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ABSTRACT

Context. Empirical stellar spectral libraries have applications in both extragalactic and stellar studies, and they confer an advantage
over theoretical libraries because they naturally include all relevant chemical species and physical processes. In recent years we have
seen a stream of new sets of high-quality spectra, but increasing the spectral resolution and widening the wavelength coverage means
resorting to multi-order echelle spectrographs. Assembling the spectra from many pieces results in lower fidelity of their shapes.
Aims. We aim to o↵er the community a library of high-signal-to-noise spectra with reliable continuum shapes. Furthermore, the use
of an integral field unit (IFU) alleviates the issue of slit losses.
Methods. Our library was built with the MUSE (Multi-Unit Spectroscopic Explorer) IFU instrument. We obtained spectra over nearly
the entire visual band (�⇠ 4800–9300 Å).
Results. We assembled a library of 35 high-quality MUSE spectra for a subset of the stars from the X-shooter Spectral Library. We
verified the continuum shape of these spectra with synthetic broadband colors derived from the spectra. We also report some spectral
indices from the Lick system, derived from the new observations.
Conclusions. We o↵er a high-fidelity set of stellar spectra covering the Hertzsprung-Russell diagram. These can be used for both
extragalactic and stellar studies and demonstrate that the IFUs are excellent tools for building reliable spectral libraries.

Key words. standards – atlases – stars: atmospheres – stars: general

1. Introduction

Empirical stellar spectral libraries are one of the most univer-
sally applicable tools in modern astronomy. They have applica-
tions in both extragalactic and stellar studies. The former include
the modelling of unresolved stellar populations (e.g., Röck et al.
2016), matching and removing continua to reveal weak emis-
sion lines (e.g., Engelbracht et al. 1998), and use as templates
to measure the stellar line-of-sight velocity dispersions in galax-
ies (Sargent et al. 1977; Krajnović et al. 2015; Johnston et al.
2018; Martinsson et al. 2018; Nedelchev et al. 2019). The stellar
applications include measuring stellar parameters such as e↵ec-
tive temperatures (e.g., Beamín et al. 2015) and surface gravities
(e.g., Terrien et al. 2015) by template matching or indices, mea-
suring radial velocities (e.g., Swan et al. 2016), and verifying
theoretical stellar models which are sometimes not as good as
one may expect. For example, Sansom et al. (2013) found dis-
crepancies in the Balmer lines, suggesting that the theoretical
spectral libraries may not be as reliable a source of stellar spec-
tra as the empirical ones. The lists of applications given here are
by far incomplete.

We can add a number of open issues related to the libraries.
First, the need to derive homogeneous and self-consistent stellar

? The spectra (full Table A.2) are only available at the CDS
via anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5)
or via http://cdsarc.u-strasbg.fr/viz-bin/cat/J/A+A/629/
A100

parameters of the library stars. Currently, the stellar parameters
are typically assembled from multiple sources, which requires
a two-step process: first, global solutions of stellar parameters
Te↵ /[Fe/H]/log g must be derived from spectral indices, and then
these relations must be inverted before deriving a new, uniform
set of stellar parameters for all stars (e.g., Sharma et al. 2016;
Arentsen et al. 2019). Another issue is to define optimal indices
that are sensitive to one or another stellar parameter (e.g., Cesetti
et al. 2013). A particular problem related to galaxy models is the
contribution of the AGB stars (e.g., Maraston 2005).

The most widely used theoretical libraries today are the
BaSeL (Kurucz 1992; Lejeune et al. 1997, 1998; Westera et al.
2002) and the PHOENIX (Hauschildt et al. 1999; Allard et al.
2012; Husser et al. 2013) libraries, but there have been problems
with the treatment of molecules, as shown early on by Castelli
et al. (1997), that occasionally lead to poorly predicted broad-
band colors. Among the empirical libraries, the work of Pickles
(1998) was the most widely used. It includes 131 flux-calibrated
stars, but for the vast majority of them the resolving power was
below R= 1000, which is relatively low even for extragalactic
applications where the intrinsic velocity dispersion of galax-
ies requires R⇠ 2000 or higher. Other sets of spectra of bet-
ter quality have become available, such as ELODIE (Soubiran
et al. 1998; Prugniel & Soubiran 2001; Le Borgne et al. 2004),
STELIB (Le Borgne et al. 2003), Indo-US (Valdes et al. 2004),
MILES (Sánchez-Blázquez et al. 2006), and CaT (Cenarro et al.
2001, 2007). More recently, a single-order library with a large
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number of stars was reported by Yan et al. (2018), but this was
obtained with a 3 arcsec fiber of the SDSS spectrograph (Blanton
et al. 2017) and therefore does not completely avoid the slit-loss
problem. Maraston & Strömbäck (2011) incorporated some of
the libraries listed here into a comprehensive stellar population
model at high spectral resolution.

