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1. A multi-messenger picture is the natural way




Exciting times!

First 1020 eV

cosmic ray

detected

O
IceCube
First 1015 eV
neutrinos
detected

BEEX H 0 B

New transients!

new TDEs, magnetar flares, blazar flares, FRBs,

gamma-ray bursts, superluminous SNe...

@® LIGO

First
gravitational
waves detected

Auger
Extragalactic
origin confirmed CR

Auger evidences large
scale anisotropy > 8 EeV

)
IceCube+Fermi+MAGIC

PeV neutrino

astronomy begins! \V
IC170922 in coincidence
with TXS 0506+056

¢ LIGO-Virgo+Fermi+many obs.
GW astronomy

begin! EiN

kilonova associated with
GW170817

And we still don't know the origin of UHECRSs 4



The complicated cosmic-ray journey

Source?
- particle injection?
- acceleration? shocks? Cosmic backgrounds
reconnection?... interactions on CMB, UV/opt/
IR photons

cosmogenic neutrino and
Outflow gamma-ray production
- structure?
- B?

- size? Intergalactic magnetic fields

magnetic deflection Source population
temporal & angular spread/shifts emissivity evolution

affects the diffuse
astroparticle fluxes

Backgrounds

- radiative? baryonic?

- evolution, density?

- magnetic field: deflections?

associated neutrino and
gamma-ray production

Observables

UHECR neutrinos multi-wavelength photons GW

- mass - flavors - spectral features - spectrum

- spectrum - spectrum time variabilities - arrival

- anisotropy - anisotropy angular spread directions
- time variabilities source distribution - time




Cosmic rays and friends

Gravitational waves

S P Fe

~n 5

¥

Neutrinos

- not deflected by magnetic fields

. allow us to see farther in the Universe
« allow us to see deeper in objects

o clear hadronic acceleration signature
 but: difficult to detect




A multi-messenger picture also looks like a natural way
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2. Tools for multi-messenger astrophysics

Secondary production channels



Photo-hadronic interactions

Dermer & Menon, Princeton University Press, 2009

Table 9.1 Multiplicities ¢ and Mean Fractional Energies x of Secondaries Formed

in Photomeson Production
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.hoto-hadronic Interaction timescale

invariant energy of interaction =
photon energy in proton rest frame

\/Sint = € = V€1 + S, 1)

1 | dy, 1 | dy, |/ df

P v, | dt v, | di [\dz

1 r 0 _ B
- L nu(E, Q) ¢ 6, (8) &, (8) de dO
P

_

&

C
Yo Jo 0 ~1

Sint = € = }/p€(1 +1Bp/z) —>

/Z:

barred quantities in proton rest frame

photon energy € = hv/meCZ
proton Lorentz factor y, = Ep/mpc2 — (1_13%))—1/2
angle between proton and photon: § & = cosf
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Photo-disintegration A + Viarget nucleus energy E, = y,Am,c”

102
: o cuepn B 0T For all these processes:
E,/A: energy per nucleon does not change
- 10" They don't all allow the direct production of
E 1 pions, but they produce o particles
= \ . —> pions (i.e. secondaries)
— [ Fe nuclei
£ 0 I “ = Total
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mean free path [Mpc]

Hadronic interactions
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Energy distribution of
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2. Tools for multi-messenger astrophysics

Maximum energies
& simple flux estimates
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Maximum cosmic ray energy at the source

For cosmic rays:

depends on
B strength
and structure

tayn ~ R/Bwl'we

’ 4
Lacc :/A tL\
depends on Larmor

acc. mechanism
and environment

A »1
A~ 1 atbest

time

e.g., Norman et al. 1995,
Waxman 1995,

Lyutikov & Ouyed 2005,
Waxman 2005

Lemoine & Waxman 2009

/ / /
tdyn’ lescs tlo S?

e.g., Guépin & KK (2017),
Guépin et al. (2018)
and many refs. therein

t/ tip: write all these timescales
e ¢« o Inthecomoving frame
agc (primed quantities)

photo-hadronic/hadronic interactions

synchrotron radiation in B

g 3mpc A3 1
sym-— dor  Ug Z4 o

= B"”/8x
magnetic energy density

inverse Compton
10*

3 Total S
10°4 ==~ Thomson /
102 1 — = Klein-Nishina ///
10" - / o
= 0 |
% 10 -
107!
1072
1073
1074

10~ 102 10° 102 101
T = €/mnc? | 4



Maximum cosmic ray energy at the source

For cosmic rays:

ct mean free path [cm]

/
! dyn’

t/

d

)

/ l_/
esc? “loss?

e.g., Guépin & KK (2017),
Guépin et al. (2018)
and many refs. therein

tip: write all these timescales
in the comoving frame
(primed quantities)

ge * v

Photopion
Bethe — Heitler
Inverse Compton

Synchrotron

Acceleration
Typical size

-
’/“"'“
--—”"“‘
"""" s,
5 .“‘ /‘
‘0\ ‘,
LR P 4
~ P
0. ,
— — — — A'_ — — 7,— — — —
\. h s
7 .\,
/, .\.
,/' '\.
106 108 1010 1012
v C. Guépin PhD (2019)



