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What’s beyond the observable universe?

“I’ll tell you what’s beyond the observable universe –
lots and lots of un-observable universe.”
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What is the observable universe?

?
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What is the observable universe?

[NASA/IPAC]
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Multi-Wavelength Astronomy

VLA (radio)
WMAP 

(microwave)

Planck (microwave)

HERSCHEL (infrared)

Hubble (optical)

Fermi (gamma-ray)

VERITAS
 (gamma-ray)

H.E.S.S. (gamma-ray)

HAWC (gamma-ray)
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Multi-Wavelength Astronomy
radio galaxy Centaurus A at different wavelengths
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Multi-Wavelength Astronomy

– 32 –

108 1010 1012 1014 1016 1018 1020 1022 1024 1026 1028

ν [Hz]

10-14

10-13

10-12

10-11

10-10

10-9

10-8

10-7

νF
ν [

er
g 

s-1
 c

m
-2

]

Fig. 5.— The SED of the Cen A core with model fits. Colored symbols are observations between

August and May 2009, the epoch of the LAT observations. These include observations of, from

low to high frequency: the TANAMI VLBI (red squares), Swift-XRT (red crosses), Suzaku (brown

circles), Swift-BAT (red circles), and Fermi-LAT (red diamonds). Black symbols are archival data,

(Marconi et al. 2000) including HESS observations (Aharonian et al. 2009). Curves are model fits

to nuclear region of Cen A. The green curve is a synchrotron/SSC fit to the entire data set. The

dashed green curve shows this model without γγ attenuation. The violet curve is a similar fit but

is designed to under fit the X-ray data, and the brown curve is designed to fit the HESS data while

not over-producing the other data in the SED. The blue curve is the decelerating jet model fit

(Georganopoulos & Kazanas 2003). See Table 2 for the parameters of these model curves.

• multi-wavelength spectrum of the core region in Centaurus A [Fermi’10]

• frequency-to-energy conversion: E ' 415 GeV(ν/1026Hz)

• successful fit to the data via a synchrotron/synchrotron-self-Compton model (green line)

• requires a high-energy population of electrons
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High-Energy γ-Radiation
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High-Energy γ-Radiation
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High-Energy γ-Radiation
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Universe’s γ-ray Opacity

• very-high energy γ-rays can interact
with background photons to produce
e±-pairs

• inverse Compton scattering “recycle”
photons

Ü repeated cycles initiate cascades

• main driver is cosmic microwave
background (CMB)

• also extragalactic background light
(EBL) relevant for distant sources

• rapid cascade interactions produce
background of GeV-TeV emission

Ü Universe is opaque to γ-ray emission
beyond TeV scales!

(inverse-)Compton

e

background
photon

Pair Production
e

background
photon e
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Universe’s γ-ray Opacity

• very-high energy γ-rays can interact
with background photons to produce
e±-pairs

• inverse Compton scattering “recycle”
photons

Ü repeated cycles initiate cascades

• main driver is cosmic microwave
background (CMB)

• also extragalactic background light
(EBL) relevant for distant sources

• rapid cascade interactions produce
background of GeV-TeV emission

Ü Universe is opaque to γ-ray emission
beyond TeV scales!
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What else is observable in the universe?

?
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What else is observable in the universe?

[FNAL]
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What else is observable in the universe?

photons

[FNAL]
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What else is observable in the universe?

neutrons 
& protons

photons

electron

[FNAL]
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The cosmic leg

The all-particle spectrum (as E2.5×J) of cosmic rays.
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The cosmic leg

The all-particle spectrum (as E2.5×J) of cosmic rays.
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The cosmic leg

The all-particle spectrum (as E2.5×J) of cosmic rays.
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Electronvolt ???

106 eV = 1 MeV mec2 ' 1
2

MeV

109 eV = 1 GeV mpc2 ' 1 GeV

1012 eV = 1 TeV
√

sLHC ' 7 TeV

1015 eV = 1 PeV Emax,Earth ' 2 PeV

1018 eV = 1 EeV Joule ' 6 EeV

1021 eV = 1 ZeV ???

1V
e
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Electronvolt ???

Ekin = 1ZeV
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Intermission: Units & Conventions

• natural units: c = ~ = kB = ε0 = µ0 = 1
• conversion factors:

~c ' 2× 10−7eVm c ' 3× 108 m
s

kB ' 8.6× 10−5 eV
K

αEM '
1

137
=

e2

4π

• example

1Tesla = 1
Vs
m2 =

c
m/s

~c
eVm

1√
4παEM

(eV)2 ' 195(eV)2

• other important relations/definitions:

1erg ' 624 GeV 1eV ' 1.8× 10−36 kg 1pc ' 3.26ly ' 3.09× 1016 m
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Galactic Cosmic Rays

• “Supernova remnants” with
ECR ' 10−3 ×M� and a rate of 3 SNe
per century? [Baade & Zwicky’34]

• galactic CRs via diffusive shock
acceleration? (more on this later)

dN
dE
∝ E−2.2 (at source)

• energy-dependent diffusive escape
from Galaxy

dN
dE
∝ E−2.7 (observed)

• maximal energy Emax ∼ 4 PeV
(“CR knee”)

CR diffusion

source
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Direct & Indirect Evidence
• direct evidence from “pion bump”

signatures [Fermi’13]

• pion production in CR-gas interactions

p + p→ π0 + other particles

• γ-ray energy in rest frame of pion:

Eγ =
1
2

mπ0 = 67.5MeV

• kinematics of the interaction produces
a break at about Eγ ' 200 MeV

• indirect evidence of Galactic CRs via
diffuse hadronic emission from the
Galaxy
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Figure 2: (A and B) Gamma-ray spectra of IC 443 (A) and W44 (B) as measured with the
Fermi-LAT. Color-shaded areas bound by dashed lines denote the best-fit broadband smooth
broken power law (60 MeV to 2 GeV), gray-shaded bands show systematic errors below 2
GeV due mainly to imperfect modeling of the galactic diffuse emission. At the high-energy
end, TeV spectral data points for IC 443 from MAGIC (29) and VERITAS (30) are shown.
Solid lines denote the best-fit pion-decay gamma-ray spectra, dashed lines denote the best-fit
bremsstrahlung spectra, and dash-dotted lines denote the best-fit bremsstrahlung spectra when
including an ad hoc low-energy break at 300 MeV c−1 in the electron spectrum. These fits were
done to the Fermi LAT data alone (not taking the TeV data points into account). Magenta stars
denote measurements from the AGILE satellite for these two SNRs, taken from (31) and (19),
respectively.

