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Abstract

Galaxy morphology has many structures that are suggestive of various
processes or stages of secular evolution. Internal perturbations such as bars
can drive secular evolution through gravity torques that move gas into the
central regions and build up a 
attened, disk-like central bulge, or which
may convert an open spiral pseudoring into a more closed ring. Interaction
between individual components of a galaxy, such as between abar and a dark
halo, a bar and a central mass concentration, or between a perturbation and
the basic state of a stellar disk, can also drive secular transformations. In
this series of lectures, I review many aspects of galaxy morphology with
a view to delineating some of the possible evolutionary pathways between
di�erent galaxy types.

2.1 Introductory remarks

A principal goal of extragalactic studies has been to understand what drives
the morphology of galaxies. It is important to determine the dynamical and
evolutionary mechanisms that underlie the bewildering array of forms that
de�ne the various galaxy classi�cation schemes used today (e.g., Sandage &
Bedke 1994; Butaet al. 2007), because this will allow us to establish the
relationships, if any, between di�erent galaxy types. Physical interpretations
of galaxy morphology have revolved around two di�erent domains: (1)
formative evolution, where rapid, violent processes, suchas hierarchical
clustering and merging, led to formation of major galactic components,
such as bulges, disks, haloes, and presumably, the Hubble sequence (e.g.,
White & Rees 1978; Firmani & Avila-Reese 2003); and (2) secular evolution,
where disk material is slowly rearranged through the collective interaction
of instabilities, such as bars, ovals, spirals, and triaxial dark matter haloes
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(Kormendy & Kennicutt 2004, hereafter KK04). KK04 argued th at the
Universe is in a state of transition, where secular evolution is becoming the
dominant process of morphological change.

Galaxy morphology is a classical subject with a rich historyin astronomy.
Associated with many famous names, such as the Herschels, Lord Rosse,
Curtis, Shapley, Hubble, Lundmark, Reynolds, Sandage, Morgan, and de
Vaucouleurs, morphology and classi�cation are the �rst step in the study
of galaxies as fundamental units of matter in space. As elegantly noted by
Peng et al. (2002), clues to galaxy formation and evolution `are hiddenin
the �ne details of galaxy structure.'

With this series of lectures, I not only have the great privilege of laying
out the �ne details of galaxy morphology in the tradition of t hese earlier
observers, but also I must do so in the context of secular evolution. This is
very challenging, not just because the subject is so broad, but because we
are only beginning to understand how secular processes operate in galaxies.
Fortunately, my colleagues at this School bring a considerable expertise on
this subject, and I feel like I can cover galaxy morphology atthe level of
detail that I think is needed.

Galaxy morphology may be a classical subject in astronomy, but it
has a surprising freshness that has de�ed predictions of itsimpending
irrelevance to true understanding of galaxies. Classical galaxy morphology
and classi�cation have survived into the modern era for several reasons: the
Hubble Space Telescope(HST ), the Sloan Digital Sky Survey (SDSS), and
the improved understanding of the meaning of di�erent morphological types
through extensive theoretical and observational studies.There can be little
doubt that morphology holds the key to recognising the processes of galactic
evolution, and that it will continue to provide insight as th e relationships
between di�erent types of galaxies become better established.

My goals with this series of lectures on galaxy morphology are to:
(1) provide a historical overview of galaxy morphology and classi�cation;
(2) illustrate phenomenology and highlight notation; (3) i ntroduce non-
optical galaxy classi�cation; (4) describe interpretative galaxy classi�cation;
(5) describe environmental impacts on galaxy morphology; (6) describe the
important quantitative tools used for modern morphological studies and
the use of large surveys to explore morphology on an unprecedented scale;
and �nally (7) highlight the importance and relevance of morphology to the
evidence for secular evolution in galaxies.

In describing morphology, I will draw heavily on two recent sources: the
de Vaucouleurs Atlas of Galaxies (dVA, Buta et al. 2007) and the major
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review on galaxy morphology by Buta (2013, hereafter B13) for the new
series: Planets, Stars, and Stellar Systems.

2.2 How is morphology relevant to secular evolution?

Morphology is the key to understanding secular processes. Galaxies are
susceptible to internal instabilities or component interactions that can
a�ect a galaxy's basic structure and slowly change it over time. Even subtle
interactions with the environment can produce long-term secular evolution
(Kormendy & Bender 2012). Relevant questions are like this:when you see
a galaxy of type SA(s)b or SB(r)c, etc., has the galaxy alwayshad this type,
or have these types evolved from other types? Is there a speci�c direction
of evolution, e.g., from late to early type, from barred to nonbarred, from
pseudoringed to ringed, from spiral to nonspiral? What guidance can we
get from theory regarding these questions?

It is not hard to �nd speculative examples of possible morphological
evolution. For example, Fig. 2.1 shows two morphologicallysimilar galaxies
that di�er in a few ways: one (NGC 3351) is a clear intermediate-type spiral
while the other (NGC 2859) is a `late' S0; the spiral has very little bulge while
the S0 has a more prominent bulge; the bar in the S0 looks weaker than that
in the spiral, while the rings in the spiral are better described as pseudorings
compared to what is seen in the S0. Looking at these two galaxies, one
might wonder if a galaxy like NGC 2859 might be a possible end-product of
some long-term evolutionary process in a galaxy like NGC 3351. Indeed, it
was from examining such possible relationships that Kormendy (1979) �rst
proposed the idea that secular evolution takes place in barred galaxies: he
noticed a special relationship between bars and features called `lenses' that
suggested to him that bars may dissolve over time into a more axisymmetric
state, the engine of dissolution being an interaction between the spheroidal
component and the bar. This idea was not far o� the mark: Bournaud &
Combes (2002) examined bar dissolution and rejuvenation inmodels with
and without external gas accretion. In the models without accretion, the
bar evolves to a lens-like structure.

In examining the impact of secular evolution on galaxy morphology, we
should be mindful of the intrinsic and extrinsic factors that have an impact
on morphology. Here is a brief summary of these factors:

Random orientations of symmetry axes. Inclination of the symmetry
plane to the line of sight, and the accompanying projection e�ects and
enhanced in
uence of dust obscuration, is probably the mostimportant
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Fig. 2.1. Does the similarity between these two galaxies, one an intermediate-type
spiral and the other a late S0, imply an evolutionary connection?

extrinsic factor a�ecting the morphology of nearby galaxies. As a disk-
shaped galaxy is viewed from a face-on orientation to an edge-on orientation,
the appearance of familiar morphological features can change. For example,
a bar may become so foreshortened that it is not recognisable. If a bar has
signi�cant three-dimensional structure, its face-on shape can be lost while
its edge-on shape becomes its distinguishing characteristic. Rings and spiral
patterns can be lost or less recognisable, although, as shown in B13, these
features may still be evident even at inclinations as high as81� .

Wavelength of observation. The in
uence of dust and star formation on
spiral galaxy morphology has a strong wavelength dependence (Fig. 2.2).
The blue (B ) band, the historical waveband of galaxy classi�cation studies,
is sensitive to reddening and extinction by dust, and to the hot blue stars
associated with star-forming regions. As wavelength increases fromB to
the near-infrared (IR), the dust becomes more transparent,reddening and
extinction are reduced, and the in
uence of star-forming regions diminishes,
giving spiral galaxies a smoother appearance in the red and near-IR.
However, a curious thing happens in the mid-IR. In this wavelength domain,
the ultraviolet energy absorbed by dust grains in star-forming regions is
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Fig. 2.2. NGC 5364 in two passbands. TheB -band emphasises dust and star
formation, while the I -band is less sensitive to dust and emphasises an older, more
smoothly distributed stellar population.

re-emitted strongly, and is already evident at 3.6� m by the return of the
prominence of star-forming regions even as the extinction diminishes to only
5% of that in the V-band. As is shown in Lecture 3 (Section 2.6), 3.6� m
galaxy morphology is astonishingly similar to B -band morphology, absent
the e�ects of extinction and reddening.

Total mass and luminosity. Figure 2.3 shows the strong dependence
of galaxy morphology on total mass and luminosity. M 81 is a giant
spiral having a B -band absolute magnitude of� 21:1 and shows extremely
organised and well-developed high-surface brightness structure. DDO 155, a
dwarf having M o

B = � 12:1, is in contrast a very small, low surface brightness,
irregular-shaped galaxy. Van den Bergh (1960a,b) and Sandage & Tammann
(1981) e�ectively used such di�erences to de�ne galactic luminosity classes
(van den Bergh 1998; dVA; B13).

Environmental density, interaction, and merger history. The strong
correlation between environmental density and galaxy morphology was �rst
described by Hubble & Humason (1935) and studied in greater detail by
Dressler (1980). The morphology-density relation, as it iscalled, is such that
denser environments like rich galaxy clusters have a preponderance of early-
type (E, S0) galaxies compared to lower-density environments (Fig. 2.4).
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Fig. 2.3. The e�ect of luminosity on B -band morphology, comparing the giant
spiral M 81 with the nearby dwarf irregular DDO 155 (shown on the same scale in
the lower-left panel).

Even in lower-density environments where spirals are abundant, such as
the Virgo cluster, morphology can show evidence of an interaction with
the intra-cluster medium (e.g., Koopmann & Kenney 2004; seeLecture 4,
Section 2.7).

Star formation history. Galaxies that formed all of their stars many Gyr
ago tend to look very di�erent from those that did not. Galaxie s which
are not currently forming any stars are redder, smoother, more centrally
concentrated, and more symmetric than those which are. The bluest normal
galaxies are Magellanic spirals and irregulars.

Lookback time. Morphology can be signi�cantly a�ected by the lookback
time to a galaxy. When the redshift is high, the lookback time can be so
great that we see an early phase of morphological evolution.Galaxies tend



Galaxy morphology 161

Fig. 2.4. A high-density environment like the central region of the Coma cluster
is rich in early-type galaxies, while spirals are more prevalent in less dense
environments. The Analysis of the Interstellar Medium in Isolated Galaxies
(AMIGA) project is described by Verdes-Montenegro et al. (2005).

to have more irregular shapes and relatively small linear sizes forz � 1 (see
B13 and Lecture 4, Section 2.7).

2.3 Historical overview

Galaxy morphology became evident when large and e�ective telescopes
began to be used to observe the sky. In the late 18th century, English
astronomer William Herschel built 18.7 in speculum metal re
ectors which
he used to `sweep' the sky for anything out of the ordinary, such as `nebulae'.
Herschel and those who followed him saw di�erent kinds of nebulae: those
that appeared to lie within the band of light called the Milky Way (`galactic
nebulae'), and those which were found mainly away from the Milky Way
(`non-galactic nebulae'). For a while, all types of nebulaewere thought to
be distant but unresolved stellar systems, a popular but largely speculative
idea at the time. Prior to the 1870s, all illustrations of nebulae were visual
sketches based on what was seen through an eyepiece. One of the most
detailed early sketches was that of M 51 made by Herschel's son John in the
1820s (Hoskin 1982).

The non-galactic nebulae seen by Herschel had a variety of interesting
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shapes, ranging from round to highly elongated, and showed varying degrees
of central brightness. Herschel invented a simple descriptive classi�cation of
these objects based on brightness, size, shape, and centralconcentration.
This approach was also used by John Herschel to describe all nebulous
objects compiled to the 1860s (Herschel 1864).

Even though the Herschel telescopes could reveal thousandsof non-
galactic nebulae, the �ner details of galaxy morphology were largely elusive.
Galaxy morphology `came alive' in 1845 when William Parsons, 3rd Earl of
Rosse, observed nebulae with a much larger telescope, the 1.8 m `Leviathan
of Parsonstown'. This telescope was constructed on the grounds of Birr
Castle in central Ireland, and was the largest telescope in the world for
nearly 75 years. The Leviathan observations are replete with visually seen
details of galaxy morphology, and from the sketches that were made, one
can tell that the observers had seen spiral arms, bars, rings, dust lanes,
star-forming regions, tidal features, even Magellanic barred spirals. In the
extensive set of notes published by the 4th Earl (Parsons 1880), one can
determine that spiral structure was seen in 75 `nebulae' later found to
be galaxies. Figure 2.5 shows what could be viewed as the �rstgalaxy
morphology atlas: a compilation of Birr Castle Leviathan sketches made by
a variety of observers.

Although the Leviathan of Parsonstown was the most powerfultelescope
of its day, it was not capable of guided photography and therefore could not
get long exposure images of things like spiral nebulae. Nebular photography
became possible in the 1880s with the availability of silverbromide dry
emulsion plates and telecopes designed for accurate guiding. Isaac Roberts
(1829{1904) obtained in 1888 the �rst long-exposure photograph of the
Andromeda Nebula, which �rst revealed the spiral structure in the faint
outer parts of the nebula (Roberts 1893). As the number of plates
accumulated, the �rst classi�cation systems emerged. Max Wolf (1863-
1932) published a simple system of letters to describe 17 di�erent types
of non-galactic nebulae, ranging from amorphous inclined types to patchy,
well-developed spirals (Wolf 1908). This system was used over a period of
30 years by a number of well-known nebular researchers, including Hubble
who thought it was a useful temporary system until accumulation of more
data allowed something better to come along.

A big photographic survey described by Curtis (1918) helpedset the stage
for the Hubble classi�cation system. Photographs of hundreds of nebulae,
galactic and non-galactic, were taken over a nearly 20-yearperiod with the
the 36 inch Lick Crossley re
ector by, in addition to Curtis, well-known
photographers James E. Keeler and Edward E. Barnard. The main speci�c
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Fig. 2.5. The �rst galaxy morphology atlas, based on visual sketches made with
the Birr Castle `Leviathan' (Parsons 1880).

galaxy morphology Curtis recognised was `� -type spirals', later renamed
barred spirals by Hubble (1926). Curtis believed all non-galactic nebulae
were spirals and that any that didn't look spiral would eventually be found
to be such. Hubble (1922) disputed this conclusion; he notedthat genuine
bright but de�nitely non-spiral non-galactic nebulae existed. After obtaining
and inspecting many available plates, Hubble (1926) published a new
classi�cation system to replace the Wolf (1908) system. This system placed
galaxies on a sequence ranging from amorphous elliptical-shaped objects to
well-developed, patchy-armed spirals. The spiral part of the sequence was
split between non-barred (`normal') and barred spirals. However, Hubble
believed that his 1926 system was 
awed because the transition from the

attest-looking E galaxies to Sa spirals looked too sharp tobe real. He
hypothesised that there had to be armless but highly 
attened disk-shaped
galaxies in the transition from types E to Sa. This was shown in his famous
`tuning fork' illustration in his book, The Realm of the Nebu lae, published
in 1936 (Fig. 2.6, left). It is thought that Hubble was inspir ed to illustrate
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Fig. 2.6. The original Hubble (1936) `tuning fork' classi�cation (left) , and a
schematic of the revised tuning fork outlined in the Hubble Atlas (Sandage 1961;
Buta et al. 2007).

his classi�cation this way because this is how Sir James Jeans illustrated it
in his 1928 book,Astronomy and Cosmogony(Block et al. 2004). Sandage
(2005) has also noted that the arrangement of galaxies on a sequence ranging
from amorphous to highly structured spirals was outlined independently by
Reynolds (1920), but never referenced by Hubble.

Hubble had planned to revise his classi�cation system further but died
before completing it. Allan Sandage used Hubble's notes to prepare
the monumental Hubble Atlas of Galaxies(Sandage 1961). This �rmly
cemented Hubble's ideas into astronomy. Inclusion of S0 galaxies, as well
as splitting each tuning fork prong into ringed and non-ringed varieties,
made the classi�cation more complicated. Van den Bergh (1976) commented
that the addition of S0s destroyed the `simple beauty' of the original
1926 classi�cation. The revised Hubble-Sandage (RHS) system was later
expanded and further revised in theCarnegie Atlas of Galaxies(Sandage &
Bedke 1994).

S0 galaxies, probably the most enigmatic type in the whole Hubble
sequence, are thoroughly described in the Hubble Atlas and Carnegie Atlas.
An excellent example of an S0 is NGC 2784, shown in Fig. 2.7, while the RHS
classi�cation of S0s is summarised in Fig. 2.8. The three main components
of an S0 are thenucleus, the lens, and the envelope. A lens is a distinct
feature that appears as a well-de�ned region having a shallow brightness
gradient interior to a sharp edge. The enhancement can be very slight as in
NGC 2784, or more distinct as in NGC 1411 (Fig. 2.8, top middle). The RHS
subclassi�cation of nonbarred S0s, S01, S02, and S03, depends on structure
di�erentiation, while that for barred S0s: SB0 1, SB02, and SB03, is based on
the development of the bar. The di�erences between nonbarredand barred
S0s are important. For example, dust rings are a common feature of type
S03, while they may not factor in at all in type SB0 3.



Galaxy morphology 165

Fig. 2.7. NGC 2784 displays the main elements { nucleus, lens, and envelope, that
de�ne an S0 galaxy (Sandage 1961).

Fig. 2.8. These galaxies show the main S0 galaxy categories descibed inthe Hubble
and Carnegie atlases of galaxies.
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Around the same time as the Hubble Atlas was being prepared, W.W.
Morgan (1906-1994) proposed a classi�cation system that combined galaxy
form with stellar population de�ned by (Morgan 1958):

(a) population group: a, af, f, fg, g, gk, k for dominant spectral types A, AF, F,
FG, G, GK, and K. This is estimated solely from central concentration;

(b) form family : S (spirals), B (barred spirals), E (ellipticals), I (irregulars), D
(like S0s), plus others;

(c) inclination class 
attening index.

