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Motivation

High energy end of CR spectrum
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Motivation

UHECR conundrum
1 Ankle shape readily produced by superposition of two power-laws

Natural candidate: transition between GCRs and EGCRs
Original models + transition from Galactic 56Fe to EG protons

(Bird+,1993)
Recent models + transition from G 56Fe to EG heavies

(Allard-Olinto-Parizot,2007)

2 Ankle feature also naturally arises as dip in spectrum
from e+e− energy loss of EG protons propagating in CMB

(Berezinsky-Gazizov-Grigorieva,2002)

3 Auger data + light but EG component near and below ankle
+ intermediate/heavy composition above

(Auger Collaboration,2014,2016,2017)

4 Possible solution + fit Auger spectrum and composition
at price of adding an ad hoc light EG component below ankle
with a steep injection spectrum ∝ E−2.7

(Aloisio-Berezinsky-Blasi,2014)
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Motivation

Photo-nuclear interactions during acceleration

UHECR+� Interactions during Acceleration
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Simple explanation for shape of UHECR spectrum

Alternative viewpoint: photodisintegration after acceleration

UHECR+� Interactions in the Source Environment

4
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Simple explanation for shape of UHECR spectrum

Our model: Photodisintegration in medium outside the accelerator 2

cosmic ray

source environment EBL/CMB detection

FIG. 1. Illustration of our model calculation: Sources (yellow stars) inject cosmic rays with a power law in energy, into a
surrounding region of radiation and turbulent magnetic fields. After propagation through this local environment and then
intergalactic space, these cosmic rays and their spallation products are detected at Earth. The photon energies in the source
environment are characteristically of much higher energy than in the extragalactic background light.

as it would cut o↵ the cosmic ray spectrum at energies
such that the PD interaction length and the acceleration
length are comparable. Since the acceleration length in-
creases with energy, whereas the PD interaction length
generally decreases with energy, photo-dissociation acts
as a low-pass filter. The insight underlying the mech-
anism we propose, is that if the primary locus of PD
is outside the accelerator, PD generally acts as a high-
pass filter, permitting the highest energy cosmic rays to
escape unscathed while the lower energy ones are disinte-
grated inside the source region, generating nucleons with
energy 1{A of the original nucleus of mass A. As we shall
see, these spallated nucleons naturally produce the ankle
feature, explain why extragalactic cosmic rays below the
ankle are protonic, and account for the spectral index
below the ankle. Examples of systems in which the ac-
celerator is embedded in a photon field and the cosmic
rays are trapped by magnetic fields in that environment
could be the dusty torus surrounding an active galactic
nucleus or the interstellar medium of the star-forming
region surrounding most young pulsars; see also [31–38].
The basic setup of our phenomenological model is illus-
trated in Fig. 1.

The layout of the paper is as follows. In Sec. II we
introduce our model and in Sec. III we compare its pre-
dictions with experimental data. Details about particle
propagation and the calculation of multi-messenger sig-
natures are given in the appendices. Section IV contains
our conclusions.

II. FORMATION OF THE ANKLE

To illustrate the mechanism we have identified to cre-
ate the ankle and generate protons below, consider a
system in which the accelerator (also referred to as the
source) is embedded in an environment in which the cos-
mic rays are confined for some time by magnetic fields
while interacting with the ambient radiation field. Our
essential simplifications are: (i) a fast acceleration mech-

anism and/or a low photon density inside the accelerator,
(ii) no energy is lost except through an interaction, and
whenever a nucleus interacts it loses one or more nucleons
by photo-disintegration or photo-pion production (in this
case the nucleus loses a fraction of its energy correspond-
ing to the reduction in its nuclear mass); (iii) a cosmic
ray either escapes without changing energy, with a rate
⌧esc, or the cosmic ray interacts one or more times before
escaping; (iv) ⌧esc and ⌧int are independent of position
in the source environment and depend only on tE, A, Zu
of the nucleus. In this approximation the number of nu-
clei in a given energy range and with a specified tA, Zu
decreases exponentially with time, with

⌧ “ p⌧´1
esc ` ⌧´1

int q´1 . (1)

A fraction

⌘esc “ p1 ` ⌧esc{⌧intq´1 (2)

of the particles escape without interaction and the rest
interact before escaping, so ⌘int “ 1 ´ ⌘esc. Note that
⌘esc and ⌘int depend only on the ratio of the escape and
interaction times, but not on the absolute value of either
of them.

