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ABSTRACT

We analyse the stellar absorption features in high signal-to-noise ratio (S/N) near-infrared
(NIR) spectra of the nuclear region of 12 nearby galaxies, mostly spirals. The features detected
in some or all of the galaxies in this sample are the TiO (0.843 and 0.886 um), VO (1.048 pm),
CN (1.1 and 1.4 um), H,O (1.4 and 1.9 um) and CO (1.6 and 2.3 um) bands. The C, (1.17
and 1.76 um) bands are generally weak or absent, although C, (1.76 um) may be weakly
present in the mean galaxy spectrum. A deep feature near 0.93 um, likely caused by CN,
TiO and/or ZrO, is also detected in all objects. Fitting a combination of stellar spectra to the
mean spectrum shows that the absorption features are produced by evolved stars: cool giants
and supergiant stars in the early- or thermally pulsing asymptotic giant branch (E-AGB or
TP-AGB) phases. The high luminosity of TP-AGB stars, and the appearance of VO and ZrO
features in the data, suggest that TP-AGB stars dominate these spectral features. However, a
contribution from other evolved stars is also likely. 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, none of the models
tested accurately reproduces all of the features observed in the spectra. To do so, the models
will need to not only improve the treatment of TP-AGB stars, but also include good quality
spectra of red giant and E-AGB stars. The uninterrupted wavelength coverage, high S/N and
quantity of features we present here will provide a benchmark for the next generation of
models aiming to explain and predict the NIR properties of galaxies.
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1 INTRODUCTION

Studying the unresolved stellar content of galaxies generally in-
volves disentangling the various components contributing to the
spectral energy distribution (SED), fitting a combination of sim-
ple stellar populations (SSPs) to derive information about age,
metallicity and star formation history. In the near-infrared (NIR,
0.85-2.5 pm), the thermally pulsing asymptotic giant branch
(TP-AGB) phase — the last stage of the evolution of intermediate-
mass stars (M < 6 M©®) —is a particularly important component of
the SSP models. These stars may be able to dominate the emission of
stellar populations with ages ~0.2-2 Gyr (Maraston 2005, see also
Mouhcine & Langon 2002 and Dottori et al. 2005) being responsible
for roughly half of the luminosity in the K band (Salaris et al. 2014).

Unfortunately, a correct treatment of the TP-AGB phase is diffi-
cult to achieve, since the physics of the evolution of this stellar phase
is still poorly known (Maraston 2005; Marigo et al. 2008; Conroy
& Gunn 2010; Kriek et al. 2010; Conroy 2013; Noégl et al. 2013;
Zibetti et al. 2013). The complex processes occurring during this
phase (mass-loss, changing opacities, dredge-up events, etc.) are
difficult to accurately model, and must be anchored with empirical
calibrations (e.g. Marigo et al. 2008). The contribution of a popu-
lation of TP-AGB stars to the light of a galaxy also depends on the
duration of this evolutionary stage, which is not yet well constrained.
In addition, the features of an observed spectrum of a TP-AGB star
depend strongly on its age and metallicity (e.g. Lancon et al. 2001),
and we do not have NIR empirical spectra of stars covering the full
range of these parameters expected in galaxies.

These difficulties have led to the production of models mak-
ing very different predictions for the NIR spectral region. In con-
trast to evolutionary population synthesis (EPS) models based on
isochrone synthesis, such as those of Bruzual & Charlot (2003,
hereafter BC03), the models of Maraston (2005) and Maraston &
Stromback (2011, hereafter MO5 and M11), based on the fuel con-
sumption theory and using empirical spectra of C- and O-rich stars
for the TP-AGB phase, predict the presence of strong NIR molec-
ular features, such as TiO (0.843 pum, 0.886 um), CN (1.1 wm,
1.4 um), C, (1.17 pm, 1.76 um), H,O (1.4 um, 1.9 pm) and CO
(1.6 um, 2.3 um) at the ages where these stars are abundant. When
applied to galaxy spectra, the MOS5 models also predict much higher

Table 1. Galaxy properties.

NIR luminosities than the BCO3 ones (Maraston et al. 2006). The
models are calibrated using Galactic and Magellanic Cloud globular
clusters, and have been tested against a variety of astronomical data
sets, with somewhat mixed results (Maraston et al. 2006; Kriek et al.
2010; Lyubenova et al. 2010, 2012; Riffel et al. 2011a; Melbourne
et al. 2012; Zibetti et al. 2013; Marigo 2014).

Given the challenges involved in constructing SSPs appropriate
to modelling galaxy SEDs based solely on theoretical stellar spectra
and/or limited empirical stellar spectra, searches for these bands in
galaxies would be a valuable step forward in guiding the devel-
opment and improvement of the models. Some studies have been
carried out in this area. The 1.1 um CN band, for example, has
been detected in AGN and starburst galaxies (Riffel et al. 2007;
Ramos Almeida, Pérez Garcia & Acosta-Pulido 2009), along with
the 1.4 um CN band in a single object (Martins et al. 2013b). The
CO bandheads near 2.3 um are well known, and the first detection
of ZrO features at 0.8—1.0 um was recently reported in a sample
of starburst nuclei (Martins et al. 2013b). Conversely, Zibetti et al.
(2013) do not detect the TP-AGB spectral features predicted by
MOS5 in their spectra of post-starburst galaxies at z ~ 0.2.

