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Motivation 
•  Structures of galaxies reflect 

manner of galaxy growth 
–  Disks; conservation of some 

angular momentum 
–  Spheroids; violent relaxation, 

accretion of material from lots of 
axes 

–  Extended vs. compact; how 
much dissipation of energy, loss 
of angular momentum? 

•  Want to know – are structures of 
quiescent galaxies distinctive? 
Does that tell us about how they 
evolve? 
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Observational overview 
•  Central Quenched galaxies – what are their 

characteristics? 
–  Continuous growth of the population   

•  quenching happens at all epochs z<3, ~half at z<1 
–  More compact than star-forming peers 
–  Must be centrally-concentrated / have a bulge 

•  ~No bulgeless central quenched galaxies 
–  Wide range of stellar masses > 3x109Msun 

•  ~No low-mass central quenched galaxies 
–  Most have oblate axis ratios (intrinsic c/a~0.25) 

•  Oblate spheroids 
–  Best correlations with bulge mass / B/T / Sersic / core mass 

•  Considerable scatter – can find star forming galaxies with big 
bulges. 
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8 Size-Mass Relation from CANDELS/3D-HST
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Fig. 5.— Size-Stellar Mass distribution of late- and early-type galaxies (same symbols as in Figure 2). A typical error bar individual
objects in the higher-redshift bins is shown in the bottom-right panel. The lines indicate model fits to the early- and late-type galaxies as
described in the text. The dashed lines, which are identical in each panel, represent the model fits to the galaxies at redshifts 0 < z < 0.5.
The solid lines represent fits to the higher-redshift samples. The mass ranges used in the fits are indicated by the extent of the lines in the
direction of the x-axis, and is the same in all panels for the two types of galaxies. Strong evolution in the intercept of the size-mass relation
is seen for early-type galaxies; mild evolution for the late-type galaxies (also see Figure 6. There is no indication of evolution in the slope
(also see Figure 6). The parameters of the fits shown here are given in Table 1.

likelihood LET + LLT.
For the late types we fit to all galaxies with M∗ >

3× 109 M"; this limit provides a good dynamic range of
two orders of magnitude in mass, and exceeds the mass
limit of our sample up to z = 3. For the early types we fit
to all galaxies with M∗ > 2× 1010 M", so that we avoid
the clearly flatter part of the size-mass distribution at
lower masses. Again, this cut-off exceeds the mass limit
of our sample up to z = 3.
The black lines in Figure 5 indicate the fitting results,

and the evolution of the invididual model parameters (in-
tercept, slope and scatter) are shown in Figure 6. The
fitting results are also given in Table 1. The intercept of
the best-fitting size mass model distributions evolves sig-
nificantly with redshift, and particularly rapidly for the
early types.
Usually, the evolution of the intercept is parametrized

as a function of (1 + z). While this is intuitively appeal-
ing because of our familiarity with the cosmological scale
factor, this is perhaps not the physically most meaning-
ful approach. Instead of the scale factor, dark matter

halo properties are more directly related to the sizes of
galaxies, and, in particular, disks. Halo properties such
as virial mass and radius follow the evolving expansion
rate – the Hubble parameter H(z) – instead of the cos-
mological scale factor. For a matter-dominated universe,
H(z) and (1+ z) evolve at a similar pace, but as a result
of the increased importance at late times of Λ for the
dynamical evolution of the universe, H(z) evolves much
slower in proportion to (1+z) at late times than at early
times. For example, at z ∼ 0 we have H(z) ∝ (1 + z)0.4,
while at at z ∼ 2 this is H(z) ∝ (1 + z)1.4.
For this reason it is reasonable to parametrize size evo-

lution as a function of H(z) in addition to (1 + z). The
solid lines in the left-hand panel of Figure 6 represent the
evolution as a function of H(z), while the dashed lines
represent the evolution as a function of (1 + z). These
results are also given in Table 1. The H(z)βH param-
eterization is marginally preferred by the data over the
(1 + z)βz parameterization, as is more clearly illustrated
in Figure 7, where we show the residuals. In addition to
the statistical limitations, we note that these residuals

van der Wel et al. (2014)    
 3D-HST+CANDELS (photz+grism z) 
 Sersic fits of WFC3 IR data; corrected to rest-frame g 

 

