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ABSTRACT

Young radio AGN are pivotal for our understanding of many of the still-debated aspects of AGN feedback. In this paper we present a
study of the interstellar medium (ISM) in the compact, peaked-spectrum radio galaxy PKS B1934-63 using X-shooter observations.
Most of the warm ionized gas resides within a circum-nuclear disk with a radius of about 200 pc that is likely to constitute the
gas reservoir from which the central black hole feeds. On the other hand, we nd a biconical out ow of warm ionized gas with an
estimated radius of 59 12 pc. This matches the radial extent of the radio source and suggests that the out ow is jet driven. Thanks
to the superior wavelength coverage of the data, we can estimate the density of the warm ionized gas using the trans-auroral line
technique, and we nd that the out owing gas has remarkably high density, up ta.ltmn 3) ' 5:5. The estimated mass out ow

rate is low M =10 3-10 ' M yr 1), and the AGN feedback operates at relatively lonceency E=Ln, 10 #-10 3%). In addition,

optical and near-IR line ratios show that the expansion of the radio source drives fast shocks (with velo&iti® km s?) that

ionize and accelerate the out owing gas.

At odds with the properties of other compact, peaked-spectrum radio sources hosting warm ionized gas out ows, we do not nd signs
of kinematically disturbed or out owing gas in phases colder than the warm ionized gas. We argue that this is due to the young age of
our source and thus to the recent nature of the AGN-ISM interaction, and suggest that cold gas forms within the out owing material
and the shock-ionized out owing gas of PKS B1934-63 did not have enough time to cool down and accumulate in a colder phase.
This scenario is also supported by the multi-phase out ows of other compact and young radio sources in the literature.

Key words. Galaxies: active, evolution, ISM - ISM: jets and out ows, evolution - Galaxies: individual: PKS B1934-63

1. Introduction sion (see Orienti & Dallacasa 2008; Callingham et al. 2015; Tin-

et al. 2015, and reference therein), in line with simulation

. . a
The interaction between the energy released by the central a ngictions (Bicknell et al. 1997; Wagner et al. 2012, 2016).
nucleus (AGN) and the host galaxy's interstellar medium (IS These newly born AGN in ating their radio lobes into the

is particularly prominent in compact and young radio galaxies, ding ISM ai th , Tunity to stud
and one of the main manifestations of this interaction is visibfg!'ounding give us the unique opportunity to study many
pects of so-called AGN feedback. In particular, they can help

in the jet-driven gas out ows that extend on scales of gala . S
bulges (see, e.g., Fanti et al. 1990; Fanti & Fanti 1994; Axdf§ [ Probe the eciency of the AGN feedback in derent gas

et al. 2000: O'Dea et al. 2002: Holt et al. 2006. 2008: Geré)gwases, and even more, investigate Fhe origin of the cold gas that
et al. 2015a,b). In the context of galaxy evolution, the negati often observed in this harsh environment (see, e.g., Dasyra

feedback eect that such out ows, and thus AGN, have on th& Combes 2012; Tadhunter et al. 2014; Oosterloo et al. 2017).
host galaxy has a crucial role in explaining, for example, scalifg!Tently, the acceleration mechanism of out ows is uncertain,
relations between the central black hole (BH) and its host gal d these sources are |d§.\al _fqr probing t_he relevance that shocks
properties (Silk & Rees 1998: Fabian 1999; King 2003; Granatg Ve I accelerating and ionizing out owing gas.

et al. 2004; Di Matteo et al. 2005) and the quenching of the star Even though their actual impact is still unclear, ionized gas
formation (Benson et al. 2003; Bower et al. 2006; Bongiorr@Ht ows are commonly found in compact, young radio sources,
et al. 2016) in massive early-type galaxies (ETG). and they show more extreme features than the out ows in ex-
(small) size of their radio emission, and based on the properti@dized gas, one of the important parameters that contributes to
of their radio spectra, are classi ed as compact steep spectrtiiff uncertainties in the estimate of the AGN feedbackiency
(CSS) or as gigahertz peaked sources (GPS) (e.g., GirolettiSghe gas electron density (see Tadhunter 2016; Harrison et al.
Polatidis 2009; Murgia et al. 1999; Murgia 2003). Many conr018, for a discussion). The classical line ratios used as density
pact radio galaxies show clear signs of the interaction betwedignostic, such as the [$ 6717 6731A ratio, give a reliable

the expanding radio jets and the surrounding dense and mu#gtimate only for low densities (i.e., 26 ne < 10*° cm °)
phase I1SM, which slows down (or even prevents) the jet expénd saturate in the high-density regime (see Osterbrock & Fer-
land 2006). These low densities might not re ect the actual gas
email: santoro@astro.rug.nl, f.santoro@skéd.ac.uk properties, especially in the case of compact radio galaxies, and

?
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might result in incorrect values for the mass out ow rate animated to be 1.610° yr by monitoring the lobe separation over
the AGN feedback eciency. Holt et al. (2011) and Rose et ala timescale of about 32 yr (Ojha et al. 2004).
(2018) make use of the technique based on thg Ed [Oii] The host galaxy of PKS B1934-63, identi ed by Fosbury
trans-auroral lines and nd that the gas electron density canal. (1987), is an ETG that is undergoing a merger with a com-
reach values up to, = 10* > cm 2 for out owing gas. panion galaxy located about 9 kpc away. Optical and IR images
The occurrence and ects that shocks have on the ISMevealed the fainter companion together with clear tidal features
is also an important, although poorly quanti ed, component gHeckman et al. 1986; Inskip et al. 2010; Ramos Almeida et al.
AGN-driven out ows. It is known that both fast radio jéisbes 2011). The optical polarimetry study of Tadhunter et al. (1994b)
and AGN winds are able to shock and accelerate the ambisind polarized light consistent with scattered AGN light, or
ISM along their path (see, e.g., Couto et al. 2013, 2017). Ewith nonthermal emission connected to the radio structure.
idence anfbr indications of the presence of shocks have often More recently, Holt et al. (2008) and Roche et al. (2016)
been reported for compact radio sources, and they are ususilyied the conditions of the warm ionized gas in the host galaxy
connected to the expansion of the radio source within the agsing slit and integral eld spectroscopy, respectively. Both stud-
bient ISM. The main evidence for shocks comes from Hubbjgs reported a broad blueshifted component in théiJG6007A
Space Telescope high-resolution imaging studies of the wajie pro le representing out owing gas, and hints of high gas
ionized gas (de Vries et al. 1997b; Axon et al. 2000; Batcheld@ensities (measured via the classical[$717 6731A line ra-
etal. 2007; Labiano 2008), which in some cases have been C?%. Moreover, Roche et al. (2016) found that the velocity gra-
plemented by spectroscopic observations of highly broader@ nt of the out owing gas component is aligned with the ra-

emission lines (Holt et al. 2008). In other cases, kinematica o jets, and suggested shocks as the mechanism that ionizes the
disturbed cooler ISM phases (neutral and molecular) have b&etym ionized gas.

found at the location of radio lobes, clearly indicating shock ac- o6 e present long-slit spectroscopic observations of

celeration (e.g., Oosterloo et al. 2000; Morganti et al. 2013; Ta8g 5 B1934-63 obtained with the X-shooter instrument (Vernet
hunter et al. 2014; Oosterloo et al. 2017). Mainly due to limitay 5| 2011) mounted at the VLT. We take advantage of the large
tions in the observations, pure spectroscopic evidence of shagyelength coverage and of the good velocity resolution of the
ionized gas is sparse and much harder to nd. X-shooter data to study the out owing gas and probe the warm
Finally, out ows of atomic (H) and molecular (warm k i5hized gas electron density via the trans-auroral line technique
and CO) gas have been observed in compact steep-Spectrumdgz 3)"|n addition, using the spectro-astrometry technique, we

dio sources such as IC 5063 (Tadhunter et al. 2014; Morgakyii,4 ; ; ; ;

. ) y the spatial extent of the dirent kinematical components
et al. 2015), PKS B134&12 (Morganti et al. 2013; Dasyra & o he jonized gas (Sec. 4). This allows us to obtain a better
Combes 2012) and 3C 305 (Morganti et al. 2005a). However, th&;nate of the mass out ow rate and of the @ency of the

origin of the cold out owing gas itis still not clear in the contexta g feedback (Sec. 5). We also investigate the ionization state
of AGN feedback. A scenario that is gaining consensus predigiSie warm ionized gas using line ratio diagnostic diagrams to
that molecular gas forms in situ, in particular in the post-shogf,pe for the presence of shocks within the out owing material

regions of the out ows, rather then surviving the AGN-ISM intse 6) Finally, we study the kinematics of the warm molecular

teraction and being gradually accelerated by entrainment. THIg anq ik it to the kinematics of the warm ionized and atomic
is supported by the molecular gas observations of the comp %(Sec. 7).

radio source IC 5063 (see Tadhunter et al. 2014; Morganti et al. Throughout this paper we assume the following cosmology:

