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Abstract. Energetic feedback by active galactic nuclei (AGNs) plays an important
evolutionary role in the regulation of star formation (SF) on galactic scales. However,
the effects of this feedback as a function of redshift and galaxy properties such as mass,
environment, and cold gas content remain poorly understood. Given its unique com-
bination of frequency range, angular resolution, and sensitivity, the ngVLA will serve
as a transformational new tool in our understanding of how radio jets affect their sur-
roundings. By combining broadband continuum data with measurements of the cold
gas content and kinematics, the ngVLA will quantify the energetic impact of radio jets
hosted by gas-rich galaxies as the jets interact with the star-forming gas reservoirs of
their hosts.

1. Introduction

AGN feedback may be driven by radiative winds launched by the accretion disks of
powerful quasars or spurred by radio jets/lobes as they heat, expel, or shock their sur-
roundings. Observational evidence for both modes of feedback have been reported
(e.g., Fabian 2012, and references therein). Villar Martín et al. (2014) show that, on
average, radio jets appear to be capable of producing more extreme gas outflows than
accretion disk winds. However, the relative importance of each mode, and the depen-
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Figure 1. Snapshots from the relativistic hydrodynamic radio jet simulations
(Mukherjee et al. 2016, 2017) showing the effect on an identical initial ISM (left)
made by a radio jet with Pjet = 1044 erg s−1 (center) and Pjet = 1045 erg s−1 (right).
The more powerful radio jet is able to more quickly “drill” through the ISM of its
host galaxy, while the lower-power radio jet is trapped by the ISM and able to disrupt
the surrounding gas for a longer time period and over a larger volume.

dence on redshift and other factors, such as galaxy mass and environment, remain open
areas of research.

We also lack a fundamental understanding of exactly how radio jets transfer energy
to their surroundings, how much energy is transferred to the different gas phases, and
under what conditions significant positive/negative feedback is produced. We know that
radio jets may deposit energy into their surroundings through a variety of mechanisms
including heating, shocks, and/or turbulence (Fabian 2012; Alatalo et al. 2015; Soker
2016), and may also directly couple to gas in their surroundings and physically expel it
(e.g., Morganti et al. 2013). However, the details of these processes – and under which
conditions and environments different mechanisms dominate – are poorly understood.

Identifying jet-ISM feedback and constraining its impact on galaxy evolution re-
quires observations with high sensitivity, angular resolution, and broad frequency cov-
erage, and thus poses challenges to existing radio telescopes. With its unprecedented
design consisting of ∼214 × 18 m antennas operating from 1.2 to 116 GHz with base-
lines out to several hundred km in the main array (see Selina et al. 2018, this volume
p. 15), the ngVLA will dramatically improve our understanding of how radio jets influ-
ence their surroundings.

2. Observing Jet-ISM Feedback with the ngVLA

The ngVLA will complement source morphologies and energetics constraints from
deep, high-resolution continuum observations with spectral line data that encode infor-
mation on the ISM content and conditions. The combination of broadband continuum
and spectral line imaging will allow the ngVLA to uniquely probe the energetic impact
of radio jets on the ambient cold gas. Spectral line measurements of molecular and
atomic gas on comparable angular scales can be used to identify AGN-driven outflows
(as well as gas inflow associated with fueling), perform detailed kinematic studies to
gauge the amount of energy injected into the gas via feedback, and address the future
evolutionary impact on local/global scales caused by the AGN feedback. Molecular
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gas and continuum estimates of the energetics of the outflow and jet can be directly
compared with state-of-the art simulations, such as those shown in Figure 1, to deeply
probe the underlying feedback physics.

