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ABSTRACT

We present an unprecedented view on the morphology and kinematics of the extended narrow-line
region (ENLR) and molecular gas around the prototypical hyper-luminous quasar 3C 273 (Lpe ~
10%ergs™! at z = 0.158) based on VLT-MUSE optical 3D spectroscopy and ALMA observations. We
find that: 1) The ENLR size of 12.1 & 0.2kpc implies a smooth continuation of the size-luminosity
relation out to large radii or a much larger break radius as previously proposed. 2) The kinematically
disturbed ionized gas with line splits reaching 1000kms™" out to 6.1 4+ 1.5kpc is aligned along the
jet axis. 3) The extreme line broadening on kpc scales is caused by spatial and spectral blending of
many distinct gas clouds separated on sub-arcsecond scales with different line-of-sight velocities. The
ENLR velocity field combined with the known jet orientation rule out a simple scenario of a radiatively-
driven radial expansion of the outflow. Instead we propose that a pressurized expanding hot gas cocoon
created by the radio jet is impacting on an inclined gas disk leading to transverse and/or backflow
motion with respect to our line-of-sight. The molecular gas morphology may either be explained by
a density wave at the front of the outflow expanding along the jet direction as predicted by positive
feedback scenario or the cold gas may be trapped in a stellar over-density caused by a recent merger
event. Using 3C 273 as a template for observations of high-redshift hyper-luminous AGN reveals that
large-scale ENLRs and kpc scale outflows may often be missed due to the brightness of the nuclei and
the limited sensitivity of current near-IR instrumentation.

Keywords: ISM: jets and outflows — quasars: individual: 3C 273 — quasars: emission lines —
techniques: imaging spectroscopy

1. INTRODUCTION

The quasi-stellar radio source (quasar) 3C 273 was
found to have a redshift of z ~ 0.158 (Schmidt 1963),
which revealed that quasars are of extra-galactic origin
and cannot be stars. 3C 273 is one of the most lumi-
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nous quasars at low redshift with an absolute bright-
ness of My = —26.8mag (e.g. Hamilton et al. 2008)
and a radio flux of f1.4gu, ~ 45Jy (Kellermann et al.
1969) corresponding to Lj 4gms; = 2.9 X 1027 W Hz L.
3C 273 is therefore a proto-typical active galactic nu-
cleus (AGN) since only accretion by a super-massive
black hole (SMBH) can produce the observed energy
(Salpeter 1964).

The enormous energy released by luminous AGN like
3C 273 is suspected to significantly affect the evolution
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of their host galaxies either through radiative AGN feed-
back (e.g Silk & Rees 1998) or mechanical feedback via
their jets (e.g. Pedlar et al. 1990). While the impact
of jets on the hot halo gas around massive galaxies has
already been confirmed (see Fabian 2012, for a review),
the capability of AGN radiation to accelerate and expel
a large gas reservoir from AGN host galaxies is currently
under intense investigation.

Large reservoirs of ionized gas on tens to hundreds
kpcs scales have been detected around many luminous
radio-loud and radio-quiet AGN at low redshifts (Stock-
ton & MacKenty 1983; Danziger et al. 1984; van Breugel
et al. 1985; Stockton & MacKenty 1987; Prieto et al.
1993; Shopbell et al. 1999; Tadhunter et al. 2000; Stock-
ton et al. 2002; Villar-Martin et al. 2005, 2010; Huse-
mann et al. 2010, 2011; Greene et al. 2012; Liu et al.
2013a, 2014; Hainline et al. 2014; Villar-Martin et al.
2017, 2018) as well as at high redshifts (e.g. Heckman
et al. 1991; McCarthy 1993; Christensen et al. 2006;
North et al. 2012; Cantalupo et al. 2014; Hennawi et al.
2015; Borisova et al. 2016; Cai et al. 2017; Arrigoni Bat-
taia et al. 2018; Husemann et al. 2018). These are often
referred to as extended emission-line regions (EELRs) or
extended narrow-line regions (ENLRs) in the literature
without a clear distinction between the two. However,
the largest ionized nebulae have predominantly been as-
sociated with radio-loud AGN hosting large-scale jets.
The size and morphology of EELRs are therefore often
interpreted as being redistributed material due to shock
fronts created by the expanding radio jet (e.g. Tadhunter
et al. 2000; Tremblay et al. 2018) or a signature of tidal
debris from galaxy interactions (e.g. Villar-Martin et al.
2010, 2018). In this paper, we use the term EELR for
ionized gas on 10 to several 100 kpc scales independent
of the ionization mechanism and the term ENLR only
for clearly AGN ionized gas out to several tens of kpc
around luminous AGN.

Independent of the size of the ionized nebulae, the
prevalence of kpc-scale outflows around AGN remains a
key question to understand AGN feedback and its im-
pact on host galaxies. Spectroscopic observations have
therefore been crucial to map fast AGN-driven outflow
from low-luminosity (e.g. Storchi-Bergmann et al. 1992;
Crenshaw & Kraemer 2000; Riffel & Storchi-Bergmann
2011; Fischer et al. 2013; Venturi et al. 2018) to high-
luminosity AGN (e.g. Greene et al. 2011; Liu et al.
2013b; Harrison et al. 2014; Carniani et al. 2015; McEI-
roy et al. 2015; Kakkad et al. 2016; Karouzos et al. 2016)
and AGN with powerful radio jets leading to jet-cloud
interactions (e.g. Tadhunter et al. 1989; Emonts et al.
2005; Holt et al. 2008; Morganti et al. 2013; Mahony
et al. 2016; Villar-Martin et al. 2017; Nesvadba et al.

2017; Santoro et al. 2018; Jarvis et al. 2019). Yet, the
relative role of jets and AGN radiation as the main driver
for fast outflows and their diverse properties among the
overall AGN population still needs to be investigated.

