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ABSTRACT

We have found the — r color versgs—i  color gradient space can be used for highly successful morphology
classification of galaxies in the Sloan Digital Sky Survey. In this space, galaxies form well-separated early- and
late-type branches. The location of galaxies along the branches reflects the degree and locality of star formation
activity, and monotonically corresponds to the sequence of morphological subclasses. When the concentration
index is also used, the completeness and reliability of classification reaches about 91% for a training set of SDSS
galaxies brighter than,,~ 15.9 . At the faintest magnitudeg# 17.5 ) of the SDSS spectroscopic sample, the
accuracy still remains at about 88%. The new classification scheme will help us find accurate relations of galaxy
morphology with spatial and temporal environments, and help us to understand the origin of morphology of
galaxies.

Subject heading: galaxies: fundamental parameters
Online material: color figure

1. INTRODUCTION color gradient, for example. Therefore, in principle, the mor-
. . . . phology classification of galaxies should be made at least in
Unlike stars, galaxies show diverse shapes. The belief thatfour—dimensional parameter space. The surface brightness at

tT‘e dlffterer?ce n tapr:egrtﬂnce ref:]ecl:ts a clilf:‘ere_r}pe tl'n gefner;clong-wavelength bands represents the stellar mass distribution,
character has motivated the morphological classimcation ot 9a= 4 g’ the color tells us about the recent star formation history.

axies. Since the 1920s, the simple scheme suggested by Hubblg)ne difficulty in dividi L
) . . ; y in dividing galaxies into early and late types
(1926),_based on single-band images of b”ght galaxies, hz’.‘susing the surface brightness profile alone lies in the fact that
been W|(_jely adopted. The essence of Hubble’s scheme and nost spirals consist of both a bulge and a disk. There is an
s/laboraltlons (555\;?%00”(;(9”5 1egt)g|1 1.99t1’ gorénendyll 1979, ?eunavoidable confusion between the bulge-only and the bulge-
aulcou t(ejulrst Woe qrr;] age vt ) is to fIVIthe 93. é!g'ej .'ntoplus-disk systems when only the surface brightness information
early and fate types. The early types are lurther divided Into ;, o single band is used for classification. Contamination in the

elrl1|gtg:arlragd l?}'g'?#lar’ ?nrd;r;]e Ie;}te }ypiisnlntgirsplaal (t;nbe}rr)((ad early- and late-type subsets separated using the concentration
a arred) a egufar. Anyone looking directly at galaxy ;nqey  for example, is typically about 20% (Yamauchi et al.

images imme_diately realize_s that the shapes Of galaxies ar%005; Shimasaku et al. 2001). The surface texture is of limited
much more diverse than this, but also that the simple Hubbleuse, because it is sensitive to seeing and is simply lost for

sequence catches the major features of galaxy morphology. As; ), “aint galaxiesr(,> 16.0 in the case of SDSS; Yamauchi
unprecedentedly large sets of digital images of galaxies, SUChet al. 2005). On the other hand, the information in colors reveals

as the Sloan Digital Sky Survey (SDSS; York et al. 2000) 0 aqgitional generic differences between early- and late-type
data, become available, the time is ripe for understanding the 5 |a,jes  which have experienced different star formation his-
origin of galaxy morphology. In order to find the accurate i, o5 “Sirateva et al. (2001) have found that the integrated
relationship of galaxy morphology with other physical prop- ycorver frame) — r*  color (asterisks are attached to the
erties, we must define morphological types more objectively SDSS photometry based on the photometric equations used

and use morphology subsets as homogeneous as possible. Eig; 4 the Early Data Release; Stoughton et al. 2002) of the
deavors to develop an objective, automatic, and successfulmor-SDSS Main galaxies (Strauss et al. 2002) shows a bimodal

phology classifier applicable to large libraries of digital images yisyintion. However, they have shown that, when divided at
have resulted in various schemes (Yamauchi et al. 2005; Blan- . [ = 2.22 the e:':lrly (E/S0/Sa) and Iaté-type (Sb/Sc/irm)

ton et al. 2003b; Abraham et al. 1996, 2003; Strateva et al. P ot ;

e ' 2 ’ i subsets have significant contamination, reaching about 30% for
2801’ Shm:re]i_sa:(u et al. 2001; Doi etal. 1993). This work further a sample with visually identified morphological types. In this
advances this topic. Letter we extend their work by incorporating color gradient

IThe ph|I%sophy of ?urbr?oszholo?lcgl clfs_,st|cat|or!t|sdto Iqejt and the concentration index as additional dimensions of the
velop a scheme applicable down to the faint magnitude limit ¢\, ificarion parameter space.

