DRAFT VERSION DECEMBER 13, 2013
Preprint typeset using IXTEX style emulateapj v. 04/17/13

DEFINITIVE DETECTION OF THERMALLY PULSING ASYMPTOTIC GIANT STAR FEATURES IN
NEAR-INFRARED SPECTRA OF THE NUCLEAR REGION OF NEARBY GALAXIES

ROGERIO RIFFEL!, RACHEL E. MAsoN?, ALBERTO RODRIGUEZ-ARDILA®, Luis C. Ho*’, LucIMARA P. MARTINS 5,
ROGEMAR A. RIFFEL 7, PAULINA LiRA & OMAIRA GONZALEZ MARTIN *'7, DANIEL RUSCHEL-DUTRA ', ALMUDENA

A1LONsO-HERRERO'

, HELENE Fronic*', RicHARD M. McDERMID?!'*1® CRisTINA RAMOS ALMEIDA®!7, RICARDO P.

ScuiavoN?!?, KARUN THANJAVUR'™ AND CLAUDIA WINGE'®
Draft version December 13, 2018

ABSTRACT

We report the detection of absorption features associated with thermally pulsing asymptotic giant
stars in high signal-to-noise ratio near-infrared (NIR) spectra of the nuclear region of 12 nearby
galaxies. The features detected in some or all of the galaxies are the TiO (0.843 pm and 0.886 pm),
VO (1.048 pm and 1.45 pm), CN (1.1 gm and 1.4 gm), HyO (1.4 pm and 1.9 pm) and CO (1.6 pm and
2.2 ym) bands. The Cy (1.17 pm and 1.76 pm) bands are generally weak or absent, although Cs (1.76
pum) may be weakly present in the mean galaxy spectrum. A deep feature near 0.93 pm, likely caused
by CN, TiO and/or ZrO, is also detected in all objects. This is the first time such a large number
of these features are reported simultaneously in individual galaxies. Fitting a combination of stellar
spectra to the mean spectrum suggests that a significant fraction of the stellar light of these galaxies
comes from evolved stars with luminosity class I to III. Comparison with evolutionary population
synthesis models shows that models based on empirical libraries that predict relatively strong NIR
features provide a more accurate description of the data. However, neither of the models tested in
this Letter accurately reproduces all of the features observed in the spectra.

Subject headings: galaxies: bulges — galaxies: near-infrared — galaxies: stellar content — stars: AGB

1. INTRODUCTION

Studying the unresolved stellar content of galaxies gen-
erally involves disentangling the various components con-
tributing to the spectral energy distribution (SED), fit-
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ting a combination of simple stellar populations (SSPs)
to derive information about age, metallicity, and star for-
mation history. The first use of the near-infrared (NIR;
~ 0.8-2.5 pum) dates back more than thirty years, when
Frogel et al. (1975) and Rieke et al. (1980), for exam-
ple, detected the 2.3 pm CO bands in elliptical galaxies,
NGC 253, and M 82. Other groups have since used this
spectral region to study galaxy stellar populations, with
methods based on the 1.6 um and 2.3 um 2CO bands
(e.g. Origlia, Moorwood & Oliva 1993; Oliva et al. 1995;
Lancon et al. 2001; Alonso-Herrero et al. 2000, and ref-
erences therein) or broad band photometry (e.g. Moor-
wood & Glass 1982; Hunt et al. 2003). More recently,
individual NIR windows (e.g. Davies et al. 2009; Ramos
Almeida et al. 2006, 2009) or the whole NIR (Riffel et al.
2008, 2009, 2010a, 2011; Storchi-Bergmann et al. 2012;
Martins et al. 2010, 2013b) have been used to investigate
the stellar content of galaxies.

