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high-energy neutrinos: point source search
IceCube 10-yr time-integrated source search 1910.08488
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FIG. 1. Left: The 2D distribution of events in one year of data for the final event selection as a function of reconstructed
declination and estimated energy. The 90% energy range for the data (black), as well as simulated astrophysical signal Monte-
Carlo (MC) for an E�2 and an E�3 spectrum are shown in magenta and orange respectively as a guide for the relevant energy
range of IceCube. Right: The e↵ective area as a function of neutrino energy for the IC86 2012-2018 event selection averaged
across the declination band for several declination bins using simulated data.

FIG. 2. Skymap of -log10(plocal), where plocal is the local pre-trial p-value, for the sky between ±82� declination in equatorial
coordinates. The Northern and Southern hemisphere hotspots, defined as the most significant plocal in that hemisphere, are
indicated with black circles.

6

FIG. 1. Left: The 2D distribution of events in one year of data for the final event selection as a function of reconstructed
declination and estimated energy. The 90% energy range for the data (black), as well as simulated astrophysical signal Monte-
Carlo (MC) for an E�2 and an E�3 spectrum are shown in magenta and orange respectively as a guide for the relevant energy
range of IceCube. Right: The e↵ective area as a function of neutrino energy for the IC86 2012-2018 event selection averaged
across the declination band for several declination bins using simulated data.

FIG. 2. Skymap of -log10(plocal), where plocal is the local pre-trial p-value, for the sky between ±82� declination in equatorial
coordinates. The Northern and Southern hemisphere hotspots, defined as the most significant plocal in that hemisphere, are
indicated with black circles.

[33,34], they are all included in the final source list. The
blazar TXS 0506þ 056 is selected in the top 5% of BL
Lacs due to its high luminosity in γ rays and its location in
the most sensitive region of the sky for IceCube.
To select Galactic sources, we consider measurements of

VHE γ-ray sources from TeVCat [35,36] and gammaCat
[37]. Spectra of the γ rays were converted to equivalent
neutrino fluxes, assuming a purely hadronic origin of the
observed γ-ray emission where Eγ ≃ 2Eν, and compared to
the sensitivity of this analysis at the declination of the
source (Fig. 3). Those Galactic objects with predicted
energy fluxes > 50% of IceCube’s sensitivity limit for
an E−2 spectrum, were included in the source catalog.
A total of 12 Galactic γ-ray sources survived the selection.
The final list of neutrino source candidates is a northern-

sky catalog containing 97 objects (87 extragalactic and 10
Galactic) and a southern-sky catalog containing 13 sources
(11 extragalactic and 2 Galactic). The large north-south
difference is due to the difference in the sensitivity of
IceCube in the northern and southern hemispheres. The
post-trial p-value for each catalog describes the signifi-
cance of the single most significant source in the catalog
and is calculated as the fraction of background trials where
the pre-trial p-value of the most significant fluctuation is
smaller than the pre-trial p-value found in data.
The obtained pre-trial p-values are provided in the

supplementary material and their associated 90% C.L.
flux upper limits are shown in Fig. 3, together with the
expected sensitivity and discovery potential fluxes. The
most significant excess in the northern catalog of 97
sources is found in the direction of the galaxy NGC
1068, analyzed for the first time by IceCube in this analysis,
with a local pre-trial p-value of 1.8× 10−5 (4.1σ). The best

fit parameters are γ ¼ 3.2 and n̂s ¼ 50.4, consistent with
the results for the all-sky northern hottest spot, 0.35° away.
From Fig. 2 it can be inferred that the significance of the all-
sky hotspot and the excess at NGC 1068 are dominated by
the same cluster of events. The parameters of the best fit
spectrum at the coordinates of NGC 1068 are shown in
Fig. 4. When the significance of NGC 1068 is compared to
the most significant excesses in the northern catalog from
many background trials, the post-trial significance is 2.9σ.
Out of the 13 different source locations examined in the

