. 2006; Croton et al. 2006;
Bower et al. 2006; Monaco et al. 2007; Cattaneo et al. 2005, 2006;
Dekel & Birnboim 2006; Cattaneo et al. 2007; Cavaliere & Menci
2007). De Lucia et al. (2006) show that the simulations now pro-
duce star formation histories that are much closer to the obser-
vational constraint presented in T05 (and Fig. 9 of the present
work) than previous generations of semi-analytic models. The ob-
served α/Fe enhancement of early-type galaxies and in particu-
lar its correlation with galaxy mass (Fig. 3) needs yet to be recon-
ciled with hierarchical models of galaxy formation (Thomas 1999;
Nagashima et al. 2005; Pipino et al. 2009). In Pipino et al. (2009)
it is shown that the predicted α/Fe-mass relationship is still flat-
ter and has considerably more scatter than the observations even in
models with AGN feedback. This conclusion is confirmed by the
recent study of Arrigoni et al. (2009), who show that the α/Fe-σ
relation can only be produced if a top-heavy initial mass function
and a lower fraction of binaries that explode as Type Ia supernovae
are adopted.

4.3 Phase transitions in the local universe

A fundamental difference with respect to previous results is the lack
of a dependence on environment. Fig. 10 in T05 presenting the for-
mation epochs shows a significant delay in the formation of mas-
sive galaxies in the field. As discussed in T05, this suggested that
massive galaxies in low densities form later but on the same time-
scales as their counterparts in clusters (see Fig. 10 in T05) as the
direct consequence of early-type galaxies in denser environments
having higher ages but the same α/Fe ratios. This implied that star
formation must have essentially been on hold for the first 3 Gyr
in massive objects in low densities. The new (and statistically more
robust) results presented here suggest a different picture. In the new
version of the star formation history plot (see Fig. 9) the main for-
mation epochs of early-type galaxies as a function of galaxy mass
are independent of the environmental density.

However, some early-type galaxies are rejuvenated, i.e. they
must have harboured minor star formation events at recent epochs
within the past few Gyrs (see Section 3). Such recent star forma-
tion activity that we call ’rejuvenation’ occurs on top of the star for-
mation histories shown in Fig. 9. The fraction of this rejuvenated
galaxy population increases both with decreasing galaxy mass and
with decreasing environmental density (see Fig. 8). This implies
that the impact of environment increases with decreasing galaxy
mass (Tasca et al. 2009). The dependence on environment suggests
that galaxy interactions and merger activity might have been the
major triggers of early-type galaxy rejuvenation in the past few

stellar pop. analysis offers another 
channel for studying galaxy evolution

Thomas+ 2010



goal: to measure the 
 age and abundance ratios of  
a mass-complete sample of 

quiescent galaxies 
as a function of M★ at 0.1<z<0.7



our model uses  
simple stellar populations 

Conroy & van Dokkum+ 2012; Conroy+ 2014

Conroy 2013
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MESA Isochrones & Stellar Tracks 
 coming soon!

Paxton+ 2011, 2013

0.08 − 150 M⊙ 

many evolutionary phases 
a variety of [Fe/H], [a/Fe] 
!
!
!
in collaboration with: 
!
Charlie Conroy 
Aaron Dotter 
Matteo Cantiello
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AGES!
0.1 < z < 0.7

the galaxy sample

SDSS II, DR7!
0.07 < z < 0.09

sdss.org mmto.org

Jannuzi & Dey 1999; Kochanek+ 2012 Abazajian+ 2009

R ~ 1000 
10,839 galaxies 
15 < IVega < 20

R ~ 2000 
52,908 galaxies 
14.5 < r < 17.6
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Choi+ 2014

testing the stacking procedure

The Astrophysical Journal, 792:95 (21pp), 2014 September 10 Choi et al.
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Figure 16. Difference between parameters measured from artificially broadened spectra and the original unsmoothed SDSS stacked spectra. The vertical dotted line
denotes σ = 350 km s−1, the effective velocity dispersion to which we smooth all of our science spectra. When σ < 150 km s−1 spectra are smoothed to 350 km s−1,
there is almost no bias for [Mg/Fe], [C/Fe], and [Ca/Fe]. On the other hand, only a modest systematic offset of !0.05 dex is introduced at 350 km s−1 for age, [Fe/H],
and [N/Fe]. In addition, there are only modest offsets (!0.1 dex) when the spectra are smoothed to σ = 1000 km s−1.
(A color version of this figure is available in the online journal.)
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Figure 17. Histograms of parameters measured from individual SDSS spectra in the highest mass bin. The green and red lines correspond, respectively, to the best-fit
parameter measured from the stacked spectrum and the weighted average of the distribution. Their corresponding uncertainties are shown as shaded regions. The
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(A color version of this figure is available in the online journal.)
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the abundance ratios show 
no redshift evolution
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* we also measure [C/Fe], [N/Fe], [Ca/Fe]
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a comparison with toy models indicates that 
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massive quiescent galaxies appear to be  
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Choi+ 2014



what’s next?

ongoing survey at UCSC using Keck DEIMOS 
 ~500 quiescent galaxies at <z>~0.7 with 8 - 36 hr exposures 

!

!

!

!

low S/N regime (~20 Å-1 with ~0.1 dex precision)  
 z ~ 1, e.g., MOSFIRE  
 radial gradient studies, e.g., MaNGA

http://www.astro.caltech.edu/

http://www.astro.caltech.edu/


summary

there is negligible evolution in abundances at fixed M over the last     
~7 Gyr, consistent with passive evolution in the inner ~0.3 − 3 Re 

the young ages we observe & the existence of massive quiescent 
galaxies at z > 1 indicate the inhomogeneous nature of the z<0.7 
quiescent population 

the full-spectrum fitting technique opens the possibility to engage in 
stellar pop. analysis using low S/N data, e.g., z>1, galaxy outskirts



response functions allow us to 
measure variable abundances

13 Gyr simple stellar population

Conroy 2013
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Figure 3
Variation in the spectrum of a 13-Gyr simple stellar population due to changes in individual elemental abundances. All abundance
changes are +0.3 dex except for C and Ca, which have been varied by +0.15 dex. Spectra have been broadened to a velocity dispersion
of 150 km s−1. Notice the different x- and y-axis range in each plot. Prominent spectral features include the CH, CN, NH, C2, CaI,
CaII H and K, CaII triplet, MgH, and Mg b (MgI) features, along with numerous atomic Fe and Ti features. Computed from the models
of Conroy & van Dokkum (2012a).

is overwhelmingly dominated by stars at approximately the same mass, i.e., the turnoff mass. Point
d will not hold for IMFs that depart dramatically from the Salpeter IMF. Point c arises because
CSPs have a range of turnoff masses that contribute to the integrated light. Figure 4 shows the
fractional contribution of stars of various masses to the total number of stars, stellar mass, and
bolometric luminosity; the figure demonstrates quantitatively that low-mass stars dominate both
the stellar mass and the number of stars in a galaxy but contribute only a few percent to the
bolometric light of an old stellar population. At younger ages the light contribution from low
mass stars is even less.

