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Problem
• null-hypothesis: isotropic flux


• alternative hypothesis: (subclass of) AGN as UHECR sources


• observables:                    for cosmic rays with energy above 57 EeV


• aim: find optimal test statistic                  to reject null-hypothesis if 
alternative hypothesis is true

θi , ϕi , i = 1..N

ξ = f(θi , ϕi)

Centaurus A

The case of NUHECR = 500 and 9% events coming from Cen A.

Intro Method Results Lower E Next 11/23

Galactic MF model by R. Jansson 
and G. R. Farrar 2012


Injected spectrum: 

M. Kachelrieß et al 20172

η - fraction of the events from the nearest source; few nearest candidates, galactic magnetic field model

If CR are mostly heavy nuclei 
Deflection angles in GMF: 

tens of degrees

study capability of future orbital UHECR detectors like K-EUSO to reveal anisotropy



Alternative Hypothesis

3

The starting point: the single source class model

M. Kachelrieß, O. Kalashev, S. Ostapchenko, D.V. Semikoz “A minimal model for
extragalactic cosmic rays and neutrinos,” PRD 96, 083006 (2017); arXiv:1704.06893.

Basic assumptions:

I UHECRs are accelerated by (a subclass of) AGN
I the energy spectra of nuclei after the acceleration phase follow a power-law with a

rigidity-dependent cutoff: jinj(E) / E�↵ exp[�E/(ZEmax)]
I the CR nuclei diffuse first through a zone dominated by photo-hadronic interactions,

and then they escape into a second zone dominated by hadronic interactions with
gas.

The model matches:

I experimental data on the total CR flux, the mean EAS maximum depth Xmax and its
width RMS(Xmax) above ⇠ 1017 eV

I HE neutrino flux measured by IceCube

One of the consequences: there should be a source of UHECRs within ⇠ 20 Mpc
Intro Method Results Lower E Next 5/23

Pierre Auger
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ξ = f(θi , ϕi)

Figure 2. The case of NUHECR = 500 and 7% events coming from NGC 253. Top panel: an example
of a possible pattern of arrival directions. UHECRs that form an isotropic background are shown with
small open circles. UHECRs arriving from the source are shown with coloured circles according to the
type of the respective nucleus. The position of the source is indicated by the star. The map is shown
in Galactic coordinates in the Mollweide projection. Left bottom panel: angular power spectrum C`

for isotropic and mixed samples. Confidence intervals for 68%, 95% and 99% levels are shown with
di↵erent shades of magenta for the isotropic distribution. Blue dots with error bars indicate C` for
50,000 mixed samples of size 500 with 7% events in each sample coming from the source. Right
bottom panel: the histograms show empirical probability distribution functions of D(iso) and D(mix)
calculated according to Eq. (1.4). The vertical red line marks a value of D(mix) such that only 5%
of all D(mix) values are less than this particular value. This corresponds to the error of the second
kind � = 0.05. The error of the first kind ↵ is also indicated in the panel.

300, and it does not considerably depend either on the source position on the celestial sphere
or on the distance to it. Thus, this value can be straightforwardly compared with theoretical
expectations. We used the simplest model of identical sources uniformly distributed with a
number density n. Given that the characteristic path length Lc at the relevant energies is
around 100 Mpc (see Fig. 1), we have performed our simulations in a Vbox = (600 Mpc)3

box centered at the observer position. Less than 5% of the total flux comes from outside
this box, so we have ignored that part. The total number of simulated sources was equal
to Nsrc = nVbox. The contribution from an individual source located at a distance d was
calculated as

� = exp(�d/Lc)/d
2.

