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Our paper contributed to the evidence scattered about in the literature that 
we did not understand masses on the scales of galaxies and larger. 

But I recall little interest in what it all might mean: It was a dirty little 
secret.

I propose to discuss now what I see as a dirty little secret in galaxy 
formation theory. 
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ABSTRACT

We study the stellar populations of 1923 elliptical galaxies at � � 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 (!� ∗), 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 � 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
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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 � � � ∗ 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 � � � ∗ 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 � ∼ 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 (� ! 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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ABSTRACT

We examine stellar population gradients in ∼100 massive early-type galaxies spanning180 * 370s< < km s−1 and
MK of −22.5 to −26.5 mag, observed as part of the MASSIVE survey. Using integral-field spectroscopy from the
Mitchell Spectrograph on the 2.7 m telescope at McDonald Observatory, we create stacked spectra as a function of
radius for galaxies binned by their stellar velocity dispersion, stellar mass, and group richness. With excellent
sampling at the highest stellar mass, we examine radial trends in stellar population properties extending to beyond
twice the effective radius ( R2.5 e~ ). Specifically, we examine trends in age, metallicity, and abundance ratios of
Mg, C, N, and Ca, and discuss the implications for star formation histories and elemental yields. At a fixed physical
radius of 3–6 kpc (the likely size of the galaxy cores formed at high redshift), stellar age and [α/Fe] increase with
increasing *s and depend only weakly on stellar mass, as we might expect if denser galaxies form their central
cores earlier and faster. If we instead focus on R1–1.5 e, the trends in abundance and abundance ratio are washed
out, as might be expected if the stars at large radius were accreted by smaller galaxies. Finally, we show that when
controlling for *s , there are only very subtle differences in stellar population properties or gradients as a function of
group richness; even at large radius, internal properties matter more than environment in determining star
formation history.

Key words: galaxies: elliptical and lenticular, cD – galaxies: evolution – galaxies: kinematics and dynamics –
galaxies: stellar content

1. INTRODUCTION

The assembly history of elliptical galaxies remains a major
unsolved problem for galaxy evolution. Recent observations
point to dramatic size evolution of the most massive galaxies
from z ≈ 2 to the present (e.g., van Dokkum et al. 2008; van
der Wel et al. 2008; Patel et al. 2013; van der Wel et al. 2014).
The extent to which these trends require late-stage minor
mergers (e.g., Oser et al. 2012) or can be explained by the
addition of larger, younger galaxies at later times (Valentinuzzi
et al. 2010; Newman et al. 2012; Barro et al. 2013) remains a
topic of ongoing debate. Information lurking in the faint outer
parts of present-day massive ellipticals can complement high-
redshift measurements. Radial gradients in stellar populations
distinguish when and how the stars at large radius were formed
(e.g., White 1980; Kobayashi 2004; Greene et al. 2013;
Hirschmann et al. 2015), while the kinematics of the stars (e.g.,
V *s , the level of radial anisotropy, etc.) contain clues about
how these stars entered the halo (e.g., Arnold et al. 2014; Naab
et al. 2014; Raskutti et al. 2014; Röttgers et al. 2014; Wu
et al. 2014).

Here we focus on the average radial trends in stellar
populations of early-type galaxies using our ambitious survey
of the hundred most MASSIVE galaxies within 100Mpc (Ma
et al. 2014). Observations of the stellar populations in elliptical
galaxy outskirts are challenging, since their surface bright-
nesses drop steeply with radius. Despite more than thirty years
of effort, most observations of stellar population gradients do

