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• Specific problems for searches in APP
• source location unknown
• source characteristics unknown
• background model unreliable
• data volume grows linearly

• Single source and Prescription (Auger correlation)
• Significances (TA enhancement)
• Unbinned likelihood (Icecube search)
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Centaurus A: The Auger warm spot

• Event selection:
• E > 50 EeV
• ψ < 18◦

contributing to the CR fluxes is large. Indeed, the lack of
autocorrelation has been used in Abreu et al. (2013a) to set
lower bounds on the density of sources if the deflections
involved are not large.

We have also studied the cross-correlation between events
and nearby extragalactic objects in different flux-limited
catalogs with the aim of identifying possible scenarios of

UHECR sources. The parameters corresponding to the minima
obtained when scanning in energy, distance, and angular scale
are listed in Table 1 (first three rows). The penalized
probabilities that these minima are due to fluctuations of an
isotropic background are of the order of a few percent. In all
three cases, the object distance corresponding to the minima is
�D 80–90Mpc, although it happens for different angular

scales and energy thresholds. When a further scan is performed
on the minimum intrinsic AGN luminosity, additional minima
appear (see rows 4 and 5 in Table 1). We note that the
penalized probability is ~1.3% for Swift AGNs within
130Mpc and brighter than 1044 erg s−1, corresponding to an
excess of pairs for events above 58 EeV on angular scales of
18°, while for the radio galaxies the penalized probability is
~11%.

Finally, considering circular windows around the direction
of Cen A, the most significant indication of anisotropy appears
for events with ⩾E 58 EeV and for an angular radius of 15°.
After penalizing for the scan on the angle and energy threshold,
this has a 1.4% probability of arising by chance from an
isotropic distribution. Clearly, the events contributing to the
excess around the direction of Cen A also contribute to the
signals found in the cross-correlation searches performed

Figure 10. Correlation of events with the Cen A radio galaxy as a function of the angular distance and the energy threshold, Eth (top-left panel). The top-right panel
shows the cumulative number of events for the threshold =E 58th EeV, exploring the whole angular range. The bottom panel displays the map (in Galactic
coordinates) of the region around Centaurus A, showing the arrival directions of the events with ⩾E 58 EeV (black dots) and a red circle of 15° radius around the
direction of Cen A, indicated by a star.

Table 1
Summary of the Parameters of the Minima Found in the

Cross-correlation Analyses

Objects Eth Ψ D min fmin 
(EeV) (°) (Mpc) (erg s−1)

2MRS
Galaxies

52 9 90 K 1.5 × 10−3 24%

Swift AGNs 58 1 80 K 6 × 10−5 6%
Radio

galaxies
72 4.75 90 K 2 × 10−4 8%

Swift AGNs 58 18 130 1044 2 × 10−6 1.3%
Radio

galaxies
58 12 90 1039.33 5.6 × 10−5 11%

Centaurus A 58 15 K K 2 × 10−4 1.4%

14

The Astrophysical Journal, 804:15 (18pp), 2015 May 1 Aab et al.

• Situation in 2010:
• 13 events correlate

within 18◦ where 3.2
are expected

• Poisson probability
P(N ≥ 18, 3.2) ' 10−4

• Situation in 2015:
• 18 events correlate

where 9 are expected
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• 14 events with expectation of 4.2: p = 2 · 10−4

• scan over many not-independent possibilities
• How to calculate the significance?
• simulate same number of events as data

isotropically distributed many times
• For Centaurus A P ' 1.4 %
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Catalog correlation

In 2007 Auger investigated the correlation of UHECR with
objects from the VCV catalog.
Chance probability of correlation of at least k uniformly
distributed cosmic rays:

P =
N∑

j=k

N!

