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COSMIC RAYS



An extraterrestrial radiation!

@ 1912: V. Hess discovers an extraterrestrial
source of ionization: Cosmic Rays!
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Fate of UNIVERSE May Be

NNIHILATION OF ATOMS
UN RATSES INTERNAL T
ERATURESTO 41,000000% ¢

5 360 BIL
PER DAY IN RADIAT

FACE
TEMPERATURE
6000

[
LIONT ENERGY
ULTIMATELY ™

BURNNG COAL e
LIBERATING MEATY
A UIBERATES WiTh BUT FELOLE
LIGHT DNERGY

Sic  Jamos Jea
Britsh physic
that the univer
down. Radi in the form =
of cosmic rays, genecated hy o
sunibilation of atoms in star’s interior, as illustrated here, | Ln T EneiGe
will gradually decrease as the sun’ diminishos, bring. | DESIPATED §

z 3 WIDE OeSTRIE
g oo the altimate destru iniverse, Light TION 4 SPAC
wnergy, boen ar’s intetior, is gradually diffused in
form of low energy heat such as comes from coal.

by JAY EARLE MILLER

Where in the universe does the mysterious cosmic ray originate?
Science is now conducting extensive research to solve that mystery,
for the answer may disclose the destiny of the earth we live on.

This deawing illustrates how light energy. o

sun's interior is geadually dissipated in the univers
of world will come when ail Tight enery has been exhausted,

N MOUNTAIN tops in Hawaii, Alaska,
Peru and at other isolated points around
the world—cighteen stations in all—un an-
swer is being sought this summer to the
most perplexing question in modern science
what is a4 cosmic ?

named them “"Millikan's rays,"” the
cosmic cmanation continues to be the baf-
fling enigma on which scientists throughout
the world are divided,

No one knows what they are, where they
come from, or how they came into being,
though all at last, as a result of Millikan's
patient investigation, hove agreed that they
do exist,

Here is a ray, hundreds, probably thou-

arly thirty vears ago,
and made 25 when Dr. Millikan
of California Tech confirmed their exist-

ence, and, much to his embarrassment, the

50 Modern Mechanics and

De. Robert Millika
covirer of cosmic cay
that the emanations
outee space, and are evidonce of the

creation of matter and the focmation of
now suns by the process illusteated above. Con. A
solidation of stoms in space libecate olectromagnetic

energy in form of coamic rays, forming molecules that
eventually collect in swirling gaseous mass to create few suns.

sands of times more powerful than the
sirongest X-rays or radium rays known,
While a thin sheet of lead foil will protect
the body or a photographie plate from
X-rays, and a couple of inches of lead are
sufficient protection against the penelra-
tion of the largest concentration of ru-
dium, the cosmic ray passes with ease
through as much as cighteen feet of lead.

They are found hundreds of feel down
beneath the surface in snow fed moun-
tnin lakes. Instruments sealed in a cake of
ice in the middle of Loke Onlario have
detected them. Instruments flown more
than len miles into the air attached 1o
sounding balloons have brought back sim-
ilar records. There seems (o be no place
within reach in the known world where
they are not—and yet all the scientific
brains of the world have been unable to
find their source or tell exactly what they
nre.

Professor Arthur Holly Compton, of the

Inventions for July

GASEOUS SWIRL
FORMS NEBULALZ -~

‘../ et £

Peof. A, Compton, who is conducting cosmic ray resaarch.
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Cosmic Rays Only Thing Immortal

EITHER stars nor worlds, sunlight or
heavens, can science admit to be eter-
nal. Only one thing known to science can
be called immortal—the cosmic rays inves-
tigated, among others, by the famous Cali-
fornia physicist, Dr. R. A. Millikan. These
rays may even be relics of days before there
existed any universe as we know it now.

Modern Mechanics (1932)

@ J. Jeans: produced
In star interior

R. Millikan: “"Cosmic
Rays” are the “birth
cry” of new atoms
being created to

withstand entropy

A. Compton: CRs
charged particles




Modern CR History

@ 1930: B. Rossi predicts the East-West effect
@ 1932: C. Anderson discovers the positron in CRs

@ 1934: B. Rossi notices multiple correlated
triggers at large distances: extensive showers!

