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Era of Multi-Messenger Astroparticle Physics

Gamma Rays
Fermi, HAWC,
HESS, MAGIC, VERITAS, CTA etc.

Cosmic Rays

Neutrinos
IceCube, KM3Net ZAMEL¢AAMS-02
Super-K etc. uge, ,, etc.

Gravitational Waves
LIGO, Virgo, KAGRA

Livingston

taken from lceCube homepage



Gamma-Ray Astrophysics in the Fermi Era (2008-)

Fermi satellite

3FGL (4-year)
3033 sources

PRt g
O X X

o No association Possible association with SNR or PWN x AGN
¥ Pulsar 4 Globular cluster * Starburst Galaxy © PWN
= Binary + Galaxy o SNR #* Nova
= Star—forming region




Discovery of High-Energy Neutrinos (2013)

Neutrino (v): mysterious subatomic particle w. tiny mass

» Discovery of neutrino mass (2015 Nobel prize)
1 found in observations of neutrinos from cosmic rays

» “Ghost particle”: interaction is 10,000 weaker than electromagnetic force
« High-energy v from space: discovered by the lceCube experiment
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Discovery of Gravitational Waves (2016)

Gravitational wave (GW): ripples of spacetime

« Very tiny distortion: gravitational force is much weaker
— source: neutron star, black hole (1993 Nobel Prize)

“Einsteins’ 100-yr homework”:
distortion is 1/10,000 of the atomic size for the entire Earth

GWs from black hole mergers: discovered by Advanced-LIGO

WHAT ARE GRAVITATIONAL WAVES?

Advanced-LIGO




Discovery of Binary Neutron Star Merger (2017)
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of Blazar Neutrino Flare (2018)

no simple picture

neutrino

gamma ray
X-ray
optical/UV
radio




Diversity of High-Energy Transients

blazar flare tidal disruption event

. ..v’ y

~ engine-driven
supernova

neutron star ./}

long gamma-ray burst

; "7!13)!53;'9..“3(1115; supernova

e vy

V, ¥

short gamma-ray burst
neutron star merger

double black hole merger

from KM & Bartos 19



Real-Time Alerts & Follow-Up Observations

DO NOT miss interesting v & GW events!
Astrophysical Multimessenger Observatory Network (AMON
- pipelines to send “public” alerts

- v—y subthreshold events (in near future)

Light (elemag)

Cosmic-ray
(strong force)

s P R
wosPHE
At

PENNSTATE

Advanced-LIGO



Importance of Source Modeling

. Dynamics (hydro scale)
outflow launch & propagation (energetics, velocity)
composition (baryon, pair, magnetic field)

dissipation (shocks, reconnection etc.)

. Particle acceleration (plasma scale)
shock acceleration, reconnection, electric field etc.

. Particle interactions (elementary processes)
eptonic process

nadronic processes

neating & thermal radiation

Rich astrophysical EM data are often available




8e+09

4e+09

-4e+09

-8e+09

0 2e+10 4e+10

Source Dynamics?

HD, MHD, RHD, RMHD
(H: hydro, M: magneto, R: radiation)

ex. supernova remnants — Sedov-Taylor solution
ex. GRB afterglow — Blandford-McKee solution

Single zone model is often used for HE sources
AGN jet (Matthew+ 18)

GRB jet (Mizuta & loka 13)

Z (Cm) ’ . r (kpe) i e kpe x (kpe) = {kpe)
> - > - Ty |
1 2 0 i 5 1 0.5 0 0.6 05 0 061
we(p) log(M) /e



Importance of Source Modeling

. Dynamics (hydro scale)
outflow launch & propagation (energetics, velocity)
composition (baryon, pair, magnetic field)

dissipation (shocks, reconnection etc.)

. Particle acceleration (plasma scale)
shock acceleration, reconnection, electric field etc.

. Particle interactions (elementary processes)
eptonic process

nadronic processes

neating & thermal radiation

Rich astrophysical EM data are often available




How are Cosmic Rays Accelerated?

(Fermi 1949 PR)

stochastic acceleration

“Fermi mechanism” P TR
first-order Fermi o
Shock Front Uk
Upstream f . A
P o Downstream second-order Fermi

(original)

) shock=convergihg flows of plasma E; clouds, turbulence
power-law spectrum: dN/dp « p (s~2 for shock acc.)



Particle Acceleration in Jets?

Origin of relativistic particles inside jets is under debate

« Jet: launched as Poynting-dominated
(e.g., Blandford-Znajek mechanism)

« Maybe many pairs (1<n./n,<1000)

N ° Toroidal-dominated at larger distances
-> quasi-perpendicular shocks

« Emission region: particle-dominated
but magnetized

* |nefficient shock acceleration for

relativistic magnetized shocks
(Sironi et al. 13, Bell et al. 18 etc.)

magnetic reconnection?

McKinney & Blandford 09



Importance of Source Modeling

. Dynamics (hydro scale)
outflow launch & propagation (energetics, velocity)
composition (baryon, pair, magnetic field)

dissipation (shocks, reconnection etc.)

. Particle acceleration (plasma scale)
shock acceleration, reconnection, electric field etc.

. Particle interactions (elementary processes)

eptonic process
nadronic processes
neating & thermal radiation

Rich astrophysical EM data are often available




Radiation Processes

* Leptonic (electron/pair-induced) processes

synchrotron process Inverse-Compton process
B
® LE‘:yé-) VHE
Y Y
e C e

(two-photon annihilation, pair creation, bremsstrahlung etc.)

« Hadronic (ion-induced) processes
hadronuclear (pp) process photohadronic (py) process
e+

(proton synchrotron, Bethe-Heitler, photodisintegration etc.)



p+p — mesons +...

