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ABSTRACT
We use both photometric and spectroscopic data from theHubble Space Telescopeto explore the relation-

ships among 4000 Å break (D4000) strength, colors, stellar masses, and morphology, in a sample of 352
galaxies with log(M� =M� ) > 9:44 at 0.6. z . 1.2. We have identi�ed authentically quiescent galaxies in
theUVJ diagram based on their D4000 strengths. This spectroscopicidenti�cation is in good agreement with
their photometrically-derived speci�c star formation rates (sSFR). Morphologically, most (that is, 66 out of 68
galaxies,� 97 %) of these newly identi�ed quiescent galaxies have a prominent bulge component. However,
not all of the bulge-dominated galaxies are quenched. We found that bulge-dominated galaxies show positive
correlations among the D4000 strength, stellar mass, and the Sérsic index, while late-type disks do not show
such strong positive correlations. Also, bulge-dominatedgalaxies are clearly separated into two main groups
in the parameter space of sSFR vs. stellar mass and stellar surface density within the e� ective radius,� e,
while late-type disks and irregulars only show high sSFR. This split is directly linked to the `blue cloud' and
the `red sequence' populations, and correlates with the associated central compactness indicated by� e. While
star-forming massive late-type disks and irregulars (withD4000< 1.5 and log(M� =M� ) & 10:5) span a stellar
mass range comparable to bulge-dominated galaxies, most have systematically lower� e . 109M� kpc� 2. This
suggests that the presence of a bulge is a necessary but not su� cient requirement for quenching at intermediate
redshifts.
Subject headings:galaxies: evolution — galaxies: formation — galaxies: starformation — galaxies: stellar

content — galaxies: structure

1. INTRODUCTION

How galaxies have formed and evolved over the Hubble
time remains a challenging question in extragalactic astron-
omy. In particular, why and how galaxies have stopped
their star formation activities during the course of their
evolutionary paths is not clearly understood yet. Obser-
vational aspects have shown that galaxies largely form a
bimodality in diverse diagrams (e.g., the Color-Magnitude
diagram (CMD), the color-color diagram, and global star
formation rate (SFR) versus stellar mass diagram), being
separated into an actively star-forming group and a star-
formation quiescent group. The former group forms the `blue
cloud', while the later group forms a tight `red sequence'
in the CMD. The intermediate parameter space, between the
blue cloud and the red sequence, forms the `green valley'
(Strateva et al. 2001; Schawinski et al. 2014; Pandya et al.
2017; Bremer et al. 2018; Gu et al. 2018).

Previous studies (e.g.,Pasquali et al. 2010; Peng et al.
2010) have suggested that two main mechanisms quenched
the star formation activity in galaxies. The �rst is mass-
quenching, which indicates that the more massive galax-
ies are, the earlier they likely had formed stars and shut
down star formation activities (i.e., “downsizing” scenario)
(Cowie et al. 1996; De Lucia et al. 2006; Haines et al. 2017).
The second is environmental quenching, which states that
denser environments tend to make galaxies more passive,
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resulting in a larger fraction of quenched galaxies than in
less dense regions (Pasquali et al. 2010; Peng et al. 2010;
Khim et al. 2015).

Along with these two main mechanisms of quenching
galaxies over a wide span of redshift, morphological prop-
erties of quiescent galaxies and star-forming counterparts
show that quiescent galaxies tend to have a prominent bulge
component, while most of star-forming galaxies tend to
have prominent disk or clumpy structures (Oh et al. 2013;
Huertas-Company et al. 2016). These morphologically-
entangled features of quiescent and star-forming popula-
tions of galaxies have led to an idea of `morphologi-
cal quenching' of galaxies (Martig et al. 2009; Dekel et al.
2009; Martig et al. 2013; Dekel & Burkert 2014; Genzel et al.
2014). In addition to morphology, analyses of internal
structure of galaxies based on galaxy structural parame-
ters, such as the central surface density, a bulge-to-total
ratio, and the Sérsic index, also suggest that the pres-
ence of a prominent bulge component (or, similarly, com-
pact central density in galaxy center) in galaxies, as the
results of `inside-out' growth, is related to the quench-
ing of galaxies. (Franx et al. 2008; Ilbert et al. 2010;
van Dokkum et al. 2010; Bell et al. 2012; Saintonge et al.
2012; Bluck et al. 2014; Lang et al. 2014; Tacchella et al.
2015, 2016; Lilly & Carollo 2016; Huertas-Company et al.
2016; Jung et al. 2017; Whitaker et al. 2017; Williams et al.
2017).

Although the community seems to agree on the pres-
ence of a prominent bulge component as a useful indi-
cator associated with quenched galaxies, the mechanisms
that are responsible for a bulge growth and the associated
galaxy structure evolution have not been fully understood
yet (Conselice 2014, for a review). Recent studies (e.g.,
Margalef-Bentabol et al. 2016; Huertas-Company et al. 2015,
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TABLE 3
Mean p� values from theK� S tests for the pairs of the D4000strength distributions between two selected morphological types

Morphology Spheroids Early-type Disks Late-type Disks Irregulars
Spheroids 1.0 0.23� 0:21 3:77� 10� 6 � 3:00� 10� 5 4:81� 10� 7 � 3:51� 10� 6

Early-type disks � a 1.0 0:006� 0:016 0:0003� 0:0014
Late-type disks � � 1.0 0:04 � 0:08
Irregulars � � � 1.0

a The �̀ ' mark indicates that the corresponding value is already given in the symmetric column and row.

lated to what is called `slow quenching' where gas exhaustion
in late-type galaxies occurs slowly over several Gyr. (e.g.,
Schawinski et al. 2014). Assuming that the `slow quenching'
mechanism also works for our sample of late-type disks, they
are expected to evolve into either massive red late-type disks
or early-type disks (in case they have grown their bulge com-
ponents more e� ciently) unless they have experienced abrupt
changes.

