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ABSTRACT

We investigate the excitation mechanisms of near-infrared [Fe ] and H, emission lines ob-
served in active galactic nuclei (AGNs). We built a photoionization model grid considering a
two-component continuum: one component accounts for the ‘big bump’ component peaking at
1 Ryd and another represents the X-ray source that dominates the continuum emission at high
energies. Photoionization models considering as ionizing source a spectral energy distribution
obtained from photometric data of Seyert 2 Mrk 1066 taken from the literature were consid-
ered. Results of these models were compared with a large sample of observational long-slit
and Integral field Unit (IFU) spectroscopy data of the nuclear region for a sample of active
objects. We found that the correlation between the observational [Fe n]JA1.2570 um/Pag and
H,A2.1218 um/Bry is well reproduced by our models, as are the relationships that involve
the H, emission-line ratios observed in the spectroscopic data. We conclude that heating by
X-rays produced by active nuclei can be considered a common and very important mechanism
of excitation of [Fe11] and Hj.
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1 INTRODUCTION

The excitation of the narrow-line region of Seyfert (Sy) galaxies
can reveal how radiation and mass outflows from the nucleus inter-
act with circumnuclear gas. In particular, near-infrared (hereafter
near-IR) observations are a powerful tool with which to investigate
this issue, because the obscuration — which can affect the opti-
cal morphology of the emitting gas region — is less important at
these wavelengths (Mulchaey, Wilson & Tsvetanov 1996; Ferruit,
Wilson & Mulchaey 2000). Relevant emission lines in the near-
IR include [Feu] A1.2570 um and A1.6440 um, H1 lines such as
Pag, and H, at A1.9576 um, A2.1218 um and 12.3085 um, which
can be used to map the gas kinematics and excitation (e.g. Riffel,
Storchi-Bergmann & Nagar 2010; Riffel & Storchi-Bergmann
2011b). Nevertheless,the dominant excitation mechanisms of the
[Fe 1] and H, emission lines in the central regions of active galaxies
are still unclear and have been the subject of several recent stud-
ies (e.g. Rodriguez-Ardila et al. 2004; Rodriguez-Ardila, Riffel &
Pastoriza 2005; Riffel et al. 2006b, 2008; Davies et al. 2007;
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Hicks et al. 2009; Miiller Sdnchez et al. 2009; Ramos Almeida,
Pérez Garcia & Acosta-Pulido 2009; Storchi-Bergmann et al. 2009;
Riffel et al. 2010).

The H, can be excited by two mechanisms: (i) fluorescent ex-
citation through absorption of soft-UV photons (912-1108 A) in
the Lyman and Werner bands, existing both in star-forming re-
gions and surrounding active galactic nuclei (AGNs; Black & van
Dishoeck 1987) and (ii) collisional excitation due to the heating of
the gas by shocks, the interaction of a radio jet with the interstel-
lar medium (Hollenbach & McKee 1989) or X-ray photons from
the central AGN (Maloney, Hollenbach & Tielens 1996). Several
studies based on intensity-line ratios (Rodriguez-Ardila et al. 2004,
2005; Storchi-Bergmann et al. 2009; Riffel et al. 2010) have shown
that collisional excitation processes dominate the H, emission sur-
rounding AGNs. However, which process is dominant is an open
question. Veilleux, Goodrich & Hill (1997), using J- and K-band
spectra of a sample of 33 Sy 2 galaxies, found that shocks associ-
ated with nuclear outflows are a likely source of both [Feu] and
H, emission, rather than circumnuclear starbursts as suggested by
Quillen et al. (1999).

For the [Fe 1] emission, the [Feu] 11.2570 um/Pag line ratio is
generally used to investigate the main mechanism of excitation.
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The value of this line ratio is controlled by the quotient of the
volumes of partially and fully ionized gas regions, with [Fe 11] emis-
sion being excited in the partially ionized gas (Mouri et al. 1990;
Mouri, Kawara & Taniguchi 1993; Rodriguez-Ardila et al. 2005;
Riffel et al. 2006b, 2008; Storchi-Bergmann et al. 2009; Riffel
et al. 2010). Such zones in AGNs are created by X-ray emission
(e.g. Simpson et al. 1996) and/or shock heating of the gas by mass
outflows from the nuclei which interact with the ambient clouds
(e.g. Forbes & Ward 1993). This problem was addressed by Mouri,
Kawara & Taniguchi (2000), who compared the values of the line
ratios [Fen] A1.2570 um/Pag and [O1] 16300 A/HB predicted by
models considering photoionization and shock heating with those
observed in a sample of AGNs and starburst galaxies. These authors
pointed out that in AGNs, X-ray heating is the most important [Fe 11]
excitation mechanism. However, Rodriguez-Ardila et al. (2004), us-
ing near-IR spectroscopy of a sample of galaxies obtained with the
Infrared Telescope Facility, found that X-ray excitation is enough
to explain the H, emission and part of the [Fe 1] emission observed
in Sy 1 galaxies but fails to explain the emission of these elements
in Sy 2. For these objects, a combination of shocks and circumnu-
clear star formation is required to explain this emission. Moreover,
it is not clear whether [Fe 11] and H, are excited by the same mecha-
nism. Rodriguez-Ardila et al. (2004) found a correlation between the
[Fe n] A1.2570 um/Pag and H, A2.1218 um/Bry ratios, indicating
that both sets of lines may originate from a single dominant mech-
anism. However, high spatial resolution spectroscopy data from the
Integral Field Unit (IFU) of active galaxies indicate that the H,
and [Fe n1] emitting gases have distinct flux distributions and kine-
matics, with the former being considered a tracer of the feeding of
the AGN and the latter a tracer of its feedback (Riffel et al. 2008,
2009, 2010; Hicks et al. 2009; Miiller Sanchez et al. 2009; Storchi-
Bergmann et al. 2009). This result indicates that the lines of these
elements are formed in distinct regions. Although several works
have investigated the excitation origins of H, and [Fe], it is still
unknown whether a common mechanism can excite these elements.
Fortunately, a large number of near-IR data of AGNs are currently
available in the literature, which enables an extensive comparison
with models yielding a more reliable conclusion about the likely
dominant excitation mechanism of these emission lines.