In Fig. 2.9, a Morgan sequence of population groups, based on
classi�cations from Morgan (1958) and illustrated using SDSS colour images,
shows the e�ectiveness of his approach. The sequence a through k is a
colour sequence from bluish to yellow-orange. The system did not have
the impact that Hubble's did, perhaps because the population groups were
closely analogous to Hubble types Sa, Sb, and Sc. For example, in Fig. 2.9,
NGC 3389 (type aS4) is Hubble type Sc, NGC 3583 (type fgS4p) isHubble
type Sb, and NGC 4260 (type gkB4) is Hubble type Sa.

The most recognisable and important of Morgan's form classes is the cD
galaxy, a supergiant version of the D form family found in the centres of
rich clusters (Fig. 2.10). These objects, also known as `brightest cluster
members', were extensively studied by Schombert (1986, 1987, 1988).

In 1953, non-Palomar �rebrand Gerard de Vaucouleurs (1918-1995)
carried galaxy morphology into the southern hemisphere, developing his own
interpretation of the Hubble-Sandage classi�cations on the way. Figure 2.11
shows de Vaucouleurs's (1959) `classi�cation volume' (theVRHS, or `three-
pronged swirling two-handled tuning fork'). The long axis de�nes the
`stages' E, E+ , S0� , S0o, S0+ , S0/a, Sa, Sab, Sb, Sbc, Sc, Scd, Sd, Sdm,
Sm, Im.

De Vaucouleurs viewed galaxy morphology as a continuous sequence of
forms. He was also artistically talented and made a sketch (see Kormendy's
contribution, this volume) of a cross-section of his classi�cation volume
in 1962. The sketch shows the arrangement of families (apparent bar
strength) and varieties (presence or absence of an inner ring) near stage
Sb. Families and varieties can be thought of as continuous secondary traits
(de Vaucouleurs 1963); Fig. 2.12 shows the use of the underline notation for
these characteristics.

The stage is the primary dimension of the VRHS. Elliptical galaxies
are amorphous systems with a smoothly declining brightnessgradient
(Fig. 2.13). They are not disk-shaped. Elliptical galaxieshave two VRHS
stages: E and E+ . The number after the letter E, as in E2, is the 
attening
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Fig. 2.9. Examples of the stellar-population/form class classi�cation of Morgan
(1958).

Fig. 2.10. The Morgan cD class of supergiant galaxies.
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Fig. 2.11. The de Vaucouleurs (1959) revised Hubble-Sandage classi�cation system.

Fig. 2.12. Family and variety in the VRHS as continuous characteristics (from B13).
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Fig. 2.13. An elliptical galaxy (E) and a `late elliptical' galaxy (E + ).

index n = 10(1 � b=a), a numerical speci�cation of how elliptical the galaxy
is. The En sequence is not, however, physically signi�cant. Type E+ is a
transition stage to the S0 class. These are E-like galaxies showing slight
traces of di�erentiated structure, usually subtle evidence of lenses or faint
outer envelopes. Type E+ has also been used by de Vaucouleurs as a `home'
for Morgan cD galaxies.

In the VRHS, S0 galaxies have three stages: S0� , S0o, and S0+ , in a
sequence of increasing structure. Type S0� generally has barely
di�erentiated structure, often in the form of subtle lenses. Type S0o tends
to have stronger lenses and is more obvious as an S0. Type S0+ often has
well-de�ned ring structures, both inner and outer, but can also have subtle
spiral structure. Types such as SB(r)0o and SB(s)0+ are possible, as are
SAB types. Note that this sequence is based on development ofstructure
and NOT on bulge-to-total luminosity ratio.

In the VRHS, spirals have 9 stages: S0/a, Sa, Sab, Sb, Sbc, Sc,Scd,
Sd, Sdm, and Sm. These are still recognised using Hubble's three criteria:
the relative size of the bulge, the degree of openness of the spiral arms,
and the degree of resolution of the arms into knots. Small-bulge early-
type galaxies, especially barred spirals, are the biggest violators of these
rules. The VRHS introduces extreme late-type spirals: Sd, Sdm, and Sm,
to the Hubble sequence. Figure 2.14 shows how well these types �t into the
sequence with clear, easily distinguishable characteristics. The intermediate
spiral types (like Sab, Sbc, etc.) are almost as common as themain
types. The most common spirals in magnitude-limited samples are of types
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Fig. 2.14. Examples of the S0 and spiral stages along the VRHS sequence.

Sb{Sc. A special hallmark of the VRHS is the recognition of the Magellanic
Clouds as extreme late-type barred spirals of the type SB(s)m that show
a characteristic one-armed asymmetry and o�set bar (de Vaucouleurs &
Freeman 1972). Magellanic irregulars form the last major stage along the
VRHS, and are often barred (i.e., classi�ed as type IBm or IB(s)m, implying
a subtle spiral variety). Examples highlighting the S0, spiral, and irregular
sequences are shown in Fig. 2.14.

Spiral and S0 stages are still recognisable in edge-on galaxies, but Fig. 2.15
shows one case that is distinctive. NGC 3115 is an original Hubble E7 type
that was reclassi�ed as type S01 in the Hubble Atlas. It is now recognised
as an S0 with a `thick' disk, although it looks more like an E galaxy with
an embeddeddisk (Fig. 2.15).

The outer ring classi�cation is the �nal original dimension of the VRHS.
Closed outer rings are symbolised by (R) preceding the othertype symbols.
The hallmark of VRHS classi�cations is the recognition of outer pseudorings
(R0) made of variable pitch angle outer spiral arms. Examples are illustrated
and described in Lecture 2 (Section 2.5).

The genesis of a galaxy classi�cation is shown in Fig. 2.16. The main
features of the galaxy are labelled and its basic type is (R)SAB(r)0/a.
However, its bulge is inconsistent with the type S0/a as is often the case
for early-type barred galaxies.

The VRHS has had some additions and revisions in recent years. For
example, inner and outer lenses were added to the classi�cation by Buta
(1995) using notation suggested by Kormendy (1979). Inner lenses are found
roughly in the same location as inner rings, while outer lenses are found
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Fig. 2.15. Edge-on S0 galaxy NGC 3115 (V -band).

where outer rings often are seen. Figure 2.17 shows that there is a morpho-
logical continuity between rings and lenses, and one possible interpretation
is that some lenses are highly evolved former star-forming rings.

The e�ect of total mass and luminosity on galaxy morphology was char-
acterised by van den Bergh (1960a,b) in terms ofluminosity classes. (An
illustration of the luminosity class standards, van den Bergh 1998, is given
in B13). The classes are applicable only to intermediate to late-type spirals
and are analogous to those used in stellar spectral classi�cation: luminosity
class I: supergiant spirals; II: bright giant spirals; III: giant spirals; IV: sub-
giant spirals; and V: dwarf spirals and Magellanic irregulars. The main idea
is that more luminous spiral galaxies have the most well-organised structure
(Fig. 2.3). In massive, luminous spirals, the structure is more symmetric
and more ordered. In lower-mass spirals, the structure is more chaotic; in
fact, in dwarfs the spiral structure can be so weak or absent that surface
brightness is used as the criterion of luminosity classi�cation.

Dwarf galaxies in the Virgo cluster were the subject of an exceptional
study by Binggeli et al. (1985). The main types of dwarfs classi�ed by these
authors are: cE - compact ellipticals; dE - dwarf ellipticals; dE,N - nucleated
dwarf ellipticals; dS0 - dwarf S0s; dS0,N - nucleated dwarf S0; BCD - blue
compact dwarf; and `large dE' or large dwarf ellipticals (all illustrated in
B13). If the dEs and dS0s were actually dwarf versions of normal E and S0
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Fig. 2.16. Classi�cation of NGC 3081.

galaxies, their existence would widen the parameter space at the left end of
the VRHS. However, recent studies have indicated that dEs and dS0s are
likely not connected to actual E or S0 galaxies but to Magellanic irregulars.
Kormendy & Bender (2012) have suggested that dEs and dS0s areenviron-
mentally modi�ed Magellanic irregulars, and that the true d warf members of
the E galaxy class are objects like the compact Es in Fig. 2.78. Kormendy &
Bender have proposed renaming all dE and dS0 galaxies `spheroidals'. This
connects these objects directly to galaxies referred to as `dwarf spheroidals'
and dwarf irregulars in the Local Group. Detailed studies ofLocal Group
dwarf spheroidals and irregulars reveal systems with a complex star forma-
tion history (Mateo 1998).

Dwarf spirals are a controversial subject; only a few genuine cases are
known. IC 3328, a dE, was shown to be a true dwarf spiral by Jerjen et
al. (2000). NGC 3928 was recognised as a dwarf spiral by van den Bergh
(1980). It is shown relative to the supergiant spiral UGC 6614 in Fig. 2.18.

2.4 Tuning fork controversy

The RHS and VRHS classi�cations have always had a problem with early-
type galaxies:
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Fig. 2.17. Examples showing the continuity of ring and lens morphologies. Other
examples may be found in B13.

Fig. 2.18. Dwarf spiral NGC 3928 as compared to the supergiant spiral UGC 6614.
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(a) the En classi�cation has no physical signi�cance, unlike the stage classi�cation
for spirals;

(b) the properties of S0s do not support the idea of them being a transition class
between ellipticals and Sa, SBa galaxies (van den Bergh 1976, 1998).

Van den Bergh (1976) challenged the tuning fork by followingthe sugges-
tion of Spitzer & Baade (1951; also Baade 1963) that S0s probably form a
sequence parallel to spirals, rather than being in the juncture of the tuning
fork between ellipticals and spirals. In a revised classi�cation, van den Bergh
proposed that S0s be classi�ed as a sequence S0a { S0b { S0c parallel to the
regular Hubble spiral sequence classi�cation Sa { Sb { Sc (Fig. 2.19, lower
left). In between these two sequences is a sequence of `anemic spirals': Aa {
Ab { Ac, meaning spirals whose lower than average star formation rate and
dust content implied a de�ciency of Hi gas (discussed further in Lecture 4,
Section 2.7). This view of the S0s is called `parallel sequence classi�cation'.
Although a reasonable point of view, the van den Bergh sequence did not
gain much traction at least in part because of the absence, until recently, of
any S0s than might be identi�ed as type S0c.

Several recent studies have provided strong support for theparallel se-
quence idea:

(a) Kormendy & Bender (2012): Sph galaxies & E galaxy dichotomies;edge-on
disks embedded in environmentally modi�ed Sph galaxies; S0c galaxy identi-
�ed;

(b) Cappellari et al. (2011): ATLAS 3D kinematic classi�cations;
(c) Laurikainen et al. (2011): Near-IR S0 Survey (revised view of S0 bulges and

identi�cation of some of the �rst van den Bergh S0c galaxies).

The problem with the En classi�cation was at least partly solved by Ko-
rmendy & Bender (1996) who modi�ed the Hubble E galaxy sequence to
distinguish boxy versus disky Es (Fig. 2.19, upper right). Boxy Es show
isophotes that have a negative value of the relative Fourierradius param-
eter a4=a (Jedrezjewski 1987), are more luminous, have less rotation, and
more velocity dispersion anisotropy than disky Es, which have a positive
value of a4=a. Figure 2.19 (upper left) shows two extreme examples of boxy
and disky Es where the character is evident by eye. The E(b)5 is NGC 7029
while the E(d)5 is NGC 4697.

Further studies of E galaxies revealed that galaxies classi�ed as dwarf el-
lipticals in the Virgo cluster are NOT the low-luminosity ve rsions of regular
ellipticals (Kormendy 1985; Kormendy et al. 2009). Instead, as we noted
in the previous section, dE and dS0 galaxies are the progeny of late-type
galaxies. Kormendy & Bender's (2012) reclassi�cation of these objects as
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Fig. 2.19. Two revisions of the Hubble tuning fork by Kormendy & Bender (1996,
2012). The van den Bergh (1976) parallel sequence classi�cation schematic is shown
at lower left, and several Sph galaxies are shown at lower right. All three modi�ed
tuning forks are reproduced with permission of the authors

Sph galaxies, and their suggested location in parallel sequence classi�cation
is shown in Fig. 2.19, middle. Several examples are shown in Fig. 2.19, lower
right.

Kormendy et al. (2009) carried out a very detailed study of high- and low-
luminosity E galaxies and Sph galaxies. An E galaxy dichotomy exists in
the sense that luminous Es have a `core' (an inner radial zoneof what seems
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Fig. 2.20. Atlas3D kinematic basis for parallel sequence classi�cation, from
Cappellari et al. (2011, reproduced with permission).

like `missing light', like a cone cut o� at the top), while low er-luminosity
Es appear to lack this missing light core, instead showing `extra light' in
the manner of a power-law excess. B13 shows a comparison between three
nucleated Sph galaxies and three genuine E galaxies (one of the core type,
and two of the power-law type). Although the subtle di�erences are evi-
dent directly, the distinctions are best seen in the pro�les and parameter
correlations described by Kormendyet al. (2009).

ATLAS 3D was a massive study of the detailed kinematics of 260 early-type
galaxies (Emsellemet al. 2007, 2011; Cappellariet al. 2011). Based on a
kinematic parameter, � R , Cappellari et al. (2011) independently came to
the same conclusion as Kormendy & Bender (2012): the correctplacement
of S0s is parallel to spirals. Cappellariet al. (2011) showed that the best
way to order early-type galaxies is kinematically, not morphologically. Their
proposed revision to the Hubble tuning fork is shown in Fig. 2.20.

The contribution of Laurikainen et al. (2011) to the parallel sequence
classi�cation idea involves the use of sophisticated two-dimensional photo-
metric decomposition that led to both a revised view of the signi�cance of S0
bulges (bulge-to-total luminosity ratio) and the discovery of a few genuine
S0c galaxies. This is discussed further in Lecture 3 (Section 2.6).

Note that none of this necessarily completely negates the value of tuning
fork classi�cations, because types such as En, S01, S02, S03, or E+ n, S0� ,
S0� , and S0+ are still morphologically valid visual categories. A galaxy
may be classi�ed as type SA(rl)0+ and S0b, and the two classi�cations are
more complimentary than contradictory. The same is true for the dE and
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dS0 categories. The revised tuning fork clari�es relationships between types
and, most importantly, �nds a proper `home' for the enigmati c Sph/dE/dS0
galaxies in the Hubble sequence.

The revisions to the tuning fork represent the coming to fruition of quanti-
tative and interpretive galaxy classi�cation. Quantitative morphology relies
on derived photometric or kinematic parameters to determine relations be-
tween galaxy types such as, for example, the relation between spheroidal
galaxies and Magellanic irregular galaxies, normal ellipticals and compact
ellipticals, disky ellipticals and disk galaxies, and between spirals and S0s.
Interpretive galaxy classi�cation means `with a particular idea in mind', such
as the nature versus nurture origin of S0 galaxies, or, for example, di�erent
subtypes of outer pseudorings (see Lecture 2, Section 2.5).

2.4.1 Does the continuity of galaxy morphology
imply that secular evolution must be occurring?

To some extent it probably does, but apparent continuity can be misleading.
For example, the VRHS classi�cation of S0s from featurelesssystems with
only a trace of a lens to systems with obvious rings or traces of spiral struc-
ture is clear continuity in galaxy morphology, but it does not necessarily
mean that the placement of S0s between ellipticals and spirals is correct.
The type `S0/a' automatically suggests a correct placement. Even so, some
aspects of the VRHS could imply secular evolution, such as:

(a) The smooth variation in bar strength (with numerous examples � lling the con-
tinuum of forms from SA to SB). Does this imply evolution from SB to SA or
vice-versa, or both? The simulations of Bournaud & Combes (2002)suggest
that bar destruction by increasing central mass concentration followed by bar
rejuvenation by external gas accretion could keep `apparent barstrength' as a
continuum of forms just as recognised in the VRHS.

(b) The seemingly smooth connection between rings and lenses. These features
are found in the same general locations relative to bars, and in particular the
radial pro�le of a lens can be very much like a ring of lower contrast ona
steeply declining background [e.g., the lens of NGC 1553 (Kormendy 1984); as
compared to the bright stellar inner ring of NGC 7702 (Buta 1991; see Fig. 20
of Buta & Combes 1996)]. Do lenses simply represent the dissolution of bars
or bar-like features, or could many lenses be di�used (highly evolved) former
rings? The latter could follow from the mere existence of inner, outer, and
nuclear lenses in the same manner as inner, outer, and nuclear rings. Never-
theless, the virtually one-to-one connection between the sizes ofbars and the
diameters of inner lenses still suggests, as noted by Kormendy (1979), that such
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lenses formed by bar dissolution. A study of lens colours would aid greatly in
further establishing these connections.

(c) The smooth variations in ring morphologies, ranging from completely closed
features to no ring at all, with a continuum of `pseudorings' in between. Does
this mean that pseudorings evolve secularly into closed rings? Does italso mean
that a galaxy with no ring could eventually become ringed? Even the simplest
numerical simulations, such as those of Schwarz (1981, 1984a), Simkin et al.
(1980), and Byrd et al. (1994), suggest that it might be possible for gravity
torques acting on spiral segments to evolve a pseudoring patternand eventually
close it. It is not clear from such simulations, however, that pure (s)-variety
spirals could evolve into pure (r)-variety spirals. Such evolution could depend
on the evolution of the bar pattern speed as well.

(d) The smooth variations in morphology along the spiral type sequence. Could a
spiral evolve along this sequence? Could it do this without also evolvingalong
the family and variety dimensions of the VRHS? Stage evolution is perhaps the
most important question we could ask about secular galaxy evolution, because
it brings us into the realm of bulge formation and evolution. If many bulges are
built up by secular movement of disk material (as opposed to multiple mergers),
then secular evolution from late-to-early would indeed be possible (KK04). A
big question is, how many `steps' in stage could a galaxy evolve in this way
during a Hubble time? I did not discuss `pseudobulges' during my actual
lectures since these were covered in some detail by Kormendy (thisvolume),
but in the next set of notes I will describe the morphologies of such bulges.

