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Are galaxies “island 
universes”?

• In 1920, it was still unclear whether spiral 
nebulae were small members of our own Milky 
Way galaxy or other “island universes” and 
therefore actually galaxies in their own right

• This led to the Shapley-Curtis “Great 
Debate” on 20 April 1920: Shapley argued for 
the “galactic” hypothesis and Curtis for the 
“extragalactic” hypothesis

• Both used faulty data!
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• In 1923/1924, Edwin Hubble detected the 
pulsations of Cepheid variables in M31 
(Andromeda) and showed that it must be 
more than 250 kpc away (it’s actually 770 
kpc away; he misclassified the kind of 
Cepheid variable they were...)

• This is much larger than the diameter of 
the Milky Way

• This was the proof that galaxies are “island 
universes” in their own right, just like the Milky 
Way
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• Galaxies are composed of two types of 
matter:

• Baryonic matter---the stuff we’re all made 
of---which composes roughly 15% of the 
matter (but only 4.4% of the energy 
density) in the Universe

• Dark matter---the vast majority of which 
is not baryonic---which composes the 
other 85% of the mass of the Universe 
(but only 27% of the energy density)

Structure of galaxies
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• These types of matter 
have different radial 
distributions:

• Baryons are 
concentrated (primarily) 
to the inner tens of kpc;

• Dark matter can extend 
to hundreds of kpc

• Why?

• Dissipation --- baryons 
can lose energy through 
radiation, but DM can’t

DM: 85% of mass

Baryons
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• Visible (baryonic) components of galaxies

• two basic structural components:

• spheroids

• round(ish), stars on eccentric orbits, 
low net rotation (usually), high 
entropy: “hot” systems

• disks

• flattened, rotating structure, circular 
orbits, low entropy: “cold”
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Galaxy morphology
or, “what do galaxies look like?”
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• Galaxies appear to fall into a few broad 
“types”:

• elliptical galaxies, which are smooth, 
(usually) featureless (in the optical) balls 
of stars: dominated by spheroid 
component

• spiral galaxies, where lumpy disks of 
stars and gas dominate the optical light: 
dominated by disk component

• irregular and peculiar galaxies
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Elliptical galaxies
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Elliptical galaxies
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Spiral galaxies
note the variety of 
colors, arm types, and 
bar/no bar
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Irregular and peculiar 
galaxies
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Irregular and peculiar 
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Irregular and peculiar 
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Irregular and peculiar 
galaxies
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Irregular and peculiar 
galaxies
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• So what do we do with this mess?

• We want to classify the galaxy images 
somehow
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• What are the basic aims of any kind of 
classification scheme?

• Transform qualitative impression into 
quantitative information

• Complete

• Unambiguous assignment of every object to a 
class

• Illuminate physical processes

• Avoid irrelevant detail: economical description

Morphological 
classification
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The Hubble Sequence

• Hubble (1926) used the clear split in galaxy 
types to create the “tuning fork diagram”

• The Hubble Sequence is a continuum of the 
ratio of the disk to spheroid components in 
galaxies
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• Elliptical galaxies on the left, called “early-
type”

• arranged by ellipticity:

• where a and b are the semi-major and 
semi-minor axis lengths, projected on 
the sky

ε = 1− b/a
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• note that this is not the intrinsic ellipticity!

• from the morphology of a single galaxy alone, we 
cannot tell if it is

• spherical (a=b=c)

• prolate (a>b=c) --- a cigar

• oblate (a=b>c) --- a poffertje

• triaxial (a>b>c)

17



• In 1936, Hubble added the S0 classification to his system, 
to provide a transition between ellipticals and spirals

• These galaxies have no (obvious) lumpiness and 
(usually) a large bulge
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Types of “early-type” 
galaxies

• cD galaxies: found near the centers of 
clusters; very bright elliptical galaxies with 
(very) extended, (very) faint envelopes

• elliptical galaxies: can be roughly broken 
into giant ellipticals, intermediate ellipticals, 
and compact ellipticals (cE, like M32)

• dwarfs: broken into dSph (“dwarf 
spheroidal”) and dE (“dwarf elliptical”) classes
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Characteristics of big 
“early-type” galaxies

cD E S0

MB

M (M⊙)

Diameter 
(kpc)

⟨M/LB⟩

-22 to -25 -15 to -23 -17 to -22

1013-1014 108-1013 1010-1012

300-1000 1-200 10-100

>100 10-100 ~10
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Characteristics of dwarf 
“early-type” galaxies

dE dSph

MB

M (M⊙)

Diameter (kpc)

⟨M/LB⟩

-13 to -19 -8 (or lower) 
to -15

107-109 107-108

1-10 0.1-0.5

~10 5-100 (or 
higher)
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• Early-type galaxies contain little or no dust

• except sometimes near their centers...

• ...and little gas...

• except that ~40% of them have 
detectable HI and roughly the same 
amount have detectable H2 (or at least 
CO)

• ...and no star formation

• except sometimes!
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Centaurus A has all of these!
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• Spiral galaxies on the right, called “late-
type”

• Spirals split into barred and unbarred 
types

• arranged by three criteria:

• primary: small-scale lumpiness

• secondary: bulge-to-disk ratio

• tertiary: pitch angle, prominence, and 
number of spiral arms
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Sa Sb Sc Sd/Sm Im/Irr

MB

M (M⊙)

Diameter (kpc)

⟨M/LB⟩

⟨Lbulge/Ltot⟩B

Vmax (km/s)

pitch angle

⟨(B-V)⟩

⟨Mgas/Mtot⟩

⟨MH2/MHI⟩

-17 to -23 -17 to -23 -16 to -22 -15 to -20 -13 to -18

109-1012 109-1012 109-1012 108-1010 108-1010

5-100 5-100 5-100 0.5-50 0.5-50

6 4.5 2.5 ~1 ~1

0.3 0.13 0.05 ~0 ~0

165-365 145-330 100-300 80-120 50-70

~6˚ ~12˚ ~18˚

0.75 0.64 0.62 0.47 0.37

0.04 0.08 0.16 0.25 0.5-0.9

2.2 1.8 0.73 0.03-0.3 ~0
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• In the local Universe, 
~80% of elliptical and 
~70% of S0 galaxies live 
in clusters of galaxies

• Conversely, ~80% of 
spiral galaxies live in the 
field---i.e., the “average” 
environment of galaxies
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• The fact the primary criterion for the Hubble 
Sequence is “lumpiness”---which is caused 
by star formation now in a galaxy---
means that the Hubble Sequence is basically 
a sequence in present-day star formation rate!
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• Transform qualitative impression into 
quantitative information

• Complete

• Unambiguous assignment of every object 
to a class

• Illuminate physical processes

• Avoid irrelevant detail: economical 
description

Hubble Sequence 
classification score card
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• Transform qualitative impression into 
quantitative information

• Complete

• Unambiguous assignment of every object 
to a class

• Illuminate physical processes

• Avoid irrelevant detail: economical 
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Hubble Sequence 
classification score card

Peculiars?

Ring galaxies?
?

31



• B/T ratio systematically 
varies along sequence, as 
desired, but not 
monotonically (Kent 1985):

• bulge-to-disk ratio not 
accurate predictor of 
Hubble type!

B/D ratios along the 
Hubble Sequence
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Why do the Hubble 
criteria correlate?

• Density-wave theory for spiral structure predicts that 
number of arms increases when disk mass decreases

• if f=Σ(disk)/Σ(spheroid), where Σ is surface mass 
density, then m~1/f, where m is the number of arms

• Bulges are dense and concentrated, so they have 
rapidly rising rotation curves and significant 
differential rotation

• so as B/D increases, arms get tightly wound

• So as B/D increases, lots of tightly-wound arms; as B/
D decreases, few loosely-wound arms
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Physical parameters along 
the Hubble Sequence

Figure 5
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(B - V) color vs morphological type. (Same symbols as in Figure 

Optical Linear Size

Both the median and mean values of linear diameter show subtle differences
along the Hubble sequence as evident in Figure 2a, with the most distinguishing

feature being the "smallness" of the latest types. Within the RC3-LSc sample,

the classical spirals show a small systematic increase in size toward the later

types. Such a trend is less obvious in the flux-limited RC3-UGC sample. The

largest early-type galaxies, the cDs, are underrepresented in the current sample

since they are too rare to be found nearby. Their location in regions of highest

local density suggests that their large sizes are related to their spatial locations

in the deepest potential wells.

It should be noted that the Malmquist bias also affects diameter-limited

catalogs in the sense that objects at larger distances have characteristically

larger linear diameters. The measurement of optical size enters into the debate

concerning the degree of extinction internal to a spiral disk and into the sur-

face brightness level to which a diameter measurement refers (Valentijn 1991,

Burstein et al 1991, Giovanelli et al 1994).

Optical Luminosity

The optical luminosity LB is a parameter of scale. Like the linear size, the range
of median LB values characteristic of classical galaxies varies only slightly, until

the latest types, where the distinctiveness of the dwarfs becomes evident (Figure
2b). The ellipticals here are slightly brighter than spirals.

LUMINOSITY FUNCTION Binggeli et al (1988) have carefully reviewed what

is currently known about the luminosity function ~(L). In their study 

the Virgo cluster (Binggeli et al 1985), they derive the luminosity function

¯ (L, T) for each morphological type separately. The range of luminosities

representative of the classical galaxies is seen to be similar, as in Figure 2b, with

www.annualreviews.org/aronline
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Figure 2 Global galaxy parameters vs morphological type. Circles represent the RC3-UGC
sample; squares the RC3-LSc sample. Filled symbols are medians; open ones are mean values.
The lower bar is the 25tt’ percentile; the upper the 75th percentile. Their range measures half the

sample. The sample size is given in Table 1. (a) log linear radius Rua(kpc) to an isophote of 

mag/arcsec2 , (b) log blue luminosity LI3 in solar units, (c) log total ma~ss MT in solar units, (d) 
total mass-to-luminosity ratio MT/LB.
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Figure 4 Same as Figure 2, for (a) log total HI mass MHb (b) log HI mass-to-blue luminosity

ratio Mni/Ln, (c) log HI mass fraction MnI/MT, (d) log FIR luminosity LFIR. The dashed lines

indicate significantly fewer data for these types.
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• Note that the fractional mass of HI (neutral 
hydrogen) relative to the total galaxy mass 
increases as B/D decreases

• fuel for star formation increases as B/D 
decreases, so SFR should increase as B/D 
decreases

• can be seen (roughly) from colors as 
function of type:

• early-types are red (~no SF)

• late-types are blue (lots of SF)
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• integrated overview of Hubble sequence:

• mass increases, B/D increases

• most massive galaxies, largest B/D: EARLY 
TYPES

• bulges

• rising rotation curves -> differential 
rotation

• tightly-wound arms

• low disk mass

• large number of arms

• low HI content

• low SFR today
36



• least massive galaxies (still on Hubble 
Sequence): LATE TYPES

• disks

• linear rotation curves -> solid-body 
motion

• loosely-wrapped arms

• high disk mass

• small number of arms

• high HI content

• high SFR today
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• Main question about Hubble Sequence:

• why does B/D increase with mass?

• We will see later that mergers help to 
explain this:

• mergers make bulges by destroying 
disks, and make galaxies bigger

• therefore, mergers tend to have mass 
increase as B/D increases

• but how did big spirals settle down to have 
big gas disks without forming stars along the 
way?
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Extensions to the 
Hubble Sequence

• Because the Hubble Sequence is not complete 
and does not describe every feature seen in 
galaxies, people have extended it to include 
other information

• de Vaucouleurs (1959): “3-D” classification, 
with s-shaped vs. ring morphology as third axis

• also added “Sd” to replace some irregular 
classifications
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The “3D” de Vaucouleurs 
classification system
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• van den Bergh (1960): DDO system

• adds “luminosity classes” to Hubble classifications

• stars are classified by temperature 
(OBAFGKMLT) and by luminosity/surface 
gravity (Ia, Ib, II---supergiants; III---giants; IV---
subgiants; V---dwarfs)

• DDO luminosity class is based on strength of 
spiral arms

• van den Bergh wanted to be able to look at a 
galaxy and tell how bright it was, so he could 
determine a distance knowing its apparent 
magnitude --- unfortunately, it doesn’t really work!
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• Dwarf galaxies

• dIrr: “dwarf irregular” (like SMC)

• “smooth” dwarfs

• dSph: “dwarf spheroidal”

• dE: “dwarf elliptical”

• we’ll return to these later...

