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Cosmic Ray	Spectrum

• 16	particles above
log(E/eV)=18.6	arrive
at Earth each second

• The Pierre	Auger
Observatory collects
around 3000	/	year.

Detection of Primaries
Satellites,	Balloons

Detection of Secondaries
(Shower)
Ground Arrays

14	TeV 100	TeV 2L.	Cazon	



Accelerator’s comparison
1.5	eV

10	000.0	eV

6	500	000	000	000.0	eV

300	000	000	000	000	000	000.0	eV
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Gigantic energies

The	energy	of	10	g	(rest	mass)	of	the	highest	
energy	cosmic	rays	is	the	equivalent	of	1000	
times	the	energy	of	all	world's	fossil	fuel	
reserves.
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The questions:
• What are	the UHECR?	

– Light	nuclei?	Heavy nuclei?
• Do	we understand their interactions at all at those energies???

– Are	there neutrinos,	photons,	or neutrons pointing back to	
interesting places?

– Are	there exotic UHECR?	Monopoles?	Miniblack holes?
• Where are	UHECR	produced?

– Do	they come	from the decay of some	cosmologic relic,	super
heavy particles?

– Or are	they accelerated in	violent places?
• If so,	where are	those places?	We should see them,	and we

don’t!!!!
– We know that those places must	be nearby (<100MPc)	because of the GZK	effect.
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Structure ->	hints about origin
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Super-Powerful Accelerators in	Nature
1E20eV
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Few astrophysical objects
comply with the size and B	field
required for	containment of the
CR	trajectories at those energies



Interactions with the CMB
Does	the spectrum terminate?
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Horizons: �

Gpc 

1019 eV ~ 1 Gpc�

1020 eV < 100 Mpc�

100 Mpc 



The GZK	sphere:	100Mpc
matter distribution is anisotropic
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The GZK	sphere:	100Mpc
matter distribution is anisotropic



As	the volume	increases,
we approach isotropy
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B	field effects
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or

Simple	model	for	extragalactic	B.	B=1	nG,	Lcoh=1	MPc
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An	Air	Shower
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An	Air	Shower

A	cosmic	ray	enters	
the	atmosphere
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An	Air	Shower

A	cosmic	ray	enters	
the	atmosphere
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Its	energy,	composition,	and	
arrival	direction	are	the	inputs	
to	solve	puzzle	about	their	
origin
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Its	energy,	composition,	and	
arrival	direction	are	the	inputs	
to	solve	puzzle	about	their	
origin
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Beam for	particle	physics	
beyond	LHC	for	free
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Beam for	particle	physics	
beyond	LHC	for	free
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Ultra-High	Energy	interaction.	
Cascade	start-up
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Electrons
Photons
Muons
Neutrons
protons



2nd	and	3rd	generation.
Leading	baryons	still	carrying	
very	high	energy.

Electrons
Photons
Muons
Neutrons
protons
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The	orignal	information	
information	is	being	camouflaged

Electrons
Photons
Muons
Neutrons
protons
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Air	shower	
reaches	
ground

Electrons
Photons
Muons
Neutrons
protons
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Air	Showers:	the
engine

Muons are	the smoking	gun of	the
hadronic shower which is the real	
backbone of	the whole shower.

л0 decays are	smoking	canyons

Muonic	component

Hadronic	shower

(mainly	pions)

Electromagnetic	shower	
(electrons	and	photons)

Primary:	
Hadron

Primary:
Photon
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The	bulk	of	radiated	and	
visible	energy	comes	from	
the	EM	cascadeL.	Cazon	



Extensive Air Shower
• Shower has two

experimentally different parts:
– The core,	size of a	few m,	

particle density of 10^9	
particles/m2.	
• Interation of particle with the

atmosphere produces
radiation trhough different
mechanisms:		Radio	emission
at MHz	(Cerenkov &	
Geosincrotron),	Microwaves
GHz	(Molecular	
Bremstrahlung),	UV-Cerenkov,	
UV-fluorescence.

– The shower pancake:	size up
5	km	in	traverse distance.	
Density varies	from 1	
particle/m2,	to	10^9	at the
core.	At 1000	m	typical
density of the order of 10-
1000	particles/m2.
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This is a	real	picture

of a		fireball.	A	n	Extensive Air Shower would look	
like that if we could see UV)

By	Johnson	Lake	in	Banff	National	Park,	Canada
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• Malargüe.	Mendoza	
• Latitude	35	S	– Longitude	69	W
• 1400m	a.s.l.		X=870	g	cm2

• Data	taking since 2004
• Installation completed in	2008

Fluorescence Detector (FD)	
4	building	with	6	telescopes	each
Telescope f.o.v.	30	x	30	deg
~10%	duty cycle
Provides High Accuracy

Surface Detector (SD)
1600	Cherenkov stations	spaced 1.5	km
Area of 3000	km2

100%	duty cycle
Provides Large Statistics

The Pierre	Auger
Observatory

+	Enhancements:	AMIGA,	HEAT,	Radio,	etc
31L.	Cazon	
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Fluorescence
Light

Secondary
Particles

Hybrid detector

Surface Detector (SD)
1600	water Cherenkov tanks
Area of 3000	km2

Fluorescence Detector (FD)	
4	building	with	6	
telescopes	each
Telescope f.o.v.	30	x	30	deg
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Auger results at a	glance

• Photons and Neutrinos
• Anisotropies
• Composition
• Spectrum
• Combined fit.	Models
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Photon &	neutrino	
fluxes

Observations disfavour most
of the exotic decay
scenarios to	produce
UHECR	and favour
acceleration in	
astrophysical scenarios

They are	reaching the
guaranteed cosmogenic
fluxes

No	point sources
No	events associated with
interesting objects
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Multimessenger Physics
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In the mid-1960s, gamma-ray bursts (GRBs) were discovered
by the Vela satellites, and their cosmic origin was first established
by Klebesadel et al. (1973). GRBs are classified as long or short,
based on their duration and spectral hardness(Dezalay et al. 1992;
Kouveliotou et al. 1993). Uncovering the progenitors of GRBs
has been one of the key challenges in high-energy astrophysics
ever since(Lee & Ramirez-Ruiz 2007). It has long been
suggested that short GRBs might be related to neutron star
mergers (Goodman 1986; Paczynski 1986; Eichler et al. 1989;
Narayan et al. 1992).

