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Something on methodology...

The real voyage of discovery consists not in

seeking new Iandscapesmt In having new
€YES. (Marcel Proust) '

lllustration by Guy Billout




My favorite textbooks in Astroparticle

T.K. Gaisser Cosmic Rays and Particle Physics (new edition 2016 available!)

D. Perkins, Particle Astrophysics (2nd ed. 2009) "éés‘mic;lRéy's'

, Partic?: Physics ’
T. Stanev, High Energy Cosmic Rays, Springer, 2004 1AL
M. S. Longair, High Energy Astrophysics, Cambridge U. Press, 2010 i‘: '43‘1 | COS}\AIC?RAYS

AND
PARTICLE PHYSICS

SECOND EDITION

S. Rosswog & M.Bruggen High-Energy Astrophysics

C. Grupen, Astroparticle Physics, Springer, 2005
M. Spurio Particles and Astrophysics, Springer

L. Bergstrom and A. Goobar, Cosmology and Particle Astrophysics, Springer (2nd edition,2003)

Claus Grupen
| High I"]pvr;{ﬁ' 2

stronory an sics Librar S D S AT
oodarcen IR - Astrophysics

Maurizio Spurio

Particles and
Astrophysics

A Multi-Messenger Approach

Particle Astrophysics
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Data Particle Book -

http://pdg.lbl.gov/

The physicist’s book of trt

> 200 particles listed in PDB
But only 27 have ct > 1um
and only 13 have ct > 500um

particle data group

About PDG | PDG Authors | PDG Citation | Contact Us

The Review of Particle Physics (2016)

C. Patrignani et al. (Particle Data Group), Chin. Phys. C, 40, 100001 (2016).

pdglLive - Interactive Listings

Summary Tables

d g Rl T
"R :

Reviews, Tables, Plots

Particle Listings

Order: Book & Booklet

Download or Print: Book, Booklet, Website, Figures & more

Previous Editions (& Errata) 1957-2016  Physical Constants

Errata in current edition Astrophysical Constants
Figures in reviews Atomic & Nuclear Properties
Mirror Sites Astrophysics & Cosmology

Most Popular

out Listins

PDG Outreach
Particle Adventure & Apps CPEP Charts History book

Non-PDG Resources
v HEP Papers v Databases & Info v Institutions & People

Funded by:
US DOE, CERN, MEXT (Japan), IHEP-CAS (China), INFN (ltaly), MINECO (Spain), IHEP (Russia)



Online material
On cosmic Rays:

- M. Settimo, Review on extragalactic cosmic rays detection, https://arxiv.org/

pdf/1612.08108.pdf

- Gaisser, Staney, Tilav, Cosmic Ray Energy Spectrum from Measurements of

Air Showers, https://arxiv.org/pdf/1303.3565v1.pdf

-Kotera and QOlinto, The Astrophysics of Ultrahigh Energy Cosmic Rays, https://
arxiv.org/abs/1101.4256

-Blimer, Enger and Hbrandel, Cosmic Rays from the Knee to the Highest
Energies, https://arxiv.org/pdf/0904.0725v1.pdf

Anything on neutrinos : http://www.nu.to.infn.it;

Reviews on Astrophysics Neutrinos:http://web.mit.edu/redingtn/www/netadv/
Xnuastroph.html

Book: https://www.cambridge.org/core/books/cosmic-rays-and-particle-physics/
C81BA71195ADFC89EFCC2C565B617702

Recent results: https://arxiv.org/pdf/1511.03820.pdf
Atmospheric Neutrinos: https://arxiv.org/abs/1605.03073

Reviews on gamma-ray astronomy: http://web.mit.edu/redingtn/www/netadv/
Xgamma.html|
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The signals in the two LIGO interferometers

Hanford, Washington (H1) Livingston, Louisiana (L1)

m1 = (36 + 4)Mo,
m2 = (29 = 4)Mo.
Msin = (62 + 4)Mo

Am = (3 £ 0.5)Mo
D = (410 + 170) Mpc




Parameters from fittin

Primary black hole mass 36“:2 Mg

Secondary black hole mass 29’_le1 Mg

6275 M
0.6718:05

4107155 M

+0.03
0009_0.04

Final black hole mass
Final black hole spin
Luminosity distance

Source redshift, z

Bruce Allen, TeVPA 2016

https://indico.cern.ch/event/469963/

ntributions/2277620/att
1339053/2113990/
TeVPA 2016 09 13.pdf

hments/

* Radiated energy: 3Mg (+0.5)

* Peak luminosity: 3.6 x 10%° erg/s
(£15%): 200 solar masses per
second! (About 1uW/cm? at

detector, ~10'® millicrab!)

Can only be two black holes!

* One orbit => two gravitational wave cycles

Black hole separation (Ry)
4 3

21

¢ Newtonian approximation =>
3

M= (mimg)?/® _c [5 8/3f—11/3f=]3/5

(M +mp)Vs G %W

e Chirp mass M ~ 30 Me
e |f equal: m;=m, ~ 35 Mo
=> Sum of Schwarzschild radii =206km

Strain (107%)
o

* At peak fg = 150 Hz, orbital frequency =75 -1}

Hz separation of Newtonian point masses

N
T

=
T

/lns_ﬂral Merger Ringdown
- L ™ . .
s VO

—— H1 estimated strain, incident
— H1 estimated strain, bandpassed

346km

* Ordinary stars are 106 km ig size (merge at
mHz). White dwarfs are 10 km (merge at 1
Hz). They are too big to explain this!

* Neutron stars are also not possible:

m; =4 Me =>m,=600 Mo
=>Schwarzschild radius 1800km => too big!

0.20 0.25 0.30 0.35 0.40 0.45

Time (seconds)

Only black holes
are sufficiently

massive and compact!




New signals from the Heavens 4@}
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Neutrinos winners!

ﬁ0b9| prize 2002  Qscillations with neutrinos from thermonuclear Nobel prize 2015
reactions in the Sun X

dp — ‘He + 2et + 20,

~6X 1010y cm2s1
E ~0.1-20 MeV

~ 100,000 billion solar neutrinos pass
through your body/s

q :
g

~1 neutrino stops in a lifetime! Nobel prize 2016

Oscillations with
atmospheric neutrinos
T. Kajita

M. Koshiba

~ 10 s bursts of 10 MeV vs from stellar
collapse (l. Tamborra’s lectures)

e +p—>n+v,

. l
Thermaliz - —
e e +e =V +v




-terrestrial neutrinos from
S: Solar neutrinos

| Gallium | Chlorine Fuperh SR
10 — — v ——y—r———ry
10" Bahcall-Pinsonneault 2004 pp — ‘Hte' +uwe
HE s H+p - *Hety __ ppl
10'° 4H 2 T 1
o £12% — 7Be+ P
=, \ — ’a'i;zjq.rx‘,j PP”
g — - sB+7 + |1
~ — — 8B fet 4w
ERRCE — |4 — 24He - pp
3]
z. 108 T
10. /
Sun
109
102 -
101 A /‘l
0.1 1 3 10 \
Neutrino Energy (MeV)

Theoretical uncertainties



Detected Extra-terrestrial neutrinos from
sources: SN1987A

Let’s pick up 2 of these events (similar emission time )

t,=0 E, =20 MeV

t,=125s E, =10 MeV

At, =0 and Aty = |ta — t1| = 12.5s and we find solving for the mass:

2 26E1E2|Atd| .

T 1 1 1 N | 1 1 T | B A |
50 A - & ~ KAMTOKANDE-II
- T T * —Baksan
* -
= 40 X I ‘ i-ne
~ A ¥ »
’ 30 J J

IR | !

DETECTED ENERGY B
'-,96’\_,0_‘
O
et s

b M ¥ A LI | M | v Y
0 1 2 3 4 5 6 7 8 - 10 1 12 13
TIME (sec )

Fig. 3. Energies of all events detected at 7:35 UT on February 23, 1987 versus time. £=0.0 is set as 10 be the time of the first event of
cach signal observed.
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-terrestrial diffuse
s in IceCube

~7 o evidence for

, T S nae e extra-terrestrial v
LU B -+--{EEE Bkg. Atmospheric Neutrinos (x/K) i
Background Uncertainties
=== Atmospheric Neutrinos (90% CL Charm Limit)
7)) === Bkg.+Signal Best-Fit Astrophysical (best-fit slope E*%) |]
- , ~ = Bkg.+Signal Best-Fit Astrophysical (fixed slope E-?)
0 101 | T Pt | e®e Data
™~ -
< - -
o
O .0 e el o] 13a7d
a 10 s SN S : =
v | ]
+~J . =
C i
m i
> — : J
| /
10 5| 5 "R— - 111
7
77 | - A . .
2 3 4
10 10 10

Deposited EM-Equivalent Energy in Detector (TeV)
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yet of unknown origin

lceCube PeV energy astrophysical component

ICECUBE PRELIMINARY __——

Galactic
| LTI
0 TS=2log(L/LO) 10.9

15



ong-standing puzzle on cosmic rays

More than 100 years of observations yet did not bring to a solution.
1912: VF Hess, after 7 balloon flights reaching an altitude of 5350m,
found out:

-A radiation of high penetration power hits the atmosphere from above,
which cannot be caused by radioactive emanations.

-This radiation contributes to the total amount of observed ionisation at
lower altitudes as well.

- The sun is not the source of the extraterrestrial radiation. There is no
difference between ionisation measured during the day and at night.

http://www.desy.de/2012vhess

Fahrt (7. August 1912 I K0|h0rstel‘
Ballon: .,Bohmen® (1680 cbm Wasserstoff) Fihrer: Hauptmann W. Hoffory. 4
Meteorolog. Beobachter: E. Wolf Luttelektr. Beobachter: V. F. Hess. x 1913

o 1914

=]
<

Beobachtete Straklung
\littlere Héhe eobachtete raklung

Relat
; -
€l Apparat | \pparat 2 Apparat 3 iemp, Feucht, ]
absolut relatv - —_— Proz. P
m m 74 73 reduz. ¢4 E
STRENPON IV < eI £ Ny o w
- — — - - f — ] - —
1 t3h 15g—16h 13 156 o 17,3 12,9 ' ~ LD}
2 toh 1g—17h 135 150 0 15,0 [ 15.4 (8,4 1!, Tag vordem Auf 4
3 17h 15—18h 13 156 0 15,3 ¥1,2 17,8 17,5 l stiege (in Wien ©
4 6h 4¢ 7h 45 1700 1400 (5.8 vd 21.1 2¢.3 +6.4" 60 (=3
4 8h 435 2750 2500 17 3 12,3 22.5 31,2 Ti4" 4 S
€ 3h 45 gh 45 3850 | 3000 19,5 10,5 21.9 35,2 0,59 04 bt 20 o
W 45— 10N 43 4800 4700 40,7 31,8 -—0.3 40 X

4400 5350/

toh 45— 11h 1§ 4400 $200 28,1 22,7 .

[Lh 1 11 45 1300 (200 9,7 11,8 — el L 0 I L 1 l
[th 45—120 10 250 150 11,0 10,7 . 160" 68

127 2% gh 1 140 o 15,0 11,0 - - (nach der Landung in 0 2 4 6

Pieskow, Brandenburg) A“lhldelkm



lusions

Natoce (svppl) /21, 14, 0728)
Lectore at Leeds UvasH\,

These facts, combined with the further observa-

tion made both before and at this time, that within
the limits of our observational error the rays came
in equally from all directions of the sky, and supple-
mented finally by the facts that the observed
absorption coefficient and total cosmic ray ionisa-
tion at the altitude of Muir Lake predict satis-
factorily the results obtained in the 155 km.
[ balloon flight, all this constitutes pretty unambiguous 1
evidence that the high altitude rays do mot originate in
our atmosphere, very cerluinly not in the lower nine-
i tenths of it, and justifies the designation ‘ cosmic rays,’
the most descriptive and the most appropriate
name vet suggested for that portion of the pene-
trating rays which come in from above. We shall
discuss just how unambiguous the evidence is at this
moment after having presented our new results.

