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Why	  collect	  IR	  galaxy	  spectra?	  
•  The	  stellar	  initial	  mass	  function	  
– Effect	  on	  host	  galaxy?	  

•  Stellar	  populations	  
– Relation	  to	  AGN	  activity?	  

•  Accretion	  disk	  emission	  
– Accretion	  physics	  at	  low	  AGN	  luminosity?	  

•  Dust	  emission	  
– The	  origin	  of	  the	  torus?	  

•  Diagnostic	  diagrams	  for	  obscured	  objects	  	  
– E.g.	  high-‐z	  ULIRGs	  observed	  with	  JWST	  



What	  have	  we	  got?	  
•  IR	  spectroscopy	  of	  50	  nearby	  galaxies	  
– Seyferts,	  LINERs,	  Transition	  Objects	  
– Median	  distance	  =	  20	  Mpc	  
– Slit	  covers	  nuclear	  regions	  (~few	  tens	  of	  pc)	  

•  GNIRS	  cross-‐dispersed	  mode	  
– Approx.	  0.85	  –	  2.5	  µm	  simultaneous	  coverage	  
– Reduced	  spectra	  and	  reduction	  code	  now	  
available	  to	  community	  

– See	  Mason	  et	  al.	  2015	  	  



A	  few	  galaxies	  have	  many,	  strong	  
emission	  lines	  

4 A. Rodŕıguez-Ardila
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Figure 2. Nuclear spectrum of NGC4388 in the galaxy frame with the most conspicous emission lines identified. The wavelengths of
the lines are in the laboratory frame.

high-ionization gas covering a wide range of ionization po-
tentials.

4 KINEMATICS OF NGC4388

The velocity and excitation structure of the NLR of
NGG4388 is widely known for being very complex (Corbin
et al. 1988; Veilleux 1991) both in optical and radio wave-
lengths. It has been described by rotation plus outflow by
several authors (e.g., Veilleux et al. 1999b; Márquez et al.
1998; Allen et al. 1999; Veilleux et al. 2001; Greene et
al. 2014). Radio-emission morphology suggests a collimated
AGN-driven outflow reaching ∼200 pc south of the nucleus
(e.g., Stone et al. 1988; Falcke et al. 1998). Extended op-
tical emission has two components of different excitation.
One associated with the galactic disc and another reaching
50′′ (∼4 kpc) above the galactic plane in the form of two
opposite cones (e.g., Pogge 1988; Corbin et al. 1988; Falcke
et al. 1998; Veilleux et al. 1999b). The northern part of the
cone, though, is rather faint mostly at its base because of
the dust lanes and galaxy disk of the host galaxy.

Because of the strong extinction affecting the nuclear
region of NGC4388, NIR observations provides a prime op-
portunity to study the NLR morphology and gas properties
of the central region of this source, not revealed by optical
data. Moreover, due to the presence of extended NLR lines

covering a large interval of ionization potential, the role of
interactions between the radio-jet and the NLR ionization
structure and morphology can also be investigated.

In order to derive position-velocity diagrams for the
most intense and extended emission lines observed in
NGC4388, we first inspected the 2D spectra to find out
which lines were the most suitable ones to this purpose
(see Figure 4). We found that [S iii]λ9531, [Sviii]λ9913,
He i 1.083 µm, He ii 1.012µm, [Fe ii] 1.257µm, Pa alpha, Paβ,
H2 2.122 µm, [Sivi] 1.963 µm and [Sivii] 2.48 µm extend all
accross the slit and thus may provide evidence of the gas
kinematics around the nucleus.

Thus, for each of the above lines in the nuclear and
off-nuclear apertures we measured their centroid position by
fitting a Gaussian profile to the observed profile. An emission
line was considered detected if the amplitude of the Gaussian
exceeds the 3σ noise level. The LINER routine (Pogge 1988)
was used for this purpose. In most cases, a single-Gaussian
fit was necessary to reproduce the observed profile but some
lines required two components to account for asymmetries
and/or the presence of a broad component.

Figure 5 shows the position-velocity diagram found for
the aforementioned lines including the high-ionization lines
[Sivi] 1.963µm, [Sivii] 2.48µm and [Sviii] 0.991µm. Up to
our knowledge, the later two were never used before for that
kind of analysis on this source.
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Figure 5. Position-velocity (PV) diagrams for the different emis-
sion lines detected in NGC4388. In the top right panel it is also
shown the PV diagram for the stellar component (full squares),
derived from the CO stellar absorption lines at 2.3 µm. The bar
in each panel represents the largest uncertainty in the velocity,
usually observed in the apertures close to the slit edges (apertures
1 and 11, centred at ±240 pc from the nucleus.) The two panels at
the bottom of the Figure maps the velocity for the high-ionization
lines.
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Figure 6. Difference between pure gas rotation (assumed to be
represented by the H2 position-velocity curve of Figure 5) and the
gas velocity observed for [S iii] (black square), H i (red triangle),
[Fe ii] (open circle) and [Sivi] (full circle).

lar velocity dispersion (σ∗), and higher order Gauss-Hermite
moments (h3∗ and h4∗, as well as the uncertainties for each
parameter. As stellar template spectra we used those of the
Gemini library of late spectral type stars observed with the
GNIRS IFU and NIFS (?), which contains the spectra of 60
late type stars. The spectral resolution of the stellar tem-
plates (3.2Å at 2.3µm) is better than those of our data.
Therefore, we degraded the stellar templates to the same
resolution as that of NGC4388 before running the pPXF to
measure the LOSVD.

