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Evidence for growth of individual galaxies

Hypothesis   

Individual quiescent galaxies do not grow over time

Test

Nowhere in (M, Re)-space does the volume number density increase with redshift
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No number density evolution
for quiescent galaxies with 
Sigma > 10.3 Msol/kpc^2
    (see Damjanov et al.)



Evidence for growth of individual galaxies

No number density evolution
for quiescent galaxies with 
Sigma > 10.3 Msol/kpc^2
    (see Damjanov et al.)

Strong number density evolution
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No number density evolution
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Evidence for growth of individual galaxies

No number density evolution
for quiescent galaxies with 
3e10 < M < 1e11 && Re < 2.5 kpc 
    (see Carollo et al.)

Strong number density evolution
for compact quiescent galaxies
in the same mass bin
but selected parallel to the relation 
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If galaxies do not grow, then we should take into account mass loss
(~0.1 dex between z=2 and z=0)
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Evidence for growth of individual galaxies

Hypothesis   

Individual quiescent galaxies do not grow over time

Test

Nowhere in (M, Re)-space does the volume number density increase with redshift

Result   

There are quiescent galaxies with mass > 3e10 Msol that grow over time
Typical z~2 quiescent galaxies grow in size over time by at least a factor 3



Evidence for growth of individual galaxies

The Astrophysical Journal, 788:28 (19pp), 2014 June 10 van der Wel et al.

0.5

1

5

10

z = 0.25 z = 0.75 z = 1.25

0.5

1

5

10

z = 1.75 z = 2.25 z = 2.75

Figure 5. Size–stellar mass distribution of late- and early-type galaxies (same symbols as in Figure 2). A typical 1σ error bar for 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 Section 3.1. 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 horizontal direction. Strong evolution in the intercept of the size–mass relation is seen for early-type
galaxies, and moderate evolution is seen for the late-type galaxies (also see Figure 6. There is no significant evidence for evolution in the slope (also see Figure 6).
The parameters of the fits shown here are given in Table 1.
(A color version of this figure is available in the online journal.)

a function of mass. We parameterize this following Shen et al.
(2003) and assume a log-normal distribution N (log r, σlog r ),
where log r is the mean and σlog r is the dispersion. Furthermore,
r is taken to be a function of galaxy mass:

r(m∗)/kpc = A · mα
∗ , (3)

where m∗ ≡ M∗/7 × 1010 M⊙. As we will describe in
Section 3.3, it is reasonable to assume that σlog r is indepen-
dent of mass.

The model distribution N (log r(m∗), σlog r ) prescribes the
probability distribution for observing Reff for a galaxy with
mass m∗. If the measured Reff has a Gaussian, 1-σ uncertainty
of δ log Reff , then the probability for this observation is the inner
product of two Gaussians:

P = ⟨N (log Reff, δ log Reff), N (log r(m∗), σlog r )⟩. (4)

Thus, we compute for each galaxy the probabilities PET and PLT
for the respective size–mass distribution models for the early-
type and late-type populations. Incompleteness terms should
formally be included in these probabilities (as described by,
e.g., Huang et al. 2013), but because of our conservative sample
selection (see Section 2.4) we are not biased against faint, large
objects.

The uncertainty in size, δ log Reff , is computed as outlined by
van der Wel et al. (2012). A random uncertainty of 0.15 dex
in m∗ is included in our analysis by treating it as an additional
source of uncertainty in Reff : for a size–mass relation with a
given slope, an offset in m∗ translates into an offset in Reff .
Hence, the calculation of P stays one-dimensional. The fiducial
slopes we use to convert δ log Reff into δm∗ are α = 0.7 for
early-type galaxies and α = 0.2 for late-type galaxies.

We also take into account the misclassification of early-
and late-type galaxies. Despite the bimodal distribution in the
color–color diagram (Section 2.4; Figure 1), there are galaxies
in the region between the star-forming and quiescent sequences,
making their classification rather arbitrary and causing cross-
contamination of the two classes (also see Holden et al.
2012). Motivated by this work, we take this misclassification
probability to be 10%. We will comment on the effects of varying
this parameter below, when we describe the fitting results.

The misclassification probability precisely corresponds to the
early- and late-type contamination fractions in a sample in cases
where the two subsamples have an equal number of galaxies.
The actual contamination fraction scales with the early- and
late-type fractions, which depend on galaxy mass and redshift.
The evolution of the stellar mass function for the two types
is described by Muzzin et al. (2013), which we use here to
compute this ratio. We also allow for 1% of outliers: these are
objects that are not part of the galaxy population, for example,
catastrophic redshift estimates or misclassified stars. Finally, in
order to avoid being dominated by the large number of low-mass
galaxies, we also assign a weight to each galaxy that is inversely
proportional to the number density. This ensures that each mass
range carries equal weight in the fit. The number density is taken
from the Muzzin et al. (2013) mass functions.

