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Abstract. For many years we have known that dust in the form of a dusty-molecular torus is responsible
for the obscuration in active galactic nuclei (AGN) at large viewing angles and, thus, for the widely used
phenomenological classification of AGN. Recently, we gained new observational and theoretical insights
into the geometry of the torus region and the role of dust in the dynamics of emerging outflows and failed
winds. We will briefly touch on all these aspects and provide a more detailed update of our dust-based
model (FRADO—Failed Radiatively Accelerated Dusty Outflow) capable of explaining the processes of
formation of Balmer lines in AGN.

1 Introduction

Dust is present in all galaxies, both active and non-
active, as it is one of the constituents of the interstel-
lar medium (see for a review [56]). In galaxies, dust
originates primarily from vigorous, stellar winds char-
acteristic of evolved stars which enriched their chemi-
cal composition through nuclear burning. Supernovae
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explosions are notably efficient in ejecting a highly
enriched material. Our Galaxy—Milky Way—also con-
tains a considerable amount of dust [34,242].

We are located at a distance of about 8 kpc from the
Galactic center, roughly in the Galactic plane, and so
the nucleus is shielded from us by an enormous amount
of extinction of the order of 25 mags in V-band (e.g.,
[156,157,194]). However, the Milky Way nucleus is not
active at present stage, and its central black hole is
currently dim and inactive. In active galactic nuclei
(AGN), the dust located at inner ∼ 10 pc plays a very
specific role—which is directly associated with their
enhanced accretion activity.

In this brief review, we attempt to summarize a broad
range of topics related to the role of dust in AGN clas-
sification, the geometry of the dust distribution, the
physical properties of the dust and its interaction with
the gaseous medium, and the dynamics of the dusty
medium. We summarize the unsolved problems and
prospects in Sect. 11. Our review is far from complete,
although we include several references to other works
that are particularly relevant to the topic.
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2 Basic properties of AGN and the dusty
torus in the standard unification scheme

Over the fifty years of the studies of quasars and even
longer investigation of other types of active galaxies,
such as Seyfert galaxies, radio galaxies and blazars,
we have achieved a basic understanding of the struc-
ture of these objects (see monographs by [114,129], and
reviews by [28,151] for a recent comprehensive overview
of AGN properties). Every AGN consists of a supermas-
sive black hole, and an inflowing material which deter-
mines the level of activity. The inflowing material usu-
ally possesses considerable angular momentum; close to
the nucleus it must form a disk-like structure. In highly
accreting sources, the plasma cools efficiently, and a
standard accretion disk forms, roughly represented by
the model of [199]. If the stream of material is less vig-
orous, the flow becomes hot and optically thin, at least
in the innermost parts. Advection-Dominated Accre-
tion Flow (ADAF) then represents a canonical example
[144]. The actual geometry must be more complicated
to explain the hard X-ray emission and the soft X-ray
excess on top of the optical/UV Big Blue Bump coming
from the cold disk [44] (for reviews and specific models,
see e.g. [2,20,51]). The character of the flow in the outer
parts is still under discussion and may have a character
of the spherically symmetric flow [30] or disk-like shape,
depending on the feeding mechanism, the role of stellar
winds, etc. (see, e.g., for a review [215]).

Some AGN (about 10%) exhibit strong relativistic
outflows in the form of jets, and these are classified
traditionally as radio-loud objects or (more recently)
as jetted objects (see, e.g., for a review [165]). Out
of those objects, some have jets oriented close to the
line of sight towards an observer, so the jet emission
is boosted and frequently overshines the nuclear emis-
sion. In the later sections, we will concentrate on the
radio-quiet (non-jetted) sources, where we have much
better insight into processes going on near the black
hole. In the case of radio-quiet sources, we follow pro-
cesses which are sensitive to the flow description close
to the event horizon (e.g., cold disk emission in UV,
X-ray reflection spectrum in X-rays, including the iron
Kα line, X-ray reverberation mapping, etc.), while in
jetted sources the direct resolution gives insight only
on the sub-parsec scale.

Radio-quiet sources (about 30% of them, [183,200,
232]) frequently show broad and narrow emission lines.
The line broadening must be caused by the dispersion
in the velocity of the emitting material since the kine-
matic widths of narrow lines are of the order of a few
hundred km s−1, and the broad lines have line widths of
the order of a few thousand km s−1, while the expected
thermal broadening is of the order of a few km s−1

[109]. The latter constraint comes from the fact that
Balmer lines are intense, implying that the hydrogen is
not fully ionized and the corresponding plasma temper-
ature must be of the order of 10 000 K. Much higher
temperature would lead to full ionization of hydrogen
and Balmer lines would not be observed [42]. There-

fore, the standard view is such that the emission comes
mainly from clouds orbiting the central black hole at
a distance of a fraction of a parsec (for broad lines)
and above a parsec (for narrow lines). These regions
are named the Broad Line Region (BLR) and the Nar-
row Line Region (NLR), respectively. The line emission
is caused by the irradiation of plasma by the central
region where most of the accretion energy is dissipated
and re-emitted [162,247]. When broad lines are seen,
narrow lines are also present, and this shows up as a
complex line shape of a single line consisting of broad
and narrow components.

The emission lines differ not only in emitted veloci-
ties but also in the mechanism of their formation. The
Balmer lines are seen both as broad and narrow lines
in a given source but some of the narrow lines coming
from other elements are actually forbidden lines, such
as the [OIII] line at λ5007 Å, which means that the
density of the emitting material is much lower in the
NLR (e.g., [15,21,101,138]). A broad (1000–3000 km
s−1) [OIII]λ5007 component has been also detected
in some sources with high accretion rates. This com-
ponent is mostly observed with a blue-shifted profile,
which indicates that part of the [OIII]λ5007 is orig-
inates in an outflow [122,148,193,195,258]. The line
width, in such cases, does not represent the Keplerian
virialized motion but instead the accelerated outflow.
Some sources also show a broad [OIII]λ5007 core at the
rest frame or in redshifted wings [24,148].

A fraction of the sources shows only narrow lines. It
was a puzzle for many years about why BLR is not vis-
ible in these objects. Most quasars show broad lines,
but fainter Seyfert galaxies frequently did not show
BLR, so Seyfert galaxies were further sub-classified as
Seyfert 1 (with BLR) and Seyfert 2 (without BLR).
Quasars were also divided into type 1 and type 2 by
analogy, although type 2 is rare. The resolution came
from polarimetric observations performed by [10] for
the famous Seyfert galaxy NGC 1068 from the original
list of active galaxies selected by Seyfert in his seminal
paper [196]. When viewed under unpolarized light, the
source did not show the BLR component, while, in the
polarized light, the broad component of the Balmer Hβ
line was clearly present. The interpretation was that
a thick torus surrounds the nucleus, and the BLR is
located closer than the torus, while the NLR is located
further out. If the viewing angle is low (as measured
with respect to the symmetry axis), the view of the
nucleus is unobscured, and we can see both NLR and
BLR line components, but if the viewing angle is high,
the torus shields the BLR component. The BLR compo-
nent is only revealed again in the polarized light since,
in this case, we can detect only a small fraction of the
total light that has been scattered by the low-density
material filling the (almost empty) space around the
torus. This torus is now known as a dusty/molecular
torus, with an inner radius of about a parsec [112].
The torus itself is seen in the infrared part of the AGN
spectrum. Since the dust sublimation temperature is of
the order of 1500 K, the dust emission appears only
at longer wavelengths. Dust cannot be much hotter—
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it then evaporates and the material is changed into
(rich in heavy elements) gaseous phase [14,106]. Further
insight came from observing and modeling this source
(e.g., [76,92,133]). The location of the dust is obser-
vationally very well constrained by the reverberation
mapping (see for recent results [134]).

