- Cosmic Rays and
| Neutrinos 1n the
‘Multi-Messenger Era

\‘ :c;

*

™
s
L

| - TS e
] ' gy r-
= .‘;;.‘{::% s

WRAPPING UP AND COLLECTING THOUGHTS

Pasquale Blasi - Gran Sasso Science Institute

| CRAN SASSO
Date: December 7 2022 G SCIENCE INSTITUTE
=D STUDRIES

I SCHOIL CF ADVANCED STUDIES



COSMIC RAYS IN THE MULTI-MESSENGER ERA

This is not a new concept for CR physics: the field has been enjoying
a wealth of data from radio waves, gamma rays, positrons,
antiprotons, nuclei and having in mind the “behind-the-corner”
discovery of neutrinos for decades...

The news is that neutrinos are finally here, that they are actually
telling us more interesting things that we could have guessed...

and that we detected GW from a bunch of binary systems, and one of
them happened to be a gamma ray burst (source of gamma rays,
hence a source of non-thermal particles).



Talks by |.C. Diaz Vélez, S. Zhang, P. Zuccon

MEASUREMENTS...
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Several speakers have stressed how the
situation that measurements are revealing is at
odds with the standard model of CR origin

But the theoretical aspects of that model are
very simple while this field develops in a very
data driven way — it is obvious that while data
get better, we understand more of the fine
details of the standard model - that is why we
are carrying out measurements

Especially important: power laws do not
contain scales — it is only when we see
deviations (breaks) that we identify scales
(remember the knee?)



SPECTRAL BREAKS: CONSISTENT
APPEARANCE OF FEATURES IN THE SPECTRA
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VIRTUALLY ALL ELEMENTS HAVE A SPECTRAL BREAK
AT FEW HUNDRED GV RIGIDITY, THOUGH LESS
EVIDENCE IN HEAVIER NUCLEI, DUE TO A MORE
PROMINENT ROLE OF SPALLATION AT LOW ENERGY

THE BREAK IS VISIBLE ALSO FOR SECONDARY/
PRIMARY RATIOS —= 1T IS DUE TO A CHANGE IN THE
TRANSPORT

PROTONS MUST BE INJECTED WITH A STEEPER
SOURCE SPECTRUM THAN HELIUM (AND NUCLEI)

CARE MUST BE USED IN THE CLASSIFICATION OF
ELEMENTS IN PRIMARY AND SECONDARY: VIRTUALLY
ALL ELEMENTS ARE NOT PURE, ESPECIAELY SFEE
INTERMEDIATE MASS ONES

UNACCEPTABLY LARGE DEPENDENCE OF THE
CONCLUSIONS ON PARTIAL CROSS SECTIONS THAT
ARE UNCERTAIN (SOME OF THEM) AT THE LEVEL OF
30-50%, WHILE DATA ARE MUCH MORE ACCURATE
(TALK BY F. DONATO)



ONTHE IMPORTANCE OF MEASURING
CROSS SECTIONS
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THERE ARE MANY INSTANCES IN WHICH THE UNCERTAINTIES IN THE CROSS SECTIONS LIMIT OUR
ABILITY TO INFER PHYSICAL INFORMATION. ONE SUCH INSTANCE IS THE PRODUCTION OF BE AND B
FROM HEAVIER ELEMENTS —> LIMITS ON HOW WELL WE CAN DERIVE THE SIZE OF THE MAGNETIZED
HALO OF THE GALAXY
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ONTHE IMPORTANCE OF MEASURING
CROSS SECTIONS
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1THE CASE OF ANTIPROTONS
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THE PRODUCTION OF ANTIPROTONS IN CR IS HISTORICALLY ONE OF THE MOST IMPORTANT
INDICATORS OF TRANSPORT, BUT THE ERROR BAR ON PPBAR PRODUCTION CROSS SECTION
MAKE THE WHOLE DIFFERENCE BETWEEN STANDARD PICTURE AND REQUIREMENT OF NEW
PERCSIES



