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The spectrum of cosmic rays
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Cosmic Ray Anisotropy
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[e.qg., Kachelriess & Semikoz, 2019]

* The detection of a dipolar anisotropy at energies above 8 EeV marks the evidence that the
majority of sources of UHECRs are not in the Milky Way (~120 degree away from the Galactic

center) &AL F H &k B R & SMEG RAK
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Cosmic ray proton and helium spectrum

Insights from Cosmic ray proton and helium observation



Progress on cosmic ray proton spectrum

Galactic CR proton spectrum is not
single powerlaw, but show complex
harderning and steeping features

* The all-particle "knee” is related to
the steeping of the proton spectrum

* The steeping in the proton spectrum
reflects the upper energy limits of
Galactic particle accelerators (few
PeV)
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Progress on cosmic ray helium spectrum

Changes of proton/helium composition .
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Research progress
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B. T. Zhang & Yu, Microquasar remnants as Pevatrons Illuminating the
Galactic Cosmic Ray Knee, PRL under review, 2026
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Aharonian & B. T. Zhang, A Minimal Interpretation of the Galactic Cosmic-Ray Proton and Helium Spectra from GeV to
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B. T. Zhang, Kimura & Murase, Microquasar jet-cocoon systems as PeVatrons, PRD, 2025
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Research progress
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* Chen, B.T. Zhang, Xin & Liu, Constraining Cosmic-Ray Acceleration and Escape in Middle-Aged Supernova Remnants with

GeV-TeV Gamma-Ray Observations, to be submitted to PRD, 2026
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* Yu & B. T. Zhang, Galactic Microquasar and Supernova Remnants Imprinting on the Diffuse Neutrino Sky, submitted to
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* Nie, Guo & Liu, A Possible Common Physics Picture Reflected by the Gamma-Ray Em|SS|on of the Galactic Center,
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* Nie, Ge, Guo & Liu, Geminga: A Window into the Role Played by the Local Halo in the Cosmic-Ray Propagation Process, ApJ,
2025; Nie, Guo & Liu, two-component y-Ray Structure from the CR Sources Within Dense Clouds, submitted to JCAP 2026



Research progress
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* Q. Zhang, Huang & Li, Overall Ultra-high Energy Neutrino Emission from GRBs
During Jet Expansion, ApJ, 2025
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* Yu & B. T. Zhang, Multimessenger Modeling of Low-luminosity gamma-Ray et
Bursts, ApJ, 2026

* Yu & B.T. Zhang, A Unified Framework for 10 TeV to EeV Diffuse Neutrino Sky and KM3-230213A, ApJL, 2026
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* Chen, Abhishek, B. T. Zhang, Physical Origin of Very-high-energy Gamma Rays from the Low-luminosity
Active Galactic Nucleus NGC 4278 and Implications for Neutrino Observations, ApJ, 2026
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Cosmic ray source

Source populations inferred from observed spectrum
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Galactic source populations

[Aharonian and BTZ, 2026, ApJ]
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[Yue, Nie, Guo & Hu, 2026, ApJ]
] [See also, DAMPE Coll. Nature, 2026;
The two-component model applied to CR proton and Yuan 2026]
helium naturally explains the gradual spectral hardening One and/or two source

population with a nearby source-
12



Low-energy behavior below 100 GeV

[Aharonian and BTZ, 2026, ApJ]
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A gradual low-energy steepening could arise
from an additional nearby source
contribution, reflect the contribution of local-
source populations?