not extend much beyond the half-light radius (Spinrad &
Taylor 1971; Faber et al. 1977; Gorgas et al. 1990; Fisher
et al. 1995; Kobayashi & Arimoto 1999; Ogando et al. 2005;
Brough et al. 2007; Baes et al. 2007; Annibali et al. 2007;
Sánchez-Blázquez et al. 2007; Rawle et al. 2008; Kuntschner
et al. 2010; McDermid et al. 2015; Oliva-Altamirano
et al. 2015). Resolved stellar population studies have
uncovered a low-metallicity halo component at very large
radius, but only in a handful of nearby galaxies (e.g., Kalirai
et al. 2006; Harris et al. 1999; Rejkuba et al. 2005; Harris
et al. 2007; Crnojević et al. 2013; Pastorello et al. 2014;
Peacock et al. 2015; Williams et al. 2015). There are also a few
long-slit observations that extend to large radius (Carollo
et al. 1993; Carollo & Danziger 1994; Mehlert et al. 2003;
Kelson et al. 2006; Spolaor et al. 2010; Pu et al. 2010; Pu &
Han 2011). Even integral-field spectrographs, now widely used
for the study of spatially resolved galaxy properties (Emsellem
et al. 2004; Cappellari et al. 2006, 2012; Sarzi et al. 2006),
include few observations that extend beyond the half-light
radius in integrated light (Weijmans et al. 2009; Murphy
et al. 2011).
The ∼100 galaxies analyzed here represent a significant

improvement over previous work. Using coadded spectra as a
function of radius, we will investigate whether radial gradients
depend not only on stellar velocity dispersion, but also on other
intrinsic galaxy properties such as stellar mass and environ-
mental density. We find a hint that at fixed *s , galaxies residing
in higher densities are older and more α-element enhanced, but
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matter more than environment in determining star formation history.”



Despite the morphology-density relation, the 
considerable merging expected in ΛCDM, 
and the evidence of growth of ellipticals by 
merging at z < 3, to a good approximation 

ellipticals evolved as island universes.
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A S T R O P H Y S I C S

How galaxies got their 
black holes
The massive compact objects in the centres of galaxies developed in at least two 
ways. One seems to be a natural result of galaxy formation in the Big Bang theory 
of the expanding Universe ó  the other is enigmatic. SEE LETTERS P.374 & P.377

P.  J A M E S  E .  P E E B L E S

A large galaxy usually has a central, com-
pact massive object, termed a relativis-
tic black hole for want of a better idea 

of what it is, that can produce great bursts of 
energy. When the black hole is surrounded by 
a cloud of old stars — the ‘bulge’ of the host 
galaxy — its mass is a few per cent of the mass 
of the bulge. This relationship, observed for 
black-hole masses ranging from about 1 mil-
lion to 1,000 million solar masses, suggests that 
black holes and bulges evolved together. Other 
large, spiral-shaped galaxies have black holes 
of respectable mass (1 million to 100 million 
solar masses) and no perceptible bulge. In two 
papers in this issue, Kormendy et al.1,2 explore 
clues to how these bulgeless, or pure-disk,  
spirals and their black holes formed.

Most of the mass in galaxies does not exist 
in the form of stars but in a halo of dark mat-
ter (matter different from the hydrogen and 
heavier elements of which we and the stars are 
made). There is a substantial literature on the 
elegant idea that dark matter controls the size 
of the central black hole, but Kormendy and 
Bender2 (page 377) show that this cannot be 
so. The nearby bulgeless spiral galaxy M101 
(Fig. 1) illustrates the situation: if M101 has a 
central black hole, its mass must be tiny relative 
to that of the black holes of other spirals with 
similar dark-matter haloes.

Bulges and their black holes seem to be a 
natural consequence of structure formation 
in the hot Big Bang theory of the expanding 
Universe. According to this theory, galax-
ies grew by gravitational assembly of matter 
into clumps that gathered into larger clumps, 
and so on to galaxies. In galaxies with bulges, 
including ellipticals, which have bulges and no 
disks, the mass of the central black hole cor-
relates not only with the mass of the bulge, but 
also, as Kormendy, Bender and Cornell1 note 
(page 374), with the average spread of veloci-
ties of the bulge stars (see Fig. 2a on page 375). 
The plausible explanation is that part of the gas 
out of which bulge stars formed settled instead 
near to the black hole, in part increasing its 
mass and in part fuelling explosions that blew 
the gas away and suppressed bulge-star forma-
tion. That is, the growth of bulge and black hole 
may have controlled each other. The timing 

looks right. Bulge stars are old: they formed 
when the expanding Universe was roughly a 
third of its present size (redshift about 2). This 
is when the rate of star formation per unit  
of matter was near its maximum (more than 
10 times the present rate3). It is also when  
quasars — explosions powered by the central 
black holes — were most abundant (100 times 
more common than now4), probably an explo-
sive result of overfeeding of the black holes as 
the early generations of stars were forming.

