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Unjetted AGNs ~ Radio-Quiet AGNs ~ Seyferts

• Active Galactic Nucleus = AGN


• 90% of AGNs are radio-quiet.


• Radio-quiet AGNs ~ Seyfert galaxies 
(or quasars, when luminous)


• Also as unjetted AGNs.


• unjetted ~ radio-quiet ~ Seyfert


• Emission arises from disk.
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Multi-wavelength spectrum of Unjetted AGNs 
Thermal emission dominates.

• If unjetted AGNs are neutrino 
sources,


• we should see non-thermal EM 
emission.


• BUT, in unjetted AGNs,


• thermal emission is everything 
“so far”.


• Where is non-thermal signature?

Hickox & Alexander+’16

Dust Disk Corona  
+ Disk

???



Millimeter excess in nearby Seyferts
Unknown component in AGN SED?

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


• Power-law ?


•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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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 observations toward nearby Seyferts

•Clear excess in nearby Seyferts  
(YI & Doi ’18; YI, Khangulyan, & Doi ’20; Kawamuro+’22; Michiyama+in prep.)


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


•Some shows time variability ~1 month (see also Behar+’20)


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


• Size : < 10 pc → Nucleus
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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

Kawamuro+’22



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?



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)

X-ray photons are from hot corona 

• Hot corona ~ 100 keV


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


• If so, coronal synchrotron radiation is 
expected  
(Di Matteo+’97; YI & Doi ’14; Raginski & Laor ‘16)

YI & Doi ‘14
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cm-mm spectrum of AGN core
A case of IC 4329A

• 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 photon index: 2.9


• Size: 40 rs


• B-field strength : 10 G
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Radio Spectrum of AGN Core
Non-thermal tail in the mm spectrum
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Yes, Non-thermal Activity



Generation of Non-thermal 
Electrons in Coronae
• 1st-order Fermi acceleration can explain the 

observed electrons 


• Injection index of 2


• Where is the acceleration site?


• Other mechanisms may be difficult.


• Because of low magnetic field and accretion 
rate.

Acceleration & Cooling

Electron Spectrum

YI + ‘19



• MeV emission


• but, no GeV emission


• Protons would be 
accelerated simultaneously


• Generation of high 
energy neutrinos


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

YI +’19

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

See also Kohta Murase’s talk

 att.γγ

X-ray

MeV

Neutrino



  

Cosmic High Energy Background Radiation

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


• Seyferts can explain X-ray & MeV gamma-ray background  
(YI+’08, YI+’19, Murase+’20).

YI +’19

  



106 107 108 109 1010 1011 1012 1013 1014 1015 1016

Energy [eV]

10°15

10°14

10°13

10°12

10°11

10°10

10°9

10°8

E
2 d

N
/d

E
[e

rg
/c

m
2 /

s]

GRAMS
(35 days)

GRAMS
(3 yrs)

AMEGO
(5 yrs)

∫ : Corona

∞: Corona (Screen)

∞: Corona (Uniform)

IceCube

4FGL

3FHL

MAGIC

106 107 108 109 1010 1011 1012 1013 1014 1015 1016
Energy [eV]

10－15

10－14

10－13

10－12

10－11

10－10

10－9

10－8

E2
dN
/d
E
[er
g/c
m2
/s
]

GRAMS
(35 days)

GRAMS
(3 yrs)

AMEGO
(5 yrs)

ν: Corona
γ: Corona (Screen)
IceCube
4FGL
3FHL
MAGIC

IceCube Hottest Spot ?
NGC 1068 (no strong jet)

• Type-2 Seyfert NGC 1068 is reported at 2.9-σ.


• If the signal is real, corona can be a plausible 
neutrino production site  
(see also Müller & Romero ’20,  Murase+’20).IceCube 2020

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

•mm-excess


•MeV PL 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



How to find Neutrino-Loud Seyferts?
Southern Sky is the best for a synergy with ALMA

• 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) will not.


• BAT survey + follow-up by (ALMA + KM3NeT) 
is the best solution.

NH > 1.5 × 1024 cm−2

Kawamuro+’22

26 Kawamuro et al.

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

less 
obscured

heavily 
obscured



Summary

• Unjetted AGNs ~ Radio-quiet AGNs ~ Seyferts


• Non-thermal radio emission in Seyfert SED is now seen by ALMA.


• Originated in AGN corona


• AGN Corona is a production site of high energy particles.


• Faint but Many in the sky


• Can explain IceCube neutrino events (NGC 1068)


• BAT survey + follow-up by (ALMA + KM3NeT)  
will be the best to find neutrino-loud Seyferts
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Reconnection Corona Heating?
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.


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

B2VA/4π

4kTneσTcUradl/mec2