What else is missing?
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Peculiar galaxies: the 
“trash heap”
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• “Peculiar” galaxies can have

• distortions of bulges and disks by 
gravitational processes

• gas and dust in systems where 
unexpected, often unrelaxed

• starbursts

• Nearly all due to mergers or interactions 
with other galaxies
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• Galaxies can move between Hubble classes 
through the “peculiar” stage

• IRONY:

• “peculiar” galaxies are actively forming

• Hubble Sequence only fits galaxies that 
are passively evolving!
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• Bandpass “bias”: Hubble Sequence is 
defined in the blue part of the optical 
window!

Other issues with the 
Hubble Sequence
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• Clearly, observing galaxies (especially spirals) 
at other wavelengths would give different 
classifications!

UV Optical
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• Finally, another related problem is “surface 
brightness bias”

• the “surface brightness” is the flux per 
unit area on the sky, usually expressed as 
magnitudes per square arcsecond

• surface brightness is a measure of contrast  
against the sky, particularly because the 
night sky itself has a surface brightness 
(which depends on the bandpass)
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• These are both low surface brightness (LSB) 
galaxies

• How do we classify these?
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• A closely related idea to morphology is 
surface brightness profiles: how is the light in 
galaxies distributed in detail?

Galaxy surface 
brightness profiles
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• For giant elliptical 
galaxies and the bulges 
of (early-type, i.e., Sa) 
spirals, the light follows a 
“de Vaucouleurs” or r1/4 
profile:

• where re is the “effective 
radius”, the radius which 
contains half the light of 
the galaxy, and Ie is the 
surface brightness I(re) at 
that radius

log10

[
I(r)
Ie

]
= −3.33

[(
r

re

)1/4

− 1

]

NGC 3379

In magnitudes per square 
arcsecond, we can write

µ = µe + 8.33

[(
r

re

)1/4

− 1

]
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• For the disks of spiral galaxies, bulges of 
late-type (i.e., Sc) spirals, and for many 
dwarf galaxies, the light follows an 
exponential profile:

• here rd is the disk scale length---the radius 
at which the surface brightness has fallen to 
1/e=0.37 of its central value---and Id is the 
surface brightness at this radius

I(r)
Id

= exp
(
− r

rd

)

In magnitudes per square 
arcsecond, we can write

µ = µd + 1.09
(

r

rd

)
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• These two profiles can 
be combined into the 
generalized de Vaucouleurs 
or Sérsic profile:

• here bn is a constant 
that depends on the 
shape of the profile n

• when n=1, this is an 
exponential profile; 
when n=4, it’s a de 
Vaucouleurs profile

log10

[
I(r)
Ie

]
= −bn

[(
r

re

)1/n

− 1

]
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where Ib is the surface brightness at rb and α measures the
sharpness of the break (Kormendy et al. 1994; Lauer et al. 1995;
Byun et al. 1996; see Lauer et al. 1992b; Ferrarese et al. 1994
for earlier, simpler versions).

Since Equation (1) is asymptotically a power law at large r, it
does not fit Sérsic profiles, nor was it devised to do so. Rather,
it was devised to fit central profiles in the vicinity of the break
radius in order to derive core parameters. This was done in Byun
et al. (1996) and in Lauer et al. (2005, 2007b) and used to study
core parameter correlations in Faber et al. (1997) and Lauer et
al. (2007a). Graham et al. (2003, 2004) and Trujillo et al. (2004)
advocate replacing Equation (1) with an analytic “core-Sérsic
function” that becomes Sérsic at large r. This is a plausible
idea, but making it uncovers a problem with any attempt to fit
cores and outer profiles with a single analytic function. Analytic
functions are stiff. Their core and outer parameters are coupled
in a way that depends on the chosen fitting function. This is why
Trujillo et al. (2004) get slightly different parameter values than
those derived using Equation (1). Core parameters inevitably
depend on the parameterization; Lauer et al. (2007b) provide
further discussion. The solution is to avoid fitting functions that
are complicated enough to result in large, coupled errors in the
derived parameters.

Therefore, we do not use one fitting function to parameterize
all of a profile whose form is nowhere analytic and whose un-
derlying distribution function is controlled by different physics
at different radii. Rather, we fit the profile piecewise. That is,
we fit the outer profile using a Sérsic function over the radius
range where it fits well (Section 7.2; Appendix A). Departures
from these fits are measured nonparametrically.

4.2. “Extra Light” at the Centers of Elliptical Galaxies

One new result of this paper is confirmation in a larger
sample of galaxies of an effect seen by Kormendy (1999). It
is illustrated in Figure 3. NGC 4621, NGC 3377, and M 32 are
normal ellipticals with absolute magnitudes MV = −21.54,
−20.18, and −16.69, respectively. Their main bodies are well
fitted by Sérsic functions. At small radii, the behavior of the
profile is opposite to that in a core galaxy—there is extra light
compared to the inward extrapolation of the outer Sérsic fit.

Kormendy (1999) pointed out that the extra light is similar
to predictions by Mihos & Hernquist (1994) of high-density
centers produced by dissipative mergers (Figure 4). In their
simulations, the excess light is a result of rapid inward transport
of gas during the merger followed by a starburst. The tran-
sition from the starburst center to the outer profile occurs at
∼ 4% of the effective radius re. The radii of the observed breaks
from the r1/n laws bracket 0.04re in Figure 3. The observed
transitions are less sharp than those in the simulations, but the
numerical prescriptions used for star formation and energy feed-
back were approximate. Interestingly, the observed departures
from Sérsic function fits are larger in smaller galaxies; obser-
vations imply more dissipation at lower galaxy luminosities
(e.g., Kormendy 1989). It was too early to be sure of an in-
terpretation, but Kormendy (1999) noted that the observations
are suggestive of dissipative starbursts. Further observations
along these lines are discussed in Rothberg & Joseph (2004,
2006) and in Côté et al. (2006, 2007; note that these papers
include disk-dominated S0s which are not primarily merger
remnants).

We will reach the same conclusions.

Figure 3. Composite major-axis brightness profiles of coreless elliptical galaxies
fitted with Sérsic functions (solid curves) with index n (see the key). This figure
is from Kormendy (1999).

5. GALAXY SAMPLE

Table 1 lists our sample ordered by total absolute magnitude
MVT (Column 11) determined from our photometry. The Virgo
cluster has depth along the line of sight, so we use individual
galaxy distances from Mei et al. (2007) or from Tonry et al.
(2001). Galactic extinctions are from Schlegel et al. (1998).

We wish to study all elliptical galaxies in the Virgo cluster.
Distinguishing elliptical (E), S0, and spheroidal (Sph) galaxies
is nontrivial but important, because different types of galaxies
are likely to have different formation processes. To construct a
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• Roughly, larger (more 
massive/brighter) 
galaxies have larger n
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Figure 32. Photometry of Virgo cluster S0 galaxies. NGC 4318 is a good
example of a tiny S0 galaxy that is easily misclassified as an elliptical.
High-resolution photometry is required to distinguish the small bulge, and
spectroscopy is required to verify that the outer component is a disk (see
Section 7.6).

Figure 33. Correlation between Sérsic index n and MVT : red, blue, green, and
turquoise points show our core Es, extra light Es, Sph galaxies, and S0 bulges.
The green triangles show all spheroidals from Ferrarese et al. (2006a) that are
not in our sample. Crosses show all spheroidals from Gavazzi et al. (2005) that
are not in our sample or Ferrarese’s. The open squares are for Local Group
spheroidals (Caldwell 1999; Jerjen et al. 2000). The open symbols refer to
galaxies that are not Virgo cluster members.

Challenges to the E–Sph dichotomy are based mostly on two
claims: (1) that the correlation between Sérsic index n and galaxy
luminosity is continuous from spheroidals through ellipticals
and (2) that other parameter correlations are continuous between
spheroidals and low-luminosity ellipticals. With more accurate
parameter measurements, we can better test these claims. We
agree with (1) but not with (2).

Figure 33 shows the correlation between n and MVT . Blind
to the E–Sph distinction shown in Figures 34–39, we would
conclude that the n–MVT correlation is continuous over all
luminosities. But this does not prove that E and Sph galaxies
are related. If they are different, then Figure 33 just tells us that
the n–MVT correlation is not sensitive to the physics that makes
them different. There are other, similar correlations. Viewed
morphologically blindly, E, Sph, and even Im galaxies are
continuous in the correlations between metallicity and galaxy
luminosity or velocity dispersion (Bender 1992; Bender et al.
1993; Mateo 1998; Tremonti et al. 2004; Veilleux et al. 2005).
Again, this does not mean that E, Sph, and Im galaxies are the
same. The conclusion is that gravitational potential well depth
and not the details of galaxy structure governs the degree to
which metals returned to the interstellar medium during stellar
evolution are retained by a galaxy (Dekel & Woo 2003). So
all galaxies roughly satisfy the same metallicity–luminosity
correlation. Looking at the correlations with morphology in
mind, Mateo (1998) and Grebel (2004) find that Sph galaxies are
slightly more metal-rich than Im galaxies of the same luminosity.
Similarly, ellipticals generally have higher Sérsic indices than
spheroidals of the same luminosity.

To distinguish galaxy types, we need to use all parame-
ter correlations. We need to find out which ones are sensi-
tive to formation physics. Given how the E–Sph dichotomy
was discovered, we expect that some of the relevant correla-
tions will involve nearly-central surface brightnesses and radii.

de Vaucouleurs

exponential
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• Because of the close 
connection between 
morphological type and 
surface brightness profile, 
many authors have used 
the slope parameter n as 
a substitute for visual 
classification

• for example, it is 
often assumed that 
“disk” galaxies have 
n<2.5 and 
“spheroidal” galaxies 
have n>2.5

• But this isn’t always 
the case!

van der Wel et al. 7

Fig. 6.— 3.′′4 by 3.′′4 z850-band cut-outs for 10 randomly chosen
galaxies from the sample at 0.6 < z < 1.0 (top two rows), and 51′′

by 51′′ g-band cut-outs for 10 randomly chosen galaxies from the
sample at z ∼ 0.03 (bottom two rows). The physical scale of both
sets of images is comparable: ∼30 kpc. Visual classifications (Late
or Early), and n and B parameters are listed for each galaxy to
illustrate the correspondence between the visual morphologies and
the automated classification method (see also Fig. 5).

surement of galaxy morphology through the B − n clas-
sification. This extends the conclusions from Blakeslee
et al. who could not claim universality of their selection
criteria because of their homogeneous datasets and the
small redshift range (z = 0.83 − 0.84) of their samples.

The visual and B − n classifications agree for 93% of
the galaxies in the z ∼ 0.8 sample (193 out of 207) and
for 89% of the galaxies in the z ∼ 0.03 sample (179 out
of 200), see also Fig. 5. Half of the mis-classifications
have n and B values that put them close to the criterion
that separates the early types from the late types (the
line in Fig. 5). The disagreement can be explained by
the limited S/N of the images, which shows that the true
random uncertainty in the visual and B − n methods is
∼4%. The other half of the disagreements are mostly due
to strong, central deviations from a Sérsic profile (proba-
bly point sources), or, for several galaxies in the z ∼ 0.03
sample, large-scale deviations from a smooth profile that
our fitting method does not place within two effective
radii. Despite the non-negligible numbers of erroneous
classifications (∼10%), the net difference between the
two classification methods in the ratio of the numbers of
early-type and late-type galaxies is less than 0.5%. This
is true for both the z ∼ 0.03 sample and the z ∼ 0.8
sample. Hence, there is virtually no systematic differ-
ence between the visual and B − n classifications for the
samples as a whole.