(rpee™ 17.77 wherer ., is the Petrosian magnitude after Galactic
extinction correction) of the spectroscopic sample of the SDSS
using only photometric information. The fundamental features
of galaxy morphology that are still useful for galaxies near the
faint limit are the surface brightness and color profiles. Their
mean levels are measured by mean surface brightness and in- . ) )

tegrated color. Their radial variation, scaled to a characteristic e Use a training set of 1982 galaxies to quantify the per-

size, can be measured by the Sersic or concentration index andermance of our morphology classification scheme. The train-
ing set consists of two samples. The first contains 981 SDSS

* Korea Institute for Advanced Study, Dongdaemun-gu, Seoul 130-722, galemes with14.5< Moot < ]:5'0 after GalaCt!C extinction cor-
South Korea; chp@kias.re.kr, yychoi@kias.re.kr. rection, whose morphological types are assigned by the authors
2 Full details of the SDSS are available at http://www.sdss.org. based on the color images retrieved by the SDSS Image List
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2. THE TRAINING SAMPLE
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Tool? Galaxies are divided into six types: E/SO (smooth bright-
ness and color profile), SO (disk with features, but no spiral L L L T
arm), AE (E or SO with abnormal brightness or color distri-

bution), S (spiral arm, disk with dust lane), AS (spirals with 0.6 |- ’ . |
large distortion in shape), and Irr (irregulars). The first three i ’ ; . )
correspond to the early type, and the rest are late types. The

second training set is a catalog by Fukugita et al. (2006, in 05 |

preparation; see also Nakamura et al. 2003) listing 1875 gal-
axies withr,,, < 15.9 (after Galactic extinction correction), with

visually identified morphological types frolm= 0 to6in 0.5

steps. From these we use a subset of 1183 galaxies that are 04 -
listed in both the Main Galaxy and the spectroscopic sample I
and that are not too contaminated by foreground stars. By , L
comparing the morphological types of 182 galaxies in common
in our sample and Fukugita et al.’s catalog, we have found that 03 |-
the early and late types divide &it= 1.5 T&E 1 and 2 cor- ' - '
respond to Hubble types SO and Sa, respectively) in the latter - ’ . .
catalog.

R50/ 1:2’90

3. MORPHOLOGY CLASSIFICATION SCHEME 04 —

We use the color-color gradient space as the major mor- -
phology classification tool, and the concentration index as an 02 L
auxiliary parameter. In the color-color gradient space, spiral :
galaxies tend to separate from the region clustered by elliptical -
and lenticular galaxies, as majority of spirals exhibit significant
color gradient. As a measure of color gradient, we adopt the
difference irf*(g — i) color of the region witR< 0.5R,, from
that of the annulus witl).5R,,<R< R, , wherR ,,, is the
Petrosian radius antf(g — i) is a rest-frame- i cdfor -0 -
corrected to the redshift of 0.1 [hereafteg,— i means
®}g —i)], and theK-correction of magnitude and color is cal-
culated based on the study of Blanton et al. (2003a). A negative -04
color difference means bluer outside. Model magnitude is used
for color; this is the magnitude calculated from the best-fit
model profile obtained by fitting the de Vaucouleur and ex- RN AN T TS N NS S S S RTR
ponential profiles to the galaxy image. We have chosergthe 1 2 3
andi bands to estimate color gradient because they are widely u-r
separated in wavelength across the 4@00 break, and have
signal-to-noise ratios higher than theandz-bands. Choosing Fic. 1.—Distributions of the 1982 galaxies in the morphology training set.
other bands results in nosier color gradient estimates at faintTop: u—r color vs. (inverse) concentration index spabetom: u—r vs.
magnitudes, or less successful separation of galaxies into early9 ~ ) color difference space. Red dots are early types (E/SO, SO, AE), blue
and late types. Other measures of color gradient, such as thé:rosses are spirals (S, AS), and green squares are irregulars (lrr).

linear slope of the radiaj —i color profile and the-i  color ) ) )
difference between the region wiR< R, and the annulus Volved with the PSF of the same size, and the effects of seeing

with Ry, < R< Ry, are also calculated for comparison (where 0n the concentration index and color difference are estimated.
Rs, andR,, are the radii from the center of a galaxy containing We have confirmed that the seeing-corrected concentration in-

