Galaxy Classi cation

In the past few years, it has become possible to study galaxseat
redshifts which are large enough to be cosmologically int&sting.
For these objects, the lookback time is large enough that we an
expect to see some signs of evolution { the higlz- galaxies should
appear somewhat di erent from those in the local neighborhad.
But before we can address this question, we must de ne what wee
looking at. In other words, we need some method of describinthe
galaxies,i.e., a classi cation scheme.



HUBBLE-SANDAGE CLASSIFICATIONS

[Hubble 1926 Ap.J., 64, 321]

[Hubble 1936 ,Realm of the Nebulae,yale University Press]
[Sandage 1961the Hubble Atlas of GalaxiesCarnegie Institution of
Washington]

[Sandage 1975, irfstars and Stellar Systems IX. Galaxies and the
Universe, University of Chicago Press]

[Sandage & Tammann 1981A Revised Shapley-Ames Catalog of
Bright Galaxies, Carnegie Institution of Washington]

The most famous classi cation scheme, of course, is thélubble
tuning-fork system. At the extreme left of the tuning fork are
the elliptical galaxies, with type En. EO galaxies are circular on
the sky, while E7 galaxies are elongated. Speci cally,

n=10(1 b=9 (4:01)

where b=ais the observed axis ratio. At the fork in the diagram
are the lenticular galaxies. When Hubble proposed the diagam,
these galaxies were only hypothesized. They are now known to
occur, and are divided into three types, S@, SO, SG;. (The S0,
objects have the smoothest pro le with no discernable struture,
while the SO; objects have a structureless envelope, but with nar-
row absorption features within the lens.) After the lenticulars,
Hubble divided the diagram into the spirals, Sa, Sb, and Sc, ad
the barred spirals, SBa, SBb, and SBc. Sandage later sub-died
the Sc galaxies into Sc, Scd, Sd, Sdm, Sm, and Im (with a simila
sub-division for the barred galaxies). In addition, he addel the
additional symbols \(r)," which indicates the presence of an inner
ring, \R," which signi es the presence of an outer ring, and \(s),"
which says that the spiral arms begin at the end of a bar or are
traced to the galaxy's center, rather than the galaxy's inne ring.
Needless to say, this scheme isn't very elegant.
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Fra. 3.—First stage of development of the concept of the dassification volume, Here, the
ardinary and barred families are separated onto opposite sides of 2 hox. Within each family, a
scparabion 16 made inlo the r and s strains, depending on whether the arms start from o ring or
from the nucleus, Transition cases between the barred and ordinary [amilies sre not jormally
recugnized in this visualization, but would fit in the interior of the box, a concept that leads
into de Vaucouleurs's generalization shown in figs. 4 and 5. (Rendering of a diagram (rom

Huodge 1966.)



KORMENDY'S ELLIPTICAL GALAXY MODIFICATION
[Kormendy & Bender 1996Ap.J., 464, 119]

Since the ellipticity of an elliptical galaxy is a strong function of its
orientation to the line-of-sight, Kormendy and Bender re-ordered
the base of the Hubble tuning-fork by isophote shape. Elliptcal
galaxies whose isophotes are slightly \boxy" are placed onhe far
edge of the diagram, while those whose isophotes slightly semble
that of a disk galaxy are placed near the lenticulars. This odering
is also reasonable since the disky ellipticals are also thesthat
have the greatest major axis rotation. However, these isopbtal
distortions are subtle, and di cult to detect without excel lent data.



