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ABSTRACT

Context. A new generation of spectral synthesis models has been developed in recent years, but there is no matching set of template
galaxy spectra, in terms of quality and resolution, for testing and refining the new models.

Aims. Our main goal is to find and calibrate new near-infrared spectral indices along the Hubble sequence of galaxies which will be
used to obtain additional constraints to the population analysis based on medium-resolution integrated spectra of galaxies.

Methods. Spectra of previously studied and well-understood galaxies with relatively simple stellar populations (e.g., ellipticals or
bulge dominated galaxies) are needed to provide a baseline data set for spectral synthesis models.

Results. X-shooter spectra spanning the optical and infrared wavelengths (350-2400 nm) of bright nearby elliptical galaxies with
a resolving power of R ~ 4000-5400 were obtained. Heliocentric systemic velocity, velocity dispersion, and Mg, Fe, and Hp line-
strength indices are presented.

Conclusions. We present a library of very-high-quality spectra of galaxies covering a large range of age, metallicity, and morpholog-
ical type. Such a dataset of spectra will be crucial to addressing important questions of the modern investigation concerning galaxy

formation and evolution.

Key words. surveys — infrared: galaxies — galaxies: abundances — galaxies: stellar content — galaxies: formation

1. Introduction

Recent advances in the infrared (IR) instruments like X-shooter
Vernet et al. (2011) and KMOS (Sharples et al. 2013) and their
availability at the large telescopes have made it possible to ex-
tend the stellar population studies of unresolved galaxies into the
IR domain (see e.g., the pioneering work of Rieke et al. 1980,
1988). Reduction of the extinction is obviously beneficial, but is
not the only advantage of the expansion towards longer wave-
lengths; a look at the color-magnitude diagram of any complex
stellar system suggests that different stellar populations domi-
nate different spectral ranges (see the discussion in Riffel et al.
2011a; Mason et al. 2015), opening up the possibility to disen-
tangle their contribution in these systems.

Comprehensive stellar libraries are the first step toward de-
veloping the necessary tools for IR studies. An incomplete
list of the previous work includes Johnson & Méndez (1970),

* Based on observations made with ESO Telescopes at the La Silla
Paranal Observatory under programme ID 086.B-0900(A).
** The reduced spectra (FITS files) are only available at the CDS
via anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via http:
//cdsarc.u-strashg. fr/viz-bin/qcat?]/A+A/621/A60

Article published by EDP Sciences

Kleinmann & Hall (1986), Lambert et al. (1986), Origlia et al.
(1993), Wallace & Hinkle (1997, 2002), Joyce et al. (1998),
Meyer et al. (1998), Wallace et al. (2000), Ivanov et al. (2004),
and Zamora et al. (2015); for more historic references see
Table 1 in Rayner et al. (2009). The early theoretical attempts
to model the IR stellar spectra faced difficulties with the incor-
poration of millions of molecular lines, and generated synthetic
spectra that did not match well the broad band features
due to complications with the broad molecular features
(Castelli et al. 1997). Late-type stars with prominent molecular
bands were sometimes omitted, even for optical spectral models
(Buser & Kurucz 1992).

These observational libraries quickly found other applica-
tions to derive stellar diagnostics in heavily obscured regions
(Tamblyn et al. 1996; Hanson et al. 1997, 2002; Messineo et al.
2009) and for objects that are intrinsically bright in the IR be-
cause of their low effective temperatures; such as brown dwarfs,
(Oppenheimer et al. 1995; Geballe et al. 1996; Gorlova et al.
2003; Bonnefoy et al. 2014) asymptotic giant branch (AGB),
red giant, and red supergiant stars (Lambertetal. 1986;
Terndrup et al. 1991; Ramirez etal. 1997; Langon & Wood
2000; Davies et al. 2013).
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A major step in the development of libraries came with the
work of Rayner et al. (2009, i.e., the IRTF spectral library).

This latter library includes 210 stars, observed at a resolving
power of R ~ 2000, and has a spectral coverage from A ~ 0.8 um
to 2.5 um. An earlier precursor paper (Cushing et al. 2005) in-
cluded spectra of ultracool M, L, and T-type dwarfs observed
with the same instrument setup. This was the first flux-calibrated
IR stellar library which facilitated its use for modeling the inte-
gral spectra of galaxies.

The first generation of evolutionary models with a proper
treatment of the IR wavelength range (Maraston 2005) used
theoretical stellar spectra (Lejeune et al. 1997, 1998) but the
availability of the empirical IRTF spectral library prompted the
development of a number of models based on it
Conroy & van Dokkum (2012) pointed at the presence of
features sensitive to the initial mass function (IMF) slope —
age and [a/Felabundance ratio. Meneses-Goytia et al. (2015a)
carried out extensive preparation of the IRTF library and
reported, in a companion paper (Meneses-Goytia et al. 2015b),
a new synthetic model that fitted well the published indices of
elliptical galaxies. Rock et al. (2015) from the same research
group extended the population models from A ~ 2.5 ym to 5 um
with the subset of the IRTF library spectra that covered this
wavelength range. These models agree well with the observa-
tions for older galaxies, but have problems with younger and/or
metal-poor populations. Finally, a combined model spanning
the entire optical-IR range was reported in Rock et al. (2016),
together with new tests that further validate its results.

