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Observation of Ultra High Energy Cosmic Rays (UHECRs)
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Question: where do they come from?

⇒ approaches
top-down: decay of superheavy particles

→ disfavored
bottom-up: accelerated in astrophysical sources→ candidates?
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Pierre Auger Observatory (PAO)
correlation: arrival UHECRs directions↔ positions of nearby AGN

However
results not confirmed
UHECRs affected by not well-known magnetic fields
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gamma-rays are expected together with UHECRs

[F. Halzen]

neutral particles⇒ not affected by B⇒ point back to the source
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Introduction: Astronomy with Gamma rays

Problems
universe is opaque to photons for E larger than hundreds of TeV

Extragalactic Background Light can affect the measurement
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weakly interacting with matter→ : deep penetrating power
information from the edge of the Universe

information from the inner layers of astrophysical objects→ internal
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non-standard properties: flavor mixing⇒ sensitive to the composition in
the source
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Examples

Sun
SN1987A
SNR RX J1713.7-3946
cascade limit: EGRET bound on diffuse extragalactic γ-ray flux⇒ limit on
the differential ν intensity

UHECRs limit: energy density injected by extragalactic sources→ bound
on the diffuse ν flux (Waxmann, Bahcall)

PAO observation on UHECRs from Cen A⇒ ν flux predicted
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High Energy Neutrinos from Astrophysical Thick Sources

Astrophysical Thick Sources

Crucial point: UHECRs↔ gamma-rays↔ HE neutrinos

Assumption: transparent sources (interaction depth τ0 ≡ Rs/lint � 1)

↓
what happens if this condition is not fulfilled?

... non-trivial relation among the different fluxes
A) thick sources (τ0 & 1)

B) transparent sources with strong magnetic fields −→ diffusion

⇒ effective size of the source Reff increases⇒ τeff ≡ Reff/lint & 1
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High Energy Neutrinos from Astrophysical Thick Sources Neutrino yields

Monte Carlo simulation

source: phenomenological characterization
injected protons dN/dE ∝ E−α −→ (α = 2, Emax = 1024 eV)

slab with


−protons

−thermal photons −→
 − size Rs
− temperature T
− magnetic field B

processes

p + γ → secondary mesons (π, K , charm)
{ − decay→ HE ν′s

− meson + γ

extended version of SOPHIA [A. Mücke et al., 2000], HERWIG [G. Corcella et al., 2001]

synchrotron radiation
e+e− pair production
inverse Compton scattering
diffusion due to turbulent magnetic field
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Neutrino Yields: transparent source

Neutrino Yield Yν

Yν(E) =
φν(E)

pintφp(E)

ν’s from π decay
dominates

above Eth no
dependence on
energy

Source at T = 104 K and τ0 = 0.1
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High Energy Neutrinos from Astrophysical Thick Sources Neutrino yields

Neutrino Yields: A) thick source

Source at T = 104 K and τ0 = 102

[ M. Kachelrieß and R. T., 2006]

multiple scattering⇒ ν flux

Low En.: more mesons
produced⇒ increase

High En.: mesons scatter
before decaying⇒
suppression

composition depends on
energy:

Low: π decay
Intermediate: K decay
High: charm mesons
decay
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Neutrino Yields: A) thick source

Source with τ0 = 102 at T = 104 K and T = 105 K [ M. Kachelrieß and R. T., 2006]

suppression at HE strongly depends on the medium density
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Thick sources: conditions for large HE ν fluxes
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High Energy Neutrinos from Astrophysical Thick Sources Neutrino yields

Neutrino Yields: B) transparent source with B

Source at T = 104 K, τ0 = 0.1, and B = 102 G [M. Kachelrieß, S. Ostapchenko, R. T., 2007]

magnetic field
at HE: synchrotron losses dominate⇒ suppression of HE ν flux
at LE: diffusion⇒ τeff increases⇒ bump of π and n neutrinos
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High Energy Neutrinos from Astrophysical Thick Sources Neutrino flavor

Flavor content (φνe, φνµ
, φντ

)

Motivation
measurable in ν telescopes and extensive air shower experiments
[J. F. Beacom, N. F. Bell, D. Hooper, S. Pakvasa and T. J. Weiler, 2003, D. Fargion, 1997, S. I. Dutta, M. H. Reno and I. Sarcevic, 2000]

: characterize sources
[L. A. Anchordoqui, H. Goldberg, F. Halzen and T. J. Weiler, 2005, T. Kashti and E. Waxman, 2005]

learn about [H. Athar, M. Jezabek and O. Yasuda, 2000, P. Bhattacharjee and N. Gupta, 2005,

P. D. Serpico and M. Kachelrieß, 2005, J. F. Beacom, N. F. Bell, D. Hooper, S. Pakvasa, and T. J. Weiler, 2002, W. Winter, 2006,

W. Rodejohann, 2007, S. Pakvasa, W. Rodejohann, and T. Weiler, 2007]

Example
pion decay→ (1,2,0)
neutron beam source→ (1,0,0) [L. A. Anchordoqui et al., 2003, P. D. Serpico and M. Kachelrieß, 2005]

muon-damped νµ sources from π decay→ (0,1,0) [T. Kashti and E. Waxman, 2005]

non transparent sources→ (φνe , φνµ
, φντ

) ?
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High Energy Neutrinos from Astrophysical Thick Sources Neutrino flavor

Flavor ratio Rµ ≡ φνµ
/(φνe + φντ

)

source

different contributions to φν ⇒ strong energy dependence of R0
µ
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Future Prospects

Future Prospects

Consider more realistic models for the sources
include photons into the analysis (preliminar results)
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Future Prospects

Future Prospects

Consider more realistic models for the sources

Analyze not only the source but particle propagation after they leave

distribution of sources

extragalactic magnetic fields

−→ CRPropa code (Armengaud, Sigl, Beau, and Miniati)
(http://apcauger.in2p3.fr/CRPropa/index.php)

Include the different detectors

Final goal: constrain models + make predictions
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Summary

Summary

multimessenger approach required to identify and understand the
UHECRs sources

key ingredient: relationship between the expected fluxes of UHECRs,
gamma rays and neutrinos

↓
transparent sources ok, but for thick sources the connection is more

involved

we have developed a code to study the relationship between UHECRs
and neutrinos for phenomenologically characterized thick sources

future: more realistic models of sources (include photons) + propagation
in the Universe + different detectors −→ constrain models
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