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High energy particles interacting with the extragalactic photon background initiate electromag-

netic pair cascades. I discuss here the resulting constraints on UHECR models, the flux of cos-

mogenic neutrinos and the extragalactic magnetic field (EGMF). In the former case, the diffuse

isotropic gamma radiation measured by Fermi-LAT is used to show that cosmogenic neutrino

fluxes are only marginally detectable by existing and currently planned neutrino experiments. In

the latter case, the non-observation of 1ES 0229+200 by Fermi-LAT requires that the EGMF is

stronger in at least 60% of space than∼ 5× 10−15G (stationary source) or∼ 10−17G (flaring

source). Thus the (non-) observation of GeV extensions around TeV blazars probes the EGMF in

voids and puts strong constraints on the origin of EGMFs, favoring a primordial origin.
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Constraints from electromagnetic cascades in the EBL

1. Introduction

The Universe is opaque to the propagation ofγ-rays with energies in the TeV region and above.
Such photons are absorbed by pair production on the infrared/optical extragalactic background
light (EBL), initiating electromagnetic cascades in the intergalactic space, via the two processes
γ+γb → e+ +e− ande±+γb → e±+γ [1]. The cascade develops very fast until it reaches the pair
creation threshold atsmin = 4Eγεγ = 4m2

e , whereεγ is the typical energy of the background photons
γb. Electrons continue to scatter on cosmic microwave photons in the Thomson regime with an
interaction length around 5 kpc, producing photons with average energy

Eγ =
4
3

εγE2
e

m2
e

≈ 100MeV

(

Ee

1TeV

)2

. (1.1)

The charged component of these cascades is deflected by extragalacticmagnetic fields (EGMF).
A detailed modeling of the electromagnetic cascade process is thus not only necessary to connect
the observed energy spectra of TeV sources with their intrinsic spectra,but provides also informa-
tion about extragalactic magnetic fields (EGMF) [2, 3, 4, 6, 5, 7].

Another important application of electromagnetic cascades is the extragalacticdiffuse gamma-
ray background (EGRB). Since the Universe acts as a calorimeter for electromagnetic radiation,
accumulating it in the MeV–TeV range, the measured EGRB limits all processes during the history
of the Universe that inject electromagnetic energy above the pair creationthreshold. Examples for
such processes are photo-pion and pair-production of UHECR protons with the cosmic microwave
background (CMB), the decay or annihilation of (superheavy) dark matter or of topological de-
fects [8].

I review briefly in Sec. 2 the constraints on UHECR models and the flux of cosmogenic neutri-
nos obtained in Ref. [9], while I discuss in Sec. 3 lower limits on the filling factorand the strength
of the EGMF derived in Ref. [10].

2. The cascade bound on UHE neutrinos

The recently reported measurement [11] of the EGRB by Fermi-LAT,J(E) ∝ E−2.41, indicates
a steeper decline with energy of the EGRB than the earlier EGRET measurement and the expecta-
tion J(E) ∝ E−2 for a cascade spectrum. We calculated in Ref. [9] the maximal energy density ωcas

allowed by this measurement from electromagnetic cascades both analytically and with a Monte
Carlo simulation. In the former case,ωcascan be calculated via

ωcas=
∫

dt dE
1+ z

E β0,em[(1+ z)E]np(E,z) , (2.1)

wherenp is the (physical) density of protons at redshiftz, β0(E) = (1/E)(dE/dt) is the relative
rate of energy loss of a proton with energyE at z = 0, andβ0,em denotes the relative rate of en-
ergy injected by protons into electromagnetic cascades due to pair production and pion production
(pγ → π± → e± andpγ → π0 → γ) at z = 0.

The maximally allowed photon flux was determined requiring that the diffuse photon flux just
touches the lower end of the error bars of the Fermi-LAT data. The corresponding bound on the
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Figure 1: Left: Fermi-LAT data (black circles) for the EGRB and UHECR data from HiRes (dots) together
with UHE neutrino (stars) and photon (boxes) fluxes forEmax = 1021 eV, zmax = 2, m = 0 andαg = 2.0
(blue, open) andαg = 2.6 (red, filled symbols). Right: Upper limits on the all-flavorUHE neutrino flux
and expected sensitivities together with the cascade limit(“E−2 cascade”). Also shown are realistic fluxes
of cosmogenic neutrinos marked by their spectral indexαg = 2.6 (dip model) andαg = 2.0 (ankle model)
together with neutrino fluxes optimized for detection by IceCube and JEM-EUSO.

