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EM cascade
A cascade develops due to:

Y+Ye —> € + et Pair production

Inverse-Compton scattering e+ V¢ — ’y/ + e
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EM cascade
A cascade develops due to:

Y+ Y — € + et Pair production

Inverse-Compton scattering e+ V¢ — ’y/ + e

J Existence of the cascade has been predicted soon after the discovery of CMB at 65', by
I. R. Rozental and S. Hayakawa (both in oral presentations).
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EM cascade

A cascade develops due to:

Y+ Y — € + et Pair production

Inverse-Compton scattering e+ V¢ — ’y/ + e

J Existence of the cascade has been predicted soon after the discovery of CMB at 65', by
I. R. Rozental and S. Hayakawa (both in oral presentations).

The cascading process has been elaborated and used by Berezinsky and Smirnov 75 to
‘/ constrain the cosmogenic neutrino flux (the idea was proposed earlier by Berezinsky and
Zatsepin 69'). The first analytical calculation was performed in this paper.

Idea: the cosmogenic neutrinos are produced in pycus interaction through the A* resonance.
The same process produces e and y. The energy density of the neutrinos and diffuse gammas
are related by a ratio of 1/3. The recent Fermi observation: we.s = 5.8x10-7 eV/cm3.
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EM cascade

A cascade develops due to:

Y+ Y —> € + et Pair production

Inverse-Compton scattering e+ V¢ — ’y/ + e

J Existence of the cascade has been predicted soon after the discovery of CMB at 65', by
I. R. Rozental and S. Hayakawa (both in oral presentations).

The cascading process has been elaborated and used by Berezinsky and Smirnov 75 to
‘/ constrain the cosmogenic neutrino flux (the idea was proposed earlier by Berezinsky and
Zatsepin 69'). The first analytical calculation was performed in this paper.

Idea: the cosmogenic neutrinos are produced in pycus interaction through the A* resonance.
The same process produces e and y. The energy density of the neutrinos and diffuse gammas
are related by a ratio of 1/3. The recent Fermi observation: wes = 5.8x10-7 eV/cm3.

J The idea applied to discrete sources by Gould and Schreder 66'. The cascade process proposed
to search for extragalactic magnetic field (halo component) by Aharonian et al at 94"
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EM cascade

One thing is common between IC and p-p processes in the high energy

In both IC and p-p processes, the original particle transfer almost
all its energy to one of the secondary particles (leading particle)

in the high Le S 1 f 1
energy: m2 In(2FEe/m?)
average fraction of energy
lost by the cascade particle

in the
infermediate E_Z ~1 —p fa0.5 in the low  FEe <1 £ 4 Fe
energy: e energy:  mg 3 m?

Avman (f)smai[i | - WIN2025 @ Sun Yat-Sen Mnive’zsity/ C/u'na o ﬁ 07/ }u[y72025



EM cascade

One thing is common between IC and p-p processes in the high energy

In both IC and p-p processes, the original particle transfer almost
all its energy to one of the secondary particles (leading particle)

in the high Le S 1 o 1
energy: m2 In(2Fe/m?2)

average fraction of energy
lost by the cascade particle

In the high energy, the leading particle decelerates by releasing energy in
the form of low-energy electrons (photon always remains as leading particle)

—>
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EM cascade

Characteristic energies (monochromatic photon gas):

N, —

characteristic energy of Mz lp EP
o €Ep 0.1
the initial photon/electron € 10
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EM cascade

Characteristic energies (monochromatic photon gas):

characteristic energy of T E
Y € 7 01 P b

N, —

the initial photon/electron € 10
bsorption
2 E., >¢€ absorp
critical energy of gamma > ! ! due to p-p
€y N —
(transparency) Y €
b, <e, free escape
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EM cascade

Characteristic energies (monochromatic photon gas):

characteristic energy of T E
Y € 7 01 P b

the initial photon/electron € 10
bsorption
2 E, > ¢ absorp
critical energy of gamma > ! ! due to p-p
6 Y q
(transparency) Y c

by < ey free escape
min energy of e in p-p €y mg o e d.ec.eler'm‘es by
(cascade multiplication) €e = E ~ c -> < €¢ emitting Compton
photons. No new e
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EM cascade

Characteristic energies (monochromatic photon gas):

characteristic energy of T E
Y € 7 01 P b

the initial photon/electron € ™~ 10
bsorption
2 E, >c¢ absorp
critical energy of gamma > ! ! due to p-p
6 Y q
(transparency) Y c
by < ey free escape
min energy of e in p-p 67 mg e decelerates by
(cascade multiplication) €e = E ~ =» L < €. emitting Compton
€ photons. No new e
4€e2e € the highest
Compton photons Ex ~ e & fehlgr e en::gz
d Iti. bhas 9 OT pnhotons emiTte
(end of multi. phase) 3m€ 3 oy & when Eo~ 6.
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EM cascade