Tinsley (1980) demonstrated that the evolution in M/L for a passively evolving stellar popu-
lation is sensitive to the logarithmic slope of the IMF, x, at the main sequence turnoff point. The
logarithmic evolution of the luminosity per logarithmic time (dlnL/dlnt) scales linearly with x, at
least for plausible values of x (see also van Dokkum 2008; Conroy, Gunn & White 2009). This
dependency arises because the giant branch dominates the luminosity for all plausible values of x,
and so the IMF determines the rate at which the giant branch is fed by turnoff stars. Steeper IMFs
imply that the giant branch is more richly populated with time, and therefore the natural lumi-
nosity dimming is reduced. For sufficiently steep IMFs (e.g., x ! 5), the unevolving dwarfs would
dominate the light, and so the integrated luminosity would be approximately constant over time.

It is somewhat less well appreciated that the IMF above 1 M⊙ also strongly affects the shape
of the SED of CSPs. In composite populations the SED is influenced by stars with a range of
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Figure 3
Variation in the spectrum of a 13-Gyr simple stellar population due to changes in individual elemental abundances. All abundance
changes are +0.3 dex except for C and Ca, which have been varied by +0.15 dex. Spectra have been broadened to a velocity dispersion
of 150 km s−1. Notice the different x- and y-axis range in each plot. Prominent spectral features include the CH, CN, NH, C2, CaI,
CaII H and K, CaII triplet, MgH, and Mg b (MgI) features, along with numerous atomic Fe and Ti features. Computed from the models
of Conroy & van Dokkum (2012a).

is overwhelmingly dominated by stars at approximately the same mass, i.e., the turnoff mass. Point
d will not hold for IMFs that depart dramatically from the Salpeter IMF. Point c arises because
CSPs have a range of turnoff masses that contribute to the integrated light. Figure 4 shows the
fractional contribution of stars of various masses to the total number of stars, stellar mass, and
bolometric luminosity; the figure demonstrates quantitatively that low-mass stars dominate both
the stellar mass and the number of stars in a galaxy but contribute only a few percent to the
bolometric light of an old stellar population. At younger ages the light contribution from low
mass stars is even less.

Tinsley (1980) demonstrated that the evolution in M/L for a passively evolving stellar popu-
lation is sensitive to the logarithmic slope of the IMF, x, at the main sequence turnoff point. The
logarithmic evolution of the luminosity per logarithmic time (dlnL/dlnt) scales linearly with x, at
least for plausible values of x (see also van Dokkum 2008; Conroy, Gunn & White 2009). This
dependency arises because the giant branch dominates the luminosity for all plausible values of x,
and so the IMF determines the rate at which the giant branch is fed by turnoff stars. Steeper IMFs
imply that the giant branch is more richly populated with time, and therefore the natural lumi-
nosity dimming is reduced. For sufficiently steep IMFs (e.g., x ! 5), the unevolving dwarfs would
dominate the light, and so the integrated luminosity would be approximately constant over time.

It is somewhat less well appreciated that the IMF above 1 M⊙ also strongly affects the shape
of the SED of CSPs. In composite populations the SED is influenced by stars with a range of
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response functions allow us to 
measure variable abundances

Fλ, synthetic(non-solar)!
Fλ, synthetic(solar)

Fλ, empirical(non-solar)  = x   Fλ, empirical(solar)

response function

empirical spectrumwhat we fit to a galaxy spectrum 
with non-solar abundances



Naab+ 2009

simulations suggest dry minor-mergers

e.g., Naab+ 2007; Kereš+ 2009; Naab+ 2009; Hopkins+ 2009; Dekel+ 2009; Lackner+ 2012; Hilz+ 2013

L180 NAAB, JOHANSSON, & OSTRIKER Vol. 699

Figure 1. Mass assembly history of the stellar system (squares) separated into
stars made in situ (open diamonds) in the galaxy and stars formed outside the
galaxy that have been accreted (stars) later on. At high redshift (z > 2) the
system assembles by the formation of in situ stars, at low redshift (z < 1)
accretion is more dominant.

the central region of the galaxy directly, forming a concentrated
stellar system. The in situ central stellar densities decrease by
more than an order of magnitude toward lower redshifts. The
spherical half-mass radii of the in situ stellar component, show
that the in situ system is very compact (see also Joung et al. 2009)
at z = 3 (0.5–0.6 kpc) and its size increases by about a factor
of 4 (≈ 2 kpc) until z = 0. In the bottom panel of Figure 2, we
show the density profiles for the stars that have formed outside
30 kpc and have been accreted later on. This component is more
extended at all redshifts and has a shallower density profile. Its
central density stays almost constant at ≈ 1010 M⊙ kpc−3 while
the density at larger radii subsequently increases toward z = 0.
The half-mass radius of this component is significantly larger
than for the in situ stars (> 3 kpc). The central part of the
galaxy is always dominated by in situ stars whereas at redshifts
below z ≈ 2–3 and at radii larger than ≈ 2–3 kpc the system is
dominated by accreted stars.

In Figure 3, we show the time evolution of the edge-on
projected half-mass radius of stars in the central galaxy within
the central physical 30 kpc as a function of time. At z = 3 the
stellar system resembles a compact disk-like or bar-like object
with a peak ellipticity of ϵ = 0.65 and a size of ≈ 0.3–0.7 kpc
at z = 3. Thereafter its size increases by a factor of ≈ 3–4 to its
present value of 2.7 kpc. We also plot the projected half-light
radii in the rest frame K- and V-band using the stellar population
models of Bruzual & Charlot (2003) assuming solar metallicity.
In general, the half-mass radii trace the half-light radii even at
larger redshifts reasonably well.

The K-band rest-frame surface brightness profiles for edge-
on projections at z = 0 and z = 3 are shown in Figure 4 in
combination with the best-fitting Sérsic profiles. using the fitting
procedure of Naab & Trujillo (2006) excluding the central three
softening lengths. At high redshift the system is very compact,
re = 0.69 kpc, and has a moderate Sérsic index of n ≈ 2.3.
This is in agreement with the system being flattened and disk-
like. At low redshift the system is more extended re = 2.4 kpc,
and its Sérsic index has increased to n = 3.3. The galaxy is
slightly more compact than typical Sloan Digital Sky Survey
(SDSS) early-type galaxies at this mass but lies within the
observed distribution (Shen et al. 2003, see also Franx et al.
2008). The errors given in the figure are bootstrap errors for
a fixed projection. As we have shown before the evolution in
surface brightness is mainly driven by an evolution in surface
density and not by stellar evolution.