In addition to the evidence that black holes 
and bulges co-evolve, there are indications of 
the possibly related evolution of other com-
ponents of galaxies. The mass distribution in 
a spiral galaxy varies smoothly from its outer, 

dark-matter-dominated parts to its inner 
parts, where the mass in stars is important. 
That is, the dark matter seems to have had a 
strong influence on the formation of the spiral  
galaxy’s disk of gas, stars and dust — but not on 
the formation of the central black hole.

Another plausible example of co-evolution is 
the growth of a black hole and a pseudo bulge, 
a concentration of starlight near the centre 
of the galaxy, but in the disk, not extending 
above it as do stars in a bulge. Pseudobulges 
may be the accumulation of disk material 
that migrated towards the galactic centre, 
some of it tumbling all the way in to feed the 
black hole’s growth. Here, however, we lack a 
signature. Kormendy et al.1 find that, unlike 
the case for galaxies with bulges, for pure-disk 
galaxies with pseudo bulges, such as M101,  
the properties of the disk, pseudobulge and 
black hole are not closely related. A challenge 
for the advancing power of theoretical meth-
ods5,6 is to understand this inward migration 
of matter, and why it preferentially fed the 
pseudo bulge in some galaxies and the black 
hole in others.

There are roughly equal numbers of nearby 
large galaxies with and without bulges7. For 
example, the galaxy next to ours, M31, has a 
prominent bulge and a black-hole mass close 
to 100 million solar masses, whereas our 

Figure 1 | The pure-disk galaxy M101. The spiral arms in this nearby galaxy are in a rotating disk of 
stars and gas seen nearly face-on. The dark streaks are lanes of dust that absorb starlight. The inset is an 
enlarged view of the central region, and shows dust lanes extending to the tiny central star cluster. Because 
dust settles near to the disk, the absorption of starlight shows that most of the stars are close to the disk too. 
That is, this galaxy does not have the bulge of old stars extending above the disk that is a prominent feature 
of some galaxies. If there is a black hole in the centre of M101, it is tiny compared with black holes in other 
galaxies of similar mass. This exemplifies Kormendy and colleagues’ argument1,2 that the dark-matter halo 
of a galaxy has little influence on the formation of its central black hole. The authors also point out that 
pure-disk galaxies are not uncommon, and that they managed to grow black holes without possessing the 
bulge that is thought to funnel the mass that grows the black hole of a galaxy that has a bulge.
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ABSTRACT

We investigate the formation and evolution of the pseudobulge in “Eris,” a high-resolution N-body + smoothed
particle hydrodynamic cosmological simulation that successfully reproduces a Milky-Way-like massive late-type
spiral in an cold dark matter universe. At the present epoch, Eris has a virial mass Mvir ≃ 8×1011 M⊙, a photometric
stellar mass M∗ = 3.2 × 1010 M⊙, a bulge-to-total ratio B/T = 0.26, and a weak nuclear bar. We find that the
bulk of the pseudobulge forms quickly at high redshift via a combination of non-axisymmetric disk instabilities
and tidal interactions or mergers, both occurring on dynamical timescales, not through slow secular processes at
lower redshift. Its subsequent evolution is not strictly secular either, and is closely intertwined with the evolution
of the stellar bar. In fact, the structure that we recognize as a pseudobulge today evolved from a stellar bar that
formed at high redshift due to tidal interactions with satellites, was destroyed by minor mergers at z ∼ 3, re-formed
shortly after, and weakened again following a steady gas inflow at z ! 1. The gradual dissolution of the bar ensued
at z ∼ 1 and continues until the present without increasing the stellar velocity dispersion in the inner regions. In
this scenario, the pseudobulge is not a separate component from the inner disk in terms of formation path; rather,
it is the first step in the inside-out formation of the baryonic disk, in agreement with the fact that pseudobulges of
massive spiral galaxies typically have a dominant old stellar population. If our simulations do indeed reproduce the
formation mechanisms of massive spirals, then the progenitors of late-type galaxies should have strong bars and
small photometric pseudobulges at high redshift.

