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1. AGN: disk coronae, strong vs weak jets, winds

3. neutrinos & gamma rays from accretion disk coronae

3. multimessenger emission from NGC 1068:
coronae vs winds
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4. Future prospects

2. weak-jetted (radio-quiet) AGN:
observational evidence of non-thermal processes
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AGN winds: potential importance

1. Observed to exist: UV/X absorption, UV-IR/submm emission
Widespread, potentially ubiquitous (radio-quiet or radio-loud)

thermal, baryonic plasma; weakly collimated <-> rel. jets

~<pc – blueshifted atomic absorption
4

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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radio emission of radio-quiet AGN
star formation, weak “jets”, winds, or disk coronae?
sync. or free-free?   weak “jet” properties (v, Lkin, B...)?

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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Fig. 1 | Prototype radio maps of RQ AGNs with extended radio morphologies. Upper panel maps with arcsecond resolution (from VLA) and lower panel 
maps with milliarcsecond resolution. a,b, The 8 GHz jetted structure of NGC 4151 (a; ref. 139), resolved in several components (b) with eMERLIN140 and 
VLBA141 at 1.4 GHz. c,d, Mrk 6 at 1.5 GHz (c; ref. 56) for an outflowing bubble-like structure resolved in smaller components with VLBA at 1.6 GHz (d; ref. 26).  
e,f, NGC 1614 at 8.4 GHz (e; ref. 142) from a star-forming diffuse structure, showing a clear ring with eMERLIN at 5 GHz (f; ref. 142) and no core detected 
with EVN at 5 GHz (ref. 143). Panels adapted from: a, ref. 139, Oxford Univ. Press; b, ref. 140, Oxford Univ. Press; ref. 141, AAS; c, ref. 56, AAS; d, ref. 26, Oxford. 
Univ. Press; e,f, ref. 142, ESO.
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Fig. 2 | Sketch of the four main different physical mechanisms 
producing radio emission in RQ AGNs. For each physical mechanism, 
the corresponding observational evidence is reported. Tb, brightness 
temperature.

NATURE ASTRONOMY | VOL 3 | MAY 2019 | 387–396 | www.nature.com/natureastronomy388

Panessa+ 19

origin? star formation, winds, “jets”, disk coronae...may also be “jets”, disk coronae, star formation...
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Figure 3. Top panel: gamma-ray luminosity (0.1–100 GeV) vs. RC luminosity
at 1.4 GHz. Galaxies significantly detected by the LAT are indicated with filled
symbols whereas galaxies with gamma-ray flux upper limits (95% confidence
level) are marked with open symbols. Galaxies hosting Swift-BAT AGNs are
shown with square markers. RC luminosity uncertainties for the non-detected
galaxies are omitted for clarity, but are typically less than 5% at a fixed distance.
The upper abscissa indicates SFR estimated from the RC luminosity according to
Equation (2) (Yun et al. 2001). The best-fit power-law relation obtained using the
EM algorithm is shown by the red solid line along with the fit uncertainty (darker
shaded region), and intrinsic dispersion around the fitted relation (lighter shaded
region). The dashed red line represents the expected gamma-ray luminosity
in the calorimetric limit assuming an average CR luminosity per supernova
of ESN η = 1050 erg (see Section 5.1). Bottom panel: ratio of gamma-ray
luminosity (0.1–100 GeV) to RC luminosity at 1.4 GHz.
(A color version of this figure is available in the online journal.)

Although these three SFR estimators are intrinsically linked,
each explores a different stage of stellar evolution and is
subject to different astrophysical and observational systematic
uncertainties.

Figures 3 and 4 compare the gamma-ray luminosities of
galaxies in our sample to their differential luminosities at
1.4 GHz, and total IR luminosities (8–1000 µm), respectively.
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Figure 4. Same as Figure 3, but showing gamma-ray luminosity (0.1–100 GeV)
vs. total IR luminosity (8–1000 µm). IR luminosity uncertainties for the non-
detected galaxies are omitted for clarity, but are typically ∼0.06 dex. The
upper abscissa indicates SFR estimated from the IR luminosity according to
Equation (1) (Kennicutt 1998b).
(A color version of this figure is available in the online journal.)

A second abscissa axis has been drawn on each figure to
indicate the estimated SFR corresponding to either RC or total
IR luminosity using Equations (2) and (1). The upper panels
of Figures 3 and 4 directly compare luminosities between
wavebands, whereas the lower panels compare luminosity ratios.
Taken at face value, the two figures show a clear positive
correlation between gamma-ray luminosity and SFR, as has
been reported previously in LAT data (see in this context Abdo
et al. 2010b). However, sample selection effects, and galaxies
not yet detected in gamma rays must be taken into account to
properly determine the significance of the apparent correlations.

We test the significances of multiwavelength correlations
using the modified Kendall τ rank correlation test proposed by
Akritas & Siebert (1996). This method is an example of “survival

9

GeV gamma rays from NGC 1068

Ackermann+ 12

Fermi-LAT sample of
“starburst”+normal galaxies

The Astrophysical Journal, 780:137 (10pp), 2014 January 10 Yoast-Hull et al.
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Figure 4. Radio spectra for NGC 253. The best-fit radio model is shown on the left. The changes in the total radio spectrum as the fraction of absorbed synchrotron
emission increases by varying the absorption fraction are shown on the right. While we able to obtain a relatively good fit to the radio with the lower mass (right), we
were not able to achieve as good of a fit for the higher mass (left) due to higher bremsstrahlung losses at low energies. Model parameters are set at (left) p = 2.2,
η = 0.04, Urad = 2000 eV cm−3, nion = 350 cm−3, vadv = 0 km s−1, Mmol = 3 × 108 M# and (right) p = 2.2, η = 0.04, Urad = 500 eV cm−1, nion = 350 cm−3,
vadv = 200 km s−1, and Mmol = 108 M# with B = 350 µG. The solid line denotes total radio flux, the dashed line represents the unabsorbed synchrotron radio
emission in the hot, diffuse gas, the dotted line represents the free–free absorbed synchrotron radio emission in the hot, diffuse gas, and the dot-dashed line represents
radio emission in the warm, ionized gas. Radio data include Carilli (1996; triangles), Williams & Bower (2010; circles), Ricci et al. (2006; squares), and Peng et al.
(1996; star). Gray lines represent radio spectra with absorption fractions between 0.1 and 1.0 and the black line represents a radio spectrum with an absorption fraction
of 0.2.
(A color version of this figure is available in the online journal.)
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Figure 5. γ -ray (left) and radio (right) spectra for NGC 1068. While our models always underestimate the observed γ -ray flux, we also overestimate the radio flux.
Model parameters are set at p = 2.0, η = 0.1, Mmol = 5 × 107 M#, Urad = 104 eV cm−3, nion = 400 cm−3, vadv = 0 km s−1, and B = 200 µG. γ -ray data are
represented as triangles for Fermi data and squares for HESS data (Ackermann et al. 2012). Data with downward arrows represent upper limits for both Fermi and
HESS data. Radio data are represented by blue triangles (S2; Gallimore et al. 2004), red square (CMZ upper limit; Gallimore et al. 1996b), and black circles (S1;
Hönig et al. 2008).
(A color version of this figure is available in the online journal.)

while we are producing the same amount of secondary electrons
and positrons at both masses, there are fewer electrons/positrons
available to produce inverse Compton and synchrotron emission
due to an increase in bremsstrahlung.

