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 Basic relations such as colour distributions 
(Dekel & Birnboim 2006) and structural 
bimodalities (McDonald+2009)

 Angular momentum content (Fall & Romanowsky 
2013; Obreschkow & Glazebrook 2014)
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Fig. 2. The missing satellite and “too big to fail” problems. (Left) Projected dark matter distribution (600 kpc on a side) of a simulated, 1012M
�

CDM halo
(Garrison-Kimmel, Boylan-Kolchin, & Bullock, in preparation). As in Figure 1, the numerous small subhalos far exceed the number of known Milky Way satellites. Circles mark
the nine most massive subhalos. (Right) Spatial distribution of the “classical” satellites of the Milky Way. The central densities of the subhalos in the left panel are too high
to host the dwarf satellites in the right panel, predicting stellar velocity dispersions higher than observed. The diameter of the outer sphere in the right panel is 300 kpc; relative
to the simulation prediction (and to the Andromeda galaxy) the Milky Way’s satellite system is unusually centrally concentrated (Yniguez et al. 2013).

ciency of converting baryons to stars remains surprisingly low
(⇠ 0.1%� 1%) well above the photoionization threshold, and
it is unclear which if any of the ultra-faint dwarfs are “fossils”
from before the epoch of reionization (Bovill & Ricotti 2009).
Despite the gaps in understanding, it seems reasonable for now
to regard the relation between low mass subhalos and ultra-
faint dwarfs as a puzzle of galaxy formation physics rather
than a contradiction of CDM.

Instead, attention has focused recently on the most lumi-
nous satellites. Circles in Figure 2 mark the nine most mas-
sive subhalos in the simulation, which one would expect to
host galaxies like the Milky Way’s “classical” dwarf satellites.
However, the mass in the central regions of these subhalos
exceeds the mass inferred from stellar dynamics of observed
dwarfs, by a factor ⇠ 5 (Boylan-Kolchin et al. 2011, 2012;
Springel et al. 2008; Parry et al. 2012). While it is pos-
sible in principle that these massive subhalos are dark and
that the observed dwarfs reside in less massive hosts, this
outcome seems physically unlikely; in the spirit of the times,
Boylan-Kolchin et al. (2011) titled this conflict “too big to
fail.” The degree of discrepancy varies with the particular re-
alization of halo substructure and with the mass of the main
halo, but even for a halo mass at the low end of estimates
for the Milky Way the discrepancy appears too large to be a
statistical fluke, and a similar conflict is found in the satellite
system of the Andromeda galaxy (Tollerud et al. 2012). While
“missing satellites” in low mass subhalos may be explained by
baryonic e↵ects, the “too big to fail” problem arises in more
massive systems whose gravitational potential is dominated
by dark matter. In its present form, therefore, the satellite
puzzle looks much like the cusp-core problem: numerical sim-
ulations of CDM structure formation predict too much mass
in the central regions of halos and subhalos. Indeed, Walker
& Peñarrubia (2011), Amorisco et al. (2013), and others have
reported evidence that the Milky Way satellites Fornax and
Sculptor have cored density profiles.

Solutions in Baryonic Physics?
When the cusp-core problem was first identified, the conven-
tional lore was that including baryonic physics would only
exacerbate the problem by adiabatically contracting the dark
matter density distribution (Blumenthal et al. 1986; Flores
& Primack 1994). Navarro, Eke, & Frenk (1996) proposed
a scenario, which seemed extreme at the time, for producing
a cored dark matter distribution: dissipative baryons draw
in the dark matter orbits adiabatically by slowly deepening
the gravitational potential, then release them suddenly when
the supernova feedback of a vigorous starburst blows out a
substantial fraction of the baryonic material, leaving the dark
matter halo less concentrated than the one that would have
formed in the absence of baryons. Since then, hydrodynamic
simulations have greatly improved in numerical resolution and
in the sophistication with which they model star formation
and supernova feedback. With the combination of a high gas
density threshold for star formation and e�cient feedback,
simulations successfully reproduce the observed stellar and
cold gas fractions of field galaxies. The ejection of low angular
momentum gas by feedback plays a critical role in suppressing
the formation of stellar bulges in dwarf galaxies (Governato et
al. 2010), another long-standing problem in early simulations
of galaxy formation. The episodic gas outflows also produce
rapid fluctuations of the gravitational potential, in contrast to
the steady growth assumed in adiabatic contraction models.