Southern catalog, the most significant excess has a pretrial
p-value of 0.06 in the direction of PKS 2233-148. The
associated post-trial p-value is 0.55, which is consistent
with background.
Four sources in the northern catalog found a pretrial

p-value < 0.01: NGC 1068, TXS 0506þ 056, PKS
1424þ 240, and GB6 J1542þ 6129. Evidence has been
presented for TXS 0506þ 056 to be a neutrino source [8]
using an overlapping event selection in a time-dependent
analysis. However, TXS 0506þ 056 was included in the
northern catalog independently of this result due to its
relatively high γ-ray flux observed by Fermi-LAT. In this
Letter, in which we only consider the cumulative signal
integrated over 10 years, we find a pretrial significance of
3.6σ at the coordinates of TXS 0506þ 056 for a best fit
spectrum of E−2.1, consistent with previous results.
In addition to the single source search, a source

population study is conducted to understand if excesses
from several sources, each not yet at evidence level, can
cumulatively indicate a population of neutrino sources in
the catalog.
The population study uses the pretrial p-values of each

source in the catalog and searches for an excess in the

FIG. 3. 90% C.L. median sensitivity and 5σ discovery potential
as a function of source declination for a neutrino source with an
E−2 and E−3 spectrum. The 90% upper limits are shown
excluding an E−2 and E−3 source spectrum for the sources in
the source list. The grey curves show the 90% C.L. median
sensitivity from 11 yrs of ANTARES data [38].

FIG. 4. Likelihood map at the position of NGC 1068 as a
function of the astrophysical flux spectral index and normaliza-
tion at 1 TeV. Contours show 1, 2, 3, and 4σ confidence intervals
assuming Wilks’ theorem with 2 degrees of freedom [39]. The
best fit spectrum is point marked with “×”.
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- most significant point in North from full-sky scan coincident
with NGC 1068 (Seyfert II)

- 2.9s excess at position of NGC 1068 in source catalog search
- cumulative excess at 3.3s due to NGC 1068,
TXS 0506+056, PKS 1424+240, GB6 J1542+6129 (blazars)



2017) was detected on 2014 December 9 at 03:26:04.704 UTC
(MJD 57000.14311). To obtain the reconstructed neutrino
direction, a full likelihood scan is applied on a narrow grid with
about 0°.06 distance between the grid points. The resulting map
of the likelihood landscape allows us to find the global
minimum and the uncertaintycontours at a given confidence
level. The final best-fit position and the 90% confidence regions
are shown in Figure 1. The position of the contour line is
determined using a simulation of events with similar energy
and trajectory through the detector as the event observed, while
also varying the modeling of the optical properties of the deep
glacial ice within the range allowed by systematic uncertainties,
in order to obtain a conservative range. The minimum yields
our best estimate of the event direction: decl.=6°.84 and R.
A.=159°.70 (J2000 equinox) with a 90% containment angular
uncertainty region of 2.24 deg2. We note that the best-fit
location moved and the 90% uncertainty region increased with
respect to the values published in Aartsen et al. (2018a) and the

published event list.79 This is due to updated low-level re-
calibrations and an event-by-event treatment of the systematic
uncertainties, which are applied to events of special interest
such as IceCube-170922A. The updated best-fit location
remains within the original 50% localization contour, and does
not affect the conclusions in Aartsen et al. (2018a).
The event deposited an energy of -

+97.4 9.6
9.6 TeV in the detector.

Following the procedure in Aartsen et al. (2017b) we obtain a
29% fraction of astrophysical signal events in the HESE alert
sample for events with a similar or larger deposited charge, and
which enter the detector from a similar arrival direction.
Therefore, an atmospheric origin of the event cannot be excluded.
Within the 90% uncertainty region of IceCube-141209A, we

identify only one cataloged gamma-ray source (among all
3FGL and 3FHL sources), 3FGL J1040.4+0615. This source is
located at a distance of 0°.70 from the best-fit neutrino position.

Figure 3. Adaptively binned light curve for TXS 0506+056. Panel 1 shows the gamma-ray flux integrated above 300 MeV including the Bayesian block
representation shown in black, panel 2 the power-law spectral index, and panel 3 the gamma-ray flux integrated above 800 MeV. The average spectral index is shown
as horizontal dashed green line in panel 2. The third panel additionally includes photons above 10 GeV, shown as red stars.

79 https://icecube.wisc.edu/science/data/TXS0506_alerts
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high-energy neutrinos from TXS 0506+056?
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今回のフェルミ衛星によるガンマ線観測結果

Figure 1: Event display for neutrino event IceCube-170922A. The time at which a DOM ob-
served a signal is reflected in the color of the hit, red for earliest hits and blue for latest. The
total time the event took to cross the detector is ⇠ 4000 ns. The size of a colored sphere is
proportional to the logarithm of the amount of light observed at the DOM, with larger spheres
corresponding to larger signals. The total charge recorded is ⇠ 5800 photoelectrons. The best-
fit track direction is shown as an arrow, consistent with a zenith angle 5.7 deg below the horizon.

relevant time (19).