4.2. NGC 1068 Results

The CMZ dust temperature is the key to modeling the
γ -ray observations for NGC 1068 as it determines the radiation
field that inverse Compton emission depends on. Observations
by Storchi-Bergmann et al. (2012) show a blackbody spectrum
with temperatures in the range of 700 K ! T ! 800 K for the
inner CND. When assuming a radiation field from dust with T =
700 K, the photon number is significantly decreased such that
our models produce negligible inverse Compton γ -ray emission.
However, this dust temperature is attributed to the dusty torus of
the AGN and likely does not dominate the larger, surrounding
CMZ. As such, we assume that the dust temperature in the
CMZ is on par with the temperatures of the molecular gas in the
region, ∼100 K, and we use this to determine the radiation field
spectrum.

As with NGC 253, we intended to test a variety of different
sets of parameters with which to model NGC 1068. However, we
found NGC 1068 significantly harder to model than NGC 253.
The upper bound on the supernova rate produces a γ -ray
spectrum that is lower by a factor of only a few (see Figure 5).
However, a lower bound on the supernova rate results in a
γ -ray spectrum that is nearly two orders of magnitude lower
than the observed data. Because we were underestimating the
γ -ray emission, we selected parameters to maximize the inverse
Compton emission (a magnetic field strength of B = 200 µG
and a radiation field energy density of Urad = 104 eV cm−3)
and pion decay emission and bremsstrahlung (a wind speed of
vadv = 0 km s−1). Even selecting parameters to augment the
γ -ray emission, without invoking an extra source of CRs, we
were not able to produce a model that agrees with the Fermi
observations to better than a factor of a few.

Further complicating matters is the radio spectrum for
NGC 1068. While the galaxy has been extensively observed
in the radio spectrum, the presence of a radio jet greatly over-
shadows any emission not originating from the AGN or its jets.
Ultimately, we chose to compare our radio models with a few

7

Figure 7. Radio (left) and gamma-ray (right) data as well as the best-fit model of NGC 253, M82, NGC 4945, and NGC 1068. Open squares represent the data set that
is used for the χ2 test.
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modeling of detailed
MWL data -> NO

consistency with Lg-SFR relation
-> starburst (pp p0 from host ISM)?
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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
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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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Figure A1. The spectral energy distribution of the blazar 4FGL J1211.6+3901
and of NGC 4151 in the di�erent configurations.

APPENDIX A: FERMI-LAT ANALYSIS SUPPLEMENTS

We run di�erent tests to assess the quality of our detection
due to the possible influence of the nearby catalogued source
4FGL J1211.6+3901. We construct four SMs all including the
optimized background sources, as described in the main text,
but with di�erent assumption for the configuration of the cen-
tral excess, as follows: SM00 excludes both NGC 4151 and
4FGL J1211.6+3901, SM10 includes only NGC 4151, SM01 includes
only 4FGL J1211.6+3901 and SM11 includes both NGC 4151 and
4FGL J1211.6+3901. We compute the likelihood of each SM, and
compute the significance and spectral shape of NGC 4151 in the dif-
ferent configurations. To evaluate which SM is preferred, we use the
Akaike information criterion and compute AIC = 2: � 2L, where :
is the number of parameters of the model and L is the log-likelihood
that results from the fit. The model which is favored by the lower AIC
is SM11 (highlighted in Table A1), the SM including both sources. We
compute the significance of NGC 4151 as fNGC =

p
2(L1 9 � L0 9 ),

where L8 9 are the log-likelihood of the respective SM8 9 . In the latter
we account for the situation where the blazar is included or not to
the SM, and for both cases we extract the spectral energy distribu-
tion and compute the spectral parameters. We perform this test, both,
with W-rays of energies > 100 MeV and with only those of energies
> 1 GeV. At higher energy, the Fermi-LAT point spread function
significantly improves, maximizing the chance for separation of the
two sources. The resulting spectral parameters and significance are
reported in Table A1 along with the AIC values. The significance in
all cases is & 5f, confirming the detection of the source NGC 4151
despite the vicinity of the blazar. The spectral energy distribution for
the di�erent configuration are reported in Fig. A1. The spectrum is
stable disregarding of the nearby blazar.

This paper has been typeset from a TEX/LATEX file prepared by the author.
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Figure 1. Residual map in the region of NGC 4151 after the subtraction of
all background sources except for 4FGL J1211.6+3901 (black cross). The
subtracted 4FGL point sources are indicated as magenta crosses while the
position of NGC 4151 as given in SIMBAD is indicated as a green diamond.
The grey and yellow contours refer to 2 and 3 f excesses, respectively.

energies the UFO environment can become optically thick due to the
strong radiation field associated to the AGN itself.

A first tailored study to investigate the W-ray emission from UFOs
was endeavored by the Fermi-LAT collaboration (Ajello et al. 2021),
who carried out a stacking analysis on 11 UFOs. Their result con-
firmed that UFOs are W-ray emitters but the employed stacking tech-
nique prevents to have clear constrains on the spectrum of these
sources.

In this Letter, we target NGC 4151, a Seyfert 1.5 galaxy (Oster-
brock & Koski 1976) located at a distance ⇡L ' 15.8 Mpc (Yuan
et al. 2020) known for hosting an UFO through X-ray observations.
For the first time, W-ray emission from 100 MeV to ⇠100 GeV is un-
veiled from a galaxy containing an UFO. We interpret the detected
W-ray flux and spectral shape in the context of the theoretical model
developed in P23 and we show that the scenario of DSA at the wind
termination shock is able to explain the observations.

2 FERMI-LAT OBSERVATIONS

We analyze the data accumulated for more than 14 years by
the Fermi-LAT in the energy range 100 MeV – 1 TeV. We adopt
a standard pipeline using source-type events (evclass=128) with
the most stringent cuts on the data quality (DATA_QUAL==1 &&
LAT_CONFIG==1), reconstructed both in the front and in the back
of the detector (evtype=3) and with maximum zenith angle 90�.

The null hypothesis of our statistical test is constructed in the fol-
lowing way. We start from a source model (SM) comprised of all
sources from the 4FGL source catalog (Abdollahi et al. 2020) within
20� from the center (;0, 10) = (155�, 75�) of our region of inter-
est (see Fig. 1) and the Galactic (gll_iem_v07) and extra-galactic
(iso_P8R3_SOURCE_V3_v1 ) di�use W-ray backgrounds provided
by the Fermi-LAT collaboration1. We optimize the 4FGL sources
in the SM on the 14-year data, using catalog parameters as initial
seed and then fit the parameters of the di�use components. After the
optimization, we notice a hot spot compatible with the position of

1 https://fermi.gsfc.nasa.gov/ssc/data/access/lat/BackgroundModels.html

Figure 2. Observed W-ray flux compared with the multimessenger model
prediction. Data points (cyan) are shown along with the 1 f uncertainty
band. The thick blue line represents the predicted W-ray flux while the dotted
red curve is the associated per-flavor neutrino flux.

NGC 41512. No other significant (> 5f) emission is found in the rest
of the map. Nevertheless, we update the SM by including all warm
spots of significance 3 � 5f as point-like sources with a power-law
spectrum. We then proceed by modeling the excess at the location of
NGC 4151 as a point-like source.

