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Fi: flux, Ri: radius, Vi: velocity,  
σi: dispersion at a spaxel i



1.2 Two Phase Scenario for ETG Formation & Evolution

Phase I (z>2?) 
Bulge formation in  
gas-rich processes 
⇒ Fast rotators?
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Figure 10. Spatial distributions of the HAEs at z = 2.2 (top) and z = 2.5
(bottom). Green filled circles indicate the HAEs, while small gray dots show all
the objects detected in the NB images. The contours present the smoothed local
number density of the HAEs (Σ5th =2, 4, 6, 8, 10 Mpc−2).
(A color version of this figure is available in the online journal.)

star-forming nuggets. The fundamental questions are how they
evolve afterward and what their descendants are in the present-
day universe. The constant number density method is a useful
approach with which we can link high-redshift galaxies to
local galaxies (e.g., Leja et al. 2013). As shown in Figure 1,
the completeness limit of our survey almost reaches down to
M∗ > 1010 M⊙. The stellar masses of the HAEs with red clumps
and the star-forming nuggets are M∗ > 1010.5 M⊙ (Figures 1
and 9), which corresponds to the number density of n =

(5–6) × 10−4 Mpc−3 (Patel et al. 2013). At a constant number
density, their descendants would be massive galaxies with M∗ >
1011 M⊙ at z ∼ 0 and dominated by red, quiescent galaxies
(Baldry et al. 2004). Moreover, our HAEs are inhomogeneously
distributed and constitute large-scale structures at z > 2
(Figure 10). The galaxies existing in such overdense regions
at high redshifts are most likely the progenitors of massive,
quiescent galaxies like giant ellipticals in the local clusters/
groups, rather than late-type galaxies that dominate in less dense
environments. In this section, we will discuss the evolutionary
paths of our sample of star-forming galaxies at high redshifts to
the massive quiescent galaxies at later epochs.

We present a schematic chart of the two kinds of evolutionary
tracks from high-redshift galaxies to local quiescent ones in
Figure 11. In the numerical simulations, a gas-rich major merger
at high redshift can produce a massive, compact system (Wuyts
et al. 2009; Bournaud et al. 2011a). Our two star-forming
nuggets are likely to be in the phase of violent starburst or shortly
after that. They would subsequently quench star formation (and
become red nuggets) and further evolve from red nuggets into
large quiescent galaxies through a number of dry minor mergers.
From past dissipational processes such as a major merger, they
would be dispersion-dominated objects and would be observed
to be slow rotators and early-type galaxies in the present universe
(Emsellem et al. 2011). This evolutionary path would be most
efficient at high redshifts because almost all the star-forming
galaxies are no longer compact at z < 1 and therefore this path
can be called the early track (Barro et al. 2013).

Although the short duty cycle of star-forming nuggets can
explain the evolution of the number density of red nuggets
(Barro et al. 2013), the number density of massive quiescent
galaxies increases by a factor of two between z = 1 and
z = 0 (Brammer et al. 2011), at which point the nuggets
would be very rare. This means that there must be another
evolutionary path to form quiescent galaxies from the majority
of star-forming galaxies. The size evolution during the star-
forming phase before they quench their star formation is also
quite important as well as the later growth of their sizes by
minor mergers. We find a lot of star-forming galaxies with
extended disks at z > 2 (Figure 4). They are expected to evolve
into more massive galaxies just following the local mass-size

Figure 11. Schematic pictures of the proposed evolutionary tracks from high-redshift, star-forming galaxies to local, massive, quiescent galaxies. Blue, red, and
magenta colors indicate star-forming, quiescent, and dusty star-forming components, respectively.
(A color version of this figure is available in the online journal.)

