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ABSTRACT

Galaxy morphology is a product of how galaxies formed, how ¢l inter-
acted with their environment, how they were in uenced by inernal perturba-
tions, AGN, and dark matter, and of their varied star formation histories. This
article reviews the phenomenology of galaxy morphology amthssi cation with
a view to delineating as many types as possible and how theyate to physical
interpretations. The old classi cation systems are re nedand new types intro-
duced, as the explosion in available morphological data hasodi ed our views

on the structure and evolution of galaxies.

Subject headings:galaxies: spiral; galaxies: elliptical;, galaxies: SOs;lgsies:
structure; galaxies: high redshift; galaxies: classi cain; galaxies: peculiar;
galaxies: dwarfs; galaxies: clusters; galaxies: activaglaxies: isolated; galaxies:

Galaxy Zoo project

Index terms Hubble-Sandage-de Vaucouleurs classi cation; spiral gaias; elliptical
galaxies; SO galaxies; irregular galaxies; resonance rggjaxies; outer rings; inner rings;
nuclear rings; secondary bars; nuclear bars; pseudoringsand design spirals; occulent
spirals; merger morphologies; tidal tails; collisional mg galaxies; polar ring galaxies;
barred galaxies; lens galaxies; spiral arm classes; courénding spiral galaxies; anemic
spiral galaxies; spiral arm multiplicity; dust lanes; psedobulges; classical bulges; dust-lane
elliptical galaxies; shell/ripple galaxies; ultra-luminais infrared galaxies; bar ansae;
brightest cluster members; low surface brightness galagiedwarf galaxies; dwarf spiral
galaxies; dwarf spheroidal galaxies; Galaxy Zoo projectalated galaxies; blue compact
dwarf galaxies; star-forming galaxy morphologies; warpedsts; stellar mass morphology;

luminosity classes; boxy ellipticals; disky ellipticalslate-type galaxies; early-type galaxies;
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1. Introduction

In the nearly 100 years since galaxy morphology became a tomf research, much
has been learned about galactic structure and dynamics. Kwa only as \nebulae" at
that time, galaxies were found to have a wide range of largelgexplicable forms whose
relations to one another were a mystery. As data accumulated became clear that galaxies
are fundamental units of matter in space, and an understanag of how they formed and
evolved became one of the major goals of extragalactic stegi Even in the era of space
observations, galaxy morphology continues to be the backibe of extragalactic research
as modern instruments provide information on galactic strcture across a wide range of

distances and lookback times.

In spite of the advances in instrumentation and the explosioof data, classical galaxy
morphology (i. e., the visual morphological classi cationn the style of Hubble and others)

has not lost its relevance. The reasons for this are as follew

1. Morphology is still a logical starting point for understaading galaxies. Sorting galaxies
into their morphological categories is similar to sortingtars into spectral types, and can
lead to important astrophysical insights. Any theory of gadxy formation and evolution will

have to, at some point, account for the bewildering array ofajactic forms.

2. Galaxy morphology is strongly correlated with galactictar formation history. Galaxies
where star formation ceased gigayears ago tend to look venyedent from those where star
formation continues at the present time. Classical morphogly recognizes these di erences

in an ordered way.

3. Information on galaxy morphology, in the form of new typesf galaxies, multi-wavelength
views of previously known galaxy types, and higher resolot views of all or part of some

galaxies, has exploded as modern instrumentation has supeded the old photographic
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plates that were once used exclusively for galaxy classitien.

4. Galaxy classi cation has gone beyond the realm of a few thsand galaxies to that

of a million galaxies through the Galaxy Zoo project. Not only this, but GlaxyZoo has
taken morphology from the exclusive practice of a few expearto the public at large, thus
facilitating citizen science at its best. Galaxy Zoo imageare also incolor, thus allowing
the recognition of special galaxy types and features based stellar populations or gaseous

emission.

5. Finally, deep surveys with the Hubble Space Telescope leagxtended morphological
studies well beyond the realm of the nearby galaxies that donmated early catalogues,

allowing detailed morphology to be distinguished at unpreclented redshifts.

Now, more than ever, galaxy morphology is a vibrant subjecthiat continues to
provide surprises as more galaxies are studied for their nptiological characteristics across
the electromagnetic spectrum. It is clear that a variety of ects are behind observed
morphologies, including environmental density and merggmteraction history, internal
perturbations, gas accretions, nuclear activity, seculagvolution, as well as the diversity in
star formation histories, and that a global perspective ba&sl on large numbers of galaxies

will improve theoretical models and give a more reliable pure of galactic evolution.

The goal of this article is to present the phenomenology of lgxy morphology in
an organized way, and highlight recent advances in understding what factors in uence
morphology and how various galaxy types are interpreted. Tharticle is a natural follow-up
to the excellent review of galaxy morphology and classi cain by Sandage (1975) in
Volume IX of the classicStars and Stellar Systemseries. It also complements the recently
published de Vaucouleurs Atlas of GalaxiegButa, Corwin, & Odewahn 2007, hereafter the
dVA), which provided a detailed review of the state and techique of galaxy classi cation

up to about the year 2005. lllustrations are very importantm a review of this nature,
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and the article draws on a large number of sources of imager Fhis purpose, the Sloan
Digital Sky Survey (SDSS), the NASA/IPAC Extragalactic Database (NED), and the dVA

have been most useful.

2. Overview

As extended objects rather than point sources, galaxies sh@ wide variety of forms,
some due to intrinsic structures, others due to the way the ¢gxy is oriented to the line of
sight. The random orientations, and the wide spread of distees, are the principal factors
that can complicate interpretations of galaxy morphology.lf we could view every galaxy
along its principal axis of rotation, and from the same distace, then fairer comparisons
would be possible. Nevertheless, morphologies seen in fanegalaxies can also often be
recognized in more inclined galaxies (Figure 1). It is onlyof the highest inclinations that
morphology switches from face-on radial structure to verta structure. In general we either
know the planar structure in a galaxy, or we know its verticaktructure, but we usually

cannot know both well from analysis of images alone.

Galaxy morphology began to get interesting when the \Levidtan of Parsonstown",
the 72-inch meridian-based telescope built in the 1840s by \laim Parsons, Third Earl
of Rosse, on the grounds of Birr Castle in Ireland, revealegigal patterns in many of
the brighter Herschel and Messier \nebulae." The nature ofhtese nebulae as galaxies
wasn't fully known at the time, but the general suspicion washat they were star systems
(\island universes") like the Milky Way, only too distant to be easily resolved into their
individual stars. In fact, one of Parsons' motivations for hilding the \Leviathan" was
to try and resolve the nebulae to prove this idea. The telespe did not convincingly do
this, but the discovery of spiral structure itself was verymportant because such structure

added to the mystique of the nebulae. The spiral form was not@ndom pattern and had
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to be signi cant in what it meant. The telescope was not capde of photography, and
observers were only able to render what they saw with it in théorm of sketches. The most
famous sketch, that of M51 and its companion NGC 5195, has lmewidely reproduced in

introductory astronomy textbooks.

While visual observations could reveal some important aspts of galaxy morphology,
early galaxy classi cation was based on photographic plaggaken in the blue region of the
spectrum. Silver bromide dry emulsion plates were the stapbf astronomy beginning in the
1870s and were relatively more sensitive to blue light tharotred light. Later, photographs
taken with Kodak 103a-O and lla-O plates became the standardrfgalaxy classi cation.
In this part of the spectrum, massive star clusters, dominatl by spectral class O and B
stars, are prominent and often seen to line the spiral arms ghalaxies. These clusters,
together with extinction due to interstellar dust, can giveblue light images a great deal of
detailed structure for classi cation. It is these types of potographs which led to the galaxy

classi cation systems in use today.

In such photographs, we see many galaxies as a mix of struatar Inclined galaxies
reveal the ubiquitousdisk shape, the most highly attened subcomponent of any galaxy.
Studies of Doppler wavelength shifts in the spectra of diskbgects (like HIl regions and
integrated star light) reveal that disks rotate di erentially. If a galaxy is spiral, the disk is
usually where the arms are found, and also where the bulk ofténstellar matter is found.
The radial luminosity pro le of a disk is usually exponentia] with departures from an

exponential being due to the presence of other structures.

In the central area of a disk-shaped galaxy, there is also aft@ bright and sometimes
less attened mass concentration in the form of &ulge The nature of bulges and how they
form has been a topic of much recent research, and is discus$arther in section 9. Disk

galaxies range from virtually bulge-less to bulge-dominatedn the center there may also be
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a conspicuoushucleus a bright central concentration that was usually lost to oveexposure
in photographs. Nuclei may be dominated by ordinary star ligt, or may be active, meaning

their spectra show evidence of violent gas motions.

Bars are the most important internal perturbations seen in disk{saped galaxies. A
bar is an elongated mass often made of old stars crossing tlemter. If spiral structure is
present, the arms usually begin near the ends of the bar. Altigh most easily recognized
in the face-on view, bars have generated great interest retlgrin the unique ways they can
also be detected in the edge-on view. Not all bars are made esitely of old stars. In

some bulge-less galaxies, the bar has considerable gas aesdnestar formation.

Related to bars are elongated disk features known asals Ovals usually di er from
bars in lacking higher order Fourier components (i.e., have@zimuthal intensity distributions
that vary mainly as 2 ), but nevertheless can be major perturbations in a galactidisk.
The entire disk of a galaxy may be oval, or a part of it may be oVvaOval disks are most

easily detected if there is considerable light or structurat larger radii.

Rings are prominent features in some galaxies. Often de ned by rext star formation,
rings may be completely closed features or may be partial open, the latter called
\pseudorings.” Rings can be narrow and sharp or broad and dise. It is particularly
interesting that several kinds of rings are seen, and that se galaxies can have as many
as four recognizeable ring featuredNuclear rings are the smallest rings and are typically
seen in the centers of barred galaxiesnner rings are intermediate-scale features that often
envelop the bar in a barred galaxy. Outer rings are large, losurface brightness features
that typically lie at about twice the radius of a bar. Other kinds of rings, called accretion
rings, polar rings, and collisional rings, are also known bare much rarer than the inner,
outer, and nuclear rings of barred galaxies. The latter kirglof rings are also not exclusive

to barred galaxies, but may be found also in nonbarred galaes.
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Lensesare features, made usually of old stars, that have a shallowightness gradient
interior to a sharp edge. They are commonly seen in Hubble'ssé-shaped SO class (section
5.2). If a bar is present, the bar may Il a lens in one dimensim Lenses may be round or

slightly elliptical in shape. If elliptical in shape they waild also be considered ovals.

Nuclear barsare the small bars occasionally seen in the centers of bargalaxies, often
lying within a nuclear ring. When present in a barred galaxythe main bar is called the
\primary bar" and the nuclear bar is called the \secondary ba." It is possible for a nuclear

bar to exist in the absence of a primary bar.

Dust lanesare often seen in optical images of spiral galaxies, and maypeear extremely
regular and organized. They are most readily evident in edgm or highly inclined disk
galaxies, but are still detectable in the face-on view, oftean the leading edges of bars or

the concave sides of strong inner spiral arms.

Spiral arms may also show considerable morphological varan. Spirals may be regular
1, 2, 3, or 4-armed patterns, and may also be higher order mufirmed patterns. Spirals
may be tightly wrapped (low pitch angle) or very open (high gich angle.) A grand-design
spiral is a well-de ned global pattern, often detectable asnsooth variations in the stellar
density of old disk stars. A occulent spiral is made of small pieces of spiral structure
that appear sheared by di erential rotation. Their appearance can be strongly a ected by
dust, such that at longer wavelengths a occulent spiral maygppear more grand-design.
Pseudorings can be thought of as variable pitch angle spisalvhich close on themselves, as

opposed to continuously opening, constant pitch angle, lagthmic spirals.

There are also numerous structures outside the scope of tittohal galaxy classi cation,
often connected with strong interactions between galaxiesPlus, the above described
features are not necessarily applicable or relevant to whate see in very distant galaxies.

Accounting for all of the observed features of nearby galas, and attempting to connect
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what we see nearby to what is seen at high redshift, is a majoog of morphological

studies.

3. Galaxy Classi cation

As noted by Sandage (1975), the rst step in studying any clasof objects is
a classi cation of those objects. Classi cation built aromd small humbers of shared
characteristics can be used for sorting galaxies into funafental categories, which can
then be the basis for further research. From such researchhysical relationships between
identi ed classes may emerge, and these relationships masfer a theoretical interpretation
that places the whole class of objects into a global contexthere is no doubt that such an
approach greatly contributed to the development of the sanree of biology, and this is no

less true for galaxies.

The genesis of galaxy classi cation is to take the complex binations of structures
described in the previous section and summarize them with ew type symbols. Sandage
(1975) describes the earlier classi cation systems of WoReynolds, Lundmark, and Shapley
that fell into dis-use more than 50 years ago. The Morgan (19b8pectral type/concentration
classi cation system, which was based on a connection besvemorphology (speci cally
central concentration) and the stellar content of the centl regions, was used recently by
Bershady, Jangren, & Conselice (2000) in a mostly quantitastee manner (see also Abraham
et al. 2003). Thus, Morgan's system has in a way survived intthe modern era but not in
the purely visual form that he proposed. Only one Morgan gakg type, the supergiant cD
type, is still used extensively (section 10.6). Van den Bens luminosity/arm morphology

classi cation system is described by van den Bergh (1998;essection 6.5).

The big survivor of the early visual classi cation systems &as that of Hubble (1926,
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1936), as later revised and expanded upon by Sandage (19644l @e Vaucouleurs (1959).
Sandage (1975) has argued that one reason Hubble's view @iad is that he did not

try and account for every super cial detail, but kept his classes broad enough that the
vast majority of galaxies could be sorted into one of his pra@sed bins. These bins were
schematically illustrated in Hubble's famous \tuning fork'? (Hubble 1936; reproduced

in Figure 2) recognizing a sequence of progressive atteigim from ellipticals to spirals.
Ellipticals had only two classi cation details: the smoothy declining brightness distribution
with no in ections, and no evidence for a disk; and the elliptity of the isophotes, indicated
by a number after the \E" symbol. (For example, E3 means the Bpticity is 0.3.) Spirals
were systems more attened than an E7 galaxy that could be sdivided according to the
degree of central concentration, the degree of opennesstu# airms, the degree of resolution
of the arms into complexes of star formation (all three critéa determining position along
the fork), and on the presence or absence of a bar (determigithe appropriate prong of

the fork).

The SO class at the juncture of the prongs of the fork was stitlypothetical in 1936.
As \armless disk galaxies,” SOs were mysterious becauseexdbmples known in 1936 were
barred. These were classi ed as SBa, but this was a troublingconsistency because
nonbarred Sa galaxies had full spiral patterns. Hubble préxted the existence of nonbarred

SOs to Il the gap between type E? and Sa and cure what he felt was a \cataclysmic"

2As recently noted by D. L. Block (Block et al. 2004a), this digram may have been
inspired by a similar schematic by Jeans (1929).

Svan den Bergh (2009a) shows that EO-E4 galaxies are more lumirs on average than
are E5-E7 galaxies, suggesting that all E7 galaxies (and notamy have been recognized)
are actually SO galaxies. Van den Bergh argues that genuinedalaxies may be no more

attened than EG6.
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transition.

It was not long before Hubble himself realized that the tunig fork could not adequately
represent the full diversity of galaxy morphologies, and &r 1936 he worked on a revision
that included real examples of the sought group: nonbarred0Sgalaxies. Based on
fragmentary notes he left behind, Sandage (1961) preparduetHubble Atlas of Galaxieso
illustrate Hubble's revision, and also added a third dimenen: the presence or absence of a
ring. This was the rst major galaxy atlas illustrating a classi cation system in a detailed,
sophisticated way with beautifully produced photographsHubble's revision, with van den
Bergh luminosity classes (Sandage & Tammann 1981), was upeld and extended to types

later than Sc by Sandage & Bedke (1994).

Because Sandage (1961) and Sandage & Bedke (1994) desctilgeHubble-Sandage
revision so thoroughly, the details will not be repeated her Instead, the focus of the
next section will be on the de Vaucouleurs revision as outkd in the dVA. The reasons
for this are: (1) the de Vaucouleurs classi cation provideshe most familar galaxy types
to extragalactic researchers, mostly because of extensisentinuing use of the Third
Reference Catalogue of Bright Galaxies (RC3, de Vaucoulesuet al. 1991); and (2) the
de Vaucouleurs classi cation is still evolving to cover ma details of galaxy morphology
considered signi cant at this time. It should be noted that oth the de Vaucouleurs and
Hubble-Sandage revisions are strictly applicable only to 0 galaxies and that it is often
di cult to t objects having z > 0.5 neatly into the categories de ning these classi cation

systems. High redshift galaxy morphology is described inct®n 13.
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4. A Continuum of Galactic Forms

The Hubble tuning fork is useful because it provides a visuakpresentation of
information Hubble (1926) had only stated in words. The forkcontains an implication of
continuity. For example, it does not rule out that there migh be galaxies intermediate
in characteristics between an "Sa" or "Sb" spiral, or betwaea normal "S" spiral and a
barred "SB" spiral. Continuity along the elliptical galaxy sequence was always implied as a
smooth variation from round ellipticals (EO) to the most attened ellipticals (E7). Sandage
(1961) describes the modi cations that made the Hubble sysin more three-dimensional:
the introduction of the (r) (inner ring) and (s) (pure spiral) subtypes. Continuity even with
this characteristic was possible, using the combined sulpg (rs). Thus, already by 1961,
the Hubble classi cation system had become much more congadied than it was in 1926
or 1936. The addition of the SO class was one reason for thisit the (r) and (s) subtypes

were another.

In the Hubble-Sandage classi cation, it became common to dete galaxies on the
left part of the Hubble sequence as \early-type" galaxies anthose on the right part as
\late-type" galaxies. By the same token, Sa and SBa spirals bame \early-type spirals”
while Sc and SBc spirals became \late-type spirals.” Sb and 8Bypes became known
as \intermediate-type spirals." The reason for these termmlogies was convenience and
borrows terminology often used for stars. Young, massiveass of spectral classes O and
B were known as \early-type stars" while older stars of coolespectral types were known
as \late-type stars." Hubble stated that his use of these tempral descriptions for galaxies
had no evolutionary implications. An irony in this is that it eventually became clear that
early-type galaxies are dominated by late-type stars, whilatle-type galaxies often have

signi cant numbers of early-type stars.

De Vaucouleurs (1959) took the idea of continuity of galaxy orphology a step further
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by developing what he referred to as thelassi cation volume (Figure 3). In this revision

of the Hubble-Sandage (1961) classi cation, galaxy morphagy represents a continuous
sequence of forms in a three-dimensional volume with a longisvand circular cross-sections
of varying size. The long axis of the volume is thetage or type, and it represents the long
axis of the original Hubble tuning fork. The short axes are th family and the variety, which
refer to apparent bar strength and the presence or absenceanf inner ring, respectively. In
addition to Hubble's original stages E, Sa, Sb, and Sc, theadlsi cation volume includes
new stages: late ellipticals: E, \very late" spirals: Sd, \Magellanic spirals": Sm, and
\Magellanic irregulars™: Im. The SO class is included in thesame position along the
sequence, between E's and spirals, but is subdivided intorde stages. The characteristics

de ning individual stages are described further in sectio®.2.

The stage is considered the most fundamental dimension ofetltlassi cation volume
because measured physical parameters, such as integratetbicindices, mean surface
brightnesses, and neutral hydrogen content correlate weillith position along the sequence
(e. g., Buta et al. 1994). Early-type galaxies tend to have reldr colors, higher average
surface brightnesses, and lower neutral hydrogen conterftan late-type galaxies. The
family and variety axes of the classi cation volume indica¢ the considerable variations in
morphology at a given stage. A famous sketch of families andnieties near stage Sh, drawn
by de Vaucouleurs himself during a cloudy night at McDonald @servatory circa 1962, is
shown in Sandage (1975) and in Figure 1.13 of the dVA. The ctagation volume is broader
in the middle compared to the ends because the diversity oflgay morphology is largest
at stages like SO/a and Sa. Bars and rings are often most distt and most recognizable
at these stages. Such features are not characteristic of Elgaes, so the volume must be
narrow at that end. Along the SO sequence, bars and rings ararkly developed among the
earliest SOs (S0) and well-developed among the late SOs (S)) thus the volume begins

to broaden. Among very late-type galaxies, Sd, Sdm, Sm, and Jrbars are actually very
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frequent, but closed rings (r) are not. Thus, the volume naows at that end as well.

For the purposes of illustrating morphology, blue light digal images converted to units
of magnitudes per square arcsecond are used when availafdlbeis approach is described in
the dVA, and requires calibration of the images, usually basl on published photoelectric
multi-aperture photometry. In addition, some of the illustrations used (especially in section
15) are from the Sloan Digital Sky Survey or from other sourse These are not in the same
units but still provide excellent illustrations of morphology. SDSS color images di er from

dVA images mainly in the central regions, where SDSS imagesnsetimes lose detail.

Unlike the dVA, the scope of this article extends beyond theraditional UBV RI
wavebands. It is only during the past 20 years that signi cahmorphological information
has been obtained for galaxies outside these bands, mosttynad- and far-ultraviolet and
mid-IR wavelengths from space-based observatories capablénoaging in these wavelengths
to unprecedented depths, providing a new view of galaxy mdmplogy that is only beginning
to be explored. A useful review of many issues in morphology provided by van den Bergh

(1998).

5. Galaxy Types: Stage, Family, and Variety
5.1. Elliptical and Spheroidal Galaxies

Elliptical galaxies are smooth, amorphous systems with a enuously declining
brightness distribution and no breaks, in ections, zonesyr structures, as well as no sign of
a disk. Figure 4 shows some good examples. Because ellifgigae dominated by old stars
and are relatively dust-free, they look much the same at di et wavelengths. Hubble's
subclassi cation of ellipticals according to apparent albpticity (En, where n=10(1-b/a),

b/a being the apparent attening) was useful but virtually no physical characteristics of
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ellipticals correlate with this parameter (Kormendy & Djorgovski 1989). The n value in
the En classi cation is simply the projected ellipticity and not easily interpreted in terms
of a true attening without direct knowledge of the orientation of the symmetry planes.
Luminous ellipticals are thought to be triaxial in structure with an anisotropic velocity
dispersion tensor, while lower luminosity ellipticals arenore isotropic oblate rotators
(Davies et al. 1983). Studies of rotational to random kineti energy ¥/ ) versus apparent
attening () show that massive ellipticals are slow anisotropic rotats. Ellipticals follow a
fundamental plane relationship between the e ective radisir of the light distribution, the
central velocity dispersion o, and mean e ective surface brightness | . > (see review by
Kormendy & Djorgovski 1989). Dwarf elliptical galaxies maynot follow the same relation

as massive ellipticals; this is discussed by Ferguson & Bawji (1994).

The lack of fundamental signi cance of Hubble's En classiation led some authors
to seek an alternative, more physically useful approach. Kmendy & Bender (1996; see
also the review by Schweizer 1998) proposed a revision to Hidds tuning fork handle
that orders ellipticals according to their velocity anisotopy, since this is a signi cant
determinant of E galaxy intrinsic shapes. Velocity anisotipy correlates with thedeviations
of E galaxy isophotes from pure elliptical shapes, measurégl the parametera,=a, the
relative amplitude of the cos 4 Fourier term of these deviations. If this relative amplituce
is positive, then the isophotes are pointy, disky ovals, wiai if negative, the isophotes are
boxy ovals. A boxy elliptical is classi ed as E(b), while a dky elliptical is classi ed as
E(d). The correlation with anisotropy is such that E(b) galaies have less rotation on

average and more velocity anistropy than E(d) galaxies.

