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ABSTRACT

We explore the chemodynamical properties of a sample of barred galaxies in the Auriga
magnetohydrodynamical cosmological zoom-in simulations, which form boxy/peanut (b/p)
bulges, and compare these to the Milky Way (MW). We show that the Auriga galaxies
which best reproduce the chemodynamical properties of stellar populations in the MW bulge
have quiescent merger histories since redshift z ~ 3.5: their last major merger occurs at
tookback > 12 Gyr, while subsequent mergers have a stellar mass ratio of <1:20, suggesting an
upper limit of a few per cent for the mass ratio of the recently proposed Gaia Sausage/Enceladus
merger. These Auriga MW-analogues have a negligible fraction of ex-situ stars in the b/p region
(< 1 per cent), with flattened, thick disc-like metal-poor stellar populations. The average
fraction of ex-situ stars in the central regions of all Auriga galaxies with b/p’s is 3 percent —
significantly lower than in those which do not host a b/p or a bar. While the central regions of
these barred galaxies contain the oldest populations, they also have stars younger than 5 Gyr
(>30 per cent) and exhibit X-shaped age and abundance distributions. Examining the discs
in our sample, we find that in some cases a star-forming ring forms around the bar, which
alters the metallicity of the inner regions of the galaxy. Further out in the disc, bar-induced
resonances lead to metal-rich ridges in the V — r plane — the longest of which is due to
the Outer Lindblad Resonance. Our results suggest the Milky Way has an uncommonly quiet
merger history, which leads to an essentially in-sifu bulge, and highlight the significant effects
the bar can have on the surrounding disc.

Key words: methods: numerical — Galaxy: bulge — Galaxy: evolution —Galaxy: formation—
galaxies: kinematics and dynamics.

1 INTRODUCTION

Bars are common structures found in approximately two thirds of
disc galaxies in the local Universe (Eskridge et al. 2000; Menéndez-
Delmestre et al. 2007; Aguerri, Méndez-Abreu & Corsini 2009;
Gadotti 2009; Masters et al. 2011), with this fraction decreasing

* E-mail: ffrag@mpa-garching.mpg.de

towards higher redshifts, and reaching ~ 20 per cent at z = 1 (Sheth
et al. 2008; Melvin et al. 2014), although a number of studies find
evidence for the existence of bars at redshifts as high as z ~ 1.5-2
(e.g. Simmons et al. 2014; Gadotti et al. 2015). They are known
to affect their host galaxy in a variety of ways e.g. by pushing
gas to the central regions, where it can form nuclear structures
such as nuclear discs and rings (e.g. Athanassoula 1992; Knapen,
Pérez-Ramirez & Laine 2002; Comer6n et al. 2010; Ellison et al.
2011; Fragkoudi, Athanassoula & Bosma 2016; Sormani et al. 2018;
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de Lorenzo-Caceres et al. 2019; Leaman et al. 2019; Méndez-
Abreu et al. 2019; see reviews by Kormendy & Kennicutt 2004
and Athanassoula 2013). Bars also re-shape the central regions
of their host galaxy via the formation of a vertically extended
bulge, often referred to as an X-shaped or boxy/peanut (b/p) bulge
(Combes & Sanders 1981; Combes et al. 1990; Raha et al. 1991;
Patsis, Skokos & Athanassoula 2002; Athanassoula 2005; Martinez-
Valpuesta, Shlosman & Heller 2006; Quillen et al. 2014; Fragkoudi
et al. 2015). In N-body simulations, b/p bulges form soon after the
bar forms, either rapidly after a buckling instability (e.g. Mihos
et al. 1995; Martinez- Valpuesta et al. 2006) or more slowly through
resonant heating at the vertical inner Lindblad resonance of the bar
(Pfenniger & Friedli 1991; Friedli et al. 1996; Ceverino & Klypin
2007; Quillen et al. 2014; Portail, Wegg & Gerhard 2015).

These and the aforementioned nuclear discs are sometimes col-
lectively referred to as ‘pseudo-bulges’, to differentiate them from
dispersion-dominated, so-called ‘classical’ bulges (Kormendy &
Kennicutt 2004). To avoid confusion, we differentiate between b/p
bulges — which are formed by vertically extended orbits, and thus
‘puff-out’ of the plane of the disc — and nuclear discs or rings, which
form out of gas pushed to the central regions by bars and which
are flattened (disc-like) structures. Classical bulges are thought
to form via violent processes such as dissipation-less collapse,
mergers, or clump migration at high redshifts (e.g. Eggen, Lynden-
Bell & Sandage 1962; Toomre 1977; van Albada 1982; Naab &
Burkert 2003; Bournaud, Elmegreen & Elmegreen 2007; Hopkins
et al. 2009; Perez et al. 2013; and the recent review by Brooks &
Christensen 2016). The secular formation of b/p bulges and the
violent formation mechanisms responsible for classical bulges leave
different chemodynamical imprints, which can thus be used to
decipher the formation history of their host galaxy.

The Milky Way (MW) is our closest barred galaxy, and therefore
the bar’s effects on its central regions and on its stellar disc can
be explored in exceptional detail. There has been ample debate
over the origin of the MW bulge — whether a dispersion-dominated
component formed from the dissipational collapse of gas or mergers,
or a b/p bulge, formed via secular processes. Observations in the
near- and mid-infrared reveal that the MW bulge has a boxy or
X-shape, pointing to its secular origin (e.g. Dwek et al. 1995;
McWilliam & Zoccali 2010; Nataf et al. 2010; Wegg & Gerhard
2013; Ness & Lang 2016). However, a number of studies find the
MW bulge to be an exclusively old population (e.g. Zoccali et al.
2003; Clarkson et al. 2008; Valenti et al. 2013), with a negative
radial metallicity gradient (e.g. Zoccali et al. 2008), which points to
properties closer to those of a classical bulge. Further intensifying
the debate, recent observational studies find that the MW bulge
might not be exclusively old, with a significant fraction of stars
younger than 8 Gyr (Bensby et al. 2013; Haywood et al. 2016a;
Bensby et al. 2017). These seemingly contradictory properties have
lent support to a hybrid scenario for the MW bulge, in which the
metal-rich stellar populations are part of the b/p, formed from disc
material, while the metal-poor populations constitute a separate
dispersion-dominated, spheroidal, classical bulge component (e.g.
see Babusiaux et al. 2010; Rojas-Arriagada et al. 2014; Barbuy
2016; Barbuy, Chiappini & Gerhard 2018 and references therein).

On the other hand, our understanding of the disc of the Milky
Way has also undergone a revolution of sorts, thanks to the recent
second Gaia data release (Gaia DR2; Gaia Collaboration 2018).
Gaia DR2 has allowed for a detailed exploration of phase-space of
the Milky Way’s disc, revealing a number of previously unknown
substructures, such as the Gaia snail or spiral (Antoja et al. 2018).
Some of the most striking features the data have revealed are the
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prominent ridges in V; — r space (Antoja et al. 2018; Kawata
et al. 2018), which have undulations in V, associated to them
(Fragkoudi et al. 2019). The bar has been proposed as a culprit for a
number of these features including the observed ridges in the V,; —
r plane (Fragkoudi et al. 2019) and the Gaia spiral via the buckling
instability (Khoperskov et al. 2019; but see Laporte et al. 2019
for an alternative explanation). Furthermore, as shown recently by
Khanna et al. (2019), the ridges exhibit different abundance trends
compared to phase space around them, which could perhaps give
clues as to their origin.

Additionally, recent studies have probed the age and abundance
structure of the inner disc of the Milky Way, finding seemingly
contradictory results. On the one hand, Leung & Bovy (2019a),
Leung & Bovy (2019b), Bovy et al. (2019) — using APOGEE data
in combination with machine learning techniques — find that the bar
of the Milky Way is metal-poor, while other studies such as Wegg
et al. (2019) — using FLAMES (Pasquini et al. 2000) spectra of
red clump giant stars — find that metal-rich stars in the inner disc
tend to be on more elongated orbits, suggesting that the bar of the
Milky Way is metal-rich. Furthermore, recent studies of local barred
galaxies find that some bars tend to be more metal-rich than their
surrounding disc, while others have similar or lower metallicities
as compared to their surrounding disc population (Neumann et al.
2020). The aforementioned studies highlight the varied properties
of barred galaxies, both for the Milky Way and external barred
galaxies, as well as the tight interplay between the central regions
of galaxies, the bar and the disc, all of which need to be explored in
a unified framework within the global context of galaxy formation
and evolution.

On the theoretical side, recent studies using tailored, isolated
simulations of Milky Way-type galaxies, have shown that the
metal-poor populations in the bulge of the Milky Way are in fact
consistent with being composed of the thick disc seen at the Solar
neighbourhood, with no need for an additional ‘classical’ bulge
component (Di Matteo 2016; Debattista et al. 2017; Portail et al.
2017; Fragkoudi et al. 2017a; Fragkoudi et al. 2018; Haywood et al.
2018a). These models are able to explain the chemomorphological
and chemokinematic relations of stellar populations in the bulge
(Fragkoudi et al. 2018; Gomez et al. 2018), as well as its vertical
and radial metallicity gradients (Fragkoudi et al. 2017b).

While isolated simulations can be tailored to study specific
galaxies in detail, such as the Milky Way, one would also like
to be able to study the formation of bulges of MW-like galaxies in
the full cosmological context. Advances in resolution and physical
fidelity (through sub-grid models) in recent cosmological zoom-in
simulations have led to the formation of realistic disc galaxies, with
smaller bulges (Governato et al. 2010; Bonoli et al. 2016; Brooks &
Christensen 2016), which have thus started being used to study
the properties of bars and b/p bulges in the context of the MW
bulge (e.g. Buck et al. 2018, 2019; Tissera et al. 2018; Debattista
et al. 2019). In general, however, these studies have explored single
galaxies and therefore do not capture the diversity of formation
histories that Milky Way mass galaxies can undergo. Also, while
they reproduce a number of trends similar to the Milky Way bulge
(such as e.g. morphology and global kinematic properties) they do
not reproduce some of the key chemodynamical features of the
Milky Way bar and bulge, such as the kinematical properties of the
metal-poor (—1 < [Fe/H] < —0.5) populations in the bulge (e.g.
Buck et al. 2019), around which most of the debate about the origin
of the MW bulge is centred.

We now have at our disposal for the first time a large sample of
high-resolution zoom-in cosmological simulations of Milky Way
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mass galaxies, the Auriga suite (Grand et al. 2017, 2019). These
simulations develop realistic discs from diverse formation histories
(Gomez et al. 2017), contain mostly bulges with low Sersic indices
(Gargiulo et al. 2019, from now on G19) and develop bars and
b/p bulges which at z = 0 have structural properties in agreement
with observations (Blazquez-Calero et al. 2020, from now B20).
We can therefore now study the formation of bars and b/p’s
in the full cosmological context, exploring the chemodynamical
imprints left by their formation history. This allows us to constrain
the merger history of the Milky Way (see also Monachesi et al.
2019), and to explore consistency with the recently proposed Gaia
Sausage/Enceladus merger (Belokurov et al. 2018; Helmi et al.
2018; Haywood et al. 2018b). As we will show, these models are
able to reproduce a number of chemodynamical properties of the
MW bulge, thus shedding light on its formation history, while also
allowing us to explore the effects of the bar on the disc, not only
in terms of kinematics but also by taking into account the chemical
enrichment and ages of stellar populations in the disc.