In this paper, we combine near-IR data of Sy galaxies obtained
with the IFU and long-slit spectroscopy with photoionization mod-
els to investigate the origin of H, and [Feu]. In Section 2, we
describe the observational data used in the analysis. The modelling
procedures are presented in Section 3. In Section 4, the diagnostic
diagrams used to compare the observational data with our model
predictions are described. Results and discussion are presented in
Sections 5 and 6, respectively. Conclusions regarding the outcome
are given in Section 7.

2 OBSERVATIONAL DATA

We compiled from the literature observational data of the nuclear
region of active galaxies in the near-IR and optical spectral range
obtained with long-slit and IFU spectroscopy. The selection cri-
terion was the presence of bright infrared emission lines in their
spectra. These data are described below.

2.1 Long-slit data

Near-IR emission-line intensity ratios of 35 active galaxies were
obtained from Knop et al. (2001), Reunanen, Kotilainen & Pri-
eto (2002), Rodriguez-Ardila et al. (2004) and Riffel, Rodriguez-
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Ardila & Pastoriza (2006a). This sample comprises long-slit data of
13 Sy 1 and 21 Sy?2 galaxies, along with 1 quasar. The inten-
sities of the near-IR [Fen] and H, emission lines observed in
these objects were compared with our photoionization models.
We also used the [Om] 15007 A/HB and [O1] 16300 A/Ha line
intensity ratios of about 600000 emission-line galaxies listed in
the Max-Planck-Institut fiir Astrophysik/Johns Hopkins Univer-
sity (MPA/JHU) data catalogue of the Sloan Digital Sky Sur-
vey DR7 release (York et al. 2000) (available at http://www.mpa-
garching.mpg.de/SDSS/DR7/).

2.2 IFU data

For this study we selected two Syl galaxies, Mrk 1157 and
NGC 4151, and two Sy 2 galaxies (ESO 428-G14 and Mrk 1066).
All of them were previously observed by our group using the
IFU spectrographs of the Gemini telescopes. We selected these
objects because both J- and K-band spectroscopic data are avail-
able. The observations of Mrk 1066, Mrk 1157 and NGC 4151 were
performed using the Near-IR Integral field Spectrograph (NIFS:
McGregor et al. 2003) on Gemini North, while ESO 428-G14 was
observed with the Gemini Near Infra-Red Spectrograph (GNIRS:
Elias et al. 1998) on Gemini South.

3 PHOTOIONIZATION MODEL

To analyse the [Fen] and H, excitation mechanisms, we built a
grid of models using the photoionization code cLoupy/08 (Ferland
et al. 1998) and then we compared the line intensity ratios predicted
by the models with those observed. The spectral energy distribu-
tion (SED) of the ionizing source used as input for the cLoupy code
was a two-component continuum ranging from ~10'3-10?! Hz. The
shape of this SED is similar to that observed in typical AGNs for that
range. The first component is the ‘big bump’ component peaking at
1 Ryd with a high-energy and an infrared exponential cut-off and
the second one represents the X-ray source that dominates at high
energies and is characterized by a power law with an index o, = —1.
Its normalization was computed to produce the required value of
the optical to X-ray spectral index oo. This index describes the
continuum between 2 keV and 2500 A (Zamorani et al. 1981). We
assumed the default value of the cLoupy code, ., = —1.4, because
that is about the average of the observed values, which are be-
tween —1.0 and —2.0, for the entire range of observed luminosities
of AGNs (Miller et al. 2011; Zamorani et al. 1981).

Cosmic-ray emission was considered in the models as a second
ionizing source. Cosmic rays heat the ionized gas and produce
secondary ionization in the neutral gas, which mostly increases the
intensities of the H, emission lines. We assumed a value of H,
ionization rate of 107! s~!, which is about the same rate found by
McCall et al. (2003) for a Galactic line of sight. It is worth noting
that the value of the cosmic-ray rate must be estimated object by
object. For example, Suchkov, Allen & Heckman (1993) found for
M82 a cosmic-ray rate several times larger than that in the Milky
Way. Gamma-ray observations of the starburst NGC 253 by Acero
et al. (2009) indicate a cosmic-ray rate three orders of magnitude
larger than that for the Milky Way. Also, molecular data of star-
forming galaxies, such as Arp 220, show evidence for extremely
high cosmic-ray rates yielded by the UV emission from supernova
remnants (Meijerink et al. 2011).

We computed a sequence of models assuming an electron den-
sity N. = 10* cm~ and ionization parameter U in the range —4.0 <
logU < —1.0 defined as U = Qjon/47tR3nc, where Qi is the
number of hydrogen ionizing photons emitted per second by the
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ionizing source, Rg is the Stromgren radius (in cm), n is the par-
ticle density (in cm™) and c is the speed of light. The chosen
range of these values for U is typical of narrow-line regions of
Sy galaxies (e.g. Ferland & Netzer 1983). The H, emission lines
are very dependent on the electron density value assumed in the
models. For example, when N, varies from 10°~10° cm~3, the loga-
rithm of the H, A2.1218 pm/Bry emission-line intensity ratio spans
about 2.6dex. The value N, = 10*cm™>, assumed in our mod-
els, is a mean value from those considered by Mouri et al. (2000).
We considered in our models three values of 12+log(O/H), 8.38,
8.69 and 9.00, which correspond to values of metallicity 0.5, 1 and
2 times the solar value published by Allende Prieto, Lambert &
Asplund (2001). The abundances of other metals in the nebula were
scaled linearly to the solar metal composition through comparison
of the oxygen abundances, with the exception of the N and Fe
abundances. The nitrogen abundance was taken from the relation
log(N/O)=log(0.0344-1200/H) of Vila-Costas & Edmunds (1993).
The Fe/O abundance ratio has a large scatter for a fixed O/H value
(Izotov et al. 2006) and its value is uncertain because the Fe and
O abundances in grains are poorly known (Peimbert & Peimbert
2010). Thus, we varied the Fe/O abundance ratio by about 0.7 dex
for each metallicity.

