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Introduction



Pathways�to�Discovery�in�Astronomy�and�Astrophysics�for�the�2020s

• Two�frontiers�in�Multi-Messenger�Astronomy:�

• Gravitational�Waves�

• Neutrinos



What�are�the�origins�of�high�energy�neutrinos?
�Neutrinos�(TeV-PeV)�from�the�sky≳ 100

• Cosmic�Neutrino�Flux�level�=� �Cosmic�GeV�Gamma-ray�Background�(CGB) 
�������������������������������������������������������=� Cosmic�X-ray�Background�(CXB)�

• CXB�and�CGB�are�dominated�by�Active�Galactic�Nuclei�(AGNs).
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Fig. 7. Unfolded spectrum for six years of HESE neutrino events starting inside the detector. The yellow and red bands show the 1� uncertainties on the
result of a two-power-law fit. Superimposed is the best fit to eight years of the upgoing muon neutrino data (pink). Note the consistency of the red and
pink bands. Figure from Ref. [28]. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 8. Mollweide projection in Galactic coordinates of the arrival direction of neutrino events. We show the results of the eight-year upgoing track
analysis [28] with reconstructed muon energy Eµ & 200 TeV (�). The events of the six-year high-energy starting event (HESE) analysis with deposited
energy larger than 100 TeV (tracks ⌦ and cascades �) are also shown [28,98,99]. The thin circles indicate the median angular resolution of the cascade
events (�). The blue-shaded region indicates the zenith-dependent range where Earth absorption of 100 TeV neutrinos becomes important, reaching more
than 90% close to the nadir. The dashed line indicates the horizon and the star (?) the Galactic Center. We highlight the four most energetic events in both
analyses by their deposited energy (magenta numbers) and reconstructed muon energy (red number). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

or the Galactic halo [47,48]. More exotic scenarios consider darkmatter decay [49–55] in the Galactic darkmatter halo. Most
of these scenarios also predict the production of pionic PeV gamma rays. These gamma rays are absorbed via pair production
in the scattering off CMB photons with an absorption length of about 10 kpc. Therefore, the observation of PeV gamma rays
would be a ‘‘smoking gun’’ of Galactic PeV neutrino emission [36,56].

However, the isotropic arrival direction of neutrinos would be a natural consequence of extragalactic source populations.
A plethora of models have been considered, including galaxies with intense star formation [57–64], cores of active galactic
nuclei (AGNs) [65–67], low-luminosity AGNs [68,69], quasar-driven outflows [70], blazars [71–78], low-power gamma-ray
bursts (GRBs) [79–82], chokedGRBs [83–85], cannonball GRBs [86], intergalactic shocks [87], galaxy clusters [58,88–90], tidal
disruption events [91–95], or cosmogenic neutrinos [96,97].Wewill discuss in the followinghowwe canusemultimessenger
information to pinpoint the true origin of the neutrino emission.

3. Multimessenger interfaces

The most important message emerging from the IceCube measurements is not apparent yet: the prominent and
surprisingly important role of protons relative to electrons in the nonthermal universe. To illustrate this point, we show
in Fig. 9 the observed neutrino flux � in terms of the product E2�, which is a measure of its energy density. One can see that
the cosmic energy density of high-energy neutrinos is comparable to that of � -rays observed with the Fermi satellite [100]
(blue data) and to that of ultra-high-energy (UHE) cosmic rays (above 109 GeV) observed, e.g., by the Auger observatory [101]
(green data). This might indicate a common origin of the signal and provides excellent conditions for multi-messenger
studies.
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Figure 1: Skymap of the scan for point sources in the Northern Hemisphere. The color scale
represents the local p-value obtained from the maximum likelihood analysis evaluated (with the
spectral index as free fit parameter) at each location in the sky, shown in Equatorial coordinates
with Hammer-Aitoff projection. The black circles indicate the three most significant objects in
the source list search. The circle of NGC 1068 also coincides with the overall hottest spot in the
Northern Sky.

scanning many independent positions in the sky under the three spectral index hypotheses, the

global p-value corresponds (27) to a significance of 2.0� and therefore is not significant when

the entire Northern Sky is scanned without additional prior information. A high-resolution scan

around the best-fit position of the hottest spot is shown in Fig. 2.

As part of the various inspections to be carried out a posteriori, we also searched for astro-

physical counterparts in close proximity with the direction of the five locally most significant

spots in each of the three skymaps (reported in Tab. 2 (27)). We note that the nearby Seyfert I

galaxy NGC 4151 (11) is located at ⇠0.18 degrees distance from the fourth-hottest spot in the

map obtained with �=2.5. Because possible neutrino emission from NGC 4151 is not one of

the hypotheses that were formulated for this work, we cannot estimate a global p-value for this

coincidence.

Searching the entire Northern Hemisphere entails a strong penalty due to testing multiple
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IceCube�detection�of�TeV�neutrinos�from�NGC�1068
Evidence�of�Non-thermal�Activity�in�a�Seyfert�galaxy
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Figure 2: The sky region around the most significant spot in the Northern Hemisphere

and NGC 1068. The left plot shows a fine scan of the region around the hottest spot. The spot
itself is marked by a yellow cross and the red star shows the position of NGC 1068. In addition,
the solid and dashed contours show the 68% (solid) and 95% (dashed) confidence regions of
the hot spot localization. The right plot shows the distribution of the squared angular distance
between NGC 1068 and the reconstructed event direction. From Monte Carlo we estimate the
background (orange) and the signal (blue) assuming the best-fit spectrum at the position of
NGC 1068. The superposition of both components is shown in gray and provides an excellent
match to the data (black). Note that this representation of the result neglects all the information
on the energy and angular uncertainty of the events that is used in the unbinned maximum
likelihood approach.

This results in a local significance of 3.7�, a small increase with respect to what was reported

in (25) that is independent of the increase of the significance at the location of NGC 1068.

After correcting for having tested three different spectral index hypotheses, we obtain a final

post-trial significance of 3.4� for the binomial test. Besides NGC 1068, the other two objects

contributing to the excess are the blazars PKS 1424+240 and TXS 0506+056, for which we

find potential neutrino emission with local significance of 3.7� and 3.5�, respectively. We

emphasize that the significance of TXS 0506+056 reported here relates to a time-integrated
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What�is�NGC�1068?
An�obscured�Seyfert�galaxy�with�a�weak�jet�activity

Michiyama,�YI,�+’22
©NASA,�ESA�&�A.�van�der�Hoeven

ALMA�Image



Where�is�the�neutrino�production�site?
“Neutrino�flux�>�Gamma-ray�flux”�=�Gamma-ray�Optically-Thick�Region

• Target�photons�:�X-ray�(~�1�keV)�

• �

• Host�galaxy�:�Unlikely��

• X-ray�binaries�:�Not�enough� 
(see�Swartz+’11,�YI+’21)�

• Seyfert�Corona�(~10-100�Rs)�:�Most�Likely

τγγ ≈
σγγ

4πc
ϵ−1

X LXR−1 ≃ 105 ( ϵX

1 keV )
−1 LX
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FIG. 9: The best-fit time-integrated astrophysical power-law neutrino flux obtained using the 10 year IceCube event
selection in the direction of NGC 1068. The shaded regions represent the 1, 2 & 3� error regions on the spectrum as
seen in Fig. 4. This fit is compared to the � and corresponding ⌫ AGN outflow models and the Fermi Pass8 (P8)
results found in Lamastra et al. [41] (which do not include modelled absorption e↵ects [36]). AGN-driven outflow
parameters are set at Rout=100 pc, vout=200 km/s, p = 2, and Lkin=1.5⇥1042 erg/s; violet: LAGN=4.2⇥1044 erg/s,

nH=104 cm�3, Fcal = 1, ⌘p = 0.2, ⌘e = 0.02, BISM = 30µG; magenta: LAGN=2.1⇥1045 erg/s, nH=120 cm�3,
Fcal = 0.5, ⌘p = 0.5, ⌘e = 0.4, BISM = 250µG; pale pink: LAGN=4.2⇥1044 erg/s, nH=104 cm�3, Fcal = 1, ⌘p = 0.3,
⌘e = 0.1, BISM = 600µG. The upper-limits in �-ray observations are taken from from H.E.S.S. (blue) Aharonian

et al. [40] and from MAGIC (black) Acciari et al. [39].

IceCube

Fermi



Neutrino�Emission�from�Seyfert�Corona
High�energy�particle�acceleration�in�AGN�corona�region?