Figure 2. Density profile of the stars formed in situ in the galaxy (upper plot)
and of stars formed outside the galaxy and then accreted later on (bottom plot)
at redshifts z = 5, 3, 2, 1, 0 (red, orange, blue, green, black). The spherical
half-mass radii r1/2 are indicated by the dashed vertical lines. The shaded area
indicates the gravitational softening length.

Figure 3. Time evolution of the edge-on circular projected stellar half-mass
radius within fixed physical 30 kpc (black diamonds). From z = 3–2 to z = 0
the size increases by a factor of ≈ 3–4. We also show the evolution of the rest-
frame K-band (red cross) and V-band (green triangle) half-light radius. Outliers
indicate minor merger events, e.g., the most massive (8:1) merger since z = 3
at z = 0.3.

At z = 3 the system has a total stellar mass of M =
5.5 × 1010 M⊙ with an effective radius reff = 0.69 kpc and
a corresponding effective density of ρeff = 0.5M/(4/3πr3

eff) =
1.6 × 1010 M⊙. The projected stellar line-of-sight velocity
dispersion is σeff ≈ 240 km s−1. The corresponding values at
z = 0 are M = 15 × 1010 M⊙, reff = 2.4 kpc, ρeff =
1.3 × 109 M⊙, and σeff ≈ 190 km s−1, which is a typical
dispersion for early-type galaxies at this mass (Bender et al.
1992). From z = 3 to z = 0 the system accretes about
5.5 × 1010 M⊙ (see Figure 1) and we can assume for the above
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the scenarios considered here lead to 
subtle differences in age but 

more apparent differences in abundances
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recall that the abundances show 
no redshift evolution
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stars in massive quiescent galaxies are old

e.g., Trager+ 1998; Thomas+ 2005; Graves+ 2007; Schiavon 2007; Smith+ 2009; 
Zhu+ 2010; Thomas+ 2010; Johansson+ 2012; Worthey+ 2013; Conroy+ 2014

Conroy+ 2014
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Figure 18. Comparison between different techniques for estimating ages and elemental abundances. Our results are compared to techniques that rely on Lick
index fitting, including Graves & Schiavon (2008, EZ_Ages), Thomas et al. (2010, T10), Johansson et al. (2012, J12), and Worthey et al. (2013, W13). The
EZ_Ages results are based on modeling the exact same stacked spectra as used herein, the W13 results are based on similar but not identical stacks, while the
T10 and J12 results are linear fits to results obtained for ∼ 4000 SDSS early-type galaxies with light-weighted ages greater than 2.5 Gyr. Note that T10 derive
a single [α/Fe] ratio, which we plot in both the [Mg/Fe] and [O/Fe] panels, as it is not entirely clear which element their [α/Fe] parameter is most sensitive to.
Qualitatively the derived trends agree well between various methods/groups, although quantitative differences are clearly evident.

the derived [Mg/H] abundances, and therefore any model us-
ing only a small number of stars along an intermediate-age
isochrone will tend to overestimate the [Mg/H] abundance.

In summary, there is broad agreement between models for
those elements that impart strong, localized changes in low
resolution data (especially C, N, Mg, and Ca; see Figure 2). In
such cases models based on spectral indices seem to perform
as well as our model based on full spectrum fitting. The power
of fitting the detailed spectrum lies in measuring parameters
that either impart a more subtle change in the spectrum (as in
the case of Si and Mn), or affect large swaths of the spectrum
(as in the case of O, Ti, and most of the iron peak elements).

7. DISCUSSION

The main results from this paper are summarized in Fig-
ure 19, where we show the abundance patterns of 13 elements
as a function of early-type galaxy velocity dispersion. This
is the most comprehensive analysis of the detailed abundance
patterns of the stars within distant galaxies to-date. We em-
phasize that the spectra sample approximately the inner 0.5Re,

and thus the abundances derived should be representative of
the inner regions of the galaxies. In this section we discuss
several implications of these results.

The qualitative agreement between our results and those of
previous authors is, for the most part, very encouraging. This
is significant because our model is a major departure from
all previous analyses of the abundance patterns of early-type
galaxies. Previous work focused on the analysis of selected
spectral indices with theoretical spectral models that were rel-
atively simple with respect to the theoretical spectral libraries
used herein. In addition, we have included a large number of
additional free parameters in order to marginalize over our ig-
norance of various aspects of stellar evolution and stellar pop-
ulations. In spite of these differences in techniques, there is
excellent agrement in the trends, including the derived light-
weighted ages, the weak variation in [Fe/H] and [Ca/Fe], and
the strong variation in [Mg/Fe], [C/Fe], and [N/Fe]. It should
not be surprising that there is good agreement between tech-
niques for the elements C, N, Mg, and Ca because these ele-
ments impart strong, localized changes in low resolution spec-
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galaxies become older 
with decreasing z
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… and enriched in elements like Mg and C
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Figure 19. Summary of the abundance trends derived herein from stacked spectra of SDSS early-type galaxies. The sample spans a range in velocity dispersion
from σ = 90 kms−1 to σ = 300 kms−1. The results for Na are omitted from this summary diagram, though we note that [Na/Fe] varies from −0.16 to +0.43 from
low to high σ.

tra (see Figure 2). Quantitatively there are differences in the
slope and normalization for some of these relations, though
the differences rarely exceed 0.1 dex in amplitude. Based on
our preliminary investigations, it appears that at least some of
the differences can be traced back to the number of theoretical
spectra used to estimate response functions to elemental abun-
dance variations (see also Trager et al. 2008). The real power
of fitting the detailed spectrum is in the measurement of pa-
rameters that either impart a small change in the spectrum
(e.g., Mn, Sr, Ba), or that affect large regions of the spectrum
(e.g., O, Ti, V, Cr, Mn, Fe, Co, Ni). For an example of the
former, see Conroy et al. (2013).
The standard interpretation of [α/Fe] is that this ratio is sen-

sitive to the time-scale of star formation (SF), with higher val-
ues corresponding to shorter timescales (e.g., Tinsley 1979;
Thomas et al. 1999). As mentioned in the Introduction, this
ratio is also sensitive to the IMF, the nucleosynthetic yields,
the delay time distribution of Type Ia SNe, and the preferen-
tial loss of metals via winds. Some chemical evolution mod-
els are able to reproduce the observed variation in not only
Mg and O but also Si and Ca based on the assumption that the
main variable driving these trends is indeed the SF timescale
(Pipino et al. 2009), while others also require variation in
other parameters such as the IMF (Arrigoni et al. 2010). In
the context of any chemical evolution model, the [Mg/Fe] ra-
tio will be correlated with the SF timescale, and so the lower
ratios that we derive herein have important implications for
the inferred formation timescales of the stars within these
massive galaxies. As an example of the effect, Thomas et al.
(2005) use the equation [α/Fe]≈ 1

