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ABSTRACT

The existence of massive galaxies lacking a classical bulge has often been proposed as a challenge to ACDM. However, recent
simulations propose that a fraction of massive disc galaxies might have had very quiescent merger histories, and also that
mergers do not necessarily build classical bulges. We test these ideas with deep MUSE observations of NGC 5746, a massive
(~10"" Mg,) edge-on disc galaxy with no classical bulge. We analyse its stellar kinematics and stellar populations, and infer that
a massive and extended disc formed very early: 80 per cent of the galaxy’s stellar mass formed more than 10 Gyr ago. Most of
the thick disc and the bar formed during that early phase. The bar drove gas towards the centre and triggered the formation of the
nuclear disc followed by the growth of a boxy/peanut-shaped bulge. Around ~8 Gyr ago, a ~1:10 merger happened, possibly
on a low-inclination orbit. The satellite did not cause significant vertical heating, did not contribute to the growth of a classical
bulge, and did not destroy the bar and the nuclear disc. It was however an important event for the galaxy: by depositing its stars
throughout the whole galaxy it contributed ~30 per cent of accreted stars to the thick disc. NGC 5746 thus did not completely
escape mergers, but the only relatively recent significant merger did not damage the galaxy and did not create a classical bulge.

Future observations will reveal if this is representative of the formation histories of massive disc galaxies.
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1 INTRODUCTION

Disc galaxies host a variety of components, and the relation between
their detailed morphology and their formation history is complex,
and still not fully understood. The general picture of disc galaxy
formation starts with an early violent phase, with mergers or violent
internal instabilities creating thick discs and bulges. Then, at lower
redshift, as the merger rate decreases, thinner discs can settle, form
bars and spiral arms and are dominated by secular evolution (slow
changes driven by internal processes, see Kormendy & Kennicutt
2004; Sellwood 2014). Those mechanisms all act to shape galaxies,
and create the diversity of morphologies observed along the Hubble
Sequence.

Most spiral galaxies, including the Milky Way, contain both a
thin and thick disc (Gilmore & Reid 1983; Dalcanton & Bernstein
2002; Yoachim & Dalcanton 2006; Comeroén, Salo & Knapen 2018),
although it is not always clear if they are clearly meaningful distinct
components (see discussions in Bovy, Rix & Hogg 2012a; Mackereth
et al. 2017 for the Milky Way). One way to form thick discs is
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through mergers: mergers can thicken pre-existing discs (Quinn,
Hernquist & Fullagar 1993; Read et al. 2008; Villalobos & Helmi
2008) and/or add accreted stars in a thick configuration (Abadi et al.
2003). Alternatively, discs can form already thick from turbulent
gas, either following gas-rich mergers (Brook et al. 2004) or violent
disc instabilities in gas-rich discs (Bournaud, Elmegreen & Martig
2009). Thick discs typically have older, more metal-poor populations
than thin discs, although there exists some diversity (Mould 2005;
Yoachim & Dalcanton 2008b; Rejkuba, Mouhcine & Ibata 2009;
Comeron et al. 2015, 2016; Kasparova et al. 2016; Pinna et al. 2019a,
b; Kasparova, Katkov & Chilingarian 2020; Scott et al. 2021). In
particular, some thick discs are complex components, with their outer
parts being formed from flared younger populations (Minchev et al.
2015; Garcia de la Cruz et al. 2021), creating radial age gradients like
the one observed in the Milky Way (Martig et al. 2016). Whether this
picture applies to thick discs in general is unknown, but it is likely
that thick discs could arise from several different formation channels.

Bulges are also complex, and are usually classified in two main
categories: classical and pseudo-bulges (see reviews by Kormendy
& Kennicutt 2004; Kormendy 2013; Fisher & Drory 2016).
Classical bulges have a spherical shape, a high Sérsic index, and are
dominated by velocity dispersion. They are formed during violent
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processes, either galaxy mergers (Walker, Mihos & Hernquist 1996;
Aguerri, Balcells & Peletier 2001), or after the coalescence of
giant clumps in high redshift galaxies (Bournaud, Elmegreen &
Elmegreen 2007; Ceverino et al. 2015). By contrast, pseudo-bulges
have a low Sérsic index, are dominated by rotation, and arise from
bar-driven secular processes within discs. Discy pseudo-bulges
(sometimes also called nuclear discs) form following the inflow of
gas along bars, with gas settling and forming stars in a ring or disc
configuration (Kormendy & Kennicutt 2004; Athanassoula 2005).
The other type of pseudo-bulges are boxy/peanut shaped bulges
(B/P bulges, see e.g. Bureau & Freeman 1999; Liitticke, Dettmar
& Pohlen 2000), and they form through vertical thickening of a bar,
either via the buckling instability or vertical resonances (Combes
et al. 1990; Debattista et al. 2004; Martinez-Valpuesta, Shlosman &
Heller 2006; Sellwood & Gerhard 2020).

Galaxies can host different types of bulges at the same time
(Kormendy & Barentine 2010; Méndez-Abreu et al. 2014; Erwin
et al. 2015), but most nearby disc galaxies are either bulgeless or
only have a pseudo-bulge (Fisher & Drory 2011). The Milky Way
itself does not have a classical bulge (or maybe only a very low mass
one, see Shen et al. 2010). The frequency of classical bulges increases
with stellar mass, and classical bulges are the most frequent bulge
type in galaxies with a stellar mass above 10'%3 My, (Gadotti 2009;
Fisher & Drory 2011). There are however massive disc galaxies with
no signs of a classical bulge (Barentine & Kormendy 2012).

The absence of classical bulges in massive disc galaxies has often
been described as a challenge to ACDM, and to the idea of a
hierarchical build up of galaxies (Kautsch et al. 2006; Kormendy
et al. 2010; Shen et al. 2010; Peebles 2020). The existence of very
massive, disc-dominated galaxies is indeed interesting, given that
the fraction of accreted stars typically increases with stellar mass
(Lackner et al. 2012; Lee & Yi 2013; Rodriguez-Gomez et al. 2016;
Davison et al. 2020; Remus & Forbes 2021). It has been proposed
that those very massive discs either have very unusually quiescent
merger histories, or reform discs after gas-rich mergers (Springel &
Hernquist 2005; Font et al. 2017; Martin et al. 2018; Jackson et al.
2020).

In parallel with improving predictions from simulations on the
formation histories of disc galaxies, it is crucial to establish the
connection between galaxy morphology, stellar populations, and
accretion history from an observational point of view. For nearby
galaxies, past merger events might be identified with deep photom-
etry, resolving individual stars in stellar haloes (McConnachie et al.
2009; Bailin et al. 2011; Monachesi et al. 2016). In particular, the
total mass, the mean metallicity, and the metallicity gradient of stellar
haloes can be compared to simulations to constrain the fraction of
accreted stars, and the typical mass of the accreted satellites (Bell
et al. 2017; Harmsen et al. 2017; D’Souza & Bell 2018; Elias
et al. 2018; Monachesi et al. 2019). This is possible because of
the steep relation between the stellar mass of galaxies and their mean
metallicity (Gallazzi et al. 2005; Kirby et al. 2013; Gonzalez Delgado
et al. 2014; Neumann et al. 2021). Additionally, mergers might also
be identified and characterized thanks to the globular cluster systems
that satellite galaxies bring with them (Blom et al. 2012; Beasley
et al. 2018; Hughes et al. 2019; Mackey et al. 2019; Alabi et al.
2020). For distant galaxies, stellar haloes cannot be resolved into
individual stars, but past accretion events might still be identified
with deep observations. Indeed, recent mergers leave signatures in
the form of stellar streams, plumes, shells, or tidal tails, depending
on the merger ratio and orbit (Martinez-Delgado et al. 2010; Duc
et al. 2015; Merritt et al. 2016; Hood et al. 2018; Mancillas et al.
2019; Fensch et al. 2020). Those structures do not however trace the
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whole merger history of a galaxy, and do not necessarily allow us
to identify the main contributors to the accreted stellar halo (Vera-
Casanova et al. 2021).

Ultimately, to study the connection between morphology and
accretion events, it is also important to identify accreted stars within
the discs and bulges of galaxies. This can be done through stellar
kinematics, enabling us to detect counter-rotating components in
galaxies. A famous example is NGC 4550, a lenticular galaxy hosting
two counter-rotating discs (Rubin, Graham & Kenney 1992; Rix et al.
1992), which could be the result of a past merger (Crocker et al.
2009). Such clear cases are rare (see also Yoachim & Dalcanton
2008a for a galaxy with a counter-rotating thick disc, for instance),
and the imprints of mergers on discs are often subtle: models of
the velocity and velocity dispersion profiles of nearby galaxies
have found less than 5 per cent of counter-rotating stars in thick
discs (Comer6n et al. 2019). Even if and when counter-rotating
components are identified (or not), this does not provide the final
answer on the contribution of mergers to the build-up of discs since
accreted stars may be on prograde orbits (Gémez et al. 2017), and
counter-rotating discs can be formed via gas accretion (Coccato et al.
2015). Instead of simply identifying counter-rotating stars, careful
dynamical modelling coupled with comparisons with numerical
simulations is a promising avenue to uncover the merger history
of galaxies (Poci et al. 2021; Zhu et al., in preparation).

Finally, mergers are also expected to leave traces in the stellar
populations of galaxies because of the relation between mass and
metallicity: the accretion of a low mass galaxy will result in a popu-
lation of metal-poor stars, distinct from in-sifu stars of a similar age.
These younger, metal-poor components can be identified through
spectroscopy and full spectrum fitting. From the decomposition of
spectra into populations of different ages and metallicities, Boecker
etal. (2020) and Davison et al. (2021b) proposed a method to recover
the accretion history of a galaxy. A simpler version of this idea was
applied by Pinna et al. (2019a, b), identifying in edge-on SO galaxies
some metal-poor components that they argue correspond to ancient
merger events (see also Davison et al. 2021a for a similar idea).

Integral field spectrographs like MUSE (the Multi-Unit Spectro-
scopic Explorer; Bacon et al. 2010), installed on the ESO Very
Large Telescope (VLT) thus allow us in one go to determine the
kinematics and stellar populations in different galactic components,
and to potentially uncover past accretion events. This is a key step
towards a better understanding of the build-up of disc galaxies. In
this paper, we study a very massive edge-on disc galaxy, NGC 5746.
With a stellar mass of ~10'""Mg, (Jiang et al. 2019), it is definitely
in the regime where most galaxies are bulge-dominated. However,
it does not contain a classical bulge, but only a nuclear disc and a
B/P bulge, as well as a bar (Barentine & Kormendy 2012). Its disc
also has a complex structure, with both a thin and thick components,
while the stellar halo does not show any signs of recent accretion
events (Morales et al. 2018). We have thus obtained MUSE data
covering the central regions and part of the disc of NGC 5746, to
better characterize the build-up of its diverse components, and to try
and uncover how they relate to each other, and how they formed.

