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i) Ultra-high energy cosmic rays



Ultra-high energy cosmic rays: contemporary questions
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• Gal/xGal transition? 
• Origin of  the ankle? 
• Origin of  the UHE steepening? 
• Composition at UHE? 
• Sources?

NB: From neutrinos/photons upper limits, the bulk of  
UHECRs are accelerated particles in astrophysical objects



The GZK cutoff
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[Alves Batista, Boncioli, 
Di Matteo et al., 2015]

Same phenomenon with nuclei (photo-disintegration)

➡ Sudden reduction of  the CR horizon at UHE 

Example with protons



Energy spectrum/Mass composition
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!
• Intermediate/heavy nuclei at ultra-high energies 
• Interplay between maximum acceleration energy and GZK cutoff ?



Magnetic deflections

[Jansson & Farrar 2012]

At UHE, CRs may be rigid 
enough to point back to their 
sources within a few degrees

[Unger & Farrar 2017]
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+ Reduced horizon 
➡  Possibility to identify 

nearby sources?

Origin of ultra-high energy cosmic rays

Magnetic fields
At low energy Galactic Magnetic Field (GMF) and InterGalactic

Magnetic Field (IGMF) deflect CR particles
UHECRs are very little deflected

only for E/Z >> 1019 eV deflections become less than a few degrees 
and C R astronomy could become feasible

propagation in G alactic magnetic fields
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* %+Cosmic rays are deflected as :

� ⇤ 3� B
3µG

L
kpc

6 ⇥ 1019eVE/Z

Regular component of MF follows
spiral arms

Regular component
B0 = 2 � 3µG coherent over
scales of kpc

Random component with
Brms = fewµG

Intergalactic magnetic field ?

Only for E/Z >> 1019 eV it is possible to point to the source direction
Carla MACOLINO (LPNHE-CNRS Paris) The Pierre Auger Observatory and Cosmic Ray Physics22nd Rencontres de Blois 46 / 52

[Harari et al., 1999]



ii) Large-scale anisotropies at the Auger Observatory
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First harmonic in right ascension

‣Control of  the event rate/directional exposure in right ascension 
➡ Fourier expansion of  the intensity 

‣Detection at >5σ (accounting for the null results in other energy ranges)
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Interpretation in terms of  a dipole

‣ Additional first harmonic analysis in local azimuth sensitive to the 
dipole component along the Earth axis
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Galactic origin?

‣ Direction of  the dipolar component of  the intensity for a Galactic origin 
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Extragalactic origin

➡ Dipole at the entrance of  the Galaxy not ‘destroyed’ by the GMF (JF12 model here)

Z~1.7-5 at 10 EeV 
E/Z~2-5 EeV

‣ Dipole component of  the 
2MRS catalog folded into 

the GMF
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Higher-order multipoles?

‣Higher order multipole signatures to constrain further models? 

[Di Matteo & Tinyakov, arXiv:1706.02534]

‣Dipole moment following from extragalactic matter

➡ Measurement of  high-order multipoles/angular power spectrum?



iii) Multipole analysis with partial-sky coverage
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Beyond the dipole moment?

on the sky. This is actually the relevant quantity to perform the analyses presented be-361

low. The solid angle in the sky where the Pierre Auger Observatory has a zero exposure362

(i.e. the northern sky at declination δ > ℓsite + θmax) makes it impossible to estimate363

the multipolar coefficients aℓm in the usual way. This is because the unseen solid angle364

prevents one to make use of the completeness relation of the spherical harmonics [28].365

Hence, the integration performed in Eqn. 12 does not allow any longer the extraction of366

the multipolar coefficients of Φ(n), but only the ones of ω̃(∆E ,n) Φ(n) [30] 5:367

bℓm =
∫

∆Ω

dΩn ω̃(n,∆E )Φ(n)Yℓm (n)

=
∑

ℓ′≥0

ℓ′∑

m′=−ℓ′
aℓ′m′

∫

∆Ω

dΩn ω̃(n,∆E )Yℓ′m′(n)Yℓm (n). (15)

Formally, the aℓm coefficients appear related to the bℓm ones through a convolution368

such that bℓm =
∑

ℓ′≥0
∑ℓ′

m′=−ℓ′ [K ]ℓ
′m′

ℓm
aℓ′m′ . The matrix K , which imprints the interfer-369

ences between modes induced by the non-uniform and partial coverage of the sky, is370

entirely determined by the directional exposure. Note that for a directional exposure in-371

dependent of the right ascension, the coefficients [K ]ℓ
′m′

ℓm
are proportional to δm′

m - i.e.372

different values of m are not mixed in the matrix.373

Meanwhile, the observation of any set of N arrival directions {n1, ...,nN } recorded374

at local sidereal times {α0
1, ...,α0

N } provides a direct estimation of the bℓm coefficients375

through (hereafter, we use an over-line to indicate the estimator of any quantity) :376

bℓm =
N∑

k=1

Yℓm (nk )

∆Ncell(α
0
k

)
. (16)