5 −
1
6 log∆t, calibrated from

the simple chemical evolution model of Thomas et al. (1999),
in order to convert their measured [α/Fe] ratios into con-
straints on the formation histories of early-type galaxies. In
our analysis we find [Mg/Fe]= 0.22 in the most massive galax-
ies, which, when employing the equation above, corresponds
to a timescale of 0.8 Gyr. In contrast, the EZ_Ages model
and T10 find [Mg/Fe]≈ 0.27 at the highest dispersions, corre-

sponding to a timescale of 0.4 Gyr. Based on the models of
Thomas et al. (2011), J12 find [Mg/Fe]≈ 0.33 at the highest
dispersions, corresponding to a remarkably short timescale of
0.2 Gyr. It is interesting in this context that the [O/Fe] ra-
tios derived by J12 are in much better agreement with our
results at the highest dispersions, and so if [O/Fe] were used
as a tracer of α, rather than Mg, then the inferred timescales
would be more similar between different groups at high σ.
However, this of course implies that [O/Mg] ̸= 0, and in this
case it is not clear that a single parameter “[α/Fe]” can be
used to simply (or reliably) translate derived abundance ratios
into SF timescales. Clearly sophisticated chemical evolution
models are need to provide further insight.
One of the more interesting trends evident in Figure 19

(see also Figure 15) is the fact that the iron peak element Co
closely tracks O rather than Fe. This is the first measurement
of Co in the integrated light spectra of early-type galaxies, and
it provides an important constraint on the nucleosynthetic ori-
gin of Co. Taken at face value, [Co/Fe]≈[O/Fe] implies that
Co forms primarily in massive stars, in apparent contrast to
the other iron peak elements. In this context it is worth recall-
ing that Co is also peculiar amongst the iron peak elements
in the metal-poor Galactic halo (McWilliam 1997). This may
be a coincidence at some level, as the abundance pattern of
the very metal-poor halo is probably due exclusively to very
metal-poor Type II SNe, in contrast to the processes operating
to shape the abundance patterns in massive early-type galax-
ies. Core-collapse SNe nucleosynthesis models predict that
Co is synthesized by complete Si-burning in the deepest lay-
ers, while Cr and Mn are produced in the outer incomplete
Si-burning layers (Woosley & Weaver 1995; Nakamura et al.
1999). There is thus a mechanism by which to separate the
production of Co from the other iron peak elements. Perhaps
more significantly, the Type Ia SNe yields from Nomoto et al.
(1984) show a deficit of Co production compared to other iron
peak elements. Again, detailed chemical evolution models
will be required to sort out these details.

Conroy+ 2014

e.g., Trager+ 1998; Thomas+ 2005; Graves+ 2007; Schiavon 2007; Smith+ 2009; 
Zhu+ 2010; Thomas+ 2010; Johansson+ 2012; Worthey+ 2013; Conroy+ 2014



the abundance patterns provide clues 
about star formation processes

Environment and self-regulation in galaxy formation 11

Figure 9. Specific star formation rate as function of look-back time for early-type galaxies of various masses as indicated by the labels. The grey hatched curves
indicate the range of possible variation in the formation time-scales that are allowed within the intrinsic scatter of the α/Fe ratios derived. No dependence on
environmental density is found. The upper x-axis connects time and redshift adopting Ωm = 0.24, ΩΛ = 0.76, andH0 = 73 km/s/Mpc. Note that these star
formation histories are meant to sketch the typical formation history averaged over the entire galaxy population (at a given mass). Real star formation histories
of individual objects are expected to be more bursty and irregular. Intermediate- and low-mass galaxies in low-density environments get rejuvenated via minor
star formation events below redshift z ∼ 0.2 (see Section 3.8). This suggests a phase transition from a self-regulated formation phase without environmental
dependence to a rejuvenation phase, in which the environment plays a decisive role possibly through galaxy mergers and interactions.

indeed be occurring in early-type galaxies also at recent epochs.
Moreover, AGN outflows at high redshift provide observational ev-
idence for AGN feedback at early epochs in the evolution of galax-
ies (e.g. Nesvadba et al. 2008). The most recent renditions of semi-
analytic, hierarchical galaxy formation models include a prescrip-
tion of AGN feedback (De Lucia et al. 2006; Croton et al. 2006;
Bower et al. 2006; Monaco et al. 2007; Cattaneo et al. 2005, 2006;
Dekel & Birnboim 2006; Cattaneo et al. 2007; Cavaliere & Menci
2007). De Lucia et al. (2006) show that the simulations now pro-
duce star formation histories that are much closer to the obser-
vational constraint presented in T05 (and Fig. 9 of the present
work) than previous generations of semi-analytic models. The ob-
served α/Fe enhancement of early-type galaxies and in particu-
lar its correlation with galaxy mass (Fig. 3) needs yet to be recon-
ciled with hierarchical models of galaxy formation (Thomas 1999;
Nagashima et al. 2005; Pipino et al. 2009). In Pipino et al. (2009)
it is shown that the predicted α/Fe-mass relationship is still flat-
ter and has considerably more scatter than the observations even in
models with AGN feedback. This conclusion is confirmed by the
recent study of Arrigoni et al. (2009), who show that the α/Fe-σ
relation can only be produced if a top-heavy initial mass function
and a lower fraction of binaries that explode as Type Ia supernovae
are adopted.

4.3 Phase transitions in the local universe

A fundamental difference with respect to previous results is the lack
of a dependence on environment. Fig. 10 in T05 presenting the for-
mation epochs shows a significant delay in the formation of mas-
sive galaxies in the field. As discussed in T05, this suggested that
massive galaxies in low densities form later but on the same time-
scales as their counterparts in clusters (see Fig. 10 in T05) as the
direct consequence of early-type galaxies in denser environments
having higher ages but the same α/Fe ratios. This implied that star
formation must have essentially been on hold for the first 3 Gyr
in massive objects in low densities. The new (and statistically more
robust) results presented here suggest a different picture. In the new
version of the star formation history plot (see Fig. 9) the main for-
mation epochs of early-type galaxies as a function of galaxy mass
are independent of the environmental density.