The X-shooter Spectral Library (XSL; Chen et al. 2014)
is the latest and most comprehensive e↵ort in this direction.
At this time only Data Release 1 with optical spectra of 237
stars is available. When completed, XSL will cover the 0.3–
2.5 µm range at a resolving power of R ⇠7000–11 000. This
library showcases the problems that increasing resolution and
multi-order cross-dispersed spectrographs bring in: the synthetic
broadband optical (UBV) colors agree poorly with the observed
colors from the Bright Star Catalog (on average at ⇠7% level;
see Table 5 and Fig. 26 in Chen et al. 2014). The di↵erences are
partially related to pulsating variable stars having been observed
in di↵erent phases. Slit losses are another issue; for many stars
these are caused by the lack or poor quality of wide slit obser-
vations. Despite these problems, the narrow features in the XSL
spectra are self-consistent; for example observations in di↵er-
ent orders agree well (see Fig. 8 in Chen et al. 2014), and there
is good agreement between features and theoretical models and
other empirical libraries (for a comparison with the UVES-POP,
see Figs. 31–34 in Chen et al. 2014).

In other words, we are again facing a familiar problem: the
old theoretical libraries used to predict colors that were incon-
sistent with the observations; nowadays, the newest empirical
libraries do the same, despite – or because of – the excel-
lent quality of the new data, which made it more apparent. To
address this issue, we embarked on a project to build an empiri-
cal spectral library without slit loss, using the MUSE (Multi-Unit
Spectroscopic Explorer; Bacon et al. 2010) integral field unit,
spanning all major sequences on the Hertzsprung-Russell dia-
gram, with the specific goal of adjusting and verifying the shapes
of the spectra in other libraries, both theoretical and empiri-
cal. The final products are spectra that are suitable for galactic
modeling, stellar classification, and other applications. Here we
report the first subset of 35 MUSE stellar spectra.

The following two sections describe the sample and the data,
respectively. Section 4 presents the analysis of our spectra and
Sect. 5 summarizes this work.

2. Sample

Our initial sample numbered 33 targets selected among the XSL
stars1. We aimed to populate the Hertzsprung-Russell diagram as
homogeneously as possible with ⇠3–6 bright stars per spectral
type, ensuring a high signal-to-noise ratio (S/N) > 70–200 per
spectral type, except for the O-type where only a single star was
available.

Spectra of two additional stars were obtained: HD 193256
and HD 193281B. They serendipitously fell inside the field of
view during the observations of the project target HD 193281A.
An IFU campaign covering the entire XSL is planned, but we
made sure to select stars over various spectral types, making this
trimmed-down library adequate for some applications, such as
stellar classification and template-fitting of galaxy spectra.

The SIMBAD spectral types as listed in Chen et al. (2014),
and complemented for the two extra targets, together with e↵ec-
tive temperatures Te↵ , surface gravities log g, and metallicities
[Fe/H] collected from the literature, if available, are listed in

1 http://xsl.u-strasbg.fr/

Fig. 1. Properties of the stars in our sample. Top: surface gravity log g
vs. e↵ective temperature Te↵ for stars with [Fe/H]�0.5 dex (crosses),
�0.5< [Fe/H]< 0.0 dex (open circles), and [Fe/H]� 0.0 dex (solid dots).
Bottom: distributions of the stars by spectral type.

Table 1 and shown in Fig. 12. The covered range of Te↵ is
2600�33 000 K, of log g: 0.6�4.5 and of [Fe/H]: from �1.22
to 0.55, as far as the stellar parameters are known. In cases
where multiple literature sources with equal quality were avail-
able for a certain parameter, we adopted the average value and
if a given source had significantly smaller errors than the others,
we adopted the value from that source.

3. Observations and data reduction

The spectra were obtained with MUSE at the European South-
ern Observatory (ESO) Very Large Telescope, Unit Telescope 4,
on Cerro Paranal, Chile. Table A.1 gives the observing log. We
obtained six exposures for each target, except for HD 204155
which was observed 12 times. To maximize the data yield,
most of the data were obtained under nonphotometric condi-
tions, so the absolute flux calibration is uncertain, but the “true”
intrinsic shape is preserved, because there is no “stitching” of
multiple orders and no variable slit losses due to atmospheric
refraction. We placed the science targets at the same spaxels
as the spectrophotometric standards to minimize the instrument
systematic error that might arise from residual spaxel-to-spaxel
variations.

Data reduction was performed with the ESO MUSE pipeline
(version 2.6) within the ESO Reflex3 environment (Freudling
et al. 2013). The 1D spectra were extracted within a circular
aperture with a radius of 6 arcsec. This number was selected after

2 Stellar parameters from XSL also became available after the submis-
sion of this paper: Arentsen et al. (2019).
3 https://www.eso.org/sci/software/esoreflex/
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Table 1. Physical parameters of the program stars.

IDs Sp. Type Vrad, km s�1 Reference Te↵ , K log g [Fe/H] Reference
(1) (2) (3) (4) (5) (6) (7) (8)

HD 057060 O7e. . . 20.0± 1.7 Pourbaix et al. (2004) 32508± 1928 3.39± 0.26 0.24± 0.14 Koleva & Vazdekis (2012)
33215± 2674 3.28± 0.16 �0.03± 0.20 Prugniel et al. (2011)

HD 064332 S �1.3± 0.5 Gontcharov (2006) 3399± 44 0.61± 0.40 �0.04± 0.18 Prugniel et al. (2011)
HD 067507 CNv. . . 23± 10 Wilson (1953) 2680 . . . . . . Bergeat et al. (2002)
HD 085405 C 3.50± 1.6 Gontcharov (2006) 2769 . . . �0.10 Soubiran et al. (2016)

