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EARLY-TYPE GALAXY SHAPES AND SIZES OUT TO Z=3

FROM CANDELS & 3D-HST



CANDELS (Faber & Ferguson)
• Multi-Cycle Legacy Program -- 902 orbits
• NUV -- NIR imaging over 788 sq. arcmin. / 5 fields

3D-HST (van Dokkum)
• Treasury Program -- 245 orbits
• optical/NIR grism spectroscopy of 4 CANDELS fields

Grogin et al. (2011); Koekemoer et al. (2011)
Brammer et al. (2012); Skelton et al. (2014)
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For this talk
• ~40,000 galaxies at 0 < z < 3
• with robustly measured half-light radii (van der Wel+12;  van der Wel+14)
• redshifts, stellar masses, colors (Skelton+14, Momcheva+ in prep.)

CANDELS & 3D-HST
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The green valley:
the most fertile soil
for star formation

Stellar masses and SFRs from SDSS+WISE
(Chang, van der Wel, Da Cunha, Rix, in prep.)

z ~ 0.1



Evolution of the size-mass distribution

Zirm, vdW+07; van Dokkum+08; Buitrago+08; Williams+10; Newman+12; Carollo+13

Lilly+98; Shen+03; Barden+05; Trujillo+06
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1.2 < z < 2 (Cimatti+08) 2 < z < 2.5 (van Dokkum+08)

Evolution of the size-mass distribution
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Late-type (star-forming) galaxies

• Galaxy size proportional to halo size at all z
R ∝ Hz-2/3 (halo R measured w.r.t. critical density)

• Stellar mass - halo mass relation has a constant, positive slope
R ∝	 M1/5 at all z, flatter than R ∝	 M1/3 for constant M*/Mhalo

• Scatter somewhat smaller than scatter in spin at all z?
σ(log R) ≈ 0.15 - 0.2   ⇔ σ(log λ) ~ 0.24
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Fig. 7.— Left panel: The evolution of the stellar mass density of galaxies from z = 4 to z = 0 down to a limit of log(Mstar/M!) = 8.0.
The UltraVISTA measurements are shown in red with error bars representing total 1! random errors inclusive of cosmic variance and the
errors from photometric uncertainties as derived using the MC simulations. Other measurements from the literature are shown (see text
for the definition of references) and agree well with the UltraVISTA measurements within the uncertainties. Right panel: The evolution
of the number density of galaxies above a fixed mass limit from UltraVISTA. Open circles denote extrapolations of the Schechter function
beyond the data. Black and light blue points are from the NMBS Brammer et al. (2011) and PRIMUS (Moustakas et al. 2013) surveys
and agree well with the UltraVISTA measurements.

Fig. 8.— Left panel: The evolution of the stellar mass density of star forming (blue) and quiescent (red) galaxies as a function of redshift
with error bars representing total 1! random errors inclusive of cosmic variance and the errors from photometric uncertainties as derived
using the MC simulations. At low-redshift the measurements from Bell et al. (2003) (circle and star) and Baldry et al. (2012) (square and
triangle) are shown. The mass density in quiescent galaxies evolves faster than the mass density in star-forming galaxies, particularly at
high redshift. Although they dominate the high-mass end of the mass function at z < 2.5, quiescent galaxies do not dominate the overall
mass density of the universe until z < 0.75 due to a much shallower low-mass-end slope. Right panel: Evolution of the number densities
of star forming and quiescent galaxies at a fixed mass limit as a function of redshift.

90% (50%) of all stars formed since z ~ 2.5 (z ~ 1)
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Early-type (quiescent) galaxies

• Rapid size evolution at log M >10.3.   At lower M: slower (like late types)

• Quenching and subsequent growth conserve scatter and slope
              No evolution in slope: R ~ M^0.7

No (or little) evolution in scatter :σ(log R) ≈ 0.13 - 0.18
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Co-moving number density evolution of compact early types
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Disk-like quiescent galaxies at z ~ 2

van der Wel+11
(also see McGrath+08)



P(q)

also see 
Holden, van der Wel et al. (2012)
Chang, van der Wel et al. (2013a)

Bruce et al. (2014)

Chang, van der Wel et al. (2013b)

Evolution of the 3D shapes of early types

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 dashed pink lines respresent the triaxial component; the
dotted 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.

TABLE 3
Double-component fitting results for z = 0

Mass redshift(z) fob
a b b !b T c !T E d !E PKS

e PMW

10.8-11.5 0.04-0.08 (SDSS) 0.20± 0.02 f 0.29± 0.02 0.07± 0.01 0.64± 0.06 0.08± 0.05 0.41 ± 0.02 0.19± 0.02 0.26 0.46
10.5-10.8 0.04-0.08 (SDSS) 0.56± 0.06 0.28± 0.01 0.08± 0.01 0.68± 0.12 0.08± 0.06 0.45 ± 0.02 0.16± 0.03 0.29 0.19
10.1-10.5 0.04-0.06 (SDSS) 0.72± 0.06 0.28± 0.01 0.09± 0.01 0.48± 0.08 0.08± 0.06 0.49 ± 0.02 0.12± 0.02 0.84 0.28
afob is the fraction of the oblate component.
bb the intrinsic axis ratio of the oblate component and !b its standard deviation.
cT is the mean triaxiality parameter, with standard deviation !T; these are set to 0 or 1 for the oblate and prolate models.
dE and !E are the ellipticity (1 minus the intrinsic short-long axis ratio) and its standard deviation.
eThe final two columns list the KS and KW probabilities that the observed and best-fitting model projected axis ratio distributions are

indistinguishable, for a randomly drawn realization of the model distribution with the same number of objects as the observed samples.
These serve as a crude goodness-of-fit test.
fUncertainties are obtained from bootstrapping.

can use our superior knowledge of the low-redshift pop-
ulation to inform the model for the high-redshift pop-
ulation. Because each of the two components are very
similar across the mass range explored here for the low-
redshift sample, 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 Table 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.

q (projected axis ratio)
0           0.5            1

10.8 < logM < 11.5



P(q)

triaxial

also see 
Holden, van der Wel et al. (2012)
Chang, van der Wel et al. (2013a)

Bruce et al. (2014)

Chang, van der Wel et al. (2013b)
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at 1 < z < 2.5 from CANDELS (bottom row), each in three mass bins. The green lines represent the best-fitting, two-component models
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dotted 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.
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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.
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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 dashed pink lines respresent the triaxial component; the
dotted 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.