Figure 3, based on Governato et al. (2012), illustrates the
impact of this episodic feedback on the dark matter density
profile. In the left panel, the upper dot-dashed curve shows
the final halo profile of an N-body simulation run with grav-
ity and dark matter only. Other curves show the evolution of
the dark matter density profile in a hydrodynamic simulation
with star formation and feedback, from the same initial con-
ditions. Over time, the central dark matter density drops,
and the cuspy profile is transformed to one with a nearly
constant density core (lower solid curve). Pontzen & Gov-
ernato (2012) present an analytic model that accurately de-
scribes this transformation (and its dependence on simulation
assumptions); essentially, the rapid fluctuations in the central
potential pump energy into the dark matter particle orbits, so
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Weinberg et al. 2013

 Variations in the IMF (Dutton+2011; Cappellari+2012)

 Missing satellite problem (Weinberg+2013) and TBTF (Papastergis+2014)

 Central vs satellite galaxy distributions (Rodriguez-Puebla+2015)
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F O V  C O M PA R I S O N
Observatory Instrument Type FOV/Slit length

APO DIS Longslit 6 arcmin slit

Calar Alto 
(CALIFA)

PMAS/
PPAK IFU 1.32 arcmin2

Gemini GMOS Longslit 5 arcmin slit

SDSS 
(MANGA) BOSS IFU Up to 0.25 

arcmin2

VLT MUSE IFU 1 arcmin2

WHT SAURON IFU Up to 0.38 
arcmin2
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T H E  V I R G O  C L U S T E R

 2096 galaxies over 140 deg2 (VCC: Binggeli+1985), 
1000s more with NGVS (Ferrarese+2012)

 VCC: Complete down to MB = -13.7 (Binggeli+1985)

 Distance of approx. 16.5 Mpc (Mei+2007), dynamically active 
(Böhringer+2004), multiple substructures (de Vaucouleurs 1961)

 Wide range of morphologies (Côté+2004)

 Extensive ancillary data (redshift, colour, size, gas mass, etc.)

 Cluster environment truncates Hα/HI RCs, but inner DM 
halos seem unaffected (same TFR: Ouellette+2017)

Rogelio Bernal  Andreo



Spectroscopic and H-band 
Imaging of Virgo 

 Photometry: g-, r-, i- (SDSS DR6, 742 galaxies) and 
near-IR H-band photometry (CFHT, 286 galaxies), surface 
brightness profiles, isophotal magnitudes and radii 
(McDonald+2009, 2011), stellar masses (Roediger+2015) 

 Spectroscopy: Optical long-slit spectroscopy from APO 
(27 half-nights), KPNO (4 half-nights), and Gemini (60 hours) 
(Ouellette+2017, 138 galaxies), kinematics and dynamical 
masses (Ouellette+2017, 190 galaxies)
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http://www.astro.queensu.ca/virgo
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K I N E M AT I C  P R O F I L E S :  R C S

 Cluster environment 
truncates Hα (Ouellette+2017) 
and HI RCs (Chung+2009)

 RCs roughly follow same 
shape: rise, turnover, 
flattening

 Can use velocity metrics at 
different radii to produce TFR
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K I N E M AT I C  P R O F I L E S :  V D P S

VDP shapes may 
be more varied 

due to ETGs’ more 
complex assembly 

histories 

Ouellette+2018 (in prep.)
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Structural parameters of Ursa Major galaxies 639

Figure 15. Distribution of inclination-corrected K′-band disc central sur-
face brightnesses, µi

0,K , as a function of the maximum rotational velocity,
Vmax, for 62 UMa galaxies with rotational velocities. The circles refer to
galaxies with K′

TOT < 9.5 mag, while the triangles refer to galaxies fainter
than this cut-off.