2015) and by recent simulations by Richings & Faucher-Giguegrg _ 1 1 _ _ -
(2017), showing that cold gas can form in the rst few?}0 af- %?;L% IET53£/|§§ ]:ar%ge%%%lalrggc = 0.72. Atthe redshift
ter the start of the AGN-ISM interaction. Compact radio sources, ' ' '
with their young age and multi-phase out ows, are ideal objects
on which to test this scenario. . . 2. Observations and data reduction

In this paper, we use spectroscopic observations of the com-
pact radio source PKS B1934-63 to characterize theiency Observations were carried out with X-shooter at the ¥1T2
of the AGN feedback for the warm ionized gas phase and cogr July 1, 2011, in visitor mode and with a total exposure time
pare it to other classes of objects. We also study the presencefars min (i.e., 10 450 s for the visual arm (VIS), 5900 s for
relevance of shocks using line ratio diagnostics, and investiggie ultraviolet-blue arm (UVB), 15 300 s for the near-IR arm
the multi-phase nature of the out owing gas using the emissi¢NIR)). In order to facilitate sky subtraction, separate exposures
of the warm molecular gas. Finally, we perform a rst attempt trere taken with the slit nodded wsource. The instrument was
test the scenario in which cold gas forms within the post-shogked in SLIT mode with 1.611 arcsec slit for the UVB arm,
regions of out ows by combining our ndings with previously1.5 11 arcsec slit for the VIS arm and 1.51 arcsec slit for
published results for other compact radio sources. the NIR arm. The selected slit position angle (PA) was set to be
104 degrees (from north to east), close to the PA of the source's
radio axis (i.e., 90 degrees, Tzioumis et al. 1989) and including
1.1. PKS B1934-63 both the PKS B1934-63 host galaxy and the fainter merging or
The source PKS B1934-63%0.1824) is a powerful radio AGN interacting companion.
(Prachz = 10772 W Hz 1) classi ed as a GPS by de Vries etal.  To estimate the seeing, we used three sets of acquisition im-
(1997a). It has often been considered as the archetypal Gig@s taken during the observations, measuring the pro les of
source: it is one of the closest and most powerful compact radieven stars in the images. For each star we extracted a spatial
sources and was one of the rst GPS to be discovered (Boltpro le, using a mock slit with the same size of the slit used for
et al. 1963). Very long baseline interferometry (VLBI) observahe actual observations, and we t it with a Gaussian function.
tions resolved the radio source into two components, likely rephe seeing was then estimated taking the average full width at
resenting the two radio lobes, separated by 130.9 pc (Ojha half-maximum (FWHM) of the tted 1D pro les. In this way,
et al. 2004). The kinematic age of the radio source has beenws-obtained a seeing value of 0.9¥.06 arcsec that takes into
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Fig. 1: UVB+VIS nuclear spectrum of PKS B1934-63. The main emission lines are indicated. Wavelengths are plotted in A, anc
the ux scale is given in units of 10erg s'cm 2A 1.

account the integration of the seeing pro le across the slit in tirethe NIR. We nd that the strongest emission lines show broad
dispersion direction. The uncertainty in the seeing is the stamings and are double peaked. This is discussed in more detail in
dard error of all the seeing values extracted from the acquisitiBec. 3.2 together with the line modeling.
images.

Standard data reduction was performed using the ESO
FLEX work ow and included bias subtraction, at elding, an

ux calibration. For each arm, we applied second-order calibrgyeriving an accurate value for the redshift of the galaxy is es-
tions to the nal pipeline products. Residual hot and bad pixential for the determination of the velocity of any out owing
els were removed using FIGARO BCCLEAN. Sky subtractiogas component. The available estimate of the host galaxy sys-
was performed on the slit spectra by extracting an average $&ic velocity is based on bright AGN emission lines (Holt et al.
spectrum from the regions of the slit devoid of sources (i.©908). These lines are oftenected by the complex kinematics
the top and bottom part of the slit). We also performed a teif the ionized gas, leading to uncertainties in the derived sys-
luric absorption-line correction using the integrated spectrumimic velocity (Tadhunter et al. 2001; Comerford et al. 2009).
a standard star observed during the same night. ~ With our current data we were able to estimate the systemic

We derived the average accuracy of the wavelength caligshift of the galaxy using the @aK stellar absorption (part
bration and the average instrumental width by measuring e cai 3933,68A doublet), which is free from the contam-
line centers and FWHM of sky emission lines, respectively. Wgtion of gas emission lines. We t this line with a Lorentzian
found that the wavelength calibration accuracy is 20 k'S function and obtained a redshifts 0:18240 0:00013 (the un-
5 kms L and 3 lkms, while the instrumental width is certainty on the redshift corresponds to about 40 ks
90 kms*®, 60 km ST and 90 km_sl for the UVB, VIS, and However, the Cé K stellar absorption can potentially in-
NIR arms, respectively. 'I;he re_Iatlv_e ux calibration accuracyy,qe absorption due to the ISM of the host galaxy. To verify that
was estimated to be 10% taking into account the ux Varipiq gig not have a signi cant impact on our redshift estimate, we
atlonsf of thﬁ source c_:arl]lbraéted .lés'n.g thrzeeeﬂent ds'tandard used the ISM absorption lines of the Mg 2795,2802A dou-
stars from the same night. Considering that the radio sourc . : L
42.6 0.3 mas in diameter (i.e., spatially unresolved by the C%[g:{i\é\fn'{@umv?raiggﬁ mg:ho?ft:ge %gﬁbzggﬂtﬁgﬂgﬁnﬁbvgﬁf

e

dF%l.El_. Redshift and stellar population modeling

rent observations), we used the estimated seeing to set the N times lower) and their velocity shift was compatible
'::ui(;e i')ze and extract the nuclear spectrum of PKS B1934-63 (W{’Jhin the errors, with the systemic velocity derived from the
T Caii K absorption (see Appendix A for the details on the tting
procedure). Therefore, we conclude that théi®aabsorption
3. Data analysis and results Iing pro le is mainly (elgted to stellar absorption and that our
estimate of the redshift is robust.
The nuclear spectrum of PKS B1934-63 (shown in Fig. 1 for We modeled the stellar population in the nuclear spectrum
the UVB and VIS bands) is extremely rich in emission linesf the host galaxy using STARLIGHT (version 04, Cid Fer-
with complex line proles. The spectrum shows typical feanandes et al. 2005) and masking all the emission lines. With
tures of an high-excitation radio source (HERG, Best & Heckhe aim of nding a simple model to t the continuum emis-
man 2012) and additional strong low-ionization lines such as t§i®n, we used stellar templates with solar metallicity provided
[Oi], [Oii], and [Sii] lines. We also detect absorption featurelsy STARLIGHT (Bruzual & Charlot 2003) to model the stellar
for the Mgii  2796,2804A in the UVB, and Hemission lines light. Given that Tadhunter et al. (1994b) detected scattered light
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from the central AGN, we also introduced a power law€F ) | 20 e
in our model to take this into account. The best- t model of th
galaxy continuum was chosen based 8rstatistics and residual -
analysis. It includes a 2.5 Gyr old stellar population and a pow 5

law with spectral index = 0:1. The redshift derived from the Wl

stellar population t procedure is in line with our redshift es _ g0 %
timate using the Ci K absorption line. Our best-t model is 7
shown in Fig. A.1 in Appendix A and was subtracted from thﬂ“E
nuclear spectrum of PKS B1934-63 before we modeled the ¢° e
emission lines. :

L PRI U I MR FFI E R
4920 4940 4960 4980 5000 5020 5040

3.2. Kinematic model 50 —

x [x10~" erg s

To obtain a reference model for the forbidden emission lines 2 B
the ionized gas, we shifted the spectrum to the galaxy rest-fra
and used the [@] 4958,5007A doublet. Each line of the dou
blet is double peaked and has broad wings (see Fig. 2), cle¢ -

requiring multiple components to be modeled. All our ts wer: 0 el ST

performed using Gaussian functions and custom-made IDLrc | __ ... e ——————— e
tines based on the MPFIT (Markwardt 2009) tting routine. Fo S R T A - R
each component of the doublet we forced the width of the Gau 4940 4960 4980 o 5000 5020 5040
sians to be the same. In addition, we xed their separation (49A) .

and their relative uxes (1:3). Fig. 2: [Om] 4958,5007A doublet (black solid line) and the

The best-t model of the [Gii] 4958,5007A doublet [01] modei (red solid line). The [@] model includes two nar-
(which is called "[Cii] model') was chosen based 0f statis-  row components (LN and 2N component, green dotted line), one
tics and residual minimization. The [ model, shownin Fig. 2 intermediate component (I component, yellow dot-dashed line),
superposed on the observed lines, includes four componentsgnd one very broad component (VB component, blue dashed

. .. line). The residuals of the t are normalized and plotted below
— A narow - redshifted — component  (IN) = Withyeshectrum (black dot-dashed line). The vertical dashed line
FWHM;y=128 5 kms and velocity shift marks the restframe wavelength of the emission lines. The inset

viN=99 35 kms1 ; o
_ A namow blueshifted component  (2N) Withlcnoﬁsotggr:'?sf.t part of the plot shows a zoom-in of the | and VB

FWHM,N=104 4 kms! and velocity  shift
von= 80 35 kmst

— An intermediate component () with
FWHM,=709 75 kms ' and  velocity  shift plend of the four [Q1] lines at 7319, 7320, 7330, and 7331 A and
Vi=25 38 kms was t as a doublet assuming the line centers to be at 7320.1A

— A very broad blueshifted component (VB) withy,q7330.24 (based on Sivj ;
_ 1 . . . jee etal. 1979). The line uxes of the
FWHMyg=2035 207 = kms® and  velocity shift g, components of each emission line are reported in Table A.1
WB= 302 112 kms in Appendix A.

