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Fig. 1. Schematic representation of the interaction of CR protons accelerated in the AGN blast wave with ISM protons. The shock radius Rs(t)
expands outwards compressing the swept gas into a thin shell, and leaving a cavity inside. The �-ray emission from neutral pion decays occurs in
the regions outside the yellow cones where the lines of sight intercept the galactic gas that has not been swept out by the blast wave.

by galaxy interactions. In particular, we assume the analytical
description of the gas inflows induced by galaxy interactions
derived by Cavaliere & Vittorini (2000; see also Menci et al.
2006, 2008; Lamastra et al. 2013b), and that in each galaxy in-
teraction one quarter of the destabilised gas feeds the SMBH,
while the remaining fraction feeds the circumnuclear starburst
(Sanders & Mirabel 1996). These gas fractions are calibrated as
to yield final SMBH masses matching the observed local corre-
lations with the properties of the host galaxies. We converted the
mass accretion rate ṀBH into AGN bolometric luminosity as:

LAGN = ⌘ṀBHc2, (7)

where ⌘ ' 0.1 is the e�ciency for the conversion of gravitational
energy into radiation (Yu & Tremaine 2002; Marconi et al.
2004). Our SAM also includes a model of AGN feedback de-
scribed in detail in Sect. 3.2.

The SAM has been tested against the statistical properties of
the galaxy and AGN populations at low and high redshift and
in di↵erent electromagnetic bands. In particular, the model pro-
vides galaxy luminosity functions (LF) in the K-band (a proxy
for the stellar mass content) and in the UV band (a proxy for
the instantaneous SFR) that are in good agreement with the ob-
served evolution of the galaxy LF in the K-band up to z ⇠ 3 and
with the galaxy LF in the UV band up to z ⇠ 6 (see Menci et al.
2014). The model is also able to reproduce the well known bi-
modal distribution of galaxies in the colour-magnitude diagram
(see Menci et al. 2014).

The model predicts AGN LFs in the UV band that are in
good agreement with the observational estimates at intermediate
and high luminosities up to z ⇠ 6. At all redshifts, the model
tends to slightly overestimate the data at faint luminosities (see
Menci et al. 2014). The observational scaling relations between
the galaxy and AGN physical properties (such as stellar mass,
SFR, SMBH mass, and ṀBH) are also well described by the
model (Menci et al. 2005, 2006; Lamastra et al. 2010, 2013a,b;
Menci et al. 2014; Gatti et al. 2015).

3.2. The blast wave model for AGN feedback

Our SAM includes a physical model for AGN feedback which
is related to the impulsive luminous AGN phase. As discussed
in Sect. 2, mildly relativistic winds (v ⇠ 0.1–0.3 c ) are in-
jected by AGN into the surrounding ISM (Chartas et al. 2002;
Pounds et al. 2003; Reeves et al. 2003; Tombesi et al. 2010,
2015). As these winds propagate into the ISM, they compress
the gas into a blast wave terminated by a leading shock front,
which moves outward with a lower but still supersonic velocity

and sweeps out the surrounding medium. The expansion of the
blast wave into the ISM is described by hydrodynamical equa-
tions. Taking into account the e↵ect of dark-matter gravity, up-
stream pressure, and initial density gradient, and assuming the
Rankine-Hugoniot boundary condition at the shock, Lapi et al.
(2005) derived an analytic expression for the radius Rs of the
blast wave in the case of shock expansion in a gas with a power-
law density profile ⇢ / r�!, where the exponent ! is in the range
2  ! < 2.5 (see also Chevalier 1976, 1982; Weaver et al. 1977;
Ostriker & McKee 1988; Franco et al. 1991).

In Menci et al. (2008) the expression for the shock radius is
given in terms of the galactic disk radius, disk velocity, and Mach
numberM = vs/cs(Rs(t)):

Rs(t) = vd td
"
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The Mach numberM is related to ratio between the energy �E
injected by the AGN into the surrounding medium and the total
thermal energy E / Mc of the ISM:
M2 = 1 + �E/E. (9)
Thus the production of weak (M ' 1) or strong shocks (M � 1)
depends on the value of �E which is computed as:
�E = ✏AGNLAGN⌧AGN, (10)
here ✏AGN is the fraction of the AGN bolometric luminosity
transferred to the gas in the form of kinetic energy, and ⌧AGN
is the duration of the AGN phase.

The blast wave model for AGN feedback was used in our
previous papers to explain the distribution of hydrogen column
densities in AGN as a function of luminosity and redshift, and
to predict hydrogen phoionization rate as a function of redshift
(Menci et al. 2008; Giallongo et al. 2012).

4. Model set up

In this section we describe the model parameters that we will use
in the computation of the �-ray emission from AGN winds and
star-forming galaxies.

In particular, we define the parameters that describe the �-
ray spectra of individual AGN winds and star-forming galax-
ies, and the environment into which the shocks expand. We
limit the shock expansion into galactic disks, for which we as-
sume a constant scale height hd = 100 pc (Narayan & Jog 2002;
van der Kruit & Freeman 2011), and an isothermal gas density
profile nH = nH,0/r�2 (see Fig. 1). The constant nH,0 in the den-
sity profile can be constrained by the total gas content in the
disk Mc.
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distributions (SEDs) are constructed from the data and from
empirical relations, and then we compute neutrino and
cascade gamma-ray spectra by consistently solving particle
transport equations. We demonstrate the importance of
future MeV gamma-ray observations for revealing the
origin of IceCube neutrinos especially in the medium-
energy (∼10–100 TeV) range and for testing neutrino
emission from NGC 1068 and other AGN.
We use a notation with Qx ¼ Q × 10x in CGS units.
Phenomenological prescription of AGN disk coronae.—

We begin by providing a phenomenological disk-corona
model based on the existing data. Multiwavelength SEDs
of Seyfert galaxies have been extensively studied, consist-
ing of several components; radio emission (see Ref. [60]),
infrared emission from a dust torus [61], optical and
ultraviolet components from an accretion disk [62], and
x rays from a corona [33]. The latter two components are
relevant for this work.
The “blue” bump, which has been seen in many AGN, is

attributed to multitemperature blackbody emission from a
geometrically thin, optically thick disk [63]. The averaged
SEDs are provided in Ref. [64] as a function of the
Eddington ratio, λEdd ¼ Lbol=LEdd, where Lbol and LEdd ≈
1.26 × 1045 erg s−1ðM=107 M⊙Þ are bolometric and
Eddington luminosities, respectively, and M is the
SMBH mass. The disk component is expected to have a
cutoff in the ultraviolet range. Hot thermal electrons in a
corona, with an electron temperature of Te ∼ 109 K,
energize the disk photons by Compton upscattering. The
consequent x-ray spectrum can be described by a power
law with an exponential cutoff, in which the photon index
(ΓX) and the cutoff energy (εX;cut) can also be estimated
from λEdd [31,65]. Observations have revealed the relation-
ship between the x-ray luminosity LX and Lbol [66] [where
one typically sees LX ∼ ð0.01 − 0.1ÞLbol], by which the
disk-corona SEDs can be modeled as a function of LX and
M. In this work, we consider contributions from AGN with
the typical SMBH mass for a given LX, using M ≈ 2.0 ×
107 M⊙ðLX=1.16 × 1043 erg s−1Þ0.746 [67]. The resulting
disk-corona SED templates in our model are shown in

Fig. 2 (see Supplemental Material [68] for details), which
enables us to quantitatively evaluate CR, neutrino and
cascade gamma-ray emission.
Next we estimate the nucleon density np and coronal

magnetic field strength B . Let us consider a corona with
the radius R≡RRS and the scale height H, where R is
the normalized coronal radius and RS ¼ 2GM=c2 is the
Schwarzschild radius. Then the nucleon density is
expressed by np ≈ τT=ðσTHÞ, where τT is the Thomson
optical depth that is typically ∼0.1–1. The standard
accretion theory [69,70] gives the coronal scale height
H≈ðCs=VKÞRRS¼RRS=

ffiffiffi
3

p
, whereCs ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kB Tp=mp

p
¼

c=
ffiffiffiffiffiffiffi
6R

p
is the sound velocity, and VK ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
GM=R

p
¼

c=
ffiffiffiffiffiffiffi
2R

p
is the Keplerian velocity. For an optically thin

corona, the electron temperature is estimated by
Te ≈ εX;cut=ð2kB Þ, and τT is empirically determined from
ΓX and kB Te [31]. We expect that thermal protons are at
the virial temperature Tp ¼ GMmp=ð3RRSkB Þ ¼ mpc2=
ð6RkB Þ, implying that the corona may be characterized by
two temperatures, i.e.,Tp > Te [71,72]. Finally, themagnetic
field is given by B ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8πnpkB Tp=β

p
with plasma beta (β).

Many physical quantities (including the SEDs) can be
estimated observationally and empirically. Thus, for a given
LX, parameters characterizing the corona (R, β, α) are
remaining. They are also constrained in a certain range by
observations [73,74] and numerical simulations [45,47].
For example, recent MHD simulations show that β in the
coronae can be as low as 0.1–10 (e.g., Refs. [41,46]). We
assume β ≲ 1–3 and α ¼ 0.1 for the viscosity parameter
[63], and adopt R ¼ 30.
Stochastic proton acceleration in coronae.—Standard

AGN coronae are magnetized and turbulent, in which it is
natural that protons are stochastically accelerated via
plasma turbulence or magnetic reconnections. In this work,
we solve the known Fokker-Planck equation that can
describe the second order Fermi acceleration process

FIG. 1. Schematic picture of the AGN disk-corona scenario.
Protons are accelerated by plasma turbulence generated in the
coronae, and produce high-energy neutrinos and cascaded
gamma rays via interactions with matter and radiation.

FIG. 2. Disk-corona SEDs used in this work, for LX ¼ 1042,
1043, 1044, 1045, and 1046 erg s−1 (from bottom to top). See text
for details.
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Fig. 1. Schematic representation of the interaction of CR protons accelerated in the AGN blast wave with ISM protons. The shock radius Rs(t)
expands outwards compressing the swept gas into a thin shell, and leaving a cavity inside. The �-ray emission from neutral pion decays occurs in
the regions outside the yellow cones where the lines of sight intercept the galactic gas that has not been swept out by the blast wave.

by galaxy interactions. In particular, we assume the analytical
description of the gas inflows induced by galaxy interactions
derived by Cavaliere & Vittorini (2000; see also Menci et al.
2006, 2008; Lamastra et al. 2013b), and that in each galaxy in-
teraction one quarter of the destabilised gas feeds the SMBH,
while the remaining fraction feeds the circumnuclear starburst
(Sanders & Mirabel 1996). These gas fractions are calibrated as
to yield final SMBH masses matching the observed local corre-
lations with the properties of the host galaxies. We converted the
mass accretion rate ṀBH into AGN bolometric luminosity as:

LAGN = ⌘ṀBHc2, (7)

where ⌘ ' 0.1 is the e�ciency for the conversion of gravitational
energy into radiation (Yu & Tremaine 2002; Marconi et al.
2004). Our SAM also includes a model of AGN feedback de-
scribed in detail in Sect. 3.2.

The SAM has been tested against the statistical properties of
the galaxy and AGN populations at low and high redshift and
in di↵erent electromagnetic bands. In particular, the model pro-
vides galaxy luminosity functions (LF) in the K-band (a proxy
for the stellar mass content) and in the UV band (a proxy for
the instantaneous SFR) that are in good agreement with the ob-
served evolution of the galaxy LF in the K-band up to z ⇠ 3 and
with the galaxy LF in the UV band up to z ⇠ 6 (see Menci et al.
2014). The model is also able to reproduce the well known bi-
modal distribution of galaxies in the colour-magnitude diagram
(see Menci et al. 2014).

The model predicts AGN LFs in the UV band that are in
good agreement with the observational estimates at intermediate
and high luminosities up to z ⇠ 6. At all redshifts, the model
tends to slightly overestimate the data at faint luminosities (see
Menci et al. 2014). The observational scaling relations between
the galaxy and AGN physical properties (such as stellar mass,
SFR, SMBH mass, and ṀBH) are also well described by the
model (Menci et al. 2005, 2006; Lamastra et al. 2010, 2013a,b;
Menci et al. 2014; Gatti et al. 2015).

3.2. The blast wave model for AGN feedback

Our SAM includes a physical model for AGN feedback which
is related to the impulsive luminous AGN phase. As discussed
in Sect. 2, mildly relativistic winds (v ⇠ 0.1–0.3 c ) are in-
jected by AGN into the surrounding ISM (Chartas et al. 2002;
Pounds et al. 2003; Reeves et al. 2003; Tombesi et al. 2010,
2015). As these winds propagate into the ISM, they compress
the gas into a blast wave terminated by a leading shock front,
which moves outward with a lower but still supersonic velocity

and sweeps out the surrounding medium. The expansion of the
blast wave into the ISM is described by hydrodynamical equa-
tions. Taking into account the e↵ect of dark-matter gravity, up-
stream pressure, and initial density gradient, and assuming the
Rankine-Hugoniot boundary condition at the shock, Lapi et al.
(2005) derived an analytic expression for the radius Rs of the
blast wave in the case of shock expansion in a gas with a power-
law density profile ⇢ / r�!, where the exponent ! is in the range
2  ! < 2.5 (see also Chevalier 1976, 1982; Weaver et al. 1977;
Ostriker & McKee 1988; Franco et al. 1991).

In Menci et al. (2008) the expression for the shock radius is
given in terms of the galactic disk radius, disk velocity, and Mach
numberM = vs/cs(Rs(t)):

Rs(t) = vd td
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The Mach numberM is related to ratio between the energy �E
injected by the AGN into the surrounding medium and the total
thermal energy E / Mc of the ISM:
M2 = 1 + �E/E. (9)
Thus the production of weak (M ' 1) or strong shocks (M � 1)
depends on the value of �E which is computed as:
�E = ✏AGNLAGN⌧AGN, (10)
here ✏AGN is the fraction of the AGN bolometric luminosity
transferred to the gas in the form of kinetic energy, and ⌧AGN
is the duration of the AGN phase.

The blast wave model for AGN feedback was used in our
previous papers to explain the distribution of hydrogen column
densities in AGN as a function of luminosity and redshift, and
to predict hydrogen phoionization rate as a function of redshift
(Menci et al. 2008; Giallongo et al. 2012).

4. Model set up

In this section we describe the model parameters that we will use
in the computation of the �-ray emission from AGN winds and
star-forming galaxies.

