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  Stellar-mass black holes and supermassive black holes 
are actively discussed as the sources of high-energy 
cosmic rays and gamma-rays. These black holes accrete 
matter from ambient media and release a large amount of 
gravitational energy, efficiently emitting 
multi-wavelength electromagnetic waves. Current 
generation gamma-ray detectors enable us to detect TeV 
gamma-ray signals from both stellar-mass and 
supermassive black holes.  
 Recent magnetohydrodynamic simulations and radio 

observations indicate that accretion flows onto 
supermassive black holes are strongly magnetized. In a 
highly magnetized accretion flows, non-thermal particles 
are efficiently accelerated by magnetic reconnection or 
MHD turbulence. We model the nonthermal emission 
from the vicinity of the black holes, considering that the 
magnetic reconnection or MHD turbulence accelerate the 
non-thermal protons and electrons. In this scenario, 
thermal electrons, non-thermal electrons, non-thermal 
protons, and secondary electron-positron pairs will emit 
multi-wavelength electromagnetic waves. Comparing the 
prediction to multi-wavelength data, we can discuss 
particle acceleration efficiency in the system. 
  First, we apply this model to nearby radio galaxies and 
confirm that our model can explain GeV gamma-ray data 
of nearby radio galaxies [1]. Magnetic reconnection can 
accelerate cosmic ray protons up to 1018 eV, and these 
protons emit GeV gamma-rays via synchrotron radiation. 
Non-thermal electrons accelerated together with protons 
emit MeV gamma-rays, which is below the sensitivity of 
current detectors. Thermal electrons in accretion flows 
emit radio signals via synchrotron radiation, which 
contributes to mm wavelengths data (see Fig. 1).  
  Next, we apply this scenario to Galactic X-ray binaries 
in quiescent state. The electromagnetic wave predicted 
from our scenario can reproduce the optical and X-ray 
data of nearby quiescent X-ray binaries. Considering the 
uncertainty of number density of quiescent X-ray 
binaries, our scenario can also reproduce the PeV cosmic 
rays observed on Earth [2]. 

Lastly, we apply this model to isolated black holes 
wandering in interstellar medium and predict the 
electromagnetic signature from isolated black holes. If 
isolated black holes are in typical interstellar medium, 
they likely emit optical and X-ray photons as in 
quiescent X-ray binaries [3]. If isolated black holes are in 
molecular clouds, they can accelerate cosmic rays up to 
PeV energies. These PeV cosmic rays interact with 
ambient dense gas, producing sub-PeV gamma-rays. This 

scenario can explain mysterious LHAASO unidentified 
sources that are undetected in lower-energy gamma-rays 
[4] (see Fig. 2).  
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Figure 1: Multiwavelength spectrum from M87. Our 
model can explain mm wavelength and GeV gamma-ray 
data.  
 

 
Figure 2: Gamma-ray spectrum from an isolated black 
hole and comparison to a gamma-ray unidentified 
source. 
 
 

 

heating rate for electrons to protons is given by
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Then, the photon luminosity by the thermal electrons is
estimated to be
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where òNT is the energy fraction of nonthermal particle
production to dissipation and òdis 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 photohadronic processes.
Although the inverse Compton 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 nonthermal spectra for particle species i, we
solve the steady-state transport equation:
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where NEi is the differential number spectrum, ti,cool is the
cooling time, tesc is the escape time, and NE ,inji

 is the injection
terms. The analytic solution of this equation is given by
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The escape term is common for all the components. We consider
diffusion and advection (infall to the BH) as the escape
processes, whose timescales are estimated to be tdiff≈R2/DR

and tfall≈R/VR, respectively, where DR≈ηri,Lc/3 is the
diffusion coefficient, ri,L=Ei/(eB) is the Larmor radius, ηrL is
the effective mean free path, and η is a numerical factor. The
total escape time is given by = +- - -t t tesc

1
fall

1
diff
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The injection terms for primary protons and electrons are

written as

» -
-

N N
E

E
E

E
exp , 5E

i

i

s
i

i
,inj 0

,cut ,cut
i

inj

( )
⎛
⎝⎜

⎞
⎠⎟

⎛
⎝⎜

⎞
⎠⎟

 

where sinj is the injection spectral index. The normalization, N0 ,
is determined by ò= =  L N E dE Mcp E p p,inj NT dis

2
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e ( )  for primary
electrons, respectively. Ei,cut is determined by tloss=tacc,
where tacc is the acceleration time and = +- - -t t tloss
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the total loss timescale. We phenomenologically write the

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), and Ait Benkhali et al. (2019) for M87 and from
de Menezes et al. (2020) for NGC 315.