@ 1937: S. Neddermeyer and C. Anderson
discover the muon

@ 1939: P. Auger: showers up to ~10>GeV
@ ...

@ 1962: J. Linsley and L. Scarsi: ultra-high-energy
CRs up to ~107 GeV




The CR spectrum at Earth
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Below ~10GeV: Solar Modulation

® Below ~10 GeV: solar modulation

observed via neutron monitors over 50yr

@ Charge-dependent anticorrelation with
Sun activity
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Cosmic ray flux at Earth
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Below ~1 PeV: satellites and balloons

@ Above: ground-based arrays, fluorescence telescopes for extensive air showers




REVIEWS OF MODERN PHYSICS VOLUME 29, NUMBER 2 APRIL, 1957

On the Origins of Cosmic Rays

PraILIP MORRISON

Department of Physics and Newman Laboratory of Nuclear Studies,
Cornell University, Ithaca, New York

: ‘ 14, Pfefinsteiri 4‘ohcev:remarked- 4t'ttej

were two easily observable phenomena that, in his

of, say, the latitude effect. The idea was gained, and

| § given quantitative support, that the cosmic rays were
{ opinion, showed a deep fundamental lack in our knowl- ]
I edge of the physical world. These, he said, were the §
} cosmic rays, and the terrestrial magnetic field. We can §

not given and immutable, something whose origin
could not be approached because they were so far
beyond ordinary experience. This idea was aided by




Cosmic Rays: Hunt for Sources
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Galactic CR composition

@ 90% H, 9% He; 1% electrons; photons, neutrinos

@ Anomalous abundances with respect to Solar!
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Propagation of Galactic CRs

@ Secondary elements (e.g. Boron) produced via spallation in the Milky Way

@ B/C prop. to the Galactic residence time (also radioactive isotopes: Be1o/Beg,with Tge10~1.4Myr)

® Grammage needed:

(E) =4g/em® (t5pe=) ; 0=0.3—10.6

(2) 6 E —3( ng \71
Too(E/Z) = L 9 % 10%rf B ( )
i) e . yr ( 10ZG6V) cm—3

@ For leptons

E —1
Toun E) ~ 320 x 10°
ms1c(B) 320 x 10%r (o)

@ Propagation steepens the injection spectrum E-Y to

® ~EY-6~E-27 for hadrons

® ~EY-1~E-3 for electrons

PAMELA 2014

—&— PAMELA

—&— AMS-02 (preliminary)
Galprop

—&— CREAM

—— TRACER

—2A— ATIC-2

—&H— HEAO

—O6— AMS-01

3 4 5678 10 20 30 40
E(GeV/n)

Tres >> Tcross"'kpC/C

DIFFUSIVE PROPAGATION!



Extensive Air Showers

® Indirect detection of CRs above hundreds of TeV

Nuclear
disintegration

Incident primary
N, P High energy particle

nucleons

......

N, p disintegration

product
nucleons

Hard component
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A Soft component
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Extensive Air Showers: Multiple detection

primary CR or y

If charged
particles don't
reach

the ground

Fluorescence
\ detector

\ Water tanks/

Scintillators
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Showers in the knee region &2
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Extra-galactic (Ultra-High Energy CRs)
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Interactions with the CMB radiation

@ Photo-pair and photo-pion production T
ptyeMB =P+ T,
@ Photo-pion has both a larger threshold and a larger inelasticity
p+vemg = n+7t = .. —=p+ete ...
@ The flux of UHECR protons above 5x1017eV is suppressed (Greisen

1966; Zatsepin & Kuz'min, 1966): GZK cut-off at ~100Mpc
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UHECR composition

@ Estimated by the grammage where the EAS reaches its maximum extent Xax

@ Fluorescence telescopes are needed, now both at Auger and Telescope Array

N° particles




UHECR (heavier and heavier) composition

@ Variance in Xmnax at a given E better indicator of the average chem. comp.

