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1 INTRODUCTION

ABSTRACT

We present optical integral field spectroscopy — obtained with the Gemini Multi-Object Spec-
trograph — of the inner 4.0 x 5.8 kpc? of the narrow line radio galaxy 3C 33 at a spatial
resolution of 0.58 kpc. The gas emission shows three brightest structures: a strong knot of
nuclear emission and two other knots at ~1.4 kpc south-west and north-east of the nu-
cleus along the ionization axis. We detect two kinematic components in the emission lines
profiles, with a ‘broader component’ (with velocity dispersion o > 150 kms~!) being dom-
inant within an ~1kpc wide strip (‘the nuclear strip’) running from the south-east to the
north-west, perpendicular to the radio jet, and a narrower component (¢ < 100 kms~') dom-
inating elsewhere. Centroid velocity maps reveal a rotation pattern with velocity amplitudes
reaching ~# 350kms~'in the region dominated by the narrow component, while residual
blueshifts and redshifts relative to rotation are observed in the nuclear strip, where we also
observe the highest values of the [N 11]/He, [S n]/Ho and [O 1]/He line ratios, and an increase of
the gas temperature (~18 000 K), velocity dispersion and electron density (~500cm~>). We
interpret these residuals and increased line ratios as due to a lateral expansion of the ambient
gas in the nuclear strip due to shocks produced by the passage of the radio jet. The effect of this
expansion in the surrounding medium is very small, as its estimated kinetic power represents
only 2.6 x 107> — 3.0 x 1073 of the AGN bolometric luminosity. A possible signature of
inflow is revealed by an increase in the [O1]/He ratio values and velocity dispersions in the
shape of two spiral arms extending to 2.3 kpc north-east and south-west from the nucleus.

Key words: galaxies: active —galaxies: individual: 3C 33 — galaxies: jets — galaxies: kinemat-
ics and dynamics — galaxies: nuclei.

tion (Best, Rottgering & Longair 2000; Fragile et al. 2004; Groves,
Dopita & Sutherland 2004). Radio galaxies are interesting labora-

The connection between active galactic nuclei (AGNs) and the host
galaxy evolution has been a topic of debate in the past few decades
with substantial evidence of a link between the two. The tight
correlation between the masses of the central supermassive black
holes powering the AGN and the properties of the bulges of the host
galaxies (e.g. Greene & Ho 2006; Kormendy & Ho 2013) indicates
that AGNss and their host galaxies coevolve in some manner, at least
partially due to the feedback from the AGN. Theoretical studies
indicate that the feedback from the AGN is a necessary ingredient
in the evolution of galaxies, preventing them from becoming too
massive (Di Matteo, Springel & Hernquist 2005; Wagner & Bick-
nell 2011; Fabian 2012). Radioactivity, in particular, influences the
energetics and thermodynamics of the gas, generating gas ioniza-
tion by shocks, aside from photoionization due to the AGN radia-
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tories to study the effects of AGN feedback such as energy injection
into the interstellar medium (ISM) and quenching of star formation.

Observational evidence of interaction between the AGN feedback
and the ISM in radio galaxies has been claimed by several studies
(Tremblay et al. 2009; Couto et al. 2013; Santoro et al. 2015; Roche
et al. 2016). Integral Field Spectroscopy (IFS) provides a direct
observation of the impact of the AGN on the ambient gas. IFS can
also reveal possible feeding mechanisms of the AGN that promote
gas inflow towards the nucleus. In this work, we present IFS study
of the radio galaxy 3C 33.

3C 33 is a nearby (z = 0.0597, 1 arcsec corresponds to 1.15 kpc
in the galaxy') Fanaroff-Riley type II (FRII) radio galaxy, with its
radio emission exhibiting two extended lobes and VLBI imaging
showing two symmetric jets aligned with a large-scale structure,

! We adopt cosmological parameters Hy = 70.5kms~' Mpc~!, Qx = 0.73
and Q)7 = 0.27
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which extend up to ~120kpc each (Leahy & Perley 1991; Gio-
vannini et al. 2005). A high inclination angle of 75°-80° between
the radio jet axis and the line of sight is indicated by the ratio be-
tween the fluxes of the jet and counterjet. The optical emission line
spectrum of 3C 33 is typical of Seyfert 2 galaxies, with an [O 1] lu-
minosity of Loy ~ 1 x 10 erg s~!. Tremblay et al. (2009), using
Hubble Space Telescope Advanced Camera for Surveys (HST-ACS)
data, showed that the [Om] and Ha+[N 1] emission extends up
to ~2.5kpc to the north-east and south-west from the nucleus in
an ‘integral sign’ shape. Optical gaseous kinematic studies from
Simkin (1979) and Heckman et al. (1985) indicate rotation around
an axis approximately aligned with the radio jet axis (position angle
PA~20°).

This work presents a two-dimensional analysis of the kinematics
and excitation of the gas within the inner ~2 kpc of 3C 33. The paper
is organized as follows. In Section 2 we describe the observations
and the reduction of the data; in Section 3 we explain our emission
line fitting strategy, along with the resulting gas excitation and
kinematic maps we obtain from it; in Section 4 we discuss the results
and present our interpretations to explain the physical processes
taking place in 3C 33 circumnuclear region; and finally in Section 5
we present our conclusions.

