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Abstract: Observational studies of AGN in the mid-infrared regime are crucial to our understanding
of AGN and their role in the evolution of galaxies. Mid-IR-based selection of AGN is complementary
to more traditional techniques allowing for a more complete census of AGN activity across cosmic
time. Mid-IR observations including time variability and spatially resolved imaging have given us
unique insights into the nature of the obscuring structures around AGN. The wealth of fine structure,
molecular, and dust features in the mid-IR allow us to simultaneously probe multiple components
of the ISM allowing us to explore in detail the impact on the host galaxy by the presence of an
AGN—a crucial step toward understanding galaxy-SMBH co-evolution. This review gives a broad
overview of this wide range of studies. It also aims to show the evolution of this field starting with
its nascency in the 1960s, through major advances thanks to several generations of space-based and
ground-based facilities, as well as the promise of upcoming facilities such as the James Webb Space
Telescope (JWST).
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1. Introduction

Observed trends, such as the close relationship between black hole mass and velocity
dispertion (the M-c relation) [1,2] and the similarity of the histories of cosmic star-formation
and black hole accretion [3] have led to the conclusion that likely all massive galaxies host
supermassive black holes and, moreover, that the growth of these black holes and their
host galaxies are closely coupled (see [4] for a recent review). Although only about 1% of
galaxies are at any given time observed as AGN (Active Galactic Nuclei), it is in this phase,
when the black holes are actively accreting material, that we are most likely to witness the
processes by which galaxies and their central black holes co-evolve.

A recent review of the large range of phenomenology of AGN across the electromag-
netic spectrum is presented in Padovani et al. [5]. Much of this observed diversity can be
understood via the orientation-based unification model (see [6] for a recent review). An
alternative (or at least complementary) interpretation for the observed diversity in AGN
properties, however, exists in the form of merger-driven evolution, where the time around
coalescence corresponds to both the most intense stellar build-up and strongest AGN
activity. At this peak, both stellar mass build up and black hole growth take place in heavily
dust-obscured systems, with obscuration decreasing post coalescence due to feedback
processes [7]. This leads to IR-luminous (dust-obscured) galaxies commonly showing at
least some level of AGN activity, including a significant fraction appearing as composite
objects, where both star-formation and AGN contribute to the dust heating [8-10]. Such
a merger-driven model is also supported by the observation of increased fractions of ob-
scured AGN among galaxies showing evidence of recent/ongoing mergers or vice versa
(e.g., [11,12]), a trend that is, however, largely confined to the most luminous AGN [13].
For a recent review of obscured AGN see Hickox and Alexander [14]. By contrast to the
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merger-driven model, secular AGN triggering, through dynamical processes internal to
the host galaxy, dominates among lower luminosity, but much more numerically common,
AGN [13,15,16].

Overall, much of the cosmic black hole accretion history is happening in obscured
AGN [17-19] just like the bulk of the cosmic star-formation is dust obscured [3]. In-
frared AGN selections have therefore been crucial in building up a more complete cen-
sus of AGN as they can find obscured AGN missed by other selection methods such
as X-rays and optical spectroscopy [20-24]. Beyond merely identifying AGN, detailed
spectrally, spatially and temporarily resolved infrared observations of AGN have already
given us great insights into the obscuring structures around the AGN. These have al-
lowed us to probe both small scales, from tens to hundreds of parsecs with 8-10 m class
telescopes [25-28] associated directly with the central AGN, as well as galactic (21 kpc)
scales [29]. Indeed, the AGN driving-away or at least exciting the host galaxy’s ISM is a
crucial component in our understanding of galaxy-black hole co-evolution by providing a
mechanism by which the AGN can serve to regulate star-formation within its host galaxy.
For example, recent MUSE IFU data gives us direct evidence of how AGN fueling is influ-
enced by galactic scale structures and in turn affects the wider galaxy through AGN-driven
feedback [30].

This review focuses in particular on the mid-IR regime, roughly 3-30 microns in the
rest-frame. Thanks to a rich array of diagnostic broad spectral features and emission lines,
this decade in wavelength is ideally suited for the study of star formation in dusty galaxies
and AGN, and also for probing key ISM characteristics that may influence or be influenced
by the presence of an AGN. The study of AGN in the mid-IR dates back to the 1960s but
took large leaps forward thanks to the Infrared Space Observatory (ISO) [31]; the Spitzer
Space Telescope [32] !; the Wide-field Infrared Survey Explorer (WISE) Wright et al. [33];
and ground-based instruments such as MIDI [34] and MATISSE [35]. This study is now on
the cusp of another huge leap forward with the advent of the James Webb Space Telescope
(JWST) with its MIRI instrument, Rieke et al. [36]. For a more complete discussion of AGN
properties in the infrared, we also refer the reader to two other reviews in this Special Issue.
These are: “Infrared Spectral Energy Distribution and Variability of Active Galactic Nuclei:
Clues to the Structure of Circumnuclear Material” by Jianwei Lyu and George Rieke; and
“The Role of AGN in Infrared Galaxies from a Multiwavelength Perspective” by Vivian U.

Finally, this review is aimed as an accessible entry point for students and researchers
who are new to the field, providing a broad overview of the questions addressed via mid-IR
spectroscopic or imaging observations of AGN. It is organized as follows. In Section 2, we
present a brief history of mid-IR studies of AGN. In Section 3, we present the observed
characteristics of AGN in the mid-IR, as well as discuss mid-IR AGN selection and its
implications for AGN demographics, including the AGN luminosity function and the
cosmic black hole accretion rate. In Section4, we discuss a variety of constraints on the
physical properties of AGN achieved through mid-IR observations including spectroscopy,
spatially resolved observations and variability studies. In Section 5, we discuss the gas
and dust properties around AGN (i.e., how the AGN affects its host galaxy’s ISM), as well
as disentangling how much of the dust heating of a given galaxy is due to star-formation
vs. AGN activity—both topics are critical to the broader study of black hole-galaxy co-
evolution. Section 6 presents an overview and comparison of past, present and upcoming
mid-IR spectrographs and in particular addresses the anticipated AGN science expected
from the recently launched JWST. Finally, in Section7, we present a summary and key
open questions.

2. A Brief History

The history of the study of AGN in the infrared goes hand-in-hand with the history
of infrared astronomy itself. Underlying it of course is the history of the development of
infrared detectors—originally largely motivated by military applications (for a compre-
hensive review see Rogalski [37]). It is interesting to note, that the first observations of
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astronomical objects in the infrared were performed by W. Coblentz more than 100 years
ago, in 1915 [37]. The development of increasingly sensitive detectors out to the mid-IR
regime allowed for ground-based observations that revealed several basic characteristics of
the mid-IR spectra of normal galaxies and AGN. The earliest observations obtained ground-
based constraints at 2, 10 and 22 um of bright sources such as 3C273 and others [38,39].
These showed an upturn in the continua of galaxies toward the infrared that, in nearly
all cases, could not be explained as simple extrapolation of the radio synchrotron emis-
sion. Rather, it was already interpreted as a distinct component, specifically thermal dust
emission due to dust grains absorbing optical /UV light from the nuclear source [40]. Such
thermal dust emission was limited to the infrared by the dust sublimation temperature
of ~1500 K [40]. A key early study was Rieke and Low [41] which showed ubiquitous
mid-IR (10 pm) emission both among regular spirals and Seyferts, as well as an early
hint of the IR-radio correlation. Mid-IR variability on the scale of months was detected
in several active galaxies including NGC1068 and 3C273 [42]. A 8-13 um spectrometer
with AA/A ~ 0.02 at the Kitt Peak National Observatory 2 m telescope allowed for the
first mid-IR spectra of just a handful of bright galaxies including the Seyfert NGC1068 and
the starburst galaxy M82 [43,44]. These revealed several now familiar features such the
9.7 um silicate absorption, the [Nell] 12.8 um line, and a 11.3 um feature of then unknown
origin, but later attributed to PAH. Overcoming the very challenging spectrometry (only
available for a handful of galaxies), [45] used an ingenious technique of nested broad and
narrow filters to detect and study the 9.7 um silicate absorption feature in a larger sample.
Shorter wavelength low-resolution spectrometry also showed the 3.3 um PAH emission
feature [46].

Ground-based studies out to 3 um or at ~10 um are challenging but still possible
thanks to relatively lower atmospheric absorption there. A spectrometer mounted on the
balloon-born Kuiper Astronomial Observatory (KAO) allowed for the first 4-8 um spectra
to be taken, revealing the 6.2 and 7.7 um PAH (then unidentified) features, as well as
hints of multiple fine structure features of Ar, S, Ne, and Mg [47]. These early studies
already revealed the richness of the mid-IR spectra of both galaxies and AGN but left
many unanswered questions and were limited to the brightest sources with photometric
samples on the order of a hundred and spectroscopic samples on the order of five. Many
parts of the spectrum were virtually unexplored due to strong atmospheric absorption.
This motivated the development of space-based facilities which included first the InfraRed
Astronomical Satellite (IRAS [48]) (launched 1983); then the Infrared Space Observatory
(ISO; [31], launched 1995); the Spitzer Space Telescope [49] (launched 2003), and the Wide
Field Infrared Survey Explorer (WISE; [33], launched 2009). WISE mapped out the whole
sky at 3.4, 4.6, 12 and 22 pm.

