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Galaxies are composed of stars, gas, DM.
DM dominates on large scales, but baryons 
dominate in the luminous centers of galaxies.

Nucleus: dense; star formation; supermassive black hole
Bulge:     spheroidal; mixed ages; kinematically "hot" & little rotation
Disk:       gas & stars; younger; star formation; spiral arms; 
kinematically "cold" & rotates
Halo:       low density; GCs present; old; Dark Matter dominates

Galaxy relative to halo; 
Whittle lectures

Tuesday, February 7, 2012



Primary separation between E and S type galaxies. 

Classification criteria: From Sa → Sb → Sc :
 1. fractional contribution of the bulge decreases;
 2. spiral arm pitch angle increases;
 3. degree of resolution into young stars and gas increases.
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Elliptical isophotes
Supported predominantly by random motions: we think were formed via mergers
Old stars
No cold gas (typically)
These galaxies are compact/highly concentrated
Range in mass from ~108 M⦿ to ~1012 M⦿

Types of Galaxies: Ellipticals

M87
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Types of Galaxies: Spiral

Spiral galaxies contain a disky (rotation-dominated) component, random component is small
There is a bulge (elliptical) component in the center
Gas rich, spiral structure
Two types: barred and unbarred
Disks are very spread out relative to elliptical galaxies, low 
concentration.

Basic points:
disks are flat
disks have spiral structure
orbits are almost in a single plane

– disks rotate
– random motions are small
– stars have a large range of ages

M51

Our Milky Way is a typical 
spiral, intermediate 
between Sb and Sc. It has 
a weak bar.

Bulge = small elliptical

disk
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B/T Correlates with Hubble Type
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van den Bergh, S. 1998, Galaxy Morphology and Classification 
(Cambridge: Cambridge Univ. Press) 

From E — Sc, 
the Hubble sequence

is roughly independent of 
luminosity

and instead is a sequence 
of other physical properties. 

From Sc — Im, the 
Hubble Sequence

is mainly a luminosity 
sequence. 

Hubble Sequence Defined for Massive Galaxies
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Focuses on RC3, the Uppsala General Catalog (low surface brightness galaxies) and an 
Arecibo survey for the HI measurements; Also considers a smaller volume-limited survey
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What about 1 million galaxies?

www.sdss.org/dr7
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SDSS

Text

Images and spectra of 
1/4 of the sky
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Galaxies are smudges
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Color-Structure-Spectral Types
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ABSTRACT
We study the optical colors of 147,920 galaxies brighter than g* \ 21, observed in Ðve bands by the

Sloan Digital Sky Survey (SDSS) over D100 deg2 of high Galactic latitude sky along the celestial
equator. The distribution of galaxies in the g*[r* versus u*[g* color-color diagram is strongly
bimodal, with an optimal color separator of u*[r* \ 2.22. We use visual morphology and spectral clas-
siÐcation of subsamples of 287 and 500 galaxies, respectively, to show that the two peaks correspond
roughly to early- (E, S0, and Sa) and late-type (Sb, Sc, and Irr) galaxies, as expected from their di†erent
stellar populations. We also Ðnd that the colors of galaxies are correlated with their radial proÐles, as
measured by the concentration index and by the likelihoods of exponential and de VaucouleursÏ proÐle
Ðts. While it is well known that late-type galaxies are bluer than early-type galaxies, this is the Ðrst
detection of a local minimum in their color distribution. In all SDSS bands, the counts versus apparent
magnitude relations for the two color types are signiÐcantly di†erent and demonstrate that the fraction
of blue galaxies increases toward the faint end.
Key words : galaxies : fundamental parameters

1. INTRODUCTION

It has been known at least since the late 1930s that colors
of galaxies reÑect their dominant stellar populations and
thus correlate with morphology (Humason 1936 ; Hubble
1936). Morgan & Mayall (1957) examined the spectra of 47
nearby galaxies and found that stellar systems with spectra
dominated by A, A ] F, and F stars are exclusively classi-
Ðed as Sc and Irr morphologically, F ] G dominated stellar
systems correspond to Sb galaxies, and the K stellar systems
are a mix of predominantly early-type (E, S0, and Sa) gal-
axies, with a sizeable fraction of Sb spirals. De Vaucouleurs
(1961) used a sample of 148 galaxies to establish the depen-
dence of galaxy color on morphological type. Since then,

ÈÈÈÈÈÈÈÈÈÈÈÈÈÈÈ
1 Princeton University Observatory, Peyton Hall, Princeton, NJ 08544.
2 Apache Point Observatory, P.O. Box 59, Sunspot, NM 88349-0059.
3 Department of Astronomy, MS105-24, California Institute of Tech-

nology, 1201 East California Boulevard, Pasadena, CA 91125.
4 Department of Physics and Astronomy, Johns Hopkins University,

3701 San Martin Drive, Baltimore, MD 21218.
5 Department of Physics, University, Budapest, Pf. 32, Hungary,Eo# tvo# s

H-1518.
6 University of Chicago, Astronomy and Astrophysics Center, 5640

South Ellis Avenue, Chicago, IL 60637.
7 Department of Astronomy and Research Center for the Early Uni-

verse, School of Science, University of Tokyo, Hongo, Bunkyo, Tokyo,
113-0033 Japan.

8 Institute for Cosmic Ray Research, University of Tokyo, 3-2-1
Midori, Tanashi, Tokyo, 188-8502 Japan.

9 Institute for Advanced Study, Olden Lane, Princeton, NJ 08540.
10 US Naval Observatory, 3450 Massachusetts Avenue, NW, Washing-

ton, DC 20392-5420.
11 Astronomical Institute, Tohoku University, Aoba, Sendai, 980-8578

Japan.
12 Department of Physics, University of Michigan, 500 East University,

Ann Arbor, MI 48109.
13 Department of Astronomy and Astrophysics, 525 Davey Laboratory,

Pennsylvania State University, University Park, PA 16802.

studies of the color distribution of galaxies have helped
reveal their dominant stellar populations and star forma-
tion histories. Typical studies of galaxy colors in recent
years have been based on samples of D1000 galaxies. Fioc
& Rocca-Volmerange (1999) used optical and near-infrared
colors of 1000 galaxies to establish relations between the
colors, morphological types, inclinations or shapes, and the
intrinsic luminosities of galaxies. Ferreras et al. (1999) used
color-magnitude and color-color analysis of Hubble Space
Telescope photometry of D1000 galaxies to infer the exis-
tence of nonnegligible star formation in elliptical galaxies
and bulges at medium redshift (z D 0.2). Brown, Webster, &
Boyle (2000) studied the dependence of clustering of gal-
axies on color. They used a catalog of D4 ] 105 galaxies
and selection rules based on synthetic colors given by Fuku-
gita, Shimasaku, & Ichikawa (1995) and found that the
galaxy correlation function is strongly dependent on color,
with red galaxies more strongly clustered than blue galaxies
by a factor of at small scales.Z5

The Sloan Digital Sky Survey (hereafter SDSS; York et
al. 2000) is generating accurate photometry for an unprece-
dentedly large and uniform sample of galaxies, enabling us
to expand galaxy color studies and extend them in new
directions. The SDSS is a digital photometric and spectro-
scopic survey that will cover one-quarter of the celestial
sphere toward the northern Galactic cap and produce a
smaller area (D225 deg2) but much deeper survey toward
the southern Galactic cap. The photometric astrometric
mosaic camera (Gunn et al. 1998 ; see also Project Book
° 4,14 The Photometric Camera) images the sky by scan-
ning along great circles at the sidereal rate. The Ñux den-
sities of detected objects are measured almost
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S0 or Sa, 80% have u*[r* colors redder than 2.22, consis-
tent with being early-type galaxies. Of the 170 galaxies
visually classiÐed as Sb, Sc or Irr, 112 (66%) have colors
bluer than u*[r* \ 2.22, consistent with being late-type
galaxies. Another 16% have colors bluer than u*[r* \ 2.5,
while the remaining 18% (30/170 galaxies) have colors in
the range 2.5 \ u*[r* \ 3.2 (the reddest spiral in this
sample is NGC 4666, a dusty SABc LINER galaxy, in Fig. 6
[top right] with a B[V color of 0.8 from RC2).

3.2. Other Parameters Sensitive to Morphology
The SDSS photometric pipeline calculates a number of

global morphological parameters for every object. These
include the likelihoods of the best-Ðt exponential or de Vau-
couleursÏ proÐles, the ““ texture ÏÏ parameter, and the concen-
tration index.21 ““ Texture ÏÏ measures the bilateral
asymmetry of an object, but it was found to be poorly corre-
lated with galaxy type in its current implementation for
both visually and spectroscopically classiÐed galaxies and
will not be considered further. ProÐle probabilities and con-
centration index both correlate well with morphology. See
the Appendix for more details about the computation of
these parameters.

Using the exponential and de VaucouleursÏ(Pexp) (PdeV)
proÐle likelihoods, early-type galaxies (E, S0, and Sa) can be
selected by requiring and late types (Sb, Sc,PdeV [ Pexp,
and Irr) by requiring where both likelihoodsPexp [ PdeV,
are calculated in the r band. The proÐle likelihood criterion
is not a good discriminator at very bright magnitudes,
g* \ 16 (see the Appendix). A similar conclusion was
reached by Shimasaku et al., based on a sample of 456
bright galaxies. The basic reason for the poor performance
of proÐle likelihoods at the bright end is the version of
PHOTO pipeline used in reducing this data, which bases
the proÐle Ðts on the inner proÐles of galaxies, thus assign-
ing higher likelihoods of de Vaucouleurs Ðts to large nearby

ÈÈÈÈÈÈÈÈÈÈÈÈÈÈÈ
21 A separate two-dimensional bulge-disk decomposition code that

allows for a bulge, exponential disk, and a bar is being developed.Se" rsic

spirals. In the fainter spectroscopic sample used here this
e†ect is negligible. The correspondence between the proÐle
likelihood classiÐcation and u*[r* color is illustrated in
Figure 8 (left), based on the spectroscopic sample. The his-
togram of galaxies with follows the distributionPdeV [ Pexpof red galaxies (u*[r* P 2.22), while the histogram of
galaxies with follows the distribution of bluePexp [ PdeVgalaxies.

The concentration index, deÐned as the ratio of the radii
containing 90% and 50% of the Petrosian r galaxy light,

also correlates with galaxy type. CentrallyC 4 r
p90/r

p50,
concentrated ellipticals are expected to have larger concen-
tration indices than spirals. For a classical de Vaucouleurs
proÐle the concentration index isI

E
(r) \ I

e
e~7.67*(r@re)1@4~1+,

D5.5, while the exponential disks of spirals (I
S
(r) \ I

S
e~r@rs)

have concentration index D2.3. Both estimates correspond
to the seeing-free case ; the observed values are somewhat
lower. The dependence of concentration index on morpho-
logical type found in our spectroscopic and morphological
samples is weak, with large scatter in C for each morpho-
logical type. The linear correlation coefficients are 0.4 and
0.7 for the spectroscopic and morphological samples,
respectively, with the probability of random samples of
those sizes giving the above correlation coefficients
D10~16. The small correlation coefficients and the large
scatter indicate that the concentration index is not a robust
morphological separator, except in a very crude sense : it
can be used to separate early- (E, S0, and Sa) from late-type
(Sb, Sc, and Irr) galaxies. Shimasaku et al. (2001) support
the use of the concentration index as a morphological
separator, while noting the large uncertainty (^1.5 class in
their seven morphological types system from E to Irr
galaxies) and cautioning that the concentration index
cannot be used to create a pure E/S0 sample, free of Sa
contamination.

Depending on whether the completeness or reliability of
a subsample of a given type is to be maximized, a di†erent
concentration index separator has to be adopted. We deÐne
the reliability of classiÐcation as the fraction of galaxies

FIG. 8.ÈCorrelation of u*[r* color with proÐle likelihoods and concentration index. L eft : Spectroscopic galaxy sample u*[r* histograms separated
into objects with (early type ; dashed lines) and (late type ; solid lines), showing the same bimodality as does galaxy u*[r* color.PdeV [ Pexp PdeV \ PexpGaussian Ðts to the two histograms are given as a guide to the eye. Right : Concentration index vs. u*[r*. The photometric sample is given as contours
enclosing p/4 (20.8%) to 2 p (95.5%) of all galaxies with g* O 20, in steps of p/4 as in Fig. 1. The triangles correspond to early spectroscopic sample galaxies
(E, S0, and Sa) and the squares to late spectroscopic sample galaxies (Sb, Sc, and Irr) ; early-type galaxies have higher concentration index than late types.FIG. 2.ÈL eft, color distribution u*[r* as a function of g* magnitude of the galaxy sample ; top right, fraction of blue galaxies ( Ðlled squares) increasing

relative to the red ( Ðlled triangles) for fainter g* samples ; bottom right, photometric errors cannot account for the dependence of the red and blue galaxy
fractions on magnitude cut. The open symbols correspond to the predicted fraction (assuming only photometric errors change with magnitude), the Ðlled
symbols to the observed.

FIG. 3.ÈColor distributions r*[i* and i*[z* for two subsamples separated by their u*[r* color (see text). The smooth curves are Gaussian Ðts to the
data.

bimodality

faint galaxies are 
blue

C=concentration -- stand-in for 
bulge-to-total ratio.  Just the ratio 
of the light in two apertures.

blue galaxies are more
diffuse

red galaxies are more
compact
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Abstract
We review the physical properties of nearby, relatively luminous galaxies, us-
ing results from newly available massive data sets together with more detailed
observations. First, we present the global distribution of properties, includ-
ing the optical and ultraviolet (UV) luminosity, stellar mass, and atomic gas
mass functions. Second, we describe the shift of the galaxy population from
late galaxy types in underdense regions to early galaxy types in overdense
regions. We emphasize that the scaling relations followed by each galaxy
type change very little with environment, with the exception of some minor
but detectable effects. The shift in the population is apparent even at the
densities of small groups and therefore cannot be exclusively due to physical
processes operating in rich clusters. Third, we divide galaxies into four crude
types—spiral, lenticular, elliptical, and merging systems—and describe some
of their more detailed properties. We attempt to put these detailed properties
into the global context provided by large surveys.
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into the global context provided by large surveys.
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ABSTRACT

We utilize Sloan Digital Sky Survey imaging and spectroscopy of !53,000 star-forming galaxies at z ! 0:1 to
study the relation between stellar mass and gas-phase metallicity. We derive gas-phase oxygen abundances and
stellar masses using new techniques that make use of the latest stellar evolutionary synthesis and photoionization
models. We find a tight ("0.1 dex) correlation between stellar mass and metallicity spanning over 3 orders of
magnitude in stellar mass and a factor of 10 in metallicity. The relation is relatively steep from 108.5 to 1010.5 M# h$2

70 ,
in good accord with known trends between luminosity and metallicity, but flattens above 1010.5 M#. We use in-
direct estimates of the gas mass based on the H! luminosity to compare our data to predictions from simple closed
box chemical evolution models. We show that metal loss is strongly anticorrelated with baryonic mass, with low-
mass dwarf galaxies being 5 times more metal depleted than L% galaxies at z ! 0:1. Evidence for metal depletion is
not confined to dwarf galaxies but is found in galaxies with masses as high as 1010 M#. We interpret this as strong
evidence of both the ubiquity of galactic winds and their effectiveness in removing metals from galaxy potential
wells.

Subject headinggs: galaxies: abundances — galaxies: evolution — galaxies: fundamental parameters —
galaxies: statistics

1. INTRODUCTION

Stellar mass and metallicity are two of the most funda-
mental physical properties of galaxies. Both are metrics of
the galaxy evolution process, the former reflecting the amount
of gas locked up into stars, and the latter reflecting the gas
reprocessed by stars and any exchange of gas between the
galaxy and its environment. Understanding how these quan-
tities evolve with time and in relation to one another is central
to understanding the physical processes that govern the effi-
ciency and timing of star formation in galaxies.

The influence of stellar winds and supernovae on the inter-
stellar medium (ISM) of galaxies, generally dubbed ‘‘feed-
back,’’ has been regarded as an important ingredient in galaxy
evolution since the 1970s (Larson 1974; Larson & Dinerstein
1975; White & Rees 1978). Feedback is believed to play a

critical role in regulating star formation by reheating the cold
ISM and by physically removing gas from the disk and pos-
sibly the halo via galactic winds. Various lines of observa-
tional evidence have established that large-scale outflows of
gas are ubiquitous among the most actively star-forming gal-
axies at low and high redshift (e.g., Lehnert & Heckman 1996;
Dahlem et al. 1998; Rupke et al. 2002; Shapley et al. 2001;
Frye et al. 2002). However, detailed studies of winds in nearby
starbursts have shown them to be a complex, multiphase,
hydrodynamical phenomenon with the majority of the energy
and newly synthesized metals existing in the hard-to-observe
coronal and hot phases (T ¼ 105 107 K; e.g., Strickland et al.
2002). This complexity has prevented both a direct assessment
of the cosmological impact of galactic winds and the devel-
opment of physically accurate prescriptions for incorporating
feedback into semianalytical and numerical models of galaxy
formation.
Fortunately, it is possible to obtain some quantitative in-

formation about the impact of galactic winds without a full
understanding of the abstruse physics responsible for their
morphology and kinematics. Galaxies that host winds pow-
erful enough to overcome the gravitational binding energy of
their halos will vent some of their metals into the intergalactic
medium. Hence, one way of evaluating the importance of ga-
lactic winds is to look for their chemical imprint on galaxies.
However, low metallicity is not necessarily a hallmark of wind
activity. The metallicity of a galaxy is expected to depend
strongly on its evolutionary state, namely, how much of its gas
has been turned into stars. To detect metal depletion, it is
therefore necessary to make some assumptions about the
expected level of chemical enrichment based on a galaxy’s star
and gas content. Of course, other mechanisms besides winds
could make a galaxy appear to be metal depleted, for example,
the inflow of pristine gas, or the return of comparatively un-
enriched material from evolved low-mass stars. However, these
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Stéphane Charlot,3,5 Simon D. M. White,3 Mark Seibert,1,6 Eric W. Peng,1,7 David J. Schlegel,8

Alan Uomoto,1,9 Masataka Fukugita,10 and Jon Brinkmann11

Receivved 2003 December 21; accepted 2004 May 28

ABSTRACT

We utilize Sloan Digital Sky Survey imaging and spectroscopy of !53,000 star-forming galaxies at z ! 0:1 to
study the relation between stellar mass and gas-phase metallicity. We derive gas-phase oxygen abundances and
stellar masses using new techniques that make use of the latest stellar evolutionary synthesis and photoionization
models. We find a tight ("0.1 dex) correlation between stellar mass and metallicity spanning over 3 orders of
magnitude in stellar mass and a factor of 10 in metallicity. The relation is relatively steep from 108.5 to 1010.5 M# h$2

70 ,
in good accord with known trends between luminosity and metallicity, but flattens above 1010.5 M#. We use in-
direct estimates of the gas mass based on the H! luminosity to compare our data to predictions from simple closed
box chemical evolution models. We show that metal loss is strongly anticorrelated with baryonic mass, with low-
mass dwarf galaxies being 5 times more metal depleted than L% galaxies at z ! 0:1. Evidence for metal depletion is
not confined to dwarf galaxies but is found in galaxies with masses as high as 1010 M#. We interpret this as strong
evidence of both the ubiquity of galactic winds and their effectiveness in removing metals from galaxy potential
wells.