@ Composition becomes heavier at higher E!

log10(E /eV logo(E/eV
18.5 19.0 10l 5/ )1.- ] , 19.0 210l B/ )19.5 Il Auger 2024

B FD | & m —— EPOS - LHC
¢ SD (DNN) + oyt _ ¢ SD (DNN) + oyta QGSJetll - 04
e : ] . SIBYLL2.3d

— EPOS - LHC
QGSJetIl - 04
SIBYLL2.3d

@ Implications for cut-off: no photo-pion, but photo-disintegration of Fe nuclei!

@ Surprisingly, attenuation lengths turn out to be comparable ~100Mpc




Anisotropies in the arrival directions? )

@ Perp to the supergalactic plane

WO W

SGZ (km)s)

i
g

i
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® Not obvious correlation with AGNSs or starbursts e 7 e S

@ Unlikely UHECR astronomy if heavy nuclei




Galactic CRs
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SNR Paradigm for Galactic Cosmic Rays
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SNR paradigm: energetics
@ Baade-Zwicky (1934) energetic argument, updated

V.. =aR*h =2 x 10 cm’

conf

WCR = & \4

conf

~ 2x10” erg

SN in NGC4526

~10% of SN ejecta kinetic energy converted into
CRs can account for the energetics

28




Evidence of magnetic field amplification &

Tych ,
Yene @ Narrow (non-thermal) X-ray rims due to

synchrotron losses of multi-TeV electrons...

@ ...in fields as large as B~ 100-500pG

Volk et al, 2005...;
Warren et al, 2005;
Uchiyama et al. 2007;
Cassam-Chenatl et al. 2008;
Morlino & Caprioli 2012;
Slane et al. 2014;
Ressler et al. 2014;
Giufdrida et al. 2022

X-—ray profile @ 1 keV

Brightness [erg/s/cmZ/HZ/sr]
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SNR paradigm: maximum energy &d

@ The magnetic field can be amplified by CR-driven instabilities

@ The coupling between CRs and waves enhances Va < B

‘ > .
w Va VA = \/m

/

CRs
Downstream Vsh Upstream
ilein
b : . D(E Veh~5x108 cm/s
® Maximum energy achievable in a SNR: Tcc o \/(2 g | .
sh Tonr~103 yr

@ With Galactic diffusion: Enax~ GeV!
@ With Bohm diffusion Dg(E)=cr.(E)/3 in the Galactic B, Emax~ 100 TeV <Exnee
@ B needs to be amplified by a factor of >10 (both UPS and DOWNS,) to explain the knee!
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SNR paradigm

. 'G292.0+1.8
& "’\.' ' .

@ SNRs have the right energetics s , 4' 3
PR o, N NE

@ Diffusive shock acceleration produces power-laws

@ B amplification enhances particle diffusion | g

@ |Is there direct evidence of CR acceleration in SNRs?

31




Testing the SNR paradigm: y-rays from SNRs

n

-
—_

Log E° N/GE [eV em™@ s

.S
n

Log E° 6NIE [eV em™ 57
- o
- o n - U o

2

RX J1713.7-3946 Lag(E) [eV] 1 Morlino et al. 2009 Log(€) [eV]

y-ray spectrum to the y-ray spectrum than the

proton one (~E) proton (electron) one (~E-1-)

@ Location: gas-/photon-rich environments -> hadronic/leptonic emission
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Hadronic emission from SNRs

T

T llllllll

@ Low-energy cut-off because of
the o mass (135MeV)

T IIIIHII
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@ Overabundance of “bullets”?

® SNR, or diffuse CRs?
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@ Very steep spectra (E-3)!!

T Illlllll
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: a clear-cut hadronic accelerator

VERITAS
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Aside on Fermi Acceleration




Simulating DSA



Astroplasmas from first principles

@ Full particle in cell approach

(..., Spitkovsky 2008; Amano & Hoshino 2007, 2010; Niemiec et al. 2008, 2012; Stroman et
al. 2009; Riquelme & Spitkovsky 2010; Park et al. 2012; Guo et al. 2014; DC et al. 2015...)

