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Abstract

Context. Ionized outflows are ubiquitous in non-radio-loud obscured quasars (QSO2s) at different redshifts. However, the actual size of the outflows and their efficiency for gas ejection and star formation truncation are controversial. Large-scale (exceeding several kiloparsec) extended radio structures might be necessary to identify (even to trigger) outflow signatures across such large spatial scales.

Aims. We search for large-scale ionized outflows associated with six optically selected QSO2 (five non-radio-loud and one radio-loud) at z ∼ 0.2−0.5, targeting objects with extended radio structures. We also investigate the dynamical state of the QSO2 host galaxies.

Methods. We obtained data with the optical imager and long-slit spectrograph (OSIRIS) mounted on the 10.4m Gran Telescopio Canarias Spanish telescope (GTC) for these six QSO2 with the slit located along the radio axis. We traced the gas kinematics with the [OIII]λλ4959,5007 lines to investigate ionized outflows and characterize the dynamical state of the host galaxies. This second study was complemented with previously published spectroscopic data obtained with the multimode focal reducer and low dispersion spectrograph (FORS2) mounted on the Very Large Telescope (VLT) of 13 more QSO2 at similar z.

Results. We identify ionized outflows in four out of the six QSO2 observed with the GTC. The outflows are spatially unresolved in two QSO2 and compact in a third (radial size of R = 0.8 ± 0.3 kpc). Of particular interest is the radio-quiet QSO2 SDSS 0741+3020 at z = 0.47. It is associated with a giant ∼112 kpc nebula. An ionized outflow probably induced by the radio structures has been detected along the axis defined by the central ∼1″ radio structure, extending up to at least ∼4 kpc from the active galactic nucleus (AGN). Turbulent gas (σ ∼ 130 km s−1) has also been detected across the giant gas nebula up to ∼40 kpc from the AGN. This turbulence may have been induced by outflows triggered by the interaction between a so-far undetected large-scale radio source and the nebula. Regarding the dynamical state of the host galaxies, we find that the majority of the QSO2 show v/σ <  1, implying that they are dominated by random motions (so-called dispersion-dominated systems). Most (17 of 19) fall in the area of the E/S0 galaxies in the dynamical diagram v/σ versus σ. None are consistent with spiral or disk galaxies.
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1. Introduction
Evidence for a tight connection between supermassive black holes (SMBHs) and their host galaxies is compelling. SMBHs have been found in many galaxies with a spheroidal component, and correlations exist between the black hole (BH) mass and some bulge properties, such as the stellar mass and velocity dispersion (e.g., Ferrarese & Merritt 2000; McConnell & Ma 2013). The origin of these relations is a topic of key importance for understanding galaxy evolution. Quasar outflows may play a critical role. Hydrodynamical simulations show that the energy output from quasars can regulate the growth and activity of black holes and their host galaxies through these feedback mechanisms by heating and/or ejecting the gas of the interstellar medium (ISM; Di Matteo et al. 2005; Bieri et al. 2017; Cielo et al. 2018).
The feedback mechanisms from a growing active SMBH can be divided broadly into two types: the former is the so–called quasar (or radiative) mode feedback, which comprises wide–angle subrelativistic outflows driven by radiation from the efficient accretion of cold gas during the accretion of the BH mass, and the latter is called radio (or kinetic) mode feedback, where the bulk of the energy is ejected in a kinetic form through jets that are coupled to the galaxies gaseous environment (Fabian 2012). In many situations, one feedback dominates the other (e.g., M 87 and Mrk 231; Prieto et al. 2016; Rupke et al. 2017).
Quasar-mode feedback, which occurs when the AGN is very luminous (Fabian 2012) is considered to be driven by a wind created by the luminous accretion disk. In this case, the ignition of the nucleus in a galaxy may heat up and remove gas from the interstellar medium (ISM) of the host galaxy, potentially reducing or even stopping star formation (e.g., Granato et al. 2001; Croton 2006; Hopkins 2010).
Radio-mode feedback uses the mechanical energy of the radio structures (relativistic jets or lobes), which are more common in massive elliptical galaxies. Direct observations show that jets can influence gas at different spatial scales, up to many tens of kiloparsec from the center of the parent host galaxy (e.g., Nesvadba et al. 2010; Fabian 2012; Tadhunter et al. 2014, and references therein). It has been widely discussed that AGN jets are able to exert negative feedback by effectively suppressing or even quenching star formation (e.g., Best et al. 2005; Croton 2006; Karouzos et al. 2013; Gürkan et al. 2015). The jets warm up and ionize the gas they collide with, making collapse under self–gravity more difficult (Tadhunter et al. 2014). They may also expel the molecular gas from the galaxy, effectively removing the ingredient required for stars to form (e.g., Nesvadba et al. 2006, 2011).
Type 2 (obscured) quasars (QSO2) are unique laboratories for investigating the most extreme AGN feedback. The obscuration by an optically thick structure of the highly luminous central engine, which can otherwise outshine the host galaxy, enables a detailed study of the properties of the surrounding medium.
Because they are the most luminous AGN, the most powerful outflows with potentially the most dramatic impact are expected in quasars (e.g., Page et al. 2012). However, observational evidence for this is controversial. Integral field spectroscopic (IFS) studies of QSO2 at z ≲ 0.7 have suggested that large-scale wide-angle AGN-driven ionized outflows are prevalent in these systems, and their action can be exerted across many kiloparsec, even the entire galaxy as shown by Liu et al. (2013a), Harrison et al. (2014) and McElroy et al. (2015). These works have been questioned by numerous authors, however, who claimed that the outflows are instead compact and who found no evidence for a significant impact on the host galaxies (Husemann et al. 2016; Karouzos et al. 2016; Villar-Martín et al. 2016; Rose et al. 2018; Spence et al. 2018; Tadhunter et al. 2018).
The role of the radio-induced feedback has not been sufficiently explored in quasars with low or moderate radio activity. Only ∼15% ± 5% of QSO2 are expected to be radio-loud (Lal & Ho 2010, the same percentage applies to QSO1, Kellermann et al. 1994), but radio-mode feedback can also play a significant role in some non-radio-loud AGNs. It has been suggested that the most kinematically extreme nuclear outflows are often found in quasars with a modest degree of jet activity, including radio-quiet quasars (e.g., Husemann et al. 2013; Mullaney et al. 2013; Villar-Martín et al. 2014; Zakamska & Greene 2014).
Only two QSO2s at z <  0.7 have unambiguous evidence that AGN feedback works across R> a few kiloparsec from the AGN: the so-called Teacup (z = 0.085, Harrison et al. 2015; Ramos Almeida et al. 2017; Villar-Martín et al. 2018) and the Beetle (z = 0.123, Villar-Martín et al. 2017). Although radio-quiet, both QSO2 host large-scale extended radio structures whose morphologies are tightly correlated with that of the extended ionized gas. In the former, it is not clear whether the ∼10–12 kpc optical bubbles have been inflated by the radio structures or by a wide-angle large-scale AGN-driven wind (Harrison et al. 2015). The Beetle indeed shows unambiguous evidence that radio-induced feedback works across a total extension of ∼46 kpc and up to 26 kpc from the AGN, well into the circumgalactic medium (CGM) of the system. The Beetle demonstrates that jets of modest power can be the dominant feedback mechanism acting across huge volumes in highly accreting luminous radio-quiet AGN, where radiative (or quasar) mode feedback would be expected to dominate.
Based on these results, Villar-Martín et al. (2017) proposed that an extended radio source capable of escaping from the dense galaxy core might be a fundamental ingredient for AGN feedback to be identified (even triggered?) across galactic or extragalactic scales. Thus, a promising strategy to find large-scale AGN-driven outflows is to search for them in QSO2s with extended radio structures (exceeding several kiloparsec). This is the purpose of this paper. We investigate here the possible existence of large-scale ionized outflows as traced by the forbidden [OIII]λλ4959,5007 lines along the radio axis of six optically selected (Sloan Digital Sky Survey, SDSS) QSO2 (five non-radio-loud and one radio-loud; Reyes et al. 2008) with extended radio structures. The study is based on long-slit spectroscopic data obtained with the optical imager and long-slit spectrograph OSIRIS mounted on the 10.4m Gran Telescopio Canarias (GTC) Spanish telescope. As an additional study, we investigate the dynamical state of the host galaxies associated with these six QSO2 at z∼0.2–0.5 and 13 more SDSS QSO2 at similar z observed with the multimode focal reducer spectrograph (FORS2) at the Verly Large Telescope (VLT; Villar-Martín et al. 2011, 2016).
The paper is organized as follows. The sample is presented in Sect. 2. The observations and data reduction are explained in Sect. 3, while the kinematic analysis is described in Sect. 4. The results are presented and discussed in Sect. 5, including a description of the individual objects. Finally, the main results and conclusions are summarized in Sect. 6. Figures relevant to the spatially extended kinematic analysis of all objects are shown in Appendix A.
We adopt H0 = 71 km s−1 Mpc−1, ΩΛ = 0.73, and Ωm = 0.27. At the redshifts of our sample, this gives a conversion from arcseconds to kiloparsec ranging from 3.7 to 6.5 kpc arcsec−1.
2. Sample
The OSIRIS/GTC sample consists of six QSO2 at z ∼ 0.3−0.5, with log(L[OIII]) > 41.8, close to or above the threshold luminosity defined by Reyes et al. (2008) for selecting type 2 AGN with luminosities in the quasar regime. All targets were selected as candidates to show potential signature of large-scale (exceeding several kiloparsec) radio-induced feedback, based on the direct or indirect evidence for extended radio structures.
Four of them were part of the Lal & Ho (2010) sample, which was observed with the Very Large Array (VLA) at 8.4 GHz (SDSS 0902+5459 was also observed with FIRST1/VLA at 1.4 GHz), except for SDSS J0834+5534 and SDSS J1101+4004. SDSS J0834+5534 has been observed with FIRST/VLA at 1.4 GHz, showing large-scale radio structures (up to 8.6″ or ∼32 kpc from the nucleus; Fig. 1). It has also been selected for being radio-loud and for showing a complex and very broad nuclear [OIII] line profile (Fig. 2), suggestive of quite extreme nuclear outflows that might have been triggered by nuclear radio jets (Mullaney et al. 2013; Villar-Martín et al. 2014). SDSS J1101+4004 has also been observed using FIRST/VLA at 1.4 GHz. The radio map shows a radio core and two radio hot spots at ∼1′ E and W (see Fig. 1).
	[image: thumbnail]	Fig. 1.
Very Large Array radio maps (at 1.4 GHz (FIRST) and 8.4 GHz) of the GTC sample. Four sources (SDSS 0741+3020, SDSS 0818+3958, SDSS 0902+5459, and SDSS 0956+5735) have previously been published in Lal & Ho (2010). FIRST/VLA images for SDSS 0834+5534 and SDSS 1101+4004 have been obtained from the archive. All objects show extended radio emission. The positions of the slit used in the GTC spectroscopic observations are shown in red, except for two sources (SDSS 0834+5534 and SDSS 1101+4004), which are shown in white. The PA are shown in Table 1 (Col. 2). For each object, at least one PA was chosen along the main axis of the radio structures.




	[image: thumbnail]	Fig. 2.
Nuclear OSIRIS/GTC spectra of the GTC sample. They were extracted considering apertures of 5 to 6 pixels along the slit (1.2″ to 1.5″, respectively, depending on the slit width used). These were centered at the [OIII]λ5007 spatial centroid and selected to maximize the S/N of the line wings, where potential outflow signatures are usually identified. Fluxes are in erg s −1 cm−2 Å−1 and the rest–frame wavelengths are in Å.




Table 1 (Col. 8) lists the percentage of extended radio emission that we computed using the FIRST/VLA and NVSS/VLA radio flux values. The former has a resolution of 5″ and the latter of 45″. The comparison of the two fluxes could give us an idea of the flux that is contained in the two beams (i.e., annular ring). We cannot completely rule out that any difference in flux between NVSS and FIRST is due to variability of the radio source. However, this is unlikely because this variability would occur in the core, and in Fig. 1 most of the radio emission comes from extended radio structures. Moreover, the fact that these sources are QSO2 makes it unlikely that a central radio jet would point along our line of sight, as is typically the case for rapidly varying blazars.
Table 1.

General properties of the QSO2 sample observed with OSIRIS/GTC.