Even though the z ∼ 0.03 and z ∼ 0.8 samples have
internally consistent morphological classifications, there
may be a systematic difference between the two sam-
ples, which are located at very different cosmological dis-
tances. Our morphological classifications could depend
on redshift, mainly because of the lower signal-to-noise
ratio of the high-z galaxy images. Because the scales
of the PSF and pixels of the SDSS and ACS datasets
are very similar in terms of physical size at the sam-

Fig. 7.— Sérsic parameter n and bumpiness parameter B for
50 galaxies at redshifts 0.025 < z < 0.030 as determined from the
original SDSS g-band images vs. the difference between n and B
as determined from simulated z = 0.80 z-band images of the same
galaxies and the original values. There are no systematic differ-
ences between the original low-z and simulated high-z morphologi-
cal indicators, which indicates that the morphologies as determined
for our z ∼ 0.03 and z ∼ 0.8 samples are not systematically differ-
ent.

ple redshifts, we can test the redshift dependence of our
morphological classification. We take 50 galaxies in our
sample spanning the full range in magnitude and with
redshifts 0.025 < z < 0.030, such that the SDSS pixel
scale corresponds to the pixel scale of an ACS image of a
galaxy at z = 0.80. We add noise to the g-band SDSS im-
ages, taking into account K-corrections and the relative
depths of the SDSS and ACS images, and reapply our
two classification methods, which gives n0.80 and B0.80,
the values for n and B as inferred from the simulated im-
ages. In Fig. 7 we compare those with the original values
of n and B, and we find that neither quantity shows a
systematic difference. Also, the visual morphologies of
the simulated images are not different from the original
visual morphologies: all features that decide on the mor-
phology of the z ∼ 0.03 galaxies are still visible in the
simulated z = 0.80 images. We conclude that our clas-
sification methods do not suffer from systematic effects
that introduce significant differences between the mor-
phologies of the z ∼ 0.03 and z ∼ 0.8 galaxies.

2.4. Local Density Estimates

Traditionally, local projected surface densities are com-
puted by measuring the distance to the n-th nearest
neighbor brighter than, for example, MV+0.8z < −19.78
(e.g., Postman et al. 2005). However, since we work with
mass-selected samples in this paper, it is more consistent
to measure the distance to the n-th nearest neighbor that
is more massive than, in this case, M > 4 × 1010 M!.
Below we will discuss the difference between the two ap-
proaches.

We derive the local galaxy densities for the 142 galax-
ies in our z ∼ 0.8 sample with spectroscopic redshifts.

6 The Evolution of the MDR for Mass-Selected Samples

Fig. 5.— Sérsic n vs. bumpiness B for all 207 galaxies in the mass-selected z ∼ 0.8 sample (left) and the 2003 galaxies in the z ∼ 0.03
sample (right). The 200 galaxies with visual classifications are separately indicated, the remainder of the sample is indicated with small
dots. n is restricted to be between n = 1 and n = 4, but to enhance the readability of the figure we have randomly distributed the values
of n between n = 0.5 − 1 for galaxies with n = 1 and between 4 < n < 5 for galaxies with n = 4. Visual classifications are indicated
by different symbols: early types are indicated by open circles, late types by crosses. The curved line, B = 0.065(n + 0.85), indicates the
separation between early types and late types according to the B −n classification. The correspondence between the visual and automated
classifications is very good. See text for more details and Fig. 6 for illustration.

of this automated classification method. In this pa-
per we simply distinguish between early- and late-type
galaxies, or, in the T -type classification scheme (see
Postman et al. 2005), between galaxies with type T ≤ 0
(E, E/S0, and S0) and galaxies with type T > 0 (Sa and
later). The separation into subclasses, for example Es
and S0s, will be investigated in a future paper.

Visual morphologies were determined by A.v.d.W. by
examining the g-band images of 200 randomly chosen
galaxies in the mass-selected z ∼ 0.03 sample and the
z850-band images of all 207 galaxies in the z ∼ 0.8 sam-
ple. For 35 galaxies in the z ∼ 0.8 sample with T ∼ 0
or peculiar morphologies M.P. also examined the images
and assigned morphologies. This provides an estimate
of the random uncertainty and it ensures that the same
threshold (T = 0) is adopted as in Postman et al. (2005).
Based on these results, we conservatively assume a 5.5%
uncertainty in the early-type galaxy fraction due to clas-
sification errors. We note that the z850-band images with
an integration time of 12000s and a 10σ point-source
detection-limit of z850 = 27 is very deep with respect
to the faintest galaxies in our sample with z850 = 24. In
Fig. 5 we indicate early-type galaxies with open circles,
and late-type galaxies with crosses.

Quantitative morphologies are determined for all
galaxies with the technique outlined by Blakeslee et al.
(2006), who showed that Sérsic parameter n and bumpi-
ness parameter B can effectively distinguish between
early- and late-type galaxies. Galfit (Peng et al. 2002)
is used to fit Sérsic profiles to the g-band and z850-band
images. n is constrained to values between n = 1 and
n = 4. The only reason for not allowing larger values of
n is that the effective radii for high values of n become
large and uncertain. This would strongly affect the mea-
surement of the bumpiness B, which is the root mean

square of the residual as measured within two effective
radii. In order to reduce the effect of shot noise the resid-
ual is slightly smoothed. Also, other objects and a cir-
cular region around the center are masked. This central
region is masked out because of slight PSF mismatches
and because central, small-scale deviations from a Sérsic
profile. Because of the latter effect the adopted radius
is distance dependent. Upon visual inspection we choose
a four-pixel radius for galaxies at z = 0.03 in the low-z
sample, and a two-pixel radius for galaxies at z = 0.80
in the high-z sample, both scaled inversely proportional
with angular diameter distance for galaxies at different
redshifts.

The advantage of the B − n classification over other
automated classifiers is that PSF smearing is taken into
account. This is essential, in particular when redshift-
dependent trends are investigated in datasets with very
different photometric properties. In Fig. 6 we show
image cut-outs and give the n and B parameters for
20 randomly selected galaxies from our z ∼ 0.0 and
z ∼ 0.8 samples, in order to illustrate the correspon-
dence between the automated classification method and
their morphological appearance. n and B are shown for
all galaxies with visual morphologies in Figure 5. A sim-
ple linear relation separates early- and late-type galax-
ies: B = 0.065(n + 0.85) (indicated by the solid line in
Figure 5). Note that these coefficients are taken from
Blakeslee et al. (2006), and are not chosen to optimize
the correspondence between the visual and B−n classifi-
cations for these particular samples. The correspondence
between our results, in particular for the z ∼ 0.03 sample,
and the results by Blakeslee et al. illustrates the power of
the B −n method. Once PSF smearing effects and noise
properties are properly taken into account, datasets with
roughly similar spatial resolution provide a unique mea-
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• Plotted as a function of 
luminosity (absolute 
magnitude), surface 
brightness (or effective 
radius, which is based on 
the surface brightness 
profile) provides a useful 
means of distinguishing 
elliptical and S0 galaxies 
from dwarf spheroidal 
and dwarf elliptical 
galaxies
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Figure 37. Global parameter correlations for elliptical and spheroidal galaxies
and for S0 bulges. The panels are analogous to those in Figure 34, but re is the
effective radius that contains 50% of the light of the galaxy and µe is the surface
brightness at re. These are the parameters of the Sérsic fits to the major-axis
profiles (Table 1); as a result, we can include S0 bulges, which require a profile
decomposition that is based on a Sérsic fit to the bulge. Otherwise, the symbols
are as in Figures 33 and 34. The E and Sph points in our sample have error
bars; most are too small to be visible. The blue point among the green points in
Figures 37 and 38 is for VCC 1440. It is clearly classified E in Figure 34, but
its position is symptomatic of the fact that the Sph sequence approaches the E
sequence near its middle (not its faint end).

the major-axis profiles. Figure 38 is based on integrations of
the brightness profiles and is independent of fitting func-
tions. The top panels show effective brightness versus effec-
tive radius—the Kormendy (1977) relation. It shows the fun-
damental plane close to edge-on. The bottom panels show the
correlations of µe and re with total or (for S0s) bulge absolute
magnitude.

Figures 37 and 38 further confirm the distinctions illustrated
in Figures 1 and 34–36 between elliptical and spheroidal
galaxies. Our results are clearcut because we have a large range
in MVT and because we have accurate brightness profiles over
large radius ranges. We can derive accurate galaxy parameters,
so we can see that the scatter in the µe–re correlation for
ellipticals is small. This confirms the fundamental plane results
of Saglia et al. (1993) and Jørgensen et al. (1996). The scatter
increases slightly toward the faintest galaxies. This is expected,
because they form in fewer mergers than do giant galaxies, so
the details of different merger histories matter more.

The scatter in Figures 37 and 38 is small enough and the
spatial resolution of HST photometry is good enough to show

Figure 38. Global parameter correlations for elliptical and spheroidal galaxies.
The symbols are as in Figures 34 and 37. Effective surface brightnesses µe

and major-axis effective radii re are calculated by integrating isophotes with the
observed brightness and ellipticity profiles out to half of the total luminosity.
S0 bulges are omitted, because bulge–disk decomposition requires assumptions
that we do not wish to make for this figure—either that the bulge and disk profiles
have pre-chosen analytic functional forms or that ellipticity is constant for each
of the components. Thus for our sample, re, µe , and MVT are independent of
Sérsic fits. For the other samples, the parameters are based on Sérsic fits and are
corrected to the major axis when necessary.

that the lowest-luminosity Virgo ellipticals extend the elliptical
galaxy correlations continuously and with almost no change in
slope from typical giant ellipticals all the way to M 32. That is,
M 32 is a normal, tiny—and hence “dwarf”—elliptical galaxy.

Most important, the sequence of ellipticals is well enough
defined so we can see with confidence that the Sph sequence
approaches it not at its faint end but rather near its middle. It
is not the case, as suggested by Graham & Guzmán (2003),
Graham et al. (2003), and Gavazzi et al. (2005), that E and
Sph galaxies define a single set of correlations from which
giant ellipticals deviate only because they have cores. Cores are
“missing” ∼ 1 ± 1% of the galaxy light (Table 1). They have
negligible effects on global parameters.

This confirmation of the E–Sph dichotomy is not new; it is just
better defined by our photometry. The middle panels of Figures
37 and 38 can be compared with Figure 1a and the bottom panels
can be compared with Figure 1b in Binggeli & Cameron (1991).
They did not have HST photometry, so the faint part of their E
sequence is not well defined and the degree to which M 32
is a normal dwarf elliptical is not obvious. Nevertheless, they,
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Galaxy kinematics
or, “how much mass do galaxies really have?”
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Kinematics of spiral 
galaxies

• Recall from our earlier 
discussion that the Milky 
Way has a flat rotation 
curve

• The same is true for 
nearly all spiral 
galaxies that have 
been observed (to 
have gas) far enough 
out in their disks

Bosma (1977): PhD thesis, RuG
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• Remember that by relating the acceleration 
from gravity of some mass shell at radius r 
to the acceleration of a particle on a 
circular orbit at that radius,

• we can determine the mass contained 
within r if we know v(r):

GM(r)
r2

=
v2(r)

r

M(r) =
rv2(r)

G
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• Now let’s use the equation of mass 
conservation,

• to determine the density as a function of 
radius, assuming a flat rotation curve such 
that v(r)=v0:

dM

dr
= 4πr2ρ(r)

dM

dr
=

v2
0

G

ρ(r) =
v2
0

4πGr2
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• This means that the mass density of the disk falls 
off like 1/r2, much more slowly than the 
exponential decay of the surface brightness (i.e., 
the light surface density) of the disk!

• More importantly, it means that, because

for some shell at r, the mass in each shell is 
constant!

• So as we continue outwards in a galaxy with a 
flat rotation curve, we continue to need more 
mass!

dV = 4πr2dr
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• This means that there must be something 
besides luminous matter contributing to the 
mass of spiral galaxies!

