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High-energy Neutrino Astrophysics
• Smoking-gun for hadronic cosmic rays • Unique probe inside dense medium
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＊γ-rays with E >100 TeV are also useful  
　to probe hadronic cosmic rays
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Astrophysical Neutrino Observations

• IceCube has been detecting astrophysical neutrinos
• Arrival direction: consistent with isotropic —> cosmic HE neutrino background
• Soft spectrum:  @ TeV >  @ PeV
• Origin of cosmic neutrinos are a new big mystery
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Figure 6. The all-sky distribution of the alerts in the catalog in equatorial coordinates. The blue stars denote EHE, the orange
circles GFU Bronze, the green triangles shows GFU Gold, the red diamonds show HESE Bronze, and the purple plus-signs show
HESE Gold alerts.The 90% uncertainty contours at the location of each alert are shown by the dashed ellipses.
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Recent Progresses in Neutrino/γ-ray Observations
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(26). We applied the directional track recon-
struction method SPLINERECO (26, 27, 28) to all
events in our dataset (26). We incorporated ad-
ditional calibration information in the extrac-
tion of the charges at each DOM and in the
corresponding arrival times of Cherenkov pho-
tons. Compared with previous work (23), this
introduces small changes in the reconstructed
event energies and some reconstructed event
directions (26). To ensure a uniform detector
response, theDOMs of theDeepCore subarray,
intended to study ≲100‐GeV neutrinos, were
excluded (25). Our resulting dataset, which
is optimized for track-like events induced
by muon (anti-)neutrinos

h
nm
!ð Þ
i
, has a total ex-

posure time of 3186 days.
We restricted our searches to the Northern

Hemisphere from declination d = −3° to 81°,
where IceCube is most sensitive to astrophys-
ical sources. IceCube uses Earth as a passive
cosmic muon shield and as a target material
for neutrinos. Hence, by selecting only upward-
going events, we reduced the atmosphericmuon
background, which contributes <0.3% to our
final event sample (25). Declinations higher
than 81° are excluded because low-energy
events from those directions are closely aligned
with the strings of IceCube, complicating our
distinction between the signal and background
(26). The resulting loss of sky coverage is <1%.
A total of ~670,000 neutrino-induced muon

tracks pass the final event selection criteria
(25). However, only a small fraction of these
events originate from neutrinos produced in
astrophysical sources. Most arise from the de-
cay of particles (specifically mesons) that are
produced in the interaction of cosmic rays
with nuclei in Earth’s atmosphere. To discrim-
inate neutrinos that originate from individual
astrophysical sources from the background of
atmospheric anddiffuse astrophysical neutrinos,
we used a maximum-likelihoodmethod and
likelihood ratio hypothesis testing, based on the
estimated energy, direction, and angular uncer-
tainty of each event (26). The median angular
resolution of each neutrino arrival direction,
composed of reconstruction uncertainty and
the kinematic angle between the parent neu-
trino and the muon, is 1.2° at 1 TeV, 0.4° at
100 TeV, and 0.3° at 1 PeV. We assume any
point source emits a neutrino flux Fnmþ!nm de-
scribed by a generalized power-law energy
spectrum, Fnmþ!nm Enð Þ ¼ F0· En=E0ð Þ!g , with
normalization energy E0 = 1 TeV, where En is
the neutrino energy and the spectral index g
and the flux normalization F0 are free parame-
ters (26). This corresponds to two correlated
model parameters that we express as a pair
(mns, g), where mns is the mean number of as-
trophysical neutrino events associated with a
given point in the sky. Using the energy- and
declination-dependent effective area of the de-
tector and assuming a spectral index g, mns can
be directly converted to F0 (26). Hence, the

tuple of mns and g fully determines the flux of
muon neutrinos,Fnmþ!nm , at any given energy.
We performed three different searches (26).