Velocity shifts were calculated with respect to the systemic As has been reported by Holt et al. (2008) and Roche et al.
velocity of the galaxy (i.e., derived f_rom our r_edghift estimate}2016), the line pro le of the [@] 6300A line shows a red-
and the FWHM of each component is the intrinsic FWHM, talshifted wing and is dierent from the rest of the forbidden
ing into account the instrumental spectral resolution. ~emission line pro les. Using the bright NIR [i8] 9531A, we
_ We derived a model for the permitted hydrogen emissiqgung that this is due to contamination by theii[ 6312A
lines using the H line. Interestingly, the best- t model for the ;o anq is not an intrinsic feature of the [D6300A pro le.

H I_|r_1e was consistent with the [Q] model, but required an The [Oi] 6300A line uxes have been corrected for this when

additional redshifted component with= 398 171 kms® and used in line ratio diagnostics (e.g., in Sec.6). In the case of H

FWHM= 1969 662 kms'. The H model is shown in Fig. 3 g 9. S .
afid@iii] 4363A, we also t the blend using the Hmodel in-

superposed on the observed spectrum. Nevertheless, this ] :
tional component was hard to detect in the other hydrogen enﬁge-_&_ld of the [Qi] model for_the H line. We also note that for
sion lines in the nuclear spectrum, mainly due to their weaknd3g/l 4686A there is no evidence of a very broad component,

(e.g., Pa) or because they blend with other emission lines (e.gfobably because the line is faint. Additional details on this and
H and H). A possible explanation is that this component 8" the line ts are reported in Appendix A.
due to light from the central broad line regions of the AGN scat- |n the NIR part of the nuclear spectrum of PKS B1934-63,
tered by an out owing dusty medium, which can explain the regye detected the [Fg 1.257 m and Pa lines, which are used
shift of the component (see, e.g., di Serego Alighieri et al. 199%;Sec. 6 to study the gas ionization state. The spectrum is nois-
Cimatti et al. 1997; Villar-Martin et al. 2000). ier and the continuum is not subtracted in the NIR band, which
We found that the [Gli] model provides a good t for the may be the reason that the {iQ model did not give a reliable
[0ii] 3726,29A, the [@]] 7319,30A, the [§] 4069,76A t for either of these lines. We t the [Fé] 1.257 m line us-
+ H, the [Si] 6717,31A, the H + [Oiii] 4363A, the ing a single Gaussian function with velocitg 95 49 kms?
Heii 4686A, the [Nii] 6548,84A+ H , the [Oi] 6300,63A, and FWHM= 547 72 kms?!. The Pa line is double peaked,
the [Siii] 9531A and the Palines. The [Qi] 7319,30Ais a and the best- tting model included the two narrow components
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Fig. 3: H line (black solid line) and the Hmodel (red solid _. I - . .
line). The H model includes the four components of thei[D Fig. 4: Density diagnostic diagram using the logarithm of the

: T o~ 3727+3729)(7318+ 7319 7330+7331) and of the [8]
model (see Fig. 2 for a description) and an additional broad rx%g—”] ( X ;
shifted component (magenta triple dot-dashed line). The regjd208"4076)(6716+6731) line ratios. Each sequence of black
guares, joined by the dashed black line, is a sequence of

uals of the t are normalized and plotted below the spectru hotoionizai dels with | ind

(black dot-dashed line). The vertical dashed lines marks the résg'\ Photoionization models with constant power-law index

frame wavelength of the emission line. - 1.5) and lonization parameteU(:O._OOS), greated_by
varying the electron density of the model in the intermal=
100 10° cm 3 (from top left to bottom right) with a step

: gi0Ne = 0:5. The three dierent sequences in the plot (from
8ith2es[30g% Tr?]dsel a?t% Zr:hllzr\(ljv,l_t')hr/?:agg(r), (::L%rgpfrgiqt centered t%ltg right to bottom left) are associated wi({B V)=0, 0.5 and
' 1. Green circles represent the narrow components; the interme-

diate and very broad components are indicated by the golden and
3.3. Density diagnostic diagram blue circle, respectively. Error bars for each point are estimated

. . . ﬁs described in the text.
One of our main goals was to derive a robust estimate of the

electron density of the warm ionized gas. Our observations have

a broad wavelength coverage, which enabled us to use the den- ) . . ]

sity diagnostic diagram introduced by Holt et al. (2011). Thisis From the density diagnostic diagram we extracted

based on trans-auroral emission lines, and we used it to estim@ée(IN) cm 3 = 2:4 0:45, logne(2N) cm ® = 2.7 0:45

the electron density of the four dérent gas components (sedor the two narrow components, log(l) cm ® = 4:6  0:25 for

Fig. 4). This diagram uses the [P(3726+3729)(7319+7330) the intermediate component, and legvB) cm ° = 55 0:35

and [Sii] (4069+4076)(67176731) line ratios and also pro-for the very broad component. The error bars were estimated

vides an estimate of the gas reddening. As has been discugdegumming in quadrature the statistical error from the tting

in Holt et al. (2011) and Rose et al. (2018), these diagnostics 8fécedure and the uncertainty in the ux calibration. It is worth

sensitive to higher densities than the classical line ratios. ~ mentioning that the [8] 6717 6731 line ratio, classically
Fig. 4 shows where the four kinematical components of th§€d as a density diagnostic, conrmed these results for the

warm ionized gas are situated in the diagnostic diagram. 8rfow_components and the intermediate component. The

derive values for the gas electron density, we have overplbeii] 6717 6731 ratio is 1.100.4 and 1.030.04 for the

ted AGN photoionization models for derent reddening factors, harrow components and decreases to 00464 for the |nt3erme—

The models were produced using the Cloudy (C13.04, Ferlafi@te component, |n3d|cat|ng a density of aboutl8 cm *and

et al. 2013) photoionization code and the Calzetti et al. (200ggher than 16 cm ° , respectively. The signal-to-noise ratio

reddening law. The models shown in Fig. 4 have solar metallicN) is lower for the very broad component, therefore we could

ity, a photoionizing continuum with = 1.5 and a ionization NOt estimate the density in this way. The density diagnostic
parametetJ=0.005, which reproduces typical conditions of afiagram shows that the warm _(;onlzesd gas spans a signi cant
AGN. range of densities from 3 10°° cm 3 up to 16 cm 3, and

Holt et al. (2011) showed that this density diagnostic diagraifé higher values are found for the broader components.
is not sensitive to the parameters of the AGN photoionization The comparison between the observed points and the se-
models. This means that the location of the model points in thgences of models with derentE(B-V) values in the density
diagram does not change signi cantly when the spectral indexdiagnostic diagram allowed us to derive estimates of the redden-
of the AGN continuum power law (F/ ) and the ionization ing of the four kinematical components for the warm ionized gas.
parametel) are varied. We foundE(B  V)i1y =052 0:12,E(B V),y =040 0:12
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for the narrow componentg(B V), = 0:05 0:20 for the inter- N I I B
mediate component, ai€{B  V)yg = 0:12 0:25 for the very
broad component.

We compare these numbers to the reddenings estimated
ing the classical approach of the hydrogen line ratios (i.e., tg
Balmer decrement). We used the Ml and the Pa/H line ra-

100

ift (arcs

(=7
tios and converted them into a color excE¢B-V)following the - 100 :;E
approach of Momcheva et al. (2013) and using the Calzetti etg 0,05 B= =
(2000) extinction curve. The errors on the line ratios take ing _¥ 200 =
account both the statistical error of the tting procedure and tlg - i En
uncertainty in the ux calibration. From the HH line ratiowe x B g
obtainedE(B V)iy = 0:43 0:135,E(B V)on = 0:40 0:135, & 300
E(B V) =056 0:137andeE(B V)yg =0:186 0:8. From -
the Pa/H line ratio we obtainedE(B V);y = 0:28 0:11, - 400

E(B V),y = 025 011, E(B V), = 011 0:19 and
E(B V)vg = 0:82 0:85. Taking into account the uncertain- s L1y v 00 | 110y
ties, these values and tk€B V) values extracted from trans- -1000 -500
auroral lines generally agree well. The large uncertainties of t...

classical approach are mainly due to the faintness of thdiRan _. - T .
(e.g., the di culty in determining its continuum level) and the '9- 2 Fitted centers of the [0]5007A emission line spatial
complex line blend in which the Hline is included. We thus pro les, measured in arcsec (left y-axis) and parsec (right y-

preferred to adopt the reddening values coming from the d@qs), as a function of velocity. The black dashed vertical and

v v |
500 1000

Vel (km/s)

sity diagnostic diagram, which are based on the strong emiss cwzontal lines mark the zero point of both axes. The blue

: ; - hed lines mark the error-weighted mean position of th][O
lines. These values are reported in Table 1 and were used in Aa" 1 1
estimate of the intrinsic [@] and H luminosities of the dier- SPatial pro les at w 250kms” and at » 250kms ", and the

red solid line marks their average. The negative values along

ent gas components. _ ) the y-axis indicate the direction pointing toward the companion
We found that none of the kinematic components showg|axy to the west.

high reddening and that the reddening of the intermediate and
very broad components is lower than that of the narrow com-
ponents. This is consistent with the results for some ultralumi- To obtain an upper limit on the radius of the warm ionized
nous infrared galaxies (ULIRG) in the sample of Rose et @jas, we used the following equation:

(2018) but at odds with the results on the compact radio source q

PKS B1345 12 obtained by Holt et al. (2011), who found higher 1
reddenings for broader components with the same method.