» Teflect the expected concavity of spectra

produced within nonlinear DSA models
[V. Ptuskin et al. 2013; Zirakashvili et. al. 2014 ]
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Cosmic ray sources

Physical properties of supernova remanants and microquasar

14



SNRs as Galactic cosmic ray sources

Credit: Cassiopeia A by Chandra
SNRs as the dominant source population responsible for Galactic CRs

* Observations of SNRs oftentimes show power law spectra non-thermal
emission of X-rays [Reynolds, 2008]

* Diffusive shock acceleration work in SNR’s blastwave
[Krymsky12; Bell13; Axford, Lear and Skadron14; Blandford and Ostriker; 1977-78]

The locally observed energy density of cosmic rays can be explained if on

average ~ 10% of the shock kinetic energy is converted to GCRs

Hoshino, PTPS, 2001
[Strong ApJL, 2010] (a) Shock Front

Upstream

£ . Downstream
However, SNR as sources of PeV energy CRs are challenged both from theory f —'> /” —->v
and observation !!! g\ MHD waves 2

MHD waves %/){
zg\\\ i



CR acceleration and escape from SNRs

[Chen, BTZ, Xing & Liu, 2026, to be submitted; see tomorrow’s talk by Siyu Chen]
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A time-dependent modeling of the gamma-ray emission from four middle-aged SNRs,
including both CRs confined within the remnant shells and escaped CRs interacting with

ambient molecular clouds .



Galactic PeVtron candidates

Galactic PeVtrons: 43 UHE gamma-ray sources (Caoetal. ™ The grey area shows the
2023) - minimum magnetic field
| \Ne“tm” °'°"* and size required to reach

MG 1 PeV for several outflow
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E el velocities
%
e
2 o
Pulsar wind neuble (Extreme accelerator, not evidence of hadronic =
interaction) ma}
@ Cygnus OB2
uGr
Microquasar (Powerful PeV accelerator, evidence of hadronic nGh I .
interaction) | o
— |
102 103 104 105
U [km/s]
. Wilhelmi et. al., 2024
Young Massive stellar cluster (Cygnus OB2?) . de Ona Wilhelmi et. al., 20
Eh =z (—) LUB
C

L U B
: * ? ~ 0. —
Galactic Center, Sgr A* (Powerful PeV accelerator?) 032 (pc) (LOOOkmS—l) (100 ,UG> PeV

17



Microquasars

Millions of light years
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[J. M. Paredes and J. Marti, 2003]

Microquasars are X-ray binaries with relativistic jets

A microquasar consists of a compact object, usually a black
hole, and a companion star

Display phenomenology similar to active galactic nuclei
(AGNs), although the size of the system is orders of

magnitude different

Around 20 microquasars found! At least, ~6 are detected
in VHE-UHE band by HAWC, HESS and LHAASO

18



UHE gamma-ray energy spectrum from microquasars
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Accreting BHs and their environments can operate as extremely efficient accelerators of
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Hadronic origin of the broadband gamma-ray spectrum

Power law with exponential cutoff 1010 E—
dN/dE — A Ser eXp(—E/EmaX) e e ==+ LHAASO-only

? & Fermi-LAT
v

¢ P B LHAASO
* Energy budget: W, ~ 7.9757 x 10%(ng.s/100cm™3) ! erg Ty
e Spectralindex: s¢ = 2.4 £
(@)}
* Max proton energy: E, max =~ 5.173%" PeV E
T
The required proton injection rate: W
—~ ~ 37 —3\—1 -1
Qp =~ Wy /tage 2.5 X 10°" (ngas/100cm™7) " erg s GRS 1915+105 \
O e iom 1o 10w 1en 1o aom 1o
E [eV]

Jet with an average kinetic luminosity: L., ~ 10%° erg s~*

[LHAASO Collab., 2026, submitted]
Age: tage = 0.1 Myr

Conclusion: The dense environment favors hadronic process, and supported by LHAASO
observations; The accelerated CRs have hard spectrum with Scr,acc ~ 2

20



Cosmic ray propagation

Modeling the propagation of CRs as diffusive process

21



Basic setup

We employ a publicly available version of the DRAGON code to propagate CRs

[Zhang, Kimura & Murase, 2026, PRD]

The maximum value of Galactocentric radius is 10 kpc and halo size is 4 kpc

The spatial distribution of the diffusion coefficient (Constrained from boron to carbon ratio)