Characteristic energies (monochromatic photon gas):

characteristic energy of T E
Y € 7 01 P b

the initial photon/electron € ~ 10
. . 2
critical energy of gamma me
6 Y
(transparency) v €
. M 2
min energy of e in p-p €y Me
T Ce — —
(cascade multiplication) € 9 Ve
2
Compton photons 4 €€ €y
(end of multi. phase) €x 3 1m,2 ~ ?
. ms

scaling

Yo ~ 107°

yx ~ 6.7 x 107°

in ferms of the scaling parameter y the cascade spectrum is universal
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EM cascade
Qualitative description (monochromatic photon gas):

& €y be ; E
fo fploiaget 107 T MO0 YO ) D
o LA | | | | 1 | r y- la
oy T
Al a s _» & &2 K
o Sy
oy Y W T
- I I — I —
L | Ee/m}
0* e e :
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EM cascade
Qualitative description (monochromatic photon gas):

€ Ey Lo F
f R R B H L o
e | | L y- Eo
T T A
T ER R R e
~ I e
X e || : : Eg/m?
e e Vil (L fme
. —3/2
Berezinsky K E
~
& Smirnov (;) (g) it By <ex
ny(By) = (K (B2 " ifew < B <o
€X €X X = &y =By
0 if B, > e,
K = 0 _ me ~ 1.8 x 10
ex(2+In3)  10mym.(2+1n3)
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EM cascade

The dichromatic photon gas approximation:

The photon gas consists of two populations
(EBL = Extragalactic Background Light ; CMB = Cosmic Microwave Background)

Cebl > Ccmb and Memb > N ebl

Approximation: €bl ~ 1eV  and  €omp ~ 6.3 x 107 % eV
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EM cascade

The dichromatic photon gas approximation:

The photon gas consists of two populations
(EBL = Extragalactic Background Light ; CMB = Cosmic Microwave Background)

€Eebl 2> €Ecmb and Nemb 2> Mebl
Approximation: €Ecb] ~ 1 eV and  €empb, ~ 6.3 X 107%eV

Due to these inequalities, the cascade develops in two stages:

Incident Particle Process Target Density [cm™ ] Cross Section [o7] A [Mpc]

1) p-p on CMB and IC on CMB Gamma Rays

vy — eTe” on CIB (TeV) 0.5 3/16 10
vy — eTe” on CMB (PeV) 410.5 3/16 1072
ye — e 1077 1073 10
2) p_p on EBL and IC on CMB Electrons and Positrons
ey — ey on CIB (TeV) 0.5 1 1
ey — ey on CMB (PeV) 410.5 1 102

p-p on EBL has a lower threshold than the p-p on CMB
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EM cascade

Characteristic energies

|
2
| . m
| efynm = €yebl = — ~ 400 GeV
' ! €ebl
leading particle Ey | I
VYW ! !
! |
2
| | m
S € omb = —% a 400 TeV
‘73\ : : sterile ~ Ecmb
:E Ymin : |
® I 1
: .
! e = 5™ ~ 200 GeV

%%

sterile ~

1 nh Ecmb
= —e Mt ~ 120 MeV
€Ex 367 € c

leading — particle regime cascade low — energy
multiplication regime
. I 17 111
high E ' » low F
~mb ;
g’(\;’" (c/‘llnzn ge
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EM cascade
€~.cmb ~ 400 TeV €™ ~ 400 GeV €. ~ 200 GeV ex ~ 120 MeV

~

—3/2
if E7 S €EX

if ex < E, < e

if £, > emin
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EM cascade

€v,cmb ~ 400 TeV e ~400GeV ¢, ~200GeV  ex ~ 120 MeV

~

—3/2
if E7 S €EX

—2

7~ N/ N
2
)

N— S

n’Y(E’Y) — ( if ex < E7 < E’r;nin
0 if b, > ervnin

Used approximation:

1) Both the CMB and EBL are continuous distributions, not monochromatic.
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FA racrade
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EM cascade

EBL: The light emitted by all galaxies over the history of the Universe at
ultraviolet, optical, and infrared wavelengths

| | | b | | | | I B J LB
~—100 "0 This work (EBL Reconstruction) Xu et al. 2005 (23)
- 100

| Abramowski et al. 2013 (18) Keenan et al. 2010 (24)
7¢  Biteau & Williams 2015 (19) Voyer et al. 2011 (25)
& Abdalla et al. 2017 (20) Ashby et al. 2013 (26)

——— Meyer et al. 2012 (21) Driver et al. 2016 (27)
V  Gardner et al. 2000 (22

(A)
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T ||lul|‘| T1

T T TTT]
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-

Spectral Intensity [nW m™“sr

1

E_ | | | L1 1 11 I | | | |- II l—E N 3 |
0.1 1 10 0.1 1
Wavelength  [pm] A [pm]
arXiv:1812.01031,
Fermi coll.
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EM cascade