Then, we compute the total likelihood for a set of six model
parameters (intercept A, slope α, and intrinsic scatter σlog Reff ,
each for both types of galaxies):

LET =
∑

ln[W · ((1 − C) · PET + C · PLT + 0.01)] (5)

for early-type galaxies, and

LLT =
∑

ln[W · ((1 − C) · PLT + C · PET + 0.01)] (6)
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Scatter is small and constant with redshift:
descendants of compact galaxies are similar in size as 

galaxies that quenched much later
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Shape distribution of 17584 galaxies at z ~ 0.06

roundflat

model: Chang, van der Wel et al. (2013)
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4 Size-Mass Relation from CANDELS/3D-HST

Figure 3. Given the modeling results shown in Figure (2 (in terms of Gaussian distributions of ellipticity and triaxiality) we distinguish
three geometric types as shown in the left-hand panel: ‘disks’ have one short axis and two long axes; ‘elongated’ galaxies have two short
axes; ‘round’ galaxies have three fairly similar axes. The other panels show, for four stellar mass bins, the redshift evolution in the relative
numbers of these geometric types. The fraction of disks increases with time for all masses, to nearly unity at the present. At high redshift,
low-mass galaxies are often elongated, whereas high-mass galaxies are often round.

disks form quite suddenly, on a dynamical time scale,
after an initial period of irregular, non-circular motions,
and strongly episodic star formation. After sufficient an-
gular momentum has been collected through accretion
and merging, and the accretion rate has become slower
than the dynamical time scale, a disk forms and is sus-
tained for many orbital periods.
Our observation that at z > 1 the low-mass galaxy

population consists of a mix of disks and prolate objects
– in this picture, the latter represent the irregular phase
without a sustained disk – can then be interpreted as
some fraction of the galaxies having already transformed
into a sustained disk. The probability for this transition
to have occurred at a given redshift then depends on
galaxy mass. Considering the relative fractions of prolate
and disk galaxies at z = 1 − 1.5, the transition mass
for this redshift is 109 M⊙ − 3 × 109 M⊙. At z > 2
the transition mass shifts to ∼ 1010 M⊙, while in the
present-day universe it must be < 109 M⊙.
We speculate that this evolving transition mass can

be attributed to evolution in the gas accretion rate, star
formation rate, and feedback. Given the various esti-
mates of the stellar mass evolution of Milky Way-mass
galaxies as a function of redshift (e.g., van Dokkum et
al. 2013; Patel et al. 2013), we surmize that the Milky
Way may have first attained a sustained stellar disk at
redshift z = 1.5− 2.

6. CAVEATS

Our main conclusions rest on the assumption that stel-
lar light traces the mass distribution of baryons. Poten-
tial spoilers include age variation among stars, obscura-
tion by dust, and large gas fractions. In this section we
argue that it is implausible that these caveats affect our
analysis and conclusions.
Our samples are essentially stellar mass limited.

Therefore, color and luminosity variations due to the
combination of dust content and geometry, and viewing
angle do not directly affect our sample selection as long
as the relative uncertainties in our stellar mass estimates
are not larger than our bin size (0.5 dex).
However, the presence of dust will have a viewing

angle-dependent effect on the measured, projected axis
ratio. Both as a result of dust and due to dimness of
older stellar populations, stellar light at visual wave-

lengths does not necessarily follow the stellar mass dis-
tribution. Indeed, massive galaxies at all redshifts are
known to be dusty, but it would be difficult to explain
the disk-like appearance of a population of a dusty, non-
disk population. Rather, the axis ratio distribution of a
truly disk-like population can appear non-disk-like in the
presence of a large amount of dust; perhaps this is par-
tially responsible for the large fraction of massive round
galaxies at z > 2.
Low-mass galaxies at z > 1 generally are very blue, and

rest-frame near-infrared photometry provides no hints
of substantial amounts of older stars. Hence, for these
young, presumably metal- and dust-poor galaxies, dust
is of limited relevance to the shape measurements. Spa-
tially variations in the star formation history can lead to
large variations in the stellar mass-to-light ratio. How-
ever, the shape distribution of the low-mass galaxies is
remarkable similar at rest-frame UV and near-IR wave-
lengths (compare the results from Ravindranath et al.
(2006) with Figure 1 in this paper). We conclude that
the lack of large numbers of round galaxies cannot be
explained by extinction or age variations, and are confi-
dent that the reconstructed, intrinsic shapes based on
rest-frame optical light distributions accurately reflect
the stellar mass distribution.
However, the absence of stable, non-stellar disks re-

mains to be confirmed through kinematic observations
of cold gas. Still, as mentioned in the Introduction, the
observed motions of ionized gas do not lend credence to
the hypothesis that there generally is a sustained disk in
low-mass galaxies.