VAN DEN BERGH'S DDO SYSTEM

[van den Bergh 1960Ap.J., 131, 215]
[van den Bergh 1960Ap.J., 131, 558]

A complementary classi cation system, which seeks to make a
parallel with stellar evolution, is the DDO (David-Dunlap Ob-
servatory) Luminosity Classi cation system for late-type (spi-
ral) galaxies created by van den Bergh. In this scheme, super
giant galaxies with well-developed bright spiral arms and kars have
the Roman numeral | (like supergiant stars), normal galaxies with
short, patchy arms (and possibly a good bar) have Roman numex
l1l, and dwarf low surface brightness or irregular objects wth only
hints of arms or lamentary type bars have the classi cation V. Of
course, since one doesn't usually know a galaxy's distanceXcept
for a rough estimate from its redshift), it is somewhat di cu It to
estimate true luminosity. The system therefore assumes thiathe
galaxies with the most well-developed arms are also the modu-
minous. In the Revised Shapley-Ames Galaxy Catalog (whichists
the 1300 brightest galaxies in the sky), Sandage adds the DDO
luminosity classi cation onto his Hubble classi cation, so, for ex-
ample, the galaxy NGC 1097 is given the type RSBbc(rs)l-Il. (n
other words, NGC 1097 is a very large barred Sbc spiral with an
outer ring, an inner ring, and arms that begin at the end of the
galaxy's bar.)



THE DE VAUCOULEUR SYSTEM

[de Vaucouleurs, de Vaucouleurs, & Corwin 1926d Reference Cat-
alog of Bright Galaxies, University of Texas Press]

A more computer-friendly system was devised for the 2nd Ref-
erence Catalog of Bright Galaxies byde Vaucouleurs. In his
system, galaxies are given a numericall designation based on
compactness. The most compact elliptical galaxies are aggied
T = 6; normal ellipticals have T = 5, central elliptical (cD)
galaxies haveT = 4, and lenticular galaxies have numbers near
zero ( 3<T < 1). Spiral galaxies start at T = +1 for SO/a,
and proceed toT = +10 for Magellanic Cloud-type irregulars, and
T = +11 for blue compact irregulars (sometimes called extragadac-
tic H 1l regions). In this scheme, there is no di erence betwesn a
normal spiral and a barred-spiral galaxy.



VAN DEN BERGH'S ANEMIC SPRIALS
[van den Bergh 1976Ap.J., 206, 883]

In the 1970's van den Bergh noticed that spiral galaxies in alsters
seemed di erent from those in the eld. In particular, many c luster
spirals seemed to have less gas and less star-formation thaheir
counterparts in low-density environments. (The SO galaxis, which
are spiral disks without arms or gas, are the extreme examplef this
phenomenon.) Van den Bergh therefore de ned a system where
Anemic Spirals occupied the transition between regular spals and
lenticulars. In this system, sequences would be Sa Aa! SOa, Sb

I Ab ! SO0b,etc. For these Anemic galaxies, it is as if something
is quenching their ability to make stars.



MORGAN CLASSIFICATIONS

[Morgan 1958,Pub. A.S.P., 70, 364]
[Morgan 1959 Pub. A.S.P., 71, 394] [Morgan, Matthews, & Schmidt
1964,Ap.J., 140, 35]

An interesting system that is still (partially) with us and h as
(some) interesting uses is the classi cation system ofMorgan.
The system has two components, a \concentration" component
and a \form" component. The concentration part of the system
re ects the observed correlation between the types of starpresent
in a galaxy, and how compact the galaxy is. Elliptical galaxies
have mostly old stars, and their integrated light is dominated by
K supergiants. These objects are also the most condensed sys
tems; i.e., they are highly concentrated. Irregular galaxies with
no central mass condensation tend to have younger stars and a
corresponding earlier spectral type. Thus, Morgan de ned a \a-
f-g-k" concentration index based on the spectral classi cdion of
stars. For the form index, Morgan chose the (capital) letters \S"
for spiral, \B" for barred spiral, \E" for elliptical, \I" fo  rirregular,
\E ,," for elliptical peculiar (with dust), \D" for a rotationall 'y sym-
metry without elliptical structure ( i.e., a diuse system), \L" for
low-surface brightness, and \N" for a compact object with a gnall,
brilliant nucleus (like a Seyfert galaxy). On top of this, Morgan
then added a number from 1 to 7 based on apparent inclination:
face-on spirals were S1, while highly elongated systems doube
S7. Thus, M31 is a kS5 galaxy; M81 is kS4, M33 is fS3, the barred
spiral NGC 3351 is fgB1, and the edge-on (Milky Way lookalike
spiral NGC 891 has a Morgan type of gk:S7.