2 OBSERVATIONS AND DATA REDUCTION

The observations were obtained with the Integral Field Unit of
the Gemini Multi-Object Spectrograph (GMOS-IFU) at the Gemini
North Telescope on 2010 August 17 (Gemini project GN-2010B-Q-
66), in one-slit mode. Eight individual exposures of 3C 33 of 940 s
were obtained, with a spectral coverage of 4500-7300 A, centred at
5900 A. The B600+_G5307 grating with the IFU-R mask was used.
The GMOS-IFU, using one-slit mode, has arectangular field of view
(FoV) of 3.5 x § arcsec, corresponding to 4.0 kpc x 5.8 kpc at the
galaxy. The spectral resolution is R ~3800 at 7000 A, derived from
the full-width half-maximum (FWHM) of the CuAr emission lines.
The seeing during the observations was 0.5 arcsec, as measured
from the FWHM of a spatial profile of the calibration standard star.
This corresponds to a spatial resolution of ~580 pc at the galaxy.

The data reduction was accomplished using tasks in the
GEMINLGMOS IRAF package as well as generic IRAF’ tasks. The re-
duction process comprised bias subtraction, flatfielding, trimming,
wavelength calibration, sky subtraction, flux calibration, differen-
tial atmospheric dispersion, building of the data cubes at a sampling
of 0.1 x 0.larcsec, and finally combining the eight individual data
cubes into a final data cube.

Bias subtraction from the science, flat and twilight raw frames
was performed using the task GFREDUCE. Since the bias used in the
reduction is not overscan subtracted, we did not apply overscan
subtraction to the raw frames. Flat lamps were used to obtain the
flat-field response map for each associated science frame also us-
ing GFREDUCE, in interactive mode. GSWAVELENGTH task was used
to obtain the wavelength solution, using the arclamp exposures,
applying a fifth-order Chevyshev polynomial to the profile. Since
spectral dithering was performed in the observations, with half ex-
posures being centred at 5850 A and the other half at 5950 A, we
applied wavelength calibration to each set of data separately. RMS

2 IRAF is distributed by the National Optical Astronomy Observatory, which
is operated by the Association of Universities for Research in Astronomy
(AURA) under a cooperative agreement with the National Science Founda-
tion.

errors in the wavelength were typically ~0.1 A, which represents
~20 per cent of spectral sampling of 0.46 A per pixel. Flux calibra-
tion was performed using the GSCALIBRATE task, using a sensitivity
function created from the standard star Feige 110, observed just
prior to the flat and science exposures, which derived from the Gs-
STANDARD task. Finally, the cube creation for each science frame was
performed using GFCUBE, where we also performed the atmospheric
dispersion setting the keyword FL._aAT™MD on, and we combined the
science cubes into a final cube using IMCOMBINE, correcting for off-
sets.

3 RESULTS

Fig. 1 illustrates our IFU data and the FoV scale compared to other
structures in 3C 33. In the top left panel we display a 1.4 GHz Very
Large Array (VLA) radio image, originally published by Leahy
& Perley (1991), with a beam size of 4 arcsec, covering a region
of ~250 x 200arcsec. We have tilted the VLA image to the same
orientation of our GMOS data. The image shows two lobes from the
radio jet extending roughly to the north and south from the nucleus,
along a position angle (PA) of ~— 19.5. Faint emission is observed
between the two lobes, along with a hotspot in the galaxy core. The
galaxy is displayed in the top central panel, in an image obtained
with the GMOS acquisition camera (A5620-6980, filter r_G0303),
covering a region of 10 x 10 arcsec. Faint dark lanes are observed
north from the nucleus, extending along the East-west direction,
probably due to dust in a disc-like structure, suggesting that this
is the near side of the galaxy. The top right-hand panel shows an
HST-ACS narrow band image using the F55IN ramp filter in the
Wide Field Channel, with a central wavelength of A5302, within
a region of ~3.5 x Sarcsec, which is the FoV of our GMOS-
IFU data. This [O u] 25007 rest-frame-centred image displays its
peak emission in the nucleus (position N), with extended emission
resembling spiral arms, where we identify positions A and B, from
which we extracted sample spectra.

The bottom panels display the spectra extracted in the positions
N (nucleus, adopted as the location of the continuum peak flux),
A (located ~larcsec north-east from the nucleus) and B (located
~(.6arcsec south-west from the nucleus) shown in the top right-
hand panel, from the GMOS-IFU data cube. Each spectrum has a
spatial aperture of 0.3arcsec radius, similar to our spatial resolution.
We show in Fig. 1 the profiles of the main emission lines: H8A4861,
[O 1] Ax4959, 5007, [N 1] AA6548, 84, HeA6564 and [S 1] AA6717,
31. The [O1] 216300, 34 emission lines are also strong, while
He 114686, H y A4340 and [O 1] A4363 are weaker. The line profiles
display strong red and blue wings at positions A and B, respectively.
In fact, these wings are due to other kinematic components that will
be discussed in further sections.

3.1 One-component fit with Gauss—Hermite polynomials

The gaseous centroid velocities, velocity dispersions and integrated
fluxes were obtained by fitting Gauss—Hermite polynomials to the
emission lines. The 43 and 74 Gauss—Hermite moments parametrize
the deviations from a Gaussian profile, thus are good tracers of
multiple emission-line components. /3 is related to the skewness
of the profiles and /4 to its kurtosis. In other words, #3 measures
asymmetric deviations from a Gaussian profile, such as blue or red
wings, and h4 quantifies the peakiness of the profile, with 74 > 0
for a more peaked profile and 74 < O for a less peaked profile than a
Gaussian curve. A Gaussian profile is obtained when 43 = h4 = 0.
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Figure 1. Top left-hand panel: 1.4 GHz VLA radio image of radio galaxy 3C 33 and its lobes. Top central panel: optical GMOS acquisition camera image
of the galaxy. Top right-hand panel: HST-ACS [O 1] A5007 narrow band image within the FoV of the GMOS-IFU data. Bottom panels: Spectra extracted in

positions N, A and B displayed in the top right panel.

