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(1) We all make non-empirical judgements, for better or worse.
(2) ⇤CDM is empirically well established. It certainly is incomplete.

(a) But all physics is incomplete. Consider Maxwell’s equations ! QED! ??
(b) But surely there is a better cosmology for z <⇠ 1010 than I guessed at in 1982 and

1984, with an empirically more interesting dark sector.
(3) Seeking detection of DM, evolution of ⇤, and more interesting dark & gravity physics:

(a) No compelling DM detection after decades of searches; no problem for ⇤CDM.
(b) Might completion of MOND or emergent gravity replace ⇤CDM? A very long shot.

(4) Challenges to ⇤CDM may point to a better theory, or only misreadings of the evidence.
My choices of challenges that seem less likely to be misinterpretations:
(a) Scaling laws & stellar halo luminosities challenge the expected growth by merging.
(b) Stellar bulges of galaxy are much fainter than models. Can feedback, as by the

enigmatic central massive black holes, resolve this long-standing problem?
(c) Galaxies edging into the Local Void look similar to those in the Local Plane.

(5) Dreams of a final cosmology:
(a) The empirical case for inflation is promising, but not persuasive.
(b) Hazards of the Anthropic Principle: e.g. ⇤, a superabundance of homes for us.
(c) The nightmare: a final cosmology that is logically complete, fits all observations,

but rotten at the core, which we’d never know if the core could not be probed.
(6) Dreams of empirical surprises to come:

(a) Maybe it’s successive incomplete approximations all the way down.
(b) But final or incomplete, our universe is immense, surely full of empirical surprises.



Landau and Lifshitz, 
the 1951 translation 
of the 1948 Russian 
Theory of Field
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⇤CDM is is convincingly established
as a good approximation to “reality”
by passing far more empirical tests
than guided its formulation.

⇤CDM is incomplete, as is all the
rest of our physics.



AQUARIUS pure 
DM halos of L~L* 
galaxies in ΛCDM 
(Springel et al.  
2008). Lengths are 
physical.

Images by Jie 
Wang, Durham, in 
colaboration with 
Adi Nusser, 
Technion.

The grey scale 
shows particles 
that are at 
r200 > r > 7 kpc 
at z = 0.

Overplotted in 
black are particles 
at 3 < r < 7 kpc 
at z = 0.

Overplotted in 
yellow are 
particles at 
r < 3 kpc at z = 0.
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by merging, placing early generations of stars in stellar halos. 
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masses and sizes. However, the figure shows that, in any given
redshift bin, trends with environment are weak: in all cases in
which there is a small difference, the objects in the low-density
environments tend to be slightly less luminous, to have smaller
velocity dispersions, masses, and sizes, and to be slightly bluer,
although these differences are usually less than 20% of the rms
variation across the entire sample (i.e., two tick marks), except
in the highest redshift bin.

To remove the effects of correlations with luminosity or ve-
locity dispersion, we have further divided each redshift bin into
narrow bins in luminosity. Figure 5 shows that the small envi-
ronmental trends evident in Figure 4 are seen consistently in all
the panels. The top two panels of Figure 5 show the values of
the structural parameters of galaxies that are slightly more lu-
minous than L!: in the lowest redshift bin (top left), the lumi-
nosities, velocity dispersions, masses, sizes, and profile shapes
(fracDev) of the high- and low-density environment samples
are virtually identical, whereas a small but significant difference
is detected in the color. Except for the color, the panel on the
top right shows similar trends, but recall that this redshift bin
contains a supercluster, and this may bias our results.