(N − j)!j!
pj(1− p)N−j

p is the chance probability of cosmic ray to be correlated
with catalog.
p determined from MC.
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Catalog correlation

Problem: Limited dataset that does not grow
exponentially.
Solution: Scan parameters with available data, use new
data to test this prescription

Dataset: all obtained before May 27, 2006.
Selection
• Source candidates within 75 Mpc
• Event energy > 56 EeV
• Angular distance to source within 3.1◦

• p = 21 %
• 12 of 15 events correlate to catalog.
• 3.2 events expected.
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Test Criterium

Null hypothesis: Data is uniformly distributed

• α: probability to reject null hypothesis incorrectly
• Declaring anisotropy when it is not
• α = 0.01

• β: probability to accept null hypothesis incorrectly
• Declare isotropy when it is not
• β = 0.05

• Perform a running prescription
• Reject isotropy with at least (1− α) = 0.99
• Minimal correlation 60 %
• β remains below 5 %
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Test Criterium

A positive exit for new data (Binomial Statistics):
N 4 6 8 10 12 ... 30 31 33 34
kmin 4 5 6 7 8 ... 14 14 15 15

• May 25 2007 6 out of 8 events correlated.
• Prescription satisfied

• August 31 2007 8 out of 13 events correlated
• Chance probability 1.7 · 10−3

Charles Timmermans (Nikhef, Radboud University) Point-source searches 9 / 27



Auger Correlation The TA Excess The Li-Ma Significance Local and Global Significance Icecube Search Conclusion

Result

2007

AGN between 50 and 100 Mpc and for angular separations
up to 6!. For instance, there is a local minimum with a

value P ¼ 8" 10#9 very close to that of the absolute mini-
mum (P min ¼ 4:6" 10#9) for the set of parameters
w ¼ 4:8$, zmax ¼ 0:013 ðDmax ¼ 55 MpcÞ. With this set of
parameters there are 22 events among the 27 with
E > 57 EeV that correlate with at least one of the 310
selected AGN, while only 7.4 were expected, on average,
to do so by chance if the flux was isotropic (p ¼ 0:28). With
limited statistics, the parameters that minimise the proba-
bility P should only be taken as indicative values of the rel-
evant correlation scales.

AGN catalogues are likely to be incomplete near the
galactic plane, where extinction from dust in the milky
way reduces the sensitivity of observations. Moreover, cos-
mic rays that arrive close to the galactic plane are likely to
have been deflected by the magnetic field in the disk more
than those which arrive with higher galactic latitudes.
These effects could have some impact upon the estimate
of the strength and of the parameters that characterise

Table 2
Number of AGN with z 6 0:017 in each of the exposure bands indicated in
Fig. 2

Declination range Aperture
fraction

Sky
fraction

Number of
AGN

#90$ < d < #57:3$ 1/6 0.08 25
#57:3 < d < #42:3$ 1/6 0.08 24
#42:3$ < d < #29:5$ 1/6 0.09 46
#29:5$ < d < #16:8$ 1/6 0.10 27
#16:8$ < d < #2:4$ 1/6 0.12 63
#2:4$ < d < 24:8$ 1/6 0.23 107
24:8$ < d < 90$ 0 0.29 150

Each of the top 6 bands represent 1/6 of the total exposure, the corre-
sponding fraction of the whole sky is also indicated. The last declination
band represents the part of the sky outside the field of view of Auger for
zenith angles h < 60$.

Fig. 3. Probability for the null hypothesis (isotropic distribution) vs. maximum angular distance w (left), maximum AGN redshift zmax (centre), and
threshold cosmic-ray energy Eth (right). In each case the other two parameters are held fixed at the values that lead to the absolute minimum probability
(w ¼ 3:2$, zmax ¼ 0:017, Eth ¼ 57 EeV).

Fig. 2. Aitoff projection of the celestial sphere in galactic coordinates with circles of 3.2! centred at the arrival directions of 27 cosmic rays detected by the
Pierre Auger Observatory with reconstructed energies E > 57 EeV. The positions of the 442 AGN (292 within the field of view of the Observatory) with
redshift z 6 0:017 ðD < 71 MpcÞ from the 12th edition of the catalogue of quasars and active nuclei [11] are indicated by asterisks. The solid line draws the
border of the field of view for the southern site of the Observatory (with zenith angles smaller than 60!). The dashed line is, for reference, the super-galactic
plane. Darker colour indicates larger relative exposure. Each coloured band has equal integrated exposure. Centaurus A, one of the closest AGN, is
marked in white.
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First series of events
correlating.
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APPENDIX
LIST OF EVENTS