– 7 –

Type I and II errors:

β = ∫
ξth

−∞
palt(ξ)dξ = 0.05

α = ∫
∞

ξth

piso(ξ)dξ ≤ 0.01I : false positive

II : false negative

probability

5

θi , ϕi , i = 1..N

η - fraction of the events from the nearest source; few nearest candidates, galactic magnetic field model

Find minimal nearest source event fraction    to reject isotropy hypothesis    η

• null-hypothesis: isotropic flux


• alternative hypothesis: (subclass of) AGN as UHECR sources


• observables:                    for cosmic rays with energy above 57 EeV


• aim: find optimal test statistic                  to reject null-hypothesis if 
alternative hypothesis is true

Problem
study capability of future orbital UHECR detectors like K-EUSO to reveal anisotropy

find threshold ξth



How to choose 
• Use angular power spectrum 
• e.g. 
• IceCube, Auger [Hülss, Wiebusch, ICRC2007; Aab et al. JCAP 

06 (2017) 026]:


• O.K., Pshirkov, Zotov 2018


• Use other function of direct observables 
• e.g. 
• function using expected arrival direction density maps (TA 

correlation with LSS analysis)

• functions obtained using machine learning ML (this talk) 

• use ML to build classifier which discriminates samples derived 

assuming null or alternative hypothesis

• use the classifier output as test statistic

ξ = f(θi , ϕi)
ξ = f(Cl)

ξ
6

ξ ∝
ℓmax

∑
ℓ=1 (

Cℓ − ⟨Cℓ,iso⟩
σl,iso )

2

ξ ∝
ℓmax

∑
ℓ=1

Cℓ − ⟨Cℓ,iso⟩
σl,iso



The main idea of the study

0. K-EUSO is expected to register from 120 to 500 CRs at E & 57 EeV in 2 years
[M. Casolino et al. PoS (ICRC2017) 368]

1. Assume EECRs propagate from a source to the Galaxy in the ballistic regime, so that
deflections from the direction to the source are  2�.

2. Take a spectrum at the source and obtain a spectrum after propagating to the Galaxy:
TransportCR code
[O. Kalashev, E. Kido, J. Exp. Theor. Phys. 120 (2015) 790; arXiv:1406.0735]

3. Propagate CRs from the boundary of the Galaxy to the Earth with CRPropa3
[R. Alves Batista et al. JCAP 05 (2016) 038; arXiv:1603.07142]
assuming the Jansson–Farrar (2012) GMF model (actually backtrack)

4. Study large-scale anisotropy of CRs with the angular power spectrum.

Five AGN were chosen for the analysis: Cen A, NGC253, M82, M87, Fornax A.

Intro Method Results Lower E Next 6/23
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Arrival directions map calculation
O.K., Phirkov, M. Zotov 2018

2 Main results

Let us consider the simplest case of a large-scale anisotropy arising from an impact of a
single source. Both D(iso) and D(mix) are random variables in our case, thus one needs to
compare their distributions. As the null hypothesis, we assume that arrival directions of a
mixed sample of UHECRs obey an isotropic distribution. We adopted the value of the error
of the second kind � = 0.05 and searched for a fraction F1/Ftot of from-source events in
the total flux such that the error of the first kind ↵ . 0.01.4 We performed simulations for
NUHECR = 100, 200, . . . , 500 to cover the whole possible range of UHECRs to be detected by
K-EUSO above 57 EeV. The main results are presented in Tables 2 and 3.

The numbers in Table 2 give the percentage of events arriving from a particular source
in a sample of size NUHECR, such that the above condition is satisfied (� = 0.05, ↵ . 0.01).
Table 3 provides actual values of ↵ found in each case. For example, the error of the first
kind ↵ ⇡ 0.004 as soon as the fraction of events arriving from Cen A in the otherwise
isotropic sample of the size NUHECR = 500 is � 9%. Thus, Table 2 provides the percentage
of from-source events in the whole sample that will allow detecting a large-scale anisotropy
of UHECRs arriving from a particular source with a su�ciently small error of the first kind.

Table 1. Percentage of UHECRs arriving from five candidate sources in samples of sizes NUHECR =
100, . . . , 500 such that the error of the first kind ↵ . 0.01 for the null hypothesis of isotropy providing
the second kind error � = 0.05. The accuracy of the numbers is ±1.