3C 273 represents an ideal laboratory to study the
relative impact on the radiation and the jet with the
surrounding medium. While 3C 273’s radio jet has been
studied in detail over the past 50 years, observations of
its host galaxy remain difficult due to the overwhelm-
ingly bright nucleus. The host galaxy was first detected
from the ground by Wyckoff et al. (1980) and followed
up with Hubble at high-angular resolution (Bahcall et al.
1995; Martel et al. 2003). Wyckoff et al. (1980) and
Boroson et al. (1985) already noted evidence of extended
emission lines a few arcsec away from the nucleus, but
Stockton & MacKenty (1987) did not detect an EELR
in [O III] A5007 using narrow-band imaging. Hippelein
et al. (1996) presented the first map of the ENLR from
Fabry-Perot imaging.

In this article, we present a combined study of deep
optical integral-field unit (IFU) observations of 3C 273
with the Multi-Unit Spectroscopic Explorer (MUSE, Ba-
con et al. 2010) and CO(1-0) mapping with archival
ALMA observations. The MUSE data reveal highly
complex ionized gas motions in the host galaxy of
3C 273 and the ALMA observations highlight substan-
tial amounts of molecular gas. We discuss our obser-
vations in the light of an expanding hot gas cocoon in-
flated by the radio jet which creates a fast outflow and
shock front in the ISM. Furthermore, we explore the
detectability of similar ENLRs around hyper-luminous
(Lbor > 10*7ergs™!) AGN at high-redshift as stud-
ied for example by the WISSH project (Bischetti et al.
2017). Throughout the paper we assume a concordance
flat ACDM cosmology with Hy = 70kms ' Mpc™!,
Qn = 0.3 and Qy = 0.7 corresponding to 2.73kpc/”
at the redshift of 3C 273.

2. OBSERVATIONS & ANALYSIS
2.1. MUSE observations

MUSE data of 3C 273 were obtained under ESO
program 097.B-0080(A) on 31 March 2016 under gray
moon, clear sky conditions and a seeing of 0”7. The
data cover a 1’ x 1’ field-of-view (FoV) at (/2 sampling
and a wavelength range of 4750-9300A at a spectral res-
olution of R ~ 2500. Given the brightness of 3C 273
(my = 12.6mag), we split the observations into 18 x250s
exposures with a total integration time of 4500s. Small
sub-arcsec dithering and standard 90° rotations between
exposures were applied to mitigate residuals of the flat-
fielding. The data were fully reduced and calibrated us-
ing the standard ESO pipeline (Weilbacher et al. 2014).
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Figure 1. Overview of the ionized and molecular gas properties in 3C 273 from MUSE and ALMA observation.

rest-frame wavelength [A]

(a) Re-

constructed gri RGB-color image from the MUSE observation covering a 1’ x 1" FoV. (b) [O III] A5007 narrow-band image
after PSF and continuum subtraction in the zoom-in region. The white contours refer to surface brightness limits of 1x and
3 x 107 ergs™'em2arcsec2(1 + z) ™%, (c) [O II]/HB emission line ratio map with CO(1-0) distribution shown as contours.
(d) CO(1-0) flux map as recovered from the ALMA observations. (e) CO(1-0) cold gas velocity field from the 1st moment
maps. The dot-dashed line divides the kinematic map into the receding and approaching side at zero velocity going through
the QSO center. Green contours show the X-band (10 GHz) radio map at 0”25 resolution from Perley & Meisenheimer (2017).
(), (g), (h), (i) show the median velocity (vso), the peak velocity (vpeak), the Wso line width and the FWHM of the [O III]
line profile, respectively. The CO(1-0) distribution is shown as black contours in all four panels as a reference. Bottom panels:
Re-constructed long-slit spectra of the [O III] A4960, 5007 lines after PSF and continuum subtraction along the two slit axes as

indicated in panel (b).

The reconstructed gri MUSE color image is shown in
Fig. 1 (panel a). The bright AGN point source and
the optical jet of 3C 273 are both well visible. An
important processing step is therefore the deblending
of the unresolved AGN emission from the spatially-
resolved emission of the host galaxy. We use the software
QDEBLEND?P (Husemann et al. 2013, 2014) to estimate
the point-spread function from the 2D intensity distribu-
tion of the HJ, HB, He I, and Ha broad line wings origi-
nating from the unresolved AGN broad-line region. Af-
terwards we interpolate the wavelength-dependent PSF
with a 2nd order polynomial on a spaxel-by-spaxel basis.
The AGN spectrum from the central spaxels is then con-
volved with the PSF and subtracted from the original
data. Since the Ha line is saturated at the peak of the
PSF, we cannot use the central spaxel for the wavelength

range around Ha. Hence, we rather use a region north-
east of the AGN which shows a deficit in extended emis-
sion to create a “pure” AGN spectrum around Ha which
we convolve again with the corresponding PSF and sub-
tract it from the original data. Given the brightness of
the AGN we still obtain a very high S/N spectrum of the
AGN a few arcsec away from the center which does not
leave strong residuals after subtraction. Nevertheless,
the spaxels with <0”8 around the AGN position remain
corrupted in Ha due to the saturation and need to be
ignored completely.