small-amplitude (∼1σ ) initialfluctuations and thus that have formed
late with high angular momentum. Material from the disc in these
systems is not sufficiently funnelled to the centre due to their high
angular momentum to ever dominate the dark halo (Dalcanton et al.
1997). The alternate configuration involves galaxies either with low
initial angular momentum or with baryon content that loses angu-
lar momentum through interactions. Material with minimal angular
momentum can collapse far enough to dominate the dark halo in
the inner regions. There would be a threshold amount of angular
momentum that determines whether the disc collapses to a HSB
configuration or is unable to fully collapse and ‘stalls’ as a LSB
galaxy.
In order to assess any dynamical connection with surface bright-

nesses, we obtained H I linewidths from Marc Verheijen (Verheijen
& Sancisi 2001) for 62 UMa galaxies. The distribution of rotational
velocities, corrected for inclination, for those galaxies is shown in
Fig. 15. Not only is there a clear bimodality in the µ0 distribution,
but there is also one in the distribution of rotational velocities. Yet
the correlation between rotational velocity and surface brightness
is relatively weak (r = 0.7). By virtue of the Tully–Fisher relation
(Tully&Fisher 1977), this is expected fromFig. 10. There is aminor
concern that LSB galaxies may reach a maximum rotation velocity
at larger physical radii than HSB galaxies of the same luminosity
(TV97). A contribution towards bimodality in Vmax could thus arise
from not sampling the rotation curve far enough for LSB galaxies.
If our Vmax term is calculated at a limiting isophotal radius (say,
rmax), then it is plausible that the HSB galaxies will have V(rmax) =
Vmax, whereas the LSB galaxies only have V(rmax) = aVmax, where
potentially a < 1 in some cases.
We explore in greater detail in our companion paper on the

light profiles and luminosity function of Virgo cluster galaxies
(McDonald et al. 2009), the suite of possible scenarios that may
explain the observed structural bimodality in cluster galaxies, in-

cluding cluster-induced morphological transitions, gas depletion
and/or dynamical thresholds in a cluster environment.
Unlike traditional rich clusters such as Virgo, with a space density

of∼100 Mpc−3, UMa closely resembles the field with a space den-
sity of only 8Mpc−3 (TV97; Trentham&Tully 2002). Furthermore,
we have confirmed TV97’s finding that the surface brightness bi-
modality is enhanced when only the most isolated galaxies in UMa
are considered. This suggests that the intermediate surface bright-
ness gap may be filled by galaxies found preferentially in dense
environments: dwarf and giant ellipticals. A follow-up study in a
rich cluster will allow a completemorphological sampling, ensuring
that bimodality is not due to the absence of some classes of galaxy.
Follow-up near-IR surveys of both field and cluster populations

will be needed to determine the environmental dependence on the
structural bimodality. Previous studies of the surface brightness
distribution in the field have relied on optical data which requires a
complicated, and not fully understood, deprojection of the surface
brightness profiles to the face-on case. The near-IR field galaxy
surveys collected to date have traditionally been too shallow to
properly sample the LSB peak (e.g. de Jong 1996; Grauer, Rieke &
Quillen 2003; Jarrett et al. 2003; M03). A deep, near-IR survey of
a larger cluster such as Virgo, Fornax or Coma is needed to assess
the cluster dependence of our result and whether UMa’s surface
brightness distribution is typical. Since galaxy clusters are confined
structures, they are an ideal laboratory for a study of this type
since volume corrections are less significant. Note that none of the
nearby clusters listed above will be covered in any deep fashion by
the ongoing UKIRT Infrared Deep Sky Survey (UKIDSS).7
Finally, though more expensive observationally than a simple

photometric investigation, a complete dynamical study of a cluster
environment will ultimately be needed to pin down the cause of
structural bimodality. Galaxy linewidths are currently mostly avail-
able for HSB galaxies and their sources are often heterogeneous. A
dedicated dynamical survey down to low rotational velocities could
not only assess the bimodality of the velocity function of cluster
galaxies, in conjunction with that of the luminosity function, but
also examines whether those functions are related in any way to the
shape of the rotation curve and/or to the distribution of visible to
dark matter in galaxies.

8 CONCLUSION

We have implemented a new code for bulge–disc decompositions
which accounts for compact nuclei, seeing, spiral arms and disc
truncations. We also allow for both exponential and Sérsic bulges
and discs. By carefully fitting all the components of a given galaxy,
we can extract confident estimates of the various galaxy structural
parameters.
We have confirmed the bimodality of disc central surface bright-

ness as reported by TV97 and, in addition, find a distinct mini-
mum in the near-IR luminosity function at K ′ ≃ 9 (MK ∼ −22)
and a corresponding minimum in the distribution of maximal rota-
tional velocities for UMa galaxies. The concern about small-number
statistics is, however, real (Bell & de Blok 2000). Furthermore, the
UMa cluster population resembles that of the field and a sample
that includes more early-type galaxies would offset any ambigu-
ities arising from morphological dependencies. A new near-IR-
based study of a richer, denser, more evolved cluster is needed (see
McDonald et al. 2009). Likewise, a statistically complete sample of