100 i ' T T T e This Work == Helgason & Kashlinsky 2012 (17)
- * Finke et al. 2010 Model C (15) == == |noue et al. 2013 Baseline (54)
* Kneiske & Dole 2010 (55) Stecker et al. 2016 (76)
== Dominguez et al. 2011 (16) === Franceschini & Rodighiero 2017 (52)

== == Gilmore et al. 2012 Fiducial (51) ===+ Andrews et al. 2018 (77)

p—t
-

Spectral Intensity [nW m™—2 sr1]

Wavelength [pm]

arXiv:1812.01031,
Fermi coll.
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EM cascade

€v,cmb ~ 400 TeV e ~400GeV ¢, ~200GeV  ex ~ 120 MeV

~

—3/2

E .

(g) (i) it By < ex

ny(Ey) = (g) (—f;) if ex <E, < et
0 if b, > ervnin

Used approximation:

1) Both the CMB and EBL are continuous distributions, not monochromatic.

. . . 4 E?
2) The approximate mean recoil energy in IC: E; = 2 —5comb

e
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EM cascade
€~ cmb ~ 400 TeV e~ 400 GeV €. ~ 200 GeV

16 |

14 |

12 |

10 |

E /eV)

Used

N

Log

1) Bot 6 | Il I
2) Th‘ 4 F

6 8 10 12 14
Log(E./eV)
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EM cascade
€v,cmb ~ 400 TeV e ~400GeV ¢, ~200GeV  ex ~ 120 MeV

~

—3/2
if E7 S €EX

—2

7~ N\~
™
N‘qm

N— S

if ex < B, < e

if £, > emin

(
ny(Ey) = (
0

Used approximation:

1) Both the CMB and EBL are continuous distribution, not monochromatic
. . . 4 E2
2) The approximate mean recoil energy in IC: E; = 2 —5comb

e

3) We neglected the expansion of the Universe (energy redshift).
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EM cascade
€vemb = 400TeV ™™ =~ 400GeV €, ~200GeV  ex ~ 120 MeV

~

2\ 732 .
(2) ()" o
_9 .
ny(Ey) = (g) (f—;) if ex < B, < e’
0 if b, > ervnin

Used approximation:

1) Both the CMB and EBL are continuous distribution, not monochromatic

. . . 4 E?
2) The approximate mean recoil energy in IC: E; = 2 —5comb

e

3) We neglected the expansion of the Universe (energy redshift).

4) Intergalactic magnetic field (synchrotron radiation, deflections, halo, etc).

Avman gsmai[i | B | WIN2025 @ Sun Yat-Sen Mnive’zsitg/ C/u'na o ” 07/ }u[yZ?OQS



EM cascade
€vemb = 400TeV ™™ =~ 400GeV €, ~200GeV  ex ~ 120 MeV

~

~3/2
E .
(£) if ex < E, < emin

if b, > ervnin

(
ny(Ey) = (
0

Used approximation:

1) Both the CMB and EBL are continuous distribution, not monochromatic

. . . 4 E?
2) The approximate mean recoil energy in IC: E; = 2 —5comb

3) We neglected the expansion of the Universe (energy redshift).
4) Intergalactic magnetic field (synchrotron radiation, deflections, halo, etc).

5) Distance of the source: not fully developed cascades.
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EM cascade
€v,cmb & 400TeV ™ ~400GeV €, ~200GeV  ex ~ 120 MeV

~

2\ 732 .
(2) ()" o
ny(Ey) = (g) (f—;) if ex < B, < e’
0 if b, > ervnin

Used approximation:

1) Both the CMB and EBL are continuous distribution, not monochromatic

. . . 4 E?
2) The approximate mean recoil energy in IC: E; = 2 —5comb

e

3) We neglected the expansion of the Universe (energy redshift).
4) Intergalactic magnetic field (synchrotron radiation, deflections, halo, etc).

5) Distance of the source: not fully developed cascades.

