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ABSTRACT

Aims. The EFIGI catalogue of 4458 galaxies extracted from the PGC and SIB&Si@as designed to provide a multiwavelength reference
database of the morphological properties of nearby galaxies. Thalesé&nimited in apparent diameter and densely samples all RC3 Hubble
types.

Methods. We examine the statistics of the 16 EFIGI shape attributes, describing tloeisralynamical components, the texture, and the
contamination by the environment of each galaxy. Using the redshifts 8DSS, HyperLeda, or NED for 99.53% of EFIGI galaxies, we
derive estimates of absolute major isophotal diameters and the carde#sgonean surface brightness in the SQEsand.

Results. We study the variations of the EFIGI morphological attributes with Hubble &ykconfirm that the Hubble sequence is a decreasing
sequence of bulge-to-total ratio and an increasing sequence of dilbation to the total galaxy flux. There is, nevertheless, a large dispersio
of approximately five types for a given bulge-to-total ratio, becauselthzble sequence is primarily based on the strength and pitch angle of
the spiral arms, independently from the bulge-to-total ratio. A steegdserin the presence of dust from Sh to Shc-Sc types appears tog@rodu
the grand spiral design of the Sc galaxies. In contrast, the scatterejisamdH|l regions show dierent strength variation patterns, with peaks
for types Scd and Sm; hence, they do not appear to directly participate @sthblishment of the visual Hubble sequence. The distortions from
a symmetric profile also incidentally increase along the sequence. Bauigrar rings are frequent and occur in 41% and 25% of the disk
galaxies respectively. Outer rings are half as frequent than innes, @mgl outer pseudo-rings occur in 11% of barred galaxies. Finallfnde

a smooth decrease in mean surface brightness and intrinsic size aldtgothle sequence. The largest galaxies are cD, ellipticals and Sab-Sbc
intermediate spirals (20-50 kpc Dys), whereas Sd and later spirals are nearly half as big. SO are intermiedsite (15-35 kpc irD2s), and
irregulars, compact and dwarf ellipticals are confirmed as small ohjg€t5 kpc inDys). Dwarf spiral galaxies of type Sa to Scd are rare in
the EFIGI catalogue, we only find two such objects.

Conclusions. The EFIGI sample provides us for the first time with a quantitative desanitidhe visual Hubble sequence in terms of the
specific morphological features of the various galaxy types.

Key words. Astronomical data bases - Astronomical databases: miscellaneoualeg@s- Surveys - Galaxies: fundamental parameters -
Galaxies: structure - Galaxies: elliptical and lenticular, cD - Galaxies:Ispialaxies: dwarf - Galaxies: peculiar - Galaxies: interactions -
Galaxies: bulges - Galaxies: statistics - Galaxies: photometry - Galaxiefostation - Galaxies: structure

1. Introduction 2010), astronomers are becoming able to perform automatic

. . . morphometry analyses for large statistical samples outde r
The large variety of galaxy morphological types, their evol shift ~ 1

tion with redshift, their relationship with galaxy massesla
star formation rate, and theirfEiérent spatial distribution with Understanding evolution in galaxy morphology requires a
galaxy density indicate that galaxy morphometry — meaguridetailed knowledge of the present-day Universe. This scefar
the shape parameters of galaxies — is important for undetstalies on large compilations from various galaxy cataloguaden
ing galaxy formation and evolution. from photographic plates, in which only the Hubble morpho-
With the availability of deep and extensive digital surlogical type and some estimate of size and isophote orienta-
veys with well-resolved galaxy images such as the Slo&ion are known for each object (see for example the Principal
Digital Sky Survey (SDSS), the CFHTLS (Canada-Franc&alaxy Catalogue, hereafter PGC, Paturel et al. 1995)ilBdta
Hawaii Telescope Legacy Survey), and the coming LSStudies of specific morphological features do exist, but tre
(Large Synoptic Survey Telescope) and DES (Dark Enertisnited to some specific features within limited statistisam-
Survey), as well as state-of-the-art automatic softwaoh s1s ples or limited regions of the sky (Kormendy 1979; Buta 1995;
the last version of S&ractor (Bertin & Arnouts 1996; Bertin Naim et al. 1997; Buta et al. 2006, 2007).
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Table 1. Definition of the EFIGI morphological attributes grouped by attribute type

Attribute type/ name Attribute definition
Bulge

B/T Ratio of bulge luminosity over total galaxy luminosity
Spiral arms

Arm Strength
Arm Curvature
Arm Rotation

Strength of the spiral arms, in terms of flux fraction relative to the wholexga
Average curvature of the spiral arms
Winding of the spiral pattern (0-1 for clockwise, 2 for no preferre@diion, 3-4 for counterclockwise)

Dynamical features
Bar Length
Inner Ring

Length of central bar component
Strength of inner ring, inner lens or inner pseudo-ring (located insiddiieandor spiral arm pattern
and near the end of the bar)

Outer Ring Strength of outer ring (located outside the disk/andpiral arm pattern)
Pseudo-Ring Type and strength of outer pseudo-rifgfs R, andR;R,
Perturbation Deviation of the light distribution from a smooth ellipsoidal profile (with regaad symmetric arms
for spirals)
Texture

Visible Dust

Dust Dispersion

Strength of features tracing the presence of dust: obscuratigorati@usion of star light by a dust lane
or molecular clouds
Patchiness of the dust distribution (smooth and sharp lanes or stroregylar patches)

Flocculence Flocculent aspect of the galaxy due to scattered Hll regions
Hot Spots Strength of regions with very high surface brightness, including giaiomns of star formation, active
nuclei, or stellar nuclei
Appearance
Inclination- For disk galaxies, inclinatiofi = 1 — cosf, whered is the angle between the rotation axis of the disk
Elongation and the light-of-sight of the observer, or equivalently between the galak and the plane of the sky

(O° for face-on, 90 for edge-on)
For spheroidal galaxies, apparent elongation of the olfjectl — b/a (wherea andb are the apparent
major and minor axis lengths).

Arm Rotation see above, in “Spiral arms” attribute type

Environment

Contamination Severity of the contamination by bright stars, overlapping galaxies oréraggacts (difraction spikes,
star halos, satellite trails, electronic defects)
Multiplicity Abundance of neighbouring galaxiedfdring by less thar 5 mag from the main galaxy and centred

within 0.75D,s5 from its centre

Table 2. EFIGI morphological types

Type cE E c¢D SO SO SO SOa Sa Sab Sb Sbc Sc Scd Sd Sdm Sm Im dE
T 6 5 4 3 -2 -1 0 1 2 3 4 5 6 7 8 9 10 11

To obtain a reference sample for morphological studies, weeried from a web browser http://www.efigi.org, and
have designed the EFIGI (“Extraction de Formeadlisees de from the “Centre de Dores Astronomiques de Strasbourg”
Galaxies en Imagerie”) catalogue, a multiwavelength degab (CDS) using the VIZIER Catalogue Service.
of 4458 galaxies with resolved digital images and detailedm 114 EFIG morphological description includes an updated
phological information. The sample is described in Baillarg ~3_hased Hubble type, and 16 shape attributes determined
(2008) and in the companjon article (Baillard et al. 2011'9isually by 10 astronomers, which were subsequently ho-
Paper | hereafter). The objects were selected from the PG{yqenised. The attributes measure the significance of the di
for their reliable RC3 morpholpglcal types (dg Vaucouleus,.ant components of a galaxy (bulge, spiral arms and other d
et al. 1991, 1995) and for their inclusion within the S,Bsqwamical features, texture) as well as its appearance orkthe s
DR4 photometric survey (photometric and spectroscopia daf,cjination or elongation) and its environment (contaation
were obtained from the SDSS DRS catalogue however). Thgy myitiplicity). Paper I describes the various statisttests

resulting EFIGI database provides a large diversity of $ypg,¢ qemonstrate the reliability of this morphological s
and galaxy characteristics over the full 6670 defithe SDSS tion, and reports on the properties of the catalogue in tefms

DR4. The EFIGI catalogue is publicly available and may bfky coverage, clustering, galaxy counts, magnitude caeple
ness, and morphological fractions. The variety of the EFIGI
database provides a unique description of the local Uravers

1 httpy/www.sdss.org
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and allows one to perform quantitative statistical analymeer ————————————
a large variety of morphological propertieszat 0.05. 400 - 7
In Sect. 2 we briefly describe the EFIGI attributes, the red- | ]
shifts and magnitudes used in the present analysis, and the
catalogue diameter and magnitude limits. We then examine
in Sect. 3 the statistics of the various EFIGI attributes as a
function of morphological type. We show that they provide aj " Psdm
detailed and quantitative description of the Hubble seqeen & | |
Finally, we examine in Sect. 4 the variations in apparent d?f 200 |- :
ameter and mean surface brightness of the EFIGI galaxies ag a [ Im Sd 1

function morphological type. E ] Se

100 L S -
2. The EFIGI catalogue i <0, S0 Sab
2.1. Morphological attributes and types Oj e so ‘so‘ Sgc | Th._ e
The EFIGI Hubble type and 16 morphological attributes were ~ © 0.01 0.02 0.03 0.04 0.05

redshift

2%

measured by visual examination of the composifg™colour

Imf’igetﬁf z;cg gatl.axy, St\?vnvgzd _lf_robrr t?el_ StD‘?hS FdITfS .Itr_nagE%. 1. Redshift distribution of all EFIGI galaxies separated by EFIGI
using theAsrmatic software. 1abie ISts the deninition morphological type, grouped as follows: cE-dE (light grey) ; E-cD

of the 16 attributes. Each attribute can take .fiv.e possible V@yrey); SO-S0-SO (orange); SOa-Sa-Sab (yellow); Sb-Shc (pink); Sc-

ues and has a lower and upper confidence limit. Note that Wgy-sd (green); Sdm-Sm-Im (blue).

here convert the original decimal values ranging from 0 to 1

in Paper | into integer values ranging from O to 4. We also use

the inverse square of their confidence interval to weightithe of the HyperLeda database is that it provides redshifts cor-

tributes. This interval is defined as thefdience between therected for Virgocentric infall, which is particularly imp@ant

upper and lower limit plus 1, and takes values between 1 and®. nearby galaxies such as in the EFIGI catalogue. When the

Throughout the article, we refer to attribute values 1, 28] HyperLeda and NED heliocentric redshiftsfdi by more than

4 by “weak”, “moderate”, “strong”, and “very strong” respec0.0001 (which is about a 3-sigmafidirence in both types of

tively, except for bars, which we describe as “short”, “mpe- redshift, as well as the typical uncertainty of SDSS reds}if

diate”, “long”, and “ very long”. we adopted the NED heliocentric redshift, which shows the in
The EFIGI morphological sequence is based on the R@®idual redshift values and allows one to trace the souotes

“Revised Hubble Sequence” (RHS hereafter), which we céliscrepancies.

the “EFIGI Morphological Sequence” (EMS hereafter). The As a result, we use the HyperLeda heliocentric redshift

major diference between the two sequences is that in the RF§% 4079 of EFIGI galaxies, the NED redshift for 349 galax-

non-magellanic irregulars (10 type) are not consideredsepa ies, and the SDSS redshift for 9 galaxies (there is no need to

arate type in the EMS, but as galaxies of some type of tHge the PGC redshifts). The SDSS and PGC redshifts are very

EMS, which undergo distortions in their profile measured Byseful however to check the consistency with the HyperLeda

thePerturbation attribute. Moreover, the EMS contains on&nd NED redshifts, and to distinguish among both values when

additional type, gathering the dwarf elliptical, dwarf fiem- they difer; this also allowed us to discard some rare erroneous

lar, and dwarf spheroidal galaxies, whereas they are elagdyperLeda and NED redshifts.

fied as ellipticals in the RHS. Finally, theffirent ellonga- ~ In total, 4437 EFIGI galaxies among 4458 have an helio-

tion stages of elliptical galaxies in the RHS are not distigentric redshift, corresponding to a redshift completerafs

guished in the EMS, because this is measured by the EFR$153%. When a catalogue other than HyperLeda is used to