In particular, we define the parameters that describe the �-
ray spectra of individual AGN winds and star-forming galax-
ies, and the environment into which the shocks expand. We
limit the shock expansion into galactic disks, for which we as-
sume a constant scale height hd = 100 pc (Narayan & Jog 2002;
van der Kruit & Freeman 2011), and an isothermal gas density
profile nH = nH,0/r�2 (see Fig. 1). The constant nH,0 in the den-
sity profile can be constrained by the total gas content in the
disk Mc.
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distributions (SEDs) are constructed from the data and from
empirical relations, and then we compute neutrino and
cascade gamma-ray spectra by consistently solving particle
transport equations. We demonstrate the importance of
future MeV gamma-ray observations for revealing the
origin of IceCube neutrinos especially in the medium-
energy (∼10–100 TeV) range and for testing neutrino
emission from NGC 1068 and other AGN.
We use a notation with Qx ¼ Q × 10x in CGS units.
Phenomenological prescription of AGN disk coronae.—

We begin by providing a phenomenological disk-corona
model based on the existing data. Multiwavelength SEDs
of Seyfert galaxies have been extensively studied, consist-
ing of several components; radio emission (see Ref. [60]),
infrared emission from a dust torus [61], optical and
ultraviolet components from an accretion disk [62], and
x rays from a corona [33]. The latter two components are
relevant for this work.
The “blue” bump, which has been seen in many AGN, is

attributed to multitemperature blackbody emission from a
geometrically thin, optically thick disk [63]. The averaged
SEDs are provided in Ref. [64] as a function of the
Eddington ratio, λEdd ¼ Lbol=LEdd, where Lbol and LEdd ≈
1.26 × 1045 erg s−1ðM=107 M⊙Þ are bolometric and
Eddington luminosities, respectively, and M is the
SMBH mass. The disk component is expected to have a
cutoff in the ultraviolet range. Hot thermal electrons in a
corona, with an electron temperature of Te ∼ 109 K,
energize the disk photons by Compton upscattering. The
consequent x-ray spectrum can be described by a power
law with an exponential cutoff, in which the photon index
(ΓX) and the cutoff energy (εX;cut) can also be estimated
from λEdd [31,65]. Observations have revealed the relation-
ship between the x-ray luminosity LX and Lbol [66] [where
one typically sees LX ∼ ð0.01 − 0.1ÞLbol], by which the
disk-corona SEDs can be modeled as a function of LX and
M. In this work, we consider contributions from AGN with
the typical SMBH mass for a given LX, using M ≈ 2.0 ×
107 M⊙ðLX=1.16 × 1043 erg s−1Þ0.746 [67]. The resulting
disk-corona SED templates in our model are shown in

Fig. 2 (see Supplemental Material [68] for details), which
enables us to quantitatively evaluate CR, neutrino and
cascade gamma-ray emission.
Next we estimate the nucleon density np and coronal

magnetic field strength B . Let us consider a corona with
the radius R≡RRS and the scale height H, where R is
the normalized coronal radius and RS ¼ 2GM=c2 is the
Schwarzschild radius. Then the nucleon density is
expressed by np ≈ τT=ðσTHÞ, where τT is the Thomson
optical depth that is typically ∼0.1–1. The standard
accretion theory [69,70] gives the coronal scale height
H≈ðCs=VKÞRRS¼RRS=

ffiffiffi
3

p
, whereCs ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kB Tp=mp

p
¼

c=
ffiffiffiffiffiffiffi
6R

p
is the sound velocity, and VK ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
GM=R

p
¼

c=
ffiffiffiffiffiffiffi
2R

p
is the Keplerian velocity. For an optically thin

corona, the electron temperature is estimated by
Te ≈ εX;cut=ð2kB Þ, and τT is empirically determined from
ΓX and kB Te [31]. We expect that thermal protons are at
the virial temperature Tp ¼ GMmp=ð3RRSkB Þ ¼ mpc2=
ð6RkB Þ, implying that the corona may be characterized by
two temperatures, i.e.,Tp > Te [71,72]. Finally, themagnetic
field is given by B ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8πnpkB Tp=β

p
with plasma beta (β).

Many physical quantities (including the SEDs) can be
estimated observationally and empirically. Thus, for a given
LX, parameters characterizing the corona (R, β, α) are
remaining. They are also constrained in a certain range by
observations [73,74] and numerical simulations [45,47].
For example, recent MHD simulations show that β in the
coronae can be as low as 0.1–10 (e.g., Refs. [41,46]). We
assume β ≲ 1–3 and α ¼ 0.1 for the viscosity parameter
[63], and adopt R ¼ 30.
Stochastic proton acceleration in coronae.—Standard

AGN coronae are magnetized and turbulent, in which it is
natural that protons are stochastically accelerated via
plasma turbulence or magnetic reconnections. In this work,
we solve the known Fokker-Planck equation that can
describe the second order Fermi acceleration process

FIG. 1. Schematic picture of the AGN disk-corona scenario.
Protons are accelerated by plasma turbulence generated in the
coronae, and produce high-energy neutrinos and cascaded
gamma rays via interactions with matter and radiation.

FIG. 2. Disk-corona SEDs used in this work, for LX ¼ 1042,
1043, 1044, 1045, and 1046 erg s−1 (from bottom to top). See text
for details.
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There are two definitions of the photoionization parameter
used in literature: ! and U (e.g., Krolik 1999). The former is
based on the ionizing flux, while the latter is based on the
number density of the ionizing photons. For the adopted spec-
tral energy distribution, the conversion between the two is
logU ¼ log ! " 1:75.

Our computational domain is defined to occupy the radial
range ri ¼ 10r# $ r $ ro ¼ 500r# and the angular range 0% $
" $ 90%. The r " " domain is discretized into zones. Our nu-
merical resolution consists of 100 and 140 zones in the r and
" directions, respectively. We use fixed zone size ratios,
drkþ 1=drk ¼ 1:05 and d"l=d"lþ 1 ¼ 1:066.

3.1. Two-Component Disk Wind Solution

Figure 1 shows the instantaneous density, temperature, and
photoionization parameter distributions, and the poloidal velocity
field of the model. The wind speed at the outer boundary is 2000–
12,000 km s"1. This corresponds to a dynamical time of ' 0.2 yr

for the material at " P 60%. Figure 1 shows results at the end of
the simulation after 6.5 yr. Although the flow is still weakly time-
dependent after this time has elapsed, the gross properties of the
flow (e.g., the mass-loss rate and the radial velocity at the outer
boundary) settle down to steady time averages. As in the flow
found by PSK00, the wind has three components: (1) a hot, low-
density flow in the polar region (2) a dense, warm, and fast
equatorial outflow from the disk, and (3) a transitional zone in
which the disk outflow is hot and struggles to escape the system.
The main difference from the results of PSK00 is that here the
transitional zone is much more prominent, and it occupies a large
fraction of the computational domain.
In the polar region, the density is very small and close to the

lower limit that we set on the grid, i.e., #min ¼ 10"20 g cm"3.
The line force is negligible because the matter is highly ion-
ized, as indicated by a very large photoionization parameter
(' 108). The gas temperature is close to the Compton temper-
ature of the X-radiation. The matter in the polar region is pulled

Fig. 1.—Top left: Color density map of the AGN disk wind model, described in the text. Top right: Color gas temperature map of the model. Bottom left: Color
photoionization parameter map. Bottom right: Map of the velocity field ( poloidal component only). In all panels the rotation axis of the disk is along the left-hand
vertical frame, while the midplane of the disk is along the lower horizontal frame.
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understanding of AGN obscuration, showing that ~70% of all local 
AGNs are obscured21,22. While nuclear obscuration is mostly associ-
ated with dust in the torus at IR wavelengths, it can also be related 
to dust-free gas in the case of X-rays. Indeed, it is likely that X-ray 
obscuration is produced by multiple absorbers across various spatial 
scales. This might include dust beyond the sublimation radius, and 
dust-free gas within the BLR and the torus23,24. This explains obser-
vations showing that, in general, the columns of material implied in 
the X-ray absorption are found to be comparable to or larger than 
those inferred from nuclear IR observations25,26.

Early X-ray studies revealed that most type-1  AGNs are unob-
scured, whereas type-2  AGNs are usually obscured27, which sup-
ports the unification model. A clear example is NGC  1068, the 
archetypal type-2 AGN, which has been shown to be obscured by 
material optically thick to photon–electron scattering (Compton-
thick (CT), that is, NH ≥  1.5 ×  1024 cm–2), which depletes most of 
the X-ray flux28,29. Nevertheless, for some objects with no broad 
optical lines, no X-ray obscuration has been found30. Interestingly, 
many of these objects have low accretion rates, which would be 
unable to sustain the dynamic obscuring environment (that is, the 
BLR and the torus) observed in typical AGNs31,32, explaining the lack 
of X-ray obscuration and broad optical lines. On the other hand,  
studies of larger samples of objects have reported tantalizing evi-
dence of a significant AGN population that exhibits broad optical 
lines and column densities of NH >  1021.5 cm–2 in the X-ray regime33. 
This has been explained by considering that some obscuration  
is related to dust-free gas within the sublimation region associated 
with the BLR34.

The boundary between the BLR and the torus is set by the 
dust sublimation temperature. The sublimation region has been 
resolved35,36 in the near-IR (NIR) using the Very Large Telescope 
Interferometer (VLTI) and the Keck Interferometer. From these 
interferometric observations, it has been found that the inner torus 
radius scales with the AGN luminosity37 as r ∝  L1/2, as previously 
inferred from optical-to-IR time-lag observations38, as well as from 
theoretical considerations39.

The torus radiates the bulk of its energy at MIR wavelengths, 
although recent interferometry results might complicate this  

scenario40–42. From both IR and X-ray observations it has been 
shown that the nuclear dust is distributed in clumps25,43, and further  
constraints on the torus size and geometry have been provided by 
MIR interferometry13,42. The MIR-emitting dust is compact and 
sometimes appears not as a single component but as two or three44.

Thanks to the unprecedented angular resolution afforded by  
the Atacama Large Millimeter/submillimeter Array (ALMA),  
recent observations have, for the first time, imaged the dust emis-
sion, the molecular gas distribution and the kinematics from a 
7–10  pc diameter disk that represents the submillimetre coun-
terpart of the putative torus of NGC  106814–16 (Fig.  2). As the  
submillimetre range probes the coolest dust within the torus, this 
molecular/dusty disk extends to twice the size of the warmer com-
pact MIR sources detected by the VLTI in the nucleus of NGC 106845 
and the parsec-scale ionized gas and maser disks imaged in the  
millimetre regime46,47, which correspond to the innermost part of 
the torus. The highest-angular-resolution ALMA images available 
to date (0.07″  ×  0.05″ ) reveal a compact molecular gas distribution 
that shows non-circular motions and enhanced turbulence super-
posed on the slow rotational pattern of the disk15. This is confirmed 
by deeper ALMA observations at the same frequency16, which per-
mit the low-velocity compact CO gas emission (± 70 km s–1 relative 
to the systemic velocity) to be disentangled from the higher-velocity 
CO gas emission (± 400 km s–1), which the authors16 interpreted as  
a bipolar outflow almost perpendicular to the disk.

Furthermore, from Fig. 2a it is clear that the torus is not an iso-
lated structure. Instead, it is connected physically and dynamically 
with the circumnuclear disk of the galaxy15 (~300  pc  ×   200  pc). 
Indeed, previous NIR integral field spectroscopy data of NGC 1068 
revealed molecular gas streams from the circumnuclear disk into 
the nucleus48. Circumnuclear disks seem to be ubiquitous in nearby 
AGNs and they constitute the molecular gas reservoirs of accreting 
SMBHs49.

Dust and gas spectral properties
In the following, we discuss some of the most important spec-
tral properties of gas and dust typically studied in the X-ray and  
IR band.
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understanding of AGN obscuration, showing that ~70% of all local 
AGNs are obscured21,22. While nuclear obscuration is mostly associ-
ated with dust in the torus at IR wavelengths, it can also be related 
to dust-free gas in the case of X-rays. Indeed, it is likely that X-ray 
obscuration is produced by multiple absorbers across various spatial 
scales. This might include dust beyond the sublimation radius, and 
dust-free gas within the BLR and the torus23,24. This explains obser-
vations showing that, in general, the columns of material implied in 
the X-ray absorption are found to be comparable to or larger than 
those inferred from nuclear IR observations25,26.

Early X-ray studies revealed that most type-1  AGNs are unob-
scured, whereas type-2  AGNs are usually obscured27, which sup-
ports the unification model. A clear example is NGC  1068, the 
archetypal type-2 AGN, which has been shown to be obscured by 
material optically thick to photon–electron scattering (Compton-
thick (CT), that is, NH ≥  1.5 ×  1024 cm–2), which depletes most of 
the X-ray flux28,29. Nevertheless, for some objects with no broad 
optical lines, no X-ray obscuration has been found30. Interestingly, 
many of these objects have low accretion rates, which would be 
unable to sustain the dynamic obscuring environment (that is, the 
BLR and the torus) observed in typical AGNs31,32, explaining the lack 
of X-ray obscuration and broad optical lines. On the other hand,  
studies of larger samples of objects have reported tantalizing evi-
dence of a significant AGN population that exhibits broad optical 
lines and column densities of NH >  1021.5 cm–2 in the X-ray regime33. 
This has been explained by considering that some obscuration  
is related to dust-free gas within the sublimation region associated 
with the BLR34.

The boundary between the BLR and the torus is set by the 
dust sublimation temperature. The sublimation region has been 
resolved35,36 in the near-IR (NIR) using the Very Large Telescope 
Interferometer (VLTI) and the Keck Interferometer. From these 
interferometric observations, it has been found that the inner torus 
radius scales with the AGN luminosity37 as r ∝  L1/2, as previously 
inferred from optical-to-IR time-lag observations38, as well as from 
theoretical considerations39.

The torus radiates the bulk of its energy at MIR wavelengths, 
although recent interferometry results might complicate this  

scenario40–42. From both IR and X-ray observations it has been 
shown that the nuclear dust is distributed in clumps25,43, and further  
constraints on the torus size and geometry have been provided by 
MIR interferometry13,42. The MIR-emitting dust is compact and 
sometimes appears not as a single component but as two or three44.

Thanks to the unprecedented angular resolution afforded by  
the Atacama Large Millimeter/submillimeter Array (ALMA),  
recent observations have, for the first time, imaged the dust emis-
sion, the molecular gas distribution and the kinematics from a 
7–10  pc diameter disk that represents the submillimetre coun-
terpart of the putative torus of NGC  106814–16 (Fig.  2). As the  
submillimetre range probes the coolest dust within the torus, this 
molecular/dusty disk extends to twice the size of the warmer com-
pact MIR sources detected by the VLTI in the nucleus of NGC 106845 
and the parsec-scale ionized gas and maser disks imaged in the  
millimetre regime46,47, which correspond to the innermost part of 
the torus. The highest-angular-resolution ALMA images available 
to date (0.07″  ×  0.05″ ) reveal a compact molecular gas distribution 
that shows non-circular motions and enhanced turbulence super-
posed on the slow rotational pattern of the disk15. This is confirmed 
by deeper ALMA observations at the same frequency16, which per-
mit the low-velocity compact CO gas emission (± 70 km s–1 relative 
to the systemic velocity) to be disentangled from the higher-velocity 
CO gas emission (± 400 km s–1), which the authors16 interpreted as  
a bipolar outflow almost perpendicular to the disk.

Furthermore, from Fig. 2a it is clear that the torus is not an iso-
lated structure. Instead, it is connected physically and dynamically 
with the circumnuclear disk of the galaxy15 (~300  pc  ×   200  pc). 
Indeed, previous NIR integral field spectroscopy data of NGC 1068 
revealed molecular gas streams from the circumnuclear disk into 
the nucleus48. Circumnuclear disks seem to be ubiquitous in nearby 
AGNs and they constitute the molecular gas reservoirs of accreting 
SMBHs49.

Dust and gas spectral properties
In the following, we discuss some of the most important spec-
tral properties of gas and dust typically studied in the X-ray and  
IR band.
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understanding of AGN obscuration, showing that ~70% of all local 
AGNs are obscured21,22. While nuclear obscuration is mostly associ-
ated with dust in the torus at IR wavelengths, it can also be related 
to dust-free gas in the case of X-rays. Indeed, it is likely that X-ray 
obscuration is produced by multiple absorbers across various spatial 
scales. This might include dust beyond the sublimation radius, and 
dust-free gas within the BLR and the torus23,24. This explains obser-
vations showing that, in general, the columns of material implied in 
the X-ray absorption are found to be comparable to or larger than 
those inferred from nuclear IR observations25,26.

Early X-ray studies revealed that most type-1  AGNs are unob-
scured, whereas type-2  AGNs are usually obscured27, which sup-
ports the unification model. A clear example is NGC  1068, the 
archetypal type-2 AGN, which has been shown to be obscured by 
material optically thick to photon–electron scattering (Compton-
thick (CT), that is, NH ≥  1.5 ×  1024 cm–2), which depletes most of 
the X-ray flux28,29. Nevertheless, for some objects with no broad 
optical lines, no X-ray obscuration has been found30. Interestingly, 
many of these objects have low accretion rates, which would be 
unable to sustain the dynamic obscuring environment (that is, the 
BLR and the torus) observed in typical AGNs31,32, explaining the lack 
of X-ray obscuration and broad optical lines. On the other hand,  
studies of larger samples of objects have reported tantalizing evi-
dence of a significant AGN population that exhibits broad optical 
lines and column densities of NH >  1021.5 cm–2 in the X-ray regime33. 
This has been explained by considering that some obscuration  
is related to dust-free gas within the sublimation region associated 
with the BLR34.