The weights ∆N−1
cell

(α0
k

), described in section 4, are introduced to correct for the slightly377

non-uniform directional exposure in right ascension. Then, if the multipolar expan-378

sion of the angular distribution Φ(n) is bounded to ℓmax, the first bℓm coefficients with379

ℓ<= ℓmax are related to the non-vanishing aℓm by the square matrix Kℓmax
truncated to380

ℓmax. Inverting this truncated matrix allows us to recover the underlying aℓm from the381

measured bℓm (with ℓ<= ℓmax) :382

aℓm =
ℓmax∑

ℓ′=0

ℓ′∑

m′=−ℓ′
[K −1

ℓmax
]ℓ

′m′

ℓm bℓ′m′ . (17)

In case of small anisotropies (|aℓm |/a00 ≪ 1), the resolution on each recovered aℓm co-383

efficient is proportional to
(
[K −1

ℓmax
]ℓm
ℓm

)0.5

[30] :384

σℓm =
(
[K −1

ℓmax
]ℓm
ℓm a00

)0.5

. (18)

5To cope with the unseen solid angle, another approach makes use of orthogonal functions of increas-
ing multipolarity, tailored on the exposure ω itself [30]. This method would yield to similar statistical

performances.
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• Recovering coefficients if Φ(n) 
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Figure 4. Reconstruction accuracy of {aℓm}ℓ≤2 coefficients as a function of
the assumed bound L, in the case of the exposure function shown in figure 1.
Increasing L leads to an explosion of the uncertainty on aℓm.

stabilization at large L remains, the variance at any ℓ increases, tending towards a plateau
determined roughly by 1/

√
N ′ where N ′ is in that case the total number of events which

would be observed on the full sky through a uniform window but with a low absolute
coverage, in such a way that N ′ is small. Of course, the larger the size of the relative
exposure tending to 0, the faster the increase of the variance towards this plateau.

5.4. Angular distribution in the covered region

We have shown that using a large value of L in the case of a partial coverage of the sky
forbids giving for any aℓm coefficient an interpretation of an individual multipolar moment.
Nevertheless, one may wonder about the significance of the full set of coefficients {aℓm}.
As a toy example, we generated a distribution of points according to the exposure function
of figure 1 times the function shown in figure 7 (top left) which is a combination of Y 1

1 ,
Y 2

2 and Y 1
3 . Top right in figure 7, we show the reconstructed sky assuming L to be equal

to 3, which illustrates that the reconstructed sky matches the injected one in the covered
region even if the variance on each reconstructed multipolar coefficient is already large (as
shown in preceding subsections) for L = 3. Increasing the value of L to 5 (bottom left)
or 10 (bottom right) do not change this property of the expansion, as only additional
statistical fluctuations appear due to the finite number of points. On these plots, we hide
the unseen part of the sky, where the reconstructed expansion is meaningless.

5.5. Hypothesis test

Any sky observed through an exposure function ω can thus be described precisely in the
observed part of the sky by increasing L to a sufficient value. However, the interpretation

Journal of Cosmology and Astroparticle Physics 02 (2008) 009 (stacks.iop.org/JCAP/2008/i=02/a=009) 12

‣ BUT exponential degradation of  the resolution 
each time the bound is incremented by 1:
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Angular power spectrum—stationarity
– 4 –

build an operator that makes use of W and of the Legendre polynomials 2. We denote this

operator M , and choose the normalisation factor in such a way that if W =1, then M = Id :

[M ]ℓℓ′ =
2ℓ′ + 1

2

∫ 1

−1

d(cos θ)Pℓ(cos θ)Pℓ′(cos θ)W(θ).

This operator is nothing else but the convolution kernel introduced in ??3. The physical

quantity that it is possible to reconstruct starting from the inverse of this kernel appears
thus in an obvious way: this is the angular power spectrum. We will a little further see the
relevance (or not) to reconstruct a power spectrum in the case of a distribution of cosmic

rays, but before that, let us examine the profit which the kernel M compared to the kernel
K represents in case of partial sky coverage. M is built starting from the 2-point function

of W, function which is cancelled at long angular distance only if W is null on more half of
the sphere. It is what figure 1 shows on examples one cannot simpler, and on the coverage
of the Southern Auger in case of a full efficiency up to 60 degrees. That means that with

non zero cover of the sky on more half of the sphere, the inverse of the kernel M is perfectly
defined whatever the value of the selected cut ℓmax. The formal expression of this inverse is

written in this case :

[

M−1
]

ℓℓ′
=

2ℓ′ + 1

2

∫ 1

−1

d(cos θ)
1

W(θ)
Pℓ(cos θ)Pℓ′(cos θ).

On the other hand, as soon as the cover is cancelled on more half of the sphere, the elements

of matrix of this same inverse are solutions of a system which depends explicitly on the cut
ℓmax:

ℓmax
∑

k

[

M−1
]

kℓ

∫

∆θ

d(cos θ)Pk(cos θ)Pℓ′(cos θ) =

∫

∆θ

d(cos θ)
1

W(θ)
Pℓ(cos θ)Pℓ′(cos θ).