In Section 2, we start by presenting what is already known about
NGC 5746, before describing in Section 3 our data and the analysis
we performed. In Section 4, we then present maps of the kinematics
and stellar populations throughout the galaxy. In Section 5, we study
in more detail the stellar populations in each of the components (thin
and thick disc, B/P bulge and nuclear disc). We finish in Section 6
by gathering all the available information to put together a picture
of the formation history of NGC 5746: its mass growth and merger
history, as well as the formation of its thick disc and its bar.
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Spitzer, 3.6 um

1 arcmin

Spitzer, 8 um

Figure 1. Our two MUSE pointings superimposed on a gri SDSS image (top
panel), and two Spitzer images (middle and bottom panel), at 3.6 and 8 yum
(the Spitzer images were downloaded from DustPedia'; Clark et al. 2018).

2 NGC 5746

NGC 5746 is a nearly edge-on, massive disc galaxy that forms a
very wide galaxy pair with NGC 5740. It is classified as an SAB(rs)b
galaxy in the Third Reference Catalogue of Bright Galaxies (de
Vaucouleurs et al. 1991), and as (R’)SBx(r,nd)0/a by Buta et al.
(2015). The circular velocity from the flat section of the H1 rotation
curve is ~310 km s~! (Rand & Benjamin 2008), and the stellar mass
is ~10'"" Mg, (Jiang et al. 2019). We adopt a distance of 26.5 Mpc
from Springob et al. (2007) and Tully, Courtois & Sorce (2016), so
that 1 arcsec on the sky corresponds to 128 pc. We show in Fig. 1
an SDSS image of the galaxy, together with Spitzer 3.6 and 8 pm
images.

The few inner arcseconds of the galaxy correspond to a clear
minimum in velocity dispersion (Falcon-Barroso et al. 2003). In
addition to this, a double-humped velocity profile and a central
anticorrelation between V and /3 confirm that NGC 5746 hosts a
cold, rapidly rotating, and axisymmetric nuclear disc (Chung &
Bureau 2004; Molaeinezhad et al. 2016). This component is also
seen in photometry: using Hubble Space Telescope NICMOS images,
Balcells, Graham & Peletier (2007) and Barentine & Kormendy
(2012) have identified in the inner 2 arcsec of NGC 5746 the presence
of adiscy pseudo-bulge, with a Sérsic index close to 1. For simplicity,
we call this component a nuclear disc in the rest of this paper.

There are no signs of a classical bulge in the galaxy (Barentine
& Kormendy 2012), but the nuclear disc is embedded within a boxy
bulge with a peanut shape extending out to ~35 arcsec along the
major axis of the galaxy (Kuijken & Merrifield 1995; Bureau &
Freeman 1999). This structure actually corresponds to a bar seen at an
intermediate angle, close to end-on (Peters & Kuzio de Naray 2017).
Signatures of the bar are also seen in the kinematics of gas (Kuijken &
Merrifield 1995) and stars, with in particular a correlation between
V and h; which is expected from a barred disc seen in projection
(Chung & Bureau 2004; Molaeinezhad et al. 2016). Peletier et al.
(1999) used HST colours to show that stellar populations in the central
regions of NGC 5746 are old and metal-rich. This was confirmed by
Kormendy & Bender (2019) using line indices, with the additional
findings of a metallicity gradient (with the centre being the most
metal-rich region) and of a general high [Mg/Fe] abundance ratio in
the whole region.

MNRAS 508, 24582478 (2021)

Table 1. Main properties of NGC 5746.

Distance! 26.5 Mpc
Inclination? 86 deg
Stellar mass® 1-1.2 x 10" Mg
SFR3 0.8-0.9 Mg yr~!
Dys* 7.4 arcmin (59 kpc)

Rso (W1,W2)°?
Roo (W1,W2)?

28-30 arcsec (3.6-3.8 kpc)
128 arcsec (16 kpc)

Note. references: ' Springob et al. (2007), >Bianchi (2007), *Jiang et al. (2019),
4de Vaucouleurs et al. (1991).

Spitzer 3.6 pm images reveal a bright inner ring with aradius of ~1
arcmin (Barentine & Kormendy 2012; Comerén et al. 2014). The ring
is brighter in the 8 um images tracing PAH emission (see also Fig. 1),
indicating that it hosts star forming regions (Barentine & Kormendy
2012), which are also apparent in an analysis of the ionized gas (De
Vis et al. 2019). A similar structure is found in HI images: the H1
is distributed in a large disc with a central depression with a radius
of 1 arcmin (Rand & Benjamin 2008). These observations suggest
that face-on we would see a bright ring of star formation around
the bar (as for instance in NGC 2523, as explained in Kormendy &
Barentine 2010), and a deficit of star formation within the ring, which
corresponds to the ‘star formation desert’ regions described by James
& Percival (2018) and Donohoe-Keyes et al. (2019). The rest of the
disc harbours low levels of star formation, for a total star formation
rate slightly below 1 Mg yr~!' (Jiang et al. 2019). The ionized gas
in the disc has a high metallicity (12 4+ log(O/H) = 8.6), and a very
small metallicity gradient (De Vis et al. 2019).

In addition to the thin disc, there is evidence for a complex vertical
structure: Barentine & Kormendy (2012) identified a thick disc with
a scale height of ~8.6 arcsec (1.1 kpc), and Rich et al. (2019) found
a very large oval-shaped envelope around the disc out to a radius
of 5.5 arcmin, or 42 kpc (at a surface brightness level of 28 mag
arcsec2). No other faint structures are found around the galaxy, and
in particular there are no traces of tidal features that would have
traced recent accretion events (Morales et al. 2018).

3 DATA AND ANALYSIS

3.1 Observations and data reduction

The MUSE instrument has a wavelength range extending from
4750 A to 9350 A with a spectral sampling of 1.25 A. In wide-
field mode, the field of view corresponds to 1 arcmin? with a spatial
sampling of 0.2 arcsec. We present MUSE data obtained in wide field
mode in period P95 during the nights of 2015 June 11, June 17, July
11, and July 17. The observations were carried out in Service Mode,
with a seeing requested to be below 1.2 arcsec.

We obtained two different pointings on NGC 5746: a central
pointing and a disc pointing. These pointings (shown in Fig. 1)
only cover one side of the galaxy, and do not cover its whole radial
extent: they only reach out to about half of the optical radius (which is
equal to 3.7 arcmin, see Table 1). However, they include a significant
fraction of the total stellar mass, since the radius enclosing 90 per cent
of the luminosity in the WISE W1 and W2 bands (tracing stellar
mass) is around 130 arcsec (Table 1 and Jiang et al. 2019).

The total observing time for the program was 6 h, divided in 5
observation blocks of 1 h and 12 min, including one block for the
central pointing and four blocks for the disc pointing. Within each
observation block, we used a standard strategy to alternate object and
sky pointings (in an OSOOSO pattern), and dither/rotate between
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each object pointing. In total, the science exposure time is 45 min
for the central pointing and 180 min for the disc pointing.

The data were then reduced with the standard MUSE pipeline,
version 1.6 (Weilbacher et al. 2014, 2020). This includes flux and
wavelength calibration as well as bias, flat-fielding, and illumination
corrections. The data is finally registered astrometrically and the two
pointings are stitched together.

3.2 Voronoi binning and signal-to-noise ratio

We use the Voronoi tessellation software from Cappellari & Copin
(2003) to spatially re-bin the combined MUSE data cube: this is a
way to perform an adaptive spatial binning of the spectra using a
target signal-to-noise ratio (SNR) per bin. In our case, we require
a minimum target SNR of 100, which results in 1415 new Voronoi
bins. We only present in this paper results for bins with an SNR
above 80, and discard bins around a bright foreground star that is
superimposed on the disc of NGC 5746. After this, we are left with
1170 bins, whose SNR goes from 80 to 135, with a median at 105.

These SNR values obtained from the formal error cube are
probably overestimated since they only reflect Poisson uncertainties
and uncorrelated noise. As in Garcia-Benito et al. (2015) and Sarzi
et al. (2018), we re-estimate the SNR in each spaxel after the stellar
kinematics fit (see next Section for a description of the fits) by
computing the difference between each spectrum and the best-fitting
model: those more realistic SNR values range from 40 to 105 with a
median at 73. This is enough to reliably extract kinematics and stellar
populations using full spectrum fitting (e.g. Sdnchez-Blazquez et al.
2014; Ruiz-Lara et al. 2015; Gadotti et al. 2019).

Our Voronoi bins can be seen in maps of the kinematics and stellar
populations that we present later in this paper, and we also show
example spectra from bins in different galactic components in Fig. 2.

3.3 Full spectrum fitting

We determine the stellar kinematics and stellar populations using
full-spectrum fitting, with the Penalized Pixel-Fitting code (PPXF)
initially described in Cappellari & Emsellem (2004), then upgraded
in Cappellari (2017). We select a wavelength range from 4750 to 5500
A to perform our analysis since the blue region of the MUSE spectra
contains most of the features with good sensitivity to the parameters
we want to measure, and also avoids regions of the spectra where
there could be residuals from the sky subtraction (this is similar to
what was done in Pinna et al. 2019a, b, and also for instance in the
TIMER project, see Gadotti et al. 2019). For our fits, we use the
MILES models, with a mean spectral resolution of 2.51 A (Falcén-
Barroso et al. 2011). They are broadened to the spectral resolution of
the MUSE data in our wavelength range (2.65 A) before the fitting
process. We show in Fig. 2 some examples of fits to spectra in each
of the main components of NGC 5746.

To obtain those fits, we first measure the stellar kinematics by
fitting each spectrum with stellar templates convolved with a line-of-
sight velocity distribution (LOSVD) described by a Gauss-Hermite
expansion. We use a fourth-order expansion, so that the LOSVD
of each spectrum is described by the mean line-of-sight velocity V,
the velocity dispersion o, and the third- and fourth-order Gauss—
Hermite moments, /3 and h4. This first fit employs no regularization,
and includes a sixth-order additive Legendre polynomial to correct
for uncertainties in the spectral calibration.

We clean the spectra of emission lines using the Gas and Absorp-
tion Line Fitting code (GANDALF; Sarzi et al. 2006), assuming the
same kinematics for all emission lines within our wavelength range

NGC 5746 2461

1.2 nuclear disc
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Figure 2. Examples of spectra from individual Voronoi bins in the four
different morphological components of the galaxy (black lines), with the best
fit from PPXF in red. The spectra have all been cleaned from emission lines
and convolved to the same 8.4 A spectral resolution.

(we present and discuss the maps of ionized gas in Appendix A). We
then convolve all spectra to the same 8.4 A spectral resolution (similar
to the Lick/IDS system). The main purpose of this is to simplify the
analysis of stellar populations using line-strength indices, which we
use to test for biases in our full spectrum fitting analysis (see next
Section and Appendix B.)