Gpp~1/m 2~30 mb

E,>>TeV
Inelasticity: « ~0.5
(energy-transfer fraction)

High multiplicity

Cross section (mb)
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proton energy in the rest frame of the other proton

z Fﬂ(z:,E'p)

z F“(z,E'p)

but in energy flux

+ 0.1 TeV

| A3
. 1:_ p—1OTeV

107" |
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A-resonance

AN ._ p+7y — mesons +...
€ osf § g
N &
o ¥} Cp,~0G,,~0.5 mb
0.3
*Threshold
02r m2
proton rest m; + —— ~ 145 MeV
2my,
) ——
. . *A-resonance
_ ti-pion production , ,
£ = 2T 340 M
; EA = 2—% ~ 340 MeV
to A+direct
) g, 8, ~0.2 GeV?
Er=kE~02¢,
107 | T, wvvnno m *t
5 o 7 om0 i multi-pion production
- J ¢ ~ -
10-3 - !1 o - <§TC £1T> 0_5 £p
:l L1 1 l!!l IBBI l b 3 l il l L1 1 l L1 1 l L1 l:

02 03 04 05 06 07 08 0.9

E., (GeV) TC+:TC':TCO~1 1:1

—h



Neutrinos & Gammas from Pion Decay

" sy+y lifetime: 8.4x1017 s

dn,  mgc [ p Ldny 1 5 (e, fef 4t fey)mac?
dey " 22 Jn T g e T

Ex €y Jemin Pr A€ 2 2

nt - pt+v,(U,) lifetime: 2.6x10% s

(0,0
dn, _mxc (4o Ly oo e _ ifsre Jsime
de 2e7 min de g My 7T 2
14 v Er p7T T

pt - v,(v,) +v.(0,) +et lifetime: 2.2x106 s

dn, L1 fme/me)y — m_c 1
— / dy - / de, ———n, [90(3)FP.(y)g1(y)]
de, 0 Y Je,/y 2¢, Py

€,~€c~€,/4, € ~€,/2 (in absence of meson/muon cooling)



Example: Cosmogenic Neutrinos

~ -
~ -
...........

1C-86 (10yr)

P
He

Si
Fe

Se

S
-~
S
Se

.......
.* e

.
-
-
-
--------

107

from Ahlers & Hazlen

108 10°

E [GeV]

“Cosmogenic” neutrinos
(Berezinsky & Zatsepin 69 PLB)

Resonance condition:

E; ecug ~ 0.2 GeV?

Resonance energy: E; ~ 1020 eV
->E, ~0.05 E, ~5x10" eV

Spectrum:

Ev2 (Dv ~ Ev2 (E<EO)

(due to decay kinematics)

E 2 ®, ~ const (E>E))

(due to multi-pion production)

Nuclei lead to lower cosmogenic
neutrino fluxes

(e.g., KM & Beacom 10)



Astrophysical Extragalactic Scenarios

E,~ 0.04 E: PeV neutrino & 20-30 PeV CR nucleon energy

Cosmic-ray Accelerators
(ex. UHECR candidate sources)

Cosmic-ray Reservoirs

Starburst galaxy Galaxy group/cluster

Active galactic nuclei y-ray burst

. re_co{ ‘ e

p+y—= Nma+ X p+p—=Nr+X

20 E2 dxE-s
obs. photon spectra /7@ gas density &
& source size source size \ ,: CR

v

Sy~ScRrR

0.1TeV PeV 0.1 TeV PeV




Cosmic-Ray Accelerators

Active galactic nuclei y-ray burst

relativistic
outflow

ex. shocks in outflows
— electron acceleration
— radiation (ex. synchrotron)

CRs may or may not escape



Gamma-Ray Bursts

- ~10°' ergls Iin'y rays

- Relativistic jets

- Massive star deaths (long)
Compact object mergers (short)




“Classical” Internal-External Shock Scenario

(Baryonic Jet)
r~1013-155¢cm r>10"%cm
Interstellar
Medium
or
Stellar Wind

Lorentz Factor .
F>1 OO Luminosity

Bulk Kinetic energy \

! -
Shock dissipation

N

acceleration ) (magnetic field) heat , >
Time



HE Particle Production Sites

Meszaros (2001) External Shock
The Flow decelerating into
Internal Shock the surrounding medium

Collisions betw. diff.
_parts of theflow r

Inner jet inside a star Inner jet (prompt/flare) Afterglow
r<102cm,B>10°G r~1012-10%cm B ~10%6G r~104-10"7cm B~0.1-100 G
TeV-PeV v, noy PeV v, GeV-TeV y EeV v, GeV-TeV y
Meszaros & Waxman 01 PR  Waxman & Bahcall 97 PRL €.g., Waxman & Bahcall 00 ApJ
Razzaque et al. 03 PRL Dermer & Atoyan 03 PRL Dermer 02 ApJ

KM & Ioka 13 PRL KM & Nagataki 06 PRL KM 07 PRD



vF, (ergicm¥s)

vF, (erg/cm?s)

1078

107

GRB Prompt Emission

Fermi collaboration 10 ApJ Band function
B i S S S ~ broken power-law
F, o< v+

Time-averaged photon spectrum (-0.26 s to 37.50 s)

§. |||||m5 Illlmli llIllIlE

(a)-0.26st03.07s

“classical scenario”
= internal shock
+ synchrotron origin

eB
& vk = th2
m,c

(b) 3.07sto 1267 s

11 1 llllll -‘ llllllj,ll Illluul IIIIllll

T T T TTTIT;

(c) 1267st0 3750 s

T TTTTIT;
Lol

For U, ~ Ug=B?/8n
If emission radius
R T S T r~10"%cm - B ~104°G
10 10° 10 10 10 10
Enaegy (v) r: model-dependent

Sy,pk ~ O 1—1 MCV

T TTTTIT;
Lol

GRB 090217




10°°

vF, (erglem?s)
=
»

10-7 L

“doub

—

F=[keV cm?s!

o
o

1000

T =TT =TT

GRB 09

0902B.

ANOND

10°
Energy [keV]

sl
10*

10°

Evidence for Thermal Components

“modified” thermal emission or possible black-body in broken power law

1 1 I\IIIIII

N
N

LI D WL

1 1 II:lIIII

0.01 0.1

E [MeV]

Peer & Ryde 16, Beloborodov & Meszaros 17



Prompt Emission Models

“Classical” scenario

Wolf-Rayet star r~1013-10">5 cm External shock
R~10"-10"2 cm Problems r~1016-1017 cm
- spectrum

- empirical relations

- rad. efficiency ‘ g ?