Elisa Resconi | IceCube CollaborationNovember 3, 2022 24

Fermi-LAT

MAGIC

(2) K. Murase et al., PRL’20
(1) Y. Inoue et al., ApJL’20

THIS WORK

(1)(2)

NGC 1068: a cosmic obscured accelerator

©�IceCube

• �

• �

➡� �

• Note:� �

• If�cosmic�rays�exist�in�corona�region,�

• �and/or� �interactions�can�
produce�neutrino�emission.

ϕνμ+ν̄μ
(1.5 − 15 TeV) ∼ 4 × 10−11 erg/cm2/s

Lνμ+ν̄μ
(1.5 − 15 TeV) ∼ 1042 erg/s

LCR( > 10 TeV) ∼ 1043 erg/s

LX ∼ 3 − 7 × 1043 erg/s

pp pγ



  

Cosmic�High�Energy�Background�Radiation
If�Seyferts�are�neutrino�sources,

• Seyferts�can�simultaneously�explain��

• TeV�neutrino�background� 
(see�also�Begelman+’90;�Stecker+’92;�
Kalashev+’15;�Murase+’20).�

• X-ray�background� 
(e.g.,�Ueda+’03,�Ueda+’14).�

• MeV�gamma-ray�background� 
(e.g.,�YI+’08,�YI+’19,�Murase+’20).

YI�+’19

  



Another�Seyfert�candidate:�NGC�4151
“2.9-sigma”

• At�ICRC�2023,�IceCube�reported� 
2.9-sigma�detections�of�NGC�4151�
and�CGCG�420-015.�

• NGC�4151�is�the�apparently�brightest�
Seyfert�galaxy�in�X-ray�band.�

• But,�have�we�seen�any�evidence�of�
non-thermal�activity�in�Seyfert�
galaxies?

Neutrinos from Hard X-ray AGN

IceCube and at 100 TeV, it is at a maximum 7%. From the results of this work, we cannot comment
on the contribution from the non-blazar AGN or all hard X-ray AGN in the catalog due to the flux
upper limits being non-constraining of the total neutrino flux from muon neutrino tracks.

Figure 3: A scan of the region around the location of Right: NGC 4151 and Left: NGC 1068, showing the
local ?-values. The white cross shows the location of the best-fit position obtained from the point source
search and the red star shows the location of the source as obtained from the catalog. The white unbroken
and dashed lines show the 68% and the 95% contour lines, respectively, around the sources computed using
Wilk’s theorem [27].

The sources found in the point source analysis with the highest significance are Seyfert galaxies
that are highly obscured. NGC 1068 has been reported in a previous IceCube study and hence,
not considered in the final estimation of the significance evaluation. NGC 4151 is observed at a
significance level of 2.9 f.

From the stacking analysis, we do not find any evidence of significant neutrino emission from
any of the hard X-ray AGN classes tested but the second analysis where we searched for emission
from individual sources resulted in two sources showing potential neutrino emission. Assuming the
observed excess from the two sources as a neutrino signal, we see that their spectra are softer with
a best fit spectral index of ⇠ 3 compared to the diffuse fluxes observed by IceCube with a spectral
index closer to 2.5. This shows that the source class responsible for the bulk of the diffuse neutrino
flux should have a harder spectrum than the sources found in this analysis.
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Non-thermal�Activity��
in�Seyfert�Galaxies



Do�we�see�non-thermal�activities�in�Seyferts?
No,�we�haven’t!�Thermal�emission�dominates�everything.

• If�Seyferts�are�neutrino�
sources,�

• we�should�see�non-thermal�
emission.�

• BUT,�thermal�emission�is�
everything.�

• Where�is�non-thermal�
signature?

Hickox�&�Alexander+’16

Dust Disk Corona� 
+�Disk



Investigation�of�non-thermal�activities�in�Seyferts
X-ray�?�GeV�?�MeV�?

• Cascade�or�Synchrotron�Self-
Compton�for�X-ray�continuum�
(e.g.,�Kazanas�&�Ellison�’86;�
Zdziarski�’86)�

➡Neutrino�emission�(Stecker+’92)�

• But,��

• non-detection�of�power-law�tail�
(e.g.,��Madejski+’95;�Lin+’93)
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X-ray�emission�is�from�black�hole�corona
100�keV�hot�plasma�above/below�accretion�disks

• Power-law�continuum�is�
generated�by��

• Thermal�Comptonization�of�
disk�photons�in�the�corona.�
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Coronal�Synchrotron�emission?�
Magnetized�corona�can�generate�Syn�emission
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• Hot�corona�~�100�keV�

• Heated�by�magnetic�activity�? 
(e.g.,�Haardt�&�Maraschi�’91;�Liu,�Mineshige,�&�Shibata�’02;�
Beloborodov�'17)�

• Non-thermal�electrons�in�corona?� 
(YI,�Totani,�&�Ueda�’08)�

• Millimeter�Coronal�Synchrotron�Emission 
(Di�Matteo+’97;�YI�&�Doi�’14;�Raginski�&�Laor�’16)�

• Due�to�Synchrotron�self-Absorption,�we�expect�a�
spectral�break�at�10-1000�GHz�(mm-wave).

reconnection

Magnetic loops

Disk

Dynamo action in disk: 
Gravitational energy to B.

Magnetic loops emerge and 
reconnect in the corona.

Compton scattering radiation. (c)  B. Liu

Evaporation of gas at disk surface.

Magnetic energy is transferred 
to thermal energy.

Disk corona model: breakthrough
Haardt & Maraschi (1991)

©�B.�Liu



Coronal�Magnetic�Activity��
in�Seyfert�Galaxies



Do�we�understand�all�the�activities�in�Seyferts?
Mostly�yes.�But,�mm-wave�is�still�an�open�and�accessible�window!

• millimeter-wave�band�is�not�
well�investigated.�

• Why?�Because�of�dust�

• Dust�emission�would�be�
much�brighter�than�coronal�
synchrotron�signals.

Hickox�&�Alexander+’16

Dust Disk Corona� 
+�Disk

???



Hints�of�millimeter�excess�in�nearby�Seyferts
A�new�component�in�AGN�SED?�Non-thermal�coronal�Synchrotron?

• Spectral�excess�in�the�mm-band 
(e.g.,�Antonucci�&�Barvainis’88;�Barvainis+’96;�Doi�&�
Inoue�’16;�Behar+’18).�

• Contamination�of�extended�components?�

• Multi-frequency�property?

8 High-frequency excess in radio spectrum of NGC 985 [Vol. ,

Table 1. Results of observations.

Obs. date Array ν Sν σrms θmaj × θmin φPA

(GHz) (mJy) (mJy beam−1) (arcsec×arcsec) (deg)
(1) (2) (3) (4) (5) (6) (7)
1985 Jul 28 VLA-C 22.5 < 5.0 1.68 1.5× 1.1 −20.0
1990 May 23 VLA-D/A 22.5 < 3.3 1.09 5.6× 3.9 59.0
2001 Sep 28 VLA-CnD 22.5 1.9± 0.3 0.15 3.8× 1.7 72.3
2003 Apr 03–May 25 NMA-D 95.7 < 4.6 1.52 8.1× 6.1 −12.8
2003 Jun 19 VLA-A 8.46 0.84± 0.08 0.04 0.35× 0.25 12.0
2003 Dec 24 VLA-B 43.3 2.0± 0.9 0.48 0.35× 0.14 −30.2

22.5 1.2± 0.3 0.13 0.56× 0.31 −35.2
14.9 0.81± 0.25 0.25 0.88× 0.44 −39.3
8.46 1.3± 0.1 0.10 1.7× 0.8 −41.2