Subject headinggs: galaxies: abundances — galaxies: evolution — galaxies: fundamental parameters —
galaxies: statistics

1. INTRODUCTION

Stellar mass and metallicity are two of the most funda-
mental physical properties of galaxies. Both are metrics of
the galaxy evolution process, the former reflecting the amount
of gas locked up into stars, and the latter reflecting the gas
reprocessed by stars and any exchange of gas between the
galaxy and its environment. Understanding how these quan-
tities evolve with time and in relation to one another is central
to understanding the physical processes that govern the effi-
ciency and timing of star formation in galaxies.

The influence of stellar winds and supernovae on the inter-
stellar medium (ISM) of galaxies, generally dubbed ‘‘feed-
back,’’ has been regarded as an important ingredient in galaxy
evolution since the 1970s (Larson 1974; Larson & Dinerstein
1975; White & Rees 1978). Feedback is believed to play a

critical role in regulating star formation by reheating the cold
ISM and by physically removing gas from the disk and pos-
sibly the halo via galactic winds. Various lines of observa-
tional evidence have established that large-scale outflows of
gas are ubiquitous among the most actively star-forming gal-
axies at low and high redshift (e.g., Lehnert & Heckman 1996;
Dahlem et al. 1998; Rupke et al. 2002; Shapley et al. 2001;
Frye et al. 2002). However, detailed studies of winds in nearby
starbursts have shown them to be a complex, multiphase,
hydrodynamical phenomenon with the majority of the energy
and newly synthesized metals existing in the hard-to-observe
coronal and hot phases (T ¼ 105 107 K; e.g., Strickland et al.
2002). This complexity has prevented both a direct assessment
of the cosmological impact of galactic winds and the devel-
opment of physically accurate prescriptions for incorporating
feedback into semianalytical and numerical models of galaxy
formation.
Fortunately, it is possible to obtain some quantitative in-

formation about the impact of galactic winds without a full
understanding of the abstruse physics responsible for their
morphology and kinematics. Galaxies that host winds pow-
erful enough to overcome the gravitational binding energy of
their halos will vent some of their metals into the intergalactic
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therefore necessary to make some assumptions about the
expected level of chemical enrichment based on a galaxy’s star
and gas content. Of course, other mechanisms besides winds
could make a galaxy appear to be metal depleted, for example,
the inflow of pristine gas, or the return of comparatively un-
enriched material from evolved low-mass stars. However, these

1 Department of Physics and Astronomy, The Johns Hopkins University,
3400 North Charles Street, Baltimore, MD 21218.

2 Steward Observatory, 933 North Cherry Avenue, Tucson, AZ 85721.
3 Max-Planck-Institut für Astrophysik, Karl-Schwarzschild-Strasse 1,

Postfach 1317, D-85741 Garching, Germany.
4 Centro de Astrofı́sica da Universidade do Porto, Rua das Estrelas, 4150-

762 Porto, Portugal.
5 Institut d’Astrophysique de Paris, Centre National de la Recherches

Scientifique, 98 bis Boulevard Arago, 75914 Paris, France.
6 Department of Astronomy, California Institute of Technology, MS 105-24,

1201 East California Boulevard, Pasadena, CA 91125.
7 Department of Physics and Astronomy, Rutgers, State University of New

Jersey, 136 Frelinghuysen Road, Piscataway, NJ 08854-8019.
8 Princeton University Observatory, Peyton Hall, Princeton, NJ 08544-

1001.
9 Carnegie Observatories, Carnegie Institution of Washington, 813 Santa

Barbara Street, Pasadena, CA 91101.
10 Institute for Cosmic Ray Research, University of Tokyo, Kashiwa 277-

8582, Japan.
11 Apache Point Observatory, 2001 Apache Point Road, P.O. Box 59,

Sunspot, NM 88349.

898

The Astrophysical Journal, 613:898–913, 2004 October 1
# 2004. The American Astronomical Society. All rights reserved. Printed in U.S.A.

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.
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Outflow

There are many lines of evidence for outflows driven by star formation.

2032 STRICKLAND & HECKMAN Vol. 697

Table 1
Diffuse Continuum and Iron Line Luminosities from Paper I

Instrument ObsID log L2−8 keV log LFeKα log LFeHeα log LFeLyα

(1) (2) (3) (4) (5) (6)

XMM-Newton EPIC 0206080101 · · · 37.31+0.23
−0.54 38.13+0.05

−0.06 < 37.66

Chandra ACIS-S 2933 39.65+0.02
−0.05 37.94+0.22

−0.48 38.23+0.16
−0.27 < 38.15

Chandra ACIS-I 361+1302 39.64+0.02
−0.02 37.93+0.20

−0.26 38.13+0.14
−0.25 < 38.01

Notes. This table summarizes the results presented in Strickland & Heckman (2007) on the emission from
within r = 500 pc of the nucleus of M82. Column 2: the ObsID is the identification number allocated to
each observation by the Chandra and XMM-Newton Science Centers. Column 3: logarithm of the total
diffuse X-ray luminosity in the E = 2–8 keV energy band, including line emission. Column 4: logarithm
of the E ∼ 6.4 keV Fe Kα line luminosity. Column 5: logarithm of the E ∼ 6.7 keV Fe Heα line
luminosity. Column 6: logarithm of the E ∼ 6.96 keV Fe Lyα line luminosity. The quoted uncertainties
are 68.3% confidence for one interesting parameter, while the upper limits are 99.0% confidence.

Figure 1. Three-color composite image of M82 showing the region within a
500 pc radius of the nucleus (white circle) in comparison to the galaxy and
superwind. Soft X-ray emission in the 0.3–2.8 keV energy band is shown in red,
optical R-band emission (starlight) in green, and diffuse hard X-ray emission in
the 3–7 keV energy band in blue. The X-ray images are adaptively smoothed
Chandra ACIS-S images with point-source emission removed and interpolated
over. The image is 4.′8 (∼5 kpc) on a side.

for undetected point sources based on the observed point-
source luminosity function. These luminosities also include 32%
and 20% upward corrections to the luminosities derived from
the ACIS-S and ACIS-I data to account for regions excluded
from the spectra due to the removal of the emission from
detected point sources. For the XMM-Newton observation the
line luminosities include all emission within r = 500 pc, but the
contribution to the line luminosities from pointlike sources is
expected to be small in this particular observation.

Note that the region of bright diffuse hard X-ray emission
studied in this paper is associated with the nuclear starburst
region. As can be seen from Figure 1 this region is much smaller
than the full 12-kpc-scale superwind that is most often studied
in optical (Lehnert et al. 1999) or soft X-ray emission (Stevens
et al. 2003).

As discussed in Paper I the nature of the diffuse broadband
continuum is not clear. If the continuum is thermal then the

relative strength of the iron line emission to the observed
continuum is much lower than expected for a plasma of
solar elemental abundances, let alone the iron-enriched plasma
expected from recent core-collapse SNe. We demonstrated that
a wind mass loaded with additional ambient gas could produce
the total broadband X-ray luminosity that we observe, but the
required degree of mass loading could not sufficiently reduce
the relative strength of the iron line to the continuum. Thus,
the best-fit bremsstrahlung models for the continuum do not
necessarily provide meaningful estimates of the temperature
of the iron-emitting plasma, and should be interpreted with
caution. Power-law spectral models provide a marginally better
fit to the continuum than do thermal bremsstrahlung models.
Thus a nonthermal process such as Inverse Compton X-ray
emission might be responsible for the majority of the diffuse
hard X-ray continuum. The X-ray luminosity associated with
inverse Compton emission depends sensitively on the unknown
magnetic field strength within the starburst region. In Paper I,
we estimated it might account for ∼25% of the observed diffuse
X-ray luminosity in the E = 2–8 keV energy band, although
other authors have in the past given higher luminosity estimates
for inverse Compton emission from M82 (Schaaf et al. 1989;
Moran & Lehnert 1997).

The upper limits on the iron 6.96 keV/6.69 keV line flux
ratio3 of <0.34 place upper limits on the temperature of
T <7.8 × 107 K if the plasma is in collisional equilibrium (see
Table 2). The Coulomb relaxation and ionization equilibrium
timescales presented in Paper I are much shorter than the
timescale for plasma to flow out of the starburst region, so the
assumption of collisional ionization equilibrium is reasonable.

Other lines in the 2 ! E (keV) ! 10 hard X-ray band may
in principle be used to constrain the plasma temperature in a
starburst region. In particular, the helium-like and hydrogen-
like ions of sulfur (at E ∼ 2.45 keV and E ∼ 2.62 keV,
respectively), argon (E ∼ 3.13 keV and E ∼ 3.33 keV) and
calcium (E ∼ 3.90 keV and E ∼ 4.11 keV) can be detected
in CCD spectra from the Chandra ACIS and XMM-Newton
EPIC instruments. These lines are most intense in plasmas with
temperatures in the range log T ∼ 7.0–7.5, somewhat lower
than the optimal temperature for the iron lines, but this might
be advantageous in diagnosing starbursts where mass loading is
significant and/or the efficiency of SN thermalization is low.

In Paper I, we specifically excluded data at the expected
energies of the S, Ar, and Ca lines from the fitting of the M82

3 Note that the line ratios quoted in Paper I were the ratio of the photon
fluxes, whereas in this paper we quote the energy flux ratio.

Strickland & Heckman 2009
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FIG. 2d

velocities D100 km s~1 and are unresolved in the spatial

dimension ; their physical interpretation is less certain than

that of the well-deÐned Doppler ellipses.

By observing the overall tilt of each NGC 4214 echelleg-

ram, notice that the rotation of the ionized gas contributes

less to the width of the integrated Ha line proÐle than these

shells and wisps. The largest gradient in the central velocity

of the line proÐle is 38 km s~1 across NGC 4214-4. The H II

complex 1@ west of the central starburst has a lower velocity

than the eastern side of the galaxy. Across NGC 4214-1,

NGC 4214-2, and NGC 4214-3, the ionized gas at the

northeast end of the slit is moving 15È26 km s~1 faster than

that at the southwest end, so the rotation axis of the ionized

gas is closer to the major axis of the galaxy than the minor

axis. The H I rotation axis and major axis are also oriented

at P.A. B [20¡ (McIntyre 1996).

3.3.2. NGC 4861
illustrates the bipolar outÑow discovered inFigure 2c

NGC 4861. Shells A and C detected along NGC 4861-4

M82
Martin 1998

FIG. 1b
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These are brightest cluster galaxies.  They sit at the 
center of the cluster and get stars dumped on them. 
Different LF then regular galaxies.
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Schechter Function

Exponential decline at 
luminous end

Power-law slope at faint 
end
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Schechter Function

Exponential decline at 
luminous end

Power-law slope at faint 
end

Characteristic or break luminosity is 
L* (or M*).  This is the most common 
galaxy (LB = 1010 or MB = -19.7).  The MW
is ~L*. 
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Schechter Function

Exponential decline at 
luminous end

Power-law slope at faint end. α varies with environment and is more controversial.  α = 
-1.5 “steep”,  α=-0.5 “shallow”.  

Characteristic or break luminosity is 
L* (or M*).  This is the most common 
galaxy (LB = 1010 or MB = -19.7).  The MW
is ~L*. 
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Blanton et al. 2003
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Blanton et al. 2003

To go from observed galaxies
to real number per volume 
requires corrections for missing 
galaxies and other observational errors.

These corrections get harder at 
higher redshift. 

Soon we will talk about going from 
luminosity to stellar mass.
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Physical Origins of the LF
The predicted mass function of dark matter halos (in any CDM cosmology) is a 
featureless power-law which turns over at the largest scales.

The galaxy luminosity function and the halo mass function are related by the mass-to-
light ration.   From plot below, the mass-to-light ratio must be a function of luminosity.
Galaxy formation efficiency is mass dependent.    
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The HT-dependent shape of the LF is Gaussian for 

luminous galaxies. 

 

The shape of the LF for a given Hubble Type is 

constant with environment

However, the MIX of different Hubble Types changes 

as a function of environment.  More ellipticals in 

high-density regions.
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Morphology-density relation: Elliptical fraction 
is strong function of local galaxy density (e.g., 
projected number of neighbors).

What physical mechanisms drive 
these trends?  

- ram-pressure stripping within the cluster
- tidal stripping
- galaxy-galaxy harrassment in 
the rich environment. 
- Or pre-processing in group environments?
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Stellar Population Synthesis Modeling
Remember the stellar mass functions from Richard’s talk?  How do we 
measure them?

Here is the basic idea.  For a given single-age stellar population (SSP) 
we can model the luminous output of the entire stellar population as a 
function of time using models of stellar evolution.

If we assume we know the initial mass function (IMF): 
the number of stars of a given mass formed in a single 
burst of stars, then we can model the light from a population 
as a function of time by modeling the motion of stars through 
Luminosity-Temperature space (the HR diagram).

Then, to model a generic stellar population, we just need to add up 
the light from each SSP.  The modeling tells us how much stellar 
mass there is, rather than just light.  Provided we know the IMF, 
the dust reddening, and trust our models of stellar evolution...
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The Hertzprung-Russel Diagram
Recall that observation HR diagram 
(or color-magnitude diagram) is 
measured in color and magnitude, while 
underlying physics is driven by luminosity 
and temperature.

Stars evolve through the HR diagram 
as they complete core H burning, expand, 
recontract, ignite He burning, etc.
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Stellar Evolution: Massive StarsM > 8 M⦿  
Proceeds similarly except that: 
1. MS lifetimes are MUCH shorter.
The luminosity doesn’t really change much in later stages of evolution.
2. Instead of stopping with He ignition, the star is able to burn elements all 
the way up until Fe.  At which point there is a supernova.

Also note that more massive 
stars evolve off the MS much 
faster than low-mass stars.

time(MS)  ~ 10 M/M⦿ (L/L⦿)-1

Table 5.2 in BM shows time 
spent in different phases.

Tuesday, February 7, 2012



Isochrones

Here are example theoretical isochrones (same time) as a function of metallicity that 
allow us to synthesize the evolution of stellar populations.
CMD / stellar evolution depends on metallicity
At lower metallicity, individual stars are brighter and hotter at fixed mass.
Location of MS also is affected (shifted to the left).

!"#$%&'"(")'%*+%(,-%.///0%121%3455-0%6760%896%

Girardi et al. 2000
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Stellar Population Synthesis
Start with a single burst of star formation: Single Stellar Population (SSP)

Then, to evolve this group of stars forward in time, you need to know:
(a) The Luminosity and Temp of each star as a function of mass and time
(isochrones)
(b) The spectrum of each star as a function of L, T -- usually from an 
observed spectral library
(c) The relative number of stars of each mass (IMF).

!"#$%&'"(")'%*+%(,-%.///0%121%3455-0%6760%896%

Girardi et al. 2000
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Pickles 1998

Meyer et al. (2000)
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Simple Stellar Populations (SSPs)
Compute "isochrone" of age t, based on tracks in H-R diagram. Populate the regions 
of the H-R diagram according to the IMF. Use the stellar spectral library to assign 
spectra to stars in various evolutionary stages.

16 G. Bruzual and S. Charlot

Figure 9. Spectral evolution of the standard SSP model of Sec-
tion 3 for the solar metallicity. The STELIB/BaSeL 3.1 spectra
have been extended blueward of 3200 Å and redward of 9500 Å
using the Pickles medium-resolution library. Ages are indicated
next to the spectra (in Gyr).

leave the main sequence and evolve into red supergiants,
causing the ultraviolet light to decline and the near-infrared
light to rise. From a few times 108 yr to over 109 yr, AGB
stars maintain a high near-infrared luminosity. The ultravi-
olet light continues to drop as the turnoff mass decreases on
the main sequence. After a few gigayears, red giant stars ac-
count for most of the near-infrared light. Then, the accumu-
lation of low-mass, post-AGB stars causes the far-ultraviolet
emission to rise until 13 Gyr. The most remarkable feature
in Fig. 9 is the nearly unevolving shape of the optical to
near-infrared spectrum at ages from 4 to 13 Gyr. The rea-
son for this is that low-mass stars evolve within a narrow
temperature range all the way from the main sequence to
the end of the AGB.

The scale of Fig. 9 is not optimal to fully appreciate
the spectral resolution of the model. However, some varia-
tions can be noticed in the strengths of prominent absorp-
tion lines. At ages between 0.1 and 1 Gyr, for example,
there is a marked strengthening of all Balmer lines from Hα
at 6563 Å to the Balmer continuum limit at 3646 Å. This
characteristic signature of a prominent population of late-B
to early-F stars is, in fact, a standard diagnostic of recent
bursts of star formation in galaxies (e.g., Couch & Sharples
1987; Poggianti et al. 1999; Kauffmann et al. 2003). It is
interesting to note how, over the same age interval, the
‘Balmer break’ (corresponding to the Balmer continuum
limit) evolves into the ‘4000 Å break’ (arising from the
prominence in cool stars of a large number of metallic lines
blueward of 4000 Å). Other prominent absorption features
in Fig. 9 include the Mg II resonance doublet near 2798 Å,
the Ca II H and K lines at 3933 Å and 3968 Å, and the Ca II

Figure 10. Spectra of the standard SSP model of Section 3 at
different ages for different metallicities, as indicated. The promi-
nent metallic features show a clear strengthening from the most
metal-poor to the most metal-rich models, even though the shape
of the spectral continuum is roughly similar in all models.

triplet at 8498, 8542, and 8662 Å. These features tend to
strengthen with age as they are stronger in late-type stars
than in early-type stars, whose opacities are dominated by
electron scattering. However, the strengths of these features
also depend on the abundances of the heavy elements that
produce them.

Fig. 9 also shows that the strengths of many absorption
lines, in contrast to the spectral continuum shape, continue
to evolve significantly at ages between 4 and 13 Gyr. Since
the strengths of such features are expected to react differ-
ently to age and metallicity, they can potentially help us
resolve the age-metallicity degeneracy that hampers the in-
terpretation of galaxy spectra (see Section 3.1; Rose 1985;
Worthey 1994; Vazdekis 1999). This is illustrated by Fig. 10,
in which we show the spectra of SSPs of different ages and
metallicities, whose spectral continua have roughly similar
shapes. The prominent metallic features in these spectra,
such as the Ca II H and K lines, the many Fe and Mg lines
between 4500 and 5700 Å, and several TiO, H2O and O2

molecular absorption features redward of 6000 Å, show a
clear strengthening from the most metal-poor to the most
metal-rich stellar populations. As we shall see in Sections 4.2
and 4.3 below, the analysis of these features in observed
galaxy spectra provide useful constraints on the metallici-
ties, and in turn on the ages, of the stellar populations that
dominate the emission.

4.2 Interpretation of galaxy spectra

We now exemplify how our model can be used to interpret
observed galaxy spectra. The observational sample we con-

Bruzual & Charlot 2003
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Stellar Population Synthesis

Once there are SSPs, a general stellar population follows with some parametrization 
of the star formation rate (and perhaps chemical enrichment) as a function of time.

Ψ(t): Star formation rate per unit time
fλ(t): light from an SSP of age t

Typically, a few forms are assumed for SFR Ψ(t):
- Delta function (SSP)
- Constant
- Exponentially declining, with e-folding time τ.  You often hear about “tau” models.