50% and 90% of the Petrosian flux). We have found that the dex and color difference show no apparent dependence on see-
clump of normal early-type galaxies in the color-color gradient ing. We use the elliptical annuliin all our parameter calculations
space is less tight for the latter measures at fainter magnitudesto take into account flattening or inclination of galaxies. The
o> 16. position angle and axis ratio used to define the elliptical annuli
Throughout this Letter we use AB magnitudes converted and to calculate the radial surface brightness profile are iso-
from SDSS magnitudes. Thg andi-band atlas images and photal ones measured from tidand image. The Petrosian
basic photometric parameters of individual galaxies are re-radii in our analysis are usually larger than those in the DR3
trieved from the SDSS Data Release 3 (DR3) at Princéton. catalog, which adopted circular annuli.
We have generated a large set of Sersic model images con- The photometric parameters we use for morphology clas-
volved with the PSF of various sizes. These images are usedsification are thet —r  color, color differenedg —i) , and the
to find a best-fit Sersic model with true Sersic index and true (inverse) concentration indeg in the i band, wherec =
axis ratio for an observed image of a given size of the PSF. Rso/Reo Here the concentration index is used as a comple-
The fitting is made at radii larger th@2R ., , in order to avoid Mentary parameter to discriminate red disky spirals from early-
the central region, whose profile is much affected by seeing. type galaxies. The-band image is used to measure the index
Then the best-fit Sersic models in theandi bands are con- ~ because the image at longer wavelengths is expected to better
represent the stellar mass distribution. All parameters are see-

® See hitp://cas.sdss.org/astro/en/tools/chart/list.asp. ing-corrected as described above. ) ) o
“ See http://photo.astro.princeton.edu. Figure 1 shows the distribution of galaxies of this training

A(g—i)
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TABLE 1
CLASSIFICATION CRITERIA

MAGNITUDE BIN

CLASSIFICATION
CRITERIA 14.5-16.0 16.0-16.5 16.5-17.0 17.0-17.5
Pl ..., (1.00, 0.30) (2.00, 0.30) (1.00, 0.30) (1.00, 0.30)
P2 (2.60-0.15) (2.65,—0.18) (2.65,—0.18) (2.70,—0.18)
[ (3.50-0.15)  (3.50,—0.15) (3.50,—0.25) (3.50,—0.35)
Cout weverreennnnnnns 0.43 0.45 0.47 0.48
Completeness and Reliability
C (elliptical) ...... 0.913 0.883 0.872 0.883
R (elliptical) ...... 0.901 0.892 0.882 0.881
C (spiral) ......... 0.901 0.902 0.892 0.890
R (spiral) ......... 0.914 0.893 0.883 0.892

Nortes.— The three points, P1, P2, and P3, define the lines dividing the SDSS galaxies
into early and late types inthe—r VvA(g—1i) plane. The early types are also required
to havec<cg, .

setin theu —r versua(g—i) space and in the r versus to r,,, = 17.5. The only major change is the boundary at the
concentration index space. The early (E/S0) and late types (Saeddest colors (the line connecting to the point P3). At fainter
to Sd) determined by visual inspection are marked as red circlesnagnitudes, the clump of the normal E/SQ’s expands vertically
and blue crosses, respectively. Green squares are irregular galn the color-color gradient space, because the measured color
axies. In our automated scheme, early type galaxies are clasdifferences have more errors. The classification boundary at
sified as those lying above the boundary lines passing throughthe reddest colors has been chosen to include more ellipticals,
the points (3.5,—0.15), (2.6,—0.15), and (1.0, 0.3) in the taking this fact into account. We think that tKecorrection of
u—r versusA(g — i) space. They are also required to have color in this reddest color range has been accurately estimated.
€< 0.43 The rest are classified as late types. The completenes©ur K-correction might have more errors for intermediate-type
of this classification scheme reaches 91.3% for early types andspirals, for which the spectra of the central parts of galaxies
90.1% for late types, with reliabilities of 90.1% and 91.4%, are less representative of the total color. But in this case our
respectively. The completeness, is the fraction of galaxies classification is hardly affected, because these galaxies are blue,
of a given type that are successfully selected from the original have large color gradients, and are located far from the clas-
sample by the classification scheme. The reliabiRyjs the sification boundaries.
fraction of galaxies of the desired type from the selected sub-
sample. The 9%—10% failure is due to a few red passive spirals,
galaxies with companions or foreground stars, and/or incorrect
visual classification (for edge-on objects in particular). The Inspecting the location of galaxies in the color-color gradient
parametec plays only an auxiliary role, improving the results space allows us to classify them beyond the dichotomous di-
by a few percent. vision into early and late types. Normal elliptical and lenticular
We estimate that the completeness and reliability of our mor- galaxies are very homogeneous systems whose light is domi-
phology classification is about 88% negy = 17.5 , which is nated by old Population Il stars. They strongly concentrate
close to the faint end of the spectroscopic sample of the SDSSwithin a spot centered at (2.82;0.04) in theu —r versus
The performance of our classification scheme slowly degradesA(g — i) plane. Dispersion is mainly due to companions or
atr,,> 16, as it becomes harder to measure the color differenceforeground stars. They show very weak but definite color gra-
and concentration index as the size of galaxies relative to thedient (i.e., outside is bluer). We have discovered a trail con-
CCD pixel and the FWHM of the PSF decreases. To estimatetaining about 10% of early-type galaxies toward the left
the performance of our classification scheme at fainter mag-(u — r < 2.5) of the concentration of normal early types and
nitudes, we redshift the galaxies in the training sample then upward. The galaxies in this trail are bluer than normal
(roee = 14.5-15.0 with morphological types assigned by us. ones, often show emission lines, and occasionally show star-
We calculate the new redshift at which a galaxy appears dimmerburst activity near the center. They tend to be more centrally
by a desired magnitude, adopting a cosmology with density concentrated than spirals at the same color. We have found that
parameter§),, = 0.27 anfl, = 0.73 . The reduction factor in most E+A galaxies (Dressler & Gunn 1983) listed in Yamauchi
angular size is calculated, and images are binned down (Gia-& Goto (2005) are located in this trail.
valisco et al. 1996). The resulting images are convolved with  On the other hand, a spiral branch extends below the
the PSF in such a way that they have seeing effects equal tacluster of normal early types. Sa-type spiral galaxies often
the originals. Noise is not added anew. Following this proce- start to have star-forming zones at the outskirts of the disk.
dure, we generated three mock morphology samples of 981Their integrated color is still dominated by the red light
galaxies in 0.5 mag bins from,, = 16.0 to 17.5. The distri- from their bulges, but they begin to show a color gradient.
butions of these redshifted galaxies in the color-color gradient As the star formation activity becomes stronger, the color
space and in the color-concentration index space are very sim-gradient first increases, and then starts to decrease as the
ilar to those of three samples of 1000 randomly selected SDSSstar-forming region expands toward the center. Very late
galaxies with actual magnitudes in the same bins, thus justifyingtype spirals and most irregulars at the upper left corner are
our procedure. We determine the classification criteria at faintervery blue and have inverted color gradients (i.e., the center
magnitudes using these redshifted morphology samples. Reis bluer), since they usually show strong starburst activity
sults are summarized in Table 1. near the center. The spiral branch meets the trail of early
Table 1 shows that our classification boundaries in the color- types there. The major advantage of morphology classifi-
color gradient space hardly change even at magnitudes dowrcation in the color-color gradient space is that the blue early-