These represent two groups of experiments, one
carried out in Bolivia in the High Andes at altitudes
up to 15,400 ft. (4620 m.) in the fall of 1926, and the
other in Arrowhead Lake and Gem Lake, California,
in the summer of 1927.
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bit of history...

1912: Victor Hess discovers cosmic rays (named
so in 1927 by Millikan) — Nobel Prize 1936

[1928: Paul Dirac predicts the existence of anti-
particles — Nobel Prize 1933]

1932: Carl Anderson discovers the positron in
cosmic rays - Nobel Prize 1936 (cloud chamber
invented by C T R Wilson - Nobel Prize 1927)

» ter.. "'t‘ry .

the . & S the . high . . . .

el 1onizae n s atmo’' [1935: Hideki Yukawa predicts the existence of
the top Prog

Obe " .
: Wt‘st;t;:i?(;&i ‘> mesons — Nobel Prize 1949]

Per Carlson (Physics Today, Feb 2012)

in
ey, ¢

1937: Seth Neddermeyer & Carl Anderson
discover the muon in cosmic rays

1947: Cecil Powell discovers the pion in cosmic
rays — Nobel Prize 1950

1947: George Rochester & Clifford Butler
discover the kaon

Figure 4. A historic doud-chamber photograph taken by Carl Ander-

(Patrick Blackett awarded Nobel Prize 1948 “for

Bk i ey s s ms s men | development of the Wilson cloud chamber method”)

ghter than the proton. This was the fiest sighting of the positron pro-
posed by Paul Dirac in 1928 (Adapted from ref 10)



Approach to solve the puzzle:

A multi-messenger approach can help in untangling all unknowns but needs
to cope with messenger properties (charged and neutral cosmic rays).
Measure the messenger’s properties (energy spectra, composition and
direction);

|dentify candidate sources through understanding of acceleration
mechanisms in extreme B-fields that can produce measured spectra and
composition; use information from photons.

Understand messenger propagation in intergalactic and galactic media
and in the atmosphere;

This requires good knowledge of nuclear cross sections and hadronic
interactions in the fragmentation region and up to higher energies than
colliders.

Understanding propagation requires also understanding cosmological
parameters (such as galaxy distributions, extragalactic background)

Find direct evidence of cosmic sources on top of atmospheric backgrounds
(mostly muons); gamma-rays have potential to classify such sources.

Find the neutrinos from GZK interactions and interactions on ISM (they must
be therel!l)

19



The most probable suspects would show up in databases
of GeV-TeV gamma-sources

tevcat.uchicago.edu/

-180

More than 150 sources

o and 10 populations
-90
+5.0°
®prPwN
+30.0° |9 oep - ® ° -= 3000 oo
. Y - . . HBL, IBL, FRI, FSRQ, LB
L &' “33‘3 es b W Q_ AGN (unknown type) .
- . ® Globular Cluster, Star Forming
Region, uQuasar, Cat. Var.,
Massive Star Cluster, BIN, BL Lac
(class unclear), WR
-5.0° ® shell, SNRMolec. Cloud,

Composite SNR
©DARK, UNID, Other
©Binary, XRB, PSR, Gamma BIN




Large Hadron Collider:
E...=CceBR=7x10"7eV

t'.«;ﬁ‘a, ‘

-6"

an méﬁe ac( "-T-m

- dynamical (collrsions between par iC es)
Electromagnetlc. f.e.m are produced
according to VxE=-6B/6t




Particle accelerator around the Earth : 103 x LHC

coII|S|ons of part|
galaxy merging,..
- Magnetic reconnection,
* Annihilation of DM, deca .




Modernized Hillas' plot

LHC accelerator should have circumference

of Mercury orbit to reach 102 eV!
Hillas plot (1984) | — .\

; RB ?
1012 [~[Nebtron stars Emax ~ BszBL
RS
— Y
' .
0 L
g L
© 106 -
5 te
- -LHC
o [ ‘ '
9 —_. Y , ‘: “ - g
21 ] ~ ey
S) - _' ' "‘ -
© - Back of the envelope calculation (Hillas formula): the
S [ Interplan:Ft)z'g;\ SNR N _ acceleration region must be larger than the gyroradius
s - | rr = (2c) L — EBL
10 [ Galactic '[_)Iljé __.-v‘ L (Jc) Be ZeBce
-|1|1|l|| llllllll\\
tkm  10%kml . 1pc 1kpc 1Mpc Royce >7r, > E S ZeBRyccC

Size " e Ifthe accelerator is relativistiéally moving with Lorentz factor I
E < T'ZeRBc

(e.g. AGN jets or Gamma Ray Bursts)



-We are bombarded by stable (>

106 yrs) CR s with energy up to
101 GeV
-CRs are isotropic, sources
unknown as well as the number
of populations that contribute ~,
-non-thermal spectrum: e
dN .
— x B¢ 5
dE >
- about 2 orders of magnitude S
intensity flux lost per decade W
-
Cosmic ray are equivalent to fixed ‘L
target experiment
‘ 1/2
Bom = |(B1 + E2)* = (P + p2)?] .
— [-m% +m3 + 2E1Eo(1 — 3132 cos 9)] 2
Ecm = Sqrt(szprojectile) 1
_ 14x10%?
LHCpp LEproj = 55109
7TeV+7TeV — 9 x 1017 eV

1Cosmic Ray (CR) Spectrum

ALL PARTICLE SPECTRUM Gr/i?koergz S
10° - protons only MSU +—&— -
o KASCADE =
% Tibet
- Yo, + KASCADE-Grande +—e—
% . all il lceTop73 +—&
. . particle HiResT82
2 L s 2013 v -
10™ Felectrons ¢ Auger2013 +—+—
Model H4a
I * CREAM all particle
posgitrons
10"‘R -
A
)
Proton Knee 3 PeV o
1 particle/m2 yr 7]
10 I antiprotons P Y o |
0]
P4
=
|—
1]
=
o
10° | ® |
Fixed target .
gﬁ?@ TEVATRON
l l l LHC -
0-10 1 1 1 1 1 ]
10° 102 10 10° 10® 10'°
E (GeV /particle)

Ankle 5 x 1019eV
1 particle/km2 century



=100

Abundance relative to carbon

Cosmic Ray composition below the knee

. - Elements with Z>1 are much more
Nuclear abundance: cosmic rays compared to solar system

10° f | T ' ' abundant relative to H in CRs than
™ | in the interstellar medium (ISM): H is
104_ 1 . 7] . .
\ L/ORNTRG ety hard to ionise;
. Solar system
\ C
\ 0} . .
102 L/\/\ Ne pg o o 1 - Li, Be, Band Sc, Ti, V, Cr, Mn are
N | | secondaries of spallation processes
100 F / ¥ o Cu - : : :
of the high energy primary nuclei on
o2l : P ¢ | o /[Mn ¢ | ISM=>more abundant in CRs than
I
oB
y | ISM
Lio ¥ v
1074 Sc .
- The abundances of even Z > odd Z
oo Be | | | | | elements in CRs (odd-even effect):
0 5 10 15 20 25

' nuclei with odd Z or A are more
uclear charge

CR elemental abundances measured on weekly bound. Magic nuclei (£ =
Earth (filled symbols) compared to the 2,8,20,50,82,126) have full shells of

solar system abundances (open symbols), n and p. Double magic nuclei, such

all relative to carbon = 100. as He and O) are particularly stable



Primary and Secondary CRs

Primary Cosmic Rays (p, He, C, O, ...)

Primary cosmic rays carry information about their original spectra and propagation

Secondary Cosmic Rays (Li, Be, B, ...)
C,O,.,Fe+ISM>Li,Be,B+X p,n,et, e 4,V

Slide from

Secondary cosmic rays carry information about propagation of primaries, Prof.
secondaries and the ISM. Ting.




The All nucleon Spectrum

- The all-nucleon spectrum vs E/nucleon is the sum of free protons (about 75%), nucleons
bound in He (about 17%) and heavier nuclei (about 8%) between 10-100 GeV/nucleon.

- Peters cycle (first measured by KASCADE): the knee is related to propagation and
acceleration hence changes in the spectrum are rigidity-dependent. If there is a
characteristic energy at which the proton spectrum Stephens Eknee, He steepens at

2Eknee, O at 8 Eknee,
https://arxiv.org/pdf/1303.3565v1.pdf

—anr[—ﬁwmmrq—mvmnmm[—mnmmnq—rmmrrr
UL Illll"TI nu.n'! T .nn] .|mms: TTTTTy 'IIIIII! — Proton total 104 : _
10 He_total . Population 1 =

Pl - C_total

H O_total

B i |— Fe_total I
Z=53 group 3 ,
10 E ......... —
103 Z=80 group

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

¥ Pamela Protdn
Pamela He

#- Creamll Proton

B Creamll He

_|~*CreamliC
Creamll O

—e— Creamll Mg :

Creamll Si \

LR

-
o
N

T T I T 77}

L

E*S x dN/JE [GeV'* m2 s’ s7]
L
E?® x dN/AE [GeV'® m2sr's]

—_
o

1 ITIIITTI

.
o
TTTIT]

—e— Creamll Fe

1 ) | i‘L||I||l‘i e 1 1L LI L1 JI 11 lJ T ll PULTET SR RRTL 1 A 1 i l: '
10° 10* 10° 10° 107 10® 10° 10" 10" 10* 10* 10° 10° 10" 10* 10° 10" 10"
Primary Energy, E [GeV] Primary Energy, E [GeV]
nucleons

Below the knee (1 GeV-100 TeV): IN(E) ~ 1.8 x 10% (E/1 GeV)™@ 5 GeV
m* s sr Ge



Above the proton knee of 3 PeV the composition is heavy.
What happens at the ankle is unclear...

4_ : T T lllinl UL | T T TTTT] T 1 I‘lllll! [T ]
3-5} b s s ST PYTVET a0 00as ? .......... ’[ 3 =
- : T E ......... . Y Tt ' N
B : Population 2 , i
T 0108 i —
: i Y/ % B —
2,5t T RS -
é : . X / . \ 0‘> _rrre -...-..'i ................... ' S -
| ey \ B Rt oee. BESIBGERGE A . —
% 2r ’." - S W .. -
_ / w +
1.5/ . ... * IcaTa0 2 5
B —a— Tunka-133 X .
- T - HIResMia ® -
1 . ’.‘ ........ —4&— HIRes w -
- : By S - O 74| O I T N 0 Y P N — _—
- : ¢ TA -
oo e S o o1 o e s I 740 T S ]
_ ~— Global Fit it : : :
[~ : —— Global Fit with Population 4 | H -
0_ 1 1|nml 1 |||||||| 1 |n||u| | |||n|| T WA ST | 1|l|n|l (| 104 1 llllu] 1 lJllJlll L L Ll L Ll l 1
10° 10" 10° 10° 10 10" 10° 10 10" 10"
Primary Energy, E [GeV] Primary Energy, E [GeV]

FIG. 5: Left: Mean In(A) for the four parameterizations of tables IT and III. (For iron In(A) ~ 4.) Right: A modified fit with

the addition of a 4th population of extra-galactic protons (see text for discussion).



