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ABSTRACT

We compare the isophote shape paramef@f early-type galaxies (ETGs) betweer 1 and 0 as a proxy
for dynamics to investigate the epoch at which the dynanpicgberties of ETGs are established, using cluster
ETG samples with stellar masses of IMg(/Mg) > 10.5 which have spectroscopic redshifts. We have 130
ETGs from theHubble Space Telescogguster Supernova Survey far~ 1 and 355 ETGs from th8loan
Digital Sky Survefor z~ 0. We have developed an isophote shape analysis method edridie used for high-
redshift galaxies and has been carefully compared withighuad results. We have applied the same method for
both thez~ 1 and 0 samples. We find similar dependence ofthearameter on the mass and size atl and
0; the main population of ETGs changes from disky to boxy atitacal stellar mass of lod{../Mg) ~ 11.5
with the massive end dominated by boxy. The disky ETG fractiecreases with increasing stellar mass both
atz~ 1 and 0, and is consistent between these redshifts in dkstahss bins when the Eddington bias is
taken into account. Although uncertainties are large, éiselts suggest that the isophote shapes and probably
dynamical properties of ETGs in massive clusters are ayreaplace atz > 1 and do not significantly evolve
in z< 1, despite significant size evolution in the same galaxy [ajmn. The constant disky fraction favors
less violent processes than mergers as a main cause of éharglzmorphological evolution of intermediate
mass ETGs iz < 1.

Subject headinggalaxies: clusters: general — galaxies: elliptical andiderter, cD — galaxies: evolution
— galaxies: photometry — galaxies: structure

1. INTRODUCTION size plane, the specific angular momentum of E'Mages

Understanding the formation and evolution of early-type &S @ function of constant velocity dispersion assumingiri

galaxies (ETGS) is one of the main topics in the modern as- relation. The massive end of ETGs is dominated by slow ro-
tators wheres lower mass systems are basically fast retator

tronomy as they are important ingredients in the universe.
ETGs, also referred to as ellipticals and SOs, are one of the(sleefFlgu&e 8 lri]J_Qagp_elLan_eﬂalL_ZQBb) The similar trend i
major galaxy populations. The evolution histories of ETGs &S0 found in the tridimensional structure, i.e., massiv&g
are imprinted in dynamics, stellar populations, and shapes &€ spherical whereas less massive ones are flattenedg oblat
Dynamics of ETGs provides crucial knowledge about SPheroids (Figure 7 in Cappellari efial. 2013b).
The stellar population is also important to discuss the for-

their formation and evolution histories. There is a well- d | fETG Local ETG K
known parameter correlation between the luminosity, ve- mation and evolution o S. Loca S aré known
to populate a tight red sequence in the color-magnitude

locity dispersion, and size, i.e., the Fundamental Plane
(Djorgovski & Davis [1987), which combines the correla- ©OF color-stellar mass diagram_(Baum_1959; Faber 1973;
77; Baldry etlal. 2004, 2006), as

tion between the total luminosity and velocity dispersion
Y Y 9ISp rthey have rather homogeneous old and metal-rich stellar pop

(Faber & Jacksoh 19776), and that between the size and sur
face brightnesé_LKTm_e}Jl@W). Using integral field spec- Ulations (e.g.. Bower et £l. 1992 Kodama & Arimoto 1997).
Analyzing stellar absorption features obtained from ggalax

troscopic (IFS) data of 260 local ETG

20114), Cappellari et Al (2013a) obtain robust stellarsmas SPectra have revealed that more massive ETGs are older, more
estimator, and confirm the mass-to-luminosity rat,/() metal-rich, and have more element enhancement which im-

variation as a function of velocity dispersion, with which Plies shorter star formation time-scales (Worthey €t 89219

the Fundamental Plane can be interpreted as virial equilhomasetall 2008, 2010). Considered on the mass-size
plane, unlike dynamical properties, the stellar popurape-

librium (e.g.,.Djorgovski & Davis 1987, Prugniel & Simien
[1996; [Forbes et al. 1998), which implies the Fundamental rameters such as the stellar age, metallicity, and stardorm

Pl be reduced to th lane (Cappellati 2015107 time-scales_(McDermid et ial. 2015) as well as molecu-
fofl gigﬁgwf reducedto the mass-size plane (Cappellali ?ar gas fraction[(Young et al. 2011; Cappellari et.al. 2013b)

Emsellem et &l. [(2007, 2011) analyze the IFS data and®® constantas a function of constant velocity dispersion.
classify ETGs, using the specific angular momentum, into N the other hand, with increasing velocity dispersion, the
fast rotators whose dynamics is dominated by rotation andSté!lar populations become older, more metal-rich and more
dispersion-dominated slow rotators. Considered on thesmas @ €lément enhanced with shorter formation time-scales, and
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galaxies have less molecular gas fractibn (Cappellari et al ray activities and have coreless nuclear proflles (Bendal et
[2013b;[McDermid et al. 2015). As bulge fraction also in- [1989; [Ferrarese etlall_1994; van den Boschlet/al. 11994;
creases with increasing velocity dispersibn (Cappellzalle  [Lauer et al.[ 1995; Kormendy & Bender 1996; Faber ét al.
[2013b, and references therein), characterization ofstadip- 1997; [Rest et all_2001; Lauer et al. 2005; Kormendy et al.
ulation properties are probably linked to the bulge foromati  [2009). Dependence of the isophote shapes on environment is

To explain the different correlation of dynamics and stel- also studied by Shioya & Taniguchi (1993). These isophote
lar population to the velocity dispersion, two-phase forma shape properties are confirmed tlal. (2006) with
tion scenario is favored, i.e., a massive compact fastingta  much larger sample of 847 local ETGs using 8lean Digital
bulge is formed by dissipative processes such as gas inSky SurveySDSS) data._Pasquali ef al. (2007) use the same
flow or wet mergers at high redshifz & 2) when the uni-  sample to conclude that isophote shapes may be related to nu-
verse is much more gas rich, and dissipationless processeslear activities and to group hierarct999) a
such as dry minor or major mergers increase the galaxylNaab & Burkeit [(2003) present, by numerical simulations,
size (e.g., [ Khochfareth 1 t 13b; nearly equal mass mergers between disk galaxies produce
Dekel & Burkerit|2014, and references therein). As dry boxy ellipticals whereas minor mergers result in disky ones
mergers reduce angular momentum of the fast-rotating bulgeKhochfar & Burkert (2005) and Naab et all_(2006) also
and alter it into slowly-rotationg ETG5 (Khochfar & Burkert show that dry mergers also produce boxy elliptical galaxies
2005; Naab et al. 2006) without changing the stellar popula- regardless of the progenitor mass ratio.
tion, the dynamical properties varies in the mass-sizeeplan  In this study, to investigate the epoch at which the dy-
as a function of constant velocity dispersion with the massi  namical properties of ETGs are established, we analyze the
end of ETGs dominated by slow rotators while the stellar pop- isophote shape parametey), as a proxy for the dynami-
ulation becomes constant. cal properties, of ETGs in massive clusterzat 1 and O.

Khochfar et al. [(2011) investigate the evolution of the ra- We compare the dependence of the isophote shape parame-
tio of fast to slow rotators using semi-analytic galaxy for- ter on the mass and size as well as the disky ETG fraction
mation model, and present that the ratio evolveg in 2 between these redshifts. Advantages of studying galamies i
such that the fast to slow ratio decreases with decreasingnassive clusters are that there are larger number of ETGs
redshift due to dry mergers. The size evolution observedthan in fields, massive clusters are unique environmenttwhic
in z < 2 supports the hypothesis that dry (mainly minor) harbors massive ETGs such as central and cD galaxies, and
mergers are at work in this redshift range (e.g., Trujillalet  galaxies evolve within the cluster once they enter into such
2006, 2007t van Dokkum etlal. 2008; Damjanov et al. 2009; an environment. We have created quiescent ETG samples in
Barro et al! 2013, Tadaki etlal. 2014). However, Naab ket al. massive galaxy clusters with spectroscopic redshiftsygusi
(2014) present, using cosmological hydrodynamical simula data obtained in thélubble Space TelescogelST) Cluster
tions of individual galaxies, that there are many paths & cr Supernova (SN) Survey far ~ 1 (Dawson et &l._2009, PI-
ate fast- and slowly-rotating ETGs and it is not clear when Perlmutter: GO-10496), and SDSS (York etlal. 2000) Data
and how ETGs obtained their dynamical properties after theRelease 12 (DR12, Alam etlal. 2015) fox 0. We have also
star formation quenching at= 2. Moreover inz < 2, secu- developed an isophote analysis method optimized to high-
lar processes such as fading of disks may play an importantedshift galaxies with low surface brightness and small ap-
role, if we take account of the insufficient merger rate ard th parent size.
evolution of morphology as well as the size evolution (e.g., This paper is organized as follows: In Sectldn 2, we de-
lOesch et al. 2010; al. 2013, 2014; De Propris et al.scribe the sample selection, and basic properties of tHe hig
[2015). and low-redshift quiescent ETG samples. In Sedtion 3, we de-

It is important to study the evolution of the dynamical scribe the isophote analysis method. In Sedtion 4, we ptesen
properties of ETGs observationally. However, it is difficul the results which are followed by discussion in Secfibn 5.
to carry out IFS observations for high-redshift ETGs even Throughout this paper, magnitudes are described in the AB
with 8-meter class telescopes. The shapes of ETGs bringsystem and are galactic extinction corrected (Schlegél et a
us important information which is related to the dynamics. [1998;[Schlafly & Finkbeinér 2011). We assume\&DM
Although ETGs look featureless and their isophote shapescosmology with parameters off,, 5, Ho)=(0.3, 0.7, 70
can be described by perfect ellipses to the zero-th ordeir, th  km s Mpc™).
fggfﬁsor:%\é?si;rla(ll but 5|%n|f|cant((:j)ewat|on from enlllpst(s flfn > THE GALAXY SAMPLES

) and_Jedrzejewski (1987) evaluated the deviations of In this section, we describe the sample selection and ba-

isophote shapes from perfect ellipses using Fourier expansic properties of our sample galaxies. We create a stellar-
sions in the polar angle. They found the most significant mass limited, high-redshift quiescent ETG sample and low-
non-zero componentis ttag parameter, the coefficient of the redshift counterpart for comparison. We first select galsxi
cos(#) term. The negative sign of the parameter indicates with spectroscopic redshift from tHeéSTCluster SN Survey
the boxy isophote whereas the positive sign indicates disky (Dawson et al. 2009) for the high redshift 1), and from
[Bender et al. [(1988, 1989) study the isophote shapes andSDSS|(York et 4. 25'00) DRlﬂgM_ell 15) for the low
relation to other observed properties using 69 bright E/SOredshift ¢ ~ 0). To select quiescent ETGs, we then choose
sample, and have shown that there are significant correfatio quiescent galaxies using color magnitude diagram, impose a
betweera, and radio, X-ray properties. Boxy ETGs tend to stellar mass limit, and select ETGs based on morphological
be brighter, supported by random motions with large vejocit parameters.
anisotropy (i.e., slow rotators), have significant radia an . .
X-ray activities and core nuclear light profiles, while disk 2.1. High-Redshift Galaxy Sample
ETGs tend to be fainter, supported by ordered rotation with In the HST Cluster SN Survey (Dawson etlal. 2009) sur-
small velocity anisotropy (i.e., fast rotators), lack @édnd X- vey, twenty-five massive high-redshift clusters have been s
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lected from X-ray, optical, and IR suyveyls (Dawson et al. two spectroscopically identified members, and excluderothe
[2009). The basic properties of the clusters such as regshift clusters due to too few spectroscopic members. The total
virial masses, and radiii are described in Jee et al. (204&). mass of the included clusters spans from Mﬁ‘M') ~
have obtained multi-epocHST imaging data (PID 10496) 14.2 to 149, whereMzqo, adopted from Jee etlal. (2011), is
and follow-up spectroscopic data of galaxies in the clsster  the total mass at the radiuByq, inside of which the mean
density is 200 times the critical density of the universehat t
2.1.1. HST Imaging Data cluster redshift. We have 3M~ 1 cluster galaxies with the