NUHECR 100 200 300 400 500
Cen A 21 14 12 10 9
M82 26 18 14 12 11
M87 29 20 16 14 12
Fornax A 19 13 11 9 8

Table 2. Percentage of UHECRs arriving from five candidate sources in samples of sizes NUHECR =
100, . . . , 500 such that the error of the first kind ↵ . 0.01 for the null hypothesis of isotropy providing
the second kind error � = 0.05. The results obtained using convolutional NN-classifier.

NUHECR 100 200 300 400 500
Cen A 6 4 2.7 2.5 2
M82 9 5 3.7 3 2.8
M87 8 4.5 3.3 2.75 2.6
Fornax A 5 3 2.3 2 1.6

All results presented in Tables 2 and 3 were obtained for 500,000 isotropic samples and
at least 10,000 mixed samples for each NUHECR.5 Results for NUHECR = 500 are illustrated
in Figures 2–6 for each of the sources. It is interesting to mention that a fraction of D(iso)
greater than the median value of D(mix) is . 10�5 in all cases shown. Thus, the isotropy
hypothesis will be rejected with a high confidence level for a typical sample.

4
Let us remind that an error of the first kind (a type I error) stands for false positive errors, i.e., the

rejection of a true null hypothesis, while an error of the second kind (a type II error) is committed when a

false null hypothesis is not rejected.
5
We tried up to 10

5
mixed samples but simulations revealed that final results weakly depend on the size

of samples beyond 10
4
.
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Previous study
O.K., Phirkov, M. Zotov 2018
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We tried up to 10
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mixed samples but simulations revealed that final results weakly depend on the size
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Minimal nearest source event fraction in % to reject

isotropy hypothesis:    

ξ = D ∝
ℓmax

∑
ℓ=1

Cℓ − ⟨Cℓ,iso⟩
σl,iso

Figure 2. The case of NUHECR = 500 and 7% events coming from NGC 253. Top panel: an example
of a possible pattern of arrival directions. UHECRs that form an isotropic background are shown with
small open circles. UHECRs arriving from the source are shown with coloured circles according to the
type of the respective nucleus. The position of the source is indicated by the star. The map is shown
in Galactic coordinates in the Mollweide projection. Left bottom panel: angular power spectrum C`

for isotropic and mixed samples. Confidence intervals for 68%, 95% and 99% levels are shown with
di↵erent shades of magenta for the isotropic distribution. Blue dots with error bars indicate C` for
50,000 mixed samples of size 500 with 7% events in each sample coming from the source. Right
bottom panel: the histograms show empirical probability distribution functions of D(iso) and D(mix)
calculated according to Eq. (1.4). The vertical red line marks a value of D(mix) such that only 5%
of all D(mix) values are less than this particular value. This corresponds to the error of the second
kind � = 0.05. The error of the first kind ↵ is also indicated in the panel.

300, and it does not considerably depend either on the source position on the celestial sphere
or on the distance to it. Thus, this value can be straightforwardly compared with theoretical
expectations. We used the simplest model of identical sources uniformly distributed with a
number density n. Given that the characteristic path length Lc at the relevant energies is
around 100 Mpc (see Fig. 1), we have performed our simulations in a Vbox = (600 Mpc)3

box centered at the observer position. Less than 5% of the total flux comes from outside
this box, so we have ignored that part. The total number of simulated sources was equal
to Nsrc = nVbox. The contribution from an individual source located at a distance d was
calculated as

� = exp(�d/Lc)/d
2.
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300, and it does not considerably depend either on the source position on the celestial sphere
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number density n. Given that the characteristic path length Lc at the relevant energies is
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this box, so we have ignored that part. The total number of simulated sources was equal
to Nsrc = nVbox. The contribution from an individual source located at a distance d was
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Average from-source flux fraction in % 
assuming identical sources