7. SUMMARY AND CONCLUSIONS

We measured and interpreted the projected axis ra-
tio distributions, measured at rest-frame optical wave-
lenghts, of stellar mass-selected samples of star-forming
galaxies in the redshift range 0 < z < 2.5 drawn from
CANDELS, 3D-HST, and SDSS. Assuming that the pop-
ulation consists of galaxies with intrinsic triaxial shapes,
with normal distributions for the ellipticity and the tri-
axiality parameters, we reconstruct the intrinsic shapes
of the galaxies in our sample as a function of stellar mass
and redshift.
We find that in the present-day universe star-forming

galaxies of all masses are predominantly oblate and flat,

van der Wel et al. (2014b)

956  >1010 M⊙ galaxies at 1 < z < 2.5 

Evolution of SF-ing galaxies

Up to z ~ 2 the majority of 
massive (>1010 M⊙) star-forming galaxies are disks

Implication: majority of stars formed in disks
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disks form quite suddenly, on a dynamical time scale,
after an initial period of irregular, non-circular motions,
and strongly episodic star formation. After sufficient an-
gular momentum has been collected through accretion
and merging, and the accretion rate has become slower
than the dynamical time scale, a disk forms and is sus-
tained for many orbital periods.
Our observation that at z > 1 the low-mass galaxy

population consists of a mix of disks and prolate objects
– in this picture, the latter represent the irregular phase
without a sustained disk – can then be interpreted as
some fraction of the galaxies having already transformed
into a sustained disk. The probability for this transition
to have occurred at a given redshift then depends on
galaxy mass. Considering the relative fractions of prolate
and disk galaxies at z = 1 − 1.5, the transition mass
for this redshift is 109 M⊙ − 3 × 109 M⊙. At z > 2
the transition mass shifts to ∼ 1010 M⊙, while in the
present-day universe it must be < 109 M⊙.
We speculate that this evolving transition mass can

be attributed to evolution in the gas accretion rate, star
formation rate, and feedback. Given the various esti-
mates of the stellar mass evolution of Milky Way-mass
galaxies as a function of redshift (e.g., van Dokkum et
al. 2013; Patel et al. 2013), we surmize that the Milky
Way may have first attained a sustained stellar disk at
redshift z = 1.5− 2.

6. CAVEATS

Our main conclusions rest on the assumption that stel-
lar light traces the mass distribution of baryons. Poten-
tial spoilers include age variation among stars, obscura-
tion by dust, and large gas fractions. In this section we
argue that it is implausible that these caveats affect our
analysis and conclusions.
Our samples are essentially stellar mass limited.

Therefore, color and luminosity variations due to the
combination of dust content and geometry, and viewing
angle do not directly affect our sample selection as long
as the relative uncertainties in our stellar mass estimates
are not larger than our bin size (0.5 dex).
However, the presence of dust will have a viewing

angle-dependent effect on the measured, projected axis
ratio. Both as a result of dust and due to dimness of
older stellar populations, stellar light at visual wave-

lengths does not necessarily follow the stellar mass dis-
tribution. Indeed, massive galaxies at all redshifts are
known to be dusty, but it would be difficult to explain
the disk-like appearance of a population of a dusty, non-
disk population. Rather, the axis ratio distribution of a
truly disk-like population can appear non-disk-like in the
presence of a large amount of dust; perhaps this is par-
tially responsible for the large fraction of massive round
galaxies at z > 2.
Low-mass galaxies at z > 1 generally are very blue, and

rest-frame near-infrared photometry provides no hints
of substantial amounts of older stars. Hence, for these
young, presumably metal- and dust-poor galaxies, dust
is of limited relevance to the shape measurements. Spa-
tially variations in the star formation history can lead to
large variations in the stellar mass-to-light ratio. How-
ever, the shape distribution of the low-mass galaxies is
remarkable similar at rest-frame UV and near-IR wave-
lengths (compare the results from Ravindranath et al.
(2006) with Figure 1 in this paper). We conclude that
the lack of large numbers of round galaxies cannot be
explained by extinction or age variations, and are confi-
dent that the reconstructed, intrinsic shapes based on
rest-frame optical light distributions accurately reflect
the stellar mass distribution.
However, the absence of stable, non-stellar disks re-

mains to be confirmed through kinematic observations
of cold gas. Still, as mentioned in the Introduction, the
observed motions of ionized gas do not lend credence to
the hypothesis that there generally is a sustained disk in
low-mass galaxies.

7. SUMMARY AND CONCLUSIONS

We measured and interpreted the projected axis ra-
tio distributions, measured at rest-frame optical wave-
lenghts, of stellar mass-selected samples of star-forming
galaxies in the redshift range 0 < z < 2.5 drawn from
CANDELS, 3D-HST, and SDSS. Assuming that the pop-
ulation consists of galaxies with intrinsic triaxial shapes,
with normal distributions for the ellipticity and the tri-
axiality parameters, we reconstruct the intrinsic shapes
of the galaxies in our sample as a function of stellar mass
and redshift.
We find that in the present-day universe star-forming

galaxies of all masses are predominantly oblate and flat,

van der Wel et al. (2014b)

Evolution of SF-ing galaxies

At z > 1, low-mass galaxies (<1010 M⊙) are not generally disks;
they have a large variety in shape: irregulars

Implication: MW type galaxies did not start out with sustained stellar disks



van der Wel et al. 7

0.25

0.75

1.25

1.75

Fig. 4.— Wavelength dependence of Reff in bins of stellar mass
and redshift; the latter is indicated by the color coding. Late-type
galaxies, as defined in Figure 1, with robust size measurements
from ACS/F775W,WFC3/F125W andWFC3/F160W imaging are
included (see text for details). Generally, sizes are smaller at longer
wavelengths, that is, late-type galaxies are bluer in the outer parts.
Moreover, this gradient is stronger for more massive galaxies at all
redshifts, and the gradient decreases with redshift, at the same rate
for all masses. The dotted lines represent the parametrization that
we use to correct our size measurements of late-type galaxies.

account. In our prescription we assume that logReff has
a normal distribution about a mean Reff that depends on
galaxy mass described by a power law. In the remainder
of this section we describe trends that are not captured
by our analytical description, such as deviations from a
single power law and skewness of the size distribution.