Imaging data obtained BySTare described in Suzuki et al. spectroscopic redshift in total at this stage. The redsift
(2012) and Meyers et al. (2012), but we briefly describe basicthe selected galaxies spans fron9@to 148 with the me-
information here. The twenty-five target clusters weretggsi ~ dian redshift oz~ 1.2. We later create quiescent ETGs from
by HSTfour to nine times between July 2005 and December these 301 galaxies. Of these galaxies, 286 lie withinRiae
2006. Each visit typically consisted of fou500 s exposures ~ from the cluster center, and other 15 galaxies withinRud,
in the F850LP filter (hereaftemso) of the Advanced Camera  WhereRego is adopted from Jee et 11). The redshifts of
for Surveys (ACS) Wide Field Camera (WFE) (Ubéda 2012) 279 galaxies are withig-0.01 from the cluster redshift, and
and one~500 s exposure in the F775W filter (hereafte) those of other 22 are withii0.02.
of the ACS WFC. For galaxies at- 1, these two photometric .
bands cover the wavelength region around the 4000A break, 2:2. Low-Red_shn‘t Galaxy Sample
an important spectral feature of quiescent galaxies. To create the low-redshift sample, we make use of SDSS

In this paper we use the deep co-additions of exposuresPublic DR12|(Alam et &l. 2015). We refer to the spectroscopic
from all observation epochs. Four clusters, RDCS J0910+54and imaging catalogs provided by SDSS to select low-retishif
(Mei et al.[2006a), RDCS J0848+44 (Postman et al. 2005),9alaxies, and we usg-band images for the morphological
RDCS J1252-29 (Blakeslee eilal. 2003), and XMMU 2235.3- classification as well as the isophote shape analysis as-it co
2557 9), had been previously targeted by ACS irers the similar rest-frame wavelength rangezi for z~ 1
i775 andzsso (PID9290 and PID9919), and these exposures aregalaxies. We create a cutoutgband image of each galaxy.
also included in our co-added images. We create cutouts of . .
i775 andzgsp images of each galaxy from the co-additions. We 2.2.1. Low-Redshift Massive Clusters
usezgso cutouts for the morphological classification as wellas  We selected nine low-redshift massive clusters which may
the isophote shape analysis since the co-added imagggin be possible descendants of the high-redshift ones based on
is much deeper (effective exposure time-$0k sec or more  halo massesMzog) and redshifts. |_Reiprich & Bohrinder

depending on clusters) thaniifs. (2002) study basic properties of low-redshift galaxy clus-
. ) ters such as mass and radius based on X-ray observations.
2.1.2. Spectroscopic Redshifts We first select ten clusters whose redshifts lie in the range

We select the cluster members confirmed by spectroscopid-02 < zci < 0.05. The redshift range is determined so that
redshifts. The redshifts of the galaxies are taken from athe PSF size of SDSS images for 0 galaxies become com-
spectroscopic catalog created in tH&T Cluster SN Sur-  parable to that oHSTACS zgso images forz ~ 1 galaxies in
vey (Meyers et 2l 2012). The catalog information is de- physical scales in order to match the effect of PSF on is@hot
scribed in[Meyers et al[ (2012). Briefly, as thST Clus-  Shape measurements (see SubseEfidn 3.4). The PSF FWHM
ter SN Survey produced SN candidates, galaxies were specof HSTACS zgsoimages~ 0!'1, corresponds te 0-75‘0-85
troscopically targeted with multi-object slits using prieed- ~ Kpc atz~ 0.8-1.5 whereas that of SDSS images1!’3, cor-
uled observing time on DEIMOS on Keck Ilmg—a%elt al. respondste- 0.5-1.3 kpc atz~ 0.02-0.05.

2003), and FOCAS on Subarl_(Kashikawa étlal._2002), Then, one low-mass cluster, MKW4 (Iddtoo/Mc)=14.1)
and with Target of Opportunity (ToO) requests on FORSL1 IS excluded from the low-redshift cluster sample. Since the
and FORS2 on Kueyen and Antu at the Very Large Tele- high-redshift clusters are massive (Ibgo/Mo) ~ 14.2~
scope [(Appenzeller et’dl, 1998). The FORS1, FORS?2, angl4.9), such a Iow—mas_s cluster is not I|kel_y to be a descen-
DEIMOS observations are described in Lidman ét[al. (2005) dant of the high-redshift ones. The redshift and mass selec-
and[Dawson et al[ (20D9); the FOCAS observations are dedion leave us nine clusters, A0119, A1367, COMA, MKW8,
scribed il Morokuma et al. (2010). Galaxy redshifts are mea-A2052, MKW3S, A2063, A2147, A2199. The halo mass
sured through cross-correlation with template eigenspect SPans from log{l200/Me) ~ 14.6 to 152. The masses of
derived from SDSS spectra_(Aihara etlal. 2011). The im- low-redshift clusters are slightly larger than those offtigh-
portant spectroscopic features are the 4000A break, the abt€dshift ones. Since the high-redshift clusters with thie ha
sorption of Ca H, K, and the emission lines of [P3727A mass of~ 10" 5M® atz~ 1 will evt_)Ive_lnto clusters with the
doublet. The spectroscopic catalog includes these rdsishif Mass of~ 10°*Mg, atz~ 0, considering halo mass growth
and additional ones from literaturé_(Andreon etlal. 2008; from z~1t0 0 (e.g.,[ Zhao et &I. 2009), the low-redshift clus-
Bremer et al. [ 2006: Brodwin etlal__2006: Demarco et al. ters are the possible descendants of the high-redshift ones
@mﬂwﬂﬁgiw dL—ZDOIZ‘—ZI 2882 2.2.2. Selection of the Low-Redshift Galaxies

[2005). The equivalent width (EW) of the [ is also pro- We select member galaxies of each cluster using SDSS
vided for some galaxies (about a halfof 1 cluster galax-  Spectroscopic catalog. From the spectroscopic catalogewe
ies). Note that the completeness of the spectroscopic sampllect all galaxies that lie within onigzgo radius from the cluster
is not high and varies with cluster to cluster, since mangogal ~ center and within a redshift rangef —Az<z<zg +Az

ies are additional targets IHST Cluster SN Survey whose where we sef\z=0.0067 which corresponds to 2000 ks1*.
main targets are SNe and their hosts. The cluster radiusRbq), center, and redshift are referred from

In this study, we include nineteen clusters with more than [Reiprich & Bohringéer((2002). We have 3278 galaxies with
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SDSS spectroscopy & 17.77 mag) in total at this point with We select the low-redshift quiescent galaxies using color-
median redshift oz ~ 0.029. magnitude diagram of the—g color and absolutg magni-
. . : tude. It is not a simple task to select possible descendants
2.3. Selection of the Quiescent Galaxies of the high-redshift quiescent galaxies as the luminogity a
We select quiescent galaxies from the spectroscopic mem-<color of the galaxies evolve with redshift. Since the evolu-
bers of the high- and low-redshift clusters. We simply selec tion of each galaxy is unknown, we need to assume the evo-
red galaxies for the high-redshift sample. For the low-héftls  lution. In this study, we assume that the high-redshift qui-
we impose more strict selection criteria based on the colorescent galaxies passively evolve with no mergers. Although
magnitude diagram to choose red-sequence galaxies whiclive simply select quenched galaxies for high redshift based
are possible descendants of the high-redshift red galaxies  on one singlé;7s—zgso color, we select possible descendants
: . . ' at low redshifts based on color-magnitude diagram with more
2.3.1. High-Redshift Quiescent Galaxies strict selection criteria in order not to include newly quoked
We select the high-redshift quiescent galaxies based ongalaxies inz < 1. In Figure[2, we plot the color-magnitude
theiriz7s—2gso colors. The775—2ss0 color is measured within - diagrams of the low-redshift galaxies in three cluster nétls
a circular aperture of a fixed size. As galaxies, both late- an bins. We use the magnitude within the SDSS 3-arcsec fiber
early-type galaxies (e.d., Tortora et/al. 2010; den BroKleta when we derive thei—g color to reduce the effect of color
2011), often have radial color gradients, we measure the col gradients in a galaxy. We refer to the Petrosian magnitude
only in a central region. We set the aperture diametet’'820  given in the SDSS catalog as the tagahagnitude.
which correspondsto 1.8 kpcat 1.2 in physical scale. This In Figure[2, we also plot the color magnitude relation
physical scale is comparable to that of the diameter of thepy dashed lines inferred from the stellar mass-age and
SDSS 3-arcsec fiber at~ 0.03 with which we later measure  stellar mass-metallicity relation of nearby quiescent BTG
the color of low-redshift galaxies. (Thomas et al. 2005) using BCO3 with Salpeter IMF. Green
As the size of PSF is slightly different betweleps andzgso ~ solid lines in the figure are the bluer limit above which a
images, we prepare PSF-matched images by convolyjgg  galaxy is selected as quiescent. We determined the bluir lim
with the PSF ofzgso and vice versa. The PSF of each band is as follows. We decrease the metallicity by three times the
created in each cluster field as an averaged image of stars. Wintrinsic scatter €z/H) ~ 0.08dex, see_Thomas et al. 2005)
select~ 30 unsaturated stars with , cut out 0000 pixels  from the stellar mass-metallicity relation and fix the stell
around them, and normalize the flux with the central value. age to 7Gyr which corresponds to the look-back time to
Then we oversample the cut-out images by 51 times, aligned).9, the lowest redshift of the high-redshift galaxies. Then,
the center in the subpixel level, and take an average. we derived the color-magnitude relation with these SSP pa-
We select red galaxies with7s— 250 > 0.7 as quiescent  rameters. We finally fit a linear function the color-magniud
galaxies. The number of galaxies in the high-redshift quies relation in the magnitude range 623 < My < —16 to obtain
cent galaxy sample is 224. In Figure 1, we show the color- the bluer limit. As shown in Figurie 2, the bluer limit clearly
magnitude diagrams of the high-redshift galaxies in three separate red-sequence galaxies from those in the blue.cloud
cluster redshift binsze, < 1.05, 105 < 7z < 1.30, and  The number galaxy in the low-redshift quiescent galaxy sam-
1.30< zc.. We derive the measurement errorsigt— zgso pleis 1733.
color from unconvolved;7s and zgsg images to avoid corre- o
lated noise. We rusExtractor (Bertin & Arnouts 1996) 2.4. Stellar Mass Limits
on cutout images oif;7s and zgsp using two-step (Cold/Hot) Next we impose a stellar mass limit. We estimate a stel-
method IL&—X_e%I.IﬂM) to derive totakso magnitudes.  lar mass of the galaxies by fitting SSP models of BC0O3 with
The detection parameters in the two steps are optimizedSalpeter IMF to color(s) and magnitude. For low-redshift
by trial and error judged by the successful identification galaxies, we fit the SSP SED to the Petrosiamagnitude
and segmentation of galaxies near cluster cores. We useind SDSS 3-arcsec fiber colorswfg, g—r, g—i, andg-z
the Petrosian (Petroslan 1976) magnitudesq_PETRO in The free parameters are the stellar mass, age, metal(inity.
SExtractor) as the totaksso magnitude as we refer to the  sigma uncertainty is calculated from errors in h@agnitude
the Petrosian magnitudes given in the SDSS catalog for theand four colors via Monte-Carlo simulation.
low-redshift galaxies. For high-redshift galaxies, as onbys andzgsg magnitudes
In Flgure [1, we also plot the color-magnitude re- are available, only two free parameters can be constraiped b
lation of simple stellar population (SSP) models using the fitting. As our high-redshift quiescent galaxies argédy
Bruzual & Charldt|(2003, hereafter BC0O3) with Salpeter ini- consistent with red sequence expected from local stellasma
tial mass function (IMF). We compute absoluge magni- age and mass-metallicity relation (see Fiddre 1), we rétate
tudes andy75—Zzgso colors using the observed stellar mass-age stellar age to mass using Equation (3)in Thomasleft al. {2005)
and metallicity relation of nearby ETGs (Thomas et al. 2005) Then, independent fitting parameters are the stellar mabs an
As the high-redshift red galaxies form tight red sequence metallicity. We fit the synthetic SSP SED to thg, Petrosian
which is roughly consistent with the SSP models predicted magnitude andh75— zs40 color measured in the central region
from local red sequence, the evolution of the color would be (0722 diameter aperture) of a galaxy. We also estimate the
assive as discussed in previous studies (€.9.. Blakeisie e  stellar mass by assuming the stellar mass-metallicityiosia
[ﬁ&mﬁ,b). Although our color selectiontimi  instead of the mass-age relation. We adopt the absolute valu
i775— 2350 = 0.7, is bluer than the modeled red sequence, the of one half of the difference between stellar masses oldaine
selected galaxies should be quiescent as the color limit ind in the two different ways as uncertainty of the stellar mass f
cates the SSP equivalent age of older thaB00, 100, and  the high-redshift galaxies, which is typically larger thame
300Myr respectively at~ 1.0, 1.2, and 14. sigma error arising simply from uncertaintiesiys andzgso

