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ABSTRACT

Inner bars are frequent structures in the local Universe and thought to substantially influence the nuclear regions of disc galaxies. In
this study we explore the structure and dynamics of inner bars by deriving maps and radial profiles of their mean stellar population
content and comparing them to previous findings in the context of main bars. To this end, we exploit observations obtained with
the integral-field spectrograph MUSE of three double-barred galaxies in the TIMER sample. The results indicate that inner bars can
be clearly distinguished based on their stellar population properties alone. More precisely, inner bars show significantly elevated
metallicities and depleted [a/Fe] abundances. Although they exhibit slightly younger stellar ages compared to the nuclear disc, the
typical age differences are small, except at their outer ends. These ends of the inner bars are clearly younger compared to their inner
parts, an effect known from main bars as orbital age separation. In particular, the youngest stars (i.e. those with the lowest radial
velocity dispersion) seem to occupy the most elongated orbits along the (inner) bar major axis. We speculate that these distinct ends
of bars could be connected to the morphological feature of ansae. Radial profiles of metallicity and [a/Fe] enhancements are flat
along the inner bar major axis, but show significantly steeper slopes along the minor axis. This radial mixing in the inner bar is also
known from main bars and indicates that inner bars significantly affect the radial distribution of stars. In summary, based on maps and
radial profiles of the mean stellar population content and in line with previous TIMER results, inner bars appear to be scaled down
versions of the main bars seen in galaxies. This suggests the picture of a “galaxy within a galaxy”, with inner bars in nuclear discs
being dynamically equivalent to main bars in main galaxy discs.

Key words. Galaxies: evolution — Galaxies: spiral — Galaxies: stellar content — Galaxies: structure — Galaxies: individual: NGC 1291,

NGC 1433, NGC 5850

1. Introduction

Bars are a frequent structure in disc galaxies and important for
their secular evolution (see e.g. Kormendy & Kennicutt| 2004
Athanassoula et al.|2005}; [Barazza et al.|2008; Sheth et al.|2008;
Aguerri et al.|[2009; [Masters et al.[2011; Kraljic et al.|[2012;
Fragkoudi et al.[2020). But some galaxies indeed host more than
only one bar: such double-barred systems have a large-scale bar
located in their main discs, while another, smaller bar (which we

will refer to as inner batﬂ throughout this paper) can be found in
their centres. The first double-barred galaxies were already dis-
covered in the 1970s (NGC 1291; |de Vaucouleurs| 1974} [1975)
and early on these objects were thought to be part of a small
group of dynamically peculiar galaxies. However, some stud-
ies suggest that 30% of all barred galaxies are actually double-
barred systems (see e.g. Erwin & Sparke|2002; Laine et al.[2002;
Erwin| 2004} Buta et al.|2015)), while more recently Hildebrandt

'In the literature inner bars are often also referred to as nuclear bars.
We warn the reader that sometimes the term nuclear bar is also used to
refer to particularly small bars in single-barred systems.
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et al. (subm.) estimate a lower limit for the volume-corrected
fraction of double bars in the CALIFA survey of 12 %.

Despite the amount of known double-barred galaxies and the
important secular processes inner bars might induce (Shlosman
et al.|[1989, [1990), to date, few studies have explored their stel-
lar population content in detail. The first attempt was made by
de Lorenzo-Caceres et al.| (2012) using long-slit observations
of the galaxy NGC357. Their results indicate that the bulge
and inner bar have similar stellar population properties while
the main bar is less metal-rich and more [a/Fe] enhanced. Sub-
sequent integral-field spectroscopic observations (de Lorenzo-
Caceres et al.|[2013) of four additional galaxies are compatible
with these results, but further show that inner bars appear slightly
younger than their surroundings. Radial profiles reveal positive
age and negative metallicity gradients along both the inner and
main bars, while [@/Fe] abundances are flat.

The TIMER project (Time Inference with MUSE in Extra-
galactic Rings; (Gadotti et al|2019) is a survey focussing on
central structures, for instance nuclear discs, nuclear rings, and
inner bars, observed in massive, barred disc galaxies in the lo-
cal Universe. To date, 21 galaxies of the sample have been ob-
served with the Multi-Unit Spectroscopic Explorer (MUSE; |Ba-
con et al.|[2010) at the Very Large Telescope. While the main
goal of the project is to infer the epoch of bar formation from
the star formation histories in the central components, previ-
ous TIMER studies also explored the nature of inner bars in
greater detail. Méndez-Abreu et al.|(2019)) investigated the face-
on galaxy NGC 1291 and, for the first time, detected kinematic
signatures of a box/peanut structure associated with the inner
bar in this galaxy. More precisely, bi-symmetric minima of the
higher-order moment /4 of the line-of-sight velocity distribution
are observed along the inner bar major axis, as expected from
numerical simulations and identified in the context of main bars
(see e.g.Debattista et al.[2005;[Méndez-Abreu et al.[2008| 2014)).
Similarly, [Bittner et al.|(2019) observed a correlation between ra-
dial velocity and the higher-order moment /3 in the spatial region
of the inner bar of NGC 1433. This correlation is a well-known
kinematic signature of main bars, arising from the strongly elon-
gated x; orbits within them (Bureau & Athanassoulal[2005} Ian-
nuzzi & Athanassoulal2015}; [Li et al.|2018; |Gadotti et al.|[2020).
Detecting this correlation for an inner bar again suggests that
both types of bars are dynamically similar structures. Finally, |de
Lorenzo-Caceres et al.| (2019) combined multi-component pho-
tometric decompositions of NGC 1291 and NGC 5850 with mea-
surements of kinematics and the stellar population content. The
results show that nuclear discs and inner bars have similar radii,
suggesting that inner bars form via dynamical instabilities in nu-
clear discs in the same way main bars arise in the main discs
of galaxies. In addition, the star formation histories indicate that
the inner bars in NGC 5850 and NGC 1291 are at least 4.5 Gyr
and 6.5 Gyr old, implying that inner bars are dynamically stable,
long-lived structures.

The stellar population properties of main bars have been
studied in greater detail. [Pérez et al. (2007) and [Pérez et al.
(2009) detected large variations of ages and metallicities in bars,
with positive, null, and negative metallicity gradients along their
major axis. |[Sanchez-Blazquez et al.|(2011) compared the stellar
content of bars with that in the main discs of these galaxies, in-
dicating that bars host, on average, older stellar populations with
higher metallicities than the galaxy discs. The gradients in both
parameters appear flatter along the bar major axis compared to
the gradients found in the main disc. Using 128 galaxies from
the MaNGA survey, [Fraser-McKelvie et al.| (2019) found that
the gradients of age and metallicity along the bar are typically
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flatter compared to the region outside of the bar but within the
bar radius (see also |Seidel et al.|2016)). Neumann et al.| (2020)
exploited the high spatial resolution observations of the TIMER
survey to explore stellar population gradients not only along the
bar major axis, but also perpendicular to it. The results show that
the youngest stellar populations in bars are located closest to the
bar major axis, suggesting that the youngest stars populate the
most elongated orbits.