Col. (1) observation date; Col. (2) array configuration; Col. (3) center frequency; Col. (4) total flux density; Col. (5) image rms noise on blank sky; Cols. (6)–(7)
synthesized beam sizes in major axis, minor axis, and position angle of major axis, respectively.
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Fig. 1. Radio-to-FIR spectrum of NGC 985 nucleus. Open and Filled symbols are data published by other authors and data newly-presented in the present
study, respectively. Negative detections are indicated by downward arrows. Lines connecting symbols indicate quasi-simultaneous observations. Filled
Squares: our VLA observations with VLA-CnD at 22.5 GHz (AD456) and VLA-B at 8.46–43.3 GHz (AD489). Lower-peaked filled triangle: NMA
observation at 95.7 GHz as negative detection. Upper-peaked triangles: VLA-A observations; filled symbol at 4.89 GHz is data of Ulvestad & Wilson
(1984) and reanalyzed in the present study; open symbol at 8.46 GHz is from archival data AN114. Open circles: VLA-C (AA48) and VLA-D/A hybrid
(AB489, tapered to 100 kλ resulting in ∼ 4′′ at all frequencies) observations by Barvainis et al. (1996); 22.5-GHz data (negative detections) are newly
reported in the present paper. Lower-peaked open triangle: NVSS result (Condon et al., 1998). Open diamonds: Herschel PACS at 70 µm and 160 µm
toward the nucleus (Meléndez et al., 2014). Open squares: IRAS Faint Source Catalogue, version 2.0 (Moshir & et al., 1990) at 60 µm and 100 µm. Solid
and dashed curves: dust model spectra for cases of the emissivity β = 1 (33.7 K) and β = 2 (27.1 K), respectively.
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1435 BARVAINIS ET AL. : RADIO QUIET QUASARS 1435 
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Fig. 1. Spectra of RQQs and luminous Seyfert 1 galaxies from the /RAS-selected sample. Frequencies are given in the rest frames of the objects. The symbols 
are related to the observations as follows: open triangles, C-array, 1986; shaded triangles, C-array, 1985; filled squares, D/A hybrid, 1990; open diamonds, 
A-array, 1990; open circles, B-array, 1990. 
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ALMA and Fermi observations of GRS 1734-292 11

We use ALMA Band 3, 4, and 6 flux in day-1 and VLA 15GHz un-resolved flux as the input data,135

and the fitting result are shown in Figure 7. The estimated parameters are (S⌫SSA , ⌫SSA, fjet) =136

(1.5+0.08
�0.08mJy, 110+13

�6
GHz, 0.26+0.02

�0.02) assuming p = 2.7, where the errors are calculated based on the137

16th, 50th, and 84th percentiles of the posterior distributions.138

Figure 7. The magenta line indicates coronal emission (S⌫SSA ⇡ 1.5mJy and ⌫SSA ⇡ 110GHz in equation 2)

and The grey dashed line indicates jet contamination (fjet ⇡ 0.26 in equation 3). The black dotted line shows

the sum of jet and coronal emissions.
139

140

According to Inoue et al. (2020), the derived S⌫SSA ⇡ 13.6mJy and ⌫SSA ⇡ 102GHz correspond141

the coronal magnetic field B ⇡ 10G and the size R ⇡ 10Rsh where we assume a temperature of the142

coronal plasma of kTe = 11.9+1.2
�0.9 keV and optical depth of ⌧ = 2.98+0.16

�0.19 which are suggested by hard143

X-ray modeling (Tortosa et al. 2017). The detailed equations for calculations are summarized in the144

appendix.145

3.2.2. Disk wind146

Fast and powerful winds are likely launched from accretion disks, which is observed as blue-shifted147

absorption features in UV and X-ray (Laha et al. 2021). In GRS 1734-292, Tortosa et al. (2017)148

identified disk wind with a velocity of 9500 km s�1 (⇡ 0.03c) based on observations of Fe XXVI ions149

(rest-frame energy: 6.966 keV). The radio emission may contribute to millimeter excess as well as150

coronal emission. The radio flux regarding synchrotron (and possibly free-free) emission by accel-151

12 Kawamuro et al.

Figure 12. Correlation of mm-wave and 14–150 keV luminosities, derived by using ALMA and BAT, respectively. AGNs with

upper limits are shown as black circles. The black dashed line indicates the best-fit linear regression line, while the gray region

denotes the ±1�scat range.

We study the relations of the nuclear peak mm-wave
luminosity with representative AGN ones: 14–150 keV,
2–10 keV, 12µm, and bolometric luminosities, and also
their flux relations. For quantitative discussions, we cal-
culate the p-value (Pcor) and the Pearson correlation co-
e�cient (⇢P) by using a bootstrap method (e.g., Ricci
et al. 2014; Gupta et al. 2021; Kawamuro et al. 2021).
This method draws many datasets from actual data,
considering their uncertainties, and we derive the sta-
tistical values for each drawn dataset. For actual data
with upper and lower errors, we randomly draw values
from a Gaussian distribution where the mean and stan-
dard deviation are the best value and the 1� error, re-
spectively. For data with only an upper limit, we use a
uniform distribution between zero and the upper limit.
For each draw, we also derive a regression line of the
form logY = ↵⇥ log X+�, based on the ordinary least-
squares bisector regression fitting algorithm (Isobe et al.

1990). Moreover, an intrinsic scatter (�scat), considering
the uncertainties in actual data, is derived. By drawing
1000 datasets, we adopt the median value of the distri-
bution for a parameter (i.e., Pcor, ⇢P, ↵, �, or �scat) as
the best and their 16th and 84th percentiles as its lower
and upper errors, respectively.
Figures 12 and 13 show the correlations of the peak

mm-wave luminosity for L14�150, L2�10, �LAGN
�,12µm, and

Lbol. All are found to be significant as quantified by
very low p-values (Pcor ⌧ 0.01; Table B). Also, for the
fluxes, significant correlations are confirmed. These are
supplementarily shown in Section B of the appendix.
Among the intrinsic scatters of the four luminos-

ity correlations, that for the 14–150 keV luminosity
(0.36 dex) is the smallest compared to the others (i.e.,
0.48 dex for L2�10, 0.59 dex for �L

AGN
�,12µm, and 0.44 dex

for Lbol). The smaller scatter compared with that for

ALMA�observations�toward�nearby�Seyferts

• Clear�excess�w/�PL�tail�in�nearby�Seyferts� 
(YI�&�Doi�’18;�YI,�Khangulyan,�&�Doi�’20;�Kawamuro+’22;�Michiyama,�YI,�+‘23)�

• Flux�~�1-10�mJy�peaking�@�a�few�tens�GHz�

• Time�variability�<4�days�(Michiyama,�YI+�submitted;�Barnier,�YI�+in�prep.)�

• Correlation�b/w�mm�and�X-ray�luminosities�(Kawamuro+’22,�Ricci+’23)�

• Size�:�<�10�pc�→�Nucleus

YI�&�Doi�‘18 YI�&�Doi�‘18 Kawamuro+’22

Michiyama,�YI,�+�submitted
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Structure�of�AGN�core�in�the�<10�pc�scale
Where�is�the�origin�of�the�mm�excess?

Ramos-Almeida�&�Ricci�‘17

• Dust�torus?�

• spectral�shape,�not�enough,�
variability�

• Free-free?�

• spectral�shape,�not�enough�

• Jet?�

• radio-quiet,�no�blazar�like�activity�

• Corona



cm-mm�spectrum�of�AGN�core
Power-law�mm�spectrum�:�Evidence�of�non-thermal�coronal�activity

• Hybrid�(thermal�+�non-thermal)�corona�
model� 
(YI�&�Doi�’14)�

• Non-thermal�electron�fraction:�0.03�(fixed)�

• Consistent�with�the�MeV�gamma-ray�
background�spectrum� 
(YI,�Totani,�&�Ueda�’08;�YI+’19)�

• Non-thermal�electron�index:�2.9�

• Size:�40�rs�

• B-field�strength�:�10�G
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Generation�of�non-thermal�
electrons�in�coronae

• Required�CR�injection�index�:�~2�

• 1st-order�Fermi�acceleration�would�explain�the�
observed�electrons�

• Other�mechanisms�may�be�difficult.�

• Because�of�low�magnetic�field.�

• What�is�the�acceleration�mechanism?�

• Time�variability�is�a�key�to�answer�this�
question.�

• Note:�more�ALMA�samples�are�needed.

Acceleration�&�Cooling

Electron�Spectrum

YI�+�‘19



High�energy�emission�from�AGN�coronae
Multi-messenger�Signature:�MeV�Gamma-ray�&�TeV�Neutrinos

• MeV�emission�

• but,�no�GeV�emission�

• Protons�would�be�accelerated�

➡high�energy�neutrinos�

• Proton�power�is�determined�to�
reproduce�the�data�

• See�also�Stecker+’91,�’92,�’05,�’13;�
Kalashev+’15;�Murase+’20;�Gutiérrez�
+’21;�Kheirandish+’21

YI�+’19

�att.γγ

X-ray

MeV

Neutrino



ALMA�Observations�toward�the�NGC�1068�Core
mm�excess�is�there

• Based�on�our�analysis� 
(YI+’20;�Michiyama,�YI+2023.)�

• Corona�Size:�~10-30�rs�

• Coronal�B-field:�~20-100�G�

• More�ALMA�data�would�be�
necessary�to�clarify�coronal�
property.