The top-right panel of Figure 5 shows the PV diagram
of the stellar component. It can be seen that it displays a
much flatter rotation than the molecular component (top-
left panel), with a maximum amplitude of Vmax ∼60 km s−1

at ∼150 pc from the nucleus. Note that the velocity disper-
sion for the stellar component agrees with the one presented
by Greene et al. (2014). As for H2, an organized velocity
pattern is also observed here, consistent with disk rotation,
except for the fact that the molecular gas is considerably
colder than the stars. However, one feature not present in
H2 is a break in the rotation pattern detected between 150
and 200 pc NE from the centre, where a sudden drop of
nearly 50 km s−1 is observed.

We also derived the velocity dispersion σ for [S iii], He i,
[Fe ii], Paβ, [Sivi], H2 as well as for the stellar continuum.
The results are shown in Figure 7. For the emission lines, the
velocity dispersion was derived from the full-width at half
maximum (FWHM) found from the Gaussian fit when mea-
suring the line centroid along the different apertures. This
parameter was left to vary freely during the spectral fits and
then transformed into velocity dispersion using the relation-
ship σ=FWHM/2.35. Note that the values presented in Fig-
ure 7 were already corrected in quadrature for instrumental
broadening. It can be seen that the velocity dispersion of the
gas, σgas, covers a broad range of values, with the largest
ones concentrated in or around the nucleus. [Fe ii] 1.257µm
is the line that displays the largest values of σgas, reaching
210 km s−1 at 50 pc SW from the centre. [Sivi] and Paβ
also peak at this same position. A similar result was also
found for [Sivii], Paγ and Paδ although the results for the
latter three lines are not presented in Figure 7. It should be
remembered that 50 pc SW coincides in position with the
location of a secondary peak of emission found from the light
profiles for the mid- and high-ionized gas (see Figure 4).

The stellar velocity dispersion is resolved in all aper-
tures but no clear trend is observed in the values derived.
The largest ones (σ ∼ 170 km s−1) are found at 200 pc NE
and 150 pc SW from the nucleus while the central region is
dominated by stars with velocity dispersion, on average, of
∼140 km s−1.

The results presented above for the molecular and ion-
ized Hydrogen, [Fe ii] and the stellar continuum support re-
cent findings reported by van der Laan et al. (2014) on this
source but using a PA of 272deg, that is, along the major axis
of the host galaxy. For instance, they reported in their Fig-
ure 11 that the molecular Hydrogen has velocity dispersion
of ∼100 km s−1 while that of [Fe ii] aproaches ∼200 km s−1

close to the nucleus, that is, nearly the same as our val-
ues. Their stellar velocity dispersion, though, is somewhat
smaller at the nucleus that our values but with the tendency
of displaying larger values iat distances larger than 200 pc
from the centre. However, the inclusion in this work of other

E.g	  NGC	  4388.	  Extended	  line	  emission	  +	  jet-‐gas	  
interactions	  in	  Rodriguez-‐Ardila	  et	  al.	  (in	  prep)	  



Most	  galaxies	  have	  few,	  weak	  lines	  

•  Blue	  stellar	  
con-nuum	  

•  H2	  +	  a	  few	  low-‐
ionisa-on	  lines	  



Kinematics,	  telluric	  lines	  

•  Stellar	  kinema-cs	  based	  on	  CO	  
and	  CaT	  bands	  (Rogemar	  Riffel	  et	  
al.	  2015)	  

•  Telluric	  cancella-on	  can	  be	  very	  good	  in	  
dry	  condi-ons	  

•  “What	  water	  vapour	  constraint	  will	  let	  
me	  observe	  a	  line	  redshiLed	  into	  a	  
difficult	  region?”	  