(FWHM + 3 )2 FWHM?, 1)

where the FWHM is the seeing andis the uncertainty on the
3.4. Radius of the narrow and broad gas components seeing. We obtained 0:3 arcsegwhich at the redshift of the
galaxy is equivalentto 955 pc.
To understand whether the warm ionized gas is extended or con-
centrated in the central regions of the host galaxy, we used the _ o _ _
[Oiii] 5007A line and the spatial information contained in thé. Gas kinematics in the inner regions

slit spectrum. We gxtracted spatial pro les for the warm |on|zelg$-ng the spectro-astrometry technique, we studied the spatial
gas components (|.e., one_for the two narrow components ents of the dierent ionized gas components, overcoming the
one including the intermediate and the very broad componenisitations given by the seeing. Spectro-astrometry uses high
and compared them to the seeing of our observations. SIN long-slit spectra to measure the centroid position of an un-
To extract these pro les, we collapsed the slit spectrum alogsolved object as function of wavelength. It is based on the fact
the spectral direction over a given velocity range (with respeptat the centroid position can be measured with much higher pre-
to the systemic velocity). The selected velocity range for thgsion than the seeing-limited spatial resolution of the observa-
narrow components was226 . v . 279 kms?'. For the tions (Bailey 1998b), and has been used to identify and study
intermediate and very broad component we took the veloclijnary stars (see Bailey 1998a; Takami et al. 2003).
range 854 . v . 348 kms'. The prole of the galaxy e used this technique on the high\gOiii] 5007A line in
starlight emission was extracted using two windows, one on thgr slit spectrum and investigated how the warm ionized gas at
red side (2031. v. 3044 kms?) and one on the blue sidedj erent velocities is distributed along the slit in the spatial di-
( 5867. v. 4855 kms?) of the [Oiii] 4958,5007A lines. rection. In this way, we probed the gas distribution at subarcsec-
The host galaxy pro le was then corrected for theeliences ond scales, which at the redshift of PKS B1934-63 correspond
in the widths of the slices and was subtracted from the ioniztaiscales of tens of parsec. In the slit spectrum, we isolated the
gas pro les. The residuals were then tted with a Gaussian funtegion around the [@i] 5007A line, and for a given pixel along
tion. For both these pro les we obtained an FWHM of 0.@501 the spectral direction, we extracted a pro le of the ionized gas
arcsec, which is consistent with the FWHM of the seeing (i.@long the spatial direction. Every spatial pro le probes warm
0.97 0:06 arcsec, see Sec. 2). This indicates that the warm iéorized gas at a dierent velocity. Then, we t each extracted
ized gas (of all the kinematical components) is not spatially repatial pro le with a Gaussian function and used the tted pro le
solved by our observations using this technique and is conceenter to establish the spatial location of the gas at that specic
trated in the nuclear regions of the host galaxy. velocity.
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1IN Component 2N Component I Component VB Component
v[kms 1] 99.6 35.4 80 35.4 25 38.5 302 112
FWHM [kms 1] 128 5.3 104 4.2 709 75.3 2035 207
log ne [cm 3] 2:4 0:45 27 045 46 025 55 0:35
E(B V) 0.52 0:125 0.4 0:125 0.050:2 0.125 0:25
L(H )[ergs?] (1.89 0.20) 10* (1.25 0.12) 10" (6.93 0.70) 10% (2.67 0.26) 10%
Mgas[M ] (5.1 0.5) 1¢° (1.7 0.2) 1¢° (1.2 0.1) 10* (5.7 0.5) 1¢?

Table 1: Kinematical and physical properties of the four kinematical components found for the warm ionized gas. The centre
velocity vand FWHM are obtained from the i@ model, the electron density, and reddeninde(B-V)values are extracted using

the density diagnostic diagram in Sec. 3.8 ) is the reddening corrected Huminosity, andMg,s is the mass of warm ionized

gas estimated in Sec. 5.

We used an average spatial pro le of the galaxy starlight te probably that their observations do not resolve the double peak
locate the host galaxy center, and we took this as a referea¢ehe [Oiii] 5007A line and they used a single Gaussian t to
point to establish the location of the ionized gas. We also sUferive the [Giii] 5007A velocity eld, which smoothes out the
tracted the starlight spatial pro le from the ionized gas spatigklocity gradient that we observe. Considering this, it is plau-
pro les to avoid contamination from the light of the host galaxyiple that the CND we observe, and the large-scale disk found
This was particularly important for the pro les extracted at vepy Roche et al. (2016), are part of the same disk-like structure
locitiesv < 250 kms*andv >250 kms*, where the fainter whose kinematical axis is misaligned with respect to the axis of
[Oiii] 5007A emission of the broad (i.e., the intermediate anfe radio source (see Fig. 31 in Roche et al. 2016).
very broad) components of thg warm ionized gas is Iop_ated. TO On the other hand, the gas at< 250 kms! and at
increase the 8l of the gas spatial pro les at these velocities, W 5550 kms? is associated with the intermediate and the very
binned the data along the spectral direction using a box that Wagad components and is representative of the warm ionized gas
three pixels wide. For gas at velocitie@50< v < 250 kms=, hatis out owing. The error-weighted mean positions of the gas
we mstea_d ex_tracted a spatial pro le for every pixel along thg,, « 250 kms!and atv >250 kmstare 0.047 0.002 and
spectral direction. 0.085 0.003, respectively (see Fig. 5). This spatial asymme-

In Fig. 5 we show the spatial position of the tted centers aty supports the idea that the geometry of the out owing gas is
the gas spatial pro les (expressed in arépey as a function of biconical. Assuming a biconical geometry (i.e., the blueshifted
the velocity associated with each pro le. The zero point alorgnd redshifted gas emission comes from the two sides of the nu-
the x-axis is the systemic velocity of the galaxy, while the zerleus), we can estimate the position of the nucleus (i.e., the red
point along the y-axis is the tted center of the galaxy spatidlorizontal line in Fig. 5) and form an idea of the radius of the
pro le. out owing gas. In this way, we nd that the out ow has a radius

The S-Shaped trend we see in F|g 5 for the two narrow Com.59 12 pc. Th|S matches the radial .eXtent of the radio source
ponents (i.e., at 250 < v <250 kms?) might be explained by Well (the separation between the radio lobes of PKS B1934-63
a disk-like structure or a biconical out ow in the central regiont 131,7 0.9 pc) and suggests that the warm ionized gas is out-
of the galaxy (up to about 200 pc). The curve is symmetric OWing as a consequence of the interaction with the radio jets.
around the zero velocity value and reaches a maximum spadfen the orientation of the radio source, itis likely that the jets
shift at about 150 kms?. The overall curve is clearly spatiallyare accelerating part of the gas in regular rotation in the CND.
shifted with respect to the zero point along the y-axis (i.e., tH@gether with the ndings of Roche et al. (2016), this suggests
center of the galaxy), and this might be explained by thece that the velocity gradient of the kinematically disturbed gas is
of obscuring dust, which can potentially shift the position of thaligned along the radio axis.
galaxy spatial pro le peak that we used as an indicator of the We are aware that taking only the average position for the gas
true AGN nucleus position. in the broad wings of the [@] 5007A line might underestimate

Unlike Roche et al. (2016), we do not nd evidence for gaghe size of the out ow. However, even considering the higher ab-
emission on large scales{ kpc). However, if the inner struc- Solute value for the shift of the gaswa 200 kms* and at
ture we detect from spectro-astrometry is a circum-nuclear di$k200 kms = with respect to the estimated position of the nu-
(CND), it would rotate in the same sense as the more extendé@is, we nd that if we were to include the errors on the spatial
gas disk seen by Roche et al. (2016), with the western gas rogtfts, the out ow would have a maximum radius of175 pc.
ing away from the observer. Our slit is not aligned with the mdnhis indicates that_ the out ow is extend_ed on spatial scales that
jor axis of the structure that Roche et al. (2016) observed, whigff comparable with the size of the radio source.
may explain why this is, instead, spatially unresolved by our ob- We can exclude that the motions of the gas in the broad wings
servations, as shown in Sec.3.4. The CND of warm and cold gaithe [Qiii] 5007A line are due to rotation around the central
extended on scales of a few hundreds of parsec, at the centeBldf If the gas at velocities between 500 and 1000 khislo-
AGN has previously been found in studies of, for example, Doated at a distance of about 60 pc from the central BH, a BH
mas et al. (2007); Hicks et al. (2013); Maccagni et al. (2016)ass in the interval 0.34-1.350'°M would be required. Such
and Garcia-Burillo et al. (2016), and it has been proposed thaasses are too high for the BH of a galaxy with a stellar mass
these structures constitute the reservoir of gas from which thieabout 16* M (as estimated by Roche et al. 2016), which ac-
BH feeds. It is worth noting that the amplitude of the rotation thabrding to scaling relations (Kormendy & Ho 2013), is expected
we nd is larger than reported in Roche et al. (2016). The reastmhost a BH with a mass of about 56 M .
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As a sanity check, we also performed a spectro-astrometfl,o = (2 0:2) 10* ergs?!, which makes PKS B1934-63
analysis on the [@i] 4958A line. The gas at 250< a type Il quasar according to the criterion of Zakamska et al.
v <250 kmslcon rms the trend seen for the [®] 5007A line. (2003).