The hot spot is close (0.43�) to the source 4FGL J1211.6+3901,
identified as a blazar with a hard power-law spectrum. In order to
test whether the excess we see is associated with NGC 4151 and
not the catalogued blazar, we delete 4FGL J1211.6+3901 from the
SM and test the morphology of the emission. The corresponding
residual map is shown in Fig. 1. We test the position and the exten-
sion of the residual emission and find a point-like excess centered
at (;⇤, 1⇤) = (154.92 ± 0.04, 75.03 ± 0.03)�, compatible with the
position of NGC 4151. We parametrize NGC 4151 as a point source
centered in (;⇤, 1⇤) with a power-law spectrum #0 (⇢/⇢0)�U nor-
malized at the pivot energy ⇢0 = 1 GeV. All sources within 2�

from (;0, 10) are fitted simultaneously. The fit is repeated adopting
two SM, excluding (SM10) and including (SM11) the blazar. Us-
ing the Akaike information criterion (Akaike 1974) we assess that
SM11 is preferred over SM10 (see Appendix A) and we use it to
compute the significance and spectral shape of the target galaxy.
The resulting significance of NGC 4151 is 5.52f with best-fit nor-
malization #0 = (1.3 ± 0.2) · 10�13 MeV�1 cm�2 s�1 and spectral
index U = 2.39 ± 0.18. Appendix A discusses further tests of the
impact of the nearby blazar on our results. The spectral energy dis-
tribution (SED) is shown in Fig. 2 along with the associated mul-
timessenger model. The resulting W-ray luminosity in the energy
band 0.1 � 100 GeV is !W ' 3.7 · 1040 erg s�1, which is a fraction
⇠ 0.04% of the bolometric luminosity, !bol ' 1044 erg s�1 (Cren-
shaw & Kraemer 2007).

An indication for W-ray emission (4.2f) coincident with
NGC 4151 was already reported in the previous analysis of Ajello
et al. (2021), based on data with a 11-year-long exposure. Notice
that, di�erently from the work of the Fermi-LAT collaboration, we
include in our analysis also photons of energies between 100 MeV
and 1 GeV. Our results are compatible with the results of their stack-
ing analysis once we restrict to the same energy range (Appendix
A).

2 Simbad catalog coordinates of NGC 4151: (;, 1) = (155.08, 75.06)�
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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.,
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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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neutrinos and gamma rays from NGC 1068

neutrinos:
- coincident w. highest excess (2.0s) point in North sky scan
- 4.2s excess at position in catalog search, ~80 events
- luminous, soft spectrum, nLn~3x1042 erg/s (en/1 TeV)-3.2

GeV g: exceeds starburst expectation -> AGN origin?

IceCube Col. 
Science 378, 538

TeV g: upper limits rule out low tgg environments
Yoast-Hull+ 14, Eichmann & Becker Tjus 16; see also Ajello+ 23, Ji+ 23

MAGIC Col. 19

IceCube

c.f. some excess also near NGC 4151? 
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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
"

5 ⇡!2

24⇡(! � 1)

#1/!
· M2/!

"
t
td

#2/!
· (8)

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
kBTp=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=ð2kBÞ, and τT is empirically determined from
ΓX and kBTe [31]. We expect that thermal protons are at
the virial temperature Tp ¼ GMmp=ð3RRSkBÞ ¼ mpc2=
ð6RkBÞ, 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
8πnpkBTp=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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hot coronal regions of accretion disks?
First, we model neutrino production assuming the stochastic

acceleration scenario. As mentioned earlier, in this scenario,
the neutrino spectrum has a more complicated shape than a
single power law. Accommodating the IceCube flux at TeV
energies requires a relatively high normalization, while the
spectrum has to cut off fast enough that the spectrum drops
around 100 TeV. Such conditions would result in a high level
of CR pressure in the corona model.

In order to maintain realistic scenarios, we restrict ourselves
to the range of parameters for which the ratio of the CR
pressure (PCR) to the thermal pressure (Pth) is bound to less
than 0.5. In this limit, the nonthermal energy is equal to half of
the gravitational binding energy at the coronal radius without
leaving room for thermal particles. Although the coronal
plasma may be heated more through magnetic fields connected
to the inner disk, we assume 0.5 as the maximal case in this
work, and the neutrino spectrum peaks at ∼5 TeV and falls
sharply around 20 TeV. We refer to this scenario as “High CR
pressure.”

We consider the second scenario for neutrino emission from
NGC 1068 assuming coronal emission from stochastically
accelerated particles, where instead of matching the flux at
TeVs, we match the diffuse neutrino flux at tens of TeV,
motivated by the medium-energy excess in the neutrino
spectrum. In this case, as shown previously (Murase et al.
2020), we adopt parameters that can explain the high-energy
neutrino flux excess observed at medium energies (Aartsen
et al. 2020a). In this case, PCR/Pth is set to ;0.01. Here, the
neutrino spectrum peaks at ∼40 TeV, which corresponds to a
lower level of neutrino flux compared to the previous scenario.
We refer to this case as “Modest CR pressure” hereafter.
These results are compatible with the spectra presented

previously by Murase et al. (2020) where the CR pressure
considered to explain the medium-energy neutrino flux and
NGC 1068 are found at the level of ∼1% and ∼30% of the
thermal pressure, respectively. Here, we allow the pressure
ratio to be as high as 50% to explain the soft spectrum reported
for NGC 1068 by the IceCube Collaboration (Aartsen et al.
2020b). Note that, in principle, both the High CR pressure and
Modest CR pressure cases can be viable within the same
stochastic acceleration scenario. For example, Modest CR
pressure may be realized in an average AGN, whereas some
sources such as NGC 1068 may have a large CR pressure.

Finally, we consider the magnetic reconnection scenario for
particle acceleration. In this case, the neutrino flux approxi-
mately follows mainly the initial CR spectrum until the pγ
process becomes the dominant channel for the production of
pions. Therefore, this scenario leads to the spectrum having a
shape close to that of a power-law spectrum with a cutoff at
high energies. For the injected CR spectrum, we assume a
spectral index of 2. The normalization and CR maximum
energy are set such that the modeled flux is constrained to the
IceCube steep spectrum reported for NGC 1068 while PCR/Pth
is bound to be smaller than 0.5. We find E 5 PeVp

rec x for this
purpose. Smaller values of Ep

rec cannot accommodate the
IceCube flux without violating the CR to thermal pressure
maximum band. Larger values, however, would create an
excess at high energies that is disfavored by the steep spectra
reported for NGC 1068. As described in Section 2, we set
ηacc= 300 for magnetic reconnection acceleration. For NGC
1068, Ep

cool is too high to match the IceCube data.

Figure 1 shows the three modeled neutrino fluxes from NGC
1068. We also projected the best-fit spectrum reported by the
IceCube Collaboration. The best-fit power-law spectrum
corresponds to the ∼51 excess neutrinos found from the
direction of NGC 1068. The shaded area shows the uncertainty
on the fitted spectrum as reported by IceCube. As shown, all
modeled neutrino spectra are within the 68% uncertainty of the
measured spectrum. The parameters that we adapt in each
scenario for particle acceleration and interaction efficiency are
presented in Table 1. The common parameters among different
scenarios are the same as in Murase et al. (2020). The injected
CR, i.e., proton, differential luminosity for the three scenarios
shown in Figure 1 is presented in the Appendix (see Figure 14).
We should note that a single power-law spectrum is not a

realistic spectral energy distribution for neutrino emission from
individual astrophysical objects. While neutrino and γ-ray
spectra may, in general, reflect the initial CR spectrum, the
shape of neutrino and γ-ray fluxes depends on the nature of the
interaction, thresholds, and the opacity of the source. The
neutrino spectra provided in this study take all of these into
account. That said, the diffuse flux of high-energy neutrinos (or
γ-rays) over a specific range of energies may be explained by a
power law since the superposition of the individual sources
would wash out the features.
We use the modeled neutrino spectra for NGC 1068 to

compare with the findings of the IceCube 10 yr point-source
study. In addition, we investigate the prospects for identifica-
tion of each neutrino emission scenario in the next decade of
IceCube operation.
In order to find the p-value for the observation of neutrinos

from NGC 1068 over the background of atmospheric neutrinos,
we calculate the number of signal neutrinos using the publicly
available effective area for the IceCube point-source selection
(Aartsen et al. 2017). We also estimate the expected number of
background atmospheric neutrinos using the zenith-dependent

