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OUTLINE

- INTRODUCING ACCELERATED PARTICLES
- DETECTION

- THE SUPERNOVA REMNANT PARADIGM
- RECENT PUZZLES

- COURSE OUTLINE
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AND EXTREME ACCELERATOKS

-DIFFUSE NON THERMAL EMISSION






Quasar 3C175

YLA Gem image (c) NRAD 1996
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ASING VARI

PROTOST

HH30

ELLAR JETS

H

HH47

Jets from Young Stars

PRC95-24a - ST Scl OPO - June 6, 1995
C. Burrows (ST Scl), J. Hester (AZ State U.), J. Morse (ST Scl), NASA
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DIFFUSE NON-THERMAL EMISSION

RADIO EMISSION

(SYNCHROTRON)
GAMMA-RAY EMISSION|
(INVERSE COMPTON R

AND
NEUTRAL PION DECAY)

NOW DETECTED UP TO PeV ENERGIES!






PLAY ING WITH ELECTROSCOPES

ELECTROSCOPES DISCHARGE
HOW?

RESIDUAL IONIZATION IN AIR
FROM WHERE?

BUT IONIZATION EVEN IN
THICK LEAD OR WATER FILLED CAVITY

?-RAYS?
1895: X-RAYS ARE DISCOVERED (Rontgen)
1896: RADIOACTIVITY IS DOSCOVERED (Becquerel)

HIGHLY PENETRATING RADIATION



DROWNING AND LY ING ELECTROSCOTPE
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NEARLY FORGOTTEN... PHYSICS NOBEL PRIZE 1936
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FINE FOR COSMIC BUT RAYS?

19305: THE MILLIKAN-COMPTON CONTROVERSY

 MeV ENERGIES COULD BE EXPLAINED AS

| BIRTH CRIES OF ELEMENTS HEAVIER THAN H:
| e EVIDENCE FOR GeV ENERGIES
| o EAST-WEST EFFECT |
| o LATITUDE DEPENDENCE |

ARTHUR COMPTON
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forbidden { [ [ [ ]
varticle track & = | |

«) Primary cosmic-ray particle

OXO, | ©O geomagnetic field

OXONNOXO
____.E.?EQ':[.: jNeSt permitted particle track

geographic North Pole
geomagnetic South Pole

-
K

coincidence rate (Hz

MOST COSMIC RAYS
ARE POSITIVELY CHARGED PARTICLES!
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North
Geographic
Magnetic : North Pole

Pole
.] ]/—

:

ic' South
Geographic ./ % .
South Pole / Magnetic
Pole

0 10 30
GEOMAGNETIC LATITUDE

electrons hit
air molecules

e molecules
are "excited"

molecules give off light
as they calm down - -

magnetosphere




NEW PARTICLES AND INCK
ENERKGIES

1932 (1929): ANDERSON DISCOVERS THE POSITRON ( ANTIMATTER)

CARL ANDERSON

ASINGLY HIGHE
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NEW PARKTICLES AND INCREASINGLY HIGHER
ENERGIES

CLOUD |
CHAMBERS N
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NEW PARKTICLES AND INCKEASINGLY HI;GH”

ENERGIES
1932 (1929): ( ANTIMATTER)

1934: BRUNO ROSSI, WITH A COINCIDENCE SYSTEM, DETECTS EVIDENCE
FOR EXTENSIVE SHOWERS E >1GeV

1937:

- 17



NEW PARTICLES AND INCKREASINGLY HIGHE

ENERGIES

1932 (1929): ( ANTIMATTER)

1934: BRUNO ROSSI, WITH A COINCIDENCE SYSTEM, DETECTS EVIDENCE
FOR EXTENSIVE SHOWERS E >1GeV

1937:

1938-1939: AUGER DETECTS FIRST EXTENSIVE AIR SHOWER WITH
E>10 13-14 eV (THIS IS TODAY LHC CENTER OF MASS ENERGY!)
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NEW PARTICLES AND INCREASINCGLY HIGHE
ENERGIES

( ANTIMATTER)

1932 (1929):

1934: BRUNO ROSSI, WITH A COINCIDENCE SYSTEM, DETECTS EVIDENCE

FOR EXTENSIVE SHOWERS E >1GeV

1937:

1938-1939: AUGER DETECTS FIRST EXTENSIVE AIR SHOWER WITH *
E>10 1314 eV (THIS IS TODAY LHC CENTER OF MASS ENERGY!)