As shown in Fig. 1, we clearly recover spatially ex-
tended [O III] emission with complex kinematics even at
an AGN-host galaxy contrast ratio of about 200 in the
continuum. In addition, we also recover the stellar con-
tinuum of the host galaxy at high S/N within an annu-
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Figure 2. Aperture spectra for the HB (left panels) and Ha spectral range (middle panels) which are extracted from a radius of
4" after subtracting the point-like nucleus. The central 0”8 was excluded due to high continuum residuals after subtracting the
bright nucleus (in case of HB) and saturation of Ha in the central spaxels. Top panels: Integrated spectrum (black) and best-fit
stellar continuum modelling (red). Regions with emission lines excluded from the continuum model are shown as dark shaded
areas. Bottom panels: Residual spectrum after subtracting the best-fit stellar continuum model (green) and the best-fit model
of the emission lines (blue). All emission lines in this wavelength region are annotated. Right panels: Emission-line diagnostic
diagrams based on the He II, H3, [O I1I], He, and [N II] lines measured in the integrated spectra. Corresponding demarcation
lines from Kewley et al. (2001), Kauffmann et al. (2003), Stasiniska et al. (2008) and Shirazi & Brinchmann (2012). In both
diagrams the measured line ratios fall in the regime of AGN ionization.

lus of (/86" circular radii (Fig. 2 top panel). We mod-
elled the stellar continuum by fitting stellar templates
from the INDO U.S. library (Valdes et al. 2004) using
the PYPARADISE software (Walcher et al. 2015; Weaver
et al. 2018). From the stellar continuum fit we infer
an accurate systemic redshift of z = 0.15850 % 0.00005
and a stellar velocity dispersion within this larger aper-
ture of o, = 210 = 10kms™'.  The integrated spec-
trum reveals line ratios of [O III A5007]/HB = 3.9 £ 0.1,
[N 11 X6583]/Ha = 0.64 & 0.04, and He 11 A4685/HfS =
0.11+0.01, where He 11 A\4685 is detected with 100 con-
fidence. We show the corresponding emission-line di-
agnostic diagrams in Fig. 2 together with classical de-
marcation lines, which clearly show that star formation
is not the dominant ionization mechanism of the ion-
ized gas. Due to the complex kinematics and heavy
blending of the [N II] and He lines we cannot robustly
map this line ratio across the nebula. However, the
[O TIA5007]/HS line ratio map can be constructed
(Fig. 1 panel ¢) and reveals that the line ratio is even
higher in most parts confirming that AGN and/or shock
ionization is the main ionization mechanisms across the
nebula.

2.2. ALMA observations

ALMA uses 3C 273 as a calibrator so that a large num-
ber of short observations of this source are available. We
retrieved all data available for 3C 273 covering the red-

shifted frequency of 2CO(1-0) with a spatial resolution
between 075 and 170. This included 8 different tracks
from 5 different ALMA projects, all of which observed
3C 273 for ~5 minutes in order to use it as a bandpass
calibrator. In all but one case a 2 GHz correlator win-
dow (with a raw spectral resolution of 15.625 MHz) was
present over the redshifted frequency of CO(1-0). In one
case a 1850 MHz correlator window was present, with a
raw spectral resolution of 3.906 MHz. The other spec-
tral windows present in each observation were used to
detect continuum emission.

The raw ALMA data for each track were calibrated
using the standard ALMA pipeline in the Common
Astronomy Software Applications (CASA) package.
Additional flagging was carried out where necessary
to improve the data quality. Three iterations of self
calibration were used to improve the phase and ampli-
tude calibration of the data on the bright continuum
in 3C 273. The data presented here were produced us-
ing natural weighting, yielding a synthesized beam of
0778 x 0’75 at a position angle of 37° (a physical resolu-
tion of ~2.1kpc). We use data with a channel width of
30kms~!, and pixels of 0’2 (resulting in approximately
3.5 pixels across the synthesized beam).

Bright point source continuum emission with a flux of
12.940.02 Jy was detected over the full line-free band-
width. Based on the position of this point source we are



able to register the relative AGN positions of the MUSE
and ALMA data with a precision of at least one pixel
size (072). We subtracted the continuum emission from
the data in the uv plane using the CASA task uvcontsub.
The continuum-subtracted dirty cubes were cleaned in
regions of source emission (identified interactively) to a
threshold equal to 1.5 times the RMS noise of the dirty
channels. The clean components were then added back
and re-convolved using a Gaussian beam of full-width-
at-half-maximum (FWHM) equal to that of the dirty
beam. This produced the final, reduced, and fully cal-
ibrated 12CO(1-0) data cube of 3C 273, with a RMS
noise levels 0.18 mJy beam ™" in each 30 kms~! channel.

CO(1-0) emission was detected from this source, with
an integrated line width of ~490kms~! (FWHM), and
an integrated intensity of 1.8240.02 Jy kms~!. This cor-
responds to an Hy mass of (1.74£0.3)x 10 M, assuming
an aco = 0.8 Mg (Kkms~!pc?)~! as typically used for
compact luminous systems, such as starburst galaxies,
SMGs and QSOs (e.g. Downes & Solomon 1998; Scoville
et al. 2003; Xia et al. 2012). If we were instead to use a
Galactic ago then the derived Hy mass in this system
would increase by a factor of 5.5.

Zeroth moment (integrated intensity), first moment
(mean velocity), and second moment (velocity disper-
sion) maps of the detected line emission were created
using a masked moment technique. A copy of the clean
data cube was first Gaussian-smoothed spatially (with a
FWHM equal to that of the synthesized beam), and then
Hanning-smoothed in velocity. A three-dimensional
mask was then defined by selecting all pixels above a
fixed flux threshold of 1.5 o, adjusted to recover as much
flux as possible in the moment maps while minimizing
the noise. The moment maps were then created using
the un-smoothed cubes within the masked regions only.
In Fig. 1 we show the zeroth and first moment maps in
panel (d) and (e), respectively.

The morphology of the molecular gas is surprisingly
asymmetric and appears as an “arc’-like feature about
~ 1”8 away from the nucleus towards the south-west
almost exactly perpendicular to the jet axis. It seems
consistent with the dust lane identified in coronagraphic
images presented by Martel et al. (2003), but the signif-
icantly lower spatial resolution of the ALMA data does
not allow a precise spatial comparison. Importantly,
the molecular arc is significantly more extended along
the south-west direction on both sides of the spiral con-
tinuum excess structure seen in the Hubble images. In
particular, there is no corresponding feature in Hubble
images at the location of the brightest molecular gas
knot seen 2" west of the nucleus. Since the ionized gas
morphology is completely different and does not show a

5

similarly prominent structure it is unclear whether the
molecular gas is bound to a stellar over-density formed
in a recent galaxy interaction or is currently forming in-
situ due to a density wave and enhanced ambient pres-
sure initiated by the expanding outflow.

