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Black Hole Accretion 4

• Active Galactic Nuclei (MBH ~ 108Msun)
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Figure 7
Composite SEDs for radio-quiet AGNs binned by Eddington ratio. The SEDs are normalized at 1 µm.
(Adapted from L.C. Ho, in preparation.)

nuclei (Ho 1999b, 2002a; Ho et al. 2000) and a substantial fraction of Seyfert nuclei (Ho & Peng
2001). Defining radio-loudness based on the relative strength of the radio and X-ray emission,
RX ≡ νLν (5 GHz)/LX, Terashima & Wilson (2003b) also find that LINERs tend to be radio-
loud, here taken to be RX > 10−4.5. Moreover, the degree of radio-loudness scales inversely with
Lbol/LEdd (Ho 2002a; Terashima & Wilson 2003b; Wang, Luo & Ho 2004; Greene, Ho & Ulvestad
2006; Panessa et al. 2007; Sikora, Stawarz & Lasota 2007; L.C. Ho, in preparation; see Figure 10b).

In a parallel development, studies of the low-luminosity, often LINER-like nuclei of FR I radio
galaxies also support the notion that they lack a UV bump. M84 (Bower et al. 2000) and M87
(Sabra et al. 2003) are two familiar examples, but it has been well documented that FR I nuclei
tend to exhibit flat αox (Donato, Sambruna & Gliozzi 2004; Balmaverde, Capetti & Grandi 2006;
Gliozzi et al. 2008) and steep slopes in the optical (Chiaberge, Capetti & Celotti 1999; Verdoes
Kleijn et al. 2002) and optical-UV (Chiaberge et al. 2002).

Finally, I note that the UV spectral slope can be indirectly constrained from considering the
strength of the He II λ4686 line. Although this line is clearly detected in Pictor A (Carswell et al.
1984, Filippenko 1985), its weakness in NGC 1052 prompted Péquignot (1984) to deduce that
the ionizing spectrum must show a sharp cutoff above the He+ ionization limit (54.4 eV). In this
respect, NGC 1052 is quite representative of LINERs in general. He II λ4686 was not detected
convincingly in a single case among a sample of 159 LINERs in the entire Palomar survey (Ho,
Filippenko & Sargent 1997a). Starlight contamination surely contributes partly to this, but the line
has also eluded detection in HST spectra (e.g., Ho, Filippenko & Sargent 1996; Nicholson et al.
1998; Barth et al. 2001b; Sabra et al. 2003; Sarzi et al. 2005; Shields et al. 2007), which indicates
that it is truly intrinsically very weak. To a first approximation, the ratio of He II λ4686 to Hβ

reflects the relative intensity of the ionizing continuum between 1 and 4 Ryd. For an ionizing
spectrum fν ∝ να , case B recombination predicts He II λ4686/Hβ = 1.99 × 4α (Penston &
Fosbury 1978). The current observational limits of He II λ4686/Hβ ! 0.1 thus imply α ! − 2,
qualitatively consistent with the evidence from the SED studies.

Maoz (2007) has offered an alternative viewpoint to the one presented above. Using a sample
of 13 LINERs with variable UV nuclei, he argues that their SEDs do not differ appreciably from
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• Plasma flow falls onto black holes
• Gravitational energy → thermal, radiation
• The best power plant in the Universe  

• Discovery of Black holes = Novel Prize 2020
Eg ≈ GMmp/(2R) ∼ 0.1mpc2@R = 5RG

Ho 2008 Luminous AGN

Low-luminosity AGN



distributions (SEDs) are constructed from the data and from
empirical relations, and then we compute neutrino and
cascade gamma-ray spectra by consistently solving particle
transport equations. We demonstrate the importance of
future MeV gamma-ray observations for revealing the
origin of IceCube neutrinos especially in the medium-
energy (∼10–100 TeV) range and for testing neutrino
emission from NGC 1068 and other AGN.
We use a notation with Qx ¼ Q × 10x in CGS units.
Phenomenological prescription of AGN disk coronae.—

We begin by providing a phenomenological disk-corona
model based on the existing data. Multiwavelength SEDs
of Seyfert galaxies have been extensively studied, consist-
ing of several components; radio emission (see Ref. [60]),
infrared emission from a dust torus [61], optical and
ultraviolet components from an accretion disk [62], and
x rays from a corona [33]. The latter two components are
relevant for this work.
The “blue” bump, which has been seen in many AGN, is

attributed to multitemperature blackbody emission from a
geometrically thin, optically thick disk [63]. The averaged
SEDs are provided in Ref. [64] as a function of the
Eddington ratio, λEdd ¼ Lbol=LEdd, where Lbol and LEdd ≈
1.26 × 1045 erg s−1ðM=107 M⊙Þ are bolometric and
Eddington luminosities, respectively, and M is the
SMBH mass. The disk component is expected to have a
cutoff in the ultraviolet range. Hot thermal electrons in a
corona, with an electron temperature of Te ∼ 109 K,
energize the disk photons by Compton upscattering. The
consequent x-ray spectrum can be described by a power
law with an exponential cutoff, in which the photon index
(ΓX) and the cutoff energy (εX;cut) can also be estimated
from λEdd [31,65]. Observations have revealed the relation-
ship between the x-ray luminosity LX and Lbol [66] [where
one typically sees LX ∼ ð0.01 − 0.1ÞLbol], by which the
disk-corona SEDs can be modeled as a function of LX and
M. In this work, we consider contributions from AGN with
the typical SMBH mass for a given LX, using M ≈ 2.0 ×
107 M⊙ðLX=1.16 × 1043 erg s−1Þ0.746 [67]. The resulting
disk-corona SED templates in our model are shown in

Fig. 2 (see Supplemental Material [68] for details), which
enables us to quantitatively evaluate CR, neutrino and
cascade gamma-ray emission.
Next we estimate the nucleon density np and coronal

magnetic field strength B. Let us consider a corona with
the radius R≡RRS and the scale height H, where R is
the normalized coronal radius and RS ¼ 2GM=c2 is the
Schwarzschild radius. Then the nucleon density is
expressed by np ≈ τT=ðσTHÞ, where τT is the Thomson
optical depth that is typically ∼0.1–1. The standard
accretion theory [69,70] gives the coronal scale height
H≈ðCs=VKÞRRS¼RRS=

ffiffiffi
3

p
, whereCs ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kBTp=mp

p
¼

c=
ffiffiffiffiffiffiffi
6R

p
is the sound velocity, and VK ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
GM=R

p
¼

c=
ffiffiffiffiffiffiffi
2R

p
is the Keplerian velocity. For an optically thin

corona, the electron temperature is estimated by
Te ≈ εX;cut=ð2kBÞ, and τT is empirically determined from
ΓX and kBTe [31]. We expect that thermal protons are at
the virial temperature Tp ¼ GMmp=ð3RRSkBÞ ¼ mpc2=
ð6RkBÞ, implying that the corona may be characterized by
two temperatures, i.e.,Tp > Te [71,72]. Finally, themagnetic
field is given by B ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8πnpkBTp=β

p
with plasma beta (β).

Many physical quantities (including the SEDs) can be
estimated observationally and empirically. Thus, for a given
LX, parameters characterizing the corona (R, β, α) are
remaining. They are also constrained in a certain range by
observations [73,74] and numerical simulations [45,47].
For example, recent MHD simulations show that β in the
coronae can be as low as 0.1–10 (e.g., Refs. [41,46]). We
assume β ≲ 1–3 and α ¼ 0.1 for the viscosity parameter
[63], and adopt R ¼ 30.
Stochastic proton acceleration in coronae.—Standard

AGN coronae are magnetized and turbulent, in which it is
natural that protons are stochastically accelerated via
plasma turbulence or magnetic reconnections. In this work,
we solve the known Fokker-Planck equation that can
describe the second order Fermi acceleration process

FIG. 1. Schematic picture of the AGN disk-corona scenario.
Protons are accelerated by plasma turbulence generated in the
coronae, and produce high-energy neutrinos and cascaded
gamma rays via interactions with matter and radiation.

FIG. 2. Disk-corona SEDs used in this work, for LX ¼ 1042,
1043, 1044, 1045, and 1046 erg s−1 (from bottom to top). See text
for details.
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Figure 7
Composite SEDs for radio-quiet AGNs binned by Eddington ratio. The SEDs are normalized at 1 µm.
(Adapted from L.C. Ho, in preparation.)

nuclei (Ho 1999b, 2002a; Ho et al. 2000) and a substantial fraction of Seyfert nuclei (Ho & Peng
2001). Defining radio-loudness based on the relative strength of the radio and X-ray emission,
RX ≡ νLν (5 GHz)/LX, Terashima & Wilson (2003b) also find that LINERs tend to be radio-
loud, here taken to be RX > 10−4.5. Moreover, the degree of radio-loudness scales inversely with
Lbol/LEdd (Ho 2002a; Terashima & Wilson 2003b; Wang, Luo & Ho 2004; Greene, Ho & Ulvestad
2006; Panessa et al. 2007; Sikora, Stawarz & Lasota 2007; L.C. Ho, in preparation; see Figure 10b).

In a parallel development, studies of the low-luminosity, often LINER-like nuclei of FR I radio
galaxies also support the notion that they lack a UV bump. M84 (Bower et al. 2000) and M87
(Sabra et al. 2003) are two familiar examples, but it has been well documented that FR I nuclei
tend to exhibit flat αox (Donato, Sambruna & Gliozzi 2004; Balmaverde, Capetti & Grandi 2006;
Gliozzi et al. 2008) and steep slopes in the optical (Chiaberge, Capetti & Celotti 1999; Verdoes
Kleijn et al. 2002) and optical-UV (Chiaberge et al. 2002).

Finally, I note that the UV spectral slope can be indirectly constrained from considering the
strength of the He II λ4686 line. Although this line is clearly detected in Pictor A (Carswell et al.
1984, Filippenko 1985), its weakness in NGC 1052 prompted Péquignot (1984) to deduce that
the ionizing spectrum must show a sharp cutoff above the He+ ionization limit (54.4 eV). In this
respect, NGC 1052 is quite representative of LINERs in general. He II λ4686 was not detected
convincingly in a single case among a sample of 159 LINERs in the entire Palomar survey (Ho,
Filippenko & Sargent 1997a). Starlight contamination surely contributes partly to this, but the line
has also eluded detection in HST spectra (e.g., Ho, Filippenko & Sargent 1996; Nicholson et al.
1998; Barth et al. 2001b; Sabra et al. 2003; Sarzi et al. 2005; Shields et al. 2007), which indicates
that it is truly intrinsically very weak. To a first approximation, the ratio of He II λ4686 to Hβ

reflects the relative intensity of the ionizing continuum between 1 and 4 Ryd. For an ionizing
spectrum fν ∝ να , case B recombination predicts He II λ4686/Hβ = 1.99 × 4α (Penston &
Fosbury 1978). The current observational limits of He II λ4686/Hβ ! 0.1 thus imply α ! − 2,
qualitatively consistent with the evidence from the SED studies.

Maoz (2007) has offered an alternative viewpoint to the one presented above. Using a sample
of 13 LINERs with variable UV nuclei, he argues that their SEDs do not differ appreciably from
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→standard disk ＋ corona

• Lou-luminosity AGN:  no blue bump & X-ray 
→ Radiatively Inefficient Accretion Flow (RIAF)
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Classification of RIAFs
10 Ripperda et al.

Figure 9. ��1 = b2/(2p) at four typical times t = [2941, 2971, 2988, 3009]rg/c (from left to right) during the quasi-state-state
phase of accretion in the MAD configuration. Magnetic field lines are plotted on top as solid black lines. In the top half one
can detect the accretion of a magnetic flux tube (left panel) at x ⇡ 3rg, y ⇡ 1rg that opens up and becomes tearing unstable
(second panel) after it connects to the black hole, and produces copious plasmoids coalescing into large-scale structures (third
and fourth panel) at x ⇡ 5rg, y ⇡ 2.5rg with a typical size of about one Schwarzschild radius.

In Figure 10 we show the magnetization, current den-
sity, Ohmic heating, and temperature for the MAD
state, where we again mask the regions with � � 5. Due
to the higher magnetization (see the top-left panel) sur-
rounding the equatorial current sheets (see the top-right
panel) in the MAD state, the plasmoids are heated to
relativistic temperatures T ⇠ 10 (bottom-right panel),
an order of magnitude higher than in the SANE case.
The current density in the sheets is significantly higher
than in the SANE case. The plasmoids are heated
through Ohmic heating close to the event horizon, as
can be seen from the bottom-left panel.

3.5. Reconnection rate

We calculate the reconnection rate in a similar way as
for the Orszag-Tang vortex for both MAD and SANE
configurations. We first transform the Eulerian electric
and magnetic fields into a locally flat frame (see e.g.,
White et al. 2016) to apply the standard reconnection
analysis. We project the fields in the flat frame along
the direction parallel to the current layer to determine
the upstream geometry, and a typical Harris-type sheet
structure is found in Figure 11 both for the magnetic
field and the current density magnitude J . All three
magnetic field components switch sign in the current
sheets, indicating that zero-guide-field reconnection oc-
curs in both MAD and SANE cases. In the locally flat
frame we determine the inflow speed from the E ⇥ B-

velocity that we project along the direction perpendic-
ular to the current sheet, and then calculate the re-
connection rate as vrec/c = (vup,left � vup,right)/2c. In
both MAD and SANE configurations we select ten cur-
rent sheets at di↵erent times during the quasi-steady-
state phase of accretion and consistently find a recon-
nection rate between 0.01c and 0.03c. This finding is
in accordance with analytic resistive MHD predictions
for plasmoid-dominated reconnection in isolated current
sheets (Bhattacharjee et al. 2009; Uzdensky et al. 2010).

4. DISCUSSION AND CONCLUSIONS

We have shown that plasmoids form ubiquitously due
to magnetic reconnection in black-hole accretion flows,
regardless of the initial size of the disk and the magneti-
zation during the quasi-steady-state phase of accretion.
Energetic plasmoids that form on the smallest resistive
scales and escape the gravitational pull of the black hole
can grow into macroscopic hot spots through coalescence
with other plasmoids. In both MAD and SANE cases
these hot structures are ejected either along the jet’s
sheath or into the disk, heating the sheath and regions
of the disk within a few Schwarzschild radii of the event
horizon. In the MAD case the magnetization is signif-
icantly higher close to the event horizon, powering hot
spots with relativistic temperatures T = p/⇢ ⇠ 10, an
order of magnitude higher than in the SANE case T ⇠ 1.
The preferential heating of the jet’s sheath by continu-

Hot spot formation in black hole accretion disks 7

Figure 6. ��1 = b2/(2p) at four typical times t = [1460, 1480, 1540, 1580]rg/c (from left to right) during quasi-state-state phase
of accretion in the SANE configuration. Magnetic field lines plotted are on top as solid black lines. In the bottom half one can
detect the accretion of a magnetic flux tube at rKS cos ✓ = x ⇡ 6rg, rKS sin ✓ = y ⇡ �8rg (left two panels) that inflates, opens
up and becomes tearing unstable (third panel) after it connects to the black hole, and produces copious plasmoids coalescing
into large-scale structures at x ⇡ 5rg, y ⇡= �10rg (fourth panel) with a typical size of about one Schwarzschild radius. In
the top half of the panels a similar process can be seen at x ⇡ 7rg, y ⇡ 13rg in the second and third panel, also resulting in a
large-scale plasmoid at x ⇡ 9rg, y ⇡ 18rg in the fourth panel.

our simulations. We confirm convergence of the thin-
ning process of the current sheets by restarting from
the quasi-steady-state increasing the resolution up to
12288⇥ 6144, and measure the cells per thickness of the
sheets. In all considered cases the sheets are captured
by 8 or more cells over their widths, which is discussed
in section 3.3.

3.3. Plasmoid formation in the SANE model

Thin current sheets are expected to form above the
disk or in the jet’s sheath where magnetic flux tubes
are twisted by global shearing motion. These structures
can inflate while they accrete onto the black hole and
form thin current sheets after which their magnetic en-
ergy is dissipated close to the event horizon through re-
connection. The magnetic energy is released into heat
and bulk motion of the plasmoids that can either fall
into the black hole or get ejected. This process has
been studied in the force-free paradigm, assuming the
plasma to be infinitely magnetized (Parfrey et al. 2014;
Yuan et al. 2019a,b; Mahlmann et al. 2020). Addition-
ally, when the net magnetic flux in the accretion disk is
relatively small, turbulence resulting from the MRI can
produce magnetic fields with alternating polarities prone
to reconnection (Davis et al. 2010; Zhu & Stone 2018).
MHD turbulence is known to intermittently form large
plasmoid-unstable current sheets (Zhdankin et al. 2013,

2017; Dong et al. 2018) and the plasmoid instability can
significantly modify the turbulent MHD cascade at rela-
tively small scales and high Lundquist numbers S ⇠ 106

(Boldyrev & Loureiro 2017; Loureiro & Boldyrev 2017;
Mallet et al. 2017; Comisso et al. 2018).
In Figure 6 we observe both processes in a SANE

configuration and detect current sheets in the disk and
along the jet’s sheath, indicated by a small ��1 and
anti-parallel field lines. In the left-most two panels at
t = 1460rg/c and t = 1480rg/c a large flux tube falls
onto the black hole in the left bottom half at approx-
imately x = rKS cos ✓ ⇡ 8rg, y = rKS sin ✓ ⇡ �8rg.
In the third panel, at t = 1540rg/c, the flux tube has
both its footpoints attached to the black hole, it opened
up after it inflated and became thin enough to be tear-
ing unstable and form multiple plasmoids (Parfrey et al.
2014 observes a similar process). In the fourth panel, at
t = 1580rg/c, the plasmoids that are advected away
from the black hole along the jet’s sheath have formed
a large structure at x ⇡ 6rg, y ⇡ �10rg through coales-
cence. At x ⇡ 9rg, y ⇡ 17rg a similar process occurs in
the third panel and a large plasmoid has formed through
mergers of multiple smaller plasmoids that can be seen
in the left panels. In the first and second panel one can
detect a flux tube with one footpoint connected to the
black hole, that is then twisted by the shear flow, be-

6

• Standard and Normal Evolution 
(SANE)

• Magnetically Arrested Disk  
 (MAD)

Narayan et al. 2012

• Strong and ordered magnetic fields
• Powerful jets → radio galaxies

• Turbulence driven by MRI
• Weaker jets  
→ radio-quiet AGNs 

Ripperda et al. 2020

M77 (NGC 1068) M87 (NGC 4486)

Ripperda et al. 2020
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Heckman & Beck 2014

Radio Quiet AGNs (weak B) Radio Loud AGNs (strong B)

distributions (SEDs) are constructed from the data and from
empirical relations, and then we compute neutrino and
cascade gamma-ray spectra by consistently solving particle
transport equations. We demonstrate the importance of
future MeV gamma-ray observations for revealing the
origin of IceCube neutrinos especially in the medium-
energy (∼10–100 TeV) range and for testing neutrino
emission from NGC 1068 and other AGN.
We use a notation with Qx ¼ Q × 10x in CGS units.
Phenomenological prescription of AGN disk coronae.—

We begin by providing a phenomenological disk-corona
model based on the existing data. Multiwavelength SEDs
of Seyfert galaxies have been extensively studied, consist-
ing of several components; radio emission (see Ref. [60]),
infrared emission from a dust torus [61], optical and
ultraviolet components from an accretion disk [62], and
x rays from a corona [33]. The latter two components are
relevant for this work.
The “blue” bump, which has been seen in many AGN, is

attributed to multitemperature blackbody emission from a
geometrically thin, optically thick disk [63]. The averaged
SEDs are provided in Ref. [64] as a function of the
Eddington ratio, λEdd ¼ Lbol=LEdd, where Lbol and LEdd ≈
1.26 × 1045 erg s−1ðM=107 M⊙Þ are bolometric and
Eddington luminosities, respectively, and M is the
SMBH mass. The disk component is expected to have a
cutoff in the ultraviolet range. Hot thermal electrons in a
corona, with an electron temperature of Te ∼ 109 K,
energize the disk photons by Compton upscattering. The
consequent x-ray spectrum can be described by a power
law with an exponential cutoff, in which the photon index
(ΓX) and the cutoff energy (εX;cut) can also be estimated
from λEdd [31,65]. Observations have revealed the relation-
ship between the x-ray luminosity LX and Lbol [66] [where
one typically sees LX ∼ ð0.01 − 0.1ÞLbol], by which the
disk-corona SEDs can be modeled as a function of LX and
M. In this work, we consider contributions from AGN with
the typical SMBH mass for a given LX, using M ≈ 2.0 ×
107 M⊙ðLX=1.16 × 1043 erg s−1Þ0.746 [67]. The resulting
disk-corona SED templates in our model are shown in

Fig. 2 (see Supplemental Material [68] for details), which
enables us to quantitatively evaluate CR, neutrino and
cascade gamma-ray emission.
Next we estimate the nucleon density np and coronal

magnetic field strength B. Let us consider a corona with
the radius R≡RRS and the scale height H, where R is
the normalized coronal radius and RS ¼ 2GM=c2 is the
Schwarzschild radius. Then the nucleon density is
expressed by np ≈ τT=ðσTHÞ, where τT is the Thomson
optical depth that is typically ∼0.1–1. The standard
accretion theory [69,70] gives the coronal scale height
H≈ðCs=VKÞRRS¼RRS=

ffiffiffi
3

p
, whereCs ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kBTp=mp

p
¼

c=
ffiffiffiffiffiffiffi
6R

p
is the sound velocity, and VK ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
GM=R

p
¼

c=
ffiffiffiffiffiffiffi
2R

p
is the Keplerian velocity. For an optically thin

corona, the electron temperature is estimated by
Te ≈ εX;cut=ð2kBÞ, and τT is empirically determined from
ΓX and kBTe [31]. We expect that thermal protons are at
the virial temperature Tp ¼ GMmp=ð3RRSkBÞ ¼ mpc2=
ð6RkBÞ, implying that the corona may be characterized by
two temperatures, i.e.,Tp > Te [71,72]. Finally, themagnetic
field is given by B ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8πnpkBTp=β

p
with plasma beta (β).

Many physical quantities (including the SEDs) can be
estimated observationally and empirically. Thus, for a given
LX, parameters characterizing the corona (R, β, α) are
remaining. They are also constrained in a certain range by
observations [73,74] and numerical simulations [45,47].
For example, recent MHD simulations show that β in the
coronae can be as low as 0.1–10 (e.g., Refs. [41,46]). We
assume β ≲ 1–3 and α ¼ 0.1 for the viscosity parameter
[63], and adopt R ¼ 30.
Stochastic proton acceleration in coronae.—Standard

AGN coronae are magnetized and turbulent, in which it is
natural that protons are stochastically accelerated via
plasma turbulence or magnetic reconnections. In this work,
we solve the known Fokker-Planck equation that can
describe the second order Fermi acceleration process

FIG. 1. Schematic picture of the AGN disk-corona scenario.
Protons are accelerated by plasma turbulence generated in the
coronae, and produce high-energy neutrinos and cascaded
gamma rays via interactions with matter and radiation.

FIG. 2. Disk-corona SEDs used in this work, for LX ¼ 1042,
1043, 1044, 1045, and 1046 erg s−1 (from bottom to top). See text
for details.
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Figure 3
Schematic drawings of the central engines of radiative-mode and jet-mode AGNs (not to scale).
(a) Radiative-mode AGNs possess a geometrically thin, optically thick accretion disk, reaching into the
radius of the innermost stable orbit around the central supermassive black hole. Luminous UV radiation
from this accretion disk illuminates the broad-line and narrow-line emission regions. An obscuring structure
of dusty molecular gas prohibits direct view of the accretion disk and broad-line regions from certain lines of
sight (Type 2 AGN), whereas they are visible from others (Type 1 AGN). In a small proportion of sources
(predominantly toward the high end of the range of black hole masses), powerful radio jets can also be
produced. (b) In jet-mode AGNs the thin accretion disk is replaced in the inner regions by a geometrically
thick advection-dominated accretion flow. At larger radii (beyond a few tens of Schwarzschild radii, the
precise value depending upon properties of the accretion flow, such as the Eddington-scaled accretion rate),
there may be a transition to an outer (truncated) thin disk. The majority of the energetic output of these
sources is released in bulk kinetic form through radio jets. Radiative emission is less powerful, but can ionize
weak, low-ionization narrow-line regions, especially where the truncation radius of the thin disk is relatively
low.

axis of the obscuring structure, it photoionizes gas on circumnuclear scales (a few hundred to a few
thousand parsecs). This more quiescent and lower-density population of clouds produces UV-,
optical-, and IR-forbidden and -permitted emission lines, Doppler-broadened by several hundred
kilometers per second, and is hence called the narrow-line region (NLR).

Observing an AGN from a sight line nearer the polar axis of the obscuring structure yields a
clear direct view of the SMBH, the disk/corona, and broad-line region (BLR). These are called
Type 1 (or unobscured) AGNs. When observing an AGN from a sight line nearer the equatorial
plane of the obscuring structure, this central region is hidden and these are called Type 2 (or
obscured) AGNs. This is the basis for the standard unified model for radiative-mode AGNs (e.g.,
Antonucci 1993), which asserts that the Type 1 and 2 populations differ only in the viewing angle
from which the AGN is observed. The presence of AGNs can still be inferred in the Type 2
objects from the thermal IR emission from the obscuring structure, from hard X-rays transmitted
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Figure 1. Schematic picture of our model. Protons are
accelerated in the MAD through reconnection or turbulence,
leading to hadronic gamma-ray and neutrino emissions. The
gamma-rays interact with lower-energy photons emitted by
thermal electrons, e�ciently creating the electron-positron
pairs in the magnetosphere.

tion 6 summarizes our results. We use the notation of
QX = Q/10X in cgs unit, except for the BH mass, M
(M9 = M/[109 M�]).

2. MAD MODEL

We calculate the photon spectra from MADs using
one-zone and steady-state approximations. Since the
analytic prescription for physical quantities in MADs
has not been established yet, we use the prescription
for SANE-mode RIAFs similar to that in Kimura et al.
(2019a), using the reference parameter set suitable to
MADs. We consider an accreting plasma onto a super-
massive BH of mass M . The mass accretion rate, Ṁ ,
and size of the plasma, R, are normalized by the Edding-
ton rate and gravitational radius, R = RRG = RGM/c

2

and Ṁc
2 = ṁLEdd (without including the radiation ef-

ficiency factor), respectively. The radial velocity and
magnetic field in the MAD are analytically estimated to
be (Kimura et al. 2019a)

VR⇡ 1

2
↵VK ' 1.5⇥ 109R�1/2

1
↵�0.5 cm s�1

B ⇡

s
8⇡⇢C2

s

�
' 6.2⇥ 102R�5/4

1
ṁ

1/2
�4

M
�1/2
9

↵
�1/2
�0.5 �

�1/2
�1

G,

where ↵ is the viscous parameter Shakura & Sunyaev
(1973), � = 8⇡⇢C2

s/B
2 is the plasma beta, VK =p

GM/R is the Keplerian velocity, Cs ⇡ VK/2 is the
sound speed, ⇢ ⇡ Ṁc

2
/(4⇡RHVR) is the mass density,

and H ⇠ (Cs/VK)R is the scale height. These are in
rough agreement with (GR) MHD simulations (Machida

& Matsumoto 2003; Narayan et al. 2012; Kimura et al.
2019b; Chael et al. 2019). In this study, we use ↵ = 0.3
and � = 0.1, which are appropriate for MADs (Narayan
et al. 2012; Chael et al. 2019).
We consider emissions from thermal electrons, non-

thermal protons, primary electrons accelerated together
with protons, and secondary electron-positron pairs.
First, we explain how to calculate photon spectra by
thermal electrons. The spectra for the synchrotron,
bremsstrahlung, and Comptonization processes by the
thermal electrons are calculated by the methods given
in Kimura et al. (2015). The electron temperature is
determined such that the resulting photon luminosity is
equal to the electron heating rate. The electron heat-
ing mechanism in hot accretion flows has yet to be es-
tablished (e.g., Sironi & Narayan 2015; Zhdankin et al.
2019; Kawazura et al. 2019). We utilize the formalism
by Hoshino (2018), where the ratio of heating rate for
electrons to protons is given by

Qe

Qp
⇡
✓
meTe

mpTp

◆1/4

. (1)

Then, the photon luminosity by the thermal electrons is
estimated to be

L�,thrml ⇡
Qe

Qp
(1� ✏NT)✏disṁLEdd, (2)

where ✏NT is the energy fraction of non-thermal particle
production to dissipation and ✏dis is the energy fraction
of the dissipation to accretion.
The photon spectra by the thermal electrons for M87

and NGC 315 are shown in Figure 2, and the parameters
and resulting quantities are tabulated in Table 1. The
MAD heats up the thermal electrons to a few MeV, and
they emit peaky signals in ⇠ 10�3 eV by the synchrotron
radiation. These photons are important targets for the
photo-hadronic processes. Although the inverse Comp-
ton scattering and bremsstrahlung create higher energy
photons, they are too faint to explain the observed data,
and too tenuous to work as target photons.
To obtain the non-thermal spectra for particle species

i, we solve the steady-state transport equation:

� d

dEi

✓
EiNEi

ti,cool

◆
= ṄEi,inj �

NEi

tesc
, (3)

where NEi is the di↵erential number spectrum, ti,cool is
the cooing time, tesc is the escape time, and ṄEi,inj is the
injection terms. The analytic solution of this equation
is given by

NEi =
ti,cool

Ep

Z 1

Ei

dE
0
iṄE0

i,inj
exp

 
�
Z E0

i

Ei

ti,cooldEi
tescEi

!
.
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Heckman & Beck 2014

Radio Quiet AGNs (weak B) Radio Loud AGNs (strong B)

distributions (SEDs) are constructed from the data and from
empirical relations, and then we compute neutrino and
cascade gamma-ray spectra by consistently solving particle
transport equations. We demonstrate the importance of
future MeV gamma-ray observations for revealing the
origin of IceCube neutrinos especially in the medium-
energy (∼10–100 TeV) range and for testing neutrino
emission from NGC 1068 and other AGN.
We use a notation with Qx ¼ Q × 10x in CGS units.
Phenomenological prescription of AGN disk coronae.—

We begin by providing a phenomenological disk-corona
model based on the existing data. Multiwavelength SEDs
of Seyfert galaxies have been extensively studied, consist-
ing of several components; radio emission (see Ref. [60]),
infrared emission from a dust torus [61], optical and
ultraviolet components from an accretion disk [62], and
x rays from a corona [33]. The latter two components are
relevant for this work.
The “blue” bump, which has been seen in many AGN, is

attributed to multitemperature blackbody emission from a
geometrically thin, optically thick disk [63]. The averaged
SEDs are provided in Ref. [64] as a function of the
Eddington ratio, λEdd ¼ Lbol=LEdd, where Lbol and LEdd ≈
1.26 × 1045 erg s−1ðM=107 M⊙Þ are bolometric and
Eddington luminosities, respectively, and M is the
SMBH mass. The disk component is expected to have a
cutoff in the ultraviolet range. Hot thermal electrons in a
corona, with an electron temperature of Te ∼ 109 K,
energize the disk photons by Compton upscattering. The
consequent x-ray spectrum can be described by a power
law with an exponential cutoff, in which the photon index
(ΓX) and the cutoff energy (εX;cut) can also be estimated
from λEdd [31,65]. Observations have revealed the relation-
ship between the x-ray luminosity LX and Lbol [66] [where
one typically sees LX ∼ ð0.01 − 0.1ÞLbol], by which the
disk-corona SEDs can be modeled as a function of LX and
M. In this work, we consider contributions from AGN with
the typical SMBH mass for a given LX, using M ≈ 2.0 ×
107 M⊙ðLX=1.16 × 1043 erg s−1Þ0.746 [67]. The resulting
disk-corona SED templates in our model are shown in

Fig. 2 (see Supplemental Material [68] for details), which
enables us to quantitatively evaluate CR, neutrino and
cascade gamma-ray emission.
Next we estimate the nucleon density np and coronal

magnetic field strength B. Let us consider a corona with
the radius R≡RRS and the scale height H, where R is
the normalized coronal radius and RS ¼ 2GM=c2 is the
Schwarzschild radius. Then the nucleon density is
expressed by np ≈ τT=ðσTHÞ, where τT is the Thomson
optical depth that is typically ∼0.1–1. The standard
accretion theory [69,70] gives the coronal scale height
H≈ðCs=VKÞRRS¼RRS=

ffiffiffi
3

p
, whereCs ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kBTp=mp

p
¼

c=
ffiffiffiffiffiffiffi
6R

p
is the sound velocity, and VK ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
GM=R

p
¼

c=
ffiffiffiffiffiffiffi
2R

p
is the Keplerian velocity. For an optically thin

corona, the electron temperature is estimated by
Te ≈ εX;cut=ð2kBÞ, and τT is empirically determined from
ΓX and kBTe [31]. We expect that thermal protons are at
the virial temperature Tp ¼ GMmp=ð3RRSkBÞ ¼ mpc2=
ð6RkBÞ, implying that the corona may be characterized by
two temperatures, i.e.,Tp > Te [71,72]. Finally, themagnetic
field is given by B ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8πnpkBTp=β

p
with plasma beta (β).

Many physical quantities (including the SEDs) can be
estimated observationally and empirically. Thus, for a given
LX, parameters characterizing the corona (R, β, α) are
remaining. They are also constrained in a certain range by
observations [73,74] and numerical simulations [45,47].
For example, recent MHD simulations show that β in the
coronae can be as low as 0.1–10 (e.g., Refs. [41,46]). We
assume β ≲ 1–3 and α ¼ 0.1 for the viscosity parameter
[63], and adopt R ¼ 30.
Stochastic proton acceleration in coronae.—Standard

AGN coronae are magnetized and turbulent, in which it is
natural that protons are stochastically accelerated via
plasma turbulence or magnetic reconnections. In this work,
we solve the known Fokker-Planck equation that can
describe the second order Fermi acceleration process

FIG. 1. Schematic picture of the AGN disk-corona scenario.
Protons are accelerated by plasma turbulence generated in the
coronae, and produce high-energy neutrinos and cascaded
gamma rays via interactions with matter and radiation.

FIG. 2. Disk-corona SEDs used in this work, for LX ¼ 1042,
1043, 1044, 1045, and 1046 erg s−1 (from bottom to top). See text
for details.
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Figure 3
Schematic drawings of the central engines of radiative-mode and jet-mode AGNs (not to scale).
(a) Radiative-mode AGNs possess a geometrically thin, optically thick accretion disk, reaching into the
radius of the innermost stable orbit around the central supermassive black hole. Luminous UV radiation
from this accretion disk illuminates the broad-line and narrow-line emission regions. An obscuring structure
of dusty molecular gas prohibits direct view of the accretion disk and broad-line regions from certain lines of
sight (Type 2 AGN), whereas they are visible from others (Type 1 AGN). In a small proportion of sources
(predominantly toward the high end of the range of black hole masses), powerful radio jets can also be
produced. (b) In jet-mode AGNs the thin accretion disk is replaced in the inner regions by a geometrically
thick advection-dominated accretion flow. At larger radii (beyond a few tens of Schwarzschild radii, the
precise value depending upon properties of the accretion flow, such as the Eddington-scaled accretion rate),
there may be a transition to an outer (truncated) thin disk. The majority of the energetic output of these
sources is released in bulk kinetic form through radio jets. Radiative emission is less powerful, but can ionize
weak, low-ionization narrow-line regions, especially where the truncation radius of the thin disk is relatively
low.

axis of the obscuring structure, it photoionizes gas on circumnuclear scales (a few hundred to a few
thousand parsecs). This more quiescent and lower-density population of clouds produces UV-,
optical-, and IR-forbidden and -permitted emission lines, Doppler-broadened by several hundred
kilometers per second, and is hence called the narrow-line region (NLR).