In order to reduce the number of free parameters in the fit, the
following physically motivated constraints were imposed:

(i) different lines from the same ionic species have the same
kinematic parameters. For example, the [S 1] AA6717, 31 emission
lines have the same centroid velocity and velocity dispersion. This
was also done for the Gauss—Hermite parameters 43 and h4;

(ii) the [N 1] A16548, 84 emission lines have the same centroid
velocity and velocity dispersion as Ho;

(iii) the [N 1] A6548 flux was fixed as 1/3 of the [N 1] A6584 flux,
in accordance with nebular physics (Osterbrock & Ferland 2006).
This was also done for the [O 1] AA4959, 5007 and [O1] A16300,
34 emission lines.

In Fig. 2 we display the best Gauss—Hermite polynomial model
fit to the [O 1] A14959, 5007 emission lines, in the same positions
marked in the top right-hand panel of Fig. 1. We also display the
Gauss—Hermite parameters 43 and h4 for each position. Noticeably
Gauss—Hermite polynomials are not a very good model for the
emission-line profiles of some regions, such as positions A and B.
However, for others, it does fit the profile nicely, like in position
N. The distribution of the 43 and h4 values for the [O 1] emission
lines is shown in Fig. 3. Regions which present |43| > 0.03 point
to the presence of red (at locations mainly & 1 arcsec east from the
nucleus) and blue wings (at locations mainly & 1 arcsec west from
the nucleus). The /4 values reach high negative values in two narrow
strips running approximately south-north, & larcsec to the east and

~ larcsec to the west of the nucleus, at the border of the regions
with the highest positive and negative values of 43. Inspection of
the profiles in these regions reveals that they actually present two
kinematic components, like the spectrum of position B, to the west
of the nucleus. We thus decided to also perform two-Gaussian fits
to regions with |h3| or |h4| larger than 0.03. We discuss these fits
further in the next subsection.

The measured integrated flux, centroid velocity and velocity dis-
persion maps for [O 1] A5007, He and [S 1] 6717 emission lines,
resulting from the Gauss—Hermite fits, are displayed in Fig. 4. Flux
distributions are similar to that of the [O m]HST image, shown in the
right-hand panel of Fig. 1. These flux distributions display, besides a
strong emission peak at the nucleus, two other regions of enhanced
emission to the north-east and south-west of the nucleus, at the
locations of the spiral arms seen in the HST image. The centroid
velocity maps display a pattern almost identical to the known ‘spi-
der’ diagram, expected for rotation, with the kinematic major axis
approximately aligned with the region of most extended emission
in the flux maps. Blueshifts and redshifts are observed to the east
and west of the nucleus, respectively, with high-velocity amplitudes
(~% 350kms~!). There is a noticeable distortion in the rotating
pattern in the inner arcsecond or so, where we conclude there is a
second kinematic component (see discussion below). This region
also presents higher velocity dispersions o reaching ~170kms~".
This region of highest o has the shape of a band ~2 arcsec wide
centred at the nucleus and running approximately perpendicularly to
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Figure 2. Fit of Gauss—Hermite polynomials to the [Om] 114959, 5007
emission-line profiles, for the three positions shown in the top right-hand
panel of Fig. 1. Black crosses display spectrum data points and red lines
represent the best model fitting to the profiles, with the resulting 43 and h4
parameters displayed in the upper right corner of each panel. Residuals are
shown by dashed black lines. Flux units (y-axis) are 10~ erg s~ em=2 A~
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Figure 3. Gauss—Hermite /43 and 74 parameter maps, obtained from the fit
of the [O 1] A14959, 5007 emission lines.

the radio jet, represented by the blue line in Fig. 3. Hereafter, we will
refer to this region as ‘the nuclear strip’. Velocity dispersions are
low outside these regions (¢ < 100kms~!), with the lowest values
of <70km s~! displayed in the regions of highest centroid velocity
amplitudes. Centroid velocities were obtained after the subtraction
of the systemic velocity of vy, = 17801.8kms~!, resulting from
the rotation model fitted to the Ho velocity map, which we discuss
further in Section 4.2. Also, we corrected the velocity dispersion
values for the instrumental broadening (o = 44.3kms™").
Uncertainties in the Gauss—Hermite fits were estimated using
Monte Carlo simulations of 100 iterations, in which Gaussian noise

is added to the spectra. Expressing the flux uncertainty, €g, as a
fraction of the integrated flux, F, we find that the main emission
lines present e /F < 0.05 throughout the whole FoV, except for the
regions close to the borders of the data cube, where typical values
of eg/F ~ 0.1, but can reach up to eg/F ~ 0.3 in weaker emission
lines, like HB. The uncertainties of the centroid velocity and ve-
locity dispersion measurements are similar, and display values of
€, ~ €, < 10kms~! (but typically ~2-3kms~") in the nucleus
and its surroundings. Close to the borders of the FoV, uncertain-
ties in the velocity and velocity dispersions can reach ~40kms~".
In Figs 3 and 4 (as in the other maps presented in this paper) we
have masked out regions presenting uncertainty values higher than
er/F=0.1,e,=10kms ' ore, = 10kms™",

