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• Galactic/extragalactic transition 
• Hadronic physics and the muon problem  
• UHE gamma rays 
• FRBs and radio transients
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a. State of the Art and Objectives 

a.1. A non-standard perspective to the origin of high-energy cosmic rays 

At the crossroad of fundamental particle physics and astrophysics puzzles, the question of the origin of the 
highest energy cosmic rays still remains to be answered [1]. These rare, charged atomic nuclei of energy > 
1017 eV are detected indirectly via secondary particles cascading in the atmosphere, implying hadronic 
physics hardly probed by accelerators on Earth. It has now been demonstrated that the highest energy cosmic 
rays (> 8 EeV) originate in extragalactic sources, given the lack of strong dipole anisotropy observed in the 
Auger data [2]. Lower energy cosmic rays should be created and contained in the Galaxy, so a transition 
between Galactic to extragalactic components should occur between energies 1016.5-18.5 eV. 

Virtues of this "transition region". When investigating the 
origin of the highest energy cosmic rays, one obvious 
direction to explore is the extreme energy end. On the other 
hand, the location where this  extragalactic component 
emerges is equally worth examining. Transition regions are 
gold mines that, if measured precisely enough, can be found to 
present characteristic spectral and composition features that 
enable to discriminate source models. The Galactic to 
extragalactic transition region further offers two main virtues: 
i) it has a relatively important particle flux (of a few 100 cm−2 

sr−1 s−1 GeV2), allowing to accumulate reasonable statistics 
with mid-sized detectors and ii) it overlaps with the energy 
range experimentally probed by the LHC, which, in the proton 
rest mass frame, reaches up to 1017 eV. These advantages will 
enable us to explore the long-standing question of the origin 
of the highest energy cosmic rays in a cost-effective manner, 
and to derive less model-dependent conclusions.  

Spectral and mass composition signatures of a transition. 
The spectra of individual mass groups derived by KASCADE-
Grande [3] seems to depict "knee"-like features (spectral 
softenings) of increasing mass composition, that could 
indicate a vanishing Galactic component, and the emergence of a lighter extragalactic component. These 
results were perceived as a confirmation of a "natural" transition happening at the ankle as discussed 
traditionally (e.g., [4-6]). But then came more data with HEAT, IceTop, KASCADE-Grande, TALE, Tunka, 
showing a bumpy spectra below the ankle. These experiments confirm the existence of a spectral softening 
called the "second knee" around 1017 eV. With this new data, one of the "funny shapes" depicted in Fig. B.1 
could be the reality. 

A precise measurement of the mass composition needed. Many studies have been conducted to examine 
the impact of source and propagation parameters in this transition region [5-21]. A fundamental related open 
question which can also be studied here is how and where particles could be accelerated to energies ~1017 eV 
or above, within the Galaxy (e.g., [5] and refs. therein). The conclusion of the theoretical studies is that the 
location and nature of the transition from Galactic to extragalactic cosmic rays leads to distinct features of 
the energy evolution of the mass composition of cosmic rays. However, for the moment, most source models 
lead to reasonably good fits, given the large systematic uncertainties in the data (Figs. B1.1 and B2.2). Fig. 
B2.2 shows that the uncertainty range in the mass composition data still covers a large band of the 
parameter-space, all the more if one overlays estimates derived from the discrepant muon numbers in the air-
showers, as discussed further. A discrimination between the different source scenarii will require to take a 
further step in precision for the measurement of the mass composition at the transition region. 
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Figure 2: Illustration of di↵erent types of transitions between two components. If the first one is softer than the second, an ankle is produced. If the
second one is harder than the first, no smooth transition is obtained, unless the second one only starts above a given energy, which must happen to
be where the first one ends, and at this coincidental energy, the two components must in addition have a similar flux.

3. About the GCR/EGCR transition

The above interpretation of the UHECR data in terms
of a low-energy cuto↵ of the protons in the sources
should be regarded more as a framework than as a fully
definite model. First, it should not be expected that
all sources behave in exactly the same way, with the
same spectrum, maximum energy and composition, as
usually assumed, lacking better knowledge. Second,
the source distribution in the vicinity of the Earth –
which includes not only the local source density, but
also the actual location and intrinsic power of the in-
dividual sources –, plays a role in shaping the UHECR
spectrum and influencing the composition and the distri-
bution events over the sky (see [20] for further discus-
sion on the so-called cosmic variance). However, it is
likely that the low proton Emax framework catches some
important aspects of the UHECR phenomenology, as re-
vealed by the most recent data.