We classified the objects according to their radio loudness. For this, we located them in the P5 GHz versus L[OIII] plane (Fig. 3) following Xu et al. (1999). P5 GHz was computed using the formula P5 GHz = 4π[image: equation]S5 GHz (1 + z)−1 − α, where DL is the luminosity distance, S5 GHz is the observed flux density at 5 GHz, and α is the spectral index such that Sν ∝ να. The α index was taken from Lal & Ho (2010) for the four QSO2 in their sample, computed as [image: equation]. For the other two targets, we computed α from the available P1.4 GHz and P8GHz fluxes. This index covers the range between −0.9 to 0.7. Two of the six targets are radio-quiet (SDSS 0741+3020 and SDSS 0956+5735), three are radio-intermediate (SDSS 0818+3958, SDSS 0902+5459 and SDSS 1101+4004), and only one is classified as radio-loud (SDSS 0834+5534). Throughout the paper we refer to these targets as the GTC sample.
	[image: thumbnail]	Fig. 3.
Classification of the sample according to radio loudness. The figure is the same as Fig. 7 in Lal & Ho (2010). The locations of our objects are shown with colored triangles. The cross symbols come from the AGN sample of Xu et al. (1999); the open green diamonds represent their radio-intermediate sources. The Lal & Ho (2010) sample of QSO2 at 0.3 ≤ z ≤ 0.7 is represented with filled red circles. Open blue triangles are upper limits.




We then enlarged our sample considering 13 QSO2 observed with FORS2/VLT at similar redshift that were previously analyzed in VM11 and VM16 (hereafter, the VLT sample). Eight of 13 sources are in the radio-quiet regime, 4 of 13 are radio-intermediate, and only one system is radio-loud (see Table 2). Evidence for extended radio emission is found in 7 of 13 objects. This is based on the extended radio morphology in two cases (SDSS 1014+0244 and SDSS 1247+0152, FIRST/VLA images). Five more objects show indirect evidence for extended radio emission, which also suggests extended radio structures. We show in Fig. 4 the distribution of the GTC and VLT objects according to their radio power and radio loudness. Six radio-quiet, 5 radio-intermediate and 2 radio-loud systems show direct or indirect evidence for extended radio sources.
Table 2.

Properties of the complementary QSO2 sample observed with FORS2/VLT.


	[image: thumbnail]	Fig. 4.
Top: distribution of the objects of the GTC and VLT samples in the radio power at 5 GHz (logarithmic scale) – radio-loudness plane (i.e., radio-quiet (RQ), intermediate (RI), and loud (RL), see text). The GTC (red) and the VLT (green) objects are considered. Bottom: number of elements in each radio-loudness bin, identified according to their respective color code. The number of objects with confirmed or indirect evidence for extended radio emission on scales larger than 5″ is indicated with the dashed blue lines.




3. Observations and data reduction
3.1. Observations
Long-slit spectroscopic observations were performed on February 25–26, 2017 (program GTC13–16B) in visitor mode with the optical imager and long-slit spectrograph OSIRIS mounted on the 10.4m GTC. The R2500R grating was used, which provides a spectral coverage of 5575–7685 Å with dispersion 1.04 Å pixel−1 and a pixel scale of 0.254″ pixel−1. A 1.5″ wide slit was used with the exception of one object (SDSS 1101+4004), for which a 1.2″ slit has been considered (see Table 3). For all sources, one slit position angle (PA) was selected to coincide with the axis of the extended radio source, as measured from Lal & Ho (2010) radio maps. Two slit PAs were used for the SDSS 0834+5534 and SDSS 0902+5459 targets to achieve a more complete spatial coverage (see Fig. 1).
Table 3.

Observing information of the QSO2 sample observed with OSIRIS/GTC.


For each object at least one PA was chosen along the main axis of the radio structures. In principle, this maximizes the chances of detecting extended ionized nebulae because the quasar ionization cone axis is expected to be roughly aligned with the radio axis. It also enhances the probability of detecting the effects of radio-induced feedback in the extended ionized gas.
The total exposure time per object was 6 × 900 s = 5400 s, except for the systems SDSS 1101+4004 and SDSS 0834−5534, for which total exposure times of 6 × 600 s (3600 s) and 8 × 300 s (2400 s) were considered, respectively.
The spectral resolution FWHMinst values measured from several prominent sky lines (IP FWHM) are listed in Table 3 for each galaxy, with a typical median value of 5.3 Å for the 1.5″ wide slit and 4.5 Å for the 1.2″ wide slit. The seeing FWHM size was in the range 1.0″–2.6″ during the observations, as measured from several stars in the acquisition images. Information on the observations and weather conditions is summarized in Table 3.
3.2. Data reduction
The data reduction was made following the same prescriptions as in Villar-Martín et al. (2017). We summarize them here. The spectra were reduced using standard procedures and IRAF tasks. First the bias and flat–field corrections were applied to the images using lamp flats. Then, the 2–dim spectra were wavelength calibrated using Xe+Ne+HgAr lamps, with a resulting error consistent with the nominal spectral resolutions of the grisms. After this, sky background was subtracted and a 2–dim spectrum was obtained. The flux was calibrated using observations of spectrophotometric standard stars, white dwarfs, which were obtained in the same nights as the scientific spectra. Finally, the different individual spectra were averaged, from which we obtained a mean spectrum for each of the orientations. Atmospheric and foreground galactic extinction corrections were also applied.
3.3. Seeing
We investigated whether the ionized outflows identified in the GTC spectra were spatially resolved and constrained their sizes. For this, we compared the spatial profile of the outflow emission (always identified with the broadest kinematic component) with that of the seeing.
As discussed in Villar-Martín et al. (2016), an accurate characterization of the size (FWHM) and shape of the seeing is key to this aim. This is particularly relevant in the current work, given the strong variability of the seeing during the observing run with FWHM ∼ 0.8″–2.6″ (Table 3). We followed the same method as these authors. For each object, we built the spatial profile of the seeing disk along the slit using nonsaturated stars with well-detected wings in the acquisition images that were obtained at similar time as the spectra. The seeing profiles were extracted from apertures of the same width in arcsec as the narrow slit of the spectroscopic observations (see Villar-Martín et al. 2016, for details).
4. Kinematic analysis method
4.1. Line fitting
The [OIII]λλ4959,5007 emission lines were fit with Gaussian profiles using an IDL routine (i.e., MPFITEXPR, implemented by Markwardt). Both lines were fit simultaneously.
We selected pixels where both [OIII] lines were detected with a signal-to-noise ratio S/N >  3, which automatically fit all lines to single-Gaussian profiles (i.e., one-component fit) as a first approximation. We found, however, that two or three kinematic components are generally needed to produce a good fit at different locations for most of the sources. We used in all cases the minimum number of Gaussian components required to produce a good fit. When more than one kinematic component was required by the fits, the doublet line flux ratio and wavelengths were fixed according to atomic physics. The widths of each doublet were constrained to be the same and greater than the instrumental profile (σINS).
For each component we measured the line flux, central wavelength (λc), and intrinsic width (σline = [image: equation], as well as their corresponding fitting errors.
4.2. Derivation of the main kinematic parameters
To characterize the kinematics of the sample, we used an approach similar to that used in Bellocchi et al. (2013; hereafter, B13). We note that our study is limited by the incomplete spatial coverage intrinsic to the long-slit spectroscopic technique in comparison with integral field spectroscopy (IFS). The possible impact of the incomplete spatial coverage on the analysis and interpretation of the data is specifically explained when relevant. It is not expected to affect the conclusions of this work.
We are especially interested in the behavior of the systemic and outflow components. Previous studies of nearby QSO2 have demonstrated that the emission line profiles are in general complex: two or three kinematic components are usually identified (Villar-Martín et al. 2011, 2014, 2016; Rose et al. 2015; Spence et al. 2018). The outflow component is in general easily recognized based on the kinematic properties because it is always the broadest and frequently shows a significant blueshift. In Fig. 5 we show the spectra of different sources (i.e., SDSS 0741+3020, SDSS 0818+3958, and SDSS 1101+4004) that were fit using three components: the secondary and third components are interpreted in different ways according to their width and velocity relative to the systemic component. It can be challenging to identify the systemic component in some cases when three kinematic components are identified, two of which have similarly narrow widths and relative fluxes. The criteria for selecting the systemic component in these ambiguous cases are explained when appropriate.
	[image: thumbnail]	Fig. 5.
Line-fitting results of the Hβ–[OIII] complex (vertical dashed lines) obtained for the integrated spectra in the inner regions of SDSS 0741+3020 (R3), SDSS 0818+3958 (R4), and SDSS 1101+4004 (R3). The purple curve shows the total Hβ–[OIII] components obtained from multicomponent Gaussian fits. The systemic component is in red, the secondary and third components are in blue and green, respectively. In SDSS 0741+3020, the outflow is identified with the secondary (blue) component, in SDSS 0818+3958, the outflow is identified with the third (green) component, and in SDSS 1101+4004, no outflow is found.




Throughout the paper we consider as “systemic velocity” of the galaxy the velocity of the systemic component at the continuum centroid (i.e., the spatial location of the peak of the continuum). It is used to determine all relative velocity shifts, vshift.
We derived the following parameters for the systemic component. The velocity shear, vshear, is defined as half of the difference between [image: equation] and [image: equation]:
[image: thumbnail](1)
After ordering the velocity distribution according to increasing values, we calculated [image: equation] as the average of all velocities below the 10th percentile, while [image: equation] is the average of all velocities above the 90th percentile (see Fig. 6, bottom). We used a version that was modified compared to the version in previous works (e.g., Gonçalves et al. 2010, B13): the higher percentile we considered arises because fewer pixels are available when long-slit data are used to derive this parameter. Vshear could be derived only for the GTC sample. We also defined the velocity amplitude, vamp, for both samples as half of the observed “peak-to-peak” velocity (i.e., half the difference between the maximum vmax and minimum vmin values is considered; see Fig. 6, top):
[image: thumbnail](2)
Vamp and vshear characterize the velocity gradient of each kinematic component in a galaxy. The former just considers the two most extreme values (vmin and vmax) of the velocity field, while the latter provides a more robust derivation of vmin and vmax (more data points are considered). We found that vamp and vshear deviate in general by < 20% (see Table 4). The mean velocity dispersion, σmean, was measured as a simple average of the velocity dispersion σ over all pixels.
	[image: thumbnail]	Fig. 6.
Visual definition of the velocity amplitude (vamp) and velocity shear (vshear) using as an example the systemic component of SDSS 0741+3020. Top: red dotted horizontal lines identify the maximum (vmax) and minimum (vmin) velocity values used in the vamp definition. Bottom: red dotted horizontal lines identify in this case [image: equation] and [image: equation], as defined in Sect. 4.2, used in the vshear definition. The blue and green arrows mark vamp and vshear in both diagrams.




Table 4.

Kinematic properties of the systemic component of the whole QSO2 sample.


The main kinematic parameters we measured for the broad component are [image: equation] (calculated as above) and the velocity offset, Δv. Δv is computed as the difference between the mean velocity of the broad component and the systemic velocity. For the VLT sample, they were derived from the information provided in Villar-Martín et al. (2011, 2012, 2016).
5. Results and discussion
In this section we present the kinematic results of the whole sample for the systemic and broad components (Tables 4 and 5). A detailed description of the individual sources is also given.
Table 5.

Kinematic properties of the broad (outflow) component of the whole QSO2 sample.