However, although the lower/88 of the broad wings of the line ~ We estimated the out ow properties for the gas emitting the
does not allow us to con rm the exact spatial extent of the outery broad component and for both of the broader components
ow component, in line with our ndings for the [Gii] 5007A together (i.e., the intermediate and very broad component). Inthe

line, we can see that this gas is extended on smaller spatial sctaligr case, fotL(H ) we took the intrinsic integrated lumi-
than the gas at low velocities. nosity of the two components, while fag, Vo, , and the FWHM

of the gas, we took a ux-weighted value. All the relevant quan-
tities for these calculations are reported in Table 2 together with
5. Warm ionized gas and out ow parameters the estimated, E, andFy,. In this way, we obtained mass out-
ow rates in the range 16-10 * M yr ! and AGN feedback
e ciencies in the range 16-10 5%.
This approach assumed that the central velocity of the line
associated with the out owing gas is the true velocity of the out-

We estimated the warm ionized gas mass of theadint kine-
matical components using the following equation:

_ L(H )M, oW Vgt and its broadening is due to the gas turbulence. A less
Mgas = men. L (2)  conservative approach, which can potentially take into account
e H

projection e ects, considers that the broadening of the lines is
whereL(H ) is the H luminosity corrected for dust extinction,due to the dierent projections of the velocity vectors of the gas
m, is the proton mass, is the electron density from the density @ quasi-spherical out ow. In this case, the actual out ow ve-
diagnostic diagram,®, is the e ective H recombination coe- locity Vo is the maximum velocity that the gas reaches in the
. 1 1 i . wings of the emission line pro le. To estimate the maximum ve-
cient (taken as 3.03L0 ** cm’s * for case B in the low-density |ocity of the gas, we followed the approach of Rose et al. (2018)
limit; Osterbrock & Ferland 2006). is the frequency of the and took the velocity corresponding to a 5% cut of the ux in
H , andh is the Planck constant. THgH ) and the estimated the plyeshifted direction. We report all the relevant quantities for
Mgas Of each kinematical component are reported in Table 1. the calculations for this case as well, together with the estimated

We found that the two narrow components have a mass\gf £, andF,;, in Table 2. With this method we obtained mass
warm ionized gas oMgdIN) = (51 05) 10°M and gyt ow rates and AGN feedback eciencies for the intermedi-
Mgad2N) = (1.7 0:2) 10°M . The intermediate componentate and very broad components, which are, on average, one order
has a gas mass dflgadl) = (1:2 0:1) 10* M , while for of magnitude higher than the results obtained with the rst ap-
the very broad component, we fouii.{VB) = (5:7 0:5) proach.
10 M . It is clear that almost the entire reservoir of the host Both methods gave AGN feedback eiencies that are
galaxy's warm ionized gas is found in the two narrow comp@mong the lowest found for warm ionized gas out ows (see Fig.2
nents; the intermediate and the very broad components represehtarrison et al. 2018). Our values are far from the 5-10% re-
only a small fraction of the warm ionized gas reservoir. quired by the classical AGN feedback models (e.g., Fabian 1999;

With a reliable estimate of the electron density of the oubPi Matteo et al. 2005; Springel et al. 2005) and also lower that
owing warm ionized gas, we were able to characterize the profite 0.5% of the multi-staged model proposed by Hopkins &
erties of the out ow. Following the method described in Sec. 4Hlvis (2010). However, as stressed by Harrison et al. (2018),
of Rose et al. (2018), we determined the mass out ow Mte there are some caveats to consider when comparing the AGN
the out ow kinetic powerE and the AGN feedback eciency feedback e ciency derived from observations to the prescrip-
Fywin = E=Lyo using the following formulae: tion of cosmological models, especially because the energy that
is actually transferred to the warm and cool ISM can be a fraction
of the energy injected by the AGN into the surrounding medium.

_ L(H )mpvout
M= ——— ®3)
Ne hur

6. Gas ionization

M ) Given that the gas in the intermediate and the very broad com-
E= E(Vgut-" 3 ) (4)  ponents shows remarkable @rences in terms of densities and
kinematics from the rest of the warm ionized gas, we investi-
wherevyy is the velocityy is the radius, and is the line-of- gated whether these components also stand out in terms of their
sight velocity dispersion (= FWHM=2:355) of the out ow. ionization properties.
~ To estimate these parameters, we used the radii estimatedin Figs. 6 and 7 we present the classical BPT diagrams origi-
in Sec. 3.4 (i.er< 955 pc) and in Sec.4 (i.ec> 60 pc) as up- nally introduced by Baldwin et al. (1981) with the observed line
per and lower limits for the radius of the out ow, respectivelyatios of the di erent gas kinematical components. As expected,
We extracted the bolometric luminosity using the dereddengfé observed line ratios of the four kinematical components are
[Oiii] 5007A total luminosity, which is usually considered aypical of AGN, although with some derences between the
good indicator of the AGN power (see Heckman et al. 2004omponents. As in the case of the density diagnostic diagram,
Summing the intrinsic [@i] 5007A luminosities of each com-the two narrow components have similar line ratios (see Fig. 6),
ponent, we obtainetljoiij = (44 0:4) 10*?2 ergs?’. To ex- con rming that they are part of the same structure.
tract the bolometric luminosity, we used the bolometric correc- All the gas components, but in particular the very broad com-
tion of Lamastra et al. (200900 = 454 Lioii , Which is valid ponent, have high values of the [J06300H line ratio, higher
for object with intrinsic [Qiii] 5007A luminosity in the interval than those usually measured in AGN, and they are indicative
Lioii] = 102 %4 erg s 1. This resulted in a bolometric luminosityof shock-ionized gas. The [ 6300A line is emitted by warm
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VB Component I+VB Component VB Component | Component
Vmax Vmax

L(H )[ergs?] 26 10% 96 10% 26 10 6:9 10%
Vout [km's 1] 302 156 2462 777
Ne [cm 3] 1 10° 17 10° 1 10°° 1 10%
FWHM [kms 1] 2035 568 - -
M[M yr 1] 0:002-00002 0009-Q0006 0:0015-002 001-014
Elergs?] (0:13-20) 10* (0:2-6:7) 10%° (0:29-42) 10 (0:18-27) 10%
Fkin (0:07-1) 106 (0:1-33) 106 (0:14-211) 10° (0:1-1:3) 10°

Table 2: Mass out ow rateM, out ow kinetic energyE; and AGN feedback eciencyFy, = E=Ly obtained with the two dierent
methods described in the text, together with all the relevant quantities used in the calculation. Columns 2 and 3 report the valu

obtained using the central velocity of the out owing gas/ag, while Cols. 4 and 5 report the values obtained using the maximum
velocity Vimax 8SVout.

weakly ionized gas that is typically located in the transition reion factor of 100 and took a pre-shock gas electron density of
gion between ionized gas and neutral gas. Only high-energy phg= 10° cm 3. The assumed compression factor was intended
tons can penetrate this region, which stimulates thi [EBOOA to take into account the fact that while shock conditions cause a
emission, and a source of such high-energy photons can bertaglest density jump (maximum factob, see Fig. 7 in Suther-
AGN continuum radiation, shocks, or a combination of the twdand & Dopita 2017), the temperature jump will further increase

We investigated the gas ionization mechanisms by comp}e Pressure and thus the compression of the gas in the post-
ing the observed line ratios with model grids of AGN photoiorishock regions. We found that overall, the shock models repro-
ization and of shocks. The model grids were taken from the [guice the observed line ratios in the three BPT diagrams (see
ERA tool (Groves & Allen 2010) and created using MAPPING§&ig- 7) better than the AGN photoionization models. In partic-
Il (Sutherland et al. 2013). The AGN photoionization modéf!ar, the [Si] 6717,31H and the [G] 6300H line ratios of
grids (see Fig. 6 and the upper panel in Fig. 7) were obtainedtb9 intermediate component caln be explained by shock models
varying the spectral index from 2to 1:2 and the ionization With velocitiesvs=400-500 km ™.
parameter log) from 4 to 0. The shock models (see the lower The line ratios of the very broad component were more
panel in Fig. 7) included in the ITERA tool were taken frondi cult to explain with current models. The out owing gas
Allen et al. (2008), they have solar metallicity and cover shoek the very broad component stands out from the rest of
velocities in the ranges=100-1000 kms' and magnetic elds the warm ionized gas in terms of both the i[N6584H
(i.e., pre-shock transverse magnetic eld) in the ralBg®.01- and the [AQ] 6300H line ratios, but not in terms of the
1000 G. [Sii] 6717,31H ratio. This can be explained with the high

