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ABSTRACT

Relativistic jets are believed to have a substantial impact on the gas dynamics and evolution of the interstellar medium (ISM)
of their host galaxies. In this paper, we aim to draw a link between the simulations and the observable signatures of jet-ISM
interactions by analyzing the emission morphology and gas kinematics resulting from jet-induced shocks in simulated disc and
spherical systems. We find that the jet-induced laterally expanding forward shock of the energy bubble sweeping through the
ISM causes large-scale outflows, creating shocked emission and high-velocity dispersion in the entire nuclear regions (~2 kpcs)
of their hosts. The jetted systems exhibit larger velocity widths (>800 km s~!), broader Position-Velocity maps and distorted
symmetry in the disc’s projected velocities than systems without a jet. We also investigate the above quantities at different
inclination angles of the observer with respect to the galaxy. Jets inclined to the gas disc of its host are found to be confined
for longer times, and consequently couple more strongly with the disc gas. This results in prominent shocked emission and
high-velocity widths, not only along the jet’s path, but also in the regions perpendicular to them. Strong interaction of the jet
with a gas disc can also distort its morphology. However, after the jets escape their initial confinement, the jet-disc coupling is

weakened, thereby lowering the shocked emission and velocity widths.
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1 INTRODUCTION

Black-hole accretion can result in the release of a large amount of
energy in the form of radio jets from an active galactic nucleus (AGN)
(see Blandford, Meier & Readhead 2019, for a review). Sabater et al.
(2019) showed that radio activity is very common in massive galaxies
(>10"My,). The study of the properties of compact and extended
radio sources is thus an active field of research especially with the
advent of many state-of-the-art observational facilities (Morganti
et al. 1997; O’Dea 1998; Villar-Martin et al. 2017; Hardcastle &
Croston 2020; Mooney et al. 2021; Murthy et al. 2022). Simulations
of jets interacting with the interstellar medium (ISM) of their host
(Saxton et al. 2005; Sutherland & Bicknell 2007; Wagner & Bicknell
2011; Mukherjee et al. 2016) have shown that the jets are easily
diverted and split, percolating through the porous ISM. Such a ‘flood
and channel’ phase of the jet’s evolution (Mukherjee, Bicknell &
Wagner 2021) can transport momentum and energy isotropically to
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large distances (Saxton et al. 2005; Sutherland & Bicknell 2007;
Mukherjee et al. 2016). Jets can potentially transfer up to 40 per cent
of their kinetic energy into accelerating the diffuse and dense clumps
to velocities ~100-1000 km s~! (Wagner, Bicknell & Umemura
2012; Collet et al. 2016; Mukherjee et al. 2016). Thus relativistic jets
evolving through a dense ISM can be a potent source of feedback on
the galaxy (Murthy et al. 2022).

Resolved observational studies of the kinematics and emission
properties of multiple gas phases (neutral, ionized, and molecular)
often exhibit similar kinematic features across different gas phases,
which points to the radio-jet being the driving mechanism of a
genuine multiphase outflow (Emonts et al. 2005; Nesvadba et al.
2007; Morganti et al. 2015; Oosterloo et al. 2017; Morganti et al.
2021b; Vayner et al. 2021). Jet driven outflows have been detected
in systems with a wide variety of jet powers, from low-power
jets (kinetic jet power, P; < 10%erg s~! e.g. Tadhunter et al. 2000;
Garcia-Burillo et al. 2014; Tadhunter et al. 2014; Dasyra et al. 2015;
Harrison et al. 2015; Girdhar et al. 2022) to more powerful jets
(P; > 10% ergs~! Nesvadba et al. 2008, 2017). Understanding the
complex interplay of jets with the ISM of their hosts requires spatially
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resolving the observed gas kinematics in such systems for multiple
gas phases (e.g. Oosterloo et al. 2000; Solérzano-Ifiarrea & Tadhunter
2003; Nesvadba et al. 2010, 2017; Zovaro et al. 2019a, b; Ruffa et al.
2020; Venturi et al. 2021; Girdhar et al. 2022).

The evolution of a jet through a galaxy’s ISM can be broadly
divided into four phases (Sutherland & Bicknell 2007; Morganti
et al. 2021a): a flood and channel phase, a spherical energy-
driven bubble phase, a jet break-out phase, and finally a classical
phase. Observational studies show that these different stages of jet-
ISM interaction determine the evolution and morphology of gas
kinematics in such systems (Morganti 2017; Schulz et al. 2021),
which can be traced by line emission observed with long slit and
imaging spectroscopic observations (see e.g. Harrison et al. 2015;
Morganti 2017; Zovaro et al. 2019a).

Jet-induced shocks can sometimes dominate the ionization and
emission in the extended emission line regions (EELR) of their hosts
(Villar-Martin et al. 1999; Tadhunter 2002; Shih, Stockton & Kewley
2013), and the surface brightness morphology of the EELR depends
on how the jet propagates through the ISM (Falcke, Wilson &
Simpson 1998; Koss et al. 2015; Tadhunter et al. 2018; Couto et al.
2020). Simulations also find that the jets can heat and ionize the
ISM in their vicinity (Meenakshi et al. 2022), although the extent of
shock-ionization in the large-scale galaxies is not known. However,
very few theoretical studies have explored the impact of jet-ISM
interaction on shock emission from the dense gas and the kinematics
of such shocked gas (Sutherland & Bicknell 2007; Mukherjee et al.
2018a; Cecil et al. 2021).

Recent high-resolution simulations of jet-ISM interactions
(Mukherjee et al. 2016, 2018b) are well suited to predict the
distribution of shocked gas as the jet evolves through the ISM and
the strength of the shocked emission. In this paper, we therefore
create a direct link between hydrodynamic simulations of jet-
ISM interactions and observations of jet-driven outflows through
synthetic [O11] (A = 500.7 nm) emission line data calculated by
post-processing these simulations. Thus, we explore the observable
signatures of jet-ISM interactions in the nuclear regions (~2 kpc)
of both spherical and disc galaxies, which were the subject of the
simulations. We use different kinematic measures, commonly used
in observational studies to constrain the effect of jets on their host
galaxies as has been done in several highly resolved studies (see e.g.
Venturi et al. 2021; Girdhar et al. 2022; Murthy et al. 2022).

The paper is structured as follows. In Section 2, we give a brief
overview of our method for computing the emission and kinematic
features. We present the results for spherical systems hosting a
higher-power (10% erg s~') jet and compare it with the results for a
lower-power (10* erg s™!) jet in Section 3. In Section 4, we discuss
the evolution of the emission and gas kinematics in galaxies with
kpc scale gaseous discs where relativistic jets with a kinetic power of
10% erg s~! are launched at different angles with respect to the minor
axis (Section 4.1). In Section 4.2, we explore different diagnostics to
predict the impact of the jet on the observed velocity field of discs.
Finally, we discuss the major implications of our study in Section 5,
and summarize the main findings in Section 6.

2 METHODOLOGY

In this section, we discuss our methodology for studying the thermal
emission and gas kinematics in jet-harbouring systems. We use the
results of jet-ISM simulations presented in Mukherjee et al. (2016,
hereafter M2016) and Mukherjee et al. (2018b, hereafter M2018b)
in post-process to estimate the expected emission from shocked gas
and its kinematics in the central nuclear region (~2 kpc). Although
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Table 1. Simulations of jet-ISM interaction in spherical (Mukherjee et al.
2016) and disc (Mukherjee et al. 2018b) systems used in this study.

Simulation Jet power Nwo QJb re Gas mass
label (Pylergs™')  (em™3)° (10°Mg) i
Spherical systems
Bs 10% 150 - - 1.75¢
Cs 10 150 - 1.75¢
Discs

no jet - 200 - - 5.71

B 109 200 0° 5 5.71

D 109 200 45° 5 5.71

E 10% 200 70° 5 5.71

Notes. “The density of the dense gas at the centre of the disc.

b Angle of inclination of the jet measured from the normal to the disc.

¢Jet Lorentz factor.

dMass in the half domain (upper) of the spherical system for the discs we use
similar nomenclature to that of M2018b. The names for the spherical systems
given in M2016 are appended by ‘s’ (for spherical) to differentiate them from
the disc simulations.

The times of the simulation mentioned in this work are lower than those
in M2016 and M2018b by the jet injection times, which are 1.87 Myr and
0.17 Myr, respectively.

both papers explore the interaction of jets evolving through a dense
ISM they differ in the morphology of the dense gas. While M2016
explores the evolution of a jet through a spherically distributed
dense ISM of radius 2 kpcs, M2018b studies the interaction of jets
inclined to gaseous discs at different angles with respect to the disc
normal. These discs extend to 2 kpc in radius and have a thickness
of 1kpc in the central regions and 2kpc outwards. Initially, the
density distribution in both of these systems is set-up as fractal with a
lognormal density distribution and a Kolmogorov spectrum, using the
publicly available PYFC! module. Thereafter, the fractal distribution
is apodized with a warm gas density profile (n,,(r, z)) in the presence
of the external gravitational potential, which for the spherical system
in terms of cylindrical coordinates » and z is given as:

ny(r, 2) _

nwo

1
exp {-;[(P(r, 2) — ¢(0, 0)]} .

