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A tomography of the high-energy universe
Mean free path of UHE neutrinos in CνB field

protons

100

101

102

103

104

108 109 1010 1011

λ
 (

M
p

c)

Γ

t=t0  z=0

Nitrogen A=14

100

101

102

103

104

108 109 1010 1011

λ
 (

M
p

c)

Γ

t=t0  z=0

Magnesium A=24

100

101

102

103

104

108 109 1010 1011

λ
 (

M
p

c)

Γ

t=t0  z=0

Calcium A=40

100

101

102

103

104

108 109 1010 1011

λ
 (

M
p

c)
Γ

t=t0  z=0

Iron A=56

nuclei



Starburst galaxies

AGN

μQSO

Galaxy

SNRs PWNe

Star Clusters

Galaxy Clusters

Non thermal particles

ALL THESE EMISSIONS REQUIRE ACCELERATION MECHANISMS TO BE
AT WORK AND TRANSPORT MECHANISMS ACROSS DIFFERENT MEDIA.



ü THEORETICAL STUDY OF HIGH ENERGY ASTROPHYSICS FOCUSES ON NATURAL 
PHENOMENA WHERE LARGE MICROSCOPIC AND MACROSCOPIC ENERGIES ARE 
OFTEN INVOLVED.

üMULTI-FREQUENCY AND MULTI-MESSENGER STUDIES ARE PIVOTAL TO THIS FIELD.

ü IN MOST THEORETICAL ASTROPARTICLE PHYSICS, IT IS OFTEN NECESSARY TO 
ADOPT A DOUBLE APPROACH: PHENOMENOLOGICAL AND FUNDAMENTALIST, AS 
PHENOMENOLOGY IT IS ALWAYS THE GUIDLINE TO DEVELOP NEW FUNDAMENTAL 
APPROACHES.

ü THE GOAL IS OF GETTING TO THE BOTTOM OF THINGS, TO A THEORY BASED ON 
FUNDAMENTAL CONCEPTS, NO MATTER IF THEY ARE ROOTED IN PARTICLE 
PHYSICS, PLASMA PHYSICS, ASTROPHYSICS AND COSMOLOGY.

The understanding of the universe on large scales requires the investigation
of the microphysics, and in turn the big scales tell us about microphysics
(D.N. Schramm).

Whether we talk about cosmic rays, gamma rays or neutrinos, of non-thermal phenomena
in astrophysical systems, we observe phenomena on very large scales, whose
interpretation lies in the microscopic scales of either particle physics or plasma physics,
or both. Such microphysics is basically the same despite the variety of manifestations on
large scales.

Theoretical High Energy Astrophysics



Why was there so much more 
ordinary matter than antimatter?

What is the particle nature of Dark 
Matter?

What can be learned on the SM at 
extreme conditions? 

Is there new particles beyond the 
Standard Model?

Is there any new (or extended) 
symmetry in Nature (BSM physics)?

…

What is the nature of 
complex astrophysical 

systems?

What is the nature of 
elementary matter? 

How astrophysical plasma can 
accelerate particles?

What is the nature of turbulence? 
And its dynamical evolution?

How is energy transferred in 
magnetic reconnection?

What can be learned about 
Astrophysical objects dynamics?

What can be learned about the 
early universe? 

…

What’s our research about?

To answer fundamental questions!



A paradigmatic instance

ORDERED 
B FIELD

TURBULENT 
B FIELD

CHARGED 
PARTICLES

DIFFUSION 
LOSSES 

TRANSPORT

PLASMA 
INSTABILITIES

PARTICLES 
ENERGY LOSSES

ü ENSEMBLE OF NON-THERMAL CHARGED PARTICLES THAT MOVE IN A (PARTIALLY IONIZED) PLASMA UNDER THE ACTION
OF EXTERNAL ELECTRIC AND MAGNETIC FIELDS.

ü BOTH NON-THERMAL PARTICLES AND PLASMA PARTICLES CONTRIBUTE ELECTRIC CHARGES, ALSO PRODUCING E AND
B FIELDS AND CREATE ELECTRIC CURRENTS, ALL PARTICLES FEEL WHAT ALL OTHERS ARE DOING.