In Fig. 6 we compare the line ratios of the narrow compdéiensities that are associated with this gas component and
nents to AGN photoionization models with gas density= With the fact that the [8] lines have a lower critical den-
10° cm 3 (according to the densities derived in Sec. 3.3) arfity (about 510°%cm 3, Zheng 1988) than the [N and [Oi]
both solar and twice solar (i.e.,2 ) metallicity. The compari- €mission lines. Considering the trend of the model grids, the
son of the line ratios with the photoionization models providd®i] 6300H line ratio is consistent with shocks of higher ve-
good evidence for super-solar metallicities in the near-nucld@gities s 1000 kms?), as is also suggested by the extreme
regions. We also found a good consistency between the pdérematics of the gas of the very broad component. On the other
tions of the points and the models (ihand ) in all three plots hand, the high value of the [l 6584H line ratio might be an
for twice solar metallicity. The narrow components do not sholdication of and enhanced/® ratio (i.e., higher than solar) for
kinematical evidence of shocked gas (i.e., broad line width), afite gas of the very broad component (see, e.g., Tadhunter et al.
for this reason, we did not compare their line ratios with shodi®94a; Matsuoka et al. 2017).
models. We are aware that the variation in the shock compression fac-

It is possible that the gas of the narrow components is parttof and gas metallicity plays a role in the nal line ratios of the
the shock precursor. However, for solar metallicities, precurgmodels. In addition, degeneracies in the tting of the interme-
models have line ratios similar to the AGN photoionization modliate and very broad components in theiijN- H blend may
els and would also fail to explain the observed line ratios. Ve@ntribute to the extreme [(YH and [Nii]/H ratios that are
cannot comment on precursor models with metallicities highebserved. New shock models with a fully self-consistent treat-
than solar because there are no such models. ment of the pre-shock ionization and thermal structure are be-

In Fig. 7 we use both AGN photoionization and shock moddd developed for fast shocks and high gas electron densities
els to study the ionization state of the gas in the intermedidfeutherland & Dopita 2017).
and the very broad components. We considered AGN photoion- The [Qiii] 4958,50074363 ratio, classically used as a tem-
zation models with a gas electron dengity= 10° cm 3, this perature diagnostic, together with the iHd¢686H ratio give
model grid was not included in the ITERA tool and was prads further indications that the temperature of the gas of the in-
duced using Cloudy (C13.04, Ferland et al. 2013) photoionizarmediate component is high and that this is due to shocks.
tion code. For the shock models we assumed a shock comptésfortunately, we cannot comment on the temperatures asso-
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Fig. 6: BPT diagrams for the two narrow components with models of AGN photoionization with solar metallgigr(panels

and twice the solar metallicitygwer panel¥. The models have a gas dengity= 10°cm 2, the dashed lines indicate models with
constant photoionization parameter lbgfrom 4 to 0, from bottom to top ), and the solid lines refer to models with constant
spectral index (from 2to 1.2, from left to right). The solid line in all the panels is the Kewley et al. (2001) maximum starburst
line. The dashed line in the left panels is the semi-empirical Kaann et al. (2003) line. The dashed line in the central and right
panels is the empirical Kewley et al. (2006) line separating Seyfert galaxies from LINERS.

ciated with the gas of the very broad component because #&@N continuum. However, as stressed in Villar-Martin et al.
detection of this component in the [if] 4363A line depends (1999), these models cannot explain temperatures higher than
on the model used to t the Hline. When we add a broad red-20000 K and a He& 4686H ratios lower than about 0.3-
shifted component for H (according to what we nd for the 0.4 simultaneously. For the intermediate component we nd a
H line) to the tting procedure, the very broad component dfieii 4686H =0.07 0.04, which together with the high tem-

the [Oiii] 4363A line is not detected (see Fig. A.11). In addiPerature favors shocks as the mechanism that heats the gas, in
tion, the very broad component is not detected in the case of gg@eement with our ndings from the BPT diagram shown in
Heii 4686A emission line (see Fig. A.12). Fig. 7.

By taking into account the main error sources in the uxes Additional evidence for shocks is also provided by the
of the [Oiii] 4363A components (i.e., the model used for theii] 1.257 m/Pa line ratio. This line ratio can indicate
tting of the H line and the level of the line Continuum),whether shock ionization produces the [ifemission. This was

we obtain an [Qii] 4958,50074363 ratio of 702 and 1043 ~ r'stsuggested by Forbes & Ward (1993) and Blietz et al. (1994),
for the two narrow components and of 386 for the in- Who found a correlation between the [[Heand the radio emis-
termediate component. To derive an electron temperature $0 in radio AGN. It has been shown that in galaxies host-
the gas of the narrow components and the gas of the inté}d an AGN, a [Fei] 1.257 m/Pa ratio close to 0.6 is pro-
mediate component, we used the formula given in Osterbrgd#ced by AGN photoionization, while a ratio close to 2 is related
& Ferland (2006) and an electron density nf=10® cm 3 to shock excitation (Storchi-Bergmann et al. 1999; Rodriguez-
and ne=10%5 cm 3, respectively, according to our ndings inArdila et al. 2004).
Sec.3.3. We nd that these line ratios correspond to gas electron In the NIR band of the nuclear s
_ r pectrum of PKS B1934-63,

terggerlz;\'t_ljégslggeglélNo)()—Eloo 200 K, Te(2N)=13000 200 K, \ye detected both the [f#@ 1.257 m and Pa lines. Because
andTe(l)= ' their SN is low, we were unable to t the lines with the [0]

As shown by the models of Binette et al. (1996), inodel (see Fig. A.13), and we extracted a line ratio using the
is possible to have high electron temperatures in the préstal ux of the two lines. We nd [Feii]1.257Pa =1.44 0.2,
ence of matter-bounded clouds that are photoionized by tiwkich is indicative of shock-ionized gas.
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Fig. 7: BPT diagrams for the intermediate and very broad components with models of AGN photoioniappen ganels and
shocks lower panel¥ with solar metallicity. The AGN photionization models have a gas density10°cm 2, and the and lodJ
parameters vary in the same range as described in Fig. 6. The shock models have a pre-shock gas dersitgioimn 3, the
dashed lines indicate models with constant shock velagifyanging in the interval 100-1000 km’s from left to right), and the
solid lines refer to models with a constant magnetic parani&{eanging in the interval 0.01-1000G, from bottom to top). The
solid and dashed black lines are the same as in Fig. 6.

Overall, the combination of the diagnostic diagrams prend H 1.835 m lines and appears to be slightly blueshifted
sented in Fig. 7 and the [®] 4958,50074363, Hai 4686H  with respect to the systemic velocity of the host galaxy. Its peak
and [Fdi] 1.257 m/Pa ratios strongly support the idea that theoincides with the peak of the blueshifted narrow component of
intermediate out ow component is shock ionized. the ionized gas and does not show clear signs of kinematically
disturbed gas, but because of the loiN @nd the uctuations of
the continuum, we cannot completely rule out that there might
be out owing gas.

Compact steep-spectrum radio sources are known to host MaS11i gas has been detected in absorption against the radio con-
sive out ows of molecular and atomic gas (see, e.g., Morganti 9 P 9

gum source by Véron-Cetty et al. (2000) and is shown in-
i

7. Ho warm molecular and the neutral gas

et al. 2005a; Dasyra & Combes 2012; Tadhunter et al. 201H rted to emission for easy comparison in Fig. 9. These observa-
Probing only the warm ionized gas phase, we might be missif _casy comp 19. 9. ; X
s trace only the kinematics of gas that is located, in projec-

part of the gas that is out owing. The broad wavelength ran on in front of the compact radio source. Thé ks a velocity
covered by X-shooter enabled us to probe the kinematics of {5t (v=116 km s ), which is comparable to the redshifted nar-

warm molecular gas via the Hemission lines detected in the fth ionized dis ch ved b
NIR band. In the nuclear spectrum of PKS B1934-63, we ideff2/V. component of the warm ionized gas and Is characterized by
tied the H, S(5)1-0 line at 1.835 m, the H S(4)1-0 line at a very narrow pro le (FWHM-=18.8 kms®). This indicates that -

2 | ! it might be connected to infalling clouds of atomic gas located in

1.891 m, and the H S(3)1-0 line at 1.957 m. Fig. 8 clearly : )
shows that the Kl emission lines are narrower than the warrﬁ/lont of the radio source (as in the case of PKS B1718-649, see
accagni et al. 2014).

ionized gas emission lines (e.g., the Rae).
To provide an overview of the kinematics of the drent A more global view on the atomic gas phase of the ISM could
phases of the gas, in Fig. 9 we compare the kinematics of theeobtained by using the absorption lines of the Badoublet
warm ionized gas with the kinematics of the warm moleculat 5890,5896A (see, e.g., Lehnert et al. 2011). After the stellar
and atomic gas by plotting the normalized line pro les of thegontinuum of the host galaxy was subtracted, we did not nd
[Oiii] 5007A , the H , and the H 21 cm spectral lines together.evidence for the NaD absorption in the nuclear spectrum of
The H, pro le in Fig. 9 is the stacked pro le of the H1.957 m PKS B1934-63. This might be due to the compactness of the
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Fig. 8: Section of the nuclear spectrum of PKS1934-63 in tfige (solid red), and H21 cm line (solid blue) in velocity space.
NIR band showing the warm molecular l¢mission lines and Each line is normalized with respect to its maximum value. The
the Pa line. The wavelength and the name of each line are indiero velocity along the x-axis is the systemic velocity of the
cated. galaxy as extracted in Sec. 3.1 and is marked with the black ver-
tical dashed line. The Hline has been observed in absorption
by Vér_on-Cetty et a_ll. (2000)_ and is reproduced as an emissio_n
neutral ISM, which is concentrated in the inner regions of tHi&€ using a Gaussian function and the parameters reported in
galaxy (like the warm ionized gas) and does not absorb itsz#  the text.
starlight.