Here ¢(r, z) is the external gravitational potential which includes
contribution from the baryonic (stellar) and dark-matter components
and € = 0.93, ny is the central density, and o, is the total velocity
dispersion. For the disc systems, the number density of the warm gas
is given as:

nw(r, 2) 1
= exp {——2 [p(r.2) — €(r. 0) — (1 — €*) $(0,0)] } :
nywo o/
We refer the reader to the two papers for detailed description of the
simulation set-up. The key parameters pertaining to the simulations
are presented in Table 1.

2.1 Estimating the emission from shocked gas

The shocked ISM impacted by the jet is expected to emit at a variety
of lines over a broad range of wavelengths. We have chosen to
express emission from [O111], peaking at a temperature ~10°K, as
representative of the expected emission features from the shocked
regions. Other phases of multiphase ISM can also be expected
to follow similar qualitative trends in morphology and kinematics

Uhttps://pypi.python.org/pypi/pyFC
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(Morganti et al. 2015). To verify this, we also explore different
observed quantities from collisionally-ionized and non-ionized gas,
which are discussed later in Section 5.3. In this paper, we focus
only on the emission from the collisionally-ionized gas, and neglect
emission from other alternative processes, such as star formation
or AGN photo-ionization. Thus, we are probing one important
benchmark where we isolate one process (shocks here), and do a
detailed analysis of its impact. Therefore, our work is particularly
relevant to the sources where photoionization is not globally domi-
nant (such as LINERS and LERGs). It can also be applied to AGN
dominated by radiation, if the shocks and photoionization are co-
spatial (Moy & Rocca-Volmerange 2002; D’ Agostino et al. 2019) in
a system, as it has been commonly observed that the gas with larger
line widths seems to be aligned with the radio emission (Morganti
etal. 2007; Santoro et al. 2020), although the line ratios are indicative
of photoionization.

We calculate the emissivity from the collisionally excited atoms
in the shocked gas using the results from MAPPINGS V (Sutherland
et al. 2018). The total cooling function and cooling curves for
[O111] have been obtained as a function of gas temperature using
MAPPINGS V, as shown in Fig. Al. These curves correspond to
the non-equilibrium cooling of the solar-abundant shocked gas. The
corresponding emission for a given computational cell is obtained
by identifying its temperature at the given time of the snap-shot
and using the look-up table obtained from MAPPINGS V. We have
assumed optically thin emission throughout both the spherical and
disc systems in our study. To verify the validity of this assumption,
we performed CLOUDY (Ferland et al. 2017) computations using
the AGN SED (spectral energy distribution) from Meenakshi et al.
(2022) (log L = 10¥ ergs™!) for the disc plane of Sim. D at
2.31 Myr. We found a mean column density for the neutral gas
till the last cell ionized to be 5.5 x 10?! cm~2 and the mean optical
depth for the absorption of [O I1T] radiation is 4.79 x 1073, We scaled
this optical depth for the highest column density in our simulation
which is ~2.9 x 10** cm~2. This gives a small value of the total
optical depth (~0.025) and thus, has a negligible effect on the total
integrated emission along the Line of Sight (LOS). Therefore, under
this assumption, the interpolated emission is multiplied with density
squared to obtain the corresponding emissivity of the cell, which is
then integrated along the LOS to estimate the total observed flux on
the image plane.

[O 1] emission in our simulations results from regions shocked
by the jet flows as well as mixing of hot gas with the cold clouds.
However, due to the limited resolution of the simulations, the post-
shock cooling zones are likely to be unresolved, which we discuss
in detail in Appendix A. An approximate estimate of the shock
cooling length obtained by comparing the pre-shock and post-shock
conditions gives a value 0.014-1 pc, which is smaller than the
resolution length for inner regions of the simulation box (i.e. 6 pc).
Thus, one must note that the observed flux obtained from our analysis
are likely upper limits, as one may over-estimate the volume of
the emitting region due to the lack of resolution. Adaptive mesh
refinement (AMR) simulations of such jet-ISM interactions are
required to properly resolve the cooling layers, and more accurately
estimate the luminosity of shocked gas.

However, what is pertinent for this analysis is the qualitative
trends in the morphology of the shocked emission and the expected
kinematics, which depends on the transfer of kinetic energy and
local turbulence. Furthermore, these observed characteristics are also
shaped by the line of sight of the observer, which we explore in this
study. Thus, although the luminosity of shocked emission may have
uncertainties due to constraints of spatial resolution, the qualitative
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trends of observable features of jet-ISM interactions explored in this
study provides valuable insights on the physics of jets evolving in gas-
rich environments and serves as a reference for better understanding
similar spatially resolved observations.

2.2 Diagnostics to probe kinematics of the shocked gas

Observational studies investigating the signatures of ionized outflows
in galaxies often use velocity width measures to probe the kinematics
and physical nature of the gas (see e.g. Nesvadba et al. 2008;
Harrison et al. 2015; Coatman et al. 2019; Feruglio et al. 2020;
Speranza et al. 2021; Venturi et al. 2021). To characterize the velocity
kinematics of the shocked gas in our simulations, we also calculate
such widths, particularly W80 widths of the [O111] emission. This
measure corresponds to the velocity range covering ~80 per cent
of the total emitted luminosity in a spectral line. Here we closely
follow the approach used by Whittle (1985), Zakamska et al. (2016),
Coatman et al. (2019) for estimating the W80 widths. However, we
have verified that other approaches, as described in Heckman et al.
(1981) give an overall similar morphology of velocity widths in
the image plane (see Appendix B). We ignore the thermal width of
the line, which being a few tens of kms~! at ~10°K is negligible
compared to the broadening (fore.g. 1000 kms~!, see Nesvadba et al.
2008) due to bulk motions (such as turbulence and outflows) in the
jet-disturbed gas.

The steps to create a 2D image of [O111] surface brightness, and
consequently compute the W80 widths from the simulations are as
follows:

(1) First, an image plane orientation is chosen by specifying the
polar and azimuthal coordinates of the observer denoted by 6; and
¢1 (‘I’ for inclination angle of the observer), respectively.

(i1) Then we define a 2D image plane with a uniform resolution of
6 pc in the central 3 kpc, and stretched elsewhere to create an image
of [O111] surface brightness and projected LOS velocities.

(iii) For the computation of W80 widths, we divide the image
plane into broader spatial domains of resolution of 100 x 100 pc?.

(iv) We then estimate the luminosity and the line-of-sight velocity
(VLos) for all the cells in the galaxy. The luminosity of all cells in a
domain of the image plane is binned in a histogram with a bin width
(Av) of 30kms~!. The chosen bin width corresponds to a spectral
resolution of R = A/AA =~ ¢/Av = 10000. The total luminosity in
the domain is then calculated by integrating over all the bins of the
histogram.

(v) To find the W80 width, we integrate from the right and left
sides of the histogram to estimate the velocity containing 10 per cent
of the total luminosity from both of the sides. The spectra can be
over-sampled due to the finite bin size, and so we divide the bins
at the edges of the spectra into finer bins for more accurate W80
integral.

In our study, we fix the azimuthal angle (¢;) at 270°, which
corresponds to the X-Z plane with X changing from negative to
positive values while going from left to right side on the image plane.
Henceforth, for all instances of imaging the galaxy and computing
subsequent diagnostics such as W80, we mention only 0y in the image
plane of different observed quantities, where ; = 90° corresponds
to an edge-on view.

To probe the variation of the kinematic features along a given
spatial direction in the image plane, we also construct the synthetic
Position-Velocity (PV) maps using the [O1] flux and line-of-
sight velocities (Vi pg) in the disc. Such diagnostics are useful in
highlighting the change in the velocity structure of the gas as a result
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of motions along the jet or inferring changes in the rotation curve.
Similar to Mukherjee et al. (2018a), the PV maps are constructed
by considering a synthetic slit of width 500 pc in the image plane
and binning the integrated flux along the slit into 130 spatial bins
for a length interval of [ — 2, 2] kpc and Vi os range of [ — 800,
800] km s~'. The results of the analysis using PV maps are discussed
in Section 4.1.2.

3 RESULTS FOR THE THERMAL EMISSION IN
SPHERICAL SYSTEMS

In this section, we discuss the observed properties of shocked gas in
simulations of relativistic jets emerging from a spherically distributed
ISM, viz. simulations Bs and Cs in Table 1. We first present the results
of the evolution of the morphology of [O 11I] emission and the nature
of the gas kinematics for simulation Bs with a kinetic jet power of
Py = 10% ergs~!. The different maps at the edge-on view are shown
for the upper-half of the spherical system, as the values in the lower-
half are expected to be a reflected image of the former. However for
the inclined view, we reflect the physical quantities from the upper
to the lower half and show the total integrated values on the image
plane. We subsequently compare the results with that in Sim. Cs,
which has a jet of power lower by an order of magnitude (P; =
10*ergs™).

3.1 Evolution of different observed quantities

We perform the post-processing analysis to study the evolution and
morphology of various observed quantities for the higher-power
jetted system, Sim. Bs (P; = 10% erg s™') at 2.45 Myr and 3.1 Myr.
At the former time, the jet is confined?® in the galaxy, whereas the
jet has escaped from the system in the latter, which is also the
last snapshot of this simulation. We show the plots for integrated
[O11] flux, LOS velocities, and W80 widths for these snapshots at
different image planes in Fig. 1. The projected jet tracer® at a value
of 0.5 is shown with black contours. We describe our findings in the
sections below.