Flux and number density

dN Rate at which a flux of parallel particles cross the plane of
d A d t surface dA perpendicular to the beam

The number density of particles corresponding to the beam of particles (the flux) is :

dN  dN 1 dN _iq)
d3x  dldA  BedtdA  Be

N
dPPr = dV = dldA dl = Pedt

n(x) =

For astrophysical applications one considers the flux in an energy interval E, E+dE coming
from an angle dQ: AN

O(F) =
(E) dEdAdtdS)

For an isotropic flux over the solid angle 4 1t :

dN A
E.x) = = —d(L
E, ) dEd3x  fc (E)




- Galactic CR (below the knee) energy density

particles | pcRrpBc
Flux 5 - —
CM*Sssr 4 E AN

=4 — —dF
PE " pc dE

Hence the energy density (provided by CR sources) is:

Below the knee: aN _ 1 104 (E/1GeV )27 nucleons
- — = 1.8 x 10*(E/1GeV) .
dE m- srs GeV
10°GeV
4 eV
pE = — dE 1.8 x 10*(E/1GeV)™ " ~ 1—
C 1GeV cm
Energy content of galactic cosmic ray protons
5000 T, "
INTERSTELLAR |
for relativistic particles i 1
4000 |- .
- 2006 +

Rz i 2007 - -
[E 3000 - 2008 « .
> i 2009 » 1

()

e
W 2000 - g

2
E ]
i I
1000 |- 4 i
fOBSERVEDaHA.U.\\\_‘ :

0 A(‘)l.1 ' l1 ‘ '“““110 ‘ 160 ' .....1.366-.--,,__1‘0000

Elrinmir (GeV)



Galactic Magnetic field

The energy density of galactic cosmic rays is comparable to the energy density of the galactic
magnetic field which is on average of 3-6 uG roughly parallel to the local spiral arm:

B? _
e 4 x 10" ¥erg/em?® x 6.24 x 10* ~ 0.25eV/em?
T
The magnetic field is frozen in to the ionised part of the gas of the Galaxy (ISM: 90% H and 10%

He) which forms a magneto-hydrodynamic fluid which supports gvaves that travel with a

characteristic speed called Alfvén velocity: 1 , B

57 5y

Particles scatter on waves. The B-field and CR are strongly coupled.
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Origin of the transport equation

Conservation of particles: on +V-J=0 1, density of particles of

Ot type i at a point of
space and of energy E

Where we used: ]{J . dS = /(V . Jd*r =0

The diffusion coefficient relates particle flow to gradient of particle
density:  J = _D(r)Vn(F,1)

The diffusion equation in a stationary medium is:

on
57 = V- [D(r)Vn]

If the fluid is in motion with a velocity field V( r) the equation
becomes: On
-V -Vn -V - |D(r)Vn| =0

ot
Convection Diffusion term
yet no source term and no energy loss term




Origin of the transport equation

If sources inject particles of type i time dependent rate ¢; (7, E, t)
and we add losses of nuclei of type i by collisions with H in ISM of density p =

mp/cm3 and decay at a rate:  vpo; 1 vp 1

Pi = | = |
mp YT A VT
relativistic decay
rate at which nuclei i collision length of length of nuclei i
interacts with H nuclei i
i E, r . — - — ¥ 7 E7 E’ —
on (gt D) V(B - V- [D(T)Vlni(E,r)] = (7, E,t) — pini(E, 7) + ”frf;") ; / do ”‘éE ) (B 7) dE"
Gain term from spallation
To obtain the CR spectrum on would need to solve the of heavier nuclei (energy/
transport equation. This is done by the GALPROP code nucleon remains constant

in spallation)

including H and He of ISM: http://galprop.stanford.edu

GALPRORP yields ~ the same answer for
equilibrium fluxes as the ‘leaky box’ model (
and leads to exponential distributions of e
path lengths of CRs from sources to Earth.




Leaky Box Model

If CR nuclei are in a stationary condition (n; = const) and the diffusion and
convection terms are substituted by an escape probability from the Galaxy
containment volume with very small characteristic time:

C

Tesc << E )\GSC — /0567-686

Mean amount of matter traversed before
Mean time in containment volume escaping

ot

do;. E £’
+ V- Vn(E,7) =V - [D(r)Vn;(E,7)] = ¢;(7, E,t) — pini(E,7) + ot / 2 ) ny(E', 7). dE

v e k2i

n; ( E 77) the probability of a particle remaining in the box after a time

O Tesc 118 exp(-1/Teyc)

source term Loss term due to interactions production term due to spallations

ni(F) — ¢;(E) Bep ni(E) 5010 ZUz v (E)

T A\
esc 1 my o>i




The CR age

If we apply the equation to B (stable and not produced by sources gs = 0) and
considering C and O the source nuclei with similar flux:

np(B) | {m} np(E) = 22(00 pno(E) + 00pno(E))

TGSC

np(L )\esc C
sl )(1+ ) = & (0o + 00—5)nc(E)
Tesc >\B mp

nB—(m — )\esc(E) O-C—>B—|—O'O_>B

no(E) 1+ AeicB(E) Moy

where we can plug measured values of cross sections and the

interaction length of B: )
A ~Tg/ecm*;00_p ~ 7T3mb;oco_ g ~ 236mb

From the measured value of B/C we find an energy dependent escape length:

B 4GV\9  5~0.3-0.6
e.sc 5(/,07-6.50 10_158%1_25( R ) for R>4 GV

Hence the age of the CRs in the Galaxy depends on the energy and amounts to

millions of years
Tesc — Aesc/ﬁcp



AMS B/C measurement

AMS Physics Result: The Boron-to-Carbon (B/C) flux ratio

11 million nuclei

>
‘e
‘e
’
.
0 2 '. -
u T
]
+

Yoo The escape time or path length dqcreases with energy

S N
0.1 \F\x +
BIC~1/D(E)=E® %%, *\H
0.06 Yo, -
0.05 43 \§
0.04
0.03 ddeaaaal M et aaaal M T R A e |
10 102 10°
Momentum/Charge [GV]

M. Aquilar et al., Phys. Rev. Lett. 117, 231101 2016) NOT 0.6! non linear shock
diffusion hint...



ISS : 108 m x 80m, 420t
orbit height 400km
Inclination = 51.57°
15.62 revolutions/day

AMS: acceptance: 0.45 m? sr

Long exposure: 3 years

Redundant measurements

Strong gradients of temperature
-60°C + +40°C

Weight < 7 Tons

Power consumption < 3k\W



TRD (e/p)

Scintillator system (TOF)

(p, dE/dXx, trigger)

Superconducting magnet (BL2= 0.85
Tm2)
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AMS findings: local sources or DM?

interstellar medium

~90% H, ~10% He

Unexpected Result: The Spectra of Elementary Particles e* p, p
have identical energy dependence from 60-500 GV. e ; NOt

P 105 > —
— ] 10
™~ + -
> - - -
G e ~
I G PR f o1 | .
. _.._1 0 ~or I “VPBolo o '1;;. oo o0 @ & 'T
N‘.n [ I | p I+ M. Schumann’s lectures on DM
= 11
N+ - i
o i e
< -
o T .
I 3x10° .
IRigidityl [GV] :

20 10° 10°

M. Aguilar et al., Phys. Rev. Lett. 117, 091103 (2016)



Low energy galactic spectra in the leaky box

For primary nuclei for which no secondaries are created during propagation
spectra the leaky box model equation:

ni(E 1) _ ¢;(F) — [@] ni(E) + 2P > oNen(E)

T, A\; m
esc ) p k>i

4
O 10 T rorrom LB AR | LR LB R LB R | LB R L T T
0000

qp(E)Tesc(E) TN

nP (E) p— 1.0: 9000000 %‘}.\. E
1+ Aesc(E)/)\P [ Hex10 \_,%M

. . . 107 i cx10™ %0000, Q’-‘a 3

If the interaction term dominates on the escape R
one, as in the case of protons Aesc (5-10 g/cm?) < f, TE L Nexio ey e,
Ap= (pPismOint) = 1.67 x 1027 kg/(1 cm=3 x 50 x Funf M0 TSRS P
1027 cm?) = 34 g/cm? spectra resemble the S b Sx10T megy S ta TNGEE
source spectrum. 3L SX 10 gy Sy T Ty o Ry 3
S - Arx 10716 *00 Con, 0 B g 3

_Oé : —20 q‘..0 \°~.\° e 5 \'\ !‘f J

. N (E) X E e Cax 107 mag, %o, h I R AN

If the observed spectrum is P s F g <1 Sa :
% 107} Fex 10721 m“’oo,‘ \0\0\ . ’\Q\. -

: L o AMS ° HEAO-3 e x"‘\:*‘{\ k

The source spectrum is o] SBESS  eCRN e Pyl ]
i © JACEE : ITIlégg,hR ‘@'” ::

QP(E) o nP(E)/Tesc — E—a—5 ~ E—2.7—(0.3+0.6) ~ E—2.4+2.1 IO—32E: OQBIIS]OB e :E
N S T R T T T N T R T M TICR T

Kinetic energy per particle (nucleus) [GeV]
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e ratio

- ) T TS T AMS confirmed PAMELA result and
- - ® AMS - - .
P 15000 1 paven :; - found that the He spectrum is
hy ! 1 harder than H one.
E i ]
<, 10000 (- =
S ~ v2 P
= i | vB = 2> TL= —0——
% 5000 |- - a T ZeB
Ry 5 -
= : Gyroradius

) —— () G ) - P =) (2
g 10 2 s Y o) rL = 33.36km (GeV/c) (z) (B)
" L o145, Z
Q 5 T

; Rigidity

; : C

o A PR, | A Addad " hedededba " b : —
1 10 10 10° 10 R=r.Bc = Ze
Rigidity (GV)

Fi1G. 2.— Top: rigidity spectra proton and helium multiplied
by R2:7. The solid lines indicate the model calculations. The
flux contribution arising from the two components ¢~ and ¢© are
shown as dashed lines. The data are from and AMS (Aguilar et al.
2015a,b) and PAMELA (Adriani et al. 2011).

http://arxiv.org/pdf/1511.04460v3.pdf




Who are the accelerators and bow

do they accelerate? .
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ON SUPER-NOVAE

By W. BaADE AND F. ZWICKY

MOUNT WILSON OBSERVATORY, CARNEGIE INSTITUTION OF WASHINGTON AND CALI-
FORNIA INSTITUTE OF TECHNOLOGY, PASADENA

Communicated March 19, 1934



1ber: energy density - flux

Pl (particles) _ pCRéc

cm?2ssr A7 E AN
Hence the energy density (provided by CR sources) is: pE = 4m @ dE a3
dN nucleons
Below the knee: . —18 % 104(E/1G6V)_2‘7
dE m2srsGeV
10°GeV
4 eV
pE = — dE 1.8 x 104(E/1GeV) ™" ~ 1—
C 1GeV cm
Energy content of galactic cosmic ray protons
BO00 [riy——Tt =t Tt Pttty
INTERSTELLAR .
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- lume of the Galaxy

The volume of the Milky Way can be approximated by a disk with a thickness of 300 pc and a radius
of 0.3 kpc. Compute the volume of the Milky Way in cubic centimetres.

Vaisk ~ TR 1 haisk
~ 7T[15kpc]2[0.3kpc] 1 kpc = 3.0857 x 1021 cm

~ 6 x 10%em?