5.1. Notes on individual objects
5.1.1. SDSS 0741+3020
The long-slit spectrum of this radio-quiet quasar shows very extended line emission along PA 148. [OIII] is detected across ∼19″ or 112 kpc. Another galaxy at a different z ∼ 0.489 is detected along the slit; it is unrelated to the QSO2 (Fig. A.1, top).
For this object, the pixel-to-pixel analysis shows that [OIII]λ5007 can be well fit using two (narrow and broad) components. Using larger apertures, a third narrow component is identified (see region R3). The broad component (σ ∼ 220−480 km s−1) is blueshifted at all locations by ∼200−500 km s−1 relative to the assumed systemic narrow component (σ ∼ 60−120 km s−1 in the central region). It is naturally explained by an outflow. This has a steep and compact spatial profile (Fig. A.1, bottom, flux panel), although it is clearly resolved relative to the seeing disk. The insufficient S/N at increasing distances from the center prevents us from clearly detecting and tracing the emission toward the wings. If the spatial profile follows the shape of the high surface brightness regions, it is barely resolved toward the SE (negative spatial shift) and clearly resolved toward the NW (positive spatial shift), where the spatial profile has a clear excess above the seeing wings. When we account for seeing broadening, the intrinsic FWHM of the outflow can be roughly estimated by deconvolving the seeing size (see Villar-Martín et al. 2016, for details). This results in a radial extension of the outflow of 1.8 ± 0.4 kpc toward the SE and 4.2 ± 0.4 kpc toward the NW.
The giant emission line nebula shows very narrow lines (σ ≲ 60 km s−1) in the outer parts (> 10″ to the SE and > 5″ to the NW). The [OIII]λ5007 width reaches σ ∼ 130 km s−1 at large distances from the AGN, at ∼ − 6″–7″ or 35–40 kpc SE and ∼4″–5″ or 24–30 kpc NW of the spatial centroid. This emission is well in excess of the seeing wings and is dominated by the emission from the nebula. The gas must be well outside the main body of the galaxy. The extended non-outflowing ionized gas in mergers shows typical σ <  100 km s−1, even in the most dynamically disturbed systems with signs of AGN activity (B13, Arribas et al. 2014). The large velocity dispersion at some distant locations across the SDSS 0741+3020 nebula are suggestive of turbulent gas that might be related to an outflow (see Villar-Martín et al. 2017). We discuss this further in Sect. 5.3.
Gas with σ ≳ 200 km s−1 is also located at −3″ ± 1″ (to the SE) of the AGN, which is also broad for such distant locations. However, it is not clear in this case whether it is an effect of the low S/N that prevents an isolation of the central broad (blue component). The broadening at this location may thus be due to contamination by the blue central broad component, rather than due to turbulence in the giant nebula.
5.1.2. SDSS 0818+3958
This radio-intermediate QSO2 shows clear extended emission in the 2–dim spectrum (Fig. A.2, top). The pixel-to-pixel analysis reveals two narrow components in the central region of this system. They have σ ∼ 30−90 km s−1 (component N1, blue, Fig. A.2 bottom panels) and ∼100−200 km s−1 (component N2, red, Fig. A.2 bottom panels). They are shifted spatially by ∼0.8″. Although unclear, we consider N2 the systemic component in this object because its spatial centroid is at the same location as the continuum centroid and it is the more prominent in terms of relative flux.
The seeing profile is not accurately characterized for this object. The fact that the spatial distribution of N2 is more compact than the stellar profile demonstrates that the seeing improved during the spectroscopic observations in comparison to the acquisition image.
A clear excess above this profile is visible toward the east, revealing extended emission up to ∼–5″ or 27 kpc from the continuum centroid. This extended gas, which emits very narrow lines (σ ≲ 60 km s−1), shows very distinct kinematics relative to the central regions, with a sharp redshift of ∼400 km s−1. It is not certain whether this is a separate galaxy or an extended nebula.
A nuclear outflow was identified when we analyzed the spectra of larger apertures (green open squares in Fig. A.2 bottom panels): a broad component with σ ∼ 510 km s−1 that is blueshifted by ∼400 km s−1 was detected. Nothing can be said about the spatial extension. Because it is only detected in the central region, we consider it to be spatially unresolved. This sets an upper limit on its intrinsic radial size of R ≲ 2.2 kpc. This is a high upper limit, given the bad seeing (FWHM ∼ 1.7″).
It is spatially shifted ∼0.4″ ± 0.2″ relative to the continuum centroid toward the E (Fig. A.2 bottom panels). Lal & Ho (2010) found that the radio core of SDSSJ 0818+3958 is slightly resolved and might have a core-jet morphology that is extended along PA ∼ 103 deg. A similar spatial shift is seen between the radio core and the optical position of the galaxy. If the location of the AGN coincided with the radio core instead of the optical continuum centroid, the outflow would also coincide with the AGN location. If instead the continuum centroid marked the location of the AGN, this might suggest that the outflow is shifted and may be induced by the interaction between the radio structures and the ambient gas.
5.1.3. SDSS 0834+5534
This galaxy has been observed using two different position angles (PAs = 34, 145; see Table 1, Figs. A.3 and A.4). It is the only radio-loud QSO2 in the GTC sample. The VLA radio map (Fig. 1 and overplotted contours in Fig. 7, left) shows that this radio-loud QSO2 is associated with a bright radio core and two jets or lobes that are clearly misaligned. One extends toward the NW at PA 140 (N to E) for ∼6.4″. One of the slit positions (PA 145) was chosen to roughly coincide with this radio axis (Fig. A.4). The other jet or lobe extends roughly along the N–S direction (PA 170) and extends up to ∼8.4″ from the QSO2. The broadband acquisition image shows that this QSO2 is hosted by an elliptical galaxy. The slit PA = 34 was chosen to be aligned with the main axis of the galaxy.
	[image: thumbnail]	Fig. 7.
Comparison between the optical HST and the radio VLA and VLBA images of SDSS 0834+5534. The position angles (north to east) of the different structures (optical and radio) and their respective extensions in arcsec are shown. The spatial centroid of the HST image has been aligned the VLA peak emission (black cross). Left: HST F606W image with the VLA contours overplotted (in white; also shown in Fig. 1; ∼20″ × 20″ or 75 kpc × 75 kpc). Middle: HST image (∼2″ × 2″ or or 7.5 kpc × 7.5 kpc) and its contours. Right: VLBA image of the very inner regions of the object with its contours (∼0.04″ × 0.04″ or 0.15 kpc × 0.15 kpc). Its intensity peak overlaps with the VLA peak (black cross).




Certain similarities between the optical (Hubble Space Telescope, HST, image) and the radio morphologies suggest that the radio structures are interacting with the QSO2 environment. In Fig. 7 (left and middle panels) the HST image shows a peculiar and narrow feature extending toward the NW for ∼0.9″ or 3.4 kpc at an angle of ∼138 deg N to E. A shorter extension is found in the opposite direction. These features extend along a similar angle as the large-scale radio axis as defined by the NW radio jet (PA 140).
At smaller spatial scales, the Very Large Baseline Array (VLBA) radio map (Fig. 7, right) reveals an inner radio jet on scales of 6.4 mas along PA 116 and a separate radio feature located at 33 mas with PA 137. This angle is basically identical to the optical collimated feature. Although this clearly extends beyond, its collimated morphology and the similarity of position angles suggest a physical link.
This HST image was obtained with the F606W filter, which covers the spectral range of 4632–7179 Å. The Hβ and [OIII] doublet are therefore within the filter. Line emission may dominate regions of pure gas emission. It is thus possible that this collimated optical feature is gas where line emission has been enhanced through the interaction with the radio structures.
The visual inspection of the [OIII] 2–dim spectra shows that the [OIII] emission is spatially extended along both PA Figs. A.3 and A.4). The optical collimated feature is expected to be unresolved or barely resolved in the PA 145 spectrum (seeing FWHM = 0.84″ ± 0.02″).
The kinematic analysis for the PA = 34 reveals three components, two narrow (N1, N2, σ ≲ 250 km s−1) and a broader (B, σ ∼ 900−1000 km s−1) one. We assume that N1 is systemic, based on its dominant flux contribution compared to N2 and the very narrow σ of this component.
The broad component is redshifted with respect to the systemic component of ∼500–700 km s−1. Based on its broad intrinsic velocity dispersion, we identify this highly turbulent gas with an outflow. The systemic component N1 is clearly resolved relative to the seeing disk. The broad component B appears barely resolved. This is also confirmed by the kinematic substructure within the seeing disk. We estimate an intrinsic size of the outflow along PA = 34 of 0.7 ± 0.4 kpc. N2 is unresolved.
The pixel-to-pixel analysis along PA = 145 reveals only two components (Fig. A.4 bottom panels): the systemic component is clearly resolved. The broad component (the outflow) appears barely resolved relative to the seeing disk.
When we integrated over several pixels a third narrow component was identified (green open squares in the vshift and σint plots in Fig. A.4). This is partly responsible for the kinematic spatial substructure shown by the broad component in the pixel-to-pixel analysis. Kinematic substructure is still present in the vshift field for the broad component, however, further supporting that the outflow is resolved. We estimate an intrinsic radial size of R = 0.8 ± 0.3 kpc along PA 145.
The ionized outflow in SDSS 0834+5534 has rather extreme kinematics, with σ reaching ∼950 km s−1 and a high-velocity redshift relative to the systemic component of up to ∼+630 km s−1. The most extreme ionized outflows in AGN are often found in objects with some degree of radio activity (e.g., Husemann et al. 2013, 2016; Mullaney et al. 2013; Villar-Martín et al. 2014; Zakamska & Greene 2014). It is possible that the outflow is induced by the interaction with the inner radio jet in this object, as suggested by the alignment between the optical HST and the radio morphologies in the inner ∼1″.
The extreme kinematic properties may alternatively be favored by an intermediate orientation. Although blueshifts are much more common, redshifted ionized outflows have been identified in some systems (e.g., Villar-Martín et al. 2011; Rodríguez Zaurín et al. 2013; Bae & Woo 2014; Perna et al. 2015). Villar-Martín et al. (2011) found redshifted outflows in two QSO2 in their sample: one of these is SDSS J1153+03 (see also Table 5 in Villar-Martín et al. 2016).
The authors proposed that both objects are seen at intermediate orientations. As shown by Crenshaw et al. (2010), although rare, a combination of reddening and inclination angles can be such that the blueshifted cone is entirely occulted by the disk, and the redshifted cone is not. One possible explanation for the large misalignment between the two radio jets or lobes of SDSS J0834+5534 is indeed a significant angle of the radio axis relative to the plane of the sky. As this angle increases, even a small intrinsic change in the jet angle can result in apparent large misalignments that are due to geometrical projection effects.
Another argument indicative of an intermediate orientation is the different kinematics shown by lines of the same ion and very different critical density ncrit. This suggests that we are observing the inner part of the narrow-line region (NLR), which is possibly more extinguished for a pure type 2 orientation and may be better observable with an intermediate orientation. A striking feature of the nuclear spectrum of SDSS J0834+5534 is the extremely broad features at ∼9100 Å and (using the SDSS spectrum) and at ∼7335 Å. They correspond to [OII]λλ7318,7339 (Fig. 8, left) and [NII]λ5755. The [OII] doublet is not only very broad (σ ∼ 1520 km s−1), but the two components are unresolved, implying that each must have σ ≳ 800 km s−1. Thus, this spectral feature appears to be dominated by the outflow emission. For comparison, using the SDSS spectrum, we measure σ([OII]λλ3727,3729) ∼ 330 km s−1, which is much narrower (Fig. 8, right), and shows no clear evidence for a broad underlying component. The fact that lines emitted by the same ion show such different kinematics is naturally explained by a density effect (De Robertis & Osterbrock 1984; Espey et al. 1994; Villar-Martín et al. 2015). [OII]λλ3727,3729 have very low ncrit = 1.3–4.5 × 103 cm−3, while [OII]λλ7318,7339 have both ncrit = 1.8 × 107 cm−3.
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SDSS spectrum of the galaxy 0834+5534 showing the broad [OII]7330 Å and the narrow [OII]3727 Å line profiles.