1947:

CECIL POWELL
NOBEL PRIZE 1950

Bt W e
Lo, : . ..J‘ l‘f;g/ |
b 7 Sl
\\g—r‘_‘ a8 L+
- " | . i
ch i | &
.Y 73 ' -
DOUBLE MESON?
T =1 1))
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NEW PARTICLES AND INCR
ENERGT

1932 (1929): ( ANTIMATTER)

1934: BRUNO ROSSI, WITH A COINCIDENCE SYSTEM, DETECTS EVIDENCE
FOR EXTENSIVE SHOWERS E >1GeV

1937:

1938-1939: AUGER DETECTS FIRST EXTENSIVE AIR SHOWER WITH

E>10 13.14 eV (THIS IS TODAY LHC CENTER OF MASS ENERGY!) BT )

1947:

1960: DETECTION OF PARTICLES WITH E ~ 1020 eV (SUBATOMIC i T

PARTICLES WITH MACROSCOPIC ENERGY: 1 kg falling from a 1 m height)
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Fluxes of Cosmic Rays

e (1 particle per m*—second)
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Cosmic Ray Flux Vs. Energy

1 <4 1 particle per m*/sec

Direct measurements

M

(balloons, satg-:lhte) 1%10'3

.“-":... / knee
=" 1 particle per m*ly

T EXTREME ENERGY
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. VARIATION: 24
| DECADES

eV

Indirect.measurement

L Z
T
—~
<
=
=
-
>
2
—
-,
7 p)

(from ¥

/'
1 particle.per km?/yr anklf;
3X10 eV
70

1€ 19 40 1.021
Energy (eV}

sub-GEV eV

25






Galactic Extra-galaclic

Exosphere

lonosphere

1/m*/year

~‘ ‘// (Knee)
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CR DETECTOKS AS PARTICLE
DETECTORS

‘CHARGED HIGH ENERGY PARTICLE IONIZES THE MEDIUM IN
WHICH IT PROPAGATES

‘HOW IT DOES THIS PROVIDES INDICATIONS ON ITS MASS

‘THROUGH MAGNETIC DEFLECTION ONE CAN ALSO OBTAIN
INFORMATION ON CHARGE

‘THROUGH CHERENKOV RADIATION ONE CAN OBTAIN INFORMATION
ON THE PARTICLE VELOCITY: THRESHOLD DETECTORS

‘CALORIMETERS MEASURE TOTAL PARTICLE ENERGY

28
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P + N — s+ Ns Development of cosmic-ray air showers
Primary particle
0 (e.g. ron nucleus)
s Lagb
7z-+ =g //t+ _I_ L first interaction

H

7z"'—>,u_+17ﬂ

pion decays

pion-nucleus

-SECONDARY GAMMA-RAYS AND interaction

NUCLEI FORM SUB-SHOWERS

second interaction

-MUONS ARE VERY PENETRATING AND
REACH EARTH

(C) 1999 K. BernlShr

MORPHOLOGY UNVEILS PARENT PARTICLE 33
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ENKOV AND FLUORE

primary
particle .

Pierre Auger Observatory:
109 eV < E < 10%"** eV
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*Electronic
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Surface Detector

1,660 surface detector stations
(1,500 m apart from each other)
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5> - e . : « Water depth: 1.2 m
ISIO06 41°S  BO°27:16 87 W welwv 4124 1 Eye alt 484760 )

« Volume: 12 m°

Fluorescence Detector

27 fluorescence telescopes
(in 4 different places)

.. g
» Mirror surface;. 3.6 m x 3.6 m (spherical) » 440 Photomultipliers
» Opening: 30° x 30° » Detection of fluorescence light

« Camera: 80 cm x 80 cm * Range: > 30 km (for 10®° eV air shower)

COMPLEX DECONVOLUTION!!!! 36







‘size ~ 30 kpc

sjze ~ 40 km

© Mark A. Garlick / soace-art.co.uk

size ~ 100 AU 4. Atmosphenc showers
<t> ~ a few years

— Ground-based detection

, — Solar activity monitoring
— flux modulation < 10 GeV/n IN.B.: Cerenkov flash ~ 10 ]

— time dependence

2. Transport in the Solar cavity
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NEUTKON MONITOR DATA
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Smoothed Sunspot Number

Monthly Averages

McMurdo, Antarctica, Neutron Monitor
Bartol Research Institute, University of Delaware
27-day Averages - data through February 2006
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RP, March 2006

Heliosphere

VOYAGER MEASUREMENTS:
THE LIS FINALLY'
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— — — GALPROP LIS (PD2)
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IMP8 1 AU ('96/183-280%
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8

ISM wvelocity

fluctwations /

-‘07

»
o

refroclive
scinl, indes
(stars ond boxes)

log,s(spectral density, Py, (m™))

g

| LARGE SCALE FIELD MOSTLY ALIGNED WITH SPIRAL ARMS | e &
g -16 14 12 10

i [(spotial wovenumber, g (m™ ')
| TURBULENT COMPONENT WITH 8B/B ~ 1 ON 10-100 kpc SCALE 7

| AND LIKELY KOLMOGOROV SPECTRUM 5B(k)2 k ~5/3
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ENERGY BUDGET

Gas motion
(Mv?#/2)

CMB (2.7 K)

~ 0.5

Energy []]
1010 108 10°® 10%

E? Intensity [GeV m 2 s ! sr!]

