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ABSTRACT

Extended narrow-line regions (ENLRs) and extended emission-line regions have been the focus of integral field
spectroscopy aiming at the inner kiloparsecs of nearby Seyfert galaxies as well as the larger environment of high-
redshift QSOs. Based on observations with the Wide Field Spectrograph at the 2.3 m telescope of the Australian
National University, we present spatially resolved emission-line diagnostics of the bright Seyfert 1.5 galaxy HE
2211-3903 which is drawn from a sample of the brightest Seyfert galaxies at z < 0.06 with luminosities around
the classical Seyfert/QSO demarcation. In addition to the previously known spiral arms of HE 2211-3903, the
emission-line maps reveal a large-scale ring with a radius of about 6 kpc which is connected to the active galactic
nucleus (AGN) through a bar-like structure. The overall gas kinematics indicates a disk rotation pattern. The
emission-line ratios show Seyfert-type, H1I region-type, and composite classifications, while there is no strong
evidence of LINER-type ratios. Shock ionization is likely to be negligible throughout the galaxy. The composite
line ratios are explained via a mixing line between AGN and H 11 region photoionization. Composite line ratios
are predominantly found in between the H 11 regions in the circum-nuclear region, the bar-like structure to the east
of the nucleus, and the eastern half of the ring, suggesting AGN photoionization of the low-density interstellar
medium in an ENLR on galaxy scales. The line ratios in the nucleus indicate N enrichment, which is discussed in
terms of chemical enrichment by Wolf-Rayet and asymptotic giant branch stars during past and ongoing nuclear
starburst activity.
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1. INTRODUCTION

Emission-line diagnostics has been widely applied to
emission-line galaxies as a tool for classifying active galactic
nuclei (AGNs) and for separating the effects of the AGN on the
interstellar medium in the galaxy from photoionization by H1t
regions (e.g., Baldwin et al. 1981; Veilleux & Osterbrock 1987;
Kewley et al. 2006). While many of these studies are based on
single data points per galaxy, spatially resolved emission-line di-
agnostics of individual active galaxies has become feasible with
modern observational techniques. Bennert et al. (2006a, 2006b,
2006c¢) use long-slit spectra to obtain radial profiles of spatially
resolved emission-line diagnostics in Seyfert 2 and Seyfert 1
galaxies. Among other physical parameters, the authors derive
a size of the narrow-line region (NLR) based on the change from
AGN:-type to Hii-type line ratios along the slit. Such a radial
profile analysis can be extended to a fully two-dimensional as-
sessment of emission-line diagnostics by means of integral field
spectroscopy.

Several nearby Seyfert galaxies, including the famous ex-
amples of Circinus and NGC 1068, have been analyzed using
integral field spectrographs with a fine spatial sampling and
a typically small field of view. These studies provide insight
into nuclear inflows and outflows, excitation, and the connec-
tion between AGN activity and nuclear star formation at high
physical spatial resolutions, by using adaptive-optics-assisted
near-infrared instruments such as SINFONI at the Very Large

Telescope of ESO (e.g., Davies et al. 2006, 2007, 2009; Miiller
Séanchez et al. 2006, 2009; Zuther et al. 2007; Bedregal et al.
2009; Friedrich et al. 2010) or NIFS at Gemini North (e.g.,
Riffel et al. 2006, 2008, 2009, 2010; Storchi-Bergmann et al.
2009, 2010). Seeing-limited optical integral field spectroscopy
of the circum-nuclear region in nearby Seyfert galaxies includes
observations with GMOS at Gemini (e.g., Barbosa et al. 2006,
2009), SAURON at the 4.2 m William Herschel Telescope (e.g.,
Fathi et al. 2005; Emsellem et al. 2006; Dumas et al. 2007),
or OASIS at the CFHT (Stoklasova et al. 2009). This type of
observation probes the NLR gas in the inner <1 kpc of the host
galaxy around the moderate-luminosity AGN in nearby Seyfert
galaxies.

The AGN, however, can influence the surrounding interstellar
medium on much larger scales. Evidence for large-scale AGN
ionization is found in the form of extended narrow-line regions
(ENLRs) on scales of up to ~20 kpc in Seyfert galaxies and
extended emission-line regions (EELRs) of tens of kpc around
higher redshift QSOs (e.g., Unger et al. 1987; Stockton &
MacKenty 1987). EELRs and AGN feedback in QSOs and radio
galaxies at intermediate to high redshift has become another
focus of multi-slit and, ultimately, integral field spectroscopy
(e.g., Morganti et al. 2010). Nesvadba et al. (2008) find EELRs
on scales of up to 30 kpc around three powerful radio galaxies
at a redshift of 2-3, indicative of radio-jet-driven outflows.
Fu & Stockton (2009) analyze the emission-line diagnostics
of EELRs around mostly radio-loud z ~ 0.1-0.4 quasars and
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discuss these in a scenario of quasar superwinds. The EELRs as
well as the broad-line regions (BLRs) of their central quasars
show low metallicities. Husemann et al. (2008, 2010) find
EELRs around a mostly radio-quiet sample of z < 0.3 QSOs
from the Palomar Green and Hamburg/ESO Surveys based on
integral field spectroscopy with the Potsdam Multi-Aperture
Spectrophotometer at the 3.5 m telescope at Calar Alto.

In order to fill the transition region between the detailed
nuclear studies of moderate-luminosity nearby Seyfert galaxies,
on the one hand, and the global studies of ionized gas around
bright QSOs and radio galaxies at intermediate to high redshift,
on the other hand, we focus on two-dimensional emission-
line diagnostics of some of the brightest AGNs at z < 0.06.
The project is based on a sample of 99 type-1 AGNs selected
from the Hamburg/ESO bright QSO sample (Wisotzki et al.
2000) according to a redshift criterion z < 0.06, as described in
Bertram et al. (2007). This sample of borderline type-1 QSOs
comprises bright local AGNs, clustering around the classical
Seyfert/QSO demarcation magnitude (see Koehler et al. 1997).
Based on millimeter observations, Bertram et al. (2007) suggest
that the sample objects show transition properties between the
lower-luminosity Seyfert 1 galaxies and luminous QSOs in
terms of the far-infrared to CO luminosity. Parts of the sample
have been the focus of H1 observations as well as near-infrared
long-slit spectroscopy (Fischer et al. 2006; Konig et al. 2009).

In this paper, we present a host-galaxy-wide analysis of
ionized gas for the bright Seyfert galaxy HE 2211-3903
(ESO344-G016) at z = 0.0397, drawn from the sample of
borderline type-1 QSOs. Using integral field spectroscopy, we
map emission-line diagnostics throughout the host galaxy of
HE 2211-3903 in order to separate ionization by the AGN from
ionization by star formation. The properties of the AGN con-
tinuum source, gas-phase metallicities, and AGN-photoionized
extended line emission are assessed by comparing the emission-
line ratios with available photoionization models. HE 2211-3903
is a Seyfert 1.5 galaxy (Véron-Cetty & Véron 2006) hosted in
a spiral galaxy which has been cited as Sb galaxy (Lauberts
1982) and, in the more recent literature, as barred galaxy (Maia
et al. 2003; Fischer et al. 2006). It is associated with an IRAS
source and belongs to the class of luminous infrared galaxies.
The infrared luminosity is Lig = 1.4 x 10! Ly, using the defi-
nition from Sanders & Mirabel (1996). Our data present the first
detailed case study of HE 2211-3903. Hy = 71 km s~ Mpc~!,
Quy = 0.27, and Qy,c = 0.73 is assumed throughout the pa-
per, resulting in a physical scale of 0.78 kpc arcsec™! for HE
2211-3903 (Wright 2006).

