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1 INTRODUCTION

ABSTRACT

We present two-dimensional (2D) mapping of the gas velocity field of the inner few hundred
parsecs of six nearby active galaxies, using spectra obtained with the integral field unit of the
Gemini Multi-Object Spectrograph instrument at the Gemini North telescope. In our previous
paper, we reported the 2D mapping of the stellar kinematics extracted from the calcium
triplet absorption lines. In this paper, we use the [S 1] 29069 emission line to obtain the flux
distribution and kinematics of the gas in the narrow-line region (NLR). The gas emission
is extended by a few hundred parsecs and its kinematics are dominated by rotation in the
galaxy plane. Subtraction of the rotation component reveals outflows along the NLR which
show spatial correlation with radio structures seen in Very Large Array radio 3.6 and 20 cm
flux images, suggesting that the radio jet is pushing the circumnuclear interstellar medium.
This interpretation is also supported by the observation of high-velocity dispersion (o >
500 km s~) structures in association with the outflowing gas. The gas outflows and radio jets
are oriented at random angles relative to the galaxy major axis, indicating that they are not
launched perpendicularly to the galaxy plane. Slicing the emission-line profiles into velocity
channels, we create maps of the NLR gas distribution at different radial velocities. In at least
half of our sample, the highest velocities are observed close to the nucleus suggesting that
the emitting gas is decelerating outwards, from projected blueshifts exceeding 400kms~! to
values of 100200 kms~! at 100—200 pc from the nucleus. We have estimated mass outflow
rates in the NLR of ~1 to 50 x 1073 Mg yr‘l, which are ~10-20 times the accretion rate
necessary to feed the active nucleus. The kinetic energy of the ouflow is estimated to be 4-5
orders of magnitude smaller than the bolometric luminosity. Assuming kinetic energy transfer
between the radio jet and the NLR outflows, the mass ejection rate in the radio jet is 5-6 orders
of magnitude smaller than the mass accretion rate necessary to feed the nuclear supermassive
black hole.

Key words: galaxies: active — galaxies: kinematics and dynamics— galaxies: nuclei — galaxies:
Seyfert.

the NLR in optical emission lines has been used to determine the
properties of the radiation field of the AGN (Schmitt & Kinney

The narrow-line region (NLR) of active galactic nuclei (AGNs)
is an important laboratory to probe the interaction between the
nuclear engine and the circumnuclear interstellar medium (ISM)
of the host galaxies. In the recent past, narrow-band imaging of

*E-mail: faustokb@if.ufrgs.br

1996; Ferruit, Wilson & Mulchaey 2000). Long-slit spectroscopic
studies have been used to provide the missing kinematics and
spectral information (e.g. Storchi-Bergmann, Wiklson & Baldwin
1992; Storchi-Bergmann et al. 1999; Cooke et al. 2000; Fraquelli,
Storchi-Bergmann & Binette 2000; Ruiz et al. 2001; Gonzélez
Delgado et al. 2002; Fraquelli, Storchi-Bergmann & Levenson
2003).
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Comparison of optical observations with data in other wavebands
can provide clues on the origin of the NLR excitation and kine-
matics. Ground-based observations of Seyfert galaxies with large
extended NLRs have shown that there is a good correlation between
the orientation of the [O m] emission and that of the radio jet (Wil-
son & Tsvetanov 1994; Nagar et al. 1999). These results have been
confirmed by observations with the Hubble Space Telescope (HST)
(Capetti et al. 1996; Falcke, Wilson & Simpson 1998; Schmitt et al.
2003). Combining this information with the fact that Seyfert galax-
ies with luminous radio sources have systematically broader [O 1]
emission lines (Whittle 1992) indicates that the NLR gas can be
significantly disturbed by the interaction with the jet. This interac-
tion can either ionize the gas through shocks or simply compress it,
resulting in regions of enhanced emission and outflows.

In some active galaxies, however, the interaction of the radio jet
with the ISM is less important. Using HST STIS spectra, Nelson
et al. (2000) studied the NLR kinematics and emission-line ratios
of NGC4151 and concluded that there is no significant interac-
tion of the radio jet with the galaxy ISM. Mundell et al. (2003)
proposed that the misalignment of the NLR and the radio jet in
NGC 4151 favours photoionization by the AGN as the main excita-
tion mechanism of the NLR. Also using Space Telescope Imaging
Spectrograph (STIS) spectra, Das et al. (2006) studied the NLR
of NGC 1068 and concluded that the radio jet is not the principal
driving force on the outflowing NLR clouds.

Veilleux et al. (2003) used the Taurus Tunable Filter on the Anglo-
Australian Telescope (AAT) and William Herschel Telescope to
search for very extended ionized gas in starburst and active galaxies
and confronted their data with optical long-slit spectra and X-ray
maps and concluded the source of ionization in the gas ranges from
shock ionization to photoionization by the central AGN or by in situ
hot young stars. New powerful observational tools to study the NLR
are the integral field units (IFUs) as they allow for both spatial and
spectroscopic coverage (Allington-Smith et al. 2002; Riffel et al.
2006; Dumas et al. 2007; Riffel et al. 2008).

In this work, we have used the Gemini Multi-Object Spectrograph
(GMOS) in IFU mode to map the NLR distribution and kinematics
of six Seyfert galaxies using the [S mJA9069 emission line. Due to
the relatively high-spectral resolution of our data we were able to
slice the emission-line profiles in a sequence of velocity channels,
allowing for the mapping of different velocity components from the
blue to the red wing of the [S 1] emission line. We also compare
the gas kinematics and distribution with radio 20- and 3.6-cm maps
in order to evaluate the role of the radio jet in the imprint of the
NLR kinematics. Finally, we compare the NLR kinematics with the
stellar one — obtained from the calcium triplet around 8500 A —
already published in Barbosa et al. (2006; hereafter Paper I) what
has alowed the separatation of the contribution of the gravitational
component — namely rotation in the galactic plane — from outflows
along the NLR.

This paper is organized as follows. In Section 2, we present the
selected galaxy sample and their most relevant information and
discuss briefly the observations and reduction steps. In Section 3,
we describe the data analysis methods and in Section 4 we report
our results. In Section 5, we discuss and interpret our results and in
Section 6 we present a summary and our conclusions.

2 SAMPLE, OBSERVATIONS
AND REDUCTIONS

The sample consists of six nearby Seyfert 1 and Seyfert 2 galaxies
for which we have studied the stellar kinematics in Paper I. The
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Table 1. Sample galaxies (column 1), morphological/Seyfert type (colu-
mns 2/3), adopted spatial scale (column 4) and seeing measured from the
acquisition images (columns 5/6).

