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ABSTRACT
The role of gas in the mass assembly at the nuclei of galaxies is still subject to some un-
certainty. Stellar nuclear discs bridge the gap between thelarge-scale galaxy and the central
massive objects that reside there. Using a high resolution simulation of a galaxy forming out
of gas cooling and settling into a disc, we study the formation and properties of nuclear discs.
Gas, driven to the centre by a bar, settles into a rotating star-forming nuclear disc (ND). This
ND is thinner, younger, kinematically cooler, and more metal-rich than the surrounding bar.
The ND is elliptical and orthogonal to the bar. The complex kinematics in the region of the
ND are a result of the superposition of older stars streamingalong the bar and younger stars
circulating within the ND. The signature of the ND is therefore subtle in the kinematics. In-
stead the ND stands out clearly in metallicity and age maps. We compare the model to the
density and kinematics of real galaxies with NDs finding qualitative similarities. Our results
suggest that gas dissipation is very important for forming nuclear structures.

Key words: galaxies: bulges — galaxies: evolution — galaxies:kinematics and dynamics —
galaxies: nuclei —galaxies: structure

1 INTRODUCTION

The central regions of galaxies host a wide variety of structures.
On the largest scales, pseudo-bulges are thought to form from the
secular evolution of discs (see the review of Kormendy & Kenni-
cutt 2004). At the opposite extreme are supermassive black holes
and nuclear star clusters. The growth of these is still a matter of de-
bate. Nuclear star clusters show multiple populations (Schinnerer,
Böker & Meier 2003; Rossa et al. 2006; Walcher et al. 2006; Seth
et al. 2010; Lyubenova et al. 2013) often with episodes of star for-
mation within the last 100 million years, suggesting that gas is able
to reach the centres of galaxies (Seth et al. 2006, 2008; Hartmann
et al. 2011; De Lorenzi et al. 2013).

Disc-like structures (by their discy isophotes) are observed
in the centres of galaxies at a wide range of scales. They are dis-
tinct in that they lie outside of the region where light from the
main disc dominates. They are smaller than the bulge but often
extending beyond the central nuclear star cluster (e.g. Balcells,
Graham & Peletier 2007). (See Section 6 for examples of nu-
clear discs (NDs) in real galaxies.)NDs are found in spiral galax-
ies (Zasov & Moiseev 1999; Pizzella et al. 2002; Dumas et al. 2007;
Garcı́a-Burillo & Combes 2012) and in 20 per cent of early-type
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galaxies (Scorza & van den Bosch 1998; Kormendy & Gebhardt
2001; de Zeeuw et al. 2002; Emsellem et al. 2004; Trujillo et al.
2004; Krajnović et al. 2008; Ledo et al. 2010). Krajnović et al.
(2008) found NDs in early-type galaxies are associated withfast
rotators. Near-infraredHubble Space Telescope(HST) imaging has
also provided indirect evidence for NDs as discy isophotes in the
nuclei of early-type galaxies (Ravindranath et al. 2001) orphoto-
metrically distinct exponential components in bulges (Balcells et al.
2003). Erwin et al. (2014) also found evidence for NDs which they
call “discy pseudobulges”.

Understanding the formation of NDs is very important for a
clearer picture of the assembly of mass at the centres of galaxies.
The formation of NDs is generally thought to require in-situstar
formation. A number of ideas about how gas can be funnelled to
the central regions of galaxies have been proposed. Observations of
luminous and ultra-luminous infrared galaxies have found NDs in
their nuclei. These have masses in the range108 to 1010M⊙, effec-
tive radii of a few hundred parsecs andv/σ = 1−5 (Medling et al.
2014). Medling et al. (2014) conclude that mergers funnel gas to the
centre of the galaxy prior to star formation. Likewise, simulations
have predicted that NDs are able to form in gas-rich galaxy merg-
ers (Mayer, Kazantzidis & Escala 2008; Mayer et al. 2010; Chapon,
Mayer & Teyssier 2013). McDermid et al. (2006) found NDs and
counter-rotating cores in the central kpc of early-type galaxies and
evidence for recent circum-nuclear star formation. The presence of
dynamically decoupled features such as a counter-rotatingdisc in
NGC 4458 (Morelli et al. 2004, 2010) and a disc rotating perpen-
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2 D. R. Cole et al.

dicular to the main galactic disc (Bertola et al. 1999; Pizzella et al.
2002; Corsini et al. 1999, 2012) can be explained by the capture
of external gas. However interactions may not be the main mecha-
nisms driving gas to nuclei in more isolated galaxies, whereobser-
vations show that there is continuing star formation in someNDs
e.g. in NGC 5845 (Kormendy et al. 1994) and NGC 4486A (Ko-
rmendy et al. 2005) and their stellar populations have both young
and old components (van den Bosch, Jaffe & van der Marel 1998;
Krajnović & Jaffe 2004; Morelli et al. 2004; Corsini et al. 2012).
Mechanisms that have been proposed for driving gas to small radii
in such systems include nested bars (Shlosman, Frank & Begel-
man 1989), the magnetorotational instability (Milosavljević 2004),
and cloud-cloud mergers (Bekki 2007). Agarwal & Milosavljević
(2011) proposed that NDs can form out of the debris of infalling
star clusters and Portaluri et al. (2013) showed that the available
photometric and kinematic data are still consistent with this idea.
However, detailed modelling (De Lorenzi et al. 2013) and compar-
ison to simulations (Hartmann et al. 2011) of the kinematicsof the
nuclear star cluster in NGC 4244 (Seth et al. 2008) reveal that gas
dissipation had to have played a major role in the formation of its
nuclear cluster, indicating that some gas must be able to reach the
inner∼ 10 parsecs.

Possibly associated with NDs areσ-drops which are galaxies
having a significant drop in velocity dispersion at the nucleus (see
for example Emsellem et al. 2001). One explanation for theseσ-
drops is that there is an inflow of gas to the nuclear region which
creates a dynamically cool disc where stars form, reducing the cen-
tral velocity dispersion (Wozniak et al. 2003; Comerón, Knapen
& Beckman 2008). In face-on galaxies, Mendez-Abreu (2014) im-
aged small NDs co-spatial with the region of theσ-drops.