Secondary neutrino & gamma-ray energies

photo-hadronic interactions + + n

Tt — U — e v,+U,+U
A+7target_>N(7TO+7T++7T_) + X Ho 4 Tl ﬂ+ g
)= y+y

hadronic interactions
A+A . > NE+7zt+77) +X

1
E ~—FE,/A
T SA

target
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- Neutrino energies at the source  pion & muon cooling
In dense environments

P + ytarget —>n+ 72'-:_

/1 ‘§<++vﬂ—>e++ve+17ﬂ+vﬂ
4 \l

cascades synchrotron cooling

no HE Vv no HE Vv
Ty

Decoene et al. (2020) \

)
—_
-
%
/
/

Mean Free fPath (cm

1010 1013
v (Lorentz factor)

Example: pions in a kilonova ejecta
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Maximum neutrino energy for transient sources  Guépin& Kk 2017)

Guépin, KK, Oikonomou, Nat. subm.

E ~ 0.0SEp + taking into account possible pion and muon cooling

v

Bolometric luminosity Ly, related to magnetic field strength B (hence to £, #,.c, Zyn)

non-relativistic outflows mildly relativistic outflows
Neutrino maximum energy (I' = 10)

Y

(erg s_l)

transient bolometric luminosit

4 O

7 7 /\(’3 N % 7 “ K4 8 NQ’
N xQ

BH mergers

~—
o —— i —————— —

1 T

102 10 102 10 109 10° 104 102 100 10> 10'  10°
tvar (S) tvar (S)
transient variability timescale transient variability timescale

108
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Simple estimates of secondary particle fluxes

photo-hadronic interactions

P + ytarget —>n+ ﬂ+

0
P + ytarget — P + 7

hadronic interactions

P+ Pt = N@ + 7t +77) +X (K, =

Py

PP

K =—"=-~1
N?Z'O
Nﬂi N2
NJZ'O
o7
mes ’
2 2
E (I) ~/ 3@(;% _fmeSE (I)p
2 2
E(I) N21+K§ _fmeSE(I)p

T

) —>y+y

(3 flavors)

1&
+ + + -
ntoutty, —se +y,+y,+y, EyﬂA(]Z}ﬂ

3
E D, ~ " E®,

21
E®, ~3=—— EXD
314

11
E2q> ~2——EXD_~
32

1

1 2
x "~ Efmes Ep (Dp

3 fmes qu)p

3
2 2
E®, ~ ~ E}®,
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tip: write all these timescales
in the comoving frame
(primed quantities)

Meson production rates

tayn ~ R/Pwl'we

examples:

synchrotron radiation in B

3myc A3 1
ton = b= —  Up=DB?M8r
4CTT,pUB Z* magnetic energy density

inverse Compton

modeling according to theory+observations
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Secondary spectra at the source

dNn,
BF,= Bt
Cosmic-ray spectrum: A P
Assuming some acceleration mechanism a =72
1 (2—ajiplvo)
2 _ p o 2—o
Epr_@EQ—a _ R« Ep 150{53
L)~p,max p,min
source fraction of source >
distance bolometric luminosity E; min E mx  E,
observed
Photon spectrum: Broken power-law break energy
o, AN, Ly, (e/eb)2@ €min < € <(€p A
L,Y(E) = € — 2 dn’
de Ly, (€/ep) €p < € < Emax - o2 2 _ b
de’
ex: Prompt GRB gamma-ray spectrum (Band function) o %
In the comoving frame (primed quantities): :
. €
/ / —a .
dn’, () L} y {(e’/e{a) e < e, 5 >
b

T ATRZ2ce? T ) (¢)e)t € > 6.
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Secondary spectra at the source Waxman & Bahcall, 1997

Meson spectrum pion decay time:

2 _ 2
N E;F, =1, EF,

t' (Ep) = T Er(1+ 2)((1 + B)T'myc®) ™t ~ 095 Er1sT5 "

break energy: E? ~ 0.07 GeV?T?/¢,
a—1
b—1
cooling of charged mesons
; . >
EP EX" E,
Neutrino spectrum Gamma-ray spectrum
E’F
4 E2F, ¢
a—1
b—1 b—1
1
. bt
v v > v v >
b b max __ max
E; E" Ey E}, = O.lEp
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Computing secondary fluxes at the source: key points

mechanisms:
shock acceleration
magnetic reconnection...