Figure 1. Modeled neutrino spectrum for NGC 1068 compared to the best-fit
flux (yellow band) reported by the IceCube Collaboration 10 yr point-source
study (Aartsen et al. 2020b). The red line shows the expected flux in the
stochastic acceleration scenario matching IceCube’s best fit at TeVs. The
purple line depicts the flux that would give the medium-energy neutrino flux,
compatible with the total neutrino flux reported in the cascade analysis (Aartsen
et al. 2020a). The blue line presents the flux expected for the magnetic
reconnection scenario.
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NGC 1068: Seyfert 2 with wind + obscuring torus
D~14 Mpc

AGN wind:
UV/opt./IR lines
-> few 1000 km/s
at ~<kpc

<kpc

García-Burillo+ 1911



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,
drkþ1=drk ¼ 1:05 and d"l=d"lþ1 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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line-driven winds: successful vs failed

Murray+ 95
Proga+ 00

04
Risaliti+ 10
Nomura+
16, 17, 20

- high LUV -> enhanced prad for metal line transitions -> outflow
- high LX ->
inner R: overionization, prad loss -> failed wind (v<vesc, fallback)
outer R: shielding -> successful wind (v>vesc, mainly equatorial)
- failed winds expected for moderate/high Ṁ, inc. NGC 1068 ->

X-ray obscurers, BLR, soft X excess?   Giustini & Proga 19
- outflow + fallback -> shock formation? high P?   Sim+ 10

warm corona (soft X excess)

c.f. CAK75
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pg n+g from inner regions of AGN winds
- “interaction” shocks with external or internal clouds/stars

obs.

g

log (r/rs)
0

g

p

2 4 6

log (z/rs)

nTeV
g<GeV

2

4

6

p+p, p+gX→nTeV
g+gUV-X→cas.
→g<GeV

BH
disk+corona

torus

failed wind

successful 
wind

inner region

p

inner failed winds -> “internal” shocks -> proton acceleration
En~0.05 Ep,CR
Epeg ~1017 eV2

En ~1 TeV: Ep ~20 TeV+ eg ~7 keV

p+p, p+g→N+ p0, p±
p0→2g p±→µ±n→e±+3n

e+e-+B/g→e+e-+g
g+g→e+e-

NB: primary electrons
not considered

main parameters:
R, v, B, SI, Cerruti, Murase, Liu

2207.02097

v~<vesc

v>vesc
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MM SED: NGC 1068

IceCube Col. 22
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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
intrinsically X-ray brightest AGN in whole sky

Greenhill+ 96, Gallimore+ 96
Woo & Urry 02
Bauer+ 15, Marinucci+ 16
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inner region (failed wind) pp+pg vs MM SED

pge±
ppe±

- n: pp dominant, reasonable wrt IceCube
- g: EM cascade (mostly ppe±) consistent wrt available MWL
gg attenuated by disk UV-X: prominent at (keV-)MeV
observationally relevant for ~<GeV, ~submm
prominent at (keV-)MeV -> for future instruments

psyn
R=30Rs, Lp=1e44 erg/s (n=1.2e10 cc)
B=154G, hg=1000 (Ep,max=150TeV)
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pp g(+n) from AGN wind+torus interaction
- “interaction” shocks with external or internal clouds/stars

obs.

g

p+ptor
→g

g<TeV

log (r/rs)
0

g
2 4 6

log (z/rs)

nTeV
g<GeV

2

4

6

p
g>TeV+gIR
→e±

BH
disk+corona

torus

failed wind

successful 
wind

inner region

outer region

main parameters:
Ro,n

outer successful wind + torus impact
-> external shock -> proton acceleration
pCR+pgas→N+ p0, p± p0→2g gTeV+gIR→e+e-

NB: primary electrons
not considered

see also
Fang+ 23 16



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 GHz radio

Rtor=0.1 pc, ntor=1e6 cm-3, Btor=15 mG, Lp=2.6e42 erg/s

ppp0

ppe±

also e.g. Circinus
Fermi UFO sample?

17

(Ep,max



inner (failed wind) pg + outer (wind-torus) pp

µsyn

- inner region (failed wind) pp: TeV n, <GeV, submm cascade
- outer region (wind-torus) pp: >GeV g, GHz sec. sync.

ppp0

ppe±

18

ppe±

- potentially unique info on AGN wind formation,
especially in electromagnetically obscured objects



mm radio @~<100 pc vs X-rays of radio-quiet AGN
98 BAT-selected AGN
ALMA 211-275 GHz
~1-200 pc resolution
log L14-150 keV~40-45 erg/s
log MBH~5-10 Msun
log lEdd~-4 - +2

a trend that the observed mm-wave emission is stronger than
that expected from the AGN-heated-dust emission. To confirm
whether this is generally seen or not, the flux ratio between the
observed mm-wave emission and the thermal AGN emission is
calculated, and the result is summarized as a histogram in the
bottom panel of Figure 18. The histogram has a peak around

O OS Slog ,mm
peak

,mm
AGN ext[ ]( ) = 1–1.5 and indicates that the mm-wave

emission is generally much stronger than the dust emission for
our AGNs. This is also supported by the result that the
observed spectral slopes (B � o0.5 1.2mm

ave ) are inconsistent
with that expected for the dust emission (see the top panel of
Figure 9). Thus, the AGN dust emission does not seem to be a
dominant mm-wave source.

9.2. Relativistic Particles around an X-Ray Corona

The tight correlations we have found for the mm-wave and
X-ray luminosities (14–150 keV and 2–10 keV) suggest that
these emissions may be energetically coupled, and perhaps the
mm-wave emission could originate around and/or from where
the X-ray corona forms. According to a theoretical discussion
of Laor & Behar (2008), mm-wave emission can be produced
by relativistic particles moving along magnetic-field lines (i.e.,
synchrotron radiation), and observed emission of O _OL ,mm

peak

1039 erg s−1 can be reproduced only by considering a region on
a scale of 10−4–10−3 pc. This scale is consistent with the
observed sizes of the X-ray coronae of SMBHs (e.g., Morgan
et al. 2008, 2012). Also, Inoue & Doi (2014) similarly
predicted the spectra of synchrotron radiation from relativistic
electrons, and later in Inoue & Doi (2018), they showed, using
ALMA data, that the synchrotron peak due to synchrotron self-
absorption appears in the mm-wave band for nearby AGNs.

A supporting result for the presence of the synchrotron
absorption peak can be obtained by comparing B100

230 (Section 4)
with an index between 22 and 100 GHz (B22

100). Here, we use
100 GHz peak fluxes from Behar et al. (2018) at resolutions of
∼1″–2″ and 22 GHz fluxes measured within 1″ aperture from
Smith et al. (2020). Figure 25 plots B100

230 versus B22
100 for AGNs

for which both values are calculated, and shows that three
objects have B B�100

230
22
100 and B � 0100

230 , which are expected if
there is a strong self-absorbed synchrotron component, as
found for some AGNs (Inoue & Doi 2018; Inoue et al. 2020).

