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The Pierre Auger Observatory

Located in Argentina, Malargue, 1400 m a.s.l.

«hybrid» detector: 1600 water tanks  (Cherenkov) + 4x6 fluorescence detectors
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Searches for 
large scale modulations in 

right-ascension

The Pierre Auger Coll., 
Astropart. Phys. 34 (2011) 627-639 
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The galactic magnetic field «isotropises» EeV(/Z) CRs 

Large scale anisotropies at EeV energies ?

dipolar anisotropies at 
the % level could be left by 

diffusion/drift of galactic CRs

if extragalactic, a small 
anisotropy may exist due to our 

motion with respect to the frame 
of extragalactic isotropy

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 :

δ ! 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

=> Searches for small effects
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Challenge: estimation of the exposure with high accuracy
1- Monitoring of the number of elementar cells => geometrical exposure 

calculation in each direction
2- Energy corrections as a function of atmospheric pressure and density
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Figure 2: Amplitude of the Fourier modes as a function of the frequency above 1EeV. Thin blue

curve : before correction of energies and exposure. Thin dotted curve : after correction of energies

but before correction of exposure. Black curve : After correction of energies and exposure. Dotted

vertical lines from left to right : anti-sidereal, solar and sidereal frequencies.

rsolar[%] P(> rsolar)[%] ranti−sid[%] P(> ranti−sid)[%]

no correction 3.7 " 2 10−37 0.36 43

energy corrections 2.9 " 4 10−23 0.15 85

+exposure correction 0.96 0.2 0.49 19

Table 1: Amplitude and corresponding probability to get a larger amplitude from an isotropic distri-

bution at both the solar and the anti-sidereal frequencies for events with energies > 1EeV.

of " 0.2 cycles/year. This allows a large decoupling of the frequencies separated by more228

than this resolution [23]. In particular, as the resolution is less than the difference between229

the solar and the (anti-)sidereal frequencies (which is of 1 cycle/year), this explains why230

the large spurious modulations standing out from the background noise around the solar231

frequency are largely averaged out at both the sidereal and anti-sidereal frequencies even232

without applying any correction.233

The impact of the correction of the energies discussed in Section 4 is evidenced by the234

dotted red curve, which shows a reduction of" 30% of the spurious modulations within the235

resolved solar peak. In addition, when accounting also for the exposure variation at each236

frequency, the solar peak is reduced at a level close to the statistical noise, as evidenced by237

the thick black curve. Results at the solar and the anti-sidereal frequencies are collected in238

Tab. 1.239

5.3. Results at the sidereal frequency in independent energy bins240

To perform first harmonic analyses as a function of energy, the choice of the size of241

the energy bins, although arbitrary, is important in order to avoid the dilution of a genuine242

signal within the statistical background noise. In addition, the inclusion of intervals whose243
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2 possible sources of spurious 
modulations at the sidereal 

frequency:

1- Pollution by the solar frequency 
(=> canceled by the 
6-yrs exposure time)

2- Sideband mechanism due to any 
annual variation of the daily 

modulation

Accounting for experimental effects

N.B.: Well below the energy saturation threshold, use of the «East/West» 
method to remove spurious effects [Bonino et al., ApJ, 2011]
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no significant amplitudes => upper limits

’4% anisotropy reported by AGASA in the energy range 1 < E/
EeV < 2.

If the galactic/extragalactic transition occurs at the ankle energy
[1], UHECRs at 1 EeV are predominantly of galactic origin and their
escape from the galaxy by diffusion and drift motions are expected
to induce a modulation in this energy range. These predictions de-
pend on the assumed galactic magnetic field model as well as on
the source distribution and the composition of the UHECRs.7 Two
alternative models are displayed in Fig. 11, corresponding to differ-
ent geometries of the halo magnetic fields [9]. The bounds reported
here already exclude the particular model with an antisymmetric
halo magnetic field (A) and are starting to become sensitive to the
predictions of the model with a symmetric field (S). We note that
those models assume a predominantly heavy composition galactic
component at EeV energies, while scenarios in which galactic pro-
tons dominate at those energies would typically predict anisotropies
larger than the bounds obtained in Fig. 11. Maintaining the ampli-
tudes of such anisotropies within our bounds necessarily translates
into constraints upon the description of the halo magnetic fields
and/or the spatial source distribution. This is particularly interesting
in the view of our composition measurements at those energies
compatible with a light composition [35]. Alternatively to a leaky
galaxy model, there is still the possibility that a large scale magnetic
field retains all particles in the galaxy [36,37]. If the structure of the
magnetic fields in the halo is such that the turbulent component pre-
dominates over the regular one, purely diffusion motions may con-
fine light elements of galactic origin up to ’1 EeV and may induce
an ankle feature due to the longer confinement of heavier elements
at higher energies [38]. Typical signatures of such a scenario in terms
of large scale anisotropies are also shown in Fig. 11 (dotted line): the
corresponding amplitudes are challenged by our current sensitivity.

On the other hand, if the transition is taking place at lower ener-
gies around the second knee at ’5 ! 1017 eV [7], UHECRs above
1 EeV are dominantly of extragalactic origin and their large scale
distribution could be influenced by the relative motion of the ob-
server with respect to the frame of the sources. If the frame in
which the UHECRs distribution is isotropic coincides with the

CMB rest frame, a small anisotropy is expected due to the Comp-
ton-Getting effect. Neglecting the effects of the galactic magnetic
field, this anisotropy would be a dipolar pattern pointing in the
direction a ’ 168! with an amplitude of about 0.6% [39]. On the
contrary, when accounting for the galactic magnetic field, this
dipolar anisotropy is expected to also affect higher order multi-
poles [40]. These amplitudes are close to the upper limits set in this
analysis, and the statistics required to detect an amplitude of 0.6%
at 99% C.L. is ’3 times the present one.