3.1.1 Morphology of [O ni] surface brightness

As has been pointed out in M2016, the jet driven bubble heats-up the
gas and produces strong shocks as it progresses through the system.
One can see that the confined jet at 2.45Myr in Fig. 1 produces
enhanced shocked emission from the regions in the vicinity of the
jet, also shown in the 3D volume rendered image in Fig. 2, which
is prepared using VISIT* visualization software. The vertical push
and local outflows from the escaping jet create the bubble-shaped
emission region at the jet head. However, after the jet-breakout from
its spherical system, the intensity of emission is reduced due to
decreased jet-ISM interaction. The jet no longer actively interacts
with the gas now (M2016), which leads to a decrease in the integrated
shocked emission from the spherical system at 3.1 Myr. The jet,

2This implies that the jet is restricted in the galaxy potential and is yet to
break out.

3The jet-tracer is a passive scalar quantity in PLUTO which gets advected
with fluid flow. It represents the regions filled with jet plasma inside the
computational domain. More details can be found in Chapter 2 of the PLUTO
user-guide, which can be downloaded at: http://plutocode.ph.unito.it/usergu
ide.pdf.

“https://weci.llnl.gov/simulation/computer-codes/visit
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while escaping from its spherical system, pushes and disperses
the gas fragments in the vertical direction, which distorts the gas
distribution and produces a hour glass shaped emission morphology
when viewed edge-on. At lower inclination () = 45°), the projection
of emitting regions appears ‘biconic(al)’ as one sees more of the
laterally extended shocked gas in the projected image plane.

3.1.2 Spatial variation of gas kinematics

(i) Morphology of W80 widths on the image plane:

The confined jets in the galaxy are known to interact vigorously with
the gas, causing very high velocities and broad-line widths (Harrison
et al. 2015; Mukherjee et al. 2016). As can be seen in Fig. 1, the jet
at 2.45 Myr is still actively interacting with the ISM, giving rise to
much higher W80 widths (up to 1000 km s~') in the central 1kpc of
the spherical system. This is caused due to the local outflows and
the jet-driven bubble, which expands with the jet evolution into the
ISM. Even after the jet has broken out at 3.1 Myr, and evolved to
large scales, high widths are spread along the whole jet path and
also up to £1kpc perpendicular to the jet. This occurs due to the
jet-injected spherical energy bubble which is sweeping through the
dense gas (M2016), inducing local turbulence and causing strong
outflows. As can be seen in the velocity map at 3.1 Myr (0 = 45°),
the presence of jet induced laterally expanding forward shock of the
energy bubble sweeping through the ISM causes bulk motions of the
ISM gas towards and away from the observer (see cartoon image
in Fig. 2). This causes large W80 widths in the regions affected by
the jet, which we discuss in detail below. At ; = 45° image plane,
W80 widths larger than 600 km s~! values are extended in direction
perpendicular to the jet, following the high-emission regions at this
orientation (see left-hand panel).

(ii) Nature of synthetic [O 111] spectra: In Fig. 3, we show the
[O11] spectra for some domains (marked using letters ‘a’ to ‘e’)
in the edge-on image plane for Sim. Bs at 3.1 Myr. These domains
are chosen to explore the spectral variation in the regions closer and
farther away from the jet, extending to 1 kpc perpendicular to the jet
and 3 kpc along the vertical direction. The green curve in the spectra
represents the total spectrum for each domain (100pc?), and the
shaded grey regions show the total W80 width. In order to investigate
the impact of the outflows driven by the radial expansion of the energy
bubble, we compute the spectra separately for the two halves of the
Y axis, along which a spectrum is computed. They are represented
by the blue and red-dashed curves which represents the spectrum
along the negative and positives halves of the Y axis, respectively.
The W80 widths for each half is represented by the dashed blue
and red vertical lines. This is done to capture the advancing and
receding parts of the energy bubble respectively. The extent of W80
widths for the two individual (blue and red curves) and the total
spectrum (green) is further marked with blue, red, and grey colored
double-arrows, respectively.

We firstly note that the spectra appear spiky with small-scale
features. This occurs as the sampling of the [O IlI] emitting regions
along the LOS is not continuous. A given LOS crosses discrete clouds
and filaments as it probes the computational volume of which only
some of regions are shocked to emit in [O 11I] (see Fig. 4). This can
cause spikes at some places when the spectra from various LOS are
overlapped to construct the final spectra for the domain. However,
convolving the spectra over broader spatial regions will average the
effects of individual clouds and produce smoother distributions. We
find that most of the domains exhibit double-peaked spectra which
occurs due to the laterally expanding forward shock of the energy
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Figure 1. Left to right: Integrated [O 111] flux, [O 11I] emissivity weighted mean LOS velocities, and W80 widths at different viewing angles (0y) for Sim. Bs
(Py = 10 ergs~!) at the mentioned times. The edge-on view maps in the top and middle panel are shown for the upper half of the spherical system, and in the
bottom panel the quantities in the upper half are reflected in the bottom region to produce the final projected images.

The azimuthal angle ¢ is fixed at 270° for all the plots. The black contour shows the projected jet tracer at a value of 0.5 (maximal value is 1).

bubble sweeping through the ISM (see Fig. 2). One peak in these
spectra denotes the receding half and the other shows the advancing
half region, as shown in the velocity map in the lower panel of
Fig. 1. However, each of the peaks is also broad with widths of
200-500 km s~!, which is solely due to internal turbulence and local
outflows in each of the expanding half regions. We obtain a varied
nature of the spectra at different spatial locations which depends on
the nature of the underlying gas distribution and the strength of the
jet-ISM interaction. At some domains, the spectra have a broader
distribution, as they originate from regions that have high column
depth, being inside the galaxy’s core radius. The other regions are
in the outskirts and sample a few clouds and hence well separated
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in peaks. None the less, all of these spectra clearly illustrate that the
large-scale outflows along the counter axes give rise to double-peaked
spectrum, which leads to higher W80 widths (up to 1000 kms™)
when integrated along the LOS.

3.1.3 Effect of the lower-power jet on observed quantities

For the lower-power jetted system Sim. Cs (Py = 10*ergs™!),
we study the snapshots at 3.92 Myr and 5.39 Myr, respectively. We
show different observed measures at different image planes for these
snapshots in Fig. 5. The jet in Sim. Cs reaches a height of 2.5 kpc
at 3.92 Myr, which the higher power jet reaches at a much earlier
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time (2.45 Myr, see Fig. 1). This is because the lower-power jet has
to work more to clear the gas due to its lower available momentum.
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are the dominant source of shocked emission along the LOS (see Fig. Al
for [O111] cooling curve), as other regions are either heated to much higher

temperatures or left unhindered by the shocks.

However, the extent of the [O 1] emitting region is similar to that
in Sim. Bs. This results due to the longer confinement time for the
lower-power jet in Sim. Cs, enabling it to spread out in a large volume
and shock the ISM, as pointed out in M2016. The surface brightness
of the [O111] emission, however, is lower here when compared to
Sim. Bs. This is because the shocks from the jet in Cs are weaker
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Figure 5. Left to right: Same as Fig. 1 for Sim. Cs (P; = 10* ergs~!) at the mentioned times. The black contour shows the projected jet tracer at a value of

0.5 (maximal value is 1).

than its higher-power counterpart, and hence the dense regions are
less likely to be heated to high temperatures (T ~ 10°K), leading to
a lower integrated shocked [O111] emission. As the confined jet in
Fig. 5 slowly pushes against the ISM and evolves in size, it produces
a fountain-shaped emission when viewed edge-on at 5.39 Myr. This
morphology appears nearly ‘biconical-shaped’ at lower inclinations.

The right-hand panel in Fig. 5 shows that the confined lower-power
jet produces widths of up to 400-600 km s~ near the jet-head. As
compared to the confined higher-power jet, which produces high
W80 widths in wide regions (see Fig. 1), the high-widths here are
limited to regions close to the jet working surface. The lower-power
jet finds it difficult to clear its path (see M2016), and consequently,
loss in momentum of such jets can result in lower values of W80

MNRAS 516, 766786 (2022)

relative to a higher-power jet. At 5.39 Myr, when the jet in Sim. Cs
has broken out from the ISM, only the regions near the jet-head are
found to have high W80 widths (>500kms~"). The turbulence in
the regions below the jet-head decay, and result in lowering of the
W80 values along the jet-base. As can be seen in the velocity map
at 5.39 Myr (01 = 45°), the lower-power jet, similar to Sim. Bs,
also drive large-scale outflows along its axis; however, the kinetic
impact on the gas is less at the jet base, causing low velocities and
settling and in-fall of the gas in the presence of external gravitational
potential (found from the velocity maps of upper half plane only).
This is contrary to Sim. Bs, where we observed high-widths near the
jet base as the bulk gas outflows in these regions are maintained even
after the jet was no longer actively interacting with the ISM.
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4 RESULTS FOR THE THERMAL EMISSION IN
GAS DISCS

In the subsequent sections, we present the expected morphology
and kinematics of the shocked emission in kpc scale gas discs.
We discuss the dependence of various observed quantities, such
as column density, flux and W80 widths on the orientation of the
observer in different jetted systems in Section 4.1. In Section 4.2,
we discuss how the presence of jet-ISM interaction can shape the
velocity field and thus affect the observed rotation profile of the
disc.

