heutrinos at VHE:
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1. Overview: the CR-y-v connection and motivations

a. Introduction: detection and experimental facilities...
b. The CR-y-v connection
c. Motivations: extreme astrophysics, fundamental physics, dark matter physics etc.

2. Beyond PeV: the extreme energy frontier

a. The ultra-high energy cosmic ray enigma
b. A prototype source: gamma-ray burst
c. Connection with neutrinos and photons

3. Astroparticle physics in the GeV — PeV range

a. Supernovae as cosmic ray sources
b. Connection to the origin of Ice Cube neutrinos
c. Transport of cosmic rays and the anti-matter ‘anomalies’



1.a Introduction: photon diffuse backgrounds Vi
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1.2 Introduction: air showars
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Cosmic ray showers:

spans ~12 orders of magnitude in energy

~10% particles/m?/s at 1 GeV...
~1 particle/km?/century at 10''GeV...

* approximate power-law

_ Cx *
dp b
* no astronomy below 10! GeV due to
intervening magnetic fields (non-trivial
transport!)

WAL B

e

a window on the non-thermal Universe




1.2 Introduction: GaV =P
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GeV — PeV cosmic rays:

* mostly H, He; chemical composition roughly
similar to the Sun

likely origin: acceleration in sub-relativistic
collisionless shock waves of supernovae
remnants

flux is matched if each supernova injects 10°°
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>EeV cosmic rays:

ill-known chemical composition

unknown origin

origin likely involves the most powerful
objects in the Universe: gamma-ray bursts,
giant radio-galaxies, ...

energies well above LHC
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1.a Introduction: Akeno Giant Air Shower Array (AGASA)
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1.2 Introduction: fluorescence observations | @3




1.a Introduction: HESS |l Cerenkov gamma-ray telescope Py




1.a Introduction: gamma-ray observations of supernovae ...

Suzaku Fermi

1 H.E.S.S.

E®dN/dE (eV.cm? s™)
=

X-ray image of SN1006

(Chandra) 102 -
-- Synchrotron JE— .
3 10° £~ IconcmB ol
% - Bremsstrahlung < 0
8-41.6 10° 51— sum
10-5 Pl I S IS N AN N NN VSl T N SN N NN AN NN N S By | ‘},l L
: 107 10° 10° 10" 10 10° 10° 10" 10° 10" 10° 10"
-41.8 E [eV]
P N =) gamma-ray telescopes have demonstrated that
Ve particles (e, nuclei) are accelerated to > TeV
"y T B energies in supernovae remnants...
.
TeV image of SN1006 (HESS)
-42.4 :
15h04m 15h02m RA (hours)




1.a Introduction: neutrino diffuse backgrounds
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* located at the South Pole

» effective volume 1km3

e about 5000 photomultipliers
between 1500m and 2500m deep

v

T st

el

coe.
235205
-

Bt




1.a Introduction: the Ice Cube neutrinos
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Ice Cube has reported in 2013 the
first detection of « astrophysical »

neutrinos...

... a few dozens of events at ~PeV

energies

... consistent with isotropic arrival

directions...
and with flavor ratio 1:1:1 expected

from oscillations...

0 TS=2log(L/LO)

11,2917

Galactic




1.b CR-v-y connection: energy loss processes

P B

High energy electrons (and e+): 7. = E./(m.c?)

synchrotron radiation, with typical frequency:

large loss rates imply
Veyn ~ TOMhz EZ . B.a

that most radiation is

inverse Compton on seed photon: e+~ — e+~ of leptonic origin
(in general!)

El ~ 292E, ~ 10keV Eg v Ey cMB

High energy protons:

p-p interaction: p+p — p+ (porn) + 7T+ ...

p-y interaction: p+7v — (porn) + m+...

astrophysical v:
unambiguous
signature of hadron

hence neutrino production: 7+ - ;% 4, acceleration

pto— et e+,

with threshold: E,E., > mZct

and gamma production: 7 — 44y

(+pair production p+y—p+e+e with small inelasticity, possibly synchrotron radiation
in strong magnetic fields, etc.)



1.b CR-v-y connection: energy output e

Concomittant production of neutrinos and photons in hadronic interactions imply
a relationship between cosmic ray, neutrinos and photons spectra:

— assume a source of cosmic ray (protons) with spectrum dN, « E;°* dFE,

— write f_ the fraction of proton energy lost to pion production (either in source or
during transport)
pp or py produce neutral and charged pions with approximate ratio 1:1

— energy carried by individual photons/neutrinos: (E,) ~ 0.5E; ~ 0.1E,
(E,) ~ 025E, ~ 0.05E,

— corresponding energy spectra:

dN. dN,
E2 i ~ - E2 P

TdE, Jrsy PdE, o 05
P LL S frosy ~ 05fn ~ fro

vdE, TV TPAE,

= gamma-rays and neutrinos offer complementary probes of the inner engines of
cosmic rays ...