This progress revealed an unexpected problem — the lack of
matching high-quality galaxy spectra. An example of a forced
“work around” resorting to broad band photometry for popula-
tion synthesis purposes is the work of Coelho et al. (2005), but
there are also on-going efforts to obtain IR spectra of galaxies.
Not surprisingly, the first of these were aimed at the classes of ob-
scured objects for which these challenging observations yielded
the biggest advantages: star-forming galaxies (Rieke et al. 1988;
Doyon et al. 1994a,b; Engelbracht et al. 1998; Vanzi et al. 1996;
Vanzi & Rieke 1997; Kotilainen et al. 2001), luminous and ultra-
luminous IR galaxies (LIRG and ULIRG; Doyon et al. 1994a;
Veilleux et al. 1997a, 1999), and galaxies with active nuclei
(AGN:s; Veilleux et al. 1997b; Ivanov et al. 2000; Reunanen et al.
2002, 2003; Imanishi & Alonso-Herrero 2004; Riffel et al. 2006;
Hyvonen et al. 2009; Mould et al. 2012). The influx of more and
better spectra of galaxies with various types of activity contin-
ues, but most of these studies lack the signal-to-noise ratio (S/N)
needed to investigate the galaxy continuum and absorption fea-
tures; instead, they concentrated on the emission lines and tried
to address general questions regarding the nature of the hidden
(in the optical wavelengths, at least) power sources and the con-
tribution of the AGN — far from determining the parameters of the
stellar populations directly from absorption features, as has been
done in the optical for many years (e.g., Worthey 1994).

Encouragingly, Mason et al. (2015) found some differences
in the strength of absorption features and the continuum shapes
in galaxies with younger stellar populations — for example,
Balmer absorption lines are associated with populations younger
than 1.5 Gyr. They also found the behavior of some metal fea-
tures to be promising, but their sample was dominated by low-
ionization nuclear emission-line region (LINERS) and Seyferts
and only in a few cases was the activity sufficiently low that it
did not significantly affect the stellar continuum.

The contribution of the AGB stars to the total galaxy spectra
is another open issue. Molecular CN and VO bands that originate
in thermally pulsating AGB (TP-AGB) stars were also detected
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by Mason et al. (2015), but these features were weaker in ~1 Gyr
galaxies than in older ones. This may be a bias related to the in-
trinsic velocity dispersion and the contamination from other fea-
tures. Zibetti et al. (2013) found TP-AGB stars in post-starburst
galaxies with ages 0.5—1.5 Gyr to have a negligible contribution.
More recently Riftel et al. (2015a) called for a revision of models
of Maraston & Strombick (2011) to reduce the contribution of
TP-AGB stars. On the other hand Marmol-Queralté et al. (2009)
measured systematically stronger K-band Nar and CO in galax-
ies with an AGB population than in those without one, and there-
fore the question of whether younger populations can be reliably
detected with IR spectroscopy remains open.

At least one of our galaxies, NGC 7424 has an age estimate
(Table 3) that suggests it may contain significant populations of
AGB stars. The age estimates are luminosity weighted and the
high intrinsic luminosity of the AGB stars in the IR range implies
that these stars contribute a notable fraction to the total IR light
of the galaxies (e.g., ~17 % at H band; Melbourne et al. 2012).

The AGB stars are surrounded by dust envelopes that re-
process the stellar light and re-emit it to the near- or mid-IR,
although to obtain a good fit to the observed near-/mid-IR spec-
tral energy distribution of the galaxies may require adjustment
of the AGB lifetimes (e.g., Villaume et al. 2015). The fast- and
short-lived AGB phases lead to luminosity fluctuations that af-
fect the M/L ratio (Langon et al. 2000; Maraston et al. 2011), es-
pecially in the IR, and the star formation rate (SFR) estimates.
The AGB stars are responsible for the dust production and there-
fore the intrinsic reddening inside galaxies. Furthermore, the
intrinsically red AGB stars modify the apparent galaxy colors
to appear redder at younger age; omitting the AGB contribu-
tion leads to incorrect age and mass estimates (Maraston et al.
2006).

All these effects increase with redshift, when progressively
younger galaxies are observed. Therefore, better stellar popu-
lation models that include the effects of the AGB stars will
be needed to interpret the observations for the James Webb
space telescope. These models are being prepared (e.g., Marigo
et al. 2017) and our library is intended to help test and validate
them.

Another basic question in studies of unresolved galaxies refers
to the slope of the IMF. Constraining the IMF requires access
to gravity-sensitive features and the IR region contains some of
these: the CO bands (Ivanov et al. 2004) and the Na1 doublet at
1.14 ym (Smith et al. 2015). Their behavior suffers from a degen-
eracy between the IMF slope and metallicity, and therefore a more
complex approach to solving the stellar populations is needed
here.

Finally, the IR absorption features allow us to probe the
kinematics of different stellar populations — Riffel et al. (2015b)
found that the IR velocity dispersion or is lower than the op-
tical oo and explained this result either with the presence of
warm dust that filled in the CO bands, used to measure og,
or with contribution from a redder, dynamically colder stellar
population that dominates the IR light. Disentangling between
these possibilities requires spatially resolved kinematic measure-
ments, which are within the reach of the present state-of-the-art
IR instrumentation.

The above questions have motivated efforts to obtain a
large high-quality data set of “normal” and relatively simple
stellar systems — both galaxies and star clusters — that can
be used as relatively straightforward test cases to gain under-
standing of the behavior of IR spectral features and to test
models. Lyubenova et al. (2010, 2012) and Riffel et al. (2011b)
reported integrated spectra over entire star clusters, while
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Table 1. Parameters of the sample galaxies.