The presence of internal dust was considered and the grain abun-
dances (van Hoof et al. 2001) were also linearly scaled with the
oxygen abundance. To take into account the depletion of refractory
elements on to dust grains, the abundances of Mg, Al, Ca, Ni and
Na were reduced by a factor of 10 and that of Si by a factor of 2 rel-
ative to the adopted abundances in each model, in accordance with
Garnett et al. (1995). In Table 1, the O/H and Fe/O abundance val-
ues of the gas phase assumed in the models are shown. The model
of the H, molecule described by Shaw et al. (2005) and the model
of the Fe' ion described by Verner et al. (1999), considering 371
energy levels, were assumed in our computations. The outer radius
of the modelled nebula is that where the temperature falls below
1000 K.

4 DIAGNOSTIC DIAGRAMS

We used four diagnostic diagrams containing predicted and ob-
served emission-line ratios of [Fe 1] , H, [O 1] and [O 1] which are
described below.

(1) [Fenu] A1.2570 um/Pag versus H, A2.1218 um/Bry (Fig. 1).
Diagnostic diagram suggested by Larkin et al. (1998) and
Rodriguez-Ardila et al. (2004) to separate galaxies accord-
ing to their level of nuclear activity. Recently, Riffel et al.
(2010) constructed this diagram with spatially resolved IFU
data of an AGN. Typical values for the nuclei of Sy galax-
ies are 0.6 < [Feu]Al.2570 um/Pag < 2.0 and 0.6 <
H, 22.1218 um/Bry < 2.0 (Rodriguez-Ardila et al. 2005). This
[Fe n]/Pag is very dependent on the Fe/O abundance, while the H,
emission lines are dependent on the ionization parameter.

(i) HpA1.957 um/A2.121 ym and H,A2.033 pm/A2.223 pm
versus HyA2.247 pm/A2.121 pm (Fig. 2). Mouri (1994) proposed

Table 1. Fe/O and O/H gas-phase abundances assumed in the models.

Metallicity ~ 12+log(O/H) log(Fe/O)
(ZIZw)
2 9.0 —1.47(al) —1.94(a2) —2.24(a3)
1 8.69 —1.77(bl)  —=2.24(b2) —2.77(b3)
0.5 8.38 —2.15(cl)  —2.54(c2)  —2.76(c3)

; ; ; ; ;
0L 2xZg Z5,0.5XZ, |
& ]
3 ]
o
N ]
£ ]
S
0 o [ B
(\! 4
= i
- ]
W ]
T O *
© 1
o ]
R _
I ]
| p | ]
-2 0 2

log(H,A2.121um/Bry)

Figure 1. Diagnostic diagram showing the observational data taken from
the literature (see Section 2) and results from the grid of photoionization
models (see Section 3). Solid lines connect curves of iso-Z, while dotted
lines connect curves of iso-U. The values of log U and Z are indicated. The
three different lines for each Z correspond to the different assumed values
of Fe/O as indicated by the labels (see Table 1). Circles, squares and star
represent Syl, Sy2 and quasar data, respectively. The typical error bar (not
shown) of the emission-line ratios is about 10 per cent.
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Figure 2. AsFig. 1, for H, emission lines. The arrow indicates the direction
in which the ionization parameter increases. Circles, squares and star repre-
sent Sy1, Sy2 and quasar data, respectively. The hatched area represents the
region occupied by shock-model results from Hollenbach & McKee (1989).
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these diagrams to separate gas emission yielded by shocks from
emission caused by fluorescence. The drawback in using the
HyA1.957 pm/A2.121 pm ratio is that the HyA1.957 um may be
affected by telluric bands of H,O and CO, or blended with the
[Sitv] A 1.963 um emission line (Rodriguez-Ardila et al. 2005).
(iii) [Om]A5007A/HB versus [O1] A6300A/Ha (Fig. 3). This
diagram was suggested by Baldwin, Phillips & Terlevich (1981)
to separate objects according to their primary excitation mecha-
nisms, i.e. (a) photoionization by stars, (b) photoionization by a
power-law continuum source or (c) shock heating. In particular, the
[O1] 26300 A/Ha line ratio is greatly increased by the presence of
shocking gas, even when it has low velocity (e.g. Allen et al. 2008).

5 RESULTS

5.1 Integrated spectra

In Figs 1 and 2 we show the first three diagnostic diagrams de-
scribed above containing the results of our grid of photoionization
models and the data sample. Sy 1, Sy 2 and quasars are represented
by different symbols. For the IFU data, the emission-line ratios rep-
resented in these figures were estimated by integrating the spaxels
inside a central aperture of 0.5 x 0.5 arcsec” for each galaxy, with
the exception of ESO428-G14 for which an aperture of 0.75 x
0.75 arcsec? was considered. These values are presented in Table 2.

