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Fig. 2. Broad-band high-dynamic-range 0.5-4 keV X-ray image of the giant radio nebula W50 by 𝐿𝑀𝑁/eROSITA (PV data). The size of the image
is 2.2 degrees by 1.1 degrees, corresponding to → 200 ↑ 100 pc at the distance of W50, → 5 kpc. The image is rotated so that the longer side of
W50 is aligned with the horizontal axis. Colour-coding corresponds to the X-ray surface brightness on the square-root scale spanning two orders
of magnitude. The bright spot in the center is the SS 433. It appears extended due to the wings of the telescope’s Point Spread Function around
SS 433, which itself is heavily saturated in this image. The white contours show the surface brightness of the radio emission from the nebula at
4.85 GHz (Gregory et al. 1996). With this deeper data (compared to the all-sky survey’s data), a faint di!use emission is seen between bright EXJs
and the radio boundary of W50.
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Fig. 3. A composite X-ray image of the radio nebula W50. Colour-coded is the surface brightness of the X-ray emission (on a linear scale) in
0.5-1 keV (red), 1-2 keV (green), and 2-4 keV (blue) energy bands. The white arrows depict the projection of the precession cone of the SS 433
jets extrapolated to distances → 100 pc. Hard and soft X-ray di!use emission splits convincingly into two components: softer filamentary emission
(red-yellow) and harder (green-blue) emission of EXJs. On top comes a multitude of nearby (active stars and accreting white dwarfs) and distant
(mostly AGN) compact sources. For distant sources, the absorption by the Milky Way gas suppresses emission below 1 or 2 keV, giving them a
blueish color.
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2023: Evidence of Neutrinos from the Milky Way

IceCube 23 Science

Neutrino emission from the Milky Way (~10% of total) has been observed w. 4.5s



Galactic Multimessenger Connection: A Decade Ago

- Most g rays from Galactic sources reach Earth
- Neither g rays nor ns were NOT observed in the sub-PeV range a decade ago
- We already learned that Galactic contribution to IceCube ns is subdominant

(Ahlers & KM 14PRD)

Ahlers & KM 14 PRD

p+ p→ Nπ + X → Eg
2 Fg : En

2 Fn ~ 2:3p0:p±~1:2

CASA-MIA

E2
νJHNRνα ≃ 6.2 × 10−9 GeV cm−2s−1sr−1

!
Eν

0.1 PeV

"−0.2
;

ð11Þ

with exponential cutoff at Eν;max ≃ 2 PeV.
In Fig. 4 we show the associated flux of diffuse Galactic

CRs and from SNRs/PWNe and HNRs from Eqs. (8), (11)
and (10) using relation (2) in comparison to experimental
observations of TeV-PeV γ-rays. The absorption via inter-
stellar radiation fields in the plane depends on the Galactic
longitude; the dashed lines indicate observations for a

source at the GC where the absorption effect is strongest
[35]. Note that the individual diffuse TeV-PeV γ-ray limits
of the GP are for different emission regions along the GP as
indicated in the legend of the plot. The relative size of the
“on-source” regions of the experimental results are sum-
marized in Fig. 5. The diffuse flux prediction (only π0-
decay) for jbj < 5° or jbj < 10° are lower than the jbj < 2°
calculation shown in Fig. 4 by about a factor 2 or 3,
respectively.
The intensity of the Galactic diffuse emission (including

unresolved point source emission and truly diffuse emission)
is also expected to vary along the GP. For a uniform source
distribution or CR density within the GP (as assumed in our
approximation) the flux variation between the Galactic
center to anticenter is less than 25% (omitting absorption).
For instance, the flux predictions in the inner (outer) Galaxy
corresponding to the Tibet limits (cf. Figs. 4 and 5) increase
(decrease) by 20% (23%) compared to the overall average.
However, as mentioned earlier, one has to keep in mind that
the source distribution should also follow the Galactic arms,
bar, and bulge. Similar to the observed γ-ray distribution
along the GP this can enhance the neutrino emission in
directions with increased local source density.
The Milagro experiment identified a diffuse γ-ray

emission in the GP at 3.5 TeV within 40° < l < 100°
and at 15 TeV within 40° < l < 85° [45,46]. The cumu-
lative flux of many sources including SNRs or PWNe may
make a significant contribution to the Milagro flux. This is
roughly consistent with estimates based on analyses on
nearby SNRs and PWNe that have been observed by
Cherenkov telescopes like HESS [82]. The neutrino flux
from SNRs suggested by Eqs. (2) and (10) is marginally
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FIG. 5 (color online). The on-source regions of GP diffuse
emission used for the experimental results shown in Fig. 4 using
the same color coding. We also show the distribution of IceCube
events in the vicinity of the GP (cf. Fig. 1). The circled areas
indicate the uncertainty of the cascade reconstruction as in Fig. 4.
Note that the limits on diffuse γ-ray emission along the GP from
HEGRA [49] assume a larger zenith angle range than for the
isotropic diffuse emission listed in Table I.
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FIG. 4 (color online). Diffuse measurements of the γ-ray flux in
the GP in comparison to the expected diffuse flux from the
propagation of Galactic CRs (light-gray lines) and from Galactic
SNRs (black lines) and HNRs (dark-gray lines) with power index
Γ ¼ 2.2. The solid lines indicate the estimate in Eqs. (8), (10) and
(11) using relation (2) without attenuation and the dashed lines
indicate the contribution from a source at the GC. We adopt the
calculation of Ref. [35] for the interstellar radiation field on top of
the CMB. We also show estimated sensitivities w.r.t. the diffuse
TeV-PeV γ-ray emission in the GP (jbj < 2°) for the observatories
(in ascending energy of maximum sensitivity) CTA (green
dotted), HAWC (blue dotted), LHAASO (red dotted) and Hi-
SCORE (brown dotted). Note that the model-dependent theo-
retical fluxes are averaged over Galactic longitude and latitude
jbj < 2°, whereas the measurements only apply to the intersection
of the GP with the FoVand in some case extend to larger absolute
latitudes as indicated in the plot (cf. Figure 5). Extending the GP
to jbj < 5° or jbj < 10° reduces the theoretical fluxes (only π0-
decay and ignoring absorption) by about a factor 2 or 3,
respectively. The relative intensity of the diffuse flux between
Galactic Center and anti-Center is less than $25% (see text).
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A. Quasiisotropic Galactic emission

The IceCube excess is consistent with an isotropic
distribution of arrival directions. If it is truly isotropic, it
is natural to assume that the neutrinos come from extra-
galactic sources. In principle, however, one could consider
possibilities of Galactic sources such as Galactic halos
including termination shocks of galactic winds, high-
latitude old pulsars, local molecular clouds around the
solar system and hot circumgalactic gas. But, among them,
no plausible scenario has been proposed. PeV γ-ray con-
straints can strongly support this directly.
As an astrophysical scenario we briefly discuss the

expected neutrino and γ-ray emission from the Galactic
halo following Ref. [52]. We assume that the ejecta of
Galactic supernovae (SN) accelerate CRs to an energy
above the CR knee sufficient for the production of PeV
neutrinos. (We will provide a more detailed discussion of
the maximum CR energy in supernova remnant (SNR)
shocks in the following section.) The total CR energy
per SN is assumed to be a significant energy fraction ϵp
of the initial SN ejecta energy of Eej ¼ 1051ergEej;51.
In the following we approximate the source CR spec-
trum as a power-law normalized as E2

pNpðEpÞ≃
ϵpEejðEp=Ep;minÞ2−Γ=R0, where we assume that Ep;min ∼
mp and introduce a bolometric correction factor R0¼
ð1−ðEp;max=Ep;minÞ2−ΓÞ=ðΓ−2Þ (orR0¼ lnðEp;max=Ep;minÞ
for Γ ¼ 2).

We now assume that CRs injected over a time scale of
tinj ∼ 10 Gyr can be trapped in the Galactic halo [53] with a
gasdensitynhalo≃10−4.2 cm−3ðr=RvirÞ−0.8 [54]up to thevirial
radius Rvir≃260kpc [55]. Assuming the present supernova
rate ofRSN ∼ 0.03 yr−1 and itspast enhancementfpast ∼ 3 the
total number of SNRs contributing to the halo emission is
NSNR≃fpastRSNtinj. The present energy density of CRs in
the halo is thus approximately NSNRϵpEej=Vhalo with halo
volume Vhalo ≃ ð4π=3ÞR3

vir. The per flavor and per SNR
neutrino spectral emissivity is then (c.f. [23]) E2

νQνα≃
ð1=6ÞκpcσppnhaloE2

pNpðEpÞ, where Eν ≃ 0.05Ep and for
pp interactions we used the pion ratio K ≃ 2, mean inelas-
ticity κp ≃ 0.5 and cross section σpp≃3×10−26 cm2 around
1GeV, increasing toσpp≃6×10−26 cm2 aroundEkn [56].The
diffuse neutrino spectrum can then be approximated as

E2
νJhaloνα ≃ NSNR

4πVhalo

Z
Rvir

0
drE2

νQνα

≃ 2.4 × 10−9 GeVcm−2s−1sr−1ϵp;−1Eej;51

×
!

Rvir

260 kpc

"−2!fpast
3

"!
RSN

0.03 yr−1

"!
tinj

10 Gyr

"
;

ð3Þ

for Γ ¼ 2, Ep;min ∼mp and Ep;max ∼ 12 PeV.
Note that the previous estimate is consistent with results

obtained by Ref. [52] if we adopt Γ ¼ 2.4, but the
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FIG. 2 (color online). Measurements of the isotropic diffuse γ-ray flux in the TeV-PeV range by various experiments (see Table I). Left
panel: The black lines shows the γ-ray flux corresponding to IceCube’s best fit assuming pp-interactions (K ¼ 2) and an exponential
cutoff at 6 PeV (i.e., 3 PeV for neutrinos). We show the unattenuated flux and the flux from 8.5 kpc, 20 kpc, and 30 kpc, respectively,
taking into account pair production via scattering off CMB photons. For the conversion of photon fractions into photon flux we use the
CR flux of Ref. [8]. For comparison we also show the total neutrino flux as a thin gray line. Right panel: Comparison to the Galactic
γ-ray emission of a generic DM decay scenario assuming a scalar X with mass mX ¼ 5 PeV and lifetime τX ¼ 7 × 1027 s. The solid,
dashed, and dotted black lines show the diffuse emission from the three sky regions divided by the red dashed circles in Fig. 3. The solid
gray line shows the total average neutrino flux, which also accounts for the extragalactic contribution shown separately as a dashed
gray line.
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Galactic Multimessenger Connection: Halo Case

• Air-shower arrays have placed diffuse g-ray limits at TeV-PeV
Fermi g-ray data imply sn < 2.0 → extragalactic origins

(KM Ahlers & Lacki 13 PRDR, KM, Guetta & Ahlers 16 PRL)

• Improved limits with PEPS?
(related analyses: heavy dark matter searches)

γ + bkgγ → e+ + e−

Ahlers & KM 14 PRD

Quasi-isotropic limits (Galactic halo CR model)

g
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uncertainties arising from our modeling of cosmic-ray
distribution described in Appendix C.

4. Discussion and Conclusions

We evaluated the GDE and high-energy neutrino flux from
astrophysical sources residing in the Milky Way based on the
latest γ-ray observations. Since the TeV–PeV γ-ray observa-
tions are ground-based and cover the partial sky, the maximum
flux of neutrino emission from the entire GP is derived based
on models of the source distribution in the Galaxy (Ahlers &
Murase 2014; Fang & Murase 2021). When calculating the
neutrino emission by sources, we removed sources classified as
pulsars, PWNe, and TeV halos, which are promising leptonic
sources. Our main conclusions are summarized as follows.

1. The neutrino contribution from resolved γ-ray sources,
excluding those associated with pulsars, is smaller than
the IceCube Galactic neutrino flux measured with the π0

template by a factor of ∼2, suggesting that the neutrino
emission could be dominantly produced by diffuse
cosmic rays or sources unresolved by γ-ray facilities.

2. At ∼1–30 TeV, the sum of resolved nonpulsar sources
and the LHAASO diffuse emission is comparable to the
IceCube π0 flux, when assuming that the γ-ray emission
of these components is 100% hadronic. This indicates
that the LHAASO diffuse γ-ray emission could not be
dominated by unresolved leptonic sources such as TeV
halos. The above two conclusions are weaker when
comparing to the IceCube flux obtained with KRA
templates (Gaggero et al. 2015).

3. At ∼ 30–100 TeV, the neutrino flux measured by
IceCube is comparable to or higher than that derived
from the Tibet ASγ GDE (Fang & Murase 2021),
suggesting a hadronic origin of the GP γ-ray emission.

4. Above ∼ 100 TeV, the GDE is expected to decline due to
the cosmic-ray knee. If the GP neutrino and γ-ray spectra
extend to higher energy without a break, then it would be
natural to expect contribution from super-PeVatrons such
as hypernova remnants and super-bubbles (Ahlers &
Murase 2014; Zhang et al. 2020; Abeysekara et al. 2021).

The identification and measurement of Galactic neutrino or
γ-ray sources involve a separation of the GDE component. A
small fraction of the source flux could arise from the GDE and
the isotropic emission (Cao et al. 2023b). This would further
lower the source contribution and support our conclusion.

We assumed that γ-ray emission of pulsars, PWNe, and TeV
halos mostly come from relativistic electrons and positrons.
High-energy neutrinos could be emitted by fast-spinning
newborn pulsars, although the birth rate of such sources in
the local Universe is relatively low (Bednarek &
Protheroe 1997; Murase et al. 2009; Fang 2015).

Our results confirmed the previous findings that the Galactic
contribution, whether it originates from truly diffuse emission
or sources, should be subdominant in the all-sky neutrino flux
in the 10 TeV–1 PeV range (Ahlers & Murase 2014; Murase
et al. 2016; Palladino & Winter 2018; Fang & Murase 2021).
Although our conclusion is not directly applied to quasi-
isotropic emission, this has also been constrained by not only
Fermi-LAT but also TeV–PeV γ-ray observations (Murase
et al. 2013; Ahlers & Murase 2014; Murase et al. 2016).
Upcoming neutrino telescopes such as KM3Net, Baikal-GVD

and IceCube-Gen2 (The IceCube-Gen2 Collaboration 2021)may

resolve individual Galactic sources and disentangle the source
emission and GDE. Future air shower γ-ray experiments in the
Southern hemisphere such as the Southern Wide-field Gamma-
ray Observatory (Albert et al. 2019) are also crucial to
understanding the emission of the entire GP.
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Appendix A
Table Summary of Gamma-Ray Observations of the

Galaxy

Tables 1 and 2 summarize the γ-ray observations of Galactic
sources and GDE, respectively.
De La Torre Luque et al. (2023) compared γ-ray emission

models to the Fermi-LAT data from the two sky regions observed
by Tibet ASγ. They conclude that the total flux is dominated by
the π0 decay of the diffuse cosmic rays at 100–300 GeV, with
<10% contributed by resolved and unresolved sources, inverse
Compton and bremsstrahlung radiation from cosmic-ray elec-
trons, and the isotropic γ-ray background. We therefore use the
total flux of the Fermi-LAT data from De La Torre Luque et al.
(2023) as an approximate of the GDE flux in these two regions
(the left and middle plots in Figure 2).

Appendix B
Multimessenger Connection

As in Fang & Murase (2021), we derive the upper limit on
the neutrino flux of a sky region from the γ-ray measurements
through the following relation:
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where n
WF and g

WF are the all-flavor neutrino flux and γ-ray flux
produced by hadronic cosmic rays from a sky region, either as
GDE or source emission. The factor to the right-hand side of
the equation scales the emissivity of the sky regions by
accounting for the attenuation of γ-rays due to propagation in
the ISM. In particular, Pγ,surv is the probability for a photon to
survive from the pair production along a line-of-sight s in the
direction of Galactic longitude l and latitude b,

t= -g g gg g( ) ( ( )) ( )x x x xP E E, , exp , , , B2,surv 0 ob 0 ob

and τγγ is the optical depth to a photon with energy Eγ when
traveling from its initial position x0 to the observer at xob
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Importance of Improved Measurements

is limited by the completeness of the sample. Based on the
luminosity function derived from the HGPS sources (Abdalla
et al. 2018; Steppa & Egberts 2020), it has been suggested that
the GDE flux measured by Tibet ASγ and LHAASO may come
from unresolved pulsar-powered sources that are presumably
leptonic (Cataldo et al. 2020; Vecchiotti et al. 2022; Zhang
et al. 2023).

The population of TeV sources has grown significantly
following the launches of air shower detectors. The Third
HAWC Catalog (3HWC) reported 65 sources, including 20
sources that are more than 1° away from any previously
detected TeV source (Albert et al. 2020). The first LHAASO
catalog (1LHAASO) reported 90 sources, out of which 43 are
detected above 100 TeV at >4σ (Cao et al. 2023b). However,
the luminosity function has been very uncertain at these very
high (0.1−100 TeV) and ultrahigh (>100 TeV) energies.
The detection of Galactic neutrinos has been anticipated for

decades (Stecker 1979). Whether the Galactic contribution
dominates the full-sky neutrino flux was first debated at the
time of IceCube’s discovery of high-energy cosmic neutrinos
(IceCube Collaboration 2013). Using the multimessenger
connection and diffuse TeV γ-ray data mainly from CASA-
MIA and KASKADE, Ahlers & Murase (2014) showed that
the all-sky neutrino flux mostly originates from extragalactic
sources. Fang & Murase (2021) derived the upper limit on the
Galactic neutrino flux based on the GP observation by Tibet
ASγ, and argued that the 100 TeV emission may come from
either the GDE or the sum of discrete sources. Lately, the
IceCube Collaboration reported evidence for neutrinos from the
GP (Abbasi et al. 2023). The observed flux level is consistent
with the prediction of Fang & Murase (2021).
An important task in understanding the GP is to disentangle

the contribution of individual sources from the truly diffuse

emission. This is crucial to understanding the PeVatrons in the
Milky Way and the leptonic contribution to the TeV–PeV γ-ray
sky. While detecting individual Galactic neutrino sources
would be the ultimate solution to this problem, in this paper we
take a first step in understanding the source contribution to the
neutrino GDE via a multimessenger approach. Specifically, we
constrain the neutrino flux of individual sources using γ-ray
catalogs and compare it to the GDE measured by IceCube or
derived from γ-ray observations. Unlike extragalactic neutrino
sources, Galactic neutrino sources are likely optically thin to
TeV γ-rays given their relatively low infrared fluxes. The γ-ray
emission can be made by either electrons or protons and nuclei
whereas high-energy neutrinos can only come from the latter.
The γ-ray flux of individual Galactic sources detected by γ-ray
telescopes therefore provide an upper limit on their neutrino
emission.
We describe the TeV–PeV γ-ray observations of the GP in

Section 2, including the source catalogs and GDE observations
in Sections 2.1 and 2.2, respectively. By converting the
differential γ-ray flux to neutrino flux assuming that they are
simultaneously produced by protons and nuclei, we constrain
the high-energy neutrino emission by sources and compare that
to the GDE in Section 3. We conclude and discuss the caveats
of the work in Section 4.

2. TeV–PeV Gamma-Ray Observations

In this section, we describe the γ-ray catalogs and GDE
observations to be used for the deviation of high-energy
neutrino fluxes. Figure 1 summarizes the sky regions observed
by various experiments. We overlay the neutral hydrogen (HI)
emission from the HI 4-PI Survey (HI4PI Collaboration et al.
2016), since the pionic GDE is dominated by cosmic-ray
interaction with the HI gas.

Figure 1. Summary of the sky regions observed by various γ-ray experiments, including H.E.S.S. Telescope for the GP survey (red rectangle; Abdalla et al. 2018),
Tibet ASγ Observatory for the GDE observation (yellow rectangle for region A and dashed cyan rectangle for region B; Amenomori et al. 2021), LHAASO
Observatory for the GDE measurement (purple rectangle for outer Galaxy; Cao et al. 2023a), HAWC Observatory for the Third HAWC Catalog of Very-high-energy
Gamma-ray Sources (3HWC; sky blue curves Albert et al. 2020) and LHAASO for the First LHAASO Catalog of Gamma-Ray Sources (1LHAASO; pink curves; Cao
et al. 2021). Fermi-LAT and IceCube observe the full sky and are not shown in this plot. Details of the observations are summarized in Tables 1 and 2 . For reference,
the neutral hydrogen (21 cm) emission from HI 4-PI Survey (HI4PI Collaboration et al. 2016) is shown with the column density indicated by the color bar. Plot is in
Galactic coordinates.
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Importance of Improved Measurements

Sources may significantly contribute to the Tibet data in the inner region (see also Kato+ 24 ApJL).
Unresolved sources at >100 TeV? “Resolved” sources could also contribute to the IceCube data. 

Fang & KM 23 ApJL



Hypernova Remnants as Unidentified Sources

• pp interactions from cosmic-ray ions (w. molecular clouds?)
IC by beta-decay of cosmic-ray ion produced in the past 

• Abundance: NHNR~30 vs NSNR ~ 1000
• Source extension: ~1 deg (3 kpc/d)

Hypernova/GRB Remnants as TeV unIDs 3
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FIG. 1.— Flux from the π0 decay via pp interactions between the ISM
and CRs accelerated by the hypernova shocks, compared with the Fermi and
HESS sensitivities. We assume a remnant of age tage = 105 yr at d = 10
kpc with a CR energy E = 3× 1051 erg and the CR spectral index p = 2.2
in the energy range mpc2 < εp < 105mpc2. We also show the synchrotron
emission from π0 decay positrons and electrons for B = 3µG, compared with
the observational upper limits for an X-ray to TeV flux ratio of 10−2 and a
radio to TeV flux ratio of 10−3. We use a code of Kamae et al. (2006) for
calculating pp interactions. In addition, we also plot the bremsstrahlung,
synchrotron, and IC emission from primary electrons with the spectral index
p = 2.2 and the electron-to-proton ratio of (e/p)10GeV ∼ me/mp at 10GeV.

an electron-to-proton ratio of (e/p)10GeV ∼ me/mp ∼ 10−3 at
10GeV. The radio observations limit the (e/p)10GeV ratio to
! 10−3, which is somewhat smaller than the observations
∼ 0.02. Note however that the injection of thermal electrons
into the acceleration process is poorly understood, and the
observed electron CRs might be produced by other sources
such as usual SNRs or pulsars. In any case, the leptonic
model for TeV unIDs seems unlikely. Note that we take the
Coulomb losses for low energy electrons into account accord-
ing to Uchiyama et al. (2002) (see also Baring et al. (1999))
and this makes the bremsstrahlung spectrum hard in the X-
ray band. On the other hand, the thermal bremsstrahlung
emission is not bright in the X-ray band, in contrast with
the usual young SNRs (Katz & Waxman 2007), because the
temperature of old SNRs is much below the X-ray energy,
T ∼ 0.04 keV E2/5k,52n−2/5(t/105yr)−6/5 (Reynolds 2008).