The Morgan system lives on today principally in the designaton of
\N" galaxies, which are sometimes used to refer to compact gax-
iles with an active galactic nucleus, and through the identi cation
of some galaxies as \cD". The cD galaxies (which were recogned



as a class about 5 years after the original Morgan paper) refs to
galaxies in the centers of clusters which have a elliptical glaxy-like
core surrounded by a huge amorphous envelope of stars. Thesgs-
tems are probably the largest collections of stars in the unierse;
since some cD galaxies have multiple nuclei, they have somates
been described as \galaxies at lunch."

QUANTITATIVE MORGAN CLASSIFICATIONS

[de Vaucouleurs 1977 igkvolution of Galaxies and Stellar Popula-
tions, Yale University Observatory]

[Okamura, Kodaira, & Watanabe 1984p.J., 280, 7]

[Kent 1985,Ap.J.Supp., 59, 115]

Over the years, various methods have been devised to quamf
Morgan's concentration index. In general, these are basedrothe
formula

Z  Z

r Mz

C(rq;ro) = . 2rl (r)dr . 2rl (r)dr (4:02)

For de Vaucouleurs,r; and ro were radii enclosing 1/4 and 3/4
of the light; for Kent, they were 20% and 80%. For Okamura et

al., r, represented the radius of the isophot with 26 mag arcsec.

All these concentration indices arehighly correlated; one is just as
good as the other.






Nearby Galaxy Catalogs

The Shapley-Ames Catalog (RSA)A 1932 catalog containing 1246
galaxies with photographic magnitudesmpy~ 13:2. The Revised
Shapley-Ames Catalogwas compiled by Sandage & Tammann in
1981 and is an all-sky catalog containing 1249 galaxies witimg

13. The catalog contains positions,B-magnitudes, Hubble types,
and redshifts.

The Reference Catalog of Galaxies (RC3).This catalog was com-
piled by de Vaucouleurs, and contains positions, estimateanagni-
tudes, sizes, and redshifts (if available).

RC1 (1964): 2599 galaxies
RC2 (1976): 4364 galaxies
RC3 (1991): 23,024 galaxies

RC3 is complete to mpg< 155 and z < 15,000 km s ! (11,897
galaxies).

The Uppsala General Catalog (UGC).This catalog, compiled by
Nilson (1973) from digital copies of the Palomar Sky Survey,con-
tains 12,921 galaxies withm< 145 or diametersD > 1% The
catalog contains positions, types, magnitudes, sizes, ancedshifts
(if available).

The Zwicky Catalog. These are 6 volumes of listings of galaxies
with m< 155. Galaxies are hamed by volume number and eld.

The Morphological Catalog of Galaxies (MCG).Voronstov-Vel'ya-

minov compiled the positions of magnitudes of 29;000 galaxies
with m= 15:1. It also gives the galaxies' MCG morphological types.
The MCG classi cation scheme is hopelessly complex and carat

be use by mere mortals.



The Galaxy Luminosity Function
[Schechter 1976Ap.J., 203, 297]

One of the key pieces in the study of galaxies and galaxy evaiwn
is the galaxy luminosity function. Traditionally, the numb er of
galaxies versus absolute luminosity (or absolute magnitud), ,
has been parameterized by the Schechter luminosity functio

(LYdL = (L=L ) e *t d(L=L ) (5:01)

Note the form of the equation. For faint galaxieswithL L , the
exponential term goes to 1. The variable therefore represents the
power-law slope of the faint-end of the luminosity function. At the
bright end, whereL > L , the exponential term dominates, and the
number of galaxies rapidly goes to zeroL is therefore sometimes
called the \knee" of the function, and represents the lumincsity of a
typical \bright" galaxy. (It is often quoted in terms of magn itudes,
l.e., M .) The variable = normalizes the function and de nes the
overall density of galaxies in the universe.

