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The Sources Of UHECRsThe Sources Of UHECRs

∼ 10−2 galaxies / Mpc3



Redshift HorizonRedshift Horizon

I(z)/I(0) ∝
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E0

(1 + z) (E (1 + z))
−2 dE/

∫∞
E0

E−2 dE = (1 + z)−1, χloss ∼ 5 Gpc



Source EvolutionSource Evolution

star formation rate from B.E. Robertson et al. Astrophys.J. 802 (2015) no.2, L19



UHECR Energy Loss (20 EeV p)UHECR Energy Loss (20 EeV p)

intensity attenuation p+γCMB→ p + e+ + e−, χloss ∼ 1 Gpc



UHECR Energy Loss (50 EeV p)UHECR Energy Loss (50 EeV p)

intensity attenuation p+γCMB→ p/n + π0/+, χloss ∼ 100 Mpc



The Local Large Scale Structure

Y.Hoffman et al, Nat.Astron. 2 (2018) 680
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Observation of a Dipolar Anisotropy of UHECR (E> 8 EeV)
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Pierre Auger Coll., Science 357 (2017) 1266

amplitde: 6.5+1.3-0.9 %, significance: 5.2 σ
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Observation of a Dipolar Anisotropy of UHECR (E> 8 EeV)
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Energy Dependence of UHECR Dipole
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Energy Dependence of UHECR Dipole
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“Hot Spot” (Telescope Array, E > 57 EeV,∼ 3 σ)

TA Jan 23, 2018 23

E>57 EeV - Years 1-9 excess map
TA preliminary

Hot Spot (2017)

Total events: 143
Observed: 34
Expected : 13.5

Best circle center: RA=144.3°, Dec=+40.3°
Best circle radius: 25°
Local significance : 5 σ
Global significance : 3 σ

TA Collaboration ApJ 790 (2014), update ICRC17, C. Jui SUGAR18 [11 of 23]



Intermediate-scale Anisotropy (Pierre Auger Observatory)
starburst galaxies (E > 39 EeV, , 9.7%, 12.9◦, 4.0 σ)

γAGN (E > 60 EeV, 6.7%, 6.9◦, 2.7 σ)
Pierre Auger Coll., ApJ. Lett. 853 (2018) L29 [12 of 23]



UHECR Energy Spectrum
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Energy Spectrum and Composition Emax = R0 Z

e.g.
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30 N. Globus, D. Allard, R. Mochkovitch, E. Parizot

We simulate the propagation of UHECRs above 1017.5 eV, consider-
ing various nuclear species, following a power law spectrum injec-
tion at 156 different redshifts (from a few 10−4 to ∼5), for three dif-
ferent hypotheses about the EGMF variance : 0.01, 0.1 and 1 nG. In
total, more than 109 trajectories from the injection redshift to z = 0
were simulated in order to calculate the above-mentioned contri-
bution functions and fluxes with large statistics. Once the simula-
tions have been completed, the distributions of proper comoving
distances from the GRB, of masses and of energies, after propaga-
tion, can be calculated for each injection redshift and EGMF vari-
ance. The particles are reweighted in order to simulate the injection
and composition calculated in Sect. 5 at 21 different luminosities,
for each of the three models. This allows us to estimate the con-
tribution functions F(A, E, r; t, Lγ, ε) and fluxes expected from sin-
gle GRBs, for all the luminosities and energy redistribution mod-
els, at each redshift and each different EGMF variance. For each
case of redshift and EGMF variance, we divide the proper comov-
ing range obtained into 280 bins11 and calculate the contribution
functions and fluxes in each bin. We are thus able to estimate the
flux on Earth contributed now by a GRB of a given luminosity, ex-
ploding at a given proper comoving distance at a given look-back
time/redshift. Finally, the total UHECR diffuse flux from GRBs can
be estimated by summing the contribution of all single GRBs (at all
luminosities) for each of the 300 realizations of the GRB history in
the universe.
In what follows, we restrict ourselves to a qualitative discussion of
the impact of the EGMF on the expected UHECR diffuse flux from
GRBs. More quantitative aspects, such as the number of GRBs con-
tributing as a function of the energy, time delays, anisotropy ex-
pectation (which requires to include the galactic magnetic field) as
well as the study of inhomogenous magnetic fields configurations
(see for instance Takami & Murase 2012; Kalli, Lemoine & Kotera
2011) will be considered in a forthcoming paper.

