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Abstract

Energetic feedback by active galactic nuclei(AGNs) plays an important evolutionary role in the regulation of star
formation 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. The broad frequency coverage(1 to
116 GHz), high sensitivity(up to ten times higher than the Karl G. Jansky Very Large Array), and superb angular
resolution(maximum baselines of at least a few hundred kilometers) of the proposed next-generation Very Large
Array (ngVLA) are uniquely poised to revolutionize our understanding of AGNs and their role in galaxy evolution.
Here, we provide an overview of the science related to AGN feedback that will be possible in the ngVLA era and
present new continuum ngVLA imaging simulations of resolved radio jets spanning a wide range of intrinsic
extents. We also consider key computational challenges and discuss exciting opportunities for multiwavelength
synergy with other next-generation instruments, such as the Square Kilometer Array and theJames Webb Space
Telescope. The unique combination of high-resolution, large collecting area, and wide frequency range will enable
significant advancements in our understanding of the effects of jet-driven feedback on sub-galactic scales,
particularly for sources with extents of a few parsec to a few kiloparsec, such as young and/ or lower-power radio
AGNs, AGNs hosted by low-mass galaxies, radio jets that are interacting strongly with the interstellar medium of
the host galaxy, and AGNs at high redshift.
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1. Introduction and Motivation

Decades of observations of active galactic nuclei(AGNs)
and their host galaxies have provided strong evidence that
energetic AGN-driven feedback plays a pivotal role in
influencing galaxy evolution. AGNs have been implicated in
establishing the scaling relations between massive black hole
(MBH) and host galaxy properties, regulating coolingflows in
clusters, driving galaxy-scale outflows, and contributing to the
build-up of the red sequence of massive galaxies(Kormendy &
Ho 2013; Heckman & Best2014). Cosmological simulations
have provided further support for the importance of this
paradigm by demonstrating the inability of modelslacking

energetic AGN feedback to produce the observed distribution
of galaxy masses atz!=!0 (e.g., Kaviraj et al.2017).

The importance of AGN feedback in the context of galaxy
evolution stems from the regulatory effect it may have on the
star formation rate and efficiency of the host galaxy. AGN
feedback may be driven by radiative winds launched by the
accretion disks of powerful quasars(“radiative” or “quasar”
mode feedback) or spurred by radio jets/ lobes as they heat,
expel, or shock their surroundings(“radio” or “jet” mode
feedback). Observational evidence for both modes of feedback
has been reported(e.g., Fabian2012, and references therein).
Villar Mart’n 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 dependence on redshift, remains an open
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area of research. Here, we focus on opportunities for improving
our understanding of jet-driven AGN feedback using future
radio telescopes.

Despite the importance of radio-mode AGN feedback, our
understanding of the underlyingphysicsof jetted AGNs, as
well as their evolutionary role in spiral and lower-mass
galaxies, remains shockingly incomplete. We still lack a
fundamental understanding of exactlyhow radio jets transfer
energy to their surroundings, and to what degree this deposition
of energy affects the evolution of different types of galaxies
over cosmic time. Progress in our understanding of the physics
of radio AGNs and their role in galaxy evolution will require
deep continuum and spectral line radio observations over an
unprecedented range of frequencies and spatial scales.

The fundamental limitations of existing radio telescopes that
are currently preventing substantial progress in this area include
sensitivity, angular resolution, and frequency range. The most
significant of these limitations is sensitivity. Bright radio
AGNs, which include radio quasars and classical radio galaxies
with jets/ lobes extending far beyond the optical extents of their
host galaxies, comprise only a small fraction of the AGN
population. The majority of AGNs(∼90%; Padovani2016, and
references therein) are characterized by radio luminosities of
L1.4 GHz 1024W Hz−1 and are considered to be in the“radio-
quiet” (but not radio-silent) category.21 This class of objects
consists of a mix of jetted and non-jetted AGNs22 that are
typically characterized by inefficient MBH accretion with
Eddington ratios below∼1%, although jetted AGNs with
higher accretion rates, such as Seyferts and high-excitation
radio galaxies, also contribute to this population(Ho 2008;
Heckman & Best 2014; Padovani 2016). Although this
population of intrinsically faint radio AGNs far outnumbers
luminous radio galaxies, their properties and role in galaxy
evolution remain poorly understood due to the sensitivity
limitations of current instruments such as the Karl G. Jansky
Very Large Array(VLA ).