The boundary between the BLR and the torus is set by the 
dust sublimation temperature. The sublimation region has been 
resolved35,36 in the near-IR (NIR) using the Very Large Telescope 
Interferometer (VLTI) and the Keck Interferometer. From these 
interferometric observations, it has been found that the inner torus 
radius scales with the AGN luminosity37 as r ∝  L1/2, as previously 
inferred from optical-to-IR time-lag observations38, as well as from 
theoretical considerations39.

The torus radiates the bulk of its energy at MIR wavelengths, 
although recent interferometry results might complicate this  

scenario40–42. From both IR and X-ray observations it has been 
shown that the nuclear dust is distributed in clumps25,43, and further  
constraints on the torus size and geometry have been provided by 
MIR interferometry13,42. The MIR-emitting dust is compact and 
sometimes appears not as a single component but as two or three44.

Thanks to the unprecedented angular resolution afforded by  
the Atacama Large Millimeter/submillimeter Array (ALMA),  
recent observations have, for the first time, imaged the dust emis-
sion, the molecular gas distribution and the kinematics from a 
7–10  pc diameter disk that represents the submillimetre coun-
terpart of the putative torus of NGC  106814–16 (Fig.  2). As the  
submillimetre range probes the coolest dust within the torus, this 
molecular/dusty disk extends to twice the size of the warmer com-
pact MIR sources detected by the VLTI in the nucleus of NGC 106845 
and the parsec-scale ionized gas and maser disks imaged in the  
millimetre regime46,47, which correspond to the innermost part of 
the torus. The highest-angular-resolution ALMA images available 
to date (0.07″  ×  0.05″ ) reveal a compact molecular gas distribution 
that shows non-circular motions and enhanced turbulence super-
posed on the slow rotational pattern of the disk15. This is confirmed 
by deeper ALMA observations at the same frequency16, which per-
mit the low-velocity compact CO gas emission (± 70 km s–1 relative 
to the systemic velocity) to be disentangled from the higher-velocity 
CO gas emission (± 400 km s–1), which the authors16 interpreted as  
a bipolar outflow almost perpendicular to the disk.

Furthermore, from Fig. 2a it is clear that the torus is not an iso-
lated structure. Instead, it is connected physically and dynamically 
with the circumnuclear disk of the galaxy15 (~300  pc  ×   200  pc). 
Indeed, previous NIR integral field spectroscopy data of NGC 1068 
revealed molecular gas streams from the circumnuclear disk into 
the nucleus48. Circumnuclear disks seem to be ubiquitous in nearby 
AGNs and they constitute the molecular gas reservoirs of accreting 
SMBHs49.

Dust and gas spectral properties
In the following, we discuss some of the most important spec-
tral properties of gas and dust typically studied in the X-ray and  
IR band.
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understanding of AGN obscuration, showing that ~70% of all local 
AGNs are obscured21,22. While nuclear obscuration is mostly associ-
ated with dust in the torus at IR wavelengths, it can also be related 
to dust-free gas in the case of X-rays. Indeed, it is likely that X-ray 
obscuration is produced by multiple absorbers across various spatial 
scales. This might include dust beyond the sublimation radius, and 
dust-free gas within the BLR and the torus23,24. This explains obser-
vations showing that, in general, the columns of material implied in 
the X-ray absorption are found to be comparable to or larger than 
those inferred from nuclear IR observations25,26.

Early X-ray studies revealed that most type-1  AGNs are unob-
scured, whereas type-2  AGNs are usually obscured27, which sup-
ports the unification model. A clear example is NGC  1068, the 
archetypal type-2 AGN, which has been shown to be obscured by 
material optically thick to photon–electron scattering (Compton-
thick (CT), that is, NH ≥  1.5 ×  1024 cm–2), which depletes most of 
the X-ray flux28,29. Nevertheless, for some objects with no broad 
optical lines, no X-ray obscuration has been found30. Interestingly, 
many of these objects have low accretion rates, which would be 
unable to sustain the dynamic obscuring environment (that is, the 
BLR and the torus) observed in typical AGNs31,32, explaining the lack 
of X-ray obscuration and broad optical lines. On the other hand,  
studies of larger samples of objects have reported tantalizing evi-
dence of a significant AGN population that exhibits broad optical 
lines and column densities of NH >  1021.5 cm–2 in the X-ray regime33. 
This has been explained by considering that some obscuration  
is related to dust-free gas within the sublimation region associated 
with the BLR34.

The boundary between the BLR and the torus is set by the 
dust sublimation temperature. The sublimation region has been 
resolved35,36 in the near-IR (NIR) using the Very Large Telescope 
Interferometer (VLTI) and the Keck Interferometer. From these 
interferometric observations, it has been found that the inner torus 
radius scales with the AGN luminosity37 as r ∝  L1/2, as previously 
inferred from optical-to-IR time-lag observations38, as well as from 
theoretical considerations39.

The torus radiates the bulk of its energy at MIR wavelengths, 
although recent interferometry results might complicate this  

scenario40–42. From both IR and X-ray observations it has been 
shown that the nuclear dust is distributed in clumps25,43, and further  
constraints on the torus size and geometry have been provided by 
MIR interferometry13,42. The MIR-emitting dust is compact and 
sometimes appears not as a single component but as two or three44.

Thanks to the unprecedented angular resolution afforded by  
the Atacama Large Millimeter/submillimeter Array (ALMA),  
recent observations have, for the first time, imaged the dust emis-
sion, the molecular gas distribution and the kinematics from a 
7–10  pc diameter disk that represents the submillimetre coun-
terpart of the putative torus of NGC  106814–16 (Fig.  2). As the  
submillimetre range probes the coolest dust within the torus, this 
molecular/dusty disk extends to twice the size of the warmer com-
pact MIR sources detected by the VLTI in the nucleus of NGC 106845 
and the parsec-scale ionized gas and maser disks imaged in the  
millimetre regime46,47, which correspond to the innermost part of 
the torus. The highest-angular-resolution ALMA images available 
to date (0.07″  ×  0.05″ ) reveal a compact molecular gas distribution 
that shows non-circular motions and enhanced turbulence super-
posed on the slow rotational pattern of the disk15. This is confirmed 
by deeper ALMA observations at the same frequency16, which per-
mit the low-velocity compact CO gas emission (± 70 km s–1 relative 
to the systemic velocity) to be disentangled from the higher-velocity 
CO gas emission (± 400 km s–1), which the authors16 interpreted as  
a bipolar outflow almost perpendicular to the disk.

Furthermore, from Fig. 2a it is clear that the torus is not an iso-
lated structure. Instead, it is connected physically and dynamically 
with the circumnuclear disk of the galaxy15 (~300  pc  ×   200  pc). 
Indeed, previous NIR integral field spectroscopy data of NGC 1068 
revealed molecular gas streams from the circumnuclear disk into 
the nucleus48. Circumnuclear disks seem to be ubiquitous in nearby 
AGNs and they constitute the molecular gas reservoirs of accreting 
SMBHs49.

Dust and gas spectral properties
In the following, we discuss some of the most important spec-
tral properties of gas and dust typically studied in the X-ray and  
IR band.
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understanding of AGN obscuration, showing that ~70% of all local 
AGNs are obscured21,22. While nuclear obscuration is mostly associ-
ated with dust in the torus at IR wavelengths, it can also be related 
to dust-free gas in the case of X-rays. Indeed, it is likely that X-ray 
obscuration is produced by multiple absorbers across various spatial 
scales. This might include dust beyond the sublimation radius, and 
dust-free gas within the BLR and the torus23,24. This explains obser-
vations showing that, in general, the columns of material implied in 
the X-ray absorption are found to be comparable to or larger than 
those inferred from nuclear IR observations25,26.

Early X-ray studies revealed that most type-1  AGNs are unob-
scured, whereas type-2  AGNs are usually obscured27, which sup-
ports the unification model. A clear example is NGC  1068, the 
archetypal type-2 AGN, which has been shown to be obscured by 
material optically thick to photon–electron scattering (Compton-
thick (CT), that is, NH ≥  1.5 ×  1024 cm–2), which depletes most of 
the X-ray flux28,29. Nevertheless, for some objects with no broad 
optical lines, no X-ray obscuration has been found30. Interestingly, 
many of these objects have low accretion rates, which would be 
unable to sustain the dynamic obscuring environment (that is, the 
BLR and the torus) observed in typical AGNs31,32, explaining the lack 
of X-ray obscuration and broad optical lines. On the other hand,  
studies of larger samples of objects have reported tantalizing evi-
dence of a significant AGN population that exhibits broad optical 
lines and column densities of NH >  1021.5 cm–2 in the X-ray regime33. 
This has been explained by considering that some obscuration  
is related to dust-free gas within the sublimation region associated 
with the BLR34.

The boundary between the BLR and the torus is set by the 
dust sublimation temperature. The sublimation region has been 
resolved35,36 in the near-IR (NIR) using the Very Large Telescope 
Interferometer (VLTI) and the Keck Interferometer. From these 
interferometric observations, it has been found that the inner torus 
radius scales with the AGN luminosity37 as r ∝  L1/2, as previously 
inferred from optical-to-IR time-lag observations38, as well as from 
theoretical considerations39.

The torus radiates the bulk of its energy at MIR wavelengths, 
although recent interferometry results might complicate this  

scenario40–42. From both IR and X-ray observations it has been 
shown that the nuclear dust is distributed in clumps25,43, and further  
constraints on the torus size and geometry have been provided by 
MIR interferometry13,42. The MIR-emitting dust is compact and 
sometimes appears not as a single component but as two or three44.

Thanks to the unprecedented angular resolution afforded by  
the Atacama Large Millimeter/submillimeter Array (ALMA),  
recent observations have, for the first time, imaged the dust emis-
sion, the molecular gas distribution and the kinematics from a 
7–10  pc diameter disk that represents the submillimetre coun-
terpart of the putative torus of NGC  106814–16 (Fig.  2). As the  
submillimetre range probes the coolest dust within the torus, this 
molecular/dusty disk extends to twice the size of the warmer com-
pact MIR sources detected by the VLTI in the nucleus of NGC 106845 
and the parsec-scale ionized gas and maser disks imaged in the  
millimetre regime46,47, which correspond to the innermost part of 
the torus. The highest-angular-resolution ALMA images available 
to date (0.07″  ×  0.05″ ) reveal a compact molecular gas distribution 
that shows non-circular motions and enhanced turbulence super-
posed on the slow rotational pattern of the disk15. This is confirmed 
by deeper ALMA observations at the same frequency16, which per-
mit the low-velocity compact CO gas emission (± 70 km s–1 relative 
to the systemic velocity) to be disentangled from the higher-velocity 
CO gas emission (± 400 km s–1), which the authors16 interpreted as  
a bipolar outflow almost perpendicular to the disk.

Furthermore, from Fig. 2a it is clear that the torus is not an iso-
lated structure. Instead, it is connected physically and dynamically 
with the circumnuclear disk of the galaxy15 (~300  pc  ×   200  pc). 
Indeed, previous NIR integral field spectroscopy data of NGC 1068 
revealed molecular gas streams from the circumnuclear disk into 
the nucleus48. Circumnuclear disks seem to be ubiquitous in nearby 
AGNs and they constitute the molecular gas reservoirs of accreting 
SMBHs49.

Dust and gas spectral properties
In the following, we discuss some of the most important spec-
tral properties of gas and dust typically studied in the X-ray and  
IR band.

Corona

BLR

Torus

Ionization
cone

NLR

Polar
dust

Outflow

log(     )z
pc

–5

–5

–4

–3

–2

–1

0

1

2

3

–4 –3 –2 –1 0 1 2log(     )r
pc

SMBH Disk
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- “interaction” shocks with external or internal clouds/stars <- failed wind

e+e-+B/g→e+e-+g

g+g→e+e-

NB: primary electrons
not considered

inner failed winds -> “internal” shocks -> proton acceleration

En~0.05 Ep,CR
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MM SED: NGC 1068

D=14 Mpc, MBH=3x107 M⦿
Ldisk=1045 erg/s, edisk=32 eV
Lcor,2-10=7x1043 erg/s, Gcor=2, ecor=128 keV

Greenhill+ 96, Gallimore+ 96
Woo & Urry 02
Bauer+ 15, Marinucci+ 16
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inner region (failed wind): timescales

tdyn=R/v

tpsyn

pg->pe±

pg->p±->n

8

tacc=(10/3) chgEp/eBv2

R=10Rs=0.9x1014 cm 
B=510 G
(eB=0.1 for
Lfw=3x1044 erg/s)

v=1000 km/s ->
Ep,br ∝Rv ~20 TeV
Ep,max∝B1/2R1/2v

~100 TeV
NB v<< vesc~0.3c
<-> failed wind



inner region (failed wind): timescales
R=10Rs=0.9x1014 cm 
B=510 G
(eB=0.1 for
Lfw=3x1044 erg/s)

tdyn=R/v

tpsyn

pg->pe±

pg->p±->n

8

tacc=(10/3) chgEp/eBv2
v~vesc~0.3c
-> Ep,br~400 TeV

Ep,max~10 PeV

v=1000 km/s ->
Ep,br ∝Rv ~20 TeV
Ep,max∝B1/2R1/2v

~100 TeV
NB v<< vesc~0.3c
<-> failed wind



inner region (failed wind) pg vs MM SED

pgp
pge±

- n: reasonable wrt IceCube if Lp~1044 erg/s
- g: EM cascade (mostly pge±) consistent wrt available MWL
gg attenuated by disk UV-X >~MeV but non-negligible ~<GeV
prominent at (keV-)MeV -> for future instruments

- radio-submm subdominant 

psyn
Lp=1044 erg/s
(Ep,max~100 TeV)
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understanding of AGN obscuration, showing that ~70% of all local 
AGNs are obscured21,22. While nuclear obscuration is mostly associ-
ated with dust in the torus at IR wavelengths, it can also be related 
to dust-free gas in the case of X-rays. Indeed, it is likely that X-ray 
obscuration is produced by multiple absorbers across various spatial 
scales. This might include dust beyond the sublimation radius, and 
dust-free gas within the BLR and the torus23,24. This explains obser-
vations showing that, in general, the columns of material implied in 
the X-ray absorption are found to be comparable to or larger than 
those inferred from nuclear IR observations25,26.

Early X-ray studies revealed that most type-1  AGNs are unob-
scured, whereas type-2  AGNs are usually obscured27, which sup-
ports the unification model. A clear example is NGC  1068, the 
archetypal type-2 AGN, which has been shown to be obscured by 
material optically thick to photon–electron scattering (Compton-
thick (CT), that is, NH ≥  1.5 ×  1024 cm–2), which depletes most of 
the X-ray flux28,29. Nevertheless, for some objects with no broad 
optical lines, no X-ray obscuration has been found30. Interestingly, 
many of these objects have low accretion rates, which would be 
unable to sustain the dynamic obscuring environment (that is, the 
BLR and the torus) observed in typical AGNs31,32, explaining the lack 
of X-ray obscuration and broad optical lines. On the other hand,  
studies of larger samples of objects have reported tantalizing evi-
dence of a significant AGN population that exhibits broad optical 
lines and column densities of NH >  1021.5 cm–2 in the X-ray regime33. 
This has been explained by considering that some obscuration  
is related to dust-free gas within the sublimation region associated 
with the BLR34.

The boundary between the BLR and the torus is set by the 
dust sublimation temperature. The sublimation region has been 
resolved35,36 in the near-IR (NIR) using the Very Large Telescope 
Interferometer (VLTI) and the Keck Interferometer. From these 
interferometric observations, it has been found that the inner torus 
radius scales with the AGN luminosity37 as r ∝  L1/2, as previously 
inferred from optical-to-IR time-lag observations38, as well as from 
theoretical considerations39.

The torus radiates the bulk of its energy at MIR wavelengths, 
although recent interferometry results might complicate this  

scenario40–42. From both IR and X-ray observations it has been 
shown that the nuclear dust is distributed in clumps25,43, and further  
constraints on the torus size and geometry have been provided by 
MIR interferometry13,42. The MIR-emitting dust is compact and 
sometimes appears not as a single component but as two or three44.