Here we investigate the origin of the stellar molecular absorption
features in NIR spectra of 12 nearby galaxies, and use the spectra
to test two current EPS models. The detected bands include CN
(1.1 um, 1.4 pm), CO (~1.6 um, ~2.3 um), H,O (~1.4 um,
~1.9 um), VO (1.048 pm) and TiO (0.843 pm, 0.886 pm). We also
detect a feature at ~0.93 um which is probably due to a blend of
CN, TiO and ZrO bands. A tentative detection of a C, (1.76 pwm)
bandhead in the mean spectrum of the whole sample is also reported.
While some of these bands have been discussed in previous work,
the novelty of this study is the simultaneous detection and analysis
of many features over a wide range of wavelengths.

2 SAMPLE AND DATA

2.1 The sample

The galaxies in this paper (Table 1) are a subset of those observed
for the Palomar XD project (Mason et al. 2015). That program
acquired high-quality nuclear NIR spectra of galaxies in the Palo-
mar survey of nearby galaxies (Ho, Filippenko & Sargent 1995,

Galaxy Distance”  Morphology  AGN“*  log L(Hw)* Age (ref)” Aperture® SNR¢
(Mpc) (ergs™) (pc)
NGC 2655 24.4 Sa S2 39.55 1(1) 27 x 82 118
NGC 2768 23.7 SO/E6 L2 39.01 1(1,2),0 (3,4) 27 x 80 121
NGC 2832 91.6 E3 L2 38.91 02,5 135 x 404 160
NGC 3147 40.9 S(s)b I-IT S2 39.47 0O (6) 54 x 163 132
NGC 3718 17.0 Sa L1.9 38.46 - 19 x 58 123
NGC 4548 16.8 SB(sr)b I-I1 L2 38.46 (O X)) 9 x 28 110
NGC 4565 9.7 Sb S1.9 37.97 - 24 x 73 100
NGC 4594 20.0 Sab L2 39.70 O (8) 21 x 63 168
NGC 4750 26.1 S(r) L1.9 39.04 - 31 x 94 119
NGC 5005 21.3 S(s)b II L1.9 39.47 1/0 (9) 19 x 56 119
NGC 5371 37.8 SB(sr)b 1 L2 39.24 - 50 x 149 100
NGC 5850 28.5 SB(rs)b I-1T L2 38.66 O (10) 50 x 149 100

Notes. “Ho et al. (1997) and references therein. Stellar population age. O = old, age 25 Gyr. I = intermediate
age, age ~1-2 Gyr. References: 1 — Sil’chenko (2006). 2 — Zhang et al. (2008) 3 — Serra et al. (2008). 4 —
Crocker et al. (2008). 5 — Loubser et al. (2009). 6 — BCO3. 7— Sarzi et al. (2005). 8 — Sanchez-Blazquez et al.
(2006). 9 — Cid Fernandes et al. (2004b). 10 — de Lorenzo-Caceres, Falcon-Barroso & Vazdekis (2013) “Slit
width x extraction aperture of 0.3 arcsec x 0.9 arcsec. “Determined in the range 2.076-2.096 pum.
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1997), using the Gemini Near-Infrared Spectrograph (GNIRS) on
the Gemini North telescope (Elias et al. 2006). The GNIRS sample
contains AGNs covering a wide range of luminosity and accretion
rate. Of these, a subsample was selected for this study on the basis
of high signal-to-noise ratio (S/N) data, strong stellar continuum,
weak AGN emission and excellent cancellation of the strong telluric
absorption coincident with the location of the CN and H,O bands
around 1.4 pm. While some molecular bands are evident in the re-
maining 38 objects (Mason et al. 2015), we restrict this discussion
to the 12 galaxies with the highest quality data.

It is important to realize that these are not necessarily the galaxies
where features due to TP-AGB stars would be expected to be the
strongest. That is, no selection due to stellar population properties
was made. The galaxies are simply those in which the data permit
a close examination of the various bands that have been suggested
to be signatures of TP-AGB stars. As shown in Table 1, with the
exception of NGC 2832 and NGC 2768, all of the galaxies are
spirals. Optical stellar population studies have been carried out for
several of the galaxies, and in most cases old ages are suggested
(Table 1). Possible exceptions are NGC 2655, NGC 2768 and NGC
5005. The H B line index in NGC2655 suggests a mean age of
~2 Gyr (Sil’chenko 2006), while studies disagree about whether
old (Sil’chenko 2006; Zhang, Gu & Ho 2008) or intermediate-age
(Crocker et al. 2008; Serra et al. 2008) stars dominate in NGC 2768.
In NGC 5005, Cid Fernandes et al. (2004a) find that an intermediate-
age stellar population contributes about 45 per cent of the nuclear
optical light.