Galaxy Type T Dy X dos VemB Br A% Al D Mg,

1D (arcmin) (kms™') (mag) (mag) (mag) (Mpc) (mag)
(1) (2) (3) 4) (%) (6) (M (®) &) (10)

NGC 0584 E -47 3.80x2.51 1558 11.33  0.18 0.00 20.7 -2043
NGC 0636 E -49 2.69x2.29 1570 1235 0.11 0.00 209 -19.36
NGCO0897  Sa 1.1 1.99%x1.41 4572 12.81  0.09 0.14 61.0 -21.35
NGC 1357 Sab 1.9 3.38x2.57 1861 12.40 0.19 0.15 248 -19.91
NGC1425 Sb 32 4.78x2.09 1404 11.32  0.06 0.53 18.7 -20.63
NGC 1600 E -4.6 3.09x2.00 4649 1194 0.19 0.00 62.0 -22.21
NGC 1700 E -47 3.09x1.94 3862 12.03  0.19 0.00 514  -21.71
NGC2613  Sb 3.1 7.85x1.77 1940 11.11  0.38 0.85 258 -22.18
NGC3115 E/SO0 -29 7.07x3.01 991 10.08  0.20 0.00 132 -20.72
NGC 3377 E -4.8 3.89x1.86 1018 11.13  0.15 0.00 13.5 -19.67
NGC 3379 E -4.8 4.89x%x4.26 1247 1023  0.11 0.00 16.6  -20.98
NGC3423  Sc 6.0 3.54x3.01 1354 11.61 0.13 0.12 180 -19.92
NGC4415 SO/a -09 1.28x1.14 1240 13.59  0.09 0.00 16.5 -17.59
NGC7424  Sc 6.0 5.01x2.69 692 11.05 0.05 0.47 922 -19.29

Notes. The columns show the following. (1): Galaxy name; (2) morphological classification from Lyon Extragalactic Database (HyperLEDA;
Makarov et al. 2014); (3) numerical morphological type from HyperLEDA; (4) major and minor isophotal diameter measured at a surface-
brightness level of ug = 25 mag arcsec™> from HyperLEDA; (5) radial velocity with respect to the cosmic microwave background (CMB) reference
frame from HyperLEDA; (6) total observed blue magnitude By from HyperLEDA; (7) galactic extinction in B-band from HyperLEDA; (8) internal
extinction due to inclination in B-band from HyperLEDA; (9) distance obtained as Vemg /Hp with Hy = 75 km s7! Mpc"; (10): absolute total blue
magnitude from By corrected for extinction as in HyperLEDA and adopting D.

Table 2. Observing log.

Galaxy Observing start S/N Total exposure times on target (s) Secz  Seeing Sky
ID UT date 450 650 2200 UV (Nexp X VIS (Nexp X NIR (Nexp X FWHM mode
(yyyy-mm-ddThh:mm) (nm) (nm) (nm) Integration) Integration) NDIT x DIT) (arcsec)

NGC 0584 2010-10-16T01:06 80 100 120 460(2x230) 276(2x138) 600(2x1x300) 1.66-1.50 0.6 Offset
NGC 0636 2010-11-16T00:36 80 100 120 690(3x230) 414(3x138) 900(3x1x300) 1.21-1.13 1.3 Offset
NGC 0897 2010-10-02T03:28 60 120 75 1060(2x530) 876(2x438) 1200(2x2x300) 1.27-1.15 1.9 Offset
NGC 1357 2010-11-16T01:25 70 100 90 1280(2x640) 1100(2x550) 1440(2x3x240) 1.44-1.22 1.7 Stare
NGC1425a 2010-10-06T06:27 100 120 85 2120(4x530) 876(2x438) 1200 (2x2x300) 1.03-1.01 1.8 Offset
NGC1425b 2010-11-17T02:07 80 110 100 1060(2x530) 876(2x438) 1200(2x2x300) 1.21-1.11 0.9 Offset
NGC 1600 2010-11-25T07:37 40 80 50 1060(2x530) 876(2x438) 1200(2x2x300) 1.11-1.19 1.7 Offset
NGC 1700 2010-11-21T03:49 70 100 160 690(3x230) 414(3x138) 900(3x1x300) 1.19-1.12 2.5 Offset
NGC2613 2010-11-25T07:16 40 90 108 1280(2x640) 1100(2x550) 1440(2x3x240) 1.09-1.02 2.3 Offset
NGC3115 2011-02-15T01:41 140 190 145 690(3x230) 414(3x138) 900(3x1x300) 1.63-1.45 1.1 Stare
NGC3377 2011-03-01T05:41 160 200 160 1060 (2x530) 876(2x438) 1200(2x2x300) 1.31-1.39 2.1 Offset
NGC 3379 2011-03-06T04:19 100 110 153 460(2x230) 278(2x138) 600(2x1x300) 1.26-1.25 3.0 Offset
NGC 3423 2011-03-22T06:25 10 20 10 1280(2x640) 1100(2x550) 1440(2x3x240) 1.59-2.08 0.8 Offset
NGC4415a 2011-02-18T05:00 10 20 10 1060(2x530) 876(2x438) 1200(2x2x300) 1.45-1.31 1.0 Offset
NGC4415b 2011-02-18T05:43 10 20 12 1060(2x530) 876(2x438) 1200(2x2x300) 1.31-1.23 1.1 Offset
NGC7424a 2010-11-15T00:57 30 45 6 640(1x640) 550(1x550) 1440(2x3x240) 1.06-1.12 0.6  Stare
NGC7424b 2010-11-15T02:08 30 45 7 2560(4x640) 1100 (4x550) 1440 (2x3x240) 1.16-1.30 0.9 Stare

Notes. All data were obtained under thin cloud conditions. Multiple entries for some galaxies indicate that they were observed more than once.
Here N, is the number of exposures when the target was on the slit, regardless of the exact observing strategy, e.g. staring or generic offset.

Silva et al. (2008), Cesetti et al. (2009), Kotilainen et al. (2012),
and Mason et al. (2015) provided spectra of quiescent galaxies.
Here we present new templates of galaxy spectra with a re-
solving power of R ~ 4000, spanning a wavelength range from
0.3 to 2.4 um. These were obtained with the X-shooter spectro-
graph at the European Southern Observatory Very Large tele-
scope (ESO VLT), matching the most comprehensive recent
stellar spectral library (still partially a work in progress; see
Chen et al. 2014; Gonneau et al. 2016). We provide high-quality

test data facilitating the understanding of the IR spectral diagnos-
tic tools and the testing of the newest generation of spectral syn-
thesis models. Our library spans a combined optical-NIR range
obtained with the same instrument and sampling the same spa-
tial region of the galaxies, unlike the previous libraries. Thus,
we minimize any systematic error that may originate from sam-
pling of the stellar population gradients inside the galaxies. Our
sample is dominated by well-characterized objects with known
and understood stellar populations, spanning a range of ages and
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metallicities. This is the first paper in a series; it describes the
data obtained. Indices and other results will be reported in fur-
ther publications.