The first search consists of three discrete scans
of the Northern Hemisphere to identify the
location of the most statistically significant
excesses of high-energy neutrino events. These
scans use three different hypotheses for the
spectral index: g as a free parameter, g fixed to
2.0, and g fixed to 2.5. The other two searches
use a list of 110 preselected astronomical ob-
jects, all located in the Northern Hemisphere:
The second search is for the most significant
candidate neutrino source in the list, whereas
the third search consists of a binomial test to
evaluate the significance of observing an ex-
cess of k sources with local P values below or
equal to a chosen threshold, with k being an
index from 1 to 110. The binomial test is re-

peated under the same three spectral index
hypotheses as the sky scan.
All analysismethods, including the selection

of the hypotheses to be tested, were formu-
lated a priori. The performance of eachmethod
was evaluated using simulations and random-
ized experimental data (26). The local P values
are determined as the fraction of background-
only simulations that yield a test statistic greater
than (or equal to) the test statistic obtained
from the experimental data. The global P values
are determined from the smallest local P value
after correcting for testing multiple locations
(the look-elsewhere effect) (26). We use this
global value to assess the evidence that the
data provide against a background-only null
hypothesis (that the data consist purely of at-
mospheric background and isotropic cosmic
neutrinos).
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Table 1. Summary of final P values. For each of the three tests performed, we report the most
significant local and global P values.

Test type
Pretrial P value, Plocal
(local significance)

Posttrial P value, Pglobal
(global significance)

Northern Hemisphere scan 5.0 × 10−8 (5.3s) 2.2 × 10−2 (2.0s)
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

List of candidate sources, single test 1.0 × 10−7 (5.2s) 1.1 × 10−5 (4.2s)
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

List of candidate sources, binomial test 4.6 × 10−6 (4.4s) 3.4 × 10−4 (3.4s)
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Fig. 2. High-resolution scan around the most significant location. (A) High-resolution scan around the
most significant location marked by a white cross, with contours showing its 68% (solid) and 95% (dashed)
confidence regions. The red dot shows the position of NGC 1068, and the red circle is its angular size in
the optical wavelength (61). (B) The distribution of the squared angular distance, ŷ2, between NGC 1068 and
the reconstructed event directions. We estimated the background (orange) and the signal (blue) from
Monte Carlo simulations, assuming the best-fitting spectrum at the position of NGC 1068. The superposition
of both components is shown in gray and the data in black. This representation of the result ignores the
energy and angular uncertainty of the events.
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as tracks in IceCube. The selection of cascade
events instead of track events therefore reduces
the contamination of atmospheric neutrinos—
by about an order of magnitude at tera–electron
volt energies—and permits the energy thresh-
old of the analysis to be lowered to about 1 TeV.
In the Southern sky, the lower background,

better energy resolution, and lower energy
threshold of cascade events compensate for
their inferior angular resolution, compared
with those of tracks. This is particularly true for
searches for emission from extended objects,
such as the Galactic plane, for which the size
of the emitting region is larger than (or similar
to) the angular resolution. Compared with
track-based searches, cascade-based analyses
are more reliant on the signal purity and less
on the angular resolution of individual events.
We therefore expect analyses based on cascades
to have substantially better sensitivity to ex-
tended neutrino emission in the tera–electron
volt energy range from the Southern sky.

Application of deep learning to cascade events

To identify and reconstruct cascade events in
IceCube, we used tools based on deep learn-
ing. These tools are designed to reject the

overwhelming background from atmospheric
muon events, then to identify the energies and
directions of the neutrinos that generated the
cascade events. IceCube observes events at a
rate of about about 2.7 kHz (18), arisingmostly
from background events (atmospheric muons
and atmospheric neutrinos) that outnumber
signal events (astrophysical neutrinos) at a
ratio of roughly 108:1. To search for neutrino
sources, event selection was required to im-
prove the signal purity by orders of magnitude.
Previously used event selections for cascade

events (22, 26, 27) relied on high-level observ-
ables, such as the event location within the
IceCube volumeand totalmeasured light levels,
to reduce the initial data rate. In subsequent
selection steps, more computing-intensive se-
lection strategies were performed, such as the
definition of veto regions within the detector,
to further reject events identified as incoming
muons. We adopted a different approach,
using tools based on convolutional neural net-
works (CNNs) (15, 28) to perform event selec-
tions. The high inference speed of the neural
networks (milliseconds per event) allowed us
to use a more complex filtering strategy at
earlier stages of the event selection pipeline.