However, some early-type galaxies are rejuvenated, i.e. they
must have harboured minor star formation events at recent epochs
within the past few Gyrs (see Section 3). Such recent star forma-
tion activity that we call ’rejuvenation’ occurs on top of the star for-
mation histories shown in Fig. 9. The fraction of this rejuvenated
galaxy population increases both with decreasing galaxy mass and
with decreasing environmental density (see Fig. 8). This implies
that the impact of environment increases with decreasing galaxy
mass (Tasca et al. 2009). The dependence on environment suggests
that galaxy interactions and merger activity might have been the
major triggers of early-type galaxy rejuvenation in the past few

Thomas+ 2010

high [a/Fe] 

= 

short SF timescales



quiescent galaxies 
= 

non-star-forming, red, and dead galaxies



radial gradients in stellar population 
properties support this story (maybe)

Greene+ 2013

Elliptical Outskirts II 9

FIG. 5.— Radial gradients in age, [Fe/H], [Mg/Fe], [C/Fe], [N/Fe], and [Ca/Fe] as calculated by EZ_Ages from the Lick indices measured in the composite
spectra. We show both the measurements for the high-dispersion (circles) and the low-dispersion (squares) galaxies as a function of R in kpc (left) or R/Re (right).
At low dispersion, our observations do not reach beyond 9 kpc. The lines show models of the same indices assuming [O/Fe]= 0.1 rather than the default [O/Fe]= 0.5,
keeping [O/Fe] constant with radius in both cases (high-dispersion composite in dash and low-dispersion in dot-dash). Note the decline with radius in [Fe/H] and
[C/Fe] in contrast with the radially constant age, [Mg/Fe], [N/Fe], and [Ca/Fe].
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FIG. 5.— Radial gradients in age, [Fe/H], [Mg/Fe], [C/Fe], [N/Fe], and [Ca/Fe] as calculated by EZ_Ages from the Lick indices measured in the composite
spectra. We show both the measurements for the high-dispersion (circles) and the low-dispersion (squares) galaxies as a function of R in kpc (left) or R/Re (right).
At low dispersion, our observations do not reach beyond 9 kpc. The lines show models of the same indices assuming [O/Fe]= 0.1 rather than the default [O/Fe]= 0.5,
keeping [O/Fe] constant with radius in both cases (high-dispersion composite in dash and low-dispersion in dot-dash). Note the decline with radius in [Fe/H] and
[C/Fe] in contrast with the radially constant age, [Mg/Fe], [N/Fe], and [Ca/Fe].
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[C/Fe], [N/Fe], and [Ca/Fe] also show  
no redshift evolution

Choi+ 2014
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advantages of full-spectrum fitting: 
1. low S/N

x10 difference in S/N = x100 difference in integration time!
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full-spectrum fitting: see also, e.g., Walcher+ 2009, Ocvirk+ 2006a,b



advantages of full-spectrum fitting:  
2. age-metallicity degeneracy

Sánchez-Blázquez+ 2011

716 P. Sánchez-Blázquez et al.

Figure 7. Measured age–metallicity degeneracy using three different techniques (as indicated in the labels), on two synthetic spectra with ages 1 (bottom
panels) and 10 Gyr (upper panels) and solar metallicity, perturbed with Gaussian noise expected for a spectrum with a S/N(Å;) ∼ 50.

derive their stellar population SSP-equivalent parameters (e.g.
Trager et al. 2000; Kuntschner et al. 2006; Sánchez-Blázquez et al.
2006b, 2007; Paudel et al. 2010, among many others). The results
are displayed in Fig. 7. It can be seen that the age–metallicity de-
generacy is very much reduced using STECKMAP compared with the
other two widely used techniques.

5 R ESULTS

5.1 Stellar population gradients

Fig. 8 shows some examples of the derived flux fraction contribu-
tions of stars in the various age bins at different radii for our sample
of galaxies using both sets of models, V10 and BC03. In general,
the star formation histories that we obtain are compatible with being
exponentially declining with the time-scales τ between 2 and 7 Gyr.
Secondary bursts of star formation are seen at several radii within
the sample.

To quantify the gradients in a way that can be compared with the-
oretical predictions, Figs 9 and 10 show the mass- and luminosity-
weighted metallicities and ages as a function of the radius for our
sample of galaxies obtained with V10 stellar population models.
The mass- and luminosity-weighted quantities are obtained, respec-
tively, as

⟨q⟩MW =
∑

i MASS(i) log qi∑
i MASS(i)

,

⟨q⟩LW =
∑

i LIGHT(i) log qi∑
i LIGHT(i)

, (3)

where q is the physical parameter we want to estimate, that is, age or
metallicity, and MASS(i) and LIGHT(i) are, respectively, the recon-
structed mass and flux contributions of the stars in the ith age bin,
as returned by STECKMAP. We have chosen here to weight both the
ages and metallicities in a base-10 logarithmic scale, as these values
are more similar to the SSP-equivalent parameters (see Section 6).
The mean values would have changed if, instead, linear averages
were computed. As an example, we plot in Fig. 11 the mass- and
luminosity-weighted ages and metallicities for NGC 1433, compar-

ing the values when instead of log(age) and [Z/H], Z and age are
averaged. As can be seen, there can be important differences in the
weighted values of the age and metallicity, depending on how the
mean is computed. It is important then to specify the way in which
the average is calculated.

We explore, in Appendix A, if these gradients are model-
dependent. We found that for populations younger than ∼3 Gyr,3

metallicities derived with BC03 tend to be lower and the ages higher
than those derived with V10. For the rest of the populations, the
mean age and metallicity values are not dependent on the model
used. In our sample of galaxies, significant differences are only vis-
ible in the bulge region of NGC 1433 and in the ring region of NGC
1672. In the figures, we indicate the position of the effective radius
of the bulge and the scalelength of the discs (see Table 1). We now
analyse the populations in these two regions separately.

5.2 Bulge region

The stellar population parameter profiles in the bulge regions show
a variety of behaviour. The luminosity-weighted metallicity profile
decreases in three out of the four galaxies, but increases in NGC
1365. The luminosity-weighted age profile in the bulge region also
behaves differently depending on the galaxy, with profiles that do
not always increase or decrease monotonically. The luminosity-
weighted age reflects the presence of dynamically cold structures,
where there has been (or where there is currently) recent star forma-
tion, manifesting themselves as central discs (e.g. in NGC 1433) or
rings (NGC 1365 and 1433 at r ∼ 7 and 10 arcsec, respectively, and
NGC 1672 at r ∼ 9 arcsec). The mass-weighted values are much
flatter, indicating that the bulge regions are dominated in mass by
an old stellar population (10–15 Gyr), although the central discs
in NGC 1672 and 1433 show mass-weighted ages slightly younger
(∼6 Gyr). Very similar conclusions were reached by MacArthur

3 We have not explored the whole parameter space because we are limited
by the values measured in our sample and therefore we cannot provide with
a range of ages and metallicites where the models agree or disagree as done,
for example, in Koleva et al. (2008).

C⃝ 2011 The Authors, MNRAS 415, 709–731
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full-spectrum fitting [MgFe]-Hβ multi-index



a popular way to measure abundances is 
the Lick/IDS index system 

Burstein+ 1984; Worthey+ 1994

4 M. Spolaor et al.

Telescope ESO-3.6m
Spectrograph EFOSC2
Chip size (pixels) 2048 x 2048
Grism resolution FWHM 7.8 Å
Pixel scale 0.314′′

Binning 2 x 2
Slit width 1.2′′

Wavelength coverage 4320 - 6360 Å
Seeing FWHM ∼ 1′′

Exposure time 3 x 1200 s
NGC 1407 Slit P.A. 44◦

NGC 1400 Slit P.A. 42◦

Table 2. Spectral observing parameters.