D =23.8 x 10*®(R /250 GV)°cm? s! R > 250 GV,§ =1/3
The spatial distribution of microquasars is unknown, but high-Eddington ratio microquasars, including SS 433 or
Sgr V4641, likely follow the distribution of massive stars

Assume similar spatial distribution with Galactic SNRs (Ferriere2001) and adopt continuous source

= Green 2015 Spatial

distribution i A
0.10 - ZZ | x

Aty

Probability density
4 o
7~

See also Galactic X-ray binary radial distribution
[Yue, J. Zhang, ..., Guo & Hu, ApJ, 2026]
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Cosmic ray acceleration

Shear acceleration

- A class of the Fermi acceleration, has been suggested to be an
efficient mechanism to accelerate CRs

- Charged particles gain energy inside an ordered shear velocity

field

[Ref. Berezhko and G. F. Krymskii, 1981, Earl, J. R. Jokipii, ApJL, 1988; Ostrowski A&A,
1990; Webb ApJ, 1989; Rieger, Universe, 2019]

Relativistic outflow speeds and sufficient energetic seed particles is

needed to overcome adiabatic cooling

Shear acceleration scenario in radio galaxies have been
proposed to explain UHECRs [Kimura, Murase, BTZ, PRD, 2017; Seo 1l

|

et. al., ApJ, 2023] 0.02

Diffusive shock acceleration in jets or wind termination shock is also possible

[Perettil et. al., 2025; Wang et al. 2025]

004 006 0.8
t— tmj(Myr)

[Seo et. al., ApJ, 2023]
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Energy spectrum from Shear acceleration

10 5 Monte Carlo ™ : —— [Zhang, Kimura & Murase, 2026, PRD]
Ssimulation 4““ m Model-B Model Tjet Bjet ,Bjet T'coc Bcoc lcoh ljet
| cp w4 Mo Ipc] [pG] [pe] [pG] [pe] [pc]
- TR A (default)] 4 50 0.2 60 20 1.8 100
o LS B 3 50 0.3 60 10 1.8 100
g L C 3 100 0.4 60 30 12 100
iy ] .I Ao
L .. ‘:
= , 2 The escaping CR proton spectrum shows a hard
- .5' s component below the peak energy and a gradual cutoff

4 5 6 7 8 9

log10(E[GeV]) above it

Balancing the acceleration and effective confinement timescales, the peak energy in the energy spectrum of
escaping CR protons can be estimated to be:

teconf = Cchet / ¢ ~ lacc = CCL)‘COC/ CFj2e1: j2et

E = CeB ll/zfr,l/2]:‘. tIB' ¢ 4.3 PeV BCOC lcoh 1/2 Tjet 1/2 Bjet C
o #0%"coh jet TJSREISE T 101G/ \ 1.8 pc 3pc 0.3
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Compare to observed proton spectrum
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[Zhang, Kimura & Murase, 2026, PRD]

CRs from microquasars could explain both proton and
all-particle spectrum around knee

The energy injection rate integrated over the
Galacticvolume: L 1ot = Qcr.tot Vo

~ 1.5 x 10%% erg 571

Consistent with the value required to explain CRs
in the knee energy range if we have around 3-10
. microquasars with extended jets in our Galaxy
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Cosmic rays from mciroquasars

However, microquasars are characterized by lower spatial
densities, the local CR flux is inherently subject to stochastic
fluctuations ...

26



Cosmic ray clouds from microquasars in our galaxy
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[Zhang & Yu, 2026, PRL under review]

* [|lustration of the spatial distribution of 1 PeV cosmic rays
(colored dots) from known Galactic microquasar locations
(stars)

 The CR transport is influenced by the filamentary
morphology of the Galactic magnetic field (gray spirals)

We employ constant diffusion with parallel coefficient to the
regular magnetic-field direction as

Dy =6.1x10*(E/4 GeV)'/3 ecm? 7! Dy =¢D)

In anisotropic diffusion scenario, the existence of regular GMF
canresults D) > D}

Studies based on Galactic CR grammage constraints suggest an
estimated range of ~0.01-0.1 from moderate to stronger cases