Continuum + cold gas ngVLA studies would – for the first time – provide con-
straints on the prevalence and energetic importance of jet-ISM feedback in the domi-
nant population of low-luminosity (L1.4 GHz < 1024 W Hz−1) AGNs residing in “nor-
mal” galaxies. This is a particularly exciting prospect given recent observational evi-
dence that lower-power radio AGNs may be able to significantly affect the interstellar
medium (ISM) conditions of their hosts through feedback from sub-galactic-scale radio
jets (e.g., Alatalo et al. 2011, 2015; Davis et al. 2012; Nyland et al. 2013; Godfrey &
Shabala 2016; Querejeta et al. 2016; Zschaechner et al. 2016). From a theoretical stand-
point, recent relativistic hydrodynamic simulations of radio jets propagating through a
dense ISM (Mukherjee et al. 2016, 2017; Figure 1) provide further support for this pos-
sibility, demonstrating that while powerful radio jets rapidly “drill” through the ISM,
lower-power jets become entrained in the ISM and are ultimately able to transfer energy
over a much larger volume and for a longer period of time.

2.1. Sub-Galactic-Scale Radio Jets

In Figure 2, we illustrate the redshift dependence of the observed angular jet extent for
a wide range of radio jet size scales ranging from sub-parsec jets to giant radio galaxies
with Mpc-scale lobes. The maximum angular resolution (defined as θmax = λ/Bmax) for
each of the proposed ngVLA observing bands (assuming Bmax ≈ 500 km) is also shown
in this figure. Future ngVLA studies of radio jets with intrinsic extents of a few pc to a
few kpc will be able to fully utilize the unique combination of angular resolution, col-
lecting area, and frequency coverage of the ngVLA over a wide range of redshifts. This
range of angular scales, combined with the frequency range of the ngVLA, highlights
the suitability of the ngVLA for studies of jet-ISM feedback associated with lower-
power radio AGNs with sub-galactic jets.

Observations of more extended radio jets that may be engaged in feedback on
intergalactic or intracluster medium scales will be possible with suitable combinations
of weighting and (u, v)-tapering. The inclusion of the proposed short baseline array
of ∼19 6 m dishes in addition to the main array of 214 18 m dishes would provide
additional short-spacing information that would be beneficial for imaging studies of
AGNs with large-scale, low-surface-brightness radio emission.

2.2. ISM Content and Conditions

2.2.1. Ionized Gas and the Magneto-Ionic Medium

Faraday rotation of polarized radio emission provides a unique probe of the line of
sight combination of magnetic fields and ionized gas towards radio-emitting plasma.
Jet-ISM interactions, particularly at high redshift, can result in material with very high
Faraday rotations (e.g., Carilli et al. 1994). Such high rotation measures need high
frequency, high angular resolution observations to resolve the Faraday components,
which can be mixed in (entrained) with the radio plasma, be external in a region of
shocked ISM surrounding the radio source, or correspond to dense ISM within the host
galaxy. These components require Faraday Synthesis (Brentjens & de Bruyn 2005)
to disentangle them. The ngVLA, with its wide frequency coverage and high angular
resolution, will be perfect for this work.
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Figure 2. Jet angular size as a function of redshift. The black solid lines trace
the redshift dependence of the angular extent of a jetted AGN for intrinsic jet sizes
(measured from end to end along the major axis of the jet) from 0.1 pc to 1 Mpc. The
maximum angular resolution of the ngVLA at the center of each of the ngVLA bands
as defined in Selina & Murphy (2017) is denoted by the dashed colored lines. The
magenta stars and thumbnails to the right of the main figure indicate three jetted radio
AGNs representing a wide range of jet size scales: a) the dwarf galaxy NGC 404 with
a jet extent of 10 pc, b) the jet-driven feedback host NGC 1266 with a jet extent of
1 kpc, and c) the radio galaxy 3C28 with a jet extent of 150 kpc. The redshifts of
the representative sources correspond to simulated ngVLA maps from Nyland et al.
(2018) at z ≈ 0 (d = 10 Mpc), z = 0.1, and z = 1.0, respectively. Figure adapted
from Nyland et al. (2018).