Figure 1. The spectrum of NGC 1407 and NGC 1400, obtained
from co-adding the individual 1D spectra. The flux scale is ar-
bitrary. The shadowed regions indicate the central band of the
Lick/IDS indices used in the stellar populations analysis.

4 SPATIALLY RESOLVED STELLAR
POPULATIONS

The wavelength range of 4300-6300Å covered by our obser-
vations includes 16 Lick/IDS indices (Worthey et al. 1994).
These include one Balmer index (Hβ), three Magne-
sium indices (Mg1, Mg2 and Mgb), Calcium (Ca4455),
Sodium (NaD), Titanium Oxide (TiO1) indices plus nine
Iron indices Fe4383, Fe4531, Fe4668 (referred as C4668),
Fe5015, Fe5270, Fe5335, Fe5406, Fe5709 and Fe5782. The
indices were measured using the method described in
Proctor & Sansom (2002). Trager et al. (1998) index defini-
tions were adopted in the analysis. The calibration proce-
dure of our indices measurements to the Lick/IDS system is
described in Appendix A.

Fully corrected Lick/IDS line-strength indices, ex-
tracted from the aperture spectra along the observing axis of

Figure 2. The average deviation in units of error (i.e. χ) for
the 16 observed Lick/IDS indices. Indices are listed in increasing
wavelength order. Error bars represent the rms scatter in the
deviations. Deviations after the removal of the poorly fitted Mg1

and NaD indices (open circles) and of the indices omitted by the
iterated 3σ-clipping routine (see text for details).

both the galaxies, are available electronically. In Figures B1
and B2 the Lick/IDS index values are plotted against the
galactocentric radius of NGC 1407 and NGC 1400 respec-
tively. Logarithmic gradients of the indices were measured
by applying the linear regression analysis described in Ap-
pendix B. The results are reported in Tables B1 (NGC 1407)
and B2 (NGC 1400).

4.1 Stellar population model fitting procedure

The observed Lick/IDS indices have been used to de-
rive luminosity-weighted log(Age), total metallicity [Z/H]
and α-abundance ratio [α/Fe]. The α-abundance ratio is
parametrised by [E/Fe]; the latter quantifies the enhance-
ment from the α-elements (N, O, Mg, Na, Si, Ti) with re-
spect to the Fe-peak elements (Cr, Mn, Fe, Co, Ni, Cu, Zn;
see Thomas et al. 2003 for details).

Briefly, the technique (Proctor & Sansom 2002) in-
volves the simultaneous comparison of as many observed
indices as possible to single stellar population (SSP) mod-
els. The best fit is achieved throughout a statistical χ2-
minimisation technique, which reduce the deviations χ2 be-
tween the observed and the modelled values as a fraction
of the index errors, i.e. χ2. The strength of the method is
that it works with as many indices as possible in order to
break the age-metallicity degeneracy that affects each index
differently .

In this work, we use Thomas et al. (2003) SSP models.
Models are provided with: [α/Fe] = −0.3, 0.0, 0.3, 0.5; ages
from 0.1 to 15 Gyr (−1 ! log(age) ! 1.175, in steps of 0.025
dex); [Z/H] from −2.25 to 0.8 in steps of 0.025 dex.

We began the model fitting process obtaining the best
fit to all 16 observed indices. The residuals are expressed in
terms of index errors χ. We found that Mg1 and NaD indices
are poorly fit by the Thomas et al. (2003) SSP models. In-

Spolaor+ 2007

requires S/N~100 per Angstrom
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quiescent galaxies appear to 
grow inside-out

vanDokkum+ 2010

No. 2, 2010 THE GROWTH OF MASSIVE GALAXIES SINCE z = 2 1025

Figure 7. Evolution of the effective radius re (left panel) and the Sersic parameter n (right panel) for galaxies with a number density of 2 × 10−4 Mpc−3. Errors are
68% confidence intervals determined from repeating the analysis on bootstrapped realizations of the stacked images. Individual measurements from these realizations
are shown in the inset. The gray area indicates where the effective diameter is smaller than the FWHM of the PSF. Galaxies have smaller effective radii at higher
redshift and profiles that are closer to exponential.
(A color version of this figure is available in the online journal.)

of redshift. Error bars are 68% confidence intervals determined
from bootstrapping: 500 realizations were created of each of
the stacks, and we followed the same analysis steps on these
as for the actual stacks. This method is more robust than
a formal analysis of the noise, as it includes errors due to
improper masking of particular objects, uncertainties in the
background subtraction, and uncertainties due to real variation
in the properties of galaxies that enter the stack. We note
here that color gradients are almost certainly important (see
Section 4.3), but that it is at present difficult to correct for them.

The profile for z = 0 was determined from the Observations
of Bright Ellipticals at Yale (OBEY) survey (Tal et al. 2009).
This survey obtained surface photometry out to very large radii
for a volume-limited sample of luminous elliptical galaxies. A
stacked image was created and analyzed in the same way as was
done for the NMBS galaxies; details are given in Appendix D.
As discussed in the appendix, the OBEY z = 0 stacked image
should be directly comparable to the NMBS stacks at higher
redshift. Also, its surface density profile was normalized using
Equation (2) and is therefore on the exact same system as the
NMBS galaxies.

The surface density profiles display a striking evolution
with redshift. At z = 0, the profile shows the dense center
and extended outer envelope familiar from numerous studies
of elliptical galaxies. At higher redshift, the profiles in the
central regions remain virtually unchanged but they become
progressively steeper at large radii. The extended outer envelope
of elliptical galaxies appears to have been built up gradually
since z = 2 around a compact core that was formed at higher
redshift. Our data obviously lack the resolution to properly
determine the shape of the profiles in the central 5 kpc;
nevertheless, flux conservation implies that they cannot be
significantly steeper or flatter than what is shown in Figure 6.
More to the point, the data do have sufficient depth and
resolution to track the emergence of the outer envelope at radii
>5 kpc, although even deeper data would be valuable at z = 2.
A possible concern is that subtle redshift-dependent effects drive

(part of) the evolution at large radii. We tested this explicitly in
Appendix B, where we redshift the z = 0 and z = 0.6 data to
z = 2 and show that the derived evolution is robust.

3.4. Sersic Fits

The profiles are parameterized with standard Sersic (1968)
fits, of the form

Σb(r) = Σe10−bn[(r/re)1/n−1], (3)

where Σ(r) is the surface brightness at radius r, bn is a constant
that depends on n, n is the “Sersic index,” and re is the radius
containing 50% of the light. These fits are performed on the
original stacked images, by fitting models convolved with the
PSF. This approach has the advantage that it uses a convolution
rather than a deconvolution. The fits were done with GALFIT
(Peng et al. 2002). They converged quickly, and the parameters
do not depend on the choice of fitting region, initial guesses for
the parameters, and whether the sky is left as a free parameter.
The fits were normalized using Equation (2) and therefore give
the correct masses within a 150 kpc diameter aperture.