Bars are thought to be a mechanism for driving gas to small
radii. Falcón-Barroso et al. (2004) found that this was a natural
explanation for the presence of a ND in theedge-on S0 galaxy
NGC 7332, where the presence of a bar is inferred from a
boxy/peanut shape(Seifert & Scorza 1996). Barred spiral galax-
ies have more molecular gas in their central kiloparsec thanun-
barred galaxies (Sakamoto et al. 1999; Sheth et al. 2005). Wang
et al. (2012) examined a sample of over 3700 face-on disc galaxies
and found that there is a correlation between the presence ofstrong
bars and centrally enhanced star formation. They also foundthat
the increase in star formation depends primarily on the ellipticity of
the bar and not on the size of the bar or on the mass and structure
of the host galaxy. Dumas et al. (2007), studying active and non-
active galaxies, found that NDs are associated with enhanced AGN
activity. Hao et al. (2009) found that the bar fraction was higher
in galaxies hosting an AGN and in star forming galaxies than in
inactive galaxies. Hicks et al. (2013) showed that Seyfert galaxies
have a more centrally concentrated nuclear stellar and molecular
gas surface brightness profile probably due to a ND-like structure
composed of gas and stars in a region out to 250 pc.

Here we study the morphology and evolution of a simulation
of a disc galaxy using smooth particle hydrodynamics (SPH) at
high resolution. The model of this galaxy developed in isolation
and so the resulting features are purely due to internal origin. We
concentrate on the central region of the model. Section 2 describes
the simulation methods, Section 3 presents the global morphology
and star formation history of the model, Section 4 then focusses on
the properties of the nuclear stellar disc, while Section 5 discusses
the properties of the gas in the nuclear region. Section 6 compares
our model to several early-type galaxies. Finally Section 7presents
our conclusions.

2 THE SIMULATION

The simulation we consider here is the same as model HG1 of
Gardner et al. (2014) and the model studied by Ness et al. (2014).
The model has a disc galaxy forming inside a corona of pressure-
supported gas embedded in a dark matter halo, a technique we
have used extensively for studying disc galaxy evolution (Roškar
et al. 2008, 2012). The main computational difference here with re-
spect to that work is that we have employed higher mass resolution,
which allows a higher star formation threshold and an increased su-
pernova feedback coupling. The dark matter halo consists of5×106

dark matter particles in two mass species:4.5 × 106 particles of
massmp = 8.5 × 104M⊙ while the remainder have a mass of
1.7 × 106M⊙. The dark matter particles are arranged in two mass
shells, with particles initially inside 56 kpc having the low mass and
those outside having the larger mass. This arrangement allows us to
increase resolution inside 56 kpc. These particles all havea force
softening ofǫ = 103 pc. The halo has virial radiusr200 = 198 kpc,
concentrationc = 19 and and virial massM200 = 9.0× 1011M⊙.
Mixed in with the dark matter is a hot gas corona, consisting of
5 × 106 particles, initially in pressure equilibrium. Gas particles
haveǫ = 50 pc and, initially, all have equal mass2.7 × 104M⊙.
The corona has the same density profile normalised to a total mass
11 per cent that of the dark halo. We give the gas angular momen-
tum with Lz ∝ R such thatλ ≈ 0.041. No stellar particles are
present at the start of the simulation since all stars form out of gas
that cools and reaches a density high enough to trigger star forma-
tion.

The simulation was evolved with theN -body+smooth par-
ticle hydrodynamics (SPH) codeGASOLINE (Wadsley, Stadel &
Quinn 2004). We use a base timestep of 10 Myr with a refine-
ment parameterη = 0.175, and an opening angle ofθ = 0.7.
The timestep of gas particles also satisfies the conditionδtgas =
ηcouranth/[(1 + α)c + βµmax], whereηcourant = 0.4, h is the
SPH smoothing length,α is the shear coefficient, which is set to 1,
β = 2 is the viscosity coefficient andµmax is described in Wad-
sley, Stadel & Quinn (2004).ηcourant is the refinement parameter
for SPH particles and controls their timestep size. The SPH kernel
is defined using the 32 nearest neighbours. Gas cooling is calcu-
lated without taking into account the gas metallicity.

We use the gas cooling, star formation and stellar feedback
prescriptions of Stinson et al. (2006). A gas particle undergoes star
formation if it has number densityn > 100 cm−3, temperature
T < 15, 000 K and is part of a converging flow; efficiency of star
formation is 0.1,i.e.10 per cent of gas eligible to form stars spawn
stars per dynamical time. Star particles form with an initial mass
of 35 per cent that of the gas particle, which at our resolution cor-
responds to9.4 × 103M⊙. Gas particles can spawn multiple star
particles but once they drop below 21 per cent of their initial mass
the remaining mass is distributed amongst the nearest neighbors,
leading to a decreasing number of gas particles. Each star particle
represents an entire stellar population with a Miller-Scalo (Miller
& Scalo 1979) initial mass function. The evolution of star parti-
cles includes feedback from type II and type Ia supernovae, with
their energy injected into the interstellar medium (ISM). The ef-
fect of the supernovae explosions is modeled at the sub-gridlevel
as a blastwave propagating through the ISM (Stinson et al. 2006).
As in Governato et al. (2010), we assume that0.4 × 1051 ergs of
energy per supernova couple to the ISM. We also include feedback
from AGB stellar winds. The gas corona has zero metallicity to start
with; we track the production of iron and oxygen in the simulation
using the yields of Woosley & Weaver (1995). Diffusion of metals
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Formation of stellar nuclear discs 3

Figure 1. Them = 2 Fourier amplitude,a2, (bottom) and relative phase,
φ2 (top) of the stellar density distribution at 6 (black lines), 8 (blue lines)
and 10 Gyr (red lines).

(e.g. Loebman et al. 2011) between gas particles was not usedin
this simulation. We also do not include any feedback from an AGN
since the model does not contain a supermassive black hole.

3 GLOBAL PROPERTIES OF THE MODEL

By the end of the simulation, at∼ 10 Gyr, the stellar disc consists
of ∼ 1.1 × 107 particles. The total stellar mass of the galaxy is
∼ 6.5 × 1010M⊙, typical of anL∗ galaxy such as the Milky Way.
It is not, however, an exact analogue of the Milky Way as the scale-
length of the disc is smaller, atRd ≃ 1.7 kpc, whereas the Milky
Way has1.8 6 Rd 6 4.0 kpc (e.g. Ojha 2001; Chang, Ko & Peng
2011; McMillan 2011). As shown in Gardner et al. (2014), the bar
forms a clear box/peanut shape as seen from the side, and an X-
shape along the line-of-sight when observed like the Milky Way.
Ness et al. (2014) showed further that the bulge stars have a range
of ages, as observed in the Milky Way (Bensby et al. 2011, 2013;
Valenti et al. 2013).