T 2h ~ 300 pc at the solar

v system distance of 8.5 kpc

*Particle escape




Y * Energy balance ;‘il

The Iumlnos n galactic CRs is:

The energy emitted from the Sun is approximately 3.6 x 1033 erg/s

I |4 leV /cm? G Ui 104erg/
— ~ cr S
OR = PE ™ 6.24 x 10llerg/eV 3 x 108yr x 3.15 x 107s/yr -
\. 16V =6.24x10" erg ™ I : Q: - " e
- : - N . Ko 4
For a typical SN: | . FREE EXPANSION VELOCITY .
M=10M__(=10x2x1033 10!
sun( da gz V = 2_K= m—ez;gs?)'l()gcm/S
K=105" erg M \10-(2-10%g)

i J. ; \‘_’ ~iu@_§. 3 .%"
Rate of SN ~ 3/ century =

Power = K x rate =10%1 erg x 3/3.15 x 109 ~ 10%2 erg/s
5-10% of the energy in the ejecta suffices to produce the measured galactic
CR flux




EXTRAGALACTIC SOURCES: AGN jets, GRB fireballs

! ‘ -
CHANDRA X'RAY DSS UPTICAL NRAD RADID NRAD RaDiO
CONTINUUM (21-CM)

Centaurus A




The most powerful sky accelerators: AGN jets, GRB fireballs

NRAO

The radio source Cygnus A is produced in a galaxy some 600 million light-years away. The radio
waves are coming from electrons propelled at nearly the speed of light from the bright center of the
galaxy -- the location of a black hole. Electrons are trapped by the magnetic field around the galaxy.




The most powerful sky accelerators: AGN jets, GRB fireballs

~ SYNCHROTRON
PHOTON

PROTON - INDUCED
CASCADE




Energy balance for extra-galactic sources

\ + 0 Waxman & Bahcall, PRD59, 1999 and PRDé64,2001)
Dp+y = A" — pnx
The cosmic ray flux above the ankle is given by “one 3 x 1010 Gev
2 ) p+y — A" — p”  particle per kilometer square per year per steradian.” This can be
' : translated into an energy flux

dNG R 3 x 101°GeV _ o
E? — = 10" "GeVem ?s  ter !
dE (100cm2)(3 x 107s)sr CYER s S

. , __ 4 Emaz 1077 GeV —19
Energy density in extra-galactic CRs: PE — TW fEmm E dE 0723 ~ 3 x 10 f,,?,;%

3
Ein = 1019GeV and Eax = 1012 GeV Emax/Emin ~ 10

Power needed by a population of sources of protons with E-? to generate pe over the Hubble time
=109 yrs =104 erg Mpc-3 yr'=3 x 1037 erg Mpc3 s

Which work out to a luminosity of : 3 x 19%Y erg/s per galaxy
3 x 10*2 erg/s per cluster of galaxies

2 x 10* erg/s per AGN
2 x 10 °'erg per cosmological GRB.

From BATSE: 300 GRB / Gigaparsec’ yr  1Gpc® =2.9x10%cm’  Hubble time =10" years

3

300 % 1007 x Gpc ~ 2 x 10'%rg/cm® equal to the observed
Gpc3yr 2.9 x 1082¢em3 energy density of
extragalactic CRs

2 x 10°terg x



Reprinted from Physical Review 75, 8, April 15, 1943, by Permission

On the Origin of the Cosmic Radiation

Exnico Fea
Instetate for Nuclear Studies, University of Chicago, Chicage, Ilinois
(Received January 3, 1949)

Awydmmawmmhwww»vbhmnnmu&iuw
and accelerated primarily in the interstellar space of the galaxy by collissons against moving mag-
metic fields. One of the features of the theory is that it yields naturally an inverse power law for the
spectral distribution of the cosmic rays. The chief difficulty is that it fails to explain in a straight-
forward way the beavy nuclei observed in the primary radiation

L INTRODUCTION

IN recent discussions on the origin of the cosmic
radiation E. Teller' has advocated the view
that cosmic rays are of solar origin and are kept
relatively near the sun by the action of magnetic
fields. These views are amplified by Alfvén, Richt-
myer, and Teller.! The argument against the con-
ventional view that cosmic radiation may extend
at least to all the galactic space is the very large
amount of energy that should be present in form of
cosmic radiation if it were to extend to such a huge
space. Indeed, if this were the case, the mechanism
of acceleration of the cosmic radiation should be
extremely efficient.

I propose in the present note to discuss a hy-
pothesis on the origin of cosmic rays which attempts
to meet in part this objection, and according to
which cosmic rays originate and are accelerated
priniarily in the interstellar space, although they
are assumed to be prevented by magnetic fields
from leaving the boundaries of the galaxy. The
main process of acceleration is due to the interaction
of cosmic particles with wandering magnetic fields
which, according to Alfvén, occupy the interstellar

spaces.
Such fields have a remarkably great stability
because of their large dimensions (of the order of
magnitude of light years), and of the relatively high
electrical conductiVity of the interstellar space.
Indeed, the conductivity is so high that one might
describe the magnetic lines of force as attached to
the matter and partaking in its streaming motions.
On the other hand, the magnetic field itself reacts
on the hydrodynamics® of the interstellar matter
giving it properties which, according to Alfvén, can
pictorially be described by saying that to each line
of force ane should attach a material density due to
the mass of the matter to which the line of force is
linked. Developing this point of view, Alfvén is
able to calculate a simple formula for the velocity

V of propagation of magneto-elastic waves:
Ve=H/(4xp)", (1)

! Nuclear Physics Conference, Birmingham, 1948,
P Alfvén, Ricrgm.ud‘l‘dl«, Phys. Rev., to be pub-

YH. Alfvéo, Arkiv Mat. . Astr., o. Fys. 20B, 2 (1943).

where H is the intensity of the magnetic field and
p is the density of the interstellar matter.

One finds according to the present theory that a
particle that is projected into the interstellar
medium with energy above a certain injection
threshold gains energy by collisions against the
moving irregularities of the interstellar magnetic
field. The rate of gain is very slow but appears
capable of building up the energy to the maximum
values observed. Indeed one finds quite naturally
an inverse power law for the energy spectrum of the
protons. The experimentally observed exponent of
this law appears to be well within the range of the
possibilities.

The present theory is incomplete because no
satisfactory injection mechanism is proposed except
for protons which apparently can be regenerated at
least in part in the collision processes of the cosmic
radiation itself with the diffuse interstellar matter,
The most serious difficulty is in the injection
process for the heavy nuclear component of the
radiation. For these particles the injection energy
is very high and the injection mechanism must be
correspondingly efficient.

II. THE MOTIONS OF THE INTERSTELLAR MEDIUM

It is currently assumed that the interstellar space
of the galaxy is occupied by matter at extremely
low density, correspondine ¢a shnus ana atog g
hydrogen per cc, or to a de e
The evidence indicates,
is not uniformly spread,
sations where the density
or a hundred times as lag
average dimensions of
(1 parsec.=3.1X10* cm
the measurements of Ad
of the interstellar absorpt=§
radial velocity with respec’
of such clouds located at no_
us. The root mean square:
corrected for the proper 1=
respect to the neighboring
We may assume that the re @@

“W. S. Adama, A.p.J. 97, 105 (1943).

acceleration mechanism

A “collision” with a magnetic
cloud or the crossing across
high magnetic fields close to a

shock can cause an increase in

energy of a particle. The energy

increase is AE/E=E

Shock wave

v cosf

v“/.> ‘
M'glgnetic
field
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The Fermi acceleration mechanism

CR acceleration is a stochastic process. At each accelerating event particle
gains: AFE =¢FE

Probability that the particle is not followed up: Pesc

Probability that the particle is iterated in acceleration: 1 - Pesc

For a particle with injection energy Eo, after k iterations:

The probability of having received k accelerations and then escape is:

Ek—E01+€ *k lnl—l—f)

The number of particles after k encounters that remain (if No where there
initially) is Y
Pk — (1 esc) Pesc
k
Nk — N()Pk — ]VO(1 — Pesc) Pesc




-m of the Fermi acceleration mechanism
| In(Ey/Eqg) In(Ey /Eq
Nk — NOPesc(l — Pesc) in(1+8) = A]\[OPesc1 — Pesc) in(1+¢) ]

In(1—Pesc)
In(Ex/FEp)ln(l — Pesc)] Ek> In(1+¢)
In(1+¢)

Differentiating we get: IV In(1—Pese)
SR L pmare L= ol
dFE

ln(1+a:)~a:+%2—%3+...~a:fora:<<1

In(1 — Pege) ~ —Pege + ...
In(1+§) ~&+... Integral spectrum slope

[’)’ _ l’n(l—Pesc) ~ Pesc ] for Pesc << 1 and §<<1

N()Pescexp [

In(1+€) £

Tcycle characteristic time for the acceleration cycle

Pesc:

Tesc characteristic time for escape from the acceleration region



The spectrum of the Fermi acceleration mechanism

The number of iterations after the acceleration has been working for a time t:
kma:v — t/Tcycle

E S EO(]. _|_ é’)t/Tcycle

And

1) Higher-energy particles take longer to accelerate than low-energy

particles. - E—Fo _E
Ey Ey

2) If a Fermi accelerator has a limited lifetime, T4, then it will also be
characterised by a maximum energy per particle that it can produce:

E S EO(]. _|_ é’)TA/Tcycle

This would be true if Teycle is independent on energy which maybe
not true for SNR



- Fermi acceleration

E

5~ Collision-less plasma: The interaction with the turbulent
magnetic field is practically elastic.

<

Particles are relativistic particles: E =pc andc =1
Cloud speed B = V/c (not relativistic)

>k >k
elastic scattering E’L — E f cloud frame

Lorentz transformation to the cloud frame from the lab frame:

EF =~(1 - Bpz,; ) =~vE;(1 — Bcosb;)
Ey =~(1+ Bcost})Er = v?(1 — B cos8;)(1 + B cos 0% E;

AE  Ey 9 .
5 "B =77(1 — Bcosb;)(1+ Bcosby) — 1




(a) vV

M

M>>m

(b) v

M

» Energy is gained during a head-on collision (a) and lost during
a trailing collision (b)

» The probability of a head-on collision is proportional to

v+ Vcosf

The prob. of particle head-on
or rear-end collisions on the

» The probability of a trailing collision is proportional to * cloud is prop. to the relative

v — Vcosf

velocity between the particle
and the cloud.

» Same principle as driving on a highway: there will be more
cars passing you by from oncoming traffic than traffic going in

the same direction



nd order Fermi acceleration

<_

>=~%(1 - <cosb; >)(1+ < cos 0 >) — 1

dN
d cos 9;5

= const —1 S COS 9;:‘ S 1

<cosf*t > = 0 directions of escape velocity
are isotropic in the cloud frame

dN
dCOSQi X Urel X (1 — BCOSQZ‘) —1< COSQZ- <1

Prob of particle head-on or rear-end collisions

on the cloud prop. to the relative velocity
between the particle and the cloud.