3. GRB JETS
3.1. β decay model

A fraction of SNe/hypernovae is associated with long GRB
and their jets. Another process for generating TeV gamma-
rays is the (time-delayed) β decay of the neutron compo-
nent of the CR outflow accelerated by the jets followed by
inverse Compton scattering (Ioka et al. 2004). We have ap-
plied this process to the SNR W49B (G43.3-0.2), which is
a possible GRB remnant (Keohane et al. 2006; Miceli et al.
2006, 2008). Since the β decay can occur outside the rem-
nant, the jet-like emission would appear outside of the SNR.
Note that the GRB-associated SNe are not necessarily ener-
getic hypernovae since the luminosity distribution of GRB-
associated SNe is statistically consistent with that of local
SNe Ibc (Soderberg et al. 2006b).
As shown in Fig. 2, old jet remnants with tage ∼ 105 yr are

potentially TeV unIDs since the usual SNR emission goes
down at this age, while electrons that emit ∼TeV gamma-
rays (i.e., εe ∼ 107 electrons) need tcool ∼ 105 yr to cool
(see Eq. (3) and (4) in Ioka et al. 2004). (However a spec-
tral cutoff at ∼ 10 TeV may be seen at this age.) Then the
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FIG. 2.— Flux from the IC scattering of CMB photons by the β decay
electrons via the CR neutron component in the GRB jets, compared with the
Fermi and HESS sensitivities. We assume a remnant of age tage = 105 yr at
d = 10 kpc with a CR energy E = 3× 1051 erg [i.e., an old remnant version
of Model (I) in Ioka et al. (2004)] and a CR Lorentz factor 106 < γn < 109.
We also show the synchrotron emission from β decay electrons for B = 3µG,
compared with observational upper limits for an X-ray to TeV flux ratio of
10−2 and a radio to TeV flux ratio of 10−3.

expected total number is 0.1-1 for a Galactic GRB rate of
∼ 10−5-10−6 yr−1 (Guetta & Della Valle 2007). The actual
number would be larger because a larger fraction of SNe may
have lower-luminosity (LL) jets that were not identified (e.g.,
Toma et al. 2007), and LL jets can also accelerate CRs to en-
ergy ∼ 1016−17 eV (e.g., Murase et al. 2006, 2008), which is
necessary for the TeV gamma-ray emission. The most op-
timistic rate consistent with the late-time radio observations
is ∼ 10−4 yr−1 (∼ 10% of the SN Ibc rate) (Soderberg et al.
2006a), yielding a total number of ∼ 10, comparable to that
of TeV unIDs. All of these remnants could be detected, i.e.,
dmax ∼ 10kpc, if the total energy in accelerated CRs is com-
parable to the typical GRB energy.

3.2. Radio-isotope (RI) decay model
The chemical composition of jets which may be associated

with SNe/hypernovae is currently unknown. One interest-
ing possibility is that they entrain radioactive isotopes (RI),
in particular 56Ni and 56Co. The SN/hypernova shock leads
to explosive nucleosynthesis, predominantly forming 56Ni via
complete silicon burning (Maeda and Nomoto 2003). The in-
ner 56Ni would fall back onto the central engine (in those ob-
jects where there is one), and a fraction of accreted 56Ni could
be ejected with the ensuing jet. The photodisintegration of
heavy nuclei would be suppressed in the LL jets whose tem-
perature is less than∼MeV. Even if heavy nuclei may disinte-
grate in the innermost accretion disk, 56Ni could be produced
again in a cooling wind (MacFadyen 2003). 56Ni could be
also entrained into the jet from the surroundings. The subse-
quent photodisintegration can be avoided in large fraction of
parameter space (Wang et al. 2008; Murase et al. 2008). The
spectrum and light curve modeling of GRB-associated hyper-
novae suggests that the total amount of 56Ni is larger than that
in ordinary SNe and heavy elements are aspherically ejected
along the jet direction (Maeda and Nomoto 2002).
56Ni decays into 56Co in tNi ln2 = 6.1 days essentially by

electron capture (McLaughlin & Wijers 2003). The decay
proceeds primarily through the excited states of 56Co, emit-
ting ∼ 2 MeV gamma-rays. 56Co also decays primarily by
electron capture into excited 56Fe with a half-life of tCo ln2 =

Ioka & Meszaros 10 ApJ
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FIG. 3.— Flux of the decay gamma-rays from accelerated RI 56Co CRs in
equations (10), (15) and (16), compared with the Fermi and HESS sensitivi-
ties. We assume a remnant of age tage = 105 yr at d = 3 kpc with a CR energy
E = 3× 1051 erg and spectral index p = 1.5. We also show the synchrotron
and IC emission from decay positrons given by equation (11) for B = 3µG
and the cosmic microwave background, compared with observational upper
limits for an X-ray to TeV flux ratio of 10−2 and a radio to TeV flux ratio of
10−3.

The accelerated RI CRs may suffer the adiabatic
energy losses during the expansion of the remnant
(Rachen & Mészáros 1998), which will greatly suppress the
RI emission. This is a potential problem for the RI decay
model. However the CR escape from a remnant is not fully
understood yet. For instance, it is common to assume the
free escape of CRs in models where the GRB reverse shocks
are the sites for the ultra high energy CR production (e.g.,
Waxman 2006; Murase et al. 2008). In the same sense, the RI
decay model is a viable possibility for TeV unIDs.

4. DISCUSSION
We have discussed the TeV gamma-ray emission from the

π0 decay, ε decay and the radio-isotope (RI) decay mech-
anisms in GRB and/or hypernova remnants, in their possi-
ble role as TeV unIDs. There is evidence that typical GRBs
predominantly occur in galaxies with less metals than our
own (Fruchter et al. 2006; Stanek et al. 2006), although the
correlation between the host metallicity and the GRB en-
ergy is not confirmed (Savaglio et al. 2008a,b). On the other
hand broad-lined SNe Ic also inhabit more metal-rich galaxies
(Modjaz et al. 2008), suggesting that at least hypernovae and
possibly GRB/SNe with LL jets can occur in our Galaxy. In
addition, the evidence that GRBs occur in low metal regions
could be biased because the GRBs in the metal rich region
tend to have no optical afterglows due to the dust absorption
(i.e., dark GRBs, which is about half of all GRBs). Then it be-
comes difficult to identify the hosts for measuring the metal
abundance.
To discriminate amongst these models, the imaging of the

gamma-ray morphology would be useful. The π0 decay
model predicts a shell structure, since the density inside the
remnants is low, while the ε decay model predicts an elon-
gated structure, and the RI decay model predicts a center-
filled structure. For remnant ages tage < 105 yr, the SNR
may be observed also at other wavelengths. HESS J1731-347
may be such an example, which is likely to be an old SNR
with a large gamma-ray to radio flux ratio FTeV/Fradio ∼ 33
(Tian et al. 2008). HESS J1834-087 may be also an old rem-
nant with an elongated gamma-ray emission outside the SNR
(Aharonian et al. 2006), which could be interpreted in the
conetxt of a ε-decay model (but see also Mukherjee et al.

(2008)).
The π0 decay model predicts detectable GeV emission if

the spectral index of 2.1-2.4 continues down to the GeV re-
gion (see Fig. 3). Other models predict relatively low lev-
els of GeV emission (Fig. 3; Ioka et al. 2004; Yamazaki et al.
2006; Atoyan et al. 2006), although rare young remnants may
be bright if εp ∼ 20GeV(t/104yr) in the RI model. This may
be tested by the Fermi satellite. Note that the GRB prompt and
afterglow emission will mask the very early RI decay emis-
sion, which becomes prominent later.
The implied TeV neutrino flux (∼ gamma-ray flux) is not

enough for detection by current facilities. However, in the fu-
ture one may in principle test models through the flavor ratio.
We expect π+ → µ+ + νµ → e+ + νe + ν̄µ + νµ in the π0 decay
model, no neutrinos in the ε decay model (since neutrinos are
beamed and usually off-axis), and 56Co→ 56Fe∗ + e+ + νe in
the RI decay model.
As discussed at the end of § 2.1, the radio observations limit

the (e/p)10GeV ratio to ! 10−3 in the π0 decay model. For
the RI decay model, the CRs need to freely escape from the
acceleration site before suffering the adiabatic energy losses
(see the end of § 3.2).
The implied CR energy budget is less than ∼ 10% ∼

(10 times energy)× (10−2 times rate) of the standard SN CR
energy budget in our models. The CRs above the knee at
∼ 3× 1015 eV, however, could be produced mainly by extra-
galactic and/or Galactic GRBs/hypernovae (Wick et al. 2004;
Murase et al. 2006; Wang et al. 2007; Budnik et al. 2008).
The chemical composition is increasingly richer in heavy
nuclei above the knee ∼ 3× 1015 eV to the second knee
∼ 6× 1017 eV (Antoni et al. 2005; Abbasi et al. 2005), and
possibly above∼ 3×1019 eV (Unger et al. 2007). These may
be accelerated by jets as in the RI decay model.
The GRB remnants may be also responsible for the ex-

cesses of cosmic-ray positrons and electrons recently ob-
served by the PAMELA and ATIC/PPB-BETS experiments
(Ioka 2008; Fujita et al. 2009). Since the electron and positron
sources should be nearby (less than ∼ 1kpc away), it may be
difficult to detect these sources by gamma-rays.
Recently, wide-field optical surveys have been discovering

exceptionally luminous SNe, such as SN 2005ap, SN 2008am,
SN 2006gy, SN 2006tf and SN 2008es (Miller et al. 2008).
The SN 2008es yields a radiated energy of " 1051 erg and
possibly a total energy of∼ 1052 erg, comparable to the hyper-
nova energy. The rate could be also comparable to the hyper-
novae rate although only an upper limit to the rate is obtained
(Miller et al. 2008). Therefore such luminous SNe could also
become TeV unIDs like the hypernova case, although the lu-
minous SNe are type II and may not be related with GRBs.
In conclusion, we propose that GRB/hypernova remnants

are promising candidates for the TeV unIDs. If TeV unIDs are
hypernova remnants, we can predict more extended (andmore
numerous) TeV SNRs than observed, which may be discov-
ered by expanding the search region to larger angular scales,
even with the current instruments. We also propose a new
process of TeV gamma-ray emission involving the decay of
accelerated radioactive isotopes, such as 56Co entrained by
relativistic or semi-relativistic jets in GRBs/hypernovae.

We thank T. Nakamura, T. Kamae, S. Razzaque, S. In-
oue, R. Mukherjee, C. Dermer, R. Yamazaki, S. Park and
T. Mizuno for useful comments. This work is supported
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Table 1. Volume-limited core-collapse SN fractions

SN Type fraction error

( % ) ( % )

Ic 14.9 +4.2/−3.8
Ib 7.1 +3.1/−2.6
Ibc-pec 4.0 +2.0/−2.4

IIb 10.6 +3.6/−3.1
IIn 8.8 +3.3/−2.9

II-L 6.4 +2.9/−2.5
II-P 48.2 +5.7/−5.6

Ibc (all) 26.0 +5.1/−4.8

Ibc+IIb 36.5 +5.5/−5.4

Core-Collapse SN Fractions

II-P
48.2%

II-L
6.4%

IIb
10.6%

IIn

8.8%

Ibc-pec 4.0%

Ic
14.9%

Ib
7.1%

Ib
7.1%

Figure 1. Relative fractions of CCSN types in a volume-limited
sample from LOSS. This is slightly different from the fractions
quoted in Paper II, in order to better suit the aim of this paper
as explained in the text. The main difference is that we exclude
SNe in highly inclined galaxies because of extinction effects, and
we reorganise the class of SNe Ibc-pec (namely, we moved broad-
lined SNe Ic from the “Ibc-pec” category to the “Ic” group).

2 OBSERVED CCSN FRACTIONS

Figure 1 shows a pie chart illustrating the relative fractions
of different types of CCSNe derived from LOSS. These val-
ues are taken from the volume-limited fractions of all SN
types derived in Paper II, with the thermonuclear (Type Ia)
explosions subtracted from the sample. The relative frac-
tions of the total for CCSNe are listed in Table 1, and these
values are adopted throughout this work. See Paper II for
further details on how these numbers are derived from our
survey. Errors in Table 1 were estimated using a random
Poisson number generator to sample from a list of fake SNe
with fractions corrected for various observing biases, with
106 realizations. Paper II discusses this in more detail.

There are several important points to note here. This
volume-limited sample of CCSNe excludes most of the
so-called “SN impostors” (e.g., Van Dyk 2010; Smith et

al. 2010, in preparation), which appear as relatively faint
SNe IIn that are often discovered by KAIT. If we had in-
cluded them, the fraction of SNe IIn would be significantly
higher; note that even without the SN impostors, however,
our relative fraction of SNe IIn is higher than in previous
studies (Cappellaro et al. 1999; Smartt 2009). The crite-
ria for excluding an individual SN impostor are admittedly
somewhat subjective, but this is a necessary step since the
diversity and potential overlap of SNe IIn and massive star
eruptions are not fully understood yet. Generally, if an ob-
ject has a peak absolute R or unfiltered magnitude brighter
than −15 and has line widths indicating expansion speeds
faster than about 1000 km s−1, we include it as a real SN IIn.
Less luminous and slower objects are considered impostors
and are excluded.

Unlike previous studies, we include a category called
“SNe Ibc-pec” (peculiar; see Paper II). This category was
necessary to introduce in Paper II because some SN Ibc
vary significantly from the template light curves used to de-
rive the control times for SNe Ib and Ic. As such, the “Ibc-
pec” category in Paper II includes some broad-lined SNe Ic
such as SN 2002ap that are clearly SNe Ic. We have moved
these to the SN Ic category for the purpose of this paper,
since they clearly correspond to massive stars that have fully
shed their H and He envelopes. This has a small effect on the
overall statistics, because broad-lined SNe Ic are very rare in
our sample, contributing only 1–2% of all CCSNe. This is in
agreement with the recent study of Arcavi et al. (2010), who
find that broad-lined SNe Ic contribute only 1.8% of CCSNe
in large galaxies. It is noteworthy, however, that Arcavi et
al. (2010) find broad-lined SNe Ic to be much more common
(∼13% of CCSNe) in low-metallicity dwarf host galaxies.
We also exclude SNe occurring in highly inclined galaxies,
where dust obscuration may introduce statistical problems
that are difficult to correct. As a result of these minor adjust-
ments, made because our goal of investigating implications
for massive-star evolution is different from the goal of deriv-
ing relative rates and correcting for observational biases, the
relative fractions of various SN types in Table 1 and Figure 1
differ slightly from the results in Paper II.

In quoting fractions of various SN types, we ignore
metallicity, galaxy class, and other properties, although we
are cognizant of the importance of these properties and con-
sider them in our discussion below. The galaxies included in
the LOSS survey span a range of luminosity, with most of the
CCSN hosts corresponding roughly to metallicities of 0.5–2
Z" (Garnett 2002; the LOSS galaxy sample spans a range
of MK from about −20 to −26 mag, but most of the CCSN
hosts are in the range −22 to −25 mag; see Paper II). We
note some trends in Paper II, such as the fact that SNe IIn
appear to prefer lower luminosity spirals, whereas SNe Ibc
seem to prefer large galaxies and therefore higher metallicity,
consistent with previous studies (Prantzos & Boissier 2003;
Prieto et al. 2008; Boissier & Prantzos 2009). LOSS is biased
against very faint dwarf galaxies, since larger galaxies with
potentially more SNe were targeted to yield a richer harvest
of SNe. However, low-luminosity galaxies seem to have more
than their expected share of star formation per unit mass,
and probably contribute 5–20% of the local star formation
(Young et al. 2008). If unusually luminous SNe IIn and II-L
favour such low-luminosity galaxies, as some recent studies
may imply (Smith et al. 2008; Miller et al. 2009; Quimby et
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hypernovae etc.
- Typical SNRs would not be PeVatrons (ex. Cas A)… 
- Maximum energies will be higher than typical SNRs
for explosions w. faster velocities and/or denser CSM
→ Emax ~ 2 Z PeV or higher for hypernovae



TALE FD spectrum

1016.22 ± 0.02eV 1017.04 ± 0.03eV

(See contribution by T. AbuZayyad and C.C. Jui)

TA 2018

second knee

Neutron Merger Remnants as (Super-)Pevatrons

• Merger ejecta 
Mej~0.03-0.05 Msun w. V~0.2-0.3c

• Apply the same scaling from SNRs
→ ENSmax/Z ~ 3-30 PeV

(for ESNRmax/Z ~ 0.3-3 PeV)
• With a merger rate of ~ 10-4 yr-1 gal-1

they should contribute to Galactic CRs

Kimura, KM & Meszaros 18 ApJ

(see Takami+ 13, Rodrigues+ 18 for an extragalactic model) 
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… maybe it is!

▸ >25 TeV emission detected around 4 more sources!

▸ Emission is   and 

▸ Spatial scales correspond to several 10s of pc

▸  large scales! (either extension or )

21 

The population
▸

▸ Simply because that is where the unbiased instruments (HAWC, LHAASO) observe

▸ H.E.S.S.  only looking for point-like sources during 5ares for decades (but no longer ;-) )

▸ More detections almost guaranteed once the right observations are carried out.

▸

H.E.S.S. Coll 2024 (SS 433)

• HAWC detection of 2 microquasars 
SS433, V4641 Sgr

• Extended morphology  
=> extended jets?

• LHAASO detection of 5 X-ray binaries   
SS433, V4641 Sgr, G1915+105,  
Cyg X-1, MAXI J1820+070

• SS433, V4641 Sgr, G1915+105:  
- extended morphology

• Te-PeV γ-ray data from 5 sources 
can be explained by escaping CRs  
interacting with ambient matter

UHE γ-rays from Microquasars
21

LHAASO 2024
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Figure 1: Significance maps and spectral energy distribution (SED) of SS 433 measured by
LHAASO. Panel (a)-(c): SS 433 at energy above 100 TeV, 25-100 TeV and 1-25 TeV. In top three
panels, the green cross marks the position of the BH of SS 433. In panel (a), the white contour
indicates the H I atomic clouds at consistent distance of SS 43325 (see Method). In panel (b) and
(c), black crosses indicate the position of resolved two point-like sources at 25-100 TeV and 1-25
TeV. In panel (c), the blue diamonds shows the position of HESS detected gamma-ray emission
above 10 TeV7. The cyan contour show the X-ray emission of the two lobes25. The green circle
in panel (a) exhibit 68% containment radii of the LHAASO source. The yellow circles show the
corresponding 68% containment radii of LHAASO PSF at the correpsonding energy range. Panel
(d) shows spectra of two point-like sources associated with the east and west lobes of SS 433 with
blue circles red circles respectively. The spectrum of the central extended source is shown with
the black stars; Panel (e) compares the total measured spectrum (with the fluxes associated with
the two lobes summed up) and the prediction of a pure leptonic model for the TeV emission of the
two lobes. In the modeling, relativistic electrons are injected in the form of a power-law spectrum
with an index of -2.3, followed by a high-energy super-exponential cutoff at Ee,max = 200TeV.
The total electron injection luminosity above 1 TeV is Le = 6 → 1035 erg/s. The thick red solid
curve shows the IC radiation. The thin red dashed curve shows the result assuming an extreme
Ee,max = 10 PeV for reference. Due to the KN effect, the IC flux above ↑ 10TeV is gradually
suppressed and an additional spectral component is needed to explain the flux around 100 TeV. See
Methods for more detailed discussions.

3

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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a Gaussian spatial template to the data around each source over the 
entire energy range. For comparison, the HAWC point-spread function 
at the declination of the source is 0.2° at energies greater than 30 TeV. 
The angular separations between the binary and the northern and 
southern gamma-ray sources are 0.23° and 0.46°, which correspond 
to about 30 pc and about 55 pc, respectively, when assuming a source 
distance of 6.6 kpc (ref. 4). When adopting a single-source model, we 
find that a point-like source template is disfavoured at 8.3σ with respect 
to an asymmetric extended-source template. The extension of the 

asymmetric source is found to be 0.54°, corresponding to about 70 pc. 
This is much larger than the size of the binary system, implying that 
the gamma-ray emission comes from a region more extended than 
the central binary.

Under the model with two point sources from a physically grounded 
perspective, the excess spectrum extends up to 217 TeV without any 
observable indication of a cut-off (for the best-fit results of the model 
with a single asymmetric extended source, see Methods). The spectrum 
above 1 TeV is best described by a power law, dN/dE = N0(E/E0)α, in which 
E0 = 47 TeV is selected to minimize the correlation between parameters 
owing to the choice of the spectral model. Table 1 lists the best-fit val-
ues of N0 and α for the northern and southern sources. We note that 
the exceptionally hard spectrum, α = −2.2, makes V4641 Sgr one of the 
hardest ultra-high-energy sources ever measured. Figure 2 compares 
the spectra of the two sources. Despite being 0.69 ± 0.04° (about 80 pc) 
away from each other, the two sources present almost identical flux 
amplitudes and spectral indices, hinting that they probably share a 
common origin. Considering that no other plausible multiwavelength 
counterparts can be identified and that the two point-like sources 
present remarkably similar spectra while being physically distant, 
the origin of the HAWC excess is probably connected to V4641 Sgr and 
could be because of persistent large-scale outflows from the system, 
each of which we refer to as a bubble.

Interaction of large-scale jets with the interstellar medium (ISM) may 
induce high-energy radiation. So far, SS 433 is the only microquasar with 
very-high-energy (VHE; 0.1–100 TeV) gamma-ray emission observed 
from the lobes1,2. At a distance of 6.6 kpc for V4641 Sgr, the physical 
separation between each of the two sources and the central object is 
on the order of tens of parsecs. Our observation implies that V4641 Sgr 
could be closely analogous to SS 433 (ref. 1), which has long been pro-
posed, based on optical and X-ray observations of the flares11–13. The 
ratio of the TeV gamma-ray power and the Eddington luminosity of this 
source is an order of magnitude higher than that of SS 433, suggesting 
that large-scale outflows from microquasars may carry high kinetic 
power and be efficient particle accelerators.

Persistent VHE gamma-ray emission from microquasars can be 
expected from accelerated electrons inverse Compton scattering off 
low-energy photons (leptonic scenario) and/or from the decay of neu-
tral pions, which are produced by the interaction of protons and nuclei 
(hadronic scenario)14,15.

A leptonic scenario is challenging for the following reasons. First, a 
fast outflow is needed to accelerate electrons to 200 TeV and above. 
The acceleration time, tacc ≈ 10DB(Ee)/vsh

2, needs to be shorter than the 
cooling time owing to synchrotron radiation in a magnetic field B, 
tcooling ≈ 600(Ee/200 TeV)−1(B/10 µG)−2 years, yielding a shock velocity, 
vsh/c > 0.02(Ee/200 TeV)(B/10 µG)1/2. Here DB(Ee) = RLc/3 is the Bohm dif-
fusion coefficient and RL is the Larmor radius of the particle. Second, 
electrons at such high energies cool so quickly that they can barely travel 
over 100 pc. The cooling time is much shorter than the diffusion time, 
R2/(2D) ≈ 1,000/η years, in which R ≈ 100 pc, D(200 TeV) ≈ η1030 cm2 s−1 
and η % 1. For these evaluations, we have used a magnetic field strength 
comparable with that in the jets of SS 433 (ref. 1). Future X-ray observa-
tions of the VHE emission site are needed to constrain the field strength.