[e.g., Giacinti et. al., 2017, AL-Zetoun et. al., 2020]
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Propagation of CRs from nearby microquasar locations
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[Zhang & Yu, 2026, PRL under review] 28



CRPropa simulation

Galactic Microquasar Population (50 Myr Window)

To account for spatial and temporal variance in the

Background Relics local microquasar population, we simulate an
] Active MQs (N=56) ensemble of 200 MC realizations using
O Used in simulations (N=145) L 302 .
s sun independent random seeds.
10
o
. ® TABLE S2. Parameters used in the microquasar catalog gen-
L PY eration and CRPropa simulation setup.
—_ 5 4 39.1
E; e Parameter (Symbol) Value / Distribution
% ®e w Constants
g * © &  Birth Rat 1x 107 yr!
© 0. ( ® g irt ate X yr
8 ° @ CR Loading Efficiency (7ecr) 0.1
= o 160 S Simulation Cutoff 6 Myr & non-active
& ¥ -8 Sample Ensembles
- 5] ) ZN0N Lookback Time (t1ookback U(0,50) Myr
0. 0q08"
Q.. 00 "o 0@ ° Jet Duration (tquration) 4(0.1,1.0) Myr
6.5 kpc Horizon Black Hole Mass (Mpy) U(5,15) Mg
) () Galactocentric Radius (rgc) Greenlb
~107 38.9 Vertical Height (2gc) +Exp(h. = 0.15 kpc)
CRPropa Simulation
Injected Primary protons
_15 4 Energy Range [100 TeV, 100 PeV]
Energy Bins 21 (log-spaced)
: . : . ] . | Particles per Bin 25,000
15 -10 -5 0 5 10 15

X [kpc] (Galactic Plane)

[Zhang & Yu, 2026, PRL under review]

29



Diffuse CR energy spectra

* Both can reproduce the bump while PL o Sex = 2: y2/dof = 69,5/ B Ader
has nicer low-energy extension a5 | 68 Nger, 90%%Unger,
— - 90% Uncer. ® IceTop
" —— Model A: x2/dof=219.50  ® LHAASO
wn
7
n
* The PeV bump in the CR proton spectrum .
is robust rather than being an occasional &
. >
outlier 3
— 10%F
5 _
oo L
W 'y
Model A (hard): 7jer ~ 0.3 — 1.5% | | .

5.0 5.5 6.0 6.5 7.0 7.5 8.0
PL with index =2: Tlcr ™~ 2 —10% log1o (Energy/GeV)

[Zhang & Yu, 2026, PRL under review] 30



Two realizations of source distributions

CR Spatial Distribution (Face-On) | e =0.1
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Rank the fraction of flux from the individuals

We calculate and rank the fraction of flux contributed from the individuals in each ensemble

Source Dominance at 1 PeV

100
e Usually no more than four sources
are needed to explain 50% of the
observed flux at 1 PeV

(@]
o
T

(@)
o
T

 The top ~10 sources contribute

Cumulative Flux Fraction [%]

~80% 40¢
20 / V =@ Ensemble Mean -
Therefore, the local PeV CR flux may not be a 1o Varator
simple steady-state global average, but rather. 7 - " T T T

Rank of Source Flux Contribution

dominated by a few recent and nearby

) Cumulative fraction of the local CR flux at 1 PeV as a
microquasar remnants

function of source rank, with sources ordered by their

individual flux contributions
[Zhang & Yu, 2026, PRL under review] 32



Effects of source radial distribution
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We test three more source distributions and show that their impacts on our predicted
CR spectra is negligible

[Zhang & Yu, 2026, PRL under review] 33



Cosmic ray Composition

The composition of cosmic rays is the key
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Proton to helium ratio

10°
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[Aharonian and BTZ, 2026, ApJ]

The differences between the proton and helium

spectra provide a natural explanation for the behavior
of the p/He ratio

The decrease and subsequent recovery in the multi-
TeV region arise from the transition between the two
components