Table 1
List of Model Parameters and Physical Quantities

Parameters of Our Model

α β  òdis η òNT sinj òj M[109 Me] dL[(Mpc)] -m 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 Lγ,thrml Lp Ep,cut Bh nGJ n nlog GJ( )
[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
NGC 315 98 1.3 13 6.4 43 5.4 1.70 56.0 3.62

Note. 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.
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emit such high-energy photons. On the other hand, IBHs with
the optimistic parameter set can emit ∼100 TeV gamma rays,
enabling LHAASO to detect such systems even if they are
located at several times more distant than the nearest molecular
clouds. Because of their rarity, the nearest IBH detectable by
LHAASO could be located at a few kiloparsecs away from the

Earth. In this situation, the angular size of the molecular cloud
is ∼0.1 deg, which is consistent with the size of the dark
sources (<0.18 deg for J0007+5659u) reported by the
LHAASO Collaboration (Z. Cao et al. 2024).
Some of the dark sources, J0206+4302u and J0212+4254u,

are located at high Galactic latitude (b = −17 deg; Z. Cao et al.
2024). Although typical giant molecular clouds are concen-
trated on the Galactic plane, dense gas clouds exist even in
such a high Galactic latitude (e.g., H. Nakanishi &
Y. Sofue 2016; Q.-Z. Yan et al. 2019). Quantitative evaluation
of whether our model can explain these sources is left for
future work.

5. Contribution of IBHs to PeV CRs on Earth

In this section, we estimate the contribution of IBHs in
molecular clouds to PeV CRs observed on Earth. Both IBHs
and molecular clouds should be concentrated on the inner part
of our Galaxy. The distribution of the molecular gas in our
Galaxy is given in H. Nakanishi & Y. Sofue (2016), which is
concentrated within  1–2 kpc from the Galactic center. We
estimate the volume filling factor of molecular gas in the
Galactic center following the method of D. Tsuna et al. (2018),
where the volume filling factor of molecular clouds, ξMC,
depends on galactocentric radius, Rgc. We find that the volume
filling factor in the inner Galaxy is ξMC ; 0.02 for
Rgc  1–2 kpc, which is more than 1 order of magnitude
higher than that of the solar neighborhood (J. Bland-Hawthorn
& R. Reynolds 2000). There should be density distribution
within the molecular gas phase, and the higher-density regions
should have a smaller volume filling factor. We assume
/x µ -d dn nMC MC

2.8 following the previous work (K. Ioka et al.
2017; D. Tsuna et al. 2018).
Next, we describe the IBH distribution in our Galaxy. If the

IBHs are formed by the evolution of the disk stars, the surface
density distribution of IBHs should roughly follow the stellar
distribution in the Galactic disk. The surface density profile of
the disk component is given by the exponential function,

( )/S ~ S -R Rexp dIBH 0 gc , where Rd = 2.15 kpc and Σ0 is the
normalization factor (T. C. Licquia & J. A. Newman 2015).
The total number of IBHs in our Galaxy is normalized by
NIBH,tot = 2π∫dRgcΣIBHRgc. We set NIBH,tot = 6 × 108 (e.g.,
N. S. Abrams & M. Takada 2020), although this value has a
large uncertainty. The total number of IBHs embedded in
molecular clouds is estimated to be NIBH,MC ≈
∫dRgc2πRgcΣIBHξMC(HMC/HIBH), where HMC ∼ 0.075 kpc and
HIBH are the scale heights of the molecular gas and IBHs,
respectively. We assume HIBH = 0.3 kpc, based on numerical
computation for IBH distribution in our Galaxy (D. Tsuna et al.
2018).
The velocity distribution of the IBH population, σv, is

affected by the natal kick distribution. The Galactic distribution
for BH X-ray binaries suggests that a fraction of BHs
experienced a strong natal kick of 100 km s−1, but the
majority of BHs are consistent with a weak natal kick of
Vk ∼ 10–50 km s−1 (S. Repetto et al. 2017; P. Nagarajan &
K. El-Badry 2024). Also, the discovery of an IBH by a
microlensing event also favors a lower value of
Vk < 100 km s−1 (K. C. Sahu et al. 2022; N. Koshimoto
et al. 2024). Here, we assume that the kick velocity of the
formation of IBHs is weak, and the velocity dispersion of the
IBH population is similar to that of the disk stars, i.e.,
σv ∼ 20 km s−1. We assume that the velocity distribution is

Figure 3. Gamma-ray spectra from molecular clouds that host IBHs. Top and
bottom panels are for a typical case in a typical molecular cloud and for an
optimistic case that matches a LHAASO dark source (J0007+5659u),
respectively. Their parameter sets are tabulated in Table 1. The thin gray
dashed lines represent the LHAASO sensitivity (X. Bai et al. 2019). The black
solid and blue dashed curves are our prediction on gamma rays and neutrinos,
respectively. The red line with a pink band and the thin dotted line in the lower
panel are the observed spectra and upper limit given in the first LHAASO
catalog, respectively.

Table 1
Parameter Sets in Our Models

Shared Parameters

 α β λw fCR ηrec ηdiff sinj

10 0.3 0.1 0.1 0.035 10 10 2.0

Model Parameters

Model M• nMC Vk RMC BMC d
(Me) (cm−3) (km s−1) (pc) (μG) (kpc)

Typical 10 100 20 20 10 0.50
J0007 20 1000 20 5.0 30 2.0

Note. See Section 4 for values on RMC and BMC. See Section 5 for values onM•

and Vk.
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