2645 . . . . . . Bergeat et al. (2002)
HD 096446 B2IIIp 6.1± 0.8 Gontcharov (2006) 20086± 530 3.59± 0.08 0.06± 0.04 Koleva & Vazdekis (2012)
HD 099648 G8Iab �8.82± 0.19 Gaia Collaboration (2018a) 4970± 75 2.25± 0.43 �0.01± 0.15 Koleva & Vazdekis (2012)

4977± 49 2.24± 0.12 �0.03± 0.06 Prugniel et al. (2011)
HD 099998 K3.5III 18.43± 0.37 Gaia Collaboration (2018a) 4001± 32 1.56± 0.20 �0.24± 0.07 Prugniel et al. (2011)
HD 100733 M3III 21.07± 0.29 Gaia Collaboration (2018a) 3530 . . . . . . Wright et al. (2003)
HD 306799 M0Iab �16.38± 0.19 Mermilliod et al. (2008) 3650 . . . . . . Wright et al. (2003)
HD 101712 M3Iab �0.70± 1.23 Mermilliod et al. (2008) 3200 . . . . . . Wright et al. (2003)
HD 102212 M1III 50.28± 0.09 Famaey et al. (2009) 3738± 6 1.55± 0.10 �0.41± 0.05 Koleva & Vazdekis (2012)
HD 114960 K5III 7.35± 0.16 Gaia Collaboration (2018a) 4000 . . . . . . Wright et al. (2003)
IRAS 15060+0947 M9III �8.2± 2.6 Engels & Bunzel (2015) 3281 . . . . . . Gaia Collaboration (2018b)
HD 147550 B9V �24.1± 0.9 Gontcharov (2006) 9830± 279 3.70± 0.66 �0.38± 0.11 Koleva & Vazdekis (2012)
HD 160365 F6III 8.14± 2.31 Massarotti et al. (2008) 6009 . . . . . . Soubiran et al. (2016)
HD 160346 K3V 17.856± 0.784 Kunder et al. (2017) 4808± 65 4.53± 0.22 0.03± 0.10 Koleva & Vazdekis (2012)
HD 163810 G3V 185.99± 0.22 Latham et al. (2002) 5818± 15 4.35± 0.06 �1.20± 0.04 Koleva & Vazdekis (2012)
HD 164257 A0 5.5± 0.9 Gontcharov (2006) 9792± 691 3.70± 2.11 0.41± 0.30 Koleva & Vazdekis (2012)
[B86] 133 M4 44± 5 This work 4637 . . . �0.21 Gaia Collaboration (2018b),

2645 . . . . . . Ivanov et al. (2004)
HD 167278 F2 �14.7± 0.9 Gontcharov (2006) 6563± 18 4.14± 0.08 �0.21± 0.04 Koleva & Vazdekis (2012)
HD 170820 K0III 2.84± 0.06 Mermilliod et al. (2008) 4707± 57 1.65± 0.13 0.17 Prugniel et al. (2011)
HD 172230 A5 �36.8± 0.8 Gontcharov (2006) 7772± 102 3.76± 0.44 0.55± 0.14 Koleva & Vazdekis (2012)
HD 173158 K0 14.06± 0.32 Gaia Collaboration (2018a) 5164± 121 0.87± 0.43 0.04± 0.20 Koleva & Vazdekis (2012)
HD 174966 A3 5.6± 0.9 Gaia Collaboration (2018a) 7874± 57 4.09± 0.16 0.03± 0.10 Koleva & Vazdekis (2012)
HD 175640 B9III �26.0± 4.3 Gontcharov (2006) 12067± 326 4.07± 0.55 0.22± 0.18 Koleva & Vazdekis (2012)

12077± 453 3.94± 0.21 0.17± 0.15 Prugniel et al. (2011)
HD 179821 G5Ia 81.78± 3.71 Gaia Collaboration (2018a) 6997 0.62 0.44 Soubiran et al. (2016)

7107 1.00 0.45 Soubiran et al. (2016)
HD 232078 K3IIp �388.34± 0.27 Soubiran et al. (2008) 4295± 48 0.82± 0.27 �1.08± 0.11 Koleva & Vazdekis (2012)

4014± 48 0.81± 0.20 �1.22± 0.11 Prugniel et al. (2011)
HD 193256⇤ A8Vn. . . 6± 2 This work 7860 3.74 �0.95 Soubiran et al. (2016)
HD 193281A A2III 0.3± 0.5 Gontcharov (2006) 8623± 345 4.30± 0.33 �0.68± 0.28 Koleva & Vazdekis (2012)

8597± 218 4.11± 0.14 �0.37± 0.13 Prugniel et al. (2011)
HD 193281B⇤ F5:V: �43.13± 0.97 Gaia Collaboration (2018a) 8080 3.58 �1.00 Soubiran et al. (2016)

8080 3.58 �1.00 Soubiran et al. (2016)
8414 . . . . . . Soubiran et al. (2016)

K2III 4354± 57 . . . . . . This work
HD 193896 G5IIIa �15.23± 0.18 Gaia Collaboration (2018a) 4900 . . . . . . Wright et al. (2003)
HD 196892 F6V �34.498± 0.004 Santos et al. (2011) 6028± 22 4.17± 0.10 �0.99± 0.07 Koleva & Vazdekis (2012)
HD 200081 G0 7.67± 0.27 Soubiran et al. (2008) 5526± 71 3.25± 0.43 0.02± 0.12 Koleva & Vazdekis (2012)
HD 204155 G5 �84.60± 0.16 Latham et al. (2002) 5704± 28 3.89± 0.16 �0.70± 0.07 Koleva & Vazdekis (2012)