The maximum in the p/He ratio at PeV energies can be
understood as a consequence of the interplay between
the two components and their different cutoff energies
for protons and helium, e.g., earlier cutoff of the
proton spectrum
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Injected CR composition in five massive groups

Scenario 1 Scenario 2Scenario 3

Z A |fajszoocv fa,iooav faarvi| fo e o0t
P 1 1 0.787 0.803 0.767 1] 0.922 || 0.747
He 2 4| 0.194 0.18 0.212 || 0.077 || 0.250
CNO 7 16| 0.0145 0.013 0.0157}] 0.007 [} 0.003

NeMgAIlSi 12 28 |0.00374 0.00352 0.004 || 0.001 || 0.0006
Fe 26 56 |0.00121 0.00097 0.0014 r).OOOOZ 0.0001

=
o
o

= . Gal-popl, H

= = Gal-popl, He
== == Gal-pop2, H
== == Gal-pop2, He

s Gal, H

DAMPE, He ® LHAASO(Combine)
Auger, all Y DAMPE, P
TA, all Y KASCADEGrande, P
@
@

TIBET, all [ IceTop, P
Nucleon, all LHAASO, P
HAWC, all LHAASO, He

TABLE II. Injected CR composition at the rigidity 300 GV,
100 GV, and 1 TV for different composition models. In addi-
tion, we also include solar composition f and enhanced solar
composition f&*"°¢ by a factor of (A/Z)?.

0000«

mmmmms Gal, He

m~2sr-1s71)
S,

d CR composition ratio at the same rigidity: 300 GV, 100
GVand1TV

[ CR composition ratio same as solar system abundance

E2'75(D(E)( eV1.75

L CR composition ratio same as solar system abundance with 10° 1 : = . ! . —

enhancement by a factor of (A/Z)"2 log1o (E/GeV)
[Zhang, Kimura & Murase, 2026, PRD] 36



Observed CR spectrum and composition on Earth
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Reacceleration model in microquasars and radio galaxies

10°
= = Gal-popl, H == == Gal-pop2, CNO e Gal, He Auger, all W AMS,P
= = Gal-popl, He we we Gal-pop2, NEMQAIS| == Gal, CNO & TAall B AMS, He
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= = Gal-popl, NeMgAISi =« = ExGal-popl, H Gal, Fe ® Nucleon, all Y DAMPE, P
= = = = Gal-popl, Fe = = = ExGal-Pop2, H s Gal+ExGal, Tot ® HAWC, all @® LHAASO, P
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[Zhang, Kimura & Murase, 2026, PR

7
D] log1o (E/GeV)

11

—
Gal pop2: CRs from microquasars (MQ) )

The reacceleration model works not
only in the microquasars but also in
the large-scale jet-cocoon system in
radio galaxies

Shear acceleration
Re-acceleration around 300 GV

[Ref. BTZ , Kimura, Murase, 2025]

J

i \ The model is testable by LHAASQO's
\CNO and Fe measurement

(ExGaI pop2: UHECRs from radio galaxies (RG) h

Shear acceleration
Re-acceleration around 1 TV

\_ [Ref. Kimura, Murase, BTZ, 2018] Y
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Galactic diffuse neutrinos and gamma-rays

* Secondary gamma-rays and neutrinos are produced from hadronic (pp) interactions
between CRs with ambient gas

* CRfit results yield a Solar neighborhood average, likely would miss the Galactic-level
fluctuations can be traced by neutrinos and gamma rays - need multi-messenger
constraints.
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Galactic diffuse VHE gamma-ray and neutrino emission
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* CRs observed at Earth mainly from nearby sources, while diffuse gamma rays and neutrinos
needs to account for sources across the whole galaxy

[Yu & BTZ, 2026, submitted to ApJL] [See the talk in the afternoon] 40



Summary and outlook
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Origin of the knee — Propagation effect?