6.2.2 Results

UHECR diffuse fluxes, calculated for models A, B and C and three
hypotheses about the EGMF variance are shown in Fig. 32 and 33.
Fig. 32 displays the spectra obtained for the three models assuming
an EGMF variance of 0.1 nG. The lines show the mean values ob-
tained averaging over 300 realizations, for the total spectrum (plain
line) and for different nuclear species. The shaded areas show the
90% intervals of the 300 realizations, excluding the 5% highest and
lowest ones.
Concerning model A, one sees, as anticipated in the previous sec-
tion, that the power emitted in UHE cosmic-ray is too weak to con-
tribute significantly to the flux observed on Earth. It is almost two
orders of magnitude (at least a factor ∼70) below the flux recently
reporter by Auger (Abraham et al. 2010a, Aab et al. 2013).
In the cases of models B and C, the predicted fluxes are in very good
agreement with what is observed : the absolute scale of the fluxes
have only been slightly rescaled, by ∼5% downward for model B
and ∼ 25% upward for model C, to fall on top of Auger data.
In the case of model B, the mean value obtained for the total spec-
trum is slightly too soft to reproduce the Auger data at the highest
energies. For the 0.1 nG EGMF variance, displayed in the central

estimate of the density of the infrared, optical and ultra-violet backgrounds
(and their redshift evolution) described in Kneiske et al. (2004).
11 The bin size is chosen so that particles are spread over more than two
bins at all energies.
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Figure 32. Diffuse cosmique ray flux spectrum, expected on Earth, assum-
ing an EGMF variance of 0.1 nG, in the cases of model A (top), B (center)
and C (bottom). The contributions of different groups of nuclei are shown,
the lines (plain lines for the total spectrum) represent the mean value calcu-
lated over 300 realizations of GRB history in the universe, the shaded areas
represent the 90% intervals (excluding the 5% highest and the 5% lowest
realizations) of the 300 realizations. These fluxes are compared with the
latest Auger estimate of the UHECR flux.

panel of Fig. 32, only a few realizations (among the 5% highest)
allow to reproduce correctly the shape of the Auger spectrum at the
highest energies. For instance, Fig. 34 shows one of the 300 real-
izations, which appears to give a relatively good fit to Auger data.
Let us note that for lower values of the EGMF variance, 0.01 nG for
instance, the spread of the predictions becomes larger (see below)
and the Auger data lie comfortably within the 90% interval.
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Energy Spectrum and Composition Emax = R0 Z
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We simulate the propagation of UHECRs above 1017.5 eV, consider-
ing various nuclear species, following a power law spectrum injec-
tion at 156 different redshifts (from a few 10−4 to ∼5), for three dif-
ferent hypotheses about the EGMF variance : 0.01, 0.1 and 1 nG. In
total, more than 109 trajectories from the injection redshift to z = 0
were simulated in order to calculate the above-mentioned contri-
bution functions and fluxes with large statistics. Once the simula-
tions have been completed, the distributions of proper comoving
distances from the GRB, of masses and of energies, after propaga-
tion, can be calculated for each injection redshift and EGMF vari-
ance. The particles are reweighted in order to simulate the injection
and composition calculated in Sect. 5 at 21 different luminosities,
for each of the three models. This allows us to estimate the con-
tribution functions F(A, E, r; t, Lγ, ε) and fluxes expected from sin-
gle GRBs, for all the luminosities and energy redistribution mod-
els, at each redshift and each different EGMF variance. For each
case of redshift and EGMF variance, we divide the proper comov-
ing range obtained into 280 bins11 and calculate the contribution
functions and fluxes in each bin. We are thus able to estimate the
flux on Earth contributed now by a GRB of a given luminosity, ex-
ploding at a given proper comoving distance at a given look-back
time/redshift. Finally, the total UHECR diffuse flux from GRBs can
be estimated by summing the contribution of all single GRBs (at all
luminosities) for each of the 300 realizations of the GRB history in
the universe.
In what follows, we restrict ourselves to a qualitative discussion of
the impact of the EGMF on the expected UHECR diffuse flux from
GRBs. More quantitative aspects, such as the number of GRBs con-
tributing as a function of the energy, time delays, anisotropy ex-
pectation (which requires to include the galactic magnetic field) as
well as the study of inhomogenous magnetic fields configurations
(see for instance Takami & Murase 2012; Kalli, Lemoine & Kotera
2011) will be considered in a forthcoming paper.

6.2.2 Results

UHECR diffuse fluxes, calculated for models A, B and C and three
hypotheses about the EGMF variance are shown in Fig. 32 and 33.
Fig. 32 displays the spectra obtained for the three models assuming
an EGMF variance of 0.1 nG. The lines show the mean values ob-
tained averaging over 300 realizations, for the total spectrum (plain
line) and for different nuclear species. The shaded areas show the
90% intervals of the 300 realizations, excluding the 5% highest and
lowest ones.
Concerning model A, one sees, as anticipated in the previous sec-
tion, that the power emitted in UHE cosmic-ray is too weak to con-
tribute significantly to the flux observed on Earth. It is almost two
orders of magnitude (at least a factor ∼70) below the flux recently
reporter by Auger (Abraham et al. 2010a, Aab et al. 2013).
In the cases of models B and C, the predicted fluxes are in very good
agreement with what is observed : the absolute scale of the fluxes
have only been slightly rescaled, by ∼5% downward for model B
and ∼ 25% upward for model C, to fall on top of Auger data.
In the case of model B, the mean value obtained for the total spec-
trum is slightly too soft to reproduce the Auger data at the highest
energies. For the 0.1 nG EGMF variance, displayed in the central