In practice, one must also assume dust extinction.  It is common to assume that stars 
are completely extinguished at very young ages (< 107 yrs; Charlot & Fall 2000).
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Brightness Profiles of Elliptical Galaxies

de Vaucouleurs & 
Capaccioli (1979)

de Vaucouleurs and Capaccioli (1979) 
claimed that NGC 3379, like other ellipticals, 
is well described by a de Vaucouleurs law.

de Vaucouleurs 1948, Ann. d’Ap., 11, 247:
 

 log (I/Ie) = -3.3307127 [ (r/re)1/4  - 1 ]

           

Brightness per 
unit area.  Will 
see I and µ for 
this quantity
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Ellipticals are not de Vaucouleurs (1948) r1/4 laws –                        
Profile shape correlates with luminosity.

            Schombert (1986) template mean profiles for MV = -18, …, -22.5: 
 

Schombert (1986) 
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This figure (MacArthur et al. 2003)
shows how the shape of the profile 
depends on the index n.

n=1 is highlighted in red for reference.

Note the large wings at high n.

Also note -- the x-axis in arcsec here.

approximation bn ! 2n" 0:32, valid supposedly for all val-
ues of n (sic). Khosroshahi et al. (2000) contend that this
approximation is accurate to one part in 105, with a range of
validity on n unspecified. However, because the gamma
function diverges near the origin, most utilized approxima-
tions are inaccurate for values of the Sérsic exponent n # 1:
Differences between numerical solutions for bn (eq. [13]) and
commonly adopted approximations can yield brightness
differences greater than 0.1 mag arcsec"2 for nd1. As we
wish to test for bulges with Sérsic n parameter smaller than
1, we have adopted the asymptotic expansion of Ciotti &
Bertin (1999) to O(n"5) for n > 0:36. For n # 0:36 this solu-
tion diverges and instead we use a polynomial expression
(fourth order) accurate to one part in 103. We compare dif-
ferent numerical solutions for bn (Fig. 23) and present our
adopted functional form in Appendix A.

An illustration of profile shapes for different values of the
Sérsic n parameter is shown in Figure 2. The top panel
shows profiles with le ¼ 21 mag arcsec"2 and re ¼ 3>5 for
values of n in the range 0:2 < n < 4. The bottom panel
shows the same profiles but for a constant CSB of l0 ¼ 18
mag arcsec"2. For n < 1 the profiles are shallow at small
radii (dre) and fall off rapidly with increasing radius. Con-
versely, profiles with n > 1 are steep at small radii (5re) but
level off as r increases. Given the large differences in the pro-
file shapes above and below n ¼ 1 (exponential case), one
might expect different physical mechanisms (formation,
transport, dynamics, interactions) to be at work for systems
whose light profiles have very different n-values. Addition-
ally, for the small bulges of late-type galaxies, poor seeing
could conceivably smear the image such that an intrinsically
n > 1 bulge could be mistaken for an n < 1 structure.

Of potential relevance to the study of galaxy structure is
the relative light fraction contributed by the bulge and disk.

This is expressed in terms of a bulge-to-disk luminosity
ratio, B/D, derived by integrating the bulge and disk lumi-
nosity profiles to infinity. For a face-on Sérsic profile the
total extrapolated luminosity is given by

Lb ¼
Z 1

0
IbðrÞ2!r dr ¼

2!Ier2ee
bnn!ð2nÞ
b2nn

; ð14Þ

and for a face-on exponential disk

Ld ¼
Z 1

0
IdðrÞ2!r dr ¼ 2!I0h

2 ; ð15Þ

giving a bulge-to-disk light ratio of

B

D
¼ ebnn!ð2nÞ

b2nn

re
h

! "2 Ie
Io

# $
: ð16Þ

Equations (14) and (15) should be multiplied by the factor
(b/a) when considering projections on the plane of the sky.
One may use equation (16) in a general sense, independent
of projection, under the assumption that the bulge and disk
density distributions have similar axis ratios (nearly true for
late-type galaxies). A weakness of B/D ratios for systematic
comparisons of galaxy light profiles is its model dependence
and the potential covariances between some of the model
parameters. Consider the top panel of Figure 2 for the rela-
tive light fractions contributed by profiles of different n-val-
ues, normalized to n ¼ 1. The integrated bulge light
increases steadily as a function of n, for given values of re
and le. Thus, the adopted n-value in a bulge-to-disk decom-
position has a strong influence on the computed B/D ratio.
Additionally, since larger n profiles contribute light out to
large r, the combination of a high n and a low le (bright r1/4

bulge) could take away light from the outer disk and artifi-
cially boost the B/D ratio. A discussion on nonparametric
statistics, such as concentration indices (Kent 1985;
Courteau 1996a; Graham 2001), which alleviate model
dependencies, is presented in Paper II.

We model the total galaxy luminosity profile as a sum of
bulge plus disk components:

ItotðrÞ ¼ IbðrÞ þ IdðrÞ : ð17Þ

Profile smearing by atmospheric turbulence is accounted for
in B/D decompositions by convolving equation (17) with a
Gaussian PSF.

Similar B/D analyses have also considered additional
terms for a Gaussian bar (de Jong 1996c), a lens or ring
(Prieto et al. 2001), spiral arms, and stellar disks with
inner and/or outer truncations (Kormendy 1977; Baggett,
Baggett, & Anderson 1998). We restrict our choice of fit-
ting functions to a Sérsic bulge and a nontruncated expo-
nential disk for a number of reasons. We find no
prominent bars in our sample, and most of our disk pro-
files are fairly linear (in magnitude space). Azimuthal
averaging for one-dimensional profiles smooths out spiral
arm features (to a different extent depending on whether
the P.A. was fixed or allowed to vary in the profile
extraction; removal of spiral arm signatures from the
light profiles or images would require more time and
effort than is warranted by our analysis at this stage). We
do not consider a sharp inner disk truncation for a num-
ber of reasons: (1) unsharp masking techniques reveal
spiral structure from the inner disk into the galaxy center

Fig. 2.—Sérsic n profiles for different values of n. The top panel shows
profiles with le ¼ 21 mag arcsec"2 and re ¼ 3>5 for values of n in the range
0:2 < n < 4. The table lists the relative light contributions of the different
profiles normalized to the n ¼ 1 case. The bottom panel shows the same
profiles except for a constant CSB of l0 ¼ 18mag arcsec"2.

No. 2, 2003 STRUCTURE OF DISK-DOMINATED GALAXIES. I. 693

The Sérsic (1968) Function
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ABSTRACT

New surface photometry of all known elliptical galaxies in the Virgo cluster is combined with published data to
derive composite profiles of brightness, ellipticity, position angle, isophote shape, and color over large radius ranges.
These provide enough leverage to show that Sérsic log I ∝ r1/n functions fit the brightness profiles I (r) of nearly
all ellipticals remarkably well over large dynamic ranges. Therefore, we can confidently identify departures from
these profiles that are diagnostic of galaxy formation. Two kinds of departures are seen at small radii. All 10 of our
ellipticals with total absolute magnitudes MVT ! −21.66 have cuspy cores—“missing light”—at small radii. Cores
are well known and naturally scoured by binary black holes (BHs) formed in dissipationless (“dry”) mergers. All 17
ellipticals with −21.54 ! MV T ! −15.53 do not have cores. We find a new distinct component in these galaxies:
all coreless ellipticals in our sample have extra light at the center above the inward extrapolation of the outer Sérsic
profile. In large ellipticals, the excess light is spatially resolved and resembles the central components predicted in
numerical simulations of mergers of galaxies that contain gas. In the simulations, the gas dissipates, falls toward the
center, undergoes a starburst, and builds a compact stellar component that, as in our observations, is distinct from
the Sérsic-function main body of the elliptical. But ellipticals with extra light also contain supermassive BHs. We
suggest that the starburst has swamped core scouring by binary BHs. That is, we interpret extra light components
as a signature of formation in dissipative (“wet”) mergers.

Besides extra light, we find three new aspects to the (“E–E”) dichotomy into two types of elliptical galaxies.
Core galaxies are known to be slowly rotating, to have relatively anisotropic velocity distributions, and to have boxy
isophotes. We show that they have Sérsic indices n > 4 uncorrelated with MVT . They also are α-element enhanced,
implying short star-formation timescales. And their stellar populations have a variety of ages but mostly are very
old. Extra light ellipticals generally rotate rapidly, are more isotropic than core Es, and have disky isophotes. We
show that they have n % 3 ± 1 almost uncorrelated with MVT and younger and less α-enhanced stellar populations.
These are new clues to galaxy formation. We suggest that extra light ellipticals got their low Sérsic indices by
forming in relatively few binary mergers, whereas giant ellipticals have n > 4 because they formed in larger
numbers of mergers of more galaxies at once plus later heating during hierarchical clustering.

We confirm that core Es contain X-ray-emitting gas whereas extra light Es generally do not. This leads us to
suggest why the E–E dichotomy arose. If energy feedback from active galactic nuclei (AGNs) requires a “working
surface” of hot gas, then this is present in core galaxies but absent in extra light galaxies. We suggest that AGN
energy feedback is a strong function of galaxy mass: it is weak enough in small Es not to prevent merger starbursts
but strong enough in giant Es and their progenitors to make dry mergers dry and to protect old stellar populations
from late star formation.

Finally, we verify that there is a strong dichotomy between elliptical and spheroidal galaxies. Their properties
are consistent with our understanding of their different formation processes: mergers for ellipticals and conversion
of late-type galaxies into spheroidals by environmental effects and by energy feedback from supernovae.

In an appendix, we develop machinery to get realistic error estimates for Sérsic parameters even when they
are strongly coupled. And we discuss photometric dynamic ranges necessary to get robust results from Sérsic fits.

Key words: galaxies: elliptical and lenticular, cD – galaxies: evolution – galaxies: formation – galaxies: nuclei –
galaxies: photometry – galaxies: structure

Online-only material: machine-readable table

∗ Based on observations made with the NASA/ESA Hubble Space Telescope,
obtained from the Data Archive at STScI, which is operated by AURA, Inc.,
under NASA contract NAS 5-26555. These observations are associated with
program numbers 5999, 6107, 6357, 6844, 7868, 8686, 9401, and 10558.
† Based on observations obtained at the Canada–France–Hawaii Telescope
(CFHT), which is operated by the National Research Council of Canada, the
Institut National des Sciences de l’Univers of the Centre National de la
Recherche Scientifique of France, and the University of Hawaii.
‡ Based in part on observations obtained with the Hobby–Eberly Telescope
(HET), which is a joint project of the University of Texas at Austin, the
Pennsylvania State University, Stanford University,
Ludwig-Maximilians-Universität München, and Georg-August-Universität
Göttingen.

1. INTRODUCTION

This is the first of a series of papers in which we study
elliptical galaxies by combining new surface photometry with
published data to construct composite brightness profiles over
large radius ranges. This approach has two strengths. Combining
data from many sources allows us to reduce systematic errors
arising (e.g.) from imperfect sky subtraction. Having accurate
profiles over large radius ranges provides leverage necessary for
reliable conclusions about profile shapes and what they tell us
about galaxy formation.
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n increases with L

Note: more and more light in the wings for the most luminous galaxies.
In other words, higher value of n.

Tuesday, February 7, 2012



KFCB 2009

Sersic index correlates with luminosity
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Stellar Velocity Dispersion

method can be generalized to include higher order moments
of the velocity profile (van der Marel 1994) or a blend of
templates of different spectral types (Rix &White 1992; Rix
et al. 1995), but in general we found that good fits to the Ca
triplet region could be achieved using the simple model of
Gaussian-broadened K giant spectra, at least over the fairly
large spectroscopic aperture employed in this study.

For the pixel errors !i, we used the error spectra returned
by the IRAF optimal extraction algorithm, calibrated in the
same manner as the galaxy spectra. For well-exposed spec-
tra, these errors were found to be essentially identical to
error spectra calculated from the Poisson noise, background
noise, and CCD readout noise for a given extraction. The
uncertainty on " was calculated by finding how much "
must be displaced from its best-fit value, with all other
parameters allowed to float freely, in order to increase #2 by
unity relative to its minimum value.

Before the uncertainty was calculated, the pixel errors !i
were rescaled so as to yield ~##2 ¼ 1 (where ~##2 denotes #2 per
degree of freedom). This is conservative, in that it increases
the size of the error bars on ", but in practice it results in
only a small increase in the uncertainty estimates. We note
that in some cases, particularly for observations with lower-
than-average S/N on the red side, the best fit obtained using
the original error spectrum would sometimes yield ~##2 < 1;
this suggests that the optimal algorithm in IRAF tends to
overestimate the pixel errors by a small amount, "10%–
20%, at low S/N. When this occurred, the pixel errors were
not rescaled. We also performed tests of our fitting routine
using equal weighting for all pixels, rather than using the
error spectrum, to calculate #2. Equal weighting gave results
virtually identical to weighting by the pixel errors, with dif-
ferences of #1 km s$1 in both " and its uncertainty. Thus,
measurements obtained by the direct fitting method are not
adversely affected if no error spectrum is available.

For each measurement, we used eight template stars of
spectral type G7–K5, with luminosity class III or IV; the
stars are listed in Table 2. The uncertainty in " is dominated
by template mismatch in many cases, particularly for the
blue-side data, as the scatter in "-values for different tem-
plates exceeds the uncertainty in a single fit. To account for

this scatter, the final measurement uncertainty given for
each galaxy is the sum in quadrature of the fitting uncer-
tainty for the best-fitting template and the standard devia-
tion of the measurements from all eight template stars.

3.2. Fitting Region

The fitting regions were chosen to include portions of the
spectrum that are sensitive to " but not contaminated
by emission lines. On the red side, we used a wavelength
region closely surrounding the Ca triplet lines, 8480–8690
Å. The continuum region 8590–8640 Å was excluded
from the fit, as the fits are often poor over this region and
there might be [Fe ii] emission at 8617 Å in some galaxies
(van der Marel 1994). The continuum regions near the Ca
triplet lines have very little sensitivity to " in any case.
Figure 1 illustrates the quality of the red-side fits over a wide
range in ". The exclusion of the region 8590–8640 Å from
the fitting region is clearly justified by the poor template
match over this wavelength range for NGC 4579, NGC
1052, andNGC 4278.

The blue-side data presented additional challenges. Our
original intent was to compare the Ca triplet measurements
with velocity dispersions measured from the Mg i b region,
and after some trial and error we chose the region 5040–
5430 Å, over which reasonable fits could usually be
obtained. However, the template spectra often give a very
poor match to the Mg i b lines themselves. While the sur-
rounding region of continuum and weak absorption lines
could generally be fitted adequately, we found that the fits
were usually dramatically improved (in the sense of having
a lower value of ~##2) by excluding Mg i b from the fit. The
change in ~##2 is particularly dramatic for galaxies with high
velocity dispersions. We also found it necessary to exclude a
small region around 5200 Å, as many galaxies have weak

TABLE 2

Template Stars

Measurement Star Type [Fe/H]

2001 June ............ HD 121146 K2 IV $0.202
HD 125560 K3 III 0.133
HD 129312 G7 III $0.097
HD 136028 K5 III $0.110
HD 188056 K3 III 0.088
HD 199580 K0 III–IV $0.17
HD 203344 K1 III $0.140
HD 221148 K3 III 0.133

2002 January....... HD 12929 K2 III 0.036
HD 19476 K0 III 0.101
HD 20893 K3 III $0.001
HD 49293 K0 IIIa 0.018
HD 51440 K2 III $0.565
HD 58207 G9 IIIb $0.127
HD 69267 K4 III $0.130
HD 125560 K3 III 0.133

Note.—[Fe/H] values are from the compilation by Taylor
1999.

Fig. 1.—Best red-side (8480–8690 Å) fits of broadened stellar templates
to the spectra of velocity dispersion standard galaxies from the McElroy
(1995) catalog. Regions used to compute #2 are denoted by a thick solid
line, and regions excluded from the fit are indicated by a dotted line. The
spectrum of the K3 III star HD 125560 is shown in the top panel.

No. 5, 2002 VELOCITY DISPERSION MEASUREMENTS 2609

Barth et al. 2002

Schematic bulge

Usually denoted σ* because it denotes RMS velocity.
Related to the kinetic energy of the galaxy.
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Faber-Jackson Relation
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Put it all together

There are parameter correlations between galaxy size, density 
(i.e. surface brightness), and stellar velocity dispersion (or ``temperature’’).
We can find a coordinate transformation to a plane that minimized the scatter 
in all three coordinates: Known as the Fundamental Plane.
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Origin of the FP (following Faber 1987)

1. Definition of surface brightness: <Ie> = Ltot / (2 π Re2). Re is the effective radius.

2. By the virial theorem: 2T + W = 0
m σ2 - GMm/r = 0 --> σ2 = GM/r
M = c Re σe2 where c is a structural constant that accounts for possible differences 
between Re and Rtot depending on the shape (same for σ*)

3. Taking Ltot = <Ie> (2 π Re2) and inserting into (M/L) L = c Re σe2  we find:
Re = (c / 2 π) σe2 <Ie>-1 (M/L)-1

or: log Re = Log [(c / 2 π) (M/L)-1] + 2 Log σe - Log <Ie>
or: log Re = Log [(c / 2 π) (M/L)-1] + 2 Log σe - 0.4 <µe>
This looks just like the FP, but the exponents are slightly different:
log Re α 1.4 Log σe - 0.4 <µe>

4. There are two ways to make the exponents match.  Either we make c a function of L (or 
M) or we make (M/L) a function of L.  Or both. Specifically, with a bit of algebra, you find 
that:
(M/L) α Lp where 0.2 < p < 0.25
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Fundamental Plane

Elliptical galaxies obey tight scaling relations between their sizes, shapes, and stellar 
velocity dispersions.  In this three-dimensional space, galaxies occupy a plane.  This 
tells us that elliptical galaxies have very similar stellar and dark matter structures.

Dissipationless merging moves galaxies along the FP, while gas-rich merging, 
feedback, etc, move galaxies in different ways.

The FP is basically the virial theorem, but there is a tilt.  Either M/L α L0.2 or 
there is some structural non-homology, such that the orbital structure of ellipticals is 
correlated with mass or σ*.

Recent observations seem to support a model in which M/L increases with L due both 
to older stellar populations AND increasing DM content in the most massive elliptical 
galaxies.  Theoretical papers suggest that such a trend results from increased 
dissipational merging in lower-mass galaxies.
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SLACS

Selection of SDSS spectra with a red galaxy at one redshift and emission lines at 
a higher redshift.  These are guaranteed to be strong lenses.  The lensing of the 
background galaxy provides an enclosed mass for the foreground galaxy.
see Bolton et al. 2006 for a description of the survey.