Thus, the dusty/molecular torus provided a key ele-
ment in the unification picture of radio-quiet AGN. It
implies that their structure is always the same; the
apparent variety of types comes from different orien-
tations. The truth is slightly more complex: the accre-
tion rate onto the black hole is another key element. It
is conveniently parameterized by the Eddington ratio,
i.e., the ratio of the luminosity dissipated in the flow to
the maximum luminosity of a spherical source in which
the radiation pressure (calculated for fully ionized pure
hydrogen) marginally balances the gravity of the cen-
tral body. This ratio does not depend on the value of
the black hole mass, which in AGN can range from a
few hundred thousand solar masses to ten billion solar
masses. Hence, it is a very convenient value to use, even
if, with limitations; an AGN is neither spherically sym-
metric nor consists of pure hydrogen. In quasars, the
Eddington rate is typically about 10 % (between 1 %
and 100 %, see, e.g., [171], their Fig. 3, [127], their
Fig. 3). In nearby AGN, it is frequently much lower.
Thus, quasars seem to always have a torus, while for
nearby sources, there may be a considerable fraction of
true Seyfert 2 galaxies where there is no torus.

Spectra of faint sources are strongly dominated by
starlight, so the corresponding polarization measure-
ments are difficult, and broad lines are also difficult to
distinguish against the strong starlight background. On
the one hand, extremely inactive galaxies like the center
of the Milky Way—Sgr A*—do not have a dusty torus
(its Eddington ratio is about 10−9; see, e.g., [68], [62]),
but they also are most likely devoid of any BLR itself
since the inner flow is optically thin (e.g., ADAF), and,
the BLR clouds do not form [48,119,155]. On the other
hand, careful observation of potentially true Seyfert 2
galaxy NGC 3147 with the Hubble Space Telescope
revealed the existence of broad Hα line [26,27] although
the Eddington ratio in this source is quite low, about
10−4; in this case, the line was not shielded, instead, it
was just difficult to detect. The sources are divided into
HBLR (Hidden BLRL) sources, where the broad lines
were finally detected, usually in the polarized light, and
NHBLR (Non-Hidden) BLR, or bare Seyfert 2 galaxies.
With advancing observational accuracy, some sources
are reclassified as HBLR (e.g., [185]). The physical con-
ditions (e.g., the limit for the Eddington ratio) needed
for the absence of the BLR and the torus are not yet
well specified. It remains to be seen if the true absence
of the BLR is related to the absence of also the torus,
which would then suggest a common origin of these two
important elements of an AGN and (most probably)
their relation to the cold standard accretion disk.

The Eddington rate also influences the shape of the
broad-band spectrum that is related to the character of
the inner flow close to the black hole. In higher Edding-
ton sources (Eddington ratio above 1%), the inflow is

in the form of a cold, optically thick, geometrically thin
accretion disk described rather well by the standard
model of [199] and its relativistic version [158]. As an
alternative, the slim disk operates at very high Edding-
ton rates [1]. The spectrum is dominated by the Big
Blue Bump component (e.g., [45]). At lower Eddington
rates, the inner flow is most likely optically thin, in the
form of an advection-dominated accretion flow (ADAF;
[96,144]). Various extensions of this scenario were pro-
posed, particularly in the context of jetted sources,
such as JED-SAD (jet emitting disk–standard accretion
disk) models [70,177] or MAD (magnetically arrested
disk) models [146,147]. The unification scheme actu-
ally requires three parameters: jet strength, orientation,
and the Eddington rate. Apart from the issue about
the torus, the unification scheme works surprisingly well
over a wide range of black hole mass, and there is also
a good analogy in spectral behavior between AGN and
Galactic black holes of masses of the order of only 10
solar masses (e.g., [135,207]).

All three above-mentioned parameters strongly influ-
ence the broad band spectrum of an AGN. The nucleus
itself is basically unresolved, however, by observing the
spectrum and the variability of the source the AGN
structure can be constrained. Only two nearby objects
have been resolved so far: the radio galaxy M87 and
the center of the Milky Way—Sgr A*—were resolved
by the Event Horizon Telescope to such an extent that
the shadow, or silhouette, of the central black hole, is
revealed and the innermost pattern of the hot flow in
semi-circular motion [67,68] is seen. These interfero-
metrical observations were performed in the millimeter
regime, optimized for the resolution and the extinction.
The detected signal was the synchrotron emission from
hot, low-density plasma. We note that both objects are
examples of sources at very low Eddington rates, so no
cold disk was observed.

3 On the coexistence of the hot and cold
dust-less plasma

The spectral complexity of AGN—broad band contin-
uum and various types of emission lines—implies that
the plasma in AGN has a broad parameter range for the
density and ionization state. In addition, AGN shows
a range of absorption lines that arise from the plasma
located along the line of sight towards the black hole,
where most of the optical/UV/X-ray emission is pro-
duced. These lines are phenomenologically character-
ized by their width, strength, and ionization of the cor-
responding ions. We thus have narrow absorption lines
(NAL; e.g., [64,236]), broad absorption lines (BAL; e.g.,
[38,244]), warm absorbers (WA; e.g., [5,90,143]), and
the ultra-fast outflows (UFO; e.g., [223]). The distance
of the material forming those lines is difficult to esti-
mate because we cannot identify the line widths or
shifts with Keplerian motion, the way we do it for the
BLR.
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It may be that some of these absorption lines are
actually due to BLR or NLR, seen in absorption instead
of emission. Absorption lines imply a clumpy struc-
ture of the absorbing medium since numerous kinematic
components are observed, particularly in UV, with dif-
ferent velocity shifts to the rest frame of an AGN.

That scenario might pose a problem with cloud sta-
bility since a dense, non-self-gravitating cloud in space
would expand on the dynamical timescale and will even-
tually get dispersed. However, if cooler, denser clouds
are indeed embedded in much hotter, low-density, fully
ionized plasma, they can be stabilized. This scenario
is well justified theoretically. As pointed out by [116]
in the context of AGN, irradiated plasma is subject
to thermal instability, and within a certain range of
the gas pressure, two solutions for the gas temperature
can co-exist—a low-density hot plasma, at the temper-
ature of the order of 107 K, which heats and cools by
the Compton process, and colder, denser plasma at the
temperature of the order of 104 K, which mostly heats
and cools by atomic processes. In general, all radia-
tive processes are important in partially ionized plasma,
and they include Comptonization (heating and cool-
ing), free-free transitions, bound-free as well as bound-
bound transitions. Thus, plasma at two extremely dif-
ferent temperatures can coexist. The equilibrium curves
are conveniently shown using the ionization parameter
Ξ introduced by [116],

Ξ =
Fion

nkTc
, (1)

where Fion is the ionizing flux between 1 and 103 Ryd-
berg, n is the local number density, T is the medium
temperature, k is the Boltzmann constant, and c is the
speed of light. This parameter is dimensionless, and it
measures the ratio of the radiation pressure to gas pres-
sure.

The colder clouds can be in equilibrium when they
are located on the equilibrium curve at an identical
value of Ξ on the lower and upper branches. The inter-
mediate branch is unstable, and under small pertur-
bations, the plasma rapidly evolves on the thermal
timescale towards one of the stable branches.