at various locations:
inner/external/side jet

Wilgle
accretion disk...
—> max. acceleration energy

spectrum

Radiative + hadronic

backgrounds

density, spectra, time evolution

in acceleration region and beyond

Cosmic-ray
acceleration

102 Ex: red kilonova ejecta
& — GW170817-like
lE = = Optimistic W
Q 1019 -7 \\\
T — 10%s .
% —_— 1035 \
~ 1016 \
A 10 ".
= .
2 :
g 103 '1
+— 1
2 '.
o, 1010 Decoéne et ql. 2020
106 107 1072 10° 102 10* 106

Photon energy (eV)

Cosmic-ray interactions + cooling
Secondary particle cooling
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Integrating over source population

primed quantities in comoving frame

®(E) = 4@ /Ozmax /

normalization
factor to fit UHECR
spectrum if related

N,/[Ey(l + 2)]
total number
of neutrinos

produced by
1 source

] 1+
o) =f 1 [ RC) MIE +2)

=E(1+72)

comovmg energy

dt’dE, 4n

comoving
distance

i (14 2

@Z) At (2)r Dzd—D/dz

R(z) = g(2)R(0)
comoving source emissivity in Mpc-3yr-1
2(z) = redshift evolution rate

for uniform evolution g(z) =1

for star formation rate (SFR) evolution

(1+ 2)34, z <1
g(z) = ¢ Ni(1+ 2)7%3, l<z<4

N1N4(1+Z)_3'5, z>4

(e
dz

dt/dz =1/ (H0(1 + 2/ + 2)° + QA)
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Waxman—Bahcall "limit" Waxman & Bahcall, 1997

redshift energy loss
of neutrinos ~1

c 3
qu)v N@H4_n_ gfmes E(%Rq)CR

EX®, ~ 1.5% 1075 f, .. GeV cm * s sr! b, ~ P, ~P

Hidden Core Jet2

- T

CR Limit

V'

() [GeV/cm2 S sr]

E2
e V

10 10

EV [GeV] -



2. Tools for multi-messenger astrophysics

Cosmogenic neutrinos

20



The guaranteed cosmogenic neutrinos

107
10"
‘_l;-l
s 107/

10710

—e—r
[ —— Fermi EGB

mm Fermi EGB (non — blazar)

———— ———
IceCube (HESE 6yr)

IceCube (v, 6yr)

Cosmogenic v std.

Fe rich, low E

Pure Fe inj. low E¢R

(L]
\\\\\\\\
2

L L L B AL L
KASCADE —all

KASCADE — light
Auger (E x 1.05)

TA + TALE (Ex0.91) |

4

max

1nl

1Nn2

1n3

1n4

"not-so-free" parameters

>

>

>

D

D

A flux normalisation

Y injection spectral index
Rmax (Max. rigidity ~ max. p energy)
composition

source evolution history

105 106 107

E|GeV]

K. Fang

cosmogenic neutrinos guaranteed

if sources of UHECR:s
@cosmological distances
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Cosmogenic neutrinos: production channels

P + ytarget —>n+ 71-+

10 , v
-2
10 Infrared/UV
MH
1
£
% 10 X-ray
Tl N
w
=)
E 10-6 EGB EGulli{.E.'E.
© iy
N L™
w e
Radio "
107° | / EGB LAT -
-10
10 | | | 1
107"° 10° 10° 10° 10"°
€bg [eV]

Figure 2.1. The spectrum of cosmic background radiations. The CMB is mod-
elled as a blackbody spectrum at 2.725 K. The IR and UV backgrounds are from
the work of Kneiske & Dole (2008). The extragalactic gamma-ray background
datapoints (EGB) are from EGRET measurements (Sreekumar et al. 1998) and
FermiLAT measurements (Abdo et al. 2010). For the X-ray and radio back-
grounds the models presented in the works of Fabian & Barcons (1992), Clark

et al. (1970) are shown respectively.

F. Oikonomou, PhD, 2014
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1077
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10710

107"
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KK, Allard, Olinto 2010

SFR1, pure proton, dip model

total

neutron decay

interactions with IR/UV/Opt photons
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lllll
lllll

4 6 8
log E [GeV]
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Cosmogenic neutrinos:

"not-so-free" parameters

- A flux normalisation

» Y injection spectral index

® Rmax(

s CO sition
Source evolution his ry

X. rigidity ~ max. p energy)

principal ingredients

2 depend strongly on
observations of UHECRS

1 0_7 WTWTWTWTW . .
- proton dip composition
............ Gal. mix
— — — — pure iron
108k T T low Epmax 1
= -
»
0
%)
9 107° : E
E C
3
>
@)
& 10
N 10 3 =
o -
~
Z
o
Wl
10 11 E /.// B
ks
7 R max
ol below or above
> 6 / 8 9 threshold
log E [GeV]

E2 dN/dE [GeV cm™2 57! sr7']

1077E

10—11 i

1072 _

KK, Allard, Olinto 2010

source

pure proton, dip model \
\

uniform
SFR1

evolution

S

6 7/ 8 9 10 11
log E [GeV]

- P less dependent but affects injection spectrum
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I Learning from