6) Nearby sources lead to photon flux at E, > g,min
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EM cascade
Numerical solution:
The problem is a general Boltzmann process:

Ne — .e,IC =+ Ne,pp =+ Ne,inj

. . . dn .
Ny = N~y 1C — Ny pp — € dr T~ inj

Where the production rate [cm-3 s-1] is:

. €max 1 1 L /BIUI EI,max Emax dO.
N = C/ de TZT(G) / d,LL 9 / dEI nI(EI)/ dE/ d—E(E/, E)

—1 EI,min Emin

€min

The flux can be calculated by: i
C max dN
= — dF —

min

N W IN2025 @ Sun Yat-Sen Mnive’zsitg/ China o ” 07/ yu[—y72025
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EM cascade
Example of IC:

: S 29(1+8)w d
Neic = C/ dénT(é)/ dk Ne(K) o1C
0 27(1-B)w dk

doic 3o 4 8 1 8 1
pr— 1 —_ o 1 1 _ o o _ . . . °
de ~ 3272Bw? K - ,{/2) n(l+ k) + 5+ w21+ R)? Klein-Nishina limit

E. = wmec” k=2v(1—-Bu)w

where nr—cums(€) = 72(he)3
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EM cascade
Example of IC:

, 00 2v(148)w d
Neic = c/ de nT(e)/ dk Ne(K) o1¢
0 2y(1—B)w dk

dO‘IC 30'T

4 8 1 8 1
b 1] — — — — 1 1 - = 0 N . .« e
de ~ 3272Bw? K - /@2) n(l+ k) + 5+ w21+ R)? Klein-Nishina limit

1 €
nT:CMB(E) =
where 72 (hc)3 exp (k::T) 1

Example of p-p:

. o0 Mmax 1 _ Emax do- EIC,max d
Nepp = C/ de nr(e) / dpt TM AL d—Ep(E% E) (n’y,inj(E’Y> + / dE' N.(E') i (E,E" — E,y)>
0 1 Erin |

dop,  3cor(l— (%) 4 143 / 2
dl%p_ T [(3—/3 )ln( )—25(2—5)]

where B =\1-2/wws(1—p) .  wi=¢/mec® . wy=FE,/m.’
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EM cascade
Example of IC:

. 00 2v(14+8)w d
Neic = c/ de nT(e)/ dk Ne(K) lS
0 27(1-B)w dk

doic 3o 4 8 1 8 1
pr— 1 —_ o 1 1 _ o ° _ . . . °
de ~ 32792fw? K p R2) n(l + &) + 5+ — ENDE Klein-Nishina limit

ELMAG, M. Kachelrief3 et al

where  "GCascade, C. Blanco € = WMeC

EleCA, DINT, CRPropa
Example of p-p:

. o Mmax 1 _ ,U/ Emax dO_pp EIC,max , / dO_IC /
Ne,pp = C de nT(E) d,u T dE»y d—E(Efy, E) N inj (E'Y> —+ dFE Ne(E ) JE (E, E — Efy)
0 —1 Emin EIC,min

dop,  3cor(l— (%) 4 143 / 2
dl%p_ T [(3—/3 )ln( )—25(2—5)]

where B =\1-2/wws(1—p) .  wi=¢/mec® . wy=FE,/m.’
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An example of multi-messenger approach

what can we learn about the source(s) of
IceCube neutrinos?

Avman (f)smai[i
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lceCube Lab

50 m

1450 m

» 4

«|

2450 m
2820 m

!

lceTop

[ :;?r—'»_: = 81 Stations
== =7 324 optical sensors

lceCube Array

86 strings including 8 DeepCore strings
5160 optical sensors

Amanda Il Array
(precursor to IceCube)

DeepCore
8 strings-spacing optimized for lower energies
480 optical sensors

Eiffel Tower
324 m
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Flavoring at IceCube

muon-track events cascade events
NC Ve (Vo) cc e (el)
Ve (Vn) * Ve (Ve)
Leptonic
Clape, ~ (71) qudece Hadronic
CC ( +) decay

figures from
IceCube
website

Run 1165 > 25597 Ons, 400000ns
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Flavoring at IceCube

muon-track events

good angular
resolution (< 10 )

moderate energy
Vrl resolution (og ~ E)

“ [V AN

Run 1165 > 25597 Ons, 400000ns

cascade events

valPolf (< 100-200)

(oe ~ 0.15 x E)

poor angular resolution |

good energy resolution hic

v (V)

figures from
IceCube
website
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J 7.5 years HESE:

TIceCube data

1.0

: ,
IceCube!Preliminary D = P Data
,%I SUro. b 102
B Atmo. Conv. = Bl Atmo. Conv. : :
% 10" - :{"ﬂﬁ Bl Atmo. Muons % Bl Atmo. Muons IceCube Prehmlnary
ge 1 A\
o ; . = 10! e e e T AR |
(g} = L }
S 3 1
= HH | A HH L‘;
_ ) P 0
;;j 1()0—: HH - Ce 8 10
c 3
- £107!
c
2
107! T - 1072
10 10° 106 107 —~1.0 —0. 0.0 0.5
Deposited Energy [GeV] cos (6.)
d@ E —Yastro
v —18 v -1 -2 —1_ -1
=10""-¢ [GeV ™ "em ™ s s
astro
dFE, 100 TeV
All-flavor
__ +1.46 _ +0.2
¢a8tr0 — 6'45—0.46 Yastro — 2-89_0.19 Ethr = 60 TeV
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TIceCube data

