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Hadrohic Signatures of Black Hole Jets
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2023: Evidence of Neutrinos from the Milky Way

IceCube 23 Science

GAMMA RAYS

4" “’“

NEUTRINOS

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



Galactic Multimessenger Connection: A Decade Ago

p+p—=>Nm+X m:nE~1:2 — Ey2 (I)'Y :E2D,~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: Current

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  mmm 1ceCube (7°) Tibet ASy (v)
10~64averaged IceCube (KRA5) LHAASO (»)
T IceCube (KRA50)
1077
E
= 1078 predictions of the
CiDO hadronic scenarip
- Supporting hadronic (pp) origin < {j-.
_ . 2 0= e CRINGE diffuse
Truly diffuse vs unresolved* T IINR Ahlers. Murase 14, GP
(extended) 10-10. super-Pevatrons w. E,.,/Z=30 PeV .
102 103 10* 10° 106

’ E, |GeV
See Ke Fang’s talk Fang & KM 21 ApJ, 23 ApJL (GeV]



Hypernovae/interacting SNe as (Super-)Pevatrons

¢ noo\1/2 v, (R
Ermax ~ 200 TeV Z ( ) .
00 eV (O 03) 1 cm—3 <104 km s—l) (1 pc)

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

Smith+ 11 MNRAS

A ypernovae etc.

maximum energies will be higher than typical SNRs
for explosions w. faster velocities and/or denser CSM

Core-Collapse SN Fractions
Zirakashvili & Ptuskin 16 APh (see also Sveshnikova 03 A&A)

KM Thompson & Ofek 14 MNRAS
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Neutron Merger Remnants as (Super-)Pevatrons

Kimura, KM & Meszaros 18 ApJ

C——— UHECR component

— — — BNSMRs |

1072 e ana GeV—PeV component total
‘T'L
v 107*
lU)
T 10-5 ]
c 10
(@]
>
)
o 1076 3 N
w 10_7- *_ !\_‘ \
H+He qNo \\ H+He
106 107 108 10°
E [GeV]
> (InA)|
0 |
<
£

1 - : .
10° 107 108 10°
E [GeV]

Merger ejecta
M,;~0.03-0.05 Mg, w. V~0.2-0.3c
Apply the same scaling from SNRs
— Ens™@*/Z ~ 3-30 PeV

(for Egng™@/Z ~ 0.3-3 PeV)
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 Super-Pevatrons

Hot Accretion Flow (RIAF) Standard accretion disk Slim disk + Jets

(a) log(p) [g em?]
6 5 4 3 2

16 (a) log(p) [g cm”]
> 10 8 -6 4

AAAAAA

o
5
/R

4444444

AAAAAAA

»»»»»»»

AAAAAAAAA
vvvvvvvv
vvvvvvvv

<<<<<<<

R

L ~ 0.01Lgy L~ Ly
| |
1 @ crab % GROJ1655 V46 r?
% SS433 V404 Cyg
] V4641 Sgr % Sw 0243
« Some of them are super-Eddington jor| R Gmxa |k oexd S
— powerful jets & outflows < | Super pevatron
« Hillas condition allows super-Pevatrons ¢ 1ot
* CR luminosity required for the knee N NS '
LCR ~ 1038 erg/S ~ (0001'1 )LEdd 100<74CQ T HE R
for a few to ~10 sources Uay ’ i —
10-1 ‘ \ i | | | I 1074 1073 1072 107! 10Q°

1073 102 101 10° 10! 102

BLk, 39 Wang et al. 25



Hadronic Gamma-Ray Signatures?

Rino - VHE y-ray detections from microquasars
V107 s g g CMB photons (HAWC, LHAASO, HESS)
Q/" - Theoretically expected (Aharonian & Atoyan 96)
VM_Q ! e ®_ | eptonic dominance at 1-10 TeV
Optical S; Rits > (HAWC Collaboration 18, HESS Collaboration 24)
flamenss 4 - Hadronic contribution is possible
VG @ v especially at higher energies

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

lceCube-Gen2 (SS 433)

- v detection: more than 2 decades even w.

2 Total y-rays 1 . LHAASO —o—
— :— — — Leptonic y-rays 11 | Ohira 25 MNRAS HAWC —a—
N 1 CTA 10 ¢ Model
'E 1 _—  Hadronic y-rays + X i
o i Muon Neutrinos e-ASTROGAM 1 & I }
Tm : ?(E; 10712 3
_ s ;
2, E !
=11 5 107
Ty 3 :
Ll.l> L
D -2 - 14
®] 10 3
= } . \ V4641 Sgr
- 3 "/ P 10° T “‘1‘C‘)1 “HH 1C‘)2 “1‘03
-5-4-3-2-1012 3456 7 8 91011121314

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)