POSITRONS

Talk by C. Evoli
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™3 THERE IS LITTLE DOUBT THAT THE OBSERVED POSITRON
{ FLUX AND POSITRON RATIO REQUIRE A SOURCE OTHER
i THEN SECONDARY PRODUCTION

| THE BEST PHYSICALLY JUSTIFIED SOURCES ARE PULSARS
! (SEE TALK BY N. BUCCIANTINI), FOR WHICH THERE IS

O @ ¢ T INDEPENDENT EVIDENCE OF APPROPRIATE SPECTRA AND
PRESENCE OF POSITRONS
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FEATURES ALSO ABOUND IN THE REGION BELOW THE KNEE

BUT WE HAVE NO INFORMATION ABOUT THE SECODNDARY /
PRIMARY RATIOS AT SUCH ENERGIES, HENCE WE DO NOT
KNOW WETHER. WE = ARE - LOOKING AT "AN EFFECTES@FE

TRANSPORT OR DIFFERENT TYPES OF SOURCES COMING INTO
PLAY

THE MOST PROMINENT FEATURE REMAINS THE KNEE, FOR
WHICH THE LONG-STANDING DEBATE PERSISTS: DUE TO A
CHANGE IN TRANSPORT OR THE MAXIMUM ENERGY? (TALK BY
G. GIACINTI)

NOTICE THAT IT REMAINS UNCERTAIN

I . 5
1o’ Energy (GeV) WHETHER THE KNEE IS MADE BY THE LIGHTER
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Talks by J. Matthews and R. Engel

MOVING OUR WAY OUT OF THE GALAXY
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Talks by J. Matthews and R. Engel

MOVING OUR WAY OUT OF THE GALAXY
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POSSIBLY AN “AGREED UPON”
PICTURE OF MASS COMPOSITION?

SYS. Errors: Auger TA  ---- (Auger® + TA%)!?
@ AugerMix, ICRC (2019) ® TA
B TA, ApJ (2018)
800 ]
g ==t
20 — ' 4 +¢
g e
£ 750F g 1
N ’O&' o -O . f € oL
~ 0 " . e
- --
I ]
700
: M [ S R R
18.5 19.0

Talk by R. Engel lg(E/eV)



Talk by R. Engel

Auger-TA comparison of Xmax distributions (i)
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ANISOTROPIES
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NOTICE THAT THE POSSIBLE CORRELATION WITH STARBURSTS DOES NOT MEAN THAT THEY ARE THE SOURCES OF
UHECR: IN FACT MOST SB GALAXIES DO NOT HAVE ENOUGH JUICE TO EVEN GET CLOSE TO UHE. THIS MAY HAPPEN

FOR UFO (TAIL OF SB), BUT THEN...



A LOT OF THINGS TO MAKE SENSE OF ...

LLET’S START FROM THE FEATURES IN THE CR SPECTRA...

AT 300 GV ALL SPECIES WE MEASURE SHOW A CHANGE OF SLOPE...
WE KNOW THAT THIS PHENOMENON IS ALSO PRESENT IN THE

SECONDARY/PRIMARY RATIOS, HENCE THIS FEATURE IS INTRINSIC IN THE
WAY PARTICLE DIFFUSE IN THE GALAXY

DUE TO THE TRANSITION FROM A
SELF-GENERATED TURBULENCE TO A

NON TRIVIAL SPATIAL DEPENDENCE
OF D(E,Z) ON THE HEIGHT UPON THE

PRE-EXISTING TURBULENCE DISC (Tomassetti 2012, ...)

(PB+2012, ...)

THIS BOILS DOWN TO UNDERSTANDING WHY CRs SCATTER
IN THE GALAXY



GOLDEN RULE

IF YOU WANT PARTICLES TO DIFFUSE IN SPACE, YOU NEED RESONANCES!
NAMELY MAGNETIC FIELD POWER ON PARALLEL WAVENUMBERS-! OF LARMOR
RADIUS OF THE PARTICLES...

THERE ARE MAINLY TWO SOURCES OF TURBULENCE:
1) MHD TURBULENCE THAT IS INJECTED AT SOME SCALE AND CASCADES

TO SMALLER SCALES

Similar to
K. Dolag’s

2) TURBULENCE WHICH IS SELF-GENERATED BY COSMIC RAYS THEMSELVES



THE THING YOU HEAR ABOUT ASSUMING KOLMOGOROV (OR ELSE)
TURBULENCE MEANS THAT ENERGY IS INJECTED AT SOME SCALE L AND
CASCADES TO SMALLER SCALES

P(k) [F AB/B<<l (WEAK TURBULENCE) THEN THE

k-5/3 DIFFUSION COEFFICIENT PARALLEL TO B IS >> THAN
THE PERP ONE
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WARNINGS AND IMPLICATIONS

TURBULENCE BECOMES VERY ANISOTROPIC AND TYPICALLY THERE IS NO POWER LEFT TO SCATTER
PARTICLES WITH Rp(E)<~0.1 L — WHAT IS THE SOURCE OF SCATTERING THEN???