‘g 3 mm— astro. Ve + Vg i
o 10 m— AStrO. Vy, E
J 6 years Cascade events: i i
atm. p -
IceCube, 2001.09520 107 m—conv.y,  E
_ 4 ' A . conv. Ve E
| - —— prom \Y -
i 2 % HESE (7.5yr, YV, pp, >60TeV) 101 4 S | T s L
5 © B MESE 2yr, ¥v, pp, > 1TeV) . + data
© ® Tracks (9.5yr, vy, >40TeV) 0 - -
3 _| A Cascades (6yr, ve+ v, pp, > 1TeV) i 10 - 8 E
Cascades (6yr, Ve + Vq, pY, > 1TeV) . 1L -
o 2.0 . L
N i (5)_ ""‘—k—l-'""_l'l_'_ -
s 0.5 :
-800 |||||| 1 || Illllll 1 1 lllllll 1 1 LILILL LA
103 104 10° 108 107
Ereco [GGV]
_‘ | d@ E —Yastro
1 - === Cascades, South v 10_ 18 gb ( v )
-=== Cascades, North (¢prompt =0) _ "~ Yastro
------- Cascades, North o dEV 100 Tev
[ | | | I
22 24 26 28 3.0 GeV—lem 2515 ]
Yastro
One-flavor

Dastro = 1.66428:%? Yastro = 2.03 £ 0.07 Einy = 16 TeV
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TIceCube data

9.5 years Through-going Muon Tracks: TceCube. 1908.09551

d@ E —Yastro
- = 10_18 " Pastro g
dE, Past (100 TeV)

Number of events per bin

[GeV~tem ™25 ter 1

Truncated Energy / GeV

One-flavor

¢aStI‘o p— 144—l—832 ,yaStI‘O — 2281_882 Ethr _ 119 TeV
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TIceCube data

J Summary of the three data sets:

# 35— JceCube Preliminary HESE (7.5y Full-sky)
" PoS(ICRC2019)1004
v 307 ___ Cascades (4y Full-sky)
& PoS(ICRC2017)968
~ 25- Through-going Muon-Neutrinos
> 00— 57N " - == (9.5y Northern-hemisphere)
O = NN This Work
OﬁT N //l '7) ; \\\‘ v
< 1.5 - / / \ | \ d@y _ E]/ —Yastro
= / L4 — 10718
> S )<;/4-—’ ,) dE, 0 Pastro (100 TeV)
= 1.0— I =T T N=——-—"
@ N7 [GeV tem 25 ter 1]
r) | | | | | | | |
2.0 2.2 24 2.6 2.8 3.0 3.2 34
Spectral Index 7y
HESE Cascades Through-going muons
FEine = 60 TeV Eine = 16 TeV Eipy = 119 TeV

NOTICE: the Eir does not show the lowest available energy in datal it comes
from optimization of the fit (considering the background rejection
efficiency). There are events with energy below Einr.
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TIceCube data

<~ Some candidate sources:

GRBs

Active Galactic Nuclei (Blazars, BL Lacs, Radio galaxies)
Starburst Galaxies
Supernova Remnants

Tidal Disruption Events

Up to now, all the searches yielded null result!
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Neutrino and gamma-ray connection
Any source that produces neutrinos, should produce gamma-rays also:

p+p— T

More precisely

p+v—>m + X

:_I_X
Lu—l—u
Le—l—u—l—ﬂ
WO%Q”}/
%;EVQVQ(EV)

(conservative assumption)

Lt
e

Ny

4 ’YQ’Y(E’Y)
E,=E./2
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Neutrino and gamma-ray connection
Any source that produces neutrinos, should produce gamma-rays also:

p+p—>rm+ X p+v—>m + X

L,u—l—u LM v
L»e—l—u—l—ﬂ LB 4

WO%Q”}/

Ny

More precisely 1 Kr
— E, 0, (F, i E
(conservative assumption) 3 EO; Qu. (Ev) po—p s vQy(Er)

While it is straightforward to

. ] 1 74 14
calculate the neu’rr.m.o .flux at pUE () = L /dz dV H(z) Q. ((1 —|-22’)E )
Earth, gamma-rays initiate EM 4 dz Amd
cascade

Avman gsmai[i | B | WIN2025 @ Sun Yat-Sen Mnive’zsitg/ C/u'na o ” 07/ }u[yZ?OQS



Neutrino and gamma-ray connection
SFR

|

Observed at IceCube: ¢Siﬁ(Ey) _ % /dz ((ij_v H(z) QV((it{j)Ey)
7 2z Tds

p-gamma scenario for neutrino production: A minimalistic assumption

~6.0
fgy €, < Ebr ﬁ: i
e,Qu(Ey) X 8,1/_Sh Err < g, < 10PeV l; -6.5"
0 e, > 10PeV T g
« =T7.0°
= :
O L
: : > 75"
There is a natural threshold in & i
p-gamma scenario ”E _gol
—9 ?D :
~ 4 x 10 mwmp/st 3 85
6 I
~ 6 x 10° GeV (e -9.0
6 x 10° GeV (eV/e;) . 2 . :