. Alves Batista, de Almeida, Lago, KK, 2018
seconda ry neutri nos? GRAND Science & Design, 2018

KK, Allard, Olinto 2010
Van Vliet et al. arXiv:1707.04511

— Ceivyive=L11

5
= 10_75—4@

n LT 6@@%
q = “s) -

= | second minimum of
; s _—"Auger combined fit
5 107°:] ]

O F

;; [

\-; - Cosmogenic v standard

S 10 B Pessimistic fit to Auger
ek E [ Standard among generic SFR,
N — \N(GN, GRB source
= GRAND200k integrated (3 ‘e

+ ntegrated (3y7) evolutions, Zmax=6
>

= 1010k 200k integrated (

>

o)

0

<

10—11 Lol ATRETT] BT Lol
10° 10° 107 108 10° 1010

Neutrino energy E, [GeV]

most pessimistic!
adding IGMF —> harder o« —> increases neutrino flux
alleviating simplifying assumption —> increases neutrino flux
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‘Diffuse astrophysical & cosmogenic fluxes

10_7 T IIIIIIII T IIIIIIII T IIIII‘II T T TTTTTT] T T TTTTIT] s, T TTTI
Cosmogenic, standard

s Cosmogenic, pessimistic
—-— Blazars, Rodrigues et al.

+ Pulsars: Fang et al.

—
3
@0

All-flavor flux E2®, (E,) [GeV ecm ™2 s sr1]
1 3

Ve : vyt vr=1:101

10° 1006 107 108 10° 1010 1011
Neutrino energy E, [GeV]

courtesy M. Bustamante
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2. Tools for multi-messenger astrophysics

Specificities of gamma rays
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Gamma-ray cascades

p + ytarget — 7/7 eia cee

104 T

pair production

I

Y + ytarget - €+ Te

I

1

Stanev, 2005 |

107 F -
102 1
102 proee i nverseCom ton :

_ pton & - Viarget = € * Y1c ]
10-4 ] | | ] 1 | | ] ]

E,, Eg, eV

pair production cross-section

2
re

o) = T2 (1= 820) [ (3= )

1 + Bem
1 _ch

gamma-ray absorption probability per unit length

67 1/€’Y €

attenuation of intrinsic gamma-ray spectrum

dN ~dN
dE observed N d E intrinsic

- €

—7(F,2)

1 021

) - 26em (2 822)

d7~ 2 [ dedn, €€y
dr (€y) = —2/ —QE(G)/l ds s 044 (8)

Y —e— 7y — e..

Gamma-ray attenuation at the source

Tyr4

b— 1// \

/

b
E,

these gamma rays cannot escape the source

Gamma-ray opacity o related tofmes

- MyyOyy
T}/}/ ~ A f mes
MpyOpy

f

nfactor depending on G k. Muraseetal., 2016
photon spectral slope Py PY
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Gamma-ray cascades in the EBL

Extragalactic Background Light (EBL)
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10 : L 1 )
107" 107 10 10° 10"
£pq [6V]
10°
[ -
o)
-+
O
< 107
5
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-
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-
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Photon mean free path on EBL
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" Oikonomou, KK, Murase, 2014  ~~Injected
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1ES 0229+200 — Attenuated Franceschini:
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~—— Fermi/LAT /’ \ -
\ ]
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1 \ 3
\ ]
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Gamma-ray propagation in the intergalactic medium

Cascade in IGM

t o
YYog C € € 9> eYpg €Y —> ...  YTeV-GeV

pair

production Inverse Compton no more interactions

interactions with Extragalactic Background Q.ight (EBL)

UHECRM#+ Ypg —> e+, JUHE

interactions with CMB/IR photons

deflections
dilution of signal

Cosmic Magnetic fields

homogeneous B: flux completely diluted if Bigm > 3x10-11G
Protheroe 86, Protheroe & Stanev 93, Aharonian et al. 94

inhomogeneous B: flux dilution according to fraction of Universe
where Bigm > 3x10-11G E )1/2
Y

E v, max

dN. Le;
E:— ~f(fia(< Bp)Ye—
'3, f1d(< Bo) X S (

K.K., Allard & Lemoine 2010
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Gamma-ray propagation in the intergalactic medium

Cascade in IGM

Y7Ybg @ €Yog 2> €Y —> ... YTeV-GeV

pair

production Inverse Compton no more interactions

interactions with Extragalactic Background Light (EBL)

UHECR)+ Ybe —@/UHE

interactions with CMB/IR photons

et —>»  YGeV
magnetized filament no more interactions

oynchrotron on B

NB: Confined UHECRs should produce
UHE neutrals (e.g, photons) at source
(Murase2009, Murase 2012, Dermer et al. 2012)

Mean free path (Mpc)

O'llow '10"” 1'018 »'1(1)19»
E (eV)

guaranteed if Xsyn > Xic
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Learning from gamma rays: UHECR pair echoes/haloes
disentangling gamma-rays from leptons and cosmic rays