Adam Bolton et al.
Tuesday, February 7, 2012
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ABSTRACT

We use stellar masses, surface photometry, strong-lensing masses, and stellar velocity dispersions (σe/2) to
investigate empirical correlations for the definitive sample of 73 early-type galaxies (ETGs) that are strong
gravitational lenses from the SLACS survey. The traditional correlations (fundamental plane (FP) and its projections)
are consistent with those found for non-lens galaxies, supporting the thesis that SLACS lens galaxies are
representative of massive ETGs (dimensional mass Mdim = 1011–1012 M"). The addition of high-precision strong-
lensing estimates of the total mass allows us to gain further insights into their internal structure: (1) the average
slope of the total mass-density profile (ρtot ∝ r−γ ′

) is 〈γ ′〉 = 2.078 ± 0.027 with an intrinsic scatter of 0.16 ± 0.02;
(2) γ ′ correlates with effective radius (re) and central mass density, in the sense that denser galaxies have steeper
profiles; (3) the dark matter (DM) fraction within re/2 is a monotonically increasing function of galaxy mass and
size (due to a mass-dependent central cold DM distribution or due to baryonic DM—stellar remnants or low-mass
stars—if the initial mass function is non-universal and its normalization increases with mass); (4) the dimensional
mass Mdim ≡ 5reσ

2
e/2/G is proportional to the total (lensing) mass Mre/2, and both increase more rapidly than

stellar mass M∗ (M∗ ∝ M0.8
re/2); (5) the mass plane (MP), obtained by replacing surface brightness with surface mass

density in the FP, is found to be tighter and closer to the virial relation than the FP and the M∗P, indicating that the
scatter of those relations is dominated by stellar population effects; (6) we construct the fundamental hyper-plane
by adding stellar masses to the MP and find the M∗ coefficient to be consistent with zero and no residual intrinsic
scatter. Our results demonstrate that the dynamical structure of ETGs is not scale invariant and that it is fully
specified by Mre/2, re, and σe/2. Although the basic trends can be explained qualitatively in terms of varying star
formation efficiency as a function of halo mass and as the result of dry and wet mergers, reproducing quantitatively
the observed correlations and their tightness may be a significant challenge for galaxy formation models.

Key words: dark matter – galaxies: elliptical and lenticular, cD – galaxies: fundamental parameters – galaxies:
structure – gravitational lensing: strong
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1. INTRODUCTION

The hierarchical model for structure formation in the context
of a cold dark matter cosmology (ΛCDM) has been tremen-
dously successful at describing the large-scale features of the
universe (e.g., Komatsu et al. 2009). However, there are many
important properties of the universe at galactic and sub-galactic
scales that have evaded detailed understanding. For example,
the several bi-modal classes of galaxies (e.g., red/blue color,
early/late-type morphology; Balogh et al. 2004), the so-called
downsizing of star formation (Cowie et al. 1996; Cooper et al.
2006; Bundy et al. 2006), the tight empirical correlations be-
tween the observed properties of early-type galaxies (ETGs;
Faber & Jackson 1976; Kormendy 1977; Dressler et al. 1987;
Djorgovski & Davis 1987), correlations (or the lack of corre-
lations) between these and the local density (Dressler 1980;
Cooper et al. 2006), and the absence of local analogs to ex-
tremely compact high-redshift galaxies (Daddi et al. 2005;
Trujillo et al. 2006; van Dokkum et al. 2008).

8 Packard Fellow.

One important step in understanding these phenomena is to
explore the relationship between the baryonic matter that dom-
inates astrophysical observables and the dark matter (DM) that
is postulated in the ΛCDM model. High-precision measure-
ments at galaxy scales are essential to test whether apparent
inconsistencies between the observed universe and DM only
cosmological simulations can be reconciled by an improved
understanding of the detailed physical mechanisms governing
baryons and their interaction with DM, or whether a rethinking
of the CDM paradigm might be necessary. Within this con-
text, the origin of ETGs is currently a point of discord between
observation and theory, and therefore its investigation carries
enormous potential for discovery. Although their formation via
merging of spiral disks is one of the assumptions of the standard
paradigm, it remains to be seen whether this can work in detail.

The tight empirical correlations between the observed prop-
erties of ETGs are a powerful phenomenological tool to relate
baryonic and DM. Among these, the correlation between size,
surface brightness, and stellar velocity dispersion known as the
fundamental plane (hereafter FP; Faber et al. 1987; Djorgovski
& Davis 1987), and its mass counterpart the stellar mass plane
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ABSTRACT

We use stellar masses, surface photometry, strong-lensing masses, and stellar velocity dispersions (σe/2) to
investigate empirical correlations for the definitive sample of 73 early-type galaxies (ETGs) that are strong
gravitational lenses from the SLACS survey. The traditional correlations (fundamental plane (FP) and its projections)
are consistent with those found for non-lens galaxies, supporting the thesis that SLACS lens galaxies are
representative of massive ETGs (dimensional mass Mdim = 1011–1012 M"). The addition of high-precision strong-
lensing estimates of the total mass allows us to gain further insights into their internal structure: (1) the average
slope of the total mass-density profile (ρtot ∝ r−γ ′

) is 〈γ ′〉 = 2.078 ± 0.027 with an intrinsic scatter of 0.16 ± 0.02;
(2) γ ′ correlates with effective radius (re) and central mass density, in the sense that denser galaxies have steeper
profiles; (3) the dark matter (DM) fraction within re/2 is a monotonically increasing function of galaxy mass and
size (due to a mass-dependent central cold DM distribution or due to baryonic DM—stellar remnants or low-mass
stars—if the initial mass function is non-universal and its normalization increases with mass); (4) the dimensional
mass Mdim ≡ 5reσ

2
e/2/G is proportional to the total (lensing) mass Mre/2, and both increase more rapidly than

stellar mass M∗ (M∗ ∝ M0.8
re/2); (5) the mass plane (MP), obtained by replacing surface brightness with surface mass

density in the FP, is found to be tighter and closer to the virial relation than the FP and the M∗P, indicating that the
scatter of those relations is dominated by stellar population effects; (6) we construct the fundamental hyper-plane
by adding stellar masses to the MP and find the M∗ coefficient to be consistent with zero and no residual intrinsic
scatter. Our results demonstrate that the dynamical structure of ETGs is not scale invariant and that it is fully
specified by Mre/2, re, and σe/2. Although the basic trends can be explained qualitatively in terms of varying star
formation efficiency as a function of halo mass and as the result of dry and wet mergers, reproducing quantitatively
the observed correlations and their tightness may be a significant challenge for galaxy formation models.
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The hierarchical model for structure formation in the context
of a cold dark matter cosmology (ΛCDM) has been tremen-
dously successful at describing the large-scale features of the
universe (e.g., Komatsu et al. 2009). However, there are many
important properties of the universe at galactic and sub-galactic
scales that have evaded detailed understanding. For example,
the several bi-modal classes of galaxies (e.g., red/blue color,
early/late-type morphology; Balogh et al. 2004), the so-called
downsizing of star formation (Cowie et al. 1996; Cooper et al.
2006; Bundy et al. 2006), the tight empirical correlations be-
tween the observed properties of early-type galaxies (ETGs;
Faber & Jackson 1976; Kormendy 1977; Dressler et al. 1987;
Djorgovski & Davis 1987), correlations (or the lack of corre-
lations) between these and the local density (Dressler 1980;
Cooper et al. 2006), and the absence of local analogs to ex-
tremely compact high-redshift galaxies (Daddi et al. 2005;
Trujillo et al. 2006; van Dokkum et al. 2008).
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One important step in understanding these phenomena is to
explore the relationship between the baryonic matter that dom-
inates astrophysical observables and the dark matter (DM) that
is postulated in the ΛCDM model. High-precision measure-
ments at galaxy scales are essential to test whether apparent
inconsistencies between the observed universe and DM only
cosmological simulations can be reconciled by an improved
understanding of the detailed physical mechanisms governing
baryons and their interaction with DM, or whether a rethinking
of the CDM paradigm might be necessary. Within this con-
text, the origin of ETGs is currently a point of discord between
observation and theory, and therefore its investigation carries
enormous potential for discovery. Although their formation via
merging of spiral disks is one of the assumptions of the standard
paradigm, it remains to be seen whether this can work in detail.

The tight empirical correlations between the observed prop-
erties of ETGs are a powerful phenomenological tool to relate
baryonic and DM. Among these, the correlation between size,
surface brightness, and stellar velocity dispersion known as the
fundamental plane (hereafter FP; Faber et al. 1987; Djorgovski
& Davis 1987), and its mass counterpart the stellar mass plane
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Figure 3. Bivariate correlations between dimensional (Mdim), total (Mre/2), and stellar mass (M∗). The best-fitting linear relations are shown as dotted lines. Their
coefficients are given in Table 3. Note the linear relation between dimensional and total mass, and the nonlinearity of the other two relations. These are consistent with
a constant virial coefficient and an increase with mass of the dark matter content and/or stellar initial mass function normalization.

dispersion at fixed effective radius is likely larger than non-
lensing SDSS galaxies; this would lead to higher inferred stellar
masses at fixed effective radius (see Figure 1), as is seen in
our data. Furthermore, Tortora et al. (2009) find a slope of
0.73±0.12 for the re–M∗ relation of massive (M∗ > 1011.1 M")
local ETGs, completely consistent with our results.

There are two components of the velocity dispersion selection
function in the SLACS sample. The first comes from the lensing
cross section which scales approximately with σ 4. The second
one comes from the selection function of the SDSS survey.
First, SDSS is a flux-limited sample so that high-luminosity, and
therefore high σ , galaxies are overrepresented because they are
visible over a larger volume (Hyde & Bernardi 2009a). Second,
SDSS has finite resolution and thus ultra-compact galaxies are
difficult to identify (e.g., Trujillo et al. 2009; Taylor et al. 2010;
Stockton et al. 2010).

We can correct for the lensing bias to make the SLACS sample
directly comparable to the parent SDSS sample by weighting
each galaxy’s contribution to the posterior distribution function
by an exponent proportional to σ−4 (in χ2 terms this would be
equivalent to weighting each galaxy’s contribution to the χ2 by
the same factor). Additionally, we can weight each galaxy by the
volume in which it could be observed to provide a more direct
comparison with Hyde & Bernardi (2009a). We find that these
weighting schemes alter the fits that do not include intrinsic
scatter significantly more than the fits with intrinsic scatter;
the fits with intrinsic scatter yield consistent results with and
without weighting, and we therefore quote the unweighted fits
throughout.

3.2. Correlations between Stellar, Dynamical, and Total Mass

Bivariate correlations between mass estimators are shown in
Figure 3 and the parameters of linear fits to these relations are
given in Table 3. The linear correlation between dimensional
mass Mdim and lensing (or total) mass Mre/2 indicates that the
virial coefficient is constant over the range in mass probed by the
SLACS sample, in agreement with our previous result (Bolton
et al. 2008b). The average value of the dimensionless parameter
akin to the virial coefficient, log ce2, defined by

log Mre/2 = log
ce2reσ

2
e/2

2G
,

is found to be 0.53 ± 0.09 and the scatter is 0.06 ± 0.01 dex;
both of these are consistent with our previous measurement

Table 3
Correlations between Masses

Y X Slope Intercept Scatter

Mdim Mre/2 0.97 ± 0.02 0.51 ± 0.03 · · ·
Mdim Mre/2 0.98 ± 0.03 0.50 ± 0.04 0.06 ± 0.01
M∗ Mre/2 0.81 ± 0.03 0.35 ± 0.04 · · ·
M∗ Mre/2 0.80 ± 0.04 0.36 ± 0.05 0.03 ± 0.02
M∗ Mdim 0.80 ± 0.04 −0.01 ± 0.06 · · ·
M∗ Mdim 0.79 ± 0.04 0.01 ± 0.08 0.04 ± 0.02

Notes. All fits are done in logarithmic scales and using masses in units of 1010

M", to reduce covariance. Fits without and with intrinsic scatter are given for
each pairwise combination. For example, the first line contains the results of
fitting log Mdim/1010 M" = a log Mre/2/1010 M" + b, where a and b are the
slope and intercept, respectively. The second line adds an additional Gaussian
component with average zero to represent intrinsic scatter. The width of the
Gaussian intrinsic scatter is 0.06 ± 0.01 dex.

(Bolton et al. 2008b). The uniformity of the virial coefficient
(i.e., the very small intrinsic scatter) does not imply exact scale
invariance of the mass-dynamical structure of ETGs. In fact, as
shown by Nipoti et al. (2008), the observed virial coefficient can
be reproduced by a variety of two component mass models with
a broad distribution of central DM fractions. The uniformity
of the virial coefficient, however, restricts the possible range
of acceptable models for ETGs; in particular, models with
extreme orbital anisotropies or that depart significantly from
an isothermal total mass-density profile are ruled out (Nipoti
et al. 2008).

The correlation between total mass and stellar mass has the
same amount of intrinsic scatter as the one with dimensional
mass, once the larger errors associated with stellar mass are
accounted for. However, the slope of the correlation differs
significantly from unity. This is consistent with the well-known
“tilted” slope of the correlation between dynamical and stellar
mass (Faber et al. 1987; Cappellari et al. 2006; Gallazzi et al.
2006; Bundy et al. 2007; Rettura et al. 2006; Graves & Faber
2010) and can be explained in terms of a varying DM fraction
and/or stellar IMF normalization with mass, in the sense that
more massive galaxies have a higher fraction of (baryonic
or otherwise) DM. Interestingly, however, the small intrinsic
scatter indicates that at fixed mass the DM fraction and/or stellar
IMF normalization are tightly constrained. We will return to
these points in Section 3.4.

524 AUGER ET AL. Vol. 724

shows that the MP is consistent with having no intrinsic scatter,
within the measurement errors of a few hundredths of a dex
(σint = 0.013 ± 0.010). Future studies comparing the M∗P
with the MP to even higher degrees of precision will be able
to quantify the contribution of IMF variations to the intrinsic
scatter of the M∗P.

The tightness of scaling relations is especially remarkable in
a scenario where evolution is driven by major mergers (e.g., van
der Wel et al. 2009). For example, dry mergers tend to move
galaxies within the FP and MP correlations and preserve their
tightness. However, dry mergers do not, in general, retain the
tightness of the bivariate projections of the parameter planes
(Nipoti et al. 2003, 2009a; Boylan-Kolchin et al. 2006). The
properties of the progenitors must be finely tuned with the orbital
parameter of the merger in order to produce the tight observed
scaling relations. Nipoti et al. (2009a) used these relations to
show that only half of the mass in ETGs at z = 0 can result
from dry merging and dry merging cannot cause super-massive
galaxies at high redshifts (e.g., Trujillo et al. 2006; van Dokkum
et al. 2008) to evolve into present-day ETGs.

6. SUMMARY

We briefly summarize the most significant conclusions from
our analysis of the early-type lenses from the SLACS survey.

1. The SLACS sample obeys all the standard correlations
found for non-lensing ETGs, consistent with the hypothesis
that it is representative of velocity dispersion-selected
ETGs.

2. Stellar kinematics and lensing data constrain the slope of
the total mass-density profile (ρtot ∝ r−γ ′

). The average
slope is found to be close to, but slightly steeper than,
isothermal, with 〈γ ′〉 = 2.078 ± 0.027 and an intrinsic
scatter of 0.16 ± 0.02.

3. The total mass-density slope γ ′ correlates with effective
radius (re) and central mass density (Σtot) in the sense that
denser galaxies have steeper profiles. The residual intrinsic
scatter is reduced but still significant (0.12 ± 0.02 for Σtot).

4. Tight correlations are found between dimensional mass
Mdim = 5σ 2re

G
, stellar (M∗) and total mass (Mtot). The

relationship between total mass and dimensional mass is
found to be consistent with linear with very little scatter,
implying that the virial coefficient of ETGs is constant over
this mass range. The correlation between total (dynamical)
mass and stellar mass is nonlinear (M∗ ∝ M0.8

re/2), consistent
with the hypothesis that the central CDM content and/or
the normalization of the stellar IMF changes with mass.

5. Assuming a universal IMF the stellar mass-to-light ratio
is nearly constant over the range in masses probed by
the SLACS ETGs. In contrast, the total mass-to-light ratio
correlates strongly with lens properties; the most significant
correlations are with the central velocity dispersion and
central total mass. As a result, the DM fraction within re/2
is a monotonically increasing function of galaxy mass and
size. If the universal IMF assumption is relaxed, the trend
could be explained at least in part by an increasing IMF
normalization with galaxy mass.

6. The MP, obtained by replacing surface brightness with
surface mass density in the FP, is found to be tighter
and closer to the virial relation than the FP and the M∗P,
indicating that the scatter of those relations is dominated
by stellar populations effects.

7. We construct the FPH by adding stellar masses to the MP
and find that the stellar mass coefficient is consistent with
zero and there is effectively no residual intrinsic scatter.

Our results demonstrate that the dynamical structure of mas-
sive ETGs is not scale invariant and that it is fully specified by
size, stellar velocity dispersion, and total mass. Although the ba-
sic trends can be explained qualitatively in terms of varying star
formation efficiency as a function of halo mass and as the result
of dry and wet mergers, reproducing quantitatively the observed
correlations and their tightness may be a significant challenge
for galaxy formation models. A more detailed modeling effort
is presented in a follow-up paper, where weak-lensing data are
combined with the present data to strengthen the connection
between the central part of the galaxies and the virial mass of
the halos in which they are embedded (Auger et al. 2010).
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ABSTRACT

We present two-dimensional stellar kinematics of M87 out to R = 238′′ taken with the integral field spectrograph
VIRUS-P. We run a large set of axisymmetric, orbit-based dynamical models and find clear evidence for a massive
dark matter halo. While a logarithmic parameterization for the dark matter halo is preferred, we do not constrain
the dark matter scale radius for a Navarro–Frenk–White (NFW) profile and therefore cannot rule it out. Our best-fit
logarithmic models return an enclosed dark matter fraction of 17.2+5.0

−5.0% within one effective radius (Re
∼= 100′′),

rising to 49.4+7.2
−8.8% within 2 Re. Existing SAURON data (R ! 13′′), and globular cluster (GC) kinematic data

covering 145′′ ! R ! 554′′ complete the kinematic coverage to R = 47 kpc (∼5 Re). At this radial distance, the
logarithmic dark halo comprises 85.3+2.5

−2.4% of the total enclosed mass of 5.7+1.3
−0.9 × 1012 M& making M87 one of the

most massive galaxies in the local universe. Our best-fit logarithmic dynamical models return a stellar mass-to-light
ratio (M/L) of 9.1+0.2

−0.2 (V band), a dark halo circular velocity of 800+75
−25 km s−1, and a dark halo scale radius of

36+7
−3 kpc. The stellar M/L, assuming an NFW dark halo, is well constrained to 8.20+0.05

−0.10 (V band). The stars in M87
are found to be radially anisotropic out to R ∼= 0.5 Re, then isotropic or slightly tangentially anisotropic to our last
stellar data point at R = 2.4 Re where the anisotropy of the stars and GCs are in excellent agreement. The GCs then
become radially anisotropic in the last two modeling bins at R = 3.4 Re and R = 4.8 Re. As one of the most massive
galaxies in the local universe, constraints on both the mass distribution of M87 and anisotropy of its kinematic
components strongly inform our theories of early-type galaxy formation and evolution in dense environments.

Key words: dark matter – galaxies: elliptical and lenticular, cD – galaxies: kinematics and dynamics
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1. INTRODUCTION

Dark matter is a central component of our current theory of
large-scale structure formation. Although the nature of dark
matter is unknown, significant support for this cosmologi-
cal paradigm comes from well-motivated physical arguments
(Gunn & Gott 1972; Press & Schechter 1974; White & Rees
1978; Fillmore & Goldreich 1984) and the remarkable agree-
ment between N-body simulations of the growth of structure
(Frenk et al. 1985; Davis et al. 1985; Navarro et al. 1995;
Springel et al. 2005) and observations of the distribution of
galaxies in the local universe (Davis et al. 1982; Colless et al.
2001).