30 ) : . t Galaxi photometry. ] .
2.3.2. Low-Redshift Quiescent Galaxies With the estimated stellar masses, we selected galaxibs wit
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FIG. 1.— Color-magnitude diagrams of the high-redshift gaaxin three cluster redshift bins,90< zo| < 1.05, 105 < z¢; < 1.30, and 130 <z < 1.5,
from left to right. Red circlesrepresent selected galaxies as quiescent wvithile squaresare unselected galaxies. Error bars indicate median w@icies.
Dashed linesepresent color-magnitude relation of the SSP models Wemtimbers at the ticks standing for the stellar massMogi ).

0.02 <z <0.03 ~ [0.03< _5CL <0.04  [0.04 <z <0. 05

—23-21- 1917 23— 2119 17-23-21-19-17

Mg Mg Mg

F1G. 2.— Color-magnitude diagrams of the low-redshift galaxiethree cluster redshift bins,02 < z-| < 0.03, 003 < z¢| < 0.04, 004 <z < 0.05, from
left to right. Red circlesrepresent selected galaxies as quiescent vihile squaresre unselected galaxies. Error bars indicate median wictes. Dashed
linesrepresent the color-magnitude relation of the SSP modélthvé numbers at the ticks standing for the stellar massMogi ). Green solid linesare the
separation lines above which a galaxy is regarded as quiesce

log(M../Mg) > 10.5 in order to make the stellar mass range magnitudes) in the four filters, negative color gradients ca
comparable between low- and high-redshift samples. Fer qui not explain the difference in the stellar masses. We would re
escent galaxies, the magnitude limit of the high-redshifts mind readers that the stellar masses of the high-redstéxga
ple is ~ 23-24 mag inzgsp depending on clusters. For the ies may have uncertainty ef 0.2 dex.

high-redshift quiescent sample, the stellar mass limitezor

sp(t)nds tO_tthg absolute n;g%nitzuzdgmsa 237221-8 andt'aplparE 2.5. Selection of the Quiescent ETGs
ent magnitudes afy,,, ~ 22.3, , an respectively a We then select ETGs from quiescent galaxies with mor-

2=10, 12, and 14. For the low-redshift quiescent galax- phological classification using photometric parameterge W

ies, the stellar mass limit correspondshiy ~ -19.5 and h lusi he disk boxv fracii
M, ~ -20.3in g andr bands, respectively. The latter becomes NOt€ that our conclusions, €.g., the disky-to-boxy frattare
stable and have negligible change even if we use quiescent

ther band apparent magnituderof = 16.4 atz=0.05 (the up- | |
per redshift limit of our low-redshift sample) which is bniger 933Xy Sample. .
There are various ways to classify galaxy morphology.

than the magnitude limit of the SDSS spectroscopic sample.O is the visual classificati hich h | h
We have 158 and 513 galaxies for mass limited high- and low On€ 1S the visual classification which has a long his-
redshift quiescent samples. tory in morpholog|cal classification (e.d._Sandage 1961;

We checked possible systematics between stellar masse 981; recent stud-
obtained from one color and from multi colors. First, we com- /€S_by [Fukugita et al 5007 for_low-redshift with SDSS;
pared the stellar masses of low-redshift quiescent galaxie lelﬂ% for high-redshift galaxy withST).

We computed stellar masses of low-redshift quiescent galax 1"€ré_have also been classification using the concentra-

ies fromu~—g fiber color andy Petrosian magnitude assuming tion (Morgai 1958), and parameter combination of the con-

the mass-age relation (Thomas é{al. 2005). We have founcEentration_and mean surface brightness_(Doi ket al. 11993;
Abraham et @

that the stellar masses obtained from a singte color tend I._1994), asymmetry (Abraham etal. 1996), or
to be over estimated by 0.5 dex. Then, we compared the SMoothness (Conselice 2003; Yamauchi €t al. 2005). Gini in-

: ; ; ; dex is also adopted instead of the concentration parameter
stellar masses of high-redshift quiescent galaxies. Fareso
ofourhigh-redshiftq%iescentsa?mdle Delag; e el al. (20B4) (Abraham et &l. 2003). Recently, machine learning scheme is
rived stellar masses from four-band photometries, zsso, introduced by Huertas-Company et al. (2011). In this study,
J, andKs. We matched our high-redshift quiescent sample & make use of the pair of the concentration parameter and
and Table B1 if Delaye etll. (2014), and compared the stel-M€an surface brightness which we have found less likely to be
lar masses derived from a single color and three colors (four2ffécteéd by signal-to-noise ratios of images than otheapar
bands). Unlike low-redshift samples, the stellar masses de 8t€rS- In Appendix, we provide results of simulations compa
rived from a singlé775— zsso color are on average under esti- ing the stability of the measurement of the Gini coefficient,
mated by~ 0.2 dex. Thus, we do not apply any correctionto aSYMmetry, concentration index, and mean surface brightne
the stellar masses of our high-redshift galaxies. We nate th 292inst signal-to-noise ratio.

; ; Before the morphological classification, we rGALFIT
as Delaye et all (2014) use.G_AUTO magnitudes (i.e., total (Peng et all 2002) on cutout image Bk, for high-redshift
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galaxies andy for low-redshift galaxies to fit a single Sér- thanMy ~ 20.5, and there are very small number of low sur-
sic profile (Sersl¢c 1968; Ciotti & Berlin 1999, for analytica face brightness ETGs in the fainter region. At the same time,
properties of the profile) in order to derive some basic param the galaxies with smafti andy.e > 23mag arcseé are fainter
eters of our galaxies and to create interloper-subtracted i than My ~ —20.5. Therefore, we define different selection
ages. We constrain the Sérsic indebetween 0.2 and 8.0, criteria of ETGs on th&€,-SBy5 plane for the low-redshift
and we input a PSF image to convolve with its model before galaxies brighter and fainter than, = -20.5 so that we can
fitting to the actual galaxy image. We mask or fit simultane- include luminous ETGs with low surface brightness simulta-
ously nearby objects depending on the degree of overlap. Foheously excluding disk galaxies.

high-redshift galaxies, the PSF images @Ektractor Figure[3 (right) is the distribution of the high-redshiftiqu
catalogs of nearby objects are constructed when we deriveescent mass-limited sample galaxies on the absajsgenag-
i775 — Zgso colors (see Subsectidn 2.B.1). For low-redshift nitude and half-light radius plane. Disk-like galaxies twit
galaxies, we also prepare PSF images aB&tractor n < 1.5 with pe 2 23 only appears iM,,, = —23, and lu-
catalogs. PSF images are created as for the high-redshifininous ETGs withue > 23 in My, < -23. Thus, we set the
sample, by averaging images of non-saturate80 stars in  critical magnitude tdl,,,, = —23.0 above or below which the
the original 2k<4k frame of the target. We make use of election criteria of ETGs on th&,-SBy4s plane are defined
Cold/Hot method (Rix et &l. 2004) as high-redshift, whenrrun differently.

ningsextractor. We obtained PSF deconvolved structural  In Figure[4, the distributions of the low- and high-redshift
parameters such as Sérsic indeeffective radiuse, axis ra- quiescent sample on th&, — SBy4s plane are shown. We
tio g = b/a, position angle, and surface brightnggsat re. also plot the expected positions for model galaxies withv

We do not use these structural parameters for morphologica{dashed linesand n = 1 (dotted line} Sérsic profile con-
classification as not all galaxies can be successfully flifed  volved with typical PSF. We selected galaxies above the sep-

a single Sérsic profile. aration line (ed solid lin§ as ETGs. Sérsic index is shown
, L , by the color code. As one can see in the figure, galaxies
2.5.1. Morphological Classification with &-and SBas with n > 2 are selected as ETGs. The number of galaxy with

The concentration index and mean surface brightness ardog(M..,/Mg > 10.5) in the low- and high-redshift quiescent
measured in the similar manner as describeﬁﬁlet al. ETG sample are 355 and 130, respectively. Note that major-
(1993). We first determine an isophote aperture by collgctin ity of the low- and high-redshift quiescent galaxy is ETGs,
pixels above cosmological dimming corrected surface lirigh and this ETG selection hardly affects the result.

ness of 24.5 mag arcséc We use the smoothed images with 2.6. Basic Properties of the Quiescent ETG Samples
a Gaussian kernel af = 2 pixel to determine the isophote. ) ] ]
The mean surface brightneS&,5 is computed as the total We present the basic properties of the quiescent ETG sam-

flux within the aperture devided by the total akge. We ples such as the stellar mass, size, axis ratio, and Sérsic

derive the equivalent outer radiusrag = /Aape/ T and inner 'tﬂges)irumgﬁfgﬂregrgvrﬁféfg ggt ali-rlgéaaf_teriFV\éhTer\IN\évgxc(i:lE%uess
radiusrin = a roy, Wherea is set to 0.3 in this paper. The con- P !

centration indexC, is defined as the ratio between the fluxes '?haelar;(;ergrﬂtéiedrVggtwnst:rgiﬁtgngng.(r)nz; woetsg eV?ellIJieelzlgreT“rzglrteO;r o
within a circular aperture with, and that withrg. :

 [199B) present that galaxies with Sérsic index of 14 and 23 objects with =2.0 or 8.0 respectively in the high-

n=4 (ETGs) anch = 1 (disk galaxies) can be separated in and low-redshift quiescent ETG samples.

: - In the left panel of Figurgl5, the effective radii of the low-
Cin-SBy5 plane. However, ETGs with low surface bright- P . . .
ness (i > 23— 24mag arcsed) and disks with the bright- and high-redshift quiescent ETGs are plotted against #ie st

- lar mass (the mass-size relation). We fit a linear function
ness ofue > 23mag arcseé overlap on the Elane de?end- log(re/kpc) =a x (log(M.. /M) —11)+b. We fix a to 0.57
ing on the PSF size (see Figures 1 and 1993).following Delaye et al.[(2014) and onlyis a free parameter.