Thanks to the unprecedented angular resolution afforded by  
the Atacama Large Millimeter/submillimeter Array (ALMA),  
recent observations have, for the first time, imaged the dust emis-
sion, the molecular gas distribution and the kinematics from a 
7–10  pc diameter disk that represents the submillimetre coun-
terpart of the putative torus of NGC  106814–16 (Fig.  2). As the  
submillimetre range probes the coolest dust within the torus, this 
molecular/dusty disk extends to twice the size of the warmer com-
pact MIR sources detected by the VLTI in the nucleus of NGC 106845 
and the parsec-scale ionized gas and maser disks imaged in the  
millimetre regime46,47, which correspond to the innermost part of 
the torus. The highest-angular-resolution ALMA images available 
to date (0.07″  ×  0.05″ ) reveal a compact molecular gas distribution 
that shows non-circular motions and enhanced turbulence super-
posed on the slow rotational pattern of the disk15. This is confirmed 
by deeper ALMA observations at the same frequency16, which per-
mit the low-velocity compact CO gas emission (± 70 km s–1 relative 
to the systemic velocity) to be disentangled from the higher-velocity 
CO gas emission (± 400 km s–1), which the authors16 interpreted as  
a bipolar outflow almost perpendicular to the disk.

Furthermore, from Fig. 2a it is clear that the torus is not an iso-
lated structure. Instead, it is connected physically and dynamically 
with the circumnuclear disk of the galaxy15 (~300  pc  ×   200  pc). 
Indeed, previous NIR integral field spectroscopy data of NGC 1068 
revealed molecular gas streams from the circumnuclear disk into 
the nucleus48. Circumnuclear disks seem to be ubiquitous in nearby 
AGNs and they constitute the molecular gas reservoirs of accreting 
SMBHs49.

Dust and gas spectral properties
In the following, we discuss some of the most important spec-
tral properties of gas and dust typically studied in the X-ray and  
IR band.
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Fig. 1 | Sketch of the main AGN structures seen along the equatorial and polar directions. From the centre to host-galaxy scales: SMBH, accretion disk 
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understanding of AGN obscuration, showing that ~70% of all local 
AGNs are obscured21,22. While nuclear obscuration is mostly associ-
ated with dust in the torus at IR wavelengths, it can also be related 
to dust-free gas in the case of X-rays. Indeed, it is likely that X-ray 
obscuration is produced by multiple absorbers across various spatial 
scales. This might include dust beyond the sublimation radius, and 
dust-free gas within the BLR and the torus23,24. This explains obser-
vations showing that, in general, the columns of material implied in 
the X-ray absorption are found to be comparable to or larger than 
those inferred from nuclear IR observations25,26.

Early X-ray studies revealed that most type-1  AGNs are unob-
scured, whereas type-2  AGNs are usually obscured27, which sup-
ports the unification model. A clear example is NGC  1068, the 
archetypal type-2 AGN, which has been shown to be obscured by 
material optically thick to photon–electron scattering (Compton-
thick (CT), that is, NH ≥  1.5 ×  1024 cm–2), which depletes most of 
the X-ray flux28,29. Nevertheless, for some objects with no broad 
optical lines, no X-ray obscuration has been found30. Interestingly, 
many of these objects have low accretion rates, which would be 
unable to sustain the dynamic obscuring environment (that is, the 
BLR and the torus) observed in typical AGNs31,32, explaining the lack 
of X-ray obscuration and broad optical lines. On the other hand,  
studies of larger samples of objects have reported tantalizing evi-
dence of a significant AGN population that exhibits broad optical 
lines and column densities of NH >  1021.5 cm–2 in the X-ray regime33. 
This has been explained by considering that some obscuration  
is related to dust-free gas within the sublimation region associated 
with the BLR34.

The boundary between the BLR and the torus is set by the 
dust sublimation temperature. The sublimation region has been 
resolved35,36 in the near-IR (NIR) using the Very Large Telescope 
Interferometer (VLTI) and the Keck Interferometer. From these 
interferometric observations, it has been found that the inner torus 
radius scales with the AGN luminosity37 as r ∝  L1/2, as previously 
inferred from optical-to-IR time-lag observations38, as well as from 
theoretical considerations39.

The torus radiates the bulk of its energy at MIR wavelengths, 
although recent interferometry results might complicate this  

scenario40–42. From both IR and X-ray observations it has been 
shown that the nuclear dust is distributed in clumps25,43, and further  
constraints on the torus size and geometry have been provided by 
MIR interferometry13,42. The MIR-emitting dust is compact and 
sometimes appears not as a single component but as two or three44.

Thanks to the unprecedented angular resolution afforded by  
the Atacama Large Millimeter/submillimeter Array (ALMA),  
recent observations have, for the first time, imaged the dust emis-
sion, the molecular gas distribution and the kinematics from a 
7–10  pc diameter disk that represents the submillimetre coun-
terpart of the putative torus of NGC  106814–16 (Fig.  2). As the  
submillimetre range probes the coolest dust within the torus, this 
molecular/dusty disk extends to twice the size of the warmer com-
pact MIR sources detected by the VLTI in the nucleus of NGC 106845 
and the parsec-scale ionized gas and maser disks imaged in the  
millimetre regime46,47, which correspond to the innermost part of 
the torus. The highest-angular-resolution ALMA images available 
to date (0.07″  ×  0.05″ ) reveal a compact molecular gas distribution 
that shows non-circular motions and enhanced turbulence super-
posed on the slow rotational pattern of the disk15. This is confirmed 
by deeper ALMA observations at the same frequency16, which per-
mit the low-velocity compact CO gas emission (± 70 km s–1 relative 
to the systemic velocity) to be disentangled from the higher-velocity 
CO gas emission (± 400 km s–1), which the authors16 interpreted as  
a bipolar outflow almost perpendicular to the disk.

Furthermore, from Fig. 2a it is clear that the torus is not an iso-
lated structure. Instead, it is connected physically and dynamically 
with the circumnuclear disk of the galaxy15 (~300  pc  ×   200  pc). 
Indeed, previous NIR integral field spectroscopy data of NGC 1068 
revealed molecular gas streams from the circumnuclear disk into 
the nucleus48. Circumnuclear disks seem to be ubiquitous in nearby 
AGNs and they constitute the molecular gas reservoirs of accreting 
SMBHs49.

Dust and gas spectral properties
In the following, we discuss some of the most important spec-
tral properties of gas and dust typically studied in the X-ray and  
IR band.
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understanding of AGN obscuration, showing that ~70% of all local 
AGNs are obscured21,22. While nuclear obscuration is mostly associ-
ated with dust in the torus at IR wavelengths, it can also be related 
to dust-free gas in the case of X-rays. Indeed, it is likely that X-ray 
obscuration is produced by multiple absorbers across various spatial 
scales. This might include dust beyond the sublimation radius, and 
dust-free gas within the BLR and the torus23,24. This explains obser-
vations showing that, in general, the columns of material implied in 
the X-ray absorption are found to be comparable to or larger than 
those inferred from nuclear IR observations25,26.

Early X-ray studies revealed that most type-1  AGNs are unob-
scured, whereas type-2  AGNs are usually obscured27, which sup-
ports the unification model. A clear example is NGC  1068, the 
archetypal type-2 AGN, which has been shown to be obscured by 
material optically thick to photon–electron scattering (Compton-
thick (CT), that is, NH ≥  1.5 ×  1024 cm–2), which depletes most of 
the X-ray flux28,29. Nevertheless, for some objects with no broad 
optical lines, no X-ray obscuration has been found30. Interestingly, 
many of these objects have low accretion rates, which would be 
unable to sustain the dynamic obscuring environment (that is, the 
BLR and the torus) observed in typical AGNs31,32, explaining the lack 
of X-ray obscuration and broad optical lines. On the other hand,  
studies of larger samples of objects have reported tantalizing evi-
dence of a significant AGN population that exhibits broad optical 
lines and column densities of NH >  1021.5 cm–2 in the X-ray regime33. 
This has been explained by considering that some obscuration  
is related to dust-free gas within the sublimation region associated 
with the BLR34.

The boundary between the BLR and the torus is set by the 
dust sublimation temperature. The sublimation region has been 
resolved35,36 in the near-IR (NIR) using the Very Large Telescope 
Interferometer (VLTI) and the Keck Interferometer. From these 
interferometric observations, it has been found that the inner torus 
radius scales with the AGN luminosity37 as r ∝  L1/2, as previously 
inferred from optical-to-IR time-lag observations38, as well as from 
theoretical considerations39.

The torus radiates the bulk of its energy at MIR wavelengths, 
although recent interferometry results might complicate this  

scenario40–42. From both IR and X-ray observations it has been 
shown that the nuclear dust is distributed in clumps25,43, and further  
constraints on the torus size and geometry have been provided by 
MIR interferometry13,42. The MIR-emitting dust is compact and 
sometimes appears not as a single component but as two or three44.

Thanks to the unprecedented angular resolution afforded by  
the Atacama Large Millimeter/submillimeter Array (ALMA),  
recent observations have, for the first time, imaged the dust emis-
sion, the molecular gas distribution and the kinematics from a 
7–10  pc diameter disk that represents the submillimetre coun-
terpart of the putative torus of NGC  106814–16 (Fig.  2). As the  
submillimetre range probes the coolest dust within the torus, this 
molecular/dusty disk extends to twice the size of the warmer com-
pact MIR sources detected by the VLTI in the nucleus of NGC 106845 
and the parsec-scale ionized gas and maser disks imaged in the  
millimetre regime46,47, which correspond to the innermost part of 
the torus. The highest-angular-resolution ALMA images available 
to date (0.07″  ×  0.05″ ) reveal a compact molecular gas distribution 
that shows non-circular motions and enhanced turbulence super-
posed on the slow rotational pattern of the disk15. This is confirmed 
by deeper ALMA observations at the same frequency16, which per-
mit the low-velocity compact CO gas emission (± 70 km s–1 relative 
to the systemic velocity) to be disentangled from the higher-velocity 
CO gas emission (± 400 km s–1), which the authors16 interpreted as  
a bipolar outflow almost perpendicular to the disk.

Furthermore, from Fig. 2a it is clear that the torus is not an iso-
lated structure. Instead, it is connected physically and dynamically 
with the circumnuclear disk of the galaxy15 (~300  pc  ×   200  pc). 
Indeed, previous NIR integral field spectroscopy data of NGC 1068 
revealed molecular gas streams from the circumnuclear disk into 
the nucleus48. Circumnuclear disks seem to be ubiquitous in nearby 
AGNs and they constitute the molecular gas reservoirs of accreting 
SMBHs49.

Dust and gas spectral properties
In the following, we discuss some of the most important spec-
tral properties of gas and dust typically studied in the X-ray and  
IR band.
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Fig. 1 | Sketch of the main AGN structures seen along the equatorial and polar directions. From the centre to host-galaxy scales: SMBH, accretion disk 
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NATURE ASTRONOMY | VOL 1 | OCTOBER 2017 | 679–689 | www.nature.com/natureastronomy680

pp g(+n) from AGN wind+torus interaction
outer successful wind + torus impact
-> external shock -> proton acceleration

pp
g

g

GeV g

c.f. García-Burillo+ 19

overlaid on Ramos Almeida+ 17

obs.

pCR+pgas→N+ p0, p±

p 2g p µ n e +3n

p0→2g
gTeV+gIR→e+e-

main parameters:
Ro,no,Bo, Lp,o

NB: primary electrons
not considered

10

assume
vo=5000 km/s, hg,o=10



MM SED: NGC 1068

D=14 Mpc, MBH=3x107 M⦿
Ldisk=1045 erg/s, edisk=32 eV
Lcor,2-10=7x1043 erg/s, Gcor=2, ecor=128 keV
Rtor=0.1 pc, Ttor=1000 K

Greenhill+ 96, Gallimore+ 96
Woo & Urry 02
Bauer+ 15, Marinucci+ 16
Gamez Rosas+ 22 11



outer region (wind-torus) pp + inner pg vs MM SED

- GeV: pp g-rays from wind-torus shock
- TeV: gg attenuated by torus IR
- potential contribution to radio

Rtor=0.1 pc, ntor=106 cm-3, Btor=7 mG, Lp=2.6x1042 erg/s
(E =300 TeV)

ppp0

ppe±

also e.g. Circinus
Fermi UFO sample?
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inner (failed wind) pg + outer (wind-torus) pp

µsyn

- inner region (failed wind) pg: TeV n, <GeV cascade
- outer region (wind-torus) pp: >GeV g, GHz radio

ppp0

ppe±

13

pge±



summary
fact: AGN winds - fast, powerful, widespread, inc. NGC 1068

interpretation of n+g emission from NGC 1068
- p accel. in inner regions near BH <- failed line-driven wind
- assuming v<<vesc, pg neutrinos with soft TeV spectrum
- EM cascade gg attenuated >MeV but non-negligible <GeV 
- p accel. in wind-torus interaction shock, pp at GeV g,

potentially radio -> to be explored

future tests and prospects
- cascade MeV, MM variability: n, <GeV g vs polarized opt/NIR
- other AGN (esp. unobscured) by IceCube-Gen2, CTA, etc
- contribution to diffuse n background
- unique info on AGN wind formation, esp. obscured objects

High-energy ν+γ emission from AGN wind in NGC 1068

(in addition to feedback effects)

- neutrino and g-ray background by pp processes?
14
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inner region (failed wind) pg: dependence on R,v
preliminary

- {R/Rs, v[km/s]}={30, 300}, {100, 100} (en,max∝Rv~const.)
- gg abs., SSA ↓ when R↑ -> Lp↓ for consistency with EM data

-> disfavored due to fn↓



inner region (failed wind) pg: dependence on B,hg
preliminary

- B[G]~510-1130 (eB~0.1-0.5), hg~1-40 compatible
with IceCube data



importance of AGN winds

1. Observed to exist, widespread (radio-quiet or radio-loud)
thermal, baryonic plasma; weakly collimated <-> rel. jets

~<pc – blueshifted atomic absorption
X-ray UFOs / UV BAL: v>~0.1c, Lkin~<LEdd, Ṁ~<Medd
X-ray WAs / UV NAL: v>~1000km/s

~<kpc – narrow emission line region (UV-IR): v>~1000km/s
>~kpc – molecular emission (CO, OH, etc.):

v~<1000 km/s, Ṁ~<100 MQ/yr, Lkin~<Lbol

3. May be important for collimating jets in radio-loud objects
3

2. Plausibly expected from accretion disks via various
mechanisms (unlike jets): thermal, radiative, magnetic…

3. Likely important for collimating jets in radio-loud objects
4. May provide mechanical/thermal feedback onto host gas

-> observed BH scaling relations, star formation quenching
5. May be particle accelerators + nonthermal emitters

weakly beamed, quasi-isotropic
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Fig. 1. Logarithmic-scale side view of the inner parsec of the accretion
and ejection flow of AGN for five regimes of ṁ that increase from top
to bottom. We plot in light red the hot, optically thin accretion flow; in
green the cold, optically thick accretion flow; in red we plot the mag-
netically driven ejection flow streamlines; in blue the radiation-driven
accretion disk wind and failed wind streamlines. In the optically thick,
geometrically thin disk dominated cases, two extremes of very small
(left) and very large (right) MBH are presented. The length and thick-
ness of the arrows reflect the strength of the wind in terms of terminal
velocity. From the closest to the farthest arrow to the central SMBH,
velocities decrease from ⇠c of the radio jet, to the ⇠0.4c of the fastest
UFOs launched at r⇠ 10rg, to the ⇠0.1�0.2c typical of BALs and mini-
BALs launched at r⇠ 102�103

rg, to ⇠0.01�0.1c of the BALs and mini-
BALs launched at r⇠ 103�104

rg, out to ⇠0.001c of low-velocity NALs
launched at r > 104

rg. Solid lines represent streamlines of persistent
winds, while dashed and dotted lines represent streamlines of transient,
sporadic ejection flows; the blue wiggly little clouds represent flow
streamlines of the completely failed wind. The actual duty cycle of the
wind is still uncertain, and its determination is the subject of current
observational and theoretical e↵orts.