Figure 1 shows only a small subset of the history of mid-IR spectroscopic studies
of AGN across the last several decades. Figure 1a is a 1970s example [44] of the earliest
ground-based mid-IR spectra that were available for a handful of bright nearby AGN such
as NGC1068. Figure 1b shows that ISO not only greatly expanded mid-IR spectroscopic
studies of nearby galaxies and AGN but also provided some spatially resolved results such
as this map of the 7.7 um PAH feature > in NGC1068 [50]—a precursor to what we expect
to see from JWST MIRI beyond the local Universe. Figure 1c shows the much more detailed
and high-resolution spectra available for nearby AGN through Spitzer [51]. Figure1d
highlights that Spitzer allowed for the first time mid-IR spectroscopic studies beyond
the local Universe for both galaxies and AGN [52-58]. These studies not only confirmed
features and trends already seen by earlier studies, especially with ISO [59,60], but also
highlighted the increasing importance of previously largely unknown/underappreciated
classes of objects such as AGN with extremely deep silicate absorption features (Figure 1d).
These sources are likely to represent an interesting stage in the co-evolution of galaxies and
their central black holes.
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Figure 1. A broad view of the history of mid-IR spectroscopic studies of AGN. (a) The 1976 spectrum
of the Seyfert 2 NGC1068 (~5”.3 beam), already identifying the presence of silicate absorption
at 9.7 um as well as the fine structure [Nell] 12.8 um line. Adapted from Kleinmann et al. [44],
© AAS. (b) An ISO image highlighting the spatial distribution of the PAH 7.7 um feature (here
the continuum is subtracted) in NGC1068. The dearth of PAH emission at the center is consistent
with the idea that the AGN radiation destroys the PAH molecules in its immediate vicinity, but
not on galaxy-wide scales. Adapted from Le Floc’h et al. [50], © ESO. (c) The Spitzer IRS high
resolution spectrum of a local Seyfert 2 source IRAS00198-7926, highlighting a few key lines. Adapted
from Tommasin et al. [51], © AAS. We see a continuum-dominated spectrum superimposed with a
wide range of fine structure lines including from high-ionization species such as [NeV], as well as
features associated with shocked Hj. (d) An example of a heavily obscured AGN at cosmic noon,
characterized by weak PAH but extremely deep silicate absorption. Adapted from Sajina et al. [8],
© AAS. Spitzer/IRS was the first instrument to allow for mid-IR spectroscopic studies beyond the
local Universe. All figures reproduced with permission.

3. Observed Characteristics and Mid-IR AGN Demographics

This section summarizes the key observational characteristics of AGN in the mid-IR,
especially as contrasted to the mid-IR properties of pure star-forming galaxies. These
characteristics are used to select AGN in a way that is complementary to other traditional
selection methods such as in the X-rays. Therefore, here, we also summarize the lessons
learned from using mid-IR observations to select AGN with the aim of a more complete
census of AGN activity throughout cosmic time.

3.1. The Observed AGN Mid-IR Emission

We already saw in Figure 1c that the mid-IR spectra of AGN are characterized by a
strong, roughly power—law, continuum with superimposed fine structure lines. By contrast,
the mid-IR spectrum of pure star-forming galaxies is dominated by the prominent PAH
features at 6.2,7.7,8.6,11.3, 12.6 and 17.0 um [61]. Indeed, the luminosities of these lines have
been shown to correlate with traditional SFR indicators such as Ly, [62]. Because of this, a
commonly used measure to determine the fraction of the mid-IR emission that is due to an
AGN as opposed to star-formation, is the equivalent width of the 6.2 um PAH feature (EW6.2),
where values of EW6.2 < 0.5 um are typically considered AGN-dominated systems. Figure 2
shows stacked SEDs in bins of EW6.2 um. We see a gradual transition from PAH-dominated
to continuum-dominated sources with weak or absent PAH features. These features of
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mid-IR AGN spectra vs. star-formation dominated spectra are commonly seen in spatially
un-resolved space-based spectra (e.g., [8,9,51,53,63,64]), and have been further explored in
spatially-resolved studies with ground-based data [27,28,65,66]. The mid-IR spectra of both
are also rich in fine structure lines which allow us to probe the physical conditions of the
gas, Inami et al. [67]. These also serve as AGN diagnostics, especially using line ratios
involving high and low ionization potential species such as [NeV] 14.3 um/[Nell] 12.8 um
or [NellI] 15.5 um/[Nell] 12.8 um, where such ratios are found to correlate with the PAH
equivalent widths [59,68] further supporting the use of the latter as AGN diagnostics in
lower resolution mid-IR spectra. We discuss in more detail the diagnostics provided by the
fine structure lines in Section 3.2.
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Figure 2. Stacked SEDs in bins of EW6.2 um where high EW galaxies are star-formation dom-
inated, whereas low EW galaxies are AGN-dominated, at least in the mid-IR. The inset shows
just two representative templates, one high EW6.2 um (this looks much like the stacked SED of
local pure starburst galaxies [61]) and one low EW6.2 um (this appears very similar to the SED
of an unobscured/Type 1 AGN (e.g., [18,51]), see also Figurelc. Among IR galaxies, we see a
continuum of equivalent widths corresponding to a continuum of AGN fractions. Besides the equiv-
alent width, it is clear that star-forming galaxies have steeper 30 um/15 um slopes. Adapted from
Lambrides et al. [69], with permission from the author.

It is critical to note that in the mid-IR, we do not see a bimodal star-forming/AGN
distribution but rather a continuum that gradually transitions from the star-formation
dominated (strong-PAH) to the AGN-dominated (weak-PAH, predominantly power law
continuum) spectrum. Typically, therefore, researchers in the field have modeled the mid-IR
spectrum as a sum of a star-forming and AGN component with the relative amplitudes as
free parameters and defined a mid-IR AGN fraction (fs4gn mir) on the basis of integrating
(over, e.g., 5-15 um) the best-fit AGN-only component divided by the integral of the best-fit
total model, (e.g., [8-10,53]). This approach has also led to our considering sources as
SF-dominated if the SF component accounts for >80% of the total mid-IR emission or
AGN-dominated, if the AGN component accounts for >20% of the total mid-IR emission
(over the 5-15 um range) or a composite if the source lies in between. Figure 3 shows the
relative distribution of SF-dominated, AGN-dominated and composite objects among the
24 um population. Note that while, unsurprisingly, AGN-dominated sources dominate
among the Sy4 > 1m]y sources, composites remain an important component (20-25%) of
the overall mid-IR source population even at the faintest fluxes.
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Figure 3. The relative contribution of SF-dominated, AGN-dominated and composite sources
as a function of 24 um flux. These classifications are based on low resolution Spitzer-IRS spec-
tra which are fitted with a model including PAH emission and continuum emission, the relative
strength of which provides the fraction of AGN contribution to the mid-IR (f(AGN)pr). Adapted
from Kirkpatrick et al. [10], © AAS. Reproduced with permission.

In addition to the characteristics of the PAH features, mid-IR spectra of both galaxies
and AGN are also characterized by silicate features at ~10 and 18 pm. These features
are commonly observed in absorption, as shown in Figure 1a,d. Indeed, accounting for
silicate absorption is critical for obtaining accurate PAH equivalent widths, especially for
the 11.3 ym feature. For face-on orientations (Type 1 AGN), they are expected to be in
emission [70,71], which was only first observed with Spitzer [72,73]. We discuss further the
silicate features and their implications for the dust around AGN in Section 5.2.

Figure 2 shows that besides the relative strength of the PAH features, the mid-IR
spectra of sources also show different 15-to-5 continuum colors®, as well as 30-to-15 pm
continuum colors depending on whether the source is star-formation or AGN dominated.
This behavior gives us additional diagnostic power and can serve to identify AGN in
photometric data alone. Figure 4 shows a series of three diagnostic diagrams that include
both the principle emission (PAH) and absorption (silicates) features in mid-IR spectra, as
well as these continuum colors. These plots also highlight that we have a continuum from
SF-dominated to AGN-dominated sources, but it also highlights that the PAH equivalent
width alone does not capture the full range of spectra either for the non-AGN or the AGN
components. The Laurent diagram represents a mixing diagram between AGN-like, PDR-
like and HII region-like mid-IR spectra. It shows again that the PAH equivalent width can
be used to determine the level of AGN contribution relative to star-formation in a galaxy
(since typical star-forming galaxies have PDR-like spectra with strong PAH, see also [61]).
However, it also shows that the spectra of pure HII regions (which are also consistent with
the spectra of some dwarf starburst galaxies) have weak PAH features same as AGN spectra.
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The two can be distinguished by the much steeper 15-to-5 um spectra of HII regions. The
Veilleux diagram (Figure 4b) shows that both the 15-to-5 um and the 30-to-15 um colors
are much steeper in star-formation dominated systems than in AGN-dominated systems
(such as the classical quasars shown in black filled circles). Some sources with pure star-
forming spectra in the optical have AGN-like 15-to-5 um colors (consistent with their
being more PDR-like mid-IR spectra). They can however be distinguished from AGN on
the basis of much redder 30-to-15 um colors. However, systems with Seyfert 2, such as
optical spectra (the blue squares in the plot), are hard to distinguish on this plot from star-
forming systems on the basis of their mid-IR colors alone. Indeed, Veilleux et al. [74] used
multiple mid-IR spectral diagnostics (including fine structure line ratios, PAH equivalent
width and colors) to determine mid-IR AGN fractions since, as we point out here as well,
no single diagnostic works for all systems. However, the issue of why these “Seyfert 2”
systems have similar 30-to-15 pm colors to star-forming galaxies has a lot to do with the
question of whether or not the 30 pm “warm dust” continuum can be powered by AGN.
If AGN powered, it would need to be further out from the region of the classical dust
torus, most likely due to dust in the NLR region. In a detailed study of a large sample
of sources with both mid-IR spectra and photometric coverage across the full IR SED,
Kirkpatrick et al. [10] argued that the warm dust can indeed be AGN powered, unlike the
cold dust which dominates the far-IR /sub-mm regime and is associated with star-formation,
see Section 5 for further discussion.

Finally, the Spoon diagram shows that AGN-dominated systems in the mid-IR split
into two distinct tracks—one with weak silicate absorption (such as classical quasars) and
one with deep silicate features which are often referred to as “buried AGN”, see, e.g.,
Figure 1d. They argue that there is an evolutionary sequence from the latter to the former.
It is important to emphasize though that these observed mid-IR properties are indicative of
“buried nuclei” and said nuclei can, in principle, be powered by either an AGN or a compact
nuclear starburst [75]. This uncertainty can be addressed by introducing, for example, radio
data which is insensitive to dust obscuration. For example, Sajina et al. [76] find that
nearly 40% of such deep silicate absorption sources are radio-loud, supporting their AGN
nature, and indeed the source shown in Figure 1d presents a classical double-lobed radio
morphology. The review article by Eric Murphy in this Special Issue discusses further such
synergies between infrared and radio surveys.