_|_
0 | ES 0229 ZOO (HESS Coll. 2007, VERITAS Coll. 2010, 201 3) K.K., Allard & Lemoine 2010
Oikonomou, Murase & KK, 2014
—10
10° CTA 50 hours
T
E &
IU) [ 8
> o
2, [}
w lepton seeded . =
210 cascade in IGM B 0
W UHECR seeded
| cascade in IGM
10-3; 20 - Lcr,lg = 1046 ePg g1
- ..Esseyetal.2010E__ =10""eV d=1 Gpe
| ==|_eptonic B = 107 °G =
10™ —UHECBR induced synch:;otron . UHECR seeded , 1 - 1 )
10 10 10 - -
E [eV] synchrotron | [degree]
Proton UHECRSs Fermi/CTA at 10 GeV:
B3 Mpc = 316 nG ~ 1010 GeV cm2 57! (Bsource /1°)
Injection spectral index = 2 Emax = 10%' eV
Lerj= 10"~ ergs ™ also Takami et al. 2013

Synchrotron haloes around sources

spectra observation with CTA: Cta
disantangle UHECR cascade/leptonic ( wmees WITH Strongly magnetized environ.

but not UHECR synchrotron/leptonic for cosmic-ray scenarios
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Pair echoes: time variabilities
5t ~ G62d)2c ~ 0.3 yr (Eya/10*° GeV)(min[d, 1,,]1/Mpc)

d = magnetised region ~ few Mpc, Ayy ~ 2 Mpc

deflection in B

10° - Escaped
—_ " 1ES 0229+200 — Attenuated Franceschini
Y 102l -— Attenuated Kneiske
£ * HESS
- 10 * VERITAS
v g — Fermi/LAT
>
2,
wl
S
<
T
N
wl
10 L I L ol L ol L
10° 10° 10" 10"
E leV1
1027 T T T T T T T T T S
. RGB J0710+591 Escaped
) (L = 1047erg s'1) — Attenuated
£ 1 CR,ISO .
c10 * Fermi :
Tw i * VERITAS
ol ]
310"
L i
S 10 :
N L
w I
10_2 ‘ B 3
8 9 10 1 12 13 14
10 10 10 1 0 10 10
E eVl
102 . N ‘
1 ES 1218+304
T 10| ]
§ ]
T 10° : E
o
2,107 ]
w -----Escaped
T 1072 —Attenuated Kneiske i
2 - == Attenuated Franceschini
o 1073 © Fermi ) ]
W " | * VERITAS _ :
Lo MAGIC‘ | | | )
108 109 1010 1 1012 1013 1014L

UHE photons

Injection spectral index = 1.5

BgMpC: 316 nG
By Max = 107> eV
Ly = 10%erg s

UHE protons

Bg Mpc — 100 nG

Injection spectral index = 2
Evax = 10%9% eV

UHE photons
Injection spectral index = |.5
B3 mpe = 100 nG
Eymax= 10" eV
Ly =8x10"ergs"

Oikonomou, Murase & KK, 2014

~ Yea ? Aliu et al 2014

If confirmed:
- disfavours UHECR synchrotron cascade
- rules out UHECR IC cascade

None

~ day Acciari et al 2010

UHE neutrals could account for ~ day
variability if emission region < pc size
detailed modeling needed

38



2. Tools for multi-messenger astrophysics

Very quick
panorama of simulation tools
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Some public propagation and interaction codes

Cosmic-ray interstellar & intergalactic propagation tools

GALPROP

E&AA(?{%N propagation of cosmic ray densities at high energies treated by solving transport equations
CRPropa at UHE: numerical integration of the equation of motion of single particles

SimProp CRPropa: unify HE+UHE

Interaction codes/tables Cha[[enges

SOPHIA PY - treatment of different scales

TALYS Ny (including microscopic & MHD processes)
EPOS/SIBYLL hadronic - time-dependencies

- self-consistency (radiation production & impact)

Gamma-ray cascades

CRPropa
ELMAG

Radiation from accelerated leptons & hadrons AM3, ATHEVA, B13, LeHaParis...
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3. Can we really do multi-messenger astrophysics?
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- Multi-messengers?