LUV is about a half of the total disk luminosity; and at � ⇠ 0.5,
LUV is about one fifth of the total luminosity. For the case of
much smaller MBH = 106

M�, the temperatures involved are

Fig. 2. Sketch of the optical to X-ray AGN SED for the seven di↵erent
ṁ,MBH cases presented in Fig. 1. The non-thermal emission due to the
hot optically thin matter is plotted in red, the thermal emission due to
the cold optically thick matter is plotted in green.

much hotter than the MBH = 108
M� case, and the corresponding

LUV is less relevant to the bolometric budget, being ⇠1/5, 1/10,
and 1/15 of the total disk luminosity when � ⇠ 0.01, 0.1, and
0.5.

In the case of SMBHs, the temperatures will allow the devel-
opment of LD accretion disk winds (PK04). In the bottom panel
of Fig. 3, we plot the circular velocity �(R) =

p
GMBH/R,

where R is the radius where T = 50 000 K or T = Tmax if
Tmax < 50 000 K, as a function of �UV, for the same nine val-
ues of MBH as above. The LD disk wind terminal velocity is
�out ⇠ 4�. In this figure one can see how large terminal veloc-
ities �out > 0.1c are reachable in principle through LD at large
BH masses. These values are computed taking into account only
UV radiation, while the actual presence of ionizing X-ray pho-
tons will move down the curves for the terminal velocities at
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ṁ,MBH cases presented in Fig. 1. The non-thermal emission due to the
hot optically thin matter is plotted in red, the thermal emission due to
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of Fig. 3, we plot the circular velocity �(R) =

p
GMBH/R,

where R is the radius where T = 50 000 K or T = Tmax if
Tmax < 50 000 K, as a function of �UV, for the same nine val-
ues of MBH as above. The LD disk wind terminal velocity is
�out ⇠ 4�. In this figure one can see how large terminal veloc-
ities �out > 0.1c are reachable in principle through LD at large
BH masses. These values are computed taking into account only
UV radiation, while the actual presence of ionizing X-ray pho-
tons will move down the curves for the terminal velocities at
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geometrically thin disk dominated cases, two extremes of very small
(left) and very large (right) MBH are presented. The length and thick-
ness of the arrows reflect the strength of the wind in terms of terminal
velocity. From the closest to the farthest arrow to the central SMBH,
velocities decrease from ⇠c of the radio jet, to the ⇠0.4c of the fastest
UFOs launched at r⇠ 10rg, to the ⇠0.1�0.2c typical of BALs and mini-
BALs launched at r⇠ 102�103

rg, to ⇠0.01�0.1c of the BALs and mini-
BALs launched at r⇠ 103�104

rg, out to ⇠0.001c of low-velocity NALs
launched at r > 104

rg. Solid lines represent streamlines of persistent
winds, while dashed and dotted lines represent streamlines of transient,
sporadic ejection flows; the blue wiggly little clouds represent flow
streamlines of the completely failed wind. The actual duty cycle of the
wind is still uncertain, and its determination is the subject of current
observational and theoretical e↵orts.

LUV is about a half of the total disk luminosity; and at � ⇠ 0.5,
LUV is about one fifth of the total luminosity. For the case of
much smaller MBH = 106
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In the case of SMBHs, the temperatures will allow the devel-
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Tmax < 50 000 K, as a function of �UV, for the same nine val-
ues of MBH as above. The LD disk wind terminal velocity is
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ities �out > 0.1c are reachable in principle through LD at large
BH masses. These values are computed taking into account only
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sporadic ejection flows; the blue wiggly little clouds represent flow
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Fig. 2. Sketch of the optical to X-ray AGN SED for the seven di↵erent
ṁ,MBH cases presented in Fig. 1. The non-thermal emission due to the
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LUV is less relevant to the bolometric budget, being ⇠1/5, 1/10,
and 1/15 of the total disk luminosity when � ⇠ 0.01, 0.1, and
0.5.

In the case of SMBHs, the temperatures will allow the devel-
opment of LD accretion disk winds (PK04). In the bottom panel
of Fig. 3, we plot the circular velocity �(R) =
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GMBH/R,

where R is the radius where T = 50 000 K or T = Tmax if
Tmax < 50 000 K, as a function of �UV, for the same nine val-
ues of MBH as above. The LD disk wind terminal velocity is
�out ⇠ 4�. In this figure one can see how large terminal veloc-
ities �out > 0.1c are reachable in principle through LD at large
BH masses. These values are computed taking into account only
UV radiation, while the actual presence of ionizing X-ray pho-
tons will move down the curves for the terminal velocities at
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and ejection flow of AGN for five regimes of ṁ that increase from top
to bottom. We plot in light red the hot, optically thin accretion flow; in
green the cold, optically thick accretion flow; in red we plot the mag-
netically driven ejection flow streamlines; in blue the radiation-driven
accretion disk wind and failed wind streamlines. In the optically thick,
geometrically thin disk dominated cases, two extremes of very small
(left) and very large (right) MBH are presented. The length and thick-
ness of the arrows reflect the strength of the wind in terms of terminal
velocity. From the closest to the farthest arrow to the central SMBH,
velocities decrease from ⇠c of the radio jet, to the ⇠0.4c of the fastest
UFOs launched at r⇠ 10rg, to the ⇠0.1�0.2c typical of BALs and mini-
BALs launched at r⇠ 102�103

rg, to ⇠0.01�0.1c of the BALs and mini-
BALs launched at r⇠ 103�104

rg, out to ⇠0.001c of low-velocity NALs
launched at r > 104

rg. Solid lines represent streamlines of persistent
winds, while dashed and dotted lines represent streamlines of transient,
sporadic ejection flows; the blue wiggly little clouds represent flow
streamlines of the completely failed wind. The actual duty cycle of the
wind is still uncertain, and its determination is the subject of current
observational and theoretical e↵orts.

LUV is about a half of the total disk luminosity; and at � ⇠ 0.5,
LUV is about one fifth of the total luminosity. For the case of
much smaller MBH = 106

M�, the temperatures involved are

Fig. 2. Sketch of the optical to X-ray AGN SED for the seven di↵erent
ṁ,MBH cases presented in Fig. 1. The non-thermal emission due to the
hot optically thin matter is plotted in red, the thermal emission due to
the cold optically thick matter is plotted in green.
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LUV is less relevant to the bolometric budget, being ⇠1/5, 1/10,
and 1/15 of the total disk luminosity when � ⇠ 0.01, 0.1, and
0.5.

In the case of SMBHs, the temperatures will allow the devel-
opment of LD accretion disk winds (PK04). In the bottom panel
of Fig. 3, we plot the circular velocity �(R) =

p
GMBH/R,

where R is the radius where T = 50 000 K or T = Tmax if
Tmax < 50 000 K, as a function of �UV, for the same nine val-
ues of MBH as above. The LD disk wind terminal velocity is
�out ⇠ 4�. In this figure one can see how large terminal veloc-
ities �out > 0.1c are reachable in principle through LD at large
BH masses. These values are computed taking into account only
UV radiation, while the actual presence of ionizing X-ray pho-
tons will move down the curves for the terminal velocities at
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accretion disk wind and failed wind streamlines. In the optically thick,
geometrically thin disk dominated cases, two extremes of very small
(left) and very large (right) MBH are presented. The length and thick-
ness of the arrows reflect the strength of the wind in terms of terminal
velocity. From the closest to the farthest arrow to the central SMBH,
velocities decrease from ⇠c of the radio jet, to the ⇠0.4c of the fastest
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rg, to ⇠0.01�0.1c of the BALs and mini-
BALs launched at r⇠ 103�104

rg, out to ⇠0.001c of low-velocity NALs
launched at r > 104

rg. Solid lines represent streamlines of persistent
winds, while dashed and dotted lines represent streamlines of transient,
sporadic ejection flows; the blue wiggly little clouds represent flow
streamlines of the completely failed wind. The actual duty cycle of the
wind is still uncertain, and its determination is the subject of current
observational and theoretical e↵orts.

LUV is about a half of the total disk luminosity; and at � ⇠ 0.5,
LUV is about one fifth of the total luminosity. For the case of
much smaller MBH = 106

M�, the temperatures involved are

Fig. 2. Sketch of the optical to X-ray AGN SED for the seven di↵erent
ṁ,MBH cases presented in Fig. 1. The non-thermal emission due to the
hot optically thin matter is plotted in red, the thermal emission due to
the cold optically thick matter is plotted in green.

much hotter than the MBH = 108
M� case, and the corresponding

LUV is less relevant to the bolometric budget, being ⇠1/5, 1/10,
and 1/15 of the total disk luminosity when � ⇠ 0.01, 0.1, and
0.5.

In the case of SMBHs, the temperatures will allow the devel-
opment of LD accretion disk winds (PK04). In the bottom panel
of Fig. 3, we plot the circular velocity �(R) =

p
GMBH/R,

where R is the radius where T = 50 000 K or T = Tmax if
Tmax < 50 000 K, as a function of �UV, for the same nine val-
ues of MBH as above. The LD disk wind terminal velocity is
�out ⇠ 4�. In this figure one can see how large terminal veloc-
ities �out > 0.1c are reachable in principle through LD at large
BH masses. These values are computed taking into account only
UV radiation, while the actual presence of ionizing X-ray pho-
tons will move down the curves for the terminal velocities at
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green the cold, optically thick accretion flow; in red we plot the mag-
netically driven ejection flow streamlines; in blue the radiation-driven
accretion disk wind and failed wind streamlines. In the optically thick,
geometrically thin disk dominated cases, two extremes of very small
(left) and very large (right) MBH are presented. The length and thick-
ness of the arrows reflect the strength of the wind in terms of terminal
velocity. From the closest to the farthest arrow to the central SMBH,
velocities decrease from ⇠c of the radio jet, to the ⇠0.4c of the fastest
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BALs launched at r⇠ 102�103

rg, to ⇠0.01�0.1c of the BALs and mini-
BALs launched at r⇠ 103�104

rg, out to ⇠0.001c of low-velocity NALs
launched at r > 104

rg. Solid lines represent streamlines of persistent
winds, while dashed and dotted lines represent streamlines of transient,
sporadic ejection flows; the blue wiggly little clouds represent flow
streamlines of the completely failed wind. The actual duty cycle of the
wind is still uncertain, and its determination is the subject of current
observational and theoretical e↵orts.

LUV is about a half of the total disk luminosity; and at � ⇠ 0.5,
LUV is about one fifth of the total luminosity. For the case of
much smaller MBH = 106

M�, the temperatures involved are

Fig. 2. Sketch of the optical to X-ray AGN SED for the seven di↵erent
ṁ,MBH cases presented in Fig. 1. The non-thermal emission due to the
hot optically thin matter is plotted in red, the thermal emission due to
the cold optically thick matter is plotted in green.
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LUV is less relevant to the bolometric budget, being ⇠1/5, 1/10,
and 1/15 of the total disk luminosity when � ⇠ 0.01, 0.1, and
0.5.

In the case of SMBHs, the temperatures will allow the devel-
opment of LD accretion disk winds (PK04). In the bottom panel
of Fig. 3, we plot the circular velocity �(R) =

p
GMBH/R,

where R is the radius where T = 50 000 K or T = Tmax if
Tmax < 50 000 K, as a function of �UV, for the same nine val-
ues of MBH as above. The LD disk wind terminal velocity is
�out ⇠ 4�. In this figure one can see how large terminal veloc-
ities �out > 0.1c are reachable in principle through LD at large
BH masses. These values are computed taking into account only
UV radiation, while the actual presence of ionizing X-ray pho-
tons will move down the curves for the terminal velocities at
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Fig. 1. Logarithmic-scale side view of the inner parsec of the accretion
and ejection flow of AGN for five regimes of ṁ that increase from top
to bottom. We plot in light red the hot, optically thin accretion flow; in
green the cold, optically thick accretion flow; in red we plot the mag-
netically driven ejection flow streamlines; in blue the radiation-driven
accretion disk wind and failed wind streamlines. In the optically thick,
geometrically thin disk dominated cases, two extremes of very small
(left) and very large (right) MBH are presented. The length and thick-
ness of the arrows reflect the strength of the wind in terms of terminal
velocity. From the closest to the farthest arrow to the central SMBH,
velocities decrease from ⇠c of the radio jet, to the ⇠0.4c of the fastest
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rg, to ⇠0.01�0.1c of the BALs and mini-
BALs launched at r⇠ 103�104

rg, out to ⇠0.001c of low-velocity NALs
launched at r > 104

rg. Solid lines represent streamlines of persistent
winds, while dashed and dotted lines represent streamlines of transient,
sporadic ejection flows; the blue wiggly little clouds represent flow
streamlines of the completely failed wind. The actual duty cycle of the
wind is still uncertain, and its determination is the subject of current
observational and theoretical e↵orts.

LUV is about a half of the total disk luminosity; and at � ⇠ 0.5,
LUV is about one fifth of the total luminosity. For the case of
much smaller MBH = 106

M�, the temperatures involved are

Fig. 2. Sketch of the optical to X-ray AGN SED for the seven di↵erent
ṁ,MBH cases presented in Fig. 1. The non-thermal emission due to the
hot optically thin matter is plotted in red, the thermal emission due to
the cold optically thick matter is plotted in green.
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LUV is less relevant to the bolometric budget, being ⇠1/5, 1/10,
and 1/15 of the total disk luminosity when � ⇠ 0.01, 0.1, and
0.5.

In the case of SMBHs, the temperatures will allow the devel-
opment of LD accretion disk winds (PK04). In the bottom panel
of Fig. 3, we plot the circular velocity �(R) =

p
GMBH/R,

where R is the radius where T = 50 000 K or T = Tmax if
Tmax < 50 000 K, as a function of �UV, for the same nine val-
ues of MBH as above. The LD disk wind terminal velocity is
�out ⇠ 4�. In this figure one can see how large terminal veloc-
ities �out > 0.1c are reachable in principle through LD at large
BH masses. These values are computed taking into account only
UV radiation, while the actual presence of ionizing X-ray pho-
tons will move down the curves for the terminal velocities at
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Fig. 1. Logarithmic-scale side view of the inner parsec of the accretion
and ejection flow of AGN for five regimes of ṁ that increase from top
to bottom. We plot in light red the hot, optically thin accretion flow; in
green the cold, optically thick accretion flow; in red we plot the mag-
netically driven ejection flow streamlines; in blue the radiation-driven
accretion disk wind and failed wind streamlines. In the optically thick,
geometrically thin disk dominated cases, two extremes of very small
(left) and very large (right) MBH are presented. The length and thick-
ness of the arrows reflect the strength of the wind in terms of terminal
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rg. Solid lines represent streamlines of persistent
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streamlines of the completely failed wind. The actual duty cycle of the
wind is still uncertain, and its determination is the subject of current
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LUV is about a half of the total disk luminosity; and at � ⇠ 0.5,
LUV is about one fifth of the total luminosity. For the case of
much smaller MBH = 106

M�, the temperatures involved are

Fig. 2. Sketch of the optical to X-ray AGN SED for the seven di↵erent
ṁ,MBH cases presented in Fig. 1. The non-thermal emission due to the
hot optically thin matter is plotted in red, the thermal emission due to
the cold optically thick matter is plotted in green.
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LUV is less relevant to the bolometric budget, being ⇠1/5, 1/10,
and 1/15 of the total disk luminosity when � ⇠ 0.01, 0.1, and
0.5.