This paper is the first in a series exploring the properties of
bars in the Auriga cosmological simulations. Here we explore the
chemodynamical properties of Auriga galaxies with prominent b/p
bulges, comparing them to the MW bulge and connecting them
to their assembly history. We also explore the effects that bars
have on the discs of MW-type galaxies. The paper is structured as
follows: in Section 2 we describe the Auriga simulations, focusing
on the sample studied here, and show some statistical properties
of barred galaxies in Auriga. In Section 3 we describe the age
and abundance distributions in our sample, focusing on the bar-b/p
region. In Sections 4 and 5 we describe the chemomorphological
and chemokinematic relations of stellar populations in the central
regions and then compare them to the Milky Way bulge, while
in Section 6 we relate these to the galaxies’ merger history and
fraction of ex-situ stars. In Section 7 we explore the effects of the
bar on the inner and outer disc. In Section 8 we discuss some of the
implications of our findings in terms of the inner disc of the Milky
Way, and in Section 9 we conclude and summarise our results.

2 THE AURIGA SIMULATIONS

The Auriga simulations (Grand et al. 2017, 2019) are a suite
of cosmological magnetohydrodynamical zoom simulations of
haloes with masses in the range of 0.5 x 10'> —2 x 10?Mg
which run from redshift z = 127 to z = 0 with cosmological
parameters: 2, = 0.307, @, = 0.048, and 2, = 0.693, and a
Hubble constant of Hy = 100k kms~! Mpc™!, where 1 = 0.6777
(Planck Collaboration 2014). The simulations are performed with
the magnetohydrodynamic code AREPO (Springel 2010; Pakmor
et al. 2016), with a comprehensive galaxy formation model (see
Vogelsberger et al. 2013; Marinacci, Pakmor & Springel 2014;
Grand et al. 2017, for more details) which includes primordial
and metal line cooling, a prescription for a uniform background
ultraviolet field for reionization (completed at z = 6), a subgrid
model for star formation, stellar evolution, and feedback, magnetic
fields, and black hole seeding, accretion, and feedback. The dark
matter particles have a mass of ~4 x 10°M, and the stars and
gas have a mass resolution ~5 x 10*Mg. The physical softening
of collision-less particles grows with time and corresponds to a
fixed comoving softening length of 500 4~ 'pc, while the maximum
physical softening allowed is 369 pc (see Power et al. 2003 for
reasonable softening parameters). The physical softening for the
gas cells is scaled by the gas cell radius with a minimum limit of
the softening equal to that of the collision-less particles.

MNRAS 494, 5936-5960 (2020)

Star formation and stellar feedback is modelled as follows: if a
given gas cell is eligible for star formation, itis converted (according
to the Chabrier 2003 initial mass function) either into a star particle
— in which case it represents a single stellar population of a given
mass, age, and metallicity — or into a site for SN 1I feedback. In the
latter case, this particle is launched in a random direction as a wind
particle with a velocity that scales with the 1D local dark matter
velocity dispersion (see Grand et al. 2017 for more details). Its metal
content is determined by the initial metallicity of the gas cell from
which the wind particle originated, i.e. it is loaded with n = 0.6
of the total metals of the parent gas cell. For the stellar particles,
we model the mass-loss and metal enrichment from SNIa and AGB
stars by calculating the mass moving off the main sequence for
each star particle at each time-step. The mass and metals are then
distributed among nearby gas cells with a top-hat kernel. We track
a total of nine elements: H, He, C, O, N, Ne, Mg, Si, and Fe and in
what follows we use (Mg+Si+0)/3 to study the «-abundances.

The simulations form disc-dominated star-forming galaxies with
flat rotation curves that reproduce a range of observed scaling
relations such as the Tully—Fisher relation (Grand et al. 2017) and
the size—mass relation of H1 gas discs (Marinacci et al. 2017). They
also form instabilities in the discs such as bars and boxy/peanuts
which have structural properties similar to those of observed bars
(B20) and mainly consist of the so-called pseudobulges (G19),
reproducing what is found for disc galaxies in the local Universe
(Kormendy & Kennicutt 2004; Gadotti 2009). Four of the haloes
used in this study (Aul3, Aul7, Au23, and Au26) are the original
haloes presented in Grand et al. (2017), while Aul8 is a re-run of
the original halo 18 from Grand et al. (2017), for which we have
high cadence snapshot outputs, saved every 5 Myr.!

2.1 Analysis

To obtain the bar strength in our sample of simulated galaxies we
select the stellar particles in the disc and calculate the Fourier modes
of the surface density as,

N
an(R) = Zmi cos(mé;), m=0,1,2,.., (1)
i=0

N
bu(R) =) misin(mé)),

i=0

m=20,1,2,.. 2

where m; is the mass of particle i, R is the cylindrical radius, N is the
total number of particles in that radius, and 6 is the azimuthal angle.
To obtain a single value for the bar strength we take the maximum
of the relative m = 2 component within the inner 10 kpc as,

(a3 +b3)
Ay = max———. 3)
a0
Depending on the analysis, this can be calculated for all stars in
the disc, or for each mono-age or mono-abundance population
separately. In what follows we define a (strong) bar as having formed
when A, > 0.3. We always also visually inspect the bars to be sure
that large values of A, are not due to transient effects, such as an
off-centring due to a merger etc.

'While the initial conditions of the halo are the same as those of the original
halo in Grand et al. (2017), the final galaxy is not identical due to differences
in the integration time-step. However the overall properties of the galaxy and
its bar are broadly similar as a function of redshift, which gives confidence
that the properties of strongly barred galaxies are to some extent robust.
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The bar pattern speed in our fiducial model, Aul8, is obtained by
calculating the m = 2 phase in each snapshot and then calculating
the bar pattern speed €2,,

AB

Q, = AT 4)
For the other four haloes investigated in this study, for which we
do not have high enough cadence outputs in order to calculate
the bar pattern speed directly from the temporal evolution of the
simulations, we calculate €2, using the Tremaine—Weinberg method
(TW; Tremaine & Weinberg 1984). The method relies on the
continuity equation and on the disc having a well-defined pattern
speed, such as the bar pattern speed €2;,, and can be easily used to
calculate the pattern speed using slits placed perpendicular to the
line of nodes of the galaxy (see Tremaine & Weinberg 1984 for more
details). We first tested the TW method on Aul8, the fiducial model,
and found the parameters such as bar orientation, disc inclination,
and number of slits and their extent along the bar major axis etc.,
that give the most accurate results (see Debattista 2003; Garma-
Oehmichen et al. 2020, and references therein for tests of the TW
method). To calculate the pattern speeds in the four galaxies in our
sample we employ an inclination angle of the disc of i = 45 deg and
rotate the bar such that it has an angle of 60 deg with respect to the
line of nodes. We tested our implementation of the TW method on
other reruns of the Auriga sample for which we have high cadence
outputs (and which will be presented in future work; Fragkoudi
et al., in preparation) and found that we can recover the true pattern
speed with an accuracy of 5 per cent.

2.2 Barred-boxy/peanut sample

In this study, we focus on five haloes from the Auriga suite, shown in
Fig. 1, which have bars and prominent b/p bulges which are readily
identified in their edge-on® surface density projections. We consider
a galaxy to have a b/p bulge when the X-shape of the bar is visible
in the edge-on projection along with a ‘bump’ in the mean height of
stars as a function of radius (see Fig. AS). Four other Auriga barred
galaxies show hints of a b/p bulge in the process of forming, which
we term ‘weak b/p’s’ (these b/p’s are identified because there is a
‘bump’ in the mean height of young stars). However, as these are
too weak to be seen in the edge-on projection of all stars they would
likely not be identified as peanut galaxies observationally, therefore
we do not include them in this study.’

We note that the fraction of barred galaxies in the entire Auriga
sample — 40 haloes presented in Grand et al. (2017, 2019) — as a
function of redshift is consistent with observations (e.g. Sheth et al.
2008): i.e. we find that ~70 per cent of the Auriga galaxies have
bars at z = 0 with the fraction steadily decreasing towards higher
redshifts, and reaching a plateau of ~20 per cent at z = 1.5 — see
Fig. 2. We also compare the fraction of b/p’s in Auriga (including
weak b/p’s) to observed fractions of b/p’s in the local Universe
(Liitticke et al. 2000; Erwin & Debattista 2017); the fraction of b/p’s
in Auriga is low (30 percent) — and is even lower if we exclude

’In what follows, unless explicitly stated, when referring to edge-on
projections we project the galaxy along the y-axis, with the bar’s semimajor
axis aligned with the x-axis.

3We note that there is no strict definition of how to classify a peanut (see also
Ciambur & Graham 2016). In B20, we use un-sharp masking of edge-on
projections to identify b/p’s with which we identify 6 b/p’s, five of which
are the prominent ones presented in this study; the sixth one has a very weak
b/p which we include in our sample of ‘weak b/p’s’.

Barred galaxies in Auriga 5939

the weak b/p’s which would be hard to detect observationally
— compared to the observed fraction of ~70 per cent (and see
also B20). This could be due to the slightly too hot discs in our
simulations (e.g. see Grand et al. 2016); we will discuss this and the
formation of barred/peanut galaxies in the cosmological context in
more detail in upcoming work (Fragkoudi et al., in preparation).

In the false-colour face-on and edge-on RGB images of our
sample of galaxies in Fig. 1, we see the overall morphology of
the Auriga galaxies in our sample, with the corotation radius (CR)
and Outer Lindblad Resonance (OLR) of the bar marked with the
inner and outer and dashed lines, respectively. The galaxies have
interesting morphological features, similar to many barred galaxies
in the local Universe; for example haloes Aul7, Aul8, and Au23
have a red and quenched region inside the bar radius (often referred
to as the ‘star formation desert’, e.g. James, Bretherton & Knapen
2009), and a blue star forming disc. On the other hand, haloes Aul3
and Au26 have ongoing star formation in the central regions. We
also note the presence of a star forming inner ring inside the CR,
which surrounds the bar, in haloes Aul8 and Au23. These and other
ring-like structures are a common feature of barred galaxies, and
have been typically thought to form due to gas piling up at bar-
induced resonances (Buta & Combes 1996; and see Section 7.1 for
more discussion on these rings).

In the third row of Fig. 1 we plot the rotation curves for these
galaxies.* Haloes Aul8 and Au23 exhibit almost flat outer profiles,
while Aul3, Aul7, and Au26 have rather peaked profiles in the
central regions due to a more concentrated stellar distribution (we
note that all the galaxies in our sample have slightly declining
rotation curves, as expected for massive spiral galaxies — e.g.
Sofue & Rubin 2001). In the third row of Fig. 1 we show the
angular frequency curves, as well as the £ «/2 curves, where
K is the radial frequency of stars on near circular orbits.> The bar
pattern speed €2, is indicated with the horizontal red line, while its
intersection with the € and 2 &£ «/2 curves gives the approximate
locations of the CR and the Outer and Inner Lindblad Resonances,
respectively.® In the fourth row of Fig. 1 we show the evolution
of bar strength as a function of time; we mark the bar formation
time (i.e. for A, > 0.3) with a thin dot-dashed vertical line and the
formation of the b/p with a thick dashed line.