• As you already know, most people think 
this is a halo of dark matter
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• If we “maximize” the 
disk contribution to the 
rotation curve of a given 
galaxy, we get the 
“minimum” dark matter 
halo needed to make up 
the extra mass needed 
to make a flat rotation 
curve

• It is ongoing question 
whether disks are 
truly “maximal”
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MOND

• There is another option: Modification Of 
Newtonian Dynamics (MOND)

• In this case, no unseen, not-yet-detected 
“dark matter” is required

• Rather, we need to modify gravity itself!
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• Milgrom (1983) realized that by writing

where a0 is constant acceleration and μ is 
some function that acts like μ(x)=x when 
x«1 and like μ(x)=1 when x»1, he could 
recover flat rotation curves (and the Tully-
Fisher relation, which we’ll see shortly)

• This is because viewed as a modification of 
gravity, the “true” gravitational acceleration 
is gμ(|g|/a0)=gn, where gn is the 
Newtonian gravitational acceleration

F = maµ(a/a0)
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• This means that in the 
low-acceleration (a«a0) 
regime, the effective 
gravitational force 
g=(gna0)1/2

• So for a point mass M in 
this regime, equation the 
centripetal acceleration 
with gravitational 
acceleration, v2/r=g, 
means that

• Therefore all rotation 
curves must be 
asymptotically flat in 
MOND

25 Jul 2002 19:29 AR AR166-AA40-08.tex AR166-AA40-08.SGM LaTeX2e(2002/01/18) P1: GJC

270 SANDERS ! McGAUGH

Figure 3 The points show the observed 21-cm line rotation curves of a low surface

brightness galaxy, NGC 1560 (Broeils 1992), and a high surface brightness galaxy,

NGC 2903 (Begeman 1987). The dotted and dashed lines are the Newtonian rotation

curves of the visible and gaseous components of the disk, and the solid line is the

MOND rotation curve with ao= 1.2× 10−8 cm/s2—the value derived from the rotation

curves of 10 nearby galaxies (Begeman et al. 1991). The only free parameter is the

mass-to-light ratio of the visible component.

dispersion, ρ is the mass density, and Mr is the mass enclosed within r. It then

follows immediately that, in the outer regions, whereMr=M= constant,

σ 4
r

= GMao

(
d ln(ρ)

d ln(r )

)−2
. (8)

Thus, there exists a mass-velocity dispersion relation of the form

(M/1011M#) ≈ (σr/100 km s
−1)4, (9)

A
n

n
u

. 
R

ev
. 

A
st

ro
. 

A
st

ro
p

h
y

s.
 2

0
0

2
.4

0
:2

6
3

-3
1

7
. 

D
o

w
n

lo
ad

ed
 f

ro
m

 a
rj

o
u

rn
al

s.
an

n
u

al
re

v
ie

w
s.

o
rg

b
y

 U
n

iv
er

si
ty

 o
f 

G
ro

n
in

g
en

 o
n

 1
1

/2
7

/0
9

. 
F

o
r 

p
er

so
n

al
 u

se
 o

n
ly

.

v4 = GMa0

Note also that “bumps” in the 
light correspond  to “bumps” in 
the rotation curves, too!
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• So what is the value of a0?  How low must 
the acceleration be to be in the “MOND 
regime”?

• Using the Tully-Fisher relation (which we’ll 
come to shortly) and a reasonable guess at 
the mass-to-light ratio in some band, 
Milgrom found a0≈10-8 cm/s2 --- very 
small, but just about what you expect for 
V2/R in the outskirts of spiral galaxies
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Kinematics of elliptical 
galaxies

• Giant elliptical galaxies 
are primarily supported 
by random motions, not 
by rotation

• We call these systems 
“hot” because their stars 
are moving quickly and 
randomly in their 
potentials

56 A. Kronawitter et al.: Orbital structure and mass distribution in elliptical galaxies

Fig. 1. The kinematics of NGC 315, NGC 3379, NGC 4374, NGC 5846. From bottom to top: the folded mean velocity, velocity
dispersion, h3 and h4 profiles. Stars and filled circles refer to the two sides of the galaxy and the major axis spectrum. Crosses
and open squares refer to the two sides of the galaxy and the spectra taken parallel to the minor axis and shifted 58 (NGC 315),
35 (NGC 3379), 55 (NGC 4374) and 80 (NGC 5846) arcsec from the center. Open and filled triangles refer to the two sides of
NGC 4374 and the spectra taken parallel to the minor axis and shifted 17 arcsec from the center

2.5. NGC 7145

The galaxy has a rather low velocity dispersion, at the
limit of the instrumental resolution (σ ≈ 120 km s−1,
σinst = 85 km s−1). Simulations show that there might
be still some systematic effects at the 3% level in σ and
0.01− 0.02 in h4. The velocity data parallel to the minor
axis are mirrored antisymmetrically with respect to the
major axis. The velocity dispersions measured by Franx
et al. (1989) are consistent within the errors. Their veloc-
ity measured along PA = 1320 matches our value detected
parallel to the minor axis (Fig. 6).

2.6. NGC 7192

The galaxy has some OIII emission and is detected in Hα
(Macchetto et al. 1996). The scatter in the velocities is

probably due to this component. The velocity dispersion
profile agrees with the central value (185 km s−1) of Faber
et al. (1989). The kinematic data of Carollo & Danziger
(1994) are however completely off, being 50 to 70 km s−1

larger (Fig. 6). The fact that their major and minor axis
data do not agree suggests that this dataset is not reliable.

2.7. NGC 7507

The galaxy shows a slowly declining velocity dispersion
profile, with low rotation, small h3 and slightly positive h4

values. The systematic differences with the velocity disper-
sion profiles of Franx et al. (1989) and Bertin et al. (1994,
Fig. 7) might be partly due to the 1 arcsec slit used here.
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limit of the instrumental resolution (σ ≈ 120 km s−1,
σinst = 85 km s−1). Simulations show that there might
be still some systematic effects at the 3% level in σ and
0.01− 0.02 in h4. The velocity data parallel to the minor
axis are mirrored antisymmetrically with respect to the
major axis. The velocity dispersions measured by Franx
et al. (1989) are consistent within the errors. Their veloc-
ity measured along PA = 1320 matches our value detected
parallel to the minor axis (Fig. 6).

2.6. NGC 7192

The galaxy has some OIII emission and is detected in Hα
(Macchetto et al. 1996). The scatter in the velocities is

probably due to this component. The velocity dispersion
profile agrees with the central value (185 km s−1) of Faber
et al. (1989). The kinematic data of Carollo & Danziger
(1994) are however completely off, being 50 to 70 km s−1

larger (Fig. 6). The fact that their major and minor axis
data do not agree suggests that this dataset is not reliable.

2.7. NGC 7507

The galaxy shows a slowly declining velocity dispersion
profile, with low rotation, small h3 and slightly positive h4

values. The systematic differences with the velocity disper-
sion profiles of Franx et al. (1989) and Bertin et al. (1994,
Fig. 7) might be partly due to the 1 arcsec slit used here.
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• We measure how “hot” a 
dynamical system is using the 
ratio of its rotational velocity Vc 

to its random velocity σ (which 
we previously called ⟨v2⟩1/2)

• for the disk of the Milky Way, 
Vc/σ=220 km/s / 30 km/s = 7 
---very cold!

• elliptical galaxies have Vc/σ= 
0-1 because Vc is low (<100 
km/s) and σ is high (>100 
km/s)

• Note that big early-type galaxies 
have low Vc/σ but intermediate-
mass early-type galaxies have 
higher Vc/σ

The SAURON project – X 13

another class of weakly triaxial slowly rotating galaxies. In Sec-

tion 4.6 we saw that the anisotropy β, measured in the meridional
plane of the 24 galaxies in the modelling subsample, is roughly de-

scribed by the relation β ∼ 0.6 εintr. Moreover in Section 4.2 we

found that with a few notable exceptions β ∼ δ, where δ is the
anisotropy as can be inferred from the (V/σ, ε) diagram. This im-
plies that in most cases, one should also have δ ∼ 0.6 εintr. If these

relations that we found for a small sample are valid in general, we

should be able to model in a statistical way the distribution of the

whole sample of fast rotators in the (V/σ, ε) diagram, as a random
sample of oblate galaxies, with anisotropy defined by their intrinsic

ellipticity εintr. The slow rotators should be inconsistent with this

distribution, as they are not expected to be well described by oblate

systems. A rigorous test of this idea is not possible due to the com-

plex nature of our sample selection effects (Section 6.2), however

an attempt is still performed in Appendix C via Monte Carlo simu-

lation. There we show that the observed distribution of galaxies on

the (V/σ, ε) diagram is indeed consistent with a nearly linear trend
of anisotropy with ellipticity.

Here we just try to obtain a qualitative understanding of the ef-

fect of the inclination on the (V/σ, ε) diagram. For this we plot in
Fig. 9 with a magenta line1 a linear relation2 δ = 0.7 εintr for edge-

on galaxies. This relation approximately traces the lower envelope

described by the location of the observed fast-rotating galaxies on

the (V/σ, ε) diagram. It is steeper than the formally best-fitting re-
lation (19), but still within the large errors. It is useful to have a

qualitative understanding of the projection effects, as the paths fol-

lowed by galaxies of different intrinsic (δ, εintr) are nearly parallel,
when the inclination is varied (e.g. Fig. 3). For a given intrinsic el-

lipticity εintr and anisotropy δ, the corresponding V/σ value, for
an edge-on view is computed with the inverse of equation (14). The

dotted lines in Fig. 9 show the location of the galaxies, originally

edge-on on the magenta line, when the inclination i is decreased.
The projected V/σ and ellipticity values at every inclination are

computed with the inverse of equations (12, 13).

It appears that indeed all the fast-rotators lie on the (V/σ, ε)
diagram to the left of the magenta line of the edge-on galaxies, as

expected if they were a family of oblate models following a general

trend of increasing δ for larger ε. The upper envelope of the region
spanned by the lines of different inclinations is also generally con-

sistent with the location of the observed galaxies, with reasonable

values of the maximum intrinsic ellipticity and anisotropy. In gen-

eral, the fast-rotators for which the inclination was determined in-

dependently lie near a similar inclination on the diagram. The slow

rotators on the other hand do not lie in the region allowed by oblate

models following the given δ − ε relation. They may not follow
any such relation or, more likely, they may not be oblate. This is

1 A compact rational approximation of the magenta line which appears in

the (V/σ, ε) diagram of Fig. 9 is given by:

(

V

σ

)

e
≈

√

(0.09 + 0.1 ε) ε

1 − ε
, (21)

which has a 1% accuracy in the useful interval ε = [0.01, 0.7].
2 Any relation between anisotropy and ellipticity for oblate galaxies has to

satisfy the necessary condition (V/σ)2 ≥ 0 in equation [14], or by Taylor
expansion

δ ≤ 1 − 1/Ω(ε) ≈ 0.8ε + 0.15ε2 + 0.04ε3 + . . . (22)

This implies that the steepest linear relation is δ = 0.8 ε, independently of
α. The magenta line is less steep than this limit.
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Figure 9. (V/σ, ε) diagram for the 48 galaxies in the SAURON representa-

tive sample. The red and blue labels refer to the slow and fast rotators respec-

tively (Table 1). The magenta line corresponds to the relation δ = 0.7 εintr

for edge-on galaxies. The dotted lines show the location of galaxies, origi-

nally on the magenta line, when the inclination is varied. Different lines are

separated by steps of 10◦ in the inclination. The dashed lines are equally

spaced in the intrinsic ellipticity.

consistent with the result of Section 5.1 that the fast and slow ro-

tating galaxies cannot be described by a single shape distribution.

In Appendix C we also discover that a sharp truncation below the

magenta seems required to explain the observations. This zone of

avoidance in the (V/σ, ε) diagram may be related to the stability

of axisymmetric bodies with high ellipticity and large anisotropy,

and needs to be confirmed with a larger and unbiased sample of

galaxies.

Remarkably, only two galaxies fall significantly below the

magenta line for ε >
∼ 0.3. These are the fast-rotator NGC 4473

(marginally) and the special slow-rotator NGC 4550. This was ex-

pected from the fact that these two galaxies are dominated by tan-

gential anisotropy (Fig. 2), due to the presence of two counterrotat-

ing disks (Fig. 5). Although they follow the β − ε relation, they do
not satisfy the δ − ε relation as they have β < δ.