Energy [GeV]

AMS-02
\UGER

CALE]
CREAM
DAMPI
FERMI
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& RUNJOB KASCADE-Grande (prel,)
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- 2™ knee
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Transition from Galactic
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KNEE: 3% 100 eV
Equivalent c.m. energy\s,, (GeV) ]
10 10 — END OF PROTONS

¥  ATIC KASCADE (QGSJET 01) [iRes-MIA

“ PROTON KASCADE (SIBYLL 2 1) HiRes | , TRANSITION: feW X 1018 eV

¢ NUNJOB KASCADL-Grande (prel.) HIRes Il
TiDet ASg (SIBYLL 2.1) Auger SD 2008

| CUT-OFF: 3 x 1020e V
“ GZK or MAX ENERGY‘? |

END OF GAL FE OR DIP?

HERA (¥ p)
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b ANKLE: 3.3 1018 eV |
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NOTE: QUESTION MARKS DUE TO UNKNOWN COMPOSITION

MORE BREAKS LATER...
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GALAXY IN COSMIC RAYS

COSMIC RAYS FILL A VOLUME
LARGER THAN
THAT OF THE GALACTIC DISK:

CR HALO

GAMMA-RAY EMISSIO
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~ 5% 10° eV

trans

AT HIGH ENOUGH ENERGIES CRs ARE NO LONGER CONFINED
WITHIN THE GALAXY.
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Fluxes of Cosmic Rays

"%u
L
Fas

—
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Flux {m" sr s GeV)™

v:} Q K
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(1 particle per km*—year) %
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LATEST RESULTS FROM AUGER

|
S

(3)
s 1500 m array

0 750 m armay

(X .0l cm”

spectralindex t o * 0,

¥ =329 +0.02 £0.10
7 =2.51 +0.03 £ 0.05
i:snsxons;OJo
7 =5.1+03 0.1

0.001 0.01 0.1 1
E [EeV]

EGAL DOMINANCE ABOVE FEW X 1018 eV Auger 20

MASS COMPOSITION: BECOMES HEAVIER ABOVE FEW X 1018 eV BUT NOT UP TO Fe

CORRELATIONS: AGN:2. 7« ; AGN+SBG: 3.7« ; SBG: 4 o

BUT ALSO OTHER POTENTIAL SOURCES.... 57



QUICK LOOK AT UHE
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Cosmoloaical
expansion
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Photo-pion production 3
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Cosmoloaical

1 :
10 expansion

103

production

102

Proton energy loss lengths (Mpc)
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IF PROTONS : DIP MODEL (Berezinski+06)
AND GZK

IF Fe: UHE COMPONENT WITH LOW ENERGY

CUT-OFF AND MAXIMUM ENERGY
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HILLAS CRITERION
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BACK TO THE G
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& simplified 1llustration of cosmic rays coliding
with nuclet, and the subsequent reactions:

o yoacleuas of

SPALLATION PROCESSES AND
SECONDARY ELEMENTS

ELEMENTS IN EXCESS OF SOLAR ARE OF
SECONDARY ORIGIN

ABUNDANCE OF SECONDARIES===> GRAMMAGE
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UNSTABLE ELEMENTS

111111111

| CR AGE LARGER THAN

7 (1%Be) = 1.5 x 10%r
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Yanasak+ 2001
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RADIOACTIVE ELEMENTS POINT TO
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RESIDENCE TIME IN THE GALAXY

~ 10° yr DISK HEIGHT |

........................................................................
r IS AT . ST WSS T TI TS0 T8y PHTEASE N ST 7 v PSS ST
.........

...............
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= PROPAGATION CANNOT BE BALLISTIC
(1GeV) ~ 15 x 10° yr -
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Phase, RA, -

The Anisotropy Amplitude ( the first harmonic

logE, GeV
The Phase of the Flux Maximum in Equatorial Coordinates
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| . «)V.> . # B ps -).,> .

LONG CONFINEMENT TIME

.|.