ü NON-THERMAL PARTICLES MAY INTERACT WITH PLASMA PARTICLES AND/OR RADIATION FIELDS, REDUCING THEIR
ENERGY AND PRODUCING SECONDARY (OBSERVABLE) PARTICLES.

ü USUALLY EVEN NON-THERMAL PARTICLES WERE, AT SOME POINT, PARTICLES OF THE PLASMA. HOW DID THEY GET
ACCELERATED AND EJECTED OUT OF THE SOURCE? HOW DID THEY TRAVELED REACHING EARTH DETECTORS? IS
THERE ANY SECONDARY (DETECTABLE) EMISSION PRODUCED?

Acceleration and propagation of Cosmic Rays

Microphysics 
of particle 

acceleration

Phenomenology 
of particle 

acceleration

Microphysics 
of particle 
transport

Phenomenology 
of particle 
transport



The HE theory group at GSSI-LNGS-UAQ

The activity of the group is conducted in close collaboration with experimental
groups, also through the direct participation to experimental collaborations
such as Auger, NUSES and PBR.



What are cosmic ray factories in our Galaxy?

Evoli, Aloisio, Blasi, PRD, 2019 Evoli, Amato, Blasi, Aloisio, PRD, 2021



What are cosmic ray factories in our Galaxy?



and in other Galaxies?

Now in Paris Now in CPH



and in other Galaxies?

Now in Paris Now in CPH

multi-messenger constraints on UHECR sources!

Condorelli, Peretti, Boncioli, Petrera, 2023



On the origin of anti-matter
The positron excess as produced 
by the pair emission of galactic 

Pulsars

Limits on Dark Matter WIMPs 
set by antiprotons fluxes

cosmic 
variance

Evoli et al., JCAP, 2015Evoli et al., PRD, 2021

(poster by Lioni-Moana)



Understanding acceleration

New ideas in non-linear DSA theory:

Amplified waves advected downstream of the shock lead to higher Alfven speed 
-> hence smaller return probability of downstream

This phenomenon leads to a steeper spectrum of accelerated particles, in general dependent upon the shock velocity

Very steep spectrum for very fast shocks!
Caprioli, Haggerty, Blasi, ApJ, 2020



Understanding Galactic transport

Blasi, Amato, Serpico, PRL, 2012

Evoli, Blasi, Morlino, Aloisio, PRL, 2018
Fornieri et al., MNRAS, 2021

Which are the relevant processes responsible for CR confinement in the Galaxy? 

Origin of the turbulence: external cascade or self-generated?

Turbulence model: Alfvenic or other MHD modes?

Now in Leonardo 
Company



The cosmic ray self-control: a novel story!

Now in Chicago

reduced diffusivity around sources now observed in several objects:
perhaps is due to cosmic rays self-confinement!

through kinetic instabilities or a combination of streaming and hydrodynamics

several effects still to be investigated!

D’Angelo, Amato, Blasi, MNRAS, 2015, 2016

Schroer, Blasi, et al., ApJ, 2021

Evoli, Linden, Morlino, PRD, 2015, 2016

(see poster by Alessandro)



The cosmic ray self-control: a novel story!

Now in Chicago

The excitation of the instability leads 
to strong particle scattering, which in 
turn increases CR density near the 
source

The pressure gradient that develops 
creates a force that leads to the 
inflation of a bubble around the 
source



Ultra High Energy Cosmic Rays

Constraining models for the origin of ultra-high-energy cosmic rays with a novel 
combined analysis of arrival directions, spectrum, and composition data measured 
at the Pierre Auger Observatory (poster by Luciana and the UnivAQ Auger group).
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Figure 6. Same as fig. 2 (upper row) but including experimental systematic uncertainties as nuisance
parameters.