The Kormendy & Bender proposed classi cation is shown in Fige 5, together with
two exceptional examples that show the characteristic isbpte shapes. The leftmost of

these two, NGC 7029, is an unusually obvious boxy ellipticat larger radii. This boxiness



{19

is the basis for the classi cation E(b)5. However, NGC 702%inot boxy throughout:

it shows evidence of a small inner disk and hence is disky at alinradii. This is not
necessarily taken into account in the classi cation. The dter image shown in Figure 5 is
NGC 4697, a galaxy whose isophotes are visually disky. Thesa with the Kormendy &
Bender classi cation is that it is the disky ellipticals which connect to SO galaxies, and not
the boxy ellipticals. However, NGC 7029 demonstrates thatiskiness and boxiness can be
a function of radius, thus perhaps a smooth connection betes E(b) and E(d) types [i.e.,
type E(b,d)] is possible and the order shown in the Kormendy &ender revision to the

Hubble tuning fork, with boxy Es blending into the disky Es, ould be reasonable.

Note that while the classical En classi cations of elliptials were designed by Hubble to
be estimated by eye, this is not easily done for the E(b) and HJ classi cations, which are
most favored to be seen only when the disk is nearly edge-on.cézon Es with imbedded
disks will not show disky isophotes. For example, NGC 7029 @697 are extreme cases
where the isophotal deviations are obvious by eye. But for mbE galaxies, the E(b)n and

E(d)n classi cations can only be judged reliably with meastements of thea,=a parameter.

The de Vaucouleurs classi cation of ellipticals includes alightly more advanced type
called E", or \late" ellipticals. It was originally intended to describe \the rst stage of
the transition to the SO class" (de Vaucouleurs 1959). Fivexamples of E galaxies are
shown in the second row of Figure 4. Galaxies classi ed as [Ean be the most subtle SOs,
but many of the E* cases listed in RC3 are the brightest members of clusters thaave
shallow enough brightness pro les to appear to have an extéed envelope (see section
10.6). Of the ve E* galaxies shown, only NGC 4623 (rare type &) seems consistent
with de Vaucouleurs's original view. It is also a much lowemiminosity system than the
other four cases shown. While SOis the type most often confused with ellipticals in visual

classi cation, the bin has a wide spread from the most obviauto the least obvious cases.
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Thus, a type like E" is still useful for distinguishing transitions from E to SO glaxies.

The photometric properties of ellipticals depend on lumingty. In terms of Sersic
ra pro le ts, large, luminous ellipticals tend to have pro les described better byn&4,
while smaller, lower luminosity ellipticals tend to haven< 4, with values as low as 1 (e. g.,
Caon, Capaccioli, & D'Onofrio 1993). Graham & Guzman (200Bdiscuss the implications
of this correlation on proposed dichotomies of elliptical ajaxies (e.g., Kormendy 1985;
see also Ferrarese et al. 2006). These studies received aomajppetus from the massive
photometric analysis of Virgo Cluster elliptical galaxiedy Kormendy et al. (2009).
Two issues were considered by these authors (Figure 6). Thest was whether galaxies
classi ed as dwarf ellipticals (\dE"; see section 15.2) intie Virgo Cluster really are the
low luminosity extension of more massive, conventional igiticals, or something di erent
altogether. Based on parameter correlations, such agyq, the major axis radius of the
isophote containing 10% of the total visual luminosity, vesus 144, the surface brightness
of this isophote, Kormendy et al. show that even the most efitical-like and luminous
dE galaxies lie on a distinct sequence from normal ellipticgalaxies, which tend to lie
on a higher density sequence. In a graph &-band central surface brightness versus
absoluteB -band magnitude, the dE galaxies lie in a region occupied by Mallanic irregular
galaxies, suggesting a link between the groups and consmtevith the earlier conclusions
of Kormendy (1985). Kormendy et al. (2009) suggest reclagsng Binggeli, Sandage, &
Tammann's (1985) "dE" galaxies and related objects (like darf SO, or dSO galaxies) as
"spheroidal” (Sph) galaxies, including the type "Sph,N", neaning "nucleated spheroidal”
galaxy (section 15.2). Figure 6 shows several examples oh®pgalaxies as compared with
several genuine elliptical galaxies. The morphological pparance alone does not necessarily
distinguish the two classes. The classi cation is physicabeing based mainly on parameter
correlations. Kormendy et al. suggest that Sph galaxies afermed from late-type systems

by environmental e ects and supernovae.
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The second issue considered was the physical distinctiontween \core" elliptical
galaxies, those where the surface brightness pro le appiees either a constant level or a
slightly sloped level with radius approaching zero, and \aeless" ellipticals (also known
as \power law" Es) where the inner pro le steepens with decesing radius (Kormendy
1999). Kormendy et al. (2009) illustrated both types relatie to a Sersicri t to the
outer regions of the luminosity pro les. In this representdon, core Es are \missing light"
relative to the t while coreless Es have \extra light." The top row of Figure 6 shows one
core E (NGC 4472) and two coreless Es [NGC 4458 and IC 798 (VC@A4D), the latter a
low-luminosity dwarf]. The subtle distinctions are evidentin these images, with NGC 4472
showing a soft center and NGC 4458 showing a strong center. &kerminology for both
types is mostly historical (Kormendy 1999) and somewhat cater to the visual impression
(i.e., NGC 4472 lacks a bright core while NGC 4458 has one, yée latter is technically
coreless). Kormendy et al. show that core and coreless E gaés have di erent Sersic
indices, velocity dispersion anisotropy, isophote shapemnd rotational character, with the
core Es being of the boxy type and the coreless Es of the diskype in Figure 5. The

distinction may be tied to the number of mergers that formedte system.

5.2. SO and Spiral Galaxies

The full classi cation of spiral and SO galaxies involves # recognition of the stage,
family, and variety. In de Vaucouleurs's classi cation appoach, the implication for bars,
inner rings, and stages is a continuum of forms (de Vaucoulsul959), so that there are no
sharp edges to any category or \cell' apart from the obviousnes (for example, there are
no galaxies less \barred" than a nonbarred galaxy, nor are éne galaxies more ringed than

those with a perfectly closed ring).

The classi cation of SO galaxies depends on recognizing theesence of a disk and a
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bulge at minimum, and usually a lens as well, and no spiral asn Examples are shown in
Figure 7. The display of galaxy images in units of mag arcseécmakes lenses especially
easy to detect, as noted in the dVA. Even if a lens isn't obvi@) a galaxy could still be an
SO if it shows evidence of an exponential disk. (Lenses are@mhot exclusive to S0s.) The
\no spiral arms" characteristic is much stricter in the Hubde-Sandage classi cation than
in the de Vaucouleurs interpretation, because varieties ,(rs, and s) are carried into the de
Vaucouleurs classi cations of S0s. This allows the posdiby of a classi cation like SA(s)0 ,
which would be very di cult to recognize. Bars enter in the chssi cation of SOs in a similar
manner as for spirals. Figure 7 shows mainly stage di erere@among nonbarred and barred
S0s. The stage for SOs ranges from early (90to intermediate (SC), and nally to late
(S0"), in a succession of increasing detail. The earliest nonbbad SOs may be mistaken for
elliptical galaxies on photographic images, and indeed S#age & Bedke (1994) note cases
where they believe an SO galaxy has been misclassi ed as dipgtal by de Vaucouleurs

in his reference catalogues (see al$be Revised Shapley-Ames CatalogueSA, Sandage &
Tammann 1981). This kind of misinterpretation is less likgl for types S@ and SO, because

these will tend to show more obvious structure.

The morphological distinction between E and SO galaxies h&gen considered from

a quantitative kinematic point of view by Emsellem et al. (207). These authors argue
that the division of early-type galaxies into E and SO types iscontrived"”, and that it is
more meaningful to divide them according to a quantitative knematic parameter called

R, the speci c angular momentum of the stellar component, wkh is derived from a
two-dimensional velocity eld obtained with the SAURON integral eld spectrograph
(Bacon et al. 2001). Based on this parameter, early-type gaias are divided into slow
and fast rotators, i. e., whether they are characterized byatge-scale rotation or not. In a
sample of 48 early-types, most were found to be fast rotatortassi ed as a mix of E and

SO0 types, while the remainder were found to be slow rotatorgassi ed as Es. This kind of
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approach, which provides a more physical distinction amongarly-types, does not negate
completely the value of the E and SO subdivisions, but higlgihts again the persistent

di culty of distinguishing the earliest SOs from Es by morphology alone.

The transition type S0/a shows the beginnings of spiral stmture. Two examples are
included in Figure 7, one nonbarred and the other barred. Tygp SO0/a is a well-de ned
stage characterized in the de Vaucouleurs 3D classi catiovolume as having a high
diversity in family and variety characteristics. The type leceived a negative characterization
as the \garbage bin" of the Hubble sequence at one time becausoublesome dusty
irregulars, those originally classi ed as \Irr 11" by Holmberg (1950) and later as \I0" by de
Vaucouleurs, seemed to t better in that part of the sequence[in fact, de Vaucouleurs,
de Vaucouleurs, & Corwin (1976) assigned the numerical segndex T=0 to both S0/a
and 10 galaxies.] However, this problem is only a problem aptical wavelengths. At longer
wavelengths (e.g., 3.6 microns), types such as Irr 1l or 10 @adess needed as they are de ned

mainly by dust (Buta et al. 2010a).

In general, the stage for spirals is based on the appearanddlee spiral arms (degree
of openness and resolution) and also on the relative promime of the bulge or central
concentration. These are the usual criteria originally adged by Hubble (1926, 1936).
Figure 8 shows the stage sequence for spirals divided acdogdto bar classi cation (SA,
SAB, SB), and as modi ed and extended by de Vaucouleurs (196® include Sd and Sm
types. Intermediate stages, such as Sab, Sbc, Scd, and Sdne, shown in Figure 9. As

noted by de Vaucouleurs (1963), these latter stages are alsh@s common as the basic ones.

The three Hubble criteria are basically seen in the illustted galaxies. Sa galaxies
tend to have signi cant bulges, and tightly-wrapped and reltively smooth spiral arms.
Sab galaxies are similar to Sa galaxies, but show more obworesolution of the arms. Sb

galaxies have more resolution and more open arms, and getigramaller bulges than Sab



{24

galaxies. Sbc galaxies have considerable resolution anceopess of the arms, and also
usually signi cant bulges. In Sc galaxies, the bulge tend®tbe very small and the arms
patchy and open. Scd galaxies tend to be relatively bulgekespatchy armed Sc galaxies.
Stage Sd is distinctive mainly as almost completely bulgeale late-type spirals with often

ill-de ned spiral structure.

Stages Sdm and Sm are the most characteristically asymmetstages, the latest spiral
types along the de Vaucouleurs revised Hubble sequence. Yiaee described in detail by
de Vaucouleurs & Freeman (1972) and by Odewahn (1991). Sm isngrally characterized
by virtually no bulge and a single principle spiral arm. If a lar is present, it is usually
not at the center of the disk isophotes, unlike what is normbl seen in earlier type barred
spirals. This leads to the concept of ao set barred galaxy The single spiral arm emanates
from one end of the bar. As noted by Freeman (1975), this is a §ia and characteristic
asymmetry of the mass distribution of Magellanic barred spls. Sdm galaxies are similar,
but may show a weaker or shorter second arm. In Figure 8, NGC ¥®is an especially good
example of an SBm type (Odewahn 1991), while in Figure 9, NG@327 is illustrated as
type SBdm.

An important issue regarding these galaxies is whether theptically o set bar is
also o set from the dynamical rotation center of the disk. Ina detailed HI study of the
interacting galaxy pair NGC 4618 and 4625, Bush & Wilcots (2¥) found very regular
velocity elds and extended HI disks, but no strong o set of he rotation center from
the center of the bar. This is similar to what Pence et al. (198 found for the o set
barred galaxy NGC 4027, based on optical Fabry-Perot intenfemetry. In contrast, both
Magellanic Clouds, which are also o set barred galaxies, vefound to have HI rotation

centers signi cantly o set from the center of the bar (Kerr & de Vaucouleurs 1955).

In general, the application of Hubble's three spiral critea allows consistent
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classi cation of spiral types. Nevertheless, sometimes éhcriteria are inconsistent. For
example, small bulge Sa galaxies are described by Sandag#() and Sandage & Bedke
(1994). Barred galaxies with nuclear rings can have spiratras like those of an earlier
Hubble type and very small bulges. In such con icting caseshe emphasis is usually
placed on the appearance of the arms. Also, while late-type @dand Sm galaxies are
characteristically asymmetric, other types may be asymmet as well. On average, the
bulge-to-total luminosity ratio is related to Hubble type, bu the result is sensitive to how
galaxies are decomposed (e. g., Laurikainen et al. 2005).yAsnetry has been quanti ed

by Conselice (1997).

The family classi cations SA, SAB, and SB are purely visualsgtimates of bar strength,
for both spirals and SOs. They are highlighted already in Figes 7{ 9, but the continuity of
this characteristic is better illustrated in Figure 10, whee de Vaucouleurs (1963) underline
classi cations (SAB and SAB) are also shown. An SA galaxy has no evident bar in
general, although high inclination can cause a mistaken SAassi cation if a bar is highly
foreshortened. Also, internal dust may obscure a bar (see, @, Eskridge et al. 2000). An
SB galaxy should have a clear, well-de ned bar. The intermealie bar classi cation SAB
is one of the hallmarks of the de Vaucouleurs system, and isedlsto recognize galaxies
having characteristics intermediate between barred and nbarred galaxies. It is used for
well-de ned ovals or simply weaker-looking normal bars. The eakest primary bars are
denoted SA while the classi cation SAB is usually assigned to more classical bars that
appear only somewhat weaker than conventional bars. Most tife time, galaxies which

should be classi ed as SABare simply classi ed as SB.

Variety is also treated as a continuous classi cation paragter (Figure 10, second row).
A spiral galaxy having a completely closed or very nearly cqgotetely closed inner ring is

denoted (r). The spiral arms usually break from the ring. If he spiral arms break directly
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from the central region or the ends of a bar, forming a contimusly winding, open pattern,
the variety is (s). The intermediate variety (rs) is also wdtde ned. Inner rings which
appear broken or partial are in this category. The \dash-dot-dsh in brackets" morphology:
(-o0-), where a bar with a bulge is bracketted by spiral arcs ovehooting the bar axis, is
very typical of variety (rs). The example of this shown in Figire 10 is NGC 4548. We
use the notation 1s to denote an inner ring made up of tightly wrapped spiral arshthat
do not quite close, while the notation rds used for very open, barely recognizable, inner
pseudorings. A good example of the former is NGC 3450, while eaxample of the latter is

NGC 5371.

A spindleis a highly inclined disk galaxy. For blue-light images, usuly an \sp”
after the classi cation automatically implies considerale uncertainty in the interpretation,
because family and variety are not easily distinguished whehe inclination is high.
Figure 11 shows, however, that stages can be judged reasdpaieliably for edge-on
galaxies. One important development in the classi cation foedge-on galaxies has been the
ability to recognize edge-on bars through boxy/peanut and \X-shapes. Boxy/peanut bulges
in edge-on galaxies were proven to be bars seen edge-on fronerkiatic considerations (e.
g., Kuijken & Merri eld 1995). This shape is evident in NGC 4425 (Row 1, column 4 of

Figure 11; see also section 9).

For spiral and SO galaxies that are not too highly inclined (&., not spindles), once the
stage, family, and variety are determined these are combihén the order family, variety,
stage for a nal full type. For example, NGC 1300 is of the farly SB, variety (s), and
stage b, thus its full type is SB(s)b. The SO galaxy NGC 4340 has both a bar and inner
ring and its full type is SB(r)0". The classi cation is exible enough that if, for example,
the family and variety of a galaxy cannot be reliably deternmied owing to high inclination,

while the stage can still be assessed, then the symbols candoepped and a type such as
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\Sb" or \S0" can still be noted.

5.3. Irregular Galaxies

Magellanic irregular galaxies represent the last normal a&gje of the de Vaucouleurs
revised Hubble sequence. Several examples are shown in FéglR. The objects illustrated
in the top row are all examples of (s)-variety irregulars withbars or some trace of a bar.
Nevertheless, not all Magellanic irregulars have bars. Egulars of the lowest luminosities
are usually classi ed simply as Im since the sophisticatioof structure needed to distinguish

something like \family" may not exist for such galaxies.

Irregular galaxies are important for their star formation daracteristics. As noted by
Hunter (1997), irregulars are similar to spirals in having bth old and young stars, as well
as dust, atomic, molecular, and ionized gas, but lack the spl structure that might trigger
star formation. Thus, they are useful laboratories for examing how star formation occurs

in the absence of spiral arms.

Although irregulars are largely de ned by a lack of well-orgaized structure like spiral
arms, the two lower right galaxies in Figure 12 are not so disganized looking and seem
di erent from the other cases shown. NGC 5253 looks almoské a tilted SO galaxy,
yet it has no bulge at its center nor any obvious lenses. Instd, the central area is an
irregular zone of active star formation. The central zone veinterpreted by van den
Bergh (1980a) as \fossil evidence" for a burst of star formain, possibly triggered by an
interaction with neighboring M83. This is a case where the déaucouleurs classi cation of
I0 seems reasonable: NGC 5253 is an early-type galaxy with anttal starburst, probably
the youngest and closest example known (Vanzi & Sauvage 2D04t is a Magellanic

irregular galaxy imbedded in a smooth SO-like background knm to have an early-type star
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spectrum. NGC 1705, also shown in Figure 12, is similar but Ba super star cluster near
the center and obvious peculiar laments. It is classi ed as blue compact dwarf by Gil de

Paz et al. (2003). Both galaxies are classi ed as Amorphouy 5andage & Bedke (1994).

6. Other Dimensions to Galaxy Morphology

The de Vaucouleurs classi cation volume recognizes threeiqcipal aspects of galaxy
morphology, but clearly there are many more dimensions thathree. Stage, family, and
variety are the dimensions most clearly highlighted in bluéght images and have a wide

scope. Other dimensions may be considered and for some thisrexplicit notation in use.

6.1. Outer Rings and Pseudorings

Published de Vaucouleurs types include an extra dimensioméwn as the outer
ring/pseudoring classi cation. Several examples of outaings and pseudorings are shown
in Figure 13. An outer ring is a large, often di use structure typically seen in barred
early-type galaxies (stages SOto Sa) at a radius approximately twice that of the bar.
Closed outer rings are recognized with the type symbol (R) pceding the main part of the
classi cation. For example, an SB(r)0 galaxy having an outer ring has a full classi cation
of (R)SB(r)0*. Interestingly, rare cases of double outer ring galaxiesypge (RR), are known,
where two detached outer rings are seen; an example is NGC 2Zhown in the upper left

frame of Figure 13.

In later-type galaxies, a large outer ring-like feature is ofin seen made of outer spiral
arms whose variable pitch angle causes them to close togeth€hese features are classi ed
as outer pseudorings, symbolized by @Rpreceding the main type symbols [e.g., as in

(RYSB(r)ab]. Outer pseudorings are mainly observed in Sa to Slgalaxies, and are only
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rarely seen in the very late stages Sc-Sm.

Among bright nearby galaxies, outer rings and pseudoringgeafound at about the
10% level (Buta & Combes 1996). Typically, outer rings are iiater than 24 mag arcsec?
in blue light. With such low surface brightnesses, the ringsan be easily lost to Galactic
extinction. The division between outer rings and pseudorgs is also not sharp. Some outer
pseudorings are only barely distinguishable from outer rgs. Continuity applies to these
features as it does for inner rings although there is no symbather than \S" for an outer

spiral pattern which does not close into an outer pseudoring

Although closed outer rings (R) are equally well-recognizenh the RSA and the
Carnegie and Hubble Atlases, outer pseudorings are a unigigature of the de Vaucouleurs
revision. The value of recognizing these features is that mashow morphologies consistent
with the theoretical expectations of the outer Lindblad resnance (OLR, Schwarz 1981), one
of the major low-order resonances that can play a role in disk@ution. Resonance rings
are discussed further in section 10.1, but Figure 14 show$ematics of the morphologies
generally linked to this resonance. The schematics are dgsed to highlight the subtle but
well-de ned aspects of these features, while Figure 15 shoimsages of several examples
of each morphology, including the \models" used for the scheatic. Outer rings of type
R, are closed rings that are slightly dimpled towards the bar ag, a shape which connects
directly to one of the main periodic orbit families near the QR as shown in Schwarz (1981)
and in the dVA. Outer pseudorings of type R are similar to type R; but are made of two
spiral arms that wind approximately 180 with respect to the ends of the bar. Even these
will usually show a dimpled shape. Outer pseudorings of tygR9 are di erent from this in
that two spiral arms wind 270 with respect to the ends of the bar, such that the arms are

doubled in the quadrants immediately trailing the bar.

The shapes R, RY, and RS were predicted by Schwarz (1981) based on \sticky-particle"
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numerical simulations. Not predicted by those simulationgbut later shown in extensions
of those simulations by Byrd et al. 1994 and Rautiainen & Sal@000) is an interesting
combined ring morphology called RRJ, which consists of a closed Rring and an R
pseudoring. This combination is especially important becse it demonstrates not only a
continuity of morphologies among outer rings and pseudorys di erent from the continuity
between outer rings and pseudorings in general, but also & & morphology that can be

linked directly to the dynamics of barred galaxies.

Note that the classi cation shown in Figures 14 and 15 does hdepend on whether
the rings are in fact linked to the OLR. The illustrated morptologies are abundant and
easily recognized regardless of how they are interpretedSection 10.1 discusses other
interpretations that have been proposed.) Although the Setarz models guided the search
for these morphologies, Rautiainen, Salo, & Buta (2004) an@reuthardt et al. (2008)
showed that some outer pseudorings classi ed as) Rre more likely related to the outer
4:1 resonance and not the OLR. These cases are generally gaczable by the presence of
secondary spiral arcs in a four-armed pattern in the area of ¢hbar (NGC 1433 in Figure 1

and ESO 566 24 in Figure 19 are examples).

The OLR subclassi cations are used in the same manner as thé&am outer ring and

pseudoring classi cations. For example, NGC 3081 has thellftype (R ;R%)SAB(r)0/a.

6.2. Inner and Outer Lenses

The value of recognizing lenses as signi cant morphologlceomponents was rst
emphasized by Kormendy (1979), who suggested a dynamicaklibetween inner lenses,
which are often lled by a bar in one dimension, and dissolvedr dissolving bars. Kormendy

noted that lenses can be of the inner or outer type, in a mannanalogous to inner and
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outer rings. He suggested the notation (I) for inner lensesd (L) for outer lenses to

be used in the same position of the classi cation as inner aralter rings. For example,
the galaxy NGC 1543 is type (R)SB(I)0/a while galaxy NGC 2983s type (L)SB(s)0".
Figure 16 demonstrates the continuity between rings and lees, which is evident not only
among barred galaxies but among nonbarred ones as well. Th@ntinuity is recognized by
the type symbol (rl), also used by Kormendy (1979). This typeefers to a low contrast
inner ring at the edge of a clear lens. Even underline classations () and (rl) may be
recognized. A rare classi cation, (1), refers to an inner pseudoring/lens, a type of feature

that is seen in NGC 4314 and recognized as such in the dVA.

Similarly, Figure 17 shows a continuity between outer ringand outer lenses through
the type classi cation (RL), referring to an outer lens witha weak ring-like enhancement.
Underline types R and RL may also be recognized. The origin of outer lenses could be in

highly evolved outer rings.