4. DISCUSSION
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Fic. 2.—Continuous changes in the appearance of galaxies along the spiral - fi. 3.—Distribution in theu —r vsA(g—i) plane of 582 spiral galaxies
and elliptical branches. Note that the star-forming region extends from the jn the training set taken from the Fukugita et al. morphology sample (in
outskirts of disk toward the center as one moves from red to blue spirals.  preparation), which lists subclasses for spirals. Superposed are the subclass

isocontours, calculated by averaging the listed subclasses within the ellipse of

type galaxies are separated from the spiral galaxies, as theis igie ol 05 o 02 0 o ) Stectens Teoeeiie
former ten.d to have a nearly constant color profile or bluer left. [Seetheelectronicedition ofthe’JournaI’fo; acolor ’version ofthi’sfigure.]g
cores, while the latter tend to have a red bulge plus blue
disk structure. The spiral branch is a sequence of locations
of star formation activity and cold gas and dust concentra-
tion, as illustrated in Figure 2. The position of a spiral along
the branch has a strong correlation with its morphological
subclass, as shown in Figure 3. After making the early/late
type division, one can further divide galaxies into subclasses
based on their location along the early- and late-type
branches. For example, late-type galaxies can be divided
into L1, L2, and L3 subclasses, which group galaxies lying
above the linA(g — i) = 0.8—0.4@u —r) , beteen this line
and the lineA(g—i) = 1.6— (u—r) , and left of the latter
line, respectively. These subclasses roughly correspond to Sa- C. B. P. thanks Michael Vogeley for his collaboration on
Sh, Sb-Sc, and Sc-Sd/Irr, respectively. The dispersion of theparts of this work and for an invitation to Drexel University,
spiral branch is partly due to internal extinction, which tends where this work was started. We also thank Yasushi Suto for
to makeu —r and|A(g —i)| increase. The dependences of suggesting that we use Fukugita et al.’s catalog. We thank the
u—rand|A(g —i)| on the axis ratios of galaxies indicate that anonymous referee for helpful comments. This work is sup-
the effects of internal extinction are strongest for intermediate- ported by the Korea Science and Engineering Foundation (KO-
type spirals. SEF) through the Astrophysical Research Center for the Struc-
Our new morphology classification scheme takes into ac- ture and Evolution of Cosmos (ARCSEC).

count the history and locality of star formation, as well as stellar
mass distribution. It is easy to implement the scheme for mul-
tiband surveys with wide spectrum coverage. We expect that
the strong concentration of early types and the general shape
of the spiral branch in the color-color gradient space will persist
for galaxies at high redshifts. Any change in their location and
shape will be colorful evidence for the evolution of star for-
mation activity and cold gas infall into galaxies with different
morphology.
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