Intercomparing stellar ages obtained from different spectral re-
gions, apertures and line indices/stellar population models can
be highly problematic. None the less we use this information in
Section 4, in which we draw some tentative conclusions about the
type of stars causing the molecular absorption features observed in
this galaxy sample.

2.2 The data

The spectra were obtained using GNIRS’ cross-dispersed mode,
which provides simultaneous spectral coverage from ~0.8 to
2.5 um. The 0.3 arcsec slit was used, providing R ~ 1200, and
was orientated at the mean parallactic angle at the time of the obser-
vations. The observations were executed in queue mode (Programs
GN-2012B-Q-80, GN-2013A-Q-16), and the observing condition
criteria allowed for observations to be taken with thin cirrus and see-
ing <1 arcsec. The data were reduced using standard procedures,
described in Mason et al. (2015).

Some stellar features of interest are located in regions of poor
atmospheric transmission, in which the telluric cancellation pro-
cess (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 instance, the 0.93 pm feature lies close to telluric
H,O absorption at ~0.95 pm. The authenticity of this feature was
verified in two ways. First, the shifting and scaling applied to the
standard star were adjusted, while verifying that the strength and
profile of the feature were not significantly affected. Secondly, a
standard star spectrum was reduced using the same procedure ap-
plied to the galaxies, showing that no similar feature was produced
in the resulting spectrum (Fig. 1). A similar procedure was applied
to the H,O absorption regions, indicating that the broad H,O bands
apparent in some objects are not artefacts of the data reduction but
true stellar features.

Stellar molecular features in nearby galaxies 3071

3 RESULTS

3.1 The spectral features

The full set of spectra is shown in Fig. 1, while Figs 2—4 show
close-ups of various regions of interest. As can be seen from these
figures (see also Fig. 6), the CN (1.1 um, 1.4 um) and CO (1.6 um,
2.3 um) bands are clearly detected in the majority of sources. While
the 1.1 pm CN band is known in a number of galaxies (Riffel et al.
2007), the CN band at 1.4 pm has to date only been detected in
NGC 4102 (Martins et al. 2013a). The CN 1.4 um band falls in a
region of poor atmospheric transmission and is therefore difficult to
detect in low-redshift extragalactic sources. Thanks to the dry con-
ditions under which these data were obtained; however, we detect
the 1.4 pm CN band in almost all the galaxies of the present sample.
According to M05, these bands are strong in TP-AGB stars, whose
contribution to the integrated light peaks at intermediate ages.

The H,O 1.4 um band is also detected in almost all sources, while
the 1.8 pm band is visible only in some (NGC 2655, NGC 2768,
NGC 3147, NGC 4548, NGC 5850). C, lines are weak or absent
in the individual galaxy spectra but the 1.76 pm band may show
up in the mean spectrum (see Fig. 5). These features are present in
the IRTF atlas of cool stars (see figs 7-34 of Rayner, Cushing &
Vacca 2009, see also Cushing, Rayner & Vacca 2005), and are also
predicted by MOS5 (their figs 14 and 15).

A comparison of the GNIRS spectra with the IRTF library shows
that, besides the bands predicted by the MO5 models, we also detect
a VO feature at 1.048 pm. A comparison of our Fig. 1 with fig. 8 of
Rayner et al. (2009) shows that the VO band at 1.048 pm, detected
in many of the galaxies in our sample, most likely originate in late
M 1II stars in the TP-AGB phase. To our knowledge, this is the
first time that these bands have been reported in galaxies. A broad
feature ranging between ~0.93 and 0.95 um is also detected, but
the identity of the carrier is uncertain. The feature may be due to
a combination of CN (red system, Av = v’ — v = —1), TiO (e
system, Av = —1) and ZrO, which are all strong in the spectra of
cool giant stars (Rayner et al. 2009). The 0.886 pm band due to the
& system of TiO (Av = 0) is detected in some of the spectra (NGC
2832, NGC 4594 and perhaps others). Depending on the spectral
coverage, the 0.843 um Av = 0 bandheads of the € system of TiO
are also detected in those objects, blended with the well-known
Calcium triplet lines.

We have measured the equivalent widths (EW) of the strongest
molecular bands, including the 0.93 um CN/TiO/ZrO and 1.048 um
VO bands that are particularly relevant to TP-AGB stars. The mea-
surements were performed using an updated version of the paccE
code (Riffel & Vale 2011). In this code, the continuum uncertainty
is taken as the root mean square of the difference between the linear
fit to the pseudo-continuum and the observed one. Then a Gaussian
distribution of errors, using the above difference as 1o standard
deviation, is assumed to simulate new pseudo-continua. Finally,
EW uncertainties are assumed to be the standard deviation of 500
measurements of EW using the simulated pseudo-continua as con-
tinuum points for the linear fit. The line definitions used are listed
in Table 2 and the measured values are in Table 3.