Key words: galaxies: bulges – galaxies: evolution – methods: numerical
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1. INTRODUCTION

The formation of realistic galaxies in cosmological simula-
tions has been a challenge over the past decade. The massive spi-
ral galaxies formed in these simulations have traditionally been
too centrally concentrated, with small disks and large bulges,
a problem associated with the catastrophic loss of angular
momentum (Navarro & Steinmetz 2000; Scannapieco et al.
2012). Recently, owing to the increase in numerical resolution
and the improvement of sub-grid recipes for star formation and
feedback, several groups have reported successful simulations
in cold dark matter of disk systems over a range of masses,
from field dwarfs (Governato et al. 2010) to massive spirals
(Piontek & Steinmetz 2011; Guedes et al. 2011; Brook et al.
2012; Okamoto 2012), to ellipticals (Johansson et al. 2012).
The increasingly better resolution of these types of simulations
is now allowing us to study the detailed mechanisms involved
in the formation of galaxies and their different components. In
the following, we focus on the formation of the bright, central
component of disk galaxies.

Possible scenarios for the formation of galactic bulges include
early build up via mergers at high redshift, secular evolution
due to the presence of a bar slowly bringing gas to the center
and turning into a spheroid via the buckling instability or
resonant thickening (e.g., Raha et al. 1991; Debattista et al. 2004,
2005), and fragmentation via gravitational instability producing
giant gas clumps that spiral-in toward the center via dynamical
friction (e.g., Noguchi 1998; Immeli et al. 2003; Bournaud
et al. 2007). These distinct mechanisms lead to the formation
of galactic bulges of different characteristics. “Classical bulges”
are thought to form via mergers (Naab & Trujillo 2006; Hopkins
et al. 2010), which can rapidly produce spheroids by violently
destroying disks, and are characterized by a steep increase in

density toward the galaxy center. These bulges are best fit by
high Sérsic index (n > 2) profiles, resembling the surface
brightness distribution of elliptical galaxies. “Pseudobulges”
are observed instead to have disk-like density profiles (Carollo
et al. 1997, 1998; Carollo & Stiavelli 1998) and kinematics
(Kormendy 1993), low Sérsic index (n < 2) profiles, and are
thought to originate from disk material via secular evolution
(see a review by Kormendy & Kennicutt 2004) induced by a
spiral structure or bars (Combes & Sanders 1981; Pfenniger &
Norman 1990; Combes & Elmegreen 1993; Debattista et al.
2004; Athanassoula 2005). While in general pseudobulges have
younger stellar populations than classical bulges, massive late-
type spirals tend to have old pseudobulges (Carollo et al. 2007).