A simple analytic treatment is instructive. To illus-
trate the low/high-pass filter mechanism, consider the
case that the escape and interaction times are both power
laws in energy,

⌧esc “ a pE{E0q� and ⌧int “ b pE{E0q⇣ . (3)

Then

⌘escpEq “ `
1 ` R0 pE{E0q�´⇣

˘´1
, (4)

where R0 “ a{b is the ratio of the escape and inter-
action time at reference energy E0. When � ° ⇣, the
source environment acts as a low-pass filter on the parti-
cles injected from the accelerator, leading to a cuto↵ in
the escaping spectrum at high energies. This situation

All nuclei below energy filter interact
scattering off far-infrared photons source environment

photonuclear interactions produce steep spectrum nucleons
overtaken by harder spectrum of surviving nucleus @ E ∼ 109.6 GeV

These overlapping spectra
could carve ankle-like feature into source emission spectrum

(Unger-Farrar-LAA,2015)
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Simple explanation for shape of UHECR spectrum

Model Parameters

injection spectrum ∝ E−γ

nucleus baryon number: A

UHECR power density: ε̇

source evolution with z + SFR
interaction/escape time: RFe

19

maximum energy: Emax
p

Impact of source environment depends on photon field + example8
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(a) ⌧int and ⌧esc .
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(b) Injected (dashed line) and escaping (solid lines) fluxes.
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(c) Flux at Earth
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(d) Composition at Earth

FIG. 6. Spectrum and composition at Earth. The data points are from the Pierre Auger Observatory [16, 50] shifted by plus
one sigma of systematic uncertainty for the energy scale and minus one sigma for the Xmax scale. The lines denote the best-fit
within our fiducial model.

of the power-law index of the escape time � (Fig. 10(e))
and the power density

.
✏17.5 (Fig. 10(e)).

We conclude that our model for the ankle does not
critically depend on the choice of the source evolution,
but that for a given choice of m we can constrain the
allowed values of �, � and

.
✏17.5.

5. Photon Spectrum

We repeated the model fits using alternative energy
distributions of the photon density instead of the broken
power law used in the fiducial model: a black body spec-
trum and two modified black body spectra. All four spec-
tra are normalized to the same integral photon density
and depend only on one parameter, the peak energy "0

(see Appendix A). The resulting fit results are shown in
Fig. 11 for a freely floating spectral index � and for source
evolutions with m • 0. As can be seen, all four photon
spectra describe the data equally well (Fig. 11(a)). The

best-fit values of the free model parameters are very sim-
ilar and in particular the obtained peak values are within
˘20 meV. We conclude that as long as the photon spec-
trum is “peaky”, the particular details of its shape do
not influence the parameters of our model.

The sensitivity of the fit to the peak energy is shown in
the left panel of Fig. 12. As can be seen, the �2 deterio-
rates very quickly at low values of "0, but it is almost flat
above the minimum. This feature can be easily under-
stood recalling "0 in the “L-curve” approximation intro-
duced in Sec. II: The smaller "0, the larger is the energy
of inflection of the interaction length, Eb. For too-small
values of "0, the interaction and escape times are parallel
over the full energy range and thus no high-pass filter is
created. On the other hand, once Eb is small enough,
a further decrease changes only the flux at low energy,
where the escaping spectrum is dominated by low-mass
nuclei from spallation (see e.g. Fig. 3) which can be com-
pensated by adjusting other parameters such as RFe

19.
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(a) ⌧int and ⌧esc .
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(b) Injected (dashed line) and escaping (solid lines) fluxes.
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(c) Flux at Earth

lg(E/eV)
17.5 18 18.5 19 19.5 20 20.5

 d
N/

dl
gE

/d
t [

a.
u.

]
0

 n

-110

1

   injected

lg(E/eV)
17.5 18 18.5 19 19.5 20 20.5

 d
N/

dl
gE

/d
t [

a.
u.