Although further analysis such as environmental e� ects,
AGN activity, and structural parameters from bulge� disk de-
composition are required to draw �rm conclusions on the evo-
lution of late-type disks, what is seen in our results (e.g.,
Figure5, Table2, and Section4.2) for them is that they do
not tend to follow a strong mass quenching trend as bulge-
dominated systems do, most likely due to the dominance of
their star-forming disk components.

Lastly, we note thatsomequiescent late-type disks do exist
in our sample, although they are a signi�cantly smaller frac-
tion of the population than their star-forming counterparts,
as previously reported (e.g.,McGrath et al. 2008; Bell et al.
2012). Using D4000� 1:5 as a criterion, there are 22 quies-
cent galaxies among 133 late-type disk galaxies (i.e., 16.5%),
as given in Table2. Dust reddening can increase the D4000
measurements for late-type disks that are near edge-on view-
ing angles. If we use an axis ratio< 0:5 as a marker of edge-on
geometry, and eliminate such inclined galaxies from our qui-
escent late-type disk sample, there are still 7 quiescent late-
type disks (i.e., 5.3 % of the full late-type disk sample; see
Section4.2 for details). A similar fraction of late-type disks
(4 of 133 galaxies, or 3.0 %) are identi�ed as quiescent us-
ing the criterion sSFR< 10� 10year� 1. Regarding the possible
mechanisms responsible for quiescent late-type disks, exter-
nal processes such as environmental e� ects are often consid-
ered (e.g.,Bassett et al. 2013). Further analysis on environ-
mental properties of quiescent late-type disks at intermedi-
ate redshifts is expected to shed some light on the formation
mechanisms of these rare population of quiescent late-type
disks.

While spheroids and late-type disks show distinct trends
(including the mass quenching trend) in the correlations be-
tween stellar properties and galaxy structural propertiesex-
plored in this study, early-type disks show intermediate trends
that are between spheroids and late-type disks. This sounds
obvious as the morphological selection of early-type disks
is designed to do so, considering both the fractionsfsph and
fdisk to be larger than 2/3 (see Section2.2 for details). Re-
garding this, it is interesting to note that even among early-
type disks there are visually-identi�able morphological dif-
ferences between moderately massive star-forming (that is,
log(M� =M� ) > 10:0 and sSFR& 10� 10year� 1) and massive

quiescent galaxies (that is, log(M� =M� ) > 10:0 and sSFR
< 10� 10year� 1), as previously mentioned in Section4.3. In
other words, massive star-forming early-type disks tend to
have blue star-forming disk components, while the massive
quiescent counterparts show more spheroid-like morpholo-
gies. This trend seems to suggest that morphological trans-
formations in early-type disks gradually occur from disk-
dominant systems to bulge-dominated systems as they be-
come older and more massive.

Irregulars in our study overall seem to show the well-known
properties such as relatively young stellar populations that
are revealed by their colors, D4000 strength, and sSFR dis-
tributions and low concentration of light pro�les as shown
in their Sérsic index and� e distributions as previously re-
ported (e.g.,Oh et al. 2013; Eales et al. 2017). The mass
quenching trend in irregulars does not seem signi�cant, yetis
slightly stronger in moderately high stellar mass regime (that
is, log(M� =M� ) & 10:0) than that in late-type disks based on
the correlation between the D4000 strength and stellar mass
in Figure5 and Table2. The slightly stronger mass quenching
trend in irregulars in the moderately high stellar mass regime,
however, is likely to be attributed to the presence of two di� er-
ent types of irregulars (i.e., typically young and star-forming
clumpy irregulars and galaxy interaction-driven irregulars) in
our total sample of irregulars as discussed in Section4.2,
rather than their intrinsic “downsizing” trend.

Regarding the evolution of irregulars, the well-known se-
quence of average stellar properties (e.g., age and metallic-
ity) of galaxies along the Hubble sequence detailed in the lo-
cal Universe (e.g.,Oh et al. 2013; Khim et al. 2015) and the
decrease in the fraction of irregulars at least sincez � 2
(Huertas-Company et al.(2016)) seem to suggest that the ma-
jority of irregulars have undergone morphological transforma-
tions from clumpy irregulars to structured late-type disksover
time as long as they remain relatively undisturbed. Numerical
simulations of the early evolution of disk galaxies performed
by Noguchi(1999), for instance, show that clumpy structures
in a galactic disk can evolve to organized bulge and disk com-
ponents likely into be late-type disks.

Our discussion in this section on the morphological depen-
dence on the “downsizing” trend is further supplemented by
the p-values from the K� S test for the D4000 strength distri-
butions between spheroids, early-type disks, late-type disks,
and irregulars. The associatedp-values are tabulated in Table
3. In order to con�rm that thep-values derived from the pairs
of the D4000 strength distributions among morphologies sta-
tistically exist, we performed 1,000 K� S tests by considering
the D4000 measurement errors to be the Gaussian random er-
rors each time. Therefore, thep-values shown in Table3 are
the meanp-values of the 1,000 di� erent K� S tests, and the
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