In the hadronic scenario, protons are accelerated to PeV energies 
and interact with the ambient gas, producing neutral pions that quickly 
decay into gamma rays. Extended Data Fig. 3 shows the gas distribution 
near the gamma-ray excess detected by HAWC. To account for both 
the southern and northern HAWC sources, we require a total proton 
energy Wp ≈ 1 × 1050 erg for these two sources. The protons could be 
accelerated at the termination shock, at which the jets interact with 
the ISM, or along the jets and subsequently transported to the HAWC 
sources. We assume that each HAWC source has a radius of 20 pc, which 
corresponds to the upper limit on the source radius of 0.2° at the 95% 
confidence level, and consider escape owing to diffusion for two cases: 
diffusion as inferred at GeV energies from the cosmic-ray secondaries 
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Fig. 1 | Significance map around the V4641 Sgr region. a, For events with 
measured energy greater than 1 TeV. The value TS refers to the likelihood  
ratio test statistic described in equation (1). The green contours indicating 
significance are mapped to TS  values ranging from 4.5 to 8.5, increasing 
inwards at intervals of one from the outermost contour to the innermost. The 
crosses represent the best-fit locations from the model with two point sources. 
b, Significance map (of the same region) including only events with measured 
energy greater than 100 TeV. The white circle represents the angular resolution 
at a radius corresponding to 68% event containment (0.17°) at this energy 
range. The V4641 Sgr location is taken from ref. 4. These significance maps are 
made by assuming a point-source hypothesis and a power-law spectrum with 
the best-fit index α = −2.2.
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Figure 1: Significance maps and spectral energy distribution (SED) of SS 433 measured by
LHAASO. Panel (a)-(c): SS 433 at energy above 100 TeV, 25-100 TeV and 1-25 TeV. In top three
panels, the green cross marks the position of the BH of SS 433. In panel (a), the white contour
indicates the H I atomic clouds at consistent distance of SS 43325 (see Method). In panel (b) and
(c), black crosses indicate the position of resolved two point-like sources at 25-100 TeV and 1-25
TeV. In panel (c), the blue diamonds shows the position of HESS detected gamma-ray emission
above 10 TeV7. The cyan contour show the X-ray emission of the two lobes25. The green circle
in panel (a) exhibit 68% containment radii of the LHAASO source. The yellow circles show the
corresponding 68% containment radii of LHAASO PSF at the correpsonding energy range. Panel
(d) shows spectra of two point-like sources associated with the east and west lobes of SS 433 with
blue circles red circles respectively. The spectrum of the central extended source is shown with
the black stars; Panel (e) compares the total measured spectrum (with the fluxes associated with
the two lobes summed up) and the prediction of a pure leptonic model for the TeV emission of the
two lobes. In the modeling, relativistic electrons are injected in the form of a power-law spectrum
with an index of -2.3, followed by a high-energy super-exponential cutoff at Ee,max = 200TeV.
The total electron injection luminosity above 1 TeV is Le = 6 → 1035 erg/s. The thick red solid
curve shows the IC radiation. The thin red dashed curve shows the result assuming an extreme
Ee,max = 10 PeV for reference. Due to the KN effect, the IC flux above ↑ 10TeV is gradually
suppressed and an additional spectral component is needed to explain the flux around 100 TeV. See
Methods for more detailed discussions.
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See Wan 2025 for leptonic interpretation of V4641 Sgr

- Detection of SS 433 by   
HAWC in 2018

- HAWC:
SS 433 & V4641 Sgr
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MAXI J1820+070

- Detected out to 800 TeV
- Persistent
- Extended
SS 433, V4641 Sgr, 
G1915+105

LHAASO Collaboration 24

7 

surprise!

▸ In 2018, HAWC detected persistent TeV 
emission from the jets of the 
microquasar SS 433

▸ Emission not spatially resolved (two 
point sources), coincident with extended 
x-ray structures located tens of pc away 
from binary



Microquasars as Super-Pevatrons

• Hillas Energy for jet objects:  
 

• XRBs can achieve multi-PeV!
• Luminosity of super-Eddington XRBs:  

  
=>  erg/s

• CR power necessary to explain PeV CRs:  
 

• N ~ A few to 10 super-Eddington objects su!ces

Moreover, although inferred steep particle spectra at≫1 TeV seen
in these sources cannot be considered as a decisive argument
against SNRs (see e.g., M. A. Malkov & F. A. Aharonian 2019),
they present a nonnegligible challenge (F. Aharonian et al. 2019),
especially for multi-PeV energies.

Indirect evidence of proton acceleration to >PeV energies
can be inferred from the detection of a giant UHE gamma-ray
bubble coincident with the stellar association Cygnus OB2
(LHAASO Collaboration 2024a). Observations of this and
other young (<10 Myr) stellar clusters at gamma rays above
0.1 TeV, such as W43 (LHAASO Collaboration 2025) and
Westerlund 1 (H.E.S.S. Collaboration et al. 2022), has
stimulated interest in the role of massive stellar clusters as
PeVatrons (G. Morlino et al. 2021) or even super-PeVatrons
(T. Vieu et al. 2022). While a global theory for the Galactic
CR population using a stellar cluster/SNR model has been
proposed (T. Vieu & B. Reville 2023), the steep spectra
implied by observing stellar clusters/associations encourage
consideration of alternatives.

The discovery of UHE gamma-ray emission from multiple
Galactic microquasars (R. Alfaro et al. 2024; LHAASO
Collaboration 2024b) has renewed interest in their potential to
accelerate protons and other nuclei to multi-PeV energies.
These compact accreting binaries with mildly relativistic jets
can generate hard gamma-ray spectra, as detected, for
example, from the microquasars SS 433 and V4641 Sgr
(R. Alfaro et al. 2024; H.E.S.S. Collaboration et al. 2024;
LHAASO Collaboration 2024b). These fndings promote
consideration of microquasars as potential contributors to the
Galactic CR mux above the knee. This hinges on the total and
individual kinetic power of sources active over timescales of
order the escape time for PeV CRs of about ∼0.1 Myr. Here,
we consider the subset of superaccreting XRB systems that
operate in near- or super-Eddington states. The extreme
luminosities observed from these sources, released through
the kinetic energy of transrelativistic outmows—winds and/or
jets—can reach a level of ≳1039 erg s−1 (Y.-F. Jiang et al.
2014; A. King et al. 2023). This power remects a lower limit on
the kinetic luminosity required to accelerate particles to
rigidities of 10 PV.

In this Letter, we propose that superaccreting XRBs are
candidate super-PeVatrons that plausibly dominate the pro-
duction of Galactic CRs above the knee. In Section 2, we
introduce the general requirements for CR sources above the
knee and discuss potential sources. The capability of super-
accreting XRBs as super-PeVatron and CR sources is
presented in Section 3. The UHE emission from CR halos
produced by superaccreting XRBs are discussed in Section 4.
A summary is presented in Section 5. In the Appendix, we
present dynamics of wind- and jet-inmated nebulae.

2. Requirements for Super-PeVatron Candidates and
Their Contribution to Galactic CRs

We introduce the name “super-PeVatrons” as CR sources
that accelerate particles from >1 to 100 PV rigidities. While
exploration of the physics of such objects is interesting in its
own right, they have unavoidable implications for Galactic
CRs, namely, these objects may explain the CR mux well
above the knee or even be responsible for a major fraction of
Galactic CRs more broadly, from GeV to multi-PeV energies.
Below, we discuss the requirements, addressing these ques-
tions in general terms.

2.1. Requirements to Individual Super-PeVatrons

The maximum kinetic energy a charge, q = Ze, can achieve is
limited by the maximum electric potential difference across the
system: ¯= EE Ze Rmax , where Ē is an effective electric feld
magnitude, which in the ideal magnetohydrodynamic approx-
imation is Ē B. The terms β, B, and R denote, respectively, the
maximum velocity, magnetic feld strength, and characteristic size
of the acceleration zone (A. M. Hillas 1984; F. A. Aharonian
et al. 2002). This energy limit may be cast in terms of the Poynting
mux of the source, =L c AB

B
4 eff
2

, where Aeff is the effective area
through which the power mows. We reexpress the area as

˜ ˜A Reff
2 for convenience. Here ˜ =R Rj and ˜ = 1 for

collimated jets, while for a quasi-spherical wind, ˜ =R Rw and
˜ = 4. The Poynting mux can be related to the kinetic power of
the source: LK = (Γ − 1)ρc2βc Aeff ≡ LB/σ, where Γ is the bulk
muid Lorentz factor and σ = B2/[4π(Γ − 1)ρc2] is the
magnetization parameter for a cold outmow. With these defni-
tions, the maximum energy for mildly relativistic mows may be
expressed as

( ) ˜ ( )/ / /=E Z L35 , 39 PeV, 1max 1
1 2

K
1 2 1 2

where we adopt for convenience the shorthand ξn ≡ ξ/10n, in
cgs units unless otherwise stated. In this work, we do not
consider the detailed physics of the acceleration process itself,
but inspired by UHE observations of other extreme systems
(e.g., LHAASO Collaboration et al. 2021), we take the
position that the accelerators operate at or near their maximum
capability. In this regard, our estimates should be interpreted
as lower limits on the source requirements for a given Emax.
The required kinetic luminosity has a strong dependence on

Emax:

( )( ) ˜/ 2L E10 10 PeV erg s .K
38

max
2 1

1
1 1

Thus, to achieve energies well beyond 10 PeV, even for the
optimal confguration of the outmow with ˜ 1 and β ∼ 0.1
implying a mildly relativistic jet, and assuming a reasonably
high magnetization (σ ∼ 0.1), the kinetic luminosity should
not fall below 1039 erg s−1.

2.2. Super-PeVatrons as Suppliers of Galactic CRs

Equation (2) represents a robust requirement for any ideal
astrophysical outmow-driven source to operate as a super-
PeVatron. Although being a super-PeVatron does not auto-
matically imply a noticeable contribution to the Galactic CR
population, the signifcant power demand of Equation (2) hints
that a handful of super-PeVatrons alone can in principle supply
Galactic CRs in the region above the knee or even the entire
Galactic CR population. This will depend upon the fraction of
the outmows’ kinetic luminosity converted to CRs, the
accelerated particles’ spectrum, and the number of sources
operating over the last 106−107 yr.
The CR accelerators responsible for the local CR mux

must replenish the energy lost via escape from the
Galaxy to maintain a steady CR mux. We adopt the
assumption τesc(E) = τ10(E/10 GeV)−δMyr for the CR escape
time from the Galaxy, where in the leaky-box model, τ10 is
usually on the order of 100, while δ lies in the range of
0.3–0.5 (see, for example, V. S. Berezinskii et al. 1990).
Extrapolating this scaling to rigidities at the knee with δ fxed,
adopting parameters from A. W. Strong et al. (2007), one can
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Lj ∼ 1039 erg/s
LCR,xrb ∼ 1037 − 1038

4

FIG. 2. The energy spectrum of escaping CRs predicted in
the shear acceleration mechanism from Monte Carlo simula-
tions. The parameters are listed in Table I. The above plot is
multiplied with exp(→R/Rmax), where Rmax = 4↑ 107 GeV
is the maximum acceleration energy from microquasar jets.

and the resulting energy spectra for escaping CR protons
are shown in Fig. 2. As seen in the figure, our shear
acceleration scenario can achieve spectral peak around
PeV energies with reasonable parameters (see Section V
for discussion of parameter choices). The escaping CR
proton spectrum shows a hard spectrum below the peak
and a gradual cuot! above the peak.

III. OBSERVED COSMIC-RAY SPECTRUM ON
EARTH

In general, the propagation of CRs in our Galaxy can
be described by the transport equation [87, 88],

ωNi(E,x)

ωt
+V ·→Ni(E,x)↑→ · [D(r)→Ni(E,x)]

= Qi(E,x, t)↑ piNi(E,x)

+
vε(x)

mp

∑

k→i

∫
dϑi,k(E,E

↑)

dE
Nk(E

↑
,x)dE↑

, (6)

where Ni(E,x) is the number density per energy at po-
sition x, and the second and third terms in the left side
describe the time evolution of particle number density
due to advection and spatial di!usion, respectively. The
first term in the right side represents injection of par-
ticles of type i, and the second and last term accounts
for the loss and gain processes. Here, the loss of nu-
clei of type i caused by collisions and decay with a rate
pi = vε/ϖi + 1/ϱςi, where ε is the interstellar medium
density, ϖi is the mean free path of interactions when
particle propagates inside Galaxy, ςi is the decay time
of particle of type i, and ϱ is particle Lorentz factor.
In this study, we employ a publicly available version of

FIG. 3. Predicted CR intensity on Earth and the mean mass
↓ln(A)↔ distribution from microquasars. The all-particle en-
ergy spectra are taken from LHAASO [5], HAWC [51], NU-
CLEON [82], TIBET [4], TA [83], and Auger [84], while the
proton spectrum are taken from LHAASO [18], KASCADE-
Grande [85], and IceTop [86]. The measurement of the mean
mass ↓ln(A)↔ distribution are taken from LHAASO [5] and
IceTop [86].

the DRAGON code to propagate CRs from sources to
Earth [89]. The maximum value of Galactocentric ra-
dius is RG = 10 kpc and halo size is HG = 4 kpc.
The spatial distribution of microquasars is unknown.
High-Eddington ratio Microquasars, including SS 433
or Sgr V4641, likely follow the distribution of massive
stars, and thus, they have similar spatial distribution
with Galactic SNRs. For the source distribution, we
adopt the Ferriere2001 model [90], based on the pop-
ulation studies on SNRs. The spatial distribution of
the di!usion coe”cient is constant and parametrized as
D = 23.8 ↓ 1028(R/250 GV)ωcm2 s↓1 with φ = 0.45 for
R < 250 GV, while φ = 1/3 for R ↭ 250 GV [91, 92].
The chosen di!usion coe”cient is determined by the ob-
served Boron to Carbon (B/C) ratio [93].
We adjust the energy injection rate of CRs to match

the CR data at PeV energies, which requires Qcr,tot ↔
1.3 ↓ 1042 erg kpc↓3 yr↓1. The energy injection rate
integrated over the Galactic volume is

Lcr,tot = QCR,totVG ↗ 1.5↓ 1038 erg s↓1
, (7)

Super-Eddington micro-quasars
22

estimate the power output in CRs as ( )> *L E ECR( ) ( )/ /¥ +*E1.5 10 100 10 GeV erg s40
10

1 0.7 1. For parti-
cles whose gyroradius exceeds the correlation scale of the
local MHD turbulence, the scattering mean free path will
increase as E2. However, this does not imply an equivalent
rapid shortening of escape times due to the anisotropic nature
of transport in the large-scale magnetic feld of the Milky Way.
For example, G. Giacinti et al. (2015) have performed test
particle simulations of CRs in different Galactic magnetic feld
models with superimposed Kolmogorov turbulence and fnd
that the grammage in the 0.1–100 PeV CR energy range is
consistent with energy-dependent escape times with index
δ ≈ 1/3 breaking only above several PeV. Allowing for some
uncertainty in δ, the required CR power from sources above
the knee is ( ) ( )/> = ¥L E A3 PeV 10 100 erg s38

10
1 1,

where A ≈ 1.4 (12) for δ = 1/3 (1/2). Since the kinetic
luminosity in the super-PeVatron sources should be at
least 1039 erg s−1, a few super-PeVatrons may be
suffcient to explain the CR mux around and above the knee
provided that approximately 10% of the outmow’s kinetic
energy is converted to CRs. If the accelerated spectrum of
super-PeVatrons below 1 PeV extends as a power law with an
index α ≈ 2.7 − δ, they could account for the entire CR
population from GeV to tens of PeV energies, but the total
power in CRs should satisfy ( )> ¥L E 3 GeV 0.9CR( )/10 100 erg s41

10
1 1 for δ = 1/2. If the source spectrum

mattens (i.e., α < 2.7 − δ) at lower energies, super-PeVatrons
contribute less below the knee. This is consistent with
the usual paradigm, where SNRs play a dominant role
(V. L. Ginzburg & S. I. Syrovatskii 1964).

2.3. Potential Candidates of Super-PeVatron

Certain individual representatives of select source popula-
tions can satisfy the condition given by Equation (2). The
parameter space [ ]/L E Z, ,K max is shown in Figure 1 for
SNRs; young stellar clusters (YSCs); pulsar winds; the GC,
especially the supermassive black hole (SMBH), Sgr A*; and
the objects of the main interest of this work, superaccreting
XRBs characterized with (trans)relativistic outmows.

2.3.1. Young Stellar Clusters (YSCs)

Clusters of hot massive stars, with powerful winds, have
received considerable attention in recent years. However, even
the most powerful known stellar cluster in the Milky Way,
Westerlund 1, has a kinetic power ≲1039 erg s−1 (H.E.S.S.
Collaboration et al. 2022). Collective cluster winds, should
they exist, must be super-Alfvénic i.e., MA ≫ 1. Since in the
nonrelativistic limit ( )/= M1 2 1A

2 , clusters are not
expected to act as super-PeVatrons (see T. Vieu et al. 2022
for an in-depth discussion).

2.3.2. Supernovae and SNRs

One can similarly estimate the power processed by the outer
shock of a core-collapse SNR. The fast shock produced
following the supernova (SN) explosion will propagate into the
wind of its progenitor. Assuming that prior to exploding the
progenitor had a steady mass-loss rate =M r v4 2

wind,
adopting numerical values typical for a red supergiant, the
total power processed by a quasi-spherical shock is

( )

( )

/

¥

L u A Mu u v

M
M

u

v

1
2

1
2

10
10 yr 10 km s

30 km s
erg s . 3

K,SNR sh
3

eff sh
2

sh w

41
5 1

sh
4 1

3

wind
1

1
1

Note that faster winds, such as those expected from Wolf–
Rayet progenitors, reduce the mass processing rate. Despite the
considerable power, in practice, the ambient magnetic feld of
an isolated core-collapse SNR is expected to be weak since
stellar winds must be super-Alfvénic, i.e., vA� vwind, and
hence σ ≪ 1. Current models of CR-driven magnetic feld
amplifcation optimistically predict the maximum energy at
≳ PeV (V. N. Zirakashvili & V. S. Ptuskin 2008; A. R. Bell
et al. 2013), though see P. Cristofari et al. (2020) for a critical
view. It is always possible that these models have overlooked
some aspect of particle acceleration at SNR shocks, such as
superluminous SNe, hypernovae, or SNe in stellar clusters. It
has been argued that turbulently amplifed magnetic felds in
the cores of compact massive stellar clusters may enhance the
maximum energy in SNRs from dead massive stars therein
(T. Vieu et al. 2022).

2.3.3. Pulsar Wind Nebulae

The detection of PeV photons from the Crab Nebula
confrms that powerful pulsars can accelerate particles to
multi-PeV energies (LHAASO Collaboration et al. 2021).
However, based on the current pulsar catalog (R. N. Manches-
ter et al. 2005; D. A. Smith et al. 2023),5 the total spin-down
power of known pulsars is around 3.6 × 1039 erg s−1, with four
sources having ∼1038 erg s−1. The hadronic fraction of this
power is unknown, and the matter content may in fact be
dominated by electron/positron pairs, making their contrib-
ution to the Galactic CR population above the knee unclear.
We nevertheless include the Crab as an example in Figure 1
and Table 1.

Figure 1. The maximum rigidity of Equation (1) for YSCs, SNe, and SNRs,
pulsar wind nebulae (exemplifed by Crab Nebula), the GC, and superaccreting
XRBs. The corresponding kinetic power, magnetization, and velocity for this
plot are summarized in Table 1. We assume ˜ = 4 for the background shading
area with different values of σ. For microquasar jets, the maximum energy can
be higher than the shaded area because of ˜ = 1.

5 https://www.atnf.csiro.au/people/pulsar/psrcat/
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V4641 Sgr?

3 states of black hole accretion
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L = γ ·Mc2

Hot Accretion Flow (RIAF) Standard accretion diskThe Astrophysical Journal, 736:2 (18pp), 2011 July 20 Ohsuga & Mineshige
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Figure 5. Two-dimensional distribution of the various quantities for Model A: (a) the density overlaid with the velocity vectors, (b) the gas temperature, (c) the
plasma-β, (d) the magnetic energies via the toroidal component of field, (e) the same but of the poloidal component, (f) the magnetic pitch, (g) the radiation energy,
(h) the ratio of the radiation energy to the sum of the gas and magnetic energies, (i) and the ratio of the gas temperature to the radiation temperature. All values are
time-averaged over t = 6–7 s The white and black arrows in panel (a) indicate the velocity vectors whose magnitude exceed the escape velocity. The dashed line in
panel (b) is the photosphere, at which the optical thickness measured from the upper boundary is unity. The arrow in panel (g) shows the radiative flux vector.
(A color version of this figure is available in the online journal.)
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Figure 9. Same as Figure 5 but for model B. Each quantity is time-averaged over t = 9–10 s Note the different plot area from that of Figure 5.
(A color version of this figure is available in the online journal.)
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Figure 11. Same as panels (a)–(f) of Figure 5, but for model C. Here, note that there is no photosphere, since the flow is optically thin.
(A color version of this figure is available in the online journal.)

That is, the magnetic-pressure force, together with the gas-
pressure force, drives the outflows above and below the disk.
The outflow is thus accelerated upward; its velocity exceeds the

sound velocity at z ∼ 30 RS and reaches the escape velocity at
z ∼ 50 RS. Both the radiation force and the magnetic-tension
force are found to be negligible.

14

L ∼ LEddL ∼ 0.01LEdd

Slim disk + Jets

Ohsuga & Mineshige 2011

Wang et al. 25

• Jetted X-ray binaries
• Some of them are super-Eddington

→ powerful jets & outflows 
• Hillas condition allows super-Pevatrons
• CR luminosity required for the knee

LCR ~ 1038 erg/s ~ (0.001-1)LEdd
for a few to ~10 sources
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more surprises!

▸ Follow-up study with H.E.S.S. revealed 
energy-dependent morphology in the 
emission of the jets, closely following 
x-ray morphology

▸ Means TeV  likely made by 
electrons

▸ Acceleration site identi>ed

▸ Bulk speed of electrons ~0.08c

▸

▸

▸ But SS 433 hardly “normal”...

H.E.S.S. Coll 2024 (SS 433)

Rashid Sunyaev et al.: SS433/W50 with SRG/eROSITA

N

E

0.5-4 keV

       0.9 deg / 80 pc / 260 light-years1.3 deg / 115 pc  / 375 light-years    

SRG/eROSITA, W50/SS433 

Fig. 2. Broad-band high-dynamic-range 0.5-4 keV X-ray image of the giant radio nebula W50 by 𝐿𝑀𝑁/eROSITA (PV data). The size of the image
is 2.2 degrees by 1.1 degrees, corresponding to → 200 ↑ 100 pc at the distance of W50, → 5 kpc. The image is rotated so that the longer side of
W50 is aligned with the horizontal axis. Colour-coding corresponds to the X-ray surface brightness on the square-root scale spanning two orders
of magnitude. The bright spot in the center is the SS 433. It appears extended due to the wings of the telescope’s Point Spread Function around
SS 433, which itself is heavily saturated in this image. The white contours show the surface brightness of the radio emission from the nebula at
4.85 GHz (Gregory et al. 1996). With this deeper data (compared to the all-sky survey’s data), a faint di!use emission is seen between bright EXJs
and the radio boundary of W50.