In the case of SMBHs, the temperatures will allow the devel-
opment of LD accretion disk winds (PK04). In the bottom panel
of Fig. 3, we plot the circular velocity �(R) =

p
GMBH/R,

where R is the radius where T = 50 000 K or T = Tmax if
Tmax < 50 000 K, as a function of �UV, for the same nine val-
ues of MBH as above. The LD disk wind terminal velocity is
�out ⇠ 4�. In this figure one can see how large terminal veloc-
ities �out > 0.1c are reachable in principle through LD at large
BH masses. These values are computed taking into account only
UV radiation, while the actual presence of ionizing X-ray pho-
tons will move down the curves for the terminal velocities at
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Fig. 1. Logarithmic-scale side view of the inner parsec of the accretion
and ejection flow of AGN for five regimes of ṁ that increase from top
to bottom. We plot in light red the hot, optically thin accretion flow; in
green the cold, optically thick accretion flow; in red we plot the mag-
netically driven ejection flow streamlines; in blue the radiation-driven
accretion disk wind and failed wind streamlines. In the optically thick,
geometrically thin disk dominated cases, two extremes of very small
(left) and very large (right) MBH are presented. The length and thick-
ness of the arrows reflect the strength of the wind in terms of terminal
velocity. From the closest to the farthest arrow to the central SMBH,
velocities decrease from ⇠c of the radio jet, to the ⇠0.4c of the fastest
UFOs launched at r⇠ 10rg, to the ⇠0.1�0.2c typical of BALs and mini-
BALs launched at r⇠ 102�103

rg, to ⇠0.01�0.1c of the BALs and mini-
BALs launched at r⇠ 103�104

rg, out to ⇠0.001c of low-velocity NALs
launched at r > 104

rg. Solid lines represent streamlines of persistent
winds, while dashed and dotted lines represent streamlines of transient,
sporadic ejection flows; the blue wiggly little clouds represent flow
streamlines of the completely failed wind. The actual duty cycle of the
wind is still uncertain, and its determination is the subject of current
observational and theoretical e↵orts.

LUV is about a half of the total disk luminosity; and at � ⇠ 0.5,
LUV is about one fifth of the total luminosity. For the case of
much smaller MBH = 106

M�, the temperatures involved are

Fig. 2. Sketch of the optical to X-ray AGN SED for the seven di↵erent
ṁ,MBH cases presented in Fig. 1. The non-thermal emission due to the
hot optically thin matter is plotted in red, the thermal emission due to
the cold optically thick matter is plotted in green.
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LUV is less relevant to the bolometric budget, being ⇠1/5, 1/10,
and 1/15 of the total disk luminosity when � ⇠ 0.01, 0.1, and
0.5.

In the case of SMBHs, the temperatures will allow the devel-
opment of LD accretion disk winds (PK04). In the bottom panel
of Fig. 3, we plot the circular velocity �(R) =

p
GMBH/R,

where R is the radius where T = 50 000 K or T = Tmax if
Tmax < 50 000 K, as a function of �UV, for the same nine val-
ues of MBH as above. The LD disk wind terminal velocity is
�out ⇠ 4�. In this figure one can see how large terminal veloc-
ities �out > 0.1c are reachable in principle through LD at large
BH masses. These values are computed taking into account only
UV radiation, while the actual presence of ionizing X-ray pho-
tons will move down the curves for the terminal velocities at

A94, page 4 of 14

A&A 630, A94 (2019)

Fig. 1. Logarithmic-scale side view of the inner parsec of the accretion
and ejection flow of AGN for five regimes of ṁ that increase from top
to bottom. We plot in light red the hot, optically thin accretion flow; in
green the cold, optically thick accretion flow; in red we plot the mag-
netically driven ejection flow streamlines; in blue the radiation-driven
accretion disk wind and failed wind streamlines. In the optically thick,
geometrically thin disk dominated cases, two extremes of very small
(left) and very large (right) MBH are presented. The length and thick-
ness of the arrows reflect the strength of the wind in terms of terminal
velocity. From the closest to the farthest arrow to the central SMBH,
velocities decrease from ⇠c of the radio jet, to the ⇠0.4c of the fastest
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rg, to ⇠0.01�0.1c of the BALs and mini-
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launched at r > 104

rg. Solid lines represent streamlines of persistent
winds, while dashed and dotted lines represent streamlines of transient,
sporadic ejection flows; the blue wiggly little clouds represent flow
streamlines of the completely failed wind. The actual duty cycle of the
wind is still uncertain, and its determination is the subject of current
observational and theoretical e↵orts.

LUV is about a half of the total disk luminosity; and at � ⇠ 0.5,
LUV is about one fifth of the total luminosity. For the case of
much smaller MBH = 106
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Fig. 2. Sketch of the optical to X-ray AGN SED for the seven di↵erent
ṁ,MBH cases presented in Fig. 1. The non-thermal emission due to the
hot optically thin matter is plotted in red, the thermal emission due to
the cold optically thick matter is plotted in green.
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LUV is less relevant to the bolometric budget, being ⇠1/5, 1/10,
and 1/15 of the total disk luminosity when � ⇠ 0.01, 0.1, and
0.5.

In the case of SMBHs, the temperatures will allow the devel-
opment of LD accretion disk winds (PK04). In the bottom panel
of Fig. 3, we plot the circular velocity �(R) =

p
GMBH/R,

where R is the radius where T = 50 000 K or T = Tmax if
Tmax < 50 000 K, as a function of �UV, for the same nine val-
ues of MBH as above. The LD disk wind terminal velocity is
�out ⇠ 4�. In this figure one can see how large terminal veloc-
ities �out > 0.1c are reachable in principle through LD at large
BH masses. These values are computed taking into account only
UV radiation, while the actual presence of ionizing X-ray pho-
tons will move down the curves for the terminal velocities at
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Fig. 1. Logarithmic-scale side view of the inner parsec of the accretion
and ejection flow of AGN for five regimes of ṁ that increase from top
to bottom. We plot in light red the hot, optically thin accretion flow; in
green the cold, optically thick accretion flow; in red we plot the mag-
netically driven ejection flow streamlines; in blue the radiation-driven
accretion disk wind and failed wind streamlines. In the optically thick,
geometrically thin disk dominated cases, two extremes of very small
(left) and very large (right) MBH are presented. The length and thick-
ness of the arrows reflect the strength of the wind in terms of terminal
velocity. From the closest to the farthest arrow to the central SMBH,
velocities decrease from ⇠c of the radio jet, to the ⇠0.4c of the fastest
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rg, to ⇠0.01�0.1c of the BALs and mini-
BALs launched at r⇠ 103�104
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rg. Solid lines represent streamlines of persistent
winds, while dashed and dotted lines represent streamlines of transient,
sporadic ejection flows; the blue wiggly little clouds represent flow
streamlines of the completely failed wind. The actual duty cycle of the
wind is still uncertain, and its determination is the subject of current
observational and theoretical e↵orts.
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Fig. 2. Sketch of the optical to X-ray AGN SED for the seven di↵erent
ṁ,MBH cases presented in Fig. 1. The non-thermal emission due to the
hot optically thin matter is plotted in red, the thermal emission due to
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In the case of SMBHs, the temperatures will allow the devel-
opment of LD accretion disk winds (PK04). In the bottom panel
of Fig. 3, we plot the circular velocity �(R) =
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where R is the radius where T = 50 000 K or T = Tmax if
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�out ⇠ 4�. In this figure one can see how large terminal veloc-
ities �out > 0.1c are reachable in principle through LD at large
BH masses. These values are computed taking into account only
UV radiation, while the actual presence of ionizing X-ray pho-
tons will move down the curves for the terminal velocities at
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to bottom. We plot in light red the hot, optically thin accretion flow; in
green the cold, optically thick accretion flow; in red we plot the mag-
netically driven ejection flow streamlines; in blue the radiation-driven
accretion disk wind and failed wind streamlines. In the optically thick,
geometrically thin disk dominated cases, two extremes of very small
(left) and very large (right) MBH are presented. The length and thick-
ness of the arrows reflect the strength of the wind in terms of terminal
velocity. From the closest to the farthest arrow to the central SMBH,
velocities decrease from ⇠c of the radio jet, to the ⇠0.4c of the fastest
UFOs launched at r⇠ 10rg, to the ⇠0.1�0.2c typical of BALs and mini-
BALs launched at r⇠ 102�103

rg, to ⇠0.01�0.1c of the BALs and mini-
BALs launched at r⇠ 103�104

rg, out to ⇠0.001c of low-velocity NALs
launched at r > 104

rg. Solid lines represent streamlines of persistent
winds, while dashed and dotted lines represent streamlines of transient,
sporadic ejection flows; the blue wiggly little clouds represent flow
streamlines of the completely failed wind. The actual duty cycle of the
wind is still uncertain, and its determination is the subject of current
observational and theoretical e↵orts.

LUV is about a half of the total disk luminosity; and at � ⇠ 0.5,
LUV is about one fifth of the total luminosity. For the case of
much smaller MBH = 106

M�, the temperatures involved are

Fig. 2. Sketch of the optical to X-ray AGN SED for the seven di↵erent
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Fig. 5. Sketch of the inner accretion/ejection flow for luminous AGN in four ṁ,MBH regimes, and di↵erent lines of sight labeled together with
names of known AGN. Bottom left: MBH ⌧ 108

M�, ṁ ⇡ 10�3�10�1; top left: MBH ⌧ 108
M�, ṁ & 0.25; top right: MBH & 108

M�, ṁ & 0.25;
bottom right: MBH & 108

M�, ṁ ⇡ 10�3�10�1.

quadrant in Fig. 5) and the large MBH, moderate ṁ case (bot-
tom right quadrant in Fig. 5). This is because in both cases their
disk winds will appear similar, with mini-BALs and only low-
velocity or sporadic BALs. This is due to the joint e↵ect of the
higher ṁ (favoring a LD disk wind) and the hotter disk (disfavor-
ing a LD disk wind) in the former case, compared to the latter.
While the phenomenology of Seyfert galaxies and BAL QSOs is
very di↵erent, the observed characteristics of NLS1s and mini-
BALs can be present in the same source (e.g., PG 1126�041 and
Mrk 335, see respectively Giustini et al. 2011; Longinotti et al.
2013).

For AGN with small MBH⌧ 108
M� in the moderate ṁ

regime, episodic obscuration and outflows with low velocity
(�out < 2000 km s�1) and very narrow (FWHM ⌧ 2000 km s�1)
UV absorbing mini-BALs features can be observed at moder-
ate inclination angles of the l.o.s. (e.g., NGC 5548, Kaastra
et al. 2014). At more equatorial inclination angles, plenty of the
failed wind component will be intercepted, giving less sporadic
but still low-velocity UV and X-ray absorption, and UV and
X-ray eclipses of the continuum source due to clumps of the
failed wind intercepting the l.o.s. (e.g., NGC 1365, Risaliti et al.
2005). In the high ṁ regime, somewhat broader mini-BAL-like
winds are feasible and moderate velocity (�out ⇠ 2�5000 km s�1)
UV and X-ray absorbing outflows are observed at moderate
inclination angles of the l.o.s. (e.g., I Zw 1, Laor et al. 1997;
Collinge et al. 2001; Silva et al. 2018); while more equatorial
l.o.s. will give again X-ray and UV eclipses of the central source
(e.g., Mrk 766, Risaliti et al. 2011).

Stronger X-ray and UV absorption features are expected for
AGN with large MBH & 108

M�, where a stronger LD disk
wind can be launched (PK04), giving “complex” and variable
spectra when intercepting the more clumpy portion of the well-
developed wind. Moderate velocity UV and X-ray absorbing fea-
tures will be observed at intermediate l.o.s. inclination angles
in large MBH, moderate ṁ AGN (e.g., �out ⇠ 0.02�0.05c and
NH ⇠ 1023 cm�2 as observed in the mini-BAL QSOs of the PG
catalog, Giustini 2016), and higher velocity and stronger features
(�out ⇠ 0.2�0.3c and NH ⇠ several 1023 cm�2) will be observed
for the same inclination angles in AGN in a high ṁ regime (as
observed for example in PDS 456, Go↵ord et al. 2014; Matzeu
et al. 2016; Hamann et al. 2018). More equatorial l.o.s. go deep
into the well-developed LD disk wind in large MBH AGN, and
the strongest features in terms of width, depth, and blueshift are
observed: this will be the case of the moderate ṁ mini-BAL
QSOs (e.g., �out ⇠ 0.1�0.3c and NH ⇠ 5 ⇥ 1022�5 ⇥ 1023 cm�2

as observed in PG 1115+080, Chartas et al. 2003) and the high
ṁ BAL QSOs (e.g., �out & 0.4c and NH ⇠ several 1023 cm�2 as
observed in APM 08279+5255, Chartas et al. 2002, 2009b; Saez
& Chartas 2011).

The absorption will become stronger and stronger going
toward equatorial l.o.s., until reaching the Compton-thick regime
(NH & 1024 cm�2) in type 2 AGN such as NGC 1068 or gen-
erally type 2, absorbed QSOs, where the primary emission due
to the central engine is totally suppressed and only hard X-ray
emission and reprocessing features are observed (Matt et al. 1997;
Kinkhabwala et al. 2002; Bauer et al. 2015). The circumnuclear
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A polarized view of NGC 1068 3145

Figure 1. Number of observations per year dedicated to measure the broad-
band continuum polarization of NGC 1068. The shaded area corresponds to
the forthcoming years 2019–2020.

Airborne Wideband Camera-plus (HAWC+, Lopez-Rodriguez, E.,
private communication). Only two polarimetric observations have
been published in the radio band, an upper limit at 15 GHz (Wilson
& Ulvestad 1982) and a debated measurement at 4.9 GHz (Wilson
& Ulvestad 1983). The bulk of observations was taken in the opti-
cal and near-infrared bands since they remain the easiest bands for
ground observations. A variety of slits and circular apertures were
used, depending on the technology available at that time (fourth
column of Table 1). Finally, we have identified observations that
were achieved in imaging modes. For these cases, the authors had
polarization maps and could have, in principle, varied the aperture
to remove the contribution of the host galaxy.

In Fig. 1, we present the temporal distribution of the number of
polarimetric observations listed in our catalogue. The very first po-
larimetric observation of NGC 1068 listed in our sample goes back
to 1965–1966 (Dibai & Shakhovskoi 1966). A year later, Dom-
brovskii & Gagen-Torn (1968) quoted polarimetric observations
‘with a somewhat smaller aperture than ours’ that might also have
been achieved by Merle F. Walker in 1964 but the references listed
in Dombrovskii & Gagen-Torn (1968) point towards papers that
either are about other galaxies (M33, Walker 1964) or do not exist
at all. A similar reference to the work by Walker (1964, p. 682) is
mentioned in Elvius & Hall (1965) but the related paper could not
be found. Hence, while we acknowledge that earlier polarimetric
observations might have been achieved, we start our catalogue in
1965–1966 due to the lack of open-access publications.

The interest of the community for the polarimetric signature of
NGC 1068 and similar galactic nuclei grew fast, with more than 50
observations achieved before 1970. The goal was to explore the ori-
gin of the observed polarization. Synchrotron emission was one of
the two mechanisms (together with scattering) suggested to explain
the high ultraviolet polarization in its nucleus (Elvius & Hall 1965).
A few additional polarimetric measurements of this AGN occurred
until the advent of the 3.9-m Anglo-Australian Telescope and the
Lick 3-m Shane Telescope, which gave a new kick to observations
in 1983 thanks to their large mirrors and up-to-date polarimeters.
The true scattered polarization of NGC 1068 was estimated to be
much higher than previously thought thanks to the careful removal
of starlight from the host galaxy by Miller & Antonucci (1983). In
addition, it was found that the PA of the optical continuum radiation
is perpendicular to the axis of radio emission (18◦ ± 5, Wilson &
Ulvestad 1982). After the breakthrough achieved in 1985, where
Antonucci & Miller (1985) proved that a Seyfert-1 nucleus lies
hidden in the core of NGC 1068, and that the origin of the con-

tinuum and broad-line polarization is due to scattering, the number
of observations decreased. It was only in the mid of the 90s, when
the Unified Model of AGN was synergized, confirmed and then re-
viewed (Antonucci 1993), that the community acquired a few more
polarimetric observations of NGC 1068. Since the new millennium,
only a dozen of polarimetric observations of this AGN have been
achieved on 10-m class telescopes. Another observational gap could
appear between the era of 10- and 30-m class telescopes, at least
partly driven by the relative lack of polarimeters on such large
telescopes.