Inclination-Elongation attribute. The various EFIGI mor- assign an heliocentric redshift to an object, we adopted the

phological types (hereafter “EM-types”) of the EHS aredist HyperLeda correction for virgocentric infall if the adogteed-

in Table 2. shift differs from the HyperLeda value by less than 0.0005. This

yields 4411 galaxies with a redshift corrected for Virgdcien
infall.
2.2. Redshifts Twelve galaxies have a negative HyperLeda redshift, even

We completed the EFIGI catalogue with thefeient mea- after correction for virgocentric infall. Because theséagees
sures of redshifts extracted from the PGC (Paturel et al5),992€ very nearby (velocities between -8 fsnand -350 kifs),
HyperLeda (Paturel et al. 2003), NED, and SDSS. The vaBeir redshifts cannot be used as an estimate of distande, an
majority of EFIGI galaxies (4415) have a HyperLeda redshif{® d!scarded them. _ R

measurement, which is additionally corrected for virgaden ~ Fig. 1 shows the resulting redshift distribution after tap-s

infall. Many also have a NED redshift (4404). The advantaggation of EFIGI galaxies into groups of two or three mor-
phological types. The strong excesszat- 0.005 is caused

2 http://www.astromatic.net by the Virgo cluster. There are only 72 EFIGI galaxies be-
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Fig. 2. Absolute magnitude distribution in thggband for all EFIGI

galaxies separated by EFIGI morphological type, grouped as follodg- 3. Distribution of apparent major isophotal diametss con-

cE-dE (light grey) ; E-cD (grey); S8S0-SO (orange); SOa-Sa-SabVverted into arcminutes as a function gimagnitudes measured (de

(yellow): Sb-Sbc (pink); Sc-Scd-Sd (green); Sdm-Sm-Im (blue). Lapparent & Bertin 2011a) for the 4204 EFIGI galaxies for which
these parameters are definedff®ent symbols and colours are used
for different EM-types. The histogram &f,s in intervals of 0.1 ar-

yond z = 0.05, because the RC3 catalogue mainly contaimgiinutes, overplotted vertically on a log scale and with corresponding

galaxies with recession velocities lower than the corradpo labels on the top axis of the graph, demonstrates the strong incom-

ing value of 15 000 kifs, that is, below a luminosity distanceP!eteness in the catalogue gs < 1’ andBr > 155, materialised by

of ~ 220 Mpc. Throughout the article, we convert redshifide horizontal and vertlca_l dashed I_mt_as. The diagonal dashed line cor-

into distances using a Hubble constah = 70 knysMpc responds to a surface brightness limit of 25 yaagseé. The EFIGI

. catalogue is most complete between these diameter and surface bright-
E:I;rlepe;ri:rigtgtr g- Zogé)éﬁgg the (();L;rzﬁ)rzjﬂr?/klset;rgtjzrldZCSSSOIOI%SS limits, and the crossing of these two lines causes the disappear-
m = U. A =U . .

‘ X ; _ ance of data points fainter than- 16.5.
Fig. 1 shows that the various morphological types of giant

galaxies - ¢cD, E, SO and spirals earlier than Sd - are detected

at all redshifts in the EFIGI catalogue (although cD galaxie The apparent magnitudes and luminosity distances are used
are too few to be sampled in the whole redshift range). The derive absolute magnitudes for all EFIGI galaxies. Irs thi
intrinsically smaller and fainter objects - Sd, Sdm, Sm, ¢, calculation, we use the k-corrections provided by the VAGC
dE - are detected preferentially at lower redshifts, owmthe DR4 “low-z” catalogue (Blanton et al. 2005; Blanton & Roweis
apparent diameter limit of the RC3. This is discussed in mo2€07) for 1725 EFIGI galaxies to derive linear estimatedef t
detall in Sect. 2.4 below. k-corrections as a function of redshift and in each filtertfar
remaining objects; the whole process is described in detail

de Lapparent & Bertin (2011a).

The resulting distributions of absolute magnitudes in the
Because the SDSS photometric pipeline was designed fpSSg-band (the most sensitive SDSS band) are shown in
galaxies smaller than 2 arcmin in diameter, whereas the SDS§. 2 after separating EFIGI galaxies into groups of two or
contains many larger galaxies (up to several degrees ildsopthree morphological types. These curves result from the-com
tal diameter; see Fig. 3), the pipeline fails for large gaax bination of the apparent magnitude distributions, the hosi
which are truncated into several units. We showed in Fig.f24ity functions of the diferent galaxy types (de Lapparent et al.
Paper | that there can be as much as an 8-magnittiideatice 2003), and the selection function of the EFIGI catalogue (se
for some objects, mostly late-type galaxies. Sect. 2.4). The graph shows that the EFIGI catalogue densely

de Lapparent et al. (2011) have thus recalculated the magmples the various types over a wide absolute magnitude in-
nitudes of all EFIGI galaxies from the SD$@riz images us- terval, including both the bright ends of the lenticular apdal
ing the new version of SEractor (Bertin & Arnouts 1996; galaxy distributions, and the faint ends of the late spjiiaisg-
Bertin 2010), with the option to fit a bulgelisk PSF-convolved ulars, and compact and dwarf ellipticals (cD, dE).
profile. The resulting apparent magnitudes in the SD§$z
bands (see Fig. 1 of de Lapparent & Bertin 2011a) confirm t :
disappearance of the spurious tail at faint apparent madgmit %4' A diameter
which is seen when using the SDSS photometry (see Fig. 23Bgfcause the EFIGI sample was restricted to PGC galaxies hav-
Paper I). ing a reliable RC3 measurement of Hubble type, the sample un-

2.3. Photometry

limited catalogue
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Fig. 19, Sect. 4.2). This surface brightness limit corres{sao

the level below which it is dficult to visually detect isophotes

or entire objects from a paper copy of the Palomar Obsenyator
Sky Survey plates (Abell 1959). We therefore expect a high
completeness rate for the EFIGI sample above this surface

brightness limit, that is, foD,5 below the diagonal line in
B . The diameter limit of the RC3 results in a distance-
ﬁm 1 i o oF dependent limit in the physical size of EFIGI galaxies. We es
S - « . peop 1 timated the intrinsic diameter of galaxies by multiplyirtget
i s0-soa | apparent diametdD,s by the angular-diameter distance. This
- * Ssa—sb | is applicable to a subsample of 4152 EFIGI galaxies: among
P X + She-Sed|  the total number of 4458 EFIGI galaxies, 257 have no measure
e of Dys in the RC3, and 49 additional galaxies have no measure
. . of redshift. We show in Fig. 4 the resulting variations in the
(e

10! 102
luminosity distance [Mpc]

trinsic absolute major diameter as a function of luminodisy
tance for the EFIGI catalogue. The incompletened3.gt< 1
arcmin in Fig. 3 results in a minimal detectable diameter for

_ S o _ each distance, materialised as a diagonal line in Fig. 4. The
Fig. 4. Distribution of apparent major isophotal diamet@ss con- 1204 EFIGI galaxies located below this diameter limit anthwi
verteq into kpc as a function @ magnitudes, .for the.4104 EFIGI g < 155 make up a sample of intrinsically smaller galaxies of
galaxies for which these p_arameters are definettefzint symbols all Hubble types: for example, cE galaxies can be detected up
and colours are used forfiBrent EM-types (beware of theffirent to large distances in the EFIGI catalogue200 Mpc) because

spiral grouping from that in Fig. 3). ThB,s < 1’ limit is plotted as a _ s . -
dashed line. Galaxies below this diameter limit extend the minimu‘ﬂey are below thdzs = 1 arcmin diameter limit. We notice

detectable diameter for a given distance to a lower value. that the various t_ype_zs are Iocat_ed aﬂfeiient positions along
the D,s = 1 arcmin line, according to their range of absolute

magnitude.

dergoes the selectiorffects of the RC3 (de Vaucouleurs et al. Another selection fect that adds on the RC3 apparent di-
1991). This latter catalogue was aimed at being reasonaBfjeter limit is the following: over the area of sky covered by
than 1 arcminute, a totéBr magnitude brighter than about@ll PGC galaxies having an RC3 morphological classification
15.5, and a recession velocity not in excess of 15 0gekmpPased on several measurements to guarantee a reliable RC3
Half of the RC3 objects however are galaxies that satisfy orfyPe (see Paper I). Thisffect implies that fewer high incli-
the diameter or magnitude condition, and in addition mayehaQation spiral galaxies are selected, because of the potsier v
velocities higher than 15 000 ki bility of their morphological features (see Sect. 3.1).sTse-

The resulting selectionfiects are shown in Fig. 3, wherel€ction dfect can only be evaluated by comparison to a com-

we plot the distribution oD,s apparent diameters converted!€te census of galaxies brighter thgn 17 and with reliable
into arcminutes, as a function of tiggband magnitudes mea-Photometry; this is not provided by the SDSS because the vari

sured by de Lapparent & Bertin (2011a). The overplottedverPUs releases .con.tain a large number_ of spurious sourceband t
cal histogram 0D,s shows strong incompleteness s < 1 photometry pipeline fails for large objects (Paper ). Ae;ault,
arcmin, below the horizontal dashed line, where there apa 12h€ galaxy groups, clusters and large-scale structurésioed
galaxies however, which is more than one quarter of the fiff the EFIGI catalogue might not be sampled in proportion to

EFIGI catalogue. Following the RC3 selection, almost all ¢R€Ir true spatial density. The more tharB0% completeness
these galaxies are brighter thBa ~ 155, as indicated by the Of the EFIGI catalogue for galaxies with X0g < 14 (Paper I)

vertical dashed ling = 15,5. This allows the inclusion in the limits the amplitude of this “density bias” at bright magres,
sample of galaxies with smaller diameter than the rest of tR@wever. _ _

objects, like cE galaxies, some of which redh; ~ 0.2 ar- Interestingly, because of the various selectifiacs at play
cmin (and ag > 15.5). Moreover, we find that for each Hubblg" the EFIGI sample, the number of EFIGI galaxies per mor-
type, including cD and dE, the galaxies withs < 1 arcmin phological type undergoes a limited spread after excluttieg

(henceg < 15.5) represent a comparable fraction ¢8 1o 4 intrinsically rare types (cE, cD, dE). The median number of
of the objects. galaxies per type is- 257, corresponding to Sa galaxies, the

Finally, a diagonal dashed line shows the 25 raszped lowest value is 152 for SQ and the four highest values are 51_8
limit in surface brightness, below which lie most EFIGI gala fOf SP, 472 for Sbe, 445 for Scd, and 355 for Sdm; all remain-
ies, except a few Sd-Sm and Im types (this is best seen'§ types have numbers _of galaxies Fhat dev_late from the me-

dian by less than 50% of its value. This constitutes a majer di
3 defined in the RC2 system (de Vaucouleurs et al. 1976) as figkence between the EFIGI catalogue and the other recent mor
apparent major isophotal diameter measured at or reduced to eesurfhological follow-up studies (Nair & Abraham 2010; Lintott
brightness level of 25.0/Bag, in units of 0.1 arcminute. et al. 2008), which are based on apparent magnitude-limited
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subsamples of the SDSS. As shown in Paper |, the EFIGI catble 3. Statistics of the EFIGI “Environment” attributes given as a
alogue largely oversamples late spirals (Sd-Sdm-Sm) andpercentage of galaxies with given attribute values

regulars compared to magnitude-limited surveys. Partefeh
excess late-type galaxies in the EFIGI catalogue are Idéate

the small diameter extension of Fig. 3,245 < 1 arcmin and EF'C! Type 0 C‘Ttammgtlon 24 0 Multllp;“lt;’4

g=155. cD 1747 4312 3510 4+3 46+£12 3%11 156
CEE 16:3 5246 24+4 8x2 74T 26+£4 -

3. Morphological characteristics along the Hubble S0°S0SO  26+3 524 17+2 5£1 825 142 1x1

sequence SOa Sa 283 53t4 1542 4+1 86+6 1442 O0+1

Sab Sb 343 49+3 13+1 4+1 86+5 142 0+1

3.1. Environment and appearance She Sc 383 50£3 111 4+l 915 Ox1 Ox1

Scd Sd 3#3 50+3 10+1 31 935 7+1 O+1

Before examining the EFIGI morphological attributeer ~ Sdm Sm 343 52+4 1141 4+1 935 7+1 0x1