<cosBi>=- 3/3



Average incident angle in 2"d order

The probability of a head-on or rear-end collision of particles on the cloud is proportional to the
relative velocity between the particle and the cloud:

#1:0,- X Vpe; X (1 — B cosb;) R
As a matter of fact:  v..; = |Uparticte — Vcloudl -
=\/(c—VCOSO,')2+V28in20.-= 0

c\/(l ~ Bcosb;)? + F2sin §; = E,

¢y/1+ 32 — 2B cosb;
~ ¢y/1 —28cosb; ~ ¢(l — Beosh;) for B << 1

The average incident angle is:

J!, cosB;(1—pBcos8;)dcosb;

< cosf; >= f_ll(l—ﬂcos&)dcos&

[cosB? /2—B cos 62 /3] | _ i-e-1_g
[cos 8;—PBcos 02 /2] |

W@

_5—5 23 =



Collision-less shock

Shock = discontinuity surface in
thermodynamic properties (density,
temperature, velocity and pressure)
Collision-less shock: the transition from pre-
to post-shock states << particle mean free
path between collisions (observed by
astronomers)

For a strong shock (the Mach number is very
large) and for a monoatomic gas:

p2_ v _

P1 U2
,01 V1 — ,02 V2 mass conservation across the shock

,01 -+ P1 V12 :,DZ - P2 V22 pressure equation

V2 P1 V2 P2 Energy conservation, where u is internal
P1V1 +—+ U | =p2V2 Tt ) W
2 p 2



Observers’ frame shock

,01 ’02
shock

shocked jet
100 paypoysun

shocked jet
190 payooysun

v2a=1U/4-Ul=3/4U" vi=IU-Ul=0
unshocked jet frame

|s efficient?

shock

In Shock frame: the unshocked gas
flows into the shock with velocity

= |UI
And shocked gas flows away behind us

with velocity Vo = vi/4 = U/4

shocked jet
100 paypooysun

shock frame

shock When crossing the shock

from either side, the particle

sees plasma moving toward
it at a velocity of 3/4U

shocked jet
10[ paydoysun

va=1U/4-U/4l =0 vy=U-U/4=3/4U
shocked jet frame

A particle at rest in the unshocked gas frame

(upstream) sees the shock approaching at

A particle at rest in the shocked gas frame

velocity U and the shocked gas approaching (downstream) sees the shock approaching at
at 3/4U. As it crosses the shock, the particle is velocity U/4 and the shocked gas approaching

accelerated at mean speed 3/4U.

at 3/4U.



AFE

2
<7 2= (1 -8 <cosb; >)(1+ 8 <cosb} >)—1
)
dN . 0. dN L *
d cos 0; X CO6 0‘ d cos 0% = const 1 < cos ef <1
g dN _ o cos 0* <cosf*t > = 0 directions of escape velocity
cos 67 f

<cosf*t > = 2/3 normalised projection of an
isotropic flux on a plane with 0 < cos 0} < 1

<cos0i> = - 2/3 normalised projection of an
isotropic flux on a plane with _1 < ¢os, < 0

are made isotropic in the cloud frame
dN

d cos 0;

Prob of particle head-on or rear-end collisions

on the cloud prop. to the relative velocity

between the particle and the cloud.
<cosBi>=- 3/3

X Vpey ¢ (1 — Bcos;) —1<cosh;<1



-der Fermi acceleration

AFE
<4 o= (1 =B < cosb; >)(1+ 8 < cos 0 >) — 1

5201—?12

B <<'1 The shock is not relativistic! < %E >=7%(1+B%/3) -1 =
1+ 5%/3
AE ) N 1—552 S LA
<5 =0 (1+25/3)(1+25/3)—1=

Speed of the cloud

= ~43/3



For a plane shock: -1 < cosf; <o AFE (1 -8 <cosb; >)(1+ B <cost* >y)

< >=

and 0 <cosB*; < 1 and the E, 1— 2
distribution of particles Acceleration
dfof g; X COS 0;
dN *
dcos 07 x cos ¥
upstreom downstream
0
cos 6; cos 0;d cos 6; cos 6310 . /3 1/3
< cosl; >= - 5 = | ;]al/ = 173 = —-2/3
|_, cosb;dcosb; [cos 072 1/2  —1/2
fol cos 05 cosOfdcos 0 [cosO7]5/3  1/3
< cosfy >= = = =2/3

fol cos 7d cos 05 [cos07]5/2  1/2

4 . ,
o >= - —1~2p linear in the speed

—1



AE
<4 2= (1 =B < cosb; >)(14 8 < cosp >) — 1

A shock wave moves with speed -v1 relative t
V2 is the relative speed with respect to the shock front of the gas flowing away from the
shock in the downstream region (v2 < v1)

In the lab frame the gas behind the shock moves with U =-v1., v2 = speed of the shocked
gas (downstream) relative to the unshocked gas (upstream)

€:1+§5‘|‘352_1 évl_UZ §:1—|—%52_
1 — (2 3 ¢ 1__/32

1st order




2"d order Fermi acceleration spectrum

2nd order Fermi acceleration: elastic scattering on irregularities of the B-field into magnetized clouds

__AE _ 412
\ > 6 = E, ~ 3 /8
\ f prob to exit the Galaxy between one encounter and the next with the clouds
v Pesc (At)encounters/Tesc Neclouds (Wrgloud)c
§ gﬁ 3 X ( )
-

Tose ™ 106yrs

-the random velocity of clouds is small B< 10-4-10-2

- For particles scattering among the magnetic clouds in the galaxy before escaping, the mean free
path would be of the order of 0.1 - 1 pc with only few collisions per year leading to rather slow
energy gain.

-Not all collisions result in an energy gain! positive energy gain but inefficient!



. 1storder Fermi acceleration spectrum

For a large plane shock the rate of encounters is given by the projection of an isotropic cosmic ray
flux onto the plane of the shock front:

pcr= number density of relativistic particles being accelerated.
The rate of convection downstream away from the shock is:  pcop X U9

PCRV2 4v
Pesc — — T

cocr/4  C

depends only on the ratio of velocities of ge
upstream and downstream
P, 4dvo 3 3 P

p— p— p— :—:1
K § s(v1—wve) wifup—1 4-1

dN
* 7 x B0+ g2
iE



Characteristic duration of the shock wave

Since the characteristic length for diffusion of particles << radius of curvature of the shock we can use
the plane approximation to SNR which are candidates for 1st order Fermi mechanism acceleration.
During the free expansion phase the relation Rshock = speed of expansion x t applies

A shock wave Ioose§ its accelerating efficiency when the ejected mass = mass of the swept up in ISM

orp = p|3|v|~1 p/cm

_ 10Me  _ prgy =16 x 107%4g/cm?
3 s hock

R _ (3-10Mg 1/3_ 30x2x10%3¢g 1/3
shock — \ 4xpram 47 x1.6x10724g/cm3

=1.4x 10" cm ~ 5 pc Radius of shock wave

Ratock 1.4 x 1019

Totock = ~ ~ 5 x 10'"% ~ 1000
hock U1 5 x 108em/s . > 7

After this phase the Sedov-Taylor phase starts when the shock speed decreases due to the reverse
shock when ISM begins to exercise significant pressure on ejecta. For t >> Tsnock the initial energy
has been transferred almost entirely to swept up material:

R3/2 dRs hock

_ o
from shock dt = const and Rshock Xt

3B —3/2
—3/5
Vshell = = Ushell X Rshock ot /

27TR§hock:p



Maximum energy problem

: ; ; T
Maximum number of possible scattering cycles: N, = =22
EE Tcycle
0L shock
Ema:c — cycleAE — T nec
cycle
Tshock = duration of acceleration process
Teycle = time of back and forth encounter of the shock
| 4 (D1 Do + when By = B2 one can assume that Dy = D
cycle—z V_1_|_V_2 Vo = 1/4 v;

Because the diffusion length of energetic particles cannot be smaller than the Larmor radius
of the particle in the galactic B-field for acceleration to occur in the irregularities of the B-field:

H rre 1 Ee * T, — 20Ec
min = Tg= ™~ 3B Y 3ZeBuv;

n o _u EThock3ZeBvic 3 x 103yr x Ze x 3 x 107°G x (5 x 10%cm/s)?
e 20Ec 20

€Erg

Erpar ~ Z x 300TeV

Diffusive Shock Acceleration cannot explain the knee of CRs.



The B-field in SNRs Chandra
SN 1006
Diffusive Shock Acceleration: Emax ~ 100 TeV x Z

Need non-linear processes of magnetic field amplification
consistent with observed filaments of dimension 10-2 pc that
imply synch. emission in large magnetic fields

Chandra
Cassiopeia A

_3/"’2
Bigo ~ pc



The cosmic rays being accelerated can cause streaming instabilities and generate hydromagnetic waves.
These waves themselves can be the source of diffusion in the upstream, un-shocked region. With this
coupling, the acceleration process is nonlinear, and spectra do not follow E-2 power law.

Non linear DSA can reach Z x PeV thanks to the dynamical connection between particles being accelerated
and the background plasma but predicts harder spectra than what observed with a concave shape.

10_1 § i ' ' ' ) ! ' ! ’ E ~ 53 !
F Age(yr)=265000, 85500, 25400, 410 ] D s28f
z 1 0_2 E = ':j oF
%) E E ) 2
< 3 & Tycho
/O\_* L a : . A
< 10 | - 5 % ’
< : o 518 4
Q' :
% 6 - ——
<+ 107* 3 F
10—5 ) . ) ) 51 bl »\l-‘, e b e ;.) - } b " bk ‘} i :
1072 10° 102 10* 10° 108 0g0(p/mc)

(Voelk et al, A&A396:649,2002)
D. Caprioli et al. / Astroparticle Physics 33 (2010) 160-168



t is gamma astronomy telling on SN?

1St

Can 1°"-order Fermi acceleration at SNR shocks explain the spectrum (injection,
magnetic field amplification, diffusion losses)?Observed spectra are convex. It is

possible that the 2nd order is still a valid explanation but also that there unobserved SN...
Age dependent efficient of accelerators. We need CTA for a clear classification!

10_9 E T l T l L I
s W44
i ® IC 443
1010 10,000 yr ® RXJ1713.7

Tycho

107"

E? dN/dE (erg cm™2 s7")
3
T '\l TTTTIT T TTTTI
|

10—13__,

W\H
Fermi LAT energy range
T e el H AN _\

1072 10° 102 10* 10°
Energy (GeV)




-ermi 7 yr sky survey

Julie McEnery, TeVPA2016
https://cds.cern.ch/record/2216217

Preliminary

Adaptively smoothed

About 1,720 sources at E>10 GeV in 84 months of Fermi-LAT data (~700,000 photons)

0 0.0099 0.03 0.069 0.15 0.31 0.62 1.2 2.5 5 10
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lU‘ 3FHL (>10 GeV), PMlmmary
https://indico.cern.ch/event/469963/contributions/2269492/attachments/1334601/2006957/3FHL _tevpa_dominguez_v6.pdf




~ New sources with increasing energy...

1-10 GeV 10-100 GeV >100 GeV

At energies below 10 GeV, only the radio galaxy NGC 1275
(Perseus A) is visible, but above 10 GeV a second source (to the
lower right) emerges. Above 100 GeV, only this source, the head-
tail galaxy IC 310, remains. From Neronov et al (2010)

New sources and features emerge in the gamma-ray sky with
Increasing energy




Galactic plane survey

Diffuse emission suppressed by background modelling technique

Galactic Latitude (deg)

2 + 4+ + + 4+
H W N =« O =« N W A

70 68 66 64 62 60 58 56 54 52 50 48 46 44 42 40 38 36 34 32 30 28 26 24 22 20 18 16 12 10

Galactic Longitude (deg)

Galactic Latitude (deg)

R T T
HB W N - O - N WA

344 342 340 338 336
Galactic Longitude (deg)

Galactic Latitude (deg)
+

284 282 280 278 276
Galactic Longitude (deg)

Sensitivity 0.5-2% of Crab Nebula Flux

4
sqrt(TS)

Unidentified gamma-ray TeV sources (pulsar wind nebula, magnetars, galactic black
hole,...other acceleration mechanisms), Extended PeVatrons?