YET, IF SOME KIND OF TURBULENCE DOES EXIST, AND IF THERE ARE GALACTIC ACCELERATORS
WITH Eyvax>>PEV, THEN A KNEE IS EXPECTED (PROPOSED ALREADY IN THE 60’S).
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Talks by A. Spitkovsky

ACCELERATION/SOURCES V. Tatischer

FOR GALACTIC CR IT APPEARS CLEAR THAT SHOCKS PLAY A CENTRAL ROLE

Time= 650.00[1/w,]

1. SHOCKS IN MOST ASTROPHYSICAL
SITUATIONS ARE COLLISIONLESS (MEDIATED .
BY E.M. INSTABILITIES)
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2. THE INJECTION OF PARTICLES AT THE W N =
SHOCK IS SEVERELY DEPENDENT UPON = ZRED ST M S N 11 (01 A A TR
INCLINATION ANGLE (SUPPRESSED FOR
>45DEG)

3. THE SHOCK ACCELERATES EFFECTIVELY

ONLY IN THE PRESENCE OF SELF-
GENERATED WAVES (STREAMING
INSTABILITY)

4. THE ROLE OF THESE WAVES TO SHAPE THE
SPECTRUM HAS BEEN RECENTLY STUDIED



ACCELERATION/SOURCES

Talks by A. Spitkovsky

V. Tatischeff

FOR GALACTIC CR IT APPEARS CLEAR THAT SHOCKS PLAY A CENTRAL ROLE

1. SHOCKS IN  MOST  ASTROPHYSICAL
SITUATIONS ARE COLLISIONLESS (MEDIATED
BY E.M. INSTABILITIES)

2. THE INJECTION OF PARTICLES AT THE
SHOCK IS SEVERELY DEPENDENT UPON
INCLINATION ANGLE (SUPPRESSED FOR
>45DEG)

3. THE SHOCK ACCELERATES EFFECTIVELY

ONLY IN THE PRESENCE OF SELF-
GENERATED WAVES (STREAMING
INSTABILITY)

4. THE ROLE OF THESE WAVES TO SHAPE THE
SPECTRUM HAS BEEN RECENTLY STUDIED
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Acceleration/sources

SNR are effective accelerators, as also shown by the large B field in the X-ray rims. The
highest effective Emax is reached at the beginning of Sedov phase

For SN-Ia Emax is typically around 100 TeV
For SN-II exploding in the wind of the pre-SN star Emax can be a bit higher but still <<knee

Only in rare, very energetic core collapse SNe one can get up to the knee region

But the spectrum is all but trivial
Cristofari, PB & Caprioli 2021, Cristofari, PB & Amato 2020
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Acceleration/sources

SNR are effective accelerators, as also shown by the large B field in the X-ray rims. The
highest effective Emax is reached at the beginning of Sedov phase

For SN-Ia Emax is typically around 100 TeV

For SN-II exploding in the wind of the pre-SN star Emax can be a bit higher but still <<knee

Only in rare, very energetic core collapse SNe one can get up to the knee region

But the spectrum is all but trivial
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Acceleration/sources

% Star clusters/superbubbles may in principle be efficient
accelerators — DSA but in spherical symmetry (Talk by =

E. Peretti)

Shocked stellar wind

Termination
shock /

T

w

¥ As discussed by V. Tatischeff these structures would
address and probably solve the 22Ne problem

% The Emnax can be estimated as:
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Acceleration/ sources - UHE
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IN ORDER TO MAKE SENSE OF THESE DATA ONE HAS
TO ASSUME A FEW THINGS:

| § THE SOURCES MUST PRODUCE A MIXED MASS COMPOSITION

(HARD TO IMAGINE THIS MAY HAPPEN IN THE STANDARD IGM)

| # FAST TRANSITION BETWEEN COMPONENTS

¢ THE MAX ENERGY CANNOT HAVE A WIDE SPREAD (F
OIKONOMOU TALK)

| ¢ THE SOURCES MUST INJECT CR WITH VERY HARD SPECTRUM

THE HARD SPECTRA MAY RESULT FROM ACCELERATION IN NON-
STANDARD CONDITIONS, FOR INSTANCE LIKE THE ONES SHOWN
BY A. SPITKOVSKY IN 3D RECONNECTION (IN GRB? IN RADIO
GALAXIES?)