In a similar way to the variance of the am
ℓ , it was shown in ? that the variance of the

reconstructed power spectrum relies on M−1 :

Var(Cℓ) ∝
[

M−1
]

ℓℓ
.

2As W depends only on θ, we don’t need here of functions depending on the azimuthal number m

3To see that, we must simply carry out integration on θ and use the addition theorem of the spherical
harmonics, which leads to

[M ]ℓℓ′ =
2ℓ′ + 1

4π2

∫ ∫

dΩ1dΩ2W (Ω1)W (Ω2)
∑

m

Y
m
ℓ (Ω1)Y

m
ℓ (Ω2)

∑

m′

Y
m′

ℓ′ (Ω1)Y
m′

ℓ′ (Ω2).

This expression is nothing else but [M ]ℓℓ′ = 1
2ℓ′+1

∑

m,m′ ([K]mm′

ℓℓ′ )2 which is exactly what we want.

→ mixing matrix for the 
power spectrum
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Figure 1. Relative exposure as a function of declination in equatorial coordinates
of the Southern site of the Pierre Auger observatory. The detection efficiency is
assumed to be saturated up to zenith angle of 60◦.

in terms of a convolution between the underlying aℓm coefficients of the density λ(θ, ϕ)
and a kernel which depends on the ω(θ, ϕ) function. To some extent, this approach is
the equivalent of the MASTER one within the CMB framework [15], except that we are
interested here in building a linear estimate of the aℓm coefficients rather than a quadratic
estimate of the Cℓ ones. As the cosmic rays are observed through the exposure function
ω, the estimate bℓm is not an estimate of the multipolar coefficients of the density λ, but
an estimate of the multipolar coefficients of ωλ. The aℓm coefficients are thus related to
the bℓm ones through the following convolution:

bℓm =
∑

ℓ′,m′

[K]mm′

ℓℓ′ aℓ′m′ .

The kernel K is entirely determined by the specific exposure function. Indeed, on using
the completeness relation of the spherical harmonics, the elements of the kernel [K]mm′

ℓℓ′

read

[K]mm′

ℓℓ′ =

∫

4π

dΩ Y m
ℓ (Ω)ω(Ω)Y m′

ℓ′ (Ω).

This relation was referred to as the convolution theorem in [16], as this is the analog on
the sphere of the convolution theorem for a Fourier transform. Then, on using direct
numerical results for K and K−1 for the specific exposure function ω, the underlying am

ℓ

coefficients can be formally recovered through the following estimate:

aℓm =
∑

ℓ′,m′

[K−1]mm′

ℓℓ′ bℓ′m′ .

Journal of Cosmology and Astroparticle Physics 02 (2008) 009 (stacks.iop.org/JCAP/2008/i=02/a=009) 5

→ mixing matrix for the 
multipolar moments

➡ if  <ϕ(n)>=0 and <ϕ(n)ϕ(n’)>=ξ(n.n’), then it can be shown that
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Angular power spectrum estimation of cosmic ray anisotropies with full or partial sky coverage

In [11], it has been shown that the first term is equivalent to a mode–mode coupling
matrix Mℓℓ1 :

⟨C̃ℓ⟩ =
∑

ℓ1

Mℓℓ1Cℓ1 +
4πf1

N

1

2ℓ + 1

ℓ∑

m=−ℓ

Kℓmℓm

where the Mℓℓ1 matrix elements are

Mℓℓ1 =
2ℓ1 + 1

4π

∑

ℓ2

(2ℓ2 + 1)Wℓ2

(
ℓ ℓ1 ℓ2

0 0 0

)2

which makes use of the Wigner 3-j symbols. By expanding the second term onto the
Wigner 3-j symbols, and after some manipulations, it is easy to show that

1

2ℓ + 1

ℓ∑

m=−ℓ

Kℓmℓm =
w00√
4π

= f1

leading to

⟨C̃ℓ⟩ =
∑

ℓ1

Mℓℓ1Cℓ1 +
4πf 2

1

N
.

We therefore have a simple and analytical link between our estimate and the true Cℓ for a
sky observed with a varying and/or incomplete exposure. Apart from a bias, our estimate
is just the convolution of the true power spectrum by a kernel whose properties can be
determined analytically from the shape of the window.

Finally, in [11], it is shown that the effect of M on a constant is a multiplication by the
second moment of the window f2 = (1/4π)

∫
W 2(n⃗) dn⃗ =

∑
ℓ(2ℓ + 1/4π)Wℓ. Therefore,

we can go back to the angular power spectrum of the ∆ field through

⟨Cexp
ℓ ⟩ =

∑

ℓ′

M−1
ℓℓ′ ⟨C̃ℓ′⟩ = Cℓ +

4π

N

f 2
1

f2
.

We see that the experimental power spectrum is unmixed and asymptotically unbiased.
The bias term can be easily computed analytically and is purely induced by the finite
number of arrival directions that are available; that is, purely induced by the Poisson
statistics of N .