In 2005, the field of short gamma-ray burst (sGRB) studies
experienced a breakthrough (for reviews see Nakar 2007; Berger
2014) with the identification of the first host galaxies of sGRBs
and multi-wavelength observation (from X-ray to optical and
radio) of their afterglows (Berger et al. 2005; Fox et al. 2005;
Gehrels et al. 2005; Hjorth et al. 2005b; Villasenor et al. 2005).
These observations provided strong hints that sGRBs might be
associated with mergers of neutron stars with other neutron stars
or with black holes. These hints included: (i) their association with
both elliptical and star-forming galaxies (Barthelmy et al. 2005;
Prochaska et al. 2006; Berger et al. 2007; Ofek et al. 2007; Troja
et al. 2008; D’Avanzo et al. 2009; Fong et al. 2013), due to a very
wide range of delay times, as predicted theoretically(Bagot et al.
1998; Fryer et al. 1999; Belczynski et al. 2002); (ii) a broad
distribution of spatial offsets from host-galaxy centers(Berger
2010; Fong & Berger 2013; Tunnicliffe et al. 2014), which was
predicted to arise from supernova kicks(Narayan et al. 1992;
Bloom et al. 1999); and (iii) the absence of associated
supernovae(Fox et al. 2005; Hjorth et al. 2005c, 2005a;
Soderberg et al. 2006; Kocevski et al. 2010; Berger et al.
2013a). Despite these strong hints, proof that sGRBs were
powered by neutron star mergers remained elusive, and interest
intensified in following up gravitational-wave detections electro-
magnetically(Metzger & Berger 2012; Nissanke et al. 2013).

Evidence of beaming in some sGRBs was initially found by
Soderberg et al. (2006) and Burrows et al. (2006) and confirmed

by subsequent sGRB discoveries (see the compilation and
analysis by Fong et al. 2015 and also Troja et al. 2016). Neutron
star binary mergers are also expected, however, to produce
isotropic electromagnetic signals, which include (i) early optical
and infrared emission, a so-called kilonova/macronova (hereafter
kilonova; Li & Paczyński 1998; Kulkarni 2005; Rosswog 2005;
Metzger et al. 2010; Roberts et al. 2011; Barnes & Kasen 2013;
Kasen et al. 2013; Tanaka & Hotokezaka 2013; Grossman et al.
2014; Barnes et al. 2016; Tanaka 2016; Metzger 2017) due to
radioactive decay of rapid neutron-capture process (r-process)
nuclei(Lattimer & Schramm 1974, 1976) synthesized in
dynamical and accretion-disk-wind ejecta during the merger;
and (ii) delayed radio emission from the interaction of the merger
ejecta with the ambient medium (Nakar & Piran 2011; Piran et al.
2013; Hotokezaka & Piran 2015; Hotokezaka et al. 2016). The
late-time infrared excess associated with GRB 130603B was
interpreted as the signature of r-process nucleosynthesis (Berger
et al. 2013b; Tanvir et al. 2013), and more candidates were
identified later (for a compilation see Jin et al. 2016).
Here, we report on the global effort958 that led to the first joint

detection of gravitational and electromagnetic radiation from a
single source. An ∼ 100 s long gravitational-wave signal
(GW170817) was followed by an sGRB (GRB 170817A) and
an optical transient (SSS17a/AT 2017gfo) found in the host
galaxy NGC 4993. The source was detected across the
electromagnetic spectrum—in the X-ray, ultraviolet, optical,
infrared, and radio bands—over hours, days, and weeks. These
observations support the hypothesis that GW170817 was
produced by the merger of two neutron stars in NGC4993,
followed by an sGRB and a kilonova powered by the radioactive
decay of r-process nuclei synthesized in the ejecta.

Figure 1. Localization of the gravitational-wave, gamma-ray, and optical signals. The left panel shows an orthographic projection of the 90% credible regions from
LIGO (190 deg2; light green), the initial LIGO-Virgo localization (31 deg2; dark green), IPN triangulation from the time delay between Fermi and INTEGRAL (light
blue), and Fermi-GBM (dark blue). The inset shows the location of the apparent host galaxy NGC 4993 in the Swope optical discovery image at 10.9 hr after the
merger (top right) and the DLT40 pre-discovery image from 20.5 days prior to merger (bottom right). The reticle marks the position of the transient in both images.

958 A follow-up program established during initial LIGO-Virgo observations
(Abadie et al. 2012) was greatly expanded in preparation for Advanced LIGO-
Virgo observations. Partners have followed up binary black hole detections,
starting with GW150914 (Abbott et al. 2016a), but have discovered no firm
electromagnetic counterparts to those events.

2

The Astrophysical Journal Letters, 848:L12 (59pp), 2017 October 20 Abbott et al.• Observations	of	a	
Binary	Neutron	
Star	Merger	
(GW170817)

• Event	was	in	the	
Auger	field	of	
view

• No	neutrinos	
detected	



Anisotropy
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making it possible to use events with only five
active detectors around the one with the largest
signal. With this more relaxed condition, the ef-
fective exposure is increased by 18.5%, and the
total number of events increases correspond-
ingly from 95,917 to 113,888. The reconstruction
accuracy for the additional events is sufficient
for our analysis (see supplementary materials
and fig. S4).

Rayleigh analysis in right ascension

A standard approach for studying the large-scale
anisotropies in the arrival directions of cosmic
rays is to perform a harmonic analysis in right
ascension, a. The first-harmonic Fourier compo-
nents are given by

aa ¼ 2
N

XN

i¼1

w i cos ai

ba ¼ 2
N

XN

i¼1

w i sin ai ð1Þ

The sums run over all N detected events, each
with right ascension ai, with the normalization
factor N ¼

XN

i¼1
w i. The weights, w i , are intro-

duced to account for small nonuniformities in
the exposure of the array in right ascension and
for the effects of a tilt of the array toward the
southeast (see supplementarymaterials). Theaver-
age tilt between the vertical and the normal to
the plane onwhich the detectors are deployed is
0.2°, so that the effective area of the array is slight-
ly larger for showers arriving from the downhill
direction. This introduces aharmonic dependence
in azimuth of amplitude 0.3% × tan q to the ex-
posure. The effective aperture of the array is de-
termined everyminute. Because the exposure has
been accumulated over more than 12 years, the
total aperture is modulated by less than ~0.6%
as the zenith of the observatory moves in right
ascension. Events are weighted by the inverse

of the relative exposure to correct these effects
(fig. S2).
The amplitude ra and phase ϕa of the first

harmonic of the modulation are obtained from

ra ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2a þ b2a

q

tanϕa ¼ ba
aa

ð2Þ

Table 1 shows theharmonic amplitudes andphases
for both energy ranges. The statistical uncertain-
ties in the Fourier amplitudes are

ffiffiffiffiffiffiffiffiffiffi
2=N

p
; the un-

certainties in the amplitude andphase correspond
to the 68% confidence level of the marginalized
probability distribution functions. The rightmost
column shows the probabilities that amplitudes

larger than those observed could arise by chance
from fluctuations in an isotropic distribution.
These probabilities are calculated as PðraÞ ¼
expð–N r2a=4Þ (28). For the lower-energy bin (4
EeV < E < 8 EeV), the result is consistent with
isotropy, with a bound on the harmonic ampli-
tude of <1.2% at the 95% confidence level. For the
events with E ≥ 8 EeV, the amplitude of the first
harmonic is 4:7þ0:8