se, that is, those which contribute to the description of thelm dE 2743 535 132 6+2 887 122 (+1

morphological type, we examine the “environment” andAlltypes 3kl 51+l 13kl 4+1 882 121 1x1
“appearance” EFIGI attributes, which are independent ef th
internal gala_xy propemes fOIInC].]..na.‘tlon—Elongatlon - Null fractions are replaced by “ for clarity.
and .Con.ta.mlnatlc.)n, and only indirectly ,related _for - Fractions are grouped by types having similar values of the con-
Multiplicity (via the morphology-density relation, gigered attribute.
e.g. Blanton & Moustakas 2009). We also examine here the
Arm Rotation attribute, because it can also be considered
an “appearance” attribute, because the direction of windin
the spiral arms depends on the orientation of the galaxy wihother galaxy, hence the higher percentages of objedts wit
respect to the line-of-sight. Multiplicity = 1-2 for these types. The very extended en-
Table 3 shows the fraction of galaxies with no, weakelopes of cD galaxies explain why there is an even more dras-
moderate, strong, or very stronontamination and tic increase in their fractions of objects with weak and rstyo
Multiplicity; attribute values with less than 10% galax- Multiplicity (15 + 6% for attribute values 3-4, 32 11%
ies have been grouped together (1 and 2Maktiplicity, for 1-2 attribute value), and nearly a factor of 2 decreaghen
and 3 and 4 forContamination andMultiplicity). The fraction of galaxies with null attribute value: cD galaxias
listed fractions show no dependence@itamination on located in the potential wells of rich galaxy clusters, véhtire
EM-type for types SOand later. Compared to the other typeggalaxy density is the highest, hence the presence of neighbo
there is a~ 10% deficiency in cD and cE-E galaxies witing galaxies is high.
Contamination = 0, and a corresponding excess of objects Table 4  shows the distribution of the
with Contamination = 2. This is probably because of theInclination-Elongation attribute (@ncl-Elong here-
large envelopes of E, and even more so cD galaxies, which aiter) grouped by types with similar values of the attribute
creases the probability of contamination by any type of reAb expected, none of the pure-bulge galaxies (cE, E, and cD)
objects (stars or galaxies), or by artefacts. have anIncl-Elong attribute value of 4, because this high
In all tables of attribute statistics listed in the artidlee value can only occur for highly inclined disks; and only a
quoted error bars are the Poisson uncertainties in the dson$éw cD galaxies have an attribute value of 3. Note however
ered fractions of objects. For the large part of lower andenppghe apparent systematically higher elongation of cD gafaxi
confidence limits equal to the attribute value plus and mingempared to cE and E in the EFIGI catalogue. This may be a
one level, which is a confidence interval of 3, these unaetytai true physical #ect, caused by the dissipationless collapse of
estimates are adequate. For the attribute values that ae¢ egspherical mass concentrations and its impact on firstechnk
to one or both of their lower or upper confidence limit, that igjalaxies in clusters (Rhee & Roos 1990).
a confidence interval of 1 or 2, we choose to be conservative The other statistics in Table 4 show the wide variety of disk
by ignoring the reduction in uncertainty from the Poisson emclinations for the selected EFIGI lenticular and spiralax-
timates. Listed fractions and uncertainties are roundethdo ies, whose mean statistics are indicated in the last linellkd
closest percent, and uncertainties in the interval 0.18&Gre “All disks”. We emphasize that the fewer disk galaxies steldc
rounded to 1%. at highIncl-Elong values (3-4) in no way reflect any prefer-
The statistics for thefultiplicity attribute also show ential orientation of galaxies on the sky, but are probably
that spirals, Im and dE galaxies have simimltiplicity the less reliable RC3 types for these objects, hence thd@erun
distributions values (82-93% with attribute value 0, ant¥P4 representation in the EFIGI sample. There is also a diyersit
with values 1-2), whereas E, cE and SO galaxies underg®faelongations for Im and dE galaxies, with a noticeable defi-
higher rate of weaklultiplicity (74-82% with attribute ciency in round objects compared to spirals (fax1-Elong
value 0, and 26-17% with values 1-2), owing to their large en-0).
velopes. The combination of the richer environment of clus- Finally, Table 4 shows the distribution of tharm
ters of galaxies and their higher density in cD, E, SO, Im adtation attribute, measuring the winding direction of the
dE galaxies also increases the probability of overlapping bpiral arms: an approximately symmetric distribution tiba

Notes:
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Table 4. Statistics of the EFIGI “Appearance” attributes given as a —

percentage of galaxies with given attribute values °[81 43  1o4 ]
EFIGI Type Inclination/Elongation " ]
0 1 2 3 4 t
cEE 304 51+6 193 - - I
cD 11+5 48+12 3911 2+ 2 - 5L ]
SO0 S0 SO 14+2 27+3 303 142 152 r
SOa Sa 162 253 30+3 21x2 9+ 2 t
Sab Sh 162 332 26£2 1682 10+1 N ]
Shc Sc 162 242 27+2 17+2 16+£2 G
Scd Sd 1&§2 21+2 142 17+2 29%2 H
Sdm Sm 222 27+2 222 17+2 15+2 1k i
Im dE 51 485 223 152 10+£2 [
All disks 17+1 26£1 241 17+1 16+£1 I
Arm rotation 0r B
0-1 2 3-4 I . e w8 v B ]
SO SO Bl 9&7 1x1 6 5-4-3-2-10 1 2 3 45 6 7 8 91011
SO SOa 2 87«7 6+ 1 EFIGI Morphological Type
Sa 263 586 233
Sab SbSbc 392 282 342 Fig. 5. Distribution of B/T versus the EFIGI morphological type for
Sc Scd Sd 32 412 282 the 4458 galaxies in the EFIGI catalogue (see Table 2 for the cor-
Sdm Sm 122 745 132 respondence with types). In order to see the relative density of data
Im 1+1  98:9 1+1 points, they are spread in the horizontal and vertical direction, hence
dE +1 9717 +1 the apparent rectangles. The weighted mean and weighted r.m.s. dis-
All disks 24+1 532 221 persion inB/T are also plotted for each type along with the corre-
sponding number of galaxies. This graph shows the strong correlation
Notes: of morphological type witiB,/T.

- Null fractions are replaced by “-” for clarity.

- Fractions are grouped by types having similar values of
Inclination/Elongation andArm Rotation attribute T

- “All disks” corresponds to types from S@o Sm. 200 - 182/02:;61
- For cE, E and cD galaxies, thiem Rotation attribute is unde- - o
fined because none of these galaxies have spiral arms. And very
few of the SO, SO, Im and dE have detectable spiral arms.

: i

B/T=2 i

1155igal. !

300 B/T:4 A :
|

|

|

|

galaxies

no-rotation value of 2 is measured for all types, within tie d I
persion caused by the number of galaxies in each EM class2o00 - 760 gal
As expected, only very few (and weak) spiral arms are visis I
ble in SO, SO, Im and dE galaxies, hence the small fraction§
with attribute values dierent from 2. When averaging over”~
all disk galaxies, the fractions of galaxies with the armdvin
ing clockwise Arm Rotation = 0 or 1) and counterclockwise
(Arm Rotation= 3 or 4) agree to within- 1.5¢0-, showing no - ! !
systematic ffect in the EFIGI sample. e
. . . L. -6-56-4-3-2-10 1 2 3 4 5 6 7 8 9 1011
Below, we examine in detail the remaining 12 EFIGI at- EFIGI Morphological Type
tributes, which each characterise a specific morpholodgeal
ture of galaxies, and hence contribute to the determinatfonFig. 6. Histograms of EFIGI morphological type for the five values of
the Hubble sequence. B/T (decreasing from left to right). The weighted mean and r.m.s. dis-
persion in the morphological type are plotted above each histogram
) along with the corresponding number of galaxies. This graph shows
3.2. Bulge-to-total ratio the large dispersion in morphological type for a gigefT.

100 -

The ratio of light from the bulge over the total light of a gala

denoted/T, is tightly correlated with the morphological type,

as shown in Fig. 5 (the correspondence between the EM-tygesor bars show the weighted mean aridr dispersion within
and their ID number is listed in Table 2). There is a largeelisp eachB/T class, witho= 2.8, 3.6, 3.6, 4.0, and 2.6 f8y/T = 0,

sion of EM-type for each value d&f/T, however. This is best 1, 2, 3, and 4 respectively. These dispersion values careot b
seen in Fig. 6, where we plot the histograms of EM-type faaused only by the EFIGI uncertainties in the morphological
each of the five values ®&/T: the open circles and horizontaltype, because one third of EFIGI galaxies have a half confi-
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dence interval of 0.5, another third of 1, and 80% of the last
third of 1.5.

In Fig. 5 we overplot the weighted mean value asltir
dispersion irB/T for each of the 18 EM-types. The dispersion
has the lowest values for types E (0.41) and Im (0.28), and the
highest value for types S{1.26) and dE (1.41). For the latter,
the large dispersion is because nearly half of the dE galaxie
nucleated (Binggeli & Cameron 1991), hence an attributeeval
of 1 or 2 has been given to these objects @/& value of 3
corresponds to PGC0009283, which has a central hot spot wit
an attribute value of 2). For the S0,°Sa@nd spiral galaxies, the . |
+10 dispersion irB/T lies in the tight interval between 0.84 for . <0 T
Scd and 1.10 for Sc, with a median value of 1.04. These values | .. y 1 g % ig %

5 4 BN
% 95 .léln"

[a¥) w
T

Arm%trength

—_
T

are nearly unchanged when using only the 3106 galaxies with 0 % & : 5
Incl-Elong < 2, or the 1400 galaxies without contamination (19 46 195
(Contamination = 0). i 2‘24‘ 1‘89 ‘ 1‘52 ‘ 2‘32 L
The dispersion in EMT-type pe8/T value seen in Fig. 6 ~6-5-4-3-2-10 12 3 45 67
could simply be a binning fiect becasue there are 18 EM- EFIGE Morphological Type
types and 3B/T values, so that a spread of /BB~ 3.6 is ex-
pected for eact®/T value. Moreover, the half confidence in-
terval in theB/T attribute is 0.5 for 1504 galaxies, 1 for 2923 4
galaxies, and 1.5 for 98 EFIGI galaxies. To evaluate whether
there is some intrinsic dispersion in morphological typedo
givenB/T beyond the uncertainties in the visual eye estimates
of EMT andB/T, we performed a simple test. We assumed a
linear relation between EM-type aBd'T with the two bound-
ary conditions indicated in Fig. ®/T = 4 for EM-type= -5
(E), andB/T = 0 for EM-type= 10 (Im). The resulting rela-
tion isB/T= —4/15 EM — type+ 8/3.% For each value of EM-
type in the catalogue, we then introduced a dispersiayih
by adding white noise in EM-type with a maximum sprééd
which projects onto a maximum spread di/45 inB/T. We 0 _ L P .
then rounded the values Bf T to the integer values 0 to 4, and i T ue ke am e 1me ao
calculated the dispersion among these integer values &r ea I 3 1t 133 401 210 150 130 ]
EM-type. This procedure has the advantage that it incluues t 6543210123 456768 91010
effect of discretisation di/T. The+1o dispersion in the mea- EFIGI Morphological Type
suredB/T reaches values as high a® Tor most spiral types
whenN = 5; for N = 6, the dispersion reaches values ¢f 1 Fig. 7. Distribution of theArm Strength (top) andArm Curvature
for several spiral types, which is too high. Note that= 5 is  attributes (bottom) for the 3881 and 2127 EFIGI galaxies for which
higher than the confidence intervals in the EM-types of 1, @'ese attributes are defined_ (same presentation as in Fig._ 5). The _top
and 3 for every third of the EFIGI galaxies, and thereforecaﬂanel shows the tight relation between the relative flux in the spi-

not be the result solely of these uncertainties in the egtidna'® ™S and the morphological type, with an increase ofthe
Strength from types Sa to Sc, then a decrease from types Sd to Im.

types. ) _ The bottom panel shows a decrease of Alna Curvature for in-
In conclusion, a total spread of the EFIGI morphologicakeasing spiral types.

types over five types for a give8y T is hecessary to reproduce
the observed dispersion in the discreti®/d for the various
types. This is because the Hubble sequence is primarilydba;
on the properties of the spiral arms such as their strength
curvature, independently of tiB'T ratio (see Sect. 3.6).

o®
w©
—
(=)
—_
—

3 -

(V)
T

Arm Curvature
—_
—

tfuded in the spiral arms, amdm Curvature, which mea-
Ylres the relative pitch angle of the spiral arms.