Log[E/Ge V]
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Various contributions to IGRB

Flat Spectrum Radio Quasars (FSRQ)

1 '1& LI IIIIIII LI | IIIIIII T T T T T T T T TTTy T Ty T T Ty —H
0 = o Nagoya balloon - Fukada et al. 1975 B
~ .HH’N SMM - Watanabe et al. 1997 ]
— o COMPTEL - Weidenspointner etal. 2000
—_ — ﬁﬁé@ A EGRET - Strong et al. 2004 m
Y~ 102 ¢ T + Swift/BAT - Ajello et al. 2008 a
(] - i ° ‘ - (o) IGRB (Abdo et al. 2010b) 3
7} ~ 9 Contribution of FSRQs -
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)
FN

-
S
o

10 L goreLyandN
1-c I-r,cor?_'
r.corg”
L -L, bes ﬁt ascade

r.core. —y A
r.core”Ly best fit Tot

T tot'L
Fermi IGRE +—=—
Fermi IGRB fit -------

LyandN(k=1) m——
best fit ------- 1

Fermi IGRB —=— 1

Misaligned Active Galactic Nuclei (MAGN)

10 e
10 102

10° 10* 10°
E, [MeV]

10°

E2 dN/dE [MeV/cm?/s/st]

DI MAURO, DONATO, LAMANNA,
SANCHEZ, SERPICO, arXiv:1311.5708

BL Lacs

" BL Lac
HSP

LISP

HSP+LISP

HSP Cascade 3
BL Lac Cascade 1
Ackermann 2012 _ |

E2 dN/dE (GeV cm® s sr)

—
<
[¢)]

—
<
~

—
<
(o]

Star-Forming Galaxies (SFG)

® |sotropic Diffuse
Star-forming Galaxies E
[ Milky Way Spectrum, 0<z<2.5 1
[ Power Law I' = 2.2, 0<z<2.5

-,
-,
" -

- Thompson et al. 2007 (I' = 2.2)
—— — Fields et al. 2010 (Density-evolution) N,
- - = - Fields et al. 2010 (Luminosity-evolution)

Makiya et al. 2011

------------ Stecker & Venters 2011 (IR)

- Stecker & Venters 2011 (Schecter)

10 1 10
E (GeV)
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Analyzing the EGB data: x2 analysis

Analysis

EGB Spectrum (Ackermann et al. 2014b)
EGB Foreground modeling uncertainty

All Blazars - this work

All Blazars (no EBL) - this work

llllllll | llllllII |

lllllII

L 11111

lllllll

10
Energy [GeV]

1
Ajello et al, 1501.05301
T 17T | T T T T 11T I T T T T L l| T T T T L l| T T T T LB T T 17T
B o EGB Spectrum (Ackermann et al., 2014b) | !

- Sum of components -6
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Res u l TS I_f 4 HESE (7.5yr, Yv, pp, >60TeV)
>

MESE (2yr, v, pp, > 1TeV)
Tracks (9.5yr, v,, >40TeV)
Cascades (6yr, ve+ vy, pp, > 1TeV)
Cascades (6yr, Ve + vy, py, > 1TeV)

> & N ¢

Analyzing the EGB data: %2 analysis

Ethr = 60 TeV Ethr — 12 TeV Ethr = 119 TeV

HESE Cascades Through-going
muons
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-=== Cascades, North (¢dprompt =0)
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Results

J How robust are these results (tension)?

A bit of details on
the analysis method
and assumptions

—k
=
w

E2 dN/JE [MeV cm? s sr-1]
S

The EGB data depends on the foreground
rejection (three models: A, B and C)

l l Ll lll]lll Ll Ll IIIIIII Ll Ll IIIIIII Ll |l L

Total EGB

|

Fermi LAT, 50 months, (FG model A)
Fermi LAT, 50 months, (FG model B)
Fermi LAT, 50 months, (FG model C)

|

|

Galactic foreground modeling uncertainty
Fermi LAT, resolved sources, |bl>20 (FG model A)

10° 10* 10° 10°
Energy [MeV]

—_
()
N

Foreground

Main features and differences with respect to other DGE models

Model A

Sources of CR nuclei and electrons trace pulsar distribution;
constant CR diffusion coefficient and re-acceleration strength through Galaxy

Model B

Additional electron-only source population near Galactic center,
these electrons are responsible for majority of IC emission;
local source of soft CR electrons needed to explain CR electron spectrum at Earth below 20 GV

Model C

Sources of CR nuclei and electrons more centrally peaked than pulsar distribution;
CR diffusion coefficient and re-acceleration strength vary with Galactocentric radius and height
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Results

J How robust are these results (tension)?