The alert was found to be in positional coincidence with the known �-ray blazar TXS 0506+056,

located at RA 77.36 deg and Dec +5.69 deg (J2000) (20) and 0.1 deg from the arrival direction70

of the high-energy neutrino. It triggered a number of follow-up observations across the elec-

tromagnetic spectrum. Enhanced activity from this object was reported over a wide frequency

range including the optical, X-ray and �-ray bands (discussed below).

An energy of 22 TeV was deposited in IceCube by the traversing muon. In order to estimate

the parent neutrino energy, the IceCube collaboration performed simulations of the response of75

the detector array, considering that the muon-neutrino might have interacted outside the detector

at an unknown distance. The best-fit power-law energy spectrum for astrophysical high-energy

muon neutrinos was assumed, dN/dE / E�2.13 (2). These simulations yielded a most probable

4

%
En~290 TeV

significance of
association ~3s
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90% CL

n / EM observations of IC-170922A / TXS 0506+056

IC-170922A

as a fitted parameter. Themodel parameters are
correlated and are expressed as a pair, (F100, g),
where F100 is the flux normalization at 100 TeV.
The time-dependent analysis uses the same for-
mulation of the likelihood but searches for
clustering in time aswell as space by introducing
an additional time profile. It is performed sep-
arately for two different generic profile shapes: a
Gaussian-shaped timewindow and a box-shaped
time window. Each analysis varies the central
time of the window, T0, and the duration TW
(from seconds to years) of the potential signal to
find the four parameters (F100, g, T0, TW) that
maximize the likelihood ratio, which is defined
as the test statistic TS. (For the Gaussian time
window, TW represents twice the standard de-
viation.) The test statistic includes a factor that
corrects for the look-elsewhere effect arising
from all of the possible time windows that could
be chosen (30).
For each analysis method (time-integrated and

time-dependent), a robust significance estimate is
obtained by performing the identical analysis on
trialswith randomizeddatasets. These areproduced
by randomizing the event times and recalculating

theRAcoordinateswithin eachdata-takingperiod.
The resultant P value is defined as the fraction of
randomized trials yieldinga valueofTSgreater than
or equal to the one obtained for the actual data.
Because the detector configuration and event

selections changed as shown in Table 1, the time-
dependent analysis is performed by operating on
each data-taking period separately. (A flare that
spans a boundary between two periods could be
partially detected in either period, but with re-
duced significance.) An additional look-elsewhere
correction then needs to be applied for a result in
an individual data segment, given by the ratio of
the total 9.5-year observation time to the obser-
vation time of that data segment (30).

Neutrinos from the direction of
TXS 0506+056

The results of the time-dependent analysis per-
formed at the coordinates of TXS 0506+056 are
shown in Fig. 1 for each of the six data periods.
One of the data periods, IC86b from2012 to 2015,
contains a significant excess, which is identified
by both time-window shapes. The excess consists
of 13 ± 5 events above the expectation from the
atmospheric background. The significancedepends
on the energies of the events, their proximity to
the coordinates of TXS 0506+056, and their
clustering in time. This is illustrated in Fig. 2,
which shows the time-independent weight of
individual events in the likelihood analysis during
the IC86b data period.
The Gaussian time window is centered at 13

December 2014 [modified Julianday (MJD) 57004]
with an uncertainty of ±21 days and a duration
TW = 110þ35

"24 days. The best-fitting parameters for
the fluence J100 = ∫F100(t)dtand the spectral
index are givenbyE2J100=2:1þ0:9

"0:7 # 10"4 TeVcm–2

at 100 TeV and g = 2.1 ± 0.2, respectively. The
joint uncertainty on these parameters is shown
in Fig. 3 along with a skymap showing the result
of the time-dependent analysis performed at the
location of TXS 0506+056 and in its vicinity
during the IC86b data period.
The box-shaped time window is centered

13 days later with duration TW = 158 days (from
MJD 56937.81 to MJD 57096.21, inclusive of

contributing events at boundary times). For the
box-shaped time window, the uncertainties are
discontinuous and not well defined, but the un-
certainties for the Gaussian window show that it
is consistent with the box-shaped time window
fit. Despite the different window shapes, which
lead to different weightings of the events as a
function of time, bothwindows identify the same
time interval as significant. For the box-shaped
time window, the best-fitting parameters are sim-
ilar to those of the Gaussianwindow, with fluence
at 100 TeV and spectral index given by E2J100 =
2:2þ1:0

