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Fermi-LAT vs. EGRET
• New diffuse γ-ray background measured by Fermi-LAT is significantly softer than

the former measurement by EGRET.

• Reduced energy density sets stronger limits on multi-messenger models, in
particular UHE CRs and cosmogenic neutrinos.

[Ü talk by M.Kackelriess; see also Berezinsky/Gazizov/Kachelriess/Ostapchenko’10]
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Cosmogenic Neutrinos and the γ-ray Background
• Photopion production of protons in cosmic background radiation (CMB) creates

cosmogenic neutrinos. [Greisen’66;Zatsepin/Kuzmin’66;Berezinsky/Zatsepin’69]

p� γbgr Ñ ∆p1232q Ñπ� � n

ë µ� � νµ

ë e� � νe � ν̄µ

p� γbgr Ñ ∆p1232q Ñπ0 � p

ë γ � γ

• Simultaneous production of positrons and γ-rays with comparable energy
densities:

ωEM : ων � 5 : 3

• Electromagnetic (EM) components cascade in background radiation via to
Fermi-LAT energies (GeV-TeV).

Ü Diffuse γ-ray background limits the flux of cosmogenic neutrinos (“cascade limit”):
[Mannheim/Protheroe/Rachen’98;Keshet/Waxman/Loeb’04]
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Bethe-Heitler Pair Production

• Additional contributions to the
cascade by Bethe-Heitler (BH) pair
production:

p� γbgr Ñ p� e� � e�

Ü BH is the dominant energy loss
process for UHE CR protons at
� 2� 109 � 2� 1010 GeV.

Ü Decreases the cascade limit on
cosmogenic neutrinos.

[Kalashev/Semikoz/Sigl’09]

8 Challenge:
Resulting limit on cosmogenic
neutrinos depends on cosmic ray
model.
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UHE CR Model

• Most optimistic cosmogenic neutrino
fluxes are obtained in UHE CR models
assuming all-proton spectra.

[e.g. Anchordoqui et al.’07]

• Candidates for the transition between
galactic CRs and extra-galactic protons
are the “2nd knee” or “ankle”.

[Berezinsky/Gazizov/Grigorieva’06]

• Relative energy densities ωBH
cas Ø ωπcas

dependent on various assumptions, in
particular:

Ü “cross-over” energy
Ü source spectrum and evolution
Ü systematic uncertainties of UHE CR

measurements
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UHE CR Model

• spatially homogeneous and isotropic distribution of sources

• Boltzmann equation of co-moving number density (Y � n{p1� zq3):

9Yi � BEpHEYiq � BEpbiYiq � Γi Yi �
¸

j

»
dEj γjiYj � Li ,

• power-law proton emission rate:

Lpp0,Eq9pE{E0q
�γ �

$'&
'%

f�pE{Eminq E   Emin ,

1 Emin   E   Emax ,

f�pE{Emaxq Emax   E .

• smooth high and low energy cutoff: f�pxq � x�2 expp1� x�2q

• redshift evolution Lppz,Eq � Lpp0,Eqp1� zqnΘpzmax � zq.

• fixed in the following: zmax � 2 and Emax � 1021 eV

Ü free parameters for goodness-of-fit test: γ, n, and Emin
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Energy Density of the Cascade
• energy density of the cascade per co-moving volume:

ωcaspzq �
»

dE EYcaspz,Eq �
»

dE E pYγpz,Eq � Ye�pz,Eq � Ye�pz,Eqq

• evolution equation:

9ωcas � Hωcas �

»
dE bpz,EqYppz,Eq

• solution at z � 0:

ωcasp0q �
»

dt
»

dE
bpz,EqYppz,Eq

p1� zq

• two CEL contributions, Bethe-Heitler (bBH) and photopion production:

bπpz,Eq �
»

dE1E1
�
γpe�pz,E,E

1q � γpe�pz,E,E
1q � γpγpz,E,E1q

�

• introduced as a prior on the CR normalization in the goodness-of-fit test:
[Berezinsky/Gazizov/Kachelriess/Ostapchenko’10]

ωcas ¤ ωFermi � 5.8� 10�7 eV{cm3
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Goodness of Fit Test

• Number of expected events depend on energy scale uncertainty (δ) and
normalization (N ):

Nipn, γ,N , δq � Ai

» Eip1�δq�∆i{2

Eip1�δq�∆i{2
dE Jp

N ,n,γpEq

• Probability distribution P~kpn, γ,N , δq of replica experiments with events ~k is the
product of the individual Poisson distributions.