•  See	  Mason	  et	  al.	  2015,	  Appendix	  B	  



Stellar	  populations	  &	  IMF	  

•  Dashed	  lines	  show	  stellar	  
features	  sensi-ve	  to	  the	  
IMF	  (Conroy	  &	  van	  
Dokkum	  2012)	  

•  Horizontal	  lines:	  many	  
molecular	  bands	  (cool	  
stars)	  

•  Blue,	  green,	  black:	  galaxy	  
spectra.	  Red:	  fit	  using	  
stellar	  library	  (Rayner	  et	  
al.	  2009)	  



The	  TP-‐AGB	  star	  question	  

•  Thermally-‐Pulsing	  Asymptotic	  Giant	  Branch	  	  
•  Late	  stage	  of	  evolution	  of	  intermediate-‐mass	  
stars,	  ages	  ~0.3	  –	  2	  Gyr	  	  

•  At	  z~3,	  universe	  is	  ~2	  Gyr	  old	  
•  TP-‐AGB	  stars	  affect	  estimates	  of	  stellar	  
masses,	  understanding	  of	  galaxy	  evolution	  

•  Mass	  loss,	  dredge-‐up,	  dust	  formation,…	  
•  Hard	  to	  model!	  



The	  TP-‐AGB	  star	  question	  

Zibetti	  et	  al	  (2013):	  H	  and	  K	  band	  spectra	  of	  post-‐
starburst	  galaxies	  at	  z~0.2	  à	  BC03	  is	  better	  	  

Bruzual	  &	  Charlot:	  	  IR	  is	  
faint	  and	  featureless	  

Maraston:	  	  IR	  is	  bright	  and	  
full	  of	  features	  



The	  TP-‐AGB	  star	  answer?	  

•  GNIRS	  data	  –	  high	  S/N,	  good	  wavelength	  coverage	  
•  Intermediate-‐age	  galaxies	  (L)	  have	  bluer	  spectra,	  

weaker	  molecular	  absorption	  features	  
•  Older	  galaxies	  (R)	  have	  deep	  molecular	  features	  

Intermediate-‐age	   Old	  



Improving	  the	  models	  
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Figure 5. Top: Mean spectrum (black), along with EPS fits using (lowest to highest) the IRTF stars, stars no TP-AGB, M11 and BC03 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. xj denotes

light fractions and µj denotes mass fractions. Stars spectral types are taken from Cushing et al. (2005); 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.

significant role in the features observed in our integrated spec-

tra4.

If TP-AGB stars dominate the NIR spectral features, we

might expect to observe stronger features in intermediate-age

galaxies that should host larger populations of these stars. This

is not obviously the case in this sample. The spectra in Figure

1 are remarkably similar, and there is no clear relationship be-

tween the EW values in Table 3 and whether a galaxy is classi-

fied as intermediate-age or old in Table 1. Of the galaxies in this

sample, NGC 5005 has probably the most secure evidence for

a large intermediate-age (∼45%) stellar population (Cid Fer-

nandes 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 pop-

ulations and found them to have weaker molecular absorption

bands than older galaxies.

There are several possible reasons for this apparent con-

4 We note that the VO feature near 1.05 µm 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

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 (R. Riffel et al in preparation).

tradiction. First, stellar populations derived from optical and

NIR spectroscopy cannot necessarily be directly compared.

Dust can obscure young populations in the optical, and dif-

ferent slit sizes5 can probe different regions of spatially var-

ied populations (Riffel et al. 2011c; Martins et al. 2013b). Sec-

ond, the intermediate-age galaxies studied 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 (M05), weak NIR features like those

observed in NGC 5005 may not be a universal characteristic

of intermediate-age galaxies. Third, intermediate-age galaxies

may also contain young stellar populations, whose relatively

featureless spectra may dilute the stronger bands of the TP-

AGB stars.

Finally, as shown by our model fits, red giants, C-R and E-

AGB stars can also produce most of the observed features some-

times attributed to TP-AGB stars. These stars may be important in

stellar populations that are both younger than the intermediate-age

populations 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

5 That might be the case of NGC5005, since the slit used by Cid Fernan-

des et al. (2004b) is three times wider than ours, thus potentially sampling

additional stellar populations.
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•  Fit	  mean	  spectrum	  with	  
combina-on	  of	  empirical	  
stellar	  spectra	  

•  Fit	  is	  very	  similar	  with	  
and	  without	  TP-‐AGB	  
stars	  	  

•  à	  Red	  giants	  and	  other	  
AGB	  stars	  can	  also	  
produce	  IR	  features	  

•  Spectra	  of	  those	  stars	  
should	  be	  included	  in	  
models	  if	  we	  want	  
realis-c	  results	  from	  
fi^ng	  IR	  spectra	  

•  See	  Rogerio	  Riffel	  et	  al.	  
(2015)	  



In	  conclusion...	  

•  Lots	  of	  information	  to	  be	  extracted	  from	  the	  
spectra!	  

•  We	  also	  have	  time	  to	  obtain	  optical	  spectra	  
– Stellar	  populations	  and	  IMF	  work	  

•  You’re	  welcome	  to	  use	  the	  spectra	  if	  they	  
would	  be	  useful	  for	  your	  work	  

•  Let	  me	  know	  if	  the	  data	  reduction	  code	  
might	  be	  helpful	  to	  you	  