In Fig. 1, we can see that almost all the observational ratios
are within the parameter space defined by our grid of photoioniza-
tion models. A lower metallicity than those assumed in our mod-
els is required to reproduce the data of the galaxies out of the
grid. The observed correlation between [Fe 1] A1.2570 um/Pag and

log([OIITA5007 /HB)

S
-3 -2 —1 0 1
log([01]\6300/Ha)

Figure 3. [OmA5007 A/HB versus [O116300 A/Ha diagnostic diagram.
The yellow line in the online article separates objects ionized by massive
stars from those containing active nucleus (Kewley et al. 2001). Shaded
solid lines (blue, green and red in the online article) are as in Fig. 1. Points
represent emission-line galaxies listed in the MPA/JHU Data catalogue of
the Sloan Digital Sky Survey DR7 release (see Section 2).

Table 2. Integrated line-ratio intensities of IFU data.

Object [Feu] A1.2570 um/Pa  Hp A2.1218 pum/Bry
ES0428-G14 0.75 1.10
Mrk 1066 0.52 0.96
Mrk1 157 0.73 2.24
NGC4151 0.45 0.26
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H; A2.1218 pm/Bry is explained by an increase in metallicity and
ionization parameter. It is noteworthy that the parameter space de-
fined by the models built using Z=0.5Z¢, is almost completely
contained in the one defined by the models built using the solar
metallicity.

In the case of diagnostic diagrams that only involve H; line ratios
(Fig. 2), the photoionization models are slightly dependent on the
assumed metallicities, covering almost the same parameter space,
and strongly dependent on variations in the ionization parameter.
Taking into account the observational error bars, our models are in
good agreement with the observed H;A2.033 um/A2.223 um and
H,A2.247 um/A2.121 pum ratios (upper panel). On the other hand,
in the lower panel of Fig. 2 a larger dispersion of the observational
data can be seen, which is not well reproduced by the models. This
dispersion could be the result of a contamination of the measure-
ments of the H, A1.957 um emission-line intensities due to a blend
with the [Si1v]A1.963 um line (as explained above). Therefore,
the predicted H,A1.957 um intensities are somewhat lower than
the observed ones. In Fig. 2, we also show the area occupied by
the theoretical intensities of the line ratio H,A2.247 pm/A2.121 pm
from shock models performed by Hollenbach & McKee (1989).
These authors computed emission-line spectra of steady interstellar
shocks in molecular gas considering velocities from 30-150 km s ™!
and particle densities of 103-10°cm™>. We can see that most of
the objects of our sample appear to have X-rays as the main ioniz-
ing source, while for the remaining ones composite ionization by
X-rays and shocks can be considered.

Fig. 3 shows the [O m] A5007 A/HB versus [O12.6300 A/Hu diag-
nostic diagram. In this figure we can see that the observational data
of AGNs are well described by our models. If our models use lower
values of the ionization parameter (log U < — 3.5; these models
are not shown) we can extend the parameter space to include those
objects that have values of the logarithm of the [O m] 15007 A/HB
ratio lower than zero. As in the case of the [Fe ] A1.2570 um/Pag
and H, 12.1218 um/Bry diagnostic diagram (Fig. 1), the parameter
space of the models with solar metallicity almost contains that of
the Z=10.5Z models.

5.2 TFU data

We plot the [Fe ] 11.2570 pm/Pag and H, A2.1218 pm/Bry diag-
nostic diagram for each spaxel of our four objects with our model
results (see upper panels of Figs 4 and 5). In these figures, the
spaxel data are separated by their ionization mechanism accord-
ing to place in the diagnostic diagram, with different shades for
each mechanism (different colours in the online article). The dif-
ferent ionization mechanism zones are delimited in the figures by
dashed lines, following the work of Rodriguez-Ardila et al. (2004).
The spaxels showing typical values of starbursts, Seyferts and low-
ionization nuclear emission-line regions (LINERs) are represented
by open circles (green in the online article), black filled circles and
crosses (red in the online article), respectively. With the same colour
code, we show the spatial position of each spaxel in the IFU field
of view (see lower panels of Figs 4 and 5). Our models completely
represent the region occupied by Seyfert and LINER data.

6 DISCUSSION

The excitation mechanism of near-IR emission lines of [Fe 1] and
H, in active galaxies have been the subject of several works.
For example, Mouri et al. (2000) compared the results of mod-
els considering photoionization by X-rays and shock heating with
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Figure 4. Top panels: [Fen] A1.2570 um/Pag versus Hy A2.1212 um/Bry line-ratio diagnostic diagram for Mrk 1157 (left) and ESO 428-G14 (right). The
dashed lines delimit regions with ratios typical of starbursts (open circles, green in the online article), Seyferts (black filled circles) and LINERs (crosses, red
in the online article). Shaded solid lines (blue, green and red in the online article) are as in Fig. 1. Bottom panels: spatial position of each spaxel in the IFU

field of view from the diagnostic diagram.

observational data of AGNs and starburst galaxies. These authors
built their models considering large ranges in shock velocities, gas
density and metallicity and different ionizing continua. Mouri and
collaborators showed that [Fe 1] emission is enhanced when a par-
tially ionized zone is produced by photoionization by X-rays (de-
scribed by a power law) and shock heating. These two processes can
be discriminated between by the electron temperature of the [Fe 1]
region: 8000 K for heating by X-rays and 6000 K for shock heating.
Comparing the electron temperature of the [Fe 1] region estimated
by Thompson (1995) for NGC 4151 (8000 < T. < 12000 K) with
their models, Mouri et al. (2000) showed that, at least for this galaxy,
results indicate that X-rays are the most important mechanism by
which to yield the [Fe 11] flux. These authors arrived at the same con-
clusion using the [O1] 16300 A/Ha versus [Fe]A1.2570 um]/Pag
diagnostic diagram. A similar result was also obtained by Jackson &
Beswick (2007) by analysing J-band spectra of three Sy 2 galaxies.