Observing an AGN from a sight line nearer the polar axis of the obscuring structure yields a
clear direct view of the SMBH, the disk/corona, and broad-line region (BLR). These are called
Type 1 (or unobscured) AGNs. When observing an AGN from a sight line nearer the equatorial
plane of the obscuring structure, this central region is hidden and these are called Type 2 (or
obscured) AGNs. This is the basis for the standard unified model for radiative-mode AGNs (e.g.,
Antonucci 1993), which asserts that the Type 1 and 2 populations differ only in the viewing angle
from which the AGN is observed. The presence of AGNs can still be inferred in the Type 2
objects from the thermal IR emission from the obscuring structure, from hard X-rays transmitted
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Figure 1. Schematic picture of our model. Protons are
accelerated in the MAD through reconnection or turbulence,
leading to hadronic gamma-ray and neutrino emissions. The
gamma-rays interact with lower-energy photons emitted by
thermal electrons, e�ciently creating the electron-positron
pairs in the magnetosphere.

tion 6 summarizes our results. We use the notation of
QX = Q/10X in cgs unit, except for the BH mass, M
(M9 = M/[109 M�]).

2. MAD MODEL

We calculate the photon spectra from MADs using
one-zone and steady-state approximations. Since the
analytic prescription for physical quantities in MADs
has not been established yet, we use the prescription
for SANE-mode RIAFs similar to that in Kimura et al.
(2019a), using the reference parameter set suitable to
MADs. We consider an accreting plasma onto a super-
massive BH of mass M . The mass accretion rate, Ṁ ,
and size of the plasma, R, are normalized by the Edding-
ton rate and gravitational radius, R = RRG = RGM/c

2

and Ṁc
2 = ṁLEdd (without including the radiation ef-

ficiency factor), respectively. The radial velocity and
magnetic field in the MAD are analytically estimated to
be (Kimura et al. 2019a)

VR⇡ 1

2
↵VK ' 1.5⇥ 109R�1/2

1
↵�0.5 cm s�1

B ⇡

s
8⇡⇢C2

s

�
' 6.2⇥ 102R�5/4

1
ṁ

1/2
�4

M
�1/2
9

↵
�1/2
�0.5 �

�1/2
�1

G,

where ↵ is the viscous parameter Shakura & Sunyaev
(1973), � = 8⇡⇢C2

s/B
2 is the plasma beta, VK =p

GM/R is the Keplerian velocity, Cs ⇡ VK/2 is the
sound speed, ⇢ ⇡ Ṁc

2
/(4⇡RHVR) is the mass density,

and H ⇠ (Cs/VK)R is the scale height. These are in
rough agreement with (GR) MHD simulations (Machida

& Matsumoto 2003; Narayan et al. 2012; Kimura et al.
2019b; Chael et al. 2019). In this study, we use ↵ = 0.3
and � = 0.1, which are appropriate for MADs (Narayan
et al. 2012; Chael et al. 2019).
We consider emissions from thermal electrons, non-

thermal protons, primary electrons accelerated together
with protons, and secondary electron-positron pairs.
First, we explain how to calculate photon spectra by
thermal electrons. The spectra for the synchrotron,
bremsstrahlung, and Comptonization processes by the
thermal electrons are calculated by the methods given
in Kimura et al. (2015). The electron temperature is
determined such that the resulting photon luminosity is
equal to the electron heating rate. The electron heat-
ing mechanism in hot accretion flows has yet to be es-
tablished (e.g., Sironi & Narayan 2015; Zhdankin et al.
2019; Kawazura et al. 2019). We utilize the formalism
by Hoshino (2018), where the ratio of heating rate for
electrons to protons is given by

Qe

Qp
⇡
✓
meTe

mpTp

◆1/4

. (1)

Then, the photon luminosity by the thermal electrons is
estimated to be

L�,thrml ⇡
Qe

Qp
(1� ✏NT)✏disṁLEdd, (2)

where ✏NT is the energy fraction of non-thermal particle
production to dissipation and ✏dis is the energy fraction
of the dissipation to accretion.
The photon spectra by the thermal electrons for M87

and NGC 315 are shown in Figure 2, and the parameters
and resulting quantities are tabulated in Table 1. The
MAD heats up the thermal electrons to a few MeV, and
they emit peaky signals in ⇠ 10�3 eV by the synchrotron
radiation. These photons are important targets for the
photo-hadronic processes. Although the inverse Comp-
ton scattering and bremsstrahlung create higher energy
photons, they are too faint to explain the observed data,
and too tenuous to work as target photons.
To obtain the non-thermal spectra for particle species

i, we solve the steady-state transport equation:

� d

dEi

✓
EiNEi

ti,cool

◆
= ṄEi,inj �

NEi

tesc
, (3)

where NEi is the di↵erential number spectrum, ti,cool is
the cooing time, tesc is the escape time, and ṄEi,inj is the
injection terms. The analytic solution of this equation
is given by

NEi =
ti,cool

Ep

Z 1

Ei

dE
0
iṄE0

i,inj
exp

 
�
Z E0

i

Ei

ti,cooldEi
tescEi

!
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(4)

SSK & Toma  2020

Murase, SSK,+ 2020

Classification of Accretion Flow



• Low accretion rate  
→ RIAF formation

• Comparison of infall and cooling timescales 
→ truncation radius Rtrn ~ 104 Rg

• Disk winds from RIAF  
→ Large scale B-field  with 

• Rapid advection in RIAF  
→ carry global B-field to inner region

• Flux freezing + ADIOS:   

→ @  
→ MAD formation

βp ∼ 103 − 104

βp ∝ R−1.5 − R−2

β < 1 R ≲ 10Rg

Outflows & Global magnetic Fields
9

(HESS Collaboration et al. 2016; Fujita et al. 2017),
millisecond pulsars (Guépin et al. 2018), isolated BHs (Ioka
et al. 2017), jets in X-ray binaries (Cooper et al. 2020), pulsar-
wind nebulae (Ohira et al. 2018), stellar winds from young star
clusters (Aharonian et al. 2019), and superbubbles (Bykov
2014). Very recently, the Tibet ASγ Collaboration reported the
discovery of diffuse sub-PeV gamma-rays from the Galactic
plane, proving that PeVatrons exist in our Galaxy (Amenomori
et al. 2021). Subsequent multimessenger discussions suggest
that PeVatrons can be a population distinct from GeV–TeV CR
sources (Liu & Wang 2021; Fang & Murase 2021), which
strengthens the need for other PeVatron candidates. In this
paper, we newly add MADs in QBXBs (QBXB-MADs) into
the list.

This paper is organized as follows. In Section 2, we discuss
conditions for the MAD formation in stellar-mass BH binaries
and demonstrate that they are fulfilled in the quiescent state. In
Section 3, we study the emission from thermal and nonthermal
electrons in the QBXB-MADs. We focus on a few selected
QBXBs that have well-measured multiwavelength spectra. We
then show that our QBXB-MADmodel is in reasonable agreement
with the observed data, which supports our assertion that QBXBs
form MADs. In Section 4, we examine the production of CRs in
QBXB-MADs. We demonstrate that they can produce PeV-scale
protons, potentially dominating the observed CR spectrum around
the knee. In Section 5, we discuss implications and outline
strategies to test our key assumptions. In Section 6, we present our
conclusions. We use the convention of Qx=Q/10x in cgs units
unless otherwise noted.

2. Realization of QBXB-MADs

Figure 1 shows the schematic picture of our scenario. In
QBXBs, the mass accretion rate is so low that the accretion flows
cannot cool through radiative processes. The optically thick
accretion disk should then be truncated at an outer radius, and a
radiatively inefficient accretion flow (RIAF; Narayan & Yi 1994;
Yuan & Narayan 2014) is formed inside the truncation radius

(Esin et al. 1997). The accretion flow is turbulent due to
magnetorotational instability (MRI; Balbus & Hawley 1991), and
the turbulent viscosity and magnetic torque enable a steady
accretion. Thermal, magnetic, and turbulence pressures drive
outflows as seen in magnetohydrodynamic (MHD) simulations
(Ohsuga & Mineshige 2011; Saḑowski et al. 2013; Yuan et al.
2015; Event Horizon Telescope Collaboration et al. 2019). These
outflows convert the toroidal magnetic fields generated by the
shear motion to the poloidal fields (Liska et al. 2020). The rapid
infall motion of the RIAFs can carry these poloidal fields to
the inner region. Then, the magnetic flux is accumulated at
the vicinity of the BH, leading to the formation of a MAD
(Cao 2011). In this section, we discuss the feasibility of our
QBXB-MAD scenario based on the current understanding of the
plasma and accretion physics. We define an MAD as an accretion
flow with β 1, where β is the plasma beta. Here, we ignore the
magnetic flux carried from the companion star. If we take it into
account, MADs are more likely to be formed. In this sense, our
estimates in this section are conservative.
In RIAFs, the matter cannot cool within the infall timescale,

which results in a proton temperature comparable to the virial
temperature. RIAFs are geometrically thick because of the
strong thermal pressure. The thick geometry allow a large
turbulent eddy, which leads to a large turbulent viscosity. Then,
the angular momentum transport is efficient, resulting in a
radial motion faster than the standard thin disk. Since RIAFs
produce outflows, the mass accretion rate can depend on the
distance from the BH, R, and written as ( ) ( )� ��M R R R Ms

otrn w ,
where Rtrn is the truncation radius, �Mo is the mass accretion rate
at R= Rtrn, and sw is a parameter that describes the outflow
efficiency (Blandford & Begelman 1999). The radial velocity,
sound velocity, and density in RIAFs can be analytically
estimated to be (see Kimura et al. 2019a, 2020, for parameter
sets for active galactic nuclei)
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where M is the BH mass, M1=M/(10Me), �V GM RK is
the Keplerian velocity, α is the viscous parameter (Shakura &
Sunyaev 1973), H≈ (Cs/VK)R≈ R/2 is the scale height,

( ) ( )� ��m R M R c L2
Edd, �* R RG, LEdd is the Eddington

luminosity, mp is the proton mass, and RG=GM/c2 is the
gravitational radius. The prefactors in VR and Cs are determined
so that the quantities are consistent with recent MHD
simulations (Ohsuga & Mineshige 2011; Kimura et al. 2019b).
Electrons and protons in RIAFs are thermally decoupled

because of a long relaxation timescale. Electrons in collisionless
plasma can receive a significant fraction of the dissipation energy
by magnetic reconnections and turbulence cascades (Rowan et al.
2017; Kawazura et al. 2019), and they do not efficiently cool if
they are nonrelativistic. Thus, electrons are expected to be close
to the virial temperatures for R (mp/me)RG, where me is the
electron mass. On the other hand, electrons become relativistic for
the inner region and efficiently cool via synchrotron and

Figure 1. Schematic picture of our QBXB-MAD scenario. In the quiescent
state, the standard optically thick disk is truncated at the outer part of the
accretion flow. Inside the truncation radius, the accretion flow is in a radiatively
inefficient state where outflows are produced. These outflows stretch the
magnetic field generated by MRI and shear motion, making large-scale
poloidal fields. The poloidal fields are advected toward the vicinity of the BH,
which results in the formation of a MAD. Magnetic reconnections directly heat
up thermal electrons and accelerate CR electrons, leading to efficient
synchrotron emission that can account for optical and X-ray data. CR protons
are also accelerated, and they diffusively escape from the system without losing
their energies, possibly providing a dominant contribution to the observed
intensity of PeV CRs.
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• Strongly magnetized plasma  
（ ）

• Heating by magnetic reconnections 
→ Relativistic electron temperature

σ = B2/(8πnmc2) > 1

3

et al. 2016; Sironi & Beloborodov 2020). As opposed to
the commonly-adopted triple-periodic boundaries, our
setup allows to evolve the system to arbitrarily long
times, so we can study the statistical steady state for
several Alfvénic crossing times.

We trigger reconnection near the center of the simu-
lation domain (i.e., near x = y = 0, but along the whole
z extent), by removing the pressure of the hot particles
initialized in the current sheet, as in Sironi et al. (2016).
The characteristic x-length of this region is defined as
�init. For our largest 3D simulation (see below), we
choose �init = 500c/!p. For smaller boxes, we have
tested di↵erent values of �init, finding no di↵erence in
our main results (see Tab. 1 for details).

For our reference 3D simulation, the box length in
x and z (respectively, Lx and Lz) is ' 4000 cells ⇠
1600 c/!p, while the box extent along y increases over
time as the two injectors recede from the current sheet.
We also present results from a set of boxes with fixed Lx

but various Lz from 1600 c/!p down to 12 c/!p, and two
sets of experiments with a fixed ratio Lx/Lz (Lx/Lz = 1
and Lx/Lz = 2), but di↵erent box sizes. In the follow-
ing, unless otherwise indicated, we employ our reference
box with Lx = 1560 c/!p and Lz = 1613 c/!p, and we
define L = 1560 c/!p as our unit of length.

We have also performed a 2D simulation with identi-
cal physical and numerical parameters as our reference
3D run (aside from a choice of 16 particles per cell to
increase particle statistics), to emphasize 3D e↵ects.

3. RESULTS

Fig.1 shows two snapshots of the 3D density structure
from our reference simulation 2. The top panel refers to
ct/L ' 0.47, and shows the two reconnection fronts (see
the two overdense regions at |x| ⇠ L/4) propagating
away from the center, at near the Alfvén speed. The
bottom panel of Fig.1 refers to a representative time
(ct/L ' 2.13) when the layer has achieved a statistical
steady state. The layer is fragmented into flux ropes of
various sizes, with comparable lengths in the z direction
as in the x � y plane. The finite extent of plasmoids
along the z direction, likely due to the relativistic drift-
kink instability (Zenitani & Hoshino 2007, 2008), plays a
fundamental role for the physics of high-energy particle
acceleration, as we describe below.

3D instabilities can also change the reconnection rate,
as compared to 2D. Fig.2 illustrates the temporal evolu-
tion of the reconnection rate ⌘rec ⌘ vin/vA for both 2D
(blue) and 3D (red) simulations, where vin is the inflow

2
A Movie showing the evolution of the density structure can be

found at https://youtu.be/fMictkK1QNU.

Figure 1. Two snapshots of density from our reference 3D
simulation. We show the density structure at a relatively
early time (top, t = 0.47L/c), when reconnection fronts are
moving outwards, and at a later time (bottom, t = 2.13L/c),
when the system has achieved a steady state. The upstream
plasma flows into the layer along y, while reconnection out-
flows move along x. The electric current is along the z di-
rection, which is invariant in 2D simulations.

speed and vA ' c for magnetically-dominated plasmas.
The initial growth of the box-averaged reconnection rate
before ct/L ⇠ 0.8 is just due to the increase of the re-
gion where reconnection is active (i.e., between the two
reconnection fronts). When the two reconnection fronts
exit the computational domain, the rate becomes quasi-
steady. The reconnection rate in 3D, ⌘rec ⇠ 0.075, is
slower than in 2D, ⌘rec ⇠ 0.12. In either case, the rate
is in reasonable agreement with analytical expectations
(Lyubarsky 2005).

The inflowing particles from the two sides of the layer
mix in the reconnection region, which we shall also
call “reconnected plasma” or “downstream” region. In
contrast, the pre-reconnection flow shall be called “up-
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Figure 9. ��1 = b2/(2p) at four typical times t = [2941, 2971, 2988, 3009]rg/c (from left to right) during the quasi-state-state
phase of accretion in the MAD configuration. Magnetic field lines are plotted on top as solid black lines. In the top half one
can detect the accretion of a magnetic flux tube (left panel) at x ⇡ 3rg, y ⇡ 1rg that opens up and becomes tearing unstable
(second panel) after it connects to the black hole, and produces copious plasmoids coalescing into large-scale structures (third
and fourth panel) at x ⇡ 5rg, y ⇡ 2.5rg with a typical size of about one Schwarzschild radius.

In Figure 10 we show the magnetization, current den-
sity, Ohmic heating, and temperature for the MAD
state, where we again mask the regions with � � 5. Due
to the higher magnetization (see the top-left panel) sur-
rounding the equatorial current sheets (see the top-right
panel) in the MAD state, the plasmoids are heated to
relativistic temperatures T ⇠ 10 (bottom-right panel),
an order of magnitude higher than in the SANE case.
The current density in the sheets is significantly higher
than in the SANE case. The plasmoids are heated
through Ohmic heating close to the event horizon, as
can be seen from the bottom-left panel.

3.5. Reconnection rate

We calculate the reconnection rate in a similar way as
for the Orszag-Tang vortex for both MAD and SANE
configurations. We first transform the Eulerian electric
and magnetic fields into a locally flat frame (see e.g.,
White et al. 2016) to apply the standard reconnection
analysis. We project the fields in the flat frame along
the direction parallel to the current layer to determine
the upstream geometry, and a typical Harris-type sheet
structure is found in Figure 11 both for the magnetic
field and the current density magnitude J . All three
magnetic field components switch sign in the current
sheets, indicating that zero-guide-field reconnection oc-
curs in both MAD and SANE cases. In the locally flat
frame we determine the inflow speed from the E ⇥ B-

velocity that we project along the direction perpendic-
ular to the current sheet, and then calculate the re-
connection rate as vrec/c = (vup,left � vup,right)/2c. In
both MAD and SANE configurations we select ten cur-
rent sheets at di↵erent times during the quasi-steady-
state phase of accretion and consistently find a recon-
nection rate between 0.01c and 0.03c. This finding is
in accordance with analytic resistive MHD predictions
for plasmoid-dominated reconnection in isolated current
sheets (Bhattacharjee et al. 2009; Uzdensky et al. 2010).

4. DISCUSSION AND CONCLUSIONS

We have shown that plasmoids form ubiquitously due
to magnetic reconnection in black-hole accretion flows,
regardless of the initial size of the disk and the magneti-
zation during the quasi-steady-state phase of accretion.
Energetic plasmoids that form on the smallest resistive
scales and escape the gravitational pull of the black hole
can grow into macroscopic hot spots through coalescence
with other plasmoids. In both MAD and SANE cases
these hot structures are ejected either along the jet’s
sheath or into the disk, heating the sheath and regions
of the disk within a few Schwarzschild radii of the event
horizon. In the MAD case the magnetization is signif-
icantly higher close to the event horizon, powering hot
spots with relativistic temperatures T = p/⇢ ⇠ 10, an
order of magnitude higher than in the SANE case T ⇠ 1.
The preferential heating of the jet’s sheath by continu-

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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Figure 3. 2D histograms of the particle Lorentz factor � and the mixing factor M (interpolated to the nearest cell) at time
t = 2.37L/c, for 3D (left) and 2D (right). The red dashed line in the left panel marks the threshold M0 = 0.3 that we employ
to distinguish upstream (M < M0) from downstream (M > M0).
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Figure 4. Momentum spectrum pzdN/dpz of positrons,
where pz = ��z is the dimensionless 4-velocity along the
z direction. We show spectra of positrons with pz > 0 (blue,
indicated as pz+ in the legend) and pz < 0 (green, indicated
as pz� in the legend). Spectra from the overall box are shown
as solid lines (indicated with subscript “box” in the legend),
whereas the dashed lines refer only to positrons belonging
to the downstream region, as defined by the mixing condi-
tion M > M0 (indicated with subscript “rr” in the legend).
The spectrum of high-energy “free” positrons residing in the
upstream region (with M < M0), which preferentially have
pz > 0, is indicated by the dotted blue line. The dotted
black line shows a power-law p�1

z . In the inset, we present
the box-integrated positron spectra of kinetic energy (grey)
and momenta in di↵erent directions, as indicated in the leg-
end. All spectra in the main plot and in the inset are time-
averaged between t = 3.34L/c and 3.56L/c and normalized
to the total number of positrons in the box.

free positrons can be accelerated to much larger energies
than trapped ones, as we indeed demonstrate below.3

The asymmetry between positrons with pz > 0 vs pz <
0 is a unique feature of our 3D setup. In a corresponding
2D simulation (see Appendix A), pz+ and pz� spectra
are nearly identical, and nearly all high-energy particles
reside within the reconnection downstream, as already
shown by Fig. 3 (right panel).

In the inset of Fig. 4, we present the box-integrated
positron spectra of kinetic energy (grey) and momentum
in di↵erent directions, as indicated in the legend. In con-
trast to the pz spectrum, there is no broken symmetry
between positive and negative directions in the px and
py spectra. The inset shows that the peak of the energy
spectrum (grey), at � � 1 ⇠ 3, is dominated by motions
along the x direction of the reconnection outflows (com-
pare with the px spectrum, red line). In contrast, the
high-energy cuto↵ of the positron energy spectrum at
� ⇠ 500 is dominated by the pz+ spectrum (blue). So,
the most energetic positrons move mostly along the +z
direction (conversely, the highest energy electrons along
�z). We also remark that the py spectrum (orange)
reaches rather high momenta (albeit, not as high as the
pz+ spectrum). This is consistent with the trajectories
of high-energy positrons that we illustrate in Sec. 3.2.

In summary, the momentum spectra in Fig. 4 show
that most of the highest energy positrons are located
in the reconnection upstream, and their momentum is
dominated by the z component, which is aligned with
the large-scale motional electric field ~Erec = Erecẑ =
⌘recB0ẑ carried by the upstream converging flows. If
~Erec is the primary agent of acceleration, we expect a
linear relation between the gain in Lorentz factor (��)
and the displacement along the z-axis (�z), of the form

3
The electron spectrum shows the opposite asymmetry: electrons

with pz > 0 mostly reside in plasmoids, and their spectrum ex-

tends to lower momenta than for free electrons with pz < 0.

• Recent PIC simulations:  
Reconnection with σ >1  
→ Efficient cosmic-ray acceleration
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Zhang et al. 2021
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• SSC broadband spectral fits 
→ B ~ mG

• Hadronic jets model  
→ Lj > 1044 erg s−1

Gamma-rays from Radio Galaxy
12
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Figure 4. MWL SED of the radio core of M 87 compiled from quasi-simultaneous 2012–2015 observations (black points). VHE gamma-ray observations by
MAGIC are combined with HE gamma-ray data from Fermi-LAT, X-ray data from Chandra, NUV data from HST, radio data at 1.7 GHz and 5 GHz provided
by the EVN and at 43 GHz by VLBA. The models represent two possible scenarios: in the leptonic scenario (red solid line) the high-energy component is
dominated by the SSC emission, whereas in the hybrid scenario (blue dashed line) the high energy emission is dominated by the synchrotron radiation of
relativistic protons.

et al. 2014, neglecting Fermi-II acceleration (see also, Asano &
Hayashida 2015, 2018). The code calculates the temporal evolution
of the electron and photon energy distributions in the plasma rest
frame along the jet (at radius R from the black hole), which is sim-
ilar to the BLAZAR code in Moderski et al. 2003 (for application ex-
amples see e.g., Kataoka et al. 2008; Hayashida et al. 2012). Here, a
steady conical outflow is assumed, in which the temporal evolution
along the jet is equivalent to the radial evolution. The conically ex-
panding jet naturally leads to adiabatic cooling of electrons, which
is a similar e↵ect to the electron escape in one-zone steady mod-
els. In this 1-D code, the parameter for the electron escape is not
required. The magnetic field decreases as B = B0(R/R0)�1. The
macroscopic model parameters are the Lorentz factor �L, the ini-
tial radius R0 (distance from the black hole), the initial magnetic
field B0, the electron luminosity Le (including the counter jet), the
jet opening angle ✓j, and the viewing angle ✓v. Here, �L = 3,
✓j = 1/�L = 19� and ✓v = 15� half-opening angle of the jet
are adopted (Biretta et al. 1999; Acciari et al. 2009; Walker et al.
2018), with the half-opening angle well below the average appar-
ent full opening angle inferred from radio observations (Walker
et al. 2018). Electrons are injected during the dynamical timescale
R0/(c�L) in the plasma rest frame. In this timescale, the injection
rate into a given volume V / R2 is constant. The evolutions of
the electron energy distribution and photon emission are calcu-
lated as far as R = 30R0, taking into account synchrotron emis-
sion and inverse Compton scattering with the Klein–Nishina e↵ect,
gamma-gamma absorption, secondary pair injection, synchrotron
self-absorption, and adiabatic cooling. The model parameters for

the electron injection spectrum are: the minimum and maximum
electron Lorentz factors (�min and �max), the location of the break
in the electron energy distribution (�br), and power-law indices p1

and p2 for below and above �br respectively. The parameter values
are summarized in Table 5.

Second, a hybrid model is applied assuming that protons and
electrons are accelerated in the jet. The fully time-dependent im-
plementation is based on the geometry of Weidinger & Spanier
(2010). The acceleration mechanism and the implementation of all
leptonic processes are adopted from Richter & Spanier (2016) and
the photo-hadronic framework is implemented following Hümmer
et al. (2010). The acceleration of particles is closely modeled to the
Fermi-I acceleration. Under the assumption that the particle distri-
bution is quickly reaching isotropy in the downstream region of the
shock, the model follows the evolution of the injected, monoener-
getic particle distribution towards a power law. The shape of the
particle distribution and the relevant timescales follow consistently
from the input shock parameters. The simulated SED, computed
with the hybrid model that best describes the observed broadband
SED, is shown in Fig. 4 (blue dashed line) together with the avail-
able quasi-simultaneous data. It is not clear whether a unique set of
parameters exists for describing the SED and the high dimensional-
ity of the parameter space does not allow for �2 fitting. The commu-
nity standard is therefore to optimize the SED modelling by man-
ual parameter changes until data points and especially slopes are
agreeing with the observed SED. In the hybrid model, the radio-to-
X-ray radiations originate from synchrotron emission of electrons.
The emission at higher energies, due to the high magnetic field and

MNRAS 000, 1–12 (2019)

M87 broad band spectrum
• Core-shift measurements 
→ B ~ 1 G

• X-ray & optical Jet observations 
→ Lj ≲ 1044 erg s−1
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Let’s discuss non-thermal 
process in MADs



• Steady, one-zone approximation

• 5 emission component 
Thermal e-, non-thermal p, primary e-, 
Bethe-Heitler e+e-  ( ) 
Breit-Wheeler e+e-  ( )

• Electron heating:  
→ Typical electron temperature: ~ 1-2 MeV

• Transport equation for non-thermal particles: 

 

 
 

p + γ → p + e+ + e−

γ + γ → e+ + e−

Qe,thrml = feϵdis(1 − ϵNT) ·Mc2

−
d

dEe (
EeNEe

tcool ) = ·NEe,inj −
NEe

tesc
,

·NEe,inj ≈ ·N0(Ee/Ee,cut)−sinjexp(−Ee/Ee,cut)

MAD model
13

• Synchrotron dominant 
(Compton, escapes are inefficient)

4 Kimura, Kashiyama, Hotokezaka

Figure 1. Broadband spectra from IBH-MADs. The thick-solid, thick-dashed, and thick-dotted lines are total, photon spectra
by thermal electrons, and photon spectra by non-thermal electrons. The thin-dashed lines are sensitivity curves for ALMA
(purple: 30 min; ALMA Sensitivity Calculator), Gaia (blue; 20 mag; Gaia Collaboration et al. 2018), eROSITA (magenta;
4-year survey; Predehl et al. 2021), Chandra (gray; 10 ks; CXO website), FORCE (darkgray; 100 ks; Nakazawa et al. 2018),
and GRAMS (green; 3 year; Aramaki et al. 2020). ISM phase, black hole mass, and distances are shown in each panel. Other
parameters are R = 10, ↵ = 0.3, � = 0.1, ✏dis = 0.15, ✏NT = 0.33, ⌘acc = 5, and sinj = 1.3.

Magnetic reconnections accelerate non-thermal elec-
trons which emit X-rays and soft gamma-rays by syn-
chrotron radiation. We consider non-thermal parti-
cle injection, cooling, and escape processes, and solve
the steady-state transport equation to obtain the num-
ber spectrum, NEe (see Kimura & Toma 2020; Kimura
et al. 2021 for details). The injection spectrum is as-
sumed to be a power law with an exponential cuto↵,
i.e., ṄEe,ing / E

�sinj
e exp(�Ee/Ee,cut), where Ee,cut is

the cuto↵ energy and sinj is the injection spectral in-
dex. Although earlier 2D particle-in-cell (PIC) simula-
tions result in a cuto↵ energy of Ecut ⇠ 4�B (Werner
et al. 2016), long-term calculations revealed that the
cuto↵ energy is increasing with time (Petropoulou &
Sironi 2018; Zhang et al. 2021). Since the dynami-
cal timescale of the accretion flow is much longer than
the timescales of kinetic plasma phenomena, we deter-
mine Ecut by the balance between the acceleration and
cooling processes. The injection rate is normalized byR
ṄEe,injEedEe = fe✏NT✏disṀ•c

2. We consider only the
synchrotron cooling as the other processes are negligi-
ble. We consider both advective (infall to the IBH)
and di↵usive escapes. The acceleration time is phe-
nomenologically set to be tacc = ⌘accEec/(eBV

2

A), where
VA = B/

p
4⇡mpNp is the Alfven velocity and ⌘acc is the

acceleration e�ciency parameter.
In the range of our interest, the synchrotron cooling

limits the maximum energy, and the synchrotron cuto↵
energy is estimated to be

E�,cut ⇡
3e2hp�

2

A

mec�T ⌘acc
' 15

✓
�A

0.7

◆2 ⇣
⌘acc

5

⌘�1

MeV.

(12)
The peak luminosity for the non-thermal synchrotron
process is roughly estimated to be E�LE� ⇡
fe✏NT✏disṀc

2. The cooling break energy is given by

equating infall time to the cooling time: E�,cl ⇡
hpeB�

2

e,cl/(2⇡mec) ⇡ 1.2⇥102B4�
2

e,cl,3 eV, where �e,cl ⇡
max(1, 6⇡mecVR/(�TB

2
R)) ' 7.7 ⇥ 102VR,9B

�2

4
R

�1

7
is

the cooling break Lorentz factor. The X-ray band is typ-
ically above the cooling break energy, and thus the pho-
ton index in the X-ray band is �X = (sinj +2)/2 ' 1.65
with sinj = 1.3 (see Section 5 for discussion on the value
of sinj). Then, the X-ray luminosity is estimated to be

EXLX ' 1.3⇥1029Ṁ•,11fX,�1

✓
fe✏NT✏dis

0.3 · 0.33 · 0.15

◆
erg s�1

,

(13)
where fX = (EX/E�,cut)2��X ⇠ 0.1 is the correction
factor. IBH-MADs in the adiabatic regime roughly ex-
hibit LX/Lopt ⇠ 1 with our reference parameters, as
seen by Equations (10) and (13). In the cooling regime
of Ṁ• > Ṁcl, both thermal and non-thermal electrons
emit all the energies via synchrotron emission. Then,
we can write LX/Lopt ⇡ fX✏NT/(1 � ✏NT) ⇠ 0.05 with
our reference parameters.
Figure 1 shows the broadband photon spectra from

IBH-MADs, whose parameters are shown in each panel
and the caption. The parameters in our MAD model are
calibrated using the gamma-ray data of radio galaxies
(Kimura & Toma 2020) and the multi-wavelength data
of quiescent X-ray binaries (Kimura et al. 2021). The
thermal synchrotron emission produces optical signals
that is detectable by Gaia. The synchrotron emission by
non-thermal electrons produce power-law photons from
X-ray to MeV gamma-ray ranges. The IBHs detectable
by Gaia should be detected by eROSITA (Predehl et al.
2021). SSA is e↵ective in radio and sub-mm bands, and
thus, it is challenging to detect IBH-MADs by radio tele-
scopes, such as ALMA (see Section 5 for radio signals
from jets associated with IBH-MADs). For a low ac-
cretion rate, the advection cooling is e↵ective for ther-
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Figure 1. Schematic picture of our model. Protons are
accelerated in the MAD through reconnection or turbulence,
leading to hadronic gamma-ray and neutrino emissions. The
gamma-rays interact with lower-energy photons emitted by
thermal electrons, e�ciently creating the electron-positron
pairs in the magnetosphere.

tion 6 summarizes our results. We use the notation of
QX = Q/10X in cgs unit, except for the BH mass, M
(M9 = M/[109 M�]).

2. MAD MODEL

We calculate the photon spectra from MADs using
one-zone and steady-state approximations. Since the
analytic prescription for physical quantities in MADs
has not been established yet, we use the prescription
for SANE-mode RIAFs similar to that in Kimura et al.
(2019a), using the reference parameter set suitable to
MADs. We consider an accreting plasma onto a super-
massive BH of mass M . The mass accretion rate, Ṁ ,
and size of the plasma, R, are normalized by the Edding-
ton rate and gravitational radius, R = RRG = RGM/c

2

and Ṁc
2 = ṁLEdd (without including the radiation ef-

ficiency factor), respectively. The radial velocity and
magnetic field in the MAD are analytically estimated to
be (Kimura et al. 2019a)

VR⇡ 1

2
↵VK ' 1.5⇥ 109R�1/2

1
↵�0.5 cm s�1

B ⇡

s
8⇡⇢C2

s

�
' 6.2⇥ 102R�5/4

1
ṁ

1/2
�4

M
�1/2
9

↵
�1/2
�0.5 �

�1/2
�1

G,

where ↵ is the viscous parameter Shakura & Sunyaev
(1973), � = 8⇡⇢C2

s/B
2 is the plasma beta, VK =p

GM/R is the Keplerian velocity, Cs ⇡ VK/2 is the
sound speed, ⇢ ⇡ Ṁc

2
/(4⇡RHVR) is the mass density,

and H ⇠ (Cs/VK)R is the scale height. These are in
rough agreement with (GR) MHD simulations (Machida

& Matsumoto 2003; Narayan et al. 2012; Kimura et al.
2019b; Chael et al. 2019). In this study, we use ↵ = 0.3
and � = 0.1, which are appropriate for MADs (Narayan
et al. 2012; Chael et al. 2019).
We consider emissions from thermal electrons, non-

thermal protons, primary electrons accelerated together
with protons, and secondary electron-positron pairs.
First, we explain how to calculate photon spectra by
thermal electrons. The spectra for the synchrotron,
bremsstrahlung, and Comptonization processes by the
thermal electrons are calculated by the methods given
in Kimura et al. (2015). The electron temperature is
determined such that the resulting photon luminosity is
equal to the electron heating rate. The electron heat-
ing mechanism in hot accretion flows has yet to be es-
tablished (e.g., Sironi & Narayan 2015; Zhdankin et al.
2019; Kawazura et al. 2019). We utilize the formalism
by Hoshino (2018), where the ratio of heating rate for
electrons to protons is given by

Qe

Qp
⇡
✓
meTe

mpTp

◆1/4

. (1)

Then, the photon luminosity by the thermal electrons is
estimated to be

L�,thrml ⇡
Qe

Qp
(1� ✏NT)✏disṁLEdd, (2)

where ✏NT is the energy fraction of non-thermal particle
production to dissipation and ✏dis is the energy fraction
of the dissipation to accretion.
The photon spectra by the thermal electrons for M87

and NGC 315 are shown in Figure 2, and the parameters
and resulting quantities are tabulated in Table 1. The
MAD heats up the thermal electrons to a few MeV, and
they emit peaky signals in ⇠ 10�3 eV by the synchrotron
radiation. These photons are important targets for the
photo-hadronic processes. Although the inverse Comp-
ton scattering and bremsstrahlung create higher energy
photons, they are too faint to explain the observed data,
and too tenuous to work as target photons.
To obtain the non-thermal spectra for particle species

i, we solve the steady-state transport equation:

� d

dEi

✓
EiNEi

ti,cool

◆
= ṄEi,inj �

NEi

tesc
, (3)

where NEi is the di↵erential number spectrum, ti,cool is
the cooing time, tesc is the escape time, and ṄEi,inj is the
injection terms. The analytic solution of this equation
is given by

NEi =
ti,cool

Ep

Z 1

Ei

dE
0
iṄE0

i,inj
exp

 
�
Z E0

i

Ei

ti,cooldEi
tescEi

!
.