A galaxy’s stellar population can be determined by
mixing SSPs with different ages and metallicities to find
the best match to the absorption line spectrum. Since
NIR spectra of star clusters covering the range of age and
metallicity expected in galaxies are not yet available in
the literature (Riffel et al. 2011), evolutionary population
synthesis (EPS) models are commonly used to describe
the stellar population. However, we are far from a com-
plete understanding of certain stellar evolutionary phases
that strongly affect the calculated spectrum of the SSPs
(Charlot et al. 1996; Maraston 1998). The largest source
of discrepancy between different SSP models in the NIR
is the treatment of the Thermally-Pulsating Asymptotic
Giant Branch (TP-AGB) phase (Maraston 1998, 2005;
Marigo et al. 2008; Conroy et al. 2013; Conroy & Gunn
2010; Kriek et al. 2010; Zibetti et al. 2013; Noél et al.
2013). This is the last part of the evolution of interme-
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diate mass stars (M< 6M®), occurring for ages between
~300 Myr and ~2 Gyr (for reviews, see Maraston 2005;
Zibetti et al. 2013). A proper treatment of this phase
is highly desirable since it impacts a range of measure-
ments, including mass-to-light ratios and stellar masses
(van der Wel et al. 2006; Maraston et al. 2006; Melbourne
et al. 2012; Tonini et al. 2009; Chisari & Kelson 2012; Gi-
rardi et al. 2013).

In contrast to “classical” EPS models, such as those of
by Bruzual & Charlot (2003, hereafter BC03), the mod-
els of Maraston (2005) and Maraston & Strombéck (2011,
hereafter M05/M11) predict the presence of strong NIR,
molecular features like TiO (0.843 pm, 0.886 pm), CN
(1.1 pm, 1.4 pm), Co (1.17 pm, 1.76 pm), HoO (1.4 pm,
1.9 pm) and CO (1.6 pm, 2.2 pm). Detection of these
features would clearly show the fingerprints left by TP-
AGB stars on the integrated spectrum. The 1.1 gm CN
band has been detected in galaxies (Riffel et al. 2007;
Ramos Almeida et al. 2009; Martins et al. 2013b) and
in Magellanic Cloud globular clusters (Lyubenova et al.
2010, 2012), and the various models have been the sub-
ject of many studies. For example, Riffel et al. (2011)
show that M05 models are able to reproduce the equiv-
alent widths observed in about half of their sample of
Galactic globular clusters for the right input ages and
metallicities. Conversely, Zibetti et al. (2013) do not de-
tect the TP-AGB spectral features predicted by MO05 in
their spectra of post-starburst galaxies at z~0.2.

In this Letter we report the detection of TP-AGB
molecular features in NIR spectra of 12 nearby galaxies.
The molecular bands detected include CN (1.1 pym, 1.4
pm), CO (~1.6 pm, ~2.2 pm), HyO (~1.4 pm, ~1.9 pm),
VO (1.048 pm, 1.45 pm) and TiO (0.843 pm, 0.886 pm).
We also detect a feature at ~0.93 pm which is probably
due to a blend of CN, TiO, and ZrO bands. A tenta-
tive detection of a Cy (1.76 pm) bandhead in the mean
spectrum of the whole sample is also reported. While
some of these bands have been detected in previous work,
the novelty of this study is the simultaneous detection of
many features over a wide range of wavelengths. The
dry atmospheric conditions of Mauna Kea have allowed
us to obtain high signal-to-noise ratio (S/N) spectra of
local Universe objects including coverage of wavelength
ranges not usually accessible from the ground, resulting
in the detection of even rather subtle stellar absorption
features arising in the galaxies.

2. DATA

The galaxies discussed in this Letter are a subset of
those observed for the Palomar XD project (Mason et
al. in prep). That program aims to acquire high-quality
NIR spectra of active galactic nuclei (AGN) in the Palo-
mar survey of nearby galaxies (Ho et al. 1995, 1997), us-
ing the Gemini Near-Infrared Spectrograph (GNIRS) on
the Gemini North telescope. The parent sample contains
AGN covering a wide range in luminosity and accretion
rate. Of these, 12 objects were selected for this study on
the basis of high S/N spectra, a strong stellar continuum,
weak or undetectable AGN emission, and good cancella-
tion of the strong telluric absorption bands around 1.4
and 1.9 ym. The subsample was specifically cho-
sen to illustrate the presence and detectability
of the widely-debated TP-AGB star features in
high-quality data.