The top panel of Fig. 7 shows a strong correlation between
Arm Strength and EM-type. The graph is restricted to the
3.3. Characteristics of the spiral arms 3881 galaxies for which tharm Strength attribute is de-

fined. These galaxies also all have a confidence interval of 3
Two EFIGI attributes characterise the spiral armiem  for this attribute. As expectedrm Strength is null for ellip-
Strength, which measures the fraction of the total flux inticals, all lenticular types, cE and cD galaxies. Then thetion
of flux in the spiral arm steeply increases from types S0Oa up to
4 We disregard thd/T statistics for EM-type-7 (cE), -5 (cD), and Sc, and subsequently decreases from types Sd to ImAfine
11 (dE) in this test, which contain fewer objects than the other classBsrength attribute measures the fraction of the total light of
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the galaxy that is neither included in the bulge nor in th&dis
bar, or rings. Because tiBYT ratio decreases with increasing i
EM-type, the increase afrm Strength from types Sa to Sc 4r
indicates that the fraction of light included in the spirals-
ture increases at the expense of the bulge along these types.
contrast, the simultaneous decrease in the relative dract ar
light in the bulge and in the spiral arms from types Sd to Im
indicates an increasing fraction of light in the disk alohgge
types.

The difuse spiral arms detected in the few SO and SO
galaxies withArm Strength above 0 resemble the distorted
“plumes” or “loops” of matter seen in merging galaxies. Also
the few Sdm galaxies withrm Strength = 3 or 4 have almost
no disk emission, hence although the spiral arms are very dif [ . 3
fuse for those types, they contain a major fraction of thexgal
flux in these particular objects.

In the bottom panel of Fig. 7 one can observe adecrease L+ 1 1+ 1« 1 1 10001011
of Arm Curvature from spiral types SOa to Sm, where the A A

; . ' orphological Type
Sa galaxies have the most tightly wound arms and the Sm the
most loosely wound arms of all spirals. Note, however, thajg g, Distribution of theBar Length attribute as a function of
the winding of the spiral arms shows a “plateau” from Sb to $gr1G| morphological type for the 3878 EFIGI galaxies for which this
galaxies. Indeed, the Hubble type separation of theseypest attribute is defined (same presentation as in Fig. 7). This graph shows
is based on an increasing continuity of the spiral arm desighat bars are frequent among all galaxy types except for the cB,E, c
which is also based on a decrease in the patchiness of the dust dE galaxies, and the strongest bars lie in early-type spirals.
despite an increase in the arm flocculence (see Sect. 3.5).

Bar length
[av]
T

381

) ) have no detectable bars, whereas bars of all lengths aldevisi
3.4. Dynamical components and features: bars, rings,  in all other galaxy types, from lenticulars to dE. The galaxy
pseudo-rings and perturbation fractions are given in Table 5 for ea@ar Length attribute

Dynamical features of galaxies such as spiral arms, bats, an
rings are the major drivers of secular evolution via the fldw o

gas from the disk to the central regions of galaxies (seeghe r 0.5 B
view by Knapen 2010). Mergers and interactions, which cause [ . Bar length: 1 ]
distorted profiles, also contribute to this evolution. Baltew

a transfer of angular momentum to the disk and the halo, affch 4| Bar length: 2 ]
rings trace resonances in the disk. T [ — Barlength: 34

g

=
3.4.1. Bars 5090 ]
The EFIGIBar Length attribute measures the bar’s length relé

ative to the galaxyD,s isophotal diameter (see Sect. 2.4). Fig. & o 2 |
shows the distribution ddar Length for all EFIGI galaxies, s |
except for the 580 galaxies for which this attribute is unde
fined, which are essentially galaxies withcl1-Elong = 3 or

4. Because the identification of bars is less reliable inlkigh
clined disks, we restrict the analysis to the 3106 galaxiés w
Incl-Elong < 2. We also separate as “unsure” the 348 and ol T ‘ e
10 galaxies witiBar Length = 1 and 2 respectively, which -6-5-4-3-2-10 1 2 3 4 5 6 7 8 9 1011
have a lower confidence limit set to 0, because the probabilit EFIGI Morphological Type

that no bar exists at all in these galaxies was consideredras n

negligible. To this end, special attention was brought ttreg Fig..9. Fraction of gqlaxies with dlierent value§ of thBar Length
the confidence limits foBar Length = 1. In the following, attribute as a function of EFIGI morphological type for the 3106

“ " . . EFIGI galaxies withInclination-Elongation < 2. This graph
we also use “unsure” bars as providers of more realisticr erg
estimates shows that bars are frequent among all galaxy types except E and dE

and the strongest bars lie in early-type spirals. For clarity, the Poisson
Fig. 9 shows the fractions of galaxies willncl1-Elong error bars in the fractions witkar Length = 2 are not plotted; these

< 2 as a function of morphological type for various values @ire listed in Table 5 and are comparable to those for the other plotted

theBar Length attribute. The EFIGI cE, E, and cD galaxiesttribute values.

1

0.1

Fract
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Table 5. Statistics of the EFIGBar Length attribute forIncl-Elong < 2, given as a percentage of galaxies with given attribute values

EFIGI Type Bar length
0 unsure 1 2 3 4 1-2-3-4

CEcDE 10@-8 - - - - - -
SO 87+11 113 2+ 1 - - - 2+ 1
SO 59 144 12+3 11+3 2+ 1 2+ 1 28+ 5
SO 51+ 8 5+ 2 502 15+4 205 3+ 2 43+ 7
SOa 5& 7 8+ 2 5+2 143 14+ 3 8+ 2 42+ 6
Sa 36 10+3 442 25+4 14+3 8+ 2 51+ 7
Sab 2% 4 6+ 2 502 234 27+5 16+3 71+ 9
Sb 34 11+2 4+1 182 21+3 9+ 2 52+ 5
Shc 444 11+ 2 9+2 193 122 6+ 1 46+ 4
Sc 456 102 11+3 24+4 9+ 2 1+1 45+ 6
Scd 5% 6 142 132 15+3 3+1 1+ 1 31+ 4
Sd 3226 11+3 133 2%5 11+3 3+2 56+ 8
Sdm 35 26+4 7+2 17+3 10£2 1+1 34+ 5
Sm ber7 224 2+1 16+3 5+ 2 - 22+ 4
Im 77+9 16+ 3 - 5+ 2 2+ 1 - 7+ 2
dE 88:17 4+ 3 2+ 2 5+ 3 - 2+ 2 94
SO SO0 SO 67+5 10«2 6+ 1 8+ 1 7+ 1 2+ 1 23+ 3
Sa Sab 314 8+ 2 501 243 20+3 12+2 61+ 5
Sb Sbc 483 11+x1 6+1 182 17+2 7+ 1 49+ 3
Sc Scd 54 12+2 122 182 5+ 1 1+1 373
Sdm Sm 444 24+ 3 41 16+ 2 7+ 1 1+1 29+ 3
All disks 46+2 131 7+1 17+1 121 5+ 1 41+ 1
All spirals 422 131 7+1 201 131 5+ 1 45+ 2
All types 542 12+1 6+1 15+1 10+1 4+ 1 35+1

- Null fractions are replaced by “-” for clarity.
- “All disks” corresponds to types from S@o Sm, and “All spirals” from SOa to Sm.
- “All spirals” corresponds to types from SOa to Sm.

value and for “unsure” bars; statistics for groups of twawee whereas S0, Sc, Scd, and Sd types show the highest fraction
types are also listed, as well as for “all disks”, “all spg'aland  of short bars (12-13%). The Im and dE galaxies have a small
“all types”. but similar fraction of bars (7-9%; bars reside in the dS@uxgsal

Excluding galaxies with “unsure” bars, 183 £61%) have ies, which are included in the dE class). No very long bars are
a short bar, 462 (1& 1%) an intermediate bar, 310 (301%) detected in EFIGI Sm and Im types.

a strong bar, and 123 @ 1%) a very strong bar; no bar was A comparison of the EFIGI bar frequencies yields results in
detected in 1660 galaxies (52%). Bars are therefore frequentrough agreement with those stated by Laurikainen et al.gqR00
in EFIGI galaxies, because they are present down to smaH sifor their selected sample 6f 130 SO and- 200 spiral galaxies,

in ~ 35+ 1% of galaxies. The “unsure” bars were extractegsing the RC3 classes (see their Table 1). In particuladeTab
from Bar Length = 1 (see above), and a comparison of both confirms that SO galaxies have fewer and shorter bars than
columns of Table 5 shows that they correspond to more th80a and than all spirals together. Here, we add the detail tha
half the total number of objects with an attribute value of halaxies with the intermediate type Shave only short bars,
The separation of the galaxies with “unsure” bars from thoséhich are much less frequent than in SO (at least a factor 2, if
with Bar Length = 0 is also unclear, becausgdf the latter one takes into account the “unsure” bars). In contrast,dtesr
have an upper confidence limit foBar Length of 1, hence a of short, intermediate, and long bars in*Sfalaxies are closer
“short” bar is not excluded at the 70% level. The totaklP% to those of SOa galaxies than in SO galaxies.

of “unsure” bars therefore illustrate that the uncertamin the For a more detailed comparison with Table 1 of
frequency of galaxies witRar Length = 0 (54+ 2%) or with  Laurikainen et al. (2009), we added in Table 5 the fractiams f
Bar Length =1 (6 + 1%) may be significantly larger. the following groups of galaxy types: S{%60-S0, Sa-Sab, Sb-

An examination of Fig. 9 and Table 5 shows that the longbc, Sc-Scd, Sdm-Sm. In Laurikainen et al. (2009), the frac-
and very long barsBar Length = 3 and 4) are preferentially tion of bars of all lengths for the former four groups of types
present in S®, S0a, and early spiral types Sa to Sbc, with are 53+ 6%, 65+ 7%, 69+ 6%, and 64t 7% respectively. Only
peak for Sab galaxies, which show a probability of 2%% the EFIGI fraction for Sa-Sab (646%) agrees within&. For
to have a long bar, and 163% a very long bar. In contrast,the other groups of types, the EFIGI fractions are systemati
Sm is the spiral galaxy type with the lowest fraction of barsally lower, probably because of a poorer sensitivity, Wltias
altogether, which is also the case for long and very long,bamsore impact for types with large fractions of short bars (8@ a
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late spirals). However, if one consider the EFIGI 8% to 12% ¢iie whole galaxy; each strength scale also depends on the mos
“unsure” bars as an estimate of the uncertainty, tifieinces extreme cases found in the EFIGI catalogue.
between the type fractions are reduceddo 2 Fig. 10 shows the distribution of th&énner Ring and

oo oo Outer Ring attributes for all EFIGI galaxies: both graphs

Although the four levels ("o bar, "short”, “medium’, andshow systematic variations in ring strength, with peaks for
“long”) on which Laurikainen et al. (2009) grade bars com- M 9 gmn, b

plicate the comparison with the five levels of the EFEalr early-type spirals. For further examination, we list in &b

Length attribute, one can notice otherfidirences between and plot in Fig. 11 the various statistics of tiener Ring
andOuter Ring attributes.

both samples. Laurikainen et al. (2009) quote SOa as the type . . . : .
; . ) We again restricted the analysis to the 3106 galaxies with
0, 0,
with the highest fraction of bars (236% compared to 42 6% Tncl-Elong < 2, because ring attributes areffiult to de-

in the EFIGI catalogue), which is mostly owing to a higher "~ i T . .
fraction of strong bars than in the other types, whereas in fgrmine for highly inclined disks. Indeedpner Ring and

ol . ) ; .
. . uter Ring are defined for only 6% to 4% galaxies with
sample the highest fraction of strong and very strong [Bas ( I%cl—Elong = 4. Although theseyproportions ir?crease 0 80.