(4)
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Table 1. List of model parameters and physical quantities. The references for BH masses and distances are Event Horizon
Telescope Collaboration et al. (2019a) for M87 and Saikia et al. (2018) for NGC 315.

Parameters of our model
↵ � R ✏dis ⌘ ✏NT sinj ✏j M [109 M�] dL [(Mpc)] ṁ [10�4]

(M87, NGC 315) (M87, NGC 315) (M87, NGC 315)

0.3 0.1 10 0.15 5 0.33 1.3 1.0 (6.3, 1.7) (17, 65) (0.5, 4.0)
Physical quantities

B Te Qp/Qe L�,thrml Lp Ep,cut Bh nGJ log(n±/nGJ)

[G] [MeV] [1041 erg s�1] [1041 erg s�1] [EeV] [kG] [10�5 cm�3]

M87 18 2.2 12 3.4 20 8.1 0.31 2.8 2.08

NGC315 98 1.3 13 6.4 43 5.4 1.70 56.0 3.62

Figure 2. Broadband photon Spectra for M87 (left) and NGC 315 (right). The thick lines are the observed flux on Earth,
and the thin lines are the intrinsic spectra before the attenuation. The thin-dotted lines are the sensitivity for CTA (Cherenkov
Telescope Array Consortium et al. 2019) and AMEGO (Moiseev & Amego Team 2017). Data points are taken from MAGIC
Collaboration et al. (2020); Prieto et al. (2016); Wong et al. (2017); Ait Benkhali et al. (2019) for M87 and from de Menezes
et al. (2020) for NGC 315.

the escape processes, whose timescales are estimated
to be tdi↵ ⇡ R

2
/DR and tfall ⇡ R/VR, respectively,

where DR ⇡ ⌘ri,Lc/3 is the di↵usion coe�cient, ri,L =
Ei/(eB) is the Larmor radius, ⌘rL the e↵ective mean
free path, and ⌘ is a numerical factor. The total escape
time is given by t

�1

esc
= t

�1

fall
+ t

�1

di↵
.

The injection terms for primary protons and electrons
are written as

ṄEi,inj ⇡ Ṅ0

✓
Ei

Ei,cut

◆�sinj

exp

✓
� Ei

Ei,cut

◆
, (5)

where sinj is the injection spectral index. The normal-
ization, Ṅ0, is determined by Lp =

R
ṄEp,injEpdEp =

✏NT✏disṀc
2 for protons and

R
ṄEe,injEedEe =

(Qe/Qp)✏NT✏disṀc
2 for primary electrons, respectively.

Ei,cut is determined by tloss = tacc, where tacc is the ac-
celeration time and t

�1

loss
= t

�1

cool
+ t

�1

esc
is the total loss

timescale. We phenomenologically write the accelera-
tion time as

tacc ⇡
⌘rL

c

✓
c

VA

◆2

, (6)

where VA/c ⇡ 0.71R�1/2
1

�
�1/2
�1

is the Alfvén velocity.
As the proton cooling process, we take into account

the proton synchrotron, pp inelastic collisions, pho-
tomeson production (p + � ! p + ⇡), Bethe-Heitler
(p+� ! p+e

++e
�) processes. Their cooling timescales

are given in Kimura et al. (2019a), in which we appro-
priately take into account the energy-dependent cross-
section for both pp (Kafexhiu et al. 2014) and p� (Step-
ney & Guilbert 1983; Chodorowski et al. 1992; Murase
& Nagataki 2006) interactions. Figure 3 indicates the
timescales as a function of Ep for M87 (left) and NGC
315 (right), whose parameters are tabulated in Table 1.
For Ep . 1 EeV, the cooling is very ine�cient, while the
Bethe-Heitler and synchrotron processes are e�cient for
higher energies. For a higher ṁ, the synchrotron cooling
is more e�cient owing to stronger magnetic fields. The
cooling limits the particle acceleration, and the maxi-
mum attainable energies for these objects are tabulated
in Table 1. These energies are lower than the Hillas en-
ergy, EHil ⇡ eBR(VA/c) ⇠ 35 EeV for M87 and 52 EeV
for NGC 315.

Thermal 
electrons Proton

 synchrotron

p+γ→p+e++e-

Primary 
electron
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Figure 1. Schematic picture of our model. Protons are
accelerated in the MAD through reconnection or turbulence,
leading to hadronic gamma-ray and neutrino emissions. The
gamma-rays interact with lower-energy photons emitted by
thermal electrons, e�ciently creating the electron-positron
pairs in the magnetosphere.

tion 6 summarizes our results. We use the notation of
QX = Q/10X in cgs unit, except for the BH mass, M
(M9 = M/[109 M�]).

2. MAD MODEL

We calculate the photon spectra from MADs using
one-zone and steady-state approximations. Since the
analytic prescription for physical quantities in MADs
has not been established yet, we use the prescription
for SANE-mode RIAFs similar to that in Kimura et al.
(2019a), using the reference parameter set suitable to
MADs. We consider an accreting plasma onto a super-
massive BH of mass M . The mass accretion rate, Ṁ ,
and size of the plasma, R, are normalized by the Edding-
ton rate and gravitational radius, R = RRG = RGM/c

2

and Ṁc
2 = ṁLEdd (without including the radiation ef-

ficiency factor), respectively. The radial velocity and
magnetic field in the MAD are analytically estimated to
be (Kimura et al. 2019a)

VR⇡ 1

2
↵VK ' 1.5⇥ 109R�1/2

1
↵�0.5 cm s�1

B ⇡

s
8⇡⇢C2

s

�
' 6.2⇥ 102R�5/4

1
ṁ

1/2
�4

M
�1/2
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↵
�1/2
�0.5 �

�1/2
�1

G,

where ↵ is the viscous parameter Shakura & Sunyaev
(1973), � = 8⇡⇢C2

s/B
2 is the plasma beta, VK =p

GM/R is the Keplerian velocity, Cs ⇡ VK/2 is the
sound speed, ⇢ ⇡ Ṁc

2
/(4⇡RHVR) is the mass density,

and H ⇠ (Cs/VK)R is the scale height. These are in
rough agreement with (GR) MHD simulations (Machida

& Matsumoto 2003; Narayan et al. 2012; Kimura et al.
2019b; Chael et al. 2019). In this study, we use ↵ = 0.3
and � = 0.1, which are appropriate for MADs (Narayan
et al. 2012; Chael et al. 2019).
We consider emissions from thermal electrons, non-

thermal protons, primary electrons accelerated together
with protons, and secondary electron-positron pairs.
First, we explain how to calculate photon spectra by
thermal electrons. The spectra for the synchrotron,
bremsstrahlung, and Comptonization processes by the
thermal electrons are calculated by the methods given
in Kimura et al. (2015). The electron temperature is
determined such that the resulting photon luminosity is
equal to the electron heating rate. The electron heat-
ing mechanism in hot accretion flows has yet to be es-
tablished (e.g., Sironi & Narayan 2015; Zhdankin et al.
2019; Kawazura et al. 2019). We utilize the formalism
by Hoshino (2018), where the ratio of heating rate for
electrons to protons is given by

Qe

Qp
⇡
✓
meTe

mpTp

◆1/4

. (1)

Then, the photon luminosity by the thermal electrons is
estimated to be

L�,thrml ⇡
Qe

Qp
(1� ✏NT)✏disṁLEdd, (2)

where ✏NT is the energy fraction of non-thermal particle
production to dissipation and ✏dis is the energy fraction
of the dissipation to accretion.
The photon spectra by the thermal electrons for M87

and NGC 315 are shown in Figure 2, and the parameters
and resulting quantities are tabulated in Table 1. The
MAD heats up the thermal electrons to a few MeV, and
they emit peaky signals in ⇠ 10�3 eV by the synchrotron
radiation. These photons are important targets for the
photo-hadronic processes. Although the inverse Comp-
ton scattering and bremsstrahlung create higher energy
photons, they are too faint to explain the observed data,
and too tenuous to work as target photons.
To obtain the non-thermal spectra for particle species

i, we solve the steady-state transport equation:

� d

dEi

✓
EiNEi

ti,cool

◆
= ṄEi,inj �

NEi

tesc
, (3)

where NEi is the di↵erential number spectrum, ti,cool is
the cooing time, tesc is the escape time, and ṄEi,inj is the
injection terms. The analytic solution of this equation
is given by

NEi =
ti,cool

Ep

Z 1

Ei

dE
0
iṄE0

i,inj
exp

 
�
Z E0

i

Ei

ti,cooldEi
tescEi

!
.

(4)

MBH = 6.3 × 109 M⊙
·Mc2/LEdd = 5 × 10−5

Lp = 2.0 × 1042 erg/s

Lp/( ·Mc2) = 0.05

Ep,max = 8.1EeV

SSK & Toma 2020

• 5 component synchrotron → broadband photon spectrum

• Thermal e- → sub mm ,  non-thermal p→GeV, primary e-→ MeV 
Bethe-Heitler e+e- ( ) → TeV 
Breit-Wheeler e+e- ( ) → MeV

p + γ → p + e+ + e−

γ + γ → e+ + e−
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Figure 5. Photon spectra for the Excellent objects. The line types are the same as Figure 1. Data points are taken from Tomar
et al. (2021) for NGC 4261, Principe et al. (2020) for NGC 3894, Rulten et al. (2020) for NGC 2329, and H. E. S. S. Collaboration
et al. (2020) and Abdo et al. (2010) for Cen A. Other data points are taken from NED (http://ned.ipac.caltech.edu).

Figure 6. Photon spectra for the Good objects. The line types are the same as Figure 1. Data points in GeV gamma-rays
are taken from Tomar et al. (2021) for NGC 2892, Paliya (2021) for LEDA 57137, LEDA 55267, and LEDA 58287, and Graham
et al. (2019) for IC 310. Other data points are taken from NED.

C. PHOTON SPECTRA AND RESULTING QUANTITIES FOR THE VARIOUS RADIO GALAXIES WITH
ANOTHER ELECTRON HEATING PRESCRIPTION

We show the photon spectra of the various radio galaxies with the prescription given by Chael et al. (2018). The
photon spectra of the Excellent, Good, and Bad objects are shown in Figure 8, Figure 9, and Figure 10, respectively.
We tabulated the resulting quantities in Table 4.
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are taken from Tomar et al. (2021) for NGC 2892, Paliya (2021) for LEDA 57137, LEDA 55267, and LEDA 58287, and Graham
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C. PHOTON SPECTRA AND RESULTING QUANTITIES FOR THE VARIOUS RADIO GALAXIES WITH
ANOTHER ELECTRON HEATING PRESCRIPTION

We show the photon spectra of the various radio galaxies with the prescription given by Chael et al. (2018). The
photon spectra of the Excellent, Good, and Bad objects are shown in Figure 8, Figure 9, and Figure 10, respectively.
We tabulated the resulting quantities in Table 4.
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Figure 7. Photon spectra for the Bad objects. The line types are the same as Figure 1. Data points are taken from Rulten
et al. (2020) for PKS 0625-35, PKS 1304-215, 3C 120, NGC 1218, and NGC 6251, and Tomar et al. (2021) for NGC 1275. Other
data points are taken from NED.

Figure 8. Same as Figure 5, but with the electron heating rate given by Chael et al. (2018).

Figure 9. Same as Figure 6, but with the electron heating rate given by Chael et al. (2018). Data points are taken from de
Menezes et al. (2020b) for NGC 315.
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Figure 2. Scatter plot of our sample in M � ṁ plane. The
red-star, green-circle, and blue-cross indicate the Excellent,
Good, and Bad objects, respectively. The solid and dashed
lines indicate Mcrit given by Equation (11) for R = 10 and
R = 30, respectively.

The other objects are classified as Bad. We show the
photon spectra for the Bad objects and the quantities
for these spectra in Appendix B. There are two types
of Bad objects. One type has a cut-o↵ due to the two-
photon interaction below the GeV energy, which leads
to a mismatch in the multi-GeV data. The other type
has luminous synchrotron emission by the secondary
electron-positron pairs by the two-photon interaction,
which overshoots the X-ray data.
To see the features of the radio galaxies, we plot M

and ṁ for the objects of the three classes in Figure 2,
where values of M and ṁ for individual objects are tab-
ulated in tables in Appendix B. As can be seen, we can
explain the gamma-ray data by the MAD model if ṁ
is lower than 10�3. The number density of low-energy
photons is higher for a higher ṁ, and then, the two-
photon interaction is more e�cient. Thus, the photon
spectra by the MAD model have the cut-o↵ below the
GeV range, and we cannot explain the gamma-ray data
for a higher ṁ.

3.3. Another Formalism of the Electron Heating Rate

The electron heating rate by magnetic reconnection
has not been established yet. We also examine another
prescription of the electron heating rate given by Chael
et al. (2018),

Qe

Qp
=

1

2
exp


�(1� �/�max)

0.8 + �1/2

�
, (16)

where �max = 1/(4�). We show the photon spectra and
the resulting quantities of the objects in Appendix C.
We calculate the photon spectra for all the objects with

Figure 3. Same as Figure 2, but with the electron heating
rate given by Chael et al. (2018).

this electron heating rate and classify them as we have
done in Section 3.2 by changing ṁ with the same param-
eter set. The classification results are shown in Figure
3, where we see that all the classes (Excellent, Good,
Bad) equally scatter in the M -ṁ plane. We find that
Qe/Qp ⇠ 0.3 if we use Equation (16) with the param-
eters in Table 1. On the other hand, Qe/Qp ⇠ 0.07 by
Equation (3). The value of Qe/Qp corresponds to the
luminosity of the electrons, and thus, the luminosities in
radio and X-ray bands are high if we use Equation (16).
This causes the model flux to overshoot the radio and
X-ray data if we adjust ṁ so that the resulting gamma-
ray spectra match the GeV data. Equation (16) leads
to 0.2 < Qe/Qp < 0.4 for 5  r  30 and 0.01  �  1.
Thus, we cannot reconcile the results in Section 3.2 even
with a di↵erent parameter set. This indicates that the
electron heating rate is crucial to explain the gamma-ray
data by the MAD model.

4. SGR A*

Observations in the radio and X-ray bands imply that
Sgr A* at the Galactic center has a hot accretion flow
(Narayan et al. 1995; Manmoto et al. 1997; Yuan et al.
2003; GRAVITY Collaboration et al. 2021). Sgr A*
is thought to have a MAD because the wind accretion
by Wolf-Rayet stars can provide su�ciently large-scale
magnetic flux (Ressler et al. 2020). A MAD is also ex-
pected to be formed in a low ṁ system (Kimura et al.
2021c), and Sgr A* is known to be a very low accre-
tor. In addition, the results by Event Horizon Telescope
Collaboration also support the MAD model (Akiyama
et al. 2022a,b). Thus, we also apply the MAD model
to Sgr A*. We show the parameters in Table 3 and the
photon spectrum in Figure 4. For Sgr A*, ✏NT needs to
be much lower than that for the other radio galaxies to

• * :  reproduce GeV data 

• ● : reproduce GeV data with larger M and r

• ×:  cannot explain GeV data

• chi^2 fitting to GeV data

• Jet emission contributes to radio - X-ray data

•
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The analytical estimates of the peak energy and lumi-
nosity of the proton synchrotron spectrum in the syn-
chrotron cooling case are given as follows. Because of the
hard spectral index of protons, the proton synchrotron
spectrum has a peak at the synchrotron frequency for
Ep = Ep,cut. Balancing the synchrotron cooling and
acceleration timescales, we obtain Ep,cut as

Ep,cut =

r
6⇡e

⌘�TB
cVA

m
2

p

me

⇡ 5.7⇥ 109ṁ1/4
�3

M
1/4
9

R1/8
1

↵
1/4
�0.5�

�1/4
�1

⌘
�1/2
0.5 GeV.

(12)

We obtain the peak frequency of the synchrotron spec-
trum by the non-thermal protons as

E�,p,peak =
3e2h

�Tmpc⌘

✓
VA

c

◆2 ✓
mp

me

◆2

⇡ 46R�1

1
�
�1

�1
⌘
�1

0.5 GeV. (13)

Since the synchrotron cooling is the dominant energy
loss timescale, we can approximate that all the energies
used for non-thermal proton acceleration are converted
to the synchrotron photon energy. Then, the photon lu-
minosity for the proton synchrotron process is estimated
to be

L�,psyn = 4.0⇥ 1042ṁ�3M9✏NT�0.5✏dis�1
erg s�1

. (14)

We should note that this estimate provides the inte-
grated photon luminosity. The di↵erential photon lu-
minosity given in Figure 1 is lower than L�,psyn because
of the bolometric correction.

3.2. Application to the various Radio Galaxies

We search for bright radio galaxies in the GeV gamma-
ray band from the Fermi 4LAC-DR2 catalog (Ajello
et al. 2020). We pick up the fifteen brightest objects
after excluding Fornax A, M87, and NGC 315. We
exclude the Fornax A because the emission region of
gamma-rays is extended and the contribution of the core
is lower than 18% (Ackermann et al. 2016). We also omit
M87 and NGC 315 since these objects are already ex-
plained in Kimura & Toma (2020). For Cen A, we use
the gamma-ray data of the core while the extended com-
ponent is also observed. In particular, the HESS data
(E� > 300 GeV) should be from the extended com-
ponent (H. E. S. S. Collaboration et al. 2020). Then
the 100 GeV data should be the sum of the jet compo-
nent and disk component. The theoretical model for the
HESS data predicts that the extended jet contributes to
the 100 GeV data very marginally (H. E. S. S. Collab-
oration et al. 2020). The MAD contribution to the 100

GeV data is uncertain. Thus, we use the 2-20 GeV data
for the fitting procedure and restrict the MAD model
not to exceed the data above 100 GeV.
We compare the spectra obtained by the MAD model

to the observed ones. To evaluate the goodness of fit,
we use �

2 method. �2 is the quantity written as

�
2 =

X

i

✓
Fdata,i � Fmodel,i

�i

◆2

, (15)

where i represents the observational data points, Fdata,i

is the gamma-ray flux data, Fmodel,i is the calculated
gamma-ray flux, and �i is the observational error. In
this calculation, we use only the gamma-ray data and
change only ṁ in the parameters. We consider that the
GeV data are explained by the MAD model if Q � 0.01,
where Q is the probability that �2 exceeds the obtained
value by Equation (15). We consider that the emission
from the jet predominantly contributes to the lower-
energy data. The photon flux from radio galaxies shows
some variability in all the energy bands, and we regard
them as the jet contribution. Thus, the contribution by
the MAD model should be below the lowest data points
in radio to X-ray bands.
We classify the results into three; Excellent, Good,

and Bad. We classify objects into Excellent if we can
explain the gamma-ray data with the parameters in Ta-
ble 1 and the cataloged value of M . We show the values
of M , distance from Earth, ṁ, �

2
/⌫ , and Q for the

Excellent objects in Appendix B, where ⌫ = N � m is
the degree of freedom, N is the number of the data, and
m is the number of the changing parameters. Since we
only change ṁ, we set m = 1. We also show the photon
spectra of these objects in Appendix B. We find that the
accretion rates of all the Excellent objects are less than
10�3.
For some objects, it is hard to explain the gamma-

ray data with the parameters in Table 1 and the cata-
loged value of M . This is because the GeV gamma-rays
have the cut-o↵ by the two-photon interaction. In or-
der to achieve the high GeV gamma-ray flux, we may
use higher values of R and M . The uncertainty of M
is about a factor of 3 (e.g., Kormendy & Ho 2013). We
classify objects into Good if we can explain the GeV
data with R = 30 and M three times higher than the
cataloged value. We only change ṁ during the fitting
procedure. Thus, we calculate Q with m = 1. We show
the resulting quantities and the photon spectra for the
Good objects in Appendix B. The accretion rates of the
Good objects are around 10�3. Owing to the larger
emission region, absorption by the two-photon interac-
tion is suppressed, which enables the MAD model to
explain GeV data for ṁ & 10�3.

MAD model can explain GeV data  
in cases ·m < 0.001

• Large mass accretion rate  
→ high low-energy photon density  
→ absorption by   
→ photon spectra have cutoff below GeV

γ + γ → e+ + e−

Kuze, SSK, Toma 2022
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• Complex structure by VLBI observations
• Apparent velocity > c  
→ Relativistically moving radio source

• Radio bright → relativistic electrons
• Origin of electrons are unknown 
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of the Daejeon hardware correlator (Lee et al. 2015a; Hada
et al. 2017). We corrected antenna parallactic angles for the
three KVN antennas only because the field rotators in the
receiving rooms of VERA antennas fix the parallactic angle
during observations. We also corrected instrumental delays in
the visibility phases by using scans on bright calibrators. We
performed a global fringe fitting with a solution interval
between 10 and 30 s for each IF, depending on the weather
conditions. The data were averaged over the channels within
each IF, and we performed imaging with an iterative procedure
of CLEAN and phase/amplitude self-calibration in the Caltech
Difmap package (Shepherd 1997). We present naturally

weighted CLEAN images at 22 and 43 GHz in Figures 2 and
3, respectively.

3. Summary of Previous Studies of the M87 Jet Kinematics

One of the most important issues in determining the jet
kinematics is how to identify each part of the jet in different
epochs. Various methods have been employed to study the
M87 jet kinematics. Each method has strengths and weak-
nesses, which we summarize below.

(i) Modelfit with Gaussian components. This method fits
several components of circular or elliptical Gaussian

Figure 2. Contours show CLEAN images of the M87 jet obtained with KaVA in 2016 at 22 GHz. The model components obtained in the modelfit analysis with
circular Gaussian components (Section 4.1) and with point-source components (Section 4.2) are drawn on top of the contours in the left and right panels, respectively.
The components with the same color in different epochs are identified to represent the same parts of the jet. The point-source models in the right panel are grouped and
treated as a single component, and their mean positions weighted by flux density are shown with the small filled circles. The vertical spacing is proportional to the time
elapsed. The dashed lines show the best-fit linear motions of the components. The gray shaded ellipses at R.A.=4 mas denote the FWHM of the synthesized beam.
The number of days elapsed since 2016 January 1 is noted for each map. All maps are rotated clockwise by 18° with respect to the map center in each epoch. Contours
start at 1.9 mJy beam–1 and increase by factors of 2 .
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We note, however, that this profile assumes that all the data
points follow the same power law, which may not necessarily
be the case (see Section 6.3). Theoretical studies of highly
magnetized jets in the highly relativistic limit (σ ? 1, where σ
is the Poynting flux per unit matter energy flux, the so-called
magnetization parameter) or in the far zone (r ? rlc, where
rlc=c/Ω is the light cylinder radius, with Ω being the angular
velocity of a given streamline) show that an evolution of the
Lorentz factor would be described as Γ ∝ R∝z a near the jet

base (the so-called linear acceleration regime) with a transition
to a slower acceleration profile at a certain distance (e.g.,
Tchekhovskoy et al. 2008; Komissarov et al. 2009; Lyubarsky
2009). The latter proportionality comes from the jet collimation
profile, which was found to be a≈0.56 for M87 in the regions
we are probing in this study (Asada & Nakamura 2012; Hada
et al. 2013; Nakamura & Asada 2013). Thus, the observed
trend of jet acceleration appears to be much flatter than the
linear acceleration profile of Γ ∝ z0.56.

Figure 12. Magnitude of the spatial component of the four-velocity Γβ, obtained from the measured apparent speeds with the adopted jet viewing angle of 17°, as a
function of deprojected distance from the black hole in units of RS. The data points obtained in this study and our previous study using the KaVA observations at
22 GHz (Hada et al. 2017) are shown with diamonds, while those obtained in the literature presented in the right panel of Figure 7 are shown with gray filled circles.
We include the data points in the literature for the jet speeds on large scales as well (Biretta et al. 1995, 1999; Cheung et al. 2007; Giroletti et al. 2012; Meyer
et al. 2013; Asada et al. 2014; Hada et al. 2015). The distance between the radio core and the black hole is corrected by using the core-shift measurement (Hada
et al. 2011). We also include the results obtained by GRMHD simulations shown with the purple open upward-pointing triangles (McKinney 2006; Penna et al. 2013;
Nakamura et al. 2018). The two triangles connected with the vertical solid lines show the range of speeds obtained by using different assumed black hole spins in the
simulations. The best-fit function, assuming a power-law function for the bulk Lorentz factor and converting it into the four-velocity, to the data points obtained in this
study and our previous study (the magenta, blue, red, green diamonds) is Γ ∝ z0.16±0.01 and shown with the black dashed line. Some data points showing slow or
quasi-stationary motions are not included in the fitting (see Section 6.2 for more details). The linear jet acceleration profile of Γ∝z0.56, expected in the FFE model
(see texts) for the assumed black hole spin of a=0.9, and the upper envelopes of Γ∝z0.56 and Γ∝z0.16 presented in Mertens et al. (2016) are shown as a reference
with the black dotted line. Note that the power-law profiles for Γ are shown by the curved lines in the logarithmic plot of Γβ vs. distance.

17

The Astrophysical Journal, 887:147 (27pp), 2019 December 20 Park et al.

Park et al. 2019

Park et al. 2019



• Ultrahigh resolution GRMHD simulations (~40003)
• BH magnetosphere & Rayleigh-Taylor spiral 
• Reconnection in low-density region 
→ transient magnetic energy release  
→ Observable as flares? 

• Lepton loading by ？γ + γ → e+ + e−
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X-point

D Plasmoids

Plasmoid
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G H I

Figure 1. Plasmoid-mediated reconnection, which takes place at su�ciently high resolutions in MHD, is seen in a 3D GRMHD
simulation for the first time. Resolving the dynamics of X-points and plasmoids in the current sheet can be the key to
understanding the source of black hole non-thermal emission, e.g., high-energy flares. Dimensionless temperature T = p/⇢,
plasma-�, and density ⇢ (from left to right) in the meridional plane before (top row), during (middle row) in the inner 10rg
and after (bottom row) the large magnetic flux eruption in the inner 40rg. During the magnetic flux eruption, the accretion
disk is ejected and the broad accretion inflow is reduced to a thin plasmoid-unstable current sheet, indicated by X-points and
magnetic nulls shown by the antiparallel in-plane field lines (in green, see inset in panel D) and the high � (inset panel E).
The hot (T ⇠ �max) exhaust of the reconnection layer heats the jet sheath. Reconnection transforms the horizontal field in the
current sheet to vertical field that is ejected in the form of hot coherent flux tubes (panel G) at low � and density (panels H,I).

vertical (z) magnetic field, reminiscent of the 2D results
of Ripperda et al. (2020). The flux eruption originates
from the inner magnetosphere where the highly magne-
tized plasma in the jet directly feeds the current sheet.
The plasma density in the jet is determined by the den-
sity floor at �max = 25 in our simulations, whereas in
reality it is much more strongly magnetized (� � �max)
pair plasma. Reconnection occurs locally in X-points

where a field line breaks and reconnects to other field
line (see insets in Figures 1D and 1E). In these X-points,
reconnection heats the plasma up to T ⇠ �max = 25
(left panels) after which it is expelled from the layer at
Lorentz factors up to � /

p
�max = 5 (Lyubarsky 2005,

see also Supplemental Material for an exploration of dif-
ferent �max in 2D). The flux is expelled through recon-
nection into the low-density region in between the large

Ripperda et al. 2022

Black hole flares 5

A B C

D E F

G H I

Figure 2. Our extreme resolution simulation reveals small-scale structure and interface instabilities of magnetic flux bundles
escaping from the black hole, in an equatorial slice through the system. Dimensionless temperature T = p/⇢, plasma-�, and
density ⇢ (from left to right) in the equatorial plane before a large magnetic flux eruption (top row), during the magnetic flux
eruption (middle row) in the inner 10rg and after the magnetic flux eruption (bottom row) in the inner 40rg. Gaps of low � and
density form during the pre-eruption quiescence while many azimuthal RTI modes accrete. During the magnetic flux eruption
a single large T > 1 spiral forms with a gap where the sheet moved out of the equatorial plane. Magnetic flux escapes through
the spiral current sheet, while accretion continues over a small angle � < 2⇡ at x ⇡ 2rg and y ⇡ �1 to y ⇡ �2. In the bottom
row the inner 10rg is in quiescent accretion state, and a hot flux tube that is ejected from the reconnection layer is in orbit at
x ⇡ 10rg to x ⇡ 30rg and y ⇡ �10rg to y ⇡ 20rg. The low � flux tube shows clear signatures of instabilities at its boundaries
mixing low density plasma into the disk.

β β ρ



• Reconnection in 
magnetosphere  
→ non-thermal particles 
→ gamma-ray emission 
→  
→ lepton loading  
→ SSA Fireball  
→ bulk kinetic energy  
→ some dissipation  
→ superluminal radio blob

γ + γ → e+ + e−

Scenario for superluminal radio  blob
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(MAD) in which magnetic fields are strong and ordered.
The jet power in the MAD state is higher that that
for the SANE state (Tchekhovskoy et al. 2011; Event
Horizon Telescope Collaboration et al. 2019a), and thus,
many believe that MADs are responsible for the pro-
duction of the observed relativistic jets. This picture is
observationally supported using the core-shift measure-
ment of radio galaxies (Zamaninasab et al. 2014) and
the polarization map of M87 (Event Horizon Telescope
Collaboration et al. 2021a,b).
However, there is no direct observational evidence for

the existence of magnetospheric jet near the BH event
horizon. Superluminal radio blobs have been observed
since their discovery in 1971 (Cohen et al. 1971; Whit-
ney et al. 1971; Begelman et al. 1984; Blandford et al.
2019; Hada 2019),but it is unclear whether the magneto-
spheric jets can have su�cient number of particles and
emit radiation ascribed to the superluminal radio blobs
(Levinson & Rieger 2011; Mościbrodzka et al. 2011;
Toma & Takahara 2012; Kimura et al. 2014; Broderick &
Tchekhovskoy 2015; Kimura & Toma 2020; Kawashima
et al. 2021). Note that the wind of MAD outside the
magnetosphere (� . 1) does not have free energy su�-
cient for acceleration to relativistic speed.
Recently, Ripperda et al. (2022) proposed a promis-

ing scenario of particle loading into jets and associated
high-energy emission. In the MAD state, the strong and
ordered magnetic fields can temporally halt the accre-
tion process. Then, the accreting matter is accumulated
outside a certain radius. This situation leads to devel-
opment of magnetic Rayleigh-Taylor instability, which
enables the matter to accrete to the BH with a spiral
structure (McKinney et al. 2012; White et al. 2019). Re-
cent extremely high resolution GRMHD simulations re-
vealed that the dynamics of MADs trigger magnetic re-
connection at the BH magnetosphere quasi-periodically
(Ripperda et al. 2022). The magnetosphere is strongly
magnetized in the sense that the magnetization parame-
ter, �B = B2/(4⇡npmpc2), is greater than 1. Such a rel-
ativistic magnetic reconnection accelerates non-thermal
particles very e�ciently (Zenitani & Hoshino 2001, 2007;
Guo et al. 2014; Sironi & Spitkovsky 2014; Guo et al.
2020). The non-thermal electrons emit MeV gamma-
rays via synchrotron radiation, which can be observed
as X-ray or MeV gamma-ray flares from nearby radio
galaxies. These gamma-rays create electron-positron
pairs at the jet region, and these injected plasma can be-
come superluminal radio blob observed in radio galaxies
(see Figure 1). We evaluate the detectability of X-ray
and MeV gamma-ray flares, estimate the mass loading
rate to the jet by this mechanism, and discuss impli-
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Figure 1. Schematic picture of our mass loading scenario.
The accretion process forms a MAD and magnetosphere
around a BH. The magnetic fields above and below the mid-
plane of the MAD are anti-parallel. This configuration leads
to relativistic magnetic reconnection in the magnetosphere.
The magnetic reconnection accelerates non-thermal electrons
that emit luminous gamma-rays in the reconnection region.
These gamma-rays interact each other, producing electron-
positron pairs above the reconnection region. This pro-
cess transiently loads copious leptons in the magnetosphere.
These leptons are so dense that the plasma is optically thick
for the SSA process. This plasma can be regarded as a lep-
tonic fireball, and it will convert its thermal energy to the
bulk kinetic energy. At some point, the kinetic energy will be
released by some dissipation mechanism, and we can observe
it as a radio blob that exhibit superluminal motion.

cations for radio observations of a nearby radio galaxy,
M87, and our Galactic center, Sgr A*.

2. PHYSICAL CONDITIONS IN
BLACK-HOLE MAGNETOSPHERE

We consider a radio galaxy of SMBH mass M =
109M9M� with a mass accretion rate of Ṁ =
ṁLEdd/c2 ' 1.4 ⇥ 1022M9ṁ�4 g cm�2, where c is
the speed of light and LEdd is the Eddington luminos-
ity. The gravitational radius of this system is RG =
GM/c2 ' 1.5 ⇥ 1014M9 cm. We consider that the ac-
cretion flow is in the MAD state where the magnetic
field strength around the SMBH is estimated to be (e.g.,
Yuan & Narayan 2014)

Bmad =

s
Ṁc�2

mad

4⇡2R2
G

' 1.1⇥ 103M�1/2
9 ṁ1/2

�4 �mad,1.7 G,

(1)

where �mad ⇡ 50�mad,1.7 is the saturated magnetic
flux (Tchekhovskoy et al. 2011; McKinney et al. 2012;
Narayan et al. 2012; White et al. 2019).
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The magnetosphere is formed around the SMBH be-
cause of no mass source in the funnel region. The lower
limit of the number density in the magnetosphere is

nGJ =
Bmad⌦F

2⇡ec
⇡ Bmad

8⇡eRG
(2)

' 6.2⇥ 10�4M�3/2
9 ṁ1/2

�4 �mad,1.7 cm�3,

where ⌦F is the field line angular velocity and we as-
sume a rapidly spinning SMBH, a ⇠ 1, and the max-
imum e�ciency for the Blandford-Znajek mechanism,
⌦F ⇡ ac/(4RG). If the magnetosphere consist of the
pair plasma, the magnetization parameter is

�B,GJ =
B2

mad

4⇡nGJmec2
⇡ 1.9⇥ 1014M1/2

9 ṁ1/2
�4 �mad,1.7.

(3)

This value should be regarded as an upper limit, as the
number density in the magnetosphere, nms, can be or-
ders of magnitude higher than nGJ. High-energy pho-
tons from accretion flows can create electron-positron
pairs when accretion rate is high (Levinson & Rieger
2011; Mościbrodzka et al. 2011) or when MADs ac-
celerate cosmic rays e�ciently (Kimura & Toma 2020;
Kuze et al. in preperation). Nuclei, including protons,
and neutrons may be loaded if MADs accelerate cos-
mic rays (Toma & Takahara 2012; Kimura et al. 2014).
These processes leads to multiplicity of  = nms/nGJ ⇠
10� 103, which results in the magnetization parameter
of �B & 1010. Also, the evacuation of the accreting gas
can be incomplete when the reconnection occurs at the
midplane. GRMHD simulations cannot follow a high �B

region due to a numerical problem, and thus, the actual
value of �B in the upstream region is uncertain. The
possible range of �B can be 100 ⌧ �B . �B,GJ. In the
following discussion, we assume �B is higher than the
maximum electron Lorentz factor (see Section 3).

3. MAGNETIC RECONNECTION AND A
HIGH-ENERGY FLARE STATE

The relativistic magnetic reconnection accelerate non-
thermal particles very e�ciently (see Section 7.1). If we
ignore the e↵ect of cooling, all the particles are accel-
erated up to the energy of �e ⇠ �B in a timescale of
tacc ⇡ �emec/(eB�rec), where �rec ⇠ 0.1 is the recon-
nection velocity in the kinetic domain (Guo et al. 2020).
The accelerated electrons cool by the synchrotron emis-
sion in the BH magnetosphere. The cooling timescale is
estimated to be tsyn = 6⇡mec/(�TB2�e). Equating the
acceleration time and the cooling time, we obtain the
maximum Lorentz factor to be

�e,max ⇡
r

6⇡e�rec

�TB
' 1.1⇥ 106M1/4

9 ṁ�1/4
�4 ��1/2

mad,1.7�
1/2
rec,�1.