The different kinematics can be naturally explained if most of the outflow is preferentially emitted in the inner denser part of the NLR, while [OII]λ3727,3729 is preferentially emitted by lower density and more distant non-outflowing gas (Villar-Martín et al. 2015).
Something similar occurs with [NII]λ5755 and [NII]λλ6548,6583. The red [NII] lines show a prominent narrow core and faint red wings due to the outflow, while [NII]λ5755 is dominated by a very broad underlying feature (σ ∼ 1020 km s−1). This suggests that the flux of this line is preferentially emitted by the outflow. Although the interpretation of this feature is not trivial because it may also be contaminated by an also broad coronal [FeVII]λ5721 line, [NII]λ5755 must in any case be very broad. If broad [FeVII]λ5721 is confirmed, it would be one additional argument in favor of an intermediate orientation, if coronal lines are emitted in the far wall of the torus, as proposed by Rose et al. (2015). [NII]λλ6548,6583 have ncrit = 1.2 × 105 cm−3, while [NII]λ5755 has 1.8 × 107 cm−3. This further supports that the outflowing gas is preferentially emitted in a high-density compact region n ∼ 107 cm−3, where lines of low ncrit are quenched. As a consequence, the relative contribution of the outflow to the total line flux increases with ncrit.
In summary, we propose that SDSS 0834+5534 is seen at an intermediate orientation and is associated with an ionized outflow of radial size R ∼ 0.8 kpc. Given the dominant outflow emission in high critical density lines, a significant fraction of the outflow emission is expected to be concentrated in a high-density (n ≳ 106 cm−3) more compact region closer to the AGN.
5.1.4. SDSS 0902+5459
This radio-intermediate QSO2 shows a double morphology at 1.4 GHz (FIRST image) with two lobes separated by ∼1′ (Lal & Ho 2010). The integrated fluxes in the NVSS and FIRST data are roughly consistent (Table 1). However, the FIRST image shows that almost all the emission is in the lobes, and there is marginal evidence at best for a radio core, with on the order of only ∼3% of the total 1.4 GHz flux. As also mentioned by Lal and Ho, the integrated spectral index [image: equation] = −0.89 is typical for extended radio sources.
In the optical it has been observed using two position angles (PAs = 83, 138): the second angle has been chosen to be roughly aligned with the radio axis (Fig. 1).
The [OIII] 2–dim spectra shows double-peaked lines (see also the integrated spectrum in Fig. 2) with a slight spatial shift (Figs. A.5 and A.6). The kinematic analysis isolates the two spatial components along the two slit PAs. They are similarly narrow (N1, N2, σ ∼ 150 km s−1) and show a velocity shift of 800 km s−1. They are spatially shifted by ∼0.8″. Although uncertain, we consider that the brightest of the two components, which has ∼1.7 times more flux, is the systemic component.
The spatial distributions of both N1 and N2 are dominated by steep and rather compact profiles. N2 is unresolved or barely resolved along PA 83 and 138, respectively. The systemic component N1 shows a clear excess above the seeing disk toward the E along PA = 83. Extended emission is detected up to −3″ or 16 kpc from the continuum centroid. The most distant gas from the AGN emits narrower lines (σ ∼ 50−100 km s−1) than in inner regions (σ ∼ 150 km s−1).
Most probably, this system consists of two emission line galaxies. We discard a scenario in which they are two spatially shifted emission line regions associated with the same galaxy based on the rather compact morphologies of both components and their high relative velocity. Based on the large velocity shift, it is also unlikely that these are two interacting galactic nuclei. For comparison, the typical relative velocity in interacting nuclei with projected nuclear separation ≲5 kpc is ≲350 km s−1 (Tecza et al. 2000; Genzel et al. 2001; Dasyra et al. 2006). No evidence is found for an ionized outflow in this object.
5.1.5. SDSS 0956+5735
This radio-intermediate quasar shows a slightly resolved radio structure along PA = 160, possibly with a core-jet morphology (Lal & Ho 2010), which was the slit position angle we chose. On the other hand, even though the radio source appears very weak in both NVSS and FIRST, the comparison between the FIRST and NVSS fluxes suggests that almost half of the 1.4 GHz flux extends across spatial scales between 5″ and 25″ (Table 1).
For this object the 2–dim spectrum shows a quite compact [OIII] profile, with no obvious evidence for extended emission (Fig. A.7).
The pixel-to-pixel kinematic analysis reveals two components, one narrow (N, σ ∼ 190 km s−1) and one broad (B, σ ∼ 700 km s−1). The broad component is redshifted ∼150 km s−1 with respect to the systemic velocity. According to its high intrinsic velocity dispersion, we identify this highly turbulent gas with an outflow. The GTC and especially the SDSS spectra of this object are rather noisy. It is not possible to apply a similar analysis as for SDSS 0834+55 to investigate whether faint nuclear emission lines provide an indication that the redshifted outflow is due to the high inclination angle relative to the sky.
The systemic component (N) appears to show a narrower spatial profile than the seeing. If confirmed, this would imply that the seeing improved during the spectroscopic observations. However, taking into account the error bars and the somewhat peculiar shape of its central spatial profile, this is not clear. We consider that the star indeed traces the seeing accurately. Considering the broad component, if we take into account the error bars and because there is no obvious kinematic substructure within the seeing size, we conclude that the outflow is not spatially resolved. We estimate an upper limit to the intrinsic outflow radial size of R <  3.3 kpc. This is a high upper limit because the seeing was very poor (FWHM ∼ 2.1″). The systemic component is not resolved either.
5.1.6. SDSS 1101+4004
This is a radio-intermediate QSO2 (Table 1). The FIRST image clearly shows a bright radio core and a pair of radio lobes oriented at 112° north to east and symmetrically located at ∼40″ (230 kpc) away from the nucleus (Fig. 1). The slit was located along this radio axis. The comparison between the FIRST and NVSS fluxes suggests that 29% of the 1.4 GHz flux extends across spatial scales between 5″ and 45″ (see Table 1).
The pixel-to-pixel analysis of this system reveals three components (Fig. A.8). Two are rather narrow (narrow N2, N3, σ ∼ 80 km s−1). The third is broader (NB, σ ∼ 350 km s−1), and we identify it with the systemic component, associated with the AGN host galaxy. Following the MBH versus σ* correlation (McConnell & Ma 2013), the σ values of N2 and N3 would imply an unrealistically low BH mass for a quasar of ∼106M⊙. This assumption is also supported by the spatial coincidence between the centroid of the [OIII] and the spatial continuum profiles. The high σ observed for the systemic component can be explained by the presence of a massive galaxy. For comparison, the typical mean stellar σ in massive elliptical galaxies is in the range 230−370 km s−1 (Veale et al. 2017). The σ of the broad component would imply MBH ∼ 109.6M⊙.
In the vshift panel, the systemic (NB) and secondary narrow (N2) components show quite similar kinematics, while N3 is blueshifted by 500 km s−1 from the systemic component. This might be a different galaxy, as shown by IFS Gemini data by Liu et al. (2013a,b).
The seeing properties are uncertain in this case. The fact that the spatial distribution of NB is more compact than the stellar profile (Fig. A.8) demonstrates that the seeing improved during the spectroscopic observations in comparison to the acquisition image. In any case, all three kinematic components are unresolved or are barely resolved at best. We find no evidence for an outflow in this system.
5.2. Dynamical support of QSO2 hosts
In this section we focus on quantifying the dynamical support that characterizes the QSO2 we analyzed. In order to kinematically characterize a system, the dynamical ratio (v/σ) between the stellar velocity amplitude and the mean stellar velocity dispersion of a system is a key parameter. This information is not available for the stellar component of our sample. Greene & Ho (2005) compared the stellar and gas kinematics in a large sample of type 2 AGN selected from the SDSS. They found that if the asymmetric wings [OIII]λ5007 are removed, the width of the line core σgas component can also be used to trace the stellar component σ*. Because the scatter is large, they advocate the use of this relation only in statistical studies. Because our objective in this section is to analyze the general behavior of all objects in our sample rather than interpreting individual systems, we consider it a reasonable assumption.
Following their work, after applying the kinematic decomposition (Sect. 4), we used vshear and σmean of the systemic component (Sect. 4.2) to trace the stellar kinematics and measure the dynamical ratio v/σ as vshear/σmean for all galaxies (see Table 4). Greene & Ho (2005) found [image: equation] = 1.22 ± 0.78. We ignored this correction factor because it is unknown how vgas and v* are related, and accordingly, whether a correction should also be applied to vgas. On the other hand, we compared with results for other samples that in some cases were classified based on the gas kinematics (spiral, ultra-luminous infrared galaxies (U)LIRG, and Lyman-break analog (LBA) systems) and on stellar kinematics (ellipticals). We confirm that using σ* ∼ σgas/1.22 instead of σgas produces moderate changes in the kinematic values and would not affect our conclusions regarding the dynamical state of the systems.
In Fig. 9v/σ is presented with respect to σ. The panel on the left includes all galaxies (AGN hosts and companions). The panel on the right shows only the AGN hosts. Objects with v/σ > 1 are classified as rotation dominated and objects with v/σ < 1 as random-motion dominated systems (e.g., Epinat et al. 2012, and references therein).
	[image: thumbnail]	Fig. 9.
Dynamical state of the galaxies. Relationship between the observed dynamical ratio, vshear/σmean, and the mean velocity dispersion, σmean for all galaxies isolated in the GTC (red) and VLT (green) samples (left). Only the AGN host galaxies are shown in the right panel. When two locations are available for the same AGN host (derived from the two spectra obtained with different slit PAs), these are joined by a solid black line. The blue–contoured triangles represent spiral GHASP galaxies (Epinat et al. 2010), green–contoured pentagons show E/SO objects (Cappellari et al. 2007), black–contoured top-down empty triangles show (U)LIRGs (B13), and black filled triangles indicate LBAs (Gonçalves et al. 2010). For the spirals the v parameter is defined as the maximum amplitude of the rotational curve within the extent of the velocity field along the major axis, and σ is the average of the velocity dispersion map. For E/S0, v and σ are luminosity–weighted square quantities that we derived from the stellar velocity field and velocity dispersion maps, respectively (see details in Cappellari et al. 2007). For the (U)LIRGs, the velocity shear and mean velocity dispersion were computed as in this work (a slightly different percentile was used in B13 to derive the vshear). For the LBAs, the velocity shear was defined as in B13, while the velocity dispersion is the flux–weighted mean value.




We compare our kinematical results with those of other samples of non-active galaxies based on IFS data: elliptical/lenticular galaxies (E/S0) are drawn from the SAURON project, studying the stellar kinematics (e.g., Cappellari et al. 2007), local spiral galaxies were selected from the Gassendi Hα survey of SPirals (GHASP, Epinat et al. 2010), LBAs at z ∼ 0.2 observed in Hα with OSIRIS/Keck (i.e., Gonçalves et al. 2010), and local (U)LIRGs analyzed in B13. We note that these works use slightly different definitions for v and σ, but this has no significant impact on the interpretation of the v/σ over σ relationship (see caption of Fig. 9).
The majority of the QSO2s show v/σ <  1, implying that they are dominated by random motions (dispersion-dominated systems). A few objects fall in the transition region between (U)LIRGs and elliptical galaxies in the v/σ–σ plane. Most fall in the area of the E/S0 galaxies.
We used long slit data that are affected by an incomplete 2–dim spatial coverage. Integral field spectroscopy is clearly a more reliable technique to trace the kinematics. In spite of this limitation, we do not expect a significant impact on our results. If a scale factor of v/σIFS ∼ 0.57 × v/σLS were applied to our v/σ long-slit values following Cappellari et al. (2007), in general, the moderate change of location in the v/σ vs. σ diagram would not change the dynamical classification of the systems. This is further supported by the data on the four systems in our sample that were observed with two slit positions (see Fig. 9, right). The same galaxy can change its location in the diagram slightly depending on the slit position angle, as we show in Fig. 9 (right), but the dynamical classification does not vary.
We list in Table 6 the classification of the host galaxies of the sample based on the dynamical state (Col. 2) and the morphological classification (Col. 3). When two galaxies are identified, only the AGN host is included in the dynamical classification. The morphological classification is based on the visual inspection of the SDSS or, when available, HST images. When a classification based on the parametric decomposition of the structural components was available (Urbano-Mayorgas et al. 2019), this is mentioned instead because it is more reliable. “Uncertain” means that an unambiguous classification was not possible.
Table 6.

Classification of the host galaxies of the GTC and VLT samples based on their dynamical state and morphology.


We are confident about the morphological classification of 15 of the 19 objects. Most are ellipticals (9 of 15) or complex systems (double, multiple, or highly disturbed; 6 of 15). None are classified as spiral or disks. The dynamical classification reveals that the vast majority of objects (17 of 19) are consistent with E/S0, including those that have highly disturbed morphologies that indicate mergers. None are consistent with spiral or disk galaxies.
A larger sample of QSO2 is required, as well as a more complete spatial coverage than that given by the long-slit data using integral field spectroscopy to study the kinematics in these objects and their dynamical state in a more comprehensive way. In spite of these limitations, we can claim that the dynamical state of most QSO2 hosts is consistent with that of E/S0, with only one object (SDSS 0741+3020) placed in the transition region with ULIRGs. This result is consistent with morphological and parametrical studies of host galaxies of luminous type 2 AGN (e.g., Bessiere et al. 2012; Villar-Martín et al. 2012; Urbano-Mayorgas et al. 2019), which show that the majority of QSO2 hosts (∼80%) are elliptical and highly disturbed systems. Disks are identified only in ∼24% of QSO2 (Urbano-Mayorgas et al. 2019).
5.3. Properties of the ionized outflows
We confirm ionized outflows in four of the six QSO2 in the GTC sample: SDSS 0741+3020, SDSS 0818+3958, SDSS 0834+5534, and SDSS 0956+5735. No outflows were detected in SDSS 0902+5459 and SDSS 1101+4004. Outflows in these two objects are of course not discarded. This is not surprising because of the complexity of these systems, which consist of two galaxies or nuclei and the poor seeing that affected the observations. This runs against the efficiency of detecting the outflows because they are expected to be quite compact (R∼1–2 kpc) in general (Villar-Martín et al. 2014, 2016; Husemann et al. 2016; Fischer et al. 2018; Rose et al. 2018; Spence et al. 2018; Storchi-Bergmann et al. 2018; Tadhunter et al. 2018).
Of the four detected outflows, three are indeed quite compact. Two outflows are spatially unresolved, and one has a radial size of ∼0.8 kpc (SDSS 0834+5534). These three outflows have kinematic properties within the range observed in similar objects (Table 5), as shown in Fig. 10. This figure shows that they are more extreme than ionized outflows studied in (U)LIRGs (B13), in the sense that the line widths are significantly broader (σ >  300 km s−1, while such broad lines are not found in (U)LIRGs unless they contain a QSO). Higher velocity shifts can also be reached (σ ≳ 500 km s−1 in some cases). That the kinematics of QSO-induced outflows are more extreme than those of (U)LIRGs is well known (e.g., Greene et al. 2011; Rupke & Veilleux 2011).
	[image: thumbnail]	Fig. 10.
Velocity shift, Δv, between the broad and narrow components vs. the mean velocity dispersion of the broad component, [image: equation]. The horizontal dashed line indicates the zero-velocity shift. Most of the objects show a blueshifted (negative values) broad component, most of them clustered around Δv = 0 to −500 km s−1. The dashed red region represents the typical values covered by a local sample of (U)LIRGs studied by B13. The color code is the same as in Fig. 9.