2.5 Lecture 2: Barred and spiral galaxies

In my second lecture I would like to introduce the important morpho-
logical and evolutionary issues connected with bars and spirals in galax-
ies. Although related morphologically, bars are often considered as major
dynamical components of galaxies, while spirals are seen asfeatures possibly
driven by bars (e.g., Kormendy 1979; Kormendy & Norman 1979). Even so,
a signi�cant fraction of normal galaxies are unbarred and still spiral. The
role of bars and spirals in secular evolution of galaxies is clearly important.

Barred galaxies can be considered `the ultimate' in galaxy morphology, by
which I mean they have some of the most organised structures known. This
is shown by the examples in Fig. 2.21. In these galaxies the bar is obviously a
major perturbation, and one of the �rst questions we may ask is, how many
galaxies are barred? A large number of studies have examinedthis question,
often focussing on infrared observations since these penetrate dust and make
some obscured bars more visible. One such study by Eskridgeet al. (2000)
found the following: from H -band (1.65� m) images of 186 bright nearby
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Fig. 2.21. The bars in these galaxies are stronger than average andeach shows
characteristics, such as the presence of a `pseudobulge', that suggest secular
evolution has occurred.

galaxies, 56% were visually classi�ed as `strongly barred', 16% were classi�ed
as `weakly barred', and 27% were `unbarred'. Although it seems that strong
bars are more common than weak ones, this is an illusion. An optically clas-
si�ed SA galaxy may show a weak bar in the IR and get a new classi�cation of
SAB, and an optically classi�ed SAB galaxy may show a more prominent bar
in the IR and get classi�ed as SB. However, even though the barof an opti-
cally classi�ed SB galaxy may also look stronger in the IR, ithas no new clas-
si�cation bin to be placed in. Thus, IR imaging does not really change the
rankings of bars. All bars in spirals at least look stronger in the IR, and the
rankings (what is actually strong and what is actually weak) remain about
the same. From many studies (see Butaet al. 2010b for a recent summary),
and including both SAB and SB types, the bar fraction ranges from 50-70%.

Bars are characterised by their di�erent morphologies and non-elliptical
shapes. A typical normal bar in an early-type galaxy has two sections: a
broad inner zone, and narrower ends (e.g., NGC 4314 in Fig. 2.22). The
inner zone can be round or elliptical and can be mistaken for alarge bulge.
The broad section is not seen in late-type galaxies generally (e.g., NGC 4731
in Fig. 2.22). Athanassoula et al. (1990) �tted generalised ellipses to the
isophotal shapes of early-type galaxy bars and demonstrated the typical
boxy character of these features. In early-to-intermediate-type galaxies, bars
are made of an old stellar population, while in very late-type galaxies, bars
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Fig. 2.22. NGC 4314 shows the characteristic features of an early-type galaxy bar,
including the broad inner zone and the boxy narrow ends, while NGC 4731 shows
a typical late-type galaxy bar which lacks a broad zone and has a much younger
stellar population.

can include a much younger stellar population. These characteristics are
well shown by the examples in Fig. 2.22.

In an ansae-type bar, the broad inner zone and the bar ends maybe sep-
arated or at least more distinct (Fig. 2.23). Ansae bars are found in 40% of
early-type barred galaxies (Mart��nez-Valpuesta et al. 2007) and are very rare
in later types. Even so, exceptional examples of ansae in intermediate-type
spirals are known, such as the SBb galaxy NGC 5375 shown in theupper left
frame of Fig. 2.23. Particularly intriguing, and not really well understood, is
the variety of ansae morphologies seen in early-type barredgalaxies. Some
are roundish spots, others are relatively linear enhancements, while still oth-
ers are narrow arcs that appear to blend into an inner ring or lens. In colour
SDSS images or colour index maps like that shown for NGC 7098 in Fig. 2.23,
ansae are seen to be made of old stars, although NGC 4151 provides a counter
example where the ansae are blue and irregular due to star formation.

What are the three-dimensional shapes of ansae? The galaxy NGC 4216
(Fig. 2.24) shows a boxy bulge with bright enhancements thatlook like ansae
in a 3.6� m image. If this is what the enhancements are, then it appears
that ansae are 
atter than the inner sections of bars.

The appearance of ansae, and the existence of many bars whichdo not
have them, suggests a possible interpretation of the features in terms of sec-
ular evolution (Fig. 2.25). We can ask: are ansae bars merelya distinct type
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Fig. 2.23. Colour SDSS images of three galaxies with ansae-type bars, and a colour
index map of one, that shows how ansae are often made of an old stellar population
but can include young stars, as in NGC 4151. TheB � I colour index map of
NGC 7098 is coded such that bluer features are dark and redder features are light.

of bar, related to some aspect of bar formation, or is there a process that
changes a normal bar (e.g., as in NGC 4608) into an ansae bar (e.g., as in
NGC 2859)? Can this process separate the two parts of a normalbar and
eventually stretch the ansae into arcs?

Ovals are broad, bar-like features having little Fourier amplitude above
m=2, as shown by the example in Fig. 2.26. Other examples are illustrated
by KK04 and B13. The e�ect of an oval on galaxy morphology can besimi-
lar to that of a conventional bar (KK04). The similarity betw een some oval
galaxies and SB galaxies with outer rings suggests that the oval is driving
ring formation in the same manner as a bar would. The oval is a bar-like
feature sitting in the same place where a bar and an inner ringwould be.
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Fig. 2.24. In this 3.6� m image, the nearly edge-on Sb spiral NGC 4216 shows likely
ansae (arrows) 
anking an inner boxy zone.

Fig. 2.25. Possible scenario of secular evolution where a full bar evolves to where
the broad inner zone and the ends separate.

When a bar or an oval is viewed at an angle intermediate between end-
on and broadside on, the isovelocity contours bend towards the bar as in
NGC 6300 (Buta 1987). Similar bending can be used to identifyan oval in
an inclined galaxy (KK04).

Boxy or X-morphologies (Fig. 2.27) are commonly seen in edge-on disk
galaxies. Considerable evidence supports the idea that these features are
simply the projections of the vertical structure of bars (Bureau & Freeman
1999; Bureau & Athanassoula 1999; Athanassoula & Bureau 1999). How-
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Fig. 2.26. Deprojected blue light image of NGC 4941, an outer-ringedgalaxy with
a prominent inner oval disk.

ever, X-morphologies can also be seen in galaxies inclined less than 50o, e.g.,
IC 5240 (Buta et al. 2007, see Fig. 2.27, lower right) and IC 4290 (Buta &
Crocker 1991). In such cases, the boxy/X-morphology a�ects only the broad
inner section and not the narrower ends, another argument infavour of the
ends of bars being 
atter than their middle sections.

Barred galaxies are well-known for their ring morphologies. The bar usu-
ally �lls one dimension of an inner ring, as in NGC 2523 and NGC1398
(Fig. 2.28). The inner ring of NGC 1398 especially shows a tight spiral
morphology that is mostly distinct from the rest of the galaxy's extensive
spiral structure.

Outer rings (R) are usually about 2{2.5 times the size of an inner ring/bar.
Usually there is only one (R), but very rare cases have two (Fig. 2.29).
The stellar populations in outer rings are potentially very interesting. In
NGC 2273, the two outer rings are smooth and both may be characterised
mostly by an older stellar population. However, the double outer ring in
NGC 1211 has a population dichotomy that is well shown in an SDSS colour
image (Fig. 2.30). The outer outer ring is blue while the inner outer ring,
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Fig. 2.27. Examples of edge-on and non-edge-on X-galaxies.

the inner ring, the bar, and the bulge are de�ned by a much older and redder
stellar population. The suggestion is that the outer outer ring is a recent ac-
quisition, possibly an accretion feature where the material from a disrupted
companion has settled into the disk plane of a host (R)SB(rl)0+ galaxy. Al-
ternatively, NGC 1211's outer structure may be related to what Buta (1995)
referred to as an `R1R0

2' morphology, or double outer ring/pseudoring (Buta
et al. 2007). These also can show a population dichotomy with the R1 com-
ponent being redder and made of older stars than the R02 component. This
kind of morphology has been linked to the outer Lindblad resonance, and is
described further later in this lecture.

The outer spirals in barred galaxies often have variable pitch angle and
close into what de Vaucouleurs referred to as an outer pseudoring, (R 0).
These features are most common among early- to intermediate-type spirals
(Buta & Combes 1996). The morphologies of these features aredistinctive
enough to merit special attention, as shown by the R1R0

2 morphology. This
is also discussed later in this lecture.

Rings are likely products of secular evolution in galaxies,in the following
sense. As reviewed by Buta & Combes (1996), the best interpretation of
barred galaxy rings is that they form by gas accumulation at resonances,
under the continuous action of gravity torques due to the bar. In the pres-
ence of a bar potential, gas clouds try and settle into the parent orbits of the
potential, but cannot do so without crossing other orbits. This leads to a
spiral that slowly can be torqued into rings near orbital resonances (Schwarz
1981, 1984a).

The resonance idea is not the only interpretation of barred galaxy rings
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Fig. 2.28. NGC 2523 and NGC 1398, two galaxies with conspicuous innerrings.

Fig. 2.29. Two galaxies with conspicuous outer rings.

that has been put forward (see summary in B13 and also Athanassoula, this
volume), but it makes a number of predictions with respect to morphology
that are easily testable. To do so, we need to �nd a reliable way to judge the
intrinsic shapes and orientations of inner and outer rings.The way this can
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be done is to obtaindistributions of apparent axis ratios and relative bar-ring
position angles, and then to model these distributions under the assumptions
of random orientations of the disk planes and zero vertical thickness. The
latter assumption is not unreasonable given that rings in spirals are often
zones of active star formation.

The Catalogue of Southern Ringed Galaxies (CSRG, Buta 1995)was
designed to evaluate the intrinsic shapes and orientationsof inner and outer
rings in this manner. Inner SB rings are oval with intrinsic axis ratio
hqoi = 0.81� 0.06 and are aligned parallel to the bar (Fig. 2.31, left panel).
The velocity �eld of the nearby galaxy NGC 1433 (Buta et al. 2001) beau-
tifully demonstrates this characteristic alignment. The large inner ring in
this galaxy has qo = 0.63, much more elongated than average. The velocity
�eld betrays this shape by a kinematic line of nodes that is nearly along the
minor axis of the ring. Bars may also under�ll an inner ring or pseudoring,
as in NGC 7098 (Fig. 2.31, right panel). Bars generally do notover�ll inner
rings, making H. Curtis's `� -type' characterisation not quite appropriate.

Although parallel alignment is clearly the `rule' for SB inner rings, mis-
alignments are sometimes seen. These are recognised in nearly face-on galax-
ies as clear cases of inner pseudorings crossed at a large angle by a bar. A
kinematically con�rmed example is ESO 565-11 (Fig. 2.31, middle panel; see
Buta et al. 1995a). Other likely examples are NGC 309 (Sandage 1961) and
CSRG 1052 (Buta 1995).

ESO 565-11 is such an extreme case that it suggests a possibleevolutionary
e�ect. The galaxy is not only a misaligned bar-inner ring system, but also a
misaligned bar-oval system, because the inner pseudoring lies around the rim
of a massive oval, from which stellar outer arms emerge. Since long-term,
stable misalignment of massive nonaxisymmetric components is unlikely, the
suggestion is that the bar of ESO 565-11 is relatively new, and that it formed
within a pre-existing oval that itself is a remnant of a past bar episode.
Evidence in support of this idea is the presence of the large and very unusual
nuclear ring (Buta et al. 1999). The extreme elongated shape and size of
this feature (more than 3 kpc in radius) are likely indicators of its youth.

For SB outer rings/pseudorings, statistics favorhqoi =0.82� 0.07 and both
parallel and perpendicular alignments (Buta 1995). The di�erent align-
ments are shown with deprojected inner rings in Fig. 2.32. Ineach, note the
exclusive parallel alignment of the inner rings in the same galaxies.

Nuclear rings (nr) are found well inside bars (Fig. 2.33). Nuclear rings
average 1.5 kpc in diameter, and have roughly circular intrinsic shapes and
a morphology that can be shaped by dust. According to Knapen (2005) and
Comer�on et al. (2010) nuclear rings are found in 20% of galaxies in the type
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Fig. 2.30. NGC 1211, a double outer-ringed galaxy with an obvious stellar
population dichotomy.

range S0� to Sd. Figure 2.34 shows two results from Comer�onet al. (2010):
that nuclear rings have a wide range of linear diameters, from 200 pc to
several kpc, and that stronger bars tend to host smaller nuclear rings, while
weaker bars can host small and large rings. The connections between bars
and the properties of nuclear rings are discussed further inKnapen (2010).

Found in the same area as nuclear rings are nuclear (secondary) bars (nb)
(Fig. 2.35). According to Erwin (2004, 2011), double bars are found in � 20%
of S0-Sb galaxies. The sense of a nuclear bar, tipped ahead of(leading) or
behind (trailing) a primary bar can be judged from the sense of winding of
spiral arms (assumed to be trailing). The existence of both types of nuclear
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Fig. 2.31. Intrinsic inner ring shapes and orientations in barred galaxies.

Fig. 2.32. Intrinsic outer ring and pseudoring shapes and orientations in barred
galaxies, as compared with deprojected images.

bars argue that these features have a di�erent pattern speed from the pri-
mary bar. Erwin (2004, 2011) shows that alignments between nuclear and
primary bars are random (Fig. 2.36), and Corsini et al. (2003) �nd direct
kinematic evidence for it in NGC 2950.

In terms of secular evolution, nuclear rings are in a di�erent domain from
inner and outer rings. Outer rings are thought to have a long timescale
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Fig. 2.33. Two barred galaxies with nuclear rings.

Fig. 2.34. Two graphs from Comer�on et al. (2010, reproduced with permission)
showing the wide range of linear sizes of nuclear rings and the sensitivity of relative
ring size to relative bar torque strength Qg.

(requiring more than a few Gyr to form; Schwarz 1981; Rautiainen & Salo
2000), while nuclear rings, being much closer to the centre,have a timescale
of only a few times 108 years (Combes 1991). Only nuclear rings are prone
to extreme bursts of star formation. The presence of a nuclear bar inside
a star-forming nuclear ring (as, e.g., in NGC 6782) should produce gravity
torques that could evolve the central regions (Shlosmanet al. 1989). Also,
the coexistence of nuclear, inner, and outer rings, each with a very di�erent
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Fig. 2.35. Two barred galaxies with secondary or nuclear bars. The one in
NGC 6782 is tipped behind the primary bar and is called trailing, while the one in
NGC 1291 is tipped ahead and called leading. Schematics are from Buta& Crocker
(1993a).

time scale, in the same galaxy, suggests a persistent means of funnelling gas
towards the central regions.

2.5.1 Quantifying bar strength

One of the major goals de Vaucouleurs had during his long career was to
�nd ways of quantifying the three dimensions of the VRHS. He imagined
setting the stageT = f (colour, surface brightness, Hi content, etc.), where
f is a numerical function of measured parameters, each of which correlate
individually with stage but with a large scatter. However, no e�ective way
of doing this was ever really found.T is still best estimated visually. In con-
trast, there is more than one way of reliably quantifying bars. Doing this
would be useful for several reasons: (1) to judge the actual signi�cance of a
bar within its disk; (2) to examine the connection between bars and spirals
(e.g., we can ask: do the former `drive' the latter?); and (3)to investigate
how measureable properties of bar-associated features like rings correlate
with bar strength.

Relative Fourier intensity amplitudes can quantify the lig ht perturbation
e�ectively. Two examples involving early-type barred galaxies are shown
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Fig. 2.36. The schematic at left shows the de�nitions of the terms `leading' and
`trailing' as applied to nuclear bars in terms of the sign of the angle� (Buta &
Crocker 1993a). The graph at right shows the distribution of � values for a large
sample of secondary bars from Erwin (2004, reproduced with permission).

in Fig. 2.37. A2 is the maximum of the relative m = 2 Fourier amplitude
I 2=I0. The amplitudes are derived from a Fourier expansion of the brightness
distribution:

I (R; � ) = I 0(R) + � 1
m=1 I m (R)cos[m(� � � m (R))] : (2.1)

With such an expansion, the sine and cosine amplitudes are derived as

I mc(R) = 2 < I (R; � )cos(m� ) >

I ms(R) = 2 < I (R; � )sin(m� ) >

I m (R) =
q

I mc(R)2 + I ms(R)2

� m (R) =
1
m

tan � 1(
I ms(R)
I mc(R)

): (2.2)

An important �nding from Buta et al. (2006) is the single and double Gaus-
sian forms of the radial variations of I m=I0 for some galaxies, especially
early-types. The solid curves �tted to the amplitudes of the two early-type
examples (Fig. 2.37) shows how well these representations work. The phys-
ical signi�cance of these forms is unclear; however, similar forms have been
seen in numerical simulations. For example, the relative Fourier pro�le for
NGC 1452 is similar to a `massive halo' bar model from Athanassoula &
Misiriotis (2002). Note that more complex Fourier pro�les are seen that can
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Fig. 2.37. Examples of single and double-Gaussian Fourier bar pro�les. (Left
frames): m = 2, 4, and 6 K s-band relative Fourier intensity pro�les and B -band
images of early-type galaxies NGC 1452 and NGC 1533 (Butaet al. 2006). (Right
frames): 3.6� m Fourier pro�les and images of NGC 3351, showing that a single
Gaussian �ts the m = 2 and 4 Fourier pro�les well.

be described as multi-Gaussian in nature, often occurring when the bar is
embedded in a massive oval.

Interestingly, single Gaussian bars are not restricted to early types like
NGC 1533. The same kind of bar is seen in the SBb spiral NGC 3351. Fig-
ure 2.37, right, showsm = 2 and 4 Fourier pro�les and their Gaussian repre-
sentations for NGC 3351. Also shown is how e�ectively this representation
removes the bar from an infrared image of the galaxy. Single Gaussian bars
appear to be the simplest type, but remain to be explained.