(4)

The synchrotron frequency by these electrons are

E�,max =
heB�2

e,max

2⇡mec
' 16�rec,�1 MeV, (5)

where h is the Planck constant. The value of E�,max

depends only on �rec, whose value is almost constant
based on recent PIC simulations.
Initially, the number density of the pairs are so low

that the released magnetic energy is converted to radia-
tion. In this phase, all the electron-positron pairs are ac-
celerated to �e,max, and emit photons of E�,max. These
gamma-ray initiate two-photon interactions, which sup-
ply electron-positron pairs enough to receive the released
magnetic energy. The energy release rate by the recon-
nection event is estimated to be

Lrec ⇡
l2recB

2
mad�recc

4⇡
(6)

' 6.3⇥ 1041M9ṁ�4f
2
rec,�0.5�rec,�1�mad,1.7 erg s�1,

where lrec = frecRG is the length scale of the reconnec-
tion region and frec is a parameter. Since the system is
in the fast cooling regime, all the released energy is con-
verted to the photons by synchrotorn emission. We can
approximately write the broadband photon spectrum as

E�LE� ⇡ Lrec

✓
E�

E�,max

◆1/2

. (7)

The photon energy and the Lorentz factor for the cooling
break are estimated to be

E�,c =
�2
e,ceBmad

2⇡mec
' 3.1M�1/2

9 ṁ1/2
�4 �mad,1.7�e,c GHz,

(8)

�e,c = max

✓
6⇡mec2

�TB2lrec
, 1

◆
⇡ 1, (9)

Thus, the power-law spectrum continues from radio to
MeV gamma-rays. We estimate the duration of the flare
to be

Tdur ⇡
lmag

2�recc
' 7.8⇥ 103M9fmag,�0.5�

�1
rec,�1 sec, (10)

where lmag = fmagRG is the thickness of the anti-parallel
magnetic fields that will reconnect during the flare event,
and fmag is a parameter. We consider that lrec should
be determined by the large-scale dynamics whereas the
thickness of the reconnection layer (the reconnection re-
gion shown in Figure 1) should be determined by the
microscopic plasma properties. We assume lmag ⇠ lrec
for simplicity, but they can be di↵erent.
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The magnetosphere is formed around the SMBH be-
cause of no mass source in the funnel region. The lower
limit of the number density in the magnetosphere is

nGJ =
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where ⌦F is the field line angular velocity and we as-
sume a rapidly spinning SMBH, a ⇠ 1, and the max-
imum e�ciency for the Blandford-Znajek mechanism,
⌦F ⇡ ac/(4RG). If the magnetosphere consist of the
pair plasma, the magnetization parameter is

�B,GJ =
B2

mad
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This value should be regarded as an upper limit, as the
number density in the magnetosphere, nms, can be or-
ders of magnitude higher than nGJ. High-energy pho-
tons from accretion flows can create electron-positron
pairs when accretion rate is high (Levinson & Rieger
2011; Mościbrodzka et al. 2011) or when MADs ac-
celerate cosmic rays e�ciently (Kimura & Toma 2020;
Kuze et al. in preperation). Nuclei, including protons,
and neutrons may be loaded if MADs accelerate cos-
mic rays (Toma & Takahara 2012; Kimura et al. 2014).
These processes leads to multiplicity of  = nms/nGJ ⇠
10� 103, which results in the magnetization parameter
of �B & 1010. Also, the evacuation of the accreting gas
can be incomplete when the reconnection occurs at the
midplane. GRMHD simulations cannot follow a high �B

region due to a numerical problem, and thus, the actual
value of �B in the upstream region is uncertain. The
possible range of �B can be 100 ⌧ �B . �B,GJ. In the
following discussion, we assume �B is higher than the
maximum electron Lorentz factor (see Section 3).

3. MAGNETIC RECONNECTION AND A
HIGH-ENERGY FLARE STATE

The relativistic magnetic reconnection accelerate non-
thermal particles very e�ciently (see Section 7.1). If we
ignore the e↵ect of cooling, all the particles are accel-
erated up to the energy of �e ⇠ �B in a timescale of
tacc ⇡ �emec/(eB�rec), where �rec ⇠ 0.1 is the recon-
nection velocity in the kinetic domain (Guo et al. 2020).
The accelerated electrons cool by the synchrotron emis-
sion in the BH magnetosphere. The cooling timescale is
estimated to be tsyn = 6⇡mec/(�TB2�e). Equating the
acceleration time and the cooling time, we obtain the
maximum Lorentz factor to be
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The synchrotron frequency by these electrons are
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where h is the Planck constant. The value of E�,max

depends only on �rec, whose value is almost constant
based on recent PIC simulations.
Initially, the number density of the pairs are so low

that the released magnetic energy is converted to radia-
tion. In this phase, all the electron-positron pairs are ac-
celerated to �e,max, and emit photons of E�,max. These
gamma-ray initiate two-photon interactions, which sup-
ply electron-positron pairs enough to receive the released
magnetic energy. The energy release rate by the recon-
nection event is estimated to be
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2
rec,�0.5�rec,�1�mad,1.7 erg s�1,

where lrec = frecRG is the length scale of the reconnec-
tion region and frec is a parameter. Since the system is
in the fast cooling regime, all the released energy is con-
verted to the photons by synchrotorn emission. We can
approximately write the broadband photon spectrum as
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The photon energy and the Lorentz factor for the cooling
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Thus, the power-law spectrum continues from radio to
MeV gamma-rays. We estimate the duration of the flare
to be
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where lmag = fmagRG is the thickness of the anti-parallel
magnetic fields that will reconnect during the flare event,
and fmag is a parameter. We consider that lrec should
be determined by the large-scale dynamics whereas the
thickness of the reconnection layer (the reconnection re-
gion shown in Figure 1) should be determined by the
microscopic plasma properties. We assume lmag ⇠ lrec
for simplicity, but they can be di↵erent.

• Magnetization parameter：

• Maximum energy of lepton:  
→ Photon energy is the Burn-off limit

tsyn = tacc

• Reconnection accelerates all the particles 
& synchrotron cooling inside islands（fast cooling regime）
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This value should be regarded as an upper limit, as the
number density in the magnetosphere, nms, can be or-
ders of magnitude higher than nGJ. High-energy pho-
tons from accretion flows can create electron-positron
pairs when accretion rate is high (Levinson & Rieger
2011; Mościbrodzka et al. 2011) or when MADs ac-
celerate cosmic rays e�ciently (Kimura & Toma 2020;
Kuze et al. in preperation). Nuclei, including protons,
and neutrons may be loaded if MADs accelerate cos-
mic rays (Toma & Takahara 2012; Kimura et al. 2014).
These processes leads to multiplicity of  = nms/nGJ ⇠
10� 103, which results in the magnetization parameter
of �B & 1010. Also, the evacuation of the accreting gas
can be incomplete when the reconnection occurs at the
midplane. GRMHD simulations cannot follow a high �B

region due to a numerical problem, and thus, the actual
value of �B in the upstream region is uncertain. The
possible range of �B can be 100 ⌧ �B . �B,GJ. In the
following discussion, we assume �B is higher than the
maximum electron Lorentz factor (see Section 3).
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thermal particles very e�ciently (see Section 7.1). If we
ignore the e↵ect of cooling, all the particles are accel-
erated up to the energy of �e ⇠ �B in a timescale of
tacc ⇡ �emec/(eB�rec), where �rec ⇠ 0.1 is the recon-
nection velocity in the kinetic domain (Guo et al. 2020).
The accelerated electrons cool by the synchrotron emis-
sion in the BH magnetosphere. The cooling timescale is
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where h is the Planck constant. The value of E�,max

depends only on �rec, whose value is almost constant
based on recent PIC simulations.
Initially, the number density of the pairs are so low

that the released magnetic energy is converted to radia-
tion. In this phase, all the electron-positron pairs are ac-
celerated to �e,max, and emit photons of E�,max. These
gamma-ray initiate two-photon interactions, which sup-
ply electron-positron pairs enough to receive the released
magnetic energy. The energy release rate by the recon-
nection event is estimated to be
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where lrec = frecRG is the length scale of the reconnec-
tion region and frec is a parameter. Since the system is
in the fast cooling regime, all the released energy is con-
verted to the photons by synchrotorn emission. We can
approximately write the broadband photon spectrum as
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Thus, the power-law spectrum continues from radio to
MeV gamma-rays. We estimate the duration of the flare
to be

Tdur ⇡
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where lmag = fmagRG is the thickness of the anti-parallel
magnetic fields that will reconnect during the flare event,
and fmag is a parameter. We consider that lrec should
be determined by the large-scale dynamics whereas the
thickness of the reconnection layer (the reconnection re-
gion shown in Figure 1) should be determined by the
microscopic plasma properties. We assume lmag ⇠ lrec
for simplicity, but they can be di↵erent.
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9 ṁ1/2

�4 �mad,1.7 cm�3,

where ⌦F is the field line angular velocity and we as-
sume a rapidly spinning SMBH, a ⇠ 1, and the max-
imum e�ciency for the Blandford-Znajek mechanism,
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This value should be regarded as an upper limit, as the
number density in the magnetosphere, nms, can be or-
ders of magnitude higher than nGJ. High-energy pho-
tons from accretion flows can create electron-positron
pairs when accretion rate is high (Levinson & Rieger
2011; Mościbrodzka et al. 2011) or when MADs ac-
celerate cosmic rays e�ciently (Kimura & Toma 2020;
Kuze et al. in preperation). Nuclei, including protons,
and neutrons may be loaded if MADs accelerate cos-
mic rays (Toma & Takahara 2012; Kimura et al. 2014).
These processes leads to multiplicity of  = nms/nGJ ⇠
10� 103, which results in the magnetization parameter
of �B & 1010. Also, the evacuation of the accreting gas
can be incomplete when the reconnection occurs at the
midplane. GRMHD simulations cannot follow a high �B

region due to a numerical problem, and thus, the actual
value of �B in the upstream region is uncertain. The
possible range of �B can be 100 ⌧ �B . �B,GJ. In the
following discussion, we assume �B is higher than the
maximum electron Lorentz factor (see Section 3).

3. MAGNETIC RECONNECTION AND A
HIGH-ENERGY FLARE STATE

The relativistic magnetic reconnection accelerate non-
thermal particles very e�ciently (see Section 7.1). If we
ignore the e↵ect of cooling, all the particles are accel-
erated up to the energy of �e ⇠ �B in a timescale of
tacc ⇡ �emec/(eB�rec), where �rec ⇠ 0.1 is the recon-
nection velocity in the kinetic domain (Guo et al. 2020).
The accelerated electrons cool by the synchrotron emis-
sion in the BH magnetosphere. The cooling timescale is
estimated to be tsyn = 6⇡mec/(�TB2�e). Equating the
acceleration time and the cooling time, we obtain the
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where h is the Planck constant. The value of E�,max

depends only on �rec, whose value is almost constant
based on recent PIC simulations.
Initially, the number density of the pairs are so low

that the released magnetic energy is converted to radia-
tion. In this phase, all the electron-positron pairs are ac-
celerated to �e,max, and emit photons of E�,max. These
gamma-ray initiate two-photon interactions, which sup-
ply electron-positron pairs enough to receive the released
magnetic energy. The energy release rate by the recon-
nection event is estimated to be
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where lrec = frecRG is the length scale of the reconnec-
tion region and frec is a parameter. Since the system is
in the fast cooling regime, all the released energy is con-
verted to the photons by synchrotorn emission. We can
approximately write the broadband photon spectrum as

E�LE� ⇡ Lrec
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The photon energy and the Lorentz factor for the cooling
break are estimated to be
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9 ṁ1/2
�4 �mad,1.7�e,c GHz,

(8)

�e,c = max

✓
6⇡mec2

�TB2lrec
, 1

◆
⇡ 1, (9)

Thus, the power-law spectrum continues from radio to
MeV gamma-rays. We estimate the duration of the flare
to be

Tdur ⇡
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where lmag = fmagRG is the thickness of the anti-parallel
magnetic fields that will reconnect during the flare event,
and fmag is a parameter. We consider that lrec should
be determined by the large-scale dynamics whereas the
thickness of the reconnection layer (the reconnection re-
gion shown in Figure 1) should be determined by the
microscopic plasma properties. We assume lmag ⇠ lrec
for simplicity, but they can be di↵erent.

• Released B-field —> radiation：
log (EγLEγ)

log(Eγ)

Eγ,max ≃ 16 MeV

Lrec ∼ 1042 erg/s
Preliminary
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Table 1. Resulting physical quantities in M87 and Sgr A*. We use frec = 0.4 and fmag = frec for both objects. We use
M = 6.3⇥ 109M�, ṁ = 5⇥ 10�5, and dL = 17 Mpc for M87 and M = 4.0⇥ 106M�, ṁ = 6⇥ 10�7, and dL = 8 kpc for Sgr A*.

Name Bmad log(nGJ) log(�B,GJ) log(Lrec) log(Tdur) log(n±) log(⌧ssa) log(tssa/tsyn) log(Lradio) Fradio

[kG] [cm�3] [erg s�1] [s] [cm�3] [erg s�1] [mJy]

M87 0.3 -4.6 14.5 42.5 5.1 5.2 2.5 -0.9 38.1 9.0

Sgr A* 1.4 -0.7 12.0 37.4 1.9 4.6 -2.0 1.7 30.6 1.1

Figure 2. Photon spectrum of a reconnection-driven flare
from M87. Parameters are M = 6.3⇥109M�, ṁ = 5⇥10�5,
and frec = 0.4. The black-solid, red-dashed, and blue-dotted
lines are the photon spectra for total, high-energy, and low-
energy states, respectively. The data points are obtained
from Table A8 in EHT MWL Science Working Group et al.
(2021). The thin dotted lines are sensitivity curves for HiZ-
GUNDAM (105 sec: Yonetoku 2020) and AMEGO (106-sec:
McEnery et al. 2019).

4. LEPTON LOADING AND
A LOW-ENERGY FLARE STATE

The photons in MeV energies interact with each other
and create electron-positron pairs. The pair production
rate is estimated to be

Ṅ�� = 2

Z
n�1n�2���cdV, (11)

where n�1 and n�2 are the number density of interacting
photons, ��� is the cross-section, and dV is the volume
of the interacting region. Here, we consider a uniform
and spherical emission region and �� interactions in-
side the emission region. The photons of E�,max inter-
act with the photons of E�2 ⇡ (2mec2)2/E�,max, whose
number density can be

n�2 ⇡
✓

E�2

E�,max

◆1/2 Lrec

4⇡l2reccE�2

⇡ Lrec

8⇡l2recmec3
. (12)

The optical depth for the �� interaction is

⌧�� ⇡ n�2��� lrec (13)

' 2.9⇥ 10�3ṁ�4frec,�0.5�rec,�1�mad,1.7,

where we use ��� ⇠ 0.2�T . The pair production rate
can be approximated to be

Ṅ�� ⇡ Lrec⌧��
E�,max

. (14)

The leptons are loaded into the upstream region of
the magnetic reconnection and change the magnetiza-
tion parameter of the reconnecting plasma. This af-
fects the photon spectra and the pair production rate.
If the magnetization parameter becomes too low, the
accelerated electrons no longer produce MeV gamma-
rays. This will significantly change the flare spectrum
and magnetization parameter. We numerically evalu-
ate the multiplicity of the upstream plasma, n±/nGJ,
and find that the multiplicity is so high that the recon-
nection event cannot accelerate the electrons up to the
critical energy, i.e., �B < �e,max, where �e,max is given in
Equation (4). In this case, the electrons are accelerated
up to �e ⇠ �B , and the flare spectrum has a cuto↵ at
lower energies than E�,max given in Equation (5). Thus,
the flare peak energy will decrease significantly after the
light crossing timescale, lrec/c ⌧ Tdur. We define this
spectral state as a low-energy state.
Since the low-energy state cannot produce MeV pho-

tons e�ciently, the electron-positron pairs are no longer
produced. The electron-positron pairs in the upstream
will escape by advection motion in a streaming timescale
of ⇠ lrec/c. This timescale is shorter than the duration
of reconnection event, and after the streaming escape
timescale, the reconnection event will become able to ac-
celerate electrons up to �e,max again, leading to e�cient
MeV gamma-ray production. These gamma-rays will
produce the copious electron-positron pairs again, and
thus, we expect oscillations between the low-energy and
high-energy flaring states. The timescale of pair produc-
tion and streaming escape is comparable, and thus, we
consider that the total duration of each state should be
similar.
Figure 2 shows the photon spectra by a reconnection

event with a parameter set for M87. The BH mass

• Optical depth for pair production：

4 Kimura & Toma

Table 1. Resulting physical quantities in M87 and Sgr A*. We use frec = 0.4 and fmag = frec for both objects. We use
M = 6.3⇥ 109M�, ṁ = 5⇥ 10�5, and dL = 17 Mpc for M87 and M = 4.0⇥ 106M�, ṁ = 6⇥ 10�7, and dL = 8 kpc for Sgr A*.
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Figure 2. Photon spectrum of a reconnection-driven flare
from M87. Parameters are M = 6.3⇥109M�, ṁ = 5⇥10�5,
and frec = 0.4. The black-solid, red-dashed, and blue-dotted
lines are the photon spectra for total, high-energy, and low-
energy states, respectively. The data points are obtained
from Table A8 in EHT MWL Science Working Group et al.
(2021). The thin dotted lines are sensitivity curves for HiZ-
GUNDAM (105 sec: Yonetoku 2020) and AMEGO (106-sec:
McEnery et al. 2019).

4. LEPTON LOADING AND
A LOW-ENERGY FLARE STATE

The photons in MeV energies interact with each other
and create electron-positron pairs. The pair production
rate is estimated to be

Ṅ�� = 2

Z
n�1n�2���cdV, (11)

where n�1 and n�2 are the number density of interacting
photons, ��� is the cross-section, and dV is the volume
of the interacting region. Here, we consider a uniform
and spherical emission region and �� interactions in-
side the emission region. The photons of E�,max inter-
act with the photons of E�2 ⇡ (2mec2)2/E�,max, whose
number density can be
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where we use ��� ⇠ 0.2�T . The pair production rate
can be approximated to be
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The leptons are loaded into the upstream region of
the magnetic reconnection and change the magnetiza-
tion parameter of the reconnecting plasma. This af-
fects the photon spectra and the pair production rate.
If the magnetization parameter becomes too low, the
accelerated electrons no longer produce MeV gamma-
rays. This will significantly change the flare spectrum
and magnetization parameter. We numerically evalu-
ate the multiplicity of the upstream plasma, n±/nGJ,
and find that the multiplicity is so high that the recon-
nection event cannot accelerate the electrons up to the
critical energy, i.e., �B < �e,max, where �e,max is given in
Equation (4). In this case, the electrons are accelerated
up to �e ⇠ �B , and the flare spectrum has a cuto↵ at
lower energies than E�,max given in Equation (5). Thus,
the flare peak energy will decrease significantly after the
light crossing timescale, lrec/c ⌧ Tdur. We define this
spectral state as a low-energy state.
Since the low-energy state cannot produce MeV pho-

tons e�ciently, the electron-positron pairs are no longer
produced. The electron-positron pairs in the upstream
will escape by advection motion in a streaming timescale
of ⇠ lrec/c. This timescale is shorter than the duration
of reconnection event, and after the streaming escape
timescale, the reconnection event will become able to ac-
celerate electrons up to �e,max again, leading to e�cient
MeV gamma-ray production. These gamma-rays will
produce the copious electron-positron pairs again, and
thus, we expect oscillations between the low-energy and
high-energy flaring states. The timescale of pair produc-
tion and streaming escape is comparable, and thus, we
consider that the total duration of each state should be
similar.
Figure 2 shows the photon spectra by a reconnection

event with a parameter set for M87. The BH mass
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Table 1. Resulting physical quantities in M87 and Sgr A*. We use frec = 0.4 and fmag = frec for both objects. We use
M = 6.3⇥ 109M�, ṁ = 5⇥ 10�5, and dL = 17 Mpc for M87 and M = 4.0⇥ 106M�, ṁ = 6⇥ 10�7, and dL = 8 kpc for Sgr A*.
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Figure 2. Photon spectrum of a reconnection-driven flare
from M87. Parameters are M = 6.3⇥109M�, ṁ = 5⇥10�5,
and frec = 0.4. The black-solid, red-dashed, and blue-dotted
lines are the photon spectra for total, high-energy, and low-
energy states, respectively. The data points are obtained
from Table A8 in EHT MWL Science Working Group et al.
(2021). The thin dotted lines are sensitivity curves for HiZ-
GUNDAM (105 sec: Yonetoku 2020) and AMEGO (106-sec:
McEnery et al. 2019).
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act with the photons of E�2 ⇡ (2mec2)2/E�,max, whose
number density can be

n�2 ⇡
✓

E�2

E�,max

◆1/2 Lrec

4⇡l2reccE�2

⇡ Lrec

8⇡l2recmec3
. (12)

The optical depth for the �� interaction is

⌧�� ⇡ n�2��� lrec (13)

' 2.9⇥ 10�3ṁ�4frec,�0.5�rec,�1�mad,1.7,

where we use ��� ⇠ 0.2�T . The pair production rate
can be approximated to be

Ṅ�� ⇡ Lrec⌧��
E�,max

. (14)

The number density of the electron-positron pairs can
be estimated to be

n± ⇠ 3Ṅ��

l2recc
' 3.4⇥106M�1

9 ṁ2
�4frec,�0.5�rec,�1�

2
mad,1.7 cm

�3.

(15)
The leptons are loaded into the upstream region of

the magnetic reconnection and change the magnetiza-
tion parameter of the reconnecting plasma. This af-
fects the photon spectra and the pair production rate.
If the magnetization parameter becomes too low, the
accelerated electrons no longer produce MeV gamma-
rays. This will significantly change the flare spectrum
and magnetization parameter. We numerically evalu-
ate the multiplicity of the upstream plasma, n±/nGJ,
and find that the multiplicity is so high that the recon-
nection event cannot accelerate the electrons up to the
critical energy, i.e., �B < �e,max, where �e,max is given in
Equation (4). In this case, the electrons are accelerated
up to �e ⇠ �B , and the flare spectrum has a cuto↵ at
lower energies than E�,max given in Equation (5). Thus,
the flare peak energy will decrease significantly after the
light crossing timescale, lrec/c ⌧ Tdur. We define this
spectral state as a low-energy state.
Since the low-energy state cannot produce MeV pho-

tons e�ciently, the electron-positron pairs are no longer
produced. The electron-positron pairs in the upstream
will escape by advection motion in a streaming timescale
of ⇠ lrec/c. This timescale is shorter than the duration
of reconnection event, and after the streaming escape
timescale, the reconnection event will become able to ac-
celerate electrons up to �e,max again, leading to e�cient
MeV gamma-ray production. These gamma-rays will
produce the copious electron-positron pairs again, and
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Table 1. Resulting physical quantities in M87 and Sgr A*. We use frec = 0.4 and fmag = frec for both objects. We use
M = 6.3⇥ 109M�, ṁ = 5⇥ 10�5, and dL = 17 Mpc for M87 and M = 4.0⇥ 106M�, ṁ = 6⇥ 10�7, and dL = 8 kpc for Sgr A*.

Name Bmad log(nGJ) log(�B,GJ) log(Lrec) log(Tdur) log(n±) log(⌧ssa) log(tssa/tsyn) log(Lradio) Fradio

[kG] [cm�3] [erg s�1] [s] [cm�3] [erg s�1] [mJy]

M87 0.3 -4.6 14.5 42.5 5.1 5.2 2.5 -0.9 38.1 9.0

Sgr A* 1.4 -0.7 12.0 37.4 1.9 4.6 -2.0 1.7 30.6 1.1

Figure 2. Photon spectrum of a reconnection-driven flare
from M87. Parameters are M = 6.3⇥109M�, ṁ = 5⇥10�5,
and frec = 0.4. The black-solid, red-dashed, and blue-dotted
lines are the photon spectra for total, high-energy, and low-
energy states, respectively. The data points are obtained
from Table A8 in EHT MWL Science Working Group et al.
(2021). The thin dotted lines are sensitivity curves for HiZ-
GUNDAM (105 sec: Yonetoku 2020) and AMEGO (106-sec:
McEnery et al. 2019).

4. LEPTON LOADING AND
A LOW-ENERGY FLARE STATE

The photons in MeV energies interact with each other
and create electron-positron pairs. The pair production
rate is estimated to be

Ṅ�� = 2

Z
n�1n�2���cdV, (11)

where n�1 and n�2 are the number density of interacting
photons, ��� is the cross-section, and dV is the volume
of the interacting region. Here, we consider a uniform
and spherical emission region and �� interactions in-
side the emission region. The photons of E�,max inter-
act with the photons of E�2 ⇡ (2mec2)2/E�,max, whose
number density can be

n�2 ⇡
✓

E�2

E�,max

◆1/2 Lrec

4⇡l2reccE�2

⇡ Lrec

8⇡l2recmec3
. (12)

The optical depth for the �� interaction is

⌧�� ⇡ n�2��� lrec (13)

' 2.9⇥ 10�3ṁ�4frec,�0.5�rec,�1�mad,1.7,

where we use ��� ⇠ 0.2�T . The pair production rate
can be approximated to be

Ṅ�� ⇡ Lrec⌧��
E�,max

. (14)

The number density of the electron-positron pairs can
be written as

n± ⇠ 3Ṅ��

l2recc
. (15)

Then, we can write the multiplicity:

± =
n±
nGJ

=
16

27

�recfrecf��↵4
FR

2
G

�T

✓
Bmad

Bcr

◆3

(16)

' 5.5⇥ 109M1/2
9 ṁ3/2

�4 frec,�0.5�
3
mad,1.7�rec,�1 G,

where f�� = ���/�T ⇠ 0.2 is the ratio of the crosssec-
tions of pair production to Thomson scattering, Bcr =
4.4 ⇥ 1013 G is the critical magnetic field above which
the quantum e↵ect is e↵ective.
The leptons are loaded into the upstream region of

the magnetic reconnection and change the magnetiza-
tion parameter of the reconnecting plasma. This af-
fects the photon spectra and the pair production rate.
If the magnetization parameter becomes too low, the
accelerated electrons no longer produce MeV gamma-
rays. This will significantly change the flare spectrum
and magnetization parameter. We numerically evalu-
ate the multiplicity of the upstream plasma, n±/nGJ,
and find that the multiplicity is so high that the recon-
nection event cannot accelerate the electrons up to the
critical energy, i.e., �B < �e,max, where �e,max is given in
Equation (4). In this case, the electrons are accelerated
up to �e ⇠ �B , and the flare spectrum has a cuto↵ at
lower energies than E�,max given in Equation (5). Thus,
the flare peak energy will decrease significantly after the
light crossing timescale, lrec/c ⌧ Tdur. We define this
spectral state as a low-energy state.
Since the low-energy state cannot produce MeV pho-

tons e�ciently, the electron-positron pairs are no longer

Significant fraction of γ converted to e+e-！
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→ strengthen γ-rays → Pair production  
→ σ becomes low → …

Synchrotron peak should be oscillated！
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• Short-term X-ray flares when magnetic reconnection occurs
• Duration: ~  ~105 s (M87) or ~ 100 s (Sgr A*)
• HiZ-GUNDAM can detect M87 flare
• FORCE can detect Sgr A* flare

frecRG /(βrecc)

X-ray・γ-ray Flares 23

Preliminary

Preliminary



Magnetically  
Arrested Disk

e+e-e+ e-

e+
e-e+

e-

Black  
Hole

Lepton  
Loading

Superluminal  
Radio Blob

γ γ

Magnetosphere

Reconnection
Region

Radio

Radio

> >

>

> >

>

>>

Bϕ : ⊙

Bϕ : ⊗

Ω

Lepton plasma energy 24

• Cooling & Heating in the plasma： 
synchrotron cooling VS synchrotron-self absorption heating 

• Kinetic energy of fireball：

Magnetic Reconnection in BH Magnetosphere 5

and mass accretion rate for M87 can be estimated by
other studies (e.g., Event Horizon Telescope Collabora-
tion et al. 2019b; Kimura & Toma 2020), and we can
regard �rec and �mad as constants. Then, frec and fmag

are the only free parameters in our scenario. We choose
frec = 0.4 as our fiducial value so that the pair plasma
loaded in the magnetosphere can power the observed
radio blob (see Section 5). Since the timescale of the
oscillation is shorter than the typical integration time of
X-ray band, we average over the flux from each state.

5. ORIGIN OF SUPERLUMINAL RADIO BLOBS

The high-energy flares produce electron-positron pairs
via two-photon interactions. These electron-positron
pairs injected in the magnetosphere emit synchrotron
photons, but the synchrotron-self absorption (SSA) pro-
cess is e↵ective owing to their compactness and the
strong magnetic fields. We approximate the spectrum
of the pair as a power-law with index of s ⇠ 1, i.e.,
NE± / E�1

± , which is a good approximation if the par-
ent photon spectrum is a power-law (cf., Hakobyan et al.
2019). We estimate the SSA frequency, below which the
SSA optical depth is e↵ective, to be (Rybicki & Light-
man 1979)

⌫ssa ⇡ (↵ssalrec)
2/5 (15)

' 6.2⇥ 103M1/10
9 ṁ3/10

�4 �3/5
mad,1.7f

2/5
rec,�0.5 GHz,

↵ssa =

✓
9e7

128⇡3m5
ec

5

◆1/2
n±B

3/2
mad�(5/12)�(25/12),

log(E±,max/E±,min)
(16)

where E±,max and E±,min are the maximum and mini-
mum energy of the electron-positron pairs, respectively,
�(x) is the Gamma function, and we use s ⇡ 1 to obtain
⌫ssa and ↵ssa. We use E±,max ⇡ E�,max/2 ⇠ 8�rec,�1

MeV and E±,min ⇡ 1.
The synchrotron frequency for the pairs of E±,max is

estimated to be

⌫±,syn ' 7.3⇥ 102M1/2
9 ṁ1/2

�4 �mad,1.7�
2
rec,�1 GHz. (17)

Since ⌫±,syn < ⌫ssa is satisfied, the pairs cannot cool
via synchrotron cooling. Instead, the pairs of a lower
energy should heat up by the SSA process, which should
lead to a thermal distribution of pairs (ref). The SSA
process strongly depends on both electron and photon
energies, and the SSA heating crosssection is almost 0
above the synchrotron frequency (ref). Then, all the
pairs are heated up close to the maximum energy, and
the mean particle energy of the pairs heated by the SSA
process can be approximated to be E±,max, which leads
to

kBT± ⇡ E±,max/3 ⇠ 2.6�rec,�1 MeV. (18)

The thermalized pairs do not cool via the synchrotron
process, and we can regard them as a fireball as shown
below. We can write the synchrotron peak frequency
for thermalized pairs to be ⌫fb,syn ' 9✓2±eBfb/(2⇡mec),
where Bfb is the magnetic field in the fireball and ✓± =
kBT±/(mec2). Initially, ⌫fb,syn = ⌫±,syn is satisfied. The
optical depth at the synchrotron peak can roughly be
estimated to be

⌧ssa,fb ⇡ j⌫c2R

2⌫2fb,synkBT±
⇡ 2⇡2m2

ec
4�TnfbR

243e3Bfb✓5fb
(19)

' 3.3⇥ 102nfb,6R14B
�1
fb,3✓

�5
fb,1 � 1 (20)

where j⌫ is the synchrotron emissivity, R is the size of
the fireball, nfb is the number density for the fireball,
and we approximate the thermal synchrotron emissivity
at ⌫ = ⌫fb,syn to be

j⌫ ⇡ 3�T c

2⇡

✓2±B
2nfb

⌫fb,syn
. (21)

Thus, the synchrotron process cannot cool the fireball
in the initial phase with a most of parameters. The fire-
ball expands and convert its thermal energy to kinetic
energy. The temperature and number density of the fire-
ball evolve with Tfb / R�1 and nfb / R�3, respectively.
Assuming Bfb / R, which is realized when the troidal
field is dominant, we find that ⌧fb,ssa / R4. Therefore,
the fireball maintains the SSA-thick state if ⌧fb,ssa > 1
is initially satisfied. The kinetic energy and terminal
Lorentz factor of the fireball are estimated to be

Efb ⇡ Ṅ��TdurE±,max/2 ' 2.9⇥ 1043 (22)

⇥M2
9 ṁ

2
�4f

3
rec,�0.5fmag,�0.5�rec,�1�

2
mad,1.7 erg,

�fb ⇡ kBT±
mec2

' 5.1�rec,�1. (23)

Some fraction of this kinetic energy can be dissipated by
internal shocks or Kelvin-Helmholtz instability, which
leads to non-thermal electron acceleration. These elec-
trons emit radio signals observed as radio blobs. The
terminal Lorentz factor is high enough to explain the
superluminal motion of some radio blobs. The radio
flux from the radio blob can be estimated to be

Fradio ⇡ Efbc

4⇡d2LRdis⌫blob
' (24)

6. APPLICATION TO SGR A*

Sgr A* likely have MADs based on recent studies
(EHT and references therein; Kimura+2021).
Duration of X-ray and IR flares are typically hours.

Our model prediction: tdur ' 62(M/4 ⇥ 106M�) sec.
The time interval of the lares likely tint ⇠ 1000GM/c3 ⇠

• Radio luminosity：
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thus, we expect oscillations between the low-energy and
high-energy flaring states. The timescale of pair produc-
tion and streaming escape is comparable, and thus, we
consider that the total duration of each state should be
similar.
Figure 2 shows the photon spectra by a reconnection

event with a parameter set for M87. The BH mass
and mass accretion rate for M87 can be estimated by
other studies (e.g., Event Horizon Telescope Collabora-
tion et al. 2019b; Kimura & Toma 2020), and we can
regard �rec and �mad as constants. Then, frec and fmag

are the only free parameters in our scenario. We choose
frec = 0.4 as our fiducial value so that the pair plasma
loaded in the magnetosphere can power the observed
radio blob (see Section 5). Since the timescale of the
oscillation is shorter than the typical integration time of
X-ray band, we average over the flux from each state.

5. ORIGIN OF SUPERLUMINAL RADIO BLOBS

The high-energy flares produce electron-positron pairs
via two-photon interactions. These electron-positron
pairs injected in the magnetosphere emit synchrotron
photons, but the synchrotron-self absorption (SSA) pro-
cess is e↵ective owing to their compactness and the
strong magnetic fields. We approximate the spectrum
of the pair as a power-law with index of s ⇠ 1, i.e.,
NE± / E�1

± , which is a good approximation if the par-
ent photon spectrum is a power-law (cf., Hakobyan et al.
2019). We estimate the SSA frequency, below which the
SSA optical depth is e↵ective, to be (Rybicki & Light-
man 1979)

⌫ssa ⇡ (↵ssalrec)
2/5 (16)

' 6.2⇥ 103M1/10
9 ṁ3/10

�4 �3/5
mad,1.7f

2/5
rec,�0.5 GHz,

↵ssa =

✓
9e7

128⇡3m5
ec

5

◆1/2
n±B

3/2
mad�(5/12)�(25/12),

log(E±,max/E±,min)
(17)

where E±,max and E±,min are the maximum and mini-
mum energy of the electron-positron pairs, respectively,
�(x) is the Gamma function, and we use s ⇡ 1 to obtain
⌫ssa and ↵ssa. We use E±,max ⇡ E�,max/2 ⇠ 8�rec,�1

MeV and E±,min ⇡ 1.
The synchrotron frequency for the pairs of E±,max is

estimated to be

⌫±,syn ' 7.3⇥ 102M1/2
9 ṁ1/2

�4 �mad,1.7�
2
rec,�1 GHz. (18)

Since ⌫±,syn < ⌫ssa is satisfied, the pairs cannot cool via
synchrotron cooling. Instead, the pairs of a lower en-
ergy should heat up by the SSA process, which should
lead to a thermal distribution of pairs (Ghisellini+1988).