The amplitudea2 and relative phaseφ2 of them = 2 Fourier
component are shown in Fig. 1. The peak ofa2, and the location
whereφ2 deviates from a constant, increase with time, indicating
that the bar is growing longer. By 10 Gyr the bar is∼ 3 kpc long,
increasing from∼ 2 kpc at 6 Gyr. The evolution of the bar strength,
defined as the amplitude of the globalm = 2 Fourier moment (e.g.
Debattista & Sellwood 2000), is shown in Fig. 2. The bar formsat
t ∼ 3.2 Gyr; its strength starts to grow at 5.2 Gyr and peaks at 5.8
Gyr and again at 6.5 Gyr.

Fig. 3 shows the global star formation history as well as that
inside a number of radii. The global star formation rate is initially
high, dropping rapidly to∼ 3M⊙ per year. It does not show any
maxima, in contrast to the region inside 500 pc, which has an
episode of enhanced star formation at∼ 6 Gyr.

4 NUCLEAR STELLAR DISC

Fig. 3 showed that the central 500 pc experiences increased star
formation activity around∼ 6 Gyr, compared with the rest of the
simulation. We now turn our attention to the young stars within this
central region. Fig. 4 shows the surface density of stars younger
than 2 Gyr at 6, 8 and 10 Gyr. At 10 Gyr an elliptical, thin disc
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Figure 2. Evolution of the bar strength, defined as the amplitude of the
m = 2 Fourier moment.
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Figure 3. Star formation history of the model. The cyan line is the global
history, the red, green and blue lines are the star formationhistories inside
1 kpc, 500 pc and 100 pc, respectively. Note the peaks at∼ 6 Gyr for the
inner two regions.

of stars is present inside∼ 1.5 kpc. The ND is perpendicular to
the main bar, which is horizontal1 in Fig. 4 and is therefore most
likely supported by the x2 family of bar orbits, which is elongated
in this way (Skokos, Patsis & Athanassoula 2002). (The x3 orbits,
which are also elongated perpendicular to the bar, are generally
unstable (e.g. Sellwood & Wilkinson 1993) and very unlikelyto be
populated.) The ND can also be seen at 8 Gyr, but not at 6 Gyr.
At 10 Gyr the ND is bounded by a nuclear ring which is part
of the ND. There is a second nuclear ring at semi-major axis of
∼ 300 parsec which is not very well resolved on its minor axis.
These nuclear rings can be seen in the figures comparing our
simulation to real galaxies in Section 6.

A lower limit on the mass of the ND at 10 Gyr is derived by
considering the mass of stars younger than 3 Gyr enclosed within
1.5 kpc. This mass is5.5 × 109M⊙. The bottom panel of Fig. 5
plots the azimuthally-averaged surface-density profile ofstars. The
profile is well-approximated by an exponential with scale-length

1 In this paper we always show the system with the disc in the(x, y) plane
and the bar rotated into thex-axis, except where noted.
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4 D. R. Cole et al.

Figure 4. Face-on (bottom) and edge-on (top) surface density for the stars younger than 2 Gyr at 6 Gyr (left), 8 Gyr (centre) and 10 Gyr (right). The bar is
along thex-axis in all panels.

220 parsecs at 8 Gyr, increasing to 250 parsecs at 10 Gyr. The cor-
responding ND mass is2.5×1010M⊙ at 8 Gyr and3.1×1010M⊙

at 10 Gyr. For later comparison, we have also measured the den-
sity profiles for slits along the line-of-nodes for the system orien-
tated the same way as NGC 3945 (see Section 6.1.2 comparing our
model to NGC 3945); these profiles are shown in the top panel of
Fig. 5. Doing this we obtain a mass of1.6× 1010M⊙ at 8 Gyr and
1.9×1010M⊙ at 10 Gyr, the latter number corresponding to 29 per
cent of the stellar mass of the model.

4.1 Kinematics

We adopt cylindrical coordinates(R, φ, z) to study the stellar kine-
matics. The left column of Fig. 6 shows the mass-weighted average
radial velocity,vR, at 6, 8 and 10 Gyr. At all three times there are
two diametrically opposed quadrants wherevR is negative (inward
motion) and two wherevR is positive (outward motion). These ra-
dial motions of∼ 50 km s−1 are indicative of non-circular motion
in this inner region. While qualitatively similar, these maps exhibit
a twisting of the ridge of peak|vR| towards the major axis of the
bar with time. For instance, the peak|vR| in the first quadrant is at
∼ 45◦ to the bar at 6 Gyr slowly decreasing to∼ 25◦ by 10 Gyr. At
larger radii, beyond the ND (& 1 kpc), the ridge of peak|vR| twists
away from the bar’s major axis. This evolution can be understood
by considering separately the motion of the old and young stars,
as we do in Fig. 7. The ridge of peak|vR| for the old (> 6 Gyr)
stars is quite similar to that at 6 Gyr. For the young stars (< 3 Gyr),
however, the peakvR is both larger and rotated by∼ 90◦ relative
to the old stars. The radial motions at larger radii are caused by
stars moving along the length of the bar, such that the negative vR

is on the leading side of the bar and the positivevR is on the trailing
side of the bar. The combination of these two independent motions
leads to the twist of the ridge of peak|vR| in the total population.
The bottom-left panel of Fig. 7 also shows clearly the difference
between the motions of stars in the ND and those in the bar, with
vR changing direction abruptly just outside the ND.

The right column of Fig. 6 shows the mass-weighted average
tangential velocity,vφ. At 6 Gyr the contours ofvφ are parallel to
the bar. After the ND forms, strongvφ peaks are located on the
minor axis of the bar, i.e. along the major axis of the ND. Between
8 Gyr and 10 Gyr the peakvφ on the major-axis of the ND also
increases. The motions of the young stars, shown in Fig. 7, show
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Figure 5. Stellar surface density profiles of the central regions at 6,8 and
10 Gyr as indicated. Top: Surface densities along the major-axis of the ND
with our model inclined at 55 degrees the same as NGC 3945. Thedashed
lines indicate exponential profiles. Bottom: Azimuthally averaged surface
density profiles for the face-on orientation.
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Formation of stellar nuclear discs 5

Figure 6. Mean stellar velocities at 6 Gyr (top row), 8 Gyr (middle row)and 10 Gyr (bottom row).vR is shown in the left column, whilevφ is in the right
column. Contours indicate the stellar surface density.

the largestvφ is on the minor-axis of the ND. The combination
of the velocities from the main bar and the ND, however, lead to
the strongestvφ on the ND’s major’s axis while masking the ND
kinematics on the bar’s major-axis.