In the UVB part of the spectrum, we detected the IS'Ylllto the ISM, ionizing the gas and heating it to high temperatures
absorpt!on features of the .M'g 2795.’28.02'.& doublet. These higher than 10 K). The post-shock gas then cools down, accu-
absorption lines trace gas in a low-ionization state where g aiing as atomic and eventually cold molecular gas at a later
Hi is the dominant phase, and are superimposed on the '\g@lge. This means that out ows of warm ionized gas should be
emission lines at the same wave[engthg because of thg AGected in the early phase of an AGN-ISM interaction, and only
Even though we t the Mdi lines with a simple model, which \,oy gy cient time has elapsed for a substantial amount of gas
might ignore the complex emission line pro le underneath tlya

9 counterpart of these out ows (e.g., using CO lines). Recent

) > . . simulations con rmed this scenario, nding that molecular gas
and absorption were t by single-Gaussian components With @ s 1o form around a few igr from the start of the AGN-ISM
FWHM 1250kms-and 200kms™, respectively, and the ab-j,oraction (Richings & Faucher-Giguere 2017).
sorption component is centered at the_systemlc redshift of the ), performed a rst attempt to test this scenario by inte-
galaxy (see Appendix A for further details). grating our ndings with the out ow properties reported in the

We detected such deep Mgabsorption, which implies a jiterature for other young compact radio sources. Compact radio
covering factor of the line-emitting gas close to 1, but no clegprces have radio ages betweehyrtand 16 yr (Murgia 2003;
evidence for ISM absorption of the stellar continuum at the sam§gletti & Polatidis 2009), and we used them to sample out-
the emission lines are emitted by a region that is compact relatjg target, only a few other compact young radio sources have
to the stellar body of the galaxy. both an estimated radio age and observations of their multi-phase

We conclude that while we clearly detect an out ow of warmsM. It is worth mentioning that the sources we selected from the
ionized gas, there is no strong evidence of cold out owing géigerature cover three orders of magnitudes in radio power, and
traced by the b Hi, and Mgii lines. This is in contrast with their out ows properties might be due to an intrinsically drent
compact steep-spectrum radio sources such as IC 5063 (Tigge of interaction between the ISM and the radio plasma.
hunter et al. 2014; Morganti et al. 2015; Oosterloo et al. 2017), PKS B1718-649 is a younger (kinematical agé&(? yr,

PKS B1345-12 (Morganti et al. 2013; Dasyra & Combes 2012)Giroletti & Polatidis 2009) compact radio source than
and 3C 305 (Morganti et al. 2005a), in which ionized gas oubKS B1934-63, showing hints of warm ionized out owing gas
ows have also been detected. In these sources, the cold molggueshifted wings in the forbidden emission lines, see the op-
ular (CO) and warm molecular g)igas has been found to be theical spectrum in Filippenko 1985). Multi-wavelength observa-
dominant out owing phase in terms of mass. tions nd that as for our target, no evidence of out owing gas

In recent years, the scenario in which cold gas is formediim colder phases has been obtained for this source (atorpic H
situ, within the material swept away by the AGN, has gainddaccagni et al. 2014; warm moleculagHVaccagni et al. 2016;
more acceptance and has also been invoked to explain the pamtd molecular CO, Maccagni et al. 2018).
erties of the multi-phase out ow of compact steep-spectrum ra- An older compact radio source that is able to probe a more
dio sources (Tadhunter et al. 2014; Morganti et al. 2015). Aevolved stage of the AGN-ISM interaction is 3C 305. It has an
cording to the latter scenario, the AGN at rst drives fast shocksstimated radiative age of 1.50° yr (Murgia et al. 1999) and
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Fig. 10: Time-line sketch reporting the radio ages and the multi-phase properties of the out ows found in the compact source
PKS B1718-649, PKS B1934-63, PKS B1342, IC 5063, 3C 305, and B2 02585 in the context of the evolutionary scenario
discussed in Sec. 7.

shows evidence of an out ow in the warm and cold moleculaadio sources is available. However, considering the aforemen-

gas (Guillard et al. 2012, and Guillard et al in prep.), and in th®ned studies, they might represent an intermediate stage of an

atomic Hi and warm ionized gas (Morganti et al. 2005a). AGN-ISM interaction, and this justi es their location in the time
Finally, B2 025835 is one of the oldest compact radidine presented in Fig. 10.

sources (radiative age 9 10° yr, Giroletti et al. 2005;

5 10° yr Brienza et al. in prep.). Cold molecular CO and atomic ,

Hi gas have been detected (Prandoni et al. 2007; Struve eBaiConclusions

2010) and show signs of disturbed kinematics suggestive of Otbmpact and young radio galaxies are pivotal for our under-
owing gas (Murthy etal. in prep.), while there is no evidence oftanding of the feedback ect that radio sources have on their
out owing gas |n.the warm ionized phase (see t.he optical spggsst galaxies. PKS B1934-63 is a young1:6  10° yr) radio
trum presentedlln Emonts 2006, and the public data from t§§,rce. and given it proximity &0.1824) and high radio power
CALIFA survey-). (Praghz = 10772 W Hz 1), itis considered as an archetypal com-
The time line presented in Fig. 10 summarizes all the ipact radio galaxy.
formation on these sources in the context of the scenario that The nuclear spectrum of PKS B1934-63 shows double-
we tested. The properties of the out owing gas for PKS B193geaked gas emission lines that have broad wings, indicating a
63 and of the compact steep-spectrum radio galaxies descriggghplex kinematics for the warm ionized gas and out owing
above support the scenario in which cold molecular gas migfs. The kinematical features of the intermediate and the very
form within the out ow material through cooling of shock-proad components, which are needed to model the broad part
heated gas. According to this scenario, PKS B1718-649 agitthe emission line pro les, and in particular their line width
PKS B1934-63 represent the earliest stages of the AGN-ISM {WHM of about 700 and 2000 km$, respectively), clearly
teraction, when the out owing gas is initially shock heated. Thig ect non-gravitational motions of gas that is connected to an
gas then starts to cool down in the post-shock region and canaegN-driven out ow.
detected as cold out owing gas, as for 3C 305. Finally, the ra- we nd that about 8 10° M of warm ionized gas is
dio galaxy B2 025835 might be representative of the the nalconcentrated in the inner 500 pc of the host galaxy and only
phases of the AGN-ISM interaction, when all the out owing gag small fraction of this gas is actually out owing. Most of the
has completely cooled down. Considering the small amount\gérm ionized gas is included in a structure that shows a smooth
mass that is out owing in the case of PKS B1934-63, most gklocity gradient in the velocity-position diagram presented in
the mass may currently be in a hotter phase (e.g., gas’é 10ig. 5. Considering the rotating disk of warm ionized gas found
emitting in the X-ray band). by Roche et al. (2016) on larger scales, we tend to favor the hy-
We are aware that the radiative and kinematical age of a ragisthesis that this structure is a circum-nuclear disk with a radius
galaxy might di er, and that the radiative age indicates the ag# about 200 pc, which might constitute part of the gas reservoir
of the particles within the radio lobes rather than the real agefadm which the SMBH is fed (similar to what has been found,
the source. However, the ages that we used are the only availaxg, by Dumas et al. 2007, Hicks et al. 2013, and Maccagni et al.
estimates, and it has been shown that the radiative age of 3C 30%6).
is representative of the age of the radio source (Murgia et al. The results of our spectro-astrometry study show that when
1999). we assume a biconical geometry for the out ow, the spatial ex-
The time line in Fig. 10 also includes the two compact steefent of the broad wings of the [@] 5007A line matches the
spectrum radio sources PKS B1342 and IC 5063. These diameter of the radio source (i.e., about 120 pc). This indicates
are two of the best examples of compact sources where ext@iat the out ow is likely driven by the expansion of the radio
sive multi-wavelength studies found a multi-phase out ow (fogource jets, which is in line with what is commonly found in
PKS B1345-12 see Morganti et al. 2005b; Holt et al. 2011other compact and young radio sources (see, e.g., O'Dea et al.
Dasyra & Combes 2012; for IC 5063 see Oosterloo et al. 20Q02; Holt et al. 2008; Tadhunter et al. 2014).
Morganti et al. 2007; Tadhunter et al. 2014; Morganti et al. Using the density-diagnostic diagram introduced by Holt
2015). Unfortunately, no reliable estimate of the age of theseal. (2011), we nd a clear correlation between the FWHM of a
component and its electron density (see Fig. 4), which is in line
! httpy/califa.caha.ds with the ndings of Holt et al. (2011) and Rose et al. (2018).
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The warm ionized gas associated with the broad componeptebing the cold molecular gas (i.e., CO) in PKS B1934-63 will
reaches remarkably high electron densities*?100°° cm 2). be crucial for completing the picture on the presence and kine-
We attribute the broadening of the spectral lines to the interanatics of the colder gas phase.
tion of the AGN with the ISM, and we argue that the FWHM-  Our work shows that a systematic and detailed characteri-
density relation that we nd is mainly driven by the ability of thezation of the multi-phase properties of the out ows in compact
AGN-ISM interaction to compress the gas atelient levels and young radio galaxies cers the possibility to study the origin
increase its density. of cold gas within out ows. It also has the potential of shed-
Estimating the gas densities with the transauroral line tedting light on the relevance of AGN feedback operated by jets on
nique allowed us a reliable estimate of the properties of the wagalactic scales.
O!Jt owing |0nlzgd gas. We obtain low-mass out ow rates ("e'AcknowIedgementsThe authors thank the anonymous referee for the useful
highest values in the range £810 ' M yr 1), and we nd that comments that improved the quality of the paper. The research leading to these
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Fig. A.1: Nuclear spectrum (black solid line) and best-t model (red solid line) for the continuum emission and residual (green
points). The masked regions that correspond to the emission lines are indicated in blue. The observed spectrum is smoothed wi