Fig. 4. (a) The single-component model assuming free-free emission/absorption described in Section 3.2.1. The black line is plotted based on Bayesian

parameter estimation for ne. The black dashed line indicates the free-free emission and absorption with parameters shown in Gallimore et al. (2004). (b) The

two-components model using equations (8) and (9). The red-dotted and blue dash-dotted lines are plotted based on Bayesian parameter estimation for

↵100GHz and Mdust. (c) The three-components model explained by equation (11). The purple dotted line is the synchrotron PL emission with

(S100GHz,↵jet) = (6.5mJy,�0.75). The blue dash-dotted line indicates the dust grey-body with the dust mass of Mdust = 6⇥ 10
3M�. The orange

dashed line indicates the SSA components originally from the corona (S⌫SSA
,⌫SSA)=(15mJy, 134 GHz) which are estimated by Bayesian parameter

estimation. The yellow lines show the 100 samples from the chain during Bayesian parameter estimation.

14

Michiyama,�YI,�+�2023



Figure 2: The sky region around the most significant spot in the Northern Hemisphere

and NGC 1068. The left plot shows a fine scan of the region around the hottest spot. The spot
itself is marked by a yellow cross and the red star shows the position of NGC 1068. In addition,
the solid and dashed contours show the 68% (solid) and 95% (dashed) confidence regions of
the hot spot localization. The right plot shows the distribution of the squared angular distance
between NGC 1068 and the reconstructed event direction. From Monte Carlo we estimate the
background (orange) and the signal (blue) assuming the best-fit spectrum at the position of
NGC 1068. The superposition of both components is shown in gray and provides an excellent
match to the data (black). Note that this representation of the result neglects all the information
on the energy and angular uncertainty of the events that is used in the unbinned maximum
likelihood approach.

This results in a local significance of 3.7�, a small increase with respect to what was reported

in (25) that is independent of the increase of the significance at the location of NGC 1068.

After correcting for having tested three different spectral index hypotheses, we obtain a final

post-trial significance of 3.4� for the binomial test. Besides NGC 1068, the other two objects

contributing to the excess are the blazars PKS 1424+240 and TXS 0506+056, for which we

find potential neutrino emission with local significance of 3.7� and 3.5�, respectively. We

emphasize that the significance of TXS 0506+056 reported here relates to a time-integrated

9

NGC�1068�in�neutrinos

• Type-2�Seyfert�NGC�1068�is�reported�at�4.2-σ.�

• If�the�signal�is�real,�corona�can�be�a�plausible�
neutrino�production�site� 
(Murase+’20;�Kheirandish+’21;�Anchordoqui+’22;�
Eichmann+’22;�Fang+’23;�Hooper+’23;�Ajello+’23).IceCube�2022

YI,�Khangulyan,�&�Doi,�’20
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How�can�we�test�the�corona�model?
ALMA?�ngVLA?�JEDI?�COSI-X?�GRAMS?�AMEGO?�IceCube-Gen2?�KM3Net?�XRISM?

• mm-excess�

• MeV�spectral�tail�

• TeV�ν�without�GeV-TeV�γ�

• Nuclear�spallation�in�X-ray
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Figure 5. Left: The reflection spectrum from neutral material with solar abundances (red, dashed curve) compared to spectra with modified abundances
predicted by different spallation models. The abundances from Skibo (1997, S97) are shown as the black, dotted curve while those from this work (Sect. 2)
are shown as the blue, solid curve. Right: The reflection spectrum from ionised material (⇠ = 100 erg cm s�1 ) using the spallation abundances calculated in
this work (Sect. 2). Note, that the adopted ionisaton model (XILLVER), currently does not include the neutral stages of these Fe-peak elements, therefore only
He- and H-like transitions are evident in the figure.

table differences in the spallation elements in question by adopting
Anders & Grevesse (1989).

One important caveat is that XILLVER includes only He- and
H-like ions of the Fe-peak elements. Measuring or calculating the
atomic data for the neutral stages of these elements is difficult and
not yet incorporated in XILLVER. The models presented here are
currently the best approximation of the ionisation scenario.

In Fig. 5 (right panel), the effects of spallation on ionised
(⇠ = 100 erg cm s�1 ) material is shown. Several emission lines
from He- and H-like species of Ti, V, Cr, and Mn become signifi-
cant. Neutral stages of these elements are likely important, but not
included in the current model. Ionisation generates a multitude of
emission lines and modifies the energies that specific species are
observed at.

In Fig. 6 a simulation of a typical type-I AGN spectrum as
would be observed with XMM-Newton is shown. The model con-
sists of a power law continuum and reflection with abundances
modified for spallation according to Sect. 2. The parameters of both
components are as described above and no broadening of the re-
flection spectrum is considered. This would be consistent with the
reflection originating in distant material like the torus. The power
law and reflection spectrum have the same luminosity over the
0.1 � 100 keV band (i.e. the reflection fraction is unity) and the
2� 10 keV flux is ⇠ 10�11 erg cm�2 s�1 . The simulation is for a
100 ks exposure with the EPIC-pn.

Skibo (1997) suggested the red wing of the relativistically
broadened Fe K↵ emission line in AGN could be attributed to
the enhancement of the sub-iron spallation elements observed with
CCD resolution. As seen in the second panel of Fig. 6, fitting a
power law and narrow Gaussian profile at 6.4 keV describes the
simulated spectrum well, but leaves residuals between 5 � 6 keV
where the enhanced Cr K↵ and Mn K↵ emission appear. The ad-
dition of a single broad Gaussian profile improves these residuals
(Fig. 6, lower panel). If considered a priori, the spallation features
are detectable with current CCD instruments. However, a single
broad profile may be considered a simpler model in such cases.

Figure 6. An XMM-Newton (pn) simulation of a power law continuum
(� = 1.9) being reflected from a medium with enhanced abundances of
sub-iron elements from spallation as calculated in this work. The reflection
spectrum is not broadened (only narrow lines) and the reflection fraction is
unity. The 2� 10 keV flux is ⇠ 10�11 erg cm�2 s�1 and the simulation
is for 100 ks. Top panel: The remaining residuals in the 4.3 � 7.5 keV
band after fitting the 2.5 � 5 and 7.5 � 10 keV bands with a power law
(as might be done with real data). Middle panel: The remaining residuals
after adding a narrow 6.4 keV Gaussian profile to the power law model.
Lower panel: The residuals that remain in the middle panel can be fitted
with a broad Gaussian profile centred at ⇠ 5.8 keV. There are residuals
remaining where Cr K↵ (5.4 keV) and Mn K↵ (5.9 keV) emission would
occur that could be overlooked when modelling.

The same simulation is carried out for a 250 ks Hitomi SXS
observation to examine the appearance of spallation with high spec-
tral resolution (Fig. 7, top panel). All four of the spallation features
between ⇠ 4.5� 6 keV are detectable. The calorimeter resolution
could also discern ionised spallation features (Fig. 7, lower panel).

c� 2010 RAS, MNRAS 000, 1–6

Gallo+’19

mm-band MeV�&�TeV�ν X-ray

YI+’20YI+’20
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Figure 29. Top: Scatter plot for the mm-wave emission

and the maximum energy carried by the X-ray outflow for the

14 AGNs for which the maximum energies were estimated in

either Tombesi et al. (2012) or Go↵ord et al. (2015). An AGN

with an upper limit is shown as a black circle, and the AGN

NGC 4395 is located outside in the lower left direction. A

regression line is indicated by the black dashed line. Bottom:

Scatter plot for the mm-wave emission and the energy carried

by the outflow traced with [O iii] emission for 18 AGNs. The

outflow data are from Rojas et al. (2020). No significant

correlation is found, and due to this, the regression line is

drawn in white.