Fig. 5 shows emission-line ratio maps obtained from the flux dis-
tributions. The highest values of [N n]/He, [Su]/He and [O1]/Ha
(value ranges of 0.6-0.9, 0.7-0.85 and 0.25-0.35 for each of these
three ratio distributions, respectively) are observed in the nucleus,
and extended towards the nuclear strip, mainly in the former two
ratio distributions. Intermediate values (~0.5, ~0.5 and ~0.2 for
[N1u]/He, [Sul/Ha and [O1]/He, respectively) seem to extend to-
wards the south-western border of our FoV. A counterpart of this
extension is observed in the [O1]/Hw ratio towards north-east from
the nucleus, but not in [N 11]/He and [S n]/He. The lowest ratio val-
ues (~0.3, ~0.35 and ~0.15 for [Nu]/He, [Su]/Ha and [O1]/Ha
respectively) seem to be located in the regions of the highest ve-
locity amplitudes, 1.5 arcsec east and west from the nucleus. The
[O m]/Hp ratio is high throughout our FoV ([Om]/HB > 10), due
to the strong emission of the [O ] A5007 line. The highest values
(~14-16) are observed in the nucleus and extending in the same
direction of the radio jet axis, indicated by the blue line in Fig. 5.
Line ratio values then drop with distance from the nucleus until they
reach the lowest values (~11) close to the borders of the FoV. The
Ha/HB ratio is high in the nucleus (~5.5), with highest values >6
observed towards the north-west. Values higher than He/HB = 4 are
observed north from the nucleus, extending along the East—west di-
rection, following the dark lane observed in the acquisition camera
image (top central panel of Fig. 1). Lower values of He/HS ~ 3.5 are
observed south of the nucleus. Finally, the last ratio map displayed
in Fig. 5, [Su]6717/31, shows the lowest values at the nucleus (~1)
and somewhat higher (~1.2) in the nuclear strip. Higher ratios are
observed outwards, reaching ~1.5 at the borders of the FoV.

3.2 Two-components fit with Gaussian profiles

As mentioned in the previous section, for regions with |h3| or
|h4| parameters (derived from the Gauss—Hermite polynomials fits)
higher than 0.03, we performed a two-Gaussian fit in order to sep-
arate the two kinematic components of the emission lines. We used
the same physical constraints used for the Gauss—Hermite fits, with
an additional one: that the ratio between the two components should
be the same for lines of the same ionic species, like [O m] AA4959,
5007. Since the two components are very blended in some regions,
such as at and around the nucleus, they become ‘degenerate’, and
the fit is not well constrained. As the fits show that one component
is broader than the other, we decided to identify the components
as ‘broad’ and ‘narrow’ components. Examples of the fit of two
components are shown in Fig. 6, for positions A and B. For regions
with /3 and A4 close to 0, we have performed a single-Gaussian fit.
We have then constructed separate flux and kinematic maps for the
broad (¢ > 130km s~ ) and narrow (¢ < 130kms~' ) components.

We show in Fig. 7 the result of the two-Gaussian fits of the [O 1]
25007 profiles. We display the integrated flux, centroid velocity and
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Figure 4. Line flux, centroid velocity and velocity dispersion distributions resulting from the Gauss—Hermite fit of the [Om] 25007, He and [S1u] 16717
emission lines. The blue line shows the orientation of the radio jet axis. Flux units are 1070 erg s~! cm~2 spaxel~!. Centroid velocity and dispersion velocity
units are kms™! .

velocity dispersion maps separately for the broad (top panels) and
narrow (bottom panels) components. The flux distribution of the
broad component is concentrated in the nucleus, with some exten-

The centroid velocity maps show that the rotation pattern is indeed
traced by the narrow component, with the broader component pre-
senting velocity values close to Okms~' without a clear pattern.

sion towards the south-west and north-east within the nuclear strip.
The emitting gas extending ~12 arcsec south-west and north-east
from the nucleus is traced by the narrow component. However, in
other emission-line flux distributions, such as Ho, we derive more
contribution of the narrow component close to the nucleus, but this
is the result of the blending of the two components in this region.

Some redshifts are observed in the ‘tail’ structure of the broad com-
ponent.

The o distributions show values of ~90 kms~! along the north-
east and south-west of the nucleus for the narrow component,
and ~170kms~! for the broad component along the nuclear
strip.
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Figure 5. Line ratio maps, obtained from the flux distributions derived from the Gauss—Hermite fit. The blue line displays the radio jet axis.

3.3 Channel maps

Fig. 8 displays channel maps of the [O m] A5007 emission-line pro-
file. The maps were extracted in velocity bins of ~55kms~! along
the emission line. The channel maps reveal two main compo-
nents: a nuclear component, barely resolved within the inner 06
arcsec (~700pc), and an extra-nuclear extended component with
blueshifted and redshifted velocities towards the north-east and
south-west of the nucleus, respectively. The bulk of the extended
emission has velocities of £300kms~!, corresponding to the ex-
tended emitting gas observed ~12 arcsec north-east and south-west
of the nucleus in the flux maps. However, extended emission is
also observed in higher velocity bins, up to £450kms~"'. At zero
velocities (close to the systemic), we observe extended emission
following the orientation of the radio jet.

4 DISCUSSION

4.1 Gas excitation

4.1.1 Flux distributions

The flux maps of the [Om] 25007, He and [O1] 26300 emission
lines derived from the Gauss—Hermite fits (Fig. 4) show an elongated
structure extending to ~1.4 kpc north-east and south-west of the
nucleus. In the two-Gaussian fits, this structure is traced by the

narrow component (Fig. 7). This narrow component dominates in
regions farther than ~700 pc from the nucleus, while the broad
component dominates within the inner ~700 pc but extending along
the nuclear strip running from the south-east to the north-west, but
at lower intensity levels when compared to the narrow component.