2. OBSERVATIONS AND DATA REDUCTION

Integral field spectroscopy of HE 2211-3903 was carried
out with the Wide Field Spectrograph (WiFeS) at the 2.3
m telescope of the Australian National University at Siding
Spring Observatory in Australia (Figure 1). WiFeS is an image-
slicer, providing a field of view of 25” x 38" via 25 slitlets of
38" x1”. A wide spectral coverage is achieved via simultaneous
observations in a blue and a red arm. The choice of gratings
includes spectral resolutions of 3000 and 7000. A detailed
description of the instrument and its characteristics can be found
in Dopita et al. (2007, 2010).

The WiFeS data for HE 2211-3903 were taken in 2009
October using the blue B3000 and the red R7000 gratings.
The data were obtained in nod-and-shuffle mode using cycles
of 100 s integrations on the object and 50 s integrations on the
sky. The total observing time on the science object was split into
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Figure 1. SERC-J image of HE 2211-3903 from the Digitized Sky Survey
(filter GG395). The overlay shows the 25" x 38" field of view of WiFeS for the
orientation used during the observations.

five frames in order to allow for cosmic-ray removal via median
combination.

The data reduction makes use of the WiFeS IRAF pipeline
(see Dopita et al. 2010) with user-specific modifications for
bias and sky subtraction. The bias subtraction is based on a
combination of overscan subtraction and the subtraction of a
low-order surface fit to a single bias observed close in time
to the object at night. This method is found to yield optimal
results given the curved and time-variable bias levels of the
four amplifiers of the WiFeS CCDs during the 2009 October
observations. In some cases the bias subtraction is additionally
improved by manual fine tuning of the surface fit. Residual bias
artifacts in the continuum level across the spectrum are treated
with a second-order correction for the purpose of continuum
subtraction (see Section 3.1). The sky subtraction in nod-and-
shuffle mode consists of the subtraction of the sky slices from the
corresponding object slices. Because of the unequal integration
times on object and sky, the sky slices are scaled by a factor of
two. The associated increase in noise in the sky slices is reduced
by a spatial two-pixel boxcar smoothing. The red spectra are
corrected for telluric absorption using telluric standard star
observations of B1 to B4 type stars. No telluric correction is
applied to the blue spectra. The flux calibration is based on an
average sensitivity curve derived from two spectrophotometric
standard stars. As some of the object frames are affected by
passing clouds, the flux calibration is applied to the good
frames only while the other frames are scaled accordingly before
median combination.

The WiFeS pipeline provides output data cubes with rectan-
gular 075 x 1”7 pixels. Square pixels of 1” x 1” at an enhanced
signal-to-noise ratio (S/N) are obtained by co-adding two pixels
of the cube in the y-direction. The spatial resolution of the data
is estimated based on the assumption that the broad component
of the nuclear He emission in HE 2211-3903 is intrinsically un-
resolved. Fitting a circular Gaussian profile to the point-spread
function (PSF) of the broad Ha emission results in an FWHM
of 2",

The wings of the AGN PSF as well as scattered light
from the AGN are potential contaminations in the off-nuclear
emission-line data discussed in this paper. The effects of AGN
contamination were assessed by re-analyzing the continuum-
subtracted data cube (Section 3.1) after subtracting a scaled
AGN spectrum from all spectral pixels for which a broad
Balmer component is detected. The AGN spectrum is assumed
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Figure 2. Comparison of the nuclear spectrum of HE 2211-3903 before (solid line) and after (dotted line) continuum subtraction. Both spectra show the combined

wavelength range of the blue and the red WiFeS spectrum averaged over a 3 pixel

(i.e., 3") circular aperture. The most dominant emission and absorption lines are

marked. “Bias” and “blue/red” indicate the regions of imperfect bias corrections and the transition from the blue to the red spectrum.

to be the spectrum in the brightest spectral pixel of the AGN
in the continuum-subtracted cube. The spectrum is spatially
scaled according to the spatial flux distribution of the broad
Balmer components. Scaling with flux in both, broad He as
well as broad HB, was tested separately. Besides introducing
new uncertainties and additional noise, the AGN subtraction
was found to have negligible effects on the results for the
off-nuclear emission-line analysis. The data in this paper are
presented without AGN subtraction.

3. ANALYSIS
3.1. Continuum Subtraction

The data cube is continuum-subtracted and cleaned from stel-
lar absorption lines using an adapted version of the Penalized
Pixel-Fitting method (pPXF; Cappellari & Emsellem 2004). A
combination of stellar templates of G and K supergiants from
the Indo-U.S. Coudé Feed Spectral Library (Valdes et al. 2004)
together with a low-order polynomial is fitted to the combined
blue and red spectra for each spectral pixel individually. Resid-
ual discontinuities in the spectra due to bias subtraction artifacts
and flux calibration offsets between the blue and red spectra
are equalized beforehand. This correction is done by adding/
subtracting a constant value determined from the average of
the continuum to the left/right of the discontinuity. The stel-
lar templates from the Indo-U.S. Coudé Feed Spectral Library
have a spectral resolution of 1 A FWHM over the wavelength
range from 3460 A to 9464 A. This approximately matches
the spectral resolution in the red part of the WiFeS spectrum
taken with the R7000 grating. The B3000 grating used for the
blue WiFeS spectrum has a lower spectral resolution. In order
to account for this mismatch, the blue part of the stellar tem-
plate spectra is smoothed to the lower spectral resolution before
the fitting process. As the S/N of the stellar absorption lines
strongly varies across the field of view, low S/N spectral pixels
are binned using a spatial boxcar smoothing. The smoothing
box for each spectral pixel is increased iteratively until either a
required S/N is reached or the smoothing box exceeds a maxi-
mum size of 9 x 9 spectral pixels. If the required S/N is reached,
the stellar templates are fitted to the continuum together with
a low-degree polynomial according to the pPXF method. If the
smoothing box limit is exceeded without reaching the required
S/N, the continuum of the respective spectral pixel is fitted
using a higher-degree polynomial only. All fits are performed

after blanking out emission lines as well as regions around the
corrected continuum discontinuities.

The resulting continuum fit is subtracted from the original
unbinned data cube in order to retain the maximum spatial
resolution for the emission-line studies. A nuclear spectrum
before and after the subtraction of the continuum and stellar
absorption lines is shown in Figure 2. Those spectral pixels
which are dominated by the AGN featureless continuum can be
affected by inaccuracies in the stellar continuum subtraction (see
Bennert et al. 2006¢). A significant oversubtraction of stellar
absorption lines for HE 2211-3903 can be excluded based on
the fact that there is virtually no difference in emission-line
ratios before and after continuum subtraction.