[Fermi’13]
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Ultra-High Energy Cosmic Ray Observations

• Cosmic rays interact in the upper atmosphere

• Cascade of particle production and repeated interactions produce a shower

Ü Particle number (electrons/positrons, muons/anti-muons, gamma-rays) grows exponentially

• Observation by fluorescence light (nitrogen excitation) and by surface detectors (Cherenkov light).
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Ultra-High Energy Cosmic Ray Observations

• State-of-the-art: Pierre Auger Observatory in Argentina

• surface detector: ' 3000 km2, four fluorescence detector stations
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UHE CR and GZK cutoff
• UHE CR spectrum expected to show “cutoff” due to interactions with cosmic

radiation background. [Greisen&Zatsepin’66;Kuzmin’66;Berezinsky&Zatsepin’70]

Ü resonant proton interaction pγ → ∆→ nπ+ with CMB: ECR < EGZK ' 40EeV

• UHE CR propagation limited to “only” 200 Mpc.

UHE CR spectrum radiation background

16 24. Cosmic rays
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Figure 24.9: Expanded view of the highest energy portion of the cosmic-ray
spectrum from data of HiRes 1&2 [101], the Telescope Array [103], and the Auger
Observatory [104]. The HiRes stereo spectrum [112] is consistent with the HiRes
1&2 monocular results. The differential cosmic ray flux is multiplied by E2.6. The
red arrow indicates the change in the plotted data for a systematic shift in the
energy scale of 20%.

background [97,98]. Photo-dissociation of heavy nuclei in the mixed composition
model [99] would have a similar effect. UHECR experiments have detected events of
energy above 1020 eV [89,100–102]. The AGASA experiment [100] did not observe
the expected GZK feature. The HiRes fluorescence experiment [101,112] has detected
evidence of the GZK supression, and the Auger observatory [102–104] has presented
spectra showing this supression based on surface detector measurements calibrated
against its fluorescence detector using events detected in hybrid mode, i.e. with both the
surface and the fluorescence detectors. Recent observations by the Telescope Array [103]
also exhibit this supression.

Figure 24.9 gives an expanded view of the high energy end of the spectrum, showing
only the more recent data. This figure shows the differential flux multiplied by E2.6.
The experiments are consistent in normalization if one takes quoted systematic errors in
the energy scales into account. The continued power law type of flux beyond the GZK
cutoff previously claimed by the AGASA experiment [100] is not supported by the HiRes,
Telescope Array, and Auger data.

One half of the energy that UHECR protons lose in photoproduction interactions that

February 16, 2012 14:07
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UHE CR arrival direction

Galactic

Auger 2010 E > 55 EeV (magenta) / TA 2014 E > 57 EeV (orange)
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180o
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• θrms ' 1◦ (D/λcoh)
1/2

(E/55EeV)
−1

(λcoh/1Mpc) (B/1nG) [Waxman & Miralda-Escude’96]
• “hot spots” (dashed), but no significant auto-correlation in Auger and Telescope Array data
• no significant cross-correlation with source catalogs [Auger’10;TA’14]
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Particle acceleration in the Universe

• Acceleration is a continuous process.

Ü Accelerators need to confine the particle by
magnetic fields.

• Larmor radius:

RL =
E

ZeB
' 1.1

Z

(
E

EeV

)(
B
µG

)−1

kpc .

• maximal energy from RL = Racc:

Emax ' 0.9Z
(

Bacc

µG

) (
Racc

kpc

)
EeV .

• for example, the LHC:

Emax ' 9
(

Bacc

8T

) (
Racc

4km

)
TeV .

size

magnetic
field

Markus Ahlers (WIPAC) Particle Astrophysics Madison, June 13, 2016 slide 29



Particle acceleration in the Universe

size

magnetic
field

size

magnetic
field
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Sources of UHE CRs?

• fundamental energy bound on
cosmic accelerators

Ü accelerators with size R and
magnetic field strength B:

Emax ' 0.9βZ
(

B
µG

)(
R

kpc

)
EeV

size

magnetic
field

“Hillas plot”

starburst
wind

micro-
quasar

LHC
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RG
lobes

SNRinterplanet.
medium
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dwarf

neutron
stars

intergal.
medium

galaxy
cluster
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[after Hillas’84]
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Acceleration mechanism?
• There is a problem with this analogy.

8 Universe is a “perfect conductor”

Ü It is unlikely to build up large potentials on long time-scales that accelerate
charged particles.

• astrophysical environments are described (to leading order) as an ideal
magneto-hydrodynamical (MHD) system:

∂tρ = −∇(ρv) (continuity)

ρ(∂t + v∇)v = (∇× B)× B−∇p (momentum)

∂B = −∇× E (Faraday’s law)

∇B = 0 (no divergence)

E = −v× B (Ohm’s law)

• in particular, Ohm’s law gives E ⊥ v

Ü no acceleration along electric fields

Ü exceptions (NLO effects): magnetic reconnections, double layers, relativistic
motion,. . .
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Fermi’s idea

P H YS I CAL R EVI EW VOLUM E 75, NUMBER 8 APRIL 1S, 1949

On the Origin of the Cosmic Radiation
ENRICO FERMI

Institute for Nuclear Studies, University of Chicago, Ckicago, ILlinois
{Received January 3, 1949)

A theory of the origin of cosmic radiation is proposed according to which cosmic rays are originated
and accelerated primarily in the interstellar space of the galaxy by collisions against moving mag-
metic 6elds. One of the features of the theory is that it yields naturally an inverse power law for the
spectral distribution of the cosmic rays. The chief difhculty is that it fails to explain in a straight-
forward way the heavy nuclei observed in the primary radiation.