4.1 Evolution of different observed quantities

In this section, we present the kinematics and morphology of [O 111]
emission in kpc-scale gas discs interacting with a pair of relativistic
jets (Py = 10% erg s™!) inclined at different angles with respect to the
minor axis, which are shown in Table 1. For Sim. B (8; = 0°), we
focus on the snapshots at 0.39 Myr and 1.22 Myr, where at the former
time, the vertical jet just escapes out from the disc, and the other is
the last snapshot of the simulation. We analyse three snapshots for
Sim. D (0; = 45°), i.e. 0.59 Myr, 1.27 Myr, and 2.31 Myr, where
at the first two, the jet is confined inside the disc and in the third
the jet has broken out of the disc and is evolved to large scales.
The jet breakout time for this simulation is at around 1.37 Myr. For
Sim. E (8; = 70°), we present the results at 0.6 Myr and 1.24 Myr.
In this case, the jet remains confined in the disc until the end of the
simulation (i.e. 1.24 Myr).

We show the column density, integrated [O 1] flux, and W80
widths at the above mentioned times at different viewing angles for
different simulations in Fig. 6, 7, and 8. The projected jet tracer at a
value of 0.5 is plotted with the black contour.

4.1.1 Morphology of [O ui] surface brightness

We find that the [O111] emitting regions in all the disc simulations
exhibit almost similar behaviour with the jet evolution in their host’s
disc (see Fig. 6, Figs 7, and 8 for Sim. B (6; = 0°), Sim. D (0; =
45°), and Sim. E (65 = 70°), respectively). We see strongly enhanced
emission in the regions that are shocked by the expanding bubble
or the jet streams. In Sim. B, at the earlier stages of jet evolution
(0.39 Myr), the high flux emitting region is confined to the central
regions of the disc and appears to have an ‘X-shaped’ morphology.
This is because the outflows from the jet can easily expand in the
lower densities perpendicular to the disc plane, whereas they are
hindered by high-column depths in the central parts, where the
jet-driven bubble expands at a slower pace. In Sim. D (0.59 Myr)
and Sim. E (0.6 Myr), this region exhibits a ‘rectangular-shaped’
morphology, as the jets here are confined in the disc, and both the
lobes are interacting with the disc gas on either side.

At later stages, the jet-driven bubble penetrates further into the
ISM, driving outflows across the whole disc (M2018b), as indicated
by the disrupted gas in the column density maps. This results both
from the lateral expansion of the bubble into the disc starting from
the central location, as well as the backflows impinging on the outer
edges of the disc, driving shocks. This causes thermal shocked
emission from a larger region of the disc, as compared to earlier
times. For the snap-shots in Sim. B and Sim. D at 1.22 Myr and
2.31 Myr respectively, the jet has evolved to scales larger than the
disc size. After the jet breaks out from the disc, the coupling of the
jet with the disc gas weakens, resulting in a reduction of the intensity
of shocked emission (see Figs 6 and 7). Contrarily, in Sim. E (see
Fig. 8), the jet being launched into the disc remains confined and
strongly coupled to the disc until the end of the simulation. Thus, the
jet induces strong shocks without a significant decrease in the [O 111]
flux, which shows emission elongated along the edge-on viewed disc.
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Figure 7. Left to right: Column density, integrated [O 111] flux, W80 widths on the mentioned image planes for Sim. D (6; = 45°, Py = 10% erg s~1) at different
snapshots of time. The black contour shows the projected jet tracer at a value of 0.5 (maximum value is 1).

However, the apparent morphology of emission when viewed at 6; =
20° i.e. closer to the face-on view, appears nearly circular, as the
whole nuclear disc is shocked from the spread of the jet plasma and
backflows.

In Sim. D, the [O 111] emitting regions at 2.31 Myr exhibits an ‘S-
shaped” morphology at the edge-on view and at 6; = 70° (see Fig. 7).
This is possibly caused by the inward push of the deflected jet on to

MNRAS 516, 766786 (2022)

the gas disc, and the [O111] arms tend to appear below the deflected
jet, on either side of the disc plane.

4.1.2 Spatial variation of gas movements

(i) Enhanced W80 widths in confined jets: The right-hand
panels of Figs 6, 7, and 8 show the evolution of W80 widths in
the edge-on image plane, as the jet progresses into the ISM for
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different simulations. Jets at the earlier stages of evolution in these
systems (i.e. at 0.39 Myr in Sim. B (6; = 0°), at 0.59 Myr in Sim. D
(0y =45°), and 0.6 Myr in Sim. E (8; = 70°)), causes greater widths
up to 800kms~!, primarily in the central ~500 pc, both along the
jet axis and perpendicular to it. Such high-velocity widths are also
observed for the higher-power jet confined in a gas-rich spherical
system (see Fig. 1). This indicates that powerful young confined jets
vigorously interacting with the ISM launch a near-spherical energy
bubble, irrespective of the nature of the large-scale distribution of
the gas. At 1.27 Myr in Sim. D, when the jet is about to break-out,
the high-velocity dispersion can be seen to follow the jet trail as it
progresses in the disc, and high W80 values have already started
accumulating at the upper and lower edges of the disc.

(ii) Morphology of W80 widths for extended jets: As the jet
breaks out and evolves outside the disc in Sim. B and Sim. D, it
drives outflows along the minor axis. This results in high-velocity
widths at the outer edges of the disc along the direction perpendicular
to the disc plane, showing a biconical shape aligned around X’ = 0,
from where the outflowing gas exits the disc. However, the velocity
dispersion also simultaneously decreases in the core regions of the
disc as the jet has decoupled from the central parts of the disc. This

leads to lowering of the W80 values in the central regions (see Fig. 6
and 7). This becomes more prominent in Sim. D at 2.31 Myr, where
one can clearly see two high-velocity width cones with values larger
than 800 kms ™!, indicating stronger outflows and turbulence towards
the lobes of the jet. However at 6; = 70°, the W80 widths show
an ‘X-shaped’ morphology. The regions along the jet, as well as
perpendicular to it, have higher velocity dispersion (see Fig. 7). The
observer at this orientations sees the jet-impacted kinematics of the
regions both along and across it.

The feature of high W80 values perpendicular to the disc plane can
be seen clearly in the later stages of Sim. E (see the middle panel in
Fig. 8). This results from the deflected jet plasma outflows along the
minor axis, which are launched by a highly inclined jet (Mukherjee
et al. 2018a, b). However, unlike Sim. B and Sim. D, we do not
see a reduction in the velocity dispersion in the central disc regions
of Sim. E as the jet is still vigorously interacting with the disc gas,
injecting turbulence all across the disc. One can notice that, due to the
longer confinement time and the resulting stronger jet-disc coupling
(as shown in M2018b), the inclined jets produce higher W80 widths
in the central regions of the disc, when compared to the vertical jet at
almost similar times (see Fig. 6, 7, and 8 at 1.22, 1.27, and 1.24 Myr,
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Figure 9. Time evolution of PV-diagrams for the slit placed along the jet (Sp) for Sim. D (65 = 45°, Py = 10* ergs~!) at the edge-on view (9 = 90°, ¢y =
270°) of disc. The column density, W80 maps, and jet tracer at these snapshots are shown in Fig. 7. The red curve shows the mean velocity curve with +2¢
deviation from the mean values for the Sim. D (jetted system in general) at the mentioned times. From left to right, the light-blue curve depicts the mean velocity
with £20 deviation for the no-jet simulation at 0.59 Myr, 1.23 Myr, and 1.37 Myr, respectively. The blue vertical dashed lines represent the extent of the jet (at

a value of 0.5) tracer along the slits.

respectively). At closer to the face-on view (61 = 20°) for Sim. E, the
whole of the disc appears to have high-velocity dispersion, with the
highest values attained in the regions in the vicinity of the jet (see
bottom panel in Fig. 8). This also depicts that the jet affects both the
regions along its path, as well as the gas at large scales perpendicular
to it, as discussed further in detail below.