The bottom two panels show results in the two higher redshift
bins, for which the bin in luminosity is necessarily brighter. In
these panels the sample in low-density regions is significantly
bluer, even though the median luminosity and velocity disper-
sion are the same as that in the higher density sample (this is not
quite true for the bottom right panel, in which ! seems to scat-
ter to smaller values in lower density regions). This illustrates
clearly that the environment plays a role in determining galaxy
colors. A Kolmogorov-Smirnov (K-S) test confirms what is
obvious to the eye: the only cases in which the distributions of
the parameters in low- and high-density regions are signifi-
cantly different ( pKS < 0:05) are for the g " r color in the top
left and bottom two panels.
The trends in Figure 5 are reported in Table 6. Comparison of

the two values of fracDev in each panel of this figure and
Figure 4 (also see Table 6) show that the mean fracDev is the
same in both dense and less dense regions. (We do not expect
fracDev to distinguish between S0 and elliptical galaxies; for
our purposes, S0 and elliptical galaxies are both early types.)
Since fracDev is an indicator of morphology, this shows that
any trends with environment are probably not driven by a corre-
lation between morphology and density (e.g., Dressler 1980).
If some of the trends we see are indeed associated with the
morphology-density relation, then the differences we detect in
the properties of galaxies in high- and low-density regions are
overestimates of the true differences. This places even tighter
limits on the possible role played by the environment.

4.2. O ii , Balmer Lines, D4000, and " -Elements

This subsection studies the correlation between emission-
line strengths (O ii), absorption lines that are not part of the
original Lick system (Worthey et al. 1994; Trager et al. 1998),
i.e., the Balmer line indices H# and H$ (Worthey & Ottaviani

TABLE 5

Dependence of Mean and rms Residuals from the Fundamental
Plane on Environment

Band

h!%ihigh
(mag)

h!%ilow
(mag)

rms(!%)high
(mag)

rms(!%)low
(mag)

g.............. 0:075 # 0:006 " 0:006 # 0:005 0.345 0.355

r .............. 0:055 # 0:006 " 0:020 # 0:005 0.328 0.335

i .............. 0:034 # 0:006 " 0:035 # 0:004 0.324 0.322

Note.—Computed using the coefficients of the orthogonal fit, in different
bands.

Fig. 3.—Left: Fundamental Plane in the r band. The solid line shows the fit from Bernardi et al. (2003c). The dashed and dotted lines represent the subset of
galaxies that populate dense and less dense regions, respectively. The inset shows the distribution of residuals in surface brightness: galaxies in dense regions tend to
be $ 0.08 mag fainter than those in the least dense regions. Right: Distribution of residuals in surface brightness with respect to the Fundamental Plane in the g and
i bands. The offset between low-density and high-density samples is similar to that in the r band. Note that the width of the distribution of residuals is approximately
independent of environment.

BERNARDI ET AL.1294 Vol. 131

Mariangela Bernardi 2006

early-type galaxies
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(bowdlerized)

The local number density contrast is the average within a cylinder of
radius 1h−1 Mpc and half-length 8h−1 Mpc in redshift space.

The SDSS magnitudes and colors are measured at ∼ 80% of the nom-
inal Petrosian magnitude, that is, well outside the half-light radius.
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ABSTRACT
We construct Tully–Fisher relationships (TFRs) in the u, g, r, i and z bands and stellar mass
TFRs for a sample of 25 698 late spiral-type galaxies (with 0.045 < z < 0.085) from the Sloan
Digital Sky Survey (SDSS) and study the effects of environment on the relation. We use SDSS-
measured Balmer emission line widths, vFWHM, as a proxy for disc circular velocity, vcirc. A
priori, it is not clear whether we can construct accurate TFRs given the small 3 arcsec diameter
of the fibres used for SDSS spectroscopic measurements. However, we show by modelling the
Hα emission profile as observed through a 3 arcsec aperture that for galaxies at appropriate
redshifts (z > 0.045) the fibres sample enough of the disc to obtain a linear relationship between
vFWHM and vcirc, allowing us to obtain a TFR and to investigate dependence on other variables.
We also develop a methodology for distinguishing between astrophysical and sample bias in
the fibre TFR trends. We observe the well-known steepening of the TFR in redder bands in our
sample. We divide the sample of galaxies into four equal groups using projected neighbour
density (#) quartiles and find no significant dependence on environment, extending previous
work to a wider range of environments and a much larger sample. Having demonstrated that
we can construct SDSS-based TFRs is very useful for future TFR studies because of the large
sample size available in the SDSS.

Key words: galaxies: kinematics and dynamics – galaxies: structure.