]
0

 n

-210

-110

1

10

210

 injected

 2≤ A ≤1  6≤ A ≤3  19≤ A ≤7  39≤ A ≤20  56≤ A ≤40 

lg(E/eV)
17.5 18 18.5 19 19.5 20 20.5

]
-1

 y
r

-1
 s

r
-2

 k
m

2
 J

(E
) [

eV
3 E

0

20

40

60

80

100

120

140

3610×

  2≤ A ≤1  6≤ A ≤3  19≤ A ≤7  39≤ A ≤20  56≤ A ≤40 galactic (A=56)

Auger 2013 prel.

lg(E/eV)
17.5 18 18.5 19 19.5 20 20.5

  [
a.

u.
]

τ
c 

-910

-810

-710

-610

-510

-410 interaction
escape

 = -1.00
inj
γ

0.01±/eV) = 18.6 p
max

lg(E
0.05±) = 2.57 Fe19

esc
lg(R

0.05± = -0.942escδ

0.01± = 0.718galf
0.02± = -3.72

gal
γ

lg(fphot) = 0.00
=-2β=1.5, α = 0.07 eV, 0ε

σ) = -1 
max

(Xsys = +0.1, n
sys

lgE∆

/ndf = 174.85/612χ

spec: 89.615/30, lnA: 35.6525/18, VLnA: 49.5829/18

evolution: SFR2, IRB: Gilmore12

f(29)= 1.0e+00

 = 1.3e+4517.5ε  yr3Mpc
erg

lg(E/eV)
18 18.5 19 19.5

〉
ln

 A
〈

0

0.5

1

1.5

2

2.5

3

3.5

4

  Auger 2014 + EPOS-LHC

lg(E/eV)
18 18.5 19 19.5

V(
ln

 A
)

0

0.5

1

1.5

2

2.5

3

3.5

4

(d) Composition at Earth

FIG. 6. Spectrum and composition at Earth. The data points are from the Pierre Auger Observatory [16, 50] shifted by plus
one sigma of systematic uncertainty for the energy scale and minus one sigma for the Xmax scale. The lines denote the best-fit
within our fiducial model.

of the power-law index of the escape time � (Fig. 10(e))
and the power density

.
✏17.5 (Fig. 10(e)).

We conclude that our model for the ankle does not
critically depend on the choice of the source evolution,
but that for a given choice of m we can constrain the
allowed values of �, � and

.
✏17.5.

5. Photon Spectrum

We repeated the model fits using alternative energy
distributions of the photon density instead of the broken
power law used in the fiducial model: a black body spec-
trum and two modified black body spectra. All four spec-
tra are normalized to the same integral photon density
and depend only on one parameter, the peak energy "0

(see Appendix A). The resulting fit results are shown in
Fig. 11 for a freely floating spectral index � and for source
evolutions with m • 0. As can be seen, all four photon
spectra describe the data equally well (Fig. 11(a)). The

best-fit values of the free model parameters are very sim-
ilar and in particular the obtained peak values are within
˘20 meV. We conclude that as long as the photon spec-
trum is “peaky”, the particular details of its shape do
not influence the parameters of our model.

The sensitivity of the fit to the peak energy is shown in
the left panel of Fig. 12. As can be seen, the �2 deterio-
rates very quickly at low values of "0, but it is almost flat
above the minimum. This feature can be easily under-
stood recalling "0 in the “L-curve” approximation intro-
duced in Sec. II: The smaller "0, the larger is the energy
of inflection of the interaction length, Eb. For too-small
values of "0, the interaction and escape times are parallel
over the full energy range and thus no high-pass filter is
created. On the other hand, once Eb is small enough,
a further decrease changes only the flux at low energy,
where the escaping spectrum is dominated by low-mass
nuclei from spallation (see e.g. Fig. 3) which can be com-
pensated by adjusting other parameters such as RFe

19.