Internal shock
w. modified physics
Photosphere r~41013-10155 cm
(tr=no(rT)=1) (wide range)
r~1011-1013 cm magnetic dissipation
(photospheric radius) ex. r~101°-10'7 cm

(model-dependent)

OO

aB
‘""Ttagppgummunnnnt®



Basics of vand y-ray Emission

CR Spectrum (Fermi mechanism) Photon Spectrum (observed)
A A
2 Key parameter £,2N(g,)
£, N(ap) -
2-p~0 ___CRloading | 2-6~-0
EnecrE€p?N(gp) 2-0~1.0
~Ey,pk°N(Ey,pk)
total ECR~20EHECR ’ ’
X &
Y >’
~I'GeV 1085eV 10203eV e, o~ 1 MeV € max
. Photomeson Production
ozl A-Resonance — p+y—=n+7nt fip ~ 0.2

p+v—=>Nrm+X & ~(04-06)

10g(G, [mb)

at A-resonance (g, £, ~ 0.2 '2 GeV?)
£,°~ 0.2 GeV Mg, ,c~ 20 PeV

Photomeson production efficiency
~ effective optical depth for py process

-1 0 1 2 3 4 5 6 7 o~ ’ o -1 17-2
log(s [GeV]) fPY 02 n YGPV (r/F) '

(in proton rest frame) oc [+4 5t (if r~17 8t)




Meson Spectrum _
N pion energy £,~ 0.2 g,

break energy £~ 0.04 GeV?2 '?/g, , ~ 4 PeV
o-1~0
"’fpyEHECR "
HE charged mesons
320 (meson cooling time) < (meson life time)
e b g sy £, — suppression at high energies
1L waxman & Bahcall, PRL (1997) ||
Tt —=u +v (v
, i . M _M( Mz A , ..77:0 s y+)/
&*N(e) w—e+v,(v,)+v, (v,) |&NeE)
o-1~0 o-1~0
p-1~1 1-3~-2.0 B-1~1
>
evb 8vﬂsyn S'Yb eymax
neutrino energy €, ~0.25¢,~0.05 ¢, y-ray energy €,~0.5¢,~0.1¢,
v lower break energy €,* ~ 1 PeV *y lower break energy &.,° ~ 2 PeV

*v higher break energy g,y ~ 25 PeV °Y maximum energy g max ~ 0.1 g max



Single-Zone Analytic vs Numerical Modeling

before neutrino mixing after neutrino mixing

9 ! J J | J I l ' _ThelceCluk;e”(‘i:JIIabc;ratilor:I”“I T Y
g | r=5.4x10%cem . |
R i .—_' ’— - '\@ ~3 _5 10 s :— Numerical result
7F TN :
>6 T
[ 5
S5 B 1ol
o O, F
plV 15
o 3 [ from single © u
A from single p -------
2 from double w -------- T 105k
= from double p -------- :
1+ frommultit ---~ 7
0 frorlnmultilu 0 | A A A N EEN SR VA
10° 10* 10° 10° 107 10°
0 1 2 3 4 5 6 7 8 9 E, [GeV]

log(e, [GeV])

He, Liu, Wang, Nagataki, KM & Dai 12 ApJ
KM & Nagataki 06 PRD e, Liu, YVang, Nagataxi ai 12 Ap

see also Hummer, Baerwald & Winter 12 PRL

Multipion/higher resonances are relevant for hard spectra (<1)
(more important for thermal spectra)



One-Zone vs Single Zone Modeling

t=0

10-8

IC 2016
GRB limit

10-°

Subphotosph. extrap.
.

i, ONE-ZONE

Multi-zone

10-10
10-11
10-12
10-13
10-14

E*J, [GeVem—2stsr]

=15V . .. T T B ST (REEET BrE a
9 10210310410>10610710810°1010
E [GeV]

Bustamante, Baerwald, KM, & Winter 15 Nature Comm.
Bustamante, Heinze, KM & Winter 17 ApJ




HE Particle Production Sites

Meszaros (2001) External Shock
The Flow decelerating into
Internal Shock the surrounding medium

Collisions betw. diff.
_parts of theflow r

Inner jet inside a star Inner jet (prompt/flare) Afterglow
r<102cm,B>10°G r~1012-10%cm B ~10%6G r~104-10"7cm B~0.1-100 G
TeV-PeV v, noy PeV v, GeV-TeV y EeV v, GeV-TeV y
Meszaros & Waxman 01 PR  Waxman & Bahcall 97 PRL €.g., Waxman & Bahcall 00 ApJ
Razzaque et al. 03 PRL Dermer & Atoyan 03 PRL Dermer 02 ApJ

KM & Ioka 13 PRL KM & Nagataki 06 PRL KM 07 PRD



Afterglow Theory

1. Dynamics — Blandford-McKee solution
2. Acceleration — power-law (shock acceleration of electrons)
3. synchrotron (+ inverse Compton)

I . v . v . v v ,‘ 10':'
a a

' ’ ¥ ]
'aml'?:'.?\ ng | ’ngh"*_?queﬂ‘:‘f Meszaros & Rees 97
L © | Sari+ 98
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spectrum light curve
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 Fitting parameters: (E,s°, ¢, €g, n; S)

. LGRB: E,59~1053-1054 erg, £,~0.01-0.1,
£n~104-10-3, 5~2.2



Evidence for Jets

Break time

Relativistic
Jet opening Bﬁef’,ts
angle
—
- —
Gamma-ray
burst
r-
8
|
6
4
¢ 2
Brightness 0
6
4 7
<]
¢ 7
nne 1049 105 105! 105 1058 105

Energy (erg)



« Strong evidence for off-axis jet

Golden Example: GW170817

Jet—ISM Sh()(,k (Aftcn aglow)

Optical (hours—day

3 Merger Ejecta

N

/ Tidal Tail & Disk Wind |

. ” pre— /: 0.1-03¢
- o \
d / ) - { |
8 s 5 J f /
= f

« Beautiful synchrotron
(Lorentz factor: I'~3-10)
¢ s~2.2,n~10°-10"*

Frequency (Hz)