The properties of the bars in the Auriga simulations at z = 0 are in
general in good agreement with those of observed galaxies, as can
be seen in the bottom panels of Fig. 2, where we show the relation
between disc scale-length, h,, and bar length, 1, as well as bar
ellipticity, €, versus 1y, /h; (see also B20 who carry out a detailed
comparison of structural properties of bars and b/p’s at z = 0 in
Auriga with observations). Here we derive the disc scale-lengths
by fitting the 1D surface density with a disc and bulge component.
The bar lengths are obtained from ellipse fitting the surface density
images where the bar length is derived as the minimum between the
first minimum of ellipticity profile or when the angle of the ellipses
changes by more than 5 deg (see Erwin 2005). The bar ellipticity is
obtained as the maximum ellipticity of our fits in the bar region.”
We see that the bars in our simulations match well the properties of

4Obtained by approximating the mass distribution as spherical and using
Ve(r)y=JGM(<r)/r

5/((Rg) = \/(Rdd&R2 +4Q2) in the epicyclic approximation; see Binney &
Tremaine (2008)

5These are the locations of the resonances strictly only for mildly non-
axisymmetric systems

7Gadotti (2008) showed that the ellipticity obtained using ellipse fits is
20 percent lower than that obtained using 2D image decompositions (see
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Figure 1. Properties of the five Auriga galaxies explored in this study. Top row: RGB images — synthesized from a projection of the K-, B-, and U-band
luminosity of stars — of the subsample of Auriga galaxies which we explore in this study. The size of the face-on panels is 50 x 50 kpc and of the edge-on
panels 50 x 25 kpc (for edge-on projections the line-of-sight is along the bar minor axis). The halo number is denoted at the top of each plot and the inner
and outer dashed circles show the corotation and Outer Lindblad Resonance radius, respectively. Second row: Circular velocity profiles for the sample of
galaxies: total (solid lines), stellar component (dashed lines), dark matter component (dot-dashed lines), and gaseous component (dashed lines). Third row:
Angular frequency plots showing €2 the angular frequency (solid) and 2 — «/2 and € + «/2 in dashed and dot-dashed, respectively, where « indicates the
radial frequency of stars. The horizontal red line denotes the pattern speed of the bar. Fourth row: Bar strength A, as a function of lookback time. The vertical
dot-dashed line marks the formation of a strong bar and the thick dashed line the formation of the b/p.

observed barred galaxies in Gadotti (2011) in terms of bar length,
ellipticity, and disc scalelength.

In what follows we refer to Aul8 as our fiducial model; this run
has high cadence outputs and is therefore used for tests in much of
the analysis that follows, while furthermore, as we will show in the
next sections, the model has similar chemodynamical properties to
the Milky Way bulge.

their Section 3.4); we therefore correct our ellipticities accordingly in order
to be able to compare with the observed sample.

MNRAS 494, 5936-5960 (2020)

3 AGES AND ABUNDANCES IN BARS AND B/P
BULGES

3.1 Face-on projection

In Fig. 3 we show face-on maps of mass-weighted mean age,
metallicity, and «-abundances for all galaxies in our sample,
selecting stars within |z| < 0.5kpc from the plane of the galaxy.
We see that there is a large variety in the mean ages and abundances
of the bars and discs in the sample. In haloes Aul7, Aul8, and Au23
the bar region is overall old (mean age > 8 Gyr), while haloes Aul3
and Au26 have more recent episodes of star formation (as we will
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Figure 2. Statistical properties of the galaxies in the entire Auriga sample
and in the subsample examined here. Top: Bar fraction as a function of
redshift for the entire suite of Auriga simulations, compared to observations
(Eskridge et al. 2000; Sheth et al. 2008). The blue points indicate the fraction
of b/p bulges in barred galaxies in Auriga, comparing to observations from
Liitticke, Dettmar & Pohlen (2000) and Erwin & Debattista (2017) (right
y-axis). Bottom Left: Disc scale-length versus bar length for SDSS galaxies
from Gadotti (2011) (blue circles) and for the five Auriga galaxies explored
in this study (symbols). Bottom Right: Corrected bar ellipticity (see the text)
versus bar length over disc scale-length.

see below in Section 6) and therefore have younger ages (~4 Gyr)
in the bar region.

We see that in all cases the ends of the bar tend to have younger
ages than stars found perpendicular to the bar. If we were to trace
the mean age of stars in cuts perpendicular to the bar, we would
therefore find a decreasing age gradient towards the centre of the bar,
with younger ages clustering along the bar semimajor axis (and see
also Wozniak 2007). This is likely a consequence of the kinematic
differentiation of stars in the bar (which we will discuss in the next
Section in more detail) where younger populations in the bar have
more elongated shapes than older populations which are rounder
(see Debattista et al. 2017; Fragkoudi et al. 2017a). The variation
in morphology for populations of different ages naturally leads to
such an age gradient perpendicular to the bar. This behaviour has
been recently observed in local barred galaxies using spectroscopic
data from the MUSE-TIMER survey — see Neumann et al. (2020)
for more details.

In the second row of Fig. 3 we show the metallicity distribution in
our sample. We see that in all haloes, the bar is more metal-rich than
the surrounding disc, with the exception of haloes Aul8 and Au23
where a prominent inner ring is formed, which is star-forming and
metal-rich (see Section 7.1 for a more detailed discussion on these
inner rings). In these two cases (Aul8 and Au23) only the inner
1.5 kpc of the galaxy is more metal-rich than the inner ring, while
along the bar the metallicity is lower than that of the inner ring. The
metal-rich innermost regions of the bars in our sample, i.e. inside

Barred galaxies in Auriga 5941

~1.5kpc, perhaps indicate the formation of nuclear discs in the
Auriga galaxies. However these would be larger than those found
in observed galaxies (here of the order of 1-2kpc while nuclear
discs tend to have sizes of the order of a few hundred parsec, e.g.
Comerdn et al. 2010) which could be due to resolution issues in
the central-most kiloparsec or possibly due to the AGN feedback
implementation; this will be the subject of future investigations.
We also see that, especially in the region of the bar, there are
clear azimuthal variations in the metallicity maps, with metallicity
gradients being flatter along the bar than perpendicular to it.

In the third row of Fig. 3 we show the a-abundances in the
discs of our haloes. We see that the inner regions are on average
more «-enhanced, with a similar gradient as for the age, i.e. ¢-poor
stars are concentrated along the bar major axis. We also see that
for haloes Aul8 and Au23, the aforementioned possible metal-rich
nuclear discs, correspond to regions of low «-enhancement, as is
expected for these types of inner structures which form through
secular processes.

3.2 Edge-on projection

The MW bulge has long been thought to be exclusively old, as found
by studies using colour—-magnitude diagrams in fields towards the
bulge (e.g. Zoccali et al. 2003; Clarkson et al. 2008; Valenti et al.
2013). On the other hand, recent studies such as those of Bensby
et al. (2013, 2017), which derive the ages of microlensed stars in
the bulge, find that there is in fact a wide distribution of ages in
the bulge, with up to 50 per cent of metal-rich ([Fe/H] > 0) stars
younger than 8 Gyr. Furthermore, Haywood et al. (2016b) recently
re-analysed the CMD which was used in Clarkson et al. (2008) and
found that when allowing for an evolving Age—[Fe/H] relation for
stars in the bulge, the bulge CMD is better fit by isochrones with a
spread of ages. They furthermore found that all stars with [Fe/H] >
0 can be younger than 8 Gyr (which would make up ~ 50 per cent
of all the stars in the bulge).

In what follows we analyse the age distributions for the b/p’s
in our sample of simulated galaxies. In Fig. 4 we show edge-on
maps of mean ages, metallicities, and abundances in our sample
(to remove contamination from disc stars we exclude stars outside
galactocentric radius R = 6kpc). We see that, as in the face-on
distribution of ages in the galaxies in Fig. 3, haloes Aul7, Auls§,
and Au23 have on average older b/p bulges, while Aul3 and Au26
have younger b/p’s, since they have recent ongoing star formation
in the central regions. In all haloes we see an X-shaped distribution
of ages, with the younger populations dominating the X-shape of
the peanut — i.e. the relative fraction of young to old stars will
depend on which region of the bulge is explored. In the second and
third rows of the figure we show the edge-on metallicity and o-
abundance distributions. We see that all the b/p bulges demonstrate
a pinched X-shape metallicity and o-abundance distributions (see
alsoe.g. Debattista et al. 2017; Gonzalez et al. 2017; Fragkoudi et al.
2018).

We examine the age distribution of stars in the entire b/p bulge
region (here we restrict this cut to R < 4kpc and |z| < 2kpc to
take only stars within the central-most regions) of our fiducial
model, Aul8, in the left panel of Fig. 5. We see that there is a
significant fraction of young stars in the boxy/peanut bulge region,
with 52 percent of stars younger than 8 Gyr, 30 percent of stars
with Ages < 5 Gyr and 13 per cent of stars with Ages < 3 Gyr. In
the right panel of Fig. 5 we show the cumulative fraction of ages in
all five haloes in our sample. We see that all haloes show significant
fractions of young stars inside the boxy/peanut bulge, with stars

MNRAS 494, 5936-5960 (2020)
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Figure 3. Face-on projection of the ages and abundances of stars within |z| < 0.5 kpc in our sample of galaxies. Top row: Mass-weighted mean age. Second
row: Mass-weighted mean [Fe/H]. Third row: Mass-weighted mean [«/Fe] distribution. In all panels the inner and outer dashed circles denote the CR and OLR

radius. The black curves indicate isodensity contours.
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Figure 4. Ages and abundances of the boxy/peanut bulges in our sample: First row: Mass-weighted mean age in the boxy/peanut. Second row: Mass-weighted
mean [Fe/H]. Third row: Mass-weighted mean [«/Fe]. The vertical dashed lines indicate the corotation radius (for the cases where it falls inside the plotted
region). We see that the edges of the b/p bulges are traced by younger, more metal-rich, and more «-poor populations.

younger than 5 Gyr ranging between 25 and 60 per cent depending
on the halo and its star formation history.® It is worth noting that
for none of our b/p bulges are the ages exclusively old (i.e. all older
than 10 Gyr). Our models therefore suggest that there is a spread of
ages in b/p’s that are formed in the full cosmological setting, with
a non-negligible fraction of young stars in the central regions of
Milky Way-mass galaxies.