2.2.2. Atomic Gas

The absorption of atomic hydrogen at 21 cm against background continuum emission
associated with a radio AGN provides a powerful means of directly identifying jet-
driven outflows and quantifying their effect on the cold ISM (e.g., Morganti & Oost-
erloo 2018). Hi absorption offers a key advantage over studies of the Hi line in emis-
sion in terms of detectability, since the detection of Hi absorption is independent of
redshift and depends solely on the underlying strength of the background continuum
source. In addition, the relatively low spin temperature of Hi of ∼100−150 K (Condon
& Ransom 2016) makes the detection of emission at high angular resolution difficult
or impossible due to brightness temperature sensitivity limitations (see §2.2.4). Hi ab-
sorption observations, on the other hand, depend only on the brightness temperature of
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Figure 3. The radio jet and outflow of the nearby galaxy NGC1266. (Left:) The
background colorscale image illustrates the HST J-band data (WFC3, F140W; Ny-
land et al. 2013) and the filled white contours trace VLA 5 GHz continuum data
from Nyland et al. (2016). (Right:) The CO(2–1) data from CARMA highlights the
molecular outflow that was originally identified in Alatalo et al. (2011) based on the
presence of excess emission in the wings of the spectrum (dark blue).

the background continuum source, and may therefore be performed on much smaller
(e.g., milliarcsecond) scales. In the context of jet-driven feedback, the detection of a
blue-shifted spectral component in Hi absorption is a signature of an outflow, which
can be unambiguously distinguished from other possibilities, such as inflow or rota-
tion. Additionally, kinematic constraints from Hi absorption observations probe the gas
conditions by providing direct measurements of the kinetic energy of any outflow com-
ponents (e.g., Nyland et al. 2013; Morganti et al. 2013) as well as characterizing the
degree of turbulence (Lacy et al. 2017).

The ability of the ngVLA to observe the Hi line will ultimately depend on the
lower frequency cutoff of its observing range. Assuming the ngVLA will observe down
to 1.2 GHz, Hi studies would be limited to nearby galaxies (0 < z < 0.1). Hi absorp-
tion surveys of bright (1.4 GHz fluxes ! a few tens of mJy), nearby radio AGNs with
existing radio telescopes have reported detection rates of ∼30% (Geréb et al. 2014;
Maccagni et al. 2017), suggesting that blind surveys of Hi absorption in even lower-
luminosity systems may be possible. The possibility of extending the ngVLA’s fre-
quency range below 1 GHz (e.g., Taylor et al. 2017) would greatly expand the redshift
range over which Hi would be observable with the ngVLA.

2.2.3. Molecular Gas

Identifying jet-driven molecular outflows is crucial for understanding the multiphase
nature of AGN feedback (e.g., Rupke & Veilleux 2013; Emonts et al. 2014; Sakamoto
et al. 2014; Alatalo et al. 2015; Morganti et al. 2015a). Molecular outflows may be
identified on the basis of their spectral line shapes, such as the presence of broad wings
or a shifted component (e.g., NGC 1266; Figure 3) or a P Cygni profile (Sakamoto
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et al. 2009). A survey of the cold gas properties of a large statistical sample of AGNs
spanning a wide range of environments, host galaxy morphologies, SMBH masses,
and nuclear activity classifications (e.g., high/low Eddington ratios, jetted/radio quiet,
Compton thick/unobscured, etc.) would ultimately help establish an observationally-
motivated model for the cosmic importance of outflows launched by active nuclei. We
emphasize that improving our understanding of AGN feedback through ngVLA molec-
ular gas observations will not be limited to objects with detectable outflows. Observa-
tions of more subtle feedback effects, such as a significant increase in the turbulence of
the gas, or a substantial change in star formation efficiency/depletion time in the vicinity
of the AGN, will also be possible (e.g., Alatalo et al. 2015; Oosterloo et al. 2017).

