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Multi-wavelength/Multi-messenger Astronomy
Long History,,,

• Multi-wavelength astronomy has already started in 1990s 
(or 1960s). 

• What innovation will we make in 2030s?

19
95
Ap
J.
..
44
9L
..
99
M

19
 6 6

Ap
J. 

. .
14

6.
 .3

16
S 

% 

N 

m 

m m 
m 

Z# * m 

; -15» 4301 , 

����

15^4300 

W 

�m ��

, * 

. ' 

* * 

• • 

m m. 

» : : ^ m 
m * ��%1 

* : 

Fig. 1.—Photograph of the region containing the new X-ray position of Sco X-l, reproduced from the Palomar 
Sky Survey prints. The two equally probable X-ray positions are marked by crosses surrounded by a rectangle of 

, 1 by 2 arc min. The object described in the text is marked with an arrow. The identifications of other stars for which 
photoelectric photometry exists are also marked. 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 

Optical ID of Sco X-1 
First @ Okayama -> Palomar

Sandage,,小田, 大沢, 寿岳 
1966 ApJL

Macomb,,, 近藤, 窪, 牧野, 牧島, 高橋, 田代 1995 ApJL;  

See also Makino+'1987 ApJ ; Takahashi+’1996;

19
94
Ap
J.
..
42
1.
.1
53
S

Sikora, Begelman, & Rees 1994 ApJ; 
See also Dermer & Schlickeiser 1993 ApJ



Coronal Magnetic Activity �
in Nearby Seyferts

Yoshiyuki Inoue�
In collaboration with: Akihiro Doi, Dmitry Khangulyan, �
Samuel Barnier, Nhat-Minh Ly, Tomonari Michiyama, �

Takayoshi Sano, Shinsuke Takasao
MeV–PeV Frontiers: New Perspectives in Gamma-Ray Astronomy and Particle Acceleration  @ Kashiwa, 2025-12-17



Outline

• Hot Coronae in Seyfert Galaxies�

• Coronal Magnetic Activity in Seyfert Galaxies�

• Coronal Magnetic Field?�

• Non-thermal Coronal Magnetic Activity �
in Seyfert Galaxies



Hot Coronae �
in Seyfert Galaxies



Figure 1. Mutli-wavelength spectral energy distribution of the HBLs in the low state. The 37 month averaged MAXI/GSC (Hiroi et al. 2013), 70 month averaged
Swift/BAT (Baumgartner et al. 2013), 48 month averaged Fermi/LAT (Acero et al. 2015), and quiescent state IACTs data (see Table 1 for the references information)
are shown by red square, orange circle, green top-triangle, and blue down-triangle data points, respectively. Archival data from NED are also shown. The solid curve
shows the best-fit model. The dotted–dashed and dot curve represents the model with H a � 1min and I � 1g , respectively, but the other parameters are unchanged from
the best-fit model. The source name is indicated in each panel. See the text for more details.

Figure 2. Same as Figure 1, but for the other HBL samples as indicated in each panel.
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Figure 3. Broadband SEDs of the two BLRGs detected at high significance by
Fermi-LAT (3C 111 and 3C 120). Fermi-LAT data are indicated by red circles.
Black squares represent the historical data from NED. Magenta squares denote
the 5 GHz radio fluxes of the unresolved nuclei (if available). The green curves
correspond to the template of the accretion-related Seyfert-type emission (from
Koratkar & Blaes 1999), matched to the infrared-to-X-ray continuum of each
source. The blue curves correspond to the broadband spectrum of the quasar
3C 273 (from Soldi et al. 2008), used here as a template of the jet-related
emission and scaled to match the radio fluxes for each source. The mixing
parameter η for the phenomenological hybrid model discussed in Section 4 is
given in each panel.
(A color version of this figure is available in the online journal.)

(F = K E−Γγ ) with both parameters (normalization, K, and
photon index, Γγ ) set free, and then calculate the errors on the
fluxes and photon indices. For the remaining BLRGs and Seyfert
galaxies, which are detected in the analyzed data set below the
threshold (TS < 25), we simply provide upper limits on the
fluxes for the fixed Γγ = 2.5.

3. RESULTS

Table 2 summarizes the results of the Fermi-LAT data
analysis of the 18 BLRGs and 9 Seyfert galaxies. For each
source considered, Table 2 provides (1) name, (2) statistical
significance TS of the Fermi-LAT detection, (3) γ -ray photon
index Γγ evaluated for the photon energy range 0.1–10 GeV,
(4) the integrated photon flux above 100 MeV, F>0.1 GeV,
(5) γ -ray flux [νFν]0.1–10 GeV, (6) the corresponding γ -ray
luminosity Lγ = 4πd2

L[νFν]0.1–10 GeV, (7) total accretion-

Figure 4. Distribution of a mixing parameter η for BLRGs (top panel; blue
histogram) and Seyfert galaxies (bottom panel; red histogram). The values
characterizing the two detected sources (3C 111 and 3C 120) are indicated by
the arrows in the top panel. In the case of Fairall 9, which is not detected in
radio, an upper limit for the η parameter is given in the bottom panel.
(A color version of this figure is available in the online journal.)

related luminosity Lacc derived from the spectral fitting as
described below, and (8) “mixing” parameter η discussed in
the next section. Only two BLRGs (3C 111 and 3C 120) are
detected at sufficiently high significance levels, i.e., TS ! 25,
in the accumulated two-year Fermi-LAT data set. For these, the
γ -ray fluxes and luminosities are evaluated straightforwardly.29

For the targets detected at lower significance levels, TS < 25,
the corresponding 95% confidence level flux upper limits are
calculated using the dedicated software UpperLimit.py.