7 http://www.ukidss.org/

C⃝ 2009 The Authors. Journal compilation C⃝ 2009 RAS, MNRAS 393, 628–640

 by guest on M
arch 9, 2013

http://m
nras.oxfordjournals.org/

D
ow

nloaded from
 

McDonald+2009a

225

756 J. G. Sorce et al.

Figure 8. Distribution of disc central surface brightnesses of highly inclined
galaxies (i > 73◦, dashed histogram) against the others (i < 73◦, plain
histogram). The µ

[3.6],a,i
0 distribution of highly inclined galaxies is fitted by a

Gaussian (dotted line), whereas the less inclined galaxy µ
[3.6],a,i
0 distribution

is fitted by a double Gaussian (dashed line) (F = F-test, s = significance
level).

& Verheijen (1997) in which LSB galaxies tend to turn into HSB
galaxies progressively going through a stage as ISB galaxies due to
an interaction with a neighbour.

4.2.2 Inclination

Next we explore the effect of inclination corrections as noted by
Bell & de Blok (2000). According to them, the effects of dust
and projection geometry may not be negligible, even in the mid-
infrared: (1) averaging ellipse surfaces at high inclinations to obtain
µ0 may result in a systematically smaller value (Huizinga 1994),
(2) assuming a thin, uniform, slab disc at high inclinations may
lead to incorrect conclusions because three dimensionality of stellar
structures affects the inclination correction in non-trivial ways. It is
difficult to characterize the surface brightnesses of edge-on galaxies
because integrating along the line of sight may hide the effects of
sub-structures like bars and spiral arms (e.g. Mosenkov, Sotnikova
& Reshetnikov 2010). No precise method exists for correcting such
effects, and the coefficient C[3.6] in equation (3) itself may vary with
galactic radius. In the absence of a correct (or even better) method
to correct for inclination, we decided to remove every galaxy with
an inclination greater than ∼73◦ ( b

a
= 0.35)3 leaving us with 292

galaxies.
Fig. 8 displays the bimodal distribution of this refined sample

along with the distribution for the ‘edge-on’ galaxies. The inclined
galaxies are well described by a single Gaussian that peaks in the
previously observed gap between the HSB and LSB galaxies. The
remainder of the sample is well fitted with a double-Gaussian model
which cannot be rejected at more than the 16 per cent confidence
level with the F-test.

4.2.3 Axial ratio

An error in the axial ratio is another source of error in the inclina-
tion correction we apply to get the face-on µ[3.6],a

0 value. An error

3 0.4 instead of 0.35 was the choice of Bell & de Blok (2000). Because of the
uncertainties on inclinations (∼4◦–5◦), choosing 0.35 (73◦) over 0.4 (69◦)
does not change the conclusions.

Figure 9. Distribution of µ
[3.6],a,i
0 separating galaxies whose ‘ARCHANGEL

axial ratios’ differ by more than 0.2 from ‘HyperLeda axial ratios’ (dashed
histogram) from which that do not (plain histogram). The total sample
is modelled by a sum of two Gaussians (dashed line) (F = F-test, s =
significance level).

of 0.2 in the axial ratio leads to an error of about 0.5 mag arcsec−2.
ARCHANGEL axial ratios are the means of the axial ratios of the fitted
ellipses to galaxies between 50 and 80 per cent of their total lumi-
nosities. We remove every galaxy whose ARCHANGEL-derived ratios
differ from that found in HyperLeda data base (Paturel et al. 2003)
by more than 0.2. The resulting distribution of µ[3.6],a,i

0 is shown
in Fig. 9. Where the axial ratios between the HyperLeda values
and that measured by ARCHANGEL in the S4G data are similar (408
galaxies), the bimodal distribution is still visible. There are fewer
LSB galaxies in this plot compared to the original because LSB
galaxies are the ones most affected by a change in observations (op-
tical versus mid-infrared). The double-Gaussian modelling cannot
be rejected at more than the 19 per cent confidence level.