2.3. Multi-phase gas kinematics

With MUSE we recover extended [O III] emission out
to ~20kpc from the quasar. The [O III] emission is
asymmetric towards the east side as shown in Fig. 1
panel (b). The [O III] surface brightness distribution
confirms the results of the Fabry-Perot imaging (Hip-
pelein et al. 1996), but MUSE achieves a much higher
S/N and covers a larger velocity range. In the bottom
panels of Fig. 1, we present two pseudo-slit spectra (slit
width of 0”8) for two position angles, one along the ra-
dio jet axis (PA —45° N to E) and one perpendicular to
it (PA 45°). In both cases we see highly complex ionized
gas motions, with amplitudes of 800 km s~ as well as
several broad and multiply-peaked lines over this large
velocity range in the central 4 kpc.

Figure 3 highlights the complexity of the [O III] line
profiles which are difficult to model with a fixed number
of Gaussians. It is highly desired to dissect the [O III]
line profile into distinct components, which has been
used to study individual physical conditions by correlat-
ing line ratios and kinematics (e.g. McElroy et al. 2015).
We have tried this process but find that fitting [O II1]
line profiles separately for each spaxel violates the spa-
tial correlation function imposed by the PSF as shown
in Fig. 3. The [O I11] line shape is significantly changing
from spaxel to spaxel which have a size of 0”2, about a
factor of 3 smaller than the FWHM of the seeing. While
3 Gaussians provide a good fit to the overall line pro-
file in all cases, the spatial variation of the Gaussian
parameters are unphysical as the PSF demands that in-
dividual spectral components only vary in flux on such
small scales. A fully consistent solution would only be
achieved when the line shapes are modelled directly in
3D taking the PSF into account as a constraint on the
spatial flux distribution. Such a method, which is able
to model the entire ENLR structure at once with the
large number of components, still needs to be developed.
For practical reasons, we rather map non-parametric line
shape parameters such as the median velocity (vsg), the
peak velocity (vpeak), the FWHM and the width contain-
ing 80% of the line flux (Wsg), which has been previously
used to to characterize ionized gas outflows in the [O II1]
line around luminous AGN (e.g. Harrison et al. 2014; Liu
et al. 2013b; McElroy et al. 2015; Harrison et al. 2016;
Sun et al. 2017). Since the method requires that the cu-
mulative line flux distribution is monotonically increas-
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Figure 3. Zooming in on the complex nature of the [O III] line shape. We show the spectra of four adjacent spaxels in the
MUSE cube in the bottom panels. The position of the 4 adjacent spectra are marked by the green squares in the associated
continuum-subtracted narrow-band images (top panels). Those images are 4 A wide bands with the corresponding wavelength
ranges centered on the four dominant line components as highlighted by the dark grey shaded areas. The [O III] spectrum shape
changes significantly from spaxel to spaxel with sizes of 072x0”2, which is about a factor of 3 smaller than the FWHM of the

seeing.

ing, i.e. no negative flux values across the line shape,
we still need to generate a noise free model of the lines
for each spaxel. Given the complex line shapes, we use a
large spectral library of [O I11] doublet lines to model the
line profiles as a non-negative linear superposition which
is not restricting the model to a fixed number of Gaus-
sians. The library is constructed with a velocity range
of £1200km s~ " at 10kms™! sampling and four line dis-
persions (40 km s71, 80kms ™!, 160kms™!, 320 km s7h,
which are convolved with the instrumental resolution
as inferred by Bacon et al. (2017) at the [O III] wave-
length. During the fitting we discard components with a
peak flux density S/N<3 to avoid fitting noise features.
We use a Monte Carlo approach to estimate errors for
each parameter by re-fitting the noise-modulated data
50 times. In Fig. 1 panel f, g, h, and i we show the
resulting kinematics maps with a vsg velocity error less
than 50kms™~" and S/N>5 for Wgo and FWHM.

The kinematics maps inferred from [O III] as shown
in Fig. 1 are complex which are therefore best inter-
preted in conjunction with the molecular gas distribu-
tion and kinematics. The molecular gas corresponds
to kinematically quiescent gas with a small line dis-
persion (< 45kms™') and a smooth velocity gradient
from blue to red-shifted motion of £160kms~' around

the systemic velocity of the stellar body. The ionized
gas shows the same smooth velocity gradient and ra-
dial velocity amplitude in vsg and vpeax of £150 km st
at the location of the molecular gas with a small line
width both in Wgy and FWHM. Furthermore, the ion-
ized gas at even larger distance from the AGN exhibits
the same direction of motion as the molecular gas which
suggest that the large scale kinematics are dominated
by gravitationally-driven rotational motion. These qui-
escent motions at radii > 2" define the global rotational
pattern with red-shifted motion on the east and blue-
shifted motion on the west side of the galaxy.