I. INTRODUCTION
N recent discussions on the origin of the cosmic
radiation E. Teller' has advocated the view

that cosmic rays are of solar origin and are kept
relatively near the sun by the action of magnetic
fields. These views are amplified by Alfvhn, Richt-
myer, and Teller. ' The argument against the con-
ventional view that cosmic radiation may extend
at least to all the galactic space is the very large
amount of energy that should be present in form of
cosmic radiation if it were to extend to such a huge
space. Indeed, if this were the case, the mechanism
of acceleration of the cosmic radiation should be
extremely efficient.
I propose in the present note to discuss a hy-

pothesis on the origin of cosmic rays which attempts
to meet in part this objection, and according to
which cosmic rays originate and are accelerated
primarily in the interstellar space, although they
are assumed to be prevented by magnetic fields
from leaving the boundaries of the galaxy. The
main process of acceleration is due to the interaction
of cosmic particles with wandering magnetic fields
which, according to Alfvbn, occupy the interstellar
spaces.
Such fields have a remarkably great stability

because of their large dimensions (of the order of
magnitude of light years), and of the relatively high
electrical conductivity of the interstellar space.
Indeed, the conductivity is so high that one might
describe the magnetic lines of force as attached to
the matter and partaking in its streaming motions.
On the other hand, the magnetic field itself reacts
on the hydrodynamics' of the interstellar matter
giving it properties which, according to Alfvkn, can
pictorially be described by saying that to each line
of force one should attach a material density due to
the mass of the matter to which the line of force is
linked. Developing this point of view, Alfthn is
able to calculate a simple formula for the velocity
V of propagation of magneto-elastic waves:

V=H/(4s p) &, (1)
' Nuclear Physics Conference, Birmingham, 1948.
~Alfvdn, Richtmyer, and Teller, Phys. Rev. , to be pub-

lished.I H. Alfv4n, Arkiv Mat, f. Astr. , o. Fys. 298, 2 (1943).

where H is the intensity of the magnetic field and
p is the density of the interstellar matter.
One finds according to the present theory that a

particle that is projected into the interstellar
medium with energy above a certain injection
threshold gains energy by coll'isions against the
moving irregularities of the interstellar magnetic
field. The rate of gain is very slow but appears
capable of building up the energy to the maximum
values observed. Indeed one finds quite naturally
an inverse power law for the energy spectrum of the
protons. The experimentally observed exponent of
this law appears to be well within the range of the
possibilities.
The present theory is incomplete because no

satisfactory injection mechanism is proposed except
for protons which apparently can be regenerated at
least in part in the collision processes of the cosmic
radiation itself with the diffuse interstellar matter.
The most serious difficulty is in the injection
process for the heavy nuclear component of the
radiation. For these particles the injection energy
is very high and the injection mechanism must be
correspondingly efficient.

II. THE MOTIONS OF THE INTERSTELLAR MEDIUM

It is currently assumed that the interstellar space
of the galaxy is occupied by matter at extremely
low density, corresponding to about one atom of
hydrogen per cc, or to a density of about 10 "g/cc.
The evidence indicates, however, that this matter
is not uniformly spread, but that there are conden-
sations where the density may be as much as ten
or a hundred times as large and which extend to
average dimensions of the order of j.o parsec.
(1 parsec. =3.1)&10'8 em=3. 3 light years. ) From
the measurements of Adams4 on the Doppler effect
of the interstellar absorption lines one knows the
radial velocity with respect to the sun of a sample
of such clouds located at not too great distance from
us. The root mean square of the radial velocity,
corrected for the proper motion of the sun with
respect to the neighboring stars, is about 15 km/sec.
We may assume that the root-mean-square velocity

4 W. S. Adams, A.p.J. 9'7, 105 (1943).
ii69

• Try to get this paper on the web!

• hints:

• http://inspirehep.net/ (type in "f a fermi and t cosmic")
• http://adsabs.harvard.edu/abstract_service.html
• http://arxiv.org/
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Fermi’s original idea

“collisionless” scattering of charged particles with “magnetic clouds”

cosmic ray

cosmic ray

β = v/c

θ1

θ2
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Diffuse Shock Acceleration

• Danish astronomer Tycho Brahe (1546–1601) observed supernova in 1572

• Chandra observation of supernova remnant reveals high-energy X-ray emission near shock

Ü interpreted as synchrotron radiation of electrons spiraling in magnetic field enhanced by cosmic rays
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Diffuse shock acceleration

“collisionless” scattering of charged particles across shocks

cosmic ray

cosmic ray

“downstream”“upstream”

shock

βsh = vsh/c
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Cosmic Ray Acceleration
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Cosmic Ray Acceleration

cosmic ray

shock

magnetic
turbulence
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Spectrum
• evolution of energy and particle number

∂tE =
1

tacc
E ∂tN = − 1

tesc
N

Ü dividing

∂EN = − tacc

tesc

N
E

Ü re-arranging
dN
N

= − tacc

tesc

dE
E

Ü integrating ∫ N(E)

N0

dN′

N′
= −

∫ E

E0

tacc

tesc

dE′

E′

Ü final spectrum
N(E) = N0(E/E0)

−Γ

• power index for non-relativistic plasma and strong shocks: Γ = tacc/tesc ' 1

Ü differential spectrum
dN
dE
∝ E−2
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What else is observable in the universe?

neutrons 
& protons

photons

electron

[FNAL]
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What else is observable in the universe?

neutrons 
& protons

photons

neutrinos

electron

[FNAL]
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Cosmic Neutrinos

• produced in collisions of cosmic rays with gas and radiation, e.g.