The coexistence of the two plasma states with a sharp
discontinuity is more complex. Clouds out of equilib-
rium can reach equilibrium, but they can also slowly
grow through condensation or disappear by evapora-
tion. Computations of clouds out of equilibrium require
the inclusion of an additional process: electron conduc-
tion, which is important at the sharp border between
the two phases, where the temperature gradient is sig-
nificantly large. This was recognized by [71] and subse-
quently studied in several papers in the context of AGN,
both for the transition between the colder disk and the
hotter plasma at the disk corona and for the warm
absorber (WA) and BLR clouds (e.g., [19,37,189]).
These computations require proper treatment of the
radiative processes. Complex radiative transfer codes
are used, such as CLOUDY [69], which allow us to
calculate the ionization state of the material, and its

temperature and perform the radiative transfer. The
conduction term is frequently neglected if only the sta-
tionary solution is of interest, but then there are prob-
lems with the uniqueness of the solution under constant
pressure.

Numerous papers employ the equilibrium curve for
the discussion of the properties of the multi-phase
medium in the context of AGN. For example, [179] used
the equilibrium curves to address the cloud formation
in the colliding AGN-supernovae winds. Several authors
(e.g., [3,5,88,115]) considered the pressure balance in
different phases of the WA medium. The issue is further
complicated if we consider outflowing medium [49,240],
or even supersonic outflow velocities [241].

The scenario of the coexistence of the colder clouds
and the intercloud medium was also formulated as the
radiation pressure confinement (RPC) of the clouds
(see and the references therein [17,214]). In any case,
the rough pressure balance and approximate ther-
mal equilibrium allow for cloud formation and rela-
tively long cloud existence. There are, however, mech-
anisms destroying such clouds (see discussion in [137]),
e.g., in cloud collisions, the action of tidal forces,
Kelvin-Helmholtz instability, etc. The clumpy medium
is always dynamic. The same is true for the interstellar
medium, although timescales in AGN are much shorter
due to the smaller sizes of the clouds and much higher
local densities.

4 Coexistence of the hot and cold dusty
plasma

While the conditions of coexistence of the hot T ∼ 107
K and warm ∼ 104 K plasma was frequently discussed
in the context of AGN (see Sect. 3), the coexistence
of the third phase, cold dust T < 1500 K with the
other two phases is less well studied from the physi-
cal point of view. On the other hand, we know that
the dust is present within the central 1 pc as the
dusty/molecular torus (see Sect. 2). In the advanced
torus models, the clumpiness of the medium is included
(e.g., [149,150,203,209,210]) since otherwise the more
distant parts of the torus are not adequately illumi-
nated and the model does not reproduce the observed
silicate features in absorption or emission. The inter-
cloud medium is usually neglected, like in [149,150],
[210], and [203], who include the inter-cloud dust but
not the inter-cloud gas phase.

The first extremely influential paper which addressed
the issue of the dusty plasma interaction with the inci-
dent radiation was published by [152]. Their study of
the dusty plasma and its efficiency in the production of
emission lines showed that the presence of dust strongly
suppressed the line emissivity, and, thus, they showed
that the gap between the BLR and NLR (see Sect. 2)
is caused by the presence of the dust. This way one of
the key puzzles in AGN was explained.
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However, later, a new sub-type of AGN was intro-
duced
—Narrow Line Seyfert 1 galaxies [163]. These sources
are different from type 2 sources, they exhibit broad
lines, but much narrower than in typical Seyfert galax-
ies, and their forbidden lines are weak, unlike in Seyfert
2 objects. A formal definition included the maximum
width of the lines of 2000 km s−1. Later, for quasars
which typically have much higher mass, a similar new
class was introduced, i.e., type A (with the limit of the
line width of 4000 km s−1), while typical quasars were
classified as type B, with broader lines [217]. Subse-
quent studies showed that these sources accrete close
to the Eddington limit and, they form a high accre-
tion rate tail of all AGN [168,172]. In addition, these
objects do not show two-component line profiles, and
their line profiles can be fitted by a single Lorentzian
shape (e.g., [110,217,256]). The explanation of this lack
of the BLR–NLR gap in these sources was solved by [4]
where the authors showed that if the medium density
is high enough, then the dust does not compete effi-
ciently for photons with the partially ionized plasma.
The gap postulated by [152] does not form, and indeed
objects accreting at a high Eddington rate have a higher
local density in the BLR than less vigorously accreting
sources [171].

The coexistence of the three phases in AGN was
finally studied in detail by [31] using the CLOUDY
code in the context of high-resolution observational
data for Centaurus A from ALMA and Chandra. We
constructed the equilibrium curves for dusty plasma
irradiated by hard X-rays from the central region (see
Fig. 1). Here, the temperature T is the plasma tem-
perature. We notice that without dust, the tempera-
ture saturates just below 104 K, even for a low value
of the ionization parameter Ξ. Only at the distance of
∼ 200 pc does the temperature drop below 103 K. At
the highest values of Ξ, the plasma temperature sat-
urates at Inverse Compton temperature, about 108 K
for the adopted shape of the radiation spectrum. We see
the unstable branch corresponding to the negative slope
of the stability curve. This agrees with the possibility
of the coexistence of warm and hot plasma. However,
in the presence of the dust, the temperature drops to
much lower values for high Ξ, forming, at this location,
an additional branch of solutions with an instability
present at Ξ ∼ 10−5. There we can have a coexistence
of cold and warm plasma.

For high Ξ, the temperature of the dusty plasma is
much lower due to the interaction with dust grains. At
Ξ ∼ 100, there is a narrow range of the coexistence of
the warm and hot plasma. Note that the temperature
of the dusty plasma can be as high as 107 K. The dust
can still exist, and its temperature is lower than the
sublimation temperature, as reported by the CLOUDY
code, but the dust temperature is not plotted. Thus, the
dusty medium at high Ξ is a two-temperature medium,
with individual cold dust grains embedded in the hot
plasma. This is possible due to the low density of the
hot plasma.

The computations thus show two ranges of Ξ at which
a clumpy medium can form, but all three phases cannot
coexist. A cold, dusty cloud cannot be in pressure equi-
librium with the hot plasma, at least in the presented
computations that consider an optically thin medium.
In the optically thick medium, such coexistence is, per-
haps, possible but the code CLOUDY cannot be used
to describe such a scenario. Computations performed
by [31] also did not address the processes taking place
closer to the black hole within the BLR medium.

In the computations we used the currently most rep-
resentative broad band spectrum of Cen A to describe
the incident radiation, as given in Fig. 4 of [31]. The
result may depend on this assumption, so it is not nec-
essarily good for all sources. We also neglected the dust
destruction mechanisms. As estimated by [58], the ther-
mal sputtering rate for graphite, silicate, or iron grains
at rest in hot gas with 106 < T < 109 K is of the order
of

τsp = 2 × 104
(

cm−3

nH

)(
a

0.01μm

)
[yr], (2)

so for the two-temperature dusty region in our compu-
tations, the densities are smaller than ∼ 1 cm−3, and
the timescale is of the order of years. However, if strong
shocks are present, the dust destruction is more efficient
[57].

During the photoionization process by intense X-rays
near an active nucleus, the dust grains develop an elec-
tric charge that is attached to their surface, and thus, a
complex dusty plasma is formed [59,99,233,243]. Col-
lective effects between the dust and gaseous compo-
nents are essential in this environment, and the dust
grain properties are different from those observed in
the local interstellar medium. It has been argued that
in AGN the dust grains suffer destruction by charg-
ing (e.g., and further references cited therein [222]),
and the dust can be thus depleted. Also, the equilib-
rium structure of dusty tori may be significantly altered
by the interplay of gravitational and electromagnetic
forces that combine near accreting black holes in con-
trast with the classical test-fluid solutions. In our works
[113,226] we have investigated the emerging structure of
the charged tori, which may be quite different from the
globally neutral ones. Especially their vertical extent
and stability are affected [227].