Other significant exceptions are NGC 3156 and NGC 2685,

which lie well above the general envelope described by the other

galaxies, apparently next to the oblate isotropic line. Do these

galaxies actually rotate as fast as an isotropic rotator? They are al-

most completely disk-dominated, as evidenced by the nearly con-

stant velocity dispersion maps, without clear signature of a hot cen-

tral stellar component (Paper III). If this is the case they must be

intrinsically quite flat and rotate significantly less than an isotropic

rotator. For NGC 3156 the inclination i ≈ 68◦ determined via

modelling in Paper IV agrees with the inclination inferred from

the shape of the outer isophotes, under the assumption of a thin

disk geometry. At that inclination the models show that the galaxy

indeed follows the general trend of anisotropy observed for the

other galaxies (Fig. 7). A similar discussion is likely to apply to

NGC 2685. These two galaxies appear to be special cases of flat

c© 2007 RAS, MNRAS 000, 1–27
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• Do elliptical galaxies 
have dark matter?

• yes.

• By combining observed 
circular velocities and 
velocity-dispersion 
profiles with a model 
(and some educated 
guesses!), it can be 
shown that most early-
type galaxies have flat 
rotation curves too!

• other methods: 
gravitational lensing; 
stellar populations vs. 
kinematics
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proÐles begin to rise at around and are consistent0.5È2R
ewith X-ray and other data where available, although from

the kinematic data alone constant M/L models can only be
ruled out at 95% conÐdence in a few galaxies.

This sample provides a new and much improved basis for
investigating the dynamical family properties of elliptical
galaxies, which is the subject of the present study. In ° 2, we
analyze the unexpectedly uniform dynamical structure of
these elliptical galaxies. In ° 3, we investigate the depen-
dence on luminosity, discussing the Faber-Jackson, Tully-
Fisher, and fundamental plane relations. In ° 4, we relate the
dynamical mass-to-light ratios to the stellar population
properties. In ° 5 we discuss the structure of the dark halos
of these ellipticals. Our conclusions are summarized in ° 6.

2. DYNAMICAL STRUCTURE

The elliptical galaxies analyzed by K]2000 divide in two
subsamples, one with new extended kinematic data, reach-
ing typically to (““ EK sample,ÏÏ the data are fromD2R

eKronawitter et al. and from several other sources referenced
there), and one with older and less extended kinematic mea-
surements (““ BSG sample ÏÏ ; this is a subsample from
Bender, Saglia & Gerhard 1994). Based on these data and
mostly published photometry, K]2000 constructed non-
parametric spherical models from which circular velocity
curves, radial proÐles of mass-to-light ratio, and anisotropy
proÐles for these galaxies were derived, including conÐdence
ranges.

The galaxies were selected to rotate slowly if at all and to
be as round as possible on the sky. They are luminous
elliptical galaxies The expected mean(M

B
^ [21 ^ 2).1

intrinsic short-to-long axis ratio for such a sample of lumi-
nous ellipticals is Sc/aT \ 0.79. The mean systematic e†ects
arising from the use of spherical models and the possible
presence of small embedded face-on disks are small for the
sample as a whole, but may be non-negligible in individual
cases (see K]2000, ° 5.1).

2.1. Circular Velocity Curves
Circular velocity curves (CVCs) for all galaxies in the

sample are shown in Figure 1, in three bins roughly ordered
by luminosity. CVCs normalized by the respective
maximum circular velocity are shown in Figure 2 separately
for the two subsamples. The plotted curves correspond to
the ““ best ÏÏ models of K]2000, which are taken from the
central region of their 95% conÐdence interval for each
galaxy, respectively. Based on dynamical models near the
boundaries of the conÐdence interval, the typical uncer-
tainty in the outermost circular velocity is ^10%È15%.
The expected mean systematic error from Ñattening along
the line of sight is smaller ; cf. ° 5.1 of K]2000.

The most striking result from these diagrams is that at
the ^10% level all CVCs are Ñat outside ThisR/R

e
^ 0.2.

result is most signiÐcant for the galaxies with the extended
data, while for many galaxies from the BSG sample the
radial extent of the data is insufficient to show clear trends.
However, in cases where X-ray data are available (NGC
4472, 4486, 4636) the mass proÐles of the ““ best ÏÏ models
approximately match those from the X-ray analysis even for
those galaxies (see K]2000).

ÈÈÈÈÈÈÈÈÈÈÈÈÈÈÈ
1 Throughout this paper we use a Hubble constant km s~1H0 \ 65

Mpc~1 unless explicitly noted otherwise.

FIG. 1.ÈThe ““ best model ÏÏ circular velocity curves of all galaxies from
the K]2000 sample plotted as a function of radius scaled by the e†ective
radius The panels are roughly ordered by luminosity.R

e
.

This result is illustrated further by Figure 3, which shows
the derived ratio for all galaxies of the EK-v

c
(Rmax)/vc

max
sample. Here is the circular velocity at the radius ofv

c
(Rmax)the last kinematic data point, and is the maximumv

c
max

circular velocity in the respective ““ best ÏÏ model. For NGC
315 was used instead of The error barsv

c
(0.6R

e
) v

c
max.

plotted correspond to the 95% conÐdence range for
compared to which the uncertainty in can bev

c
(Rmax), v

c
max

FIG. 2.ÈSame circular velocity curves, normalized by the maximum
circular velocity. The upper panel now shows the galaxies from the EK
subsample of K]2000, the lower panel those from the BSG subsample.
The extended curve in the lower panel is for the compact elliptical NGC
4486B.
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Galaxy scaling relations
or, “what happens when galaxies get big?”
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The Tully-Fisher 
relation

• In the mid-1970’s, Fisher 
and Tully realized that, for 
spiral galaxies, brighter 
galaxies rotate faster than 
faint galaxies

• Plotted as log Vc vs. 
absolute magnitude, the 
relation was a straight line 
with slope -10

• This means that 

• This is the Tully-Fisher (TF) 
relation

A
bsolute m

agnitude

Rotation velocity (x2)

L ∝ V 4
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• How does the TF relation come about?

• Remember from our discussion of rotation 
curves that we can write, using the Virial 
Theorem, 

• ...but we can’t measure M directly, but we 
can measure a galaxy’s luminosity L

• These are related by a quantity called the 
mass-to-light ratio, which is a property of the 
stars and dark matter in a galaxy:

M = RV 2/G

L = M

(
M

L

)−1
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• Now, the surface brightness of a galaxy is 
just its luminosity divided by its surface 
area,

• so solving for R (ignoring constants),

• Then we can write our equation for mass 
as (ignoring constants)

I =
L

πR2

R ∝
√

L

I

L

(
M

L

)
∝

√
L

I
V 2
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• Finally, solving for L we have

• So the TF relation works if the surface 
brightness times the mass-to-light ratio 
(squared) is a constant

• So somehow dark matter and stars are linked 
in spiral galaxies!

L ∝ V 4

I(M/L)2
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• Two things to note:

• If you know Vc for a galaxy, then you 
know L and therefore its absolute 
magnitude!  The TF relation is a good 
distance indicator because you also know 
its apparent magnitude --- and therefore 
the distance modulus m-M=5log(d/pc)+5

• We’ll soon see the use of this when we 
examine the cosmic distance ladder
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• The hidden dependence on L on (M/L) means that the TF 
relation depends on in which band you observe the TF because 
different stars contribute to the light in different bands

• so L depends on the band you use and therefore (M/L) 
depends on that band --- so the slope of the TF depends 
on that band as well

• but we cannot directly measure (M/L)!
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FIG. 5.ÈTF relations for all 31 galaxies in the RC sample with measured rotation curves (circles and triangles). The crosses indicate the additional seven
galaxies in the SI sample for which a reliable rotation curve could not be measured. Those seven galaxies were ignored when making the inverse least-squares
Ðts. The TF relations are constructed for each of the four available passbands using three di†erent kinematic measures : the corrected width of theW

R,Ii
global H I proÐle (upper panels), the maximum rotational velocity measured from the H I rotation curve (middle panels), and the amplitude of the Ñat partVmaxof the H I rotation curve (lower panels). The open triangles indicate galaxies with R curves, the open circles indicate galaxies with D curves, and the ÐlledVflatsymbols indicate galaxies with F curves. Solid lines show the Ðts to the 15 Ðlled circles only. The dashed lines show Ðts using all galaxies from the RC sample
in each panel.

FDNGC 3992 sample and subsequently calculating the scat-
ters including NGC 3992 yields prms \ 0.35 mag and
pbi \ 0.31 mag, a small but signiÐcant di†erence. Removing
the most deviating galaxy in the RC/FDNGC 3992 sample
(NGC 3953, *M \ [0.51 mag) does not signiÐcantly
reduce the scatter any further.

It is conceivable that NGC 3992 is a background galaxy
given its high recession velocity of km s~1. ItsVsys \ 1139
companions UGC 6923 and UGC 6969 also have high sys-
temic velocities of 1151 and 1210 km s~1, respectively,
straddling the high-velocity edge of the clusterÏs 700È1210
km s~1 velocity window. Furthermore, note that UGC
6969, the lower open triangle, also lies signiÐcantly below
the relation. Assuming that the NGC 3992 group is 50%

farther away than the UMa Cluster as a whole, which is not
inconceivable given the velocity crowding in the UMa
region, would put NGC 3992 and UGC 6969 back on the
TF relation while UGC 6923 moves slightly farther away
from the relation, making it stand out more as a galaxy with
an R curve (open triangle).

Finally, removing NGC 3992 from the RC/FD sample
and considering the remaining 21 galaxies in the RC/
FDNGC 3992 sample, the correlation becomes robust, pro-
gressively tighter, and steeper and displays less scatter going
from the blue to the near-infrared (see Table 4). Further-
more, for the RC/FDNGC 3992 sample, the correlation also
tightens when using instead of from the rotationVflat Vmaxcurve.
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The TF relation and 
MOND

• As we saw earlier, MOND “predicts” the TF 
relation exactly:

• ...if (M/L) is constant with M so that 

• But this isn’t really a prediction, because 
MOND was actually built to give the TF 
relation with the exact slope of 4, and the 
mass-to-light ratios are inferred from 
observed L and inferred M (knowing a0)

v4 = GMa0

L ∝ V 4
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• On the other hand, it is then a requirement 
of MOND that the stellar population mass-
to-light ratios match the MOND 
predictions

• This is very hard to test, because the 
stellar population mass-to-light ratios are 
quite uncertain!
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The Faber-Jackson 
relation

• Around the same time as 
the discovery of the TF 
relation, Faber and Jackson 
noticed that the absolute 
magnitudes of early-type 
galaxies were linearly 
correlated with their 
velocity dispersions

• Similarly to the TF relation, 
the Faber-Jackson relation 
has the form

• We’ll come back to the 
explanation soon!
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The Kormendy relation

• Another scaling relation for early-type galaxies is the 
Kormendy relation, a relation between the surface brightness 
and effective radius of early-type galaxies

• Recall the that the effective radius is the radius that 
contains half the light of a galaxy
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Figure 37. Global parameter correlations for elliptical and spheroidal galaxies
and for S0 bulges. The panels are analogous to those in Figure 34, but re is the
effective radius that contains 50% of the light of the galaxy and µe is the surface
brightness at re. These are the parameters of the Sérsic fits to the major-axis
profiles (Table 1); as a result, we can include S0 bulges, which require a profile
decomposition that is based on a Sérsic fit to the bulge. Otherwise, the symbols
are as in Figures 33 and 34. The E and Sph points in our sample have error
bars; most are too small to be visible. The blue point among the green points in
Figures 37 and 38 is for VCC 1440. It is clearly classified E in Figure 34, but
its position is symptomatic of the fact that the Sph sequence approaches the E
sequence near its middle (not its faint end).

the major-axis profiles. Figure 38 is based on integrations of
the brightness profiles and is independent of fitting func-
tions. The top panels show effective brightness versus effec-
tive radius—the Kormendy (1977) relation. It shows the fun-
damental plane close to edge-on. The bottom panels show the
correlations of µe and re with total or (for S0s) bulge absolute
magnitude.