2. Galaxy sample selection

The galaxies in the sample have been selected to be bright (B; ~
11-13 mag) and distributed along the Hubble sequence from el-
lipticals to late-type spirals. We preferred early-type galaxies,
because they generally represent simpler stellar populations than
the spirals, and thus facilitate an easier testing of stellar popula-
tion models. We gave further priority to objects with age and
metallicity already available in the literature.

The basic properties of our sample of galaxies are reported
in Table 1. Some literature data for our galaxies that were
used for various comparisons throughout this paper are listed
in Tables A.1-A.4. If possible, we gave preference to literature
sources that have multiple objects in common with our sample.

3. Observations and data reduction

The data were acquired with the X-shooter (Guinouard et al.
2006), a spectrograph at the Unit 2 of ESO Very Large Tele-
scope on Paranal (Chile). This is a three arms cross-dispersed
spectrograph that provides continuous coverage over 4 ~ 360—
2500 nm. We used 1.3, 1.5, and 1.2 arcsec wide slits for the ul-
traviolet (UBV), visual (VIS), and NIR arms, yielding average
resolving power of about 4000, 5400, and 4300, respectively.
The binning in the UBV and VIS arms was 1 X 1.

We observed the sample of galaxies along their major axis
with the aim to also derive the values of the stellar population
properties in the center of the galaxy and to evaluate their gra-
dient along the major axis. In the final spectra even if the S/N
was very high, it was not enough to measure the gradients of
the stellar population properties in the NIR spectral region and
we finally co-added the spectra along the spatial axis in order to
increase the final S/N. This results in spectra mapping a region
of about 1.5 X 1.5 arcsec around the center that covers an area
between 65 and 430 pc.

For all the targets, multiple exposures have been acquired to
better remove the detectors’ cosmetics. The NIR observations
were further split to remove the sky emission and avoid satu-
ration of the brightest sky lines. For most galaxies we sampled
clear sky offsetting away from the target, except for a few more
compact ones for which we observed in stare mode. A summary
of the observations is presented in Table 2.

The spectra were reduced using the X-shooter pipeline ver-
sion 2.6.8. (Goldoni et al. 2006) in the ESO Reflex workflow
environment version 2.8.1 (Freudling et al. 2013). The basic pro-
cessing steps are bias and background subtraction, cosmic ray
removal (van Dokkum 2001), sky subtraction (Kelson 2003),
flat-fielding, order extraction, and merging. The telluric correc-
tions were performed with molecfit, a software tool designed to
remove atmospheric absorption features from astronomical spec-
tra (Smette et al. 2015).

The one-dimensional (1D) spectrum extraction was per-
formed over a region of 2" from the peak value of the spectrum.
A flux correction was applied to take into account the regions
outside these limits by fitting a Gaussian profile to the cross or-
der profile and integrating over the fit to obtain the total flux. The
spectra from the three X-shooter arms were combined matching
them to the bluest spectrum, so the UBV arm is anchoring the
overall flux calibration.
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Fig. 1. Spectra of the sample galaxies in different wavelength ranges.
Each spectrum is normalized to unity, shifted for displaying purposes,
and labeled with the NGC number of the galaxy. The spectra at the top
of each panel are the average of the sample spectra (see Sect. 3).


https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201833956&pdf_id=1

P. Francois et al.: Medium resolution spectral library

F,x1015 [erg s~tcm24-1]

Gavazzi et al.
L L L L L

5000

F,x1015 [erg s-! cm-24-1]

0.35
0.3 |
H

0.25

NGC 3423

5000

A A

Fig. 2. Comparison between our optical spectra (black lines) with lit-
erature spectra (red lines) scaled to match the flux level of ours. Top
panels: spectra of NGC3379 from different sources as given in the
labels. Bottom panels: spectra of the four galaxies in common with
Ho et al. (1995). Their spectra consist of two portions, which we sepa-
rately scaled to match our spectrum.

The final products are shown in Figs. 1 and B.1. A flux-
weighted combined spectrum with 30 rejection is also plotted.

4. Data-quality validation

First, to evaluate the internal consistency of the galaxy spectra
we compared the products generated from different observations
of the same galaxy (Fig. A.1). For example, the root mean square
(rms) of the difference over intervals of 14-20 nm are ~1.5% and
8—10% for NGC 1425 and NGC 4415, respectively. The result-
ing values reflect the different S/N of the spectra, while the flat
residuals are an indication of the lack of systematic effects.
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Fig. 4. A comparison of synthetic broad band colors generated from our
spectra and apparent colors form the literature, listed in Table C.1.

Next, a number of optical spectra of the galaxies in our sam-
ple are available from the literature (Table A.5). They provide
an external check. Unfortunately, the largest overlap with eight
objects in common with the 6dF survey (Jones et al. 2009) is not
useful, because their spectra were obtained with a fiber spectro-
graph and are not flux calibrated (Fig. A.2). Comparisons with
some flux-calibrated spectra from other sources are plotted in
Fig. 2 and show reasonably good matches. The most notable de-
viations are in the overall slopes.