We finally use PPXF to fit the spectra cleaned from emission lines
and derive the star formation history and chemical composition
in each Voronoi bin, using eight-order multiplicative polynomials
to correct for uncertainties in the spectral calibration. The stellar
templates we choose to fit the spectra are the MILES single stellar
population (SSP) models in their [Mg/Fe]-variable version (Falcon-
Barroso et al. 2011; Vazdekis et al. 2015). We use the BaSTI stellar
isochrones (Pietrinferni et al. 2004) and assume a Kroupa Universal
Initial Mass Function, with a slope of 1.3 (Kroupa 2001). The 1272
templates include 12 values of total metallicity [M/H] from —2.27
to 0.40 dex, 53 values of age between 0.03 and 14 Gyr, and two
values of [Mg/Fe], of 0 and 0.4 dex. While the templates with [M/H]
below —1.5 do not give safe predictions (see table 2 in Vazdekis et al.
2015), we have found that including them or not in the fits does not
bias our results, and, when they are included, they only contribute a
negligible fraction of the total mass. Hence, for simplicity, we present
here results obtained with the full library, but do not show or discuss
the contribution of SSPs with [M/H] below —1.5.

Each SSP model is normalized to its total stellar mass, so that
mass-weighted results are obtained from PPXF: the weight in each
SSP directly represents the fraction of the mass in that combination
of age, [M/H], and [Mg/Fe]. While the models only include two
values of [Mg/Fe], this procedure allows us to interpolate between
the two extreme values, and to find a range of [Mg/Fe] values for the
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spectra. We verify that the [Mg/Fe] values we obtain this way are
consistent with values derived from an analysis based on line indices
(see next Section and Appendix B).

For the stellar populations fit with PPXF, we use a regularization
parameter R = 10. This value was chosen following the procedure
described in Pinna et al. (2019a) to find a compromise between
smoothing the solution and not loosing any information. The first
step is to determine the maximum regularization parameter allowed,
giving the smoothest solution consistent with the data (as described in
Cappellari 2017). As in Pinna et al. (2019a), we then tested different
levels of regularization between 0 and this maximum value, and
noticed that some features in the star formation histories disappeared
above R ~ 10. We thus choose to use a regularization parameter R
= 10 for all the spectra, which gives us smooth solutions while still
showing interesting features in the SFH.

A final quantity we determine is the stellar mass in each spaxel.
This is done by using the mass-to-light ratio of the best-fitting
combination of SSPs in each spaxel and a g-band SDSS image giving
us the absolute surface brightness of those spaxels (see also Pinna
et al. 2019a). If we sum the mass for all the good spaxels in our data
cubes, we find a total stellar mass of 5.4 x 10' M, for the region
covered by our pointings, which is roughly consistent with a total
stellar mass of ~10"" My, for NGC 5746.

3.4 Estimating uncertainties and biases

The statistical uncertainties on stellar kinematics can be estimated via
Monte Carlo simulations, as suggested by Cappellari & Emsellem
(2004). Pinna et al. (2019a) showed that for MUSE data with a lower
SNR compared to ours and analysed with the same method, those
uncertainties are of the order of ~5 km s~! for V, ~10 km s~! for o,
and 0.05 for A3 and h4 (see their Appendix A). Given that the results
presented in this paper do not require a very fine understanding of
kinematics uncertainties, we do not perform any further analysis on
this topic.

By contrast, we pay a lot more attention to uncertainties in the
stellar populations recovered, particularly since some of our results
rely on fine details seen in the distribution of age, metallicity, and
[Mg/Fe]. We estimate the statistical uncertainties on the stellar
populations using a bootstrap analysis similar to the one described
in Kacharov et al. (2018). For each spectrum, we first perform
an unregularized fit and compute the difference between the best-
fitting solution and the initial spectrum. We then resample the initial
spectrum 100 times by adding those residuals on top of the best-
fitting spectrum, with the sign of the residuals at each wavelength
randomly flipped. Each resampled spectrum is fitted with PPXF using
a very small regularization parameter R = 0.1: this ensures that we
explore the uncertainties that are due to variance in the spectrum
itself, without being biased towards smooth solutions (Cappellari &
Emsellem 2004; Kacharov et al. 2018).

We use those 100 bootstrap realizations in different ways: to
compare the distribution of weights between the regularized solution
and the mean of the bootstrap samples, to estimate uncertainties
on the corresponding distributions of ages and metallicities, and to
create maps of the uncertainties on the mean stellar populations
parameters. All of those will be further discussed in Sections 4 and
5. The overall mean age uncertainty is of the order of 1 Gyr, and
the mean uncertainties on [M/H] and [Mg/Fe] are 0.04 and 0.02
dex, respectively. Those are of course only statistical uncertainties
for a given setup of PPXF. Pinna et al. (2019a) discuss further
tests varying the degree of the multiplicative polynomial used and
varying the regularization parameter: they conclude that those do not
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significantly affect the order of magnitude of the uncertainties on
stellar populations.

Systematic uncertainties due to our choice of method for the
analysis are harder to constrain. We have chosen to perform two
series of tests to increase our confidence in our results. First, we
re-analysed all the spectra using line-strength indices to determine
an SSP-equivalent age, metallicity, and [Mg/Fe] for each spaxel.
The results are discussed in Appendix B: we do not find a good
correlation between the mean mass-weighted age from PPXF and the
SSP-equivalent age (as expected, see the discussion in Appendix B),
but the SSP-equivalent [M/H] and [Mg/Fe] are close to the mass-
weighted averages from PPXF. There is a slight offset in [Mg/Fe],
with SSP-equivalent values larger by ~0.07 compared to the mass-
weighted average from PPXF. This also confirms that the PPXF analysis
interpolating between only two values of [Mg/Fe] recovers reason-
able values for the mass-weighted [Mg/Fe] of a stellar population.

The other test that we perform is that we combine all spectra in
the thick disc region and analyse the combined spectrum with an
entirely different code, STECKMAP (STEllar Content and Kinematics
via Maximum A Posteriori likelihood; Ocvirk et al. 2006). We show
in Appendix C that one of the main results in our paper (the presence
of younger metal-poor stars in the thick disc) still holds when we
perform our analysis with STECKMAP, using a different version of the
BaSTI MILES models (the baseFe version), and a different set of
stellar isochrones (the Padova0O0 isochrones).

We also note that full spectral fitting techniques like the ones used
in this paper have been recently tested against the, in principle more
reliable, colour—-magnitude diagram (CMD) fitting approach (Ruiz-
Lara et al. 2015, 2018). Such techniques, in particular STECKMAP,
provide compatible results to those found from CMD fitting in
systems with complex SFHs (LMC and Leo A, both dwarf galaxies
in the Local Group for which deep CMDs and high quality spectra
can be observed), for SNR values similar to, or even slightly lower
than, the ones we use in this paper. The reliability of these techniques,
together with the positive comparison between codes performed in
this work increases our confidence in our results.

3.5 Morphological decomposition

To perform a morphological decomposition of NGC 5746, we use a
Spitzer 3.6 micron image from the S*G survey (Sheth et al. 2010),
and fit multiple components with IMFIT? (Erwin 2015). While
the galaxy is slightly inclined, if we let the inclination free, the
preferred value given by IMFIT is 90 deg. After trying various
combinations, we found that the best-fitting model corresponds to
a sum of 5 components: a nuclear disc, a box/peanut bulge, two
thin disc components, and a thick disc. The B/P bulge component
represents both the main bar itself and its vertical extension into a
B/P shape (as discussed in Section 2, the bar is seen close to end-on,
so it is impossible to discriminate between the B/P bulge and parts
of the bar that might not have been thickened vertically). All discs
are modelled as exponentials in the radial direction and hyperbolic
secants in the vertical direction. The two thin disc components are
needed to properly account for the deficit of light within the inner
ring. The second thin disc component is purely artificial and has a
negative contribution to the flux: this only reflects the fact that the
main thin disc deviates from an exponential in the central regions.
The best-fitting parameters show that the thin disc has a scale
length of 47.8 arcsec (6.1 kpc), and a scale height of 3.9 arcsec

Zhttps://www.mpe.mpg.de/~erwin/code/imfit/
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Figure 3. On top of a grey scale image of NGC 5746 (computed from the
flux extracted from our MUSE data cube), we show which Voronoi bins we
have attributed to each galactic component (nuclear disc, B/P bulge, thin, and
thick disc) after following the procedure described in Section 3.5.

(0.5 kpc). It contributes 50 per cent of the total 3.6 micron luminosity
of NGC 5746. The thick disc has a scale length of 64.2 arcsec
(8.2 kpc), a scale height of 11.2 arcsec (1.4 kpc), and contributes
21 per cent of the total luminosity. We do not find signs of flaring
either in the thin or thick disc with our simple analysis.

We then attribute Voronoi bins to each galactic component, by
assigning a bin to a component if that component contributes more
than 50 per cent of the light in that bin. For the thin disc, we add an
additional criterion, including only bins with |V| > o (this removes
the very inner regions of the disc), and for the nuclear disc we only
include bins with o < 200 km s~ (the photometric decomposition
produced quite a thick nuclear disc that did not match what we
noticed in the kinematics and stellar population maps shown later in
this paper). We show in Fig. 3 the result of that procedure: some bins
have not been attributed to any particular components because they
correspond to the superposition of several components. The nuclear
disc dominates the light in the centre, while only the very top part of
the B/P bulge is cleanly attributed to that component (the B/P bulge
and the bar are of course further extended towards the mid-plane but
those regions are much more contaminated by the disc). Most of the
other bins belong to the thin disc, and a stripe corresponding to the
thick disc is found at high altitude, thus confirming that our MUSE
data is deep enough to reach the thick disc.

4 GLOBAL STRUCTURE OF NGC 5746

4.1 Stellar kinematics

We present in Fig. 4 the stellar kinematics maps showing the spatial
distribution of V, o, h3, and hs. To guide the eye, the top panel in
that figure also shows the flux extracted from the MUSE cube. An
important feature to note is that because NGC 5746 is not exactly
edge-on, any vertical trends that are seen in the disc are not only
due to vertical gradients, but also to the inclination angle (at least for
most of the thin disc-dominated region).