Traditionally, detailed studies of secular evolution have been
confined to idealized isolated galaxy models, which by con-
struction neglect the effect of cosmological accretion of matter,
external perturbations by infalling satellites, and the fact that the
disk itself can grow and be destroyed several times as a result
of mergers (e.g., Robertson et al. 2006; Governato et al. 2009).
Notable exceptions are the work of Curir et al. (2006, 2007),
who studied bar instabilities in cosmological simulations at rel-
atively low-mass resolution (a factor of 17 lower than Eris),
and that of Okamoto (2012) who does not focus however on
the interplay between the stellar bar and the formation of the
pseudobulge, as we do here. Studies of isolated galaxy models
have shown that the proper modeling of shocks that lead to the
accumulation of gas and the subsequent formation of stars at
Lindblad resonances is necessary for the formation of realistic
spiral structure, and that the amount of gas inflow is strongly
dependent on the gravitational torques exerted by stellar bars.
Therefore, resolving the bar is crucial to studying the formation
of the bulge. High gas concentrations can lead to the destruction
of the bar (Friedli & Benz 1993) due to the increase of chaotic
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Figure 2. Left panel: the optical/UV stellar properties of Eris at z = 0. The
images, created with the radiative transfer code Sunrise (Jonsson 2006), show
an i, V, and FUV stellar composite of the simulated galaxy seen face-on and
edge-on. A Kroupa IMF was assumed. Right panel: projected face-on and edge-
on surface density maps of Eris’s neutral gas at z = 0. The color bar shows the
neutral gas fraction.
(A color version of this figure is available in the online journal.)

Eris’ bulge-to-disk ratio (as determined by a two-component
fit to the i-band surface brightness profile), B/D = 0.35, is
also typical of Sb spirals, which are characterized by a median
(±68/2%) value log B/D = −0.53+0.27

−0.30, and of many Sbc
galaxies, which have log B/D = −0.86+0.34

−0.40 (Graham & Worley
2008). A three-component decomposition (disk + bar + bulge)
will lower the B/D ratio further. The bulge Sérsic index,
ns = 1.4, is indicative of a “pseudobulge” rather than a
classical one: according to Weinzirl et al. (2009), ∼3/4 of
all bright spirals have low ns ! 2 bulges. Eris’ large final
disk (disk-to-total ratio D/T = 0.74) is not typically found in
lower-resolution simulations of Milky Way sized galaxies that
impose no restrictions on merger history: e.g., only one of the
eight galaxies simulated by Scannapieco et al. (2010) has a
photometric D/T as large as 0.68 (and six have D/T < 0.5),
and only one out of the six galaxies above Mvir = 1011 M⊙
simulated by Brooks et al. (2011) has a disk-to-total ratio
comparable to Eris’ (“h239,” which is offset, however, from
the stellar-mass–halo-mass relation).

3.3. Stellar Content

Eris’ total mass in baryons is Mb = 9.5 × 1010 M⊙,
corresponding to a mass fraction fb = 0.12 that is 30% lower
than the universal value (for the adopted cosmology) of 0.175.
Stars (and their remnants) comprise 41% of all baryons within
Rvir: the total stellar mass, M∗ = 3.9 × 1010 M⊙, is comparable
to the value estimated for the Milky Way, (4.9–5.5) × 1010 M⊙,
by Flynn et al. (2006).

To make a bias-free comparison with the stellar-mass–halo-
mass relation derived from the abundance matching technique
by Behroozi et al. (2010) we adopt the following procedure.
We fit the SDSS u, g, r, i, z broadband colors from the mock
Sunrise images with the flexible stellar population synthesis
code of Conroy et al. (2009): the fit assumes a Kroupa IMF
and provides a photometric stellar mass estimate of M∗ =
3.2 × 1010 M⊙ (C. Conroy 2011, private communication), 18%

Figure 3. One-dimensional i-band radial surface brightness profile of Eris at
z = 0. This is well fitted by a Sérsic bulge with index ns = 1.4, an exponential
disk with scale length Rd = 2.5 kpc, and a bulge-to-disk ratio B/D = 0.35. The
dust reddened, face-on two-dimensional light distribution created by Sunrise
was analyzed with Galfit (Peng et al. 2002) following a procedure similar to
that detailed in Weinzirl et al. (2009). The “downbending” in the brightness
exponential profile at about five disk scale length and the surface brightness
where the break occurs, 23.5 i-mag arcsec−2, are characteristic of late-type
spiral galaxies (Pohlen & Trujillo 2006).
(A color version of this figure is available in the online journal.)

