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2023: Evidence of Neutrinos from the Milky Way

IceCube 23 Science

GAMMA RAYS
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NEUTRINOS

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



Galactic Multimessenger Connection: A Decade Ago

p+p—=Nr+X :nE~1:2 — Ey2 (I)y : Ev2 D, ~2:3

- Most y rays from Galactic sources reach Earth

- Neither y rays nor vs were NOT observed in the sub-PeV range a decade ago
- We already learned that Galactic contribution to lceCube vs is subdominant
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Galactic Multimessenger Connection: Halo Case

Quasi-isotropic limits (Galactic halo CR model)
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Air-shower arrays have placed diffuse y-ray limits at TeV-PeV
Fermi y-ray data imply s, < 2.0 — extragalactic origins

Improved limits with PEPS?

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

(related analyses: heavy dark matter searches)



Galactic Diffuse Sub-PeV Gamma Rays Are Seen

Discovery of sub-PeV vy rays in 2021
(Tibet ASy Collaboration 21 PRL

LHAASO Collaboration 23 PRL)
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Galactic Diffuse Sub-PeV Gamma Rays Are Seen

Discovery of sub-PeV vy rays in 2021
(Tibet ASy Collaboration 21 PRL

LHAASO Collaboration 23 PRL)

v fluxes converted from y-ray fluxes

all-sky Tibet ASy (v)
10~ averaged LHAASO (v)
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Galactic Multimessenger Connection: Current

- Supporting hadronic (pp) origin
- Truly diffuse vs unresolved?
(extended)

Discovery of sub-PeV vy rays in 2021
(Tibet ASy Collaboration 21 PRL

LHAASO Collaboration 23 PRL)
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Importance of Improved Measurements
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50° < 1 < 200°, |b| < 5°
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Importance of Improved Measurements

25° < 1 < 100°, |b] < 5°
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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.



Hypernova Remnants as Unidentified Sources

loka & Meszaros 10 ApJ
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 pp interactions from cosmic-ray ions (w. molecular clouds?)
|IC by beta-decay of cosmic-ray ion produced in the past

* Abundance: Ny\yg~30 vs Ngyr ~ 1000
« Source extension: ~1 deg (3 kpc/d)



Hypernovae/interacting SNe as (Super-)Pevatrons

€ n 1/2 V. /R
B ~ 200 TeV Z ( 2 ) ) :
¢ (0.03) 1 cm—3 <104 km s—l) (1 pc)

(ex. Bell 04, Zirakashvili & Ptuskin 08, Shure & Bell 13)

- 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
— Emnax ~ 2 Z PeV or higher for hypernovae

Smith+ 11 MNRAS

A ypernovae etc.

Core-Collapse SN Fractions

X KM, Thompson & Ofek 14 MNRA Zirakashvili & Ptuskin 16 APh (see also Sveshnikova 03 A8A)
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Neutron Merger Remnants as (Super-)Pevatrons

Kimura, KM & Meszaros 18 ApJ
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With a merger rate of ~ 104 yr' gal’
they should contribute to Galactic CRs

(see Takami+ 13, Rodrigues+ 18 for an extragalactic model)
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Microquasars as VHE Gamma-Ray Sources
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- Detection of SS 433 by
HAWC in 2018 < (I
- HAWC:

Galactic Latitude

Galarctic | annitiide

LHAASO Collaboration 24

SS 433 & V4641 Sgr -

V4644 Sgr
- LHAASO: L ASE

SS 433, V4641 Sgr, .

GRS 1915+105

40 39

G1915+105, Cyg X-1, IS
MAXI J1820+070 el snitconce 1
- Detected out to 800 TeV
- Persistent
- Extended
SS 433, V4641 Sqr,
G1915+105




Microquasars as Super-Pevatrons

Hot Accretion Flow (RIAF) Standard accretion disk Slim disk + Jets
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« Some of them are super-Eddington | %t
— powerful jets & outflows
« Hillas condition allows super-Pevatrons
« CR luminosity required for the knee 1
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v-ray morphology ~ X-ray morphology
— leptonic origin

Shock acceleration of electrons
Coincident w. gas distribution

above 100 TeV (hadronic?)
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Hadronic Gamma-Ray Signatures?

e, - SS 433: likely more leptonic at 1-10 TeV
v CMB photons (HAWC Collaboration 18, HESS Collaboration 24)
</ ?’/ w @ - Hadronic contribution is still possible
“ N Q . — . especially at higher energies
flaments 1§ ! - v detection: more than 2 decades even w.
VG @ - lceCube-Gen2 (SS 433)

