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The Gamma-ray Sky

     Inverse Compton                                          π0-decay

       Bremsstrahlung

Galactic diffuse emission
(CR interactions with the interstellar medium)

Resolved Point Sources

Isotropic diffuse emission
(presumably extragalactic)
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Isotropic diffuse emission
(presumably extragalactic)

Gamma-ray Sky (after subtraction)
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The Spectrum of the EGB
Isotropic diffuse emission

(presumably extragalactic)
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Components of the EGB
Known players:
Star-forming galaxies
Active galaxies (blazars, and 

maybe some from other types 
of  radio galaxies)

Suspected contributors:
• Truly diffuse emission - 

gamma rays produced in EM 
cascades of highly energetic 
particles

Players about which we like 
to speculate:

• Exotic physics (e.g., dark 
matter annihilation?)

     Inverse Compton                  π0-decay

Bremsstrahlung
Galactic diffuse emission

(CR interactions with the interstellar medium)

Isotropic diffuse emission
(presumably extragalactic)

Resolved
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Extragalactic background light (EBL) consists of:
Emission from starlight at NIR/Opt./UV 

wavelengths
Reradiated thermal dust emission at FIR 

wavelengths 

Gilmore et al. 2009Cascades -
e+e- pair production
inverse Compton scattering of  cascade electrons

γ
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VHE Gamma Rays 
in the EBL

Venters 2009

Blazar

See also D. Williams’ talk (tomorrow)
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Magnetic Deflection of Cascades

Halo

AGN

EM
Cascade

TeV γ

GeV γ

image credit: Ando 2009

• Gamma-rays initially 
emitted off  observer’s 
line-of-sight initiate 
cascades that are 
deflected in direction of  
observer.

• Deflected emission 
makes a halo around 
source.

See also W. Essey’s talk (tomorrow)
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Anisotropy Studies
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Anisotropy Studies
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Thursday, March 29, 2012
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Impact of Cascades
(null B)

Saturday, March 31, 2012

Thursday, March 29, 2012
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Impact of Cascades
(intermediate B)

Saturday, March 31, 2012

Thursday, March 29, 2012
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(presumably extragalactic)
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Impact of Cascades
(non-zero B)
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Thursday, March 29, 2012
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Cascades and EGB Anisotropy

10-1 100 101 102

Energy [GeV]

10-8

10-7

10-6

E2 I E(E
) [

G
eV

 c
m

-2
 s-1

 sr
-1

]

Total

Cascade (B = 0)

Cascade (B = 5 x10
-14  G)

Blazars

SF Gala
xie

s

Cascades and EGB Anisotropy
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Figure 1. a: The spectrum of the modeled EGB (thick solid line) together with individual components: intrinsic blazar emission,
including both FSRQs and BL Lacs (thin solid line); SF galaxies (dashed line); electromagnetic cascades for zero IGMF (dot-dashed line)

and nonzero IGMF (double dot-dashed). For reference, the spectra of the EGB based on both Fermi (filled circles; Abdo et al. 2010c)

and EGRET data (open squares; Sreekumar et al. 1998; open triangles; Strong et al. 2004) are also plotted. b: The anisotropy energy
spectra of the modeled contributions to the EGB. The solid line is the total model assuming zero IGMF. The double dot-dashed line is

the total model assuming nonzero IGMF. Grey boxes represent the Fermi-LAT measurement of the anisotropy energy spectrum of the

EGB (Ackermann et al. 2012a).

case of a strong IGMF, the e↵ect of cascades is to reduce the
anisotropy of the EGB as they hinder the anisotropy arising
from blazars rather than reinforcing it. At energies at which
the relative contribution to the EGB arising from EM cas-
cades is significant, the anisotropy energy spectra of the two
cases are distinguishable, and current Fermi data already
seem to favor non-negligible IGMF values. With more data
and further refinement of this technique, Fermi will be able
to provide tighter constraints and possibly even measure the
IGMF.

Regarding the stability of EM cascades during prop-
agation, Broderick et al. (2012) present the very interest-
ing notion that plasma interactions between cascades and
the intergalactic medium would introduce energy losses that
are more significant than Inverse Compton energy losses,
thereby quenching the cascades. Unfortunately, this idea was
premised on the assertion that cascades constitute plasma
beams, which Broderick et al. suggest as a result of the ob-
servation that there are a large number of pairs in a given
volume scale. However, a large number of particles in a small
scale is not su�cient to constitute a plasma - the particles
must be able to influence each other through their elec-
tric and magnetic fields (for this reason, the particles in
a plasma must necessarily be charged particles). From our
understanding of relativistic beams of particles, the elec-
tromagnetic interactions between particles are largely sup-