%0:7%, which has a probability of
arising by chance of 2.6 × 10−8, equivalent to a
two-sided Gaussian significance of 5.6s. The evo-
lution of the significance of this signal with time
is shown in fig. S3; the dipole became more sig-
nificant as the exposure increased. Allowing for a
penalization factor of 2 to account for the fact
that two energy bins were explored, the signifi-
cance is reduced to 5.4s. Further penalization for
the four additional lower-energy bins examined
in (23) has a similarly mild impact on the signif-
icance, which falls to 5.2s. The maximum of the
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Fig. 1. Normalized rate of events as a func-
tion of right ascension. Normalized rate for
32,187 events with E ≥ 8 EeV, as a function of
right ascension (integrated in declination). Error
bars are 1s uncertainties. The solid line shows
the first-harmonic modulation from Table 1,
which displays good agreement with the data
(c2/n = 10.5/10); the dashed line shows a
constant function.
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Fig. 2. Map showing the fluxes of particles in equatorial coordinates. Sky map in equatorial
coordinates, using a Hammer projection, showing the cosmic-ray flux above 8 EeV smoothed with a
45° top-hat function. The galactic center is marked with an asterisk; the galactic plane is shown
by a dashed line.
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Fig. 3. Map showing the fluxes of particles in galactic coordinates. Sky map in galactic
coordinates showing the cosmic-ray flux for E ≥ 8 EeV smoothed with a 45° top-hat function. The
galactic center is at the origin. The cross indicates the measured dipole direction; the contours
denote the 68% and 95% confidence level regions. The dipole in the 2MRS galaxy distribution is
indicated. Arrows show the deflections expected for a particular model of the galactic magnetic
field (8) on particles with E/Z = 5 or 2 EeV.

RESEARCH | RESEARCH ARTICLE

on Septem
ber 22, 2017

 
http://science.sciencem

ag.org/
D

ow
nloaded from

 

modulation is at right ascension of 100° ± 10°.
Themaximum of the modulation for the 4 EeV <
E < 8 EeV bin, at 80° ± 60°, is compatible with
the one determined in the higher-energy bin,
although it has high uncertainty and the ampli-
tude is not statistically significant. Table S1 shows
that results obtained under the stricter trigger
condition and for the additional events gained
after relaxing the trigger are entirely consistent
with each other.
Figure 1 shows the distribution of the normal-

ized rate of events above 8 EeV as a function of
right ascension. The sinusoidal function corre-
sponds to the first harmonic; the distribution is
compatible with a dipolar modulation: c2/n =
10.5/10 for the first-harmonic curve and c2/n =
45/12 for a constant function (where n is the
number of degrees of freedom, equal to the num-
ber of points in the plot minus the number of
parameters of the fit).
The distribution of events in equatorial coor-

dinates, smoothedwith a 45° radius top-hat func-
tion to better display the large-scale features, is
shown in Fig. 2.

Reconstruction of the
three-dimensional dipole

In the presence of a three-dimensional dipole,
the Rayleigh analysis in right ascension is sen-
sitive only to its component orthogonal to the
rotation axis of Earth, d⊥. A dipole component in
the direction of the rotation axis of Earth, dz,
induces no modulation of the flux in right ascen-
sion, but does so in the azimuthal distribution of
the directions of arrival at the array. A non-
vanishing value of dz leads to a sinusoidal modu-
lation in azimuth with a maximum toward the
northern or the southern direction.
To recover the three-dimensional dipole, we

combine the first-harmonic analysis in right as-
cension with a similar one in the azimuthal angle
ϕ, measured counterclockwise from the east.
The relevant component, bϕ, is given by an ex-
pression analogous to that in Eq. 1, but in terms

of the azimuth of the arrival direction of the
shower rather than in terms of the right as-
cension. The results are bϕ = −0.013 ± 0.005 in
the 4 EeV < E < 8 EeV bin and bϕ = −0.014 ±
0.008 in the E ≥ 8 EeV bin. The probabilities
that larger or equal absolute values for bϕ arise
from an isotropic distribution are 0.8% and
8%, respectively.
Under the assumption that the dominant

cosmic-ray anisotropy is dipolar, basedonprevious
studies that found that the effects of higher-order
multipoles are not significant in this energy range
(25, 29, 30), the dipole components and its direc-
tion in equatorial coordinates (ad, dd) can be
estimated from

d⊥ ≈ ra
hcos di

dz ≈ bϕ
cos ‘obshsin qi

ad ¼ ϕa

tan dd ¼ dz

d⊥
ð3Þ

(25), where hcos di is the mean cosine of the dec-
linations of the events, hsin qi is the mean sine
of the zenith angles of the events, and ‘obs ≈
−35.2° is the average latitude of the observa-
tory. For our data set, we find hcos di = 0.78 and
hsin qi = 0.65.
The parameters describing the direction of

the three-dimensional dipole are summarized
in Table 2. For 4 EeV < E < 8 EeV, the dipole
amplitude is d = 2:5þ1:0

%0:7%, pointing close to the
celestial south pole, at (ad, dd) = (80°, −75°),
although the amplitude is not statistically sig-
nificant. For energies above 8 EeV, the total di-
pole amplitude is d = 6:5þ1:3

%0:9%, pointing toward

(ad, dd) = (100°, −24°). In galactic coordinates,
the direction of this dipole is (‘, b) = (233°,
−13°). This dipolar pattern is clearly seen in
the flux map in Fig. 2. To establish whether the
departures from a perfect dipole are merely
statistical fluctuations or indicate the pres-
ence of additional structures at smaller angular
scales would require at least twice as many
events.