(iii) Gas kinematics along and perpendicular to the jet: In order
to explicitly evaluate the effect of the jet on the gas kinematics in
directions along and perpendicular to it, we construct mock Position-
Velocity (PV) maps of the [O1IIT] emitting gas. The slits are chosen
to be of width ~500 pc, and oriented along the jet (hereafter Sy) for
Sim. D (6; = 45°) for different times (viz. 0.59, 1.27, and 2.31 Myr)
in Fig. 9. We also over-plot the mean-velocity curve with +20
deviation (in red) at the same times. The slit following the jet is
inclined to the disc normal by 45°, and the blue dashed line marks
the extent of the jet tracer along the slit (see Fig. 7 for the extent of
jet tracer). For comparison, we have over-plotted the corresponding
mean velocity with 2o deviation along the slit for the ‘no-jet’ case
(in light-blue), at almost similar times for the first two PVs, and we
use the last snapshot (i.e. 1.37 Myr) for the third. This curve shows
the expected mean velocity along the slit for the disc settling in
the presence of the gravitational potential without being disrupted
by any external driving agent like a jet. One can clearly see large
deviations in the velocities in Sim. D as compared to the settled disc.
This can have a significant effect on the apparent disc’s velocity field,
which we discuss later in Section 4.2. We find that the PV curves
show significant changes with time as the jet progresses into the
galaxy. At 0.59 Myr, the PV map shows a general broadening (up to
700km s~") in the central regions of the disc (+ < 1kpc), where the
jet is confined and decreases farther out. At later times, the PV map
shows a significant increase in slope in the central region from that of
the ‘no-jet’ simulation along with the enhanced dispersion and spiky
features at the outer radii of the slit. At 2.31 Myr, the jet has escaped
out from the disc, and the outflows along the minor axis spread the
turbulence in the outer edges of the disc (M2018b), which enhances
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the velocity dispersion at the two ends of the slit. This gives rise to
high W80 bi-cones, as shown in Fig. 7 and results in the ‘dumbbell
shaped’ structure of the PV maps at late times in Fig. 9. One can notice
low-flux emitting regions at the edges of the PV maps in Fig. 9. At
0.59 Myr, it happens because several of these low-density regions at
the upper and lower part of the disc are unshocked in the absence of jet
interaction (see Fig. 7 for the emission and W80 maps). At 2.31 Myr,
these regions are heated to much high temperatures due to the shocks
from the jet (see Fig. A1), and produce low integrated flux in [O 111].
To demonstrate that the jet also affects gas away from main axis of
flow, we compare the PV maps constructed for both along the jet
(So) and perpendicular (hereafter Sqy) to it for Sim. E (6; = 70°)
at 1.24 Myr in Fig. 10. The slits are marked in the velocity map
(in the left-hand panel) for an image plane at #; = 20°. One can
clearly see that the presence of the jet causes strong deviations in
the jetted galaxy from the mean velocity curve, as compared to the
‘no-jet’ case. Along Sy slit, there are deviations =800 kms~! from
the mean curve in the regions lying between the blue vertical lines,
which may indicate bulk motion along with turbulent velocities in
the regions directly in contact with the jet. The regions beyond the jet
extent have line widths up to 400 kms~', and decreases farther out.
For the Sy slit, the broadening in regions farther from the jet reach
~400 km s~! and are enhanced to 700 km s~! near the jet, indicating
that jets can have a wide-spread affect on the kinematics of gas
in the disc. One can also notice some large prominent deviations
from the mean velocity curve at some places along both the slits,
resulting in spiky structures. Other studies (e.g. Mukherjee et al.
2018a; Murthy et al. 2022) have also observed such spikiness in the
PV maps of simulated and observed systems, which is caused due to
the acceleration of individual clumps by the local outflows.

4.2 How do jets affect the disc’s velocity field?

In this section, we discuss how the jet-ISM interaction can affect
the projected observed velocities and hence, the observed disc
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rotation profile. For this, we compare the projected velocity maps
for the ‘no-jet’ and the jetted simulations at similar times. We
show the edge-on viewed [O1i]-weighted mean velocity for the
‘no-jet’ simulation, Sim. D (0; = 45°) and Sim. E (8, = 70°) at
1.23, 1.27, and 1.24 Myr, respectively, in the top panel of Fig. 11.
The velocity maps clearly show that the observed LOS velocities
of the disc in the jetted systems are significantly disturbed due to
outflows, especially at the outer edges of disc along the direction
perpendicular to the disc plane. The corresponding W80 widths and
emission maps for Sim. D and Sim. E are shown in Figs 7 and 8,
respectively.

Using the velocity maps in Fig. 11, we also construct the PV maps
for the slit of width 500 pc placed along the major axis of the disc,
which are shown in the bottom panel. The slit is marked with black
horizontal lines in the velocity maps. For different jet inclination
angles, these snapshots assist in comparing the effect of jet-driven
outflows on the observed rotation profile of the disc at almost similar
times. One can see that the light-blue curve, i.e. the no-jet system,
clearly shows lower velocities and smaller deviations as compared to
the jet-harbouring systems in Fig. 11. Moreover, the PV curves for
the jetted simulations show antisymmetric deviations from the mean
curve of the ‘no-jet’ case, and we find an enhancement of the mean
velocity’s slope in the central regions of the slit, i.e. [-0.5,0.5] kpc,
to be ~1.7 times its value in the ‘no-jet’ case. This implies that
the jet is steepening the rotation profile, i.e. providing boost in
angular momentum, compared to the loss of rotational support due
to dissipation in the ‘no-jet’ case. Larger deviation in the jetted mean
curve indicates that the apparent rotational motions of the disc are
disturbed by the jet-driven outflows, as they act on the rotating disc,
as compared to settled disc. Thus we find that jets can indeed interact
with a rotating disc and affect the rotation profile of the gas. Other
studies (e.g. Morganti et al. 2015; Mukherjee et al. 2018a; Murthy
et al. 2022) have also found such signatures of jets influencing the
rotation profile in the central regions of a gas disc. In Fig. 11, the
flux is reduced at the edges of the PV maps for Sim. D and Sim. E,
as was also observed in Fig. 9. This lowering occurs because the
jet-driven shocks have not yet reached the regions at ends of the slit
which leads to low integrated emission, as can be inferred from the
evolution of the [O 1] maps in Fig. 7 and 8.

In Fig. 12, we show how the jet-ISM interaction can shape the
velocity field of the disc, when compared to the ‘no-jet’ case at

similar times. We show the [O111] weighted mean velocity for the
‘no-jet’ and Sim. D at 1.23 and 1.27 Myr, respectively, at the similar
disc orientation (7 = 70°). The magenta curve represents the mean
zero-velocity curve (kinematic centres) at the given orientation of the
disc, fitted using a third-order polynomial. For reference we mark
the projected minor axis i.e X’ = 0 using black vertical dashed line.
The distortion in the projected velocity field of Sim. D is highly
deviated from the projected minor axis, and diverges far from it in
the upper and lower regions of the disc. To investigate the cause
of such realignments, we build a toy model that closely mimics the
scenarios in these systems, which is presented in Appendix C. Our
model demonstrates how the outflows from the jet, which impart an
outward push on the disc gas, can disrupt the symmetry of velocity
field in the rotating disc.

5 DISCUSSION

In this study, we have explored the impact on the emission mor-
phology and kinematics of gas shocked by an evolving jet in the
central few kpcs of their host galaxies, by tracing the simulated
[Om] (A = 500.7nm) emission. We find that the total [O1iI]
luminosity in the jetted systems can reach up to ~10*3 erg s~!, which
is up to two orders of magnitude less than the jet kinetic power.
Since we are unable to resolve the shocks in our simulations (see
Appendix A), this gives an upper estimate for the expected shocked
[O 1] emission. However, the qualitative inferences shown in our
study for the total emission are valid. In the following sections, we
discuss the main findings and some implications regarding jet-ISM
interactions from our study.

5.1 Nature of jet-ISM interactions and their spatial extent

Our analysis shows that jets can have a wide-spread impact on the
ISM, and can cause shocked emission and extreme gas velocities and
line widths in the whole nuclear regions (see Section 3 and 4). Such
signatures of large-scale jet-ISM interaction have been observed in
a number of jet-harbouring systems (Nesvadba et al. 2007; Holt,
Tadhunter & Morganti 2008; Johnston et al. 2010; Holt et al. 2011;
Santoro et al. 2018). Using various diagnostics (i.e. W80 widths and
PV maps at different observer’s orientation), we find that the jets not
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Figure 11. Top: [O 111] weighted mean velocity maps at the edge-on view (01 = 90°, ¢1 = 270°) for ‘no-jet’ simulation (Left), Sim. D (67 = 45°) (Middle), and
Sim. E (65 = 70°) at (Right) at similar times. The projected jet tracer at a value of 0.5 (maximum value is 1) is shown with black contour. Bottom: PV-diagrams
for a slit of width 500 pc placed along the major axis of the disc, as shown in top row. The colour convention for the mean velocity curves for the jetted (at
mentioned times) and non-jetted case is similar to that used in Fig. 9. The PV plot shows the deviation of the disc’s velocity field under the influence of the jets

as compared to the rotation curve of settled disc.
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Figure 12. [O111] weighted mean velocity map for ‘no-jet” simulation (Left)
and Sim. D (05 = 45°) (Right) at an orientation of 01 = 70°, ¢; = 270°.
The magenta curve traces the mean of the zero-velocity regions (kinematic
centres) with Vios < £10km s~!. The black vertical dashed line passes
through the minor-axis of the disc (X’ = 0). The black contour in the bottom
panel shows the projected jet tracer at a value of 0.5 (maximal value is 1).
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only have a substantial impact on the regions along their axis; but
can also cause turbulent motions and outflows in regions far away
(~2kpc). Such stronger ionized outflows with FWHM broader than
500kms~! along the jet axis have been detected in 3C 293 (Emonts
etal. 2005; Mahony et al. 2016) using long-slit observations. Further,
Mabhony et al. (2016) found outflows with line-widths broader than
300km s~ in a direction perpendicular to the jet (3.5 kpc) analogous
to the high PV widths (upto 400 km s~!) observed in our study along
slit Soo (see Fig. 10). It is believed that the jet-driven energy bubble
causing a widespread effect on the disc, as shown in jet simulations
(Sutherland & Bicknell 2007; Wagner & Bicknell 2011; Wagner et al.
2012; Mukherjee et al. 2016, 2018b) is responsible for enhanced
velocity dispersion on large scales in the galaxy.

We verify that the W80 widths for the ‘no-jet’ simulation at
1.37 Myr (last snapshot) are confined to <300kms~!, which is in
agreement with the values expected due to the rotation profile of the
settled disc (peak rotation velocity ~300kms™'). Also, the widths
are uniformly distributed across the whole disc in the absence of
any outflow driving agent. Our study does not incorporate any noise
in the emission estimated from the analyzed systems, which is a
very important element in the observations. None the less, we show
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in Appendix D that the noise can reduce the observed strength of
apparent gas kinematics (W80 widths) in the galaxy, but does not
alter qualitative conclusions. Below, we discuss some main results
from our analysis with relevant observational evidences.