estimate of the density of the infrared, optical and ultra-violet backgrounds
(and their redshift evolution) described in Kneiske et al. (2004).
11 The bin size is chosen so that particles are spread over more than two
bins at all energies.
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Figure 32. Diffuse cosmique ray flux spectrum, expected on Earth, assum-
ing an EGMF variance of 0.1 nG, in the cases of model A (top), B (center)
and C (bottom). The contributions of different groups of nuclei are shown,
the lines (plain lines for the total spectrum) represent the mean value calcu-
lated over 300 realizations of GRB history in the universe, the shaded areas
represent the 90% intervals (excluding the 5% highest and the 5% lowest
realizations) of the 300 realizations. These fluxes are compared with the
latest Auger estimate of the UHECR flux.

panel of Fig. 32, only a few realizations (among the 5% highest)
allow to reproduce correctly the shape of the Auger spectrum at the
highest energies. For instance, Fig. 34 shows one of the 300 real-
izations, which appears to give a relatively good fit to Auger data.
Let us note that for lower values of the EGMF variance, 0.01 nG for
instance, the spread of the predictions becomes larger (see below)
and the Auger data lie comfortably within the 90% interval.
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A+ γ Interactions at Source →Origin of “Ankle”?

cosmic ray

source environment EBL/CMB detection

MU, G.Farrar, L.Anchordoqui PRD 92 (2015) 123001

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

 d
N

/d
lg

E
/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

/d
lg

E
/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
) 

[e
V

3
E

0

20

40

60

80

100

120

140

36
10×

  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 

-9
10

-8
10

-710

-6
10

-5
10

-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

(X
sys

 = +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

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

 d
N

/d
lg

E
/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

/d
lg

E
/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
) 

[e
V

3
E

0

20

40

60

80

100

120

140

36
10×

  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 

-9
10

-8
10

-710

-6
10

-5
10

-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

(X
sys

 = +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

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

 d
N

/d
lg

E
/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

/d
lg

E
/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
) 

[e
V

3
E

0

20

40

60

80

100

120

140

36
10×

  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 

-9
10

-8
10

-710

-6
10

-5
10

-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

(X
sys

 = +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

[15 of 23]



A+ γ Interactions at Source single Ainj → Emax = E0 A

cosmic ray

source environment EBL/CMB detection

MU, G.Farrar, L.Anchordoqui PRD 92 (2015) 123001
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A+ γ Interactions at Source galactic mix→ Emax = complicated

cosmic ray

source environment EBL/CMB detection

MU, G.Farrar, L.Anchordoqui PRD 92 (2015) 123001
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Particle Physics at UHEParticle Physics at UHE

ATLAS@LHC Pierre Auger Observatory∗

• Ebeam = 6.5 TeV

•
√
s = 13 TeV

• 7 kt detector

• Ebeam > 1× 108 TeV

•
√
s > 400 TeV∗∗

• 20 kt water-Cherenkov

• 25 Gt air calorimeter

∗to scale but stacked, actual area: 3000 km2

∗∗ for p+air (> 60 TeV for Fe+air)
[18 of 23]



LHC and UHECR Luminosity
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Proton+Proton Cross Section at
√
s = 39 and 66 TeV

 (
P

ro
to

n
P

ro
to

n
) 

  
 [

m
b

]
in

e
l

σ

0

20

40

60

80

100

120

    [GeV]s

3
10

4
10

5
10

Auger (Glauber)

ATLAS

CMS

ALICE

TOTEM

UA5

CDF/E710

QGSJet01
QGSJetII.3
SIBYLL2.1
Epos1.99
PYTHIA 6.115
PHOJET
QGSJetII.4
EPOSLHC

R. Ulrich for the Pierre Auger Coll., Proc. 34th ICRC, arXiv:1509.03732
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Muon Production in
Air Showers
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Rµ ∼ Nµ/(1.5× 107)
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ConclusionsConclusions

UHECR in 2004 UHECR in 2018

Las Meninas by Diego Velazquez 1656 Las Meninas by Pablo Picasso 1957

proton!

mixed!

cutoff?
cutoff!

multipletsmultiplets

dipole! hot spot?

A+ γ ankle?
e+e− dip!

GZK orEmax?GZK!
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Stay tuned for AugerPrime and TAx4 Results!Stay tuned for AugerPrime and TAx4 Results!

Las Meninas by Pablo Picasso 1957Las Meninas by Pablo Picasso 1957
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