Implications for the origin of
high-energy cosmic rays

The anisotropy we have found should be seen in
the context of related results at lower energies.
Above a fewPeV, the steepening of the cosmic-ray
energy spectrum has been interpreted as being
due to efficient escape of particles from the gal-
axy and/or because of the inability of the sources
to accelerate cosmic rays beyond a maximum
value of E/Z. The origin of the particles remains
unknown.Although supernova remnants are often
discussed as sources, evidence has been reported
for a source in the galactic center capable of
accelerating particles to PeV energies (31). Diffu-
sive escape from the galaxy is expected to lead to
a dipolar component with a maximum near the
galactic center direction (32). This is compatible
with results obtained in the 1015 to 1018 eV range
(15, 16, 23, 24, 33), which provide values for the
phase in right ascension close to that of the
galactic center, aGC = 266°.
Models proposing a galactic origin up to the

highest observed energies (34,35) are in increasing
tension with observations. If the galactic sources
postulated to accelerate cosmic rays above EeV
energies, such as short gamma-ray bursts or
hypernovae, were distributed in the disk of the
galaxy, a dipolar component of anisotropy is
predicted with an amplitude that exceeds existing
bounds at EeV energies (24, 33). In this sense, the
constraint obtained here on the dipole amplitude
(Table 2) for 4 EeV < E < 8 EeV further disfavors a
predominantly galactic origin. This tension could
be alleviated if cosmic rays at a few EeV were
dominated by heavy nuclei such as iron, but
this would be in disagreement with the lighter
composition inferred observationally at these
energies (6). Themaximum of the flux might be
expected to lie close to the galactic center region,
whereas the direction of the three-dimensional
dipole determined above 8 EeV lies ~125° from
the galactic center. This suggests that the an-
isotropy observed above 8 EeV is better explained
in terms of an extragalactic origin. Above 40 EeV,
where the propagation should become less dif-
fusive, there are no indications of anisotropies
associated with either the galactic center or the
galactic plane (36).
There have been many efforts to interpret the

properties of ultrahigh-energy cosmic rays in terms
of extragalactic sources. Because of Liouville’s
theorem, the distribution of cosmic rays must
be anisotropic outside of the galaxy for an an-
isotropy to be observed at Earth. An anisotropy
cannot arise through deflections of an originally
isotropic flux by a magnetic field. One prediction
of anisotropy comes from the Compton-Getting
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Table 2. Three-dimensional dipole reconstruction. Directions of dipole components are shown in
equatorial coordinates.

Energy
(EeV)

Dipole
component dz

Dipole
component d⊥

Dipole
amplitude d

Dipole
declination dd (°)

Dipole right
ascension ad (°)

4 to 8 −0.024 ± 0.009 0.006%0.003
þ0.007 0.025%0.007

þ0.010 −75%8
þ17 80 ± 60

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

≥8 −0.026 ± 0.015 0.060%0.010
þ0.011 0.065%0.009

þ0.013 −24%13
þ12 100 ± 10

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Table 1. First harmonic in right ascension. Data are from the Rayleigh analysis of the first
harmonic in right ascension for the two energy bins.

Energy
(EeV)

Number
of events

Fourier
coefficient aa

Fourier
coefficient ba

Amplitude
ra

Phase
ϕa (°)

Probability
P (≥ ra)

4 to 8 81,701 0.001 ± 0.005 0.005 ± 0.005 0.005 %0.002
þ0.006 80 ± 60 0.60

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

≥8 32,187 −0.008 ± 0.008 0.046 ± 0.008 0.047 %0.007
þ0.008 100 ± 10 2.6 × 10−8

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .
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5.6	𝜎 raw	significance

5.2	𝜎 significance	after	
penalizations	for	E-bin	
scanning

Need	to	double	statistics	to	
asses	if	it	is	a	pure	dipole	or	if	
higher	harmonics	exist.



3D	orientation	of	the	dipole
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making it possible to use events with only five
active detectors around the one with the largest
signal. With this more relaxed condition, the ef-
fective exposure is increased by 18.5%, and the
total number of events increases correspond-
ingly from 95,917 to 113,888. The reconstruction
accuracy for the additional events is sufficient
for our analysis (see supplementary materials
and fig. S4).

Rayleigh analysis in right ascension

A standard approach for studying the large-scale
anisotropies in the arrival directions of cosmic
rays is to perform a harmonic analysis in right
ascension, a. The first-harmonic Fourier compo-
nents are given by

aa ¼ 2
N

XN

i¼1

w i cos ai

ba ¼ 2
N

XN

i¼1

w i sin ai ð1Þ

The sums run over all N detected events, each
with right ascension ai, with the normalization
factor N ¼

XN

i¼1
w i. The weights, w i , are intro-

duced to account for small nonuniformities in
the exposure of the array in right ascension and
for the effects of a tilt of the array toward the
southeast (see supplementarymaterials). Theaver-
age tilt between the vertical and the normal to
the plane onwhich the detectors are deployed is
0.2°, so that the effective area of the array is slight-
ly larger for showers arriving from the downhill
direction. This introduces aharmonic dependence
in azimuth of amplitude 0.3% × tan q to the ex-
posure. The effective aperture of the array is de-
termined everyminute. Because the exposure has
been accumulated over more than 12 years, the
total aperture is modulated by less than ~0.6%
as the zenith of the observatory moves in right
ascension. Events are weighted by the inverse

of the relative exposure to correct these effects
(fig. S2).
The amplitude ra and phase ϕa of the first

harmonic of the modulation are obtained from

ra ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2a þ b2a

q

tanϕa ¼ ba
aa

ð2Þ

Table 1 shows theharmonic amplitudes andphases
for both energy ranges. The statistical uncertain-
ties in the Fourier amplitudes are

ffiffiffiffiffiffiffiffiffiffi
2=N

p
; the un-

certainties in the amplitude andphase correspond
to the 68% confidence level of the marginalized
probability distribution functions. The rightmost
column shows the probabilities that amplitudes

larger than those observed could arise by chance
from fluctuations in an isotropic distribution.
These probabilities are calculated as PðraÞ ¼
expð–N r2a=4Þ (28). For the lower-energy bin (4
EeV < E < 8 EeV), the result is consistent with
isotropy, with a bound on the harmonic ampli-
tude of <1.2% at the 95% confidence level. For the
events with E ≥ 8 EeV, the amplitude of the first
harmonic is 4:7þ0:8