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

The Tully–Fisher relationship (TFR) is an observed correlation be-
tween the luminosity and disc circular velocity, vcirc, of disc-type
galaxies (Tully & Fisher 1977). This fundamental empirical rela-
tionship reflects important physics in galaxy formation (e.g. Mo,
Mao & White 1998) and serves as a distance indicator to galaxies
(e.g. Tully & Fisher 1977; Tully & Pierce 2000; Freedman et al.
2001). The luminosity of a galaxy is proportional to the stellar
mass, while the rotation curve (RC) circular velocity is determined
primarily by the dark matter halo (which is significantly more mas-
sive), so the TFR is essentially a relation between the dark matter
component and the luminous baryonic component of a galaxy.

The TFR was discovered by Tully & Fisher (1977), who mea-
sured luminosity versus 21-cm neutral hydrogen emission line width
with the 91-m National Radio Astronomy Observatory for a sample
of 10 spiral galaxies. Using 21-cm data is advantageous because
of the ability of a radio telescope to sample the neutral hydro-

⋆E-mail: pmocz@fas.harvard.edu (PM); agreen@astro.swin.edu.au (AG);
maximus.malacari@adelaide.edu.au (MM); karl@astro.swin.edu.au (KG)

gen to very large galactic radii, obtaining data up to the plateau
of the RC. Since its discovery, the TFR has been investigated us-
ing other measures of disc circular velocity as well, such as opti-
cal Hα emission with long-slit spectroscopy (e.g. Courteau 1997;
Kannappan, Fabricant & Franx 2002; Pizagno et al. 2007). TFRs
have also been reconstructed from optical one-dimensional spectra
(integrated line-of-sight velocity widths) for galaxies up to z ∼ 1
(Weiner et al. 2006a,b).

There have been many studies of the TFR, each with its own se-
lection criteria, but generally falling in two broad camps. The first
camp is those interested in the physical processes which give rise to
the TFR, e.g. Pizagno et al. (2007), Kannappan et al. (2002), Bell
& de Jong (2001), Puech et al. (2010), Courteau (1997) and many
others. The introduction to Courteau (1997) gives an excellent re-
view. These surveys tend to have broader selections, for example
Courteau (1997) selects bright (mB < 15.5), large (diameter ≥ 4 ′),
inclined (55◦ < i < 75◦) galaxies from the Uppsala Catalog of
Galaxies (UGC), eliminating only galaxies with large dust extinc-
tion or peculiar/interacting morphologies (Courteau et al. 1993).
Scatter in the TFR remains a large uncertainty in its use as a dis-
tance indicator, so physical explanations of this scatter such as that
of Kannappan et al. (2002) are a key area of research. The second

C⃝ 2012 The Authors
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Late-type SDSS galaxies selected by color.
See the familiar insensitivity to ambient conditions.  
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ΛCDM predicts galaxies grew by merging, yet scaling 
says galaxies evolved pretty much as island universes.*
________

* I mean evolution, not whatever caused the morphology-density relation.
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ABSTRACT

We study the stellar populations of 1923 elliptical galaxies at z < 0.05 selected from the Sloan Digital Sky Survey
as a function of velocity dispersion, σ , and environment. Our sample constitutes among the largest high-fidelity
samples of elliptical galaxies with uniform imaging and optical spectroscopy assembled to date. Confirming previ-
ous studies, we find that elliptical galaxies dominate at high luminosities (!L∗), and that the highest-σ ellipticals
favor high-density environments. We construct average, high signal-to-noise spectra in bins of σ and environment
and find the following: (1) lower-σ galaxies have a bluer optical continuum and stronger (but still weak) emission
lines; (2) at fixed σ , field ellipticals have a slightly bluer stellar continuum, especially at wavelengths "4000 Å, and
have stronger (but still weak) emission lines compared with their group counterparts, although this environmental
dependence is strongest for low-σ ellipticals and the highest-σ ellipticals are much less affected. Based on Lick
indices measured from both the individual and average spectra, we find that (1) at a given σ , elliptical galaxies in
groups have systematically weaker Balmer absorption than their field counterparts, although this environmental de-
pendence is most pronounced at low σ ; (2) there is no clear environmental dependence of ⟨Fe⟩, while the α-element
absorption indices such as Mg b are only slightly stronger in galaxies belonging to rich groups. An analysis based
on simple stellar populations (SSPs) reveals that more massive elliptical galaxies are older, more metal-rich, and
more strongly α-enhanced. We also find that (1) the SSP-equivalent ages of galaxies in rich groups are, on average,
∼ 1 Gyr older than in the field, although once again this effect is strongest at low σ ; (2) galaxies in rich groups
have slightly lower [Fe/H] and are marginally more strongly α-enhanced; and (3) there is no significant environ-
mental dependence of total metallicity, [Z/H]. Our results are generally consistent with stronger low-level recent
star formation in field ellipticals at low σ , similar to recent results based on ultraviolet and infrared observations.
We conclude with a brief discussion of our results in the context of recent theoretical models of elliptical galaxy
formation.