Galaxy Morph. Seyfert Scale Image quality”
type? type (pc arcsec™2)  (arcsec) (pc)

NGC 2273 SB(r)a 2 120 1.00 120
NGC 3227 SAB(s) pec 1.5 84 0.80 67
NGC 3516 (R)SB(s)0 1.5 183 0.98 180
NGC 4051 SAB(rs)bc 1 45 0.50 23
NGC 4593 (R)SB(rs)b 1 174 0.49 85
NGC 4941 (R)SAB(r)ab 2 72 0.40 29

“Morphological type as given in NED (NASA/IPAC Extragalactic Data
base http://nedwww.ipac.caltech.edu/).

b Although this has been obtained from the PSF measured in the acquisition
image, we verified that the nuclear PSF measured in the reconstructed
image of the Seyfert 1 galaxies is the same for NGC4051 and only
~10 per cent larger in NGC 4593.

galaxies and their main properties are listed in Table 1 together with
the seeing of the corresponding observation. The observation log is
given in Paper I and a summary of the observations is given below.

2.1 TFU data

The galaxies were observed in three runs at the Gemini North tele-
scope with the GMOS spectrograph operating in IFU mode. The
spectral range was similar for the three runs, always including the
calcium triplet absorptions at ~A8500 A and the [Sm]19069 A
emission line, with spectral resolution R ~ 3000 (FWHM ~
100 km s~') and wavelength sampling of 0.692 A pixel™". The
GMOS IFU consists of a hexagonal array of 1000 lenslets which
sends the light through optical fibers to the spectrograph. The lenslet
array samples a field of view (FOV) of 7 x 5 arcsec? (or half of
it, 3.5 x 5arcsec?, with twice the wavelength coverage). The sky is
sampled with a set of lenses which is displaced by 1 arcmin from
the object and whose field is half the object field. The centres of
contiguous lenses are separated by 0.2 arcsec and thus the distance
between opposite faces of the hexagonal lenses is also 0.2 arcsec.
A more complete discussion on the IFU instrument and the obser-
vational details can be found in Paper L.

Data reduction was accomplished using generic IRAF! tasks and
specific ones developed for GMOS data in the GEMINL.GMOSs package.
The reduction steps consisted of trimming, bias subtraction, flat-
fielding, cosmic rays cleaning, alignment and interpolation of the
data, extraction of the spectra, wavelength and flux calibration, sky-
subtraction and coaddition of different exposures.

2.2 Radio data

High-resolution VLA? radio images were fetched from the VLA
archive and reduced or were kindly provided by the authors of
previously published works (Nagar et al. 1999; Schmitt et al. 2001).
The data from Nagar et al. (1999) have been recently reprocessed

! 1RAFis distributed by the National Optical Astronomy Observatories, which

is operated by the Association of Universities for Research in Astronomy,
Inc. (AURA) under cooperative agreement with the National Science Foun-
dation.

2 The Very Large Array (VLA) is a facility of the National Radio Astronomy
Observatory, which is operated by Associated Universities, Inc. under a
cooperative agreement with the National Science Foundation.
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Table 2. Radio observations.

Name Program/ Date Conf. Wavelength Beam size Beam PA
Ref. (cm) (arcsec) ©)
NGC2273 AM 3844 1993 January 16 A 3.6 0.29 x 0.29 0
AUT9 1999 August 29 A 20 1.44 x 1.22 2.0
NGC 3227 AP212 1991 June 24 A 3.6 0.38 x 0.29 9.4
AUT9 1999 August 29 A 20 1.66 x 1.28 -43.8
NGC3516 AM 3844 1993 January 18 A 3.6 0.32 x 0.32 0
NGC3516 AM 384 1993 January 18 A 20 1.68 x 1.12 20.2
NGC 4051 AP212 1991 June 24 A 3.6 0.32 x 0.26 36.4
AUT9 1999 August 29 A 20 1.85 x 1.10 -84.5
NGC 4941 AA394P 1993 January 18 A 3.6 0.35 x 0.24 37.2

“Published in Nagar et al. (1999).
bPublished in Schmitt et al. (2001).

for better flux calibration than those originally published. We list
in Table 2 the VLA program from which the observations were
obtained or the reference to the work where they were published, the
date of the observations, the array configuration, wavelength of the
observation and the beam parameters used for the image restoration.
The reductions followed standard atps techniques, which consisted
of flagging bad data points, setting the flux-density scale using
the primary calibrators and phase calibrating using the secondary
calibrators. Images were created using natural weighting and were
also interactively self-calibrated two times in phase.

3 DATA ANALYSIS

As the surface brightness of the galaxies decreases towards the bor-
ders of the field, the signal-to-noise ratio of the spectra decreases
accordingly. To compensate for this effect, we have replaced each
individual spectrum by the average of itself and the six nearest
spectra (inside a radius 0.3 arcsec). This replacement was done
for the spectra beyond a radius 1 arcsec from the centroid of the
18500 A continuum brightness distribution. By adopting this strat-
egy to increase the signal-to-noise ratio we lose some spatial reso-
lution at the borders of the field but as the smoothing aperture is of
the order of the seeing, this effect is not important.

3.1 Line fluxes, peak velocities and widths

In order to obtain the [S m] integrated line fluxes the original hexag-
onally sampled spectral array was interpolated into a rectangularly
sampled 0.1 x 0.1 arcsec? spectral array (data cube). The data cube
was then integrated over the wavelength range covering the full
spectral extent of the line and the continuum was removed by sub-
tracting its contribution under the line using an interpolation of the
flux between two adjacent continuum windows, one to each side of
the [S m] line.

The radial velocities and the velocity dispersions have been mea-
sured directly in the original hexagonally sampled array by fitting
Gaussians to the [S 1] emission line. This fit was done with the
FITPROFS task in two steps. In the first step the task was run with
fixed Gaussian width and free peak wavelength and flux. By doing
this, we obtain a robust determination of the peak wavelength, from
which we calculate the radial velocity. In order to compare the gas
radial velocities with the stellar ones from Paper I we have corrected
the measured radial velocities to the local standard of rest (LSR).

In order to obtain the emission-line widths (full width at half-
maximum, FWHM), we run the FITPROFS task again with fixed peak

wavelength. The instrumental spectral broadening, obtained mea-
suring the widths of the calibration lamp emission lines, was finally
taken into account by subtracting it, in quadrature, from the [S 1]
line widths. From the line widths we have then obtained the gas
velocity dispersions o0 = FWHM/2.355.

3.2 Velocity ‘tomography’

We have obtained a ‘velocity tomography’ in the [S 1] emission
lines slicing its profile into velocity channels and integrating the
flux of the line within each velocity channel. The flux images in
the velocity channels were constructed in a similar way to that used
to create the integrated line flux image. The rectangularly interpo-
lated data cube was sliced into small wavelength ranges of ~1.4 A
(2 pixel or ~46 km s~!) to create each channel image. The num-
ber of channels depends on the width of the emission line for each
galaxy, spanning the full wavelength range of the [S m] line in each
galaxy. The adjacent continua images used to remove the continuum
from each channel are the same ones used to remove the continuum
of the integrated [S m1] line flux image.