6.3. Nuclear Rings and Bars

The central regions of barred galaxies often include distth morphological features in
the form of small rings and secondary bars. The rings, knowrs auclear rings because of
their proximity to the nucleus well inside the ends of the pmary bar, are sites of some of
the most spectacular starbursts known in normal galaxies. he rings are typically 1.5
kpc in linear diameter and intrinsically circular in shape.Figure 18 (top row) shows three
examples: NGC 1097, 3351, and 4314. These images highligie¢ small bulges that seem
characteristic of nuclear-ringed barred galaxies. The theegalaxies illustrated have types
ranging from Sa to Sb, but based on the bulge size the types idue considerably later.
For example, NGC 3351 has the bulge of an Sd galaxy.
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Comepon et al. (2010) carried out an extensive statisticastudy of nuclear ring radii,
and identi ed a subclass known as \ultra-compact" nuclear ngs (UCNRs). Such rings
were recognized mainly in Hubble Space Telescope images angl de ned to be less than
200pc in diameter. (See Figure 26 for an example in NGC 317Tpmemon et al. showed
that UCNRs are the low size tail of the global nuclear ring pagation. This study also
showed that bar strength impacts the sizes of nuclear ringgith stronger bars generally

hosting smaller nuclear rings than weaker bars.

Comeon et al. (2010) were also able to derive a reliable @siate of the relative
frequency of nuclear rings as 209%2% over the type range SO to Sd, con rming with
smaller error bars the previous result of Knapen (2005). Assiing that nuclear rings are a
normal part of galaxy evolution, these authors argue that th rings may survive for 2-3 Gyr.
Interestingly, it was also found that 19% 4% of nuclear rings occur in nonbarred galaxies,
implying either that the rings may have formed when a bar wast®nger (evidence of bar
evolution) or that ovals or other mechanisms can lead to theformation. Mazzuca et al.
(2009; see also Knapen 2010) connect some of the propertiesuzlear rings to the rate at

which the rotation curve rises in the inner regions.

The most extreme nuclear ring known is found in the SBa galaxgSO 565 11 (see
also section 7). At 3.5kpc in diameter, not only is it one of ta largest known nuclear rings,

but also the ring has an extreme elongated shape compared tom typical nuclear rings.

Nuclear bars lie in the same radial zone as nuclear rings anonsetimes lie inside a
nuclear ring. Three examples are shown in the second row ofjiiie 18. These average
about one-tenth the size of a primary bar. There is no prefemeangle between the axis of
the nuclear bar and the primary bar, suggesting that the twodatures have di erent pattern

speeds (Buta & Combes 1996; dVA).

Neither nuclear rings nor nuclear bars were recognized indloriginal Hubble-Sandage-de
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Vaucouleurs classi cations, presumably in part because ¢huse of small-scale photographic
plates for extensive galaxy classi cation limited the detetability of the features in the
(typically) overexposed centers. Modern multi-band digittimaging greatly facilitates the
detection of the small rings and bars, allowing their incluen in the classi cation. Buta

& Combes (1996) and Buta et al. (2010a) suggested the notatior for nuclear rings and
nb* for nuclear bars, respectively, to be used as part of the vaty classi cation as in, for
example, SB(r,nr)b for NGC 3351, or SAB(l,nb)0/a for NGC 129. Continuity may exist
for these features like other rings and primary bars. [For exnple, nuclear lenses (nl) may
also be recognized.] In blue light images, the appearancetioé central region of a barred
galaxy can be strongly a ected by dust. For example, NGC 1368hows a nuclear spiral
in blue light, while in the infrared, the morphology is that d a nuclear ring (Buta et al.
2010a). The morphologies of some galaxies have a full compdat of classi able features.
For example, accounting for all the rings and bars seen in NG8081, the classi cation is

(R1RY)SAB(r,nr,nb)0/a.

Lisker et al. (2006) use the terminology \S2B" for double-baed galaxies, a reasonable
alternative approach to classifying these objects. Liskat al. successfully identi ed nuclear
bars in galaxies at redshiftz=0.10-0.15 (from HST ACS observations), the most distant

ones recognized thus far.

6.4. Spiral Arm Morphologies

A classi cation such as \Sb" tells one that a galaxy is a spiraof moderate pitch angle

and degree of resolution of the arms, and that a signi cant dge may be present. The type

4In a study of galactic nuclei, van den Bergh (1995) proposedhé notation \NB" for

nuclear bars, although what he refers to are not the same asetlieatures described here.
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does not directly tell: (1) the multiplicity of the spiral pattern; (2) the character of the arms
(massive, lamentary, grand design, or occulent); or (3) he sense of winding of the arms
(leading or trailing the direction of rotation). These are rvertheless additional dimensions

to galaxy morphology.

The multiplicity of the spiral pattern refers to the actual number of spiral arms, usually
denoted by the integerm. Examples of spirals havingn=1 to 5 are illustrated in Figure 19.
The multiplicity is not necessarily straightforward to determine and may be a function of
radius. For example, a spiral may be two-armed in the inner rezns and multi-armed in the
outer regions. Spirals of lowmn are usuallygrand design a term referring to a well-de ned
global (meaning galaxy-wide) pattern of strong arms. The tyjgal grand design spiral has
two main arms, as in NGC 5364 (lower left frame of Figure 19).nlcontrast, a occulent
spiral has piecewise continuous arms but no coherent glolzdttern (Elmegreen 1981).
NGC 5055 is an example shown in the middle left frame of FiguE. This category is
relevant mainly to optical wavebands. In the infrared, an ofically occulent spiral like
NGC 5055 reveals a more coherent global grand design spir&@hérnley 1996; see also

Figure 44), indicating that dust is partly responsible for he occulent appearance.

The terms \massive" and \ lamentary" arms are due to Reynolds (1927) and are
discussed by Sandage (1961, 1975). Massive arms are broadsd, and of relatively low
contrast, as in M33, while lamentary arms are relatively thn in comparison, and lined by
knots or laments, as in NGC 5457 (M101). De Vaucouleurs (193 originally used these
distinctions as part of his classi cation, but later droppel the references to spiral arm

character probably because of the complexity it added to hiypes.

Elmegreen & Elmegreen (1987) used a di erent approach to spl arm character by
recognizing a series of spiradrm classesbased on arm continuity and length (but not

necessarily contrast). Ten classes ranging from occuleffCs 1-4) to grand design (5-12;
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numbers 10 and 11 were later dropped). Examples of each atlestrated in Figure 20
(see Elmegreen & Elmegreen 1987 for a description of eachss)a Thus, spiral character
is a well-developed additional dimension to galaxy classation. A simpler approach
advocated by Elmegreen & Elmegreen is \G" for grand-design' for occulent, and

\M" for multiple-armed. The arms of grand design spirals aren general thought to be
density waves and may in fact represent quasi-steady wave nesd(e.g., Bertin et al. 1989;
Zhang 1996, 1998, 1999), although there is also some evidetiwat spirals may be transient
(see review by Sellwood 2010). Flocculent spirals may be ahel self-propogating star

formation regions (Seiden & Gerola 1982).

Figure 19 also shows two examples of a new class of spiraldledacounter-winding
spirals. In these cases, an inner spiral pattern winds outwdiin the opposite sense to an
outer spiral pattern. In the case of NGC 4622 (row 2, middleXhe inner pattern has only a
single arm and the outer pattern has two arms, while in NGC 3¥2(row 2, middle right),
the inner pattern is two-armed while the outer pattern is at last four-armed. The two cases
are very di erent because NGC 4622 is essentially nonbarrechile in NGC 3124, the inner
spiral is classi ed as a bar. The presence of oppositely wing spiral patterns in the same
galaxy means that one set of arms is trailing (opening oppesithe direction of rotation)
while the other set is leading (opening into the direction ofotation). In general, studies of
the dust distribution as well as the rotation of spirals hastsown that trailing arms are the
rule (de Vaucouleurs 1958). Surprisingly, straightforwal analysis of a velocity eld and the
dust pattern in NGC 4622 led Buta, Byrd, & Freeman (2003) to coclude that the strong
outer two-armed pattern in this galaxy is leading, while thenner single arm is trailing.
This led to the characterization of NGC 4622 as a \backwardspgal galaxy," apparently
rotating the wrong way. An additional nonbarred counter-wirding spiral has been identi ed
in ESO 297 27 by Grouchy et al. (2008). In this case, the same kind of awyais showed

that an inner single arm leads while a 3-armed outer pattern &ils. No comparable analysis
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has yet been made for NGC 3124.

Vaisanen et al. (2008) have shown that a two-armed (but not coter-winding) spiral
in the strongly interacting galaxy IRAS 18293-3413 is leadin Even with this, the number
of known leading spirals is very small (dVA). Leading spiral are not expected to be as
long-lived as trailing spirals since they do not transfer angar momentum outwards and

this is needed for the long-term maintenance of a spiral waveynden-Bell & Kalnajs 1972).

An interesting example of leading \armlets" was describedybKnapen et al. (1995a),
who usedK -band imaging of the center of the grand design spiral M100 teveal details
of its nuclear bar and well-known nuclear ring/spiral. The nalear bar has a leading twist
that connects it to two bright K -band \knots" of star formation. This morphology was
interpreted in terms of the expectations of gas orbits in theicinity of an inner inner

Lindblad resonance (lILR; Knapen et al. 1995b).

The nal galaxy in Figure 19 is NGC 4921, an example of aanemic spiral. This is a
type of spiral that is de cient in neutral atomic hydrogen ga, and as a consequence it has a
lower amount of dust and star formation activity. The arms ofNGC 4921 resemble those of
an Sb or Sbc galaxy in pitch angle and extensiveness, but are smooth as those typically
seen in Sa galaxies. Anemic spirals were rst recognized asaxies with \fuzzy" arms
(see van den Bergh 1998) where star formation has been sugsed due to ram-pressure
stripping in the cluster environment. In the case of NGC 4921the environment is the
Coma Cluster. The idea is that such galaxies will eventuallfurn into SO galaxies (van den

Bergh 2009a). Anemic spiral galaxies are further discussegdsection 10.2.

Seigar et al. (2008) have demonstrated the existence of am@ation between spiral
arm pitch angles and supermassive central black hole massé&se sense of the correlation
is such that black hole mass is highest for the most tightly wod spirals and lowest for the

most open spirals. The correlation is expected because Wdwle mass is tightly correlated
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to bulge mass and central mass concentration, and spiral anpitch angle is tied to shear in

galactic disks, which itself depends on mass concentrati¢8eigar et al. 2005).

6.5. Luminosity E ects

Luminosity e ects are evident in the morphology of galaxieshrough surface brightness
di erences between giants and dwarfs, and through the sostication of structure such as
spiral arms. van den Bergh (1998) describes his classi cati system which takes luminosity
e ects into account using a set of luminosity classes that aranalogous to those used for
stars. The largest, most massive spirals have long and we#w@tloped arms, while less

massive spirals have less well-de ned arms.

The nomenclature for the classes parallels that for stars: (supergiant galaxies), Il
(bright giant galaxies), Il (giant galaxies), IV (subgiart galaxies) and V (dwarf galaxies).

Intermediate cases I-II, II-111, 11I-1V, and IV-V, are also recognized.

Figure 21 shows galaxies which van den Bergh (1998) consglerimary luminosity
standards of his classi cation system. The original van deBergh standards for these
classes were based on the small scale paper prints of the Reo Sky Survey. Sandage
and Tammann (1981) adopted the precepts of the van den Berglasses but revised the
standards based on large-scale plates. In general, lumingsilass | galaxies have the
longest, most well-developed arms, luminosity class Il gaties have short, patchy arms
extending from the main body, while luminosity class V galdars have very low surface
brightness and only a hint of spiral structure. The classes@aseparated by type in Figure 21
because among Sb galaxies, few are of luminosity class Ilifamter, while among Sc and
later type galaxies, the full range of luminosity classes fsund. van den Bergh does not

use types like Sd or Sm for conventional de Vaucouleurs latgses, but instead uses Sand
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S to denote \early" (smoother) and \late" (more patchy) subgiant spirals. Similarly, van
den Bergh uses Sband Sk to denote \early" and \late" Sb spirals, respectively. (Sone
of these would be classi ed as Sab and Sbc by de Vaucouleur&gcording to the standards
listed by van den Bergh (1998), an Sb | galaxy is 2-3 mag more lumus than an Sb Il

galaxy, while an Sc | galaxy is more than 4 mag more luminousdh an S V galaxy.

7. The Morphology of Galactic Bars and Ovals

Bars are among the most common morphological features of kdishaped galaxies.
Unlike spiral arms, bars cross the \spiral-SO divide" in the Hbble sequence and are
abundant among spirals (at the 50-70% level) when both SAB ar8B types are considered
(de Vaucouleurs 1963; Sellwood & Wilkinson 1993). The barafttion has cosmological
signi cance (Sheth et al. 2008), and many estimates of the ady galaxy bar fraction have
been made from both optical and IR studies (see Buta et al. 204 for a summary of recent

work).

Bars are fairly well-understood features of galaxy morphaly that have been tied to
a natural instability in a rotationally supported stellar disk (see review by Sellwood &
Wilkinson 1993). The long-term maintenance of a bar in a mostlisolated galaxy is thought
to depend on how e ectively it transfers angular momentum tather galaxy components,
such as the halo (Athanassoula 2003). Bars are thought to beahsient features that, in
spiral galaxies, may dissolve and regenerate several tin@&r a Hubble time (Bournaud &
Combes 2002). Alternatively, bars may be long-lived densityave modes that drive secular
evolution of both the stellar and gaseous distributions (Zng & Buta 2007; Buta & Zhang
2009). The possible secular evolution of bars in SO galaxissdiscussed by Buta et al.
(2010b). Bars are also thought to drive spiral density wavedormendy & Norman 1979;
Buta et al. 2009; Salo et al. 2010).
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The actual morphology of bars shows interesting variationthat merit further study.
The family classi cations SAB and SB indicate some measurd bar strength, but do not
allude to the varied appearances of bars even among thoseyodlassi ed as SB. Regular
bars, such as those illustrated in Figure 8, are the conveahal types that de ne the SB
class. Figure 22 shows \ansae"-type bars, referring to bardigh have \handles" or bright
enhancements at the ends. Martinez-Valpuesta et al. (2007arcied out a statistical study
and found that ansae are present in 40% of early-type barred galaxies and are very rare
for types later than stage Sb. Ansae are usually detectable direct images, but their
visibility can be enhanced using unsharp-masking (all theght frames for each galaxy in
Figure 22). Morphologically, ansae may be small round enheements like those seen in
NGC 5375 and 7020, but in some cases, ansae are approximatelgar enhancements,
giving the bar a parallelogram appearance as in NGC 7098, arrged arcs, giving the bar
a partial ring appearance as in NGC 1079. Color index maps ilné dVA show that ansae
are generally as red as the rest of the bar, indicating the fesies are stellar dynamical in
origin, rather than gas-dynamical. Nevertheless, ansae nadf star-forming regions are
known. Martinez-Valpuesta et al. (2007) illustrate the cas®f NGC 4151, a well-known
Seyfert 1 galaxy with a strong bar-like inner oval. The appeance of this galaxy's ansae in
the 1.65 m H-band is shown in the lower right frames of Figure 22, where thensae are

seen to have irregular shapes compared to the others shown.

Another subtlety about bars is their general boxy characterAthanassoula et al. (1990)
showed that generalized ellipses t the projected isophateof bars better than do normal
ellipses. For 11 or 12 SBO galaxies examined in this study, igrs cant degree of boxiness

was found near the bar semi-major axis radius.

The unsharp-masked image of NGC 7020 in Figure 22 shows an X4{séd pattern in

the inner regions that is the likely signature of a signi catly three-dimensional bar. NGC
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1079 and 5375 shows hints of similar structure. The X-patteris expected to be especially
evident in edge-on galaxies which show the extended verticsttucture of bars. Many
examples have been analyzed (Bureau et al. 2006; see alsodWa). Buta et al. (2010a)

have suggested that edge-on bars recognized from the X-pattdre denoted \SB."

The cause of bar ansae is uncertain. In simulations, Martinévalpuesta et al. (2006)
found that ansae form late, after a second bar-buckling epde in a disk model with a live
axisymmetric halo, and appear as density enhancements inthdhe face-on and edge-on

views.

Figure 23 shows three examples of galaxies having oval inrsks. These features
are described in detail by Kormendy and Kennicutt (2004=KK@), who present both
photometric and kinematic criteria for recognizing them. The images in Figure 23 are
optical and have been cleaned of foreground and backgroungljects, and have also been
deprojected based on the mean shape and major axis positiargée of faint outer isophotes.
In all three cases, the presence of an outer ring allows cleacognition of the oval shape,
assuming that the inner and outer structures are in the samelgne. The upper panels of
Figure 23 show the full morpholopy with the outer rings, whi the lower panels show the
bright oval inner disks. The shapes of the oval disks are vad and range from axis ratio
0.84 for NGC 4736 to 0.55 for NGC 1808. The most striking exaepis NGC 4941, whose
oval disk includes a bright, normal-looking spiral pattern vth isophotal axis ratio 0.68.

Many other examples are provided by KK04.

The ovals appear to play a bar-like role in these galaxies. Thauter rings may be
resonant responses to the nonaxisymmetric potential of thevals, which clearly harbor a
great deal of mass in spite of the mildness of their departigdrom axisymmetry. As noted
by KKO04, oval disk galaxies are expected to evolve seculaily much the same manner

as typical barred galaxies. On the other hand, ovals themsek could be products of bar
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secular evolution. Laurikainen et al. (2009) found that thenear-IR bar fraction in SO
galaxies is signi cantly less than that in SO/a or early-typespiral galaxies (also found by
Aguerri et al. 2009 in the optical), while the oval/lens fration is higher, suggesting that
some ovals/lenses might be dissolved bars. Further evidenthat bars might be dissolving
in some galaxies is the detection of extremely weak bars insidual images of visually
nonbarred SO galaxies where a two-dimensional decompogsitimodel has been subtracted.
Such a bar is detected in the SADgalaxy NGC 3998 (Laurikainen et al. 2009). Aguerri et
al. (2009) suggest that central concentration is a key faaton bar evolution, and that a
unimodal distribution of bar strengths argues against thediea that bars dissolve and reform

(Bournaud & Combes 2002).

Regular barred galaxies also often include an oval boundeg &n elongated inner ring.
The deprojected blue light images of two examples are showmFigure 24. NGC 1433 has
a very strong normal bar and one of the most intrinsically elegated inner rings known.
The inner ring lies at the edge of an oval which is more conspmus at longer wavelengths.
In NGC 1433, the inner ring, the oval, and the bar are all aliged parallel to each other.
The situation is di erent in ESO 565 11, whose bright oval is strongly misaligned with a
prominent bar, but similar to NGC 1433, the oval is bounded byan inner pseudoring. The

suggestion in this case is that the bar and the oval are indepegent patterns.

8. Dust Morphologies

Dust lanes are often the most prominent part of the interstér medium detectable in
an optical image of a galaxy. Figure 25 shows di erent class®f dust lanes, using direct
optical images on the left for each galaxy, and a color indexap on the right. The color
index maps are coded such that blue features are dark whiledréeatures (like dust lanes)

are light.
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The bars of intermediate (mainly Sab to Sbc) spirals often shv leading dust lanes,
that is, well-de ned lanes that lie on the leading edges of thiears, assuming the spiral arms
trail. The example shown in Figure 25, NGC 1530, has an exceptally strong bar and the
lanes are very straight, regular, and well-de ned. These dusanes are a dynamical e ect
associated with the bar. The lanes may be curved or straighfthanassoula (1992) derived
models of bar dust lanes and tied the curvature to the strengtof the bar in the sense that
models with stronger bars developed straighter dust lane€omepn et al. (2009) recently
tested this idea by measuring the curvature of actual dust fees as well as quantitative
values of the bar strengths for 55 galaxies. They found thatreng bars can only have

straight dust lanes, while weaker bars can have straight oucoved lanes.

In the same manner as bars, a strong spiral often has dust lanen the concave sides of
the inner arms. This is shown for NGC 1566 in the upper right peels of Figure 25. Both
bar and spiral dust lanes are face-on patterns. Another typef dace-on pattern is thedust
ring. The inner dust ring of NGC 7217 is shown in the right, middlerames of Figure 25,
and it appears as the dark, inner edge of a stellar ring havirthe same shape. Dust rings

can also be detected in more inclined galaxies.

An inclined galaxy with a signi cant bulge also can show andter dust e ect: in such
a case, the bulge is viewed through the dust layer on the nedds of the disk, while the
dust is viewed through the bulge on the far side of the disk. T leads to a reddening
and extinction asymmetry across the minor axis such that theear side of the minor axis
is more reddened and extinguished than the far side. In comjation with rotation data,
this near side/far side asymmetry was used by Hubble (1943h& de Vaucouleurs (1958) to

show that most spirals trail the direction of rotation.

The lower frames of Figure 25 show the planar dust lanes seenadge-on spiral

galaxies. The lane in NGC 7814 (lower left frames) is red whigndicates that the galaxy
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is probably no later in type than Sa. This is consistent with he large bulge seen in the
galaxy. However, the planar dust lane seen in NGC 891, type Stas a thin blue section in
the middle of a wider red section. The blue color is likely du outer star formation that
su ers relatively low extinction. Some individual star foming regions can be seen along
the dust lane. In spite of the blue color, we are only seeingdlouter edge of the disk in the

plane.

Also related to galactic dust distributions are observatios of occulting galaxy pairs
where a foreground spiral galaxy partly occults a backgrodngalaxy, ideally an elliptical
(White & Keel 1992). With such pairs, one can estimate the optal depth of the foreground
dust, often in areas where it might not be seen easily in an iated spiral. An excellent
example is described by Holwerda et al. (2009), who are able trace the dust distribution

in an occulting galaxy to 1.5 times than the standard isophat radius.

Another way of illustrating the dust distribution in galaxies is with Spitzer Space
Telescopelnfrared Array Camera (IRAC) images at 8.0 m wavelength. This is discussed

further in section 12.

9. The Morphologies of Galactic Bulges

A bulge is a very important component of a disk galaxy. In the antext of structure
formation in a cold dark matter (CDM) cosmology, bulges maydrm by hierarchical
merging of disk galaxies, a process thought to lead to ellipal galaxies if the disks have
approximately equal mass. Bulges formed in this way shoulthen, resemble elliptical
galaxies, especially for early-type spirals. The bulges @ftér-type spirals, however, can be
very di erent from the expectations of a merger-built bulge &lso known as a \classical"

bulge). In many cases, the bulge appears to be made of matéaasociated with the disk.
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KKO04 reviewed the concept of \pseudobulges," referring toagaxy bulges that may
have formed by slow secular movement of disk gas to the certragions (also known as
disk-like bulges; Athanassoula 2005). The main driving agefor movement of the gas is
thought to be bars, which are widespread among spiral gal@s and which exert gravity
torques that can move material by redistributing the angula momentum. Inside the
corotation resonance, where the bar pattern speed equalsetdisk rotation rate, gas may
be driven into the center to provide the raw material for builling up a pseudobulge. KK04
review the evidence for such processes and argue that psdudges are a strong indication

that secular evolution is an important process in disk-shaplegalaxies.

Figure 26 shows the morphologies of both classical bulgesigmseudobulges. The four
classical bulge galaxies shown in the lower row, M31, NGC 284M81, and M104, have
bright smooth centers and no evidence for spiral structurer star formation. Classical
bulges also tend to have rounder shapes than disks, and carvéaigni cant bulge-to-total
luminosity ratios as illustrated by M104. Classical bulgesre also more supported by
random motions than by rotation. Many references to classt bulge studies are given
by KKO4. Formation mechanisms of such bulges are discusse&ddetail by Athanassoula

(2005).