3.1. Analytical Description

The basic characteristics of the galaxy size distribution
are given by the slope, intercept and (intrinsic) scatter of
size as a function of mass. We parametrize this following
Shen et al. (2003) and assume a log-normal distribution
N(log r,σlog r), where r is the median and σlog r is the
dispersion. Furthermore, r is taken to be a function of
galaxy mass:

r(m∗)/kpc = A ·mα
∗ , (3)

where m∗ ≡ M∗/7 × 1010 M⊙. σlog r is assumed to be
independent of mass.
The model distribution N(log r(m∗),σlog r) prescribes

the probability distribution for observing Reff for a
galaxy with mass m∗. If the measured Reff has a Gaus-
sian, 1-σ uncertainty of δ logReff , then the probability for
this observation is the inner product of two Gaussians:

P = ⟨N(logReff , δ logReff), N(log r(m∗),σlog r)⟩. (4)

Thus we compute for each galaxy the probabilities PET
and PLT for the respective size-mass distribution mod-
els for the early-type and late-type populations. If the
separation of early- and late-type galaxies were perfect,

we would only need to consider PET (PLT) for galaxies
classified as early (late) types. However, despite the bi-
modal distribution in the color-color diagram (§2.4; Fig-
ure 1), there are galaxies in the region between the star-
forming and quiescent sequences, making their classifi-
cation rather arbitrary, causing cross-contamination of
the two classes. Previous studies never took this effect
into account, but since we are aiming to constrain the
intrinsic scatter this becomes necessary.
Holden et al. (2012) showed that at low redshift ∼ 18%

of color-color selected early-type (late-type) galaxies have
(no) detected Hα emission in their SDSS spectra. This
is due to a myriad of physical and observational effects,
such as AGN-related line emission or low-level star for-
mation in genuine early-type galaxies, and dust obscura-
tion, sensitivity limits and aperture effects in genuine
late-type galaxies. It is reasonable to assume that a
substantial minority of the 18% are actual border-line
objects that should be treated as contamination due to
observational uncertainties in the measured rest-frame
colors and objects that are truly intermediate to the two
classes of early- and late-type galaxies. We take this
mis-classification probability to be C = 0.05. While this
choice is rather arbitrary, our results do not critically
depend on this choice, even though it is essential that
some degree of contamination is taken into account. Be-
low we will remark on the effect of adopting C = 0.02 or
C = 0.10 instead.
For a sample of galaxies, C precisely corresponds to the

early- and late-type contamination fractions in case the
two sub-samples have equal numbers of galaxies. Gen-
erally, the contamination fraction is given by C scaled
with the early-/late- type fraction. The latter depends
on galaxy mass and redshift, and here we adopt simple
linear fits to the observed early-/late-type galaxy frac-
tion in our sample, f(m∗, z) = NET(m∗, z)/NLT(m∗, z),
where NET(m∗, z) and NLT(m∗, z) are the numbers of
early- and late-type galaxies in the mass and redshift
bins used in this paper.
Finally, we allow for 1% of outliers: these are objects

that are not part of the galaxy population, for example,
catastrophic redshift estimates or misclassified stars.
Then, we compute the total likelihood for a set of six

model parameters (intercept A, slope α, and intrinsic
scatter σlogReff

, each for both types of galaxies):

LET =
∑

ln
(

(1− C/f)PET + C/fPLT + 0.01
)

(5)

for early-type galaxies, and

LLT =
∑

ln
(

(1− Cf)PLT + CfPET + 0.01
)

(6)

for late-type galaxies. The best-fitting parameters are
identified by finding the model with the maximum total
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

• Galaxy size/mass evolve in proportion to halo size/mass

• The slope does not evolve: galaxy-to-halo mass relation does not evolve

Evolution of SF-ing galaxies
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Figure 6. Parameterized redshift evolution of the size–mass relation, from the power law model fits shown in Figure 5. The left-hand panel shows the evolution of
the intercept, or the size evolution at fixed stellar mass of 5 × 1010M⊙. Strong evolution is seen for high-mass early-type galaxies, and moderate evolution is seen
for low-mass early types and for late-type galaxies. The middle and right-hand panels show the evolution of the slope and intrinsic (model) scatter of the size–mass
relation, either with little or no evidence for changes with redshift. The open symbols represent the observed scatter: these measurements do not take measurement
uncertainties and contamination into account. The fitting parameters shown in this figure are given in Table 1.
(A color version of this figure is available in the online journal.)