8We note that, as we discuss in later sections, Aul8 has tentatively a similar
star formation history as the MW

MNRAS 494, 5936-5960 (2020)

4 MORPHOLOGICAL PROPERTIES OF
STELLAR POPULATIONS IN BARS AND B/P
BULGES

In this section we examine the chemomorphological properties of
stellar populations in the bars and b/p bulges of the galaxies in our
sample. In Fig. 6 we show mass-weighted face-on surface density
maps for different age and metallicity bins for our fiducial model
Aul8. In the columns of the top row we show the morphology of
different mono-age populations where age is indicated in the top
left corner of each panel, and in the rightmost panel we show the
face-on surface density of the accreted component in the galaxy. In
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Figure 5. Age distributions in the inner regions of the Auriga galaxies
explored in this study. Left panel: Distribution of ages inside the boxy/peanut
bulge of halo Aul8. In the top left corner we denote the fraction of stars
younger than a certain age (<8, 5, 3 Gyr). Right panel: Cumulative ages
inside the boxy/peanut bulges of all the haloes in our sample.

the second row we show the face-on surface density as a function
of metallicity, where the metallicity intervals are indicated in the
bottom left corner of each panel. The younger and more metal-
rich populations have a more elongated, bar-like morphology than
the older populations which are on average rounder — however
even these oldest populations show signs of bar-like morphology
(see also Figs A1-A3 for the face-on and edge-on surface density
maps as a function of age and metallicity for all haloes in our
sample). This behaviour has also been found in Made-to-Measure
chemodynamical models of the Milky Way bar and bulge (see
Portail et al. 2017) suggesting that the Milky Way has a similar
chemomorphological dependence in the bar region.

In Fig. 7 we quantify this by calculating the bar strength A,
as a function of metallicity for Aul8, and the other four galaxies
in our sample. In all the haloes in our sample, the bar strength
increases as a function of the metallicity of the stellar populations.
This behaviour is a consequence of the kinematic properties of the
underlying stellar population (Fragkoudi et al. 2017a), as shown
by the blue lines in the same Figure, which denote the in-plane
(solid) and vertical (dashed) velocity dispersion, o, and o,. The
coloured circles denote the mean age of each mono-abundance
populations, as shown by the colourbar in each panel where the
minimum and maximum age are denoted in Gyr. To calculate the
velocity dispersion and age of each population we select stars from
the disc in an annulus outside the bar region (so that the velocity
dispersion of the stars is minimally affected by the bar).” We find
that the velocity dispersions of the mono-abundance populations
decrease for more metal-rich stars while the bar strength increases,
signalling the fact that colder, and therefore younger, populations
can participate more strongly in the bar instability. We see therefore
that there is a relation between the bar (and b/p) morphology and
the kinematics of the underlying mono-age or mono-abundance
population (for more details see Fragkoudi et al. 2017a; Debattista
et al. 2017 termed this behaviour ‘kinematic fractionation’).

This kinematic differentiation of mono-age populations in the bar
and b/p occurs due to the angular momentum that these populations
are able to exchange (see also Fragkoudi et al. 2017a). This is further
explored in Fig. 8 for our fiducial model, Aul8 (top row) and Au23
(bottom row), where we show the specific angular momentum (/)
evolution of mono-age populations in the galaxy inside the bar
region (i.e. R < 6 kpc). In the left panels the dot-dashed line marks
the beginning of the bar instability phase and in all panels the dashed

9By selecting stars at larger radii we bias the mean age towards younger ages,
however we are mainly interested in the trend by which younger populations
are colder, and therefore have stronger bar-like morphologies.
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line marks the time at which a strong bar has formed (here we define
a strong bar as A, = 0.3).

In the top left panel of the Figure we see that populations are
born with progressively more angular momentum, until the bar
forms, as denoted by the dot-dashed line. The second column shows
the change in specific angular momentum for each population
from the onset of the bar instability (or from the time of birth
for those which are born after the bar forms). We see that the
populations born before the bar lose the most angular momentum
(which is redistributed to the outer disc and halo). Of these, the
oldest population (10-12 Gyr; dark brown curve) loses less angular
momentum than younger populations (8—10 Gyr; light brown curve)
which are formed just before the bar forms. The same behaviour
can be seen for halo Au23 in the bottom panels of Fig. 8. This
occurs because the older populations are hotter and therefore lose
less angular momentum than the colder populations which can get
trapped on more elongated bar-like orbits (see Fragkoudi et al.
2017a). On the other hand, the populations born after the bar forms
have an already decreased specific angular momentum, compared
to that which they would have were the bar not present. This can
be verified by examining the specific angular momentum of mono-
age populations in Au23, where the bar forms at a later time as
compared to Aul8 (fipokback = 4 Gyr versus 8 Gyr). We see that the
specific angular momentum of younger populations increase until
the bar forms, as stars are forming on more settled circular orbits.
However, once the bar forms, stars born inside the bar region are
born on more elongated orbits, thus with less angular momentum
to begin with.

We show the edge-on surface density distributions in the top
panels of Fig. 11 in three metallicity bins — from top to bottom,
[Fe/H] > 0, —0.5 < [Fe/H] < 0, and —1 < [Fe/H] < —0.5,
respectively — for the galaxies in our sample. As in the case
of the face-on projection and the bar, the b/p morphology is
more pronounced for more metal-rich populations. However, the
morphology of the most metal-poor component (i.e. whether a
flattened or spheroidal distribution) is different for each of the five
haloes. In Sections 5.2 and 6 we will explore how the morphology
of the metal-poor population depends on its kinematic properties
and on the galaxy’s assembly history.

5 KINEMATIC PROPERTIES OF STELLAR
POPULATIONS IN BARS AND B/P BULGES

In this section we examine the global kinematic properties of the
bars and b/p bulges in Auriga (Section 5.1), and then explore the
kinematic properties of mono-abundance populations inside the bar-
b/p region, comparing them to the properties of the Milky Way bulge
(Section 5.2).

5.1 Global kinematic properties

In Fig. 9 we show face-on kinematic maps (mass-weighted mean
Vg, V., and V) of the Auriga haloes in our sample; we focus on the
kinematics close to the plane by taking stars within |z| < 0.5 kpc.
The corotation and OLR radii are marked with the inner and outer
dashed circles, respectively, while the black lines are isodensity
contours of the face-on surface density distribution. In the top row
of Fig. 9 we see that all galaxies show an elongated shape of low
Vg, which follows the shape of the bar, due to the slower rotation
of stars on bar-like orbits. In some haloes (e.g. Aul8 and Au23)
we also see an X-shape in the V, pattern, indicating the X-shaped
morphology of orbits in the peanut region. The face-on distribution

MNRAS 494, 5936-5960 (2020)
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Figure 6. Chemo- and chronomorphological properties of Aul8: Top: Face-on surface density projection of Aul8 for all stars (left panel) and for stars with
different ages (subsequent columns; age is denoted in the upper left corner of each panel) as well as accreted stars (right panel). Bottom: Face-on surface
density projection for stars with different metallicities, as denoted in the top left corner of each panel.

0.8 _Aul3 . _Aul7 ‘ _Auls _Au23 . _Au26 220
35 107 ] 3.8 116 3.8 115 41 11.6 35 112 | o,
0.6 =
] {140 §
2 0.4} N i =
< 1 1 ) 1 o 1100
0.2¢ ] {60 &
0.0 : : : : : : : . . 220
~1.0 -05 00 05 -05 00 05 -05 00 05 -05 00 05 -05 0.0 05
[Fe/H] [Fe/H] [Fe/H] [Fe/H] [Fe/H]

Figure 7. The dependence of bar strength on metallicity, velocity dispersion, and age: The black curves and left y-axis indicate the bar strength A, for each
mono-abundance population. The blue curves and right y-axis denote the radial (solid) and vertical (dashed) velocity dispersion of the underlying population,
while the colour-coding of the circles indicates their mean age (see colourbar — in Gyr — of each panel). Bar strength increases for increasing [Fe/H], decreasing

velocity dispersion, and younger age of the underlying population.
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Figure 8. Left panel: Evolution of specific angular momentum inside
the bar region for mono-age populations (denoted in Gyr) in Aul8
(first row) and Au23 (second row) inside the bar region. The vertical
dashed line marks time of bar formation. The vertical dot-dashed line
marks onset of bar instability. Right panel: Change in specific angular
momentum.
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of V, shows a butterfly pattern, characteristic of barred galaxies, i.e.
of inward and outward moving velocities in the bar region. When
examining the mean vertical velocity, V,, we see that there is a
butterfly pattern in some of the haloes, in particular in Aul7, Aul8,
and Au26. Upon closer examination of the edge-on morphology
of these haloes (top row of Figs 11 and A2) we see that their
boxy/peanuts are asymmetric, i.e. the peanut is currently undergoing
abuckling instability. This signature of buckling bars in velocity was
first explored in an isolated N-body simulation of a Milky Way-like
galaxy in Lokas (2019), and we confirm this signature here using the
Auriga cosmological simulations, as well as verifying the signature
with an isolated disc galaxy simulation in Appendix B. Interestingly,
Aul7 and Aul8 which are currently undergoing a buckling phase,
have bars which formed at z > 1 and have had a b/p since 8 and 5 Gyr
ago (see the thick dashed line in the bottom panel of Fig. 1). This
indicates that they are undergoing a renewed buckling instability at
z =0, which has been shown to occur for strong bars (e.g. Martinez-
Valpuesta et al. 2006). This butterfly pattern in V,, which is present
for asymmetric b/p’s, can therefore be used to identify buckling bars
in almost face-on projections.

In Fig. 10 we show edge-on kinematic maps of the galaxies in
our sample (where the bar is aligned with the x-axis), focusing
on the inner region, i.e. on the boxy/peanut bulges. To reduce
contamination from outer disc particles, we select stars within
R < 6kpc of the galactic centre. In the cases where corotation
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Figure 9. Global kinematics in the face-on projection of bars and b/p bulges: Mass-weighted tangential velocity Vi (first row), radial velocity V, (second
row) and vertical velocity V. (third row) for stars with |z] < 0.5kpc. In all panels we denote the corotation and OLR radius (when they fall within 10kpc)
by the inner and outer dashed circles. We see a clear kinematic signature for the asymmetric b/p’s (Aul7, Aul8, and Au26) as a butterfly pattern in V, (see

Appendix B for more details).
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Figure 10. Global kinematics in the edge-on projection of bars and b/p bulges: First row: Mass-weighted line of sight velocity where isovelocity contours
are denoted with white lines with a spacing of 25 kms~!. We see that all models show cylindrical rotation. Second row: Mass-weighted line of sight velocity
dispersion. We see that the velocity dispersion profile has an X-shape. In all panels the vertical dashed line indicates the CR radius of the model (if it is inside

6kpc), the bar is along the x-axis and the black lines show isodensity contours.

falls inside the panel, it is marked with a curved white dashed
line. In the first row we show the mass-weighted line-of-sight
velocity Vo for the galaxies in our sample, with white contours
denoting isovelocity lines with spacing of 25kms~'. As expected
for boxy/peanut bulges, these galaxies exhibit cylindrical rotation
inside the boxy/peanut bulge region, i.e. the line of sight velocity
is independent of height above the plane. In G19 we also showed
that, overall, the bulges in Auriga exhibit rather large amounts of
rotation. In the second row of Fig. 9 we show the mass-weighted
line of sight velocity dispersion, oo, Which for all haloes has a
distinctive X-shape, with low velocity dispersion tracing the tips of
the peanut.