The large number of morphological features in disc galax-
ies, especially in their centres, has led astronomers to introduce
a variety of nomenclatures for these structures. In this study, we
use the term nuclear disc to refer to rotationally supported cen-
tral discs with typical sizes of a few hundred parsecs that are
kinematically distinct from the main galaxy disc. We choose this
nomenclature to distinguish nuclear discs from inner and outer
discs, as often referred to in the context of disc breaks. The out-
ermost edge of nuclear discs are often distinguished by gaseous
and/or star-forming rings. These structures are named nuclear
rings, in order to discriminate them from inner rings typically
found at the radius of the main bar and outer rings located well
outside of the main bar. For the double-barred systems presented
here, we use the term inner bar when referring to small-scale
bars associated with nuclear discs while large-scale bars found
in the main discs of galaxies are simply denoted bar or main bar,
as appropriate.

In this paper, we investigate the similarities between the stel-
lar populations of main bars and inner bars by exploiting two-
dimensional stellar population maps and radial profiles, based
on the high-resolution, integral-field spectroscopic observations
of the TIMER survey. We further complement the study of |de
Lorenzo-Caceres et al.|(2019) by exploring how the stellar pop-
ulation properties vary along and perpendicular to inner bars. In
particular, we present for the first time radial profiles of stellar
population properties along the inner bar major and minor axis.
We then compare these results to those obtained by Neumann
et al.| (2020) in the context of main bars. Based on these investi-
gations, we explore the dynamical structure of inner bars, argue
that main and inner bars appear to be scaled versions of each
other, and speculate about the nature of ansae.

This paper is structured as follows: in the next section we
summarise observations, data reduction, sample selection, and
analysis which are already detailed in previous papers. In Sect. 3]
we show our results on the stellar population content of inner
bars before discussing them in the context of main bars in Sect.[4]
Finally, we summarise our conclusions in Sect. [}

2. Sample, observations, and data analysis

In this section we briefly summarise our sample of inner bars,
the TIMER observations and data reduction, as well as the per-
formed data analysis.

2.1. Double-barred galaxies in TIMER

The TIMER sample is selected from the Spitzer Survey of Stel-
lar Structures in Galaxies (S*G, [Sheth et al.|2010). Therefore, all
galaxies are nearby (d < 40 Mpc), bright (mp < 15.5 mag), and
large (D,s > 1arcmin) objects. In addition, only barred galax-
ies with central structures, as determined by Buta et al.| (2015),
stellar masses above 10'° My, and inclinations below 60 deg are
included.

Among the 21 TIMER galaxies observed so far, only
NGC 1291 and NGC 5850 exhibit prominent inner bars. These
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inner bars have already been detected in previous studies on
the subject (see e.g. Erwin/ 2004} Buta et al.|[2015}; |de Lorenzo-
Caceres et al.|[2008}, 2013) and recently investigated within the
TIMER survey (de Lorenzo-Caceres et al.[2019; Méndez-Abreu
et al.[2019). In contrast, the presence of an inner bar in the cen-
tre of NGC 1433 remains debated: previous photometric studies
(Butal 1986; Jungwiert et al.[1997; [Erwin|2004} Buta et al.|2015))
show some evidence of an inner bar and [Bittner et al.| (2019)
finds consistent kinematic signatures. However, de Lorenzo-
Caceres et al| (2019) inspected recent Hubble Space Telescope
images of the galaxy and concluded that NGC 1433 does not host
an inner bar. They argue that the presence of a variety of central
structures, such as a nuclear ring, nuclear disc, and nuclear spi-
ral arms has led to a misclassification in this galaxy. Moreover,
they state that the absence of clear o-hollows, a kinematic fea-
ture typically associated with inner bars, further suggests that
this galaxy does not host an inner bar.

In Fig. [I| we present H-band observations of the central re-
gions of the three galaxies, recently obtained with the HAWK-I
imager at ESO’s Paranal Observatory. These observations were
performed employing the Adaptive Optics correction produced
by the GRAAL AOF module on UT4, leading to a typical PSF
of about 0.4 arcsec to 0.5 arcsec. The high-resolution photomet-
ric observations not only highlight the structure of the inner bars
in NGC 1291 and NGC 5850, but also show the inner bar in
NGC 1433 more clearly. Although the inner bar in this galaxy
does not appear as prominent as in the two other cases, the
isophotes reveal the elongated structure of this inner bar within
an almost axisymmetric nuclear disc. In fact, the detection of in-
ner bars with varying strength is not surprising, as main bars also
exhibit a large range of structural properties.

In addition, we carefully inspected the inner regions of all
other TIMER galaxies using S*G images, our recent HAWK-I
photometry, reconstructed intensities from MUSE, and maps of
kinematics and stellar population properties (Bittner et al.[2020;
Gadotti et al.[2020). Although some studies report inner bar frac-
tions of 30% (e.g. Erwin & Sparke|2002), no other inner bars are
detected in the TIMER sample. In fact, the detected number of
inner bars in the sample is consistent with more recent estimates
of a 12% frequency of double-barred systems (Hildebrandt et al.,
subm.).

In Table[I] we present an overview about some of the funda-
mental properties of the three galaxies considered in this study,
including inclination, position angle, stellar mass, and distance.
All galaxies exhibit clear evidence of a nuclear disc and we show
their kinematic radii, defined as the radius at which v/o within
the nuclear disc reaches its maximum (Gadotti et al.|[2020). Fi-
nally, we present the basic properties of the inner bars, i.e. their
position angles, radii, and axis ratios, based on the visual in-
spections of |[Herrera-Endoqui et al.| (2015) and careful multi-
component decompositions of [de Lorenzo-Céceres et al.| (2019).
In fact, these decompositions include 6 different galaxy compo-
nents and thus highlight how complicated the inner regions of
these galaxies are. We discuss the differences in the estimated
parameters in Sect. [3.1]

2.2. Observations and data reduction

Exploiting the wide-field mode of the MUSE spectrograph, most
TIMER observations were obtained in ESO’s period 97 from
April to September 2016. The observations use a wavelength
range from 4750 A to0 9350 A at a spectral sampling of 1.25 A.
The field of view covers 1 arcmin® with a spatial sampling of

0.2 arcsec at a typical seeing of 0.8 arcsec to 0.9 arcsec. Each
observation included approximately 1 hour of integration on
source. Since all galaxies are larger than the field of view, dedi-
cated sky exposures were obtained.