4.2.4 Combination of selection criteria

If we now combine the three selection criteria (isolated, non-
inclined galaxies, with similar axial ratios in the optical and mid-
infrared), we get a sample of 249 galaxies. Fig. 10 shows the µ[3.6],a,i

0
distribution for this highly refined sample and clearly shows the

Figure 10. µ
[3.6],a,i
0 histogram after dropping galaxies inclined by more

than 73◦, with a neighbour closer than 80 kpc and those with an axial ratio
different by more than 0.2 between HyperLeda and S4G data. A double
Gaussian (dashed line) clearly fits the distribution far better than a single
Gaussian (dotted line) (F = F-test, s = significance level).
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UMa Spirals Virgo ETGs+LTGs

Field+Cluster Spirals

Ouellette+2017
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 Formation of LSB 
spirals (minimal discs) 
and HSB spirals 
(maximal discs); 
existence of 
dynamically unstable 
modes in LTGs where 
baryon and DM 
fractions are similar?


 Bimodality carried 
over into ETGs when 
LTGs quench+merge 
to create ETGs?


 Need high-res sims!



 Smallest scatter using V23.5 (Courteau+2007; 
Hall+2012)

 Same relation (except for scatter) for all 
metrics, cluster vs field (Vogt 1996; 
Mocz+2012)

 50% of scatter due to distance uncertainties

 Observed scatter comparable to scatter due to 
fitting methods (Hall+2012; Bradford+2016)

 Scatter is larger at Vrot < 90 km/s 
(Simon+2015) due to baryonic effects

 TFR scatter independent of all other galaxy 
parameters (Courteau+2007)
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F U N D A M E N TA L  P L A N E

 Scatter minimized when σ is 
measured within Re 
(Cappellari+2013; Scott+2015) or 
further (Ouellette+2017), matching 
theoretical predictions 
(Dutton+2013)

 FP statistically similar between 
dwarfs and giants, but scatter/
residuals larger for dwarfs

 FP residuals/tilt correlates most 
strongly with M*/Mtot (Ciotti+1996; 
Borriello+ 2003)
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Leauthaud+2012

dearth of low-
mass data

most efficient SF

 Halo masses from HAM/HOD 
(simulations), gravitational lensing 

 Typically within large radii (Mvir, M200) 

 Weakly varying with redshift 
(Behroozi+2013) 

 Curved relation with inaccuracies/
dearth of data at low- and high-mass 
ends 

 Less efficient SF at low-mass due to 
weaker gravitational potential allowing 
gas outflows, at high-mass due to 
enhanced AGN activity and gas heating 
causing longer cooling times
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larger scatter  
at M* < 109.5 M�



ETG slope: 0.93 ± 0.02 
LTG slope: 1.30 ± 0.07 
ETGs live in more massive/

concentrated halos than LTGs 
of the same stellar mass
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Figure 16. Idealized version of Fig. 13 showing the location of different
CSSs and galaxy reference samples in the mass–size plane. The red ellipses
show the location of the various early-type galaxy sequences, and the blue
wedge shows the location of star cluster type systems (i.e. GCs and UCDs)
including their upper mass limit at around 7 × 107 M⊙. The green region
shows the location of objects formed through the stripping of larger galaxies,
which have previously been called cEs (if stripped bulges) or UCDs (if
stripped dwarf galaxy nuclei) but are really members of the same sequence
of objects. The yellow arrows show idealized evolutionary tracks for galaxies
being stripped, with the left-hand track being nucleated dwarfs undergoing
stripping, the right-hand track is for bulged Es, S0s, and spirals. Additionally,
some cEs could also represent the extension of the classical E sequence to
low mass.

because early-type galaxies display a mass–metallicity relation,
in the sense that more massive galaxies are more metal rich (up
to a point), while stripping reduces mass without affecting the
central metallicity of the stellar population (Chilingarian et al.
2009). Recent work (by e.g. Chilingarian et al. 2009; Francis et al.
2012) already demonstrates that massive cEs including M32 and
NGC4486B have metallicities consistent with those of much larger
galaxies, rather than with the observed mass–metallicity relation for
early types. In fact M32 is offset from the normal mass–metallicity
relation by more than 0.6 dex in metallicity (or alternatively by
more than 4 mag in luminosity). In the case where there is an ad-
ditional population of true low-mass classical ellipticals the predic-
tions would be generally the same as those for the stripped nuclei
with the possible exception of the metallicities. The metallicities
of low-mass classical ellipticals could follow the general mass–
metallicity trend, alternatively, the high density of the objects (lead-
ing to a higher potential) could lead to higher levels of enrichment
than less compact early types of the same mass due to the increased
retention of supernova ejecta.