Length = 3 or 4) occurs in Sab. Moreover, the three largest, B . . .
fractions of bars in the EFIGI catalogue occur in Sab, Sb, a§ % forIncl-Elong = 3, the fractions of galaxies for a given

Sd, which show a probability of 749%, 52+ 5%, and 5% 8% attribute value ofinner Ring andOuter Ring show a poor

. N correlation with the fractions fakncl-Elong < 2. ForInner
respectively to have a bar. This is because of23% and o, 0 o\c0 canarated as “unsure” rings the 360 and 4 galax-
16 + 3% of galaxies wittBar Length = 3 and 4 respectively 9 X g 9

ies with Inner Ring = 1 and 2 respectively, which have a

; 0 o . .
n Sap, and 22 3% and 9i 2% respectwely;n Sb, Whegeaslower confidence limit set to 0; we were not able to perforra thi
the high frequency of bars in Sd is due to:13% and 29: 5% distinction during the homogenisation process of tueer

of galaxies withBar Length = 1 and 2 respectively, and only_, . . :
12+ 3% and 3+ 2% withBar Length = 3 and 4 respectively. Ring andPseudo-Ring attributes, owing to the very low con
tI’ESt of both types of feature.

These dierences in bar fractions may be caused by the lac The left panel of Fig. 11 shows that inner rings are most fre-

of spirals later than Scd and the reduced statistics in-tB80 ) o 0
galaxy sample of Laurikainen et al. (2009) compared to tf%lem n Sé)a, Sa, and Sgb types, occurring ia 3%, 57i.7/°
EFIGI catalogue: dferences between the EFIGAr Length and 65+ 8% of these objects (see Table 6). Together with,SO

attribute definition and the RC3 bar classification may akso nese EM-types also have the highest fractions of strongpand

at play (see discussion in Nair & Abraham 2010) very strong inner rings. Interestingly, weak and modenateii
play ' rings also show a peak in frequency for Sa and Sab respec-

The EFIGI statistics of th@ar Length attribute difer tively. Altogether, inner rings are present in 231% of disks
from the minimum in bar fraction at stage Sc and the ve(yypes SO to Sd), and in 21 1% of galaxies of all types. For
high bar fraction at stage Sm found in Buta et al. (2007, se# attribute values, the frequency of objects decreaseypes
their Fig. 1.14) for some subsample in isophotal diametdr aearlier than S0a, and for types later than Sab. Finally, S6d,
isophotal elongation. The EFIGI results also do not confiren t Sd, Sm, and dE galaxies halser Ring fractions between 2
increasing fraction of bars in disk-dominated, hence tgpe and 5%, whereas E, cE, cD, Sm, and Im have no internal rings
spirals, obtained by Barazza et al. (2008), using ellipsiedi  at all.
of bars in SDS3-band images of 3700 disk galaxies: the  Outer rings are less frequent than inner rings by nearly a
last two columns of Table 5 show that the EFIGI fraction dhctor of 2 and occur in only 1% 1% of disk galaxies, and
bars of all lengths peaks for Sab galaxies, and regularly d&-1% of all EFIGI galaxies, as shown in Table 6. Moreover, the
creases for later types. These authors however fird5% distribution of outer rings is shifted towards earlier tgpeith a
overall percentage of bars in disk galaxies, which agreds weeak for SOa galaxies (right panel of Fig. 11), as expectzd fr
with the 50-60% value obtained by Knapen et al. (2000) usitige definition of this EM-type. Earlier SO-S@ypes on the one
the RC3 bar classification. Yet the 12% of EFIGI “unsure” batsand, as well as later Sa-Sab types have frequencies of outer
for “All types” reduces the EFIGI 35% overall rate of bars to @ings between 15 3% to 43+ 3%. Outer rings occur in less
1o difference compared with those measured by Barazza etlaan 5% of S0, Sbc to Sm, and dE types, and are completely
(2008), Laurikainen et al. (2009), and Knapen et al. (200@bsent from E, cE, cD, and Im galaxies.

Nair & Abraham (2010) find an even smaller fraction of 25% Fig. 12 shows the frequency distribution of the small pop-
of bars in~ 14000 SDSS galaxies, despite a consistent scaleutdition of galaxies (less than 100) that have outer pseundsr
the bar “strength” with EFIGI (Paper I). This illustrategtim- including theR; “eight-shape” pattern, and tH, and inter-
pact of the diferent selection criteria (threshold, intensity scaimediateR; R, patterns, as defined by Buta & Combes (1996,
etc.), even when using the same image material. see Paper | for details of this attribute strength and foowol
images of pseudo-rings; see also Buta 1995 for blue images).
These features occur essentially infS80a, Sa, Sab, and Sb
3.4.2. Rings galaxies, with a marked peak for Sab @3%), and frequen-
cies of 3 to 8% for the other types. Fig. 12 also shows that al-
The strength of the three EFIGI ring attributdsufer Ring, thoughPseudo-Ring =1 and 2 peak for Sab, the frequency of
Outer Ring, andPseudo-Ring) is a monotonically increas- galaxies wittPseudo-Ring = 3 and 4 regularly decreases from
ing function of the fraction of the galaxy flux (dominated bys0a to Sbc. The lower fraction of outer rings compared to in-
the g-band), which is held in each feature relative to that afer rings and the even lower fraction of outer pseudo-rings w
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Fig. 10. Distribution of theInner Ring (left) andOuter Ring (right) attributes as a function of EFIGI morphological type for the 3698 a
3549 EFIGI galaxies for which these attributes are defined (samenpaéise as in Fig. 5). Strong inner rings dominate among SOa, Sa, and

Sab galaxies, whereas outer rings show a marked peak in strengbefgagxies only.
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Fig. 11. Fraction of galaxies with dierent values of th@nner Ring (left) andOuter Ring (right) attributes as a function of EFIGI mor-
phological type for the 3119 galaxies willaclination-Elongation < 2. For clarity, only the Poisson error bars in the fractions Bl
Length = 3-4 are plotted. This graph shows that the frequency for inner ringkspier SOa to Sab types, whereas the outer rings are most
frequent in SOa and Sa galaxies.

also found in the RC3 catalogue by Buta & Combes (199&ge of barred galaxies is similar among galaxies with inmer o
All these objects are a sub-population of galaxies with admar outer rings (66 4% and 54- 5% respectively). However, inner
shown below. rings are twice as frequent in barred galaxies £3%%) than
in non-barred galaxies (:11%), and outer rings are 3.5 times

We list in Table 8 the fractions of galaxies witar more frequent (1@ 1% and 6+ 1% of barred and non-barred
Length, Inner Ring, Outer Ring, and Pseudo-Ring at- galaxies resp.). Moreover, outer rings are two to four tilees
tributes equal to O or in the 1-4 interval (listed in the Tablfequent than inner rings in non-barred and barred galaxies
header), which have one of the other attribute in the 1-4-inte
val (“unsure” galaxies witBar Length =1-2 orInner Ring Both types of rings also appear to be tightly correlated: in-
= 1-2 are discarded). First, this Table shows that the percenér rings are four times more frequent in galaxies with aeiout
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Table 6. Statistics of the EFIGInner RingandOuter Ring attributes forIncl-Elong < 2, given as a percentage of galaxies with given
attribute values

EFIGI Inner Ring EFIGI Outer Ring

Type 0 unsure 1 2 3 4 1-2-3-4 Type 0 1 2 3 4 1-2-3-4
cEcDE 9% 8 - - - - - - CcEcDE 9& 8 - - - - -
SO 96+11 1+1 1+ 1 1+ 1 2+1 - 32 SO 97+11 1+1 1+ 1 - - 2+ 1
S0 6910 133 2+1 10+3 241 5+2 184 SO 811 4t 2 8+3 2+1 2+1 15+ 4
SO 51+ 8 15+4 134 12+3 9+ 3 - 346 SO 7711 103 10«3 - 1+ 21+ 5
SOa 35 14+3 62 2745 133 9+3 557 SOa 497 21+4 143 133 31 51+ 7
Sa 285 153 16+3 25+4 1+3 5+2 57+7 Sa 547 31x5 8+2 2+1 2+1 43+ 6
Sab 2%4 133 153 305 123 8+2 65+8 Sab 8410 10:3 4+ 2 - - 15+ 3
Sh 4224 182 142 172 51 31 3%+4 Sb 937 5+1 1+ 1 - O0x1 7+ 1
Shc 535 20+:3 12+2 9+ 2 441 1x1 26+3 Shc 96 7 3+1 - - - 3+1
Sc 587 274 8+2 5+ 2 2+ 1 - 15+3 Sc 9%11 1+1 - - - 1+ 1
Scd Te&e7 1%3 31 1+ 1 - - 501 Scd 999 1+ 1 - - - 1+ 1
Sd 87411 11+3 1+ 1 2+ 1 - - 2+1 Sd 9812 2+ 1 - - - 2+ 1
Sdm 95 9 31 1+ 1 1+ 1 - - 2+1 Sdm 9& 9 2+1 - - - 2+1
Sm 9710 31 - - - - - Sm 9510 4 1 - - - 4+ 1
Im 100+£11 - - - - - - Im 99:10 - - - - -
dE 98+18 - 2+ 2 - - - 2+2 dE 98:18 2+ 2 - - - 2+ 2

Alldisks  61+2 141 8+1 101 4+1 2+1  25:+1 Alldisks 8% 2 7+1 3+1 1+1 1+1  11x1
Alltypes 682 12¢1 7+1 9+1 4+1 2+1 21+1 Alltypes 92 5+1 2+1 1+1 0:1 o1

Notes:
- Null fractions are replaced by “ - ” for clarity.
- “All disks” corresponds to types from S@o Sm.

Table 7. Statistics of the EFIGIPseudo-Ring attribute for 0.09
Incl-Elong < 2 given as a percentage of galaxies with given attribute

- Pseudo Ring: 1

values éﬂ 0-08 [ —— Pseudo Ring: 2 7
EFIGI Pseudo-Ring %00y — Pseudo Ring: 3.4 :
Type 0 1 2 3 4 1234 :

SO 95:13 3t 2 - - - 3x2  p006¢ : ]
SOa 9211 H1 2+1 2+1 1+1 7+ 2 = f Sa'
Sa 9210 5:2 1+1 1x1 1x1 82 £ O05f : ]
Sab 8510 8:2 4+2 1x1 1x1  13:3 H: o g ]
Sb 937 3+1 2+1 1+1 1x1 6+ 1 5 o ]
She 928 0:1 - 2 T - T P ]
SOttoSbe 9%3 3+1 1+x1 1+1 1+1 5+ 1 : b
All types 972 1+1 1+1 0£1 O0+1 2+ 1 S 002l E
C ¥
Notes: = ootk B
- Null fractions are replaced by “ - ” for clarity. r |
- “All disks” corresponds to types from S@o Sm. L Lo

-6-5-4-3-2-10 1 2 3 4 5 6 7 8 9 1011
EFIGI Morphological Type

- Unlisted galaxy types haveseudo-Ring = 0.
Fig. 12.Fraction of galaxies with dierent values of thBseudo-Ring
attribute as a function of EFIGI morphological type for the 3105

. 0 . . . .
ring (64 + 6%) than without (16= 1%); outer rings are nine galaxies withInclination-Elongation < 2. For clarity, no error-

. ; ! . . . 0
times more frequent in galaxies with an inner ring (22%) bars are plotted, as these are large due to the small number of objects

than V‘{ithQUt (j?i 1%). These StatiStiFS alsq indipate that a&ee Table 7). The outer pseudo-ring pattern is essentially present in
outer ring implies the presence of an inner ring with a:8% 5o+, S0a, Sa, Sab and Sb galaxies.

probability, whereas an inner ring implies an outer ringhwat
27 + 2% probability.