We note that while the Lorentz factor of an X-ray corona is
≈1, considering that a typical range of electron temperature is
∼50 keV (e.g., Ricci et al. 2017b; Tortosa et al. 2018;
Baloković et al. 2020), the mm-wave synchrotron emission
would be emitted from electrons with higher Lorentz factors

(?1; e.g., Inoue & Doi 2018). Therefore, an energy downgrade
from γ> 1 to γ∼ 1 is needed if an electron emits X-ray and
synchrotron emission (see detailed discussion in Laor &
Behar 2008).
Behar et al. (2018) examined the relation between 100 GHz

and X-ray emission for 26 BAT-selected AGNs using CARMA
(see also Behar et al. 2015; Panessa et al. 2019), but did not
find a significant trend. Nevertheless, we have succeeded in
finding mm-wave correlations. Our success is partly due to our
sample size being more than ∼ three times larger than the
previous sample. Additionally, the subarcsecond resolutions of
our data, more than a few times better than in the previous work
(∼1″–2″), should help us to find the significant correlations by
reducing the contamination from host-galaxy emission. Lastly,
we comment that our choice of the 200–300 GHz band could
be a better option than the previously used lower frequencies
(∼100 GHz). According to the discussion based on AGN SEDs
(Behar et al. 2015; Inoue & Doi 2018; Inoue et al. 2020), the
mm-wave excess, expected to be related to the X-ray emission,
might typically become more prominent at higher frequencies.
For example, Inoue et al. (2020) reported that the nuclear
100 GHz emission of NGC 1068 is dominated by free–free
emission (Gallimore et al. 2004). If this is true at 100 GHz for a

Figure 24. Scatter plots of the O O �L L,mm
peak

14 150 ratio vs. the bolometric luminosity, the black hole mass, and the Eddington ratio. AGNs with upper limits are shown as
black circles. No correlations are found.

Figure 25. Scatter plot of the index derived from ∼230 and 100 GHz data vs.
that from 100 and 22 GHz data. The dashed line indicates the one-to-one
relationship.
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conclusion in that way. For example, the correction for the large
difference in aperture between the ALMA and IR data
(i.e., 0 6 and 6″) needs to be considered under the
assumption of a radial distribution of SF emission. Moreover, it
is needed to estimate how much extended emission is resolved
out in the ALMA data. Therefore, we do not adopt this method as
the main approach to examine the relative strength of the SF and
AGN components but present a brief discussion in Appendix B.

7. Observational Evidence Supporting the Relation between
Nuclear mm-wave Emission and AGN Activity

Throughout this section, while considering the discussion on
the SF contribution, we discuss whether the AGN emission
dominates the observed mm-wave flux. Three approaches are
adopted and are separately discussed in the following
subsections. In the first approach, we assume that the host-
galaxy component important in discussing its contribution is
dust emission represented by αmm∼−3.5, which we have
discussed in the previous section. Then, in the subsequent
approaches, we assume that synchrotron and free–free emission
is important. This assumption is complementary to the first
assumption and would be important at the current stage where
it cannot be completely ruled out that the dust emission could
be weaker in the mm-wave band than the other synchrotron and
free–free emission.

7.1. Positive Spectral Index as an Indicator for AGN-dominant
Objects

Based on the first assumption that the dust, or modified
blackbody, emission from the host galaxy is the strongest SF
component, we restrict a sample to AGNs whose mm-wave
emission would have little contamination from SF. The
modified blackbody emission can be expressed approximately
by a power law with an index of ∼−3.5 in the mm-wave band.
Such indices are quite different from those expected for
synchrotron components of AGNs. For example, Inoue & Doi
(2018) found that synchrotron emission from an AGN can be
characterized by a spectral index of ∼0.5–0.9 (see their Figure
4). Due to the expected large difference, we can use the
observed spectral index to select objects whose mm-wave
fluxes are dominated by synchrotron emission from AGNs.
This kind of study was carried out in Everett et al. (2020), who
classified extragalactic objects with 95 GHz, 150 GHz, and
220 GHz data from the South Pole Telescope. We note that our
particular focus on the synchrotron emission is because thermal
emission due to AGN-related dust is unlikely to be the origin of
the mm-wave emission, as discussed later in Section 9.1.

Specifically, as the sum of the SF and AGN components, we
consider O O O Or � qO

B B� �S f0 01 2( ) ( ) by introducing f to
represent their relative strength and assume α1=− 3.5 (SF)
and α2= 0.7 (AGN). Figure 19 shows that the observed
spectral index increases with the fraction of f, and that the
emission with an index above ≈0.3 would be dominated by the
AGN synchrotron emission (i.e., f∼ 10). This result does not
strongly depend on the choice of α1 (SF) in a possible range
between −3 and −4 (gray lines of Figure 19). This considers
βBB∼ 1.60± 0.38 (the index for modified blackbody emission
included as OrO

CS F ;BBBB Section 6.1), found for nearby SF
galaxies (Casey 2012). The choice of α2 (AGN) is motivated
by the results of Inoue & Doi (2018). In contrast to α1, the
assumption of α2 has a nonnegligible impact. The figure shows

two cases where α2= 0.5 and α2= 1.0, which we derive as the
minimum and maximum values by simulating synchrotron-
emission spectra in a range of the power-law index for an
electron distribution, constrained for IC 4329A and NGC 985
(Inoue & Doi 2018). The result shows that the spectral index
increases with the fraction more rapidly, particularly for
α2= 1.0.
We note that a negative index does not always suggest

modified blackbody emission, as the optically thick part of
synchrotron emission should have a spectral index of ≈−5/2.
Indeed, such values were suggested for some nearby AGNs
(Inoue & Doi 2018; Inoue et al. 2020). Thus, by selecting
sources based on their spectral index, we miss some AGNs

Figure 17. Top: plot of the O O �L L,mm
peak

14 150 ratio vs. the radio loudness based
on the 3 GHz and 14–150 keV luminosities. AGNs with upper limits are shown
in black. Bottom: correlations between the mm-wave and 14–150 keV
luminosities for RQ AGNs (orange) and RL AGNs (blue). In both panels,
fitted regression lines and ±1σscat ranges are indicated by dashed lines and
shaded areas, respectively.
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dust? most spectra too flat
jet? little dependence on inclination?    BUT d of weak jets unknown
wind? inconsistent with ISM interaction?

BUT dissipation+emission possible from <<kpc scale
corona? very weak B required (b>>1) 

Kawamuro+ 22

19see also Ricci+ 23, Ruffa+ 23 



complex “inflow/outflow” shocks
Kudoh, Wada+
in prep.

dusty flow only

extension of “ab-initio” simulations
down to regions ~<0.01 pc

dusty flow + UFO model

preliminary preliminary

- much more complex and dynamic compared to simple view
of disk+wind+BLR+torus

- shocks ubiquitous due to variable inflows/outflows 20
see Peretti+ 2301.13698 

Kudoh+ 23



low-power jets: impact on host ISM
NB still radio-loud range

21

Nylund+ 18
Mukherjee+ 16, 17
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Figure 1: Snapshots from the relativistic hydrodynamic radio jet simulations [17, 18] showing the
effect on an identical initial ISM (left) made by a radio jet with Pjet = 1044 erg s�1 (center) and
Pjet = 1045 erg s�1 (right). The more powerful radio jet is able to more quickly “drill” through the
ISM of its host galaxy, while the lower-power radio jet is trapped by the ISM and able to disrupt
the surrounding gas for a longer time period and over a larger volume.

3 Advancements Enabled by the ngVLA

3.1 Prevalence of Compact Radio Jets

Compact radio sources associated with jetted AGN emission that is confined within the extent of
the host galaxy may arise from two main mechanisms: 1) intrinsically low jet energy (as a result of
intermittent or inefficient SMBH accretion, lower bulk jet velocities, low SMBH spin, entrainment
with a dense ISM, or a combination of these factors), or 2) youth due to recently-triggered jet
activity. Compared to the population of classical FRI/FRII [4] radio galaxies that have been studied
extensively in the radio for nearly fifty years, compact radio AGN remain poorly understood. Of
particular interest are young, compact radio AGN associated with luminous quasars in the redshift
range of 1 . z . 3 that have been traditionally considered “radio-quiet” (L . 1024�25 W Hz�1).
These objects represent an important phase in the life cycles of jetted AGN for understanding AGN
triggering and duty cycles [27]. However, all but the most luminous and/or most nearby young
radio AGN are difficult to identify in low-resolution radio surveys such as NVSS and FIRST, and
must await future wide-area radio surveys with next-generation instruments capable of providing
sub-arcsecond spatial resolution, such as the ngVLA (Figure 2).