The spectra were obtained using GNIRS’ cross-
dispersed mode, which provides simultaneous spectral
coverage from ~0.8-2.5 um. The 0.3” slit was used, pro-
viding R~1200, and was orientated at the mean paral-
lactic angle at the time of the observations. The observa-
tions were executed in queue mode'® and the observing
condition criteria allowed for observations to be taken
with thin cirrus and seeing < 1”. The data were reduced
using standard procedures, described in Mason et al. (in
prep).

Some stellar features of interest are located in regions
of poor atmospheric transmission, in which the telluric
cancellation process (dividing by a slightly shifted and
scaled spectrum of an A star observed near in time and
airmass) may leave artefacts in the spectrum. For in-
stance, the 0.93 um feature lies close to telluric HyO
absorption at ~0.95 um. The reality of this feature was
verified in two ways. First, the shifting and scaling ap-
plied to the standard star were adjusted, while verifying
that the strength and profile of the feature were not sig-
nificantly affected. Second, a standard star spectrum was
reduced using the same procedure applied to the galax-
ies, showing that no similar feature was produced in the
resulting spectrum (Fig. 1). A similar procedure was ap-
plied to the HoO absorption regions, indicating that the
broad HyO bands apparent in some objects are not arte-
facts from the data reduction but true stellar features.

The Palomar XD sample spans a wide range of Hubble
types (see Fig. 1) and is composed mainly of low lumi-
nosity AGN, specifically low-ionization nuclear emission
region galaxies (LINERs) and weak Seyferts. The weak
AGN continuum of the sources selected for this Letter
(39.5 < logLx < 41.9 erg s!) allows a detailed study
of the stellar population properties of the host galaxies.
The continuum shape of the spectra is characteristic of an
evolved stellar population (although some dusty objects
like NGC 3718 show a decrease in flux at short wave-
lengths due to extinction), and in any case the effect of
the AGN continuum would be to weaken the stellar fea-
tures and make them more difficult to detect. The 0.3”
slit width corresponds to 40 pc at the median distance
of the sample (24 Mpc; 10 < D < 92 Mpc).

3. RESULTS

The individual spectra are shown in Fig. 1. The CN
(1.1 pm, 1.4 pm) and CO (1.6 pm, 2.23 pum) bands are
clearly detected in the majority of sources. We also de-
tect the HoO 1.4 pum band in a significant fraction of
them. These features are present in the IRTF atlas of
cool stars (Rayner et al. 2009; Cushing et al. 2005, see
their Fig. 7 to 34), and many are predicted by M05 (their
figures 14, 15). Comparing the GNIRS spectra to the
IRTF library shows that, besides the bands in the M05
models, we also detect VO bands at 1.048 pym and 1.453
pm. TiO bands at 0.843 pm and 0.886 pum are also ev-
ident in the spectra of NGC 2832, NGC 4594, and per-
haps others. A broad feature ranging between ~0.93 —
0.95 pm is also detected, but the identity of the carrier is
uncertain. Among the candidates are bands due to CN,
TiO, and ZrO, which are all strong in the spectra of cool
giants (Rayner et al. 2009).

As the spectra of the 12 galaxies are rather similar in
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continuum and emission line properties (Fig. 1), we aver-
aged them to construct a mean spectrum with very high
S/N. The spectra were normalized to unity at 1.223 pm
before computing the mean value of the fluxes, pixel-by-
pixel. The mean spectrum (Fig. 2) allows us to perform
a robust, quantitative analysis of the common features.
We carry out a stellar population synthesis on the mean
spectrum using the STARLIGHT spectral synthesis code
(Cid Fernandes et al. 2004, 2005a,b; Asari et al. 2007)
following Riffel et al. (2009), using three different ap-
proaches to define the base set of spectra used by the
code. First, we use the EPS models of M11, which con-
sist of theoretical SSPs covering 12 ages (¢ =0.01, 0.03,
0.05, 0.1, 0.3, 0.5, 0.7, 1, 2, 5, 9 and 13 Gyr) at solar
metallicity - M11 approach. Second, we use theoretical
SSPs from Bruzual & Charlot (2003) with the same
ages and metallicity as above - BC03 approach. Third,
we use a base composed of all the 210 dereddened stars
(spectral types F-S/C, F being the hottest available) in
the IRTF spectral library (Rayner et al. 2009; Cushing
et al. 2005) - stars approach. The observations were
degraded to the model resolution before fitting
(Riffel et al. 2008; Martins et al. 2013b). The
broad absorption bands are, however, relatively
unaffected by this procedure.