�� ��Injected and escaping fluxes

(Unger-Farrar-LAA,2015)
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Comparison with experimental data

Example fit + Auger data

injection spectrum ∝ E−1

A = 29

ε̇ = 1.3× 1045 erg Mpc−3yr−1

source evolution with z + SFR
RFe

19 = 3.7× 102

Emax
p = 109.6 GeV

Systematic sensitivity (spectrum 1σ ↑ and 〈Xmax〉 1σ ↓)
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(a) ⌧int and ⌧esc .
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(b) Injected (dashed line) and escaping (solid lines) fluxes.
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(c) Flux at Earth
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(d) Composition at Earth

FIG. 6. Spectrum and composition at Earth. The data points are from the Pierre Auger Observatory [16, 50] shifted by plus
one sigma of systematic uncertainty for the energy scale and minus one sigma for the Xmax scale. The lines denote the best-fit
within our fiducial model.

of the power-law index of the escape time � (Fig. 10(e))
and the power density

.
✏17.5 (Fig. 10(e)).

We conclude that our model for the ankle does not
critically depend on the choice of the source evolution,
but that for a given choice of m we can constrain the
allowed values of �, � and

.
✏17.5.

5. Photon Spectrum

We repeated the model fits using alternative energy
distributions of the photon density instead of the broken
power law used in the fiducial model: a black body spec-
trum and two modified black body spectra. All four spec-
tra are normalized to the same integral photon density
and depend only on one parameter, the peak energy "0

(see Appendix A). The resulting fit results are shown in
Fig. 11 for a freely floating spectral index � and for source
evolutions with m • 0. As can be seen, all four photon
spectra describe the data equally well (Fig. 11(a)). The

best-fit values of the free model parameters are very sim-
ilar and in particular the obtained peak values are within
˘20 meV. We conclude that as long as the photon spec-
trum is “peaky”, the particular details of its shape do
not influence the parameters of our model.

The sensitivity of the fit to the peak energy is shown in
the left panel of Fig. 12. As can be seen, the �2 deterio-
rates very quickly at low values of "0, but it is almost flat
above the minimum. This feature can be easily under-
stood recalling "0 in the “L-curve” approximation intro-
duced in Sec. II: The smaller "0, the larger is the energy
of inflection of the interaction length, Eb. For too-small
values of "0, the interaction and escape times are parallel
over the full energy range and thus no high-pass filter is
created. On the other hand, once Eb is small enough,
a further decrease changes only the flux at low energy,
where the escaping spectrum is dominated by low-mass
nuclei from spallation (see e.g. Fig. 3) which can be com-
pensated by adjusting other parameters such as RFe

19.

�� ��Flux at Earth
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(a) ⌧int and ⌧esc .
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(b) Injected (dashed line) and escaping (solid lines) fluxes.
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(c) Flux at Earth
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(d) Composition at Earth

FIG. 6. Spectrum and composition at Earth. The data points are from the Pierre Auger Observatory [16, 50] shifted by plus
one sigma of systematic uncertainty for the energy scale and minus one sigma for the Xmax scale. The lines denote the best-fit
within our fiducial model.

of the power-law index of the escape time � (Fig. 10(e))
and the power density

.
✏17.5 (Fig. 10(e)).

We conclude that our model for the ankle does not
critically depend on the choice of the source evolution,
but that for a given choice of m we can constrain the
allowed values of �, � and

.
✏17.5.

5. Photon Spectrum

We repeated the model fits using alternative energy
distributions of the photon density instead of the broken
power law used in the fiducial model: a black body spec-
trum and two modified black body spectra. All four spec-
tra are normalized to the same integral photon density
and depend only on one parameter, the peak energy "0

(see Appendix A). The resulting fit results are shown in
Fig. 11 for a freely floating spectral index � and for source
evolutions with m • 0. As can be seen, all four photon
spectra describe the data equally well (Fig. 11(a)). The

best-fit values of the free model parameters are very sim-
ilar and in particular the obtained peak values are within
˘20 meV. We conclude that as long as the photon spec-
trum is “peaky”, the particular details of its shape do
not influence the parameters of our model.

The sensitivity of the fit to the peak energy is shown in
the left panel of Fig. 12. As can be seen, the �2 deterio-
rates very quickly at low values of "0, but it is almost flat
above the minimum. This feature can be easily under-
stood recalling "0 in the “L-curve” approximation intro-
duced in Sec. II: The smaller "0, the larger is the energy
of inflection of the interaction length, Eb. For too-small
values of "0, the interaction and escape times are parallel
over the full energy range and thus no high-pass filter is
created. On the other hand, once Eb is small enough,
a further decrease changes only the flux at low energy,
where the escaping spectrum is dominated by low-mass
nuclei from spallation (see e.g. Fig. 3) which can be com-
pensated by adjusting other parameters such as RFe

19.