The SSA process strongly depends on both electron and
photon energies, and the SSA heating crosssection is al-
most 0 above the synchrotron frequency. The heating
timescale by the SSA process can be estimated to be
(Ghisellini+1991)

tssa =
�emec2R

dE�E�nE��ssac
⇡ 4⇡l2rec�e,mec2

Lrec�ssa
, (19)

�ssa ⇡ ⇡�TBcr

5
p
3↵FBmad

K4/3(1/3)�K1/3(1/3)

�5
e

, (20)

where nE� is the di↵erential photon number density and
we evaluate �ssa at the synchrotron frequency. Since
this timescale is shorter than the synchrotron cooling
timescale, tsyn = 6⇡mc/(�TB2�e), for E± < E±,max, all
the pairs are heated up close to the maximum energy.
The mean particle energy of the pairs heated by the SSA
process can be approximated to be E±,max, which leads
to

kBT± ⇡ E±,max/3 ⇠ 2.6�rec,�1 MeV. (21)

The thermalized pairs do not cool via the synchrotron
process, and we can regard them as a fireball as shown
below. We can write the synchrotron peak frequency
for thermalized pairs to be ⌫fb,syn ' 9✓2±eBfb/(2⇡mec),
where Bfb is the magnetic field in the fireball and ✓± =
kBT±/(mec2). Initially, ⌫fb,syn = ⌫±,syn is satisfied. The
optical depth at the synchrotron peak can roughly be
estimated to be

⌧ssa,fb ⇡ j⌫c2R

2⌫2fb,synkBT±
⇡ 2⇡2m2

ec
4�TnfbR

243e3Bfb✓5fb
(22)

' 3.3⇥ 102nfb,6R14B
�1
fb,3✓

�5
fb,1 � 1 (23)

where j⌫ is the synchrotron emissivity, R is the size of
the fireball, nfb is the number density for the fireball,
and we approximate the thermal synchrotron emissivity
at ⌫ = ⌫fb,syn to be

j⌫ ⇡ 3�T c

2⇡

✓2±B
2nfb

⌫fb,syn
. (24)

Thus, the synchrotron process cannot cool the fireball in
the initial phase. The fireball expands and convert its
thermal energy to kinetic energy. The temperature and
number density of the fireball evolve with Tfb / R�1

and nfb / R�3, respectively. Assuming Bfb / R, which
is realized when the troidal field is dominant, we find
that ⌧fb,ssa / R4. Therefore, the fireball maintains the
SSA-thick state if ⌧fb,ssa > 1 is initially satisfied. The
kinetic energy and terminal Lorentz factor of the fireball
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will escape by advection motion in a streaming timescale
of ⇠ lrec/c. This timescale is shorter than the duration
of reconnection event, and after the streaming escape
timescale, the reconnection event will become able to ac-
celerate electrons up to �e,max again, leading to e�cient
MeV gamma-ray production. These gamma-rays will
produce the copious electron-positron pairs again, and
thus, we expect oscillations between the low-energy and
high-energy flaring states. The timescale of pair produc-
tion and streaming escape is comparable, and thus, we
consider that the total duration of each state should be
similar.
Figure 2 shows the photon spectra by a reconnection

event with a parameter set for M87. The BH mass
and mass accretion rate for M87 can be estimated by
other studies (e.g., Event Horizon Telescope Collabora-
tion et al. 2019b; Kimura & Toma 2020), and we can
regard �rec and �mad as constants. Then, frec and fmag

are the only free parameters in our scenario. We choose
frec = 0.4 as our fiducial value so that the pair plasma
loaded in the magnetosphere can power the observed
radio blob (see Section 5). Since the timescale of the
oscillation is shorter than the typical integration time of
X-ray band, we average over the flux from each state.

5. ORIGIN OF SUPERLUMINAL RADIO BLOBS

The high-energy flares produce electron-positron pairs
via two-photon interactions. These electron-positron
pairs injected in the magnetosphere emit synchrotron
photons, but the synchrotron-self absorption (SSA) pro-
cess is e↵ective owing to their compactness and the
strong magnetic fields. We approximate the spectrum
of the pair as a power-law with index of s ⇠ 1, i.e.,
NE± / E�1

± , which is a good approximation if the par-
ent photon spectrum is a power-law (cf., Hakobyan et al.
2019). We estimate the SSA frequency, below which the
SSA optical depth is e↵ective, to be (Rybicki & Light-
man 1979)

⌫ssa ⇡ (↵ssalrec)
2/5 (17)

' 6.2⇥ 103M1/10
9 ṁ3/10

�4 �3/5
mad,1.7f
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◆1/2
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3/2
mad�(5/12)�(25/12),

log(E±,max/E±,min)
(18)

where E±,max and E±,min are the maximum and mini-
mum energy of the electron-positron pairs, respectively,
�(x) is the Gamma function, and we use s ⇡ 1 to obtain
⌫ssa and ↵ssa. We use E±,max ⇡ E�,max/2 ⇠ 8�rec,�1

MeV and E±,min ⇡ 1.

The synchrotron frequency for the pairs of E±,max is
estimated to be

⌫±,syn ' 7.3⇥ 102M1/2
9 ṁ1/2

�4 �mad,1.7�
2
rec,�1 GHz. (19)

Since ⌫±,syn < ⌫ssa is satisfied, the pairs cannot cool via
synchrotron cooling. Instead, the pairs of a lower en-
ergy should heat up by the SSA process, which should
lead to a thermal distribution of pairs (Ghisellini+1988).
The SSA process strongly depends on both electron and
photon energies, and the SSA heating crosssection is al-
most 0 above the synchrotron frequency. The heating
timescale by the SSA process can be estimated to be
(Ghisellini+1991)

tssa =
�emec2R

dE�E�nE��ssac
⇡ 4⇡l2rec�e,mec2

Lrec�ssa
, (20)

�ssa ⇡ ⇡�TBcr

5
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K4/3(1/3)�K1/3(1/3)
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e

, (21)

where nE� is the di↵erential photon number density and
we evaluate �ssa at the synchrotron frequency. Since
this timescale is shorter than the synchrotron cooling
timescale, tsyn = 6⇡mec/(�TB2�e), for E± < E±,max,
all the pairs are heated up close to the maximum energy.
The mean particle energy of the pairs heated by the SSA
process can be approximated to be E±,max, which leads
to

kBT± ⇡ E±,max/3 ⇠ 2.6�rec,�1 MeV. (22)

The thermalized pairs do not cool via the synchrotron
process, and we can regard them as a fireball as shown
below. We can write the synchrotron peak frequency
for thermalized pairs to be ⌫fb,syn ' 9✓2±eBfb/(2⇡mec),
where Bfb is the magnetic field in the fireball and ✓± =
kBT±/(mec2). Initially, ⌫fb,syn = ⌫±,syn is satisfied. The
optical depth at the synchrotron peak can roughly be
estimated to be

⌧ssa,fb ⇡ j⌫c2R

2⌫2fb,synkBT±
⇡ 2⇡2m2

ec
4�TnfbR

243e3Bfb✓5fb
(23)

' 3.3⇥ 102nfb,6R14B
�1
fb,3✓

�5
fb,1 � 1 (24)

where j⌫ is the synchrotron emissivity, R is the size of
the fireball, nfb is the number density for the fireball,
and we approximate the thermal synchrotron emissivity
at ⌫ = ⌫fb,syn to be

j⌫ ⇡ 3�T c

2⇡

✓2±B
2nfb

⌫fb,syn
. (25)

Thus, the synchrotron process cannot cool the fireball in
the initial phase. The fireball expands and convert its

>

Thermalize by SSA proces → Fireball Formation！

• Fireball is SSA thick even after expansion 
→All the thermal energy is converted to kinetic energy
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thermal energy to kinetic energy. The temperature and
number density of the fireball evolve with Tfb / R�1

and nfb / R�3, respectively. Assuming Bfb / R, which
is realized when the troidal field is dominant, we find
that ⌧fb,ssa / R4. Therefore, the fireball maintains the
SSA-thick state if ⌧fb,ssa > 1 is initially satisfied. The
kinetic energy and terminal Lorentz factor of the fireball
are estimated to be

Efb ⇡ Ṅ��TdurE±,max/2 ' 2.9⇥ 1043 (26)
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mec2

' 5.1�rec,�1. (27)

Some fraction of this kinetic energy can be dissipated by
internal shocks or Kelvin-Helmholtz instability, which
leads to non-thermal electron acceleration. These elec-
trons emit radio signals observed as radio blobs. The
terminal Lorentz factor is high enough to explain the
superluminal motion of some radio blobs. The radio
luminosity and flux from the blob can be estimated to
be

Lradio ⇡ Efb

Rdis/c
', (28)

Fradio ⇡ Lradio

4⇡d2L⌫blob
', (29)

where Rdis = RRG is the dissipation radius, R is a
parameter, and ⌫blob is the radio frequency.

6. APPLICATION TO SGR A*

Sgr A* likely have MADs based on recent studies
(EHT and references therein; Kimura+2021).
Duration of X-ray and IR flares are typically hours.

Our model prediction: tdur ' 62(M/4 ⇥ 106M�) sec.
The time interval of the lares likely tint ⇠ 1000GM/c3 ⇠
5.5 hr. Thus, 100-ksec observations of X-ray satellite
should contain data of the flaring state. Sgr A* X-
ray flare and variability analyses use time bins with
⇠ 300 sec, Aschenbach+ 2004, Belanger+ 2006. If the
flare duration is shorter than the time bins, the flare
flux is smeared out. It is likely challenging to iden-
tify X-ray flares by our scenario. Also, the reconnec-
tion outflows interact with accreting plasma outside the
magnetosphere, and this interaction will trigger another
magnetic reconnection event outside the magnetosphere.
This is likely the cause of X-ray and infrared flares (refs).
Then, identification of X-ray flares by our scenario is
more di�cult, because the X-ray flux is contaminated
by the luminous X-ray flare occurring outside the mag-
netosphere.
For Sgr A*, ⌧�� is low and Ṁ± is also low, leading to

⌧ssa < 1 at the injection of pair plasma. Thus, the pair

Figure 3. Photon spectrum of a reconnection-driven flare
from Sgr A*. Parameters are M = 4.0 ⇥ 109M�, ṁ = 6 ⇥
10�7, and frec = 0.4. The red-solid and blue-dashed lines are
the intrinsic short-term flux and the flux smeared out by the
X-ray analysis time bin, respectively. The X-ray flare data
is taken from Nowak et al. (2012). The thin dotted line is
sensitivity curve for FORCE (100 sec: Nakazawa et al. 2018)

Figure 4. Radio luminosity as a function of M and ṁ with
frec = 0.4. The green dashed lines show the contours of
Lradio. The black solid line shows tssa = tsyn. The blue stars
show the parameters of Sgr A* and M87.

rapidly cools down by the synchrotron process, and thus,
the injected energy cannot be converted to the kinetic
energy.

7. DISCUSSION

The synchrotron photons may a↵ect the plasma pa-
rameters in pre-reconnection region (the upstream of
the reconnection region) because of e�cient pair pro-
duction. Hakobyan et al. (2019) constructed an ana-
lytic model that describes the pair multiplicity in the
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• Radio luminosity depends on  & 

• High lepton loading rate in M87  
→ luminous radio blob

• Low lepton loading rate in Sgr A 
→ no observable radio blob

·m M
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Table 1. Resulting physical quantities in M87 and Sgr A*. We use frec = 0.4 and fmag = frec for both objects. We use
M = 6.3⇥ 109M�, ṁ = 5⇥ 10�5, and dL = 17 Mpc for M87 and M = 4.0⇥ 106M�, ṁ = 6⇥ 10�7, and dL = 8 kpc for Sgr A*.

Name Bmad log(nGJ) log(�B,GJ) log(Lrec) log(Tdur) log(n±) log(⌧ssa) log(tssa/tsyn) log(Lradio) Fradio

[kG] [cm�3] [erg s�1] [s] [cm�3] [erg s�1] [mJy]

M87 0.3 -4.6 14.5 42.5 5.1 5.2 2.5 -0.9 38.1 9.0

Sgr A* 1.4 -0.7 12.0 37.4 1.9 4.6 -2.0 1.7 30.6 1.1

Figure 2. Photon spectrum of a reconnection-driven flare
from M87. Parameters are M = 6.3⇥109M�, ṁ = 5⇥10�5,
and frec = 0.4. The black-solid, red-dashed, and blue-dotted
lines are the photon spectra for total, high-energy, and low-
energy states, respectively. The data points are obtained
from Table A8 in EHT MWL Science Working Group et al.
(2021). The thin dotted lines are sensitivity curves for HiZ-
GUNDAM (105 sec: Yonetoku 2020) and AMEGO (106-sec:
McEnery et al. 2019).

4. LEPTON LOADING AND
A LOW-ENERGY FLARE STATE

The photons in MeV energies interact with each other
and create electron-positron pairs. The pair production
rate is estimated to be

Ṅ�� = 2

Z
n�1n�2���cdV, (11)

where n�1 and n�2 are the number density of interacting
photons, ��� is the cross-section, and dV is the volume
of the interacting region. Here, we consider a uniform
and spherical emission region and �� interactions in-
side the emission region. The photons of E�,max inter-
act with the photons of E�2 ⇡ (2mec2)2/E�,max, whose
number density can be

n�2 ⇡
✓

E�2

E�,max

◆1/2 Lrec

4⇡l2reccE�2

⇡ Lrec

8⇡l2recmec3
. (12)

The optical depth for the �� interaction is

⌧�� ⇡ n�2��� lrec (13)

' 2.9⇥ 10�3ṁ�4frec,�0.5�rec,�1�mad,1.7,

where we use ��� ⇠ 0.2�T . The pair production rate
can be approximated to be

Ṅ�� ⇡ Lrec⌧��
E�,max

. (14)

The number density of the electron-positron pairs can
be written as

n± ⇠ 3Ṅ��

l2recc
. (15)

Then, we can write the multiplicity:

± =
n±
nGJ

=
16

27
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where f�� = ���/�T ⇠ 0.2 and Bcr = 4.4⇥1013 G is the
critical magnetic field above which the quantum e↵ect
is e↵ective.
The leptons are loaded into the upstream region of

the magnetic reconnection and change the magnetiza-
tion parameter of the reconnecting plasma. This af-
fects the photon spectra and the pair production rate.
If the magnetization parameter becomes too low, the
accelerated electrons no longer produce MeV gamma-
rays. This will significantly change the flare spectrum
and magnetization parameter. We numerically evalu-
ate the multiplicity of the upstream plasma, n±/nGJ,
and find that the multiplicity is so high that the recon-
nection event cannot accelerate the electrons up to the
critical energy, i.e., �B < �e,max, where �e,max is given in
Equation (4). In this case, the electrons are accelerated
up to �e ⇠ �B , and the flare spectrum has a cuto↵ at
lower energies than E�,max given in Equation (5). Thus,
the flare peak energy will decrease significantly after the
light crossing timescale, lrec/c ⌧ Tdur. We define this
spectral state as a low-energy state.
Since the low-energy state cannot produce MeV pho-

tons e�ciently, the electron-positron pairs are no longer
produced. The electron-positron pairs in the upstream
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l2recc
. (15)

Then, we can write the multiplicity:

± =
n±
nGJ

=
16

27

�recfrecf��↵4
FR

2
G

�T

✓
Bmad

Bcr

◆3

(16)

' 5.5⇥ 109M1/2
9 ṁ3/2
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critical magnetic field above which the quantum e↵ect
is e↵ective.
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the magnetic reconnection and change the magnetiza-
tion parameter of the reconnecting plasma. This af-
fects the photon spectra and the pair production rate.
If the magnetization parameter becomes too low, the
accelerated electrons no longer produce MeV gamma-
rays. This will significantly change the flare spectrum
and magnetization parameter. We numerically evalu-
ate the multiplicity of the upstream plasma, n±/nGJ,
and find that the multiplicity is so high that the recon-
nection event cannot accelerate the electrons up to the
critical energy, i.e., �B < �e,max, where �e,max is given in
Equation (4). In this case, the electrons are accelerated
up to �e ⇠ �B , and the flare spectrum has a cuto↵ at
lower energies than E�,max given in Equation (5). Thus,
the flare peak energy will decrease significantly after the
light crossing timescale, lrec/c ⌧ Tdur. We define this
spectral state as a low-energy state.
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Fig. 4. Stacked M 87 jet images and transverse intensity profiles. Panel (a) : The image with a restoring beam of 0.3 ⇥ 0.1 mas. The core (C),
northern/southern limbs (NL/SL) of the jet (J), and the counter jet (CJ) are indicated by white arrows. Panel (b) : The same image but restored
with a smaller beam of 0.123 ⇥ 0.051 mas and zoomed in on the inner region. The colorbars indicate total intensities in units of Jy/beam. Contour
levels are (�1, 1, 1.4, 2, 2.8, ...) ⇥ 0.47 mJy/beam. The white bars indicate projected linear distance scales for M 87. The white dashed lines denote
the position of the slices in panel (c). The restoring beams are indicated by the cyan ellipses at the top left corner of each panel. Panel (c) : The
transverse jet intensity profiles measured by using the higher resolution image in Fig. 4b (starting from north to south). The dark solid/broken lines
are the measured intensity at ⇠ 0.8/0.6 mas core distance, respectively. The light gray line is the zero intensity level and the dark thick gray line
indicates the 5� level.

the intrinsic jet opening angle is �int = 63.6� ± 25.0� (90� ± 28�)
for a jet viewing angle ✓ = 18� (30�), respectively.

Asymptotic structure in the measured jet width W versus
the distance from the central engine z was fit with a power-law
model W(z) / z

k where k is a dimensionless index which pa-
rameterizes the jet expansion and acceleration within theoretical
models (e.g. Komissarov et al. 2007; Lyubarsky 2009). It is im-
portant to note that the core separation d is not necessarily the
same as the the distance from the central engine z because of the
jet opacity (e.g. Lobanov 1998). Hence, we associate the core
separation d to the distance from the central engine by z = ✏ + d

where ✏ is the unknown o↵set between the BH and the 86 GHz
core (see Fig. 7). We adopted ✏  41 µas based on the results

of Hada et al. (2011), where the authors performed astromet-
ric VLBA observations toward M 87 at 2.3 � 43.2 GHz and esti-
mated the distance between the intensity peak and the jet apex at
43 GHz. Then we obtained W as function of z and the power-law
model was fit to W(z).

We find a jet expansion rate of k = 0.469 ± 0.019 when we
ignore the core-shift at 86 GHz (i.e., ✏ = 0). With a non-zero
core-shift correction (✏ , 0), we find k ⇠ 0.47�0.51 with a mean
value of k = 0.498 ± 0.025 (the error represents uncertainties in
both the core position and the statistical fitting). Both fits have a
reduced chi square of �2

red ⇠ 0.51. This is in agreement with pre-
vious values of k = 0.56�0.60 (Asada & Nakamura 2012; Hada
et al. 2013; Mertens et al. 2016) within 3� uncertainty levels. To
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where Sν is specific flux density, ν is the observing frequency,
and β is the spectral index. The spectrum peaks and cutoffs are
shown at 230–350 GHz (e.g., Yusef-Zadeh et al. 2006; Bower
et al. 2015), which are due to the transition of synchrotron
emission from being optically thick to thin. This implies that
Sgr A* has a stratified, self-absorbed geometry of plasma, either
a jet or an accretion flow, and the (sub)millimeter emission
arises from several Rs (e.g., Melia 1992, 1994). At millimeter/
submillimeter wavelengths, in addition, there exists a break in
the spectrum so called the “millimeter/submillimeter bump,”
which deviates from a single power-law index. This may be
explained by the compact components in the acceleration zone
of a jet, or the thermal electrons in an accretion flow (e.g., Lu
et al. 2011a).

In our observations, the total flux densities are ∼1.0 and 1.3 Jy
at 22 and 43GHz, respectively (see Table 2). With the intrinsic
major-axis size, we can derive a lower limit of the brightness

temperature of Tb 0.4–0.5× 1010 K and 0.8–1.0× 1010 K at
1.3 and 0.7 cm, respectively. Together with the flux density at
86 GHz, ∼2 Jy (I19), the spectral index of Sgr A* within the three
frequencies is derived as β= 0.39± 0.02. Considering the
millimeter/submillimeter bump at 43GHz, at the same time,
we derive the values of β for 22−43 GHz and 43−86GHz
separately and find β≈ 0.29± 0.10 and 0.44± 0.16, respectively.
Note that the smaller number of points leads to larger
uncertainties. Nevertheless, the results are well consistent with
those of historical studies. For instance, while β∼ 0.24–0.3 up to
∼43GHz (e.g., Falcke et al. 1998; Krichbaum et al. 1998; Lu
et al. 2011a; Bower et al. 2015), β∼ 0.5 at 43GHz (Falcke
et al. 1998; Bower et al. 2015).
With the derived spectral indices, the flux density at

230 GHz can be extrapolated assuming the same spectral index
up to 230 GHz and the turnover frequency between 230 GHz
(e.g., Yusef-Zadeh et al. 2006; Bower et al. 2015) and 1 THz

Figure 5. Observed structure of NRAO 530 (upper) and Sgr A* (lower), at 1.3 cm (left) and 0.7 cm (right). The restoring beam is shown in the lower left side of each
panel. The contour levels are (1, 2, 4, 8, 16, 32, and 64)% of peak intensity. The blue ellipses with broken lines and solid lines (with cross) at the center of Sgr A*

images show the best-fitting Gaussian model of the ensemble-average and intrinsic structure, respectively, derived from closure amplitudes (see Table 2). As for the
NRAO 530, the extended jet feature is well consistent with the one seen in previous studies (e.g., Lu et al. 2011b; Jorstad et al. 2017).
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• 0.1% of stars form BHs: 

• Number of observed Galactic BH: ~20 <<< 
• Observed nearest BH: ~ 500 pc  (V723 Mon)
• Estimated distance to nearest IBH:  

• Accretion onto IBHs  
→ Various electromagnetic emission 

• We would like to find the nearest BH  
(Stellar physics;  accretion physics)

• Let’s discuss detectability  
using Gaia & eROSITA

NBH ∼ fBHNstar ∼ 3 × 108

NBH

∼ 20 pc ( NBH

108 )
−1/3

(
Vgal

103 kpc3 )
1/3

Isolated Black Holes (IBHs)
27

(Fujita+ 1998; Ioka+2017; Matsumoto+2018; Tsuna+ 2018,2019 etc)
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• IBH is wandering in multi-phase ISM  
- Molecular cloud: attenuation & contamination  
- Hot HII              : too low mass accretion rate  
→ Cold & Warm medium are the best

• Mass accretion onto IBH in warm medium 
 
 
  
 

• Typical luminosity:  
 

→ RIAF formation
L ∼ ηrad

·Mc2 ∼ 1030 erg/s ·M∙,11ηrad,−2 ≪ LEdd

Mass accretion onto IBH
28

2 Kimura, Kashiyama, Hotokezaka

Table 1. Physical quantities in 5 ISM phases. nISM, Cs,ISM,
HISM, ⇠0 are the number density, e↵ective sound velocity,
scale height, and volume filling factor of the ISM phases.
We mainly discuss Cold HI, Warm HI, and Warm HII.

ISM phase nISM Cs,ISM HISM ⇠0

[cm�3] [km s�1] [kpc]

Molecular clouds 102 10 0.075 0.001

Cold HI 10 10 0.15 0.04

Warm HI 0.3 10 0.50 0.35

Warm HII 0.15 10 1.0 0.2

Hot HII 0.002 150 3.0 0.43

tion (Ball et al. 2016; Petersen & Gammie 2020; Scepi
et al. 2021; Ripperda et al. 2021).
The other is to consider the prospects for detection

by Gaia (Gaia Collaboration et al. 2016) and eROSITA
(Predehl et al. 2021). These satellites will provide com-
plete catalogs of Galactic objects more than ever be-
fore, and they likely contain accreting IBHs. In order to
distinguish IBHs from other objects, we need to under-
stand multi-wavelength spectra of accreting IBHs and
develop a strategy for identifying them. We will de-
scribe the multi-wavelength emission model of MADs
around IBHs (IBH-MADs), and show how IBH-MADs
can be distinguishable from other astronomical objects.
We use convention of QX = Q/10X in cgs unit except
the BH mass for which we use MX = M/10XM�.

2. IBH-MAD MODEL

Accretion rates onto IBHs strongly depend on the
physical properties of the ISM and IBH. We consider
five-phase ISM given by Bland-Hawthorn & Reynolds
(2000), which is also used in the literature (e.g., Agol &
Kamionkowski 2002; Ioka et al. 2017; Tsuna et al. 2018).
The physical parameters characterizing each ISM phase
is tabulated in Table 1. We find that Gaia can detect
IBHs in hot HII medium only when they are extremely
close (d . 10 pc) and/or massive (M & 40 M�). Also,
Gaia may be unable to measure the intrinsic color of
IBHs in molecular clouds due to strong dust extinction,
and thus it is di�cult to identify IBHs in molecular
clouds (but see e.g., Matsumoto et al. 2018). Hence,
we hereafter focus on the other three phases.
We estimate the physical properties of IBH-MADs.

Since the accretion rate is much lower than the Edding-
ton rate, ṀEdd = LEdd/c

2 ' 1.4 ⇥ 1018M1 g s�1, the
radiatively ine�cient accretion flow (RIAF; Ichimaru
1977; Narayan & Yi 1994; Yuan & Narayan 2014) is
formed. According to recent general relativistic mag-
netohydrodynamic (GRMHD) simulations, RIAFs can

produce outflows and create large-scale poloidal mag-
netic fields even starting from purely toroidal magnetic
field (Liska et al. 2020). These poloidal fields are e�-
ciently carried to the IBH, which likely results in forma-
tion of a MAD around the IBH (Cao 2011; Ioka et al.
2017; Kimura et al. 2021)1. Introducing a reduction
parameter of the mass accretion rate, �w  1, due to
outflows and convection (Blandford & Begelman 1999;
Quataert & Gruzinov 2000; Yuan et al. 2015; Inayoshi
et al. 2018), the accretion rate onto an IBH can be esti-
mated as

Ṁ•⇡�w
4⇡G2

M
2
µISMmpnISM

(C2
s + v

2

k)
3/2

(1)

' 7.3⇥ 1010�w,0M
2

1
nISM,�1

 p
C2
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2

k

40 km s�1

!�3

g s�1
,

where G is the gravitational constant, M and vk are the
mass and the proper-motion velocity of the IBH, respec-
tively, mp is the proton mass, and µISM ' 1.26, nISM,
and Cs are the mean atomic weight, number density,
and sound speed of the ISM gas (see Table 1), respec-
tively. We use �w = 1 as a reference value for simplicity,
but we will discuss the cases with a low value of �w in
Section 5. We assume vk ' 40 km s�1 as a reference
value as in Ioka et al. (2017)
The radial velocity, proton temperature, gas number

density, and magnetic field of MADs can be estimated
to be (Kimura et al. 2019b; Kimura et al. 2021; Kimura
et al. 2021)
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where R = R/RG is the size of the emission region nor-
malized by the gravitational radius, RG = GM/c

2, ↵

1
Some GRMHD simulations do not achieve the MAD state even

for their long integration timescales, depending on the initial

magnetic field configurations (Narayan et al. 2012; White et al.

2020). This may indicate that the condition for MAD forma-

tion depends on the magnetic field configurations of the ambient

medium.
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ciently carried to the IBH, which likely results in forma-
tion of a MAD around the IBH (Cao 2011; Ioka et al.
2017; Kimura et al. 2021)1. Introducing a reduction
parameter of the mass accretion rate, �w  1, due to
outflows and convection (Blandford & Begelman 1999;
Quataert & Gruzinov 2000; Yuan et al. 2015; Inayoshi
et al. 2018), the accretion rate onto an IBH can be esti-
mated as

Ṁ•⇡�w
4⇡G2

M
2
µISMmpnISM

(C2
s + v

2

k)
3/2

(1)

' 7.3⇥ 1010�w,0M
2

1
nISM,�1

 p
C2

s + v
2

k

40 km s�1

!�3

g s�1
,

where G is the gravitational constant, M and vk are the
mass and the proper-motion velocity of the IBH, respec-
tively, mp is the proton mass, and µISM ' 1.26, nISM,
and Cs are the mean atomic weight, number density,
and sound speed of the ISM gas (see Table 1), respec-
tively. We use �w = 1 as a reference value for simplicity,
but we will discuss the cases with a low value of �w in
Section 5. We assume vk ' 40 km s�1 as a reference
value as in Ioka et al. (2017)
The radial velocity, proton temperature, gas number

density, and magnetic field of MADs can be estimated
to be (Kimura et al. 2019b; Kimura et al. 2021; Kimura
et al. 2021)

VR⇡ 1

2
↵VK ' 1.5⇥ 109R�1/2

1
↵�0.5 cm s�1

, (2)

kBTp⇡
GMmp

4R
' 23R�1

1
MeV (3)

Np⇡
Ṁ•

4⇡RHVRµISMmp
(4)

' 2.3⇥ 1010Ṁ•,11M
�2

1
R�3/2

1
↵
�1

�0.5 cm�3
,

B=

s
8⇡NpkBTp

�
(5)

' 1.5⇥ 104Ṁ1/2
•,11M

�1

1
R�5/4

1
↵
�1/2
�0.5 �

�1/2
�1

G,

where R = R/RG is the size of the emission region nor-
malized by the gravitational radius, RG = GM/c

2, ↵

1
Some GRMHD simulations do not achieve the MAD state even

for their long integration timescales, depending on the initial

magnetic field configurations (Narayan et al. 2012; White et al.

2020). This may indicate that the condition for MAD forma-

tion depends on the magnetic field configurations of the ambient

medium.

this general solution immediately shows that
C ¼ GM=h2. The values of A and B are fixed by the
boundary conditions that u ! 0 (that is, r ! 1)
as h ! p, and that

_r ¼ "h
du
dh

! "v1 as h ! p:

These will be satisfied by

u ¼ GM
h2

ð1þ cos hÞ " v1
h

sin h: ð4Þ

Now consider when the flow encounters the
h ¼ 0 axis. As a first approximation, the h velocity
will go to zero at this point. The radial velocity will
be v1 and the radius of the streamline will be given
by

1

r
¼ 2GM

h2
: ð5Þ

Assuming that material will be accreted if it is
bound to the star we have

1

2
v21 " GM

r
< 0

or

f < fHL ¼ 2GM
v21

; ð6Þ

which defines the critical impact parameter, known
as the Hoyle–Lyttleton radius. Material with an
impact parameter smaller than this value will be
accreted. The mass flux is therefore

_MHL ¼ pf2HLv1q1 ¼ 4pG2M2q1

v31
; ð7Þ

which is known as the Hoyle–Lyttleton accretion
rate.

2.2. Analytic solution

The Hoyle–Lyttleton analysis contains no fluid
effects, which makes it ripe for analytic solution.
This was performed by Bisnovatyi-Kogan et al.
(1979), who derived the following solution for the
flow field:

vr ¼ "

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

v21 þ 2GM
r

" f2v21
r2

s

; ð8Þ

vh ¼
fv1
r

; ð9Þ

r ¼ f2v21
GMð1þ cos hÞ þ fv21 sin h

; ð10Þ

q ¼ q1f
2

r sin hð2f" r sin hÞ
: ð11Þ

The first three equations are fairly straightforward,
and follow (albeit tediously) from the orbit solu-
tion given above. The equation for the density is
rather less pleasant, and involves solving the
steady state gas continuity equation under condi-
tions of axial symmetry.

Eq. (4) may be rewritten into the form

r ¼ r0
1þ e cosðh" h0Þ

; ð12Þ

where e is the eccentricity of the orbit, r0 is the
semi-latus rectum, and h0 is the periastron angle.
These quantities may be expressed as

h0 ¼ tan"1 fv21
GM

" #
; ð13Þ

e ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ f2v41
G2M2

s

; ð14Þ

Fig. 1. Sketch of the Bondi–Hoyle–Lyttleton accretion geometry.
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• Thermal synchrotron → optical signals
• Gaia can detect typical IBHs up to ~ 30 pc
• Gaia can detect IBHs of M~40 Msun or in Cold HI up to ~ 1 kpc
• Non-thermal synchrotron: X-ray and MeV γ-ray signals
• eROSITA can detect all the IBHs found by Gaia
• Hard X-ray spectrum: testable by Hard X-rays & MeV γ-rays

Photon spectra from MADs around IBHs
29
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Figure 1. Broadband spectra from IBH-MADs. The thick-solid, thick-dashed, and thick-dotted lines are total, photon spectra
by thermal electrons, and photon spectra by non-thermal electrons. The thin-dashed lines are sensitivity curves for ALMA
(purple: 30 min; ALMA Sensitivity Calculator), Gaia (blue; 20 mag; Gaia Collaboration et al. 2018), eROSITA (magenta;
4-year survey; Predehl et al. 2021), Chandra (gray; 10 ks; CXO website), FORCE (darkgray; 100 ks; Nakazawa et al. 2018),
and GRAMS (green; 3 year; Aramaki et al. 2020). ISM phase, black hole mass, and distances are shown in each panel. Other
parameters are R = 10, ↵ = 0.3, � = 0.1, ✏dis = 0.15, ✏NT = 0.33, ⌘acc = 5, and sinj = 1.3.

Magnetic reconnections accelerate non-thermal elec-
trons which emit X-rays and soft gamma-rays by syn-
chrotron radiation. We consider non-thermal parti-
cle injection, cooling, and escape processes, and solve
the steady-state transport equation to obtain the num-
ber spectrum, NEe (see Kimura & Toma 2020; Kimura
et al. 2021 for details). The injection spectrum is as-
sumed to be a power law with an exponential cuto↵,
i.e., ṄEe,ing / E

�sinj
e exp(�Ee/Ee,cut), where Ee,cut is

the cuto↵ energy and sinj is the injection spectral in-
dex. Although earlier 2D particle-in-cell (PIC) simula-
tions result in a cuto↵ energy of Ecut ⇠ 4�B (Werner
et al. 2016), long-term calculations revealed that the
cuto↵ energy is increasing with time (Petropoulou &
Sironi 2018; Zhang et al. 2021). Since the dynami-
cal timescale of the accretion flow is much longer than
the timescales of kinetic plasma phenomena, we deter-
mine Ecut by the balance between the acceleration and
cooling processes. The injection rate is normalized byR
ṄEe,injEedEe = fe✏NT✏disṀ•c

2. We consider only the
synchrotron cooling as the other processes are negligi-
ble. We consider both advective (infall to the IBH)
and di↵usive escapes. The acceleration time is phe-
nomenologically set to be tacc = ⌘accEec/(eBV

2

A), where
VA = B/

p
4⇡mpNp is the Alfven velocity and ⌘acc is the

acceleration e�ciency parameter.
In the range of our interest, the synchrotron cooling

limits the maximum energy, and the synchrotron cuto↵
energy is estimated to be

E�,cut ⇡
3e2hp�

2

A

mec�T ⌘acc
' 15

✓
�A

0.7

◆2 ⇣
⌘acc

5

⌘�1

MeV.