5718± 56 3.93± 0.11 �0.69± 0.06 Prugniel et al. (2011)
HD 209290 M0.5V 18.144± 0.069 Soubiran et al. (2013) 4031 . . . �0.06 Ammons et al. (2006)

Notes. The columns contain: (1) object ID (asterisks mark non-XSL objects); (2) SIMBAD spectral type; (3�4) radial velocity and reference;
(5�8) e↵ective temperature, surface gravity, iron abundance and reference. Our estimated spectral type and e↵ective temperature for HD 193281B
are also listed.

some experiments with apertures of di↵erence sizes, to guaran-
tee that “aperture” losses lead to a change in the overall slope of
the spectra <1% from the blue to the red end. The sky emission
was estimated within an annulus of an inner radius of 7 arcsec
and a width of 4 arcsec. This step of the analysis was performed
with an IRAF4/PyRAF tool (Tody 1986, 1993; Science Software
Branch at STScI 2012).

4 IRAF is distributed by the NOAO, which is operated by the AURA
Inc., under contract to the NSF.

Three stars were treated di↵erently. For [B86] 133 we
reduced the extraction aperture radius to 4 arcsec (keeping the
sky annulus the same as for the majority of the targets) to
avoid contamination from nearby sources – because the object
is located in a crowded Milky Way bulge field. HD 193256 is
close to the edge of the MUSE field of view, and the extrac-
tion apertures had to be smaller, with a radius 4.6 arcsec, the
sky annulus had an inner radius of 4.6 arcsec and a width of
2 arcsec. HD 193281 is a binary with ⇠3.8 arcsec separation and
the components cross-contaminate each other. To separate the
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Fig. 2. Example of the MUSE spectra (black line) of [B86] 133 and of the corresponding XSL DR1 spectrum (red line; normalized to match the
MUSE spectrum flux). The plot title lists the spectral type and the measured median S/N per resolution element over the entire spectrum. Upper
sub-panels: spectra extracted from each individual exposure (shifted up for clarity) and average spectra of the object at its true flux level. Bottom
sub-panels: standard deviation of the average spectrum. The spectra of the other sample stars are presented in Fig. A.1.

two spectra we first extracted a combined spectrum of the two
stars together with the same aperture and annulus as for the bulk
of the stars. We then rotated each plane of the data cube by 180�
around the center of the primary and subtracted the rotated plane
from the original nonrotated plane to remove the contribution of
the primary at the location of the secondary. Subsequently, we
extracted the spectrum of the secondary with an aperture with
a radius of 1.2 arcsec and a sky annulus with an inner radius of
1.8 arcsec and a width of 4 arcsec. Finally, we decontaminated
the spectrum of the primary by subtracting the spectrum of the
secondary from the combined spectrum of the binary.

Experiments with apertures of di↵erent sizes indicated that
the continuum shape of [B86] 133 still changed at <1% level
across the entire wavelength range, despite the narrower extrac-
tion aperture. The spectra of the two other objects are less reli-
able and in the case of HD 193281B a change in the radius of a
few spaxels (0.2 arcsec) leads to a flux change of ⇠3% over the
entire wavelength range. However, the spectrum of HD 193281A
is still stable at <1% because the secondary contributes ⇠1 and
⇠11% to the total flux at the blue and at the red ends of the

spectrum, respectively, so this ⇠3% uncertainty is reduced by
factors of ⇠100 and ⇠9, respectively, and the spectrum of
HD 193281A can be considered reliable according to our crite-
rion for <1% stability across the entire spectral range.

The telluric features were removed by running molecfit ver-
sion 1.5.7 (Smette et al. 2015; Kausch et al. 2015) separately on
each of the six (12 for HD 204155) target spectra themselves.
The agreement of individual solutions is excellent: typically
the fits yield a precipitable water estimate identical to within
<0.1 mm.

The final spectrum for each target is the average of the 1D
spectra derived from the six individual observations, and the error
is the rms of that average. An example of the data products is
plotted in Fig. 2. The complete sample is shown in Fig. A.1. All
final spectra are given in Table A.2 and are available at the CDS.

4. Analysis

A direct comparison of the MUSE and XSL spectra for eight ran-
domly selected stars across the spectral type sequence is shown

A100, page 4 of 18
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Fig. 3. Comparison of a subset of our MUSE spectra (black lines) with the XSL spectra (red lines; boxcar smoothed over 8 pixels). The spectra
are normalized to unity between the two vertical dotted lines shown on the left panel, and shifted vertically for display purposes. Left panel: entire
MUSE spectral range, right panel: zoom onto the H�, H↵, and Ca triplet wavelength ranges (left to right). No radial velocity corrections are
applied.