Continued scrutiny of the large scale distribution of arrival
directions of UHECRs as a function of energy with the increased
statistics provided by the Pierre Auger Observatory, above a few
times 1017 eV, will help to discriminate between a predominantly
galactic or extragalactic origin of UHECRs as a function of the en-
ergy, and so benefit the search for the galactic/extragalactic transi-
tion. Future work will profit from the lower energy threshold that
is now available at the Pierre Auger Observatory [41].
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Fig. 11. Upper limits on the anisotropy amplitude of first harmonic as a function of
energy from this analysis. Results from EAS-TOP, AGASA, KASCADE and KASCADE-
Grande experiments are displayed too. An analysis of the KASCADE-Grande data
with the East/West method delivers an additional limit for 3 ! 1015 eV. Also shown
are the predictions up to 1 EeV from two different galactic magnetic field models
with different symmetries (A and S), the predictions for a purely galactic origin of
UHECRs up to a few tens of 1019 eV (Gal), and the expectations from the Compton-
Getting effect for an extragalactic component isotropic in the CMB rest frame
(C-GXgal).

7 The dependence of the detection efficiency on the primary mass below 3 EeV
could affect the details of a direct comparison with a model based on a mixed
composition.
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Sidereal analysis
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of Fig. 4, w h ich is si m ilar to Fig. 1 b u t a t a t i m e p eriod ici t y
T ’ 87.5 h , correspon d i ng to a lo w freq u e ncy of 100 cycles/ y ear.
Th e si z e of t h e m od u la t ion is of t h e or d er of t h e on e obser v e d i n
Fig. 1 a t t h e solar freq u e ncy . In t h e righ t p a n el of Fig. 4, t h e resu l ts
of t h e Ra y leigh a n al ysis a p p lie d abov e 1 Ee V to 1 600 ra n do m fre-
q u e ncies ra ngi ng fro m 100 to 500 cycles/ y ear are sh o w n b y h isto-
gra m i ng t h e reconst r uct e d a m p li t u d es. Th e t h i n on e is ob t ai n e d
w ithout accou n t i ng for t h e v aria t ions of t h e e x posu re : i t clearl y
d e v ia t es fro m t h e e x p ect e d Ra y leigh d ist rib u t ion d isp la y e d i n t h e
sa m e gra p h . O nce t h e e x posu re v aria t ions are accou n t e d for
t h rough t h e w eigh t i ng p roce d u re, t h e t h ick h istogra m is ob t ai n e d ,
no w i n agree m e n t w i t h t h e e x p ect e d d ist rib u tion . N ot e t h a t i n bot h
cases t h e e n ergies are correct e d for w ea t h er effects, b u t t h e i m p act
of t h ese effects is m argi n al w h e n consi d eri ng such ra n do m fre-
q u e ncies. Th is prov i d es a d d i t ion al su p por t t h a t t h e v aria t io ns of
t h e cou n t i ng ra t e i n d uce d b y t h e v aria t ions of t h e e x posu re are u n -
d er con t rol t h rough t h e m on i tori ng of DNcell(t).

5.3. Results at the siderea l frequency in independent energy bins

To p erfor m fi rst h ar m on ic a n al yses as a fu nct ion of e n ergy , t h e
choice of t h e si z e of t h e e n ergy bi ns, al t hough arbi t rar y , is i m por-
t a n t to a voi d t h e d il u t ion of a ge n u i n e sign al w i t h t h e backgro u n d
noise. In a d d i t ion , t h e i ncl usion of i n t er v als w hose w i d t h is belo w
t h e e n ergy resol u t ion or w i t h too fe w d a t a is m ost l i k el y to w ea k e n
t h e se nsi t i v i t y of t h e search for a n e n ergy -d e p e n d e n t a n isot rop y
[25]. To fu l fi ll bot h req u ire m e n ts, t h e si z e of t h e e n ergy i n t er v als
is chose n to be Dlog10(E) = 0.3 belo w 8 Ee V , so t h a t i t is larger t h a n
t h e e n ergy resol u t io n e v e n a t lo w e n ergies. A t h igh er e n ergies, to
gu ara n t ee t h e d e t er m i n a t ion of t h e a m p li t u d e m easu re m e n t w i t h -
i n a n u ncer t ai n t y r ’ 2%, all e v e n ts ( ’ 5000) w i t h e n ergies abov e
8 Ee V are ga t h ere d i n a si ngle e n ergy i n t er v al.