5.3 The zone of avoidance

Fig. 14 shows an apparent mass dependence of the maximum of
the effective surface mass density varying from ∼106 M⊙ pc−2 for
galaxy nuclei, to ∼103 M⊙ pc−2 for the most massive ellipticals.
However, Hopkins et al. (2010) demonstrate that in fact nuclei,
the MW nuclear disc, Cen A GCs, UCDs, and ellipticals all reach

the same maximum surface mass density !max of ∼105 M⊙ pc−2.
The apparent mass trend in effective surface mass density !eff is
simply the result of the evolutionary change in the structures of the
objects leading to the effective radius being larger, and the effect
of the central structure being diluted. In the simplest example the
!max of a nucleated dwarf clearly must be roughly the same as
that of a pure nucleus, but the !eff will be considerably lower,
because the exponential component of the dwarf has a lower mass
surface density and extends the effective radius of the structure
considerably. Hopkins et al. (2010) also noted that the maximum
surface mass density is reached over a considerable range of scales
for the different objects, indicating that it is not simply a limit on
the three-dimensional stellar density.

Hopkins et al. (2010) ascribed the observation of a constant !max

for nuclei, UCDs, and ellipticals to feedback from massive stars
in the baryon-dominated cores of star clusters and galaxies. One
potential problem with this picture is that galaxy nuclei do not
appear to form in single formation events (see e.g. Walcher et al.
2006; Seth et al. 2010), and if they are gradually built up over time
in a series of smaller formation events, this feedback is likely to
prove less effective as the radiation field from young massive stars
in each star formation event is smaller than would be present if all
of the mass was produced simultaneously.

Nevertheless, although we have searched for objects that breach
the observed effective surface mass density limit we have not yet
found any culprits. It therefore appears that at least one physical pro-
cess is responsible for limiting the !max and through a conspiracy
with the structural changes of these various object types this leads to
a well-defined ‘zone of avoidance’. Whatever this physical process
is, it is responsible for limiting !max for a diverse group of ob-
jects that had a wide range of formation processes: from formation
in a one-off near instantaneous burst (the GCs), through repeated
smaller star formation events (the nuclei), up to building up through
hierarchical merging over Gyr time-scales (the ellipticals).

6 C O N C L U S I O N S

We have presented the first results from the AIMSS survey. By
examining the luminosities, masses, effective radii and velocity
dispersions of a sample of newly discovered CSSs, along with lit-
erature compilations, we have reached the following conclusions.

(i) We have discovered several new stellar systems which com-
pletely bridge the gap between star clusters and galaxies in the
mass–size, mass–mass surface density, and mass–velocity disper-
sion planes.

(ii) Three of our newly discovered CSSs (NGC 1128-AIMSS1,
NGC 1132-UCD1, ESO 383-G076-AIMSS1) are the closest known
M32 analogues found to date. These objects are significantly more
massive than typical UCDs of similar radius. When combined with
three other unusually dense stellar systems and M32, their environ-
mental distribution shows that these objects can be formed in all
galactic environments from the field to galaxy clusters. The relative
rarity of these objects, combined with their environmental ubiquity,
might point to them being formed often but being short lived when
they do arise.

(iii) The existence of our CSSs, along with other recently discov-
ered objects, throws into doubt a universal well-defined mass–size
relation for CSSs. These objects do however, further support the
existence of a universal ‘zone of avoidance’ for all dynamically hot
stellar systems, beyond which no isolated system can add stellar
mass at fixed size.