The ionized outflow in SDSS 0834+5534 has rather extreme kinematics in comparison with other QSO2, with σ reaching ∼950 km s−1. It also shows a very high velocity redshift relative to the systemic component of up to ∼+630 km s−1. We proposed in Sect. 5.1 that this object is seen at an intermediate (type 1 vs. type 2) orientation, so that the high inclination angle allows us to see the inner regions of the outflow, deep into the inner part of the NLR where the outflow kinematics may be more extreme (Villar-Martín et al. 2014, 2015). It is also possible that the outflow is induced by the interaction with the inner radio jet, as suggested by the alignment between the optical HST and the radio morphologies in the inner ∼1″ (Sect. 5.1).
We estimated the outflow mass (Moutflow), mass, and energy injections rates (Ṁoutflow, Ėoutflow) for SDSS 0834+5534, the only object in the OSIRIS sample for which [image: equation] = 3.5 × 1041 erg s−1 (blue component in Fig. 11) and Routflow = 0.7 ± 0.4 kpc (instead of an upper limit) are both available.
	[image: thumbnail]	Fig. 11.
Hβ–[OIII] observed spectrum of SDSS 0834+5534 where the main (systemic) and broad (outflow) components coexist. The purple curve shows the total Hβ–[OIII] components obtained from multicomponent Gaussian fits. The red and blue curves represent the systemic and broad components, respectively. In green we show the third narrow component (see text for details).




We estimated the mass outflow (Baldwin et al. 2003) as
[image: thumbnail](3)
which, normalized to M⊙ results in
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μH = 1.42 is the mean mass per hydrogen atom assuming solar metallicity, mH is the proton mass, [image: equation] is the Hβ case B effective recombination coefficient for an electron temperature T ∼ 104 K (i.e., ∼3 × 10−14 cm3 s−1; Osterbrock 1989), EHβ erg is the energy of one Hβ photon, and [image: equation] and n are the Hβ luminosity and density of the outflow. Moreover,
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and
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Following Rupke et al. (2005),
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which gives Vmax = 1744 km s−1 for the broad component (Table 5). When we assume n = 1000 cm−3 (Holt et al. 2011; Villar-Martín et al. 2014, 2016), Moutflow = 3.3 × 106M⊙, Ṁoutflow = 8.5 M⊙ yr−1 and Ėoutflow = 7.1 × 1042 erg s−1. These moderate values are within the range inferred for the VLT sample by Villar-Martín et al. (2016) (see also Villar-Martín et al. 2014). As the authors discuss, these values are affected by huge uncertainties that is mainly due to the unknown n because a broad range of densities (maybe up to n ≳ 106 cm−3) may exist in the outflowing gas.
The uncertainties on SDSS 0818+3958 and SDSS J0956+5735, for which only [image: equation] and upper limits on Routflow could be measured, are clearly also very high, but the outflow parameters are probably similarly modest. These objects have Routflow <  2.2 and < 3.3 kpc, respectively. At ∼2–3 kpc from the AGN, low n ≲ few × 100 cm−3 are possible. However, even if such large sizes were confirmed, the outflow emission is expected to be preferentially emitted in a central compact source where a broad range of n is present.
Thus, as already argued in Villar-Martín et al. (2016) for the VLT sample, it is not clear that the ionized outflows in SDSS 0834+5534, SDSS 0818+3958 and SDSS 0956+5735 have a significant impact on their host galaxies, neither by injecting energy and mass beyond the inner ∼1–2 kpc of the narrow-line region, well into the ISM, nor by triggering high mass outflow rates (see also Villar-Martín et al. 2014, 2016; Husemann et al. 2016; Rose et al. 2018; Spence et al. 2018; Tadhunter et al. 2018; Fischer et al. 2018; Storchi-Bergmann et al. 2018).
5.4. Giant radio-induced outflow in SDSS 0741+3020?
Of special interest is SDSS 0741+3020. This object is associated with an ionized central outflow that extends 1.8 ± 0.4 kpc toward the SE and 4.2 ± 0.4 kpc toward the NW from the AGN in the direction of the radio axis. It has σ ∼ 220−480 km s−1 and is blueshifted relative to the systemic component by ∼200–500 km s−1. This is an unusually large size in a radio-quiet QSO2, where, as mentioned above, the outflows are in general compact. Low n (≲ few × 100 cm−3) are expected at such large radial distances from the AGN, while higher n exist in the central narrow-line region (see previous section). This and the lack of morphological information in two spatial dimensions prevents meaningful limits on Moutflow, Ṁoutflow and Ėoutflow.
The radio source associated with this object is slightly resolved at 8.4 GHz and 1.4 GHz and appears to show a double structure located at ∼1″ or ∼6 kpc from the optical position of the galaxy (Lal & Ho 2010). The similar maximum size of the central outflow suggests that it may have been induced by the interaction between the radio structures and the gas.
SDSS 0741+3020 is also associated with a giant nebula of maximum total extension ∼112 kpc. While the nebula is very quiescent in the outer parts (σ ≲ few × 10 km s−1), turbulent gas (σ ∼ 130 km s−1) has also been detected across this gas reservoir up to ∼40 kpc from the AGN, well outside the main body of the galaxy (see Sect. 5.1).
SDSS 0741+3020 is strongly reminiscent of the radio-quiet QSO2 nicknamed the Beetle at z = 0.10 (Villar-Martín et al. 2017). This object is also associated with a giant ionized nebula (maximum extension 71 kpc). The gas motions are turbulent (σ ∼ 160−200 km s−1) within the radio structures, up to ∼26 kpc from the AGN, and are more quiescent beyond. We proposed a scenario in which the giant nebula consists of in situ gas, made of tidal remnants that were redistributed during galactic interactions across tens of kiloparsec in the circumgalactic medium (CGM). The interaction between the large-scale radio structures (∼46 kpc) and the giant nebula has induced outflows that are responsible for the kinematic turbulence. As discussed in that work, the coexistence in the Beetle of a large-scale radio source and a rich widely spread gaseous environment illuminated by the quasar facilitates the detection and occurrence of radio-induced feedback across huge volumes.
All low z AGN with reported giant nebulae (≳60 kpc), including the Beetle, show clear signs of past or ongoing galactic interactions (see Villar-Martín et al. 2018, for a comparison), with rich tidal features of different morphologies (shells, tails, bridges, etc). This is possibly the case of SDSS 0741+3020 as well. Although the available SDSS images and our acquisition GTC images are not deep enough to detect low surface brightness tidal features, a merger or interaction event is suggested by the complex morphology, which shows a multiple system (Table 6). This event may be the origin of the giant nebula.
The existence of extended radio emission on scales larger than the 5″ (> 30 kpc) in this object is suggested by the fact that ∼38% of the 1.4 GHz radio flux is outside the FIRST 5″ beam (Table 1). Therefore, SDSS 0741+3020 shares several properties with the Beetle: 1) it shows preliminary evidence for a merger or interaction event, 2) it is associated with giant turbulent nebula, and 3) there is indirect evidence for a large-scale extended radio structure.
All this suggests a similar scenario: a radio source that has so far been invisible has escaped the galaxy boundaries that extend up to at least ∼40 kpc from the AGN, well into the CGM. The interaction with the giant nebula may have produced outflows that are responsible for the turbulent motions. Deeper radio observations, sensitive to low surface brightness structures, are necessary to investigate whether this large structure indeed exists. If confirmed, SDSS 0741+3020 would be the second radio-quiet quasar with confirmed unambiguous evidence for AGN radio-induced feedback acting across tens of kiloparsec.
6. Summary and conclusions
We have studied the ionized gas kinematics in six optically selected SDSS type 2 QSO (QSO2) at z ∼ 0.3−0.5, which have evidence for extended radio sources. One QSO2 is radio-loud, three are radio-intermediate, and two are radio-quiet. Our goal was to investigate the potential role of large-scale radio-induced feedback in these systems. We analyzed the spatially extended gas kinematics using [OIII]λλ4959,5007, based on Osiris/GTC long-slit spectroscopy. One or two slit positions were used in all cases, one of which was always aligned with the main radio axis to maximize the chance of detecting extended ionized nebulae and large-scale radio-induced feedback.
Ionized outflows have been detected in four of the six QSO2. The most extreme outflow in terms of kinematics is detected in the only radio-loud object in the sample, SDSS 0834+5534. It has ∼950 km s−1 and is redshifted by ∼630 km s−1. An intermediate orientation and/or radio-induced feedback may be responsible for the extreme kinematics.
Three of the four outflows are rather compact. Two are spatially unresolved, and a third (the outflow associated with SDSS 0834+5534) has a radial extension R = 0.8 ± 0.3 kpc. We find no evidence that these outflows are capable of a significant impact on their host galaxies, neither by injecting energy and mass beyond the inner ∼1–2 kpc of the narrow-line region, well into the ISM, nor by triggering high mass outflow rates. These small sizes are consistent with the growing evidence that ionized outflows are compact in most optically selected QSO2 (R ≲ 1−2 kpc). Clearly, the existence of an extended radio source does not guarantee that radio-induced feedback will occur at any spatial scale. It is necessary that it interacts with the ambient gas.
Of special interest is the radio-quiet QSO2 SDSS 0741+3020 at z = 0.47. It is associated with a giant nebula of total extension ∼112 kpc. A large-scale ionized outflow, probably induced by the radio structures, has been detected along the axis that is defined by the central ∼1″ radio structure. Up to R = 4.2 ± 0.4 kpc, the outflowing gas shows σ ∼ 220−480 km s−1 and is blueshifted by ∼200–500 km s−1 relative to the systemic component. Moreover, turbulent gas (σ ∼ 130 km s−1) has also been detected across the giant gas reservoir up to ∼40 kpc from the AGN. This turbulence may have been induced by the interaction between a so-far undetected large-scale (≳40 kpc from the AGN) radio source and the nebula. Deeper radio observations sensitive to large-scale low surface brightness structures are necessary to test this scenario.
We have also investigated the dynamical state of the QSO2 host galaxies in the 6 QSO2 observed with GTC and 13 more QSO2 that were previously observed with FORS2/VLT (Villar-Martín et al. 2011, 2016). The majority of the QSO2 show v/σ <  1, implying that they are dominated by random motions (dispersion-dominated systems). Most (17 of 19) fall in the area of the E/S0 galaxies in the dynamical diagram v/σ versus σ. None are consistent with spiral or disk galaxies. This result is consistent with morphological and parametrical studies of host galaxies of luminous type 2 AGN, which show that the majority of QSO2 hosts (∼80%) are elliptical and highly disturbed systems.


1 Faint Images of the Radio Sky at Twenty Centimeters.
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Appendix A:  Spatially extended kinematic analysis
In this appendix we show the 2–dim spectra and the results of the spatially extended kinematic analysis of the GTC sample.
	[image: thumbnail]	Fig. A.1.
SDSS 0741+3020. Top panel, left: 2–dim spectrum covering the Hβ and [OIII]λλ4959,5007 lines along the slit PA. The colored bar spans the scale between the minimum and maximum fluxes in units of 10−19 erg s−1 cm−2 pix−1. Right: zoom-in around [OIII]λ5007 highlighting all spatial regions considered in the kinematic analysis (R1, R2, etc). The spatial location of the narrow component flux peak is shown with a black cross. The spatial zero in all panels is assumed to coincide with the continuum spatial centroid (i.e., the location of the peak of the continuum). Bottom panel: spatial distribution and kinematic properties of the individual kinematic components identified in the [OIII] doublet. Top: spatial distribution of the continuum-subtracted line flux. The spatial profile of each kinematic component has been shifted and centered with the seeing profile to facilitate visual comparison. The spatial zero marks the location of the continuum peak. The line spatial centroid is assumed to coincide with the location of the line peak. The true shift between the line spatial centroid of a given kinematic component and the spatial zero (e.g., Δ Peak(N–C)) is shown with dashed vertical lines maintaining the same color–code. Each kinematic component is identified in this panel with N (narrow), B (broad), or other, as explained in the main text for each object. Middle: velocity field (i.e., velocity shift computed relative to the systemic velocity; see Sect. 4.2). Bottom: intrinsic velocity dispersion. Upper limits on the velocity dispersion are shown for spectrally unresolved lines. The results of the pixel-to-pixel analysis are shown with solid circles. No spatial shift has been applied to the velocity field and velocity dispersion. Red and blue are used for the systemic (narrow) and for the broad components, respectively. When a third component is isolated, green is used. The results of the analysis based on the spectra integrated within larger apertures (P, R1, R2, etc.) are shown with large open square symbols, using the same color-code as in the pixel-to-pixel analysis.
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SDSS 0818+3958. Same figure caption as in Fig. A.1. The fact that N2 shows a more compact spatial profile than the seeing shows that this improved during the spectroscopic observations in comparison with the acquisition image.
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SDSS 0834+5534. Same figure caption as in Fig. A.1.
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SDSS 0834+5534. Same figure caption as in Fig. A.1.