with some zoomed-in spectral regions in Fig. 3 (for the rest
of our spectra, see Figs. 2 and A.1). Notably, the XSL spectra
used the continuum shape from 5 arcsec wide-slit observations.
In most cases, the agreement on a scale of a few hundred pixels –
in other words, within the same X-shooter order – is excellent.
However, on a wider scale we find deviations between the XSL
and MUSE spectra, as can be seen in Fig. 4. The exceptions are
usually late-type stars – [B86] 133 and IRAS 15060+0947 are
examples – where the low S/N in the blue (⇠10 or below) and the
variability that only occurs with extremely red stars may account
for the problem. Furthermore, the ratios of many spectra show a
gradual change, despite their apparently high S/N: HD 147550
and HD 167278 are examples where the amplitude of the ratio
within the MUSE wavelength range reaches 10�15%. We fitted
second-order polynomials to the ratios and extrapolated them
over the full wavelength range covered by the XSL library to
demonstrate that if these trends hold, the overall peak-to-peak
flux di↵erences can easily rich ⇠20%, meaning that the over-
all continuum of the cross-dispersed spectra is somewhat ill-
defined. The coe�cients of the polynomial fits are listed in
Table B.1 and can be used to correct the shape of the XSL spec-
tra. We are far from critisizing Chen et al. (2014) for the quality
of their data reduction; rather we point out here that the high-S/N
observations show how di�cult it is to process cross-dispersed
spectra. Indeed, problems that may not be obvious with poor-
quality data become apparent for S/Ns of 100�200.

The question remains, however, as to whether or not the
MUSE spectra have a more reliable shape than the XSL spec-
tra, because strictly speaking so far we have only demonstrated
the good internal agreement between the six (or 12) individ-
ual MUSE observations. To provide an external check we fol-
lowed Chen et al. (2014), and calculated synthetic SDSS colors
from both ours and the XSL spectra (Fig. 5) using the pyphot
tool5. The XSL spectra were median smoothed to remove out-
liers, for example those due to poorly removed cosmic ray hits.
5 http://mfouesneau.github.io/docs/pyphot/

The MUSE sequences are slightly tighter than the XSL ones,
confirming that the MUSE spectra have more reliable shapes.
This is expected in light of the slit losses and the imperfect order
stitching of the XSL spectra. Furthermore, X-shooter has three
arms – in e↵ect, three di↵erent instruments, and some of the col-
ors mix fluxes from di↵erent arms, which may contribute to the
larger scatter. A better spectral shape verification will be possible
in the future with the Gaia low-resolution spectra.

The Lick indices (Worthey et al. 1994) that fall within the
wavelength range covered by MUSE were measured in the new
spectra (Table C.1). This included: Fe5015, Fe5270, Fe5335,
Fe5406, Fe5709, Fe5782, H�, Mg1, Mg2, Mg b, Na D, TiO1 and
TiO2. As designed by our target selection, the measured values
occupy the same locus as the Lick library (Fig. 6).

In the course of the analysis we noticed that the Lick
indices of HD 193281B correspond to a later type than the F5:V:
reported in Simbad. We derived a new spectral type of K2III
using our spectra of HD 170820 and HD 099998 as templates
and we adopted for this star the average of their e↵ective tem-
peratures, Te↵ = 4354 K, with a tentative uncertainty of 57 K –
the larger of the uncertainties of the Te↵ for these two stars.

The metal features of HD 179821 are stronger than for other
stars with similar temperature, but this is probably due to the
supersolar abundance of this star (Soubiran et al. 2016). Some
Lick indices of late-M and C/S stars also deviate from the locus,
but the spectra of these stars are dominated by broad molecu-
lar features, making the atomic indices, such as Fe, Mg, and H,
meaningless.

5. Summary and conclusions

We present high-S/N (>70–200) MUSE spectra of 35 stars
across the spectral type sequence. The comparison with existing
higher-resolution data and spectral index measurements shows
reasonably good agreement, except for di↵erences in the con-
tinuum shape that point out the real di�culties in obtaining
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Fig. 4. Ratios of the XSL spectra to our MUSE spectra (blue; covers only the MUSE wavelength range), normalized to unity and median smoothed
for display purposes with a five-element wide median filter. Two ratios are shown for HD 101712 – for the two XSL spectra of this star. A second-
order polynomial fit spanning the wavelength of XSL is also shown in blue. The labels on the top of each panel contain the name of the object,
the normalization factor that indicates the flux ratio of the independently flux-calibrated MUSE and XSL spectra, and a standard deviation of the
residuals of the fit. The coe�cients of polynomial fits are listed in Table B.1.
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Fig. 5. Synthetic SDSS color-color diagrams derived from the MUSE (open circles) and XSL (open triangles) spectra. Larger open circles mark
known variables, according to the SIMBAD database. and although many stars are variable, some distinct outliers are not. Sequences for solar
abundance dwarfs (red line) and giant (green line) stars from Lenz et al. (1998) are also shown. The extreme red outliers are IRAS 15060+0947
(V* FV Boo) – a known Mira variable. There are two points for this object on the right panel – they correspond to the XSL and the MUSE spectra.

Fig. 6. Lick indices for the stars in our sample (red dots) and in the
sample of Worthey et al. (1994, black dots). Following their definitions,
Mg1, Mg2, TiO1 and TiO2 are in magnitudes, and the rest are equivalent
widths in units of Å. The two coldest objects that often deviate from
the M-star-dominated sequences are the carbon stars HD 067507 and
HD 085405.

high-resolution spectra with wide spectral coverage: the instru-
ments that deliver such data spread the light over many orders
and their combination is not trivial. Importantly, the integral field
unit that we use does not su↵er from slit losses.