MNRAS 443, 1151–1172 (2014)

 at Q
ueen's U

niversity on A
pril 16, 2015

http://m
nras.oxfordjournals.org/

D
ow

nloaded from
 

Norris+2014

1886 M. Cappellari et al.

Figure 14. Schematic summary of the results presented in Sections 3 and 4. ETGs’ properties, dynamical M/L (Fig. 1) or its population proxies, Hβ and
galaxy colour, as well as the molecular gas fraction (Fig. 3), kinematical concentration (Fig. 6), which traces bulge mass, and IMF mass normalization (Fig. 12),
all tend to vary along lines with roughly Re ∝ M (or even better Re ∝ M0.75), where σ e is nearly constant. This sequence of ETGs’ properties merges smoothly
with the one of spiral galaxies (Fig. 9), with little overlap between late spirals (Sc-Irr) and ETGs, a significant overlap between early spirals (Sa-Sb) and
fast-rotator ETGs with low M/L and no overlaps between spirals and fast rotators with high M/L. Three characteristic masses are emphasized in this diagram:
(i) below M⋆ ≈ 2 × 109 M⊙ there are no regular ETGs and the mass–size lower boundary is increasing (Fig. 9); (ii) M⋆ ≈ 3 × 1010 M⊙ is the mass at which
ETGs reach their minimum size (or maximum stellar density), before a sudden change in slope Re ∝ M0.75 at larger masses (see also fig. 4 in Paper I); (iii)
Below M⋆ ≈ 2 × 1011 M⊙ ETGs are dominated by flat fast rotators (Figs 7 and 8), showing evidence for discs (Paper XVII), while slow rotators are rare.
Above this mass there are no spirals and the population is dominated by quite round or weakly triaxial slow rotators (paper III) with flat (core/deficit) central
surface brightness profiles (Paper XXIV). These smooth trends in scaling relations motivated our proposed parallelism between spirals and fast rotator ETGs.
To emphasize this connection, we uses the same morphology symbols here as in our ‘comb’ diagram in fig. 2 of Paper VII.

5.1.2 L–Re trends

Another well-known projection of the FP is the Kormendy (1977)
relation. When using mass instead of light, it becomes clear that
it represents the analogue of the Faber & Jackson (1976), but this
time in the (MJAM, Rmaj

e ) projection of the MP. Also in this case,
when samples are morphologically selected to consist of ellipticals,
they tend to populate mostly the region of the diagram near the
ZOE, defining a relatively narrow sequence (Graham & Worley
2008; Kormendy et al. 2009; Chen et al. 2010; Misgeld & Hilker
2011). Although the sequence is useful for a number of studies, it is
important to realize that it is not a real sequence in galaxy space on
the MP. It is due to the sample selection and it represents essentially
one of the contour levels of a continuous trend of galaxy properties,
spanning from spiral galaxies, to ETGs, and only terminating on
the well-defined ZOE (Fig. 9 here and fig. 4 in Paper I).

Given that photometry is much easier to obtain than stellar
kinematics, a change of slope in the luminosity–size relation has
been known for long. It was pointed out by Binggeli et al. (1984,
their fig. 7) when combining photometry measurements of dwarf
spheroidals and ordinary ellipticals: the dwarf spheroidals sequence
appears to sharply bend from the ellipticals sequence. Similar dif-
ferences in the slope of the luminosity–size relation of dwarfs and
ellipticals were presented by a number of authors (e.g. Kormendy
1985; Graham & Guzmán 2003; Kormendy et al. 2009; Misgeld &
Hilker 2011). The change of slope has been interpreted in different
ways. Kormendy (1985) and Kormendy et al. (2009) interpreted
dwarf spheroidal as constituting a separate family, of gas-stripped
dwarf spirals/irregulars, while Graham & Guzmán (2003) and Gra-
ham & Worley (2008) explain the change of slope or curvature in
the relation as a natural consequence of the variation of the Sersic
(1968) index with luminosity (e.g. Young & Currie 1994; Graham

& Guzmán 2003) in a homogeneous class of elliptical galaxies with
a range of masses (see Graham 2013 and Kormendy & Bender 2012
for two complementary reviews of this subject).