Another approach is to combine multiple diagnostics. For example, building on
the diagnostic plots in Figure 4, Marshall et al. [77] presented a unified model for deeply
obscured systems where a 3D diagram including PAH equivalent width, silicate feature
depth and the 15-5 pum color can be used to distinguish whether a dusty nucleus including
only an AGN+clumpy torus, an AGN and clumpy torus plus nuclear starburst or only a
nuclear starburst. They note that in the case of the most deeply obscured AGN, >75% of
the total bolometric emission is powered by the AGN. They also show that such buried
AGN spectra require covering fractions of near 100%, even 10% unobscured lines of sight
toward the nucleus would make the source appear unobscured in the mid-IR. The basic
trends in the observed diagrams shown in Figure4 have also been shown to hold in
GADGET+radiative transfer simulations of isolated galaxies and mergers [78].
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Figure 4. This shows three important mid-IR diagnostic diagrams where we see the continuous
transition from star-formation dominated to AGN-dominated spectra. (a) The “Laurent diagram” [79],
indicates a mixing diagram between AGN-like, HII region-like and PDR-like spectra involving the
PAH equivalent width and the mid-IR 15-to-5 pm continuum color. Adapted from Laurent et al. [79],
© ESO. (b) The “Veilleux diagram” [74] shows the same 15 to 5 um continuum color on the y-axis, but
now compares it with the 30 to 15 um color on the x-axis. All black symbols represent Seyfert 1 optical
spectra, the blue squares are Seyfert 2 optical spectra. All other colors and the star symbols indicate
sources with pure star-forming optical spectra. Adapted from Veilleux et al. [74], © AAS. (c) The
“Spoon diagram” [80] has the same x-axis as the Laurent diagram but has the depth of the silicate
feature along the y-axis, highlighting a potential embedded nucleus evolutionary phase. Adapted
from Spoon et al. [80], © AAS. All figures reproduced with permission.

Lastly, we note the recently published work by Spoon et al. [75] on the Infrared
Database of Extragalactic Observables from Spitzer (IDEOS *) which presents a public
database of homogeneously derived set of 77 different observable properties based on
low-resolution 5-36 um Spitzer IRS spectra for >3000 galaxies.

3.2. Fine Structure Mid-IR Lines

Above, we focus on the broad emission/absorption and continuum features such as
seen in the lower resolution Spitzer IRS spectra—the only mid-IR spectra available beyond
the local Universe so far. However, Figure 5, based on the original work of Spinoglio and
Malkan [81], shows the wealth of mid-IR fine structure lines displayed in the ionization
potential vs. critical density plane. The presence of any of the lines within the AGN or
coronal line regions can be considered an indication of the presence of an AGN in the
system. Ratios of AGN to HII-like lines (e.g., [NeV]/[Nell]) can be used as diagnostics
of the relative strength in the mid-IR of the AGN to the star-formation. Note that the
AGN:-like spectrum in the insert in Figure 2 shows high ionization potential (also known
as AGN) lines including [NeV] 14.3 um, and [OIV] 26 um. We also see the star-formation
line [Nell] 12.8 um and the borderline [NellI] 15.5 um. Indeed, the [Nelll]/[Nell] ratio itself
can be used as a diagnostic of the degree of AGN activity in a galaxy. Indeed, there is a
strong correlation between the NLR lines [NeV] and [Nelll] spanning several orders of
magnitude in luminosity [82], which places constraints on allowed photoionization models
and explains why these two ratios both work as AGN diagnostics. As mentioned already
in Section 3.1, the [Nelll]/[Nell] ratio has been shown to correlate with the PAH equivalent
width [68] supporting the latter’s use as an AGN diagnostic. Of course, besides serving
as indications of the presence or strength of an AGN, these mid-IR fine structure lines can
serve as probes of the physical conditions (e.g., metallicity, temperature, density) of the
gas in the NLR, as well as more broadly in the AGN host galaxy [83]. For a recent review
of emission line diagnostics including in the mid-IR see Kewley et al. [84]. We return to
this point in more detail in Section 5.1. Lastly we note that here we focus on the mid-IR
diagnostic lines only, but of course ALMA has been observing the far-IR emission lines,
especially the PDR [CII] 158 um line, out to z ~ 6. As an example, we refer the reader to
the paper of A. Faisst on the results of the ALPINE survey, presented in this Special Issue.
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Figure 5. The wealth of mid-IR fine structure diagnostic lines. The ratio of lines from say the AGN
group vs. from the HII group (e.g., [Ny]/[Np]) serve as diagnostics of the relative strength of AGN
in a galaxy. Adapted from Spinoglio et al. [85], with permission from the author.

3.3. Mid-IR AGN Selection: Implications for AGN Demographics

The previous section discussed how we select and characterize AGN using low- and
high-resolution mid-IR spectra. This section summarizes how we select AGN in mid-IR
photometric surveys, and what such mid-IR selected AGN tell us about the AGN luminosity
function and the cosmic history of black hole mass build-up.

3.3.1. Mid-IR AGN Selection Techniques

The characteristic red, often featureless mid-infrared SED of AGN (see Figure 2) en-
ables effective selection techniques based solely on broad band colors, provided the AGN
emission dominates the observed-frame mid-infrared (see Lacy and Sajina [18] for a recent
review). Bright mid-IR flux limited samples are also effective at selecting AGN (see Figure 3)
as was made use of in IRAS data for their 12 pm-limited sample, [86]. Some of the AGN
diagnostics already discussed in Section 3.1, such as those in Laurent et al. [79] became the
basis for photometric selection of AGN with ISO surveys [87]. Photometric broad-band
selections were later developed for Spitzer IRAC surveys (e.g., [88]) and became very valu-
able tools for finding obscured AGN in the Spitzer surveys [20,21,89,90] and subsequently
for WISE [91-93]. Techniques have also been proposed for JWST [94].

Selection techniques can be based on colors, e.g., with IRAC [20,21], or by requiring a
power-law spectrum [22,89]. These techniques are all discussed extensively in the review
by Lyu and Rieke in this Special Issue to which we refer the reader for a more complete
coverage. Here, we only re-iterate some key points. First, all mid-IR AGN selection
techniques only work for sources where the AGN dominates the mid-IR emission (see
discussion on role of composite objects in Section 3.1, a point also made in Hickox and
Alexander [14]). Second, while such techniques in general pick out both unobscured (Type 1)
and obscured (Type 2) AGN, they do fail for the most extremely obscured AGN where
the short wavelength IRAC emission from the AGN might be largely absorbed by dust
in the nuclear regions or extended galaxy (see, e.g., Snyder et al. [78], Marshall et al. [77]).
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One could make a rough argument that if for a typical attenuation curve the ratio of the
attenuation at 3 um to that in the V-band is about 10, then AGN become optically-thick
at 3 um if subject to dust attenuation of Ay > 10. Much higher levels of attenuation
are seen in high spatial resolution studies of the nuclear regions around buried AGN
(e.g., [95]). That being said, there are several examples of Compton-thick AGN (even ones
undetected in 2Ms X-ray images) that are nonetheless dominated by AGN-like emission in
the mid-IR [96,97].

3.3.2. Mid-IR Luminosity Functions

The luminosity function of AGN selected in the mid-infrared has been studied since
the era of IRAS, when Rush et al. [8§6] made a local luminosity function for AGN selected at
12 pm. In the near-infrared, some progress was made after the IRAS era with 2MASS when
it was realized that a significant population of dust-reddened quasars exists [98,99]. The
advent of ISO, however, allowed space-based infrared surveys to attain sufficient depth to
detect large numbers of highly-reddened AGN at z >> 0.1. Matute et al. [100] used AGN
identified in ISO surveys and IRAS to make the first study of the cosmic evolution of the
luminosity function for AGN selected in the mid-infrared. Spitzer, with its much faster
mapping speed, was able to vastly increase the numbers of mid-infrared AGN and allow a
determination of the evolution of the luminosity function up to z ~4 [101]). Finally, the
addition of WISE data has allowed even better constraints on the bright end of the AGN
luminosity function [102].

Figure 6 shows the mid-IR AGN luminosity functions (LFs) from Lacy et al. [101]
compared with the bolometric and hard X-ray LFs. It is clear that the mid-IR selected
AGN come closer to the bolometric LF than those based on hard X-ray selected samples.
It is worth noting that in that work the low-L end of the LF was not constrained. More
recent determinations show somewhat shallower slopes below the knee at lower-z [19]. In
the near future, JIWST data will allow much better constraints to be placed on the mid-IR
luminosity function at high redshifts and low luminosities.

Indeed, such comparison to luminosity functions derived from AGN surveys at differ-
ent wavelengths also allows the selection biases of AGN surveys in each waveband to be
better understood. Han et al. [103] and Lacy et al. [101] compared the mid-infrared AGN
luminosity functions with X-ray and optical luminosity functions from the literature. Run-
burg et al. [19] directly compared the mid-IR and X-ray-selected AGN populations in the
4.5 deg2 XMM-LSS field. Assef et al. [24] compared the luminosity function of infrared-
selected “Hot DOG” obscured AGNs in WISE with the optical quasar luminosity function.
All these studies find broadly consistent results, namely that the AGN luminosity functions
derived from mid-IR selected samples are higher than that for samples selected in the X-ray
or optical at a given bolometric luminosity.
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Figure 6. Luminosity functions of mid-IR selected (and spectroscopically confirmed) AGN compared
with estimated bolometric luminosity functions (H07; [104]) and luminosity functions based hard
X-ray selected AGN (LFO05; [105]) and (A10; [106]). More recent results on the mid-IR AGN LF are
consistent with these at the high-L end, but show somewhat less steep slopes in the low-L regime [19].
Adapted from Lacy et al. [101], © AAS. Reproduced with permission.