With the increase in computational power seen over the past
30 years, the spatial resolution of numerical simulations has im-
proved to the point where individual galaxies are well resolved
and their dark matter halos can be studied in detail (Moore et al.
1998a; Ghigna et al. 2000; Springel et al. 2008; Boylan-Kolchin
et al. 2009). From the study of both cosmological and galaxy
scale simulations, different parameterizations for a universal
dark matter density profile have emerged. Einasto introduced an
early parameterization (Einasto 1965, 1968) based on the Sérsic
profile for the light distribution in galaxies (Sersic 1968). Other
dark matter profile parameterizations have followed (Dubinski
& Carlberg 1991; Navarro et al. 1997; Moore et al. 1998b).
While each parameterization has found some level of success at
describing the distribution of mass on the scales of galaxy clus-
ters, understanding the extent and shape of galaxy-sized dark
matter halos has met with mixed success.

Observationally, the study of dark matter halos in spiral
galaxies has outpaced that of ellipticals. This is largely due
to the presence of extended H i disks found in spiral galaxies
which provide a clean dynamical tracer to several effective radii

(Rubin et al. 1980; van Albada & Sancisi 1986; Jimenez et al.
2003). Analysis of the circular velocity curves of spiral galaxies
provides some of the strongest evidence for the existence of dark
matter on galaxy scales (see Sofue & Rubin 2001 for a review).
Lacking the extended H i disks seen in spiral galaxies, progress
toward constraining the extent and distribution of dark matter
in elliptical galaxies has proven a greater challenge. Despite
this complication, evidence from gravitational lensing (Keeton
2001; Mandelbaum et al. 2006; Sand et al. 2008; Carrasco et al.
2010), X-ray gas profiles (Humphrey et al. 2006; Churazov et al.
2008; Das et al. 2010), planetary nebulae (PNe) and globular
cluster (GC) kinematics (Côté et al. 2001; Douglas et al. 2007;
Coccato et al. 2009), and integrated light stellar kinematics
(Bender et al. 1994; Emsellem et al. 2004; Cappellari et al.
2006; Thomas et al. 2007; Weijmans et al. 2009; Forestell
2009) has shown that elliptical galaxies are typically dark
matter dominated beyond R ∼ 1.5 Re. However, not all galaxies
studied show definitive evidence for the existence of dark matter
(Gerhard et al. 2001; Romanowsky et al. 2003; Moni Bidin
et al. 2010) and the best choice of dark halo parameterization
remains elusive. These open questions leave key components of
our theories of the growth of structure, galaxy formation, and
evolution largely in the dark.

Comparison between the results of various mass estimation
methods returns agreement for certain systems and disagree-
ment for others. Coccato et al. (2009) find good agreement
between integrated stellar light absorption line kinematics and
PNe data for a sample of 16 early-type galaxies. Yet in other
systems the agreement is poor. In an analysis of NGC1407,
the central elliptical galaxy in a nearby evolved galaxy group,
Romanowsky et al. (2009) find a discrepancy between the mass
profile determined from GC kinematics and the profile deter-
mined by X-ray gas. For the brightest cluster galaxy in A3827,
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assembly history and the dark matter halo structure. The tightness of our correlation provides

some evidence against cuspy nuclear dark matter profiles in galaxies.

Key words: galaxies: elliptical and lenticular, cD – galaxies: evolution – galaxies: formation

– galaxies: kinematics and dynamics – galaxies: structure.

1 I N T RO D U C T I O N

Early-type galaxies display a large variety of morphologies and

kinematics. Some of them show little rotation, significant kinematic

twists, and kinematically decoupled components in their centres.

These systems are generally classified as ellipticals (E) from pho-

tometry alone, and are more common among the most massive ob-

jects, which also tend to be redder, metal-rich and to appear nearly

round on the sky. The remaining early-type galaxies show a well-

defined rotation pattern, with a rotation axis generally well aligned

with the photometric minor axis. These objects are often less mas-

sive, tend to be bluer and can appear very flat on the sky. These

galaxies are generally classified either as E or as lenticulars (S0)

from photometry (Davies et al. 1983; Franx, Illingworth & de Zeeuw

1991; Kormendy & Bender 1996).

Despite the differences between individual objects, when consid-

ering early-type galaxies as a class, it appears that they satisfy a

number of regular relations between their global parameters. The

first to be discovered was the relation L ∝ σ 4 between the lumi-

nosity and the velocity dispersion of the stars in elliptical galaxies

(Faber & Jackson 1976). These authors also already realized that,

under simple assumptions, the observed relation implies a variation

of the mass-to-light ratio (M/L) with galaxy luminosity.

It is now clear that the Faber–Jackson relation is the projection

of a thin plane, the Fundamental Plane (FP; Djorgovski & Davis

1987; Dressler et al. 1987), which correlates three global observ-

ables: the effective radius Re, the velocity dispersion σ and the sur-

face brightness I e at the effective radius. The relation is of the form

R e ∝ σα I β
e . If galaxies were homologous stellar systems in virial

equilibrium, with constant M/L, one would expect a correlation of

the form R e ∝ σ 2 I −1
e . The observed relation has instead the form

R e ∝ σ 1.24 I −0.82
e (Jørgensen, Franx & Kjaergaard 1996), with

generally good agreement between different estimates and a

weak dependence on the photometric band in the visual re-

gion (Bernardi et al. 2003; Colless et al. 2001, and references

therein).

One way to explain the observed deviation, or ‘tilt’, of the FP

from the virial predictions is to assume a power-law dependence of

the M/L on the other galaxy structural parameters (mainly, galaxy

mass). The M/L variation could be due to differences in the stellar

population or in the dark matter fraction in different galaxies. Other

options are also possible however. The virial prediction for the FP

is based on the assumption that galaxies form a set of homologous

systems, both in the sense of having self-similar density distributions

and in terms of having the same orbital distribution. These spatial

and dynamical non-homologies could then also explain the observed

tilt of the FP. All these possible effects are known to occur in practice,

and they must contribute, to some degree, to the observed tilt of the

FP (e.g. van Albada, Bertin & Stiavelli 1995).

Various attempts have been made to estimate the contribution of

the possible effects, with sometimes contradictory results. A num-

ber of authors tried to study the origin of the FP tilt using approx-

imate models. Ciotti, Lanzoni & Renzini (1996) used theoretical

arguments to show that non-homology, particularly in the surface-

brightness profile of galaxies, could in principle play a major role in

the tilt. Subsequent studies concluded that non-homology is indeed

significant from the indirect argument that the expected change in

M/L of the stellar population alone cannot explain the observed M/L

variation (Prugniel & Simien 1996; Forbes, Ponman & Brown 1998;

Pahre, Djorgovski & de Carvalho 1998; Forbes & Ponman 1999).

From the observed spatial non-homology, namely, the inverse corre-

lation of galaxy concentration and luminosity (Caon, Capaccioli &

D’Onofrio 1993; Graham, Trujillo & Caon 2001) various works con-

cluded that the contribution of the spatial non-homology of galaxies

of different luminosities is responsible for a significant fraction of

the observed FP tilt (Graham & Colless 1997; Prugniel & Simien

1997; Trujillo, Burkert & Bell 2004). These authors constructed

simple spherical isotropic models and used large samples of galax-

ies to estimate the variation in the virial M/L from the variation of

the shape of galaxy profiles with luminosity. Although changes in

the light-profile shape do not, on their own, significantly affect the

tilt of the FP (e.g. Trujillo, Graham & Caon 2001) they produce a

variation in the velocity-dispersion profile which may influence the

measured M/L.

van der Marel (1991), Magorrian et al. (1998) and Gerhard et al.

(2001) constructed detailed dynamical models of smaller samples

of galaxies, reproducing in detail the photometry and long-slit spec-

troscopy observations. They also investigated the M/L and con-

cluded that the variations observed in the models are consistent

with the observed FP tilt. However, the fact that the spread in their

measured M/L values was much larger than that in the FP, made the

results inconclusive.

In this work we revisit what was done in the latter studies, with

some crucial differences.

(i) The quality of our data allows a dramatic improvement in

the accuracy of the dynamical M/L determinations; for our galaxy

sample SAURON (Bacon et al. 2001, hereafter Paper I) integral-field

observations of the stellar kinematics are available, together with

Hubble Space Telescope (HST)/WFPC2 and ground-based MDM

photometry in the I band (which we reproduce in detail with our

models including ellipticity variations), and reliable distances based

on the surface brightness fluctuation (SBF) determinations by Tonry

et al. (2001).

(ii) Our sample was extracted from the SAURON representative

sample of de Zeeuw et al. (2002, hereafter Paper II), which spans a

wide range in velocity dispersion and luminosity, and includes both

bright and low-luminosity E and S0 galaxies.

(iii) In contrast to previous studies the axisymmetric modelling

technique we use can also be applied to very flattened galaxies, or

objects containing multiple photometric components.

All these allow us to carefully estimate the intrinsic scatter in the cor-

relations between the dynamical M/L and other galaxy observables,

and make it possible to set tight constraints on the measured slopes,

for stringent comparisons with previous FP results and predictions

of galaxy formation theory.
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ABSTRACT

We investigate the well-known correlations between the dynamical mass-to-light ratio (M/L)

and other global observables of elliptical (E) and lenticular (S0) galaxies. We construct two-

integral Jeans and three-integral Schwarzschild dynamical models for a sample of 25 E/S0

galaxies with SAURON integral-field stellar kinematics to about one effective (half-light)

radius Re. They have well-calibrated I-band Hubble Space Telescope WFPC2 and large-field

ground-based photometry, accurate surface brightness fluctuation distances, and their observed

kinematics is consistent with an axisymmetric intrinsic shape. All these factors result in an

unprecedented accuracy in the M/L measurements. We find a tight correlation of the form

(M/L) = (3.80 ± 0.14) × (σ e/200 km s−1)0.84±0.07 between the M/L (in the I band) mea-

sured from the dynamical models and the luminosity-weighted second moment σ e of the

LOSVD within Re. The observed rms scatter in M/L for our sample is 18 per cent, while

the inferred intrinsic scatter is ∼13 per cent. The (M/L)–σe relation can be included in the

remarkable series of tight correlations between σ e and other galaxy global observables. The

comparison of the observed correlations with the predictions of the Fundamental Plane (FP),

and with simple virial estimates, shows that the ‘tilt’ of the FP of early-type galaxies, de-

scribing the deviation of the FP from the virial relation, is almost exclusively due to a real

M/L variation, while structural and orbital non-homology have a negligible effect. When the

photometric parameters are determined in the ‘classic’ way, using growth curves, and the σ e

is measured in a large aperture, the virial mass appears to be a reliable estimator of the mass in

the central regions of galaxies, and can be safely used where more ‘expensive’ models are not

feasible (e.g. in high-redshift studies). In this case the best-fitting virial relation has the form

(M/L)vir = (5.0 ± 0.1) × Reσ
2
e/(LG), in reasonable agreement with simple theoretical pre-

dictions. We find no difference between the M/L of the galaxies in clusters and in the field. The

comparison of the dynamical M/L with the (M/L)pop inferred from the analysis of the stellar

population, indicates a median dark matter fraction in early-type galaxies of ∼30 per cent of

the total mass inside one Re, in broad agreement with previous studies, and it also shows that

the stellar initial mass function varies little among different galaxies. Our results suggest a

variation in M/L at constant (M/L)pop, which seems to be linked to the galaxy dynamics. We

speculate that fast-rotating galaxies have lower dark matter fractions than the slow-rotating and

generally more-massive ones. If correct, this would suggest a connection between the galaxy
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3Denys Wilkinson Building, University of Oxford, Keble Road, Oxford OX1 3RH
4Space Telescope European Coordinating Facility, European Southern Observatory, Karl-Schwarzschild-Str 2, 85748 Garching, Germany
5Kapteyn Astronomical Institute, Postbus 800, 9700 AV Groningen, the Netherlands

Accepted 2005 November 18. Received 2005 November 12; in original form 2005 April 28

ABSTRACT

We investigate the well-known correlations between the dynamical mass-to-light ratio (M/L)

and other global observables of elliptical (E) and lenticular (S0) galaxies. We construct two-

integral Jeans and three-integral Schwarzschild dynamical models for a sample of 25 E/S0

galaxies with SAURON integral-field stellar kinematics to about one effective (half-light)

radius Re. They have well-calibrated I-band Hubble Space Telescope WFPC2 and large-field

ground-based photometry, accurate surface brightness fluctuation distances, and their observed

kinematics is consistent with an axisymmetric intrinsic shape. All these factors result in an

unprecedented accuracy in the M/L measurements. We find a tight correlation of the form

(M/L) = (3.80 ± 0.14) × (σ e/200 km s−1)0.84±0.07 between the M/L (in the I band) mea-

sured from the dynamical models and the luminosity-weighted second moment σ e of the

LOSVD within Re. The observed rms scatter in M/L for our sample is 18 per cent, while

the inferred intrinsic scatter is ∼13 per cent. The (M/L)–σe relation can be included in the

remarkable series of tight correlations between σ e and other galaxy global observables. The

comparison of the observed correlations with the predictions of the Fundamental Plane (FP),

and with simple virial estimates, shows that the ‘tilt’ of the FP of early-type galaxies, de-

scribing the deviation of the FP from the virial relation, is almost exclusively due to a real

M/L variation, while structural and orbital non-homology have a negligible effect. When the

photometric parameters are determined in the ‘classic’ way, using growth curves, and the σ e

is measured in a large aperture, the virial mass appears to be a reliable estimator of the mass in

the central regions of galaxies, and can be safely used where more ‘expensive’ models are not

feasible (e.g. in high-redshift studies). In this case the best-fitting virial relation has the form

(M/L)vir = (5.0 ± 0.1) × Reσ
2
e/(LG), in reasonable agreement with simple theoretical pre-

dictions. We find no difference between the M/L of the galaxies in clusters and in the field. The

comparison of the dynamical M/L with the (M/L)pop inferred from the analysis of the stellar

population, indicates a median dark matter fraction in early-type galaxies of ∼30 per cent of

the total mass inside one Re, in broad agreement with previous studies, and it also shows that

the stellar initial mass function varies little among different galaxies. Our results suggest a

variation in M/L at constant (M/L)pop, which seems to be linked to the galaxy dynamics. We

speculate that fast-rotating galaxies have lower dark matter fractions than the slow-rotating and

generally more-massive ones. If correct, this would suggest a connection between the galaxy

!E-mail: cappellari@strw.leidenuniv.nl

C© 2006 The Authors. Journal compilation C© 2006 RAS

Tuesday, February 7, 2012



1142 M. Cappellari et al.

-0.2 0.0 0.2 0.4 0.6 0.8
log (M/L)pop

-0.2

0.0

0.2

0.4

0.6

0.8

lo
g

 (
M

/L
) S

ch
w

Figure 17. Dynamical (i.e. total) M/L from the Schwarzschild modelling

as a function of (M/L)pop using the SSP models of VZ96 and VZ99, with a

Kroupa (2001) IMF. The red squares and the blue diamonds indicate the slow-

and fast-rotating galaxies, respectively, as defined in Table 1. The thick green

line indicates the one-to-one relation. All galaxies have (M/L)pop ! (M/L)

within the errors, but the total and stellar M/L clearly do not follow a one-to-

one relation. Dark matter is needed to explain the differences in M/L (if the

IMF is not varying). The magenta arrows show the variation in the estimated

(M/L)pop for the youngest galaxies (luminosity-weighted age !7 Gyr), if

a two-population model is assumed (see text for details). The (M/L)pop of

the young galaxies would move closer to the one-to-one relation. Adopting

the Salpeter IMF all the values of (M/L)pop would increase by !log(M/L)

∼ 0.16. This can be visualized by shifting the one-to-one relation to the

position of the dashed line. In this case a number of galaxies would have

(M/L)pop > (M/L) and this implies that the Salpeter IMF is unphysical

(consistent with Fig. 16).

of dark matter fraction within7 one Re. The inferred median dark

matter fraction is 29 per cent of the total mass, broadly consistent

previous findings from dynamics (e.g. Gerhard et al. 2001; Thomas

et al. 2005) and gravitational lensing (e.g. Treu & Koopmans 2004;

Rusin & Kochanek 2005), implying that early-type galaxies tend

to have ‘minimal haloes’ as spiral galaxies (Bell & de Jong 2001).

The large number of galaxies in our sample with a similar value

of log(M/L)pop ∼ 0.5, and the clear evidence for a variation in the

dark matter fraction in those galaxies is consistent with the result

of Padmanabhan et al. (2004). However, our results are not consis-

tent with a constancy of the (M/L)pop for all galaxies, and a simple

dark matter variation, as we clearly detect a small number of young

galaxies with low (M/L)pop and a correspondingly low dynamical

M/L. Adopting the Salpeter IMF all the values of (M/L)pop would

increase by !log(M/L) ∼ 0.16. This can be visualized by moving

the one-to-one relation to the position of the dashed line. In this case

a number of galaxies would have (M/L)pop > (M/L), implying that

the Salpeter IMF is unphysical (as we inferred from Fig. 16).

This analysis has been carried out in the context of SSP models.

We now consider a few caveats arising from this methodology. Low-

level secondary star formation can alter the values of the (M/L)pop

derived: essentially, we underestimate (M/L)pop for these galaxies.

This effect is expected to influence mainly the youngest galaxies,

with the lowest (M/L)pop. To estimate the importance of this effect

we experimented with combinations of two SSP models, consider-

7 This statement is not entirely rigorous, in fact, as shown in Section 3.3, the

presence of a dark matter halo can increase the M/L measured within Re

in a way that is not simply related to the amount of dark matter within that

radius.

ing a young component on top of an older solar-metallicity one. In

Fig. 17, we indicate with an arrow the variation in the estimated

(M/L)pop, for the five youngest galaxies (luminosity-weighted age

less than 7 Gyr), assuming the stellar population is composed by

90 per cent (in mass) by an old 12-Gyr population with solar metal-

licity and by 10 per cent by a younger population, whose age

and metallicity are allowed to vary to reproduce the observed line

strengths. We find that the artificial underestimation of the lowest

(M/L)pop values can easily explain why these galaxies appear to

have a high fraction of dark matter, contrary to the general trend.

The adopted models use element abundances in the solar ratios, yet

we know that many of our sample galaxies have enhanced ratios of

Mg/Fe. Unfortunately, there are no models available which predict

(M/L)pop as a function of abundance ratios. A possible influence

on our results remains to be explored.

Given our assumptions about the IMF, we conclude the following.

(i) There is a reasonable correlation between the dynamical and

stellar population estimates of M/L in our sample. (ii) At low stellar

M/L the overall relation is driven by age. (iii) For old galaxies there

is a trend in dark matter fraction within one Re, from zero [(M/L)

" 3] to about 30 per cent dark matter contribution for galaxies with

the highest M/L in our sample [(M/L) " 6].

5 D I S C U S S I O N

5.1 A second parameter in the M/L variations

In this section, we investigate whether the variations in the M/L

of the galaxies, apart from a main dependence on the galaxy σ e

(and closely related quantities like mass and luminosity), are also

dependent on other global observables, in particular on the galaxy

kinematics, morphology and environment.