Th e a m p li t u d e r a t t h e si d ereal freq u e ncy as a fu nct io n of t h e
e n ergy is sho w n i n Fig. 5, toge t h er w i t h t h e correspon d i ng proba-
bil i t y P(>r) to ge t a larger a m p li t u de i n each e n ergy i n t er v al for a
st a t ist ical fl uct u a t io n of isot rop y . Th e d ash e d li n e i n d ica t es t h e
99% C.L. u p p er bou n d on t h e a m p li t u d es t h a t cou l d resu l t fro m
fl uct u a t ions of a n isot rop ic d ist rib u tion . It is a p p are n t t h a t t h ere
is no e v i d e nce of a n y sign i fi ca n t sign al ov er t h e w hole e n ergy
ra nge. A global st a t e m e n t referri ng to t h e probabil i t y w i t h w h ich
t h e si x obser v e d a m p li t u d es cou l d h a v e arise n fro m a n u n d erl y i ng
isot rop ic d ist rib u t ion ca n be m a d e b y co m p ari ng t h e m easu re d
v al u e K ¼

P6
i¼1 k0 i

( w h ere t h e su m is ov er all si x i n d e p e n d e n t
e n ergy i n t er v als) w i t h t h a t e x p ect e d fro m a ra n do m d ist rib u tion
for w h ich hK i = 6 [2 6]. Th e st a t ist ics of 2K u n d er t h e h y pot h esis
of a n isot rop ic sk y is a v2 w i t h 2 " 6 = 12 d egrees of free do m . For
ou r d a t a, 2K = 19.0 a n d t h e associa t ed probabil i t y for a n eq u al or
larger v al u e arisi ng fro m a n isot rop ic sk y is ’ 9%.

Th e p h ase u of t h e fi rst h ar m on ic is sho w n i n Fig. 6 as a fu nct ion
of t h e e n ergy . W h ile t h e m easu re m e n ts of t h e a m p li t u des do not
prov i d e a n y e v i d e nce for a n isot rop y, w e n ot e t h a t t h e m easu re-
m e n ts i n a d jace n t e n ergy i n t er v als suggest a sm oot h t ra nsi t ion be-
t w ee n a co m m on p h ase of ’ 270! i n t h e fi rst t w o bi ns belo w
’ 1 Ee V co m p a t ible w i t h t h e righ t asce nsion of t h e G alact ic Ce n t er
aGC ’ 268.4!, a n d a not h er p h ase (a ’ 100!) abov e ’ 5 Ee V . T h is is
i n t rigu i ng, as t h e p h ases are e x p ect e d to be ra n do m l y d ist rib u t e d
i n case of i n d e p e n d e n t sa m p les w hose p are n t d ist rib u t ion is isot ro-
p ic. K no w i ng t h e p .d .f. of p h ase m easu re m en ts dra w n fro m a n iso-
t rop ic d ist rib u t ion , p0(u) = (2p)#1, a n d d ra w n fro m a pop u la t io n of
d irect ions h a v i ng a non - z ero a m p li t u d e r0 w i t h a p h ase u0,
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Fig. 5. Top : a m p li t u d e of t h e fi rst h ar m on ic as a fu nct ion of e n ergy . Th e d ash e d li n e
i n d ica t es t h e 99% C.L. u p p er bou n d on t h e a m p li t u d es t h a t cou l d resu l t fro m
fl uct u a t io ns of a n isot rop ic d ist rib u t ion . Bot to m : correspo n d i ng p robabil i t ies to ge t
a t least t h e sa m e a m p li t u d e fro m a n u n d erl y i ng isot rop ic d ist rib u t ion .
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Fig. 4. Left : rela t i v e v aria t io n of t h e i n t egra t e d n u m ber of u n i t ar y cells as a fu nct ion of t h e t i m e t100, w h ere t h e t i m e scale is such t h a t correspon d i ng freq u e ncy is 100 cycles/
y ear. Righ t : Ra y leigh a n al ysis abov e 1 Ee V for 1 600 ra n do m freq u e ncies ra ngi ng fro m 100 to 500 cycles/ y ear. Th i n h istogra m : a n al ysis w i t h ou t acco u n t i ng for t h e e x posu re
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What about the phases ?

The phase test is ~2.5 more sensitive 
than the amplitude one to a genuine 

signal diluted within the 
background noise
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F I G . 3: Power of t he t ests on ampli t udes (in blue) and on phases (in red) as a func t ion of t he numb er of bins Nb ent ering in
each t est , in case of a genuine signal s = 1% and wi t h N = 30, 000 events in each bin .

W i thou t any prior knowledge of the expected ampli tudes s, the inpu ts given to the L1 funct ion are the measurements
performed in each energy interval. B y genera ting bins of N = 30, 000 events drawn from an isotropic distribu tion
and by calcula ting the empirical mean phase to build L1 , the dist ribu tion of the variable −2 ln (λ) - centered on
〈−2 ln (λ)〉 and scaled by σ−2 ln (λ) - is shown in F ig. 2 for different number of bins Nb entering in the likelihood ra tio
test . T he null and al terna tive hypotheses belonging to separa te families of hypotheses1 , the asymp totic behaviour of
−2 ln (λ) is expected to be G aussian. T his is indeed the case as soon as Nb $ 100. Both 〈−2 ln (λ)〉 and σ−2 ln (λ)

may be calcula ted analy tically, bu t we do not reproduce this calcula tion as i t is irrelevant to deal wi th the asymp totic
behaviour (large Nb) in realist ic cases. In pract ice, we are thus left to genera te by Monte- C arlo, case by case, the
distribu tion of −2 ln (λ) considering the null hypothesis as true. T he probabili ty for accep ting or reject ing the null
hypothesis is thus calcula ted by integra ting the distribu tion of −2 ln (λ) above the value found in the da ta.

III. COMPARISON OF THE POWER OF THE TESTS

A n alignment of phases in different adjacent bins ordered in energies is, from F ig.1, expected to occur earlier than
the detect ion of a significant ampli tude. T his was pointed out in past [2, 3], and we reproduce below an argument
given by L insley [2]:

Linsley has given a useful example of the behaviour of amplitude and phase estimates in different experiments. If
the number of events available in an experiment is such that the RMS value of r is equal to the true value of s, then
in a sequence of experiments r will only be significant (say p<1%) in one experiment out of ten whereas the phase will
be within 50 degrees of the true phase in two experiments out of three.