If one writes the Schechter function in terms of magnitude, nstead
of luminosity, the equation is

(M)dM =0:921 X *te XdM (5:02)

where
X =10%4M M) (5:03)

(The proof is left to the bored student.)



Note the excess of extremely bright galaxies. These are thelc
galaxies; this departure from the Schechter function suggss that
the formation of these objects is somewhat di erent from therest

of galaxy population.



Properties of the Schechter Function

Typical numbers for the key parameters of the Schechter funiton
are 1, M 205, and 0:005 galaxies per cubic
Megaparsec. To calculate the total number of galaxies the faction
implies, one can simply integrate the function. If we lett = L=L |,
then dL = L dt and

yA 1 VA 1
N = (L)dL = L t e 'dt (5:04)
0 0
This is called an Euler integral, which for the case of 1, has
the solution
Z 1
N= L teldt= L ( +1) (5:05)

0

where is the gamma function. However, if < 1 (which is
usually the case), the gamma function is unde ned, and the im
plied number of galaxies is in nite. Note, however, that this is
not a terrible problem, because the total luminosity implied by the
function
yA 1 Z 1

(L)LdL = L(L=L ) e ¥t d(L=L )= L ( +2)

0 0
(5:06)
IS nite.

Obviously, to count the number of galaxies down to some limit
ing magnitude, one can simply change the lower limit on equabn
(5.04). The integral then becomes the complement of an incom
plete gamma function (which is a subset of something called a
con uent hypergeometric function). There are tables, expansions,
and approximations for such function, but it's usually just easier
to integrate the curve numerically.



Schechter Functions for Galaxy Types

[Efstathiou, Ellis, & Peterson, 1988yINRAS, 232, 431]
[Postman & Geller 1984Ap.J., 281, 95]

[Marzke et al. 1994,A.J., 108, 437]

[Croton et al. 2005, MNRAS, 356, 1155]

The luminosity function of galaxies changes with galaxy type: el-
liptical galaxies have a brighter value of M than irregulars. The
early-type galaxies also have a atter faint-end slope thanthe ir-
regulars.






As the gures show, the normalization of the Schechter functon for
the di erent types of galaxies is a strong function of environment.
In other words, the ratios of ellipticals to spirals is a strong function

of the galactic space density. Ellipticals (and lenticulars) generally
live in clusters; in the eld, spirals dominate.



Galaxy Spectral Energy Distributions

[Coleman, Wu, & Weedman 198®&p.J.Supp, 43, 393]
[Fukugita, Shimasaku, & Ichikawa 199®Pub. A.S.P., 107, 945]
[Kinney et al. 1996,Ap.J., 467, 38]

[Schmitt et al. 1997,A.J., 114, 592]

Galaxies of di erent types have di erent Spectral Energy Distri-
butions, or SEDs. Consequently, the appearance of a galaxy can
change with redshift. Its apparent luminosity will also vary, due to
the fact that you are observing a di erent part of the its spectrum.
This is called the K-correction. Note that K-corrections would oc-
cur even if a galaxy has a at SED, since at higher redshift, o
observes a smaller wavelength range (by a factor of 1 #) through

a nite bandpass lter.

The o cial de nition of a K-correction is

Rl
% | (z7)S( )d
o 1()S()d

K =2:5log(1+2z) 25Iog (5:07)

wherel is the ux from the object, and S is the throughput of the
lter used for the observation. Note that there are two terms in the
correct. The rst occurs because a nite bandpass Iter captures
a smaller wavelength range of a galaxy (by a factor of 1 +z); the
second is a function of the galaxy's spectral energy distribtion.
Some authors are sloppy about including both terms, so watch
out!






Galaxy Clusters

[Abell 1958,Ap.J.Supp., 3, 211]

[Abell, Corwin, & Olowin 1989Ap.J.Supp., 70, 1]
[Bahcall 1980Ap.J. (Letters), 238, L117]

[Bautz & Morgan 1970,Ap.J. (Letters), 162, L149]
[Rood & Sastry 1971Pub. A.S.P., 83, 313]

Most of the galaxies in the universe arenot in clusters. Neverthe-
less, since these systems are the largest relaxed structwrén the
universe, their dynamical and evolutionary state can give s a han-
dle on the condition of the universe as a whole. However, befe
we start going into the details of their structure, we should look at
some galaxy cluster classi cation schemes.