Following the standard TIMER data reduction procedure, the
observations were reduced with version 1.6 of the MUSE data
reduction pipeline (Weilbacher et al.|2012| 2020). More specifi-
cally, the data are calibrated in flux and wavelength, and bias,
flat-fielding, and illumination corrections are applied. Telluric
features as well as the sky background are removed, the latter
using principal component analysis. Finally, the data is regis-
tered astrometrically. A detailed overview of observations and
data reduction of the TIMER survey is presented in|Gadotti et al.
(2019).

2.3. Data analysis

The analysis of the MUSE data is performed within the fully
modular software framework of the GIST pipelineE] (Galaxy IFU
Spectroscopy Tool, Bittner et al.|2019)). This tool provides exten-
sive capabilities for the analysis of spectroscopic data, facilitat-
ing all necessary steps from the read-in and preparation of input
data, over its scientific analysis, to the production of publication
quality plots. In the following, we only summarise the conducted
data analysis while a more detailed description is provided in
Bittner et al.|(2020).

We use the GIST framework to exploit the adaptive Voronoi
tesselation routine of |Cappellari & Copin|(2003)), in order to spa-
tially bin the data to an approximately constant signal-to-noise
ratio of 100. This high signal-to-noise ratio is employed to en-
sure the reliability of the measurement (see Bittner et al.[|2020|
for an assessment of the influence of the signal-to-noise ratio on
the derived population properties).

We adopt the udf-10 parametrisation of |Bacon et al.| (2017)
to model the line-spread function of the MUSE spectra. All tem-
plate spectra are broadened to this resolution before any fits
are performed. We further employ the wavelength range from
4800 A to 5800 A in this analysis. This relatively short portion
of the MUSE wavelength range is chosen because the red part
of the spectra is not optimal for the measurement of stellar pop-
ulation properties. In particular, the lower sensitivity to young
stellar populations, residuals from the sky subtraction, as well
as absorption lines originating in the interstellar medium would
complicate the analysis (see e.g.|Gongalves et al.|[2020).

The measurement of the stellar population properties is per-
formed in three separate steps, using the full-spectral fitting ap-
proach. Firstly, we employ the pPXF routine (Cappellari & Em-
sellem| 2004} [Cappellari|2017) to derive the stellar kinematics,
while keeping emission lines masked. A low order multiplica-
tive Legendre polynomial is employed, in order to account for
differences in the continuum shape between spectra and tem-
plates. Secondly, we apply pyGandALF (Bittner et al.|2019),
a new Python implementation of the original GandALF routine
(Sarzi et al.|2006; [Falcon-Barroso et al.|[2006), in order to fit
any present emission lines while taking into account the results
from the previous stellar kinematics fit. pyGandALF uses a two-
component reddening correction instead of corrective Legendre
polynomials that accounts for extinction within the emission-line
regions as well as for “screen-like” extinction that affects the en-
tire spectrum. The detection of emission lines is considered sig-
nificant if the amplitude-to-residual-noise ratio exceeds four. In

“http://ascl.net/1907.025
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Fig. 1. Photometric H-band observations of the inner bars and nuclear discs in NGC 1291, NGC 1433, and NGC 5850, obtained with HAWK-I.
The insets show exactly the same field of view as the main images and illustrate the isophotes in the galaxy centres which highlight not only
the axisymmetric structure of the nuclear discs but also the significantly elongated inner bars. For the three galaxies the inner bar is clearly
distinguishable, in particular also the relatively weak inner bar of NGC 1433 whose existence has been debated. North is up; east is to the left.

Name i M, PAy d Spatial scale Tkin Source PA;;, afun Ayis bla
deg 10°°M, deg Mpc pc/arcsec kpc deg arcsec arcsec

(1) (2) (3) @ O (6) (7 (®) © a0 an a2

NGC1291 11 5.8 -8.9 8.6 42 — HE 18 — 193  0.78
LC 17 29.0 — 0.35

NGC 1433 34 2.0 182 10.0 49 0.381 HE 30 — 7.1 0.67
LC — — — —

NGC5850 39 6.0 -26.5 23.1 112 0.796 HE 45 — 7.1 0.72
LC 48 11.3 — 0.21

Table 1. Overview of some fundamental properties of the sample. Shown are the inclination i of the galaxy disc relative to the plane of the
sky in column (2), the total stellar mass M, in column (3), the position angle of the galaxy disc PA,, in column (4) (all from S*G; |Sheth
et al.|2010; Munoz-Mateos et al.|2013] 2015), the mean redshift-independent distance d from the NASA Extragalactic Database (NED, http:
//ned.ipac.caltech.edu/) in column (5), the spatial scale of the observations in column (6), and the kinematic radius of the nuclear disc in
column (7) (Gadotti et al.|2020). Column (8) states the source of the structural components described in the following columns: HE refers to the
results from Herrera-Endoqui et al.| (2015 while LC designates the multi-component decompositions of [de Lorenzo-Caceres et al.[ (2019). We
refer the reader to Sect. [3.1]for a comparison of the results of both methods. Columns (9) to (12) provide the position angle of the inner bar PA;,
its full semi-major axis a,; from photometric decompositions, the inner bar semi-major axis from visual inspections a,;, and the inner bar axial
ratio b/a. We note that no kinematic radius could be determined for NGC 1291, due to the face-on orientation of the galaxy. NGC 1433 is not
included in the photometric decompositions of |de Lorenzo-Caceres et al.|(2019).

these cases, the emission line is subtracted from the spectrum,
thus obtaining emission-subtracted spectra.

Thirdly, a regularised run of pPXF is performed in order
to measure the mean stellar population properties, using the
emission-subtracted spectra. In this process, we apply an 8th or-
der multiplicative Legendre polynomial. We further fix the stel-
lar kinematics to those derived with the unregularised run of
pPXF in order to avoid degeneracies between metallicity and ve-
locity dispersion (see e.g.|Sanchez-Blazquez et al.|[2011)). In fact,
pPXF does not directly derive mean stellar population proper-
ties but instead non-parametric star formation histories. This is
achieved by assigning weights to the spectral models so that the
observed spectra are best reproduced. However, it is not straight-
forward to obtain a physically meaningful solution, as this is an
ill-conditioned inverse problem. Therefore, pPXF applies a reg-
ularisation, such that the smoothest solution that is consistent
with the data is returned (Press et al.|1992; [Cappellari[2017). We
determine the regularisation strength following the prescription
applied, for instance, by McDermid et al.| (2015)) and detailed in
Bittner et al.| (2020).
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Throughout the analysis, we use the MILES single stellar
population (SSP) models (Vazdekis et al.|2015)) as spectral tem-
plates. These models use a Kroupa Revised IMF with a slope
of 1.30 (Kroupa/2001) and BaSTI isochrones (Pietrinferni et al.
2004} 2006, 2009, 2013)). The models cover ages from 0.03 Gyr
to 14 Gyr, metallicities from —2.27 dex to 0.40 dex, and [a/Fe]
enhancements of 0.00 dex and 0.40dex at a spectral resolution
of 2.51A (Falcén-Barroso et al.|2011)).