B y taking independent bins of N = 30,000 events and by inject ing in each of them a genuine signal s = 1%, we plot
in F ig.3 the power of the two different tests as a funct ion of the number of bins analysed (the threshold of the test
is fixed here a t 1%). C learly, the consistency of the phase measurements leads to a bet ter power (by a factor grea ter
than 2).

1 s being fixed (s > 0), pΦ cannot be reduced to piso by fitting only φ0.

Not random... Suggestive of a 
smooth transition around 1 EeV 
- Posterior probability: ~0.002

p1(u;r0,u0) [13], the likelihood functions of any of the hypotheses
may be built as:

L0 ¼
YNbins

i¼1

p0ðuiÞ; L1 ¼
YNbins

i¼1

p1ðui; r0;u0Þ: ð17Þ

Without any knowledge of the expected amplitudes r0(E) in each
bin, the values considered in L1 are the measurements performed
in each energy interval. For the expected phases u0(E) as a function
of energy, we use an arctangent function adjusted on the data as
illustrated by the dashed line in Fig. 6. Since the smooth evolution
of the phase distribution is potentially interesting but observed a
posteriori, we aim at testing the fraction of random samples whose
behaviour in adjacent energy bins would show such a potential
interest but with no reference to the specific values observed in
the data. To do so, we use the method of the likelihood ratio test,
computing the$2ln(k) statistic where k = L0/L1. Using only Nbins = 6,
the asymptotic behaviour of the $2ln(k) statistic is not reached.
Hence, the p.d.f. of $2ln(k) under the hypothesis of isotropy is built
by repeating exactly the same procedure on a large number of iso-
tropic samples: in each sample, the arctangent parameters are left
to be optimised, and the corresponding value of $2ln(k) is calcu-
lated. In that way, any alignments, smooth evolutions or abrupt
transitions of phases in random samples are captured and contrib-
ute to high values of the $2ln(k) distribution. The probability that
the hypothesis of isotropy better reproduces our phase measure-
ments compared to the alternative hypothesis is then calculated
by integrating the normalised distribution of $2ln(k) above the va-
lue measured in the data. It is found to be ’2 % 10$3.

It is important to stress that no confidence level can be built
from this report as we did not perform an a priori search for a
smooth transition in the phase measurements. To confirm the
detection of a real transition using only the measurements of the
phases with an independent data set, we need to collect’1.8 times
the number of events analysed here to reach an efficiency of ’90%
to detect the transition at 99% C.L. (in case the observed effect is
genuine). It is also worth noting that with a real underlying anisot-
ropy, a consistency of the phase measurements in ordered energy
intervals is expected with lower statistics than the detection of
amplitudes significantly standing out of the background noise
[26,28]. This behaviour was pointed out by Linsley, quoted in
[26]: ‘‘if the number of events available in an experiment is such
that the RMS value of r is equal to the true amplitude, then in a se-
quence of experiments r will be significant (say P(>r) < 1%) in one
experiment out of ten whereas the phase will be within 50! of
the true phase in two experiments out of three.’’ We have checked
this result using Monte Carlo simulations.

An apparent constancy of phase, even when the significances of
the amplitudes are relatively small, has been noted previously in
surveys of measurements made in the range 1014 < E < 1017 eV
[29,30]. In [29] Greisen and his colleagues comment that most
experiments have been conducted at northern latitudes and there-
fore the reality of the sidereal waves is not yet established. The
present measurement is made with events coming largely from
the southern hemisphere.

5.4. Additional cross-checks against systematic effects above 1 EeV

It is important to verify that the phase effect is not a manifesta-
tion of systematic effects, the amplitudes of which are at the level
of the background noise. We provide hereafter additional studies
above 1 EeV, where a few tests can cross-check results presented
in Fig. 6.

The first cross-check is provided by applying the Rayleigh anal-
ysis on a reduced data set built in such a way that its correspond-
ing exposure in right ascension is uniform. This can be achieved by
selecting for each sidereal day only events triggering an unitary
cell whose on-time was almost 100% over the whole sidereal
day. To keep a reasonably large data set, we present here the re-
sults obtained for on-times of 98% and 99%. This allows us to use
respectively ’77% and ’63% of the cumulative data set without
applying any correction to account for a non-constant exposure.
The results are shown in Fig. 7 when considering on-time of 98%
(triangles) and 99% (squares). Even if more noisy due to the reduc-
tion of the statistics with respect to the Rayleigh analysis applied
on the cumulative data set, they are consistent with the weighted
Rayleigh analysis and support that results presented in Fig. 6 are
not dominated by any residual systematics induced by the non-
uniform exposure.