0.5-1 keV 1-2 keV 2-4 keV

       0.9 deg / 80 pc / 260 light-years1.3 deg / 115 pc  / 375 light-years    

SRG/eROSITA, W50/SS433 

Fig. 3. A composite X-ray image of the radio nebula W50. Colour-coded is the surface brightness of the X-ray emission (on a linear scale) in
0.5-1 keV (red), 1-2 keV (green), and 2-4 keV (blue) energy bands. The white arrows depict the projection of the precession cone of the SS 433
jets extrapolated to distances → 100 pc. Hard and soft X-ray di!use emission splits convincingly into two components: softer filamentary emission
(red-yellow) and harder (green-blue) emission of EXJs. On top comes a multitude of nearby (active stars and accreting white dwarfs) and distant
(mostly AGN) compact sources. For distant sources, the absorption by the Milky Way gas suppresses emission below 1 or 2 keV, giving them a
blueish color.

Article number, page 5 of 14

Sunyaev et al. 25

• g-ray morphology ~ X-ray morphology
→ leptonic origin

• Shock acceleration of electrons
• Coincident w. gas distribution

above 100 TeV (hadronic?) 

8 HAWC Collaboration

The systematic uncertainties associated with our anal-
ysis are summarized in Table 4. The systematic uncer-
tainties contain the e!ects from the detector simulations
(see Abeysekara et al. 2017; Abeysekara et al. 2019).
The most dominant e!ect is the late light component,
which indicates uncertainties from the discrepancy be-
tween the arrival times of light from an actual air shower
and the arrival times of light from the laser pulse used
for calibrations. The sources of systematic uncertainties
from Table 4 are described in Abeysekara et al. (2019)
in more detail.

4. DISCUSSION AND CONCLUSION

Figure 6. The spectral energy distribution of the gamma-
ray emission site in the SS 433 east (top) and west (bottom)
lobes measured by HAWC (this work; orange), Fermi-LAT
(Fang et al. 2020, light blue markers), H.E.S.S. (H. E. S. S.
Collaboration et al. 2024, navy square markers), and VER-
ITAS (Kar 2017, brown upper limit). Models are shown
for reference, including Reynoso & Carulli (2019) (parame-
ter 3a; light grey dotted curve), Sudoh et al. (2020) (dark
grey dash-dotted curves), Fang et al. (2020) (grey shaded
regions), Kimura et al. (2020) (scenario D; light grey dashed
curve), and H. E. S. S. Collaboration et al. (2024) (grey
dashed curve).

We have analyzed 2,565 days of HAWC data to study
the TeV gamma-ray emission from the jet lobes of

SS 433. The new data contain more and improved
statistics to carry out a thorough blind search of the re-
gion. Our blind search successfully identifies two point
sources located close to the X-ray hotspots, “e1” and
“w1”, which are known as jet interaction regions for
the east and west jet lobes, respectively. However, we
find no evidence of extended emission for the lobes. The
blind search within the ROI has also identified four back-
ground sources of which HAWC J1908+0618 is the only
extended source that is best described by the electron
di!usion morphological model, similar to Abeysekara
et al. (2018).
Our spectral studies find that the sources can be de-

scribed by a power law spectrum with no cut o!. The
1ω bound of the maximum photon energy has increased
from 25 TeV to 56 TeV and 123 TeV for the east and
west jet lobes, respectively, compared to our previous
analysis (Abeysekara et al. 2018). The spectra are mea-
sured to be softer than previously assumed in Abey-
sekara et al. (2018).
When fitting to the broadband energy spectrum using

an electron spectrum that follows a power-law with an
exponential cuto! as in Abeysekara et al. (2018), we
find the total energy of injected electrons as We = 1.3→
1047 erg, well within the energy budget of the kinetic
power of the jets (Fabrika 2004).
The spectra in Figure 4 constructed from fitting the

data that are divided into NN energy bins are consistent
with the flux points at 20 TeV from Abeysekara et al.
(2018). The best-fit spectral indices ε = ↑2.44+0.13

→0.12

and ε = ↑2.35+0.12
→0.11 are lower than what we assumed in

Abeysekara et al. (2018) for which the spectral indices
were fixed to ε = ↑2.0. The pivot energy used in this
work, Epiv = 10 TeV, is also lower than Epiv = 20 TeV
used in Abeysekara et al. (2018).
Figure 6 presents the spectral energy distribution of

the gamma-ray emission from the eastern and west-
ern SS 433 jet lobes between 0.1 GeV and 100 TeV.
Models have been proposed to explain the TeV emis-
sion by SS 433, invoking continuous or instantaneous
injections of electrons and protons from the synchrotron
knots (Reynoso & Carulli 2019; Sudoh et al. 2020; Fang
et al. 2020), as well as a standing shock in the outer jets
(H. E. S. S. Collaboration et al. 2024). When comparing
our observation with these recent models, we find that
the models confined by previous IACT limits are gener-
ally too low to explain the HAWC and H.E.S.S. observa-
tions. The grey shaded region in the figure corresponds
to the best-fit gamma-ray model in Fang et al. (2020) ob-
tained by fitting a steady electron injection model as in
Abeysekara et al. (2018) to the Fermi-LAT and HAWC
data from Abeysekara et al. (2018). The grey dashed

8 HAWC Collaboration

The systematic uncertainties associated with our anal-
ysis are summarized in Table 4. The systematic uncer-
tainties contain the e!ects from the detector simulations
(see Abeysekara et al. 2017; Abeysekara et al. 2019).
The most dominant e!ect is the late light component,
which indicates uncertainties from the discrepancy be-
tween the arrival times of light from an actual air shower
and the arrival times of light from the laser pulse used
for calibrations. The sources of systematic uncertainties
from Table 4 are described in Abeysekara et al. (2019)
in more detail.

4. DISCUSSION AND CONCLUSION

Figure 6. The spectral energy distribution of the gamma-
ray emission site in the SS 433 east (top) and west (bottom)
lobes measured by HAWC (this work; orange), Fermi-LAT
(Fang et al. 2020, light blue markers), H.E.S.S. (H. E. S. S.
Collaboration et al. 2024, navy square markers), and VER-
ITAS (Kar 2017, brown upper limit). Models are shown
for reference, including Reynoso & Carulli (2019) (parame-
ter 3a; light grey dotted curve), Sudoh et al. (2020) (dark
grey dash-dotted curves), Fang et al. (2020) (grey shaded
regions), Kimura et al. (2020) (scenario D; light grey dashed
curve), and H. E. S. S. Collaboration et al. (2024) (grey
dashed curve).

We have analyzed 2,565 days of HAWC data to study
the TeV gamma-ray emission from the jet lobes of

SS 433. The new data contain more and improved
statistics to carry out a thorough blind search of the re-
gion. Our blind search successfully identifies two point
sources located close to the X-ray hotspots, “e1” and
“w1”, which are known as jet interaction regions for
the east and west jet lobes, respectively. However, we
find no evidence of extended emission for the lobes. The
blind search within the ROI has also identified four back-
ground sources of which HAWC J1908+0618 is the only
extended source that is best described by the electron
di!usion morphological model, similar to Abeysekara
et al. (2018).
Our spectral studies find that the sources can be de-

scribed by a power law spectrum with no cut o!. The
1ω bound of the maximum photon energy has increased
from 25 TeV to 56 TeV and 123 TeV for the east and
west jet lobes, respectively, compared to our previous
analysis (Abeysekara et al. 2018). The spectra are mea-
sured to be softer than previously assumed in Abey-
sekara et al. (2018).
When fitting to the broadband energy spectrum using

an electron spectrum that follows a power-law with an
exponential cuto! as in Abeysekara et al. (2018), we
find the total energy of injected electrons as We = 1.3→
1047 erg, well within the energy budget of the kinetic
power of the jets (Fabrika 2004).
The spectra in Figure 4 constructed from fitting the

data that are divided into NN energy bins are consistent
with the flux points at 20 TeV from Abeysekara et al.
(2018). The best-fit spectral indices ε = ↑2.44+0.13

→0.12

and ε = ↑2.35+0.12
→0.11 are lower than what we assumed in

Abeysekara et al. (2018) for which the spectral indices
were fixed to ε = ↑2.0. The pivot energy used in this
work, Epiv = 10 TeV, is also lower than Epiv = 20 TeV
used in Abeysekara et al. (2018).
Figure 6 presents the spectral energy distribution of

the gamma-ray emission from the eastern and west-
ern SS 433 jet lobes between 0.1 GeV and 100 TeV.
Models have been proposed to explain the TeV emis-
sion by SS 433, invoking continuous or instantaneous
injections of electrons and protons from the synchrotron
knots (Reynoso & Carulli 2019; Sudoh et al. 2020; Fang
et al. 2020), as well as a standing shock in the outer jets
(H. E. S. S. Collaboration et al. 2024). When comparing
our observation with these recent models, we find that
the models confined by previous IACT limits are gener-
ally too low to explain the HAWC and H.E.S.S. observa-
tions. The grey shaded region in the figure corresponds
to the best-fit gamma-ray model in Fang et al. (2020) ob-
tained by fitting a steady electron injection model as in
Abeysekara et al. (2018) to the Fermi-LAT and HAWC
data from Abeysekara et al. (2018). The grey dashed

8 HAWC Collaboration

The systematic uncertainties associated with our anal-
ysis are summarized in Table 4. The systematic uncer-
tainties contain the e!ects from the detector simulations
(see Abeysekara et al. 2017; Abeysekara et al. 2019).
The most dominant e!ect is the late light component,
which indicates uncertainties from the discrepancy be-
tween the arrival times of light from an actual air shower
and the arrival times of light from the laser pulse used
for calibrations. The sources of systematic uncertainties
from Table 4 are described in Abeysekara et al. (2019)
in more detail.

4. DISCUSSION AND CONCLUSION

Figure 6. The spectral energy distribution of the gamma-
ray emission site in the SS 433 east (top) and west (bottom)
lobes measured by HAWC (this work; orange), Fermi-LAT
(Fang et al. 2020, light blue markers), H.E.S.S. (H. E. S. S.
Collaboration et al. 2024, navy square markers), and VER-
ITAS (Kar 2017, brown upper limit). Models are shown
for reference, including Reynoso & Carulli (2019) (parame-
ter 3a; light grey dotted curve), Sudoh et al. (2020) (dark
grey dash-dotted curves), Fang et al. (2020) (grey shaded
regions), Kimura et al. (2020) (scenario D; light grey dashed
curve), and H. E. S. S. Collaboration et al. (2024) (grey
dashed curve).

We have analyzed 2,565 days of HAWC data to study
the TeV gamma-ray emission from the jet lobes of

SS 433. The new data contain more and improved
statistics to carry out a thorough blind search of the re-
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“w1”, which are known as jet interaction regions for
the east and west jet lobes, respectively. However, we
find no evidence of extended emission for the lobes. The
blind search within the ROI has also identified four back-
ground sources of which HAWC J1908+0618 is the only
extended source that is best described by the electron
di!usion morphological model, similar to Abeysekara
et al. (2018).
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find the total energy of injected electrons as We = 1.3→
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with the flux points at 20 TeV from Abeysekara et al.
(2018). The best-fit spectral indices ε = ↑2.44+0.13

→0.12

and ε = ↑2.35+0.12
→0.11 are lower than what we assumed in

Abeysekara et al. (2018) for which the spectral indices
were fixed to ε = ↑2.0. The pivot energy used in this
work, Epiv = 10 TeV, is also lower than Epiv = 20 TeV
used in Abeysekara et al. (2018).
Figure 6 presents the spectral energy distribution of

the gamma-ray emission from the eastern and west-
ern SS 433 jet lobes between 0.1 GeV and 100 TeV.
Models have been proposed to explain the TeV emis-
sion by SS 433, invoking continuous or instantaneous
injections of electrons and protons from the synchrotron
knots (Reynoso & Carulli 2019; Sudoh et al. 2020; Fang
et al. 2020), as well as a standing shock in the outer jets
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ally too low to explain the HAWC and H.E.S.S. observa-
tions. The grey shaded region in the figure corresponds
to the best-fit gamma-ray model in Fang et al. (2020) ob-
tained by fitting a steady electron injection model as in
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data from Abeysekara et al. (2018). The grey dashed

HAWC Collaboration 24

IC



V4641 Sgr

16 

An impressive particle accelerator

▸ “Normal” x-ray binary  - extraordinary gamma-
ray source

▸

▸ 4 times brighter than Crab Nebula at 100 TeV

▸ 1-2 orders of magnitude brighter than SS 433

▸ Unexpected morphology

▸ What is happening here???

H.E.S.S. PRELIMINARY

11 

… maybe it is!

▸ >25 TeV emission detected around 4 more sources!

▸ Emission is   and 

▸ Spatial scales correspond to several 10s of pc

▸  large scales! (either extension or )

from Oliviera-Nieto @ CDHY

• Hard spectrum 
peaking at ~100 TeV

• Brightest microquasar
• Elongated w. ~100 pc
• Target gas not seen
• Hadronic w. hard indices?
• Leptonic w. weak magnetic fields?

HAWC Collaboration 24 Nature



Hadronic Gamma-Ray Signatures?

2. Models

2.1. Formulation

We assume that the jets of kinetic luminosity Lj dissipate
some of their energy at the X-ray knot, resulting in acceleration
of nonthermal particles (see Figure 1 for a schematic picture).
To obtain the particle spectra at the X-ray knot, we solve the
steady-state transport equation for nonthermal particles of
species i:
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where Ei is the particle energy (i=e or p), NEi is the total
number spectrum, ti,cool is the cooling time, tesc is the escape
time, and NEi is the injection term. This equation has an
analytic solution (see Appendix C in Dermer & Menon 2009):
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We numerically integrate this equation to obtain the proton and
electron spectra. We consider the diffusive shock acceleration
mechanism at the knot and set the injection term to be a power-
law form with an exponential cutoff:
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where Ni,nor is the normalization factor, pinj is the power-law
index, and Ei,cut is the cutoff energy determined by the balance
between acceleration and loss timescales, = +- - -t t tloss

1
cool
1

esc
1. We

normalize the normalization factor so that ò e=E N dE Li E i i ji is
satisfied, where ei is the energy conversion factor.

We assume the same bulk velocity for the electrons and
protons. They should have the same acceleration and diffusion
timescales at a given energy. The diffusive shock acceleration
time is given by
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where x is the acceleration efficiency, B is the magnetic field
strength, and βj is the jet velocity. As the escape processes, we
consider diffusion and advection, whose timescales are
estimated to be
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where Rknot is the size of the knot and Vadv is the advection
velocity at the knot. Assuming a spherical geometry of the
emission region, the adiabatic cooling timescale is expressed as
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where Rdis is the distance of the dissipation region from the
central object. Note that if the jet geometry is cylindrical, one
can ignore the adiabatic cooling (Sudoh et al. 2020).
For the electron radiation processes, we consider synchrotron

and inverse Compton (IC) scattering. The synchrotron time-
scale for the species i is represented as
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where mi is the mass of the particle i and σT is the Thomson
cross section. We use a fitting formula (Equations (18)–(20) in
Finke et al. 2008) to calculate the synchrotron spectrum. The
IC cooling rate is estimated using Equation (2.56) in
Blumenthal & Gould (1970), and the IC spectrum is calculated
by Equation (2.48) in Blumenthal & Gould (1970). We
consider only the cosmic microwave background (CMB) as the
target photons, since IC emission using other photon fields is
subdominant (Fang et al. 2020; Sudoh et al. 2020).
For the hadronic radiation processes, we consider only the pp

inelastic collisions, because other processes are negligibly
efficient (Reynoso & Carulli 2019). We should note that for
neff 0.01, external photon fields by the central star or by the
beamed emission from the inner jets may be important. The pp
cooling rate is estimated to be

( )s k=-t n c, 9pp pp pp
1

eff

where neff is the effective number density (defined in the
following subsection), σpp is the pp inelastic collision cross
section given in Kafexhiu et al. (2014), and κpp≈0.17 is the
inelasticity for pp interaction (Kelner et al. 2006). We use the
method of Kelner et al. (2006) to calculate the gamma-ray
spectrum by pp inelastic collisions.

2.2. Model Parameters

Multiwavelength observations of SS 433 provide useful
information to model the high-energy emission from the
extended jets. The jet velocity is measured to be βj; 0.26 at
the jet base using both optical (Abell & Margon 1979;
Eikenberry et al. 2001) and X-ray data (Marshall et al. 2002).
The mass-loss rate of the jet is estimated to be   ´M 5j


- -M yr10 7 1 (Konigl 1983), which leads to a kinetic energy of

the jet of  b» ´ -L M c 2 2 10 erg sj j
2 2 39 1. The size and the

distance from the central object for the brightest X-ray knot (e2)

Figure 1. Schematic picture of our models. The jets dissipate their kinetic
energy at a dissipation radius, Rdis, which accelerates nonthermal particles. The
nonthermal protons interact with ambient matter including the dense optical
filaments, producing gamma rays through pion decay. The nonthermal
electrons emit gamma rays by upscattering the CMB photons. We write the
size of the emission region as Rknot . We consider four scenarios: combinations
of hadronic-dominated/leptonic-dominated and fast (dark gray)/slow (light
gray) advection velocity (see Table 1).
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are 5′ and 35′, respectively (Safi-Harb & Ögelman 1997), which
correspond to R 56dis pc and R 8.1knot pc, with a distance
of =d 5.5 kpcL .

Optical observations discovered filamentary structures located
close to the X-ray knots (Zealey et al. 1980), where the number
density can be as high as ~ -n 10 cm2 3 (Konigl 1983) and the
velocity is estimated to be ~ -V 10 cm sadv

7 1 (Boumis et al.
2007). On the other hand, Panferov (2017) estimates the mean
number density in W50 to be ~ -n 0.1 cm 3, and argues that the
jet is not significantly decelerated at the X-ray knot. In this case,
the bulk velocity of the emission region is likely to be

b»V c 4jadv , where the factor 4 indicates energy dissipation
by a strong shock. Since the advection velocity and the target gas
density in the X-ray knot are still largely uncertain, we examine
two values of the advection velocity: b= ´V c 4 1.9jadv

-10 cm s9 1 (scenarios A and C) or = -V 10 cm sadv
7 1 (scenarios

B and D). Even for the low advection velocity cases, we assume
a shock velocity of bj, because the accelerated electrons cannot
emit the observed X-rays with a lower value of the shock
velocity (see Section 3). Regarding the number density,
we define the effective number density as =n f neff fil fil, where

~ -n 100 cmfil
3 and –~ -f 10 1fil

4 are the number density and
the volume filling factor of the optical filaments, respectively.
Here we note that the magnetic field strength and the effective
number density are treated as independent parameters. Also,

because we assume f 1fil in our scenarios, we should
evaluate the magnetic field strength at the X-ray knot, and the
magnetic field strength does not have to scale with the effective
density.

3. Results

We calculate the photon spectra for various values of pinj, ee,
B, and neff to seek the parameter set that matches the data.
Since the radio map of W50 does not indicate any clear knot-
like structure (Dubner et al. 1998), we should regard the radio
data as an upper limit. We match the data by eye inspection,
and do not discuss the goodness of fit because of the
observational uncertainty and the limitation of the models.
Figure 2 shows both the leptonic and hadronic contributions to
the photon spectra for our scenarios whose parameter sets are
tabulated in Table 1. For all the scenarios, the electron
synchrotron emission is responsible for the X-ray data. The
Lorentz factor of electrons emitting the hard X-rays is
estimated to be

⎛
⎝⎜

⎞
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p
» ´g g
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-m cE

h eB
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8
4.5
1 2
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where hp is the Planck constant. The synchrotron cooling is the
dominant loss process in this energy range for all the scenarios.

Figure 2. Photon spectra from the extended jets of SS 433 for scenario A (top left), B (top right), C (bottom left), and D (bottom right). The red thick solid, green thin
long-dashed, and blue thin short-dashed lines are total, hadronic, and leptonic components, respectively. The observational data are taken from Geldzahler et al. (1980)
(circle), Brinkmann et al. (2007) (triangles), Safi-Harb & Ögelman (1997) (squares), MAGIC Collaboration et al. (2018) (crosses), and Fang et al. (2020) (pluses). The
thin solid, thin dashed, and thin dotted lines are sensitivity curves for e-ASTROGAM (1 yr; De Angelis et al. 2017), CTA (50hr; Cherenkov Telescope Array
Consortium et al. 2019), and LHAASO (1 yr; Bai et al. 2019). Scenarios A, B, and D can reproduce the GeV–TeV gamma-ray data, while scenario C cannot reproduce
the Fermi data. The thin dotted–dashed lines are the muon neutrino spectra (i.e., neutrino spectra per flavor). Also, the CTA sensitivity curve is for a point source. The
TeV gamma-ray emission region in SS 433 is extended, which worsens the sensitivity.
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leptohadronic scenario for SS 433

Ohira 25 MNRAS

- SS 433: likely more leptonic at 1-10 TeV
(HAWC Collaboration 18, HESS Collaboration 24)

- Hadronic contribution is still possible 
especially at higher energies

- n detection: more than 2 decades even w. 
IceCube-Gen2 (SS 433) 
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Figure 1. The black, red, and blue lines show ! (" , #) for $1 = 30 pc, $2 =

40, 50, 60 pc, respectively. The solid and dashed lines show ! (" , #) for

" = 105 , 107 yr, respectively. The diffusion coefficient is the Bohm diffusion

(% = 1) in 10 &G.

For "1 < "d (#, $), since propagation from "1 can be described by

three-dimensional diffusion and equation (7) can be applied, % (#, $)
is approximately given by

% (#, $) ≈
"2

2
− "2

1

2&xx ($)#
. (12)

Therefore, the spectrum of escaping CRs in the emission region,

' (#, $), has two spectral breaks at $2−1 and $1 for "1 ∼ "2, where

$2−1 and $1 are given by the conditions "d (#, $) = "2 − "1 and

"d (#, $) = "1, respectively. For $ > $1, the steady state is realized,

so that the CR spectrum in the emission region does not depend on #.

For "2/"1 $ 1, the source region can be regarded as the point

source because the escape region is much smaller than the emission

region. In this case, from equation (7), % (#, $) is approximately

given by

% (#, $) =

{
1 (for "d (#, $) < "2)
$2

2
−$2

1
2'xx (#)"

(for "2 < "d (#, $))
. (13)

Thus, the spectrum of escaping CRs in the emission region, ' (#, $),
has one spectral break at $2, where $2 is given by the condition

"d (#, $) = "2.

If the momentum dependences of the source spectrum and diffu-

sion coefficient are given by (esc ($) ∝ $−(esc and &xx ($) ∝ $% ,

for "2/"1 ∼ 1, the spectral index of escaping CRs in the emission

region is approximately given by

) log ' (#, $)
) log $

∝





−*esc ($ < $2−1)
−(*esc + +/2) ($2−1 < $ < $1)
−(*esc + +) ($1 < $)

, (14)

and for "2/"1 $ 1,

) log ' (#, $)
) log $

∝
{

−*esc ($ < $2)
−(*esc + +) ($2 < $) . (15)

The spectral index in the hardest momentum region represents the

true spectral index of the total escaping cosmic rays, which is not

always the same as the spectral index in the acceleration region

(Ohira et al. 2010; Ohira & Ioka 2011).