%0:7%, which has a probability of
arising by chance of 2.6 × 10−8, equivalent to a
two-sided Gaussian significance of 5.6s. The evo-
lution of the significance of this signal with time
is shown in fig. S3; the dipole became more sig-
nificant as the exposure increased. Allowing for a
penalization factor of 2 to account for the fact
that two energy bins were explored, the signifi-
cance is reduced to 5.4s. Further penalization for
the four additional lower-energy bins examined
in (23) has a similarly mild impact on the signif-
icance, which falls to 5.2s. The maximum of the
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Fig. 1. Normalized rate of events as a func-
tion of right ascension. Normalized rate for
32,187 events with E ≥ 8 EeV, as a function of
right ascension (integrated in declination). Error
bars are 1s uncertainties. The solid line shows
the first-harmonic modulation from Table 1,
which displays good agreement with the data
(c2/n = 10.5/10); the dashed line shows a
constant function.
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Fig. 2. Map showing the fluxes of particles in equatorial coordinates. Sky map in equatorial
coordinates, using a Hammer projection, showing the cosmic-ray flux above 8 EeV smoothed with a
45° top-hat function. The galactic center is marked with an asterisk; the galactic plane is shown
by a dashed line.
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Fig. 3. Map showing the fluxes of particles in galactic coordinates. Sky map in galactic
coordinates showing the cosmic-ray flux for E ≥ 8 EeV smoothed with a 45° top-hat function. The
galactic center is at the origin. The cross indicates the measured dipole direction; the contours
denote the 68% and 95% confidence level regions. The dipole in the 2MRS galaxy distribution is
indicated. Arrows show the deflections expected for a particular model of the galactic magnetic
field (8) on particles with E/Z = 5 or 2 EeV.
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modulation is at right ascension of 100° ± 10°.
Themaximum of the modulation for the 4 EeV <
E < 8 EeV bin, at 80° ± 60°, is compatible with
the one determined in the higher-energy bin,
although it has high uncertainty and the ampli-
tude is not statistically significant. Table S1 shows
that results obtained under the stricter trigger
condition and for the additional events gained
after relaxing the trigger are entirely consistent
with each other.
Figure 1 shows the distribution of the normal-

ized rate of events above 8 EeV as a function of
right ascension. The sinusoidal function corre-
sponds to the first harmonic; the distribution is
compatible with a dipolar modulation: c2/n =
10.5/10 for the first-harmonic curve and c2/n =
45/12 for a constant function (where n is the
number of degrees of freedom, equal to the num-
ber of points in the plot minus the number of
parameters of the fit).
The distribution of events in equatorial coor-

dinates, smoothedwith a 45° radius top-hat func-
tion to better display the large-scale features, is
shown in Fig. 2.

Reconstruction of the
three-dimensional dipole

In the presence of a three-dimensional dipole,
the Rayleigh analysis in right ascension is sen-
sitive only to its component orthogonal to the
rotation axis of Earth, d⊥. A dipole component in
the direction of the rotation axis of Earth, dz,
induces no modulation of the flux in right ascen-
sion, but does so in the azimuthal distribution of
the directions of arrival at the array. A non-
vanishing value of dz leads to a sinusoidal modu-
lation in azimuth with a maximum toward the
northern or the southern direction.
To recover the three-dimensional dipole, we

combine the first-harmonic analysis in right as-
cension with a similar one in the azimuthal angle
ϕ, measured counterclockwise from the east.
The relevant component, bϕ, is given by an ex-
pression analogous to that in Eq. 1, but in terms

of the azimuth of the arrival direction of the
shower rather than in terms of the right as-
cension. The results are bϕ = −0.013 ± 0.005 in
the 4 EeV < E < 8 EeV bin and bϕ = −0.014 ±
0.008 in the E ≥ 8 EeV bin. The probabilities
that larger or equal absolute values for bϕ arise
from an isotropic distribution are 0.8% and
8%, respectively.
Under the assumption that the dominant

cosmic-ray anisotropy is dipolar, basedonprevious
studies that found that the effects of higher-order
multipoles are not significant in this energy range
(25, 29, 30), the dipole components and its direc-
tion in equatorial coordinates (ad, dd) can be
estimated from

d⊥ ≈ ra
hcos di

dz ≈ bϕ
cos ‘obshsin qi

ad ¼ ϕa

tan dd ¼ dz

d⊥
ð3Þ

(25), where hcos di is the mean cosine of the dec-
linations of the events, hsin qi is the mean sine
of the zenith angles of the events, and ‘obs ≈
−35.2° is the average latitude of the observa-
tory. For our data set, we find hcos di = 0.78 and
hsin qi = 0.65.
The parameters describing the direction of

the three-dimensional dipole are summarized
in Table 2. For 4 EeV < E < 8 EeV, the dipole
amplitude is d = 2:5þ1:0

%0:7%, pointing close to the
celestial south pole, at (ad, dd) = (80°, −75°),
although the amplitude is not statistically sig-
nificant. For energies above 8 EeV, the total di-
pole amplitude is d = 6:5þ1:3

%0:9%, pointing toward

(ad, dd) = (100°, −24°). In galactic coordinates,
the direction of this dipole is (‘, b) = (233°,
−13°). This dipolar pattern is clearly seen in
the flux map in Fig. 2. To establish whether the
departures from a perfect dipole are merely
statistical fluctuations or indicate the pres-
ence of additional structures at smaller angular
scales would require at least twice as many
events.

Implications for the origin of
high-energy cosmic rays

The anisotropy we have found should be seen in
the context of related results at lower energies.
Above a fewPeV, the steepening of the cosmic-ray
energy spectrum has been interpreted as being
due to efficient escape of particles from the gal-
axy and/or because of the inability of the sources
to accelerate cosmic rays beyond a maximum
value of E/Z. The origin of the particles remains
unknown.Although supernova remnants are often
discussed as sources, evidence has been reported
for a source in the galactic center capable of
accelerating particles to PeV energies (31). Diffu-
sive escape from the galaxy is expected to lead to
a dipolar component with a maximum near the
galactic center direction (32). This is compatible
with results obtained in the 1015 to 1018 eV range
(15, 16, 23, 24, 33), which provide values for the
phase in right ascension close to that of the
galactic center, aGC = 266°.
Models proposing a galactic origin up to the

highest observed energies (34,35) are in increasing
tension with observations. If the galactic sources
postulated to accelerate cosmic rays above EeV
energies, such as short gamma-ray bursts or
hypernovae, were distributed in the disk of the
galaxy, a dipolar component of anisotropy is
predicted with an amplitude that exceeds existing
bounds at EeV energies (24, 33). In this sense, the
constraint obtained here on the dipole amplitude
(Table 2) for 4 EeV < E < 8 EeV further disfavors a
predominantly galactic origin. This tension could
be alleviated if cosmic rays at a few EeV were
dominated by heavy nuclei such as iron, but
this would be in disagreement with the lighter
composition inferred observationally at these
energies (6). Themaximum of the flux might be
expected to lie close to the galactic center region,
whereas the direction of the three-dimensional
dipole determined above 8 EeV lies ~125° from
the galactic center. This suggests that the an-
isotropy observed above 8 EeV is better explained
in terms of an extragalactic origin. Above 40 EeV,
where the propagation should become less dif-
fusive, there are no indications of anisotropies
associated with either the galactic center or the
galactic plane (36).
There have been many efforts to interpret the

properties of ultrahigh-energy cosmic rays in terms
of extragalactic sources. Because of Liouville’s
theorem, the distribution of cosmic rays must
be anisotropic outside of the galaxy for an an-
isotropy to be observed at Earth. An anisotropy
cannot arise through deflections of an originally
isotropic flux by a magnetic field. One prediction
of anisotropy comes from the Compton-Getting
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Table 2. Three-dimensional dipole reconstruction. Directions of dipole components are shown in
equatorial coordinates.