From the Fourier analysis presented in Section 5.2, we have
stressed the decoupling between the solar frequency and both
the sidereal and anti-sidereal ones thanks to the frequency resolu-
tion reached after 6 years of data taking. However, as the ampli-
tude of an eventual sideband effect is proportional to the solar
amplitude [21], it remains important to estimate the impact of
an eventual sideband effect persisting even after the energy correc-
tions. To probe the magnitude of this sideband effect, we use
10,000 mock data sets generated from the real data set (with ener-
gies corrected for weather effects) by randomising the arrival times
but meanwhile keeping both the zenith and the azimuth angles of
each original event. This procedure guarantees the production of
isotropic samples drawn from a uniform exposure with the same
detection efficiency conditions than the real data. The results of
the Rayleigh analysis applied to each mock sample between 1
and 2 EeV at the anti-sidereal frequency are shown by the thin his-
tograms in top panels of Fig. 8, displaying Rayleigh distributions for
the amplitude measurements and uniform distributions for the
phase measurements. Then, after introducing into each sample
the temporal variations of the energies induced by the atmospheric
changes according to Eq. (4), it can be seen on the same graph
(thick histograms) that the amplitude measurements are almost
undistinguishable with respect to the reference ones, while the
phase measurements start to show to a small extent a preferential
direction. The same conclusions hold when reversing the energy
corrections (dashed histograms), but resulting in a phase shift of
’180!. Finally, the filled histograms are obtained by amplifying
by 10 the energy variations induced by the atmospheric changes.
In this latter case, the large increase of the solar amplitude induces
a clear signal at the anti-sidereal frequency through the sideband
mechanism, as evidenced by the distributions of both the ampli-
tudes and the phases. The sharp maximum of the phase distribu-
tion points towards the spurious direction, while the amplitude
distribution follows a non-centered Rayleigh distribution with

 E [EeV]
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Fig. 6. Phase of the first harmonic as a function of energy. The dashed line, resulting
from an empirical fit, is used in the likelihood ratio test (see text).
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Future work will profit from the 
lower energy threshold thanks to 
the low energy extension of the 

observatory
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Searches for point sources 
at UHE

Reference papers: 
The Pierre Auger Coll.,
Science 318 938 (2007),

Astropart. Phys. 29 (2008) 188-204,
Astropart. Phys. 34 (2010) 314-326

8



Using 27 CR above 56 EeV collected through 31 August 2007 -> correlation 
with the positions of nearby extragalactic objects (12th VCV)

Correlation parameters: energy (55 EeV), angular separation (3.1˚),        
distance (75 Mpc) fixed with early data

Test with later data, built to reject isotropy with 1% chance probability: 
test passed with 6 correlated events out of 8 

--> Isotropy rejected at 99% C.L.

Angular distributions at UHE

9



Correlation down: from (69±12)% to (38±7)% 

(21% of random correlation from isotropic expectations)

Updated degree of correlation (31/12/2009)

Fixed parameters: 
ψ=3.1˚, Eth=55 EeV, 
zmax=0.018
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Angular distributions at UHE

Fitting the 69 events on map densities built from source models based on 
2MRS and Swift-BAT catalogs and including the GZK effect

2 free parameters : deflection angle (magnetic field) and «isotropic 
fraction» (incompleteness, heavier elements, ...)

Search for correlations with other (more complete) 
catalogs of extra-galactic objects

2MRS -> (1.5˚, 64%); Swift -> (7.8˚, 56%)

Author's personal copy

4.2.2. Likelihood test
For each m od el a n d for d iffere n t v al u es of t h e sm oot h i ng a ngle

r a n d isot rop ic fract ion f iso w e e v al u a t e t h e log-l i k el i hood of t h e
d a t a sa m p le :

LL ¼
XN d a t a

k¼1

l n Fðn̂kÞ; ð3Þ

w h ere n̂k is t h e d irect io n of t h e k t h e v e n t .
W e consi d er t h e m od els base d on 2 MRS a n d S w ift -BAT objects

w eigh t e d b y t h eir fl u x i n t h e resp ect i v e w a v ele ngt h . Th e top p a n els
i n Fig. 6 p lot t h e resu l ts usi ng all t h e arri v al d irect ions of CRs w i t h
E P 55 Ee V . Th e bot to m p a n els p lot t h e resu l ts e xcl u d i ng t h e CRs
collect e d d u ri ng p eriod I i n Table 1, w h ich w ere use d to op t i m ise
t h e e n ergy cu t for t h e VCV correla t ion i n t h a t p eriod . T h e best - fi t
v al u es of ( r , fiso) are t hose t h a t m a x i m i z e t h e li k eli hood of t h e d a t a
sa m p le, a n d are i n d ica t e d b y a black dot . Con tou rs of 6 8%, 9 5% a n d
99.7% con fi d e nce i n t er v als are sho w n . T h e best - fi t v al u es of ( r , fiso)
are (1.5!, 0.64) for 2 MRS a n d (7.8!, 0.56) for S w ift -BAT usi ng all
d a t a. W i t h d a t a i n p eriod I e xcl u d e d t h e best - fi t p ara m e t ers are
(1.5!, 0.69) for 2 MRS a n d (1.5!, 0.88) for S w ift -BAT. Th ese v al u es
are n ot st rongl y const rai n e d w i t h t h e prese n t st a t ist ics. N ot ice
for i nst a nce t h a t t h e best - fi t v al u e of f iso for t h e S w ift -BAT m od el
i ncreases fro m 0.56 to 0.88 a n d r d ecreases fro m 7.8! to 1.5! if d a t a
i n p eriod I is e xcl u d e d . M ore d a t a is n ee d e d to d iscer n if i t is t h e
correla t ion on sm all a ngles of a fe w e v e n ts w i t h t h e v er y h igh -d e n-
si t y regio ns of t h is m od el (such as t h e region i n t h e d irect io n to t h e
ra d iogala x y Ce n t a u r us A , t h e object w i t h t h e largest w eigh t i n
Fig. 4) t h a t m asks a pot e n t ial l y larger correla t i ng fract ion (h e nce
a sm aller f iso) ov er larger a ngu lar scales.