Gravitational waves

P Fe
\
- |

\Q/ III

GW + neutrinos ???
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Multi-messengers?

radio/microwave infrared/optical X-rays gamma-rays neutrinos cosmic-rays

cosmological max of star formation opaque to photons;
transparent to neutrinos
and gravitational waves

nearest blazar

nearest galaxy

Q
Q.
=,
)
O
cC
©
-
D
O

galactic centre gravitational waves—ripples in space-time

104 102 10° 102 104 106 10° 107 1012 10™ 1016 10" 1020
Energ y [eV] Bartos & Kowalski 2017
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- . - |
Possible gravitational wave sources Murase & Bartos 2019

Guépin & KK 2017

e.qg., Kimura et al. 2017, 2018
Biehl et al. 2018

Decoene, Guepin, Fang, KK,
Metzger, 2020

Ahlers & Halser 2020

AGN/Blazars

flares, time-variabilities

Fang & Metzger 2018

- 2
Magnetars
(AXP/SGR)
amma Ray™ S
De Wasseige et al. 2019 , R
Shi & Yuan 2020 ¥ .
Superluminous
Tidal disruption Supernovae
events
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A\ 4

spin

Funecr = 3.2 x 10% erg (

v

Po

1 Gpc=3yr—

)

debris €~ tidal disruption of
asteroids or planets

luminosity extracted via Blandford-Znajek
mechanism

magnetic field strength via cxw-dynamo

luminosity has to last for 7 hours to 2 months
to reach EUHECR

BZ timescale (as long as BH accretes
after merger - sourced by debris)




High-energy neutrinos from binary neutron-star mergers

GW 170817 Neutrino limits (fluence per flavor: v, +7,)

103 £ +500 sec time-window |1
i ANTARES ]
107
: q § Auger ]
Spccessful jet 5 0 e L __
Kimura et al. 2017 > e
Biehl et al. 2018 & 100l g T~ — :
Ahlers & Halser 2020 — . Kimura et al.
ca 107 EN—T—" - X EE moderate 4
Choked Jet 1072 é‘Kimura et al. 0° .—-—-—-—.. Kimura et al’%
Kimura et al. 2018 . FEE optimistig v 0°  prompt ]
Beamed and TeV PeV EeV
: = LIGO, VIRGO, IceCube, Auger, ANTARES 2017
iIntense emission Kimura et al. 2017

/

Accretion
disk

Relativistic
Jets

10y e [
i - Auger ]
Lp e |
0.1} i
— fixed e GRB 170817A
1072 fixed e;eak E
03 |
10_4 3 Nl W 3
N i " on-axis
1072L .
10-6 off-axis
-7 off-axis
10774 (approximation) E
1081 /£ Ahlers & Halser 2020

110 102 10° 10% 10° 10° 107 10° 107 10101011

€, [GeV]
I e
A POEMMA
| ] o lE Decoene et al. 2020 ) -
Equatorial emission S |y — 10%s 10° s
Decoene, Guépin, Fang, KK, % —— 10°s 100
Metzger, 2020 @) — 10%s total
\l?lilll((i i 10—4
9 Isotropic emission =
. Z
= 10
oI
]
1 —8 . ] .
T 10° 108 1010
E, (GeV) 46
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BNS: coincident detection with gravitational waves

Choked jet

Kimura et al. 2018

Optimistic model:

GW-+neutrino detection rate [yr—']

o _ model [ceCube (up+hor+down) Gen2 (up+hor)
Coincident detection A optimistic 1.9
possible already with B moderate 0.024 0.091
lceCube
Successful jet
Kimura et al. 2017 NS-NS (AT =10 yr) IC (all) Gen2 (all)
EE-mod-dist-A 0.11 - 0.25 §0.37 — 0.69
Optimistic model: EE-mod-dist-B | 0.16 — 0.35 |0.44 — 0.77
Coincident detection EE-opt-dist-A 0.76 — 0.97| 0.98 — 1.00
highly probable EE-opt-dist-B 0.65 — 0.93] 0.93 — 1.00
already with lceCube
=0 Spectral index = 1.5, Proton primaries
l;(B 10—7, —+ ARA
Equatorial emission T T ool Rt
/ Decoene, Guépin, Fang, KK, clﬂm 1075 _I—_I— \I: S
Accretlon Metzge/’, 2020 E L~ ‘I_ I ——— Sl _ "
disk Wind S (U 5 A
shocks Optimistic model: = 0 \.\ S
S 10% of IceCube diffuse flux & AN
| Interesting for stacking and g 107" | *
. o) — GW170817-like \
cross-correlation searches 2 10-12{—— Optimistic \
w10 10° 10° 1010
Relativistic (GeV)

Jets Decoene et al. 20
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Upper limits on rate density of

GW+neutrino sourcegs
107 E

Albertetal. 2019 ApJd 870 134

IceCube+ANTARES

Population constraints from GW+neutrino non-detection

4
10 gerg

merger rate

rg:

1051 o

Ig




Population constraints from GW+neutrino non-detection

IceCube

1057
X Eg)rggenitor
- + Erag
1879 ¥ BBHEY, U.L
¥ BNSEY’ U.L.
105 * GRB 170817A
(@)}
Q
>
9 10°1 -
Q
[
L
1049 -
1047 -
10! 102 103 104

Distance (Mpc)

No significant neutrino coincidence is seen by either search during the first two
observing runs of the LIGO-Virgo detectors. Upper limits on the time-integrated neutrino
emission within the 1000 second window for each of the 11 GW events.

