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Three options for HE astronomy:

High-energy photons:
new ACT’s (HESS, MAGIC, . . . ) extremly succesful

new sources, extragal. backgounds, evidence for hadronic
accelerators, M87, . . .
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HESS observations of M87:
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HESS observations of M87:
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HESS observations of M87:

Date
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fast variability excludes acceleration along kpc jet

acceleration in hot spots marginally okay

favors acceleration close to SMBH
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Three options for HE astronomy:

High-energy photons
but: astronomy with HE photons restricted to few Mpc
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Three options for HE astronomy:

High-energy photons
but: astronomy with HE photons restricted to few Mpc
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Alternative:

is astronomy with charged particles possible?
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Second option for HE astronomy: UHECRs
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Second option for HE astronomy: UHECRs

for practically all energies only two informations:

exponent α of dN/dE ∝ 1/Eα

chemical composition
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Deflection of protons in galactic B-field:
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Deflection of protons in galactic B-field:

additionally deflections in extrag-gal. B-field

deflections are dangerous for UHE protons, deadly for nuclei?

what are hints for chemical composition?
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Energy losses, the dip and the GZK cutoff
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at E ∼ 4×1019 eV:
N + γ3K → ∆→ N +π
starts and reduces free
mean path to
∼ 20 Mpc

pair production leeds
to a dip at ∼ 1019 eV
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The (first) dip [Berezinsky, Gazizov, Grigorieva ’03 ]
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The (first) dip [Berezinsky, Gazizov, Grigorieva ’03 ]
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The (first) dip [Berezinsky, Gazizov, Grigorieva ’03 ]
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Transition to extragalactic protons [Berezinsky, Grigorieva, Hnatyk ’04 ]
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Transition to extragalactic protons [Berezinsky, Grigorieva, Hnatyk ’04 ]

hint for protons

transition at E <∼ 1018 eV
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The second dip [Berezinsky, Gazizov, MK ’06 ]
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The second dip [Berezinsky, Gazizov, MK ’06 ]

at Eeq2 where dE/dt|pion = E/dt|e+e− :

Michael Kachelrieß Multimessenger astronomy



The second dip [Berezinsky, Gazizov, MK ’06 ]

at Eeq2 where dE/dt|pion = E/dt|e+e− :

2.nd sip shows up in κ = Jobs/JCEL
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The second dip [Berezinsky, Gazizov, MK ’06 ]

at Eeq2 where dE/dt|pion = E/dt|e+e− :

2.nd sip shows up in κ = Jobs/JCEL

cleanest signature for CMB interactions of protons
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Possible anisotropies of extragalactic CRs:

1 Dipole anisotropy – cosmolog. Compton-Getting effect

induced by motion of Sun relative to cosmological rest frame
requires λCR(E) >∼ λLSS
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Possible anisotropies of extragalactic CRs:

1 Dipole anisotropy – cosmolog. Compton-Getting effect

induced by motion of Sun relative to cosmological rest frame
requires λCR(E) >∼ λLSS

2 Anisotropies on medium scales

`∼ 20–40 degrees
reflects LSS of matter, modified by B
requires λCR(E) <∼ few×λLSS

favoured by large ns
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Possible anisotropies of extragalactic CRs:

1 Dipole anisotropy – cosmolog. Compton-Getting effect

induced by motion of Sun relative to cosmological rest frame
requires λCR(E) >∼ λLSS

2 Anisotropies on medium scales

`∼ 20–40 degrees
reflects LSS of matter, modified by B
requires λCR(E) <∼ few×λLSS

favoured by large ns

3 Small-scale clustering

Small-scale ∼ angular resolution of experiments
⇒ CR from the same point sources

requires small qB/E and small ns
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Cosmological Compton-Getting effect: [MK, Serpico ’06 ]

Solar System is moving with v≈ 368 km/s relative to CMB
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Cosmological Compton-Getting effect: [MK, Serpico ’06 ]

Solar System is moving with v≈ 368 km/s relative to CMB

UHECR sources are on average at rest
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Cosmological Compton-Getting effect: [MK, Serpico ’06 ]