The left column of Fig. 8 shows the radial velocity dispersion,

σR, while the right column shows the vertical velocity dispersion,
σz. After the ND forms bothσR andσz along the major axis of
the ND decline. This cooling occurs in an absolute sense, notjust
relative to the surrounding hotter bar. The decline inσz reflects that
the new stars are forming in a thin population.

c© 0000 RAS, MNRAS000, 000–000



6 D. R. Cole et al.

Figure 7. Mass-weighted mean stellar velocities at 10 Gyr broken downby age.vR is shown in the left column, whilevφ is in the right column. Stars older
than 6 Gyr are shown in the top row while stars younger than 3 Gyr are shown in the bottom row. Note the different scales between the top and bottom rows.
Contours indicate the total stellar surface density.

The left column of Fig. 9 shows the face-on mass-weighted
Gauss-Hermite moment h4. At 6 Gyr h4 has contours elongated
like the bar with a near zero value at the centre increasing out-
wards. With the formation of the ND h4 increases. A strong peak
forms on the ND major-axis while minima are present on the bar’s
major-axis. By 10 Gyr the peak on the ND’s major axis strengthens
further and the minima in the centre and along the bar’s majoraxis
weaken. The h4 minimum on the bar’s major axis is a signature
of the growing peanut shape of the bulge (Debattista et al. 2005;
Méndez-Abreu et al. 2008).

Together,vR, vφ, σR, σz and h4 all indicate that a distinct,
cool, thin ND, extending toR ∼ 1.5 kpc has formed by 10 Gyr.
The ND is elliptical and elongated perpendicular to the mainbar.

4.2 Ages

The right column of Fig. 9 shows maps of the mass-weighted mean
age of stars. Old stars are present in the central 1 kpc, whichis dom-
inated by the bar; further out the stellar populations are increasingly
dominated by young stars formed in the ND. Perpendicular to the
bar, a substantially younger population of stars is presentat∼ 700

parsec, concentrated at the sides of the bar (see also Ness etal.
2014).

The distribution of stellar ages in barred galaxy simulations
was studied by Wozniak (2007) and Wozniak & Michel-Dansac
(2008, 2009). They used models with a pre-existing stellar disc,
adding a gas disc with 10 per cent mass fraction, and evolved for 3
Gyr, at the end of which 46 per cent of the gas had been converted
to stars. Wozniak (2007) found concentrations of young stars at the
ends of the bar in their model. Our simulation also has young stars
at the end of the bar, giving the mean age map a dimpled appearance
along the bar’s major axis (see also Ness et al. 2014).

Wozniak (2007) and Wozniak & Michel-Dansac (2008) did
not report a ND in their model (see Figs. 1 and 2 in Wozniak
(2007)), but did find a young population in a thin disc correspond-
ing to 17 per cent of the stars in the inner 1 kpc. However Wozniak
& Michel-Dansac (2009) found a ND within a radius of 0.5 kpc.
They conclude that their ND is associated with aσ-drop (see also
Wozniak et al. 2003).

c© 0000 RAS, MNRAS000, 000–000



Formation of stellar nuclear discs 7

Figure 8. Mass-weighted stellar velocity dispersions at 6 Gyr (top row), 8 Gyr (middle row) and 10 Gyr (bottom row).σR is shown in the left column, while
σz is in the right column. Contours indicate the stellar surface density.

4.3 Chemistry

Fig. 10 shows mass-weighted maps of the mean stellar metallicity
[Fe/H] and abundance [O/Fe]. The ND stands out very clearly in the
metallicity maps as a region that is more metal-rich than thebar. As
we show below the star formation in this region from metal-rich gas

gives rise to this metallicity signature of the ND, along theminor
axis of the bar. The [O/Fe] maps instead show little direct evidence
of the ND. Before it forms, the inner 500 pc region isα-deficient
but the surrounding region out to∼ 1 kpc is α-enhanced along
the bar minor axis. Once the ND forms, however, [O/Fe] drops by

c© 0000 RAS, MNRAS000, 000–000



8 D. R. Cole et al.

Figure 9. Left: Face-on mass-weighted Gauss-Hermite vertical h4 kinematic moment. Right: Mass-weighted mean stellar ages. To facilitate comparison of
the different panels, the ages have been normalized by the time of each snapshot i.e. the stellar ages are divided by the age of the simulation at the time of the
snapshot: 6, 8 or 10 Gyr. The stellar surface density is indicated by the contours. The top, middle and bottom rows show 6, 8and 10 Gyr.

c© 0000 RAS, MNRAS000, 000–000



Formation of stellar nuclear discs 9

Figure 10.Mass-weighted mean stellar chemistry. The left column shows [Fe/H] while the right column shows [O/Fe]. The top row is at6 Gyr, the middle is
at 8 Gyr and the bottom is at 10 Gyr. The stellar surface density is indicated by the contours.

∼ 0.05− 0.1 dex, and the ND [O/Fe] blends in smoothly with that
of the main bar.

5 COOL GAS PROPERTIES

Fig. 11 presents the evolution of the azimuthally-averagedcool gas
(defined as gas that has cooled to below50, 000K) density within
3 kpc. This shows an increase by a factor of a few inside 1 kpc
after 6 Gyr; this gas provides the fuel from which the stellarND

c© 0000 RAS, MNRAS000, 000–000



10 D. R. Cole et al.
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Figure 11. The azimuthally-averaged cool gas surface density at 6, 8 and
10 Gyr as indicated.

forms. Outside the ND, the gas density remains similar between 6
and 10 Gyr. Fig. 12 maps the surface density of the cool gas. The
distribution at 6 Gyr is clumpy with no evidence of a ND, while
after 8 Gyr it is more regular, and forms a disc with spirals con-
necting up to the gas inflowing along the leading edges of the bar.
Fig. 2 showed that the bar grows stronger at about 6 Gyr, whichis
responsible for initiating the gas inflow into the nucleus. Except in
the inner∼ 1 kpc there is no evidence of enhanced star formation
and no external perturbers are present in the simulation. The ND in
this simulation therefore is seeded by the strengthening bar.