The velocity map shows a global rotation pattern, with the
strongest rotation along the mid-plane of the galaxy, and a velocity
decreasing with height above the mid-plane. This effect is clearer in
the top panel of Fig. 5, where we show the line-of-sight velocity as
a function of radius for two different heights (in the mid-plane, and
20 arcsec above the mid-plane, which is typical of the thick disc-
dominated region). The rotation curve in the mid-plane is flat in the
outer disc, reaching values around —273 km s~!. By contrast, the
thick disc rotation curve decreases smoothly with radius, to values
around —200 km s~! in the outer disc. The rotation velocity in the
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thick disc is lower than in the mid-plane because it has a higher
velocity dispersion: stars in the thick disc are on more eccentric
orbits, so that their rotation velocity represents a smaller fraction
of their total velocity (this effect is called asymmetric drift; see
e.g. Stromberg 1946). The asymmetric drift seen in the thick disc
decreases with radius because its velocity dispersion decreases with
radius. The velocity map additionally shows in the very inner galaxy
a region that rotates faster than its surroundings: this corresponds to
the nuclear disc. The rotation of the nuclear disc can also be compared
to the rotation of the main disc in Fig. 5: the nuclear disc has a very
steep rotation curve with a maximum velocity of 130 km s~!. The
kinematic radius of the nuclear disc, defined as the radius within the
nuclear disc where V/o is maximum, is around 3 arcsec, or 380 pc.
This is within the range of values typically observed for nuclear
discs in nearby galaxies (Gadotti et al. 2020). Outside of the nuclear
disc, the rotation curve dips slightly, creating a ‘double-hump’ shape
typical of barred galaxies (Bureau & Athanassoula 2005), as also
measured by Williams et al. (2011).

In the third panel in Fig. 4, we show the map of the stellar velocity
dispersion: o is generally greater towards the inner galaxy, but shows
several interesting features. First of all, while o is generally high in
the inner 10 arcsec of NGC 5746, the very central regions correspond
to aclear drop in o': this is the nuclear disc already seen in the velocity
map (as also previously discussed by Falcén-Barroso et al. 2003;
Chung & Bureau 2004; and Molaeinezhad et al. 2016). The radial
o profile in the bottom panel of Fig. 5 also displays lower values in
the nuclear disc region, with typical values of o around 180 km s~!.
Outside of the nuclear disc, the bar and B/P region has an increased
o following a boxy shape corresponding to the boxy shape of the
overall B/P structure. This increased o also extends in the mid-plane
of the galaxy, and seems to correspond to the region inside the inner
ring that has a diameter of 1 arcmin (see also Fig. 1). In the rest of
disc, o smoothly decreases towards the outer disc, reaching values
of 60 km s~! in the mid-plane and 80 km s~' in the thick disc
region.

The fourth panel in Fig. 4 represents the spatial distribution of /3,
the third-order Gauss—Hermite moment. It indicates the skewness of
the line-of-sight velocity distribution. The most apparent feature in
this map is the anticorrelation between /3 and V in the main disc, and
in the nuclear disc (as already shown by Chung & Bureau 2004 and
Molaeinezhad et al. 2016). We plot /3 as a function of V for all the
bins in Fig. 6: those two quantities are indeed clearly anticorrelated
in the main disc (thin and thick, blue, and red points) and in the
nuclear disc (orange points). This anticorrelation is a general feature
of rotating discs (Chung & Bureau 2004; Bureau & Athanassoula
2005; Falcon-Barroso et al. 2006; Gadotti et al. 2020). We note that
at a given velocity, i3 seems slightly higher in the thick disc than in
the thin disc, but given the uncertainties in /3 this result might not
be very significant. In addition to this, V and A3 are correlated in the
bar region (most of the grey points in Fig. 6) and particularly in the
B/P bulge (purple points). This is expected for regions where a bar
is superimposed over a disc (Bureau & Athanassoula 2005; Iannuzzi
& Athanassoula 2015; Li et al. 2018).

Finally, the fifth panel in Fig. 4 shows the spatial distribution
of hy, the fourth-order Gauss—Hermite moment. It indicates the
kurtosis of the line-of-sight velocity distribution. A high value of
hy is generally interpreted as indicating the superposition of several
dynamical components (e.g. Bender, Saglia & Gerhard 1994). We
indeed find high values of A4 in the nuclear disc region, where the
cold circular orbits are also superimposed with bulge/bar orbits and
global disc orbits from the foreground (as also found for nuclear
discs in Gadotti et al. 2020).
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Figure 4. Stellar kinematic maps. To guide the eye, the top panel represents the flux extracted from the MUSE datacube. The following panels show the mean
line-of-sight velocity, velocity dispersion, and the third- and fourth-order Gauss—Hermite moments.

The kinematic maps thus highlight the different components of
NGC 5746: we have identified kinematic signatures of the nuclear
disc, bar and B/P bulge that had already been observed by Falcén-
Barroso et al. (2003), Chung & Bureau (2004), and Molaeinezhad
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et al. (2016). We also extend previous kinematic analyses into the
disc region, where we find a velocity dispersion decreasing with
radius and increasing with height above the mid-plane, and the
corresponding asymmetric drift in the rotation curve.
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Figure 5. Radial profiles of the stellar mean radial velocity (top panel) and
velocity dispersion (bottom panel), in the mid-plane (black symbols), and 20
arcsec above the mid-plane, a region typical of the thick disc (blue symbols).
The mid-plane curves show the rotation of the nuclear disc as well as its lower
o compared to the rest of the disc. Outside of the nuclear disc, the rotation
curve dips slightly, creating a ‘double-hump’ shape typical of barred galaxies.

4.2 Stellar populations

For each spatial bin, we compute the mean mass-weighted age,
[M/H], and [Mg/Fe] from the distribution of SSP weights given
by PPXF. The spatial distribution of those three quantities is shown
in Fig. 7, together with the spatial distribution of the corresponding
uncertainties from our bootstrap analysis (see Section 3.4).

In the mean mass-weighted age map (top panel), a first striking
feature is that most of the stars in NGC 5746 are very old: most of
the bins have a mean mass-weighted age above 8 Gyr (as expected
for massive galaxies, e.g. Trager et al. 2000; Gallazzi et al. 2005;
Kuntschner et al. 2010). It still is possible to distinguish two separate
regions: the thin disc is the youngest, with mean ages around 8-
9 Gyr, while the rest of the galaxy is older. The thick disc, bar, B/P
bulge, and nuclear disc all have mean mass-weighted ages above
11-12 Gyr. The nuclear disc does not appear very distinct from the
regions around it.

We find an overall mean age uncertainty of 0.8 Gyr. This is a slight
underestimate: for the oldest bins, the uncertainties are artificially
small because the age grid is limited to values up to 14 Gyr (this is
why some of the oldest bins in the central regions have very small
age uncertainties). If we compute the mean age uncertainty only
including bins with a mean age smaller than 10 Gyr, we find a value
of 1.1 Gyr. All of these values are of course lower limits on the real
uncertainties since they do not account for systematic uncertainties
due to for instance the choice of set of SSP models, isochrones, IMF,
or fitting algorithm (as discussed in Section 3.4).
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Figure 6. h3 as a function of V for bins in the thin disc (blue), the thick disc
(red), the nuclear disc (orange), and the B/P bulge (purple). The grey points
are bins that cannot be unambiguously attributed to a single component, most
of them are in the inner region, particularly in the bar. As expected, both the
main disc (thin and thick) and the nuclear disc show a clear anticorrelation
between V and A3, while the bar (most of the grey points) and the B/P bulge
show a distinct behaviour with a correlation between V and h3.

The mean mass-weighted [M/H] map shows overall very high
values, above —0.2 dex everywhere, even in the thick disc region.
Such a high metallicity is actually not surprising for a massive galaxy
like NGC 5746, given the steep relation between stellar mass and
metallicity (e.g. Gallazzi et al. 2005; Gonzélez Delgado et al. 2014;
Neumann et al. 2021), and is also consistent with the high gas-phase
metallicity (De Vis et al. 2019). The most metal-rich region is the
nuclear disc, which appears distinct from the surrounding regions.
The thin disc and the bar appear similar to each other, with mean
metallicities between 0.1 and 0.3 dex, while the thick disc is more
metal-poor, with [M/H] ~—0.1 dex. The mean [M/H] uncertainty
is 0.04 dex. Similarly to what we find for age, the uncertainties
are slightly underestimated in the very metal-rich regions (e.g. the
nuclear disc) where our metallicities reach the edge of the SSP grid.

Finally, the mean mass-weighted [Mg/Fe] map is shown in the
bottom of Fig. 7. The bins have a wide range of [Mg/Fe] values. In
the thin disc, [Mg/Fe] is typically below 0.15 dex, and the values of
[Mg/Fe] increase towards the thick disc, where [Mg/Fe] is above 0.2
dex. The bar and B/P regions have intermediate values of [Mg/Fe],
while the nuclear disc is easily seen in the map due to its very low
[Mg/Fe]. The mean uncertainty on [Mg/Fe] is only 0.02 dex, with
small spatial variations.

To summarize, the stellar populations maps clearly highlight
differences between the different components. The thin disc is
younger, more metal-rich, and more «-poor than the thick disc. The
bar and B/P bulge are old, metal-rich, and slightly more «-enhanced
than the thin disc. Finally, the nuclear disc is old, metal-rich, and «-
poor. There are no very obvious radial gradients in the properties of
each component (similarly, the ionized gas only shows a weak radial
metallicity gradient; see De Vis et al. 2019). These general trends
are also seen in the SSP-equivalent age, metallicity, and [Mg/Fe]
maps from our line-strength analysis shown in Appendix B (and
Fig. B1). Those results are also consistent with the ones obtained
by Molaeinezhad et al. (2017) using a line-strength analysis of
SAURON data.

4.3 Global age and metallicity distributions

In addition to computing the mass-weighted averages of age and
[M/H], we can also study for each bin the full distribution of weights
in age and [M/H] space. We combine the weights distributions of all
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Figure 7. Stellar populations maps. The left-hand column shows the spatial distribution of the mean mass-weighted age, [M/H], and [Mg/Fe] obtained from
full spectrum fitting. The right-hand column shows the corresponding uncertainties derived from our bootstrap analysis described in Section 3.4.
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Figure 8. Mass distribution in age and [M/H] space, taking into account all the spatial bins for NGC 5746 (each bin is weighted by its stellar mass). We only
plot the weights corresponding to mass fraction above 0.001 Gyr~! dex™!. We compare the regularized solution from PPXF (left-hand panel) to the mean of 100
bootstrap realizations (right-hand panel), and find a good agreement between the two. Most of the mass is found at old ages and high metallicities, but stellar
populations of all ages are present in the galaxy.

our Voronoi bins to obtain the global age and metallicity distribution
for NGC 5746 (for this, we weight each bin by its stellar mass).
The result of this process is shown in Fig. 8: this figure represents
the fraction of the mass present in each combination of age and
[M/H]. Because the bins in age and [M/H] are not spaced regularly,
we divide each weight by its area. This is not a choice commonly
made by studies using PPXF, but we find that it gives a fairer visual
representation of the stellar populations in the galaxy. For instance,
if a young bin with a width of 0.05 Gyr and an old bin with a width
of 0.5 Gyr had the same weight, simply plotting the weights as a
function of age would give the impression of a flat star formation
history, while in reality the star formation rate would be 10 times
higher for the younger bin. This is corrected by dividing each weight
by its width in age (and in metallicity).