This retains more low-energy astrophysical
neutrino events (Fig. 2) and includes cascade
events that are difficult to reconstruct and dis-
tinguish from background because of their lo-
cation at the boundaries of the instrumented
volume or in regions of the ice with degraded
optical clarity (from higher concentrations of
impurities in the ice).
After the selection of events, we refined

event properties, such as the direction of the
incoming neutrino and deposited energy, using
the patterns of deposited light in the detector.
The likelihood of the observed light pattern
under a given event hypothesis was maximized
to determine the event properties that best
describe the data. For this purpose, we used
a hybrid reconstruction method (16, 17) that
combines a maximum likelihood estimation
with deep learning. In this approach, we used
a neural network (NN) to parameterize the
relationship between the event hypothesis
and expected light yield in the detector. This
smoothly approximates a (more computation-
ally expensive) Monte Carlo simulation while
avoiding the simplifications that limit other
reconstruction methods (19, 29). Starting with
an event hypothesis, theNNmodels the photon
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Fig. 1. The plane of the Milky Way Galaxy in photons and neutrinos. (A) to
(E) are in Galactic coordinates, with the origin being at the Galactic Center,
extending ±15° in latitude and ±180° in longitude. (A) Optical color image (39),
which is partly obscured by clouds of gas and dust that absorb optical photons.
[Credit: A. Mellinger, used with permission.] (B) The integrated flux in gamma
rays from the Fermi Large Area Telescope (Fermi-LAT) 12-year survey (40)
at energies greater than 1 GeV, obtained from the Fermi Science Support Center
and processed with the Fermi-LAT ScienceTools. (C) The emission template
calculated for the expected neutrino flux, derived from the p0 template that

matches the Fermi-LAT observations of the diffuse gamma-ray emission (1).
(D) The emission template from (C), after including the detector sensitivity to
cascade-like neutrino events and the angular uncertainty of a typical signal event
(7°, indicated by the dotted white circle). Contours indicate the central regions
that contain 20 and 50% of the predicted diffuse neutrino emission signal.
(E) The pretrial significance of the IceCube neutrino observations, calculated
from the all-sky scan for point-like sources by using the cascade neutrino event
sample. Contours are the same as in (D). Gray lines in (C) to (E) indicate the
northern-southern sky horizon at the IceCube detector.
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• Milky Way Galaxy

IceCube 2023IceCube 2022; see also Y.Inoue+2020, S. Inoue+2022

• IceCube TeV-PeV Neutrinos 

• LHAASO TeV-PeV gamma-rays
• Micro-quasars • Dark SourcesCf. ) Talk by Shidatsu-san

accelerators, as evidenced by nonthermal radiation observed from lobes of SS 433. In addition,
powerful sub-relativistic winds may be launched from the accretion disk45. Expansion of winds
into the ambient medium can generate shocks and provide another potential particle acceleration
site25. Particles may be also energized at the boundary between the jet and the wind, or within the
jet’s outer layer of stratified velocity via the shear mechanism46. Besides, particle acceleration may
take place in more compact regions of the system as well. For example, internal dissipation within
jets, such as internal shocks and magnetic reconnection events, is also usually considered as the
efficient particle accelerator5. The fast-rotating magnetosphere of the BH offers an alternative pos-
sibility via the centrifugal force47, 48. Note that particles accelerated in the compact regions may also
produce extended gamma-ray sources, if these particles escape the acceleration site and diffuse to
ambient media of the BHs.
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Figure 3: Spectra of the LHAASO sources associated with four microquasars. (a) V4641 Sgr; (b)
GRS 1915+105; (c) MAXI J1820+070; (d) Cygnus X-1.

SS 433 is a microquasar presenting a pair of jets launched from the central BH. The two
jets are nearly perpendicularly to our line of sight and terminated at approximately 40 parsecs
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Figure 2: Significance maps of four other LHAASO measured microquasars besides SS 433. Panel
(a) V4641 Sgr, (b) GRS 1915+195, (c) MAXI J1820+070 and (d) Cygnus X-1 at above 25 TeV.
In each panel, the green cross marks the position of the BH of each microquasar. The green circle
exhibits 68% containment radii of the LHAASO sources. The cyan arc in panel (d) represents the
bow-like radio structure inflated by the jet of Cygnus X-132. The yellow circle in each panel shows
the corresponding 68% containment radii of LHAASO PSF.
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• Seyfert Galaxies

LHAASO 2024

LHAASO 2024

4. 1LHAASO J1902+0648 is a pointlike source with a
significance of TS= 46.2 only detected by WCDA. The
unidentified GeV source 4FGL J1902.5+0654 is 0°.12
from this 1LHAASO source.