p + p (gas)→ X (rest) + π− (pion) p + γ (radiation)→ X (rest) + π− (pion)

π− (pion)→ µ− (muon) + ν̄µ

µ− (muon)→ e− (electron) + νµ + ν̄e

• “smoking-gun” of cosmic ray sources

• no deflection in magnetic fields (Ü point source detection)

• (practically) no absorption (Ü distant sources)

• flavor oscillation creates (nearly) equal mix between νe, νµ and ντ
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Example: GZK neutrinos

• Greisen-Zatsepin-Kuzmin (GZK)
interactions of ultra-high energy CRs
with cosmic microwave background
(CMB) [Greisen’66;Zatsepin/Kuzmin’66]

• “GZK”-neutrinos at EeV energies from
pion decay [Berezinsky/Zatsepin’69]

• three neutrinos (νµ/ν̄µ/νe) from π+:

Eνπ '
1
4
〈x〉Ep '

1
20

Ep

• one neutrino from neutron decay:

Eν̄e '
mn − mp

mn
Ep ' 10−3Ep
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FIG. 4. Fluxes of electron neutrinos (dashed lines) and an-
tineutrinos (dotted lines) generated in propagation of protons
are shown in the upper panel. The lower panel shows the
fluxes of muon neutrinos and antineutrinos. Solid lines show
the sum of neutrinos and antineutrinos. The shaded band
shows the Waxman & Bahcall [25,26] limit for neutrino pro-
duction in cosmic ray sources with the same injection power.
The lower edge of the band is calculated without account for
the cosmological evolution and the upper one with the evolu-
tion of Eq. (9).

Fig. 5 is designed to show how the neutrino flux is
built up from contributions at different redshifts. It is
evident that the high and low ends of the neutrino spec-
trum are sensitive to different epochs of the source evo-
lution. First consider the protons that will contribute
to neutrinos with energy 1019 eV. At z = 0 these pro-
tons have an energy of a few times 1020 eV, above the
threshold for photoproduction. This energy will increase
with the source redshift. As a result, the source contribu-
tion EpdN/dEp for these neutrinos effectively decreases
as (1 + z)−1. To this we must add additional factors
of η(z)H(z) ∼ (1 + z)0.5 for the source evolution in a
ΩM = 1 cosmology, and a factor of (1+ z) explicit in the
(1 + z)d/d(1 + z) plot. Together, the function plotted
naively scales as (1 + z)0.5. This scaling stops at z = 1.9
where H(z) is assumed to flatten. For higher energy neu-
trinos Eν = 1020 eV, the increasing proton energy runs
into the exponential cutoff Ec of our model injection spec-

trum causing a further decrease with 1+ z. The result of
these considerations is that the highest energy neutrinos
are produced primarily by relatively young sources, and
are sensitive to assumptions about the recent universe.

For low energy neutrinos, say 1016 eV the story is a
bit more complicated. From kinematic arguments the
prime production candidate for such neutrinos would be
a proton of energy a few times 1017 eV, but such protons
are below the photoproduction threshold. Protons with
higher energy can, of course, produce low energy neutri-
nos, but due to the small phase space the production is
suppressed by a factor of Eν/Ep. Now, as the source red-
shift increases, Eν at production also increases as 1 + z.
At the same time, the minimum value for Ep at produc-
tion decreases due to the increasing cosmic microwave
background temperature. Thus, phase space considera-
tions of the neutrino production process yield a net factor
of (1+z)2. With the lowering of Ep, the source spectrum
factor yields an increase of 1+z. Including η(z)H(z) and
the explicit 1+z for the plot gives an overall dependence
of (1+ z)4.5 at low energies. This behavior continues un-
til
a) the source evolution model changes its z dependence,
or
b) the photoproduction threshold at z has dropped so
that there is no phase space suppression for that neu-
trino energy. At that point there is a transition to the
high energy behavior outlined above. The net result of
these considerations is that the low energy part of the
spectrum is dominated by high redshift sources, and is
sensitive to assumptions of a cosmological nature in our
calculation.
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FIG. 5. The curves, labeled by log10(Eν), show the contri-
bution of different source distances to the neutrino flux as a
function of redshift for our nominal n = 3 source evolution
model given in Eq. (9).

Finally, we comment on the energy where the neutrino
flux peaks in Fig. 4. Given the turn on of photoproduc-
tion (Fig. 1) and the kinematics of the ∆ resonance,
one might expect the peak to occur at around 1019 eV.

5

[Engel, Stanev & Seckel’01]
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What does a neutrino look like?

• High energy neutrinos collide with nuclei – rarely, but very violently.
• “Charged” (W) and “neutral” (Z) current interactions with quarks.

q

p

P

k k′

! !′

N H︸
︷︷

︸

neutrino lepton

nucleus cascade

W/Z
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Cherenkov Radiation

• neutrino interaction creates
high-energetic charged particle

• charged particles have velocity faster
than the speed of light (in water or ice)

• Cherenkov light is emitted along the
particle tracks

[source: Wikipedia]
[Advanced Test Reactor (Idaho)]
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High-energy neutrino detection

• High energy neutrino collisions with nuclei are rare Ü huge detectors needed!
Ü Secondary charged particles can be detected by their Cherenkov radiation in

transparent media, e.g. ice or water

back-of-the-envelope (Eν ∼ 1015 eV):

• flux of neutrinos :
d2Nν
dt dA

∼ 1
cm2 × 105yr

• cross section : σνN ∼ 10−33cm2

• targets: NN ∼ NA × V/cm3

Ü rate of events :

Ṅν ∼ NN × σνN ×
d2Nν
dt dA

∼ 1
year

× V
1km3
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High-energy neutrino detection

• High energy neutrino collisions with nuclei are rare Ü huge detectors needed!
Ü Secondary charged particles can be detected by their Cherenkov radiation in

transparent media, e.g. ice or water

θC

µ
e, τνe,τ
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Neutrino Cherenkov Telescopes