box of 3A.
Line ID A) Fluxsn Fluxoy Flux, Fluxyg
[Oii]3726 3726.03 34.7 46.8 91.1 28.7
[Oii]3729 3728.82 36.9 48.1 39.9 7.10
[Sii]4068 4068.60 1.40 2.50 52.0 34.0
[Sii]4076 4076.35 0.42 0.84 17.0 11.0
H 4340.50 6.95 6.20 27.6 18.1
7.23 6.41 24.3 9.512.56
[Oiii]4636 4363.20 5.80 3.94 10.5 22.3
5.48 3.68 14.7 -
Heii4686 4685.7 541 4.90 419.74 —
H 4861.33 21.9 24.1 59.0 16.8.6
[0ii]5007  5006.84 297 297 218 197
[Oi]6300 6300.30 54.4 65.2 240 211
[Siii]6312 6312.10 - - 34.0 -
H 6562.80 99.410.3 10611 306 32 58.0 10.1
[N ii]6584 6583.41 95.710.1 10611 188 20 295 32
[Sii]6717 6716.47 40.7 41.5 41.5 20.03.2
[Sii]6731 6730.85 36.7 39.9 92.1 145.46
[0ii]7318,19 7320.10 4.07 5.03 51.8 92.7
[0ii]7330,31 733020  3.28 4.05 41.7 74.7
[Siii]9531 9530.6 59.0 61.1 83.0 56.1.0
Pa 18751.01 17.7 18.0 29.0 66.8

Table A.1: F uxes of the four kinematical components of each tted line. The uxes are given in units éf &6y s'cm 2. The
rst and second column indicate the emission line ID and rest frame wavelength, respectively. For dinel khe [Qii] 4363A
lines we report two sets of uxes. These lines are blended, and the rst row reports the uxes obtained by modeling both lines witt
the [Oiii] model, while the second row reports the uxes obtained by modeling thérté with the H model and the [Gii] 4363A
line with the [Qiii] model. When not indicated, the error on the reported ux is 10%.
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[Om] model, the 1IN and 2N components are plotted togeth

with the green dotted line, the | component is shown with tt..
golden dot-dashed line, and the VB component with the bl ) Lo .
dashed line. The residuals of the t are normalized and plottfig' A.5: [Su]  4069,76A and H emission lines (black solid

; . d best- t model (red solid line). Each line is modeled us-

below the spectrum (black dot-dashed line). The vertical das ) an
lines mark the restframe wavelength of the tted emission line '9 the [Q”'] model, the 1N and 2N components are plotted to-
gether with the green dotted line, the | component is shown with

the golde_n dot-dashed line, and the VB component with the blue
the [Oii] 7381A emission in the red wing of the doublet. In théashed line. The residuals of the t are normalized and plotted

same way, we take into account the emission of theSH)1-0 Delow the spectrum (black dot-dashed line). The vertical dashed
line in the t of the Pa line pro le. lines mark the restframe wavelength of the tted emission lines.
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Fig. A.6: [S] = 6717,31A emission lines (black solid line) an black solid line) and best- t model (red solid line). Each line of

best- t model (red solid line). Each line is modeled using th e[0] 6300-63A doublet is modeled using the [@model,

[Ow] model, the 1N and 2N components are plotted togethgl, 4\ 24 2N components are plotted together with the green

with the green dotted line, the | component is shown with tl'beO : : :
; . tted line, the | component is shown with the golded dot-dashed
golden dot-dashed line, and the VB component with the bl e, and the VB co?nponent with the blue ?jashed line. The

dashed line. The residuals of the t are normalized and plott 63122 line i deled with indle G ian funct
below the spectrum (black dot-dashed line). The vertical das g'.'] 1IN IS modeled with a singie aussian function
Iy icated with the gray solid line. The residuals of the tare nor-

li k th f I h of th ission lines, .

ines mark the restframe wavelength of the tted emission Inemahzed and plotted below the spectrum (black dot-dashed line).
The vertical dashed lines mark the restframe wavelength of the
tted emission lines.

[gg. A.8: [O1] 6300-63A and [$1] 6312A emission lines

Fig. A.7: H and [Ni] 6548-84A emission lines (black solid

line) and best- t model (red solid line). Each line is modeled us-

ing the [Om] model, the 1IN and 2N components are plotted to-

gether with the green dqtted line, the | component is shown Wiﬂib. A.9: Pa and H S(4)1-0 emission lines (black solid line)

the golded dot-dashed line, and the VB component with the blygq pest- t model (red solid line). The Pdine is modeled us-

dashed line. The residuals of the t are normalized and plottgsh the [Om] model, the 1N and 2N components are plotted to-

lines mark the restframe wavelength of the tted emission linege golden dot-dashed line, and the VB component with the blue
dashed line. The HS(4)1-0 is modeled with a single Gaussian
function indicated with the gray solid line. The residuals of the
t are normalized and plotted below the spectrum (black dot-
dashed line). The vertical dashed lines mark the restframe wave-
length of the tted emission lines.
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Fig. A.10: [Si] 9531A emission line (black solid line) and best-

t model (red solid line). The [$1] 9531A line is modeled using
the [Om] model, the 1N and 2N components are plotted together
with the green dotted line, the | component is shown with the
golden dot-dashed line, and the VB component with the blue
dashed line. The residuals of the t are normalized and plotted
below the spectrum (black dot-dashed line). The vertical dashed
lines mark the restframe wavelength of the tted emission line.

Fig. A.11: H +[Om] 4363A emission lines (black solid line)
and best- t model (red solid line). The tting procedure includes
the modeling of two additional emission lines (gray solid line),
most likely the [Oii] 4317.2A and the [@] 4414.9A lines, us-

ing a single Gaussian function. The residuals of the t are nor-
malized and plotted below the spectrum (black dot-dashed line).
The vertical dashed lines mark the restframe wavelength of the
tted emission lines. The [@i] 4363A line is modeled using
the [Qiii] model, and the Hline is modeled using both the [id)]
model top pane) and the H model pottom panél The 1N and

2N components are plotted together with the green dotted line,
the | component is shown with the golden dot-dashed line, and
the VB component with the blue dashed line. The magenta triple
dot-dashed line indicates the broad redshifted component of the
H model.
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Fig. A.12: Heii 4686A emission line (black solid line) and best-

t model (red solid line). The line is modeled using the [
model, the 1N and 2N components are plotted together with the
green dotted line, the | component is shown with the golden dot-
dashed line. There is no evidence of a VB component. The resid-
uals of the t are normalized and plotted below the spectrum
(black dot-dashed line). The vertical dashed lines mark the rest-
frame wavelength of the tted emission line.

Fig. A.13: Section of the nuclear spectrum of PKS B1934-63
showing the Fe 1.257 m (top pane) and the Pa (bottom
pane) emission lines (black solid line). The best-t model is
shown with the red solid line. The residuals of the t are nor-
malized and plotted below the spectrum (black dot-dashed line).
The vertical dashed lines mark the restframe wavelength of the
emission line. For the Pathe model includes two narrow com-
ponents (green dotted line) and a broad component (blue dashed
line).
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