cascade energy density isωmax
cas = 5.8×10−7 eV/cm3. This value is a factor seven smaller than the

one derived earlier in Ref. [12] using the EGRET data.
In addition to the analytical treatment, we obtained the EGRB spectrum based ona Monte

Carlo (MC) simulation of the cascade development. We generated CR sources from a homogeneous
source distribution up to a maximal redshiftzmax. Assuming the proton injection spectrum in the
form dN/dE ∝ E−αgϑ (E −Emax), we propagated the UHE protons using the Monte Carlo code
described in [13], until their energy was below the threshold fore+e− pair production,Emin ≈

1018eV, or until they reached the Earth.
We followed the evolution of electromagnetic cascades using the MC code introduced in

Ref. [14] and the best-fit model of [15] for the EBL energy density. The MC procedure provides an
one-dimensional description of the cascade development, taking into account the pair production
and IC processes as well as adiabatic energy losses. Even EGMFs with average strengths close to
the upper limitB ∼ 1 nG have only a small influence of order 20% on the resulting EGRB.

In the left panel of Fig. 1, we show the measurement of the EGRB by Fermi-LAT [11] (black
circles with error bars) together with results from our Monte Carlo simulation:The curve marked
asαg = 2.6 (red boxes) gives the cascade flux for the non-evolutionary (m = 0) dip model [16] with
Emax= 1×1021 eV andzmax= 2 normalized to HiRes data. The other curve marked asαg = 2.0 is
shown for the ankle model with a transition from galactic to extragalactic cosmic rays at 5×1018 eV
for the same values ofEmax andzmax. Clearly, both models are allowed by the cascade limit.

The cascade bound is the most general bound on the UHE neutrino flux, based only on the
production of electromagnetic cascades, which inevitably accompany the production of pions re-
sponsible for the neutrino flux [1]. The upper limit on the integral fluxJν (> E) of neutrinos of all
flavors is given by the following chain of inequalities,

ωmax
cas > ωπ

cas>
4π
c

∫ ∞

E
E ′Jν (E ′)dE ′ >

4π
c

EJν (> E) ,
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Constraints from electromagnetic cascades in the EBL

whereωmax
cas andωπ

cas are the energy density of the cascade radiation allowed by the Fermi data
and that produced only by pions, respectively. For the sake of comparison with experimental upper
bounds, where aE−2 neutrino spectrum is usually assumed, we give the upper limit for the differ-
ential cosmogenic neutrino flux of three neutrino flavors with aE−2 spectrum and as function of
the ratio of energy densities of pair- and pion-produced cascadesωe+e−

cas /ωπ
cas,

E2Jν (E) ≤
c

4π
ωmax

cas

ln(Emax/Emin)

1
1+ωe+e−

cas /ωπ
cas

. (2.2)

This limit is plotted in the right panel of Fig. 2 as a red line labeled ’E−2 cascade’ together with
existing upper limits and the expected sensitivity of IceCube and JEM-EUSO.Relaxing theE−2

assumption, each model for cosmogenic neutrinos can be checked for consistency with the Fermi
bound straightforwardly, calculatingωcasvia Eq. (2.1).

Choosing the parameters for the model in the lower-right corner we try to reach the sensitivity
of JEM-EUSO. Since a soft spectrum increasesωcas, we choose the hard spectrum withαg = 2.0,
while Emax should be as large as possible. By other words we search for the extension of the
ankle reference model with allowed evolution and largeEmax. We chooseEmax = 1× 1022 eV,
with zmax = 2 and evolution parameterm = 3. Normalized to the HiRes data, this model has
ωcas= 3.3×10−7 eV/cm3, i.e. is somewhat below the cascade limit. For such values, the neutrino
flux is marginally detectable by JEM-EUSO.

In the lower-left corner we aim to find a model allowing IceCube the detectionof cosmogenic
neutrinos. Here we should increase the low-energy tail of the neutrino flux and suppress the pair-
produced cascade radiation. To that end, we useαg = 2.0 with strong evolution to enhance the
flux of low-energy neutrinos. The maximum acceleration energy can be low, e.g. Emax = 1×
1020 eV. Moreover, we choose evolution withm = 3.0 andzmax = 6.0, which results inωcas=

5.5×10−7eV/cm3
≈ ωmax

cas . As our calculations show, the flux is only marginally detectable by
IceCube even for these extreme parameters.