Figure 30. Correlations between the mm-wave and 14–

150 keV luminosities for type-1 AGN and type-2 AGN sub-

samples, indicated in orange and blue. Orange and blue

dashed lines indicate regression lines obtained for the type-1

and type-2 subsamples, respectively. We mention the reason

why a smaller intrinsic scatter (�scat) is obtained for type-2

AGNs in spite of the apparently larger scatter of their data

point. The intrinsic scatter is derived by subtracting the

scatter due to uncertainties in data points, and as a large

fraction of type-2 AGNs have large uncertainty in their lu-

minosities as shown, a much smaller intrinsic scatter than

the apparent one can be obtained.

correlation in the flux space is, however, found to be in-
significant with Pcor ⇡ 5⇥ 10�2, favoring a larger sam-
ple to confirm the relation in the flux space. Interest-
ingly, the Pearson’s correlation coe�cient of ⇢P = 0.83
found for ⌫L

peak
⌫,mm vs. L

max
kin is higher than that found

for ⌫Lpeak
⌫,mm vs. L14�150 (⇢P = 0.74), while the di↵erence

is insignificant (i.e., Prz > 0.1). This is consistent with
the scenario in which the mm-wave emission is driven by
the AGN outflow. However, this may not be surprising,
given that L

max
kin is proportional to ionizing luminosity,

or UV-to-X-ray luminosity.
Furthermore, we discuss the outflow scenario focusing

on ionized gas outflows traced by optical emission [O iii].
We refer to a study of Rojas et al. (2020), who searched
for [O iii]�5007 outflow signatures in 547 BAT-selected
nearby (z . 0.25) AGNs and then found signatures for
178 AGNs. Although their single-slit spectroscopic data
did not constrain spatial information directly, the spa-
tial scales of the outflows were estimated to be ⇠ 300 pc–
3 kpc by using a relation of the size of an outflow and [O
iii] luminosity (see more details in their paper). After
cross-matching their sample with ours, we find that our
sample includes 18 AGNs with kinetic energies (Lopt

kin)
derived from [O iii] outflows. We assign 1 dex as the

Finding�Neutrino-Loud�Seyferts?
A�synergy�among�neutrinos,�Hard�X-ray,�and�mm�is�important

• Dust�torus�attenuates�Optical/X-ray�emission.�

➡�Hard�X-ray�survey�(e.g.,�BAT�catalog)�

• BUT,�if�Compton-thick,�even�hard�X-ray�can�be�
absorbed�

• Column�density�:� �

• NGC�1068�is�a�Compton-thick�AGN�

• mm-wave�(ALMA,�ngVLA)�will�not�be�attenuated.�

• BAT�survey�+�follow-up�by�(ALMA�+�IceCube/KM3NeT/
TRIDENT?)�is�the�best�solution.

NH > 1.5 × 1024 cm−2

Kawamuro+’22

less�
obscured

heavily�
obscured



Coronal�Magnetic�Field?



cm-mm�spectrum�of�AGN�core
Power-law�mm�spectrum�:�Evidence�of�non-thermal�coronal�activity

• Hybrid�(thermal�+�non-thermal)�corona�
model� 
(YI�&�Doi�’14)�

• Non-thermal�electron�fraction:�0.03�(fixed)�

• Consistent�with�the�MeV�gamma-ray�
background�spectrum� 
(YI,�Totani,�&�Ueda�’08;�YI+’19)�

• Non-thermal�electron�index:�2.9�

• Size:�40�rs�

• B-field�strength�:�10�G
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How�can�we�heat�up�corona?
Implication�for�the�truncated�accretion�disk�structure

• Heating�vs�Cooling�

• Magnetic�Heating:�� �

• QB,�heat�~�1010�erg/cm2/s�

• Compton�Cooling:� �

• QIC,�cool�~�1013�erg/cm2/s�

• Magnetic�field�energy�is�NOT�sufficient�to�
keep�coronae�hot.�

• Disk�truncation�at�some�radii�(e.g.�~40�rs)�

• The�inner�part�=�hot�accretion�flow�(Ichimaru�
’77,�Narayan�&�Yi�’94,�’95).�

• Heated�by�advection.�

• We�can�expect� �(YI+’19)�

• Suggested�for�Galactic�X-ray�binaries.� 
(e.g.�Poutanen+’97;�Kawabata+’10;�Yamada+’13). 
 

B2VA/4π

4kTneσTcUradl/mec2

kTe ∼ 86 keV (τT /1.1)2/5
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Figure 4. Evolved snapshot (see Supporting Information for the movie) of the fiducial model at t ≈ 15612rg/c showing log of rest-mass density in colour (see
the legend on the right-hand side) in both the z–x plane at y = 0 (top left-hand panel) and the y–x plane at z = 0 (top right-hand panel). The black lines trace
field lines, where the thicker black lines show where field is lightly mass-loaded. The bottom panel has three subpanels. The top subpanel shows Ṁ through
the BH (ṀH), out in the jet (Ṁ j, at r = 50rg), and out in the magnetized wind (Ṁmw,o, at r = 50rg) with legend. The middle subpanel shows ϒ for similar
conditions. The bottom subpanel shows the efficiency (η) for similar conditions. The horizontal lines of the same colours show the averages over the averaging
period, while the square/triangle/circle tickers are placed at the given time and values. In summary, the efficiency is high at η ∼ 200 per cent. Also, despite
plenty (up to 10 times around t ∼ 8500rg/c) of same-signed polarity magnetic flux surrounding the BH, the magnetic flux reaches a stable saturated value of
ϒH ≈ 17 as managed by magnetic RT modes. This suggests that the simulation has reached a force balance between the magnetic flux in the disc and the hot
heavy inflow.

However, during the field inversion, the geometric thickness re-
stores to the prior geometric thickness (θd # 0.7) at all radii, which
indicates that the field (lost during the field annihilation) is respon-
sible for the thinning of the dense part of the disc. After the field
polarity inversion, the magnetic flux re-accumulates near the BH,
which leads again to the vertical compression of the disc flow. The
α-viscosity parameter holds steady at about αb ∼ 0.05. ϒ in the
pure inflow (ur < 0 only) available at large radii (here r = 50rg,
giving ϒouter in the plot) is large (the BH and ‘outer’ values are
similar for this chosen ‘outer’ radius).

The value of r%a shows the radius out to which the magnetic
polarity is the same as on the horizon. As expected, r%a drops
to the horizon during the field inversion (destruction of the inner
part of the second field loop) at t ∼ 2700rg/c. It also gradually
drops as the next polarity inversion (outer part of the third field
loop) eats away at the magnetic flux outside the BH. The process
of field inversion is also evident by looking at %H(t)/%a(t) (i.e.
ratio of time-dependent fluxes) corresponding to [the flux on the

BH] per unit [flux on the BH plus available of the same polarity
just beyond the BH]. %H(t)/%a(t) ∼ 1 is reached during the field
polarity inversion, and at late times %H(t)/%a(t) ∼ 1 is approached.
However, while ϒ holds steady, the value of |%H(t)/%a(t)| $ 1,
which indicates that much more same-polarity flux is available.
This shows that the saturated value of ϒ (and so η) is controlled
by some force balance condition and not simply limited by initial
conditions. Finally, |% tH(t)/&H(t)| ∼ 1 shows that the horizon’s field
is dipolar (l ≈ 1).

5.3 Time-averaged poloidal (r − θ ) dependence

Fig. 6 shows the time-averaged flow field and contours for other
conditions. The figure is comparable to the snapshot shown in
Fig. 3. The jet region contains significant magnetic flux and same-
signed polarity field exists near the BH ready to be accreted. In the
quasi-stationary state, the BH’s magnetic flux oscillates around its
saturated magnitude, whose time-averaged value is determined by

C© 2012 The Authors, MNRAS 423, 3083–3117
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Plasma�beta�is�too�high?�(too�low�magnetic�field?)
Are�weak-jet�AGNs�MAD�or�not�MAD?

• Our�ALMA�analysis�suggests��

• coronal�B-field�is�~10-30�G�at�30�rs.�

• In�terms�of�plasma�beta�( ),� 
we�have� .�

• Gas�pressure�dominates�the�accretion�dynamics.�

• However,�recent�numerical�simulations�suggest� �for�some�
cases 
(e.g.,�McKinney+’12;�Tchekhovskoy+’11;�Liska+’23)�

• so-called�magnetically�arrested�disk�(MAD;�Narayan’03)

β ≡ pgas/pmag
β ∼ 10 − 100

β ≪ 1

McKinney�et�al.�‘12



We�are�observing�AGNs�without�powerful�jets
MAD�is�needed�for�powerful�jet�production

• MAD�is�achieved�when�strong�large-scale�poloidal�
magnetic�field�exists.�

• Otherwise,�Parker�instability�would�regulate�
�(e.g.,�Takasao+’18;�Liska+’23)�

• Coronal�magnetic�field�strongly�depends�on�
initial�magnetic�field�configuration.