More conservative conventional

contributions to the EGB
_ I T T T ‘ I T T T ‘ I T T T ‘ I I T T T ‘
-6 : —T FH E— Blazars )
10 - i T T 1 j —_— Radio Galaxies :
. . - — Star—Forming Galaxies b
A bit of details on ~__ /,/EEEE B t : :
. . L \ / 1 1 | 7
the analysis method T — 11
and assumptions | 0T )
I - ]
> i |
)

8 B
Nz 10 -8 ; —%— EGB, foreground model A é
E —43— EGB, foreground model B E

: —%— EGB, foreground model C
10—9 Lo Lo \
0.1 1 10 102 10°
E [GeV]
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Results

J How robust are these results (tension)?

More conservative analysis method
(independent nuisance parameter for each contribution)

A bit of details on
the analysis method - .)2- \

and assumptions 5 . B
= 1mnin -+
X . Z 2 Z
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Results

J How robust are these results (tension)?

separate analysis for different energy ranges

T T
T, 1077 < 107
° ° (\I] (\Il
A b|1’ Of de‘rculs on £ Fit to 100 MeV — 820 GeV £ Fit to 100 MeV — 820 GeV
> Xiwin = 17.5 > Yo =143
© )
The ana|y5|s mefhod %10_87 ______ FittolO(ieV—38§OGeV | %10_87 _______ Fitto]O(ieV—l8920GeV
NLU E Xmin = 2 NLU F Xmin = 1+
and assumpTlons i + EGB, foreground model A ] i + EGB, foreground model B
10—9 I L I | | | \\\\\\\2 | L 10—9 | | | | | | \\\\\\\2
0.1 1 10 10 10 0.1 1 10 10
E [GeV] E [GeV]
107°E ]
T
Tm 10_7 =3
¢
E Fit to 100 MeV — 820 GeV
> Xin =163
@) .
E T | Fit to 10 GeV — 820 GeV |
Nm /\/éﬂn=2'7
+ EGB, foreground model C
10—9 | | | | | Lol | | Ll | | L
0.1 1 10 102 10°
E [GeV]
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Results

J How robust are these results (tension)?

Cosmic evolution different from SFR

A bit of details on
the analysis method
and assumptions

F(z)[a.u.]
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Results

J How robust are these results (tension)?
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Tension exist for all the foreground
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v

Considering just the high energy EGB dataq,
‘/ for Eubr= 10 TeV the tension disappears
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SFR cosmic evolution
two energy ranges of EGB data
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Results

 How robust are these results (tension)? BL Lac cosmic evolution
two energy ranges of EGB data

three foreground modeling

The tension is almost similar o SFR, although the 3
cosmic evolution is very different S 1o

2
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Results

J How robust are these results (tension)?

The tension is almost similar to SFR, although the

BL Lac cosmic evolution
two energy ranges of EGB data
three foreground modeling

cosmic evolution is very different =
W 1072}
I I \\HH‘ I I \\HH‘ I I \\HH‘ I I \\HH‘ I I \\HH‘ I I \\HH‘ I I \\HH‘ I I \\HH‘
~ EGB data _ _ |
107 iTT‘TﬁTT F6 modeling A Red color —»  BL Lac cosmic evolution :
IR ~. \HH;{Ni% Green color ——>  SFR cosmic evolution E :
‘_I;% I conventional + cascadem~ v flux Ebr = 10 TeV |
’T'm 10~ = contributions o \ -
5 [ ‘ 1 For BL Lac evolution, the tension
> B | ° ° °
8§ 1 originates from the highest
= .
"2 1078 - cascaded y-ray flux - energy EGB data, while for SFR
: 1 ~ 100 GeV data are overshot.
10—9 Lon il Lon il Lon il L1 \Hulwl\:’, Lol I WEETI Lon il \‘\\
0.1 1 10 102 10° 10* 10° 10° 107
E [GeV]
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Results

,/ How robust are these results (tension)?

A more general approach to cosmic evolution

6 EGB data B
The EM cascade is fully developed for 10 ff f++ F& modeling A Pagro = 1.66
J far sources, leading to the universal +++++ S5 =253
form = : { ++++
4 High-z sources are completely invisible :: 107 - +—f E
at > 10 GeV (high z CMB, EBL) g - :
> T
v Eor = 10 TeV compatible with EGB, for g o i-iiizziisiEiEEIFiEIEEEEEEEEREEEesiio- T~~
z>3 WG 10 SEFTTTTTTTT E
- 10<z<l1l  30<z<31  60<z<61  90<z<9.
Ebr-= 1 TeV has strong tension, . Ey=1Tev
J independent of energy range of EGB | En=10TeV  s--ms-mmemss o coooo oo
dClTG 1()_(9).1 o 1 o 10 o 102 - ‘1‘03
E, [GeV]
High-z sources can be excluded based on energy considerations.
Even the most luminous object at high z, SMBH at the Eddington limit of luminosity,
cannot provide the required total luminosity.
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Results

 How robust are these results (tension)?