As mentioned in Section 1, a number of studies over the past

twenty years have suggested that early-type galaxies display a di-

chotomy between generally massive, slowly rotating, metal-rich

galaxies and rotationally supported, less-massive, metal-poor galax-

ies, which suggests a difference in their formation scenarios (e.g.

Davies et al. 1983; Faber et al. 1997). These differences in galaxy

structure led Kormendy & Bender (1996) to propose a physically

motivated revision to the classic and still broadly used (e.g. RC3)

visual classification scheme by Hubble (1936), based on photome-

try of E and S0 galaxies, to take the findings from the kinematics

into account. The fainter and faster rotating galaxies also tend to

show steeper luminosity profiles than the brighter ones (Jaffe et al.

1994; Faber et al. 1997) and there is indication that they may all

contain discs (Lauer et al. 2005). The SAURON kinematical maps

presented in Paper III also show two general velocity field mor-

phologies: galaxies with a clear sense of rotation, with only small

kinematic twists; and galaxies with little or no rotation, or with

strong kinematic misalignments. The relation between all these dif-

ferent galaxy properties is still not fully understood, and it will be

addressed in a future paper, for the full SAURON representative

sample.

Here we limit ourselves to studying the effect on the M/L of a sin-

gle, hopefully representative, parameter: the galaxy kinematics. A

classic and simple way to quantify the differences in galaxy kinemat-

ics is by using the anisotropy diagram (Binney 1978), which relates

the observed flattening ε of a galaxy to the ratio between the ordered

and random rotation of the stars (V/σ ). The formalism was recently

updated by Binney (2005b) for use with integral-field kinematics.

The (V/σ , ε) diagram has often been used to provide a separa-

tion between fast- and slow-rotating early-type galaxies (e.g. Geha,
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How were elliptical galaxies formed?

Ellipticals are a family of dynamically hot stellar systems that fall on the 
Fundamental Plane.

They obey tight scaling relations between metallicity and velocity dispersion, 
and their stars were formed earlier and faster at higher mass

Basic idea is that elliptical galaxies are formed through merging (which 
scrambles orbits of disks).  It is thought that more massive galaxies formed 
very fast at early times, but then suffered more gas-free merging at late times, 
which may lead to the correlation between n (Sersic index) and mass, as well 
as the variations in M/L that cause a tilt in the fundamental plane.

Another challenge -- keeping the galaxies red and not too massive at late 
times (see black holes later)
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Table 2
(Continued)

Hβ 〈Fe〉 Mg b Agea [Fe/H] [Mg/H] [Mg/Fe]
(Å) (Å) (Å) (Gyr) (dex) (dex) (dex)

65 1.66 ± 0.02 2.61 ± 0.02 4.40 ± 0.02 11.4 ± 0.3 −0.15 ± 0.01 0.13 ± 0.01 0.28 ± 0.01
66 1.82 ± 0.03 2.79 ± 0.04 4.19 ± 0.03 8.4 ± 0.5 0.01 ± 0.01 0.17 ± 0.03 0.16 ± 0.02
67 1.58 ± 0.03 2.59 ± 0.03 4.44 ± 0.03 13.3 ± 0.7 −0.19 ± 0.02 0.09 ± 0.03 0.28 ± 0.02
68 1.70 ± 0.01 2.69 ± 0.01 4.34 ± 0.01 10.5 ± 0.2 −0.09 ± 0.01 0.14 ± 0.01 0.23 ± 0.01
69 1.88 ± 0.02 2.73 ± 0.02 4.13 ± 0.02 7.5 ± 0.3 −0.00 ± 0.01 0.18 ± 0.02 0.18 ± 0.02
70 1.60 ± 0.04 2.58 ± 0.04 4.47 ± 0.04 12.9 ± 0.9 −0.19 ± 0.02 0.11 ± 0.03 0.30 ± 0.02
71 1.69 ± 0.01 2.69 ± 0.01 4.39 ± 0.01 10.7 ± 0.2 −0.10 ± 0.01 0.14 ± 0.02 0.24 ± 0.02
72 1.87 ± 0.02 2.76 ± 0.02 4.20 ± 0.02 7.6 ± 0.2 0.01 ± 0.01 0.19 ± 0.01 0.18 ± 0.01
73 1.60 ± 0.08 2.46 ± 0.09 4.68 ± 0.07 13.1 ± 1.8 −0.24 ± 0.05 0.17 ± 0.08 0.41 ± 0.06
74 1.65 ± 0.02 2.67 ± 0.02 4.35 ± 0.02 11.5 ± 0.3 −0.12 ± 0.01 0.11 ± 0.02 0.24 ± 0.02
75 1.84 ± 0.02 2.74 ± 0.03 3.22 ± 0.02 8.2 ± 0.4 −0.05 ± 0.01 0.03 ± 0.82 0.08 ± 0.82
76 1.47 ± 0.08 2.50 ± 0.10 4.59 ± 0.08 . . . ± . . . a −0.19 ± 0.06 0.20 ± 0.08 0.38 ± 0.05
77 1.62 ± 0.04 2.71 ± 0.05 4.58 ± 0.04 11.8 ± 0.8 −0.09 ± 0.03 0.18 ± 0.04 0.27 ± 0.03
78 . . . ± . . . . . . ± . . . . . . ± . . . . . . ± . . . . . . ± . . . . . . ± . . . . . . ± . . .

79 1.53 ± 0.05 2.68 ± 0.06 4.72 ± 0.05 14.0 ± 1.4 −0.14 ± 0.03 0.16 ± 0.05 0.30 ± 0.04
80 1.62 ± 0.03 2.75 ± 0.03 4.60 ± 0.03 11.7 ± 0.5 −0.07 ± 0.02 0.19 ± 0.03 0.26 ± 0.03
81 . . . ± . . . . . . ± . . . . . . ± . . . . . . ± . . . . . . ± . . . . . . ± . . . . . . ± . . .

82 1.55 ± 0.04 2.55 ± 0.05 4.67 ± 0.04 13.7 ± 1.1 −0.20 ± 0.03 0.17 ± 0.04 0.37 ± 0.04
83 1.58 ± 0.02 2.74 ± 0.02 4.67 ± 0.02 12.4 ± 0.3 −0.09 ± 0.01 0.19 ± 0.01 0.28 ± 0.01
84 1.79 ± 0.07 2.87 ± 0.08 4.60 ± 0.06 8.4 ± 1.0 0.05 ± 0.03 0.27 ± 0.04 0.22 ± 0.03
85 1.55 ± 0.05 2.66 ± 0.05 4.63 ± 0.05 13.5 ± 1.2 −0.15 ± 0.03 0.15 ± 0.04 0.30 ± 0.02
86 1.63 ± 0.01 2.76 ± 0.02 4.57 ± 0.01 11.5 ± 0.3 −0.06 ± 0.01 0.19 ± 0.01 0.25 ± 0.01
87 1.71 ± 0.03 2.80 ± 0.03 4.47 ± 0.03 9.9 ± 0.5 −0.02 ± 0.02 0.19 ± 0.03 0.21 ± 0.02
88 . . . ± . . . . . . ± . . . . . . ± . . . . . . ± . . . . . . ± . . . . . . ± . . . . . . ± . . .

89 1.60 ± 0.02 2.80 ± 0.02 4.64 ± 0.02 11.9 ± 0.3 −0.05 ± 0.01 0.20 ± 0.01 0.25 ± 0.01
90 1.74 ± 0.04 2.83 ± 0.04 4.36 ± 0.03 9.4 ± 0.6 0.01 ± 0.01 0.19 ± 0.03 0.18 ± 0.02

Notes.
a Ages are determined from Hβ for all stacked spectra with the exception of spectrum 76, whose weak Hβ absorption falls outside the parameter space covered by
the models. For this index, HγF is used in the fitting process to determine abundances. For consistency, the age measured for this spectrum is not used in the analysis
here, as ages derived from HγF are typically somewhat younger than those derived from Hβ (see Graves & Schiavon 2008).

Figure 4. Stellar population modeling results, showing mean luminosity-weighted stellar age, [Fe/H], [Mg/Fe], and [Mg/H] as a function of galaxy σ . The black
(gray) points and error bars indicate high (low) S/N measurements and their associated median errors. The dashed lines show linear least-squares fits of the stellar
population properties as a function of σ , based on the high S/N (black) data only. Mean stellar age, [Fe/H], [Mg/Fe], and [Mg/H] all increase with increasing σ .
Age and [Fe/H] both show substantial scatter at fixed σ , with total spread 4–5 times the expected spread due to measurements errors, indicating genuine underlying
population variations at fixed σ . [Mg/H] and [Mg/Fe] show less scatter, only ∼ 2 times that expected due to measurement errors. The [Mg/H]–σ relation is particularly
strong and tight, nearly consistent with measurement errors, particularly at the high-σ end.

Finally, Figure 6 shows age, [Fe/H], [Mg/Fe], and [Mg/H]
plotted against the median log Ie for each galaxy bin. Again,
there are no strong correlations between log Ie and any of the

stellar population parameters. There is some indication of weak
correlations between log Ie and [Fe/H] and [Mg/H] such that
the high-SB galaxies have higher Fe and Mg abundances. There

Measurements of the metal 
content and abundance ratios 
in galaxies.

Main result:

Strong correlation
with σ★

Graves et al. 2009
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The E–E Dichotomy: There are two kinds of elliptical 
galaxies

 (Davies + 1983; Bender 1988; Bender + 1989; Nieto + 1991; Kormendy + 1994; 
Lauer + 1995; Kormendy & Bender 1996; Gebhardt + 1996; Tremblay & Merritt 1996; 

Faber + 1997; Ravindranath + 2001; Rest + 2001; Lauer + 2007; many SAURON papers) 
Normal and  low luminosity Es
   are coreless,
– rotate rapidly,
– are nearly isotropic oblate spheroids,
– are substantially flattened (E3),
– have disky-distorted isophotes.

Giant ellipticals (MV < -21.5)
   have cuspy cores,
– are essentially non-rotating,
– are anisotropic  and triaxial,
– are less flattened (E1.5),
– have boxy-distorted isophotes.

NGC 4621

NGC 720

Gebhardt et nuk. 1996 Lauer et nuk. 2007

Thanks: Tod Lauer
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The E–E Dichotomy: There are two kinds of elliptical 
galaxies

Normal and  low luminosity Es
 rotate rapidly,
 are nearly isotropic oblate spheroids,
 are substantially flattened (E3),
 are coreless & have extra light near  
   the center above the inward
   extrapolation of the outer Sérsic profile,
 have disky-distorted isophotes,
 have n ≤ 4, independent of L,
 contain younger, ~ Solar-comp. stars.

Interpretation:
the last mergers were dissipative.            

BH binary scouring was overwhelmed by 
dissipative starburst.
[α/Fe] is consistent with prolonged
   merger history.

Giant ellipticals
 are essentially non-rotating,
 are anisotropic  and triaxial,
 are less flattened (E1.5),
 have cuspy cores,
 have boxy-distorted isophotes,
 have n > 4, independent of L,
 contain old, α-enhanced stars.

Interpretation:
  last mergers were dissipationless,
  followed by BH binary scouring.

  [α/Fe] ⇒ star formation finished 
  in first billion years; subsequent
  dissipationless mergers are OK.
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Interesting to note: Original papers focused 
exclusively on Sc and later galaxies.
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Finds a correlation between the maximum rotation and the galaxy luminosity. 
1. Vmax: First measurements based on single-dish radio observations:
To derive rotation velocity from observed W20, need to remove width due to 
random motions Wrand~3.6 σ and correct for inclination:

 Vmax  = (W20-Wrand)/sin(i)

2. Luminosity:  Need to correct for dust...thus NIR magnitudes are best.
Below we will discuss the baryonic Tully-Fisher relation, which relates total 
baryonic matter (at least gas and stars) to rotation velocity.

Tuesday, February 7, 2012
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Tully-Fisher Slope
The scaling of vmax with luminosity is easy to derive, if we assume a constant M/L. 
Start with the virial theorem: 
2T + W = 0
m v2 - GMm/r = 0
v2 = GM/r

If M/L = constant then M α L.
If I0 is ~ constant then L α r2.

Then: v2 α L/√L --> v2 α √L

L α v4

Very analogous to the Faber-Jackson relation: L α σ4 in elliptical galaxies.

Note that the scatter is very tight: 20% in vmax at a fixed luminosity.  Also note 
that a constant total M/L implies a tight coupling between baryonic and dark 
matter.

Tuesday, February 7, 2012



In theory, there may be a relation between the total galaxy mass (stars+gas) and the 
dark matter halo mass.  

vc probes the dark halo mass.

At the lowest galaxy masses, gas dominates over stars.  Large deviations are seen 
from the TF relation of massive galaxies.  These go away if the gas+stars are 
included.

Mbaryonic = Mstars + Mgas

The Baryonic Tully-Fisher Relation

C. Trachternach et al.: Baryonic Tully-Fisher relation 9

Col. (13) of Table 3). The average value of the uncertainties in
these kinematically derived inclinations is 6◦ and is used as the
uncertainty in the inclination angles of the remaining galaxies.
The total uncertainty of the (inclination-corrected)maximum ro-
tation velocity is then calculated using Gaussian error propaga-
tion.

5.3.2. Uncertainty of the baryonic mass

The baryonic mass is the sum of the stellar mass and the gas
mass:

Mbar = Mstars + Mgas. (7)
The stellar mass is calculated through

Mstars = Υ
I
∗ 10−0.4[MV−(V−I)−4.02], (8)

where ΥI∗ is the stellar mass-to-light ratio in the I-band, MI =
MV − (V − I) is the absolute I-band magnitude, and 4.02 is the
magnitude of the Sun in the I-band. The absolute magnitude of
a galaxy depends through the distance modulus on its appar-
ent magnitude and its distance. Thus, the stellar mass depends
on three quantities: stellar mass-to-light ratio, distance, and ap-
parent magnitude. For the uncertainty in the mass-to-light ratio,
we use the values derived in Section 5.1. For the uncertainty in
the distances, we use the values listed in Sect. 4. The apparent
magnitudes of the galaxies in our sample were determined by
Pildis et al. (1997), who report a photometric accuracy of 0.05
mag. This is insignificant compared to the influence of the un-
certainties in the distance and in the stellar Υ∗, and we therefore
ignore the uncertainties of mV for the uncertainty of the stellar
mass.

The second term contributing to the baryonic disk mass is
Mgas, the mass of the gas, which is given by:

Mgas = 1.4MHI = 1.4 · 2.36 · 105D2
∫

S dv, (9)

where MHI is the total H i mass, D is the distance in Mpc, S is
the total flux in mJy beam−1, and dv is the velocity resolution
in kms−1. The constant factor 1.4 corrects the H i mass for the
presence of helium and metals. Note that since H2/H i, the ratio
between the molecular and the neutral hydrogen, is much lower
in dwarf galaxies compared to luminous spirals (Taylor et al.
1998; Leroy et al. 2005), we do not apply correction terms to
account for molecular hydrogen. The uncertainty of the H imass
depends on the uncertainty of the total flux, and quadratically on
the distance uncertainty. We focus again on the uncertainty in
the distance, which is the dominant source of uncertainty here.
Inserting Eqs. 8 and 9 into Eq. 7, we determine the uncertainty
of the baryonic mass by assuming a Gaussian error propagation
of the individual uncertainties discussed above. The stellar, gas,
and baryonic masses are also listed in Table 4.

5.4. The baryonic Tully-Fisher relation

In this section we present the baryonic Tully-Fisher relation for
the galaxies of our sample, using the different estimates for Vmax
derived previously. As a reference, we use the work byMcGaugh
(2005). It presents the BTF for galaxies with well-determined
rotation velocities between 50 km s−1 and 300 km s−1, and tests
several methods to determine stellar mass-to-light ratios. The
one yielding the smallest scatter in the BTF is based on the mass-
discrepancy-acceleration relation (MDAcc, see McGaugh 2004)
and gives a BTF relation

Mbar = 50V4max, (10)

with the baryonic mass in M$ and the maximum rotation veloc-
ity in km s−1.

For the construction of a BTF relation using our galaxies,
we use the four different estimates for Vmax derived earlier. To
recapitulate, these are:

(a) Vvf , obtained from a tilted-ring analysis of the velocity
fields,
(b) Vpv, obtained from fitting the outer parts in major-axis
position-velocity diagrams,
(c) VW20, obtained from 1

2W20, the rotation velocity as de-
rived from half the (corrected) width of the H i profile at the
20 percent level of the maximum flux,
(d) VW50, obtained from 1

2W50, the rotation velocity as de-
rived from half the (corrected) width of the H i profile at the
50 percent level of the maximum flux,

These velocities are all corrected for inclination. Additional cor-
rections have been applied to VW20 and VW50 (as described in
Section 5.2).

In Fig 8, we show the baryonic Tully-Fisher relation for the
galaxies of our sample using the different velocity estimates.
The uncertainties are discussed in Section 5.3. In Fig 8, we dis-
tinguish between galaxies in which clear signatures of rotation
were detected in the position-velocity diagram and/or the ve-
locity field (Vpv and/or Vvf available in addition to VW20 and
VW50; the rotation curve sub-sample), and galaxies for which
no clear rotation was detectable (only VW20 and VW50 available;
the profile-width sub-sample). For all four measures of Vmax, the
galaxies in the rotation curve sub-sample are consistent with the
BTF as derived in McGaugh (2005) and Stark et al. (2009).

A few galaxies in the profile-width sub-sample are also con-
sistent with a line-width-based BTF, but the majority of these
galaxies are found to the left of the extrapolated BTF. This may
indicate an increased scatter at the low line-width end of a line-
width based BTF. Alternatively, the galaxies may be more face-
on than indicated by the optical or H i inclinations (e.g., D575-5),
or they may not be supported by rotation. Without independent
and/or resolved measures of the rotation velocity and the kine-
matic inclinations, it is difficult to say anything further on these
galaxies.

In the following we therefore restrict our analysis to those
galaxies which have a well resolved velocity field which allowed
us to derive a rotation curve or— at the very least — a maximum
rotation velocity using the position-velocity diagram (consis-
tent with the procedure used in McGaugh 2005 and Stark et al.
2009). We emphasize that this is our only selection criterion. We
do not preferentially select against galaxies that are not on the
BTF, (in fact, one of the profile-width-only galaxies (D572-5) is
right on the BTF), and we include all galaxies for which Vpv or
Vvf could be determined regardless of their position in the BTF
diagram.

5.5. The scatter of the BTF

The panels in Fig. 8 clearly show that the data points from our
rotation curve sample agree well with the BTF relation from
McGaugh (2005) as given in Eq. 10. This relation was derived
using resolved observations of the flat parts of the rotation curves
of the sample galaxies. Including our five galaxies with mea-
sured values of Vvf yields a revised BTF of the form

Mbar = 58V3.97max . (11)

This is remarkably close to the revised BTF presented in
Stark et al. (2009), which extends the McGaugh (2005) BTF

C. Trachternach et al.: Baryonic Tully-Fisher relation 9

Col. (13) of Table 3). The average value of the uncertainties in
these kinematically derived inclinations is 6◦ and is used as the
uncertainty in the inclination angles of the remaining galaxies.
The total uncertainty of the (inclination-corrected)maximum ro-
tation velocity is then calculated using Gaussian error propaga-
tion.