Astrophysical neutrinos are an important addition to multi-messenger
astronomy (no deflection & absorption in space; “smoking-gun” of cosmic rays)

IceCube

BaikalANTARES
KM3NeT detector requirements:

NN × σνN ×
d2Nν
dt dA

∼ 1
year

× V
1km3

Ü Mdet ' V × mp∼1 Gton

realization:
Observation of Cherenkov light in
km3-volumes of deep ocean water
(Mediterranean), fresh water (Lake

Baikal) or ice (Antarctic).
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The IceCube Observatory

• Giga-ton telescope at the
South Pole

• Collaboration of about 250
people at 43 intl. institutions

• 60 digital optical modules
(DOMs) per string

• 78 IceCube strings
125 m apart on triangular grid

• 8 DeepCore strings
DOMs in particularly clear ice

• 81 IceTop stations
two tanks per station, two
DOMs per tank

• 7 year construction phase
(2004-2011)

• price tag: 30 Cents per ton
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The IceCube Observatory
• “cascades”: good energy, but poor angular resolution (∆θ > 10◦)
• “tracks”: poor energy, but good angular resolution (∆θ . 1◦)
• time-dependent signal: early to late light detection

track event (IC-79) cascade event (IC-86)

[two examples from the high-energy starting event (HESE) analysis; IceCube Science 342 (2013)]
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Atmospheric neutrino flux and diffuse limit

• high-energy atmospheric
νµ/νe-spectrum as seen
by IC-40 & IC-79/DC

[IceCube’11,’12]

• predicted prompt
atmospheric ν-fluxes
(charmed meson decay)

[Enberg et al.’08]

Ü high-energy starting event
(HESE) analysis

[IceCube Science’13]
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Atmospheric neutrino flux and diffuse limit

• high-energy atmospheric
νµ/νe-spectrum as seen
by IC-40 & IC-79/DC

[IceCube’11,’12]

• predicted prompt
atmospheric ν-fluxes
(charmed meson decay)

[Enberg et al.’08]

Ü high-energy starting event
(HESE) analysis

[IceCube Science’13]
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Arrival Directions
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absorption
>60%

• 28 “cascade events” (circles) and 7 “tracks events” (diamonds); size of symbols
proportional to deposited energy (30 TeV to 2 PeV) [IceCube PRL 113 (2014)]

8 no significant spatial or temporal correlation of events
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Multi-messenger paradigm

• Neutrino production is closely related
to the production of cosmic rays (CRs)
and γ-rays.

• 1 PeV neutrinos correspond to
20 PeV CR nucleons and
2 PeV γ-rays

Ü very interesting energy range:

• galactic or extragalactic?

• isotropic or point-sources?

• PeV γ-ray counterparts?

• Glashow resonance visible?
(ν̄ee− → W− at Eν ' 6.3 PeV)

CR

ν

γ
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Active Galactic Nuclei
• neutrino interactions from pγ interactions in AGN cores [Steckeret al.‘91]

• AGN diffuse emission normalized to X-ray background
• revised model predicts 5% of original estimate [Stecker’05;’13]

VOLUME 69, NUMBER 18 P H YS ICA L R EV I EW LETTERS 2 NOVEM BER 1992

ERRATA

High-Energy Neutrinos from Active Galactic Nuclei
[Phys. Rev. Lett. 66, 2697 (1991)I

F. W. Stecker, C. Done, M. H. Salamon, and P. Sommers

Because of a misprint in the original luminosity function reference which we used [I],our curve given in Fig. 2 for the
neutrino background flux from all active galactic nuclei (AGN) is in error. We have recalculated our predicted neutri-
no background flux from AGN using the more recent AGN x-ray luminosity function and redshift dependence relations
found by the ROSAT satellite [2]. Our revised result is shown in the figure. It has a slightly different shape; however,
the main difference is that the flux values are -45 times lower than those given previously. Most of that change is due
to the misprint error; however, a small part comes from using the new relations given in Ref. [2]. Our flux estimates for
individual sources remain unchanged, as does our qualitative conclusion that AGN produce the dominant neutrino back-
ground flux at high energies. This flux should be observable with the DUMAND II detector. For further discussion, see
Ref. [3]. We thank R. Protheroe for pointing out the problem of the misprint in Ref. [I].
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FIG. 2. The integrated high-energy v„(v„) neutrino back-
ground from AGN. Also shown is the horizontal v„(v„) flux
from high-energy cosmic rays interacting with the Earth's at-
mosphere (Ref. 26).

ill K. Morisawa and F. Takahara, Pub. Astron. Soc. Jpu. 41, 873 (1989).
l2l R. Della Ceca and T. Maccacaro, in Proceedings of the Workshop on Space Distribution of Quasars, Victoria, Canada, June

1991 (to be published).
I31 Proceedings of the High Energy Neutrino Astrophysics Workshop, University of Hawaii, March 1992, edited by V. J. Stenger

et al. (to be published).

2738

IceCube excess

x100

[Stecker et al.’91]
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Active Galactic Nuclei

• neutrino from pγ interactions in AGN jets [Mannheim’96; Halzen & Zas’97]

• complex spectra due to various photon backgrounds

• typically, deficit of sub-PeV and excess of EeV neutrinos

2

They are the most prominent extragalactic sources in
γ rays. A significant fraction of the diffuse γ-ray back-
ground is attributed to blazars whose jets are pointing
towards us. Imaging atmospheric Cerenkov telescopes
and the recent Fermi Gamma-ray Space Telescope have
discovered many BL Lac objects and flat spectrum radio
quasars (FSRQs) (for a review, see [23] and references
therein). Moreover, radio galaxies that are misaligned
by large angles to the jet axis and thought to be the par-
ent population of blazars in the geometrical unification
scenario [24], are also an important class of γ-ray sources.
Te blazar class has been investigated over many years as
sources of UHECRs and neutrinos [16, 25–27].