SF much larger than quiescent; dissipation very imp. in setting quiescent sizes 
Quiescent population grows in number density z~3 to the present day (at wide 
range of masses;e.g.,  Brammer+11, Muzzin+13) 
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Fig. 11.— Cumulative size distributions of∼ L∗ early-type galax-
ies (top) and ∼ L∗ late-type galaxies (bottom) as a function of
redshift. While the number density of both early- and late-type
galaxies increases over time, the number density of small galax-
ies declines, implying that the observed evolution in the mean size
is not (solely) driven by the addition of larger galaxies. Hence,
individual galaxies must evolve in size.
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Fig. 12.— Parametrized size distributions for ∼ L∗ early-type
galaxies (top) and ∼ L∗ late-type galaxies (bottom) as a func-
tion of redshift, as indicated by the labels and color coding. The
parametrized distributions are Gaussians for the early-type popula-
tion and skewed Gaussians for the late-type population (see Figure
10).

z ∼ 6. Mimicking the LBG sample selection, we show the
evolution for UV-bright galaxies, with a blue rest-frame
color (U − V < 1) and find Reff ∝ (1+ z)−1.1, consistent
with recent measurements by Oesch et al. (2010) and

Mosleh et al. (2012). The evolution of all star-forming
galaxies combined is very different: at z ! 2 the com-
bined sample evolves precisely as the UV-bright sample,
simply because essentially all galaxies are UV bright4. At
lower redshift, redder galaxies appear, which are smaller
in size and slow down the average size evolution. At
z < 1, UV-bright galaxies are very rare at this stellar
mass, and the evolution is dominated by redder galaxies,
which evolve in size more slowly, in agreeement with the
results from, for example, Barden et al. (2005).
As we argued in §3.2, galaxy sizes are better

parametrized as a function of H(z) instead of (1 + z).
While the former indeed implies slower evolution at late
times than the latter (see the red, dotted line in Figure
13), not all trends are captured by switching to the H(z)
parameterization: 1) the evolution of all late types slows
down more rapidly than can be explained by the differ-
ence between the two parametrizations; 2) the UV-bright
sample does not show evidence for slowed evolution at
z " 1.
We conclude that the diverging pace of evolution seen

at z < 1 and z > 3 are in part due to sample selection
effects and part due to the different evolution of red and
blue late-type galaxies.

4.2. Early-Type Galaxies

As we discussed in the Introduction, essentially all
studies of early-type galaxies out to z ∼ 1 or beyond
now agree that their average size, as measured at a
fixed mass, evolves roughly as (1 + z)−1, with moderate
deviations that can be attributed to sample selection-,
measurement- and/or fitting techniques. For example,
as we mentioned above, whereas the size measurements
reported by Williams et al. (2010) are fully consistent
with the size measurements reported here, the reported
pace of evolution is somewhat different – (1 + z)−1 from
Williams et al. (2010); (1+z)−1.4 from §3.2 in this paper
– as a result of the difference in spanned redshift range
and the different use of present-day comparison samples.
While these differences are large enough to be interest-
ing, there is reasonable consensus that the average size
for the population of early-type galaxies evolves rapidly.
What has so far remained contentious is the interpre-

tation of this result. Size evolution of individual galaxies
is one obvious possibility, but average size evolution due
to the addition of new, larger early-type galaxies between
z = 2 − 3 and the present is a priori equally plausible
given the strong evolution in the co-moving number den-
sity (see, e.g., Figure 10 and 12). There is little doubt
that early-type galaxies that join the population at late
times are larger than the typical early-type galaxy seen
at z ∼ 2. Rather, the contentious issue is whether the
small galaxies seen at z ∼ 2 typically survive in that form
up until the present day, or whether they have to grow
in size.
Several authors have argued that there are substantial

numbers of small (Reff < 2 kpc, as measured along the
major axis), yet massive (∼ L∗) galaxies in the present-
day universe (Valentinuzzi et al. 2010; Poggianti et al.
2013), and that the number density of such galaxies has
not strongly evolved since z ∼ 1 (Carollo et al. 2013).

4 The sample would include any galaxies that is redder than
U − V = 1 up to z = 3.5.



Observational overview 
•  Central Quenched galaxies – what are their 

characteristics? 
–  Continuous growth of the population   

•  quenching happens at all epochs z<3, ~half at z<1 
–  More compact than star-forming peers 
–  Must be centrally-concentrated / have a bulge 
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Bell et al. 2012 CANDELS UDS 30’x6’ 
Williams + photozs 
Bell + stellar masses 
van der Wel + 2013 Sersic fits (F160W; rest-frame optical) 



Are there bulgeless central quenched galaxies? 
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Bell 2008 
SDSS NYU/VAGC (Blanton et al.  2003); Yang et al. (2005) group cataogs, 
Brinchmann et al. (2004) line classifications 
 
>99.5% of red centrals  have a prominent bulge (n>1.5)  
 