10 8
8.
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X —21 2
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—-10 . . . . . .
0 10 20 30 40 50 60 70
Z (Rjet)
Iosgm(a;)
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=] Total
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10—3_
10~

logo(a)

HD si

8:

mulations (Seo, Ryu & Kang 24 ApJ)
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Shear Acceleration Model for Microquasars

1038
[ ] Monte Carlo Simulation

®
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escaping CRs

1036 T
4 5 6 7 8

log10(E[GeV])
Injection: Galactic CRs at ~TeV

B.oc~10-30 uG w. r,,.=60 pc
(Kolmogorov assumed)
Biet ~ 50-100 uG w. rie=3-4 pc

Emax = (eBeocloiniés Tjet Byt ~ 4 PeV
Lcr = EnaxNor ~10%8 ergls <<Lggqq
Qer tot ~ 1.3 X 10* erg kpe™? yr

9

E2'75<D(E)(GeV1'75m‘zsr‘1S‘1)

Zhang, Kimura & KM 2506.20193
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Shear Acceleration Model vs Cosmic-Ray Data

Kimura, KM & Zhang 18 PRD - Simulated spectra (sub-exponential)

©cmeests o ——-im | - Galactic and extragalactic highest-energy
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Hadronic Emission from Compact Regions?

compact jet models
Core Jet-wind interaction Cosmic-ray escape

~10-30 pc

ext

jet-inflated || #ex
bubble

~10-100 Rs

(or corona)

compact star

donor star compact star
donor star donor star

(a) (b) (c)

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
different from from extended-jet emission (e.g., SS 433)



Hadronic Emission from Compact Regions?

Such compact emissions are also of interest in the context of AGN

1. Coronae of X-ray binaries?
Corona (Fang+ 24 ApJL)

Lot Cygnus X-1 (hard state)
10731 State-averaged ,»~ 7 Inverse Compton vy === IceCube R
Hard —-= Synchrotron vy + COMPTEL 10-1 1
Soft 4 +  Fermi-LAT !
10 7\ [ HAWC < S N
~ [ ~ ;./‘\ MAGIC o 1073 : <
g a /o \3‘., v / SO SR -P O
= 1077 \ O .
i n T 4 N ('_U 10_ i
3 X L
= 107 - Rt il + -7 /
% a;*':—"f \\\VE:\ 8‘ 10 e Tyy (Quter)
= ) ™R ) S foy (Oui:'er,)“
10711 4 10 T fop (Outer) ™
i
Cyg/X-1 .. | Wei, Zhang & KM 25 Ty (Innen)
10713 10 T T T T
10-4 101 102 107 108 1011 1014 1017 108 10t 10% 10Y/ 102°
E [eV] g [eV]

2. Isolated black holes or low-luminosity AGN (Sgr A*)
a. Jets and RIAFs in isolated black holes (ioka+km 17 MNRAS, Kimura+ 21)
b. CRs from Sgr A* may interact w. the CMZ (rujita, Kimura & KM 15 PRD)



« Sub-Eddington accretion w. Mg~ 21 Mg, O-type star ,
« LHAASQO: a point source with significance of 4.4 above 25 TeV #

Applications to Cygnus X-1

Cygnus X-1: hard state

107>
. . N Photon (Outer)
prellmlnar_y“: --------- Photon (Inner)
10-7 1 R Photon (Total)
L Photon (Star)
.—I| : Neutrino (Total)
n 109 J
o~ ’
| :
f
LE, 10-11 { Fermi LAT ¢
(@)]
| -
v 3
— -13 |
~ 10
L
L
10—15_
T A — . . . .
107 1073 100 103 106 10° 1012 1013
E [eV]

EFe [erg cm™2 s71]

>

Cygnus X-1: hard state

107>
. . e Photon (Jet Blob)
pre||m|na|‘:':y-_: ————— Photon (External Blob)
o7 i Photon (Total)
......... Photon (Star)
: Neutrino (Total)
]
1079 s
e’
¢
10_11 . Fermi LAT ‘e MAGIC
107134 ’
10—15_ : :
/ jet-wind -
10-17 : s , —
106 103 10° 10®° 10 10° 102 10%
E [eV]

Wei, KM & Zhang 25 in prep.