4.1.2 Line-ratio maps

Emission-line ratios typical of Seyferts are observed over the whole
FoV as shown in Fig. 5, in agreement with the strong [O 1] A5007
emission and high [Om]/Hp line ratios, which places all covered
locations of our FoV well into the Seyfert region of BPT diagrams
(Baldwin, Phillips & Terlevich 1981; Kewley et al. 2006). The high-
est ratios of [N n1]/He, [S 1]/He and [O 1]/He are observed along the
nuclear strip. The increase in the latter line ratios can be attributed
to the contribution of shocks (Allen et al. 2008). This hypothesis
is supported by the fact that the radio jet runs approximately per-
pendicular to the nuclear strip. We propose a scenario in which the
radio jet is causing a lateral expansion of the ambient gas as it travels
outwards from the nucleus, forming the observed strip of increased
line ratios approximately perpendicularly to the radio jet. In the
case of [O1]/Hea, we also observe increased values up to 2.5 kpc to
the north-east and south-west in the shape of two spiral arms that
seem to correlate with those seen in the HST [O m1] image in Fig. 1.
A possible scenario is that this structure is tracing inflowing gas.
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Figure 6. Two-Gaussian fit into the [Om] AA4959, 5007 emission-line
profiles, for positions A and B shown in the top right-hand panel of Fig. 1.
Black crosses display spectrum data points and red lines represent the best
model fitting to the profiles, with the narrow and broad component being
represented by the blue and orange lines, respectively. Residuals are shown
by dashed black lines. Flux units (y-axis) are 10710 erg s~! cm=2 A~1

Along these arms, we also observe an increase in the velocity dis-
persion values (when compared to neighbouring regions) which is
consistent with the presence of shocks in these spiral arms, allowing
the gas to move inwards to feed the SMBH.

We have used the channel maps in the emission lines to also build
line-ratio channel maps of [N n]/He and [O mi]/HB, which allow us
to investigate the excitation according to the kinematics of the gas.
These are shown in Figs 9 and 10. The highest [N 11]/Hu ratios are
observed along the nuclear strip, most noticeable in the channels
from —84 to +106kms~', thus close to zero velocity. In these
channels, the highest ratios are observed in blueshift to the west
and in redshift to the east. On the other hand, the highest [O m]/HpB
ratios are observed along the radio jet axis. The radio jet, which
extends to far greater distances than probed by our FoV, may have
‘cleared a path’ in its way, pushing gas away in this direction and
leading to an increased ionization parameter along this axis.

We observe high-ionizaton emission from [Fe x] 16375, [Fe vi]
L5721 and [Fevu] 16087 at the nucleus with a suggested exten-
sion to the south. Higher signal-to-noise data would be necessary to
confirm this extended emission, but if this is indeed the case, shock-
driven outflows could be the responsible mechanism for the exci-
tation, as previously observed in Seyfert galaxies (e.g. Rodriguez-
Ardila et al. 2006), consistent with the scenario we propose where
shocks are present near the nucleus.

4.1.3 Electron density, O/H abundances, visual extinction and gas
temperature

The [S 1] ratio map allows us to derive the electron density distri-
bution (Osterbrock & Ferland 2006), which is shown in the upper
left-hand panel of Fig. 11. The adopted temperature was 10 000 K.
The highest density values (>500 cm™?) are observed at the nu-

Gas kinematics and excitation of 3C 33 1579

cleus, with intermediate values of ~200cm~> along the nuclear
strip, with lower values in the range 50-100 cm 3 in the extended
emission to the north-east and the south-west. This is in agreement
with the scenario in which the nuclear strip is formed by the passage
of the radio jet, due to compression of the surrounding gas, which
is thus at least partially excited by shocks.

The upper right-hand panel of Fig. 11 shows the oxygen abun-
dance (O/H) distribution for the emitting gas, derived from the
relations of Storchi-Bergmann et al. (1998). As expected, the metal-
licity is higher in the nucleus, with values of 12 + log(O/H) ~ 8.7.
A slightly higher metallicity is observed =&0.3arcsec north-west
from the nucleus. Although 3C 33 shows metallicity values typical
of AGNs, these values are somewhat lower than those observed
for Seyfert galaxies (typically 8.9-9.3), and is actually comparable
to values displayed by low-ionization nuclear emission-line region
(Storchi-Bergmann et al. 1998). This suggests that the origin of
a part of the ionized gas may be the capture of a gas rich, lower
metallicity galaxy, as is probably the case of another known radio
galaxy, Pictor A, for which we performed a similar study in Couto
et al. (2016).

The Ha/HP ratio map of Fig. 5 was used to obtain the visual
extinction Ay map. We adopted the reddening law from Cardelli,
Clayton & Mathis (1989), and assuming case B recombination (Os-
terbrock & Ferland 2006) we obtain

ey

Ay = Ry E(B — V) = 6.9 x log (W)

3.1

The corresponding visual extinction map is shown in the bot-
tom left-hand panel of Fig. 11. The highest values (~1.5 mag)
are observed at the nucleus, while values of ~1 mag are observed
~1 — 2arcsec north-west of the nucleus, in the region where a faint
dark lane is observed in the optical continuum acquisition image
(see the top central panel of Fig. 1). We propose that this lane is
located along an inclined disc that we observe in rotation in the gas
velocity map, as discussed below.