2.5.2 Bar strength from maximum relative gravitational torques

Another way of quantifying bar strength is to use an infrared image to trace
stellar mass and infer the gravitational potential �. Then t he bar strength
can be estimated in terms of the maximum relative tangentialforcing. Using
Fast Fourier Transform techniques (Binney & Tremaine 1987,Section 2.9),
a two-dimensional image may be converted to a two-dimensional potential
on a Cartesian grid (Quillen et al. 1994). From this potential we derive the
parameter

QT (R) =
�
�
�
�
FT (R)

F0R

�
�
�
�
max

; (2.3)
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Fig. 2.38. Derivation of Qg for NGC 6951, from Buta et al. (2003).

where FT = 1
R

@�
@� is the tangential force and F0R = @� 0

@R is the mean radial
force. This approach follows Sanders & Tubbs (1980) and Combes & Sanders
(1981).

The actual application of this method is described by Buta et al. (2007)
and highlighted in Fig. 2.38. Force ratio maps yield a `butter
y' pattern
de�ned by four `islands' of high tangential forcing. Following the maximum
of FT =F0R through each quadrant (dotted curves, lower left of Fig. 2.38),
and then averaging over the four quadrants, gives a curve like that in the
right panel of Fig. 2.38. For the actual bar strength, we take the maximum
of the average maxima, calledQg. Strictly speaking, Qg is the bar strength
only if there are no other perturbing features besides a bar,such as spiral
arms. If arms are present, thenQg can include contributions from these as
well. Buta et al. (2003) describe a Fourier-based method of separating a
bar from the surrounding spiral. This allows the true bar strength Qb to
be estimated, as well as an estimate of the spiral strengthQs. In general, if
the bar is strong compared to the spiral, thenQb � Qg, while if the spiral
is stronger than the bar, then Qs � Qg.

Although the Qg/ Qb method sounds like a physically reasonable approach
to quantifying bar strength in galaxies, it has a number of problems that
limit its accuracy. First, deriving potentials requires making assumptions
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Fig. 2.39. Examples of global SB spirals (left) and correlations of barand spiral
strength from Buta et al. (2009, bottom-right panels) and Saloet al. (2010, upper-
right panels).

about vertical thickness, and the thickness of bars may not be the same as
that of the disk. The broad inner section may be more 3D than the bar
ends. Second, since the method uses force ratios rather thanlight ratios,
the impact of the dark matter halo becomes an issue that really only can
be evaluated statistically. Finally, the method fails to di stinguish di�erent
kinds of bars. Two bars can have the sameQg value and look very di�erent.

With these caveats in mind, let us examine how the strengths of spiral pat-
terns correlate with bar strength. It is well-known that the spiral patterns in
barred galaxies are generally global in nature (Kormendy & Norman 1979).
Rare examples have 
occulent spirals instead. Figure 2.39 shows several
examples. An important question is, do the bars themselvesd̀rive' these
patterns, or are the spirals mostly independent instabilities? In an article
titled `Do bars drive spiral density waves?', Buta et al. (2009) compared
maximum relative spiral and bar torque strengths and detected a weak pos-
itive correlation. In a follow-up paper `Bars do drive spiral density waves',
Salo et al. (2010) compared local relative spiral and bar torque strengths
and found a much better correlation, con�rming the conclusion of Kormendy
& Norman (1979). This does not mean that all the spirals in barred galax-
ies are necessarily driven by the bar. As will be described inLecture 3 (see
Section 2.6), potential-density phase shift studies suggest that some spirals
are decoupled from their bars.
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2.5.3 Inner ring shapes and bar strength

As described previously, inner SB rings have a mean intrinsic axis ratio of
qo = 0.81� 0.06. However, individual cases suggest that inner rings can have
a shape over the much broader rangeqo = 0.6{1.0 (Buta 1986). Another
question we can ask is: do inner ring shapes correlate with bar strength?
Theoretically, such a correlation should exist because barstrength can de-
termine the shapes of periodic orbits, and rings are thoughtto take on the
shapes of speci�c orbits (e.g., Schwarz 1984b; Rautiainen &Salo 2000).

It is an interesting aspect of SB inner rings that the way Hii regions are
distributed around the rings is sensitive to intrinsic ring shape but not to
maximum relative bar torque strength Qg (Buta 2002; Buta et al. 2007).
Nearly circular inner rings may be found around strong bars just as highly
elongated rings are found. However, if you compare the ring radius with the
radius of the bar torque maximum, then a correlation is found. Figure 2.40
shows that a highly elongated inner ring is found when the semi-major axis
radius of the ring ar � R(Qg), the radius of the relative bar torque maximum.
In such a case, the ring essentially lies on the bar and can be considered a part
of the bar. Hii regions are seen to `bunch up' around the ends of the bar, as
in NGC 6782. In contrast, whenar > R (Qg), the bar maximum is far enough
inside the ring radius to allow the ring to be more circular, as in NGC 53.
In this case, the Hii regions are distributed more uniformly around the ring.

None of this really explains why some galaxies select one possible ring or-
bit over another. According to Schwarz (1984b), an inner ring takes on the
shape of the largest 4:1 resonant orbit that is not cusped andwhich does
not cross another orbit. However, simulated inner rings could have more
diamond-like shapes if higher-order Fourier harmonics in the bar were impor-
tant. Such a shape seems present in the inner ring of NGC 6782,and indeed
Lin et al. (2008) interpreted the shape of this galaxy's inner ring in terms of
an interaction between waves excited at the inner 4:1 resonance and waves
excited at the inner Lindblad resonance, based on hydrodynamical simula-
tions. These authors also attributed the distribution of Hii regions around
the bar ends as due to an interaction between the gas and curved shocks.

It is unclear how the shapes of inner rings might evolve over time. The
likely evolution is from a pseudoring to a ring, while a change in ring shape
might link more to changes in the bar pattern speed, which a�ects the ac-
tual location of resonances as I now describe. In a model galaxy having a
signi�cant halo and a moderately rising rotation curve, Rautiainen & Salo
(2000) found a time sequence where a highly elongated inner ring becomes
more circular.
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Fig. 2.40. How inner ring shape connects to bar torque strength. The H� images
are from Crockeret al. (1996) while the schematics are from Grouchyet al. (2010).

2.5.4 Resonances in barred galaxies

The presence of even a weak bar sets up a pattern speed 
p and resonances
in a di�erentially rotating disk. A perturbed orbit in a weak b ar potential
has this shape (Binney & Tremaine 2008):

R = Ro + C1cos[��= (
 � 
 p) + � ] + C2cos(m� )=[� 2 � m2(
 � 
 p)2]: (2.4)

The resonances are in theC2 terms and are as follows:

(a) Corotation resonance (CR): 
 = 
 p

(b) Inner Lindblad resonance (ILR): 
 � 
 p = �= 2
(c) Outer Lindblad resonance (OLR): 
 � 
 p = � �= 2
(d) Inner 4:1 resonance (I4R): 
 � 
 p = �= 4
(e) Outer 4:1 resonance (O4R): 
 � 
 p = � �= 4

where � = 2
[1 + 1
2

R



d

dR ]

1
2 is the epicyclic frequency and 
 is the circular

angular velocity.
Are these resonances detectable in real galaxies? The answer is yes, and

a variety of methods is available to detect them in both barred and spiral
galaxies. Here we are mainly interested in how these resonances might be
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Fig. 2.41. (Left): NGC 7098 with a set of parallel slits along the major axis set
up to estimate the pattern speed using the Tremaine-Weinberg method. (Right):
graph from Corsini (2011) showing the preponderance of fast bars in a sample of
mostly SB0 galaxies. Reproduced with permission.

manifested morphologically, and what their long-term impact on morphology
might be.

The most direct method of locating resonances is to apply theTremaine-
Weinberg (1984) approach, which uses the equation of continuity to estimate
the pattern speed 
 p. Along a set of slits oriented parallel to the major axis
(Fig. 2.41, left), one derives the luminosity-weighted averages of the line of
sight velocity hVi and the position hXi . A graph of hVi versushXi has the
slope 
 p sin i , where i is the inclination. Then the CR is located by using
a rotation curve to calculate how 
 varies with galactocentr ic radius. The
method has been mostly applied to SB0 galaxies to derive the parameter R,
where R = RCR =Rbar . The results have suggested that most bars in SB0
galaxies are fast withR � 1{1.4 (Corsini 2011; Fig. 2.41, right).

2.5.5 Rings and pseudorings as tracers of the bar pattern speed

Rings were tied early on to resonances in galaxies harbouring density waves.
Many rings are zones of active star formation, and in colour index maps all
ring types, inner, outer, and nuclear, can show enhanced blue colours (e.g.,
NGC 3081, Buta & Purcell 1998).

Schwarz (1981) made test-particle simulations of barred galaxies that led
to the recognition of two morphologies that should be observed near the
OLR. The �rst type involves outer arms that wind 180 o and close into a
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Fig. 2.42. Schematics of OLR morphologies and examples (from B13).

pseudoring aligned perpendicular to the bar, while the second type has arms
winding 270o and is aligned parallel to the bar. Within the limitations of
Schwarz's models, the �rst type was favoured if there was little gas outside
the OLR, while the second was favoured if there was more gas outside the
OLR. These types were searched for and found by Buta (1985, 1995), who
called the �rst type R 0

1 and the second type R0
2, implying these should

be interpreted as outer pseudorings. The argument that these features
trace the OLR was strengthened by the identi�cation of galaxies showing a
combination of these two types, called R1R0

2 by Buta (1995). In these types,
you can almost see the two families of OLR periodic orbits that Schwarz
linked to the two main types originally. The Catalogue of Southern Ringed
Galaxies (Buta 1995) includes many examples of all three categories, and
many others can be found in the GalaxyZoo database (www.galaxyzoo.org
forums). Figure 2.42 shows schematics of what are known as the `OLR
subclasses', while many examples are shown in Fig. 2.42, right, and the dVA.

Schwarz (1981) did not predict the existence of the R1R0
2 morphology.

How it might develop was shown by Byrd et al. (1994) in modi�ed Schwarz-
type simulations. These showed an evolution from R1 to R0

2, and that an
R1R0

2 morphology develops mainly in cases where the pattern speedis rel-
atively high and no inner resonances occur (Fig. 2.43). The more sophisti-
cated N -body models of Rautiainen & Salo (2000) found an almost cyclic
change between R1 and R2 morphologies, due to the presence of a slower
spiral mode in the outer disk. These authors also explained the absence of
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Fig. 2.43. High pattern speed simulations of barred galaxies from Byrd et al.
(1994), showing the evolution of ring and pseudoring patterns at the OLR.

rings as being due either to the non-existence of a required resonance (like
ILR) or, even when a resonance (like OLR) existed, to the greatly di�ering
timescales of the di�erent ring types.

The intrinsic shapes and orientations of rings also favour identi�cation of
rings with resonances. In the simulations of Simkinet al. (1980), a highly
elongated inner ring aligned parallel to the bar forms at theinner 4:1 ultra-
harmonic resonance (I4R). This and the two alignments of outer pseudorings
are consistent with CSRG statistics.

Up to four resonant ring features may be present in the same galaxy. Ex-
ample: the remarkable `resonance ring galaxy' NGC 3081 (Buta et al. 2004).
Recognising all of its rings and a nuclear bar as well, here isa revised type
for NGC 3081: (R1R0

2)SAB(r,nr,nb)0/a.
Can we use the rings in NGC 3081 to estimate the pattern speed?Us-

ing a Fabry-Perot velocity �eld and a representation of the rotation curve,
Buta & Purcell (1998) derived 
 and the precession frequencies 
 � �= 2 and
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Fig. 2.44. (Left): Precession frequency curves for NGC 3081. (Right): Resonance
locations from rotation curve analysis (Buta & Purcell 1998).


 � �= 4 and set the OLR between the R1 and R0
2 features. The resulting

value of 
 p placed the inner ring near the I4R and the nuclear ring between
two ILRs, consistent with the �ndings of Schwarz (1984a) and Simkin et al.
(1980). Figure 2.44 shows how well NGC 3081 �ts into barred spiral theory.
The images show the deprojected galaxy after subtraction ofan exponential
disk model. If the R1R0

2 feature locates the OLR, then CR lies in the `gap'
between the inner ring and the R1 outer ring.

A particularly interesting case with possible resonant features is the galaxy
NGC 1433, which has an exceptionally well-de�ned and unusually highly
elongated inner ring (dVA). In addition, the galaxy has two secondary spi-
ral arcs o� the leading sides of the bar called `plumes' by Buta (1984).
Treuthardt et al. (2008) were able to simulate both the inner ring and the
plumes, as well as the outer R01 pseudoring using a near-IR image to de�ne
the potential. These simulations demonstrated that the outer pseudoring in
this case is likely related to the outer 4:1 resonance (O4R),not the OLR as
would have been expected from Schwarz's simulations. A similar result was
deduced for the outer R1 ring of NGC 6782 by Lin et al. (2008).

As important as the `OLR subclasses' are for understanding galaxy struc-
ture, there has been no systematic study of the global properties of these
galaxies and how their structure (e.g., disk scalelengths,bulge-to-total lu-
minosity ratios, etc.) compare with galaxies that lack these features. In-
terestingly, P�erez et al. (2012) have used R02 pseudorings to examine the
evolution of bar pattern speeds.

The possible evolution of nuclear rings might be evident in their observed
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Fig. 2.45. Optical and near-IR colours of nuclear rings.

colours. Figure 2.45, left, shows optical and near-IR images and colour index
maps of NGC 1512, an early-type barred galaxy that harbours both inner
and nuclear rings. The nuclear ring in NGC 1512 is blue in aB � I colour
index map because of large numbers of young blue supergiants. However,
the ring is `red' in a J � K s colour index map, implying the likely presence
of a large number of young red supergiants as well. In contrast, the nuclear
ring of NGC 3081 is also blue in aB � I colour index map (Buta & Purcell
1998) but is largely invisible in a J � K s map (Fig. 2.45, right), implying
far fewer red supergiants (and probably a more evolved ring than the one
in NGC 1512).

2.5.6 Are bars generally slightly skewed?

The �nal morphological question I want to ask about bars is, how straight
are they? There is some indication that bars can be skewed in the form
of very open spirals. In the SDSS galaxy shown in Fig. 2.46, the bar is
skewed trailing, while in NGC 4596 in the same �gure, the bar is slightly
skewed leading, both after assuming trailing outer arms. The incidence and
amplitude of bar skewness has not been determined, but some interesting
cases have been identi�ed. As shown in Fig. 2.46, the bar of NGC 3124
is distinctly skewed in a leading sense with little ambiguity. Bar skewness
can lead to secular evolution by the potential-density phase shift that would
result (Zhang 1996). This is described further in Lecture 3 (see Section 2.6).
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Fig. 2.46. Examples of skewed bars. The SDSS galaxy at left was selected from
the GalaxyZoo Forum but its identity was not posted. The image of NGC 4596
is deprojected to face-on and the superposed curve shows the phase of them=2
component. At right is NGC 3124, as it appears in anI -band image and anm=2
Fourier image.

2.5.7 Secular evolution in barred galaxies

The general view of secular evolution in barred galaxies is that the main ef-
fect is the ability of a bar to drive interstellar gas into the centres of galaxies,
fuelling star formation and building up a pseudobulge (KK04). Figure 2.47
shows all of the types of features considered to be pseudobulges by KK04 as
compared to `classical' (merger-built) bulges. Pseudobulges include not only
`disky bulges' (as they are called by Athanassoula 2005; seetop row of exam-
ples), but also nuclear bars and boxy-bulge galaxies. Pseudobulges generally
have a low S�ersic index (see Lecture 3, Section 2.6), are 
atter, and have a
higher ratio of rotation to random motions compared to classical bulges.

Barred galaxies provide other possibilities for secular evolution:

(a) Can a `normal' bar separate its middle section from its ends? Why would it do
this? This is more a question of how ansae form and what they mean togalactic
dynamics. If S0 galaxies are stripped or otherwise gas-depleted former spirals,
and at the same time have a very di�erent distribution of bar strengths from
spirals, then bar evolution is a possible avenue to explore for the origin of ansae.

(b) What causes intrinsic bar-ring misalignment? Is this a phase in barevolution?
This is such a rare phenomenon that it is likely to be relatively short-lived. Nev-
ertheless, bar-ring misalignment (which can also mean bar-oval misalignment)
could point to an evolutionary mechanism: the destruction and rejuvenation
of bars. If destruction of a bar can lead to formation of a lens-oval, and then
external gas accretion cools the disk enough for bar rejuvenation, could the
new bar have a di�erent pattern speed from the old one? The misalignment
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Fig. 2.47. Examples of pseudobulges and classical bulges. From B13 based on
KK04.

between primary and secondary bars has also been attributed to di�erent pat-
tern speeds (e.g., Buta & Crocker 1993a).

(c) Why would a bar be skewed in a leading sense? I have shown that there are sug-
gestive examples where a bar is curved like a very open spiral. When the mass
associated with such spirals is converted into a gravitational potential, a small
phase di�erence can result that has relevance to secular evolution(Lecture 3,
Section 2.6). But what is determining the sense of spirality of the bar? Bar
skewness supports the idea that a bar is a density wave like an ordinary spiral.

(d) What do double outer rings mean? Why should one ring be red and the
other blue? Double outer rings seem much less common than double outer
rings/pseudorings. The latter is usually found as the R1R0

2 morphology. But
cases classi�ed as `(RR)' as in the dVA (example: NGC 2273) are veryrare.
Could a double outer ring signify two episodes of ring formation at di�erent
values of the pattern speed?