1.b CR-v-y connection: the Waxman-Bahcall limit s

The correspondence between neutrino and cosmic ray spectra can be used to
set a limit on the diffuse neutrino flux from the observed CR spectra at UHE:

— assuming a power-law with index s = 2.0 in the range 10°-10°° eV, one infers
from the observed cosmic-ray flux dlp/dEp an emissivity

df, c dny o dncr
— ~ —Tp T Ep
dE, 4 © dE), dE,

T, lifetime of cosmic-rays (— lecture 2)

10** erg/Mpc? /yr

— extrapolating this flux to lower energies, in the PeV range, one infers a neutrino
limit flux of

dl, -
_fz f tHE2

2
P dE

8 2
v dE, ~ 2x107°GeV/em®/s/sr

t,;: Hubble time, accounts for the fact that neutrinos up to z~1 are observed,
f,~1: accounts for cosmological redshift effects



1.b CR-v-y connection: the WB limit vs Ice Cube T

The Waxman-Bahcall bound sets the standard for the detection of high energy neutrinos,
predicting O(few) events per yr in a km3 cube neutrino detector such as Ice Cube at PeV

energies...

‘_'_| 10_2E | ] ||||||I 1 I REAL I T TTTTT ] I ||||||| 1 1 ||||||| 1 1 ||||||| I I ||||§
L = Honda + ERS Atmos.v Waxman Bahcall Prompt GRB x 3/2 =
w sl < Waxman Bahcall 2013 > Blazars Stecker 2005 v x 3 -

TUJ' 1 O- E ——— Loeb Waxman Starburst 2006 Decerprit et al. Proton GZK =

o = —— IC59 Diffuse v _Limit x 3 S IC79+86 Astrophysical E°v, x3 3
h 10- 4 = [C70y Unfolding IceCube 3 Yr. Starting Astrophysical]
g E == |ceCybe 2012 All Flavor Limit IE
> F _
o 10° & =
©) = IceCube Preliminary 3
e — —
uf  10°F g
RS . - Z
> 107k
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... the observed flux at Ice Cube matches nicely the WB bound: a connection to high
energy cosmic ray physics?
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1. Motivations: garnrna-ray Dursts

35000 ; ;

30000
25000
20000

15000

Counts/s

10000

5000 —

0 E T ¥ T ¥ T Y T
-5 0] 5 10 15 20
Time since trigger (s)
Sky map above 100MeV on April 27 2013
(Fermi )

Gamma-ray bursts:

* aburst of <1 to >100sec at MeV energies (and higher), non-repeating, with erratic behavior

» cosmological origin: likely associated with rare (~1/Gpc3/yr) events at redshift z ~ 1 and above,
originating from the collapse of massive stars of coalescence of compact objects




1.c Motivations: Lorentz invariance violation probes A@

D et

The large distance of gamma-ray bursts and the small time dispersion of photons arrival
times are used to place constraints on modified photon dispersion relations at high energy:

2n
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1.c Motivations: extreme astrophysics, pulsars

Some supernovae remnants harbor a pulsar, surrounded by a pulsar wind nebula...

nebula

i .éompqsite-X-r’ay‘/"Shtiéal image'o.f_ the Crab nebula
S - (SN1054) . . - d

... origin of the nebular radiation: electrons with energies up to a PeV!
acceleration at a relativistic collisionless shock wave moving with Lorentz factor 10°?

... origin of the radio to GeV emission of the pulsar, including pulses and flares?



1.c Motivations: the unexpected flaring of the Crab

AGILE and Fermi have detected flares at GeV energies from the Crab nebula....