The Sersic fits are shown by the lines in the top panels of
Figure 6. The lines follow the datapoints quite well, indicating
that the deconvolutions did not produce large systematic errors
in the profiles. The bottom panels of Figure 6 show the
cumulative radial mass profiles as implied by the Sersic fits.
The vertical axis is in units of the total mass within a 150 kpc
diameter aperture at z = 0, i.e., 2.8 × 1011 M⊙. The mass
contained within ∼5 kpc is remarkably similar at all redshifts,
and essentially all the mass growth is at large radii.

The evolution in the shape of the radial surface density
profiles is parameterized by evolution in the effective radius
and in the Sersic parameter n. The profiles are both more
concentrated and closer to exponential at redshifts z > 1.5.
This is demonstrated in Figure 7, which shows the evolution in
re and n. Error bars are 68% confidence limits determined from
bootstrapping the stacks. We note that our fitting procedure, and

e.g., Daddi+ 2005; Trujillo+ 2006; 
vanDokkum+ 2008; vanderWel+ 2008; 
Cimatti+ 2008; Bezanson+ 2009; 
Damjanov+ 2009; Williams+ 2010; 
Cassata+ 2010; vanDokkum+ 2010; 
LópezSanjuan+ 2012; McLure+ 2013; 
Belli+ 2013



e.g., Naab+ 2007; Kereš+ 2009; Naab+ 2009; Hopkins+ 2009; Dekel+ 2009; Lackner+ 2012; Hilz+ 2013

and simulations support this notion as well

L180 NAAB, JOHANSSON, & OSTRIKER Vol. 699

Figure 1. Mass assembly history of the stellar system (squares) separated into
stars made in situ (open diamonds) in the galaxy and stars formed outside the
galaxy that have been accreted (stars) later on. At high redshift (z > 2) the
system assembles by the formation of in situ stars, at low redshift (z < 1)
accretion is more dominant.

the central region of the galaxy directly, forming a concentrated
stellar system. The in situ central stellar densities decrease by
more than an order of magnitude toward lower redshifts. The
spherical half-mass radii of the in situ stellar component, show
that the in situ system is very compact (see also Joung et al. 2009)
at z = 3 (0.5–0.6 kpc) and its size increases by about a factor
of 4 (≈ 2 kpc) until z = 0. In the bottom panel of Figure 2, we
show the density profiles for the stars that have formed outside
30 kpc and have been accreted later on. This component is more
extended at all redshifts and has a shallower density profile. Its
central density stays almost constant at ≈ 1010 M⊙ kpc−3 while
the density at larger radii subsequently increases toward z = 0.
The half-mass radius of this component is significantly larger
than for the in situ stars (> 3 kpc). The central part of the
galaxy is always dominated by in situ stars whereas at redshifts
below z ≈ 2–3 and at radii larger than ≈ 2–3 kpc the system is
dominated by accreted stars.

In Figure 3, we show the time evolution of the edge-on
projected half-mass radius of stars in the central galaxy within
the central physical 30 kpc as a function of time. At z = 3 the
stellar system resembles a compact disk-like or bar-like object
with a peak ellipticity of ϵ = 0.65 and a size of ≈ 0.3–0.7 kpc
at z = 3. Thereafter its size increases by a factor of ≈ 3–4 to its
present value of 2.7 kpc. We also plot the projected half-light
radii in the rest frame K- and V-band using the stellar population
models of Bruzual & Charlot (2003) assuming solar metallicity.
In general, the half-mass radii trace the half-light radii even at
larger redshifts reasonably well.

The K-band rest-frame surface brightness profiles for edge-
on projections at z = 0 and z = 3 are shown in Figure 4 in
combination with the best-fitting Sérsic profiles. using the fitting
procedure of Naab & Trujillo (2006) excluding the central three
softening lengths. At high redshift the system is very compact,
re = 0.69 kpc, and has a moderate Sérsic index of n ≈ 2.3.
This is in agreement with the system being flattened and disk-
like. At low redshift the system is more extended re = 2.4 kpc,
and its Sérsic index has increased to n = 3.3. The galaxy is
slightly more compact than typical Sloan Digital Sky Survey
(SDSS) early-type galaxies at this mass but lies within the
observed distribution (Shen et al. 2003, see also Franx et al.
2008). The errors given in the figure are bootstrap errors for
a fixed projection. As we have shown before the evolution in
surface brightness is mainly driven by an evolution in surface
density and not by stellar evolution.

Figure 2. Density profile of the stars formed in situ in the galaxy (upper plot)
and of stars formed outside the galaxy and then accreted later on (bottom plot)
at redshifts z = 5, 3, 2, 1, 0 (red, orange, blue, green, black). The spherical
half-mass radii r1/2 are indicated by the dashed vertical lines. The shaded area
indicates the gravitational softening length.

Figure 3. Time evolution of the edge-on circular projected stellar half-mass
radius within fixed physical 30 kpc (black diamonds). From z = 3–2 to z = 0
the size increases by a factor of ≈ 3–4. We also show the evolution of the rest-
frame K-band (red cross) and V-band (green triangle) half-light radius. Outliers
indicate minor merger events, e.g., the most massive (8:1) merger since z = 3
at z = 0.3.

At z = 3 the system has a total stellar mass of M =
5.5 × 1010 M⊙ with an effective radius reff = 0.69 kpc and
a corresponding effective density of ρeff = 0.5M/(4/3πr3

eff) =
1.6 × 1010 M⊙. The projected stellar line-of-sight velocity
dispersion is σeff ≈ 240 km s−1. The corresponding values at
z = 0 are M = 15 × 1010 M⊙, reff = 2.4 kpc, ρeff =
1.3 × 109 M⊙, and σeff ≈ 190 km s−1, which is a typical
dispersion for early-type galaxies at this mass (Bender et al.
1992). From z = 3 to z = 0 the system accretes about
5.5 × 1010 M⊙ (see Figure 1) and we can assume for the above

Naab+ 2009
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Figure 15. Uncertainty on the parameters as a function of S/N per Angstrom. The solid green line is the theoretical expectation, and the dashed line labeled J12 is the
S/N relation from Johansson et al. (2012) derived from fitting Lick indices to the spectra. The yellow points are errors on the best-fit parameters from individual AGES
spectra, and the red symbols are the average of the 50 errors measured by the fitting code (the same red error bars from Figure 14). Comparison in this figure between
the simulated Gaussian noise result and the real AGES data shows that our assumption of ideal, uncorrelated noise for the former is a reasonable approximation. In
addition, the errors are well-behaved and scale as expected. Age and [Fe/H] are reliably measured to ≈0.1 dex errors at S/N ≈ 10 Å−1, while [Mg/Fe] and [Ca/Fe]
are reliably measured to ≈0.1 dex errors at S/N ≈ 20 Å−1. [C/Fe] and [N/Fe], on the other hand, require S/N ≈ 30–50 Å−1 for ≈0.1 dex errors.
(A color version of this figure is available in the online journal.)

