
GRAND Science Case Topics
The most important questions
UHECR origin! 

• First detection of cosmogenic neutrinos
• First neutrino point sources = UHECR 

accelerators
• UHECR astronomy w. large statistics
• First UHE photon sources

New physics? 
• Fundamental neutrino physics (nu-N cross section)
• Superheavy dark matter constraints

Radio Astronomy?
• FRBs/GRBs, GW counterparts, Pulsars, Reionization…  

Multi-messenger monitor w. great sensitivities

GR DN



UHE Neutrinos!

• Detection of the first UHE neutrinos 
✦ Cosmogenic neutrinos (UHECR composition)
✦ Astrophysical sources (point source detection)

GR DN
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Expected flux of cosmogenic neutrinos - the allowed and "reasonable" ranges

Parameters compatible with Auger observed composition  
(low proton max. energy) 
imply large range of uncertainties…

A more precise calculation needed for Auger-compatible nu-flux 
Rafael Alves Batista will have results on Thursday

How to turn this in the White Paper?



UHECRs & UHE Gamma Rays

• UHECR astronomy  
(hot spots? large-scale anisotropy?)

• UHE photon astronomy  
(~0.1 deg angular resolution + more statistics = ~100-300x better 
sensitivity)
✦ Galactic EeVatrons? 

GR DN

More UHECR structures can be 
resolved by GRAND

~300x more sensitive



New physics GR DN
✦ Neutrino-nucleon cross section
✦ More exotic physics (many…)

GR DN



Radio Astronomy GR DN

Giant radio pulses from Crab

Fast radio bursts 

GR DN



UHE Neutrinos!

• Detection of the first UHE neutrinos 
✦ Cosmogenic neutrinos (UHECR composition)
✦ Astrophysical sources (point source detection)

GR DN
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FIG. 2: Minimal flux of cosmogenic neutrinos for a mixed composition. Left panel: Minimal flux of cosmogenic neutrinos
assuming dominance of protons, helium, nitrogen, silicon or iron in UHE CRs above 4 EeV. We show the results without source
evolution (dotted) and assuming source evolution according to the star formation rate (solid). Right panel: The contribution
of protons (red lines) in a mixed composition scenario assuming 100% (upper line), 10% (middle line) and 1% (lower line)
proton contribution (black lines) at 100 EeV.

we show in the right panel of Fig. 2 the lower limit associ-
ated with protons in a multi-component model, where we
decrease the proton contribution at 100 EeV to 10% (↵ =
1) and 1% (↵ = 2) using f

p

= 1� (1+ (E/1019eV)�↵)�1

with fA = 1� f
p

.

V. OPTIMISTIC COSMOGENIC NEUTRINOS

Predictions of the cosmogenic neutrino spectra are very
sensitive to the maximal energy of UHE CR nuclei. In the
following we will briefly discuss “optimistic” predictions
that assume that the maximal energy of CR nucleons is
much larger than the GZK cuto↵, i.e. ECR/A � EGZK.
For the discussion it is convenient to introduce the energy
density (eV cm�3) of the GZK neutrino background at
redshift z defined as

!GZK ⌘
Z

dE
⌫

E
⌫

Y
⌫

(E
⌫

) . (9)

From the Boltzmann equations (1) we can derive the evo-
lution of the energy density as

!̇GZK +H!GZK =
X

i

Z
dE b

i,GZK(z, E)Y
i

(z, E) , (10)

where b
i,GZK(E) ' 0.2E�

�⇡

(E/A
i

) is an approximation
of the energy loss of the nuclei into GZK neutrinos [9].

The UHE CR interactions with background photons
are rapid compared to cosmic time-scales. The energy

threshold of these processes scale with redshift z as
A

i

Eth/(1+z) where Eth & EGZK is the (e↵ective) thresh-
old today. We can therefore approximate the evolution
of the energy density as

!̇GZK +H!GZK ⇠ 3K
⇡

H(z)

4(1 +K
⇡

)

X
i

Z

AiEth/(1+z)

dE EQ
i

(E) , (11)

where K
⇡

is the ratio of charged to neutral pions pro-
duced in p� interactions. Assuming a power-law emission
rate density Q

i

(E) / E��i with su�ciently large cuto↵
Emax � Eth we see that cosmic evolution enhances the
GZK flux as

!GZK ⇠ 3
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, (12)

where the last term assumes �
i

> 2 and the e↵ective
survival distance of the nucleons is defined as

⌘
i

=

1Z

0

dz

H(z)
H(z)(1 + z)�i�4 . (13)

For �
i

' 2 and for those evolution scenarios H that we
have considered so far in this paper, the e↵ective survival
distances range from 0.48/H0 (no evolution) to 2.4/H0

(SFR). This agrees well with the relative ratio ⇠ 5 of the
energy densities associated with lower neutrino limits in
the proton-dominated scenario shown in Fig. 1.

