
Coronal Magnetic Activity in 
nearby Active Supermassive 

Black Holes

Yoshiyuki Inoue 
Akihiro Doi, Dmitry Khangulyan 

ASJ Meeting @ Tsukuba, 2020-03-16



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 Fields around SMBHs
• Never measured. But important for 

• Corona heating 
(e.g., Haardt & Maraschi ’91; Liu, Mineshige, & Shibata ’02) 

• Jet launching 
(e.g., Blandford & Znajek ’77; Tchekhovskoy+’10, ’11)3094 J. C. McKinney, A. Tchekhovskoy and R. D. Blandford

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
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Millimeter Excess?
• If the AGN corona is magnetized,  

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

YI & Doi ‘14

10-21

10-20

10-19

10-18

10-17

10-16

10-15

10-14

10-13

10-12

101 102 103

i
F i

 [
er

g/
cm

2 /s
]

Frequency [GHz]

IC 4329A
B=103 G
B=102 G

B=103 G w/ non-th
B=102 G w/ non-th

ALMA (60 sec)

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

• Possible mm excess 
(e.g., Antonucci & Barvainis’88; Barvainis+’96; Doi & 
Inoue ’16; Behar+’18) 

• Contamination of extended components 

• Lack of multi-frequency observations.



ALMA Observation toward IC 4329A

• IC 4329A 

• One of the brightest Seyfert galaxies in the Southern sky 

• Type: Seyfert 1.2 

• Distance: ~70 Mpc (~2e26 cm) 

• MBH ~ 1.2 x 108 M⦿ 

• Corona parameter from X-ray by Suzaku/NuSTAR 

• Te = 50 keV, τe=2.34 (Brenneman+’14)



• Hybrid corona model (YI & Doi 
’14) 

• Non-thermal electron fraction :  
η = 0.03 (fixed) 

• Non-thermal spectral index 
p = 2.9 

• Size: 40 rs 

• B-field strength : 10 G
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Reconnection Corona 

• Magnetic Heating Rate 

• QB, heat ~ 1010 erg/cm2/s 

• Compton Cooling Rate 

• QIC, cool ~ 1013 erg/cm2/s (w/ L = 0.1 LEdd) 

• Magnetic field energy is NOT sufficient to keep coronae hot.
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observations of GBHCs and AGNs we know that the emitting
temperature of hot plasma is ∼109 K and the power-law spec-
trum requires a Compton y-parameter of 2y { (4kT/m c ) t ∼e

, leading to the constraint on the density of hot plasma to be1
cm!3 in a hot region of size (where9n ! 5# 10 l ∼ 10RS

is the Schwarzschild radius). A successful model shouldRS
account for these observational data.
The energy balance in the magnetic flux tube holds, between

heating by magnetic reconnection and cooling by Compton scat-
tering, thermal conduction, and cycle-synchrotron radiation. For
a typical AGN system with a black hole mass of 108 andM,

an accretion rate of ( ), the radiation2˙ ˙0.1M M p 10L /cEdd Edd Edd
energy density in a disk is ergs cm!3. The magnetic5U ≈ 10rad
field is G under the assumption of energy equipartition3B ∼ 10
with gas in the disk. We find that the Compton scattering is the
most efficient cooling mechanism in the range of above param-
eters (which is also true in GBHCs as shown in § 4). We thus
have

2B 4kT
V ≈ nj cU l, (1)A T rad24p m ce

where is the Alfvén speed, is the soft pho-in reV U p U "UA rad rad rad
ton field to be Compton scattered from both the intrinsic disk
and reprocessed radiation, and l is the length of the magnetic
loop; other constants have their standard meanings.
Therefore, the temperature in the magnetic flux tube is T p

K, which is around the observed value9 !3/2 !1 3 !11.21# 10 n U B l9 5 3 14
of ∼109 K for typical parameters of , , , and in unitsn U B l9 5 3 14
of 109 cm!3, 105 ergs cm!3, 103 G, and cm (p10RS),143# 10
respectively.
Then how do we determine the density? At the bottom of

the flux tube, structural calculations for both the solar corona
(Shmeleva & Syrovatskii 1973) and disk corona (Liu, Meyer,
& Meyer-Hofmeister 1995; Meyer et al. 2000; Liu et al. 2002)
show that there is a very thin transition layer between the
corona and the chromosphere where temperature changes very
steeply within a depth h ( ). The thermal conductive fluxh K l
there is quite large. If the initial mass density is too low, the
conduction rate can exceed the Compton cooling rate within
this thin layer (i.e., conduction timescale is less than Compton
timescale). This conduction flux then heats up some of the
chromospheric plasma into the magnetic tube in a similar way
to the solar corona (Yokoyama & Shibata 2001). This process
is called chromospheric evaporation. The density of evaporated
plasma is estimated from the energy balance at the interface,

(where the evaporat-7/2 1/2k T /h ≈ [g/ (g ! 1)] n kT (kT/m )0 evap H
ing speed is around sound speed owing to the large pressure
gradient, ergs cm!1 s!1 K!7/2, ). This plasma!6k ≈ 10 g p 5/30
eventually diffuses to the whole loop, and the averaged density
in the magnetic tube n fulfills . We thus getn h p nlevap