Fig. 1 shows % ($, #) for some cases, where the diffusion coeffi-

cient, &xx, is assumed to be the Bohm diffusion (+ = 1) in 10 ,G,

# = 105 and 107 yr, "1 = 30 pc, and "2 = 40, 50, and 60 pc. For
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Figure 2. Comparison of the model (solid line) with LHAASO (red) and

HWAC observations for V4641 Sgr.
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Figure 3. Same as Fig. 2, but for SS 433.

the Bohm diffusion coefficient, the characteristic break energy is

estimated by

-$b = 0.2 PeV

(
.

10 ,G

) (
"

30 pc

)2 (
#

105 yr

)−1

, (16)

where " is "2 −"1, "1, or "2. As can be seen in Fig. 1, there are two

characteristic breaks for "2/"1 ∼ 1 ("2 = 40 and 50pc), and one

characteristic break for "2/"1 > 1 ("2 = 60 pc). The break energies

and spectral indices are consistent with equations (14)-(16).

Note that we have not taken account of the cutoff in the low energy

side. If the inner radius of the emission region is larger than the

bubble radius, low energy CRs with a small diffusion coefficient

cannot propagate to the emission region for a finite time. As a result,

the gamma-ray spectrum has a cutoff structure in the low energy side

(Aharonian & Atoyan 1996; Gabici et al. 2009; Ohira et al. 2011).

3 GAMMA-RAY SPECTRA FROM COSMIC RAYS

ESCAPING FROM MICROQUASARS

Gamma-ray spectra from escaping CRs are calculated by using equa-

tions (3), (8) and (9) and the Naima python package (Zabalza 2015),

in which gamma rays are calculated by the cross section of pp in-

teractions given in Kafexhiu et al. (2014). By comparing our model

MNRAS 000, 1–6 (2025)
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Common Acceleration Mechanisms between Microquasars and AGNs?

Need for efficient acceleration: example of SS 433
geX < gemax → x <~ 30-100
Emax/Z > 3 PeV → x <~ 10 (for B ~ 30 µG)

AGN: blazars & hot spots: x >~ 104 (ex. Inoue & Takahara 96, Araudo et al. 16, Zhang et al. 18)

→ internal shocks/termination shock: may not be promising for UHECRs

Alternative acceleration mechanisms? 

2. Models

2.1. Formulation

We assume that the jets of kinetic luminosity Lj dissipate
some of their energy at the X-ray knot, resulting in acceleration
of nonthermal particles (see Figure 1 for a schematic picture).
To obtain the particle spectra at the X-ray knot, we solve the
steady-state transport equation for nonthermal particles of
species i:
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where Ei is the particle energy (i=e or p), NEi is the total
number spectrum, ti,cool is the cooling time, tesc is the escape
time, and NEi is the injection term. This equation has an
analytic solution (see Appendix C in Dermer & Menon 2009):
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We numerically integrate this equation to obtain the proton and
electron spectra. We consider the diffusive shock acceleration
mechanism at the knot and set the injection term to be a power-
law form with an exponential cutoff:
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where Ni,nor is the normalization factor, pinj is the power-law
index, and Ei,cut is the cutoff energy determined by the balance
between acceleration and loss timescales, = +- - -t t tloss

1
cool
1

esc
1. We

normalize the normalization factor so that ò e=E N dE Li E i i ji is
satisfied, where ei is the energy conversion factor.

We assume the same bulk velocity for the electrons and
protons. They should have the same acceleration and diffusion
timescales at a given energy. The diffusive shock acceleration
time is given by

( )x
b

»t
E

ceB

20
3

, 4i

j
acc 2

where x is the acceleration efficiency, B is the magnetic field
strength, and βj is the jet velocity. As the escape processes, we
consider diffusion and advection, whose timescales are
estimated to be
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x
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eBR
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where Rknot is the size of the knot and Vadv is the advection
velocity at the knot. Assuming a spherical geometry of the
emission region, the adiabatic cooling timescale is expressed as

( )»t
R
V

, 7adi
dis

adv

where Rdis is the distance of the dissipation region from the
central object. Note that if the jet geometry is cylindrical, one
can ignore the adiabatic cooling (Sudoh et al. 2020).
For the electron radiation processes, we consider synchrotron

and inverse Compton (IC) scattering. The synchrotron time-
scale for the species i is represented as
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where mi is the mass of the particle i and σT is the Thomson
cross section. We use a fitting formula (Equations (18)–(20) in
Finke et al. 2008) to calculate the synchrotron spectrum. The
IC cooling rate is estimated using Equation (2.56) in
Blumenthal & Gould (1970), and the IC spectrum is calculated
by Equation (2.48) in Blumenthal & Gould (1970). We
consider only the cosmic microwave background (CMB) as the
target photons, since IC emission using other photon fields is
subdominant (Fang et al. 2020; Sudoh et al. 2020).
For the hadronic radiation processes, we consider only the pp

inelastic collisions, because other processes are negligibly
efficient (Reynoso & Carulli 2019). We should note that for
neff 0.01, external photon fields by the central star or by the
beamed emission from the inner jets may be important. The pp
cooling rate is estimated to be

( )s k=-t n c, 9pp pp pp
1

eff

where neff is the effective number density (defined in the
following subsection), σpp is the pp inelastic collision cross
section given in Kafexhiu et al. (2014), and κpp≈0.17 is the
inelasticity for pp interaction (Kelner et al. 2006). We use the
method of Kelner et al. (2006) to calculate the gamma-ray
spectrum by pp inelastic collisions.

2.2. Model Parameters

Multiwavelength observations of SS 433 provide useful
information to model the high-energy emission from the
extended jets. The jet velocity is measured to be βj; 0.26 at
the jet base using both optical (Abell & Margon 1979;
Eikenberry et al. 2001) and X-ray data (Marshall et al. 2002).
The mass-loss rate of the jet is estimated to be   ´M 5j


- -M yr10 7 1 (Konigl 1983), which leads to a kinetic energy of

the jet of  b» ´ -L M c 2 2 10 erg sj j
2 2 39 1. The size and the

distance from the central object for the brightest X-ray knot (e2)

Figure 1. Schematic picture of our models. The jets dissipate their kinetic
energy at a dissipation radius, Rdis, which accelerates nonthermal particles. The
nonthermal protons interact with ambient matter including the dense optical
filaments, producing gamma rays through pion decay. The nonthermal
electrons emit gamma rays by upscattering the CMB photons. We write the
size of the emission region as Rknot . We consider four scenarios: combinations
of hadronic-dominated/leptonic-dominated and fast (dark gray)/slow (light
gray) advection velocity (see Table 1).
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Test Particle Simulations of Particle Acceleration

(Seo, Ryu & Kang 24 ApJ) MHD simulations
(Mbarek & Caprioli 21 ApJ
see also Mbarek, Caprioli & KM 23 ApJ, 25 PRD)

encountering multiple shocks and gradual velocity shear in the
jet-spine flow (see Figure 4), and the spectrum extends to
higher energies over time as the maximum energy of the CRs
increases with the jet’s age. In the late stage, particles are
confined in the jet system and continuously energized until they

escape. The shape of the time-integrated, cumulative energy
spectrum of all particles escaping from the jet converges to its
time-asymptotic form.
Figures 1 and 2 show that the jet spine typically disperses

over a width of order several rj, and the corrugated interface
between the upward-moving jet flow and the downward-
moving backflow spreads over ∼rj. Only UHECRs energized
to E 1 EeV have large enough MFPs to cross the shear layer
between the jet spine and the backflow, as mentioned above.
Hence, as CRs are initially energized mainly via DSA, GSA
first becomes important, and then UHECRs with E 1 EeV
cross and recross the shear interface and are energized via
nGSA; each cycle of cross–recross increases the energy by a
factor of ( )G -D 12 (e.g., Caprioli 2015; Mbarek &
Caprioli 2019; Rieger 2019). Here, ΓΔ is the Lorentz factor
of the velocity jump across the shear layer.
In Paper I, we categorized UHECRs produced at RGs into

three types, depending on whether they experience an
additional boost via nGSA before escape and how they escape
from the jet structure (see Figure 9 in Paper I). In CASE 1,
particles are energized mainly via DSA and RSA, and then
escape from the cocoon without undergoing an additional boost
via nGSA. In CASE 2, after gaining energies via DSA and
RSA, particles undergo an additional boost and then escape
from the cocoon. CASE 3 is the same as CASE 2, except that
UHECRs escape directly from the jet spine into the background
medium. In Figure 6(b), the time-asymptotic, cumulative
energy spectra, ( )E , of the particles categorized into the
different cases are separately plotted for the Q44-r32 model at
tend. Most particles belong to the CASE 1 category, while only
a small fraction becomes CASE 2 and 3 by undergoing an
additional boost to higher energies via nGSA before escape.
Figure 7 shows the ( )E of all escaping particles for

different FR-I jet models at tend with color-coded solid lines.
The spectra shift to higher energies for models with higher Qj,
while the models with the same Qj but larger Γj have spectra
that extend to higher energies. In contrast to the double power
law in Equation (1) for FR-II jets, the fitting of the CR energy

Figure 5. (a) Timescales of the APs that energize CRs in jet-induced flows as a function of the energy of particles for the parameters relevant to the Q44-r100 model.
nGSA is operative only when λf is large enough to cross the jet–backflow interface, and hence tnGSA (blue dashed line) is drawn for E > 0.1 EeV. The diffusion
timescale, tD, (black dotted line) is also shown for comparison. (b)–(c) Fractions of the cumulative energy gains due to different APs as a function of the energy of
particles escaping from the jet system for two models, (b) Q44-r32 and (c) Q44-r100. See the text for details.

Figure 6. (a) Time-integrated energy spectrum,  [ ]E d dE tot , of all
particles escaping from the system up to a given time, t, in the Q44-r32 model.
Here,  ( )ò= d dE dEtot . The lines are color coded from blue to brown,
based on the time, t/tcross. (b) Time-asymptotic, cumulative energy spectra,
drawn separately for particles classified as CASE 1, CASE 2, and CASE 3, in
Q44-r32. See the main text for the description of cases. The back solid line
shows the total spectrum, and the black dotted line is the fitting to it.
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quasirectilinear propagation regime, while the third term ∝E1/3

corresponds to resonant scattering at low energies in the
diffusive scattering regime. The middle term ∝E is introduced
to describe a smooth transition from low to high energies. This
MFP model is similar to our model with δ= 2 for >E EH L, 0,
except for the smooth transition around EH L, 0.

After scattering, “restricted” random walks are applied; high-
energy particles with λf(E) L0 move in mostly forward
directions, while particles with λf(E) L0 scatter almost
isotropically (see Paper I for details). We also consider fully
isotropic scattering as a comparison case. See Section 4.5 for
the differences due to different particle scattering models.

3.3. Injection of Galactic CRs

Seed CRs are injected into the jet inflow with an initial
spectrum of  µ -d dE Einj inj inj

2.7 for Einj= 1013–1015 eV. They
represent a population of galactic CRs accelerated within the
host galaxy. While this injection model including the slope and
range is somewhat arbitrary, we found that the spectrum of
escaping UHECRs does not depend on it at all. This is because,
in our MC simulations, the particle energy increases by a factor
of ∼105; once we inject a sufficient number of galactic CRs, we
obtain a smooth spectrum of escaping UHECRs up to ∼1021

eV. Hence, in effect, the injected spectrum behaves almost like
a delta function in energy. Since CRs are treated as test
particles, the amplitude of the resulting energy spectrum scales
linearly with the number of injected CRs.

The trajectories of CRs are followed according to the
prescribed models for scattering MFP and random walks.
Figure 4 illustrates the trajectory and energization history of a
sample particle. Upon each scattering, a net energy change,
ΔE, arises as a result of the Lorentz transformation between the
moving fluid frame and the simulation (laboratory) frame. In
this example, the particle gains energy mainly through multiple
episodes of DSA and GSA up to ∼1 EeV, advecting along the
jet-spine flow. Then, it undergoes diffusive scatterings in the
cocoon (between the triangle and star symbols in panel (a)) and
eventually escapes from the turbulent head region. As shown in
the shaded box in panel (b), the acceleration is rather inefficient
for 0.01 t− tinj 0.06, during which the particle experiences
diffusive scatterings within the upper cocoon (z 3 kpc).

4. Results

4.1. Relative Importance of Acceleration Processes

Similar to FR-II jets, various CR APs, including DSA, TSA,
GSA, and nGSA, are at play within FR-I jets. We first utilize
the acceleration timescales, tDSA, tTSA, tGSA, and tnGSA (see
Equations (11), (14), (15), and (16), respectively, in Paper I) to
compare the relative efficiencies of these APs. For illustrative
purposes, these timescales are displayed in Figure 5(a) for the
Q44-r100 model with the following representative parameters:
the shock compression ratio, χ∼ 4, us/c∼ 0.1, B∼ 30 μG, the
turbulence speed, |uturb|/c∼ 0.1, L0∼ 0.1 kpc, the velocity
shear, Ωshear= ∂uz/∂r∼ 0.05 c/rj with the z-velocity along the
jet direction, uz, G = - ~u c1 1 1z z

2 2 , and δ= 1 for MFP.
The figure indicates that seed CRs would gain energies at first
via DSA, and then RSA (GSA and nGSA) becomes
increasingly significant above E∼ 1 EeV. Particles with
λf(E) rj that stay within the shear layer spread over the jet
spine and the backflow, and gain energy mainly via GSA. In

contrast, those with λf rj can be scattered across the jet–
backflow interface and boosted to higher energies via nGSA.
The relative contributions of the APs in our jet models are

estimated as follows. For each scattering event, a fraction of
ΔE is distributed among the different APs with weights
x = å- -t tAP AP

1
AP AP

1, where the summation includes DSA
(shock), TSA (turbulence), and GSA (shear); nGSA is not
considered separately since only a small fraction of high-
energy particles undergo it. For all particles escaping from the
system up to tend, whose final energies lie in the logarithmic bin
of [ ]+E E d Elog , log log , ξAPΔE is summed to make
the cumulative energy gain, E ( )EAP , and E E= +tot shock
E E+turb shear. Figures 5(b)–(c) show E E( )EAP tot for the two
Q44 models presented in Figure 1. The figures confirm that
whereas DSA is dominant for E 1 EeV, shear acceleration
becomes important beyond E 1 EeV. TSA plays a second-
ary role.

4.2. Energy Spectrum of CRs from FR-I Jets

The energy spectrum of the CRs that are accelerated and
escape from the jet system is typically time dependent,
transitioning from an “age-limited” regime (bluish lines) to a
“size-limited” regime (reddish lines), as shown in Figure 6(a).
During the early stage, all particles are accelerated mainly by

Figure 4. (a) Trajectory of a sample particle since its injection into the jet flow,
superimposed on the distribution of rlog in the Q44-r100 model. The
trajectory is color coded by the energy of the particle. (b) Energization history
of the same particle along the trajectory. The shaded region indicates the period
during which the particle scatters within the diffusive head region. The starting
and ending locations of that period are marked by the white triangle and black
star symbols, respectively, in panel (a).
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Shear Acceleration Model for Microquasars

• Injection: Galactic CRs at ~TeV
• Bcoc~10-30 µG w. rcoc=60 pc

(Kolmogorov assumed) 
• Bjet ~ 50-100 µG w. rjet=3-4 pc

4

FIG. 2. The energy spectrum of escaping CRs predicted in
the shear acceleration mechanism from Monte Carlo simula-
tions. The parameters are listed in Table I. The above plot is
multiplied with exp(→R/Rmax), where Rmax = 4↑ 107 GeV
is the maximum acceleration energy from microquasar jets.

and the resulting energy spectra for escaping CR protons
are shown in Fig. 2. As seen in the figure, our shear
acceleration scenario can achieve spectral peak around
PeV energies with reasonable parameters (see Section V
for discussion of parameter choices). The escaping CR
proton spectrum shows a hard spectrum below the peak
and a gradual cuot! above the peak.

III. OBSERVED COSMIC-RAY SPECTRUM ON
EARTH

In general, the propagation of CRs in our Galaxy can
be described by the transport equation [87, 88],
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where Ni(E,x) is the number density per energy at po-
sition x, and the second and third terms in the left side
describe the time evolution of particle number density
due to advection and spatial di!usion, respectively. The
first term in the right side represents injection of par-
ticles of type i, and the second and last term accounts
for the loss and gain processes. Here, the loss of nu-
clei of type i caused by collisions and decay with a rate
pi = vε/ϖi + 1/ϱςi, where ε is the interstellar medium
density, ϖi is the mean free path of interactions when
particle propagates inside Galaxy, ςi is the decay time
of particle of type i, and ϱ is particle Lorentz factor.
In this study, we employ a publicly available version of

FIG. 3. Predicted CR intensity on Earth and the mean mass
↓ln(A)↔ distribution from microquasars. The all-particle en-
ergy spectra are taken from LHAASO [5], HAWC [51], NU-
CLEON [82], TIBET [4], TA [83], and Auger [84], while the
proton spectrum are taken from LHAASO [18], KASCADE-
Grande [85], and IceTop [86]. The measurement of the mean
mass ↓ln(A)↔ distribution are taken from LHAASO [5] and
IceTop [86].

the DRAGON code to propagate CRs from sources to
Earth [89]. The maximum value of Galactocentric ra-
dius is RG = 10 kpc and halo size is HG = 4 kpc.
The spatial distribution of microquasars is unknown.
High-Eddington ratio Microquasars, including SS 433
or Sgr V4641, likely follow the distribution of massive
stars, and thus, they have similar spatial distribution
with Galactic SNRs. For the source distribution, we
adopt the Ferriere2001 model [90], based on the pop-
ulation studies on SNRs. The spatial distribution of
the di!usion coe”cient is constant and parametrized as
D = 23.8 ↓ 1028(R/250 GV)ωcm2 s↓1 with φ = 0.45 for
R < 250 GV, while φ = 1/3 for R ↭ 250 GV [91, 92].
The chosen di!usion coe”cient is determined by the ob-
served Boron to Carbon (B/C) ratio [93].
We adjust the energy injection rate of CRs to match

the CR data at PeV energies, which requires Qcr,tot ↔
1.3 ↓ 1042 erg kpc↓3 yr↓1. The energy injection rate
integrated over the Galactic volume is

Lcr,tot = QCR,totVG ↗ 1.5↓ 1038 erg s↓1
, (7)
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or Sgr V4641, likely follow the distribution of massive
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with Galactic SNRs. For the source distribution, we
adopt the Ferriere2001 model [90], based on the pop-
ulation studies on SNRs. The spatial distribution of
the di!usion coe”cient is constant and parametrized as
D = 23.8 ↓ 1028(R/250 GV)ωcm2 s↓1 with φ = 0.45 for
R < 250 GV, while φ = 1/3 for R ↭ 250 GV [91, 92].
The chosen di!usion coe”cient is determined by the ob-
served Boron to Carbon (B/C) ratio [93].
We adjust the energy injection rate of CRs to match

the CR data at PeV energies, which requires Qcr,tot ↔
1.3 ↓ 1042 erg kpc↓3 yr↓1. The energy injection rate
integrated over the Galactic volume is
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Shear Acceleration Model vs Cosmic-Ray Data

lcoh, Bcoc). Next, we estimate the UHECR luminosity and
their composition ratio.
CR densities in radio galaxies are highly uncertain. Here,

we assume that the proton CR densities are comparable to
that in our Galaxy. While the star-formation rate of
elliptical galaxies may be lower than that of star-forming
galaxies by a factor of 3–10 [71,72], this uncertainty is
easily absorbed by uncertainties in the other parameters.
The GCR density inside the CR halo of Hh ∼ 5 kpc [59]
can be expressed as

ni;d ¼ Ki

!
Ei;inj

TeV

"−αiþ1

exp
!
−

Ei;inj

ZiPeV

"
: ð7Þ

Here, CR species are grouped as i ¼ H, He, C–O, Ne–Al,
Si–K, Ca–Mn, Fe. Their effective charge Zi and atomic
mass Ai are Zi ¼ 1, 2, 7, 11, 15, 23, 26 and Ai ¼ 1, 4, 14,
23, 30, 49, 56, respectively. We use the observed values at
E ∼ 1 TeV for the normalization of each component:KH ¼
3.6 × 10−15 cm−3 and Ki=KH ≃ 1, 0.65, 0.33, 0.17, 0.14
0.072, 0.23 [73,74]. In the galactic disk, the proton has a
softer index than the others [73–76], αH ≃ 2.7 and αi≠H ≃
2.6 [77]. In addition, we increase the abundance of nuclei
heavier than He by factor of 3 from the value above because
most of the radio galaxies have more metals than the
Galaxy due to their past star formation activities [79,80].
The number of swept-up particles of species i by the time

when ljet ¼ Hh is simply given by 2πR2
cocHhni;d, and we

assume that only the fraction, R2
jet=R

2
coc, is injected into

shear acceleration. Thus, the time-integrated number of
injected GCRs is written as Ni;inj ≈ 2πR2

jetHhni;d. The
swept-up particles of λi;sl < Rsl are accelerated by the
continuous shear that is ineffective to produce high-energy
CRs (see Sec. II B). Only the particles of λi;sl > Rsl can be
injected to the discrete shear acceleration process. Setting
λi;sl ¼ Rsl, the injection energy is given by
Ei;inj ≈ EcohðRsl=lcohÞ3 ∼ 15Zi TeV. Here, we use λi;sl ∼
λi;coc and Rsl ∼ 0.01Rjet ∼ 5 pc. The injected CRs are
accelerated until the adiabatic cooling is effective, tad ≈
Rcoc=vexp ∼ 1.6 Myr (where vexp ∼ 3000 km s−1 [68]). The
time-averaged injection rate of GCRs of species i to shear
acceleration is estimated to be

_Ni;inj ≈
Ni;inj

tad
≈
2πR2

jetHhni;d
tad

: ð8Þ

Renormalizing the simulation input by the injection rate,
we obtain the differential luminosity of UHECRs, LUHECR.
The CR luminosity density at 1019.5 eV is 0.6×
1044 ergMpc−3yr−1 (e.g., [33]), and the number
density of FR Is is roughly ∼10−5–10−4Mpc−3 [81,82].
Thus, LUHECR∼2×1040–2×1041 ergs−1 is required. Our
model can satisfy this requirement, as shown in
Fig. 3. Also, our model can avoid anisotropy constraints
at E ∼ 10 EeV [83] owing to the high source

number density with the heavy composition. The
relative abundance ratio at the same rigidity is
estimated to be ðfH;fHe;fC−O;fNe−Al;fSi−K;fCa−Mn;fFeÞ¼
ð0.73;0.21;0.042;0.011;0.0053;0.0014;0.0037Þ. Note that
we cannot freely change the abundance ratio among heavy
nuclei as well as the intrinsic spectral index, because they
are determined by the shear acceleration mechanism and
observed abundance of galactic CRs.

