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IceCube Observations
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Φ(Eν) = Φastro × 10−18 ( Eν

100 TeV )
−γastro

, Eν ≥ Eth
HESE 7.5y 2.15 2.89 60

Cascades 6y 1.66 2.53 16
TG 9.5y 1.44 2.28 40

[IceCube Collaboration (2021)] 

Φastro [GeV−1 cm−2 s−1 sr−1] γastro Eth [TeV]

Spectral break should 
exist below Eth

Minimal injection spectrum:

dNν

dεν
(εν) = A ε−γ

ν , εbr < εν < 10 PeV
Aε−γ

br , εν < εbr

0 , 10 PeV < εν
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Astrophysical Neutrino Production
…and why it should necessarily be accompanied a comparable gamma-ray yield
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p + p

p + γ

2 main scenarios:  or pp pγ

π+, π−, π0

ν

γ
Δ+

ε2
γ

dNγ

dεγ
(εγ) ≃

2
3Kπ

ε2
ν

dNν

dεν
(εν)

εν=εγ/2

Undergoes EM cascade

Detected by IceCube 
(νe, νμ, ντ) = (1,2,0)S ≈ (1,1,1)⊕
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The Extragalactic Gamma-ray Background

Blazars 

Radio Galaxies 

Star-Forming Galaxies 

Gamma-rays from the 
IceCube neutrino sources
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Contributions

[AC, Esmaili, Serpico (2021)]

The EGB measured by Fermi-LAT

"Conventional"

“Cascaded 

IceCube”

+
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An Example
dNν

dεν
(εν) = A ε−γ

ν , εbr < εν < 10 PeV
Aε−γ

br , εν < εbr

0 , 10 PeV < εν

E2
ν Φ(Eν) =

1
4π ∫

∞

0
dz

d𝒱c

dz
ℱ(z)

[ε2
ν

dNν

dεν
(εν)]εν=(1+z)Eν

4πd2
L

@ Earth:

Redshift distribution

Is there any choice of  that can  
interpret IceCube and Fermi simultaneously?

(A, γ, εbr, ℱ)

E2
γ Φ(Eγ) Simulations 

-Cascade 
[Blanco 2019]

γ

ε2
γ

dNγ

dεγ
(εγ) ≃

2
3Kπ

ε2
ν

dNν

dεν
(εν)

εν=εγ/2

[AC et al. (2021)]

[AC, Esmaili, Serpico (2021)]



July 20 2023Antonio Capanema 10

χ2 = min
αj {[∑

i

(FEGB
i − Fcasc

i − ∑j αjF
j
i)2

σ2
i ] + ∑

j
[ (αj − 1)2

ζ2
j ]}

Multimessenger Constraints
Chi-square fit to the EGB data:

[AC, Esmaili, Serpico (2021)]

IceCube sources are gamma-ray opaque!
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EM Cascades: 
A closer look
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EM Cascades: 
A closer look
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Can cascades produce HE neutrinos?
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Muon Pair Production:   γγ → μ+μ−
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(Eϵ ≥ m2
μ)

λ−1(E) = ∫
∞
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dϵ n(ϵ) ∫
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Muon Pair Production:   γγ → μ+μ−
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Muon Pair Production:   γγ → μ+μ−
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Muon Pair Production:   γγ → μ+μ−
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Muon Pair Production:   γγ → μ+μ−
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(Eϵ ≥ m2
μ)

λ−1(E) = ∫
∞

0
dϵ n(ϵ) ∫

1− 2m2
Eϵ

−1
dμ

1 − μ
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σ
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0
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High-z

[Esmaeili, AC, Esmaili, Serpico (2022)]
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UHE Neutrinos from Cascades at High-Redshifts
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[Esmaeili, AC, Esmaili, Serpico (2022)]
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Fluxes @ Earth
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[Esmaeili, AC, Esmaili, Serpico (2022)]

ε2
γ

dNγ

dεγ
(εγ) ≃

2
3Kπ

ε2
ν

dNν

dεν
(εν)

εν=εγ/2

⇒ ℰγ /ℰν ≃ {2/3, pp
4/3, pγ {0.44, pp

0.77, pγ
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Astrophysical Neutrinos: 
Current Status

✦Diffuse flux from ~10 TeV to ~few PeV 
✦Quasi-equal flavors   or  
✦Quasi-isotropic  extragalactic 
✦ Point-source searches cannot account for 

bulk of events

⇒ pp pγ
⇒

arXiv:1911.02561 
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χ2 = min
αj {[∑

i

(FEGB
i − ∑j αjF

j
i)2

σ2
i ] + ∑

j
[ (αj − 1)2

ζ2
j ]}

Multimessenger Constraints
Chi-square fit to the EGB data:

[AC, Esmaili, Serpico (2021)]



July 20 2023Antonio Capanema

C.L.

4.61

6.18

11.83

High-z sources: challenging energy budgets

24

Multimessenger Constraints

E.g.:   SMBHs at  and  

Required:        

SMBH birth via SN/GRB:         

Eddington accretion:        

6 < z < 6.1 Ebr = 10 TeV

Lν ≈ 2 × 1051 erg/s

Ltot ∼ 1044 erg/s

Ltot ≈ 4.4 × 1051 erg/s

Δχ2

1σ

2σ
3σ

[AC, Esmaili, Serpico (2021)]
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Low-z sources

25