5. 1LHAASO J1924+1609 is an extended source with
r39≈ 1°.3 detected by WCDA and KM2A simultaneously.
Although 3HWC J1923+169, found in a point search by
the HAWC group, is 0°.86 from the center of the WCDA
component, we announce 1LHAASO J1924+1609 as a
new TeV source due to its large extended size. Within the
0°.5 region around the centroid of the WCDA component,
there are three unidentified pointlike GeV sources, i.e.,
4FGL J1924.3+1601c, 4FGL J1925.4+1616 and 4FGL
J1924.3+1628. Note that the positional offset between the
WCDA component and the KM2A component is about
0°.69 with an uncertainty 0°.66 (at 95% confidence level).
The pulsar PSR J1921+1544 ( = ´ -E 1.31 10 erg s34 1,
τc= 2320.0 kyr, d= 9.04 kpc) is 0°.1 from the position of
the KM2A component.

6. 1LHAASO J1931+1653 is a pointlike source with a
significance of TS = 51.8, only detected by KM2A. The
unidentified GeV source 4FGL J1931.1+1656 is 0°.05
from this 1LHAASO source.

7. 1LHAASO J2027+3657 is an extended source with
r39≈ 0°.23 only detected by KM2A. It is resolved from
the previously published LHAASO source LHASSO
J2018+3651, which is one of the brightest sources

observed by LHAASO. The pointlike GeV source 4FGL
J2026.5+3718c is located within a 0°.5 region around this
1LHAASO source.

8. 1LHAASO J2047+4434 is an extended TeV source with
TS= 62.4, only detected by KM2A. A weak WCDA
component with TS≈ 20 is found but is not included in
this catalog. The unidentified pointlike GeV source 4FGL
J02049.3+4440c is 0°.32 from this 1LHAASO source.

Sixteen of the new TeV sources have pulsar or PWN/SNR
associations. Each source is briefly described as follows:

1. 1LHAASO J0216+4237u is a pointlike source located
at high Galactic latitude b≈− 17°. Interestingly, 0°.32
from this source, an energetic millisecond pulsar PSR
J0216+4238 ( = ´ -E 2.44 10 erg s35 1, τc= 476Myr,
d= 3.15 kpc, p0= 2.3 ms) is located. The large position
offset reduces the possibility of an association between
1LHAASO J0216+4237u and PSR J0216+4238. As
mentioned above, we favor a physical association
between 1LHAASO J0216+4237u, 1LHAASO J0206
+4302u, and 1LHAASO J0212+4254u. More details
will be discussed in a forthcoming report.

2. 1HAASO J0249+6022 is an extended source with
r39≈ 0°.71 for the WCDA component and with
r39≈ 0°.38 for the KM2A component. We find that the
KM2A component overlaps the extended region of the

Figure 8. LHAASO significance map within the region 10° � l � 115°, ∣ ∣ b 12 . Top panel: WCDA (1 TeV < E < 25 TeV) significance map. Middle panel:
KM2A (E > 25 TeV) significance map. Bottom panel: KM2A (E > 100 TeV) significance map. In this figure and in the following figure, the LHAASO source are
represented by gray crosses and white labels. The LHAASO sources for which the WCDA component has higher significance are plotted in the top panel. The
LHAASO sources for which the KM2A component has higher significance are plotted in the middle panel. Meanwhile, UHE sources are shown again in the bottom
panel.
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1 TeV < E < 25 TeV
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•Considering cosmic-ray acceleration & diffusion
•Semi-analytic treatment 
•MHD + test particle simulations
•MHD + transport equations