Aartsen et al. 2020 arXiv:2004.02910v2
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3. Can we really do multi-messenger astrophysics?
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Why focus on transient sources?

time-dependent neutrino searches reduce
the background for sub-PeV energies
(atmospheric neutrinos+muons)

Gravitational waves y-rays y-rays

Fermi

Meszaros et al. 2019

Pierre Auger Observatory IceCube

ns(50%@50)

7;_ Average number of events required

6:— for a 50 discovery for source
- located at a declination of -40 deg,

53_ E-2 spectrum

4k

3

21~

1;_ Less events needed for shorter flares

O:I | | IIIIII| | | IIIIII| | | IIIIII| |
1 10 10 10°

ANTARES Coll. JCAP12(2015)014 Flare length (days)

Real-time analysis + multi-messenger
follow-up on alerts increase statistical
significance of signals

o1



"he new high-energy transient zoo




The new high-energy

Murase & Bartos 2019

Source

Rate density
[Gpe™? yr71]

EM Luminosity
[erg 5]

Duration

5]

Typical Counterpart

Blazar flare®

10 — 100

1046 — 10%®

106 — 107

broadband

Tidal disruption event

0.01 - 0.1
100 — 1000

1047 — 108
10435 __10445

106 — 107
> 106 — 107

jetted (X)
tidal disruption event (optical,UV)

Long GRB

Short GRB
Low-luminosity GRB
GRB afterglow

0.1-1
10 — 100
100 — 1000

10°1 — 10°2

10°! — 10°2

1046 — 1017
< 10%6 — 1051,

10 — 100
0.1-1
1000 — 10000
> 1 — 10000

prompt (X, gamma)
prompt (X, gamma)
prompt (X, gamma)
afterglow (broadband)

Supernova (II)
Supernova (Ibc)
Hypernova

10°
3 x 104
3000

104! —10%2
1041 — 1042
1042 — 1043

> 10°
> 10°
> 106

supernova (optical)
supernova (optical)
supernova (optical)

NS merger

300 — 3000

1041 — 1042
1043

> 10°
> 107 — 108

kilonova (optical /IR)
radio flare (broadband)

BH merger

10 — 100

7

(?

7

WD merger

10% — 105

1041 — 1042

> 10°

merger nova (optical)

#Blazar flares such as the 2017 flare of TXS 05064056 are assumed for the demonstration.
Abbreviations: BH, black hole; EM, electromagnetic; GRB, gamma-ray burst; NS, neutron star; WD,

white dwarf.

uperluminous
Supernovae

Black hole

mergers Tidal disruption

events




A "Hillas diagram" Guépin & KK 2017

p
RO R (1 v
L e 5 S
) el 0 P T oS T
% g T fvvin 4 A
oo 2% < et SO b )
TR (oD TR % Ny
A “# oI g o/
AN 2o X o Y. (%8 O » e A - A ™

Neutrino maximal energy F, (I" = 10)

1013 .

luminosity bounds

102 10* 106
tyar (8)

A

Black hole . . . Superluminous
Tidal disruption Supernovae

mergers
events



. IceCube neutrinos: soon to be probed transients

Detection of multiplets depends
on number density of sources

Could be probed in the
next decade

Rare powerful sources are excluded

local rate density ¢ (Gpc Jyr—]

--- IceCube ., .
—- 5xIceCube SN
------- 20x Tzecube L

\

10% 1077 10% 10%° 10%° 10°! 1652 "10'5 105 1055

effective bolometric neutrino energy &, |erg]

Murase & Waxman 2016, Ackermann et al. 2019 55




3. Can we really do multi-messenger astrophysics?

Opening the UHE neutrino window

56



Multi-messengers!

Gravitational waves

GW + neutrinos ???

ultra-high energy
neutrinos ???
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Current multi-messenger data: useful to understand UHECRs?

Backgrounds

- radiative? baryonic?

- evolution, density?

- magnetic field: deflections?

associated neutrino and
gamma-ray production

Cosmic backgrounds
interactions on CMB, UV/opt/
IR photons

cosmogenic neutrino and
gamma-ray production

Secondaries take up 5-10% of parent cosmic-ray energy

Ev ~ 5% Ecr Ey ~ 10% Ecr

Ecr> 1018 eV

Ev> 1016 eV

IceCube neutrinos do not directly probe UHECRs

Actually, none of the current multi-messenger data
(except UHECR data) can directly probe UHECRs
... but they help :-)




UHE neutrinos: a challenging no-man's land

Alves Batista, de Almeida, Lago, KK, 2018
GRAND Science & Design, 2018
KK, Allard, Olinto 2010

1 O -5 ; ! o ! oo ! o ! L ! o ! oo ! T ! o ! o ! oo ! ';
- —— Fermi EGB KASCADE |
1076 _ m=  Fermi EGB (non — blazar) A Auger |