3.3.3. Cosmic Black Hole Accretion Rate Density
Integrating the luminosity functions allows us to obtain a luminosity density
(e.g., Figure 7). The bolometric luminosity density is a proxy for the black hole accretion
rate density through:

M = Ly /nc?

where the efficiency, 7, is estimated at ~ 0.181“8:(1)% [101].

M
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Figure 7. The AGN luminosity density (proxy for the black hole accretion rate density) as derived
from the IR vs. X-ray AGN luminosity functions. Note that at all redshifts, the IR selected AGN
dominate the luminosity density. Morever, the shape of this function (for the IR), is similar to the
more recent determination of the SFRD [107] including the greater contribution of dusty galaxies at
z > 2.5. Adapted from Runburg et al. [19]. Reproduced with permission by the author.

Doing the above using AGN luminosity functions based on different selection methods
can be used to assess what fraction of the growth of supermassive black holes occurs
whilst the AGN is heavily obscured by gas and dust. Figure 7 shows the AGN luminosity
density derived, respectively, from the IR vs. X-ray (un-corrected for obscuration) AGN
luminosity functions. It is clear that, at all redshifts, the mid-IR selected AGN dominate the
luminosity density, although that is contingent on extrapolations to the uncertain faint-end
of the luminosity functions. This result together with the other AGN luminosity function
comparisons discussed in the previous section, are consistent with ~50-70% of accretion
occurring in an obscured phase.

Figure 7 also compares the AGN luminosity density with the SFRD both as given in [3]
and the more recent [107]. It finds better agreement between the cosmic BHARD and SFRD
using the latter estimate which has a relatively stronger contribution from dusty galaxies at
z > 2.5. We also refer the reader to the review of high redshift dust obscured in this Special
Issue by J. Zavala and Caitlin Casey.

3.3.4. Mid-IR Selection of AGN in Low-Mass Systems

As discussed in Section 3.3.1, the traditional mid-IR methods for finding AGN are
biased against AGN that experience heavy nuclear obscuration or lower luminosity AGN
that are overpowered by star-formation in the host galaxy (both issues arise for example in
late stage mergers when simulations suggest black holes grow most rapidly yet obscuration
peaks and the AGN activity is accompanied by a strong starburst). The mid-IR luminosity
function of AGN (see Section 3.3.2) is poorly constrained in the low-L end due to both
such systematic uncertainties as well as limitations in sensitivity. The sensitivity issue
will be significantly alleviated soon with the successful launch of JWST, as discussed
in Satyapal et al. [108], as well as in Section 6. The systematic issues, however, are harder
to resolve. Below, we discuss some lessons that have been learned from searches for lower
luminosity AGN associated with lower mass black holes. Following the M — ¢ relation
such lower-mass BHs are expected to reside in low mass and therefore low metallicity
galaxies. Indeed, the goal of a better census of lower luminosity AGN is closely related
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to the broader issue of a census of lower mass black holes, a population crucial to our
understanding of the origins of SMBHs and secular black hole growth [15,109,110].

In Sections 3.1 and 3.3, we discussed both PAH-based and color-based mid-IR selec-
tions. However, studies have shown that both approaches are complicated for galaxies
dominated by their HII regions as might be expected in dwarf starburst galaxies, see,
e.g., Roussel et al. [111]. This is already alluded to in Section 3.1, since HII regions emission
can mimic AGN mid-IR colors and a lack of PAH features. In addition, there is a trend
of weakening PAH features with lower metallicity. Engelbracht et al. [112] examined the
mid-IR spectra of a sample of dwarf galaxies and found a clear trend of lower-metallicity
galaxies moving towards power law continuum, weak PAH mid-IR spectra without any
AGN presence (see Figure 8 Left). They also found that the PAH EW was correlated with
line diagnostics (combining [Nelll]/[Nell] and [SIV]/[SIII]) that trace the hardness of
the radiation field. These results suggest perhaps that young starbursts generate a suffi-
ciently hard radiation field that PAH carriers are destroyed. Indeed, finding AGN in low
metallicity systems is also complicated for traditional techniques such as the optical BPT
diagram [113]. Diagnostic mid-IR NLR line ratios such as [NellI] 15.6 um/[Nell]12.8 um
are also degenerate between AGN and low-metallicity galaxies, as seen in Hao et al. [73]
and Spoon et al. [75]. Two studies, Sartori et al. [114] and Hainline et al. [115], with slightly
different parent sample selections both examine the consistency between optical spec-
troscopic and mid-IR (WISE) color-color selection techniques for finding AGN in dwarf
galaxies. Both find that there is very little overlap between the AGN selection through
optical spectroscopic and mid-IR color diagnostics. Sartori et al. [114] finds that optical
spectroscopic selection is biased toward somewhat redder and higher mass hosts whereas
mid-IR color selection is biased toward blue, lower mass hosts. The latter is further con-
firmed by Hainline et al. [115] who find that the majority of dwarf galaxies with mid-IR
AGN:-like colors appear to be compact blue galaxies representing young starbursts (again
the explanation is an intense enough radiation field to heat dust sufficiently to reproduce the
red mid-IR colors) (see Figure 8 Right). They find that this makes the single W1-W2 color
particularly unreliable whereas the two color technique of using W1-W2 vs. W2-W3 [116]
is somewhat more reliable though still suffering from significant starburst contamination.
Both studies agree that this degeneracy with the observed spectra of young starbursts
means that any mid-IR selected AGN in dwarf galaxies requires independent confirmation.
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Figure 8. Here, we highlight some issues with mid-IR AGN selection in dwarf galaxies. Left:
Average mid-IR spectra of starburst galaxies, without AGN, binned by metallicity as labeled, adapted
from Engelbracht et al. [112]. Right: The WISE colors of dwarf galaxies color-coded by sSFR. The
model tracks represent an elliptical template+a hot dust blackbody component of the indicated
temperature. Note the bulk of the dwarf galaxies with red W1-W2 colors are consistent with intense
starbursts. The few more robust candidates for AGN powered systems all lie within the purple
polygon which represents the Jarrett et al. [116] AGN selection, adapted from Hainline et al. [115],
AAS®. Reproduced with permission.
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The mid-IR regime itself offers two potential avenues for breaking this degeneracy
between AGN and young starbursts in dwarf galaxies. One is to look for the presence of
high ionization potential mid-IR lines such as the [NeV]14.3 um line (see Figure 5), which are
strong indicators of the presence of an AGN as these lines are largely obscuration independent
and cannot be produced by any known stellar-associated phenomenon, (e.g., [68,74,108]). The
[NeV] line has been used, for example, in finding AGN in bulgeless spiral galaxies without
an optical spectroscopic indication of an AGN [117]. Richardson et al. [118] recently found
that mid-IR emission line diagnostics are less sensitive to various degeneracies between
physical parameters than the traditional BPT emission line diagnostics, and therefore can
serve as a good means of finding AGN (really IMBHs) within dwarf galaxies. Specifically,
they find that the [OIV]25.9 pm/[NellI] 15.6 um is a good AGN diagnostics either alone or
in combination with [SIV]10.5/[ArII] 6.99 um.

The other approach to finding AGN in dwarf galaxies is mid-IR variability which
we discuss in more detail in Section4.3. Recently, Secrest and Satyapal [119] showed
that, similar to optical variability studies, mid-IR variability identified AGN decrease
significantly with stellar mass. It is worth keeping in mind though that this may be an
indication of a genuine lack of such AGN or that the variability properties of said AGN
differ sufficiently from those of their higher mass counterparts that existing studies fail to
find them.

Finally, we will digress slightly from the topic of AGN to discuss the role of mid-
IR studies in finding and studying lower mass black holes through looking for tidal
disruption events (TDEs). TDEs are biased towards intermediate mass black holes since,
to be observable, they require the tidal disruption radius to be outside the event horizon
which for typical stellar masses favors Mpy < 108M, (for a review see [120]). Mid-
IR flares have been observed associated with optically-detected TDE candidates. For
example, Jiang et al. [121] report on a mid-IR flare associated with a dust echo from a TDE
candidate in a Seyfert 1 dwarf galaxy with a known 10° M, black hole. Interestingly, this
mid-IR flare happened 11 days before the optical flare detected by ASAS-SN which classified
this event as a TDE. In other cases, the mid-IR flare has happened years after the optical
flare [122]. The relative association between the optical and mid-IR variability would be a
great way to better understand these events and through them the overall population of
lower mass black holes.

4. Constraints on the Physical Properties of the AGN

This section summarizes key results in how one uses mid-IR spectroscopy, spatially
resolved and time-resolved observations of AGN to gain further insight into the black
hole mass, accretion rate and the obscuring dust structures. These results provide us a
deeper understanding both the nature of mid-IR selected AGN and their demographics as
discussed in the previous section, as well as the interaction of the AGN with its host galaxy
as discussed in the following section.

4.1. Constraints on Black Hole Accretion Rate and Mass

The AGN luminosity is powered by accretion onto a supermassive black hole, and
therefore there is a direct relationship between the bolometric luminosity and the accretion
rate, M, as given by Equation (1). The two necessary steps in deriving the accretion rate
from mid-IR observations are: (a) converting from a mid-IR continuum luminosity to the
bolometric AGN luminosity, and (b) assuming an efficiency, #. The first requires adopted
a bolometric correction, BC, which depends on our knowledge of the entire AGN SED
(see [101]). For a review of the infrared SEDs of AGN, see Lyu and Rieke in this Special
Issue. This infrared regime is by far the dominant component for obscured AGN, but
is also significant for unobscured, Type 1 AGN [123]. Updated bolometric corrections,
including from the mid-IR (e.g., the 15 pm continuum), are presented in Shen et al. [124].
On the issue of the adopted efficiency, this parameter is likely to decrease significantly
from standard adopted values (around # ~ 0.1) when we consider low accretion rate
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systems (see, e.g., Trump et al. [125]). Trump et al. [125] also present a comprehensive
discussion on how the specific accretion rate (parametrized by Ly, /Lgg;°) governs the
physical structures surrounding the black hole including the appearance of the BLR and
dusty torus, neither of which structures are expected to build-up at the lowest accretion
rates. This is consistent with observations that the frequency of hot-dust-deficient quasars
increases with smaller Ly,;/Lgz; [126]. This is also consistent with the observations of
Ogle et al. [127] that roughly half of powerful radio galaxies are mid-IR bright suggesting
obscured quasar nuclei, whereas the other half are mid-IR weak consistent with low
accretion rate, jet-dominated, systems.