As we gain an extra dimension with the IFU technique we must
be careful in the analysis of the wealth of information gained. The
velocity channel maps provide different information from that of
the radial velocity maps. The latter gives the peak velocity of the
emission line for a given spatial position and it is dependent on the
relative intensities of different kinematic components eventually
present to form an emission line. The peak emission will usually
correspond to the kinematics of the component(s) with the highest
flux(es). The velocity channel maps, however, show how the gas
with a certain velocity is distributed along the NLR. For example: a
blueshifted jet can be seen in a high-velocity channel and the radial
velocity map can show a low velocity (or even redshifted velocity)
in that same location if the low-velocity (or redshifted) gas has a
much higher flux than that of the jet.

4 RESULTS

2D maps of the [S m] kinematics are presented for each galaxy in
pairs of figures from Figs 1, 2 to 11, 12. The first figure of each pair
comprises six panels, as described below.

(1) The top-left hand panel shows the [S ] emission-line inte-
grated flux.

(2) The top-right hand panel shows the continuum integrated in
a spectral window of 470 A centred in the CaT spectral region.

© 2009 The Authors. Journal compilation © 2009 RAS, MNRAS 396, 2-18
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Figure 1. Gas kinematics of NGC 2273. The black contours in the four gas maps are radio 3.6 (compact contours) and 20 cm maps. The upper-left hand panel
shows the integrated [S 1] line flux. The central-left hand panel shows the [S m] radial velocity map. The bottom-left hand panel shows the [S 1] velocity
dispersion map. The bottom-right hand panel shows the difference between the [S 1] and stellar radial velocities. The central-right hand panel shows the stellar
radial velocity map. The upper-right hand panel shows the continuum flux integrated over 470 A at the CaT spectral region. The colour bars of the panels
showing flux measurements are in logarithm of arbitrary flux units and those showing velocity measurements are in km s~! units. The systemic velocity for
this galaxy is 1836 kms~! (Barbosa et al. 2006). All panels have the same orientation, indicated at the upper-right hand panel. The panels have all the same
scale, indicated in the upper-right hand panel, and dimensions of 6.8 x 4.9 arcsec?. Tick marks in the x-axis are separated by 1 arcsec, as well as the large ones
in the y-axis. Regions in white correspond to uncertain measurements which were masked out. The dashed line shows the orientation of the line of nodes from

Paper I and the word ‘Near’ indicates the near side of the galactic plane.

(3) The middle-left hand panel shows the [S 1] radial velocity
field.

(4) The middle-right hand panel shows the stellar radial velocity
field from Paper 1.

(5) The bottom-left hand panel shows the [S ] velocity disper-
sion map.

(6) The bottom-right hand panel shows the difference between
the [S m] and stellar radial velocity maps.

In all panels the stellar kinematical centre is identified by the
black cross. Radio contours have been overlaid on the [S m] maps

© 2009 The Authors. Journal compilation © 2009 RAS, MNRAS 396, 2-18

as described in each figure caption. Unless otherwise specified the
alignment of the maps was done registering the maxima of the
radio and [Sm] flux distributions. Panels 2 and 4 are included for
comparison purposes only.

The second figure for each galaxy presents the velocity tomog-
raphy along the [S m] emission-line profile. Radio contours, as in
the previous figure, were also overlaid on one of the maps. The
number of channels shown depends on the width of the emis-
sion line but each image always corresponds to a velocity width of
46kms™!.

We now discuss the results for each galaxy.
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Figure 2. NGC 2273 velocity slices along the [S m] emission-line profile. The slices have a ~46 km s~! width and the central velocity is given in the upper-left
hand corner. Radio contours, as in the previous figure, were overlaid on the map corresponding to the velocity channel —393 kms~'. The size of each slice
field is 6.8 x 4.9 arcsec? and the orientation is the same of the previous figure. Tick marks in the x-axis are separated by 1 arcsec, as well as the large ones in

the y-axis.

4.1 NGC2273

The map of the [S m] integrated flux (upper-left hand panel of Fig. 1)
shows a bright central peak and resolved extended emission by as
much as ~3.5arcsec to NE. The overlaid radio 3.6-cm contours
(inner ones) is composed of two discrete components: the strongest
at ~0.6 arcsec and the another ~1.5arcsec to the W. This radio
image was registered to the peak of our [S 1] emission map by
using the nuclear position adopted by Nagar et al. (1999) in their
radio image.

Comparison of the [Sm]-integrated flux with fluxes in the 16
velocity channels of Fig. 2 suggests the presence of at least four
kinematic components. The first kinematic component is observed
as a linear structure extending to W by <1 arcsec from the nu-
cleus. This structure is cospatial with the strongest 3.6 cm radio
component to the W and it is also observed in the most blueshifted
channels (—439 to —347kms™'). The second kinematic compo-
nent is approximately cospatial with the second radio component at
~1.5arcsec W, and is observed from channels —211 to —74 kms~!.
A third kinematic component is observed extending from the nu-
cleus up to ~2 arcsec to S—SW in velocity channels from —211 to
—74km s~ and a fourth component is observed from channel —28
to 109 km s~! extending up to ~2 arcsec to N-NE. These two latter
kinematic components could be associated with the nuclear spiral
arms observed by Erwin & Sparke (2003). Another component may
be present in channels from —74 to 63 kms~! extending towards E
by ~1.5 arcsec.

Except for a central redshifted region, the [Sm] radial veloc-
ity map (middle-left hand panel of Fig. 1) keeps a good re-
semblance to the stellar one with the line of nodes along NE—

SW. In the difference map [Vr(Gas) — Vg(Stel]; lower-right
hand panel of Fig. 1) the [Sm] velocity residuals are within
the range —50 to +50kms~! but for the redshifted region
within the inner 0.5arcsec which have redshifts in excess of
50kms!.

The [S m1] o map (bottom-left hand panel of Fig. 1) shows a strong
increase (from ~100 to ~300kms™') in the velocity dispersion
values within 1arcsec W of the nucleus. This high o region is
cospatial with the strongest 3.6 cm radio component and with the
highest blueshifted component observed in the velocity channel
maps. This result is consistent with a model in which a small radio
jet interacts with the circumnuclear ISM producing the blueshifted
[S m] emission. Towards the E, there is also a hint of enhancement
of the o values, which could be associated with a counterjet, which
is hard to observe due to the fact that it is probably behind the galaxy
disc.

These opposite outflows are oriented approximately along E-W
(position angle PA ~90°), while the kinematic major axis of the
central region (from Paper I) is at PA = 53° (see dashed line in
Fig. 1). Under the assumption that the spiral arms are trailing in this
galaxy, the near side of the galaxy is projected to the NW and the
far side to the SE as shown in the middle-right hand panel of Fig. 1.
The blueshifted outflows are thus projected on to the near side of
the galaxy. Using the disc inclination angle from Paper I as i = 50°
we infer that the outflows are launched at a small angle 6 < 40°
with respect to the galaxy disc, what could explain the increase in
o associated with the radio component closer to the nucleus: due to
the small angle, the radio plasma compresses the gas from the disc,
while the gas corresponding to the second component has already
left the disc.