L+ IceCube | a° TA ]
107/ %%%@m
| 3 ++ §

10°8 4 1 TTT

% 107101 V/ﬁ#
- f Cosmogenic v pessimistic f

107111 _:

: Cosmogenic standard:

10-12  T B s
1010 1012 1014 1016 1018 1020

FEeV]



X UHE neutrino production for transients

many transient sources could make it  Guepin & ki 2016

Neutrino maximal energy F, (I' = 1) Neutrino maximal energy E, (I' = 10)
1056 - - _ 1021
Yo - o/ Z |
o 105
synchrotron losses 4
vy
— 10"
IUJ
%JO 1044
E
= 10%
1036 1013 |
Crab flares - | 1011
- luminosity bounds
1032} | L o1

104 102 10° 10° 10* 10° 10° )% 102 100 102 108 10° 108
tvar <S> tvar <S>

60



i Can we hope to detect very high-energy neutrino sources?

Neutrinos don't have a horizon: won't we be polluted by background neutrinos?
Fang, KK, Miller, Murase, Oikonomou JCAP 2016

Significance in standard deviations
>6 5 4 3 2 1 0

I _ E

n, =10"" Mpc™® uniform

500

100

Number of Events

10

T 10°
Angular Resolution [deg]

boxes for experiments assuming neutrino flux: 10-8 GeV cm-2 s-1

. ood angular resolution (< fraction of degree)
YES if Z8°ocane 8

2 number of detected events > 100s
6l



Towards UHE multi-messenger astronomy

V' Excellent sensitivity
v' Sub-degree angular resolution

What will we need?

v Wide instantaneous field of view

The angular resolution is key for multi-messenger networks

e development of MM-networks, of EM instruments
—> false associations will be extremely common

e skim interesting events + narrow down search area
—> requires angular resolution

2021 2025 >2030

PUE 428
s B difficult to reach sub-

iFoV
in sky %

Diff. sens. lim.
in GeV cm—2s-1gr-1

ang. res.

ARA

RNO-G degree resolution for
. ESSENERA-ON0 in-ice instruments
~ RET-N 3x10 !
lceCube-Gen2 Radio @ 4X10-10in 5 yr 43 | 2°%10°
BEACON 1.2x108in5yr 6 [0.3°—1]
GRAND10k 1X10-8in 5 yr 6 0.1°
: GRAND  4X10-10in 5yr 45 0.1°
Auger [1.5%x10-8 (2019)] 30 <1°
f TAMBO ? 27 1°
POEMMA Cerenkov 7X1078in 5 yr 0.6 0.4°
Trinity =~ 1X10-10in 5 yr 6 <1°
Ashra-NTA | 2X10-10in 5 yr = 30 0.1°

adapted from Guépin, KK, Oikonomou, Nature Phys. Rev. subm.

2021 2025 >2030

LHAASO
CTA
HAWC
H.E.S.S.
2 MAGIC
£ VERITAS
® Fermi LAT
GBM
INTEGRAL IBIS
SPI-ACS

“XMM-Newton
> :

Swift BAT
XRT
UVOT :
SVOM  ECLAIRs
MXT
VT

=
=]
S

ASAS-SN
ATLAS
> Pan-STARRS
ZTF

2
% Vera Rubin Obs. (LSST)
§ MASTER-II(VWF)
> TAROT
= GEMINI (GMOS)

GTC (OSIRIS)

Keck (LRIS)

VLT (X-shooter)

VLA
MWA |
SKA1(2)-MID

radio

FoV

2 sr
10—-20°
2 sr

50
3.5°
3.5°

Athena-WFI

2.4 sr
9 sr
64 deg?

4

0.5°
0.4 deg?

1.4 sr

0.1 deg?
0.1 deg?

2 sr

1 deg?
0.2 deg?

72 deg?
29 deg?
14 deg?
47 deg?
9.6 deg?
8(400) deg?
4 deg?
30.232
0.02 deg?
46.8'2
2.2:2

0.16 deg?

610 deg?
1(10) deg?

ang. res.

0.3°
< 0.15°

0.1°
0.1°
0.07°
0.1°
0.15°
10°
0.2°

6!7
<5

0.4°
18”
2.57
< 0.2°
137
<1

7.8”

9
1.0-1.3”
9
0.77
1.97 (227)
3.57
0.07” /pix
0.1277 /pix
0.135” /pix
0.173” /pix

0.127
0.9’
0.04°=0.7°
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Some references (a personal selection)

General perspectives and ideas

Alves Batista et al., Front. Astron. Space Sci. (2019%)

Halzen & Kheirandish, Front. Astron. Space Sci. (2019)
Bartos & Murase, ARAA (2020)

Guépin, KK, Oikonomou, Nature Phys. Rev. (subm.)

Specific calculations

Dermer & Menon, Princeton University Press (2009)
KK, Allard, Olinto, JCAP (2010)
Guépin & KK, Phys. Rev. D (2017)

absolutely NOT exhaustive!
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