Interpretation
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ML-based study
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Let us remind that an error of the first kind (a type I error) stands for false positive errors, i.e., the

rejection of a true null hypothesis, while an error of the second kind (a type II error) is committed when a

false null hypothesis is not rejected.
5
We tried up to 10

5
mixed samples but simulations revealed that final results weakly depend on the size

of samples beyond 10
4
.
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4.  Construct                      using machine learning (ML)


• use ML to build classifier which discriminates samples derived assuming null or 
alternative hypothesis


• use the classifier output as test statistic

ξ = f(θi , ϕi)
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Using toy ANN to build ξ(Cl)

Learned weights
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wi

xi =
Cl − ⟨Cl,iso⟩

σl,iso
, l ≤ 32

• input features: 

• output: 0 - for isotropic, 1 - for mixture 



Convolutional NN on sphere
Several implementations exist: 

• Taco S. Cohen et al 2018


• Nathanaël Perraudin et al 2018


• N. Krachmalnicoff et al 2019 (used in this work)

CNN on HEALPix map
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• input features: HEALPix map

• target output: 0 - for isotropic, 1 - for mixture  
• training set consisting of 100K samples generated in 

mixture model distributed uniformly in log  and 
100K samples generated from isotropic model

η



Minimal from-source event fraction  
in % to reject isotropy hypothesis

2 Main results

Let us consider the simplest case of a large-scale anisotropy arising from an impact of a
single source. Both D(iso) and D(mix) are random variables in our case, thus one needs to
compare their distributions. As the null hypothesis, we assume that arrival directions of a
mixed sample of UHECRs obey an isotropic distribution. We adopted the value of the error
of the second kind � = 0.05 and searched for a fraction F1/Ftot of from-source events in
the total flux such that the error of the first kind ↵ . 0.01.4 We performed simulations for
NUHECR = 100, 200, . . . , 500 to cover the whole possible range of UHECRs to be detected by
K-EUSO above 57 EeV. The main results are presented in Tables 2 and 3.

The numbers in Table 2 give the percentage of events arriving from a particular source
in a sample of size NUHECR, such that the above condition is satisfied (� = 0.05, ↵ . 0.01).
Table 3 provides actual values of ↵ found in each case. For example, the error of the first
kind ↵ ⇡ 0.004 as soon as the fraction of events arriving from Cen A in the otherwise
isotropic sample of the size NUHECR = 500 is � 9%. Thus, Table 2 provides the percentage
of from-source events in the whole sample that will allow detecting a large-scale anisotropy
of UHECRs arriving from a particular source with a su�ciently small error of the first kind.

Table 1. Percentage of UHECRs arriving from five candidate sources in samples of sizes NUHECR =
100, . . . , 500 such that the error of the first kind ↵ . 0.01 for the null hypothesis of isotropy providing
the second kind error � = 0.05. The accuracy of the numbers is ±1.

NUHECR 100 200 300 400 500
Cen A 21 14 12 10 9
M82 26 18 14 12 11
M87 29 20 16 14 12
Fornax A 19 13 11 9 8

Table 2. Percentage of UHECRs arriving from five candidate sources in samples of sizes NUHECR =
100, . . . , 500 such that the error of the first kind ↵ . 0.01 for the null hypothesis of isotropy providing
the second kind error � = 0.05. The results obtained using convolutional NN-classifier.

NUHECR 100 200 300 400 500
Cen A 6 4 2.7 2.5 2
M82 9 5 3.7 3 2.8
M87 8 4.5 3.3 2.75 2.6
Fornax A 5 3 2.3 2 1.6

All results presented in Tables 2 and 3 were obtained for 500,000 isotropic samples and
at least 10,000 mixed samples for each NUHECR.5 Results for NUHECR = 500 are illustrated
in Figures 2–6 for each of the sources. It is interesting to mention that a fraction of D(iso)
greater than the median value of D(mix) is . 10�5 in all cases shown. Thus, the isotropy
hypothesis will be rejected with a high confidence level for a typical sample.