On the contrary, the ionized gas kinematics enclosed
within the radius of the molecular gas arc is highly com-
plex as demonstrated in Fig. 3. Nevertheless, the light-
weighted bulk motion of the gas shows a bipolar velocity
gradient along the radio jet axis with kinematics pre-
dominately red-shifted on the approaching jet side and
blue-shifted on the opposite side. While the FWHM
remains narrow with <400kms™! across most of the
ENLR it appears larger at the transition to the rotation-
dominated region. This is likely a superposition effect
due to the PSF smearing at the transition region. Like-
wise, the large Wyo > 800kms ' width is not caused
by individual clouds with high velocity dispersion but



rather the spatial blending of many narrow emission
lines with a broad distribution in radial velocities. While
this complexity limits our ability to understand the in-
teraction with ambient medium in detail, a key observa-
tion is that the radio jet axis is clearly aligned with the
bipolar velocity gradient in the ionized gas indicative of
a strong coupling between the expanding radio jet and
the ambient gas in 3C 273. Although it is strange that
the approaching side of the jet appears to push the gas
backwards, we will outline a potential geometrical sce-
nario in Sect. 3.2 based on the directly inferred relative
orientation of the jet and gas disc.

3. RESULTS & DISCUSSION
3.1. ENLR size and kinematically disturbed region

A lot of different definitions have been adopted for the
ENLR size, such as an effective radius (e.g. Husemann
et al. 2014; Kang & Woo 2018), the maximum detectable
size (Bennert et al. 2002; Villar-Martin et al. 2010;
Greene et al. 2012; Villar-Martin et al. 2018; Storchi-
Bergmann et al. 2018) or the size till an intrinsic sur-
face brightness limit corrected for cosmological dimming
(e.g. Hainline et al. 2013; Liu et al. 2013a; Hainline et al.
2014; Sun et al. 2017). By design all those definitions are
prone to different observational effects and their applica-
tion is limited to specific science goals. The maximum
detectable [O III] emitting region size is strongly de-
pendent on the depth of observations and whether the
ionization mechanisms can be ambiguously attributed
to the AGN ionization. It is therefore not well suited
to study scaling relations between AGN luminosity and
the ENLR size. Additionally, the luminosity-weighted
radius depends on whether the dominating NLR is in-
cluded or excluded from the radius estimations.

Several studies therefore adopted a characteristic
ENLR size using a fixed intrinsic [O III] line flux surface
brightness limit of 1071° ergs™! em~2arcsec™2(1 + z)~*
to allow to construct a comparable ENLR size—
luminosity relation at various redshifts. For 3C 273
we determine a characteristic ENLR size of RgnL.r =
12.1 + 0.2kpc, which is robust given the good spatial
resolution and the application of the PSF subtraction
technique. In Fig. 4 (left panel) we compare this ENLR
to literature measurements. Previously, a break in the
Lagn—ReNLR scaling relation has been reported to oc-
cur somewhere at ~6-10kpc (e.g. Liu et al. 2013a; Hain-
line et al. 2013, 2014). In order to mitigate the effect of
beam smearing for their high-redshift targets, Hainline
et al. (2014) applied a surface brightness profile fitting
convolved with an approximate PSF to recover the in-
trinsic size of the ENLR. Considering that we were able
to subtract the dominating AGN point source directly
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and that we can exclude a top-hat function as a radial
light ENLR profile we compare our inferred ENLR size
for 3C 273 with the Sersic profile measurements from
Hainline et al. (2014). We find that the ENLR size of
3C 273 is 2.70 larger than the proposed break radius and
sample distribution reported by Hainline et al. (2014).
This suggests that either the ENLR size-luminosity re-
lation has no break radius at all, that the break in the
ENLR size occurs at significantly larger radii , or that
the ENLR is generically asymmetric at the chosen sur-
face brightness limit so that the sizes are systematically
underestimated in randomly orientied long-slit obser-
vations.. Given that 3C 273 is an unobscured AGN,
the intrinsic ENLR size may be even larger compared
to the obscured AGN used in previous studies because
the unified model predicts that the ionization cone of
unobscured AGN should be more aligned towards the
line-of-sight than for obscured AGN. This would mean
that statistically a large correction factor needs to be
applied to turn the measured projected ENLR sizes
into intrinsic sizes. We can rule out that the ionization
cone is directly aligned with our line of sight to explain
the relatively round morphology, because the kinematic
substructure and the known direction of the radio jet
implies a significant inclination of the cone. In any case,
those inclination effects would only strengthen our re-
sult as the intrinsic size of the ENLR would be even
higher for 3C 273. Interestingly, we note that adopting
a 3x higher intrinsic [O III] surface brightness limit
as proposed by Sun et al. (2018) would imply a size
of Rnrr = 4.15 & 0.1kpc which is a factor 4 smaller
than the corresponding Lagn—RgnpLr scaling relation
reported by the authors. Hence, the choice of the sur-
face brightness limit to measure the size has a great
impact on the signatures of a ENLR break radius. Ad-
ditionally, unaccounted systematic effects in the relation
of Sun et al. (2018) may contribute to this discrepancy
due to the use of broad-band imaging that still require
spectroscopic confirmation.

A break in the size-luminosity relation would neces-
sarily imply a transition from an ionization-bounded to
matter-bounded region, e.g. running out of gas, as the
radiation field smoothly decreased as R~2. Hence, a
transition may occur when the gas density drops faster
than the radiation field at the edge of galaxies (Netzer
et al. 2004; Hainline et al. 2013). The stellar body of
3C 273 can be traced out to a radius of 7’ (19kpc) with
an effective radius of reg = 2.6” (Martel et al. 2003).
Hence, the ENLR does not reach beyond the host galaxy
and is well covered within 3 X r.g of the stellar distribu-
tion. A break in the ENLR size-luminosity relation may
not occur at the chosen surface brightness limit simply
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Figure 4. Scaling relation of ENLR size (left panel) and KDR size (right panel) against AGN luminosity. Literature data
and proposed scaling relations are available mainly for obscured AGN and taken from various works for comparison purposes
(Fraquelli et al. 2003; Hainline et al. 2014; Liu et al. 2014; Sun et al. 2017; Kang & Woo 2018). If necessary IR and [O III]
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and Pennell et al. (2017), respectively. The blue shaded areas in the left panel correspond to the 1o, 20, and 3¢ deviations of
the data from Hainline et al. (2014) around the proposed ENLR break radius.