@ Define electromagnetic fields on a grid
@ Move particles via Lorentz force
@ Evolve fields via Maxwell equations

@ Computationally very challenging!

@ Hybrid approach: Fluid - Kinetic
(Winske & Omidi; Burgess et al., Lipatov 2002; Giacalone et al. 1993,1997,2004-2013; DC
& Spitkovsky 2013-2015,...)

@ massless electrons for more macroscopical time/length scales

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

B R R £l cCtrons (o

.....................................................
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Hybrid simulations of collisionless shocks

Time= 001 [1/w,] DENSITY + PARTICLES

Upstream Flow

1
1000
x[c/lw,]

Shock propagation

©
2
(@)
c
=
8]
(0]
o=
(V)
o

Time= 001 [1/uw,] Out of plane B FIELD

yie/egl

o Anitial B tield

1500

dHybridR code (Gargaté et al, 2007; Haggerty & DC 2020)



Spectrum evolution

@ Diffusive Shock Acceleration: non-thermal tail with universal spectrum f(p)e<p-4

@ Acceleration efficiency: ~15% of the shock bulk energy!
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Parallel vs Oblique shocks
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CR-driven Magnetic-Field Amplification

n/”u (f - 2..J,. )

Initial B field

Ms=Ma=30

DC & Spitkovsky, 2013




DSA Efficiency

Acceleration X-ray emission:
depends on the red=thermal
shock inclination white=synchrotron

Efficiency (%)

Caprioli-Spitkovsky14a

10 20 30 40

. SN1006

B amplification and
ion acceleration

where the shock is
parallel

Reynoso+13

Caprioli-Spitkovsky14a,b,c
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lon DSA at the Earth Bow Shock

@ MMS confirms that DSA is efficient at quasi-parallel shocks (Johlander, Caprioli+21)
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The Issues with Observations



SNRs With Agile, Fermi,
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SNR Age [yr] DC 2011

@ Evidence of ion acceleration: spectra too steep to be leptonic...
@ ...and to be consistent with non-linear DSA theory:

@ Efficient acceleration implies spectra flatter than E-2 (Jones & Ellison 1991, Malkov & Drury 2001)




@ Monte Carlo simulations of SNRs + CR transport

Steep spectra preferred by propagation, too

@ Injection spectrum: ~E-Y

@ Residence time in the Galaxy: ~E-

@ Constraint: 0+y~2.7
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@ 6=0.33 is preferred
since it returns:

# more universal CR
spectra

@ less anisotropy

Also in this case, an injection slope of y=2.7-0.33~2.35 is required



Theory vs Observations

@ Efficient DSA (Drury 1983, Jones & Ellison 1991, Malkov & Drury 2001,...) should return:

@ Compression ratios R > 4;

@ CR spectra flatter than p~* (flatter than E=2 for relativistic particles)

@ Observations, instead, point to significantly steeper spectra:
@ Hadronic y-rays from historical and middle-age SNRs: g ~ 4.3 — 4.7 (e.g., Caprioli11,12; Aharonian+19);
@ Synchrotron emission from radio SNe: g ~ 5 (e.g., Chevalier & Fransson06, Bell+11, Margutti+18, ...);

@ Propagation of Galactic CRs suggests source spectra with g ~ 4.3 — 4.4 (e.g., Blasi-Amato11a,b; Evoli+19).




CR-modified Shocks: Enhanced compression!

@ Hybrid simulations (Haggerty-Caprioli20)
@ Efficiency < 15 % at parallel shocks
@ Formation of upstream precursor

@ Rincreases with time, up to ~ 6

PR CreTviee
Lo cntia | [atuy [
@.

@ R ~ 6 — 7 inferred in Tycho (Warren+05). In SN1006: R ~ 4 — 7, modulated with the azimuth/

shock inclination (Giuffrida+21)

@ fR~7— Qexpected = 3.5 ‘B\

do=0
@ Tycho: radio to y-ray observations: f

=43

q inferre

A challenge to DSA theory!