(e) Is there an evolutionary connection between R1 and R2 outer rings? Did de-
tached outer rings begin as pseudorings? The simulations of Byrdet al. (1994)
showed a clear trend of evolution from an R01 to an R0

2 outer pseudoring, fol-
lowed by a detached outer ring. At high pattern speeds, an R1R0

2 morphology
developed. Rautiainen & Salo (2000) suggested a di�erent evolutionary con-
nection, in that the presence of a slower spiral mode in the outer disk would
cause cyclic changes from R1 to R2.
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2.6 Lecture 3: The infrared experience

I am titling this lecture as `the infrared experience' because moving to the in-
frared (IR) opens such a big door to galactic studies. This isthe wavelength
domain that allows us to see what is often referred to as the `backbone' of
the stellar mass distribution. It is also the wavelength domain that exposes
the interstellar medium (ISM) in a manner that no other domai n can.

Observing at such wavelengths showsdust-penetrated morphology. At 2.2
microns, the extinction AK s � 0:1AV , where AV is the visual extinction,
at 3.6 microns, the extinction is A3:6 � 0:05AV . When we observe in the
near- and mid-IR, we minimise the e�ects of these features on spiral galaxy
morphology: bar dust lanes, spiral arm dust lanes, near-side dust lanes, dust
rings, red planar dust lanes, and blue planar dust lanes (Fig. 2.48, which
includes colour index maps that show these features). It is even advanta-
geous to observe S0 galaxies in the IR, since extraplanar dust is often seen
in such galaxies (Fig. 2.49). Colour index maps are not the only way to see
the dust. In overlapping galaxy pairs, the dust is sometimesdetected well
beyond the standard isophotal radius,r25 (Fig. 2.50, Holwerda et al. 2009).

The near- and mid-IR may be mostly free of the e�ects of extinction but
they are NOT completely free of the e�ects of star formation. Dust warmed
by hot young stars becomes increasingly visible over 2{5� m as shown in
Fig. 2.51. In fact, the IR is an excellent domain for detailedstudies of star-
forming regions and especially star-forming galaxies. Spectral emission lines
due to polycyclic aromatic hydrocarbons appear in three of the four mid-IR
bands of the Infrared Array Camera (IRAC) on the Spitzer Space Telescope
(e.g., Churchwell et al. 2004).

The IR can also provide a great deal of information on the properties of
bulges and disks in galaxies. Because of the reduced e�ects ofextinction,
standard parameters of bulges and disks can be considered more character-
istic of the stellar mass distribution than they are in the optical. Before
describing IR galaxy morphology, let me �rst brie
y describ e the methods
people are currently using to derive these parameters.

Most photometric decomposition today is 2D, meaning the whole image
is �tted rather just the major or the minor axis as was once the standard
method. The most popular parametric function to use is the Sersic Law.

Let Re be the radius of the isophote enclosing half the total luminos-
ity (called the e�ective radius) and let I e be the surface brightness of this
isophote. De�ne relative parameters � = R=Re and Jn = I n (R)=Ie. The
Sersic Law connects these parameters through

log(Jn ) = � 0:434(2n � 0:324)(�
1
n � 1); (2.5)
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Fig. 2.48. Dust morphologies in normal galaxies based on colour index maps.
The left panels are from B13 and show from top-left to lower-right: NGC 1530,
NGC 1566, NGC 7331, NGC 7217, NGC 7814, and NGC 891. The images of
NGC 521 are from Buta et al. (2009).

where n is a characteristic index that determines the shape of the radial
pro�le. The Sersic law is a `jack of all trades':

(a) n=1: exponential law,
(b) n=4: de Vaucouleurs r

1
4 law.

Two-dimensional decomposition today has gone well beyond merely bulges
and exponential disks. Barred galaxies are no longer ignored because bars
can be �tted and their contribution allowed for. For example , one can use
a Ferrers bar model (e.g., Binney & Tremaine 2008):

I (m2) = I 0(1 � m2=a2)n ; (m � a)

I (m2) = 0 ; (m > a ); (2.6)

where m is the radius along the bar axis. The Sersic law can also be used
for bars. Values of n < 1 can �t some bars well. Sersic �ts have also been
used for secondary bars and lenses. If these features are not�tted, then
the bulge-to-total luminosity ratio B=T will tend to be overestimated (Lau-
rikainen et al. 2006). With initial guesses of all parameters, the best �t uses
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Fig. 2.49. Examples of dusty S0s.

� 2 minimisation, usually with an adopted weighting scheme. Initial guesses
can be based on 1D pro�le analysis.
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Fig. 2.50. Example of an overlapping pair that reveals the signi�cant extent of the
dust disk of the foreground galaxy (from Holwerdaet al. 2009, reproduced with
permission).

2.6.1 Signi�cant IR morphological surveys

I would like to describe now three recent extensive surveys that shed a great
deal of light on IR galaxy morphology.

2.6.1.1 The Ohio State University Bright Spiral Galaxy Survey

The Ohio State University Bright Spiral Galaxy Survey (OSUB SGS, Es-
kridge et al. 2002) was a comprehensive imaging survey of 205 bright nearby
spiral galaxies. The main IR imaging �lter used was theH -band at 1.65� m.
The galaxies in the survey were classi�ed in the de Vaucouleurs (1959) sys-
tem and special attention was paid to how near-IR types di�er from the
optical classi�cations of galaxies. The authors found several galaxies classi-
�ed as SA in the Third Reference Catalogue of Bright Galaxies(RC3) for
which they assigned a classi�cation of SB. They also estimated the frequency
of bars in their sample (Lecture 2, Section 2.5). In general,it was found
that intermediate-type spirals were classi�ed approximately one stage inter-
val earlier in the H -band than in the B -band. The authors also challenged
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Fig. 2.51. M 51 from the B -band to the mid-IR.

the idea, implied by earlier IR studies based on lower-quality imaging, that
the Hubble tuning fork breaks down in the near-IR.

2.6.1.2 The Near-Infrared S0 Survey

The Near-Infrared S0 Survey (NIRS0S, Laurikainenet al. 2011) provides a
near-IR atlas (in the K s or 2.15� m bands) of 174 mostly S0 and some S0/a
and Sa galaxies. The analysis described by Laurikainenet al. (2011) and
in earlier papers in the series includes sophisticated 2D multi-component
decompositions and classi�cations in a modi�ed dVA system (with special
recognition of lenses). A summary of the main �ndings of the NIRS0S is
provided by Laurikainen et al. (2012).

NIRS0S 2D decompositions have modi�ed our views of bulges along the
Hubble sequence. Laurikainenet al. (2007) found that most bulges are
pseudobulges and thatB=T ratios of S0{Sa galaxies are much less than was
determined in past studies (Fig. 2.52, left). Across the Hubble sequence, the
average value of the Sersic indexn is generally less than 2, consistent with
one of the pseudobulge criteria adopted by KK04.

Two-dimensional decompositions allow a more reliable deprojection of
galaxy images, because the bulge is modelled and can be removed from the
image. Then the remaining disk light can be deprojected and the bulge
added back. With such images, the bar strength parameterQg can be de-
rived and the distribution of bar strengths for early-type galaxies can be com-
pared with that for late-type galaxies. This was done by Buta et al. (2010a)
who used NIRS0S deprojected images for S0 to Sa galaxies and OSUBSGS
images for spirals (Buta et al. 2004). The histograms in Fig. 2.52, right,
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Fig. 2.52. NIRS0S results from Laurikainenet al. (2007, left frames) and Buta et
al. (2010a, right frames).

show that S0 bars tend to be weak. This had been evident previously based
on other bar strength indicators (e.g., Aguerri et al. 2009; Laurikainenet al.
2009). Part of the di�erence will be due to the presence of signi�cant bulges
in early-type galaxies, which add forcing to the axisymmetric background
and thereby dilute the bar torques. However, all of the di�erence cannot be
explained this way, and it is possible that there is a processthat allows bar
evolution to continue even after gas depletion in S0 galaxies. Laurikainen et
al. (2006) showed that radial disk scalelengths of S0s correlate with bulge ef-
fective radii, which favours secular evolution of S0 bulgesfrom disk material.

How could the bar of an S0 evolve? Blocket al. (2002) argued that an
S0 bar should be a fossil relic, capable of no further change.But if S0s are
former spiral galaxies, why is it that S0 bars are weaker on average than
those in spirals and why are ansae bars so prevalent among S0 galaxies?
The answer could be secular evolution of thestellar mass distribution.
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Another important �nding from the NIRS0S is the recognition of a new
type of lens: the `barlens' or inner component of the bar (Laurikainen et al.
2011, 2012). In NGC 2787 (Fig. 2.53, top), the barlens is separated from
the bar ends, leaving the familiar `ansae' previously discussed (Lecture 2,
Section 2.5). At �rst sight, the barlens looks like nothing more than a part
of the bulge, but 2D decompositions do not support this interpretation. To
show that a barlens is a distinct feature, the right panel of Fig. 2.53 shows
a normal Kormendy-type lens in the face-on ringed galaxy NGC1543. A
normal lens envelops and is �lled by the bar, while a barlens is part of the
bar although it may not contribute much to the actual torquing ac tion of the
bar. Bar dissolution, if it occurs, would mainly mean the loss of the bar ends.

The nature of lenses also gains greater immediacy when we �ndthem in
multiple form in nonbarred early-type galaxies. Two important and very
similar examples are shown in Fig. 2.53, bottom. In both NGC 524 and
NGC 1411, three distinct lens features are detectable, and each galaxy is
classi�ed as (L)SA(l,nl)0 o, where (L) refers to an outer lens, (l) to an in-
ner lens, and (nl) to a nuclear lens. The (L) and (l) notations are due to
Kormendy (1979), who also suggested that inner lenses (l) represent the dis-
solution of bars, so that in principle a lens in a nonbarred galaxy could imply
that the galaxy was once barred. However, bar evolution cannot necessarily
explain all types of lenses.

One way to possibly shed light on the origin of lenses is to measure their
colours. Figure 2.54 shows aV -band image, a B � V colour index map,
and azimuthally averaged B , V , and B � V surface brightness pro�les for
NGC 1411. On the graph, the radial locations of the `edges' ofthe three
lenses of the galaxy are indicated. TheB � V colour index pro�le shows
two zones of slightly bluer colours, one between the (nl) and(l), and one
between the (l) and (L). The apparent sharp edges appear to delineate zones
with slight stellar population di�erences. The B � V map also shows some
reddening on the east side of the centre, which could signifya minor merger.

2.6.1.3 The Spitzer Survey of Stellar Structure in Galaxies

The Spitzer Survey of Stellar Structure in Galaxies (S4G, Sheth et al. 2010)
is a comprehensive survey of 2331 nearby galaxies in the 3.6 and 4.5� m
IRAC bands, the only �lters that were usable for the Spitzer `warm mission'.
The images sample the Rayleigh-Jeans limit for all stars with T > 2000 K,
and the [3.6]� [4.5] colour is roughly constant with radius, independent of
stellar population (but see also the Peletier lectures, this volume). The goal
of S4G is to examine stellar structure in galaxies free of the e�ects of extinc-
tion and to a depth greater than groundbased near-IR imagingcould achieve.
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Fig. 2.53. NIRS0S results from Laurikainenet al. (2011). (Top): the `barlens' as
compared to a typical SB galaxy `lens'. (Bottom): two examples of SAgalaxies
having multiple lenses.

The selection criteria for S4G are as follows: galactic latitude b � 30o,
isophotal diameter D25 > 1:0 arcmin, Hi radial velocity V > 3000 km s� 1,
and apparent photographic magnitude mB < 15:5. The sample includes
1734 newly observed galaxies and 597 archival objects. Histograms pre-
sented in Shethet al. (2010) show that the bulk of S4G galaxies are of types
Sb and later, a consequence of the use of an Hi velocity as a selection cri-
terion. The most statistically complete subset of S4G galaxies is for masses
log(M=M � ) < 9:2.

In a preliminary analysis of 200 mostly archival S4G galaxies, Buta et
al. (2010b) showed that galaxies can be classi�ed in 3.6� m images in much
the same manner as for the historically standardB -band images (essentially
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Fig. 2.54. This shows NGC 1411 and a colour index map that highlights the
enhanced blue colours that lie between the apparent `edges' of thelenses.

Fig. 2.55. The late-type spiral NGC 1559 has a very similar morphologyin blue
and 3.6� m light.

the same as was found by Eskridgeet al. 2002 for the H -band). In fact,
for many galaxies, 3.6� m morphology is very similar to blue light morphol-
ogy, absent the e�ects of obscuring dust (Fig. 2.55). Becausemid-IR galaxy
morphology is so similar to optical morphology, we can applythe old classi-
�cation systems to S4G data as an exploratory step. The system being used
is a further modi�ed version of that outlined in the dVA. Figu re 2.56 shows
some classi�cations of S4G galaxies in Buta et al. (2013).
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Fig. 2.56. A set of classi�cations of S4G galaxies using a modi�ed version of dVA
types.

Buta et al. (2010b) also showed that galaxies of types S0/a to Sbc can
appear about one stage interval `earlier' at 3.6� m compared to B . Types
S0+ and earlier and Sc and later can look almost the same. This is similar to
what Eskridge et al. (2002) concluded for near-IRH -band images. The ef-
fect is shown for NGC 1433 in Fig. 2.57. SomeB -band 
occulent spirals look
more globally armed at 3.6� m; many do not change (Elmegreenet al. 2011).
S4G images also show many galaxies where a late-type spiral or irregular
is embedded in an early-type disk. One example is NGC 5713, which has a
clear SB(rs)m galaxy embedded in a background S0/a disk. Other examples
shown by Buta et al. (2010b) are IC 750, IC 3392, and NGC 3769. Butaet
al. (2010b) show two B -band Magellanic irregulars (Im) that appear more
regular at 3.6� m. If placed in a cluster environment, these could become
progenitors of Kormendy spheroidal (Sph) or nucleated (Sph,N) galaxies.
Also possible progenitors of spheroidals are Magellanic barred spirals like
NGC 3906 and NGC 4618, shown also in Fig. 10 of Butaet al. (2010b).

The dust-penetrated nature of S4G images also can reveal unusual opti-
cal misclassi�cations. NGC 5470 is classi�ed as type Sb, butat 3.6 � m we
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Fig. 2.57. NGC 1433 at 3.6� m (left), showing the `earlier' e�ect as compared to
the B -band (right).

see an edge-on S0 with virtually no bulge and both thick and thin disks
(Fig. 2.58). In the mid-IR the galaxy should be classi�ed as type S0d, which
alludes to the van den Bergh (1976) parallel sequence classi�cation of S0s.
Other interesting edge-on disks, some of which look like they are embedded
in Kormendy spheroidals, are shown in Fig. 2.59.

Several special S4G cases are shown in Fig. 2.60. NGC 3094 looks like
a barred spiral with a dusty bar in optical images, but at 3.6� m it shows
an extremely bright starburst nucleus that was measured by Narayanan et
al. (2005) to have log(L IR ) = 10 :73. NGC 4250 looks like an early-type
galaxy with an oval ring/lens, a very faint outer ring, and an exceptionally
well-de�ned nearly circular nuclear lens. The type of the galaxy at 3.6 � m
is (R)SAB(rl,nl)0 + . NGC 4572 is a very unusual case which at �rst sight
appears to be a very open spiral, but which is more likely to bean extremely
warped edge-on disk. IC 167 is an extreme case of an open spiral in the S4G
sample.

Figure 2.61, left, shows S4G 3.6� m images of two nearly edge-on galaxies
showing a clear X-pattern in the central regions. Figure 2.61, right, shows
unsharp-masked versions of the same images of NGC 2654 and NGC 2683,
both optical Sb spirals. The X-pattern in NGC 2654 is more distinct than
that in NGC 2683 and is detectable even in an optical SDSS image. These
features point to the presence of a bar in each galaxy (see also Kuzio de
Naray et al. 2009).

2.6.2 The S 4G bar fraction

The di�ering characteristics of bars along the de Vaucouleurs revised
Hubble-Sandage sequence of types complicate the interpretation of the bar
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Fig. 2.58. Four S4G galaxies showing dust-free views of edge-on disks and a
Magellanic irregular.

fraction. Excluding highly inclined galaxies (spindles), here are some pre-
liminary results from my classi�cation of 2184 S4G galaxies (and a few of
their companions):

(a) Types S0� to Scd: bar fraction (SAB, SAB, and SB) = 57.2%,
(b) Types Sd and later: bar fraction (SAB, SAB, and SB) = 83.8%.

Thus, bars are very abundant in extreme late-type galaxies!This result is
consistent with the recent SDSS study by Barazzaet al. (2008), who found
an optical bar fraction of � 87% for what they called `class 3' (bulgeless)
galaxies.

2.6.3 Inferring stellar mass from S 4G images

The ultimate value of IR imaging is to infer stellar mass and the gravitational
potential in galaxies. With such potentials you can, among other things:

(a) Estimate maximum relative bar torques Qb (or Qg) and mass-
ow rates;
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Fig. 2.59. Four S4G galaxies showing `embedded disks' in what appear to be
spheroidal systems.

(b) Derive mass models and run simulations to estimate pattern speeds (e.g.,
Aguerri et al. 2001; Treuthardt et al. 2008; Kalapthorakis et al. 2010; Rauti-
ainen et al. 2008; Lin et al. 2008);

(c) Measure potential-density phase shifts and infer locations of resonances (Zhang
1996, 1998, 1999, hereafter Z96, Z98, Z99).

Stellar surface mass density maps can be made from 2D images using sur-
face colours as indicators of stellar mass-to-light ratio (Bell & de Jong 2001).
Calibrated surface brightness maps can be converted to units of L � pc� 2,
and then multiplied by colour-inferred M=L values in Solar units to give the
surface mass density � (i; j ) in units of M � pc� 2 at pixel coordinate (i; j ).