In this Appendix we give the arrival directions and energies
of the 231 events104 with ⩾E 52 EeV and q < n80 detected by
the Pierre Auger Observatory from 2004 January 1 up to 2014
March 31. The threshold has been chosen so that it includes all
of the events leading to the minimal probabilities in the cross-
correlation studies performed with the different catalogs. The
information about these events is collected in Table A1 . The
different columns are: year, Julian day for that year, zenith
angle, energy, right ascension, declination, Galactic longitude,
and Galactic latitude.
Figure A1 displays the arrival directions of these events in

Galactic coordinates. The dark filled circles correspond to the
events in the vertical sample (q n⩽ 60 ), while the white filled
circles correspond to those in the inclined sample
( qn < < n60 80 ). The size of the circles scales with the energy
of the events. The background color in the map indicates the
relative exposure of the Auger Observatory to different
declinations. The white region is outside the field of view of
the Auger Observatory for q < n80 .
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Correlation disappeared.

Note that the probability to reject the null hypothesis
incorrectly was 1 %!
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Telescope Array excess

– 12 –

Fig. 1.— Aitoff projection of the UHECR maps in equatorial coordinates. The solid curves

indicate the galactic plane (GP) and supergalactic plane (SGP). Our FoV is defined as the

region above the dashed curve at Dec. = −10◦. (a) The points show the directions of the

UHECRs E > 57 EeV observed by the TA SD array, and the closed and open stars indicate

the Galactic center (GC) and the anti-Galactic center (Anti-GC), respectively; (b) color

contours show the number of observed cosmic ray events summed over a 20◦-radius circle;

(c) number of background events from the geometrical exposure summed over a 20◦-radius

circle (the same color scale as (b) is used for comparison); (d) significance map calculated

from (b) and (c) using Equation 1.

Significance of local excess: 5.1
What does this mean?

Luckily the paper answers the question:
We calculated the statistical significance of the excess of
events compared to the background events at each grid point of
the sky using the following equation (Li & Ma 1983)

SLM =
√

2
[

Non ln
(1 + α)Non

α(Non + Noff
+ Noff ln

(1 + α)Noff

Non + Noff

] 1
2

Lets discuss Li-Ma significance first.
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Li-Ma Significance

First used in gamma-astronomy

19
83
Ap
J.
..
27
2.
.3
17
L

α =
Ton

Toff

N̂B = αNoff

NS = Non − N̂B = Non − αNoff

What is the significance of an enhancement of the
measurement in a signal region?

Assumptions:
• Background determined from a measurement

• Thus contains uncertainty
• Signal region contains a background fluctuation
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Li-Ma Significance

Frequentist interpretation

19
83
Ap
J.
..
27
2.
.3
17
L

S =
NS

σ̂(Ns)

=
Non − αNoff√
Non + α2Noff

Line: Normal distribution
Plusses: Significance S

Problem: The calculated significance is not in agreement
with a background only hypothesis.

Solution: Make this hypothesis explicit!
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Li-Ma Significance

Assuming Background only (Null hypothesis):
also in the signal bin, there is only background. The best
background estimate includes the signal bin:

N̂B =
Non + Noff

ton + toff
ton =

α

1 + α

(
Non + Noff

)
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Li-Ma Significance

Suppose we have data X(x1, ..xN), and parameters
E(ε1...εM) and statistical hypotheses E0 and E 6= E0, we
can define the maximum likelihood ratio

λ =
L(X|E0)

L(X|Ê)
=

Pr(X|E0)

Pr(X|Ê)

If the null hypothesis is true, −2 lnλ follows a χ2

distribution with r degrees of freedom.
Here X = (Non,Noff ), E = (NS,NB), E0 = (0,NB)

In this case only NS is involved in the null hypothesis, so
r = 1.
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Li-Ma Significance

The maximum likelihood:

L(X|E) = Pr(Non,Noff |NS,NB)

= Pr(Non,Noff |Non − αNoff , αNoff )

= PPoisson(Non|Non)PPoisson(Noff |Noff )

=
NNon

on

Non!
e−Non

NNoff

off

Noff !
e−Noff

Keep in mind:

PPoisson(N|µ) =
µN

N!
e−µ
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Li-Ma Significance

L(X|E0) = Pr(Non,Noff |NS,NB)