The sample of spectra presented here is relatively limited in
terms of number of stars, and to make this library more use-
ful we need to populate the parametric space more densely. In

particular, the metallicity range needs to be expanded. Our data
su↵er from the high blue wavelength limit of MUSE, missing
some important CN, Ca, and Fe spectral features in the 4100–
4800 Å range. This is a hardware limitation that can only be
addressed with other/future instruments. Further accurate broad-
band photometry is needed to extend the external verification of
the continuum shape – so far Gaia, SDSS, and other photomet-
ric surveys provide measurements only for about a quarter of our
sample stars – mostly because our program stars are too bright.
Expanding the MUSE library towards fainter stars will increase
this fraction and make such a test statistically significant.

Despite these issues, our MUSE spectral library is a poten-
tially useful tool for both stellar and galaxy research. This project
started as a simple e↵ort to complement the SXL DR1 library,
but our spectra can be applied to various MUSE-based research
projects – they confer the extra advantage of being obtained with
the same instrument, meaning the data format is the same, and
any low-level instrumental signatures that might have remained
in the data could cancel out. We plan to expand the number of
library stars in the future.
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Appendix A: MUSE spectra

Table A.1 presents the log of our MUSE observations and Fig. A.1 – the MUSE spectra.

Table A.1. Observing log.

ID Alternative RA Dec UT start, yyyy- sec z Exp. Specphot. sec z
ID (J2000) mm-dd hh:mm dex sec Std. dex

(1) (2) (3) (4) (5) (6) (7) (8)

HD 057060 . . . 07:18:40.38�24:33:31.3 2017-05-03 01:07 1.63–1.70 0.14 LTT 3218 1.01
HD 064332 . . . 07:53:05.27�11:37:29.4 2017-05-03 01:23 1.61–1.68 4.80 LTT 3218 1.01
HD 067507 RU Pup 08:07:29.83�22:54:45.3 2017-05-03 02:00 1.68–1.76 7.68 LTT 3218 1.01
HD 085405 Y Hya 09:51:03.72�23:01:02.3 2017-05-03 02:17 1.21–1.23 1.94 LTT 3218 1.01
HD 096446 . . . 11:06:05.82�59:56:59.6 2017-05-03 01:41 1.24–1.24 1.94 LTT 3218 1.01
HD 099648 . . . 11:27:56.24+02:51:22.6 2017-07-18 23:54 1.89–2.00 0.14 GD 153 1.58
HD 099998 BS 4432 11:30:18.89�03:00:12.6 2017-05-03 00:39 1.10–1.09 0.15 LTT 3218 1.01
HD 100733 BS 4463 11:35:13.28�47:22:21.3 2017-05-02 06:55 2.39–2.52 0.95 GD 108 1.06
HD 306799 CD�60 3636 11:36:34.84�61:36:35.2 2017-05-02 23:17 1.38–1.37 3.86 GD 108 1.06
HD 101712 . . . 11:41:49.41�63:24:52.4 2017-04-18 06:59 1.84–1.89 4.79 EG 274 1.06
HD 102212 BS 4517 11:45:51.56+06:31:45.7 2017-05-03 00:53 1.20–1.19 0.15 LTT 3218 1.01
HD 114960 . . . 13:13:57.57+01:27:23.2 2017-04-01 07:35 1.35–1.39 1.93 GD 108 1.23
IRAS 15060+0947 . . . 15:08:25.77+09:36:18.2 2017-07-18 23:35 1.22–1.21 43.65 GD 153 1.58
HD 147550 . . . 16:22:38.90�02:04:47.5 2017-05-21 04:53 1.08–1.08 1.95 LTT 7987 1.03
HD 160365 . . . 17:38:57.85+13:19:45.3 2017-05-21 08:33 1.53–1.57 1.92 LTT 7987 1.03
HD 160346 . . . 17:39:16.92+03:33:18.9 2017-05-21 06:06 1.14–1.14 1.94 LTT 7987 1.03
HD 163810 . . . 17:58:38.45�13:05:49.6 2017-05-21 08:51 1.18–1.21 14.56 LTT 7987 1.03
HD 164257 . . . 18:00:07.32+06:33:14.1 2017-05-21 09:07 1.45–1.49 1.92 LTT 7987 1.03
[B86] 133 NSV 24166 18:03:45.47�30:03:00.7 2017-05-02 07:11 1.03–1.02 83.77 GD 108 1.06
HD 167278 . . . 18:14:33.65+00:10:32.9 2017-05-21 09:22 1.35–1.39 7.72 LTT 7987 1.03
HD 170820 . . . 18:32:13.11�19:07:26.3 2017-05-28 09:43 1.31–1.32 3.87 LTT 7987 1.08
HD 172230 . . . 18:38:54.95+06:16:14.8 2017-05-31 05:09 1.28–1.26 3.87 GD 153 1.48
HD 173158 . . . 18:43:45.31+05:44:14.6 2017-05-31 05:25 1.25–1.23 6.78 GD 153 1.48
HD 174966 . . . 18:53:07.83+01:45:19.7 2017-05-31 05:41 1.19–1.17 4.85 GD 153 1.48
HD 175640 . . . 18:56:22.66�01:47:59.5 2017-05-21 09:36 1.23–1.26 1.94 LTT 7987 1.03
HD 179821 . . . 19:13:58.61+00:07:31.9 2017-05-31 05:56 1.18–1.17 7.76 GD 153 1.48
HD 232078 . . . 19:38:12.07+16:48:25.6 2017-05-31 07:12 1.35–1.34 9.67 GD 153 1.48
HD 193256 . . . 20:20:26.57�29:11:28.8 2017-05-31 06:10 1.16–1.14 1.95 GD 153 1.48
HD 193281A . . . 20:20:27.88�29:11:50.0 2017-05-31 06:10 1.16–1.14 1.95 GD 153 1.48
HD 193281B . . . 20:20:28.07�29:11:47.2 2017-05-31 06:10 1.16–1.14 1.95 GD 153 1.48
HD 193896 . . . 20:23:00.79�09:39:17.0 2017-05-31 06:25 1.19–1.17 1.94 GD 153 1.48
HD 196892 . . . 20:40:49.38�18:47:33.3 2017-05-31 06:42 1.15–1.13 7.78 GD 153 1.48
HD 200081 . . . 21:01:22.42�02:30:50.4 2017-05-31 06:55 1.28–1.25 6.77 GD 153 1.48
HD 204155 . . . 21:26:42.91+05:26:29.9 2017-05-31 07:26 1.37–1.29 7.72 GD 153 1.48
HD 209290 . . . 22:02:10.27+01:24:00.8 2017-05-31 07:56 1.33–1.30 9.66 GD 153 1.48