Our strategy: beyond one-zone & single power-law
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Figure 1. Schematic image of the Jet-MAD model. Left part: Zoom up view around the BH. Protons and electrons inside the
MADs emit 100 GHz radio, X-rays, and gamma rays via synchrotron radiation. Magnetic reconnection in the BH magnetosphere
accelerates the electrons, and the electrons emit the photons via synchrotron radiation. These photons interact with each other,
which form a blob consisting of the electron-positron pairs. This blob expands and becomes the jet material observed in radio
galaxies. Right part: Zoom-out view around the jet dissipation region. Magnetic reconnection in the jet accelerates the electrons,
which emit optical and X-rays via synchrotron radiation. Plasma is entrained into the jet from the ambient gas.

termine the thermal electron temperature by equating
the electron heating rate with the cooling rate. We
consider that the MHD turbulence heats up the ther-
mal electron. Electron heating processes by collisionless
MHD turbulence in the MADs are still under debate
(cf. Kawazura et al. 2020). Then, we give the ratio
of electron-proton heating rate, Qi/Qe, as a parame-
ter, and we set Qi/Qe ' 10. The cooling rates of the
thermal electrons are calculated in the same manner as
Kimura et al. (2015). For M87, the accretion rate is low,
and then, the bremsstrahlung is ine�cient as a cooling
process because of the low electron number density.
MHD turbulence accelerates the primary electrons

and protons which emit nonthermal synchrotron radia-
tion (Lynn et al. 2014; Kimura et al. 2016, 2019b; Sun &
Bai 2021). To obtain the energy distributions of the non-
thermal particles, we solve the energy transport equa-
tion with the one-zone and steady-state approximations,
and we use the injection term as a power-law form with
an exponential cuto↵ (see Appendix A). We estimate

the cuto↵ energy of the particles by equating the accel-
eration timescale with the loss timescale.
As the acceleration process, we consider stochastic ac-

celeration by the MHD turbulence with a hard-sphere-
like di↵usion coe�cient. Within the di↵usion process,
we write the e↵ective mean free path as ⌘turbH, where
H is the scale height of the accretion flow and ⌘turb is
the numerical factor. We consider the relevant cooling
processes (synchrotron, Bethe-Heitler, photomeson pro-
duction), di↵usive escape, and infall to the BH for the
loss processes.
Nonthermal protons interact with photons in ra-

dio bands via the Bethe-Heitler process and produce
secondary electron-positron pairs. These pairs pro-
duce very-high-energy gamma rays, which interact with
lower-energy photons in MADs, leading to electromag-
netic cascades. We iteratively calculate the photons and
the electron-positron pairs spectra until they converge.

2.2. Physical quantities at the base of the jet

• Schematic picture

Neutrino & γ-rays from Micro-quasars

8• Developed for M87 radio galaxy

Riku Kuze

Kuze, SSK, Toma 2024

Optical/X-ray 
TeV-PeV γ/ν

Radio/GeV γ



• Our model can explain multi-wavelength  
data for MAXI J1820 & Cyg X-1

Neutrino & γ-rays from Micro-quasars

9
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Figure 2. Photon spectra obtained by our model for MAXI J1820+070. The thick and thin lines are the photon spectra
after and before internal attenuation by the Breit-Wheeler process, respectively. Data points (low/hard state) and cyan bow-tie
(quiescent state) are taken from Özbey Arabacı et al. (2022). The upper limit lines of VERITAS, H.E.S.S., and MAGIC are
taken from Abe et al. (2022). The sensitivity line for CTA is taken from Actis et al. (2011).