Figures 37 and 38 further confirm the distinctions illustrated
in Figures 1 and 34–36 between elliptical and spheroidal
galaxies. Our results are clearcut because we have a large range
in MVT and because we have accurate brightness profiles over
large radius ranges. We can derive accurate galaxy parameters,
so we can see that the scatter in the µe–re correlation for
ellipticals is small. This confirms the fundamental plane results
of Saglia et al. (1993) and Jørgensen et al. (1996). The scatter
increases slightly toward the faintest galaxies. This is expected,
because they form in fewer mergers than do giant galaxies, so
the details of different merger histories matter more.

The scatter in Figures 37 and 38 is small enough and the
spatial resolution of HST photometry is good enough to show

Figure 38. Global parameter correlations for elliptical and spheroidal galaxies.
The symbols are as in Figures 34 and 37. Effective surface brightnesses µe

and major-axis effective radii re are calculated by integrating isophotes with the
observed brightness and ellipticity profiles out to half of the total luminosity.
S0 bulges are omitted, because bulge–disk decomposition requires assumptions
that we do not wish to make for this figure—either that the bulge and disk profiles
have pre-chosen analytic functional forms or that ellipticity is constant for each
of the components. Thus for our sample, re, µe , and MVT are independent of
Sérsic fits. For the other samples, the parameters are based on Sérsic fits and are
corrected to the major axis when necessary.

that the lowest-luminosity Virgo ellipticals extend the elliptical
galaxy correlations continuously and with almost no change in
slope from typical giant ellipticals all the way to M 32. That is,
M 32 is a normal, tiny—and hence “dwarf”—elliptical galaxy.

Most important, the sequence of ellipticals is well enough
defined so we can see with confidence that the Sph sequence
approaches it not at its faint end but rather near its middle. It
is not the case, as suggested by Graham & Guzmán (2003),
Graham et al. (2003), and Gavazzi et al. (2005), that E and
Sph galaxies define a single set of correlations from which
giant ellipticals deviate only because they have cores. Cores are
“missing” ∼ 1 ± 1% of the galaxy light (Table 1). They have
negligible effects on global parameters.

This confirmation of the E–Sph dichotomy is not new; it is just
better defined by our photometry. The middle panels of Figures
37 and 38 can be compared with Figure 1a and the bottom panels
can be compared with Figure 1b in Binggeli & Cameron (1991).
They did not have HST photometry, so the faint part of their E
sequence is not well defined and the degree to which M 32
is a normal dwarf elliptical is not obvious. Nevertheless, they,
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Figure 37. Global parameter correlations for elliptical and spheroidal galaxies
and for S0 bulges. The panels are analogous to those in Figure 34, but re is the
effective radius that contains 50% of the light of the galaxy and µe is the surface
brightness at re. These are the parameters of the Sérsic fits to the major-axis
profiles (Table 1); as a result, we can include S0 bulges, which require a profile
decomposition that is based on a Sérsic fit to the bulge. Otherwise, the symbols
are as in Figures 33 and 34. The E and Sph points in our sample have error
bars; most are too small to be visible. The blue point among the green points in
Figures 37 and 38 is for VCC 1440. It is clearly classified E in Figure 34, but
its position is symptomatic of the fact that the Sph sequence approaches the E
sequence near its middle (not its faint end).

the major-axis profiles. Figure 38 is based on integrations of
the brightness profiles and is independent of fitting func-
tions. The top panels show effective brightness versus effec-
tive radius—the Kormendy (1977) relation. It shows the fun-
damental plane close to edge-on. The bottom panels show the
correlations of µe and re with total or (for S0s) bulge absolute
magnitude.

Figures 37 and 38 further confirm the distinctions illustrated
in Figures 1 and 34–36 between elliptical and spheroidal
galaxies. Our results are clearcut because we have a large range
in MVT and because we have accurate brightness profiles over
large radius ranges. We can derive accurate galaxy parameters,
so we can see that the scatter in the µe–re correlation for
ellipticals is small. This confirms the fundamental plane results
of Saglia et al. (1993) and Jørgensen et al. (1996). The scatter
increases slightly toward the faintest galaxies. This is expected,
because they form in fewer mergers than do giant galaxies, so
the details of different merger histories matter more.

The scatter in Figures 37 and 38 is small enough and the
spatial resolution of HST photometry is good enough to show

Figure 38. Global parameter correlations for elliptical and spheroidal galaxies.
The symbols are as in Figures 34 and 37. Effective surface brightnesses µe

and major-axis effective radii re are calculated by integrating isophotes with the
observed brightness and ellipticity profiles out to half of the total luminosity.
S0 bulges are omitted, because bulge–disk decomposition requires assumptions
that we do not wish to make for this figure—either that the bulge and disk profiles
have pre-chosen analytic functional forms or that ellipticity is constant for each
of the components. Thus for our sample, re, µe , and MVT are independent of
Sérsic fits. For the other samples, the parameters are based on Sérsic fits and are
corrected to the major axis when necessary.

that the lowest-luminosity Virgo ellipticals extend the elliptical
galaxy correlations continuously and with almost no change in
slope from typical giant ellipticals all the way to M 32. That is,
M 32 is a normal, tiny—and hence “dwarf”—elliptical galaxy.

Most important, the sequence of ellipticals is well enough
defined so we can see with confidence that the Sph sequence
approaches it not at its faint end but rather near its middle. It
is not the case, as suggested by Graham & Guzmán (2003),
Graham et al. (2003), and Gavazzi et al. (2005), that E and
Sph galaxies define a single set of correlations from which
giant ellipticals deviate only because they have cores. Cores are
“missing” ∼ 1 ± 1% of the galaxy light (Table 1). They have
negligible effects on global parameters.

This confirmation of the E–Sph dichotomy is not new; it is just
better defined by our photometry. The middle panels of Figures
37 and 38 can be compared with Figure 1a and the bottom panels
can be compared with Figure 1b in Binggeli & Cameron (1991).
They did not have HST photometry, so the faint part of their E
sequence is not well defined and the degree to which M 32
is a normal dwarf elliptical is not obvious. Nevertheless, they,

note that re and mue are 
somewhat degenerate, 
because they’re measured 
from the same surface 
brightness profile, so the 
errors are coupled
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The Fundamental Plane

• Let’s look at both of 
these relations for early-
type galaxies again

• Clearly, the scatters in 
both relations are large!

• Also, since              , the 
two relations should be 
related

L ∝ IR2
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• Following from work by 
Lauer (1985), Dressler 
et al. (1987) and 
Djorgovski & Davis 
(1987) independently 
discovered that a two-
parameter family could 
connect the velocity 
dispersions, radii, and 
surface brightness of 
early-type galaxies

• We now call this 
manifold the 
“Fundamental Plane” of 
early-type galaxies
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• We can write the FP as

• How does this come about?

• Just like for the TF, we can write the 
velocity (dispersion) in terms of the mass-
to-light ratio, radius and surface brightness, 
assuming the Virial Theorem holds

re ∝ σ1.24〈I〉−0.82
e
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• Again, we can write the mass as

• Let’s divide this by the surface area to get 
the mass surface density

• Then the surface brightness can written in 
terms of this mass surface density and the 
mass-to-light ratio as

• Combining these together we get 

M = RV 2/G

η =
M

πR2
∝ V 2

R

I = η

(
M

L

)−1

I ∝ V 2

R(M/L)
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• Rewriting this in terms of the radius R=re 
and identifying V as the velocity dispersion 
σ, we have

re ∝
(

M

L

)−1

σ2I−1
e
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• But the observed coefficients aren’t 2 and 
-1, they’re ~1.25 and ~-0.8!

• With a little bit of algebra, you can show 
that comparing this “Virial plane” with the 
observed “Fundamental plane” implies that

• which means that as early-type galaxies get 
brighter, their masses(-to-light ratios) 
increase!

(
M

L

)
∝ L1/4
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• Why is this?

• There are three possible culprits:

• Dark matter: if the amount of dark matter increases faster 
than increasing luminosity, then (M/L) will increase with L

• Stellar populations: since older stellar populations are 
fainter per unit mass than younger stellar populations, if 
brighter galaxies are older than fainter galaxies, then (M/L) 
will increase with L

•  “Broken homology”: we’ve assumed that mass and 
velocity scale similarly at all masses (“homology”); if this 
isn’t true, one can image that you can construct a scenario 
in which (M/L) will increase with L
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• It appears that perhaps all three possibilities 
are at work here...

• We’ll come back to the stellar population 
explanation a bit later
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• Another scaling relation 
is that between the 
colour of a galaxy and its 
absolute magnitude (i.e., 
its luminosity): the 
colour-magnitude relation 
(CMR)

• In general, this holds (in 
the optical) only for 
early-type galaxies

Colour-magnitude 
diagrams of galaxies
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• To understand the cause of this, 
let’s take a look at isochrones again

• Remember that as a population of 
stars that were formed all at the 
same time (and with the same 
composition) gets older, it gets 
redder (and fainter)

• However, there is another possible 
effect: populations with the same 
age but different populations also 
have different colours: metal-rich 
populations are redder and fainter 
than metal-poor populations

• This is because metal-rich stars 
have more electrons to give in 
their atmospheres, so they have 
higher opacities and are 
therefore cooler (and fainter) 
than metal-poor stars

Metallicity

Age
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The mass-metallicity 
relation

• We can test which 
explanation --- age or 
metallicity --- is correct

• What is the variation of 
metallicity with mass?

• In the gas phase, the 
metallicity increases 
with increasing 
(stellar) mass

• But notice the flattening 
in this relation at high 
masses! mass, we invoke another well-known empirical correlation,

the Schmidt star formation law (Schmidt 1959; Kennicutt
1998), which relates the star formation surface density to the
gas surface density.

For each of our galaxies we calculate the star formation rate
(SFR) in the fiber aperture from the attenuation-corrected H!
luminosity following Brinchmann et al. (2004).

We multiply our SFRs by a factor of 1.5 to convert from a
Kroupa (2001) IMF to the Salpeter IMF used by Kennicutt
(1998). Our SDSS galaxies have star formation surface den-
sities that are within a factor of 10 of !SFR ¼ 0:3 M" yr#1

kpc#2, exactly the range found by Kennicutt (1998) for the
central regions of normal disk galaxies. We convert star for-
mation surface density to surface gas mass density, !gas, by
inverting the composite Schmidt law of Kennicutt (1998),

!SFR ¼ 1:6 ; 10#4 !gas

1 M" pc#2

! "1:4

M" yr#1 kpc#2: ð5Þ

(Note that the numerical coefficient has been adjusted to in-
clude helium in !gas.) Combining our spectroscopically de-
rived M/L ratio with a measurement of the z-band surface
brightness in the fiber aperture, we compute !star , the stellar
surface mass density. The gas mass fraction is then "gas ¼
!gas=(!gas þ !star).

In Figure 8 we plot the effective yield of our SDSS star-
forming galaxies as a function of total baryonic (stellar+gas)
mass. Baryonic mass is believed to correlate with dark mass, as
evidenced by the existence of a baryonic ‘‘Tully-Fisher’’ rela-
tion (McGaugh et al. 2000; Bell & de Jong 2001). We are inter-
ested in the dark mass because departures from the ‘‘closed
box’’ model might be expected to correlate with the depth of
the galaxy potential well. Data on the distribution of the ef-
fective yield at fixed baryonic mass are provided in Table 4.
Because very few of our SDSS galaxies have masses below
108.5 M", we augment our data set with measurements from
Lee et al. (2003), Garnett (2002), and Pilyugin & Ferrini
(2000), all of which use direct gas mass measurements. We

Fig. 6.—Relation between stellar mass, in units of solar masses, and gas-phase oxygen abundance for '53,400 star-forming galaxies in the SDSS. The large
black filled diamonds represent the median in bins of 0.1 dex in mass that include at least 100 data points. The solid lines are the contours that enclose 68% and 95%
of the data. The red line shows a polynomial fit to the data. The inset plot shows the residuals of the fit. Data for the contours are given in Table 3.

ORIGIN OF MASS-METALLICITY RELATION 907No. 2, 2004

The mass-gas phase metallicity
relation from Tremonti et al. (2004)
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• Note that to get gas-phase metallicities, we 
need gas!