Kimura, KM & Meszaros 20 ApJ
leptohadronic scenario for SS 433

4 Total y-rays [ .

- 2 -~ — — Leptonic y-rays - 1o ?Ohira 25 MNRAS LHI-'EAA'zvz/(eéI ——
'E 1 = Hadronic y-rays + . _ -
O Muon Neutrinos e-ASTROGAM 2 I l
T ik § 1072}
s o (N
2 5 !
~ 1. S 18 L
EJ/ L
D -2 - 14
0y | | ™ [vaea1 sgr

- T T T T T T T T T T T T T \ ‘./. T T T T 0 | ““““1 | “““‘2 “‘3

5-4-3-2-10123456 7 8 91011121314 10 10 10 10

E TeV
log(E,) [eV] nergy (TeV)



Common Acceleration Mechanisms between Microquasars and AGNs?

/” r i \\
/HOTSPOT,
\

/HoTSPOTN
| RADIO |
\

Need for efficient acceleration: example of SS 433 (kimura, KM & Meszaros 20 ApJ)
Emax/Z >3 PeV — § <~ 10 (fOI' B~ 30 MG) face =~ >
3ceBf;

AGN: blazars & hot SpOtS: E_> >~ 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?



Particle Acceleration by Large-Scale Jets

(Discrete) one-shot/shear  Turbulent shear DSA acceleration in
acceleration at the jet- acceleration in backflows backflows in cocoons
cocoon boundary (Hardcastle 10, Ohira 13) (Matthews+ 18, 19)

(Caprioli 15, Kimura, KM & Zhang 18)

from Matthews+ 19

from Kimura, KM & Zhang 18

e

from Rieger 21

“Reacceleration” of galactic CRs by AGN jets



Test Particle Simulations of Particle Acceleration

MHD simulations

(Mbarek & Caprioli 21 ApJ
see also Mbarek, Caprioli & KM 23 ApJ, 25 PRD)
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Shear Acceleration Model for Microquasars
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[ ] Monte Carlo Simulation
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Shear Acceleration Model vs Cosmic-Ray Data

Kimura, KM & Zhang 18 PRD - Simulated spectra (sub-exponential)
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Hadronic Emission from Microquasars?

Core Jet-wind interaction

stellar wind

l',et

inner blob ~1 0-1 00 Rs A jet blob

His

thermal X-ray radiation
(accre tion disk)

n (internal shock or corona)

black body radiation
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compact star
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Cosmic-ray escape

i jet-inflatee
& . bubble

compact star _, e
A %donor star

external shell
(interstellar medium or molecular clouds)

~10-30 pc

« 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-37?: “consistent” w. a point source
could be different from from extended-jet emission (e.g., SS 433)



Hadronic Emission from Compact Regions?

compact jet models

Jet-wind interaction
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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-37?: “consistent” w. a point source
could be different from from extended-jet emission (e.g., SS 433)



Hadronic Emission from Compact Regions?

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”
KM, Kimura & Meszaros 20 PRL

Fang+ 24 ApJL 10
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Applications to Cygnus X-1

« Sub-Eddington accretion w. Mg~ 21 Mg, O-type star

« LHAASQO: a point source with significance of 4.4 above 25 TeV #

Cygnus X-1 (hard state)
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Optical Depths for Core Regions

Cygnus X-1 (hard state)
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Neutrinos

Cygnus X-1 (hard state)
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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 y-ray hidden cosmic-ray accelerators
~0.1-1 PeV photons may come from either py 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?
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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

Fujita, Kimura & KM 15 PRD
Fujita, KM & Kimura 17 JCAP
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« CRs escaping from RIAFs interact with the CMZ.
- Effective pp optical depth: f,; ~ 0.1 (t4/0.1 Myr)
« Extragalactic LL AGNs may explain IceCube neutrinos




loka+ KM 17, Kimura & Toma 20 etc.
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Isolated Black Holes as PeVatrons?
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~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 ~ 1035-103¢ erg/s
CR acceleration may occur in both jets and disks
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Isolated Black Holes as PeVatrons?

loka+ KM 17 MNRAS
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« ~10° isolated BHs in molecular clouds
« ~10° merged BHs — spinning & jets

« Either BH population can be PeVatrons that could also
contribute to the CR spectrum around the knee




Search for Heavy Dark Matter in Dwarf Galaxies
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Search for Heavy Dark Matter in Dwarf Galaxies
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For m,>~10"" GeV, synchrotron
emission may appear in the PeV range



Milky Way Galactic Winds as Super-Pevatrons?
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Zhang, KM & Meszaros 20 MNRAS
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Possibly ~102° eV by scaling up Milky-Way-like galaxies???
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