5.2 Chemokinematic properties

‘We now explore the kinematic properties of stars in the bar-b/p of the
Auriga galaxies as a function of metallicity, and compare these to the

chemokinematic properties of the Milky Way bulge. In the middle
panels of Fig. 11 we show the line of sight velocity, V¢, and velocity
dispersion, o gc, as a function of longitude for stars in the b/p bulges
of the Auriga galaxies (solid lines). We separate the stars into three
metallicity bins — [Fe/H] > O(red), —0.5 < [Fe/H] < 0 (blue) and
—1 < [Fe/H] < —0.5 (green) and compare these to the velocity
and velocity dispersion of stars with corresponding metallicities in
the Milky Way bulge (circles), using data from the ARGOS survey
(Nessetal. 2013a). In order to compare the models to the Milky Way,
we rescale the masses of the Auriga galaxies to match the stellar
mass of the Milky Way, and rotate the bar to have an angle of 30 deg
with respect to the galactocentric line of sight, placing the observer
at 8.3 kpc from the centre of the galaxy (Bland-Hawthorn & Gerhard
2016). For this plot we select stars close to the plane (b < 1 degrees
for the model and b = 5 degrees for the ARGOS data).

In the Milky Way bulge the line-of-sight velocity Ve of stars
is comparable for the three different metallicity bins, i.e. even

MNRAS 494, 5936-5960 (2020)
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Figure 11. The relation between chemodynamical properties and formation history: Top panels: Edge-on morphology of b/p’s in three metallicity bins: From
top to bottom, [Fe/H] > 0, —0.5 < [Fe/H] < 0, and — 1 < [Fe/H] < —0.5. Middle panels: Line of sight velocities (top) and velocity dispersion (bottom)
for stars in the three aforementioned metallicity ranges as a function of longitude. We compare these to the kinematic properties of the Milky Way bulge
(circles) from Ness et al. (2013a). Bottom panels: Star formation history of the disc for the five galaxies in our sample (black line), and separated in the three
different metallicity bins as indicated by the coloured lines in the legend. The vertical coloured lines at the top of the panels indicate the merger time of all
galaxies with M, ; > 107M®; the colour of the lines indicates the stellar mass ratio of the merger, f, = M, /M., ,, (see the colourbar below the figure). The
vertical black dotted line marks the formation time of the bar. The galaxies in which the metal-poor component has a thick-disc-like morphology (e.g. Aul7
and Aul8) are also the ones in which these stars rotate almost as fast as the metal-rich population. These galaxies are also the ones in which the merger history
of the galaxy is very quiescent, indicating the intimate relation between the chemodynamical properties of the bulge and formation history.

the most metal-poor stellar population with —1 < [Fe/H] < —0.5
has significant rotation, similar to the metal-rich and intermediate
populations, even though it is a hotter component with higher
velocity dispersion. For the models explored here, this behaviour
approximately holds for Aul7 and Auls, i.e. all three metallicity
components have similar rotation. On the other hand, we see that the
most metal-poor component in models such as Au26 has little net
rotation, differing significantly from the rotation of the metal-rich
and intermediate components. We also note the correlation between
morphology and rotation for the metal-poor component, i.e. Aul7
and Aul8 which have highly rotating metal-poor populations, also
have flattened, thick disc-like morphologies for the metal-poor
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populations, while Au26 whose metal-poor component is hardly
rotating has a spheroidal morphology. As we discuss below, in
Section 6, the merger history of these galaxies is imprinted on the
morphology and kinematics of the metal-poor stellar populations.

6 FORMATION HISTORIES OF BARRED-B/P
GALAXIES

We explore the link between the formation history of galaxies
in our sample and the chemomorphological and chemokinematic
properties of stellar populations in their bars and b/p bulges (for
an exploration of the formation histories of all bulges in Auriga
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see G19). In the bottom panels of Fig. 11 we show the star
formation rate (SFR) in the disc (solid black curve) of the five
galaxies in our sample, i.e. within R < 20kpc and |z| < 2kpc.
The red, blue, and green curves indicate the SFR of the metal-rich
([Fe/H] > 0), intermediate (— 0.5 < [Fe/H] < 0), and metal-poor
(=1 < [Fe/H] < —0.5) populations, respectively. In all panels the
vertical black dotted line marks the formation time of the bar. The
upper thick vertical coloured lines mark the merger times of all
satellites with stellar mass M, ; > 10’Mg; the lines are coloured
according to the stellar mass ratio of the merger f, = M, /M, .,
where M, ; and M, ,, are the stellar mass of the satellite and the
main galaxy, respectively, at the time of satellite infall.!®

By comparing the middle and bottom panels of Fig. 11, we see
that the two haloes that have the most similar kinematic properties
to the bulge of the Milky Way — in terms of the high rotation
of their metal-poor component — i.e. Aul7 and Aul8, have no
major mergers (stellar mass ratios>1:4) in the last 12 Gyr of their
evolution. The most massive mergers these galaxies experience
since z ~ 3.5 are <1:20 mergers, which is broadly consistent,
although on the low mass end, with respect to recent estimates of
a Gaia Sausage/Enceladus-type merger for the Milky Way'! (e.g.
Haywood et al. 2018a; Helmi et al. 2018; Belokurov et al. 2020;
Deason, Belokurov & Sanders 2019; see also Bignone, Helmi &
Tissera 2019). These Enceladus-like mergers in Aul7 and Aul8
also result in stars in the inner halo being on radial orbits (Fattahi
et al. 2019).

On the other hand, Aul3, Au23, and Au26 have significant (f, >
0.1) mergers occurring in the last 12 Gyr. Halo Au26 undergoes a
massive 1:2 merger at fipokback ~ 9 Gyr which creates a dispersion
dominated, spheroidal bulge for the metal-poor, old populations (see
Figs 11 and A2). It is worth noting that the metal-poor population
was already mostly formed at the time of the merger (see green
line in bottom right panel of Fig. 11) and thus the merger disrupts
this in-situ, old and metal-poor component, creating a dispersion-
dominated spheroid, while the new stars born during this merger
are also on non-circular orbits (see also Grand et al. 2020 for a
discussion on the effects of an Enceladus-like mergers on the disc
and halo populations). Haloes Aul3 and Au23 also have metal-poor
populations with lower net rotation at z = O (first and fourth column
of middle panels Fig. 11) as they undergo significant mergers in their
recent past — Aul3 undergoes af, = 0.15 merger at #jookpack = 7 Gy,
while Au23 undergoes a f, = 0.25 merger at fjookpack = 10 Gyr.

We therefore find that there is an upper limit on how massive
mergers can be (since fokback ~ 12 Gyr) while still maintaining a
rotationally supported metal-poor component in the inner regions
of disc galaxies. This behaviour is summarized in Fig. 12, where
we plot the normalised difference in rotation velocity at z = 0
between the metal-rich, intermediate, and metal-poor populations
at the effective radius §V = (VMR — VINT)/VMR + (VMR - VMp)/VMR,
versus the impact of mergers, which we here define as the sum of the

10We note that the bars in our sample tend to form soon after a merger, since
mergers increase the disc mass, and can also remove angular momentum
from the disc thus kick-starting the formation of the bar (we will discuss in
more detail the mechanisms responsible for bar formation in Auriga galaxies
in Fragkoudi et al. in preparation).

T As discussed in Monachesi et al. (2019), we caution that the Auriga haloes
are in general more massive than the Milky Way halo, so the limit on the
most massive accreted system in the Milky Way will likely be lower. We
also point out that, as shown in Monachesi et al. (2019), 40 per cent of the
halo mass comes from the Gaia Enceladus-like progenitor, however a total
of 14 satellites make up the entire halo of this model.
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Figure 12. §V versus merger impact: The normalised difference in velocity
between the metal-rich, intermediate, and metal-poor populations at the
effective radius (§V) of all Auriga galaxies versus the impact of mergers,
given by the sum over all mergers of the stellar mass ratio normalised by
the merger redshift (see the text for more details). The colour-coding shows
the sum of the dot product of the angular momentum of the main disc and
that of the orbital angular momentum of the merging subhalo, weighted by
the merger impact, indicating how prograde or retrograde all the mergers
in a given galaxy are. Disc galaxies with higher impact from mergers will
have larger 8V, as discussed in Fig. 11; Haloes Aul7 and Aul8 which are
most similar to the Milky Way in terms of bulge chemodynamics have the
lowest merger impact and overall number of mergers with stellar mass above
10"Mg. Some of the scatter in the relation is due to the orbital configuration
of mergers: galaxies with cosa ~1 have had mostly prograde mergers which
lead to lower §V for a higher merger impact.

mass ratio of mergers (for M, ; > 10’My,) divided by the redshift of
the merger squared, i.e. the impact of mergers is given by > ifi/(z; +
1)%. There is a trend for the five galaxies we explore in our sample,
which are denoted by the large symbols (see the legend), in which
the larger the merger impact, the larger the difference in rotation
between the stellar populations §V. We also include in the figure
the rest of the Auriga galaxies (small circles) for the entire parent
sample of 30 (Grand et al. 2017; excluding two Auriga haloes which
are undergoing a merger at z = 0). These follow a similar trend,
albeit with considerable scatter. We colour-code the symbols by the
sum of the cosines of the angles between the angular momentum
vector of the disc of the main galaxy and that of the orbital angular
momentum of each merging subhalo, weighted by the impact of
each merger; this indicates how prograde, or retrograde the mergers
are. We see that some of the scatter in the relation comes from the
fact that galaxies which undergo more prograde mergers can have
relatively high merger impact while having low §V, while galaxies
undergoing retrograde mergers will have higher §V for a smaller
merger impact. We note that haloes Aul7 and Aul8, which are the
most Milky Way-like haloes in terms of the overall morphology
and chemodynamics of their bulge stellar populations, have the
most quiescent merger histories in the entire Auriga sample. This
highlights the importance of a quiet merger history for forming b/p
bulges which have chemokinematic properties similar to the Milky
Way bulge.

6.1 Ex-situ fraction of stars

We now explore the amount of ex-situ stars in the b/p bulges in
Auriga, and how this relates to their chemodynamical properties.
As shown in G19, Auriga bulges have a range of ex-situ fractions,
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Figure 13. Comparison of in-situ versus accreted population in the
boxy/peanut bulges of our sample. Top left: Star formation histories for
the in-situ (blue) and accreted (red) populations in the haloes in our sample.
We see that for all haloes the accreted material in the b/p region is older
than 7 Gyr. Top right: Fraction of accreted versus in-situ stars inside the
b/p bulge region for the five haloes for stars of all metallicities. Bottom
panels: Fraction of in-situ versus accreted stars for stars with metallicities
—1 < [Fe/H] < —0.5 (left) and [Fe/H] < —1 (right).