(12)
The peak luminosity for the non-thermal synchrotron
process is roughly estimated to be E�LE� ⇡
fe✏NT✏disṀc

2. The cooling break energy is given by

equating infall time to the cooling time: E�,cl ⇡
hpeB�

2

e,cl/(2⇡mec) ⇡ 1.2⇥102B4�
2

e,cl,3 eV, where �e,cl ⇡
max(1, 6⇡mecVR/(�TB

2
R)) ' 7.7 ⇥ 102VR,9B

�2

4
R

�1

7
is

the cooling break Lorentz factor. The X-ray band is typ-
ically above the cooling break energy, and thus the pho-
ton index in the X-ray band is �X = (sinj +2)/2 ' 1.65
with sinj = 1.3 (see Section 5 for discussion on the value
of sinj). Then, the X-ray luminosity is estimated to be

EXLX ' 1.3⇥1029Ṁ•,11fX,�1

✓
fe✏NT✏dis

0.3 · 0.33 · 0.15

◆
erg s�1

,

(13)
where fX = (EX/E�,cut)2��X ⇠ 0.1 is the correction
factor. IBH-MADs in the adiabatic regime roughly ex-
hibit LX/Lopt ⇠ 1 with our reference parameters, as
seen by Equations (10) and (13). In the cooling regime
of Ṁ• > Ṁcl, both thermal and non-thermal electrons
emit all the energies via synchrotron emission. Then,
we can write LX/Lopt ⇡ fX✏NT/(1 � ✏NT) ⇠ 0.05 with
our reference parameters.
Figure 1 shows the broadband photon spectra from

IBH-MADs, whose parameters are shown in each panel
and the caption. The parameters in our MAD model are
calibrated using the gamma-ray data of radio galaxies
(Kimura & Toma 2020) and the multi-wavelength data
of quiescent X-ray binaries (Kimura et al. 2021). The
thermal synchrotron emission produces optical signals
that is detectable by Gaia. The synchrotron emission by
non-thermal electrons produce power-law photons from
X-ray to MeV gamma-ray ranges. The IBHs detectable
by Gaia should be detected by eROSITA (Predehl et al.
2021). SSA is e↵ective in radio and sub-mm bands, and
thus, it is challenging to detect IBH-MADs by radio tele-
scopes, such as ALMA (see Section 5 for radio signals
from jets associated with IBH-MADs). For a low ac-
cretion rate, the advection cooling is e↵ective for ther-

Multi-wavelength emission from MADs around isolated black holess 3

is the viscous parameter (Shakura & Sunyaev 1973),
H ⇡ R/2 is the scale height, and � is the plasma beta.
Inside MADs, electrons are heated up to a rela-

tivistic temperature by magnetic energy dissipation,
such as magnetic reconnections (Rowan et al. 2017;
Hoshino 2018) and the turbulence cascades (Howes 2010;
Kawazura et al. 2019). We parameterize the total heat-
ing rate and electron heating rate as

Qthrml= ✏dis(1� ✏NT)Ṁ•c
2
, (6)

Qe,thrml= feQthrml (7)

' 2.7⇥ 1030
✓
fe✏dis(1� ✏NT)

0.3 · 0.15 · 0.67

◆
Ṁ•,11 erg s�1

,

where ✏dis is the ratio of dissipation to accretion ener-
gies, ✏NT is the ratio of non-thermal particle production
to dissipation energy, and fe the electron heating frac-
tion. Considering the trans-relativistic magnetic recon-
nection, we use the electron heating prescription given
by Rowan et al. (2017); Chael et al. (2018)2:

fe ⇡
1

2
exp

✓
� 1� 4��B

0.8 +
p
�B

◆
, (8)

where �B = B
2
/(4⇡Npmpc

2) ' 0.5R�1

1
�
�1

�1
is the mag-

netization parameter. We assume that the proton tem-
perature is sub-relativistic, which is reasonable for the
bulk of the accretion flows. We obtain fe ⇠ 0.3 with our
reference parameter set.

3. PHOTON SPECTRA FROM IBH-MADS

We calculate the photon spectrum from IBH-MADs
using the method in Kimura et al. (2021) (see also
Kimura et al. 2015, 2019a; Kimura & Toma 2020), where
we include both thermal and non-thermal components
of electrons and treat them as separate components.
Thermal electrons emit broadband photons by thermal
synchrotron, bremsstrahlung, and Comptonization pro-
cesses. Non-thermal electrons emit broadband photons
by synchrotron emission, and we can ignore other emis-
sion processes in the MADs. We also calculate emissions
induced by non-thermal protons, but we find that their
contribution is negligible.
The thermal electrons emit optical photons by ther-

mal synchrotron radiation. For cases with low Ṁ•,
the cooling processes are so ine�cient that the radia-
tive cooling cannot balance the heating before falling

2
Previous works on emissions from MADs (Kimura et al. 2021;

Kimura & Toma 2020) use the prescription by Hoshino (2018),

which assumes non-relativistic magnetic reconnections. Since

magnetic reconnections in MADs can be trans-relativistic, we

examine Chael et al. (2018) in this study.

to the IBH. Then, the electron temperature is deter-
mined by kBTe,adi ⇡ fekBTp ' 7.0(fe/0.3)R�1

1
MeV.

For high Ṁ•, the electron temperature is determined
by the balance between the heating and cooling, i.e.,
Qe,thrml = Lthrm(Te,rad), where Lthrm(Te,rad) is the ra-
diative cooling rate. The electron temperature in IBH-
MADs are given by Te = min(Te,adi, Te,rad).
Because of their lower accretion rate compared to qui-

escent X-ray binaries by 2-3 orders of magnitude, IBH-
MADs are optically thin for synchrotron-self absorption
(SSA) at the synchrotron peak frequency in the most
parameter space. This feature is di↵erent from any
other RIAF systems, such as quiescent X-ray binaries
(Narayan et al. 1996; Kimura et al. 2021), radio galax-
ies (Kimura & Toma 2020), low-luminosity AGNs (Nem-
men et al. 2014; Kimura et al. 2015, 2019a; Kimura et al.
2021), and Sgr A* (Narayan et al. 1995; Manmoto et al.
1997; Yuan et al. 2003)3. Since the optically thin ther-
mal synchrotron emission has a gradual spectral cuto↵
(Mahadevan et al. 1996), the peak frequency of the syn-
chrotron spectrum is ' 25 times higher4 than the canon-
ical synchrotron frequency, ⌫syn = 3eB✓

2

e/(4⇡mec),
where ✓e = kBTe/(mec

2). Then, the peak frequency
of the thermal synchrotron emission is estimated to be

⌫syn,pk ⇡ 75eB✓
2

e

4⇡mec
' 2.0⇥1014B4R�2

1

✓
fe

0.3

◆2

Hz, (9)

where we use Te = Te,adi. The luminosity of the thermal
synchrotron emission is roughly estimated to be

⌫syn,pkL⌫syn,pk ⇡ 4

3
(3✓e)

2
�T cB

2

8⇡
(2⇡R3

Np) (10)

' 1.8⇥ 1029Ṁ2

•,11M
�1

1
R�3

1
↵
�2

�0.5�
�1

�1

✓
fe
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◆2

erg s�1
.

Comparing Equations (8) and (10), the critical mass ac-
cretion rate above which the cooling is e�cient can be
estimated to be

Ṁcl ' 1.5⇥ 1012M1R3

1
↵
2

�0.5��1

✓
fe

0.3

◆�1

(11)

⇥
✓
✏dis(1� ✏NT)

0.15 · 0.67

◆
g s�1

.

With our reference parameters, typical IBH-MADs in
the warm media are in the adiabatic regime, while those
in the cold medium are in the cooling regime.

3
The Eddington ratio for Sgr A* is estimated to be lower than

that for IBH-MADs. Nevertheless, the RIAF around Sgr A* is

expected to be optically thick for SSA at the peak frequency be-

cause of its lower synchrotron peak frequency and larger emission

region.

4
We can derive the factor 25 by taking derivative of Equation (36)

in Mahadevan et al. (1996).
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Figure 1. Broadband spectra from IBH-MADs. The thick-solid, thick-dashed, and thick-dotted lines are total, photon spectra
by thermal electrons, and photon spectra by non-thermal electrons. The thin-dashed lines are sensitivity curves for ALMA
(purple: 30 min; ALMA Sensitivity Calculator), Gaia (blue; 20 mag; Gaia Collaboration et al. 2018), eROSITA (magenta;
4-year survey; Predehl et al. 2021), Chandra (gray; 10 ks; CXO website), FORCE (darkgray; 100 ks; Nakazawa et al. 2018),
and GRAMS (green; 3 year; Aramaki et al. 2020). ISM phase, black hole mass, and distances are shown in each panel. Other
parameters are R = 10, ↵ = 0.3, � = 0.1, ✏dis = 0.15, ✏NT = 0.33, ⌘acc = 5, and sinj = 1.3.

Magnetic reconnections accelerate non-thermal elec-
trons which emit X-rays and soft gamma-rays by syn-
chrotron radiation. We consider non-thermal parti-
cle injection, cooling, and escape processes, and solve
the steady-state transport equation to obtain the num-
ber spectrum, NEe (see Kimura & Toma 2020; Kimura
et al. 2021 for details). The injection spectrum is as-
sumed to be a power law with an exponential cuto↵,
i.e., ṄEe,ing / E

�sinj
e exp(�Ee/Ee,cut), where Ee,cut is

the cuto↵ energy and sinj is the injection spectral in-
dex. Although earlier 2D particle-in-cell (PIC) simula-
tions result in a cuto↵ energy of Ecut ⇠ 4�B (Werner
et al. 2016), long-term calculations revealed that the
cuto↵ energy is increasing with time (Petropoulou &
Sironi 2018; Zhang et al. 2021). Since the dynami-
cal timescale of the accretion flow is much longer than
the timescales of kinetic plasma phenomena, we deter-
mine Ecut by the balance between the acceleration and
cooling processes. The injection rate is normalized byR
ṄEe,injEedEe = fe✏NT✏disṀ•c

2. We consider only the
synchrotron cooling as the other processes are negligi-
ble. We consider both advective (infall to the IBH)
and di↵usive escapes. The acceleration time is phe-
nomenologically set to be tacc = ⌘accEec/(eBV

2

A), where
VA = B/

p
4⇡mpNp is the Alfven velocity and ⌘acc is the

acceleration e�ciency parameter.
In the range of our interest, the synchrotron cooling

limits the maximum energy, and the synchrotron cuto↵
energy is estimated to be

E�,cut ⇡
3e2hp�

2

A

mec�T ⌘acc
' 15

✓
�A

0.7

◆2 ⇣
⌘acc

5

⌘�1

MeV.

(12)
The peak luminosity for the non-thermal synchrotron
process is roughly estimated to be E�LE� ⇡
fe✏NT✏disṀc

2. The cooling break energy is given by

equating infall time to the cooling time: E�,cl ⇡
hpeB�

2

e,cl/(2⇡mec) ⇡ 1.2⇥102B4�
2

e,cl,3 eV, where �e,cl ⇡
max(1, 6⇡mecVR/(�TB

2
R)) ' 7.7 ⇥ 102VR,9B

�2

4
R

�1

7
is

the cooling break Lorentz factor. The X-ray band is typ-
ically above the cooling break energy, and thus the pho-
ton index in the X-ray band is �X = (sinj +2)/2 ' 1.65
with sinj = 1.3 (see Section 5 for discussion on the value
of sinj). Then, the X-ray luminosity is estimated to be

EXLX ' 1.3⇥1029Ṁ•,11fX,�1

✓
fe✏NT✏dis

0.3 · 0.33 · 0.15

◆
erg s�1

,

(13)
where fX = (EX/E�,cut)2��X ⇠ 0.1 is the correction
factor. IBH-MADs in the adiabatic regime roughly ex-
hibit LX/Lopt ⇠ 1 with our reference parameters, as
seen by Equations (10) and (13). In the cooling regime
of Ṁ• > Ṁcl, both thermal and non-thermal electrons
emit all the energies via synchrotron emission. Then,
we can write LX/Lopt ⇡ fX✏NT/(1 � ✏NT) ⇠ 0.05 with
our reference parameters.
Figure 1 shows the broadband photon spectra from

IBH-MADs, whose parameters are shown in each panel
and the caption. The parameters in our MAD model are
calibrated using the gamma-ray data of radio galaxies
(Kimura & Toma 2020) and the multi-wavelength data
of quiescent X-ray binaries (Kimura et al. 2021). The
thermal synchrotron emission produces optical signals
that is detectable by Gaia. The synchrotron emission by
non-thermal electrons produce power-law photons from
X-ray to MeV gamma-ray ranges. The IBHs detectable
by Gaia should be detected by eROSITA (Predehl et al.
2021). SSA is e↵ective in radio and sub-mm bands, and
thus, it is challenging to detect IBH-MADs by radio tele-
scopes, such as ALMA (see Section 5 for radio signals
from jets associated with IBH-MADs). For a low ac-
cretion rate, the advection cooling is e↵ective for ther-
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where R = R/RG is the size of the emission region
normalized by the gravitational radius, RG = GM/c2,
α is the viscous parameter (Shakura & Sunyaev 1973),
H ≈ R/2 is the scale height, and β is the plasma beta.
Inside MADs, electrons are heated up to a rela-

tivistic temperature by magnetic energy dissipation,
such as magnetic reconnections (Rowan et al. 2017;
Hoshino 2018) and the turbulence cascades (Howes 2010;
Kawazura et al. 2019). We parameterize the total heat-
ing rate and electron heating rate as

Qthrml= εdis(1− εNT)Ṁ•c
2, (6)

Qe,thrml= feQthrml (7)

# 2.7× 1030
(

feεdis(1− εNT)

0.3 · 0.15 · 0.67

)

Ṁ•,11 erg s−1,

where εdis is the ratio of dissipation to accretion ener-
gies, εNT is the ratio of non-thermal particle production
to dissipation energy, and fe the electron heating frac-
tion. Considering the trans-relativistic magnetic recon-
nection, we use the electron heating prescription given
by Rowan et al. (2017); Chael et al. (2018)2:

fe ≈
1

2
exp

(

− 1− 4βσB

0.8 +
√
σB

)

, (8)

where σB = B2/(4πNpmpc2) # 0.5R−1
1 β−1

−1 is the mag-
netization parameter. We assume that the proton tem-
perature is sub-relativistic, which is reasonable for the
bulk of the accretion flows. We obtain fe ∼ 0.3 with our
reference parameter set.

3. PHOTON SPECTRA FROM IBH-MADS

We calculate the photon spectrum from IBH-MADs
using the method in Kimura et al. (2021) (see also
Kimura et al. 2015, 2019a; Kimura & Toma 2020),
where we include both thermal and non-thermal com-
ponents of electrons and treat them as separate compo-
nents. Thermal electrons emit broadband photons by
thermal synchrotron, bremsstrahlung, and Comptoniza-
tion processes. Non-thermal electrons emit broadband
photons by synchrotron emission, and we can ignore
other emission processes in the MADs. We also cal-
culate emissions induced by non-thermal protons, but
we find that their contribution is negligible.
The thermal electrons emit optical photons by ther-

mal synchrotron radiation. For cases with low Ṁ•,

2 Previous works on emissions from MADs (Kimura et al. 2021;
Kimura & Toma 2020) use the prescription by Hoshino (2018),
which assumes non-relativistic magnetic reconnections. Since
magnetic reconnections in MADs can be trans-relativistic, we
examine Chael et al. (2018) in this study.

the cooling processes are so inefficient that the radia-
tive cooling cannot balance the heating before falling
to the IBH. Then, the electron temperature is deter-
mined by kBTe,adi ≈ fekBTp # 7.0(fe/0.3)R−1

1 MeV.
For high Ṁ•, the electron temperature is determined
by the balance between the heating and cooling, i.e.,
Qe,thrml = Lthrm(Te,rad), where Lthrm(Te,rad) is the ra-
diative cooling rate. The electron temperature in IBH-
MADs are given by Te = min(Te,adi, Te,rad).
Because of their lower accretion rate compared to

quiescent X-ray binaries by 2-3 orders of magnitude,
IBH-MADs are optically thin for synchrotron-self ab-
sorption (SSA) at the synchrotron peak frequency in
the most parameter space. This feature is different
from any other RIAF systems, such as quiescent X-
ray binaries (Narayan et al. 1996; Kimura et al. 2021),
radio galaxies (Kimura & Toma 2020), low-luminosity
AGNs (Nemmen et al. 2014; Kimura et al. 2015, 2019a;
Kimura et al. 2021), and Sgr A* (Narayan et al. 1995;
Manmoto et al. 1997; Yuan et al. 2003)3. Since the
optically thin thermal synchrotron emission has a
gradual spectral cutoff (Mahadevan et al. 1996), the
peak frequency of the synchrotron spectrum is # 25
times higher4 than the canonical synchrotron frequency,
νsyn = 3eBθ2e/(4πmec), where θe = kBTe/(mec2).
Then, the peak frequency of the thermal synchrotron
emission is estimated to be

νsyn,pk ≈ 75eBθ2e
4πmec

# 2.0× 1014B4R−2
1

(

fe
0.3

)2

Hz, (9)

where we use Te = Te,adi. The luminosity of the thermal
synchrotron emission is roughly estimated to be

νsyn,pkLνsyn,pk ≈ 4

3
(3θe)

2σT cB2

8π
(πR3Np) (10)

# 9.3× 1028Ṁ2
•,11M

−1
1 R−3

1 α−2
−0.5β

−1
−1

(

fe
0.3

)2

erg s−1.

Comparing Equations (7) and (10), the critical mass ac-
cretion rate above which the cooling is efficient can be
estimated to be

Ṁcl # 2.9× 1012M1R3
1α

2
−0.5β−1

(

fe
0.3

)−1

(11)

×
(

εdis(1− εNT)

0.15 · 0.67

)

g s−1.

3 The Eddington ratio for Sgr A* is estimated to be lower than
that for IBH-MADs. Nevertheless, the RIAF around Sgr A* is
expected to be optically thick for SSA at the peak frequency be-
cause of its lower synchrotron peak frequency and larger emission
region.

4 We can derive the factor 25 by taking derivative of Equation (36)
in Mahadevan et al. (1996).
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• Detection horizon:  

: sensitivity of Gaia or eROSITA

•  : number density of IBH in ISM

•  : mass function of IBH

• :  Volume filling factor 

di,det = min( Li,band/(4πfi,sen), dmax)

fi,sen

dNIBH/dV = 105 kpc−3

dNIBH/dM ∝ M−2.6

ζ0

Expected detection number
30
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Figure 2. Expected numbers of IBHs detected by Gaia (thick-red) and eROSITA (thin-blue) as a function of M (left) and
�w (middle and right) in various ISM phases. The solid, dashed, and dotted lines are for warm HII, warm HI, and cold HI,
respectively.

MADs should not show any absorption and emission
lines. Therefore, spectroscopic and photometric follow-
up observations in both X-ray and optical bands may
be useful to distinguish IBHs from WDs. Considering
the limiting magnitude of Gaia (⇠20 mag), IBH can-
didates are detectable with 2-meter telescopes for pho-
tometric follow-up observations, or with 4-meter tele-
scopes for spectroscopic observations. Detailed soft X-
ray spectra of IBH-MADs can be obtained by current
and near future X-ray satellites, including Chandra (see
Figure 1) and XRISM (XRISM Science Team 2020). Be-
sides, IBH-MADs can be detected by future hard X-ray
(FORCE: Nakazawa et al. 2018) and MeV gamma-ray
(e.g., GRAMS: Aramaki et al. 2020) detectors as seen
in Figure 1, which will strongly support our IBH-MAD
scenario. If IBH-MADs are bright enough as in the left
panel of Figure 1, NuSTAR is also able to detect them.

5. DISCUSSION

We have discussed strategy to identify IBHs based on
multi-wavelength emission model of MADs. Thermal
and non-thermal electrons in MADs emit optical and
X-ray signal, respectively, which are detectable by Gaia
and eROSITA. We can discriminate IBH-MADs from
other objects using LX/Lopt and the HR diagram. Hard
X-ray and MeV gamma-ray detections will enable us to
firmly identify IBHs.
The mass accretion rate onto IBH-MADs can be lower

than our reference parameter set due to a lower �w
5

(outflows/convection) or a higher vk. In order to check
the detection prospects with lower values of Ṁ•, we also
calculate emission from IBH-MADs with various values
of Ṁ•. The thin lines in Figure 3 show the tracks for
IBH-MADs of a fixed mass with various Ṁ•. On each
line, IBH-MADs with higher values of Ṁ• reside an up-

5
We use the most optimistic value, �w = 1.

per region, and we can see three branches in each line.
For the low-Ṁ• branch, the electron temperature is in-
dependent of Ṁ• owing to ine�cient radiative cooling.
The magnetic fields are stronger and the synchrotron
frequency is higher for IBH-MADs with a higher Ṁ•,
and thus, IBH-MADs are bluer when more luminous.
In the medium-Ṁ• branch, the radiative cooling is e�-
cient enough to balance the heating. In this case, the
electron temperature is lower for a higher Ṁ•, making
the branch redder when more luminous. For the high
Ṁ• branch, the Gaia band is optically thick for the SSA
process. Then, the spectral shape below the absorp-
tion frequency is given by the Rayleigh-Jeans spectrum,
exhibiting a very bluer color when more luminous. The
middle and right panels of Figure 2 indicate the expected
detection number as a function of �w. Gaia cannot de-
tect 10-M� IBHs in warm media for �w < 0.1, while
10-M� IBHs in cold HI can be detectable by Gaia for
�w & 0.01. eROSITA can still detect several tens of 30-
M� IBH-MADs even for �w ⇠ 0.001. Optical followup
observations of eROSITA unidentified sources will be
important to identify IBHs for the cases with �w < 0.01.
Observations of nearby low-luminosity AGNs, including
Sgr A*, indicate �w ⇠ 0.001� 0.01 (e.g., Inayoshi et al.
2018), while the values for IBHs are currently unclear.
The value of electron heating fraction, fe, is also un-

certain. The electron heating prescription by Hoshino
(2018) suggests fe ⇠ 0.1. This leads IBH-MADs to red-
der regions in the HR diagram (GBP � GRP ⇠ 1 � 2)
. Also, IBH-MADs is luminous in X-rays compared to
the optical band as LX/Lopt / f

�1

e (see Equations (10)
and (13)). Despite these uncertainties, our strategy of
IBH identification should still work even with low values
of fe, because faint and red WDs are very unlikely to
emit X-rays. Therefore, we suggest to search for IBH
candidates in a broad region of the HR diagram using
X-ray data.
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mal electrons, while the radiative cooling is e�cient for
non-thermal electrons. Then, emission by non-thermal
electrons can be more luminous than that by thermal
electrons, despite we choose ✏NT < 1 � ✏NT, as seen in
the left panel of Figure 1.

4. STRATEGY TO IDENTIFY IBHS

First, we roughly estimate the number of IBHs
that can be detected by Gaia or eROSITA.
We estimate the detection horizon, di,ded =
min(

p
Li,band/(4⇡fi,sen), dmax), where Li,band is the

luminosity in the energy band for the detector (330 nm
– 1050 nm for Gaia; 0.2 keV – 2.3 keV for eROSITA),
fi,sen is the sensitivity of the detector (20 mag for Gaia
DR5 and 1.1 ⇥ 10�14 erg s�1 cm�2 for the eROSITA
four-year survey), and dmax is the maximum distance.
We set dmax = 2 kpc because Gaia cannot precisely
measure the parallax for faint sources and the extinc-
tion and attenuation may a↵ect the detectability.
The expected number of detectable IBH candidates

can be estimated to be

Ndet(M) ⇠ M
dNIBH

dMdV
⇠0 min

✓
4⇡

3
d
3

i,det, 2⇡HISMd
2

i,det

◆
,

(14)
where HISM is the scale height of each ISM phase (see
Table 1) and dNIBH/(dMdV ) is the number of IBHs
per unit mass and volume. We assume a simple power-
law mass spectrum with spectral index suggested by
the gravitational-wave data: dNIBH/dM / M

�� with
� ⇠ 2.6 (Abbott et al. 2021). We consider the mass
range of IBHs of 3.2 M�  M  50 M�. The
mass-integrated number density of IBHs is set to be
dNIBH/dV =

R
(dN/dMdV )dM = 105 kpc�3, which is

roughly consistent with N-body simulations by Tsuna
et al. (2018). The resulting values of Ndet are plot-
ted in the left panel of Figure 2. We can see that
both eROSITA and Gaia will detect ⇠ 103 IBHs in
cold HI medium in a broad mass range. Several hun-
dreds (around a hundred) of low-mass (M ⇠ 5 M�)
IBHs in warm HI (warm HII) medium can be discov-
ered by eROSITA, while Gaia can detect only⇠ 10 (⇠ 1)
low-mass IBHs in warm HI (warm HII) medium. More
than a thousand high mass IBHs in warm HI can be de-
tected by both Gaia and eROSITA. We should note that
both the mass spectrum and volumetric density of IBHs
are very uncertain. The data by OGLE microlensing
surveys suggest a flatter mass spectrum of IBHs with
� ' 0.92 (Mroz et al. 2021). Also, the Sun is located in
a local bubble (Frisch et al. 2011), which may decrease
the detectable number of IBHs within ⇠ 100 pc.
The sensitivity of the ROSAT All-Sky Survey (RASS)

is ⇠ 10�13 erg s�1 cm�2 (Boller et al. 2016), which

is an order of magnitude lower than that of eROSITA.
RASS should detect 0.01 times less IBH candidates than
eROSITA, which should contain ⇠ 10 low-mass IBH
candidates. This number is similar to that of RASS
unidentified sources in the northern sky (Krautter et al.
1999), and thus, our model is consistent with the cur-
rently available X-ray data.
Next, we discuss strategy to identify IBH candidates.

The Hertzsprung-Russell (HR) diagram is useful to clas-
sify the objects. Figure 3 exhibits the regions where
IBH-MADs occupy in the HR diagram with our refer-
ence parameters. We can see that low-mass IBH-MADs
in the warm media are located at a fainter and bluer
region than the white dwarf (WD) cooling sequence.
Ultra-cool WDs and neutron stars (NS), including both
pulsars and thermally emitting NSs, can be located in
the same region. We can utilize the X-ray feature to
distinguish IBH-MADs from them. Pulsars and ther-
mally emitting NSs have high values of X-ray to optical
luminosity ratio, LX/Lopt � 1 (Bühler & Blandford
2014; Kaplan et al. 2011), while low-mass IBHs exhibit
LX/Lopt ⇠ 1 as discussed in Section 3. In addition, the
expected number of detectable isolated NSs are lower
than that of IBH-MADs (Toyouchi et al. 2021). Iso-
lated WDs may emit X-rays, but the X-ray emitting
WDs detected by RASS (Fleming et al. 1996; Agüeros
et al. 2009) are bluer and more luminous in G bands
than low-mass IBHs, as shown in the bottom panel of
Figure 3 and Figure 4. Ultra-cool WDs are unlikely to
emit bright X-rays. Since eROSITA can detect almost
all IBHs detected by Gaia, we will be able to identify
good low-mass IBH candidates using Gaia and eROSITA
data.
High-mass IBHs of M & 50M� in warm HI/warm

HII or medium-mass (M ⇠ 10 M�) IBHs in cold HI
are located in a redder and brighter region of the WD
cooling sequence. This region might be contaminated
by binaries consisting of a WD and a main-sequence
star, as seen in the bottom panel of Figure 3. They
can emit X-rays through the magnetic activity, and the
values of LX/Lopt are also similar to the IBH-MADs
(see Figure 4). Nevertheless, we can discriminate them
by multi-band photometric observations. WD-star bina-
ries are expected to have a two-temperature blackbody
spectrum in optical bands, while IBH-MADs should ex-
hibit a single smooth component of thermal synchrotron
spectrum.
IBH-MADs are likely variable within dynamical

timescale, and thus, we should expect strong intra-night
variability compared to WDs. ULTRACAM can de-
tect sub-second variability, which is a smoking-gun sig-
nal to distinguish IBH-MADs from WDs. Also, IBH-
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Table 1. Physical quantities in 5 ISM phases. nISM, Cs,ISM,
HISM, ⇠0 are the number density, e↵ective sound velocity,
scale height, and volume filling factor of the ISM phases.
We mainly discuss Cold HI, Warm HI, and Warm HII.

ISM phase nISM Cs,ISM HISM ⇠0

[cm�3] [km s�1] [kpc]

Molecular clouds 102 10 0.075 0.001

Cold HI 10 10 0.15 0.04

Warm HI 0.3 10 0.50 0.35

Warm HII 0.15 10 1.0 0.2

Hot HII 0.002 150 3.0 0.43

tion (Ball et al. 2016; Petersen & Gammie 2020; Scepi
et al. 2021; Ripperda et al. 2021).
The other is to consider the prospects for detection

by Gaia (Gaia Collaboration et al. 2016) and eROSITA
(Predehl et al. 2021). These satellites will provide com-
plete catalogs of Galactic objects more than ever be-
fore, and they likely contain accreting IBHs. In order to
distinguish IBHs from other objects, we need to under-
stand multi-wavelength spectra of accreting IBHs and
develop a strategy for identifying them. We will de-
scribe the multi-wavelength emission model of MADs
around IBHs (IBH-MADs), and show how IBH-MADs
can be distinguishable from other astronomical objects.
We use convention of QX = Q/10X in cgs unit except
the BH mass for which we use MX = M/10XM�.

2. IBH-MAD MODEL

Accretion rates onto IBHs strongly depend on the
physical properties of the ISM and IBH. We consider
five-phase ISM given by Bland-Hawthorn & Reynolds
(2000), which is also used in the literature (e.g., Agol &
Kamionkowski 2002; Ioka et al. 2017; Tsuna et al. 2018).
The physical parameters characterizing each ISM phase
is tabulated in Table 1. We find that Gaia can detect
IBHs in hot HII medium only when they are extremely
close (d . 10 pc) and/or massive (M & 40 M�). Also,
Gaia may be unable to measure the intrinsic color of
IBHs in molecular clouds due to strong dust extinction,
and thus it is di�cult to identify IBHs in molecular
clouds (but see e.g., Matsumoto et al. 2018). Hence,
we hereafter focus on the other three phases.
We estimate the physical properties of IBH-MADs.

Since the accretion rate is much lower than the Edding-
ton rate, ṀEdd = LEdd/c

2 ' 1.4 ⇥ 1018M1 g s�1, the
radiatively ine�cient accretion flow (RIAF; Ichimaru
1977; Narayan & Yi 1994; Yuan & Narayan 2014) is
formed. According to recent general relativistic mag-
netohydrodynamic (GRMHD) simulations, RIAFs can

produce outflows and create large-scale poloidal mag-
netic fields even starting from purely toroidal magnetic
field (Liska et al. 2020). These poloidal fields are e�-
ciently carried to the IBH, which likely results in forma-
tion of a MAD around the IBH (Cao 2011; Ioka et al.
2017; Kimura et al. 2021)1. Introducing a reduction
parameter of the mass accretion rate, �w  1, due to
outflows and convection (Blandford & Begelman 1999;
Quataert & Gruzinov 2000; Yuan et al. 2015; Inayoshi
et al. 2018), the accretion rate onto an IBH can be esti-
mated as

Ṁ•⇡�w
4⇡G2

M
2
µISMmpnISM

(C2
s + v

2

k)
3/2

(1)

' 7.3⇥ 1010�w,0M
2

1
nISM,�1

 p
C2

s + v
2

k

40 km s�1

!�3

g s�1
,

where G is the gravitational constant, M and vk are the
mass and the proper-motion velocity of the IBH, respec-
tively, mp is the proton mass, and µISM ' 1.26, nISM,
and Cs are the mean atomic weight, number density,
and sound speed of the ISM gas (see Table 1), respec-
tively. We use �w = 1 as a reference value for simplicity,
but we will discuss the cases with a low value of �w in
Section 5. We assume vk ' 40 km s�1 as a reference
value as in Ioka et al. (2017)
The radial velocity, proton temperature, gas number

density, and magnetic field of MADs can be estimated
to be (Kimura et al. 2019b; Kimura et al. 2021; Kimura
et al. 2021)

VR⇡ 1

2
↵VK ' 1.5⇥ 109R�1/2

1
↵�0.5 cm s�1

, (2)

kBTp⇡
GMmp

4R
' 23R�1

1
MeV (3)

Np⇡
Ṁ•

4⇡RHVRµISMmp
(4)

' 2.3⇥ 1010Ṁ•,11M
�2

1
R�3/2

1
↵
�1

�0.5 cm�3
,

B=

s
8⇡NpkBTp

�
(5)

' 1.5⇥ 104Ṁ1/2
•,11M

�1

1
R�5/4

1
↵
�1/2
�0.5 �

�1/2
�1

G,

where R = R/RG is the size of the emission region nor-
malized by the gravitational radius, RG = GM/c

2, ↵

1
Some GRMHD simulations do not achieve the MAD state even

for their long integration timescales, depending on the initial

magnetic field configurations (Narayan et al. 2012; White et al.

2020). This may indicate that the condition for MAD forma-

tion depends on the magnetic field configurations of the ambient

medium.

• Gaia can detect ~ 100 IBHs in warm HI
• IBH in cold HI: O(1000)
• eROSITA can detect more IBHs than Gaia  
→Follow-up for eROSITA un-ID sources are important

Bland-Hawthorn & Reynolds 2000 
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• IBHs are located around cooling sequence of WDs (left panel) 
• X-ray bright WDs are blue or luminous (middle panel)  
→ Red or faint objects emitting X-rays are likely IBHs

•  is similar between WDs and IBHs (left panel)LX /Lopt

Isolated Black Holes in HR diagram
31
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Figure 3. Regions where IBH-MADs occupy in the HR
diagram. The thick lines with symbols indicate the IBH-
MADs in cold HI (green plus), warm HI (red cross), and
warm HII (blue square). The thick lines are obtained by
changing the IBH mass. The thin lines depict the sequences
of an IBH with various values of the mass accretion rate.
In the top panel, we also plot WD candidates detected by
Gaia (Gentile Fusillo et al. 2019). In the bottom panel, we
plot X-ray emitting WDs (grey circles and black triangles)
in Fleming et al. (1996), and their classification is given by
Dufour et al. (2017).

Figure 4. The relation between X-ray luminosity and Gaia
G-band absolute magnitude for IBHs (thin and thick lines)
and X-ray emitting WDs (grey circles and black triangles).