© 2009 The Authors. Journal compilation © 2009 RAS, MNRAS 396, 2-18
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Figure 3. Gas kinematics of NGC 3227. Details are as described in the
caption of Fig. 1, except that the IFU field is half the size, or 3.3 x 4.9 arcsec?.
The large tick marks in the x-axis are separated by 1 arcsec, as well as those
in the y-axis. The systemic velocity for this galaxy is 1201 kms~! (Barbosa
et al. 2006).

4.2 NGC 3227

The [S m1] integrated flux map (upper-left hand panel of Fig. 3) shows
extended emission in all directions but the flux drops more abruptly
towards S and SE and extends beyond the field boundaries towards
W, N and E. Inside the field boundaries the strongest emission is
clearly more elongated towards N along PA ~ —5°.

The radio 20 cm (outer contours) is extended beyond the field-
of-view and presents no structure at the scale of our maps. The
radio 3.6 cm (inner contours) is compact but resolved being more
elongated to N suggestive of a compact radio jet which has the same
orientation of the strongest [S 11] emission.

Comparison of the integrated flux with the flux in velocity chan-
nels (Fig. 4) shows a compact kinematic component elongated to
the N with very high blueshifts of up to ~ —900 km s~! close to
the nucleus (within ~1 arcsec). More extended emission to the N is

© 2009 The Authors. Journal compilation © 2009 RAS, MNRAS 396, 218
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observed in the channels ~ —465 to —7 km s~!. This emission has
a changing orientation from PA ~ 10° to PA ~ —10° and increasing
extent as we move from the most blueshifted to the zero-velocity
channels, suggesting the ejected mass interacts with the ISM and
changes its orientation and decelerates with distance from the
nucleus.

The radial velocity field (middle-left hand panel of Fig. 3) shows
two conspicuous blueshifted regions to the N, approximately in the
direction of the compact radio structure but lying just beyond it, at
distances of 0.7 and 2.4 arcsecs from the nucleus (=60 and 200 pc
projected distance at the galaxy, respectively). These blueshifted
regions are also visible in the difference map [Vr(Gas) — Vr(Stel);
lower-right hand panel of Fig. 3] and have velocities relative to the
stellar velocity field of about —200 km s~ and could be regions
of the ISM of the galaxy compressed by the radio jet observed at
3.6 cm. A comparison between the radial velocity field and differ-
ence map with the high blueshifts observed within 1 arcsec from
the nucleus in the velocity channels (Fig. 4) of up to —900 kms™!
suggests that we are observing the creation of a new optical emitting
gas structure, probably due to the interaction of the compact radio
ejecta observed in the 3.6 cm radio image with the circumnuclear
gas.

The o map (bottom-left hand panel of Fig. 3) shows a wide range
of o values from ~100 km s~ at N to ~800 km s~!' at NE. The
regions with the highest o values are located just eastwards of the
two blueshifted emission regions, suggesting that this enhancement
is due to compression of the galaxy ISM by the outflowing radio

ejecta.
The outflows are observed at PA ~ 10°, while the kinematic
major axis of the central region is at PA = —30° (Paper I). Under

the assumption that the spiral arms are again trailing, the near side
of the galaxy is projected to the W—SW (as shown in the middle-
right hand panel of Fig. 3) and the far side is the E-NE, thus
the blueshifted outflows are projected against the far side of the
galaxy.

4.3 NGC3516

The [Sm] integrated flux map (upper-left hand panel of Fig. 5)
shows nuclear emission elongated towards the north along PA ~
20° and connected to a region of enhanced emission (hereafter
N cloud) at ~2 arcsec which seems to extend beyond the field
boundaries.

The radio 20 cm emission shows a clear spatial association to the
[S 1] emission being also elongated towards N being cospatial to
the region of the N cloud. This radio emission was first observed
by Miyaji, Wilson & Perez-Fournon (1992) who refer to it as ‘radio
cloud B’. These authors also pointed out the coincidence between
this cloud and a peak in an [O mJA5007 image, suggesting compres-
sion and acceleration of ambient gas of the galaxy by radio ejecta
from the active nucleus.

The maps of flux in velocity channels (Fig. 6) clearly re-
veal blueshifts in the N cloud in the channels from —357 to
—128 km s~! at 2 arcsec N from the nucleus. A possible oppo-
site velocity (redshifted) component to the S is partially visible
from channel +9 to +147 km s~! extending beyond the IFU field.
The gas at the nucleus also presents significant blueshift — up to
—311 km s~!, while the highest redshift there is ~190 km s~!.

Both the radial velocity field (middle-left hand panel of Fig. 5)
and the difference field (bottom-right hand panel of Fig. 5) deviate
significantly from the stellar velocity field (middle-right hand panel
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Figure 4. NGC 3227 velocity slices along the [S m] emission-line profile. The slices have a ~46 km s~! width and the central velocity is given in the upper-left
hand corner. Radio contours, as in the previous figure, were overlaid on the upper-left hand map. The size of each slice field is 3.3 x 4.9 arcsec? and the large
tick marks in the x-axis are separated by 1 arcsec, as well as the ones in the y-axis.

of the Fig. 5) at the position of the N cloud which is blueshifted by
~ —200 km s~! in accordance with what was found in the velocity
channels.

Mulchaey et al. (1992) have studied the kinematics of the ex-
tended He and [N1] emitting gas in NGC 3516 using long-slit
spectroscopy over the inner 15 arcsec (thus covering a larger field
than ours), finding a significant rotational component but also ra-
dial components of motion. They propose a model of a bipolar mass
outflow in which gas ejected from the nucleus out of the plane of the
stellar disc is slowed by gravitational forces and falls back into the
plane (beyond 5 arcsec from the nucleus). More recently, Ruiz et al.
(2005) obtained slitless HST STIS spectra and reached a similar
conclusion from the kinematics of the [Om] A5007 emitting gas.
They observe blueshifts which reach ~ —200 to —300 kms~! at
~2 arcsec N of the nucleus, similarly to what we observe in the [S 1]
emitting gas. Beyond 2 arcsec N the blueshifts decrease reaching
the sistemic velocity at ~6 arcsec, supporting the ejection model of

Mulchaey et al. (1992). Our observations also support the ejection
model, although we only observe the inner part of the jet that is
coming out of the plane towards the N.

The o map (bottom-left hand panel of Fig. 5) shows a narrow arc
with high o which seems to delineate the borders of the blueshifted
N cloud. The high o structure indicates perturbations in the sur-
rounding interstellar medium which supports the interpretation first
put forth by Miyaji et al. (1992) of compression of the galaxy ISM
by the outflowing radio ejecta.

The stellar kinematic major axis of the inner region, as derived
in Paper I, is at PA = 48°, while the blueshifted N cloud is at
PA ~ 20°. Under the assumption that the spiral structure is trailing,
the near side of the galaxy is the NW (as shown in the middle-right
hand panel of Fig. 5), thus the N cloud is seen projected against
the near side of the galaxy. Using the disc inclination angle from
Paper I as i = 22° we infer that the outflows form an angle 6 < 68°
with the galaxy disc.