from < 1 per cent to 42 per cent, with many of the bulges forming
mostly in-situ, i.e. 21 per cent of the Auriga galaxies have less than
1 percent of ex-situ fractions. In the top left panel of Fig. 13
we show the star formation histories in the b/p bulge region (i.e.
R < 4kpc and |z| < 2kpc) for the accreted (red) and in-situ (blue)
populations, and in the top right panel we list the fraction of accreted
to in-situ stars inside the b/p’s. Most stars present in the central
regions of our sample of galaxies are formed in-situ, with almost
all ex-situ material being accreted at early times, before z ~ 1 (see
also Buck et al. 2019 who similarly found low ex-situ fractions
in the central regions of their cosmological model). Therefore the
accreted stars in the b/p bulges of our models are subdominant in
all haloes, less than 1 per cent for Aul7 and Auls8, of the order of a
few per cent for Aul3 and Au23, with the highest fraction of ex-situ
stars being found in Au26 which has 9 per cent of ex-situ stars.
We therefore find that the fraction of ex-situ stars is also linked to
the kinematics of the metal-poor populations of the bulge; Aul7 and
Aul8 (which have the smallest ex-situ fractions) have metal-poor
populations which rotate fast, contrary to Aul3, Au23, and Au26,
which have higher ex-situ fractions and more slowly rotating metal-
poor populations. As expected of course, the fraction of ex-situ
stars increases as we consider lower metallicity ranges, as shown
in the bottom left panel of Fig. 13. Haloes Aul7 and Aul8 — which
have similar kinematics to the MW — have only a few percent (1.7
and 6.4 per cent, respectively) of ex-situ stars even in the metal-
poor population of —1 < [Fe/H] < —0.5, while Au26 has almost
60 per cent of the metal-poor population in the ex-situ component
(and see also Monachesi et al. 2019 for the fraction of accreted
material in the haloes of these galaxies). If we consider stars with
[Fe/H] < —1 (bottom right panel panel of Fig. 13), the fraction of
accreted stars increases substantially, with a maximum of 80 per cent
(for Au26) while it can still be quite low, for example 13 per cent for
Aul7, which has a very quiescent merger history, and ~38 per cent
for our fiducial Milky Way model, Aul8. Therefore, in order to
detect the ex-situ population of stars in the MW b/p bulge we
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Figure 14. Average fraction of accreted versus in-situ stars in the central
regions (r < 4kpc, |z| < 2kpc) of galaxies in Auriga, separating into those
in this study, i.e. with a boxy/peanut (bp), barred Auriga galaxies without a
prominent b/p (nobp) and Auriga galaxies without a bar (nobar). We see that
galaxies which form a b/p have on average little accreted material in their
central region, with the ex-situ fraction being of the order of a few per cent.

will likely have to probe the extremely metal-poor tail of the inner
regions (see e.g. Starkenburg et al. 2017; Arentsen et al. 2020
and Fig. A4 where we show the kinematics of the [Fe/H] < —1
population in Auriga).

We also find that the low fraction of ex-situ stars is a generic
property of b/p bulges, compared to other bulges.'? This is shown
in Fig. 14, where we consider the fraction of ex-situ stars in this
sample (bp), compared to haloes in Auriga which have bars but
do not form b/ps (nobp), and those that do not form bars at all by
z = 0 (nobar). As previously, we consider as inner regions those
inside r < 4kpc and |z| < 2kpc. We find that haloes with bars
that form b/p’s tend to have the smallest fraction of ex-situ stars,
compared to those which do not form b/p’s, while haloes without
bars have the highest fraction of ex-situ stars in their bulge region.
This is due to the intimate connection between the presence of
a dispersion-dominated component in the central regions of disc
galaxies, and the formation of bars and b/p’s (e.g. Athanassoula
2005) and highlights the importance of relatively quiescent merger
histories for the formation of b/p bulges.

7 EFFECT OF THE BAR ON THE DISC

In this Section we explore the effects of bars on their host discs,
focusing in Section 7.1 on the effects of the bar on the inner disc,
via the formation of so-called ‘inner rings’, and in Section 7.2 on
their effects on the outer disc, via the formation of ridges in phase
space.

7.1 Effect of the bar on the inner disc: formation of inner rings

By examining the age and abundance maps of the galaxies in our
sample in Section 3, we see that in Aul8 and Au23 the bar affects the
age, metallicity, and a-abundance distribution of the disc with the
formation of a prominent inner ring. The formation mechanism of
inner rings is still under debate, however they have classically been
associated with the locations of resonances in barred galaxies (e.g.
Schwarz 1981; Buta & Combes 1996). A more recent theory which
was proposed to explain the presence and morphology of inner
and outer rings in barred galaxies is the invariant manifold theory
(Romero-Goémez et al. 2006; Athanassoula, Romero-Gémez &

12For a discussion of all bulges in Auriga see also G19.
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Figure 15. Top row: Star formation history for the five haloes in our sample, inside the corotation radius (blue), inside the bar (light blue) and the difference
between the two (i.e. CR-bar; light green). When there is no inner ring (i.e. Aul3, Aul7, and Au26), the (CR-bar) region corresponds to the so-called star
formation desert, while in the presence of an inner ring it will correspond to the star formation inside the inner ring. Bottom row: The SFR of the (CR-bar)
region over the SFR of the bar region. In all panels the vertical dot-dashed line corresponds to the formation time of the bar. We see that in the cases without
an inner ring the ratio stays below 1, while in the case where an inner ring forms, the ratio increases once the bar and inner ring are in place. For Aul§ this
corresponds to 1, ~ 7 Gyr and for Au23 to i, ~ 9 Gyr. This method could be used to age date the formation of the bar in the presence of an inner ring.

Masdemont 2009). Invariant manifolds can be thought of as ‘tubes’
which emanate from the ends of the bar, and which guide stars and
gas along particular orbits, and which are able to transport material
from outside to inside corotation and vice versa.

Such metal-rich and star-forming inner rings could partially
explain the recently reported metal-rich ‘inner disc’ in the Milky
Way which was reported using APOGEE and Gaia DR2 data
(Bovy et al. 2019). First, the metal-poor inner regions of the
bar and the positive metallicity gradient with radius reported in
Bovy et al. (2019), can be partially explained by the interplay
between the metal-poor thick disc and the metal-rich thin disc
of the Milky Way: in the innermost regions the metal-poor thick
disc dominates, as it has a shorter scale length, while at larger
radii the metal-rich thin disc starts to dominate. This was explored
in the model presented in Fragkoudi et al. (2018), where it was
shown (see fig. 13) that the face-on metallicity maps of a composite
thin+thick disc model produce a low metallicity innermost region,
with metallicity increasing as a function of radius (note that this
model was constructed to reproduce observations of the bulge
of the Milky Way, and so serves as a verified prediction for the
relation shown in Bovy et al. 2019). However, in the thin+thick
disc model of Fragkoudi et al. (2018), the metallicity of the inner
disc does not reach the highest values (0.2 dex) found in Bovy
et al. (2019) around the bar. Reaching these high metallicities
could however be naturally achieved with the addition of a star
forming inner ring due to the bar. As we show below, in these
inner rings, ongoing star formation can help them reach higher
metallicities. Indeed our galaxy is thought to host a gaseous inner
ring as observed in both HI and CO, called the near and far 3 kpc
arms (van Woerden, Rougoor & Oort 1957; Dame & Thaddeus
2008).

In Fig. 15 we show the star formation histories inside corotation
for the five haloes in different regions: the blue line indicates the
star formation rate inside the entire corotation region, excluding
the inner kpc where the nuclear disc (or pseudo-bulge) is. In the
light blue line we show the star formation rate in the bar (excluding

the inner 1 kpc) and in light green we show the star formation rate
inside corotation minus that inside the bar. In the absence of an
inner ring this region (CR — bar) will correspond to the so-called
star formation desert (see e.g. James et al. 2009; Donohoe-Keyes
et al. 2019), while in the presence of an inner ring this region will
correspond to star formation inside the ring.

The fact that star formation in the inner ring (which is inside
corotation) continues, while star formation in the bar is quenched
(see the green lines in the top panels of Fig. 15, for Aul8 and Au23),
suggests that gas inside corotation is constantly being replenished.
This therefore implies that gas is being transported from outside
corotation, a mechanism that can be explained in the framework
of invariant manifolds, but not in the framework of resonant built
rings. This constantly renewed supply of gas sustains star formation
in the ring for extended periods of time even after the bar pushes
all the gas to the centre and quenches star formation in the bar
region.

As the inner ring forms due to the bar, its star formation history
could help reveal the formation time of the bar (similarly to how
nuclear rings and discs can serve to age-date the bar — see Gadotti
et al. 2015, 2019 and Baba & Kawata 2020). We see that, as
expected, in the two cases with a prominent inner ring, the residual
star formation in CR-bar is much higher than in those without an
inner ring. Since the inner rings form after the bar, the star formation
history of the ring could provide a method for determining the
formation time of the bar. We explore this in the bottom panels
of Fig. 15 where we show the SFR inside corotation minus that
inside the bar (i.e. CR-bar) divided by the SFR in the bar. In
these panels the formation of the bar is marked by the vertical
dot-dashed line. In the galaxies without a ring this ratio is low, since
almost all star formation which happens inside corotation takes
place inside the bar region. However, when an inner ring forms
this ratio increases above one and continues to rise, since while star
formation quenches in the bar due to gas depletion, it is still ongoing
in the ring (because as discussed above, manifolds can transport gas
from outside corotation into the ring). While in the bottom panels
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Figure 16. Logarithmic density in the V4 — r plane for all haloes in the study. The dashed line indicates the constant angular momentum of a circular orbit at

the OLR radius. We see that in all cases where the disc extends beyond the OLR (i.e. all apart from Aul3) the longest and most prominent ridge corresponds
to the OLR.
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Figure 17. The V4 — r plane for fiducial model Aul8 with mean mass-weighted age (left-hand panel), metallicity (middle), and a-abundance (right-hand
panel) colour-coded. The dashed line indicates the angular momentum of a circular orbit at the OLR radius. We see that the ridges have younger, more
metal-rich, and more «-poor stars on average than surrounding regions of phase-space.

of Fig. 15 the sudden increase in SFR does not mark the exact time
of bar formation, it does provide a lower limit to the age of the
bar.

7.2 Effect of the bar on disc phase-space

The second Gaia data release (Gaia Collaboration 2018) recently
revealed a plethora of complex substructure in phase-space in the
disc of the Milky Way, with one particularly prominent feature being
the ridges observed in the space of tangential velocity, Vj versus
galactocentric radius r (Antoja et al. 2018; Kawata et al. 2018) and
the correlation of these ridges with undulations in radial velocity V,
(Fragkoudi et al. 2019). In Fragkoudi et al. (2019) we showed, using
an N-body simulation of a Mikly Way-type galaxy, that these ridges
and undulations can be the product of bar-induced resonances, and
specifically that the OLR will create the largest ridge observed
in this plane, with a prominent inwards and outwards moving
V, component associated to it. This occurs due to the underlying
resonant orbital structure at the OLR, where there are overlapping
anti-aligned x;(1) and x;(2) orbits (see Dehnen 2000 and Fig. C1
for examples of these types of orbits in our fiducial model Aul8).
Here we explore the effects of the bar on the disc kinematics in our
sample of Auriga galaxies, specifically on the Vy — r plane, as well
as the relation between the kinematic signatures of the OLR and
ages and chemical abundances.

In Fig. 16 we show logarithmic density plots of the Vs — r plane
in the discs of the five models explored in this study. To construct
the plots we select all stars within 0.5 kpc from the plane of the
galaxy. We see that there are a number of ridges present in this
plane in all cases, with one particularly prominent ridge present
in most cases. The dashed line in each panel corresponds to the
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angular momentum of a circular orbit at the OLR radius. This line
is associated to OLR resonant stars, as shown in Fig. C2 where we
carry out a spectral orbital analysis of stars in our fiducial model,
Aul8. We see that in all cases the OLR resonance is associated with
the largest ridge in the V; — r plane, with the exception of Aul3; in
this case, the disc of the galaxy ends at around the OLR radius (this
can be seen also by examining the top row of Fig. 1). We therefore
see that the longest ridge in the V, — r plane being associated to
the OLR is a generic feature apparent in a number of models, and
can therefore be used as an independent method for estimating the
location of the bar OLR, both for the Milky Way, as well as for
external galaxies.