TABLE 3
Double-component fitting results for z = 0

Mass redshift(z) fob
a b b !b T c !T E d !E PKS

e PMW

10.8-11.5 0.04-0.08 (SDSS) 0.20± 0.02 f 0.29± 0.02 0.07± 0.01 0.64± 0.06 0.08± 0.05 0.41 ± 0.02 0.19± 0.02 0.26 0.46
10.5-10.8 0.04-0.08 (SDSS) 0.56± 0.06 0.28± 0.01 0.08± 0.01 0.68± 0.12 0.08± 0.06 0.45 ± 0.02 0.16± 0.03 0.29 0.19
10.1-10.5 0.04-0.06 (SDSS) 0.72± 0.06 0.28± 0.01 0.09± 0.01 0.48± 0.08 0.08± 0.06 0.49 ± 0.02 0.12± 0.02 0.84 0.28
afob is the fraction of the oblate component.
bb the intrinsic axis ratio of the oblate component and !b its standard deviation.
cT is the mean triaxiality parameter, with standard deviation !T; these are set to 0 or 1 for the oblate and prolate models.
dE and !E are the ellipticity (1 minus the intrinsic short-long axis ratio) and its standard deviation.
eThe final two columns list the KS and KW probabilities that the observed and best-fitting model projected axis ratio distributions are

indistinguishable, for a randomly drawn realization of the model distribution with the same number of objects as the observed samples.
These serve as a crude goodness-of-fit test.
fUncertainties are obtained from bootstrapping.

can use our superior knowledge of the low-redshift pop-
ulation to inform the model for the high-redshift pop-
ulation. Because each of the two components are very
similar across the mass range explored here for the low-
redshift sample, 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 Table 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.

q (projected axis ratio)
0           0.5            1 0           0.5            1
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The majority of massive early types at z > 1
are flat/disk-like, with intrinsic c/a~0.3



~10k galaxies at z ~0.06 early types from SDSS

The merger origin of massive galaxies

van der Wel et al. (2009)

1010 1012



~10k galaxies at z ~0.06 early types from SDSS

The merger origin of massive galaxies

Beyond 2x1011 M⊙ all galaxies are round

van der Wel et al. (2009)

Mergers are the only way to grow beyond 2x1011 M⊙

1010 1012



• The size-mass relations of early- and late-type galaxies 
differ strongly in intercept and slope at all redshifts

• Newly quenched galaxies at z~2 are compact and disk-like

• Subsequent evolution builds up extended envelopes and 
destroys the disk-like structure

Conclusions





Sersic index = 5.9 Residual = 11%Elliptical

Spiral Sersic index = 1.4 Residual = 21%

How are sizes and shapes measured?

Sersic profile:

GALFIT (Peng+10)



Quiescent galaxies in at z =1.6 - 2

2.4” / 20 kpc stellar mass ~5 x 1010 M⊙

Koekemoer+11 (F814W, F125W, F160W)



Quiescent galaxies in at z =1.6 - 2

2.4” / 20 kpc stellar mass ~5 x 1010 M⊙

Koekemoer+11 (F814W, F125W, F160W)



Stellar rotation curves of z ~ 1 galaxies

B-band photometry described in x 2.2 is fitted with the projection
of a parameterized, oblate axisymmetric, constant axial ratio lu-
minosity distribution. The results of the modeling are fairly in-
sensitive to variations in the unknown inclination (van der Marel
& vanDokkum 2007a, 2007b). In the discussion belowwe adopt
for each galaxy the inclination angle that is most likely, given the
probability distribution of intrinsic axial ratios derived from large
galaxy catalogs of the local universe.

Given the three-dimensional luminosity density, the Jeans equa-
tions are solved under the assumptions of a constant M /L and a

two-integral distribution function f ! f (E; Lz), where E is the
energy and Lz the angular momentum around the symmetry axis.
Themodels have v2R " v2z , so their velocity distribution is isotropic
in the meridional plane. The ratio of v2! to v

2
R is determined by the

requirement of hydrostatic equilibrium. The second azimuthal
velocity moment is split into mean and random components ac-
cording to the convenient parameterization

v! ! k v2! # v2R

! "1=2
: $1%

Fig. 1.—Profiles of mean velocity v for 25 field early-type galaxies at redshifts 0:6 < z < 1:2. The points indicate the measured velocity at each spatial pixel in the
spectroscopic slits. The solid curves show the predictions of the best-fitting models. For comparison, dotted curves are the corresponding predictions when seeing
convolution and pixel/slit binning are not taken into account. The visual morphology, the redshift, and the inferred rotation parameter k are given for each object. An
asterisk indicates that the maximum value for k that is physically possible is adopted instead of the best-fitting value for k. The ID numbers correspond to those given in
van der Wel et al. (2005), where more information regarding the photometric and kinematic properties can be found.
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