2.2 Broad-band continuum polarization of NGC 1068

We compiled all the linear continuum polarization data of
NGC 1068 in Fig. 2. When continuum polarization measurements
were not estimated by the authors, we used WebPlotDigitizer to
synthesize the polarization spectrum and extract the relevant num-
bers. WEBPLOTDIGITIZER (https://automeris.io/WebPlotDigitizer/) is a
polyvalent and free software developed to facilitate easy and ac-
curate data extraction from spectra, and it has already been used
in Marin, Rohatgi & Charlot (2017) to reconstruct the ultraviolet
spectropolarimetric spectrum of NGC 1068.

Our final spectrum spans from almost 0.1 to 100µm, together
with two additional measurements at 4.9 and 15 GHz, with a vari-
ety of apertures, signal-to-noise ratios, and spectral resolutions. In
this figure, we did not correct the polarization levels for the pres-
ence of diluting starlight emission originating from the host galaxy
that may have a significant effect depending on the aperture of the
observation/slit. This will be investigated in further details in Sec-
tion 2.3. We plotted the continuum linear polarization in log scale
to better contrast the fractional contribution of unpolarized light.
The polarized flux is extracted from publications and is compared
to a normal type-1 AGN total flux spectrum to investigate how
the cross-section of the scatterer is changing with wavelength. The
type-1 template we use was compiled by Prieto et al. (2010) and is
the averaged SED of the high spatial resolution SEDs of NGC 3783,
NGC 1566, and NGC 7469. The template was rescaled in order to
be easily comparable to the polarized flux of NGC 1068. Finally,
the polarization position angle (PPA) has been subtracted from the
parsec-scale radio PA to check whether the polarization angle is
parallel or perpendicular to the axis of the radio source associated
with the galaxy (Antonucci 1993). We use the parsec-scale radio
PA estimated by Wilson & Ulvestad (1982), but we acknowledge
the fact that the PA is almost 0◦ at sub-arcesond scales (Muxlow
et al. 1996). Our choice to use the parsec-scale value is coherent as
the bulk of published polarimetric data having apertures larger than
1 arcsec.

We can see from Fig. 2 that the compiled polarization spectrum of
NGC 1068 shows a coherent energy-dependent behaviour despite
the multiple instruments, observational apertures, and observational
dates. The linear continuum polarization is the highest in the ultra-
violet band where starlight emission is weak: the starlight fluxes of
spiral galaxies are about three orders of magnitude lower at 0.1µm
than at 1 µm (Bolzonella, Miralles & Pelló 2000; Siebenmorgen
& Krügel 2007). With increasing diluting fluxes from starlight, the
continuum polarization of NGC 1068 decreases from ∼ 15 per cent
at 0.1–0.2 µm to ∼ 1 per cent at 0.8–0.9 µm. The polarized flux,
despite being not as well sampled as the polarization degree due to
the lack of reported flux measurements, clearly shows the turnover
of host dominance. At ultraviolet wavelengths, the polarized flux
is constant while it decreases sharply in the optical, dipping at ∼ 1
µm. The dip in polarization at ∼ 1 µm is due to the maximum of
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understanding of AGN obscuration, showing that ~70% of all local 
AGNs are obscured21,22. While nuclear obscuration is mostly associ-
ated with dust in the torus at IR wavelengths, it can also be related 
to dust-free gas in the case of X-rays. Indeed, it is likely that X-ray 
obscuration is produced by multiple absorbers across various spatial 
scales. This might include dust beyond the sublimation radius, and 
dust-free gas within the BLR and the torus23,24. This explains obser-
vations showing that, in general, the columns of material implied in 
the X-ray absorption are found to be comparable to or larger than 
those inferred from nuclear IR observations25,26.

Early X-ray studies revealed that most type-1  AGNs are unob-
scured, whereas type-2  AGNs are usually obscured27, which sup-
ports the unification model. A clear example is NGC  1068, the 
archetypal type-2 AGN, which has been shown to be obscured by 
material optically thick to photon–electron scattering (Compton-
thick (CT), that is, NH ≥  1.5 ×  1024 cm–2), which depletes most of 
the X-ray flux28,29. Nevertheless, for some objects with no broad 
optical lines, no X-ray obscuration has been found30. Interestingly, 
many of these objects have low accretion rates, which would be 
unable to sustain the dynamic obscuring environment (that is, the 
BLR and the torus) observed in typical AGNs31,32, explaining the lack 
of X-ray obscuration and broad optical lines. On the other hand,  
studies of larger samples of objects have reported tantalizing evi-
dence of a significant AGN population that exhibits broad optical 
lines and column densities of NH >  1021.5 cm–2 in the X-ray regime33. 
This has been explained by considering that some obscuration  
is related to dust-free gas within the sublimation region associated 
with the BLR34.

The boundary between the BLR and the torus is set by the 
dust sublimation temperature. The sublimation region has been 
resolved35,36 in the near-IR (NIR) using the Very Large Telescope 
Interferometer (VLTI) and the Keck Interferometer. From these 
interferometric observations, it has been found that the inner torus 
radius scales with the AGN luminosity37 as r ∝  L1/2, as previously 
inferred from optical-to-IR time-lag observations38, as well as from 
theoretical considerations39.

The torus radiates the bulk of its energy at MIR wavelengths, 
although recent interferometry results might complicate this  

scenario40–42. From both IR and X-ray observations it has been 
shown that the nuclear dust is distributed in clumps25,43, and further  
constraints on the torus size and geometry have been provided by 
MIR interferometry13,42. The MIR-emitting dust is compact and 
sometimes appears not as a single component but as two or three44.

Thanks to the unprecedented angular resolution afforded by  
the Atacama Large Millimeter/submillimeter Array (ALMA),  
recent observations have, for the first time, imaged the dust emis-
sion, the molecular gas distribution and the kinematics from a 
7–10  pc diameter disk that represents the submillimetre coun-
terpart of the putative torus of NGC  106814–16 (Fig.  2). As the  
submillimetre range probes the coolest dust within the torus, this 
molecular/dusty disk extends to twice the size of the warmer com-
pact MIR sources detected by the VLTI in the nucleus of NGC 106845 
and the parsec-scale ionized gas and maser disks imaged in the  
millimetre regime46,47, which correspond to the innermost part of 
the torus. The highest-angular-resolution ALMA images available 
to date (0.07″  ×  0.05″ ) reveal a compact molecular gas distribution 
that shows non-circular motions and enhanced turbulence super-
posed on the slow rotational pattern of the disk15. This is confirmed 
by deeper ALMA observations at the same frequency16, which per-
mit the low-velocity compact CO gas emission (± 70 km s–1 relative 
to the systemic velocity) to be disentangled from the higher-velocity 
CO gas emission (± 400 km s–1), which the authors16 interpreted as  
a bipolar outflow almost perpendicular to the disk.

Furthermore, from Fig. 2a it is clear that the torus is not an iso-
lated structure. Instead, it is connected physically and dynamically 
with the circumnuclear disk of the galaxy15 (~300  pc  ×   200  pc). 
Indeed, previous NIR integral field spectroscopy data of NGC 1068 
revealed molecular gas streams from the circumnuclear disk into 
the nucleus48. Circumnuclear disks seem to be ubiquitous in nearby 
AGNs and they constitute the molecular gas reservoirs of accreting 
SMBHs49.

Dust and gas spectral properties
In the following, we discuss some of the most important spec-
tral properties of gas and dust typically studied in the X-ray and  
IR band.
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Fig. 1 | Sketch of the main AGN structures seen along the equatorial and polar directions. From the centre to host-galaxy scales: SMBH, accretion disk 
and corona, BLR, torus and NLR. Different colours indicate different compositions or densities.
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as post-trial in each hemisphere, together with the corresponding number of sources. The post-trial binomial p-value
is estimated in each hemisphere by producing many background realizations of the catalog, picking up the smallest
binomial p-value in each background realization and counting the fraction of such background binomial p-values that
are smaller than the binomial p-value observed in the data.

4. RESULTS

The point-source search identifies M87 as the most significant source in the Northern hemisphere, with a pre-trial p-
value of ploc = 4.6⇥10�4, which becomes 4.3⇥10�2 (1.7 �) post-trial. In the Southern hemisphere, the most significant
source is PKS 2233-148 with a pre-trial p-value of ploc = 0.092 and post-trial p-value of 0.72. TXS 0506+056 is the
only source of the catalog for which 2 flares are found. The time profiles of the neutrino flares reconstructed by this
analysis at the location of each source, together with their pre-trial significance �f

loc, are visualized in Fig. 2. For
the sake of clarity, the flare significance is denoted as �f

loc while the overall multi-flare significance is referred to as

�loc =
qP

f �
f2
loc. For single-flare sources (all but TXS 0506+056) the flare and multi-flare significances coincide.

Figure 2. Pre-trial flare significance �f
loc for the sources of the catalog. For all sources a single flare has been found, except

for TXS 0506+056 for which 2 flares are found. In this case, the pre-trial significance of each individual flare is calculated as
described in Appendix D. The sources of the catalog with multi-flare pre-trial significance �loc � 2 are labeled with their names.

The cumulative distributions of pre-trial p-values at the location of the sources of the catalog, used as inputs to the
population study, are shown in Fig. 3.

The pre-trial binomial p-value is shown in Fig. 4 as a function of the source index k. The smallest binomial p-value is
selected in each hemisphere and converted into a post-trial binomial p-value as described in Section 3. In the Northern
hemisphere the smallest pre-trial binomial p-value is 7.3⇥ 10�5 (3.8 �) when k = 4 sources are considered (M87, TXS
0506+056, GB6 J1542+6129, NGC 1068), corresponding to a post-trial p-value of 1.6⇥ 10�3 (3.0 �). In the Southern
hemisphere the smallest pre-trial binomial p-value is 0.71, obtained by k = 1 source (PKS 2233-148) and corresponding
to a post-trial p-value of 0.89.

The results of the two searches are summarized in Table 1. Having not found any significant time-dependent excess,
upper limits on the neutrino emission from the sources of the catalog are estimated as discussed in Appendix A, using
Eq. A1 and A2.
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Figure 1. The light curve of NGC 4151 in the B band from the historical
plate data (open circles connected with a continuous line) and Crimean
observations (solid line). The inserted expanded fragment shows the AGN
Watch data (crosses) together with the Crimean data (continuous line). The
errors are of the order of 0.2 mag (∼20 per cent) for the historical plate data
and ∼1.5 per cent for the Crimean observations.

The overall character of the variability is not constant over the
entire data set – the behaviour of the optical light curve in 1990–
2000 appears different from that in 1910–1985. The evolution up
to 1985 can be represented by a single parabolic-type curve with a
maximum flux of approximately 75–80 mJy in the B band and with
more rapid variations superimposed on it. In 1935 there was (if the
photographic magnitudes were estimated correctly) the strongest
flare which lasted only 10–15 d. A less intense flare happened in
1946 but it is based on a single point. The evolution in 1990–2000
appears as a single giant outburst but this change in the character
of the variability occurred in the middle of the epoch 1968–2000
covered by the photoelectric data.

2.2 X-ray data

The data in the 2–10 keV X-ray band also came from different pa-
pers and data bases, which were collected using different satellites.
Fluxes were corrected for absorption. The observed time coverage
is from 1974 October.

The data points during 1975–1992 were taken from Papadakis
& McHardy (1995). Of their 133 data points, the majority came
from the Ariel V Sky Survey, and others were taken from litera-
ture including observations by EXOSAT , GINGA, OSO-8, HEAO-1,
TENMA and Ariel VI satellites. Some additional points (in the pe-
riod 1987 May–1995 May) were taken from Yaqoob & Warwick
(1991) and Yaqoob et al. (1993) and were also taken from the Tar-
tarus Data base of ASCA observations.1 We corrected their fluxes
for absorption using HEASARC’s on-line W3PIMMS version 3.1 flux
converter2 as well as papers of Weaver et al. (1994) and Edelson
et al. (1996). Data from the first 3 yr of RXTE observations during
1998 October to 1999 November were taken from Markowitz &
Edelson (2001). The observational data given in that paper in count
s−1 were transformed into unabsorbed fluxes via the mean lumi-
nosity of the 300-d window given in the paper. We supplemented
those gathered data with three long sequences. Two EXOSAT light
curves were obtained from Ian M. McHardy for the paper by Czerny

1 http://tartarus.gsfc.nasa.gov/
2 http://heasarc.gsfc.nasa.gov/

Figure 2. The light curve of NGC 4151 (νFν ) in the U band (solid line)
and in the X-ray band (2–10 keV absorption-corrected flux, open circles).
The errors of X-ray data are of the order of a factor of 2 in the oldest data
points and ∼10 per cent for more recent measurements. The errors in the
Crimean data are ∼2.2 per cent.

& Lehto (1997). These data cover 1983 July 10 and 11 and 1985
May 15, with rate sampling every 100 s. A third sequence, from
the ASCA satellite, covers the period from 2000 May 12–23, and is
nearly continuous (except for Earth occultations and the passages
through the South Atlantic Anomaly). For that ASCA data set, we
use the count rate sampling of 32 s. The measurements in count s−1

were again converted to fluxes using the mean luminosity for an
appropriate data sequence.

All daily averaged X-ray points used by us for further analysis
are shown in Fig. 2 as open circles.

3 M E T H O D S

3.1 Power spectrum

We attempt the restoration of the underlying power spectrum |F |2
of the active nucleus from its observed light curves, i.e. from the
product of the true light curve and the sampling (window) func-
tion. A direct analysis of observations yields the observed power
spectrum |G|2, i.e. the underlying spectrum affected by the window
function |W |2. These functions obey an exact relation in the Fourier
transform space:

G = F ∗ W, (1)

where ∗ denotes the convolution and F, G and W are Fourier trans-
forms of the underlying and observed light curves and of the sam-
pling function. For long and nearly uniformly sampled observations
|W |2 approaches the delta function and G approximates F. For non-
uniform sampling, the shape of the window function becomes com-
plex, with broad wings and many local maxima. In such a case it
is difficult to obtain a solution of equation (1) for F as it involves
deconvolution of the sampling transform W.

We address the issue of uneven sampling by not calculating the
power spectrum of the entire light curve directly. Instead, we analyse
the properties in various time-scale ranges separately.

In the optical band, we first rebin the data to 1-yr bins and fill the
few existing gaps by the linear interpolation, thus obtaining 90 data
points. Next, we rebin the original curve into 5-d bins and find an
almost continuous sequence containing 2403 such points. Data gaps
are again filled through interpolation. We calculate the power spectra
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understanding of AGN obscuration, showing that ~70% of all local 
AGNs are obscured21,22. While nuclear obscuration is mostly associ-
ated with dust in the torus at IR wavelengths, it can also be related 
to dust-free gas in the case of X-rays. Indeed, it is likely that X-ray 
obscuration is produced by multiple absorbers across various spatial 
scales. This might include dust beyond the sublimation radius, and 
dust-free gas within the BLR and the torus23,24. This explains obser-
vations showing that, in general, the columns of material implied in 
the X-ray absorption are found to be comparable to or larger than 
those inferred from nuclear IR observations25,26.

Early X-ray studies revealed that most type-1  AGNs are unob-
scured, whereas type-2  AGNs are usually obscured27, which sup-
ports the unification model. A clear example is NGC  1068, the 
archetypal type-2 AGN, which has been shown to be obscured by 
material optically thick to photon–electron scattering (Compton-
thick (CT), that is, NH ≥  1.5 ×  1024 cm–2), which depletes most of 
the X-ray flux28,29. Nevertheless, for some objects with no broad 
optical lines, no X-ray obscuration has been found30. Interestingly, 
many of these objects have low accretion rates, which would be 
unable to sustain the dynamic obscuring environment (that is, the 
BLR and the torus) observed in typical AGNs31,32, explaining the lack 
of X-ray obscuration and broad optical lines. On the other hand,  
studies of larger samples of objects have reported tantalizing evi-
dence of a significant AGN population that exhibits broad optical 
lines and column densities of NH >  1021.5 cm–2 in the X-ray regime33. 
This has been explained by considering that some obscuration  
is related to dust-free gas within the sublimation region associated 
with the BLR34.