	[image: thumbnail]	Fig. A.5.
SDSS 0902+5459 (PA 83). Same figure caption as in Fig. A.1. The magenta squares in the velocity field and velocity dispersion plots are used to highlight the pixels that are characterized by low S/N, which are well fit by using only one component instead of two.
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SDSS 0902+5459 (PA 138). Same figure caption as in Fig. A.1. The fact that N1 has a more compact spatial profile than the seeing shows that this improved during the observations in comparison with the acquisition image. Magenta squares are the same as in Fig. A.5. The kinematic parameters are probably a blend of the two narrow components isolated in inner pixels with a higher S/N.
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SDSS 0956+5735. Same figure caption as in Fig. A.1. Magenta squares are the same as in Fig. A.5.




	[image: thumbnail]	Fig. A.8.
SDSS 1101+4004. Same figure caption as in Fig. A.1. The fact that NB, N2, and N3 show more compact spatial profiles than the seeing disk shows that this improved during the spectroscopic observations. Magenta squares are the same as in Fig. A.5.
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	[image: thumbnail]	Fig. 1.
Very Large Array radio maps (at 1.4 GHz (FIRST) and 8.4 GHz) of the GTC sample. Four sources (SDSS 0741+3020, SDSS 0818+3958, SDSS 0902+5459, and SDSS 0956+5735) have previously been published in Lal & Ho (2010). FIRST/VLA images for SDSS 0834+5534 and SDSS 1101+4004 have been obtained from the archive. All objects show extended radio emission. The positions of the slit used in the GTC spectroscopic observations are shown in red, except for two sources (SDSS 0834+5534 and SDSS 1101+4004), which are shown in white. The PA are shown in Table 1 (Col. 2). For each object, at least one PA was chosen along the main axis of the radio structures.
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Nuclear OSIRIS/GTC spectra of the GTC sample. They were extracted considering apertures of 5 to 6 pixels along the slit (1.2″ to 1.5″, respectively, depending on the slit width used). These were centered at the [OIII]λ5007 spatial centroid and selected to maximize the S/N of the line wings, where potential outflow signatures are usually identified. Fluxes are in erg s −1 cm−2 Å−1 and the rest–frame wavelengths are in Å.
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	[image: thumbnail]	Fig. 3.
Classification of the sample according to radio loudness. The figure is the same as Fig. 7 in Lal & Ho (2010). The locations of our objects are shown with colored triangles. The cross symbols come from the AGN sample of Xu et al. (1999); the open green diamonds represent their radio-intermediate sources. The Lal & Ho (2010) sample of QSO2 at 0.3 ≤ z ≤ 0.7 is represented with filled red circles. Open blue triangles are upper limits.
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	[image: thumbnail]	Fig. 4.
Top: distribution of the objects of the GTC and VLT samples in the radio power at 5 GHz (logarithmic scale) – radio-loudness plane (i.e., radio-quiet (RQ), intermediate (RI), and loud (RL), see text). The GTC (red) and the VLT (green) objects are considered. Bottom: number of elements in each radio-loudness bin, identified according to their respective color code. The number of objects with confirmed or indirect evidence for extended radio emission on scales larger than 5″ is indicated with the dashed blue lines.
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	[image: thumbnail]	Fig. 5.
Line-fitting results of the Hβ–[OIII] complex (vertical dashed lines) obtained for the integrated spectra in the inner regions of SDSS 0741+3020 (R3), SDSS 0818+3958 (R4), and SDSS 1101+4004 (R3). The purple curve shows the total Hβ–[OIII] components obtained from multicomponent Gaussian fits. The systemic component is in red, the secondary and third components are in blue and green, respectively. In SDSS 0741+3020, the outflow is identified with the secondary (blue) component, in SDSS 0818+3958, the outflow is identified with the third (green) component, and in SDSS 1101+4004, no outflow is found.
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	[image: thumbnail]	Fig. 6.
Visual definition of the velocity amplitude (vamp) and velocity shear (vshear) using as an example the systemic component of SDSS 0741+3020. Top: red dotted horizontal lines identify the maximum (vmax) and minimum (vmin) velocity values used in the vamp definition. Bottom: red dotted horizontal lines identify in this case [image: equation] and [image: equation], as defined in Sect. 4.2, used in the vshear definition. The blue and green arrows mark vamp and vshear in both diagrams.
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	[image: thumbnail]	Fig. 7.
Comparison between the optical HST and the radio VLA and VLBA images of SDSS 0834+5534. The position angles (north to east) of the different structures (optical and radio) and their respective extensions in arcsec are shown. The spatial centroid of the HST image has been aligned the VLA peak emission (black cross). Left: HST F606W image with the VLA contours overplotted (in white; also shown in Fig. 1; ∼20″ × 20″ or 75 kpc × 75 kpc). Middle: HST image (∼2″ × 2″ or or 7.5 kpc × 7.5 kpc) and its contours. Right: VLBA image of the very inner regions of the object with its contours (∼0.04″ × 0.04″ or 0.15 kpc × 0.15 kpc). Its intensity peak overlaps with the VLA peak (black cross).
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	[image: thumbnail]	Fig. 8.
SDSS spectrum of the galaxy 0834+5534 showing the broad [OII]7330 Å and the narrow [OII]3727 Å line profiles.
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	[image: thumbnail]	Fig. 9.
Dynamical state of the galaxies. Relationship between the observed dynamical ratio, vshear/σmean, and the mean velocity dispersion, σmean for all galaxies isolated in the GTC (red) and VLT (green) samples (left). Only the AGN host galaxies are shown in the right panel. When two locations are available for the same AGN host (derived from the two spectra obtained with different slit PAs), these are joined by a solid black line. The blue–contoured triangles represent spiral GHASP galaxies (Epinat et al. 2010), green–contoured pentagons show E/SO objects (Cappellari et al. 2007), black–contoured top-down empty triangles show (U)LIRGs (B13), and black filled triangles indicate LBAs (Gonçalves et al. 2010). For the spirals the v parameter is defined as the maximum amplitude of the rotational curve within the extent of the velocity field along the major axis, and σ is the average of the velocity dispersion map. For E/S0, v and σ are luminosity–weighted square quantities that we derived from the stellar velocity field and velocity dispersion maps, respectively (see details in Cappellari et al. 2007). For the (U)LIRGs, the velocity shear and mean velocity dispersion were computed as in this work (a slightly different percentile was used in B13 to derive the vshear). For the LBAs, the velocity shear was defined as in B13, while the velocity dispersion is the flux–weighted mean value.
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	[image: thumbnail]	Fig. 10.
Velocity shift, Δv, between the broad and narrow components vs. the mean velocity dispersion of the broad component, [image: equation]. The horizontal dashed line indicates the zero-velocity shift. Most of the objects show a blueshifted (negative values) broad component, most of them clustered around Δv = 0 to −500 km s−1. The dashed red region represents the typical values covered by a local sample of (U)LIRGs studied by B13. The color code is the same as in Fig. 9.
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	[image: thumbnail]	Fig. 11.
Hβ–[OIII] observed spectrum of SDSS 0834+5534 where the main (systemic) and broad (outflow) components coexist. The purple curve shows the total Hβ–[OIII] components obtained from multicomponent Gaussian fits. The red and blue curves represent the systemic and broad components, respectively. In green we show the third narrow component (see text for details).
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	[image: thumbnail]	Fig. A.1.
SDSS 0741+3020. Top panel, left: 2–dim spectrum covering the Hβ and [OIII]λλ4959,5007 lines along the slit PA. The colored bar spans the scale between the minimum and maximum fluxes in units of 10−19 erg s−1 cm−2 pix−1. Right: zoom-in around [OIII]λ5007 highlighting all spatial regions considered in the kinematic analysis (R1, R2, etc). The spatial location of the narrow component flux peak is shown with a black cross. The spatial zero in all panels is assumed to coincide with the continuum spatial centroid (i.e., the location of the peak of the continuum). Bottom panel: spatial distribution and kinematic properties of the individual kinematic components identified in the [OIII] doublet. Top: spatial distribution of the continuum-subtracted line flux. The spatial profile of each kinematic component has been shifted and centered with the seeing profile to facilitate visual comparison. The spatial zero marks the location of the continuum peak. The line spatial centroid is assumed to coincide with the location of the line peak. The true shift between the line spatial centroid of a given kinematic component and the spatial zero (e.g., Δ Peak(N–C)) is shown with dashed vertical lines maintaining the same color–code. Each kinematic component is identified in this panel with N (narrow), B (broad), or other, as explained in the main text for each object. Middle: velocity field (i.e., velocity shift computed relative to the systemic velocity; see Sect. 4.2). Bottom: intrinsic velocity dispersion. Upper limits on the velocity dispersion are shown for spectrally unresolved lines. The results of the pixel-to-pixel analysis are shown with solid circles. No spatial shift has been applied to the velocity field and velocity dispersion. Red and blue are used for the systemic (narrow) and for the broad components, respectively. When a third component is isolated, green is used. The results of the analysis based on the spectra integrated within larger apertures (P, R1, R2, etc.) are shown with large open square symbols, using the same color-code as in the pixel-to-pixel analysis.
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	[image: thumbnail]	Fig. A.2.
SDSS 0818+3958. Same figure caption as in Fig. A.1. The fact that N2 shows a more compact spatial profile than the seeing shows that this improved during the spectroscopic observations in comparison with the acquisition image.

In the text



	[image: thumbnail]	Fig. A.3.
SDSS 0834+5534. Same figure caption as in Fig. A.1.
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SDSS 0834+5534. Same figure caption as in Fig. A.1.
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	[image: thumbnail]	Fig. A.5.
SDSS 0902+5459 (PA 83). Same figure caption as in Fig. A.1. The magenta squares in the velocity field and velocity dispersion plots are used to highlight the pixels that are characterized by low S/N, which are well fit by using only one component instead of two.
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SDSS 0902+5459 (PA 138). Same figure caption as in Fig. A.1. The fact that N1 has a more compact spatial profile than the seeing shows that this improved during the observations in comparison with the acquisition image. Magenta squares are the same as in Fig. A.5. The kinematic parameters are probably a blend of the two narrow components isolated in inner pixels with a higher S/N.
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SDSS 0956+5735. Same figure caption as in Fig. A.1. Magenta squares are the same as in Fig. A.5.
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SDSS 1101+4004. Same figure caption as in Fig. A.1. The fact that NB, N2, and N3 show more compact spatial profiles than the seeing disk shows that this improved during the spectroscopic observations. Magenta squares are the same as in Fig. A.5.
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Very Large Array radio maps (at 1.4 GHz (FIRST) and 8.4 GHz) of the GTC sample. Four sources (SDSS 0741+3020, SDSS 0818+3958, SDSS 0902+5459, and SDSS 0956+5735) have previously been published in Lal & Ho (2010). FIRST/VLA images for SDSS 0834+5534 and SDSS 1101+4004 have been obtained from the archive. All objects show extended radio emission. The positions of the slit used in the GTC spectroscopic observations are shown in red, except for two sources (SDSS 0834+5534 and SDSS 1101+4004), which are shown in white. The PA are shown in Table 1 (Col. 2). For each object, at least one PA was chosen along the main axis of the radio structures.



    

  
    
      Fig. 2. 

      
        [image: thumbnail]
      

      
Nuclear OSIRIS/GTC spectra of the GTC sample. They were extracted considering apertures of 5 to 6 pixels along the slit (1.2″ to 1.5″, respectively, depending on the slit width used). These were centered at the [OIII]λ5007 spatial centroid and selected to maximize the S/N of the line wings, where potential outflow signatures are usually identified. Fluxes are in erg s −1 cm−2 Å−1 and the rest–frame wavelengths are in Å.



    

  
    Table 1. 

General properties of the QSO2 sample observed with OSIRIS/GTC.