In this study, we derive light-weighted stellar population
properties, in order to emphasise differences in the stellar ages.
Such light-weighted population properties are obtained by nor-
malising each MILES model by its own mean flux. Average
population properties are then calculated from the weight w; as-
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signed to the model i via

2. Wi tssp,i

v 2iWi (1)

iy = 2 M Hsse o
2i Wi

([a/Fe]) = Li wila/Felsspi )
2i Wi

with the ith model having an age of tssp;, metallicity [M/H]ggp ;,
and an [a/Fe] enhancement of [«/Felsgp;.

These [a/Fe] enhancements are an indicator of the longevity
of star formation in galaxies. As a-elements are predominantly
formed in the fusion processes leading to type Il supernovae
while iron is mostly produced in type Ia supernovae (see e.g.
Worthey et al.|[1992; Weiss et al.|[199)5), the [a/Fe] abundance
gives an estimate of their relative importance. Since the progen-
itor stars of type II supernovae are massive and short-lived while
those of type Ia supernova have long lifetimes, the timescale of
star formation in a galaxy is constrained by these [a/Fe] en-
hancements: High abundances hint towards short and intense
star-formation episodes, while low [@/Fe] abundances are a sig-
nature of slow but continuous star formation.

3. Results

In the following we present our results on the stellar popula-
tion content of inner bars. In particular, we present maps of the
mean population properties and their radial profiles along and
perpendicular to the inner bar major axis. The measurements of
the stellar population properties employed in this study are made
publicly availableﬂ

3.1. Mean stellar population properties in inner bars

In Fig. 2] we present light-weighted maps of the mean stellar
population properties of NGC 1291, NGC 1433, and NGC 5850,
similar to the ones presented in|Bittner et al.|(2020) but focussed
on the spatial region of the inner bar. In all three galaxies, the
inner bars are easily distinguishable, based on their mean stellar
populations alone, as previously claimed by |de Lorenzo-Céaceres
et al.| (2013)). Most strikingly, the inner bars show significantly
elevated metallicities and reduced [a/Fe] enhancements. This ef-
fect is most pronounced in NGC 1291 and NGC 5850 in which
the deviating metallicities and [@/Fe] abundances are clearly
confined to the long and thin inner bar. To some degree, the same
holds for NGC 1433: while the inner bar in this galaxy appears
slightly rounder, this structure is still distinct in the [M/H] and
[a/Fe] abundance maps.

In contrast to metallicities and [a/Fe] enhancements, inner
bars do not show significantly different mean stellar ages in the
largest part of their spatial extent. However, in all cases the ends
of the inner bars are associated with relatively younger stellar
populations, although these populations can still be very old, es-
pecially in the case of NGC 1291. These younger ends of the
inner bars are broader perpendicular to the inner bar major axis.
Thanks to the superior physical resolution of the observation of
NGC 1291 (simply because this galaxy is closer), this effect is
again most prominent in this galaxy and in line with the morpho-
logical properties of its inner bar (see e.g. [IMéndez-Abreu et al.
2019; /de Lorenzo-Caceres et al.[2019).

Shttps://www.muse-timer.org

The ends of the inner bars are located close to the outer edge
of the nuclear disc, a region that is often highlighted by gaseous
nuclear rings (see Bittner et al.[2020), for a discussion of the dif-
ferences between nuclear discs and nuclear rings). Therefore, the
relatively young ends of the inner bar might be affected by re-
cent star formation in the nuclear ring. At least for the galaxies
in the present sample this is likely not the case. Maps of the Ha
emission-line fluxes which trace HII regions and hence star for-
mation, do not show concentrated emission at the ends of the in-
ner bars (Neumann et al.|2020; Bittner et al.||2020). Moreover,
the galaxies in the present sample do not host gaseous (star-
forming) nuclear rings that might cause the observed effect of
inner bars having young stellar populations at their ends. In addi-
tion, star formation that did not proceed very recently and, thus,
might not be traceable with the Ha emission-line fluxes anymore
should not result in such spatially well-defined young ends of the
inner bars. Due to the short dynamical timescale in these radial
regions, the young stellar populations would mix and their sig-
nature at the bar ends vanish rapidly.

Further, we overplot the maps of the mean stellar population
properties in Fig. 2] with ellipses highlighting the spatial extent
of the inner bars, as previously determined based on photomet-
ric data from S*G. The black dash-dotted ellipses are based on
the visual estimates of the inner bar structural properties from
Herrera-Endoqui et al.| (2015)). While the length of the inner bar
major axis coincides well with the appearance of the stellar pop-
ulation maps (in particular considering metallicities and [a/Fe]
abundances), the ellipses are in all cases too round. However, this
behaviour is expected, as the measurement is performed on inte-
grated light from multiple overlapping galaxy components (see
also [de Lorenzo-Caceres et al.|[2020). In particular the axisym-
metric structure of nuclear discs is expected to bias the inner bar
ellipticity towards rounder shapes. In contrast, the black dashed
ellipses in Fig. 2are derived using detailed, multi-component de-
compositions (de Lorenzo-Céceres et al.[2019). Such photomet-
ric decompositions actually separate the light from the different
galaxy components and are, thus, able to better reproduce the
elongated shapes of the inner bars observed in the mean popu-
lation maps. However, the inner bar full radii are larger than the
inner bars appear in the maps. This is a result of the fact that the
bar ends are faint and contaminations from other components,
for instance stars in the main bar and main disc, become signifi-
cant. In fact, these systematic differences of bar lengths and ellip-
ticities derived via different methods have already been noted in
the case of main bars (Gadotti|2008|, 201 1). Taking into account
these differences, in the remainder of this paper we use inner
bar lengths from the visual estimates of |Herrera-Endoqui et al.
(2015) and ellipticities from the multi-component decomposi-
tions of|de Lorenzo-Caceres et al.|(2019) in order to highlight the
spatial extent of inner bars (solid ellipses in Fig. [2). This com-
bination of photometric estimates traces the appearance of inner
bars in the stellar population maps excellently. Nonetheless, the
differences between the measurement methods again show how
complicated the central regions of these galaxies are due to mul-
tiple, overlapping galaxy components.