Bell & de Jong (2001) give linear relationships between the logarithm of
the M=L ratio in a given passband and a variety of colour indices in the
Johnson-Cousins systems. Bellet al. (2003) give the same kinds of relations
for SDSS �lters, as well as an improved calibration for B � V and B � R
colours that allows for the scatter in metallicities that a�e cts near-IR mass-
to-light ratios. For 3.6 � m images, colours such asB � V , B � R, V � I , or
eveng � i can be used to give the stellar mass-to-light ratio in theK -band,
depending on which of these colours is available. Then a simple relationship
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Fig. 2.60. Four extreme S4G cases.

between M=L K and M=L 3:6 (Oh et al. 2008) can be used to estimate the
surface mass densities:

M
L 3:6

= 0 :92
M
L K

� 0:05: (2.7)

In practice, it is useful to use two colours and two base IR images to check for
consistency of results. For example, X. Zhang and R.J. Buta (2013, in prepa-
ration) have used SINGS (Kennicutt et al. 2003) 3.6� m images with B � V
or B � R surface colours, and SDSSi -band images withg� i surface colours,
to estimate mass 
ow rates (see also Zibettiet al. 2009; Foyleet al. 2010).

As already noted, 3.6� m images are a�ected by hot dust connected with
star-forming regions and by a prominent 3.3� m emission feature due to a
polycyclic aromatic hydrocarbon compound that also is associated with star-
forming regions. These star-forming regions appear as conspicuous `knots'
lining spiral arms in 3.6 � m images.

In practice, the star-forming region problems in the 3.6� m band can be re-
duced using an 8.0� m image if available. IRAC 8.0� m images show mainly
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Fig. 2.61. S4G X-galaxies NGC 2654 and NGC 2683.

the ISM with a small contribution from starlight. Kendall et al. (2008)
describe how to correct the 3.6� m image. The �rst step is to match the
coordinate systems of the 3.6 and 8.0� m images and then subtract a frac-
tion (0.232) of the 3.6� m 
ux from the 8.0 � m image to correct the latter
for continuum emission (Helou et al. 2004). Then, a fraction (0.059{0.095;
Flagey et al. 2006) of the net dust map is subtracted from the 3.6� m map to
give an image corrected for the hot dust emission. These `contaminants' can
also be eliminated using Independent Component Analysis and [3.6]� [4.5]
colours (Meidt et al. 2012) if no 8.0� m image is available. This is the case
for most of the S4G sample.
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2.6.4 Secular evolution and the potential-density phase shift

The availability of large numbers of IR images that can be converted into
stellar mass maps provides us with an opportunity to examinea promising
new approach to understanding the actualmechanismof secular evolution
in many galaxies. In any galaxy having a skewed bar, oval, or spiral per-
turbation, there will be a radius-dependent phase shift between the density
perturbation and the potential perturbation (Zhang 1996). This phase shift
distribution can drive secular stellar and gaseous mass redistribution be-
cause it leads to an interaction between the perturbation and the basic state
of a galactic disk.y The approach interprets bars, ovals, and spirals as quasi-
steady modes that arise spontaneously from an originally featureless disk.
In the presence of such modes, the interaction resulting from the phase shift
secularly evolves the basic state in the sense that a late-type spiral galaxy
will evolve to an earlier-type galaxy. The actual interaction between the
perturbation and the basic state involves collective e�ectsthat scatter and
change stellar orbits without actual collisions (called `collisionless shocks').

An important result from Zhang's studies is that the phase shift changes
from positive (density spiral leads potential spiral) inside CR to negative
(density spiral lags potential spiral) outside CR. Given a surface mass den-
sity map of a disk galaxy, one can convert the densities into apotential and
measure the phase shift distribution directly. This provides a direct way
of locating the CR resonancewithout kinematic data. Thus, in addition to
providing information on secular mass 
ow in galactic disks, the potential-
density phase shift can be used to interpret galaxy morphology, since CR is
tied to a fundamental property of a spiral or bar/oval: its pa ttern speed 
 p.

The method of locating CR using the potential-density phaseshift (PDPS)
method is outlined by Zhang & Buta (2007=ZB07) and Buta & Zhan g
(2011=BZ11). The result of this is that, if spirals and bars are quasi-steady
modes, a single mode will be characterised by one positive phase shift hump
followed by one negative hump. The negative part has to be there to take
the angular momentum transferred outward by the positive part. Thus CR
will be located at a positive-to-negative (P/N) crossing. The mode may
end at a negative-to-positive (N/P) crossing, which then leads into the next
mode if present. To measure phase shifts:

(a) First approx.: use IR image assuming constantM=L ;
(b) Second approx.: use IR image and 2D colour-dependent variableM=L distri-

bution;

y The basic state is de�ned by the radial distributions of mass density, velocity dispersion, and
rotation speed of the bulge and disk components (Bertin et al. 1989).
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Fig. 2.62. K s-band images and phase shift distributions of three galaxie s: (top) NGC 986;
(middle) NGC 175; (bottom) NGC 1300. The arrows on the phase s hift plots show the main P/N
crossings, and hence the implied CR radii. The circles super posed on the images show these radii.

(c) Third approx.: add in atomic and molecular gas.

BZ11 describe �rst approximation phase shift analyses of several well-
known galaxies (Fig. 2.62). NGC 986, a barred galaxy with a strong spiral
curving o� the bar ends, shows a distribution with only a single major
P/N crossing that places CR exactly around the bar ends. In this case,
the bar and the spiral would have the same pattern speed, and BZ11 in-
terpret NGC 986 as a genuine example of a `bar-driven spiral'. In contrast,
NGC 175 is a barred spiral with two clear P/N crossings. The �rst CR cir-
cles the ends of the bar and the mode includes the inner part ofa bright
spiral pseudoring, which is interpreted as being bar-driven. The second CR
refers to an independent outer spiral pattern. In both of these cases, the
ratio R = RCR (bar)=Rbar � 1. Buta & Zhang (2009=BZ09) highlighted two
cases, NGC 1493 and NGC 3686, which may be genuine examples having a
`slow bar', whereR > 1.4 (Debattista & Sellwood 2000).

The most enigmatic (and by default the most controversial) result from
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Fig. 2.63. (Top): Phase shift analysis of NGC 3351 based on IRAC 3.6� m and SDSS
i -band total (star plus gas) mass maps. The bar extent is indicated. (Bottom):
P/N (solid circles) and N/P (dotted circles) phase shift crossings superposed on a
deprojected SDSSg-band image of NGC 3351, based on an average of the values
derived from the IRAC and SDSS images. Since the bar extends to anN/P crossing,
it is of the `superfast' type (from ZB12).

the phase shift method of locating CR is the unusual `superfast bars', where
the bars extendbeyond the bar CR. This appears to violate an almost cher-
ished rule that bars cannot extend beyond their CR, because orbits outside
CR cannot support the bar (Contopoulos 1980). This was a conclusion based
on what ZB07 called `passive orbit analysis', an analytic approach where the
Jacobi integral is conserved along a stellar orbit and secular change in the
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average radius of the orbit cannot occur. BZ11 describe the case of
NGC 1300 as an example. In NGC 1300, there is a clear skewness to the
apparently strong bar, meaning it is a very open spiral. In such a case, it
is possible that the bar extends to its OLR and not to its CR. BZ09 show
two other examples of superfast bars (NGC 4902 and NGC 5643).BZ11
also show the phase shift distribution for the strong grand-design spiral
NGC 5247. In this case, CR lies at an intermediate position within the arms
and the arms likely extend to their OLR.

Zhang & Buta (2012=ZB12) have carried out a more sophisticated (third
approximation) analysis of the well-known ringed, barred spiral NGC 3351.
An IRAC 3.6 � m SINGS (Kennicutt et al. 2003) image and an SDSSi -band
image were converted into surface mass density maps using colour-dependent
M=L ratios as described above. The appearance of NGC 3351 can garner
much preconception. The bar is surrounded by a bright inner spiral pseudor-
ing that could easily be interpreted in terms of the inner 4:1resonance of the
bar, as suggested by Schwarz (1984a,b). This would imply that the bar CR is
outside the inner pseudoring. The phase shift distributions, however, suggest
a very di�erent interpretation. Figure 2.63 shows the phase shift distribu-
tions for NGC 3351 based on total mass maps that include both Hi and H2

gas. The �gure shows that the 3.6� m and SDSSi -band maps give very sim-
ilar results: the phase shift is negative throughout the main part of the bar.
This means that of the two CR radii indicated, CR1 is the bar CR, and thus
NGC 3351 is another example of a `superfast' bar. In this circumstance, the
spiral pseudoring around the bar is aseparate mode, not a bar-driven spiral.

Why is the phase shift relevant to secular evolution? The phase shift
brings attention to the role of collective e�ects on galactic dynamics, and
may be the principal driver of secular evolution in disk galaxies. The idea
is that if the basic state is changed by the presence of a spontaneous, self-
sustaining density wave, then it means orbits of stars will migrate, slowly
building up a `pseudobulge' and spreading out the stellar disk.

2.6.5 Summary

(a) Near- and mid-IR images are goldmines for studies of galaxy morphology.
(b) The essential features of optical galaxy morphology are preserved in the IR,

but are unambiguously detected because of the minimal e�ects of extinction.
(c) Morphological analysis of S4G images con�rms a high fraction of bars in ex-

treme late-type galaxies, more than 80%.
(d) IR images o�er a way to locate CRs and to probe secular evolutionof the

stellar mass distribution using the PDPS method.
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2.7 Lecture 4: Environmental e�ects, exotic morphologies, and
morphological databases

In my �nal lecture in this series, I want to cover a potpourri of topics to
�nish out the richness of galaxy morphology and to highlight some thoughts
of what future studies of galaxy morphology and secular evolution might
be like. Examining environmental e�ects may seem a little o� t he topic
of secular evolution, but such e�ects do not have to be rapid orviolent.
Environmental e�ects can also produce exotic and very rare morphologies
that are worthy of discussion. A few such morphologies (double detached
outer rings, intrinsic bar-ring misalignment) have already been discussed in
Lecture 2 (see Section 2.5).

2.7.1 Environmental e�ects in clusters

Gravitational interactions, ranging from minor, distant o r fast encounters,
to violent collisions and major/minor mergers, certainly play a role in galaxy
morphology. Up to 4% of bright galaxies are currently involved in a major
interaction (Knapen & James 2009).

The cluster environment o�ers a number of processes that can modify
or even transform galaxy morphology. The cluster environment also brings
attention to the idea of environmental secular evolution (see Kormendy's
lectures, this volume), that adds a new dimension to morphological studies.
The main processes or e�ects are:

(a) Gas stripping
(b) Star-forming disk truncation
(c) Hi de�ciency and truncated Hi disks
(d) Harassment
(e) Starvation
(f) Transformation (morphology-density relation).

Gas stripping has long been thought to be one of the dominant mecha-
nisms of transforming a spiral galaxy into an S0 galaxy. Spitzer & Baade
(1951) suggested that repeated collisions with other galaxies can strip a
galaxy clean of its ISM. An alternative idea is that, as a galaxy moves in a
cluster, it interacts with the intracluster medium in the fo rm of X-ray emit-
ting gas and can be stripped clean of its own interstellar gas, causing star
formation to cease and spiral arms to disappear (Gunn & Gott 1972). Van
den Bergh (1998) has argued that perhaps even some of the stellar mass is
lost during the transformation, which might explain why S0s tend to have
a lower luminosity than spirals.
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Fig. 2.64. Comparison between the `anemic' barred spiral NGC 4921 and the more
normal barred spiral NGC 3992. The van den Bergh (1976) parallelsequence
classi�cation is also shown.

If this process occurs and takes time, then partially stripped spiral galax-
ies ought to be observed. These are the galaxies referred to as `anemic' by
van den Bergh (1976), and morphologically, these seem to be alegitimate
class of objects. Figure 2.64 shows an example of an anemic spiral identi-
�ed by van den Bergh (1976). Anemic spirals are cluster spirals de�cient
in Hi gas and as a result have a lower amount of dust and star formation.
NGC 4921 is a Coma cluster spiral that strongly resembles a normal SBb
spiral like NGC 3992, but has much smoother spiral arms. The smoothness
indicates gas de�ciency probably caused by stripping due tothe intracluster
medium. According to the hydrogen index parameter given in the RC3 (de
Vaucouleurs et al. 1991), NGC 4921 is Hi de�cient compared to NGC 3992
by a factor of more than six. Bothun & Sullivan (1980) argue that the
galactic anemia `look' can be caused by other factors besides Hi de�ciency.

Environmental e�ects on the star-forming disks of Virgo cluster galax-
ies were examined by Koopmann & Kenney (2004) using H� images. They
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Fig. 2.65. Koopmann & Kenney (2004) environmental categories ofVirgo cluster
galaxies having truncated star-forming disks, illustrated using blue light images
(from B13).

recognised seven environmental categories based on star formation rates and
the H� disk as compared to a �eld sample. Class N had normal star for-
mation rates for the galaxy type. Class E had star formation enhanced by
a factor of three or more over normal, while class A (anemic) had star for-
mation a factor of three or more below normal. The remaining categories
are the truncated star-forming disk morphologies, severalexamples of which
are shown in Fig. 2.65. Class T/N is `truncated/normal', meaning the star-
forming disk is con�ned to the inner regions, but in those regions the star
formation rates are normal. Class T/N[s] is similar but the t runcation of
the disk is severe. Class T/A is similar except that the star-forming part
of the disk is anemic. Finally, class T/C is a truncated star-forming disk
where the star formation is con�ned to a compact central area. Koopmann
& Kenney (2004) illustrate the H� images of all of these categories, while
Fig. 2.65 (from B13) illustrates the truncated categories in blue light.

These optical categories translate into similar categories of Hi distribu-
tions. The VLA (Very Large Array) imaging of Virgo spirals in Atomic gas
(VIVA) survey (Chung et al. 2009) shows the interesting truncated mor-
phologies that are found near the centre of the cluster (Fig.2.66). Cases
like NGC 4064, NGC 4405, and NGC 4457 are among the most extreme trun-
cations. The survey also found evidence of ongoing stripping and fallback,
the possibility that some galaxies have already fallen through the core and
reached farther distances from the cluster centre as stripped spirals, as well
as signs of gravitational interactions.

Yagi et al. (2010) identi�ed a dozen galaxies in Coma that show ionised
gas clouds mostly outside their disks. They suggest that these galaxies are
likely to be `new arrivals' to the core region of Coma in di�erent phases of
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Fig. 2.66. VIVA images of Hi disks of Virgo cluster galaxies (from Chunget al.
2009, reproduced with permission).

stripping. These authors identi�ed three morphological gas stripping cate-
gories:

(a) connected H� clouds with disk star formation, thought to be in an early phase
of stripping,

(b) connected H� clouds without disk star formation,

(c) detached H� clouds, thought to be a later phase of stripping.

A summary illustration of these categories can be found in B13.

2.7.2 Gravitational encounter phenomena

Among gravitational encounter morphologies, ring phenomena have cap-
tured a great deal of attention. Here I discuss what I will refer to as `catas-
trophic rings', or rings that have formed because of a collision between two
galaxies. The main classes of catastrophic rings: accretion, polar, and col-
lisional, must �rst be distinguished from the background of normal rings,
usually referred to as `resonance rings' which were discussed in Lecture 2
(see Section 2.5). Figure 2.67 shows an example of each ring type.

`Resonance rings' constitute thevast majority of all rings observed. They
are interpreted as features which form by gas accumulation at resonances,
owing to continuous action of gravity torques from a bar (Buta & Combes
1996). The main resonances theoretically linked to rings are (Schwarz 1981,
1984a, b):

(a) nuclear rings: ILR,

(b) inner rings: I4R, and

(c) outer rings: OLR.
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Fig. 2.67. Examples of di�erent galactic ring categories.

These theoretical links found strong support in statistics of intrinsic ring
shapes and orientations, as well as in morphology (Lecture 2, see Sec-
tion 2.5). However, there have been alternative interpretations suggested
over the years. Regan & Teuben (2004) noted that the concept of a `res-
onance radius' (i.e., a single radius where a resonance occurs) is not really
valid for strong bars because the epicyclic approximation breaks down. In
the inner regions of a strongly barred galaxy, one instead has a broad `ILR
region'. Because rings in models seem to be connected more toorbit transi-
tions (i.e., orbit family changes, which are usually accompanied by orienta-
tion changes), Regan & Teuben (2004) preferred the term `orbit transition
rings' for inner and nuclear rings at least, but still leaving outer rings and
pseudorings in the `resonance' category.

A second alternative interpretation of rings is that they are connected
to `invariant manifolds', or collections of orbits which emanate from the L 1

and L 2 Lagrangian points of a bar potential (Athanassoulaet al. 2009a, b).
This interpretation can successfully predict broad aspects of the morpholo-
gies of inner and outer rings in barred galaxies. Please see the lectures by
Athanassoula (this volume) for more details.

The PDPS provides additional interpretations of normal rings. As de-
scribed in Lecture 3 (Section 2.6), the nearby barred galaxyNGC 3351 has
a bright inner ring whose morphology �ts well into the resonance idea, yet
the PDPS method suggests that the ring is a spiral mode with a di�erent
pattern speed from the bar. ZB12 interpret the ring as a spiral located at
its own inner 4:1 resonance (not the bar's 4:1 resonance, because the bar in
NGC 3351 is `superfast').

Accretion rings are thought to be made of material from an accreted satel-
lite (Schweizer et al. 1987). Evidence for this is sometimescounter-rotation ,
where the material in the ring rotates in the opposite sense from the material
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in the main galaxy (Schweizeret al. 1989; de Zeeuwet al. 2002). The host
galaxy can be an elliptical or disk galaxy. Examples of the former are Hoag's
object (Schweizeret al. 1987) and IC 2006 (Schweizeret al. 1989), while an
example of the latter is NGC 7742 (de Zeeuwet al. 2002). In the case of a
disk galaxy like NGC 7742, the ring material mostly lies in the same plane
as the receiving disk. It is also possible, as shown by the interesting case of
NGC 1211 (Lecture 2, see Section 2.5), that a `dead' resonance ring galaxy
could accrete a satellite in its outer regions and have a bluesecond outer ring.