As the spectra of the 12 galaxies have rather similar continuum
and emission line properties (see Fig. 1), we averaged them to con-
struct a spectrum with very high S/N, allowing further verification
that the detected features are real. The spectra were normalized to
unity at 1.223 um before computing the mean value of the fluxes,
pixel by pixel. The resulting spectrum (Fig. 5) supports the conclu-
sion that the features observed in the individual galaxies are real,

MNRAS 450, 3069-3079 (2015)
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Figure 1. Rest frame spectra of the galaxy sample. Shaded regions indicate broad, stellar HyO molecular bands, while dotted lines denote the CO bands.
Other molecular bands are labelled at the bottom of the figure. A Mauna Kea atmospheric transmission spectrum for I mm H;O and 1 airmass is also shown
(grey), along with the spectrum of an AO star (blue) reduced in the same manner as the galaxy data. Because of the small redshifts of the galaxies, the telluric
features/residuals in the AQ star and atmospheric spectra do not correspond precisely to those in the galaxy data.

since they clearly appear in the mean spectrum. As the galaxies are
at different redshifts, when they are shifted to the rest frame to create
the mean spectrum, any systematic effects 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 weak
telluric line residuals (Section 2), and (ii) we can fit the observed
mean absorption spectrum very well using the IRTF stellar library
(Section 4), thus indicating that the features are real and due to stars.

3.2 Stellar population synthesis

Bands from carbon-containing molecules are present in the galaxy
spectra in Fig. 1, along with VO and possibly a contribution from
ZrO in the band at 0.93 um. The presence of these molecules sug-
gests a significant contribution from TP-AGB stars to the NIR spec-
tra of the galaxies. To further investigate (1) whether these molecular
bands really are due to TP-AGB stars, and (2) whether the avail-
able stellar population synthesis models are able to reproduce them,
we carry out a stellar population synthesis on the mean spectrum
using the STARLIGHT spectral synthesis code (Cid Fernandes et al.
2004a, 2005a,b; Asari et al. 2007). The procedures followed are
described in Riffel et al. (2009) and Dametto et al. (2014), includ-
ing, for example, the methods used to handle extinction, emission
lines and differences in spectral resolution. Briefly, STARLIGHT fits an
observed spectrum O, with a combination, in different proportions,

MNRAS 450, 3069-3079 (2015)

of N, SSPs, solving the equation:

N.

M, = My Z xjbjn| ®G(vs, 0y), (D

j=1

where M is a model spectrum, b; ; r;, is the reddened spectrum of
the jth SSP normalized at Ag; r, = 1079442=40) jg the reddening
term; M, is the theoretical flux at the normalization wavelength; x
is the population vector, and G(v,, o) is the Gaussian distribution
used to model the line-of-sight stellar motions, which is centred at
velocity v, with dispersion o . The final fit is carried out searching
for the minimum of the equation:

X2 = [0 — Mw, %, )

where emission lines and spurious features are masked out by fixing
w, = 0. The quality of the fit is accessed by xz., which is the x>
given by equation (2) divided by the number of points used in
the fit and by adev = |0, — M, |/O;, which is the percentage
mean deviation over all fitted pixels. For a detailed description of
STARLIGHT, see its manual.! For applications in the optical, see Cid
Fernandes et al. (2005b), and in the NIR see Riffel et al. (2009).
We use four different approaches to define the base set of spectra
used by the code, as follows: (i) stars approach: a base composed

Uhttp://astro.ufsc.br/starlight/
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Figure 2. Close-up of the 0.8-1.6 um region. Top: M 11, M05 and BC0O3 models (Section 3.2). Other panels: observed spectrum (thin red line) and degraded

to M05/BCO03 spectral resolution (thick black line).

of all the 210 dereddened stars (spectral types F-S/C, F being the
hottest available) in the IRTF spectral library (Cushing et al. 2005;
Rayner et al. 2009) and (ii) stars no TP-AGB approach: the same
as in (i) but removing all the TP-AGB stars from the base. (iii) M1/
approach: EPS models of M11 (an example of models including
empirical spectra of C- and O-rich TP-AGB stars), which consist 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; (iv) BCO3 approach:
SSPs from BCO3 (an example of models calibrated with broad-band
photometry) with the same ages and metallicity as above.

4 DISCUSSION

4.1 Origin of the features

To link the molecular absorption features to the kind of star in
which they may arise, we first revisit some relevant aspects of the
later stages of stellar evolution.

Once the helium in the core of a star is exhausted, He burning
begins in a shell surrounding the core. This marks the arrival of
the star on the AGB. The star starts to expand, becoming cool
and luminous, and develops a growing convective outer region. At
this stage, the second dredge-up occurs, mixing the end points of
helium burning, mainly C and O, into the star’s atmosphere. At the
end of this phase, the s process becomes the dominant mechanism
of nuclear fusion, producing elements such as Zr and V (Habing &
Olofsson 2004).

The star then starts to undergo thermal pulses, leaving the E-AGB
stage and entering the TP-AGB phase. The third dredge-up takes
place, and processed material from the star’s interior is transported
into its atmosphere. At this point the spectrum of the star will present
evidence of enhanced C and O abundance, along with features due to
species containing the newly formed Zr and V (Habing & Olofsson
2004). For example, the NIR CN absorption band is particularly
enhanced in carbon stars, where there is residual carbon that is not
bound with oxygen in CO molecules. As N-type carbon stars are
produced after the third convective dredge-up along the TP-AGB

MNRAS 450, 3069-3079 (2015)
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Figure 3. Same as Fig. 2.

phase (Habing & Olofsson 2004), the detection of deep CN features
may indicate stellar populations rich in this kind of star (Langon
et al. 2001; Riffel et al. 2007). Similarly, VO and ZrO are produced
with the residual oxygen not used in the formation of CO and TiO.
Since V and Zr are only produced by the s process, these features
are normally only detected in TP-AGB stars.