Table 1
Results from the Parameterized Fits to the Size–Mass Distribution of the form Reff/kpc = A(M∗/5 × 1010 M⊙)α ,

as Described in Section 3.1 and Shown in Figures 5 and 6

Early-type Galaxies Late-type Galaxies

z log(A) α σ log(Reff ) log A α σ log(Reff )

0.25 0.60 ± 0.02 0.75 ± 0.06 0.10 ± 0.02 0.86 ± 0.02 0.25 ± 0.02 0.16 ± 0.01
0.75 0.42 ± 0.01 0.71 ± 0.03 0.11 ± 0.01 0.78 ± 0.01 0.22 ± 0.01 0.16 ± 0.01
1.25 0.22 ± 0.01 0.76 ± 0.04 0.12 ± 0.01 0.70 ± 0.01 0.22 ± 0.01 0.17 ± 0.01
1.75 0.09 ± 0.01 0.76 ± 0.04 0.14 ± 0.01 0.65 ± 0.01 0.23 ± 0.01 0.18 ± 0.01
2.25 −0.05 ± 0.02 0.76 ± 0.04 0.14 ± 0.02 0.55 ± 0.01 0.22 ± 0.01 0.19 ± 0.01
2.75 −0.06 ± 0.03 0.79 ± 0.07 0.14 ± 0.03 0.51 ± 0.01 0.18 ± 0.02 0.19 ± 0.01

Note. σ (log Reff ) is the scatter in Reff in logarithmic units.

for late-type galaxies, where W is the weight and C is the
contamination fraction, both of which are a function of redshift
and mass. The best-fitting parameters are identified by finding
the model with the maximum total likelihood, L = LET + LLT.

For the late types, we fit all galaxies with M∗ > 3 × 109M⊙;
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 = 2.5 (Figure 2). For the early types, we fit all galaxies
with M∗ > 2 × 1010M⊙, so that we avoid the clearly flatter part
of the size–mass distribution at lower masses (see Section 3.2).
This cutoff 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 individual model parameters (intercept, 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 significantly with redshift and particularly
rapidly for the early types.

Usually, the evolution of the intercept is parameterized as a
function of (1+z). While this is intuitively appealing because of
our familiarity with the cosmological scale factor, this is perhaps
not the physically most meaningful approach. Galaxy sizes, in
particular disk scale lengths, are more directly related to the
properties of their dark matter halos than to the cosmological
scale factor. Halo properties such as virial mass and radius
follow the evolving expansion rate—the Hubble parameter
H (z)—instead of the cosmological 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 z ∼ 2
this is H (z) ∝ (1 + z)1.4.

For this reason it is reasonable to parameterize size evolution
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 parameterization 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 are of
the same magnitude as the systematic uncertainties in the size
measurements and color gradient corrections (Section 2.5). A
more thorough comparison with size evolution of larger samples
at z < 1 with size measurements at visual wavelengths would
improve these constraints.

Newman et al. (2012) first demonstrated the lack of strong
evolution in the slope of the size–mass relation for massive
(>2×1010 M⊙) early-type galaxies. Here we confirm that result
(middle panel, Figure 6) and find a slope of Reff ∝ M0.75 at all
redshifts. This slope is somewhat steeper than measured by Shen
et al. (2003) for present-day early-type galaxies. Differences in
sample selection (star-formation activity versus concentration)
and methods (Reff from Sérsic profile fits versus Petrosian
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Fig. 4.— Wavelength dependence of Reff in bins of stellar mass
and redshift; the latter is indicated by the color coding. Late-type
galaxies, as defined in Figure 1, with robust size measurements
from ACS/F775W,WFC3/F125W andWFC3/F160W imaging are
included (see text for details). Generally, sizes are smaller at longer
wavelengths, that is, late-type galaxies are bluer in the outer parts.
Moreover, this gradient is stronger for more massive galaxies at all
redshifts, and the gradient decreases with redshift, at the same rate
for all masses. The dotted lines represent the parametrization that
we use to correct our size measurements of late-type galaxies.

account. In our prescription we assume that logReff has
a normal distribution about a mean Reff that depends on
galaxy mass described by a power law. In the remainder
of this section we describe trends that are not captured
by our analytical description, such as deviations from a
single power law and skewness of the size distribution.

3.1. Analytical Description

The basic characteristics of the galaxy size distribution
are given by the slope, intercept and (intrinsic) scatter of
size as a function of mass. We parametrize this following
Shen et al. (2003) and assume a log-normal distribution
N(log r,σlog r), where r is the median and σlog r is the
dispersion. Furthermore, r is taken to be a function of
galaxy mass:

r(m∗)/kpc = A ·mα
∗ , (3)

where m∗ ≡ M∗/7 × 1010 M⊙. σlog r is assumed to be
independent of mass.
The model distribution N(log r(m∗),σlog r) prescribes

the probability distribution for observing Reff for a
galaxy with mass m∗. If the measured Reff has a Gaus-
sian, 1-σ uncertainty of δ logReff , then the probability for
this observation is the inner product of two Gaussians:

P = ⟨N(logReff , δ logReff), N(log r(m∗),σlog r)⟩. (4)