Chandra

Compression ratio



The Role of Amplified Magnetic Fields

u1+w1. B

@ CRs feel an effective compression R, = , w=wave speed x v, =
Uy + Wy /47T,0
@ We can measure both w and the effective CR speed (v,,)

@ Upstream: w; = — v, 1(6B)) < u

@ Downstream: (v,,) ~ w, = +v,,(6B,) = a u,

B

e Haggerty-Caprioli20

@ B fields (and hence CRs) drift downstream with respect to the thermal gas

@ First evidence of the formation of a postcursor i N
. : u,(1 + a)
@ CRs feel a compression ratio smaller than the gas 49

Glp = gas




3R 3R,

@ , — o
q= = > 4psa
-1 Ry—l-a

2000 4000 6000 8000 10000
@ CRs feel R, < R,: the power-law index is
not universal, but depends on B field

@ Ab-initio explanation for the steep spectra
observed in SNRs, novae, radio SNe...

@ Diesing-Caprioli21; Corso+23; Diesing+23,...

@ In a multi-wavelength fit B strength and
particle slope are not independent!

Caprioli, Haggerty & Blasi 2020
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Acceleration of Heavy Nuclei



Injection and Acceleration of Heavy Nuclei

i PHYSICAL REVIEW VOLUME 75, NUMBER 38 APRIL 15, 1949

On the Origin of the Cosmic Radiation

ENRrICO FERMI
Institute for Nuclear Studies, University of Chicago, Chicago, Illinois

(Received January 3, 1949)

A theory of the origin of cosmic radiation is proposed according to which cosmic rays are ongmated
and accelerated pnmanly in the mterstellar space of the galaxy by colhslons agamst movmg mag

j spectral dxstrlbutxon of 'the‘cosmlc rays 'The chlef dlﬂiculty is that it fails toexplammastralght- g
| _forward way the heavy nuclei observed in the primary radiation.

Spectra result from balance between acceleration and dN o E-(41/7)

collisional losses: heavy ions should have steeper spectral dE




Chemical Composition of Galactic CRs - |

@ Similar to solar at low energies (Simpson 1983); All species have the same spectral slope
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Chemical Composition of Galactic CRs - I

@ Depends on volatility (refractory vs volatile elements), on
atomic mass A, on first ionization potential...

-
o
~

1)
10%)

@® Solar System

—_
Q
[=))

O Cosmic Ray flux ot 1 TeV

[H/Fe]solar> 104

@ Above ~1 TeV, fluxes of H, He, CNO, and Fe are comparable
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relative abundance (Si
relative abundance (Fe
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Biermann & Sigl, 2002
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Hybrid Simulations

@ M=10, parallel shock, with singly-ionized nuclei (B¢, Yi, Spitkovsky 2017)

injection AZfocus_ZOdeg_n%;mplOOO: t=826 Energy spectra
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Shock estimate (red):
x=3155
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@ Quasi-parallel shock, M=20

Harcs
b ca

Hybrid Simulations with Heavy lons

>> > > > >
1

ShRNMRED2

lon DSA when proton DSA!

NNNNNN| |

MDMNON = = =

AlZ DC, Yi & Spitkovsky, 2017

(A2

@ Post-shock Tiscales with A
* Galactic CRs : %{:"’fy/’

| ¢ Simulations r e ] 7 Emax,i ScaleS Wlth Zi

@ The tail normalization scales with (Ai/Z;)?

@ Explains CR chemical enhancements!




Helium is not test-particle!

@ With cosmological He abundance ~10% (Caprioli+25)

® He acceleration efficiency ~15% (as H)
@ Total efficiency ~30%

@ |Increases shock modification

@ He can amplify B-field as much as H

@ Emax ~2x larger for both species

@ Hadronic gamma-ray emission can be
boosted by a factor ~5 (DC+11)




Magnetic Reconnection



Magnetic Reconnection

R. Kulsrud at his 90t birthday party:
“Enrico Fermi told me to study reconnection for my PhD thesis, nearly 70 years ago. We have yet to understand it.”

o

S B Wikipedia
* A change in the macro topology of the magnetic field, due to micro effects.