Here, . is the surface brightness at effective radiignote  The fitted lines are shown in cyan dashed and magenta solid
that in[Doi et al[ 1993;., denotes the central brightness for lines for the low- and high-redshift samples, respectivélg

E: 1 galaxtle_s). Ast_ourg%c’illax!es resuﬂ_e ;_n "rass_j[‘r’]el C|U5te£5’ Weaso calculate the mass normalized sizg,, which is ob-
ave a certain portion of luminous ellipticals with low sam i - _ ' _
brightness!(Kormendy 1977), and these galaxies wil drdp ou [ e ngh st of Erble, the heogranie o1 gl )
from ETG classification if we simply apply the separation cri - gre shown for low- and high-redshift samples. The median
teria described in_Doi et All (1993). Considering that ETGS mass normalized sizes arelog(rewm,,) >= 0.63+0.02 and
and disk galaxies have different surface brightness-nagei 54 0.03 for the low- and high-redshift samples, respec-
relation (see for example Figure 20lin Kormendy & Bender yely. The overall distribution shifts towards the larggze
2012), ETGs withue = 23-24 mag arcse€ and disks with  from z~ 1 to 0. Kolmogorov-Smirov (KS) test gives the
tte 2 23 mag arcseé would appear in different magnitude p-value of 0.001 which indicates the two samples are statist
ranges. cally different. The size evolution is basically consigterth

In Figure[3 (left), the distribution of the low-redshift qui  the result presented in a previous study (Delayelét al]2014)
escent mass-limited sample galaxies with Sérsic indices of In Figure[®, the axis ratios are plotted against the stellar
n> 3.5 (left pane) andn < 1.5 (right pane) are shown on  mass in the left panel, and the histograms of the axis ratios
the absolutey magnitude and half-light radius plane. The are plotted in the right. The median axis ratios are >=
half-light radius is derived frorBLUX_RADIUS statistics ob-  0.71+0.01 and 068+ 0.02 for the low- and high-redshift
tained bysExtractor. We also plot magnitude-radius re- samples, respectively. The median axis ratio of the high-
lation inferred from Sérsic profile (see _Ciotti & Bertin 1999  redshift sample is smaller than that of the low-redshift,one
with n=4 andn = 1 with differentz.e. The low-redshiftgalax-  which is consistent with a previous work (De Propris ét al.
ies with largen and pe > 23—24mag arcseé are brighter  [2015), but in this study, the KS p-value is not enough small
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FiG. 3.— Left: Distribution of the low-redshift mass-limited quiesceyalaxies with Sérsic indices of > 3.5 (left pane) andn < 1.5 (right pane) on the
magnitude and half-light radius planBashed linesndicateMg-ry, relation assuming Sérsic profiles withe 4 (left pane) andn = 1 (right pane). e is set to
24, 23, 22, 21, 20magarcsédrom top to bottom.Right: Same as left but for high-redshift mass-limited quiesggiaxies. The magnitude is given sy,
instead oM. For the model linesye is set to 24, 23, 22, 21magarcs&érom top to bottom.

FiG. 4.— Leéft: Distribution of the low-redshift mass-limited quiescealaxies withMg > —-20.5 (left pane} andMgy
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show expected positions for galaxies with Sérsic profilek wi= 4 and 1, respectively. The number on the ticks indicatestinface brightnesge. Red solid
line is the separation line used for ETG selectidtight: Same as left but for high-redshift mass-limited quiesggiaxies with the separating magnitude of

Mz, = —23.0. The surface brightneBy, 5 is corrected for the passive evolution.
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FIG. 5.— Mass-size relation of the lowbl(ie squresand high-redshifted circleg quiescent ETGs is shown in the left panel. The median een@shown in
the panelCyan dasheéndmagenta solidines indicate linear function fitted to the relation for loand high-redshift samples. In the right panel, histograms
the mass normalized sizgwv,, are plotted Cyan dashe@ndmagenta solidines indicate the intercept of the fitting lines and llg(/M ) = 11 in the left panel
for low- and high-redshift samples, respectively.

(p=0.11) to conclude that the two distributions are statisti- small angular size, based oén _Bender & Mdllenhoff (1987).
cally different. The code takes three steps: contour determination; deviate
In Figure[7, the Sésic indices are plotted against the stel-ellipse fit; and estimation of errors. Readers who are not in-
lar mass in the left panel, and the histograms of the Sésicterested in the detail of the method, please skip this sectio
indices are plotted in the right panel. The median Sésic in- N
dices are< n >=4.3+0.01 and 42+ 0.2 for the low- and 3.1. Contour Determination
high-redshift samples, respectively. The median values ar In our code, the number of pixels needed to determine a
consistent within uncertainty. The KS test gives the p®alu contour is adjusted adaptively according3$oN per pixel.
of 0.28, which indicates that the two samples could be drawnThis point is different from other isophote analyzing code
from the same sample. such asiRAF task ELLIPSE (Jedrzejewski 1987). There are
three main challenges in investigating isophote contofirs o
3. MEASURING ISOPHOTE SHAPES high-redshift galaxies. First, apparent surface brigsnef
We developed an isophote analysis code which is optimizedhigh-redshift galaxy decreases with redshift as g (cos-
for high-redshift galaxies with low surface brightness and mological surface brightness dimming). Fox 1 galaxies,
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FIG. 6.— Axis ratios of the low-l§lue squreand high-redshifted circleg quiescent ETGs is plotted against the stellar mass in thpdeel. The median
errors are shown in the panel. In the right panel, histografitize axis ratios are plottecCyan dashe@ndmagenta solidines indicate the median value for low-
and high-redshift samples, respectively.
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FiG. 7.— Sésic index of the lowb{ue squrepand high-redshifted circleg quiescent ETGs is shown in the left panel. The median eex@shown in the
panel. In the right panel, histograms of the Sésic index kieed. Cyan dasheé&ndmagenta solidines indicate the median value for low- and high-redshift
samples, respectively.

the surface brightness becomes dimmerb¥/16 although Bright objects close to the target are masked. We make
intrinsic luminosity of a galaxy becomes brighter at higt-re  use of the output fronsALFIT. As objects close to the target
shift due to passive evolution as described in the previousare simultaneously fitted, we mask the pixel where the mod-
section. Second, small apparent angular size makes ismphoteled flux of nearby objects exceeds that of the target object.
shape measurement difficult in that the number of pixels usedWe have confirmed that bright nearby objects are succegsfull
to determine a contour becomes small. The precision of amasked even in the central region of a galaxy cluster in this
contour (or sampling points of the contout,y;) is enhanced  way.
by square root of the number of pixel used to determine the We extract pixel annuli from the selected pixels, and
contour for a given surface brightness. As easily imagined,isophote contours are sampled from the annuli. In the first
for large, nearby galaxies, low-order isophote shape param step, center of the target is identified, and pixels which are
eter, e.g.ay, is rather insensitive to noise per pixel since the likely to be affected by PSF are discarded. The center of a
typical scale length ddy, ~r x /4, is much larger than pixel — galaxy is identified as the intensity peak within the brighte
size. On the other hand, for distant galaxies with small eppa 10% of the pixels. We note that our target of interest is ETGs
ent size, the typical scale length is close to the pixel spe, whose light is concentrated, and flux peak of a galaxy is not
noise per pixel affects the isophote shape measurement morseverely affected by noise.
severely. In addition, the large PSF size compared to the The, pixels which may be affected strongly by PSF are dis-
apparent galaxy size may introduce systematic errors,hwhic carded in the following way. The faintest pixel within a PSF
will be discussed in Subsectibn B.4. radiusrpse from the center is identified, and pixels within an
First of all, pixels used in the isophote shape analysis isisophote of the intensity of the faintest pixel are masked an
selected in the following way. Pixels with a flux above a discarded. We refer these discarded pixels @gq¢) here-
given detection limit is picked up using a smoothed image after. In this study, we sebsgto the PSF HWHM, i.e., 1.0
with Gaussian kernel of = 1pixel. In this paper, we set the pix for HSTimages and 1.64 pix for SDSS.
detection limit one sigma background noisgg, above back- In the next step, the first annulus (inner most annulus) is de-
ground level. Then, from the selected pixels, those contigu  termined. The pixels surroundingifqis) are the inner pixels
to the initial center of the target are chosen. The position o of the first annulus. We refer these inner pixels pi(in).
the initial center is given as an input. Then, of the pixels surroundingiky jn), the faintest pixel and
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its intensity are found, and pixels contiguous to the centerangle, and axis ratiog = b/a, are necessary before analyz-
above the intensity are noted gsix; ou). The first annulus,  ing isophote shapes. In this step, the position angleand

(pixy.ann), is defined by the pixels, axis ratio,q = b/a, are fixed to the value estimated from the
. . . intensity-weighted second-order moments (&.9., Stob8819
(PiXt,ann) = (PiX1.0u) ~ (PiXdis)- (1) Lupton et all 2001; Yamauchi etlal. 2005) within the bright-
The successive annuli are determined in the following way. €St 25% of the pixels above one sigma isophote with nearby
The inner pixels ofi-th annulus is defined as objects masked.
(pan,in) = (pixn—l,ann) - (pan—l,in) (n>2). (2)

Then, of the pixels surrounding@ixnn), the faintest pixel and

its intensity are found, and pixels contiguous to the center
above the intensity are noted gsix, o). Then-th annulus,
(PiXn.ann), is defined as

(PiXn.ann) = (PiXnout) = (PIXn-1.0ut) + (PIXnin)- 3

Repeating this process until all the pixels defined in the pre
vious subsection are used, successive pixel annuli are-dete
mined as described in Figuré 8. The annuli tend to be narrow
in high-S/N region, i.e., in the central region, but to be &vid

in low-S/N region, i.e., in the outskirt, As a contour is de-
termined with larger number of pixel, the sampling points of
the contour are not significantly affected by noise even in a
low-S/N region.

FIG. 9.— Example of an annulus divided into azimuthal bin.

In each azimuthal bin, the sampling points of the isophote

ﬂn contour are determined using the local radial profile. First

radius of each pixel in each bin is derived. The radius of the
pixel at ,y) is calculated as

Fey =V (X=X0)2+ (Y=Y0)?, (6)

where o, o) is the center of the target. The error of intensity
is scaled by the included area into the bin as

FiG. 8.— Example of determined successive annuli. The anneilharrow 2 _ Ty 7
near the center, but are wide in outer, I8N region. Olyy A (7
X,Y,1

After pixel annuli are determined, the data points of con- whereo,, is the intensity error per pixel, anty; (< 1) is
tours are sampled. First, the isophote level ofritib contour the included area intbth _aZ|muthaI bin. _Thls jscallng allows
is calculated as the weighted mean of the pixels inrte ~ Us to treat the errors as independent, sifigg is equivalent
annulus, to the degree of freedom per pixel included i bin.

5 We fit a linear functionls;(r) = a r + 3, to the local radial
I, = Zannlx-y/glxy profile (r,1) using all pixels in each bin by minimizing
Zannl/gﬁ‘y

2 _ (IX,y_Ifit(r))2
wherely, andoy,, are the intensity and noise per pixelaty), X = o2 ) (8)
respectively. xy

Then, each annulus is divided into azimuthal bins, as de-and deriven, 3, and the covariance matrix from the scaled
scribed in Figuré19. The number of bin is three times the intensity errorsy; . Although a radial intensity profile of a
number of pixels in annulus, or if it is larger than 90, the gajaxyis often described by non-linear function such asigér
number of bin is set to 90. Dividing lines are given so that fnction [Sersit 1968), the radial range is enough smathier
the ellipse parametérof the lines becomes equidistant. The ' |5¢a) profile to be fitted by a linear function. We have tested
ellipse parametdris a parameter appearing in the parametric |oq intensity instead of intensity itself in this processt tve
formalization of an ellipse, have not found significant differences.

x=acos( —1) Then, the radius of sampling poing; is derived as the
crossing point of the fitting liné = Ig(r) and the isophote

(4)

y=bsin(-1), () levell =1,. The error of the radius;,, is calculated from the
wherea andb are the semi-major and minor axis, ands covariance matrix, i.e., the propagation of errors frgm to

the position angle. To define the dividing lines, the positio oy, is calculated. Thex(y) position of the sampling point is
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then given as, -
Xni =Fni COSE; — @) +Xo .
Yo =i I =) +Yo, 9) S Mo
and errors as 3 0]1 ,,,,,,,,,,,,,,,,,,,, B,
o M- ] 1 ViR,
Oxoi = Oty COSEI =~ @) — - & This Work: g :
Oyns =01y, SINE =), (10) ~ L L Chmiswener
wheref); = (ti +ti+1) /2. Repeating this process for all azimuthal 0.0 0‘_5 1‘_0 1‘.5 2‘_0
bins gives the sampling points for theth isophote contour. log(a/arcsec)
3.2. Deviated EIIipse Fit F1G. 10.— Example of radial (semi-major axis) profiles of thgparameter

To each isophote contour, an ellipse is fitted with third- to of anearby galaxy, NGCAGSBIue shaded region enclosed by g)olidh"m-
. P L s . resents the result obtained by Jedrzejewski (19818, am and) whereas
sixth-order Fourier deviations. The flttlng parameterSfm red shaded region enclosed by dashed limgicates the measurements by

pgrameters related to e||i_pse,_ Cenb@ﬁ Yo), axis ratio ), po- [Bender et 8|[(1988, i, Randl band).Blue squaresre our measurements
sition angle {»), and semi-major axisaj, and parameters re-  in gbandgreen crosseare inr, andred circlesare ini.