pressed (Chao & Tigner 1999). We can see this by consider-
ing the field around a single charged particle at rest and then
boosting in the direction of propagation. For large Lorentz
factors (such as those involved in the EM cascade calcu-
lations), length contraction compresses the electric and as-
sociated magnetic fields so that they exist only in a plane
perpendicular to the direction of propagation of the parti-
cle. Since the bulk of the particles in the cascades will not
lie in this plane, they will not be electromagnetically con-
nected to the particle in question. For the few particles that
could lie in this plane, the Lorentz forces exerted on them
largely cancel because they are relativistic and propagate
co-linearly resulting in near cancelation between the electric
and magnetic field components. For simple charge distribu-
tions (e.g., the two-dimensional Gaussian distribution), ana-
lytic expressions have been derived for the Lorentz forces on
particles in a beam due to other particles within the beam,
and such forces have been demonstrated to be suppressed
by a factor of ��2 (Chao & Tigner 1999). As such, even
for electrons with energies ⇠ few MeV, the strengths of the
forces exerted on them are suppressed to the percent level;
at energies ⇠ hundreds of MeV and above, these forces are
negligible. In the case of the nonzero IGMF, the compression
of the electric and magnetic fields to a plane still applies, and
because of magnetic deflection, the density of charges falls,
suppressing the likelihood of finding nearby charges in the

c� 2002 RAS, MNRAS 000, 1–10

Venters & Pavlidou 2013
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Interactions behind CR Propagation

Gilmore et al. 2009

Venters Hadronic Interactions in AGNs and GRBs

3.1 Hadrons in Powerful Astrophysical Sources
While the complex astrophysical environments of AGNs and GRBs are, in principle, quite
di↵erent, the physics that determines the fate of hadrons in these systems is similar. Inciden-
tally, similar physical processes also play a role in determining the fate of UHECRs as they
propagate through the universe. As such, the similarity in the physics of hadronic
interactions will allow us to recycle tools that have already been developed and
those that will be developed in the early stages of the program. Specifically, the
most relevant interactions are summarized as follows (see Table 3.1):
Protons and Nuclei: The most relevant interactions for protons are Bethe-Heitler (BH)
pair production and photomeson production. In BH pair production, a photon interacts
with a virtual photon from the Coulomb field of the proton producing an electron-positron
pair. In photomeson production, the absorption of a photon by the proton excites baryon
resonances that decay and, in so doing, produce a proton or neutron and a meson (e.g., pion
or kaon). Since the energy required to produce two electrons is smaller than that required
to produce the lightest meson, the pion, BH pair production becomes an important energy
loss mechanism for protons at lower energies than photomeson production. However, beyond
the threshold for pion production, photomeson production becomes a much more e�cient
energy loss mechanism, particularly at the resonance energies.

The interactions of nuclei with photons are slightly more complicated due to the presence
of multiple nucleons. As in the case with protons, BH pair production is the dominant
interaction at lower energies. At higher energies still below the threshold for pion production,
the wavelength of the impinging photon is smaller than the size of the nucleus, and as such,
the photon can interact with individual or smaller collections of nucleons rather than the
entire nucleus. This leads to photodisintegration of the nucleus, in which the excited nucleus
emits one or more nucleons. In dense photon fields, the photodisintegration process is a
more e�cient energy loss mechanism for nuclei than photomeson production. As such, one
might think that in these conditions, nuclei are not likely to produce the mesons that would
be fundamental to �-ray production in AGNs and GRBs in hadronic emission models or,
for that matter, to be accelerated to UHEs. However, iron, being the most tightly bound
nucleus, is fairly robust to photodisintegration, and can remain intact in photon fields that

Table 3.1 - Predominant Particle Interactions
Protons and Nuclei Bethe-Heitler pair production e.g., p±� ! p±e�e+

Photodisintegration (nuclei only) e.g., nN� ! nN⇤ ! n�1

Np
Photomeson Production e.g., p� ! �(1232) ! p⇡0

Synchrotron e.g., p�̃ ! p�
Electrons Inverse Compton e±� ! e±�

Triple Pair Production e±� ! e±e+e�

Synchrotron e±�̃ ! e±�
Photons Pair Production �� ! e+e�

Double Pair Production �� ! e+e�e+e�

Mesons & Muons Decay e.g., µ± ! ⌫̄µ (⌫µ) e±⌫e (⌫̄e), ⇡0 ! ��
Synchrotron µ±�̃ ! µ±�

Energy thresholds: e rest mass ⇠ 0.5 MeV/c2;
⇡ rest mass ⇠ 140 MeV/c2; � rest mass ⇠ 1232 MeV/c2

5

CMBEBL
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Decerprit & Allard 2011

UHECR Propagation in Action

Stecker 2006
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Decerprit & Allard 2011

UHECR 
Propagation
 in Action
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Stay Tuned!

Thursday, March 29, 2012
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