The two upper rows of Figure 26 are all pseudobulges as recizgal by KKO4. The rst
row shows HST wideV -band ( Ilter F606W) images of the inner 1-1.3 kpc of four galaes,
NGC 3177, 4030, 5377, and 1353, in the type range Sa-Sbc. Theaarshown account for
much of the rise in surface brightness above the inward exfalation of the outer disk light
in these galaxies, and would be considered bulges just ongliiasis. The HST images show,
however, considerable spiral structure, dust, small ringand likely star formation in these
regions, characteristics not expected for a classical balgKK04 argue that instead these

are pseudobulges that are highly attened, have a projecteshape similar to the outer disk
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light, have approximately exponential brightness pro legSersic indexn 1-2), and have
a high ratio of ordered rotation to random motions. KK04 arge that a low Sersic index
compared ton=4 appears to be the hallmark of these pseudobulges, and arsature of

secular evolution.

The second row in Figure 26 shows other kinds of pseudobulgkscussed by KKO04.
NGC 6782 and 3081 (two left frames) have secondary bars, antK84 considered that such
features indicate the presence of a pseudobulge becausestae always disk features. In

each case, the secondary bar lies inside a nuclear ring.

The other two galaxies in the second row of Figure 26, NGC 128@& 1381, are examples
of boxy or box-peanut bulges. These features have been linkedthe vertical heating of
bars, and if this is what they actually are, then KK04 argue tlat boxy and box-peanut
bulges are also examples of pseudobulges. However, boxy aog/peanut bulges would
not necessarily be the result of slow movement of gas by bar toeg) and subsequent star
formation in the central regions, but instead would be relad to the orbital structure of the

bar itself (Athanassoula 2005).

Recent studies have shown that pseudobulges are the domihdype of central
component in disk galaxies. Although originally thought tobe important only for late-type
galaxies, Laurikainen et al. (2007) showed that pseudobelg are found throughout the
Hubble sequence, including among S0-S0/a galaxies, basedophisticated two-dimensional
photometric decompositions. Such galaxies frequently hawnuclear bars, nuclear disks, or
nuclear rings. Laurikainen et al. also found that bulge-to-tal (B=T) ux ratios are much
less than indicated by earlier studies, especially for egrHubble types, and that the Sersic
index averages 2 across all types. The lack of gas in SO and SO/a galaxies cdicgtes
the interpretation of their pseudobulges in terms of bar-dvien gas ow and subsequent star

formation. Instead, Laurikainen et al. link the pseudobulgs in early-type galaxies to the
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evolution of bars. Laurikainen et al. (2010) also showed th&0s can have pseudobulges if

they are stripped spirals, without invoking any bar-inducecevolution.

10. E ects of Interactions and Mergers

Galaxy morphology is replete with evidence for gravitatioal interactions, ranging
from minor, distant encounters, to violent collisions and mjor/minor mergers. Many of
the most puzzling and exotic morphologies can be explaineg interactions, and even
sublimely normal galaxies, like ordinary ellipticals, ha® been connected to catastrophic
encounters. Up to 4% of bright nearby galaxies are involved a major interaction (Knapen
& James 2009). In clusters, other types of interactions maycour, such as gas stripping and
truncation of the star-forming disk. In this section, a vari¢y of the types of morphologies

that may be considered the results of external interactionare described and illustrated.

10.1. Normal versus Catastrophic Rings

The three types of rings described so far, nuclear, inner, @muter rings, are aspects
of the morphology of relatively normal, undisturbed galaxs. Inner rings and pseudorings
are found in more than 50% of normal disk galaxies (Buta & Con@ds 1996), while outer
rings and pseudorings are found at the 10% level. The lattemgs could be more frequent
because their faintness may cause them to go undetected, @rhis less likely to occur for
inner rings. As has been noted, nuclear rings are found at tt#9% level (Comerwon et al.
2010). The high abundance of these types of ring features gegts that they are mainly
products of internal dynamics, and in fact all three ring types have been interpted in
terms of internal processes in barred galaxies. The main @mpretation of these kinds of

rings has been in terms of orbital resonances with the patterspeed of a bar, oval, or
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spiral density wave. Resonances are special places whereandan secularly gather gas
owing to the properties of periodic orbits (Buta & Combes 199). Buta (1995) showed that
the intrinsic shapes and relative bar orientations of inneand outer rings and pseudorings
supports the resonance interpretation of the features. Sehrz (1981) suggested the outer
Lindblad resonance for outer rings and pseudorings, whilel8varz (1984) suggested the
inner 4:1 ultraharmonic resonance for inner rings and pseodngs, and the inner Lindblad
resonance for nuclear rings. Knapen et al. (1995b) and Buta &ombes (1996) provide

further insight into these interpretations.

The resonance idea may only be valid in the case of weak pettations. In the
presence of a strong perturbation, the concept of a speciresonance radiusan break down,
although the idea of a broadresonance regiorcould still hold (Contopoulos 1996). Regan
and Teuben (2003, 2004) argue that nuclear rings and innengs are better interpreted in
terms of orbit transitions, that is, regions where periodiorbits transition from one major
orbit family to another, as in the transition from the perperdicularly-aligned x, family to

the bar-alignedx; family (Contopoulos & Grosbol 1989).

Normal rings have also been interpreted in terms of \invariat manifolds" which
emanate from the unstablel; and L, Lagrangian points in the bar potential (Romero-
Gomez et al. 2006, 2007; Athanassoula et al. 2009a,b). Thapproach has also had some
success in predicting the shapes and orientations of innemdaouter rings, such as the R
R?, R;RY, and RS morphologies shown in Figure 14 and Figure 15. A morphologglted
\rR 1", which includes an oval inner ring and a gure eight-shaped Rring (see NGC 1326
in Figure 15), is especially well-represented by this kind ehodel. The manifolds are tubes
which guide orbits escaping the; and L, regions. Note that in this interpretation, outer

rings are not necessarily associated with the OLR (Romeroe@ez et al. 2006).

Although the vast majority of the ring-like patterns seen in @laxies are probably of
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the resonance/orbit-transition/invariant-manifold type, other classes of rings are known
that are likely the result of more catastrophic processesiich as galaxy collisions. Figure 27
shows resonance rings in comparison to three other types:ceation rings, polar rings, and
collisional rings (the latter commonly referred to as \ringgalaxies"). The three accretion
rings shown, in Hoag's Object (Schweizer et al. 1987), IC 2@Schweizer et al. 1989),
and NGC 7742 (de Zeeuw et al. 2002) are thought to be made of reaal from an
accreted satellite galaxy. For IC 2006 and NGC 7742, the ewdce for this is found in
counter-rotation: the material in the rings counter-rotates with respect to tle material in
the rest of the galaxies. In Hoag's Object and IC 2006, the aeting galaxy is a normal E

system.

Polar rings are also accreted features except that the actirg galaxy is usually a
disk-shaped system, most often an SO (Whitmore et al. 1990 these cases, the accreted
material comes in at a high angle to the plane of the disk. Theon guration is most stable
if the accretion angle is close to 90 or over the poles of the disk system. This limits the
ability of di erential precession to cause the ring materiato quickly settle into the main
disk. The polar feature can be a ring or simply an inclined andxtended disk. Whitmore

et al. (1990) presented an extensive catalogue of probabledapossible polar ring galaxies.

The main example illustrated in Figure 27 is NGC 4650A, wherthe inner disk
component is an SO. Galaxies like NGC 4650A have generatedisiderable research because
polar rings probe the shape of the dark halo potential (e. gSackett et al. 1994). The
galaxies are also special because the merging objects hatained their distinct identities,
when most mergers lead to a single object. Brook et al. (2008)k the misaligned disks of
polar ring galaxies to the process of hierarchical structarformation in a cold dark matter

scenario.

While polar rings are most easily recognizable when both #sare nearly edge-on to us,
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cases where one or the other disk is nearly face-on have alserbeecognized. One example,
ESO 235 58 (Buta & Crocker 1993) is shown in the middle-right panel of igure 27. In
this case, the inner component is almost exactly edge-on anllog/s a planar dust lane,
and is likely a spiral rather than an SO. The ring component igiclined signi cantly to

the plane of this inner disk but may not be polar. The faint ouér arms in this component
caused ESO 23558 to be misclassi ed as a late-type barred spiral in RC3. Spif structure
in polar disks has been shown to be excitable by the potentiaf the inner disk, which acts

something like a bar (Theis, Sparke, & Gallagher 2006).

An example where the main disk is seen nearly face-on is NGC 36fparke et
al. 2008). In this case, the polar ring material is seen astsiuetted dust lanes at an
uncharacteristic angle to the inner isophotes. NGC 2655 alshows evidence of faint
shells/ripples, indicative of a recent merger (section 18.3). Sil'chenko & Afanasiev (2004)
have discussed NGC 2655 and other similar examples of innexigr rings in terms of the

triaxiality of the potential.

Also illustrated in Figure 27 is NGC 660, which was listed as possible polar ring
galaxy by Whitmore et al. (1990). Like ESO 23558, NGC 660 has an aligned dust lane
in its inner disk component, which thus is likely to be a spifanot an SO. The extraplanar
disk is actually far from polar, being inclined only 5% (van Driel et al. 1995). A recent

study of massive stars in the ring is given by Karataeva et a(2004).

Collisional ring galaxies (Arp 1966; Appleton & Struck-Marell 1996) are thought to
be cases where a larger galaxy su ers a head-on collision wétsmaller galaxy down its
polar axis. The collision causes an expanding density wavernassive star formation, and
multiple rings are possible. Three examples are shown in Big 27. Theys & Spiegel (1976)
have discussed various classes of ring galaxies. Arp 147A966) is an example of type

\RE", referring to a sharp elliptical ring with an empty inte rior. The Cartwheel (Higdon
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1995) and the Lindsay-Shapley ring (Arp & Madore 1987) are engles of type \RN",
meaning an elliptical ring with an o -center nucleus. Not shwn in Figure 27 is a third
category called \RK", where a single, large knot lies on onade of the ring, making the

system very asymmetric.

Madore, Nelson, & Petrillo (2009) have published a comprehsive atlas of all known
likely collisional ring galaxies, many taken from the catalgue of Arp & Madore (1987).
Based on this study, only 1 in 1000 galaxies is a collisionahg galaxy. For entry, the
Madore et al. atlas requires at least two objects in the immeate vicinity of the ring that
might plausibly be the intruder galaxy. Most of the rings arenot in cluster environments,
however. The atlas also brings attention to several doubléag collisional systems, which
have been predicted by numerical simulations (see Struck XD for a review). The unusual
radial \spokes" in the Cartwheel, a feature not seen in any ber collisional ring galaxy,

could be related to interactive accretion streams (Strucktel. 1996).

Romano, Mayya, & Vorobyov (2008) present images of severahg galaxies that show
the pre-collision stellar disk. They also show that rings argenerally delineated by blue
knots and that the o -centered nuclei are usually more yellovin color. In addition, some of
the companion galaxies show di use asymmetric outer lightuggesting that they are being

stripped.

Figure 27 shows that accretion rings can account for some dietrings seen in nonbarred
galaxies. Buta & Combes (1996) argue that a bar is an essemt@dement in resonance ring
formation. ESO 235 58 shows that a polar ring-related system can resemble a rinige

barred galaxy. The three collisional rings are all very digtctive from the others.
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10.2. Environmental E ects on Star-Forming Disks

Galaxy clusters are excellent laboratories for detectinghé e ects of environment
on galaxy morphology and structure. Frequent mergers and @nonmental conversion of
spirals into SOs are thought to be at the heart of the morphogfy-density relation, where
early-type galaxies dominate cluster cores, and spirals amdegulars are found mainly in

the outer regions (Dressler 1980; van der Wel et al. 2010).

The issue of environmental e ects has a direct bearing on howe might interpret
the Hubble sequence. For example, the continuity of galaxy arphology certainly seems
apparent from the discussions in previous sections of thisview. The Hubble sequence
E-S0-Sa-Sb-Sc-I appears physically signi cant when total comrmean surface brightnesses,
and HI mass-to-blue light ratios are considered, and the waydtires are recognized in the
classi cation systems also favors the continuity. Morphalgical continuity doesnot, however,
automatically imply that the galaxy types are in fact order@ correctly. For example,
although Hubble placed SOs as a transition type between ellical galaxies and spirals, this
placement has been questioned by van den Bergh (1998, 20098ased on a statistical
analysis of types given in the RSA, van den Bergh showed thad $jalaxies are typically
0.8-1.0 mag less luminous than E and Sa galaxies, implying tia0 galaxies, on the whole,
cannot really be considered intermediate between E and Sal@des® The preponderance
of SO galaxies in clusters led to the early suggestion (e.§pitzer & Baade 1951; Gunn
& Gott 1972; Moore et al. 1996) that some type of external emdnmental interaction

was responsible for stripping a spiral galaxy of its interstlar medium. If this actually

5In contrast to van den Bergh's study of RSA SO galaxies, Lalkainen et al. (2010) found
that the absolute K s-band magnitudes of a well-de ned sample of SOs are similar thdse
of early-type spirals in the OSUBSGS sample. The sample was stlg drawn from RC3 and

includes some galaxies classi ed as ellipticals in RC3 and 80s in the RSA (see section 12).
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occurred, then, as suggested by van den Bergh (2009a), thauld imply that SO galaxies
have lost a substantial fraction of their spiral mass due tanteractions. Alternatively, van
den Bergh (2009b) argues that stripping of a lower luminosit late-type spiral should be
easier than stripping of a higher luminosity, early-type spal, which could also account for
the luminosity di erence. In an examination of the environnent of SO galaxies, van den
Bergh (2009b) found no signi cant di erence in the averageuminosities, attenings, or
distribution of SO subtypes in clusters, groups, or the eldindicating that some S0s develop

as a result of internal e ects, such as the in uence of an aste galactic nucleus.

Barway et al. (2011) noted that lower luminosity SOs have a gher bar fraction than
higher luminosity SOs (83% versus 17%), suggesting that ttwo groups form in di erent
ways (see also Barway et al. 2007). These authors suggestttfeant SOs are stripped

late-type spirals, which are known to have a high bar fractioBarraza et al. 2008).

Environmental e ects in clusters do not always have to invele drastic transformations
in morphology. Sometimes the e ects are more subtle. Figur28 shows several spiral
galaxies that are also members of the Virgo Cluster. Theselgsgies highlight processes
that a ect the star-forming disk while leaving the older stelar disk relatively una ected.
NGC 4580 and 4689 are galaxies having a patchy inner disk andmooth outer disk, called
\Virgo types" by van den Bergh et al. (1990). These objects gigest that the environment
of such galaxies has somehow truncated the star-forming diskith a greater concentration
of truncated disks toward the cluster core. Similar resultare obtained from observations
of the HI gas disks of Virgo cluster galaxies (e.g., Giovatie Haynes 1985; Cayatte et al.
1994; Chung et al. 2009).

Koopmann & Kenney (2004) summarize the results of an extemsi survey of H
emission from Virgo Cluster galaxies, and identify di erehcategories of environmentally-

in uenced star formation characteristics based on H imaging. The blue light images of
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examples of each category are included in Figure 28, and shbaw the subtleties are
manifested in regular morphology. Using a sample of isolatespiral galaxies to de ne
\normal" star formation, Koopmann and Kenney de ned severacategories of Virgo spiral
galaxy star-forming disks: Category \N" refers to disks whas star formation is within a
factor of three of the normal levels. \E" cases have star foration enhanced by more than
a factor of three compared to normal. \A" cases are \anemic"@@rals (section 6.4) having
star formation reduced by more than a factor of 3 compared toanmal. \T/N" refers

to galaxies where the star-forming disk is sharply cut o, butinside the cuto, the star
formation levels are normal (the [s] means truncation is sexe). One of these, NGC 4580,
is so unusual that Sandage & Bedke (1994) classify it as S¢g&g, where the Sc part is the
inner disk and the Sa part is the outer disk. In \T/A galaxies", the inner star-formation
is at a low level, as in anemic cases, while in \T/C" galaxiegnost of the star formation is
con ned within the inner 1 kpc. Koopmann and Kenney found thathe majority of Virgo

Cluster spiral galaxies have truncated star-forming disks.

The idea is that the interstellar medium (ISM) of a cluster géaxy can interact with the
intra-cluster medium (ICM), stripping the ISM (via ram presaure; Gunn and Gott 1972)
but leaving the stellar disk intact. Truncated gas and stardrming disks result because
ram-pressure stripping is more severe in the outer parts oflgaies (e. g., Book and Benson
2010 and references therein). In Virgo, most galaxies withuncated star-forming disks
have relatively undisturbed stellar disks and normal to gljhtly enhanced inner disk star
formation rates, suggesting that ICM-ISM stripping is the m&a mechanism in the reduction
of their star formation rates. The cases found to have relatly normal or enhanced star
formation rates are preferentially located in the outer pas of the cluster and likely have
never visited the core region. Only galaxies which go neardhcenter get signi cantly
stripped. However, tidal e ects also contribute to morphabgical changes. Several galaxies,

including many of the T/C class, display peculiarities constent with tidal e ects, such as
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nonaxisymmetric circumnuclear star formation, shell featres (e.g., NGC 4424 in Figure 28),

and enhanced inner star formation rates.

A recent study by Yagi et al. (2010) provides dramatic and cl evidence of disk gas
stripping in galaxies thought to be relatively new arrivalsto the core region of the Coma
Cluster. Using deep H imaging, these authors detected ionized gas in clouds thatea
mostly outside the main disk of a dozen Coma galaxies. Threéstinct morphologies of
the distributions of these clouds were found: (1) connectedouds that blend with disk
star formation; (2) long, connected lines of clouds that eend from a central gas knot but
are not related to the disk light; and (3) clouds completely etached from the main disk.
Examples of these categories are illustrated in Figure 29.aYi et al. interpret them in
terms of an evolutionary gas-stripping sequence where cabeg (1) galaxies are in an earlier
phase of stripping while the category (3) galaxies are in theost advanced phase. It is
likely that large disk galaxies in Coma would be completelytigpped eventually because of
the cluster's high ICM density and broad velocity distribuion. The same process seen in
Coma likely occurs in Virgo but is only partial for the large pirals owing to the lower ICM

density and velocities in Virgo (Koopmann & Kenney 2004).

10.3. Interacting and Peculiar Galaxies

10.3.1. Tidal Tails, Arms, and Bridges

It is perhaps tting that the rst major spiral galaxy discov ered was in the interacting
pair M51 (section 2). Numerical simulations (Salo & Laurikenen 2000a,b) have shown that
both parabolic and bound passages of the companion, NGC 518&n explain the observed
morphology and other characteristics of the system. It turs out that M51 de nes a class

of interacting systems known as M51-type pairs. Figure 30 skie an example in the pair
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NGC 2535-6. In each case, the larger component has a strong {®roned spiral, with one
arm appearing \drawn" to the smaller companion. An extensig catalogue of M51-type

pairs is provided by Jokimaki et al. (2008).

Other distant encounters can produce tidal tails or bridgesf material between
galaxies (top row, Figure 30). NGC 4676, also known as the "b®," is a pair of strongly
interacting galaxies where a very extended tidal tail has fmed in one component. The
strongly-interacting pair NGC 5216/18 has developed a brighconnecting bridge of
material, and each component shows tidal tails. The evolan of this system, and the role

of encounters on bar formation, is described by Cullen et a{2007).

10.3.2. Dust-Lane Ellipticals

Figure 30 also shows several examples of morphologies thaymmesult from minor
mergers of a small galaxy with a more massive, pre-existindigical galaxy. Bertola (1987)
brought attention to the unusual class ofdust-lane ellipticals where an otherwise normal
elliptical galaxy shows peculiar lanes of obscuring dustt Was de Vaucouleurs's personal
view that \if an elliptical shows dust, then it's not an elliptical'" However, Bertola showed
that an unusual case like the radio elliptical galaxy NGC 51 where a strong dust lane
lies along theminor axis of the outer light distribution, is simply the nearest examge of
a distinct class of objects. Further study showed that dustane ellipticals come in several
varieties. The minor axis dust lane type appears most commpbut cases of alignment
along the major axis of the outer isophotes (major axis dusahes) as well as cases of
misalignment are also known (see the upper left panels of big 30). The origin of these
very regular dust lanes is thought to be a merger of a gas-ricbrapanion (e.g., Oosterloo et

al. 2002). The regularity of the dust lanes suggests that thmergers are in advanced states.
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10.3.3. Shell/Ripple Galaxies

The two lower left frames of Figure 30 show examples of galagi having \shells,",
or faint, arc-shaped brightness enhancements of varying nptrology. They were rst
discovered on deep photographs by Malin (Malin & Carter 1980and appeared to be
associated mainly with elliptical galaxies. In fact, the st examples, NGC 1344 and 3923,
are classi ed in catalogues as ordinary ellipticals becaeishe shells are not detectable on
photographs of average depth. Once the class was recognjzedetailed search led to other
examples which were listed by Malin & Carter (1980, 1983). Thterm \shells" implies a
particular three-dimensional geometry that Schweizer & Seer (1988) argued imposes a
prejudice on the interpretation of the structures. They prposed instead the alternate term

\ripples,” which implies less of a restrictive geometry.

The explanation of shell/ripple galaxies is one of the greauccess stories in galactic
dynamics (see review by Athanassoula & Bosma 1985). Shelie ghought to be remnants
of a minor merger between a massive elliptical and a lower nsagdisk-like galaxy. The main
requirements are that the disk-shaped galaxy be \cold", or &k any random motions, and
that the potential of the elliptical galaxy should be rigid, meaning the elliptical is much
more massive than its companion. The smaller galaxy's stafall into the center of the
galaxy and phase wrap, or form alternating outward-moving desity waves made of the disk
galaxy's particles near the maximum excursions of their Igely radial orbits in the rigid
potential. Many, but not all, of the main properties of shellEs can be explained by this
model. Other issues concerning shell galaxies are reviewsdKormendy and Djorgovski

(1989).

Taylor-Mager et al. (2007; see their Figure 2) have proposedsanple classi cation of
interacting systems that highlights di erent interaction classes. A pre-merger (type pM)

includes two interacting galaxies that are su ciently far apart to su er little apparent
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distortion. A minor merger (mM) is two galaxies showing evidnce of merging, but one
component is much smaller than the other. A major merger (M) d&s two comparable
brightness galaxies in the process of merging, while a maergemnant (MR) is a state

su ciently advanced that the merging components are no longr distinct.

10.3.4. Ultra-Luminous Infrared Galaxies

Related to interacting systems are the infrared-bright gakdes rst identi ed by Rieke
& Low (1972) based on 10m photometry. From studies based on the Infrared Astronomad
Satellite (IRAS), Sanders & Mirabel (1996) classi ed a gaky as a \luminous infrared
galaxy" (LIRG) if its luminosity in the 8-1000 m range is between 18 and 102 L . If
the luminosity in the same wavelength range exceeds!4Q , then the object is called
an \ultra-luminous infrared galaxy" (ULIRG). Detailed stud ies have shown that at high
redshifts, LIRGS and ULIRGS are a dominant population of olgcts (see discussion in

Pereira-Santaella et al. 2010).

The morphologies of nine ULIRGS were studied using HSB and | -band images
by Surace et al. (1998). Their montage of six of these objeadts shown in Figure 31.
In every case there are clear signs of interactions, and atledikely linked to mergers or
mergers in progress. Several, like Mk 231, have bright Seyfeuclei. Arribas et al. (2004)
obtained extensive imaging of local LIRGS, and found a sirail high proportion of strongly

interacting and merging systems.