(i) Observed evolution of the gas properties during different
stages of the jet-gas interaction: We find that the gas morphologies
change over time as the jets interact with their ISM. At earlier times,
the shocked emission and the extreme gas kinematics is limited to
the central few pcs, which later extends to 2 kpcs following the jet
breakout phases. This behaviour is in agreement with the various
phases of jet evolution (Sutherland & Bicknell 2007; Wagner et al.
2012; Mukherjee et al. 2016), where the scale of jet-gas interaction
grows with the expansion of jet-driven cocoon, resulting in large-
scale outflows (see Schulz et al. 2021; Morganti et al. 2021b).

(ii) Jet-gas interaction shaping the emission morphology of
the systems: When seen edge-on in discs, the shocked emission at
earlier times generates a nearly ‘X-shaped” morphology because the
jet-driven outflows can easily grow in the lower densities above and
below the disc plane, but are hampered in the central regions by high-
column depths (see Fig. 6, 7, and 8). The emission spreads across
the whole nuclear disc as the jet-driven bubble covers the entire disc
in subsequent phases. Similarly, in spherical systems (Fig. 1 and 5),
the emission is limited to the vicinity of the jet at the earlier stages,
while later the breaking out of the jets, via pushing and clearing out
matter in their path create an hour-glass or fountain shaped emission
morphology.

(iii) Distortions in the observed emission morphology: In
Sim. D (fy = 45°, P; = 10 ergs™'), we notice a distortion in the
emission morphology of the disc, when viewed at high inclinations
(see Fig. 7). This ‘S-shaped’ emission morphology is expected to
be caused by the jet creating denser shocked regions by forcing the
gas along its leading edges resulting in a distorted morphology in
the emission as it gets closer to the edge-on view of the disc. Such
distortions in the optical emission have been observed in various
sources, such as Mrk 34, Mrk 573, and ESO 428-G14 (Falcke et al.
1996, 1998).

(iv) Laterally expanding forward shocks in jetted systems: We
predict that the jet-driven large-scale laterally expanding forward
shock of the energy bubble sweeping through the ISM leads to
double-peaked spectra, when integrated along the LOS passing
through such regions (see Fig. 3). Such double peaks have been
attributed to several different sources, such as the presence of dual
AGN (Rubinur, Das & Kharb 2019; Maschmann et al. 2020), AGN-
driven outflows (Nevin et al. 2018; Rakshit & Woo 2018; Kharb
et al. 2021) or rotating discs (Eracleous, Lewis & Flohic 2009).
In our analysis, we find such double peaks in the non-rotating
spherical system, which are caused solely due to the presence of
lateral outflows caused by the jet (see Fig. 2).

(v) Jets causing outflows along the minor axis: In the disc
systems, the jets are expected to cause strong outflows along the
minor axis from where the jet plasma escapes out easily (Mukherjee
et al. 2018a, b). This leads to high W80 biconical structures at the
upper and lower regions of the disc when viewed edge-on (see Fig. 6,
7, and 8). However, the jet launched at 70° to the disc normal (Sim. E)
causes prominently high dispersion along the direction perpendicular
to the disc plane, i.e. extending perpendicular to the jet (see Fig. 8).
Such enhanced velocity dispersion perpendicular to the jet has been
recently observed in spatially resolved studies of gas kinematics in
a few systems such as IC 5603 (Venturi et al. 2021), where the jet is
ejected very close to the disc plane.
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Figure 13. Ratio of total energy of the simulation domain and the energy
injected by the jet (Top) and mass of the collisionally-ionized gas (Bottom)
estimated using Saha Equation as a function of time. Only the cells with
n > 0.5cm™3 are used for the estimates of energy and ionized gas mass.

(vi) Realigned symmetry of the velocity field in jetted discs: We
find that the presence of a jet can provide the rotational support by
enhancing the angular momentum of the disc (see Fig. 11), and also
disrupt the symmetry of the projected velocity field (Fig. 12). Such
distortions/realignments have been observed in the velocity field of
several systems, and are believed to be caused due to disc warps or
non-circular motions (Ruffa et al. 2019, 2020) or the presence of
a nuclear bar (Bewketu Belete et al. 2021) as found using DISKFIT
(Kuzio de Naray et al. 2012). However, by using an analytical toy
model, we show that such realignments in our study are caused by the
jet-driven bubble pushing the gas radially outwards from the centre
of the disc (see Appendix C).

5.2 Time evolution of energy and ionized gas mass in the jetted
systems

In this section, we discuss how the total energy in the simulation
domain as a fraction of energy injected by jet, and the collisionally-
ionized gas mass, which we estimate using the Saha equation (Pad-
manabhan 2006) evolve with time. We show the plots of energy and
ionized gas mass in disc systems from Table 1 in Fig. 13. In the top
panel, one can see that as the jet evolves in the ISM, the energy input
increases to a maximum and begins to decrease at later stages. Jets
with higher inclination to the disc inject more energy into the system,
and the maximum fraction is 0.23 for Sim. E (8; = 70°), similar to
the values from Wagner et al. (2012), Mukherjee et al. (2016). The
bottom panel shows that the gas in jetted systems is shock-heated
leading to much higher shock-ionized gas mass, than the ‘no-jet’
disc. In Sim. B (6; = 0°) and Sim. D (6; = 45°), the ionized gas mass
decreases at later stages when the jet has broken out from the disc,
as the gas begins to cool in the absence of direct jet-ISM interaction.
This also causes lowering of [O 111] emission flux after the jets escape
out from their disc in these simulations in Fig. 6 and 7. However,
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neutral) gas in Sim. D. A cut-off density value of 0.5 cm™2 is used for the estimates. The black contour shows the projected jet tracer at a value of 0.5 (maximal

value is 1).

for Sim. E (6; = 70°), the jet remains confined in the disc, and thus,
the ionized gas mass keeps on increasing and attains a plateau at
later times. For the ‘no-jet” simulation, the hot gas mass in the disc
decreases as the gas settles and cools down under the gravitational
potential.

5.3 Observed quantities for different phases of gas in the ISM

In the main study, we focus on the kinematics and morphology of
[O1] as a tracer of shocked gas; however, the qualitative features
are a proxy for the general velocity kinematics of the multiple gas
phases in the ISM. To verify this, we compare the [O1i1] results
obtained earlier with the observations of gas in different phases in
the sections below.

(i) Comparing the morphology of collisionally ionized and
non-ionized gas with [O 111]: To check if [O 111] emitting shocked gas
closely follows the emission and kinematics of the underlying gas
distribution in the ISM, we compare their observed properties with
those of collisionally ionized and collisionally non-ionized gas. We
use the Saha ionization equation (Padmanabhan 2006) to estimate the
collisionally ionized gas density in the cells’ (as done in Meenakshi
et al. 2022). We use a value of C > 107 (see equation 3 in Meenakshi
et al. 2022) to label the cell as fully ionized i.e. x = 1, where x is the
ionization fraction. We limit our analysis to regions with density (n)
greater than > 0.5 cm ™ to focus on the dense gas clouds and exclude
the regions filled with jet plasma. The emission strength, i.e. x’n?,
and (1 — x)*n? for the ionized and non-ionized gas, respectively,’ is

SFor simplicity, we assume the cells to be filled with only hydrogen atoms.
6 Assuming optical thin limit, emission strength is proportional to the density
squared.
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integrated along the LOS to estimate the column depth (a tracer for
the total integrated emission).

In Fig. 14, we show the column-depth, mass-weighted mean
velocity, and mass-weighted velocity dispersion (o) (Mandal et al.
2021) for the collisionally ionized and non-ionized gas at the edge-
on view image plane of Sim. D (8; = 45°, Py = 10¥ ergs™!) at
2.31 Myr. As one can see in the top-left panel, the column depth
of the ionized gas extends to £1kpc along the vertical direction,
which results from the gas clumps being shred and ionized by the
escaping jet. Contrarily, the non-ionized gas is confined in 0.5 kpc
from the disc plane. However, the high-column depth regions from
both phases exhibit the ‘S-shaped’ morphology swirling around the
jet, although more prominent for the ionized phase, which also
closely matches the total [O11I] emission morphology at 2.31 Myr
in Fig. 7. The projected velocities from the ionized phase show
turbulent motions in the upper and lower regions of the disc, which
leads to the high-velocity dispersion and biconical structures (see
right-hand panel). This velocity dispersion is contributed by various
phases, and therefore the high widths at the cones are comparatively
lower (<600 kms~') than what we observe for the [O 1] emitting
gas in Fig. 7 (up to 1000kms~"). The non-ionized gas phase on
the other hand does not show such strong turbulent motions, and the
resulting velocity dispersion is limited to ~350 km s~!. However, the
high dispersion shows an ‘hourglass’ shape with enhancing widths
in upper and lower half of the disc.

We verify that for the ‘no-jet’ case (r =1.37 Myr), the velocity
dispersion for the collisionally ionized and non-ionized phases
across the whole disc attain values up to <300kms~!. The widths
in the settled disc are almost uniformly distributed, except some
enhancements are observed closer to the projected minor axis (up
to 350 kms~!) caused due to the settling and collapse of the gas in
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the disc due to external potential. These estimates are lower than
the dispersion in the ionized gas in Sim. D, but comparable to the
values for the neutral gas in Fig. 14. This suggests that the jet-driven
outflows in the disc does not strongly perturb the dynamics of neutral
gas, as it does for the ionized gas, as has also been observed in the
multiphase study of IC 5063 (Morganti et al. 2007). Such weak
outflows in the neutral as well as warm molecular phase can be from
the post-shock cooling gas or secondly, these can be the embedded
dense clouds that are not ionized all the way through. Similar kinetic
behaviour is also found for the molecular (CO) and ionized phase
in PKS 0023-26 (Shih et al. 2013; Santoro et al. 2020; Morganti
et al. 2021b). Nonetheless, the qualitative features of emission and
gas kinematics remain similar for different gas phases, suggesting
jet interaction with multiple phases in the ISM.