because of the large size of 3C 273’s host galaxy. Al-
ternatively, Dempsey & Zakamska (2018) proposed that
the transition from ionization- to matter-bounded oc-
curs because optically-thick clouds lead to a steeper de-
cline of the radiation field than R~2 causing a break
in the relation at small ENLR sizes. For 3C 273 we
find the dense molecular gas to be located inside the
characteristic ENLR radius so that dense gas shield-
ing and filtering of AGN radiation may be responsible
for the asymmetry of the ENLR and possibly reducing
the ENLR brightness along the south-west direction but
not towards the east side. Another scenario relevant for
3C 273 is the cooling of gas from the hot halo gas. Ac-
cording to the chaotic cold accretion (CCA) scenario,
ionized gas filaments and clouds are condensing out of
the hot phase within ~10kpc (Gaspari et al. 2018, their
Fig. 5). Due to CCA, the transition from ionization to
matter-bounded ENLR clouds would be related to the
cooling radius where a large portion of gas becomes neu-
tral again to be ionized by the AGN radiation. While a
fraction of the condensed gas will be funneled towards
the SMBH, a residual part will settle onto a clumpy ro-
tating structure within the central 10 kpc scale, which is
in agreement with our observations.

Overall, none of the processes that have been pro-
posed to reduce the ENLR break radius seems rele-
vant for 3C 273. This is in agreement with our result
that 3C 273 is inconsistent with the reported break ra-
dius in the ENLR size-luminosity relation. However,
very large EELRs have been reported around lumi-
nous AGN at low surface brightness levels (e.g. Villar-
Martin et al. 2010; Husemann et al. 2011; Kreimeyer
& Veilleux 2013; Villar-Martin et al. 2018) order of

magnitude below the intrinsic surface brightness as-
sumed for the characteristic ENLR radius here. Usu-
ally those EELR structures are in a matter-bounded
regime far beyond the transition radius (e.g. Fu & Stock-
ton 2007; Kreimeyer & Veilleux 2013; Storchi-Bergmann
et al. 2018) and are therefore usually associated with
gas density enhancements in the intergalactic medium
due to tidal tails, ongoing galaxy interactions or ram
pressure from an expanding radio jet. For 3C 273
we do not detect any [O III| emission beyond 23 kpc
at our surface brightness detection limit of Xjory >
4x 1077 ergs~'em~2arcsec™? at 3o level per 072 pixel.
This suggests that 3C 273 has not been subject to a gas
rich merger very recently and the expanding radio jet
has not expelled gas beyond the 20 kpc scale.

The sizes of outflows have been measured by defining
a kinematically disturbed region (KDR) either based on
a fixed cut in line width, Wgy > 600kms™* (Sun et al.
2017), or in relation to the stellar velocity dispersion,
oo /os > 1 (Kang & Woo 2018). For 3C 273 we mea-
sure o, = 210+£10kms ™!, which is close to the expected
value of o, ~250kms~! from the Mgy—o. relation (Ko-
rmendy & Ho 2013) adopting Mgy ~ 5 x 10° Mg, (Kaspi
et al. 2000), so that both KDR definitions are compa-
rable. Indeed, previous measurements reveal a tight re-
lation between Ly, and Rxpr as shown in Fig. 4. For
3C 273 we measure Rxpr = 6.1 £ 1.5kpc, adopting
Wsgo > 600km s_l, significantly smaller than the ex-
trapolated relations proposed by Sun et al. (2017), but
close to that of Kang & Woo (2018). Interestingly, the
relation by Sun et al. (2017) for Rxpgr predicts larger
sizes than the Rgnpr at the high-luminosity end. As
discussed in Husemann et al. (2016) it is possible that
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Figure 5. A cartoon describing our proposed scenario to explain the unusual gas kinematics of 3C 273. In our interpretation,
a rotating gas disk is affected by the emerging jet due to the associated expanding hot gas cocoon. As the pressurized cocoon
is expanding in all directions, it will predominantly push the gas down on the approaching jet and up on the receding jet side
with respect to our line of sight. This leads to a transverse shock traveling outwards through the disc, which compresses the
gas in the pre-shock region where enhanced gas density leads to shorter cooling times and formation of molecular gas. Since
the approaching jet is much more prominent it is unclear if a receding jet has a similar power to create a density wave on the

opposite side to form molecular gas.

beam smearing leads to a systematic over-prediction of
KDR sizes. This effect is minimized for 3C 273 due
to the high physical resolution and application of the
AGN-host deblending.

3.2. Wind-driven density wave due to expanding jet?

Interactions of jets with the ambient medium have
been extensively studied in a wide variety of jet proper-
ties from compact to extended system (e.g. Tadhunter
et al. 1989, 2000; O’Dea et al. 2002; Holt et al. 2008;
Morganti et al. 2013; Mahony et al. 2016; Villar-Martin
et al. 2017; Tremblay et al. 2018; Jarvis et al. 2019;
Kolwa et al. 2019). In the vast majority of these cases,
the most extreme gas motions have been associated
with the head of the jets as they push through the am-
bient gas leaving turbulent gas behind their way. The
impact of those outflows have been proposed to either
suppress star formation (negative feedback) or even pro-
mote star formation (positive feedback). In the first
case, the outflow is assumed to disrupt dense cold gas
in the host galaxies and drag it outside the host so that
less cold gas is able to form stars (e.g. Nesvadba et al.
2006; Schawinski et al. 2009; Fabian 2012). In the sec-
ond case, a density wave caused by the expanding shock
front may allow to rapidly form molecular gas through
enhanced cooling in a compressed dense gas phase. The
second process has mainly been theoretically predicted
(Silk 2005; Gaibler et al. 2012; Ishibashi & Fabian 2012;

Zubovas et al. 2013), but some observational evidence
for enhancement in star formation has been observed in
the filament of Centaurus A (Crockett et al. 2012), in
companion galaxies impacted by jets (e.g. Croft et al.
2006; Molnér et al. 2017), and nearby galaxies with
strong outflows (e.g. Cresci et al. 2015; Maiolino et al.
2017).