�� ��Composition at Earth

(Unger-Farrar-LAA,2015)
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Source example: starburst galaxies

Galaxies with bursts of massive star formation

Telescopic snapshot of M82

Figure courtesy of Leonardo Orazi

�� ��Starburst features

High supernovae rate + 0.1 yr−1

Strong IR emission by dust
Strong UV spectra from Lyman-α
emission of hot OB stars
collective effect of supernovae
and winds from massive stars
lead to galactic-scale superwind
High SN rate forms hot gas cavity
with tcooling � texpansion

Cavity quickly expands producing
strong shock on contact surface
with cool interstellar medium
Dust contained in clouds
is revealed as it reddens starlight
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Source example: starburst galaxies

UHECR acceleration + two step process

ysis also reveals how fast the gas is moving. Approaching gas
emits light shifted toward the blue end of the spectrum, and
receding gas emits light shifted toward the red end.

Until recently, astronomers unraveled gas behavior by means
of two complementary methods: emission-line imaging and
long-slit spectroscopy. The first produces images through a
filter that selects light of a particular wavelength emitted by an
element such as hydrogen. Such images often dramatically
reveal the filamentary patterns of explosions, but they cannot
tell observers anything about the speed or direction of the gases’
motions, because the filter does not discriminate finely enough
to measure redshifts or blueshifts. Long-slit spectrometers,
which disperse light into its constituent colors, provide detailed
information about gas motions but only over a tiny region.

For almost a decade, our group has used an instrument that
combines the advantages of these two methods without the
main drawbacks. The Hawaii Imaging Fabry-Perot Interfer-
ometer (HIFI) yields detailed spectral information over a
large field of view. Named after the turn-of-the-century French
inventors Charles Fabry and Alfred Perot, such interferometers
have found wide-ranging applications in astronomy. At their
heart are two glass plates that are kept perfectly parallel
while separated by less than a twentieth of a millimeter. The
inner surfaces of the plates are highly reflecting, so light pass-
ing through the plates is trapped into repeated reflections.
Light of all but a specific wavelength—determined by the pre-
cise separation—is attenuated by destructive interference as
the light waves bounce back and forth between the plates. By
adjusting the separation between the plates, we can produce a
series of images that are essentially a grid of spectra obtained
by the interferometer at every position over the field of view.

The HIFI takes its pictures atop the 4,200-meter dormant
volcano Mauna Kea, using the 2.2-meter telescope owned by
the University of Hawaii and the 3.6-meter Canada-France-
Hawaii instrument. The smooth airflow at the mountaintop
produces sharp images. Charge-coupled devices, which are very
stable and sensitive to faint light, collect the
photons. In a single night, this powerful com-
bination can generate records of up to a mil-
lion spectra across the full extent of a galaxy.

We have used the HIFI to explore NGC
1068, an active spiral galaxy 46 million light-
years away. As the nearest and brightest gal-
axy of this type visible from the Northern
Hemisphere, it has been studied extensively.
At radio wavelengths, NGC 1068 looks like
a miniature quasar: two jets extend about
900 light-years from the core, with more dif-
fuse emission from regions farther out. Most
likely, emission from gaseous plasma mov-
ing at relativistic speeds creates the radio
jets, and the “radio lobes” arise where the
plasma encounters matter from the galactic
disk. As might a supersonic aircraft, the lead-

ing edge of the northeast jet produces a V-shaped shock front.
The same regions also emit large amounts of visible and ul-

traviolet light. We have found, however, that only 10 percent of
the light comes from the nucleus. Another 5 percent comes
from galaxy-disk gas that has piled up on the expanding edge
of the northeast radio lobe. All the rest comes from two fans
of high-velocity gas moving outward from the center at speeds
of up to 1,500 kilometers per second.

The gas flows outward in two conical regions; it is probably
composed of dense filaments of matter that have been swept
up by the hot wind from the accretion disk. The axis of the
cones of outflowing wind is tilted above the plane of the galaxy
but does not point toward the poles.