* Lggg~3x10% erg/s, €,~0.03, £,~10, eg~10-3-10"
« Either pp or py: sub-TeV dip — indication of core scenario



Neutrinos

Cygnus X-1 (hard state)

I o s s o |+ Potentially more neutrinos than gamma
|_|'|_' ————— Neutrino (without muon/pion cooling) rays if hidden
i 1o « Significant pion/muon cooling (which are
2 101 often ignored) can reduce both neutrino
fw and secondary synchrotron fluxes
o * (Not surprisingly) neutrino detection is
o Nei, KM & Zhang 25 in prep. || challenging as in ~10-100 pc jet models
108 10° 10%° 10'' 10'2 10%* 10'* 10> 10%
E [eV]
10 Cygnus X-1 (hard state) 10 Cygnus X-3
IceCube (Scenario A) IceCube (Scenario A)
IceCube (Scenario B) ceCube (Scenario
102 - IceCube (Scenario C) 102 4 :ce(C:uEe gcenario E;
-------- IceCube-Gen2 (Scenario A) =N+ IceCube-Gen?2 (Scenario A)
0 T R
A 101-:::::::::::::::::333232:. atmospheric v (DDM) A 101 atmospheric v (DDM)
;% . Nexp,v = 1 % L0 Newp,v =1
=4 <
107t 10-1 4
preliminary \ % preliminary :
-2 B _ .
O en T T T1gB 10% 105 10w T T S Y CE MY (TR Y. TR T
E [eV] E [eV]



Summary

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

- Microquasars as emerging super-Pevatrons
potential contributor to cosmic rays around the knee
shear acceleration (jet-cocoon boundary behind the termination shock)
common explanation for the highest-energy cosmic rays? (cf. AGN)

- Compact 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?



Milky Way Galactic Winds as Super-Pevatrons?

AGN winds "™ = (3/20)(V,,/c)eBy R =~ 21 PeV e oL/ %, (V;,/1000 km )"/
. : 3 Vs
starburst-driven winds ¢, () =~ 0 Z-e-B-Ry-—
C

~ 1.6 x 10" Z eg 5 (SFRy - E¢j51)"° g ) tyyl” €V

Zhang, KM & Meszaros 20 MNRAS

'_.|_' Parameter Set 1, sc o =2.05 || +  AKENO, 1992, All
1058 IL 4 w1 Parameter Set 2, Sea ncc=2.20 [ f‘»f\:-TiP}t‘?’:&A »:II
.... ", (Vs] - M —— Parameter Set 3, scn o =240 [[ T NESTL g
* " =3 10 = sy, } KASCADEGrande, 2013,H || ! 1':;:;5"'( i :'I
57 i | "l 'h ” # KASCADEGrande,2013,He ||, aSCADE, 2011, H
10 \. a2 (1 4 s w0 -3 KASCADE-Grande, 2013, C+Si| [} kasCADE, 2011, Fe
— P T - 5 "u A t KASCADEGrande,2013,Fe ||}  KASCADE, 2011, Al
9 I 1 0 ik -ﬁ? + }*v. §  KASCADE-Grande, 2013, All I GAMMA, 2014, All
T s c PTIOS RS & ja
T 0 4 IB35is?
TSI
o — > ~5 - * -
w - - T=] Myr ] 10 * ‘flétl“b..? q'yv* R
107 _ O . _*,
== 7=10 Myr = *’i"’f' R Ve
%
sxs T=100 Myr = 10-7k
1054 _ d . _ & 10 ‘t ‘ i
16.5 17.0 17.5 18.0 18.5 5 2 ! “
logio(ecr(eV)) w 10-8 . . . "
10055160 165 170 175 18.0

log10(Ecr(eV))
Possibly ~102° eV by scaling up Milky-Way-like galaxies???
(ex. Anchordoqui 18, KM & Fukugita 19, Peretti+ 21)



Galactic Halo Contribution?

Isotropic limits (Galactic halo CR model)

® GRAPES-3 @ HEGRA 1C-40 (y) ® GAMMA
UMC B  EAS-TOP % KASCADE @ CASA-MIA
1074 : : pp scenario
— 1073 I II
\22 :
—‘m 10_6'
! ’
: ? e
5 4l Y+, € Fe
> 10 v ?
(]
S ==
=108 Y
&
107 ey '
Ahlers & KM 14 PRD e o
10710¢ , N

10! 102 103 104
Ey [TeV]

« Airshower arrays have placed diffuse y-ray limits at TeV-PeV

Fermi y-ray data imply s, < 2.0 — support extragalactic scenarios
(KM Ahlers & Lacki 13 PRDR, KM, Guetta & Ahlers 16 PRL)

« Template analyses are also feasible (depending on CR distribution)
(spatial information needed)



log(eyLe,) [erg s

Radiative Inefficient Accretion Flows

: . . Kimura, KM & Toma 15 ApJ
431 | High m Kimura, KM & Meszaros 21 Nature Comm.
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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

. Er — — — — — - | FIA
" : !I Sgr A* 7 1072
e 107 II | o
o ] - I‘. o\
> [ e 'E
)] // Lk oS -~ %\ 10
g I' /..’ .\n\ N Y 1 > 10 i
/7 . N D
% v \\ \\ —
S 410k \Y
%10 .f I \\\\ 1 % 108_
W | W ol =
P — T - | - PR S c\.TJ
10° 10° 10" 10° W 4o
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« CRs escaping from RIAFs interact with the CMZ.
- Effective pp optical depth: f,; ~ 0.1 (t4/0.1 Myr)



Detectability of Nearby Low-Luminosity AGN

Kimura, KM & Meszaros 21 Nature Comm.
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w10 LLAGN (w. IceCube-Gen2-like)
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* Detection of MeV y due to thermal electrons is promising
(CR-induced cascade y rays are difficult to observe)
* Nearby LL AGN can be seen by lceCube-Gen2/KM3Net



Obscured AGN as a Hidden Neutrino Source

L,~3x1042 erg/s << Ly, ~ 10%° erg/s < Lgyqq ~ 3x104° erg/s: reasonable energetics

10—10
T’f.' 10——11
[

i e

E?® [TeV cm™?

