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ABSTRACT

The majority of spiral and elliptical galaxies in the Universe host very dense and compact
stellar systems at their centres known as nuclear star clusters (NSC). In this work, we study the
stellar populations and star formation histories (SFH) of the NSCs of six nearby galaxies with
stellar masses ranging between 2 and 8 x 10° M, (four late-type spirals and two early-types)
with high-resolution spectroscopy. Our observations are taken with the X-shooter spectrograph
at the VLT. We make use of an empirical simple stellar population (SSP) model grid to fit
composite stellar populations to the data and recover the SFHs of the nuclei. We find that
the nuclei of all late-type galaxies experienced a prolonged SFH, while the NSCs of the two
early-types are consistent with SSPs. The NSCs in the late-type galaxies sample appear to
have formed a significant fraction of their stellar mass already more than 10 Gyr ago, while
the NSCs in the two early-type galaxies are surprisingly younger. Stars younger than 100 Myr
are present in at least two nuclei: NGC 247 & NGC 7793, with some evidence for young star
formation in NGC 300’s NSC. The NSCs of the spirals NGC 247 and NGC 300 are consistent
with prolonged in situ star formation with a gradual metallicity enrichment from ~—1.5 dex
more than 10 Gyr ago, reaching super-Solar values few hundred Myr ago. NGC 3621 appears
to be very metal-rich already in the early Universe and NGC 7793 presents us with a very
complex SFH, likely dominated by merging of various massive star clusters coming from
different environments.

Key words: techniques: spectroscopic —galaxies: individual: NGC247, NGC 300,
NGC 3621, NGC 5102, NGC 5206, NGC 7793 — galaxies: nuclei — galaxies: star formation.

Boker et al. 2004; Coté et al. 2004, 2006) and are intrinsically

1 INTRODUCTION very luminous with typical absolute magnitudes M; ~ —12 mag

Nuclear star clusters (NSC) are among the densest stellar objects in
the Universe. They reside in the dynamical centres (Neumayer et al.
2011) of more than 75 per cent of spiral galaxies (Boker et al. 2002;
Seth et al. 2006; Georgiev & Boker 2014). A similar nucleation
fraction is also found for dwarf ellipticals and early-type galaxies
(Coté et al. 2006; Turner et al. 2012; den Brok et al. 2014). Their
sizes are comparable to those of globular clusters (re ~ 2 — 5pc
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and masses in the range 10° — 10’ Mg (Ho & Filippenko 1996;
Gordon et al. 1999; Matthews & Gallagher 2002; Walcher et al.
2005; Georgiev et al. 2016).

Several studies (Ferrarese et al. 2006; Rossa et al. 2006; Wehner
& Harris 2006; Turner et al. 2012; Georgiev et al. 2016) have shown
that NSCs’ masses are coupled to the mass of their host galaxy, fol-
lowing similar scaling relations with galaxy mass as super massive
black holes (SMBH) but with possibly different slopes (Balcells,
Graham & Peletier 2007; Graham 2012; Leigh, Boker & Knigge
2012; Scott & Graham 2013). It is worth noting that the NSCs
scaling relations vary with galaxy morphology (Seth et al. 2008a;
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Erwin & Gadotti 2012; Georgiev et al. 2016) and more concentrated
galaxies tend to host brighter NSCs (den Brok et al. 2014). This has
led to the conclusion that the formation and evolution of both types
of central compact objects are somehow linked to the evolution of
their host galaxies, but the observed differences suggest this link is
not the only process shaping NSC growth.

NSC:s also often co-exist with SMBHs in the centres of galaxies
(e.g. Seth et al. 2008a; Graham & Spitler 2009; Seth et al. 2010;
Neumayer & Walcher 2012; Nguyen et al. 2018), including in the
Milky Way (Genzel, Eisenhauer & Gillessen 2010; Schodel et al.
2014). Unlike SMBHs, however, the formation history of NSCs is
directly visible through their stellar populations, which allows for
much more detailed studies of the mass accretion history, that takes
place in the galactic nuclei. However, spectroscopic studies of the
stellar content of NSCs have been very scarce to date. Often, high
extinction and contamination from a prominent bulge component
make such studies very challenging. Walcher et al. (2006); Rossa
et al. (2006); Seth et al. (2006); Lyubenova et al. (2013); Carson
etal. (2015); Spengler et al. (2017) reveal that they consist of multi-
ple stellar populations, the majority hosting both young (<100 Myr)
and old (>1 Gyr) stars. Related to the stellar populations, the mor-
phologies of NSCs also appear to be complex. Seth et al. (2006) find
that in edge-on spirals, the NSCs are typically elongated and aligned
with the disc of the galaxy, and some appear to host a younger disc
component with an old spheroidal core. Strong rotation is also a
common kinematic feature of NSCs (e.g. Seth et al. 2008b). There
is also evidence for such complexity in the stellar populations and
morphologies of the NSCs of early-type galaxies (Monaco et al.
2009; Seth et al. 2010; Lyubenova et al. 2013; Nguyen et al. 2018).
Georgiev & Boker (2014); Carson et al. (2015) find that the sizes
of the NSCs in spiral galaxies vary with wavelength. The more
common case is a positive correlation, indicating that the younger
population is more centrally concentrated than the old one (this is
also the case in the Milky Way NSC Do et al. 2013; Lu et al. 2013;
Feldmeier-Krause et al. 2015), but there are also exceptions that
show circumnuclear star formation. In early-type galaxies, NSCs
have been found to be younger on average than their hosts (Lotz,
Miller & Ferguson 2004; Butler & Martinez-Delgado 2005; Coté
et al. 2006; Chilingarian et al. 2007; Chilingarian 2009; Paudel,
Lisker & Kuntschner 2011; Guérou et al. 2015).

The morphologies, sizes, and masses of NSCs are similar to
those of the most massive globular clusters and ultra-compact dwarf
galaxies (UCD, e.g. Norris et al. 2014), the latter being most likely
the remnant nuclei of tidally dissolved galaxies (Bekki, Couch &
Drinkwater 2001; Bekki et al. 2003; Boker 2008; Goerdt et al. 2008;
Mieske et al. 2013; Pfeffer & Baumgardt 2013; Seth et al. 2014;
Ahn et al. 2017). The nucleus of the Sgr dwarf spheroidal (M 54),
currently in the process of tidal disruption by the Milky Way, is
a prime such example. Several discrete multiple populations are
present in its colour magnitude diagram (CMD; Siegel et al. 2007).
The stellar populations of UCDs are typically old (Janz et al. 2016),
but in some cases do seem to show evidence of an extended star
formation history (SFH) as expected if they are stripped nuclei
(Norris et al. 2015). As UCDs may have been stripped at some
time in the past, understanding the link between these objects and
NSCs requires understanding the complete evolution of NSCs over
a Hubble time.

In this paper, we study the stellar populations and SFHs of four
nearby bulgeless spiral galaxies (NGC 247, NGC 300, NGC 3621,
and NGC 7793) and two dwarf early-type galaxies (NGC 5102 and
NGC 5206) through integrated light spectroscopic observations.
Ruiz-Lara et al. (2015, 2018) have demonstrated that this approach
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leads to comparable results in recovering SFHs from CMDs, and it is
especially valuable when studying distant objects, where individual
stars cannot be resolved. We aim to put constraints on the formation
mechanisms and chemical evolution of these nuclei disentangling
between in situ formation and star clusters accretion scenarios. In
the former scenario, gas funnels into the nucleus and fuels new
star formation episodes (Mihos & Hernquist 1994; Milosavljevié
2004; Schinnerer et al. 2008; Bekki 2015). In this scenario, we
expect mixing of the gas in the centre, which would observation-
ally manifest as a continuous chemical enrichment, where older
populations appear more metal-poor, and younger populations in-
creasingly more metal-rich. In the star clusters accretion scenario
(Tremaine, Ostriker & Spitzer 1975; Oh & Lin 2000; Lotz et al.
2001; Capuzzo-Dolcetta & Miocchi 2008a,b; Antonini et al. 2012;
Gnedin, Ostriker & Tremaine 2014), on the other hand, we expect
more stochastic mixing of the stellar populations, as stars are born
in presumably different environments than the central region of the
galaxy. In reality, the two scenarios are most likely operate simul-
taneously (Neumayer et al. 2011; den Brok et al. 2014; Antonini,
Barausse & Silk 2015; Cole et al. 2017).

2 SAMPLE SELECTION

We target prominent nearby nuclear star clusters in the south-
ern hemisphere with minimal obscuration or bulge contamination.
These galaxies are chosen as part of an adaptive optics-targeted
sample, which is roughly complete within 4 Mpc, and the galaxy
NGC 3621 is also included due to prior evidence for an accreting
central SMBH in this object (Satyapal et al. 2007; Barth et al. 2009).
A brief description of each galaxy in our sample is given below and
their properties are summarized in Table 1.

NGC 247 is a bulgeless dwarf spiral galaxy (SAB(s)d) at a dis-
tance ~3.6 Mpc (the quoted distances in this work are the median
estimates from NED') and a member of the Sculptor group. Carson
etal. (2015) report a colour gradient in its NSC — the effective radius
is smallest in UV and largest in IR, which suggests the presence of
multiple stellar populations, and that the young stars are centrally
concentrated and likely formed in situ.

NGC 300 is a bulgeless field spiral galaxy (SA(s)d) projected in
front of the Sculptor group at a distance ~2 Mpc and an inclination
angle of 42°. Similarly to NGC 247, the size of the NSC of NGC 300
also increases monotonically from the UV to the IR (Carson et al.
2015). Walcher et al. (2005) measure an average velocity disper-
sion o = 13.3 km s~ 'for the NSC, using UVES spectroscopy, and
estimate a dynamical mass of ~10° Mg, of the NSC.

NGC 3621 is a bulgeless field spiral galaxy (SA(s)d) in the con-
stellation Hydra at a distance ~6.7 Mpc and an inclination angle
of 25°. NGC 3621 hosts an active galactic nucleus (AGN Satyapal
et al. 2007; Gliozzi et al. 2009) and it is classified as a Seyfert 2,
fueled by a SMBH with a mass of <3 x 10® M, (Barth et al. 2009).
Carson et al. (2015) note that the NSC is more extended in the
UV than in the IR, at a difference with the other two spirals, which
could either mean that young stars are situated on the outskirts of the
cluster, or that the UV emission from the central AGN is stronger
at larger radii due to dust obscuration in the inner regions. Carson
et al. (2015) also note that the UV emission is strongly elongated
along the north—south axis, while the IR flux has mostly spherical
morphology.