In addition, young radio AGN may be distinguished from other radio source populations
based on their broadband radio spectral energy distributions (SEDs). The inclusion of the lowest-
frequency ngVLA band down to ⇠1 GHz would provide sufficient frequency coverage for mea-
suring the ages of sources as old as 30� 40 Myrs at z ⇠ 1 [26]. The Next Generation LOw Band
Observatory (ngLOBO; [28]), a proposed commensal enhancement to the basic ngVLA reference
design, would extend the ngVLA’s frequency range below 1 GHz. NgLOBO would enable signif-
icantly more robust radio SED and spectral aging model studies with the ngVLA, particularly for
slightly older (> 10 Myr) and more distant (z > 1) sources (Figure 3). We therefore recommend
the addition of a sub-GHz ngLOBO commensal capacity to the main ngVLA design.

3

weaker jets for radio-quiet AGN?
- origin of radio-loud/quiet dichotomy: BH spin? B fields?
- feedback effects on host ISM?
- CR acceleration+non-thermal emission?

Pjet=1044 erg/s Pjet=1045 erg/s

c.f. talks by Marinelli+, Salvatore



AGN: radio-quiet AGN possess weak jets + winds

AGN winds: potentially crucial for feedback, jet collimation,
CR acceleration+nonthermal emission

n+g emission from NGC 1068
- disk coronae?
- weak jets?
- winds?  inner failed wind: pp(+pg) neutrinos

+cascade sub-GeV, submm (future MeV)
outer wind-torus: GeV-TeV g, GHz radio

- tests: MM variability correlations
other AGN: NGC 4151 (unobscured), Circinus...
contribution to diffuse n background

- unique info on AGN inner regions

future prospects
- more realistic studies of winds, weak jets

summary
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Figure 3. [Si vi] emission-line profiles from different regions in the central 4′′ × 4′′ (280 × 280 pc) of NGC 1068. The spectra have been extracted from apertures of
0.′′5 (35 pc) diameter. The locations of these regions are indicated by the arrows. The central panel shows the flux map of [Si vi] emission.
(A color version of this figure is available in the online journal.)

all the visible emission, F(Brγ )int, as well as within a circular
aperture equivalent to twice the spatial resolution achieved in
each galaxy (2×FWHM) and centered at the nucleus, F(Brγ )nuc.
In NGC 6814 and NGC 7469, these quantities were measured
in both the OSIRIS and SINFONI data sets, and the results
are consistent within 5%. The measurements are presented in
Table 2.

Despite the diversity of the observed morphologies, most of
the Brγ emission consists of a marginally resolved core (except
in NGC 3783 which is unresolved) and extended emission
out to several tens of parsecs. The emission in all cases is
diffuse or filamentary, and it is difficult to determine whether
it further breaks down into compact knots or blobs such as
those found in Hα or [O iii] images, even though the resolutions
are comparable. The only two cases where the nuclear emission
shows detailed structure (narrow-line clouds) are NGC 1068 and
NGC 4151. In order to quantify the extent of the Brγ emission
in all galaxies, we have plotted in Figure 6 the azimuthally
averaged surface brightness radial profiles of the Brγ flux
distribution. The azimuthal average of the Brγ emission is
consistent with a full-width at half-maximum (FWHMBrγ ) less
than 60 pc in all of the AGNs, with a mean FWHMBrγ for the
sample of 22 pc (Figure 6 and Table 2). These measurements
reflect the size of the compact and bright core in each galaxy.
We also measured the extent of the photometric semimajor axis
of the Brγ emission, RBrγ , as well as its P.A.Brγ (Table 2). The

measurements of RBrγ and P.A.Brγ were done directly on the
images, using as reference the contours corresponding to 5%
of the peak of Brγ emission. A comparison of the measured
Brγ sizes with measurements from [O iii] images is presented
in Table 2. The size of Brγ emission in two objects (NGC 3783
and NGC 6814) is consistent with the sizes of the NLR estimated
from [O iii] images. The HST [O iii] image of NGC 7469
shows a compact bright core (r < 180 pc), also seen in UV
images (Munoz-Marı́n et al. 2007), and extended emission up
to r ∼ 1300 pc. The OSIRIS Brγ flux map of this galaxy shows
a similar tendency (see Figure 5). While the compact emission
is likely associated with the AGN, the extended emission can
be attributed to circumnuclear star formation (Heckman et al.
1986; Genzel et al. 1995). Therefore, the NLR in this galaxy
must be very compact and its size is then consistent with the
measurements of RBrγ (130 < r < 180 pc). In Circinus,
NGC 1068, NGC 4151, and NGC 2992, the observations are
limited by the relatively small FOVs of SINFONI and OSIRIS,
but the Brγ flux maps at these scales show very similar
morphologies to those of the NLR as traced by [O iii] or Hα
images. All these facts confirm the validity of using Brγ as a
tracer of the NLR.

As can be seen in the velocity maps of Figures 4 and 5, there
is a great deal of diversity in the kinematics of the NLR at these
scales in the sample galaxies. Three cases are clearly identified:
(1) velocity fields dominated by rotation as in Circinus and
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above estimate comes from the variability time
scale of ~1 week of the Fe-K absorption feature,
probed during the monitoring of PDS 456 by the
Suzaku x-ray satellite in early 2013 (18). Indeed,
the historical behavior of the K-shell absorption
line(s) appears to be in keeping with a persistent

wind where the gas is in photo-ionization equi-
librium with the local radiation field.
We therefore adopt Rin = 100 rg ~ 1000 as-

tronomical units and take conservative values
for the other physical and geometrical quan-
tities involved (supplementary text). With all

the relevant pieces of information now availa-
ble, we determine a mass outflow rate at the
base of the wind of M

:
out~ 10 MSun/year, corre-

sponding (for a mass-to-radiation conversion
efficiency h ~ 0.1) to about half of the Eddington
accretion rate, the limit at which gravitational
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Fig. 2. Persistence of the P-Cygni–like feature.The ratio
of the observed emission over the continuum, which was
modeled as a partially absorbed power law to reproduce
the overall spectral curvature, is shown for XMM-Newton
data (in black; T1 SD error bars) and both NuSTARmodules
(superimposed as green and turquoise dots).The P-Cygni–
like profile is evident in each snapshot of the campaign,
irrespective of the different flux and spectral states of the
source.The peak of Fe Ka emission fromthewind lies above7
keV in each observation, and the absorption trough is centered
around 9 keV. The line’s profile can be resolved indepen-
dently at any epoch, with a full width at half-maximum for
both components of ~900 eV (or 30,000 km/s at 9 keV). The
vertical dotted line marks the rest-frame energy (6.97 keV)
of the Fe XXVI Ka transition. (A) Obs. 1. (B) Obs. 2. (C) Obs. 3.
(D) Obs. 4. (E) Obs. 5.
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Fig. 3. Fit with a P-Cygni line model. Adopting the same
baseline continuum of Fig. 2 (red curve), we fitted the emis-
sion and absorption residuals characterizing the Fe-K band
by means of a self-consistent P-Cygni profile from a spheri-
cally symmetric outflow (green curve). The results are shown
for themerged Obs. 3 and Obs. 4,which are separated by only
3 days and are virtually indistinguishable at 2 to 30 keV (Fig. 1).
The two NuSTAR modules were combined into a single spec-
trum (plotted in blue; T1 SD error bars) for display purposes
only. The inset contains a graphical explanation of the key
parameters of this model: the characteristic energy Ec, cor-
responding to the onset of the absorption component, and
the wind terminal velocity vV = 0.35 T 0.02 c, which can be
regarded as ameasure of the actual outflowing speed of the
gas.The bottom panel shows the ratio between the data and
the best-fit model.The residual structures above 10 keV are
due to the Kb and K edge absorption features from Fe XXVI.
These are not included in the P-Cygni model but are detected
with high significance (table S2) and remove any ambiguity in
the identification of the ionic species.
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evidence for AGN winds

- blue-shifted X-ray
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- >~40 % of all AGNs <-> jets

xion~10

Nardini+ 15

PDS 456

subpc:
ultra-fast outflows (UFOs)

A&A 583, A99 (2015)

Fig. 12. CO(2�1) emission line profiles extracted from square regions
at di↵erent distances from the nucleus, as indicated by the colour-coded
labels, and their multi-Gaussian best fit.