Thus we compute for each galaxy the probabilities PET
and PLT for the respective size-mass distribution mod-
els for the early-type and late-type populations. If the
separation of early- and late-type galaxies were perfect,

we would only need to consider PET (PLT) for galaxies
classified as early (late) types. However, despite the bi-
modal distribution in the color-color diagram (§2.4; Fig-
ure 1), there are galaxies in the region between the star-
forming and quiescent sequences, making their classifi-
cation rather arbitrary, causing cross-contamination of
the two classes. Previous studies never took this effect
into account, but since we are aiming to constrain the
intrinsic scatter this becomes necessary.
Holden et al. (2012) showed that at low redshift ∼ 18%

of color-color selected early-type (late-type) galaxies have
(no) detected Hα emission in their SDSS spectra. This
is due to a myriad of physical and observational effects,
such as AGN-related line emission or low-level star for-
mation in genuine early-type galaxies, and dust obscura-
tion, sensitivity limits and aperture effects in genuine
late-type galaxies. It is reasonable to assume that a
substantial minority of the 18% are actual border-line
objects that should be treated as contamination due to
observational uncertainties in the measured rest-frame
colors and objects that are truly intermediate to the two
classes of early- and late-type galaxies. We take this
mis-classification probability to be C = 0.05. While this
choice is rather arbitrary, our results do not critically
depend on this choice, even though it is essential that
some degree of contamination is taken into account. Be-
low we will remark on the effect of adopting C = 0.02 or
C = 0.10 instead.
For a sample of galaxies, C precisely corresponds to the

early- and late-type contamination fractions in case the
two sub-samples have equal numbers of galaxies. Gen-
erally, the contamination fraction is given by C scaled
with the early-/late- type fraction. The latter depends
on galaxy mass and redshift, and here we adopt simple
linear fits to the observed early-/late-type galaxy frac-
tion in our sample, f(m∗, z) = NET(m∗, z)/NLT(m∗, z),
where NET(m∗, z) and NLT(m∗, z) are the numbers of
early- and late-type galaxies in the mass and redshift
bins used in this paper.
Finally, we allow for 1% of outliers: these are objects

that are not part of the galaxy population, for example,
catastrophic redshift estimates or misclassified stars.
Then, we compute the total likelihood for a set of six

model parameters (intercept A, slope α, and intrinsic
scatter σlogReff

, each for both types of galaxies):

LET =
∑

ln
(

(1− C/f)PET + C/fPLT + 0.01
)

(5)

for early-type galaxies, and

LLT =
∑

ln
(

(1− Cf)PLT + CfPET + 0.01
)

(6)

for late-type galaxies. The best-fitting parameters are
identified by finding the model with the maximum total
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

• Galaxy size/mass evolve in proportion to halo size/mass

• The slope does not evolve: galaxy-to-halo mass relation does not evolve
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Figure 6. Parameterized redshift evolution of the size–mass relation, from the power law model fits shown in Figure 5. The left-hand panel shows the evolution of
the intercept, or the size evolution at fixed stellar mass of 5 × 1010M⊙. Strong evolution is seen for high-mass early-type galaxies, and moderate evolution is seen
for low-mass early types and for late-type galaxies. The middle and right-hand panels show the evolution of the slope and intrinsic (model) scatter of the size–mass
relation, either with little or no evidence for changes with redshift. The open symbols represent the observed scatter: these measurements do not take measurement
uncertainties and contamination into account. The fitting parameters shown in this figure are given in Table 1.
(A color version of this figure is available in the online journal.)

Table 1
Results from the Parameterized Fits to the Size–Mass Distribution of the form Reff/kpc = A(M∗/5 × 1010 M⊙)α ,

as Described in Section 3.1 and Shown in Figures 5 and 6

Early-type Galaxies Late-type Galaxies

z log(A) α σ log(Reff ) log A α σ log(Reff )

0.25 0.60 ± 0.02 0.75 ± 0.06 0.10 ± 0.02 0.86 ± 0.02 0.25 ± 0.02 0.16 ± 0.01
0.75 0.42 ± 0.01 0.71 ± 0.03 0.11 ± 0.01 0.78 ± 0.01 0.22 ± 0.01 0.16 ± 0.01
1.25 0.22 ± 0.01 0.76 ± 0.04 0.12 ± 0.01 0.70 ± 0.01 0.22 ± 0.01 0.17 ± 0.01
1.75 0.09 ± 0.01 0.76 ± 0.04 0.14 ± 0.01 0.65 ± 0.01 0.23 ± 0.01 0.18 ± 0.01
2.25 −0.05 ± 0.02 0.76 ± 0.04 0.14 ± 0.02 0.55 ± 0.01 0.22 ± 0.01 0.19 ± 0.01
2.75 −0.06 ± 0.03 0.79 ± 0.07 0.14 ± 0.03 0.51 ± 0.01 0.18 ± 0.02 0.19 ± 0.01

Note. σ (log Reff ) is the scatter in Reff in logarithmic units.

for late-type galaxies, where W is the weight and C is the
contamination fraction, both of which are a function of redshift
and mass. The best-fitting parameters are identified by finding
the model with the maximum total likelihood, L = LET + LLT.