The stellar population properties of the inner bar of
NGC 5850 were first studied by |de Lorenzo-Caceres et al.
(2013), based on observations with the SAURON spectrograph
(Bacon et al.[|2001). To this end, they derived single stellar pop-
ulation equivalent population properties from the measurement
of line strength indices at a signal-to-noise level of 60. In agree-
ment with the results presented here, they find that the inner bar
of NGC 5850 has systematically higher metallicities compared
to its immediate surroundings. However, in their study the in-
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Fig. 2. Maps of light-weighted, mean stellar population properties of NGC 1291 (upper panels), NGC 1433 (central panels), and NGC 5850 (lower
panels), focussed on the spatial region of the inner bar (see [Bittner et al.[2020} for maps showing the entire MUSE field of view). Each set of panels
displays age, [M/H], and [a/Fe] enhancements and the limits of the respective colour bar are stated in the lower-right corner of each panel. The
dash-dotted ellipses display the approximate extent of the inner bars according to the visual measurements of [Herrera-Endoqui et al| (2015)), while
dashed ellipses show the results from the multi-component decompositions of [de Lorenzo-Céceres et al.| (2019). Solid ellipses combine the inner
bar lengths from [Herrera-Endoqui et al.| (2015) with the ellipticities of [de Lorenzo-Caceres et al.| (2019) and trace the appearance of the inner bars
excellently. NGC 1433 is not included in the photometric decompositions of (de Lorenzo-Caceres et al.[2019)), hence only a dash-dotted ellipse is
displayed. Based on the reconstructed intensities from the MUSE cube, we display isophotes in steps of 0.5 mag. North is up; east is to the left.
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ner bar shows only a weak indication of systematically lower
[a/Fe] abundances. We speculate that this is a result of the dif-
ferent measurement methods, i.e. the use of line strength indices
to infer an [Mg/Fe] overabundance, as compared to the use of
full spectral fitting to derive [a/Fe] enhancements here.

In a previous TIMER publication, |de Lorenzo-Caceres et al.
(2019) investigated various possible formation scenarios for in-
ner bars based on an independent analysis. In their study, they
choose to spatially bin the MUSE data to a signal-to-noise ra-
tio of 40 (as compared to a signal-to-noise of 100 used here),
model and remove emission lines with GandALF, and fit ages and
metallicities with STECMAP (Ocvirk et al.|[2006alb)). [a@/Fe] en-
hancements are estimated based on a set of line-strength indices.
While their analysis uses different techniques and routines, the
stellar population properties agree qualitatively well with the re-
sults presented here, in particular when considering that pPXF
returns systematically higher stellar ages than STECMAP (see Bit-
tner et al.|2020). In fact, the stellar population properties of the
inner bar of NGC 5850 agree well with the ones presented here.
de Lorenzo-Caceres et al.| (2019) conclude that the middle part
of the inner bar in NGC1291 is slightly older compared to its
surroundings, while in the present study no age difference is de-
tected in this part of the inner bar. In fact, as STECMAP returns
systematically younger stellar ages, subtle differences in age are
emphasised that remain unnoticed with pPXF, especially at the
observed ages of >10 Gyr at which it is challenging to reliably
distinguish stellar ages. Nonetheless, a careful visual comparison
reveals that the young ends of the inner bar appear to be already
detected by |de Lorenzo-Caceres et al.| (2019). Hence, the stellar
population properties estimated in the two studies are consistent.

3.2. Profiles along the inner bar major and minor axis

In Fig. 3] we plot light-weighted stellar ages, metallicities, and
[a/Fe] abundances as a function of the deprojected galactocen-
tric radius. These profiles are calculated based on pseudo-slits
crossing the galaxy centre and being oriented along and perpen-
dicular to the major axis of the inner bar, according to the po-
sition angles presented in Table [T, We include all spatial bins
within a pseudo-slit with a width of 2 arcsec but check that us-
ing different widths, e.g. 1arcsec or 4 arcsec, do not alter the
obtained profiles qualitatively.

Naturally, the radial population profiles clearly corroborate
the findings from the stellar population maps. In Table 2] we pro-
vide an overview of the mean stellar population properties mea-
sured along and perpendicular to the inner bar major axis. Av-
erage differences vary between galaxies, but indicate that inner
bars are systematically more metal-rich and less [@/Fe] enriched
(see Table [2). We note that the differences between the major
and minor axis depend on the radius and, hence, the typical dif-
ferences at the inner bar radius are significantly larger than the
average differences in the radial region of the inner bar. Con-
sidering stellar ages, inner bars seem to be slightly younger, al-
though typical age differences are relatively small. In line with
our findings from the population maps, the largest age differ-
ences are found close to or just outside of the inner bar radius,
reaching maximum age differences of 2 Gyr for NGC 5850, and
between 1 Gyr to 2 Gyr in the case of NGC 1433. These abso-
lute age differences at the ends of the inner bar remain below
1 Gyr only for NGC 1291. In fact, the observed age differences
somewhat depend on the absolute values of stellar age. Distin-
guishing the ages of stellar populations at old ages, for instance
in the case of the >10 Gyr populations in NGC 1291, is very dif-

ficult, possibly indicating that in this case the age differences are
not significant.

Another interesting aspect are the slopes of the stellar popu-
lation profiles inside the inner bars, especially when considering
metallicity and [a/Fe] abundances. The [M/H] and [a/Fe] pro-
files along the inner bar major axis of NGC 1291 are steeply de-
creasing/increasing from the centre, an effect that is most likely
due to the small kinematically hot spheroid in this galaxy with an
effective radius of 9.9 arcsec (de Lorenzo-Caceres et al.|[2019).
However, the profiles are remarkably flat in the radial range oc-
cupied by the inner bar (shaded area in Fig. [3). A prominent
break in the profiles is evident at the inner bar radius where
[M/H] and [«a/Fe] steeply decrease/increase and converge to the
lower/higher values typically observed outside of the nuclear
disc. In contrast, the slopes along the inner bar minor axis dif-
fer significantly from those along the inner bar major axis. In
fact, the minor axis profiles smoothly connect the steep slopes
in the innermost region to the values at large radii, showing
a larger/lower slope. The inner bar of NGC 5850 follows ex-
actly the same trends, however, the effect is less prominent for
NGC 1433. The latter is not surprising, as the inner bar in this
galaxy is somewhat weaker and less elongated. Interestingly,
such flat radial profiles are not evident when considering the stel-
lar ages of any galaxy in the sample. Instead, the observed stellar
ages are continuously decreasing both along and perpendicular
to the inner bar. In all three galaxies of the present sample, the
stellar ages are decreasing more strongly along the inner bar ma-
jor axis than perpendicular to it.