5.4 Prevalence of extended shocked gas at wide range of phases:

In Section 5.3, we find predictable observable signatures in emission
and jet disturbed gas linked to different phases. Our analysis indicate
that the jet interaction with different phases of gas can cause
similar emission morphology across different shock-ionized gas
phases. Such similar morphologies across [O111], He, [S11], and
X-rays has been observed by Maksym et al. (2017) in the resolved
study of NGC 3393. Also, spectroscopic studies of several systems
(Gonzalez-Martin et al. 2010; Wang et al. 2011; Hardcastle et al.
2012; Maksym et al. 2019) indicate co-spatial emission for X-rays
and [O111], which is aligned with the radio emission in these sources.
This marks an interplay between the different gas components,
indicating how they are all being governed by jet-gas interaction
in these sources. Moreover, this also suggests that different shocked
gas phases are also expected to exhibit similar qualitative distribution
in kinematic behaviours, as we have shown in Section 5.3. Indeed,
such features in kinematics across different gas phases, i.e. neutral
(Oosterloo et al. 2000; Morganti et al. 2005; Mahony et al. 2013),
ionized ([O 111]) (Emonts et al. 2005; Morganti et al. 2007; Shih et al.
2013), and molecular gas (Dasyra et al. 2015; Morganti et al. 2015;
Oosterloo et al. 2017, 2019; Morganti et al. 2021b) are observed in
several galaxies harbouring radio jets.

5.5 Strength of shocked emission as compared to other sources:

Due to the lack of a radiative central source in our simulations,
our analysis focuses on the shocked emission due to ionization
from the jet-induced shocks. Other ionizing mechanism, such as
AGN radiation and star activity can, nevertheless, make substantial
contributions to the surface brightness of shocked gas in the observed
galaxies. Photo-ionization due to AGN radiation is found to have a
dominant contribution in the emission from several sources (Villar-
Martin, Tadhunter & Clark 1997; Morganti et al. 2007; Humphrey
et al. 2008; Santoro et al. 2020); even though the gas kinematics
shows clear signatures of jet-induced outflows. On the contrary,
excitation from hot gas in optical/X-rays is also found to be
dominated by the shocks in several studies (Villar-Martin et al. 1999;
Hardcastle, Massaro & Harris 2010; Hardcastle et al. 2012; Shih
et al. 2013; Lanz et al. 2015; Murthy et al. 2019; Travascio et al.
2021). This suggests that shocks and photoionization may co-exist
in many cases (e.g. D’ Agostino et al. 2019), although the signatures
of shocks are not always easy to distinguish in particular from optical
diagnostics alone (Humphrey et al. 2008). Although the post-process
investigation in the simulations used here found central AGN to be
a weak photo-ionizing source, when compared to the jet of similar
kinetic power (Meenakshi et al. 2022), it does indicate that jets can

Observable signatures of jet-ISM interaction 781

assist the radiation to spread over large distances by producing lines
of sight with low-column densities. This may also allow the ionizing
radiation to ionize the post-shock-cooling gas, potentially masking
the signatures of shock ionization. Ideally, this should be examined
more closely with a real-time jet and radiation analysis, as was done
for the AGN-driven winds in Bieri et al. (2017).

6 CONCLUSIONS

In this study, we have investigated the thermal emission and kinemat-
ics from shocked gas in the simulations from M2016 and M2018b,
where we explored [O 1] (A = 500.7 nm) emission as a tracer of
shocked gas. The emission maps were constructed using the results
of MAPPINGS V (Sutherland et al. 2018) to estimate the emissivity
from collisional ionization in the nuclear regions of host galaxies
(~kpc scales). Below we summarize the main findings of our study.

(1) We find that the jets, as they evolve with time, shape the
emission morphology of the host’s ISM. In the spherical system,
the jets push and shred the gas along their path and produce an
hourglass or fountain shape distorted morphology at the edge-on
view (see Fig. 1 and 5). In discs, we find that the shocked emission
exhibits a nearly ‘X- shaped’ morphology in the central regions at
the earlier times when seen edge-on, and extend to whole nuclear
disc as the jets evolve to large scales (see Section 4.1.1).

(ii)) We observe an ‘S-shaped’ distortion in the emission morphol-
ogy from the shocked gas in the disc when the jet is inclined towards
it at 45° (see Fig. 7). We believe that such distortions result from the
pressurization and shock heating of the gas by the leading edges of
the inclined jets.

(iii) We find that the higher power jet (10* erg s~!) in the spherical
system causes high-velocity dispersion across the whole nuclear
region; however, a lower power jet (10** erg s~!) can cause outflows
only in the regions closer to the jet head and has negligible affect in the
farther regions (see Section 3). We find that the jet-driven large-scale
laterally expanding forward shock of the energy bubble sweeping
through the ISM result in high W80 widths (up to 1000kms~')
when integrated along the LOS (see Fig. 3).

(iv) In discs, the high W80 widths (up to 800 km s~ 1) are confined
to the central regions during the earlier stages of jet evolution. When
the jet escapes out from the disc, the jet-disc coupling begins to
decrease in the central regions of the disc, leading to decay in the
apparent W80 widths in these regions. Meanwhile, outflows along
the minor axis cause the high-width bicones to form at the disc’s
outer edges along the direction perpendicular to the disc plane (see
Section 4.1.2).

(v) When the jets are young and confined, the central region of
the disc along the jet axis show high PV widths (up to 700 kms~).
Later as the jet evolves, the dispersion rises in the upper and lower
regions of the disc (when viewed edge-on) giving rise to a ‘dumbbell
shaped’ PV diagram (as inferred from Fig. 9).

(vi) The jets not only affect their immediate vicinity, but also cause
high-PV widths in the regions perpendicular to it (~400kms™'). As
compared to the ‘no-jet’ case, the stronger antisymmetric deviations
in the PV maps may indicate bulk motion caused due to outflows
from the jet (see Fig. 10).

(vii) The mean rotation curve shows that the jet-ISM interaction
provides rotational support and angular momentum boost to the disc
(see Section 4.2), thereby increasing the slope of the PV maps.
However, we also observe realignments in the symmetry of the
disc’s velocity field of the jetted simulations, which results from
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the jet-driven outflows pushing the gas outwards in the disc (see
Appendix C).

(viii) As compared to the jet vertical to the disc, the inclined jets
have a longer confinement time in the host system and consequently
cause stronger jet-disc coupling. We find that this leads to more
energy being injected into the disc, resulting in larger gas mass being
collisionally ionized by the shocks (see Section 5.2).

(ix) The similar features in emission and gas kinematics observed
across different gas phases in the ISM (see Section 5.3) support the
finding (Morganti et al. 2015, 2021b) that jets have a widespread
effect on the ISM and leave a similar kinematic imprint on different
gas phases being affected by the jet-induced shocks.
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APPENDIX A: RADIATIVE SHOCK AND
IMPACT OF RESOLUTION

In this section, we examine the radiative shocks in the simulations
used for our study as well as the spatial variation of density,
temperature, and [O1II] emission zones for a more detailed picture
of the jet-gas interaction. We closely follow the approach used in
PLUTO (see Appendix in Mignone et al. 2012) to identify the shocks
in the simulations used for our study. A shocked cell is identified if
the following conditions are satisfied: (1) V - V<0, where V=V, =
(Vy, Vy, V), is the velocity of the shocked cell, and (2) % > 5/3,
where P denotes the pressure, and AP = P; | — P; _ 1, and Py, =
min(PH_],P,-_ |).

The calculations are performed for 1-dimension and therefore we
use a threshold of 5/3 for the pressure condition. We first verify
that the temperature, density, and pressure of the shocked cell are
greater than in the next neighbouring cell, and then perform the
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Figure Al. Cooling curves from MAPPINGS V (Sutherland et al. 2018) as
a function of temperature for non-equilibrium cooling of shocked gas. The
blue curve shows the total cooling function, and the orange represents the
contribution from [O 111] emission.
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Figure A2. Zoomed-in view of logarithmic density, temperature over-plotted with velocities (V,, Vy) and [O1IT] emissivity in the central regions of Z = 0 plane
of Sim. D at 0.98 Myr. The length of the velocity vectors are proportional to their magnitude, up to a maximum of ~800kms~!. The encircled regions in the
middle and right-hand panel show different emission zones, i.e. shocked regions (A and B) and mixing regions of hot external gas with cold gas in the clouds

i.e. C and D (see Appendix A for detail).
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analysis below. The physical quantities in the pre-shock and post-
shock cells are denoted by the subscripts i — 1 and i, respectively.
After identifying a cell containing shocked gas, the cooling rate
(Alergem®s™']) is obtained from the cell temperature using the
cooling function pre-calculated from MAPPINGS V (Sutherland et al.
2018), shown by the blue curve in Fig. Al. The figure also shows
the cooling rate via the [O 111] line in orange. The cooling time of the

radiative shock is calculated from .o = B 1 \where n is the

(=1 An?_|
number density. The pressure and density of the post-shock cell are
used to calculate the shock velocity, which for the strong shock limit

16P;
3pi
cell. The product of shock velocity and cooling time gives the cooling

length of the radiative shock. We find that the cooling lengths for the
simulations used in our study mostly lies between 0.014 and 1 pc.
This is smaller than our cell resolution, which implies that the cooling
layer of radiative shocks propagating into the clouds is generally not
resolved in our simulations.