The merger rate is considered one of the most important paraaters for understanding
galaxy evolution. It has been di cult to estimate, and issues connected with it are discussed
by Jogee et al. (2009; see also Conselice 2009). A merger isiciered major if it involves

a companion ranging from 1/4 to approximately equal mass tche main galaxy. A major
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merger of two spiral galaxies can destroy both disks and le&d an rs law pro le remnant
through violent relaxation. Minor mergers involve comparins having 1/10 to 1/4 the mass
of the main galaxy. Both types of mergers, while in progressan lead to many speci c
morphological features such as highly distorted shapesdal tails and bridges, shells and
ripples, and warps. Even some bars and spiral patterns aredight to be connected to
interactions, and especially galaxies with a double nuclsware thought to be mergers. As
discussed in section 10.1, mergers or collisions may alscabéhe heart of rare morphologies
such as ring and polar ring galaxies. Using visual classi tans of merger types, Jogee et
al. (2009) estimate that 16% of high mass galaxies have exigeiced a major merger, while

45% have experienced a minor merger, during the past 3-7Gy=0.24-0.80).

10.4. Warps

A warp is an apparent bend or slight twist in the shape of the dk of a spiral galaxy
(see Sellwood 2010 and references therein). In a warp, stansl gas clouds move in roughly
circular orbits, but the orientation of these orbits relatve to the inner disk plane changes
with increasing radius. Warps are most easily detected in gd-on galaxies because the
bending of the outer orbits makes the galaxy look like an inggal sign. Although often
most pronounced in an HI map, warps can be seen in ordinary ogdl images of edge-on
galaxies. Figure 32 shows three galaxies having strong agati warping of the disk plane. In
two of the galaxies, the bright inner disk is unwarped, whil@ fainter and thicker outer disk
zone is twisted relative to the inner disk. In UGC 3697, the waing is exceptionally visible.

In general, optical warping is less severe than HI warping.

Warping is a very common aspect of spiral galaxies (e.g., Biay 1992) and has been
interpreted in terms of perturbations (gaseous infall or ireractions) that trigger bending

instabilities (e.g., Revaz & Pfenniger 2007). Garcia-RuizSancisi, & Kuijken (2002)
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estimated HI warp angles, the angle between the inner diskgsle and the assumed linear
warping zone, to range from nearly ©to more than 3C®. A useful summary of previous
warp studies is provided by Saha et al. (2009), who examine ggaonset radii in mid-IR

images. The theory of warps is reviewed by Sellwood (2010).

10.5. The Morphology of Active Galaxies

The morphology of active galaxies (also called \excited" d@xies by van den Bergh
1998) is important to consider because of a possible link keten morphological features
and the fueling of the active nucleus. Early studies showed meponderance of ring,
pseudoring, and bar features in Seyfert galaxies that sugged the link was bar-driven gas
ow (Simkin, Su, & Schwarz 1980). Several examples of the nmology of Seyfert and
other active galaxies are shown in Figure 33. The activity absi cations are based mainly

on spectroscopy, not on morphology, and are described by WerCetty & Veron (2006).

A detailed study of active galaxy morphologies by Hunt & Mal&n (1999) provided
similar results to the early studies. These authors examidethe morphologies of a large
sample of galaxies selected on the basis of their 1@ emission, and found that outer rings
and inner/outer ring combinations are 3-4 times higher in Sdgrt galaxies than in normal
spirals. In contrast, bars were found to occur with the samedquency ( 69%) in Seyferts as
in normal spirals, while for Hll/starburst galaxies, the frequency was much higherX80%).
Although outer rings are found mostly in barred galaxies, bra do not promote the nuclear
activity of Seyfert galaxies. Hunt & Malkan (1999) interpré this inconsistency in terms of
timescales: it takes roughly 3 10° yr for a closed outer ring to form, a timescale during
which a bar may weaken or dissolve. Because of this, a highgifrequency in Seyferts
would indicate an advanced evolutionary state. Related tohie same issue, Comeon et al.

(2010) found that nuclear rings do not correlate with the preence of nuclear activity.
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The study of Hunt & Malkan (1999) used mostly RC3 classi cathns to deduce the bar
fraction in active galaxies. These visual classi cationsra based on blue light images and
hence dust could e ectively obscure some bars. Knapen et §2000) used high resolution
near-IR images of well-de ned samples and quantitative bar ¢ection methods to deduce
that bars are more frequent in Seyfert galaxies than in a coml sample of non-active
galaxies: 79% 7.5% versus 59% 9% (see also Laine et al. 2002). Laurikainen, Salo,
& Buta (2004) came to a similar conclusion for 180 galaxies e OSUBSGS, based
on near-IR H-band images. The former studies used ellipse ts to identifpars, while

Laurikainen et al. used Fourier analysis.

McKernan, Ford, & Reynolds (2010) also consider outer ringsnd pseudorings as
probes of models of AGN fueling from interactions and merger The idea is that a closed
outer ring takes a long time to form and is very fragile, beingensitive to interactions and
changes in the bar pattern speed (e.g., Bagley et al. 2009)n Anteraction can change a
closed outer ring into a pseudoring and could possibly desyr the ring. Thus, rings are
probes of the interaction history of active galaxies. McKean et al. found no di erence
between the AGN found in ringed galaxies and those found in lgaies without rings.
But in those with rings, recent interactions can be ruled outaind activity may be tied to

short-term internal secular evolutionary processes.

Bahcall et al. (1997) presented HST images of 20 luminouswaedshift quasars
observed with a wideV-band lter. Figure 34 is reproduced from their paper and shos
images of the host galaxies after removal of most of the quadeht. The images show
a variety of morphologies, including ellipticals, interating pairs, systems with obvious
tidal disturbances, and normal-looking spirals. An examplef the latter is PG1402+261
(z=0.164), which is type (R?)SB(rs)a based partly also on the image shown in Figure 7 of

Bahcall et al. Based on the number of hosts showing signs ofearactions, as well as the
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number of companions, Bahcall et al. conclude that interaiins may trigger the quasar

phenomenon.

10.6. The Morphology of Brightest Cluster Members

Matthews, Morgan, & Schmidt (1964) observed the optical m@hologies of the radio
sources identi ed with the brightest members of rich galaxylusters. They found that the
most common form was what Morgan (1958) called a \D" galaxy, eaning a galaxy having
an elliptical-like inner region surrounded by an extensivengelope (see discussion in van
den Bergh 1998). Although these super cially resembled Hbke's SOs, none were found
having a highly-elongated shape, implying that the galaxieare not as highly attened as
typical SOs. Another characteristic of the cluster D galagis was their very large linear size
and exceptional luminosity, much larger than a typical cluger member. To denote these
extreme objects in the Morgan system, the pre x ¢ was added &s the old classi cation of
supergiant stars. Even today, Morgan's notation \cD" is usé to describe these supergiant

galaxies which are generally considered outside the scofeh® Hubble system.

The most detailed study of the photometric properties of bghtest cluster members
(BCMs) was made by Schombert (1986, 1987, 1988; see alsoausireferences therein). The
main BCM types Schombert considered were gE (giant elliptds), D, and cD, distinguished
mainly from the appearance of pro le shape. D galaxies arerfger and more di use with
shallower pro les than gE galaxies, while a cD galaxy is theame as a D galaxy but with a
large extended envelope (Schombert 1987). cD envelopes eatend to 500 kpc or more.
Kormendy & Djorgovski (1989) argue that only cD galaxies arsu ciently physically
distinct from ellipticals to merit being a separate class, red recommended that the \D"

class not be used.
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Two cD galaxies and two gE galaxies are shown in Figure 35. Tovg an idea of the
scale of these objects, the vertical dimension of the framesrresponds to 201, 232, and 132
kpc for (left to right) UGC 10143 (A2152), NGC 4874/89 (A1655 and NGC 6041 (A2151),
respectively. The cD classi cation of NGC 4874 is due to Schibert (1988), and one can
see in Figure 35 that it is much larger and has a shallower bhtness pro le than nearby
NGC 4889. The cD envelope is detected as an excess of light ke buter regions relative
to a generalized brightness pro le, and may not even be theght that leads to the visual

classi cation of cD.

Based on structural deviations such as the large radii, shalv pro le slopes, and
bright inner regions, Schombert (1987) concluded that BCMg well with the predictions
of merger simulations, including accretion and \cannibaim™ of smaller cluster members.
Properties of cD envelopes (as separated photometricallom the parent galaxy) may

suggest a stripping process for their formation (Schombett988).

As noted in section 5.1, many BCMs in RC3 received the classation E*, suggesting
that the characteristic brightness pro les give a hint of anenvelope interpreted as an
incipient disk. The distribution of axial ratios of cDs actually is atter on average than
normal ellipticals (Schombert 1986), but it is not clear thathe perceived envelopes in BCM
E* galaxies are actually as attened as a typical disk. A local>ample of a gE galaxy is

M87, classi ed as type E 0-1 by de Vaucouleurs.

11. Star Formation Morphologies
11.1. H Imaging

The standard waveband for galaxy classi cation, theB-band, is sensitive enough

to the extreme population | component that the degree of rekdion of spiral arms into



{63{

star-forming complexes is part of the classi cation. Thd-band, however, also includes a
substantial contribution from the older stellar backgroum. One way to isolate only the
star-forming regions in a galaxy is imaging in H, which traces HIl regions. Apart from
showing the distribution of star formation (modi ed by extinction), H imaging also traces
the rate of global photoionization, which in turn directly traces the rate of formation of
stars more massive than about @ (Kennicutt, Tamblyn, & Congdon 1994). The initial
mass function (IMF), either assumed or constrained in someaw (using, for example,
broadband colors), allows H uxes to be converted to the total star formation rate over

all stellar masses.

H imaging often shows well-organized patterns of HIl region$at follow structures
like spiral arms and especially rings. Images of six early-totermediate-type ringed
galaxies are shown in Figure 36 (Crocker, Baugus, & Buta 1996The way H imaging
usually works is a galaxy is imaged in or near its redshifted Hwavelength, and then in
a nearby red continuum wavelength. The net H image is the di erence between the H
image and the scaled red continuum image. Often, the Hlter used is broad enough to
include emission from [NII] 6548 and 6584. For each of the gsaies shown in Figure 36, the
left image is the red continuum image, while the right imagesithe net H image. Of the
four barred spirals shown (NGC 1433, 7329, 6782, and 726h)rde show no HIl regions
associated with the bar. These three (NGC 1433, 7329, and @J&ll have conspicuous
inner rings which are lined with HIl regions. As shown by Crder, Baugus, & Buta (1996),
the distribution of HIl regions around inner rings is sensive to the intrinsic shape of the
ring. When the ring is highly elongated, the HIl regions corentrate around the ends of the
major axis (which coincide with the bar axis; NGC 6782), whd when the ring is circular,
the HII regions are more uniformly spread around the ring (NG 7329). Inner ring shapes
do not correlate well with maximum relative bar torques in a glaxy (dVA), but Grouchy

et al. (2010) have shown that when local forcing is considerénstead, ring shapes and bar
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strengths are well-correlated.

The case of NGC 7267 is di erent in that most of its H emission is concentrated
in the bar. Martin & Friedli (1997) have argued that star formation along galactic bars
could provide clues to gas ow in the inner regions of galaxdeand the fueling of starbursts
and AGN. These authors present models which suggest an ewan from a pure H bar,
to an H bar with ionized gas in the center, to a gas-poor bar with strannuclear or
circumnuclear star formation. This suggests that the bar oNGC 7267 is younger than

those in NGC 1433, 7329, and 6782.

The two other galaxies shown in Figure 36 are nonbarred or gniveakly-barred. NGC
6935 is an interesting case where a nonbarred galaxy has aaty ring of star formation.
Grouchy et al. (2010) found that the star formation propertes of inner rings, but not the
distribution of HIl regions, are independent of the ring shpes and bar strengths in a small
sample. The case of NGC 7702 is di erent from the others. This a late SO (type SO0)
showing a very strong and largely stellar inner ring. The rig shows little ionized gas and

appears to be in a quiescent phase of evolution.

11.2. Ultraviolet Imaging

The best global imaging of nearby galaxies at ultraviolet welengths has been obtained
with the Galaxy Evolution Explorer(GALEX, Martin et al. 2005), which provided detailed
images of galaxies of all types at wavelengths of 0.225 and32 m. These images reveal
young stars generally less than 100 Myr old but are a ected by dust extinction. There is
a strong correlation between the UV morphology and the Hmorphology (Figure 37). Like
H , UV uxes from galaxies can be used to estimate star formatiorates once extinction

is estimated, and are particularly sensitive to the ratio othe present to the average past
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star formation rate. UV imaging is an e ective way of decouphg the recent star formation

history of a galaxy from its overall, long-term star formatim history.

Figure 38 shows near-UV (0.225m) images of eight galaxies over a range of Hubble
types. The two earliest types, NGC 1317 and 4314 (both Sa) sh@ near-UV morphology
dominated by a bright circumnuclear ring of star formation.The SB(r)b galaxy NGC 3351
shows a conspicuous inner ring of star formation and littlengission from its bar region.

In contrast, the SBc galaxy NGC 7479 shows strong near-UV ersign from its bar. The
late-type galaxies NGC 628 [type SA(s)c] and NGC 5474 [type $\m] are typical of their
types, but most interesting is NGC 4625. A key nding of GALEXwas extended UV
emission well beyond the optical extent of some galaxies. K&1625 is an example where
the main optical part [type SABm] is only a small fraction of he extent of the UV disk (Gil
de Paz et al. 2005).

The nal object shown in Figure 38 is NGC 5253, a basic examplef what de
Vaucouleurs classi ed as 10 (section 5.3). The inner regids a bright boxy zone of star

formation, and even the extended disk is prominent.

11.3. Atomic and Molecular Gas Morphology

Related to star formation morphologies are the distributios of atomic and molecular
gas. Far from being randomly-distributed clouds of interstar material, atomic and
molecular gas morphologies can be highly organized, wellsied patterns. Recent high
quality surveys have provided some of the best maps of thesistdbutions in normal
galaxies. Atomic hydrogen is mapped with the 21cm ne strucire emission line, which has
the advantage of not being a ected by extinction and for beig su ciently optically thin in

general to allow total HI masses to be derived directly from Hsurface brightness maps.
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In addition, HI maps provide information on the kinematics ad dynamics of the ISM, as
well on the existence and distribution of dark matter in galaies. Molecular hydrogen is
generally mapped using thé?CO J=1-0 rotational transition at a wavelength of 2.6mm,

under the assumption that CO and hydrogen mix in a roughly xé proportion.

Although numerous maps have been made of the HI distributiom nearby galaxies,
the most sophisticated and detailed survey made to date is én\The HI Nearby Galaxies
Survey" (THINGS, Walter et al. 2008). The earliest surveys ad shown that HI is a tracer
of spiral structure in galaxies, and the THINGS provides soenof the highest quality maps
revealing this correlation as well as other characterissc From a morphological point of
view, HI maps tend to reveal: (1) enhanced surface brightres star-forming features such
as spiral arms, rings, and pseudorings; (2) extended gasealisks, such that the HI extent
can exceed the optical extent by several times; and (3) sup@va-driven and star-formation

driven, wind-blown holes.

Figure 39 shows the HI morphologies of eight THINGS galaxieanging from the Sab
galaxy NGC 4736 to the Sm galaxy DDO 50 (Holmberg I1). Bright 8 galaxies like NGC
628 (M74) and NGC 5236 (M83) show HI distributions that exted well beyond the optical
disks. These extended patterns can include large spiralsiasNGC 628. In M81 and M83,
the HI traces the optical spiral structure well. Large ringsor pseudorings are seen in NGC
2841 and NGC 4258, while M81 shows an intermediate-scale rioiggas that is much less
evident optically. The bright star-forming inner ring in NGC 4736 is well-de ned and easily
distinguished in HI, but the galaxy's di use stellar outer ring is more of an asymmetric

spiral zone.

Most interesting in HI maps are the obvious holes where thergppears to be a
de ciency of neutral gas compared to surrounding regions.siecially large holes are seen in

the HI morphology of the late-type dwarf DDO 50. These holes arthought to be regions
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cleared by the stellar winds and explosions of massive staimsntained or once contained
within them. The holes are 100pc to 2kpc in size, and have drent systematic properties
in early and late-type galaxies in the sense that holes may tdsnger in late-type dwarfs
owing to the lack of serious shear due to strong di erentialatation (Bagetakos et al. 2009).

Holes may also be found outside the standard isophotal opdiicangular diameter.

The dwarf galaxy DDO 154 shown in Figure 39 has one of the lageatios of HI to
optical diameter, a factor of 6 at least according to Carigna& Purton (1998), who also
estimated that 90% of the mass of the galaxy is in the form of damatter. The HI and
optical morphologies bear little resemblance to one anotheAnother example of strongly
uncorrelated HI and optical morphologies is NGC 2915, a vegas-rich galaxy whose optical
morphology is a blue compact dwarf while its at least 5 timesitger HI morphology includes
a prominent outer spiral with no optical counterpart (Meure et al. 1996), leading to the
concept of a purely \dark spiral.” Bertin & Amorisco (2010) onsider a general intepretation
of such large outer HI spirals, especially those seen in gaés like NGC 628 and NGC
6946: the spirals represent short trailing waves that carrgngular momentum outwards
from corotation and, at least in the gaseous component, perge a normal barrier at the
OLR of the stellar disk pattern and go far out into the HI disk. The short trailing waves are
thought to excite the global spiral arms seen in the main optal body of the galaxy (where
the prominent optical spirals of NGC 628 and NGC 6946 are fodp How NGC 2915 ts
into this picture is unclear since the main stellar body of tis galaxy is not a grand-design

spiral.

Galaxies whose HI disks do not extend much beyond the optickdht distribution
are also of interest. NGC 4736 in Figure 39 is an example. Tharde, nearby ringed
barred spiral NGC 1433 was found by Ryder et al. (1996) to haveeutral hydrogen gas

concentrated in its central area, its inner ring, and in its ater pseudoring, with no gas
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outside the visible disk light and a lower amount of gas in thear region compared to the
ring regions. Higdon et al. (1998) showed that in the ringedyarred spiral NGC 5850,
neutral gas is concentrated in the inner ring and in the asymaetric outer arm pattern, with
little or no emission detected outside this pattern. The asymetry led Higdon et al. to
propose that NGC 5850 has possibly experienced a high speetlision with nearby NGC
5846.

In galaxy clusters, it is well-known that environmental e et¢s can truncate an HI disk
so that it is smaller than the optical disk light. This is dramatically illustrat ed in the high
resolution VLA HI maps of Virgo Cluster galaxies by Chung et la (2009), who found that
galaxies within 0.5 Mpc of the cluster core have severely maated HI disks typically less
than half the size of the optical standard isohotal diameterD 5. A variety of earlier studies
had already shown these galaxies to be HI-de cient compared teld galaxies of similar
types. As noted in section 10.2, an interaction between a sler galaxy's ISM and the
intra-cluster medium can account for these unsual modi catins of HI morphology. Chung
et al. also provide evidence for this interaction in some mphologies that appear to be gas

stripping in progress.

The Berkeley-Illinois-Maryland Survey of Nearby Galaxies (BAA SONG; Regan et
al. 2001; Helfer et al. 2003) provided some of the highest dinpa CO maps of normal
galaxies. CO emission is often seen in intermediate (Sab-S@laxies, which have a high
enough gas content and metallicity to allow thé?CO J=1-0 2.6mm emission line to be
detectable. The CO distributions of eight such galaxies fro this survey are shown in
Figure 40. These display some of the range of molecular gasrptwlogies seen. CO traces
the inner spiral arms of NGC 628, 1068, and 4535, and is seearg the bar of NGC 2903.
A common CO morphology is a large-diameter ring of giant moletar clouds (GMCs),

without a central CO concentration, as seen in NGC 2841 and 3B. The rings are the
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peaks of exponentially-declining distributions. The cohent inner molecular gas ring in
NGC 7331 appears more like a typical resonance ring, and has estimated molecular gas
mass of 3.4 1® M (Regan et al. 2004). The CO distribution in NGC 2403 appearotbe
concentrated in individual GMCs, with little di use emission, while that in NGC 3351 is
characterized by a small central bar aligned nearly perpeimlar to the galaxy's primary
bar. Helfer et al. (2003) show that the Milky Way, M31, and M33have CO morphologies
that are consistent with the range of morphologies found by IMA SONG.

12. Infrared Observations: Galactic Stellar Mass Morpholo ay

Infrared observations have considerable advantages ovestioal observations of
galaxies. While traditional B-band images are sensitive to dust and extinction (both
internal and external), the e ects of extinction in the near and mid-IR are much less, and
become virtually negligible at 3.6m. Spiral galaxies imaged at wavelengths successively
longer than B-band become progressively smoother-looking, not only due tiwe reduced
e ect of extinction, but also to the de-emphasis of the younglbe stellar component. The
combination of these e ects has led to the popular idea thatR imaging reveals the \stellar
backbone" of galaxies, i. e., the distribution of actual ste&ar mass (e. g., Rix & Rieke
1993; Block et al. 1994). Thus, infrared imaging has becomestaple for studies of the
gravitational potential and stellar mass distribution in calaxies (e. g., Quillen, Frogel,

& Gonalez 1994), and for the quanti cation of bar strengthfrom maximum relative

gravitational torques (e.g., Buta & Block 2001; Laurikaine & Salo 2002).

Infrared imaging has also revealed interesting outer strtuges such as the large outer
red arcs seen in M33, which have been interpreted by Block €t §2004b) to be swaths
of extremely luminous carbon stars formed from external ation of low metallicity gas.

Power spectrum analysis of the IR structures in classical isals has been used to detect
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azimuthal \star streams" and to evaluate the role of turbul@ce on star formation and spiral

structure (Block et al. 2009 and references therein).

Near-infrared imaging from 0.8-2.2m can be successfully obtained from groundbased
observatories but with the serious drawback that the brightess of the sky background
increases substantially over this range. As a result, it hasot been possible to achieve a
depth of exposure at, for example, 2.2n comparable to the kinds of depths achievable at
optical wavelengths without excessive amounts of obsergirtime. The rst major near-IR
survey designed for large-scale morphological studies wag tOhio State University Bright
Spiral Galaxy Survey (OSUBSGS, Eskridge et al. 2002), whidhcluded optical BV RI
and near-IRJHK images of 205 bright galaxies of types SO/a to Sm in a statistlly
well-de ned sample selected to have total blue magnitudBt 12.0 and isophotal diameter
D,s 6%. This survey allowed a direct demonstration of how galaxy amphology actually
changes from optical to near-IR wavelengths, not merely for small, selected sample of
galaxies, but for a large sample covering all spiral subtype The main near-IR Iter used

in this survey was theH -band at 1.65 m.

The OSUBSGS was later complemented by thiear-Infrared SO Survey(NIRSO0S,
Laurikainen et al. 2005, 2006, 2007, 2009, 2010; Buta et al00®), aK s-band imaging
survey of 174 early-type galaxies in the type range SQo Sa, but mostly including SOs,
some of which were misclassi ed as ellipticals in RC3. NIRSOmages are deeper than
OSUBSGS near-IR images owing to the use of larger telescopad &onger on-source times.
Although SO galaxies are dominated by old stars and are uslyabmooth even in blue light
images, theKs band was chosen to complement the OSUBSGS sample of spiralorder
to make a fair comparison between bar strengths and bulge merties of SOs and spirals.
Also, SO galaxies are not necessarily dust-free, and near-iRaiging is still necessary to

penetrate what dust they have. NIRSOS has led to several imgant ndings about SO
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galaxies: (1) a class of S0s, not previously recognized, imgvprominent lenses but very
small bulges that are more typical of Sc galaxies than of egml type spirals (example: NGC
1411, Laurikainen et al. 2006); (2) considerable evidendeat SO galaxies have pseudobulges
just as in many spirals (Laurikainen et al. 2007). While the blges of the latter are likely
to be made of rearranged disk material in many cases (secti@j those in SOs are likely to
be related to the evolution of bars. SO bulges tend to be nearéxponential (Sersic index
n 2), are supported against gravity by rotation rather than raadom motions, and often
include clear inner disks; (3) good correlations between Ige e ective radii, re, and disk
radial scalelength,hr, as well as between th& s-band absolute magnitudes of the bulge
and disk, suggest that SO bulges are not formed from hieraichl mergers, implying that
SO0s could be stripped spirals, although the lower bar fracth in SOs suggest that this is in
conjunction with evolution due to bars and ovals; (4) 70% of S0/a galaxies have ovals
or lenses, suggesting that bars have been weakened in sudaygas over time; and (5) not

only bulges, but also disks of SOs are similar to those in SG&xcd spirals.