duce the tens of TeV gamma-ray data of Cygnus X-1457

(see Figure 3).458

For the jet emission, since �ent ⌧ 1, the magnetic en-459

ergy density is comparable to that of the emitted pho-460

tons inside the jet, which leads to e�cient SSC. The461

jet inclination angle for Cygnus X-1 is low, which leads462

to e�cient jet emission, and the jet synchrotron radia-463

tion and the SSC explain the radio and GeV gamma-ray464

data, respectively.465

3.3. Photon spectra for the other BHXBs466

We show the results for GRO J1655-40, GX 339-4, and467

XTE J1118+480 in Figure 4.468

LHAASO Collaboration (2024) have recently reported469

that the LHAASO did not detect the very-high-energy470

gamma rays from XTE J1118+480. Our result for this471

object is consistent with the LHAASO result (see bot-472

tom panel of Figure 4). GX 339-4 and GRO J1655-40473

are in the southern sky, and the LHAASO cannot de-474

tect the very-high-energy gamma rays from them due475

to the location of the LHAASO. To detect the very-476

high-energy gamma rays from them, we desire other477

gamma-ray detectors, such as the Andes Large area478

PArticle detector for Cosmic ray physics and Astron-479

omy (ALPACA) (Kawashima & The ALPACA Collabo-480

ration 2022) and the Southern Wide-Field Gamma-Ray481

Observatory (SWGO) (Huentemeyer et al. 2019) that482

are in the Earth’s southern hemisphere. We compare483

the obtained photon spectra and the sensitivity of the484

future gamma-ray detectors and find that the SWGO485

will detect the very-high-energy gamma rays from GRO486

J1655-40 by operating SWGO for 5 years.487

The jet emission depends on �4D (see Section 2.3), and488

each �D is 0.38, 1.3, and 1.02 for GRO J1655-40, GX489

339-4, and XTE J1118+480, respectively. Then, the jet490

emission is ine�cient for GRO J1655-40, and the other491

BHXBs are e�cient (see Figure 4).492

Our model does not reproduce the optical data of GX493

339-4 and the radio-to-optical data of XTE J1118+480.494

Both companion stars are not massive, and the contri-495

bution of the companion star is weak. For GX 339-4,496

we consider that the optical photons may come from497

the standard disk in the outer part of the MAD. As498

for XTE J1118+480, the radio-to-optical data seems to499

be the power-law form, and these photons may come500

from the nonthermal electrons of the jet (e.g., Marko↵501
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Figure 7. Top panel: Contribution to the di↵use TeV
gamma-ray by BHXBs. Data points are taken from Cao
et al. (2023). Bottom panel: Contribution to the galactic
neutrino by BHXBs. Data points are taken from Icecube
Collaboration et al. (2023).