Metzger & Berger 12 [ “ 1 '10 T T T T T ]
x ]
/q B Margutti+ 18
Ejecta—ISM Shock \“ )
(5/ Radio (years) ~ o ~
" 10° . t= 160 dJ
- le—3 To &:
(.g?),floﬂ(w,‘id N rJ\/ 3(\ e .
| Bv? S~ t= 110 d{
r\;n/ S R N ]
“' ‘ 3 %-
;l [ NI g
/ o .
[ 9] ~ .
£ f o ~
/I/K { x 10°°| M - t= 15 d _|
V. A oo =1 _ S
| = xle=7 L,
® Radio
oL * Optical /NIR t=9d |
® X—rays > \??ﬂ
r----Afterglow: FVAI/_O'G ‘T:
--------- Kilonova
Cm-3 T S I IR T fh
10® 10" 102 10" 10'® 10'®



Evidence for Long-Lasting Central Engines

GRB 060607
-5
D "9 [ Tererecezns | :
o o 106} o
V- _ BAT =
& " 107 peas 15-150 keV 2
) Ny e o 3
£ © : -8 il <
:; |9 £ 10 §"
- o -9
3 g 10 :
> x 10‘10 g
S ¢ S RT data (PC) ——— o
=z |o = BAT data — = ]
% o 3 10-11 XRT data (WT) XRT .i
2 S 12 . 0.3-10 keV ‘
S o 5 I
- '13
"|2 19 10
S Burrows et al. (07) 107
4 10'15 L ! I I I I‘l ! I
0.1 1 10 100 1000 10 107 100 10 10° 10° 10* 10°
time since burst (s) T Time since T, [sec]

 Energetic (Eqgre ~ 0.1-1 Eggrgy)

« O0t>~10%3s, 6t/T <1 — internal dissipation

* Flaring in the softer energy range (far-UV/X-ray/y-ray)

« Lower Lorentz factors (maybe)

« Common (at least 1/3-1/2 of LGRBSs) (also seen in SGRBs)
« Mechanism: fallback disk or long-lived magnetar
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Neutrino Afterglow Emission

Afterglows are typically explained by external shock scenario
Flares and early afterglows may come from internal dissipation

UHECRs may be accelerated during the afterglow phase

KM & Nagataki 06 PRL, KM 07 PRD

I I ! [ ! [ ! N
Flare/Late Prompt ——— —/} Inner jet protons + flare x rays

Hhﬁ%&g'&%&ﬁ%&g% — (normalized by 10% of UHECR budget)

ows__

y ES protons + ES opt-x rays

[ceCube ) :
stellar wind medium

........ X (normalized by UHECR budget)

ES protons + ES opt-x rays
interstellar medium

(normalized by UHECR budget)

4 5 6 7 8 9 10
log(E, [GeV])

Forward shock is unlikely to accelerate CRs up to UHECR energies
Reverse shock emission is mildly relativistic and feasible



GeV-TeV Gamma Rays?

Hard component comes later (external shock component?)
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vF, (ergicn¥/s)
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First time detection of a GRB at sub-TeV energies;
MAGIC detects the GRB 190114C
ATel #12390; Razmik Mirzoyan on behalf of the MAGIC Collaboration

on 15 Jan 2019; 01:03 UT
Credential Certification: Razmik Mirzoyan (Razmik.Mirzoyan@mpp.mpg.de)
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Active Galactic Nuclei

AGN

jets of radio-loud AGN (including blazars) o |
weak jets of radio-quiet AGN Rad""w*c’“d
knots, cocoon & hotspot of radio galaxies Rt

accretion disk/coronae of AGN /\ Galexles / ﬁ‘jﬁrs

disk-driven outflows Seyfert QSO Weak Strong
black hole magnetosphere of low-luminosity AGN Bd,/\ Nmow V% N

Lines Lines

misaligned aligned FR1 aligned FR2
T FR 1 FR2 BLLac Flat Spectrum
Mc*®/Lgaq Radio-Quiet Radio-Loud sy1 Sy 2 Objects Radio Quasars
(FSRQ)

High Luminosit

Low Luminosit

FR2 Radio Galaxies
Seyferts and QSOs and FSRQs

Low Luminosity AGNs FR1 Radio Galaxies
Dead quasars and BL Lac Objects
Sgr A*

3

Y

a/M (?)



Particle Acceleration in AGN Jets?

Inner jet (blazar zone) Large-scale jet, cocoon, hot spot
r~101%-107 cm, B ~0.1-100 G, I" ~ 10 r~10%-102' cm, B ~ 1uG -1 mG,I"' ~ 1

HELICAL MAGNETIC FIELD O O

STANDING
CONICAL SHOCK
/AR MM MM-OPTICAL

SHOCK/ SUPERLU AL KNOT

RADIO —>

"vv

VVV

CHAC

......

EMISSION-LINE CLOUDS
( X ) BROAD NARROW O O
g 8. a. a. a.
= g é cé é from Marscher
| | | I |

Hillas condition: E, ., ~ZeBrI" ~3x10" eV Z (I'/10) (B/0.1 G) (r/10'7 ¢cm)



Blazars: Success of Multiwavelength Observations

Spectral energy distribution (SED): typically “two hump” structure

BL Lac objects (BL Lacs)
vy emission up to TeV energies
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Flat-spectrum quasars (FSRQs)

mostly ve,n<10' Hz, GeV break
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Leptonic Scenario

Broadband HE radiation: relativistic electrons accelerated in magnetized jets

LE hump = synchrotron emission (B’ ~ 0.1-1 G)
HE hump = synchrotron self-Compton (SSC) or external inverse-Compton (EIC)

BL Lacs
synchrotron/SSC fitting
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FSRQs

synchrotron/SSC+EIC model fits
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» Basic tool: one-zone syn./SSC model w. syn. self-absorption and internal yy
« EIC target: bloadline regions (BLR), dust torus, (scattered) accretion disk



Intra-Source Cascades

VHE v/e injection by cosmic rays
py meson production

VHE y

fyr; ° LEIYY; o 5% VHE
o(A) _=E:f’//i+e+ ._il_»,//”///J\AfV\I :

p(A) p

Bethe-Heitler process

ery—- ety (IC)
e+ B—e+y(syn)

.
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e VHE y
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(Lepto-)Hadronic Scenario?
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* Nonthermal synchrotron radiation
from primary electrons for radio

e through optical (low-energy hump)

« Cascades via photomeson production
p+y — p/n, Tt — p/n,v, vy, e

« Proton and ion synchrotron radiation
p+B — pty

“SEDs can usually be fitted by both
leptonic and leptohadronic scenarios”
caveats:
- large CR power is necessary
(L,~10%7-10%° erg/s ~ 10°-10° L,)
- much more free parameters

smoking gun? -> neutrinos!