5 Coexistence of hot and warm dusty
plasma in the Galactic center

The Galactic center serves as the nearest to us proto-
type of a low-luminosity galactic nucleus. The bolomet-
ric luminosity of the compact variable source Sgr A*,
which is associated with the supermassive black hole
of M• ∼ 4 × 106 M� [50,62,79], is LSgrA∗ � 1037 ∼
2600L� erg s−1 [145]. The comparison with the Edding-
ton luminosity LEdd=5.03×1044(M•/4×106 M�) erg s−1

for a given mass yields the Eddington ratio of λEdd =
LSgrA∗/LEdd � 2×10−8. However, the source is variable
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Fig. 1 Stability curves for the circumnuclear medium for two different, heavy element abundances: upper panels show
ISM abundances, while bottom panels show solar abundances, with increasing radii from left to right: 11.5, 55, and 180 pc.
Each panel contains calculations with and without dust. Each point in the curve represents the model computed for one
starting value of density. The range density range is given in each panel. The SED luminosity is always kept at Lbol = 1043

erg s−1 (from [31])

with order-of-magnitude near-infrared and X-ray flares
taking place a few times per day (see, e.g., andrefer-
encestherein [249]), which appears to be related to the
hot plasma components with the size of ∼ 4 gravita-
tional radii and the temperature of ∼ 1010 K, the elec-
tron density of 4 × 107 cm−3, and the magnetic field
of ∼ 10G orbiting close to the innermost stable cir-
cular orbit in the form of “hot spots” [84,245]. There
are several signatures that the accretion rate was sig-
nificantly larger on the timescale of several hundred to
million years, which has been revealed by the reprocess-
ing of the central X-ray emission by the surrounding
molecular clouds [218,219] and by the large-scale γ-ray
emitting Fermi bubbles and the X-ray emitting eRosita
bubbles [180,216].

Because of the current low Eddington ratio, the
accretion flow surrounding Sgr A* is hot and diluted
with low radiative efficiency. It can be modeled in
the framework of advection-dominated accretion flows
(or ADAFs) with a large scale-height-to-radius ratio
approaching unity. On the larger scale, the flow is
Bondi-like with power-law temperature and density
profiles of the hot plasma with the asymptotic values of

n ∼ 26 cm−3 and T ∼ 1.5 × 107 K at the Bondi radius
[13], which can be estimated as follows,

RB =
2GM•

c2s
� 2GM•μmH

kT

∼ 0.14
(

M•
4 × 106 M�

)(
T

1.5 × 107 K

)−1

pc ,

(3)

where cs is the asymptotic sound speed in the plasma.
The Bondi radius expressed by Eq. (3) corresponds to
RB ∼ 7.3 × 105 gravitational radii. However, the X-
ray surface brightness is better described by a flatter
density profile than for the standard Bondi inflow, i.e.,
n ∝ r−3/2+s, where s ∼ 1, which implies the presence
of an outflow [239].

The ADAF is located inside the Bondi radius, which
is well within the ionized central cavity with the radius
of ∼ 1–1.5 parsecs filled mostly with hot X-ray emit-
ting optically thin plasma. In this region, which is also
referred to as Sgr A West, there are distinct ther-
mal streamers known as the Minispiral, whose kine-
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matics is consistent with three bundles of Keplerian
orbits around Sgr A* corresponding to the Northern
Arm, Eastern Arm, and the Western Arc [261,262].
The Minispiral is well detected in the mid-infrared
domain [25], which reveals the dust emission, and also in
the sub-millimeter, millimeter, and the radio domains
[136,228]. The electron density of the Minispiral is in
the range of 3–21 × 104 cm−3 and the electron temper-
ature is 5 000–13 000K [117,262]. The highest densities
of 21×104 cm−3 are coincident with the IRS 13 region,
while the highest temperature of 1.3 × 104 K is in the
Bar region where the Northern and the Eastern Arms
appear to collide at ∼ 0.1–0.2 pc south of and behind
Sgr A* [262]. The dust density traces the ionized gas
density along the three arms, which leads to the emis-
sion enhancement in the mid-infrared domain in the
clumps along the Minispiral as well as at the places
where supersonic stars flow through the ambient plasma
and create denser bow shocks [186,192,220,221]. This
shows that dust is generally coupled to gas via gas drag
like in the standard interstellar medium, and the dust-
to-gas mass ratio of 1:100 [29] is usually adopted for
basic estimates.

Towards the Galactic center, the near-infrared emis-
sion (2.2 μm) is moderately polarized with the mean
degree of ∼ 4% and the position angle of ∼ 30◦
along the Galactic plane. This foreground polarization
is apparently due to anisotropic scattering of infrared
radiation on elongated dust grains that are aligned
along the Galactic spiral arms between the Earth and
the Galactic center [60,164]. The presence of dust grains
that are dynamically coupled to the sheared gas along
the orbiting Minispiral arms can also be revealed via
the polarized light. [7] and [8] detected the polarized
mid-infrared emission (12.4μm) of ionized Minispiral
filaments, which corresponds to the thermal emission
of elongated dust grains aligned along the magnetic
field lines that are approximately parallel to the bulk
streaming motion of the Minispiral gas. This indicates
that the magnetic field with the strength of � 2 mG is
an inherent property of the sheared ionized gas of the
Minispiral. [188] confirmed that the mid-infrared polar-
ization is a general property of the diffused ionized gas
in the Galactic center. They found the highest polariza-
tion degree of ∼ 12% at 12.5 μm in the Northern Arm.
The polarized emission of embedded bow-shock sources
is generally enhanced due to the compressed magnetic
field, and the polarization degree also increases from
near-infrared to mid-infrared domains, which implies
that thermal emission by aligned dust grains, i.e., the
reprocessed UV emission of the central star, is responsi-
ble for the polarization properties [32,33]. For the most
prominent bow-shock sources - such as IRS 21 and IRS
1W, the degree of polarization of the integrated infrared
emission falls in the interval of ∼ 10–30%. This can be
explained by the Mie-scattering on dust grains, whose
density is enhanced in asymmetric gaseous-dusty shells
surrounding the supersonic stars [60,164].

The ionized central cavity ends quite sharply at ∼ 1.5
parsecs. Its radius is determined by the ambient UV
field of the nuclear star cluster, which is concentrated

in the inner parsec. Further away, from about 1.5 pc
to ∼ 3–4 parsecs, a dense ring-like circumnuclear disk
(CND) is located that is composed of neutral and
molecular gas and dust with the equilibrium temper-
ature between 20 and 80 K [18,131]. The gas number
density falls into the range ∼ 105–108 cm−3, being the
densest in numerous clumps along the ring [39] that
have typical sizes of ∼ 0.25 pc and masses of a few
104 M�. The whole CND has a mass of ∼ 106 M�, being
about three to four orders of magnitude more massive
than the Minispiral, whose ionized mass is ∼ 350M�
[262]. Because of its higher mass and several tens of
dense clumps, it has the potential to provide the mate-
rial for the in-situ star formation in the nuclear star
cluster [224], though there is no evidence of ongoing
star formation; most likely turbulence and magnetic
field prevent most clumps from collapsing to form stars
(see, e.g., [94]). The CND and the Minispiral stream-
ers are, interestingly, not coplanar. While the Northern
Arm and the Western Arc reside in nearly the same
plane, which seems to be coincident with the plane of
the CND, the Eastern Arm is nearly perpendicular to
the [234,262]. In this regard, the Northern Arm and
the Western Arc might have originated in the inner
rim of the CND, where they got detached by the com-
bined effect of photoionization and the interaction with
the outflow from the nuclear star cluster. The Min-
ispiral is, therefore, a transient, disappearing feature
with a dynamical timescale of ∼ 104 years. At larger
distances from the Sgr A complex, there are several
massive molecular clouds, such as “+20 km s−1” and
“+50 km s−1” giant molecular clouds (see for a review
[132]).