7/2 1/2k T g kT0 ≈ nkT . (2)( )l g ! 1 mH

Once the density n reaches a certain value, the Compton cooling
sets in and finally overwhelms the evaporation cooling; an equi-
librium is then established between the magnetic heating and
Compton cooling through the whole loop, and evaporation at
the interface becomes quite slow or even stops. For a further
check of the argument, we compare the enthalpy flux with
conductive flux from numerical calculations on the vertical struc-
ture of the frictionally heated disk corona (Liu et al. 2002),

finding that the approximation is correct in order of magnitudes.
For K, the density n given by equation (2) is9T p 1.21# 10

cm !3, which is just what is required. This implies91.6# 10
that the evaporation can build up a corona with a density of
∼109 cm!3.
Therefore, we expect two phases caused by the magnetic

reconnection heating: first, mass evaporation at the bottom of
the magnetic flux tube quickly builds the corona up to a certain
density; then, Compton scattering in the tube steadily radiates
away the magnetic heating. Combining equation (1) with equa-
tion (2), we derive T and n in the corona:

9 !1/4 3/4 1/8T p 1.02# 10 U B l K, (3)5 3 14

9 !1/2 3/2 !3/4 !3n p 1.12# 10 U B l cm . (4)5 3 14

Equations (3) and (4) reproduce the typical temperature of
109 K and density of 109 cm!3 and establish the relations be-
tween the disk and the corona through disk radiation and mag-
netic field.
The magnetic energy is assumed to be equipartitioned with

the gas energy of the disk, . Other2b { n kT / (B /8p) p 1disk disk
possible values of b have been studied byMiller & Stone (2000).
In our model, larger b means less energy dissipated through the
corona and results in lower coronal T and n as shown in equa-
tions (5)–(8). To calculate disk quantities, the classical diskmodel
(Shakura & Sunyaev 1973) is used, in which absorption is dom-
inated by electron scattering and pressure, by either gas pressure

or radiation pressure depending on the accretion rate.g rP Pdisk disk
For , we find that the soft photon field is dominatedrP p Pdisk disk
by the intrinsic disk radiation, and T and n in the corona are

9 !15/32 !3/8 !3/32 !1 75/64 1/8˙T p 1.36# 10 a b m m r l K (5)0.1 1 8 0.1 10 10

9 !15/16 !3/4 !19/16 !2 75/32 !3/4 !3˙n p 2.01# 10 a b m m r l cm , (6)0.1 1 8 0.1 10 10

with standard parameters and viscous coefficient , ,a b , m0.1 1 8
, , and in units of 0.1, 1, 108 , , , and˙ṁ r l M 0.1M 10R0.1 10 10 , Edd S
, respectively. For , the soft photon field is dom-g10R P p PS disk disk

inated by the reprocessed coronal radiations (∼40%U ≈ 0.4Urad B

of the coronal radiation is reprocessed; see Haardt & Maraschi
1991), and we have

9 !9/80 !1/8 1/80 1/10 !51/160 1/8˙T p 4.86# 10 a b m m r l K, (7)0.1 1 8 0.1 10 10

10 !9/40 !1/4 !39/40 1/5 !51/80 !3/4 !3˙n p 2.55# 10 a b m m r l cm . (8)0.1 1 8 0.1 10 10

3. FRACTION OF ACCRETION ENERGY RELEASED
THROUGH THE CORONA

So far, we have not considered a back reaction; that is, the
energy transferred from the disk to the corona by magnetic
reconnection essentially affects the disk structure. Defining f
as the fraction of accretion energy released in the reconnected
magnetic corona,

!12 ˙F B 3GMMcorf { p V , (9)( )A 3F 4p 8pRtot

?



A possible interpretation: Truncated disk

• Standard disk is truncated at some radii (e.g. ~40 rs) 

• The inner part becomes 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).



mm-Excess in Other RQ AGNs

• NGC 985 is detected. NGC1068 is also marginally detected. 

• 9 more RQ AGNs are observed in the ALMA cycle-6.
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cm-mm spectrum of IC 4329A Core

• Non-thermal electrons should exist in the coronae
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High energy emission from AGN coronae : 
Cosmic High Energy Background

• No GeV emission due to gamma-gamma attenuation 

• High energy neutrinos (see also Begelman+’90; Stecker+’92; Kalashev+’15; Murase+’19) 

• RQ AGNs can explain X-ray, MeV gamma-ray, & TeV neutrino 
background.

YI + ‘19



IceCube Hottest Spot

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

• If the signal is real, corona is the neutrino production site.
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10 year All-Sky Scan Results
● Scan the entire sky and evaluate the 
likelihood of signal over background. 

● The position with the smallest p-value in 
each hemisphere is taken as the hottest spot. 

● The post-trial pvalue is calculated by 
comparing this p-value with many 
background hotspots. 

Hottest Point in Northern Hemisphere�: δ ≥ -5  ⁰

RA = 40.87° , Dec = -0.30°
n
signal
 = 61.45 , γ= 3.411

Pval = 6.45, TS = 25.34 ⇒ 9.9�% post-trial

Hottest Point in Southern Hemisphere�: δ< -5⁰

Ra = 350.18° , dec -56.45°
n
signal
=17.75, γ = 3.34

Pval =5.37, TS= 19.95 ⇒ 75�% post-trial 

NGC 1068

IceCube 2019 (ICRC) YI, Khangulyan, & Doi, ’20
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Summary
• Coronal synchrotron emission from Seyferts are 

detected. 

• Seyferts may be responsible for the cosmic X-ray, MeV 
gamma-ray, and TeV neutrino background fluxes. 

• NGC 1068, type-2 Seyfert, is the hottest spot in the 
IceCube data.  

• due to the constraints from the gamma-ray band, the 
coronal activity provides the most feasible explanation.