Energy
(EeV)

Dipole
component dz

Dipole
component d⊥

Dipole
amplitude d

Dipole
declination dd (°)

Dipole right
ascension ad (°)

4 to 8 −0.024 ± 0.009 0.006%0.003
þ0.007 0.025%0.007

þ0.010 −75%8
þ17 80 ± 60

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

≥8 −0.026 ± 0.015 0.060%0.010
þ0.011 0.065%0.009

þ0.013 −24%13
þ12 100 ± 10

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Table 1. First harmonic in right ascension. Data are from the Rayleigh analysis of the first
harmonic in right ascension for the two energy bins.

Energy
(EeV)

Number
of events

Fourier
coefficient aa

Fourier
coefficient ba

Amplitude
ra

Phase
ϕa (°)

Probability
P (≥ ra)

4 to 8 81,701 0.001 ± 0.005 0.005 ± 0.005 0.005 %0.002
þ0.006 80 ± 60 0.60

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

≥8 32,187 −0.008 ± 0.008 0.046 ± 0.008 0.047 %0.007
þ0.008 100 ± 10 2.6 × 10−8

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .
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Extragalactic	matter

• ~55	deg away	from	the	2MRS	dipole
• If	including	effects	of	Galactic	Magnetic	
Field	for	E/Z=2	EeV and	E/Z=5EeV	
agreement	improves
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making it possible to use events with only five
active detectors around the one with the largest
signal. With this more relaxed condition, the ef-
fective exposure is increased by 18.5%, and the
total number of events increases correspond-
ingly from 95,917 to 113,888. The reconstruction
accuracy for the additional events is sufficient
for our analysis (see supplementary materials
and fig. S4).

Rayleigh analysis in right ascension

A standard approach for studying the large-scale
anisotropies in the arrival directions of cosmic
rays is to perform a harmonic analysis in right
ascension, a. The first-harmonic Fourier compo-
nents are given by

aa ¼ 2
N

XN

i¼1

w i cos ai

ba ¼ 2
N

XN

i¼1

w i sin ai ð1Þ

The sums run over all N detected events, each
with right ascension ai, with the normalization
factor N ¼

XN

i¼1
w i. The weights, w i , are intro-

duced to account for small nonuniformities in
the exposure of the array in right ascension and
for the effects of a tilt of the array toward the
southeast (see supplementarymaterials). Theaver-
age tilt between the vertical and the normal to
the plane onwhich the detectors are deployed is
0.2°, so that the effective area of the array is slight-
ly larger for showers arriving from the downhill
direction. This introduces aharmonic dependence
in azimuth of amplitude 0.3% × tan q to the ex-
posure. The effective aperture of the array is de-
termined everyminute. Because the exposure has
been accumulated over more than 12 years, the
total aperture is modulated by less than ~0.6%
as the zenith of the observatory moves in right
ascension. Events are weighted by the inverse

of the relative exposure to correct these effects
(fig. S2).
The amplitude ra and phase ϕa of the first

harmonic of the modulation are obtained from

ra ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2a þ b2a

q

tanϕa ¼ ba
aa

ð2Þ

Table 1 shows theharmonic amplitudes andphases
for both energy ranges. The statistical uncertain-
ties in the Fourier amplitudes are

ffiffiffiffiffiffiffiffiffiffi
2=N

p
; the un-

certainties in the amplitude andphase correspond
to the 68% confidence level of the marginalized
probability distribution functions. The rightmost
column shows the probabilities that amplitudes

larger than those observed could arise by chance
from fluctuations in an isotropic distribution.
These probabilities are calculated as PðraÞ ¼
expð–N r2a=4Þ (28). For the lower-energy bin (4
EeV < E < 8 EeV), the result is consistent with
isotropy, with a bound on the harmonic ampli-
tude of <1.2% at the 95% confidence level. For the
events with E ≥ 8 EeV, the amplitude of the first
harmonic is 4:7þ0:8

%0:7%, which has a probability of
arising by chance of 2.6 × 10−8, equivalent to a
two-sided Gaussian significance of 5.6s. The evo-
lution of the significance of this signal with time
is shown in fig. S3; the dipole became more sig-
nificant as the exposure increased. Allowing for a
penalization factor of 2 to account for the fact
that two energy bins were explored, the signifi-
cance is reduced to 5.4s. Further penalization for
the four additional lower-energy bins examined
in (23) has a similarly mild impact on the signif-
icance, which falls to 5.2s. The maximum of the
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Fig. 1. Normalized rate of events as a func-
tion of right ascension. Normalized rate for
32,187 events with E ≥ 8 EeV, as a function of
right ascension (integrated in declination). Error
bars are 1s uncertainties. The solid line shows
the first-harmonic modulation from Table 1,
which displays good agreement with the data
(c2/n = 10.5/10); the dashed line shows a
constant function.
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Fig. 2. Map showing the fluxes of particles in equatorial coordinates. Sky map in equatorial
coordinates, using a Hammer projection, showing the cosmic-ray flux above 8 EeV smoothed with a
45° top-hat function. The galactic center is marked with an asterisk; the galactic plane is shown
by a dashed line.
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Fig. 3. Map showing the fluxes of particles in galactic coordinates. Sky map in galactic
coordinates showing the cosmic-ray flux for E ≥ 8 EeV smoothed with a 45° top-hat function. The
galactic center is at the origin. The cross indicates the measured dipole direction; the contours
denote the 68% and 95% confidence level regions. The dipole in the 2MRS galaxy distribution is
indicated. Arrows show the deflections expected for a particular model of the galactic magnetic
field (8) on particles with E/Z = 5 or 2 EeV.
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Interpretation

• If	EeV sources	are	Galactic	(short	GRB	or	Hyper-
Novae),	they’d	follow	the	Milky	way	mass	
distribution	(disc+Galactic Center)	
– stronger	dipole	would	be	observed	in	the	4	EeV <	E	<8	
EeV

– Above	E>8	EeV,	the	dipole	would	point	close	to	the	
Galactic	Center	(125	deg off	now)

• Anisotropies	are	better	explained	if	sources	are		
Extragalactic	
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Interpretation
• Pure	known	dipoles	excluded:
– Pecular motion	induces	Compton	Getting	effect	dipole	
in	UHECR:	only	0.6%	amplitude

• Matter	distribution
– Dominant	few	sources+difussion in	IGMF?
– Anisotropic	extended	source	distribution?