The spectral index of reconnection acceleration may
be softer than our assumption of sinj = 1.3, but our
conclusions are una↵ected as long as we use sinj . 2. Re-
cent 3D particle-in-cell (PIC) simulations support a hard
spectral index of sinj ⇠ 1 (Zhang et al. 2021), and long-
term 2D PIC simulations suggest sinj ' 2 (Petropoulou
& Sironi 2018). These results support our assumption.
In contrast, other 2D PIC simulations indicate much
softer spectra (sinj ⇠ 3 � 4) at a high-energy range of
Ee & �Bmec

2 (Ball et al. 2018; Werner et al. 2018;
Hakobyan et al. 2021). If particle acceleration by mag-
netic reconnections results in a soft spectral index, the
subsequent stochastic acceleration by turbulence is nec-
essary (Comisso & Sironi 2018) to emit strong X-ray
signals.
The IBHs may emit radio and sub-mm signals. Al-

though IBH-MADs cannot produce detectable radio sig-
nals, compact jets are highly likely launched by MADs
(Tchekhovskoy et al. 2011). Such jets may produce
radio signals as detected from a few quiescent X-ray
binaries (e.g., Hynes et al. 2009; Gallo et al. 2019).
The radio luminosity correlates with X-ray luminosity
in the low-hard state: LR ⇠ 1.4 ⇥ 1029L0.61

X,35 erg s�1

(Gallo et al. 2014). If we extrapolate this relation to
the regime of IBHs, the radio flux can be estimated to
be FR ⇠ 0.63 L

0.61
X,28(d/100 pc)�2 mJy. Thus, the sig-

nals from compact jets are detectable by current radio
telescopes, such as ALMA and VLA. These signals may
be detectable by ongoing radio surveys, such as Very
Large Array Sky Survey (VLASS; Lacy et al. 2020),
ThunderKAT (Fender et al. 2017), and ASKAP Survey
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The spectral index of reconnection acceleration may
be softer than our assumption of sinj = 1.3, but our
conclusions are una↵ected as long as we use sinj . 2. Re-
cent 3D particle-in-cell (PIC) simulations support a hard
spectral index of sinj ⇠ 1 (Zhang et al. 2021), and long-
term 2D PIC simulations suggest sinj ' 2 (Petropoulou
& Sironi 2018). These results support our assumption.
In contrast, other 2D PIC simulations indicate much
softer spectra (sinj ⇠ 3 � 4) at a high-energy range of
Ee & �Bmec

2 (Ball et al. 2018; Werner et al. 2018;
Hakobyan et al. 2021). If particle acceleration by mag-
netic reconnections results in a soft spectral index, the
subsequent stochastic acceleration by turbulence is nec-
essary (Comisso & Sironi 2018) to emit strong X-ray
signals.
The IBHs may emit radio and sub-mm signals. Al-

though IBH-MADs cannot produce detectable radio sig-
nals, compact jets are highly likely launched by MADs
(Tchekhovskoy et al. 2011). Such jets may produce
radio signals as detected from a few quiescent X-ray
binaries (e.g., Hynes et al. 2009; Gallo et al. 2019).
The radio luminosity correlates with X-ray luminosity
in the low-hard state: LR ⇠ 1.4 ⇥ 1029L0.61

X,35 erg s�1

(Gallo et al. 2014). If we extrapolate this relation to
the regime of IBHs, the radio flux can be estimated to
be FR ⇠ 0.63 L

0.61
X,28(d/100 pc)�2 mJy. Thus, the sig-

nals from compact jets are detectable by current radio
telescopes, such as ALMA and VLA. These signals may
be detectable by ongoing radio surveys, such as Very
Large Array Sky Survey (VLASS; Lacy et al. 2020),
ThunderKAT (Fender et al. 2017), and ASKAP Survey
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The spectral index of reconnection acceleration may
be softer than our assumption of sinj = 1.3, but our
conclusions are una↵ected as long as we use sinj . 2. Re-
cent 3D particle-in-cell (PIC) simulations support a hard
spectral index of sinj ⇠ 1 (Zhang et al. 2021), and long-
term 2D PIC simulations suggest sinj ' 2 (Petropoulou
& Sironi 2018). These results support our assumption.
In contrast, other 2D PIC simulations indicate much
softer spectra (sinj ⇠ 3 � 4) at a high-energy range of
Ee & �Bmec

2 (Ball et al. 2018; Werner et al. 2018;
Hakobyan et al. 2021). If particle acceleration by mag-
netic reconnections results in a soft spectral index, the
subsequent stochastic acceleration by turbulence is nec-
essary (Comisso & Sironi 2018) to emit strong X-ray
signals.
The IBHs may emit radio and sub-mm signals. Al-

though IBH-MADs cannot produce detectable radio sig-
nals, compact jets are highly likely launched by MADs
(Tchekhovskoy et al. 2011). Such jets may produce
radio signals as detected from a few quiescent X-ray
binaries (e.g., Hynes et al. 2009; Gallo et al. 2019).
The radio luminosity correlates with X-ray luminosity
in the low-hard state: LR ⇠ 1.4 ⇥ 1029L0.61

X,35 erg s�1

(Gallo et al. 2014). If we extrapolate this relation to
the regime of IBHs, the radio flux can be estimated to
be FR ⇠ 0.63 L

0.61
X,28(d/100 pc)�2 mJy. Thus, the sig-

nals from compact jets are detectable by current radio
telescopes, such as ALMA and VLA. These signals may
be detectable by ongoing radio surveys, such as Very
Large Array Sky Survey (VLASS; Lacy et al. 2020),
ThunderKAT (Fender et al. 2017), and ASKAP Survey
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• Contamination I: Isolated WDs 
 - variability is useful  
(WDs: 、IBH:  )  
- X-ray spectrum is useful  
(WDs: 、IBH: ) 

• Contamination II: WD-Main sequence binaries 
- multi-color photometry is useful  
(Binary = 2-temp. Black body; IBH = thermal 
synchrotron)

• Contamination III: isolated NSs 
 -  is useful  
(Isolated NS: 、IBH: ) 

tvar ∼ 1 min tvar < 1 sec

ΓX > 3 ΓX ≲ 2

LX /Lopt
LX /Lopt ≫ 1 LX /Lopt ≲ 1

IBH Identification strategy
32

Multi-wavelength emission from MADs around isolated black holess 7

Figure 3. Regions where IBH-MADs occupy in the HR
diagram. The thick lines with symbols indicate the IBH-
MADs in cold HI (green plus), warm HI (red cross), and
warm HII (blue square). The thick lines are obtained by
changing the IBH mass. The thin lines depict the sequences
of an IBH with various values of the mass accretion rate.
In the top panel, we also plot WD candidates detected by
Gaia (Gentile Fusillo et al. 2019). In the bottom panel, we
plot X-ray emitting WDs (grey circles and black triangles)
in Fleming et al. (1996), and their classification is given by
Dufour et al. (2017).

Figure 4. The relation between X-ray luminosity and Gaia
G-band absolute magnitude for IBHs (thin and thick lines)
and X-ray emitting WDs (grey circles and black triangles).

The spectral index of reconnection acceleration may
be softer than our assumption of sinj = 1.3, but our
conclusions are una↵ected as long as we use sinj . 2. Re-
cent 3D particle-in-cell (PIC) simulations support a hard
spectral index of sinj ⇠ 1 (Zhang et al. 2021), and long-
term 2D PIC simulations suggest sinj ' 2 (Petropoulou
& Sironi 2018). These results support our assumption.
In contrast, other 2D PIC simulations indicate much
softer spectra (sinj ⇠ 3 � 4) at a high-energy range of
Ee & �Bmec

2 (Ball et al. 2018; Werner et al. 2018;
Hakobyan et al. 2021). If particle acceleration by mag-
netic reconnections results in a soft spectral index, the
subsequent stochastic acceleration by turbulence is nec-
essary (Comisso & Sironi 2018) to emit strong X-ray
signals.
The IBHs may emit radio and sub-mm signals. Al-

though IBH-MADs cannot produce detectable radio sig-
nals, compact jets are highly likely launched by MADs
(Tchekhovskoy et al. 2011). Such jets may produce
radio signals as detected from a few quiescent X-ray
binaries (e.g., Hynes et al. 2009; Gallo et al. 2019).
The radio luminosity correlates with X-ray luminosity
in the low-hard state: LR ⇠ 1.4 ⇥ 1029L0.61

X,35 erg s�1

(Gallo et al. 2014). If we extrapolate this relation to
the regime of IBHs, the radio flux can be estimated to
be FR ⇠ 0.63 L

0.61
X,28(d/100 pc)�2 mJy. Thus, the sig-

nals from compact jets are detectable by current radio
telescopes, such as ALMA and VLA. These signals may
be detectable by ongoing radio surveys, such as Very
Large Array Sky Survey (VLASS; Lacy et al. 2020),
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cent 3D particle-in-cell (PIC) simulations support a hard
spectral index of sinj ⇠ 1 (Zhang et al. 2021), and long-
term 2D PIC simulations suggest sinj ' 2 (Petropoulou
& Sironi 2018). These results support our assumption.
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Fig. 9 The left hand panel shows a selection of states taken from the 2005 outburst
of GRO J1655–40. The right hand panel shows the proposed accretion flow changes
to explain these different spectra, with differing contributions from the disc, hot
inner flow and its associated jet, active regions above the disc and a wind.

the hard state is seen at lower luminosities. Comprehensive reviews of the
observational properties of these spectral states are given by e.g. Tanaka &
Lewin (1995) and Remillard & McClintock (2006).

Thus while we have two theoretical stable accretion flow models, a disc
and an optically thin, hot (messy) flow, there are (at least) three different
types of spectra to explain. As outlined in Section 3.4, the hot flows plus
a truncated disc can generically match the hard state properties (see also
Section 4.1), while the spectra seen at high L/LEdd show clear signs of be-
ing dominated by the disc. At these high luminosities the disc is likely to
extend down to the last stable orbit (see Section 5), but even the soft-state
spectra are always accompanied by a high-energy tail. This shows that there
must be some sort of optically thin dissipation which can co-exist with the
majority of the accretion flow being in the form of a disc. This could be due
to some small fraction of the flow in a state analogous to the hot, optically
thin (messy) flow seen in the hard state, but with properties modified by the
strong Compton cooling (Esin 1997; Janiuk, Życki & Czerny 2000) and ther-
mal conduction (Różańska & Czerny 2000; Liu, Meyer & Meyer-Hofmeister
2005). There are also alternatives to these smooth flows in models where the
energy dissipation is instead inherently very inhomogeneous, perhaps due to
magnetic reconnection of flux tubes rising to the surface of the disc, as was
first suggested by Galeev, Rosner & Vaiana (1979), and finds some support
in the inherently variable (in both space and time) dissipation produced by
the MRI (e.g. Hawley & Balbus 2002).

One way to put all these mechanisms together into a plausible model for
all the spectral states is sketched in Fig. 9b, similar to that first proposed
by Esin et al. (1997). In the sections below we will outline how this model
works to explain the observed spectra of each state. We discuss alternatives
to the truncated disc in Section 4.2.
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Fig. 12 Range of low/hard state geometries in the truncated disc model, together
with their predicted spectra. When the disc is truncated far from the black hole,
few disc photons are intercepted by the hot flow. Thus the Comptonized spectrum
is hard, while a large fraction of disc photons are seen directly. As the disc extends
further underneath the hot flow the larger fraction of disc photons intercepted
means the spectrum becomes softer as the electron temperature is cooler, while the
disc is hotter but less distinct.

(Zdziarski, Lubiński & Smith 1999; Zdziarski et al. 2003) especially given the
uncertainties in determining the amount of reflection. As well as being de-
pendent on details of how the continuum is modelled (Wilson & Done 2001;
Ibragimov et al. 2005) there are also theoretical uncertainties on the shape
of the reflected spectrum when the material is ionized. Low energy line emis-
sion contributes to the spectrum as well as simple electron scattering of the
incident continuum as the material is heated and ionized by the X-ray illumi-
nation (Ross & Fabian 1993; Życki & Czerny 1994). Compton upscattering
in the upper, X-ray heated layers of the disc can give additional broadening
to the spectral features (Ross, Fabian & Young 1999) and there should also
be a range of ionization states present, from both radial and vertical strati-
fication, and this can be highly complex if the disc is in hydrostatic balance
(Nayakshin, Kazanas & Kallman 2000).

By contrast, the properties of the thermal Comptonizing region are more
robust. Fig. 12 shows a series of models for the hard state which quantify the
effect of the geometry changes, where the disc extends progressively further
inwards as a function of Ṁ and the fraction of disc flux intercepted by the hot
flow also progressively increases (based on the eqpair code of Coppi 1999).
These models have the disc inner radius decreasing by a factor 2, while the
covering fraction of the hot flow increases from 0.2 to 0.6. The optical depth
in the hot flow is fixed at unity, and Lh/Ls decreases from 15 to 2.5. This
model incorporates Compton (and Coulomb) cooling self consistently, and
predicts electron temperatures dropping from 110 keV to 70 keV. This bears
a strong resemblance to the observed hard-state spectra shown in Fig 10.
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values of may cause the normalizations of ( ) and (
to exceed the Eddington limit  In this case the outburst will
be entirely within the linear regime ( ) and ( )  with 
unless a heating wave propagating outwards from trig-
gers a further small outburst as envisaged above  The recur-
rence time can be expressed using ( ) as

rec

yr
yr. (

If the central source is able to irradiate the entire disc is
given by Kepler’s law and Roche geometry  We can then
derive scaling laws describing SXT outbursts in terms of th
binary period and evolutionary state of the system  It shoul
be possible to check some of these scalings as a test of our
picture  and we shall consider their implications for the
detection of SXTs in a future paper  These scalings must
however  change for 1–  as then formally exceeds
the Eddington rate even for a black hole mass  For
such systems stabilizes at the value given by the Edding-
ton limit  so that should be constant at a value 0– 0 d
for the longest-period transients  This appears to agree  fo
example  with the decay time 0 d seen in V  Cygni

7 d) (cf  Tanaka & Shibazaki )  In such systems
much of the disc mass is not heated directly  Unless this
mass is reached by a heating wave propagating outwards
from it would not be accreted (the outburst would always
be in the linear regime)  In this case the meaning of the
recurrence time rec becomes more complex: one might for
example get a series of outbursts repeating on something
like the cold-state viscous time (typically 0 d)
followed by a much longer quiescent interval characterize
by the accumulation time of the whole disc

It may be possible to detect the change from the exponen-
tial to linear decline (cf  equations 9– ) of the bolometric
light curve in the brighter transients  although changes in
the overall spectrum may obscure this  Short-period tran-
sients with  will already be quite faint when this
regime starts  particularly if  (the ‘neutron star’ case)
The best chance of seeing the linear decline is in long-
period systems  Outbursts in systems with sufficiently long
periods should be entirely in the linear regime  because
their discs are so large that even irradiation by the Edding
ton luminosity cannot ionize them  We note that the X-ray
decay of GRO J  which has the longest period of
any SXT ( 2 d)  is indeed entirely linear (Giles et al

)
We have necessarily presented here a very simplified

picture of SXT outbursts  using the assumption of a quasi-
steady density profile to describe the global disc structur
To improve on this treatment we need to use a full disc
outburst code  We stress  however  that it is hardly surpris-
ing that irradiation has a powerful effect on the outburst
behaviour of SXTs  After all  it is already known directly
from observation of the optical-to-X-ray flux ratio that th
disc brightness is dominated by X-ray heating  Accordingly
we expect the effects discussed here to form the basis of a
fuller understanding of the details of SXT light curves  We
note that both the general shape of the predicted outburst
and the predicted accretion rates and duration are in excel
lent agreement with observation
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Figure Central accretion rate ( X-ray light curve) of a soft X-
ray transient  as predicted by equations ( )  ( ) and ( )  with

0 d  A full disc calculation is required to resolve the
secondary rise at  shown as a step function  There could be
additional small outbursts during the linear decay phase
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Fig. 2 The left panel shows the X-ray light curve of the BHB A 0620–00 from the
Ariel V all sky monitor. The fast rise, followed by an exponential decay (with a
reflare) is well matched by theoretical models of the hydrogen ionization instability
controlling the fast rise, with irradiation preventing the disc switching back into
quiescence, leading to the exponential decay when the irradiation is strong enough
to keep the whole disc above the hydrogen ionization temperature, and then to a
linear decay as this region shrinks in size (From King & Ritter 1998).

chor the magnetic fields. The MRI may be suppressed, and much less efficient
hydrodynamic processes such as spiral waves, probably dominate the stress
(Gammie & Menou 1998). This may only be the case in the Galactic bi-
nary discs. Supermassive black holes have Shakura–Sunyaev discs with much
lower density, so recombination is not so effective at suppressing free elec-
trons from e.g. potassium, iron etc., so even when H is mostly neutral then
the MRI may still be able to operate. The disc instability is then purely lo-
cal, not global, and does not lead to the same outburst/quiescence behaviour
(Menou & Quaeterat 2001) despite the disc temperature crossing the H-
ionization regime (Siemiginowska, Czerny, & Kostyunin 1996; Burderi, King
& Szuszkiewicz 1998).

The disc instability in neutron star (hereafter NS) and black hole bi-
naries (hereafter BHB) gives very different behaviour to that of the white
dwarfs. Fig. 2 shows an example of this. While the quiescent disc and fast
rise to outburst can be modelled by the same codes as work for the white
dwarf discs, they cannot produce the quasi–exponential decay (KFM; Lasota
2001). This is because the hugely luminous inner disc in these X-ray binary
systems means that irradiation is also important, which can keep the disc hot
even at large radii (van Paradijs 1996). If the irradiation is strong enough to
prevent H recombining then the disc is kept on the hot branch, with a higher
mass accretion rate than supplied by the companion. This eats away the
disc, pulling its temperature down, reducing the mass accretion rate through
the disc which decreases the X-ray irradiation. This gives the characteristic
exponential decay if the whole disc is irradiated, but eventually the irradia-
tion becomes weak enough that the outer disc temperature goes below the
hydrogen ionization and switches to the cool branch. However, the cooling
front is prevented from propagating inwards on the viscous timescale as its
innermost radial extent is set by the radius of the irradiated region. This
leads to linear decays (King & Ritter 1998; Lasota 2001).
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• Faintest state in X-ray binaries (LX < 1033 erg/s)
• Detected by radio, IR/opt/UV, and X-rays
• Radio emissions come from compact jets
• Emission regions of Opt & X are unknown 
→ We propose MAD as emission site
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Figure 7. Broad-band SED. Solid points are simultaneous data from our campaign, open points are non-simultaneous. Triangles are used for radio data,
squares for Spitzer, circles for optical photometry and stars for HST UV photometry. Solid lines indicate the stellar fit to the optical data and the power-law fit
to the radio.

Table 4. Compilation of SED data used in Fig. 7.

ν Observed f ν Dereddened f ν

(Hz) (erg cm−2 s−1 Hz−1) (erg cm−2 s−1 Hz−1)

Simultaneous observations
WSRT (1.4 GHz) 1.40 × 109 (1.8 ± 0.8) × 10−27

WSRT (4.8 GHz) 4.80 × 109 (1.9 ± 0.3) × 10−27

VLA (4.9 GHz) 4.86 × 109 (2.01 ± 0.10) × 10−27

VLA (8.6 GHz) 8.60 × 109 (1.93 ± 0.10) × 10−27

IAC80 (R) 4.55 × 1014 (5.62 ± 0.05) × 10−27 (9.37 ± 0.09) × 10−26

HST (F330W) 8.93 × 1014 (8.9 ± 1.1) × 10−30 (3.6 ± 0.5) × 10−27

HST (F250W) 1.11 × 1015 (7.0 ± 4.9) × 10−31 (2.2 ± 1.5) × 10−28

Chandra 8.81 × 1017 2.12 × 10−31

Non-simultaneous observations
Spitzer (24 µm) 1.27 × 1013 (0.44 ± 0.22) × 10−26 (0.57 ± 0.27) × 10−26

Spitzer (8 µm) 3.81 × 1013 (1.76 ± 0.18) × 10−26 (2.23 ± 0.22) × 10−26

Spitzer (4.5 µm) 6.68 × 1013 (3.22 ± 0.32) × 10−26 (4.08 ± 0.38) × 10−26

Archival K 1.36 × 1014 (6.4 ± 0.3) × 10−26 (9.9 ± 0.5) × 10−26

Archival H 1.80 × 1014 (7.7 ± 0.4) × 10−26 (15.7 ± 0.9) × 10−26

Archival J 2.39 × 1014 (5.3 ± 0.4) × 10−26 (15.0 ± 1.1) × 10−26

Archival R 4.47 × 1014 (6.86 ± 0.06) × 10−27 (11.21 ± 0.10) × 10−26

Archival V 5.50 × 1014 (1.54 ± 0.03) × 10−27 (6.35 ± 0.12) × 10−26

Archival B 6.85 × 1014 (2.25 ± 0.10) × 10−28 (3.26 ± 0.15) × 10−26

are more telling evidence than fluxes. We find an excellent corre-
lation between X-ray and optical continuum (Fig. 1), but no clear
correlation between X-ray and radio (and by extension optical).
This suggests that the optical variability and the X-ray emission are
closely connected either by direct emission from the same region as
expected from early advection dominated accretion flow (ADAF)
models or indirectly through X-ray irradiation of the disc as inferred
for Hα emission by Hynes et al. (2004). The X-ray and radio emis-
sion, on the other hand, do not obviously appear correlated on the

time-scales observed (although a correlation on longer time-scales
is certainly possible) suggesting that the mechanisms for variability
in the two are not connected.

6.3 The extent of synchrotron emission

There is clearly a mid-IR excess prominent in the 24 µm band.
While it is possible to partially explain this with emission from a
cool disc, synchrotron emission from the radio jet provides a better
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our observations are anomalous, perhaps representing an
uncommon or transient situation, or whether such a slope is
typically seen in quiescent X-ray binaries.

4.2. X-Ray/Radio Anticorrelation

We have shown that A0620-00 exhibited a significant
change in its X-ray flux over 13 years. The change in the X-ray
flux between the two archival Chandra observations was
reported previously (Gallo et al. 2006; Plotkin et al. 2013) and
the flux from a combined Swift observation in 2010 was
consistent with the 2005 level (Froning et al. 2011). Our results
reinforce the fact that A0620-00 is variable in X-rays at the
deepest quiescent levels probed to date at L L10X

8
Edd_ � .

Furthermore, we have also shown marginal evidence that the
radio flux density of the source has changed with respect
to 2005.

A0620-00 is now the only accreting black hole from which
radio and X-ray variability has been observed at
L L10X

8
Edd_ � . The closest source in luminosity that has

shown variability in both regimes is V404 Cyg at
L L10X

6
Edd_ � (Bernardini & Cackett 2014; Plotkin et al.

2017). The results from V404 Cyg and A0620-00 suggest that
the X-ray (and perhaps the radio) variability is a common
property of black hole X-ray transients in quiescence down to
at least L L10X

8
Edd_ � , and hence provides motivation for

future variability studies at the deepest quiescent levels.
The origin of the X-ray variability can be interpreted quite

differently depending on the timescale of the variability. Given
that there are only three observations, it may well be that we are
seeing the results of stochastic variations in the X-ray flux.
While there is no evidence of short-term variability within our
data (see Section 3.3), V404 Cyg in quiescence does show
flares on day to week timescales during which the X-ray flux
of the source increases by a factor of 3 (Bernardini &
Cackett 2014). This suggests that the increase in the X-ray flux
might be due to random snapshots of these short-term flares
and might thus be independent of changes in the outer parts of
the accretion disk. Alternatively, one might speculate that the
X-ray flux is a long-term trend, which might result from a
gradual buildup of the accretion disk for the next outburst
cycle. This would not be unexpected. Brightening in the long-
term O/NIR light curves of accreting black hole transients in
quiescence has been observed in several sources (Cantrell
et al. 2008; Koljonen et al. 2016; Wu et al. 2016). The changes

in the outer disk and inner flow (as observed from O/NIR and
X-rays, respectively) may both be the consequence of the
buildup of the disk, which is expected by the instability model
that explains the outburst cycles (Dubus et al. 2001). More
repeated observations during quiescence will be useful to
understand the origin of the variability.
Regardless of a possible connection between the inner

accretion flow and the outer accretion disk as suggested by the
O/NIR and X-rays, the change in X-rays presumably reflects a
change in the emission properties of the material flowing close
to the black hole (e.g., Sobolewska et al. 2011). There is a
general consensus that the X-rays are emitted by a population
of electrons in this flow; however, the origin and nature of these
electrons are still debated. They can be either thermal or non-
thermal, inflowing or outflowing (McClintock et al. 2003;
Veledina et al. 2013). However, we find that the power-law
shape and index of the X-ray flux does not change as the flux
increases. Therefore, it seems likely that the nature of the
electron population responsible for the X-ray flux has not
changed, although the size of the emitting region may have
increased.
The radio emission, which we interpret as the signature of

jets in quiescence, is likely to vary on hours timescales, within
our observing duration (see Section 3.3). On such timescales,
fast ejecta could collide with previous slower ejecta, resulting
in a shock, and hence cause variability. This shock phenom-
enon within a jet has previously been invoked to explain the
radio properties of jets in general (Jamil et al. 2010; Malzac
2013), and there are likely other ways to change the magnetic
field or electron density on short timescales. But it is difficult to
detect such variations in the radio flux of A0620-00, because
the radio flux is very low (see Section 3.3). Thus our radio
observations, and indeed any plausible future observations of
systems at the faint end of the radio/X-ray correlation, must be
interpreted as an average over what may be substantial
variability on timescales that are short compared to the
exposure time. Direct comparisons of jet activity as indicated
by the radio with the state of the accretion flow as indicated by
simultaneous X-ray observations should therefore be consid-
ered with caution.
Small changes in the X-ray/radio correlation have also been

observed in sources such as GX 339-4 (Corbel et al. 2013), and
it is interesting to speculate whether an anticorrelation such as
we observe might be directly associated with the increase in the

Figure 6. Broadband spectrum of A0620-00 constructed from VLA, SMARTS, and Chandra observations taken on 2013 December 9. SMARTS O/NIR data are de-
reddened and consist of total light (circles) and non-stellar light (diamonds). Solid lines show the best fitting power laws to radio and unabsorbed X-ray data.
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marginal evidence for a change in radio flux. The 22 GHz data
was obtained in two observing windows, from 04:27 to 06:18 UT
and 07:00 to 08:50 UT. Splitting each of the observing windows
into two equal time bins, we detected the source at 50±10 μJy
beam−1 and 44±11 μJy beam−1 during the first observing
window, and 55±9 μJy beam−1 and 80±10 μJy beam−1 in
the second observing window. Given the large error bars, a
constant source cannot be ruled out at the 2σ level, but it is
probable that the radio flux varies on a timescale of hours—
shorter timescales cannot be explored given the low flux levels.
The other two radio bands have 5T� detections for the entire
observation, so subdividing them in time yields no useful
information. In order to investigate the X-ray variability during
the radio observations, we extracted a background-subtracted

source light curve in the 0.5–7 keV band with time bins of 3600 s.
We found that the errors on the count rates are greater than the
bin-to-bin variability. The fractional errors on the count rates are
15%, hence we are not able to detect any variability smaller than
15% on hour timescales.

3.4. O/NIR Fluxes

O/NIR magnitudes of A0620-00 were significantly variable
in all our observing bands on the night of our Chandra/VLA
observations. Comparing the ranges of VIH magnitudes to
Figure 2 in Cantrell et al. (2008), we identify A0620-00 as
being in the active state, where the O/NIR emission shows
enhanced non-stellar emission. The O/NIR light is not
straightforward to interpret, as it contains emission from
several different sources in the system. In quiescent systems

Table 1
X-Ray Spectral Fit Results

ObsId MJD
Time on
Source Net Count Rate

Net Source
Counts

Background
Counts NH Γ F3 9 keV– LL3 9 keV Edd–

(day, UTC) (ks) 0.5–7 keV (counts s−1) 0.5–7 keV 0.5–7 keV (1021 cm−2) (10−14 cgs) (10−9)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)

95 51603.15 42.1 (3.22 ± 0.28)×10−3 136 104 3.0±0.5 2.17±0.20 0.9 0.2
0.4

�
� 1.5 0.5

0.7
�
�

5479 53602.36 39.6 (8.06 ± 0.45)×10−3 320 59 3.0±0.5 2.32±0.16 2.2 0.5
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Note. Column (1): Observation Id. Column (2): Modified Julian date (MJD = JD-2400000.5). Column (3): Exposure time of the observation. Column (4): Total count
rate in the source aperture after background subtraction. Column (5): Number of counts in the source aperture after background subtraction. Column (6): Number of
background counts in the source aperture. (7): Hydrogen column density (NH), tied between the observations. Column (8): Photon index of the power law. Column
(9): Unabsorbed net source flux in the 3–9 keV band. Column (10): Luminosity in the 3–9 keV band scaled in Eddington units. Note that the fraction of the total
luminosity implied by the observed 3–9 keV band depends on assumptions about the shape of the overall spectrum, and thus L Lbol Edd will be larger than the value
given in this column. Errors on the fit parameters refer to the 1σ uncertainties. Errors on the luminosities include uncertainties in flux, mass, and distance.

Figure 2. Chandra X-ray spectra of A0620-00 from the years 2000, 2005, and
2013 with best-fit absorbed power-law models and data/model ratio.

Table 2
Measured Radio Flux Densities of A0620-00

Central Frequency Bandwidth Flux Density
(GHz) (GHz) (μJy beam−1)

5.25 1 22.3±4.8
7.45 1 18.9±5.3
22.00 8 53.6±5.0

Figure 3. Radio and X-ray luminosities of black hole X-ray binaries in the hard
and quiescent state, highlighting A0620-00 observations in 2013 December
(triangle) and 2005 August (square). Data points for other black holes include
GX 339-4 (Corbel et al. 2013), V404 Cyg (Corbel et al. 2008; Rana et al. 2016;
Plotkin et al. 2017), H1743-322 (Coriat et al. 2011), XTE J1118+480 (Gallo
et al. 2014), and some quiescent sources from a deep radio survey (Miller-Jones
et al. 2011). The solid line is drawn to indicate the standard track (L LR X

0.62r ,
Corbel et al. 2013). All radio luminosities are calculated by assuming a flat
radio spectrum up to 8.5 GHz (i.e., L d S4R

2Q O� O). The radio luminosity of the
2013 data is calculated using the interpolated flux density at 8.5 GHz (see
Section 3.2).
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• Optical: Thermal synchrotron
• X-rays: Synchrotron by non-thermal electrons
• Consistent with opt/X-ray data for nearby objects
• Can reproduce empirical relation (LX-Lopt;  LX-ΓX)

Photon spectra from MAD
36

We note that the free parameters in our calculation are only
the mass accretion rate, �m, and plasma beta, β. We calibrate
other parameters (α, *, òdis, sinj, òNT, η) so that the emission
from MADs in radio galaxies can reproduce the GeV gamma-
ray data observed by Fermi (Kimura & Toma 2020). We expect
that the parameters related to dynamics and nonthermal particle
production should be similar in the MADs in radio galaxies and
X-ray binaries. The particle acceleration in MADs should occur

by magnetic reconnections or stochastic acceleration by
turbulence. The characteristics of these processes are deter-
mined by the magnetization parameter, σ, and the Alfvén
velocity, VA. Since the temperature and Alfvén velocity are
independent of M in the RIAF regime (Kimura et al. 2019a),
we expect σ and VA are similar in radio galaxies and X-ray
binaries. Therefore, the parameters for nonthermal particle
production should also be similar.

4. CRs from QBXB-MADs

Magnetic reconnections in MADs accelerate not only
electrons but also protons. CR protons do not have efficient
cooling processes in the QBXB-MADs. Significantly high-
energy protons can diffusively escape from the system, while
lower-energy ones fall to the BH. Equating tfall to tesc, we
estimate the critical energy of the escaping protons to
be ( ) ( )�I Ix �E eBV R c B V R3 19 5p R R,esc 5.5 ,9 7

1 TeV. The
maximum proton energy is given by balancing the escape
and acceleration, ( )�C I CxE eBR B R3 0.23 0.7p A A,cut 5.5 7

( )I �5 1 PeV. Thus, QBXB-MADs with � �2m 10 3 can release
PeV protons into the interstellar medium (ISM). Magnetic
reconnection or stochastic acceleration processes produce both

Figure 3. Same as Figure 2, but for hypothetical X-ray binaries with higher
values of �m. The integration time for FORCE sensitivity curves are also
changed to 10 ks. In the bottom panel, the thin line represents the intrinsic
spectrum at the source, and the thick line is the flux attenuated by γγ pair
production.

Figure 4. Top panel: Lopt–LX relation for our QBXB-MAD scenario (solid line)
and observations of QBXBs (data points; Russell et al. 2006). The yellow
regions indicates the observed Lopt–LX relation including both quiescent and
hard states (Russell et al. 2006). Bottom panel: ΓX–LX/LEdd relation in our
QBXB-MAD scenario (solid line) and observations (data points; Plotkin
et al. 2013).
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two frequencies where the synchrotron spectrum is given by
( )rH H
�

HE L EE
s2 2inj . The resulting spectra can reproduce the

X-ray data of QBXBs within their uncertainty. Future hard X-ray

missions, such as focusing on relativistic universe and cosmic
evolution (FORCE) (Nakazawa et al. 2018), will be able to
measure the spectrum above 10 keV, which provides a good test
of the QBXB-MAD model. Although the spectrum extends to
MeV energies, it is too faint to be detected by near future projects,
such as e-ASTROGAM (De Angelis et al. 2017), the All-sky
Medium Energy Gamma-ray Observatory (AMEGO) (Moiseev &
Amego Team 2017), and Gamma-ray and Anti-matter Survey
(GRAMS) (Aramaki et al. 2020).
The QBXBs in Figure 2 have relatively low mass accretion

rates, –� � q� �m 10 2 105 4. In our scenario, MADs can be
formed in a system with a higher mass accretion rate of
� �1m 10 2 (see below for observational support). In Figure 3,
we show the broadband spectra of hypothetical sources with

�� �- -m10 103 2. The gamma-ray counterpart can be detect-
able by the MeV satellites up to a few kiloparsecs for
� _ �m 10 3 and close to 10 kpc for � _ �m 10 2. Such systems
might be discovered by current and future X-ray monitoring
satellites. Also, known sources may emit detectable MeV
gamma-rays during a specific epoch of an outburst, although
the time window for the suitable accretion rate is limited.
The multiwavelength observations of QBXBs show the

correlation between the optical luminosity, Lopt, and X-ray
luminosity in the 2–10 keV band, LX (Russell et al. 2006). In
addition, the X-ray observations exhibit that the X-ray photon
index, ΓX, are almost constant for a wide range of the X-ray
Eddington ratio of LX/LEdd 5× 10−6 (Plotkin et al. 2013)14.
We calculate photon spectra for various �m with a fixed
(MBH/Me, β)= (10, 0.1) and (10, 0.5). The resulting spectra
are consistent with the observed relations as shown in Figure 4.
These results indicate that the accretion flows in QBXBs are in
the MAD regime when LX 3× 1033 erg s−1, or � 1m 0.01. In
contrast, BH binaries of LX/LEdd> 5× 10−6, i.e., � 2m 0.01,
show an anticorrelation between ΓX and LX/LEdd (Wu &
Gu 2008). This transition in the ΓX–LX/LEdd relation implies
that QBXB-MADs no longer exist when � 2m 0.01.

Figure 2. Broadband spectra for well-known BH X-ray binaries, A0620-00
(top), V404 Cyg (middle), and XTE J1118-480 (bottom), in quiescent states.
Thick lines are photon spectra by the MAD scenario (this study) and the thin
dashed lines are ones for a weak magnetic field scenario (SANE; see
Section 5). The total fluxes of the optical band are given by black points, and
the gray points indicate nonstellar fluxes. The blue shaded regions show the
power-law fit of X-ray data. The thin dotted lines show the sensitivity curves
for FORCE (100 ks; Nakazawa et al. 2018) and AMEGO (1 yr; Moiseev &
Amego Team 2017). The data are taken from Dinçer et al. (2018) for A0620-
00, Zurita et al. (2004); Hynes et al. (2009) for V404 Cyg, and McClintock
et al. (2003); Plotkin et al. (2013) for XTE J1118+480.

Table 1
List of Model Parameters and Physical Quantities

Shared Parameters

α * òdis η òNT sinj

0.3 10 0.15 5 0.33 1.3

Parameters for Individual BHs

Name M [Me] [ ]� �m 10 4 β dL [kpc]

A0620-00 6.6 1.0 0.40 1.7
V404 Cyg 9.0 2.0 0.50 2.4
XTE J1118+480 7.5 0.10 0.10 1.7
Hypotheticala 10 0.1 − 100 0.1 − 0.5 2 − 8

Note.
a Cases shown in Figures 3, 4, and 5. The references for BH masses and
distances are Cantrell et al. (2010), Gandhi et al. (2019) for A0620-00,
Khargharia et al. (2010), Miller-Jones et al. (2009) for V404 Cyg, and
Khargharia et al. (2013), Gelino et al. (2006) for XTE J1118+480

14 In Plotkin et al. (2013), LX is defined in the 0.5–10 keV band, while we use
LX of the 2–10 keV band throughout the paper, which results in a factor of
∼1.9 difference in LX. Here, we assume the photon index Γ ; 2.0 in the
X-ray band.
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A cut-off in the Cas A spectrum 2959

Figure 1. Spectral energy distribution measured by the MAGIC telescopes
(black dots) and Fermi (blue squares). The red solid line shows the result of
fitting the MAGIC spectrum with equation (1). The black solid line is the
broken power-law fit applied to the Fermi spectrum.