• This means observing spiral galaxies, not 
elliptical galaxies!

• we’ll come back to the origin of the 
mass-metallicity relation of spiral galaxies 
in a bit...
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• For stars in early-type 
galaxies, the situation is 
quite different!

• There is nearly no mass-
metallicity relation for 
early-type galaxies taken 
as an ensemble!
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FIG. 7.ÈTwo-dimensional projections of the metallicity hyperplane, coded by galaxy environment. The Ðgure illustrates how the distribution of points in
the Z-plane a†ects projected correlations. Group assignments and group richnesses are taken from Faber et al. (1989) for most galaxies. Large Ðlled circles
are cluster galaxies (Virgo and Fornax) ; small Ðlled circles are group galaxies ; open circles are isolated galaxies ; and the large open square represents the
center of NGC 224 (M 31). (a) Independent variables p-t, showing the di†erent distributions of various subsamples in the hyperplane. Most cluster galaxies
(large Ðlled circles) are old (with the notable exceptions of the small galaxies NGC 4489, NGC 1373, and NGC 4478), whereas Ðeld galaxies (groups ]
isolated objects) span a large range in ages. (b) p-[Z/H] projection. With the exception of the three outliers, cluster galaxies trace a fairly well-deÐned
metallicity-p relation ; Ðeld galaxies do not. (c) [E/Fe]-t projection. No clear trends are seen in any subsamples. (d) [E/Fe]-[Z/H] projection. A slight hint of
an increase of [E/Fe] with [Z/H] is apparent, but the scatter is large.

causes Fe to rise more slowly than [Z/H] versus p, and thus
compresses the spread in Fe at Ðxed time. Mathematically,
the Fe-plane is ““ Ñatter ÏÏ in velocity dispersion than the Z-
plane.

3.5. T he E†ect of Observational Errors
It is important to examine the role that observational

errors play in creating the above correlations, particularly
the Z- and Fe-planes. From Figure 1, it is evident that an
error in any one of the observed quantities Mg b, SFeT, or
Hb will cause correlated errors in the output quantities
[Z/H], [E/Fe], and t. However, Hb is the most critical
index, and errors in it are the most dangerous. Moving Hb
up in Figure 1 causes age to decline and [Z/H] to increase
([E/Fe] is less a†ected). This correlated error is responsible
for the long axis of the tilted error ellipses in the two plane
diagrams, Figures 4 and 6. Note that these ellipses point
almost directly parallel to the claimed trends in age at Ðxed
p. Note further that the error ellipse in Figure 3 is parallel to

the edge-on view of the Z-plane, indicating that errors do
not signiÐcantly broaden the plane (the same is true of the
Fe-plane though no edge-on view is shown). Hence, it is
possible for errors, if they are big enough, to create the
impression of planes by broadening a distribution that is
intrinsically merely a one-dimensional line. For example, all
ellipticals might be the same age, obey the [E/Fe]-p relation
(a line), and be broadened by large Hb errors to Ðll apparent
““ planes ÏÏ just like those observed.

The only defense against such an error is to know from
independent measurements that the observational errors
are small. That is why we use only the G93 and Kuntschner
(1998) samples, whose errors are small and well understood.
The rms error of Hb in G93 is 0.060 and in KuntschnerA!
(1998) is 0.089 with errors in the other indices beingA! ,
comparable. As shown by the error ellipses in the Ðgures,
these errors are small enough that the observed planes
cannot be artifacts. Much larger errors, however, would be
disastrous. For example, Figure 4 also shows the error
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• However, considering a 
single cluster at a time, 
there is a mass-
metallicity relation

730 S. C. Trager, S. M. Faber and A. Dressler

Figure 10. Correlations of stellar population parameters with velocity dispersion σ . From left- to right-hand side: log σ–log t; log σ–[Z/H]; log σ–[E/Fe].
In all panels, green short-dashed lines are the inferred log σ–stellar population parameter relations of Nelan et al. (2005), zero-pointed to the LRIS stellar
population parameters, and red long-dashed lines are those inferred from the LRIS index strengths following the precepts of Nelan et al. (2005). In the left-hand
panel, the red dotted lines are the predictions of the Z plane for populations with [Z/H] = 0, +0.3 (close to the mean metallicity of this sample), and +0.6. In
the middle panel, the three red dotted lines are the predictions of the Z plane for populations of 5, 10 and 15 Gyr from top to bottom.

age and metallicity at fixed velocity dispersion, which erases the
observed mass–metallicity relation.8 That there is such a strong
velocity dispersion–metallicity relation in the LRIS sample is further
evidence that there is at best a weak velocity dispersion–age relation.

The log σ–[E/Fe] correlation was discovered by Worthey, Faber
& González (1992) and called the [E/Fe]–σ relation by Paper II,
who found a relation of the form

[E/Fe] = δ log σ + ε. (4)

The last two columns of Table 7 give the coefficients of equation (4)
for the samples considered here. A slope of α = 0.41 is found for the
LRIS galaxies. This value is roughly consistent with the relations
given by Paper II and Thomas et al. (2005), which were based on
models with different prescriptions for correcting line strengths for
[E/Fe]. We note that the right-hand panels of Figs 6 and 10 suggest
that the distribution of [E/Fe] in the LRIS sample may be bimodal,
but this is likely to be an effect of the small sample size.

We discuss the origin of both of the Z plane and [E/Fe]–σ relation
in Section 5.4.

4.3.2 Velocity dispersion– and mass–stellar population
correlations

In Fig. 7 we show the distributions of log t as a function of log σ

for all of the Coma cluster samples at our disposal. We have fitted
linear relations to these parameters (not shown) using the routine
FITEXY from Press et al. (1992), which takes into account errors
in both dimensions. In all samples except the Nelan et al. (2005)
RSG sample, we find negative correlations between age and velocity
dispersion, violating prediction (i) for the ages of ETGs in Coma.

Unfortunately, it is difficult to determine the slopes of rela-
tions such as log σ–log t for samples with large scatter in the
stellar population parameters from directly fitting the results of
grid inversion, either due to intrinsic scatter or just very uncer-
tain measurements. We have therefore also implemented two other
methods for determining the slopes of log σ– and log Mdyn–stellar
population parameter relations. The first is the ‘differential’ method
described by Nelan et al. (2005). The second (‘grid-inversion’)

8 We note in passing that if a sample had a very narrow range in metallicity,
the Z plane would require that the galaxies would have a strong age–σ

relation if and only if the sample had a strong Mg–σ relation (and, of course,
a colour–magnitude relation).

method is very similar to the ‘Monte Carlo’ method of Thomas et al.
(2005), although our implementation is somewhat different: (i) we
use a full non-linear least-squares χ2-minimization routine (Thomas
et al. fit ‘by eye’); (ii) we do not attempt to account for extra scatter
in the relations and (iii) we do not attempt to fit two-component (old
plus young) population models to outliers. Our inferred slopes for
the Thomas et al. (2005) high-density sample match their results
closely, giving us confidence that our method is at least similar to
theirs. We find no significant positive σ– or mass–age relation for
any Coma cluster ETG sample in either method. Only the Nelan
et al. (2005) RSG sample has a significantly (> 2σ ) positive slope
in these relations.

These relations imply three important results. (1) RSGs in nearby
clusters – here represented by the Nelan et al. (2005) samples, in-
cluding the Coma cluster itself – have a strong age–σ relation, such
that low-σ or low-mass galaxies have younger ages than high-σ
or high-mass galaxies, as pointed out by Nelan et al. (2005). (2)
Taken together, samples of ETGs in the Coma cluster show no sig-
nificant age–σ or age–mass relation. (3) ETGs in the field show an
age–σ relation as strong as the Coma cluster RSG sample of Nelan
et al. (2005). Results (1) and (2) are apparently contradictory – why
should RSGs show a strong age–σ relation while ETGs show no
such relation? In advance of a full discussion in Section 5.3, a dif-
ference in emission-line corrections between the Nelan et al. (2005)
RSG sample and the ETGs sample is likely to be the cause, not a
real age–σ relation in the RSGs. We are therefore again faced with
the conclusion that prediction (i), the downsizing of the stellar pop-
ulation ages of ETGs, is apparently violated in the Coma cluster.

5 D I S C U S S I O N

In Section 1 we made three predictions for the stellar populations of
ETGs – early-type galaxies, galaxies morphologically classified as
elliptical or S0 – in high-density environments: (i) low-mass ETGs in
all environments are younger than high-mass ETGs (a prediction that
we have called downsizing in this work); (ii) ETGs in high-density
environments are older than those in low-density environments and
(iii) massive ETGs in high-density environments have a smaller
spread in stellar population age than lower mass ETGs and those
in lower density environments. We recall that our predictions are
based on associating ETGs – galaxies selected to have elliptical
and S0 morphologies – with RSGs – galaxies selected by colour
to be on the red sequence – and using the results of high-redshift

C© 2008 The Authors. Journal compilation C© 2008 RAS, MNRAS 386, 715–747
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• Why is there an 
apparent contradiction 
between these two 
observations?

• Because the amount of 
recent star formation, as 
parameterized by the 
“age” of the galaxy, 
affects its metallicity

STELLAR POPULATION HISTORIES 173

(using 53 galaxies). The mean (U[B) gradient is from Pele-
tier et al. (1990a) :

*(U[B)
*(log r)

\ [0.11 ^ 0.03 mag/dex , (4)

for a mean (U[V ) gradient of

*(U[V )
*(log r)

\ [0.17 ^ 0.03 mag/dex . (5)

This is consistent with estimates by Peletier, Valentijn, &
Jameson (1990b) and the combined results of Franx, Illing-
worth, & Heckman (1989) and Goudfrooij et al. (1994). The

colors are then computed asr
e
/8

(U[V )
re@8
0 \ (U[V )

e
0 ] 0.15 (6)

and

(B[V )
re@8
0 \ (B[V )

e
0 ] 0.05 . (7)

3. THE MANIFOLD OF STELLAR POPULATIONS OF LOCAL

ELLIPTICAL GALAXIES

3.1. Principal Component Analysis
This section explores the general landscape of corre-

lations among central SSP-equivalent population param-
eters (age, metallicity, enhancement ratio, and iron
abundance) and the corresponding structural parameters of
the parent galaxies. We show below that, among the struc-
tural variables, only velocity dispersion correlates signiÐ-
cantly with the stellar populations. Furthermore, [Fe/H]
can be derived from [Z/H] and [E/Fe]. Hence, this section
explores the space of the four remaining signiÐcant vari-
ables t, [Z/H], [E/Fe], and p.

As an exploratory means of Ðnding the number of inde-
pendent parameters in this four-dimensional space, we have
performed a principal component analysis (PCA; see, e.g.,
Faber 1973) on the four variables log t,[Z/H],[E/Fe], and
log p. The results are presented in Table 5, where it is shown
that the Ðrst two principal components contain 91% of the
variance. Thus, to high accuracy, these local ellipticals are
conÐned to a two-dimensional surface, which we propose to
call the ““ metallicity hyperplane.ÏÏ Figure 2 shows edge-on
and face-on views of this plane ; log p and [E/Fe] are the
primary contributors to the Ðrst principal component, while
t and [Z/H] drive the second principal component.

The face-on view of the plane is instructive. First, [E/Fe]
and p are nearly coincident. This is equivalent to saying

TABLE 5

PRINCIPAL COMPONENT ANALYSIS

Variable PC1 PC2 PC3 PC4

p@ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.64 0.16 [0.68 0.34
t@ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.11 0.76 [0.03 [0.64
z@ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.42 [0.62 [0.09 [0.66
e@ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.64 0.11 0.73 0.21
Eigenvalue . . . . . . . . . . . . . . . . . . . . 2.02 1.63 0.27 0.07
Percentage of variance . . . . . . 50 41 7 2
Cumulative percentage . . . . . . 50 91 98 100

NOTE.ÈPrimed variables are ““ reduced ÏÏ versions of the corresponding
variables with zero mean and unit variance : p@ \ (log p[2.27) / 1.29,
t@ \ (log t[0.88) / 1.82, z@ \ ([Z / H][0.21) / 1.29, e@ \ [E/Fe][0.18 /
0.47.