Angular resolution is also of paramount importance for
improving our understanding of AGNs and their connection to
galaxy evolution. Radio continuum imaging at high spatial
resolution facilitates accurate cross-identification of faint, high-
redshift radio sources with their hosts in crowded optical/
infrared images(e.g., Rujopakarn et al.2016; Murphy
et al. 2017). Furthermore, high-resolution imaging that is
sensitive to emission over a wide range of spatial scales is
necessary for unambiguously identifying radio AGNs based on
their morphologies. This is of particular importance for studies
of the dominant population of lower-power AGNs, which tend
to be faint at radio wavelengths, and therefore require high-
resolution imaging to distinguish between the signatures of
MBH accretion and stellar processes(e.g., Nyland et al.2017;
Baldi et al.2018). High-resolution imaging is also necessary
for measuring the physical extents of radio jets or lobes needed
for energetics estimates, determining the scope of jet-driven
feedback(circumnuclear versus galactic-scale feedback), and

comparing observations of radio jets interacting with their hosts
with simulations.

Another critical aspect of quantifying the physics of jet-
driven feedback and placing it in the context of galaxy
evolution is constraining the ages of radio AGNs through
broadband continuum imaging. The ages of jetted AGNs may
be estimated by comparing continuum observations over a
wide range of frequencies with radio source spectral aging
models (e.g., Myers & Spangler1985; Carilli et al. 1991;
Harwood et al. 2013). In addition, a sufficiently wide
frequency range encompassing not only the 21 cm neutral
hydrogen(H I) line but also molecular gas emission from the
CO(1–0) transition at 115.2712 GHz would provide measure-
ments of the interstellar medium(ISM) content and conditions
in the immediate vicinity of AGNs. Ultimately, this would
provide direct observational constraints on the energetic
impact of radio jets hosted by gas-rich galaxies as the jets
interact with the ambient ISM, which could then be compared
with cutting-edge hydrodynamic simulations of radio jets
propagating through a dense medium(e.g., Mukherjee et al.
2016, 2017).

In this study, we evaluate the progress in our understanding
of AGN feedback and its connection to galaxy evolution that
could be accomplished with the unique capabilities of the next-
generation Very Large Array(ngVLA; Murphy 2017), a
prospective new radio telescope for the 2030s that is currently
in the early stages of design and development by the National
Radio Astronomy Observatory(NRAO). The goal of the
ngVLA project is to design an instrument with up to ten times
higher sensitivity and spatial resolution than the VLA that will
operate over a broad frequency range spanning 1 to 116 GHz.
Thus, the ngVLA will be sensitive to continuum emission over
a wide range of frequencies as well as to cold gas traced by the
HI line at 21 cm and low-J transitions of the CO molecule.

The ngVLA configuration will consist of∼300!×!18 m
antennas23 with baselines out to at least 300 km(<1000 km),
as shown in Figure1. For comparison, the VLA and ALMA
have maximum baselines of 36.4 and 16.2 km, respectively.
Given its unique combination 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 surroundings. 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. The ngVLA will
also facilitate deep surveys necessary for studying both
powerful AGNs at high redshifts and lower-power AGNs
associated with low-mass galaxies or MBHs withMBH!<
106 Me in the nearby universe. These are two key observational
frontiers in AGN science that hold important clues for our
understanding of MBH galaxy coevolution, yet present extreme
observational challenges for current instruments.

In Section2 of this study, we summarize important AGN
science questions on various topics including jet-ISM feed-
back, AGNs hosted by low-mass galaxies, and the role of
AGNs in shaping galaxy evolution. In Section3, we present
simulated ngVLA continuum observations, and discuss the

21 We refer to this class of AGNs, which may be either jetted or non-jetted,
interchangeably as radio-quiet, low-luminosity, and low-power radio AGNs
throughout this study.
22 Some radio sources withL1.4 GHz 1024 W Hz−1 have star formation rather
than AGN origins, although the prevalence of this phenomenon is widely
debated in the literature and likely varies as a function of redshift, galaxy
properties, and survey selection effects(e.g., Kimball et al.2011; White
et al.2015; Zakamska et al.2016).