In order to better quantify these findings, we fit ages, metal-
licities, and [@/Fe] abundances of the three galaxies in the radial
range of the inner bar (shaded area in Fig. [3). For NGC 1291
and NGC 5850 this is the radial range between the inner bar mi-
nor and major axis radius, as determined from the measurements
of [de Lorenzo-Caceres et al.| (2019) and |Herrera-Endoqui et al.
(2015). Equivalently, for NGC 1433 we choose the radial range
between 2 arcsec (in order to exclude the radial region where
both major and minor axis still probe the inner bar) and the kine-
matic radius of the nuclear disc from (Gadotti et al.|[2020). The
resulting fits are shown in Fig. [3]and the results summarised in
Table 2| These measurements support the considerations above
and confirm that the radial profiles of metallicity and [@/Fe] are
significantly flatter along the inner bar major axis, as compared
to the minor axis profiles.

In Fig. @] we compare the absolute values of the age and
metallicity slopes along the inner bar major and minor axis with
those obtained by Neumann et al.| (2020) for main bars in dif-
ferent TIMER galaxies. The relative steepening/flattening of the
age/metallicity profiles along the inner bar major axis — as com-
pared to the minor axis — is well compatible with the results for
main bars, as indicated by the systematic offset from the one-to-
one correspondence line. The absolute values of the slopes of the
inner bars may vary substantially from those of main bars but this
is expected from the different assembly history of nuclear discs
and main galaxy discs. In contrast to main discs, nuclear discs
are formed through bar-driven processes (Bittner et al.|[2020),
hence the absolute age slope is set by the timescale of these pro-
cesses. Similarly, a comparison of minor axis fits between inner
and main bars is elusive, as those probe distinct structural com-
ponents of the galaxies, i.e. nuclear discs and main discs.

Finally, we point out that the relative differences in the stel-
lar population properties discussed above are of the same order
of magnitude as the typical measurement errors presented in the
literature (see e.g. |Gadotti et al.|[2019; [Pinna et al.|[2019; [Bit-
tner et al.|[2020). However, while comparing absolute values of
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Fig. 3. Radial profiles of ages (upper panels), metallicities (central panels), and [a/Fe] abundances (lower panels) as a function of the galactocentric
radius. The profiles have been deprojected using inclinations and position angles derived in S*G, as presented in Table |1l Profiles along and
perpendicular to the major axis of the inner bar are displayed in orange and grey, respectively. To better highlight the radial trends, we also plot the
median population properties in bins of 1 arcsec (solid lines). Shaded regions highlight the radial range of the inner bars, i.e. for NGC 1291 and
NGC 5850 the range between the inner bar minor and major axis radius, calculated using the inner bar radius from [Herrera-Endoqui et al.| (2015)
and ellipticity from|de Lorenzo-Caceres et al.| (2019). Since the inner bar properties of NGC 1433 are not constrained by photometric studies, we
highlight the radial range between 2 arcsec (in order to approximately exclude the range in which both the minor and major axis profiles probe the
inner bar) and the kinematic radius of the nuclear disc from|Gadotti et al| (2020). Dashed lines show linear fits to the population profiles within the
radial range of the inner bar. The histograms on the right display the distribution of stellar population properties in the inner bar major and minor
axis, again within the radial range of the inner bar. The vertical solid lines represent the kinematic radii of the nuclear discs (Gadotti et al]2020).
We note that for NGC 1291 no kinematic radius could be determined, due to the face-on orientation of the galaxy.

age-slope [M/H]-slope [a/Fe]-slope <Age> <[M/H]> <[a/Fe]>

NGC1291 MA (-5.15+0.69) x 1072 (-2.8+04)x 1073 (1xDHx10™* 10.97 0.04 0.08
MI (-8.1+84)x 1073 (-1.08 £0.05) x 1072 (33+03)x 1073 11.22 -0.04 0.11

NGC 1433 MA (-3.11+£0.16) x 107! (-1.1+£0.2)x 1072 (52+05)x 1073 343 0.16 0.02
MI (-1.10+£0.24) x 107" (=297 +0.32)x 102 (11.5+0.7) x 1073 4.03 0.12 0.03

NGC5850 MA (-5.338 +0.297) x 107! (-6.0+£2.2)x 1073 (1.5+0.8) x 1073 8.28 0.16 0.06
MI  (-3.236+0.339) x 107! (-2.33 £ 0.25) x 1072 (7.5+0.9)x 1073 8.73 0.12 0.07

Table 2. Slopes of the linear fits to the stellar population properties along the inner bar major (MA) and minor axis (MI) in the radial range of the
inner bar (in units of Gyr arcsec™! and dex arcsec™"). We further provide the mean stellar population properties in this radial range (in units of Gyr
and dex).

-6 5 4 -3 -2 -1 0
Major Axis Slope [Gyr/kpc]

0.6 -0.4 -0.2 0.0
Major Axis Slope [dex/kpc]

Fig. 4. Comparison of the age (left-hand panel) and metallicity (right-
hand panel) slopes measured along the major and minor axis of the inner

bars in this study (red data) and the main bars from
(2020, black data).

stellar population properties between different galaxies involves
large uncertainties, this is not the case when considering trends
within the same galaxy. In other words, it is unlikely that the
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observed systematic differences in the population content within
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2 O & 00 & one galaxy arise f;om ran.dom uncertainties in the measprement
o1 s 3 procedure, in particular since the trends presented in Fig. [3] are
S, *}n G ]S averaged over many spatial bins. In the right-hand panels of
e oo ® &  Fig. 3] we compare the distributions of stellar population prop-
w Ny @ erties along and perpendicular to the inner bar major axis within
574 ’0'43 its radial range. For ages, metallicities, and [@/Fe] abundances
55 5 of both galaxies, an Anderson-Darling test confirms at a 99.9 %
é -6 Ncm+ 70.65 significance level that both observed distributions are not drawn

from an identical parent distribution.

4. Discussion

In this section we discuss our findings on the stellar popula-
tion properties of inner bars in comparison with analogous mea-
surements in main bars. We further highlight these results in
the context of the dynamical mechanisms of orbital age sepa-
ration and orbital mixing. We remind the reader that the galaxies
in the present sample exhibit high total stellar masses (see Ta-
ble [I)) and low-mass barred galaxies might follow trends differ-
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ent from those discussed in the following (see e.g.|[Elmegreen &
Elmegreen| 1985} Kruk et al.|2018} [ Zurita et al.[2020).