The Galactic disk beyond 200 GeV

First survey of the Galactic disk with H.E.S.S. (2005)

CTA

e‘y—>e‘y
pp—oppn
Yy




New features in the gamma band: the Fermi bubbles

Fermi smoothed

all-sky map ' Galactic
(1to 10 GeV) ‘ plane

|

Galactic
center

Fermi residual

all-sky ma - % T
y p » ' . '\

> N
:

Y& sEermi




bubble spectrum

Ackermann et al. ApJ 793 2014

g T v T

® ¢ stat errors

K e y-ray emission leptonic or hadronic?
4 1 Suetal 2012 (stat. err.) : - o
: S CTA can contribute adding statistics
107°F 1 above 500 GeV and scanning different

latitude regions

Tour)

Ge\
me s sr

;

N
dFE

dN
]

E2

10°7F

''''' power law (1-500 GeV) .
* power law cutoff (1-500 GeV)

l = |og parabola (0.1-500 GeV) i

N N | saal ) s M
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Spectral energy distribution of RXJ 1713.7-3946

‘ Psync/PIC = Umag/Urad

| in the Thompson regime
102 E v ' r—v 1 v T v T 1 — vy, v 1 ' ' ' ' B
E RAS EGRET || | 3
E '.;pg"-_' limi T BpEz LIy ‘ | -:‘
| S~ o -
' "y e ]
energy : E § =2sca il i
flux ~ : “
E2d/dE> [ q
~vF(v):  f keV TeV ‘
B L svnchrot diai Inv. Compton i
5 F ¥ y ron radiation scattering by the same electrons
% - # from electrons dE/dt,. = k v.2U X
- % dE/dty, =kvy2U, . ~1.2B? Ic e ~rad
10 b A 3
E 1 1 1 | 1 L i L | 1 s L 1 L L 1 1 i:

photon energy [eV]

In leptonic processes: the synchrotron luminosity is proportional to the B-field strength and Lorentz
factor of electrons radiating. Inverse Compton: in the rest frame of an electron the photon energy is
boosted by ye and after scattering, transforming in the lab again, the photon energy is boosted by ye2. The IC
luminosity is also proportional to the energy density of seed photons which can be the synchrotron photons.
Synchrotron cooling is faster than IC if B > 3 uG.

In hadronic processes, photons are produced via T — vyy.



E? dN/dE [TeV/(cm? s)]

IESIS0 Nebula SED

log,o(VI/erg/(cm™s))

1 Crab (2-10 keV) =2.4 - 108 erg cm=2 s

High B field
(~160 uG)

10-10

_ ~ 80% SSC
~ 20% IC
| FIR,mm,
B CMB
4 6 8 10 12 14
log;o(E/eV)

101t

—— HAWC LP Fit
HAWC Systematic
HESS 2015 ICRC
1012 4
MAGIC 2015
Tibet AS~
ARGO YB]J

& T P

VERITAS 2015 ICRC

Spectra extend to about 40 TeV
New HAWC measurement:
https://arxiv.org/pdf/1701.01778.pdf

10! 10°

Aharonian et al. 2004



Log E2 dN/dE [eV cm™2s™]

Log(E) [eV]

Figure 3. Spatially integrated spectral energy distribution of RX
J1713.7-3946 in the hadronic scenario, for no = 0.12ecm ™2, uo =
4300 km/s, By = 2.6 uG, £ = 3.8. The following components are
plotted: synchrotron (dotted line) thermal emission (dotted line),
Compton scattering with CMB (dashed line) and with Opt+IR
background (dot-dashed line). The contribution from pion decay
is shown as a thick solid line and corresponds to pp max = 1.26 x
10°. HESS data taken from 2003 to 2005 are plotted together
with Suzaku data in the X-ray band. Also EGRET upper limit

and GLAST sensitivity are shown.

Log E? dN/GE [eV em™?s™)

Log(E) [eV]

Figure 4. Spatially integrated spectral energy distribution of
RX J1713.7-3946 in the leptonic scenario. The following compo-
nents are plotted: synchrotron (thin solid line) and thermal (thick
dotted line) electron emission, ICS component for CMB (dashed
line), optical (dotted line) and IR (dot-dashed line) photons, and
the sum of the three (thick solid line). The Opt+IR components
are assumed to have energy density 24 times the mean ISM value.
The other parameters are: no = 0.01cm™3, uo = 4300 km/s,
Bp = 1.5uG and £ = 4.1. The experimental data are the same as

in Fig.[3]

Blasi et al, https://arxiv.org/abs/0810.0094v1




' Hadrons in SNRs? RXJ 1713.7-3946

Do we see y-rays from hadronic interactions (r[O decays), or are they from
inverse-Compton scattering by (radio synchrotron emitting) electrons?

- First claim from CANGAROQ (Nature 2002) not confirmed by Fermi

- TeV emission is often following the CO matter contours.

ot 2.2

20

19

HESS morphology study

Fhuxi> 1 TeV) (10 |’cm‘s')

—
-
|

[

08

Aharonian et al., Nature, 432, 75 (2004) ;
Aharonian et al., A&A, 464, 235 (2007)

17h15m 17h11m



Aharonian et al., Nature, 432, 75 (2004) ; Aharonian et
al., A&A, 464, 235 (2007) i
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"The dominance of leptonic processes in explaining the gamma-ray emission does not mean that no protons are accelerated in this
SNR, but that the ambient density is too low to produce a significant hadronic gamma-ray signal.’ (arXiv:1103.5727).



or pion decay?

Fermi identified various candidates for pionic gammas but yet did not verify that what we yet do not
have a convincing model on CR acceleration

- IC 443 - . W44
1019} 1070 b~
‘n N “ 4 N
Y - 4 -
=
(8] o -
(o)}
@/ 10-11 :,_ 1041 :,_
Ly - -
D B N
= » »
(:,U - N Best-fit broken power law L F [eeeee-- Best-fit broken power law
i o Gﬁrﬂllrk'% (Acciari et al. 2009) ® Fermi-LAT
1012 |— & MAGIC (Albert et al. 2008 1012 |— *  AGILE (Giuliani etal. 2011)
E AGILE( avani et al. 201 3 m-decay
T | eeseceaaa gremss*ahlung '-‘ Y Bremsstrahlung '
B _I - Bremsstrahlunq w1th Break l '[‘ B I_ Brernsstlrahlung with Brelak |
10° 10g 1o'° 10" 10" 10° 10° 10'° 10" 10"
Energy (eV) Energy (eV)

Ackermann et al. (Fermi Collaboration), Science, 339, 807 (2013)
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THE FIRST PEVATRON!!

Nature 531 (2016) 476 (https://inspirehep.net/record/1434943)

The Galactic Centre PeVatron appears to be located in the same region as the central y-ray source HESS

J1745-290.

Interpretation: Sgr A*, the pulsar wind nebula G 359.95-0.0416,17, and a spike of annihilating dark matter.

Sgr A, black hole of 3.6 million solar masses: the current rate of particle acceleration is not sufficient to provide a
substantial contribution to Galactic cosmic rays, Sgr A* could have plausibly been more active over the last = 1057
yr, and therefore should be considered as a viable alternative to SNRs as a source of PeV Galactic cosmic rays.

H.E.S.S. : Central 10 pc of the Galaxy for 10 yrs

A10-10

E2x Flux (TeVcm? s

1072 E— '++

-
[[] Diffuse emission (x 10) + ‘ —r

—— Model (best fit): Diffuse emission
— - Model: Diffuse emission E;" " = 2.9 PeV
- - Model: Diffuse emission E;, " = 0.6 PeV
Model: Diffuse emission EZ, "™ = 0.4 PeV

10" [ HESS 41745290 v

l]llllLJ | llllllll | 1 1 1|

1 10

Energy (TeV)

VHE y-ray spectra of the diffuse emission and
HESS J1745-290. The vertical and horizontal
error bars show the 10 statistical error and bin
size, respectively. Arrows represent 20 flux
upper limits. The 10 confidence bands of the
best-fit spectra of the diffuse and HESS
J1745-290 are shown in red and blue shaded
areas, respectively. The red lines show the

numerical computations assuming that y-rays
result from the decay of neutral pions
produced by proton-proton interactions. The
fluxes of the diffuse emission spectrum and
models are multiplied by 10.



Imaging Cherenkov Telescopes history

C. Galbreith and J. Jelley when visiting the Harwell Air Shower Array in UK
in 1951, had the idea to try to detect a short light pulse from a CR air
shower which involves millions of charged particles. They tested the
hypothesis with a 5 cm PMT mounted on a focal plane of a 25 cm
parabolic mirror in a garbage can.

 They observed oscilloscope triggers
from light pulses that exceeded the
average night-sky background every 2
min.

Gamma signals from sources (Crab)
where detected only in 1989 by
Whipple...




Early History of Atmospheric Cherenkov Technique

10'2 eV. (1TeV)

PRIMARY Y - RAY
or CHARGED - PARTICLE COSMIC-RAY

._\-—,'—_ff/'// T\ LIGHT
=< \ RECEIVER
\v‘ GROUND

W
——10 - 100 m

’ﬂ
| Il SHOWER DYING
\ flzw
|
/ / ziihl\
|
}‘\ «~ 1 Meter
CHERENKOV : N\ &,
LIGHT FLASHES' /f//,

1948 PMS Blackett (Nobel) in the
Royal Society Report on the study of
the night-sky light and aurora pointed
out that =0.01% of the night light sky
comes from Cherenkov light emitted
by CRs and their secondaries as
they traverse the atmosphere.



Imaging Air Cherenkov Technique

“Shower”
For E=1 TeV (E, = 80 MeV)

X =X In(E/E.)/In2

max

i = e S 5y
Qj A
A
Q
N ?f
O& ~10 km
A
S
O/O
Qé‘
UV-optical reflecting mirrors focussing (@)
flashes of Cherenkov light produced O

by air-showers onto ns-sensitive
cameras.

J




1800 m altitude

g. 3 Left: Atmospheric Cherenkov emission from a downward-moving single particle. Right: The “light
pool" at an observation level at 1800 m above sea level from a 7y-ray shower with a primary energy of 1
eV (from K. Bernldhr).
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Dependency of the lateral distribution on
the primary energy
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The density 1s about

100 photons/m?2/TeV between
300-600 nm.

For a typical instrumental
efficiency of 10% (reflectivity
of mirror surfaces and QE of
photosensors) primary
reflectors of 100 m? are
needed to produce 1mages
containing 100 ph for a
primary gamma of 100 GeV.
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New photosensors




From current arrays to CTA

Light pool radius
R =~ 100-150m
=~ typical telescope Spacing

'

v'Large detection Area
v'"More Images per shower
v Lower trigger threshold

/

\_

v Improved angular
resolution




Cherenkov - basic formulas

Cherenkov condition: 1 * For(~1

Bn>1/n ——-> 6>0 cosf = — . Water = 41°
np « Air=1.0t01.3°

The energy threshold

1

(Lorentz factor) is
determined by the refractive

index. V= \/1 n_z =E/m

The number of photons

scales with lambda-2: For electrons: « Air: 20 MeV
Cherenkov light is Ew = me c/sqrt(1-1/n2) * Waterfice: 0.7 MeV

dominantly blue in typical
media such as water and
air.

dA

e

dN .
— =2maz’ f sin’6
The number of photons dx

scales with sin?6
dN 5 1 d
— =21 1-
dx ¢ f( nzﬁz) N




ackground spectra and
sensor efficiency
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Signal to noise example for photon of 100 GeV

Night sky background: ¢ysg= 1072 photons/(m? s sr)
Cherenkov pulse: ¢, =7 photons/m?in 2ns at 100 GeV

Transmittance of atmosphere T = 1 for simplicity

T =2 ns integration time of pulse counting system

gE= 0.25 quantum efficiency PMT, lightguide detection eff., miroir transmittance
Number of signal photoelectrons: ¢, *A* T *qE

Number of background photoelectrons: ¢ygg * A *T*qE* T+Q

Solid angle Q greater than shower (> 1°)

We neglect that T, gE, ®nsg and &, depend on the wavelength
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A new multi-messenger Astrophysics

. .NOtICG t‘hat the same equatlons govern partlcle
& productqon by cosrhic rays: accelerated by a supernova
shock or black hole when collldlng-wdh amblent matter #

';,and partlcles |n atmosphenc shoWen\ o ) pange:

» » . '-
- '.' ‘u PSS . o
Ol .