3.2. Emission-line Fitting

Emission lines are fitted with Gaussian line profiles in an
implementation of the IDL routine MPFITPEAK. All lines
are fitted with a single Gaussian component plus a zero-order
polynomial. Only for the hydrogen lines an additional broad
Gaussian component is added in order to account for the AGN
broad-line emission in the nuclear PSF. The emission lines
across the whole spectral range are fitted in two blocks which
account for line blending. In the red part of the spectrum,
[O1] A6300, [O1] A6364, [Nu] A6548, Ha, [N1u] A6583,
[Su] A6717, and [Su] A6731 are fitted simultaneously. The
line kinematics in terms of line centers and widths is tied to
the narrow Ho component. In the blue part of the spectrum
Hg, [O 1] 14959, and [O 1] A5007 as well as [O11] 13727 and
[O 1] A3729 are fitted simultaneously. Here the line kinemat-
ics is tied to HB. [O1] A3727 and [O11] A3729 are included
in this fit despite their large separation in wavelength, as tying
their kinematics to HB provides better constraints on their fit in
this lower S/N part of the blue spectrum. The broad hydrogen
components of Hoe and HB are removed from the fit if their
line widths exceed a specified limit. This ensures that a broad-
component fit is only attempted where a broad component with a
reasonable line width is present, i.e., ideally in the nuclear region
only.

The errors of the fit parameters of the emission-line fitting
are used for error propagation and data clipping in the further
analysis. These errors, provided by MPFITPEAK, are computed
from the covariance matrix of the least-squares fit and depend
on the estimated uncertainties of the input spectrum. The input
uncertainties are based on the standard deviation of the input
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Figure 3. Emission-line maps of the main emission lines in HE 2211-3903 (first
and third row) and their corresponding relative errors (second and fourth row).
For Ha and HP this map shows the narrow component of the line fit only. The
maps and their corresponding errors are derived from the Gaussian line fit as
described in Section 3.2. All pixels with a relative error larger than 30% are
clipped. The error maps show relative errors for all pixels with a non-zero line
flux. Clipped values are shown in white.

spectrum in a mostly line-free spectral region. In the fit to the
red spectrum, the standard deviation is assumed as a constant
error. As the fit to the blue spectrum involves a larger wavelength
range, two different constant uncertainties are assigned to the
short-wavelength and the long-wavelength part. These are based
on the standard deviation in a sample region close to [O 11] 3727
and [O1] 23729 and close to HB, [O 1] 14959, and [O111]
A5007, respectively. The resulting reduced chi-squares of the
fits for all spectral pixels are of the order of one. The errors of
the fit parameters are, therefore, scaled with the square root of
the reduced chi-square. In the following all data points with a
relative error larger than 30% are clipped.

4. RESULTS
4.1. Emission-line Maps and Kinematics

The morphology and kinematics of the narrow-component
emission-line gas in HE 2211-3903 reveals a rotating disk with
a large-scale ring which is connected to the nucleus through
a linear structure. Figure 3 shows the emission-line maps for
HE 2211-3903 in the narrow components of Ho and HB as well
as in [N 11] A6583, [O 1] A5007, [O 1] A3727,29, [N 11] L6548,
[Su] A6717, and [S1u] A6731. He and other lines tracing star
formation show H 11 region complexes in the ring in addition to
the two spiral arms emanating outward in the WiFeS field of
view. The ring has a radius of about 8, i.e., 6 kpc. Assuming
that the intrinsic shape of the ring is close to circular, the
observed ring shape is in agreement with a close to face-on
view. An estimate of the inclination is i < 35deg, which is,
however, complicated by ambiguities in the exact location of
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Figure 4. LOS velocity and velocity dispersion in HE 2211-3903 (top panels)
tied to Gaussian profile fits to the narrow He component. The LOS velocity is
marked with contours from —100km s~! to +100 km s~ in steps of 20 km s~
The bottom panels show the absolute errors for non-zero values of the LOS
velocity and velocity dispersion, respectively. Clipped data points are shown in
white. The velocity dispersion is corrected for the spatially variable instrumental
dispersion of the WiFeS R7000 grating determined from the line width of the
6300 A sky line.

the Hur regions with respect to the ring and spiral arms. The
major kinematic axis of the global rotation of HE 2211-3903 is
close to the east—west direction with a position angle of about
95deg (left panels in Figure 4). The maximum line-of-sight
(LOS) velocities observed are vy os ~ 100 km s~!. Assuming
an inclination of i < 35deg, the maximum circular velocity
is v os/ sin(i) > £175 km s~!, which is in the typical range
of maximum velocities for spiral galaxies (e.g., Garrido et al.
2005).

The ring of ionized gas is connected to the nuclear line emis-
sion through a linear structure. The latter is likely to be asso-
ciated with the stellar bar mentioned in previous publications
(Maia et al. 2003; Fischer et al. 2006). While there is some
evidence of diffuse emission from ionized gas along the linear
structure, bright H 11 regions are only found near the intersection
of the linear structure with the ring. Based on this first-order
morphological assessment, HE 2211-3903 resembles other
examples of ringed galaxies, where the ring is likely to be caused
by a bar resonance (e.g., Crocker et al. 1996).

The velocity dispersion of the narrow-line components in
the red spectrum (right panels in Figure 4) shows a clear
separation between broadened lines in the nuclear region and
narrow lines in the disk. The gas in the ring and spiral arms
has velocity dispersions of about 20 km s~', typical of extra-
galactic Hi regions (e.g., Shields 1990, and references therein).
The broadened lines in the nuclear region trace the AGN NLR.
The WiFeS data suggest a velocity dispersion of about 80 km s~!
for the kinematics of the gas in the NLR.

A detailed modeling of the kinematics and potential of
HE 2211-3903 would exceed the scope of this paper and is
left to future studies.
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Figure 5. Maps of the broad He component (first row, left panel), the flux ratios of the broad and narrow He and HB components (first row, middle panels), the flux
ratio of [S1] 26717 /[S 11] L6731 (first row, right panel), and the logarithm of the flux ratios of [N 11] 26583 /He, [O 111] A5007/Hp, [N 11] A6583 /[0 11] A3727,29, and
[S1] A6717,6731 /He (third row). The respective relative errors of the non-zero pixels in the maps are plotted in the second and fourth rows. Clipped data points are

displayed in white.

4.2. Interstellar Extinction

The Balmer decrement Ha/Hp is used to assess and correct
for interstellar extinction in the WiFeS spectra of HE 2211-
3903. The third panel in the upper row of Figure 5 shows the
Balmer decrement based on the narrow components of He and
Hp. The values of Ho/HpB mostly range between 3 and 5 (i.e.,
Ay =~ 0.1-1.5 mag). An increase in reddening is observed in
the western part of the nucleus and in the large H1 region to
the southwest. The flux ratio there reaches values of up to 6
(i.e., Ay = 2 mag). For completeness, the ratio of the broad
He and HB components is plotted in the second panel in the
upper row of Figure 5. In the nuclear PSF, the mean value of
the ratio is about 7. How far this ratio can be attributed to dust
extinction in the BLR is unclear. The high-density region of
the BLR does not necessarily follow pure case B recombination
(Osterbrock & Ferland 2006), since collisional and optical depth
effects might also play a role. On the other hand, Dong et al.
(2008) have shown that the Balmer decrements of blue quasars
are indeed in a narrow range close to the recombination value
of three. When using case B recombination as a reference
for the BLR, the corresponding visual extinction is ~2.5 mag
to ~3.5 mag.