Thttps://ned.ipac.caltech.edu/
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Table 1. Host galaxy properties.
Galaxy Distance' Galaxy Mp2 Galaxy (B — V)2 Stellar mass r§f§c E(B — V)mw®

[Mpc] [mag] [mag] [10° M1 [pc] [mag]
NGC 247 34407 —19.24 £ 0.01 0.56 2.83 1.0° 0.016
NGC 300 20404 —18.14 £ 0.21 0.89 223 1.9 0.011
NGC 3621 67+13 —20.07 £0.23 0.68 8.13 1.83 0.071
NGC 5102 37407 —17.91 4+ 0.23 0.68 6.8* 1.6* 0.048
NGC 5206 32406 —16.07 £ 0.63 0.87 2.6 3.44 0.105
NGC 7793 3.8+08 —18.67 £0.16 0.54 4.4 10.2° 0.017

Notes. () Median distance from NED with assumed 20% uncertainty (Makarov et al., 2014); ® HyperLeda http://leda.univ-lyonl.fr/; @ Georgiev et al.
(2016); @ Nguyen et al. (2018); © Bell et al. (2003) © Values from NED: Schlafly & Finkbeiner (2011) assuming the extinction law of Cardelli, Clayton &

Mathis (1989).

NGC 5102 is a nucleated dwarf lenticular (SO) galaxy in the
M 83 group of galaxies at a distance of ~3.7 Mpc. Previous studies
based on resolved stars and spectral synthesis have shown that the
galaxy is dominated by an intermediate age (~0.1 — 3 Gyr) stel-
lar population towards its centre (Kraft et al. 2005; Davidge 2008,
2015; Mitzkus, Cappellari & Walcher 2017). Mitzkus et al. (2017)
find a mass weighted age of 0.8 Gyr and their composite popula-
tion fit favours the existence of a young population of ~0.3 Gyr
at solar metallicity together with an old (>10 Gyr), metal poor
([Fe/H] < —1) population. Their kinematic model suggests the
presence of counter-rotating disks. Mitzkus et al. (2017); Nguyen
et al. (2018) also measure a flat velocity dispersion profile at o ~
44 km s~ 'in the circumnuclear region (0.7” to 0.4” from the centre),
that peaks at 60 kms~'in the very centre. They also find a strong
rotation ~30km s~'in the nucleus. Nguyen et al. (2018) detect a
central SMBH with a mass of 8.87¢% x 10° M, and estimated the
dynamical mass of the NSC to be 7.30 & 2.34 x 10" M,

NGC 5206 is a nucleated dwarf elliptical (dE/S0O) galaxy that be-
longs to the M 83 group, and is located at a distance of ~3 Mpc.
Nguyen et al. (2018) measure similar to NGC 5102 flat velocity dis-
persion profile in the central region (from 0.7” to 0.4”) at 33 kms ™!,
that peaks at 46 km s~'at the very centre. They measure a slow de-
gree of rotation (~10 — 15kms~') and an overall roundness of
the NSC. This galaxy also hosts a central SMBH with a mass of
4.7%33 x 10° My, and the dynamical mass of its NSC is estimated
at 1.54 4+ 0.51 x 10" M, (Nguyen et al. 2018).

NGC 7793 is a bulgeless spiral galaxy (SA(s)d) and a member of
the Sculptor group located at ~3.9 Mpc. Interestingly, the NSC is
largest in the UV and its size monotonically decreases towards the
IR (Carson et al. 2015), which means that younger stars are predom-
inantly located on the outskirts of the nucleus. ST images reveal
young stars and dust filaments indicative of ongoing star formation
in the disk in the immediate vicinity of the NSC. Walcher et al.
(2005) measure an average velocity dispersion of 24.6 km s~!of the
NSC and make a dynamical mass estimate of 7.8 x 10° M.

3 DATA AND MODELS

3.1 Observations and data reduction

The observations were taken with the X-Shooter instrument in ser-
vice mode during two observing semesters in 2009 — 2011 — pro-
gramme [Ds: 084.B-0499(C) and 086.B-0651(C). X-Shooter is a
long slit, medium resolution, Echelle spectrograph mounted at the
Cassegrain focus of Unit Telescope 2 (Kueyen) of the Very Large
Telescope (VLT) (Vernet et al. 2011). The instrument is designed to
cover the entire optical and near-infrared wavelength range simul-

taneously through dichroic splitting of the light in three arms: UVB
(294 — 593 nm, spectral resolution R ~ 6200), VIS (525 — 1049 nm,
R ~11000), and NIR (983 — 2481 nm, R ~ 6200). The 11” long slit
was positioned along the minor axis of the galaxy with widths of
0.8”,0.7”, and 0.6” for the UVB, VIS, and NIR arms, respectively.
This paper is focussed on the analysis of the UVB and VIS arm
data that cover the optical wavelength range. The spatial pixel scale
is 0.16” px~" and the dispersion scale is 0.2 A px~'. The six NSCs
were observed in offset mode adopting a strategy ‘object — sky —
object’ with typical individual exposure times ~10 — 15 min. Along
with the scientific targets, we also scheduled calibration observa-
tions that include telluric calibration stars (taken every night in stare
mode), flux calibration stars (typically taken within 10 days from
the science targets in stare mode), and velocity calibration stars (no
specific time allocation; observed in nod-on-slit mode). The latter
are used to infer the line spread function (LSF) of the spectrograph,
which is presumed to be rather stable over long periods of time. The
observing log is presented in Table 2.

The spectra were reduced using the ESO RrerLEx X-Shooter
pipeline (v.2.6.8). This included bias subtraction (estimated from
the over-scan regions of the CCD frames); flat-field correction;
order tracing; wavelength solution and spatial resampling; flexure
compensation; sky subtraction using the offset sky frames; image
combination; and flux calibration using dedicated flux standard ob-
servations. The final products are rectified, two-dimensional spectra
in Fits format with flux units of ergs™' cm™2 A~! and three exten-
sions: flux, flux error, and a bad pixel map.

The extraction of the 1D science spectra was done separately in
an aperture of 1”by a direct summation of the pixels along the spatial
axis. The resulting rectangular aperture (1” xthe slit width) covers
typically between 10 and 20 pc around the centre of the galaxy (see
Table 3). The only exception is the nucleus of NGC 3621, which
is very extended and faint, so to ensure a sufficient signal-to-noise
ratio (SNR), we extracted an aperture of 2.4”that covers a diameter
of 78 pc along the spatial axis of the slit. The SNR, estimated as
the median flux divided by the 1o model residuals, varies between
~50 and ~85 per pixel for the different NSCs.

We show in Fig. 1 the slit profiles of the UVB and VIS arms col-
lapsed over wavelength for all six galaxies. The NSCs are barely spa-
tially resolved, compared to the expected profile of a point source,
approximated here with a Gaussian function with an FWHM of the
seeing, as reported from the telescope auto-guiding system at the
time of the observation (see Table 2). Fig. 1 also shows that there is
generally no significant contamination from the main galaxy com-
ponent in the NSC (typically <10 per cent, with the exception of
NGC 3621, where the contamination reaches ~25 per cent. In the
present analysis, we did not subtract the underlying flux to avoid
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Table 2. Observing log.

N. Kacharov et al.

Object Type Date Exp. time (UVB, VIS, NIR) Seeing Flux calib. date
P84
NGC 7793 NSC 17 Oct. 2009 2 x 530s,2 x 508s,2 x 600s 0.9” 18 Oct. 2009
NGC247 NSC 17 Oct. 2009 2 x 830s,2 x 808s,2 x 900s 0.8” 18 Oct. 2009
NGC 300 NSC 13 Jan. 2010 2 x 830s,2 x 808s,2 x 900s 0.7" 18 Jan. 2010
HD12642! K5I 13 Jan. 2010 2x0.7s,2x0.7s,2 x 2.0s 0.9” 18 Jan. 2010
HD14802! G2V 13 Jan. 2010 2x0.7s,2x0.7s,2x 1.0s 0.7" 18 Jan. 2010
NGC 5206 NSC 14 Feb. 2010 2 x 530s,2 x 508s,2 x 600s 1.6” 14 Feb. 2010
P86
HD198357! K311 13 Oct. 2010 2x0.7s,2x%x0.7s,2x 1.0s 1.6” 12 Oct. 2010
HD68758! A1V 15 Oct. 2010 2x0.7s,2x0.7s,2 x 1.0s 0.6" 15 Oct. 2010
HD40136! F1V 17 Oct. 2010 2x0.5s52x05s2x 1.0s 1.6” 17 Oct. 2010
NGC 3621 NSC 14 Dec. 2010 2 x 530s,2 x 508s,2 x 600s 3.7 14 Dec. 2010
HD92305" MOIIT 17 Dec. 2010 2x0.65,2x02s,2x0.7s 1.5” 14 Dec. 2010
NGC3621 NSC 17 Dec. 2010 2 x 530s,2 x 508s,2 x 600s 22" 14 Dec. 2010
NGC 5206 NSC 18 Feb. 2011 2 x 530s,2 x 508s,2 x 600s 0.8” 1 Feb. 2011
NGC5102 NSC 02 Mar. 2011 2 x 530s,2 x 508s,2 x 600s 1.4” 1 Feb. 2011
HD130328! M3III 02 Mar. 2011 2x0.25,2x0.6s,2x02s 1.5” 1 Feb. 2011
Notes. (V) Velocity calibration stars.
Table 3. Extracted spectra.
Galaxy Aperture Size SNR Vhelio oy E(B — V)intr Lg! Ly!
("1 [pcl [px~"] [kms™'] [kms™'] [mag] [10°Lo] [10°Le]
NGC 247 1.0 174 £ 35 58 171.6 £0.3 15.1£0.6 0.084 2.1 +£0.38 1.5 + 0.6
NGC 300 1.0 95 £ 1.9 56 146.0 £ 0.2 13.3+0.3 0.079 0.7 £03 0.6 £03
NGC 3621 2.4 783 £ 15.7 48 720.3 £04 41.1£05 0.000 49 £ 20 47 £ 19
NGC 5102 1.0 18.1 £ 3.6 85 4649+ 0.2 46.1 £ 0.3 0.111 324+ 13 23 +£9
NGC 5206 1.0 145 £ 29 71 568.4 £0.2 322+£02 0.038 34+ 14 37 £ 15
NGC 7793 1.0 189 + 3.8 74 2241402 23.14+04 0.147 10 + 4 7.7 £ 3.1

Notes. (V) Total luminosity within the extracted aperture corrected for extinction and systematic uncertainties assuming 20 per cent uncertainty in distance.

introducing additional noise in the NSC spectra, but we quantified
its properties in Section 5.5.