For 3C 120, the results presented here are consistent with
those reported in Abdo et al. (2010d), but with reduced uncer-
tainties in the flux and photon index due to the improved photon
statistics based on the two-year accumulation of the Fermi-LAT
data. We note however that the TS value increased only slightly
between the 15 month and 24 month Fermi-LAT data sets (cf.
TS = 34 found here versus TS = 32 reported in Abdo et al.
2010d). In contrast, the flux and photon index uncertainties in-
creased in the case of 3C 111, and the corresponding TS value
decreased between the 15 month and 24 month Fermi-LAT data
sets (cf. TS = 31 found here versus TS = 34 reported in Abdo
et al. 2010d). The reason for this behavior is twofold. First,
the likelihood analysis was limited here to the photon energy
range 0.2–100 GeV, whereas the energy range 0.1–100 GeV
was adopted in Abdo et al. (2010d). The difference in energy
selection is relevant since 3C 111 is located at a relatively low
Galactic latitude (see footnote 26), and as such is heavily af-
fected by the contamination from the Galactic diffuse emission
especially below 200 MeV.30 If we lower the photon energy
threshold of the likelihood analysis to 100 MeV, the signifi-
cance of the 3C 111 detection in the 24 month data increases

29 Since the likelihood analysis was limited to the photon energy range
0.2–100 GeV, all the flux values and the corresponding luminosities are
extrapolated down to 100 MeV with a given photon index. This choice is
dictated solely by the convention typically followed by the γ -ray community.
30 Accordingly, in the 1FGL catalog (Abdo et al. 2010b, Table 4 therein), the
source fit of 1FGL J0419.0+3811 was flagged as being sensitive to changes in
the diffuse Galactic emission model (flux and spectral index could change by
more than 3σ ). However, upon close inspection of the dust column density
E(B − V ) and W(CO) maps (Schlegel et al. 1998; Dame et al. 2001), we
estimated that the possible enhancement of γ -ray emission at the position of
3C 111 due to additional column density from dark gas or a somewhat larger
emissivity may account for, at most, ∼10% of the γ -ray flux listed in Table 2.
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The origin of the EGB in the LAT energy range.

4

Unresolved sources Diffuse processes
Blazars

Dominant class of LAT extra-
galactic sources. Many estima-
tes in literature.  EGB contribu-
tion ranging from 20% - 100% 

Non-blazar active galaxies
27 sources resolved in 2FGL 
~ 25% contribution of radio 
galaxies to EGB expected. 
(Inoue 2011)

Star-forming galaxies
Several galaxies outside the 
local group resolved by LAT. 
Significant contribution to EGB 
expected. (e.g. Pavlidou & Fields, 
2002)

GRBs
High-latitude pulsars

small contributions expected. 
(e.g. Dermer 2007, Siegal-Gaskins et al. 

2010) 

Intergalactic shocks
widely varying predictions of 
EGB contribution ranging from 
1% to 100% (e.g. Loeb & Waxman 
2000, Gabici & Blasi 2003)

Dark matter annihilation
Potential signal dependent on 
nature of DM, cross-section and 
structure of DM distribution 
(e.g. Ullio et al. 2002)

Interactions of UHE cosmic 
rays with the EBL

dependent on evolution of CR 
sources, predictions varying from 
1% to 100 % (e.g. Kalashev et al. 2009)

Extremely large galactic 
electron halo (Keshet et al. 2004)
  

CR interaction in small solar 
system bodys (Moskalenko & Porter 
2009)
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What is the origin of Seyfert X-ray emission?
High-energy non-thermal particles?

• Gamma-ray cascade 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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Solar corona heating
Dissipation of magnetic energy

• Magnetic activity heats the solar 
corona to ~106 K.�

• Magnetic fields transfer interior 
convection energy to the 
corona (e.g., Matsumoto & Suzuki ’14).
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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)

Magnetic reconnection heated corona model
Haardt & Maraschi ’91; Liu, Mineshige, & Shibata ‘02

1. Reconnection heating = Compton cooling in corona�

✓    �

2. Conduction heating = Evaporation cooling in disk chromosphere�

✓    �
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Coronal Magnetic Activity �
in Seyfert Galaxies



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)�

• 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



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.