2.4. The variance of the angular power spectrum estimate

From the fourth moment of N and Wick’s theorem, there is no difficulty in computing
the correlation between four multi-poles estimates. However, this calculation is rather
long and tedious, so we do not reproduce it in detail. As in cosmic ray physics, the null
hypothesis we want to test is isotropy: we are interested in Cℓ = 0. In this case, the result
for the covariance on C̃ℓ is found to be

cov(C̃ℓ, C̃ℓ′) =

(
4πf1

N

)2 2π

2ℓ′ + 1
Mℓℓ′ .

Therefore, the variance on the experimental power spectrum simply reads

V (Cexp
ℓ ) =

∑

ℓ1,ℓ2

M−1
ℓℓ1

cov(C̃ℓ1, C̃ℓ2)(M
−1
ℓ2ℓ )

T =

(
4πf1

N

)2 2π

2ℓ + 1
M−1

ℓℓ .

Journal of Cosmology and Astroparticle Physics 10 (2004) 008 (stacks.iop.org/JCAP/2004/i=10/a=008) 7

«true» power spectrum

«Poisson» noise term

estimated as in the case 
of  full-sky coverage

– 5 –

Fig. 1.— Function W in case of differents partial and uniform sky coverages, and in case of

the Southern Auger site.

This remark stresses the importance to have under the hand a stable inverse operator com-
pared to the cut ℓmax if W is sufficiently non zero, since it means that the error made on

the various reconstructed coefficients of the power spectrum does not depend on ℓmax in this

case.

Examinons plus en details le comportement de M−1 par rapport ℓmax.

However, we can wonder whether it is adapted to give an unambiguous interpretation of
a power spectrum in the context of the cosmic rays. What follows in this note is an attempt

to answer this question.

Auger: 	

never 0!

– 3 –

it is easy to see that we have in the hands an unbiassed estimate, and whose variance is

worth1

Var(am
ℓ ) =

N0

4π

[

K−1
]mm

ℓℓ
.

In case of a non-uniform but full coverage of the sky, the completeness relation of the spherical

harmonics easily allows to give the following analytical expression of the K−1 operator :

[K−1]mm′

ℓℓ′ =

∫

4π

dΩ
1

W (Ω)
Y m

ℓ (Ω)Y m′

ℓ′ (Ω)

In case of partial coverage, the spherical harmonics are no longer orthogonal, and the coef-
ficients of K−1 only satisfy the following expression :

ℓmax
∑

ℓ1,m1

∫

∆Ω

dΩY m
ℓ (Ω)Y m1

ℓ1
(Ω)[K−1]m1m′

ℓ1ℓ′ =

∫

∆Ω

dΩ
1

A(Ω)
Y m

ℓ (Ω)Y m′

ℓ′ (Ω)

where ∆Ω is the non-zero region of W . It is then obvious that, in this latter case, the
coefficients of K−1 strongly depend on the assumed bound ℓmax. With a cover of the type

of that of Southern Auger, the elements of matrix of K−1 explode as of ℓmax = 3, which
prevents from estimating multipolar coefficiens beyond ℓmax = 2.

2.2. 2-Point function of the coverage and power spectrum

In the light of the previous section, it is obvious that more the region of uncovered
sky is large, more the errors on the recovered am

ℓ are large and depend on ℓmax. Thus, it’s

trying to build a quantity that relies on W but which covers more sky, and to build in the
same way than in previous section a convolution kernel with this quantity. Finally, it will

be permissible to examine whether a physical quantity can be deducted from the inverse of
this operator. A natural candidate of such a function is the 2-point function of W , which is
the average over position and orientation on the sphere of W at angular separation θ :

W(θ) =

∫ ∫

dΩ1dΩ2

8π2
W (Ω1)W (Ω2)δ(cos θ − cos θ12).

Here, θ12 is the angle between the directions Ω1 and Ω2, and the normalisation factor is

chosen in such a way that W = 1 if W = 1. By analogy with the previous section, we

1N0 is here the total number of events that would be observed with a uniform coverage over 4π str.

2pt function of the coverage:
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Hypothesis: Stationarity

Under stationarity assumptions, no signal beyond the dipole moment



iv) Multipole analysis with full-sky coverage

(Last update: ICRC 2015)
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Meta-analysis of  Auger and TA data

Auger+TA: full-sky coverage with full efficiency >10 EeV, but…

Uncertainty on energy scale 
Auger: 14% 

TA: 21%
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Intensity in the common band
Large-Scale Distribution of Cosmic Rays above 1019 eV Olivier Deligny
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Figure 1: Directional exposure above 1019 eV as obtained by summing the nominal individual ones of the
Telescope Array and the Pierre Auger Observatory, as a function of the declination. The overlapping sky
region is indicated by the yellow band.

functions. Also, it is to be noted that a common band of declination, namely �15�  d  45�, is44

covered by both experiments.45

In principle, the combined directional exposure of the two experiments should be simply the46

sum of the individual ones. However, individual exposures have here to be re-weighted by some47

empirical factor b due to the unavoidable uncertainty in the relative exposures of the experiments:48

w(n;b) = wTA(n)+bwAuger(n). (1)

Written in this way, b is a dimensionless parameter of order unity arbitrarily chosen to re-weight the49

directional exposure of the Pierre Auger Observatory relatively to the one of the Telescope Array.50