A bulge appears to be necessary for a galaxy to shut off its own star 
formation 
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Geha et al. 2012 
Quenched central fraction as a function of stellar mass 
 
Below 3x109 Msun there are no central quenched galaxies 
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Structural Evolution of Early-type Galaxies to z=2.5 in CANDELS 9
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Fig. 8.— Histograms show observed distributions of projected axis ratios for present-day early-type galaxies from SDSS (upper row) and
at 1 < z < 2.5 from CANDELS (bottom row), each in three mass bins. The green lines represent the best-fitting, two-component models
with Gaussian distributions for intrinsic axis ratios as described in § 5.1.2, The pink lines respresent the triaxial component; the blue lines
the oblate component. The parameters characterizing the Gaussians are given in Table 3 and 4. The small pie charts represent fob, the
oblate fraction, and its uncertainty. For the CANDELS sample, the triaxial components are assumed to be identical to the best-fitting
triaxial components found for the SDSS sample in the same mass bin. The strong dependence of the oblate fraction on galaxy mass is
much weakened at z > 1. The most striking feature is the large fraction of oblate, that is, disk-like galaxies in the high-mass bin.

similar across the mass range explored here, we assume
that the same components can be used as an appropriate
model to describe the higher-redshift observations. First,
we use the best-fitting triaxial component for each of the
three mass bins, with fixed intrinsic shape distributions,
but let the oblate component vary arbitrarily. That is,
the parameters b, �b and fob are allowed to vary, while
the others are kept fixed. The results are shown in Ta-
ble 4 and Figure 8.
For the COSMOS+GEMS and combined (1 < z < 2.5)

CANDELS samples we find that all evolution with red-
shift can be accounted for by evolution in fob; no signifi-
cant changes in b (or �b) are seen. For the highest-mass
galaxies (10.8 < log(M�/M⇥) < 11.5) fob is seen to rise
at z > 1, from fob ⇤ 0.2 at z < 1 to fob = 0.60 ± 0.24.
The large uncertainty is due to the degeneracy between
b and fob: evolution in the average shape can either be
accomodated by a change in the average shape of the
galaxies represented by the oblate component, or by a
change in the fraction of oblate galaxies. The unsubstan-
tial changes in b (�b) with mass and redshift motivate us
to implement a second restriction to our model: we now
keep all intrinsic shape parameters at the values found
for the low-z SDSS sample, and only allow fob to vary.
This restriction seems justified by the results from the

goodness-of-fit tests: the predicted distribution from the
best-fitting models, even with only a single free param-
eter (fob), do not significantly di�er from the observed
distributions according the the KS and MW tests. The
results are also shown in Table 4 and Figure 9. We now
find that the oblate fraction for the massive galaxies in-
creases from 0.20±0.02 at z < 0.1 to 0.59±0.10 at z > 1,
a highly significant (4�) change. For galaxies in our mid-
dle mass bin (10.5 < log(M�/M⇥) < 11.8), fob does not
change with redshift and stays at ⇤ 0.5 � 0.6, whereas,
remarkably, fob significantly declines from 0.72± 0.06 to
0.38± 0.11 for low-mass galaxies (10.1 < log(M�/M⇥) <
10.5). The latter was already reflected by the increased
median axis ratio with redshift (see § 3).

6. DISCUSSION

L� early-type galaxies (M� ⇤ 1011M⇥) in the present-
day universe possess a wide range of intrinsic shapes:
there is no single oblate, prolate, or triaxial shape that,
viewed at from any number of random viewing angles,
can account for their projected axis ratio distribution
(e.g., Lambas et al. 1992; Tremblay & Merritt 1996).
We implemented two methods to describe and model
this distribution. First, we showed that a single family
of oblate or prolate structures with broadly distributed

Yu Yen Chang, van der Wel, et al. (2013; submitted) 
 CANDELS Sersic fits + photoz 

 

•  Disks common z>~1.5 massive galaxies (quiescent) 
•  Triaxial by z~0 – merging (major/minor) 

•  Quiescent galaxies oblate at lower masses (all z) 

van der Wel 
(2011) 
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Cheung et al. 2012 
Stellar mass and magnitude correlate poorly with quiescence 
Velocity dispersion, Surface density, Sersic index, projected density in 
1kpc correlate well with quiescence 
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Figure 9. Relation between star formation and core mass, for galaxies
with total mass Mtot > 1011M!. Blue points are galaxies that fall in
the star-forming part of the UVJ diagram; red points are galaxies
that fall in the quiescent part. The black line shows our adopted core
mass limit (Eq. 6). The top panel shows the fractions of quiescent
and star forming galaxies as a function of core mass. At fixed total
mass there is a clear relation between core mass and star formation,
and a high core mass seems to be required to stop star formation.