In the central cavity, dust is present and observed,
not only within the Minispiral but also closer in within
the S cluster, i.e., within 1′′ ∼ 0.04 pc from Sgr A*.
Coreless gaseous-dusty filaments within the Minispi-
ral are characterized by warm dust with the temper-
ature of ∼ 190–265 K, which was inferred based on
the 12.5/20.3 μm color-temperature map [43]. In the S
cluster, fast and compact dusty D or G objects with
emission lines of hydrogen and helium have been iden-
tified [40,61,80,173,174] that orbit Sgr A* on eccen-
tric orbits similar to S stars. They are characterized
by the optically thick envelopes with the photospheric
radius of ∼ 1AU and the black-body temperature of
∼ 500–600 K [173], which can be attributed to the
dust thermal emission. The higher temperature of dust
in comparison with dusty streamers can be explained
by the model of a dust-enshrouded star [254,255], i.e.,
an optically thick dusty shell is heated by a central
star, see Fig. 2 for an illustration. Although the nature
of D/G sources is disputed, the pericenter passages of
G2/DSO and G1 sources can be used to put an upper
limit on the dust sublimation radius around Sgr A*,
Rsub ∼ 137AU = 3469 rg and Rsub ∼ 298AU = 7577 rg
for G2/DSO and G1 pericenter distances [174,248],
respectively. Because of the current low-luminous state
of Sgr A*, it can be shown that dust can approach
Sgr A* within the innermost 100 gravitational radii if
it is not destroyed before in shocks and by the UV
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Fig. 2 Illustration of the central region of the Milky Way
(S-cluster, 1′′ ∼ 0.04 pc). Dust-embedded D/G sources are
characterized by a higher dust temperature of ∼ 500 K with
the photospheric radius of RD ∼ 1 AU, while the coreless
Minispiral streamers have a dust temperature of ∼ 200–
300 K. The main-sequence stars within the S-cluster are
predominantly of spectral type B with the effective temper-
ature of 20–30 × 103 K. The entire region of the Galactic
center is filled with optically thin, X-ray emitting plasma
with the number density of n ∼ 10 cm−3 and T ∼ 107 (the
figure redrawn from [173])

emission of numerous OB stars. However, it cannot
approach or form and linger as close as the innermost
stable circular orbit if it is not shielded. We estimate the
corresponding sublimation radius rsub for graphite dust
following [14], assuming the sublimation temperature of
Tsub ≈ 1500K, the zero optical depth τUV = 0, and the
UV luminosity of Sgr A* with the upper limit given by
its current bolometric luminosity LUV � Lbol ≈ 100L�
[130]. The sublimation radius scaled to the gravitational
radius can then be expressed as

rsub
rg

= 38.07
[(

LUV

100L�

)
exp (−τUV)

] 1
2

(
Tsub

1500K

)−2.8 (
M•

4 × 106 M�

)−1

. (4)

The distribution of dust temperature Tdust up to the
sublimation temperature of 1500 K as a function of the
distance from Sgr A* (in gravitational radii) is plot-
ted in Fig. 3, following the simple model of [14] that
takes into account only the central luminosity source.
We consider the optical depth in the range τUV ∈ (0, 10)
and the UV luminosity of Sgr A* LUV = 100L�, which
is approximately achieved during daily infrared/X-ray
flares (see, e.g., [253]). It is clear that dust cannot exist
close to the innermost stable orbit (dashed gray ver-
tical line for a non-rotating black hole; 6 rg) unless it
is shielded by an optically thick envelope. Conditions
for the survival of the clouds drifting in/out or forming
in changing conditions are more complex since then the
cooling timescales must be included (e.g., [25,190,191]).

Fig. 3 Color-coded dust temperature distribution as a
function of the distance r (in gravitational radii) from a
low-luminosity galactic nucleus and the UV optical depth
τUV. The calculation considers the central source UV lumi-
nosity of LUV = 100 L�. The white region depicts the dust
evaporation zone. The gray dashed vertical line stands for
the location of the innermost stable circular orbit (ISCO)
around a Schwarzschild black hole (6 rg). White solid lines
represent the dust temperature of 200, 500, and 1000 K

Overall, the Galactic center stands for a unique envi-
ronment where in the gravitational sphere of influ-
ence of the supermassive black hole (∼ 2 pc) one can
detect cold and dense molecular gas (T ∼ 50 K and
n ∼ 108 cm−3) as well as plasma close to Sgr A* that
is dense and hot (T ∼ 1010 K and n ∼ 107 cm−3).
At intermediate scales of ∼ 0.1–1 pc, warm (∼ 104 K)
and hot gas phases (∼ 107 K) coexist in the Minispiral
region alongside the warm dust with the temperature of
a few 100 K. Unfortunately, we do not have this high-
resolution multi-wavelength images of other AGN.

6 Nuclear dust properties in AGN from
spectral and time delay studies

In highly accreting objects, the total emission is domi-
nated by the optical/UV radiation from the cold disk,
and there is an additional bump in the near-IR [154]
which comes from the dust reprocessing [14,73,178].
The basic geometry was set by the discovery of [10],
but subsequent spectral studies shed more light onto
the dust content, including the chemical composition.

The properties of dust are the subject of vigorous
studies for a long time. The dust chemistry is very com-
plex (see for reviews [120,123,184]). Observations reveal
spectral (mostly silicate) features in emission (e.g.,
[89,202]) and in absorption (e.g., [6,187,229]), depend-
ing on the viewing angle in each specific source. Poly-
cyclic Aromatic Hydrocarbons (PAH), well observed
in the interstellar medium are frequently weak or not
visible in AGN since they are most likely destroyed
by shocks (e.g., [251,259]). The extinction curve that
should be used to correct the intrinsic spectra of AGN
with a certain level of extinction is still an open issue.
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The standard extinction curve from the Milky Way [36]
cannot be applied since the 2175 Å feature is generally
not observed, but various specific shapes were proposed
(e.g., [47,77,78]). This would favor amorphous carbon
grains. In some objects, however, the 2175 Å feature
seems to be present (in FeLoBAL objects [260]).

As discussed in Sect. 2, dust has to be concentrated in
some form of a torus-like geometrical structure that is
responsible for obscuring the inner parts of the nucleus
in type 2 sources, while not being an obstacle block-
ing the view of the black hole region in type 1 sources
(despite that it contributes to the IR band). Statisti-
cally, the fraction of the sky covered by the torus is
thus responsible for the ratio of type 1 to type 2 sources.
In a given source, the ratio of the UV emission to the
IR emission also contains information about the angu-
lar extension of the dust or the covering factor (e.g.,
[86,121]).

Some constraints for the dust location came first from
the simple consideration of the dust sublimation tem-
perature [14,149]. The subsequent reverberation mea-
surements (RM) of IR emission time delays with respect
to the optical emission gave more specific constraints
(e.g., [87,112,159]). The distance of the dusty emitters
from the central black hole is effectively by a factor of
5 larger than the distance of the BLR, as determined
from RM. The dust distance in a given source responds
to the changes of the radiation flux, and as suggested
by the data for the source NGC 4151, the recovery of
the dust after the episode of a high luminosity state of
the source takes a few years [160].