B. Comparison with observations

We calculate the propagation of the UHECRs from the
sources to the Earth using CRPROPA 3 [84,85]. The code
includes the photomeson production, the photodisintegra-
tion, and the electron-positron pair production through the
cosmic microwave background and extragalactic back-
ground light (EBL). The nuclear decay process is also
included. We use the EBL model of [86], and assume that

FIG. 4. The observed spectrum (upper panel), hXmaxi (middle
panel), and σðXmaxÞ (lower panel) of the UHECRs at the Earth.
The data of PAO and TA are taken from [13–15].
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Kimura, KM & Zhang 18 PRD - Simulated spectra (sub-exponential)
- Galactic and extragalactic highest-energy   
data may be explained by injection to 
reacceleration at the same rigidity

- Similar acceleration at microquasars jets? 
(required by nucleus-survival) 
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FIG. 4. An overall picture of the CR spectrum from Galactic to extragalactic components. Gal pop1: CRs from supernova
remnants (SNR) [19, 20] (dotted curve); Gal pop2: CRs from microquasars (MQ) (dashed curve); ExGal pop1: CRs from
extragalactic sources, e.g., cluster of galaxies [98] (dotted-dashed curve); ExGal pop2: UHECRs from radio galaxies (RG) [40]
(long dashed curve). The data points are the same as those in Fig. 3, with the AMS data are taken from Refs. [91–95], and
the mean mass distribution measured by Auger is taken from Ref. [99].

that are uniformly distributed with the characteristic dis-
tance between sources ds = 32.5 Mpc. The number den-
sity of galaxy clusters is around 10→6 Mpc→3, which leads
to ds → 100 Mpc. The observed flux is obtained with
Eq. 6 in Ref. [109]. We assume a uniform extragalac-
tic magnetic field Brms = 1 nG and coherence length
Lcoh = 1 Mpc.

UHECRs above EeV energies are produced from ra-
dio galaxies via the shear-espresso acceleration mecha-
nism [40–44, 77, 79]. Here, we adopt the predicted spec-
trum and composition model of UHECRs in KMZ18,
where CRs with rigidity → 1 TV in radio galaxies are re-
accelerated by shear in kpc-scale jets. Since radio galax-
ies are more evolved than our Galaxy, KMZ18 considers

that the metal composition is enhanced by a ratio of 3,
compared to our Galaxy. Here, we further enhance the
iron composition ratio by a factor of 3 to improve the fit
to the latest UHECR data. The further enhancement of
iron composition ratio in radio galaxies is reasonable be-
cause elliptical galaxies have lower star-formation rates
than our Galaxy. In radio galaxies, core-collapse super-
novae do not frequently occur because of their low star-
formation rates, while type Ia supernovae occur because
explosions of white dwarfs require significant time lag af-
ter star-formation activities. Then, type Ia supernovae
inject iron into the ISM, enhancing the iron composition
ratio. In addition, we consider a larger value of magnetic
field strength in the cocoon with Bcoc = 4.5 µG, where

Zhang, Kimura & KM 2506.20193
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Figure 2. Schematic pictures of the three physical source configurations modeled in this work. Panel (a): Scenario A consists

of two co-moving emission regions within the jet: an inner blob and an outer blob. In this model, all charged particles are

assumed to remain confined within the jet. Panel (b): Scenario B features a primary jet emission region from which charged

particles escape to interact with the dense stellar wind of the companion star, forming a static external emission zone. Panel
(c): Scenario C is similar to Scenario B, but here the escaping particles interact with the surrounding molecular cloud, forming

a large-scale, static shell.

!ext, as shown in Fig. 2(c). This scenario also favors
pp interactions; however, due to its much larger spatial
scale compared to Scenario B, it leads to more persistent
radiation.

2.1. Numerical Methods

We further develop AMES to numerically calculate
the multimessenger emission (including photons and
neutrinos) from relativistic jets in microquasars. We
assume that the injection of particle species a (e.g., elec-
trons or protons) follows a power-law distribution with a
minimum Lorentz factor ωmin and an exponential cuto”
at ωmax:

Ṅ
→
a,inj

(ω) =





K

→
a
ω
↑sa exp

(
→ ω

ωmax

)
, ωmin ↑ ω ↑ ωmax

0, otherwise
(3)

where Ṅ
→
a,inj

denotes the number of particles a injected
per second in the co-moving frame, K →

a
is the normal-

ization constant, and sa is the spectral index.
The values of ωmin and ωmax vary for di”erent par-

ticle species depending on the specific physical condi-
tions. Considering the acceleration process, the maxi-
mum Lorentz factor can be estimated by balancing the
acceleration timescale t

→
acc

and the cooling timescale t
→
c

within the dynamical timescale t
→
dyn

in the blob co-
moving frame; that is,

t
→
acc

↓ min(t→
dyn

, t
→
c
). (4)

The co-moving acceleration timescale can be written as

t
→
acc

↓ εacc
r
→
B

c
, (5)

where r
→
B

= ωmac
2
/(eB→) is the gyration radius, ma is

the mass of a single particle a, and εacc, hereafter re-

ferred to as the acceleration parameter, is a dimension-
less parameter characterizing the specifics of the particle
acceleration mechanism. The magnetic field B

→ in the
co-moving frame is given by

B
→2

8ϑ
=

ϖBL
→
a,inj

ϖa4ϑr→2ϱjc
, (6)

where ϖB is the fraction of jet energy transferred into
magnetic energy, and ϖa is the fraction of jet en-
ergy transferred to particles a. The injected isotropic-
equivalent luminosities of particle species a in the co-
moving frame L

→
a,inj

are given by:

L
→
a,inj

=

∫
ωmax

ωmin

Ṅ
→
a
(ω)(ω → 1)mac

2
dω. (7)

The injection luminosity can also be expressed as

L
→
a,inj

=
2ϖpPj

#2
j
ς
4
j

, (8)

where Pj is the jet power in the lab frame. Note that the
sum of the energy fractions satisfies ϖB+

∑
ϖa ↔< 1, which

ensures energy conservation within the system. Here, we
consider two fractions of the particle energy partition,
ϖe and ϖp, which represent the fractions of total energy
transferred to electrons and protons, respectively. Also,
all microphysical e$ciency parameters (ϖp, ϖe, and ϖB)
used in our models are less than 0.1.
It is noted that the proton number density in the jet

blob is constrained by the total injected proton lumi-
nosity. The upper limit on the proton number density,
n
→
p,ul

, in the blob co-moving frame is given by:

n
→
p,ul

=
3L→

p,inj

4ϑr→2mpc
3
. (9)

In this work, we set the proton number density entrained

Hadronic Emission from Microquasars? 

• Hadronic emission has been studied especially in the context of inner-jet dissipation. 
(e.g., Levinson & Waxman 01 PRL, Romero et al. 03 A&A)

• Higher target photon density & higher gas density (from the wind)
• Cyg X-1, MAXI J1820+070, Cyg X-3?: “consistent” w. a point source 

could be different from from extended-jet emission (e.g., SS 433)
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pp interactions; however, due to its much larger spatial
scale compared to Scenario B, it leads to more persistent
radiation.

2.1. Numerical Methods

We further develop AMES to numerically calculate
the multimessenger emission (including photons and
neutrinos) from relativistic jets in microquasars. We
assume that the injection of particle species a (e.g., elec-
trons or protons) follows a power-law distribution with a
minimum Lorentz factor ωmin and an exponential cuto”
at ωmax:

Ṅ
→
a,inj

(ω) =





K

→
a
ω
↑sa exp

(
→ ω

ωmax

)
, ωmin ↑ ω ↑ ωmax

0, otherwise
(3)

where Ṅ
→
a,inj

denotes the number of particles a injected
per second in the co-moving frame, K →

a
is the normal-

ization constant, and sa is the spectral index.
The values of ωmin and ωmax vary for di”erent par-

ticle species depending on the specific physical condi-
tions. Considering the acceleration process, the maxi-
mum Lorentz factor can be estimated by balancing the
acceleration timescale t

→
acc

and the cooling timescale t
→
c

within the dynamical timescale t
→
dyn

in the blob co-
moving frame; that is,

t
→
acc

↓ min(t→
dyn

, t
→
c
). (4)

The co-moving acceleration timescale can be written as

t
→
acc

↓ εacc
r
→
B

c
, (5)

where r
→
B

= ωmac
2
/(eB→) is the gyration radius, ma is

the mass of a single particle a, and εacc, hereafter re-

ferred to as the acceleration parameter, is a dimension-
less parameter characterizing the specifics of the particle
acceleration mechanism. The magnetic field B

→ in the
co-moving frame is given by

B
→2

8ϑ
=

ϖBL
→
a,inj

ϖa4ϑr→2ϱjc
, (6)

where ϖB is the fraction of jet energy transferred into
magnetic energy, and ϖa is the fraction of jet en-
ergy transferred to particles a. The injected isotropic-
equivalent luminosities of particle species a in the co-
moving frame L

→
a,inj

are given by:

L
→
a,inj

=

∫
ωmax

ωmin

Ṅ
→
a
(ω)(ω → 1)mac

2
dω. (7)

The injection luminosity can also be expressed as

L
→
a,inj

=
2ϖpPj

#2
j
ς
4
j

, (8)

where Pj is the jet power in the lab frame. Note that the
sum of the energy fractions satisfies ϖB+

∑
ϖa ↔< 1, which

ensures energy conservation within the system. Here, we
consider two fractions of the particle energy partition,
ϖe and ϖp, which represent the fractions of total energy
transferred to electrons and protons, respectively. Also,
all microphysical e$ciency parameters (ϖp, ϖe, and ϖB)
used in our models are less than 0.1.
It is noted that the proton number density in the jet

blob is constrained by the total injected proton lumi-
nosity. The upper limit on the proton number density,
n
→
p,ul

, in the blob co-moving frame is given by:

n
→
p,ul

=
3L→

p,inj

4ϑr→2mpc
3
. (9)

In this work, we set the proton number density entrained
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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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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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Such compact emissions are also of interest as well in AGN

1.  Compact jets
a. compact gamma-ray and radio-emitting jets (~0.1-10 AU)
b. outflowing corona (consistent w. IXPE)

2.  Black-hole “corona”

1. Coronae of X-ray binaries? 

Hadronic Emission from Compact Regions? 
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Figure 2. Broadband spectral energy distribution of Cygnus X-1 measured by BeppoSAX, INTEGRAL, COMPTEL, and
Fermi-LAT (Di Salvo et al. 2001; Frontera et al. 2001; Poutanen & Vurm 2009; Zdziarski et al. 2017) during its hard (blue)
and soft (red) states. Black and grey colors indicate state-averaged or state-insensitive observations in radio (triangle markers;
Stirling et al. 2001; Fender et al. 2006), infrared (square markers; Persi et al. 1980; Mirabel et al. 1996), gamma-ray by MAGIC
(light grey limits; Fernández-Barral et al. 2018) and HAWC (grey limits; Albert et al. 2021), and high-energy neutrinos by
IceCube (black dashed limits corresponding to the 90% C.L. median sensitivities for time-integrated searches using track-like
events in ten-year IceCube data with both dN/dE → E→2 and E→3 assumptions and scaled to all-flavor flux; Aartsen et al. 2020;
Abbasi et al. 2022b). The dotted, dash-dotted, and dashed curves correspond to the inverse-Compton radiation by secondary
electrons and cascaded electrons, synchrotron radiation by electrons and protons, and neutrino emission by protons in the
coronal emission models, respectively. The solid curves denote the total electromagnetic radiation in the two states by summing
the background radiation (see Appendix A) and emission originated from nonthermal protons in the corona.

spectrum that follows Qinj

p = dNp/dEp → E→s
p from the

proton rest mass to Eturb

p,max
= 10 TeV. We adopt a spec-

tral index s = 2 though the resulting secondary spectra
are similar within the range s ↑ 2 ↓ 2.3. The di!usion
of protons takes longer than the light crossing time and
e”ciently confines the particles for interactions. As a
result, neutrinos may be produced in both pp and pω
processes.
For the soft state, we assume R = 30Rg. The magne-

tization parameter ε± reaches ↑ 60, making magnetic
reconnection a favored scenario. The proton spectrum
may follow a broken power-law with dNp/dEp → E→1

p

below a break energy Ep,br ↑ εpmpc2 and dN/dEp →
E→s

p with s > 2 (Fiorillo et al. 2024). We thus inject a
proton spectrum Qinj

p → E→3

p between Ep,min = 60GeV
and Erec

p,max
= 300 TeV. Protons leave the reconnection

layer rather fast and only pω interaction is e”cient in
this case.

In both states we set the proton number density to
npmp = neme and use the radiation background com-
puted from the observed spectrum as described in Ap-
pendix A. The energy density of nonthermal protons is
normalized to the X-ray energy density, up = uX .
Figure 2 compares the resulting ω-ray and neutrino

spectra to the broad-band spectral energy distribution
of Cygnux X-1. In the hard state, GeV and TeV ω rays
and electrons are produced by pω and pp interactions.
Most of them cascade down to 10-100 MeV energies, ex-
plaining the MeV ω-ray tail observed by COMPTEL.
A fraction of the attenuated photons show up in the
1-100 GeV energy range as observed by LAT. In the
soft state, fewer interaction happens as a result of the
poorer confinement of charged particles in the reconnec-
tion layer. Meanwhile, the high compactness makes the
accretion flow opaque to ω rays above 0.1 GeV, and pho-
tons and pairs from 10↓100 TeV energies cascade down
all the way to 10-100 MeV, which explains the obser-

Fang+ 24 ApJL
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Table 6. Input parameter values used for stellar wind in Scenario B with injected particle spectral indices of sp = 2.0 and

se = 2.8.

Stellar Wind Parameters Symbol [Units] Cygnus X-1 (hard) Cygnus X-1 (soft) Cygnus X-3

Emission region Radius rw [cm] 3.9→ 10
12

2.0→ 10
14

2.4→ 10
11

Mag. field Bw [G] 1.1→ 10
→1

2.2→ 10
→3

7.6

p escaping luminosity Lp,ext [erg s
→1

] 1.6→ 10
38

3.3→ 10
38

2.7→ 10
37

e
→

escaping luminosity Le,ext [erg s
→1

] 1.5→ 10
34

5.3→ 10
34

0

Ambient number density np,ext [cm
→3

] 1.0→ 10
9

1.0→ 10
7

7.0→ 10
11

(a) (b) (c)

(d) (e) (f)

Figure 5. Similar to Fig. 4, but for Scenario B. The contributions to the photon (red) and neutrino (green) fluxes are indicated

by dashed lines for the external blob and dotted lines for the jet blob.

Table 7. Input parameter values used for external shell in Scenario C with injected particle spectral indices of sp = 2.0 and

se = 2.8.

External Shell Parameters Symbol [Units] Cygnus X-1 (hard) Cygnus X-3

Emission region location Hext [cm] 3.1→ 10
19

4.6→ 10
19

Emission region width !ext [cm] 1.0→ 10
19

1.5→ 10
19

Mag. filed Bext [µG] 10 10

p escaping luminosity Lp,ext [erg s
→1

] 1.6→ 10
38

2.7→ 10
37

e
→

escaping luminosity Le,ext [erg s
→1

] 1.5→ 10
34

0

Total Ambient Mass Mp,ext [M↑] 1.0→ 10
3

5.2→ 10
5

Ambient number density np,ext [cm
→3

] 10 1.5→ 10
3

12 Wei et al.

Table 5. Input parameter values used for jet blob in Scenarios B and C with injected particle spectral indices of sp = 2.0 and

se = 2.8.

Jet Blob Parameters Symbol [Units] Cygnus X-1 (hard) Cygnus X-1 (soft) Cygnus X-3

Emission region location Hjet [cm] 2.0→ 10
14

2.0→ 10
14

6.0→ 10
11

Emission region radius rjet [cm] 7.6→ 10
11

1.4→ 10
14

5.2→ 10
11

Lorentz factor (velocity) !j(ωj) 1.80 (0.83) 1.40 (0.70) 1.15 (0.49)

Mag. field fraction εB 8.5→ 10
→3

3.0→ 10
→3

6.5→ 10
→2

p fraction εp 5.0→ 10
→2

1.0→ 10
→1

1.0→ 10
→1

e
→

Fraction εe 8.5→ 10
→6

2.0→ 10
→5

8.0→ 10
→3

p injection luminosity L
↑
p,jet [erg s

→1
] 4.3→ 10

37
8.3→ 10

37
1.1→ 10

38

p accel. parameter ϑacc,p 85 85 4.1

p Min. Lorentz factor ϖp,min 1.0 1.0 1.0

p Max. Lorentz factor ϖp,max 1.7→ 10
5

1.2→ 10
5

1.9→ 10
7

e
→

Min. Lorentz factor ϖe,min 1.0→ 10
2

1.0→ 10
2

3.2→ 10
3

e
→

Max. Lorentz factor ϖe,max 2.4→ 10
6

3.8→ 10
7

4.1→ 10
6

Ambient number density n
↑
p,out [cm

→3
] 1.2→ 10

4
1.1 1.6→ 10

5

(a) (b) (c)

(d) (e) (f)

Figure 4. Photon and neutrino spectra obtained from Scenario A with spectral indices sp = 2.0 and se = 2.8. The contributions

to the photon (red) and neutrino (green) fluxes are indicated by dashed lines for the outer blob and dotted lines for the inner

blob. The solid red and green lines represent the total photon and neutrino fluxes, respectively, summing the inner and outer

blob contributions. Additionally, dotted blue lines denote the black-body radiation from donor stars. The bottom row provides

a zoomed-in view of the top row. The first, second, and third columns correspond to model fits for the hard state of Cygnus

X-1, the soft state of Cygnus X-1, and the soft state of Cygnus X-3, respectively.

Applications to Cygnus X-1
• Sub-Eddington accretion w. MBH~ 21 Msun, O-type star 
• LHAASO: a point source with significance of 4.4s above 25 TeV

• LEdd~3x1039 erg/s, ep~0.03, ee~10-5, eB~10-3-10-1

• Either pp or pg: sub-TeV dip → indication of core scenario 

preliminary preliminary

core jet-wind

Wei, KM & Zhang 25 in prep.
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(a) (b) (c)

(d) (e) (f)

(g) (h)

Figure 3. Optical depths for ωω annihilation (brown), pω interactions (grey), and pp interactions (pink) in the blob co-moving

frame. The first, second, and third rows correspond to Scenarios A, B, and C, respectively. Di!erent line styles represent results

for di!erent regions, as indicated in the legend.

process can be estimated as (Murase et al. 2016):

fpω →
t
→
dyn

t→
pω

→ ωpω
r
→

vj
cn

→
ph
ε̂pω

(
ϑ
→
p

ϑ
→
ch,pω

)ε↑1

↑ 8.8↓ 10↑7
ωpωr

→
9ϖ

↑1
j,↑0.1n

→
ph,13

(
ϑ
→
p

ϑ
→
ch,pω

)ε↑1

,

(26)
where ωpω → 2/(1 + ϱ), t→

pω
is the timescale for a pro-

ton of energy ϑ
→
p
to lose energy through the pς pro-

cess in the co-moving frame, n
→
ph

is the number den-
sity of target photons in the co-moving frame, ε̂pω =
φpωεpω ↔ 0.7 ↓ 10↑28 cm2 is the product of the in-
elasticity and the cross-section for pς process, ϑ→

ch,pω
=

0.5mpc
2
ϑ̄
→
!/ϑ

→
ph

↑ 141 TeV(ϑ→
ph
/1 keV)↑1 is the char-

acteristic proton energy with ϑ̄
→
! ↔ 0.3 GeV, and ϑ

→
ph

is the energy of the target photon. Since the external
seed photons from the donor star follow a blackbody
distribution (where ϱ < 1), fpω becomes approximately
constant due to higher resonances and multipion pro-

duction. The threshold of this e!ciency at high energy
band can be estimated as (Dermer et al. 2014):

fpω →
t
→
dyn

t→
pω

→ r
→

vj
cn

→
ph
ε̂pω

[
1↗ 1 + ln y→

u

y→
u

]

↑ 8.8↓ 10↑3
r
→
11ϖ

↑1
j,↑0.1n

→
ph,15

[
1↗ 1 + ln y→

u

y→
u

]
,

(27)

where y→
u
=

(
4ϑ→

ph
ςp/ϑ̄

→
thr,pω

)2
, ϑ̄→

thr,pω
↑ 400mec

2, ϑ→
ph

↑
2.82kbTϑ ↑ 24.3 eV Tϑ,5, and ϑ

→
p
= ςpmpc

2 is the energy
of protons involved in pς processes.

(A) CYGNUS X-1

For Cygnus X-1, Figs. 4(a) and (d) present the model
fitting results for the hard state, whereas 4(b) and (e)
present the results for the soft state. The pink lines show
the de-absorbed X-ray emission from the accretion disk,
which di”ers between the two states. The blue dotted
lines represent the blackbody radiation from the donor
star, which is the same for both states. Observation-

Optical Depths for Core Regions

Wei, Zhang & KM 25 in prep.
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duction. The threshold of this e!ciency at high energy
band can be estimated as (Dermer et al. 2014):

fpω →
t
→
dyn

t→
pω

→ r
→

vj
cn

→
ph
ε̂pω

[
1↗ 1 + ln y→

u

y→
u

]

↑ 8.8↓ 10↑3
r
→
11ϖ

↑1
j,↑0.1n

→
ph,15

[
1↗ 1 + ln y→

u

y→
u

]
,

(27)

where y→
u
=

(
4ϑ→

ph
ςp/ϑ̄

→
thr,pω

)2
, ϑ̄→

thr,pω
↑ 400mec

2, ϑ→
ph

↑
2.82kbTϑ ↑ 24.3 eV Tϑ,5, and ϑ

→
p
= ςpmpc

2 is the energy
of protons involved in pς processes.

(A) CYGNUS X-1

For Cygnus X-1, Figs. 4(a) and (d) present the model
fitting results for the hard state, whereas 4(b) and (e)
present the results for the soft state. The pink lines show
the de-absorbed X-ray emission from the accretion disk,
which di”ers between the two states. The blue dotted
lines represent the blackbody radiation from the donor
star, which is the same for both states. Observation-
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Figure 7. Photon (red) and neutrino (green) spectra obtained for Scenario A. Solid lines include the e!ects of muon and pion

cooling, while dashed lines show results without these cooling processes.
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Figure 8. Expected number for neutrino with ”tobs = 20 yr. Colors represent di!erent scenarios, as indicated in the legend.

Solid lines indicate the expected number for IceCube, while dotted lines show the expectation for IceCube-Gen2. The red line

displays the predicted atmospheric neutrino background derived from DDM. A black parallel line serves as a reference at an

expected number value of 1.
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Neutrinos
• Potentially more neutrinos than gamma 

rays if hidden  
• Significant pion/muon cooling (which are 

often ignored) can reduce both neutrino 
and secondary synchrotron fluxes 

• (Not surprisingly) neutrino detection is 
challenging as in ~10-100 pc jet models

preliminary preliminary

Wei, KM & Zhang 25 in prep.