The two models above demonstrate that even for extreme assumptions cosmogenic neutrinos
remain undetectable by existing detectors such as Auger, and could be onlymarginally observed
by IceCube and by future detectors as JEM-EUSO,

3. Lower limits on the EGMF

The detection of EGMFs outside clusters is crucial in discriminating differentmodels for the
origin of their seed fields, but extremely challenging using traditional methodsas e.g. Faraday
rotation. An alternative approach to obtain information about the EGMFs is to use its effect on
the radiation from TeV gamma-ray sources. Potentially observable effectsof such electromag-
netic cascades in the EGMF include the delayed “echoes" of multi-TeVγ-ray flares [3, 6] and the
appearance of extended emission around initially point-likeγ-ray sources [2, 4, 5, 7].

An additional way to derive lower limits on the EGMF has been pointed out recently [17, 18]:
Since the deflection of the cascade flux into an extended halo weakens the point-like image, the
non-observation of TeV blazars in the GeV range by Fermi-LAT can beenused to derive a lower
limit on the EGMF. Particular suitable candidates are blazars with a very hard TeV spectrum like
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Figure 2: Left: Fluence contained inside the 95% confidence contour ofthe PSF of Fermi-LAT as function
of energy together with Fermi-LAT upper limits and HESS observations for a uniform EGMF with strengths
varying fromB = 10−16 G to B = 10−13 G with Emax = 20 TeV (solid) and 100 TeV (dashed). The direct
component forB = 10−14 G is also shown. Right: Fluence contained inside the 95% confidence contour of
the PSF of Fermi-LAT as function of energy for a EGMF with top-hat profile and filling factorf varying
from f = 0.1 to f = 0.9 with Emax = 20 TeV (solid) and 100 TeV (dashed).

1ES 0229+200 that show a low intrinsic GeV emission. In this way, [17] and [18] derived the lower
boundB >

∼ 5×10−15 G on the EGMF.

We improved in Ref. [10] on these previous analyses in two respects: First, we used a Monte
Carlo simulation for the development of electromagnetic cascades in the EBL that includes the
effects of magnetic fields like synchrotron radiation and deflections of electrons. Second, we ex-
amined the influence of a more realistic, structured magnetic field on the EGMF limit.

In the two panels of Fig. 2 we show our results for the fluence contained inside the 95% confi-
dence contour of the PSF of Fermi-LAT. Additionally, these figures containthe HESS observations
as black dots with error bars and the Fermi-LAT upper limits derived by [18]. The fluences have
been normalized fitting them to the HESS data.

In the left panel, we used a uniform magnetic field so that our results can bedirectly compared
with the analytical estimates of [18]. Note that a turbulent field with correlation length Lcr much
larger than the mean free pathlIC of electrons in the Thomson regime,Lcr ≫ lIC ∼ 5 kpc, is well
approximated by a uniform field. For smaller correlation lengths,Lcr ≪ lIC, the electron diffuses
in the small-angle deflection regime, requiring larger magnetic fields for the samedeflection angle.
Demanding that the cascade flux is below the upper limits of Fermi-LAT leads to a lower limit on
the magnetic field strength of∼ 10−14 G. For this case the direct component, i.e. photons arriving
at the detector without cascading, is also shown. Note that for smallEmax the transition from the
direct to the cascade contribution leads to a break at∼TeV in the spectrum, as suggested by the
HESS data.

While our limit agrees reasonably well with the analytical estimate of [18], the shape of the
cascade flux obtained differs. There are several reasons responsible for these differences: First,
[18] assume that the spectral shape of the cascade flux below the threshold energy∼ 1011 eV is
given byF ∝ E0.5 for negligible magnetic fields. Such a slope typical for the regime of Thomson
cooling is however restricted to energiesE <

∼ 108 eV, while at higher energies a plateauF ∝ Eα

with α ∼ 0.9 is expected [9]. Second, deflections in the EGMF lead even for isotropicemission

5



P
o
S
(
T
e
x
a
s
 
2
0
1
0
)
2
2
4

Constraints from electromagnetic cascades in the EBL

to extended images of point-like sources. This effect has been neglectedin [18]. Third, using full
probability distributions for the interactions there is a non-negligible probabilityfor photons not to
interact, especially towards the low-energy end of the injected energy range. Finally, the energy
dependent PSF of Fermi introduces an artificial energy dependence of the point-like fluxF ∝ ϑ 2

95.
Note that an increase inEmax from 20 to 100 TeVreduces the limit on the magnetic field strength
to ∼ 5× 10−15 G, see Fig. 1, while a further increase ofEmax strengthens the limit again. The
counter-intuitive behavior between 20 to 100 TeV is caused by the dominance of direct photons at
the high-energy part of the spectrum for smallEmax.