The extracted UVB and VIS arm 1D spectra were additionally
convolved along the dispersion axis with a Gaussian kernel of 0.7 px
and 1.2 px, respectively, to ensure a smooth dispersion transition
between the two arms (see Section 3.2 for more information on
deriving the LSF), and combined together by matching the overlap-
ping regions. Some small rescaling was generally needed to bring
the two arms into scale. A note of caution at this step is needed,
because the overlapping regions of the UVB and VIS arms suffer
from time varying dichroic effects (see Schonebeck et al. 2014),
that cannot be corrected out with a flux calibrator in the general
case, and the absolute flux in this region is not reliable. So, we took
extra care to ensure that there is no obvious bias between the two
arms during the population modelling. The overlapping region be-
tween the two arms (5400 — 5800 ;\) was excluded from the stellar
population fits. We also masked out the pixels marked as bad during
the pipeline reduction process and the rest frame region of the Na
doublet at 5890 A, as it is affected by interstellar absorption.

Finally, we corrected the flux for foreground Galactic extinction
using the reddening information in the NED database (see also
Table 1) from Schlafly & Finkbeiner (2011), assuming the extinction
law of Cardelli et al. (1989).

3.2 Population models
In this study, we make use of a PEGASE-HR (Le Borgne et al. 2004)

simple stellar population (SSP) grid provided with the stellar pop-
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ulation analysis code ULyss> (Koleva et al. 2009). The PEGASE-HR
grid is based on the Elodie 3.1 stellar library (Prugniel & Soubiran
2001; Prugniel et al. 2007). The SSP models are computed using
the Padova isochrones (Bertelli et al. 1994), assuming a Kroupa ini-
tial mass function (IMF; Kroupa 2001), and normalized to present
day mass of 1 Mg. They include mass loss from supernovae ejecta
(Woosley & Weaver 1995) and stellar winds. They have a res-
olution R = 10* and cover a wavelength range between 3900
and 6800 A. The grid covers seven metallicity bins with a range
—2.3 < [Fe/H] < +0.7, assuming a scaled Solar abundance pat-
tern, and 68 irregularly spaced age bins between 1 Myr and 20 Gyr.

We used uLyss to interpolate a regular grid in Inage and
[Fe/H]with 15 steps in metallicity and 50 steps in In age between
10 Myr and 14 Gyr (there are 53 irregularly spaced age bins in this
interval in the original model grid). This new, interpolated grid was
convolved with the LSF of the spectrograph.

We assumed a Gaussian LSF with a varying broadening as a
function of wavelength. The broadening function was estimated
with uLyss by fitting the spectra of the velocity calibration stars
(see Table 2 for information about the different type stars) with an
empirical stellar grid based on the Elodie 3.1 library, which has
the same spectral characteristics as the PEGase-HR SSP grid. We
measured the necessary broadening of the templates to match the
observations in kms~! in different parts of the velocity calibration
spectra. We needed to slightly reduce the resolution of the observa-

Zhttp://ulyss.univ-lyon1.fr/
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Figure 1. Slit profiles of the light in the UVB and VIS arms for the six galaxies collapsed over all wavelengths and normalized. The green, dashed line is a
Gaussian with an FWHM of the seeing as reported by the auto-guiding system of the telescope. The red, dashed, vertical lines indicate the aperture of extraction

of the 1D spectrum.

tions by applying a Gaussian kernel with o = 0.7 px in the UVB arm
in order to resolve the LSF across the entire wavelength range. To
ensure a smooth LSF transition between the two X-Shooter arms,
the VIS arm had to be broadened by a Gaussian kernel with o =
1.2 px. The derived broadening function was fitted with a 3rd-order
polynomial, which was subsequently used to correct the SSP model
grid. The broadening functions derived from the different velocity
calibration stars are shown in Fig. 2. Although, we observed five
velocity calibration stars in P86, only three were suitable for de-
riving the broadening function and they show a very similar trend
also with the observations from P84. This assures us that the LSF
of X-Shooter is temporally stable over sufficiently long periods of
time. The small variance is due to the different spectral types of
stars used for each curve. In the end, we deemed the broadening
function derived from the G2V-type star for spectra taken in P84
and the K3III-type star for spectra taken in P86 as most reliable,
because the spectra of these stars have the largest number of narrow
absorption lines. Two of the stars observed in P86 were not suitable
for deriving the broadening at all. The A1V type star is too hot and
there are not enough spectral lines in its spectrum, while the M3I11
type star’s spectrum is dominated by broad molecular features.

3.3 Composite stellar population fits

While we do provide the age and metallicity of the best-fitting SSP
to each nucleus (see Section 3.4), we do not expect that the NSCs
have experienced a single burst of star formation. On the contrary,
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Figure 2. The line broadening function of X-Shooter as derived from two
velocity calibration stellar spectra in P84 (top panel) and three spectra in P86
(bottom panel). The adopted LSFs for both observation periods are marked
with solid red lines.

they have most probably had a prolonged SFH, and have also likely
accreted in-falling star clusters of different ages and metallicities
(see e.g. Walcher et al. 2005). In principle, any composite SFH can
be described as a linear combination of SSPs. However, this is a
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very degenerate problem, as we were convinced by our experiments
with uLyss, where we tried to reproduce the observed spectra using
two, three, or more SSP models. We found that there are solutions
with almost identical x> values but very different mix of parame-
ters (ages, metallicities, and weights of the different SSP models),
heavily dependent on the initial parameter proposal. To overcome
this problem we decided to use weights regularization, which forces
a smooth variation between the weights of neigbouring SSP models
in the grid and ensures a unique solution.

Hence, we used the penalized pixel fitting code ppxF? (v. 5.2.3 for
IDL; Cappellari & Emsellem 2004; Cappellari 2017) with the SSP
grid described in the previous section. We used ppxr with weights
regularization to derive the SFH of the NSCs of the observed galax-
ies and simultaneously derive their velocity dispersions and line
of sight velocities (see also Morelli et al. 2013; McDermid et al.
2015; Morelli et al. 2015; Norris et al. 2015; Mitzkus et al. 2017,
for other applications of this method). The latest major ppxr update
was specifically designed to properly address situations where the
observations and the models have nearly identical spectral reso-
lution and undersampling may become an issue, such is our case
(Cappellari 2017). In addition to the SSP grid, we added additional
templates to model the emission lines from the nuclei if such are
present. The most common emission lines (the Balmer lines, the
[Su] lines at 6716&6730 /f\, the [Omi] lines at 4959&5007 A, the
[O1] lines at 6300&6364 A, and the [N ] lines at 6548&6583 A)
are modelled as Gaussian functions. More details on the emission
line analysis in the NSCs’ spectra are presented in Section 5.6.

We scaled the observed spectra and template grid to have a median
flux of 1. This rescaling simplifies our choice of the regularization
parameter (R; given in Table 4), which is dependent on the size of the
weights. When the observed and template spectra are more or less
on the same scale, we explore regularization factors where 1/R is of
the order of a few percent. However, we kept the original templates’
normalization to unit mass to avoid additional noise introduced from
numerical integration. This means that the median flux of individual
SSP templates can be significantly different from 1 due to the large
variation of the M/L ratio (>2 orders of magnitude) across the SSP
grid. The M/L ratios of the individual SSP templates are given in
Fig. 3. In this way, the output ppxF weights are proportional to
the mass fraction of a given template. However, ppxF fits the light
contribution of each SSP, which leads to large range of values for
the weights and their variances across the different SSP templates.
For instance, even a tiny light fraction dedicated to old SSPs will
result in a large mass weight. To quantify the weights variance, we
performed a bootstrap analysis that is described at the bottom of
this section.

We adopted an iterative procedure to fit the SFHs with weights
regularization in four steps:

(1) We estimate the radial velocity and velocity dispersion of the
nuclei using a combination of order 10 additive and multiplicative
polynomials along the SSP grid to avoid as much as possible tem-
plate mismatch. The kinematic results are summarized in Table 3.
We keep the derived kinematic parameters fixed in the consequent
steps, which pertain to the stellar populations, because we found
that even a small template mismatch (if no additive polynomial is
included in the fit) can lead to an overestimation of the velocity
dispersion (see also Boardman et al. 2017). For simplicity, we fit
only for the first two velocity moments at this step, keeping higher

3http://purl.org/cappellari/software
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order velocity moments set to 0. However, we investigate the ef-
fects that ignoring higher order moments have on the SFH recovery
in Appendix A. We thus confirm that using higher order velocity
moments does not noticeably change the population properties of
the nuclei, i.e. any changes are well below the quoted uncertainties.

(i) We perform an unregularized fit, which includes no polyno-
mials but an internal extinction curve, adopting the reddening law
of Calzetti et al. (2000). The best-fitting reddening values are shown
in Table 3. As noted by Walcher et al. (2006), younger populations
may be more attenuated than older ones, but here we make the
assumption that a single reddening law describes the entire NSC
reasonably well. In Table 3, we also list the extinction corrected B-
and V-band luminosities of the NSCs as measured from our spectra.

(iii) We redden the SSP model grid with the best-fitting extinction
curve and perform a second unregularized fit, this time applying a
10th-order multiplicative polynomial to correct for irregularities in
the flux calibration. The multiplicative polynomial has a mean value
of 1 and if the reddening correction is adequate, it should not have
a preferred trend with wavelength. It significantly improves the x>
of the fit. We rescale the error spectrum so that the unregularized fit
at this step has a reduced x? = 1 and correct the templates with the
multiplicative polynomial. We point out that using the noise model
as is from the ESO pipeline reduction package, we typically get
reduced x? values close to but lower than 1. This means that the
noise is slightly overestimated and we need to reduce it.

(iv) At this step, we apply regularization and perform only a
linear optimization of the model weights. With ppxr, we can apply
first- or second-order linear regularization along all dimensions of
the SSP-grid, controlled by a single parameter R. In this work,
we use first-order regularization (REG_ORD=1 in pPXF), where the
numerical first derivative of neigbouring weights is equal to O within
an error ~1/R, although we tested second-order regularization and
found that this choice does not affect the results over a significant
level. We increase R until the x? is increased by

Ax? =+/2N, e))

where N is the number of pixels considered for the fit. The variance
of the x 2 distribution is 2V, hence this is the smoothest solution that
is still compatible with the data within a 1o level. Note that if the data
is not compatible with a smooth solution, ppxF with regularization
will not enforce one due to the x? constraint. Our spectra have about
1.4 x 10* good pixels, which are treated independently.