5.3.2. Uncertainty of the baryonic mass

The baryonic mass is the sum of the stellar mass and the gas
mass:

Mbar = Mstars + Mgas. (7)
The stellar mass is calculated through

Mstars = Υ
I
∗ 10−0.4[MV−(V−I)−4.02], (8)

where ΥI∗ is the stellar mass-to-light ratio in the I-band, MI =
MV − (V − I) is the absolute I-band magnitude, and 4.02 is the
magnitude of the Sun in the I-band. The absolute magnitude of
a galaxy depends through the distance modulus on its appar-
ent magnitude and its distance. Thus, the stellar mass depends
on three quantities: stellar mass-to-light ratio, distance, and ap-
parent magnitude. For the uncertainty in the mass-to-light ratio,
we use the values derived in Section 5.1. For the uncertainty in
the distances, we use the values listed in Sect. 4. The apparent
magnitudes of the galaxies in our sample were determined by
Pildis et al. (1997), who report a photometric accuracy of 0.05
mag. This is insignificant compared to the influence of the un-
certainties in the distance and in the stellar Υ∗, and we therefore
ignore the uncertainties of mV for the uncertainty of the stellar
mass.

The second term contributing to the baryonic disk mass is
Mgas, the mass of the gas, which is given by:

Mgas = 1.4MHI = 1.4 · 2.36 · 105D2
∫

S dv, (9)

where MHI is the total H i mass, D is the distance in Mpc, S is
the total flux in mJy beam−1, and dv is the velocity resolution
in kms−1. The constant factor 1.4 corrects the H i mass for the
presence of helium and metals. Note that since H2/H i, the ratio
between the molecular and the neutral hydrogen, is much lower
in dwarf galaxies compared to luminous spirals (Taylor et al.
1998; Leroy et al. 2005), we do not apply correction terms to
account for molecular hydrogen. The uncertainty of the H imass
depends on the uncertainty of the total flux, and quadratically on
the distance uncertainty. We focus again on the uncertainty in
the distance, which is the dominant source of uncertainty here.
Inserting Eqs. 8 and 9 into Eq. 7, we determine the uncertainty
of the baryonic mass by assuming a Gaussian error propagation
of the individual uncertainties discussed above. The stellar, gas,
and baryonic masses are also listed in Table 4.

5.4. The baryonic Tully-Fisher relation

In this section we present the baryonic Tully-Fisher relation for
the galaxies of our sample, using the different estimates for Vmax
derived previously. As a reference, we use the work byMcGaugh
(2005). It presents the BTF for galaxies with well-determined
rotation velocities between 50 km s−1 and 300 km s−1, and tests
several methods to determine stellar mass-to-light ratios. The
one yielding the smallest scatter in the BTF is based on the mass-
discrepancy-acceleration relation (MDAcc, see McGaugh 2004)
and gives a BTF relation

Mbar = 50V4max, (10)

with the baryonic mass in M$ and the maximum rotation veloc-
ity in km s−1.

For the construction of a BTF relation using our galaxies,
we use the four different estimates for Vmax derived earlier. To
recapitulate, these are:

(a) Vvf , obtained from a tilted-ring analysis of the velocity
fields,
(b) Vpv, obtained from fitting the outer parts in major-axis
position-velocity diagrams,
(c) VW20, obtained from 1

2W20, the rotation velocity as de-
rived from half the (corrected) width of the H i profile at the
20 percent level of the maximum flux,
(d) VW50, obtained from 1

2W50, the rotation velocity as de-
rived from half the (corrected) width of the H i profile at the
50 percent level of the maximum flux,

These velocities are all corrected for inclination. Additional cor-
rections have been applied to VW20 and VW50 (as described in
Section 5.2).

In Fig 8, we show the baryonic Tully-Fisher relation for the
galaxies of our sample using the different velocity estimates.
The uncertainties are discussed in Section 5.3. In Fig 8, we dis-
tinguish between galaxies in which clear signatures of rotation
were detected in the position-velocity diagram and/or the ve-
locity field (Vpv and/or Vvf available in addition to VW20 and
VW50; the rotation curve sub-sample), and galaxies for which
no clear rotation was detectable (only VW20 and VW50 available;
the profile-width sub-sample). For all four measures of Vmax, the
galaxies in the rotation curve sub-sample are consistent with the
BTF as derived in McGaugh (2005) and Stark et al. (2009).

A few galaxies in the profile-width sub-sample are also con-
sistent with a line-width-based BTF, but the majority of these
galaxies are found to the left of the extrapolated BTF. This may
indicate an increased scatter at the low line-width end of a line-
width based BTF. Alternatively, the galaxies may be more face-
on than indicated by the optical or H i inclinations (e.g., D575-5),
or they may not be supported by rotation. Without independent
and/or resolved measures of the rotation velocity and the kine-
matic inclinations, it is difficult to say anything further on these
galaxies.

In the following we therefore restrict our analysis to those
galaxies which have a well resolved velocity field which allowed
us to derive a rotation curve or— at the very least — a maximum
rotation velocity using the position-velocity diagram (consis-
tent with the procedure used in McGaugh 2005 and Stark et al.
2009). We emphasize that this is our only selection criterion. We
do not preferentially select against galaxies that are not on the
BTF, (in fact, one of the profile-width-only galaxies (D572-5) is
right on the BTF), and we include all galaxies for which Vpv or
Vvf could be determined regardless of their position in the BTF
diagram.

5.5. The scatter of the BTF

The panels in Fig. 8 clearly show that the data points from our
rotation curve sample agree well with the BTF relation from
McGaugh (2005) as given in Eq. 10. This relation was derived
using resolved observations of the flat parts of the rotation curves
of the sample galaxies. Including our five galaxies with mea-
sured values of Vvf yields a revised BTF of the form

Mbar = 58V3.97max . (11)

This is remarkably close to the revised BTF presented in
Stark et al. (2009), which extends the McGaugh (2005) BTF

Depend on IMF and stellar population modeling
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ABSTRACT
We explore the Tully-Fisher relation over five decades in stellar mass in galaxies with circular velocities ranging

over . We find a clear break in the optical Tully-Fisher relation: field galaxies with!130 ! V ! 300 km sc

fall below the relation defined by brighter galaxies. These faint galaxies, however, are very rich!1V ! 90 km sc

in gas; adding in the gas mass and plotting the baryonic disk mass in place of luminosity restoresM = M "Md ∗ gas
the single linear relation. The Tully-Fisher relation thus appears fundamentally to be a relation between rotation
velocity and total baryonic mass of the form .4M ∝ Vd c

Subject headings: dark matter— galaxies: dwarf— galaxies: formation— galaxies: fundamental parameters—
galaxies: kinematics and dynamics— galaxies: spiral

1. INTRODUCTION

The relation between luminosity and rotation velocity for
galaxies is well known (Tully & Fisher 1977). It has been used
extensively in estimating extragalactic distances (e.g., Sakai et
al. 2000; Tully & Pierce 2000), and it provides a critical con-
straint on galaxy formation theory (Dalcanton, Spergel, & Sum-
mers 1997; McGaugh & de Blok 1998; Mo, Mao, & White
1998; Steinmetz & Navarro 1999; van den Bosch 2000). How-
ever, the physical basis for the Tully-Fisher relation remains
unclear.
The requirements of the empirical Tully-Fisher relation are

simple, but the steep slope and small scatter are difficult to
understand. Luminosity must trace total (dark plus luminous)
mass, which in turn scales exactly with circular velocity. Con-
siderable fine-tuning is required to obtain these strict propor-
tionalities (McGaugh & de Blok 1998). The intrinsic properties
of dark halos are not expected to be as tightly correlated as
observed (Eisenstein & Loeb 1995). The mapping from the
properties of dark matter halos to observable quantities should
introduce more scatter, not less. Somehow, the baryons “know”
precisely how many stars to form.
Let us suppose that, for whatever fundamental reason, there

does exist a universal relationship between total mass and ro-
tation velocity of the form . The empirical Tully-bM ∝ Vtot c

Fisher relation then follows if luminosity traces mass:

!1L = U f f f M , (1)∗ ∗ d b tot

where is the baryon fraction of the universe, is the fractionf fb d

of the baryons associated with a particular galaxy halo which
reside in the disk, is the fraction of disk baryons in the formf∗
of stars, and is the mass-to-light ratio of the stars. Each ofU∗
the pieces that intervenes between L and must be a nearlyMtot
universal constant shared by all disks in order to maintain the
strict proportionality that the Tully-Fisher relation requires.
Cast in this form, the traditional luminosity–line width relation
is a subset of a more fundamental relation between baryonic
mass and rotational velocity. In this context, one would expect
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to find galaxies that deviate from the luminosity–line width
relation because much of their baryonic mass is not in the form
of stars. For example, at a given circular velocity, a gas-rich
galaxy should appear underluminous but would, after correc-
tion for the gas content, fall on the underlying “baryonic Tully-
Fisher relation” (see Freeman 1999; Walker 1999).
In this Letter, we specifically test this premise by constructing

the luminosity–line width and baryonic Tully-Fisher relations
for a sample of late-type galaxies that span a much larger range
of luminosities than any previously available sample. In § 2
we describe the data that we employ. In § 3 we discuss the
results, and in § 4 we explore some of their implications. A
summary is given in § 5. All distance-dependent quantities
assume that .!1 !1H = 75 km s Mpc0

2. DATA

We employ several data sets to maximize the dynamic range
over which we can explore the Tully-Fisher relation. The dif-
ferent data sets have photometry in different passbands. To put
the data on the same system and get at the question of the
underlying mass, we assume a stellar mass-to-light ratio for
each passband. Stellar mass is most directly traced by the redder
passbands, so we adopt these when possible.
For galaxies with , we use the extensive H-!1V " 100 km sc

band data for the late-type cluster spiral galaxies of Bothun et
al. (1985). Circular velocities are estimated as half of the line
width . For galaxies of lower rotation velocity, we use theW20
data for late-type dwarf low surface brightness galaxies from
the survey of Schombert, Pildis, & Eder (1997). This is cur-
rently the largest sample of field dwarf galaxies with both line
widths and H i masses (Eder & Schombert 2000) and withW20
red-band photometry (Pildis, Schombert, & Eder 1997). The
photometry provides I-band magnitudes and axial ratios for
inclination estimates. Of these galaxies, only those with axial
ratios , corresponding to for an intrinsic axialb/a ! 0.71 i 1 45"
ratio of , are used in order to minimize errors.q = 0.15 sin (i)0
These nevertheless contribute substantially to the scatter since
inclinations estimated from the axial ratios of dim galaxies are
intrinsically uncertain. The data for these faint galaxies extend
the Tully-Fisher relation to much lower luminosities and cir-
cular velocities than have been explored previously.
The fundamental rotation velocity of interest here is the flat

portion of the rotation curve, . Presumably, the line widthVf lat
commonly employed in the Tully-Fisher work is an ade-W20

quate indicator of . As a check on this, we also employ theVf lat
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Fig. 1.—Tully-Fisher relation plotted as (a) stellar mass and (b) baryonic
disk mass against rotation velocity. The squares represent galaxies where the
circular velocity is estimated from the line width by , while the circles1V = W2c 20
have from resolved rotation curves. The data employed include theV = Vc flat
H-band data of Bothun et al. (1985; red), the -band data of Verheijen (1997;′K
black), and the I-band data of Pildis et al. (1997) with velocities as reported
by Eder & Schombert (2000; green). Also shown are the B-band data of
McGaugh & de Blok (1998; light blue) and of Matthews et al. (1998; dark
blue). The stellar mass is computed from the luminosity by assuming a constant
mass-to-light ratio ( ), so (a) is directly analogous to the usualM = U L∗ ∗
luminosity–line width diagram. We assume mass-to-light ratios for the stellar
populations of late-type galaxies of , , , and ′B I H KU = 1.4 U = 1.7 U = 1.0 U =∗ ∗ ∗ ∗

(see text). In (b), we plot the total baryonic disk mass0.8 M /L M =, , d

with . In (a), a clear break is apparent. Galaxies withM !M M = 1.4M∗ gas gas H i

fall systematically below the Tully-Fisher relation defined by"1V ! 90 km sc

brighter galaxies. In (b), the deficit in mass apparent in (a) has been restored
by including the gas mass. The solid line is an unweighted fit to the red-band
data in (b) with a correlation coefficient of 0.92 and a slope indistinguishable
from 4.

data of Verheijen (1997) and McGaugh & de Blok (1998) for
which is measured from resolved rotation curves. The dataVf lat
of Verheijen (1997) are -band data for spiral galaxies in the′K
UMa cluster (Tully et al. 1996), while the data discussed by
McGaugh & de Blok (1998) are B-band data drawn from a
variety of sources.
The two red-band data sets, the H-band data of Bothun et

al. (1985) at the bright end and the I-band dwarf galaxy sample
at the faint end, together suffice to define a Tully-Fisher relation
over five decades in stellar mass. The rotation curve samples
are consistent with these data. For comparison, we also examine
the gas-rich, late-type galaxy sample of Matthews, van Driel,
& Gallagher (1998). Their B-band data are entirely consistent
with our own data, provided we make the same inclination cut,

. Although this inclination limit is of obvious impor-i 1 45!
tance, it is interesting to note that by including or excluding
the galaxies that they note as having strongly asymmetric or
single-horned H i profiles makes no difference to the result.
In all cases, we have simply taken the data as given by each

source. Aside from the necessary inclination correction, we
have not made any corrections for internal extinction or for
noncircular motions (shown to be small for late-type systems
by Rix & Zaritsky 1995 and by Beauvais & Bothun 1999).
That the data treated in this way produce a good Tully-Fisher
relation indicates, to first order, that these effects are not
important.

3. RESULTS

Figure 1 illustrates the Tully-Fisher relation for the combined
data sets. Two versions are shown: in Figure 1a, the stellar
mass is plotted in place of luminosity, and in Figure 1b, the
total luminous baryonic mass is shown. In order to place the
data sets using different bandpasses for photometry on the same
scale, we convert luminosity to stellar mass assuming a fixed
mass-to-light ratio for each band. The value of the mass-U∗
to-light ratio appropriate to the stellar populations of late-type
galaxies with ongoing star formation has been examined in
detail by de Jong (1996). We adopt his model for a 12 Gyr
old, solar metallicity population with a constant star formation
rate and Salpeter initial mass function (IMF). The adopted
mass-to-light ratios are , , , andB I HU = 1.4 U = 1.7 U = 1.0∗ ∗ ∗

.5 These - and I-band mass-to-light ratios′K ′U = 0.8 M /L K∗ , ,

are consistent with the maximum disk fits to the bright galaxies
of Verheijen (1997) and Palunas (1996). We do of course expect
variation in stellar populations and their mass-to-light ratios.
This should be modest in the redder bands, especially H and
, which are not very sensitive to differences in star formation′K

history. The I-band mass-to-light ratio is not very sensitive to
metallicity (Worthey 1994), so this should suffice for the fainter
galaxies that, in any case, are dominated by gas mass. The B
band is a less robust indicator of stellar mass, so we do not
include these data in the fit in Figure 1b. While the absolute
normalization of stellar mass-to-light ratios remains uncertain,
tweaking the adopted values has no effect on the basic result.
The stellar mass plotted in Figure 1a is simply M* =

U*L, so this plot is directly analogous to the conventionalluminosity–line width diagram. The baryonic disk mass plotted
in Figure 1b is the sum of stars and gas, . TheM = M !Md ∗ gas
mass in gas is taken from the observed H i mass with the
standard correction for helium and metals: . ItM = 1.4Mgas H i

5 For the mean H"K" color of late-type galaxies given by de Jong (1996),
.′H KU = 1.2U∗ ∗

appears that molecular gas is not a significant mass component
in these late-type galaxies (Schombert et al. 1990; de Blok &
van der Hulst 1998; Mihos, Spaans, & McGaugh 1999; Ger-
ritsen & de Blok 1999).
There have previously been hints (e.g., Romanishin, Strom,

& Strom 1983) that faint galaxies fall below the extrapolated
Tully-Fisher relation for bright galaxies. Matthews et al. (1998)
and Stil & Israel (2000) claim to see this in their samples,
though it is not entirely clear from their data. The apparent
discrepancy in our results stems not from a difference in the
data but from what is taken to define the Tully-Fisher relation.
Matthews et al. (1998) and Stil & Israel (2000) compare their
data with the lines fitted to the B-band data of brighter galaxies.
These fiducial lines have a shallow slope that overpredicts con-
siderably the luminosities of faint galaxies when extrapolated
to low circular velocity. It is not clear whether or not it is safe
to extrapolate the slope in this fashion. Extinction appears to
be relatively more important in brighter galaxies, with careful
corrections giving steeper slopes (Tully et al. 1998). Samples
of galaxies with low intrinsic extinctions also give considerably
steeper B-band slopes (Sprayberry et al. 1995; Verheijen 1997;
McGaugh & de Blok 1998). The H-band data of Bothun et al.
(1985) and the -band data of Verheijen (1997), two bands′K
in which extinction is minimal, also indicate steep slopes. A
steep slope is also supported by the calibration of the Tully-
Fisher relation from the Hubble Space Telescope Key Project
(Sakai et al. 2000). Such a slope eliminates the discrepancy
reported by Matthews et al. (1998) and by Stil & Israel (2000).
Nevertheless, it is now clear from the larger dwarf sample
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ABSTRACT
We explore the Tully-Fisher relation over five decades in stellar mass in galaxies with circular velocities ranging

over . We find a clear break in the optical Tully-Fisher relation: field galaxies with!130 ! V ! 300 km sc

fall below the relation defined by brighter galaxies. These faint galaxies, however, are very rich!1V ! 90 km sc

in gas; adding in the gas mass and plotting the baryonic disk mass in place of luminosity restoresM = M "Md ∗ gas
the single linear relation. The Tully-Fisher relation thus appears fundamentally to be a relation between rotation
velocity and total baryonic mass of the form .4M ∝ Vd c

Subject headings: dark matter— galaxies: dwarf— galaxies: formation— galaxies: fundamental parameters—
galaxies: kinematics and dynamics— galaxies: spiral

1. INTRODUCTION

The relation between luminosity and rotation velocity for
galaxies is well known (Tully & Fisher 1977). It has been used
extensively in estimating extragalactic distances (e.g., Sakai et
al. 2000; Tully & Pierce 2000), and it provides a critical con-
straint on galaxy formation theory (Dalcanton, Spergel, & Sum-
mers 1997; McGaugh & de Blok 1998; Mo, Mao, & White
1998; Steinmetz & Navarro 1999; van den Bosch 2000). How-
ever, the physical basis for the Tully-Fisher relation remains
unclear.
The requirements of the empirical Tully-Fisher relation are

simple, but the steep slope and small scatter are difficult to
understand. Luminosity must trace total (dark plus luminous)
mass, which in turn scales exactly with circular velocity. Con-
siderable fine-tuning is required to obtain these strict propor-
tionalities (McGaugh & de Blok 1998). The intrinsic properties
of dark halos are not expected to be as tightly correlated as
observed (Eisenstein & Loeb 1995). The mapping from the
properties of dark matter halos to observable quantities should
introduce more scatter, not less. Somehow, the baryons “know”
precisely how many stars to form.
Let us suppose that, for whatever fundamental reason, there

does exist a universal relationship between total mass and ro-
tation velocity of the form . The empirical Tully-bM ∝ Vtot c