• 2MRS	distribution	+	IGMF	demonstrate	plausible	scenarios
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Tracking Back the UHECR Dipole 5

TABLE 2
UHECR, kinematic, and large-scale-structure dipoles.

UHECR dipole amplitude l b uncertainty

Observed 6.0± 1.1% 228 o �12 o ⇠ 15 o

De-lensed 5� 20% ⇠ 220 o ⇠ �20 o ⇠ 30 o

Kinematic dipoles amplitude l b uncertainty

Sun w.r.t local group 99 o �4 o ⇠ 5 o

Local group w.r.t CMB 272 o 28 o ⇠ 5 o

Overall CMB 0.123± 0.001% 264.4 o 48.4 o < 1 o

Hemispherical power anomaly amplitude l b uncertainty

Planck 2015 6.6± 2.1% 230 o �16 o ⇠ 25 o

Large-scale-structure dipoles amplitude l b uncertainty

2MRS 12.0± 0.9% 214 o 35 o ⇠ 5 o

2MASS 10.4± 0.4% 268 o 0 o ⇠ 5 o

WISE-2MASS 5± 1% 310 o �15 o ⇠ 5 o

NVSS 2.7± 0.5% 215 o 16 o ⇠ 15 o

hemispheres. The latter was first hinted at by WMAP
and is now further suggested by Planck, although with
a low significance at the ⇠ 3� level. We do not at-
tempt to draw any links between the UHECR dipole
and these dipoles. Maybe more interesting are the large-
scale-structure dipoles measured in the infrared (2MASS,
WISE) and radio bands (NVSS, also WENSS). The in-
frared surveys are dominated by nearby sources. The
2MASS survey goes up to z ⇠ 0.2, the 2MRS survey,
subset of the 2MASS catalog with better constrained dis-
tances, goes up to z ⇠ 0.1, and the WISE-2MASS sur-
vey up to z ⇠ 0.3. Such dipoles are expected from the
limited volume of probed universe and are expected to
converge towards the CMB kinematic dipole at large red-
shifts. The WISE-2MASS dipole nonetheless shows an
amplitude about twice larger than expected. Similarly,
the radio dipole has been extensive discussed in the lit-
erature, probably because of the lack of tight constraints
on the redshift of these non-thermal sources. Gibelyou
& Huterer (2012) find an amplitude about a factor of
five larger than expected, assuming sources going up to
z ⇠ 1 � 2. Tiwari & Nusser (2016) argue that most
of the signal originates from a subset of sources below
z ⇠ 0.1, reducing the tension between model and obser-
vations down to the 2 � 3� level. Unorthodox models
have been proposed to explain such anomalous dipoles,
the least exotic suggesting the presence of a de-centered

large void in our surroundings, yielding the detection of
fewer sources in this direction and more in the opposite
one (Rubart et al. 2014).
Besides the WISE-2MASS survey, all large-scale-

structure dipoles point within 2� of the UHECR dipole,
using one or the other GMF model, as shown in Fig. 6.
One should note that the uncertainties on the multiwave-
length dipole directions, 5� 15 o, are note accounted for
in the location matching. These dipoles show amplitudes
that are on the order of that measured by Auger and the
surveys probe sources on scales similar to the proton-
wall expected from energy losses on the CMB (z ⇠ 0.35
at 8 EeV, Berezinsky et al. 2006). The direction and
amplitude of the dipole thus seem to strengthen the case
for an extragalactic origin of UHECR above 8EeV. Fu-
ture radio surveys of low-redshift sources, e.g. by SKA
(Maartens et al. 2015), might further vitalize the study
of UHECR origins, as they might trace the same popu-
lation of non-thermal sources.

This work makes use of the astrotools python soft-
ware developped by the RWTH Aachen group. We
thank M. Erdmann and M. Urban for sharing and pro-
viding guidance on the GMF lenses. We also thank
J. Aublin for sharing the Coverage and Anisotropy

Toolkit C/C++ package developped at LPNHE.

REFERENCES

Aab, A., et al. 2014a, Phys. Rev. D, 90, 122006
—. 2014b, ApJ, 794, 172
Berezinsky, V. 2014, Astroparticle Physics, 53, 120
Berezinsky, V., Gazizov, A., & Grigorieva, S. 2006, Phys. Rev. D,

74, 043005
Erdmann, M., Müller, G., Urban, M., & Wirtz, M. 2016,

arXiv:1607.01645
Gibelyou, C., & Huterer, D. 2012, MNRAS, 427, 1994
Jansson, R., & Farrar, G. R. 2012, ApJ, 761, L11
Maartens, R., Abdalla, F. B., Jarvis, M., Santos, M. G., & SKA

Cosmology SWG, f. t. 2015, arXiv:1501.04076
Mollerach, S., Roulet, E., & Taborda, O. 2016, gap-note 2016-039
Pshirkov, M. S., Tinyakov, P. G., Kronberg, P. P., &

Newton-McGee, K. J. 2011, ApJ, 738, 192

Rubart, M., Bacon, D., & Schwarz, D. J. 2014, A&A, 565, A111
Rubart, M., & Schwarz, D. J. 2013, A&A, 555, A117
Schwarz, D. J., Copi, C. J., Huterer, D., & Starkman, G. D. 2015,

arXiv:1510.07929
The Pierre Auger Collaboration et al. 2011, arXiv:1107.4809
—. 2015, arXiv:1509.03732
Tiwari, P., & Nusser, A. 2016, J. Cosmology Astropart. Phys., 3,

062
Wirtz, M., et al. 2016, gap-note in prep.
Yoon, M., Huterer, D., Gibelyou, C., Kovács, A., & Szapudi, I.
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Hints	at	the	highest	energies
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PoS(ICRC2017)483
Search for anisotropies at the highest energies with the Pierre Auger Observatory Ugo Giaccari

Figure 4: Observed (top) and model (bottom) excess maps obtained with the best-fit parameters for the
gamma-ray AGNs (left) and for the starburst galaxies (right) in galactic coordinates.