3C 273 hosts a powerful jet and a bright optical nu-
cleus, so that enough energy is released to provide strong
feedback on the ambient gas. Given that there is no ion-
ized gas detected on large scales associated with the head
of the jet suggests that the jet axis is not going directly
through the gas disk in the host galaxy. Still, there
is a clear alignment of the kinematically disturbed ion-
ized gas on kpc scales. Here, we refrain from computing
gas outflow energetics to distinguish between a mechan-
ically or radiatively-driven outflow, because neither the
electron densities nor the actual velocities of individual
clouds can be robustly measured with our current data.
However, the well-constrained jet axis about ~ 20° away
from our line-of-sight (e.g. Stawarz 2004) helps us draw-
ing a potential scenario for the evolution of the outflow.
The jet axis provides an independent estimate of the
3D orientation of the primary AGN ionization cone axis
which can otherwise be estimated from the ENLR mor-
phology and kinematics (e.g. Fischer et al. 2013).

Surprisingly, we see preferentially receding gas mo-
tion on the approaching jet side and approaching gas
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motions on the opposite side. This is inconsistent with
a purely radiatively-driven outflow which should lead to
a radial gas acceleration if the ionization cone is roughly
aligned with the jet axis. However, the expanding co-
coon around the radio jet will lead to shocks propagating
in all directions and create turbulent and bulk motion
in the surrounding interstellar medium as it expands
with time. Due to the inclination of the gas disk, the
expanding jet-driven hot gas cocoon will accelerate the
gas in transverse or even back-flow motion. Indeed, the
presence of molecular gas with an arc-like structure just
outside the kinematically disturbed region of the outflow
may be interpreted as the consequence of a gas density
wave generated by the expanding shock perpendicular
to the jet. While the molecular gas may also be bound
to the remnant of an infalling galaxy, we do not see such
a well-defined structure in the ionized gas phase. The jet
axis breaks the symmetry and exactly goes through the
center of the molecular arc as shown in Fig. 1 panel (e)
which is unlikely to be a pure coincidence. The motion
of the cold gas is not too much affected by the outflow
yvet and predominantly traces the ordered gravitational
motion like the kinematically quiescent ionized gas at
the same location. Hence, we can estimate the incli-
nation of the undisturbed rotation-dominated gas disk
by comparing the dynamical mass with the expected
enclosed mass. The stellar mass of 3C 273 is roughly
M, ~ 4 x 1012 Mg, according to the Mpp—M, relation
of Héaring & Rix (2004). This leads to an intrinsic ro-
tational velocity of vpo; = 400 km st at 8 kpc distance
whereas the observed maximum radial velocity in the
ionized and cold gas phase is about vyaq = 150kms™".
This implies an inclination of ~20° of the gas disk.
Our proposed scenario is illustrated as a cartoon in
Fig. 5. As the jet has expanded close to the speed of
light for 105yt in 3C 273 (Stawarz 2004), it has already
reached beyond the galaxy and is not directly interact-
ing with the gas anymore. However, the continuously
expanding cocoon of the jet still affects the gas disk and
pushes it in the transverse direction over time. Those
transverse and backflow motions from the expanding co-
coon have been observed in hydro-dynamical simulations
of expanding jets in a dense gas medium (Mukherjee
et al. 2018). This transverse motion and shock-front
generates a symmetric density wave in the pre-shock
phase which allows formation of a significant reservoir
of cold molecular gas through enhanced cooling. While
a counter jet was recently detected in 3C 273 (Punsly &
Kharb 2016) and may also explain the disturbed kine-
matics on the other side of the AGN, it may be intrinsi-
cally less powerful and may fail to produce a shock-front
in which molecular gas can form. Since the ionized emis-

sion line ratios do not show an enhancement of HS with
respect to [O II1] at the location of the cold gas suggests
that the cold gas is not actively forming stars. However,
the acp factor is unknown and diffuse star formation
may not be easily recognized due to the surrounding
AGN-ionized region. All those measurements highlight
the complex interplay between outflows and the multi-
phase medium which depends on a lot of parameters.

While the kinematics may also be interpreted as in-
flow motion, the velocities of the gas clouds of up to
+800kms ™" are too high to be driven purely by grav-
ity. Nevertheless, the accelerated gas clouds will con-
tribute to the turbulence in the system and likely en-
hance the inflow of some material towards the nucleus.
Such a chaotic inflow of gas may account for the flicker-
noise AGN variability which is predicted by the CCA
model (Gaspari et al. 2017) and discovered in 3C 273
over a 80yr light-curve monitoring (Press 1978). A
more detailed model of the ionized gas distribution and
kinematics to overcome the current limitations of the
seeing limited observations will be performed with fu-
ture high-resolution observations granted with the new
MUSE narrow-field mode.