"0:8 # 10"4 TeV cm–2 and g = 2.2 ± 0.2. This
fluence corresponds to an average flux over
158 days of F100 = 1:6þ0:7

"0:6 # 10"15 TeV–1 cm–2 s–1.
Whenwe estimate the significance of the time-

dependent result by performing the analysis at
the coordinates of TXS 0506+056 on randomized
datasets, we allow in each trial a new fit for all
the parameters: F100, g, T0, TW. We find that the
fraction of randomized trials that result in a more
significant excess than the real data is 7 × 10–5 for
the box-shaped time window and 3 × 10–5 for the
Gaussian time window. This fraction, once cor-
rected for the ratio of the total observation time
to the IC86b observation time (9.5 years/3 years),
results in P values of 2 × 10–4 and 10–4, respec-
tively, corresponding to 3.5s and 3.7s. Because
there is no a priori reason to prefer one of the
generic timewindows over the other, we take the
more significant one and include a trial factor of
2 for the final significance, which is then 3.5s.
Outside the 2012–2015 time period, the next

most significant excess is found using the Gauss-
ian window in 2017 and includes the IceCube-
170922A event. This time window is centered
at 22 September 2017 with duration TW = 19 days,
g = 1.7 ± 0.6, and fluence E2J100 = 0:2þ0:4

"0:2 # 10"4

TeV cm–2 at 100 TeV. No other event besides the
IceCube-170922A event contributes significantly
to the best fit. As a consequence, the uncertainty
on the best-fitting window location and width
spans the entire IC86c period, because any win-
dow containing IceCube-170922A yields a similar
value of the test statistic. Following the trial cor-
rectionprocedure for different observationperiods
as described above, the significance of this excess

IceCube Collaboration, Science 361, 147–151 (2018) 13 July 2018 2 of 5

Table 1. IceCube neutrino data samples.
Six data-taking periods make up the full
9.5-year data sample. Sample numbers
correspond to the number of detector
strings that were operational. During the
first three periods, the detector was still
under construction. The last three periods
correspond to different data-taking
conditions and/or event selections with the
full 86-string detector.

Sample Start End

IC40 5 April 2008 20 May 2009
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ..

IC59 20 May 2009 31 May 2010
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ..

IC79 31 May 2010 13 May 2011
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ..

IC86a 13 May 2011 16 May 2012
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ..

IC86b 16 May 2012 18 May 2015
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ..

IC86c 18 May 2015 31 October 2017
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ..

Fig. 1. Time-dependent analysis results. The orange curve corresponds
to the analysis using the Gaussian-shaped time profile. The central time T0

and width TW are plotted for the most significant excess found in each
period, with the P value of that result indicated by the height of the peak.
The blue curve corresponds to the analysis using the box-shaped time
profile. The curve traces the outer edge of the superposition of the best-

fitting time windows (durations TW) over all times T0, with the height
indicating the significance of that window. In each period, the most
significant time window forms a plateau, shaded in blue. The large blue
band centered near 2015 represents the best-fitting 158-day time window
found using the box-shaped time profile. The vertical dotted line in IC86c
indicates the time of the IceCube-170922A event.
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faint in GeV g,
contrary to 2017

2017) was detected on 2014 December 9 at 03:26:04.704 UTC
(MJD 57000.14311). To obtain the reconstructed neutrino
direction, a full likelihood scan is applied on a narrow grid with
about 0°.06 distance between the grid points. The resulting map
of the likelihood landscape allows us to find the global
minimum and the uncertaintycontours at a given confidence
level. The final best-fit position and the 90% confidence regions
are shown in Figure 1. The position of the contour line is
determined using a simulation of events with similar energy
and trajectory through the detector as the event observed, while
also varying the modeling of the optical properties of the deep
glacial ice within the range allowed by systematic uncertainties,
in order to obtain a conservative range. The minimum yields
our best estimate of the event direction: decl.=6°.84 and R.
A.=159°.70 (J2000 equinox) with a 90% containment angular
uncertainty region of 2.24 deg2. We note that the best-fit
location moved and the 90% uncertainty region increased with
respect to the values published in Aartsen et al. (2018a) and the

published event list.79 This is due to updated low-level re-
calibrations and an event-by-event treatment of the systematic
uncertainties, which are applied to events of special interest
such as IceCube-170922A. The updated best-fit location
remains within the original 50% localization contour, and does
not affect the conclusions in Aartsen et al. (2018a).
The event deposited an energy of -

+97.4 9.6
9.6 TeV in the detector.