1) G

IceCube Collaboration+ Science 22

—

{ NGC 1068

A

Fermi-LAT \

.T_-o—
-
-+ /4 MAGIC |
——

IceCube (best-fit s,=3.2)

\ accretion shock model
(1) Y. Inoue et al.,
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fit infrared
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Neutrino Production Models

p+y—= Nr+ X
p+p—=>Nr+X

failed-wind or accretion shock
(S. Inoue, Cerruti, KM+ 22, Y. Inoue+ 20)
shear at the base of jets
(KM 22, Lemoine & Rieger 25)

magnetically-powered corona or jet base
(KM+ 20, Kheirandish, KM & Kimura 21)
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Particle Acceleration in Magnetized, Turbulent Coronae

B=PgIPB <0.11 (Gp >~ 001) 108
—-B>103G
0.5
103
0.25 .
-0 By
JPoH Q)
—0.25
—0.5

w. Athena++
Bambic, Quataert & Kunz 23 MNRAS

local MHD simulation

tC, ee - ===t

KM, Kimura & Meszaros 20 PRL
10'42 1643 10’44 10'45 10'46
Ly [erg s71]

Tp~TVir~1O11-1O12 K@ R~10 Rg
Te ~ 108-10° K (< 1:Comp ~ theat)

T, < T, (two-temperature corona)

collisionless for protons



Multimessenger Implications for Coronae as v Production Sites

Multimessenger constraints are improved by updated Fermi-LAT analyses (Ajello, KM & McDaniel 23 ApJL)
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If v emission comes from X-ray coronae, plasma should be magnetically dominated
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Neutrinos Can Probe Particle Acceleration in Coronae

Kheirandish, KM & Kimura 21 ApJ
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Particle Acceleration: Fast or Slow?

py—pe*e- (Bethe-Heitler process) is important for protons producing 1-10 TeV vs
(KM, Kimura & Meszaros 20 PRL)
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Particle Acceleration Mechanism in Coronae (Extra)?

stochastic acc. in 3D global MHD simulations

Magnetic energy in 8 = /2 plane
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High-energy neutrinos now meet the frontier of astroplasma physics

stochastic acc. in 3D PIC simulations
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y Rays Must Not Be Gone: Hints & Future MeV y-Ray Tests

Ajello, KM & McDaniel 23 ApJL
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« Corona model prediction: cascade y rays should appear in the MeV range
« Fermi y-ray observation: sub-GeV “excess” over the starburst component




Other AGNs?

« - Corona model prediction: v luminosity ~ intrinsic X-ray luminosity
brightest in north: NGC 1068, NGC 4151
brightest in south: NGC 4945, Circinus

- lceCube v TeV excess: (IceCube Collaboration 24a, 24b, 24c)

(KM+ 20 PRL, KM+ 24 ApJL)

NGC 1068 (~4c), NGC 4151 (~30), Circinus (~3c for AGNSs in south)

- Fermi y-ray sub-GeV excess:
NGC 1068, NGC 4945

NGC 4151
1077
T 10784
IU) AMEGOx |
IE —/\_\ e-ASTROGAM /’/: - \
(@) 10—9 //’ v \\
> . ,/ 4
Q 4 \ \
o l,/ I \ ‘\
- /T \
Ly /// \
L / 1 \
w 10710 ,""I_ = = Coronal v (Model A)
T == Coronal y (Model A)
, ---- Coronal v (Model B)
01 e NN\ T, Coronal y (Model B)
10731072 107! 10° 10%' 102 10® 10% 10> 10°

E [GeV]
Model A: same as NGC 1068
Model B: Pcr/P,;;=8%

EF: [GeV cm~2s71]

=
o
|

-

o

NGC 4945

=
9
oo

=
9
o

-11

\ ‘:
= = Coronal v (Modél A)
=== Coronal .y (Model A)
, ---- Coronal v (Model B)
7 / —— Coronal y (Model B)

10-310-2 10~ 10° 10° 107 10° 10* 105 106

E [GeV]

KM, Karwin, Kimura, Ajello & Buson 24 ApJL



»

- Thank you ve
s e ‘.‘1;.-_,- s .5 '