A novel and interesting method to localize the dust
region in the equatorial plane was proposed by [197].
The method is based on reverberation measurement of
the broad emission lines in polarized light in unobscured
objects. For the studied source Mrk 6, they found that
the size of the scattering region is around 100 light days.
That is significantly smaller than the dusty region size
estimated by the infrared interferometric observations.

The dusty torus localized around the equatorial plane
is a key element of the AGN unification scheme, as
mentioned in Sect. 2. Its evolution with redshift is the
main element in cosmological applications, as the aver-
age viewing angle of AGN depends on the average open-
ing angle of the shielding torus (see, e.g., the discussion
in [181]). It is also important for all population studies
of AGN. Therefore, the measurements of the correla-
tions of the torus covering factor (or opening angle) are
pursued. It seems that, for AGN with the bolometric
luminosity larger than 1044 erg s−1, no trends are seen
with the luminosity or redshift (e.g., [153,181,211]). At
lower luminosities, the torus seems to disappear, as dis-
cussed in Sect. 2.

7 Problems with the standard torus model
and development of the most recent
models

The simple idea of an AGN torus, as originally intro-
duced by [10] and presented in numerous reviews of

AGN structure, geometrical relations, and physical
properties (e.g., [231]) is naturally a simplification.
Firstly, a stationary torus shape cannot be supported
just by thermal motions. It needs some sort of dynami-
cal structure (inflow or outflow); a wind outflow seems
to be the most likely option, and it was elaborated in
numerous papers (e.g., [53,54,63,74,111]). As we now
know from detailed spectral modeling, the torus has to
be clumpy; otherwise, the broad band spectrum and
the absorption/emission features cannot be explained
[149,150,203,210].

High-resolution spatial observations reveal another
problem. The original expectations were such that the
high-resolution IR maps will show predominantly the
dusty/molecular torus. However, the images brought us
a surprise: a lot of dust emission actually came from the
structure elongated in the direction of the symmetry
axis. For example, [93] performed interferometric map-
ping of the unobscured (type 1) AGN in NGC 3783.
Fitting the visibility plane, they have reached the fol-
lowing conclusion: most of the (mid-IR) emission comes
from the polar direction. Specifically, the ratio of the
polar to equatorial emission in this source turned out to
be a rising function of the wavelength. The polar scat-
tering region was subsequently revealed in a number
of single-dish detections (e.g., [11,12]) as well as inter-
ferometric observations [124]. Such observations have
led to a picture of the dust distribution in a form of
an empty cone suggested by [91]. In the cross-section,
it looks like a narrow stream of escaping dusty mate-
rial, with a launching radius at the usual location of
the beginning of the torus, i.e., about 1 pc from the
black hole. Recently developed codes for the radiative
transfer combine the disk and polar emitters. These are
able to explain the observational data very well (e.g.,
[212,213]). Moreover, a clumpy disk with the wind mod-
els provides the best fits for the nuclear IR spectral
energy distributions of partially obscured Seyfert galax-
ies [75].

Present-day advanced computations include the hydro-
dynamical simulations combined with the effects of
radiation pressure. These models reveal the complexity
of the medium, not just the dynamics of the outflow but
also the role of convection and of complex vertical strat-
ification (e.g., [53,55]). Magnetic fields can also play
a significant role [52], as well as the torus self-gravity
[102,201].

The outer disk/torus eventually overlaps with the
interstellar medium and possibly also stars that natu-
rally belong to the circumnuclear environment. Star for-
mation in the outer parts of self-gravitating disks leads
to supernovae eruptions that are capable of launching
strong winds, as proposed by [41]. The medium there
is clearly clumpy and dynamic. Only the most recent
hydrodynamical models start to address this issue in a
realistic manner (e.g., [235,246]). Such outflows clearly
affect the host beyond the central parsec, and they
enrich the interstellar medium with heavy elements.
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8 Dust within the Broad Line Region and
the FRADO model

The standard unification scheme locates the dust much
farther away than the BLR. However, the possible pres-
ence of dust in the broad-line regions of AGN has been
debated for many years [82]. It is well known that the
ratios of the broad hydrogen Balmer emission lines are
not consistent with simple predictions, and the poten-
tial presence of dust can contribute to the resolution of
this issue (e.g., and the references therein [97]). Medium
fully exposed to the central flux cannot retain dust at
a distance smaller than the torus inner radius, but the
disk in AGN is geometrically thin, and its inner part—
or winds—may, in addition, shield the disk. This would
allow for the dust survival close in.

Interesting measurements of the time lag between the
non-polarized continuum and the polarized broad line
variability in the Mrk 6 implied the presence of a scat-
terer residing much closer than the torus but further
away than the BLR [198].

It is also a matter of fact that broad lines appear in
coexistence with a cold disk located much more cen-
trally than the torus, where the effective temperature
of the accretion disk drops below the order of 1000
K, which implies the formation of low ionized dusty
medium (see [47,125]). This is the basis of a model
developed by [46] based on the dust-driving mechanism
in which the radiation pressure of the disk is responsible
for the formation of a low-ionized BLR due to the radia-
tive acceleration of dust. The model predicts the forma-
tion of failed winds through frequent elevation of the
dusty environs, illuminated by the intense central disk
radiation. The subsequent fallback of dustless material
occurs onto the disk: Failed Radiatively Accelerated
Dusty Outflow (FRADO). The dust-driving mechanism
provides an attractive, theory-motivated explanation of
a natural source of low ionized broad emission lines.
The scheme is supported by the measured time delays
[85,167,175,237,257]. These authors have shown that
Low Ionization Lines (LIL), such as Hβ and MgII, orig-
inate from a cooler and denser medium located farther
with respect to the central black hole compared to the
other population of broad emission lines, i.e., High Ion-
ization Lines (HIL) such as CIV and HeII for which the
line-driving mechanism is favored [139,182,240].

The new advanced numerical 2.5D FRADO computa-
tions opened up a window to the dynamical modeling of
low-ionized sections of BLR. Firstly, preliminary tests
showed that the 2.5D model can explain the observed
location and dispersion in the radius-luminosity rela-
tion based on the reverberation-known position of the
LIL BLR [22,23,176], on the basis of accretion rate
[141]. Moreover, the 2.5D FRADO pictures a rather
complex pattern of motions [140,142], strongly depend-
ing on the global parameters: the accretion rate, the
black hole mass, and also the metallicity of material.
For small values of black hole mass and accretion rate,
this pattern resembles the model of a static, puffed-up
disk [16] with some level of turbulence. Otherwise, an

outflow structure forms similar to the one proposed by
[64] and [91]. Metallicity amplifies the radiative force
and intensifies the outflow for the same parameters of
accretion rate and black hole mass. This mechanism
manifests itself in the shape of broad emission lines
[140].

[91] proposes an outflow structure initiated at radii
typical for the onset of the torus (of around 10–100
times the predictions of 2.5D FRADO), thus represent-
ing the torus as a separate nested structure. On the
other hand, there are studies indicating a likely connec-
tion between the BLR and the torus. The ample amount
of dust of high column density extending from the equa-
torial plane to high altitudes and obscuring the central
disk at high inclinations [10] implies a very dynami-
cal torus structure, as already mentioned in Sect. 7.
Moreover, the systematic study of the absorption events
caused by the dusty clouds [126] may entail the BLR
and torus as overlapping structures. A combination of
the above-mentioned hints suggests that the BLR and
the dusty torus are closely interrelated rather than sep-
arate identities [238]. Last but not least, the dust geom-
etry proposed recently on the basis of the observational
data (e.g., [64,81,104,105,208]) is consistent with the
outflow structure in the theoretically motivated 2.5D
FRADO scheme [140,142].