The visual extinction Ay mentioned above is calculated from

Fuo/ Fup Kss500 A
Ay = =251 , 1
v o8 < 285 ) \ ki — kutp )

where F is the line flux, 2.85 is the theoretical ratio of
Fha,/ Fup, for case B recombination (Osterbrock & Ferland
2006), and « is the attenuation curve including contributions
from absorption and scattering (Fischera et al. 2003; Fischera
& Dopita 2005). Winkler (1997) reports a nuclear reddening of
E(B — V) = 0.63 for HE 2211-3903, which corresponds to
Ay = Ry x E(B — V) = 2.0 for Ry = 3.1. In the following
analysis, extinction corrections are only applied to line fluxes if
they are used in line ratios between lines with a large separation
in wavelength space. The extinction correction of a line at central
wavelength X is based on the relation

FHot/FH;S —K/(Kia —KHp)
P =B (T35 ~

For simplicity, a constant intrinsic Ha/HB ratio of 2.85,
typical of Hu regions, is used throughout the host galaxy.
AGN-dominated regions might have a larger intrinsic Hoe/HB
ratio of 3.1 (Kewley et al. 2006). The difference between the

@)
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two values implies an uncertainty of about 30% with some vari-
ation depending on the wavelength at which the extinction is
assessed. This is a similar order of magnitude as that of other
uncertainties in the data.

4.3. Intrinsic AGN Power

HE 2211-3903 belongs to the bright end of the local Seyfert
galaxy luminosity function. With Loy &~ 4 x 10" ergs™! ~
9 x 107 L, the [O 1] luminosity of HE 2211-3903 is close to
L* of the [Ou1] luminosity function of 0 < z < 0.15 AGNs
from the Sloan Digital Sky Survey (Hao et al. 2005). Compared
to the Seyfert 1 galaxy sample from the latter study HE 2211-
3903 shows an [O 111] luminosity which is between the Schechter
function L* and the one- or two-power-law function L* (Hao
et al. 2005, Table 1).

The estimate for the [O 1] A5007 luminosity of HE 2211-
3903 is derived from the total [O 1] flux in a nuclear aperture
with a diameter of 6” corresponding to three times the FWHM
of the Gaussian fit to the PSF of the nuclear broad He emission
(see Section 2). The [O 1] flux, corrected for extinction based
on the mean Balmer decrement in the same aperture, is of the
order of Fioy; = 1 x 10713 erg s~! cm™2. Using a luminosity
distance of D; = 173 Mpc, the nuclear flux corresponds to
a total [O 1] A5007 luminosity Liow = 47 D7 Fiou of the
order of 4 x 10" erg s™! &~ 9 x 107 L. Winkler (1992) reports
an [O 1] luminosity of log Lo = 41.39 in erg s~!, based
on long-slit spectroscopy and assuming a Hubble constant of
Hy = 50 km s~! Mpc~!. This is the same order of magnitude
as the WiFeS measurement of log Lo = 41.6 (erg s™1) or
log Liom = 41.9 (ergs™') for Hy = 75 kms~! Mpc~! or
Hy = 50 km s~! Mpc~!, respectively. The intrinsic power of
the AGN is estimated from the [Om1] luminosity using the
bolometric correction of 3200 (Shen etal. 2011). This resultsin a
bolometric luminosity of the order of Ly, = 1 x 10¥ erg s™! =
3 x 10" L. An alternative proxy for the bolometric luminosity
of the AGN can be obtained from the 5100 A luminosity.
In a nuclear aperture with a diameter of 6” the extinction-
corrected flux density of HE 2211-3903 at 5100 A is of the
orderof f, =8 x 1075 ergs™' em™2 A~ ie., Fsi00 = Afy, =
4 x 107" erg s~! cm™2. The corresponding luminosity is of the
order of Lsjo0 = 1 x 10* erg s~!. Using a bolometric correction
of 10.3 (Richards et al. 2006), the derived bolometric luminosity
of the order of Ly, = 1 x 10% erg s~lisin agreement with the
[O 11]-based value.

HE 2211-3903 has been detected in X-rays during the ROSAT
all-sky survey (Voges et al. 1999) with a PSPC count rate of
0.44 & 0.04 counts s~!. Assuming only Galactic absorption
toward the nucleus of HE 2211-3903 and an intrinsic power-
law spectral index of I'y = —1.9 results in a 0.1-2.4 keV X-ray
luminosity of L, = 6 x 10* erg s~!. If the X-ray emission is
absorbed by an extra X-ray column density of 3.7 x 10*' cm™2
to 6.7 x 10> cm™2, corresponding to the range of nuclear
visual extinction of Ay ~ 2.0 to Ay =~ 3.6 (see Section 4.2),
then the intrinsic luminosity is Ly ~ 3 x 10" ergs™' to
Ly ~ 4.4 x 10 ergs™'. A bolometric correction factor of
roughly 10 again yields a bolometric luminosity of the order of
Lo ~ 107 erg s™!.

4.4. Electron Density

The ratio of [S1] A6717/[S 1] L6731, as an indicator of the
average electron density (e.g., Osterbrock & Ferland 2006),
is plotted in the upper right panel in Figure 5. The average
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Figure 6. Diagnostic diagrams for HE 2211-3903, based on the pixel values and
errors from the third and fourth rows in Figure 5 (gray error bars). The solid,
dotted, and dashed lines indicate the borders between the loci of line ratios
classified as “Hu,” “composite,” “Seyfert,” “LINER,” or “AGN” (including
Seyferts and LINERs), based on Kewley et al. (2006). An extinction correction
is not applied, as the line ratios are computed from lines which are close to each

other in wavelength space.

flux ratio of [Stu] A6717/[S1u] A6731 throughout HE 2211-
3903 is about 1.2—1.3, corresponding to an electron density of
n, ~ 100-300 cm— (Cai & Pradhan 1993). The scatter in the
ratio from pixel to pixel suggests densities ranging from about
10 cm ™~ to about 10°2 cm 3. In part, this scatter is larger than the
error bars inferred from the spectral fitting procedure. If the error
bars are not underestimated, the pixel-to-pixel variations might
be an indication of ~kpc-scale density variations. The likely
presence of small-scale density inhomogeneities in the NLR
has been suggested previously (e.g., Komossa & Schulz 1997).

4.5. Emission-line Diagnostics

HE 2211-3903 shows evidence of Seyfert-type, H 11-region-
type, and composite line ratios, while there is no clear indica-
tion of LINER-type emission-line gas. The spatial variation
of the common diagnostic ratios throughout HE 2211-3903
together with the relative error for each pixel are displayed
in the third row of Figure 5. The maps of [Nu]/Ha and
[Ou1]/HB in Figure 5 clearly separate gas ionized by the
AGN from gas ionized by young stars in Hu regions. The
relation between the two line ratios is plotted together with
the “H 11 region,” “composite,” and “AGN” classification from
Kewley et al. (2006) in the left panel of Figure 6. The line
ratios for HE 2211-3903 lie on a narrow branch extend-
ing from H1 region-type to AGN-type line ratios. A signifi-
cant number of pixels in HE 2211-3903 belong to the com-
posite classification. A strong contribution from LINER-type
emission can be excluded based on the [S 11]/Ha ratio. As shown
in the right panel of Figure 6, the few line ratios falling into the
LINER region are still consistent with a non-LINER classifica-
tion within their error bars.