* This is often accompanied by an explosive energy release. 50




Reconnection Regimes: Magnetization

o<1 o>1

lod

| MMS (Earth’s magnetosphere) ‘

AGN jets

Pulsars

60



@ Dissipation of magnetic field loops on
the Sun surface triggers solar flares

Credits: NASA

e

reaches and shakes the Earth’s &

magnetosphere

1 “ \ ii\_ V»\;. -‘_" : ,‘l - < % “ ’.: ‘ ' i ‘\.
@ The coronal mass ejection §
&

@ Energetic particles produced in /R
the magnetotail produce auroras




Credits:

C. Haggerty
(2018)
NASA press
release




Relativistic, collisionless reconnection

for a recent ARAA review: Sironi, Uzdensky & Giannios, arXiv:2506.02101

reconnecting Bo field

v N
reconnecting Bo field

* The plasma flows into the reconnection region with v;, ~ 0.1v4 ~ 0.1c

— Rel. reconnection can efficiently dissipate the field energy (at speed ~ 0.1 ¢).
63



https://ui.adsabs.harvard.edu/link_gateway/2025arXiv250602101S/arxiv:2506.02101

Note the tearing mode
and the formation of plasmoids

-L/8 l . /
=42 -L/4
Courtesy of L. Sironi

(Lazarian +12)




Reconnection makes broken power laws

B2

! For electrons: o, = —
Vo ~ So-p Oe AT poc?
| Injection brings electrons up to

Yo ~ 30, ~ 6 x 10°0

dN
dry -1 or steeper

"

At 7 5 30 ‘“injection” due'to non-ideal E fields leads té o-dependent syiopes, With p=1.

At v 2 30 3D strong reconnection leads to a ~ o-independent slope (for o>>1) of p~2.

Courtesy of L. Sironi




Black Hole Coronae @@

a4
trans-relativistic
# outflow (£2)
-
g;} 7
K
Hard X-ray radiation flux s /b
~0.1—-0.3 Cg 7
EM energy flux into the layer IS %
# ( e
o) 4 »7A
4 =
IC-cooled e™* $

in plasmoids

Sridhar, Sironi & Beloborodov 21, 23 66

Courtesy of L. Sironi



Pulsars




Pulsars
@ Discovered in the radio by A. Hewish & J. Bell in 1967

@ Actual discovery by Jocelyn Bell (Hewish’s graduate student)

® Source called LGM-1 (then PSR B19219+21)
@ Hewish was awarded the Noble prize in 1974 (unlike Bell)

@ Read her account of the story here

@ Pacini (1967) and Gold (1968): pulsars are spinning
neutron stars with strong magnetic fields

@ A time-varying magnetic field launches radio signals

:
J. Bell-Burnell 68



https://en.wikipedia.org/wiki/Jocelyn_Bell_Burnell
http://ircamera.as.arizona.edu/NatSci102/NatSci/images/extlttlgrnmn.htm

Origin of Pulsars &P

@ When a star collapses to a neutron star

. *  Neutron Rotation axis
Magnetic star /

field lines ¢ 1
Beam of particles \ . \P
and radiation . -

North South
magnetic magnetic
pole pole

@ it spins up (conservation of angular mom.): 7' 2 Ims

@ its magnetic field is frozen-in and increases:

@ Rotation and magnetic axes misaligned:

@ lighthouse effect

-
-~

@ Each pulse is different, but the period is extremely regular

@ Hunt for gravitational waves with pulsar timing lconic Periodogram



https://en.wikipedia.org/wiki/Pulsar_timing_array
https://blogs.scientificamerican.com/sa-visual/pop-culture-pulsar-the-science-behind-joy-division-s-unknown-pleasures-album-cover/

~Unipolar Inductor

S R D A N e P i B P O S i

INGREDIENTS:

Potential drop
Conductor
Rotation
Magnetic field


https://www.youtube.com/watch?v=RGFtpOZxThc

Rotation and magoetic axis

!

i

| /3 !
' /Sepnrnlri“\

! i

Coromiing | | ["yina 7ne |
Wind Zone
Maguetosphere| |
/ |
e

i Open Geld lines
! e

e —
—

i Current sheet

e f———

Pulsar Magnetosphere &P
@ Assume magnetic dipole + rotation
@ On the surface EM forces win against gravity
| E| = wR.B/c > | g| — charge extraction
@ Particles accelerated by electric fields in “gaps”
@ Radiation curvature = gamma rays — pair production
ls
@ Goldreich-Julian(1969) density: n,, = 7 % 10 cm ™
e ere iy 102G P
@ Light cylinder: distance at which corotation wR; - = ¢
@ Field line must be open beyond the light cylinder
, Q’B.R? P\™° B
@ Potential drop: A@ = —— =10 V [ —
2c? ls 1012G

71




o> 1

Poynting-flux-dominated wind
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Relativistic Jets



Relativistic Jets Lauched by Black Holes

136 7 = | K1 Sm—————
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Bromberg & Tchekhovskoy 2016

@ Starts Poynting-dominated from the BH magnetosphere

@ Blandford-Znajek77 (BH) or Blandford-Payne82 (disk spin)
@ Poloidal B drops with z more than toroidal

@ Magnetic tower of azimuthal B loops: unstable

@ Reconnection — magnetic to kinetic energy
@ Acceleration sources:

@ Reconnection

® Shocks (internal, termination)

@ Shear acceleration (between spine and cocoon)

® Turbulent (ll-order Fermi in the cocoon)

@ Espresso re-acceleration for UHECRs

74




Espresso Acceleration and UHECRs



Extra-galactic Cosmic Rays &P

Magnetic Field Strenc
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Acceleration in Relativistic Flows @

@ Requirement: interface thickness << gyroradius << typical flow size

Laboratory (Downstream)

Flow (Upstream)

Most trajectories lead to a ~ I'? energy gain!

77




Espresso Acceleration of UHECRs 7 . @
@ SEEDS: galactic CRs upto E,,, ~ 3Z % 10%%eV
@ STEAM: AGN jets with I' up to 20-30

galactic-CR halo » _
N . - .. ONE-SHOT

B\
. . - reacceleration can
' - d -3 e produce UHECRs up to
. | | - | _— Emax W 2F2 Eknee
. ' R _— | E _~5Zx10%V

Hercules A . Y. ”




Galactic CR + UHECR spectrum
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Auger 2020
® What kind of AGN can contribute?

@ Enough sources within the horizon?
@What if ' ~ a few (e.g., FR-I galaxies) ?

@ Expected anisotropy?

Caprioli 2015, 2018




Testing Espresso Acceleration

@ Propagation of test particles in 3D RMHD simulations with Pluto (Mbarek & Caprioli19)

One shot Two shots

n(>1log1o(£))

| € Case A
[ CaseB
[ CaseA: 7;< 0.1
3.0 [ CaseB: 1< 0.1

. f 1.0 15
2.5 5
—

log10(€) |
2.0
N l N Effective Lorentz factor: I, = 3.2
40 )

0 50 60 70 10
Z (Rjet)

il

10

@ Espresso works for > 1 % of the Galactic CR seeds

: s, . |
Mbarek & DC 2079 @ Two-shot acceleration (& 2 I') is also possible!




@ Propagation in synthetic jets and in 3D MHD sims (DC 2016; DC & Mbarek, in prog)

Testing Espresso Acceleration

: //%\
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Espresso works!

Even a few shots: E/E;~T*-1!