Finally, the bottom right-hand panel of Fig. 11 displays the tem-
perature of the gas, as derived from the [O m] A4959+5007/4363
ratio. We also used the [S1] ratio map as an input parameter in
the pYNEB code (Luridiana, Morisset & Shaw 2015), to derive the
temperature map (which is shown in units of x 10 K). Although
the coverage of the region where we could measure the temperature
is more limited than other line ratio maps, we find the highest tem-
peratures of about ~18 000 K along the nuclear strip, in particular
in the regions where we observe the highest velocity dispersion
values. The fact that the temperature increases outwards from the
nucleus to drop again at farther distances indicates that the dominant
mechanism responsible for this increase is not photoionization by
the AGN, but shocks. This is also supported by the higher velocity
dispersion and line ratios values (e.g. [N 1]/He), as we previously
pointed out. In the following section, we discuss further evidence
for the presence of shocks.

4.2 Gas rotation

Centroid velocity maps of the ionized gas display a typical rotation
pattern, which is traced both by the Gauss—Hermite fit in Fig. 4
and by the narrow-component Gaussian fit in Fig. 6. We fitted a
kinematic model of circular orbits in a plane (van der Kruit &
Allen 1978; Bertola et al. 1991) to the Ho centroid velocity field
derived from the Gauss—Hermite fit. The model is described by the
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Figure 7. Integrated flux, centroid velocity and velocity dispersion distributions resulted from the two- Gaussian fit of the [O m] A5007 line, for the broad and

narrow component. The blue line displays the radio jet axis. Flux units are 10~ erg s~

kms~!.
equation:

Umod(R, W) = Usys

n AR cos(¥ — W) sinf cos” 6
{R2[sin2(W — W) + cos26 cos2 (W — Wy)] + ¢3 cos20}r/2’

@

where vy is the systemic velocity, A is the centroid velocity am-
plitude, r and W are the radial and angular coordinates of a given
pixel in the plane of the sky, W is the position angle of the line of
nodes, ¢ is a concentration parameter (constraining the radius at
which the centroid velocity reaches 70 per cent of the amplitude A)
and 6 is the disc inclination (0 = 0 for a face-on disc). Finally, the
parameter p measures the slope of the rotation curve after reaching
the maximum amplitude. This parameter was fixed at p = 1, which
corresponds to an asymptotically flat rotation curve at large radii.
The model also returns the centre of rotation (xg, yo) in terms of the
distance to a reference pixel, which in our case we consider to be
the peak of the continuum.

We used a Levenberg—Marquardt least-squares algorithm to ob-
tain the best-fitting model shown in Fig. 12. The resulting parame-
ters from the fit are displayed in Table 1. Uncertainties are smaller
than 5 per cent for all parameters.

The rotation model velocity map (central panel of Fig. 12) is a
very good representation of the Ho velocity field, confirming that
it is dominated by rotation. The residuals, shown in the right-hand
panel of Fig. 12, are small and very close to zero, except for two

'em~2 spaxel~!. Centroid velocity and dispersion velocity units are

regions with residuals of ~100kms~!, one ~0.5arcsec east from
the nucleus showing redshifts and another ~0.5arcsec west showing
blueshifts. These residuals are in agreement with the scenario we
propose in which this region is tracing a lateral expansion of the gas,
pushed away by the radio jet. We also note that these regions are
where we observe the highest [N u]/Heo values in the channel maps
of Fig. 9. As the near side of the galaxy is probably the north/north-
west, where we observe the dust lane, a possible interpretation for
the above residuals is the result of the lateral expansion of the gas
by the shock produced by the ratio jet, with blueshifted residuals
in the near side of the disc and redshifts in the far side of the disc.
Another region, located ~1.2arcsec east from the nucleus, presents
substantial residual values of ~— 50kms~! . However, we note that
these residuals are an artificial feature generated from the higher
residuals located close to it, along the nuclear strip. We re-fitted the
rotation model to the velocity map, masking out the nuclear strip,
and obtained residuals close to zero in this region.

The best-fitting rotating disc parameters give an inclination of
6 = 66°, with velocity amplitude of A = 453.7kms~". This am-
plitude is very high for rotating discs originated from secular mo-
tions within the galaxy,® and suggests that the rotating gas was re-
cently acquired via an interaction, a process quite common in radio

3 See e.g. Sofue et al. (1999), where the authors found that spiral galaxies
usually present rotating velocities of 200-250 kms~! at ~2 kpc radius.
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Figure 8. Channel maps along the [0 m] 25007 emission-line profile, in order of increasing velocities shown in the top of each panel in units of kms~! . Flux
units are 10~ erg s~ cm~2 spaxel ~!. The green dashed line displays the radio jet axis.

galaxies (Ramos Almeida et al. 2011). The orientation of the line (>150kms~"), accompanied with an increase of the temperature
of nodes, W, = 8323, is tilted by ~10° relative to the ionization that reaches ~18 000K in these regions. In the bottom panels we
axis (PA ~70°). This means that the ionization cone, whose axis display the relation between the Ha velocity dispersion and both
probably coincides with that of the radio jet, is intercepting a nar- the Ha centroid velocity and model residuals, for each pixel of
row patch of the disc. This is supported by the [O 1] channel maps the GMOS FoV. In the o, versus vy, diagram, we can distinguish
(Fig. 8) that show that the bulk of the emission is not observed at two main kinematical regimes: (1) pixels tracing the rotation present
the highest velocities (along the major axis, where velocities of up low-velocity dispersion (~50kms~') and are found closer to the
to ~+ 400 kms ™" are observed) but at velocities ~=4 300kms™". v =40 line; (2) pixels tracing the shocked and expanding gas along

the nuclear strip present higher velocity dispersion (>100kms~')
and are found closer to the v = o relation. In the oy, versus residuals
4.3 The nuclear strip diagram, pixels with low-velocity dispersion have velocity residu-
als close to zero, while pixels with high-velocity dispersion have