Following the procedure in Aartsen et al. (2017b) we obtain a
29% fraction of astrophysical signal events in the HESE alert
sample for events with a similar or larger deposited charge, and
which enter the detector from a similar arrival direction.
Therefore, an atmospheric origin of the event cannot be excluded.
Within the 90% uncertainty region of IceCube-141209A, we

identify only one cataloged gamma-ray source (among all
3FGL and 3FHL sources), 3FGL J1040.4+0615. This source is
located at a distance of 0°.70 from the best-fit neutrino position.

Figure 3. Adaptively binned light curve for TXS 0506+056. Panel 1 shows the gamma-ray flux integrated above 300 MeV including the Bayesian block
representation shown in black, panel 2 the power-law spectral index, and panel 3 the gamma-ray flux integrated above 800 MeV. The average spectral index is shown
as horizontal dashed green line in panel 2. The third panel additionally includes photons above 10 GeV, shown as red stars.

79 https://icecube.wisc.edu/science/data/TXS0506_alerts
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The contribution of blazars to the diffuse neutrino flux

*Huber for IceCube Coll PoS (ICRC 2019) 916. Limits also apply to infrared selected blazars,  ≲27% with spectral templates: IceCube Coll PoS (ICRC2017) 994
see also (Plavin #1015) >25% VLBI blazars, but <6% (Desai #469) from MOJAVE blazars<30% equal weights (13.8% x-ray weights) VLBI blazars Zhou et al 2021 PRD
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All blazars (3FHL) < 17 %
+Model Independent Limits from the absence 

of clustering/point sources 
rule out rare sources (blazars/TDEs) as main sources < 100 TeV

9

diffuse high-energy neutrinos:
limits on contribution from g-ray bright blazars

2LAC: blazar contribution <7-27% of diffuse n flux

g-ray blazars strongly constrained as main sources
of diffuse HE n

from F. Oikonomou
ICRC 2021

even if so, some individual blazars may still be detectable
5



importance of AGN winds

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

~<pc – blueshifted ion abs. (X-ray UFOs; UV BAL outflows)
v>~0.1c, Lkin~<LEdd, Ṁ~<Medd

~<kpc – ion abs. (X-ray WAs; UV NAL), ion emi. (UV-IR) 
v>~1000km/s

>~kpc – molecular emi. (CO, OH, etc.)
v~<1000 km/s, Ṁ~<100 MQ/yr, Lkin~<Lbol

6

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

3. May provide mechanical/thermal feedback onto host gas
-> observed BH scaling relations, star formation quenching

4. May be particle accelerators + nonthermal emitters
weakly beamed, quasi-isotropic



NGC 1068: Seyfert II with fast wind + obscuring torus
D~14 Mpc

UV/opt./IR lines
-> few 1000 km/s
at ~kpc

7

<kpc

García-Burillo+ 19
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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
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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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(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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high-energy neutrinos from NGC 1068?

- most significant point in North from full-sky scan coincident
with NGC 1068

- 2.9s excess at position of NGC 1068 in source catalog search
- soft, TeV-range spectrum inferred 

IceCube 10-yr time-integrated source search 1910.08488

NGC 1068

9- some indications in time-dependent search 2109.05818



neutrino + gamma from NGC 1068: AGN origin?
AGN wind external shock models
(generally pp models optically thin to gg)
strongly constrained by MAGIC TeV upper limits

pp(+pg) in compact regions optically thick
to gg, e.g. accretion disk coronae?

robustness of particle acceleration? GeV g rays? 10

e.g. Lamastra+ 16

pCR+pgas→N+ p0, p± p0→2g p±→µ±n→e±+3n

Y. Inoue+ 20

4

disk photons are not much relevant for the photome-
son production because its threshold energy is ε̃pγ−th ≃
3.4 PeV (εdisk/10 eV)−1. Rather, CR protons respon-
sible for the medium-energy neutrinos should efficiently
interact via the Bethe-Heitler process because the char-
acteristic energy is ε̃BH−disk ≈ 0.5mpc2ε̄BH/εdisk ≃
0.47 PeV (εdisk/10 eV)−1, where ε̄BH ∼ 10(2mec2) ∼
10 MeV [87–89]. With the disk photon density ndisk ∼
Ldisk/(2πR2cεdisk) for τT <∼ 1, the effective Bethe-Heitler
optical depth (with σ̂BH ∼ 0.8× 10−30 cm2) is

fBH ≈ ndiskσ̂BHR(c/Vfall)