The spectral energy distribution (SED) of blazar jets is
usually modeled by nonthermal synchrotron and inverse-
Compton radiation from relativistic leptons, although
hadronic emissions may also contribute to the γ-ray spec-
tra (see, e.g., [28]). It has been suggested that the
SEDs of blazars evolve with luminosity, as described
by the so-called blazar sequence (e.g., [29–33]). The
blazar sequence has recently been exploited to system-
atically evaluate contributions of BL Lac objects and
quasar-hosted blazars (QHBs) (including steep spectrum
radio quasars as well as FSRQs) to the diffuse γ-ray
background [34–36]. Besides the jet component, typi-
cal quasars—including QHBs—show broad optical and
ultraviolet (UV) emission lines that originate from the
broadline regions (BLRs) found near supermassive black
holes. The BLR also plays a role in scattering radiation
emitted by the accretion disk that feeds matter onto the
black hole. In addition, the pc-scale dust torus surround-
ing the galactic nucleus is a source of infrared (IR) radi-
ation that provides target photons for very high-energy
CRs.

In this work, we study high-energy neutrino production
in the inner jets of radio-loud AGN, and examine the ef-
fects of external photon fields on neutrino production in
blazars. We use the blazar sequence to derive the dif-
fuse neutrino intensity from the inner jets. We show that
the cumulative neutrino background, if from radio-loud
AGN, is dominated by the most luminous QHBs. This
implies a cross correlation between astrophysical neutri-
nos with ∼ 1–100 PeV energies and bright, luminous FS-
RQs found by Fermi.

In previous works on the diffuse neutrino intensity [15,
16], only the jet and accretion-disk components were con-
sidered as target photons, but here we show that pγ in-
teractions with broadline photons and IR dust emission
are important when calculating the cumulative neutrino
background. Our study is useful to see if radio-loud AGN
can explain the IceCube signal or not. We show that the
simple inner jet model has difficulty in explaining the
IceCube data even when the external radiation fields are
taken into account. Even so, interestingly, we find that
the expected neutrino signal in the 0.1–1 EeV range pro-
vides promising targets for future projects suitable for
higher-energy neutrinos, such as the Askaryan Radio Ar-
ray (ARA) [37], the Antarctic Ross Ice-Shelf ANtenna
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FIG. 1: Schematic picture of a blazar, showing external
radiation fields relevant for neutrino production.

Neutrino Array (ARIANNA) [38], the Antarctic Impul-
sive Transient Antenna (ANITA) ultrahigh-energy neu-
trino detector [39], and the ExaVolt Antenna (EVA) mis-
sion [40].

Throughout this work, Qx = Q/10x in cgs units. We
take Hubble constant H0 = 70 km s−1 Mpc−1, and let
the dimensionless density paramters for mass and cos-
mological constant be given by ΩΛ = 0.7 and Ωm = 0.3,
respectively.

II. BLAZAR EMISSION

In general, the observed blazar SED consists of sev-
eral spectral components produced in different regions
(for reviews, see, e.g., [23, 28]). We consider four com-
ponents that can be relevant as target photons for pγ
interactions. First, broadband nonthermal synchrotron
and synchrotron self-Compton (SSC) emission originates
from the dissipation region dissipation in the jet. Sec-
ond, there are accretion-disk photons that enter the jet
directly or after being scattered by electrons in the sur-
rounding gas and dust. Provided that the jet location
is ! 1016 cm and the Thomson-scattering optical depth
is ! 0.01, the direct accretion-disk component can be
neglected [41]. The third component is the broad AGN
atomic line radiation; this emission component is espe-
cially relevant for PeV neutrino production in QHBs.
Fourth, there is IR emission from the dust torus. A
schematic diagram is shown in Fig. 1 and the SEDs of
blazars are shown in Fig. 2 as a function of the radio
luminosity at 5 GHz (L5GHz). Note that we regard the
SEDs as functions of L5GHz (see Table 1), and that the
radio luminosity itself is irrelevant for our calculations
since CRs do not interact with such low-energy photons.
There is uncertainty in modeling those four components
but our systematic approach is reasonable for the purpose
of obtaining neutrino spectra.
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FIG. 13: Cumulative neutrino background from radio-loud
AGN in the blazar sequence model. The CR spectral index
s = 2.3, and the CR loading factor ξcr = 100 (thick) and 500
(thin). The atmospheric muon neutrino background is also
shown (dot-dashed).

this conclusion holds even if we make hypothetically as-
sume broadline and IR emission for less luminous BL Lac
objects. As shown below, even ∼ 0.1 EeV neutrinos are
dominated by luminous QHBs.

In our model, note that the local CR energy bud-
get (integrated over CR energies) is estimated to be
Qcr ∼ 4 × 1044 ξcr erg Mpc−3 yr−1 and most of the CRs
come from blazars with L∗

X ! LX ! La when γ1 < 1.
The CR generation rate at 1019 eV is then written as
E′

pQE′
p
|1019 eV = (ξcrQr)/Rp|1019 eV, where Rp ∼ 20 and

Rp|1019 eV ∼ 840 for s = 2.3 (assuming εm
p ∼ 10 GeV

and εM
p ∼ 109.5 GeV). If we normalize the CR injec-

tion rate by the observed CR generation rate at 1019 eV
(0.6 × 1044 erg Mpc−3 yr−1), we obtain ξcr ∼ 3 and
ξcr ∼ 100 for s = 2.0 and s = 2.3, respectively. Although
such values are smaller than those required to support the
hypothesis that UHECRs originate from GRBs [19, 60],
larger CR loading factors are needed to achieve the in-
tensity level of the IceCube signal.