The boundary between the BLR and the torus is set by the 
dust sublimation temperature. The sublimation region has been 
resolved35,36 in the near-IR (NIR) using the Very Large Telescope 
Interferometer (VLTI) and the Keck Interferometer. From these 
interferometric observations, it has been found that the inner torus 
radius scales with the AGN luminosity37 as r ∝  L1/2, as previously 
inferred from optical-to-IR time-lag observations38, as well as from 
theoretical considerations39.

The torus radiates the bulk of its energy at MIR wavelengths, 
although recent interferometry results might complicate this  

scenario40–42. From both IR and X-ray observations it has been 
shown that the nuclear dust is distributed in clumps25,43, and further  
constraints on the torus size and geometry have been provided by 
MIR interferometry13,42. The MIR-emitting dust is compact and 
sometimes appears not as a single component but as two or three44.

Thanks to the unprecedented angular resolution afforded by  
the Atacama Large Millimeter/submillimeter Array (ALMA),  
recent observations have, for the first time, imaged the dust emis-
sion, the molecular gas distribution and the kinematics from a 
7–10  pc diameter disk that represents the submillimetre coun-
terpart of the putative torus of NGC  106814–16 (Fig.  2). As the  
submillimetre range probes the coolest dust within the torus, this 
molecular/dusty disk extends to twice the size of the warmer com-
pact MIR sources detected by the VLTI in the nucleus of NGC 106845 
and the parsec-scale ionized gas and maser disks imaged in the  
millimetre regime46,47, which correspond to the innermost part of 
the torus. The highest-angular-resolution ALMA images available 
to date (0.07″  ×  0.05″ ) reveal a compact molecular gas distribution 
that shows non-circular motions and enhanced turbulence super-
posed on the slow rotational pattern of the disk15. This is confirmed 
by deeper ALMA observations at the same frequency16, which per-
mit the low-velocity compact CO gas emission (± 70 km s–1 relative 
to the systemic velocity) to be disentangled from the higher-velocity 
CO gas emission (± 400 km s–1), which the authors16 interpreted as  
a bipolar outflow almost perpendicular to the disk.

Furthermore, from Fig. 2a it is clear that the torus is not an iso-
lated structure. Instead, it is connected physically and dynamically 
with the circumnuclear disk of the galaxy15 (~300  pc  ×   200  pc). 
Indeed, previous NIR integral field spectroscopy data of NGC 1068 
revealed molecular gas streams from the circumnuclear disk into 
the nucleus48. Circumnuclear disks seem to be ubiquitous in nearby 
AGNs and they constitute the molecular gas reservoirs of accreting 
SMBHs49.

Dust and gas spectral properties
In the following, we discuss some of the most important spec-
tral properties of gas and dust typically studied in the X-ray and  
IR band.
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radio emission of radio-quiet AGN
origin? star formation, winds, “jets”, disk coronae...REVIEW ARTICLE NATURE ASTRONOMY

brightness temperature of radio cores is thought to be the result of 
non-thermal processes from relativistic electrons17. The size of the 
visible inner AGN jet cone scales proportionally with wavelength 
and is typically on the parsec scale.

At low radio luminosities, follow-up radio surveys of optically 
selected nearby low-luminosity AGNs (LLAGNs, with luminosities 
at 1.4 GHz below 1042 erg s−1, including LINERs and low-luminosity 
Seyfert galaxies18–22) have yielded extremely high detection rates, 
with the radio emission having predominantly a flat spectrum, 
compact core morphology, occasionally accompanied by jet-like 
features on parsec scales with intermediate resolution (1−0.1 arc-
sec with the Very Large Array (VLA) and the extended Multi-
Element Radio Linked Interferometer Network (eMERLIN)). The 
radio emission on milliarcsecond scales is often compact and most 
of the large-scale radio emission is resolved out when imaged with 
the long-baselined arrays23. In particular, Seyfert galaxies often dis-
play compact nuclear radio emission, occasionally similar to jetted 
LINERs (Fig. 1a,b) and more frequently similar to low-brightness 
diffuse lobed structures, indicative of subrelativistic bulk speeds (for 
example, refs. 24–26), as measured on parsec scales in a few Seyfert 
galaxies27,28. Long-baseline radio observations show that most 
Seyfert galaxies have compact subparsec-scale nuclear emission 
with brightness temperature >107 K and occasionally misaligned 
parsec-scale jets, possibly suggestive of jet precession28–30.

Emission from RQ AGNs has been sometimes explained with 
a scaled-down version of more powerful jets, where the difference 
between RL and RQ could be due to a different efficiency in accel-
erating relativistic electrons on the subparsec scale and in collimat-
ing the flow16. The jet properties likely evolve with the bolometric 
luminosity of the AGN. This results in a higher fraction of radio 
jets observed in local low-luminosity RQ AGNs than in powerful  
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Circinus galaxy: next candidate?

Hayashida et al. (2013) found that the γ-ray luminosity of
Circinus was well above the scaling relation. Since the γ-ray
luminosity we calculated is lower than they found, the
discrepancy between Circinus and the empirical relation is
decreased. Here, we update this relation with NGC 2146 (Tang
et al. 2014) and Arp 220 (Peng et al. 2016). The scaling relation
is fitted by a power law

⎛
⎝⎜

⎞
⎠⎟

⎛
⎝⎜

⎞
⎠⎟ ( )

:
a b= +m-

-
-L L

L
log

erg s
log

10
. 40.1 100 GeV

1
8 1000 m

10

We also adopt a similar relation between γ-ray luminosity and
radio continuum luminosity at 1.4 GHz, i.e.,
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The best-fit parameters are summarized in Table 4.

In Figure 6, we present the ratio between γ-ray and total IR
luminosities. In the case of a proton calorimeter, the ratios
between γ-ray, total IR, and 1.4 GHz radio luminosities can be
estimated by Equations (1)–(3). Circinus is basically in
compliance with these relations, in contrast to Hayashida
et al. (2013). The fact that Circinus is located near the line of
the proton calorimetric limit provides additional evidence for it
to be a possible proton calorimeter.
Beyond the host galaxy, additional investigation of other

possibilities about the origin of the γ-ray emission is
worthwhile. In view of the strong and highly polarized edge-
brightened radio lobe emission (Elmouttie et al. 1998a), the
γ-ray emission could be from extended jet components which
have been observed in nearby powerful radio galaxies (Abdo
et al. 2010b; Ackermann et al. 2016). However, if the factor of
the possible γ-ray variability on timescales of years is
considered, such an explanation is likely not preferred.
Otherwise, the faint arcsecond-scale core jet may play an
important role. Note that mild γ-ray variability on timescales
from months to years has been occasionally detected in
MAGNs (e.g., 3C 111; Grandi et al. 2012). Therefore, we look
up the position of Circinus in the Lradio-core–Lγ plot compared
with known γ-ray MAGNs (see Figure 7). It is very interesting
that Circinus is in compliance with the correlation of the
MAGNs. If the contribution of the core jet is indeed significant,
Circinus could be a valuable target, shedding light on the
formation and energy dissipation of AGN jets in extreme
environments. On the other hand, the γ-ray emission could be
irrelevant to the AGN jet and generated through neutral pion
production and decay in the two-temperature accretion flows
around supermassive black holes (e.g., Niedźwiecki et al.
2013). However, searches of γ-ray emission from “normal”
(non-jetted) Seyferts yield no detections of such sources (e.g.,
Ackermann et al. 2012b).
Similar to Circinus, NGC 1068 and NGC 4945 are also

composite starburst/AGN systems. Although γ-ray variability
has not been detected for NGC 1068 (Lenain et al. 2010;
Ackermann et al. 2012a), its γ-ray emission is above the

Figure 6. Top panel: ratio between the γ-ray luminosity (0.1–100 GeV) and total
IR (8–1000 μm) luminosity. The best-fit relation is plotted as the orange solid
line and its 2σ uncertainty is shown as the shaded region. The red dashed line
indicates the proton calorimetric limit. The red and blue dots describe the ratio of
Circinus computed by Hayashida et al. (2013) and this work. Bottom panel: ratio
between the γ-ray luminosity (0.1–100 GeV) and the radio continuum
luminosity at 1.4 GHz. The IR data are taken from Gao & Solomon (2004).
The γ-ray data are taken from Ackermann et al. (2012a), Tang et al. (2014), Peng
et al. (2016), and Wojaczyński & Niedźwiecki (2017). The radio data are taken
from Condon et al. (1990), Wright & Otrupcek (1990), and Yun et al. (2001).

Figure 7. γ-ray luminosity in the energy range 0.1–100 GeV and radio-core
luminosity at 5 GHz for MAGNs and Circinus. The γ-ray data for MAGNs are
taken from Di Mauro et al. (2014), and radio luminosity at 5 GHz of Circinus is
inferred from Elmouttie et al. (1998a). The black line and the shaded region are
the best-fit correlation and its 1σ error presented in Di Mauro et al. (2014),
respectively.
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can reproduce the observed γ-ray emission, and Circinus is
probably a proton calorimeter.

As mentioned above, there is a connection between SFR and
γ-ray luminosity. Thompson et al. (2007) predicted a linear

relationship between the far-IR and γ-ray for dense starbursts.
With the detection of γ-ray emission from star-forming
systems, Ackermann et al. (2012a) established an empirical
relation for star-forming and Local Group galaxies between the
γ-ray (0.1–100 GeV) and the total IR (8–1000 μm) luminosity.

Figure 3. 0°. 8×0°. 8 TS maps for the data with energies above 10 GeV. Each pixel is 0°. 02. Left is for the first five years’ data and right describes the result using the
last five years’ data. The green plus symbol is the core position of Circinus, and the solid and dashed cyan circles present 1σ and 2σ error circles of the best-fit position.

Figure 4. γ-ray SED of Circinus. The global best-fit power-law spectrum and
its 1σ statistic error are plotted as the red solid and dashed lines, respectively.
The red dotted line represents the extrapolation of the GeV spectrum. The TS
values for the six energy bins are presented by blue histograms. The blue
dashed line describes the differential energy flux sensitivities of CTA-South
with 50 hr observation (Acharya et al. 2019).

Table 3
TS Values of Circinus with Different Spatial Models

Spatial Model TS Value Degrees of Freedom

0°. 1 uniform disk 28.0 4
0°. 15 uniform disk 22.8 4
0°. 2 uniform disk 20.2 4
Point source (core assumption) 35.6 4
Point source (lobe assumption) 29.5 4
Herschel/PACS map 31.2 2

Note. The four dofs for the point-source model include two spatial and two
spectral parameters. For the Herschel/PACS map, only two dofs of the spectral
parameters are considered.

Figure 5. Herschel/PACS map at 160 μm. The magenta plus symbol indicates
the best-fit position with data above 10 GeV. The magenta solid and dashed
circles denote the 1σ and 2σ positional error circles, respectively. The green
plus symbol is the core position of Circinus galaxy.

Table 4
The Best-fit Parameters for the Scaling Relations

α β

L0.1–100 GeV–L8–1000 μm 1.37±0.07 39.40±0.07
L0.1–100 GeV–L1.4 GHz 1.20±0.06 38.95±0.09
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2.2.3. Spatial Extension and the Origin of γ-Ray Emission

To test the spatial extension of Circinus and explore the
origin of its γ-ray emission, 10 yr of Fermi-LAT data with
energies above 10 GeV within a 5° ROI were selected,
considering the smaller point-spread function and weaker
Galactic diffuse γ-ray background. A point source and three
uniform disks with different radii were used as the spatial
models. The TS value of the point source model is 35.6 and the
best-fit position is R.A.=213°.302, decl.=−65°.3374. The
radii of the three uniform disks centered at the best-fit position
of Circinus are 0°.1, 0°.15 and 0°.2, respectively, and the
corresponding TS values are listed in Table 3. The larger the
radius of the uniform disk, the smaller the TS value. Therefore,
a point-source assumption is the best way to describe the γ-ray
emission.

Since Circinus has large radio lobes (Elmouttie et al. 1998a)
and emission from the disk has been detected in the IR band,
different geometrical spatial templates were also tested to probe
the origin of its γ-ray emission. We masked the core region of
the Herschel/PACS map at 160 μm and used it as the template
to model the γ-ray emission from the disk. A point source
located at the west edge of the radio lobe (R.A.=213°.21,
decl.=−65°.325) describes the lobe emission. Since our best-
fit position is only 17 5 away from the core region, we used a
simple point source centered at the best-fit position to model
the core emission. The likelihood analysis was re-performed
and the calculated TS values for different spatial templates are
reported in Table 3. There are no significant differences among
the different geometrical models, and it is hard to pin down
where the γ-ray emission comes from. However, from the point

of view of the best-fit position and its 1σ error circle shown in
Figure 5, the core assumption may be favored.

3. Discussion

It has been widely suggested that the γ-ray emission (above
0.1 GeV) from a star-forming galaxy is dominated by neutral
pion decay resulting from the interaction between CRs and the
ISM (e.g., Torres 2004; Rephaeli et al. 2010; Lacki et al. 2011).
The CRs are primarily accelerated by supernova remnants, and
the total CR injection power is related to the supernova rate, the
kinetic energy released by the supernova (ESN), and the fraction
of its kinetic energy transferred into CRs (η). The supernova
rate can be assumed to be a constant fraction of star formation
rate (SFR), and the typical value of kinetic energy released by
the supernova is 1051 erg. As suggested in Ackermann et al.
(2012a), the SFR can be well traced by the total IR
(8–1000 μm) luminosity, which is an approximate calorimetric
measure of radiation from young stars, and Kennicutt (1998)
proposed a conversion ratio given by
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The factor ò is a constant depending on the initial mass
function. In this work, we take ò=0.79 following Ackermann
et al. (2012a). In addition, the radio continuum luminosity at
1.4 GHz is an estimator of SFR (Yun et al. 2001), and can be
expressed as
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For a proton calorimeter, the CR protons would interact with
ambient gas before escaping from the galaxy. As usual, a CR
spectrum with a power-law index of Γp=2.2 is assumed. In
the case of a calorimeter, the γ-ray luminosity has a linear scale
of the SFR, i.e.,

⎜ ⎟
⎛
⎝⎜

⎞
⎠⎟

⎛
⎝⎜

⎞
⎠⎟

⎛
⎝

⎞
⎠

∣

( )
:

h

= ´

´

p t t- »
-

-

L

M
E

5 10 erg s

SFR
yr 10 erg 0.1

. 3

0.1 100 GeV,
39 1

1
SN

51

0
res pp

With a total IR luminosity of 0.6×1044 erg s−1 (Hayashida
et al. 2013), the SFR of Circinus can be estimated to be
∼2.1Me yr−1. In the calorimetric limit, the γ-ray luminosity is
expected to be about 1.05×1040 erg s−1, which is consistent
with the observation value of (1.17±0.44)×1040 erg s−1. In
addition, the γ-ray luminosities for star-forming galaxies have a
large scatter of 1037 erg s−1−1042 erg s−1, and the value of
Circinus is within the luminosity range. Moreover, there is no
significant difference in γ-ray spectral indices between Circinus
and other star-forming galaxies (Ackermann et al. 2012a; Tang
et al. 2014; Peng et al. 2016). Thus the star-forming process

Figure 2. Light curve of Circinus for six time bins in an energy band from
100 MeV to 500 GeV. The red solid horizontal line represents the average flux
for the whole 10 yr data set, and its 1σ statistic uncertainty is indicated by the
red dotted lines. The blue histogram represents the TS value for each time bin.

Table 2
TS Values and Photon Fluxes of Circinus for the First and Last Five Years

Date 2008 Aug 4–2013 Aug 4 2013 Aug 4–2018 Aug 4

Energy Range TS Photon Flux TS Photon Flux
0.1–500 GeV 56 (7.98±2.95)×10−9 28 (3.51±1.96)×10−9

1–500 GeV 62 (7.35±1.50)×10−10 36 (5.09±1.48)×10−10

10–500 GeV 24 (5.18±2.26)×10−11 12 (2.37±1.37)×10−11

Note. The unit of photon flux is photons cm−2 s−1, and only the 1σ statistic error is listed.
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- GeV g excess over starburst
expectation

- marginal evidence for variability

CTA 
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