23 The number of antennas and configuration shown in Figure1 represents the
most up-to-date plan for the ngVLA configuration available at the time of
writing. For more current information on the ngVLA reference design, we refer
readers tohttp:// ngvla.nrao.edu.
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impact of the proposed ngVLA design on future AGN feedback
and galaxy evolution studies. Computational considerations are
presented in Section4. We examine the synergy between the
ngVLA and a variety of existing and future telescopes over a
wide range of wavelengths and observational regimes in
Section5. In Section6, we summarize the main results of our
study and provide suggestions for future work.

2. AGN Science in the ngVLA Era

2.1. Jet-ISM Feedback

We still 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 number of mechanisms including
heating, shocks, and/ or turbulence(Fabian2012; Alatalo et al.
2015; Soker2016), 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 mechan-
isms dominate—remain unknown. This is primarily due to the
observational challenges of identifying systems with jet-ISM
feedback(e.g., sensitivity, angular resolution, and the need for
extensive multiwavelength data) that have prevented large,
statistically complete studies.

Recent observational and theoretical evidence has chal-
lenged long-held beliefs that only the most powerful radio
AGNs residing in massive elliptical galaxies or at the centers of
galaxy clusters are capable of generating significant feedback
(e.g., Alatalo et al.2011, 2015; Davis et al.2012; Nyland et al.
2013; Godfrey & Shabala2016; Mukherjee et al.2016, 2017;
Querejeta et al.2016; Zschaechner et al.2016), arguing that
lower-power radio AGNs may be able to significantly affect the

ISM conditions of their hosts through sub-galactic-scale
radio jets. Recent relativistic hydrodynamic simulations of
radio jets propagating in a dense ISM(Mukherjee et al.
2016, 2017, 2018; Figure 2) provide strong support for this
possibility, demonstrating that while powerful radio jets are
able to rapidly “drill” through the ISM, lower-power jets
become entrained in the ISM and are ultimately able to transfer
energy to the ambient gas over a much larger volume and for a
longer period of time.

Radio-jet feedback is typically assumed to benegativein
nature in that it involves the destruction, disruption, and/ or
removal of gas that might otherwise be engaged in current or
future star formation. However,positiveradio AGN feedback
—in which radio jets actually trigger the onset of a burst of star
formation or lead to an increased star formation efficiency—
may also occur. Simulations have shown that the relative
importance of negative and positive jet-driven feedback
depends on the size distribution and density of the ISM clouds
(Fragile et al.2004; Gaibler et al.2012; Gardner et al.2017),
but observational examples of positive radio jet feedback in
action are still rare(e.g., Zinn et al.2013; Cresci et al.2015;
SalomŽ et al.2015; Lacy et al.2017; Moln‡r et al.2017).

As demonstrated in Lacy et al.(2017), the combination of
VLA continuum and ALMA molecular gas imaging helps
confirm the presence of positive jet feedback in candidates such
as Minkowski’s Object. While future, deep VLA and ALMA
observations of radio jets directly interacting with molecular
gas in their hosts may help increase the number of known
candidates, sensitivity, particularly to the molecular gas
emission, will limit the scope of such studies. A significant
advancement in our understanding of the relative roles of
positive versus negative AGN feedback in shaping galaxy
properties as a function of redshift will therefore require the
enhanced sensitivity of the ngVLA.

2.2. ISM Content and Conditions

The ngVLA will complement source morphologies and
energetics constraints from deep, high-resolution continuum
observations with spectral line data that encode information 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
AGN feedback. These continuum+ cold gas ngVLA studies
would—for the first time—provide us with constraints on the
prevalence and energetic importance of jet-ISM feedback in the
population of low-luminosity AGNs residing in lower-mass,
gas-rich host galaxies.

2.2.1. 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 et al.2013). H I absorption offers a key
advantage over studies of the HI line in emission in terms of




