Blazars with Lrad ∼ 1048.5 erg s−1 have the X-ray lu-
minosity of LX ∼ 1044.5 erg s−1. The corresponding
number density at z = 0 is ρ ∼ a few × 10−12 Mpc−3.
Using these parameters as typical values, the diffuse neu-
trino intensity can be estimated to be

E2
νΦν ∼ 10−8 GeV cm−2 s−1 sr−1 ξcr,2R−1

p,2.5(fz/8)

×
(

min[1, fpγ ]

0.05

)
Lrad,48.5

(
ρ

10−11.5 Mpc−3

)
.(39)

Figs. 13 and 14 show results of our numerical calcu-
lations compared with the atmospheric muon neutrino
background [68]. As expected, with ξcr ∼ 10–100, it is
possible to have E2

νΦν ∼ 10−8 GeV cm−2 s−1 sr−1 at
PeV energies. We find that the inner jet model may
account for a couple of PeV neutrino events found by
IceCube. However, there are two difficulties. First, this
model cannot explain sub-PeV neutrino events. This is
because broadline emission leads to a low-energy cutoff
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FIG. 14: Same as Fig. 13, but for s = 2.0. Here ξcr = 3
(thick) and ξcr = 50 (thin).

in neutrino spectra around PeV. Also, both accretion-
disk and internal synchrotron emission components have
soft spectra in the relevant UV and soft X-ray energy
range, so the neutrino spectra are generally quite hard
at sub-PeV energies, which appears to be incompatible
with observations. Thus, for radio-loud AGN to explain
the excess IceCube neutrino signal, a two-component sce-
nario is needed, as discussed in several works [69, 70]. In
our case, sub-PeV neutrino events could be attributed
to an atmospheric prompt neutrino background that is
higher than the prediction by Enberg et al. [71] or, alter-
nately, different classes of astrophysical sources such as
star-forming galaxies and galaxy clusters. It may be pre-
mature to study such possibilities, however, because the
statistics are not yet sufficient to discriminate between
competing scenarios.

The second issue is that the calculated neutrino spec-
tra are quite hard above PeV energies. CR spectral
indices of s ≈ 2.0 are inconsistent with the IceCube
data, as many more higher-energy neutrino events would
be predicted, given the Glashow resonance at 6.3 PeV
and the increasing neutrino-nucleon cross section. To
avoid this problem, one sees from Figs. 13 and 14 that
steep CR spectra with s " 2.5, or maximum energies of
E′max

p ! 100 PeV, are needed. Another possible option
is to consider more complicated CR spectra, such as a
log-parabola function [69]. Note that if a simple power-
law CR spectrum is assumed from low energies to high
energies (as expected in the conventional shock acceler-
ation theory), steep spectral indices unavoidably lead to
excessively large CR energy budgets, whereas more com-
plicated curving or broken-power law CR spectra could
explain the IceCube data and relax source energetics.

While the inner jet model with a power-law CR proton
spectrum faces two difficulties to consistently explain the
IceCube neutrino signal, it does suggest that radio-loud
AGN are promising sources of 0.1–1 EeV neutrinos (see
Figs. 13-16). In particular, for ξcr = 3 and s = 2.0 or
ξcr = 100 and s = 2.3, the CR energy generation rate
1019 eV is comparable to the UHECR energy budget at
that energy, which is intriguing, even though the Ice-

[Murase, Inoue & Dermer 1403.4089]
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Starburst galaxies
• intense CR interactions (and acceleration) in dense starburst galaxies
• cutoff/break feature (0.1− 1) PeV at the CR knee (of these galaxies), but very

uncertain
• plot shows muon neutrinos on production (3/2 of total)

3

olate the local 1.4 GHz energy production rate per unit
volume (of which a dominant fraction is produced in qui-
escent spiral galaxies) to the redshifts where most of the
stars had formed through the starburst mode, based on
the observed redshift evolution of the cosmic star forma-
tion rate [24], and calculate the resulting neutrino back-
ground. The cumulative GeV neutrino background from
starburst galaxies is then

E2
νΦν(Eν = 1GeV) ≈ c

4π
ζtH [4ν(dLν/dV )]ν=1.4GHz

= 10−7ζ0.5 GeV cm−2 s−1 sr−1. (2)

Here, tH is the age of the Universe, and the factor
ζ = 100.5ζ0.5 incorporates a correction due to redshift
evolution of the star formation rate relative to its present-
day value. The value of ζ0.5 ∼ 1 applies to activity that
traces the cosmic star formation history [6]. Note that
flavor oscillations would convert the pion decay flavor ra-
tio, νe : νµ : ντ = 1 : 2 : 0 to 1 : 1 : 1 [11], so that
Φνe = Φνµ = Φντ = Φν/2.
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FIG. 1: The shaded region brackets the range of plausible
choices for the spectrum of the neutrino background. Its up-
per boundary is obtained for a power-law index p = 2 of
the injected cosmic-rays, and its lower boundary corresponds
to p = 2.25 for Eν < 1014.5 eV. The solid green line corre-
sponds to the likely value p = 2.15 (see text). Other lines: the
WB upper bound on the high energy muon neutrino intensity
from optically-thin sources; the neutrino intensity expected
from interaction with CMB photons (GZK); the atmospheric
neutrino background; experimental upper bounds of optical
Cerenkov experiments (BAIKAL [29] and AMANDA [30]);
and the expected sensitivity of 0.1 km2 and 1 km2 optical
Cerenkov detectors [1].

Equation (2) provides an estimate of the GeV neu-
trino background. The extrapolation of this background
to higher neutrino energies depends on the energy spec-
trum of the high energy protons. If the proton energy dis-
tribution follows a power-law, dN/dE ∝ E−p, then the

neutrino spectrum would be, E2
νΦνµ ∝ E2−p

ν . The energy
distribution of cosmic-ray protons measured on Earth fol-
lows a power-law dN/dE ∝ E−2.75 up to the ”knee” in
the cosmic-ray spectrum at a few times 1015 eV [23, 25].
(The proton spectrum becomes steeper, i.e. softer, at
higher energies [2].) Given the energy dependence of the
confinement time, ∝ E−s [22], this implies a produc-
tion spectrum dN/dE ∝ E−p with p = 2.75 − s ≈ 2.15.
This power-law index is close to, but somewhat higher
than, the theoretical value p = 2, which implies equal
energy per logarithmic particle energy bin, obtained for
Fermi acceleration in strong shocks under the test par-
ticle approximation [26]. We note that the cosmic-ray
spectrum observed on Earth may not be representative
of the cosmic-ray distribution in the Galaxy in general.
The inferred excess relative to model predictions of the
> 1 GeV photon flux from the inner Galaxy, implies that
the cosmic-rays are generated with a spectral index p
smaller than the value p = 2.15 inferred from the local
cosmic-ray distribution, and possibly that the spectral
index of cosmic-rays in the inner Galaxy is smaller than
the local one [27]. The spectrum of electrons accelerated
in SNe is inferred to be a power law with spectral index
p = 2.1 ± 0.1 over a wide range energies, ∼ 1 GeV to
∼ 10 TeV, based on radio, X-ray and TeV observations
(e.g. [28]).