∼ 40 Ldisk,45.3α
−1
−1(R/30)−1/2R−1

S,13.5(10 eV/εdisk),(3)

which is much larger than fpγ . The dominance of the
Bethe-Heitler cooling is a direct consequence of the ob-
served disk-corona SEDs. The 10–100 TeV neutrino flux
is suppressed by ∼ fmes/fBH, predicting the tight rela-
tionship with the MeV gamma-ray flux.
Analytically, the medium-energy ENB flux is given by

E2
νΦν ∼ 10−7 GeV cm−2 s−1 sr−1

!

2K

1 +K

"

R−1
p

!

ξz
3

"

×
!

15fmes

1 + fBH + fmes

"!

ξCR,−1LXρX
2× 1046 erg Mpc−3 yr−1

"

.(4)

which is indeed consistent with the numerical results
shown in Fig. S5. Here K = 1 and K = 2 for pγ and
pp interactions, respectively, ξz ∼ 3 due to the redshift
evolution of the AGN luminosity density [105, 106], Rp is
the conversion factor from bolometric to differential lu-
minosities, and ξCR is the CR loading parameter defined
against the x-ray luminosity, where PCR/Pth ∼ 0.01 cor-
responds to ξCR ∼ 0.1 in our model. The ENB and EGB
are dominated by AGN with LX ∼ 1044 erg s−1 [16],
for which the effective local number density is ρX ∼
5× 10−6 Mpc−3 [106].
The pp, pγ and Bethe-Heitler processes all initiate cas-

cades, whose emission appears in the MeV range. Thanks
to the dominance of the Bethe-Heitler process, AGN re-
sponsible for the medium-energy ENB should contribute
a large fraction >∼ 10− 30% of the MeV EGB.
When turbulent acceleration operates, the reacceler-

ation of secondary pairs populated by cascades [107]
can naturally enhance the gamma-ray flux. The criti-
cal energy of the pairs, εe,cl, is determined by the bal-
ance between the acceleration time tacc and the elec-
tron cooling time te−cool (see Supplemental Material and
Refs. [107, 108]). We find that the condition for the reac-
celeration is rather sensitive to B and tacc. For exam-
ple, with β = 3 and q = 1.5, the reaccelerated pairs
can upscatter x-ray photons up to ∼ (εe,cl/mec2)

2
εX ≃

3.4 MeV (εe,cl/30 MeV)2(εX/1 keV), which may lead
to the MeV gamma-ray tail. This possibility is demon-
strated in Fig. S5, and the effective number fraction of
reaccelerated pairs is constrained as <∼ 0.1%.
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FIG. 4: Point source fluxes of all flavor neutrinos and gamma
rays from a nearby AGN, NGC 1068. The ten-year IceCube
data [109] and the Fermi gamma-ray data [110] are shown.
For eASTROGAM [111] and AMEGO [112] sensitivities, the
observation time of 106 s is assumed. Solid thick (thin) curves
are for η = 10 and PCR/Pth = 0.7% (η = 70 and PCR/Pth =
30%), respectively. For comparison, a neutrino flux in the
starburst scenario of Murase and Waxman [106] is overlaid.

Multimessenger tests.—Our corona model robustly
predicts ∼ 0.1 − 10 MeV gamma-ray emission in ei-
ther a synchrotron or an inverse Compton cascade sce-
nario, without any primary electron acceleration (see
Fig. 4). A large flux of 10–100 TeV neutrinos should
be accompanied by the injection of Bethe-Heitler pairs
in the 100–300 GeV range (see Supplemental Material
for details) and form a fast cooling ε−2

e spectrum down
to MeV energies in the steady state. In the simple in-
verse Compton cascade scenario, the cascade spectrum
is extended up to a break energy at ∼ 1 − 10 MeV,
above which gamma rays are suppressed by γγ → e+e−.
In reality, both synchrotron and inverse Compton pro-
cesses can be important. The characteristic energy of
synchrotron emission from Bethe-Heitler pairs is εBH

syn ∼
1 MeV B2.5(εp/0.5 PeV)2 [89]. Because disk photons lie
in the ∼ 1 − 10 eV range, the Klein-Nishina effect is
important for the Bethe-Heitler pairs. Synchrotron cas-
cades occur if the photon energy density is smaller than

∼ 10B2/(8π), i.e., B >∼ 170 G L1/2
disk,45.3(R/30)−1R−1

S,13.5.