4,396 vertical events and 1,118 inclined ones.
In Figure 2 there is the maximum value of the T S in each energy threshold for the two selected
populations of gamma-ray sources. The maximum value of the test statistic for the gamma-ray
AGNs, T S = 15.2, is obtained for Eth = 60 EeV, while for the star-forming galaxies the maximum
value T S = 24.9 is reached at Eth = 39 EeV. The same search is performed without considering
any attenuation model due to the UHECR propagation. The energy losses due to the propagation
have a negligible effect for the starburst galaxies, because the brightest objects are located 3 Mpc
to 20 Mpc away. The gamma-ray AGNs are more distant objects and the impact of the selected
attenuation factor is more important.
In Figure 2 we also show the same weighted search for the AGNs of the Swift-BAT catalog within
250 Mpc with flux greater than 13.4⇥ 10�12 erg/s/cm2 in the X-ray band from 14 to 195 keV. In
this case the maximum value of the test statistic T S = 19.9 is found for Eth = 60 EeV and no atten-
uation.
The behaviour of test statistic, for the energy threshold that maximize the likelihood ratio, is shown
in Figure 3 as a function of the two fit parameters. The smearing angle and the anisotropic fraction
corresponding to the best-fit parameters are 13� and 10% for the starburst-galaxies and 7� and 7%
for the gamma-ray AGNs. The significance of the maximum value of the T S can be obtained by
simulating a large number of isotropic samples and by counting the fraction or random sets leading,
under the scan in energy, to a greater value of the T S than the data. We found an excess at 2.7s
level for the gamma-ray AGNs, while for the starburst galaxies there is a deviation from isotropy

6

AGN:
Cen	A:	 E>58	EeV,	15	deg.				3𝜎
Swift-BAT: E>62	EeV,	16	deg.			 3𝜎

Fermi-LAT	gamma	ray	sources:
AGN: E>60	EeV,		7	deg.			2.6𝜎
Starbust Galaxies	 E>39	EeV,	13	deg,	 4𝜎



Composition
(Depth of EM	cascade)

High Metalicity of UHECR	(high
abundance of A>2	elements)	
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Global	fit:

A=[5,22]A=1
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Rigidity-dependent cutoff at 
source: Emax = Rcut Z, power law 
injection E−γ , propagation with 
CRpropa3, Gilmore12 EBL, 
Dolag12LSS 



E-spectrum
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Expected	for	pure	proton	
E1/2=53	EeV



Conclusions (I)

• 1.	All-particle	spectrum:	unquestionable	existence	of	a	flux	
suppression	above	≈	40	EeV (GZK-reminiscent)

• 2.	Trend	towards	a	heavier	composition	at	the	highest	energies	
(from	Xmax data,	very	few	data	above	40	EeV).	Spectrum	and	
Xmax data	together	favors	the	scenario	where	the	suppression	is	
a	source	effect.	NEED	FOR	MASS	COMPOSITION	DATA	IN	THE	
SUPPRESSION	REGION	- ACCESSED	BY	THE	SURFACE	DETECTOR

• 3.	Stringent	photon	limits	strongly	disfavor	exotic	sources:	
astrophysical	sources	expected.

• 4.	But	a	high	degree	of	(small-scale)	isotropy	observed,	
challenging	the	original	expectation	of	few	sources	and	light	
primaries.	NEED	TO	SELECT	LIGHT	PRIMARIES	FOR	DOING	
COSMIC-RAY	ASTRONOMY

47L.	Cazon	



We must	use	air shower simulations performed
with High Energy Hadronic Models extrapolated
beyond the LHC	to	interpret our data.

p p

p

p

Fe

Fe

Fe

Fe

Models spread

Models spread	
extrapolations has been
reduced after LHC	
measumrements.	There are	
still differences among
models.

Extrapolations venture	out	
orders of magnitude	out	of
the confort zone.
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Models show	contradictions in	the
interpretation of Xmax

Xmax distributions
are	not well
predicted by some	
models.	Leading to	
unphysical results.	
(QGSJetII-04)
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Fit the muon density in	stations

where N19	 free	parameter
And ρµ,19 (x,y) is fixed,	corresponding to	
proton QGSJetII-03	at 1019 eV

Ratio	of the total	number of muons Nµ	to	
Nµ,19		(proton QGSJetII-03	at 1019 eV)

Correspondence (<5%	bias correction)

Inclined hybrid events

),(19,19 yxN µµ rr =

19,/ µµµ NNR =

µRN Û19

62<Θ<80	deg
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Rmu-E	plot:	results
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Muon production depth
Muon Production	Depth	profile	can	be	estimated	from	the	muon arrival	times	distributions

Two	assumptions:
♦Muons are	produced	in	the	shower	axis
♦Muons travel	following	straight	lines

Map	from	t	to	z	muon by	muon
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Xμmax vs.	energy

➤ QGSJetII-04:	data	bracketed	by	predictions
➤ EPOS-LHC:	predictions	above	data

data	set:	01/2004	– 12/2012

E	>	1e19.3	eV

zenith	angles	[55°,65°]	

Core	distances	[1700	m,	4000	m]
(more	muons/event)

481	events	after	quality	cuts

syst:	17	g/cm2
Event	by	event	resolution:
100	(80)	g/cm2	at	1e19.3	eV for	p	(Fe)
50	g/cm2	at	1e20	eV
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Compatibility	between	Xmax and	Xμmax

➤ QGSJetII-04:	compatible	values	within	1.5	σ
➤ EPOS-LHC:	incompatibility	at	a	level	of	at	least	6	σ
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Independent confirmation with
vertical	hybrids
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Indentifying the discrepancy

• RE:	Energy rescaling.	Rescales EM	and
hadronic components

• R had:	Hadronic rescaling:	rescales muons,	
EM	muon halo,	EM	from Had.Jets.

• Find RE		& R had for	best overall fit

( )åP -=
j

ijihadErescij
i

SRRSGausXpLikelihood ,1000,max, ),()(
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Results

• No	energy	rescaling	is	needed

•The	observed	muon signal	is	a	factor	
1.3	to	1.6	larger	than	predicted	by	
models

• Smallest	discrepancy	for	EPOS-LHC	
with	mixed	composition,	at	the	level	of	
1.9	σ
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Conclusions II
• Auger is completing a	comprehensive picture of the astrophysical sources

of the UHECR
– Needs SD	(high stats)	mass sensitive parameters to	asses	the mass at the

highest energies,	and to	separate primaries (Charged Particle Astronomy)
• High Energy Hadronic Models do	not describe well data	above the 100	TeV

scale.
– Existence of new phenomena or
– Simply fine	tunning

• Auger Upgrades	and enhancements:	increase the sensitivity to	the
different shower components to	attack and possibly close the above
questions:
– AugerPrime
– AMIGA
– Radio
– MARTA	EA
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Back	up
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Validation	of	tank	simulations	with	a	
Muon Telescope

Two	segmented	RPCs	above	and	beneath	the	Gianni-Navarra	tank	reveal	a	
good	match	between	tank	simulations	and	measurents (signal	vs tracklengh) 61L.	Cazon	
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