The Two-Micron All-Sky Survey (2MASS, Skrutskie et al. 2006) provided near-IR
JHK s images of a much larger galaxy sample than either the OSUBS@® NIRSOS,
although these images lack the depth of the OSUBSGS and NIRS@mages in general.
2MASS provided considerable information on near-infraredataxy morphology, which led

to the extensive2MASS Large Galaxy AtlagJarrett et al. 2003).

The best imaging of galaxies at mid-IR wavelengths has beentaimed with the
Spitzer Space Telescopesing the Infrared Array Camera (IRAC, Fazio et al. 2004) and
3.6, 4.5, 5.8, and 8.0m lters. The 3.6 and 4.5 m lters provide the most extinction-free
views of the stellar mass distribution in galaxies, while th 5.8 and 8.0m lIters reveal
the interstellar medium (ISM) (Pahre et al. 2004). The loss focoolant in 2008 prevented

further observations with the 5.8 and 8.0m lters, but the 3.6 and 4.5 m lters could still
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be used. This led to theSpitzer Survey of Stellar Structure in Galaxie§S*G, Sheth et

al. 2010), a 3.6 and 4.5m survey of 2,331 galaxies of all types closer than 40Mpc. Hee
wavelengths sample the Rayleigh-Jeans decline of the steligpectral energy distribution of
all stars hotter than 2000K. SG images shown here are from Buta et al. (2010a) and are
based on pre-survey archival images processed in the same n&iras survey imagesSpitzer
observations have a very low background compared to groureied near-IR observations,

and thus IRAC images are the deepest galaxy images ever obid in the IR.

Figure 41 compares images of M51 at four wavelengths: the GBX 0.15 m band, the
B-band (0.44 m), the near-infraredK s band (2.2 m), and the IRAC 3.6 m band. Only the
B and K s-band images are from groundbased observations. The GALEX age reveals the
extensive star formation in the spiral arms, and the completabsence of star formation in
the companion NGC 5195 as well as in the complex tidal matetiaorth of the companion.
The star formation in the arms is more subdued in thé-band, and almost completely
subdued in theK s-band. The arms are so smooth in th& ; band that the galaxy resembles
an Sa or Sab system. (Th&-band type is Sbc.) Surprisingly, this is not the case in the
3.6 m image whose considerably greater depth compared to tKe-band image is evident.
The spiral arms in the 3.6 m band are lined by numerous resolved objects, many of which
are correlated with the star-forming regions seen in thB-band. This is dramatically seen
also in the SB(s)cd galaxy NGC 1559 (Figure 42), where an IRAB6 m image is compared
with a B-band image. These show that resolved features in the deep 316image are
well-correlated with B-band star-forming complexes. Thus, mid-IR 3.6m images arenot
completely free of the e ects of the extreme population | star component (see discussions

in Block et al. 2009 and Buta et al. 2010a).

A sampling of 3G images as compared t8-band images for the same galaxies from

the dVA is shown in Figure 43. The four galaxies shown, NGC 584097, 628, and 428,
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have dVA types of SO, SBb, Sc, and Sm, respectively, thus covering almost the @mat
Hubble-de Vaucouleurs sequence. Although the very dusty eracting system NGC 1097
looks slightly \earlier" at 3.6 m, these images show again that on the whole the morphology
in the two wavebands is very similar. The same is seen for othgalaxies described by Buta
et al. (2010a), who found that 3.6 m types, judged using the same precepts described in
the dVA for blue light images, are well-correlated with blueiyht types. On average mid-IR
classi cations for RC3 S0/a-Sc galaxies are about 1 stage @mval earlier than B-band
classi cations, with little di erence for types outside this range. The correlation is much
better than what was expected from previous near-IR studie€gkridge et al. 2002). 3.6m
galaxy morphology is su ciently contaminated by recent sta formation to allow the same

criteria de ned for blue light images to be used for galaxy aksi cation, a surprising result.

Drastic di erences between 3.6m and B-band morphology are seen only for the most
dusty galaxies. One example is NGC 5195, shown also in Figére. This galaxy, classi ed
as Irr Il in the Hubble Atlas and as I0 by de Vaucouleurs, appea as a regular early-type
galaxy of type SAB(r)0O/a (see also Block et al. 1994). Otheralaxies that can look very
di erent are occulent spirals such as NGC 5055 (Figure 44).The occulence largely
disappears at 3.6m, and a more global pattern is seen (see also Thornley 1998he type

of NGC 5055, Sbc, remains largely unchanged froBhto 3.6 m.

As noted by Helou et al. (2004), the mid-IR wavelength domain arks the transition
from emission dominated by starlight to emission dominatetly interstellar dust. While
images at 3.6 m show the stellar bulge and disk almost completely free of guextinction,
an image at 8 m shows very little starlight but considerable emission fra the ISM in the

form of glowing dust.

Figure 45 shows an 8m image of the nearby spiral galaxy M81 as compared toBa |

color index map coded such that blue star-forming features edark while red dust lanes
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are light. The 8 m image of M81 shows that its ISM is closely associated withsitspiral
arms. Comparison with theB | color index shows that both the star-forming arms as
well as near-side dust lanes can be seen at8. Even the far-side lanes in the bulge region
are clear at 8 m, where no tilt asymmetry is manifested. Willner et al. (208) argue that
the dust emission from M81's ISM is likely dominated by polyelic aromatic hydrocarbons
(PAHSs; Gillett et al. 1973) which have a prominent emissioneiature at 7.7 m. Willner et
al. also showed good correspondence between the nonstaliast emission in M81 and the
distribution of near-ultraviolet (NUV) emission. Some regins with bright dust emission
and little NUV emission were attributed to excessive UV extiction, while areas with bright

NUV and little dust emission were attributed to the e ects of supernovae.

The B | color index map of M81 shows an additional set of dust lanesahhave no
counterpart in the 8 m map. These lanes are oriented roughly perpendicularly thé major
axis about halfway between the center and the northern arm. addage & Bedke (1994)
interpret these as foreground dust associated with high gattic latitude nebulosities in the

halo of our Galaxy.

13. Intermediate and High Redshift Galaxy Morphology

The key to detecting observable evidence for galaxy evolati, that is, to actually see
morphological di erences that are likely attributable to evolution, is to observe galaxies at
high redshift with su cient resolution to reveal signi cant details of morphology. Butcher
& Oemler (1978) had already found strong evidence for morplogical evolution in the
excess number of blue galaxies in very distanz£0.4-0.5) rich galaxy clusters. These
authors suggested that the blue galaxies are spiral galagjeand that by the present epoch,
these are the galaxies that become the SOs that dominate nlerrich, relaxed clusters (like

the Coma Cluster, Abell 1656). An excellent summary of the ssies connected with high
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redshift morphological studies is provided by van den Bergfi998).

Progress on galaxy morphology at high redshift could only bachieved with the
resolution and depth of the Hubble Space Telescope. The HublDeep Field North
(HDF-N, Williams et al. 1996), South (HDFS, Volonteri et al. 200), and Ultra-Deep
Field (HUDF, Beckwith et al. 2006), and the GOODS (Great Obseatories Origins Deep
Survey; Giavalisco et al. 2004), GEMS (Galaxy Evolution fnrm Morphology and SEDS; Rix
et al. 2004), COSMOS (Cosmic Evolution Survey; Scoville el.a2007), and other surveys
(e.g., Cowie et al. 1995), have provided a large body of infoation to work with. For
example, studies of galaxies in the redshift range 0.3z 0.9 show that the proportion
of irregular-shaped galaxies dramatically increases (e.@\braham et al. 1996). This means
that the Hubble sequence as we know it did not always exist butas built up over time via
mergers or secular evolution or both. Observations of subliimeter sources (Chapman et

al. 2003) suggest some of these irregulars are extended manjergers.

Interpretation of evolution in the various deep surveys degnds on knowledge of
redshifts, which can be di cult to measure spectroscopicél. A very useful technique for
isolating galaxies in high redshift ranges is the UV-drop oumnethod (Steidel & Hamilton
1992). Galaxies are compared in di erent lters, such a843s, Ve, 1775, and zgso. If the
redshift is high enough to move the Lyman limit at 0.0912m out of any of the rst three
Iters, there will be a signi cant drop in ux owing to absorp tion by hydrogen, and the
galaxy is said to \drop out." Galaxies found in this way are cked \Lyman break" galaxies
because the e ect is partly caused by the spectral charactstics of hot stars, which show

such a break. (Another cause is UV self-absorption.)

Steidel et al. (1996) used the UV drop-out approach to idengifthigh z galaxies in the
HDF-N, and also used direct spectroscopy to con rm that the méod works. Beckwith et

al. (2006) utilized the method to identify galaxies in the HIDF having z from 3.5to 7. If
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a galaxy is seen to drop out of &J-band Iter such as F300W and seen in &8-band lIter
such as F450W (both used for the HDF-N; Williams et al. 1996) hen the redshift range
selected isz=2.4 to 3.4. van den Bergh (1998) argues that most Lyman breajalaxies are

young ellipticals or bulges.

Van den Bergh et al. (2000) describe the issues connected twihorphological
classi cations of galaxies to redshifts ok 1. Resolution, band-shifting, and selection
e ects due to the magnitude-limited nature of surveys all erdr into the interpretation of
intermediate to high redshift galaxy morphology. Resolutin is important because, typically,
a nearby galaxy will have 100 times or more pixels in the imadgkan a high z galaxy will
have for classi cation. This is fewer pixels than sky surveynages of nearby galaxies would
have. The bandpass e ect is important because thB-band, the standard wavelength for
historical galaxy classi cation, is not sampling the same grt of the spectrum as it would
for nearby galaxies. For example, ar=1, a B-band Iter samples mid-ultraviolet light
( 0.22 m) and would be much more sensitive to young star-forming remns than it would
be for nearby galaxies. Ideally, then, for comparison withearby galaxies we would like to
choose a redshifted band as close as possible to test-frame B-band. Even accounting for
all these e ects, signi cant di erences between nearby andlistant morphologies do exist.
For example, van den Bergh et al. (2000) discuss the paucity grand-design spirals and
barred galaxies in the HDF-N, and use arti cally redshifted inages of nearby galaxies to

demonstrate that the de ciencies are likely to be real.

Figure 46 shows several of the di erent categories of inteediate and high redshift
galaxy morphologies, based oW and i-band images from the GEMS and Hubble UDF.
The redshifts range from 0.42 to 3.35 and provide a wide rangé look-back times. First,
in such a range, some galaxies look relatively normal, as shoby the spiral and elliptical

galaxies in the two upper left frames of Figure 46. The=0.59 spiral is classi able as type
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SA(s)bc and the elliptical as type E3. Thez=0.99 spiral shown in the middle right frame
of Figure 46 has larger clumps, no clear central object, andame asymmetry than the

z=0.59 spiral, but is still recognizable as a spiral. Howevepther less familiar categories
are found. In general, high redshift galaxies are smallerdh nearby galaxies on average

(e.g., EImegreen et al. 2007a=EEFMO07).

\Chain galaxies" were rst identi ed by Cowie et al. (1995) and are linear structures
with superposed bright knots that have sizes and blue colossmilar to normal late-type
galaxies and relatively at major axis luminosity pro les. They have the shapes of edge-on
disk galaxies but lack clear bulges or nuclei. A recent studyy ElImegreen, Elmegreen,
& Sheets (2004=EESO04) of faint galaxy morphologies (redsts 0.5-2) in the Advanced
Camera for Surveys (ACS)\Tadpole" galaxy (UGC10214) eld Bowed that chain galaxies
are the most common linear morphology at magnitudes faintehan | =22, accounting
for more than 40% of the sample. Their dominance (also found ICowie et al. 1995) is
interpreted by EES04 as a selection e ect because relatiyebptically thin edge-on galaxies
are more favored to be seen near the limit owing to a higher gezted surface brightness
than for face-on versions of the same galaxies. EES04 sugdhst chain galaxies are
edge-on irregular galaxies that will evolve to late-type disgalaxies. Chains are the most

attened linear morphology at faint magnitudes.

\Clump clusters" (EES04) are somewhat irregular collectios of blue knots or clumps
with very faint emission between clumps. The clumps have sig of 500pc and masses of
10°{10° M . Both of the examples shown in Figure 46 have>1. Elmegreen, Elmegreen,
& Hirst (2004=EEHO04) identi ed clump clusters as the face-oncounterparts of the linear
chain galaxies, based on the similarities of the propertiex the clumps with those seen
in chain galaxies, and on the distribution of axis ratios oflie systems as compared with

normal disk galaxies. The lack of a bulge clump is also cortsist with this conclusion.
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Nevertheless, analysis of NICMOS IR images in the HUDF led iGegreen et al. (2009a)
to conclude that 30% of clump clusters and 50% of chain galasi show evidence of young
bulges, implying that at least half of these galaxies might d genuinely bulgeless. In a
related study, Elmegreen et al. (2009b) show that the bestdal analogues of clump clusters
are dwarf irregular galaxies like Ho Il, scaled up by a factasf 10-100 in mass. This study
also brought attention to clump clusters with faint red baclkyround disks, as opposed to blue
clump clusters which lack such a feature. ElImegreen et al. gare that the red background
clump clusters are part of an evolutionary sequence leadifiggm the blue clump clusters
to spirals with a \classical" bulge (e.g., KK04). The clumps formed by gravitational
instabilities in a turbulent disk, are large and few in humbg and thus will eventually
coalesce near the galaxy center if they survive the e ects etipernova explosions (e. g.,

Elmegreen, Bournaud, & Elmegreen 2008).

\Tadpoles" (van den Bergh et al. 1996) are asymmetrically-géiped \head-tail"
morphologies with a bright o -centered nucleus and a tail, ke a tadpole. A rare local
example is NGC 3991. Tadpoles were recognized in 3% of theagés in HDF-N and were
found to be very blue in color. Usually both the head and the thare blue, but van den
Bergh et al. (1996) show one example where the head is red ame tail is blue. EEHO4
showed that tadpoles have neither exponential major axis pies nor clear bulges, and in

their sample of linear objects, tadpoles are the least fregutly seen.

The bottom frames of Figure 46 show bent chains and rings or &l rings (Elmegreen
& Elmegreen 2006=EE06). The rings and partial rings are thaght to be mostly collisional
in nature (i.e., like the conventional ring galaxies showmiFigure 27) and show the di erent
morphologies expected when small companions plunge thrbug larger disk galaxy in
di erent ways (Appleton & Struck-Marcell 1996). Although bent chains resemble the partial

rings, they lack o set nuclei and any evidence of a backgrodn more face-on disk. EE06
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suggest that bent chains are simply warped versions of the mocommon linear chains that
have su ered an interaction. The ages of the bent chain clunsgpare younger than those
found in rings and partial rings, and EEO6 argue that relatie separations and sizes of the

clumps indicate they form by gravitational instabilities.

Elmegreen et al. (2005) show that approximately 1/3 of the kpticals catalogued in
the HUDF have prominent blue clumps in their centers (see asMenanteau et al. 2001,
2004). They argued that these clumps probably imply accreth events based on comparison
of their magnitudes and colors with local eld objects. Menateau et al. (2001) were able
to reproduce the color distributions with a model having a strburst superposed on a

pre-existing older stellar population.

Galaxy morphology at intermediate and high redshifts alsacludes obvious interacting
cases as well as possible merger morphologies. Bridgesltidils, plumes, and even M51
analogues are seen as in nearby galaxies, but are smalleraals than for nearby objects
(EEFMOQ7). The middle frame of the bottom row shows a possiblmerger in progress of
two bent chains (or, alternatively, two interacting spirak), called an \assembly galaxy" by
EEFMO7 because they appear to be assembling from smaller etts. EEH04 and EEFMO7
also discuss the double systems, considered another catgguf the linear systems. The
double systems like thez=3.35 one shown in Figure 46 are probably merging elliptical
EEFMO7 also describe \shrimp galaxies"”, which appear to bateracting galaxies with a

single curved arm or tail, curling at one end into a \body."

Other studies of high redshift galaxy morphology have focasd on the speci ¢ redshift
ranges that are selected by the UV drop-out technique. Congsd & Arnold (2009) examined
the morphologies of galaxies in the=4-6 range from the HUDF, and measured quantitatve
parameters such as the concentration-asymmetry-clumpine&ar formation) parameters

(CAS; Conselice 2003) and other related parameters that ateseful for distinguishing
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mergers from normal galaxies. The CAS system is based on slenglobal parameters that
are easily derived automatically for large numbers of galas. Conselice (2003) tied th€
parameter to the past evolutionary history of galaxies whid parametersA and S measure
more active evolution from mergers and star formation. Coe$ice & Arnold found that
half of the HUDF drop-out galaxies they studied have signi cat asymmetries and may be
undergoing merging, while the other half is mainly smooth symetric systems that may

have collapsed quickly into a temporary, quiescent state.

Other quantitative approaches to these issues include theeSic n index that
characterizes radial luminosity pro les (Ravindranath etal. 2006; ElImegreen et al. 2007b)
and the Gini coe cient (Abraham et al. 2003; Lotz et al. 2006) The Gini coe cient
provides a way of quantifying high redshift morphology thatdoes not depend on galaxy
shape or the existence of a well-de ned center, and is well-&d to the kinds of objects
shown in Figure 46. Lotz et al. (2006) found in a sample of 82 man break galaxies that
10-25% are likely mergers, 30% are relatively undisturbedrsgroids, and the remainder are

disks, minor mergers, or post-mergers.

Given the rise in peculiar and irregular-shaped galaxies \hitincreasing redshift, the
guestion naturally arises: when did the Hubble sequence aatl its accompanying details
fall into place? This question is considered by Conselice &t (2004), who quantitatively
analyzed a well-de ned high redshift sample using the CAS dgmn. Conselice et al. identify
\luminous di use objects" (LDOs) as galaxies havingC less than 1 below the average,
and \luminous asymmetric objects" (LAOs) as galaxies havimpA > S . Some of both
classes of objects are covered by the Elmegreen et al. catezgodescribed above. All of the
LDOs and LAOs haveMg < 19, and Conselice et al. suggest such objects might be the
precursors of modern disk and elliptical galaxies. Theseeafound in the redshift range 0.2

<z < 2, suggesting the present day Hubble sequence began takihgge in this interval.
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Conselice et al. (2008) consider the morphologies of gaksimore massive than 8 M
and in the range 1.2 z < 3. To a zgsp magnitude of 27, the majority of these galaxies are

peculiar. They conclude that such galaxies undergo 4.8.8 mergers toz=3.

14. Giant Low Surface Brightness Galaxies

The van den Bergh luminosity classes highlight how lumindgi and surface brightness
generally go together. Low surface brightness usually mesafow luminosity and small size,
hence a dwarf classi cation. However, the discovery of ramggant low surface brighness
(GLSB) galaxies by Bothun et al. (1987) shows that morpholggcan sometimes be
misleading for judging absolute luminosity. The hallmark®f these objects are a relatively
normal bulge and an extremely low surface brightness, vergrfje disk. Disk radial
scalelengths and luminosities are unusually large, and expolated disk central surface
brightnesses are unusually faint, compared to more normapisals. The disks tend to be
relatively smooth with a few large, isolated HIl regions. Bibun et al. (1987) point to a
model whereby the disks of these galaxies have such a low gasaxe density that they are

largely unevolved, due to the ine ciency of star formation.

GLSB galaxies can be classi ed within the Hubble-Sandage art® Vaucouleurs
classi cation systems although, as noted by McGaugh, Schdarart, and Bothun (1995),
the majority are classi ed later than stage Sc. Bulges, baysings, and spiral patterns are
evident in some examples, in spite of the low disk surface dhtness. Figure 47 shows
three of the originally recognized GLSB examples (McGaugkchombert, & Bothun 1995):
Malin 2 (also known as F568 6), UGC 1230, and UGC 6614. In the images, the length
of a side is 131, 38, and 77 kpc, respectively. These can comeplato the giant normal
spiral NGC 7531 in the far right frame, where the length of a de is also 38 kpc. Malin 2

and UGC 6614 are especially enormous physical objects. UGE30 is also very large for
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such a late-type morphology. van den Bergh (1998) likens th&s of Malin 2 to the core
of a cluster of galaxies. He considers \monsters" like Malih and Malin 2 to be only one
of three types of LSB galaxies. Some LSB galaxies are as bighasmal galaxies, like UGC
1230. Most LSB galaxies, however, are dwarfs: ellipticalsregulars and, less frequently,

spirals. These are described further in section 15.2.

An example of another object that could be considered a large&SB galaxy, but which
lacks a bulge or any evident recent star formation, is SGC 2BB 4353, the mysterious
ghost-like companion close to the right of NGC 7531 in Figurer4 This peculiar object is
2/3 the size of NGC 7531 (Buta 1987) but has unknown redshiftif it is associated with
NGC 7531, it would be as much as 30 kpc in diameter at the fairgedetectable isophote

level and would clearly not be a dwarf.

A recent study of three GLSBs (Malin 1, UGC 6614, and UGC 9024)y Rahman et
al. (2007) showed that IR emission from such objects is costgint with their optically-
determined low star formation rates, with the di use opticd disks being undetected from
two of the three. A dynamical study of two GLSBs (Malin 1 and N& 7589) by Lelli,
Fraternali, & Sancisi (2010) led the authors to conclude thaat least in these cases, the
GLSB galaxy can be thought of as an inner high surface brightss galaxy having a very
extended LSB disk. This is based on the steeply rising rotatn curves found for these

galaxies, which is very much like what is seen in early-typedh surface brightness galaxies.

Impey & Bothun (1997) argue that LSB galaxies brighter thanrMg= 14 contribute
signi cantly to the luminosity density of the local universe, are dark-matter-dominated at
almost all radii, and have an evolutionary history involvirg late collapse of a low amplitude
perturbation, a low star formation rate, and very slow changs. Large LSBs are greatly

underrepresented in galaxy catalogues but are clearly an portant class of objects.
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15. Galaxy Morphology in Color

15.1. Normal Galaxies

The Sloan Digital Sky Survey (York et al. 2000; Gunn et al. 199 provides the largest
body of information on the colors of galaxies. The multi-wavength imaging inugriz lters
has allowed the production of high quality color images folhbusands of galaxies. Although
the Hubble-Sandage-de Vaucouleurs classi cation systemsredased on blue light images
alone, it is still possible to reliably classify galaxies wh SDSS color images, which are
based on combinedjri images (Lupton et al. 2004). In such images one can directlgesthe

stellar population di erences that characterize di erentgalaxy types.