Below, we relate the spectral features in the galaxies to those
observed in various kinds of star. It is therefore necessary to un-
derstand the stellar characteristics (spectral types and other traits)
that identify a star as being in the TP-AGB phase. Most AGB
stars have spectral classes M, S and C (Habing & Olofsson 2004).
Of the two main types of carbon star, C-N stars are in the TP-
AGB phase while C-R stars are not. All the molecular bands in C
stars are from carbon-containing molecules. The spectra of early
M-type stars contain TiO bands, while VO becomes apparent at
later spectral types. S stars, however, are characterized by dis-
tinctive ZrO absorption. As noted above, s-process elements such
as Zr and V are normally only present in AGB stars in the TP
stage.

MNRAS 450, 3069-3079 (2015)

TP-AGB stars can also be distinguished by the variability caused
by their long-period pulsations. The stellar library of Rayner et al.
(2009) includes several IR spectra of TP-AGB stars, identified by
their characteristic variability types (irregular, semi-regular and
Mira), and their data illustrate the above trends. Inspecting their
series of dwarf, giant and supergiant spectra (their figs 7-9) shows
that the only molecular features detected in the dwarf stars are TiO,
CO, H,0 and FeH. CN bands are present in the giants and su-
pergiants, but are most prominent in the late-type supergiants with
TP-AGB-like variability characteristics (the K1 Ia-Iab, K5 Ib, M3
Iab-Ia and M5 Ib-II stars in their fig. 9). ZrO also becomes promi-
nent in the coolest of the TP-AGB supergiants in that figure. In the
latest type of the TP-AGB giants (M4 III, M6 III, M7 III and M8-9
Il in fig. 8 of Rayner et al. 2009), absorption from the VO molecule
becomes apparent.

The results of the stellar population synthesis are shown in Fig. 5.
When using the stars approach the spectrum can be well repro-
duced, and a significant fraction (~ 35 per cent) of the light comes
from TP-AGB stars (the stars marked with « in the lower left panel

9T0Z ‘9T JegUBAON Uo DISD e /BI0'S [euinopuoxo'seiuLu//:dny wolj pepeojumod


http://mnras.oxfordjournals.org/

Stellar molecular features in nearby galaxies 3075
0.40 — 0.40 —
0.35 Do 1 035 N 1
0.30f Lo 1 9.30F P ]
0.25}- A 1 025k P 1
0.20} i q 0.20F Do A
13 2Rl 200
0.05-2€03 S 0.05—B€03 S .
0.30 1 NGC 2655 0.25 . 1 NGC 2768
0.25 U 0.20 S
0.20 Y Y 0.15 7N
0.15} L 1 o.10} L ]
0.35 : — : e
8-3? © I NGC28321 0.35 © i NGC 3147
X 9% o~ ] 030
i 0.15¢ : : : : )
- 0.10f Lo 4 0.20 Lo
9 * 1 * Tt
= 8-‘31(; : :NGC37181 0.35 : I NGC 4548 -
= 0.30 : : : 1 0.30 : : : E
E ) 0.25
5 0.25) S ;
= 0.20f oo 0 10200 Lo 1
0.35 .. I NGC 45651 0.30
9-32 Con 0.25 L
0.15} Lo 1 015 Lo
0.45 - : SR S S
0.40 : : 0.45 : : : :
0:35 P 0:40 . 1 NGC 5005
0.30 : 0.35F A |
0.25 . 0.30} ;
0.20 Do 0.25F 7N
0.15 ‘ T 0.20 ‘ I
0.30 . . I NGC5371 0.30 . © i NGC 5850
0.25 T 0.25 T
0.20 N 0.20 N
0.15} Co . 0.15} co:

220 2.25 230 235 240 245 220 225 2.30 235 2.40 245

Wavelength (A)

Figure 4. Same as Fig. 2.

of the figure). This is illustrated by Fig. 6, which shows that these
stars account for the molecular features particularly at the short
wavelength end of the spectrum. However, when the TP-AGB stars
are removed, the code replaces them with a variety of E-AGB and
red giant stars, notably a large contribution from a K5Ib star and
a significant contribution from a C-R type carbon star. The quality
of the fit is similar overall, with just a small increase in the x2 and
Adev? values.