In practice, only an estimation b̄ of the factor b can be obtained, so that only an estimation of the51

directional exposure w̄(n) ⌘ w(n; b̄) can be achieved through eqn. 1. In addition, although the52

techniques for assigning energies to events are nearly the same, there are differences as to how the53

primary energies are derived at the Pierre Auger Observatory and the Telescope Array. Currently,54

systematic uncertainties in the energy scale of both experiments amount to about 14% and 21%55

respectively [4, 5]. Such a potential shift in energy leads to different counting rates above some56

fixed energy threshold, which induces fake anisotropies in a similar way to the ones resulting from57

a shift in the relative exposures of the experiments. The parameter b can thus be viewed as an58

effective correction which absorbs any kind of systematic uncertainties in the relative exposures,59

whatever the sources of these uncertainties.60

In addition to the dependence in declination, variations of the exposure in sidereal time trans-61

late into small variations of the directional exposure in right ascension. However, given the small62

size of these variations, the relative modulations of the respective directional exposure functions in63

right ascension turn out to be less than few 10�3. Given that the limited statistics currently avail-64

able above 1019 eV cannot allow an estimation of each a`m coefficient with a precision better than65

3

➡ Remove distortions induced from 
different directional exposures in 

case of  anisotropies:

• Aim: guarantee the same intensity in 
the common field of  view

• If  anisotropies, possible distortions 
by the directional exposure functions 

➡ Tune the energy scale to get JAuger(>E)=JTA(>E) in the common f.o.v.

Auger	
TA
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Performances
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Full-sky map
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Dipole/Quadrupole moments

Large-Scale Distribution of Cosmic Rays above 1019 eV Olivier Deligny
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Figure 2: Measured amplitudes for the dipole vector (left) and the quadrupole tensor (right), together with
the distributions expected from statistical fluctuations of isotropy.
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Figure 3: Sky map in equatorial coordinates of the average flux smoothed out at a 60� angular scale above
1019 eV in km�2 yr�1 sr�1 units.

and intuitive way as166

F(n) = F0

4p
�
1+ r d ·n+l+(q+ ·n)2 +l0(q0 ·n)2 +l�(q� ·n)2 + · · ·

�
. (10)

The distributions of amplitudes obtained from statistical fluctuations of simulated isotropic samples167

are shown in fig. 2. The measured values are indicated by the superimposed arrows. The dipole168

amplitude is observed to be (6.5±XX)% with a chance probability of 6 10�3, pointing to (93�±169

XX�) in right ascension and (�46�±XX�) in declination. Compared to the previous report in [1],170

the improved sensitivity in the dipole moment is primarily explained by the improved resolution171

on the b parameter thanks to the larger common band DW, and by the increased exposure/statistics.172

On the other hand, the quadrupole amplitudes are observed to be within statistical fluctuations173

expected from isotropic samples. Overall, these results are in agreement with the ones reported174

in [2] without any assumption on the underlying flux of UHECRs.175

7

Dipole amplitude  

r = (6.5±1.5)%, P = 5 10-3
Quadrupole amplitudes within 

fluctuations

Large-Scale Distribution of Cosmic Rays above 1019 eV Olivier Deligny
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the distributions expected from statistical fluctuations of isotropy.
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�
. (10)

The distributions of amplitudes obtained from statistical fluctuations of simulated isotropic samples167

are shown in fig. 2. The measured values are indicated by the superimposed arrows. The dipole168

amplitude is observed to be (6.5±XX)% with a chance probability of 6 10�3, pointing to (93�±169

XX�) in right ascension and (�46�±XX�) in declination. Compared to the previous report in [1],170

the improved sensitivity in the dipole moment is primarily explained by the improved resolution171

on the b parameter thanks to the larger common band DW, and by the increased exposure/statistics.172

On the other hand, the quadrupole amplitudes are observed to be within statistical fluctuations173

expected from isotropic samples. Overall, these results are in agreement with the ones reported174

in [2] without any assumption on the underlying flux of UHECRs.175
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Angular power spectrum

Moment
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

Po
w

er
 S

pe
ct

ru
m

-410

-310

-210 99% CL isotropy



v) The highest energies
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Searches for hot spots

• Scan on energy threshold E and circular window 
radius Ψ to compute the obs/exp number of  
events

• 4.3 σ for E>54 EeV and Ψ=12°

• Post-trial p-value: 69%

• 134 events >57 EeV, 34 within the 25° 
window (13.5 exp.) 