As we also fit for extinction along the line of sight, this four-step
procedure ensures the proper interpretation of the weights of the
different SSP templates as mass fractions, given the assumed IME.
The sum of all SSP weights (corrected by a known scaling factor)
is an estimate of the total mass (including remnants) of the NSC
enclosed within the extracted aperture. We also reconstruct the star
formation rate (SFR) in the nuclei as a function of time. With this
aim, we need to correct the inferred current mass fractions in each
age bin to their initial values, using the Maraston (2005) models
for mass loss due to stellar evolution. Then, we divided the initial
masses by the time span of each age bin. The distance uncertainty
is the main contributing factor to the systematic error on the mass
estimates. We assumed a 20 per cent error on the distance to all
galaxies and computed the systematic mass uncertainty presented in
Table 4. Additionally, due to the limited observations, the extraction
aperture is only an approximation of the spatial extent of the derived
mass.

We present the light- and mass-weighted ages and metallicities
computed from the regularized fits, as well as the mass-to-light
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Table 4. Mass- and light-weighted ages and metallicities, and extinction-corrected M/L ratios from the maximum regularized solutions.

Galaxy AGEjign [Fe/Hliignt AGEass [Fe/Hlmass Tot. mass! M/Lg MI/Ly Max. Regul.

[Gyr] [Gyr] [10°Mo] (MILp)p]  [(MILv)G)]

NGC 247 0.60 —0.56 5.51 —0.99 1.88 £0.75 0.90 1.22 70
NGC 300 2.04 —0.70 5.58 —0.72 1.10 + 0.44 1.56 1.71 115
NGC 3621 1.60 —0.23 4.46 —0.17 8.40 £3.36 1.70 1.78 245
NGC5102 0.69 —0.88 1.37 —0.50 15.8 +6.33 0.49 0.68 15
NGC 5206 291 —0.32 4.26 —0.32 6.89 +£2.75 2.01 1.87 130
NGC 7793 0.53 —0.39 4.37 —0.47 9.16 & 3.67 0.89 1.19 60

Notes. (1) Total mass within the extracted aperture with systematic uncertainties assuming 20 per cent uncertainty in distance.
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Figure 3. M/L ratios of the individual SSP templates in the model grid. The
colour scheme is chosen such that SSP templates with M/L = 1 are indicated
with white.
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Figure 4. Derived M/Lg (left) and M/Ly (right) ratios of the six NSCs as
a function of mass-weighted age and metallicity compared to predictions of
the BASTI SSP models.

ratios in the B- and V-bands, for the six NSCs in Table 4. Note that
the M/L ratios are distance-independent and thus are not affected by
the large distance uncertainties. In order to compute the luminosities
of the extracted spectra, we convolved the contributing SSP models
with the B and V Bessel filter transmission curves, integrated the
flux, and converted it into Solar luminosities (Table 3). Since, the
presented M/L ratios are based on the modelled, rather than on the
observed flux, the line-of-sight extinction is automatically taken
into account. Fig. 4 shows that the derived M/L ratios in the B- and
V-bands are in a good agreement with the predictions of BASTI
SSP models (Percival et al. 2009). The two apparent outliers in
the M/Lg plot are the NSCs of NGC 247 and NGC 7793, which
have the most extended SFHs and are hence least compatible with
an SSP.

We infer the uncertainties of the individual mass weights of the
SSP grid via a bootstrap analysis, where we sampled each science
spectrum 100 times, by resampling the pixels from the best-fitting
model residuals, starting from the residuals of the best-fitting un-

regularized solution (see Wu 1986, for the wild bootstrap method).
Each resampled spectrum is fitted with PPXF using a minimum regu-
larization (R = 5). This approach allows us to explore the variance
of the weights solely due to the variance of the spectrum, without
imposing a strong regularization prior, thus not biasing the fit to
smooth solutions. If we were to use maximum regularization in the
bootstrap analysis, the solutions would become self-similar. The
derived quantities, such as mean light- and mass-weighted ages
and metallicities, mean M/L ratios, and masses with their corre-
sponding 1o variations are presented in Table 5. The corresponding
values from the full regularized solutions are generally within these
uncertainties.

3.4 Simple stellar population fits

With the aim to statistically quantify how significant a composite
stellar population fit is with respect to an SSP fit, we incorporated
an SSP fitting procedure that is maximally similar to the proce-
dure described in the above section. We used the observed spectrum
with rescaled noise properties, where the full unregularized solution
gives areduced x2 = 1, and the same SSP model grid with included
emission line models. We kept the kinematic solution fixed and es-
timated the 2 at each SSP of the grid, allowing for a multiplicative
polynomial of the same order, as in the composite population fit, to
vary freely at each grid point. We give the age and metallicity of the
SSP grid point with minimum x?2 in Table 6.

The light-weighted ages from the composite fits are in a reason-
able agreement with the single population estimates, while older
stellar populations (several Gyr) seem to dominate the mass of the
nuclei.

We further discuss the quality of the SSP fits and how represen-
tative they are of the actual observations in Section 5.3.

4 RESULTS

4.1 Mock data tests

Before turning to the actual observations, we performed a series of
mock data tests to test how well we can recover different SFHs.
We created mock spectra by summing model templates from our
SSP grid with different weights, adding noise, and broadening the
spectrum to a certain velocity dispersion. Each mock simulation has
a Gaussian SNR =70 px~! and a velocity dispersion 0 =30kms ™!,
similar to our observations. The mock spectra also have the same
LSF and the same pixel scale as the observed spectra. We fit the
mock spectra with ppxrF using the same SSP templates as for the
observations.

In essence, regularization is equivalent to adding a prior to the
model weights and the only time we will recover an SFH perfectly
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Table 5. Mass- and light-weighted ages and metallicities, and extinction-corrected M/L ratios from the bootstrap analysis (N = 100, R = 5).

N. Kacharov et al.

Galaxy AGE]ight [Fe/H]]ight AGE 555 [Fe/H]mass Tot. mass! M/Lg M/Ly
[Gyr] [Gyr] [10°Mo] [(M/L)] [(MILy))]
NGC 247 0.61700 —0.71 £0.10 433773 ~0.94 £ 0.22 1.77 £ 0.37 £ 0.71 0.85+0.18 115 £0.24
NGC 300 1.92%013 —0.72 £ 0.06 4.6910%% —0.70 £ 0.12 0.99 % 0.09 = 0.40 1.40 £ 0.12 1.55 +£0.14
NGC3621 1757017 —0.42 £ 0.08 4.79795% —~0.19£0.13 8.52 4 0.84 + 3.64 172 £0.17 1.80 £ 0.18
NGC5102 0.62721¢ —0.89 4 0.34 1.1970¢2 —0.70 + 0.26 144 +28+58 0.44 + 0.09 0.62 4 0.12
NGC 5206 3.22H047 —0.37 £0.07 5.28+1452 —0.26 £ 0.08 822+ 1.31+£3.29 238 £0.37 224+035
NGC 7793 0.55%00% —0.49 £ 0.14 3.897 040 —023+0.18 9.04 £ 131 £3.62 0.88 £0.13 118 £0.17
Notes. (V) Total mass within the extracted aperture with random and systematic uncertainties assuming 20% uncertainty in distance.
Table 6. SSP fits.
Galaxy AGEgsp [Fe/Hlssp Tot. mass1) MiLg MILy x%2)
[Gyr] [10° Mo] [(M/Lp)) [(MILv)o)
NGC 247 0.22 +0.26 0.53 £ 0.21 0.27 0.31 1.72
NGC 300 1.53 -0.59 047 £ 0.19 0.68 0.73 1.16
NGC 3621 1.77 —0.38 472 £ 1.89 0.97 0.96 1.06
NGC 5102 0.54 -0.38 102 + 4.1 031 0.44 1.00
NGC 5206 2.05 —0.16 433 £ 1.73 144 1.36 1.00
NGC 7793 0.98 -0.38 538 £ 2.15 0.52 0.63 1.94

Notes. (V) Total mass within the extracted aperture with systematic uncertainties assuming 20% uncertainty in distance. ® The unregularized, composite PPXF

solutions with a grid of 750 SSP models have a reduced x> = 1 by construction.

is if it follows the imposed prior. We demonstrate this in Fig. B1 in
an appendix where the mock SFH input weights are pre-regularized
in accordance with the prior. In ppxF, the prior is a constant in the
case of first-order regularization and a plane in the case of second-
order regularization. In reality, of course, star formation does not
need to obey linear regularization priors and we will never be able
to perfectly reconstruct a model. We test the performance of ppXF on
arbitrary SFHs by testing the common theories of NSC formation.
Fig. 5 mimics the in situ formation scenario, which includes grad-
ual self-enrichment (linear increase of [Fe/H]) and slowly declining
SFR, highest in the early Universe. We present two solutions, using
low regularization (R = 30) and the maximum regularization, that
is still compatible with the input spectrum (see equation 1). One can
see that the chemical enrichment history is well reproduced by the
ppxF fit. It is especially worth noting, that this method recovers very
well the metallicity of the young populations with a very small un-
certainty, while there is a large spread in the metallicity estimates at
old ages. Given that young stellar populations are generally not very
sensitive to [Fe/H] variations because they lack strong metal lines,
this is a somewhat counter-intuitive result. The young populations,
however, dominate the spectrum flux, while the old populations
contribute relatively little light and thus have a high variance.

We need to point out also, that the estimated total mass of the
mock system is very well matched to the input mass for the max-
imum regularized solution. This is not a requirement by construc-
tion, but rather a success of the model fits in reproducing the total
M/L. This is also the main reason that we decided to use first-order
regularization rather than second-order, where we found that the so-
lution with maximum regularization generally has a slightly biased
MIJL ratio. We show the results of the same experiments but using
second-order regularization in an appendix (see Fig. C1).

The second mock test that we present here assumes a merger of
randomly distributed (in age and metallicity) clusters for the origin
of the NSC. In Fig. 6, we input four SSPs, three of them contain
30 per cent of the total mass each, and the youngest one contains
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10 per cent of the mass, but almost 50 per cent of the total light.
Here, low regularization represents better the input weights, but
the mock spectrum is still compatible with higher regularization
according to our x? criterion. Fig. C2 shows the same test but using
second-order regularization.