Notes. Six exposures were taken per target except for HD 204155 which was observed 12 times. The UT date and time at the start of the first
exposure are listed, together with the airmass range for the entire sequence and the exposure time of each individual spectrum.
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Table A.2. MUSE spectra of the program stars.

� F�, �(F�)
Å erg cm�1 s�1 Å�1

(1) (2)

[B86] 133
4750.351 9.0321e�15 1.3444e�16
4751.601 9.2171e�15 1.7869e�16
4752.851 9.1116e�15 1.3160e�16
4754.101 9.0764e�15 1.4030e�16
4755.351 9.3078e�15 1.4568e�16
4756.601 9.3031e�15 1.5083e�16
4757.851 8.5689e�15 1.0591e�16
4759.101 7.6297e�15 9.5282e�17
4760.351 6.8822e�15 1.0720e�16
4761.601 5.9430e�15 1.0564e�16

. . .
HD 057060

4749.690 6.2487e�11 9.8514e�13
4750.940 6.6745e�11 9.7720e�13
4752.190 6.7090e�11 8.6972e�13
4753.440 6.6901e�11 9.2688e�13
4754.690 6.7012e�11 9.6207e�13
4755.940 6.7031e�11 8.5821e�13
4757.190 6.6923e�11 1.0520e�12
4758.440 6.6567e�11 9.7377e�13
4759.690 6.6468e�11 9.0956e�13
4760.940 6.6522e�11 8.7795e�13

. . .

Notes. Only ten entries for a few spectra are shown for guidance. The
full spectra are available at the CDS.

A100, page 10 of 18



V. D. Ivanov et al.: MUSE stellar library

Fig. A.1. MUSE spectra (labeled on the top of each panel). Upper sub-panels: spectra extracted from each individual exposure (shifted up for
clarity) and the average spectra of the object at its true flux level. The XSL spectra, when available, are plotted in red underneath the averaged
MUSE spectrum. Bottom sub-panels: standard deviation of the average spectrum. The spectra of all stars are available at the CDS.
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Fig. A.1. continued.
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Fig. A.1. continued.
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Fig. A.1. continued.
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Fig. A.1. continued.
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Fig. A.1. continued.
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Appendix B: Comparison with the XSL spectra

Table B.1 lists the coe�cients of polynomial fits to the ratios of
the XSL spectra to our MUSE spectra. For further details see
Sect. 4.

Table B.1. Coe�cients and their errors of second-order polynomial fits to the ratios of the XSL spectra to our MUSE spectra: Ratio= a0 + a1 ⇥
� + a2 ⇥ �2.

ID a0 a1 a2 �
(1) (2) (3) (4) (5)