lower than the value directly measured in the simulation. The
photometric stellar mass of Eris can now be weighted self-
consistently against the Behroozi et al. (2010) average stellar-
mass–halo-mass relation (which uses a Chabrier 2003 IMF), free
of IMF systematics, after offsetting all Behroozi et al. (2010)
stellar masses by 0.06 dex (to correct from Chabrier to Kroupa
IMF). The comparison, depicted in the right panel of Figure 4,
demonstrates that Eris’ implied “baryon conversion efficiency,”
η ≡ (M∗/Mvir) × (ΩM/Ωb) = 23%, is in excellent agreement
with that predicted by the abundance matching technique.
This contrasts with the recent analysis of many hydrodynamic
simulations of galaxy formation by Guo et al. (2010), who show
that the great majority of them lock too many baryons into
stars to be viable models for the bulk of the observed galaxy
population. Note that the intrinsic scatter in the stellar mass at
a given halo mass is estimated to be 0.17 dex, independent of
halo mass (Yang et al. 2009).

With a circular velocity at the radius, R80 = 6.8 kpc,
containing 80% of the i-band flux of V80 = 210 km s−1, our
Galaxy lies close to the Tully–Fisher relation of the Pizagno
et al. (2007) galaxy sample (see the left panel of Figure 4).
As discussed in Pizagno et al. (2007), the Tully–Fisher relation
uses V80 as the primary velocity measure rather than V2.2, the
circular velocity at 2.2 disk scale lengths, since the former is
less sensitive to the degeneracies of bulge–disk decomposition.
The ratio V2.2/V200 = 214 km s−1/129 km s−1 = 1.66 in Eris,
where V200 is the circular velocity at the radius enclosing a
mean overdensity of 200 ρcrit (R200 = 177 kpc), is equal to the
value suggested by the dynamical model for the Milky Way
of Klypin et al. (2002). It is also consistent with the recent
measurements of the virial mass of the Milky Way by Smith et al.
(2007) and Xue et al. (2008), implying V2.2/V200 = 1.48+0.25

−0.26
and V2.2/V200 = 1.67+0.31

−0.24, respectively.4 Note that while

4 The V2.2/V200 ratios from Smith et al. (2007) and Xue et al. (2008) were
computed by Dutton et al. (2010) from these data sets after converting different
virial mass definitions and for an assumed Milky Way’s V2.2 = 220 km s−1.
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Stars in this model ended up close 
to where they formed. No surprise. 
But how was star formation in real 
spirals so frequently confined to a 
single one of the merging subhalos?



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.



Pure disk galaxies, which seem to be common, had to have 
grown by a gentle rain of baryons, gaseous or plasma, on the 
growing disk. They can’t have grown by accretion of matter 
that contained  many stars, for the stars would end up in a 
stellar bulge or halo. 

And that means the common pure disk spirals are not likely 
to have acquired multiple massive black holes by merging. I 
guess the issue of multiple massive black holes is confined 
to ellipticals.

But how was star formation in real spirals so frequently 
confined to a single one of the merging subhalos one 
sees in the Aquarius simulation?



A striking juxtaposition

(1) A common elliptical grew by collecting baryonic matter that was

(a) quite dry, at lower redshifts,

(b) in a manner that was insensitive to conditions outside the

basin of collection.

(2) A common L ⇠ L⇤ pure disk galaxy grew by collecting baryonic

matter that was

(a) quite wet,

(b) in a manner that was insensitive to conditions outside the

basin of collection, else why the tight Tully-Fisher relation?

Is this

(1) only an accident of the complexity of galaxy formation?

(2) or déjà vu all over again?
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Maybe bistability plus attractor behaviour?



I see a parallel between thinking about dark matter in the 1970s and 
thinking now about how the galaxies formed. 

In the 1970s papers on dark mass phenomena were scattered about in 
the literature, but I recall little interest in what it all might mean.

Everything I have reviewed in the talk is scattered about in the present 
literature, but I see little interest in what it all might mean.

Thinking about dark matter abruptly changed in the early 1980s with 
my introduction of what came to be termed CDM and then ΛCDM. 
Might there be an abrupt change of interest in the phenomena I have 
reviewed here?