Additionally, in Fig. 7, we show a ppxF fit to mock SSPs, derived
at the light-weighted age and metallicity of each NSC (Table 4),
that have the same SNR and velocity dispersions as the observed
spectra. These fits have the maximum regularization that an SSP
can take before the x2 becomes inconsistent with the input data at
a lo level according to equation (1). They give a good indication
about the resolution in age and [Fe/H]of our SFHs and illustrate
how different from SSPs the actual spectra are (see Figs 8-13).

In summary, our tests demonstrate that we have the ability to
accurately recover smooth star formation histories and metallicity
evolution, but we have poorer constraints on recovering how bursty
an SFH is.

4.2 NGC247

The results of the best-fitting SFH solution for the nucleus of
NGC 247 are presented in Fig. 8. The top panels show the full
spectrum fit (left) and a zoom-in to the region of the H§ and the
Calcium H & K lines, which are good age and metallicity indica-
tors. The regularized mass weights of the SSP grid amounting to
the observed spectrum of the nucleus of NGC 247 are shown in the
bottom left panel of Fig. 8, while the bottom right panel shows the
light contribution of each SSP. The spectrum is dominated by the
light of younger populations, which, however, carry only a small
fraction of the total mass. We also show cumulative mass and light
plots, and the estimated SFR in the NSC as a function of time.
The grey line and shaded areas depict the mean and +1o spread
of the bootstrap solutions, while the red lines show the regularized
solution. Note that, owing to the logarithmic age scale of the SSP
grid, the SFR at old ages is averaged over much longer periods of
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Figure 5. Continuous mock SFH with linear increase of [Fe/H] and slow decline of the SFR. Top panels show the input weights and corresponding light
fractions. Second row panels show the output weights and corresponding light fractions if low regularization (R = 30) is applied. Third row panels show the
output weights and corresponding light fractions if maximum regularization is applied. Fourth row panels show the cumulative mass and light weights of the
input (green), low regularization (red), and maximum regularization (black) weights.

time than in the younger age bins, and hence the latter appear much
more stochastic.

We measure an average velocity dispersion of 15.1 0.6kms™!,
which is similar to the velocity dispersion values of the most massive
Galactic GCs (Harris 1996, 2010 catalogue edition®).

NGC247’s NSC seems to have experienced a very prolonged
star formation that continues until the present day. It built most of
its mass in the early Universe (~50 per cent already present 10 Gyr
ago) at a relatively low metallicity ([Fe/H] ~ —1.5 dex but with
a significant spread), with younger generations being more and
more metal-rich on average, reaching [Fe/H] ~ —0.5 dex roughly
1 Gyr ago and ~90 per cent of the present day mass. A significant
increase of the SFR has occurred ~100 — 500 Myr ago giving
birth to a population of super-Solar metallicity and contributing
~10 per cent of the total mass. There is also an indication of a very
young component (~15 Myr but contributing a negligible fraction
of the total mass <1 per cent), which is further supported by the
presence of strong emission lines in the nucleus and the surrounding

“http://www.physics.mcmaster.ca/resources/globular.html

region, indicative of ongoing star formation. We discuss the current
SFR of the nuclei based on the emission line analysis in Section 5.6.

4.3 NGC300

Fig. 9 shows the best-fitting SFH of the nucleus of NGC 300. We
measure an average velocity dispersion of 13.3 +0.3km s~ similar
to NGC 247. This value is in an excellent agreement with the results
by Walcher et al. (2005), who find oy = 13.3 & 2 km s~ from high-
resolution UVES/VLT spectroscopy.

Similarly to NGC 247’s NSC, NGC 300’s nucleus formed most
of its stars at early times (50 per cent more than 10 Gyr ago) and
low metallicity ([Fe/H] ~ —1dex with a significant spread) and
continued forming stars up until few hundred Myr ago, with in-
creasingly higher metallicity, reaching Solar values about a Gyr
ago. However, at difference with NGC 247, NGC 300’s NSC did
not experience a significant increase of the SFR several hundred
Myr ago and its younger population is considerably less massive.
It reached 90 per cent of its mass ~1.3 Gyr ago and 99 per cent -
roughly 200 Myr ago. About 10 per cent of the light in the spectrum
is attributed to populations younger than 100 Myr, which, however,
contribute less than 1 per cent to the total mass.
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810z Jaquialdas GO uo Jesn |ooyog ssauisng pies Aq £88/50S/S/261/2/087/10B1Sqe-ao11e/Seluw/wod dno-olwspeose//:sdiy Wolj papeojumo(]


http://www.physics.mcmaster.ca/resources/globular.html

1982  N. Kacharov et al.

Mass weights

T T T T T T T T T T T T

0.5
0.0
-0.5

[Fe/H]

-1.0

-1.5
INPUT

-2.0

T T T T TTTT T T T T

0.5
0.0
-0.5

1
.Iﬁllllllllllllllld’mil

-1.0

[Fe/H]

S E OUTPUT R=30

-2.0

T T T TTTTT T T T T

0.5
0.0
-05

[Fe/H]

-1.0
-1.5

[T T T T =R PTT T [T [T [T T [T [T T [ R PTT T[T [T T[T T[T T[T T[T,

20 OUTPUT Rmax=150

1.2
1.0
0.8
0.6
0.4
02
0.0

T T TTTT T T T

Cum. mass

Lol Lol Lol

~

8 9

o [T T T T

1010

—_

Age [years]

Light weights

T T T T T T T T T

TTTTT

0.5
0.0
-0.5

[Fe/H]

-1.0
-1.5
2.0

T T T T T T T T T

g

T

0.5
0.0
-0.5
-1.0

[Fe/H]

-1.5
2.0

T T T T T T T TTTTT T

-

[
&)

el =
o o

[Fe/H]

T T T T T T T T T

T

TTTTT

=3 =T GO COUGLA
o wmoid o un o

R LR L L L N R R N R RN L R LR R RN e LR LN R RRRRE AR RN R

P
T

Cum. light

o oo
o>

b bbb b b B B b B B e B B B B b D] v B B B B i

Ll Ll .
10° 10°
Age [years]

L

10

]
=

—_
o [

Figure 6. Merger SFH. The notations are the same as in Fig. 5.

Overall, this result is in a reasonable agreement with the compos-
ite stellar population fit performed by Walcher et al. (2006), who
find the youngest population in this NSC to be ~100 Myr old and
contributing ~2.7 per cent of the mass. They find that 96 per cent
of the total mass was formed between 3 and 6 Gyr ago, and do not
find evidence for a very old (>10 Gyr) population. Note that we
can also reproduce the spectrum of the nucleus restricting the SSP
grid to include only ages younger than ~4 Gyr (see Section 5.4).
In addition, Walcher et al. (2006) use a constant metallicity of
[Fe/H] ~ —0.65dex for their fit, as well as a different spectral
range, and no regularization, which may also explain the differ-
ences between the two studies.

Finally, there is a contribution from a very young population in
the NSC of NGC 300 (~10 Myr), although we do not see emission
lines in the spectrum, indicative of ongoing star formation, as we
do in the case of NGC 247. Such a young component might instead
be caused by the presence of an extended horizontal branch (see
e.g. Conroy et al. 2018) or blue straggler stars (Schiavon 2007) in
the nucleus. However, the presence of a genuine young population
is the simplest and most likely explanation.

4.4 NGC3621

NGC 3621 (Fig. 10) is the most distant galaxy in our sample and
was also observed under sub-optimal conditions — as reported from
the auto-guiding system of the telescope it is 3.7” during the first
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run of observations and 2.2” during the second. We have combined
the exposures from the two nights using a weighted average method
but analysing them separately yields the same result. In order to
achieve a desirable SNR (48 px~!; the lowest in the sample), we
had to integrate the light in a 2.4”-wide aperture, which covers
~80pc at the distance of NGC 3621. Hence, we may have also
included a non-negligible fraction of the galaxy’s disk component.
Within this aperture, we measured an average velocity dispersion o
=422 £+ 0.6kms~!. This is in excellent agreement with the mea-
surement by Barth et al. (2009, 43 & 3kms~") from an ESI/Keck
similar quality spectrum.

The best-fitting multiplicative polynomial appears to have dif-
ferent trends for the UVB and VIS arms of X-Shooter (see Fig.
10). This suggests that there may be issues with the flux cali-
bration of this source. Nevertheless, the composite stellar popu-
lation fit suggests that the NSC of NGC 3621 built most of its
mass in the early Universe and continued forming stars until sev-
eral hundred Myr ago, similarly to the other late-type NSCs in this
sample.

NGC 3621°s NSC likely experienced an extremely rapid enrich-
ment because even the oldest SSPs contributing to the fit appear to
be very metal-rich. We note that Boardman et al. (2017) analysed
a sample of early-type galaxies using the same code (but with dif-
ferent models) and found a similar effect that most of the mass is
situated in an old, metal-rich population. This is due to the very
high M/L ratios of these SSP models (see Fig. 3), which leads to
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Figure 7. ppxr recovery of SSP mock spectra at the light-weighted age and metallicity (green asterisk) of the actual observations of the six nuclei and with the

same SNR velocity dispersions.

significant mass weights even if only a very small fraction of the
total light is attributed to these templates.

The spectrum has very strong emission lines and although it
is not excluded that there has been some recent star formation,
NGC 3621 is classified as a Seyfert 2 type galaxy with an X-ray
source at its centre (Barth et al. 2009), which is the main source of
emission.

4.5 NGC5102

NGC 5102 is one of two early-type galaxies in our sample. The spec-
trum of its NSC has the highest SNR among the six nuclei (85 px ).
We measured a velocity dispersion o = 45.2 4 0.4 kms~'. Mitzkus
et al. (2017); Nguyen et al. (2018) report a flat dispersion profile
at 44 kms~!'at radii larger than 0.3” that peaks at 60 kms~'at the
centre of the NSC. It is possible that our seeing-limited observations
are not sensitive to the high dispersion peak in the very centre of
the nucleus.

The spectrum of NGC 5102’s nucleus, however, does not broaden
with regularization as is seen in the other galaxies (Fig. 11). The
maximum regularization that would still yield a fit within 1o of
the unregularized solution is R = 15, compared to R > 60 for the
other galaxies. On one hand, this might be an effect of the high
SNR, which does not leave tolerance for smoothing the solution,
but may also indicate a very bursty and stochastic SFH. This is the
only NSC, in which we do not find an evidence for a population
older than 10 Gyr and the most significant star formation happened
less than 1 Gyr ago. We find a mass-weighted age of 1.4 Gyr and
light-weighted age of 0.7 Gyr, while Mitzkus et al. (2017) estimate
amass-weighted age of 0.8 Gyr. Comparing it to our SSP resolution
(Fig. 7), it is consistent with being an SSP. The best-fitting SSP
solution also has the same y? value as the composite fit (Table 6).
However, an older population may simply be completely outshined

by a massive young population, making NGC 5102 a post-starburst
galaxy. This actually seems to be the case if we compare our result
with the SFH derived by Mitzkus et al. (2017), who use ppxF to model
a MUSE spectrum and detect the same massive, high-metallicity,
young component (<1 Gyr) as we do, but also an old, metal poor
component (age >10 Gyr, [Fe/H] < —1.5 dex), perhaps benefiting
from the redder wavelengths (4800 — 9000 A) used in their fit.