Table 8 confirms quantitatively that the vast majority gbseudo-ring host a bar and £9% an inner ring. Pseudo-rings
pseudo-rings also contain a bar (83.5%) and an inner ring are indeed nearly 50 times more frequent in barred+1%)
(84 + 14%), these structural properties are most likely dynanthan in non-barred galaxies.f0+ 0.2%), and about 10 times
cally related. In comparison, only 331% of galaxies with no more frequent in galaxies an with an inner ring ¢12%) than
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Table 10. Statistics of the EFIGVisible Dust attribute given as a
[ percentage of galaxies with given attribute values
L i
I EFIGI Visible Dust
3+ Type 0 1 2 3 4 1-2-3-4
I cE 6825 21+12 55 5+5 - 32£15
50 cD 96+20 4+ 3 - - - 4+ 3
E 2+ E 97+ 9 2+ 1 1+1 - - 3+1
5 [ SO 97+10 31 - - - 3*1
50 S0 85:9 11+2 4:1 - - 153
m1— SO+ 42+6 25+5 224 9+ 3 1+1 58+ 8
i SOa 244 26+4 325 16+3 2+1 76+ 8
r Sa %2 264 34 254 7+ 2 91+ 8
ol Sab 41 41+5 304 183 8+ 2 96+ 9
I o Sb +0 1742 36+3 323 132 99+ 6
196 219 472 445 ] Shc - 2%3 474 192 4+1 100:6
T Y Y S R R Sc - 23 51+5 24+3 4+1 100:8
B O R O S Scd 221 35:¢3 48:4 13:2 11 987
phologieal Tybe sd 263 5065 25:3  4x1 - 797
Sdm 364 525 10+£2 2+ 1 - 64+ 5

Fig. 13. Distribution of the Perturbation attribute for all 4458
EFIGI galaxies (same presentation as in Fig. 5). This graph ShOWﬁn 74+ 7  23:3 21 _ ) 261 4
the increasin@erturbation for types Sd, Sdm, Sm, and Im. p 9

Table 9. Statistics of the EFIGPerturbation attribute given as a
percentage of galaxies with given attribute values

EFIGI Perturbation

Type 0 1 2 3 4 1-2-3-4
cE 7426 16+£10 55 5+5 - 26+13
cD 80x18 1% 7 2+ 2 - - 20+ 7
E 91+ 9 8+ 2 1+1 - - 9+ 2
SO 95+10 4t 2 1+ 1 - - 5+ 2
SO 788 14+ 3 6+ 2 2+1 1x1 22+ 4
SO 60+8 26£5 10+3 3+1 1x1 40+ 6
SOa 728 16+3 5+ 2 441 31 28+ 4
Sa 647 21+3 10«2 2+1 1x1 334
Sab 526 3%5 133 2+1 0x1 48+ 6
Sb 43 333 182 5+1 4+1 60+ 4
Shc 4% 4 383 10+2 2+1 1x1 51+ 4
Sc 565 30+4 13+:2 1+1 1+1 44+ 5
Scd 54 343 10+2 3+1 1+1 49+ 4
Sd 495 284 18+3 5+ 1 - 51+ 5
Sdm 424 2% 3 20+ 3 7+1 2+1 58+ 5
Sm 283 25+3 324 21+3 2+1 79% 7
Im 29+4 2143 254 203 5+1 71+ 7
dE 86:15 6+ 3 9+ 4 - - 14+ 5
All spirals 47+1 31+1 15+1 51 2+1 53+ 2
All types 541 26£1 131 541 2+1 46+ 1

Note: Null fractions are replaced by “ - ” for clarity.

without (09 + 0.4%). Note also that 58 11% of galaxies with

a pseudo-ring are classified as having an outer ring: thigrecc
when the pseudo-ring is ficiently round to mimic a single

3Gt4 49+5 16+£3 51 - 70£ 7

dE 86t15 +3 6+ 3 1+1 - 14+ 5
All spirals  10t1 341 351 171 4+ 1 90+ 2
All types 291 281 21 131 3+1 71+ 2

Note: Null fractions are replaced by “ - ” for clarity.

3.4.3. Perturbation

The deviations from smooth afmd symmetric profiles have
been quantified by Conselice (2006). These features arefalso
a dynamical origin, because numerical simulations show tha
morphological perturbation is the sign of interactionsaestn
galaxies (Teyssier et al. 2010).

Fig. 13 shows that the EFI@Qerturbation attribute in-
creases for the latest spiral types Sd, Sdm, and Sm, and for Im
types, the attribute is as high as for Sm galaxies. Table @sho
that between /B to 2/3 of types from S0 to Sdm have per-
turbed profiles, and the percentage increases 728 for Sm
and 71+ 7% for Im galaxies. Altogether, 58 2% of the spi-
ral galaxies exhibit some distortion in their profile. In t@st,
only 22+4% of S0, 9% 2% of E and 5:2% of SO are perturbed.

Table 9 also shows that Sm and Im types are more fre-
qguently strongly perturbedPérturbation = 3) than earlier
spiral types: this attribute value occurs in 20 to 2B% of
Sm-Im galaxies and in less than:71% of earlier spiral types
and S0. One possible origin for the higher rate of detectable
perturbed profiles in Sm and Im galaxies could be their lower
luminosity (de Lapparent & Bertin 2011b), hence mass, which
might make them more sensitive to tiddfexts by neighbour-
ing galaxies. That Im galaxies are more numerous in the dense
environments of clusters of galaxies might contribute to in
creasing their frequency of tidal distortions.

3.5. Texture: dust, flocculence, hot spots

ring; as a result, pseudo-rings are six times more frequentWe now examine another four attributes that further defiee th
galaxies with an outer ring (18 3%) than without (3 1%).

properties of the spiral structure in spiral galaxies aray (a
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Table 8. Correlations of the EFIGBar Length, Inner Ring, Outer Ring, andPseudo-Ring attributes forincl-Elong < 2, measured as
the percentage of galaxies among the intervals of attributes listed in ther tleaidlgave another attribute in the interval listed in the left column

Bar Length Inner Ring Outer Ring Pseudo-Ring
0 1-4 0 1-4 0 1-4 0 1-4
Bar Length=1-4 - - 24+1 66+x4 33+x1 54+5 33+x1 95+15
Inner Ring=1-4 11+1 39+2 - - 16+x1 64+6 19+1 84+14
Outer Ring =1-4 6+1 10x1 3+1 27+2 - - 8+1 58+11

Pseudo-Ring=1-4 02+02 11+1 0904 12+2 3+1 19+3 - -

Notes:

- For clarity, we indicate as “ - ” the 0% or 100% fractions between one até&ridnd itself.

- ForPseudo-Ring=1-4, only galaxy types from Stto Sbhc that host pseudo-rings (see Table 6) are considered; fiastitadler than 1%
are given to a tenth of a percent.

T T
r r Sm
4 4+ i
3 3 B
L o+ J
= S L i |
5ot S
A2r g2r B
L0 a7
o) r () -
2t 2
= L z L
1~ S _
L] E L E
0r : 0r B
F 3 F R
r e 7 95 122 331 279 43 7
224 [ 2 50 164 422 237 84 585 3]
T T O R N N R R R N R B E B BRI T B B S SO S SO S B
-6-5-4-3-2-10 1 2 3 4 5 6 7 8 9 1011 -6-5-4-3-2-10 1 2 3 4 5 6 7 8 9 1011
EFIGI Morphological Type EFIGI Morphological Type

Fig. 14. Distribution of theVisible Dust (left) andDust Dispersion (right) attributes for the 4458 and 1905 EFIGI galaxies for which
these attributes are defined (same presentation as in Fig. 5). The lefispams the large amounts of dust for early and intermediate spiral
types (Sato Scd), with a peak for Sb galaxies, and the lower values fepiaat (Sd to Sm) and Im types. The right panel shows the increasing
Dust Dispersion for spiral galaxies of later type.

role in the visual definition of the morphological sequertbe: Dust appears to be frequent in galaxies: altogethet, 2%
presence of dusVfsible Dust), the patchiness of its distri- of EFIGI spirals and 71 2% of all types show visually de-
bution Pust Dispersion), the significance of the scatteredectable dust. The variations #fisible Dust with type bear
(Flocculence) and giantHot Spots) HIl regions. some ressemblance with thoseiim Strength, which peaks

for Sc, but there are some significanffdiences. Fig. 14 shows

a sharply increasing amount of dust for the intermediatgden
3.5.1. Dust ular types S0 and SOa (58 8% and 76+ 8% host dust) up
. o .. to the early and intermediate type spirals (Sa to Scd) with a
In Fig. 14 we show the distribution of thE sible Dust and epeak for Sb types: more than 90% of Sa to Scd types host dust,

(hatbust ‘bispersion s defined oy fo the 1905 galaxied!ith 15 10 329 at a strong level; and Sb types have-6
with Visible Dust > 2. In Table 10 we list the fractions ofOf galaxies withvisible Dust = 4. There is a much smaller

galaxy types for each value of tiiésible Dust attribute and relative amount Of.dUSt in late spirals (Sd to Sm) howeveth wi
for all values offncl-E1 Contrary to the bar and rin at-a decreasing fraction of 297% to 70+ 7% galaxies altogether,
trib te\; dusts's alll,co _'s't;)lzg';q highl 'xcl'ned or edge- ! g_ and less than & 1% of these types at the strong level,223%
tibutes gusti Vvistole in ughly Incl . 9e-@X- 4 16+ 30% at the moderate level. The overall frequency of
ies and is even easier to detect owing to a higher contrast;

is measured by the systematically higher fractions of gatax isible Dust decreases to only 264% in Im galaxies. The
with Visible Dust = 3-4 for Incl-Elong = 3-4 compared low values of theVisible Dust attribute for late spiral and

irregular t i mbination of the | r t contént
to Incl-Elong = 1-2. egular types is a combination of the lesser dust contént o
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Table 11. Statistics of the EFIGIFlocculence and Hot Spots 3.5.2. Flocculence and hot spots
“Texture” attributes given as a percentage of galaxies with given at-

tribute values

Finally, theFlocculence andHot Spots attributes are useful
for quantifying the fraction of light in the scattered anc@ugfi
HIl regions of galaxies. These are rare in elliptical, cDd an

EFIGI Flocculence lenticular galaxies and increase at type$ &6d later. Fig. 15

Type 0 1 2 3 4 1-2-3-4hen shows a roughly constant levelRifocculence andHot

cE %27 16:10 55 - - 2112 gpots for all spiral types from Sb to Sm, and Sb to Sdm. Then

ED 11%0&2; ) ) ) ) “theFlocculence decreases for Im and dE galaxies, whereas

S Sl il sl ot atte o maed norease orpes S

SO 95:10 5+ 2 1+ 1 - - 5+ 2 ' )

SO 82410 18t 4 _ _ _ 18+ 4 Table 11 shows that some level of flocculence is detected

SOa 566 46:6 4+1 ) . 50os6in more than 95% of spiral galaxies with types Sab to Sm,

Sa 254 687 T+2 - - 75+ 7 Wwhereadlot Spots occur in nearly one third of Sb, Sbc, Sc,

Sab 41 728 234 - - 96+ 9 and Scd types, in half of Sd, Sdm types, and ints88% and

Sb 0 36:£3 433 122 91 996 75+ 7% of Sm and Im types. For Sa and Sab, hot spots occur

Sbc EO 30£3 524 132 31  9%6inless than 2- 10% of galaxies, and ir 5 — 6% of them for

Sc 221 32+4 495 152 21 988 g0 and SOa. cE have a high fraction of 2112% of galax-

Scd - 1&2 57£4 203 4x 1l 1007 jeg with evidence foHot Spots, which are superimposed on

ggm o 1 22& g gif 2 ig g GL“:L i 10& g the dense central par.ts of the objects. The high rate of'diE Wit
% Hot Spots (29+ 7%) is due to the nucleated dSO contained in

Sm Q1 233 485 24+3 4+1 100t 9 . . . .

Im 241 56+6 35:4 5:1 11 8: 9 this class. About half of these nuclei seem associated with r

dE 80:14 20+ 6 ) _ _ 20+ g CeNt star formation as evidenced by the marked blue colaurs i

All spirais 220 3% 1 4601 15:1 41 97 2 theirvicinity (see also Paudel et al. 2010, who recentlysdtb

All types 231 20+1 34+1 11+1 31 77+ 2 that the stellar populations of these nuclei in Virgo gaaxre

EFIGI Hot Spots young and metal-enhanced).