β ∼ 10 − 100

Poloidal Toroidal

Liska+’23

Liska+’23



SMBH�Spins�and�Dichotomy�of�AGNs
B�of�RL�and�RQ�AGNs�should�be�different�because�Pjet ≈ PBZ ∝ x2

a f(xa)ϕBH
2 ·Minc2 ≈ a2B2

• Same�spins� �for�all�AGNs� • �differs�for�4�orders�of�magnitudea ℛ
differences in the location of individual objects within the sub-
samples. Furthermore, at the largest accretion luminosities, where
the lower pattern is occupied mostly by quasars hosted by giant
elliptical galaxies, the relative location of the two sequencea is
not significantly modified.

In Figure 3 we plot the dependence of the radio loudness,R,
on the Eddington ratio, k, assuming k ¼ Lbol /LEdd ¼ 10(LB /LEdd)
(see, e.g., Richards et al. 2006).7 Our results confirm the trend of
the increase of radio loudness with decreasing Eddington ratio,
originally noticed by Ho (2002; see also Merloni et al. 2003;
Nagar et al. 2005). However, we show in addition that this trend
is followed separately—with a large difference in normalization—
by the ‘‘radio-quiet’’ and the ‘‘radio-loud’’ sequences. Yet an-

other feature revealed in Figure 3 is a clear change of slope of the
R" k dependence, which indicates some sort of saturation of
radio loudness at low Eddington ratios. A similar trend can be
noticed, but specifically for FR I and FR II radio galaxies, in the
data presented by Zirbel & Baum (1995). Let us recall that almost
all BLRGs and radio-loud quasars in our samples have FR II radio
morphology.

Finally, in Figure 4 we illustrate the dependence of radio loud-
ness on black hole mass. This plot demonstrates that AGNs with
the black hole masses >18 M# reach values of radio loudness
3 orders of magnitude larger than AGNs with black hole masses
<3 ; 107 M# on average.8 A relatively smooth transition be-
tween those two populations most likely is caused by the overlap
between black hole masses hosted by disk and elliptical galaxies.
Errors in black hole mass estimations can also have a similar

Fig. 1.—Total 5 GHz luminosity vs. B-band nuclear luminosity. BLRGs are
marked by filled circles, radio-loud quasars by open circles, Seyfert galaxies,
and LINERs by crosses, FR I radio galaxies by open triangles, and PG quasars
by filled stars.

Fig. 2.—Total 5 GHz luminosity vs. B-band nuclear luminosity in the
Eddington units. BLRGs are marked by filled circles, radio-loud quasars by open
circles, Seyfert galaxies and LINERs by crosses, FR I radio galaxies by open
triangles, and PG quasars by filled stars.

Fig. 3.—Radio loudness R vs. Eddington ratio k. BLRGs are marked by
filled circles, radio loud quasars by open circles, Seyfert galaxies and LINERs
by crosses, FR I radio galaxies by open triangles, and PG quasars by filled stars.

Fig. 4.—Radio loudness vs. black hole mass. BLRGs are marked by filled
circles, radio-loud quasars by open circles, Seyfert galaxies and LINERs by
crosses, FR I radio galaxies by open triangles, and PG quasars by filled stars.

7 Note that for very low luminosity AGNs the bolometric correction can be a
factor$2 larger than considered above. However, due to very large uncertainties
and not known functional dependence of the exact correction factor on the
luminosity (Ho 1999), we decided to use the same proportionality constant for all
the analyzed AGNs.

8 A number of very radio-loud AGNs was claimed by Woo & Urry (2002) to
be characterized byMBH < 108 M#. However, as it was demonstrated by Laor
(2003), in most of these cases the black hole masses have been determined
incorrectly.
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Summary

• Seyferts�will�be�a�dominant�population�in�the�neutrino�sky�

• AGN�corona�would�be�a�high-energy�particle�production�
site�

• ALMA/X-ray�+�IceCube�observations�would�be�important�

• Are�AGN�corona�in�low-plasma�beta?�or�high-plasma�beta?



AGN�Failed�Wind?�(S.�Inoue+’22)
Interaction�between�Accretion�Flows�and�Disk�Winds

• Two�wind�components�may�
explain�both�gamma-ray�and�
neutrino�data.

2

level associated with star formation in the host galaxy
(i.e. pp π0-decay gamma rays from interaction of cosmic
rays from supernovae and interstellar gas) [39, 40].
Neutrino observations by IceCube [30] reveal that the

most significant position in the northern hemisphere in
a full-sky scan is coincident with that of NGC 1068. In-
dependently, a 4.2σ excess over background expectations
is found at its position in a source catalog search. The
spectrum is quite soft, with muon neutrino flux best fit
as fνµ ∝ ε−3.2

ν at energies εν ∼ 1.5-15 TeV, and inferred
luminosity ενdLνµ/dεν ∼ 3 × 1042 erg/s in this range.
Meanwhile, upper limits for gamma rays above 0.2 TeV
[41] rule out models in which TeV gamma rays and neu-
trinos escape the source with similar flux [42]. Some re-
cent proposals invoke proton acceleration and neutrino
production in hot coronal regions near the BH where X-
rays are emitted via thermal Comptonization, either ac-
cretion disk coronae [43, 44] or accretion shocks [45, 46],
o that accompanying gamma rays would be significantly
absorbed via γγ interactions with AGN photons [10].
Here we propose an alternative picture where protons

are accelerated in the inner regions of the wind relatively
near the BH in NGC 1068, which has various advantages
over the coronal region models [10]. DSA, a well estab-
lished mechanism for particle acceleration, is assumed.
This region may be identified with a “failed” wind that is
plausibly expected in radiative, line-driven wind models
for the conditions corresponding to NGC 1068 [47]. Neu-
trinos are mainly generated via pγ interactions with the
AGN radiation, while γγ interactions mediate the associ-
ated pair cascade emission, which we evaluate across the
full EM spectrum. For the GeV gamma rays, we invoke a
separate region where the wind interacts with the torus,
accelerates protons via DSA and induces pp interactions
with the torus gas. This allows GeV photons to escape,
while TeV photons are γγ-absorbed by IR photons from
the torus. All relevant emission processes are modeled
self-consistently with a detailed numerical code. We use
the notation Xa = X/10a for normalized variables.
Formulation. DSA at collisionless shock waves with

sufficiently high Mach numbers can convey a sizable frac-
tion of the energy of bulk plasma motion into that of non-
thermal particles [16, 17]. In the inner regions of AGN
winds near the BH, shocks may naturally form [48] in
failed winds that are robustly expected in models of line-
driven winds from the accretion disk [49–53], particularly
for the BH mass MBH and λEdd inferred for NGC 1068
[10, 47]. Such flows are initially launched from the inner
parts of the disk (typically at radii R <

∼ 100Rs, where
Rs = 2GMBH/c2 is the Schwarzschild radius), but do
not reach the escape velocity vesc = (2GMBH/R)1/2 due
to overionization [10] and eventually fall back, thereby
interacting with gas flowing out subsequently . Hence-
forth we assume that protons are accelerated by DSA in
the inner regions of the wind, with the total proton power
Lp as a parameter.

At the same time, a successful wind exceeding vesc can
be line-driven from the outer parts of the disk, mainly in
the equatorial direction that is shielded from ionization
[10]. This outer wind can propagate farther and impact
the torus [37, 54], potentially inducing strong shocks and
DSA of protons [55], for which we assume a total proton
power Lp,o. The model geometry is illustrated in Fig.1.

FIG. 1. Schematic sketch of the model. The accretion disk
around the black hole (BH) drives an outflowing wind. In-
ner region: winds from the inner disk dissipate their kinetic
energy via shocks near the BH, caused by failed line-driven
winds that fall back. Protons undergo diffusive shock acceler-
ation (DSA) and pγ interactions with photons from the disk
and corona, inducing neutrino and electromagnetic cascade
emission, modulated by γγ interactions. Outer region: suc-
cessful winds from the outer disk propagate farther, partially
impact the torus and trigger shocks. Protons undergo DSA
and pp interactions with the torus gas, inducing gamma-ray
emission, affected by γγ interactions with photons from the
torus. Indicated scales are only approximate.