There are also emission lines in the spectrum of this NSC indica-
tive of the presence of possible ongoing star formation.

4.6 NGC 5206

NGC 5206 is the other early-type galaxy in the sample. We com-
bined the spectra from both periods of observation (P84 and P86)
using a weighted average method. We measured an average velocity
dispersion 0 =32.2 + 0.3kms™'.

At a difference with the nucleus of NGC 5102, this NSC seems to
be compatible with continuous SFH and a gradual enrichment from
[Fe/H] ~ —1.0dex to +0.5 dex with a peak of the SFR ~2 Gyr ago
at a first glance (Fig. 12). But NGC 5206’s NSC also formed most
of its stars less than 10 Gyr ago, similarly to the other early-type
galaxy nucleus NGC 5102, with only ~15 per cent of the total mass
being present > 10 Gyr ago. Both early-type galaxies are different in
this respect to all four spirals in the sample. The observations of the
latter are compatible with at least 50 per cent of their total masses
being formed more than 10 Gyr ago. NGC 5206’s NSC reached
50 per cent of its present total mass ~4.5 Gyr ago and 99 per cent
~1 Gyr ago. However, considering the resolution of our fit (Fig. 7),
NGC 5206 is marginally consistent with also being an SSP. The
quality of the SSP fit to this spectrum is also as good as the composite
fit (Table 6).

There are no emission lines in the spectrum of this nucleus.
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Figure 8. SFH of NGC 247 NSC. Top left panel: the observed spectrum (black) and the best-fitting spectrum (regularized solution; blue) with the residuals
shown in a sub-panel (the green lines show the mean of the residuals and +1o intervals). The magenta line is the best-fitting reddening law (Calzetti et al.
2000) and the cyan line is the best-fitting multiplicative polynomial. Top right panel: zoom-in to the region of the H & K Ca lines and the H$ line. Bottom left
panel, top: colour-coded, the mass weights of the SSP grid as a function of age and metallicity of the maximum regularized solution shows the enrichment
history; middle: cumulative mass as a function of time — the red line is the best-fitting maximum regularized model and the gray line and shaded areas show the
mean and £ 1o spread of the MC simulations; bottom: SFR. Bottom right panel: colour-coded, the luminosity weights of the maximum regularization solution,

and cumulative luminosity distribution.

4.7 NGC7793

We measured an average velocity dispersion o =
23.1 + 04kms~'(in excellent agreement with the result
from Walcher et al. 2005, 24.6 + 3.7kms™!) in the nucleus of the
spiral galaxy NGC 7793.

The best-fitting composite stellar population model is quite com-
plex (Fig. 13) and might be interpreted as a merger of multiple star
clusters of different ages and metallicities. The major components
are two old (>10 Gyr) populations with very different metallicities,
essentially bordering the limits of our SSP grid - [Fe/H] = —2.3
and +0.6 dex, respectively. Together, they amount to 75 per cent
of the total mass formed in this NSC. The very metal-rich com-
ponent is similar to what we find in the nucleus of NGC3621.

MNRAS 480, 1973-1998 (2018)

Other components include a population with [Fe/H] ~ —0.5 dex
of about 2 Gyr of age (~6 per cent of the total mass) and a popu-
lation of Solar metallicity and an age estimate of 200 — 600 Myr
(~15 per cent of the total mass). There is also an indication of a
very young (~10Myr, 6.6 x 10* M), metal-rich component, and
the nucleus has strong emission lines, indicative of ongoing star
formation. These findings are in a reasonable agreement with the
result of Walcher et al. (2006) for this NSC, who found 1 per cent
of the mass in a 30-Myr-old population, 23 per cent aged between
100 and 600 Myr, and the rest 76 per cent to be about 6 Gyr.
Overall, the metallicity marginalized SFR rate of NGC 7793
seems to be very similar to the estimated SFR of NGC 247. Both
galaxies are also very similar morphologically. However, the strik-
ing difference in the metallicity enrichment processes in both nuclei
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Figure 9. SFH of NGC 300 NSC — same as Fig. 8.

(stochastic in the case of NGC 7793 and smooth in NGC 247) might
be illustrative for their different origin. Carson et al. (2015) found
from HST photometry that the young stars are situated in the out-
skirts of NGC 7793’s NSC, which points towards accretion origin,
while in NGC 247’s nucleus, the young stars are more centrally
concentrated, pointing towards an in situ origin.

5 DISCUSSION

5.1 Comparison of the population M/L ratios to dynamical
estimates

Here, we compare the M/L ratios, which we estimate based on the
stellar population analysis of the nuclei (Tables 4 and 5), to literature
results based on dynamical modelling. In Fig. 14, we present the
(M /L)gyn / (M/L)yop as a function of the dynamical mass of the
system for a compilation of UCDs (Mieske et al. 2013) and five
of the nuclei in this work. We did not find dynamical results only
for the NSC of NGC 247 in the literature. Dynamical stellar M/L
ratios have frequently been found previously to fall below their
population expectations in metal-rich globular clusters and UCDs

(Strader, Caldwell & Seth 2011; Mieske et al. 2013; Seth et al. 2014
Ahn et al. 2017; Baumgardt 2017), but the cause of this is not yet
well understood. The trend of increasing (M / L)qyn / (M / L)pop with
the dynamical mass may be indicative of the increasing importance
of the central SMBH to the dynamics of the system.

The dynamical (M /L)y, o 5 where d is the distance to the
galaxy, due to a linear scaling of the dynamical mass with the
effective radius in the virial theorem, while the (M/L),, is distance-
independent. Thus, we brought the literature (M/L)qy, values to the
distances adopted in this study (Table 1). Walcher et al. (2005)
estimate the dynamical mass of NGC300’s and NGC 7793 nu-
clei to be 0.957077 x 10° and 8.9733 x 10° My, (corrected to the
adopted in this study distances of 2.0 and 3.8 Mpc, respectively).
They have originally adopted a slightly larger distance to NGC 300
(d = 2.2Mpc) and lower to NGC 7793 (d = 3.3Mpc). Thus,
their published (M/Ly)ayn corrected for distance differences be-
come 0.72 &+ 0.22 and 0.56 + 0.17 for the nuclei of NGC 300
and NGC 7793. We estimate (M/Ly)pop = 1.4 £ 0.2 and (M/Ly)pop =
1.05 +£ 0.2 from the X-Shooter spectra for the two nuclei, respec-
tively. The (M/L)qyn/(M/L)pop is therefore ~0.5 for both of them,
suggesting SMBHs at the lower mass limit in the centres of these
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Figure 10. SFH of NGC 3621 NSC - same as Fig. 8.

galaxies, if present at all. However, our (M/L),,, estimates are con-
siderably higher than the composite population fits by Walcher
et al. (2006), who find (M/Ly)pe, = 0.64 for NGC 300’s NSC and
(M/Ly)pop = 0.47, which would bring the (M/L)gy,/(M/L)yqp ratio
closer to 1.

Barth et al. (2009) infer the dynamical mass of NGC3621’s
NSC to be 1 x 10" M. They put an upper limit of the (M/Ly )ayn
= 1.4 &+ 0.2 for a SMBH with a mass of 10* Mg. Our estimate
(M/Ly)pop = 1.8 0.2 isin line with the population analysis by Barth
etal. (2009, M/Ly = 2). This yields an (M /L)ayn / (M /L)pop = 0.8,
which is very similar to e.g. M60-UCD1 and other metal-rich, old
systems (Mieske et al. 2013; Seth et al. 2014; Ahn et al. 2017;
Baumgardt 2017).

Nguyen et al. (2018) infer the dynamical masses of the NSCs of
the early type galaxies NGC 5102 and NGC 5206. Corrected to the
adopted distances of this study, the masses of the nuclei and dynam-
ical M/L ratios are 8.4 + 2.7 x 10’ Mg and 1.4 £ 0.5 x 10" M, for
NGC 5102 and NGC 5206 NSCs, and (M/Ly)qyn = 0.5 £ 0.2 and
(M/Ly)gyn = 2.3 £ 0.9, respectively. We get (M/Ly)pop = 0.6 0.1
and (M/Ly)yop = 1.5 £ 0.25, respectively. The (M /L)ayn / (M / L)pop
ratios are, therefore, 0.8 & 0.3 and 1.5 £ 0.7. Nguyen et al. (2018)
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detected SMBHs in both of them with masses 8.87¢7 x 10° Mg, in
NGC 5102 and 4.7%33 x 10° M, in NGC 5206.

5.2 Comparison of the SFHs of the nuclei in the sample

As discussed in Section 4, there are a number of similarities and
differences among the stellar content of the six NSCs analysed in
this work. In Fig. 15, we compare the derived SFHs by plotting the
normalized cumulative mass of each nucleus and the specific star
formation rate defined as sSSFR = SFR/M,,. The two early-types
stand out as the only nuclei that do not appear to have a significant
fraction of old population (>10 Gyr) and are more consistent with
being SSPs than the spirals. The dominant populations of the two
nuclei are both young, with NGC 5206 having a mass-weighted age
of 4.3 Gyr, while NGC 5102 has a mass-weighted age of 1.4 Gyr
(Table 4). Their spectra are also compatible with SSP models.

The NSCs of the four spirals, on the other hand, were all assem-
bled >10 Gyr ago and continued forming stars at a roughly constant
rate up until ~1 Gyr ago. With the exception of NGC 3621, which
does not show evidence for recent star formation, the other three
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Figure 11. SFH of NGC 5102 NSC — same as Fig. 8.

are consistent with experiencing a star forming burst of different
intensity <1 Gyr ago and there are strong indications that there is
ongoing star formation even today in the NSCs of NGC 247 and
NGC7793. Note, however, that the apparent low SFR recovered
for ages >1 Gyr may simply be due to the lack of age resolution
to detect individual strong bursts as we do for populations younger
than 1 Gyr and the detailed SFH is smeared out in time.