One important teaching of this framework is that the
source spectrum of the extragalactic UHECRs is prob-
ably much harder than what had been derived under
the oversimplifying assumption of a pure-proton model.
Assuming that the source spectrum can be approxi-
mated by a power-law, the logarithmic index of this
power law should be smaller than 2, and possibly as low
as 1.5 [3, 20, 21].

An important consequence of such a hard spectrum
is that the extragalactic component responsible for the
bulk of the UHECRs above, say, 1019 eV, cannot domi-
nate the cosmic ray flux much below the spectral break
referred to as the ankle, at ⇠ 3 ⇥ 1018 eV (see also
[22, 23]). This has a direct implication for the sources
of the GCRs: at least some of the cosmic-ray sources
in our Galaxy must be able to accelerate particles up to
⇠ 3 ⇥ 1018 eV or above. This is very challenging for
most of the sources investigated in the case of protons.

However, if the highest-energy end of the GCR spec-
trum is dominated by heavy nuclei, as suggested by the
available data, the maximum energy reached by the pro-
tons in the GCR sources does not need to be so large. In
the most standard acceleration scenarios, the maximum
energy of di↵erent nuclei corresponds to the same max-
imum rigidity, and is thus proportional to the charge,
Z, for fully ionized nuclei. Among the heavy nuclei
at the high-energy end of the GCR spectrum, the most
abundant are expected to be Fe nuclei. The existence of
Galactic Fe nuclei at the ankle, i.e. at ⇠ 3 ⇥ 1018 eV,
would thus imply that (at least some) GCR sources ac-
celerate protons up to ⇠ 1017 eV (or possibly above).

The question of the GCR/EGCR transition thus ap-
pears as an important question for the understanding of
both the GCRs and the UHECRs.

In this respect, an interesting piece of information is
added by the observational results recently published by
the KASCADE-Grande collaboration ([24, 25], and see
also [26]). In their data, they are able to select atmo-
spheric showers with characteristics (muon number vs.
size) which make it more probable that they have been
induced by a light, rather than a heavy nucleus. Ac-
cording to the latest KASCADE-Grande data, when se-
lecting the CR showers which are induced by the light-
est particles (mostly protons, with possibly some frac-
tion of He nuclei), an ankle-like feature is observed at
⇠ 10 17 eV. This is exactly where one would expect
a transition between the Galactic and the extragalactic
protons, if the overall GCR/EGCR transition were lo-
cated at the ankle, with a dominant Galactic Fe compo-
nent at this energy.

Now, let us try and summarize the situation relating
to the GCR/EGCR transition.

In its most usual representation, the global cosmic ray
spectrum is described as a power law, E�x, with a log-
arithmic index x ⇠ 2.7 below the knee, then x ⇠ 3.0

Figure B2.1. Sketch of spectral shapes given by 
different transitions between 2 components [6]. 
The first transition seemed natural when the 
ankle was the only feature confirmed. Recent 
data have revealed the presence of a "second 
knee", implying that the "funny shapes" depicted 
here could be the reality.
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Comparison to other experiments

 bumpy spectrum 
 emerging and vanishing mass elements? 
 most theory models fit because of 

systematic uncertainties 
 experimental gap around 1017eV

TA talk @UHECR2018

Fang et al. 2013
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Based	on	Kampert	&	Unger,	Astropart.	Phys.	35	(2012)	660	

•  Mass	composition	(<lnA>)	carries	
imprint	of	cosmic-ray	sources	and	
propagation	
	

•  Uncertainties	in	hadronic	interaction	
models	dominate	<lnA>,	not	
experimental	uncertainties	

•  Muon	measurements	have	much	
larger	spread	and	are	not	consistent	
with	Xmax:	Muon	Puzzle	

Combined	approach	needed	to	get	precise	unambiguous	<lnA>	data	
•  Cosmic	ray	community	needs	to	probe	air	showers,	detect	inconsistencies,	combine	data	
•  Collider	community	needs	to	provide	relevant	reference	measurements	for	model	tuning	