The spatial location of the composite-type line ratios in
HE 2211-3903 reveals an anti-correlation with the H1 region
complexes. The spatial assignment of line ratios classified as
“AGN,” “Hu” region, and “composite” in the left panel of
Figure 6 is highlighted in Figure 7. Based on the [O11]/HB
map, this plot shows pixels of “AGN,” “composite,” and “H 11"’
classification separately. Hiu-type line ratios are associated
with the Hi region complexes in the ring and spiral arms.
Composite line ratios are found in the eastern half of the galaxy,
predominantly tracing the low-density interstellar medium in
the circum-nuclear region, in the bar-like structure, and between
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Figure 7. Spatial location of pixels classified as AGN, composite, or Hut
according to the left panel in Figure 6 highlighted on the basis of the
[O 11] A5007/HB map from Figure 5. The contours from the flux distribution of
the narrow He line are overplotted. See the online version for the color-coded
pixel values.

(A color version of this figure is available in the online journal.)

the H 11 regions in the ring. In the following sections, the three
classes of emission-line ratios in HE 2211-3903 are compared
to existing photoionization models. The aim of this comparison
is to use available photoionization models as a guidance for the
line ratio interpretation. Given that the available models will
not sample the full parameter space of the gas conditions in
HE 2211-3903, a perfect match between models and data is not
intended.

SCHARWACHTER ET AL.
4.5.1. The Role of Shocks

The WiFeS data do not show any conclusive evidence for
ionization by fast radiative shocks in HE 2211-3903. In order to
assess the role of fast shocks, the diagnostic diagrams for [N 11]/
He, [Su]/He, and [O1]/Ha versus [Ou1]/HB are compared
to the fast radiative shock models from Allen et al. (2008) in
Figure 8. It is obvious that a fraction of the composite and AGN-
type ratios overlap with most of the shock+precursor models.
However, two lines of argument suggest that this overlap is
rather coincidental and not indicative of contribution from fast
shocks. The first argument is based on small velocity dispersions
and the lack of a continuous transition from the higher velocity
dispersions in the nuclear region to lower velocity dispersions
in the disk. Figure 9 or the right panel in Figure 3 shows that
the maximum velocity dispersion in HE 2211-3903 is about
80 km s~ !. The regime of the fast shocks, however, corresponds
to expected gas velocity dispersions of >115 kms~!. This
number is derived by dividing the fast shock model velocities of

>200 km s~ by +/3 in order to project the three-dimensional
velocities onto the observed LOS. In addition to the slow
gas velocities in HE 2211-3903, Figure 9 gives evidence of
a discontinuity between the high velocity dispersions (around
80 kms~!) for predominantly AGN-type line ratios in the
nucleus and the low velocity dispersions (around 20 km s~ !)
for mostly composite and H 11 region-type ratios in the ring and
spiral arms. This suggests that there is no large-scale evidence
of AGN-driven shocks penetrating from the nuclear region into
the composite and H 11 regions.

The second argument against shock ionization in HE 2211-
3903 is based on the disagreement of the nuclear line ratios (data
points marked in bold in Figure 8) with the fast shock models.
Figure 8 shows that these nuclear line ratios are not represented
well by the models in [S 11]/He and [O1]/Ha versus [O 1] /HS.
(The [N 1] /Ha ratios are disregarded here because of the effects
of a nuclear N-overabundance, as discussed in Section 4.5.3.)
This suggests that large-scale AGN-driven shocks are unlikely
to be significant in the nuclear region and, consequently, in any
off-nuclear region. Shocks on scales smaller than the WiFeS
resolution could remain undetected.

4.5.2. H 11 Regions

The H 11 region-typeemission-line regions in HE 2211-3903
indicate gas-phase metallicities of 1-2 Z. This is derived from
comparing H 11-type line ratios with the photoionization models

log ([OI/HA)
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Figure 8. [O 1] A5007/HB vs. [N1] A6583/Ha, [S1u] A6717,6731/He, and [O1] A6300/Ha diagrams for HE 2211-3903 compared to a grid of radiative shock
models taken from Allen et al. (2008). Line ratios from within a radius of 2” around the AGN are marked in bold. The models shown here are the “R” models from
Allen et al. (2008) for twice solar abundance and a pre-shock density of 1 cm™3. The pure shock models and shock+precursor models are shown in gray and black,
respectively. The shock velocities range from 200 km s~ to 1000 km s~! and are marked in steps of 50 km s~!. The lines of constant magnetic field are shown for
10~* 4G, 2 uG, 4 uG, and 10 pG. Like in Fi gure 6, the solid, dotted, and dashed lines outline the borders between the loci occupied by H 11, composite, Seyfert, and
LINER line ratios.
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Figure 9. Relation between the velocity dispersion and the [O 1] A5007/HB
ratio. AGN-type, composite, and H1 region-type line ratios are marked with
circles, triangles, and squares, respectively.

for ensembles of evolving H 11 regions from Dopita et al. (2006)
in Figure 10. The left-hand diagram shows the classical Veilleux
& Osterbrock (1987) diagnostic of [N 11]/He versus [O 1] /HS.
The right-hand panel shows the strongly abundance-sensitive
diagnostic of [N1]/[O11] versus [Ou1]/HB from Dopita et al.
(2000). The [N 11]/[O 1] ratios are extinction-corrected. This and
the fact that [O 11] is located in a lower S/N part of the spectrum
contribute to the larger error bars in this ratio. As described in
Dopita et al. (2006), the models are parameterized by metallicity
andlog R, where Ris defined as (M. ;/Mg)/(Po/ k), 1.e., the mass
of the central cluster M|, measured in solar masses, divided by
the ratio of the pressure of the interstellar medium Py and the
Boltzmann constant k, measured in units of cm~> K. Within
the error bars, most data points of the abundance-sensitive
ratio [N1]/[O1u] agree with the models for metallicities of
about 1-1.5 Zg for log R > —4.0. Based on typical cluster
masses and pressures, Dopita et al. (2006) expect such values
of log R, in particular log R = —2.0 for disk galaxies. [N11]/
Hea versus [O111]/HB becomes less abundance sensitive at the
high metallicity end, where metallicities of 1 Zg and 2 Zg
produce a rather sharp cutoff at log([N1]/Ha) ~ —0.5. The
line ratios measured for the Hir regions in HE 2211-3903
lie close to the models for metallicities of 1 Zy and 2 Zg
and log R > —4.0. But all data points are offset by about
0.1-0.2 dex toward higher [N1u]/Heo ratios. This indicates a
systematic offset in the models or the measurements. The models
can be affected by uncertainties in the N-abundance which is
strongly dependent on metallicity in metal-rich environments
where N becomes a secondary element. The treatment of the
N-abundance in the models is explained in detail in Dopita et al.
(2006) and Groves et al. (2004). While the model N-abundance
is a possible bias, it is unlikely to be the main explanation
for the offset found in Figure 10. An underestimation of
the N-abundance would affect [N11]/Ha and [N11]/[O1] in
a similar manner, which is not reflected in the data. One
possibility is that the large [N 11]/Ho measurements are caused
by an underestimate of the contribution from Ho absorption
during the subtraction of the stellar continuum. However,
0.1-0.2 dex corresponds to flux factors of 1.3—1.5, which seems
a large correction when attributing it to He absorption only.
Another possibility is that the H1r region line ratios are still
affected by a residual contribution from AGN photoionization.
A pre-absorbed AGN continuum can preferentially increase
the contribution from low-ionization lines. If [O11] and [N 1]
are similarly affected, then the effect cancels out in the line
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Figure 10. Comparison of the diagnostic diagrams for HE 2211-3903 with
photoionization models for ensembles of evolving Hir regions from Dopita
et al. (2006). The model grids show varying metallicity of Z = 0.4 Zg, 1.0 Zg,
2.0 Zg, and log R = 2,0, —2, —4, —6 (for details see Dopita et al. 2006). The
observational data only include pixels with line ratios indicative of H11 regions
based on their [N 11]/Her vs. [O 1] /Hp diagnostics in Figure 6. The [N 11]/[O 11]
ratios are based on extinction-corrected line fluxes.

ratio [N 11] /[O 11] but remains visible in [N 11]/He. As discussed
in Section 4.5.4, composite line ratios are found in between
the H1 regions in the ring, which suggests that also the Hut
regions can be affected by a contribution from residual AGN
photoionization.