9 Dust scenario in Changing Look AGN

In the standard unification scheme, the AGN type is
determined for a given source by its viewing angle;
therefore, it should not vary. Also, in X-rays, the
amount of obscuration towards the nucleus in a given
source should be set by geometry and remain unchanged.
However, examples of drastic changes of the X-ray
obscuration [128] and of appearance and disappearance
of the broad lines in some sources were reported [9].
Such objects are now referred to as Changing Look
AGN (CL AGN) phenomenon. The effect was con-
sidered rather rare in the past; however, as a result
of follow-up detections the sample has recently grown
(e.g., [83,170,252]).

Two different physical scenarios have been tested to
explain spectral and luminosity changes in CL AGN:
the obscuration mechanism and the variation in the
accretion state. In fact, most of the changing-look
phenomena seem to be caused by accretion variation
rather than a variable obscurer. The temporary obscu-
ration or intrinsic dimming scenarios were also tested
using spectropolarimetry since a low level of polariza-
tion argues against the obscuration scenario [95]. [118]
discussed different obscuration scenarios for CL AGN
SDSS J015957.64+003310.5., which was reported as
the first CL QSO. Tentative obscuration scenarios con-
sider the dust transported from the area of the torus
that could cover the BLR emission or the processes of
enhanced dust formation. However, for both scenarios,
the timescales are longer than the observed changes.
Timescales disagreement is the most robust argument

123



Eur. Phys. J. D (2023) 77 :56 Page 11 of 21 56

for most CL AGNs against the obscuration scenario.
The possible presence of the dust within BLR and the
atypical extinction properties of AGN dust may open
some paths to use obscuration as a plausible CL mech-
anism. In the case of intrinsic changes, timescales are
also much shorter than normal viscous timescales in the
standard accretion disks, and appropriate model mod-
ifications have to be made to accommodate the obser-
vational data (e.g., [103,166,204,206]). Further studies
are clearly needed.

10 Dust origin in AGN

Dust in the BLR and in the dusty/molecular torus can
either come from the interstellar medium, or it can
form in situ. The correct answer is currently unclear.
The solar and frequently super-solar metallicity, even
at high redshift quasars, is not consistent with the
expected low metallicity of the high redshift galaxies
(see, e.g., and further references therein [169,205]). On
the other hand, vigorous star formation actually pre-
cedes the quasar activity, and multiple supernovae in
the circumnuclear stellar cluster creating heavy ele-
ments enrich the material that later accretes (see for
the most recent plot of the history of star formation
rate and of quasar activity [72]).

The in situ option is interesting. Outer parts of the
disk can be gravitationally unstable, leading to vigorous
star-forming, with predominantly fast-evolving massive
stars (e.g., [35,100]). What is more, the standard disk in
the region of the effective temperature ∼ 1500 K allows
the formation of dust directly in the disk atmosphere,
in a similar way as in stars, and this mechanism was
already discussed by [65].

Local production can possibly supply the dust much
faster than the external source if dust is temporarily
destroyed during the bright stage of an AGN, although
more studies of this issue similar to the tentative reports
by [160] are needed.

11 Summary

The presence of the dust in AGN is well known from
the spectroscopic studies done back in the 1960 s and
1970 s (see and the references therein [161]). Over the
years, there has been gradual progress in our knowledge
of the dust location and distribution that came from
polarimetric studies, interferometric measurements in
the IR, and time-domain measurements. We under-
stand the role of dust in the AGN classification scheme,
and we have an insight into the dynamics of this com-
plex, clumpy region. However, there are still important
unresolved questions related to the formation of the
dusty region and its connection with the host galaxy.

The most important problem is the relation of the
dust to the accretion disk. It may seem that the absence
of the cold disk and the presence of the exclusively

hot flow prevents the existence of the BLR and of the
dusty torus. However, such a hypothesis is not proven
observationally, and it is not easy to test it since, at
a fraction of a parsec, the presence of the disk over-
lapping with BLR and torus region is hard to resolve.
The polarization-based arguments of the decomposi-
tion of quasar spectra support the idea of the cold
disk underlying the two regions [107]. The progress in
IR interferometric studies will certainly shed light on
the exact geometry of the dust close to the dust sub-
limation radius (see, e.g., for one of the most recent
results for NGC 4151 [108]). Such values done for more
objects, and possibly in the same object repeated after
a few years, can help us to understand the evolutionary
aspects.

Interesting new developments are now coming from
the James Webb Space Telescope (JWST) launched at
the end of 2021. Indeed, one of the four general aims of
JWST is to trace the process of the assembly of galax-
ies. Since AGN is an important stage in a galaxy’s life,
it will also shed light on the growth of the central black
hole and the feeding and feedback. Dusty outflows in
AGN are massive so they are an important element of
the overall puzzle. We thus, expect a lot of new develop-
ments in dust formation and dust circulation in galax-
ies, including their AGN phase. Infrared observations
give a direct insight into star formation in dusty galax-
ies, including the interacting galaxies (e.g., [66]). Par-
ticular attention is paid to extremely red quasars, with
bolometric luminosity exceeding 1047 erg s−1 at high
redshift (e.g., [250]). Sources like the one studied in this
paper (SDSS J165202.64+172852.3) reveal the forma-
tion stage of the core of the clusters of galaxies. These
are excellent candidates for super-Eddington accretion
important to explain the fast rise of the black hole mass
from the initial seeds that are required to match the
observed distribution of the black hole masses [98,225].
It also allows to map of the inner ∼ 1 kpc of nearby
AGN with the resolution of ∼ 100 pc and sheds light
on the circumnuclear starburst ring and the associated
outflow (e.g., [230]). Such observations allow us to quan-
tify the vigorously discussed issue of the feedback of an
active nucleus to the host as well as the feeding pattern
of the central black hole.
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LA bilateral project (UMO-2021/43/I/ST9/01352 and GF22-
04053 L), and the Czech Ministry of Education, Youth and
Sports Research Infrastructure (LM2023047).

Author contributions

All authors contributed to the study’s conception and
design. BC was the leading author in writing the text.
MZ, MHN, MS, SP and VK wrote some parts of the
text. TPA provided a better version of Fig. 1. SP and
VKJ helped considerably with text formatting. MS and
MLM-A provided a number of references. All authors
sent their comments to the first draft. Finally, all
authors carefully reviewed and approved the final ver-
sion of the text.

Funding The funding details are listed in the Acknowledge-
ment section.

Data Availability Statement This manuscript has no
associated data or the data will not be deposited. [Authors’
comment: Data sharing not applicable to this article as
no datasets were generated or analyzed during the current
study.]

Declarations

Conflict of interest The authors declare they have no
financial interests.

Code availability Codes can be available on request.

Ethical approval Not applicable.

Consent to participate All authors contributed to the
work and approved sending the paper for publication.

Consent for publication All authors agree for the work to
be published in the European Physical Journal D, Topical
Issue: “Physics of Ionized Gases and Spectroscopy of Iso-
lated Complex Systems: Fundamentals and Applications”.

Open Access This article is licensed under a Creative Com-
mons Attribution 4.0 International License, which permits
use, sharing, adaptation, distribution and reproduction in
any medium or format, as long as you give appropriate credit
to the original author(s) and the source, provide a link to
the Creative Commons licence, and indicate if changes were
made. The images or other third party material in this arti-
cle are included in the article’s Creative Commons licence,
unless indicated otherwise in a credit line to the material. If
material is not included in the article’s Creative Commons
licence and your intended use is not permitted by statu-
tory regulation or exceeds the permitted use, you will need
to obtain permission directly from the copyright holder.