Figure 7. Same as fig. 3 but including experimental systematic uncertainties as nuisance parameters.

source evolution and the systematics, and is always the largest for the SBG catalog.
For a more quantitative comparison, we use the test statistic calculated as 2 times the

likelihood ratio between a model and the respective reference model with the same evolution
and (no) systematics:

TStot =
X

obs=E,Xmax,ADs

2(log Lm=x � log Lm=x
ref

)obs. (4.1)

Hence, the test statistic describes the improvement of adding a specific catalog to a model
compared to just homogeneous sources. The values for the test statistic of each model are
given in table 3. As is apparent from the table, the arrival directions observable provides
the largest contribution to the total test statistic. This is understandable, as the reference
model already provides a proper fit of the energy spectrum and Xmax data [10], so the
subdominant contribution by the nearby source candidates only has a minor impact on
these observables. For the arrival directions, however, the improvement from fully isotropic
arrival directions in the reference model, to the anisotropic ones provided by the model
including source candidates (Fig. 4), is substantial. Hence, the energy spectrum and Xmax

distributions are necessary for constraining the source emission, while the arrival directions
are most important for the di↵erentiation of di↵erent source candidates. This is as expected
from a simulation study [17]. But, from that analysis, it also becomes clear that the exact
values of TS should be treated with caution as they can vary considerably and depend on
e.g. the distribution of the arrival directions in an energy bin.
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Figure 6. Same as fig. 2 (upper row) but including experimental systematic uncertainties as nuisance
parameters.
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Figure 7. Same as fig. 3 but including experimental systematic uncertainties as nuisance parameters.

source evolution and the systematics, and is always the largest for the SBG catalog.
For a more quantitative comparison, we use the test statistic calculated as 2 times the

likelihood ratio between a model and the respective reference model with the same evolution
and (no) systematics:

TStot =
X

obs=E,Xmax,ADs

2(log Lm=x � log Lm=x
ref

)obs. (4.1)

Hence, the test statistic describes the improvement of adding a specific catalog to a model
compared to just homogeneous sources. The values for the test statistic of each model are
given in table 3. As is apparent from the table, the arrival directions observable provides
the largest contribution to the total test statistic. This is understandable, as the reference
model already provides a proper fit of the energy spectrum and Xmax data [10], so the
subdominant contribution by the nearby source candidates only has a minor impact on
these observables. For the arrival directions, however, the improvement from fully isotropic
arrival directions in the reference model, to the anisotropic ones provided by the model
including source candidates (Fig. 4), is substantial. Hence, the energy spectrum and Xmax

distributions are necessary for constraining the source emission, while the arrival directions
are most important for the di↵erentiation of di↵erent source candidates. This is as expected
from a simulation study [17]. But, from that analysis, it also becomes clear that the exact
values of TS should be treated with caution as they can vary considerably and depend on
e.g. the distribution of the arrival directions in an energy bin.
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Super Heavy Dark Matter

Cosmological implications of 
photon-flux upper limits at 
ultra-high energies in 
scenarios of Super Heavy 
Dark Matter (SHDM).

Limits to gauge coupling in 
the dark sector set by the 
non-observation of instanton-
induced decay of SHDM.

Indirect DM searches at future 
high energy neutrino 
detectors.
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Figure 1. Upper limits at 95% C.L. on the coupling constant aX of
a hidden gauge interaction as a function of the mass MX of a dark
matter particle decaying into a dozen qq̄ pairs. For reference, the
unification of the three SM gauge couplings is shown as the blue
dashed line in the framework of supersymmetric GUT [17].

particles could then evolve to match the relic abundance of
dark matter (DM) inferred today, for viable parameters gov-
erning the thermal history and the geometry of the universe,
such as the reheating temperature or the Hubble expansion
rate at the end of inflation. Stability for super-heavy particles
is more easily achieved for a dark sector interacting with the
standard model (SM) sector only via gravity. The absence
of other DM-SM couplings is consistent with the extensive
observational evidence for the existence of DM based on
gravitational effects alone. However, even particles protected
from decay by a symmetry can eventually disintegrate due
to non-perturbative effects in non-abelian gauge theories
and produce ultra-high energy (UHE) photons. In this
Letter, we show that the absence of such photons in the
data of the Pierre Auger Observatory provides constraints
on the coupling constant of a hidden sector pertaining to
super-heavy dark matter (SHDM), possibly unified with SM
interactions at a high scale. The constraints are illustrated in
Fig. 1 in terms of the reduced coupling constant of a hidden
gauge interaction and the mass of the SHDM candidate. Our
results show that the coupling should be less than ' 0.09
for a wide range of masses. After explaining how these
constraints are obtained, we briefly discuss their relevance
for delineating viable regions of cosmological parameters,
in a manner complementary to the constraints provided by
the non-detection so far of tensor modes in the cosmological
microwave background anisotropies [15, 16].