![ﬁfgég;ggg%ﬁ?&?ﬁgﬂ%gnm; ‘3’:}’ i’o ?)i'nznjedégros-ith to i Profile between galaxies. The mean value is calculated as an
d t® with " is rati d i ' Imﬁ:. error-inverse-weighted mean. Uncertainty of the meanevalu
egenerate with center, axis ratio, and position angiesLrIr g estimated from the propagation of errors, taking accofint
the initial values of the five ellipse parameters are derved o correlation between contours. How the errors of isaphot
minimizing shape parameters of each contour are derived is described in
(11) the next subsection. We constrain the semi-major axis range
in which the mean value of radial profile is calculated betwee
2rpspand 2. Here,ay is the half-light semi-major axis cal-
where ;,y:) is the sampling point of the contouke(, Ye;) is culated fronFLUX_RADIUS andELONGAT ION obtained by
the point on the fitting ellipse given as SExtractor. We have confirmed that taking 1.0 or %
_ instead does not change our result. Hereafter, isophopesha
Xei =acoS =)+ parameter (e.gas) simp?ly indicates the mean vaIueF) e
Yei =bsin @ =) +Yo. (12)

In this step, we iteratively fit the center, axis ratio, andifion 3.3. Estimation of Errors of Isophote Shape Parameters

angle around the value determined in the previous subgectio  We estimate statistical errors of isophote shape parameter
whereas the the semi-major axis is fitted around mean valuge.g.,as) arising from random noise of a flux in each pixel,

X = ‘ (% =Xei)® + (¥ —Yei)?) ,

of r. including photon noise from objects, and background noise
After initial conditions are determined, a deviated elifis such as photon noise due to sky flux and readout noise. We
fitted. In this processxg;, Yei) is given as first estimate the random noise in each pixel, then resokve th
_ propagation of noise onto the position of the contour samgpli
Xei =(a+Ar) cos i =)+ points, and finally, errors of the isophote shape paramaters
Yei = (b+Ari)sin @i —¢) +Yo, (13) estimated by Monte-Carlo simulation.

In the error estimation, the photon noise from objects is es-
timated from count per pixel by Poisson statistics. The back
6 ground noiserpg is estimated from background fluctuation
Ari = Z(ak coskd; — 1) +bysinkd; —)). (14) per pixel as we utilize calibrated, sky-subtracted imagés
k=3 background noise is estimated from a cut-out image of each
Finally, zero-th to sixth-order deviation terms are dediwgéth target. All objects detected BExtractox (see Subsection

: ; [2.3.3) are masked before measuring the pixel to pixel fluctu-
glkljlt%siﬁeréa;ggnveetersx((,yo), g ¢, anda, fixed to the values ation. ForHSTimages where background noise per pixel is

; lated oykq is corrected for the correlated noise using a
In Figure[I0, an example of measurements ofah@pa- €O bkg ced | .

rameters of a nearby galaxy NGC4697 is shown, As isophot simple equation described in Section 2.3[in_(Gonzagalet al
shapes of this galaxy have been investigatéd in Jedrzejews ) - . .
(1987) and Bender ethal. (1988), we compareauneasure- ~ Once noise per pixel is calculated for each pixel, the posi-
ments with these previous studies. We measure the isophotdonal €ror, ..y, ), or error of radial positiow,, ofa
shapes using SDS$ r, andi bands. Our measurements are SaMPling point of a contour can be computed as described in
in good agreement with the previous studies except for the in Subsectiofi3I1. Finally, one sigma uncertainty is estithate

ner most region where the seeing affects the measurement dfy Monte-Carlo simulation using the position errors. \We re-
a, and three measurements diverge probably due to the dif_sample the sampling points of each contour adding Gaussian

ference of the seeing. The typical seeing FWHM in our mea- random noise to the fitted deviated ellipse with the standard
surementis- 1.1-1.3arcsec estimated from unsaturated stars 9€Viation ofor,,. We resample the sampling points 100 times
while it amounts to~ 1.5- 1.9arcsec i Jedrzejewski (1987) and repeat fitting deviated ellipse to derive rms scatteaohe

and~ 2arcsec ih Bender etlal. (1988). isophote shape parameter which we defined as one sigma un-

We reduce the radial profiles of various isophote shape pa-Certainty.

rameters such ag, ¢, ap-g, bp-g to mean values in the fol- 3.4. The Effect of PSE
lowing way as it is too complicated to compare the radial T

whereAr; is the deviation term,
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We evaluate the systematic effect of PSF on the measuretow- and high-redshift ETGs are shown. The isophote con-
ment ofa, in a simulation. As mentioned in_Pasquali et al. tours are well fitted by the deviated ellipses.
(2006), measured isophote shapes are affected by PSF for - -
galaxies with small appearent sizes compared to PSF. We 4.1. Relation between,aMass, and Size
generated artificial images of low- and high-redshift galax  In FigureL18, we show the distribution of the low- and high-
ies, convolved them with typical PSF of low- and high- redshift ETG samples on the mass-sil#k {T¢) plane with the
redshift samples, and measured thgparameter in the con- @ parameter color coded. In this figura; values are lo-
volved images. We modeled the galaxies by Sérsic profilescally averaged around each data point within the plane to see
with various combinations of the Sérsic index, axis ratio, global trends. For both the low- and high-redshift samples,
anday parametern = 1.0,2.5,4.0,6.5; q = 0.2,0.4,0.6,0.8; we confirm a well known correlation between thgparame-
100x a4/a = -4.0,-2.0,0.0,+2.0,+4.0. We also changed terand mass,i.e., ETGs tend to be boxy with increasingstell
the galaxy size. For low-redshift galaxy models, the effec- mass. Both in low- and high-redshift samples, the main popu-
tive radii are set to logg/arcsec) = ,0.5,1.0,1.5,2.0. For lation of ETGs changes from disky to boxy at a critical stella
high-redshift galaxy models, they are set to legarcsec) =  mass of logil../Mg) ~ 11.5, and the massive end is domi-
-1.0,-0.5,0.0,0.5. " We note that larcsec corresponds to nated by boxy ETGs. Although the stellar mass of the high-
0.62kpc atz=0.031 and 8kpc atz= 1.2, and the ranges redshift galaxies has a large uncertainty as we can use only
of the effective radius well covers the typical sizes of attu two-band photometry, the critical mass at which main popula
galaxies. tion of ETG changes from disky to boxy is in good agreement

A part of the result is shown in Figufe]l1 where (PSF- Wwith the characteristic mass of ldg(/My) ~ 11.3-115 at
convolved)a, parameters are plotted against the axis ratio, which the dynamical property of nearby ETGs changes from
effective radius, and Sérsic index. In the left and centam-p ~ fast to slow rotators (Emsellem et al. 2011; Cappellari st al
els, only models withn = 4.0 are shown whereas, in the right 2013b)

panels, only those with log{/arcsec) = 10 (0.0) are shown Figure[I3 also shows a global trend for low mass galax-
for low-redshift (high-redshift) cases, respectively.séJin ies (logM./Mg) < 11.5) that they generally become more
the left panels, models with log{/arcsec) = 10,0.5 (0.0, - disky with decreasing size compared at the same mass (i.e.,
0.5) are shown for low-redshift (high-redshift) cases. Ha t ~ with increasing velocity dispersion) for low- and high-sbdft
central and left panels, models wiif+ 0.8,0.4 are shown. samples. For high mass galaxies (Mg(My) 2 115), as

Apparently, the measured (PSF-convolvegparameters ~ We do not have galaxies with smal, we can not examine
are affected not only by the axis ratio but also by galaxy size the size dependance of the parameter. For the most mas-
and Sérsic index. Moreover, the difference of the measuredsive galaxies with lod{l. /M) 2 11.7, disky galaxies tend
and intrinsic values of, depends on the intrinsiay value.  to be larger (log(/kpc) 2 1.5) in the low-redshift sample.
The dependence of PSF effect on these parameters can bé/e have one galaxy for the high-redshift sample in thisatell
summarized as follows. First, the isophote shapes tend tomass and effective radius range and it is disky. Our high-
be measured as disky especially for flattened galaxies withredshift sample lacks massive (I64(/My) 2 11.5), large
q < 0.5. Second, galaxies with the large apparent size are notlog(re/kpc) 2 1.5) ETGs (in other words, massive but rather
suffered from the PSF effect, but for small galaxies, the-mea small velocity dispersion of 100 km- st which is indicative
sured isophote shape tends to be round as the relative PSBf a disk dominated system). This may be the result of build-
size to the galaxy become larger. Third, for galaxies with ing up of quiescent disk dominated galaxies quenchedii
larger Sérsic index, the isophote shape tends to be roundeifrom blue population at~ 1. The situation does not change if
because the flux is more concentrated and affected by PSRve plot this figure with quiescent galaxies before the mofpho
more strongly. Finally, the difference of the measured aad i logical ETG selection. We have checked the image of massive
trinsicas value becomes larger with increasing absolute value disky galaxies in our low- and high-redshift ETG samples and
of ay. [Pasquali et al (2006) show the dependance of the PSFound that three out of fifteen low-redshift galaxies havie sp
effect on the axis ratio foa, = 0, and our simulation gives ral like feature but none of seven high-redshift ones hahk suc
the consistent result. We note that only small axis ratiosea feature. The incompleteness of spectroscopy for highhiéids
systematic effect for disky and boxy classification, i.@xyp sample is less likely to be the reason for the lack of massive
intrinsic shape affected by the PSF may be measured as diskysmall dispersion galaxies as morphological selectiontigapeo
Other parameters, small sizes and large Sérsic indicegsnak plied for the selection of spectroscopic targets.
absolutea, value small, but do not affect the classification. Figure[IB well illustrates the transition of ishophote swmp

The effect of PSF on the isophote shape measurement deef ETGs within the mass-size plane as a function of constant
pends on many parameters and complex, and it is rather dif-velocity dispersion, which is similar to the transition of-d
ficult to correct theay value for the effect. However, as we namical properties described in Figure 8 in_Cappellari et al
restricted the redshift range of the low-redshift sampléhad (2013b). We also pla¥l,. andre of ETGs in HST ACS Ultra
the PSF size become consistent between low and high redDeep Field az ~ 0.5-1.1 whose isophote shapes are stud-
shifts, and the sizes, axis ratios, Sérsic indices do nogghan ied by[Pasquali et al[ (2006). We estimate the stellar mass
between the high- and low-redshift ETG samples very much, from the four-band photometrg(r, i, 2) presented in Table 1
the PSF effect is probably similar in both low- and high- in[Pasquali et al[(2006) using BC03 SSP fit with the Salpeter
redshift samples. Thus, we decided not to correct the meadMF as for our low-redshift sample, and effective radii is¢a
sured isophote shape parameters in this study. from van der Wel et al. (2014). Our high-redshift quiescent

ETG sample and those MEEJ]EM' 006) occupy simi-
4. RESULTS lar loci on the mass-size plane, although our sample has very