9

Phase II (z<2?) 
dynamical evolution  
gas-poor processes 
⇒ Slow rotators

⇒ Evolution of dynamics of ETGs is expected in z<2
⇒ We want to know dynamics of high-z ETGs

Tadaki+14



1.3 Isophote Shapes of Early-Type Galaxies: Boxy vs Disky
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1.4 Boxy/Disky (a4) as a Proxy for Slow/Fast Rotators

~ Dispersion supported
Boxy (a4 < 0)

~ Rotation supported
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Isophote shapes (boxy vs disky) can be used 
as a proxy for dynamics (slow vs fast rotation)
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1.5 Redshift Evolution of Disky ETG fraction from z~1 to 0

●z = 0 sim
ulation: fFR

z=1 sim
ulation: fFR

: z~0 simulation
: z~1 simulation

Mitsuda+17; Penoyre+17; Pasquali+07

Simulation
evolution of fast rotator 
fraction from z ~ 1 to 0

●Cluster observation
no evolution of disky ETG 
fraction from z ~1 to 0
⇒ environmental effect?

➥ We investigate evolution of disky fraction in normal fields

: z ~ 0 cluster ETGs 
: z ~ 1 cluster ETGs 
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2.1 z ~ 1 Field ETG Sample from Five 3D-HST Fields

▹ 3451 galaxies in 0.8 < z < 1.4

▹ 1181 mass-limited quiescent galaxies

▹ 923 Field ETGs

Quiescent galaxy selection  
with UVJ diagram

Sérsic index n ≥ 2

Stellar mass limit with  
log(M✽/M⦿)>10

●

●

●
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2.2 Measuring Isophote Shape Parameter a4
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etc… are derived.
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2.3 Dependence of a4 Parameter on Mass and Size
No massive (log(M＊/M⦿) > 11.5) boxy ETG in z~1 field sample

For lower mass ETGs, smaller galaxies are more disky with 
larger a4 value

●

●

the highest, intermediate, and lowest mass bins, or, in order to
compare the disky fraction without the Eddington bias, we need
to reduce the measurement error of a4 of high-redshift galaxies
down to an equivalent amount of that of low-redshift
galaxies.Thus, we need much deeper imaging of high-redshift
galaxies with spatial resolution of space-based telescope, but
our imaging data are some of the deepest ones with HST. In the
near future, the James Webb Space Telescope will enable us to
study isophote shapes for lower mass high-redshift galaxies
with much higher accuracy.

4.3. The Uncertainty of the a4 Parameter

We show the measurement error of the a4 parameter as a
function of stellar mass in Figure 17. We can see that the error
tends to decrease with increasing stellar mass. For the high-
redshift quiescent ETGs, the average measurement uncertainties
are �� �100 0.7a a4 , 0.5, 0.4 at * ��M Mlog 10.5( ) , 11.5,
12.0, respectively. For the low-redshift ones, the uncertainties are

�� �100 0.3a a4 , 0.2, 0.1 at * ��M Mlog 10.5( ) , 11.5, 12.0.

4.4. The Relation between the a4 Parameter and theAxis Ratio

In Figure 18, we plot the axis ratio against the isophote shape
parameter a4. The absolute value of the a4 parameter tends to
be small when the axis ratio is close to unity, and ETGs with
small axis ratios tend to be disky for both the low- and high-
redshift samples. These trends are already known for nearby
ETGs (Bender et al. 1989). We also plot the field ETGs at
z∼0.5–1.1 from Pasquali et al. (2006). Our high-redshift
ETGs cover a similar region as theirs.

5. DISCUSSION

We discuss the evolution of ETGs in massive clusters
between z∼1 and 0, based on the isophote shapes as well as
other galaxy properties. A theoretical study predicts the
dynamical evolution of ETGs (Khochfar et al. 2011), and
observational studies have found size evolution and morpho-
logical evolution in terms of the axis ratios and Sérsic indices
(e.g., Bundy et al. 2010; Damjanov et al. 2011; Cimatti et al.
2012; Newman et al. 2012; Chang et al. 2013a, 2013b; van der
Wel et al. 2014; Delaye et al. 2014). However, we do not find

significant evolution in thedisky-to-boxy fraction between
z∼1 and ∼0, which suggests the isophote shapes and
probably the dynamical properties of ETGs are already in
place at z>1. We would like to investigate the implication
from these observational facts in this section.