The effects of the activity within the nucleus reach out sev-
eral thousand light-years, well beyond the radio lobes. The
diffuse interstellar gas exhibits unusually high temperatures
and a large fraction of the atoms have lost one or more elec-
trons and become ionized. At the same time, phenomena in
the disk appear to influence the nucleus. Infrared images reveal
an elongated bar of stars that extends more than 3,000 light-
years from the nucleus. The HIFI velocity measurements sug-
gest that the bar distorts the circular orbit of the gas in the
disk, funneling material toward the center of the galaxy. This
inflow of material may in fact fuel the black hole.

Nearby Active Galaxies

A

nother tremendous explosion is occurring in the core of 
one of our nearest neighbor galaxies, M82, just a few 
million light-years away. In contrast to NGC 1068,

this cataclysm appears to be an archetypal starburst-driven
event. Images exposed through a filter that passes the red light
of forming hydrogen atoms reveal a web of filaments spraying
outward along the galactic poles. Our spectral grids of emission
from filaments perpendicular to the galactic disk reveal two
main masses of gas, one receding and the other approaching.

Colossal Galactic Explosions Magnificent Cosmos 77

OUTPOURING OF GAS 
rapidly becomes turbulent in this computer simu-

lation of an active starburst-driven galaxy. A tem-
perature map (left) shows how the hot gas ema-
nating from the nucleus displaces the cooler ga-
lactic gas around it. The resulting shock appears

clearly in a map of gas density (right).
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Copyright 1998 Scientific American, Inc.
Temperature map + bright = hot (left)
Gas density map + bright = dense (right)

Figure courtesy of Gerald Cecil

CR acceleration:
prevalence of supernovae
starbursts should posses
large neutron star density
Unipolar induction:
hard spectrum ∝ E−1

(Blasi-Epstein-Olinto,2000)

Galactic-scale superwind:
low gas density
far- and mid-IR γ’s
Pulsars + central engine
superwind high-pass filter
CR re-acceleration:
superwind terminal shock
More involved model
relaxes constraint on A

(LAA-Romero-Combi,1999 & LAA-Barger-Weiler,2017)
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Conclusions

Take home message

Ankle and light extragalactic CRs below it, can be explained by
photodisintegration of UHECRs in region surrounding accelerator

Auger composition and spectrum explained within systematics
What about TA data?
If flux cutoff is at higher energies + as suggested by TA data

larger fraction 56Fe at source can be incorporated
10

lg(E/eV)
17.5 18 18.5 19 19.5 20 20.5

 d
N/

dl
gE

/d
t [

a.
u.

]
0

 n

-110

1

   injected

lg(E/eV)
17.5 18 18.5 19 19.5 20 20.5

 d
N/

dl
gE

/d
t [

a.
u.

]
0

 n

-110

1

10

 injected

 2≤ A ≤1  6≤ A ≤3  19≤ A ≤7  39≤ A ≤20  56≤ A ≤40 

lg(E/eV)
18 18.5 19 19.5 20 20.5

]
-1

 y
r

-1
 s

r
-2

 k
m

2
 J

(E
) [

eV
3 E

0

20

40

60

80

100

120
3610×

  2≤ A ≤1  6≤ A ≤3  19≤ A ≤7  39≤ A ≤20  56≤ A ≤40 galactic (A=56)

TA 2013

lg(E/eV)
17.5 18 18.5 19 19.5 20 20.5

  [
a.

u.
]

τ
c 

-910

-810

-710

-610

interaction
escape

 = -1.00
inj
γ

0.01±/eV) = 18.7 p
max

lg(E
0.08±) = 2.38 Fe19

esc
lg(R

0.09± = -0.489escδ

0.02± = 0.768galf
0.07± = -3.79

gal
γ

lg(fphot) = 0.00
=-2β=1.5, α = 0.11 eV, 0ε

σ) = -1 
max

(Xsys = 0, n
sys

lgE∆

/ndf = 220.705/552χ

spec: 42.2301/24, lnA: 119.446/18, VLnA: 59.0293/18

evolution: SFR2, IRB: Gilmore12

f(56)= 1.0e+00

 = 7.4e+4417.5ε  yr3Mpc
erg

lg(E/eV)
18 18.5 19 19.5

〉
ln

 A
〈

0

0.5

1

1.5

2

2.5

3

3.5

4

  Auger 2014 + EPOS-LHC

lg(E/eV)
18 18.5 19 19.5

V(
ln

 A
)