Indirect	search	for	physics	beyond	the	standard	model	at	100	TeV	scale	

GRANDProto300

Observational status: mass 

Dembinski Talk@ WHISP 2018 
from Kampert & Unger (2012)

IceCube ICRC 2015

Observational status: anisotropy 
 No measurement in this band!

 not precise enough for constraints on models 
 muon data —> large uncertainties

the Rio/San Paolo group 
(Marcio Mueller, João Torres de 

Mello Neto, Bruno Lago, 
Rogerio Menezes de Almeida)



 experimental gap around 1017eV 
 a single setup covering 1016.5-18 eV 
 and combining radio + muon detectors

How GP300 will help



Mass separation power

8

New mass estimator superior for inclined showers!

AugerPrime
design goal

ECR = 1 EeV

tanks + radio (em. energy)

Xmax (radio)
tanks + scintillators

Ewa Holt PhD thesis 

How to reach an exquisite accuracy on mass composition?
 a single setup covering 1016.5-18 eV 
combining radio + muon detectors
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radio self trigger —> no dependency on the primary nature for 
trigger efficiency (ex : light primaries inducing muon-poor showers)

 best for inclined showers (>60o) 
 add also standalone radio measurement of Xmax  

        for exquisite accuracy!



Possible preliminary layout 
• 200 km2 with 196 detection units 
• 25 km2 infill of 85 antennas with 500-m spacing  
• 2 km2 infill with 26 antennas with 250-m spacing 
• + ground array - configuration to be studied

GRANDProto300
 an autonomous radio array 
 for inclined air-showers 
 with denser infill to reach low energies and cover 1016.5-18 eV 
 a hybrid ground array for muon detection

Simus for GP300: results
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aggressive: 30 μV (min 5 antennas)  
conservative 75 μV (min 5 antennas)

preliminary

enough statistics for 
good accuracy on 

anisotropy+spectrum
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Image	©	2019	DigitalGlobe

Image	©	2019	DigitalGlobe

Image	©	2019	DigitalGlobe

Image	©	2019	CNES	/	Airbus

Image	©	2019	CNES	/	Airbus

Image	©	2019	CNES	/	Airbus
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Shedding light on the muon problem?
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Combining muon measurements
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Step	1:	Convert	all	measurements	to	z-scale		 corrects	simple	biases;	
zp	=	0	and	zFe	=	1	z =

lnNdet
µ � lnNdet

µ,p

lnNdet
µ,Fe � lnNdet

µ,p
<latexit sha1_base64="yyInSJ9o3p3OnCvfGJXsWbb2np4="></latexit><latexit sha1_base64="yyInSJ9o3p3OnCvfGJXsWbb2np4="></latexit><latexit sha1_base64="yyInSJ9o3p3OnCvfGJXsWbb2np4="></latexit><latexit sha1_base64="yyInSJ9o3p3OnCvfGJXsWbb2np4="></latexit>

Potential	divergence	from	differences	in:	energy	scale	offsets,	zenith	angles,	lateral	distances,	muon	energy	thresholds	

Felix Riehn

GP300 GP300 GP300
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UHE gamma-rays with GP300 Kohta Murase

II. Ultra-high-energy messengers
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FIG. 9. Predicted cosmogenic UHE photon flux from pure-
proton and pure-iron UHECRs, as estimated in Ref. [135]. For
comparison, we include the existing upper limits from Auger
and the Telescope Array (TA) [136–138], the projected reach of
Auger by 2025, and of GRAND after 3 years of operation.