Since the EGMF is strongly structured, one may wonder how a non-uniformfield modifies this
limit. In particular, we want to address the question whether the presence ofrelatively strong fields
concentrated inside cosmic structures like filaments could mimic the effect of an EGMF present
also in voids. As simplest possible test, we use first a top-hat profile for thestructure of the EGMF:
We set the field strength to zero in a fraction 1− f of space and use a value which in general is
assumed to be representative for filaments,B = 10−10 G, in the remaining part. For the separation of
the peaks we useD = 10 Mpc motivated by the typical distances between cosmological structures,
although the exact value ofD plays no role as long as(1− f )D ≪ lγ, wherelγ denotes the mean
free path of photons. The dependence of the fluence contained inside the PSF of Fermi-LAT on
the filling factor f is shown in the right panel. To be consistent with the Fermi upper limits,
sufficiently strong magnetic fields should fill>∼ 80% of space. The derived limit on the filling
factor is practically independent ofB, as long as the field is stronger than& 5×10−15 G. As in the
previous case, by assuming a higher injectedEmax the required filling factor is slightly reduced to
60% .

The failure of strong fields filling only a small fraction of the universe to suppress sufficiently
the point-like cascade flux can be understood as follows: The HESS observations of 1ES 0229+200
cover the energy range 0.5–11 TeV. In the same energy range, the meanfree pathlγ of VHE γ-rays
through the EBL varies between 1000 and 50 Mpc and is thus always much larger than the typical
extension of regions with large fields,(1− f )D. For the energies considered, the cascade consists
typically of only three steps,γ→ e± → γ. Since the mean free pathlIC of electrons in the Thomson
regime is very small,lIC ∼ 1 kpc, all cascades with electrons created outside the strong-field regions
are undeflected. Thus it is not possible to trade smaller values off against larger values ofB:
Increasing the field strength beyond∼ 10−13 G leads only to an increase of the deflection, while
the fraction of cascades deflected outside the Fermi PSF remains constant.

4. Summary

I have reported on a calculation of the fluence of 1ES 0229+200 as seenby Fermi-LAT us-
ing a Monte Carlo simulation for the cascade development. Since the electron cooling length is
much smaller than the mean free path of the TeV photons, a sufficient suppression of the point-like
flux requires that the EGMF fills a large fraction along the line-of-sight towards 1ES 0229+200,
f >
∼ 0.6. The lower limit on the magnetic field strength in this volume is∼ 5×10−15G for a station-

ary and or∼ 10−17G for flaring source, respectively. This limit puts very stringent constraints on
the origin of EGMFs: Either the seeds for EGMFs have to be produced by avolume filling process
(e.g. primordial) or very efficient transport processes have to be present which redistribute mag-
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netic fields that were generated locally (e.g. in galaxies) into filaments and voids with a significant
volume filling factor.

I have also reported on recently derived constraints on models for UHECR and cosmogenic
UHE neutrinos which demonstrate that the latter are not detectable with the present experimental
sensitivity. Both the dip and ankle model without or with weak evolution are consistent with the
Fermi-LAT measurement of the EGRB. The cosmogenic neutrino flux is strongly limited by the
new upper cascade bound and undetectable for a conservative choice of parameters by Auger-North
and JEM-EUSO. Only for an extreme set of parameters,Emax >

∼ 1×1022 eV andωcas∼ ωmax
cas , the

cosmogenic flux is marginally detectable by JEM-EUSO. To achieve the observation of cosmogenic
neutrinos for less extreme parameters, the detection threshold of JEM-EUSO (in the tilted mode)
must be lowered down to 1×1019 eV and the sensitivity of Auger-North should be increased by
factor∼ 20 in comparison with Auger-South. The results of our paper emphasize thenecessity to
develop more sensitive methods as e.g. radio-detection for the detection of cosmogenic neutrinos.
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