In Fig. 17 we show the V; — r plane of Aul8 with mass-
weighted mean age (left), metallicity (middle), and «-abundance
(right) colour-coded (see Fig. A6 for all models). As can be seen
in the Figure, all ridges, and especially the OLR ridge which is
the most prominent, has on average younger stars associated to
it. This could be due to the fact that colder populations are most
affected by the resonances caused by the bar, or due to preferential
ongoing star formation in these regions. Correspondingly, the ridge
region also has on average higher metallicity [Fe/H] and lower
mean alpha-abundances [«/Fe]. Therefore, we find that the ridges
in density are also apparent as ridges in age, metallicity, and «-
abundance space. This has been shown to be the case also for the
ridge structure of the Milky Way (see Khanna et al. 2019 who
combined the kinematic information on the ridges from Gaia DR2
with information on chemistry from the GALAH survey). There
is therefore a plethora of information to be distilled by combining
kinematics with chemistry in order to disentangle the origin of the
different ridges seen in phase-space in the Milky Way, and we will
explore this in more detail in upcoming work.
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8 DISCUSSION

8.1 The metal-poor versus metal-rich Milky Way bar/bulge

In the Auriga simulations we find that bars and b/p’s are predom-
inantly metal-rich (see Figs 3 and 4). This is in agreement with
IFU spectroscopic studies of the inner regions of external galaxies,
which find that a number of bars and b/p’s are rather metal-rich, or
as metal-rich as their surrounding disc (see e.g. Gonzalez et al.
2017; Gadotti et al. 2019; Pinna et al. 2019; Neumann et al.
2020). In this section we discuss these findings in the context of
the inner few kpc of the Milky Way, which, as we will discuss
below, appear to be rather metal-poor (including the bar/bulge
region).

A number of surveys (e.g. GIBS, GES, APOGEE) which have
explored the bulge of the Milky Way (i.e. inside |/, b| < 10deg)
find that it has a significant metal-poor component at all latitudes,
which leads to the Milky Way bulge being on average metal-poor,
i.e. [Fe/H] < O (e.g. see Ness et al. 2013b; Ness & Freeman 2016;
Rojas-Arriagada et al. 2017; Zoccali et al. 2017; Fragkoudi et al.
2018). Furthermore, as discussed in previous sections, recently
Bovy etal. (2019), combining APOGEE DR16 with Gaia DR2 data
with a machine-learning algorithm (see Leung & Bovy 2019a, b)
constructed ‘face-on’ metallicity maps of the Milky Way. They find
that the innermost regions of the Galaxy, i.e. the bar/bulge region, are
metal-poor while the surrounding disc is more metal-rich. It is worth
noting that the work of Bovy etal. (2019) is therefore consistent with
the aforementioned surveys on the bulge of the Milky Way — i.e.
they all find that the inner regions of the Milky Way are metal-poor
(and see also the discussion in Section 7.1). Therefore, it seems that
the Milky Way might be somewhat an outlier with respect to other
nearby barred galaxies, which tend to have metal-rich bar/bulge
regions.

On the other hand, Wegg et al. (2019) recently found that metal-
rich stars in the bar region of the MW are on more elongated
orbits, compared to metal-poor stars which are on rounder, more
disc-like orbits. This behaviour was predicted in studies of discs
with multiple stellar populations, in which ‘kinematic fractionation’
occurs i.e. that metal-rich stars should be on more elongated orbits
(e.g. Debattista et al. 2017; Fragkoudi et al. 2017a). This behaviour
can also be explained with star formation occurring after the bar
forms, which will preferentially place new stars on bar-like orbits.
Based on this finding, and on a spatial separation of stars in the bar
versus the inner disc, Wegg et al. (2019) conclude that their findings
are in tension with those of Bovy et al. (2019).

It is worth noting that kinematic ‘fractionation’ in itself, is not in
tension with a metal-poor bar-b/p region. As shown in Fragkoudi
et al. (2018), in Section 5 (see specifically fig. 13), the overall
metallicity of the inner bar/bulge region can be low if the metal-
poor thick disc dominates at these radii (i.e. there will be a higher
density of metal-poor stars in that region). This will occur if the
thick disc is relatively massive, and has a shorter scale length than
the metal-rich thin disc, as is thought to be the case for the Milky
Way (e.g. Bensby et al. 2011). Since the model of Fragkoudi et al.
(2018) contains the effects of ‘kinematic fractionation’, we see that
this is not inconsistent with a metal-poor inner region inside the bar.
Furthermore, as seen in fig. 13 of Fragkoudi et al. (2018), the end of
the bar will be more metal-rich than the innermost region, a trend
which is also found in Bovy et al. (2019) and consistent with the
findings of Wegg et al. (2019).

Therefore, there seem to be two scenarios that can explain the
apparently metal-poor bar/bulge of the Milky Way: the first one

Barred galaxies in Auriga 5951

is that the Galaxy has a metal-poor inner region on average,'
and therefore is perhaps an outlier compared to other local barred
spiral galaxies (but see also Zhuang et al. 2019, who find that late-
type spirals in the CALIFA survey can have positive metallicity
gradients). In this case, the metal-rich inner disc of the galaxy can be
explained via a thin+thick disc scenario with different scale lengths
(Fragkoudi et al. 2018) in combination with a metal-rich inner ring
formed due to the presence of the bar (as shown in Section 7.1). The
second scenario, is that the Milky Way has a bar/bulge region which
is more metal-rich than the inner disc, but, due to some selection
effects, a significant fraction of metal-rich stars are missing from the
aforementioned surveys. In either case, we reiterate that having a
metal-poor bar/bulge region is in fact consistent with having metal-
rich stars on more elongated orbits compared to the metal-poor ones,
since what sets the overall metallicity of a region is the local density
of metal-rich versus metal-poor stars, which is set by a combination
of the mass and scale lengths of these stellar populations.

9 CONCLUSIONS

In this paper, the first in a series exploring the properties of
barred galaxies in the Auriga magnetohydrodynamical cosmolog-
ical zoom-in simulations, we focus on the Auriga galaxies which
form prominent boxy/peanut (b/p) bulges by z = 0. We explore their
chemodynamical properties, comparing these to the properties of
the Milky Way bar and bulge, thus allowing us to place constraints
on the formation history of the Galaxy. We also examine the effects
of bars on the inner and outer disc of their host galaxy, exploring
how they redistribute stars and gas in inner rings and phase-space
ridges. Our results are as follows:

(i) Statistical properties: We find that the Auriga suite of simu-
lations reproduces well the fraction of barred galaxies as a function
of redshift, as well as the properties of bars at z = 0 as compared
to observations (see also B20). The b/p’s have a range of formation
times, from 1 to 8 Gyr ago and can undergo multiple buckling
phases, however their fraction at z = 0 is lower than that found in
observations (see Section 2.2).

(ii) Ages and abundances: The face-on and edge-on distribution
of ages and abundances are significantly affected by the bar and b/p,
which redistribute stars according to the kinematic properties of the
underlying stellar population (see e.g. Athanassoula, Rodionov &
Prantzos 2017; Fragkoudi et al. 2017a — this process was dubbed
‘kinematic fractionation’ in Debattista et al. 2017). This leads to age
and abundance gradients along the bar minor axis, in which younger
stars cluster at the ends and of the bar and along its major axis (see
also Neumann et al. 2020). Also, the b/p’s show an X-shaped age
and abundance distribution, in which younger and more metal-rich
stars trace the shape of the peanut. All the b/p’s in our sample contain
a significant fraction of stars younger than 5 Gyr, ~30 per cent for
our fiducial Milky Way model, Aul8 (see Section 3).

(iii) Chemomorphological properties: Stellar populations in the
bar and b/p show signs of ‘kinematic fractionation’, i.e. younger and
more metal-rich populations are trapped on more elongated bar-like
orbits in the face-on projection, and have more prominent peanut
shapes in their egde-on projection. This is a consequence of the
amount of angular momentum lost by stellar populations with dif-
ferent kinematic properties, i.e. younger/colder stellar populations

13 Although see also Schultheis et al. (2019) who find that the innermost
degree of the MW — which contains the nuclear star cluster — is metal-rich.
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which are present in the disc before the bar forms lose more angular
momentum compared to older/hotter populations. Populations born
inside the bar region after bar formation do not have as much angular
momentum to lose to begin with, because stars are born on elongated
bar-like orbits (see Section 4).

(iv) Global kinematic properties: When viewed edge-on the
b/p’s in our sample exhibit cylindrical rotation as well as X-
shaped dispersion profiles (i.e. the peanut region has lower velocity
dispersion). When viewed face-on, asymmetric b/p’s (i.e. bars which
are currently buckling) display a butterfly pattern in V,, confirming
the results of Lokas (2019). This kinematic signature of buckling
bars can help identify asymmetric b/p’s which are viewed face-on
(see Section 5.1 and Appendix B).

(v) Chemokinematics and formation history: We compare the
chemokinematic properties of stellar populations in different metal-
licity bins in our b/p’s to those of the Milky Way bulge (with
the ARGOS survey — Ness et al. 2013a). The haloes which best
reproduce the kinematics of the Milky Way bulge, i.e. which have
a rotating metal-poor component with a flat velocity dispersion
profile, are Aul7 & Aul8. These galaxies have the most quiescent
merger histories of the entire Auriga sample of galaxies; their last
major merger, i.e. with stellar mass ratio f, > 0.25, occurs > 12 Gyr,
and all subsequent mergers are f, < 0.05 prograde or radial mergers.
This suggests a stellar mass ratio of ~1: 20 for the recently proposed
Gaia Sausage/Enceladus merger (see e.g. Di Matteo et al. 2018;
Haywood et al. 2018a; Helmi et al. 2018; Belokurov et al. 2020 and
see Sections 5.2 and 6)

(vi) Relation between morphology and kinematics: The models
which best reproduce the chemokinematics of the Milky Way bulge
(Aul7 & Aul8), i.e. which have fast rotating metal-poor com-
ponents, also have metal-poor components with flattened density
distributions in their edge-on projection, compatible with a thick
disc distribution (see Sections 4 and 5.2).

(vii) Formation histories & ex-situ fractions: While the galaxies
in our sample have diverse formation histories they all have low
fractions of ex-situ material in their central regions (and see also
G19). The haloes with the most violent merger histories have larger
ex-situ fractions (10 per cent for Au26) while those with the most
quiescent merger histories (Aul7 & Aul8) have ex-situ fractions
of less than 1 percent. Therefore, the two most MW-like b/p’s,
Aul7 & AulS§ are essentially entirely made of in-situ stars. When
considering only stellar populations with [Fe/H] < —1, the ex-situ
fraction increases, but is still rather low for the two MW-like b/p’s
— 13 per cent for Aul7 and 37 per cent for Aul8. The mean ex-situ
fraction of stars for all Auriga galaxies with b/p’s is 3 per cent, while
for Auriga galaxies which do not form a b/p nor a baritis 11 per cent
and 18 per cent, respectively — i.e. galaxies with b/p bulges tend to
have lower ex-situ fractions overall, compared to galaxies without
b/p’s and without bars (see Section 6).