Ftot =
NBHXBX

i=1

Lfiducial

4⇡D2

i

· flh, (7)580

where Ftot is the total flux, Lfiducial is the luminosity581

of the fiducial BHXB, Di is the distance between Earth582

to each BHXB, i is the i-th BHXB, and flh is the duty583

cycle of the low/hard state. Tetarenko et al. (2016) have584

cataloged X-ray observation of all known BHXBs over585

19 years and showed that the median of the duty cycle586

for low/hard state is 2.7% (see Figure 9 of Tetarenko587

et al. (2016)). Then, we set flh = 0.027. We show the588

results in Figure 7.589

As shown in Figure 7, the BHXBs can contribute to590

at least a few 10% of di↵use gamma-ray and neutrino591

emissions. We should note that we do not consider the592

distribution of the BH mass and the mass accretion rate593

in this calculation. Within our estimation, we do not594

take into account the contributions of pulsar halos and595

the CR sea emitting gamma rays by interacting with596

interstellar medium (ISM). These contributions highly597

a↵ect the di↵use gamma rays (Yan et al. 2024), and the598

contribution of BHXBs to di↵use gamma rays should599

not be high. In our results, the BHXB contribution to600

the di↵use TeV gamma rays is low and does not violate601

the results of Yan et al. (2024).602

Fang & Murase (2023) have shown that the contribu-603

tion by the known gamma-ray sources to galactic neu-604

trinos is around 50%. Then, the unresolved sources and605

CR sea should contribute to the galactic neutrinos. Our606

results show that if NBHXB = 104, the BHXBs can re-607

produce the galactic neutrino with E⌫ ' 1014 eV (see608

bottom panel of Figure 7). The CR sea also emits neu-609

trinos and should contribute to the galactic neutrino.610

Thus, our results suggest that the number of BHXBs611

should be lower than 104 if Cygnus X-1 is a represen-612

tative of BHXBs and protons accelerated in MADs are613

responsible for the LHAASO data for Cygnus X-1.614

4.2. CRs from the low/hard state BHXBs615

Inside the MAD, the MHD turbulence accelerates the616

protons, and the protons escape from the MAD di↵usely.617

We estimate the escaped CR luminosity and evaluate618

the contribution of the BHXBs to the CR spectra. We619

calculate the CR injection rate to the ISM as620

EpLp =
tloss
tdi↵

E2

pṄp,inj ·NBHXB · flh, (8)621

where tloss is the energy loss timescale, tdi↵ is the dif-622

fusive timescale, Ṅp,inj is the primary proton injec-623

tion term of the MAD model. Escaped CRs propa-624

gate in the ISM and arrive on Earth. The confine-625

ment time inside the ISM, tconf , is provided by the626

grammage, Xesc = nISMµmpctconf , where nISM is the627

ISM number density and µ is the ISM mean atomic628

mass. Based on the boron-to-carbon ratio measure-629

ments, the grammage of CRs is estimated to be Xesc '630

2.0(Ep/250 GeV)�� g cm�2, where � = 0.46 for Ep <631

250 GeV and � = 0.33 for Ep > 250 GeV (Aguilar632

et al. 2016; Murase & Fukugita 2019; Adriani et al.633

2022). Then, the CR escape rate from the ISM is es-634

timated to be EpUEpVgal/tconf ⇡ EpUEpcMgas/Xesc,635

where UEp is the di↵erential energy density of the CR636

andMgas ' 8⇥109M� is the total gas mass in our galaxy637

(Nakanishi & Sofue 2016). CR escape rate should bal-638

ance with the CR injection rate, and we estimate the639

CR intensity, �p = cUEp/(4⇡Ep), as (e.g., Kimura et al.640

2018)641

E2

p�p ⇡
EpQEpXesc

4⇡Mgas

. (9)642

We show the CR spectrum from the low/hard state643

BHXBs in Figure 8. The low/hard state BHXBs cannot644

contribute significantly to the observed CR spectra due645

to low ✏NT and the low duty cycle of low/hard state.646

Kimura et al. (2021) have estimated the CR spectrum647

from the MAD of quiescent states of BHXBs (QBHXBs)648

and showed that the CRs from QBHXBs can explain649

the PeV CRs (see their Figure 5). In their scenario,650

• Micro-quasars could potentially  
contribute to Galactic neutrinos?

Riku Kuze
Kuze, SSK, Fang in prep.

Preliminary



• ~ 108-109 isolated black holes in our Galaxy
• Some of them are in molecular clouds  

=> high accretion rate  => PeV CR acceleration  
=> Neutrino & γ production by interaction with molecular gas

Neutrino & γ-rays from Isolated black holes
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Figure 1. A schematic picture of our scenario. An IBH in a molecular cloud accretes the surrounding gas, forming a MAD.
Protons are accelerated in the MAD and high-energy protons can escape from the MAD. Some of these protons interact with
the ambient gas, emitting TeV-PeV gamma rays that can explain LHAASO dark sources. The majority of the protons escape
from the molecular cloud, which contribute to the PeV CRs observed on Earth.