4.5.3. AGN Photoionization Regions

The comparison of the AGN-type emission-line gas in
HE 2211-3903 with available AGN photoionization models
from Groves et al. (2004) suggests an N-overabundance in the
nuclear region. In addition, the comparison provides an estimate
of the power-law index of the ionizing AGN continuum as well
as evidence of decreasing ionization parameter with increasing
radial distance from the AGN. Diagnostic diagrams for all AGN-
classified line ratios from the nuclear and circum-nuclear region
or for single line ratios from an integrated nuclear spectrum are
plotted in Figures 11-13. The model grids show solutions from
the dusty, radiation-pressure-dominated photoionization mod-
els of Groves et al. (2004) for a variation of AGN power-law
indices and external ionization parameters at a fixed metallic-
ity of 2 Z. The models are available for a hydrogen density of
ny = 1000 cm~3. The model solar abundance set and the scaling
applied is described in detail in Groves et al. (2004). Groves et al.
(2004) define the ionization parameter as the ratio between the
number of ionizing photons per unit area per time S, and the hy-
drogen density ny times the speed of light c: U = S, /(nuc). The
AGN power-law continuum is described between a minimum
and maximum frequency of 5 eV and 1000 eV, respectively, as
F, o< v*. The assumption of a metallicity of 2 Z is based on
an extrapolation from the gas-phase metallicity in the H1r re-
gions of 1-2 Z, as discussed in Section 4.5.2. The assumption
of twice solar metallicity models for the nuclear region of HE
2211-3903 is furthermore supported by the fact that the models
from Groves et al. (2004) for 1 Z do not reproduce well the
majority of the measured line ratios.

First, the results from the three diagnostic diagrams in
Figure 11 are discussed. The highest [Ou1]/HB ratios are
found in the nucleus of HE 2211-3903 (points marked in
bold), which cluster in a narrow region in the diagnostic
diagrams. The comparison of all three diagnostic diagrams
with the model grids shows that the nuclear [N 1]/Ho ratios
deviate from the [Su]/Ha and [O1]/Ha ratios in terms of
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Figure 11. Comparison of the diagnostic diagrams for HE 2211-3903 with dusty radiation-pressure-dominated photoionization models for the NLR from Groves et al.
(2004). Only the pixels with AGN-type line ratios corresponding to the left panel in Figure 6 are plotted. All data points are from within a radius of about 4” from the
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Figure 12. Comparison of the nuclear line ratios of He 11 A4686/Hp vs. [O111]
A5007/HB and [On] Ar3727,29/[0Om] with the dusty radiation-pressure-
dominated photoionization models for the NLR from Groves et al. (2004). The
line ratios are measured in the nuclear spectrum integrated over a 2" aperture.
The line fluxes are based on the fit of Gaussian profiles to the lines, as described
in Section 3.2, with the exception that, unlike the other lines, the width of the
single Gaussian component for He 11 is not tied to the width of the narrow Hp
component. The model grid from Groves et al. (2004) shows the variation of the
emission-line ratios with varying external ionization parameter and power-law
index of the continuum source for an assumed metallicity of Z = 2.0 Z5 and
a hydrogen density of ny = 1000 cm~>. The ionization parameter is plotted
for U = 0.0, —1.0, —2.0, —3.0, and —4.0. The power-law index is plotted for
a=-12,-14,-1.7,and -2.0.

their model interpretation: both, [S 11]/He and [O1]/Ha versus
[Ou1]/HPB, agree with the dusty radiation-pressure-dominated
models for a power-law index close to —2.0 and an ionization
parameter of logU =~ —1.9. With respect to this, [N11]/Ho
is offset horizontally by +0.4 dex to a power-law index of
—1.4 and an ionization parameter between log U ~ —2.0 and
logU ~ —3.0. This deviation of the nuclear [N 11]/Ho ratios
can be explained via a nuclear overabundance of N in HE
2211-3903. An indication of N-overabundance also remains
when taking into account a possible intrinsic offset between
the [N 11]/Ho measurements and the model values of the order
of 0.1-0.2 dex, as found for the H1 regions in Section 4.5.2.
The scenario of N-overabundance is supported by the fact that
the offset is predominantly confined to the nucleus itself. At a
distance of 2” from the nucleus, where the [O 1] /Hg ratios start
to decrease, the line ratios occupy a similar model parameter
space in [N1]/Ha and [S1u]/Ha. These circum-nuclear line
ratios are, therefore, in agreement with a normal N-abundance.
For the circum-nuclear region, the [S 11]/Ha versus [O 1] /HB
diagram suggests a trend toward lower ionization parameters at
a constant power-law index with increasing distance from the
AGN. This is in agreement with a scenario in which the gas in the
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Figure 13. Comparison of [Ne v] 13426/[Ne 1] A3869 vs. [O 1] A5007/HB
with the dusty radiation-pressure-dominated photoionization models for the
NLR from Groves et al. (2004). The line ratios are measured in the nuclear
spectrum integrated over a 2" aperture. Unlike other errors in this paper, the
error bar for [Ne v]/[Nemi] is based on the range of line fluxes obtained by
different methods of line integrations (i.e., Gaussian profile fits and direct line
integrations). The model grid from Groves et al. (2004) shows the variation of the
emission-line ratios with varying external ionization parameter and power-law
index of the continuum source for an assumed metallicity of Z = 2.0 Z and a
hydrogen density of ny = 1000 cm™3. The ionization parameter is plotted for
U = 0.0, —1.0, —2.0, and —3.0. The power-law index is plotted for « = —1.2,
—1.4,—1.7, and —2.0.

circum-nuclear region is affected by a lower ionizing flux from
the same AGN continuum source. Outside the inner 2” around
the AGN, the ionization parameter is logU < —2.0 and it
decreasestolog U ~ —2.8 at3” from the nucleus. An alternative
estimate of the latter ionization parameter, mostly independent
of the shape of the ionizing continuum, can be directly obtained
from [O 1] AA3727,29/[0 1] A5007 (see Komossa & Schulz
1997). In the spectrum integrated over a 2" nuclear aperture on
HE 2211-3903, this ratio is about —0.3 (right panel in Figure 12).
Compared to Figure 7 in Komossa & Schulz (1997), this again

results in an ionization parameter of about log U = —2.7 when
assuming a low density of ng < 103 cm™3. The decrease in

ionization parameter from the nucleus to a distance of about
3” is in agreement with a decrease proportional to the inverse
square of the distance from the ionizing source, as expected in
a constant-density environment.