Deriving the Eddington ratio requires knowledge of Mpp. In principle one can do
the reverse and adopt an Eddington ratio of say 1 and use that to derive a lower limit for
Mpp. We can do better using the Mpy — o relation for AGN. The original relation is based
on a relationship between the mass of the black hole and of the velocity dispersion of the
stars based on stellar photospheric absorption lines [128]. A similar relationship, though
with greater scatter, exists using the velocity dispersion of the [OIIT] 5007A line, associated
with the narrow line region, NLR [129]. The velocity dispersion of this NLR gas is a proxy
for that of the bulge in galaxies so this relationship is to be expected as a consequence
of the Mpy — My, relation. Dasyra et al. [55] expanded this work by using a sample
of local AGN with reverberation mapping determined black hole masses and looked for
relationships between these masses and both the velocity dispersion and luminosity of
AGN-powered mid-IR fine structure lines which, as discussed in Section 3.2, also probe
the NLR. Figure 9, shows the relationships between Mgy and the two most prominent
AGN mid-IR lines [NeV] and [OIV]. These are compared with similar relationships using
stellar absorption lines and the optical [OIII] 5007A line. The key conclusion is that the
velocity dispersions of these lines do indeed correlate with the black hole masses and that
the dispersion observed is comparable with that seen when using the optical NLR lines.
This result is crucial in terms of our ability to use mid-IR spectroscopy to derive black hole
masses, even in heavily obscured systems where the optical lines are harder to observe.
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Figure 9. The relationships between reverberation mapping determined black hole masses and
mid-IR line velocity dispersions where we have [NeV] 14.3 um on the left and [OIV]26 um on the
right. Adapted from Dasyra et al. [55], AAS®. Reproduced with permission.

4.2. Spatially Resolved Mid-IR Imaging: Our Evolving View of the Obscuring “Torus’

As discussed in Hickox and Alexander [14], obscuration in AGN can occur on multiple
scales. They point to three particular sources of obscuration: (1) the nuclear molecular dusty
torus (tens of pc scale, e.g., [130]), (2) a circumnuclear starburst (100 s of pc scales), and
(3) the host galaxy itself (kpc scales). We refer the reader to that review for more detailed
discussion. In this section, we briefly summarize how spatially resolved mid-IR imaging
(supported by simulations) has evolved our understanding of the obscuring nuclear torus.
Obscuration on larger scales is addressed in Section 5.3.

The AGN unification model suggests obscuration in AGN is due to an axisymmetric
small scale gas and dust structure (the “torus”) which obscures the accretion disk and BLR,
for a review see Netzer [6]. A pc-scale such structure has been directly observed using
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near-IR interferometry [131]. More recently, high spatial resolution studies of the molecular
dusty tori of local AGN with the Atacama Large Millimeter Array (ALMA) have shown
these to extend to 10 s of pc [132,133]. The inner-edge of the torus corresponds to the
dust sublimation temperature, and thus scales with luminosity as r « L/? while the outer
edge likely corresponds to the gravitational sphere of influence of the black hole or ~10 pc
for nearby Seyferts [14]. This nuclear torus is believed to be “clumpy”, i.e., comprised of
distinct optically-thick clouds as opposed to a smooth structure. The key evidence for this
is that the mid-IR emission is not showing strong orientation dependence such as the tight
correlation between the X-ray and mid-IR emission which is consistent between Seyfert
1 s and Seyfert 2 s [134]. The covering factor of the tori shows a strong dependence on
the Eddington ratio (L / Lgg4) which shows that indeed most of the obscuration (at least
in local AGN) takes place within the gravitational sphere of influence of the black hole
(roughly 10 pc).

Recent observational and theoretical work has evolved the torus picture from a static
structure to a much more dynamic one where a complex interplay of gas inflow and outflow
produces an axisymmetric structure that mimics a lot of the torus characteristics but is
certainly changeable in time. This leads, for example, to the existence of changing look
AGN, likely driven by changes in accretion rate, as seen in recent mid-IR studies [135,136].

Mid-IR interferometric observations have surprisingly revealed that significant mid-
IR emission can arise from dust not in the “torus” structure but perpendicular to it
(e.g., [137-141]), as shown in Figure 10. This polar structure, extending 10 s to ~100 s
of pc, is attributed to polar dusty winds. This is consistent with the AGN-driven winds
which include warm ionized gas as well as cool neutral-atomic and molecular gas [142,143].
This dusty wind is likely radiation pressure driven as argued in Leftley et al. [144]. AGN
outflows are discussed in much more detail in the recent review of Veilleux et al. [145].
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Figure 10. A model for the mid-IR emission of the Circinus galaxy constrained by both mid-IR
pc-scale interferometric observations with VLTI/MIDI as well as the global SED. This is the best-fit
model which is a thin disk, consisting of a mixture of graphites and silicates (accounting for the

absorption seen in this ~10 um model), plus a hollow hyperboloid, consisting of predominantly
graphites. This model is consistent with the very recent VLTI/MATISSE high-resolution imaging of
Circinus presented in Isbell et al. [138]. Reproduced from Stalevski et al. [137] with permission from
the author.



Universe 2022, 8, 356

17 of 37

Both observations and simulations suggest that such polar dust emission is likely most
prevalent in systems with high Eddington ratios and/or high AGN luminosities [141], see
Figure 11. Indeed, it appears that once selection effects are taken into account such polar
dust is both ubiquitous in and potentially accounts for >50% of the mid-IR emission of
high Eddington ratio AGN [139,140]. This is leading us in a direction where we need to use
torus+wind models to understand the nuclear dust distribution around AGN, as shown,
for example, in Figure 10. Recent observations by Prieto et al. [146] also suggest that, at
least in some cases, the obscuring dust may actually take the form of pc-scale high opacity
dusty filaments which in Type 2 AGN cross the line-of-sight to and obscure the central
source and in Type 1 do not, or are of insufficient opacity to fully obscure it. Such filaments
are reminiscent of the molecular gas filaments seen in the center of our own Galaxy. Such
filaments are also consistent with the view of the torus as a dynamic structure arising
from the interplay of gas inflow and outflow. This view is also supported by recent high
resolution ALMA images of molecular gas in the nucleus of NGC1068 [130,147].
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Figure 11. An illustration on the dependence of mid-IR continuum morphology (as presented in
the symbols) on the Eddington ratio and column density for a sample of local Seyferts. To the right
of the solid line is the region where the AGN wind is able to blowout all surrounding material. To
the right of the dashed line is where IR polar outflows are expected to develop, consistent with
the observations. Both Circinus and NGC1068 also show polar dust emission, although not part of
this particular study which is why they are given different symbols. Reproduced with permission
from Alonso-Herrero et al. [141], ESO®.

4.3. Mid-IR Variability as a Probe of the Obscuring Dust Structures

As discussed already in Section 3.3.4, mid-IR variability is one of the means of selecting
AGN (e.g., [148,149]). The primary advantage of selecting AGN using mid-IR variability
as opposed to color-based selections, as discussed in Section 3.3.1, is that this is much less
biased against systems where the host galaxy’s mid-IR emission dominates over the AGN
emission. Polimera et al. [149] used mid-IR variability to select AGN, finding that roughly
1% of their z ~ 3 galaxies host an AGN. This selection method, however, is also subject to
large fractions of false positives (at the level of 20-25% as given in Polimera et al. [149]).

Beyond its use as an AGN-selection tool, mid-IR variability can be a powerful tool
in studying the structure of the torus. For example, just as the time-lags between the
accretion disk continuum and the broad Balmer lines gives us a handle on the size of the
BLR [150,151], time lags between optical and mid-IR continuum light curves give us a
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handle on the size of the dust emitting region. The recent study of Lyu et al. [29] combines
WISE data with ground-based optical transient surveys (e.g., ASAS-SN) to do just that
for 87 Palomar Green quasars (all at z < 0.5). They find that the vast majority, 77% of
their sample, show clear dust reverberation signatures with dust light curves mimicking
optical light curves but with a time lag corresponding to the light travel time to the dust
emitting region. Figure 12 shows their results which have the expected scaling with the
AGN luminosity (At o 7 o« L1/2) and allow them to infer relatively compact sizes to the
3—4 um dust emitting regions (~0.3 pc for a Lygn ~ 10'°L;, AGN) with that region being
just outside the BLR (Figure 12 Right). This dust emitting region is found to be smaller in
dust deficient quasars (DD in their nomenclature) compared to the majority of quasars, see
also [126]. The minority of quasars that do not show such clear dust reverberation behavior
correspond to radio loud objects seen relatively face-on (as in flat spectrum radio quasars)
where much of the mid-IR emission comes from the jet and whose variability is therefore
uncorrelated with the accretion disk variability.

The mid-IR variability amplitude changes with both wavelength and rest timescale.
Koztowski et al. [152] find that the level of mid-IR variability increases with rest-frame
timelag. Typical amplitudes are small, ~0.1 mag by about 1 year timescales. They also
find that the mid-IR variability amplitude is smaller than the optical one on scales smaller
than a few years, likely the result of processes that dampen shorter timescale variability
more easily than longer timescale variability as the information re changing conditions
such as changing accretion rates propagates out to the dust emitting regions. Lyu et al. [29]
also find that the variability amplitude falls steeply with wavelength as expected due to
the accretion disk variability signal (e.g., due to changes in accretion rate) attenuating as
it travels to relatively cooler dust emitting regions that correspond to larger structures.
Consistently, Isbell et al. [138] comment that their MATISSE high resolution in the N-band
(~10 um) images of Circinus do not show any significant change from the earlier MIDI
images of the same galaxy, taken 6-7 years earlier. These observations together suggest that
using mid-IR variability to select AGN works best when using multi-year data at relatively
short wavelengths (i.e., 34 pm).
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Figure 12. Left: The optical-to-mid-IR time-lag (At) scales with the AGN luminosity as At o< LG2. ..
Here, the filled symbols correspond to WISE 3.4 um light curves for quasars, whereas the open

symbols correspond to literature measurements in the K-band for Seyferts. The measured lag implies
a size of the Aest ~3-4 pum dust emitting region to be ~ 0.3 pc for an L 46y ~ 10'?L, quasar. Right:
Comparison with the time lags to the BLR suggests that this mid-IR emitting dust is roughly 4 x
further away than the radius of the BLR. Reproduced with permission from Lyu et al. [29], AAS®.