The results are presented in Fig. 2, where we show in
the top panels a zoom of the mean spectrum (black), and
the best fit with the Stars, M11 and BC03 approaches. In
the middle panels we show the residuals of the subtrac-
tion of the fits from the mean spectrum, and in the bot-
tom panels the contributions of the different components
to the fit as well as the reduced x? and the percentage
of deviation (adev).

It is clear from Figs. 1 and 2 that besides the well-
known CO bands, the most prominent band in the spec-
tra is the 0.93 pm feature. This feature may be due to a
combination of CN (red system, Av = v"’—v" = —1), TiO
(e system, Av = —1), and possibly ZrO. The 0.886 pm
band due to the § system of TiO (Av = 0) is detected in
most of the spectra. Depending on the spectral coverage,
the Av = 0 bandheads of the € system of TiO are also
detected in those objects, blended with the well-known
Calcium triplet lines.

Almost as strong as the 0.93 pym feature is the CN band
at 1.1 pum, first detected in an extragalactic source by Rif-
fel et al. (2007). The CN band at 1.4 pum has only been
detected in NGC 4102 (Martins et al. 2013a). According
to Maraston (2005), these bands are strong in TP-AGB
stars, whose contribution to the integrated light peaks
at intermediate ages. In contrast, these CN bands were
not detected by Zibetti et al. (2013) in their study of 16
post-starburst galaxies, suggesting that TP-AGB stars
do not greatly affect the stellar spectrum of that type
of galaxy. The CN 1.4um band falls in a region of poor
atmospheric transmission and is therefore difficult to de-
tect in low-redshift extragalactic sources. Thanks to the
the dry conditions under which these data were obtained,
though, we detect the 1.4 ym CN band in almost all the
galaxies (Fig. 1).

The C, lines are weak or absent in the individual
galaxy spectra but the 1.76 pm band shows up in the
mean spectrum. We also detect the HoO absorption at
1.4 pm in almost all sources, while the 1.8 ym band seems
to be visible only in some of the galaxies (NGC 2655,

NGC 2768, NGC 3147, NGC 4548 and NGC 5850).

Comparing Fig. 1 with Fig. 8 of Cushing et al. (2005)
shows that the VO bands at 1.048 pum and 1.453 pm,
which are due to M III stars, are detected in many of the
galaxies in our sample. To our knowledge, this is the first
time that these bands have been reported in galaxies.

Fig. 2 suggests that the features observed in the indi-
vidual galaxies are real, since they clearly appear in the
mean spectrum. The galaxies are at different red-
shifts, so when they are shifted to the rest frame
to create the mean spectrum, any systematic ef-
fects are shifted to different positions and will
therefore tend to cancel out or be weakened in
the mean spectrum. Additionally, (i) reducing a
standard star using the same procedures results
in a very clean spectrum with few telluric line
residuals (Fig. 1), and (ii) we can fit the observed ab-
sorption spectrum very well using the IRTF library. The
stars approach allows us to get a rough idea of the stars
typically contributing to the integrated light of galax-
ies in the NIR. Those are predominantly cool giants and
dwarfs, which are responsible for the spectral features
detected in the galaxy data.