Unfortunately, there is no overlap between our sample and
those of the more modern NIR spectroscopic surveys of galaxies
(e.g., Silva et al. 2008; Cesetti et al. 2009; Kotilainen et al. 2012;
Mould et al. 2012; Mason et al. 2015). NGC 3379 was observed
by Ivanov et al. (2000), but only in the K atmospheric window,
and with low S /N ~ 50 and a resolving power of only R ~ 1200.
Cesetti et al. (2009) published an average low-resolution (R ~
1000) NIR spectrum of elliptical galaxies. A direct comparison
with the NIR spectra of five bonafide ellipticals show deviations
of up to 15% over a single atmospheric window.

Following the example of other spectral libraries, we at-
tempted to evaluate how well our data processing recovers the
shape of the spectra. This issue is particularly important for data
taken with cross-dispersed spectrographs, which implies that the
final spectrum is assembled from multiple, essentially indepen-
dently reduced spectral orders. Rayner et al. (2009) generated

A60, page 5 of 14


https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201833956&pdf_id=2
https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201833956&pdf_id=3
https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201833956&pdf_id=4

A&A 621, A60 (2019)

(a)

2
%
%
/

0

Y/

NN

N
AARRMNNANNNNNNNNNNNNNNNN

IONRMRNNANANNNNNNNNNNNN
EANNNNNNNNNNNNNNNNNNNNN

NN

QAVVNNNNNNNN
NN

“

(d)

7 7

A R R R R RN :

MU
MMNDMIMIDBIDIK

7 7
.

T

Fig. 5. Distribution of ages (panel a), metallicities (panel b), morphological type (panel c), and velocity dispersion (panel d) for the stellar

component in the sample of galaxies.

synthetic Two Micron All Sky Survey (2MASS; Skrutskie et al.
2006) colors for the stars in their sample and compared them
with the actual 2MASS observations. However, this is only a
straightforward test for stellar spectra where the slit size and
the seeing have limited effect. Furthermore, galaxies may have
radial stellar population gradients that could drive radial color
gradients; therefore, it is important to match the apertures used
for observing in different photometric band-passes both between
themselves and between them and the slit apertures used to ex-
tract our spectra. X-shooter uses slits of different sizes for each
of its three arms, but we matched the fluxes during the combi-
nation (see Sect. 3), and therefore the flux difference originating
from the slit apertures cancels out to zero order; some residual
effect related to the galaxy profiles and color gradients may
remain.

A search through the literature identified no homogeneous
multi-band and multi-galaxy flux measurements for our galax-
ies within apertures with sizes as small as a few arcseconds.
One exception, and only in terms of using a uniform aperture
to measure the apparent galaxy magnitudes in the same aper-
tures, is the work of Brown et al. (2014). They report measure-
ments for the Sloan Digital Sky Survey (SDSS; York et al. 2000)
and the 2MASS sets of filters (Fukugita et al. 1996; Cohen et al.
2003) for two of our galaxies (NGC 584 and NGC 3379), al-
though they use wide apertures: apertures of 18 x 55 arcsec? and
180 x 120 arcsec?, respectively. To facilitate the comparison we
formed the difference between the SDSS and 2MASS magni-
tudes derived from our spectra and their apparent magnitudes,
and subtracted the median for each galaxy, effectively removing
the aperture effects. The result is shown in Fig. 3. The rms is
0.16 mag for NGC 584 and 0.09 mag for NGC 3379, indicating
a reasonably good agreement. Removing the two largest outliers
— u and K, — reduces these values to 0.08 mag and 0.05 mag,
respectively, which is comparable to the quality of the stellar
spectra of Brown et al. (2014).
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The apparent colors for the central 1.3 x 4arcsec’ of the
galaxies in our sample, derived from the X-shooter spectra, in
some of the more commonly used photometric systems are listed
Table C.1.

5. Stellar kinematics and line-strength indices

We measured the line-of-sight velocity distribution of the stel-
lar component of the sample galaxies from the absorption lines
in the observed wavelength range using the Penalized Pixel Fit-
ting (ppxF; Cappellari & Emsellem 2004) and Gas and Absorp-
tion Line Fitting (GaNDALF; Sarzi et al. 2006) with a code which
we adapted to deal with X-shooter spectra. In addition, we si-
multaneously fitted the ionized-gas emission lines detected with
aS/N > 3 and we derived the heliocentric radial velocity Vi and
velocity dispersion o~y of the stars in the central region of galaxies.
We give the measured stellar kinematics in Table 3.

We measured the most commonly used Mg, Fe, and HB
line-strength indices of the Lick/IDS system (Faber etal.
1985; Worthey etal. 1994), the iron index (Fe) = (Fe5270+
Fe5335)/2 of Gorgas etal. (1990), the combined magnesium-
iron index [MgFe]’ = 4/Mgb(0.72 x Fe5270 + 0.28 x Fe5335)
of Thomas et al. (2003) and their errors by following the same
procedures as in Morelli et al. (2004, 2015, 2016). We calculated
the central values of Mg,, Mgy, HB, (Fe), [MgFe]’ and the
velocity dispersion oy, all within 0.3 r., where 7. is the effective
radius of the galaxy. They are reported in Table 3. To verify our
measurements we compared them with the literature data both
directly and with the model-dependent abundance estimates
[Z/H]. The plots show clear and well-defined trends. The most
discrepant values come from NGC 3423, one of the two galaxies
with the lowest S/N ratios. The rms of the direct comparison is:
18kms™! for o, 0.14 A for (Fe) and Mg,, and 0.22 mag for
Mgb.
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Table 3. Central values of the velocity, dispersion, line-strength indices, age, and metallicity of the sample galaxies measured within an aperture

of radius 0.3 r..