In this section, we present the results of the isophote shapdarge and massive ellipticals as we selected ETGs in massive
measurements for the low- and high-redshift samples. In Fig galaxy clusters.
ure[12, examples of the isophote shape measurement of the In Figure[14, we exchange the axes of Fidurk 13, showing
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the distribution of the ETG samples on thk-a4 plane with spans from log{l.. /M) ~ 110 to logM../Mg) ~ 11.7.
the locally averaged effective radiug color coded. Disky We do not find significant differences in the disky-to-total
ETGs are most frequent around Idy(/Mg) ~ 10.5, butare  fraction. For the highest mass bin (53X log(M../Mg)), the
rare in logM./Mg) > 115 in both low- and high-redshift  disky fraction is consistent between low- and high-redshif
samples. On the other hand, boxy ETGs appear in all stellarsamples within~ 0.09. The fraction appears higher in low-
mass ranges. Hence, the transition of main population fromredshift but the difference is insignificant. If we excluthe t
disky to boxy with increasing stellar mass is due to disappea three spiral galaxies in the low-redshift sample as contami
ance of disky galaxies in the massive end. We also @lot nation (see Subsectidn #.1), the disky fraction of the low-
andM, of thez~ 0.5-1.1 ETGs from Pasquali etlal. (2006). redshift sample becomes 0.41 which is closer to that of the
The a4 parameters are taken from Table ﬁet al. high-redshift (0.43) than original low-redshift value ab@.
(2006) where the isophote shape parameter is not correctedherefore, we conclude that disky fraction for massive ETGs
for PSF as with ours. Our high-redshift ETG sample and probably stays the samezt 1 and 0 in cluster environment.
[Pasquali et all (2006) sample have simNar-a4 distribution. Since the uncertainty of the disky fraction for massive ETGs
In Figure[I%, we show the distribution of the ETG sam- arise mainly from the small number of samples (the measure-
ples on there.-a4 plane where the color code indicates the menterror ofy, is not large in this mass range), we need larger
locally averaged stellar mass. As expected from Figurés 13sample to confirm the conclusion with higher accuracy.
and[12, the majority of ETG with log{/kpc) < 0.5 is disky For the lower mass bin (18 < log(M../Ms) < 11.0 and
whereas in loge/kpc) = 0.5, boxy ETGs become frequentin - 11.0 < log(M../Mg) < 115 ), one might find that the disky
both low- and high-redshift samples. As there is the sizesma fraction of the high-redshift sample is significantly lovilean
relation, this critical size correspond to ldg(/Mg) ~ 11.5 that of low-redshift sample. However, the difference may be
(see Figur&13). the result of the large measurement erroajnof the high-
redshift sample which modifies the shape of the distribution
. . of a4 and can bias the disky fraction into smaller value. This
_ 4.2. Disky ETG Frgctlon _ kind of bias is known as Eddinton bias (Eddingfon 1913;
In Figure[16, we show the fraction of disky ETGs as a [Teerikorpi2004). In Appendix, we present the detail of the
function of stellar mass. We classified ETGs wath> 0 as  effect of measurement error af on the disky fraction. If we
disky. The fraction is calculated in three mass bins5X0 bring the measurement error af of the low-redshift sam-
log(M../Mg) <110,110<log(M./Mp) <115,and 115<  ple equivalent to that of the high-redshift by adding gaarssi
log(M../Mg). The error bars indicate 16 and 84 percentile noise toa, distribution of the low-redshift samplgeen open
computed by 1000-time bootstrap resampling where the samegquaresin Figure[I®), the disky fraction of low- and high-
number of galaxy is randomly resampled and the disky frac- redshift sample would become consistent witkii®.05 (see
tion is computed for each resampling. For comparison, we Appendix). In order to detect possible differences of trsyi
also plot the linear function fit to disky-to-total fracti@f  fraction, we need to increase the sample size of both the low-
nearby ETGs from Equation (6) in Pasquali €tlal. (2007), ap- and high-redshift samples ta300, 400, and 800 for the high-
plying our cosmology parameter. The fraction of our low- est, intermediate, and lowest mass bins, or, in order to com-
and high-redshift ETGs is consistent with the linear fuorcti pare disky fraction without the Eddington bias, we need to
Note that the stellar mass of ETGslin Pasquali et al. (2007)
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FIG. 12.— Examples of low-redshift boxy and disky ETGs, and high
redshift boxy and disky ETGs are shown from top to bottomhkleft pan-
els the isophote contours are overlaid wityan solid lines In theright pan-
els the fitted deviated ellipses are overlaid wittange solid linesvhereas
the isophote contours are shownciyan dashed linesThe size of the image
is 30x 30 and 2x 2arcseé for low and high redshift, respectively.

reduce the measurement erroragfof high-redshift galaxies
down to equivalent amount of that of low-redshift galaxies
Thus, we need much deeper imaging of high-redshift galax-
ies with spatial resolution of space-based telescope, lut o
imaging data are one of the deepest ones W8T. In the
near future James Webb Space Telescayp# enable us to
study isophote shapes for lower mass high-redshift gadaxie
with much higher accuracy.

4.3. The uncertainty of thesgparameter
We show the measurement error of dyeparameter as a

function of stellar mass in Figufe1l7. We can see that the er-

in clustergat1 and O 13

4.4. The relation between the, @arameter and axis ratio

In Figure[18, we plot the axis ratio against the isophote
shape parametey. The absolute value of tha, parame-
ter 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 etlal. 1989). We also plot the field
ETGs atz~ 0.5-1.1 from|Pasquali et all (2006). Our high-
redshift ETGs cover the similar region as theirs.

5. DISCUSSION

We discuss the evolution of ETGs in massive clus-
ters betweerz ~ 1 and 0, based on the isophote shapes
as well as other galaxy properties. A theoretical study
predicts the dynamical evolution of ET tal.
[2011), and observational studies have found size evolu-
tion and morphological evolution in terms of the axis ratios
and Sérsic indices (e.d., Bundy etlal. 2010; Damjanovlet al.
2011; Newman et al. 2012; Cimatti et al. 2012; Chang et al.
20134,b[ van der Wel et’al. 2014; Delaye efal. 2014). How-
ever, we do not find significant evolution in disky-to-boxy
fraction betweerz ~ 1 and~ 0, which suggests the isophote
shapes and probably the dynamical properties of ETGs are
already in place ar > 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 discus-
sion about the evolution of the disky ETG fraction. As we
have mentioned in Sectidn 3.4, the measurement cdipa-
rameter 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 sizesiSér
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 one. However,
smaller sizes only make absolute value of obsengesimall,
and do not change disky to boxy (i.e., the sigragifand vice
versa.

Second, the high-redshift galaxies have similar Sérsic in-
dices to the low-redshift ETGs in our sample. Although the
distribution of the Sérsic index of the high-redshift ETGs
seems to spread in wider range (Figule 7), the Sérsic index
does not alter the sign of tleg parameter.

Finally, the axis ratios of the high-redshift sample is deral
than those of the low-redshift sample although the sta#ikti
significance is not so high in our samples. This would inaeas
the observedy parameter greater for the high-redshift sam-
ple than for low-redshift, and the disky fraction of the high
redshift sample may be over-estimated. If the disky frarctio
increases at ~ 1 as predicted ih_Khochfar etlal. (2011) and
the smaller axis ratio of high-redshift galaxy affect thekgt
boxy classification, we would observe more significant evolu
tion in the disky fraction but we do not.

ror tends to decrease with increasing stellar mass . For the Therefore, even if we take account of the effect of the PSF,
high-redshift quiescent ETGs, the average measurement unit can not explain the fact that there is no evolution in trekgi

certainties are 108 0,,/5 ~ 0.7,0.5,0.4 at logM../Mp) ~
105,115,120, respectively. For the low-redshift ones, the
uncertainties are 10005, /5 ~ 0.3,0.2,0.1 atlogM../M¢g) ~
10.5,11.5,120.

fraction. Moreover, as the differences of galaxy sizessigér
indices, and axis ratios are very small between the low- and
high-redshift samples, the PSF probably affects the is@pho
shape measurement equally in low- and high-redshift sam-
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FiG. 15.— Distribution of the low-1eft) and high-redshiftright) quiescent ETGs on:-a4 plane. Color code indicates the locally averaged stellasmBlack
crosses in right panel indicates ETGgat 0.5- 1.1 from[Pasquali et &l (2006) as in Fig.] 13.
ples, and does not probably introduce systematics in the evolKormendy et al!. 2009, and references therein). When gas
lution of the disky fraction. accretes onto massive galaxies, a shock develops, the gas
is heated to the virial temperature, and star formation is
5.2. Isophote Shapes of Massive ETGs guenched. The hot gas is maintained as hot by additional ac-

cretion (Dekel & Birnboir 2006, 2008) and AGN feedback
(Best et all 2006; Best 2007b,a). As a result, any mergers be-
te COMe dry for massive galaxies WiM* 5 Mcrit, @and merger
shapes and probably dynamical properties are alreadyde pla 'émnants tend to be boxy. The idea is supported by obser-
atz> 1. One important point is that the critical mass at vational facts that blue star-forming galaxies are less-mas

which the main population of ETG changes from disky to Sive than~ 10*'M. in the local universe (e.d., Baldry et al.
boxy is consistent between~ 1 and 0 with the value of 2004/2006) and in the intermediate- to high-redshift ursiee
log(Mcrit/M) ~ 115. This is consistent with the idea that (€-g-..Bell etall 2004; Faber etal. 2007). In addition, exis

the origin of boxy ETGs is a kind of mass quenching (see tence and non existence of X-ray emitting gas in massive and

In the previous section, we present that massive ETGs with
log(M../Mg) = 11.5 are basically boxy for botla ~ 1 and
0 samples. This result indicates that their boxy isopho
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ETGs experience a few to several major mergerg atl
12012, 2013; 015). These merg-

ers should be dry as wet mergers convert boxy ETGs into

disky (Khochfar & Burkeft 2005; Naab etlal. 2006). It is im-

portant to examine whether the critical mass is constant re-

gardless of redshifts even in higher redshifts, but it isdmely

the scope of this paper.

The environment may also play a role for the characteriza-
tion of the isophote shapes (e.g, Shioya & Taniguchi 1993;
. 2006) and dynamical roerties of ETGs (e.g.,
Cappellan et dl. 2011b). Hao et/ al. (2006) present that boxy
ETGs favor denser enV|ronmentWh|Ie disky ETGs favor more
isolated environment. IFS studies have revealed that mas-
sive, slowly rotating ellipticals are preferentially fadinn
the central region of galaxy clustefs (Cappellari et al. 121
Houghton et al.| 2013; D’Eugenio etlal. 201B; Scott &t al.
[2014). We investigate the disky fraction for ETGs in the in-
ner and outer region of each cluster, separating the high- an
low-redshift samples by the cluster centric radiug J with
log(rcL/r200) < —0.4 or > -0.4. As in the previous section,
we calculate the disky fraction in three mass bins. We have
confirmed that the disky fraction increases in the outeromregi
in all mass bins for the low-redshift sample. However, we
can not obtain meaningful result for the high-redshift seemp
due to small number of sample especially in the outer region.
For better understanding about the environmental effetti®en
disky fraction at high-redshift, we need to increase the num
ber of sample in the outer region of galaxy clusters or less
dense environment.