© 2009 The Authors. Journal compilation © 2009 RAS, MNRAS 396, 2-18
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Figure 5. Gas kinematics of NGC3516. Details are as described in the
caption of Fig. 1, except that the IFU field is half the size, or 3.3 x 4.9 arcsec?.
The large tick marks in the x-axis are separated by 1 arcsec, as well as the
ones in the y-axis. The systemic velocity for this galaxy is 2698 kms™!
(Barbosa et al. 2006).

4.4 NGC4051

The [S m1] integrated flux map (upper-left hand panel of Fig. 7) shows
a complex emission structure. The strongest emission is centred at
the nucleus and is elongated by ~5 arcsec from W to E. At low flux
levels, the emission reaches ~3 arcsec from the nucleus to the S
and ~4 arcsec to N and NE.

The thin contours in Fig. 7 show the 20-cm radio distribution,
which is elongated to the S—SW where there is a ‘secondary’ or
fainter ‘peak’ at ~3 arcsec from the nucleus. The strongest radio
source at 20 cm is centred at the nucleus and is elongated from
W to E, and is well traced by the strongest [S 1] emission. The
thicker contours in Fig. 7 show the 3.6 cm radio contours which
are elongated by only ~1 arcsec to W and E, and have the same
orientation as that of the strongest radio source at 20 cm and of the
[S 1] strongest emission.

© 2009 The Authors. Journal compilation © 2009 RAS, MNRAS 396, 218
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The velocity slices (Fig. 8) show four kinematic components.
The most extended component is a thin filament to the N up
to the border of the field with blueshifts in the range —498 to
—315km s~!. The second most extended component is observed
to the E, up to 2 arcsec from the nucleus with blueshifts of —315
to —40km s~!. A component to the S is seen from channel —40
to +52km s~! and thus presents no significant net radial veloc-
ity. A component to the W is visible in channels with velocities
ranging from +97 to +281km s~! and seems to be a counterpart
to the E component, although presenting smaller redshifts than the
blueshifts observed to the E. A NE emission patch is present with
modest redshift in channels with velocities —40 to +97km s~ at
2.5 arcsec from the nucleus.

The radial velocity map (middle-left hand panel of Fig. 7) as well
as the difference map (bottom-right hand panel of Fig. 7) shows a bi-
polar E-W component reaching velocities of ~ +100 and —250 km
s~! with respect to the stellar radial velocity field at &2 arcsec from
the nucleus. This bi-polar component has the same orientation as
the compact 3.6 cm radio structure, suggesting that it is an outflow
related to this radio emission. But while the radio emission is re-
stricted to at most 1 arcsec from the nucleus, the outflows observed
in [S ] extend farther beyond, up to 2.5 arcsec from the nucleus
to the E. The blueshifts observed to the E indicate that this side
of the outflow is partially directed towards us and the fact that the
blueshifts have higher velocities than the redshifts suggest that the
redshifted outflow is partially hidden behind the galaxy disc. A
very high-velocity blueshift, of up to —400km s~!, is observed at
~2 arcsec to the N, and corresponds to the filament with the highest
blueshifs observed in the velocity channels maps. The orientation
of this high-velocity filament is approximately perpendicular to the
direction of the compact E-W radio structure and to the E-W out-
flow.

The o map (bottom-left hand panel of Fig. 7) shows a wide
range of velocity dispersion values, which vary from some tenths of
kms~! up to ~103 km s~!. The highest o values are associated to
the tip of the blueshifted outflow to the E and to the highest blueshift
to the N. There are other two regions with o as high as 400 km s™!
at the locations covered by the bipolar component, at ~2 arcsec E
and ~1 arcsec W of the nucleus. This association again support that
the origin of the high o values is the injection of kinetic energy into
the circumnuclear gas as a result of the interaction of a radio jet
with the ISM of the host galaxy.

The stellar kinematic major axis of the nuclear region obtained in
Paper Iis PA = 107°, while the outflows are observed to the E and N
(blueshifts) and W (redshifts). Under the assumption that the spiral
arms are trailing, the near side of the galaxy is the SW and the far
side is the NE (as shown in the middle-right hand panel of Fig. 7),
thus the two blueshifted components are projected against the far
side of the galaxy (in front of the galactic disc) and the redshifted
component is behind the galactic disc.

4.5 NGC4593

The integrated flux map (upper-left hand panel in Fig. 9) presents
extended emission by ~5 arcsec from SE to NW and by ~3 arcsec
in the perpendicular direction. The strongest emission is elongated
from the nucleus to the W along PA ~ 280° extending to ~2 arcsec
from the nucleus.

The radio map of this galaxy is not resolved and only shows a
compact nuclear component (Schmitt et al. 2001).

The velocity channels in Fig. 10 shows a range of velocities
from —203 to +207 kms~!, with the highest values at the nucleus.
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Figure 6. NGC 3516 velocity slices along the [S m] emission-line profile. The slices have a ~46 km s~! width and the central velocity is given in the upper-left
hand corner. Radio contours, as in the previous figure, were overlaid on the upper-left hand map. The size of each slice field is 3.3 x 4.9 arcsec? and the large
tick marks in the x-axis are separated by 1 arcsec, as well as the ones in the y-axis.

The elongation to the W is observed in the channels ~ —100 to
+100km s~!, suggesting it comprises both blueshifts and redshifts.
Nevertheless, in the [S ] radial velocity map (middle-left hand
panel of Fig. 9) it can be observed that the gas shows a rota-
tion pattern similar to that of the stars, except at the end of the
elongated structure at ~2 arcsec W of the nucleus. In the stellar
radial velocity map, it can be observed that the rotation velocity
at this location is approximately +100kms~!, thus similar to the
redshift observed in the velocity channels for the elongated struc-
ture. It can thus be concluded that the redshifted emission observed
in the velocity channels probably originates from gas rotating in
the plane while the blueshifted emission is due to gas coming out
of the plane. The residual blueshift is also observed in the differ-
ence map Vgr(Gas) — Vr(Stel), which shows blueshifts in excess of
50kms~!.

At the location where the residual blueshift is observed, we find
a conspicuous region of low velocity dispersion values in the o
map (bottom-left hand panel of Fig. 9) which seems to be detached
from the rest of the region, which shows much higher o values. The
low o values suggest that this region may be a high-latitude cloud
outflowing from the nuclear region without interaction with the
circumnuclear ISM, unlike the other outflows discussed previously
in which shocks produced by the interaction of the radio ejecta
with the circumnuclear ISM of the galaxy can explain the observed
enhancement of the o in the outflowing region.

The stellar kinematic major axis of the nuclear region from Paper I
is at PA = 89° (or 269°), while the outflowing region is observed at
PA ~ 280°. Under the assumption that the spiral arms are trailing,
the near side of the galaxy is the N and the far side is the S (as
shown in the middle-right hand panel of Fig. 9), and the blueshifted
region is thus projected against the near side of the galaxy.

4.6 NGC4941

The [S m] integrated flux map (upper-left hand panel of Fig. 11) is
extended by ~3.5 arcsec in all directions and presents a faint patch
of emission towards S which extends beyond the border of the field
(2.2 arcsec S from the nucleus).