• Marginalization with respect to δ and N using ωcas ¤ ωFermi as a prior on N :

Pexppn, γq � Maxδ,N P~Nexppn, γ,N , δq

• Compatibility of a model with the experimental result at the confidence level
“GOF” determined by:

¸
~k

P~kpn, γ,Nbest, δbestqΘ
�
P~kpn, γ,Nbest, δbestq � Pexppn, γq

�
¤ GOF
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Goodness-of-Fit Test

• GoF based on
Hires-I/II data
(∆E{E � 25%)

• fixed:
Emax � 1021 eV
zmin � 0 / zmax � 2

• priors:
2.1 ¤ γ ¤ 2.9
2 ¤ n ¤ 6
ωcas ¤ ωFermi

• confidence levels:
68% (pink)
95% (blue)
99% (magenta)

Ü effect of ωcas-prior
shown as black
lines
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Explicit Calculation of γ-Ray Spectra

4 CMB interactions (solid lines)
dominate in casade:

• inverse Compton scattering (ICS)
e� � γCMB Ñ e� � γ

• pair production (PP)
γ � γCMB Ñ e� � e�

4 PP in IR/optical background
(red dashed line) determines the
“edge” of the spectrum:

8 further contributions (negligible):

• double pair production
γ � γbgr Ñ e� � e� � e� � e�

• triple pair production
e� � γbgr Ñ e� � e� � e�

• synchrotron loss

ΓICS (IR/opt.)
ΓICS (CMB)
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Explicit Calculation of γ-Ray Spectra
4 Range of γ-ray spectra saturate the Fermi-LAT bound.

Ü Spectra at � 100 GeV depend on the IR/optical background.
[here: Franceschini et al. ’08]

• “maximal cascade” : E2Jcas À
c

4π
ωFermi log

�
TeV
GeV
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Cosmogenic Neutrinos
• For all cross-over energies considered, the range of models at the 99% C.L.

(dashed green lines) is consistent with existing neutrino limits.
• Cascade bound, ωcas ¤ ωFermi, reduces the cosmogenic neutrino flux

(dotted green line) by a factor 2-4.
• Range of cosmogenic neutrino fluxes increase along with the cross-over energy

and lies within reach of IceCube (black lines).
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Summary

• The statistical impact of the cascade bound, ωcas ¤ ωFermi, depends on the energy
uncertainty of UHE CR data.

• A fit of an all-proton flux to HiRes data (∆E{E � 25 %) predict maximal
cosmogenic neutrino fluxes (99% C.L.) reduced by a factor 2-4.

• Ignoring the energy scale uncertainty of HiRes rules out low cross-over
models with strong source evolution (n Á 3). [Berezinsky et al.’10]

• For all cross-over energies considered, 1017.5eV-1019eV, the range of models at
the 99% C.L. is consistent with existing neutrino limits and lies within reach of
future neutrino telescopes (IceCube).

• Best-fit cosmogenic neutrino fluxes increase along with the cross-over energy by
a factor �2.
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Estimated EHEi-Sensitivity of IC80
• IceCube is also sensitive to EHE cosmic neutrinos, since atmospheric

background dies off quickly.
• Estimated (and preliminary!) IC80 sensitivity: “ΦIC80 � p80{9qΦIC9” (5σ, 1 yr):

E2φall ν � p3� 4q � 10�8 GeV cm�2s�1cr�1 p106 GeV   Eν   1010 GeVq

VERY HIGH ENERGY CASCADES WITH ICECUBE
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Figure 3: Event distribution in the plane of NPE and cosine of zenith angle obtained by Monte Carlo

simulations. Plotted on the left and middle are those for GZK neutrino-induced muon and tau signals,

respectively. The background atmospheric muon bundle model is shown on the right. Projections of the

atmospheric muon bundle distribution is represented by green lines in Fig. 2.

Figure 4: The 2006 IC-9 sensitivity curves at 90% C.L. on the EHE neutrino model fluxes is shown on the

left. The fluxes of the three neutrino flavors νe, νµ, ντ are summed up. GZK refers to the GZK model from

Ref. [8] for the lower curve and Ref. [10] for the upper curve. The TD and Z-burst predictions are from

Ref. [11] and Ref. [12], respectively. Plotted on the right is the corresponding neutrino effective area of

three neutrino flavors for cut level 2.
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Contribution of Strong Magnetic Fields
• Intergalactic magnetic fields in the range BIG � 10�16 G� 10�9 G.