Reminder: Mean free path

w = interaction prob. = w = Nodx 0 = cross section
N= n. of target particles / volume

P(x) = prob. that a particle does not interact after traveling a distance x
P(x + dx) = prob that a particle has no interaction between x and x+dx = P(x+dx) = P(x) (1-wdx)

P(x +dz) = P(x) + C;—Pda: = P(x) — P(z)wdx
i
dP —wax
— = ~wdz = P(z) = P(0)e P(0) = 1 it is sure that initially the

particle did not interacts

)\_fa:P(a:)da:_ 1 1
[ P(x)dx ~w No

/ Atomic number
Medium density

A
>\I — )\10 — p — mp in g/cm?2

N.o o




log(particle or photon energy, eV)
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The multi-messenger’s horizons
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arxiv.org/pdf/0811.1160v2.pdf

Proton horizon (GZK cut-off):
Yok — AT = 7Tn

—28:m 2 —3
Op—~vom ™ 10=**cm= x400cm

41 The neutrino horizon is comparable t¢
| observable universe!

vV 95k — 4 — X

Eres = ;ﬁ ~ 4 x 1021(10V)cv

m,, m‘/

1
o xn 5x10%em® x112cm™

res

=~ 6Gpc

T. J. Weiler, Phys. Rev. Lett. 49, 234 (1982)



Energy Loss MFP (Mpc)

4

10°

Ton(E20) =

The proton horizon

13.7 exp|4/Ey)

Mpc

Low EBL

R |

High EBL
- :
R
E 13
(&)
(7]
o |
O M“UH 1M | s -
3 s} 1
g
-16 : . H
-4 -3 -2 -1 0 1
, log [E(eV)]
10'® 10" 10%° 10%
Energy (eV)

1 022

Figure 1. Mean-free
paths for energy loss
of UHECR protons in
different model EBLs
are shown by the solid
curves, with photopair
(dotted) and photopion
(dashed)  components
shown separately.
“CMB only” refers to
total energy losses with
CMB photons only,
using eq. (4) for the
energy-loss rate of pro-
tons due to photopion
production. Inset: Mea-
surements of the EBL
at optical and infrared
frequencies, including
phenomenological fits
to low-redshift EBL in
terms of a superposition
of modified blackbodies.
A Hubble constant of 72
km s=! Mpc—! is used
throughout.

What about
neutrons? for a

neutron of
E=10°GeV,
Idecay =YcT =
E/mc2x c x 886 s =
10° GeV/1GeV x
3x108m/s x 886s =
2.66 x 102 m x 3.24
x 102 kpc/m = 8.6
kpc



Reminder: Reaction thresholds
t+p—=M+M,+.M
mp,pp mt’pt s=F 2 c=1

> < . \/Eth= ;Mf - \/Etzot - ‘ptot

2

The threshold of a reaction corresponds to the energy to produce all final states at rest.

Remember also that from the invariance of total 4-momentum squared in the CM and Lab

frame: L
total energies in the lab

5= \/(Ep + B2 — (5 + 7)) = \/mg +m? + 2E,E,(1 — 8,5, cos 6)

At threshold:

VSth = \/mz% +m? + 2E,m; = ZMf mp +m; + 2(Egp + mp)me = () M)
f f

The projectile kinetic energy in the target rest frame (lab frame):

(D2 Mp)? — (myp +my)?
2my,

Ek,p —



[Greisen 66;
Zatsepin & Kuzmin66]

Water Cherenkov
Detector

v I:[ *44 A0 0. o)
v+p—=A —=p+a’ Ry SR

y+p—=A —n+x’ A R

Fluorescence
telescopes

2 2 :j | : l | ..'. X :0 :O- '.l:c.o. : .o.o:o:o:o:.:.:.:.:.:.
m A - m g /-”. ‘ ) ] AY A : .-'a:-:.:o:o:o:o:l:n:o ......
€= L ~ 340MeV :
2my, ¥

effective energy for Planck spectrum of CMB

e =3kgT =4 x 2.73 x 862 x 107°eV

6/

V= — =2 1011 TALD) iiiiiniil,

c RIS EEE
ceceottttssseees TARATX
FENS S oo = b

Hence the threshold energy of the proton in the CM is 2ot A4 o4 B
E' ~v,m =2-100eV L e Ot

-

PR I Y
MRl A L T T T

TARARX/:::::::“ R R R
R ‘RFD..O.V. g AL (XL,
Integrating over Planck spectrum sessve

Ep’th~5-1019eV ar 43+ Black Rock FD

P L L L )
AR L L L L R

L L

L Y
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N —e— Auger

B —a— Telescope Array

JAA[LLAIllllAJAlLLllllllljleLLllllllljJLLL
182 184 186 188 19 192 194 196 198 20 202 204

logI 0(E/eV)
Auger Telescope Array
Eanwe [E€V] 4.82+0.07+0.8 52+0.2
Eiz [EeV] 21+17+76 60+ 7
Y1 (E < Eankie) | 3.29+£0.02 £0.05 3.226 + 0.007
y2 (E > Eane) | 2.60 +0.02+0.1 2.66 + 0.02

based on ICRC 2015



jon: composition

Average of X =
v ' 850 LA e LI B B B B A A A LU D D D DN U A N N [ S S G G —————
< T ' T~ Data
E — QGSJETII-0
E - - QGSJET-01
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< i i
v - p
750 =
- - - QGSJetl-04
A R —— SiyNzl | 700 -
o0 AUGER, PRELIMINARY ]
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log,,(E/eV) e | | l 4
Std. Deviation of X, 650 185 19 195
v . . . Energy Iogw(E/eV)
 Syst. |
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g

proton

}  Auger 2014 ® TAMD

g
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>
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data do not differ much
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(X, (g/cm?)
8
—a
——
—e
—t— :
—oi—
A l.I
(X, [9/em?]
g
IIIY]TY1IY1YTTYYTTYYTYYT

182 184 186 188 19 192 194 196 198 20
Is the extra-galactic component Fe or p dominated?? Ig(E/eV)

M. Settimo, Review on extragalactic cosmic rays detection, https://arxiv.org/pdf/1612.08108.pdf



ions in magnetic fields

*/r=pv/r=_ZevB/
Y I”/Zp; T eevmie (10%eV)=10"cm =3x10"* pc
L peree ‘ r=(10"elV)=10"cm =3x10" pc

1 E(el) 18 21
r(cm) = 10%eV) =10"cm=300pc
300 ZB(G)

vvvvvv

10**19eV

10720eV_




ource: beam dump model

accelerator (BH, Hadronuclear (e.g. star burst galaxies and galaxy clusters)
g;s\,:laerr,esdhg;k...) is m>vyy
+ + + 7
large gravitational PP =~ Tr_ : ”_ _V“;) e_ Ve VuVu
energy TZH V= eVeVyVy b

proton

o accelerator Photohadronic (e.g. gamma-ray bursts, active galactic nuclei)

s ar ] P m S yy) cosmic r_ay + gamma
o target N> n v, AP vy Vy

cosmic ray + neutrinos

(>

directional
beam

=

a

I
-4----

magnetic
fields




Jamma processes

[ Ilrlllll

Illlllll | Illlllll | IIIIIIII | =

L — — —
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‘\

Section efficace totale (mb)

:

10°L

| .

10’ Vs (GeV)
In astrophysical environments, the density of photons is typically much larger than that of
protons, unless there are residual masses from explosions (SNRs) or an accelerator with a
molecular clouds and large rate of star formation (starbursts). Hence, even if the cross section for

pp interaction is about 2 orders of magnitude larger than that of pvy, this last may dominate.
107

1 10 10° 10°



pP-gamma

1000 —— — T T -
- total

multi-pion
diffraction

resonances

100 F

section efficae totale (ubarn)

direct —---- .

Direct photo-production of pions:

o pry—ptm
\/Sth = My + My =1.08 GeV

Energy of the photon in the lab:
My (Mr + 2my,)

€ = ~ 150MeV
2my,
For delta-resogance A(; 232) it is larger:
||| mMmx —m
°F e = —>—2L ~ 340MeV
0.1 2mp
e (GeV)
If the proton is at rest (Ep = mp), €= 340 MeV in the lab
| | ,  mA-—m,  ,mi-—m;
Hence in the CM: E’;, =yp mp and the photon energy is : € =" 2m = Tp Yol
p P
Hence the accelerated proton must have a threshold energy in the CM frame of:
/ 2 mZA o m]29 2 1MeV
By =y, = ~ % X 300GeV x { —
In the lab
P'P (2mp+m,.)2—2m:
Epen = 2 ~1.23 GeV

'p+1r)—>7r7L 2|

2myp




verage energy fractions. ..

Kelner & Aharonian
http://arxiv.org/pdf/astro-ph/0606058.pdf

https://inspirehep.net/record/718405

#F (2.E,) Gamma #F, (2, Neutrino

Y v . Y v .2 v v TTYTYYYY v rrTTYTYYY

2x1072 }
1072 }

5x10™°
2x1072 } :

_2 10-3 AL AL A A aal
10 1073 107! 1
z=E/E, FE,’/E,
Figure 7: Energy spectra of gamma-rays described by Eq.(58) Figure 9: Energy spectra of all muonic neutrinos described
for three energies of incident protons: 0.1 TeV (curve 1) by Eq.(62) and (66) for three energies of incident protons:

100 TeV (curve 2) and 1000 TeV (curve 3). The dashed curve 0.1 TeV (curve 1), 100 TeV (curve 2) and 1000 TeV (curve 3)
corresponds to the Hillas parameterization of the spectra ob-
tained for proton energies of several tens of TeV.



zay Kinematics

Each neutrino takes about 1/4 of the pion energy (on average)

In the Lab (pion at rest)

“Neutrino massless” means F,, = p,. Therefore the energy and momentum conservation

yield
m,r=\/p‘2, +mﬁ+E’u, (23)

Through Equation (24), p; = E7. Isolating the root square in Equation (23) and squaring
gives

(mﬂ' - Ey)2 == E3 + mz
= m2 + B2 — 2m.E, = BZ + m2,
therefore, with my; = 139.6 MeV and m, = 105.7 MeV,

2 2
miz; —m

—— % —20.7839183 ~ 29.8 MeV (in natural units). (25)

=>Eu=pu=pu= o
T



y Kinematics

In the LAB and for Er >> mn

(mass of electrons/neutrinos neglected)

1
Ev.mu = m_ (EREE +p1rp2) ~AE,,

w

where

A=1- m;",/m',‘: = 0.427 .