For our models, we assumed an incident continuum with shape
given by two components, a big bump and an X-ray power law,

varying the Fe/O abundance. With these models, which do not con-
sider shock heating, we are able to explain the observational data.
Nevertheless, we do not exclude some contribution by shock heating
to the [Fe 1] emission. Comparing our models with the SDSS DR7
emission-line galaxies (Fig. 3), we are able to describe the [O1]/Ha
line ratio observed in AGNs. This diagram cannot be used to dis-
criminate between different [Fen] excitation mechanisms; never-
theless, we must take into account that the [O1]/Ha line ratio is
shock-sensitive. Hence, although the shock contribution to the ion-
ization of Fe cannot be ruled out, models considering a continuum
described by a big bump and an X-ray power law as the ionization
source can also reproduce the [Fe 1] emission lines as well as the
behaviour of shock-sensitive emission lines such as [O1] 16300 A.
Analysing IFU observations of the Sy galaxy NGC 4151, Turner
et al. (2002) found that the [Fe 1] emission mainly arises in the visi-
ble narrow-line region in which the dominant excitation mechanism
is photoionization by collimated X-ray emission from the nucleus.
Oliva et al. (2001) pointed out that in regions where shocks are
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Figure 5. As Fig. 4, but for Mrk 1066 (left) and NGC 4151 (right).

the dominant mechanism iron-based grains are destroyed but phos-
phorus is not, yielding a larger [Fe 1] 21.2570 pm/[Pu] A1.188 pm
line ratio intensity than that observed in the regions dominated by
X-rays. In order to verity this, in Fig. 6 we show a histogram con-
taining this observed line intensity ratio for 17 Seyfert galaxies,
5 Syl and 12 Sy2, taken from Oliva et al. (2001), Riffel et al.
(2006a) and Jackson & Beswick (2007). It can be seen that the
[Fe n]/[P u] for Sy galaxies ranges from 1.5-6 (with a mean value of
2.7). The mean value of this ratio is about 20 for SNRs, which indi-
cates that the emitting gas has recently passed through a fast shock
(Olivaetal. 2001). Therefore, these results confirm that shocks have
little influence on the [Fe 11] emission.

Regarding the H,, this molecule can be excited via three distinct
mechanisms: (1) UV fluorescence, where photons with A > 912 A
are absorbed by the H, molecule and then re-emitted, resulting
in the population of various vibro-rotational levels, (2) shocks,
where high-velocity gas motions heat and accelerate this molecule
and (3) X-ray illumination, where hard X-ray photons penetrate
deep into molecular clouds, heating large amounts of molecular
gas resulting in H, emission (see Rodriguez-Ardila et al. 2004, and
references therein). Rodriguez-Ardila and collaborators used the

© 2012 The Authors, MNRAS 422, 252-260
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diagrams shown in Fig. 2 to compare observational data of 22 ob-
jects with models considering thermal emission, non-thermal UV
excitation, thermal UV excitation and a mixture of thermal and
low-density fluorescence. These authors found that for four objects
the excitation mechanism is clearly thermal, while for the remain-
ing objects mixing with a non-thermal process cannot be discarded,
even though the results point to a dominant thermal mechanism.
To analyse the relative weight of the X-ray emission with respect
to the other model components (mainly with fluorescence and UV
photons), not only for the H, emission but also for the [Feu], we
made models fixing all parameters with the exception of the o
value (see Fig. 7), which is related to the X-ray power-law nor-
malization (see Section 3). We assumed Z =Z¢, and log U=-2.5,
since the models built using the solar metallicity and this value
of the ionization parameter cover almost all the parameter space
occupied by the observational data (see Fig. 1). Taking into ac-
count the «,, definition (Tananbaum et al. 1979), which fixes the
big bump parameters, a decrement of the .y value implies that the
amount of X-rays emitted by the source decreases. In Fig. 7 we
can see that our models with o,y = —1.4 reproduce the observa-
tional AGN data well. Nevertheless, when we use lower values of
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Figure 6. Histogram showing the [Fe u]/[P 1] emission-line intensity ratios
of a sample of objects collected from the literature.

r—

Figure 7. Model results using solar metallicity, N.=10*cm™3,
log U = —2.5 and varying only the aox parameter to see the influence of X-
rays on the [Fen] A1.2570 um/PaB and Hp 22.1218 pum/Bry emission-line
ratios. To delimit the region occupied by AGNs we follow Rodriguez-Ardila
et al. (2004).

this parameter the ratios predicted by the models are outside the
region typically occupied by AGNs (Rodriguez-Ardila et al. 2004).
Therefore, our models favour the scenario suggested by Maloney
et al. (1996), where H, molecule emission is mainly governed by
photons emitted at X-ray wavelengths from the central AGN. This
can also be inferred from the dependence of the H, emission lines
on the ionization parameter U.

To verify whether shock models can fit the observational data,
we compared shock-model results by Hollenbach & McKee (1989)
with our sample (see Fig. 2). Only a few observational points are
located in the area occupied by these shock models and, even in
these cases, models considering X-rays also describe the data.

On the other hand, varying the H; ionization rate by cosmic rays in
our models by a factor of 200, we found that the H, A2.1218 pum/Bry
line ratio only increases by about 0.15dex, which shows that
additional ionization by cosmic rays has little influence on H, emis-
sion lines.