Galaxy Vi oy (Fne) [MgoFe]’ Mg, M§b H,B T [Z/H]

D (kms™") (kms™) @A) (G (mag) (Al @A) (Gyn) (dex)
NGCO0584 1830.6+1.0 2039+49 3.002+0.143 3.696+0.032 0.283+0.009 4.488+0.145 1.698+0.335 10.1+0.8 0.24 +£0.02
NGC0636 1877.1+3.8 1693+3.8 3.024+0.114 3.683+0.021 0.283+0.004 4.428+0.128 1.798+0.243 7.7+0.8 0.32+£0.05
NGCO0897 46979+13 2251+12 2.785+0.125 3.695+0.023 0.291+0.009 4.809+0.183 1.289+0.141 >15+1.0 -0.06+0.02
NGC 1357 2009.0+3.7 139.7+2.7 2.816+0.138 3.529+0.037 0.267+0.005 4.348+0.163 1.907+0.241 6.2+0.8 0.29 +£0.03
NGC1425 14973+44 109.6+54 2.642+0.142 3.112+0.028 0.215+0.006 3.598+0.192 1.799+0.029 9.6+0.6 -0.01+0.02
NGC 1600 4680.8+5.9 335.1+16.4 2.853+0.137 3.774+0.007 0.306+0.003 4.912+0.245 1.504+0.151 15.0+1.8 0.12+£0.04
NGC1700 3899.2+22 2267+42 2984+0.148 3.636+0.016 0.253+0.005 4.328+0.161 2.183+0.139 2.7+0.2 0.55+0.03
NGC2613 1681.6+3.8 152.0+59 2.835+0.156 3.493+0.018 0.260+0.002 4.231+0.143 1.888+0.140 6.5+0.7 0.27 +0.02
NGC3115 6856+2.5 2748+3.2 3.287+0.146 4.102+0.025 0.323+0.009 5.029+0.200 1.682+0.144 8.0+1.1 0.47 +£0.03
NGC3377 663.7+1.6 153.4+4.6 2.794+0.098 3.514+0.018 0.243+0.008 4.329+0.230 2.119+0.129 3.5+0.1 0.42+0.01
NGC3379 907.2+2.2 219.8+3.2 2975+0.133 3.875+0.027 0.318+0.002 4.968+0.187 1.448+0.150 >15+1.7 0.15 £0.04
NGC3423 1006.3+2.9 382+55 2.112+0.125 2.153+0.022 0.119+£0.004 2.094+0.127 2.758+0.148 22+0.6 -0.15+0.07
NGC4415 902.6+2.9 359+2.6 1.989+0.243 2.405+0.018 0.169+0.006 2.821+0.169 1.865+0.178 11.4+4.6 -0.39+0.15
NGC7424 9294+19 60.8+1.4 1.489+0305 1.491+0.015 0.081+0.007 1.383+0.086 4.422+0.166 0.8+0.1 -0.22+0.05

el o RS AARAS RARR RARSC I R R R We derived the stellar population properties in the center of

F 1 oss A the sample galaxies by comparing the measurements of the line-

5¢ I [ o] strength indices with the model predictions by Johansson et al.
L 3, 4 [ 7 . . .

=< sk 0 A8 ssl e ] (2010) for the single stellar population as a function of age and

B f R P LI 1 metallicity. We calculated the age and metallicity in the center of

= = : 1= 025 ot B the sample galaxies from the central values of line-strength in-
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34l . b r E population in the center of the sample galaxies were derived

- F P . ] from the values of line-strength indices given in Table 3 by a

- RE - 1= | ] linear interpolation between the model points using the iterative

s 8f s 4 %= . 1 procedure described in Mehlert et al. (2003) and Morelli et al.
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P 1 F . . 1 We list the central values of age and metallicity in Table 1.

N L | ‘ 1 The histograms of their number distribution are plotted in Fig. 5.

26 2.8 3 3.2 34 3.6 Y 15 2 25 Panels a and b of Fig. 5 show that the central regions of the
<Fe>this vork, § Hghis vork, & sample galaxies have a stellar population age and metallicity

© 500 ‘ _ spanning a large range of typical values homogeneously dis-
£ 100 E . E tributed. The total range of values for ages and metallicities are
= Eo. s . . ] 0.8 <T < 15and ~-0.5 <[Z/H] < 0.5, respectively. A detailed
iﬁ oF t L study of the history and the evolution of these galaxies based on

3 “100 g . E our results will be presented in a forthcoming paper.
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§ =0 fF " . N E of ages, metallicities, and mass, and ranging from ellipticals to

P 0L L L E spirals (Fig. 5). This satisfies our aim which is to create an at-
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Fig. 6. Upper panels: comparison between our measurements of Lick
line-strength indices and those available in literature (Tables 3 and A.1-
A.4). For uniformity we only show literature sources that include mul-
tiple galaxies from our sample. The plot intervals reflect the ranges of
values from our measurements. Botfom panels: difference between our
heliocentric velocities and velocity dispersion in the central region of
the sample galaxies and those from literature as a function of the litera-
ture values. The average difference of 39 measurements after removing
three outliers is consistent with zero (=7 + 29kms™).

las of spectra for a variety of galaxies to be used as a template
to investigate their spectral properties homogeneously from the
optical to the NIR.

Our X-shooter data set of combined optical-NIR range sam-
pling the same spatial region of the galaxies minimize any sys-
tematic. The combination of wide spectral coverage and high
S/N in our data is unique and unprecedented.

Such a dataset of spectra will be crucial to addressing impor-
tant questions of the modern investigation concerning galaxy for-
mation and evolution. Some relevant topics among others are the
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study of the slope of the IMF, the role of the AGB stars in tracing
young stellar populations, the galaxy continuum, and the absorp-
tion features in the IR as complementary tools. These spectra
will also be extremely useful as templates for stellar population
modeling.

We also discussed a number of tests for the data quality val-
idation to confirm the goodness and consistency of our galaxy
spectra. As a consistency check, in Sect. 4, we compared the
spectra of our galaxies with flux-calibrated spectra from the lit-
erature, finding a good match between them. For two galaxies of
our sample, NGC 584 and NGC 3379, we estimated the quality
of our data-processing in recovering the continuum shape of the
spectra. To perform this step we compared synthetic magnitudes
derived from our spectra with observed apparent magnitudes re-
ported by Brown et al. (2014). The results indicate good agree-
ment for both galaxies. The flat residuals obtained as results of
the ratio of products generated from different observations of the
same galaxy are a strong indication of a lack of systematic ef-
fects in our data.