FIG. 4.ÈFace-on view of the Z-plane in hyperspace (points as in Fig. 1).
At Ðxed velocity dispersion (dashed lines), younger galaxies have higher
metallicities than older galaxies. The solid error ellipse in the top right-
hand corner is typical of the G93 sample ; the dotted ellipse is typical of the
highest quality data in the Lick/IDS galaxy sample (TWFBG98). The slope
of the error ellipses is nearly identical to the of lines of constant velocity
dispersion, indicating that poor data can masquerade as real trends.

that one can substitute for the other, i.e., that they are
highly correlated. Second, t, p, and [Z/H] are all moder-
ately orthogonal to one another, and therefore any one of
them can be reasonably well represented by a linear com-
bination of the other two. We choose to regard p and t as
independent (see below) and to express [Z/H] and [E/Fe]
in terms of them. Hence, to the extent that the thickness of
the plane can be ignored, we predict the following linear
relations : [Z/H] \ f (log t, log p) and [E/Fe] \ g(log p).
These are conÐrmed below. In summary, to present accu-
racy and based on Hb, Mg b, and SFeT alone, the stellar
populations of these local ellipticals are basically a two-
parameter family determined mainly by velocity dispersion,
p, and SSP-equivalent age, t.

The choice of p and t as independent variables is not
mandated by principal components, which only reveals
correlations but cannot show which parameters are funda-
mental. The dispersion p was chosen as one independent
parameter because it is external to the stellar populations
and might plausibly play a causal role in their formation.
The selection of t as the second parameter is less obvious.
However, since [Z/H] and [E/Fe] evolve as stars form, it
seems natural to specify them as functions of time rather
than the other way round. In the end, the choice of p and t
as the physically meaningful, ““ independent ÏÏ variables is
somewhat arbitrary.

3.2. T he Z-Plane
Fitting directly now for the planar function [Z/H] \

f (log t, log p), we Ðnd

[Z/H] \ 0.76 log p [ 0.73 log t [ 0.87 ,

^ 0.13 ^ 0.06 ^ 0.30 (8)
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• But why is there a colour-magnitude 
relation for early-type galaxies?

• It’s not completely clear!
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• If we look back time, we would expect 
different behaviors if the CMR

• if metallicity is the cause, we would expect 
no evolution in the CMR other than the 
change in colours and magnitudes caused 
by the stars getting younger

• if age is the cause, we expect a stronger 
evolution due to galaxies “dropping” out 
of the relation at the times when the “age” 
says that they formed
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• The jury is still out --- we are not certain of the 
cause

• the answer may be that both are correct --- 
age and metallicity may play a role

• If age is the primary culprit, we call this 
“downsizing”, because we then require 
smaller, fainter galaxies to be younger than 
bigger, brighter galaxies

• The idea is that star formation continues in 
small galaxies for longer than in big galaxies
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• Let’s return to the origin 
of the mass-metallicity 
relation of spiral 
galaxies: how might this 
come about?

mass, we invoke another well-known empirical correlation,
the Schmidt star formation law (Schmidt 1959; Kennicutt
1998), which relates the star formation surface density to the
gas surface density.

For each of our galaxies we calculate the star formation rate
(SFR) in the fiber aperture from the attenuation-corrected H!
luminosity following Brinchmann et al. (2004).

We multiply our SFRs by a factor of 1.5 to convert from a
Kroupa (2001) IMF to the Salpeter IMF used by Kennicutt
(1998). Our SDSS galaxies have star formation surface den-
sities that are within a factor of 10 of !SFR ¼ 0:3 M" yr#1

kpc#2, exactly the range found by Kennicutt (1998) for the
central regions of normal disk galaxies. We convert star for-
mation surface density to surface gas mass density, !gas, by
inverting the composite Schmidt law of Kennicutt (1998),

!SFR ¼ 1:6 ; 10#4 !gas

1 M" pc#2

! "1:4

M" yr#1 kpc#2: ð5Þ

(Note that the numerical coefficient has been adjusted to in-
clude helium in !gas.) Combining our spectroscopically de-
rived M/L ratio with a measurement of the z-band surface
brightness in the fiber aperture, we compute !star , the stellar
surface mass density. The gas mass fraction is then "gas ¼
!gas=(!gas þ !star).

In Figure 8 we plot the effective yield of our SDSS star-
forming galaxies as a function of total baryonic (stellar+gas)
mass. Baryonic mass is believed to correlate with dark mass, as
evidenced by the existence of a baryonic ‘‘Tully-Fisher’’ rela-
tion (McGaugh et al. 2000; Bell & de Jong 2001). We are inter-
ested in the dark mass because departures from the ‘‘closed
box’’ model might be expected to correlate with the depth of
the galaxy potential well. Data on the distribution of the ef-
fective yield at fixed baryonic mass are provided in Table 4.
Because very few of our SDSS galaxies have masses below
108.5 M", we augment our data set with measurements from
Lee et al. (2003), Garnett (2002), and Pilyugin & Ferrini
(2000), all of which use direct gas mass measurements. We

Fig. 6.—Relation between stellar mass, in units of solar masses, and gas-phase oxygen abundance for '53,400 star-forming galaxies in the SDSS. The large
black filled diamonds represent the median in bins of 0.1 dex in mass that include at least 100 data points. The solid lines are the contours that enclose 68% and 95%
of the data. The red line shows a polynomial fit to the data. The inset plot shows the residuals of the fit. Data for the contours are given in Table 3.

ORIGIN OF MASS-METALLICITY RELATION 907No. 2, 2004
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• We know that the mass of the galaxy is 
related to the “depth” of its “potential 
well”: that is, the more massive the galaxy, 
the harder it is for stars or gas to escape 
that galaxy (recall our discussion of escape 
velocity of clusters)
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• The longer a galaxy can retain its gas, the 
more “metals” it can form through 
supernova explosions

• That is, every new generation of stars 
makes new metals by processing the 
metals in the gas leftover from the 
previous generation of stars
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• Now, remember that supernovae produce a 
lot of energy as well as metals

• So if too many supernovae go off in a low-
mass galaxy, this gas has too much energy to 
be retained by the galaxy

• Bigger galaxies can retain more gas

• Therefore, big galaxies can have more 
generations of stars and therefore higher 
metallicities than small galaxies
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• This scenario (and it’s just a scenario, but it seems like 
a good one!) is called “metal-enriched winds” because 
the supernovae blow out gas (in “winds”) that has 
been enriched in metals from the previous generation 
of stars

• What happens to this gas?  It depends on where the 
galaxy lives

• in a group or cluster of galaxies, it’s likely trapped 
in the dark halo that surrounds that group or 
cluster --- this hot gas can be detected in X-rays

• in a single galaxy, it is likely lost altogether to the 
“intragalactic medium”
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• In fact, there is even a 
colour-magnitude relation 
for spiral galaxies, although 
it is much broader than the 
CMR of early-type galaxies

• We call the red CMR 
populated (mainly) by 
early-type galaxies the 
“red sequence” and

• the blue CMR 
population (almost 
entirely) by late-type 
galaxies the “blue cloud”

The colour-magnitude 
diagram of galaxies

In the 17.77 limit region, the sample is virtually volume-
limited between absolute magnitudes of !23 and !20
(Vsurvey=VmaxP 1:2). Note also that this correction factor is
principally a function of Mr, with little dependence on color at
these low redshifts (r-selected sample), which means that this
correction is important for the determination of the luminosity
functions but not for the CM relations.

The class of galaxies that are not observed because of fiber
collisions is not identical to the whole sample. On average,
these galaxies will be found in higher density regions. A very
similar class of galaxies are those that are the nearest observed
neighbors to the unobserved galaxies. These galaxies were,
predominantly by chance, allocated a fiber instead of their
neighbors. To correct for this issue, we weight these observed
galaxies by 2.15. This factor is determined from the number of
unobserved galaxies divided by the number of unique nearest
observed neighbors, plus unity.

The corrected distribution of galaxies is shown in Figure 2.
The results of our fitting to the mean color values along the red
and blue distributions are also shown (described below). In the
next section, we describe our parametric fitting to the bimodal
bivariate distribution.

4. METHODOLOGY

First of all, we summarize our assumptions and aims before
describing our parameterization and fitting procedure. Our
basic assumptions are given below.

1. There are two dominant sets of processes that lead to two
distributions of galaxies.

2. For each distribution, the average spectral properties vary
contiguously with visible luminosity. This is reasonable
because luminosity is correlated with the mass of a galaxy
and gravity determines the movement of gas and stars.

3. At each luminosity, each distribution can be approxi-
mated using a normal distribution in the difference between the
near-ultraviolet and visible magnitudes (a lognormal distribu-
tion in the ratio between the fluxes). This could result from
stochastic variations in SFH, metallicity, and dust content (and
inclination in the case of disks).

Note that for our discussion, we assume that the stellar IMF is
universal (Wyse 1997; Kroupa 2002).
Our aims are the following:

1. To quantitatively determine the variation in the mean and
dispersion of the spectral colors of each distribution, as a
function of luminosity.
2. To determine separate luminosity functions.
3. To relate the above to physical explanations.
4. To define a best-fit cut in color versus absolute magnitude

space to divide galaxies by type.

Our aims differ from other work on early- and late-type
galaxies in that we do not use a cut in morphology or spectral
type. Instead, the analysis is based on the assumption of
normal Gaussian distributions. Nevertheless, we can safely
assume that the red and blue distributions, described in this
paper, correspond in general to the traditional morphological
definitions of early and late types because of the well-known
color-morphology relations (e.g., Roberts & Haynes 1994;
Shimasaku et al. 2001; Blanton et al. 2003c).

4.1. Parameterization

We assume that the bivariate distribution is the sum of two
distinguishable distributions:

!comb ¼ !r þ !b; ð6Þ

such that ! dM dC is the number of galaxies between Mr and
Mr þ dM and between Cur and Cur þ dC. The parameter-
ization for these red and blue distributions is given by

!ðMr;CurÞ ¼ !ðMrÞ G Cur;"ðMrÞ; #ðMrÞ½ '; ð7Þ

where ! is the luminosity function and G is the color function
parameterized using a Gaussian normal distribution:

GðCur;"; #Þ ¼
1

#
ffiffiffiffiffiffi
2$

p exp
!ðCur ! "Þ2

2#2

" #
: ð8Þ

Both " and # are constrained to be contiguous functions of
Mr, in particular, a straight line plus a tanh function given by

T ðMrÞ ¼ p0 þ p1ðMr þ 20Þ þ q0 tanh
Mr ! q1

q2

" #
: ð9Þ

This function was found to provide good fits to the data, in
particular, significantly better fits than polynomials with the
same number of parameters. The luminosity functions are
fitted with Schechter (1976) functions that can be written in
terms of magnitudes as

!ðMrÞ ¼ c!(e!cð%þ1ÞðMr!M(Þe!e!cðMr!M(Þ
; ð10Þ

where c ¼ 0:4 ln 10ð¼ 0:921034Þ; M* and !* are the charac-
teristic magnitude and number density, and % is the faint-end
slope.

4.2. Fitting

For the purposes of fitting to the distribution, the sample
was divided into 16 absolute magnitude bins of width 0.5 from
!23.5 to !15.5. Each of these subsamples was divided into
28 color bins of width 0.1 in Cur. The range in Cur varied from
0.7–3.5 for the most luminous galaxies bin to 0.0–2.8 for the
faintest bin, to approximately track the CM relations.

Fig. 2.—Bivariate distribution of the sample in rest-frame color vs. absolute
magnitude, Vsurvey/Vmax corrected. The contours are determined for galaxy
number counts in 0.1 color ) 0:5 mag bins. The contour levels are on a
logarithmic scale, starting at 15 and trebling every two contours. The upper
and lower dashed lines represent a fit to the mean positions of the Gaussian
color functions for the red and blue distributions, respectively (the fitting is
described in x 4; see also Fig. 6).
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• Brighter blue galaxies (i.e., spirals) are 
redder than fainter blue galaxies because 
they

• are more massive and have higher 
metallicities, because of the mass-
metallicity relation, and

• have less star formation and therefore 
older populations of stars
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