= Pr(Non,Noff |0,
α(Non + Noff )

1 + α
)

= PPoisson(Non|
α(Non + Noff )

1 + α
)PPoisson(Noff |

(Non + Noff )

1 + α
)

Therefore:

λ =

[
α

1 + α

Non + Noff

Non

]Non [ 1
1 + α

Non + Noff

Noff

]Noff

SLM =
√

2
[

Non ln
(1 + α)Non

α(Non + Noff
+ Noff ln

(1 + α)Noff

Non + Noff

] 1
2
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Telescope Array excess

– 12 –

Fig. 1.— Aitoff projection of the UHECR maps in equatorial coordinates. The solid curves

indicate the galactic plane (GP) and supergalactic plane (SGP). Our FoV is defined as the

region above the dashed curve at Dec. = −10◦. (a) The points show the directions of the

UHECRs E > 57 EeV observed by the TA SD array, and the closed and open stars indicate

the Galactic center (GC) and the anti-Galactic center (Anti-GC), respectively; (b) color

contours show the number of observed cosmic ray events summed over a 20◦-radius circle;

(c) number of background events from the geometrical exposure summed over a 20◦-radius

circle (the same color scale as (b) is used for comparison); (d) significance map calculated

from (b) and (c) using Equation 1.

A local excess of 5.1 sigma is
observed.
The probability of this to happen in
any test is 3.4 · 10−7

How many tests have been performed? The sky is divided
into many bins, all correlated!
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Telescope Array excess

• Generate MC. 1,000,000 MC datasets are generated.
• Perform same analysis
• Safe Maximum Significance

– 13 –
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Fig. 2.— Distribution of the maximum significance in our FoV as determined by a simple

MC simulation assuming an isotropic flux. In the set of 1 million trials, each with 72 events,

there were 365 instances of SMAX > 5.1σ. This is indicated by the solid line and arrow in

the plot.

In 365 out of 1,000,000 datasets
SLM > 5.1
Thus P = 3.7 · 10−4.
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IceCube Discovery Potential

Searches for Extended and Point like sources using
IceCube

– 20 –

Fig. 8.— Same as Fig. 6 but for sources of 3� extension.

The significance is estimated by
using an unbinned likelihood ratio
test (Braun et al. 2010).
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Unbinned likelihood

• Si: Signal PDF
• Bi: Background PDF
• ns: Unknown contribution of signal events

Li(ns) =
ns

N
Si +

(
1− ns

N

)
Bi

And for all events:

L(ns) =
N∏

i=1

[ns

N
Si +

(
1− ns

N

)
Bi

]

Likelihood ratio test:

D = −2 ln(λ) = −2 ln
[L(ns = 0)

L(n̂s)

]
× sign(n̂s)
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A time integrated search

Si = Si(|~xi − ~xs|, σi)Ei(Ei, δi, γ)

where

Si =
1

2πσi
e
− |~xi−~xs|2

2σ2
i

The energy dependence takes into account that the signal
source is assumed to be harder than the background:

• Background: dN
dE ∼ E−3.6

• Source: dN
dE ∼ E−γ , where γ = 2.0, 2.3, 2.6 ...

• Energy response depends upon declination

The Astrophysical Journal, 779:132 (17pp), 2013 December 20 Aartsen et al.

Figure 10. Probability density for the reconstructed muon energy for two different declinations, δ = −30◦ (left column) and δ = +30◦ (right column), for
the background and an exemplary signal of an E−2 spectrum for the three different detector configurations, the 40-string configuration (top row), the 59-string
configuration (middle row), and the 79-string configuration (bottom row).

The background PDF Bj
i is obtained from the experimental

data and is given by

Bj
i = B

j
i (δi)Ej

i (Ei, δi). (4)

The space term B
j
i (δi) is the event density per unit solid angle

as a function of the declination. The background density is
right ascension independent because of the Earth’s rotation.
The energy PDF for background Ej

i represents the probability
of obtaining an energy Ei from atmospheric backgrounds
(neutrinos and muons) and therefore depends only on the
declination.