• Post-trial significance: P~1.0 10-3 (3.0σ)
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Selection of  non-thermal sources

Selected from the 2FHL 
catalog (Fermi-LAT, >50 GeV), 

within 250 Mpc           
[Ackermann et al., 2016]

Selected from Fermi-LAT search 
list (HCN survey) within 250 Mpc, 

with radio flux>0.3 Jy              
[Gao & Salomon, 2005]

Assumption: UHECR flux ∝ non-thermal photon flux 

➡  Reasonable for UHECRs and gamma rays originating from the same population 
of  sources producing CRs at a similar rate from low energies to the highest ones, 

CRs which then undergo energy losses in calorimetric environments

(leptonic processes preferred) (hadronic processes preferred)
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Test statistics of  alternative vs null

Luminosity distribution: non-equal sources,                                 
flux may be dominated by strong local sources                        

☞ Analysis method: test arrival directions vs density maps

Test statistics (TS): likelihood ratio

• TS = 2 ln(L(ϑ,α)/L(-,0)) 

• Nested hypotheses: TS is 𝛘2-distributed 
with 2 d.o.f. (2 free parameters ϑ,α)

p-
va

lu
e 

re
je

ct
io

n 
of

 th
e 

nu
ll 

hy
p.

L(ϑ,α)=Πevents[exposure × model(ϑ,α)](ni)                     
	 α: signal fraction                                                
	 ϑ: search radius (no magnetic offset)                    
model: [α × sources + (1-α) × isotropy]⊗ Gauss(ϑ)

L(-,0)=Πevents[exposure](ni) 

null alternative
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Best fit and residual maps (through Auger f.o.v.)
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Best fit parameters

 

3.6 x 10-5  (~4 σ)

• Best indication to reject isotropy provided by the SBG model 

• SBG model also preferred to the AGN one in a direct ‘contest’ 
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Auger+TA?

Energy-dependent 
systematic… 

First attempt [UHECR2016]



Summary and perspectives

•  Ultimate goal: full-sky survey of  UHECR patterns in the sky

A. Di Matteo, UHECR2016
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ApJ 794 (2014) 172

ETA>10 EeV / EAuger>8.5 EeV

• Large scale studies >~10 EeV (beyond the dipole) 

• Over-densities/correlations with xGal matter at UHE





Extragalactic gamma-ray background

Extragalactic 𝛾-ray background 
dominated by 2 types of  sources:

UHECR source candidates: 
requirement on power

• >1 EeV, energy production rate 
close to 1045 erg Mpc-3 yr-1 

• Both local SBGs & 𝛾AGNs match 
this requirement

[Dermer & Razzaque 2010]

• 𝛾AGNs: For a jet with a relativistic bulk motion, 
UHECRs emitted isotropically in the bulk frame 
would appear to be coming out in the jet 
direction in our cosmic reference frame.

• SBGs: high gamma-ray luminosity thought to be 
due to intense starburst episodes possibly 
triggered by galaxy mergers; could harbor with 
an increased rate cataclysmic events associated 
with the deaths of  short-lived, massive stars, such 
as gamma-ray bursts, hypernovæ, and magnetars



Catalog of  star-forming galaxies

GeV—TeV observations 
• TeV: M 82 (0.9% Crab), NGC 253 (0.2% Crab),  NGC 

4945 ⊘, NGC 1068 (<5%), M 83 (<2%) 

• GeV: M 82, NGC 253, NCG 4945, NGC 1068 firmly 
detected. GeV/FIR/radio correlation 

➡ Flux at 1.4 GHz used as a proxy for the UHECR flux 

Selected catalog 
• ApJ 755, 164 (2012) 

• Cut @ 0.3 Jy to maximize the completeness 

• Cut that matches a ~200 Mpc GZK horizon: 
take the most luminous source in the sample, 
place it as far away as you can to detect it 
above 0.3 Jy → 173 Mpc 

• 23 brightest (/63) — ~80% of  total flux

supergalactic coordinates



Control of  the event rate

    

‣Auger: Full efficiency of  detection above 3 EeV 

‣But effective change of  rate due to changes of  atm. conditions

➡ Variations prop. to
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Angular power spectrum estimation of cosmic ray anisotropies with full or partial sky coverage

and generally depends on declination. When combining data from two observatories, the
exposure becomes full sky but non-uniform. This is shown for instance with Sugar and
AGASA coverage in [10], or with Auger Southern and Northern sites in [9].

All these configurations can be described through the introduction of the window
field W (n⃗) that measures the relative exposure in the direction n⃗ on the sky. This field
can even vanish in some regions. Thus, ∆̃(n⃗) = ∆(n⃗) × W (n⃗) is the quantity we have
access to experimentally and not simply ∆(⃗n) as in the case of a uniform and full sky
coverage. This has an immediate effect in the Cℓ determination as we cannot compute the
expansion of the field we intended to. We only have access to what is called the pseudo-
power spectrum C̃ℓ of the product of the two fields. A simple way to go back to the true
Cℓ from the measurement of C̃ℓ was proposed for cosmic microwave background analysis
by [11] and has been widely used in this community for various experiments [15]–[17]. We
will soon show that the convolution kernel which mixes the modes of the angular spectrum
we want to measure is the same as the one found in the framework of the CMB.

We denote our estimates ãℓm and we define them as

ãℓm =

∫

4π

dn⃗ Y ⋆
ℓm(n⃗)

N (n⃗) − (N/4πf1)W (n⃗)

N/4πf1
.

Clearly, ⟨ãℓm⟩ = 0, as well as for the expectation value of the true coefficients.