4.1. Stellar populations in bars, inner bars, and their star
formation deserts

Main bars are not only detectable based on their morphology
or kinematic features, but can also be identified by their stellar
population content. In particular, bars typically exhibit higher
metallicities and show lower [@/Fe] abundances, as compared to
their immediate surroundings or the main disc (see e.g. |[Pérez
et al.|[2007} |2009; [Sanchez-Blazquez et al.|[2011} 2014; Fragk-
oudi et al.|2020; [Neumann et al.[[2020). While this finding does
not necessarily hold true when comparing bars to the outer parts
of the main galaxy disc (see e.g.|Seidel et al.[2016)), it does when
bars are compared to the part of the disc within the bar radius but
outside of the bar itself, a region often denoted as “star forma-
tion desert” (SFD; see e.g. |James et al.|2009; |James & Percival
2016; |IDonohoe-Keyes et al.[|2019)). Basically, these studies sug-
gest that star formation in the SFD is suppressed very rapidly
after bar formation. In contrast, star formation in the bar itself
continues at least for a limited amount of time, although at rela-
tively low rates, resulting in slightly younger stellar populations
in the bar. Due to this continuing self-enrichment, the bar even-
tually reaches higher metallicities and depleted [e/Fe] enhance-
ments, as compared to the SFD. Hence, the star formation desert
can be identified as a region within the bar radius but outside of
the bar itself that is characterised by relatively low metallicities
and elevated [«/Fe] abundances.

Interestingly, in Sect. 3.1 we find similar results for the stel-
lar population content of inner bars. In particular, inner bars ex-
hibit elevated values of [M/H] and depleted [@/Fe] abundances,
as compared to the region outside of the inner bar but within the
inner bar radius (i.e. the star formation desert of the inner bar).
Moreover, Fig. [3]indicates that inner bars are slightly younger
along than perpendicular to their major axis. Nonetheless, pre-
vious findings (e.g. [de Lorenzo-Caceres et al.|2019) indicating
that the inner bar of NGC 1291 is slightly older compared to its
SFD suggest that, at least in some cases, star formation is sup-
pressed more rapidly in the bar itself (see also|Verley et al.[2007}
Neumann et al.|2019; [Fraser-McKelvie et al.|2020; |Diaz-Garcia
et al.[2020; Neumann et al.|[2020).

In general, based on maps of the mean stellar population
properties alone, bars and inner bars appear similar in terms of
their relative population content. To date, inner bars were only
marginally resolved in integral-field spectroscopic observations,
due to the different spatial scales of main and inner bars. How-
ever, this limitation is now overcome by the high spatial sam-
pling of the MUSE spectrograph. Visually comparing the inner
bars in this study to the main bars observed in the TIMER survey
(see Neumann et al.[2020), highlights the similarities of the stel-
lar population content between bars and inner bars. In addition, a
comparison of the properties of inner bars to the area within the
inner bar radius but outside of the inner bar itself suggests the
presence of a star formation desert related to inner bars, again as
in main bars.

4.2. Flat population gradients along inner bars: orbital mixing

Another relevant aspect when considering mean stellar popula-
tion properties of bars are their gradients along the bar major
axis, an aspect that holds information on their dynamical struc-
ture. More specifically, bars are elongated components which are

built-up by a large number of elongated stellar orbits. These or-
bits might be composed of different stellar populations, show
distinct levels of elongation, and reach different maximum radii
in the bar. However, this does not only result in more elongated
orbits dominating the spatial regions at the ends of the bars (see
Sect. @, but also causes different orbits to come very close to
each other within the majority of the radial extent of the bar.
In other words, stars on different orbits cross the same spatial re-
gion in the galaxy (see e.g. Binney & Tremaine|1987; |Contopou-
los & Grosbol|[1989; |Athanassoulal1992). Therefore, at each lo-
cation in the bar the light contributions of different stellar popu-
lations on different orbits appear mixed and the gradients of the
stellar population content in the main parts of the bars, in partic-
ular [M/H] and [a/Fe], are expected to be comparably flat.

In fact, recent observations suggest a flattening of the stel-
lar populations gradients along the major axis of the bar, well
consistent with the theoretical considerations above (see e.g.
Sanchez-Blazquez et al.[|2011; [Williams et al.[2012} [Seidel et al.
2016; |[Fraser-McKelvie et al.|[2019; INeumann et al.|[2020). To
date, radial population gradients could only be derived for main
bars, as the spatial resolution remained a limiting factor.

In this study, we present for the first time radial gradients of
the mean stellar population properties along both the inner bar
major and minor axis. Similar to main bars, we find that the ra-
dial gradients of metallicities and [a/Fe] abundances along the
inner bars major axis are significantly flatter compared to the
profiles along the minor axis. This flattening resembles the stel-
lar population profiles previously observed in main bars. This
suggests that inner bars have a significant impact on the radial
distribution of stellar populations in nuclear discs and hence that
the orbital mixing which is evident in bars occurs in inner bars as
well. Again, this result reinforces the idea that inner bars are dy-
namically distinct components that form and evolve in the same
way main bars do.

Interestingly, while a flattening of the radial gradients along
the inner bar major axis is prominent for metallicities and [«/Fe]
abundances, no such gradient is evident in the stellar age pro-
files. Instead, the measured stellar ages typically decrease from
the centre of the galaxy to the outer edge of the nuclear disc. In
fact, such negative gradients in age are frequently observed in
nuclear discs, regardless of the presence of an inner bar, and ap-
pear to be a result of their inside-out formation scenario (Bittner
et al.|2020). In addition, orbital age separation, i.e. the dynamical
effect that the ends of bars are younger than their central parts,
should also hinder the development of flat age profiles. We detail
this aspect in the following subsection.

4.3. Young ends of inner bars: orbital age separation

Main bars do not only appear distinguished from their surround-
ings by their elevated metallicities and depleted [a/Fe] abun-
dances, but also show spatially well-defined variations in age.
The ends of main bars generally appear significantly younger
compared to the rest of the bar. While this effect could be a re-
sult of enhanced star formation in these regions, the inspection of
He emission-line maps has shown that no signatures of ongoing
star formation are detected. Instead, this observation is a result
of orbital age separation (also referred to as kinematic fractiona-
tion) and known from both observational and numerical studies
on the stellar population content of bars (see e.g. Pérez et al.
20075 Wozniak|2007} [Fragkoudi et al.|2017} 2018}, |/Athanassoula
et al.[2017; Debattista et al.|[2017; Neumann et al.|[2020).