[B86] 133 1.0875e+01 ± 4.9106e�01 �2.6034e�03 ± 1.4250e�04 2.1119e�07 ± 1.0070e�08 8.9657e�01
HD 057060 7.7783e+00 ± 1.5925e�01 4.1637e�04 ± 4.6240e�05 5.4824e�08 ± 3.2693e�09 2.9142e�01
HD 064332 3.5697e+01 ± 3.4877e�01 �3.9873e�03 ± 1.0127e�04 2.0084e�07 ± 7.1597e�09 6.3832e�01
HD 067507 �2.1863e+00 ± 6.3861e�01 3.2643e�03 ± 1.8542e�04 �1.9423e�07 ± 1.3110e�08 1.1688e+00
HD 085405 �2.1686e+01 ± 3.6461e�01 7.1684e�03 ± 1.0587e�04 �4.3791e�07 ± 7.4850e�09 6.6732e�01
HD 096446 9.9209e�01 ± 7.7207e�03 �1.4847e�05 ± 2.2418e�06 1.3103e�09 ± 1.5850e�10 1.4131e�02
HD 099648 5.1713e+00 ± 6.3635e�02 3.6673e�04 ± 1.8477e�05 �2.7750e�08 ± 1.3064e�09 1.1647e�01
HD 099998 6.1662e+00 ± 7.5652e�02 3.3898e�05 ± 2.1966e�05 �1.2490e�08 ± 1.5530e�09 1.3847e�01
HD 100733 5.1682e+01 ± 4.3041e�01 �8.1477e�03 ± 1.2497e�04 6.4140e�07 ± 8.8351e�09 7.8776e�01
HD 101712 1.6022e+01 ± 2.3634e�01 �7.1526e�04 ± 6.8618e�05 4.8079e�08 ± 4.8512e�09 4.3258e�01
HD 101712 6.7516e+00 ± 2.2716e�01 1.4180e�03 ± 6.5952e�05 �8.2102e�08 ± 4.6627e�09 4.1578e�01
HD 102212 5.0144e+01 ± 8.6927e�01 �3.0969e�03 ± 2.5240e�04 3.6520e�07 ± 1.7845e�08 1.5910e+00
HD 114960 4.0233e+01 ± 9.7355e�01 �5.0542e�03 ± 2.5999e�04 4.4436e�07 ± 1.7128e�08 7.8302e�01
HD 147550 2.1748e+00 ± 2.1553e�02 2.0414e�04 ± 6.2580e�06 �1.4080e�08 ± 4.4245e�10 3.9450e�02
HD 160346 5.7738e+00 ± 6.3278e�02 �1.7415e�04 ± 1.8292e�05 1.1002e�08 ± 1.2900e�09 1.1465e�01
HD 160365 4.5644e+00 ± 3.9193e�02 3.6423e�05 ± 1.1329e�05 �4.6190e�09 ± 7.9902e�10 7.1011e�02
HD 163810 3.6215e+00 ± 4.3395e�02 �7.4719e�05 ± 1.2544e�05 2.6363e�09 ± 8.8470e�10 7.8619e�02
HD 164257 2.9161e+00 ± 2.1773e�02 �1.9122e�04 ± 6.3208e�06 1.3446e�08 ± 4.4681e�10 3.9867e�02
HD 167278 7.6624e+00 ± 5.1776e�02 �4.5347e�04 ± 1.4967e�05 2.0024e�08 ± 1.0555e�09 9.3807e�02
HD 170820 5.0225e+00 ± 3.4454e�02 �6.4631e�04 ± 1.0002e�05 4.1002e�08 ± 7.0704e�10 6.3086e�02
HD 172230 2.4422e+00 ± 2.7921e�02 1.0172e�04 ± 8.0709e�06 �5.0514e�09 ± 5.6920e�10 5.0586e�02
HD 173158 8.3642e+00 ± 4.7810e�02 �1.5581e�03 ± 1.3820e�05 1.0331e�07 ± 9.7467e�10 8.6622e�02
HD 174966 4.5597e+00 ± 1.9866e�02 �3.4119e�04 ± 5.7425e�06 2.3893e�08 ± 4.0499e�10 3.5995e�02
HD 175640 2.5360e+00 ± 1.8827e�02 3.5332e�05 ± 5.4655e�06 �2.5504e�09 ± 3.8634e�10 3.4474e�02
HD 179821 2.8459e+00 ± 9.0632e�02 �1.1607e�04 ± 2.6310e�05 1.3874e�08 ± 1.8598e�09 1.6596e�01
HD 193281A 2.9758e+00 ± 1.7990e�02 �3.8776e�05 ± 5.2226e�06 5.5744e�09 ± 3.6918e�10 3.2940e�02
HD 193896 3.5954e+00 ± 2.2904e�02 �2.7330e�04 ± 6.6490e�06 1.9823e�08 ± 4.7000e�10 4.1936e�02
HD 196892 3.9280e+00 ± 2.3032e�02 �4.0473e�04 ± 6.6862e�06 2.8704e�08 ± 4.7263e�10 4.2171e�02
HD 200081 2.0961e+00 ± 2.5504e�02 1.2569e�04 ± 7.4035e�06 �5.3440e�09 ± 5.2332e�10 4.6702e�02
HD 204155 3.0281e+00 ± 2.9675e�02 �8.6000e�05 ± 8.5776e�06 4.6207e�09 ± 6.0491e�10 5.3764e�02
HD 209290 �3.2922e+00 ± 5.5030e�02 1.6589e�03 ± 1.5975e�05 �9.6328e�08 ± 1.1292e�09 1.0076e�01
HD 232078 2.5877e+00 ± 8.0086e�02 �5.7710e�05 ± 2.3251e�05 9.4294e�09 ± 1.6436e�09 1.4658e�01
HD 306799 1.5678e+01 ± 2.1450e�01 �1.0232e�03 ± 6.2275e�05 5.6597e�08 ± 4.4024e�09 3.9253e�01
IRAS 15060+0947 �1.0062e+01 ± 7.1662e+00 �4.3525e�03 ± 1.9079e�03 1.4548e�06 ± 1.2536e�07 5.5817e+00

Notes. The standard deviation of the residuals � is also listed.
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Appendix C: Lick indices from the MUSE spectra

Table C.1 shows the Lick indices measured on our MUSE spectra.
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