Solar System is moving with v≈ 368 km/s relative to CMB

UHECR sources are on average at rest

⇒ dipole anisotropy also visible in UHECR flux I(E) = E2f (p),

ACCG ≡
Imax− Imin

Imax + Imin
=

(

2−
d ln I
d lnE

)

v≈ 0.6% .
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Cosmological Compton-Getting effect: [MK, Serpico ’06 ]

Solar System is moving with v≈ 368 km/s relative to CMB

UHECR sources are on average at rest

⇒ dipole anisotropy also visible in UHECR flux I(E) = E2f (p),

ACCG ≡
Imax− Imin

Imax + Imin
=

(

2−
d ln I
d lnE

)

v≈ 0.6% .

amplitude independent of primary charge and energy

GMF shifts dipole vector by δ∼ 20◦×1019eV(Q/E)

comparison of δ at 2 energies gives (average) primary charge

upper energ range depends on loss horizon λCR

lower on transition energy Etr to galactic CRs
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Medium-scale anisotropies in UHECRs:

increasing E/qB or decreasing ns, LSS of sources becomes
visible
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Medium-scale anisotropies in UHECRs:

increasing E/qB or decreasing ns, LSS of sources becomes
visible
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Medium-scale anisotropies in UHECRs:

increasing E/qB or decreasing ns, LSS of sources becomes
visible

O(100) events needed to detect effect, energy range around
>∼ 4×1019 eV [A. Cuoco et al. ’05, ’06 ]
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Medium-scale anisotropies in UHECRs:

increasing E/qB or decreasing ns, LSS of sources becomes
visible

O(100) events needed to detect effect, energy range around
>∼ 4×1019 eV [A. Cuoco et al. ’05, ’06 ]

increasing E even further, single sources become visible
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Medium-scale anisotropies in UHECRs: [MK, D. Semikoz ’05 ]
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Medium-scale anisotropies in UHECRs: [MK, D. Semikoz ’05 ]
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Medium-scale anisotropies in UHECRs: [MK, D. Semikoz ’05 ]
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Medium-scale anisotropies in UHECRs: [MK, D. Semikoz ’05 ]
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True effect?

independent of energy, if artefact due to incorrect
combination of experiments
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True effect?
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True effect?

independent of energy, if artefact due to incorrect
combination of experiments

⇒ signal disappears due to λCR(E)↗ and δB↗
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True effect?

independent of energy, if artefact due to incorrect
combination of experiments

⇒ signal disappears due to λCR(E)↗ and δB↗

penalty factor for scan over angles: ∼ 6–30
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Summary of charged particle astronomy

Main uncertainties:

chemical compostion: proton vs. nuclei
extragalactic magnetic fields: deflections
type of sources: source density
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Summary of charged particle astronomy

Main uncertainties:

chemical compostion: proton vs. nuclei
extragalactic magnetic fields: deflections
type of sources: source density

Autocorrelation on medium scales

physically well motivated
suggests correlation with (subclass) of AGNs
to be falsified within 1–2 (?) years by PAO
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Summary of charged particle astronomy

Main uncertainties:

chemical compostion: proton vs. nuclei
extragalactic magnetic fields: deflections
type of sources: source density

Autocorrelation on medium scales

physically well motivated
suggests correlation with (subclass) of AGNs
to be falsified within 1–2 (?) years by PAO

Correlations with sources

various claims
no news in the last 2 years
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Neutrino opportunities:
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Neutrino opportunities:
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Standard picture:

neutrinos produced by pion decay
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Standard picture:

neutrinos produced by pion decay

⇒ connection of neutrino and photon fluxes
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Standard picture:

neutrinos produced by pion decay
⇒ connection of neutrino and photon fluxes

el.-magn. energy cascades down to MeV–GeV range,
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Standard picture:

neutrinos produced by pion decay

⇒ connection of neutrino and photon fluxes

el.-magn. energy cascades down to MeV–GeV range,

sources are generally assumed transparent (τ <∼ 1)

τϕCR(E)∼ ϕν(E) ∝ E−α with α∼ 2
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Standard picture:

neutrinos produced by pion decay

⇒ connection of neutrino and photon fluxes

el.-magn. energy cascades down to MeV–GeV range,

sources are generally assumed transparent (τ <∼ 1)