	Galaxy ID
	Short name
	z
	Scale
	log(L[OIII])
	log(P5 GHz)
	Radio
	Extended radio emission



	SDSS code
	SDSS_PA
	
	
	
	
	
	in the annular ring (FIRST–NVSS)



	
	
	
	(kpc/″)
	(erg s−1)
	(erg s−1 Hz−1)
	
	(%)



	(1)
	(2)
	(3)
	(4)
	(5)
	(6)
	(7)
	(8)





	J074130.50+302005.1
	0741+3020_148
	0.476
	5.922
	41.93
	30.69
	RQ
	38



	J081858.36+395839.7
	0818+3958_90
	0.406
	5.392
	41.83
	30.96
	RI
	36



	J083454.90+553421.1
	0834+5534_34
	0.241
	3.773
	42.27
	33.84
	RL
	3



	J083454.90+553421.1
	0834+5534_145
	0.241
	3.773
	=
	=
	–



	J090226.73+545952.2
	0902+5459_83
	0.401
	5.356
	42.03
	31.18
	RI
	8 (a)



	J090226.73+545952.2
	0902+5459_138
	0.401
	5.356
	=
	=
	–



	J095629.03+573508.8
	0956+5735_160
	0.361
	5.007
	41.98
	30.49
	RQ
	41 (b)



	J110140.53+400422.9
	1101+4004_111
	0.456
	5.780
	43.29
	32.26
	RI
	29






Notes. Column (1): SDSS galaxy ID. Column (2): short name galaxy ID with the information of the slit PA used (angle given from north to east). Column (3): redshift of the SDSS sources from the NASA Extragalactic Database (NED). Column (4): scale. Column (5): total luminosity of the [OIII]λ5007Å line (logarithmic scale). Column (6): radio power at 5 GHz. Column (7): radio loudness (RQ: radio-quiet; RI: radio-intermediate; and RL: radio-loud). Column (8): percentage of extended radio flux emission at 1.4 GHz between the FIRST and the NVSS beams (5″ vs. 45″ resolution, respectively).

(a) The FIRST image shows that almost all the emission is in the lobes with marginal evidence for a radio core (Fig. 1).


(b) This value is quite uncertain because the source is detected at only 3σ level in NVSS.





  
    
      Fig. 3. 

      
        [image: thumbnail]
      

      
Classification of the sample according to radio loudness. The figure is the same as Fig. 7 in Lal & Ho (2010). The locations of our objects are shown with colored triangles. The cross symbols come from the AGN sample of Xu et al. (1999); the open green diamonds represent their radio-intermediate sources. The Lal & Ho (2010) sample of QSO2 at 0.3 ≤ z ≤ 0.7 is represented with filled red circles. Open blue triangles are upper limits.



    

  
    Table 2. 

Properties of the complementary QSO2 sample observed with FORS2/VLT.




	Galaxy ID
	Short name
	z
	Scale
	log(L[OIII])
	log(P5 GHz)
	Radio
	Extended radio emission



	SDSS code
	SDSS
	
	
	
	
	
	in the annular ring (FIRST–NVSS)



	
	
	
	(kpc/″)
	(erg s−1)
	(erg s−1 Hz−1)
	
	(%)



	(1)
	(2)
	(3)
	(4)
	(5)
	(6)
	(7)
	(8)





	J092318.06+010144.8
	J0923+0101
	0.386
	5.226
	42.36
	30.6
	RQ
	51



	J095044.69+011127.2
	J0950+0111
	0.404
	5.376
	41.80
	30.9
	RI
	–



	J095514.11+034654.2
	J0955+0346
	0.422
	5.520
	42.05
	30.9
	RI
	12



	J101403.49+024416.4
	J1014+0244
	0.573
	6.526
	41.87
	31.5
	RI
	–



	J115314.36+032658.6
	J1153+0326
	0.575
	6.537
	43.24
	31.2
	RQ
	–



	J124749.79+015212.6
	J1247+0152
	0.427
	5.559
	41.81
	32.0
	RL
	28



	J130740.55–021455.2
	J1307–0214
	0.424
	5.536
	42.59
	30.9
	RQ
	–



	J133633.65–003936.4
	J1336–0039
	0.416
	5.473
	42.22
	≲30.4
	RQ
	34



	J133735.01–012815.6
	J1337–0128
	0.328
	4.700
	42.31
	30.9
	RQ
	21



	J140740.06+021748.3
	J1407+0217
	0.309
	4.512
	42.58
	30.4
	RQ
	27



	J141315.31–014221.0
	J1413–0142
	0.380
	5.175
	42.76
	31.1
	RQ
	–



	J143027.66–005614.8
	J1430–0050
	0.318
	4.602
	42.02
	≲30.1
	RQ
	–



	J154613.27–000513.5
	J1546–0005
	0.383
	5.200
	41.76
	30.8
	RI
	–






Notes. See Table 1. The minus means that it has not been possible to assign a value because the source is weak and it is only detected in FIRST.




  
    
      Fig. 4. 

      
        [image: thumbnail]
      

      
Top: distribution of the objects of the GTC and VLT samples in the radio power at 5 GHz (logarithmic scale) – radio-loudness plane (i.e., radio-quiet (RQ), intermediate (RI), and loud (RL), see text). The GTC (red) and the VLT (green) objects are considered. Bottom: number of elements in each radio-loudness bin, identified according to their respective color code. The number of objects with confirmed or indirect evidence for extended radio emission on scales larger than 5″ is indicated with the dashed blue lines.



    

  
    Table 3. 

Observing information of the QSO2 sample observed with OSIRIS/GTC.




	Short name
	IP FWHM
	Slit width
	Seeing (slit width)
	Seeing
	DIMM seeing
	Airmass



	SDSS/PA
	(Å)
	(″)
	(″)
	(″)
	(″)
	(″)



	(1)
	(2)
	(3)
	(4)
	(5)
	(6)
	(7)





	0741+3020
	5.29 ± 0.08
	1.5
	1.40 ± 0.04
	1.47 ± 0.04
	1.6
	1.17



	0818+3958
	5.32 ± 0.08
	1.5
	1.69 ± 0.06
	1.84 ± 0.07
	1.6
	1.04



	0834+5534/34
	5.50 ± 0.46
	1.5
	0.98 ± 0.02
	1.00 ± 0.02
	1.5
	1.23



	0834+5534/145
	5.99 ± 0.69
	1.5
	0.78 ± 0.02
	0.84 ± 0.02
	1.5
	1.32



	0902+5459/83
	5.31 ± 0.15
	1.5
	1.67 ± 0.08
	1.87 ± 0.09
	1.7
	1.14



	0902+5459/138
	5.24 ± 0.08
	1.5
	1.88 ± 0.07
	2.16 ± 0.08
	1.7
	1.20



	0956+5735
	5.25 ± 0.28
	1.5
	1.72 ± 0.15
	2.10 ± 0.18
	1.6
	1.20



	1101+4004
	4.46 ± 0.05
	1.2
	2.59 ± 0.12
	2.64 ± 0.12
	1.5
	1.12






Notes. Column (1): short name of the source. The slit PA is also quoted, except when only one slit is used for the observations (see Table 1). Column (2): FWHM of the IP as derived from several sky lines. Column (3): slit width in arcsec. Column (4): seeing computed using an aperture equivalent to the slit width. Column (5): seeing computed from several stars in the acquisition image. Column (6): differential image motion monitor seeing value. It gives an approximate estimate of the real seeing during the night. Column (7): airmass during the observations.




  
    
      Fig. 5. 

      
        [image: thumbnail]
      

      
Line-fitting results of the Hβ–[OIII] complex (vertical dashed lines) obtained for the integrated spectra in the inner regions of SDSS 0741+3020 (R3), SDSS 0818+3958 (R4), and SDSS 1101+4004 (R3). The purple curve shows the total Hβ–[OIII] components obtained from multicomponent Gaussian fits. The systemic component is in red, the secondary and third components are in blue and green, respectively. In SDSS 0741+3020, the outflow is identified with the secondary (blue) component, in SDSS 0818+3958, the outflow is identified with the third (green) component, and in SDSS 1101+4004, no outflow is found.



    

  
    
      Fig. 6. 

      
        [image: thumbnail]
      

      
Visual definition of the velocity amplitude (vamp) and velocity shear (vshear) using as an example the systemic component of SDSS 0741+3020. Top: red dotted horizontal lines identify the maximum (vmax) and minimum (vmin) velocity values used in the vamp definition. Bottom: red dotted horizontal lines identify in this case [image: equation] and [image: equation], as defined in Sect. 4.2, used in the vshear definition. The blue and green arrows mark vamp and vshear in both diagrams.



    

  
    Table 4. 

Kinematic properties of the systemic component of the whole QSO2 sample.




	Galaxy ID
	zsys
	vshear
	vamp
	σmean
	[image: equation]



	(SDSS code)
	(km s−1)
	(km s−1)
	(km s−1)
	(km s−1)
	



	(1)
	(2)
	(3)
	(4)
	(5)
	(6)





	OSIRIS/GTC



	




	0741+3020
	0.477
	200.83 ± 47.74
	247.88 ± 29.55
	114.91 ± 42.68
	1.75 ± 0.77



	0818+3958a
	0.406
	138.53 ± 41.59
	156.91 ± 82.44
	136.46 ± 17.38
	1.02 ± 0.53



	0818+3958b
	0.406
	60.42 ± 3.16
	61.93 ± 14.50
	73.30 ± 9.60
	0.82 ± 0.65



	0834+5534_34
	0.241
	73.90 ± 14.18
	83.00 ± 14.18
	146.38 ± 20.29
	0.50 ± 0.12
	



	0834+5534_145
	0.241
	162.41 ± 6.82
	165.81 ± 11.51
	160.93 ± 68.75
	1.01 ± 0.43
	



	0902+5459a_83
	0.401
	83.48 ± 22.19
	110.97 ± 17.04
	121.30 ± 10.28
	0.69 ± 0.19
	



	0902+5459a_138
	0.400
	105.24 ± 25.32
	127.66 ± 61.89
	168.41 ± 16.30
	0.62 ± 0.16
	



	0902+5459b_83
	0.401
	99.60 ± 21.78
	150.26 ± 19.43
	163.85 ± 33.07
	0.61 ± 0.18
	



	0902+5459b_138
	0.400
	69.85 ± 19.64
	78.92 ± 12.85
	151.15 ± 27.70
	0.46 ± 0.16
	



	0956+5735
	0.362
	27.25 ± 7.56
	30.81 ± 9.84
	181.21 ± 48.95
	0.15 ± 0.06
	



	1101+4004a
	0.456
	131.46 ± 61.97
	131.13 ± 69.19
	309.74 ± 28.09
	0.42 ± 0.20
	



	1101+4004b
	0.456
	124.43 ± 17.66
	133.01 ± 19.61
	100.26 ± 17.25
	1.24 ± 0.28
	



	




	FORS2/VLT



	




	J0923+0101
	0.386
	–
	283.42 ± 8.75
	285.35 ± 68.33
	0.99 ± 0.24



	J0950+0111a
	0.404
	–
	43.37 ± 14.29
	94.46 ± 19.62
	0.46 ± 0.18



	J0950+0111b
	0.404
	–
	17.36 ± 6.42
	132.56 ± 63.57
	0.13 ± 0.08
	



	J0955+0346
	0.422
	–
	15.26 ± 9.25
	419.29 ± 15.09
	0.04 ± 0.02



	J1014+0244a/pa1
	0.573
	–
	53.30 ± 18.46
	136.56 ± 7.01
	0.39 ± 0.14
	



	J1014+0244b/pa1
	=
	–
	66.61 ± 24.15
	< 107.76 ± 21.49
	> 0.62 ± 0.26
	



	J1014+0244a/pa2
	=
	–
	126.00 ± 33.64
	127.86 ± 33.54
	0.99 ± 0.37



	J1014+0244b/pa2
	=
	–
	22.54 ± 8.36
	< 125.59 ± 34.43
	> 0.18 ± 0.08
	



	J1153+0326
	0.575
	–
	92.32 ± 25.93
	314.07 ± 10.54
	0.29 ± 0.08



	J1247+0152
	0.427
	–
	99.50 ± 7.25
	328.84 ± 15.35
	0.30 ± 0.03



	J1307–0214
	0.424
	–
	117.99 ± 15.30
	165.26 ± 17.06
	0.71 ± 0.12



	J1336–0039
	0.416
	–
	49.24 ± 10.93
	163.18 ± 30.54
	0.30 ± 0.09



	J1337–0128
	0.328
	–
	53.49 ± 15.12
	153.50 ± 19.21
	0.35 ± 0.11



	J1407+0217
	0.309
	–
	59.38 ± 14.45
	136.82 ± 25.63
	0.43 ± 0.13



	J1413–0142
	0.380
	–
	25.78 ± 7.22
	237.16 ± 30.50
	0.11 ± 0.03
	



	J1430–0050
	0.318
	–
	36.83 ± 3.15
	< 110.92 ± 17.28
	> 0.33 ± 0.06
	



	J1546–0005
	0.383
	–
	32.92 ± 8.99
	145.10 ± 14.08
	0.23 ± 0.66






Notes. Column (1): SDSS short name. When a system is composed of two galaxies, we identify them with a and b. The information of the slit PA is shown, unless only one slit is used for the observations. Column (2): systemic redshift. Column (3): [OIII] velocity shear defined as half the difference between the average of all velocities below the 10th percentile and the average of all velocity above the 90th percentile (see Sect. 4.2). The minus for the VLT sample means that this value could not be measured (see text for details). Column (4): [OIII] “peak-to-peak” velocity amplitude. Column (5): [OIII] mean velocity dispersion. Column (6): dynamical ratio, computed as the ratio between the velocity shear (velocity amplitude) for the GTC (VLT) sample and the mean velocity dispersion values.