5.1. The Effect of PSF on the Disky Fraction

First, we discuss the effect of the PSF on the disky-to-total
fraction to make sure that the PSF does not affect the
discussion of the evolution of the disky ETG fraction. As we
have mentioned in Section 3.4, the measurement of the a4
parameter is affected by the PSF. So, the difference of the PSF
between low- and high-redshift samples may introduce some
systematics into the evolution of the disky fraction. As the PSF
sizes of low- and high-redshift samples are comparable in
physical scales, what may matter are different sizes, Sérsic
indices, and axis ratios of the sample galaxies.
First, the high-redshift galaxies have, on average,smaller

sizes in physical scale than the low-redshift ones. However,
smaller sizes only make theabsolute value of observed a4
small, and do not change disky to boxy (i.e., the sign of a4) and
vice versa.
Second, the high-redshift galaxies have similar Sérsic indices

to the low-redshift ETGs in our sample. Although the
distribution of the Sérsic index of the high-redshift ETGs
seems to spread in awider range (Figure 7), the Sérsic index
does not alter the sign of the a4 parameter.
Finally, the axis ratios of the high-redshift sample is smaller

than those of the low-redshift sample; though, the statistical
significance is not so high in our samples. This would increase
the observed a4 parameter greater for the high-redshift sample
than for low-redshift, and the disky fraction of the high-redshift
sample may be overestimated. If the disky fraction increases at
z∼1, as predicted in Khochfar et al. (2011), and the smaller
axis ratio of the high-redshift galaxy affects the disky–boxy
classification, we would observe more significant evolution in
the disky fraction, but we do not.
Therefore, even if we take account of the effect of the PSF, it

cannot explain the fact that there is no evolution in the disky
fraction. Moreover, because the differences of galaxy sizes,
Sérsic indices, and axis ratios are very small between the

Figure 13. Distribution of the low- (left) and high-redshift (right) quiescent ETG samples on the mass–size (M*–re) plane. Color code indicates the a4 parameter,
which is locally averaged around the data point on the plane. re is the effective radius measured with GALFIT. Black crosses in right panel indicateETGs at
z∼0.5–1.1 from Pasquali et al. (2006). Dotted lines indicate lines of constant velocity dispersion, � � �50, 100, 200, 300, 400, 500 km s 1 from left to right,
assuming the virial relation * �� �M r G5.0 e
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2.4 Disky ETG Fraction at z~1 and 0 in Different Environment
Only two galaxies...

z = 0 sim
ulation: fFR

z=1 sim
ulation: fFR

●

: z ~ 1 field ETGs

: z ~ 0 cluster ETGs 

: z ~ 0 simulation
: z ~ 1 simulation

Low mass ETGs
In z ~ 1 cluster and field, 
disky fraction is consistent

: z ~ 1 cluster ETGs 

●High mass ETGs
Too small sample for z ~ 1  
field ETGs to compare to  
the simulation



2.5 Number density of Boxy and Disky ETGs

Bundy et al., 2010 x our results

z ~ 1 ETGs (all)
z ~ 0 ETGs (all)
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: z ~ 1 disky ETG
: z ~ 0 disky ETG

: z ~ 1 boxy ETG
: z ~ 0 boxy ETG

● log(M＊/M⦿) > 11

N of z ~ 1 disky ETG

N of z ~ 0 boxy ETG

≈

evolution from FR (disky)  
to SR (boxy) may occur

⇒



3 Summary

● Introduction
☀

☀

Dynamics of early-type galaxies: slow rotators vs fast rotators

Isophote shape (boxy vs disky) is related to dynamics

☀ Evolution from fast (disky) to slow (boxy) rotators in z<1 is predicted

☀ No evolution of disky fraction in z<1 independent of environments

● Our results

✻ Disky fraction for z~1 field ETGs in massive end is uncertain

☀ No evolution in disky fraction is NOT inconsistent with disky (FR) 
to boxy (SR) evolution if the number density is taken into account.