For the late types, we fit all galaxies with M∗ > 3 × 109M⊙;
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 = 2.5 (Figure 2). For the early types, we fit all galaxies
with M∗ > 2 × 1010M⊙, so that we avoid the clearly flatter part
of the size–mass distribution at lower masses (see Section 3.2).
This cutoff 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 individual model parameters (intercept, 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 significantly with redshift and particularly
rapidly for the early types.

Usually, the evolution of the intercept is parameterized as a
function of (1+z). While this is intuitively appealing because of
our familiarity with the cosmological scale factor, this is perhaps
not the physically most meaningful approach. Galaxy sizes, in
particular disk scale lengths, are more directly related to the
properties of their dark matter halos than to the cosmological
scale factor. Halo properties such as virial mass and radius
follow the evolving expansion rate—the Hubble parameter
H (z)—instead of the cosmological 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 z ∼ 2
this is H (z) ∝ (1 + z)1.4.

For this reason it is reasonable to parameterize size evolution
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 parameterization 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 are of
the same magnitude as the systematic uncertainties in the size
measurements and color gradient corrections (Section 2.5). A
more thorough comparison with size evolution of larger samples
at z < 1 with size measurements at visual wavelengths would
improve these constraints.

Newman et al. (2012) first demonstrated the lack of strong
evolution in the slope of the size–mass relation for massive
(>2×1010 M⊙) early-type galaxies. Here we confirm that result
(middle panel, Figure 6) and find a slope of Reff ∝ M0.75 at all
redshifts. This slope is somewhat steeper than measured by Shen
et al. (2003) for present-day early-type galaxies. Differences in
sample selection (star-formation activity versus concentration)
and methods (Reff from Sérsic profile fits versus Petrosian
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Fig. 4.— Wavelength dependence of Reff in bins of stellar mass
and redshift; the latter is indicated by the color coding. Late-type
galaxies, as defined in Figure 1, with robust size measurements
from ACS/F775W,WFC3/F125W andWFC3/F160W imaging are
included (see text for details). Generally, sizes are smaller at longer
wavelengths, that is, late-type galaxies are bluer in the outer parts.
Moreover, this gradient is stronger for more massive galaxies at all
redshifts, and the gradient decreases with redshift, at the same rate
for all masses. The dotted lines represent the parametrization that
we use to correct our size measurements of late-type galaxies.
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∗ , (3)
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The model distribution N(log r(m∗),σlog r) prescribes

the probability distribution for observing Reff for a
galaxy with mass m∗. If the measured Reff has a Gaus-
sian, 1-σ uncertainty of δ logReff , then the probability for
this observation is the inner product of two Gaussians:

P = ⟨N(logReff , δ logReff), N(log r(m∗),σlog r)⟩. (4)

Thus we compute for each galaxy the probabilities PET
and PLT for the respective size-mass distribution mod-
els for the early-type and late-type populations. If the
separation of early- and late-type galaxies were perfect,

we would only need to consider PET (PLT) for galaxies
classified as early (late) types. However, despite the bi-
modal distribution in the color-color diagram (§2.4; Fig-
ure 1), there are galaxies in the region between the star-
forming and quiescent sequences, making their classifi-
cation rather arbitrary, causing cross-contamination of
the two classes. Previous studies never took this effect
into account, but since we are aiming to constrain the
intrinsic scatter this becomes necessary.
Holden et al. (2012) showed that at low redshift ∼ 18%

of color-color selected early-type (late-type) galaxies have
(no) detected Hα emission in their SDSS spectra. This
is due to a myriad of physical and observational effects,
such as AGN-related line emission or low-level star for-
mation in genuine early-type galaxies, and dust obscura-
tion, sensitivity limits and aperture effects in genuine
late-type galaxies. It is reasonable to assume that a
substantial minority of the 18% are actual border-line
objects that should be treated as contamination due to
observational uncertainties in the measured rest-frame
colors and objects that are truly intermediate to the two
classes of early- and late-type galaxies. We take this
mis-classification probability to be C = 0.05. While this
choice is rather arbitrary, our results do not critically
depend on this choice, even though it is essential that
some degree of contamination is taken into account. Be-
low we will remark on the effect of adopting C = 0.02 or
C = 0.10 instead.
For a sample of galaxies, C precisely corresponds to the

early- and late-type contamination fractions in case the
two sub-samples have equal numbers of galaxies. Gen-
erally, the contamination fraction is given by C scaled
with the early-/late- type fraction. The latter depends
on galaxy mass and redshift, and here we adopt simple
linear fits to the observed early-/late-type galaxy frac-
tion in our sample, f(m∗, z) = NET(m∗, z)/NLT(m∗, z),
where NET(m∗, z) and NLT(m∗, z) are the numbers of
early- and late-type galaxies in the mass and redshift
bins used in this paper.
Finally, we allow for 1% of outliers: these are objects

that are not part of the galaxy population, for example,
catastrophic redshift estimates or misclassified stars.
Then, we compute the total likelihood for a set of six

model parameters (intercept A, slope α, and intrinsic
scatter σlogReff

, each for both types of galaxies):