We measured velocities and velocity dispersions in the cen-
tral region of the sample galaxies and compared them with the
literature, finding good consistency within the scattered litera-
ture values reported from several sources.

The classical Lick line-strength indices in the optical range
of the X-shooter spectra were also measured and their val-
ues were compared with different values from several literature
sources. Their values of HB, Mg;, and (Fe) agree within the un-
certainties with the same indices measured in this work. The ob-
served small offset in the HB is due to the different or missing
emission HB correction in the literature data.

Further in-depth analyses of the UV and the NIR parts of the
spectra will be presented in a forthcoming paper.
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Appendix A: Literature data for the sample galaxies

Table A.1. Previous measurements of the heliocentric velocities Vy for the sample galaxies.

Galaxy Vi (kms™h)

ID T81 S83 D87/F89 W99/C01 S00 B02 WO03 HO7 H12
NGC0584 1968 1875 1854 1802 1872 +45
NGC 0636 .. 1805 .. 2043 +£45
NGC 0897 2008 2026 4666 =45
NGC 1357 1965 + 45
NGC 1425 1564 +45
NGC 1700 3911 3881 3908 3891 £ 45
NGC2613 1693 +45
NGC3115 .. 698 732 726 668 =10 657 663 +4
NGC 3377 741 689 643 678 . ... 665 +2
NGC 3379 741 922 908 915 918+ 15 910 9112
NGC 3423 1012 1000 +3
NGC4415 933+19 933+33 907 =2
NGC 7424 940 945 +45

References. B02 — Bernardi et al. (2002); CO1 — Colless et al. (2001); D87 — Davies et al. (1987); F89 — Faber et al. (1989); HO7 — Ho (2007);
H12 — Huchra et al. (2012); S83 — Schechter (1983); SO0 — Smith et al. (2000); T98 — Trager et al. (1998); W99 — Wegner et al. (1999); W03 —
Wegner et al. (2003).

Table A.2. Previous measurements of the velocity dispersions oy for the sample galaxies.

Galaxy oy (kms™)

ID T81 S83 D87/F89 B89 Fr89 Mc95 T98  W99/C01  S00 B02 w03 HO7 HO09
NGC0584 225 217 230 198+1 179+6 210+4

NGC 0636 156 1515 166 1621

NGC 0897 1240+ 144

NGC 1357 121+ 14 119

NGC 1425 ... 139+ 15

NGC 1700 260 233 240+5 243 226+1 228 +7

NGC2613 177
NGC3115 ... 266 264 280+10 239+14 259+4 282+9 252.1+5.0 258.5+9.3
NGC3377 176 131 148 126+2 116+15 141+3 156.9+7.6
NGC3379 241 201 189+3 209 212+1 1857 214+4 222+10 207.1x2.2 207.1+8.4
NGC 3423 ... ... 304+4.6 54.6+8.5
NGC4415 474+54 48+6

NGC 7424 15623

References. BO2 — Bernardi et al. (2002); B89 — Bottema (1989); CO1 — Colless et al. (2001); D87 — Davies et al. (1987); F89 — Faber et al. (1989);
Fr89 — Franx et al. (1989); HO7 — Ho (2007); HO9 — Ho et al. (2009); Mc95 — McElroy (1995); S83 — Schechter (1983); SO0 — Smith et al. (2000);
T98 — Trager et al. (1998); W99 — Wegner et al. (1999); W03 — Wegner et al. (2003).

Table A.3. Previous measurements of the HB and Mg, line-strength indices for the sample galaxies.

Galaxy Hp (;A) Mg, (mag)

ID T98 T81 D87/F89 W92 T98 W99/C01 S00 B02 W03
NGCO0584 1.537+0.121 0.266 0.283 0.295 0.2918 +0.0044 0.337 +0.0088 0.278 +0.005

NGC0636 1.963+0.206 ... 0.273  0.285 0.2846 +0.0074 ...

NGC 1700 2.023+£0.209 0.267 0.278 0.296 0.2768 +0.0073 0.283 £0.004 ...
NGC3115 1.268+0.150 ... 0.309 0.336 0.3380=+0.0055 . 0.326 +£0.003 0.291 £0.017
NGC3377 1.722+0.105 0.287 0.270 0.287 0.2903 +0.0038 0.289+0.0177 0.267 +0.004 ...
NGC3379 1.243+0.168 0.329 0.308 0.341 0.3371+0.0061 0.314 £ 0.004 ... 0.301 +£0.021
NGC4415 0.131 +£0.009 0.129 +0.021

References. B02 — Bernardi et al. (2002); CO1 — Colless et al. (2001); D87 — Davies et al. (1987); F89 — Faber et al. (1989); SO0 — Smith et al.
(2000); T81 — Terlevich et al. (1981); T98 — Trager et al. (1998); W03 — Wegner et al. (2003); W92 — Worthey et al. (1992); W99 — Wegner et al.

(1999).
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Table A.4. Previous measurements of the spectral indices Mg, Mg,’, Fe5270 and Fe5335 for sample galaxies.