5.3. Morphological Evolution of Less Massive ETGs in
Dense Environment

For less massive ETGs with l1dg(/Mg) < 11.5 where
disky ETG is the dominant population, the disky fraction is
consistent between~ 1 and 0 in this mass range, and the

higher disky (fast rotator% fraction at high redshift pretdd
by a theoretical stud 11) is not observed
1[(20154,b) study evolution of the intrinsic shap
(oblate or triaxial) of ETGs residing in the field environnien
using distributions of projected axis ratios. They preskat
for ETGs with 105 < log(M./Mg) < 11.5, the fraction of
oblate ETGs is higher at> 1. If we interpret the oblate-
triaxial classification as disky-boxy (i.e., fast-slow atuir)
classification, the fact that no significant increase in tiskyd
fraction is found in this study seems to be inconsistent with
the increase of the oblate fraction. However, as our ETGs re-
side in very massive clusters, we need to take account of the
evolution of ETGs in such an environment. For example, evo-
lution of the size of ETGs is different between field and @ust
environments. Field ETGs at- 1 smaller sizes than the local
counter parts (e.d., Trujillo et al. 2007; Damjanov et all 0
Cimatti et al.| 2012] Newman etlal. 2012; van der Wel et al.

less massive ETGs (Bender el al. 1989; Pellegrini1999/),20052014). However, Delaye etlal. (2014) report that the average

Ellis & O'Sullivan[2006) also make the mass quenching sce-

nario attractive (see Kormendy ellal. 2009, for summary).

Theorencal studies done by Dekel & Birnboim (2006,
[2008) suggest that the critical halo mass is Mg{,/Ms)
~ 12 which corresponds to the stellar mass of Mg(Mg) ~
11.2 using a baryon-to-total mass ratio ofél(Komatsu et &l.

size of ETGs living in massive clusters aB0< z < 1.5 ap-
pear to be on average 1.5 times larger than those residing in
the field at similar redshifts when compared at the same mass.
The distribution of the axis ratio may also be different be-
tween environments. Although axis ratios of our high-réftish
ETGs are smaller than those of our low-redshift ones, the axi

2009) as presentedlin Kormendy et al. (2009). This mass is inratio distribution of the high-redshift sample is not as #at

good agreement with the critical mass for boxy-disky tran-

sition. If the mass quenching is the main origin of mas-

sive boxy ETGs, the critical mass is basically constant re-

the field sample at ~ 1 in|Chang et 2l[(2018a,b). While the

axis ratio histogram of the field sample aklz < 2.5 in the
stellar mass range of 1®< log(M./M)®) < 115 has a peak

gardless of redshifts. Some authors suggest these massivaroundq~ 0.6 (see Figure 5 in Chang etlal. 2013b), our clus-
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ter ETGs az~ 1.2 has a peak aj ~ 0.7-0.8. Thus, the  tograms of the mass normalized sizg,,. For boxy ETGs,
cluster ETG sample probably have a lower oblate-to-triaxia the median sizes are log(rem,,/kpc) >= 0.67+ 0.03 and
fraction than the field sample. The difference of the sizes an 0.544 0.03 for the low- and high-redshift samples, respec-
axis ratios between clusters and fields indicates that thre mo tively. For disky ETGs, the median mass normalized sizes are
phological evolution of ETGs should be weaker in a dense < log(rewm,, /kpc) >=0.62+0.03 and 053+ 0.06 for the low-
environmentar < 1. It may be worthwhile to investigate evo- and high-redshift samples, respectively. The KS test gives
lution of isophote shapes of filed ETGs in future work as their p-value of 00034 and 29 respectively for boxy and disky
morphological evolution is expected to be more pronounced.which indicates the differences of the distributions betwe
In the rest of this section, we focus on the evolution of ETGs high- and low-redshift samples are significant. We conclude
in a dense environment. that both the boxy and disky ETGs grow their sizezirx 1.
Although the size evolution of ETGs seems to be weak at The process of the size growth for the ETGs should not be
z < 1, some authors report the evolution of morphology of accompanied with the transformation of the isophote shapes
ETGs in massive clusters betweer- 1 and 0. Iﬂpﬁl. and probably dynamical properties, considering the consta
(2012) present that galaxies in the Lynx super clusterdt 3 disky fraction inz < 1.
show high fractions of red, bulge-dominated disk galaxies. Considering the constant disky fraction, we suggest that
Cerulo et al.[(2014) claim that the main population of inter- the main cause of the size growth and the morphological
mediate mass ETGs in massive cluster changes from bulgeevolution of the intermediate mass ETGs in cluster environ-
dominated disk galaxies at- 1 to elliptical galaxies at ~ 0. ment may be less violent processes than mergers, such as
l. 5) also report the evolution of the axis the accretion of low mass galaxies onto outskirts. Even if
ratio and the Sérsic index but no size evolution, comparing mergers occur, the mass ratio should be enough large (i.e.,
ETGs in massive clusters at~ 1 and those in Virgo clus-  the progenitor mass must be enough unequal) not to convert
ter. They conclude that ETGs in dense environmentdt  disky isophote shapes into boxy, as major mer et al
have similar size but are on average more flatten and Ies; Naab & Burkelit 2003) or dry mergers with small mass
concentrated than local ones. Bundy etial. (2010) show anratios (Khochfar & Burkelt 2005; Naab etlal. 2006) can con-
increase of massiveM, > 10''M) ETGs and a decline of  vertdisky ETGs into boxy.
log(M../Mg) ~ 11 bulge-dominated spiral galaxies with Ser- __We should be cautious about about the progenitor bias (e.g.,
sic index 125< n < 2.5 fromz ~ 1 to 0 although their sam-  van Dokkum & Franx 1996; Saglia et/al. 2010) i.e., blue star-
ple is taken from the COSMOS field. They infer that at least forming disk galaxies at ~ 1 may enter into qmescent ETG
60% of the bulge-dominated spiral galaxies are transformedsample atz ~ 0. If newly quenched star-forming disks with
into ETGs (e.g., S0s) on the scale of 1-3 Gyr, and that thesdarger typical size appear as disky ETGszat 0, the disky
transformations might occur as a single major merger ewent o fraction might be constant even if some part of disky ETGs
through multiple evolutionary stages, including disk djsr atz~ 1 is converted into boxy, and the size growth in disky
tion by minor mergers or accretion of cold gas in star-fognin  ETGs betweer ~ 1 and 0 may be observed.
galaxies. To check whether newly quenched galaxy significantly con-
Feldmann et all (2011) simulated the formation of a group taminate the low redshift disky ETGs, we have compared the
of galaxies, and found that while elliptical galaxies anerfed color of the low-redshift ETGs between disky and boxy. We
in mergers at > 1, before the merging progenitors fall within - computeu—g color in two apertures, the Petrosian and the
the virial radius of the group, unmergerd disk galaxies are central 3-arcsec apertures. If the low-redshift disky ETGs
turned into red-and-dead disks in the group environment duecontain significant fraction of newly quenched galaxies, th
to shutting down of gas accretion and stripping of gas. Thus,average color becomes bluer in disky than in boxy especially
based on their simulation, the disk-like ETGs in massiveclu in the Petrosian apertures which contain lights from theout
ters atz ~ 1 may originate from quenched disk galaxies. disk with younger age than central bulge, assuming that the
[Carollo et al.[(2013, 2014) present that quenching and ¢adin newly quenched disks become disky ETGs. However, there
of disk galaxies may be responsible for the apparent size evois no significant difference in the average color and colsr di
lution of ETGs as a function of time. tribution between disky and boxy ETGs in both Petrosian and
Possible mechanisms for fading of disk galaxies into ETGs 3-arcsec apertures. Thus, we conclude that the low redshift
in a dense environment is not only mergers but also seculaidisky ETGs are not contaminated by newly quenched disks,
evolution. [Oesch et all_ (2010) found that intermediate massand the evolution of the disky fraction is not affected by the
(logM.. /M) < 11) disk galaxies are presentzt 1 in the progenitor bias. This is also supported by the fact thatdie |
COSMOS, but vanish bg= 0.2, and suggest that these disk redshift disky and boxy ETGs have similar sizes.
galaxies may be transformed into ETGs by secular evolution 6. SUMMARY
as the merger rate is too low to account for the observed de- )
crease in their space densities. We measured the isophote shapes of ETGs in massive
As the disky fraction is consistent betweer 1 and 0, we galaxy clusters at redshift~ 1 and 0O to investigate the evo-
suggest that the disk-like ETGs found in massive clusters atlution of the dynamical properties of ETGs.
z~ 1 (e.g./ Cerulo et al. 2014; De Propris eflal. 2015), which  We create high-redshift quiescent ETG sample residing in
should simply appear as disky ETGs in this study, are trans-massive galaxy clusters at- 1 using imaging and spectro-
formed into disky ellipticals or SOs in the local universthexr ~ scopic data obtained HHSTCluster SN Surve al.
than boxy ETGs. To constrain the process responsible for2009). We selected spectroscopic members of zhe 1
the evolution, we compare the size mass relation between thelusters. Then, red galaxies are chosen based on the cen-
high- and low-redshift samples separately for boxy andydisk tral i77s—2gso color as quiescent galaxies. Finally, ETGs are
ETGs within the stellar mass range of. & log(M../Mg) < picked up from the quiescent galaxies using the conceairati
115. In Figure[I9, we plot the size mass relation and his- index and surface brightness.
We also prepare low-redshift quiescent ETG sample in mas-
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F1G. 19.— Mass-size relation and histogram of the mass norethbze for boxy (left panels) and disky (right panels) ET@sted for less massive galaxies
with log(M.. /Mg) < 11.5. Symbols are the same as in Figllye 5.

sive clusters az ~ 0 using SDSS DR1Z (Alam etlal. 2015) more disk-like, and small. Considering the constant disky
for comparison. We selected quiescent galaxies using theETG fraction, we suggest that disk-like ETGs, which should
color-magnitude diagram with the help of the stellar mags-a  simply appear as disky ETGs in this study, in massive claster
and stellar mass-metallicity relation (Thomas et al. 2G0) atz~ 1 are transformed into disky ellipticals or SOs in the
BCO3 simple stellar population models (Bruzual & Charlot local universe. The main cause of the size and morphological
[2003). Then, ETGs are selected based on the concentratioevolution should be less violent processes than mergehs suc
index and surface brightness. as the accretion of low mass galaxies onto outskirts. Even if
We develop an isophote shape analysis code which camrmergers occur, the progenitor mass must be enough unequal
be used for high-redshift galaxies with low surface bright- notto convert disky isophote shapes into boxy, as major merg
ness and small apparent sizes baseld on Bender & Mdllénhofers (Naab et al. 1999; Naab & Burkert 2003) or dry mergers
(1987). We have confirmed with a nearby galaxy that our with small mass ratio$ (Khochfar & Burkért 2005; Naab ét al.
code gives the consistent result to previous studies. Ve als[2006) can convert disky ETGs into boxy.
estimate the effect of PSF on the isophote shape measurement
and find that the small axis ratio makes the measaje@lue
larger than intrinsic one while the galaxy size and Sésiexnd ~ Acknowledgements- We thank a very helpful referee for
only changes absolute value of the parameter. As the PSF siz§omments and suggestions that improved the quality of this
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APPENDIX
A. EFFECTS OF THE DIFFERENCE OF THE IMAGE QUALITY BETWEEN LOWAND HIGH-REDSHIFT
SAMPLES

As image quality such as the PSF size and signal-to-noise(&tN) is different between high- and low-redshift samples, it
is important to assess how the difference of image qualfgctd our results. What may matter is the differenc&64 because
the size of PSF is comparable in physical scale between Iodrhagh-redshift samples (see Subsefion2.2). In thisseote
present results of simulations to see how degradirgy bf affects the measurement of some important parameterssipapier.
We degraded images of the low-redshift sample galaxies bingdsaussian noise to mal&N comparable to that of high-
redshift ones, and then measured morphological and stelgarameters such as Gini coefficient, asymmetry, conaton
index, surface brightness, effective radius, axis ratid, 8érsic index as well as isophote shape parameters sagh as

A.1. Image Degradation of the Low-Redshift Galaxies

We degrade images of the low-redshift sample galaxies ifofl@ving way. First we determine the amount noise added ont
the low-redshift galaxy images. The surface brightnessies fainter by (*2)™ with increasing redshift due to cosmological
dimming. At the same time, galaxies become brighter as theg farger amount of bright young stars at higher redshift,the
amount of luminosity evolution depends on star-formatiod assembly history of galaxies.