LET =
∑

ln
(

(1− C/f)PET + C/fPLT + 0.01
)

(5)

for early-type galaxies, and

LLT =
∑

ln
(

(1− Cf)PLT + CfPET + 0.01
)

(6)

for late-type galaxies. The best-fitting parameters are
identified by finding the model with the maximum total
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
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Figure 6. Parameterized redshift evolution of the size–mass relation, from the power law model fits shown in Figure 5. The left-hand panel shows the evolution of
the intercept, or the size evolution at fixed stellar mass of 5 × 1010M⊙. Strong evolution is seen for high-mass early-type galaxies, and moderate evolution is seen
for low-mass early types and for late-type galaxies. The middle and right-hand panels show the evolution of the slope and intrinsic (model) scatter of the size–mass
relation, either with little or no evidence for changes with redshift. The open symbols represent the observed scatter: these measurements do not take measurement
uncertainties and contamination into account. The fitting parameters shown in this figure are given in Table 1.
(A color version of this figure is available in the online journal.)

Table 1
Results from the Parameterized Fits to the Size–Mass Distribution of the form Reff/kpc = A(M∗/5 × 1010 M⊙)α ,

as Described in Section 3.1 and Shown in Figures 5 and 6

Early-type Galaxies Late-type Galaxies

z log(A) α σ log(Reff ) log A α σ log(Reff )

0.25 0.60 ± 0.02 0.75 ± 0.06 0.10 ± 0.02 0.86 ± 0.02 0.25 ± 0.02 0.16 ± 0.01
0.75 0.42 ± 0.01 0.71 ± 0.03 0.11 ± 0.01 0.78 ± 0.01 0.22 ± 0.01 0.16 ± 0.01
1.25 0.22 ± 0.01 0.76 ± 0.04 0.12 ± 0.01 0.70 ± 0.01 0.22 ± 0.01 0.17 ± 0.01
1.75 0.09 ± 0.01 0.76 ± 0.04 0.14 ± 0.01 0.65 ± 0.01 0.23 ± 0.01 0.18 ± 0.01
2.25 −0.05 ± 0.02 0.76 ± 0.04 0.14 ± 0.02 0.55 ± 0.01 0.22 ± 0.01 0.19 ± 0.01
2.75 −0.06 ± 0.03 0.79 ± 0.07 0.14 ± 0.03 0.51 ± 0.01 0.18 ± 0.02 0.19 ± 0.01

Note. σ (log Reff ) is the scatter in Reff in logarithmic units.

for late-type galaxies, where W is the weight and C is the
contamination fraction, both of which are a function of redshift
and mass. The best-fitting parameters are identified by finding
the model with the maximum total likelihood, L = LET + LLT.

For the late types, we fit all galaxies with M∗ > 3 × 109M⊙;
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 = 2.5 (Figure 2). For the early types, we fit all galaxies
with M∗ > 2 × 1010M⊙, so that we avoid the clearly flatter part
of the size–mass distribution at lower masses (see Section 3.2).
This cutoff 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 individual model parameters (intercept, 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 significantly with redshift and particularly
rapidly for the early types.

Usually, the evolution of the intercept is parameterized as a
function of (1+z). While this is intuitively appealing because of
our familiarity with the cosmological scale factor, this is perhaps
not the physically most meaningful approach. Galaxy sizes, in
particular disk scale lengths, are more directly related to the
properties of their dark matter halos than to the cosmological
scale factor. Halo properties such as virial mass and radius
follow the evolving expansion rate—the Hubble parameter
H (z)—instead of the cosmological 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 z ∼ 2
this is H (z) ∝ (1 + z)1.4.

For this reason it is reasonable to parameterize size evolution
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 parameterization 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 are of
the same magnitude as the systematic uncertainties in the size
measurements and color gradient corrections (Section 2.5). A
more thorough comparison with size evolution of larger samples
at z < 1 with size measurements at visual wavelengths would
improve these constraints.

Newman et al. (2012) first demonstrated the lack of strong
evolution in the slope of the size–mass relation for massive
(>2×1010 M⊙) early-type galaxies. Here we confirm that result
(middle panel, Figure 6) and find a slope of Reff ∝ M0.75 at all
redshifts. This slope is somewhat steeper than measured by Shen
et al. (2003) for present-day early-type galaxies. Differences in
sample selection (star-formation activity versus concentration)
and methods (Reff from Sérsic profile fits versus Petrosian
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• Evidence for growth of individual galaxies

• Evolution of SF-ing galaxies
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Open issues + plan of attack

Connecting progenitors and descendants

• We need more information than stellar mass, SFR, and global structure

• We need ages and metallicities at large lookback time

• We need a property that does not change much with time: 
                                                                                stellar velocity dispersion



128 nights of VLT/VIMOS time over the next 5 years

Sample: 2500 K-band selected galaxies at 0.6 < z < 1.0



Sufficient resolution (R > 2000) and S/N (~20) to measure 
I) internal stellar motions

II) stellar ages and metallicities

128 nights of VLT/VIMOS time over the next 5 years

Sample: 2500 K-band selected galaxies at 0.6 < z < 1.0
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