The signal is considered to have the same spectrum for all
data sets, and therefore, the spectral index meets the condition
of γj = γ . The fitted numbers of signal events n

j
s in each sample

are also fixed relative to each other, according to the signal
hypothesis tested and the fraction of signal events expected
in each sample f j (γ , δ). Simulation is used to calculate this
fraction for a given spectral index, so that n

j
s = f jns (see

Figure 11). In this way the likelihood L remains a function of

only the global parameters ns and γ with respect to which it is
maximized:

L(γ , ns) =
∏

j

Lj
(
γ , nj

s

)
=

∏

j

∏

i∈j

[
n

j
s

Nj
Sj

i +

(

1 − n
j
s

Nj

)

Bj
i

]

,

(5)
where i ∈ j indicates that the ith event is in sample j.
The test statistic (TS) is calculated from the likelihood ratio
of the background-only (null) hypothesis over the best fitted
signal-plus-background hypothesis:

TS = −2 log
[L(ns = 0)

L(n̂s , γ̂ )

]
. (6)

Here n̂s is the best fit number of source events, and γ̂ is
the best fit spectral index. In principle, ns may be positive
or negative since both positive and negative fluctuations with
respect to the background expectation may be observed. In
the likelihood maximization, however, it is constrained to
nonnegative values. Pseudoexperiments on randomized data

9
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A time integrated search

Bi =
1

Ω(δi)
Ei(Ei, δi,ATMν)

where Ω(δi) is the solid angle centered around the
declination band.

– 20 –

Fig. 8.— Same as Fig. 6 but for sources of 3� extension.

The local significance is then
given as a probability
(frequentist approach) of
obtaining at least the
likelihood ratio found.

Using an ensemble of scrambled data the trial factor (look
elsewhere effect) is taken into account. All significances
> 10 %
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Correlation IceCube and Auger/TA

Assume IceCube neutrino’s point to sources of Cosmic
Rays.

logL(ns) =

NAuger∑

i=1

[
ns

NCR
SAuger

i +

(
1− ns

NCR

)
BAuger

i

]

+

NTA∑

i=1

[
ns

NCR
STA

i +

(
1− ns

NCR

)
BTA

i

]

Signal PDF:

SAuger
i (~ri,Ei) = RAuger(δi)

Nsrc∑

j=1

Sj(~ri, σ(Ei))
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Correlation IceCube and Auger/TA

JCAP01(2016)037
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Figure 4. The geometrical relative exposures of the Pierre Auger Observatory and Telescope Array

as a function of declination. Both distributions have been normalized to unity at the declinations

where the exposure is maximum for each experiment. To simulate signal events, the decision whether

each event is a cosmic ray measured by Auger or by TA is done with a probability given by the

fraction of the number of events measured by each Observatory.

the fraction of the number of events measured by each Observatory. A source position is then
chosen with a probability given by the relative exposure of the corresponding Observatory
(shown in figure 4).

The arrival direction of the ith UHECR event is obtained by smearing the source position
with a Gaussian with standard deviation �(Ei) calculated as:

�(Ei) =
q
�2

Auger,TA + �2
MD(Ei), (4.1)

where �Auger = 0.9� and �TA = 1.5� are the angular resolutions of Auger and TA, respectively,
and �MD(Ei) is the magnetic deflection defined in eq. (3.1). The UHECR energy ECR is
sampled according to the spectrum determined by Auger or TA in the energy range of the
UHECRs considered in this analysis, i.e., scaling as E�4.2 [47] and E�4.5 [48], respectively.

The values obtained for the sensitivity (90% CL) and for the 3� discovery potential are
listed in table 1 in terms of ns, the total number of cosmic-ray signal events. They imply for
instance that for D = 3� a total number of around 15.9 cosmic-ray events should originate on
average from the directions of the neutrino tracks (or 93.9 from the directions of the neutrino
cascades) in order to reach a p-value corresponding to 3� in 50% of the cases. Note that
since in this case we are considering a total of 318 CR directions, this would correspond to
a situation in which ⇠ 5% (⇠ 30%) of the UHECRs are required to have common sources
with the neutrino tracks (cascades) in order to reach a 3� result if D = 3� (somewhat larger
fractions are required for the D = 6� case). Taking into account that there are 16 tracks and
39 cascades, we see that the average number of required events per source is smaller for the
tracks than for the cascades. This is more evident for D = 3� since in this case the signal
events happen to lie quite close to the neutrino directions.
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RAuger,TA(δi)