Photomeson Production in AGN Jets

YV (IR)
accretion disk .

(UV, X)
C

>
‘ cosmic ray blazar!
| : >

KM, Inoue & Dermer 14

bIazar zone broadline region o — :
(broadband) (opt, UV) g i/‘
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B T S R S
E" ~ 0.05E", = 80 PeV I'}(E}/10 eV)™! inner jet photons
py > A* > +N E"} = 0.05(0.5m,c*&x/Ep; ) = 0.78 PeV BLR photons

E'> = 0.066 EeV(T1gr/500 K)~! IR dust photons



Ex. Neutrinos from FSRQs
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48 B I'=30, 'ka: 1075, tvar: 104s ;
. vapk‘sy": 10" ergs™ L
46 b=1, Vpk,14=0'1 |

log, [4nL(e.2) erg s”]

1012 1013 1014 ‘ 1015
EV(eV)
interactions w. internal radiation field (A-res.+direct prod.)

- —471s —4 ¢,7—1 -
fp’Y(E]/J) ~ 7.8 x 10 Lrad,45F1 5t/5 (E‘;/lo eV) { (E/ /E/b)ﬂl_l

1018

effective optical depth for py:
f,, ~ n(x,0,,)(I'cot)

—1
B,/

interactions w. external radiation fields (A-res.+multi-pion)
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independent of I
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ex. Ly L2

cf. hadronic scenario (saturated)
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‘Blazar sequence” (Fossati+ 98)

softer spectra at higher L
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LSP: powerful S HSP: weak
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Relativistic Jet Sources: Summary

Source physics is important

Rich EM data are available: do not ignore
GRBs and blazars - motivated by GW170817 & IlceCube-170922A

HE neutrino & gamma-ray emissions

GRB?

Prompt: internal dissipation — thermal + heating/acceleration
Afterglow: external shock emission — successful theory
Evidence for long-lasting central engines

Blazar?

Blazar emission: internal dissipation - leptonic vs hadronic
FSRQs: external radiation fields relevant



1.

Problems for Discussion

How likely can we detect HE neutrinos
from GW170817 if on-axis

(suppl.1): check the afterglow theory
(suppl.2): check the relevance of pp

Estimate photomeson production efficiency for
TXS 0506+056 and required power of CRs

(suppl.1): check the yy optical depth
(suppl.2): check the Bethe-Heitler optical depth



2 Frames, 3 Time Scales

L

Ceniral Relativistic Observer
engine shell

- Bp)dt ~ dt /2T* = dr/(2%c) ,

dt’ = (;‘If:-'T = dt/T'(1 — Bu) = Ddt ~ 2T'dt
D = [I'(1 — ,'13;1,)]_1




GW170817
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Parameters

Parameters I L;"_is0 (ergs™h - o (erg) Tdiss (€M) E, o (keV) Energy Band (keV)
EE-mod 30 3 x 10" 10°! 10" 1 0.3-10
EE-opt 10 3 x 10 10°! 3% 10" 10 0.3-10
Prompt 10° 10%! 10°! 3% 10" 500 10-10°
Flare 30 10* 3 x 10°° 3 x 10™ 0.3 0.3-10
Plateau 30 10" 3 x 10% 3 x 10" 0.1 0.3-10
Quantities B (G) L, o (erg s7h 8, iso (erg) E, v (EeV) E, , (EeV) E, . (EeV)
EE-mod 29 x 10° 1.2 x 10% 3.8 x 10° 21 0.020 0.28
EE-opt 5.0 x 10* 3.4 x 10% 1.1 x 10> 6.0 39 x 107* 54 %107
Prompt 6.7 x 10° 6.1 x 10° 6.1 x 10” 60 0.29 4.0
Flare 5.3 x 10° 3.5 x 10% 1.0 x 10°! 25 0.11 1.5
Plateau 1.8 x 10° 3.8 x 10¥ 1.1 x 10°! 13 0.33 4.6
v, ~ sup T ” ~
z P P p Ve Uy o/ pyJsupm Jsup p P
dE, 8 dE a’E dE a’E
1 P Ve Yy
Gy 15 = cb —(cb +¢) )
Vet Ve Vet T, v+, V4T,
by 1p = —¢ —<¢ +é )
Vl’-+yﬂ- Vet V/1+V/ Vrt+Ur



Neutrinos Coinciding w. Gravitational Waves?

GW170817: supporting the NS merger origin of short GRBs

N

| . .

S EE (moderate) —-—-= Prompt Emission Kllmura, KM, Meszaros & Kiuch 17 ApJL

o 10-3/———- EE(optimistic) —— — Plateau used in ANTARES-IceCube-Auger-LIGO-VIRGO
A X-ray Flare The Detection Probabilities within a Given Time Interval, Par

s 107%y - 300 MpC | NSNS (AT = 10 years) IC (all) Gen? (all)
N - ~

L EE-mod-dist-A 0.11-0.25 0.37-0.69
S EE-mod-dist-B 0.16-0.35 0.44-0.77
S EE-opt-dist-A 0.76-0.97 0.98-1.00
2 EE-opt-dist-B 0.65-0.93 0.93-1.00
2 NS-BH (AT = 5 years) IC (all) Gen2 (all)
-

o EE-mod-dist-A 0.12-0.28 0.45-0.88
c . EE-mod-dist-B 0.18-0.39 0.57-0.88
s 108+ —4%-r—tt e\ EE-opt-dist-A 0.85-0.99 1.00-1.00
2 103 10* 10> 10®° 107 10®  10° EE-opt-dist-B 0.77-0.97 0.99-1.00

Neutrino energy E, [GeV]

« GW170817: off-axis (~30 deg) so SGRB models are OK

(unlikely to be a long-lived fast-spinning magnetar)

« (Gen-2 can see ~a few events/decade coinciding w. GW signals
- UHE v detectors should look (~1/yr for A.z=101" cm? at EeV)



Neutrinos Coinciding w. Gravitational Waves?