The following calculation shows that the flux of ionizing
photons from the AGN required for the derived ionization
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parameter at about 3” from the AGN is consistent with the
intrinsic luminosity of the AGN from Section 4.3. The photon
flux is S, = U x nyc. Assuming a density of ny = 100 cm ™3
(Section 4.4) and an ionization parameter of log U &~ —2.8, the
photon flux from the AGN at 3”, or 2.3 kpc, distance is S, ~
5 x 10° cm™2 s~!. For a photon energy of E, = 13.6 eV, the
corresponding energy fluxis F, = S, x E, = 0.1 ergcm 2 s L.
If this energy flux is radiated isotropically by the AGN into
distances of R = 2.3 kpc, the AGN luminosity is L, = 47 R?x
F, =7 x 10*¥ erg s~!. This value is well within the limit given
by the bolometric luminosity of the AGN derived in Section 4.3.

In view of the hypothesis of nuclear N-enrichment, the three
additional line ratios involving He 11 24686, [Ne v] A3426, and
[Nemr] A3869 are compared to the dusty radiation-pressure-
dominated models in Figures 12 and 13. These lines can only be
measured at sufficient S/N in the nuclear spectrum. The width
of the He 1 14686 line in the nuclear spectrum is broader by
a factor of about 1.5 than the width of the other narrow lines.
This is taken into account during the fit to the nuclear spectrum,
by decoupling the width of He i1 from the HS line. Like [N 11]/
Ho, He1i/HpB shows an offset of about +0.4 dex compared to
the line ratios predicted by the models for an AGN power-law
index of —2.0. This suggests that the N-enrichment is accompa-
nied by He enrichment. [Ne v]/[Ne ] (Figure 13) is the only
abundance-independent line ratio. Unlike the other line ratios,
[Ne v]/[Ne u1] deviates significantly from the model parameter
space. [Ne v] is located in a low S/N region of the blue spectrum
close to the band limit. In this region, flat fielding becomes un-
reliable and systematic errors might be introduced in addition
to the statistical errors shown in Figure 13. Furthermore, the
deviation between the data and the model could reflect
the known tendency of photoionization models to underpre-
dict the strongest observed [Ne v]/[Ne 1] ratios (e.g., Binette
et al. 1996; Komossa & Schulz 1997; Ferguson et al. 1997). Itis
possible that the bulk of the [Ne v] emission of HE 2211-3903
arises at very small nuclear distances at high density and in per-
haps dust-free environments, where the models of Groves et al.
(2004) are no longer fully applicable.

Dilution with nuclear star formation can produce AGN-type
line ratios which suggest an artificially softer AGN power law.
In particular, the single Gaussian line profile for the narrow
component does not fully account for the complexity of the
narrow lines in the nuclear region. This is a possible uncertainty
in the model interpretation of the measured AGN-type line ratios
presented here.

4.5.4. Regions with Composite Line Ratios

The composite line ratios in the circum-nuclear region and
the low-density interstellar medium between the H1r regions
in the eastern part of the bar-like structure and the ring of
HE 2211-3903 (Figure 7) are consistent with a varying degree
of mixing between photoionization purely by the AGN and
purely by star formation along a theoretical mixing curve. Such
a mixing line has been discussed in the context of diagnostic
diagrams for a sample of integrated galaxy emission-line ratios
(Kewley et al. 2001). Figure 14 shows that such a mixing curve
likewise reproduces the different types of spatially resolved
composite line ratios in HE 2211-3903. The anchor points
of the mixing curve are estimated according to the following
criteria: the anchor point for pure AGN photoionization is
chosen as the average of all off-nuclear AGN-type line ratios
at logU ~ —2.8 (see Figure 11). This ionization parameter
is likely to be most representative of the conditions of AGN
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Figure 14. [O 1] A5007/HB vs. [N11] 26583 /He diagram for HE 2211-3903
(gray error bars) compared to a mixing curve of photoionization from the AGN
and from the star formation (black curve). The percentage of AGN contribution
to the H 11 region values is shown in steps of 10% along the mixing curve (black
diamonds). As in Figure 6, the gray solid and dotted curves outline the borders
between the loci occupied by AGN-type, composite, and H 11 region-type line
ratios, based on Kewley et al. (2006). The anchor points of the mixing curve are
explained in the text.
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photoionization further out in the galaxy. The anchor point for
pure H1 region photoionization is selected to be the average
value of all line ratios classified as H 11-region-like according to
Kewley et al. (2006). In terms of this hypothetical mixing line,
the composite line ratios in HE 2211-3903 agree with AGN
contributions to the photoionization between about 10% and
70%. On average [O111] A5007/HpB for the composite ratios is
large close to the AGN and decreases radially into the outer
parts of the ring (Figure 5 or the color version of Figure 7). This
agrees with a scenario of decreasing AGN contribution to the
photoionization with increasing distance from the AGN.

5. DISCUSSION

HE 2211-3903 was chosen from a sample of Seyfert/QSO-
borderline type-1 AGNs in order to probe the properties of a
bright AGN and its host galaxy at low redshift via spatially
resolved emission-line diagnostics.

A basic morphological assessment of the emission-line data
presented in this paper suggests that the AGN of HE 2211-
3903 resides in a barred ringed galaxy. Regarding the overall
regular velocity field, it is likely that HE 2211-3903 is currently
dominated by secular rather than merger-driven evolution.
Secular evolution is considered to play an important role in
fueling AGNs at low redshift, while powerful high-redshift
QSO0Os are more likely to be driven by major galaxy mergers (e.g.,
Cisternas et al. 2011, and references therein). In this scenario
HE 2211-3903 ranks among typical low-redshift AGNs.

The emission-line data for HE 2211-3903 show signs of
N-overabundance which is confined to the nucleus. AGNs
with N-overabundance have been found from low to high
redshift. For example, Hamann & Ferland (1999) review the
case of high relative N-abundance for high-redshift QSOs. In
the case of low-redshift AGNs, Storchi-Bergmann (1991) con-
cludes that the majority of objects from a sample of Seyfert 2
and LINER galaxies show evidence of N-overabundance in
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the nucleus. Similarly, by comparison with fast shock mod-
els, Dopita & Sutherland (1995) find N-overabundance for
Seyfert 1.5, Seyfert 2, and LINER galaxies. They also demon-
strate that increasing the input N-abundance in the models
directly translates into an increase in [N1I]/He. The single
integrated spectrophotometric data in their study show N-
overabundance of up to 0.4 dex. This range is similar to the
value derived for HE 2211-3903. The spatially resolved infor-
mation for HE 2211-3903 reveals that the N-overabundance
is associated with the nucleus, where the interstellar medium
must have been chemically enriched during past and/or ongo-
ing nuclear starburst activity. The finding that He appears to be
enriched together with N is not unexpected. The stars producing
N-enrichment at the same time eject He which is added to the
existing primordial He-abundance. The main source for chem-
ical enrichment of the interstellar medium is mass loss from
asymptotic giant branch (AGB) stars, Wolf-Rayet stars, and su-
pernovae (e.g., Kobayashietal. 2011). Mass loss from AGB stars
mainly contributes to the enrichment of He, C, and N. Mass loss
from Wolf-Rayet stars enriches the interstellar medium with
He and N as well as, in the later stages of evolution, C and
O. Assuming initial mass functions for the stellar populations,
Dray et al. (2003) show that, at solar metallicity, AGB stars of
~4-8 Mg play a dominant role in N-enrichment, while the C-
and O-enrichment is dominated by Wolf-Rayet stars and super-
novae, respectively. The detailed share of AGB and Wolf-Rayet
stars in their N-enrichment scenarios depends on the initial mass
function. The typical lifetime of AGB stars is ~107 yr, while
that of Wolf-Rayet stars is a few 10° yr. When attributing the
N-enrichment to AGB stars in a single starburst only, this means
that the starburst must be at least ~107 yr old. Similarly, in the
case of N-enrichment by Wolf Rayet stars, the starburst must be
at least a few 10° yr old. Based on the analysis presented here, it
is not possible to rule out N-enrichment from starbursts further
in the past, nor to exclude the scenario of multiple successive
starburst episodes.