0

0.5

1

1.5

2

2.5

3

3.5

4

(a) ⌧int and ⌧esc .
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(b) Injected (dashed line) and escaping (solid lines) fluxes.
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(c) Flux at Earth
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(d) Composition at Earth

FIG. 8. Spectrum and composition at Earth. The data points are from the TA [65] (flux) and the Pierre Auger Observatory [16]
(composition). The latter have been shifted in energy to match the energy scale of TA and the Xmax scale is shifted down by
1 sigma. The lines denote the fit with our model assuming a pure iron composition at the source.

6. Hadronic Interactions in the Source Environment

In addition to interactions with the background pho-
ton field, nucleons and nuclei can also scatter o↵ hadrons
in the source environment. In this paper we assume
that the density of hadronic matter in the source en-
vironment is low enough that such hadronic interactions
can be neglected. For any concrete astrophysical real-
ization of our scenario, one must check and if necessary
include hadronic interactions in the source environment.
Production of ⇡˘’s and ⇡0’s in hadronic collisions could
significantly increase the fluxes of neutrinos and photons
emitted in the EeV energy range. Fast-spinning newborn
neutron stars provide a particular example [69]. Pre-
cise estimates of the impact of hadronic collisions on the
predictions of our model will be presented ina separate
publication. The results presented here are valid for all
astrophysical systems in which the interactions are dom-
inated by photo-nuclear processes.

IV. CONCLUSIONS

In this paper we have proposed a new explanation for
the ankle in the cosmic ray spectrum, and for the evo-
lution with energy of the composition of extragalactic
cosmic rays: from light below the ankle to increasingly
heavy above. When nuclei are trapped in the turbulent
magnetic field of the source environment, their escape
time can decrease faster with increasing energy than does
their interaction time. Under these conditions, only the
highest energy particles can escape the source environ-
ment unscathed, and the source environment acts as a
high-pass filter on UHECRs. Nuclei below the crossover
energy such that ⌧esc ° ⌧int interact with photons in the
environment around the source, with ejection of nucle-
ons or alpha particles and consequent production of a
steep spectrum of secondary nucleons. The superposition
of this steeply falling nucleon spectrum with the harder
spectrum of the surviving nuclear fragments creates an
ankle-like feature in the total source emission spectrum.
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(a) ⌧int and ⌧esc .
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(b) Injected (dashed line) and escaping (solid lines) fluxes.
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(c) Flux at Earth
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(d) Composition at Earth

FIG. 8. Spectrum and composition at Earth. The data points are from the TA [65] (flux) and the Pierre Auger Observatory [16]
(composition). The latter have been shifted in energy to match the energy scale of TA and the Xmax scale is shifted down by
1 sigma. The lines denote the fit with our model assuming a pure iron composition at the source.

6. Hadronic Interactions in the Source Environment

In addition to interactions with the background pho-
ton field, nucleons and nuclei can also scatter o↵ hadrons
in the source environment. In this paper we assume
that the density of hadronic matter in the source en-
vironment is low enough that such hadronic interactions
can be neglected. For any concrete astrophysical real-
ization of our scenario, one must check and if necessary
include hadronic interactions in the source environment.
Production of ⇡˘’s and ⇡0’s in hadronic collisions could
significantly increase the fluxes of neutrinos and photons
emitted in the EeV energy range. Fast-spinning newborn
neutron stars provide a particular example [69]. Pre-
cise estimates of the impact of hadronic collisions on the
predictions of our model will be presented in a separate
publication. The results presented here are valid for all
astrophysical systems in which the interactions are dom-
inated by photo-nuclear processes.