P. Francois et al.: Medium resolution spectral library

Galaxy Mg, (A) Mg, (mag) Fe5270 (A) Fe5335 (A)

ID T98 W99/C01 S00 W92 T98 w92 T98

NGC 0584 4.458 +0.136 428+0.11 0.155 +0.005 3.27 3.259+0.132 3.23 3.2582 +0.1681
NGC 0636 4.118+0.227 ... 3.32 3.314+0.218 3.04 2.8043 +0.2653
NGC 1700 3.791 £0.235 . 0.163 +0.005 3.31 3.496 +0.229 3.06 3.1935 + 0.2965
NGC3115 4.688 +0.226 4.44+0.34 0.178 +0.004 3.73 3.371 £0.205 3.17 3.0822 +0.3187
NGC 3377 4330+0.114 3.72+£0.40 0.155 +0.005 2.89 2.860+0.109 2.69 2.5965 +0.1298
NGC 3379 4720 +0.192 476 +0.21 0.179 +0.003 3.02 2.957 £0.184 2.89 2.8516 +0.2358

References. CO1 — Colless et al. (2001); SO0 — Smith et al. (2000); T98 — Trager et al. (1998); W92 — Worthey et al. (1992); W99 — Wegner et al.

(1999).

Table A.5. List of the available spectra of the sample galaxies.

Galaxy Spectral range  Resolution  Flux  Reference
ID (nm) (nm) calibr.
NGC0584 363.60-803.60 0.40 Yes L96, S02
391.30-757.81 0.58 No JO9
NGC0636 391.30-757.81 0.58 No JO9
NGC0897 362.38-803.32 0.90 No C03
403.68-850.84 0.58 No JO9
NGC 1357 365.00-710.00 0.45 Yes K92
350.97-746.09 0.70 Yes G04
391.30-757.81 0.58 No JO9
NGC 1425 363.60-804.60 0.40 Yes L96, S02
393.23-759.70 0.58 No JO9
NGC 1600 363.60-796.20 0.40 Yes 1L.96, S02
NGC 1700 391.30-757.81 0.58 No JO9
NGC2613 394.16-760.22 0.58 No JO9
NGC3115 424.00-507.60 0.40 Yes H95
622.60-684.20 0.25 Yes HO95
300.00-564.80 0.40 Yes L96, S02
369.00-807.00 0.40 Yes 1L.96, S02
636.00-978.60 0.40 Yes L96, S02
602.37-812.01 0.60 Yes Gl13
NGC3377 422.00-507.20 0.40 Yes HO95
619.50-684.10 0.25 Yes HO95
NGC3379 365.00-710.00 0.45 Yes K92
418.46-528.43 0.40 Yes HO95
622.15-686.46 0.25 Yes HO95
369.00-814.20 0.40 Yes L96, S02
360.35-703.08 0.70 Yes G04
NGC3423 420.83-507.09 0.40 Yes HO95
619.27-684.09 0.25 Yes H95
454.50-706.52 0.48 No F99
NGC7424 300.00-521.40 0.40 Yes L96, S02
403.68-850.84 0.58 No JO9

References. C0O3 — Colless et al. (2003); F99 — Falco et al. (1999); G04 — Gavazzi et al. (2004); G13 — Gavazzi et al. (2013); H95 — Ho et al.

(1995); JO9 — Jones et al. (2009); K92 — Kennicutt (1992); L96 — Leitherer et al. (1996); SO02 — Santos et al. (2002).
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Fig. A.1. Comparison of selected regions of the spectra from two ob-
servations of NGC 1425 (top two panels) and NGC 4415 (bottom two

panels).
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Fig. A.2. Further comparison of our spectra (black) with literature (red)
spectra from Jones et al. (2009) for some of the galaxies in common be-
tween both samples (fop panel) and from Cesetti et al. (2009) for our
bonafide ellipticals and their average spectrum of ellipticals. The liter-
ature spectra were always scaled to match the median flux level of our
spectra.
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Fig. B.1. As in Fig. 1, but for the remaining spectra of our sample galaxies.
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Appendix C: Apparent central colors of the sample galaxies

Table C.1. Apparent colors for the central 1.3” X 4" apertures of the galaxies in our sample, derived from the X-shooter spectra, in the following
photometric systems: UBVRI Bessel (Bessell 1990), JHK; 2MASS (Skrutskie et al. 2006), ugriz SDSS (Bessell 1990) and again JHK; 2MASS
(Skrutskie et al. 2006), but converted to AB magnitudes.

Galaxy U-B B-V V-R R-1 I-J J-H H-K, u-g g-r r—i i-z z-J J-H H-K,
ID (mag) (mag) (mag) (mag) (mag) (mag) (mag) (mag) (mag) (mag) (mag) (mag) (mag) (mag)

NGCO0584 053 1.09 058 065 1.18 0.73 0.40 190 090 043 036 040 025 -0.07
NGCO0636 0.51 1.05 055 056 1.18 0.74 0.39 1.86 086 037 032 041 026 -0.08
NGCO0897 038 1.15 056 052 130 0.78 0.42 1.72 092 034 029 054 030 -0.05
NGC1357 045 1.09 059 063 135 0.5 0.40 1.81 092 041 035 058 028 -0.07
NGC1425 036 094 049 053 1.18 0.68 0.04 168 071 035 030 041 020 -0.44
NGC1600 039 098 051 064 137 069 -001 170 075 041 035 062 022 -048
NGC1700 0.53 1.07 053 060 1.11 0.71 0.03 191 083 039 036 031 024 -045
NGC2613 0.63 122 062 083 145 0.78 0.01 207 099 054 044 068 031 -0.46
NGC3115 057 111 044 056 134 0.5 0.23 196 082 018 046 057 028 -0.24
NGC3377 050 1.00 051 0.61 1.26  0.73 0.38 1.86 076 039 033 050 025 -0.09
NGC3379 056 1.02 049 062 124 0.70 0.00 193 074 040 034 047 022 -047
NGC3423 0.13 081 046 048 121 0.70 0.33 . 0.63 033 025 046 023 -0.15
NGC4415 025 085 046 048 1.19 068 -005 147 064 033 025 043 020 -0.52
NGC7424 -034 051 029 009 1.06 0.60 0.24 067 034 004 010 032 0.13 -0.23
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