A more general approach to cosmic evolution

4 The EM cascade cannot develop. Large

high energy photon flux.

Ebr= 1 TeV has strong tension with
< EGB, independent of EGB energy
range.

4 Ebr-= 10 TeV and z < 10-3 is compatible

with EGB.

4 Eu-= 10 TeV case enjoys the lack of

EGB data > 820 GeV.

10 :HNTTT-HNf ++ FGErrG\fd:IC:\Z A

—_—

)
4
\

® [GeVem ™2 s~ !sr!]

2
Y

—_

o
&%
|

D500 = 1.66

Sn= 2.53

Ebr =1TeV

Ep =10 TeV

0<z<107 0<z<5x107 0<z<107>

10—9 L \,f\’\’u L0
0.1 1 10

102
E, [GeV]

The requirement of z < 10-3 is quite challenging. The required density of local sources
saturates the overall density of galaxies.

By further shrinking of z we arrive to the Galactic halo population; incompatible
with HAWC and KASCADE data.
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Summary

The multimessenger approach (nu-gamma) provides invaluable information on the
/ source(s) of IceCube neutrinos. There is a tension between EGB and IceCube data

(low energy).

The resulted Ax2 from the fit of EGB data after including the cascaded flux

SFR | BLLAC | 223 [ 0<2<107° | 0<2<107%
B — 1TV EGB > 100 MeV 47 137 35 232 110
br = EGB > 10 GeV 37 113 29 211 103
B EGB > 100 MeV 19 39 4.5 49 5.1
Epr =10 TV —=5=70 Gov 6 26 35 10 11

The result is robust. We were very conservative about the assumptions: conservative
J conventional contributions to EGB, minimalistic nu-gamma relation, neglecting gamma-

rays from leptonic processes, UHECR propagation, etc.
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Cascade development in very high energy

The cascade development we considered:

EPP vy —e'e and ICS €Yb — €7
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Cascade development in very high energy

The cascade development we considered:
EPP v —e'e and ICS EVp —> €7

However, above the threshold of muon pair production we have:

MPP Y — up”

oMPP = OEPP(Me — my)  ,for 8§ > 4m
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Cascade development in very high energy

The cascade development we considered:
EPP v —e'e and ICS EVp —> €7
However, above the threshold of muon pair production we have:
_|_ —
MPP T — 1 [
OMPP = O'Epp(me — mu) , for s > 4dm

And also the double pair production

DPP Y, — eTeTeTeT L for s> 16m?

4m?2\°
oppp A 6.45 ub (1 _ Em)

~€
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Cascade development in very high energy

Although the MPP cross section is smaller than the EPP: OMPP
OEPP

~ (.26
s=1018 V2

the interaction length Amper is smaller than the energy loss length Aepp at high-redshifts
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Cascade development in very high energy

J The distribution of the number of MPP occurrence
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Cascade development in very high energy

J The fraction of photon/electron energy channeling into neutrinos
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Cascade development in very high energy

Neutrino spectrum at the Earth from a source at redshift z injecting photons at

energy E,
1029 20 10%0 21
-- - 7 decay (E = 2x107 eV) -- - 7 decay (E+ = 2x10”" eV)
— MPP (E, = 10° eV) —— MPP (E, = 10*! eV)
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\/ A unique way to probe high-redshift and high-energy Universe

J The neutrino spectrum is within the range of sensitivity of experiments like
GRAND.
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Summary

— A lot can be learned from the Electromagnetic Cascades!

— There is a tension between IceCube's neutrino and Fermi-LAT's EGB. The tension points
toward "opaque sources”.

— Opaque source means a "new class" of objects, yet unknown to us! From model building
point of view it is challenging: requires high densities to make the source opaque o gamma-
rays, while the protons still can be accelerated to ~ 100 PeV. Directional correlations with
X-ray and MeV gamma-ray maps are unavoidable.

— Extension of EGB data to multi-TeV range can further constrain the sources (or pinpoint
them). Larger statistics by IceCube-Gen2 can reduce the error on flux normalization and
energy index, quantifying better the tension.

— The microphysics of cascade development at high energies is rich. Purely leptonic
processes can produce neutrinos!

— Electromagnetic cascades can provide a way to probe high-redshift and high-energy
Universe, the dark ages!
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