6. SUMMARY AND CONCLUSIONS
In this paper we have identified dense cores in galaxies out

to z = 2.5, using data from the 3D-HST project augmented
by low redshift information from UltraVISTA and the Sloan
Digital Sky Survey. We find that the evolution of cores with
mass log(M1kpc) ∼ 10.5 is well described by mild mass loss,
suggesting that their stars form a passive stellar population
since z ∼ 2.5. At z ∼ 2.5 the cores make up ∼ 50% of the
total mass of the galaxies that they are part of. At lower red-
shift they make up a decreasing fraction of the total mass, and
by z = 0 they are embedded in large envelopes of stars with
effective radii ∼ 5 kpc.
We focused on cores of a fixed high mass, but we note that

the evolution of the core mass function is mass-dependent (see
Fig. 3), with lowmass cores showing strong positive evolution
in their number density. This mass dependence has also been
seen in the total mass function (Marchesini et al. 2009) and
in the velocity dispersion function (Bezanson et al. 2011). At
low masses star formation may lead to a relatively uniform
build-up of galaxies, with the stellar density increasing at all
radii, whereas at high masses galaxies are built up inside-out
(see van Dokkum et al. 2013).

tion of this bias in the context of samples selected by morphology.

Figure 10. The contribution of the central mass to the total galaxy
mass as a function of the projected half-light radius, for 2< z < 2.5
and log(M1kpc) = 10.5. Red symbols are quiescent galaxies according
to the UVJ diagram; blue symbols are star-forming galaxies. Star-
forming galaxies are larger than quiescent galaxies at fixed central
mass and redshift, and their cores constitute a smaller fraction of the
total galaxy mass.

The negative mass evolution of the cores has consequences
for the interpretation of massive star forming galaxies at z =
1− 2.5 and the evolution of quiescent galaxies, as discussed
in § 5. However, we emphasize that not all massive galaxies
have dense cores: selecting on total mass produces different
samples than selecting on core mass, as is obvious in Figs.
2 and 9. Our conclusions only hold for galaxies with a dense
core, and leave open the possibility that massive galaxies with
low core masses have different evolutionary trajectories. It
so happens that by z ∼ 2 our selection mostly overlaps with
the population of massive, quiescent galaxies at that redshift,
which is why we can rule out several proposed models for
their evolution (see § 5).
We also find that, at fixed total mass and redshift, the pres-

ence of a dense core is a good predictor of quiescence and
(perhaps more interestingly) its absence is a nearly perfect
predictor of star formation (see Fig. 9). The latter result is
strikingly unambiguous: of 91 galaxies with Mtot > 1011M!

and M1kpc < 109.5M! only one is quiescent. Apparently the
presence of a dense core is a “non-negotiable” requirement
for stopping star formation in massive galaxies.
Perhaps the most important result of this paper is that the

contribution of stars in dense cores to the stellar mass density
of the Universe increases strongly with redshift, reaching val-
ues of 10% – 20% at z∼ 2 (§ 4.6 and Fig. 6b). In light of this
high fraction we suggest that the formation of these cores is
an important aspect of star formation, galaxy formation, and
black hole formation at high redshift.
Interestingly it is not yet clear how this happened. Near the

end of their main star formation epoch, prior to stellar mass
loss, the cores were even more massive and compact than at
z ∼ 2. The gas mass that was converted to stars inside 1 kpc
must have approached 1011M!. Furthermore, this gas must

van Dokkum et al. 2014 
 
Estimated mass within 1kpc 
sphere 
Galaxies with total mass 
above 1011Msun 
 
Quiescent fraction 
correlates with core mass…. 
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Lang et al 2014 
CANDELS + 3D-HST 
Images à mass maps 
Bulge/disk fit to mass 
maps 

Detailed 
demographics 
 
Bulge mass 
correlates with 
quiescent 
fraction 
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Weak stellar mass correlation  
à Naïve implication that models where quenching is from halo mass 

alone disfavored 
Correlation with bulge or core mass / B/T / Sersic / core density 
à May be consistent with pictures where bulge formation heats or ejects 

gas, or large black holes provide feedback 
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Lang et al 2014 
CANDELS + 3D-HST 
Images à mass maps 
Bulge/disk fit to mass 
maps 
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Lang et al 2014 
 
Somerville / Porter et 
al. Semi-analytic 
model 
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What is halo and bulge 
mass doing? 
 
Quiescent fraction 
varies strongly with 
black hole mass.   
 
Little variation with halo 
mass. 
 
In this model the AGN is 
the agent of quenching 
 