The detectability of nearby Seyferts such as NGC
1068 and ESO 138-G001 is crucial for testing the model.
MeV gamma-ray detection is promising with future tele-
scopes like eASTROGAM [111], GRAMS [113], and
AMEGO [112], e.g., AMEGO’s differential sensitivity
suggests that point sources with LX ∼ 1044 erg s−1 are
detectable up to d ∼ 70− 150 Mpc. At least a few of the
brightest sources will be detected, and detections or non-
detections of the MeV gamma-ray counterparts will sup-
port or falsify our corona model as the origin of ∼ 30 TeV

stochastic
accel.

Murase+ 20

shock accel.

c.f. Anchordoqui+ 21
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understanding of AGN obscuration, showing that ~70% of all local 
AGNs are obscured21,22. While nuclear obscuration is mostly associ-
ated with dust in the torus at IR wavelengths, it can also be related 
to dust-free gas in the case of X-rays. Indeed, it is likely that X-ray 
obscuration is produced by multiple absorbers across various spatial 
scales. This might include dust beyond the sublimation radius, and 
dust-free gas within the BLR and the torus23,24. This explains obser-
vations showing that, in general, the columns of material implied in 
the X-ray absorption are found to be comparable to or larger than 
those inferred from nuclear IR observations25,26.

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

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

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

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

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

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

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

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

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

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

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

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

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

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

Corona

BLR

Torus

Ionization
cone

NLR

Polar
dust

Outflow

log(     )z
pc

–5

–5

–4

–3

–2

–1

0

1

2

3

–4 –3 –2 –1 0 1 2log(     )r
pc

SMBH Disk

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.

NATURE ASTRONOMY | VOL 1 | OCTOBER 2017 | 679–689 | www.nature.com/natureastronomy680

pg n+g from inner regions of AGN winds
potential particle acceleration via:
- internal shocks caused by highly variable wind ejection
(observational evidence + theoretical support)

- “interaction” shocks with external or internal clouds/stars

e-+B→e-+g E ~<3x10 eV
Ramos Almeida+ 17

obs.

n
g,Xpg

g g

11



© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved. © 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

REVIEW ARTICLE NATURE ASTRONOMY

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

variability correlation with polarized opt.-NIR?
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A polarized view of NGC 1068 3149

Figure 4. Observed nuclear fluxes of NGC 1068 (grey squares) extracted
from the NED. See the text for details about the emissive components used
to reproduce the broad-band SED.

We thus opted for a similar procedure that rather focuses on the
continuum flux of NGC 1068. We extracted from the NASA/IPAC
Extragalactic Database (NED) all the nuclear observations of
NGC 1068 and plotted them in Fig. 4. We focused on nuclear fluxes
in order to better estimate the fraction of starlight in the observed
continuum flux of NGC 1068. We reconstructed the 0.1–100 µm
SED of NGC 1068 using usual AGN components: the scattered light
of a thermally emitting multicolour accretion disc, a component re-
producing the infrared re-emission of the circumnuclear AGN torus,
a template for the host galaxy, and a template for the starburst light
contribution.

(i) To construct the accretion disc SED, we used the standard
thin disc model (Shakura & Sunyaev 1973). The accretion disc
spans from 1 to 1000 gravitational radii and surrounds a 8.106 solar
mass black hole (Lodato & Bertin 2003) accreting at 0.4 times the
Eddington rate (Kumar 1999). The inclination of the disc was fixed
to 85◦ according to the numerical reconstruction of NGC 1068
achieved by Fischer et al. (2013, 2014). The question about the
true inclination of the system remains opened (Marin, Goosmann &
Petrucci 2016), but we checked that varying those parameters only
marginally influence the power-law shape of the scattered light of
the disc SED observed in the ultraviolet–optical band. The variations
are within the expected range of values (power-law index ∼ 1/3 due
to the superposition of blackbodies).