To view a copy of this licence, visit http://creativecomm
ons.org/licenses/by/4.0/.

References

1. M.A. Abramowicz, B. Czerny, J.P. Lasota et al., Slim
accretion disks. Astrophys. J. 332, 646 (1988). https://
doi.org/10.1086/166683

2. M.A. Abramowicz, X. Chen, S. Kato et al.,
Thermal Equilibria of Accretion Disks. ApJ
438, L37 (1995). https://doi.org/10.1086/187709.
arXiv:astro-ph/9409018 [astro-ph]
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61. A. Eckart, K. Mužić, S. Yazici et al., Near-infrared
proper motions and spectroscopy of infrared excess
sources at the Galactic center. A&A 551, A18 (2013).
https://doi.org/10.1051/0004-6361/201219994.
arXiv:1208.1907 [astro-ph.IM]

62. A. Eckart, A. Hüttemann, C. Kiefer et al., The Milky
Way’s supermassive black hole: How good a case is it?
Found. Phys. 47(5), 553–624 (2017). https://doi.org/
10.1007/s10701-017-0079-2. arXiv:1703.09118 [astro-
ph.HE]

63. M. Elitzur, I. Shlosman, The AGN-obscuring torus:
The end of the “Doughnut” paradigm? ApJ 648(2),
L101–L104 (2006). https://doi.org/10.1086/508158.
arXiv:astro-ph/0605686 [astro-ph]

64. M. Elvis, A structure for quasars. Astrophys. J.
545(1), 63–76 (2000). https://doi.org/10.1086/317778.
arXiv:astro-ph/0008064 [astro-ph]

65. M. Elvis, M. Marengo, M. Karovska, Smoking
quasars: a new source for cosmic dust. ApJ 567(2),
L107–L110 (2002). https://doi.org/10.1086/340006.
arXiv:astro-ph/0202002 [astro-ph]

66. A.S. Evans, D.T. Frayer, V. Charmandaris et al.,
GOALS-JWST: hidden star formation and extended
PAH emission in the luminous infrared galaxy VV
114. ApJ 940(1), L8 (2022). https://doi.org/10.3847/
2041-8213/ac9971. arXiv:2208.14507 [astro-ph.GA]

67. Event Horizon Telescope. Collaboration, K. Akiyama,
A. Alberdi et al., First M87 event horizon telescope
results. IV. Imaging the central supermassive black
hole. ApJ 875(1), L4 (2019). https://doi.org/10.3847/
2041-8213/ab0e85. arXiv:1906.11241 [astro-ph.GA]

68. K. Akiyama, A. Alberdi, Event Horizon Telescope Col-
laboration et al., First sagittarius A* event horizon
telescope results. I. The shadow of the supermassive
black hole in the center of the Milky Way. ApJ 930(2),
12 (2022). https://doi.org/10.3847/2041-8213/ac6674

69. G.J. Ferland, M. Chatzikos, F. Guzmán et al., The
2017 release cloudy. Rev. Mexicana Astron. Astrofis.
53, 385–438 (2017). arXiv:1705.10877 [astro-ph.GA]

70. J. Ferreira, G. Pelletier, Magnetized accretion-ejection
structures. III. Stellar and extragalactic jets as weakly
dissipative disk outflows. A&A 295, 807 (1995)

71. G.B. Field, Thermal instability. ApJ 142, 531 (1965).
https://doi.org/10.1086/148317

123

https://doi.org/10.1086/165630
https://doi.org/10.1086/165630
https://doi.org/10.1086/165630
https://doi.org/10.1051/0004-6361/201016025
https://doi.org/10.1051/0004-6361/201016025
http://arxiv.org/abs/1010.6201
https://doi.org/10.1111/j.1365-2966.2004.07590.x
https://doi.org/10.1111/j.1365-2966.2004.07590.x
http://arxiv.org/abs/astro-ph/0401158
https://doi.org/10.1051/0004-6361:20040487
http://arxiv.org/abs/astro-ph/0403507
https://doi.org/10.3847/2041-8213/ab87a5
https://doi.org/10.3847/2041-8213/ab87a5
http://arxiv.org/abs/2001.00133
http://arxiv.org/abs/2211.07008
https://doi.org/10.1111/j.1365-2966.2011.19779.x
https://doi.org/10.1111/j.1365-2966.2011.19779.x
http://arxiv.org/abs/1107.5429
https://doi.org/10.3847/1538-4357/aa7264
https://doi.org/10.3847/1538-4357/aa7264
http://arxiv.org/abs/1705.03975
https://doi.org/10.3847/1538-4357/abe121
http://arxiv.org/abs/2007.06572
https://doi.org/10.1086/529374
https://doi.org/10.1086/529374
http://arxiv.org/abs/0801.1470
https://doi.org/10.1088/0004-637X/747/1/8
https://doi.org/10.1088/0004-637X/747/1/8
http://arxiv.org/abs/1111.2103
https://doi.org/10.1146/annurev.astro.41.011802.094840
https://doi.org/10.1146/annurev.astro.41.011802.094840
http://arxiv.org/abs/astro-ph/0304489
https://doi.org/10.1086/157206
https://doi.org/10.1086/157206
https://doi.org/10.1086/157165
https://doi.org/10.1086/157165
https://doi.org/10.1086/157165
https://doi.org/10.1086/157165
https://doi.org/10.1086/187880
https://doi.org/10.1051/0004-6361/201219994
http://arxiv.org/abs/1208.1907
https://doi.org/10.1007/s10701-017-0079-2
https://doi.org/10.1007/s10701-017-0079-2
http://arxiv.org/abs/1703.09118
https://doi.org/10.1086/508158
http://arxiv.org/abs/astro-ph/0605686
https://doi.org/10.1086/317778
http://arxiv.org/abs/astro-ph/0008064
https://doi.org/10.1086/340006
http://arxiv.org/abs/astro-ph/0202002
https://doi.org/10.3847/2041-8213/ac9971
https://doi.org/10.3847/2041-8213/ac9971
http://arxiv.org/abs/2208.14507
https://doi.org/10.3847/2041-8213/ab0e85
https://doi.org/10.3847/2041-8213/ab0e85
http://arxiv.org/abs/1906.11241
https://doi.org/10.3847/2041-8213/ac6674
http://arxiv.org/abs/1705.10877
https://doi.org/10.1086/148317


Eur. Phys. J. D (2023) 77 :56 Page 15 of 21 56

72. F. Fiore, C. Feruglio, F. Shankar et al., AGN wind scal-
ing relations and the co-evolution of black holes and
galaxies. A&A 601, A143 (2017). https://doi.org/10.
1051/0004-6361/201629478. arXiv:1702.04507 [astro-
ph.GA]

73. J. Fritz, A. Franceschini, E. Hatziminaoglou, Revisit-
ing the infrared spectra of active galactic nuclei with
a new torus emission model. MNRAS 366(3), 767–
786 (2006). https://doi.org/10.1111/j.1365-2966.2006.
09866.x. arXiv:astro-ph/0511428 [astro-ph]

74. S.C. Gallagher, J.E. Everett, M.M. Abado et al., Inves-
tigating the structure of the windy torus in quasars.
MNRAS 451(3), 2991–3000 (2015). https://doi.
org/10.1093/mnras/stv1126. arXiv:1505.04219 [astro-
ph.GA]
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