SMALL ANISOTROPY
(COMPATIBLE WITH DRIFT AT ALFVEN SPEED)

PROPAGATION MUST BE DIFFUSIVE /=1/D¢
(SCATTERING ISOTROPIZES PARTICLES IN A SYSTEM COMOVING WITH ALFVEN WAVES)

POSSIBILITY OF SOURCE LOCALIZATION LOST!
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Wer = 0.5 eV cm™

Ver = 2JZ'R§ R, ~ 5% 10%cm’

ter(1GeV) = 20 X 10°%r

Leg =

wcr Vol

T

~ 10%%rg/s
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| Loy = RE,.on ~ (3 — 10) x 10%%rg/s

L
000

Fluxes of Cosmic Rays

LN (1 particle per m*—second)

Vep= 27:R§ Ry ~ 27(15kpc)*(1 — S)kpc "

Wep =05V cm™

R~ ; Eqy ~ 10°lerg
(30 — 100)yr

Ankle X

(1 particle per km*—year) %
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(a) Type | Supernova

Binary star system

(b) Type Il Supermova

Hellum., carbon
Hydrogen

4

Normal star fusion

Accration
disk

White |
dwarf |

Planetary Red Growing
nebula giant white dwarf

Heavy elements

Hydrogen

—‘.‘._'

Massive star imploding Core rebound

& SNT

=

Detonation [ \

-

Remnant  Shock
core Y

Explosion
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1 10% EFFICIENCY OF CONVERSION OF SN EXPLOSION ENERGY IN

ACCELERATED PARTICLES DOES NOT SEEM MUCH Fermi
BUT WHAT IS THE MECHANISM?

FREE EXPANSION VELOCITY:

OF _
Vej = | 570 = 10°E5)* M, [Pk /s
eJ

o EXPANSION VELOCITY HIGHLY SUPERSONIC:

vej/CS ~ 10

o SUGGESTED MECHANISM: SHOCK ACCELERATION

i



SUPERNOVA REMNANTS

RELATIVISTIC ELECTRONS
SEEN THROUGH
X- RAY EMISSION

CORE
COLLAPSE TYPE IA

73



RELATIVISTIC PROTONS IN SNRS?

TeV EMISSION DETECTED!

NEUTRAL PION -DECAY
OR
INVERSE COMPTON SCATTERING
OF ELECTRONS?

-42

CONCLUSION
UNCERTAIN

DETAILED SPECTRAL_ [
MODELING REQUIRED!SS

IN MOST CASES

BUT.... e

15h04m

N,
|
i

S“.W;_Region

15h02m

RA (hours)
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wion

erschel and XMM-Ne

»
MM

Image data from ES

Ackermann+13

nerqgy (e

Farmi-LAT =
AGILE
Pion emasion
Primary Sremss
Secondary Sremas - - - -
Totad Gamma

10

™

EX dNGE IMeV/ om2is]
oy

- PION BUMP IN MIDDLE AGED SNRS

- PROTON MAXIMUM ENERGY TENS OF TeV

MOSTLY REACCELERATION OF AMBIENT CRs
AT LEAST FOR W44 (Cardillo, EA, Blasi 16)

75



. SUPERNOVA REMNANT PARADIGM
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Electrons
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ANTIPROTONS

EXPECTED DIFFERENT FROM
PROTONS
BECAUSE SECONDARY

EXPECTED DIFFERENT FROM

POSITRONS BECAUSE OF
IONNIIN
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Rigidity R [GV]

SECONDARY NUCLE

« Lithum

AMSO02: Aguilar + 2018

IMPORTANT INFO ON PROPAGATION
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SECONDARY
PARKTICLES
AND
ANTIPARTICLES
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QUESTIONS

q ARE REALLY SNRs THE MAIN SOURCES OF CRs

IN THE GALAXY?

DO THEY PROVIDE THE RIGHT SPECTRUM AND THE
RIGHT MAXIMUM ENERGY?

q WHAT MAKES THE HIGHEST ENERGY COSMIC
RAYS?

q HOW ARE ALL CRs ACCELERATED?

q MORE FUNDAMENTAL YET: HOW DO CRs
INTERACT WITH MATTER?



OUTLINE

e PLASMA AND RADIATION PHYSICS TOOLS

e HOW CRS INTERACT WITH MATTER
- ALFVEN WAVES
- WAVE-PARTICLE INTERACTION
- DIFFUSION

o PARTICLE TRANSPORT
- FROM KLIMONTOVICH TO FOKKER-PLANCK AND TRANSPORT
EQUATION

e PARTICLE ACCELERATION AT NEWTONIAN SHOCKS
- THE SIMPLE DESCRIPTION
+ MORE REFINED TREATMENT
- MAXIMUM ENERGY

e COSMIC RAY PROPAGATION THROUGH THE GALAXY
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