Employing a numerical code that builds on previous
work [56, 57], we model the multi-messenger (MM) emis-
sion induced by a population of high-energy protons in-
teracting with magnetic fields, radiation and/or gas [10].
For either the inner region of the failed wind or the outer
region of the wind-torus interaction, the emission region
is a uniform, stationary sphere of radius Rx with a tan-
gled magnetic field of amplitude Bx, through which all
charged particles are advected with the bulk flow velocity
vr,x. The index x is denoted o for the outer region, while
it is dropped when referring to the inner region.
The inner region is permeated by radiation from the

AGN that are the dominant targets for pγ and γγ in-
teractions as well as seed photons for inverse Comp-
ton (IC) processes. Adopting D = 14 Mpc, its spec-
trum is of a standard, geometrically thin accretion disk
[12, 58] around a BH with MBH = 3 × 107M" [59, 60],
peaking in the optical-UV at εdisk $ 32 eV with to-
tal luminosity Ldisk $ Lbol = 1045 erg/s [61] (implying
λEdd $ 0.27), plus an X-ray emitting corona with photon
index Γcor = 2, exponential cutoff energy εcor = 128 keV
[31] and 2-10 keV luminosity Lcor,2−10 = 7 × 1043 erg/s
[32], adopting parameters consistent with observations
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[47] [71]. Approximating Lp ∼ Lp ln(Ep,max/Ep,min), to
reproduce Lνµ(εν = 1TeV) ∼ 1042 erg/s as observed,
Lp ∼ 8f−1

pγ,netLνµ ln(106) ∼ 1044 erg/s, which is some-
what optimistic but within a plausible range, as discussed
above. With other parameters fixed, εν,max is plausibly
highest when εB = 0.5 and ηg = 1. Somewhat lower
εB and/or higher ηg give lower εν,max that may be more
compatible with the current IceCube data [44].

The optical depth for γγ interactions with corona pho-
tons τγγ,cor(ε) " 410 (ε/1GeV) R̄−1

1 [10], so gamma rays
co-produced with neutrinos are attenuated above a few
MeV, similar to the coronal region models.

For the outer torus region, Ep,max,o ∼
460TeVη−1

g,o(Bo/1mG)(Ro/0.1 pc), imited by tdyn,o =
Ro/vo " 6.2×108 s(Ro/0.1 pc). The pp gamma-ray lumi-
nosity per log ε is Lγ(ε) ≈ (1/3)2fpp,netLp(Ep = 10ε) [10]
where the net pp efficiency fpp,net = t−1

pp (t
−1
pp +t−1

dyn)
−1 and

the pp loss timescale tpp " 1.6 × 109 s(no/106 cm−3)−1

[72]. Reproducing Lγ(ε = 1GeV) ∼ 3 × 1040 erg/s
as observed [28] is feasible with e.g. Ro = 0.1 pc,
no = 106 cm−3 and Lp ∼ 3f−1

pp,netLνµ ln(106) ∼
2.5 × 1042(fpp,net/0.5)−1 erg/s. An ambient blackbody
radiation field with Ttor = 1000 K and Rtor = 0.1 pc
implies τγγ,tor >∼ 1 for ε >

∼ 0.2 TeV [10], consistent with
TeV observations [41] [73].

Numerical results. Numerical calculations gener-
ally confirm our analytic estimates for the neutrinos, and
also allow detailed studies of the broadband EM emission
caused by complex hadronic cascade processes. Guided
by the estimates above, we fiducially adopt for the in-
ner region R = 10Rs " 0.89 × 1014 cm, vr = 1000 km/s,
B = 510G (εB = 0.1) and ηg = 4, the latter two im-
plying Ep,max " 97 TeV [74]. We also study other sets
of R and vr that keep εν,br ∝ Rvr constant as well as a
range of B and ηg, as εν,max is observationally less con-
strained. Comparison with MM data then sets Lp, which
is fiducially Lp = 1044 erg/s; much higher values will be
energetically demanding. For the outer region, we choose
Ro = 0.1 pc and no = 106 cm−3, and adjust Bo and Lp,o

to be consistent with the EM data.

Fig.2 presents the fiducial numerical results compared
with the available MM data for NGC 1068. As analyt-
ically estimated, pγ neutrinos from the inner region ex-
hibit a spectral break at εν,br ∼ 1 TeV and a cutoff at
εν,max ∼ 5 TeV, generally consistent with the current
IceCube data. Values of ηg ∼ 1-40 may be compati-
ble (Fig.6) [10]; improved constraints are anticipated via
future measurements with higher statistics by IceCube-
Gen2 [75]. There is also a sub-dominant contribution of
pp neutrinos from the outer region.

EM emission from the inner region is dominated by
the BeH cascade [79]. Despite considerable γγ atten-
uation above a few MeV as expected, it is luminous
enough to contribute significantly to the observed sub-
GeV emission, mostly via IC upscattering of AGN pho-

FIG. 2. Model vs. observations of the multi-messenger
spectrum of NGC 1068 for fiducial parameters. Inner region:
R = 10Rs, vr = 1000 km/s, B = 510G (εB = 0.1), ηg = 4,
Lp = 1044erg/s. Outer region: Ro = 0.1 pc, no = 106 cm−3,
Bo = 7mG, Lp,o = 1.3 × 1042 erg/s. Total emission from
the inner (red solid), outer (blue solid), and both (black
solid) regions shown. Left: Electromagnetic spectrum. Com-
ponents dominating each band highlighted: total pγ Bethe-
Heitler (BeH) cascade (ochre dashed), external inverse Comp-
ton (EIC) from first-generation BeH pairs (ochre dot-dashed),
pp π0 decay (green dotted), pp π± decay pair synchrotron
(cyan double-dot-dashed). Assumed disk+corona (cyan thin)
and torus (magenta thin) components overlaid. Data plotted
for radio to X-rays on sub-pc scales [76] (black circles), distin-
gushing bands affected by obscuration (empty circles), high
resolution ALMA (ochre diamonds) [46], Fermi-LAT [77, 78]
(black and magenta squares) and MAGIC [41] (blue trian-
gles). Intrinsic X-ray flux (gray box) indicated [32]. Right:
Muon neutrino spectrum. Best fit line (thick), 1- (medium)
and 2- (light) σ error regions from IceCube denoted [30].

tons by first-generation BeH pairs [80]. At higher en-
ergies, pp gamma rays from the outer region take over,
where Lp,o = 1.3× 1042 erg/s [81]. Above ∼0.1 TeV, the
pp gamma rays are severely γγ-attenuated by the torus
IR radiation, in agreement with the current upper limits.

The cascade emission from the inner region extends
down to the radio-far IR bands, but this may be currently
unobservable due to synchrotron self absorption (SSA)
below a few THz for the fiducial case [82]. More observa-
tionally relevant may be GHz-band synchrotron emission
from the outer region by secondary pairs from pp-induced
π± decay [83]. For consistency with the current upper
limit at a few GHz, we choose Bo = 7mG, within the
range inferred from independent polarization measure-
ments for the inner torus of NGC 1068 [84]. This implies
Ep,max,o = 300 TeV, set by tacc,o = tdyn,o if ηg,o = 10.

Keeping Rvr constant, for larger R, the EM emission
is more luminous at both <

∼THz and >
∼GeV, affected by

SSA and γγ, respectively. This makes a consistent de-
scription of the MM data including neutrinos more diffi-
cult (Fig.7) [10], disfavoring R & 10Rs [85].
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On�the�possible�detection�of�NGC�4151
Corona�model�may�be�difficult�to�explain

• Gamma-ray�detected�by�Fermi�(4FGL-DR2;�Perretti+’23)�

• Corona�+�Weak�Jet�model�can�explain�the�Fermi�data�

• But,�the�expected�neutrino�flux�is�an�order�of�
magnitude�below�the�IceCube�threshold�

• A�nearby�blazar�exists�(~1�deg�away�from�NGC�4151)...
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Figure 3. New full-resolution eMERLIN image of the central 4 × 2 arcsec2 (∼360 × 180 pc2) region of NGC 4151 using all seven eMERLIN antennas and a
natural weighting. As in Fig. 1, the entire uv-range was used with a 0.15 × 0.15 arcsec2 FWHM restoring beam. Contours set are at −0.25, 0.75, 1, 1.5, 2, 3,
4, 5, 9, 16, 25, 36, 49 and 64 mJy beam−1.

centred on 1.51 GHz. The 512-MHz band was split into eight in-
termediate frequencies (IFs) of width 64 MHz and consisting of
128 channels in each IF. The calibrator NVSS J120922+411941
(J1209+4119) was used for phase referencing, and OQ208 and
3C286 were used as the band pass and flux calibrators, respectively.
The target and phase calibrator alternated during the observing run,
with blocks of approximately 2.5 min on the phase calibrator and
7 min on the target, with the flux and band pass calibrators observed
at the end of the observing run.