3 R ESULTS

Fig. 1 shows the reconstructed SED obtained with the MAGIC tele-
scopes (black solid points). Red solid line is the curve obtained that
best fits the MAGIC data assuming a power law with an exponential
cut-off (EPWL):

dN

dE
= N0

(
E

E0

)−!

exp
(

− E

Ec

)
(1)

with a normalization constant N0 = (1.1 ± 0.1stat ± 0.2sys) ×
10−11 TeV−1 cm−2 s−1 at a normalization energy E0 = 433 GeV,
a spectral index ! = 2.4 ± 0.1stat ± 0.2sys and a cut-off energy
Ec = 3.5(+1.6

−1.0)stat(+0.8
−0.9)sys TeV. The spectral parameters of the tested

models θ = {N0, !, Ec} are obtained via a maximum likelihood
approach. The data inputs are the numbers of recorded events (after
background suppression cuts) in each bin of estimated energy Ei

est,
both in the source direction (NON

i ) and in the three OFF regions
(NOFF

i ). An additional set of nuisance parameters µi for modelling
the background are also optimized in the likelihood calculation. In
each step of the maximization procedure, the expected number of
gammas in a given bin of estimated energy (Eest) is calculated by
folding the gamma spectrum with the MAGIC telescopes response
(energy-dependent effective area and energy migration matrix). The
background nuisance parameters and the statistical uncertainties in
the telescopes response are treated as explained in Rolke et al.
(2005).

The probability of the EPWL fit is 0.42. We tested the model
against the null hypothesis of no cut-off, which is described with a
pure power law (PWL). The probability of the PWL fit is 6 × 10−4.
A likelihood ratio test between the two tested models favours the
one that includes a cut-off at ∼3.5 TeV with 4.6σ significance.

Fig. 2 compares the fit residuals for the two tested models: PWL
and EPWL. The residuals are here defined as Nobs

ON/N
exp
ON − 1, where

Nobs
ON is the number of observed events (including background) in

the ON region and N
exp
ON is the number of events predicted by the fit

in the same region. All the bins in estimated energy which contain
events are used in the fits, but only those with 2σ significance
gamma-ray excess are shown as SED points in the upper panel of
Fig. 1.

The systematic uncertainty due to an eventual mismatch on the
absolute energy scale between MAGIC data and Monte Carlo (MC)

Figure 2. Relative fit residuals for the two tested models fitting the MAGIC
spectrum: power law with an exponential cut-off (EPWL, upper panel) and
power law (PWL, lower panel). The error bars are calculated such that they
correspond to the total contribution of each estimated energy bin to the final
likelihood of the fit.

simulations was constrained to be below 15 per cent in Aleksić et al.
(2016). By conservatively modifying the absolute calibration of the
telescopes by ±15 per cent, and re-doing the whole analysis, we
can evaluate the effect of this systematic uncertainty in the esti-
mated source spectrum. This does not produce a simple shift of
the spectrum along the energy axis, but also changes its hardness.
Even in the unlikely scenario in which, through the 158 h of ob-
servations, the average Cherenkov light yield was overestimated by
15 per cent relative to the MC, by applying the corresponding cor-
rection the resulting spectrum is still better fit by an EPWL at the
level of 3.1σ . Also, in the unlikely scenario in which the light yield
was underestimated, the EPWL is preferred over the PWL at the
6.5σ level. The systematic uncertainties in the flux normalization
and spectral index were retrieved from the publication reporting the
performance of the MAGIC telescopes during moonlight (MAGIC
Collaboration 2017). The systematic errors in the cut-off energy
were estimated from the values of Ec obtained when modifying the
absolute light scale by ±15 per cent.

For the Fermi-LAT analysis, a broken power-law function with
normalization No = (8.0 ± 0.4) × 10−12 MeV−1 cm−2 s−1 and in-
dices !1 = 0.90 ± 0.08 and !2 = 2.37 ± 0.04 is obtained and shown
in Fig. 1 as blue solid squares. The light grey shaded area shows
the statistical errors of the obtained broken power-law fit whereas
the dark one marks the uncertainty coming from the imperfect-
ness in the Galactic diffuse emission modelling, dominating the
Cas A flux uncertainties at low energies. The latter was obtained by
modifying the galactic diffuse flux by ±6 per cent. Note that the sys-
tematic error due to the diffuse background is greatly reduced above
300 MeV.

4 D ISCUSSION

MAGIC observations of the youngest GeV- and TeV-bright known
SNR have allowed us to obtain the most precise spectrum of Cas A
to date, extending previous results obtained with Cherenkov instru-
ments up to ∼10 TeV. In the MAGIC energy range, the spectrum
is best fitted with a power law with an exponential cut-off function
with an index of ∼2.4 and an energy cut-off at Ec ∼ 3.5 TeV. These
findings provide a crucial insight into the acceleration processes in
one of the most prominent non-thermal objects in our Galaxy.

We also analysed more than 8 yr of LAT data and obtained
a spectrum that confirms the one by Yuan et al. (2013). Below
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• Origin of PeV( =1015 eV) CRs are unknown
• Tibet ASγ detected gamma-ray of 1014-1015 eV 
→ Oricin of 1015-1016eV CRs should be Galactic

• Gamma-ray from SNR: cutoff around 1012-1013eV  
→Hadron energy in SNR is 1014 eV ? 
→Other CR sources may be important !

Galactic CRs & PeVatron
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best-fit Nishimura-Kamata-Greisen (NKG) function [20].
The energy resolutions with S50 are roughly estimated to
be 20% and 10% for 100 and 400 TeV, respectively. The
absolute energy scale uncertainty was estimated to be 12%
from thewestwarddisplacement of theMoon’s shadowcenter
due to the geomagnetic field [21]. The live time of the dataset
is 719 days fromFebruary 2014 toMay 2017, and the average
effective detection time for the Galactic plane observation is
approximately 3700 h at the zenith angle less than 40°. The
data selection criteria are the same in our previous work [12]
except for the muon cut condition. According to the CASA-
MIA experiment, the marginal excess along the Galactic
plane in the sub-PeV energies is 1.63 σ, and the fraction of
excess to cosmic-ray background events is estimated to be
approximately 3 × 10−5 [18]. In order to search for signals
with such a small excess fraction,we adopt a tightmuon cut in
the present analyses requiring for gamma-ray-like events to
satisfyΣNμ < 2.1 × 10−4 ðΣρÞ1.2 or ΣNμ < 0.4, where ΣNμ

is the total number of muons detected in the underground
muon detector array. This is just one order of magnitude
tighter than the criterion used in our previous work [12]. The
cosmic-ray survival ratio with this tight muon cut is exper-
imentally estimated to be approximately 10−6 above 400TeV,
while the gamma-ray survival ratio is estimated to be 30% by
the MC simulation. The comparison between the cosmic-ray
data and the MC simulation is described in Fig. S1 in
Supplemental Material [22].
Results and discussion.—Figure 1 shows arrival direc-

tions of gamma-ray-like events in (a) 100ð¼102.0Þ < E <
158ð¼102.2Þ TeV, (b) 158ð¼102.2Þ<E<398ð¼102.6ÞTeV,
and (c) 398ð¼102.6Þ < E < 1000ð¼103.0Þ TeV, remaining
after the tight muon cut. It is seen that the observed arrival
directions concentrate in a region along the Galactic plane
(see also Fig. 2). Particularly in Fig. 1(c), 23 gamma-ray-
like events are observed in jbj < 10° which we define as the
on region (NON ¼ 23), while only ten events are observed
in jbj > 20° which we define as the off region (NOFF ¼ 10).
Since the total number of events before the tight muon cut
is 8.6 × 106, the cosmic-ray survival ratio is estimated to be
1.2 × 10−6 in jbj > 20° above 398 TeV. We use NOFF in
jbj > 20° to estimate the number of cosmic-ray background
events, because the contribution from extragalactic gamma
rays in E > 100 TeV is expected to be strongly suppressed
due to the pair-production interaction with the extragalactic
background light. The mean free path lengths for the pair
production for 100 TeV and 1 PeV are a few megaparsecs
and 10 kpc, respectively [29].
Since the ratio (α) of exposures in on and off regions is

estimated to be 0.27 by the MC simulation with our
geometrical exposure, the expected number of background
events in the on region with jbj < 10° is NBG ¼ αNOFF ¼
2.73, and the Li-Ma significance [30] of the diffuse gamma
rays in the on region is calculated to be 5.9 σ. The number
of events and the significances in each energy bin are
summarized in Table S1 in Supplemental Material [22].

The observed distribution of the number of muons for
E > 398 TeV after the muon cut is consistent with that
estimated from the gamma-ray MC simulation as shown in
Fig. S2 in Supplemental Material [22]. The highest-energy
957ðþ166

−141ÞTeV gamma ray is observed near the Galactic
plane, where the uncertainty in energy is defined as the
quadratic sum of the absolute energy-scale error (12%) and
the energy resolution [12]. Solid circles in Fig. 2 display
NON − NOFF as a function of b in (a) 100 < E < 158 TeV,
(b) 158 < E < 398 TeV, and (c) 398 < E < 1000 TeV.
The concentration of diffuse gamma rays around the
Galactic plane is apparent particularly in Fig. 2.
In order to estimate contribution from the known

gamma-ray sources, we searched for gamma-ray signals

FIG. 1. The arrival direction of each gamma-ray-like event
observed with (a) 100 < E < 158 TeV, (b) 158<E<398TeV,
and (c) 398 < E < 1000 TeV, respectively, in the equatorial
coordinate. The blue solid circles show arrival directions of
gamma-ray-like events observed by the Tibet ASþMD array.
The area of each circle is proportional to the measured energy of
each event. The red plus marks show directions of the known
Galactic TeV sources (including the unidentified sources) listed
in the TeV gamma-ray catalog [9]. The solid curve indicates the
Galactic plane, while the shaded areas indicate the sky regions
outside the field of view of the Tibet ASþMD array.
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Fig. 1 All particle cosmic ray spectrum from air shower experiments. (References in text.)

photomultipliers looking up at the night sky to detect
the atmospheric Cherenkov light generated by the atmo-
spheric cascade. In these arrays the depth of maximum,
and hence the chemical composition of the cosmic rays,
is judged by the lateral distribution of the Cherenkov
light at the ground. The atmospheric fluorescence tech-
nique, first successfully used by Fly’s Eye [24], traces the
isotropically emitted nitrogen fluorescence lines excited
by the passage of charged particles through the atmo-
sphere. This method, after correcting for propagation
through the atmosphere, maps the longitudinal devel-
opment of each shower in the atmosphere. It therefore
comes closest to providing a direct, calorimetric mea-
surement of the energy of each event. By tracing each
shower profile, a depth of maximum is assigned to each
event. The distribution of depths of maximum is sensitive
to primary composition. The atmospheric Cherenkov de-
tectors provide depth of maximum and composition in-
formation in the region of the knee up to about 100 PeV,
while the Fly’s Eye type detectors provide this informa-
tion around 1 EeV and above.

A partial list of air shower detectors and information
about them is given in Table 1. An account of the his-
tory of the air shower method and the development of the
various techniques is given in the review of Kampert and
Watson [25]. The current status of spectrum and com-
position is reviewed in the paper of Kampert and Unger
[26].

3 Finding a single all-particle spectrum

The technique of using a feature of the energy spec-
trum to inter-calibrate different measurements was em-
phasized by Berezinsky, Gazizov and Grigorieva in their
model of the ankle [27]. They explain the ankle (which
appears as a “dip” when the spectrum is plotted as
E3dN/dE) as being the result of energy loss by pro-
tons from sources at cosmological distances to e± pair
production in the cosmic microwave background (CMB).
They compared measurements of Yakutsk [28], a prelim-
inary version of HiRes data [29], and a combination of
Akeno (high energy) [30] and AGASA [31], shifting the
energy scales respectively by 0.73, 1.2 and 0.9. In a re-
cent review [32], this approach is refined, extended to
include more recent data [33, 34], and compared to three
different models of the transition from Galactic to ex-
tragalactic cosmic rays. At lower energy, the position of
the knee has been used to provide relative calibrations of
different measurements in the energy range from 3×1014

to ∼ 1016 eV [35].
In this section, we show air shower data in two over-

lapping energy regions, 1014 to 1018 eV and 1016 to 1021

eV. The first includes the knee and the second the ankle
and the end of the spectrum. In these plots the lines show
the all particle spectrum proposed in Ref. [36], which we
discuss in the following section. It is important to keep in

750 T. K. Gaisser, T. Stanev, and S. Tilav, Front. Phys., 2013, 8(6)
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• Magnetic reconnections 
accelerate protons

• Maximum energy: E ~ 1015eV  
(balance of escape & acceleration)

• Number of BH binaries:  
- X-ray nova observations (A) :103  
- Population Synthesis (A’)      :3x104  

- Luminous X-ray binaries (B)  : 300  
- number of unID source (B’) :105 - 106 

• Consistent with data  
 within their uncertainties
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CR protons and CR heavy nuclei. The abundance ratio in the
QBXB-MAD should be similar to the solar abundance ratio, and
we can neglect the contribution of CR heavy nuclei if the CR
injection efficiency is independent of nuclear species.

In order to calculate the CR intensity, we need to estimate
the total number of QBXBs. Since this number is uncertain, we
utilize two methods. One (Method A) is based on population
synthesis. As an analytic estimate, the number of BH X-ray
binaries can be represented as

( )
S

S

_

_ q � � �

N f f t

f f t3 10 , 12

BHXB BH bin qui gal

4
BH, 2.5 bin, 1.5 qui, 1.5 gal,10

where ρBH is the BH formation rate, fbin is the fraction of BHs
with a low-mass companion, fqui is the fraction of QBXBs
among BH binaries, tgal is the age of our Galaxy, ρBH,−2.5=
ρBH/(10

−2.5 yr−1), and tgal,10= tgal/(10
10 yr).15 This crude

estimate is roughly consistent with estimates by binary
population synthesis models (e.g., Yungelson et al. 2006).
Independently, NBHXB∼ 103 is suggested by the event rate of
the BH X-ray transients (Corral-Santana et al. 2016) and a
recent binary population synthesis model (Shao & Li 2020).
Here, we consider that NBHXB ranges from 103 to 3× 104. We
assume a flat �m distribution in logarithmic space in the range of

–� � � �m 10 105 2 for simplicity, although this assumption may
be optimistic. QBXB-MADs of � �2m 10 3 may be rarer than
those of � _ �m 10 4.

The other method (Method B) is based on X-ray luminosity
functions. In our QBXB-MAD scenario, the X-ray luminosity
is well approximated by �x q �L m2.6 10 erg sX

35 1, and the
X-ray luminosity ranges from 3× 1030–3× 1033 erg s−1 for

�� �- -m10 105 2. The X-ray luminosity function for LX∼
1030–1034 erg s−1 is dominated by cataclysmic variables
(CVs). The luminosity function for CRs per unit stellar mass
is given by ( ) ( )xdN d L K L Llog X X b10

1.22, where � qK 6.8

:
� �M10 4 1 and Lb= 1.9× 1030 erg s−1 (Sazonov et al. 2006).

We use the Galactic stellar mass ofM* = 6× 1010 Me (Licquia
& Newman 2015) to obtain the total number of CVs in the
Milky Way. The RXTE survey identified 24 CVs while 21
objects are unidentified. If all the unidentified sources are
QBXB-MADs, the X-ray luminosity function of QBXB-MADs
can be as high as 87.5% of that of CVs. This case is regarded as
the most optimistic case. On the other hand, the luminosity
function of Galactic LMXBs is flat, ( ) xdN d Llog 100X10 ,
for 1035 erg s−1< LX< 1037 erg s−1 (Sazonov et al. 2006). As
the most pessimistic case, we use the extrapolation of the
luminosity function of LMXBs toward lower luminosities.

The differential CR proton injection rate to the ISM is
written as

( )
�

�¨xE Q
E N

t
dN

dm
dm. 13p E

p E
2

diff

LMBH
p

p

CR protons propagate in the ISM and arrive on Earth. The
confinement time in the ISM, tconf, can be provided by

the grammage, Xesc= nISMμmpctconf, where nISM and μ are
the number density and mean atomic mass of the ISM
gas, respectively. Based on the measurements of the
boron-to-carbon ratio, the grammage is estimated to be

( )� E� �X E2.0 250 GeV g cmpesc
2, where δ= 0.46 for Ep<

250 GeV and δ= 0.33 for Ep> 250 GeV (Adriani et al. 2014;
Aguilar et al. 2016; Murase & Fukugita 2019). Then, the
CR escape rate from the ISM is estimated to be E U Vp E galp

xt E U cM Xp Econf gas escp , where UEp is the differential energy
density of CR protons and Mgas; 8× 109Me is the total gas
mass in our Galaxy (Nakanishi & Sofue 2016). This escape
rate should balance with the injection rate, and then we
can estimate the CR proton intensity, ( )Q' � cU E4p E pp , to
be (Kimura et al. 2018)

( )
Q

' xE
E Q X

M4
. 14p p

p E2 esc

gas

p

Figure 5 depicts the CR proton spectrum from the QBXB-
MADs. Our scenario can reproduce the CR proton data around
the knee energy within the uncertainty ranges of the
experimental data and the total number of QBXB-MADs.
The CR composition around the knee is dominated by protons
(Telescope Array Collaboration 2021), which is also consistent
with our prediction. Galactic SNRs should account for CRs
of106 GeV, while other sources, such as binary neutron-star
merger remnants (Kimura et al. 2018) or past activities of
Sgr A* (Fujita et al. 2017), should be responsible for CRs of
3× 107 GeV.

5. Discussion

5.1. Differentiating the Emission Models for QBXBs

Our QBXB-MAD scenario is distinguishable from the
previously proposed scenarios. Moderately magnetized RIAFs,
or standard and normal evolution (SANE) scenarios, usually
produce bumpy spectra (Esin et al. 1997; Narayan et al. 1997). We
calculate the spectra by the SANE-mode RIAFs with one-zone

Figure 5. CR spectra predicted by our QBXB-MAD scenario and experimental
data. The red and blue lines show the proton CR energy spectra from QBXB-
MADs by Methods A (population synthesis) and B (X-ray luminosity
function), respectively. We use β = 0.1. The uncertainty range by Method A
is shown in the pink shaded region. The experimental data for protons and all-
particle CR energy spectra are taken from Apel et al. (2013), Aartsen et al.
(2019) and Amenomori et al. (2008), and Abbasi et al. (2018), respectively.

15 If the typical lifetime of companion stars is shorter than the age of our
Galaxy, tgal should be replaced by the lifetime of the companion star. Based on
BlackCat (Corral-Santana et al. 2016), 15 out of 18 dynamically confirmed BH
binaries likely have companions whose lifetimes are longer than the age of the
Galaxy, which justifies our estimate.
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(HESS Collaboration et al. 2016; Fujita et al. 2017),
millisecond pulsars (Guépin et al. 2018), isolated BHs (Ioka
et al. 2017), jets in X-ray binaries (Cooper et al. 2020), pulsar-
wind nebulae (Ohira et al. 2018), stellar winds from young star
clusters (Aharonian et al. 2019), and superbubbles (Bykov
2014). Very recently, the Tibet ASγ Collaboration reported the
discovery of diffuse sub-PeV gamma-rays from the Galactic
plane, proving that PeVatrons exist in our Galaxy (Amenomori
et al. 2021). Subsequent multimessenger discussions suggest
that PeVatrons can be a population distinct from GeV–TeV CR
sources (Liu & Wang 2021; Fang & Murase 2021), which
strengthens the need for other PeVatron candidates. In this
paper, we newly add MADs in QBXBs (QBXB-MADs) into
the list.

This paper is organized as follows. In Section 2, we discuss
conditions for the MAD formation in stellar-mass BH binaries
and demonstrate that they are fulfilled in the quiescent state. In
Section 3, we study the emission from thermal and nonthermal
electrons in the QBXB-MADs. We focus on a few selected
QBXBs that have well-measured multiwavelength spectra. We
then show that our QBXB-MADmodel is in reasonable agreement
with the observed data, which supports our assertion that QBXBs
form MADs. In Section 4, we examine the production of CRs in
QBXB-MADs. We demonstrate that they can produce PeV-scale
protons, potentially dominating the observed CR spectrum around
the knee. In Section 5, we discuss implications and outline
strategies to test our key assumptions. In Section 6, we present our
conclusions. We use the convention of Qx=Q/10x in cgs units
unless otherwise noted.

2. Realization of QBXB-MADs

Figure 1 shows the schematic picture of our scenario. In
QBXBs, the mass accretion rate is so low that the accretion flows
cannot cool through radiative processes. The optically thick
accretion disk should then be truncated at an outer radius, and a
radiatively inefficient accretion flow (RIAF; Narayan & Yi 1994;
Yuan & Narayan 2014) is formed inside the truncation radius

(Esin et al. 1997). The accretion flow is turbulent due to
magnetorotational instability (MRI; Balbus & Hawley 1991), and
the turbulent viscosity and magnetic torque enable a steady
accretion. Thermal, magnetic, and turbulence pressures drive
outflows as seen in magnetohydrodynamic (MHD) simulations
(Ohsuga & Mineshige 2011; Saḑowski et al. 2013; Yuan et al.
2015; Event Horizon Telescope Collaboration et al. 2019). These
outflows convert the toroidal magnetic fields generated by the
shear motion to the poloidal fields (Liska et al. 2020). The rapid
infall motion of the RIAFs can carry these poloidal fields to
the inner region. Then, the magnetic flux is accumulated at
the vicinity of the BH, leading to the formation of a MAD
(Cao 2011). In this section, we discuss the feasibility of our
QBXB-MAD scenario based on the current understanding of the
plasma and accretion physics. We define an MAD as an accretion
flow with β 1, where β is the plasma beta. Here, we ignore the
magnetic flux carried from the companion star. If we take it into
account, MADs are more likely to be formed. In this sense, our
estimates in this section are conservative.
In RIAFs, the matter cannot cool within the infall timescale,

which results in a proton temperature comparable to the virial
temperature. RIAFs are geometrically thick because of the
strong thermal pressure. The thick geometry allow a large
turbulent eddy, which leads to a large turbulent viscosity. Then,
the angular momentum transport is efficient, resulting in a
radial motion faster than the standard thin disk. Since RIAFs
produce outflows, the mass accretion rate can depend on the
distance from the BH, R, and written as ( ) ( )� ��M R R R Ms

otrn w ,
where Rtrn is the truncation radius, �Mo is the mass accretion rate
at R= Rtrn, and sw is a parameter that describes the outflow
efficiency (Blandford & Begelman 1999). The radial velocity,
sound velocity, and density in RIAFs can be analytically
estimated to be (see Kimura et al. 2019a, 2020, for parameter
sets for active galactic nuclei)

( )�B Bx q �
� �*V V

1
2

4.7 10 cm s , 1R K
7

0.5 4
1 2 1

( )�x q � �*C V
1
2

1.5 10 cm s , 2s K
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4
1 2 1

( ) ( )
�

Q
xN

M R
RHV m4

3p
R p⎛⎝ ⎞⎠( )� �

Bq � �
�
� �*

m R
M1.3 10

0.01
cm ,11

1
1

4
3 2

0.5
1 3

where M is the BH mass, M1=M/(10Me), �V GM RK is
the Keplerian velocity, α is the viscous parameter (Shakura &
Sunyaev 1973), H≈ (Cs/VK)R≈ R/2 is the scale height,

( ) ( )� ��m R M R c L2
Edd, �* R RG, LEdd is the Eddington

luminosity, mp is the proton mass, and RG=GM/c2 is the
gravitational radius. The prefactors in VR and Cs are determined
so that the quantities are consistent with recent MHD
simulations (Ohsuga & Mineshige 2011; Kimura et al. 2019b).
Electrons and protons in RIAFs are thermally decoupled

because of a long relaxation timescale. Electrons in collisionless
plasma can receive a significant fraction of the dissipation energy
by magnetic reconnections and turbulence cascades (Rowan et al.
2017; Kawazura et al. 2019), and they do not efficiently cool if
they are nonrelativistic. Thus, electrons are expected to be close
to the virial temperatures for R (mp/me)RG, where me is the
electron mass. On the other hand, electrons become relativistic for
the inner region and efficiently cool via synchrotron and

Figure 1. Schematic picture of our QBXB-MAD scenario. In the quiescent
state, the standard optically thick disk is truncated at the outer part of the
accretion flow. Inside the truncation radius, the accretion flow is in a radiatively
inefficient state where outflows are produced. These outflows stretch the
magnetic field generated by MRI and shear motion, making large-scale
poloidal fields. The poloidal fields are advected toward the vicinity of the BH,
which results in the formation of a MAD. Magnetic reconnections directly heat
up thermal electrons and accelerate CR electrons, leading to efficient
synchrotron emission that can account for optical and X-ray data. CR protons
are also accelerated, and they diffusively escape from the system without losing
their energies, possibly providing a dominant contribution to the observed
intensity of PeV CRs.
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• Magnetic reconnection in MAD can produce non thermal particles 
→Many possible interesting phenomena in various environments 

• GeV γ-ray from radio galaxies?  
→ MAD can produce gamma-ray if mass accretion rate is low

• Lepton loading into jets?  
→ Future X-ray satellites can detect X-ray flares from M87 & Sgr A*

• MADs around Isolated BH?  
→ We can search for Isolated BHs using X-ray and optical data

• Quiescent state in X-ray binary? →  Possible PeVatron

Summary 
40
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Table 1. List of model parameters and physical quantities. The references for BH masses and distances are Event Horizon
Telescope Collaboration et al. (2019a) for M87 and Saikia et al. (2018) for NGC 315.

Parameters of our model
↵ � R ✏dis ⌘ ✏NT sinj ✏j M [109 M�] dL [(Mpc)] ṁ [10�4]

(M87, NGC 315) (M87, NGC 315) (M87, NGC 315)

0.3 0.1 10 0.15 5 0.33 1.3 1.0 (6.3, 1.7) (17, 65) (0.5, 4.0)
Physical quantities

B Te Qp/Qe L�,thrml Lp Ep,cut Bh nGJ log(n±/nGJ)

[G] [MeV] [1041 erg s�1] [1041 erg s�1] [EeV] [kG] [10�5 cm�3]

M87 18 2.2 12 3.4 20 8.1 0.31 2.8 2.08

NGC315 98 1.3 13 6.4 43 5.4 1.70 56.0 3.62

Figure 2. Broadband photon Spectra for M87 (left) and NGC 315 (right). The thick lines are the observed flux on Earth,
and the thin lines are the intrinsic spectra before the attenuation. The thin-dotted lines are the sensitivity for CTA (Cherenkov
Telescope Array Consortium et al. 2019) and AMEGO (Moiseev & Amego Team 2017). Data points are taken from MAGIC
Collaboration et al. (2020); Prieto et al. (2016); Wong et al. (2017); Ait Benkhali et al. (2019) for M87 and from de Menezes
et al. (2020) for NGC 315.

the escape processes, whose timescales are estimated
to be tdi↵ ⇡ R

2
/DR and tfall ⇡ R/VR, respectively,

where DR ⇡ ⌘ri,Lc/3 is the di↵usion coe�cient, ri,L =
Ei/(eB) is the Larmor radius, ⌘rL the e↵ective mean
free path, and ⌘ is a numerical factor. The total escape
time is given by t

�1

esc
= t

�1

fall
+ t

�1

di↵
.

The injection terms for primary protons and electrons
are written as

ṄEi,inj ⇡ Ṅ0

✓
Ei

Ei,cut

◆�sinj

exp

✓
� Ei

Ei,cut

◆
, (5)

where sinj is the injection spectral index. The normal-
ization, Ṅ0, is determined by Lp =

R
ṄEp,injEpdEp =

✏NT✏disṀc
2 for protons and

R
ṄEe,injEedEe =

(Qe/Qp)✏NT✏disṀc
2 for primary electrons, respectively.

Ei,cut is determined by tloss = tacc, where tacc is the ac-
celeration time and t

�1

loss
= t

�1

cool
+ t

�1

esc
is the total loss

timescale. We phenomenologically write the accelera-
tion time as

tacc ⇡
⌘rL

c

✓
c

VA

◆2

, (6)

where VA/c ⇡ 0.71R�1/2
1

�
�1/2
�1

is the Alfvén velocity.
As the proton cooling process, we take into account

the proton synchrotron, pp inelastic collisions, pho-
tomeson production (p + � ! p + ⇡), Bethe-Heitler
(p+� ! p+e

++e
�) processes. Their cooling timescales

are given in Kimura et al. (2019a), in which we appro-
priately take into account the energy-dependent cross-
section for both pp (Kafexhiu et al. 2014) and p� (Step-
ney & Guilbert 1983; Chodorowski et al. 1992; Murase
& Nagataki 2006) interactions. Figure 3 indicates the
timescales as a function of Ep for M87 (left) and NGC
315 (right), whose parameters are tabulated in Table 1.
For Ep . 1 EeV, the cooling is very ine�cient, while the
Bethe-Heitler and synchrotron processes are e�cient for
higher energies. For a higher ṁ, the synchrotron cooling
is more e�cient owing to stronger magnetic fields. The
cooling limits the particle acceleration, and the maxi-
mum attainable energies for these objects are tabulated
in Table 1. These energies are lower than the Hillas en-
ergy, EHil ⇡ eBR(VA/c) ⇠ 35 EeV for M87 and 52 EeV
for NGC 315.

two frequencies where the synchrotron spectrum is given by
( )rH H
�

HE L EE
s2 2inj . The resulting spectra can reproduce the

X-ray data of QBXBs within their uncertainty. Future hard X-ray

missions, such as focusing on relativistic universe and cosmic
evolution (FORCE) (Nakazawa et al. 2018), will be able to
measure the spectrum above 10 keV, which provides a good test
of the QBXB-MAD model. Although the spectrum extends to
MeV energies, it is too faint to be detected by near future projects,
such as e-ASTROGAM (De Angelis et al. 2017), the All-sky
Medium Energy Gamma-ray Observatory (AMEGO) (Moiseev &
Amego Team 2017), and Gamma-ray and Anti-matter Survey
(GRAMS) (Aramaki et al. 2020).
The QBXBs in Figure 2 have relatively low mass accretion

rates, –� � q� �m 10 2 105 4. In our scenario, MADs can be
formed in a system with a higher mass accretion rate of
� �1m 10 2 (see below for observational support). In Figure 3,
we show the broadband spectra of hypothetical sources with

�� �- -m10 103 2. The gamma-ray counterpart can be detect-
able by the MeV satellites up to a few kiloparsecs for
� _ �m 10 3 and close to 10 kpc for � _ �m 10 2. Such systems
might be discovered by current and future X-ray monitoring
satellites. Also, known sources may emit detectable MeV
gamma-rays during a specific epoch of an outburst, although
the time window for the suitable accretion rate is limited.
The multiwavelength observations of QBXBs show the

correlation between the optical luminosity, Lopt, and X-ray
luminosity in the 2–10 keV band, LX (Russell et al. 2006). In
addition, the X-ray observations exhibit that the X-ray photon
index, ΓX, are almost constant for a wide range of the X-ray
Eddington ratio of LX/LEdd 5× 10−6 (Plotkin et al. 2013)14.
We calculate photon spectra for various �m with a fixed
(MBH/Me, β)= (10, 0.1) and (10, 0.5). The resulting spectra
are consistent with the observed relations as shown in Figure 4.
These results indicate that the accretion flows in QBXBs are in
the MAD regime when LX 3× 1033 erg s−1, or � 1m 0.01. In
contrast, BH binaries of LX/LEdd> 5× 10−6, i.e., � 2m 0.01,
show an anticorrelation between ΓX and LX/LEdd (Wu &
Gu 2008). This transition in the ΓX–LX/LEdd relation implies
that QBXB-MADs no longer exist when � 2m 0.01.

Figure 2. Broadband spectra for well-known BH X-ray binaries, A0620-00
(top), V404 Cyg (middle), and XTE J1118-480 (bottom), in quiescent states.
Thick lines are photon spectra by the MAD scenario (this study) and the thin
dashed lines are ones for a weak magnetic field scenario (SANE; see
Section 5). The total fluxes of the optical band are given by black points, and
the gray points indicate nonstellar fluxes. The blue shaded regions show the
power-law fit of X-ray data. The thin dotted lines show the sensitivity curves
for FORCE (100 ks; Nakazawa et al. 2018) and AMEGO (1 yr; Moiseev &
Amego Team 2017). The data are taken from Dinçer et al. (2018) for A0620-
00, Zurita et al. (2004); Hynes et al. (2009) for V404 Cyg, and McClintock
et al. (2003); Plotkin et al. (2013) for XTE J1118+480.

Table 1
List of Model Parameters and Physical Quantities

Shared Parameters

α * òdis η òNT sinj

0.3 10 0.15 5 0.33 1.3

Parameters for Individual BHs

Name M [Me] [ ]� �m 10 4 β dL [kpc]

A0620-00 6.6 1.0 0.40 1.7
V404 Cyg 9.0 2.0 0.50 2.4
XTE J1118+480 7.5 0.10 0.10 1.7
Hypotheticala 10 0.1 − 100 0.1 − 0.5 2 − 8

Note.
a Cases shown in Figures 3, 4, and 5. The references for BH masses and
distances are Cantrell et al. (2010), Gandhi et al. (2019) for A0620-00,
Khargharia et al. (2010), Miller-Jones et al. (2009) for V404 Cyg, and
Khargharia et al. (2013), Gelino et al. (2006) for XTE J1118+480

14 In Plotkin et al. (2013), LX is defined in the 0.5–10 keV band, while we use
LX of the 2–10 keV band throughout the paper, which results in a factor of
∼1.9 difference in LX. Here, we assume the photon index Γ ; 2.0 in the
X-ray band.
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Multi-wavelength emission from MADs around isolated black holess 7

Figure 3. Regions where IBH-MADs occupy in the HR
diagram. The thick lines with symbols indicate the IBH-
MADs in cold HI (green plus), warm HI (red cross), and
warm HII (blue square). The thick lines are obtained by
changing the IBH mass. The thin lines depict the sequences
of an IBH with various values of the mass accretion rate.
In the top panel, we also plot WD candidates detected by
Gaia (Gentile Fusillo et al. 2019). In the bottom panel, we
plot X-ray emitting WDs (grey circles and black triangles)
in Fleming et al. (1996), and their classification is given by
Dufour et al. (2017).

Figure 4. The relation between X-ray luminosity and Gaia
G-band absolute magnitude for IBHs (thin and thick lines)
and X-ray emitting WDs (grey circles and black triangles).

The spectral index of reconnection acceleration may
be softer than our assumption of sinj = 1.3, but our
conclusions are una↵ected as long as we use sinj . 2. Re-
cent 3D particle-in-cell (PIC) simulations support a hard
spectral index of sinj ⇠ 1 (Zhang et al. 2021), and long-
term 2D PIC simulations suggest sinj ' 2 (Petropoulou
& Sironi 2018). These results support our assumption.
In contrast, other 2D PIC simulations indicate much
softer spectra (sinj ⇠ 3 � 4) at a high-energy range of
Ee & �Bmec

2 (Ball et al. 2018; Werner et al. 2018;
Hakobyan et al. 2021). If particle acceleration by mag-
netic reconnections results in a soft spectral index, the
subsequent stochastic acceleration by turbulence is nec-
essary (Comisso & Sironi 2018) to emit strong X-ray
signals.
The IBHs may emit radio and sub-mm signals. Al-

though IBH-MADs cannot produce detectable radio sig-
nals, compact jets are highly likely launched by MADs
(Tchekhovskoy et al. 2011). Such jets may produce
radio signals as detected from a few quiescent X-ray
binaries (e.g., Hynes et al. 2009; Gallo et al. 2019).
The radio luminosity correlates with X-ray luminosity
in the low-hard state: LR ⇠ 1.4 ⇥ 1029L0.61

X,35 erg s�1

(Gallo et al. 2014). If we extrapolate this relation to
the regime of IBHs, the radio flux can be estimated to
be FR ⇠ 0.63 L

0.61
X,28(d/100 pc)�2 mJy. Thus, the sig-

nals from compact jets are detectable by current radio
telescopes, such as ALMA and VLA. These signals may
be detectable by ongoing radio surveys, such as Very
Large Array Sky Survey (VLASS; Lacy et al. 2020),
ThunderKAT (Fender et al. 2017), and ASKAP Survey
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