The contours of the 3.6 cm radio emission shown in Fig. 11 shows
a small extent (by <1 arcsec) to NW.

In the velocity slices maps (Fig. 12) there is no conspicuous fea-
tures, except that the highest blueshifts (more than —400kms™")
seem to occur at the location of the small radio extension to NW
suggesting the presence of a compact outflow. The highest redshifts
(more than 300 km s~') are observed in the opposite direction, sug-
gesting a possible counterpart outflow not seen in the radio map.

The radial velocity map (middle-left hand panel of Fig. 11) does
not show an obvious rotation pattern, as observed in all other galax-
ies. The difference map (bottom-right hand panel of Fig. 11) show

© 2009 The Authors. Journal compilation © 2009 RAS, MNRAS 396, 2-18
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Figure 7. Gas kinematics of NGC 4051. Details are as described in the caption of Fig. 1. The systemic velocity for this galaxy is 718 kms~! (Barbosa et al.

2006).

redshifts to the NE (50 < Vg < 100 km s~!) and similar blueshifts
to the SW which suggests a mild outflow along SW-NE.

The stellar kinematic major axis of the nuclear region is at PA =
20° (Paper I, errata), while the blueshifted part of the possible
compact outflow associated to the radio jet has an average PA ~
—40° and the mild outflow is observed at PA ~ 35°. Under the
assumption that the spiral arms are trailing the near side of the
galaxy is the E (as shown in the middle-right hand panel of Fig. 11)
and the blueshifted part of both the compact and most extended
outflows are projected against the far side of the galaxy.

5 DISCUSSION

5.1 [S 1] flux distribution

The [S ] emission is extended by several arcseconds in all six
galaxies of our sample, corresponding at the galaxies to radial
distances from the nucleus ranging from ~150 pc in NGC 4941,

© 2009 The Authors. Journal compilation © 2009 RAS, MNRAS 396, 2-18

through typical values for most galaxies of ~250pc to a radial
distance larger than 400 pc in NGC 3516.

For the five galaxies with resolved radio maps (NGC 2273, 3227,
3516, 4051 and 4941) the gas emission is enhanced in regions
where the radio emission is detected and the outflows are observed.
Nevertheless the emission is not restricted to these regions but is
spread over most of the IFU field and in two cases extending beyond
the field. From its kinematics it can be concluded that this emission
originates in gas rotating in the disc of the galaxy. The ionizing
source of this gas could be the AGN and/or eventual circumnuclear
star formation in the galaxy disc.

5.2 Gas kinematics

The [S 1] radial velocity field shows a conspicuous rotation pattern
similar to that of the stars in NGC 2273, 3227, 3516 and 4593. But,
besides rotation, we have found additional kinematic components
at locations usually associated to radio components, corresponding
mostly to outflows.
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Figure 8. NGC 4051 velocity slices along the [S 1] emission-line profile. The slices have a ~46 km s~! width and the central velocity is given in the upper-left
hand corner. Radio contours, as in the previous figure, were overlaid on the upper-left hand map. The size of each slice field is 6.8 x 4.9 arcsec® and the tick
marks in the x-axis are separated by 1 arcsec, as well as the large ones in the y-axis.

The only possible inflow was observed in the nucleus of
NGC 2273, for which a redshift of up to 80 km s~ is observed
in the difference map Vg(Gas) — Vr(Stel) within 0.5 arcsec from
the nucleus.

The [S ] radial velocity fields of NGC 4051 and 4941 do not
show an obvious rotation pattern and are dominated by collimated
outflows in the former and a milder less collimated outflow in the
latter.

While the radial velocity maps show the velocity distribution of
the gas with the strongest emission, the velocity channel maps show
also the velocity distribution of gas with less intense emission.

For NGC 2273, the outflows can only be observed in the velocity
channel maps, while the most intense emission comes from gas
which mostly follow the velocity field of the stars. The presence
of the outflows is supported by the increase in velocity dispersion
at the corresponding locations. The fact that the outflow shows
two kinematic components, and their apparent connection with two
radio components observed in the 3.6 cm radio map suggest that
the ejection of plasma by the active nucleus is not continuous, but
occurs in a sequence of discrete components, resembling expanding
‘bubbles’.

Emission in discrete components is observed also in the radial
velocity maps of NGC 3227 and 3516, which show two blueshifted
components in NGC 3227 and one in NGC 3516. These compo-

nents have mean blueshifts of &~ —200kms~' and are located at
1-2 arcsec from the nucleus, corresponding to projected distances
at the galaxies of ~100-200 pc.

In NGC 4593, there is also a small detached emission region at
~1.3 arcsec from the nucleus (*200 pc at the galaxy) with observed
blueshifts larger than —50kms~!.

In the case of NGC 4051 the outflow is observed in what seems
to be a projected conical structure, with blueshifts increasing
from tens of kms~! close to the nucleus up to —200kms~! at
~2.3 arcsec, corresponding to a projected distance of ~100pc in
the galaxy. A redshifted counterpart structure can also be observed.
These apparently conical outflows seem to be continuous and not
in discrete components as in the other galaxies discussed above.

Less conspicuous and collimated outflows — both blueshifted and
redshifted and reaching velocities of up to 100kms~! seem to be
present also in NGC 4941.

5.3 Variation of radial velocities with distance
from the nucleus

The outflows observed in the radial velocity maps of NGC 3227,
3516 and 4051 show velocities which appear to increase with dis-
tance from the nucleus. This is unexpected, as, if the outflows
are originated at the AGN, they should decelerate outwards, not

© 2009 The Authors. Journal compilation © 2009 RAS, MNRAS 396, 2-18

¥T0Z ‘9z Afenige4 uo Jouedns pA-YN ap [e0SSad ap Olusweos Y Jedy ap 07 Yy§yeuaploo) 07Yy§yepund e /Bi10°s[eulnopioxo-seluw//:dny wouy papeojumoq


http://mnras.oxfordjournals.org/
http://mnras.oxfordjournals.org/

[S 1] Int. Flux

C 1 ] IR °
— .’ —™
_ e . o
- . T
- IFd
= . B e
- . =
C, | ! | |

[S 1] Radial Vel. 3
o ' | PR R
C Lo

- i . -

- i !ti‘. (e
_ ] [aV]
- e o ]

C e _

= i o -

C . _ o
.l ! | .
[S MI] Vel. Dispersion °
] T | | LI B
:_ il ‘ ’ ' _:

— ! . o 7 o
O " A l..'; s 9
— = = n .

C a1 f .

= . | 148
— .’ " ]

— rd —

C, | I H ! | e 2

IFU gas kinematics of nearby active galaxies 13

CaT Int. Flux

1.5

0.5

CaT Radial Vel.
| ' I

2400 2450 2500 2550 2600

V(Gas) — Vg(Stel)
Eo ] ' | ' | r.