Type 0 1 2 3 4 1-2-3-4 Altogether, 97+ 2% of spiral galaxies show evidence

cE 7927 - 55 55 118 21+12for flocculence, and 3% 1% for hot spots. The increase of

cb 100:21 - - - - -Flocculence andHot Spots attributes along the Hubble se-

E 1009 - - - - - quence is tightly related to the gas content of the galaxies

SO 100:10 ) ) ) ) “and the resulting star formation, which both increase along

SO 9%10 - Bl -l 1 the Hubble sequence. Because dust is produced by star for-

SO* 94+11 21 1+1 - 31 + . S . .

S0a 9510 31 11 S o1 5, o Mation, the dlstrlbu_tlon of V|S|_ble d_ust is somewhat redate

Sa 0% 9 141 _ 11 o, 1 the flocculence, this comparison is complicated however by

Sab 909 82 1+1 0Or1l - 10: 2 the fact that dust-enshrouded star formation is not ddikscta

Sb 695 21+2 81 1+1 1+1 31+ 3Iinthe optical. The similar trends in the distributions (lpan-

Shc 75 20+2 3+1 01 0+1 232 elsofFigs. 14 and 15) and statistics of thisible Dust and

Sc 646 32+4 3+1 1+1 - 36t 4 Flocculence attributes may result from this relation.

Scd 544 29+3 132 1+ 1 0+1 43+ 4

Sd 485 404 122 0+1 - 52+ 5

Sdm 474 384 142 1+1 o+l 535 3.6. Specifying the Hubble sequence

ﬁnm 2152 f'é'i g gj’ig gi 2 ]]i 1 g8 We_ showe_d in the above sub-s_ections_ that all EFIG_I morpho-

dE 71413 25:7 4+ 3 _ . pg, 7 logical att_rll_)utes vary systemgtlcglly with r_no_rphologlt;q)e,

Allspirals 632 26:1 91 1x1 0:1 37 1thusproviding us with a quantitative description of the Hieb

All types 692 21+1 81 1+1 1+1 31+ 1 Sequence in terms of each specific morphological features. W

Note: Null fractions are replaced by “ - " for clarity.

summarise these relations here :

— The B/T ratio decreases regularly along the Hubble se-
quence, but there is a large dispersion of nearly five types
for a givenB/T value.

lower luminosity galaxies (van den Bergh & Pierce 1990), and. The regular increase in them Strength results in an in-

the lower luminosity of late spirals and irregulars (de Largmt crease in the disk contribution along the Hubble sequence,

& Bertin 2011a).
The right panel of Fig. 14 shows that thBust early-type spirals are clearly bulge-dominated. It is anly

Dispersion is low for Sa galaxies, reaches a peak for Sb intermediate type spirals (Sb and Sbc) that most of the disk

types followed by a decrease and a“plateau” for intermediat light emission lies in the spiral arms.

types (Sbc to Scd), then increases again for later spiralstyp — The mean curvature of the spiral pattern regularly deceease

Strongly patchy dust is essentially observed in types S&oto (and the pitch angle increases) for later spiral types.

with the latest spirals being disk-dominated, whereas the
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Fig. 15. Same as Fig. 7 for th€locculence (left) andHot Spots (right) attributes. The left panel shows the nearly constant level of
Flocculence for all spiral types Sb and later and the lower values for Sa and Im galakie right panel shows a nearly constant level
of Hot Spots for all spiral types from Sb to Sdm and an increaded Spots attribute for Sm and Im types.

— Bars are frequent among all galaxy types except E and dntribution across the full sequence from ellipticalsotigh
and are detected in 28 and 7% of SO and Im galaxies andenticulars and down to spirals.

22 to 56%. of spirals; the strongest bars lie in early spirals We also propose to interpret the original distinction be-
with a peak frequency of strong and very strong bars in Satveen Sb to Sc types, based on the increasing continuity of

— Inner rings occur in 55% or more of SOa, Sa, Sab galaxi¢ke spiral arm design (van den Bergh 1998), as resulting from
whereas outer rings decrease from 51% to 15% in thabe simultaneous steep increase in the relative flux in the sp
types; inner rings are also strongest for these three typabarms and the decrease in the amount of dust from types Sb
and decrease in strength for earlier (S0) and later (spired) Sbc-Sc. In contrast, the increase in the fraction of light
types; outer rings are strongest in SOa types and occur g scattered and giant HIl regions does not appear to bjirect
sentially in early-type disks (S0, $0S0a, Sa and Sab). participate in the establishment of the Hubble sequence.

— The outer pseudo-ring pattern occurs in approximately 10% We emphasize that although the Hubble morphological
of barred S0a, Sa, Sab and Sb galaxies. types constitute a decreasing sequence/@fratio and an in-

— Non-disk galaxies and SGshow rare evidence for distor-creasing sequence of disk contribution to the total galaxy; fl
tions in their symmetry. Nearly half of the types SO tehe large dispersion of five types per valueBgf results from
Sdm have perturbed symmetry at a low and moderate levigle prevalence of the spiral arm properties overRyie ratio
whereas the latest galaxy types, Sm and Im, show evidetigedefining the spiral sequence.
for frequent and significarterturbation (79 and 71%).

— Visible Dust is present in significant amounts in types
S0 and later, with a peak for Sb galaxies, and in decreds-Size and surface brightness along the Hubble
ing amounts for spirals types approaching Sb; however, thesequence
gézt Dispersion regularly increases for types later tharll 1. Dys distribution

— There is an increase of the strength Bfocculence Figure 16 shows the distribution of intrinsic isophotalrdi
and Hot Spots from Sa to Sb, then both attributes reters calculated in Sect. 2.4 as a function of EM-type. Thiéssta
main constant between Sb and Sdm types. Although &5 for each value are overplotted: mean and dispersiath, bo
Flocculence is stable for Sm and decreases for Im, thgsn‘]g 3_Sigma C||pp|ng to exclude ga|axies with possibre.er
strength of theéfot Spots increases for both types. neous redshifts arior intrinsic D25 estimate. As expected, the

large cD envelopes and the small cE objects are at the high and
low ends of the size distribution, respectively. For allags
These relations confirm the decreasing pitch angle of thes, the r.m.s. dispersion is in the range of 30-50% of the
spiral arms as the primary criterion for defining the progremean value. The galaxies with high values of intriri3jg com-
sion along spiral types in the Hubble sequence (van den Bepgired the bulk of the objects for a given EM-type (for exem-
1998). Moreover, the increasing strength in the spiral armge the Sm galaxy witlD,s ~ 52 kpc or the dE galaxies with
along the spiral sequence results from the decreasing didjs > 15 kpc) might have theiD,s overestimated because of
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come frequent among Sdm and Sm types, with fractions of 17%
and 68% of galaxie®,s < 10 kpc. Of course, cE, Im and dE

90 - o sb 5 ..' N 1 galaxies have the bulk of their objects below fg = 10 kpc,

100 F . i E

whereas cD galaxies are all above this limit.

We have searched the EFIGI catalogue for dwarf spiral
galaxies among types Sa to Scd. These are expected to be
rare (Schombert et al. 1995; Sandage & Binggeli 1984). We
found two such objects using the critediam Strength> 2,
and g absolute magnitude fainter than -17: PGC0039483 and
PGC0040705, with magnitudesl6.9 and-14.8, and intrin-
sic Dys values of 5.7 kpc and 1.9 kpc. Both galaxies are
located in the direction of the Virgo cluster, with RA. and
DEC. coordinates of [184.49%.654] and [186.635,12.610]
(J2000), but with significantly smaller recession vel@stof
i T ; o T i g 1 791 kny's and 193 kiys (corrected for virgocentric infall). Other
- 197 102! s Tea0™ e V00" 0276™ 255" %4 | names for PGC0039483 are NGC 4241 and IC 3115, whereas

6.5 4321012 3 40586 78 91011 PGC0040705 is also named NGC 4413 (NED also provides
EFIGI Morphological Type NGC 4407, but it is not recognised in HyperLeda).
Fig. 17 showsrg colour images of both galaxies, obtained
Fig. 16. Distr_ibution of intr'insic isophotal diamete_r in kpc for 4196using the STIFF softwafe Both galaxies have a short bar
EFIGI galax!es as a function of EFIQI morphologlcal type. For. ea.lc(@ar Length = 2) and weak flocculenc&{occulence = 1).
type, the we|ghted_ mean and r.m.s. dispersion (with 3-sigma Cl'Pp'r]géCOO39483 has open armir Curvature = 3), whereas
are plotted as a circle and vertical error-bar. The Iargest_ galaxies ghre f PGC0040705 have an intermediat ’ rvathre
the cD, Sbc and E, the smallest the cE, Im and dE. To guide the ey ’gse 0 a e. a e. ediate curva (
horizontal dotted line is drawn at 10 kpc. Curvature = 2). The well deslgned splral arms and smdﬂ'B
ratio of PGC0039483 result in its assigned Scd type in bagh th
RC3 and the EFIGI catalogue. In contrast, PGC0040705 was
a faint extension of the isophotes at large radii; indeeglfith classified as Sab in the RC3, probably because of its tightly
ted disk scale lengths of these objects are within the rafigesund spiral arms, whereas in the EFIGI classification, & wa
values for the other galaxies of same EM-type (de Lapparenta&signed an Sc type that reflects its lofi Batio and floccu-
Bertin 2011a). lence.

Moreover, the SO have statistics comparable to E types, By its small size, very faint absolute magnitude, and céntra
whereas SO and S@alaxies have a lower mean intrinddgs, nucleus, PGC0040705 recalls the spiral structure seemie so
of ~ 24 kpc. This provides interesting support to the suggestighthe EFIGI dE galaxies, which also have a nucleus and a bar.
by van den Bergh (1990) that some of the SO antl @@0se Barazza et al. (2002) and Lisker et al. (2006) showed thaethe
with small diameters) may not be intermediate between E a@ﬁjects are frequent among bright dE galaxies in the Virgo
Sa. The Sa galaxies also have a mBagz 30 kpc, with fewer cluster, in contrast with the faint magnitude of PGC0040705
galaxies at the small diameter end compared to E types, whB&cause the EFIGI catalogue is restricted to galaxies with s
could be evidence that the E galaxies are contaminated by sragal measurements of RC3 Hubble types, and is en§0%
face-on lenticulars. In contrast, SOa types do appear totbe i complete at bright magnitudes (Paper 1), some other nearby
mediate in size between Sand Sa. The systematically smalletlwarf spirals might be missing. A systematic search for dwar

mean diameter for Sb galaxies compared to Sab and Shc nytals over the whole SDSS survey is necessary to evaluate
be checked by comparing the measured disk scale lengthsr@fir true spatial frequency.

the EFIGI spiral galaxies using the bulggisk modelling (this
is reported in de Lapparent & Bertin 2011a). .
Overall, Fig. 16 shows a clear trend of steadily increasirfy2- Meéan surface brightness

mean diameter with EM-type for spiral galaxies from S0a ugne may wonder whether the small intrinsic diameters for

to Sab-Shc galaxies. Then, a gradual decrease occurs frompec|ate EM-type galaxies in Fig. 16 is caused by some se-

types to Im, with dE galaxies having a similar size distriut |ection dfect at low surface brightness that characterises late

as Im types. The ellipticals, lenticulars, and spiralsieathan spiral, irregular and dE galaxies. We examined tiffect by

Sd have mean diameters of 24 to 39 kpc, whereas galaxies fr@éﬂmating the mean surface brightness (SB hereafterhéor t

Sd to dE have mean diameters of 7 to 21 kpc. EFIGI galaxies, using again the apparent major isophotal di
Moreover, small galaxies are few among Sa to Scd typ&gheter in theD,s system. This estimate is much fainter than

less than 5% of these EM-types haDgs < 10 kpc (horizon- the central SB or that calculated at theetive radius, but it

tal dotted line). SO galaxy types have slightly higher frac-gtj|| allows one to perform an internal comparison among the

tions of 7% of galaxies wittD2s < 10 kpc, and SO and SO yarious EM-types. We only use the 2348 galaxies with small

even higher fractions of 10% and 15% resp. Despite their evgf1-Elong (< 2), and with no or negligible contamination
smaller mean diameters of 21 kpc, Sd galaxies also have a low

fraction of 7% of such galaxies. In contrast, small spir@s b 5 http://www.astromatic.net/software/stiff
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Fig.17. “True colour” irg images of the two dwarf spiral galax- 522 . Sphc—sScd N
ies found in the EFIGI catalogue. These galaxies have redshift§ | x Sa-sSb
0.0026385 and 0.0006414, absolgi@agnitudes 0f16.9 and-14.8, ~§ oL " S0-S0a . B
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Fig. 19. Distribution of apparent major isophotal diamef2ss con-
verted into kpc as a function of mean surface brightness ig-thend
within the Dos diameter for the 2278 EFIGI galaxies for which these
parameters are defined and witliclination-Elongation < 2 and
Contamination < 1. Different symbols are used forfigirent EM-
types. This graph shows that galaxies with a surface brightness of dE
but a more extended diameter could be detected in the EFIGI cata-
logue.
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1 (1985) using the luminosity functions per morphologicgley
, . J inthe Virgo Cluster (see de Lapparent 2003, for a review, and
[ 144 86 86 123 =289 140 103 162 43 ] de Lapparent & Bertin 2011b for luminosity functions in the
12 B om0 o e eee 199 Bt 16 1 ERIGI catalogue). The systematically brighter SB of Sbh amd S
-6-5-4-3-2-10 1 2 3 4 5 6 7 8 9 1011 types compared to the monotonically increasing curveirgat
EFIGI Morphological Type SB to EM-type is examined by de Lapparent & Bertin (2011a)
using SB estimates obtained from the buldesk modelling of

each galaxy profile after convolution by the PSF.