dominated UHECRs [140]. A few years later, GRAND200k516

will be sensitive to cosmogenic gamma-ray fluxes, even for517

iron-dominated UHECRs.518

Searches for UHE gamma rays with GRAND will con-519

tribute to several science goals. The primary objective,520

with a guaranteed scientific return, is measuring the flux of521

cosmogenic gamma rays above 1010 GeV, or strongly con-522

straining it. A first detection of UHE gamma rays is in523

close reach if a fraction of UHECR primaries are protons.524

Figure 9 shows that GRAND will be able to detect or dis-525

favor proton-dominated UHECR models within 3 years of526

operation, even for models with the lowest predictions of527

UHE photons. A non-detection, on the other hand, would528

be evidence of a heavier UHECR composition.529

In addition, because gamma rays produced inside astro-530

physical sources point back at them, GRAND could detect531

nearby sources of UHE gamma rays, i.e., sources that lie532

within the mean free path of EeV gamma rays on the CMB,533

of about 10 Mpc. This is particularly attractive for searches534

of transient multi-messenger sources; see Section II E.535

The detection of UHE gamma rays would probe the little-536

known di↵use cosmic radio background (CRB) [141, 142].537

While the increasingly stringent constraints on the EBL538

come from the steadily increasing quantity and quality of539

very-high-energy observations with imaging air Cherenkov540

telescopes [143], GRAND could be the first experiment to541

put such indirect constraints on the CRB. The energy range542

from 1010 to 1011 GeV, where GRAND will reach full ef-543

ficiency for photon detection, is optimal to constrain the544

impact of the CRB on UHE photon propagation.545

Further, as with neutrinos, UHE photons could be used546

to probe open questions in fundamental physics, such as the547

existence of axion-like particles [144, 145] and LIV [146–548

150]. Since models of LIV predict energy-dependent delays549

in photon arrival times that are linear or quadratic in the550

photon energy, LIV studies would benefit significantly from551

the detection of UHE gamma rays.552

D Ultra-high-energy cosmic rays553

Energy spectrum and mass composition.— Presently, the554

most precise results on UHECRs come from the two largest555

cosmic-ray detectors, Auger [151] and TA [152]. Statis-556

tics are needed to confirm and refine features seen in the557

UHECR energy spectrum at the extreme end, above the558

observed cut-o↵ energy of 4 · 1010 GeV, where events are559

scarce. For instance, finding the precise shape of the cut-560

o↵ would reveal whether it is due to sources running out of561

power or to the GZK process; see, e.g., Ref. [1]. GRAND562

has the potential to provide the required statistics.563

Since GRAND will be fully e�cient above 1010 GeV and564

sensitive to cosmic rays in a zenith-angle range of 65�–85�,565

it will have an aperture of 107 000 km2 sr, leading to an566

exposure of 535 000 km2 sr yr after 5 years of live-time. In567

comparison, the current aperture of Auger is ⇠5 400 km2 sr568

and its cumulative 9-year exposure is ⇠48 000 km2 sr yr569

[153]. Below, to calculate event rates, we use the flux fitted570

to the Auger spectrum by Ref. [154], though it slightly571

overestimates data points at the highest energies.572

The resulting expected UHECR event rate in GRAND573

is 20 times higher than in Auger. In 1 year, GRAND574

should detect 6 400 events above 1010.5 GeV, versus 320575

in Auger; and 150 events above 1011 GeV, versus 8 in576

Auger. In 5 years, GRAND should detect 32 000 UHE-577

CRs above 1010.5 GeV, far exceeding the combined ⇠750578

collected events of Auger and TA to date [154, 155].579

Mass composition.— The mass composition of UHECRs580

is a key ingredient to understand the transition between581

Galactic and extragalactic source populations around the582

“ankle”, at 1 EeV. At the highest energies, it provides in-583

sight on the mechanisms that accelerate UHECRs.584

The best understood observable in determining the mass585

composition of cosmic rays is the column depth Xmax at586

which the electromagnetic particle content of the air shower587

— electrons and photons — is maximum. GRAND could588

measure Xmax with a precision of 20 g cm�2, su�cient to589

distinguish between di↵erent nuclei; see Section IVE2. Al-590

ready GRANDProto300 — the early 300-antenna construc-591

tion stage of GRAND — should separate showers initiated592

by light and heavy primaries, and study their energy spec-593

trum and arrival directions separately; see Section V.594

Arrival directions.— With the number of detected UHE-595

CRs exceeding thousands of events, GRAND will be able596

to detect small-scale clustering of arrival directions in the597

GR DN GRAND: Science and Design Page 12 of 46

 veto to search air-showers initiated 
by UHE gamma-rays  
gamma-ray air showers with θz ≥ 65◦ 
—> electromagnetic component 
dominant 
—> fully absorbed by atmosphere 
before reaching the ground 
—> no muons

GR DN

Proto300

gamma ray

electromagnetic 
component

radio 
emission

 preliminary simulations:  
separation ~100% for 65◦ ≤ θz ≤ 85◦ at E>109 GeV  

 if no gamma-ray events identified in a sample of 
10 000 showers at E>109 GeV, collected in 2 years 
—> 95% C.L. limit on fraction of gamma ray-
initiated showers ~0.03%  
(current best limit by Auger 0.1%).