Summary

- Galactic diffuse: multimessenger connection now observed
supporting the hadronic origin whether the origin is truly diffuse or not
contribution of unresolved super-Pevatrons may be significant above 100 TeV 

- Microquasars as emerging super-Pevatrons
potential contributor to cosmic rays around the knee
consistent w. leptonic origins but hadronic components may exist 
shear acceleration (jet-cocoon boundary behind the termination shock) 
common explanation for the highest-energy cosmic rays? (cf. AGN)

- Compact “core” regions as partially g-ray hidden cosmic-ray accelerators
~0.1-1 PeV photons may come from either pg or pp process
gamma-ray attenuation signature at sub-TeV energies?
neutrino detection is challenging

- Connections to isolated black holes and past Sgr A* activities? 



black hole

RIAF (or MAD)
Comptonized X/g rays 
CR-induced cascade g

submm/IRCR

n

MRI

spark gap

Radiative Inefficient Accretion Flows
Kimura, KM & Toma 15 ApJ
Kimura, KM & Meszaros 21 Nature Comm.

• RIAF for mdot<0.03
• Hot plasma
• Electrons are mostly thermal

(collisional for electrons 
collisionless for protons)

Ponti+ 17 MNRAS

Sgr A*



Sgr A* Black Hole as a PeVatron
Sgr A*: black hole w. radiatively inefficient accretion flow (RIAF)
RIAFs may accelerate protons up to PeV energies and beyond

• CRs escaping from RIAFs interact with the CMZ.
• Effective pp optical depth: fpp ~ 0.1 (tdiff/0.1 Myr) 
• Extragalactic LL AGNs may explain IceCube neutrinos

Fujita, Kimura & KM 15 PRD
Fujita, KM & Kimura 17 JCAP
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Figure 2. The spectrum of CRs injected by Sgr A* at r = R� at t = 10Myr (solid line). The
contribution of CRs from SNRs is shown by the dotted-line and the total spectrum is shown by the
dot-dashed line. The size of the halo is given by eqs. (2.11) and (3.1). Observations are shown by the
gray band [64].
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Figure 3. Dipole anisotropy of the arrival directions of CRs on the Earth (r = R = R�, z = 0).
The dashed and the dotted lines are for the CRs injected by Sgr A* at the outburst 10 Myrs ago
(f = fB; t = 10Myr). The dashed line is the result when Dd = Dh and the dotted line is the one
when Dd = 0.1 Dh. The solid line is for all the components (f = fB + fSNR) and Dd = 0.1 Dh.
Recent observations with EAS-TOP [65], IceCube [66], IceTop [56], and Tibet [57] are shown by the
black dots.

4 Discussion

4.1 B/C ratio

If the origin of CRs around the knee is di↵erent from that of CRs with lower energies (e.g.
SNRs in the Galactic disk), the ratio of secondary to primary CR abundances can also be
di↵erent. Since our model is a single-source, single-burst scenario, we can predict the ratio
fairly easily. Here, we focus on the B/C ratio. Assuming that the Galactic halo is represented
by an one-zone model (leaky-box-like) and that the influence of the disk can be ignored, the
evolution of the total number of boron NB(t) in the halo is written as

✏NB

✏t
= ⇠NB

tesc
⇠ NB

↵B
+

NC

↵�B
, (4.1)

– 8 –

Sgr A*

knee



Isolated Black Holes as PeVatrons?

• ~0.1% of stars form black holes → N ~ 108

• ISM gas may accrete w. the Bondi-Hoyle-Littleton rate
• BH embedded in molecular clouds: Mdot c2 ~ 1035-1036 erg/s
• CR acceleration may occur in both jets and disks

3334 K. Ioka et al.

Way abundance andµ= 2.82 for molecular clouds (e.g. Kauffmann
et al. 2008),M is the mass of the merged BH, LEdd is the Eddington
luminosity,

rB = GM

V 2
∼ 1 × 1015 cm

(
M

10M#

) (
V

10 km s−1

)−2

(5)

is the Bondi radius and

V =
√

c2s + v2 + v2GW (6)

includes the (effective) sound speed cs of the ISM, the centre-of-
mass velocity v of the BH before the merger in the local ISM and
the recoil velocity vGW due to the GW emission at the merger. The
accretion rate Ṁ is proportional to M2v−3n. The discovery of a
massive BH with mass M ∼ 60M# in GW 150914 significantly
increases the estimate of Ṁ , while the GW recoil tends to reduce
it. The ISM density spans many decades. Thus we have to consider
the distributions of mass, velocity and density to estimate the total
power in Section 3.

2.2 Formation of an accretion disc and ADAF

The accreted matter forms an accretion disc for typical parameters
(Fujita et al. 1998; Agol & Kamionkowski 2002). The ISM density
has a turbulent fluctuation with a Kolmogorov spectrum δρ/ρ ∼
[L/(6 × 1018 cm)]1/3 down to ∼108 cm (Armstrong, Rickett &
Spangler 1995; Draine 2011). As a BH travels in the ISM, the
accreting matter acquires a net specific angular momentum,

# ∼ 1
4

$ρ

ρ
V rB, (7)

where $ρ/ρ = δρ/ρ|L=2rB is the density difference across the ac-
cretion cylinder.3 By equating this with the Keplerian angular mo-
mentum #K =

√
GMrdisc, we obtain the radius of the resulting ac-

cretion disc,

rdisc

rS
∼ 1

16

(
2GM/V 2

6 × 1018 cm

)2/3
c2

2V 2

∼ 2 × 105
(

M

10M#

)2/3 (
V

10 km s−1

)−10/3

, (8)

where rS = 2GM/c2 is the Schwarzschild radius. The disc radius
could be decreased if the magnetic breaking is effective.
The accretion disc most likely forms hot, geometrically thick ac-

cretion flow such as advection-dominated accretion flow (ADAF;
Fujita et al. 1998). The accreted matter is heated and eventually
ionized because the collisional ionization rate is larger than the ac-
cretion rate and the recombination rate for typical parameters (see
also Section 6). The accretion rate is much lower than the Eddington
rate as in equation (4) and hence the low density makes the cool-
ing ineffective (Ichimaru 1977; Narayan & Yi 1994, 1995; Kato,
Fukue & Mineshige 2008; Yuan & Narayan 2014). The radiated
energy from ADAF is much less than the total generated energy
and almost all energy is advected into the BH (see also Section 5.3).
For example, the luminosity of bremsstrahlung emission from elec-
trons is only Lbrem ∼ (αQED/α

2)(me/mu)(Ṁc2/LEdd)Ṁc2 & Ṁc2,
where αQED is the fine-structure constant, α is the viscous parameter
and me is the electron mass. As shown below, this is much smaller

3A factor 1/4 comes from the average over the accretion cylinder,∫ rB
0 rdr

∫ 2π
0 dθ (r cos θ )2/r2B

∫ rB
0 rdr

∫ 2π
0 dθ = 1

4 . If a turbulent velocity
dominates v, the factor has a fluctuation depending on the velocity direction.

Figure 1. Schematic picture of a Blandford–Znajek jet from a spinning BH
that is accreting from the ISM.

than the jet luminosity. Thus we concentrate on the jet in this paper
and consider the disc emission in the future papers (Matsumoto,
Teraki & Ioka 2017; Matsumoto & Ioka, in preparation).

A transition to a cold standard disc outside the hot disc is not
expected for typical parameters, although this is common in BH
X-ray binaries (e.g. Esin, McClintock & Narayan 1997; Kato et al.
2008). The reason is that at the initial radius in equation (8), the
disc is already hot (ionized) and the maximum accretion rate of
the ADAF solution (Abramowicz et al. 1995) is larger than the
accretion rate in equation (4), i.e. cooling is ineffective. Then we
do not also expect soft X-ray transients (or X-ray novae) caused by
the accumulation of the accreted matter at some radius because the
thermal instability due to recombination is absent for the ionized
flow (e.g. Kato et al. 2008).

2.3 Blandford–Znajek jet from a MAD state

The accretion of the ISM also drags magnetic fields into the BH (see
Fig. 1). The magnetic fields are well frozen in the accreting fluid
because the loss time of the magnetic flux in the ISM is much longer
than the accretion time (Nakano, Nishi & Umebayashi 2002). The
formed disc is also thick, being able to advect the magnetic flux
inward (Beckwith, Hawley & Krolik 2009; Cao 2011), although a
thin disc cannot conserve a magnetic flux (Lubow, Papaloizou &
Pringle 1994). Such a picture of flux advection is also consistent
with the observations of active galactic nuclei (AGNs; Sikora &
Begelman 2013) and BH binaries (Begelman & Armitage 2014).
The coherent length of the magnetic field in the ISM is much larger
than the Bondi radius, approximately about the scale of energy
injection by SNe and stellar winds ∼1–10 pc (Han, Ferriere &
Manchester 2004). Then the magnetic flux conservation implies the
magnetic field strength on the horizon,

BH ∼
(
rB

rH

)2

BISM, (9)

where BISM is the magnetic field strength in the ISM, and rH =
1
2

(
1+

√
1 − a2∗

)
rS is the radius of the BH horizon. On the other

hand, for a given accretion rate, there is a maximum strength of the

MNRAS 470, 3332–3345 (2017)

• Steady-state & one-zone approximaAon 
• Proton-electron plasma 
• Thermal & non-thermal components 
• Transport equaAon for non-thermal components: 

 

• ReconnecAon/turbulence produce power-law distribuAon: 
 

• NormalizaAon for non-thermal electrons 

 

• Synchrotron dominates over the other cooling processes

∼ d
dEi (

EiNEi

tcool ) = ·NEi,inj ∼
NEi

tesc
,

·NEi,inj − ·N0(Ei/Ei,cut)∼sinjexp(∼Ei/Ei,cut)

∫ Ei
·NEi,injdEi = fiγNT

·Mc2

MAD model
30
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Isolated Black Holes as PeVatrons?

• ~105 isolated BHs in molecular clouds
• ∼105 merged BHs → spinning & jets
• Either BH population can be PeVatrons that could also 

contribute to the CR spectrum around the knee

3338 K. Ioka et al.

Figure 3. Same as Fig. 2 but with the vertical axis multiplied byLj ∼ Ṁc2.
We can find that themost energy is generated by BHs in the cold H Imedium.
Dashed line plots the required power spectrum for supplying the observed
CRs. We can see that the total power is comparable to that of CRs above the
knee energy at around ∼3 PeV within the model uncertainties that are listed
in Table 2.

4 OBSERVATIONAL IMPLICATIONS

4.1 PeVatrons

Particle acceleration is ubiquitous in the BH jet system as man-
ifested in AGNs, GRBs and X-ray binaries (Longair 2011). The
maximum acceleration energy is limited by the source size, i.e. the
so-called Hillas condition, εmax = ZqBr/", where Z is the charge
of accelerated particles, " is the Lorentz factor of the acceleration
region and B is the lab-frame magnetic field. This can be written in
terms of the Poynting luminosity Lj ∼ 2πθ2

j r
2c(B2/8π), where the

magnetic field carries an energy density B2/8π at a radius r with
the jet opening angle θ j (Norman, Melrose & Achterberg 1995;
Blandford 2000; Waxman 2004). With the causality condition "θ j

! 1, we have

εmax = ZqB
r

"
∼ 2Zq

"θj

√
Lj

c
" 3.5 PeVZ

(
Lj

1036 erg s−1

)1/2

. (27)

Therefore bright sources, i.e. massive BHs in dense ISM, are poten-
tial ‘PeVatrons’ accelerating particles beyond PeV energy (Barkov,
Khangulyan & Popov 2012; Kotera & Silk 2016). We plot εmax on
the upper horizontal axis in Figs 2 and 3. Possible acceleration sites
are discussed in Section 7.
In Fig. 3, we also plot the required power spectrum for supplying

the observed CRs by using L0(ε/εCRmin)
2−s dε

ε
= L0(ε/εCRmin)

2−s dṀ
2Ṁ ,

where the spectral index is s = 2.34 below the knee (Genolini
et al. 2015)7 and 0.3 higher above the knee (Blümer, Engel &
Hörandel 2009; Gaisser, Stanev & Tilav 2013). SN remnants are
commonly believed to supply most Galactic CRs from the peak
energy εSNmin = 1 GeV to the knee εSNmax = 3 PeV. The normalization
L0 is determined by the fact that a fraction εCR = 0.1 of the SN

7The intrinsic spectral index of CRs s is unobservable and different from the
observed one by the diffusion coefficient index, which is usually obtained
from observations of the boron-to-carbon ratio (Evoli, Gaggero & Grasso
2015; Genolini et al. 2015; Oliva 2016).

kinetic energy can yield CRs,

εCRESN

100 yr
=

∫ εSNmax

εSNmin

L0

(
ε

εSNmin

)2−s dε
ε
. (28)

From Fig. 3 we can see that the BH jets can produce comparable
energy to that required for the observed CRs at and beyond the
knee energies !3 PeV, taking the model uncertainties into account
(see Section 5). The origin of these CRs is not known (e.g. Hillas
2005; Blümer et al. 2009; Gaisser et al. 2013). Currently known
gamma-ray sources, including even SN remnants, do not show the
characteristic PeVatron spectrum extending without a cut-off or
break to tens of TeV (Aharonian 2013), with a possible exception
of the Galactic Centre Sagittarius A* (HESS Collaboration et al.
2016). Even if the SN remnants are responsible for CRs up to
the knee, the transition from Galactic to extragalactic CRs occurs
between the knee and the ankle. Ultrahigh-energy CRs above the
ankle are extragalactic because of the observed isotropy (Abreu
et al. 2010; Abbasi et al. 2017).8 If the knee corresponds to the
proton cut-off and the source composition is solar, the rigidity-
dependent cut-offs extending beyond the knee are not sufficient to
fill the observed all-particle flux (Hillas 2005). This implies a second
(Galactic) component at energies between the knee and the ankle,
sometimes called ‘component B’. Our results suggest that the BH
jets might be PeVatrons and/or fill the gap between the knee and the
ankle. An unnatural point of this possibility is that the BH jets are
totally irrelevant to the SN remnants. It is just a coincidence that the
CR fluxes from two kinds of sources are the same within a factor.
There are also orders-of-magnitude uncertainties in the estimate of
the total power of the BH jets (see Section 5). Furthermore, it is
difficult to calculate the CR spectrum and the acceleration efficiency
at present. Nevertheless the BH jets can potentially accelerate the
CRs at and beyond PeV energy with the flux comparable to the
observations.

4.2 Cosmic ray positrons and electrons

The CR positron fraction (the ratio of positrons to electrons plus
positrons) has been measured by the PAMELA satellite (Adriani
et al. 2009) and more precisely by the AMS-02 experiment (Aguilar
et al. 2013). The observed positron fraction rises from ∼10 GeV
at least to ∼300 GeV, indicating the presence of nearby positron
sources within ∼1 kpc. Although the dark matter annihilation or
decay scenario is now severely constrained by other messengers,
there are still many astrophysical candidates and the true origin
is unclear (e.g. Fujita et al. 2009; Ioka 2010; Kashiyama, Ioka &
Kawanaka 2011; Serpico 2012; Kohri et al. 2016).

The BH jets could accelerate electrons and positrons preferen-
tially if the jets are not contaminated by baryons (Barkov et al.
2012) but associated with the pair cascade (see also Section 7).
The maximum energy of particle acceleration is enough for pro-
ducing the observed positrons as in equation (27). The required
total power for the positron excess is about ∼10−4 of that of SN
explosions, i.e. about ∼3 × 1037 erg s−1. This is comparable to that
of the BH jets in equation (26) within the model uncertainties (see
Section 5). Therefore the BH jets are eligible to join the possible
sources, although it is again difficult to estimate the spectrum and
efficiency of the positron acceleration.

A BH jet likely forms an extended nebula in the ISM, similarly
to an AGN cocoon/lobe (Begelman & Cioffi 1989) and a GRB

8There could be possible hotspots (Abbasi et al. 2014; Aab et al. 2015).
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• Typical environment

γ-rays from molecular clouds
40

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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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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• We cannot detect γ-rays with LHAASO
• We cannot expect neutrino detection  

even with future detectors

• Our scenario can explain LHAASO data
• Future detectors may be able to  

detect neutrinos from “dark” sources
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 d = 2 kpc
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FIG. 1. The 95% C.L. upper limits on the DM annihilation cross-section for bb, ω+ω→ channels and comparing to other
experiments (Fermi-LAT [17], HAWC [19] ,H.E.S.S [20], MAGIC [21], VERITAS [22], IceCube [46]). The solid black line
represents the observed combined limit of this work. The dashed black line, green band, and yellow band represent the
expected limits and their 1ε and 2ε uncertainties. The dashed gray line is Thermal Relic cross-section [47], and the other
dashed colored lines show the results of other experiments.

FIG. 2. The 95% C.L. lower limits on the DM decay lifetime for bb, ω+ω→ channels. The solid black line represents the LHAASO
observed combined limit, and the dashed black line, green band, and yellow band represent the expected combined limits, 1ε
and 2ε uncertainty based on the mock observation. The limits obtained from Fermi-LAT [48], MAGIC [49], IceCube [50],
LHAASO-KM2A Galactic halo [29] and HAWC [51] with dashed colored line are also shown for comparison.

Ursa Minor, Draco, and Coma Berenices. The expected
limits from the same analysis for mock data are shown in
Fig. 2, for bb and ω+ω→ final states, with the limits from
Fermi-LAT [48], MAGIC [49], IceCube [50], LHAASO-
KM2A Galactic halo [29], and HAWC [51]. We also show
constraints for ωω from combined dSphs observation and
mock data in Fig. S10 of Supplemental Material [38] for
other channels.

In our analysis, we incorporate the J- (D-) factor like-
lihood into our likelihood analysis, leading to a reduc-

tion in the constraints on DM parameters by a factor
of 2-6 (see Fig. S6 of Supplemental Material [38]). Ad-
ditionally, we factor in the e!ects of VHE gamma-ray
absorption by the ISRF, resulting in a relaxation of con-
straints on DM particles with masses exceeding 1000 TeV
by approximately 5-10-fold. Moreover, we consider the
expected morphology of the DM signal, moving beyond a
point-like source approximation. The constraints derived
from the extended source analysis based on the DM den-
sity profile are consequently diminished by a factor of
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Figure 6. 95% CL upper limits on the annihilation cross section 〈σv〉 for 6 channels and 8 dSphs.
We also include the limits from stacking 8 dSphs (dashed lines).

is more pronounced for channels involving leptons, such as µ+µ− and τ+τ−. In addition to
individual dSph constraints, we also include constraints derived from stacking all 8 dSphs,
as described in the section 4. We observe slightly improved limits from stacking 8 dSphs
compared to the strongest limits from individual dSphs. The stacking limits are most likely
driven by Draco, which has the largest J-factors among the target dSphs.

As a baseline of the analysis, we have assumed that dSphs are extended sources, and their
DM halos follow the NFW density profile with truncation. A recent study [110] investigated
the impact of considering the extension of dSphs when searching for DM signals with Fermi-
LAT. They found that modeling dSphs as extended sources weakened the annihilation
constraints by a factor of approximately 2, depending on the specific dSph and channel
under consideration. To explore this effect, we treat the dSphs as point sources and repeat
the data analysis for the bb̄ channel. We make the assumption that the J-factors of the
dSphs in the point-source approximation are equal to the Jann(θ∆) and Jdec(θ∆) as presented
in table 2 for the extended cases, which corresponds to an aggressive assumption for the
point-source hypothesis. Figure 8 shows the ratios of the constraints on 〈σv〉 (left panel) and
1/τχ (right panel) between the extended and point-source analyses for the bb̄ channel. We
observe that the constraints are generally weakened in the extended analysis. The ratios for
the annihilation 〈σv〉 vary from approximately 1 to 2, depending on the target dSph and
mass mχ. The range of ratios for 1/τχ is more variable, ranging from around 1 to nearly 9.
The weakening effect is more pronounced for DM decay since the extended signal for DM
decay is less concentrated at the center of the dSphs, as demonstrated in the 2D templates in
appendix A. Our results are qualitatively consistent with the findings of ref. [110].
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Figure 7. 95% CL lower limits on the lifetime τχ for 6 channels and 8 dSphs. We also include the
limits from stacking 8 dSphs (dashed lines).
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Figure 8. Ratios of the constraints on 〈σv〉 (left panel) and 1/τχ (right panel) between the extended
and point-source analysis. The annihilation/decay channel is bb̄ and 8 dSphs are included.

– 12 –

Fermi-LAT 14 yr data
Song, Hiroshima & KM 24 JCAP

decaying
dark matter

annihilating
dark matter

LHAASO Collaboration 24 PRL 



Search for Heavy Dark Matter in Dwarf Galaxies

J
C
A
P
0
5
(
2
0
2
4
)
0
8
7

103 105 107 109 1011

mχ [GeV]

10−25

10−24

10−23

10−22

10−21

10−20

10−19

10−18

10−17

10−16

10−15

⟨σ
v⟩

[c
m

3
s−

1
]

χχ → bb̄

Carina

Draco

Fornax

Leo I

Stacked

Leo II

Sculptor

Sextans

Ursa Minor

103 105 107 109 1011

mχ [GeV]

10−25

10−24

10−23

10−22

10−21

10−20

10−19

10−18

10−17

10−16

10−15

⟨σ
v⟩

[c
m

3
s−

1
]

χχ → µ+µ−

Carina

Draco

Fornax

Leo I

Stacked

Leo II

Sculptor

Sextans

Ursa Minor

103 105 107 109 1011

mχ [GeV]

10−25

10−24

10−23

10−22

10−21

10−20

10−19

10−18

10−17

10−16

10−15

⟨σ
v⟩

[c
m

3
s−

1
]

χχ → τ+τ−

Carina

Draco

Fornax

Leo I

Stacked

Leo II

Sculptor

Sextans

Ursa Minor

103 105 107 109 1011

mχ [GeV]

10−25

10−24

10−23

10−22

10−21

10−20

10−19

10−18

10−17

10−16

10−15

⟨σ
v⟩

[c
m

3
s−

1
]

χχ → Z0Z0

Carina

Draco

Fornax

Leo I

Stacked

Leo II

Sculptor

Sextans

Ursa Minor

103 105 107 109 1011

mχ [GeV]

10−25

10−24

10−23

10−22

10−21

10−20

10−19

10−18

10−17

10−16

10−15

⟨σ
v⟩

[c
m

3
s−

1
]

χχ → W+W−

Carina

Draco

Fornax

Leo I

Stacked

Leo II

Sculptor

Sextans

Ursa Minor

103 105 107 109 1011

mχ [GeV]

10−25

10−24

10−23

10−22

10−21

10−20

10−19

10−18

10−17

10−16

10−15

⟨σ
v⟩

[c
m

3
s−

1
]

χχ → h0h0

Carina

Draco

Fornax

Leo I

Stacked

Leo II

Sculptor

Sextans

Ursa Minor

Figure 6. 95% CL upper limits on the annihilation cross section 〈σv〉 for 6 channels and 8 dSphs.
We also include the limits from stacking 8 dSphs (dashed lines).

is more pronounced for channels involving leptons, such as µ+µ− and τ+τ−. In addition to
individual dSph constraints, we also include constraints derived from stacking all 8 dSphs,
as described in the section 4. We observe slightly improved limits from stacking 8 dSphs
compared to the strongest limits from individual dSphs. The stacking limits are most likely
driven by Draco, which has the largest J-factors among the target dSphs.