Sj =
1

2πσi
e
− |~ri−~ssj2

2σ2
i

σ2
i = σ2

AugerTA + σ2
MD(Ei)

σMD(E) = D× 100/E

Background likelihood: follows exposure of Auger or TA.
Perform likelihood ratio test as before.
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Result Correlation IceCube and Auger/TA
JCAP01(2016)037

High-energy tracks High-energy cascades

D ns TS pre-trial p-value ns TS pre-trial p-value

3� 4.2 0.6 0.22 53.7 8.21 2.1 ⇥ 10�3

6� 0.5 2.7 ⇥ 10�3 0.48 85.7 11.99 2.7 ⇥ 10�4

9� 0 0 under-fluctuation 106.1 11.32 3.8 ⇥ 10�4

Table 3. Results for the likelihood stacking analyses with the high-energy tracks and high-energy

cascades.

It is important to stress that all the p-values quoted for both analyses above are with
respect to the null hypothesis of an isotropic UHECR flux, as analyses of the distributions
of their arrival directions yielded no evidence of anisotropy at discovery level. However,
directions with higher densities of UHECRs, such as the TA ‘hot spot’ [39] and the direction of
Cen A [10], have been reported. Hence, as an additional a posteriori study for both analyses,
we have also evaluated the significance under the hypothesis of an isotropic distribution of
neutrinos. In this case, the UHECR positions have been kept fixed, thus preserving the degree
of anisotropy in the arrival directions of CRs. The arrival directions of neutrinos have been
simulated producing random right ascensions, while keeping their declination fixed and thus
accounting for the declination dependence in the IceCube acceptance. This random-neutrino
test assesses the extent to which the p-values previously obtained for the clustering of cosmic
rays around the neutrino directions could be a↵ected by chance alignments of the neutrinos
with known clustering in the cosmic-ray sky.

For the cross-correlation analysis the post-trial p-value obtained under the hypothesis
of an isotropic distribution of neutrinos is 8.5 ⇥ 10�3. A similar post-trial p-value can be
calculated for the likelihood stacking analysis by applying the analysis for all three angular
deflection hypothesis D = 3�, 6�, and 9� and selecting the most significant result. This
can then be compared to the significance obtained for real data and it was found that in
four cases out of 3000 the significance of the generated samples was higher. Thus, for the
likelihood stacking analysis the post-trial p-value with respect to the isotropic neutrino flux
hypothesis is 1.3 ⇥ 10�3 (i.e., of about 3�). We see that for both the cross-correlation and
the likelihood stacking analyses, the p-values obtained under the null hypothesis of isotropic
neutrinos turn out to be larger than the ones obtained under the null hypothesis of isotropic
CRs, the di↵erences reflecting the extent to which the original p-values, from the isotropic
cosmic-ray hypothesis, are due to an accidental alignment of the neutrinos with the known
clustering of the cosmic rays.

An a posteriori scan over the values of the assumed deflection D for the stacking analysis
with cascades, shown in figure 8, reveals that the minimum p-value happens very close to
one of the values adopted for the analysis, i.e., D = 6�.

The angular distance at which an excess would occur in the case of the cross-correlation
includes not only the magnetic deflections at the corresponding CR energies but also the
experimental angular uncertainties. In the case of cascades, the angular uncertainty is ⇠ 15�

and it is ⇠ 1� for the CRs. Since most CRs in the data set have ECR ⇠ 60 EeV, the
assumed magnetic deflection, where the smallest p-value is found in the case of the likelihood
analysis with the cascades (�MD(ECR) = 6� ⇥ 100 EeV/ECR), is ⇠ 10� in most cases. To
translate this into an angular scale where one would find an excess in the cross-correlation
analysis (if there were a signal), we add the di↵erent angular scales in quadrature, obtaining
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Conclusion

• Li-Ma significance used to calculate local probability
• when background estimated from data

• Many datasets generated in order to assess global
probability
• Frequentist approach to probability

• Data volume grows linearly, truly blind data is still to
come
• prescription approach cannot be too strict
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