5. Impact of AGN on the Host Galaxy and Galaxy-BH Co-Evolution

In this section, we discuss how mid-IR spectroscopic observations give us some
insights into what is the impact of AGN on their host galaxies, especially in the heavily
dust obscured phase. This question also directly impacts the broader question of what
processes are at play that explain the apparent co-evolution of supermassive black holes
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and their host galaxies. A review of AGN feeding and feedback is presented in the Vivian
U review “The Role of AGN in Infrared Galaxies from the Multiwavelength Perspective”
in this Special Issue. We also include a discussion on how we disentangle the role of AGN
and star-formation in powering the IR emission of IR-luminous galaxies.

5.1. Gas Properties around AGN

Characterizing the physical properties of the ISM in AGN host galaxies has two goals.
One goal is to better understand what kinds of galaxies are more likely to host AGN.
For example, multiple studies have examined the mass-metallicity relation for AGN-host
galaxies [113,153-155] and generally find that AGN are found preferentially in high mass,
high metallicity environments. Thomas et al. [155] in particular find a systematic offset
(specifically, a 0.09 dex increase in oxygen abundance) in the AGN mass-metallicity relation
relative to the star-forming galaxy MZR. This high metallicity appears to already be in
place by z ~ 4 [153] consistent with the idea of very rapid early enrichment. In principle, it
is ideal to simultaneously model the black hole accretion history, star-formation history
and related chemical enrichment accounting for both gas-phase metallicity and the metals
locked in dust and including effects of gas inflow /outflow, e.g., as in Valiante et al. [156].
However, there is also an underlying issue, especially when considering cosmic noon AGN
that reside in dust obscured galaxies. The above studies all use metallicities based on UV
and optical emission lines that are subject to significant dust obscuration. Using mid-IR
diagnostic lines would be preferable as these are less affected by dust obscuration and also
much less dependent on the uncertain electron temperature than UV /optical lines [83,157].
Some key mid-IR diagnostics are the [NellI]15 pum/[Nell] 12 pm ratio which is a sensitive
probe of both the ionization parameter and ISM pressure, provided the metallicity is
known [84]. Through its sensitivity to the ionization parameter, it has also been used as an
AGN indicator (e.g., [68]). The same ratio divided by the hydrogen Pfund-« line at 7.46 um
is an ionization parameter independent metallicity diagnostic [83,84].

The second goal is to study the impact of an AGN on the molecular gas properties of
their host galaxies, a key question in the quest to better understand BH-galaxy co-evolution.
There are two potential impacts. One is through driving an outflow which removes gas,
including molecular gas from the system (e.g., [143]). The other is through exciting the
molecular gas, making it at least temporarily unavailable to star-formation. The recent
literature is still somewhat divided on the topic of the impact of AGN on the molecular
gas reservoir of their hosts. For example, Valentino et al. [158] examine the ALMA CO
properties of both mid-IR and X-ray AGN and find no significant effect in either amount of
molecular gas or its excitation. On the other hand, Circosta et al. [159] find that, controlling
for other parameters such as stellar mass and star-formation rate, AGN hosts have lower
CO 3-2 luminosities suggestive of either gas removal or excitation to higher rotation states.
Indeed, Mashian et al. [160] find that AGN are more likely than pure starbursts to show
J > 14 CO transitions, suggesting the CO gas in AGN hosts is highly excited. This study
follows on the earlier van der Werf et al. [161] study of Mrk231 who find that while ] <8
transitions are dominated by starburst-associated excitation, the higher ] transitions require
an AGN, specifically CO excitation through the X-rays produced in said AGN. Indeed,
X-ray dominated regions (XDR) can be far more efficient in heating/exciting the molecular
gas, especially at high densities, due to their ability to penetrate much deeper into dense
molecular clouds than UV photons, see Maloney et al. [162] and van der Werf et al. [161].

In the mid-IR, we observe ro-vibrational transitions of H,, where the lower level
transitions are labeled on the spectrum shown in Figure 1c. These transitions are excited
radiatively or collisionally in PDRs (i.e., associated with star-formation), shocks or again
XDRs [162]. Shocks are expected as a result of supernovae, mergers, or radio jets. For ex-
ample, Ogle et al. [127] find significant Hy-PAH excess for radio galaxies over normal
star-forming galaxies, consistent with jet-driven shocks. Fundamentally, the bulk of the H,
that resides in cold molecular clouds is essentially invisible to us, but the above conditions
can excite its mid-IR ro-vibrational transitions which in turn serve as a good temperature
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gauge for warm gas. Lambrides et al. [69] analyze the mid-IR spectra of ~2000 nearby
galaxies (shown in Figure 2), separating out the AGN (where the mid-IR AGN fraction is
>50%), from the non-AGN. This allows them to study the dust and gas properties of AGN
host galaxies vs. non-AGN. They explore diagnostic PAH ratios and find that in AGN host
galaxies, the PAH have a wider range of sizes and fractional ionization than non-AGN
galaxies. This suggests the AGN affects the properties of the PAH in their galaxies though
not in a single direction. Similar to the results of Ogle et al. [127] for radio galaxies, they find
higher H,S(3)/PAH11.3 pm ratios for the AGN-dominated vs. star-formation dominated
systems. In addition, similar to the CO SLED results discussed above, they find stronger
higher level H; transitions relative to lower level ones in AGN vs. non-AGN. This is illus-
trated in Figure 13 which shows the excitation temperature calculated based on different
pairs of Hy mid-IR transitions. The values calculated from the higher level transitions are
higher for AGN than for non-AGN, potentially due to the influence of AGN-powered XDR.
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Figure 13. The H; excitation temperature for mid-IR AGN vs. non-AGN calculated from each pair
of mid-IR ro-vibrational transitions, as labeled. This result highlights that the presence of an AGN
directly affects the ISM of its host galaxy. Adapted from Lambrides et al. [69] with permission from
the author.

All of the above examples, point to the fact that the presence of an AGN directly affects
the host galaxy’s ISM, in particular molecular gas. Fundamentally, the degree to which
AGN feedback takes the form of excitation vs. gas expulsion has important implications
for the the nature of how an AGN can serve to regulate the star-formation within its host
galaxy, as well as the ability of the same galaxy to re-trigger an AGN. Excitation might be
more consistent with a picture of stochastic AGN activity providing long-term regulation
on the level of star-formation in the host. Gas expulsion is more like the AGN-driven
“blowout” following strong starburst and AGN peaks that arise in the coalescent stages of
major mergers. Such blowouts result in permanently quenched “red and dead” ellipticals.

5.2. Dust Properties around AGN

The mid-IR regime also provides strong evidence that an AGN affects its host galaxy’s
dust. As already brought up in Section 5.1, an AGN appears to affect both the size and
ionization fraction of the PAH [69,163,164]. There may also be PAH carrier destruction
as well but this appears to be localized to the nuclear regions around the AGN rather
than the extended galaxies and affects shorter wavelength PAH features more than longer
wavelength ones such as 11.3 pm (e.g., [50,66]).

One of the most prominent features in the mid-IR is the silicate 9.7 um absorption
feature. The depth of this feature relative to the optical magnitude extinction (Ay /197) is a
sensitive probe of the typical sizes of dust grains [165,166]. In particular, while Ay /197 ~ 18
in the Galactic ISM, it is observed to be Ay /197 ~ 5.5 in AGN, as shown in Lyu et al. [165]
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and Shao et al. [166]. This decrease is an indication of typically larger dust grains consistent
with the destruction of smaller grains in the harsher radiation fields around AGN, see
also Xie et al. [167]. This is also supported by the centroid of the silicate feature in emission
shifting to > 10 um in AGN, as seen for example in Hatziminaoglou et al. [168], see
Figure 14a. Such a shift can be another indication of larger grain sizes. Spatially resolved
studies reveal a more complex picture with significant differences in the Ag7/ Ay between
the toroidal or disky and polar components around AGN [137]. In heavily obscured
AGN, mid-IR spectra allow us to study even the ices that are inferred to reside on the
surfaces of these large silicate grains—these ices include water, carbon monoxide, carbon
dioxide [169,170]. Ref. [171] examined the rest-frame 3—4 pm spectra of local ULIRGS,
based on AKARI [172] data, and found surprisingly weak 3.3 um PAH emission with
very frequent absorption features due to water ice at 3.0 um as well as carbonates dust at
3.4 um. They argue that this is consistent with ubiquitous heavily obscured AGN among
ULIRGS, with AGN fractions roughly twice the number inferred from Seyfert-like optical
classifications. Sajina et al. [170] examined the Spitzer rest-frame 2—4 um spectra of a small
sample of cosmic noon deep silicate absorption AGN. They detected absorption features
due to water ice at 3.0 um (see Figure 14b) as well as hydrocarbons at 3.4 um and found
that the ratios of 13/ 197 and 134/ 79,y were both consistent with those of local ULIRGs
studies by Imanishi et al. [171]. It is clear that in both cases, the obscuration is primarily by
ice-covered large silicate grains. In addition, obscured AGN also show higher crystalline
silicate fractions than the diffuse ISM [169,173]. This is believed to be due to the silicate
dust being processed in the high temperature environments in the nuclear regions of the
AGN, before being transported elsewhere in the galaxy. These studies cumulatively show
that the presence of an AGN can modify the composition and size distribution of the dust
within its host galaxy.
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Figure 14. (a) The shift (relative to the canonical 9.7 um) in the peak of the mid-IR silicate feature,
see, e.g., Figure 1d, is only seen in objects with high mid-IR AGN fractions, here f4¢n, and silicates
in emission, here red points. Adapted from Hatziminaoglou et al. [168], with permission from the
author. (b) Sources with deep silicate absorption also show other mid-IR absorption features such
as the 3.0 um water ice absorption with the 3.3 um PAH feature often seen within that. Here, we
show this behavior through the Spitzer-IRS spectrum of a cosmic noon deep silicate absorption AGN
compared with the ISO-SWS spectrum of part of the molecular ring around the Milky Way Galactic
Center. Adapted with permission from Sajina et al. [170], © AAS.