Doi & YI ‘16

Barvainis+’96

NGC 985

PQ 

1435 BARVAINIS ET AL. : RADIO QUIET QUASARS 1435 

10n 10 

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 ‘24; Shablovinskaia+'24; Jana, YI '25; Barnier, YI +in prep.)�

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

• Unresolved by ALMA → Size : < 10 pc → Nucleus

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

Michiyama, YI, ‘24
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Day to Year time variability in the mm excess
Origin should be small regions IC 4329A – Year-scale variability

𝟕/𝟏𝟐

○ Observed 3 different years in 
bands 3, 4 and 6

○ All observations analyzed with 
0.335 arcsec resolution

○ Spectral flux evolves by at least a 
factor 2 

Date Observations
October 2nd 2016 Band 3, 4, 6
August 13th 2019 Band 3, 4, 6
September 28th 2021 Band 3, 4, 6

3-5 yrs

IC 4329A IC 4329A

Shablovinskaia+'24

Barnier, YI, + in prep.



Where is the origin of the mm excess?
Structure of AGN core in the <10 pc scale

Ramos-Almeida & Ricci ‘17

• Dust torus?�

• spectral shape, not enough, variability�

• Free-free?�

• spectral shape, not enough�

• Jet?�

• radio-quiet�

• Wind (Henkla+'25)?�

• day-scale or shorter variability 
probably difficult (see also Yamada, 
Sakai, YI, & Michiyama '24)�

• Corona



cm-mm spectrum of AGN core
Corona can explain the mm excess

• 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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YI & Doi ‘18
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Coronal Magnetic Field?



cm-mm spectrum of AGN core
Weak Magnetic Field

• 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 (see also 
Shablovinskaya+’24)
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Can we heat up corona by magnetic activity?
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).�

• Advection Dominated Corona? �

• 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

C⃝ 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,  GRMHD 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 ∼ 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 may strongly depend on 
initial magnetic field configuration.

β ∼ 10 − 100

Poloidal Toroidal

Liska+’23

Liska+’23



Non-thermal Coronal Magnetic Activity �
in Seyfert Galaxies



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?

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�

• Key for disentangling the 
degeneracy of non-thermal 
electron fraction�

• Protons would be accelerated�

➡high energy neutrinos�

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

YI +’19

 att.γγ

X-ray

MeV

Neutrino



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

7

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

9
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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 Opaque 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

LEdd

Rs

R

IceCube 2020

14

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



ALMA Observations toward the NGC 1068 core
mm excess is there

• Based on our analysis �
(YI+’20; Michiyama, YI+2023; See 
also Mutie+'25)�

• 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.
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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

9

NGC 1068 in neutrinos

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

• If the signal is real, corona may 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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Coronal cosmic-ray power?

• Many models are proposed for Seyfert 
neutrinos (specifically NGC 1068).�

• YI+’20; Murase+’20; Kheirandish+’21; 
Anchordoqui+’22; Eichmann+’22; Fang+’23; 
Hooper+’23; Ajello+’23�

• We assume the cosmic-ray power.�

• Neutrino flux ~ 0.1 cosmic-ray power.

Ajello, Murase, McDaniel ‘23

Eichmann+’22



How high CR power is required?
Efficient 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: 

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



Upper limit on cosmic-ray power in AGN coronae
Accretion dynamics constrains the coronal CR power (YI, Takasao, Khangulyan ’24)

• CR pressure can be expressed by Gas pressure 
�

• CR vs magnetic pressure ratio: �

• Plasma beta: �

• Coronal Gas Pressure?�

• Hot accretion flow → Two-temperature plasma�

• �

➡ 

pCR = δ β−1 pgas

δ ≡ pCR/pmag < 1

β ≡ pgas/pmag

pgas ≈ nikBTi ≈ τXkBTi/RcσT

pCR ≈
δ
β

τX

RcσT
kBTi

Kafexhiu + ‘19

Hot Accretion Flow Temperature Profile

Ion

Electron



Upper limit on cosmic-ray power in AGN coronae
YI, Takasao, Khangulyan ‘24

• Energy density and pressure�

• �

• CR Luminosity is then�

➡

pCR =
1
3 ∫ dp4πp3v(p)f(p) =

1
3

uCR

LCR ≲ 4.2 × 1041 erg s−1 ( α
0.1 ) ( β

10 )
−1

× ( δ
1 ) ( MBH

107M⊙ ) ( rc

30 )
−1/2

( τX

1 )
IceCube 2020
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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

Requirement: LCR > 1043 erg/s

LCR ≲ 7.3 × 1041 erg s−1 ( α
0.1 ) ( β

10 )
−1

× ( δ
1 ) ( MBH
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10 )
−1/2
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Summary

• Coronal magnetic activity in Seyfert galaxies have 
been now observed by ALMA�

• Coronal magnetic field is ~10 G at ~30 Rs�

• Non-thermal particles exist in the BH corona�

• Corona could explain the neutrino signals�

• But, IceCube flux of NGC 1068 would be too high for 
corona models, IF corona is high-β plasma.