These studies find that distinct kinematic components of the
galaxy disc participate in bars in different ways. Kinematically
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cold stars (i.e. those with a low radial velocity dispersion) prefer-
ably end up in highly elongated x; orbits (oriented along the bar
major axis) while kinematically hot stars (i.e. those with high
radial velocity dispersion) form rounder and less elongated bar
x) orbits. Since more elongated orbits extend to larger radii, the
ends of the bars are dominated by stars on the most elongated or-
bits. In the main disc of a typical galaxy, these kinematically cold
and hot components could be the thin and thick disc (Fragkoudi
et al.|[2017; Debattista et al.|[2017; |Athanassoula et al./[2017).
While the thick disc is typically thought to be old, metal-poor,
and shows high velocity dispersions, the thin disc is younger,
more metal-rich, and exhibits low velocity dispersions (see e.g.
Prochaska et al.[2000; |Cheng et al.|[2012} [Pinna et al.|2019).
As a consequence of this, the young stars of the thin disc end
up on more elongated bar orbits and thus dominate the spatial
region at the ends of the bar, hence creating the effect that the
ends of bars show younger stellar populations. Interestingly, this
effect is most prominent for stellar ages, but absent when con-
sidering metallicities and [@/Fe] abundances, in contrast to the
simulations of [Fragkoudi et al.| (2018)). A possible explanation
could be that age is a better tracer of the stellar kinematics, or,
more precisely, of the velocity dispersion (see e.g. [Peletier et al.
2007 [Falcon-Barroso|2016). The longer a stellar population was
present in the disc of a galaxy, the longer it was exposed to dy-
namical heating processes, resulting in an increased velocity dis-
persion. Hence, the velocity dispersion should be a function of
stellar age and, therefore, the ends of bars can be observed to
exhibit younger stellar populations. In contrast, stars of a given
age can have a range of metallicities and [a/Fe] enhancements,
so that these quantities are not necessarily a function of stellar
velocity dispersion, and therefore the ends of bars and inner bars
do not necessarily show distinct [M/H] and [a/Fe] values.

In all galaxies in this study, we do detect such younger stel-
lar populations in a spatially confined region at the ends of the
inner bars. As a result, these relatively young ends spatially coin-
cide with o-hollows in these galaxies (de Lorenzo-Caceres et al.
2019; Méndez-Abreu et al.[2019; Bittner et al.|[2019). These re-
gions of significantly lower stellar velocity dispersion are typ-
ically detected towards the ends of inner bars, i.e. in areas in
which the inner bar dominates the stellar light (de Lorenzo-
Caceres et al.|2008| |2013). Observing younger stellar popula-
tions in the same regions hints towards the existence of the dy-
namical effect of orbital age separation in inner bars. This again
suggests that inner bars work dynamically identical to bars, dif-
fering only in the spatial scale on which they form from disc
instabilities.

This result also indicates that stars from kinematically dif-
ferent components participate in the inner bar. Analogous to the
main bar existing in both the thick and thin main disc, one might
speculate if nuclear discs consist of hotter and colder nuclear
disc components as well or that the hot main disc component
might participate in the inner bar. However, dedicated studies, in
particular numerical simulations of nuclear disc formation in a
self-consistent cosmological context, are necessary to shed fur-
ther light on these aspects.

Finally, a frequent photometric feature of strong bars in
early-type spirals are surface brightness enhancements at their
ends, a structure typically referred to as ansae (Martinez-
Valpuesta et al.|[2007; Buta et al.|[2015). To date, these struc-
tures have not been studied intensively and their physical origin
as well as presence in inner bars remains elusive. Here we spec-
ulate that the systematically younger stellar populations at the
ends of inner and main bars could be connected to photomet-
ric ansae. In fact, these younger stellar populations, in particular
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in the case of NGC 1291, resemble the morphological appear-
ance of ansae in photometric studies. Such younger stellar pop-
ulations are expected to be relatively brighter and (at a given
surface mass density) should result in elevated surface bright-
nesses. Other mechanisms, such as enhanced star formation at
the ends of bars, or the dynamical trapping of stars around the
ansae (Martinez-Valpuesta et al.[2007), might as well contribute
to this phenomenon.

5. Summary and conclusions

We have exploited MUSE observations of the central regions of
the three galaxies NGC 1291, NGC 1433, and NGC 5850, ob-
served as part of the TIMER survey. All galaxies clearly exhibit
nuclear discs, and two of them host prominent inner bars. The
inner bar in NGC 1433 appears weaker and less elongated partic-
ularly in earlier imaging data, but is clearly detected in our new,
AO-assisted, H-band photometric observations. In the present
study, we have used the full spectral fitting code pPXF in order
to derive spatially resolved maps and radial profiles of the mean
stellar population properties in the inner bars. We compare these
results to those obtained for main bars, and further use them to
constrain their dynamical structure. Our main results are as fol-
lows:

(i) Inner bars can be clearly distinguished, based on their
mean stellar population properties alone. In particular, they are
characterised by elevated metallicities and depleted [«/Fe] abun-
dances, as compared to the region outside of the inner bar but
within the inner bar radius. Although inner bars show systemati-
cally younger ages, these differences are generally small. Based
on spatially resolved, high-resolution maps of the mean popu-
lation properties and their relative values, inner and main bars
appear identical.

(ii) Radial profiles of metallicities and [@/Fe] abundances
along the inner bar major axis are flat, while minor axis pro-
files exhibit steeper slopes. This observational effect of radial
mixing is known from main bars, and suggests that inner bars
significantly affect the distribution of stars in the nuclear discs.
This effect is consistent with inner bars being built by stars on
strongly elongated orbits, analogous to the x; orbits in main bars.

(iii) The ends of the inner bars exhibit younger mean ages, as
compared to the rest of the inner bars. This effect is known from
main bars as kinematic fractionation or orbital age separation
and suggests that the youngest stars, i.e. those with the lowest
radial velocity dispersion, occupy the most elongated x; orbits.
This effect might as well explain the formation of o-hollows at
the ends of the inner bars.

(iv) We speculate that the observed young ends of bars and
inner bars could be one possible mechanism to create the mor-
phological feature of ansae, in particular as younger stellar pop-
ulations have a higher surface brightness at a given stellar mass
surface density.

The above results, in particular orbital mixing and orbital age
separation, together with results from |de Lorenzo-Caceres et al.
(2019) and Méndez-Abreu et al.| (2019) reinforce the idea that
barred galaxies can be rather like Babushka dolls, in which we
have a “galaxy within a galaxy”: inner bars appear to be dynam-
ically very similar to the main bars of disc galaxies. The main
difference between these galaxy components is the spatial scale
on which they form and evolve.
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