Figure 48 shows the color Hubble sequence from E to Sm. Oncédagg colors were
systematically measured using photoelectric photometrydé Vaucouleurs, de Vaucouleurs,
& Corwin 1976), it was noted that integrated colors vary smaihly with advancing
stage along the Hubble sequence. The latest stages have ecdted total color index
(B V)¥ 0.3-0.4 while E and SO galaxies hav&( V)% 0.9-1.0 (e.g., Buta et al. 1994).
The latter colors correspond to yellow-orange while the foren are bluish-white. The colors
begin to change at SO/a and Sa and become progressively blueigure 48 shows the reason
for the change. Galaxies earlier than Sa are dominated by affars having the colors of K
giants. As stage advances from Sa to Sm, the spiral structubecomes progressively more
important compared to the bulge. Since the arms are dominaleby complexes of massive
young stars, this makes the integrated colors of the galasidoecome progressively bluer
until by the end of the sequence, the bluer colors of these sdghave overcome the yellowish
light of the background old disk stars. Figure 48 also showsadt the intermediate colors of
intermediate types such as Sb and Sc are due to the yellowistaiege colors of bulges and

bars as combined with the bluer colors of spiral arms.
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The analysis of integrated SDSS galaxy colors for more thai®@,000 galaxies led to
one of the most dramatic ndings of the survey: a clear bimodiy in the distribution
of color that correlates with morphology: a red peak that incdes mainly E, SO, and Sa
galaxies, and a blue peak that includes mainly Sb, Sc, and Igalaxies (Strateva et al.
2001). Although the correlation of galaxy color with types bd been known for a long time
from photoelectric measurements (e. g., de Vaucouleurs 19@uta et al. 1994), the large
sample provided by SDSS allowed the bimodality to be demomated to a high degree
of signi cance. In plots ofu r color index versus absolutéM, magnitude, the galactic
equivalent of a stellar H-R diagram, nearby early-type galags follow a narrow band called
the red sequence, while nearby later-type, mostly star-formg galaxies appear as a broad
blue sequence (also sometimes called the \blue cloud"). Bay et al. (2004) showed that
the bimodality (in the form of a double Gaussian number distbution over all types) is
detectable fromM, 15.5toM, 23, being undetectable only for the most luminous
galaxies. Wyder et al. (2007) showed that use of GALEX neariuhviolet magnitudes
and optical r-band magnitudes provides even greater discrimination beégn the Gaussian
components. Bell et al. (2004) showed that the bimodality isletectable in faint galaxies
to z 1, indicating that this characteristic of the galaxy populdion extends to a lookback
time of at least 9Gyr. It is thought that galaxies evolve fromthe blue sequence to the red
sequence as their star formation is quenched, perhaps thghumergers, gas depletion, or
AGN feedback (e.g., Martin et al. 2007). The possibility of wlution has engendered great
interest in the galaxies lying near the minimum of the bimodadistribution (the so-called

\green valley"; Thilker et al. 2010 and references therein)



{85{

15.2. Dwarf Galaxies

Virtually all the galaxies shown in Figure 48 are of relativly high luminosity, with
absolute blue magnitudedM g averaging about 20. When physical parameters such ad g
are considered, it becomes clear that the peculiar shape bktde Vaucouleurs classi cation
volume shown in Figure 3 only highlights the morphological idersity of families and
varieties at each stage, but does not tell us about thghysical parameter spacat each stage,
which expands considerably at each end of the volume (McGdugSchombert, and Bothun

1995). Most known dwarf galaxies are either early or late-tyg but not intermediate.

15.2.1. dE, dSO0, BCD, and cE Galaxies

The most extensive study of dwarf galaxy morphologies was & by Binggel,
Sandage, & Tammann (1985=BST), who used deep photographs pyobe the low
luminosity population of the Virgo Cluster, using mostly mephology to deduce cluster
membership. Examples of several categories of Virgo Clustbwarf galaxies are shown
in Figure 49 using SDSS color images and the classi cations BST. The most common
type is the dwarf elliptical, or dE type, which accounts for 8% of the galaxies in the BST
catalogue. dE galaxies range frortMg = 18 to 8 (Ferguson & Binggeli 1994). Many
dEs have an unresolved, star-like nucleus whose presencentidated by an N attached to
the type, as in dEO,N. The top right panels of Figure 49 show tiee fairly typical examples.
Possibly related to these normal dE systems are the largegwer surface brightness

ellipticals (\large dE") shown in the two lower right frames of Figure 49.

The second row of Figure 49 shows examples of the interestidgss of dwarf SO
galaxies. All of the examples shown are distinct from dEs irhewing a smooth structure

but with additional features such as a lens or a weak bar. dS@lgxies can also be nucleated
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and are called dSO,N. In addition to the low surface brightres dEs and dSO0s, the Virgo
Cluster includes two high surface brightness classes of dfga The cE category refers to

compact ellipticals that resemble M32.

The blue compact dwarf (BCD) galaxies are a special class daisforming dwarf
irregulars characterized by a few bright knots imbedded in atellar background of low
surface brightness (Sandage and Binggeli 1984). The mostreme cases are nearly
stellar (Thuan & Martin 1981). The knots are often super starclusters associated with
30-Doradus-like HIl regions, and the faint background can beswy blue (Thuan et al. 1997).
Spectroscopically, BCDs have narrow emission lines supesed on a blue continuum, and
the lines indicate a low metallicity. Figure 49 shows threexamples from the BST Virgo
Cluster catalogue. Gil de Paz et al. (2003) present an atlag more than 100 BCDs that
highlight their structure.

As described in section 5.1, the dE galaxies shown in Figur® 4re not the low
luminosity extension of more luminous ellipticals. Theseogether with the dSO class are
labeled \spheroidal" galaxies by Kormendy et al. (2009; sd&igure 6), who con rmed the
nding by Kormendy (1985) that these galaxies are more relad to evolved low luminosity
spirals and irregulars than to genuine ellipticals. Basednocorrelations of well-de ned
photometric parameters (e.g., central surface brightness velocity dispersion versus core
radius or absolute magnitude), these authors link elliptals like M32 to the actual low
luminosity end of the E galaxy sequence (see also Wirth & Gafiher 1984). Thus, the cE
galaxies shown in Figure 49 are in a sense truer \dwarf elliptls" than the dE galaxies
shown. This does not negate the value of the BST classi cafis, since these are purely

morphological interpretations.
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15.2.2. Local Group Dwarf Spheroidals and Irregulars

The lowest luminosity galaxies that we can study in detail & in the Local Group.
Fortunately, a few are in the area covered by the SDSS so thatay can be illustrated in
color. These objects, all fainter thanMy= 12, are shown in Figure 50. Leo | and Leo
Il are usually called dwarf spheroidal, or dSph, galaxies .(e, Ferguson & Binggeli 1994).
dSph galaxies tend to have to have absolute visual magnituslsly > 15 and a low degree
of attening; they are believed to be the most abundant type bgalaxy in the Universe. Leo
| (My= 11.9) and Leo Il My= 9.6) look di erent in part because of their di erent star
formation histories. dSph and dwarf irregular (dl) galaxie are now known to have complex
and varied star formation histories that may involve multide episodes of star formation
and e ects of interactions (Mateo 1998 and references thémg The other two galaxies
in Figure 50, Leo A and DDO 155, are dwarf irregulars havinyl,  11.5. A detailed
HST study of the stellar content of Leo A (Cole et al. 2007) sheed that 90% of the star
formation in the galaxy occurred less than 8 Gyr ago, with a @& at 1.5-3 Gyr ago. A
useful summary of the properties of dSph galaxies is proviiéy van den Bergh (1998) and,
most recently, by Tolstoy, Hill, & Tosi (2009), who also disass the star formation histories

of Local Group dl galaxies.

The SDSS has facilitated the discovery of many new Local Grpuwwarf galaxies
(Belokurov et al. 2007). For example, the SDSS led to the dseery of one of the faintest
known dSph galaxies, a new dwarf in Ursa Major (called the UMdSph) havingM\, 7
(Willman et al. 2007). Most interesting is Leo T, which is arMy = 7.1 dSph galaxy with
some recent star formation, providing one of the most dramat illustrations of the link
between dSph and dl galaxies, and the least luminous galaxypdwn to have recent star

formation (Irwin et al. 2007).
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15.2.3. Dwarf Spirals

Sandage & Binggeli (1984) described the classi cation of d@nf galaxies based on the
Virgo Cluster, and concluded that there are \no real dwarf sjpals.” This refers mainly to
dwarf spirals that might be classi ed as types Sa, Sh, or Scei, having both a bulge and
a disk. Dwarf late-type spirals are already built into de Vaueuleurs's modi ed Hubble
sequence as Sd-Sm types and connect directly to Magellaniegulars, as shown in Figure
1 of Sandage & Binggeli (1984). Thus, any genuine examplesdefarf Sa, Sb, or Sc spirals
would be of great interest as they would challenge the ideadhfor a galaxy to be able
to make well-de ned spiral arms, it would have to be more mas& than some lower limit

(estimated as 5 10> M by Sandage & Binggeli).

Four of the best cases of genuine dwarf spirals are illusteat in Figure 51. The two
rightmost frames show IC 783 (BST type dSO,N) and IC 3328 (BSiype dE1,N), both
Virgo Cluster members having absolute magnitude®i g 16 to 17, and found to
have subtle spiral structure by Barazza, Binggeli, & Jerjeri2002) and Jerjen, Kalnajs, &
Binggeli (2000), respectively. The patterns are hard to ser the direct SDSS color images
shown in Figure 51, but these authors use photometric modeRBourier decomposition, and
unsharp-masking to verify the reality of the patterns. Barraa et al. conclude that many of
the bright early-type dwarfs in the Virgo Cluster have disks.An example with a barand

spiral arms is NGC 4431 (shown as dSO in Figure 49).

The leftmost panel of Figure 51 shows an HST widé-band image (Carollo et al. 1997)
of NGC 3928, an absolute magnitudé$ = 18 galaxy which on small-scale, overexposed
images looks like an EO, but which harbors a miniature (2kpciameter), low-luminosity
Sb spiral (van den Bergh 1980b). Based on spectroscopic ais&d, Taniguchi & Watanabe
(1987) have suggested that NGC 3928 is a spheroidal galaxyighhexperienced an accretion

event that supplied the gas for star formation in the miniatue disk.
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Schombert et al. (1995) brought attention to possible dwartld spirals. One of their
examples, D563 4, is shown in the second frame from the left in Figure 51. Thigalaxy
hasMg 17. A few other examples are given in the paper, and Schombettal. nd that
they are not in general grand design spirals, are physicalymall, and have low HI masses.
However, van den Bergh (1998) considers all of Schombert étsaexamples as subgiant
spirals rather then true dwarf spirals. A possible true dwdrspiral given by van den Bergh

is DDO 122 (type S V).

15.3. Galaxy Zoo Project

The Galaxy Zoo project (Lintott et al. 2008) has made extenge use of SDSS color
images. The project uses a website to enlist the help of ce#iz scientists worldwide to
classify a million galaxies as well as note interesting anchusual cases in various forum
threads. With such a large database to work from, and the potgial for discovery being
real, the project has attracted many competent amateur gaky morphologists. One such
discovery was a new class of galaxies called \green peas,'iclihare star-like objects that
appear green in the SDSS composite color images (Figure &)l Cardemone et al. (2009)
used auxiliary SDSS data to show that peas are galaxies thateagreen because of a high
equivalent width of [Olll] 5007 emission. They are su cienty distinct from normal galaxies
and quasars in a two-colog r vs.r i plot that such a plot can be used to identify more
examples. Other characteristics noted are that peas are egmo bigger than 5 kpc in radius,
lie in lower density environments than normal galaxies, bumay still have morphological
characteristics driven by mergers, are relatively low in nss and metallicity, and have a high
star formation rate. Cardemone et al. conclude that peas awe distinct class of galaxies
that share some properties with luminous blue compact galees and UV-luminous high

redshift galaxies.
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Another prominent colorful galactic-sized object identi & by Galaxy Zoo is \Hanny's
Voorwerp" (Figure 52), a peculiar collection of blue clumpgust south of IC 2497. Lintott
et al. (2009) found that the Voorwerp is mostly ionized gas,ral after ruling out some
possible sources of ionizing radiation, concluded that th&bject could be the rst identi ed
case of a quasar light echo. The implication is that the comp&n galaxy underwent a

temporary quasar phase.

Masters et al. (2010) examine the properties of face-on latgpie spiral galaxies whose
colors are much redder than is typical (Figure 52, right parng), suggesting that they are
passive objects where star formation has largely ceased srower than normal. These
authors showed that red spirals are not excessively dusty éend to be near the high
end of the mass spectrum. A range of environmental densitiegas found, implying that
environment alone is not su cient to make a spiral red. A sigmcantly higher bar fraction
was found for red spirals as compared to blue spirals, whichasters et al. suggest could

mean the bars themselves may have acted to shut down the starrhation in these galaxies.

A major philosophical aspect of Galaxy Zoo is the value of huen visual interpretation
of galaxy morphology. That is, the human eye can integrate thdetail in an image more
reliably than a computer program can, in spite of the latters ability to classify numbers
of galaxies well beyond the capability of a single individua This philosophy was used
to compile a major catalogue of galaxy merger pairs describéy Darg et al. (2010). In
the initial set-up of Galaxy Zoo, a single button allowed a cksi er to select whether an
object was a \merger" based simply on the appearance of peewities. For each galaxy, a
weighted average numberf ,, was derived that characterized the fraction of classi ersvho
interpreted a pair of galaxies as a merger, essentially \mphology by vote" and in a way
reminiscent of RC3 where morphological types were in many s&s based on a weighted

average from a small number of classi ers (Buta et al. 1994Yaking f,, > 0.4, Darg et al.
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(2004) identi ed 3003 pairs and groups of merging galaxieand also showed that the spiral
to elliptical galaxy ratio in merger pairs is a factor of two ligher than for the global galaxy
population, suggesting that mergers involving spirals ardetectable for a longer period than

those that do not involve spirals.

A similar philosophy to Galaxy Zoo was used by Buta (1995) toampile the Catalogue
of Southern Ringed Galaxies, and also by Schawinski et al.0@&7), who visually classi ed
48,023 SDSS galaxies to identify a signi cant-sized samplé @arly-type galaxies for a
study of the connection between nuclear activity and star fanation. In the latter study,
visual interpretation was argued to be needed to avoid biagainst star-forming early-type
galaxies which would be excluded from color-selected sangpleA major result of this
study was the identi cation of a time sequence whereby an dgrtype galaxy has its star

formation suppressed by nuclear activity, a manifestatioof AGN feedback.

15.4. Isolated Galaxies

If interactions and mergers can have profound e ects on gadg morphology, then the
morphology ofisolatedgalaxies clearly is of great interest. Such galaxies allovg to see how
internal evolution alone a ects morphology, i. e., what pue \nature" morphologies look
like. Karachentseva (1973) compiled a large catalogue (tli@atalogue of Isolated Galaxies,
or CIG) of 1050 isolated galaxies that has proven very useffdr examining this issue. A
galaxy of diameterD is sugggested to be isolated if it has no comparable-sized gamions
of diameter d betweenD/4 and 4D within a distance of 2@. Verdes-Montenegro et al.
(2005) show that this means that an isolated galaxy 25 kpc ini@mneter, in the presence of
a typical eld galaxy velocity of 150 km s !, has not been visited by a comparable mass
companion during the past 3Gyr. These authors discuss thenlitations of the CIG (e. g.,

the isolation criteria do not always work), but in general itis the best source of isolated
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galaxies available.

Sulentic et al. (2006) examined all 1050 CIG galaxies on Patar Il sky suvey charts in
order to re ne the sample and found that isolated galaxies wer all Hubble types. Of these,
14% were found to be E/SO types, while 63% were Sb-Sc types,wihe spiral population
more luminous than the E/SO population. Over the type range &Sd, the proportion rises
to 82%. Thus, an isolated galaxy sample is very spiral-rich. é\ertheless, the presence of
early-type galaxies in the sample implies that these are nakély to be \nurture” formed,
as such galaxies might be in denser environments. The re nemt of the CIG sample forms
the basis of the Analysis of the Interstellar Medium of Isoled Galaxies (AMIGA) project
(Verdes-Montenegro et al. 2005).

Figure 53 shows six examples of isolated Sb-Sc galaxies frdm AMIGA sample,
based on SDSS color images. All of these look relatively nainbut it is interesting how
nonbarred galaxies like NGC 2649 and 5622 (upper left framasFigure 53) show such
conspicuous global spirals, which argues that the spirals these galaxies have not been

excited by an interaction.

Durbala et al. (2008) analyzed the photometric propertiesfal00 isolated Sh-Sc
AMIGA galaxies, and found that a majority have pseudobulgegather than classical bulges.
In comparing the properties of isolated galaxies with a sarf@of Sb-Sc galaxies selected
without an isolation criterion, Durbala et al. found that isolated spirals have longer bars

and, using CAS parameters, also less asymmetry, central centration, and clumpiness,

Durbala et al. (2009) analyzed the Fourier properties of theame set of 100 isolated
spirals, and estimated bar lengths and strengths. Earlielypes in the sample were found
to have longer and higher contrast bars than later types. Sl arm multiplicities were
investigated also, and it was shown that cases having an irme=2 pattern and an outer

m=3 pattern occurred in 28% of the sample. Elmegreen, ElImegne, & Montenegro (1992)
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argued that in such morphologies, then=3 pattern is driven internally by the m=2 pattern,

and that three-armed patterns measure the time elapsed sinae interaction.

15.5. Deep Field Color Imaging

Particularly interesting in the domain of color galaxy morgology are the various deep
eld surveys that have been at the heart of high redshift stugts. The most recent is the
HST Wide Field Camera 3 Early Release Science (ERS) data (Wihorst et al. 2010),
which provides very deep panchromatic images based on 10ets ranging from 0.2m
to 2 m in wavlength. Figure 54 shows three subsections of the matRS eld, which
coincides with the GOODS south eld (Giavalisco et al. 2004) The galaxies seen range
in redshift from z=0.08 to at least z=3. Windhorst et al. (2010) argue that images like
the ERS eld are deep enough to allow probing of galaxy evolain in the crucial redshift
rangez 1-3 where the galaxies assembled into their massive shapeyg.zB 1, the Hubble
sequence was largely in place. Figure 54 shows a variety demesting nearby as well as
high z morphologies, including some of those illustrated in Figer46. Images like the ERS

eld allow us to connect the local and distant galaxy populabns in unprecedented detail.

16. Large-Scale Automated Galaxy Classi cation

The process of galaxy classi cation thus far described is aamual exercise where an
observer attempts to sort a galaxy into its appropriate stag, family, variety, outer ring
classi cation, etc., by visual inspection alone. For a smehumber of observers, this has
been done for as many as 14,000 galaxies by Nair & Abraham (RBDand 48,000 galaxies by
Schawinski et al. (2007), while for a large number of obsergeworking in concert (e.g., the

Galaxy Zoo project) it has been done for a million galaxies. U critical to such ventures
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is the preparation of images for classi cation, and a needrf@ homogeneous, objective
approach to very large numbers of galaxies. This has led totersive application of
automated methods for classifying galaxies. For exampleaM & Abraham (2010) visually
classi ed galaxies into coded bins for the purpose of traimg an automatic classi cation

algorithm.

A variety of approaches have been used, ranging from \artiial intelligence" (neural
network) techniques (Odewahn et al. 1992; most recently Barji et al. 2010), to the
CAS approach (Conselice 2003) and the Gini coe cient (AbrahAm et al. 2003), and to
algorithms often used in other disciplines such as the aut@ted cell morphology code
described by Shamir (2009). The idea is to rst classify a sgote of galaxies by eye, use
the algorithm to also classify them, and then compare how wehe algorithm results agree
with the visual results. Often the goal with automatic classcation is not to automatically
derive classi cations such as \(RSB(r,nr)ab,", but simple distinctions of galaxies such as
ellipticals, spirals, SOs, or edge-ons. Conselice et al. @20 in fact argue that automated
classi cation should not focus on reproducing detailed deadcouleurs types, for example,
but instead focus on more tangible properties like the degreof central concentration, the
degree of asymmetry, and the degree of patchiness, all of ahin a way can distinguish
late-type galaxies from early-type galaxies (but not necesd#lg ringed or barred galaxies
from those lacking such features). The reason for such a vigsvthat high redshift galaxy
morphology usually does not have the bene t of the detail seein nearby galaxies. van
den Bergh (1998) discusses other issues connected with catap classi cations, including
the limitations of arti cial neural networks and the usefuhess of objectively-measured

parameters.
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17. The Future of Morphological Studies

The large number of illustrations in this article attests tothe richness of the diversity of
galaxy morphology. It is, of course, not possible to illusate all aspects of morphology that
might be worth discussing, but most interesting is how faphysical galaxy morphologkas
come in the 35 years since Allan Sandage wrote his review ofagg morphology in Volume
IX of Stars and Stellar SystemsGalaxy morphology is no longer the purely descriptive

subject it once used to be.

Internal perturbations such as bars are apparently capablef generating a great deal
of the interesting structure we see in disk galaxies, and netheoretical and observational
studies should elucidate this further. The impact of bars omorphology seems well
understood, as summarized in detail by KKO4 in their monumeal review article on
pseudobulges. Bars redistribute angular momentum and reganize gas clouds to ow into
resonance regions and fuel star formation. The gathering g&s into resonance regions can
drive the formation of rings, and indeed can also build up theentral mass concentration to
the point of bar destruction. Even failing this, the pile-up & gas into the nuclear region can
lead to the formation of a pseudobulge. The richness of badrgalaxy morphology attests

to the strong role secular evolution plays in structuring gaxies.

Progress in understanding the role of mergers and interactis on galaxy morphology
has also proceeded at a rapid pace. Great success in numérstaulations and the theory
of interacting galaxies has made it possible to link a sped type of interaction to a specic
morphology (e. g., collisional ring galaxies). The complestructure of early-type galaxies,
with boxy and disky isophote shapes, shells and ripples, amdher features, shows that
interactions and mergers play an important role in molding @laxies (see the excellent
review by Schweizer 1998). With the advent of the Hubble SpacTelescope, this role has

been elucidated even more clearly because the merger ratesvaggher in the past.
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In spite of the theoretical progress, it is interesting thatlassical morphology has not
lost its relevance or usefulness even after more than 80 y&aince Hubble published his
famous 1926 paper. No matter how much progress in understamgl the physical basis for
morphology is made, there is still a need for the ordering andsights provided by classical
Hubble-Sandage-de Vaucouleurs galaxy classi cations. Mdrplogy went through a low
phase in the 1980s and 90s when it was perceived that galaxgsdi cation placed too
much emphasis on unimportant details and was too descripgvto be useful. It was thought
that the Hubble classi cation had gone as far as it can go, anthat another approach
needed to be tried to build a more physical picture of galaxge At that time, there was
a sense that the focus should be more on the component \buitdi blocks" of galaxies,
or what might be called galactic subsystems (e.g., Djorgdkis1992). Quanti cation of
morphology became more possible as advanced instrumentatiallowed more detailed
physical measurements to be made. In the end, as morphologgcame better understood,
it also became clear what a type such as \(R)SB(r)ab" might rally mean, which enhanced
the value of classi cation (KK04). In addition, numerical smulations became sophisticated
enough to make predictions about morphology (e.g., the;Rand R, subclasses of outer
rings and pseudorings). These types of things, as well as theovement of morphology
from the photographic domain to the digital imaging domain,the broadening of the
wavelength coverage available to morphological studiesofn the optical to the ultraviolet
and infrared domains, the Sloan Digital Sky Survey, and thecaessiblity of high redshift
galaxies to unprecedentedly detailed morphological studgll played a role in bringing

galaxy morphology to the forefront of extragalactic reseah.

Even so, the writing of this article has shown that many impdant galaxies and classes
of galaxies have not been studied well enough to have much neowl data available. For
example, in spite of the considerable interest in collisiahring galaxies the past 20 years or

so, Struck (2010) was forced to lament that ring galaxies \@ underobserved." The same
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can be said for resonance ring galaxies, giant low surfacegbtness galaxies, dwarf spirals,
Magellanic barred spirals, counter-winding spirals, and ber classes of interacting galaxies.
The most that can be said about this is that further studies wi likely be made, especially if
instrumentation facilitates the objects in question. Rotéion and dynamics are far short of

photometry for most classes of galaxies, but would add a gtedeal of insight if obtainable.