Fig. 13 shows the radial and tangential velocities of the cool
gas. At 6 Gyr there is a gas inflow along the leading sides of thebar,
arriving at the centre with peak inward (outward) velocity along the
bar’s minor (major) axis. The tangential velocity is very disordered
at 6 Gyr. This is a quite different velocity field from the stellar one
at this time, and is dominated by dissipative inflows rather than by
rotation. At 8 GyrvR has maxima and minima oriented at approx-
imately45◦ to the bar indicating the gas is now moving under the
gravitational field of a massive ND. The peak radial velocities are
progressively reduced over time but the inflow and outflow contin-
ues. Thevφ maps show strong rotation in an elliptical disc at the
later times. It is worth noting thatvR andvφ for the gas and the
stars are rotated by∼ 90◦ relative to each other (compare figures
6 and 13). The cause of this is that the gas velocities reflect mo-
tions in the ND only, while the stellar velocities are a superposition
of the motions of stars in the bar and in the ND. Instead the gas
kinematics are quite similar to the kinematics of the young stars, as
seen in Fig. 7.

Fig. 14 shows the mass-weighted nuclear gas chemistry. At
6 Gyr the gas has slightly elevated metallicity. The irregular dis-
tribution of both [Fe/H] and [O/Fe] is caused by gas inflowing
from larger radii. Once the ND forms the cool gas is significantly
more metal-rich than the surrounding gas. At 8 Gyr the gas isα-
enhanced, a result of the rapid star formation already ongoing at
6 Gyr (see Fig. 3), although it is only later that the star formation
settles into an ordered ND. By 10 Gyr the [O/Fe] of the gas has
dropped to background levels as star formation continues topollute
the gas with SNIa ejecta.

Figure 12.The cool gas surface density. The top row is at 6 Gyr, the mid-
dle is at 8 Gyr and the bottom is at 10 Gyr. The stellar surface density is
indicated by the contours.

6 COMPARISON TO REAL GALAXIES

6.1 Photometric Comparisons

In this Section we compare the simulation to three early-type disc
galaxies where previous study has shown the existence of distinct,
moderately large NDs and/or massive stellar nuclear rings (which
could plausibly be the most visible signature of an extendedND)
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Formation of stellar nuclear discs 11

Figure 13.The cool gas kinematics. The left column showsvR while the right column showsvφ. Top is at 6 Gyr, middle is at 8 Gyr and bottom is at 10 Gyr.
The stellar surface density is indicated by the contours. Note the change in scale between the 6 Gyr frames and the rest.

inside bars (Erwin & Sparke 1999; Erwin et al. 2003; Erwin 2004;
Nowak et al. 2010; Comerón et al. 2010). Further details concern-
ing the NDs, including their relation to the central bulges,can be
found in Erwin et al. (2014). For each galaxy, we orient the simu-
lation to match the galaxy as best as possible, first reproducing the

(deprojected) position angle of the bar relative to the lineof nodes
and then inclining the simulation by the same angle as the galaxy.

c© 0000 RAS, MNRAS000, 000–000



12 D. R. Cole et al.

Figure 14. The cool gas chemistry. The left column shows [Fe/H] and the right column shows [O/Fe]. The top row is at 6 Gyr, the middle at8 Gyr and the
bottom at 10 Gyr. The stellar surface density is indicated bythe contours.

6.1.1 Comparison to NGC 4371

NGC 4371 is a strongly barred S0 galaxy in the Virgo Cluster with
a surface-brightness-fluctuation distance of 16.9 Mpc (Blakeslee
et al. 2009). High-resolution imaging studies have shown that the
interior of the bar is dominated by a very elliptical stellarnuclear

ring with a radius of≈ 10.5′′ (860 pc); there is little evidence for
dust except in the very innermost (r < 1′′) regions and no evidence
for current star formation, though the stellar nuclear ringis some-
what blue (Erwin & Sparke 1999; Comerón et al. 2010). The baris
aligned almost along the minor axis of the projected disc; the outer
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bar

bar

NR

classical bulge
inner NR

Simulation NGC 4371

outer NR

Figure 15. Comparison of simulation with S0 galaxy NGC 4371. Top panels: log-scaled isodensity contours (left) andr-band isophotes (right), median-
smoothed, scaled so that the bar is approximately the same apparent size. The simulation (left) is oriented to match NGC 4371 (bar at deprojected∆PA =
85◦ relative to the major axis, galaxy inclination = 58◦); both have been rotated to make the outer-disc major axis horizontal in the panels. Bottom panels:
ellipse fits, plotted on a logarithmic semi-major axis scale; the NGC 4371 plots (right) combine ellipse fits to the INT-WFC r-band image from the top right
panel (black) and anHST ACS F850LP image (red). In the simulation plot (left panel),the position angle (PA) is plotted so that the major axis is at≈ 90◦;
the PA for NGC 4371 is the observed value, measured CCW from north. Dashed lines indicate estimated outer-disc PA and ellipticity. Labels indicate features
corresponding to the inner and outer nuclear rings and the bar in the simulation (“inner NR”, “outer NR”, “bar”), along with the classical bulge, nuclear ring,
and bar in NGC 4371 (“classical bulge”, “NR”, “bar”).

isophotes have an ellipticity of≈ 0.45, indicating an inclination of
i ≈ 58◦ (assuming the disc has an intrinsic thickness ofc/a = 0.2,
typical for S0 galaxies (Lambas, Maddox & Loveday 1992; Padilla
& Strauss 2008; Rodrı́guez & Padilla 2013)). For the isophotes (up-
per right panel of Fig. 15), we use anr-band image from the Isaac
Newton Telescope’s Wide Field Camera (Erwin, Pohlen & Beck-
man 2008); we also use anHST ACS/WFC F850LP image from
the ACS Virgo Cluster Survey (Côté et al. 2004) for the ellipse fits
(lower panels of the same figure).