Fig. 13 illustrates the signature of shocks in the gaseous kinemat-
higher velocity residuals. These diagrams present strong evidence

ics, in particular, along the nuclear strip. The upper panels display : ! ‘ > CVIC
the gas velocity dispersion, the residuals between the gas veloci- of outflowing gas the two regions of enhanced velocity disper-
ties and the rotation model and the gas temperature side by side sion. Added with the observed increase of the line ratios, electronic

to show that the residuals are highest (>£50kms™!) in the re- density and gas temperature, they support our interpretation that the

gions where the velocity dispersion values are also the highest outflow is producing shock ionization of the gas.
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Figure 9. Channel maps of the [N n1]/He emission-line ratio, in order of increasing velocities shown in the top of each panel in units of kms~! . Velocity bins
are averages of the [N 1] and Ho channels. The blue line displays the radio jet axis.

4.3.1 Mass outflow rate and outflow kinetic power

In this section, we estimate the mass outflow rate related to the nu-
clear strip. Analysing the outflow shape in the residuals distribution
as seen in Fig. 13, we assume that the outflow is located along an
inner radius of the rotating disc, in a section of it. We thus assume a
cylindrical geometry, with disc-like dimensions, with a base radius
extending up to the edge of the observed residual centred at the
nucleus, » = 0.8arcsec, and a small height of 7 = 0.2arcsec. The
mass flowing through the cross-section of the assumed geometry is
obtained from:

Moy = ne my Vout A f s (3)
where m, = 1.7 x 107>*g is the proton mass, n. is the elec-
tron density, voy is the velocity of the outflow perpendicular to
A =27r h = 1.3 x 10¥ cm?, which is the cross-section of the disc
edge and fis the filling factor.

The volume of the assumed geometry is V = 1.8 x 10% cm?,
and the mean electron density and the Ho luminosity in the nuclear
strip are ~300cm ™~ and 2.6 x 10*' erg s~!, respectively, which
results in f = 1.3 x 107" (see Peterson 1997 for details). As-
suming the outflow velocity to be the highest velocity observed
in the residuals, vy, = 118kms~!, we obtain from equation (3)
Mou[ =0.15Mp yrfl. However, we are probably underestimating
the outflow velocity, since it must have a projection angle with the

line of sight. We may assume that the bulk of the outflowing gas
is located along the rotating disc modelled in Section 4.2. Thus,
correcting the outflow velocity by a projected angle of 2423, we
obtain that v, = 129 kms™', resulting in an outflow mass rate of
Moy =0.17Mg yr'.

We now use these estimations to calculate the outflow kinetic
power (Holt et al. 2006), as

M out
2

E ~

(Vo +30%), 4)

with the mean Ha velocity dispersion o = 166 km s~! at the nuclear
strip. Using both the observed and projected outflow velocities, we
obtain arange 4.7 < E < 5.3 x 10¥ ergs™".

We can also compare these values with the AGN bolometric lu-
minosity. We estimate that Ly, ~ 100 x L(Ha), where L(Ha) is
the total observed Ha luminosity, as we calculate in Section 4.4.
We estimate that the AGN bolometric luminosity for 3C 33 is
Lyt = 1.7 x 10%erg s~!, implying that the outflow kinetic power
is only 2.6 < E/Lyy < 3.0 x 1072 per cent. These values are
comparable to estimates of outflow kinetic power of ionized gas
in other local radio galaxies, such as Arp 102B and 3C 293 (Couto
et al. 2013; Mahony et al. 2016). However, the bulk of outflow-
ing gas mass in these objects is usually found in neutral and
molecular phases (i.e. Feruglio et al. 2010; Nesvadba et al. 2010;
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Figure 10. Channel maps of the [O m]/Hp emission-line ratio, in order of increasing velocities shown in the top of each panel in units of kms~! . Velocity
bins are averages of the [O m] and HB channels. The blue line displays the radio jet axis.

Garcia-Burillo et al. 2014), and this is probably the case also for
3C 33. In these phases, mass outflow rates are up to two to three
orders of magnitude higher than for ionized gas. Also, we note
that, considering this is an FRII radio galaxy presenting a large-
scale jet, most of the feedback probably occurs in the surrounding
intergalactic medium.

4.4 Emitting gas mass

We can estimate the mass of the ionized gas as (Peterson 1997):

5 L41(12‘101) Mo . )

n3

M =~23x 10

where Ly, (Ha) is the Ho luminosity in units of 10*' erg s~! and n3
is the electron density in units of 10° cm ™3

We corrected the total He luminosity for reddening, assum-
ing Ry = 3.1 from Cardelli et al. (1989), resulting in L(Ha) =
4nd® FHa) 106Ho = 174£0.1 x 102erg s~!. Using the
electron density map shown in Fig. 11, we could map the ion-
ized gas mass distribution over our FoV, as shown in Fig. 14. The
total ionized gas mass within the inner ~2.5 kpc radius results in
M=41%17x 108 Mg . This mass is consistent with the values
obtained in previous studies of other radio galaxies, such as that of
Tadhunter et al. (2014), who estimate that strong-line radio galaxies

(like 3C 33) with redshifts between 0.05 and 0.7 have gas masses of
1.0 x 108 <M < 3.7 x 10%° M@, with a median of 1.2 x 10° Mgo.