Taken at face value, this would suggest a degeneracy between R-
type carbon-rich stars summed with E-AGB stars and the TP-AGB
stars. However, there are two important details that have to be taken
into account. First, we are trying to fit a galaxy’s stellar population
with the observed spectra of stars from a library which is neither
complete nor absolutely flux-calibrated, and most importantly, not
constrained by the rules of stellar evolution, which would require the
use of an isochrone and an assumption about the initial mass func-
tion. This would be the correct approach to create an SSP,? where the

2 The percentage mean |0, — M;,| /Oy, deviation over all fitted pixels.
3 Which are the correct inputs for the base of elements in stellar population
fitting using the STARLIGHT code.

contribution of each stellar spectral type is weighted by the number
and luminosity of the stars. This is a large task in its own right and
is well beyond the scope of this paper. This means that although we
can reproduce the mean spectrum with both approaches, the results
need to be taken with caution. AGB and regular giant stars are short-
lived, and their true contribution to a stellar population spectrum of
a given age cannot be determined by the approaches we described
here.

With that said, TP-AGB stars are very luminous. Despite the fact
that they exist only in population components with ages ~0.2-2 Gyr
(MO05), they have been shown to account for almost 20 per cent of
the 1.6 pm flux of nearby galaxies (Melbourne et al. 2012), with
much of the remainder likely coming from relatively featureless
main-sequence stars. In the K band, they may be responsible for
roughly half the total luminosity (Salaris et al. 2014). Such luminous
stars, with strong absorption features, may be expected to leave an
imprint on the NIR spectrum. Also, there is a subtle difference
between the two fits in the absorption band at 0.93 pm (see Fig. 7).
As noted above, this band probably contains contributions from
CN, TiO and ZrO. The fit in this region is improved when TP-AGB
stars are included, suggesting that some of the absorption indeed
comes from the Zr brought to the surface by the third dredge-
up. Combined with the fact that VO is present in the galaxies’

MNRAS 450, 3069-3079 (2015)

9T0Z ‘9T JegBAON Uo DISD e /BI0'S [euinolpuoxo'seiuLu//:dny wody papeojumod


http://mnras.oxfordjournals.org/

3076

Figure 5. Top: mean spectrum (black), along with EPS fits using (lowest to highest) the IRTF stars, stars no TP-AGB, M11 and BC0O3 models. Middle: the
difference between the mean spectrum and its fits, following the same order as in the top. Bottom: synthesis results from these three methods. x; denotes light
fractions and p; denotes mass fractions. Stars spectral types are taken from Cushing et al. (2005) and Rayner et al. (2009) and * denotes TP-AGB stars. The
goodness of the fits and Av are on the labels. For display purposes, we removed from the histograms stars in the base set that do not contribute to the fits.

spectra (see Fig. 6), these considerations suggest that TP-AGB stars
play a significant role in the features observed in our integrated
spectra.*

4We note that the VO feature near 1.05 um is not well reproduced by
either the models or the stellar library. The absence of the feature in the
model spectra is not surprising, as they do not include the VO molecule. Its
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Table 2. Line limits and continuum bandpasses.

) P
8 109 1010
Age(yrs)

:\' L
10° 107 10® 10°1
Age(yrs)

ID Line limits Continuum bandpass
(pm) (pm)
CN/TiO/ZrO  0.9200-0.9500 0.8760-0.8800, 0.9570-0.9650

VO 1.0470-1.0650

CN11 () 1.0900-1.1300
CNl4a 1.4050-1.4300
CN14b 1.4500-1.4715
COl6a 1.5735-1.5810
CO16b(a) 1.6175-1.6285
CO22a(x) 2.2910-2.3200
CO22b(xr) 2.3200-2.3420
CO22c¢(x) 2.3420-2.3695

1.0350-10 390, 1.0660-1.0740
1.0660-10 740,1.1310-1.1360
1.3950-13 990, 1.4340-1.4390, 1.4750-1.4840
1.3950-13 990, 1.4340-1.4390, 1.4750-1.4840
1.5110-15 170, 1.5390-1.5410, 1.6270-1.6310, 1.6570-1.6580
1.5110-15 170, 1.5390-1.5410, 1.6270-1.6310, 1.6570-1.6580
2.2690-22 790, 2.3950-2.3999
2.2690-227 90, 2.3950-2.3999
2.2690-227 90, 2.3950-2.3999

Notes. a based on Riffel et al. (2009) and Riffel et al. (2011a).
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weakness in the empirical fit may be a result of incompleteness of the stellar
library or the fact we are not constraining it by the rules of stellar evolution.
A definite conclusion will require more detailed analysis, and is left for a
future paper (Riffel et al., in preparation)