IV. CONCLUSIONS

In this paper we have proposed a new explanation for
the ankle in the cosmic ray spectrum, and for the evo-
lution with energy of the composition of extragalactic
cosmic rays: from light below the ankle to increasingly
heavy above. When nuclei are trapped in the turbulent
magnetic field of the source environment, their escape
time can decrease faster with increasing energy than does
their interaction time. Under these conditions, only the
highest energy particles can escape the source environ-
ment unscathed, and the source environment acts as a
high-pass filter on UHECRs. Nuclei below the crossover
energy such that ⌧esc ° ⌧int interact with photons in the
environment around the source, with ejection of nucle-
ons or alpha particles and consequent production of a
steep spectrum of secondary nucleons. The superposition
of this steeply falling nucleon spectrum with the harder
spectrum of the surviving nuclear fragments creates an
ankle-like feature in the total source emission spectrum.

Astrophysical realizations: Starbursts + ideal working example
New AugerPrime and POEMMA data + ultimate test of model
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(b) Composition at Earth

FIG. 4. Spectrum and composition at Earth. The data points are from the Pierre Auger Observatory [16, 50], error bars denote
the statistical uncertainties and the shaded boxes illustrate the experimental systematic uncertainties of the composition. The
composition estimates are based on an interpretation of air shower data with Epos-LHC; the lines denote the predictions of
our fiducial model.
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FIG. 5. Neutrino spectrum (left) and expected number of events in 10 IC86-years (right) for the fiducial model. The measured
flux of low-energy extragalactic neutrinos from IceCube [55] is shown in the left panel (purple lines) as well as the 90% CL
upper limit on the flux of high-energy neutrinos (dashed area) [56]. The peak in the electron neutrino flux at about 1015.8 eV
seen in the right panel is due to the increased interaction probability of anti-electron neutrinos at the Glashow resonance.

in both directions, �theopxln Ayq “ ˘0.6, then a hadronic
interaction model that leads to a heavier interpretation
of Auger data than Epos-LHC would make the fit with
the fiducial model even better, similar to the systematic
shift in the composition scale discussed in the previous
section.

3. Mass Composition at the Source

It is remarkable that a good description of both the
spectrum and mass composition at Earth is possible by

assuming only a single injected species at the source as
assumed for simplicity in the fiducial model. However,
depending on the astrophysical scenario, this might be
an unrealistic assumption.

In Fig. 7 we explore the capability of our model to in-
corporate additional flux components of mass A1 below
and above the mass A2 „ 29 that gives the best fit for the
fiducial single-mass model. As can be seen, our calcula-
tion allows for an additional proton or helium component
as large as 80% and up to 70% for nitrogen.

For an additional flux component with a heavy mass,
the model is more restrictive as illustrated in the lower

ν-signal for example in slide 9
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FIG. 12. Left: Fit quality of the fiducial model (closed symbols) and number of neutrinos (open symbols) as a function of
peak energy "0 of the photon spectrum in the source environment. Four types of photon spectra are shown: Broken power law
(BPL), black body spectrum (BB) and two modified black body spectra (MBB). The minimum �2 of BPL corresponds to the
result shown in Fig. 6. Right: Lower limit on the neutrino flux obtained for a modified black body spectrum with � “ 2, and
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cause Emax, spal.nuc. “ Emax,A{A while Emax,A “ Z Rmax,
and finally Z{A “ 1

2 , largely independent of composition.
This relation holds prior to the extragalactic propaga-
tion from the source, thus giving complementary infor-
mation on the accelerator to that obtained from the spec-
trum and composition above the ankle alone. ii) There
is a one-to-one relation between the spectrum of spal-
lated nucleons and the anti-electron-neutrinos produced
by beta decay of neutrons, unless the spallated nucle-
ons lose energy by interacting with hadronic material in
the source environment. Independent of other proper-
ties of the environment or the source evolution, ⌫̄e’s will
have an identical spectral shape, shifted down by a factor
„ 1{1000 from the kinematics of n Ñ p e´⌫̄e and reduced
by a factor-2 in normalization because only half the nu-
cleons are neutrons. This follows because propagation
energy losses are small for nucleons of such low energy,
and redshift impacts both nucleons and neutrinos identi-
cally. Thus, detailed comparison of the ⌫̄e and spallated
nucleon spectra will reveal if hadronic interactions in the
source environment are important, which would imply a
correlated production of photo-pion produced neutrinos.

NOTE ADDED

After this work was presented at the IceCube Particle
Astrophysics Symposium a paper appeared on the arXiv

exploring another mechanism for producing the ankle,
arising in the context of gamma-ray bursts [70].
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