The relation (12) shows that as long as the maximal
energy per nucleon is much larger than the pion produc-
tion threshold in the CMB (i.e. Emax � AEGZK) and the

JCAP12(2016)017

Figure 2. The same as figure 1, but assuming that sources follow a uniform distribution with a
number density 10�7 Mpc�3 up to 2 Gpc (top, case II), or a number density that is 10�7 Mpc�3

(middle, case III) or 10�9 Mpc�3 (bottom, case IV) locally but that is proportional to the SFR
up to redshift z

max

= 6. In general to reach the same significance level of detection, more events
will be needed if sources have a larger source number density, or if more sources are distributed at
large distances.
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UHECRs & UHE Gamma Rays

• UHECR Astronomy  
(hot spots? large-scale anisotropy?)

• UHE photon astronomy  
(~0.1 deg angular resolution + more statistics = ~100-300x better 
sensitivity)
✦ Galactic EeVatrons? 

GR DN

Provided a proton spectrum and a target photon spec-
trum, we can calculate spectra of p! photons and neutri-
nos. As a photon spectrum, we use a (broken) power law
which is also expected in the synchrotron emission mecha-
nism: dn=d" / "!". Here " is the target photon energy in
the comoving frame (while "ob " !" is the energy in the
observer frame, where ! is the bulk Lorentz factor). In the
case of GRB prompt emission,"# 1 for " < "b and"# 2
for "b < " are observed as typical values, where "b is the
break energy [16]. Then, using the "-resonance approxi-
mation, the effective optical depth for the p! reaction
in the source is estimated as [8,14] fp! " tdyn=tp!#
0:1

Lb
!;48

r14:5!
2
1:5
"bob;10 keV

ðEp=E
b
pÞ"!1, where Eb

p " 1:6& 1016 eV

!2
1:5ð"bob;10 keVÞ!1 is the resonance energy, Lb

! is the photon

luminosity at "bob, r is the emission radius, tdyn " r=!c is
the dynamical time scale of the relativistic source, and tp!
is the p! energy loss time scale. We may expect efficient
meson production (min½1; fp!( # 0:01–1).

The produced pions decay into ! rays and neutrinos via
#0 ! 2! and #) ! e) þ $eð #$eÞ þ $% þ #$%. Lifetimes
of #0 and #) are 8:4& 10!17 and 2:6& 10!8 s, respec-
tively. Because of #0’s very short lifetime, we may expect
that sufficiently high-energy ! rays reflect proton and

photon spectra, leading to E2
!&

pri
! / fp!E

2!p
! / E1þ"!p

! .
However, for ! rays, it is an important issue whether they
can escape from the source without significant source
attenuation. The most relevant process is pair creation,
whose optical depth is evaluated for the same photon field
as that given for the p! reaction [8,14] (see also Ref. [18]
for more general discussions). But, for synchrotron
sources, the self-absorption becomes important at low en-
ergies [19,20]. In the case of GRB prompt emission, the
synchrotron self-absorption energy is roughly estimated as

"saob # 2 eV ðLb
!;48Þ1=3L1=3

M;49'
1=3
B !!2=3

1:5 r!1
14:5, where LM is the

outflow luminosity and 'B is the ratio of the magnetic
energy density to the photon energy density [16,19].
When the Klein-Nishina effect is relevant above ~"saob
(where ~"ob + !2m2

ec
4="ob), we have [8,14,19,20]

(!! ’ 50
!
fp!ðEb

pÞ
0:1

"# ðE!

~"bob
Þ"!1 ðE! , ~"saobÞ;

ð~"
sa
ob

~"bob
Þ"!1ðE!

~"saob
Þ!1$ ð~"saob < E!Þ;

(2)

where $ is the logarithmically energy-dependent term
from the Klein-Nishina effect. An example for a somewhat
bright LL GRB-like burst is shown in Fig. 1, where accu-
rate cross sections of !! ! eþe! and !e! ! e!eþe! are
used. Although the escapability depends on source models,
UHE photons could escape from the source at Ethin

! #
1016 eV Lb

!;48r
!1
14:5ð"bob;10 keV"saob;1 eVÞ!1ð~"saob=~"bobÞ"!1$ un-

less additional low-energy photon fields exist. In this
work, we calculate primary !-ray spectra by exploiting
elaborate numerical calculations including various pro-
cesses [8,15], and the result for the somewhat bright LL
GRB-like burst is shown in Fig. 2, where 'B ¼ 1 and the

other relevant parameters are described in the caption of
Fig. 1. In the calculations, we also estimate the maximum
energy, and Emax

p ’ 1020:5 eV is obtained in this case.
Roughly speaking, the primary !-ray spectrum can be

approximated as E2
!&

pri
! " 1

4#D2
1
2 fp!e

!ðEthin
! =E!ÞE2

p
dNiso

p

dEp
,

where the typical !-ray energy is E! " 0:1Ep.
Next, we briefly discuss the case of AGN flares.