GW170817: supporting the NS merger origin of short GRBs

GW170817 Neutrino limits (fluence per flavor: v, +7y)

ANTARES, IceCube, Auger, & LIGO-Virgo ApJL 17

SO
IceCube up-goin “’“?f; ©
RO

theoretical models

—— GW (90% CL)
NGC 4993
neutrino candidate (IceCube)
neutrino candidate (ANTARES)
= IceCube horizon
ANTARES horizon
[ 1Auger FoV (Earth-skimming)

+
X
'

[T Auger FoV (down-going)

short GRB jets (Kimura, KM, Meszaros & Kiuchi 17)
magnetar in the ejecta (Fang & Metzger 17)

(see also KM, Zhang & Meszaros 09)
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« GW170817: off-axis (~30 deg): the models are still consistent
« On-axis events coinciding w. GW signals could be seen



“Tale” of Past Galactic Neutron Merger Remnants?

E20 [GeV cm~2 s 1 sr 1]

Kimura,

— = BNSMRSs
total

m— = = |JHECR component
GeV—-PeV component

10—3 ]

- 108
E [GeV]
KM & Meszaros 18 ApJ

106 107

GW170817 confirmed
transrelativistic ejecta w. V~0.2-0.3c
-> E,max ~ 30 PeV >> knee

TALE spectrum:
second knee at ~10'7 eV
break at ~1076-2 gV
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IceCube-170922A



Blazar Flares?
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R 5.b=2 6.b=05 /% ' - .
© 46 2 NN 1. Observational reason:
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g 2. Theoretical reason
g “enhanced” jet power + target photons
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(see e.g., KM & Waxman 16, KM et al.18)
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IceCube 170922A & TXS 0506+056
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Our Observations of TXS 0506+056

Quasi-simultaneous SED
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TXS 0506+056 SED Modeling: Hadronic

Keivani, KM, Petropoulou, Fox et al. 2018 ApJ
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Swift-UVOT/X-Shooter,
Swift-XRT/NuSTAR
Fermi-LAT data

UVOT/X-Shooter
Veyn<3X1 014 Hz: ISP/LSP

v = n-induced cascade
F, ~ F,: ruled out

v = p-syn. from UHECRs
very low F,at 0.1-1 PeV

|C-170922A event
CANNOT be explained
by the hadronic scenario
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TXS 0506+056 SED Modeling: Leptonic

Keivani, KM, Petropoulou, Fox et al. 2018 ApJ

10%

el pergs™]

Swift-UVOT/X-Shooter,
Swift-XRT/NuSTAR
Fermi-LAT data

UVOT/X-Shooter
Veyn<3X1 014 Hz: ISP/LSP

Leptonic scenario
v = external IC emission

F, < (1-2)x10-'2 erg/cm?/s
eplee > 300
E..x<03ZEeV

N,~0.02/yr (real-time)
N,~0.2/yr (point-source)



2014-2015 Neutrino Flare

IceCube 2018 Science

IC40 IC59 IC79 IC86a IC86b IC86¢
5 ‘ I I I I B — .
+ IceCube-170922A A 4o
o o Gaussian Analysis \ ~13 events (~3.50)
- 3« = Box=shaped Analysis | | o
o".)- .
o 2= .
| = 20
1 | .} 10
0 ey _W’_'—_L"“ - - } .
2009 2010 2011 2012 2013 2014 2015 2016 2017 170922A

Single-zone models predict F,~10-1° erg/cm?/s by cascades
(violating Swift-BAT limit)
KM, Oikinomou & Petropoulou 18 ApJ

: confirmed by numerical studies:
Vs A\ E Rodrigues et al. 18
\o L..!,/ ,: : Reimer et al. 18

"l‘%w WA 3 Petropoulou, KM et al. in prep.

vF, [ergecm™? s

No simple picture

Petropoulou, KM+ in prep.



Multi-Zone Picture?

Problems
- Severe X-ray constraints on the maximum neutrino flux
- Severe CR power requirement for low v production efficiency

cascade I\/

Relaxing X-ray suppression?
scattered emission? 1. Anisotropic cascades
(isotropization & time delay)
2. Avoiding Bethe-Heitler
(for neutron beams)
3. Scattering (N>10%° cm)

cloud?

Efficient v production?
1. External radiation fields
2. pp interactions w. clouds

star?
BLR cloud?

see
KM, Oikinomou & Petropoulou 18 ApJ

Need more information: X-ray/y-ray monitoring, X-ray/y-ray polarization



Open Questions

Source physics
« Gamma-ray origin: leptonic vs hadronic?

 CR acceleration process & magnetic fields?
« Jet properties (total power composition etc.)
« What can we learn about engines (jet-disk connection)?

Origins of extragalactic background emissions
« Can AGN jets be the dominant origin of UHECRSs?

« Can be blazars be the dominant origin of HE neutrinos?

 Interplay of BL Lacs, FSRQs, FR | galaxies & FR galaxies etc.?



Blazars as Powerful EeV v Sources

Blazar (radio galaxy) = BL Lacs (FR-l) + FSRQs (FR-II)
FSRQs: efficient v production, dominant in the neutrino sky
BL Lacs: |neff|C|ent Y productlon dominant in the UHECR sky as FR-|

|
o Atm. v, BLR/DustTorus .
’\ L Blazar Zone ..............
‘\
- IceCube 2013 . — k=50 7

| Waxman- Bahcall |

u':c'n'\nc'mc'n
|

—
o

Iog(EV2 ®, [GeV cm?stsrl)
—
=

1
=
N

KM, Inoue & Dermer 14 PRD

11

log(E,, [GeV])
Unique v spectrum: PeV v by BLR photons & EeV v by dust IR photons

Only bright FSRQs are dominant -> promising source identification
Consistent w. IceCube (1-10% at PeV), UHECRSs are isotropized at kpc-Mpc



HE Neutrinos from AGN Jets: Constraints

Standard simplest jet models as UHECR accelerators: many constraints...
- Blazars: power-law CR spectra & known SEDs— hard spectral shape