The left-hand panel in Fig. 8 corresponds to the weights from the
standard regularized fit, while the right-hand panel shows the mean
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of our 100 bootstrap realizations. While the two distributions are
different (if only because in practice they correspond to different
levels of regularization), they share many common features and their
overall shapes are very similar, which is very reassuring. This can
also be seen in Fig. 9, showing the age and [M/H] distributions
separately (obtained by integrating the array shown in Fig. 8 over
[M/H] and age, respectively). In Fig. 9, the black curves correspond
to the regularized solution and we plot the 100 bootstrap realizations
with thin blue lines: we find that the two approaches give similar
results, as we will now describe in more details.

From the mean age and [M/H] maps, we had concluded that NGC
5746 was mostly an old and metal-rich galaxy. This is also clear in
Figs 8 and 9, where most of the mass is found at old ages and high
metallicities. However, a more complex picture is also emerging:
stellar populations of all ages are present in the galaxy. The phase
of intense star formation seems to last until ~8 Gyr ago, but star
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Figure 9. Age distribution (top panel) and [M/H] distribution (bottom panel)
for all the bins in NGC 5746 (each bin is weighted by its stellar mass). In
each panel, the black line shows the regularized PPXF best fit, while the 100
thin blue lines correspond to the 100 bootstrap realizations.

formation continues after that, with a small secondary peak between
2 and 4-5 Gyr ago. Those features are present both in the regularized
solution and in the bootstrapped distribution.

We also find a broader distribution of [M/H] for older stars, with
[M/H] reaching down to —1 dex for stars between 8 and 14 Gyr old.
By contrast, the youngest stars have mostly supersolar metallicities.

In the following section, we further investigate the stellar popula-
tions of NGC 5746 by studying each of its components separately.

5 STELLAR POPULATIONS IN EACH
COMPONENT OF NGC 5746

In this section, we present the stellar populations found in the thin and
thick disc, in the B/P bulge and in the nuclear disc. To that aim, we
sum the weight distributions for the bins attributed to each component
(we take into account the mass in each bin). In the left-hand column
of Fig. 10, we show the distribution of the weights in age and [M/H]
space. Those distributions can be integrated over age and [M/H]
to produce the plots in Fig. 11, where we show the distribution of
ages and [M/H] for the four different components. Finally, while the
distributions shown so far were obtained by summing the weights
corresponding to [Mg/Fe] = 0 and [Mg/Fe] = 0.4, we can also
compute a mean [Mg/Fe] for each bin in age and [M/H], this is
shown in right-hand column of Fig. 10.

5.1 Thin disc

As can be seen in Figs 10 and 11, the thin disc has an extended star
formation history. While most of the stars are older than 8 Gyr (with
possibly a peak of star formation around 10 Gyr), the thin disc also
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shows more recent star formation, from about 4-5 Gyr ago down to
the current time. The shapes of the age distributions are consistent
between the regularized PPXF run and the bootstrap analysis (see also
Appendix D for the comparison of the regularized and bootstrapped
distributions in the [M/H] versus age plane). One aspect to note is
that the weight distribution is more peaked at very old ages for the
bootstrap analysis (for all components, not just the thin disc): this
is because it employs a smaller level of regularization, so that the
solutions are less smoothed.

Most of the stars in the thin disc are metal-rich, even at old ages
(Fig. 10), and the metallicity distribution shows that most stars have
[M/H] >0 (Fig. 11). The distribution of [Mg/Fe] shows a smooth
transition from [Mg/Fe] ~0.1 — 0.15 dex at old ages down to [Mg/Fe]
~0 dex for the youngest stars.

5.2 Thick disc

The thick disc is showing complex stellar populations, that appear
nearly bimodal in Fig. 10. The main component of the thick disc has
a supersolar metallicity and is very old (ages typically above 12 Gyr,
with a tail down to 8 Gyr). In that component, [Mg/Fe] is correlated
with age: stars older than ~12 Gyr are the most «-rich, and [Mg/Fe]
decreases to ~0 for stars 8 Gyr old.

The second component of the thick disc is more metal-poor ([M/H]
between —1 and 0 dex), and its age distribution is roughly flat from 8
to 14 Gyr old (at the oldest ages, it is impossible to determine for sure
if the two components are still distinct or if they overlap). A striking
feature of that second component is its very unique distribution of
[Mg/Fe]: it is significantly more «-rich than the rest of the disc, with
[Mg/Fe] >0.25 for the younger stars in that component. We show in
Appendix D that the mean weights distribution from the bootstrap
analysis gives results that are consistent with the regularized solution
presented here, which shows that the distribution we have discussed
is not an artefact of our particular choice of regularization parameter.
We have done additional tests, where starting from an unregularized
solution, we gradually increase the level of regularization: we find
that the second component is always present, and at a similar location,
until regularization becomes so high that everything gets blurred. We
also discuss in Appendix C some tests that we have performed using
another code, STECKMAP (Ocvirk et al. 2006). STECKMAP does not
compute a full distribution of weights in age and metallicity, but
computes an age distribution, and the mean metallicity as a function
of age. In Fig. C1, we show that for the thick disc STECKMAP finds
that the oldest stars are metal-rich, and that the metallicity decreases
for stars younger than 10 Gyr (we test two different sets of isochrones,
which gives similar results). This is consistent with our PPXF analysis
and reinforces our confidence in our results.

This second component is not consistent with the global chemical
evolution of the disc: it is younger, more metal-poor, and more «-
rich than most of the stars in the disc. Our best interpretation is
that it corresponds to stars accreted from a smaller satellite galaxy,
similarly to what was also found in FCC 170, 153, and 177 by Pinna
et al. (2019a, b), and in NGC 7135 by Davison et al. (2021a). This
interpretation will be further discussed in Section 6.2.

5.3 B/P bulge

The B/P bulge is showing stellar populations that are very similar to
the thick disc (Fig. 10): a main component that is old and metal-rich,
with [Mg/Fe] correlated with age, and a second component that is
younger, more metal-poor, and more «-rich. The similarity with the
thick disc is also apparent in Fig. 11.
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Figure 10. Left-hand column: mass distribution in age and [M/H] space for each component of NGC 5746 (each bin is weighted by its stellar mass) — from
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[M/H]. We only plot the weights and [Mg/Fe] values corresponding to mass fraction above 0.01 Gyr~' dex~!.

MNRAS 508, 2458-2478 (2021)

220z Aieniga4 gz uo Jasn AlsiaAiun sa100|\ uyor joodianl Aq 996/ £9/85+2/Z/80S/2101e/seluw/woo dno olwapese//:sdiy Woll papeojumoc]



NGC 5746 2469
151
HTOA, thin disc thick disc B/P bulge nuclear disc
5 1.0 4 1.0 1 |
o3 1.0
K=l
0.2 ;
< 0.5 0.5 0.5 |
£l /
0.0 A A 0.0 ‘ = 0.0 : : 0.0 : ‘ '
0 5 10 0 5 10 0 5 10 0 5 10
Age [Gyr] Age [Gyr] Age [Gyr] Age [Gyr]
. 6 .
T_3 3 4
by
= 34 41
52 21
8 21 ‘
914 11 21
£ 11
0 T T T 0 7 T T 0 T T T 0 T T L
-15 -10 -05 00 05 —15 -10 —05 00 ~15 -10 -05 00 05 -15 -10 —05 00 05
[M/H] [M/H] [M/H] [M/H]

Figure 11. Age distribution (top row) and [M/H] distribution (bottom row) for each component of NGC 5746 (each bin is weighted by its stellar mass) — from
left to right: the thin disc, the thick disc, the B/P bulge and the nuclear disc. In each panel, the black line shows the regularized PPXF best fit, while the 100 thin

blue lines correspond to the 100 bootstrap realizations.

This could mean that the B/P bulge and the thick disc genuinely
host similar populations (with for instance some accreted stars also
present in the B/P bulge), but part of this similarity could be only due
to the physical superposition of thick disc populations in front of the
B/P bulge. However, our morphological decomposition using IMFIT
suggests that only 23 per cent of the light in the B/P region can be
attributed to the thick disc. The similarity between the populations
in the thick disc and the B/P bulge is thus genuine, and not an effect
of superposition.

5.4 Nuclear disc

The nuclear disc is showing some of the simplest stellar populations
in the galaxy: nearly all of the stars are older than 10 Gyr, with [M/H]
>(), and a low [Mg/Fe] abundance. There are hints of a slight decline
of [Mg/Fe] from the oldest to the youngest stars.

6 THE FORMATION HISTORY OF NGC 5746

6.1 Mass growth

To summarize our results, we show in Fig. 12 the cumulative mass
growth history of NGC 5746 and its individual components: this is
another way of showing that the galaxy is overall very old, with
80 per cent of its stellar mass formed before z = 2 (or 10 Gyr ago).
The nuclear disc, the B/P bulge, and the thick disc are all in place
by z = 1 (or 8 Gyr ago). By contrast, star formation continues in
the thin disc down to the present time. We note that we probably
underestimate the contribution of young stars to the thin disc: dust
is present throughout the thin disc (see Fig. 1), and absorbs a larger
fraction of the light emitted by young stars compared to old stars
(as shown by Nersesian et al. 2019 who modelled the SED of NGC
5746). This might affect the exact shape of the star formation histories
for spaxels in the thin disc, but none of the main results of the paper
depends strongly on this. The effect should be negligible in the other
regions of the galaxy, where dust is absent.

We show in Fig. 13 the spatial distribution of stars in different
age bins, from the youngest stars in the upper left-hand panel to the
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Figure 12. Cumulative mass growth of NGC 5746 (black line) and its
different components. This shows that 80 per cent of the stellar mass formed
before z = 2 (10 Gyr ago) and that the nuclear disc, the B/P bulge and the
thick disc are all in place by z = 1 (or 8 Gyr ago). By contrast, star formation
continues in the thin disc down to the present time.

oldest in the lower right-hand panel. Stars older than 12 Gyr are very
centrally concentrated: even though they are present everywhere in
the galaxy, their spatial distribution is heavily biased towards the
inner galaxy. A change is already observed for stars between 9 and
12 Gyr old, whose distribution still peaks in the central regions
but is significantly more extended towards the disc. Stars younger
than 9 Gyr are themselves mostly found in the thin disc, and we
find little difference between the populations of different ages. The
very youngest stars (below an age of 1 Gyr) possibly show a slight
overdensity in a ring-like feature (the orange-red region at radii of
80-100 arcsec, extending towards the inner disc in an arc at a height
of ~10 arcsec): this seems to correspond to the outer region of the
ring seen in the 8 pm Spirzer image (Fig. 1), and to the distribution
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Figure 13. Surface density maps of stellar populations binned by age, from the youngest stars in the top left-hand panel, to the oldest in the bottom right-hand
panel. The colourbars correspond to the logarithm of the surface density, in units of M kpc~2. Stars older than 12 Gyr are very centrally concentrated, while

stars younger than 9 Gyr are mostly found in the thin disc.
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Figure 14. Ratio of the radii enclosing 90 per cent and 50 per cent of the
mass as a function of age, showing that concentration increases steeply with
age.

of star-forming regions seen in the ionized gas maps (Appendix A),
but projection effects make it hard to see this clearly.