010

If TP-AGB stars dominate the NIR spectral features, we might
expect to observe stronger features in intermediate-age galaxies
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Stellar molecular features in nearby galaxies — 3077
Table 3. EWs of the absorption bands in the galaxy sample.
Galaxy  CN/TiO/ZrO VO CNI11 CNl4a CN14b COl6a CO16b C023a C023b C023c
NGC 2655 20.20 £0.50 3.66£0.37 12.06+0.52 831+050 4.71+£034 4.12+£0.13 6.84+£0.19 23.31+£0.24 22.60£0.30 29.83 £ 0.42
NGC 2768 17.23+£0.53 3.75+£024 11.144+046 509+0.58 588037 323+£0.07 645+0.11 23.97+£0.27 22.61 £0.22 30.42 £+ 0.33
NGC 2832 16.16 £0.49 2.17+£0.35 1124 +0.51 8.88+034 500+027 430+£0.10 4.85+027 21.59 +£043 21.24 £0.43 30.63 £+ 0.68
NGC 3147 23.80£0.41 3.23+£046 9454051 6.68+£042 3.62+£0.38 239+£0.08 5.87+£0.16 18.92+£021 17.44+£0.29 24.18 £+ 0.40
NGC 3718 18.34£0.58 4.924£032 9.07+£0.61 822049 4924039 337£0.09 628£0.19 22.36+£0.33 20.58 +£0.26 27.90 £0.37
NGC 4548 22.58 £0.75 3.94£045 1049+ .15 6.33+£0.70 4.74£047 333£0.10 6.90+0.17 20.33+£0.25 18.77+£0.25 25.97 £0.36
NGC 4565 16.61 £0.44 343+£024 9.01£049 7.63+£049 416031 3.64£0.08 6.66+0.17 21.98 +£0.25 20.94 £0.24 28.45+0.42
NGC 4594 20.07 £0.40 4.81£0.24 8.07£040 1043 +1.02 3.74£0.37 3.41£0.07 3.68+£0.16 23.80£0.16 22.13£0.16 30.86 £ 0.32
NGC 4750 1644 £0.61 3.98+£040 832+0.56 537055 443£033 1.96+0.08 6.41£0.15 20.86+=0.28 20.61 £ 0.30 26.45£0.48
NGC 5005 11.86+£0.41 1.70£0.32 10524053 7.93+£023 3.39+£0.27 428+£0.08 6.15+0.13 22.80+£0.22 23.16£0.26 30.06 & 0.48
NGC 5371 16.80 £0.48 1.75+£0.34 7264067 4.84+038 3.81+£035 1.94+£0.12 641 +021 22.65+025 20.62+0.28 28.82+0.44
NGC 5850 18.45+£0.51 3.11£0.39 10.06+0.66 3.85+044 3.87+£0.31 3.07£0.09 6.72+0.14 22.58 +£0.30 21.94+£0.26 29.15+0.34
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Figure 6. Fractional contribution of the stars used in the fit using the stars approach (Top). For display purposes, we removed the stars contributing with less
than 2 per cent (to see the contribution of stars contributing with less than 2 per cent see Fig. 5) from the plot. The contribution of the TP-AGB stars (marked
with «) to the observed absorption features is clearly observed, a zoom to these features is shown at the bottom. For more details, see Section 3.2.

that should host larger populations of these stars. This is not ob-
viously the case in this sample. The spectra in Fig. 1 are re-
markably similar, and there is no clear relationship between the
EW values in Table 3 and whether a galaxy is classified as in-
termediate age or old in Table 1. Of the galaxies in this sam-
ple, NGC 5005 has probably the most secure evidence for a large
intermediate-age (~45 per cent) stellar population (Cid Fernandes
et al. 2004b). Its CN/TiO/ZrO and VO bands, however, are the
weakest that we observe (Table 3). Similarly, Mason et al. (2015)
examined three galaxies with intermediate-age populations and
found them to have weaker molecular absorption bands than older
galaxies.

There are several possible reasons for this apparent contradiction.
First, stellar populations derived from optical and NIR spectroscopy
cannot necessarily be directly compared. Dust can obscure young

populations in the optical, and different slit sizes® can probe dif-

ferent regions of spatially varied populations (Riffel et al. 2011b;
Martins et al. 2013b). Secondly, the intermediate-age galaxies stud-
ied here and in Mason et al. (2015) likely span only limited range
of metallicity. As the strength of TP-AGB spectral features depends
greatly on their age and metallicity (MO05), weak NIR features like
those observed in NGC 5005 may not be a universal characteristic of
intermediate-age galaxies. Thirdly, intermediate-age galaxies may
also contain young stellar populations, whose relatively featureless
spectra may dilute the stronger bands of the TP-AGB stars.

5 That might be the case of NGC5005, since the slit used by Cid Fernandes
et al. (2004b) is three times wider than ours, thus potentially sampling
additional stellar populations.

MNRAS 450, 3069-3079 (2015)
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Figure 7. Difference between the stars and stars no-TP-AGB approaches
presented in Fig. 5.

Finally, as shown by our model fits, red giants, C-R and E-AGB
stars can also produce most of the observed features sometimes
attributed to TP-AGB stars. These stars may be important in stellar
populations that are both younger than the intermediate-age pop-
ulations in which TP-AGB stars are believed to be abundant (if
R C-rich and E-AGB stars are present in large fractions), or in
older populations (which contain large numbers of red giants). This
clearly demonstrates that to accurately model a stellar population,
all kinds of evolved stars need to be taken into account.