4
Let us remind that an error of the first kind (a type I error) stands for false positive errors, i.e., the

rejection of a true null hypothesis, while an error of the second kind (a type II error) is committed when a

false null hypothesis is not rejected.
5
We tried up to 10

5
mixed samples but simulations revealed that final results weakly depend on the size

of samples beyond 10
4
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using

ξ = D ∝
ℓmax

∑
ℓ=1

Cℓ − ⟨Cℓ,iso⟩
σl,iso

using                         
given by the output of 
convolutional 
NN on HEALPix grid

ξcnn = fCNN({θi, ϕi})

α = 0.01 , β = 0.05
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multiple CNN classifiers  
optimized to each source

single TS

N=500N=100

source M87



Model dependence
galactic magnetic field

Deflections of  100 EeV Fe nuclei:

Jansson–Farrar '12

JF Planck’ 16 JF, Kleimann’ 19

Pshirkov et al’ 11 Terral et al '17



Model dependence
galactic magnetic field

Method:


Train model using JF’12 
samples.


Stop training when accuracy on 
Pshirkov’ 11 test set is not 
improving anymore

M87



Model dependence
galactic magnetic field

400 UHECRs with 14% coming from M87:

a) JF12P, b) JF12K, c) PTKN’17, d) TF17



Model dependence

0.5: 2 times more light


2: 2 times heavier


TA4: TA 10 year composition ICRC’19  p:He:N:Fe = 57 : 18 : 17 : 8

Applying original model to shifted mass composition

mass composition

M87



Model dependence
admixture from a 2-nd source

Average from-source flux fraction 
in % assuming identical sources

CenA

CenA+M87

Application of the test statistics based on classifiers trained on Cen A 
to samples containing an admixture of events from another source.

CenA:M87 = 3:1



Results of tests of the CNNs trained simultaneously for three sources 
(Cen A, M 87 and Fornax A) assuming only one of them is contributing to 
a large-scale anisotropy of the flux.

Towards Universal Test Stats
Single classifier for multiple sources

universal model source specific model



Results of tests of the CNNs trained simultaneously for three sources 
(Cen A, M 87 and Fornax A) assuming only one of them is contributing to 
a large-scale anisotropy of the flux.

source specific modeluniversal model

NGC 253 and M 82 were


not involved in training.

Angular power spectrum based stat.

“Source independent” test stats



Towards real experiment
Problems:


• nonuniform exposure


• finite angular resolution


• finite energy resolution

Way to solve:


• weighted map generation


• map smearing


• binning and smearing in energy

wi = ∫
lg Ei+Δb

lg Ei

N(E, Σlg E) Σlg E ≃
1

ln 10
ΔE
E

Binned map generation: each (E,Z) pair contributes to several 
neighbour energy bins with weights  given by:wi

where is energy resolution



Towards real experiment
Test statistics performance on binned maps assuming ΔE/E = 0.2

Model optimised for binned

map with Δb = 1/20



Conclusions
• ANNs provide efficient universal way to define test statistic as 

function of direct observables. In case of arrival directions 
interpretation, convolutional NN on HEALPix grid can be used 

• pros: 

• optimal (trained to discriminate two hypothesis) 

• easy to apply to nonuniform exposure data (e.g. TA and 
Auger) 

• cons: 

• not easy to interpret (see however perceptron sample)
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Backup Slides



Observable spectra calculation
Photo-hadronic and hadronic interactions

Injection power-low 


Maximal energy  EeV


Evolution: AGN with 


Photon temperature  K


Interaction depth 


Interaction depth 


Diffusion:





α = 1.5

Emax = 6

LogLX = 43.5

T = 850

τpp
0 = 0.035

τpγ
0 = 0.29

δAp = 0.5

δAγ = 0.77