Following Ref. [11], let us adopt Lb
! ¼ 1045 erg s!1, r ¼

1016:5 cm, and ! ¼ 100:5 (corresponding to the dura-
tion of T # 104–5 s). We can obtain Ethin

! #
1016:5 eVð~"saob=~"bobÞ"!1$, taking "bob # 10 eV and LM #
1047 erg s!1. Then escape of UHE photons from the source
is possible, but it typically seems more difficult than the
case of GRBs. The meson production efficiency is also
estimated as fp! # 0:1ðEp=E

b
pÞ"!1, so that the expected

fluence level of primary UHE photons can be similar to that
shown in Fig. 2. Although detailed results depend on
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Figure 8: Percentage of realisations of one of the models assumed for the UHECR source
distribution, in which the probability of ruling out model M

1

assuming model M
2

is true
P(M

1

|M
2

), for the I-isotropic, UB-unbiased, L-linear and TH-threshold models, is � 95%
(dotted lines), � 99% (dashed lines), � 99.7% (solid lines), as a function of the number
protons present in the data, assuming the composition of individual showers can be deter-
mined. The black dot-dashed horizontal line shows the 99% CL. The UHECR source density
is assumed to be n̄ = 10�2 Mpc�3 on the top row and n̄ = 10�3 Mpc�3 on the bottom row.
Left (right) column panels assume 1100 (2100) events with E � 50 EeV will be detected in
5 years of JEM-EUSO.

might be the next UHECR observatory to be realised. We have thus assumed a uniform full
sky exposure, as well as the expected pointing, and energy resolution of JEM-EUSO, and its
proposed detection e�ciency.

We constructed sky maps of the expected UHECR intensity in a range of models for
the bias of UHECR sources relative to the galaxy distribution, motivated by the observed
clustering of di↵erent astrophysical populations relative to the overall galaxy distribution.
Motivated by recent measurements of UHECR composition, that suggest an increasingly
heavy, mixed composition with energy above ⇠20 EeV, we have conducted our analysis as-
suming a fraction of the observed UHECRs are deflected by large angles. We have simulated
the e↵ect of such heavily deflected UHECRs by assuming they arrive isotropically, smearing
the expected anisotropy signal. For a given assumed fraction of protons in the data, this

– 15 –



New physics GR DN
✦ Neutrino-nucleon cross section
✦ More exotic physics (many…)
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FIG. S13: Using the universal form of the spectra shown in Fig. S12, Fermi can set limits on DM decays up to masses well above
the PeV scale. At higher masses this limit comes only from the extragalactic contribution, such that after about 1010 GeV,
the limit set becomes essentially independent of mass. Note that at these high masses, the Fermi limits are noticeably weaker
than those obtained by direct searches for prompt Galactic photons from the decay of these heavy particles, as determined in
[5]. Note that the labeling is the same as in Fig. 2 of the main Letter.

di↵erent massless scalars, mediated by an (n+ 1)-dimension operator:

�n�body ⇠ m�

16⇡

1

(n � 1)!(n � 2)! (16⇡2)n�2

⇣m�

⇤

⌘2(n�3)

, (S8)

) ⌧2�body ⇠ 6 ⇥ 10�54 s
⇣ m�

PeV

⌘⇣mPl

⇤

⌘2

,

⌧3�body ⇠ 1 ⇥ 10�26 s

✓

PeV

m�

◆

,

⌧4�body ⇠ 6 ⇥ 10 s

✓

PeV

m�

◆3 ✓ ⇤

mPl

◆2

,

⌧5�body ⇠ 6 ⇥ 1029 s

✓

PeV

m�

◆5 ✓ ⇤

mPl

◆4

, (S9)

where the phase space integration is taken from [115]. In order to incorporate the appropriate mass dimensions for
the couplings, we include factors of ⇤, which is expressed in units of mPl; an operator carries a factor of ⇤3�n.

Lifetimes relevant for both IceCube and our gamma-ray constraints are O�

1026 � 1028 s
�

. Taking the scale where
the e↵ective operator is generated to be the Planck scale, along with m� ⇠ PeV, Eq. (S9) shows that this timescale
is reproduced if the decay proceeds via a dimension six operator, or if there is additional suppression of a lower
dimension interaction due to a small coupling. The case of a singlet scalar with � ! ⌫ ⌫ hh (discussed in the next
subsection) is an example of the first type. The hidden sector glueball is an example of the second, although there the
suppression occurs as a consequence of dimensional transmutation—the e↵ective operator connecting the dark sector
to the SM is dimension six at scales above ⇤D, while below the dark confinement scale the operator that connects the
glueball to the SM is dimension three with a suppressed coupling. Note a similar scaling was discussed in [116, 117].

When constructing a fully consistent theory of the DM interactions, certain decay channels become correlated due to
restrictions on the allowed interactions (e.g. from imposing gauge invariance). An expectation for correlated channels
can be derived by performing an operator analysis; these results are summarized in Tab. S2. For concreteness, we
assume that the DM candidate is uncharged, color neutral, and has spin  1 (a specific spin 3/2 gravitino model is
provided later in this section). In addition, we impose CP conservation and take all flavor couplings to be diagonal.



Radio Astronomy GR DN

Giant radio pulses from Crab

Fast radio bursts 
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