To date, the most targeted search for TP-AGB stars in galaxies
is that of Zibetti et al. (2013). They obtained NIR (H- and K-band)
spectra of 16 post-starburst galaxies, selected partly for the CN
(1.41 pm) and C, (1.77 um) bands to be redshifted out of strong
telluric absorption (z ~ 0.2). Although the stellar ages (0.5-1.5 Gyr)
of these galaxies correspond to the period of maximum contribution
of TP-AGB stars to the integrated spectrum, the depth of absorp-
tion features from carbon molecules in these stars was found to be
no more than a few per cent of the continuum. Extrapolating from
our observations to predict the features expected in post-starburst
galaxies is beyond the scope of this paper, but we note that the weak
CN and C, absorptions reported here would not be detected at the
resolution (~300 versus 1200) and S/N (~30 versus 110 in the K
band) of the Zibetti et al. (2013) data, and their spectral coverage
does not include most of the other features that we report. It is
therefore difficult to gauge whether our interpretation of the molec-
ular features as dominated by TP-AGB stars is in conflict with the
observations of Zibetti et al. (2013). However, it is clear that the
features in the post-starburst galaxies are not as strong as predicted
by the M0O5 models for galaxies of those ages and metallicities.

4.2 Performance of the models

The last two approaches tested in Section 3.2 (M11 approach and
BCO03 approach) are intended to show how well different SSP
recipes are able to reproduce these features. Fitting the mean spec-
trum with the M11 models results in a complex star formation
history, with similar fractions of young (r < 1 Gyr), intermediate-

MNRAS 450, 3069-3079 (2015)

age (t ~ 1 Gyr) and old (¢ ~ 10 Gyr) SSPs. With the BC03 models,
though, starLIGHT includes a young (~107 yr) component and re-
quires only a very small fraction of old SSPs. This is probably
because the BC03 models do not have deep NIR CN bands, causing
the code to attempt to fit the 1.1 um CN band with Pa y. If such
a young component were genuinely present, we would expect to
require a significant fraction of F stars (the hottest available in the
IRTF library) when fitting the mean spectrum with the stellar library,
which is not the case. Furthermore, if we remove the <100 Myr
components in the BCO3 approach, the best fit is achieved with
~35 per cent of the light due to the 1 Gyr and ~65 per cent due to
the 2 Gyr components, but with a much poorer fit (x> ~ 100).

The high (~65 percent) light fraction of stars with ages 0.2—
3 x 10° yr in the M11 model fits ostensibly supports our previ-
ous interpretation that the molecular bands likely contain a strong
contribution from TP-AGB stars, which should dominate the NIR
emission of a stellar population of this age. However, this result
could be coincidental: the M11 models include empirical spectra
with good spectral resolution only for the TP-AGB stars, meaning
only the intermediate-age stellar population in their models will
present these features. As discussed above, most of the features
can be reproduced with a mix of E-AGB and R C-rich stars, which
means older stellar populations probably also have these features at
some level. To avoid misinterpreting NIR galaxy spectra, it is thus
of great importance to include high-quality empirical spectra of the
other evolutionary phases in the EPS models.

While the M11 models qualitatively reproduce several of the
broad absorption bands in the mean spectrum (notably CO and
CN), these bands are weaker or absent in the BC03 model fit. This
is probably not related to the different spectral resolution of the
models (R ~ 200, versus R ~ 500 in M11) because we find that
similar results are obtained from the M11 and M05 models (the
latter with R ~ 250 in the K band). The differences are more likely
related to uncertainties in the theoretical treatment of AGB and TP-
AGB stellar phases and the fact that the MO5/M11 models include
empirical spectra of C and O-rich stars and therefore better account
for these features.

Since the relative band strengths depend on metallicity (MO05),
we also tried fitting the mean spectrum with BC0O3 and M05 mod-
els including three non-solar metallicities (the M 11 models include
only solar metallicity for this wavelength range). Similar ages to
those derived from the original analysis were obtained in all cases,
and changing the metallicity did not significantly improve the fits
to the features. This may suggest that the incompleteness in stel-
lar types/phases of the empirical spectra on which the models are
based is the first-order problem in reproducing the NIR absorption
features. At this stage in the development of the models, metallicity
probably plays a secondary role in predicting the strength of the
features

5 FINAL REMARKS

We have presented high S/N, 0.85-2.5 um spectra of the nuclei of
12 local galaxies. The spectra show indications of numerous weak
molecular absorption bands that arise in the atmospheres of cool
stars. While several types of evolved stars can exhibit most of the
detected features, we argue that the high luminosity of TP-AGB
stars, and the fact that the spectra contain VO and likely ZrO, that
are only expected in stars undergoing thermal pulses, imply that
these features are the long-debated signatures of TP-AGB stars.
However, a combination of R-type carbon-rich stars and E-AGB
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stars should not be ruled out as an important contributor to these
bands.

In testing, two sets of stellar population synthesis models
against these spectra, we found that models that include stars
with relatively strong absorption bands provide a more accurate
representation of the spectra. However, to avoid misinterpreting
the data, future models must include high-quality spectra of C-R
and E-AGB stars, along with those of TP-AGB stars. Testing the
predictions of EPS models has to date been hampered by a lack
of high-quality data against which the models can be tested, and
we hope that the high S/N and wavelength coverage of the spectra
presented here will make them a useful aid to the development of
such models. The reduced spectra presented here are available at:
http://www.canfar.phys.uvic.ca/vosui/#/karun/xdgnirs_Dec2014/
XD_final.
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