τϕCR(E)∼ ϕν(E) ∝ E−α with α∼ 2

basis for CR bounds (WB, MPR)
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Neutrino telescopes and neutrino mixing

neutrino telescopes can distinguish muon neutrinos from
electron and tau neutrino events:
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Neutrino telescopes and neutrino mixing

neutrino telescopes can distinguish muon neutrinos from
electron and tau neutrino events:

but maximal mu-tau mixing washes-out flavor information for
lÀ losc:

ϕe : ϕµ : ϕτ = 1 : 2 : 0 ⇒ ϕe : ϕµ : ϕτ = 1 : 1 : 1
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AMANDA neutrino results:
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Result of searches:

searches for preselected point sources (Blazars, SNR,
unidentified EGRET sources): negativ

Michael Kachelrieß Multimessenger astronomy



Result of searches:

searches for preselected point sources (Blazars, SNR,
unidentified EGRET sources): negativ

all-sky search for point searches: negativ
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searches for preselected point sources (Blazars, SNR,
unidentified EGRET sources): negativ

all-sky search for point searches: negativ

search for “flares” (correlated with TeV γ ray flux): negativ
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Result of searches:

searches for preselected point sources (Blazars, SNR,
unidentified EGRET sources): negativ

all-sky search for point searches: negativ

search for “flares” (correlated with TeV γ ray flux): negativ

main result is flux limit for ν point sources
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Neutrino yields from hidden sources:

WB or MPR limits apply only to transparent sources – what
about hidden sources (τÀ 1)?
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Neutrino yields from hidden sources:

WB or MPR limits apply only to transparent sources – what
about hidden sources (τÀ 1)?
competition decay vs scattering ⇒ suppression of UHE flux
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Neutrino yields from hidden sources:

WB or MPR limits apply only to transparent sources – what
about hidden sources (τÀ 1)?

competition decay vs scattering ⇒ suppression of UHE flux

multiple scattering
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Neutrino yields from hidden sources:

WB or MPR limits apply only to transparent sources – what
about hidden sources (τÀ 1)?

competition decay vs scattering ⇒ suppression of UHE flux

multiple scattering

⇒ distortion of energy spectrum
⇒ non-trivial flavor composition
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Neutrino yields Yν = Jν/(τJp) from hidden sources: [MK, R. Tomàs ’06 ]
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Neutrino yields Yν = Jν/(τJp) from hidden sources: [MK, R. Tomàs ’06 ]
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Neutrino yields Yν = Jν/(τJp) from hidden sources: [MK, R. Tomàs ’06 ]
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Flavor ratio R0 = ϕνµ/(ϕνe +ϕντ) at source

Michael Kachelrieß Multimessenger astronomy



Flavor ratio R = ϕνµ/(ϕνe +ϕντ) at Earth

ϕD
να

= ∑β Pαβϕνβ ⇒ R depends on the ν mixing, mainly on ϑ23
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Neutrino yields from transparent, magnetized sources:

particles diffuse below RL(E0) <∼ Rs or

E0 = 1018eV
Rs

pc
B

mG
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Neutrino yields from transparent, magnetized sources:

particles diffuse below RL(E0) <∼ Rs or

E0 = 1018eV
Rs

pc
B

mG

E < E0:
power of CR spectrum changes
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Neutrino yields from transparent, magnetized sources:

particles diffuse below RL(E0) <∼ Rs or

E0 = 1018eV
Rs

pc
B

mG

E < E0:
power of CR spectrum changes
interaction depth changes

τeff =

{

τ0 for E ≥ E0

τ0

(

E0
E

)α
for E < E0
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Neutrino yields from transparent, magnetized sources:

particles diffuse below RL(E0) <∼ Rs or

E0 = 1018eV
Rs

pc
B

mG

E < E0:
power of CR spectrum changes
interaction depth changes

τeff =

{

τ0 for E ≥ E0

τ0

(

E0
E

)α
for E < E0

⇒ sources become non-transparent at

E = 1018eV
Rs

pc
B

mG
τ1/α

0

phenomenology of transparent sources is even richer than the
one of hidden sources
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Summary

1 High-energy gamma-ray astronomy is very successful
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2 UHECR physics
no new physics needed (?)
previous claims for (auto-) correlations will be soon confirmed
or excluded
info about extragalactic magnetic fields, sources

3 High-energy neutrino astronomy
only simplistic theoretical predictions
no signal yet
new techniques (radio) are coming (and are needed)
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