Spectra and Anisotropy

@ Espresso acceleration occurs up to the Hillas limit

@ First tested bottom-up mechanism for UHECRs

® Re-accelerated UHECRs released almost isotropically

@ Weak dependence on the sign of B

@ Astro implications of 3D RMHD simulations:

@ Multiple espresso shots allow FR-I galaxies with
[' ~ few (e.g., Cen A) to be UHECR sources, too

@ Even non-blazar AGNs may contribute to the

UHECR flux at Earth

Hillas Limit
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Espresso vs Stochastic Shear Acceleration

logio(a;)

-3.6-3.4-3.1-29-2.6-2.4-21-19-16-14-1.1-0.9-0.6-0.4-0.1 0.1 04 06 0.9
| e — |

@ Shear acceleration at the jet-cocoon layer proposed as
source of UHECRSs (e.g., Ostrowski 1998, 2000; Kimura+2018)

@ depends on poorly-know scattering rate

@ Added sub-grid Monte Carlo scattering to our RMHD
K
jetwith 7., = N (k = 1 - Bohm diffusion)

Cc

@ Scattering fosters acceleration of low-energy seeds

@ The Hillas limit only achieved via espresso!

@ Overall spectrum becomes flatter

Mbarek & Caprioli 2021

logio(@)



UHECR attenuation in realistic AGNs

@ Included loss mechanisms for UHE protons and nuclei:

@ CR - p collisions

@ CR - y collisions (nuclei photodisintegration)

|

Particle

|

Process

|

Reactions

Proton (p)

proton-proton (pp)
photomeson (pry)

p—|—p—>p+n+7r+—)p+n+e++ye+1/”+17u
p+y—n+7t >nt+et +ve+v,+ 7,

Nucleus (N)

photomeson (N+)
photodisintegration
& neutron decay

N4+y—=>2"N4n+at 34 Ntntet +vet+v,+ 5,
AN+ vy A" IN+n 32" N4+pt+e + 7
AN+y—=4"'N+p

@ Technically challenging & dependent on the AGN photon fields

Mbarek, Caprioli & Murase 2022

no photodisintegration

with photodisintegration: g =2

with photodisintegration: g =1.6

with photodisintegration: g=1 28‘
)

v

106

107 108 10° 1010 1011
log10(E/GeV)

@ Non-thermal emission (dominant), Broad-Line Region, dusty torus IR, CMB, starlight, ...

@ Even maximizing losses, UHECR composition should remain heavy at the highest energies

@ because espresso acceleration happens far from the jet basis

Fe

CN

He




Expected Flux of UHE Neutrinos from AGNs

. 1076
@ 3 channels for UHE neutrinos: — e

Source v
== g=16

@ CR - p collisions sy
Cosmogenic v ‘
(B19)

v Auger

x  Kaskade

o TA

« IceCube

@ CR - y collisions (nuclei photodisintegration)

-
<
©o

@ f-decay of secondary nuclei (novel)

Particle | Process | Reactions Neutrino Energy fraction |

E?¢p GeV cm™2 571 gr71
=
o
&

proton-proton (pp) p+p—p+n+7nt =wpt+ntet +vet+v,+i, pv ~ 20:1

Proton (p)
photomeson (py) pty—n+7" >n+et +ve+v,+ 7, p:v ~ 20:1

photomeson (Ny) | N+ —= 2" 'N4+n+at 52 N4tn+et +ve+v,+7, N:w ~ 20:1
photodisintegration ANy A" IN+n 52 N4pte +7 N:v ~ 10%A:1
& neutron decay AN+vy—> 4" N+p —

Nucleus (N)

Mbarek, Caprioli & Murase 2022 104

@ AGN contribution may dominate cosmogenic neutrino flux for E > 10’GeV (ANITA, ARA, POEMMA)

@ IceCube neutrinos (E ~ 10° = 10° GeV ) may come from f-decay of secondary nuclei

@ Due to the role of non-thermal y, likely correlation with AGN flares! (e.g., TXS0506+056)



A Summary

Source

Origin Mechanism Emax Spectrum Evidence
Diffusive i o
Galactic | SNRs Acceleration at | 3Zx10¢ GeV Universal ~E-2 ge = ch)cly
non-rel shocks gy
B Ani ?
Extragal |AGNs . A 5Zx10? GeV  Galactic, boosted nlsot.ropy
in rel flows? Neutrinos?
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