Polar rings are also accretion features, except that the accreting object is
usually a disk system, like an S0 (Schweizeret al. 1983). The most stable
con�guration is an accretion angle close to 90o. This limits the ability of dif-
ferential precession to cause the ring to settle into the main disk (Schweizer
et al. 1983). S0s are preferred probably because the disk is generally clean
of interstellar gas and dust, allowing the high-inclination orbital material to
pass unimpeded through the plane.

The most easily recognisable polar ring galaxies are those where the two
disks are seen nearly edge-on (Whitmoreet al. 1990). Cases where only one
disk is edge-on are less obvious unless the main disk is a spiral rather than an
S0. Cases like NGC 660 (Whitmoreet al. 1990) and ESO 235� 58 (Buta &
Crocker 1993b) both have been classi�ed as barred spirals, but both show an
aligned dust lane along their apparent `bar' that demonstrates convincingly
that their bars are actually edge-on disks. Thus, these galaxies show what
the accreted high-inclination ring material looks like in a more face-on view.
Cases where neither disk is edge-on are also possible but even harder to
recognise. Some possibilities include NGC 1808, NGC 4772, and NGC 6870.

Collisional ring galaxies (also simply called `ring galaxies') are cases where
a small galaxy has crashed down the rotation axis of a larger disk galaxy,
triggering a radially expanding density wave (Lynds & Toomre 1976). Mul-
tiple rings are possible. Di�erent morphologies represent di�erent encounter
parameters and di�erent time frames. To be classi�ed as collisional, there
must be a viable intruder (Madore et al. 2009). Struck (2010) provides
a useful overview of ring galaxy theoretical studies as compared with the
limited observational material available.

The three catastrophic ring types are all much rarer than resonance rings.
For example, according to Madoreet al. (2009), only one in a thousand
galaxies is a ring galaxy.
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Fig. 2.68. NGC 5353 (right) is an example of a minor axis dustlane ETG. Its
companion, NGC 5354, also has an inner dustlane.

2.7.3 Interaction and merger morphologies

There are several categories of interaction and merger-driven morphologies.
A dustlane elliptical is an E or E-like galaxy showing lanes of obscuring
dust (Fig. 2.68). Minor axis, major axis, and misaligned lanes are found.
Whether these should be classi�ed as `ellipticals' or not was controversial, as
de Vaucouleurs had once quipped: `If an elliptical shows dust, then it's not
an elliptical'. Bertola (1987) established dustlane Es as aclass of interacting
galaxies where a small gas-rich companion undergoes a minormerger with
a more massive E galaxy (Oosterlooet al. 2002). The current general view
of these objects is to call them `dustlane early-type galaxies' (or dustlane
ETGs; Kaviraj et al. 2011).

A shell galaxy is a normal elliptical or S0 galaxy showing faint ripples
or ellipsoidal, sharp-edged features in its outer regions.Well-known exam-
ples are NGC 1344 and NGC 3923 (Fig. 2.69). Shells are likely to be 3D in
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Fig. 2.69. Two `shell' elliptical galaxies (copyright David Malin, reproduced with
permission).

Fig. 2.70. Three cases of advanced and ongoing mergers (top row,from B13) and
three ULIRGs (bottom row, from Surace et al. 1988, reproduced with permission).

geometry, not parts of a disk. Schweizer & Seitzer (1988) considered the
term `shell' as imposing an unjusti�ed interpretation on th e shapes of the
features, and suggested the term `ripples' instead. The extent of shells is
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Fig. 2.71. Three active galaxies (B13).

huge, > 100 kpc in some cases. Typically, the features are interleaved in
radius, although some may have an `all around' pattern (Prieur 1988). The
best theory suggests that shells/ripples are remnants of a minor merger be-
tween a massive E galaxy and a small, cold, disk-shaped galaxy (e.g., Quinn
1984). The shells/ripples are thought to represent the maximum excursions
of the disrupted orbits of the small companion's stars.

Tidal tails and bridges are common features of closely interacting but not
necessarily merging disk galaxies. Tidal tails are a consequence of the tidal
�eld due to the interaction and the shearing o� of stars from t he rotating
disks. In M 51-type interacting pairs, a small companion is seen near the
end of a bright spiral arm, as in M 51.

Figure 2.70 shows three examples of ongoing and advanced mergers. In
these cases, the identities of the two separate galaxies arebecoming less dis-
tinct, although the two separate nuclei may still be seen. The most extreme
of such interactions may lead to ultra-luminous infrared galaxies (ULIRGs)
(Fig. 2.70, lower frames). These objects haveL IR > 1012 L � � L bol of QSOs.
As shown by Suraceet al. (1988), high-resolution HST images of ULIRGs
reveal clear evidence of likely strong interactions. Theseauthors suggest
that warm ULIRGs are transition cases to optical QSOs.

2.7.4 The morphology of active galaxies

The global morphology of active galaxies has always been of interest as peo-
ple seek to understand the triggering mechanism of active galactic nuclei
(AGN). Figure 2.71 shows three examples of active galaxies that highlight
some of the features that have been implicated: rings, bars,and interactions.
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Fig. 2.72. Four brightest cluster members as seen in optical images (B13).
Classi�cations are from Schombert (1986).

Hunt & Malkan (1999) found that the frequencies of outer rings and in-
ner/outer ring combinations are three to four times higher in Seyferts than
in normal spirals. Knapen et al. (2000) also showed that bars are more
frequent in active galaxies than in non-active galaxies.

With HST resolution, the details of the host galaxies of quasars have
been imaged. Bahcallet al. (1997) obtained HST images of quasars that
show a variety of host morphologies, including Es, interacting pairs, systems
with obvious tidal disturbances; and normal-looking spirals. These authors
concluded that interactions may trigger the quasar phenomenon.

2.7.5 The morphology of brightest cluster members

These are the extremely luminous galaxies often found in thecentres of rich
galaxy clusters. Two of these were shown in Lecture 1 (see Section 2.3,
Fig. 2.10). Figure 2.72 shows several more examples. Schombert (1986,
1987, 1988) classi�ed the brightest cluster members according to luminosity
pro�le shape:

(a) gE, giant ellipticals,

(b) D, larger and more di�use, with shallower pro�les, than gEs, and

(c) cD, same as D but with a larger extended envelope. These are the Morgan
supergiant types.

The properties of the brightest cluster members �t well with merger sim-
ulations, including accretion and cannibalism (Schombert1988).
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Fig. 2.73. The warped disk galaxy ESO 510-13 (Hubble Heritage).

2.7.6 Warped disks

Edge-on views of many disk galaxies reveal a clear warping ofthe outer disk
light. An excellent example is found in ESO 510-13 (Fig. 2.73). B13 shows
three additional examples: NGC 4762, NGC 4452, and UGC 3697.These
are all extreme cases detectable in optical light. Many morecases are found
when the Hi layer is considered. The most promising interpretation of warps
is that they are connected to the properties of dark matter haloes. For exam-
ple, the stellar disk may be slightly misaligned with the equatorial symmetry
axis of the dark halo. In this circumstance, the inner, more tightly bound
part of the disk remains perfectly 
at, while the outer parts of the disk are
bent towards the equatorial plane of the halo, leading to warping of the disk
at large radii (Binney & Tremaine 2008).

Do warps secularly evolve? Debattista & Sellwood (1999) argued that
a warp would have a `winding problem' if the e�ects of a misaligned halo
are not taken into account. Dynamical friction with a misali gned halo can
drive a long-lived warp. Still, warps so driven are expectedto be transient,
because the friction force decays over time.
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Fig. 2.74. Examples of non-barred ringed galaxies.

2.7.7 Non-barred ringed galaxies

This is an important but mostly neglected class of galaxies.While the ma-
jority of ringed galaxies are barred, a non-negligible fraction of non-barred
ringed galaxies exists. Unlike barred galaxy rings, which are fairly homo-
geneous in metric and morphological properties, non-barred galaxy rings
have a larger dispersion in properties that seems to point toa variety of
mechanisms of ring formation.

NGC 7217 is a well-studied nearby example showing a spectacular blue
outer ring in colour index maps (Buta et al. 1995b; Fig. 2.74, top row). At
low light levels, the isophotes in NGC 7217 become almost exactly round,
suggesting an extreme bulge-dominated system like the Sombrero Galaxy,
NGC 4594. The strong bulge could therefore be the reason NGC 7217 is non-
barred. Buta et al. (1995b) suggested that the strong outer ring formed in
response to a subtle broad oval in the mass distribution.

Other examples appear to be cases of former barred galaxies that in the
course of secular evolution lost their primary bars. A good possible example
of this is NGC 7702, a double-ringed late S0 that looks very much like an
early-type barred galaxy with inner and outer rings and a nuclear bar (Buta
1991; Fig. 2.74, bottom row). However, no clear primary bar crosses the
bright inner ring, although this ring is undoubtedly oval in intrinsic shape
and therefore bar-like. Bar dissolution is a real possibility that may be tied
to the gradual build-up of a strong central mass concentration (e.g., Hasan
& Norman 1990).
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Other non-barred ringed galaxies could involve galaxies that accreted a
small companion, as described in Lecture 3 (see Section 2.6). Hoag's Ob-
ject, IC 2006, and NGC 7742 would all be described as non-barred, and it is
clear that a mixture of such objects, ex-barred galaxies, and possibly tidally
driven rings like in NGC 4622 could account for the larger dispersion in the
properties of non-barred galaxy rings.

2.7.8 Counter-winding spirals

This is a very rare, possibly interaction- or minor merger-driven morphol-
ogy where a disk-shaped galaxy has two non-overlapping spiral patterns that
wind outward in opposite senses. While the bulk of spirals have been demon-
strated to be trailing the direction of rotation (de Vaucoul eurs 1958), and
the Toomre (1981) swing ampli�cation mechanism (as well as the Lynden-
Bell & Kalnajs 1972 mechanism) seems to explain why (Binney &Tremaine
2008), counter-winding spirals appear to present genuine examples ofleading
spiral arms.

Determining the sense of winding of spiral arms has typically depended on
two things: knowing which half of the galaxy is receding fromus, and which
side of the galaxy is nearer to us. From the schematic in Fig. 2.75, right, it
can be seen that on the near side, the bulge is viewed through the dust layer,
while on the far side, the dust layer is viewed through the bulge. This leads
to a reddening and extinction asymmetry that can be seen in the colour
index map of NGC 7331 in Fig. 2.48 of Lecture 3 (see Section 2.6). Once
the near-side is established, the velocity �eld tells us which way the galaxy
must be turning. With these two pieces of information together, the sense of
winding of the spiral arms can be reliably judged. Of course,the less inclined
a galaxy is, the less evident is the nearside extinction and reddening e�ect.

The �rst counter-winding spiral identi�ed, and the one that is best stud-
ied, is the nearly face-on SA(r)a spiral NGC 4622 located in the Centaurus
cluster (Byrd et al. 1989). The galaxy has two high-contrast outer arms
and a single lower-contrast inner arm, with no overlap between the patterns
(Fig. 2.75, top row). Instead, the single inner arm and the two outer arms
blend at the position of a conspicuous, o�set inner ring. Buta et al. (2003)
obtained HST imaging and a ground-based H� velocity �eld, and used the
dust distribution to judge the near-side and the velocity �e ld to judge the
sense of rotation (Fig. 2.75, bottom frames). AV { I HST colour index map
showed thin curved dust lanes all lying on one side of the lineof nodes,
which can be identi�ed as the near side. With the velocity �el d telling
us that the north side is receding relative to the nucleus, this implied a
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Fig. 2.75. (Top row): V -band image of NGC 4622 with m = 1 and 2 Fourier
decompositions (Butaet al. 2003). (Bottom frames): V { I colour index map (left),
Fabry-Perot velocity �eld (upper, middle), colour image (lower, midd le), all from
Buta et al. (2003). Also shown at right is a schematic illustrating how tilt leads to
an extinction and reddening asymmetry across the galaxy minor axis. The arrows
on the colour image indicate the implied sense of rotation.

clockwise rotation of the disk. This gave the surprising andunexpected
result that the two strong outer arms, not the weaker inner arm, have the
leading sense, a result that is di�cult to accept. In the cent re a small edge-
on dust lane is found that suggests the galaxy has su�ered a recent minor
merger that could be responsible for the peculiar morphology.

A second example of a counter-winding spiral was identi�ed by Buta
(1995). This was the Sb-Sbc spiral ESO 297-27. Although not in a cluster
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Fig. 2.76. Giant low surface brightness galaxies, from B13 and references therein.
The number above each box is the length of the top side at the distance of the
galaxy.

environment, ESO 297-27 has similarities to NGC 4622. In this case, the in-
ner arm leads and the outer arms trail (Grouchyet al. 2008). Other galaxies
with leading spiral structure:

(a) NGC 3124 (bar in ring; Purcell 1998). See Fig. 2.46 (Section 2.5),
(b) NGC 6902 (bar in ring), and
(c) IRAS 182933413 (two leading arms, not counter-winding; Vaisanenet al. 2008).

What causes counter-winding spiral structure? The phenomenon is very
rare, so perhaps an unusual circumstance is at work. If the two outer arms
of NGC 4622 are really leading, they would be di�cult to expla in in current
theories of spiral structure. Swing ampli�cation depends on the swing of
a leading density wave. Also, the comprehensive study of Lynden-Bell &
Kalnajs (1972) showed that only a trailing spiral pattern can transfer angu-
lar momentum outwards, which allows the wave itself to be maintained.

2.7.9 Giant low-brightness galaxies and stellar streams

Giant low surface brightness galaxies were �rst identi�ed by Bothun et al.
(1987). They are galaxies having a relatively normal bulge and an extremely
low surface brightness, very large disk. The �rst example found was Ma-
lin 1 (Bothun et al. 1987). Figure 2.76 shows other examples: Malin 2,
UGC 6614, UGC 1230, and in addition a strange possibly unrelated case
called SGC 2311.8� 4353, which was �rst studied in detail by Buta (1987).
SGC 2311.8� 4353 is a very low surface brightness companion to the giant
spiral NGC 7531, and is notable for having an isophotal diameter 2/3 the
size of NGC 7531. If at the same distance as NGC 7531, SGC 2311.8� 4353
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Fig. 2.77. The LMC, the prototype of classi�cation SB(s)m. Reproduced with
permission from de Vaucouleurs & Freeman (1972).

would be a dwarf in luminosity but not in size. That is, it woul d be a
large low surface brightness galaxy, but not a giant. In a recent study of
tidal streams in late-type spirals, Mart��nez-Delgado et al. (2010) have in-
terpreted SGC 2311.8� 4353 as a companion in the act of tidal disruption by
NGC 7531. These authors show how commonly `normal' late-type galaxies
can show extremely low surface brightness tidal features that are analogous
to the streams found around the Milky Way.

2.7.10 Magellanic barred spiral galaxies

These were identi�ed as a distinct morphological class by deVaucouleurs
& Freeman (1972; Fig. 2.77; see also Lundmark 1927 and Lecture 1, Sec-
tion 2.3). The class is characterised by a bar with no bulge, asingle main
spiral arm, shorter spiral features, and an o�set of the centre of the bar from
the centre of outer isophotes. De Vaucouleurs & Freeman noted that SBm
galaxies often come in pairs (e.g., the large Magellanic cloud [LMC] and
small Magellanic cloud [SMC], NGC 4618 and NGC 4625, NGC 2537and
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Fig. 2.78. Examples of compact elliptical galaxies.

NGC 2537A), suggesting that the morphology may be interaction-driven.
Although the bar is usually o�set in these galaxies, and in theLMC and SMC
the bar is also kinematically o�set from the rotation centre, prominent cases
like NGC 4027 were found to have a rotation centre coincidentwith the cen-
tre of the bar (Penceet al. 1988). Too few cases have been observed to de�ni-
tively prove that an o�set rotation centre is characteristic of these galaxies.

2.7.11 Compact ellipticals

Compact galaxies (Fig. 2.78) have been known since Zwicky & Zwicky (1971)
published a major catalogue. The departure of three compactelliptical (cE)
galaxies, M 32, NGC 4486B, and NGC 5846A, from the norm in a graph of
V -band surface brightness versus absoluteV -band magnitude for E galax-
ies led Faber (1973) to suggest that these galaxies could be the stripped
cores of formerly larger elliptical galaxies. However, it is now known that
cE galaxies are simply the lower-luminosity tail of normal elliptical galaxies,
based on photometric parameter correlations (Kormendy 1985; Kormendy
et al. 2009). That is, cE galaxies are true `dwarf ellipticals'. These are to
be contrasted with a large number of Virgo cluster objects classi�ed as type
`dE' by Bingelli et al. (1985) that have photometric properties more akin
to dwarf irregulars than to normal ellipticals. As I have alr eady noted in
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Fig. 2.79. Examples of blue compact dwarf galaxies.

Lecture 1 (see Section 2.4), Kormendy & Bender (2012) have interpreted the
Bingelli et al. (1985) dE, dE,N, dS0, and dS0,N types as environmentally
driven morphologies, former irregular and very late-type galaxies that were
stripped, harassed, or otherwise windblown to lose their gas.

2.7.12 Blue compact dwarf galaxies

These are small, high surface brightness galaxies experiencing a strong star-
burst (Fig. 2.79). As de�ned by Gil de Paz et al. (2003), blue compact
dwarf (BCD) galaxies have (� B � � R )peak � 1, � B < 22 mag arcsec� 2, and
M K > � 21. On average, BCDs haveB � R = 0 :7 � 0:3, M B = � 16:1 � 1:4,
and logL H� = 40:0� 0:6. BCDs have been identi�ed in the Virgo cluster by
Bingelli et al. (1985; three examples are shown in Fig. 2.79), but are also
known in �eld environments. In the Local Group, IC 10 has beenidenti�ed
as a BCD (Richer et al. 2001). Figure 2.79 shows an SDSS colour image of
BCD NGC 2537.