A simple scenario in which both [Fe 11] and H, emission is mainly
due to the X-ray continuum coming from the active nucleus has
also been proposed by other authors. For example, Blietz et al.
(1994) and Knop et al. (2001) showed that X-rays from the nucleus
can heat the gas located in the narrow-line region driving [Fe ]
and H, emission. Because 98 per cent of the iron is tied up in
dust grains, this process must free the iron through dust destruc-
tion and yet not destroy the H, molecules (Rodriguez-Ardila et al.
2004). These authors computed the emergent [Feu] A1.2570 um
and H; A2.1218 um flux using the X-ray models by Maloney et al.
(1996) and compared their predictions with observational data of
seven objects. They found that X-ray heating can only explain a
fraction of the [Feu] and H, emission, and they stated that the
discrepancy found can be alleviated if the emitting gas is located
closer than the distance adopted in their models. The X-ray data
provided by the XMM-Newton and Chandra space telescopes and
their detailed analysis (see e.g. Piconcelli et al. 2005; Longinotti
et al. 2007; Bianchi et al. 2009; Krongold et al. 2009; Cardaci et al.
2011; Corral et al. 2011, and references therein) provide informa-
tion about the continuum shape and the particular spectral features
of the AGNs in this wavelength range. For Mrk 1066, we compared
the results obtained using a simple scenario that only involves a
continuum modelled by a big bump and an X-ray power law with
those obtained using its intrinsic SED. We built the observational
SED using photometric data from the NASA/IPAC Extragalactic
Data base (NED), following Cardaci et al. (2009). To enhance the
number of points in the SED as needed by cLoupy, we performed
a linear interpolation among semi-empirical points (see Fig. 8). We
built a new grid of photoionization models under the same assump-
tions of abundances, ionization parameters and density, but only for

I I I
13.6 eV 1 keV 70 keV
16— -
o
£ L |
S
‘a4l -
o0
-
&L
~ E
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X
an 12— |
S
10— —
| | | | |
8 10 12 14 16 18
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Figure 8. Spectral energy distribution at the Schwarzschild radius (107> pc)
of the Sy 1 galaxy Mrk 1066 used as the photoionization source for some
models of this galaxy. We assumed a galaxy distance of 50 Mpc (Mould et al.
2000). The photometric data were taken from Dressel & Condon (1978),
Moshir et al. (1990), de Vaucouleurs et al. (1991), Becker, White & Edwards
(1991), Douglas et al. (1996), Condon, Cotton & Broderick (2002), Braatz
et al. (2004), Guainazzi, Matt & Perola (2005), Skrutskie et al. (20006),
Muiioz-Marin et al. (2007) and Cardamone, Moran & Kay (2007).
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one value of the Fe/O ratio for each metallicity. In Fig. 9 the pre-
dictions of our models using the SED of Mrk 1066 and the model
results presented in Fig. 1 assuming the same Fe/O abundance as
the Mrk 1066 models are shown. The model results derived using
the two different ionizing sources are mostly in agreement.

The semi-empirical SED of Mrk 1066 includes not only the range
covered by the cLoupy model but also radio and IR wavelengths.
Hence, the agreement between solid and dashed lines in Fig. 9
only indicates that the assumed multicomponent model is a good
representation of the AGN continuum when studying [Fe u] and H,
emission.

Recent resolved integral field spectroscopy of the central region
of active galaxies shows that the ionized (in particular the [Fen]
emitting gas) and molecular (traced by the H, emission) gas have
distinct flux distributions and kinematics. The molecular component
is more restricted to the plane of the galaxies and the ionized one
extends to high latitudes above it, in most cases co-spatially with
the radio jet (e.g. Riffel et al. 2006b, 2008, 2009, 2010; Storchi-
Bergmann et al. 2009, 2010; Riffel & Storchi-Bergmann 2011a,b).
Usually the [Fe 1] has an enhancement in flux and velocity disper-
sion in regions surrounding the radio structure, suggesting that the
radio jet plays an important role in [Fe 11] emission. Our models are
able to reproduce the [Fe 11] emission of active galaxies without con-
sidering shock excitation by the radio jet. Thus, the enhancement in
the [Fe ] flux in the vicinity of radio structures can be interpreted
as being due to an enhancement in the gas density, caused by the
interaction of the radio jet with the emitting gas and mainly excited
by X-rays from the central engine.

The main exciting mechanism of infrared emission lines of
ESO428-G14, Mrk 1157, Mrk 1066 and NGC 4151 was discussed
by Riffel et al. (2006b), Riffel et al. (2008), Riffel et al. (2010)
and Storchi-Bergmann et al. (2009), respectively. However, these
authors did not reach conclusive results. For example, Riftel et al.
(2006b) suggested that the [Feu] excitation in ESO428-G14 is
mainly due to shocks. Nevertheless, the detailed analysis performed

log([Fe \1.257um/Pag)

! . ! . !
-2 0 2

log(H,22.121um/Bry)

Figure 9. Comparison between the grid-model results shown in Fig. 1 (solid
lines) and the models built considering the semi-empirical SED of Mrk 1066
shown in Fig. 8 (dashed lines).
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in the present work by confronting our models with IFU data shows
that X-rays are a more reliable dominant excitation mechanism,
even in the case of ESO 428-G14.

7 CONCLUSIONS

In this work we show that a photoionization model grid built by
adopting a continuum source characterized by two components,
one accounting for the big bump component peaking at 1 Ryd and
the other describing the X-ray emission, is able to reproduce the
[Fe ] and H; infrared emission lines of a sample of AGNs. Testing
the influence of the X-rays on the intensity of these emission lines,
we found that a decrement in the X-ray content of the continuum
source translates into a weakening of these lines and the models
are no longer compatible with the observations. This implies that
heating by X-ray emission from active nuclei can be considered as
the most important mechanism of excitation for the IR emission
lines of these elements.

ACKNOWLEDGMENTS

We are grateful to the referee, Neal Jackson, for a thorough reading
of the manuscript and for suggestions that greatly improved its
clarity.