  
    Table 5. 

Kinematic properties of the broad (outflow) component of the whole QSO2 sample.




	Galaxy ID
	[image: equation]
	Δv
	Routflow



	(SDSS_PA code)
	(km s−1)
	(km s−1)
	(kpc)
	



	(1)
	(2)
	(3)
	(4)





	OSIRIS/GTC



	




	0741+3020 Central outflow (a)
	291.82 ± 41.30
	–380.54 ± 107.80
	4.2±0.4
	



	0741+3020 Giant nebula (a)
	∼130
	∼100
	∼40
	



	0818+3958 (b)
	491.02 ± 61.29
	–568.80 ± 185.75
	< 2.2
	



	0834+5534_34
	948.84 ± 48.78
	629.20 ± 63.18
	0.7 ± 0.4
	



	0834+5534_145
	871.51 ± 74.79
	452.05 ± 56.84
	0.8 ± 0.3
	



	0902+5459_83a
	–
	–
	
	



	0902+5459_138a
	–
	–
	
	



	0902+5459_83b
	–
	–
	
	



	0902+5459_138b
	–
	–
	
	



	0956+5735
	624.09 ± 24.36
	110.76 ± 65.54
	< 3.3
	



	1101+4004a
	–
	–
	
	



	1101+4004b
	–
	–
	



	




	FORS2/VLT



	




	J0923+0101
	708.16 ± 75.19
	–33 ± 49
	0.16 – 1.0



	J0950+0111
	696.69 ± 18.69
	–506 ± 35
	0.38 – 1.1



	J0955+0346
	1062.02 ± 84.96
	–810 ± 190
	0.20 – 3.5



	J1014+0244a/pa1
	652.93 ± 30.59
	–126 ± 53
	0.20 – 1.0



	J1014+0244a/pa2
	671.20 ± 48.85
	–72 ± 72
	=



	J1153+0326
	615.97 ± 33.98
	325 ± 80
	0.52 – 1.7
	



	J1247+0152
	498.30 ± 84.11
	–301 ± 194
	0.28 – 1.4



	J1307–0214
	424.80 ± 12.74
	–246 ± 29
	1.3 ± 0.4



	J1336–0039
	1055.64 ± 73.49
	–942 ± 112
	0.19 – 1.0



	J1337–0128
	543.76 ± 25.49
	–320 ± 16
	0.19 – 1.7



	J1407+0217
	709.43 ± 50.98
	–80 ± 33
	1.0 ± 0.2



	J1413–0142
	505.52 ± 21.24
	–185 ± 38
	0.21 – 1.5



	J1430–0050
	679.69 ± 84.96
	–520 ± 60
	0.12 – 0.80



	J1546–0005
	331.35 ± 12.74
	–270 ± 55
	0.20 – 1.4






Notes. Column (1): SDSS short name. When a system is composed of two galaxies, we identify them with a and b. The information of the slit PA is shown, unless only one slit is used for the observations. The minus means that the broad component (and thus, an outflow) has not been detected. Column (2): mean velocity dispersion. The FORS2/VLT values are taken from the works of Villar-Martín et al. (2011, 2012, 2016). Column (3): velocity offset, computed as the difference between the mean velocity of the broad component and the systemic velocity. Negative values represent blueshifted values, and positive values are redshifted. The FORS2/VLT values are taken from the works of Villar-Martín et al. (2011, 2012, 2016). Column (4): intrinsic radius of the outflow. It has been computed as half the difference between the FWHM of the observed [OIII] flux profile of the broad component and the FWHMseeing computed within the slit, according to the formula: Rout [kpc] = scale [kpc/″] × [image: equation]. For the FORS2/VLT data the minimum and maximum radial sizes of the outflows are given (see Table 5 in Villar-Martín et al. 2016, for details).

(a) See Sect. 5.3.


(b) The kinematic values of the broad component for SDSS 0818+3958 are those obtained using the integrated values over several pixels.





  
    
      Fig. 7. 

      
        [image: thumbnail]
      

      
Comparison between the optical HST and the radio VLA and VLBA images of SDSS 0834+5534. The position angles (north to east) of the different structures (optical and radio) and their respective extensions in arcsec are shown. The spatial centroid of the HST image has been aligned the VLA peak emission (black cross). Left: HST F606W image with the VLA contours overplotted (in white; also shown in Fig. 1; ∼20″ × 20″ or 75 kpc × 75 kpc). Middle: HST image (∼2″ × 2″ or or 7.5 kpc × 7.5 kpc) and its contours. Right: VLBA image of the very inner regions of the object with its contours (∼0.04″ × 0.04″ or 0.15 kpc × 0.15 kpc). Its intensity peak overlaps with the VLA peak (black cross).



    

  
    
      Fig. 8. 

      
        [image: thumbnail]
      

      
SDSS spectrum of the galaxy 0834+5534 showing the broad [OII]7330 Å and the narrow [OII]3727 Å line profiles.



    

  
    
      Fig. 9. 

      
        [image: thumbnail]
      

      
Dynamical state of the galaxies. Relationship between the observed dynamical ratio, vshear/σmean, and the mean velocity dispersion, σmean for all galaxies isolated in the GTC (red) and VLT (green) samples (left). Only the AGN host galaxies are shown in the right panel. When two locations are available for the same AGN host (derived from the two spectra obtained with different slit PAs), these are joined by a solid black line. The blue–contoured triangles represent spiral GHASP galaxies (Epinat et al. 2010), green–contoured pentagons show E/SO objects (Cappellari et al. 2007), black–contoured top-down empty triangles show (U)LIRGs (B13), and black filled triangles indicate LBAs (Gonçalves et al. 2010). For the spirals the v parameter is defined as the maximum amplitude of the rotational curve within the extent of the velocity field along the major axis, and σ is the average of the velocity dispersion map. For E/S0, v and σ are luminosity–weighted square quantities that we derived from the stellar velocity field and velocity dispersion maps, respectively (see details in Cappellari et al. 2007). For the (U)LIRGs, the velocity shear and mean velocity dispersion were computed as in this work (a slightly different percentile was used in B13 to derive the vshear). For the LBAs, the velocity shear was defined as in B13, while the velocity dispersion is the flux–weighted mean value.



    

  
    Table 6. 

Classification of the host galaxies of the GTC and VLT samples based on their dynamical state and morphology.




	Short galaxy ID
	Dynamical
	Morphological class
	Reference



	
	class
	(visual or parametric)
	



	(1)
	(2)
	(3)
	(4)





	OSIRIS/GTC



	




	0741+3020
	Intermediate (U)LIRG–E/S0
	Multiple system
	This work



	0818+3958
	E/S0
	Uncertain
	This work



	0834+5534
	E/S0
	E
	This work



	0902+5459a
	E/S0
	Uncertain
	This work



	0956+5735
	E/S0
	E
	UM19



	1101+4004a
	E/S0
	Double system
	This work



	




	FORS2/VLT



	




	J0923+0101
	E/S0
	E
	UM19



	J0950+0111
	E/S0
	Possibly 2 nuclei
	VM16, This work



	J0955+0346
	E/S0
	E
	This work



	J1014+0244
	E/S0
	Uncertain
	This work



	J1153+0326
	E/S0
	E?
	This work



	J1247+0152
	E/S0
	E
	This work



	J1307–0214
	E/S0
	Highly disturbed
	This work



	J1336–0039
	E/S0
	E
	This work



	J1337–0128
	E/S0
	Highly disturbed
	UM19



	J1407+0217
	E/S0
	E
	UM19



	J1413–0142
	E/S0
	E
	G09



	J1430–0050
	Uncertain
	Highly disturbed
	VM12



	J1546–0005
	E/S0
	E
	UM19






Notes. Dynamical and morphological classifications of the AGN host galaxies in the GTC and VLT samples. Column (1): short SDSS galaxy ID. Column (2): dynamical classification according to the values derived in Tables 4 and 3 in B13. Column (3): morphological classification according to the visual inspection of SDSS and/or HST images (this work) or parametrical analyses (G09, VM12, VM16, UM19: Greene et al. 2009; Villar-Martín et al. 2012, 2016; Urbano-Mayorgas et al. 2019, respectively). The results based on the parametric classification are differentiated from the visual classification results with italic font. Column (4): reference for the morphological classification in Col. (3). Both classification methods show that none of the galaxies are classified as spirals or disks, neither dynamically nor morphologically.




  
    
      Fig. 10. 

      
        [image: thumbnail]
      

      
Velocity shift, Δv, between the broad and narrow components vs. the mean velocity dispersion of the broad component, [image: equation]. The horizontal dashed line indicates the zero-velocity shift. Most of the objects show a blueshifted (negative values) broad component, most of them clustered around Δv = 0 to −500 km s−1. The dashed red region represents the typical values covered by a local sample of (U)LIRGs studied by B13. The color code is the same as in Fig. 9.



    

  
    
      Fig. 11. 

      
        [image: thumbnail]
      

      
Hβ–[OIII] observed spectrum of SDSS 0834+5534 where the main (systemic) and broad (outflow) components coexist. The purple curve shows the total Hβ–[OIII] components obtained from multicomponent Gaussian fits. The red and blue curves represent the systemic and broad components, respectively. In green we show the third narrow component (see text for details).



    

  
    
      Fig. A.1. 

      
        [image: thumbnail]
      

      
SDSS 0741+3020. Top panel, left: 2–dim spectrum covering the Hβ and [OIII]λλ4959,5007 lines along the slit PA. The colored bar spans the scale between the minimum and maximum fluxes in units of 10−19 erg s−1 cm−2 pix−1. Right: zoom-in around [OIII]λ5007 highlighting all spatial regions considered in the kinematic analysis (R1, R2, etc). The spatial location of the narrow component flux peak is shown with a black cross. The spatial zero in all panels is assumed to coincide with the continuum spatial centroid (i.e., the location of the peak of the continuum). Bottom panel: spatial distribution and kinematic properties of the individual kinematic components identified in the [OIII] doublet. Top: spatial distribution of the continuum-subtracted line flux. The spatial profile of each kinematic component has been shifted and centered with the seeing profile to facilitate visual comparison. The spatial zero marks the location of the continuum peak. The line spatial centroid is assumed to coincide with the location of the line peak. The true shift between the line spatial centroid of a given kinematic component and the spatial zero (e.g., Δ Peak(N–C)) is shown with dashed vertical lines maintaining the same color–code. Each kinematic component is identified in this panel with N (narrow), B (broad), or other, as explained in the main text for each object. Middle: velocity field (i.e., velocity shift computed relative to the systemic velocity; see Sect. 4.2). Bottom: intrinsic velocity dispersion. Upper limits on the velocity dispersion are shown for spectrally unresolved lines. The results of the pixel-to-pixel analysis are shown with solid circles. No spatial shift has been applied to the velocity field and velocity dispersion. Red and blue are used for the systemic (narrow) and for the broad components, respectively. When a third component is isolated, green is used. The results of the analysis based on the spectra integrated within larger apertures (P, R1, R2, etc.) are shown with large open square symbols, using the same color-code as in the pixel-to-pixel analysis.



    

  
    
      Fig. A.2. 
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SDSS 0818+3958. Same figure caption as in Fig. A.1. The fact that N2 shows a more compact spatial profile than the seeing shows that this improved during the spectroscopic observations in comparison with the acquisition image.



    

  
    
      Fig. A.3. 
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SDSS 0834+5534. Same figure caption as in Fig. A.1.



    

  
    
      Fig. A.4. 
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SDSS 0834+5534. Same figure caption as in Fig. A.1.



    

  
    
      Fig. A.5. 
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SDSS 0902+5459 (PA 83). Same figure caption as in Fig. A.1. The magenta squares in the velocity field and velocity dispersion plots are used to highlight the pixels that are characterized by low S/N, which are well fit by using only one component instead of two.



    

  
    
      Fig. A.6. 
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SDSS 0902+5459 (PA 138). Same figure caption as in Fig. A.1. The fact that N1 has a more compact spatial profile than the seeing shows that this improved during the observations in comparison with the acquisition image. Magenta squares are the same as in Fig. A.5. The kinematic parameters are probably a blend of the two narrow components isolated in inner pixels with a higher S/N.



    

  
    
      Fig. A.7. 
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SDSS 0956+5735. Same figure caption as in Fig. A.1. Magenta squares are the same as in Fig. A.5.



    

  
    
      Fig. A.8. 
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SDSS 1101+4004. Same figure caption as in Fig. A.1. The fact that NB, N2, and N3 show more compact spatial profiles than the seeing disk shows that this improved during the spectroscopic observations. Magenta squares are the same as in Fig. A.5.
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