Fi n d i ng t h e v al u es of r a n d fiso t h a t m a x i m i ze t h e log-l i k el ihood
does not e nsu re t h a t t h e m od el fi ts w ell t h e d a t a. To t est t h e co m -
p a t ibi l i t y be t w ee n d a t a a n d m od el, w e ge n era t e si m u la t e d se ts
w i t h t h e sa m e n u m ber of arri v al d irect ions as i n t h e d a t a, d ra w n
ei t h er fro m t h e d e nsi t y m a p of t h e m od els or isot rop icall y . W e t h e n
co m p are t h e d ist rib u t ions of t h e m ea n log-l i k el i hood (LL=N d a t a )
w i t h t h e v al u e ob t ai n e d for t h e d a t a. W e prese n t t h e resu l ts i n
Fig. 7.

D a t a are co m p a t ible w i t h t h e m od els a n d d iffer fro m a v erage
isot rop ic e x p ect a t ions. Th e fract ion f of isot rop ic reali z a t ions t h a t
h a v e a h igh er l i k el i h ood t h a n t h e d a t a is 2 $ 10%4 i n t h e case of
t h e m od el base d on S w ift -BAT A G Ns, a n d 4 $ 10%3 w i t h t h e m od el
base d o n 2 MRS gala x ies. Th ese v al u es of f are ob t ai n e d w i t h t h e
p ara m e t ers r a n d f iso t h a t m a x i m i z e t h e li k eli hood for t h e resp ec-
t i v e ca t alog usi ng all t h e e v e n ts w i t h e n ergy larger t h a n 55 Ee V
(t h e black dots i n t h e top p a n els of Fig. 6). W i t h t h e sa m e p ara m -
e t ers, a n d d a t a fro m p eriod I e xcl u d e d , f & 0.02 i n bot h m od els.

Fig. 4. Left : Sk y m a p i n galact ic coor d i n a t es w i t h t h e A G Ns of t h e 5 8- m o n t h S w ift -BAT ca t alog p lot t e d as re d st ars w i t h area propor t ion al to t h e assign e d w eigh t . T h e soli d
l i n e re prese n ts t h e bor d er of t h e fi el d of v ie w of t h e So u t h er n O bser v a tor y . Colo u re d ba n ds h a v e eq u al i n t egra t e d e x posu re, a n d d ar k er backgro u n d colou rs i n d ica t e larger
rela t i v e e x posu re. Righ t : d e nsi t y m a p d eri v e d fro m t h e m a p to t h e left , sm oot h e d w i t h a n a ngu lar scale r = 5!. T h e 6 9 arri v al d irect ions of CRs w i t h e n ergy E P 5 5 Ee V
d e t ect e d w i t h t h e Pierre A uger O bser v a tor y are p lot t e d as black dots. (For i n t er p re t a t io n of t h e refere nces to colo u r i n t h is figu re lege n d , t h e rea d er is referre d to t h e w eb
v ersion of t h is ar t icle.)

Fig. 5. Cosm ic ra y d e nsi t y m a p for t h e fl u x - w eigh t e d 2 MRS gala x ies, sm oot h e d
w i t h a n a ngu lar scale r = 5!. T h e black dots are t h e arri v al d irect io ns of t h e CRs w i t h
e n ergy E P 55 Ee V d e t ect e d w i t h t h e Pierre A uger O bser v a tor y . G alact ic la t i t u d es
are rest rict e d to jbj > 10!, bot h for gala x ies a n d CR e v e n ts.

Fig. 6. Con fi d e nce i n t er v als for t h e p ara m e t ers ( r , f iso) d eri v e d fro m t h e li k eli h ood
fu nct ion usi ng t h e arri v al d irect io ns of CRs w i t h E P 5 5 Ee V for t h e t w o m od els
consi d ere d : 2 MRS gala x ies (left) a n d S w ift -BAT A G Ns (righ t). T h e p air of p ara m e t ers
t h a t m a x i m i z e t h e li k eli h ood is i n d ica t e d b y a black dot . T h e p lots i n t h e top p a n els
use all d a t a. Th e p lots i n t h e bot to m p a n els e xcl u d e d a t a collect e d d u ri ng p eriod I i n
Table 1, t h a t w ere use d to ch oose t h e e n ergy t h reshol d t h a t m a x i m i z e d t h e
correla t ion w i t h VCV objects i n t h a t p eriod . In t h e case of 2 MRS galact ic la t i t u d es
(bot h of gala x ies a n d CRs) are rest rict e d to jbj > 10!.
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Angular distributions at UHE

search for the largest excess (above 57 EeV): 

12 events in a 13˚ cell (1.7 expected): It lies at 4˚ from CEN A

Centering on CEN A: largest excess within 18˚ (13 events vs 3.2 expected)

Distance from CEN A
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Conclusions
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The observables

’4% anisotropy reported by AGASA in the energy range 1 < E/
EeV < 2.