We quantify the spatial distribution of stars of different ages by
computing the radii enclosing 50 per cent and 90 per cent of the
mass of each population (Rsy and Ry, respectively): their ratio is
an indicator of concentration. We note that these values do not
directly correspond to the global concentration values we would
obtain if our field of view encompassed the whole galaxy: our overall
value of Rgy (including all stellar populations) is only 72 arcsec,
while WISE observations in the W1 and W2 bands (tracing stellar
mass) give values of Ryy around 130 arcsec (Jiang et al. 2019). This
means that we cannot directly compare our concentration values
to photometric studies encompassing the whole galaxy, but it still
remains meaningful to compare populations of different ages. We
show in Fig. 14 that Rgy/Rsy increases steeply with age. More
precisely, populations younger than 8 Gyr have very similar low
concentrations around 1.5-2, while populations older than 8-10 Gyr
are very concentrated.

6.2 Merger history

We argued in Section 5.2 that the metal-poor component in the thick
disc (also apparent in the B/P bulge), with [M/H] between —1 and O,
corresponds to stars that were accreted by NGC 5746. We indeed find
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that those stars, for a given age, have a chemical composition that
is clearly distinct from stellar populations in the rest of NGC 5746,
as also discussed for other galaxies by Pinna et al. (2019a, b) and
Davison et al. (2021a). If we use the age distribution of the metal-
poor stars as an indicator of the time of accretion, this suggests that
the merger ended ~8 Gyr ago (since there are no metal-poor stars
younger than 8 Gyr old). From the star formation histories of NGC
5746 and its components, we see that this time would coincide with
a cessation of star formation in many places in the galaxy, until it
picks up again a few Gyr later in the thin disc. The interaction with
the satellite galaxy could also be the cause of the enhanced star
formation seen in the thin disc ~10 Gyr ago: satellites can trigger
starbursts during pericentre passages, not just at the final coalescence
(Ruiz-Lara et al. 2020; Di Cintio et al. 2021).

In addition to the bimodal metallicity structure of the thick disc,
one argument in favour of an accreted origin for the metal-poor
component is its high [Mg/Fe] (see Fig. 10). Indeed, the only other
possible explanation for the presence of stars that are on average
younger and more metal-poor than the main thick disc component
would be that those stars originate from a metal-poor region of
the thin disc and were heated to become part of the thick disc.
However, the thin disc does not contain any region where stars are
predominantly metal-poor, and the few metal-poor stars present in the
thin disc have a low [Mg/Fe] value: their chemistry is not consistent
with what we observe in the thick disc. As a consequence, the most
likely explanation for the presence of younger, metal-poor, «-rich
stars in the thick disc is that they were accreted from a smaller satellite
galaxy (given that lower mass galaxies have a lower metallicity, see
e.g. Gallazzi etal. 2005). The high [Mg/Fe] values could be consistent
with an accelerated star formation history truncated at high redshift,
before too many generations of Type Ia supernovae could increase
the Fe content in the galaxy and decrease its average [Mg/Fe] (e.g.
Matteucci & Brocato 1990).

While the external origin of the metal-poor stars is quite likely,
it is a priori unknown if, as described until now, those stars were
all brought in by a satellite galaxy, or if, instead, NGC 5746 could
have undergone a merger with a very gas-rich galaxy, bringing a high
amount of metal-poor gas. A starburst within the disc of the main
galaxy could then have formed a population of metal-poor, «-rich
stars: this scenario for the formation of thick discs during gas-rich
mergers has been proposed by Brook et al. (2004). It is impossible
to infer the precise gas content of the accreted satellite, but we find
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Figure 15. Surface density maps of stellar populations binned by age and [M/H]. The colourbars correspond to the logarithm of the surface density, in units of
Mo kpc 2. We interpret the metal-poor population (left-hand column) as mostly made of accreted stars, brought by a ~1:10 merger happening ~8 Gyr ago.

the scenario of a very gas-rich merger less likely (in the scenario
presented by Brook et al. 2004, the satellites have a gas fraction of
~80 per cent). The main reason for this is the chemical bimodality
observed at a given age: in a scenario where a large amount of gas is
accreted, it is expected that this gas would mix efficiently with gas
present in the main galaxy, and that stars formed during the starburst
phase would be chemically homogeneous. This was for instance
shown in Brook et al. (2005), where all the stars formed during the
merger have a similar chemical composition, and where there is no
vertical metallicity gradient in the resulting thick disc. In NGC 5746,
we find both several components in the thick disc, and a vertical
metallicity gradient (thin disc stars with an age of 8 Gyr are more
metal-rich than thick disc stars of the same age — see Fig. 10). We also
do not see any dilution of the metallicity in the thin disc around the
time of the accretion event. Another argument against a very gas-rich
merger is the spatial distribution of metal-poor stars, which form a
very extended disc (as we will next show) instead of the centrally
concentrated component expected in a gas-rich merger (Brook et al.
2007). We thus think that it is most likely that a large fraction of
the metal-poor stars were accreted during a merger finishing about
8 Gyr ago. The gas fraction in the satellite is of course impossible to
determine, and some of the stars now in NGC 5746 probably formed
from metal-poor gas from the satellite, either during the interaction,
or after the satellite coalesced with the main galaxy. We will now
attempt to better characterize this merger.

Fig. 15 shows the spatial distribution and the total mass contained
in four different stellar populations, separated in age (between 8 and
12 Gyr old, and above 12 Gyr old) and [M/H] (above and below
[M/H] = 0). We can first use those masses to estimate the mass ratio
of the merger. For this, we assume that the merger took place 8 Gyr
ago, that all stars with ages above 8 Gyr and sub-solar metallicities
are accreted, and that all stars with ages above 8 Gyr and supersolar
metallicities formed in-situ. With those assumptions, the mass of ac-
creted stars is 4.2 x 10° Mg, and the mass of in-situ stars is 4.6 x 10'°
Mg (within our two MUSE pointings), so that the merger mass ratio
would have been around 1:10. It is of course a simplification to
assume that all the old metal-poor stars are accreted: some of them
must have formed in situ. If we instead assume that only half of the
oldest metal-poor stars are accreted, then the mass of accreted stars
is 3 x 10° Mg, and the merger mass ratio would be ~1:15. The total
stellar mass of the satellite galaxy can be estimated using the fact
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Figure 16. Spatial distribution of the fraction of accreted stars (here defined
as stars with [M/H] <0). This fraction increases with height above the mid-
plane, and accreted stars represent 28 per cent of the thick disc on average.

that our pointings cover about half of NGC 5746: this gives a mass
of 6-8 x 10° M, for the accreted galaxy (depending on the fraction
of metal-poor stars that we consider as being accreted). According
to predictions for the mass—metallicity relation at redshift 1-2, this
mass is roughly consistent with the relatively high mean metallicity
([M/H =~ —0.5) of the accreted stars (e.g. Fontanot et al. 2021).

In Fig. 15, there is a striking difference between the spatial
distribution of the metal-rich and metal-poor stars. The metal-poor
stars are very uniformly distributed throughout the galaxy, and there
is little difference between the two age bins we consider. Those
populations are slightly denser in the inner regions of NGC 5746,
but overall their density varies little with height and radius. The
similarity between the distribution of the metal-poor stars in the two
age bins that we consider suggests that they mostly have a similar
origin, and that only a small fraction of the oldest metal-poor stars
formed in situ (the chemical enrichment in the main progenitor of
NGC 5746 was probably very fast at early times). If we identify the
metal-poor population as made of accreted stars, this means that the
incoming satellite deposited its stars throughout the disc of NGC
5746 (instead of contributing to a compact classical bulge): this
suggest the possibility of an orbit with a low inclination, for which
the fraction of stars deposited in the disc is typically high (see e.g.
Penarrubia, McConnachie & Babul 2006; Read et al. 2008; Villalobos
& Helmi 2008). We show in Fig. 16 the fraction of accreted stars
in each Voronoi bin. The patterns seen in this figure, in particular
the increase of the fraction of accreted stars with height above the
mid-plane and with galactocentric distance are both consistent with
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the outcomes of minor merger simulations presented in Villalobos
& Helmi (2008) and with cosmological simulations by Gémez
et al. (2017) and Park et al. (2021). The negligible contribution of
accreted stars to the bulge of the galaxy matches what is observed
in simulations where the satellite galaxy is less dense than the main
disc: in this case, the satellite is efficiently disrupted as it orbits within
the main disc, and it deposits most of its stars within the disc instead
of the bulge (Villalobos & Helmi 2008).

The spatial distribution of the metal-rich stars brings another piece
of the puzzle (right-hand column of Fig. 15). The metal-rich stars
older than 12 Gyr (that by themselves contribute 60 per cent of the
total mass of the galaxy) are very centrally concentrated, but can still
be found throughout the galaxy. They occupy all the regions in the
disc, with no strong vertical density gradient from the thin to the
thick disc. By contrast, the younger metal-rich stars (ages from 8 to
12 Gyr) are mostly found in the thin disc, and seem to avoid the thick
disc. This means that if a 1:10 merger indeed happened ~8 Gyr ago,
it did not significantly heat vertically this population of 8-12 Gyr
old metal-rich stars. By extension, this also suggests that it similarly
did not heat the very oldest stars, and that the 1:10 merger is not
responsible for the concentrated and thick spatial distribution of the
stars older than 12 Gyr, which represent most of the mass in the
galaxy. This result if not very surprising given than 1:10 mergers are
not expected to contribute much to vertical disc heating, particularly
for low-inclination orbits where the vertical structure of the main
disc is less disturbed (Villalobos & Helmi 2008; Bien, Brandt & Just
2013), and particularly if some gas is present in the main galaxy to
absorb part of the orbital energy of the satellite (Hopkins et al. 2008).
The oldest stars might have been affected by earlier mergers, but we
do not have the time resolution to uncover those mergers.

To summarize, our observations have uncovered a ~1:10 to
1:15 merger happening ~8 Gyr ago, possibly on a low-inclination
orbit. This satellite deposited its stars throughout the whole galaxy,
but might not have caused significant disc heating in the vertical
direction, did not contribute to the growth of a classical bulge, and is
not responsible for the thick and centrally concentrated structure of
the very oldest stars in NGC 5746.