The appearance of both the outer disc and the bar is very simi-
lar in the simulation and the real galaxy. A clear ellipticity peakout-
sidethe bar, at a semi-major axisa of 4.6 kpc in the simulation and
12 kpc in NGC 4371, is most likely due to a slightly non-circular
outer ring; the ellipticity outside this peak approaches a roughly
constant, lower value which is (in the case of the simulation) con-
sistent with the adopted inclination. The bar itself manifests as a
strong ellipticity minimum with a weak ellipticity peak in the cen-
ter of that minimum, accompanied by a strong twist in the position
angle.

Inside the bar, NGC 4371 has a strong inner ellipticity peak at
around 800–900 pc, corresponding to the stellar nuclear ring. The
simulation, in contrast, has two inner ellipticity peaks: the outer of
the two corresponds to the outer nuclear ring, at the edge of the ND,
while the inner peak is due to the inner nuclear ring. (The apparent
inner ellipticity peak ata ∼ 300 pc in NGC 4371 is primarily

a side effect of the combination of very elliptical isophotes from
the nuclear ring and rounder isophotes from the bulge inside; see
Erwin, Vega Beltrán & Beckman 2001).

The fact that the ND in the simulation is slightly elliptical
rather than circular results in a slight offset between the orienta-
tion of the outer disc (89◦) and the ellipticity peaks due to the nu-
clear disc (≈ 91.5–92◦). A similar offset can be seen in NGC 4371
(PA = 86◦ for the outer disc and 92◦ for the inner ellipticity peak
associated with the nuclear ring), which suggests that the nuclear
disc/ring in NGC 4371 is slightly elliptical as well.

Erwin et al. (2014) estimate a ND mass of7.6 × 109 M⊙ for
NGC 4371, or 17 per cent of its total stellar mass, comparableto,
but smaller than, the mass fraction measured in the model at 10 Gyr.
The size of the ND, as a fraction of the deprojected radius at which
the bar ellipticity peaks, is0.17. If instead we use a bar radius at
which them = 2 phase deviates from a constant by more than10◦

then the ND size is 0.14. In comparison, the simulation has a ND
of size 0.34 relative to the radius of peak ellipticity (0.3 relative to
the radius at which the bar phase deviates from a constant by more
than10◦). Thus the ND in the model is about twice as large as the
one in NGC 4371.
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6.1.2 Comparison to NGC 3945

NGC 3945 is a double-barred S0 galaxy at a distance of approxi-
mately 19.8 Mpc (based on the Virgocentric-corrected HyperLeda
redshift and a Hubble constant of 72km s−1 kpc−1). Its orientation
is very similar to that of NGC 4371 (bar∆PA = 88◦, inclination =
55◦). Unlike NGC 4371, NGC 3945 also has a small nuclear bar
(Erwin et al. 2003), which our model does not.

The primary bar in NGC 3945 is aligned almost along the mi-
nor axis of the projected disc; the outer isophotes have an elliptic-
ity of ≈ 0.41, indicating an inclination ofi ≈ 55◦. The plotted
isophotes (upper right panel of Fig. 16) are derived from anr-band
image from the Isaac Newton Telescope’s Wide Field Camera (Er-
win, Pohlen & Beckman 2008), while the ellipse fits are based on
this image and anHSTWFPC2 F814W image (PI Carollo, proposal
ID 6633).

Because the orientation is almost identical to that of
NGC 4371, the appearance of the projected simulation and the
ellipse fits are very similar to the previous case, and we refer
the reader to Section 6.1.1 for more details. As in the case of
NGC 4371, the resemblance between the simulation and the real
galaxy is rather good for the outer isophotes, including a distinct
ellipticity peak corresponding to the outer ring (much morepromi-
nent in this galaxy than in NGC 4371). There is an extra ellipticity
peak in NGC 3945 at a semi-major axis ofa ∼ 5.5 kpc, in between
the bar and the outer ring; this is due to the outer edge of the lens
surrounding the bar.

Interior to the bar (which has its maximum ellipticity at
a ∼ 3.1 kpc, corresponding to a deprojected semi-major axis of
5.3 kpc), NGC 3945 shows a strong ellipticity peak (a ∼ 1 kpc) due
to its ND2. As shown by Erwin & Sparke (1999), there is a stellar
nuclear ring within this disc, which produces the slight shoulder in
the ellipticity profile ata ∼ 600 pc. Further inside is a secondary
bar oriented almost parallel to the primary bar and thus close to
the galaxy minor axis; the projection of this produces the ellipticity
minimumat a ∼ 250 pc; a small classical-bulge component domi-
nates the isophotes ata . 100 pc (Erwin et al. 2003; Erwin et al.
2014).

Erwin et al. (2014) estimate a ND mass of2.7 × 1010 M⊙

for NGC 3945, or 36 per cent of the total stellar mass, larger than
the 29 per cent we estimate for the model at 10 Gyr using the same
method. Erwin et al. (2014) measure an exponential scale length of
the ND of 494 pc. Their estimate of the ND size in terms of the de-
projected radius of peak ellipticity of the bar is≃ 0.15, comparable
to NGC 4371 and smaller than in the simulation.

6.1.3 Comparison to NGC 3368

NGC 3368 is a double-barred Sab galaxy in the Leo Group with a
Cepheid distance of 10.05 Mpc (Freedman et al. 2001). Although it
is only slightly less inclined than NGC 3945 (i ≈ 50◦, for an outer-
disc ellipticity of 0.34), its bar is at a more intermediate position
angle (bar∆PA = 67◦). The plotted isophotes (upper right panel
of Fig. 17) are based on a Spitzer IRAC1 image from the Local
Volume Legacy (Dale et al. 2009); the ellipse fits are based onthis
image, theK-band image of Knapen et al. (2003), and anHST
NICMOS F160W image (Martini et al. 2003).

Superficially, the trend in ellipticity interior to the primary bar

2 This is the same structure which was termed an “inner disc” byErwin
et al. (2003) and Erwin (2004).

in NGC 3368 is similar to that in the simulation: a weak peak or
shoulder ata ∼ 1 kpc plus a more distinct peak at a smaller semi-
major axis (a ∼ 150 pc in NGC 3368 anda ∼ 300 pc in the
simulation). However, the underlying structures are different. As
noted above, the two peaks in the simulation’s ellipticity profile
are due to the outer and inner nuclear rings of the ND. The outer
peak/shoulder in NGC 3368’s ellipticity profile, on the other hand,
is due to the projected B/P structure of the bar (see Erwin & Debat-
tista 2013), and the inner peak is due to the secondary bar. The
ND in NGC 3368 shows up in the ellipticity profile as a slight
bump in ellipticity ata ∼ 400–500 pc, and in the position-angle
profile as the local maximum in the same semi-major axis range3.
NGC 3368 has a much more prominent B/P structure and a signif-
icantly smaller ND (with an embedded secondary bar) than is the
case for the simulation.