Contemporary motivations for SHDM. Technical natural-
ness has provided an important motive for the emergence of
new physics at the TeV scale [18], but the corresponding new
particles have escaped detection so far [19–21]. An alterna-
tive tool to infer the energy scale of new physics relies on as-
sessing the scale LI at which the Higgs potential develops an

instability at large field values. Its estimation at the two-loop
level was made possible by the precise measurements of the
Higgs mass and the top Yukawa coupling [22–24]. It turns out
to result in a very high energy scale, LI = 1010 to 1012 GeV.
Moreover, the particular slow running of the Callan-Symanzik
bl function relative to the self-Higgs coupling makes it pos-
sible to extrapolate the SM up to MPl without encountering
any instabilities [22]. Renouncing naturalness to solve the
problem of the mass hierarchy, new degrees of freedom could
thus appear only in the range between LI and MPl, motivating
searches for SHDM. We note also that while some have ar-
gued that the properties of nuclei and atoms would not allow
complex chemistry if the electroweak scale were too far from
the confinement scale of QCD [25], there is no such anthropic
requirement for the mass scale of DM.

Independent of the intrinsic consistency of the SM up to
a very-high scale, models of gravitational production of DM
provide another motivation for a spectrum of super-heavy par-
ticles. While no coupling between the SM and DM sectors
is introduced in the concordance model of cosmology, most
DM models invoke some weak couplings, or new feeble cou-
plings, to explain DM production during the post-inflationary
reheating period. It turns out, however, that the introduction
of such couplings is not a compelling necessity if one con-
siders the minimal assumption of graviton exchange to act as
the only portal. Recent studies have indeed shown that, on
the condition that DM is super heavy, the relic abundance ob-
served today can be reproduced for tenable ranges of quanti-
ties governing the inflationary and reheating eras in the early
Universe [9, 14]. In addition, while structure formation con-
strains the mass density of DM, it does not preclude SHDM
models as it leaves a carte blanche for the mass spectrum of
the particles.

SHDM particles interacting with SM particles through
gravitons alone have been dubbed as Planckian-interacting
massive particles (PIDM) [9], and we shall use this term when
we need to be specific. There are only a few possible signa-
tures to test this scenario for DM. We show that if instanton
effects are strong enough, PIDM particles could decay and
their by-products could be detected in ultra-high energy
cosmic ray (UHECR) data. Conversely, the non-observation
of these by-products allows us to set upper bounds on the
dark sector coupling constant. We note that these limits
are, to date, the best ever obtained from instanton-mediated
processes; they are an indirect probe of the instanton strength.

Decay mechanisms of SHDM particles. Some SHDM mod-
els postulate the existence of super-weak couplings between
the dark and SM sectors. The lifetime tX of the particles
is then governed by the strength of the couplings gX and by
the dimension n of the operator standing for the SM fields
in the effective interaction [26]. This results in lifetimes that
are in general far too short for DM to be stable enough, un-
less a practically untenable fine tuning between gX and n
holds [3, 26, 27]. Stability of super-heavy particles is thus
preferentially calling for a new quantum number conserved in
the dark sector so as to protect the particles from decaying.
Nevertheless, as we have already pointed out in the study mo-
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Figure 3. Constraints in the (Hinf,MX ) plane. The red region is ex-
cluded by the non-observation of tensor modes in the cosmic mi-
crowave background [9, 16]. The regions of viable (Hinf,MX ) values
needed to set the right abundance of DM are delineated by the blue
lines for different values of reheating efficiency e [54]. Additional
constraints from the non-observation of instanton-induced decay of
SHDM particles allow for excluding the mass ranges in the regions
to the right of the vertical lines, for the specified values of the dark-
sector gauge coupling.