A population of low-metallicity accreted stars was also detected by
Pinnaetal. (2019a, b) in 3 SO galaxies, where accreted stars represent
4-5 per cent of the total stellar mass (this was later confirmed by Poci
et al. 2021). Given that our data and our analysis based on PPXF are
very similar to the ones in Pinna et al. (2019a, b), it would be fair to
wonder if the detection of an accreted component could be an artefact
of the methods we both use. However, we have found that a younger,
more metal-poor component in the thick disc is also recovered
when we analyse our spectra with STECKMAP (see Appendix C),
which reinforces our confidences in our results. Moreover, finding
an accreted component in the discs of galaxies is not surprising:
minor mergers are very frequent in ACDM. For instance, Stewart
et al. (2008) show that 70 per cent of Milky Way-mass galaxies
have experienced a 1:10 merger in the last 10 Gyr, and this fraction
increases slightly for more massive galaxies. Accreted stars are thus
very frequent in the discs of simulated galaxies (e.g. Abadi et al. 2003;
Pefiarrubia et al. 2006; Read et al. 2008; Pillepich, Madau & Mayer
2015; Park et al. 2021), and Gémez et al. (2017) show that 30 per cent
of their simulated disc galaxies contain at least 5 per cent of accreted
stars in their disc, with some discs containing up to 30 per cent of
accreted stars. Gomez et al. (2017) also show that accreted discs are
built from a small (1 to 3) number of merger events with relatively
massive galaxies, which would be consistent with what we observe,
although we cannot disentangle mergers happening close together,
or at very early times. Finally, an interaction with a low inclination
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is also not unusual: even when satellites start out at the virial radius
with a very inclined orbit, the orbit tends to slowly align with the
disc, both because the satellite’s orbit changes, and because the disc
tilts as a response to the interaction (Quinn & Goodman 1986; Abadi
et al. 2003; Ruchti et al. 2014; Gémez et al. 2017). This means that
the detection of accreted stars in galactic discs is not a surprising
result.

6.3 Thick disc formation

The overall properties of the thick disc in NGC 5746 are very similar
to thick discs observed in other nearby galaxies, in the sense that
it is older, more metal-poor and more «-rich than the thin disc (see
e.g. Mould 2005; Yoachim & Dalcanton 2008b; Rejkuba et al. 2009;
Comero6n et al. 2015, 2016; Kasparova et al. 2016; Pinna et al. 2019a,
b; Kasparova et al. 2020; Scott et al. 2021). This is also true of the
thick disc of the Milky Way in the solar neighbourhood, where we
observe vertical gradients in age, [M/H], and [Mg/Fe] (Gilmore &
Wyse 1985; Ivezi¢ et al. 2008; Bovy et al. 2012b; Schlesinger et al.
2012; Casagrande et al. 2016).

However, the radial structure of the thick disc in NGC 5746 appears
very unlike the Milky Way. In the Milky Way, the thick disc does
not show a radial [M/H] gradient, but strong radial gradients in age
and [Mg/Fe] (Cheng et al. 2012; Nidever et al. 2014; Hayden et al.
2015; Martig et al. 2016). These gradients are built-up from the flares
of mono-age populations, populating the inner thick disc with old
stars, and the outer thick disc with younger stars (Minchev et al.
2015; Garcia de la Cruz et al. 2021). This scenario does not seem
to correspond to what we observe in NGC 5746, where the thick
disc does not show any radial trends in its mean age, [M/H], and
[Mg/Fe]. It also does not contain stars younger than 8 Gyr (while
those stars are present in the thin disc), which means that flared
young populations do not significantly contribute to the populations
observed in the thick disc (at least within the radial range we explore
here, since we cannot rule out a small amount of flaring for young
populations in the outer regions of NGC 5746). Such a uniform thick
disc is actually expected for galaxies more massive than ~10'' Mg,
as shown by Garcfa de la Cruz et al. (2021) — this uniformity is often
connected to mergers. As discussed in the previous section, the 1:10
merger we have identified is probably not responsible for the vertical
heating of most of the stars now in the thick disc, although it could
have contributed to some enhanced radial mixing, and thus to the
uniformity we find in the stellar populations. Most of the thick disc
was probably already in place ~12 Gyr ago, but we cannot directly
identify the sequence of events that drove its formation.

The 1:10 merger still had an important part to play in the formation
of the thick disc in the sense that it brought a significant amount of
mass. If we sum the mass in all the bins identified as belonging
to the thick disc, we find 1.4 x 10° Mg, (this is of course not the
total mass of the thick disc). Of those stars, 1 x 10° Mg, are found
at [M/H] >0, and 0.4 x 10° Mg at [M/H] <0. If we identify the
metal-poor component with the accreted component, then we find
that 28 per cent of the thick disc is accreted (see also Fig. 16). If we
only counted the metal-poor stars with ages between 8 and 12 Gyr (a
very conservative approach), this would bring the fraction of accreted
stars in the thick disc to 14 per cent.

The metal-poor, «-rich accreted stars thus form a significant
fraction of the thick disc, and they are also responsible for most of
the vertical gradients in [M/H] and [Mg/Fe] that we see in the maps
presented in Fig. 7, and for the distinct mean [M/H] and [Mg/Fe] in
the thin and thick disc: given the distributions shown in Fig. 10, in
the absence of accreted stars, the thin and thick disc would have very
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similar mean [M/H] and [Mg/Fe] (possibly a slightly higher mean
[Mg/Fe] for the thick disc).

The presence of a significant accreted component in thick discs
was also discussed by Pinna et al. (2019a, b), finding that accreted
populations represent 17 per cent of the thick disc mass for FCC
177 and FCC 170 and 23 per cent for FCC 153. These fractions
are also consistent with those found for thick discs in cosmological
simulations by Park et al. (2021). Our analysis shows that using
stellar populations to identify this accreted component is a promising
direction, given that accreted stars might not be easily identifiable in
the global kinematics of the thick discs (Gémez et al. 2017; Comerén
et al. 2019).

6.4 Dating bar formation

We can use the properties of stellar populations in the central regions
of NGC 5746 to estimate the time of bar formation. A first indicator
of the age of the bar is the age distribution of stars in the bar and B/P
bulge, where we mostly find stars older than 8 Gyr, while the thin
disc contains younger stars. If the bar had assembled at late times
from material belonging to the thin disc, it should contain a small
proportion of younger stars. This thus indicates that the bar formed
more than 8 Gyr ago.

Another piece of evidence comes from the age of stars in the
nuclear disc. This technique is being used by the TIMER project
(Gadotti et al. 2019) to date bar formation in a number of nearby
galaxies, following an idea presented in Gadotti et al. (2015). Nuclear
discs are indeed expected to form from bar-driven gas inflows
towards the central regions of galaxies, settling around the bar’s
inner Lindblad resonance (Combes & Gerin 1985; Athanassoula
1992; Cole et al. 2014; Emsellem et al. 2015; Sormani, Binney &
Magorrian 2015). There is a slight hint in Fig. 12 that the growth of
the nuclear disc is delayed compared to the growth of the bar, which
is consistent with the idea of the nuclear disc being built from the
inflow of gas along the bar.

The oldest stars in the nuclear disc trace the onset of star formation
in that region, and place a lower limit on the time of bar formation
(Gadotti et al. 2015; Baba & Kawata 2020). In the case of NGC 5746,
the nuclear disc only contains very old stars, from 8 to 14 Gyr old:
this suggests that the bar might have already been in place well before
z = 2. While the case of NGC 5746 is probably extreme, it is not
unique. For instance, from the age of stars in the nuclear disc of NGC
4371 (abarred galaxy with a stellar mass of 10'°® M), Gadotti et al.
(2015) estimate that its bar formed 10 Gyr ago. Bars have also been
observed in galaxies up to z ~ 2 (Simmons et al. 2014), and possibly
even at z ~ 3 (Hodge et al. 2019) in massive galaxies: massive
galaxies form their bars earlier because their discs form (and become
dynamically cold) earlier (Sheth et al. 2008, 2012; Rosas-Guevara
et al. 2020). Our observations support this picture, and also confirm
that bars can be very long-lived features (see also Debattista et al.
2006; Curir, Mazzei & Murante 2008; Kraljic, Bournaud & Martig
2012; Gadotti et al. 2015; Pérez et al. 2017).

What is maybe more unexpected is the absence of younger stars in
the nuclear disc: NGC 5746 still hosts star formation in its main disc.
This probably means that gas inflows towards the bar and the nuclear
disc have been strongly suppressed in the last 8 Gyr. This would
be consistent with the central hole observed in the HI disc (Rand
& Benjamin 2008). One additional explanation could be the effect
of the B/P bulge: Fragkoudi, Athanassoula & Bosma (2016) have
indeed shown in simulations that when a bar buckles and a peanut
is formed, the gravitational potential in the mid plane of the bar is
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reduced, and gas inflows are suppressed. If true, this could place the
formation of the B/P bulge about 8 Gyr ago.

To summarize, we find that the bar and nuclear disc in NGC 5746
have been in place for the last ~12 Gyr, and must then have formed
very soon after the main disc formed. Such an accelerated evolution
is probably only possible in the very most massive disc galaxies. If
this is true, it also means that the 1:10 merger that happened ~8 Gyr
ago not only did not heat the pre-existing disc very much (at least
not in the vertical direction), and did not create a classical bulge,
it also did not destroy the bar and the nuclear disc. Simulations by
Sarzi, Ledo & Dotti (2015) indeed suggest that nuclear discs are not
disrupted during a 1:10 merger; NGC 5746 provides support to this
idea.

7 CONCLUSION

Massive disc galaxies that lack a classical bulge have often been
presented as a challenge to ACDM given the expected high frequency
of mergers, particularly in massive galaxies (e.g. Kautsch et al. 2006;
Shen et al. 2010; Kormendy et al. 2010). While mergers do not always
result in classical bulges (Gargiulo et al. 2019), they still have on
average a strong impact on galaxy morphology. It is thus important to
obtain observational constrains on the formation histories of massive
disc galaxies.

NGC 5746 is one such massive (~10'" My,), nearly edge-on disc
galaxy with no signs of a classical bulge (Barentine & Kormendy
2012): in its central regions, it contains a nuclear disc, a bar, and a
B/P bulge. The disc itself contains both a thin and a thick component.
We obtained MUSE observations of the central region and the inner
disc of NGC 5746 and fit the spectra with PPXF to study the kinematics
and stellar populations of this galaxy, and to uncover its formation
history.

The kinematic maps highlight the different components of NGC
5746: we have identified kinematic signatures of the nuclear disc, bar,
and B/P bulge that had already been observed by Falc6n-Barroso et al.
(2003), Chung & Bureau (2004), and Molaeinezhad et al. (2016). We
also extend previous kinematic analyses into the disc region, where
we find a velocity dispersion decreasing with radius and increasing
with height above the mid-plane, and the corresponding asymmetric
drift in the rotation curve.

We find that the thin disc is overall younger, more metal-rich, and
more «-poor than the thick disc. The bar and B/P bulge are old,
metal-rich, and slightly more «-enhanced than the thin disc. Finally,
the nuclear disc is old, metal-rich, and «-poor. There are no very
obvious radial gradients in the properties of each component.