Erwin et al. (2014) estimates a ND mass of7.1× 109 M⊙ for
NGC 3368, or 11 per cent of the total stellar mass, about a factor of
two lower than in the model at 10 Gyr. The size of the ND is 0.12
relative to the deprojected radius of maximum ellipticity.As with
NGC 4371 and NGC 3945, the ND in the model is about twice as
large as in this galaxy. The scale-length of the ND in NGC3368is
156 pc.

6.2 Kinematic comparisons

Integral field kinematic data from the ATLAS3D (Cappellari et al.
2011) are available for NGC 4371 and NGC 3945 (Krajnović et al.
2011). Fig. 18 shows kinematic maps (vlos, σlos, h3, h4) for the
model at 10 Gyr projected to the same orientation as NGC 3945.
vlos has a peak on the major axis of the ND (i.e. roughly the in-
clination axis).vlos and h3 are anti-correlated in the simulation, as
in the observational data, providing further evidence for the rapidly
rotating ND. Within∼ 100 pc (which is not resolved in the model),
σlos is peaked but is relatively flat beyond on the major-axis of the
ND, in agreement with the observations. On the other hand, h4has
a distinct minimum of∼ −0.2 while the observational data have h4
∼ 0.2. The face-on map of Fig. 9, however, has a quite strong max-
imum on the major-axis of the ND, suggesting that the minimum
in h4 at the orientation of NGC 3945 is too sensitive to orientation
to be a useful diagnostic. Indeed we find that a negative h4 in the
model requires an inclination< 25◦.

Following the analysis of Erwin et al. (2014) Fig. 19 plots the
ratio vdp/σ, wherevdp is the deprojected velocity along the disc
major-axis, andσ is the line-of-sight velocity dispersion. The ob-
servational data are from Fabricius et al. (2012) (NGC 3945)and
Erwin et al. (2014) (NGC 4371). Data for NGC 3945 are shown as
(red) circles, for NGC 4371 as (black) triangles and for the model
at 10 Gyr as (blue) stars. The model has been projected to bar PA
= 88◦ and inclination= 55◦, to match NGC 3945. In the left panel
we normalise the radius byRǫ, the deprojected radius at which the
bar ellipticity peaks (56′′ = 5.4 kpc for NGC 3945,64′′ = 5.2 kpc
for NGC 4371 and2.65 kpc for the model). The right panel instead
normalises the radius byRND, the radius of the peak ellipticity in
the ND region. In the left panel, thevdp/σ rises more slowly in
the model than in the observations, consistent with the ND being
larger, relative to the bar, than in the observations, but reaches val-
ues intermediate between NGC 3945 and NGC 4371. In all cases,
vdp/σ > 1 by the edge of the ND (right panel). The dashed vertical

3 Note that the “inner disc” identified by Erwin (2004) is actually the pro-
jected B/P structure.
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Figure 16. As for Fig. 15, but now comparing the simulation with the double-barred S0 galaxy NGC 3945. Simulation and galaxy orientation are: primary
bar at∆PA = 88◦, inclination = 55◦. The ellipse-fit plots use data from an INT-WFCr-band image (black) and anHSTWFPC2 F814W image (red). In the
lower-right panel, labels indicate features corresponding to the compact classical bulge, the secondary bar, the nuclear ring, the ND, and the primary bar in
NGC 3945 (“classical bulge”, “bar2”, “NR”, “ND”, “ bar1”).

Figure 19. vdp/σ along the major-axis for NGC 3945 (red circles),
NGC 4371 (black triangles) and the model at 10 Gyr (blue stars). Left panel:
Radii normalised by the the radius of the peak ellipticity within the bar,Rǫ.
The vertical dashed lines correspond to the radii of the peakellipticities of
the nuclear discs,RND. Right panel: Same as left panel but with radii nor-
malised byRND. Real galaxy data from Erwin et al. (2014) (NGC 4371)
and Fabricius et al. (2012) (NGC 3945).

lines indicate the radius of peak ellipticity in the ND region. In the
observationsvdp/σ then declines again, but no such drop is present
in the model although the slope ofvdp/σ is considerably shallower.
Given that the observational data are for lenticular galaxies, while
our model is star forming, this difference between the observations
and the model can be understood as arising from discs in NGC 3945

and NGC 4371 that become relatively hotter beyond the ND than
in the model.

7 DISCUSSION

We have presented a simulation of anL∗ barred spiral galaxy with
a prominent ND. The ND is elliptical and perpendicular to thebar.
The disc develops after 6 Gyr, during an episode when the bar
strengthens; the ND therefore contains younger stars.

The stellar kinematics are affected by the presence of the ND,
particularly on the major axis of the ND, i.e. the minor axis of the
bar. In this area, the mass-weighted mean tangential velocities are
dominated by the ND rotation in an elliptical disc. The growth of
the ND forces the peak inflow and outflow radial velocities to lie
closer to the bar major axis. These kinematics can be understood
as the superposition of the motions of (older) stars streaming along
the bar’s major axis, and of the (younger) stars in a ND elongated
perpendicular to the bar. It is also on the minor axis of the bar that
the ND most affects the mass-weighted velocity dispersions, both
radially and vertically. The ND also alters the mass-weighted h4
kinematic moment of the vertical motion along the major axisof
the ND, producing large peaks, indicative of a peaked line-of-sight
velocity distribution.

The gas kinematics within the central 1 kpc at 6 Gyr show
inflows and outflows. At the location of the inflows the densityis in
general higher, resulting in a net accumulation of gas at thecentre.
Once the ND forms, there is a high gas density throughout the ND
region. Two spiral arms of gas connect to the major apices of the
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Figure 17. As for Fig. 15, but now comparing the simulation with the double-barred Sab galaxy NGC 3368. Simulation and galaxy orientation are: primary
bar at∆PA = 67◦, inclination = 50◦. The ellipse-fit plots use data from a Spitzer IRAC1 image (black), theK-band image of Knapen et al. (2003) (red), and
anHST NICMOS2 F160W image (green). In the lower-right panel, labels indicate features corresponding to the compact classical bulge, the secondary bar,
the ND, the projected B/P structure of the primary bar, and the primary bar itself in NGC 3368 (“classical bulge”, “bar2”,“ND”, “B/P”, “ bar1”).

disc where radial inward velocities trace dense gas in the spiral
arms showing continuing feeding of the gas to the disc. By 8 Gyr
the gas has settled into the ND but shows continuing inflow along
spiral arms which connect to the gas at the apices of the ND.