Fisher relation then follows if luminosity traces mass:

!1L = U f f f M , (1)∗ ∗ d b tot

where is the baryon fraction of the universe, is the fractionf fb d

of the baryons associated with a particular galaxy halo which
reside in the disk, is the fraction of disk baryons in the formf∗
of stars, and is the mass-to-light ratio of the stars. Each ofU∗
the pieces that intervenes between L and must be a nearlyMtot
universal constant shared by all disks in order to maintain the
strict proportionality that the Tully-Fisher relation requires.
Cast in this form, the traditional luminosity–line width relation
is a subset of a more fundamental relation between baryonic
mass and rotational velocity. In this context, one would expect
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to find galaxies that deviate from the luminosity–line width
relation because much of their baryonic mass is not in the form
of stars. For example, at a given circular velocity, a gas-rich
galaxy should appear underluminous but would, after correc-
tion for the gas content, fall on the underlying “baryonic Tully-
Fisher relation” (see Freeman 1999; Walker 1999).
In this Letter, we specifically test this premise by constructing

the luminosity–line width and baryonic Tully-Fisher relations
for a sample of late-type galaxies that span a much larger range
of luminosities than any previously available sample. In § 2
we describe the data that we employ. In § 3 we discuss the
results, and in § 4 we explore some of their implications. A
summary is given in § 5. All distance-dependent quantities
assume that .!1 !1H = 75 km s Mpc0

2. DATA

We employ several data sets to maximize the dynamic range
over which we can explore the Tully-Fisher relation. The dif-
ferent data sets have photometry in different passbands. To put
the data on the same system and get at the question of the
underlying mass, we assume a stellar mass-to-light ratio for
each passband. Stellar mass is most directly traced by the redder
passbands, so we adopt these when possible.
For galaxies with , we use the extensive H-!1V " 100 km sc

band data for the late-type cluster spiral galaxies of Bothun et
al. (1985). Circular velocities are estimated as half of the line
width . For galaxies of lower rotation velocity, we use theW20
data for late-type dwarf low surface brightness galaxies from
the survey of Schombert, Pildis, & Eder (1997). This is cur-
rently the largest sample of field dwarf galaxies with both line
widths and H i masses (Eder & Schombert 2000) and withW20
red-band photometry (Pildis, Schombert, & Eder 1997). The
photometry provides I-band magnitudes and axial ratios for
inclination estimates. Of these galaxies, only those with axial
ratios , corresponding to for an intrinsic axialb/a ! 0.71 i 1 45"
ratio of , are used in order to minimize errors.q = 0.15 sin (i)0
These nevertheless contribute substantially to the scatter since
inclinations estimated from the axial ratios of dim galaxies are
intrinsically uncertain. The data for these faint galaxies extend
the Tully-Fisher relation to much lower luminosities and cir-
cular velocities than have been explored previously.
The fundamental rotation velocity of interest here is the flat

portion of the rotation curve, . Presumably, the line widthVf lat
commonly employed in the Tully-Fisher work is an ade-W20

quate indicator of . As a check on this, we also employ theVf lat
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employed here that there is indeed a break in the Tully-Fisher
relation for faint field6 galaxies. For , galaxies!1V ! 90 km sc

are underluminous for their rotation velocity, as predicted by
the extrapolation of a linear fit to the bright galaxy data. There
is a great amount of scatter here too—the relation bends and
flares. There have been concerns that there might be curvature
in the Tully-Fisher relation (e.g., Bothun & Mould 1987), but
the data in Figure 1a are probably better described by a broken
power law, if it makes sense to fit anything to the faint end at
all.
A break in the Tully-Fisher relation would have important

ramifications for its application and interpretation. However,
many of these faint galaxies are very gas rich. So much so, in
fact, that the gas outweighs the stars in most of them for any
reasonable choice of stellar mass-to-light ratio (J. M. Schom-
bert, S. S. McGaugh, & J. A. Eder 2000, in preparation). There-
fore, in Figure 1b, we examine the effects of including the gas
mass in the ordinate by plotting the total observed baryonic
disk mass, . This has the remarkable effect ofM = M "Md ∗ gas
restoring a single linear relation over the entire span of the
observations.
It appears that the fundamental relation underpinning the

Tully-Fisher relation is one between rotation velocity and total
baryonic disk mass (see Persic & Salucci 1988). This relation
has the form

bM = AV . (2)d c

An unweighted fit to the red (I-, H-, and -band) data gives′K
and . The precise valuelog A = 1.57! 0.25 b = 3.98! 0.12

of the normalization would of course change if we assumed a
different distance scale or different stellar mass-to-light ratios.
The slope is indistinguishable from . If we fix the slopeb = 4
to this value, the normalization is M, km!4 s4.!2A ≈ 35 h 75

4. IMPLICATIONS

The basic result seen in Figure 1b falls directly out of the
observations. All that have did was assume a plausible mass-
to-light ratio for the stars, add in the gas mass, and plot the
data. This simple result has a number of interesting impli-
cations.
First, there is an apparently universal relation between bary-

onic mass and rotation velocity, with a single normalization.
While this relation specifically applies to our sample of late-
type spiral galaxies, it seems plausible that it might also apply
to early-type spiral galaxies, provided appropriate consideration
is given to the bulge component, which might require a different
U*, and to any other baryonic components that might be sig-nificant (like molecular gas).
The logarithmic slope of the relation is indistinguishable

from 4. While this slope is often attributed to the virial theorem,
it is possible to derive other slopes as well depending on the
assumptions one makes (Mo et al. 1998). Current cold dark
matter models predict a slope of 3 (Mo et al. 1998; Steinmetz
& Navarro 1999), which is excluded at 8 j. Significant tweak-
ing is required to obtain the observed slope. Feedback from
supernovae is often invoked in this context (van den Bosch
2000), but it is not obvious that the modest amount of feedback
required by the Tully-Fisher relation is consistent with the large

6 The -band data of Pierini & Tuffs (1999) shows a steep slope with no′K
break down to . These are cluster galaxies, so this makes sense!1V ≈ 60 km sc

if these objects are less gas rich than the field sample.

amount needed to explain the luminosity function (Lobo &
Guiderdoni 1999). The correct slope and normalization are pre-
dicted by one alternative to cold dark matter (Milgrom 1983).
In this alternative, there is no dark matter—all of the mass is
baryonic.
Whatever mechanism sets the observed relation is intimately

connected to the observed baryonic mass. The interpretation
of the standard luminosity–line width relation has long sup-
posed that the stellar mass-to-light ratios of galaxies are nearly
uniform. Indeed, the error budget allowed by the modest
amount of intrinsic scatter observed in the band is easily′K
consumed by variations in the star formation history (Verheijen
1997). There is little room left for variation in the IMF or for
cosmic scatter in the underlying mass–rotation velocity relation.
We have now addressed another piece of this puzzle. In

addition to the near constancy of , we have explicitly cor-U∗
rected for the stellar fraction . Equation (1) now reduces tof∗

M = f f M . (3)d d b tot

The presumed mass–rotation velocity relation can now show
through in the observations, provided both and are universalf fb d

constants. The baryon fraction of the universe is constant by
definition. But it is less obvious that the fraction of baryons
that resides in the disk should be the same for all spiral galaxies.
Indeed, it is frequently suggested (e.g., Navarro, Eke, & Frenk
1996) that the sort of faint dwarfs studied here are likely to
lose a significant portion of their baryons. This idea is blatantly
at odds with the data since the product would no longer7f fd b

be constant.
It seems to us implausible that could be some arbitraryfd

yet universal fraction. While it is easy to imagine mechanisms
that might prevent some of the baryons from cooling to join
the disk, it is difficult to contemplate any that do so with the
required precision. There is very little room in the budget for
the intrinsic scatter for any scatter in . Let us call the massfd
in the baryons that is not already accounted for in the disk
mass . The disk fraction is thenMother

M "M∗ gasf = . (4)d M "M "M∗ gas other

If this other form of baryonic mass is significant (Mother ∼ M*),then , but there should be a lot of scatter in unlessf ! 1 fd d

some magical mechanism strictly regulates the ratio Mother/
. This unlikely situation occurs naturally only if(M "M )∗ gas

, so . The modest intrinsic scatter inM K M "M f r 1other ∗ gas d

the baryonic Tully-Fisher relation therefore suggests that the
luminous mass in stars and gas represents nearly all the baryons
associated with an individual galaxy and its halo, thus arguing
against a significant mass of dark baryons in these systems.

5. CONCLUSIONS

We have explored the Tully-Fisher relation over five decades
in luminous mass. This is a considerable increase in dynamic
range over previous studies. We find clear evidence for a break
in the optical Tully-Fisher relation around . Gal-!1V ≈ 90 km sc

axies with rotation velocities less than this are underluminous
relative to the extrapolation of the fit to more rapidly spinning

7 One could contemplate a variable provided that it was a very finelyfd
tuned (zero scatter) function of circular velocity. For example, wouldf ∝ Vd c

recover the slope predicted by cold dark matter.
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Constraints on Galaxy Formation

Tully-Fisher establishes a tight correlation between baryonic matter (L) and dark 
matter halo mass (vmax).

In detail, matching the scatter, slope, and zeropoint of the Tully-Fisher relation can test 
our models of structure formation.
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Max-Planck-Institut f ür Astronomie, Heidelberg, Germany

Avishai Dekel
Racah Institute of Physics, Hebrew University, Jerusalem, Israel

and
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ABSTRACT

We use observed rotation velocityYluminosity (VL) and size-luminosity (RL) relations to single out a specific sce-
nario for disk galaxy formation in the !CDM cosmology. Our model involves four independent lognormal random
variables: dark halo concentration c, disk spin kgal, diskmass fractionmgal, and stellar mass-to-light ratio"I . A simul-
taneous match of the VL and RL zero points with adiabatic contraction requires low-c halos, but this model has
V2:2 ! 1:8Vvir (whereV2.2 andVvir are the circular velocity at 2.2 disk scale lengths and the virial radius, respectively),
which will be unable to match the luminosity function (LF). Similarly models without adiabatic contraction but stan-
dard c also predict high values ofV2.2/Vvir. Models in which disk formation induces an expansion rather than the com-
monly assumed contraction of the dark matter halos have V2:2 ! 1:2Vvir, which allows a simultaneous fit of the LF.
This may result from nonspherical, clumpy gas accretion, where dynamical friction transfers energy from the gas to
the dark matter. This model requires low kgal andmgal values, contrary to naive expectations. However, the low kgal is
consistent with the notion that disk galaxies predominantly survive in halos with a quiet merger history, while a low
mgal is also indicated by galaxy-galaxy lensing. The smaller than expected scatter in the RL relation and the lack of
correlation between the residuals of the VL and RL relations, respectively, imply that the scatter in kgal and in c needs to
be smaller than predicted for!CDMhalos, again consistent with the idea that disk galaxies preferentially reside in halos
with a quiet merger history.

Subject headinggs: galaxies: formation — galaxies: fundamental parameters — galaxies: spiral — galaxies: structure

Online material: color figures

1. INTRODUCTION

In the standard, cold dark matter (CDM) based model for disk
galaxy formation, set out by Fall & Efstathiou (1980), galaxy
disks form out of gas that slowly cools out of a hot gaseous halo,
associated with the dark matter potential well, while maintaining
its specific angularmomentum. During this process the darkmat-
ter halo contracts to conserve its adiabatic invariants (Blumenthal
et al. 1986, hereafter B86). Because of the centrifugal barrier, the
gas settles in a rotationally supported disk whose size is propor-
tional to both the size and angular momentum of the dark matter
halo (Mo et al.1998, hereafterMMW98). Consequently, the struc-
ture and dynamics of disk galaxies are expected to be strongly
correlated with the properties of their darkmatter halos. In partic-
ular, the correlations between the observable, structural param-
eters of disk galaxies, rotation velocity,V, size,R, and luminosity,
L, are expected to be a reflection of the virial properties of dark
matter halos, which scale as Vvir / Rvir / M 1=3

vir
. Slight deviations

from these scalings are expected from the fact that more massive
halos are, on average, less concentrated. Any further deviations
must either reflect some aspects of the baryonic physics related to
galaxy formation or signal a failure in the standard picture out-
lined above. In what follows we refer to the relations between the
global disk parameters as the VL, RL, and RV relations.

In the past, the VL relation, also known as the Tully-Fisher re-
lation (Tully & Fisher 1977), has received much attention as a
distance indicator owing to the relatively small observed scatter.
Although numerous studies have addressed the origin of the VL
relation, no consensus has been reached. In particular, it is cur-
rently still under debate whether the origin of the VL relation is
mainly governed by initial cosmological conditions (e.g., Eisenstein
& Loeb 1996; Avila-Reese et al. 1998), or by the detailed pro-
cesses governing star formation (Silk 1997; Heavens & Jimenez
1999) and/or feedback (e.g., Kauffmann et al. 1993; Cole et al.
1994; Elizondo et al. 1999; Natarajan 1999). In the most recent
models (van den Bosch 2000, 2002; Navarro & Steinmetz 2000;
Firmani & Avila-Reese 2000, hereafter FA00) it is typically
understood that both initial conditions and baryonic physics
related to star formation and feedback must play an important
role. Reproducing the VL zero point has also been a long-standing
problem for CDM-based galaxy formation models. In partic-
ular, no model has been able to simultaneously match the lumi-
nosity function (LF) and VL zero point using standard !CDM
parameters (Cole et al. 2000; Benson et al. 2003; Yang et al.
2003). This problem can be traced to the high values of V /Vvir

expected for !CDM halos once the effects of the baryons,
such as adiabatic contraction (B86), are taken into account.
All solutions to this problem require a change to either the
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1. INTRODUCTION

In the standard, cold dark matter (CDM) based model for disk
galaxy formation, set out by Fall & Efstathiou (1980), galaxy
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associated with the dark matter potential well, while maintaining
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gas settles in a rotationally supported disk whose size is propor-
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halos are, on average, less concentrated. Any further deviations
must either reflect some aspects of the baryonic physics related to
galaxy formation or signal a failure in the standard picture out-
lined above. In what follows we refer to the relations between the
global disk parameters as the VL, RL, and RV relations.

In the past, the VL relation, also known as the Tully-Fisher re-
lation (Tully & Fisher 1977), has received much attention as a
distance indicator owing to the relatively small observed scatter.
Although numerous studies have addressed the origin of the VL
relation, no consensus has been reached. In particular, it is cur-
rently still under debate whether the origin of the VL relation is
mainly governed by initial cosmological conditions (e.g., Eisenstein
& Loeb 1996; Avila-Reese et al. 1998), or by the detailed pro-
cesses governing star formation (Silk 1997; Heavens & Jimenez
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Firmani & Avila-Reese 2000, hereafter FA00) it is typically
understood that both initial conditions and baryonic physics
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role. Reproducing the VL zero point has also been a long-standing
problem for CDM-based galaxy formation models. In partic-
ular, no model has been able to simultaneously match the lumi-
nosity function (LF) and VL zero point using standard !CDM
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Observational Constraints

Model is constrained by RL (radius-luminosity) and VL (Tully-Fisher) relations, as well 
as the spiral galaxy luminosity function.

The apparent magnitudes, mI , are corrected for both internal
extinction, Aint , and external (i.e., Galactic) extinction, Aext. A
small k-correction, Ak , is also applied such that

mI ¼ mI ;obs " Aint " Aext " Ak : ð3Þ

Internal extinctions are computed using the line width (W ¼ 2V )
dependent relation from Tully et al. (1998):

Aint ¼ !I Wð Þ log a=bð Þ ¼ 0:92þ 1:63 logW " 2:5ð Þ½ ' log a=bð Þ;
ð4Þ

with a /b the major-to-minor axis ratio. The external (Galactic)
extinction is computed using the dust maps of Schlegel et al.
(1998), while the k-corrections are computed using the line
widthYdependent formalism of Willick et al. (1997).

The absolute magnitudes, MI , are computed using

MI ¼ mI " 5 logDL " 25; DL ¼
VCMB

100h
(1þ z); ð5Þ

with VCMB the systemic velocity of the galaxy in the reference
frame at rest with the cosmic microwave background (Kogut

et al. 1993). The I-band luminosities are computed fromMI using
an absolute magnitude for the Sun of MI ;( ¼ 4:19.

Disk scale lengths are corrected for inclination using

RI ¼
RI ;obs

1þ 0:4 log a=bð Þ ð6Þ

(Giovanelli et al. 1994) and converted into kiloparsecs using the
angular diameter distance DA ¼ VCMB/½100h(1þ z)'.

Finally, central surface brightnesses are corrected for incli-
nation, Galactic extinction, and cosmological dimming ( per unit
frequency interval ) using

"0; I ¼ "0; I ;obs þ 0:5 log a=bð Þ " Aext " 2:5 log 1þ zð Þ3: ð7Þ

The factor of 0.5 in front of the log (a /b) term is empirically
determined by demanding that the residuals of the relation be-
tween central surface brightness and rotation velocity have no
inclination dependence.1 Following Giovanelli et al. (1997, here-
after G97), we assume an uncertainty of 15% in !I , a /b, Aext, and

Fig. 1.—Observed I-band VLR scaling relations using data from Courteau et al. (2006). Biweighted orthogonal least-squares fits are given by the solid black lines,
with 2 # deviations given by the dashed lines. The open black circles with error bars show themean and 2 # scatter of the VL and RL relations binned at 0.3 dex intervals in
LI . The gray scale and point types correspond to extrapolated disk central surface brightness, "0; I , as indicated in the top right panel. [See the electronic edition of the Journal
for a color version of this figure.]

1 For a disk of zero thickness one expects the factor to be between 0, for an
optically thick disk, and 2.5, for an optically thin disk.
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“Real Bulges” -- Elliptical galaxies with disks
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Pseudobulges

• Two types of bulges (central, 
luminous component)

• Exponential profiles

• Rotationally supported

• Ongoing star formation

• bars, ovals, nuclear spirals...

• These bulges built secularly 
(Kormendy & Kennicutt 2004)

36”

Fisher et al. 2009
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How were spiral galaxies formed?

Disks form naturally as gas with angular momentum collapses in halos. 
Getting the angular momentum right to match the observed Tully-Fisher 
relation is not trivial.

Classical bulges are built via merging, as elliptical galaxies above.

Later-type spirals build up their central ‘bulges’ via secular processes such as 
bars.  Star formation is ongoing in these systems.
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~75% of latest-type spirals contain 
nuclear star clusters

Structurally similar to globular 
clusters but with mixed stellar 
populations

Mass of NC correlates with mass of 
galaxy

Bulgeless Galaxies: Nuclear Star Clusters

Boker et al. 2002
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Bulgeless Galaxies: How does nature make them?

Via Lactea
Pure disk galaxies present two 
primary challenges 

1. To reproduce the Tully-Fisher 
relation - dump gas into a halo and 
get the right scaling (slope and 
zeropoint) between vmax and galaxy 
luminosity 

complications include ‘adiabatic 
contraction, inflow/outflow, mass-
dependent stellar populations

2. To keep the galaxy bulgeless in a 
hierarchical Universe

Tuesday, February 7, 2012



Tuesday, February 7, 2012