Key words: galaxies: elliptical and lenticular, cD – galaxies: evolution – galaxies: formation – galaxies:
fundamental parameters – galaxies: stellar content

Online-only material: color figures

1. INTRODUCTION

The formation and evolution of elliptical galaxies remains one
of the most challenging open problems in the general theory of
galaxy formation and evolution. In the current standard ΛCDM
cosmological model (Komatsu et al. 2010), structure grows hier-
archically (White & Rees 1978) and merging is an unavoidable
process in galaxy formation. It has long been proposed that
spiral galaxies may eventually merge and form elliptical galax-
ies (Toomre 1977). Recent improvements in both observations
and numerical simulations have yielded remarkable support for
the merging picture. Deep photometry (Ferrarese et al. 1994,
2006; Kormendy et al. 1994, 2009; Lauer et al. 1995, 2005,
2007; Kormendy 1999; Côté et al. 2007) with the Hubble Space
Telescope (HST) and integral-field spectroscopy (Bacon et al.
2001; Emsellem et al. 2007; Cappellari et al. 2007) have shown
that lower-mass elliptical galaxies with M < M∗ in general have
cuspy (extra-light) surface brightness profiles in their centers
and are kinematically supported by relatively fast rotation, while
more massive elliptical galaxies with M > M∗ have “core-
like” central surface brightness profiles (i.e., missing light),
and are usually slow rotators. Recent numerical studies (Mihos
& Hernquist 1994; Cox et al. 2006; Naab & Ostriker 2009;
Hopkins et al. 2009a) have shown that gas-rich mergers between
disk galaxies (wet mergers) can produce a cuspy central surface

brightness profile and the fast rotational kinematic signature of
low-mass elliptical galaxies, while subsequent gas-poor merg-
ers between less massive elliptical galaxies (dry mergers) then
will form more massive elliptical galaxies (Naab et al. 2006;
Hopkins et al. 2009b).

The mass and luminosity functions of massive red galaxies
from deep high-redshift surveys at z ∼ 1 also suggest that dry
mergers could have played an important role in elliptical galaxy
formation since redshift one (Bell et al. 2004b; Faber et al. 2007).
However, whether or not dry mergers are important remains
controversial. Other studies show that massive red galaxies may
have not undergone many dry mergers since redshift unity
(Cimatti et al. 2006; Brown et al. 2007; Cool et al. 2008).
Merger rate studies also draw various conclusions about the
significance of dry mergers (Bell et al. 2004a, 2006a, 2006b;
Masjedi et al. 2006, 2008; Robaina et al. 2010). Meanwhile,
studies of early-type galaxies3 at very high redshift show that
a significant fraction of massive evolved spheroidal stellar
systems are already in place at very high redshift (z ! 2). Most
of them appear to be very compact (Daddi et al. 2005; Longhetti
et al. 2007; Toft et al. 2007; Trujillo et al. 2007; van Dokkum
et al. 2008; Cimatti et al. 2008; Saracco et al. 2009) and it is

3 In this paper, we refer to elliptical and lenticular galaxies (E/S0) as
early-type galaxies, but we only include elliptical galaxies (E) in our sample.
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Composite image, HST and ground-based

M 101

John Kormendy HST image

galaxy classical bulges 
are far less luminous 
than models: might 
feedback succeed?
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