10_5 F i L 1 |
F HZ97 (Blazar) — — — ]
MPERSO3 (LBL) .............. - N
_ MPERSO3 (HBL) -~ 7 .
" 106 PPGR15 (BL Lacg e / _
7 t MID14 (Blazar w. §,=3) —— // E
c;“’ - MID14 (Blazar w. £5=50) - 1 leptonic w, neutrino norm,
s 1 BL Lacs + FSRQs
S 10 E
% 1 lepto-hadronic w. y-ray norm.
O, 1 BL Lacs (w.o. external fields)
=l
o 100 | 1 leptonic w. UHECR norm.
1 BL Lacs + FSRQs
10
10

from KM 1511.01590 E [GeV]



HE Neutrinos from AGN Jets: Constraints

Standard simplest jet models as UHECR accelerators: many constraints...
- Blazars: power-law CR spectra & known SEDs— hard spectral shape
lceCube 9-yr EHE analyses give a limit of <108 GeV cm=~? s' sr' at 10 PeV

10-7? _— ?n%é: (I:hur?odel-depen‘d’egt_ uL_ . ] T T I E
E e Slazar) ——— ]
T 10°----o . S (LBL) .............. o — N
o 10°E —— Ahlers best-fit 3EeV ( HB |_) -------------- Ve -
7] E m— Ahlers best-fit 10EeV
% £ = Kotera FRI L Lac) ————— J
% 1010k Kotera SFR E — / =
S 10 E m== Murase AGN s=2.3 cr /
a} Padovani all BLLac Cr=50) - -
;ﬁ: 108 '——r————\ - Fang Pulsar SFR P
10° ! I /
o lceCube16PRL | - 7 T e
107 10° 10° 10" w0 T e
— E, [GeV] \
O,
o
-8
Al —
i, 10
IC-79/86
IceCubge
-9 . R
1 O L L L L
4 5 6 7
10 10 10 10 10°

from KM 1511.01590

1 leptonic w, neutrino norm,
1 BL Lacs + FSRQs

lepto-hadronic w. y-ray norm.
BL Lacs (w.o. external fields)

1 leptonic w. UHECR norm.

BL Lacs + FSRQs

(This model is still OKI)



Can Blazars Explain the IceCube Data?

10_55 . . T L
: TG15 —— -
PDPMR‘IS ..............
0L DMI14 -—-—
2 107 I IceCube
ILE) E _-...g“ _......,....
- PR Y
3 108 L g T R
S, | g \'r\——l
S I i N
oL -9 | é‘{”. 3
o107 : \ i
F | Wi
I | ; \\'\;‘.‘
10-10 -7 L A T
10% 10° 10° 107 108
E [GeV]

BL Lac — two-zone
1 BL Lac — one-zone
i FSRQ - external field

KM & Waxman 16 PRD

- Cutoff or steepening around a few PeV (ex. stochastic acceleration)
But the models give up the simultaneous explanation of UHECRs

- Neutrino data at <~100 TeV are not explained by proposed models
and there are constraints from stacking and clustering analyses
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Non-Thermal Photospheric Neutrinos

* Dissipative baryonic photosphere (e.g., Rees & Meszaros 05 ApJ)
=N o (r)~1-10 & f, = («,,0,,/07)T1 ~ 0.05-0.5
collisionless shocks require 1t<1-10 — f, > f

-2
| | | | | %p' §‘T=1§I ~~~~~~~~~~~~ '~ 7=1-10 (r ~ 1012-10125 cm)
3| y(tp=1) ——— - -
3 pp (-ch10) .............. F—102'5, Ue_UB
il py (17=10) — — -
= 4 | - T -
o PP P NN
; = T, \\_,\\ 1 If Eqris® ~ EYiSO ~ 10%35 erg
2 b //// “ AN 1 = #of us ~ 1-2 for GRB @z=0.1
N|.|J> TS/ \\ \\ 7
§ // Vo
- 8 A \ \\ i
9 I \I \ -
10 L | | | | | ', | KM,PRD(R),78,101302 (2008)

3
3 4 5 6 7 8 9 10
log(E, [GeV])

f,, > 1 (calorimetric) & UHECR acceleration is not necessary



Limitation of Shock Acceleration

Collisionless shock Radiation-mediated shock
] ) deceleration
Vi|°°'ty plasma processes Vilomty by radiation
<>

thermal energy

CR energT

downstream upstream downstream upstream

(m.f.p.) ~ r.(g,) > (shock width) (m.f.p.) ~ r.(g,) < (shock width)



Neutrinos Probe Dissipation Mechanisms

Collision w. compound flow (ex. Meszaros & Rees 00)

D|SS|pat|on
nucleons nucleons
(protons (protons - Internal shock
+neutrons) +neutrons)
Inelastic collision
N+n—n—y,v,e

Collision w. decoupled neutrons (ex. Bahcall & Meszaros 00, Beloborodov 10)

D|$S|pat|on
' Inelastlc colllsmn
proton flow neutron flow N+n—-n—y,v,e
after ryec



Quasi-Thermal Neutrinos from pn Collisions

* £,~0.1IT ¢m,c?~100 GeV(I'/500)(I",,/2): quasithermal
* pn collisional dissipation is unavoidable

£,29,~€,%0,: required to explain prompt emission

much less uncertainty in meson production efficiency

-2 | | | | 1 |
Quasithermal
25 _\‘\ 7 EkisoIEyiso=4
_ 3L ‘\‘\ i E7ISO=1053.5 erg
(o] \ — —
= sl | I'=600, 2=0.1
9 \
QO 4 -
=
W -45 | i
(@)] \
o 5L \ |
g, ~ 30-300 GeV
5.5 -
1 \'\I 1 1 1

-6
0 1 2 3 4 5 6 7
log(E [GeV]) KM, Kashiyama & Meszaros 13 PRL



Novel Acceleration Process in Neutron-Loaded Jets

“Neutron-Proton-Converter Acceleration” (perishev+ 03 PRD)
another Fermi acceleration mechanism without diffusion

time

downstream shock upstream

> &
> €¥—> €

neutron ---> proton GOOd news
@G O -Relevance in GRB jets inside stars

neutron injection
J (KM, Kashiyama & Meszaros 13 PRL)

proton ---> neutron

- works even if radiation mediated
neutron ---> proton
(an < GT)

- naturally injected
(neutron m.f.p. > shock width)

- guaranteed for n-loaded flows
insensitive to plasma physics)

proton ---> neutron

- slow process — TeV v



NPC Acceleration: Spectra & Effects

We first performed Monte Carlo simulations for test particles
* Nucleon spectra consisting of bumps rather than a power law
« >10% of incoming neutron energy can be used for NPC acc.