DS1) with the integrated profiles from two adjacent square an-
nuli at increasing distances from the nucleus (using DS3). The
rms is ⇠1.3⇥10�3 Jy for all the spectra. For the receding gas, we
detect high speed (800 km s�1) gas out to >⇠1 kpc, and a deficit
of gas with intermediate velocity (300�500 km s�1) at >⇠0.5 kpc.
For the approaching gas, this deficit is only seen at �0.9 kpc.
The outflow mass rate ṀOF, the vmax, the kinetic energy rate
Ėkin,OF = 0.5 ⇥ ṀOF ⇥ v2max, and the ratio of outflow mass and
molecular disk mass MOF/Mdisk are shown in Fig. 13 as a func-
tion of the distance from the nucleus (error-bars represent the
statistical errors only). Specifically, the histograms represent in-
tegral quantities out to a given radius, while the points represent
the local mass outflow rate in two annuli, computed by measur-
ing the mass density and the outflow mass within the annuli. The
integral mass outflow rate ṀOF is ⇡1000 M� yr�1 within 400 pc
from the nucleus, and 500�700 M� yr�1 out to ⇠1 kpc. It is worth
noting that the local mass outflow rate is about 500 M� yr�1

within ⇠800 pc, while it drops to a few tens M� yr�1 at >⇠1 kpc.
The vmax and the integral Ėkin,OF of the outflow remains nearly
constant out to ⇠1 kpc, with Ėkin,OF = 7�10 ⇥ 1043 erg ⇠ 1�2%
of the AGN bolometric luminosity (Fig. 13, middle panel, see
Sect. 5 for a detailed discussion). Finally, Fig. 13, right panel,
shows that the outflow carries ⇠0.2�0.25 of the total disk mass
out to ⇠1 kpc, while the outflow mass drops to less than 10% of
the disk mass at >⇠1 kpc.

4. X-ray observations

4.1. X-ray data reduction

During the last three years Mrk 231 has been target of new,
sensitive X-ray observations. Specifically, Chandra observed
the galaxy for 400 ks in August 2012 (Veilleux et al. 2014),
while NuSTAR has observed it twice, in August 2012 and
May 2013 for a total of about 70 ks (Teng et al. 2014, T14 here-
after). These data have dramatically changed our understand-
ing of the X-ray emission from Mrk 231. Previous broadband,

non-focusing X-ray observations performed with BeppoSAX
and Suzaku detected a ⇠3� excess in the band above 10 keV
which has been interpreted as evidence of nuclear continuum
emerging after transmission through a Compton thick absorber
(Braito et al. 2004), most likely with a variable covering factor
(Piconcelli et al. 2013). This scenario has not been confirmed
by the unprecedented angular resolution ultra-hard (>10 keV)
X-ray NuSTAR observations presented by T14. They did not
report any hard X-ray excess and revealed that Mrk 231 is
therefore intrinsically X-ray weak, with a 2–10 keV luminos-
ity of 4 ⇥ 1042 erg s�1. The best-fit model of the contemporane-
ous Chandra and NuSTAR spectrum consists of flat (� ⇡ 1.4)
power-law continuum emission modified by a patchy, Compton-
thin absorber, plus a soft X-ray, starburst related, thermal emis-
sion. Furthermore, the deep Chandra observation has revealed
the existence of a huge (⇠65 ⇥ 50 kpc) soft X-ray halo around
the central AGN which can be accounted for by two thermal
emission components with kT ⇠ 0.25 and 0.8 keV, respectively
(Veilleux et al. 2014). Thanks to their high quality and sensitiv-
ity, these data sets also allow a detailed search for highly ionized
fast or ultra-fast outflows seen in absorption against the nuclear
X-ray emission.

Chandra data were taken from the CXC archive.
Specifically, we combined the 2012 long (400 ks, Observation
ID 13947, 13948, 13949) observation with those performed
in 2000 and 2003 (153 ks in total, Observation ID 1031, 4028,
4029, 4030, Gallagher et al. 2005). The combined data set has
a total exposure time on source of 553 ks. Data were reduced
using CIAO 4.5. We extracted a spectrum from a circular region
of 3 pixel radius (1.5 arcsec) centered on the nucleus using
the tool dmextract. A background spectrum was extracted
from an annulus with inner and outer radii 1 and 2 arcmin,
respectively. In extracting the background, the regions of the
front-illuminated detector have been masked. We verified that
varying the background extraction regions, however, has little
impact, because the background counts are a small fraction of
the source counts in the spectral region of interest (a factor of
⇠1/500). Response matrices were computed using the tools
mkwarf and mkrmf. The spectral analysis was performed in
the 0.5�10 keV energy range. Given the large number of counts
and the requirement to use the �2 statistics in our modeling, we
binned the spectrum with a minimum of 40 counts/channel.

The NuSTAR data were reduced with the pipeline
NuSTARDAS version 0.11.1 and CALDB version 20130509
with the standard settings (see T14 for details). The background
counts are a factor of ⇠1/10 those of the source. Spectra were ex-
tracted for each observation and for the two NuSTAR telescopes
FPMA and FPMB, using a circular region of 1 arcmin radius.
Spectra were binned with a minimum of 40 counts/channel as
for the Chandra data set. Spectral bins between 3 and 79 keV
were used in the fits. xspec 12.8.0 was used for the analysis.

4.2. Discovery of a nuclear ultra-fast wind

We exploited these data sets to constrain any nuclear wind.
Based on T14 results, we first fitted the Chandra spectrum and
the four NuSTAR spectra with a model including Galactic ab-
sorption along the line of sight, two thermal components, a
power law component and a narrow emission line component,
both reduced at low energies by photoelectric absorption (we
used the xspec model zxipcf, i.e. a model including a par-
tial covering and ionized absorber). The total �2 of this fit is
498.9 for 468 deg of freedom (d.o.f.). Figure 14 shows the
ratio between data and model. For plotting purposes the four
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Figure 2. Sequence of VLBA images at 43 GHz during 2010–2011. The
global peak of the map is 1.13 Jy beam−1 with the beam size of 0.32 ×
0.16 mas2 at a position angle of −10◦, the contour levels start at 0.25
per cent of the peak and increase by a factor of 2. The lines denote the
proper motion of the radio jet knots k10 and k11.

clearly observe the presence of two new radio jet knots, each char-
acterized by its flux density, full width at half-maximum diameter
and position relative to the core. Times of ‘ejection’ are defined
as the extrapolated time of coincidence of a moving knot with the
position of the 43-GHz core. We use the position versus time data
to determine the projected direction on the sky of the inner jet, as
well as the apparent speeds and ejection times of new superlumi-
nal knots. Continuing with the nomenclature adopted by Ch11, we
have knot k10 appearing from the 43-GHz core at 2010.85 ± 0.02
and k11 at 2011.01 ± 0.07. Both of them have apparent superlumi-
nal velocities of 5.66 ± 0.09c and 5.22 ± 0.35c, respectively. The
proper motion of these knots can be directly followed in Fig. 2 for
almost one year.