L
-

50

-50

LLIII|IIII|IIII|IIII|II

JIIII|IIII|IIII|IIII|III

Figure 9. Gas kinematics of NGC 4593. Details are as described in the caption of Fig. 1 except that here we do not show radio contours. The systemic velocity

for this galaxy is 2531 kms~! (Barbosa et al. 2006).

accelerate. This puzzling result has also been observed previously
in kinematic studies of the NLR of NGC 4151 and 1068 (Crenshaw
et al. 2000; Das et al. 2005, 2006), leading the authors to propose
acceleration mechanisms for the clouds leaving the nuclei.

The increase of velocity with distance from the nucleus is ob-
served in the radial velocity maps of the galaxies above. Never-
theless, in the velocity slices of NGC 3227 and 4051 the highest
velocities are observed close to the nuclei, with decreasing velocities
being observed as the distance from the nucleus increases. Based on
our NLR tomography we conclude that the gas leaving the nucleus
is actually decelerating instead of accelerating. Deceleration seems
also to be occurring in NGC 2273.

Why does this deceleration not appear in the radial velocity maps?
The radial velocities are determined by the position of the peak of a
given emission line. In an AGN spectrum, multiple gas components
having different kinematics are added leading to a single emission-

© 2009 The Authors. Journal compilation © 2009 RAS, MNRAS 396, 2-18

line profile, and the position of the line peak will depend on the
relative intensity of each different component. As we extract the
spectra closer to the nucleus, the emission from the gas in the galac-
tic disc (which is dominated by rotation) may become the dominant
component. As near the nucleus, this component has radial velocity
close to zero, the result is a lower radial velocity as measured from
the peak of the emission line. This effect can make a small nuclear
outflow unnoticeable in the radial velocity map or make the outflow
appear with a smaller velocity. On the other hand, in the velocity
channel maps, the emission in the wings of the profiles is fully
mapped, allowing the detection of gas with higher radial velocity,
but with lower emission intensity. For NGC 3516 and other similar
cases, where we detect detached components, our interpretation is
that, since the outflows is not continuous, it can be also decelerat-
ing, and the velocity of the emission structure may have been higher
when it was initially ejected from the nucleus.
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5.4 Relation between the NLR kinematics and the radio ejecta

The outflows are observed in approximate alignment with the com-
pact 3.6 cm radio structure for NGC 2273, 3227, 4051 and possibly
also for NGC4941. In the case of NGC 3516 the outflow seems
to follow the 20cm radio distribution. In NGC 4593 there is an
outflowing cloud with low velocity dispersion which seems to be
detached from the galaxy plane. In NGC 4941 there is suggestion of
an additional outflow which seems to be unrelated to the compact
radio emission.

The observed alignment between the outflowing components and
the extended radio emission supports a physical association between
the radio emission and the outflows, namely that the kinematics of
the NLR is affected by the interaction of the radio plasma ejected
by the AGN with the ISM of the host galaxy. The radio jet com-
presses the circumnuclear ISM, increasing its density and thus en-
hancing the emission of the gas which is photoionized by the nuclear
source. The radio jet also deposits kinetic energy in the NLR, what
is indicated by the increase in the gas velocity dispersion observed
in the outflowing regions or in regions surrounding the outflows.

This result is in line with those of previous optical (e.g. Schmitt
et al. 2003) and IR NLR studies which found good correlation be-

tween the NLR flux distributions and kinematics and radio emission
in AGN (Riffel et al. 2006 using near infrared IFU observations,
Blietz et al. 1994 using narrow band imaging, Forbes & Ward 1993;
Veilleux, Goodrich & Hill 1997 using spectroscopy). Nevertheless,
detailed studies at HST resolution of the NLR of some galaxies, like
NGC 4151 (Kaiser et al. 2000) does not show clear correlation be-
tween the radio structure and the mass kinematics, suggesting that
interaction with radio jets is not the only mechanism to produce
NLR outflows.

In our galaxies we do not see a perfect spatial correlation between
the radio image and the NLR outflows, only an alignment between
them and signatures of interaction between the radio jet and the
emitting gas in at least four galaxies. Thus we cannot discard the
existence of other mechanisms contributing to the NLR outflows,
such as accretion disc winds (Elvis 2000).

5.5 Mass outflow rates in the NLR

For the galaxies with detected outflows we have estimated lower
limits to their mass outflow rate within the NLR (M) through the
equation:

M=2n.my, AW f, D
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Figure 11. Gas kinematics of NGC 4941. Details are as described in the caption of Fig. 1 except that here we only show the contours of the radio 3.6 cm
emission. The systemic velocity for this galaxy is 1161km s~ (Barbosa et al. 2006).

where m;, is the proton mass, 7. is the electronic density, A is the
transverse area of the outflow, V is the average radial velocity of
the outflow and fis the filling factor. The factor of 2 is introduced
to take into account the likely presence of an undetected counter
outflow. We assume that the outflow has a circular cross-section
and then we determine the corresponding area A by measuring its
projected diameter D directly in the radial velocity map or in the
velocity channels maps. At the same location where we measure D
we obtain the radial velocity Vg. The filling factor fis assumed to
have a typical value of 1073, The electronic density n, cannot be
measured directly from our data so we assumed a typical value of
n. = 102 cm~ and rewrite equation 1 with n, in units of 10> cm~2
(7¢,100) as

M =0.2 Ne, 100 Mp A VR. (2)

The radial velocities cannot be deprojected as the orientation of the
outflow is unknown and therefore this calculation gives a lower limit
to the mass outflow rate M. These values, and those of the adopted

© 2009 The Authors. Journal compilation © 2009 RAS, MNRAS 396, 2-18

D and Vy are listed in Table 3 for the outflows in the galaxies
NGC2273, 3227, 3516 and 4051 (for which these parameters
are measurable). For NGC 4051 we could observe also the counter
outflow, instead of using the factor 2 in equation 1, we summed the
M of both outflows.

The obtained M values range from 1 to ~50 X ne 00
107> M@ yr~', which can be compared with those reported in the
literature. Crenshaw & Kraemer (2007) obtain M ~ 0.16 Mgp yr!
for NGC 4151 using blueshifted absorption lines in the UV spec-
trum of NGC4151. Veilleux, Cecil & Bland-Hawthorn (2005) re-
port values of M calculated from the warm ionized gas masses
in the NLR and ENLR of 10°-10" M, (reported to be accurate
within 0.5 dex due to uncertainties in the filling factor) and dy-
namical times of 10°-10° yr. The result is M in the range ~0.1 to
10 M@ yr~'. These values are a factor of 10-100 higher than
ours, what is probably due to the fact that the objects in our
sample are less luminous than those studied by Veilleux et al.
(2005).
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Figure 12. NGC 4941 velocity slices along the [S 1] emission-line profile. The slices have a ~46 km s~ width and the central velocity is given in the
upper-left hand corner. Radio contours, as in the previous figure, were overlaid on the upper-left hand map. The size of each slice field is 6.8 x 4.9 arcsec? and
the tick marks in the x-axis are separated by 1 arcsec, as well as the large ones in the y-axis.

Table 3. Mass outflow rate M, diameter D of the outflow cross-section area
and radial velocities Vg for the observed outflows.