5 CONCLUSIONS

We have measured the gaseous kinematics and excitation in the
inner 4.0 x 5.8kpc of the narrow line radio galaxy 3C 33, from
optical spectra obtained with the GMOS integral field spectrograph
on the Gemini North telescope, at a spatial resolution of ~580 pc at
the galaxy.

We observe elongated gas emission extending to ~2 kpc north-
east and south-west of the nucleus, a direction that we identify
as that of the ionization axis. We could separate two kinematical
components in the GMOS FoV: a broader component, with velocity
dispersions of o > 150kms~!, which is dominant within a 1kpc
wide ‘nuclear strip’ — running from the south-east to the north-west,
approximately perpendicular to the direction of the radio jet —and a
narrower component, with velocity dispersions of o < 100 km s,
which dominates the emission beyond the nuclear strip.

The narrow component traces the rotation pattern of the gas,
observed in the centroid velocity maps. We obtain a good fit when
modelling the Hx velocity field with a rotation model with a velocity
amplitude of ~450km s~! and an angle between the disc plane and
the plane of the sky of ~65°. Residual blueshifts and redshifts
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Figure 11. From upper left to bottom right: electron density, oxygen abundance, visual extinction distribution maps and gas temperature. Density units are
cm™3, A(V) is in magnitudes and temperature is in x 10° K. The blue line displays the radio jet axis.
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Figure 12. Gaseous rotating disc model for He emission line. Left: Ha velocity map obtained from the Gauss—Hermite fit. Central: model of the rotation
curve. Right: residual map. The blue line displays the radio jet axis.
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Table 1. Best-fitting parameters from the
disc kinematic model.

Gas kinematics and excitation of 3C 33 1585
highest velocity residuals from the rotation model, high electron
density (>300cm™>) and highest gas temperatures (~18 000 K).
We conclude that this region is tracing a gas outflow in lateral

Yo (deg) 83.3 expansion, due to the passage of the radio jet, which is oriented
0 (deg) 65.7 approximately perpendicularly to the nuclear strip. The character-
cp (arcsec) 1.2 . £ thi . 11 poi hocks bei h . hani
Ams-') 4537 istics of this region all point to shocks being the main mechanism
Vs (kms—1) 17 80.1 3 of gas excitation. Photoionization from the AGN radiation seems
x:)yzarcsec) 0.06. to domir}ate along the ionization axis .and th.e jet axis, where we
Yo (arcsec) 0.01 observe increased values of [O m]/Hp line ratio.

p [fixed] 1 We estimate small values of mass outflow rate and outflow

of ~100km s~! are observed within the nuclear strip. Rotation is
also observed in the channel maps of the [Om] A5007 emission
line, in which we observe that the bulk of emission is located in
velocity bins close to ~300 km s~! , corresponding to the orientation
of the ionization axis, while the emission at higher velocity bins —
and lower intensities — are shifted to a higher position angle, in
agreement with the orientation of the line of nodes of the disc
model (65°). Regions of highest emission are also extended along
the radio jet axis in the velocity channels close to zero (in the galaxy
velocity frame).

The nuclear strip is characterized by high-velocity dispersions
(~170kms~"), highest [N u]/He, [S u]/He and [O 1]/He line ratios,

kinetic power, 0.15 < MOul < 0.17Mg yr'and 4.7 < E <53 x
10¥ erg s~!, respectively. This represents only 2.6 < E/Lpo <
3.0 x 1073 per cent. These values are comparable to estimates of
kinetic power related to warm outflowing gas in other local radio
galaxies. However, in order to better understand the properties of
the outflow, further observations of molecular gas emission would
be necessary.

Although the gas kinematics seems to be dominated by rotation
(in the disc) and outflow (along the nuclear strip), we observe a
possible signature of gas inflow: increased [O1]/Ho values along
two spiral arms in the disc, where we also observe an increase in
velocity dispersion. We interpret that these arms trace shocks in
the rotating gas, which allows a decrease in angular momentum
resulting in gas inflow.
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Figure 13. Top panels: Ho velocity dispersion, rotation model residuals and gas temperatures, as already shown in Figs 4, 12 and 11. The blue line displays
the radio jet axis. Velocity and temperature units are kms~! and x 103 K, respectively. Bottom panels: diagrams of the relations of the Ha velocity dispersion
with He centroid velocity (left) and rotation model residuals (right). Each asterisk represents a pixel of the GMOS FoV. The red and magenta lines in the left
diagram represent v = o and v = 4o, respectively. The red asterisks in the right diagram represent pixels where the residuals are greater than +50kms™',

delimited by the dashed line.
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Figure 14. Ionized gas mass distribution of 3C 33. Units are M, and
are in logarithmic scale. Regions where HB were masked out due to high
uncertainties were also masked out in this map. However the mass values
decrease to negligible values in these regions, and do not affect the total
mass estimative.

We have obtained a total mass of ionized gas within the inner
~2.5kpc of M = 4.1 £ 1.7 x 10® M. Its high rotation velocity
amplitude (~=4 450kms~!) and the somewhat lower metallicity
(12 + log (O/H) ~ 8.5—8.8) than typically observed in the nuclear
region of AGNs suggest that this gas has been recently acquired
in an interaction event that was probably the trigger of the nuclear
activity in 3C33.
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