2.3. The bias on the angular power spectrum estimate

For reasons that will soon become clear, we introduce the following coupling kernel as
in [11]:

Kℓmℓ′m′ =
∑

ℓ1m1

wℓ1m1

∫

4π

dn⃗ Yℓ′m′(n⃗)Y ⋆
ℓm(n⃗)Yℓ1m1(n⃗)

where we have expanded the window field on the spherical harmonics basis. Let us also
introduce the power spectrum of the window field:

Wℓ =
1

2ℓ + 1

ℓ∑

m=−ℓ

|wℓm|2.

Turning now to the correlation between two multipole estimates, it is easy to show that

⟨ãℓmã⋆
ℓ′m′⟩ =

∑

ℓ1m1

Cℓ1Kℓmℓ1m1K
⋆
ℓ′m′ℓ1m1

+
4πf1

N
Kℓmℓ′m′ .

We then estimate the power spectrum C̃ℓ simply by taking the empiric average over
m:

C̃ℓ =
1

2ℓ + 1

m=ℓ∑

m=−ℓ

|ãℓm|2.

This yields

⟨C̃ℓ⟩ =
1

2ℓ + 1

ℓ∑

m=−ℓ

(∑

ℓ1m1

Cℓ1 |Kℓmℓ1m1 |2 +
4πf1

N
Kℓmℓm

)
.

Journal of Cosmology and Astroparticle Physics 10 (2004) 008 (stacks.iop.org/JCAP/2004/i=10/a=008) 6

➪ ➪
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Angular power spectrum estimation of cosmic ray anisotropies with full or partial sky coverage

and generally depends on declination. When combining data from two observatories, the
exposure becomes full sky but non-uniform. This is shown for instance with Sugar and
AGASA coverage in [10], or with Auger Southern and Northern sites in [9].

All these configurations can be described through the introduction of the window
field W (n⃗) that measures the relative exposure in the direction n⃗ on the sky. This field
can even vanish in some regions. Thus, ∆̃(n⃗) = ∆(n⃗) × W (n⃗) is the quantity we have
access to experimentally and not simply ∆(⃗n) as in the case of a uniform and full sky
coverage. This has an immediate effect in the Cℓ determination as we cannot compute the
expansion of the field we intended to. We only have access to what is called the pseudo-
power spectrum C̃ℓ of the product of the two fields. A simple way to go back to the true
Cℓ from the measurement of C̃ℓ was proposed for cosmic microwave background analysis
by [11] and has been widely used in this community for various experiments [15]–[17]. We
will soon show that the convolution kernel which mixes the modes of the angular spectrum
we want to measure is the same as the one found in the framework of the CMB.

We denote our estimates ãℓm and we define them as

ãℓm =

∫

4π

dn⃗ Y ⋆
ℓm(n⃗)

N (n⃗) − (N/4πf1)W (n⃗)

N/4πf1
.

Clearly, ⟨ãℓm⟩ = 0, as well as for the expectation value of the true coefficients.

2.3. The bias on the angular power spectrum estimate

For reasons that will soon become clear, we introduce the following coupling kernel as
in [11]:

Kℓmℓ′m′ =
∑

ℓ1m1

wℓ1m1

∫

4π

dn⃗ Yℓ′m′(n⃗)Y ⋆
ℓm(n⃗)Yℓ1m1(n⃗)

where we have expanded the window field on the spherical harmonics basis. Let us also
introduce the power spectrum of the window field:

Wℓ =
1

2ℓ + 1

ℓ∑

m=−ℓ

|wℓm|2.

Turning now to the correlation between two multipole estimates, it is easy to show that

⟨ãℓmã⋆
ℓ′m′⟩ =

∑

ℓ1m1

Cℓ1Kℓmℓ1m1K
⋆
ℓ′m′ℓ1m1

+
4πf1

N
Kℓmℓ′m′ .

We then estimate the power spectrum C̃ℓ simply by taking the empiric average over
m:

C̃ℓ =
1

2ℓ + 1

m=ℓ∑

m=−ℓ

|ãℓm|2.

This yields

⟨C̃ℓ⟩ =
1

2ℓ + 1

ℓ∑

m=−ℓ

(∑

ℓ1m1

Cℓ1 |Kℓmℓ1m1 |2 +
4πf1

N
Kℓmℓm

)
.

Journal of Cosmology and Astroparticle Physics 10 (2004) 008 (stacks.iop.org/JCAP/2004/i=10/a=008) 6

➪ ➪
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Angular power spectrum estimation of cosmic ray anisotropies with full or partial sky coverage

and generally depends on declination. When combining data from two observatories, the
exposure becomes full sky but non-uniform. This is shown for instance with Sugar and
AGASA coverage in [10], or with Auger Southern and Northern sites in [9].