hand, the SM+SM!PIDM+PIDM and f +f !PIDM+PIDM
reaction rates derived for fermionic DM in Ref. [54] and
Ref. [14] respectively, the present-day relic abundance of DM,
WX , can be related to MX , Hinf, and e through

WX h2 =
1.4⇥1023eMX

M5/2
Pl H3/2

inf

Z •

ainf

da
H(a) Â

i
gia2n2

i (a), (5)

where h is the dimensionless expansion rate and ainf the scale
factor at the end of inflation.

The viable (Hinf,MX ) parameter space satisfying Eq. (5)
is delineated by the blue curves corresponding to different
values of e in Fig. 3. Values for (Hinf,MX ) above (below)
the lines lead to overabundance of (negligible quantity of)
DM. Arbitrarily large values of Hinf are however not per-
mitted because of the 95% C.L. on the tensor-to-scalar ra-
tio in the cosmic microwave background anisotropies, which,
once converted into limits on the energy scale of inflation
when the pivot scale exits the Hubble radius, yield Hinf 
4.9⇥10�6MPl [9, 16]. For efficiencies larger than a few per-
cent, PIDM particles are dominantly produced by the thermal
bath of SM particles. A wide range of masses MX is then al-
lowed, including the Grand Unified scale, provided that the
energy scale of the inflation (Hinf being the proxy) is high
enough [9] and that the dark-sector gauge coupling aX is less
than ' 0.085. Larger values of aX shrink the allowed range
of MX , with, for instance, MX . 2⇥ 109 GeV for aX = 0.1.
For efficiencies below the percent level, the production of
PIDM particles from the inflaton condensate dominates, al-
lowing smaller values of Trh to be viable. The allowed region
for MX shrinks around 1013 GeV, close to the inflaton mass

adopted here (3⇥1013 GeV). We see that the scenario is then
tenable for aX . 0.09.

In summary, we have illustrated here the power of upper
limits on the flux of UHE photons obtained at the Pierre Auger
Observatory to place constraints on physics in the reheating
epoch that could be related to Grand Unified models. The
minimal setup to produce DM is from gravitational effects
alone, consistent with the concordance model of cosmology.
This production mechanism could lead to high values of the
Hubble rate at the end of inflation that could be revealed
by future measurements of primordial tensor-to-scalar ratio
provided that Hinf & 6 ⇥ 1012 GeV [55, 56]. However, the
only unambiguous signature to capture the existence of PIDM
is through the detection of UHE photons produced by the
instanton-induced decay. The non-observation of such fluxes
has allowed us to probe in a unique way to date the instanton
strength through the dark-sector gauge coupling. It is likely
that the use of limits on UHE photon fluxes made in this
Letter only scratches the surface of the power of these limits
to constrain physics otherwise beyond the reach of laboratory
experiments.
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Hunting for neutrinos at the highest energies

Now at Penn State

Flux

Spectrum

Earth skimming neutrinos phenomenology

A novel observation technique of HE-UHE neutrinos from space 
and sub-orbital altitudes

An instance of a phenomenological study that leads to new 
experimental enterprises (NUSES-Terzina, PBR, see talk by 
Adriano and the poster by Giulio).

Cummings, Aloisio, Eser, Krizmanic, PRD, 2021
Cummings, Aloisio, Krizmanic, PRD, 2021



HE-AP The Road Ahead
Discovering where high-energy cosmic rays come from has been a grail of physics since 
their discovery.

Suspected sources include some of the most violent and energetic phenomena in the 
universe, probing regimes far more powerful than any on Earth.

Many new experimental and observational facilities are starting. An unprecedent large 
amount of new data foreseen in the forthcoming years: no lack of rich science cases…

The recent detection of GW from compact sources naturally connects this field of research 
with HE Astrophysics in a genuine multi-messenger approach…

…the discovery potential in the next decades is enormous on both experimental and 
theoretical sides.

Here lies the uniqueness of doing a PhD in HE-TH in L’Aquila!