Three of the four late-type spirals NSCs seem to be consistent
with in situ star formation and gradual chemical enrichment, while
the nucleus of NGC 7793 is more consistent with a merger origin —
aresult also supported by the inverted colour gradient in this object
(Carson et al. 2015).

5.3 Comparison to SSP fits

Here, we compare the goodness-of-fit of the composite vs. SSP
models to see if our NSCs are consistent with an SSP model alone.
The best-fitting SSP solutions together with the minimum x? for
each NSC are presented in Table 6. Throughout the text, we adopted
a x 2 criterion (equation 1), for which we no longer consider solution
compatible with the data at the 1o level. This value is typically x2 =

1.013, varying slightly due to the different number of pixels flagged
as bad in the spectra. One could see from Table 6 that two NSCs are
fully compatible with being SSP, namely the nuclei of NGC 5102
and NGC 5206, where an SSP and an order 10 multiplicative poly-
nomial can provide a fit equivalent to the best possible solution
using the full SSP grid. On the other hand, none of the late-type
spirals is consistent with a SSP within the adopted goodness-of-fit
criterion. Overall, the largest difference between SSP and compos-
ite models is visible in our spectra in the region of the H&K Ca 1
lines, which are generally not reproduced well by SSP models only.
This is demonstrated in Fig. 16, where we show this spectral re-
gion together with the best fit SSP and composite stellar population
solutions.

5.4 Constraints on the youngest and oldest population

Aninteresting question to address would be to determine how young
the youngest population in the NSCs actually is. As one can see
from Fig. 15, most of our composite population fits require a small
contribution from a very young population ~10 — 20 Myr. To test
the plausibility of such a young population, we performed unreg-
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Figure 12. SFH of NGC 5206 NSC - same as Fig. 8.

ularized ppxF fits to all NSCs by gradually shrinking the age grid
from the young side. We show in the upper panel of Fig. 17 how
the reduced x? changes as a function of the minimum age in the
grid. The results of this analysis are summarized in Table 7, where
we show the minimum age required to ensure a good fit for each
NSC. The values in the first column give the age of the youngest
population, which is required in the SSP grid to get a reduced x? =
1.013, which is the 1o deviation (equation 1) from the unregularized
solution using the full grid. Not surprisingly, the three nuclei that
must contain stars younger than ~100 Myr are those of NGC 247,
NGC 7793, and NGC 300. The nuclei of NGC 5102 and NGC 3621
do not necessarily contain stars younger than 500 Myr, and
NGC 5206’s NSC does not necessarily contain stars younger than
~2.7Gyr.

In a similar fashion we tried to constrain the oldest age in the
grid required by the data (bottom panel of Fig. 17). We achieve
good fits limiting the grid size to ages significantly younger than
10 Gyr (second column in Table 7). This result highlights the lack
of sensitivity at old populations, especially in the cases where they
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contribute very little light in the composite spectrum, dominated by
the flux of the younger stars. The age-metallicity degeneracy likely
also plays a role, as the spectra of old, metal-poor SSPs are similar
to those of younger, more metal-rich SSPs. In general, we are able
to get satisfactory fits using only an age grid going up to 4 — 6 Gyr
for most NSCs. Looking at the minimum and maximum grid age
required by the spectra of NGC 5102, we can confirm our previous
result that NGC 5102’s nucleus experienced a very brief SFH and
NGC 5206 is compatible with being an SSP.

5.5 Insights from the surrounding galaxy light

While NSCs have been found to be younger on average than the
field stars of their hosts in early-type galaxies (see e.g. Paudel et al.
2011), it is still not determined if that is also the case in spirals. In
disk galaxies, there is generally ample gas to support star formation,
both in the disk and the nucleus. In this case, stellar ages in the
disk and NSC should not be systematically different, as starbursts
in the disk and the nucleus happen often, but without correlation.
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Figure 13. SFH of NGC 7793 NSC — same as Fig. 8.

However, once a galaxy is disrupted and morphs into an early-type,
the gas is mostly removed, and any remaining gas will be driven into
the nucleus. In this case, any post-merger star formation will occur
there (if at all) and so early-type nuclei should appear younger than
their host bodies on average.

In an attempt to shed some light to this question, we extracted
the light in an aperture with a typical size 3.5” centred 4" away
on both sides from the NSC from the X-Shooter long slit spec-
tra and combined them. The extracted spectra from the nuclear
surroundings of the sample galaxies have a SNR between 20 and
45 per pixel. The only exception is NGC 5102, where we reach
a SNR~70. We analysed them the same way, we analysed the
extracted spectra from the NSCs — presenting both the SSP and
composite population fit results based on bootstrap resampling with
low regularization (R = 5) in Table 8. We compare these results with
the corresponding quantities for the NSCs, presented in Table 5, in
Fig. 18. We plot both, the light-weighted and mass-weighted mean
ages and metallicities of the NSC and its surroundings in Fig. 18,
where the mass-weighted mean age is always higher than the light-
weighted counterpart. Perhaps, somewhat counter intuitively, the
age and metallicity estimates of the lower SNR spectra from the

surrounding galaxy light appear better constrained in Fig. 18 than
the equivalent quantities derived from the higher SNR spectra of the
nuclei. For both regions (nuclear and field population), the ellipses
in the figure represent the mean and lo spread of the light- and
mass-weighted ages and metallicities, estimated from 100 residual
bootstrap resamplings of the spectra, fit with regularization pa-
rameter R = 5. However, the same regularization parameter gives
smoother solutions for lower SNR spectra than for higher SNR
equivalents. At the same time, the smoother solutions tend to be
more self-similar when bootstrapping the residuals, which leads to
the smaller spreads in the estimated ages and metallicities of the
field populations. One could say that the fits to the lower SNR
spectra of the galaxies’ field population are dominated by the regu-
larization prior to a larger extent than the higher SNR spectra of the
nuclei.

In any case, looking at the early-type galaxies, the NSC of
NGC5102 does appear younger and more metal-poor than its
galaxy field, while the NSC of NGC 5206 appears coeval with
the field population and with the same metallicity. The SFH of
the field population in NGC 5206, however, might be a bit more
extended than in the NSC as the difference between the mean
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light- and mass-weighted ages of the stars is slightly larger in the
field.

The situation in the late-type galaxies is also very heterogeneous.
The field and NSC populations in NGC 247 and NGC 3621 appear
very coeval and with the same metallicity. The NSCs of NGC 300
and NGC 7793 might be slightly younger than the surrounding field
stars and NGC 7793’s nucleus is considerably more metal rich-than
the field population.

In general, if we focus on the mass weighted ages, all NSCs have
either similar ages or are younger than their surrounding galaxy
light.

5.6 Insights from the emission lines
As we mentioned in Section 3.2 we used emission line templates in

PPXF in addition to the SSP models. The emission lines were mod-
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elled as Gaussian functions with an integral of 1 and were treated
the exact same way as the population models during the composite
population fits (e.g. they were extinction corrected, broadened by
the LSF, etc.), so their weights correspond directly to the strengths
of the observed lines. There are visible emission lines in the spectra
of four out of six NSCs studied in this paper: NGC 247, NGC 3621,
NGC 5102, and NGC 7793. There are no visible emission lines in
the spectra of the NSC of NGC 300 and NGC 5206. The uncertain-
ties of the emission line strengths are estimated as the 1o spreads
of the template weights from the residual bootstrap analysis.

It is well known that the source of the emission (star formation
or AGN/LINER activity) can be determined by analyzing different
emission line ratios through the so called BPT diagrams (Baldwin,
Phillips & Terlevich 1981), after the names of the scholars that first
presented them. We show such a diagram for four different emission
line ratios in Fig. 19. We overplot the maximum star formation
separation curve by Kewley et al. (2001). With the exception of
NGC 3621, which is a well known Seyfert 2 galaxy (Satyapal et al.
2007), all other nuclei appear to be star forming. NGC 247’s nucleus
is a bit strange as it looks like a normal star forming region in two
of the diagrams but manifests as LINER if the sulphur lines are
considered.

The luminosity of H, is a good SFR estimator in star forming
galaxies and we provide the SFR estimates based on the Osterbrock
& Ferland (2006) calibration for the four star forming nuclei in
Table 9, together with the measured, extinction corrected H, / Hg
ratios (using the best fit continuum-based correction curve). The
nominal H, / Hg ratio for star forming regions is 2.85 (Osterbrock
1989; Kewley et al. 2006), which is very close to what we measure,
meaning that the average dust attenuation that we have estimated
from the stellar population analysis is also adequate for the gas.
The only exception is NGC 5102, where we measure considerably
higher line ratio, possibly indicative of different extinction towards
the gas and the stars. All nuclei seem to experience relatively low
SFR now, much lower than what would be required to reproduce
the mass formed in the last ~10 Myr according to the composite
population fits (see the last column of Table 9). As we noted ear-
lier, the large light fractions in the youngest population bins in the
composite population fits may also reflect effects, such as extended
horizontal branch morphologies (Conroy et al. 2018), blue straggler
stars (Schiavon 2007), or other complexities on the Hertzsprung—
Russell diagram, unaccounted for in the SSP models. The estimated
SFRs today are also lower than their average rate throughout their
entire history. One might argue that this result supports theories
where in situ star formation happens only in rare burst events, or
stars are forming outside of the nucleus and migrate inwards. There
is also the possibility that the generally weak He in the nuclei in
this sample is related to stochasticity in the formation not recovered
by our models (Weisz et al. 2012). In addition, there may be other
sources of emission, such as active stars.

We also measured the metallicity of the gas based on oxygen
abundance using the [Oum]/[Nu] (Alloin et al. 1979) and [Nu]
(Storchi-Bergmann, Calzetti & Kinney 1994) line indices and the
calibrations by Marino et al. (2013). We find that the star forming
gas in all nuclei has a slightly subsolar metallicity with a typical
[O/H] = —0.1 dex (Table 9).

6 CONCLUSIONS

We analysed unresolved, flux-calibrated, optical spectra of the NSCs
of six nearby galaxies (four bulgeless spirals and two dwarf ellip-
ticals) taken with the X-Shooter instrument at the VLT. We fitted
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galaxies are shaded in blue and early-type galaxies are shaded in red.

a linear combination of a 2-dimensional grid of SSPs (50 age bins
and 15 [Fe/H] bins) to the observed spectra to derive their SFHs,
using the spectral fitting code ppxr (Cappellari & Emsellem 2004;
Cappellari 2017), and applying weights regularization. The SSP
models were computed with the PEGASE-HR (Le Borgne et al. 2004)
stellar population synthesis code and are based on the Elodie 3.1
stellar library (Prugniel & Soubiran 2001; Prugniel et al. 2007). The
model grid has a spectral resolution of 10 000 and covers the wave-

to correct for uncertainties in the flux calibration in our pixel by
pixel modelling.