The above discussion focuses on spectroscopic studies and the strengths or profiles of
specific features. However, one common way to probe the composition and size distribution
of dust grains is through modeling the extinction curve. For example, Wang et al. [174]
show a model of the extinction curve extending to the mid-IR where data from both dense
and diffuse Galactic environments both point to a flat mid-IR extinction curve which
requires the addition of a component of micron-sized dust grains. This component is
essentially invisible in all other parts of the spectrum (creating grey extinction in the UV-
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through-optical regime), but Wang et al. [174] suggests it accounts for 14% of the dust mass
and nearly 3% of the IR dust emission of the Milky Way. Recent studies of the infrared
(at least out to the near-IR) attenuation curves in IR-luminous galaxies also point toward
flat/grey attenuation [175,176] which has significant implications on the inferred stellar
population parameters such as stellar mass and SFR. In those works, the issue with the
variable attenuation curve arises from the relative geometry between the power sources and
the dust, see example discussion in Roebuck et al. [176]. However, if the intrinsic extinction
curve in AGN hosts is also different from standard assumptions, due to variations in dust
size distribution and/or composition (see above), this would need to be taken into account,
in order to allow for the most accurate dust attenuation corrections.

5.3. Disentangling Star-Formation from AGN-Powered Dust Emission: A Key to AGN-Galaxy
Co-Evolution Studies

A key piece of evidence of the co-evolution of black holes and their host galaxies
is the similarity between the shapes of the cosmic SFRD and BHARD with redshift [3],
see also Figure7 for an updated version. However, neither is particularly well known
past cosmic noon for obscured systems. Indeed, recent determinations of the SFRD ac-
counting of high-z dusty galaxies, are pushing the peak to somewhat higher redshifts
than previous estimates [107]. A significant difficulty arises from the fact that frequently
we find that obscured systems are composites where both star-formation and AGN ac-
tivity take place (see Figure3). Correctly accounting for the contribution of such sys-
tems to both the cosmic SFRD and BHARD therefore hinges on our ability to disentangle
the degree to which the overall IR SED is powered by each process. One approach is
by adopting an SED for the AGN as well as the star-forming component and assum-
ing a model where the total emission is simply the sum of the two components, e.g.,
Sajina et al. [8], Kirkpatrick et al. [10]. For systems with only moderate levels of obscura-
tion (i.e., negligible obscuration in the mid-IR) this approach is reasonable, as the AGN
SEDs [177-179] (see review of Lyu and Rieke in this Special Issue) as well as the SEDs of
pure star-forming galaxies are generally well characterized.

However, simulations suggest that for heavily obscured systems, we expect larger
scale-host galaxy obscuration of the AGN, which further re-processes the AGN SED as
shown in Figure 15, see also [78,180,181]. The fact that host-scale AGN obscuration is
indeed taking place is seen in the correlation between the depth of the silicate feature
and the orientation of the host galaxy [182,183]. When such re-processing of the mid-IR
emission of AGN is taking place, the AGN contribution to the far-IR increases, which can
lead to overestimating the role of dusty star-formation while underestimating the role of
dusty AGN in the particular galaxy. The mid-IR regime has been used in multiple works
to constrain the contribution of the AGN to the far-IR emission (e.g., [10,177,184]). One
common approach is to use the strength of the mid-IR PAH features to infer the SFR and
hence the expected far-IR luminosity due to star-formation alone. This of course hinges
on the accuracy of the PAH to SFR relation adopted. This is also complicated by the
possibility of PAH carrier destruction in the vicinity of AGN, see Hernan-Caballero and
Hatziminaoglou [64], as well as modified PAH ratios [69,163] (as discussed in Section 5.1).
Another approach is a full modeling of the mid-IR spectra that does not rely on any one
particular PAH feature [8-10,53].
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Figure 15. An illustration, based on the coalescence stage of a gas-rich major merger simulation, of
how the light from the AGN+dusty torus can be further modified by the dust of the host galaxy
and lead to a much larger contribution of the AGN to the total IR emission of the galaxy than
treatments not accounting for dust host galaxy obscured suggest. Reproduced with permission
from Roebuck et al. [180], AASC.

The question of how much of the far-IR emission is powered by AGN in observa-
tional studies is discussed in detail in the review of Lyu and Rieke in this Special Issue.
Here, for completeness, we summarize their main conclusions. The intrinsic SED of typ-
ical AGN is observed to “turn over” in the 20-40 um range, such that beyond ~30 um,
emission from dust heated by stars starts to dominate. Except in a small number of cases
with very low levels of star-formation, the far-IR emission of galaxies does not have a
significant AGN contribution. However, such contribution cannot be excluded in the case
of heavily obscured systems. These conclusions are consistent with the observation of
the steepening/reddening of the f39/ f15 color in star-formation dominated systems vs.
AGN-dominated systems discussed in Section 3.1. However, AGN do appear to contribute
to the heating of the warm dust responsible for the ~30 pm emission [10,69] suggesting
this regime is not a reliable SFR indicator, if an AGN is present. This affects the common
practice of extrapolating from the 24 um to the total IR luminosity and hence SFR. On the
theoretical side, hydrodynamic simulations including radiative transfer [78,180,181] show
that for heavily obscured systems, see, e.g., Figure 15, the intrinsic AGN SED can be heavily
re-processed into the far-IR. Snyder et al. [78] examined a variety of common observational
mid-IR diagnostics of AGN and found that the f3y/ fi5 ratio can miss such ‘buried AGN’,
but that they can be found by their characteristic strong silicate absorption features. Such
systems have been found by Spitzer as discussed in Section 3.1, see example in Figure 1d.
While representing a very interesting phase in AGN evolution, such systems are rare in
number relative to the general AGN population. Therefore, in the absence of evidence to
the contrary, it is a safe assumption that any particular galaxy or galaxy population’s far-IR
emission is powered by star-formation. However, while rare in number, such systems tend
to have high Lj,; meaning their contribution to the cosmic BHARD maybe non-negligible,
although it has yet to be determined.

6. Future Prospects

As discussed in the context of the history of this field (Section 2), the advances in
the study of AGN in the mid-IR are very much driven by the advances in the available
instrumentation. In this section, we begin by presenting a very broad overview of past,
present and upcoming mid-IR spectrographs. We then focus in particular on the AGN
science expected from the Mid-IR Instrument for JWST (MIRI; [36]), which after a more



Universe 2022, 8, 356

24 of 37

than 10-year hiatus brings back the ability to do mid-IR spectroscopy from space. We also
briefly touch on how we anticipate these upcoming JWST-MIRI studies to lay the ground
work for future space-based IR telescopes.

6.1. Overview Mid-IR Spectrographs

Figure 16 shows a summary of the wavelength coverage, spatial resolution (assuming
all diffraction limited) and representative spectral resolution of a variety of ground-based
and space-borne mid-IR spectrographs. We see some obvious groupings—the top three
curves are for relatively small diameter space-borne facilities. The middle group is for
single dish ground-based facilities as well as the 6.5m JWST. In between is the unique,
2.5m Stratospheric Observatory For Infrared Astronomy (SOFIA) telescope, onboard an
airplane flying at ~37-45,000 feet. We show the values for the low-resolution mode of
its FORCAST instrument (Faint Object Infrared Camera for the SOFIA Telescope) [185].
The highest spatial resolution shown is for the VLTI/MATISSE instrument [35] which is
an imaging spectro-interferometer achieving 3mas resolution at its shortest wavelength,
see [138] for recent results therewith. The spectral resolution listed is for the N band (it
operates in four resolution modes).

Of course the wavelength coverage vs. spatial resolution parameter plane is only
one aspect of how these instruments compare. The most obvious additional axis here
would be the sensitivity. For example, on the new 6.5 TAO telescope, the upcoming
MIMIZUKU [186] instrument has comparable spatial resolution to JWST/MIRI, although
with the advantage of a more extensive wavelength coverage out to 38 um. Its sensitivity,
however, is significantly worse than MIRI. For a rough comparison, the limiting flux in
10 ks observations at 10c with MIMIZUKU would be order of 10m]y, but is order of 0.1 mJy
for MIRI. Ground-based instruments tend to be easier to use for time domain studies
although there are notable exceptions such as the multi-epoch survey telescope WISE,
see [29,149,152]. JWST/MIRI does have support for time series observations for individual
time variable objects. JWST is also developing a time domain field (TDF) within its northern
Continuous Viewing Zone [187].

Figure 16 does not show planned mid-IR instruments for the next generation ELTs.
Such instruments would of course significantly improve on the sensitivity and spatial
resolution of most existing ground-based instruments. We also do not include the planned
Origins telescope (the next generation NASA great observatory in the mid to far-IR), as this
will be covered in detailed in another paper in this Special Issue (by A.Cooray), although
we do briefly discuss it in Section 6.3.

Of course, one of the most exciting instruments at present is the MIRI instrument on
JWST which not only brings back space-borne mid-IR spectroscopy, which was unavailable
since the end of the cold mission of Spitzer in 2009, but also does so with a much larger,
6.5m, telescope and is the first mid-IR IFU. MIRI © has three observing modes: imaging
in nine mid-IR bands; low resolution (R ~100) slit/slitless spectroscopy; and medium
resolution (R ~1500-3500) IFU spectroscopy (MRS). In the following section, we go into
more detail into AGN science with JWST/MIRI.
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Figure 16. A summary of the wavelength coverage, resolving power, and spatial resolution of past,
present and upcoming mid-IR spectrographs.