* Cosmic ray propagation inside galaxy

e.g., Syrovatsky (1971), Ptuskin (1992), Giacinti (2014,2015)

Constant diffusion coefficient

J O ~ 1/3 (5 ~J ]. At Source:

RAAN/dR oc R~ Ssec
At Earth: Y
R2Pr  (R?AN/dR)Xesc propagation Xesc ~ R
\ X R2_3esc_5

The grammage traversed by CRs during

\ 4

TeV PeV EeV
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A physically motivated overall picture of CRs

~
T EEEEEEE Y o e e Gal pop1: CRs from supernova remnants (SNR)
‘_I' ¢ TA, all ¢ HAWC, all Y KASCADEGrande, P ® LHAASO-
7)) & TIBET, all J
: ~
c 10 Gal pop2: CRs from microquasars (MQ)
®
= — .
3, “’:n Or other Galactic PeVatrons?
8 g ﬁﬁé“ e /
= 10° i e
m Ii|| u““""" N
o { o r Or Gal pop3: Galatic powerful sources?
8
L i{' i ExGal popl: CRs from extra-galactic sources: e.g, clusters
0 ; 3 5 : To of galaxies or nearby AGN
log1o (E/GeV) /
41 ) InA, LHAASO(Combine) A InA, Auger(SYBILL) \
A InA, Auger(EPOS) | InA, IceTop S # . . \
=3 ’+__.- - m ExGal pop2: UHECRs from radio galaxies (RG)
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e Qian, Sun, Nie, Ge, Liu & Guo, Monogem’s Contribution to the Galactic Cosmic-Ray Spectrum, ApJ, 2025

* Qiao, Liu, Yan & Guo, The Compton-Getting origin of the large-scale anisotropy of Galactic cosmic rays, ApJ, 2025
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Galactic proton and helium spectum

An event measured by KM2A ED array (A) and a Cherenkov

Proton and helium spectrum measured from telescope of WFCTA (B)
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[LHAASO Collaboration, 2026, PRL, arXiv: 2511.05013]

30

[See also, LHAASO Collaboration, 2025, Sci. Bull. arXiv: 2505.14447]
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Implications of LHAASO results

+x100| protons ax10¢] Helium
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E2'75j(E) (Gevl.75m—25r—1s—1)

i
104 b 104 | “'*u*l"* +
] Combined Error Envelope @ DAMPE ] *l'*
A LHAASO, QGSJET @ CALET ] '|" Combined Error Envelope | AMS
® LHAASO, EPOS Y ISS CREAM 'l' A LHAASO, QGSJET ® DAMPE
6 x 103 | A LHAASO, SIBYLL Y NUCLEON 6x 103 | '| ® LHAASO, EPOS o CALET
| AMS # GRAPES 3 Il A LHAASO, SIBYLL Y NUCLEON
1 2 3 4 5 6 7 1 2 3 4 5 6 7
log1o (E/GeV) log10 (E/GeV)

 LHAASO reported the high-purity proton spectrum, implicating the knee at the energy around 3 PeV is related
to the change of the proton spectrum

 The observed hardening feature above several hundreds of TeV implicates the emergence of a new source
component that has the maximum energy at least up to a few PeV Y



Galactic PeVatrons and the second CR component

 Old SNRs as smoking UHE gamma-ray guns (4F7k 09 A8 %7 2 1 i )

A subset of SNRs operates as proton PeVatrons and contributes non-negligibly to the
second CR component - e.g., higher shock velocity; magnetic field amplification

Absence of UHE y-ray detections from young SNRs -> Disfavor SNRs as PeVatrons? E.g. Cas A

Escaped CRs interact with nearby giant molecular cloud — “smoking gun”

e Star-forming regions as sites of proton PeVatrons

Cygnus OB2 (25 sk X)

Detailed theoretical studies indicate that reaching the PeV domain through
stellar-wind interactions alone is highly challenging

Or supernovae occurring within stellar clusters may play a dominant role?