Our results cannot be compared to theirs in a statistical sense,
as galaxies in their diagrams are, by design, not representative of
the population in the nearby Universe, and certain classes of ob-
jects (e.g. M32) are over-represented. Our sample is volume limited
and for this reason it gives a statistically representative view of the
galaxy population above a certain mass. Still the fact that the se-
quence of dwarf spheroidals and low-mass spirals/irregulars lie on
the continuation of our trends for fast-rotator ETGs and spiral galax-
ies, respectively (Fig. 9), below the M⋆ ! 6 × 109 M⊙ mass limit
of our survey suggests a continuity between dwarf spheroidals and
the low-mass end of our disc-dominated fast-rotator ETGs’ popula-
tion, which in turn we showed are closely related to spiral galaxies.
For this reason, our results reconciles the apparent contrast between
the findings of an Sph–E dichotomy (Kormendy 1985; de Rijcke
et al. 2005; Janz & Lisker 2008; Kormendy et al. 2009) and the
ones of a continuity (Graham & Guzmán 2003; Gavazzi et al. 2005;
Côté et al. 2006; Ferrarese et al. 2006; Boselli et al. 2008; Gra-
ham & Worley 2008; Janz & Lisker 2009; Forbes et al. 2011). Our
finding in fact agrees with the proposed common origin of dwarf
spheroidal and low-mass spiral galaxies and irregulars (Kormendy
1985; Dekel & Silk 1986), but also shows an empirical continuity
between dwarf spheroidals and a subset of the ellipticals family. The
missing link between Sph and E is constituted by disc-dominated
fast-rotator ETGs (Cappellari et al. 2007; Emsellem et al. 2007). In
fact, the continuity we find is not between ‘true’ ellipticals, namely
the slow rotator and dwarf spheroidals, but between ‘misclassified’
ellipticals with discs and S0, namely the fast rotators and dwarf
spheroidals. After this text was written and the parallelism between
spiral galaxies and ETGs were presented (Paper VII) to interpret the
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Figure 21

Mass-Size versus environment. The Left Panel shows the (M⇤, Re) distribution for a sample
of galaxies belonging to either the field or to small groups. The Middle Panel is for a sample in
the moderately-dense Virgo cluster and the Right Panel for a sample in the Coma cluster, which
is one of the densest environments in the Universe. The plots visualize the two main channels for
the formation of ETGs. The magenta arrow qualitatively indicates the evolutionary channel
starting from star forming spiral galaxies and producing fast rotators via gas accretion and bulge
growth followed by quenching. The red arrow shows the dry merging and halo quenching channel,
producing massive slow rotators with central cores in their surface brightness profiles (the left and
right panels are from Cappellari 2013).

values, but are integrated within an ellipse enclosing half of the total galaxy light, and thus

more closely related to the galaxy mass appearing in the virial relation; (ii) the x-axis is

not the commonly used luminosity or the stellar mass determined from stellar population

models, but a dynamically-determined stellar mass MJAM ⇡ M

dyn
⇤ (Equation 20), which

includes possible variations in the stellar initial mass function (IMF). The accurate masses

and � allowed one to infer the following results (Cappellari et al. 2013a):
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1. The distribution of galaxy properties on both projections is characterized by the same

zone of exclusion (ZOE), which can be accurately converted from one projection

to the other with the virial relation; The ZOE can be roughly approximated by a

double power-law, with a break, or a minimum radius and maximum density, at a
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= 0.7 kpc, ↵ = 8, � = 0.75, � = �0.20. The relation has an asymptotic

trend R
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, and a sharp transition into R
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below this break.

2. The ZOE produces a clear bend in both the mean M � � and M � Re relations,

with trends M
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2.3
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⇤ )0.12] at small masses and
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3. A second characteristic mass, at Mcrit ⇡ 2⇥1011 M�, separates the axisymmetric fast

rotators with disks, and the spiral galaxies, at lower masses, from the rounder slow

rotators with inner cores in their stellar surface brightness, the robustly-determined
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Hints at possible evolutionary histories, “mixed scenario” involving 
quenching + dry mergers (Faber+2007; Cappellari+2013); cluster 

environment may accelerate galaxy processing (Cappellari+2016) 

Distinct slopes and bimodal trends indicate different processes 
driving assembly/evolution of ETGs and LTGs
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 SHIVir survey has collected and analysed photometry (~750 galaxies) and long-slit 
spectroscopy/kinematics (~200 galaxies) for the Virgo cluster


 Existence of a variety of VD profile shapes may be linked to different structural 
features or assembly histories; quantitative follow-up needed


 SB/dynamical bimodality hints at unstable modes of galaxy formation


 TFR is not environment-dependent, scatter larger at Vrot < 90 km/s


 Extended slit coverage allows probing of the baryon-to-DM domination transition 
region; FP scatter reduced with σ within R>Re; FP tilt linked to stellar-to-total-mass 
ratio


 Distinct and bimodal trends between the ETG and LTG populations for various mass 
relations indicate separate assembly histories for different galaxy types
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