This work was based on observations obtained at the Gemini
Observatory, which is operated by the Association of Universities
for Research in Astronomy, Inc., under a cooperative agreement
with the NSF on behalf of the Gemini partnership: the National
Science Foundation (United States), the Science and Technology
Facilities Council (United Kingdom), the National Research Coun-
cil (Canada), CONICYT (Chile), the Australian Research Coun-
cil (Australia), Ministério da Ciéncia e Tecnologia (Brazil) and
south-eastCYT (Argentina). This research has made use of the
NASA/IPAC Extragalactic Data base (NED) which is operated by
the Jet Propulsion Laboratory, California Institute of Technology,
under contract with the National Aeronautics and Space Adminis-
tration. OLD and ACK are grateful to the FAPESP for support under
grant 2009/14787-7 and 2010/01490-3. MC and GH are grateful to
the Spanish Ministerio de Ciencia e Innovacién for support under
grant AYA2010-21887-C04-03, and the Comunidad de Madrid un-
der grant S2009/ESP-1496 (ASTROMADRID). EPM is grateful to
the Spanish Ministerio de Ciencia e Innovacién for support under
grant AYA2010-21887-C04-02 and the Junta de Andalucia under
grant TIC114.

REFERENCES

Acero F. et al., 2009, Sci, 326, 1080

Allen M. G., Groves B. A., Dopita M. A., Sutherland R. S., Kewley L. J.,
2008, ApJS, 178, 20

Allende Prieto C., Lambert D. L., Asplund M., 2001, ApJ, 556, L63

Baldwin J. A., Phillips M. M., Terlevich R., 1981, PASP, 93, 5

Becker R. H., White R. L., Edwards A. L., 1991, ApJS, 75, 1

Bianchi S., Guainazzi M., Matt G., Fonseca Bonilla N., Ponti G., 2009,
A&A, 495, 421

Black J. H., van Dishoeck E. F., 1987, ApJ, 322, 412

Blietz M., Cameron M., Drapatz S., Genzel R., Krabbe A., van der Werf P.,
Sternberg A., Ward M., 1994, ApJ, 421, 92

Braatz J. A., Henkel C., Greenhill L. J., Moran J. M., Wilson A. S., 2004,
ApJ, 617,129

Cardaci M. V., Santos-Lle6 M., Krongold Y., Higele G. F,, Diaz A. L.,
Rodriguez-Pascual P., 2009, A&A, 505, 541

610z 1snBny 2z uo1sanb Aq 0t20201/2S2/ | /22 F1oensge-a|oiue/Seluw/wod dno olwapeoe//:sdyy Wwolj papeojumod



260  O. L. Dors et al.

Cardaci M. V., Santos-Lle6 M., Higele G. F.,, Krongold Y., Diaz A. 1.,
Rodriguez-Pascual P., 2011, A&A, 530, 125

Cardamone C. N., Moran E. C., Kay L. E., 2007, AJ, 134, 1263

Condon J. J., Cotton W. D., Broderick J. J., 2002, AJ, 124, 675

Corral A., Della Ceca R., Caccianiga A., Severgnini P., Brunner H., Carrera
F.J., Page M. J., Schwope A. D., 2011, A&A, 530, 42

Davies R. 1., Miiller Sanchez F., Genzel R., Tacconi L. J., Hicks E. K. S.,
Friedrich S., Sternberg A., 2007, ApJ, 671, 1388

de Vaucouleurs G., de Vaucouleurs A., Corwin H. G., Jr, Buta R. J., Paturel
G., Fouque P., 1991, Third Reference Catalogue of Bright Galaxies,
Volume 1-3, XII. Springer-Verlag, Berlin

Douglas J. N., Bash F. N., Bozyan F. A., Torrence G. W., Wolfe C., 1996,
AJ, 111, 1945

Dressel L. L., Condon J. J., 1978, ApJS, 36, 53

Elias J. H. et al., 1998, in Fowler A. M., ed., Proc. SPIE Vol. 3354, Infrared
Astronomical Instrumentation. SPIE, Bellingham, p. 555

Ferland G. J., Netzer H., 1983, ApJ, 264, 105

Ferland G. J., Korista K. T., Verner D. A., Ferguson J. W., Kingdon J. B.,
Verner E. M., 1998, PASP, 110, 761

Ferruit P.,, Wilson A. S., Mulchaey J., 2000, ApJS, 128, 139

Forbes D. A., Ward M. J., 1993, ApJ, 416, 150

Garnett D. R., Dufour R. J., Peimbert M., Torres-Peimbert S., Shields G. A.,
Skillman E. D., Terlevich E., Terlevich R. J., 1995, ApJ, 449, L77

Guainazzi M., Matt G., Perola G. C., 2005, A&A, 444, 119

Hicks E. K. S., Davies R. 1., Malkan M. A., Genzel R., Tacconi L. J., Miiller
Sanchez F., Sternberg A., 2009, ApJ, 696, 448

Hollenbach D., McKee C. E,, 1989, ApJ, 342, 306

Izotov Y. 1., Stasiiska G., Meynet G., Guseva N. G., Thuan T. X., 2006,
A&A, 448, 955

Jackson N., Beswick R. J., 2007, MNRAS, 376, 719

Kewley L. J., Dopita M. A., Sutherland R. S., Heisler C. A., Trevena J.,
2001, ApJ, 556, 121

Knop R. A., Armus L., Matthews K., Murphy T. W., Soifer B. T., 2001, AJ,
122,764

Krongold Y. et al., 2009, ApJ, 690, 773

Larkin J. E., Armus L., Knop R. A., Soifer B. T., Matthews K., 1998, AplJS,
114,59