[Kronberg’93;Neronov/Vovk’10]

• Large-scale structure formation suggests BIG � Op10�12q G.
[Dolag/Grasso/Springel/Tkachev’04]

• Effect of a strong magnetic field strength (10�9 G) as dashed lines:
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Comparison of the Cascade Spectra

• Comparison with γ-ray spectra derived by CRPropa.
[Armengaud/Beau/Sigl’07; γ-ray spectra from Kalashev/Semikoz/Sigl’07]

• Dashed lines: spectra without BH.

• Dot-dashed lines: spectra without EM cascade.
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Effect of the CR Energy Resolution

• Effect of the systematic
uncertainties in the CR energy
resolution.

• Variation of the method used
in our analysis (blue):

• correlated Ø uncorrelated
energy uncertainty between
HiRes I and HiRes II

• “top-hat” Ø Gaussian

• 15% width Ø 25% width
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Radiation Background

• IR/optical background from Franceschini/Rodighiero/Vaccari’08.

• Radio background (negligible) from Protheroe/Biermann’96.
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Figure 12. The solid-black line is the Extragalactic Background Light predicted by our fiducial model. Empty symbols are direct
measurements (0.3, 0.555, 0.814 µm by Bernstein 2007; 1.43, 1.53, 1.63, 1.73, 1.83, 1.93, 2.03, 2.14, 2.24, 2.34, 2.44, 2.54, 2.88, 2.98,
3.07, 3.17, 3.28, 3.38, 3.48, 3.58, 3.68, 3.78, 3.88, 3.98 µm by Matsumoto et al. 2005 using IRTS; 1.25, 2.2 µm by Cambrésy et al. 2001
using DIRBE; 2.2, 2.5 µm by Gorjian, Wright, & Chary 2000 using DIRBE; 60, 100 µm by Finkbeiner, Davis, & Schlegel 2000; 100, 140,
240 µm by Lagache et al. 2000; 140, 240 µm by Schlegel, Finkbeiner, & Davis 1998; 140, 240 µm by Hauser et al. 1998 all these using
FIRAS). Filled symbols are galaxy-count data, usually considered lower limits (0.1530, 0.2310 µm by Xu et al. 2005 using GALEX; 0.1595,
0.2365 µm by Gardner, Brown, & Ferguson 2000 using HST and STIS; 0.36, 0.45, 0.67, 0.81, 1.1, 1.6, 2.2 µm by Madau & Pozzetti 2000
using HST and ground-based telescopes; 3.6 µm by Levenson & Wright 2008; 3.6, 4.5, 5.8, 8.0 µm by Fazio et al. 2004 with a reanalysis
of the last point by Franceschini et al. (2008) all these using IRAC; 15 µm by Metcalfe et al. 2003 using ISO; 15 µm by Hopwood et al.
2010 using AKARI; 24 µm by Papovich et al. 2004 and Chary et al. 2004; 70, 160 µm by Dole et al. 2006 using MIPS; 71.4 µm by
Frayer et al. 2006 using MIPS; 100, 160 µm by Altieri et al. 2010 using Herschel). The coloured-solid lines are upper limits from γ-ray
astronomy. The dot-dashed-blue line, and the dashed-red line are the predictions from the models by Franceschini et al. (2008) and
Gilmore et al. (2010), respectively.

intensities for different wavelengths. This is the fraction of
the local EBL at a given wavelength that was already in
place at a given redshift. This is shown in Fig. 15 for several
wavelengths. As an example, we see that ∼70% of the local
EBL at λ = 0.445 µm and 2.2 µm comes from z < 1, 50% of
the EBL below ∼180 µm was already in place at z = 1, but
it is only ∼ 40% at 240 µm. It is significant that the EBL
at shorter wavelengths mostly come from sources at much
lower redshifts than the larger ones.

We see in Fig. 16 a comparison between the EBL
buildup for our model, FRV08, GSPD10, and the observa-
tional work by LeFloc’h et al. (2009) based on data from

MIPS at 24 µm up to z ∼ 1.5 in the COSMOS field. The
main contribution to the EBL at 24 µm comes from star-
forming and starburst-type galaxies. We observe a general
agreement, but reaching a factor 40% difference at z ∼ 1.2.
This region of the SEDs is highly dependent on the non-
smooth PAH features.
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