6.2. AGN Studies with J[IWST

With renewed access from space to the mid-IR both in imaging and spectroscopy,
JWST will build on the legacy of Spitzer and missions that came before it to further the
study of AGN.

6.2.1. MIRI Spectroscopy

With the sensitivity, wavelength coverage and spectral resolution of Spitzer/IRS,
observations of high redshift galaxies were limited to the broad PAH lines from 6-12 um
above the warm dust continuum. Similar studies will be possible with the LRS mode on
MIRYI, also extending to the rest-frame ~3 pum to include the 3.3 um PAH and key absorption
features (see Figure 14b). However, Spitzer did not have the sensitivity to detect the fine
structure lines discussed in Section 3.2 beyond the local Universe see, for example, Figure 1c.
MIRI/MRS will be capable of detecting both narrow atomic lines that uniquely trace star
formation and BHAR such as [Nell] and [NeV] (e.g., see Figure 5), as well as powerful other
diagnostic lines that will allow constraints of the physical characteristics of the ISM (see
Section 3.2). JWST/MIRI will be able to detect all these powerful diagnostic lines out to
higher redshifts. Specifically, the lines that have been well studied in the local Universe
(see, e.g., Figure 17) such as [NeV] 14.3 pm will be visible out to z ~ 1. The higher spectral
resolution of JWST/MIRI, will allow lines such as [NeVI] 7.6 um, which sits in a crowded
PAH region, to be better calibrated at low redshift, and subsequently applied out to cosmic
noon, see Figure 18.
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Figure 17. ISO-SWS spectrum of the obscured AGN NGC 1068 showing various high ionization
potential atomic lines including [NeVI] at 7.6 um. This line was not studied with Spitzer since the
low resolution of IRS at this wavelength was insufficient but shows considerable potential from the
ISO spectra of NGC 1068 and Circinus [60,188]. Reproduced with permission from Lutz et al. [188],
AAS®.
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Figure 18. Observed wavelengths of select infrared spectral lines that trace AGN, star formation
and warm molecular gas as a function of redshift. The SED of the Circinus galaxy exhibiting these
lines is shown tipped on its side at z = 0 on the left panel of the plot. The powerful mid-infrared
diagnostics of AGN are shifted into the far-IR for higher redshift galaxies. Currently, there is an order
of magnitude gap in our wavelength coverage between JWST and ALMA which could be filled with
a future cold far-IR space telescope. Figure adapted from Pope et al. [189], with permission from
the author.

The power of MIRI is not just being able to detect fainter atomic lines in distant
galaxies. The superior spectral and spatial resolution of MIRI/MRS can provide further
information on the properties of AGN. With MIRI, the neon lines [NeV] and [NeVI] should
be spectrally resolved and can be used to estimate the mass of the supermassive black holes,
since they are expected to arise in the narrow line region around AGN, and their velocity
dispersion correlates with the mass of the central black hole, as discussed in Section 4.1.
Even when the lines remain unresolved, the [NeV] line luminosity is a reasonable estimator
of the black hole mass [55].
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Even in galaxies out to half the age of the Universe, the spatial resolution of MIRI
will directly map the impact of an AGN heating its surroundings. Simulations predict
that AGN in high redshift galaxies can provide significant heating throughout the host
galaxy which contaminates the IR luminosity as a star formation rate indicator [180,181].
Figure 19 shows a merger containing active star formation and AGN activity from the
GADGET hydrodynamic simulations processed through the Sunrise radiative transfer code
to interpret the mid-IR emission [78,180]. By decomposing the mid-IR emission using the
mid-IR spectral features, these simulations can be used to measure the spatial distribution
of the AGN influence and the star-forming regions, where the latter appear extended and
clumpy in simulations of high redshift, gas-rich merger systems (right panel of Figure 19).

Figure 19. Simulation of a major merger including both strong star-formation and an AGN (from
GADGET+Sunrise) illustrating the spatial distribution of the total mid-IR emission as well as high-
lighting just the PAH emitting regions. One of the most exciting features of the upcoming JWST MIRI
MRS IFU is the ability to provide high spectral resolution (with the sensitivity to probe sources out to
high-z) but also to look at the spatial distribution of various lines/features. As a guide a 1 kpc scale is
marked—this corresponds roughly to the spatial resolution of JWST/MIRI in its shorter wavelengths
at cosmic noon, z ~ 1-3.

6.2.2. MIRI Imaging

While MIRI spectroscopy will be extremely powerful, it can only target one galaxy
at a time and may require long integration times to detect the key diagnostic lines in high
redshift galaxies. As mentioned earlier, one of the modes of MIRI is imaging which includes
9 bands spanning 5.6 um to 25 um. This can be thought of as extremely low resolution
spectroscopy. It allows for simple mid-IR color-color diagnostics, similar to those developed
for earlier instruments, see Section 3.3.1. Figure 20 shows an example of a combination of
MIRI colors that effectively separates sources as a function of AGN fraction at z ~ 1. This
means that JWST/MIRI will be the first to efficiently identify large numbers of composite
sources which are key for studying the co-evolution of star formation and black hole growth
in galaxies over cosmic time.

These color diagnostics can be applied to large extragalactic surveys such as those
planned by the MIRI GTO team (Program ID 1207, PI Rieke), the CEERS ERS (Program
ID 1345, PI Finkelstein) and the PRIMER GO1 (Program ID1837, PI Dunlop) surveys to
select large samples of AGN and composite systems. While color-color plots are limited to
four imaging bands which restricts the AGN separation to certain redshift ranges, a more
sophisticated study such as a principal component analysis could be applied to all nine
MIRI imaging bands in order to identify AGN at any redshifts [190].
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Figure 20. AGN fraction determination based on JWST MIRI colors for z ~ 1 galaxies. The color
scheme represents the fraction of mid-IR emission that is AGN powered [94]. The inset shows typical
mid-IR spectra for an AGN, a composite or a star-forming galaxy (from top-to-bottom). Reproduced
with permission from Kirkpatrick et al. [94], AASC.

6.3. Mid-IR Diagnostics of AGN over Cosmic Time

As discussed in Section 3.3.3, the volume-averaged history of star formation (SFRD)
and black hole growth (BHAR density, BHARD) in the Universe both appear to increase
up to a peak period at z = 1-3. At higher redshifts, the BHARD appears to decline more
steeply than star formation, indicating changes in their relative growth in the very early
Universe [191] although more recent analysis does not see this, see Figure 7. However,
these constraints on the average SFRD and BHARD have been based on studies of different
galaxy populations at different wavelengths. In order to chart the relative growth of stars
and supermassive black holes over cosmic time, we need measurements of the SFRs and
the BHARs in the same galaxies.

While JWST will measure SFRs and BHARs in galaxies from mid-IR spectral lines out
to z ~ 1-2, it will not do so for statistical samples of galaxies, and these diagnostics shift
to longer far-IR wavelengths at z > 2, see Figure 18. In order to simultaneously measure
the BHARs and SFRs in galaxies at all redshifts will require a large, cold infrared space
telescope to fill the order of magnitude gap in wavelength coverage between JWST and
ALMA. Such missions have been studied both at the Flagship and Probe scales [192,193].
Given the recent Astro2020 decadal survey recommendations, a far-IR probe capable of
identifying and studying AGN over all cosmic time might be possible in the coming decade.

7. Summary

Mid-IR studies of AGN have an almost 60-year history of both ground-based and
space-based observations. This review aimed to give a broad rather than comprehensive
overview of some of the key results thereof. These include mid-IR techniques to find AGN
which led to a more complete census of the AGN population and improved understanding
of the AGN demographics; insights into how an AGN affects its host galaxy’s ISM including
multiphase gas and dust; and the realization that the geometry of the obscuring dust is
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dynamic and tightly coupled both to the accretion of gas that powers the AGN and the gas
outflows powered by the AGN.

The mid-IR provides diagnostics of AGN, star-formation, and the properties of both
the multiphase gas and dust. This is therefore an ideal regime to study the interplay
between them and upcoming facilities, such as JWST, will build on the decades of prior
studies to give us an even clearer picture of how AGN and their host galaxies co-evolve.
High spatial resolution imaging and further mid-IR studies in the time domain are needed,
especially in light of our new model for a dynamic torus+wind structure regulated by the
gas inflow and outflow of the AGN. A next-generation far-IR space telescope is needed to
employ these powerful mid-IR diagnostics to quantify AGN activity in galaxies over all
cosmic time.
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Abbreviations

The following abbreviations are used in this manuscript:

AGN Active Galactic Nuclei
BHAR Black Hole Accretion Rate
BHARD  Black Hole Accretion Rate Density

EW Equivalent Width
IFU Integral Field Unit
ISM Interstellar Medium

JWST James Webb Space Telescope
MIRI Mid-InfraRed Instrument (on JWST)

PAH Polycyclic Aromatic Hydrocarbons

PDR Photodissociation Region or Photon-Dominated Region
SED Spectral Energy Distribution

SFR Star Formation Rate

SFRD Star Formation Rate Density
SLED Spectral Line Energy Distribution
SMBH Super Massive Black Hole

XDR X-ray Dominated Region
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Notes

! See also Lacy and Sajina [18] for a recent review of AGN studies with Spitzer.

2 At the time, these features were designated UIB or Unidentified Infrared Bands.

3 Quantified by fi5/ f5, the ratio of the fluxes at respectively 15 um to 5 pm.

4 http:/ /ideos.astro.cornell.edu/, accessed on 3 June 2022.

5 This is also called the Eddington ratio and can be written as Ag;;. The Eddington luminosity, Ly, is a function of the black hole
mass only.

6 https:/ /jwst-docs.stsci.edu/jwst-mid-infrared-instrument, accessed on 3 June 2022.
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