For a steeply falling proton spectrum such as dN/dE ∼
E−2, the production of neutrinos of energy Eν is domi-
nated by protons of energy E ≈ 20Eν [18], so that the
cosmic-ray ”knee” corresponds to Eν ∼ 0.1 PeV. In anal-
ogy with the Galactic injection parameters of cosmic-
rays, we expect the neutrino background to scale as

E2
νΦSB

ν ≈ 10−7(Eν/1GeV)−0.15±0.1GeV cm−2 s−1 sr−1(3)

up to ∼ 0.1 PeV. In fact, the ”knee” in the proton spec-
trum for starburst galaxies may occur at an energy higher
than in the Galaxy. The steepening (softening) of the
proton spectrum at the knee may be either due to a
steeper proton production spectrum at higher energies, or
a faster decline with energy for the proton confinement
time. Since both the acceleration of protons and their
confinement depend on the magnetic field, we expect the
”knee” to shift to a higher energy in starbursts, where the
magnetic field is much stronger than the Galactic value.
The predicted neutrino intensity is shown as a solid line
in Fig. 1. The shaded region illustrating the range of
uncertainty in the predicted neutrino background. This
range is bounded from above by the intensity obtained
for p = 2, corresponding to equal proton energy per log-
arithmic bin, and from below by the intensity obtained
for p = 2.25, corresponding to the lower value of the
confinement time spectral index, s = 0.5.

The extension of the neutrino spectrum to energies
Eν > 1 PeV is highly uncertain. If the steepening of the
proton spectrum at the knee is due to a rapid decrease
in the proton confinement time within the Galaxy rather

[Loeb & Waxman’06]
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Fermi acceleration (second order)

• “magnetic cloud” with velocity β.

• momentum in rest frame

E′1 = γE1(1− β cos θ1)

• elastic scattering within cloud
conserves energy (E′2 = E′1) but
isotropizes the emission direction θ′2

• emitted energy

E2 = γE′2(1 + β cos θ′2)

p2

p1

β
θ1

θ2

• energy gain per scatter:

∆E
E1

=
E2 − E1

E1
= γ2(1 + β cos θ′2)(1− β cos θ1)− 1

Ü can be positive or negative depending on scattering angle
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Fermi acceleration (second order)
• distribution of θ′2 is (appr.) isotropic dn

d cos θ′2
∝ 1

• averaging over θ′2:

〈∆E〉θ′2
E1

=

∫ 1

−1
d cos θ′2

dn
d cos θ′2

∆E
E1

=
1
2

∫ 1

−1
d cos θ′2

∆E
E1

= γ2(1− β cos θ1)− 1

• distribution of θ1 follows number of particles per second in direction θ1

dn
d cos θ1

∝ (1− β cos θ1)

• further averaging over θ1

〈∆E〉θ1&θ′2
E1

=

∫ 1

−1
d cos θ1

dn
d cos θ1

〈∆E〉θ′2
E1

=
1
2

∫ 1

−1
d cos θ1(1− β cos θ1)[γ

2(1− β cos θ1)− 1]

= γ2
(

1 +
β2

3

)
− 1 =

1 + β2

3

1− β2 − 1 ' 1 +
β2

3
+ β2 − 1 =

4
3
β2

Ü on average energy gain with ∆E/E ∝ β2

Ü slow for β � 1; these days called second order Fermi acceleration
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Fermi acceleration (first order)

• “downstream” relative velocity β
(relative to “upstream”)

• momentum in “downstream” rest frame

E′1 = γE1(1− β cos θ1)

• elastic scattering in “downstream”
region conserves energy (E′2 = E′1) but
isotropizes direction

• emitted energy

E2 = γE′2(1 + β cos θ′2)

downstreamupstream

p2

p1

βsh

• energy gain per scatter:

∆E
E1

=
E2 − E1

E1
= γ2(1 + β cos θ′2)(1− β cos θ1)− 1

Ü always positive since cos θ1 < 0 and cos θ′2 > 0
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Fermi acceleration (first order)
• distributions of θ1 and θ′2 follow projection onto the shock:

dn
d cos θ1

∝ cos θ1 (cos θ1 < 0)
dn

d cos θ′2
∝ cos θ′2 (cos θ′2 > 0)

• averaging over θ′2:

〈∆E〉θ′2
E1

=

∫ 1

−1
d cos θ′2

dn
d cos θ′2

∆E
E1

= 2
∫ 1

0
d cos θ′2 cos θ′2

∆E
E1

= γ2(1− β cos θ1 +
2
3
β − 2

3
β2 cos θ1)− 1

• also averaging over θ1

〈∆E〉θ1&θ′2
E1

=

∫ 1

−1
d cos θ1

dn
d cos θ1

〈∆E〉θ′2
E1

= −2
∫ 0

−1
d cos θ1 cos θ1[γ

2(1− β cos θ1 +
2
3
β − 2

3
β2 cos θ1)− 1]

= γ2
(

1 +
2
3
β

)2

− 1 ' 1 +
4
3
β − 1 =

4
3
β

Ü on average energy gain with ∆E/E ∝ β
Ü first order Fermi acceleration more efficient
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