To calibrate the data, we followed the procedure outlined in the
eMERLIN cookbook (Belles et al. 2015), a summary of which we
include below. Correlation and averaging of the data was performed
before the SERPENT1 flagging code was used to remove the worst
instances of radio frequency interference (RFI) from the data. The
raw data were then inspected with the AIPS tasks SPFLG and IBLED to
remove any low-level RFI not picked up by the automatic flagger. In
addition to the RFI flagging, the first two IFs of the LL polarization
were flagged on all Lovell baselines due to the inclusion of a test
filter on the antenna. The channels showing no coherent phase at the
ends of each IF were also flagged. It is estimated that approximately
15 per cent of the on-source data was flagged during this process
and further calibration rounds before the final images were made.

To begin the calibration procedures, we fitted the offsets in de-
lays using the AIPS task FRING before calibrating for phase and gain.
Band pass solutions were also calculated with BPASS and applied fol-
lowed by imaging of the phase calibrator, which was self-calibrated
until solutions converged. The complex antenna solutions from self-
calibration of the phase calibrator were then applied to the target
field.

1 The SERPENT flagging code (Peck & Fenech 2013) is written in
PARSELTONGUE (Kettenis et al. 2006).

2.1.1 eMERLIN Radio Imaging

These data were imaged with IMAGR, and phase self-calibration was
applied to further refine the data before the visibilities were re-
weighted using REWAY to account for variable sensitivity as a func-
tion of antenna, as eMERLIN comprises of an inhomogeneous set
of antenna types, frequency and time to maximize the resultant
sensitivity of the data. Further self-calibration improved the signal-
to-noise ratio (S/N), and the final image was created with the noise
in the naturally weighted image of 35 µJy as shown in Fig. 3. Due
to the complex nature of this source and its brightness, great care
was taken to include only real features deemed to be genuine emis-
sion features in the self-calibration process. An amplitude and phase
self-calibration did not produce stable phases or amplitudes, so only
the final phase self-calibrated data are shown. This data set was then
used to create all further images of NGC 4151.

2.1.2 Archival MERLIN data reduction and imaging

Archival data originally published in M95 were re-reduced to com-
pute accurate positions and flux density measurements to compare
to the new eMERLIN data set. NGC 4151 was observed in 1993
November at 1.42 GHz. The MERLIN data were calibrated with
the MERLIN pipeline2 in AIPS and re-imaged to account for RFI, al-
ter the beam size and re-weight the data. As the data were originally
taken in spectral line imaging mode to study the neutral hydrogen
absorption in NGC 4151 (see M95), to create a continuum image we
flagged all channels that were contaminated by this line to ensure
the flux measurements on the core component C4 were not affected
by this absorption feature. The amount of on-source time was 9.8 h,
achieving an rms noise of 0.25 mJy beam−1. We thus see the large

2 www.merlin.ac.uk/archive/
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Neutrinos from Hard X-ray AGN

IceCube and at 100 TeV, it is at a maximum 7%. From the results of this work, we cannot comment
on the contribution from the non-blazar AGN or all hard X-ray AGN in the catalog due to the flux
upper limits being non-constraining of the total neutrino flux from muon neutrino tracks.

Figure 3: A scan of the region around the location of Right: NGC 4151 and Left: NGC 1068, showing the
local ?-values. The white cross shows the location of the best-fit position obtained from the point source
search and the red star shows the location of the source as obtained from the catalog. The white unbroken
and dashed lines show the 68% and the 95% contour lines, respectively, around the sources computed using
Wilk’s theorem [27].

The sources found in the point source analysis with the highest significance are Seyfert galaxies
that are highly obscured. NGC 1068 has been reported in a previous IceCube study and hence,
not considered in the final estimation of the significance evaluation. NGC 4151 is observed at a
significance level of 2.9 f.

From the stacking analysis, we do not find any evidence of significant neutrino emission from
any of the hard X-ray AGN classes tested but the second analysis where we searched for emission
from individual sources resulted in two sources showing potential neutrino emission. Assuming the
observed excess from the two sources as a neutrino signal, we see that their spectra are softer with
a best fit spectral index of ⇠ 3 compared to the diffuse fluxes observed by IceCube with a spectral
index closer to 2.5. This shows that the source class responsible for the bulk of the diffuse neutrino
flux should have a harder spectrum than the sources found in this analysis.
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Now�we�live�in�the�ALMA�era.
• The�Atacama�Large�Millimeter/submillimeter�Array�(ALMA)�is�

an�astronomical�interferometer�of�66�radio�telescopes�in�
the�Atacama�Desert�of�northern�Chile�(from�wikipedia).�

• Covers�millimeter�and�submillimeter�bands.�

• Has�much�higher�sensitivity�and�higher�resolution�than�before.

https://en.wikipedia.org/wiki/Astronomical_interferometer
https://en.wikipedia.org/wiki/Radio_telescope
https://en.wikipedia.org/wiki/Chile


Investigation�of�non-thermal�activities�in�Seyferts
X-ray�?�GeV�?�MeV�?

• MeV�background�by�hybrid�corona�in�
Seyferts?� 
(YI,�Totani,�&�Ueda�‘08)�

• FSRQs�can�also�explain�the�MeV�background� 
(Ajello+’09,�but�see�also�Toda,�YI,�+�‘21)
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Figure 15. Spectrum of the CXB and contribution of the FSRQs (blue region). The data points are different measurements of the diffuse background as indicated in
the label (Fukada et al. 1975; Gendreau et al. 1995; Watanabe et al. 1997; Weidenspointner et al. 2000; Revnivtsev et al. 2003; Ajello et al. 2008b). The dashed line is
the total contribution of Seyfert-like AGNs computed with the model of Gilli et al. (2007) arbitrarily multiplied by 1.1 to fit the CXB emission at 30 keV. The solid
line is the sum of the Seyfert-like and FSRQs. The spectrum of FSRQs has been modeled as a power-with a mean photon index of 1.6. The blue region represents the
range of values obtained from the Monte Carlo realizations of best-fit parameter ranges. The magenta solid line represents the contribution of BL Lac objects whose
uncertainty is not plotted for clarity, but is, due to the low number of objects, >30% at any energy.
(A color version of this figure is available in the online journal.)
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Figure 16. Contribution of FSRQs (blue region) to the CXB. The data are the same as in Figure 15, but in this case the SED of the FSRQs has been modeled with
a double power-law function. The IC peak is located in the ∼MeV region. The contribution of BL Lac objects is the same as in Figure 15 and is not drawn here for
clarity. The blue region represents the range of values obtained from the Monte Carlo realizations of best-fit parameter ranges.
(A color version of this figure is available in the online journal.)

contribution of FSRQs assuming that their IC peak is located
in the MeV band. We find that in this case FSRQs account for
the entire CXB emission up to 10 MeV. While there is basically
no difference with respect to the single power-law case below
500 keV, the curvature of the IC peak makes the contribution of
FSRQs to the CXB slightly smaller around 1 MeV. We also note
that moving the IC peak beyond 10 MeV produces a negligible
curvature in the FSRQ integral emission and thus this case is
well represented by the single power-law model.

Thus, the two analyses shown here cover well the case in
which the IC peak is either located at MeV or at GeV energies

(double and single power-law model, respectively). We must
therefore conclude that the contribution of FSRQs to the diffuse
emission is relevant and likely accounts for a substantial fraction
(potentially ∼100%) of the CXB around 1 MeV. Interpreting
the CXB as a strong constraint, we derive that the population
of FSRQ sampled by BAT must have the IC peak located
in the MeV band in order not to overproduce the diffuse
background at ∼10 MeV. Bhattacharya et al. (2009) recently
reported for the FSRQs detected by EGRET a mean photon
index of 2.34 ± 0.15. Since FSRQs have a mean photon index
of 1.6 in BAT, this implies already that the IC peak is located

MeV�background�by�Seyferts

MeV�background�by�FSRQs