* Microquasars as Galactic PeVatrons

(R ZARE R T R 48 TR AR IR)



Microquasar — SS 433

The extended two-sided jets with ~ 40 pc are detected in X-rays

Radio lobes surrounding the system extends up to ~ 150 pc

VHE gamma-ray emission from SS 433 has been detected at the jet lobes, which are

spatially co-incident with the X-ray hotspots
LHAASO Coll, NSR, 2025

' 1-25TeVv * 25-100 TeV 11 above 100 TeV
\ 10

\ b=-2deg 9

Dec (J2000.0) (degree)
significance
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o
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R.A. (J2000.0) (degree) R.A. (J2000.0) (degree) R.A. (J2000.0) (degree)
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Microquasar — V4641 Sgr

V4641 Sgr is another interesting microquasar who emits gamma-rays above 100 TeV

The morophorogy of the gamma-ray signal is clear two-sided lobe structure, and the size of
the lobe is roughly ~ 100 pc

Spatially extended X-ray signature is also detected

eV above 25 TeV -4°00' B

4FGL J1822.6-2502
4FGL J1817.7-2517

Significance (0)

30' B
| V4641 Sgr

-5°00' ¢

Galactic Latitude

30'
276 275 274
RA (°)

7°30' 00’ 6°30' 00’

4 3-2-1 01 2 3 45 6 7 8 Galactic Longitude
VTS

HAWC Coll, Nature, 2024 LHAASO Coll, NSR, 2025 HESS Coll, A&A, 2025 !



GRS 1915+105 - large-scale jet and jet-driven bow shock

102ocm 1017cm 1013cm IRAS 19124+1106 ./~
< l Y
é ig g (\‘”*z —
g Q g s gg G45.45+0.06
= @ i — n ©
x 55 2o
— E C
3 g =
)
black
hole Q
K-M 11l
giant star
0 ~ 64 @
oo 3 - 5
: \9‘80 3 ) =2 g o
o @ B
DW“\Q 5 3 =
—477 /7 /
- }10 0.3 20 "
& Z v
T S IRAS19132+1035 Khangulyan et. al. 2024
A candidate jet—ISM interaction spot with the counter-jet was
identified to the north-west of GRS 1915+105 (IRAS
19124+1106)

- Not detect any radio lobe near IRAS 19124
51

Zoom-in of the jet—ISM interaction region by MeerKAT



GRS 1915+105

GRS 1915+105 is a wide binary system, with a longest
period of P =33.85 £ 0.16 days, formation of unusually

large and luminous accretion disk

* The mass of the black hole is around 12 M,

* The spectral type of the donor star was identified to be a K-
type star mass of 0.5M¢, making GRS 1915+105 a low-mass
X-ray binary (LMXB).

by 24° between 1994 and 2023.
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Since its discovery in 1992, GRS 1915+105 remained one of
the brightest black hole X-ray sources. It has remained in the
outburst state since then. However, starting in 2018, its
brightness started to decrease exponentially, then more
gradually. By May 2019 (MJD 58617), it entered an obscured
state, meaning its X-ray emissions became extremely faint.

A Large Misalignment between Continuous Jet and Discrete

Ejecta—Jiang et al, 2026 -



Progress on GRS1915+105 - LHAASO

[LHAASO Colla, 2026, submitted]

* Detection at 1- 25 TeV band and increased sensitivity above 25 TeV
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[Motta et. al. 2025] This work
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Progress on GRS1915+105 — LHAASO + Fermi-LAT
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* The bow shock structure discovered by MeerKAT is well-aligned with LHAASO J1914+1050

* Analysis of Fermi-LAT data suggests a spatial extension that appears consistent with
LHAASO measurements
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UHE gamma rays from Microquasars

The origin of the non-thermal gamma rays in microquasars remains uncertain

- leptonic processes, including inverse Compton (IC) scattering from relativistic electrons (e.g., SS 433,
V4641 Sgr) (Is hadronic model work?)