If the galactic/extragalactic transition occurs at the ankle energy
[1], UHECRs at 1 EeV are predominantly of galactic origin and their
escape from the galaxy by diffusion and drift motions are expected
to induce a modulation in this energy range. These predictions de-
pend on the assumed galactic magnetic field model as well as on
the source distribution and the composition of the UHECRs.7 Two
alternative models are displayed in Fig. 11, corresponding to differ-
ent geometries of the halo magnetic fields [9]. The bounds reported
here already exclude the particular model with an antisymmetric
halo magnetic field (A) and are starting to become sensitive to the
predictions of the model with a symmetric field (S). We note that
those models assume a predominantly heavy composition galactic
component at EeV energies, while scenarios in which galactic pro-
tons dominate at those energies would typically predict anisotropies
larger than the bounds obtained in Fig. 11. Maintaining the ampli-
tudes of such anisotropies within our bounds necessarily translates
into constraints upon the description of the halo magnetic fields
and/or the spatial source distribution. This is particularly interesting
in the view of our composition measurements at those energies
compatible with a light composition [35]. Alternatively to a leaky
galaxy model, there is still the possibility that a large scale magnetic
field retains all particles in the galaxy [36,37]. If the structure of the
magnetic fields in the halo is such that the turbulent component pre-
dominates over the regular one, purely diffusion motions may con-
fine light elements of galactic origin up to ’1 EeV and may induce
an ankle feature due to the longer confinement of heavier elements
at higher energies [38]. Typical signatures of such a scenario in terms
of large scale anisotropies are also shown in Fig. 11 (dotted line): the
corresponding amplitudes are challenged by our current sensitivity.

On the other hand, if the transition is taking place at lower ener-
gies around the second knee at ’5 ! 1017 eV [7], UHECRs above
1 EeV are dominantly of extragalactic origin and their large scale
distribution could be influenced by the relative motion of the ob-
server with respect to the frame of the sources. If the frame in
which the UHECRs distribution is isotropic coincides with the

CMB rest frame, a small anisotropy is expected due to the Comp-
ton-Getting effect. Neglecting the effects of the galactic magnetic
field, this anisotropy would be a dipolar pattern pointing in the
direction a ’ 168! with an amplitude of about 0.6% [39]. On the
contrary, when accounting for the galactic magnetic field, this
dipolar anisotropy is expected to also affect higher order multi-
poles [40]. These amplitudes are close to the upper limits set in this
analysis, and the statistics required to detect an amplitude of 0.6%
at 99% C.L. is ’3 times the present one.

Continued scrutiny of the large scale distribution of arrival
directions of UHECRs as a function of energy with the increased
statistics provided by the Pierre Auger Observatory, above a few
times 1017 eV, will help to discriminate between a predominantly
galactic or extragalactic origin of UHECRs as a function of the en-
ergy, and so benefit the search for the galactic/extragalactic transi-
tion. Future work will profit from the lower energy threshold that
is now available at the Pierre Auger Observatory [41].
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Fig. 11. Upper limits on the anisotropy amplitude of first harmonic as a function of
energy from this analysis. Results from EAS-TOP, AGASA, KASCADE and KASCADE-
Grande experiments are displayed too. An analysis of the KASCADE-Grande data
with the East/West method delivers an additional limit for 3 ! 1015 eV. Also shown
are the predictions up to 1 EeV from two different galactic magnetic field models
with different symmetries (A and S), the predictions for a purely galactic origin of
UHECRs up to a few tens of 1019 eV (Gal), and the expectations from the Compton-
Getting effect for an extragalactic component isotropic in the CMB rest frame
(C-GXgal).

7 The dependence of the detection efficiency on the primary mass below 3 EeV
could affect the details of a direct comparison with a model based on a mixed
composition.
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4.2.2. Likelihood test
For each m od el a n d for d iffere n t v al u es of t h e sm oot h i ng a ngle

r a n d isot rop ic fract ion f iso w e e v al u a t e t h e log-l i k el i hood of t h e
d a t a sa m p le :

LL ¼
XN d a t a

k¼1

l n Fðn̂kÞ; ð3Þ

w h ere n̂k is t h e d irect io n of t h e k t h e v e n t .
W e consi d er t h e m od els base d on 2 MRS a n d S w ift -BAT objects

w eigh t e d b y t h eir fl u x i n t h e resp ect i v e w a v ele ngt h . Th e top p a n els
i n Fig. 6 p lot t h e resu l ts usi ng all t h e arri v al d irect ions of CRs w i t h
E P 55 Ee V . Th e bot to m p a n els p lot t h e resu l ts e xcl u d i ng t h e CRs
collect e d d u ri ng p eriod I i n Table 1, w h ich w ere use d to op t i m ise
t h e e n ergy cu t for t h e VCV correla t ion i n t h a t p eriod . T h e best - fi t
v al u es of ( r , fiso) are t hose t h a t m a x i m i z e t h e li k eli hood of t h e d a t a
sa m p le, a n d are i n d ica t e d b y a black dot . Con tou rs of 6 8%, 9 5% a n d
99.7% con fi d e nce i n t er v als are sho w n . T h e best - fi t v al u es of ( r , fiso)
are (1.5!, 0.64) for 2 MRS a n d (7.8!, 0.56) for S w ift -BAT usi ng all
d a t a. W i t h d a t a i n p eriod I e xcl u d e d t h e best - fi t p ara m e t ers are
(1.5!, 0.69) for 2 MRS a n d (1.5!, 0.88) for S w ift -BAT. Th ese v al u es
are n ot st rongl y const rai n e d w i t h t h e prese n t st a t ist ics. N ot ice
for i nst a nce t h a t t h e best - fi t v al u e of f iso for t h e S w ift -BAT m od el
i ncreases fro m 0.56 to 0.88 a n d r d ecreases fro m 7.8! to 1.5! if d a t a
i n p eriod I is e xcl u d e d . M ore d a t a is n ee d e d to d iscer n if i t is t h e
correla t ion on sm all a ngles of a fe w e v e n ts w i t h t h e v er y h igh -d e n-
si t y regio ns of t h is m od el (such as t h e region i n t h e d irect io n to t h e
ra d iogala x y Ce n t a u r us A , t h e object w i t h t h e largest w eigh t i n
Fig. 4) t h a t m asks a pot e n t ial l y larger correla t i ng fract ion (h e nce
a sm aller f iso) ov er larger a ngu lar scales.