4. DISCUSSION

The fits of the mean spectrum with the stellar library
(stars approach) suggest that a significant fraction of the
NIR features of these galaxies is due to evolved stars
(luminosity class I to IIT). This is supported by the pres-
ence of strong molecular bands in the mean spectrum.
However, an unexpectedly high fraction of the dwarf
star HD 145675 (KOV) is found. This is probably
because the stellar library only contains evolved stars
which have relatively deep absorption features, so to find
the best fit STARLIGHT dilutes these deep bands of the
evolved stars through inclusion of a strong contribution
by the spectrum of a KOV star, which essentially has
only atomic absorption features. This result is fur-
ther supported by the fact that when we remove
this star, STARLIGHT finds the best fit by splitting
the contribution among other dwarf stars (G, M
and K), while the evolved stars contribution re-
mains almost the same. By the same token, a very
large contribution by S stars is found, which is surpris-
ing and possibly reflects an incomplete representation of
stars in different stellar phases and metallicities in the
input library.

Several absorption bands are qualitatively reproduced
in the M11 model fit, notably those of CN and CO. These
bands are weaker or absent in the BC03 model fit, which
is partly, but not entirely, due to the fact that these
models have lower resolution (R =~ 200, as compared
to R = 500 in M11 models). While the observed VO and
TiO bands, as well as the 0.93 um feature are poorly
reproduced by the model fits, the possible weak Cy 1.76
pm band is in agreement with the M11 model fit shown
in Fig. 2.

Fitting the mean spectrum with the M11 models re-
sults almost exclusively in intermediate age and old SSPs
(Fig. 2). With the BC03 models, though, the STARLIGHT
code includes a young (~ 107 yr) component and requires
only a very small fraction of old SSPs. This is proba-
bly because the BC03 models do not have deep NIR, CN
bands so that STARLIGHT attempts to fit the 1.1 ym CN
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band with Pay. If such a young component were gen-
uinely present, we would expect to require a significant
fraction of F stars (the hottest available in the IRTF li-
brary) when fitting the mean spectrum with the stellar
library, which is not the case. Furthermore, when we
remove the <100 Myr components from the BC03
approach, the best fit is achieved with ~ 35% of
the light due to the 1 Gyr and ~ 65% due to the
2 Gyr components, however, with a much poorer
fit (x* ~ 100).

Since the relative band strengths depend on metallic-
ity (MO05), we also tried fitting the mean spectrum with
BC03 and M05 models with three non-solar metallicities
(the M11 models include only solar metallicity for this
wavelength range). Similar ages to those derived from
the original analysis were obtained in all cases.

The galaxies in our sample have similar spec-
tral shapes, thus, their intrinsic reddening is sim-
ilar. The mean spectrum has an average red-
dening which is treated by STARLICHT as a free
parameter. The visual extinctions derived with
Stars and M11 are very similar (Fig. 2) , while for
BCO03 a larger value is required (to compensate
for the spectral shape of the younger populations
fitted). The goal of this work is to show the gen-
eral behavior of model predictions when trying to
reproduce the stellar absorption features, which
are only weakly affected by extinction (e.g. Rif-
fel et al. 2011). A more in depth analysis of the
stellar populations of the individual galaxies, in-
cluding a detailed discussion of reddening effects,
is deferred to future work (Riffel et al., in prep).

5. FINAL REMARKS

The high-S/N GNIRS spectra presented in this Let-
ter clearly show the NIR absorption features of CN, VO,
H50 and CO that are present in the spectra of thermally
pulsing asymptotic giant stars. Another feature char-

acteristic of cool giants is detected at 0.93 um, and is
probably due to a blend of CN, TiO, and possibly ZrO.

After comparing the mean spectrum of the 12 individ-
ual galaxies with observed stellar spectra (Cushing et al.
2005; Rayner et al. 2009), the M11 “enhanced TP-AGB
models” and the BC03 models, we find that the relatively
strong molecular features predicted by the M11 models
provide a good fit to the galaxy spectra, indicating the
presence of intermediate age stellar populations in these
galaxies.

Recent EPS models reproduce qualitatively well most
absorption features of the galaxy NIR spectra, but issues
related to both incompleteness of the stellar libraries and
uncertainties in the the theoretical treatment of AGB
and TP-AGB stellar phases prevent us from pursuing a
more detailed quantitative analysis at this stage. A more
precise determination of the ages and metallicities of the
stellar populations of the individual galaxies will be the
subject of a future paper, where we will perform an in-
depth analysis on the basis of a wider range of stellar
population synthesis models and model parameters.
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