- Hadronic processes, involving proton synchrotron radiation, inelastic hadronuclear (pp) collisions,
Bethe-Heitler (BH) pair production, and photomeson (py) interactions

(e.g., Cyg X-3 | GRS 1915+105 ! )

Inferred from the observation of by LHAASO:

* Microquasars are Galactic PeVatrons !!!

* Evidence of hadronic origin of UHE gamma-rays (Cyg X-3, GRS 1915+105)

But, CRs from microquasar could explain observed Galactic cosmic rays?
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All-particle and helium spectrum
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Shear acceleration

A 0
Shear acceleration -
- A class of the Fermi acceleration, has been suggested to be an efficient mechanism (CC DE//
to accelerate CRs \\\ \ we /

- Charged particles gain energy inside an ordered shear velocity field

Ref. Berezhko and G. F. Krymskii, 1981; Earl, J. R. Jokipii, ApJL, 1988; Ostrowski A&A, \\ \ /
1990; Webb ApJ, 1989; Rieger, Universe, 2019; \ /]

Relativistic outflow speeds and sufficient energetic seed particle is \ /|

needed to overcome adiabatic cooling A simol N )
simpie conical TIow whose

radial outflow speeds varies
Extensive studies in radio galaxies with polar angle 6

Rieger, Universe, 2019

Application to mircoquasar system is possible
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Discrete shear acceleration and CR injection

CRs will undergo a discrete shear acceleration, when the CR mean free path is longer than the
width of the sheath layer: A 2 rg

- The mean free path of CRs: A ~ leon (E/FEcon)’
- For Kolmogorov turbulence: § = 1/3

- The coherence length inside the cocoon: lcon ~ 0.037¢oc ~ 1.8 pc
- The typical energy: FEcon = ZeBeoclecon ~ 17Z(Beoc/10 uG)(leon/1.8 pc) PeV

- The width of the sheath layer: Tsl ™~ fslT'jet ~ 0-06(fs1/0-02) pcC

The injection energy is given by A ~ rg

B~ T'sl 5 0.6 Bcoc T's] ? lcoh — TeV
inj ~ LZcoh lcoh : 10,LLG 0.06 pc 18pC

CRs with energies above several hundreds of GeV can undergo a discrete shear acceleration mechanism
58




TABLE S1. Galactic coordinates and distances for some mi-
croquasars, ordered by proximity to the Sun. The Galactic
Center is provided for reference.

Source Name l b d
() () (kpe)
V616 Mon [26] 210.04 —6.54 1.06
XTE J1118+480 [27] 157.69 +62.31 1.72
Cygnus X-1 [28] 71.33 +3.07 2.22
V404 Cygni [29] 73.12 —-2.07 2.39
GRO J0422+32 [45] 165.88 —11.91 2.49
GS 2000+251 [46] 63.37 —-3.01 2.70
Scorpius X-1 [47] 359.09 +23.78 2.80
MAXI J1820+4070 [48] 43.83 +5.29 2.96
GRO J1655—40 [49] 344.98 +2.46 3.20
4U 1755—33 [50] 357.22 —4.87 4.00
CI Cam [51] 148.47 +4.26 4.10
XTE J1550—564 [52] 325.88 —1.84 4.38
SS 433 [53] 39.70 —2.20 4.90
V4641 Sgr [54] 6.77 —4.79 6.20
XTE J1859+226 [55] 54.05 +8.61 8.00
GX 339—4 [56] 339.86 —4.32 8.40
Galactic Center 0.00 0.00 8.50
GRS 1915+105 [57, 58] 45.40 —0.20 9.40
Cygnus X-3 [59] 79.85 +0.68 9.40
Circinus X-1 [60] 322.12 —-0.03 9.40
4U 1630—47 [61] 336.91 +0.25 11.50

59



X-ray binaries
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An overall picture of CRs from GeV to 100 EeV

Could we have an overall picture of CRs from GeV to 100 EeV?

A data-driven parameterization of cosmic-ray flux and mass composition: Global Spline Fit (GSF)
Fujisue, Dembinski, Engel, Fedynitch, UHECR, PoS, 2024
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