(viii) Inner rings: Aul8 and Au23 form an inner ring around
the bar, which is star-forming and metal-rich. Such an inner ring, in
combination with a thin+thick disc scenario, could explain the very
metal-rich ‘inner disc’ recently reported for the Milky Way (Bovy
et al. 2019). Indeed the Milky Way is thought to harbour a gaseous
inner ring, identified as the near and far 3 kpc arms (van Woerden
etal. 1957; Dame & Thaddeus 2008). The inner rings in our models
show indications of being formed due to invariant manifolds, where
gas is transported from outside to inside corotation. As inner rings
form after bars, their star formation histories can help obtain a lower
limit on the age of the bar (see Sections 7 and 8).

(ix) Effect of the bar on phase-space in the disc: In all the
haloes in our sample the longest ridge in the V;; — r plane is related
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to the bar OLR resonance (confirming the results of Fragkoudi et al.
2019). This could provide an independent method for determining
the bar pattern speed both in the Milky Way and in external galaxies.
We also find that the ridges in this plane are associated with
higher metallicities, lower alpha-abundances, and younger ages,
compared to the surrounding disc phase-space (see Sections 7.2
and Appendix C).

To summarise, we find that the models in our sample which best
match the properties of the Milky Way bulge, have an in-sifu origin
(with <1 per cent of stars in the bulge formed ex-situ). Their metal-
poor (—1 < [Fe/H] < —0.5) populations rotate almost as fast as
the more metal-rich populations ([Fe/H] > —0.5), and have have
flattened morphologies, compatible with a thick disc. This is in
agreement with recent chemodynamical studies carried out using
tailored, isolated N-body simulations, in which the bulge of the
Milky Way is composed of thin and thick disc populations (see e.g.
Di Matteo 2016; Debattista et al. 2017; Fragkoudi et al. 2017a, b,
2018).

Furthermore, contrasting the chemodynamical properties of the
b/p’s in our models with those of the Milky Way, allow us to
place constraints on the merger history of the Galaxy, including on
the recently proposed Gaia Sausage/Enceladus merger (Belokurov
et al. 2018; Helmi et al. 2018; Haywood et al. 2018b). One of our
best-fitting models, Aul8, experienced its last significant merger at
fookback = 9 Gyr, with the merging progenitor having a stellar mass
ratio of 1:20 — broadly in agreement with recent estimates of the
Gaia Sausage/Enceladus merger (e.g. Di Matteo et al. 2018; Helmi
etal. 2018; Belokurov et al. 2019). While our study does not involve
an exploration of the full parameter space of merger times, mass
ratios, and orbital configurations, our results point to the Galaxy’s
largely quiescent merger history, where the last major merger (f, >
0.25) took place at z > 3.5, with only prograde or radial mergers with
stellar mass ratio f, < 0.05 occuring since fjpokback ~ 12 Gyr; more
recent massive mergers would disturb the rotationally supported
kinematics of the metal-poor populations in the bulge, thus not
allowing to reproduce the Milky Way bulge’s chemodynamical
properties. We therefore see that with a diverse sample of Milky
Way-type galaxies formed in the full cosmological context we can
disentangle the effects of different formation mechanisms on the
chemodynamical properties of bars and b/p bulges, shedding light
on the formation history of the Galaxy and the origin of its bulge.
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APPENDIX A: ADDITIONAL PLOTS FOR ALL
HALOES

Here we show additional plots of the chemomorphological and
chemokinematic properties for all haloes in our sample. In Figs A1—
A3 we show the face-on and edge-on surface density projections
of the galaxies in our sample for different mono-age and mono-
metallicity populations. In the top rows of Figs Al and A2 all
stars are included, while in subsequent rows we show surface
density projections for progressively older populations. The ages
and metallicity of stars are marked in the top left corner of the first
column.

In Fig. A4 we show the line-of-sight velocity and velocity
dispersion for the five galaxies in our sample as a function of the
x-axis, where the bar is rotated to be along the x-axis. This is similar
to Fig. 11, but without normalizing to the Milky Way mass and
without transforming to Galactic coordinates.

The stronger peanut shape of younger populations can be clearly
seen in Fig. A5 where we show the average height <|h,| >
— normalized by <|h,| >, i.e. the scale height in the central
most region — along the bar major axis for different mono-age
populations (as indicated by the coloured lines in the top left corner
of the first panel). We see that all populations flare towards the
outer parts of the disc, and that in the region of the boxy/peanut
bulge, the youngest populations tend to show the most prominent
peanut shape, compared to the older populations (their relative
increase in thickness at the location of the peanut is larger for the
younger/thinner populations than for the older/thicker populations).

In Fig. A6 we show the V,; — r plane for all galaxies as well as
the mean age (second row), [Fe/H] (third row), and «-abundances
(fourth row) in this plane colour coded.
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Figure Al. Top row: Face-on surface density for all stars within |z| < 3kpc of the four haloes in our sample; the halo number is given at the top of each
column. Subsequent rows: Surface density of the stars in different age bins as denoted in the top left corner of the first column.
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Figure A2. Edge-on surface density projection for stars of different ages inside r < 4 kpc for the five haloes in this study. The ages are denoted in the upper
left corner of each panel. We see that the boxy/peanut morphology is more pronounced in the younger populations, while older populations appear rounder.
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Figure A3. Face-on surface density for three different metallicity bins, as denoted in the top left corner of the first column.
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Figure A4. Chemokinematic properties of stellar populations in the inner region of the five galaxies explored in this study: Line-of-sight velocities (top panels)
and velocity dispersion (bottom panels) along the bar major axis for stars close to the plane (|z] < 0.5kpc). Stars are separated into four metallicity bins as
denoted in the rightmost panel. We see that for haloes Aul7 and Aul8 the metal-poor component (—1 < [Fe/H] < —0.5) rotates at approximately the same
velocity as the more metal-rich components, while for haloes Aul3, Au23, and Au26 the metal-poor component has lower rotation. This is a consequence of
the merger histories of these galaxies.
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Figure AS. Top: Average height of mono-age populations (as indicated in the left-hand panel) along the bar major axis. Bottom: Average height of different
mono-age populations along the bar major axis (x) normalized by the height in the centre for each mono-age population. We see that the younger populations
exhibit a much more prominent peanut morphology and reach larger relative heights compared to hotter/thicker populations.
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Figure A6. Density, ages, and abundances in the Vi, — r plane. Top row: logarithmic density for each halo in the Vg — r plane. Second row: Average age in
each pixel. Third row: Average metallicity [Fe/H] in each pixel. Fourth row: Average [«/Fe] in each pixel. The dashed curve line indicates a line of constant
angular momentum which passes through the OLR radius. We see that the largest ridge in the models corresponds to the ridge associated to the OLR.

APPENDIX B: KINEMATIC SIGNATURE OF
BUCKLING BARS

Here we explore the kinematic signature of the asymmetric (or
buckling) b/p’s presented in Section 5.1. To verify that this signature
is due to the asymmetric b/p and not due to other external processes
affecting discs in cosmological simulations (such as e.g. disc
bending, interactions with satellites etc.) we use the isolated disc
galaxy model presented in Fragkoudi et al. (2017a). The model is
a purely collision-less simulation of an isolated Milky Way-type
galaxy, with 1 x 10° particles in the disc and 5 x 10° particles in

MNRAS 494, 5936-5960 (2020)

the dark matter halo (for details of the model we refer the reader to
Fragkoudi et al. 2017a).

We show in Fig. B1 three snapshots from this model, one
before the bar buckles (left-hand panel), one during the buckling
(middle), and one after the buckling (right-hand panels). We
see that the butterfly signature in V is only present during the
asymmetric buckling phase, and is present neither before the b/p
formation, nor after the b/p buckles when it becomes symmetric.
We therefore see that this signature is indeed inherent to an
asymmetric b/p, due to the asymmetric orbital structure in the
b/p.
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APPENDIX C: BAR-INDUCED
RESONANCES AND ORBITS
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To explore the resonant orbital structure in our fiducial model we
carried out a spectral analysis of 10* stars in the disc, deriving their
angular, radial, and vertical frequencies (€2, k, and v, respectively).
We show the angular to radial frequency ratio of these stars as
compared to the bar angular frequency (£2,) in the rightmost panel
of Fig. C2. The three main resonances due to the bar, the OLR,
CR, and ILR are marked with the vertical dashed lines. There are
also additional peaks in the histogram which indicate higher order
resonances, such as the broad peak around 0.36, which contains 1:3
orbits as well as higher order and irregular orbits. In Fig. C1 we
show examples of these resonant orbits, where the bar length and
orientation is marked with a red line (note the different scales of OLR).
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Figure B1. Examining the kinematic signature of buckling bars: We use the isolated disc simulation presented in Fragkoudi et al. (2017a) to explore the
butterfly feature in V., and its relation to the asymmetric buckling phase of the bar. In the top rows we show the face-on surface density projection of the disc of
the model, in the second row we show the edge-on surface density projection and in the bottom row we show projected V, when the disc is viewed face-on. We
see that the butterfly feature in V does indeed only appear during the buckling phase (middle columns), while before (left-hand columns) and after (right-hand
columns) the buckling, there is no butterfly pattern in V.

these figures). We see that in our model we can observe the typical
x; bar-supporting orbits (top row), the horse-shoe like corotation
orbits (second row) and the x;(1) and x;(2) type orbits found at

the OLR (third row). To see where these star particles lie on the
Vs — r plane we select those which lie in the interval of £0.1
of the three main resonances (dashed lines in right-hand panel
of Fig. C2) and overplot them on the V4 — r plane as shown in
the middle panel of Fig. C2. The orange colours correspond to
particles carrying out ILR orbits, the red to corotation particles,
and the blue to OLR particles. We see that indeed the blue OLR
particles fall on the longest ridge. The OLR can also be marked
in this plane with a line of constant angular momentum, which
corresponds to the angular momentum a particle on a circular orbit
at the OLR would have (i.e. OLR radius x circular velocity at
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Figure C1. Examples of orbits taken directly from the fiducial simulation Aul8. In all panels the length and orientation of the bar is denoted with the red line.
Note the different axis scales for each row. Left-hand panel: TLR resonant orbits. Middle: CR resonant orbits. Right-hand panel: OLR resonant orbits with
examples of the x1 (1) family on the top (aligned with the bar) and the x; (2) family on the bottom (anti-aligned with the bar). These two families are responsible
for the elongated ridge seen at the OLR radius.

400 Ol’.R C’R ILI)\

350
300
250
200
= 150
100
50

[km/s]

\7
Mass fraction

15 20 25 15 20 25

-1.0

-0.5 0.0 0.5
(Q-9,)/k

r [kpc] r [kpcl

Figure C2. Resonant structure of the Vg — r plane. Left-hand panel: A logarithmic density plot of the Vs — r plane of fiducial model Aul8, with the OLR
constant angular momentum line marked. Middle: The same as in the left-hand panel but with the ILR resonant (orange), CR resonant stars (red), and OLR stars
(blue) marked. These stars are obtained by taking stars within an interval of 0.1 of the resonant lines of the plot on the right. Right-hand panel: Frequency
histogram of 10* randomly selected stellar particles in the disc of the fiducial model Aul8.
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