We found that the four late-type galaxies experienced a prolonged
SFH, with a significant fraction ~50 per cent of their stellar mass
formed more than 10 Gyr. This is the era where massive globular
cluster formation was also most common and at the peak of star
formation efficiency in the Universe (Madau & Dickinson 2014).
However, we note that our tests suggest that our age resolution is
fairly limited at ages beyond ~5 Gyr.

The NSCs in the late-type galaxies have continued forming
stars up until few hundred Myr ago. The nuclei of NGC 247 and
NGC 7793 are the only ones, where we find strong evidence for the
presence of stars younger than 100 Myr and possibly still ongoing
star formation, confirmed from emission lines in their spectra. The
NSC:s of the spirals NGC 247 and NGC 300 are consistent with in-
situ star formation showing a gradual metallicity enrichment from
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Table 8. Mass- and light-weighted ages and metallicities of the NSC surroundings.

Galaxy AGEssp [Fe/H]ssp AGEjight [Fe/Hljight AGE ass [Fe/H]mass SNR
[Gyr] [Gyr] [Gyr] [px "]

NGC247 2.05 —-1.02 0.6115:08 —0.63+0.16 4.24+134 —0.76 £ 0.18 23
NGC 300 276 —0.81 2.24%08 —0.81 £0.08 6.751129 —0.78 £ 0.09 20
NGC 3621 177 ~0.59 1217313 —0.25 £ 0.09 4.98+ 118 ~0.16 + 0.09 44
NGC 5102 1.14 -0.38 0.73%00 038 £0.15 2.2510% —035£0.10 73
NGC 5206 1.53 —0.16 2.29+032 —0.39 £ 0.09 5.641131 —0.31 £ 0.09 27
NGC 7793 1.77 —~1.02 0714013 —0.97 £0.13 470702 —1.06 £ 0.29 33
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~—1.5dex more than 10 Gyr ago reaching super-Solar values a
few hundred Myr ago. We found the NSC of the Seyfert 2 galaxy
NGC 3621 to be very metal rich already in the early Universe. Over-
all, we conclude that the SFHs of these three spirals is consistent
with the in-sifu formation scenario, where they are predominantly
formed from self-enriched gas. This conclusion is further supported
by the colour gradient found by Carson et al. (2015), who noticed
that younger (bluer) stars are more centrally concentrated than the
older (redder) stars in these NSCs.

NGC 7793, on the other hand, has a very complex SFH, likely
dominated by merging of various massive star clusters coming
from different environments. In support to this finding, Carson
et al. (2015) reported that NGC 7793’s NSC has an inverted colour
gradient.

The characteristic age of the nuclei of the early-type galaxies
appear surprisingly younger than their counterparts in late-type spi-
rals. While the sample size is small, this may point to a physical
difference in NSC formation in these environments. This is con-
sistent with the stellar populations in the NSCs of a number of
elliptical galaxies, which are substantially younger than their hosts
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Table 9. Emission line measurements.

Star formation histories of NSCs 1993

Galaxy Lio! SFRuq Ho/Hp! [O/H]? [O/H]? SFRpop*
[erg/s] Mo Myr~'] Mo Myr~']
NGC 247 7.7 x 10% 426 4+ 0.07 2.9340.10 —0.10 & 0.06 —0.16 &+ 0.06 475 4390
NGC 3621° 5.1 x 10% _— 2.77 £0.04 —_— - - 830 + 640
NGC 5102 7.8 x 10% 4274 0.85 4184022 —0.14 £ 0.05 0.00 + 0.06 <2850
NGC 7793 6.2 x 10% 33.8+£0.25 278 £0.05 —0.13 £0.05 —0.06 £ 0.06 2400 % 2100

Notes. () Extinction corrected. @ Based on the [O1II]/[N1I] index calibration. @ Based on the [N 1] index calibration. ® SFR according to the bootstrap
composite stellar population fits. ) Values for NGC 3621’s NSC are not given due to the Seyfert nature of its emission lines.

field population: NGC 404 (Cid Fernandes et al. 2005; Seth et al.
2010; Nguyen et al. 2017), M 32 (Worthey 2004; Rose et al. 2005),
NGC 205 (Butler & Martinez-Delgado 2005; Valluri et al. 2005),
and NGC 5102 (this work). The NSCs of the two early-types in our
sample are consistent with being SSPs but NGC 5206 (~2 Gyr) is
significantly older than NGC 5102 (~0.5 Gyr). There is consider-
able evidence that NGC 404°s younger nucleus was predominantly
formed during a minor merger (Seth et al. 2010), and given the lack
of evidence for older populations in NGC 5206 and NGC 5102 it is
easy to imagine a similar origin for these NSCs. We note, however,
that it is not clear if the light from an older population may just
be hidden by this dominant younger population in these galaxies.
Given the very high nucleation fraction of nearby and cluster dwarf
ellipticals similar in luminosity to those studied here (e.g. Coté et al.
2006; den Brok et al. 2014), it seems unlikely that these two galaxies
lacked a NSC prior to 0.5 and 2 Gyr ago. Nevertheless, quenching
in NGC 5102 happened recently and proceeded outside in. Hence,
NSCs may be a good place to look for remnant gas in early-type
dwarf galaxies.

The results presented in this paper can be improved considerably
if a new high-resolution SSP grid that includes the near-IR is made
available. The modelling of stellar populations in the IR, however,
still remains a challenge as shown in recent work by Baldwin et al.
(2018)
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APPENDIX A: HIGHER ORDER KINEMATIC MOMENTS

In this section, we investigate the effects that ignoring higher order velocity moments may have on the recovered SFHs of the NSCs. We
created a mock spectrum using the same input SFH as shown in Fig. 5 and convolved it with non-zero 3rd and 4th velocity moments (3 =
hy = 0.1). We fitted the spectrum with ppxr allowing it to optimize for the first four velocity moments simultaneously. The best-fitting results
are in excellent agreement with the input parameters (Fig. Al). Then, we performed the fit again, this time ignoring higher order velocity
moments and optimizing only for line of sight velocity and velocity dispersion. The results of this fit are also shown in Fig. Al. Besides
the small bias in line of sight velocity and velocity dispersion, which is expected, the recovered SFHs are qualitatively and quantitatively
identical.

We also fitted the observed spectra of the six nuclei allowing ppxF to optimize for the first four velocity moments simultaneously. The
kinematic results are presented in Table Al. We confirmed that the SFHs and the parameters pertaining to the stellar populations of the
analysed NSCs remain unchanged.

Mass weights Light weights

+ T T IIIIIl| T T IlIIIIl T T T TTTTT . + T T IIIIIII T T IIIlIIl T T IIIIII[ -

05 = 05 =
00 [ = 00 3

£ 10F 4 L£a0F =
15E INPUT: s 15E =

F v=0, s=30, h3=0.1, h4=0.1 ] E E

-2.0:— -2.0:— q
05 05 =

E E u 3

00 00 E
5_0'52_ 5—0.55— _;
£ 10F £ 10F =
15 E OUTPUT (h3, h4 free): 15 E E
200 v=0, s=30, h3=0.1, h4=0.1 20E 3
A B T B B e a T

05 05 =
00 F 00 F =
5-0.5;— 5-0.5;— _;
£ 10F £ 10FE 3
15 £ OUTPUT (h3, h4 fixed): 15 = 3
20F v=3, s=33, h3=0, h4=0 20E 3
12— T 1_25_ E

g 1OF L 10E 3
g 08 F 5 08F 3
£ 08E cosE E
304F 3 04 E
02 F 02 F E
0.0'-( Lol Lol ool 0.0? Lol oo vl L [
10’ 10° 10° 10" 10’ 10° 10° 10"

Age [years] Age [years]

Figure A1. Mock SFH, where the building templates are convolved with non-zero 43 and h4 velocity moments. The input weights are shown in the top left
panel with corresponding light fractions in the fop right panel. The ppxf outputs when optimizing for 43 and i4, and setting h3 = h4 = 0 are shown in the
two middle left panels with corresponding light fractions in the middle right panels, respectively. The bottom panels show the cumulative weights and the
corresponding light fractions (input — green line, output — red and black lines). The input and best fit velocity moments are given in each panel.

Table Al. Kinematic fits setting free the first four velocity moments.

Galaxy Vhelio oy h3 hy
[kms™!] [kms™']

NGC 247 174.0 + 0.6 18.7 £ 0.6 —0.12 £ 0.02 —0.16 = 0.02
NGC 300 1472+ 04 157+ 0.5 —0.07 £ 0.02 —0.10 £ 0.02
NGC 3621 7204+ 04 40.4 + 0.6 —0.01 £ 0.01 0.03 +£0.01
NGC5102 466.4 £ 0.3 429 4+ 0.6 —0.04 £ 0.01 0.09 £+ 0.01
NGC 5206 568.8 + 0.2 329+02 —0.03 £ 0.01 —0.02 £ 0.01
NGC 7793 2244+ 04 252 +04 —0.02 £ 0.01 —0.08 £ 0.01
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APPENDIX B: MOCK TEST WITH WEIGHTS DISTRIBUTED IN ACCORDANCE WITH A
FIRST-ORDER REGULARIZATION PRIOR

The mock spectrum used for this test (Fig. B1) was created by adding noise to the best fit solution for the SFH from Fig. 5 with R = 100.
In this way, the input spectrum is already convolved with the regularization prior with neighbouring input mass weights deviating from the
prior by a factor ~1/R. Then, we fit the spectrum again with ppxrF applying the same regularization factor (R = 100). In this special case, the
weights distribution of the solution is almost exactly the same as the distribution of the input weights.
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Figure B1. Mock SFH that is convolved with the regularization prior. The input weights are shown in the rop left panel, the corresponding light fractions
are shown in the fop right panel. The ppxf output weights are shown in the middle left panel with corresponding light fractions in the middle right panel,
respectively. The bottom panels show the cumulative weights and the corresponding light fractions (input — green line and output — black line). The fit is

performed on the mass weights.
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APPENDIX C: MOCK DATA TESTS WITH SECOND-ORDER REGULARIZATION
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Figure C1. Continuous SFH recovery using second order regularization. The notations are the same as in Fig. 5.
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Figure C2. Merger SFH recovery using second-order regularization. The notations are the same as in Fig. 5.
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