The infrared brightness of HE 2211-3903 supports a scenario
of recent and ongoing starburst activity. In particular, the IRAS
colors of «(100,60) = —0.58 and «(60,25) = —0.61 fall
into a region of the IRAS two-color diagram which is between
that of blackbody-dominated luminous infrared galaxies and
power-law-dominated QSOs and Seyfert galaxies (Lipari 1994;
Canalizo & Stockton 2001). Objects in this region of the two-
color diagram have been interpreted as “transition objects” in a
possible evolutionary sequence from an ultraluminous infrared
to an AGN phase (Canalizo & Stockton 2001). This evolutionary
sequence is a scenario for the merger-driven evolution of sources
with Lig > 102 Ly evolving into luminous optical QSO
nuclei. Whether such an interpretation as a transition object
can be directly transferred to low-redshift AGNs like HE 2211-
3903 with scaled-down luminosities and dominated by secular
evolution remains to be investigated.

For the classical transition objects, Canalizo & Stockton
(2001) find a time lag of about 50 x 10° yr between the peak of
the starburst activity and the radio-quiet AGN becoming visible.
This is a similar delay time as the 50 x 10° yr to 100 x 10° yr
found by Davies et al. (2007) for the minimum age of the
star formation in efficiently fueled AGNs in nearby Seyfert
galaxies. Davies et al. (2007) discuss the role of winds and
outflows from different types of stars in hindering or supporting
AGN accretion. They argue that the slow winds from AGB stars
play an important role for efficient accretion of the ejecta onto
the AGN in contrast to the fast winds from Wolf-Rayet stars
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and supernovae which rather prevent efficient accretion. If this
scenario is applied to HE 2211-3903, the slow winds from AGB
stars formed in a starburst about ~107 yr ago can be the origin of
both, the observed N-enrichment and the fueling of the currently
optically bright AGN.

The AGN in HE 2211-3903 in turn has an observable effect
on the host galaxy. The composite line ratios are likely to
trace a contribution of AGN photoionization of the low-density
interstellar medium out to distances of about 8 kpc from the
AGN. With the wide azimuthal coverage and without signs of
shock excitation, the properties of this ENLR in HE 2211-3903
are different from those of many Seyfert 1.5 and 2 galaxies
in the literature. The emission-line region in HE 2211-3903
covers an angle of almost 180 deg in the eastern half of the ring.
This wide opening angle is distinct from the elongated extended
narrow-line emission typical of Seyfert 1.5 and 2 galaxies (e.g.,
Unger et al. 1987). Various studies show that the elongations of
the latter are usually correlated with the radio morphology (e.g.,
Unger et al. 1987; Capetti etal. 1994; Winge et al. 1997). Dopita
& Sutherland (1995) and Dopita & Sutherland (1996) suggested
that the extended emission-line regions in Seyfert 1.5 and 2
galaxies are shock-excited via mechanical energy input from
jets. For HE 2211-3903 the line ratios and velocity dispersions
presented in Section 4.5.1 show no evidence for shock excitation
of the gas in the ENLR. Furthermore, the wide opening angle of
the ENLR over almost 180 deg in the ring supports a scenario
without large-scale radio jet at least in the plane of the ring. In
available radio data from the NRAO VLA Sky Survey, the radio
source of 3.8 mJy at 1.4 GHz is reported to be extended but
not resolved into components (Bauer et al. 2000). The search
for a possible radio jet could be the motivation for future radio
observations of HE 2211-3903.

The analysis of the galaxy-scale EELR in HE 2211-3903
suggests that, even without an obvious contribution from a radio
jet, AGN photoionization alone can have a subtle effect on
the interstellar medium in host galaxies. In luminous quasars
AGN photoionization has been found to affect the whole
host galaxy, as discussed by Greene et al. (2011) based on
long-slit spectroscopy of a sample of 15 obscured quasars at
0.1 < z < 0.5. But detailed observations and analyses become
increasingly difficult at higher redshift and AGN luminosity.
Observations are affected by both, decreasing spatial resolution
as well as contamination from the PSF of the bright nucleus. In a
spatially unresolved spectrum integrated over the whole WiFeS
field of view, HE 2211-3903 would be classified as “composite”
based on the narrow-line ratios. These ratios are log [N11]/
Ha = —0.2, log [Om]/HB = 0.2, and log [Su]/Ha = —0.5
when fitting the narrow lines with a single Gaussian profile. Such
a spectrum only indicates a superposition of emission from the
AGN NLR and from star formation throughout the host galaxy.
But the spatial information is necessary in order to detect the off-
nuclear composite emission as sign of an ENLR. By extending
the sample of classical radio-loud and radio-quiet low-redshift
QSOs with EELR detections (e.g., Husemann et al. 2008; Fu &
Stockton 2009) toward lower redshifts and AGN luminosities,
objects like HE 2211-3903 at the bright end of the z < 0.06
Seyfert population are likely to provide further insights into the
properties and physics of EELRs.

6. SUMMARY

The spatially resolved emission-line gas properties of the
bright Seyfert 1.5 galaxy HE 2211-3903 were analyzed based
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on optical integral field spectroscopy using the Wide Field
Spectrograph WiFeS.

A ring of ionized gas with a projected radius of about 6 kpc is
revealed by the emission-line maps of HE 2211-3903. A linear
structure of ionized gas connecting the ring with the nuclear
region is likely to be associated with the stellar bar mentioned
in previous literature. Based on the ring morphology as well as
the global Ha kinematics, a close to face-on view onto HE 221 1-
3903 is suggested. The overall He kinematics is indicative
of disk rotation. HE 2211-3903 is tentatively discussed as an
example of a barred ringed galaxy and as a candidate for
AGN fueling by secular evolution, similar to many low-redshift
AGNs.

Emission-line diagnostics and a rather abrupt transition from
narrow emission lines in the ring and spiral arms to broadened
emission lines in the AGN NLR indicate that shock ionization
is likely to be negligible at the spatial resolution of the obser-
vations. Instead, a scenario of AGN photoionization of the low-
density interstellar medium on galaxy scales is discussed. This
ENLR is traced via composite emission-line ratios on scales of
up to 8 kpc. Emission from this ENLR is detected over an angle
of about 180 deg in the eastern half of the galaxy, including the
diffuse gas in the circum-nuclear region, in the bar-like structure,
and between the H 11 regions in the ring. The AGN contribution
to the composite line ratios tracing the ENLR decreases with
increasing radial distance from the AGN.

The nucleus of HE 2211-3903 shows signs of
N-overabundance, accompanied by He-overabundance. The
N-overabundance is found to be confined to data points from the
very nucleus, as the circum-nuclear region and the H 11 regions
in the disk agree with a normal N-abundance. The most likely
source for this enrichment are winds from AGB and/or Wolf-
Rayet stars during past and possibly ongoing nuclear starburst
episodes. Ongoing starburst activity is supported by the infrared
luminosity and colors.
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