However, one must note that the above estimates of one dimen-
sional shocks applied to the shocked cells in the simulations give
only an approximate estimate of the cooling length. Due to the broad
distribution of cloud morphologies, the shocks in the simulations
have a complex 3D structure. This is highlighted in Fig. A2, where
we present the cross-section of some clouds over a 500 x 500 pc
region in the X—Y plane of simulation D. By comparing the variation
of the physical quantities across such shock boundaries, we find that
the hydrodynamic shocks, which are indicated by a discontinuity in
temperature/pressure in the outer layers of dense regions are resolved
by three to four computational cells in the direction perpendicular
to the cloud’s surface (see for e.g. encircled regions A and B in the
middle panel of Fig. A2). As indicated by the velocity vectors in
the middle panel, these shocked regions are hit by the jet percolating
through the complex cloud distribution in its flood-channel phase (see
e.g. Wagner et al. 2012), resulting in high [O 111] emission at the shock
front (see encircled regions A and B in the right-hand panel). Such
[O111] emitting regions in the post-shock cooling zones of shocks
penetrating the outer layers of the clouds are mostly resolved by
one to two cells. Although further spatially resolving such regions
would yield more accurate estimates of the [O I1I] luminosities; our
current method correctly identifies the approximate locations of such
shocked zones on the cloud’s outer surfaces, and thus also correctly
traces the bulk kinematics of shocked cloud that will contribute to
the broadening of the simulated spectral lines.

sV, = , where p denotes the mass density of the post-shock

MNRAS 516, 766786 (2022)

Moreover, we note that the [O1II] emission also occurs due to
mixing of the hot external gas with the cold gas in the clouds,
as shown by the encircled regions C and D in Fig. A2). Such
regions are not directly affected by the shocks induced by the jet,
but represent gas heated due to mixing with external hot medium at
the boundaries of clouds, which subsequently cools due to radiative
decay and contributes to the total emission from the system. The
[O111] emitting regions identified in our simulations thus represent
an ensemble of shocked regions and hot cooling plasma mixed with
the clouds. Thus, although the shocks are not well-resolved in our
study, and the total luminosities are likely approximate upper limits,
the integrated sum of the [O 1lI] emitting regions on the image plane
is an acceptable tracer of the distribution of the collisionally ionized
gas and its dynamics.

APPENDIX B: COMPARING DIFFERENT
METHODS FOR ESTIMATING VELOCITY
WIDTHS

The estimate of velocity widths and their spatial variation are used
to examine the effect of jet on the gas kinematics of the host’s
ISM. Several studies use the approach given in Whittle (1985), such
as Harrison et al. (2015), Zakamska et al. (2016), Coatman et al.
(2019), Venturi et al. (2021), which relates the velocity widths to
the integrated intensity of the spectrum. Some studies also follow
the approach used in Heckman et al. (1981), for e.g. Nesvadba et al.
(2017), Feruglio et al. (2020), where the widths are associated to
the peak intensity of the spectrum. In our study, we have followed
the integrated intensity approach to estimate the W80 widths by
removing the 20 per cent of the intensity from the wings (see Whittle
1985), which is explained in Section 2.1. In Fig. B1, we compare
the widths measured using different approaches for Sim. Bs at
3.1 Myr. The o5 and 05y widths are estimated using approach given
in Heckman et al. (1981), where these widths corresponds to the
velocity range covering 50 per cent and 20 per cent of the peak
intensity in the individual spectra. The o5y estimates gives lower
estimates at some regions due to the sharp cut-off of 50 per cent
which excludes significant velocity space for some spectra, as is also
shown in the example in Fig. B1. On the other hand, the o5, measure
gives higher width measures, since it covers wider velocity range than
050 measures. However, as one can see that the overall morphology of
widths on the image plane is similar for all three measures, different
methods are unlikely to affect the qualitative results of our study.
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Figure B1. Top: 050 (a) and o9 widths (b) estimated at 50 per cent and 20 per cent peak intensity values, as shown in Heckman et al. (1981), and W80 widths
(c) calculated using the approach from Whittle (1985) for the edge-on view (01 = 90°, ¢1 = 270°) of Sim. Bs (P; = 10% erg s~Hat3.1 Myr. The black contour
shows the projected jet tracer at a value of 0.5 (maximum value is 1). Bottom: The green curve shows the spectrum for the domain marked with » (black) in the
top panel. The grey shaded regions represents the width estimates and the coordinates mark the centre of the domain.

APPENDIX C: MODELLING EFFECT OF
OUTFLOWS ON THE DISC VELOCITY FIELD

In this appendix, we present a simple analytical toy model for
predicting how the outflows from the AGN can shape the projected
velocity map of the disc. We prepare a disc model of radius ~2 kpc,
and height 1.5 kpc (Z = £0.75 kpc) which is rotating with a uniform
angular velocity. For this, we use the disc rotation profile used in
the simulations from M2018b, and the velocity map of the disc at
01 = 70°, ¢; = 270° is shown in Fig. C1. To mimic the outflows
from the jet-driven bubble, a radially outwards velocity field of v, =
500/r kms~!, where r is the cylindrical radius is overlaid on the
rotating disc.

As one can see in the left-hand panel of Fig. C1, the initial disc
velocity field appears symmetric in the blue and red-shifted motion.
However, the presence of outflows disturbs the original velocity
field, and the two counter movements of the gas are no longer
symmetrically separated by the projected minor axis (i.e X’ = 0)
of the disc. Moreover, the region separating the blue and red-shifted
motion, which closely follows the zero-velocity regions (kinematic
centers) appears curved. Such realignments can also be seen in the
Sim. B and Sim. D (see Fig. 12) at the same disc orientation. We fit the
mean of the kinematic centers (Vi os < £10kms~") in Fig. C1 using
a third-degree polynomial, which is shown in magenta curve. Also,
as compared to the unperturbed disc in the left-hand panel in Fig. C1,
the presence of outflows enhance the observed LOS velocity of the

2 ; 400 2 : 400 500
| Fomingdsc] [sm-are12 ]
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Figure C1. Left and middle: Analytical prediction for the projected velocity of the rotating disc and radial outflows superimposed on the rotating disc at 61 =
70° image plane. Right: Velocity map for Sim. B (§; = 0°, Py = 10® ergs—!) at the same disc orientation. The magenta curve follows the kinematic centres

(zero-velocity regions) fitted using 3rd-degree polynomial.
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disc (see middle panel), similar to what we observe in the Fig. 11
and 12.

APPENDIX D: HOW WOULD NOISE SHAPE
THE OBSERVED VELOCITY DISPERSION?

In this study, we have used the data from hydro-dynamic simulations
to estimate the observed quantities, such as flux and shocked gas
velocity dispersion. However, the real-time observation of the distant
galaxies is significantly affected by the random noise in the data and
the detector sensitivity. Only highly luminous emission can be sensed
by the detector, which consequently shape the observed kinematics
of the system. As can be seen in the Fig. 7 (edge-on at 2.31 Myr,
for example), the high W80 regions at the upper and lower part of
the disc coincide with low flux emitting zones. Thus, if there had
been noise in the data, a detector with a weak sensitivity to low flux
might not capture the dynamics of these regions. Also, the low-flux
emitting wings in the spectra (see for e.g. Fig. 3) may get submerged
in the noise, and reduce the value of observed widths. To see how the
observed kinematics will vary with the inclusion of random noise, we
perform the following analysis on the W80 measures for the edge-
on view of Sim. D at 2.31 Myr. We use different flux thresholds,
namely three and two-dex less than the maximum cumulative flux
in the bins of the [O 1] spectra (~10*7ergs~' kms™'), and put the
flux to zero in the bins with values lower than these thresholds. This
implies that the bins below the threshold flux are submerged with the
noise and are not detected. One can see in Fig. D1 that using a 3-
dex cut does not alter much the morphology of widths on the image
plane from Fig. 7, however, some regions in the upper and lower
regions indicate lower widths than earlier, or are not detected at all.
However, setting a two-dex cut in flux reduce the extent of high-width

MNRAS 516, 766786 (2022)

biconical structures, which are the low-flux emitting hot-gas less-
dense fragments (see column density map in Fig. 7). Thus, including
noise in the data, and incorporating detector sensitivity, may reduce
the strength of observed complex kinematics in the systems, but
the overall morphology and the implications of jet-disc interaction
are not significantly altered. In our analysis, we have kept the same
spatial resolution in the bins, however, one can also perform the
Voronoi binning of the real data i.e adaptive binning to obtain a given
S/N values in the low-flux emitting regions (see Cappellari & Copin
2003). This can cause some degradation of the spatial resolution at
large bins, but the dynamical information is not completely lost.

Z [kpcl]

T — |
200 400 600 800
W80 [kms™1]

Figure D1. W80 widths for Sim. D (65 = 45°) edge-on view at 2.31 Myr for
a detector of sensitivity threshold up to 3-dex (Left) and 2-dex (Right) from
the maximum cumulative flux.
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