stellar-mass BHs in our Galaxy accelerate hadronic58

cosmic-rays up to multi-PeV energies (Alfaro et al. 2024;59

LHAASO Collaboration 2024). In addition, LHAASO60

identified 43 UHE gamma-ray sources (Cao et al. 2024).61

This list includes 7 newly discovered “dark” gamma-62

ray sources, from which LHAASO detected gamma rays63

with soft spectra above 30 TeV without showing sig-64

natures of lower-energy gamma-rays. Their gamma-ray65

spectra should have peaks around 30 TeV. Such objects66

had not been reported before, and the origins of these67

dark sources became a new mystery.68

In this Letter, we propose isolated black holes (IBHs)69

wandering in molecular clouds as the PeV CRs and70

LHAASO dark sources. Based on stellar evolution theo-71

ries, 108�109 IBHs are expected to be wandering in the72

interstellar medium (ISM) in our Galaxy (e.g., Abrams73

& Takada 2020), which accrete gas from the ISM. Fig.74

1 indicates the schematic picture of our scenario. The75

accretion flows onto these IBHs are considered to be in76

a magnetically arrested disk (MAD) state (Ioka et al.77

2017; Kimura et al. 2021a), where magnetic reconnec-78

tion can e�ciently accelerate non-thermal particles. We79

show that MADs around IBHs embedded in molecu-80

lar clouds can accelerate CRs up to PeV energies. The81

high-energy CRs can escape from MADs, and a fraction82

of them would interact with ambient molecular clouds.83

This interaction produces UHE gamma-rays that can ex-84

plain LHAASO dark sources. The vast majority of the85

PeV CRs escape from the molecular clouds, and these86

CRs can provide a significant contribution to the CRs87

observed on Earth. Throughout the Letter, we use no-88

tation of QX = Q/10X in cgs units unless otherwise89

noted.90

2. ACCRETION FLOWS ONTO IBHS IN91

MOLECULAR CLOUDS92

We consider a stellar-mass IBH wandering in a molec-93

ular cloud. The IBH captures the ambient gas with the94

Bondi-Hoyle-Lyttleton rate, but a fraction of the accret-95

ing gas would not reach the vicinity of the IBHs because96

of mass loss or convective motion. We introduce a pa-97

rameter, �w, to take into account the reduction of mass98

accretion rate, and estimate the mass accretion rate onto99

IBH as100

Ṁ•⇡�w

4⇡G2M2µISMmpnISM

(C2
s
+ V 2

k
)3/2

, (1)101

' 1.3⇥ 1014�w,�1M1nISM,2V
�3

e↵,6.3
g s�1, (2)102

where G is the gravitational constant, M is the IBH103

mass, mp is the proton mass, Vk is the relative velocity104

between the IBH and the molecular gas, µISM = 2.73,105

nISM, and Cs ⇠ 106 km s�1 are the mean molecular106

• IceCube-Gen2 might be able to detect them if we stack ~ 10 objects
• IBHs can emit GeV-TeV γ from their magnetosphere

Preliminary

SSK, Tomida, Kobayashi, Kin, Zhang in prep.

Neutrino

ν

ν

Cf.) Ioka+ 2017

Poster by Kin-san



• One-zone approximation 
- Ignore spacial structure for simplicity

• Single power-law proton distribution with index  
- Ignore cosmic-ray acceleration process for simplicity

s ∼ 2

•Multi-emission regions
•Multi-zone modeling
•1D hydro-simulations + neutrino emission calculation
•3D hydro-simulations + neutrino emission calculation

Our strategy: beyond one-zone & single power-law

11

•Considering cosmic-ray acceleration & diffusion
•Semi-analytic treatment 
•MHD + test particle simulations
•MHD + transport equations
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• MHD: turbulence field in large scales
•
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Preliminary

• MHD: turbulence field in large scales
• Particles: orbits & energy evolution 



Particle Acceleration Simulations &  
CR transports in MHD simulation data

14

• MHD Simulation + Test Particle Simulation 
- Solve orbits of CR particles using MHD data sets 
- Enable us to obtain diffusion coefficients 
- limited to CRs with rL > Δx

SSK et al. 2016, 2019, in prep

Model for diffusion coefficient

• MHD Simulation + CR Transport simulation 
- Solve CR transport equation using MHD data sets 
- We need a model for diffusion coefficients  
- We can obtain useful info for CRs with rL < Δx

Talk by Ishizaki-san; Poster by Kawashima-san
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Preliminary

• MHD: turbulence field in large scales
• Particles: orbits & energy evolution 

=> Diffusion coefficients in 
      configuration & energy spaces



• Seyfert Galaxies (Radio-quiet AGN)

• Low-luminosity AGN

• Galactic Black Hole

• Pulsar Wind Nebulae (PWN)

• Galactic Wind

Summary

16

• Pulsar-powered Supernovae

• Interaction-powered Supernovae

• Afterglows of Gamma-ray Bursts

• Internal dissipation of GRBs

• Tidal Disruption Events

Talk by Murase-san; Poster by Sakai-san Talk by Ekanger-san

• Steady Sources • Transient Sources

Talks by Moriya-san & Ekanger-san

Talk by Nakama-san; Posters by Matsui-san, Wada-san

Talk by Murase-san

Poster by Kawashima-san

Talk by Shimoda-san

This talk; Poster by Kin-san

Talk by S. Tanaka-san

Posters by Obayashi-san, Kusafuka-san 

• High-energy Neutrinos are unique signals  
to probe hadronic cosmic rays & dense medium

• Our strategy: beyond one-zone & single power-law
• We are constructing neutrino emission models 