When we look in more detail into the populations in each
component, we find that the thin disc has an extended star formation
history. Most of the stars are older than 8 Gyr (with possibly a
peak of star formation around 10 Gyr), but the thin disc also shows
more recent star formation, from about 4-5 Gyr ago down to the
current time. The thick disc hosts complex stellar populations: a main
component that is metal-rich and very old (typically above 12 Gyr),
and a second component that is more metal-poor ([M/H] between
—1 and 0 dex), more a-rich, and with an age distribution roughly
flat from 8 to 14 Gyr. This is not consistent with the global chemical
evolution of the disc, and probably corresponds to stars accreted from
a smaller satellite galaxy. Finally, the B/P bulge is showing stellar
populations that are very similar to the thick disc, and the nuclear
disc is showing some of the simplest stellar populations in the galaxy:
nearly all of the stars are older than 10 Gyr.

Piecing together all the available evidence, we find that a massive
and extended disc formed very early on (80 per cent of the stellar mass
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formed before z = 2). The main component of the thick disc might
have formed already thick, for instance following an intense phase
of gas-rich mergers (Brook et al. 2004), but this is not something that
we can test. This massive disc developed a bar very fast, which drove
gas towards the centre of the galaxy and triggered the formation
of the nuclear disc. At some point after the bar formed, a B/P bulge
formed, either following the buckling of the bar, or because of vertical
resonances. Around ~8 Gyr ago, a ~1:10 merger happened, possibly
on a low-inclination orbit. The satellite deposited its stars throughout
the whole galaxy, but might not have caused significant disc heating
in the vertical direction and did not contribute to the growth of a
classical bulge. It also did not destroy the bar and the nuclear disc:
NGC 5746 is an example of a galaxy with a very long-lived bar.
The merger still had an important part to play in the formation of
the thick disc in the sense that it brought a significant amount of
mass: ~30 per cent of the thick disc is made of accreted stars. The
merger also possibly had an effect on the radial re-distribution of stars
within the disc, which would explain the absence of radial metallicity
gradients in the thin and thick discs. After this, we do not detect signs
of significant other mergers, and star formation continues within the
thin disc down to the present time.

It thus seems that NGC 5746 did not completely escape mergers,
but that the only relatively recent significant merger did not create
much damage to the galaxy (while still contributing ~30 per cent
of accreted stars to the thick disc). This is still a relatively quiescent
merger history, with no merger detected in the past ~8 Gyr. Jackson
et al. (2020) argue that this might be the case for ~30 per cent
of massive disc galaxies: an unusually quiet merger history allows
them to form a disc early and maintain it down to z = 0. Further
studies of nearby disc galaxies will be needed to establish this from
an observational point of view, and to establish how unusual or
common NGC 5746’s formation history might be.
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APPENDIX A: EMISSION LINES ANALYSIS

In this Appendix, we present the results from our GANDALF analysis
of emission lines: Fig. A1 shows the spatial distribution of the H
and [O 111] fluxes, as well as the ratio between the two. We note that a
similar analysis (using the same MUSE data) was performed by De
Vis et al. (2019), showing more emission lines, and deriving oxygen
abundances: we do not aim to redo this analysis here.

Fig. Al shows that ionized gas is present in the disc of NGC
5746 (with negligible emission at large height above the mid plane,
as expected). A series of star forming regions (characterized by a
low [OmI]/H B ratio) is found in a ring configuration. This ring
corresponds to the ring seen in PAH emission (Fig. 1 and Barentine
& Kormendy 2012), which is another tracer of star forming regions.
There are also signs of young populations in this ring in our stellar
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Figure Al. Spatial distribution of the ionized gas (the fluxes are shown
using arbitrary units). The top panel shows the distribution of H g emission,
the middle panel, [O111], while the bottom panel shows the ratio [O I]/H .

populations analysis (particularly in the distribution of young stars
in Fig. 13 and the SSP-equivalent age map in Fig. B1).

APPENDIX B: STELLAR POPULATIONS
RECOVERY USING LINE-STRENGTH INDICES

We compute line-strength indices in the LIS system (Vazdekis
et al. 2010), using a constant resolution of 8.4 A as a function of
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Figure B1. Spatial distribution of SSP-equivalent age, [M/H], and [Mg/Fe]
obtained from our line-strength analysis. Those maps are qualitatively similar
to the ones obtained from PPXF (Fig. 7).
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Figure B2. Comparison of the SSP-equivalent age (top panel), [M/H]
(middle panel), and [Mg/Fe] (bottom panel) obtained from our line-strength
analysis to the mass-weighted values obtained from full spectrum fitting with
PPXF. The solid line is the 1-to-1 line, while in the bottom panel, the dashed
line shows a constant offset of 0.07 to guide the eye.

wavelength. We use H g, as an age indicator and Fe5015, Fe5270,
Fe5335, and Mgb to trace metallicity and [Mg/Fe]. Our analysis is
based on the same MILES stellar population models as the ones
used with PPXF for full spectrum fitting. We derive SSP-equivalent
age, metallicity, and [Mg/Fe] using a Markov Chain Monte Carlo
analysis, using flat priors for all variables and a Gaussian likelihood.
The analysis is run using the emcee code (Foreman-Mackey et al.
2013), with 100 walkers and 1000 iterations.

For each spaxel, we derive the SSP-equivalent age, metallicity,
and [Mg/Fe] from the median of the posterior distribution of each
parameter. We show in Fig. B1 the spatial distribution of those three
quantities, and in Fig. B2 a comparison between the SSP-equivalent
values and the average mass-weighted values from our standard full
spectrum fitting analysis with PPXF.

Fig. B1 shows that the main trends we find with full spectrum
fitting are also recovered with the line-strength analysis. From the thin
to the thick disc, we see an increase in age, a decrease in metallicity
and an increase in [Mg/Fe], similarly to what we found with PPXF.
We also find that the nuclear disc is old, metal-rich, and a-poor. The
main difference with our PPXF analysis is that the thin disc shows
very low SSP-equivalent ages, from 1 to 4 Gyr over most of the thin
disc.

NGC 5746 2477

This is also apparent in Fig. B2, where in the top panel we compare
the SSP equivalent ages to the mass-weighted mean ages obtained
with PPXF. While the old SSP-equivalent ages correspond quite well
to old mass-weighted mean ages, the SSP-equivalent ages are driven
to low values as soon as the spectra contain a contribution from
younger stars. This has already been shown, for instance by Serra
& Trager (2007) and Trager & Somerville (2009): the Balmer line
indices are dominated by young stars and the SSP-equivalent ages
reflect the fraction of stars formed within the past Gyr.

By contrast, hot young stars do not contribute much to metal
lines, so that the SSP-equivalent [M/H] and [Mg/Fe] are much closer
to the mass-weighted averages from PPXF (see middle and bottom
panels in Fig. B2). There is a slight offset in [Mg/Fe], with SSP-
equivalent values larger by ~0.07, but there are no additional biases.
This also confirms that the PPXF analysis interpolating between only
two values of [Mg/Fe] recovers reasonable values for the mass-
weighted [Mg/Fe] of a stellar population.

APPENDIX C: STELLAR POPULATIONS
RECOVERY USING STECKMAP

As a sanity check for the reported findings on the stellar populations
inhabiting the thick disc of NGC 5746, we performed a parallel (and
blind) test using another widely used and well tested code, STECKMAP
(‘STEllar Content and Kinematics via Maximum A Posteriori likeli-
hood’; Ocvirk et al. 2006). STECKMAP uses a Bayesian minimization
method based on a penalized x? to reproduce the observed spectrum
via a maximum a posteriori algorithm. Like PPXF, the non-parametric
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Figure C1. Results of our STECKMAP analysis of stellar populations in
the thick disc. We show the mass fraction as a function of age (top panel),
and the mean [M/H] as a function of age (bottom panel) for two different
sets of isochrones, the BaSTI and Padova00 isochrones (the shaded regions
represent the standard deviation obtained from our Monte Carlo analysis).
Those results are consistent with our PPXF analysis, with the detection of both
an old metal-rich and a younger more metal-poor population in the thick disc
of NGC 5746.
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nature of STECKMAP allows us to characterize the stellar populations
shaping observed spectra with no assumptions on the shape of the
solution (i.e. the star formation histories).

We combined the emission-cleaned spectra of all spaxels be-
longing to the thick disc into a single spectrum, which we fed to
STECKMAP. For a fair comparison with the PPXF results, we use
the same wavelength range (4750 to 5500 A) and the same stellar
evolution models: MILES models (Vazdekis et al. 2015) using the
BaSTI stellar isochrones (Pietrinferni et al. 2004). The fact that
STECKMAP cannot fit simultaneously age, metallicity, and [Mg/Fe]
forces us to use in this case the MILES models in their baseFe
version. We also use a value of 1 and 0.01 for the age and metallicity
distribution smoothing parameters (u, and pz; regularization is
implemented in STECKMAP using these parameters).

Errors in the mass fractions and metallicities of the different
subpopulations with STECKMAP are computed through a series of
25 Monte Carlo simulations as described in Ruiz-Lara et al. (2017):
in each of the Monte Carlo simulation we add noise consistent with
the quality of the original data to the best fit of the observed spectrum
and run STECKMAP again on this noisy, best-fitting spectrum. The
standard deviation of the 25 mass fractions or metallicities from each
realization is considered the error in each magnitude.

The results of this test can be seen in Fig. C1 (blue lines).
Consistently with the analysis using PPXF, we also find that, while
the thick disc mostly contains old and metal-rich stars, a younger

(~10 Gyr old) and more metal-poor ([M/H] >~ —0.6) population is
also present.

We tested as well the effect of a different choice of stellar
isochrones, the Padova0O0 isochrones (Girardi et al. 2000): the results
of this analysis are shown as purple lines in Fig. C1. While the
different age range covered by the Padova0OO isochrones does not
allow a direct comparison with the results obtained using the BaSTI
isochrones, we still find the same overall trend. In particular, we find
the same drop in mean [M/H] from the oldest stars to the younger
stars.

To conclude, we still find the presence of younger metal-poor
stars in the thick disc when we perform our analysis with a totally
different code (STECKMAP), using a different version of the BaSTI
MILES models (the baseFe version), and a different set of stellar
isochrones (the Padova00 isochrones). This strongly reinforces our
confidence in the results discussed in this paper.

APPENDIX D: BOOTSTRAP

Fig. D1 compares the age and [M/H] distributions obtained from the
PPXF best fit with regularization to the distribution obtained from our
bootstrap analysis, for the thin and thick disc, the B/P bulge, and the
nuclear disc. We find very comparable results for the two analyses,
as discussed in Section 5.
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Figure D1. Comparison of the age and [M/H] distribution for the regularized PPXF solution (top row) and for the mean of 100 bootstrap samples (bottom row)

for the thin disc, thick disc, B/P bulge and nuclear disc (from left to right).
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