Galaxy Outflow D |VR| M
location (pc) (kms™")  (xne 100 1073
Mg yr‘l)

NGC 2273 W < 1arcsec 110.6 400 19.4
NGC 2273 W ~1.5 arcsec 136.8 160 11.8
NGC 3227 N 148.6 180 15.8
NGC3516 N 220.4 265 51
NGC4051 E 45.0 170 0.7
NGC4051 w 44.5 120 0.5

Notes. Column (1): galaxy identification; column (2) identification of the
outflow with orientation and extent listed when necessary; column (3):
D; column (4): Vg; column (5): M.

We can also compare the M values with the mass accretion rate
M, necessary to feed the supermassive black hole in the nuclei of
the galaxies of our sample. We have calculated the accretion rate
using:

. L
Myee = L(;I» (3)
nc

where Ly, is the bolometric luminosity, 7 is the efficiency factor for
conversion of accreted mass into radiation, assumed to be 0.1 — the
typical value for thin accretion discs (Frank, King & Raine 2002),
and Ly ~ 20 Lx o—10kev) (Elvis et al. 1994). We have obtained the
X-ray fluxes from the work of Panessa et al. (2006) for NGC 2273,
3227, 3516 and 4051. The values derived for Ly, and the resulting
mass accretion rates are listed in Table 4 together with the resulting
mass accretion rates. In the fourth column we list the mass outflow
rates, for comparison. It can be seen that the mass outflow rates for
NGC 3227, 3516 and 4051 are, respectively, 21.6, 12.4 and 10.9

© 2009 The Authors. Journal compilation © 2009 RAS, MNRAS 396, 2-18
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Table 4. Accretion rate i, compared to the mass outflow rate M.

GalaXy Lbol Macc M P out
(10* erg s (x 1073 Mg yr 1) (Xne.100 1073 (10* erg s
Mgp yr )
NGC 2273 10.14 0.09 31.2¢ 0.044¢
NGC 3227 82.4 0.73 15.8 0.0068
NGC3516 459.8 4.1 51.0 0.048
NGC 4051 13 0.11 1.2¢ 0.00034¢

“Sum of two outflow components.

times the mass accretion rate. In the case of NGC 2273, this ratio is
363, but Panessa et al. (2006) point out that this galaxy is Compton
thick in X-rays and estimate that the actual emitted flux is 57 times
larger than observed. Using the corresponding luminosity to this
higher flux, the ratio between the mass outflow and mass accretion
rates in this galaxy decreases to 6.4.

We thus conclude that, on average, there is ~10-20 times more
mass outflowing from the nuclear region than being accreted into the
black hole. Veilleux et al. (2005) report similar ratio between mass
outflow rates and nuclear accretion rates in AGN, even considering
that the AGN in their sample are much more luminous than the ones
studied in this work. A larger outflow rate can be understood if the
outflowing gas does not originate in the nucleus, but is actually gas
from the circumnuclear ISM being pushed away by a nuclear jet or
wind.

We can also compare the power in the outflow P, to the lu-
minosity of the AGN L. The kinetic power was calculated as
P =1/2 M V2, where Vg is the adopted outflow velocity. These
values are listed in the last column of Table 4. The resulting pow-
ers in the outflow are in the range 107 < Pyy/Lys < 1074, thus
negligible when compared to the accretion power.

As we have concluded that the outflows are, in most cases, related
to the radio jet, we now consider the assumption that the observed
outflows are generated by a nuclear radio jet pushing the circum-
nuclear ISM of the galaxy. Under this assumption we can estimate
a lower limit for the mass ejection rate in the radio jet Mja if we
consider that the jet is relativistic as it leaves the AGN and its kinetic
energy has been transferred to the NLR outflow with an efficiency

Njet+
Pjel ~ njel(y - l)leet Cz = Pou 4)

where y is the Lorentz factor. A value of y = 6 was obtained
by Biretta, Sparks & Macchetto (1999) for M 87. If this is a typ-
ical value, and nj; &~ 0.5, then we obtain, for 107 Loy < Pout <
10™*Lyo1, and Lyg = 0.1 My ¢2, a lower limit for Mje in the range
107Myee < Miey < 107> M. It may be that the Lorentz factor is
overestimated as it appears that the jets in Seyferts are predomi-
nantly sub-relativistic (Whittle et al. 2004) but this uncertainty does
not affect the order of magnitude of the above estimate.

6 SUMMARY AND CONCLUSIONS

We have mapped the [Sm] 29069 emitting gas kinematics of 6
Seyfert galaxies using 2D GMOS-IFU observations of the circum-
nuclear region (=5 x 7arcsec?), corresponding to the inner few
hundred parsecs at a spatial resolution ranging from 20 to 180 pc.
We derived emission-line flux distributions, radial velocity and ve-
locity dispersion maps along the NLR, as well as velocity channel
maps (velocity tomography) in the [S m] emission line. The main
results of this paper are as follows.

© 2009 The Authors. Journal compilation © 2009 RAS, MNRAS 396, 2-18

(i) The emission-line flux distributions are always extended to
more than ~200 pc from the nucleus.

(ii) The gas kinematics is dominated by circular rotation in the
galaxy disc, similarly to the stellar kinematics studied in Paper 1.
But, in all cases we find also additional outflowing components,
revealed by the subtraction of the stellar rotation component.

(iii) Gas emission is not always restricted to the outflow region,
being spread over most of the IFU field. The gas which is not
outflowing has a similar kinematics to the stars which are rotating
in the galactic plane, suggesting that it is located also in the plane.

(iv) The outflows show radial velocities in the range 100-
400kms~!, and are usually collimated in spatial association with
elongated radio emission at 3.6 cm and/or 20 cm, indicating a con-
nection between the radio emission and the NLR gas emission.
Some of the observed outflows are not continuous, showing dis-
crete spatial components.

(v) The outflows are oriented at random angles relative to the
galaxy major axis, indicating that they leave the galactic plane at
angles smaller than 90°. The majority of the outflows are projected
against the far side of the galaxy.

(vi) While the radial velocity maps suggest that the radial veloc-
ity usually increases with distance from the nucleus, the velocity
tomography shows that, for at least half of our sample, the highest
velocities are observed close to the nucleus, suggesting deceleration
of the NLR clouds. This difference may be attributed to the lower
flux in the highest radial velocity emission components relative to
that in the low velocity components close to the nucleus.

(vii) We have obtained gas mass outflow rates in the range 1
to ~ 50 x 107 Mg yr~' which are ~10-20 times the accretion
rate necessary to feed the AGN. Similar ratios have been obtained in
previous works for AGN in general, and indicate that the outflowing
NLR gas does not originate from in the active nucleus, but is the
circumnuclear ISM of the host galaxy being pushed away by a
nuclear radio jet or outflow.

(viii) The kinetic power of the outflow is 4-5 orders of magnitude
smaller than the AGN luminosity. Assuming kinetic energy transfer
between the radio jet and the NLR outflows, we estimate that the
mass ejection rate in the radio jet is 5—-6 orders of magnitude smaller
than the mass accretion rate to feed the nuclear supermassive black
hole.
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