As star-formation and assembly history is complicated, wednsome assumptions on the luminosity evolution. Here,
we just adopt the difference of average luminosity betwemm land high-redshift samples compared at the same stel-
lar mass as the luminosity evolution. In three mass range$0d& < log(M.) < 110, 110 < log(M.) < 115, 115 <
log(M..), we fit linear functionMg or 25, = a(log(M../Mg) —Mo) + b, whereMy is the lower limit for these mass ranges (i.e.,
10.5,11.0,115), a andb are the fitting parameters. For low-redshift quiescent)data we obtained the fitting functions,
Mg = -1.14(logM../Mg) —Mo) —19.9, -1.43(logM../M) —Mo) —20.5, and-1.66(log(M../Ms) —Mo) — 21.2 respectively for
105< log(M,) < 11.0, 110 < log(M,)) < 115, 115 < log(M..). For high-redshift quiescent galaxies, we obtained thiadjt
functions,Mg,,, = —1.11(logM.. /M) = Mo) —21.9, -0.896(logM.. /M) = Mo) —22.7, and-1.31(logM../My) —=Mo) —23.3. As
the difference of the parameteiis ~ 2.0 in all stellar mass bins, we adopt 2.0 mag as the luminosijuéon. This is largely
consistent with the luminosity evolution ef 2—3 mag for galaxies with log(../Mg) = 11-12 predicted by BC03 SSP models
assuming passive evolution with no merger.

Considering the luminosity evolution of 2.0 mag and cosmal surface brightness dimming betweerzat 1.2 (SByim =
-2.5log(1+2)* ~ 3.4) andz ~ 0.031 SBim ~ 0.1), the surface brightness of the low-redshift galaxieg iand should be ob-
served brighter by 0.7 mag than that of the high-redshitixjab inzgso. For example, the surface brightness of 25.0 mag arésec
in zgso Of a galaxy atz ~ 1.2 is intrinsically 21.6 mag arcsgcwithout cosmological dimming. As it would evolve to be faint
by 2.0 mag at low-redshift, the surface brightness would ®& 2nag arcseé in g without cosmological dimming. Finally,
considering cosmological dimming at- 0.031, the observed surface brightness of the low-redsHixgas 23.7 mag arcset
in g band which is brighter by 1.3 mag arcs&than the original surface brightness of 25.0 mag arésecsso. We also make
the pixel scale of the degraded images of the low-redshiéoges (0.396 arcsec/pix =24 kpc/pix atz=0.03) comparable to
that of the high-redshift galaxies (0.05 arcsec/pix410kpc/pix atz = 1.2) by binning the images by 2 2 pixels. Although the
important spatial scale is the PSF size, this binning precethakes the spatial sampling (including the PSF size dsawéhe
pixel scale) comparable between low- and high-redshifidesn

We generate thdegradedmages of the low-redshift galaxies based on the discusdiome. The one sigma background noise
level per pixel of our high-redshift sample is equivalentit@gpigh-- = 24.7 mag arcsee in zgsg on average. Therefore, if the
background noise iSpgHigh-» = 23.4 mag arcse€ = 2.22x 108 ergstcm?arcsec?, theS/N becomes comparable between
high and low redshift at the surface brightness level. SiggLow-, Of the original 2x 2-binned images of the low-redshift

galaxiesis 105x 108 ergsicm?arcsec?® = 24.9 mag arcseé, we create thdegradedmages by adding Gaussian noise to the
originalimages binned by:2 2 pixels. One sigma of the added Gaussian noise correspoidsg = wgkgﬁigh_z, ~ OfkgLow—z=
1.96 x 108 ergsicm?tarcsec®.
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A.2. Effects of the Image Degradation on the Morphologicabieters

Using original anddegradedmages we measure the Gini coefficint (Abraham &t al. 20@3manetry (Abraham et &l. 1996),
concentration ind993), and mean surfacehbmigss(Doi et al. 1993), and investigate which parameteraus-

ceptible to degrading db/N of an image. We use interloper-subtracted images in thisguhare. We rursExtractor and
GALFIT with thedegradedmages in the same manner as original to obtain the interspletracted version of theegraded
images.

We measure the Gini coefficients and asymmetry following &tset al.[(2012). The Gini coefficient is measured within an
quasi-Petrosian aperture. First, preliminary apertupggpared by collecting all pixels exceedindykg above the background
level and contiguous to the center of the target, whekgis one sigma background noise per pixel. We smooth the iméte w
a Gaussian kernel af =2pixels when we take one-sigma isophote. In the prelingiagerture, we compute the quasi-Petrosian
flux (Abraham et al. 2007) with the original image rather tisamothed one. Then, the quasi-Petrosian aperture is drbgte
collecting pixels exceeding the quasi-Petrosian flux ingrediminary aperture with the original image. We calculdtte Gini
coefficient within this quasi-Petrosian aperture. The reigestimated from bootstrap resampling of the pixels inaperture
(Abraham et al. 2003). We randomly resample the same nunfibewds from the aperture allowing overlaps, then recorepiie
Gini coefficient with the resampled pixels. We recompute@®i@i coefficient this way 1000 times to determine the proligbi
distribution function of the Gini coefficient for each gajaand record the standard deviation of this distributionhes Gini
coefficient error.

The asymmetry with symmetrized aperture consisting of thiersection of the quasi-Petrosian aperture with its 18 de
rotation. The rotation center is iteratively determinedtisat the measured asymmetry is minimized. As backgrounsenoi
has some contribution to the measured asymmetry, we estithatamount of contribution and subtract it from the meabure
asymmetry. We generate 1000 artificial background imag#s®aussian fluctuation with standard deviatiomg§ and measure
their asymmetry in the same aperture as for the target. Weasulihe average of the 1000 asymmetry measurement of the
background, and adopt the standard deviation as an estiiater as the noise of our image is dominated by backgrodou:
we measure the concentration index and mean surface begghis described in SectibnP.5.

In the top panels in Figufe 0, we compare the morpholog@mameters measured in original images andbgradedmages.
The Gini coefficient tends to be systematically smaller dreldasymmetry has large scatter when measured inegeaded
images. On the other hand, the concentration irlexs less affected by the image degradation in the systematises The
mean surface brightne§8,5 is less affected than Gini coefficient and asymmetry althcaufew galaxies have larger value in
thedegradedmages. Considering this, we decided to make use of corat@rtrand surface brightness for ETG selection in this
paper (see Sectidn 2.5). The Gini coefficient is also usefullétecting multiple flux peaks (Abraham ellal. 2003), exgrging
systems, but as we simply focus on ETGs, the flux concentra&ienough for our purpose, which is anther reason why we use
the concentration rather than the Gini coefficient. Theaigfrightness is a useful parameter to classify galaxy nobogy as
it appears in the Fundamental Plane (Djorgovski & Davis }98% note that as we have spectroscopic redshift, we caeatorr
the cosmological surface brightness dimming safely.

A.3. Effects of the Image Degradation on the Structural Reeters

We investigate the effects of the image degradation on tetstral parameters such as the effective radius, axis, ratid
Sérsic index measured IALFIT presented in Subsectibn P.6. In the middle panels in FigQrav2 compare the structural
parameters measured in original images amdiigradedmages. While effective radii and axis ratios are not atfdatery much
by the image degradation with small scatters, Sérsic isdiveasured idegradedmages have large scatters.

A.4. Effects of the Image Degradation on the Isophote Shapnieters

We also investigate the effects on the image degradatiomeisophote shape parameters presented in Sé¢tion 4. Intthenb
panels in Figur€ 20, we compare tagand axis ratios measured from isophote shape analysisajTparameters have quite
large scatter with small systematisg, /a ~ —0.2% compared to the uncertainty when they are measured detiradedmages.
However, as large uncertainty affects the shape of theilolision of thea, parameter, the disky-to-total fraction is affected by
large measurement uncertainty, which is presented in tkiesadsection. The axis ratio measured from isophote steajubto
be large by~ 0.04.

B. THE DISKY FRACTION AFFECTED BY UNCERTAINTY OF THEas PARAMETER

We present how the distribution of tlag parameter and the disky-to-total fraction are affectedhieynheasurement uncertainty
of a4. We have carried out Monte-Carlo simulations in whichah@arameters of low- and high-redshift samples are resampled
after Gaussian noises are added and then the disky fraetiert®omputed in each resample. We have investigated hoviskye d
fraction changes as functions of the uncertainty ofah@arameter. In the left panels of Figlire 21, we present thelated
disky fraction as functions of the uncertainty of thgparameter. Here the uncertainty (x-axis) is computed asdbare root of
the quadratic sum of the median of the original measuremesgrtainty in a stellar mass bin and sigma of the Gaussiasegsoi
added in the simulations. For the lower stellar mass birg{Mo/Mg) < 11.5), the disky fraction decreases with the increasing
uncertainty. We also plot the disky fraction of the low-reifissample measured with thdegradedmages withcyan crosses
in the figure which are also smaller than the original valué eamparable to the fraction of the high-redshift sampléinit
uncertainty.

The decrease of the disky fraction is probably due to thetfattthe shape of the distribution of tag parameter is modified
by the uncertainty. In the right panels in Figliré 21, we pnetiee histograms of the, parameter. For the lower stellar mass bins
(log(M../Mg) < 11.5), the histograms of the low-redshift sample simulatedheijuivalenta, uncertainty to the high-redshift
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FIG. 20.— Top panels Comparison of the morphological parameters, the Ginifmefit (a), asymmetry (b), concentration index (c), and msarface
brightness (d), of the low-redshift quiescent galaxiesveeh those measured in original imageakis) and indegradedimages ¥ axis). Middle panels
Comparison of the structural parameters, the effectivausa), axis ratio (f), and Sérsic index (g) measured by GALS the low-redshift quiescent ETGs
between those measured in original imagexis) and indegradedmages ¥ axis). Bottom panelsComparison of the isophote shape parametey& (h) and
axis ratio (i) measured from isophote shapes of the lowhiéidguiescent ETGs between those measured in original énfagxis) and indegradedmages y
axis). For all panelgyreen dash-dotted linegpreseny = x for reference, and median measurement uncertainty is giyemror bars.

sample ¢reen solid linesare Iarger than the original low-redshift sampdug dashed lingin the boxy bins é,/a < 0). This
bias (Eddinton bias|_Eddingion 1913; Teerikidrpi 2004) esauhen the distribution functions (here, the histograma,gh)
have second or higher order differential terms. In the cabgght panels in Figure 21, when the noises are added, ttmauof
galaxy moving from the disky side to the boxy side is largantthat from boxy to disky. The disky fraction would asymutally
reach to 0.5 when we increase the added noises as the distmileould be flat. Taking account of the Eddinton bias, iife.,
we compare the disky fractions of the low-redshift sampteusated with equivalerday uncertainty to the high-redshift sample,
they become comparable to those of the high-redshift witimoertainty. In order to detect possible differences ofdisky
fraction, we have to increase the sample size of both the dmd-high-redshift samples t0300, 400, and 800 for the highest,
intermediate, and lowest mass bins. In order to comparg ftiasktion without Eddington bias, we have to decrease thasomed
uncertainty of they parameter of the high-redshift sample, which will be pdesitith the next generation telescopes.
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Fic. 21.— Left Simulated disky fraction of the highrgd) and low-redshift flue) samples as functions of uncertainty of tyeparameter. We carried out
1000-time Monte Carlo resampling by adding Gaussian noisibtain these plots. The measured disky fraction (withatifical noise added) is denoted by
circles. Green squaresepresents the disky fraction of the low-redshift sampieusated with equivalend, uncertainty to the high-redshift sampl@yan crosses
indicate the disky fraction of thdegradedlow-redshift sample.Right Histograms of theay parameter of the high+€d dot-dashed lingsand low-redshift
(blue dashed lingssamples Green solid linesepresents the histograms of the low-redshift sample sitediwith equivalend, uncertainty to the high-redshift
sample.Cyan dotted lineindicate the histograms of tltegradedow-redshift sample.
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