Longinotti A. L., Sim S. A., Nandra K., Cappi M., 2007, MNRAS, 374, 237

McCall B. J. et al., 2003, Nat, 422, 500

McGregor P. J. et al., 2003, in Iye M., Moorwood A. F. M., eds, Proc.
SPIE Vol. 4841, Instrument Design and Performance for Optical/Infrared
Ground-based Telescopes. Bellingham, SPIE, pp. 1581

Maloney P. R., Hollenbach D. J., Tielens A. G. G. M., 1996, ApJ, 466, 561

Meijerink R., Spaans M., Loenen A. F., van der Werf P. P, 2011, A&A, 525,
119

Miller B. P., Brandt W. N., Schneider D. P., Gibson R. R., Steffen A. T., Wu
J., 2011, ApJ, 726, 20

Moshir M. et al., 1990, BAAS, 22, 1325

Mould J. R. et al., 2000, ApJ, 529, 786

Mouri H., 1994, ApJ, 427, 777

Mouri H., Nishida M., Taniguchi Y., Kawara K., 1990, ApJ, 360, 55

Mouri H., Kawara K., Taniguchi Y., 1993, ApJ, 406, 52

Mouri H., Kawara K., Taniguchi Y., 2000, ApJ, 528, 186

Mulchaey J. S., Wilson A. S., Tsvetanov Z., 1996, Apl, 467, 197

Miiller Sanchez F., Davies R. 1., Genzel R., Tacconi L. J., Eisenhauer F.,
Hicks E. K. S., Friedrich S., Sternberg A., 2009, ApJ, 691, 749

Mufioz-Marin V. M., Gonzilez Delgado R. M., Schmitt H. R., Cid Fernandes
R., Pérez E., Storchi-Bergmann T., Heckman T., Leitherer C., 2007, AJ,
134, 648

Oliva E. et al., 2001, A&A, 369, L5

Peimbert A., Peimbert M., 2010, ApJ, 724, 791

Piconcelli E., Jimenez-Bailon E., Guainazzi M., Schartel N., Rodriguez-
Pascual P. M., Santos-Lled M., 2005, A&A, 432, 15

Quillen A. C., Alonso-Herrero A., Rieke M. J., Rieke G. H., Ruiz M.,
Kulkarni V., 1999, AplJ, 527, 696

Ramos Almeida C., Pérez Garcia A. M., Acosta-Pulido J. A., 2009, ApJ,
694, 1379

Reunanen J., Kotilainen J. K., Prieto M. A., 2002, MNRAS, 331, 154

Riffel R. A., Storchi-Bergmann T., 2011a, MNRAS, 411, 469

Riffel R. A., Storchi-Bergmann T., 2011b, MNRAS, 417, 2752

Riffel R., Rodriguez-Ardila A., Pastoriza M. G., 2006a, A&A, 457, 61

Riffel R. A., Storchi-Bergmann T., Winge C., Barbosa F. K. B., 2006b,
MNRAS, 373, 2

Riffel R. A., Storchi-Bergmann T., Winge C., McGregor P. J., Beck T.,
Schmitt H., 2008, MNRAS, 385, 1129

Riffel R. A., Storchi-Bergmann T., Dors O. L., Winge C., 2009, MNRAS,
393,783

Riffel R. A., Storchi-Bergmann T., Nagar N. M., 2010, MNRAS, 404, 166

Rodriguez-Ardila A., Pastoriza M. G., Viegas S., Sigut T. A. A., Pradhan A.
K., 2004, A&A, 425, 457

Rodriguez-Ardila A., Riffel R., Pastoriza M. G., 2005, MNRAS, 364, 1041

Shaw G., Ferland G. J., Abel N. P., Stancil P. C., van Hoof P. A. M., 2005,
Apl, 624,794

Simpson C., Forbes D. A., Baker A. C., Ward M. J., 1996, MNRAS, 283,
777

Skrutskie M. F. et al., 2006, AJ, 131, 1163

Storchi-Bergmann T., McGregor P. J., Riffel R. A., Simodes Lopes R., Beck
T., Dopita M., 2009, MNRAS, 394, 1148

Storchi-Bergmann T., Lopes R. D. S., McGregor P. J., Riffel R. A., Beck T.,
Martini P, 2010, MNRAS, 402, 819

Suchkov A., Allen R. J., Heckman T. M., 1993, ApJ, 413, 542

Tananbaum H. et al., 1979, ApJ, 234, L9

Thompson R. J., Jr, 1995, ApJ, 454, 660

Turner J. E. H., Allington-Smith J., Chapman S., Content R., Done C.,
Haynes R., Lee D., Morris S., 2002, MNRAS, 331, 284

van Hoof P. A. M., Weingartner J. C., Martin P. G., Volk K., Ferland G. J.,
2001, in Ferland G., Savin D., eds, ASP Conf. Ser. Vol. 247, Challenges
of Photoionized Plasmas. Astron. Soc. Pac., San Francisco, p. 363

Veilleux S., Goodrich R. W., Hill G. J., 1997, ApJ, 477, 631

Verner E. M., Verner D. A., Korista K. T., Ferguson J. W., Hamann F.,
Ferland G. J., 1999, ApJS, 120, 101

Vila-Costas M. B., Edmunds M. G., 1993, MNRAS, 265, 199

York D. G. et al., 2000, ApJ, 120, 1579

Zamorani G. et al., 1981, Apl, 245, 357

This paper has been typeset from a TEX/IATEX file prepared by the author.

© 2012 The Authors, MNRAS 422, 252-260
Monthly Notices of the Royal Astronomical Society © 2012 RAS

6102 1snBny 2z U0 1s8Nb Aq 020201/252/1 /22 FBISqE-O[oILIE/SEIUW/WO0"dNO"dILSPEoE/:SANY WOI) PAPEOUMO(