...BUT THE HARD SPECTRA MIGHT REFLECT ENERGY LOSSES IN
THE SOURCES+ENERGY DEPENDENT ESCAPE (MODEL OF FARRAR,
UNGER...) OR CONFINEMENT EFFECTS DUE TO MAGNETIC FIELDS
(TALK BY B. EICHMANN)

...OR  SELF-CONFINEMENT AROUND THE SOURCES (ASK
QUESTIONS IF YOU DEEM NECESSARY)



Acceleration/sources - UHE,

ONE SHOULD APPRECIATE HOW THE SITUATION CHANGED IN THE LAST TWENTY YEARS

WE WENT FROM A SITUATION IN WHICH DATA SHOWED THAT PROTONS SHOULD BE
ACCELERATED TO ZeV ENERGIES, TO A SITUATION IN WHICH THE MAX RIGIDITY CANNOT BE
HIGHER THAN ~2 EeV.

CLEARLY THE PROBLEM OF ACCELERATING PARTICLES HAS BECOME MUCH LESS
DEMANDING

YET THERE ARE CONSTRAINT: FOR INSTANCE THE BULK OF STARBURSTS DO NOT HAVE
ENOUGH POTENTIAL TO ACCELERATE UP TO SUCH RIGIDITY — PERHAPS UFO MAY BE A RARE
EXCEPTION (TALK BY E. PERETTI)

BUT DO NOT FORGET ACCRETION SHOCKS (AROUND CLUSTERS — K. DOLAG TALK), RADIO
GALAXIES (TALK BY B. EICHMANN), GRBS (INTENSE RADIATION FIELD)



General Remarks

= EXPERIMENTS GOT SO SENSITIVE THAT STATISTICS IS RARELY A
PROBLEM, BUT SYSTEMATICS OFTEN LIMITING FACTOR (THINK OF C
AND O SPECTRA)

“ A TOPIC THAT HERE WAS BASICALLY UNCOVERED BUT IT IS PROBABLY
ONE OF THE HOTTEST TOPICS IS THE EXISTENCE OF TEV HALOS AND
SUPPRESSED DIFFUSION NEAR SOURCES

% THE SELF-GENERATION OF TURBULENCE IS CENTRAL TO
ACCELERATION, TO ESCAPE FROM SOURCES AND TO TRANSPORT ON
GALACTIC SCALES, AS WELL AS LIKELY FOR ESCAPE OF UHECR FROM
THEIR SOURCES - NOT DISCUSSED HERE



General Remarks

“« THESE ARE CONSIDERATIONS THAT PLAY A CRUCIAL ROLE NOT ONLY FOR THEORY
BUT OBSERVATION (THINK OF THE DISTINCTION BETWEEN DIFFUSE FLUX AND
NEAR-SOURCE INTERACTIONS, OR UHECR SUPPRESSION AT LOW E)

+ AS SHOWN BY C. EVOLI, LOOKING AT ELECTRONS, IT SEEMS CLEAR NOW THAT
LEPTONS LOSE ENERGY AS THEY ARE SUPPOSED TO (LIMITS TO ALTERNATIVE
MODELS OF CR TRANSPORT TAILORED ON POSITRONS) — STILL, SOME FRACTION
OF THE GRAMMAGE COULD BE ACCUMULATED NEAR THE SOURCES (THIS AFFECTS
RESULTS EVEN MORE THAN CROSS SECTION UNCERTAINTIES)

% IT IS BECOMING CLEAR THAT B-FIELDS ON COSMOLOGICAL SCALES MAY PLAY A
CRUCIAL ROLE IN SHAPING THE UHECR SPECTRUM (MAGNETIC HORIZON)...YET
THERE ARE INDICATIONS THAT THE UNIVERSE IS LIKELY FILLED WITH EXTREMELY
LOW VALUES OF B (VOIDS) [SEE CASE OF GRB221009A ]