(ii) Dust re-emission by the obscuring equatorial torus is simu-
lated using the model presented by Fritz, Franceschini & Hatzimi-
naoglou (2006) to fit the infrared SED of NGC 1068. The toroidal
model has an aperture angle of 160◦, an optical depth of 8 at 9.7 µm,
and is characterized by multiple grain temperatures set by thermal
equilibrium equations. The torus extends up to 16.4 pc, has an outer-
to-inner radii ratio of 20 and its dust density distribution varies both
in the radial and in the altitude coordinates. We note that Fritz et al.
(2006) used a homogeneous distribution of dust to describe the
torus; in reality Atacama Large Millimeter/sub-millimeter Array
(ALMA) has shown that the outer edge of the torus is likely to be
clumpy (Gallimore et al. 2016; Garcı́a-Burillo et al. 2016). Its outer
radius is of the order of 10 pc but most of the obscuring material
of the torus is concentrated around 5 pc, according to the clumpy
torus models (Garcı́a-Burillo et al. 2016). This results in a model
that may overestimate the far-infrared/millimetre emission that is,
in any case, extended.

(iii) A template for the host galaxy has been extracted from
Bruzual & Charlot (1993) and was extended towards the ultravi-

Figure 5. Derived fraction of diluting light (starlight plus dust emission
components) in the observed continuum flux of NGC 1068. The previous
estimation made by Miller & Antonucci (1983) using a circular aperture of
2.8 arcsec is shown in red.

olet and infrared bands by Bolzonella et al. (2000). It corresponds
to an archetypal Sbc barred spiral galaxy, which is consistent with
the classification of the host of NGC 1068 (Balick & Heckman
1985). The initial mass function by Miller & Scalo (1979) was used
with an upper mass limit for star formation of 125 M⊙. The data
base used to compute this SED includes only solar metallicity, but
it appears to have a minimum impact on to the resulting template
(Bolzonella et al. 2000).

(iv) Finally, starburst activities are present in the central kilo-
parsec of NGC 1068 (Lester et al. 1987; Romeo & Fathi 2016), im-
printing the 5–100 µm infrared band with strong features (Thronson
et al. 1989; Le Floc’h et al. 2001). Following Fritz et al. (2006), we
included a starburst component needed to reproduce the intensity of
the polycyclic aromatic hydrocarbon features between 6 and 15 µm,
as well as the depth of the silicate feature at 9.7 µm, and the width,
intensity and peak wavelength of the infrared bump. To do so, we
include the contribution of the infrared spectrum of the starburst
galaxy NGC 7714 that correctly reproduces the colder component
of dust emission (Fritz et al. 2006).

Our final SED is presented in black in Fig. 4 and it satisfacto-
rily reproduces observations (in grey). This SED has been chosen
to minimize the differences between the model and the observed
fluxes but we remark slight degeneracies due to the data errors
bars, particularly in the ultraviolet and blue bands. Nevertheless,
the shape of the near and mid-infrared spectrum is very well re-
produced using a generic template for the host rather than using a
specific galaxy observation such as M32. The transition between
disc emission and torus emission happens at the expected wave-
length and the host galaxy indeeds dominates the continuum flux of
NGC 1068 longwards of 3000 Å.

2.5 Polarization correction

The overall agreement between the observed data points and our
SED model allows us to derive the fraction of starlight plus dust
emission components (dust-reprocessed accretion disc emission and
starburst emission) in the observed continuum flux of NGC 1068.
The flux ratio is shown in Fig. 5, together with the ratios derived
by (Miller & Antonucci 1983) using the M32 template. Although
the ratios are not the same (this being due to the two different
approaches: spectropolarimetric fitting versus SED fitting, the for-
mer being unfeasible in this paper), the shape of the wavelength-
dependent ratios is distinctively similar. In our model, the host
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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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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
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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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summary
fact: AGN winds - fast, powerful, widespread, inc. NGC 1068

interpretation of electroweak emission from NGC 1068
- p accel. in inner regions near nucleus
- assuming v~1000 km/s, pg neutrinos with soft TeV spectrum
- cascade photons gg attenuated at GeV-TeV, prominent at MeV 
- p accel. in wind-torus interaction shock, pp g-rays at GeV

future tests and prospects
- cascade MeV, variability correlation w. polarized optical-NIR
- other nearby Seyferts with winds by IceCube-Gen2, CTA, etc
- contribution to diffuse n background
- unique info on AGN winds
(B field, etc)

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

(in addition to feedback effects)

- neutrino and g-ray background by pp processes?
19

Paper to be submitted soon
please stay tuned!