For the very richest clusters, there is the system that Georg Abell
devised. In the mid 1950's, as the original Palomar Schmidt &y
Survey was being completed, Abell eyeballed the plates, andien-
ti ed the richest clusters in the sky. He then located the third
brightest galaxy in the cluster, estimated its magnitude (ms3), es-
timated the brightness of a galaxy 2 magnitudes fainter thanthe
third brightest galaxy ( msz + 2), and, after estimating and sub-
tracting o a \background" galaxy density, counted the numb er
of galaxies with magnitudes betweenms; and msz + 2. The Abell
Richness Class was then determined by the number of galaxies
in this range.

Richness # of Galaxies Richness # of Galaxies
0 30 { 49 3 130 - 199
1 50 { 79 4 200 - 299

2 80 { 129 5 > 300




In addition to assigning each cluster a Richness Class, Abkhlso
assigned each a Distance Class (from 1 to 7). This was based on
the assumption that the 10th brightest galaxy of each cluste is
more-or-less a standard candle.

Because Abell noted down and published every cluster he sptd
(before actually counting galaxies), his identi cations are incom-
plete at the less-rich end. Therefore, only Abell Clusters wth
R 1landjd'j> 30 are members of the \complete sample."

Note: the original Abell Clusters were de ned only for that p art
of the sky accessible to the Palomar 48-in Schmidt telescopeln
the early 1980's, Abell extended his work to the southern hem
sphere via plates taken with the newly commissioned UK Schnait
telescope in Australia. He died before completing the catalg, but
all 4073 clusters were eventually published in Abell, Corwn, &
Olowin in 1989.

(By their very de nition, Abell Clusters are the very riches t clusters

in the universe. In 1980, Neta Bahcall wanted a way to describ
poorer systems, so she just extended Abell's classi cationso that

R = 1 was equivalent to having between 20 and 29 galaxies be-
tween mz and mg +2, R = 2 between 10 and 19 galaxies, and
R = 3 for less than 10 galaxies.)

Complementing the Abell system is a morphological classi ation
de ned by Bautz-Morgan in 1970. This system describes how
condensed a cluster is by the existence (or lack there-of) @& domi-
nant (cD) galaxy. Clusters with a large, centrally located cD galaxy
are classi ed as Bautz-Morgan I; clusters whose brightest glaxies
are intermediate between a cD and a normal elliptical galaxyhave
the Roman numeral I, and clusters with no dominant galaxiesare
Bautz-Morgan type Il clusters.



Finally, these is the Rood-Sastry classi cation scheme, which
seeks to organize the overall morphological properties of alus-
ter. This uses a tuning-fork diagram for clusters. At the bas of
the tuning fork are the regular, roughly spherical cD clustes. Bi-
nary clusters (type B) are next: these are similar to cD clusers,
except that the cluster is dominated by two bright, central galax-
les, rather than one. After type B, the tuning fork divides. On one
side are the roughly spherical systems: \C" clusters, in whth the
bright galaxies are located near the cluster core, and \I" clisters,
which are irregular in shape with no well de ned center. On the
other side of the tuning fork are \L" or linear clusters, in which
all the bright galaxies lie along a line, and \F" clusters, which are
distinctly attened.



Part of what the cluster classi cation schemes are telling s is that
not all clusters are alike, morphologically or dynamically While
some may be dynamically relaxed, others may just now be fornmg
(and there are many cases where we believe two or more clusger
are themselves beginning to merge). But sometimes it is di ault to
tell the cases apart. In Virgo (which is equivalent to an Abel R =
O cluster), the number counts and histogram of galaxy velodies
both suggest that the cluster is virialized. However, when oe
looks at smaller velocity (or spatial) slices of the cluster one see
that the structure of Virgo is extremely complex and lled wi th
substructure.