The stellar chemistry also shows evidence of the continuing
processes feeding star formation. There is increasing [Fe/H] in the
disc from 6 to 8 Gyr with [O/Fe] declining. The ND can be iden-
tified clearly in maps of [Fe/H], but the [O/Fe] maps contain no
distinct signature of the ND. Gas chemistry also shows a strong in-
crease in [Fe/H] after 8 Gyr, reflecting the enhanced star formation
there, even as low metallicity gas feeds in from outside the central
kiloparsec.

We compare the morphological and kinematic properties
of the model with data for the early-type galaxies NGC 4371,
NGC 3945 and NGC 3368. We find broad similarities. The main
difference is in the size of the ND relative to the bar, which in the
model is roughly twice as large as in the observations. This may
possibly be due to the absence of gas in the early-type galaxies
we have compared. In order to check this, we re-ran part of our
simulation from 7 Gyr with star formation turned off. By 9 Gyr
the resulting ND is smaller relative to the bar. Using the radius at
which the bar phase deviates from a constant by more than10◦

to measure the bar length at 9 Gyr, the ND is 0.32 times the bar
length with star formation and 0.24 without, a 25 per cent differ-
ence. When gas is absent, the bar can grow more rapidly while
the ND remains largely unchanged. While our ND is larger thanin
those galaxies, its kinematics are generally similar. Thisincludes
an anti-correlation between h3 andvlos along the ND, a relatively

flat σlos in the ND, and avdp/σ profile that reaches values inter-
mediate to those observed by the end of the ND. This implies that
the NDs in these galaxies grew via gas inflows as in the simulation.
Thus the simulation clearly demonstrates that gas inflows play an
important role in the continued assembly of structure at thenuclei
of galaxies. Although gas-rich galaxy mergers have been suggested
as a mechanism for driving gas to the centres to fuel the forma-
tion of NDs (Mayer, Kazantzidis & Escala 2008; Chapon, Mayer
& Teyssier 2013) our model demonstrates that they can also form
due to purely internal evolutionary processes.

7.1 Implications for nuclear star clusters

The morphology of our model is able to feed gas to the central
100 pc of a galaxy and fuel ongoing star formation there. Seth
et al. (2006) find that nuclear star clusters are typically elongated
in the plane of the galaxy disc and are compound structures having
a younger thin disc embedded in an older spheroidal component.
Integral Field Spectroscopy shows rotation in the same sense as the
galaxy (Seth et al. 2008). Our model shows that the creation of such
discs is a natural consequence of secular evolution in a galaxy. Gas
falls in to the nuclear regions due to dynamical evolution ofthe bar
which in turn causes increased star formation.

Recent observations of the Milky Way’s nuclear star cluster
show that it is significantly flattened in the same direction as the
Galactic disc (Schodel et al. 2014), supporting the idea that it has
formed via gas inflows and in-situ star formation. Our model sup-
ports the view that gas can be fed to such small radii to fuel ongo-
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Figure 18. Line-of-sight kinematic maps for the model at 10 Gyr projected to the orientation of NGC 3945 (bar PA= 88◦, here measured from thex-axis,
inclination = 55◦). Top left isvlos, top right isσlos, bottom left is h3, bottom right is h4, Thevlos map shows contours of isovelocity, with thevlos = 0
shown in bold, while the remaining maps show contours of surface density. The bar is nearly vertical in this image while the ND is almost horizontal.

ing episodic star formation (Pfuhl et al. 2011). Though it isclear
that the merger of globular clusters at the centre is a plausible pro-
cess for growing nuclear star clusters (Tremaine, Ostriker& Spitzer
1975; Capuzzo-Dolcetta 1993; Capuzzo-Dolcetta & Miocchi 2008;
Antonini et al. 2012; Antonini 2013; Gnedin, Ostriker & Tremaine
2014), helping explain some kinematic kinematic anomalies, (Hart-
mann et al. 2011; De Lorenzi et al. 2013), it is likely that in-situ star
formation plays a more significant role.
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Schinnerer E., Böker T., Meier D. S., 2003, ApJL, 591, L115
Schodel R., Feldmeier A., Kunneriath D., Stolovy S., Neumayer
N., Amaro-Seoane P., Nishiyama S., 2014, ArXiv e-prints

Scorza C., van den Bosch F. C., 1998, MNRAS, 300, 469
Seifert W., Scorza C., 1996, A&A, 310, 75
Sellwood J. A., Wilkinson A., 1993, Reports on Progress in
Physics, 56, 173

Seth A. C., Blum R. D., Bastian N., Caldwell N., Debattista V.P.,
2008, ApJ, 687, 997

Seth A. C. et al., 2010, ApJ, 714, 713
Seth A. C., Dalcanton J. J., Hodge P. W., Debattista V. P., 2006,
AJ, 132, 2539

Sheth K., Vogel S. N., Regan M. W., Thornley M. D., Teuben P. J.,
2005, ApJ, 632, 217

Shlosman I., Frank J., Begelman M. C., 1989, Nature, 338, 45
Skokos C., Patsis P. A., Athanassoula E., 2002, MNRAS, 333, 847
Stinson G., Seth A., Katz N., Wadsley J., Governato F., QuinnT.,
2006, MNRAS, 373, 1074

Tremaine S. D., Ostriker J. P., Spitzer, Jr. L., 1975, ApJ, 196, 407
Trujillo I., Erwin P., Asensio Ramos A., Graham A. W., 2004, AJ,
127, 1917

Valenti E., Zoccali M., Renzini A., Brown T. M., Gonzalez O. A.,
Minniti D., Debattista V. P., Mayer L., 2013, A&A, 559, A98

van den Bosch F. C., Jaffe W., van der Marel R. P., 1998, MNRAS,
293, 343

Wadsley J. W., Stadel J., Quinn T., 2004, New Astronomy, 9, 137
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