Mean surface brigthness in g filter [mag/arcsec?]

20

Fig. 18. Distribution of mean surface brightness in thleband

within the Dps diameter for the 2278 EFIGI galaxies with ) comparison of the mean SB of EFIGI galaxies with their
Inclination-Elongation < 2 andContamination < 1 as a func-

tion of EFIGI morphological type. For each type, the weighted mez;ltﬂmnsIC major diameters, as shown in Fl'g..19, allows On_e to
and r.m.s. dispersion (with 3-sigma clipping) are also plotted as a &¥aluate how these two galaxy characteristics could bedias
cle and vertical error-bar. The mean surface brightness is dameady Selection #ects. First, the SB limit at 25 mggrcse€ men-
along the Hubble sequence from cE to Im types. tioned in Sect. 2.4 seems to potential[?je'a,t mostly late Spi-
rals and irregulars, because types earlier than Sd appéear to
intrinsically limited in SB at~ 24 magarcseé or brighter.
(Contamination < 1): high contamination evidently biases Moreover, the large galaxies (those with an intrinsic ma-
the SB towards bright values, whereas the SB of highly iedin jor diameter larger than 1 kpc) have an SB fainter than a limit
galaxies is biased towards faint values due to systemiticaletermined by the sum of the brightest absolute magnitude an
higher dust extinction of both the bulge and the disk than férn Dos[kpc], whereDss[kpc] is the intrinsic major diameter in
face-on galaxies (Driver et al. 2007). kpc. This yields the diagonal boundary in the lower righttpar
Figure 18 shows, the distribution of mean SB using thaf Fig. 19, which is thus the result of the upper limit in gatax
g-band magnitudes measured from the SDSS images byatbsolute luminosities (de Lapparent & Bertin 2011b). There
Lapparent & Bertin (2011a) as a function of EM-type. Thialso an apparent boundary in the upper right part of the graph
graph confirms the compactness of the cE galaxies, becaumskcating that the EFIGI catalogue is deficient in largeagads
they show the highest mean SB. If we exclude the cD galaxiesth very low SB (Malin 1 type objects). It is not clear whethe
we observe a dimming in mean SB along the whole Hubble sbese objects are frequent in the nearby universe and whethe
quence, starting with E types. Combined with the decreasetliis boundary in Fig. 19 is a selectiofffext, or if it results
diameter for later spiral types shown in Fig. 16, this resirt from an intrinsic boundary in galaxy characteristics; ¢éisrat
the progressive decrease in absolute magnitude of splead-gapresent no complete census of the galaxy distribution at ver
ies along the Hubble sequence, as shown by Sandage etoal.SB (see McGaugh et al. 1995 and Dalcanton et al. 1997).
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At the small intrinsic diameter limit, one can see that thgence of the grand spiral design of Sc galaxies. The strength
cE, dE, and Im galaxies span the whole range of mean SB frofithe scattered and giant HIl regions does not vary monetoni
bright to faint values. The Im galaxies have a fainter SB taiklly along the Hubble sequence, but along sub-portioniseof t
than the dE galaxies despite a similar mean SB distributionsequence, with peaks and “ plateaux” for specific types (the
high values (see also Fig. 16). The scarcity of galaxies wiiocculence andHot Spots attributes peak for Scd and Sm
a mean SB brighter than 22 is due to the combination of thesp.); hence these attributes do not seem to directlycparti
upper limit in galaxy absolute luminosities (de Lapparent @ate in the establishment of the Hubble sequence. We also find
Bertin 2011b) and th®,5 > 1 arcmin limit on the angular size that the deviation from a symmetric profile regularly inses
(see Fig. 3). along the Hubble sequence, but this is an incidental feature

Moreover, Fig. 19 shows that galaxies larger than dE bilite definition of the sequence.
with the same mean SB could be detected in the EFIGI cata- Dynamical features such as bars and inner rings are present
logue: these galaxies would lie in the central part of thedah all types of disk galaxies, and occur in40% and~ 25%
cloud, which is mostly populated by the brightest of the Sd tf them, with stronger baing components in early-type spi-
Sm types, the smallest of the Shc to Sbc types, and a fair nuals and weaker components in late-type spirals. Outessring
ber of SO to SOa and Sa to Sb galaxies. This suggests thatdte nearly half as rare as inner rings, and both types of rings
small intrinsic diameter of dE galaxies in Fig. 16 is likelgtn are tightly correlated. Outer pseudo-rings occur in onti0%
due to a selection bias, but to an intrinsic upper limit fas thof barred galaxies.
galaxy type. Similarly, Fig. 19 indicates that larger gédsof Owing to its ~ 80% completeness with respect to the
types Sd to Im could also be detected in the EFIGI sampDSS (Paper I), with a preferential choice of galaxies with a
The small diameter of these galaxies therefore appearsdn beeliable RC3 type, the spatial sampling of galaxy concentra
intrinsic feature of these objects. tions may stfer some bias, however. Systematifeets within
each morphological type might exist, for example caused by
the combination of the variations from type to type in the
Inclination-Elongation attribute and the fact that the RC3
In addition to the surface brightness limit inherent to allexxy Hubble types were easier to define for weakly inclined galax-
catalogues, the EFIGI sample is limited in apparent diametees. The numerical values of the frequencies of the various
following the RC3 selection, the majority of the EFIGI galaxEFIGI attributes as a function of type should therefore Edus
ies have a major isophotal diameter larger than 1 arcmimutewith caution. The detected systematic tendencies in theusr
the RC2D,5 system (de Vaucouleurs et al. 1976). This yieldattributes along the Hubble sequence are neverthele$g titke
a dense sampling of all Hubble types thdtatis from volume reflect intrinsic galaxy properties.
or magnitude limited surveys by oversampling late spirald a By cross-matching with the HyperLeda, NED, and SDSS
irregulars, and therefore does not reflect the real galaxy mcatalogues we obtained redshifts for 99.53% of EFIGI gakaxi
A strong advantage in this sampling is that it provides uswi{z < 0.05), which, combined with thB,5 measures, yield esti-
large numbers of galaxies for each Hubble type (except ®r tmates of absolute major diameter and mean surface brightnes
rare ck, cD and dE types), whose full diversity of morphologn the SDSSy-band. We derive that the largest galaxies are cD,
ical characteristics can in turn be described using the EFIE, Sab, and Sbc galaxies (20-50 kpdgs), and find a smooth
attributes. The various galaxy types are also widely distedd decrease in size along the Hubble sequence. Late spirals are
over the redshift and absolute magnitude intervals of thie sanearly twice smaller than Sab-Sbc spirals, and Im, dE and cE
vey. types are indeed dwarf galaxies (5-15 kpdigy). The lentic-

The high completeness rate of the EFIGI catalogue betwadar galaxies are intermediate in size (15-35 kp®i). The
the surface brightness and apparent diameter limits dgés le surface brightness also smoothly decreases along the &lubbl
mate a statistical analysis of the EFIGI attributes as atfanc sequence, but its selection limits within the EFIGI sampie d
of Hubble type. We thus examined the statistics of the 16 mamt exclude the detection of large late-type galaxies.
phological attributes which were measured visually fotheafc In addition, we find that there are very few dwarf galax-
the 4458 EFIGI galaxies, to describe their various comptseries of types Sa to Scd, in agreement with the observations of
their dynamical features, texture, contamination, andrenv Sandage & Binggeli (1984) in the Virgo cluster: we find only
ment. We estimated the frequency of each attribute andiits véawo dwarf spirals in the EFIGI catalogue with well designed
ations among the ffierent Hubble types. spiral arms. We also notice an extension of Sb types to small

The analysis of EFIGI attributes confirms that the HubblB,s diameter, which must be examined in greater detail using a
sequence is an increasing sequence of bulge-to-totalaatio more reliable estimate of size (de Lapparent & Bertin 2011a)
of disk contribution to the total galaxy flux. Neverthelegb®re Profile fitting could also allow one to distinguish E galaxies
is a large dispersion of nearly five types for a given bulge-terom face-on SO, because these types might be confused in vi-
total ratio, resulting from the prevalence of the spiraligies sual morphological classifications (van den Bergh 1990).
in the progression along the spiral sequence. The sequence i If the present analysis of the EFIGI catalogue provides
indeed characterized by a decreasing pitch angle of the. arms with a description of the Hubble sequence in terms of
We also propose that the decrease in visible dust from Sbetach specific morphological feature, one step further isemad
Shc-Sc types combined with a steep increase in the strenigghapplying supervised learning tasks using “Support Mecto
of the spiral arms between these types contributes to the-enMachines”. In this context, Baillard (2008) and Baillardadt

5. Conclusions
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(2011a) showed that one can determine the Hubble type fr@&aillard, B., Bertin, E., & de Lapparent, V. 2011a, in pregar

a reduced number of EFIGI morphological attributes, which tion

are, in decreasing order of significance: the bulge-td-tata Baillard, B., Bertin, E., de Lapparent, V., et al. 2011b, rsith

minosity ratio, the strength of spiral arms, and the cumetf ted to A&A

spiral arms. In that analysis, the amount of visible dustflotd  Barazza, F. D., Binggeli, B., & Jerjen, H. 2002, A&A, 391, 823

culence play a less significant role in determining the HebbBarazza, F. D., Jogee, S., & Marinova, |. 2008, in Astrona@inic

type. These various results agree with the present analysis  Society of the Pacific Conference Series, Vol. 396,
Two forthcoming articles provide examples of the type of Astronomical Society of the Pacific Conference Series, ed.

advanced morphological studies that can be performed using. G. Funes & E. M. Corsini, 3534

the EFIGI database. A multi-component profile adjustment Bertin, E. 2010, in Astronomical Data Analysis Software and

each EFIGI galaxy is carried out using the last version of Systems XX

SExtrAcTOR (Bertin & Arnouts 1996; Bertin 2010), and theBertin, E. & Arnouts, S. 1996, A&AS, 117, 393

visual EFIGI attributes are used to calibrate and optimiiee tBinggeli, B. & Cameron, L. M. 1991, A&A, 252, 27

automatic profile fitting. These analyses report on the gthin  Blanton, M. R. & Moustakas, J. 2009, ARA&A, 47, 159

modality in the bulge and disk colours derived from the fitteBlanton, M. R. & Roweis, S. 2007, AJ, 133, 734

light profiles to EFIGI galaxies (de Lapparent & Bertin 20},1aBlanton, M. R., Schlegel, D. J., Strauss, M. A., et al. 2005, A

and present the luminosity functions for the EFIGI sample as129, 2562

a function of morphological type and galaxy component (dguta, R. 1995, ApJS, 96, 39

Lapparent & Bertin 2011b). Buta, R. & Combes, F. 1996, Fund. Cosmic Phys., 17, 95
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