The BCD class has brought to light some of the most extreme cases of
star-forming galaxies. For example, the BCD I Zw 18 was once thought to
be a genuine young galaxy with a high level of star formation and an optical
morphology greatly a�ected by stellar winds and supernovae from an earlier
starburst. However, deep imaging withHST revealed a de�nite older stellar
population in I Zw 18 (Contreras-Ramos et al. 2011).

2.7.13 Ultra-compact dwarf galaxies

These are very compact, star-like galaxies with luminosities comparable to
dE galaxies (Drinkwater et al. 2000, 2003). Hilker (2011) reviews the prop-
erties of a signi�cant population of ultra-compact dwarf galaxies (UCDs) in
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the Fornax cluster. These objects have absolute magnitudesin the range
� 13:4< M V < � 11:4, and are brighter than the brightest Milky Way globu-
lar cluster but fainter than compact ellipticals. One inter pretation of these
objects is that they are the threshed nuclei of dE,N galaxies(that is, en-
vironmentally driven morphologies where a dE,N galaxy has lost all of its
stars, except for the `N').

2.7.14 Isolated galaxies

For investigations of the connection between morphology and secular evo-
lution, there can probably be no better sample than isolatedgalaxies. For
such galaxies, internal processes would have to be largely driving evolution.

A signi�cant e�ort into establishing a reliable isolated gal axy sample was
made by Karachentseva (1973) and was further improved by theAnalysis
of the Interstellar Medium in Isolated Galaxies (AMIGA) pro ject (Verdes-
Montenegro et al. 2005). Out of about 1000 galaxies in a �nal sample,
Sulentic et al. (2006) found that the majority are Sb-Sc spirals, a few of
which were shown in Fig. 2.4. The most striking thing about many of these
galaxies is how regular and well-de�ned their spiral patterns are. AMIGA
galaxies are selected to not have had a close encounter with amajor galaxy
in more than 3 Gyr. Do these galaxies support the idea that spiral structure
can arise spontaneously, independent of an interaction?

2.7.15 Ultraviolet galaxy morphology

The ultraviolet (UV) is an important window into star format ion in galactic
disks. The recent launch of theGalaxy Evolution Explorer (GALEX , Mar-
tin et al. 2005) has provided an extensive database of images at 0.15� m
(far-UV, or FUV) and 0.22 � m (near-UV, or NUV). Gil de Paz et al. (2007)
outline what can be learned from such images:

(a) young stars are mostly what you see at UV wavelengths in any star-forming
galaxy,

(b) massive early-type galaxies can show signi�cant UV 
ux due to the `UV-
upturn', caused by hot low-mass horizontal branch stars,

(c) UV 
ux is an excellent tracer of the star formation rate, and
(d) UV 
ux absorbed by dust is re-emitted in the IR.

Figure 2.80 shows theGALEX FUV image of M 51 compared to a nor-
mal B -band image. The FUV image shows mainly hot stars younger than
108 years, while theB -band shows older stars in addition to dust and star-
forming regions. Most interesting is how the companion galaxy, NGC 5195,
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Fig. 2.80. GALEX UV image of M 51 as compared to a typicalB -band image.

and the extensive tidal debris around it, are mostly invisible at FUV wave-
lengths. This galaxy does not have a UV upturn that would make it more
prominent in the FUV image.

The NUV morphology of a spiral like M 83 strongly resembles anH�
image but with an older background disk.

B13 shows a montage ofGALEX NUV images of galaxies of di�erent
types. In early-type galaxies, signi�cant UV 
ux may occur i f the galaxy
has a star-forming nuclear ring, as in NGC 1317 and NGC 4314. In an inter-
mediate type barred galaxy like NGC 3351, the inner ring, nuclear ring, and
outer arms are conspicuous, while the bar is invisible. In the SBc galaxy
NGC 7479, both the bar and the arms are seen, while the late-type galax-
ies NGC 628 and NGC 5474 have extensive UV disks. Most interesting was
the discovery of an extensive UV disk around the diminutive Sm galaxy
NGC 4625, which suggests that the galaxy is currently forming most of its
stars (Gil de Paz et al. 2005). Finally, the intriguing star-forming galaxy
NGC 5253 shows bright UV emission even from its extended di�use disk.
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2.7.16 The morphology of the interstellar medium

The ISM in galaxies has distinctive morphological qualities that are surely,
in some cases, tied to secular evolution. The Hi Survey of Nearby Galaxies
(THINGS, Walter et al. 2008) provides some of the best information on the
Hi morphology of normal galaxies. In such galaxies we see:

(a) extended HI disks with spiral structure (NGC 628),
(b) central holes (NGC 2841) or central spots (M 81),
(c) large gaseous rings (NGC 2841) or pseudorings (NGC 2903),
(d) small rings (NGC 4736),
(e) supernova-blown holes (WLM), and
(f) sometimes huge Hi/optical sizes (DDO 154).

Other galaxies, possibly because of their environment, have Hi disks com-
parable in extent to their optical disks, such as NGC 1433 (Ryder et al.
1996) and NGC 5850 (Higdonet al. 1998). In these cases, the Hi mor-
phology follows the optical morphology closely. I have already described
previously the Hi morphology of galaxies in the central regions of the Virgo
cluster, where stripping has not only truncated the Hi disk signi�cantly, but
also has erased morphological structures so thoroughly that the diversity of
Hi morphologies is greatly reduced.

The morphology of molecular hydrogen, H2, is also of interest. The
Berkeley-Illinois-Maryland CO Survey of Nearby Galaxies (BIMA-SONG,
Helfer et al. 2003) is one of the most extensive databases of molecular
galaxy morphology available. Using CO 2.6 mm emission as a tracer of H2,
BIMA-SONG maps reveal the following:

(a) inner spiral arms (NGC 628),
(b) large rings (NGC 2841, NGC 7331),
(c) scattered giant molecular clouds (GMCs; NGC 2403),
(d) primary bars (NGC 7479),
(e) nuclear gas bars (NGC 3351),
(f) central spots (NGC 4535), and
(g) small pseudorings (NGC 1068).

CO morphology does not necessarily mimic Hi morphology and the CO
disk may not extend as far as the Hi disk.

Figure 2.81 shows several examples of Hi and CO maps of nearby galaxies,
with a corresponding optical image for comparison.

Especially interesting morphology is revealed by 8� m emission maps ob-
tained with IRAC. This mid-IR wavelength is sensitive to the warm dust
associated with spiral arms and shows no near-side/far-side asymmetry, as
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Fig. 2.81. (Top rows): Hi maps of NGC 628, NGC 2841, NGC 2903, and NGC 3031
from THINGS (Walter et al. 2008); (bottom rows): CO maps of NGC 628,
NGC 1068, NGC 2403, and NGC 2841 from the BIMA-SONG (Helferet al. 2003).

the comparison in Fig. 2.82 shows. IRAC maps at 8� m reveal the distri-
bution of dust directly, instead of partly depending on how the dust layer
projects against the bulge. In optical images, the spiral structure of M 81
appears to nearly terminate in a large pseudoring in the outer parts of the
bright bulge. Spiral structure inside this pseudoring appears mainly in near-
side extinction arcs. In contrast, at 8� m there is complex spiral structure
inside the apparent pseudoring that continuously winds outward.
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Fig. 2.82. A B � I colour index map of M 81 as compared to an IRAC 8� m image
(from B13).

2.7.17 High-redshift galaxy morphology

There is no doubt that high-redshift galaxy morphology has come of age dur-
ing the past 10{15 years. The resolution provided byHST with the Wide
Field Camera and the Advanced Camera for Surveys (ACS) has provided
morphological information on thousands of high-redshift galaxies. Using
both spectroscopy and photometric techniques, signi�cant redshift ranges
can be isolated to examine galaxy evolution �rsthand.

B13 reviews many papers on high-redshift galaxy morphology. One of the
�rst results found from the early surveys is that high-redshift galaxies reveal
morphological categories that would �t poorly within the va rious modern
classi�cation systems. Unusual irregular shapes dominatethe high-z popu-
lation. Normal spirals and ellipticals can be recognised toz � 0:6, but as
z ! 1, the number of irregular-looking objects becomes more signi�cant.
Clump clusters, linear and bent chains, `tadpoles', catastrophic rings, and
mergers are identi�ed in papers by Elmegreenet al. (2004, 2007), van den
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Fig. 2.83. Several high-redshift morphological categories, from B13 and references
therein. The number in parentheses is the redshift.

Bergh et al. (1996,2000), and Cowieet al. (1995). Clump clusters and
chains are shown in Fig. 2.83.

2.7.18 The Sloan Digital Sky Survey

The SDSS (Gunnet al. 1998; York et al. 2000) is without a doubt one of
the most important assemblages of morphological information on galaxies
since the Palomar Sky Survey. The survey includes morphological, photo-
metric, and spectroscopic data for a million galaxies, and opened up the
new era of huge extragalactic digital databases of medium-high resolution
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Fig. 2.84. (Top row): quantitative colour versus type relations, from Buta et al.
(1994); from left to right, the colours are (B � V )eo, (U � B )eo, (V � R)eo, and
(V � I )eo, where the subscripts mean the colours are within an e�ective (half-power)
aperture and are corrected for extinction. (Bottom): a colour tuning fork based on
SDSS colour images.

imagery. The SDSS also represents the advent of large-scalecolour imagery
for galaxies of all types.

Figure 2.84, top, shows several colour-type relations based on e�ective
colour indices derived as outlined by Butaet al. (1994) and Buta & Williams
(1995). All show the same general trend: colours of E-S0 galaxies are the
same within the scatter, but there is a smooth decrease in colour indices
from stage S0/a to Im. This morphology-colour relation is beautifully illus-
trated with SDSS colour images in Fig. 2.84, bottom. The transition from
redder to bluer colours begins with spiral arms, leaving only bulges and
bars remaining relatively red. However, as type advances, bulges decrease
in relative importance and bars become bluer. By type Sm, theold stellar
background is muted against the bright blue star-forming disk.

The most famous result from SDSS multi-colour imaging is thè galactic
Hertzsprung-Russell diagram', or colour-absolute magnitude diagram. This
is shown in schematic form in Fig. 2.85. Galaxies that are made almost uni-
formly of old stars lie along the `red sequence', the familiar colour-absolute
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Fig. 2.85. A `galactic Hertzsprung-Russell diagram' showing the three main
groupings of galaxies, the `red sequence', the `blue cloud', and the `green valley'.
(Adapted from Wikipedia).

magnitude relation for early-type galaxies that was used extensively for dis-
tance scale studies in the 1980s. Star-forming galaxies, including spirals and
irregulars, lie mainly in the `blue cloud'. The `green valley' is the name
given to the zone intermediate between the red sequence and the blue cloud,
and it is here where redder, early-type spirals are usually found. Galaxies
in the green valley are thought to be evolving from the blue cloud to the red
sequence, positioning themselves according to their absolute luminosity.

2.7.19 Galaxy Zoo and citizen science

As I noted earlier, the SDSS is a goldmine for galaxy morphology. Not only
are the images of high quality for classi�cation, but the sheer number of im-
ages, on the order of a million, is beyond the capability of a small number of
experts. An important question is, how to tap the informatio n contained in
the survey in a reasonable amount of time? This is what GalaxyZoo (GZ)
was designed to deal with: outsource galaxy morphology and classi�cation
to the Internet, and allow non-professional volunteers to participate. The
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Fig. 2.86. Highlights from GZ1 (B13). Hanny's Voorwerp reproduced with
permission from Keelet al. (2012).

history of how the project got started, and a summary of its results so far,
is provided by Fortson et al. (2011).

Launched in 2006, GZ quickly became a model example of scientists giv-
ing something back to the general public: an opportunity to do science. The
enlisted volunteers became known as `citizen scientists',and although not
a new concept, the sheer number of such scientists who volunteered, more
than 200 000 forming a tight-knit community of galaxy morphologists, was
surely a wonder to behold. Eventually, two Zoo projects wereactivated:
GZ1, which asked very basic questions about morphology, andGZ2 which
was slightly more advanced. Some results from GZ1 are (see also Fig. 2.86):

(a) decoupling of colour and morphology with high statistical signi�cance,

(b) �nding that 80% of galaxies follow the usual colour-morphology correlation
(meaning red early-types and blue late-types),

(c) attention brought to a signi�cant number of red (passive) spir als and blue
early-types,

(d) studies showed that transformation from blue to red is fasterthan from spiral
to early-type,

(e) no evidence for a preferred rotation direction in the Universe,

(f) local fraction of mergers is 1{3%, and

(g) correlations between morphology and black hole growth.

One thing that GZ o�ered to its volunteers was a real chance fordiscovery.
When examining so many images of galaxies that had not been studied in
much detail before, someone was bound to �nd something new and unusual.
This was the case with `Hanny's Voorwerp (Object)', a colourful cloud of
ionised material and some active star formation located near a faint spiral
galaxy, IC 2497. Figure 2.86 shows anHST image from Keel et al. (2012).
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Follow-up studies suggest that the Voorwerp is tidal debrisfrom a past en-
counter between IC 2497 and another galaxy that drew out a tidal tail and
triggered infall into a supermassive black hole, producinga transient quasar
episode. The Voorwerp's light is an echo of the quasar phase acting on tidal
debris (Lintott et al. 2009).

A second unusual type of object found in GZ is `green peas', which are
compact star-forming galaxies having a high equivalent width of [Oiii ] emis-
sion (Cardamone et al. 2009). A recent study by Amor��n et al. (2010)
showed that green peas are a distinct class of metal-poor galaxies, possibly
a�ected by interaction-driven gaseous in
ow over a short phase of evolution.

Another result from GZ is that bars and bulge-dominated galaxies tend to
be found in denser environments than unbarred and disk-dominated coun-
terparts (Skibba et al. 2012). Also, tidal dwarf galaxies, formed from ejected
debris during a merger, were studied by Kavirajet al. (2012) using the GZ
merger sample.

2.7.20 Advanced galaxy morphology and classi�cation

While GZ took large-scale galaxy classi�cation to the public, which led to
visual morphological information for hundreds of thousands of galaxies and
useful information for follow-up studies, the need for moredetailed and so-
phisticated types has led several professional groups to try and get more
information on �ne structure details with the ultimate goal of facilitating
automated galaxy classi�cation. The key to success in such studies has
been the development of an interface that allows visual classi�cation to be
more e�ciently and more accurately carried out. This can be done either
in web-based fashion or o�-web.

One of the �rst such studies was by Nair & Abraham (2010), who used
SDSSg-band images to visually record morphological informationon 14 034
galaxies brighter than magnitude g0 = 16 and having z < 0:1. The survey
went beyond RC3-styleT-types to include recognition of rings, bars (regular
and ansae types), spiral arm morphology, dust, and tidal features.

Another advanced morphological project was the Extraction of the Ide-
alised Shapes of Galaxies from Imagery (EFIGI) survey (Baillard et al.
2011), which uses SDSS DR4 images of 4458 RC3 galaxies to get infor-
mation on 16 morphological attributes, including features such as bulges,
arms, bars, rings, dust, 
occulence, hotspots, inclination, and environment.
The procedure for doing the `morphometry' was for 11 astronomers to �rst
classify a common subset of 100 galaxies to estimate relative biases and get
each observer on a common scale compared to the scale of morphological
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T-types in the RC3. Then each observer individually classi�ed 445 galaxies,
or 0.1 of the �nal sample. The �nal sets were then homogenisedto give �nal
classi�cations on the RC3 scale. The visual classi�cation was done using a
sophisticated interface called `Manclass'. De Lapparentet al. (2011) anal-
ysed the statistical properties of the �nal EFIGI catalogue. The goal of the
EFIGI catalogue is to set the stage for automated morphometry of the same
attributes for a much larger sample.

Another sophisticated morphology project was the Wide-�eld Nearby
Galaxy-clusters Survey (WINGS, Fasanoet al. 2012). This survey provides
morphological types of nearly 40 000 galaxies in 76 nearby galaxy clusters.
The classi�cation procedure began with 233 RC3 galaxies classi�ed by two
astronomers to evaluate the reliability of visual T-types. Then a single as-
tronomer classi�ed nearly a thousand randomly selected galaxies from the
cluster sample to train an automated tool called MORPHOT, which uses
neural networks and maximum likelihood techniques to extract types for the
full cluster samples.

All of these studies highlight much of the future of galaxy morphology
and classi�cation, but most of all, they show that classical morphology still
has relevance to modern extragalactic research and still has much to o�er
as we seek better understanding of galactic evolution.

2.8 Summary

Far from giving way to pure quantitative classi�cation, gal axy morphology
today is a vibrant subject with a huge database of material.

The Hubble tuning fork is being seriously modi�ed. The placement of
S0s and the interpretation of dwarf early-types has led to the resurrection
of parallel sequence classi�cation.

The high quality of digital images has allowed the old classi�cation sys-
tems to be modi�ed to recognise the features of current interest in galactic
structure.

High-quality IR galaxy classi�cation and morphology is now possible with
NIRS0S and the S4G.

Early-type galaxies continue to be the focus of a great deal of research.
ATLAS 3D has been a major advance in understanding these galaxies.

S4G provides an opportunity to study the properties of extreme late-type
galaxies in great detail.

Various large imaging surveys, like SDSS, theHubble archives, deep sur-
veys like COSMOS, GOODS, HDF, HUDF, etc., continue to richly add to
morphological studies an evolutionary component.
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The processes of secular evolution lie in the �ne details of galaxy mor-
phology. Interpreting those details is the challenge of thecoming years.
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