and the red symbols are the average of the 50 errors measured
by the fitting code (the same red error bars from Figure 14).
Comparison in this figure between the simulated Gaussian noise
result and the real AGES data shows that our assumption of ideal,
uncorrelated noise for the former is a reasonable approximation.
The derived errors are well-behaved and scale as expected,
though the errors are larger probably due to degeneracies. Age
and [Fe/H] are reliably measured to ≈0.1 dex errors at S/N ≈
10 Å−1, while [Mg/Fe] and [Ca/Fe] are reliably measured to
≈0.1 dex errors at S/N ≈ 20 Å−1. [C/Fe] and [N/Fe], on the
other hand, require S/N ≈ 30–50 Å−1 for ≈0.1 dex errors. It is
important to note, however, that these errors are statistical only.

A.2. Parameters as a Function of Velocity Dispersion

Now we turn our attention to exploring systematics arising
due to the Doppler broadening of the spectra. To make our test
spectra, we divide individual SDSS spectra into two groups
(σ < 150 km s−1 and σ ! 250 km s−1). Spectra in each
group are smoothed to σ = 150 km s−1 and σ = 350 km s−1,
continuum-divided, and stacked to create the template spectra.
Next, each template spectrum is convolved with a Gaussian
kernel whose width is chosen such that σ 2

target = σ 2
kernel +σ 2

original.
This convolution increases the effective velocity dispersion of
the spectrum. The difference between the parameters measured
from these smoothed spectra and the original unsmoothed
spectrum is shown in Figure 16. The vertical dotted line marks
σ = 350 km s−1, the effective velocity dispersion to which we
broaden our science spectra for the stacking procedure. When
σ < 150 km s−1 spectra are smoothed to 350 km s−1, there is

almost no bias for [Mg/Fe], [C/Fe], and [Ca/Fe]. On the other
hand, only a modest systematic offset of "0.05 dex is introduced
at 350 km s−1 for age, [Fe/H], and [N/Fe]. Moreover, there
appears to be relatively small bias introduced in smoothing
spectra even up to ∼1000 km s−1, which is quite remarkable. A
velocity dispersion of 1000 km s−1 corresponds to a resolution
of R ∼ 130. Grism spectra often achieve resolving powers
of ∼100, suggesting that we may be able to recover reliable
abundance patterns even from such low resolution data.

A.3. The Effects of Stacking Spectra

As described in Sections 2.1 and 2.2, we bin the individual
spectra by mass and redshift, smooth them to an effective veloc-
ity dispersion of σ = 350 km s−1, and stack the spectra together.
The objective is to test whether the stacked spectrum produces
results that are consistent with fitting individual, unsmoothed
spectra in each bin and then averaging the individual best-fit pa-
rameters. To carry out this test, we use the highest-mass SDSS
bin for computational feasibility since it contains 62 objects
rather than ∼3000–20,000 as in other bins. Histograms of pa-
rameters measured from fitting individual spectra are shown in
Figure 17. The green and red lines correspond, respectively, to
the best-fit parameter measured from the stacked spectrum and
the weighted average of the distribution. Their corresponding
uncertainties are shown as shaded regions. If there were no sys-
tematic effects introduced during the stacking process, then we
would expect the green and the red lines to overlap to within the
uncertainties. The two quantities are in excellent agreement to
within 0.05 dex. Weighted average and unweighted average are

18
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Figure 6. The same as Figure 5, now for AGES stacked spectra.
(A color version of this figure is available in the online journal.)

plotted in red in the top panels.16 By eye, the models are excel-
lent fits to these high S/N stacked spectra. The bottom panels
show the percent fractional residuals between the best-fit model
and data in black and the flux uncertainties as the gray shaded re-
gion. In Figure 5, the fit is worse than is formally allowed by the

16 We note that the intrinsic variation due to spectral features is ∼5%–10%, so
the residuals with rms of ∼0.5%–1% correspond to a factor of ∼10
improvement in the quality of the fit over a straight line.
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Figure 7. Residuals between the data and best-fit models for AGES and
SDSS stacked spectra. Top panel: a comparison between SDSS and AGES
0.1 < z < 0.2 and 0.3 < z < 0.4 bins, with median masses around
log(M/M⊙) ∼ 11, showing that the residuals are very well-behaved. This
demonstrates that any coherent behavior between these residuals is due to
the model and not dominated by differences in the data, such as the sampled
redshift range, reduction pipeline, or sample selection criteria. Bottom panel:
a comparison between different AGES mass–redshift bins with median S/N
around 120 Å−1. The residuals show no systematic trend with mass or redshift,
confirming the findings of Conroy et al. (2014) that both high-mass galaxies
with α-enhanced abundance patterns and low-mass galaxies with roughly solar-
abundance patterns are well described by our model.
(A color version of this figure is available in the online journal.)

uncertainties in the SDSS data, but the S/N is extremely high,
which imposes strong demands on the model. In Figure 6, the
residuals are comfortably within the data uncertainties. The dis-
played log M values are the median values of individual galaxies
in each respective bin, while the S/N is the median calculated
in the wavelength range 4000–5500 Å.

In Figure 7, we compare the residuals for AGES and SDSS
stacked spectra. The top panel shows a comparison between
SDSS and AGES 0.1 < z < 0.2 and 0.3 < z < 0.4 bins, with
median masses around log(M/M⊙) ∼ 11. The residuals are
very well-behaved, demonstrating that any coherent behavior
between these residuals is due to the model and not dominated
by differences in the data, such as the sampled redshift range,
reduction pipeline, or sample selection criteria. The size of the
fluctuations is comparable despite the wide range in the median
S/N values, implying that the residuals eventually hit a floor
even when fitting exquisite high S/N spectra. The bottom panel
shows a comparison between different AGES mass–redshift
bins with median S/N around 120 Å−1. The residuals show no
systematic trend with mass or redshift, confirming the findings
of Conroy et al. (2014) that both high-mass galaxies with
α-enhanced abundance patterns and low-mass galaxies with
roughly solar-abundance patterns are well-described by our
model. In other words, the residuals are present even in the
low-mass stacks where the abundance ratios are roughly solar,
suggesting that the theoretical templates are not a major sources
of the systematic residuals.

Now we present the main science results of this work. In
Figure 8, we display the resulting best-fit SSP-equivalent age

8
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age-dependent response functions
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