3.3. Implications for high-z AGN observations

It is well known that there is an anti-correlation be-
tween the Eddington ratio of an AGN and the strength
of the [O II] line in the NLR (e.g. Boroson & Green
1992; Boroson 2002; Marziani et al. 2003). Due to selec-
tion effects, high Eddington ratios dominate the lumi-
nous AGN population at high redshift and it has been
proposed that the NLR is disappearing in these AGN
(e.g. Netzer et al. 2004). Indeed the ENLR on kpc
scales remain undetected preferentially around high Ed-
dington ratio AGN in a sample of luminous AGN at
z < 0.3 (Husemann et al. 2008). 3C 273 belongs to
the high Eddington-ratio regime with Ly/Lgqq ~ 0.6
(Husemann et al. 2013) and shows a weak [O III] line
in the AGN spectrum. The ENLR was indeed re-
ported to be undetected in initial IFU observations of
this source (Husemann et al. 2013). We conclude from
this work that the high contrast between the luminous
AGN and the ENLR has apparently caused previous
non-detections. It is simply more difficult to detect the
ENLR underneath a beam-smeared point-like AGN sig-
nal and requires much higher S/N observations to de-
tect the [O III] line for a given surface brightness limit.
Several AGN surveys at high redshift have attempted
to detect the ionized gas around AGN such as KASHz
(Harrison et al. 2016), WISSH (Bischetti et al. 2017) or
SUPER (Circosta et al. 2018). Our MUSE data provide
an ideal data set to empirically constrain the distribu-
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Figure 6. Signal-to-noise maps of reconstructed [O III]
images simulated for SINFONI and JWST observations by
redshifting the MUSE observations from z = 0.158 to
z ~ 2.3 and subtracting the AGN in a consistent way
with QDEBLEND®P. An empirical noise model (without sky
lines) from real observations is used to simulate AO-assisted
SINFONI-like observations for 1h and 9h on source integra-
tion. The official ETC was used to obtain the noise model
for JWST-like observations with the NIRSpec IFU.

tion, kinematics and surface brightness of the emission
lines around an hyper-luminous quasar. It is therefore
instructive to simulate observations of 3C 273 at z = 2.3
where [O I11] is shifted into the H band.

The angular scale at z = 2.3 is 8.2kpc/” which is
nearly a factor of 3 larger compared to the physical reso-
lution at the redshift of 3C 273. In order to observe such
a source at the same spatial resolution as provided by
the MUSE data for 3C 273, the angular resolution would
need to be 3 times better than our seeing (i.e. 0723).
This matches the typical angular resolutions achieved
with adaptive optics observations in the H band. Fur-
thermore, the spectral resolution of MUSE is almost the
same as the one of the SINFONI H-band grating or the
high-resolution gratings of NIRspec aboard of JWST.
Hence, we have to scale the integrated flux of the MUSE
cube after redshifting the spectra by

_ Dp(z=0.158)% (0.158 + 1)

= —4
I= DL(Z = 2.3)? (2.3 +1) =59x10 (1)

and re-assign the pixel scale from 0.2” to 0.066” or 0.05”
for practical reasons to avoid sub-pixel resampling.

We then simulate realistic SINFONI observations at
z = 2.3 by binning 2 x 2 pixels in the MUSE cube,
scaling the fluxes according to Eq. 1 and redshifting the
spectra. Empirical noise (without sky lines) is added for
SINFONT for 1h and 9h of on-source time as directly in-
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ferred from real observations with a 0.1” plate scale and
a 3" x 3" FoV. We also simulate data for the NIRspec
IFU with the same on-source exposure times adopting
the noise model of the official ETC (Pontoppidan et al.
2016). In Fig. 6 we show the narrow-band images after
subtracting the QSO contribution with QDEBLEND3P in
the same way as for the original MUSE data. Ground-
based NIR spectrographs such as SINFONI are hardly
able to detect the very brightest inner region of the
ENLR even after 9h integration time which may ex-
plain the low detection rate of kpc-scale [O III] outflows
around optically-bright AGN (Vietri et al. 2018). NIR-
Spec will be able to recover the brightest part of the
ENLR, but likely miss the full ENLR extent. High-
redshift QSO studies therefore need to be aware that
a much higher S/N is needed to detect the diffuse ex-
tended outflows underneath the highly luminous AGN
when designing observations.

4. CONCLUSIONS AND OUTLOOK

In this article we presented the morpho-kinematic
structure of the ionized and molecular gas around the
low-redshift hyper-luminous quasar 3C 273 with VLT-
MUSE and ALMA in unprecedented detail. We recover
a large ENLR with 12.1 4+ 0.2kpc in size which implies
that either the ENLR size-luminosity relation has no
break or the break radius is much larger than previ-
ously reported. It is possible that CCA plays a relevant
role in the formation and properties of 3C 273 ENLR.
Within the ENLR, a kinetically disturbed region (KDR)
is discovered within the central ~6kpc. This KDR is
significantly smaller than predicted by literature scaling
relations, which are possibly affected by beam smear-
ing. Most strikingly, the KDR is aligned with the radio
axis, but preferentially red-shifted on the approaching
and blue-shifted on the receding side of the jet contrary
to expectations. We interpret this as a signature for an
expanding jet-driven hot gas cocoon where the trans-
verse shock is pushing the gas of an inclined gas disk
back on the approaching side and up on receding side.
This scenario may also explain the presence and mor-
phology of an intriguing molecular gas arc aligned per-
pendicular to the jet axis. This feature could be gener-
ated by a expanding shock front that leads to a putative
density wave where the cooling time is significantly re-
duced. Whether the molecular gas is forming stars or
not is difficult to address with the given MUSE data
quality and confusion with the ENLR so that it is un-
clear whether the molecular gas arc is a long-lived fea-
ture or not. Hence, it is unclear if the outflow is leading
to positive feedback as predicted for luminous AGN in
some theoretical works and simulations.
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We also show that current and upcoming near-IR
instruments may be highly limited in recovering the
morpho-kinematic structure of the ionized gas on galaxy
scales around hyper-luminous quasars at z > 2 due to
the combined effect of surface brightness dimming and
the overwhelmingly bright nucleus. The new narrow-
field mode of MUSE providing (/1 resolution at opti-
cal wavelengths will allow us to study the ionized gas
around 3C 273 and other luminous AGN in the future,
while ALMA can provide details of the molecular gas
properties and its excitation conditions. Both facilities
together will provide an unprecedented view on the in-
teractions of outflows with the surrounding gas to ob-
servationally address the issues raised by positive and
negative AGN feedback scenarios.
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