1 l";l 11, 1 . 1 . 1 .

o i 'S i .
0 010203040506 0.70809 1

z=E/E_

Figure 4: Energy distributions of the secondary products
(photons, electrons, muonic and electronic neutrinos) of de-
cays of monoenergetic ultrarelativistic neutral and charged
pions. All distributions are normalized, foldw =1.



b £

‘p-gamma

branching ratios

On average 1/3 of the p energy goes into pions . : ] . ° ]
4 0 pt’ | pn | pn | nn" | nn” | nn
pty = AT =p+T g 1
1/3

p+v—= AT sn+a" A* 213 1/3

0 A’ 1/3 2/3
™ —

+ Vf ! +,, - 2 ‘
T —=u +v, = (eTver,) + v,

Assuming: de —9 % 2 =2 2

—dEp X Ep => dEp X Ep — EU x, and
- ) 1
Since: = _ .. . - => _ 1
Ep Ly 20 dEp = X, dEV
multiplicity Tnd BR

AN, Vv 2 dN 2 2 1

—— 1 x2x = P :2><—E_2x7:2><——E_2

dE, 3 x,dE, 377 31077

=> iy 1
dN 1 dN 1 11 =
L x2x c—F - =2x B %, =2x -—E;? db 4dE

dE, 32,dE, 3 3 20

forp —



Proton-proton

In Galactic SN shocks CRs interact with the H in the Galactic disk (pp
interactions, lower threshold than p-gamma)

(2mp+my)?—2m?2

pH+p— 7wt i i)

: Assume always:
if all muons decay and for E-2 p spectrum: 4

) 1 1
2 pions x |/3 of energy to each pion X, =——=—<Xx; >=—
v Ep 4 - 20
dN, o 2 A —2 / 0.2
S o g ol Xl aa B LI o
dN — IR A
iy, i i g
T i =0 il

lgnoring oscillations there is a factor of about | between the gamma and
neutrino flux.

For a full calculation see: http://arxiv.org/pdf/astro-ph/0606058for pp



no connection at source

dN, dN.

g
iE ~ 4p orp-p
dN, 1dN, forp
iE 4 dE

What happens during propagation
of messengers to us?



oscillation probability in 3 families (A. Blondel’s lectures)

Amfj L

P(vg — vg) = Z IUa,g|2|U5,¢“2 + 2 Z Ua,iUs,iUa,;Us,; cOs C9RF

i i<j
solar U ,, U, <=0,, CHOOZ U_, <=0,
Uey Urg |Ues €12€13 $12€13
_ : : . . .
= L ul {','r;! L ! = —S812C23 — C12513523€ C1aCa3 — 5135|:}-b"3:3{'“5
Urp Uz |Uzz $12523 — €12513€23€"0  —€12523 — $12513C23€"
atmospheric U <=8 ; U ;U5 <= 0,5 .
MNSP matrix
Parameter best-fit (+10) 3o V. VM
AmZ, 1073 eV 2] 7.5470-28 6.99 — 8.18
|Am2| [10-3 eV 2] 2.43 +0.06 (2.38 £ 0.06) 2.23 —2.61 (2.19 — 2
sin? 012 0.308 +0.017 0.259 — 0.359
sin? f93, Am? > 0 0.4370:933 0.374 — 0.628
sin? B3, Am? < 0 0.45510:939, 0.380 — 0.641
sin® 613, Am? > 0 0.023470-9020 0.0176 — 0.0295 ,
sin® 613, Am? < 0 0.02407 09039 0.0178 — 0.0298 tan® flyy

9
tan” fy9

2
sin“ fy4

-obability (3 families)




Astrophysical neutrino oscillations

2 12 . Amg; L
P(vg — vg) = E \Unil“|Upa|” + 2 E Ua,iUpiUq ;jUg j cos R
i i<j

Am?
; . : — 3-'].':'3
We can express the phase in astro units ¥ (E 10-5 -31’3) (

For astrophysical source at kpc-distances emitting vs of 10 TeV: COS@ averages to zero since the
extension of sources is about 1 pc and their distance is of the order of 1 kpc so the baseline is
known with precision 1/1000 not 1/108 hence oscillations average out

P(va = vs) = D Wail|Usaf
1

P, >v,)= YU, [0, P10, 410, 41U, F=082' 4057 40-056
P, >v,)= 10, [0, FAIU, 10, F 410,10, 410U, FIU, P=082°04° 405703840022

Py, =v,)= Y10, 10U U P 410 B P10 P, P2 0822042 +057-058 +0=022




Flavor ratio at Earth

At source: Ve iV i VUrp~1:2:0

pion-muon decay

Maybe not true if charmed meson threshold is
overcome: 0:1:0 (Sarcevic et al., arXiv:0808.2807)

Maybe not true if muons cannot decay
(Kashti & Waxman, PRL 95 (2005) 181101)

60% of ve survive and 2x20% come from 2xvy = 100%
2x40%=80% of 2xvy survive and 20% come from ve= 100%
20% of v: come from ve and 2 x 40% from v,= 100%




ino connection at Earth

dN, 1dN,

JE 94p orPPp

dN, 1dN,
dE 8 dE

forp -~

Warning: we neglected absorption
of photons



Neutrino - gamma fluxes
Neutrino and y-Ray Spectra for RX J1713.7-3946 (SNR)

& ~
g - \ = H.E.S5.S.data
s \\ fitted ¥ spectrum
= [ e = x5 calculated v spectrum
g i N — — mean atm. v spectrum
S - AN
x [ N
T siateaag i measured
gl T Yty y-ray flux
f__— / (H,E.S.S-)
_ L i
1072
i expected
i neutrino flux
1 -13 1 {1 1ol 1 1 \l 1
T 1 10 10?

E (TeV)

i
max dN

N=Tx | A (E)x—dE
,f ar (E) dE

(N =T x 2 Aeﬂ.(% (bin center) x AE, )}

bins




|

‘PROTODETECTOR

.
. »
P

THE DOWNWARD-LOORING TELESCOPE

ICECUBE

.,...

LY

RG

LRI e o
AL PPpeeee ¢o

» S &

a0 TTTLNE
L OTTTOL TV O [ D

coosRBINNNNNNGES o o
00000000000000000¢ ¢ o

ARIS FOR WHYFILES.O

MED

A

5.\
3.V

e 2 0000008 oo °°
LL L XL L ek

.01!0‘00

0, 0000002800, .

D~ = l\(\"\
KA
Y eenseesn "ee
> ® &.oo' S 8¢
® 280
. ® &




Digitized
Waveform

10” PMT

13” Glass
(hemi)sphere

> 98.5% of DOMs in stable operation




Concept of Neutrino Detector

nhuclear
reaction

.
‘e
.
.
.
.
.
.
.

Between 300-600 nm about 3.5 x 10* Cherenkov photons/m of a muon track




Neutrino events in a neutrino

CC Muon Neutrino

Y
s

v+ N —p+X

track (data)

factor of = 2 energy resolution
< 1° angular resolution

telescope

Neutral Current /Electron
Neutrino

Ve + N e +X
Us + N — vg+X

cascade (data)

= +15% deposited energy resolution
=~ 10° angular resolution
(at energies [§] 100 TeV)

time

—_—

CC Tau Neutrino

TR

v+ N —>17+ X

“double-bang” and other signatures

(simulation)

(not observed yet)




muon track: time is color; number of photons is energy




PP lus
| "42e404
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253%.08 deg
Q50 /1828 shown., mia E{GeV) == 1184 _28§
100/14225 shpwn, min E(GeV) == | 0.94

> . = %

/
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You have seen only 10 nms of data taking
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Neutrino selection & background rejection

Upgoing thoroughgoing neutrino induced muons - Earth is a filter - or vertex identification of ‘starting
events’ (tracks and cascades)

Schonert, Resconi, Schulz, Phys.
Rev. D, 79:043009 (2009)

Gaisser, Jero, Karle, van Santen,
Phys. Rev. D, 90:023009 (2014)

Veto

atmospheric muon tag

/

atmospheric neutrino tag

N
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High Energy Starting Events (4 yr)

Kopper, Giang, Kurahashi, ICRC 2015, POS 1081,
PRL 113 (2014) 101101, Science 2013

54 events observed
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High Energy Starting Events (4 yr)

54 events observed

80 44 - "sjh'ow}ers.—.—a' -

Tracks ¢
60 ube Preliminary |
40

20

2]
)
©
—
()
)
-
-
O
-—
4y
£
O
O
-

- .. 'Big Bird"
1.04PeV ¥ 2 1.14 PeV \ A 2 PeV

Aug. 2011 / Jan. 2012 ¥  Dec. 2012
| '-i* 1 1 'rxlgn L1 111 1 ]

2
10
Deposited EM-Equivalent Energy in Detector (TeV)




4 yr (2010-14) of HESE

Anti-coincidence veto + >6000 p.e. (=30 TeV)
54 events (17+events in PRL 113 (2014) 101101) of which 2 are evident background events.

Background: Measured: 12.6 + 5.1 atmospheric muon events
Atmospheric prompt component estimated using a previously set limit on atmospheric neutrinos
with 59 strings: 9.0.2.5*8:0

~7 o evidence for
extra-terrestnal v

2 I Background Atmospheric Muon Flux

10 R R, [ Bkg. Atmospheric Neutrinos (x/K)

- Background Uncertainties

== Atmospheric Neutrinos (90% CL Charm Limit)
—== Bkg.+Signal Best-Fit Astrophysical (best-fit slope £*%) |]
= = Bkg.+Signal Best-Fit Astrophysical (fixed slope E?) 1
|e®e Data H

=
o
—
'
N : ’
3 . 4
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o
o

Events per 1347 Days

-
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22— | | |
10° 10*
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Through going muon tracks

Best fit astrophysical spectral index of y =2.13 £ 0.13

Assuming best-fit power law:
+++ Unfolding B Conv. atmospheric v, +v,
B Astrophysical v, +v,

— 1.0
103 - l  cecasananns SEREREEEE ..... lceCubepreliminary
“ ~ , E E o
................ r—J
E E i
;100~ ...... —;
~ |
Py -1 .
= 1O b — ;_..__,I ........
5 1072 . e e
-~ . o . » .
€2 s} _ _ nheutrino energy pdf | ;
107 (highest-energy event) [ | SR 1o.2
4 ' ' : ol PR
10 ZRRRN e S S i :
107 o= ==l |

- I B a PP OO
4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5
log,o(median neutrino energy / GeV)

subm. to ApJ

#

IcECUBE

9.6 sigma detection of
astrophysical neutrinos
with through-going
muons analysis

Deposited energy:
2.6£0.3 PeV




Combined fit

http://arxiv.org/pdf/1607.08006v1.pdf

> tracks (6yr)

> tracks (2yr)
> HESE (4yr)

> combined ,

~ cascades ,/

The p-value for obtaining the combined fit result and the result reported here from an unbroken
powerlaw flux is 3.30, and is therefore in significant tension.




Use the Moon to verify pointing

Moon shadow LH analysis :
>60
0.2° shift from expected position

Moon Shadow &=

~0.5°

Cosmic Rays

http://journals.aps.org/prd/abstract/
10.1103/PhysRevD.89.102004

. | ‘0....‘:1
0 1 2 3

@ .. 0. . sinG,..) [deg]

avent

o N = _8660-+565 + 681

o NP = —-8192 + 91
o XS = (—0.1°+0.1°,0.0°£0.1°)




Sky map of 54 High Energy Starting Events ‘ﬁ-

IcCECUBE

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

Galactic

Compatible with isotropy
Moderate excess from Southern Hemisphere

| B
0 TS=2log(L/LO) 11.3

Clustering of events test and did not yield significant evidence.

A galactic plane clustering test using a fixed width of 2.5° around the plane (post trial p-value 7%)
and using a variable-width scan (post trial p-value 2.5%).




The Kowalski's plot

Neutrino astronomy
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Source density (Mpc2) or bursts (Mpc=2 yr )

Luminosity vs density for potential sources of high-energy astro- physical neutrinos.

minimum power-density needed to produce the observed neutrino flux as