Fi n d i ng t h e v al u es of r a n d fiso t h a t m a x i m i ze t h e log-l i k el ihood
does not e nsu re t h a t t h e m od el fi ts w ell t h e d a t a. To t est t h e co m -
p a t ibi l i t y be t w ee n d a t a a n d m od el, w e ge n era t e si m u la t e d se ts
w i t h t h e sa m e n u m ber of arri v al d irect ions as i n t h e d a t a, d ra w n
ei t h er fro m t h e d e nsi t y m a p of t h e m od els or isot rop icall y . W e t h e n
co m p are t h e d ist rib u t ions of t h e m ea n log-l i k el i hood (LL=N d a t a )
w i t h t h e v al u e ob t ai n e d for t h e d a t a. W e prese n t t h e resu l ts i n
Fig. 7.

D a t a are co m p a t ible w i t h t h e m od els a n d d iffer fro m a v erage
isot rop ic e x p ect a t ions. Th e fract ion f of isot rop ic reali z a t ions t h a t
h a v e a h igh er l i k el i h ood t h a n t h e d a t a is 2 $ 10%4 i n t h e case of
t h e m od el base d on S w ift -BAT A G Ns, a n d 4 $ 10%3 w i t h t h e m od el
base d o n 2 MRS gala x ies. Th ese v al u es of f are ob t ai n e d w i t h t h e
p ara m e t ers r a n d f iso t h a t m a x i m i z e t h e li k eli hood for t h e resp ec-
t i v e ca t alog usi ng all t h e e v e n ts w i t h e n ergy larger t h a n 55 Ee V
(t h e black dots i n t h e top p a n els of Fig. 6). W i t h t h e sa m e p ara m -
e t ers, a n d d a t a fro m p eriod I e xcl u d e d , f & 0.02 i n bot h m od els.

Fig. 4. Left : Sk y m a p i n galact ic coor d i n a t es w i t h t h e A G Ns of t h e 5 8- m o n t h S w ift -BAT ca t alog p lot t e d as re d st ars w i t h area propor t ion al to t h e assign e d w eigh t . T h e soli d
l i n e re p rese n ts t h e bor d er of t h e fi el d of v ie w of t h e Sou t h er n O bser v a tor y . Colo u re d ba n ds h a v e eq u al i n t egra t e d e x posu re, a n d d ar k er backgro u n d colou rs i n d ica t e larger
rela t i v e e x posu re. Righ t : d e nsi t y m a p d eri v e d fro m t h e m a p to t h e left , sm oot h e d w i t h a n a ngu lar scale r = 5!. T h e 69 arri v al d irect ions of CRs w i t h e n ergy E P 5 5 Ee V
d e t ect e d w i t h t h e Pierre A uger O bser v a tor y are p lot t e d as black dots. (For i n t er p re t a t io n of t h e refere nces to colo u r i n t h is figu re lege n d , t h e rea d er is referre d to t h e w eb
v ersion of t h is ar t icle.)

Fig. 5. Cosm ic ra y d e nsi t y m a p for t h e fl u x - w eigh t e d 2 MRS gala x ies, sm oot h e d
w i t h a n a ngu lar scale r = 5!. T h e black dots are t h e arri v al d irect io ns of t h e CRs w i t h
e n ergy E P 55 Ee V d e t ect e d w i t h t h e Pierre A uger O bser v a tor y . G alact ic la t i t u d es
are rest rict e d to jbj > 10!, bot h for gala x ies a n d CR e v e n ts.

Fig. 6. Con fi d e nce i n t er v als for t h e p ara m e t ers ( r , f iso) d eri v e d fro m t h e li k eli h ood
fu nct io n usi ng t h e arri v al d irect io ns of CRs w i t h E P 5 5 Ee V for t h e t w o m od els
consi d ere d : 2 MRS gala x ies (left) a n d S w ift -BAT A G Ns (righ t). T h e p air of p ara m e t ers
t h a t m a x i m i z e t h e li k eli h ood is i n d ica t e d b y a black dot . T h e p lots i n t h e top p a n els
use all d a t a. Th e p lots i n t h e bot to m p a n els e xcl u d e d a t a collect e d d u ri ng p eriod I i n
Table 1, t h a t w ere use d to ch oose t h e e n ergy t h reshol d t h a t m a x i m i z e d t h e
correla t io n w i t h VCV objects i n t h a t p eriod . In t h e case of 2 MRS galact ic la t i t u d es
(bot h of gala x ies a n d CRs) are rest rict e d to jbj > 10!.
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The ankle as the gal/Xgal transition ? (Linsley 1963) 

Sharpness of the ankle unnatural with a gal/Xgal transition (fine tuning needed)

Presence of light elements around 1 EeV ? 

The ankle as the dip ? (Hillas 1967, Berezinsky et al. 2006)

Should see only protons > 1 EeV (increase of the average mass above ~1.5 EeV - but quid of 
the hadronic interaction models ?)

Extragalactic UHECRs ?

Origin of the flux suppression at UHE still uncertain (propagation or source cut-off ?)

Correlations at UHE, but large isotropic component (mixing of masses a/o components ?, ...)

Suggestion of a dipolar modulation over a large energy range through the phase alignment

The ankle as a transition from light to heavy CRs of galactic origin ?

But : upper limits on anisotropies at the 2% level at EeV energies...

A global picture ?
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