The dates relative to the X-ray dips and jet knot appearance
between 2008 and 2011 are marked in the RXTE light curve in
Fig. 1 by arrows. We see that, in line with the reported correlation
between X-ray dips and jet ejections (Ch11), new radio jet knots
systematically appear a few months after major X-ray dips. This is
also valid for the two new detected ones, k10 and k11, which appear
about three months after the relative X-ray dips d10 and d11. We are
confident that the dips d10 and d11 are indeed related to the knots
k10 and k11 for several reasons: there is no significant detection
of a new knot ejection in the radio images between 2010.60 and
2010.80, the time interval between d10 and d11 is equivalent to
that between k10 and k11 and also both knots appear in the radio
images with an equivalent delay of about three months after the
relative dips. In general, the delay is distributed between 0.03 and
0.34 yr, with a mean value of 0.15 ± 0.08 yr (Ch11). As already
discussed by Ch11, considering the apparent speeds of ∼4–5c, an
average delay from the X-ray dips of ∼0.15 yr and an inclination
of ∼18◦, we can derive that the typical distance travelled by the jet
knots before appearing out from the 43-GHz core is d ∼ 0.6 pc.

Considering the jet knots k7 and k10, their actual bulk velocity
(v = βc) can be estimated from the apparent velocity (vapp = βappc)
adopting an inclination to the line of sight of θ ∼ 18◦ (Jorstad et al.
2005), βapp = βsin θ (1 − βcos θ )−1. We obtain vk7 % 0.982c and
vk10 % 0.995c and the relative Lorentz factors (# = 1/

√
1 − β2)

are #k7 ∼ 5.3 and #k10 % 10 for k7 and k10, respectively. The knot
k10 is faster than k7 and their parameters are reported in Table 2.

Assuming equipartition and using formula (A3) in Jorstad &
Marscher (2004) we derive an estimate of the magnetic field of B %
0.1 G, consistent with the typical values at nearly subparsec (sub-
pc) scales (e.g. O’Sullivan & Gabuzda 2009). Then, it is possible to
roughly quantify the jet kinetic power as ĖK,j % 2(B2/8π)(πd2)c ∼
3 × 1044 erg s−1, where d is the previously estimated distance of the
knots from the black hole. However, if we also include the possible
additional term due to the rest-mass energy of the protons, the
kinetic power can reach values up to ∼1045 erg s−1. These estimates
are consistent with the typical jet power of radio galaxies estimated
from the associated radio lobes of ĖK,j ∼ 1044–1045 erg s−1 (e.g.
Rawlings & Saunders 1991). Subsequently, from the relation ĖK,j %
(1/2)Ṁout,jc

2(# − 1) we can also calculate the mass flux rate that
is funnelled into the jet. Considering the average # ∼ 7 of the jet
knots in Table 2, we obtain a mass outflow rate of Ṁout,j % 0.0005−
0.005 M& yr−1.

4 D ISCUSSION

In this paper we focus on a comparison between the parameters of
the jet and accretion disc outflows, also referred as UFOs, observed
in 3C 111. This is the first time that such a study is performed for an

C© 2012 The Authors, MNRAS 424, 754–761
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Figure 1. Long-term 2.4–10 keV flux RXTE light curve of 3C 111 between 2008 and mid-2011. The vertical solid/dotted lines refer to the detection/non-
detection of UFOs in the Suzaku and XMM–Newton spectra. The detections of UFOs are marked with ‘u’. The dates relative to the X-ray dips and the appearance
of new jet knots in the VLBA images are marked with ‘d’ and ‘k’, respectively.

Table 2. Times of X-ray dips, observations of UFOs and appearance of
radio knots.

Dip TXmin UFO Tufo Knot Tknot βapp

d7 2008.51 u7 2008.65 k7 2008.83 ± 0.07 4.54 ± 0.38
d8 2008.98 – – k8 2009.07 ± 0.08 4.07 ± 0.43
d9 2009.26 – – k9 2009.29 ± 0.04 4.33 ± 0.66
d10 2010.57 u10 2010.69 k10 2010.85 ± 0.02 5.66 ± 0.09
d11 2010.78 – – k11 2011.01 ± 0.07 5.22 ± 0.35

Note. βapp is the apparent speed of the radio knots in units of c.

the RXTE light curve and also allows us to oversample by a factor of
∼2 the typical variability time-scale of the UFO in 3C 111 of about
∼7 days (Tombesi et al. 2010b, 2011b). If the difference is positive
it indicates a rising flux, instead if null or negative it indicates a
steady/decreasing flux. We find that the first and fourth observations
in Table 1, the ones with detected UFOs, happened during periods of
increasing flux.4 Instead, the non-detections in the second and fifth
observations occurred during intervals of decreasing flux. Following
this criterion, the non-detection in the third observation occurred in
an interval of steady/decreasing flux too. However, we note that
this latter case is less stringent because it happened very close to

4 We note that the observation of the UFO u7 occurred at the beginning of
a period of rising flux, just after the major X-ray dip d7. If the rising period
is related with the acceleration of the outflow, this might explain why the
velocity of u7 is much lower than u10, which instead was detected close to
a maximum in flux.

a sudden spike in flux and we adopt a conservative approach not
considering it in the following discussion.

From Fig. 1, we derive that overall the UFOs seem to be pref-
erentially detected during intervals of increasing flux. In order to
estimate the statistical confidence of the possible relation between
the UFOs and the periods of rising flux, we tested the null hypothe-
sis that UFOs are not detected during phases of ascending flux but
only in steady or decreasing intervals. This hypothesis is satisfied
in none of the four cases described before, yielding a probability
of <1/4. Therefore, conservatively, we can say that the statistical
probability of the claim that UFOs are preferentially observed dur-
ing phases of rising flux is P = 1 − (1/4) ! 75 per cent. Given
the limited number of observations available, we stress that the sta-
tistical significance of this relation is only marginal and it should
be regarded only as an indication. However, we note that a similar
behaviour was observed also in other sources showing UFOs (e.g.
Braito et al. 2007; Giustini et al. 2011).

3 R A D I O O B S E RVAT I O N S O F TH E J E T O N
SUBPARSEC SCA LES

3C 111 is actively monitored with the VLBA at 43 GHz at roughly
monthly intervals by the blazar group at the Boston University. Here
we present a temporal extension of the VLBA analysis of Ch11 (see
their fig. 6) from 2008 up to mid-2011. The sequence of VLBA
images shown in Fig. 2 provides a dynamic view of the inner jet
between 2010 November and 2011 September at an angular resolu-
tion ∼0.1 mas, corresponding to ∼0.094 pc. The VLBA data have
been processed in the same manner as described in Ch11. We can

C© 2012 The Authors, MNRAS 424, 754–761
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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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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
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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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ness of the arrows reflect the strength of the wind in terms of terminal
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rg, to ⇠0.01�0.1c of the BALs and mini-
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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
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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
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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.

much hotter than the MBH = 108
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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.

much hotter than the MBH = 108
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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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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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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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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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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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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
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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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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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-
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rg, out to ⇠0.001c of low-velocity NALs
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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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LUV is about one fifth of the total luminosity. For the case of
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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.

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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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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Search for time-dependent neutrino emission from a source catalog 7

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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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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inner region (failed wind): timescales
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