All these configurations can be described through the introduction of the window
field W (n⃗) that measures the relative exposure in the direction n⃗ on the sky. This field
can even vanish in some regions. Thus, ∆̃(n⃗) = ∆(n⃗) × W (n⃗) is the quantity we have
access to experimentally and not simply ∆(⃗n) as in the case of a uniform and full sky
coverage. This has an immediate effect in the Cℓ determination as we cannot compute the
expansion of the field we intended to. We only have access to what is called the pseudo-
power spectrum C̃ℓ of the product of the two fields. A simple way to go back to the true
Cℓ from the measurement of C̃ℓ was proposed for cosmic microwave background analysis
by [11] and has been widely used in this community for various experiments [15]–[17]. We
will soon show that the convolution kernel which mixes the modes of the angular spectrum
we want to measure is the same as the one found in the framework of the CMB.

We denote our estimates ãℓm and we define them as

ãℓm =

∫

4π

dn⃗ Y ⋆
ℓm(n⃗)

N (n⃗) − (N/4πf1)W (n⃗)

N/4πf1
.

Clearly, ⟨ãℓm⟩ = 0, as well as for the expectation value of the true coefficients.

2.3. The bias on the angular power spectrum estimate

For reasons that will soon become clear, we introduce the following coupling kernel as
in [11]:

Kℓmℓ′m′ =
∑

ℓ1m1

wℓ1m1

∫

4π

dn⃗ Yℓ′m′(n⃗)Y ⋆
ℓm(n⃗)Yℓ1m1(n⃗)

where we have expanded the window field on the spherical harmonics basis. Let us also
introduce the power spectrum of the window field:

Wℓ =
1

2ℓ + 1

ℓ∑

m=−ℓ

|wℓm|2.

Turning now to the correlation between two multipole estimates, it is easy to show that

⟨ãℓmã⋆
ℓ′m′⟩ =

∑

ℓ1m1

Cℓ1Kℓmℓ1m1K
⋆
ℓ′m′ℓ1m1

+
4πf1

N
Kℓmℓ′m′ .

We then estimate the power spectrum C̃ℓ simply by taking the empiric average over
m:

C̃ℓ =
1

2ℓ + 1

m=ℓ∑

m=−ℓ

|ãℓm|2.

This yields

⟨C̃ℓ⟩ =
1

2ℓ + 1

ℓ∑

m=−ℓ

(∑

ℓ1m1

Cℓ1 |Kℓmℓ1m1 |2 +
4πf1

N
Kℓmℓm

)
.

Journal of Cosmology and Astroparticle Physics 10 (2004) 008 (stacks.iop.org/JCAP/2004/i=10/a=008) 6
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Angular power spectrum estimation of cosmic ray anisotropies with full or partial sky coverage

and generally depends on declination. When combining data from two observatories, the
exposure becomes full sky but non-uniform. This is shown for instance with Sugar and
AGASA coverage in [10], or with Auger Southern and Northern sites in [9].

All these configurations can be described through the introduction of the window
field W (n⃗) that measures the relative exposure in the direction n⃗ on the sky. This field
can even vanish in some regions. Thus, ∆̃(n⃗) = ∆(n⃗) × W (n⃗) is the quantity we have
access to experimentally and not simply ∆(⃗n) as in the case of a uniform and full sky
coverage. This has an immediate effect in the Cℓ determination as we cannot compute the
expansion of the field we intended to. We only have access to what is called the pseudo-
power spectrum C̃ℓ of the product of the two fields. A simple way to go back to the true
Cℓ from the measurement of C̃ℓ was proposed for cosmic microwave background analysis
by [11] and has been widely used in this community for various experiments [15]–[17]. We
will soon show that the convolution kernel which mixes the modes of the angular spectrum
we want to measure is the same as the one found in the framework of the CMB.

We denote our estimates ãℓm and we define them as

ãℓm =

∫

4π

dn⃗ Y ⋆
ℓm(n⃗)

N (n⃗) − (N/4πf1)W (n⃗)

N/4πf1
.

Clearly, ⟨ãℓm⟩ = 0, as well as for the expectation value of the true coefficients.

2.3. The bias on the angular power spectrum estimate

For reasons that will soon become clear, we introduce the following coupling kernel as
in [11]:

Kℓmℓ′m′ =
∑

ℓ1m1

wℓ1m1

∫

4π

dn⃗ Yℓ′m′(n⃗)Y ⋆
ℓm(n⃗)Yℓ1m1(n⃗)

where we have expanded the window field on the spherical harmonics basis. Let us also
introduce the power spectrum of the window field:

Wℓ =
1

2ℓ + 1

ℓ∑

m=−ℓ

|wℓm|2.

Turning now to the correlation between two multipole estimates, it is easy to show that

⟨ãℓmã⋆
ℓ′m′⟩ =

∑

ℓ1m1

Cℓ1Kℓmℓ1m1K
⋆
ℓ′m′ℓ1m1

+
4πf1

N
Kℓmℓ′m′ .

We then estimate the power spectrum C̃ℓ simply by taking the empiric average over
m:

C̃ℓ =
1

2ℓ + 1

m=ℓ∑

m=−ℓ

|ãℓm|2.

This yields

⟨C̃ℓ⟩ =
1

2ℓ + 1

ℓ∑

m=−ℓ

(∑

ℓ1m1

Cℓ1 |Kℓmℓ1m1 |2 +
4πf1

N
Kℓmℓm

)
.
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