 10

FRBs, GRPs and other radio transients Valentin Decoene 
(with NenuFAR & GRAND)

 simple downscaling from GRAND: 750 Jy sensitivity for GP300  
—> good for Giant Radio Pulses (Crab and other pulsars) 
—> other serendipitous radio transient discovery? half sky coverage

GRAND CHINA workshop 04/19Valentin Decoene

FRBs with NenuFAR: observation parameters optimisation

Figure 1: Examples of simulated FRB detection in the 40-80 MHz range with NenuFAR (with 56 MA). Time-
frequency resolutions of the simulated observation are 20 msec ⇥ 3 kHz. FRBs with flat spectra of 500 Jy
(top) and 50 Jy (bottom) were injected at t=100 s, with DM=190 pc.cm�3. Both are detected through a blind
search of the time-DM plane (left) and their time profile after de-dispersion and spectral integration is displayed
(right).

• In the case we do not detect the repeater FRB180814, strong constraints will be put on the existence, flux
density and spectrum of FRBs at LF (at least repeating ones). We will the extend this pilot program to
the other repeaters discovered by CHIME, focussing on the most intense with lowest DM.

• In the case we do detect the repeater FRB180814, it will prove its existence at LF and provide a measure of
its spectrum, polarization (if any, and Faraday rotation if the signal is at least partly linearly polarized),
an accurate estimate of its DM, Rotation Measure and scattering time, and their variations from one
occurrence to the other. If SNR permits, we may have access to the fine time-frequency structure of the
bursts. This characterization of the emission will provide important new constraints on the FRB models.
A detection will also motivate a blind search Key Program of more LF FRBs, in connexion with the
Pulsars-KP and Transient-KP. Additional side results of the blind survey will include the detection of
RRATs (Rotating Radio Transients) or Pulsar Giant Pulses.

5 Observation strategy

The observation strategy aims at optimizing the possibility to detect the CHIME FRB180814 repeater. Prior
knowledge of the characteristics of this FRB will allow us to run simulations that will determine the best
observing parameters and analysis strategy. This step will be performed while the latest 16 MA of NenuFAR
are being installed, totalling 72 operational MA some time in 2019, with which the first observations will be
carried on.
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its spectrum, polarization (if any, and Faraday rotation if the signal is at least partly linearly polarized),
an accurate estimate of its DM, Rotation Measure and scattering time, and their variations from one
occurrence to the other. If SNR permits, we may have access to the fine time-frequency structure of the
bursts. This characterization of the emission will provide important new constraints on the FRB models.
A detection will also motivate a blind search Key Program of more LF FRBs, in connexion with the
Pulsars-KP and Transient-KP. Additional side results of the blind survey will include the detection of
RRATs (Rotating Radio Transients) or Pulsar Giant Pulses.

5 Observation strategy

The observation strategy aims at optimizing the possibility to detect the CHIME FRB180814 repeater. Prior
knowledge of the characteristics of this FRB will allow us to run simulations that will determine the best
observing parameters and analysis strategy. This step will be performed while the latest 16 MA of NenuFAR
are being installed, totalling 72 operational MA some time in 2019, with which the first observations will be
carried on.
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500 Jy

50 Jy

Blind search de-dispersed and integrated 
time profile

Looking for a FRB with a DM of 190 pc.cm-3 in the 40-80MHz

Not easy but possible !

• @400MHz 
with a f-4 spectra

Improvements: 
• 72-96 MA -> SNR > 5- 
• Summing polarisation 
• Optimised integration time

• with 56 MA  
on a resolution  
of 20ms x 3kHz
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 learning FRB observations 
from NenuFAR  
 
- what happens in the low 
frequency band for FRBs?
(observation of specific 
repeater FRBs detected by 
CHIME with "beam-forming") 

- blind search performances

Valentin Decoene

 radio transient events (ms impulsions, broad frequency band)