« Enhancement of the detectability of GeV-TeV neutrinos
Kashiyama, KM & Meszaros 13 PRL

1€ I I I I I I I I 3 -2 T ' ' ' 1 '
: N..=0 — 1 % Quasithermal
1-‘rel=5 ove =1 — ] ' Quasithermal+NPC — — -
- 1 =2 T
0.1 F =3 { = -
o
e
w - (@]
S K 1 @ \
2 ook L — 1 8. \ :
NLIJ C . i : ] Ne— \
w \
| 2 A
0.001 |} 4 = O 1
i \\ |
I ‘-\‘ \
0.0001 - ' . N | | |
0 05 1 15 2 25 3 35 4 45

_ 2 3 4 5 6 7
log(E [GeV]) comoving log(E [GeV])

nucleon spectra w.o. cooling neutrino spectra



Prospects for DeepCore+iceCube

 Including DeepCore is essential at 10-100 GeV

« Reducing atmospheric v background is essential
— select only bright GRBs w. > 10-° erg cm™

15 | | | . |
Quasithermal ——
______________ Quasitherma|+P|_
05, ]
A
= 0 i
foy
O
g | -0.5 -
3 ] | I -1 20 yr (~1000 GRBs) . -
£l ' T=600, z=1
8| | 15 S | ! -
©\ ' 1 2 3 4 5 6
log(E [GeV))

KM, Kashiyama & Meszaros 13 PRL



Possible Neutrino Production Sites

Meszaros (2001) External Shock
The Flow decelerating into
Internal Shock the surrounding medium

Collisions betw. diff.
_parts of theflow r

ner jet inside a st2 Inner jet (prompt/ﬂare) Afterglow
r<102cm,B>10°G r~1012-10%cm B ~10%6G r~104-10"7cm B~0.1-100 G
TeV-PeV v, noy PeV v, GeV-TeV y EeV v, GeV-TeV y
Meszaros & Waxman 01 PRL ~ Waxman & Bahcall 97 PRL e.g., Waxman & Bahcall 00 ApJ
Razzaque et al. 03 PRL Dermer & Atoyan 03 PRL Dermer 02 ApJ

KM & Ioka 13 PRL KM & Nagataki 06 PRL KM 07 PRD



Realistic Picture

Two pieces of important physics were overlooked

ellar envelope

=—x

/ Coccon

. Ballistic jets inside stars
— collimation shock & collimated jet

. CR acceleration at collisionless shocks
— |inefficient at radiation-mediated shocks

KM & loka 13 PRL




Jet Propagation inside a Star

« Jet propagation has been understood (cannot be ignored)
controlled by luminosity, duration, opening angle, and p(r)

|
8e+09

8-5 1. ram pressure balance at jet head
46409 | 05 2. cocoon dynamics
£, ! ; 3. collimation shocks
= 2 (Bromberg+ 11 ApJ, Mizuta & loka 13 ApJ)

-4e+09

-8e+09 -

0 Gucll 0 el jet head radius

shocked jet r, = 8.0 X 10° cm tS/SL%’SSZ(Qj/O.Z)_MSQ;i/s

T
.~
-~

........................................

cf. uncollimated shock

~ T2 g — 13 /2 —1/2 1

Mizuta & loka 13 ApJ

« Collimation is crucial for jets propagating in high-density environments

 Must be taken into account for neutrino emission from choked jets
jet-stalling condition L < L ;5: change by many order of magnitudes



SNe with Slow Jets (Failed GRBs)
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o
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Muon Energy E, [GeV] IceCube 11 A&A

Ando & Beacom 05 PRL

If CRs carry E¢g/*°~0.5x10°3 erg (GRB)
— # of us ~ 0 events (due to radiation mediated shocks)



“Radiation Constrain

ts” on Non-thermal Neutrino Production

| 10 |
= cm ———
3.5 | risgl(:)Lﬂ'5 cm -

3 F allowed region
(tr<1 at unshocked flow)

log(I)
N

.-
-
-
-
.

Al compac{ star (WoI'f-Rayet) KM & loka 13 PRL

«— big star (blue-super giant)

Thomson optical depth
’CT=neGTA oC LF_Z

suppression region

(t>1 atunshocked flow) | L. Kinetic luminosity

1E e .
‘‘‘‘‘‘‘‘‘ oy oGS (N 200D) [": Jet Lorentz factor
05 E ; * -
0 ] ] ] ] ]
47 48 49 50 51 52 53
log(L [erg/s])

e suppressed in typical GRBs

* Lower-power is better q> and powerful slow-jet SNe

* Bigger progenitor

favoring choked jets
(difficulty of penetration)

IS better



Basic Picture

Story of high-energy neutrino production

« Internal shock scenario
maybe CR acceleration (if collisionless) .
py interactions in inner jets, pp interactions are inefficient /y» < pi "5 =0.04
target photons by collimation-shocked jet (w. screening) & mnerjets
adiabatic losses during the expansion of the emission region and
will not interact w. stellar material (hot spot and cocoon)

» Collimation shock scenario
possible CR acceleration (if collisionless)
py interactions in collimation-shocked jets
target photons by collimation-shocked jet
little adiabatic losses due to the collimation and
pp interactions should occur during the advection

« Reverse shock scenario
CR acceleration is usually difficult

« Forward shock scenario
No CR acceleration (collisional)




Choked Jets as Hidden Neutrino Factories?

eutrinos 4 Precursor Neutrinos 4 Prompt Neutrinos <
| ? L.
4 Vo 8 ; vk )J v
v 1 i
/ Y ‘n} ! ((r
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Extended Extended Extended
Material Material Material
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