The lowest energy transitions of the CO molecule, CO(1–0), CO(2–1), and CO(3–
2) at rest frequencies of 115, 230, and 345 GHz, respectively, trace the total molecular
gas reservoir at relatively low densities (nH2 ∼ 103 cm−3). The CO(1–0) line will be
accessible to the ngVLA over the redshift ranges 0 < z " 0.5 and z ! 1.5. The gap
from z ≈ 0.5 to 1.5 is due to the high telluric opacity of molecular oxygen that precludes
ground-based observations from 52 to 68 GHz. Observations of the CO(2–1) line will
be possible from 1 " z " 2 and z ! 3.5, and the CO(3–2) line will be accessible over
the range 2 " z " 4 and also at z ! 6 (though see §2.2.4 regarding important caveats).
We note that none of the low-J CO lines will be observable from z = 0.5 − 1.0, though
transitions of other species probing denser gas, such as SiO and CS, will be accessible.
For a graphical description of the redshift dependence of a wide variety of molecular
gas species and transitions observable with the ngVLA, we refer readers to Figures 2
and 9 in Casey et al. (2015).

In addition, imaging of the cold molecular gas in the vicinity of the AGN can
provide important clues on the fueling of the central BH. Depending on the geometry
and kinematics of this gas (disks, patches or filaments), the fueling mechanism and
efficiency can be determined, in comparison with models (e.g., Gaspari et al. 2015).

2.2.4. Important Caveats

The minimum excitation temperature of the CO(1–0) line is 5.53 K, and radio tele-
scopes must therefore have sufficient brightness temperature sensitivity to detect this
line. With maximum ngVLA baselines of ∼500 km in the north-south direction, the
naturally-weighted angular resolution at 93 GHz would be ∼10 mas, corresponding to
a brightness temperature sensitivity1 of σTB ∼ 350 K for an integration time of 1 hr,
a channel width of 10 km s−1, and robust weighting (Selina & Murphy 2017). Thus,
significant tapering of the data, as well as the application of new weighting schemes,
will be necessary for studying jet-ISM feedback through ngVLA observations of the
low-J CO transitions.

At high redshifts, the increasing influence of the cosmic microwave background
(CMB) may also hinder the detectability of CO. The increasing CMB temperature at

1The brightness temperature sensitivity of a point source is σTB
=
!

S
ΩA

"

λ2

2k
, where S is the flux density in

units of W m−2 Hz−1, k is the Boltzmann constant (1.38×10−23 Jy K−1), and λ is the observing wavelength

in meters. The quantity ΩA is the beam solid angle, ΩA =
πθ2

FWHM

4 ln(2)
, where θFWHM is the angular resolution

in radians.



Radio Jet-ISM Feedback 463

high redshifts2 both reduces the contrast of the CO emission against the background
(particularly in cold molecular clouds with Tkinetic ∼ 20 K) and changes the shape of
the CO spectral line energy distribution by exciting a greater proportion of higher-J ro-
tational levels (e.g., da Cunha et al. 2013; Zhang et al. 2016). This may be problematic
for ngVLA observations of cold molecular clouds in non-starbursting galaxies at z ∼ 4,
where TCMB = 13.65 K. However, CMB heating is expected to be less problematic in
molecular clouds in the vicinity of AGNs and jets, since AGN heating may increase
the gas kinetic temperature to hundreds of degrees (Matsushita et al. 1998; Krips et al.
2008; Viti et al. 2014; Glenn et al. 2015; Richings & Faucher-Giguère 2018).

3. Multiwavelength Synergy

The unique capabilities of the ngVLA will facilitate exciting advancements in our un-
derstanding of AGN feedback and its broader connection to galaxy evolution, particu-
larly when combined with multiwavelength data from other state-of-the-art instruments.
In terms of synergy with current radio telescopes, observations with the Atacama Large
Millimeter and Sub-millimeter Array (ALMA) at frequencies above the ngVLA’s limit
of 116 GHz will provide key insights into the energetic and chemical impact of jet-
driven feedback on the dense gas phase of the ISM. In the low radio frequency regime,
the Square Kilometre Array (SKA) and its pathfinders will probe the 21cm line out to
higher redshifts (though at lower spatial resolution) than the ngVLA (Morganti et al.
2015b). The combination of constraints on both the atomic and molecular gas condi-
tions from ngVLA and SKA observations will be important for studying the full impact
of energetic jet-driven feedback on the ISM.
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