At the other extreme, early-type (E and SO galaxies) continuéo be the focus of
major photometric, kinematic, and theoretical research mjects. Important clues to the
formation and evolution of such galaxies are contained in #ir intrinsic shapes (oblate,
prolate, triaxial), in the ages, metallicities, and radialmass-to-light ratios of their stellar
populations, in their three-dimensional orbital structure and in the kinematic peculiarities
often found in such systems (de Zeeuw et al. 2002). Among theost recent studies are the
massive photometric analysis of early-types in the Virgo Cater by Kormendy et al. (2009),
and the ATLAS®P project described by Cappellari et al. (2011). ATLA® is the largest
kinematic database of high-quality two-dimensional velogit eld information ever obtained
for early-type galaxies, including 260 such galaxies in a \wdk ned and complete sample.
This survey is simply the latest part of the long-term e ort by many researchers, beginning
in the 1980s, to understand early-type galaxies in terms of gutitative parameters that can
be tied to theoretical models. Early-types have been a persst enigma in morphological
studies, and considerable evidence suggests that the E, 8gueence as de ned by Hubble,
Sandage, and de Vaucouleurs hides a great deal of importartysics associated with these
objects. The ATLAS®P project was designed to exploit the r parameter described by
Emsellem et al. (2007; see section 5.1), which separateshetfypes into fast and slow

rotators and discriminates galaxies along the red color sgence (section 15.1).

These advances for early-type galaxies do not mean that quéative analyses of

later-type galaxies are lacking. As codes for two-dimensidnghotometric decomposition
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become ever more sophisticated (e. g., Peng et al. 2010; Likainen et al. 2010 and
references therein), parameters that characterize the lgds, disks, bars, lenses, rings, and
spiral patterns are being derived for large numbers of gali@s (especially barred galaxies)

that were not reliably decomposable with earlier one-dimeimmal approaches.

For the future, it is to be hoped that the Sloan Digital Sky Suvey will be extended
to cover the whole sky, and provide access to high quality nqamological studies of several
million more galaxies, some of which might have new and exotstructures. The James
Webb Space Telescomhould be able to carry the HST's torch to greater depths and
resolutions of high redshift galaxies, to further enhanceuo understanding of galaxy

evolution.

This article is dedicated to Allan Sandage (1926-2010), oné the 20th century's
greatest astronomers, who helped set the stage for galaxy mploology to be one of the
most active elds of modern extragalactic research. It was D Sandage's e orts that rmly
cemented Hubble's ideas on morphology into astronomy. Theuthor is grateful to Dr.
Sandage for the inspiration he provided for this article andor his standard of excellence in

astronomy.

The author also gratefully acknowledges the helpful commismand suggestions from the
following people that considerably improved this articleMartin Bureau, Adriana Durbala,
Debra Elmegreen, William Keel, Je rey Kenney, Johan H. Knapn, Rebecca Koopmann,
John Kormendy, Eija Laurikainen, Barry Madore, Karen L. Masers, Patrick M. Treuthardt,
Sidney van den Bergh, and Xiaolei Zhang. The author also th&aa Debra Elmegreen for
providing the images of high redshift galaxies shown in Fige 46, Masfumi Yagi for the
illustrations in Figure 29, and John Kormendy, Jason Sura¢céonald P. Schneider, and
Rogier Windhorst for the use of published illustrations fron speci ¢ papers. This article

uses images from many sources too numerous to acknowledges hieut mainly drawn from
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the dVA, the NASA/IPAC Extragalactic Database, the Ohio State University Bright Spiral
Galaxy Survey (OSUBSGS), the Sloan Digital Sky Survey, anceseral published papers
by other authors. The NASA/IPAC Extragalactic Database (NED) is operated by the Jet
Propulsion Laboratory, California Institute of Technolog, under contract with the National
Aeronautics and Space Administration. Funding for the OSUBGS was provided by grants
from the NSF (grants AST 92-17716 and AST 96-17006), with addinal funding from the
Ohio State University. Funding for the creation and distrikution of the SDSS Archive has
been provided by the Alfred P. Sloan Foundation, the Partig@ating Institutions, NASA,
NSF, the U.S. Department of Energy, the Japanese Monbukagasho, and Max Planck
Society. Observations with the NASA/ESAHubble Space Telescopeere obtained at the
Space Telescope Science Institute, which is operated by tAssociation of Universities for
Research in Astronomy, Inc., under contract NAS 5-26555. Th&pitzer Space Telescope
is operated by the Jet Propulsion Laboratory, California Istitute of Technology, under
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33° 49° 71° 81°

Fig. 1.| Four galaxies of likely similar face-on morphology viewed at di erent inclinations
(number below each image). The galaxies are (left to rightNGC 1433, NGC 3351, NGC
4274, and NGC 5792. Images are from the dVA (lter8 and g).
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Fig. 2.| Hubble's (1936) \tuning fork" of galaxy morphologi es is the basis for modern

galaxy classi cation.
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Fig. 3.| de Vaucouleurs's (1959) classi cation volume, a revision and extension of the
Hubble tuning fork. The three dimensions are the stage (Hulbdd type), the family (apparent

bar strength), and the variety (presence or absence of an ianring).
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E'0 E™ E*3 E*4 E*7

Fig. 4.| Examples of elliptical galaxies of di erent projected shapes. Type E galaxies are
normal ellipticals with no structural details. From left to right the galaxies shown are NGC
1379, 3193, 5322, 1426, and 720. Typé alaxies are \late" ellipticals, which may include
faint extended envelopes typical of large cluster elliptats, or simple transition types to SO.
The examples shown are (left to right): NGC 1374, 4472, 4406389, and 4623. All of these
images are from the dVA (lters B, V, and g).
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Fig. 5.] Revised classi cation of elliptical galaxies from Kormendy & Bender (1996), as
schematically incorporated into Hubble's (1936) \tuning érk." At left are two examples

of boxy and disky ellipticals: NGC 7029 (left,B-band) and NGC 4697 JHK s composite,
2MASS image from NED).



{124 {

NGC 4472 NGC 4458 IC 798

"missing light" E "extra light" E "extra light" E

NGC 4482 IC 3470 IC 809
Sph,N Sph.N Sph,N

Fig. 6.| lllustrations of 6 early-type galaxies in the Virgo C luster with photometric clas-
si cations from Kormendy et al. (2009): NGC 4472 (core EMy = 23.2); NGC 4458
(coreless EMy = 19.0); IC 798 (VCC 1440; ‘coreless By = 16.9); NGC 4482 (nu-
cleated spheroidalM, = 18.4); IC 3470 (VCC 1431, nucleated spheroidd), = 17.4);
IC 809 (VCC 1910; nucleated spheroidaMy = 17.4). The images shown are all based on

SDSSg-band single or mosaic images, and are in units of mag arcs&c
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SAO~ SAQ™ SAO/a
SBO/a

Fig. 7.| Examples of barred and nonbarred SO galaxies of di eent stages from \early"
(SO ), to \intermediate" (S0°), to \late" (SO *), including the transition stage to spirals,
SO0/a. The galaxies shown are (left to right): Row 1 - NGC 7192411, 1553, and 7377; Row
2 - NGC 1387, 1533, 936, and 4596. All images are from the dVAtérs B and V).
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SAa SAb SAC

SABa SABb SABCc SABd

SBa SBb SBc SBd SBm

Fig. 8.| Stage classi cations for spirals, divided according to bar classi cations into parallel
sequences. The galaxies illustrated are (left to right): Ro1 - NGC 4378, 7042, 628, 7793,
and IC 4182; Row 2 - NGC 7743, 210, 4535, 925, and IC 2574; RowNGC 4314, 1300,
3513, 4519, and 4618. All images aB-band from the dVA.
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SBab SBbhc SBcd SBdm

Fig. 9.]| Sequences of stages intermediate between the mainages illustrated in Figure 8.
The galaxies are (left to right): Row 1 - NGC 2196, 5194, 545&nd 4534; Row 2 - NGC
3368, 4303, 2835, and 4395; Row 3 - NGC 1398, 1365, 1073, ad 48l images areB-band
from the dVA, except for NGC 4534, which is SDS§-band.
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£ SAB B

(r) (rs) (rs) (rs) (s)

Fig. 10.| The continuity of family and variety characterist ics among spiral galaxies, includ-
ing underline classi cations used by de Vaucouleurs (1963Jhe galaxies are (left to right):
Row 1 - NGC 628, 2997, 4535, 3627, and 3513; Row 2 - NGC 2523034548, 5371, and
3507. All images areéB-band from the dVA.
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ET7/S0 SO~

Sa Sab Sb

Fig. 11.| Classi cation of edge-on galaxies by stage. The galxies are (left to right): Row
1 - NGC 3115, 1596, 7332, 4425, and 5866; Row 2 - NGC 7814, 1@247, 4010, and IC
2233. All images are from the dVAB and V lters).
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IB(s)m IAB(s)m IAB(s)m
10 pec 10 pec

Fig. 12.| Examples of irregular galaxies ranging in absolue blue magnitude from 14 to
18. The galaxies are (left to right): Row 1 - NGC 4449, 1569, 36, DDO 50, and A2359-15
(WLM galaxy); Row 2 - IC 10, DDO 155, DDO 165, NGC 1705, NGC 5253The \pec"

stands for peculiar. All images ard3-band from the dVA.
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(R)SA (R')SA (RR)SAB

(R)SB (R')SB (R')SAB

Fig. 13.| Examples of outer rings (R) and outer pseudorings R9 in barred and nonbarred
galaxies. Also shown is a rare example with two largely defaed outer rings (RR). The
galaxies are (left to right): Row 1 - NGC 7217, IC 1993, and NG@273; Row 2 - NGC 3945,
NGC 1358, and NGC 1371. All images are from the dVA and ai-band except for NGC
2273, which isr-band.
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ESO 325-28 R.'}2 ESO 507-16 RlR;_

Fig. 14.] Schematic representations of outer Lindblad resmance (OLR) morphologies (Buta

& Combes 1996).
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R R,

1 1 RiR; R

Fig. 15.] Examples of OLR subclasses of outer rings and pseustings. The galaxies are
(left to right): Row 1 - NGC 1326, NGC 2665, ESO 50998, and ESO 325 28; Row 2 -
NGC 3081, UGC 12646, NGC 1079, and NGC 210; Row 3 - NGC 5945, 0,3%098, and
2935. All images areB-band from the dVA.



SA(r) SA(rl) SA(l)

SAB(r) SAB(rl) SAB(I)

SB(r) SB(rl) SB(l)

Fig. 16.]|
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Fig. 16. cont..| Examples showing the continuity of inner rings (r) and lenses (l), for barred
and nonbarred galaxies. The galaxies are (left to right): Re1 - NGC 7187, 1553, and 4909;
Row 2 - NGC 1326, 2859, and 1291; Row 3 - ESO 425 NGC 1211, NGC 1543. All images

are B or g-band from the dVA.
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(R) (RL) (L)

Fig. 17.| Examples showing the continuity of outer rings (R) and lenses (L). The galaxies

are (left to right): - NGC 7020 (dVA B), NGC 5602 (SDSS image), and 2983 (dVR).
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nuclear rings (nr)

nuclear bars (nb)

Fig. 18.| Examples of nuclear rings and secondary (nuclearpars. The galaxies are (left to
right): Row 1 - NGC 1097, 3351, and 4314; Row 2 - NGC 1543, 58a0d 1291. All images
are B-band from the dVA.
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grand flocculent counter- counter- anemic
design winding  winding
SA SB

Fig. 19.] Examples showing spiral arm character di erencesin the form of arm multiplicity,
grand design and occulent spirals, counter-winding spiral and an anemic spiral. The
galaxies are (left to right): Row 1 - NGC 4725, 1566, 5054, ES&66 24, and NGC 613;
Row 2 - NGC 5364, 5055, 4622, 3124, and 4921. All imagesBrband from the dVA except
NGC 5055, which is SDS$-band, and NGC 4921, which is from Hubble Heritage.
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AC 3

AC 6 AC 7 AC 8 AC9 AC 12

Fig. 20.]| Examples showing the spiral arm classes of EImegee& Elmegreen (1987). The
galaxies are (left to right): Row 1 - NGC 45, 7793, 5055, 24087d 1084. Row 2: NGC 6300,
2442, 3504, 5364, and 1365. All images @eband from the dVA, except NGC 5055 which
is SDSSg-band.
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Sb™ | Sb™ I Sbh 1l

Sc | Sc i Sc il S IV S™IV-V

Fig. 21.| Examples showing van den Bergh luminosity classes The galaxies are (left to
right): Row 1 - NGC 2841 (dVAB), 3675 (SDSSy), and 4064 (SDSS)). Row 2: NGC 5371
(dVA B), 5055 (SDSSy), and 4586 (SDSS). Row 3: NGC 4321, 3184, 2403, 247, and 45
(all dVA B). The classi cations are in the van den Bergh system (see vaten Bergh 1998).
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Fig. 22.]| Examples showing ansae bar morphologies as compaa to one mostly non-ansae
bar. For each galaxy, the left frame is the full image while # right frame is an unsharp
masked image, both in units of mag arcseé. The galaxies are: (left to right): Row 1 - NGC
5375 (SDSS)) and 7020 () (both round ansae type); Row 2 - NGC 7098l linear, partly
wavy ansae) and NGC 1079K s, curved ansae); Row 3 - NGC 4643 ( mostly non-ansae
type with trace of ring arcs at bar ends) and NGC 4151 (OSUBSGHS, irregular ansae).
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Fig. 23.| Examples of oval disk galaxies. Left to right: NGC 4736 B), NGC 4941 B),
and NGC 1808 ¥). The images are cleaned of foreground and background oligeand have
been deprojected and rotated so that the major axis of the ovés horizontal. The upper

panels show the ovals imbedded within outer rings, while tHewer panels focus on the ovals

alone.
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Fig. 24.| Examples of two galaxies having highly a elongatednner ring at the boundary of
a broad oval. Left to right: NGC 1433, ESO 56511 (both B-band). Each galaxy also has
a prominent bar which is aligned with the oval and inner ringn NGC 1433, but misaligned

with these features in ESO 56511. ESO 565 11 also has a highly elongated, large nuclear

ring of star-forming regions.
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bar dust lanes spiral arm dust lanes

red planar dust lane blue planar dust lane

Fig. 25.| Examples showing di erent classes of dust lanes @ft to right) - Row 1 NGC 1530,
V-band image andvV  Kg color index map; NGC 1566B-band andB K color index
map; Row 2 - NGC 7331B-band image andB | color index map; NGC 7217B-band
image andB | color index map; Row 3 - NGC 7814B-band image andB | color index

map; NGC 891,B-band andB V color index map.
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"pseudobulges”

"classical bulges"

Fig. 26.] Examples of pseudobulges and classical bulges irpsal galaxies (left to right):
Row 1: NGC 3177, 4030, 5377, and 1353 (all HST widkeband Iter F606W; KK04); Row
2: NGC 6782 (-band, F814W), 3081 (wideB, FA50W), 128 K), and 1381 Ks); Row 3:
NGC 224 (M31), 2841, 3031 (M81), and 4594 (M104) (&l-band). The images of NGC 128
and 1381 are from Bureau et al. (2006).
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resonance accretion polar collisional

Fig. 27.| Di erent classes of ring phenomena seen in galaxie (top to bottom): Column 1 -
NGC 3081, NGC 1433, and UGC 12646. Column 2 - Hoag's Object, 2006, and NGC 7742,
Column 3 - NGC 4650A, ESO 23558, and NGC 660; Column 4 - Arp 147, the Cartwheel,
and the Lindsay-Shapley ring. All images are from the dVA expe Arp 147.
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N 2 A T/A

T/N T/N [s] T/N [s] T/C

Fig. 28.| Blue light morphologies of eight Virgo Cluster spirals having di erent Koopmann
& Kenney (2004) H star formation morphologies. The galaxies are (left to right Row
1: NGC 4254 (normal N); NGC 4303 (Enhanced E); NGC 4548 (AnemiA); NGC 4293
(Truncated/Anemic T/A); Row 2: NGC 4689 (Truncated/Normal T/N); NGC 4580 and
4569 (Truncated/Normal (severe) T/N [s]); NGC 4424 (Truncaed/Compact T/C). Images
are dVA B, except for NGC 4424 which is SDS§.



detached H- alpha clauds

Fig. 29.|
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Fig. 29. (cont.).| Three galaxies in a possible evolutionar stripping sequence in the Coma
Cluster. The images and categories are from Yagi et al. (2010'he left frames areB-band
images in units of mag arcseé, while the right frames are net H images in linear intensity
units (called NB R by Yagi et al.). From top to bottom, the galaxies are GMP 3816GMP
2910, and GMP 2923. The idea is that GMP 3816 is in an earlier pbe of stripping, such
that there is still considerable disk ionized gas; GMP 2918 in a more advanced phase with
still connected clouds but an absence of disk emission; andally GMP 2923 is in the most

advanced phase of the three, showing only scattered HIl regs.
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dust-lane ellipticals tidal tails/bridges M51-type

shell/ripple galaxies ongoing and advanced mergers

Fig. 30.| Interacting and peculiar galaxies. The galaxies ae (left to right): Row 1: NGC
5485 (SDSS), 4370 (SDSS), 5216/18 (A. Block), 4676 (Hubbletiiage), and 2535-6 (SDSS);
Row 2: NGC 2865, 474, 4038-9, 3690, and 6240, Bllexcept NGC 474, which is a 3.6m

image (section 12).
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IRAS O8572+3915 |RAS 1207 1-0444 Mrk 231

Pks 1345+12 Mrk 463 IRAS 15206+3342

Fig. 31. The morphologies of six \ultra-luminous infrared galaxies” from HST

optical/near-IR imaging (Surace et al. 1998). These imageseanot in units of mag arcsec?.



{152 {

Fig. 32.| Three galaxies showing strong optical disk warpirg. Left to right: NGC 4762
(B), NGC 4452 (SDSS), UGC 3697 (Internet Encyc. of Science)



NGC 1068 Sy?2 NGC 3081 Sy?2 NGC 6764 HIl

NGC 1566 Sy1.5 NGC 4151 Sy1.5 NGC 5548 Sy1l.5

NGC 4486 LINER NGC 5953 Sy2 NGC 4395 Sy1.8

Fig. 33.| Images of nearby active galaxies, dVA B-band except for NGC 5548 and 5953,
which are SDSS. The activity classi cation is from Veron-Ceay & Veron (2006).
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Fig. 34.| The morphologies of the host galaxies of nine neanp quasars, from Bahcall et al.

(1997). These images are not in units of mag arcséc
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Fig. 35.| Deep images of the brightest members of three rich glaxy clusters (left to right):

UGC 10143 in A2152 R-band), NGC 4889 (left) and 4874 (right) in A1656 B-band), and
NGC 6041 R-band) in A2151. The images of UGC 10143 and NGC 6041 are fromakslee
(1999), while that of NGC 4874-89 is from the dVA.
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Fig. 36.| Red continuum (left) and net H (right) images of six early-to-intermediate-type
galaxies. The galaxies are (left to right): top row: NGC 77Q02.433; middle row: NGC 7329,
6782; bottom row: NGC 6935, 7267. From Crocker, Baugus, & Ba{(1996).
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Fig. 37.] Comparison of a near-UV image (0.225 m) with an H image for the nearby

spiral galaxy M83.
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Fig. 38.] GALEX near-UV images of eight galaxies: (left to right) Top row: NGC 1317,
4314, 3351, and 7479; bottom row: NGC 628, 5474, 4625, and®25
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Fig. 39.] HI morphologies (Walter et al. 2008) of eight galaxies as compared to optical
B-band morphologies. Left panels: NGC 628 (M74), NGC 4258 (M&)) NGC 4736 (M94),
and DDO 154. Right panels: NGC 2841, NGC 3031 (M81); NGC 523K183), and DDO 50
(Ho 11).
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Fig. 40.] CO morphologies (Helfer et al. 2003) of eight galaxes as compared to optical
B-band morphologies. Left panels: NGC 628 (M74), NGC 2403, NGX903, and NGC 4535.
Right panels: NGC 1068 (M77), NGC 2841; NGC 3351 (M95), and N&57331.
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Fig. 41.| Multi-wavelength images of M51.
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Fig. 42.] Comparison of IRAC 3.6 m image of NGC 1559 (left) with a ground-base -

band image of the same galaxy at right. Note the signi cant aoespondence of features

between the two very di erent wavelength domains in this cas
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Fig. 43.] Comparison of IRAC 3.6 m images (left frames) with ground-based -band
images for (top to bottom): NGC 584, 1097, 628, and 428.
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Fig. 44.| Comparison of IRAC 3.6 m and SDSSg-band images of the occulent spiral
galaxy NGC 5055.
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Fig. 45.| A comparison between a B | color index map and an 8m dust emission map

of the nearby spiral galaxy M81.
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Fig. 46.| Intermediate to high redshift galaxy morphology (V andi-bands). The categories
are due to EES04 and EEO6. The number in parentheses belowleé@ame is the redshiftz

of the galaxy shown.
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Fig. 47.] Examples of giant or large low surface brightness glaxies. In the far right panel,
SGC 2311.8 4353 is the di use object to the right of high surface brightess spiral NGC
7531. All of these images arB-band.



{168 {

Fig. 48.| The Hubble tuning fork of ellipticals, S0s, and spirals of di erent bar classi cations
are shown here using SDSS color images. The galaxies ard (fright): Row 1 - NGC
3608, 4203, 6278, 4324, and 932. Row 2 - NGC 4305, 5351, 31638,5and IC 4182. Row 3
- NGC 4457, 5409, 4535, 5585, and 3445. Row 4 - NGC 4314, 3386734519, and 4618.
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Fig. 49.| Examples of dwarf galaxies in the Virgo Cluster, drawn from the catalogue
of Binggeli, Sandage, & Tammann (1985) and highlighted uginSDSS color images. The
classi cations are from the BST catalogue and the galaxiese (left to right): Row 1 - NGC
4486B, IC 767, IC 3470, IC 3735, and UGC 7436. Row 2 - NGC 443,181, IC 3292, VCC
278, IC 3586. Row 3 - VCC 459, VCC 2033, VCC 841, IC 3475, and 1647.
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Fig. 50.] Four Local Group dwarfs having My > 12 (left to right): Leo I, Leo Il, Leo A,
and DDO 155 (all SDSS color images)
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Fig. 51.|] Four dwarf spiral galaxies (left to right): NGC 392 8, D563 4, IC 783, and IC
3328
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Fig. 52.] Interesting morphologies and color characterisics found by the Galaxy Zoo project
team participants. A \green pea" is a star-like galaxy with a gh ux in [Olll] 5007.
\Hanny's Voorwerp" is a cloud of ionized gas that may be the ¢jht echo of a quasar outburst
in the nucleus of nearby IC 2497. Red spirals are morphologily similar to blue spirals, but

have a lower star formation rate. (All SDSS color images)



{173

Fig. 53.] SDSS color images of six isolated Sb-Sc galaxies, thobarred and nonbarred, from
the AMIGA sample, a re ned version of the Catalogue of Isolad Galaxies (Karachentseva

1973). The galaxies are (left to right): Row 1: NGC 2649, 5622nd 5584; Row 2: NGC
4662, 4719, and 2712.
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Fig. 54.|
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Fig. 54. (cont.).| Three subsections from the WFC3-ERS survey of the GOODS-south eld
(Windhorst et al. 2010). The colors are based on images obitad with 10 lters ranging

from 0.2 mto 2 m.