As a baseline of the analysis, we have assumed that dSphs are extended sources, and their
DM halos follow the NFW density profile with truncation. A recent study [110] investigated
the impact of considering the extension of dSphs when searching for DM signals with Fermi-
LAT. They found that modeling dSphs as extended sources weakened the annihilation
constraints by a factor of approximately 2, depending on the specific dSph and channel
under consideration. To explore this effect, we treat the dSphs as point sources and repeat
the data analysis for the bb̄ channel. We make the assumption that the J-factors of the
dSphs in the point-source approximation are equal to the Jann(θ∆) and Jdec(θ∆) as presented
in table 2 for the extended cases, which corresponds to an aggressive assumption for the
point-source hypothesis. Figure 8 shows the ratios of the constraints on 〈σv〉 (left panel) and
1/τχ (right panel) between the extended and point-source analyses for the bb̄ channel. We
observe that the constraints are generally weakened in the extended analysis. The ratios for
the annihilation 〈σv〉 vary from approximately 1 to 2, depending on the target dSph and
mass mχ. The range of ratios for 1/τχ is more variable, ranging from around 1 to nearly 9.
The weakening effect is more pronounced for DM decay since the extended signal for DM
decay is less concentrated at the center of the dSphs, as demonstrated in the 2D templates in
appendix A. Our results are qualitatively consistent with the findings of ref. [110].
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Figure 7. 95% CL lower limits on the lifetime τχ for 6 channels and 8 dSphs. We also include the
limits from stacking 8 dSphs (dashed lines).
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Figure 8. Ratios of the constraints on 〈σv〉 (left panel) and 1/τχ (right panel) between the extended
and point-source analysis. The annihilation/decay channel is bb̄ and 8 dSphs are included.
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Figure 9. Gamma-ray spectra from DM annihilation with 3 different masses: mχ = 103 GeV (blue),
107 GeV (orange), and 1011 GeV (green). The solid lines consider B = 1 µG, the fiducial value for the
main results. The dash-dotted lines consider an alternative magnetic field strength with B = 10 µG.

Finally, we investigate the impact of varying magnetic fields in the dSphs. The magnetic
field strength could alter the results since the dominant secondary process in the Fermi energy
range is affected by the energy partition between the background magnetic field and photon
field. Ref. [111] has shown that the magnetic field in dSphs are usually less than a few µG
and can reach values as high as ∼ 10 µG. In our fiducial model, we assume a magnetic field
strength of B = 1 µG. The energy density of the magnetic field strength in this range is
similar to that of the CMB. More specifically, a magnetic field with B = 3.24 µG has the same
energy density of the CMB [112]. Varying magnetic field in this range is important as the
energy losses of the inverse-Compton and synchrotron processes are comparable. Therefore,
we test B = 10 µG to reflect an extreme case and consider systematics coming from the
magnetic field variation within a galaxy. Figure 9 displays the expected gamma-ray spectra
at Earth for the bb̄ channel in the left panel and the µ+µ− channel in the right panel for
three DM masses, similar to figure 3. The solid lines correspond to B = 1 µG, the fiducial
value for the main results, while the dash-dotted lines represent an alternative magnetic field
strength of B = 10 µG. Figure 10 compares the constraints on 〈σv〉 between B = 1 µG and
B = 10 µG for the bb̄ (left panel) and µ+µ− (right panel) channels. Generally, an increase
in the magnetic field reduces the inverse-Compton emission and increases the synchrotron
emission. Therefore, constraints with B = 10 µG are weaker than those with B = 1 µG for
mχ ! 107 − 108GeV in which the inverse-Compton emission is more important than the
synchrotron emission in the LAT energy range, and vice versa. In most cases, the constraints
change by less than one order of magnitude, depending on mχ. In figure 11, we make the
same comparison for constraints on τχ. Once again, changing B from 1 µG to 10 µG alters
the constraints by at most one order of magnitude.

– 13 –

For mc>~1011 GeV, synchrotron 
emission may appear in the PeV range
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the maximum energy of the ions that can be accelerated by the shell
is (Drury 1983)

εmax(t) ≃ 3
20

· Z · e · B · Rs · Vs

c

≃ 1.6 × 1017 Z ϵB,−2 (SFR4 · Eej,51)3/5ρ
−1/10
0,−21 t

−1/5
Myr eV, (8)

where ϵB,−2 = ϵB/0.01 and Z is the atomic number of ions. Thus,
from this simple analysis we demonstrate that the maximum energy
of an ion that can be accelerated by such a bubble is above 100 PeV,
assuming characteristic parameters are set to 1.

One thing worth noticing is that ϵB here has considerable
uncertainties, which should be studied in a case-by-case basis. If
both the upstream and downstream magnetic fields at present are
known for a specific case, then ϵB can be obtained by normalizing
the calculations to the known value at the current epoch, and the
efficiency can be fixed and applied to earlier epochs. However, for
simplicity and generality, ϵB = 0.01 is used in this and following
sections.

For the SNRs, since they lack any other kinetic energy input after
the initial explosion, the conservation of momentum can be applied
to calculate the dynamics after the bubble leaving the adiabatic
phase, when the thick shell of the bubble begins to cool down
and is compressed into a thin one (Zeldovich & Raizer 1966),
‘snowploughing’ the newly swept ISM gas. For an SN-driven
superbubble, however, there is still a constant energy input after
the shell leaves the adiabatic phase, provided the source lasts long
enough. Thus, except that the thick shell has been compressed into
a thin and cold one, the dynamics is similar to that in the adiabatic
phase:

Rs(t) = 0.76 ·
(

L0

ρ0

)1/5

t3/5. (9)

The only difference between equations (9) and (4) is the prefactor,
which changes from 0.88 to 0.76. The discontinuity between the
equations can be interpreted as the compressing of the bubble shell.
In this paper, we use equation (4) as the reference for the bubble
propagating in a constant density profile, since it is consistent with
the assumptions and calculations of the Kompaneets’ approach to
the dynamics of shocks propagating under various density profiles.

In the above calculations, we have assumed that the energy input
is constant in time. More realistically, the energy input may decline
gradually towards later epochs; however, such a drop of the energy
input does not have a substantial effect on the solutions for the
constant density profile case. For density profiles that vary, however,
the solutions can break down (Basu et al. 1999). We discuss this in
some more detail in Section 4.1.

3.2 Vertically exponential decay: exp (−|z|/H)

This is the scenario that Kompaneets initially considered (Kom-
paneets 1960). In this case, ρ(z) = ρ0 exp (−|z|/H) = ρ0F(z),
where ρ0 is the central plane gas density and H is a characteristic
scale height (e.g. the scale height of the Galactic disc). There are
three fundamental assumptions in Kompaneets’ solutions: (i) the
pressure inside the bubble is uniform (isobaric) and dominant over
the external pressure; (ii) the mass swept up by the shock is trapped
in a thick shell following the shock; and (iii) each element of the
shell is moving along the direction of the force behind it (e.g. each
element is moving vertically to the tangent plane cutting the element
on the shell). Thus, the evolution of a shock (shell) front generated
by a point energy source can be represented by a function f(x, y, z,

. . . ; t) = 0 (Kompaneets 1960). Since the density decreases along
z (and negative z) direction, it is easier to describe the dynamics in
a cylindrical system of coordinate (r, z), where z is perpendicular
to the stratification plane. The dependence on azimuthal angle can
be ignored because the solution is symmetric around the z-axis.
Therefore, the evolution of a shock front generated by a point
explosion can be described by a function f(r, z, t) = 0 (Olano
2009).

At the shock (shell) front, df/dt = 0; hence, (∂f /∂r)(dr/dt) +
(∂f /∂z)/(dz/dt) + ∂f /∂t = v · ∇f + ∂f /∂t = 0, and based on
the assumption that v and ∇f are parallel vectors,

v = |v| = −∂f /∂t

|∇f |
. (10)

By further assuming that the equation f(r, z, t) = 0 has a solution
such that r depends on z and t explicitly, then r = g(z, t) and f(r, z,
t) = r − g(z, t) = 0. Thus, ∂f/∂z = −∂g/∂z = −∂z/∂z and ∂f/∂r =
1, and

|∇f | =

√(
∂f

∂r

)2

+
(

∂f

∂z

)2

=

√

1 +
(

∂r

∂z

)2

, (11)

which leads to
(

∂r

∂t

)2

− v2

[
1 +

(
∂r

∂z

)2
]

= 0. (12)

Since the internal pressure is assumed to be uniform and dominant
over the external pressure, the velocity of the shock can be obtained
using the strong shock conditions

v =

√
γad + 1

2
P (t)
ρ(z)

(13)

and the pressure is related to the thermal energy as

P (t) = (γad − 1)
Eth

V (t)
, (14)

where γ ad is the adiabatic index (we use 5/3 in this paper) and Eth is
the thermal energy inside the bubble, and V(t) is the bubble volume.
Thus, the velocity of the shock (shell) front can be written as

v2 = Eth(γ 2
ad − 1)

2ρ0V (t)
F (z)−1, (15)

which can then be inserted into equation (12) to solve r.
However, it is hard, if not impossible, to solve equation (12)

explicitly; thus, Kompaneets used an intermediate factor y to solve
the equation (e.g. Kompaneets 1960):

y =
∫ t

0

(
Eth(γ 2

ad − 1)
2ρ0V (t)

)1/2

dt (16)

with the help of which
(

∂r

∂y

)2

− F (z)−1

[
1 +

(
∂r

∂z

)2
]

= 0, (17)

which has a solution

r(z, y) = 2H arccos
[

1
2

exp
( z

2H

)

×
(

1 − y2

4H 2
+ exp

(
− z

H

))]
. (18)

Equation (18) depends explicitly on z, the vertical component
in cylindrical coordinate, and y, a factor that includes all other
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Figure 2. Plots of cumulative escaping CR spectra for four power-law density profiles: the top-left, top-right, bottom-left, and bottom-right plots are vertically
decaying with γ = 1, 2 and radially decaying with γ = 1, 2.

60 kpc, respectively, resembling the approximated disc radius and
gaseous halo extension of the MW. The exact values can always be
adjusted for systems of interest, and we normalize the total mass
to the same value for different systems simply for more coherent
comparisons. The cumulative escaping CR spectra are shown
in Fig. 2.

As shown in Fig. 2, these four power-law cases resemble each
other at early epochs, they all mimic initially the constant solutions,
but they begin to behave differently at later ages. This is expected
because at early times densities do not vary much for all cases; thus,
they resemble the constant density profile. However, at later times
the densities vary with respect to the density profiles, resulting in
distinct spectra. After comparing the top two escaping CR spectra
with the bottom two, we notice that for power laws decaying along
vertical directions, the spectra resemble the exponential case: the
spectra peak at certain energies according to the time-scales up to
which they are integrated. However, for the bottom two spherical
cases, they resemble the constant density profile, in that they seem
to converge to the Sedov–Taylor scenario at later epochs gradually.
The results also show that the top two cases can produce escaping
CRs over more extensive energy ranges, while the bottom two have
narrower ranges. This arises from the choice of cut-off points of
the calculations. In this demonstration, the calculations are cut off
according to time-scales that are fixed across different scenarios for
coherent comparisons. However, if the calculations are integrated to
a larger time-scale (physically still within the halo volume assumed),
the top two cases would have broader spectra, while the bottom
two continue to converge more obviously to the Sedov–Taylor
scenario.

From another perspective, if grouped by indices, the results show
that the γ = 1 cases can accelerate CRs to higher energies than
the γ = 2 cases. At first glance, this is surprising because we
expect that a lower ambient density is more favourable for higher
energy CRs since the shock can propagate faster. This is caused
by the normalization used to derive the central density ρ0 in the
calculations. Since we normalize all of these density profiles to a
fixed total gas mass, the central densities are lower in the γ = 1
cases than γ = 2 cases. Meanwhile, as shown in the plots, most
of the higher energy escaping CRs are produced at early epochs
when the shock has not moved far away from the centre. Thus,
the ambient gas densities can be approximated as the central gas
densities. On the other hand, εmax can be shown to be ∝ ρ

−1/10
0 at

early epochs; thus, a lower central density (γ = 1) can produce
higher energy CRs than a high central density case (γ = 2). This
comparison can be applied to all four cases since the total mass is
normalized to the same value. It can be shown that ρ0,z,1 < ρ0,z,2 <

ρ0,r,1 < ρ0,r,2 (normalized central densities for vertical power-law
cases with γ = 1 and 2, and spherical power-law cases with γ = 1
and 2); thus, the maximal escaping energies for these four cases are
reversely ordered, which is shown in Fig. 2. The jitters in the plots
are an artefact due to the binning strategies used, which only lead
to trivial changes to the results.

It is worth noting that for density profiles that qualitatively
resemble either a constant or an exponential profile, the escaping CR
spectra can behave in an accordingly similar manner. For example,
density profiles decaying along one direction (spherically) would
produce a similar escaping CR spectrum as that of an exponential
(constant) case. Thus, a complicated system can be simplified into
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Figure 3. CR fluxes calculated from three parameter sets. The black and
grey data are the observed CR overall spectrum, the orange dashed line is
the CR flux calculated for parameter set 1, the green dotted line is that
for parameter set 2, and the purple solid line is that for parameter set
3. The red, round and blue, square data points are hydrogen and helium
nucleus components of CRs above the knee from KASCADE-Grande (Apel
et al. 2013). Rest of the shown data are taken from the following sources:
AKENO, 1992, All: Nagano et al. (1992); EAS-TOP, 1999, All: Aglietta
et al. (1999); HiRes-II, 2008, All: Abbasi et al. (2008); Tibet-III, 2008,
All: Amenomori et al. (2008); Yakutsk, 2009, All: Ivanov, Knurenko &
Sleptsov (2009); KASCADE, 2011: Finger (2011); GAMMA, 2014, All:
Ter-Antonyan (2014); AUGER, 2017, All: Fenu et al. (2017); TALE, 2018,
All: Abbasi et al. (2018).

for parameter set 1, the green dotted line is that for parameter set
2, and the purple solid line is that for parameter set 3. The red,
round and blue, square data points are proton and helium nucleus
components of CRs measured above the knee by the KASCADE-
Grande (e.g. Apel et al. 2013). The unfilled blue data points are
proton and iron components measured by the KASCADE (e.g.
Finger 2011). The black and grey data points are measurements
of all particle CRs by different experiments.

As shown in the figure, parameter set 1 is able to reproduce
well the decrease of the H and He CR components from ∼1016.5 to
∼1017 eV with index sp = 2.05. The conventional theory considers
that the first knee of the CR spectrum is the result of Galactic SNe
that accelerate different nuclei to different maximum energies that
are proportional to the atomic numbers of the nuclei. Thus, light
elements, such as H and He, would not be able to obtain energies
much above the knee, leading to the decline of the light-element
abundance after the knee. However, even though SNRs are believed
to be able to accelerate protons up to a few PeV, they have not
been observed to be PeV accelerators of CR protons (so-called
Pevatrons) (e.g. Fujita et al. 2017). Our model (parameter set 1)
demonstrates that the SF activity that produced our possible Galactic
superbubble can provide a potential alternative for accelerating light
elements above the knee, which is consistent with the argument
of Murase & Fukugita (2019) (see their equation 29). This is
the reason why we choose parameter set 1 as a specific case to
study here.

The KASCADE-Grande observations show that there is an
increase of H and He abundance in the CRs after ≥1017 eV, which is
puzzling, and many models have been proposed to solve it (e.g. Apel
et al. 2013). It is the general belief that CRs above the second knee
are produced extragalactically (e.g. Aloisio et al. 2007; Kampert &
Unger 2012; The Pierre Auger Collaboration 2017). Our bubble
model (with parameter set 3), indicated by the purple solid line,
demonstrates that the source that produced our Galactic superbubble

can generate also such an increase of light elements at these energies
in the observed CR flux. The spectral index is sp = 2.40, the steepest
value in the range. Parameter set 2 is an intermediate case used to
demonstrate that it is possible for a single parameter set to produce
both the light CRs below and above 1017 eV. The spectral index in
this case is sp = 2.20.

5.2 Discussion

In this section, the proton acceleration efficiency (ϵp) was fixed at
0.01 when performing the calculations. As shown in Fig. 3, with a
spectral index sp = 2.4 and ϵp = 0.01, the calculated CR flux can
reproduce the rise in the detected light elements above the second
knee without overshooting the observations. To make the entire
calculation consistent, ϵp is fixed and the spectral index is varying.
In the same plot, the required spectral index for parameter set 1 is
sp = 2.0 at ϵp = 0.01. However, since the escaping CR spectra do
not change much for slightly different parameters (as discussed in
Section 4), a similar result for parameter set 1 can be obtained by
using a different set of sp and ϵp, e.g. sp = 2.4 and ϵp = 0.1. Thus,
there exists a degeneracy in the choice of variables for parameter set
1 (and similarly for parameter set 2). This degeneracy does not exist
for parameter set 3 because either an increase in the acceleration
efficiency or a decrease of the spectral index will boost the CR flux,
overshooting the observations.

The CR halo size is assumed to be greater than the size of
our superbubble when equation (30) is used. However, given the
observational uncertainties, the CR halo size could be as large as
15 kpc, or as small as 0.3 kpc (e.g. Protheroe 1982; Moskalenko &
Strong 1998; Delahaye et al. 2010; Blum, Katz & Waxman 2013).
If the CR halo size is less than the size of the superbubble, a
fraction of produced CRs will escape freely from the halo, leading
to a reduction in the calculated CR flux at the Earth. This can
be estimated from the ratio of the time-integrated area within CR
halo size to the total time-integrated area of the superbubble. For
example, a halo size of 0.65 kpc causes a reduction of the calculated
CR flux by ∼90 per cent. Hence, ϵp ∼ 0.1 is needed to obtain the
same level of observed CR flux.

The main purpose of this work is to calculate the flux of the
escaping CRs. The confined CRs that remain in the bubble carry
a larger amount of energy than the escaping ones, although the
individual CRs themselves have lower energies than the observed
escaping CRs. If the trapped CRs eventually diffuse out from
the superbubble, they would become observable. However, at the
energies we are interested in, ∼1017 eV, we find that the CR flux
is dominated by escaping CRs. An approximate calculation shows
that the flux of trapped CRs, if they escape without energy losses, is
∼10−8 GeV s−1 cm−2 sr−1, which is less than the observed escaping
CR flux at this energy level. In reality, they are also subjected to
adiabatic losses due to the expansion of the superbubble before
they escape. Furthermore, we note that the CRs need to leave the
superbubble to contribute to the CR flux observed on the Earth.
The nominal size of the bubble used in our calculation is 10 kpc,
implying that the bulk portion of the bubble is above the galactic
disc. Although we do not calculate the bubble propagation in the
galactic disc, the gas distribution in the disc has a much larger
density than in the gas halo, and the disc gas pressure has a much
greater resistance for the bubble propagation along the horizontal
direction. Thus, given for a roughly constant distribution of the gas
in the galactic disc, through equation (5) it can be shown that the
bubble would not advance more than about 4 kpc from the GC, i.e.
it stops far from the Earth.
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mate), we have

"max

p ⇡ (3/20)eBjR ' 1.6 EeV ✏1/2B,�2
L1/2
j,43✓

�1

j,�1
, (5.2)

so that & 100 PeV protons may be accelerated by the weak jets. Note that such a low-
power jet forms a bubble inside the intergalactic medium, and it will take many years
to penetrate the host galaxy. In addition, recent observations have shown that fast out-
flows from AGN are ubiquitous [88–90]. The kinetic luminosity of such presumably disk-
driven winds (Lw) is ⇠ 1–10 percent of the AGN radiation luminosity, and cosmic rays
may potentially be accelerated. At the dissipation radius R ⇠ 100 pc, the outflow ve-
locity is of the order of Vw ⇠ 1000 km s�1 [88]. This leads to a magnetic field Bw =

(2✏BLw/(R2Vw))1/2 ' 0.46 mG ✏1/2B,�2
L1/2
w,44(R/100 pc)�1(Vw/1000 km s�1)

�1/2
. Then, as-

suming the first-order Fermi acceleration mechanism at shocks, the maximum energy is esti-
mated to be

"max

p ⇡ (3/20)(Vw/c)eBwR ' 21 PeV ✏1/2B,�2
L1/2
w,44(Vw/1000 km s�1)

1/2
. (5.3)

In both the jet and wind cases, ⇠ 10–100 PeV protons may be produced, where SF-AGN
could be sources of PeV neutrinos. Note that a lot of possibilities have been suggested but
they are not mutually exclusive. Possibly, if we consider transients, one source class could
be the origin of cosmic rays from GeV to ultrahigh energies [16]. Our results are useful even
in this case.

5.2 Cosmic-ray confinement

Even if the maximum proton energy somehow achieves ⇠ 100 PeV at the sources, there
remains a theoretical question whether it is possible to trap ⇠ 100 PeV cosmic rays in the
galaxies. The criterion is basically determined by comparing the pp cooling time (tpp) and
cosmic-ray escape time (tesc). The pionic loss time is given by tpp ⇡ 2.7 Myr ⌃�1

g,�1
(h/kpc),

where ⌃g is the column density and h is the scale height. The escape time depends on prop-
erties of magnetic fields. If cosmic rays are well-trapped in the fluid, their escape is governed
by advection losses via starburst-driven or AGN-driven outflows. Using the wind velocity
Vw, the advection escape time is estimated to be tadv ⇡ h/Vw ' 0.98 Myr (h/kpc) V �1

w,8.
However, especially at high energies, the di↵usion escape is expected to be more impor-

tant. Here, we rely on the analogy with the di↵usion model for the MW. To be consistent with
�SB = 2.2 and �NG = 2.7 in our canonical model, let us consider �CR = 0.5 as an example (see
ref. [15] for the Kolmogorov case). The confinement of 100 PeV protons requires the critical
energy of "c = eBlcoh > 100 PeV, leading to the coherence length lcoh & 0.34 pc B�1

�3.5"p,17.

The di↵usion coe�cient at "c is Dc = (1/3)lcohc, so we have D = Dc("p/"c)
�CR for "p < "c.

For the MW, the di↵usion coe�cient at GeV is D0 ⇠ 1028 cm2 s�1. Magnetic fields of star-
bursts can be ⇠ 100 times higher, where one may naively expect D0 ⇠ 1027 cm2 s�1. But
it turns out to be insu�cient, since this value is too large for cosmic rays to get confined.

In principle, D0 can be as low as D0 & 1024 cm2 s�1 B�1/2
�3.5 . Thus, assuming �CR = 0.5 and

D0 ⇠ 1025 cm2 s�1 optimistically, the di↵usion escape time is estimated to be

tdi↵ ⇡
h2

4D
' 0.75 Myr D�1

0,25 "�1/2
p,17

✓
h

kpc

◆2

. (5.4)

Then, for proton spectra, one would expect a spectral break at "bp ⇠ 7.7 PeV D�2

0,25⌃
2
g,�1

· (h/kpc)2 if tpp < tadv. If tadv < tpp, we have "bp ⇠ 59 PeV D�2

0,25V
2
w,8(h/kpc)

2.
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