— flux increase x10 in ~few hrs

Flux > 100 MeV [ 107 cm2s™]

— causality scale: ct ~ 10% pc KR, .y

— hard spectrum dN,/dE, o E*,
withs, ~1.3

— no morphological change in any
wavebands...

a new puzzle for high energy astrophysics! *|. -

1 |

2 1314151617181 9 1101

11 |

lightcurve

}#‘Hi_*’*}iiimw

55670 55672 55674
Fermi 12
Energy [MeV]
102 10° 10? 19 10? 19 10° 19’
10" =T ‘i‘\ — N
%, i g el N
RSy 3 '}’ Vo \ \ A
‘t’f‘ i R i Y ¢ \I ' ‘\
m.:o R \-w 3 a \. 1 \.
N | . \ .
1 > 2 3 k2 4
= ety
% g ey, 5 ander
£ M.‘}.‘ \ C -*.-
S 10 gk * Ty t
prs e 2N N " e
2 N +V' A \ Y
@ \ + ‘\ \ R4 \ Y
—_— v . \ \
W g 3 N % ) )
> 1 B
5 \ 6 7 8
e o spectra
'}'\ \\‘-*"'-fx - \‘.:?_‘
“}‘fv Rt hhy
Y R,
101 \ W
9 10 1 ‘1\,‘\




1.c Motivations: extreme astrophysics, blazars s

Blazar:
radiation emitted by ultra-relativistic particles, accelerated in a jet launched from a
super-massive black hole...

high energy radiation beamed towards the (on-axis) observer

\\ : ' : ,
Magnetic field i
lines
N
»

111

log (E [eV])

12 1

13 L

log (VF, [erg/cm?/s])

-14 L 1ES 0229+200

5[,

—+—L— : e
10 15 20
log (v [Hz])

Main questions:

* How are jets launched and accelerated?

* How are particles accelerated in the jets, where, and what are the main radiation
processes? Do blazar contribute to ultra-high energy cosmic rays?

* What causes the extreme time variability observed?



1.c Motivations: the extreme variability of blazars o

Some blazars, e.g. PKS2155-304, are observed at very high energies with variability
down to a few minutes!

- n I ! ' ! | ' ' ! | ' ' ' | ]
Nm 4:_ . _:
E = HESS lightcurve | 3
9 3.5 =
e — -
= 3 E
% [— _
o 2.5F =
(=] — -
& 21 =
L — -
- 1.5 —
1= E
0.5 4 =
R ot v .‘?d' .......... s
0 40 60 80 100 120
Time - MJD53944.0 [min]
Ry My, .. " .
however, — =~ 3hrs— implies a compact emitting region
C 10 M@

and relativistic bulk motion (which enhances the variability by the Lorentz factor)



1.c Motivations: the origin of magnetic fields

Recent observations of blazars have placed interesting lower limits on the strength of an

all-pervading magnetic field...

. .'. \. .

... an interesting connection to the long-standing problem of the origin of cosmic magnetic

(Hoyle 58)

... Ssome scenarios of magnetogenesis:

phase
. . transition e . .
inflation reionization gal. formation pollution
A
log(t)
non-conformal charge sep. inhomogeneity/ Biermann battery stellar pollution
lin (Hogan 83, ; (Pudritz & Silk 89, (Syrovatskii 70,
COUp. g . Vachaspati 91, anlsqtropy Kulrsud et al. 97, Bisnovatyi-Kogan et al. 73,
(ansr WO cundodt et 53 S oars 3 irow ) e
4 E ist & Ol 93, i
Garretson et al. 92, gﬁg:g & O“ensteon94 Langer et al 03, 05) Iarge scale shocks AGN
Lemoine & Lemoine 95; Baym et al. 96 ' fl rst stars (Shickeiser & Shukla 03, (Hoyle 69; Rees 87, 94;
Gasperini et al. 95; Sigl et al. 97 ’ Gruzi o1 Medvedev et al. 04, Lazar et al. 09, Daly & Loeb 90;
Calzetta et al. 98; Davis et al. 01, Boyanovski 0'1) ( ruzmo.v 7 Ryu et al. 08) Chakrabarti et al 94)
Caprini & Durrer 00, Bell & Miniati 11)
Martin & Yokoyama 08...)
z~10% z~1012-10% z~6-10 z~afew z ~afew
| | | | | >
log(1+2)

E~10° GeV E~ 103 GeV



1.c Motivations: electromagnetic cascades

The limits on an all-pervading magnetic field rests on the development of
electromagnetic cascades following the absorption of VHE photons by diffuse

backgrounds (infra-red for TeV photons) 5 |
— Pair production: y +y, > e* + e F\ : proton pair
N
Ay ~ 80 Mpec (E,0/10TeV) ™" i red shift limit
(interaction/cooling length) ’ :\plmmuﬁ

electron energy: E. ~ E. /2 & 2 i
3 i
— Inverse Compton: e +y, > e +y 3 1 | [
E ' : photon+radio
e cooling length through inverse Compton 2 0 i
on the cosmic microwave background: = U
—1 =1
Ae =~ 0.07Mpc (E./5TeV) AR—

energy of upscattered photons:

E, ~ %kBTcmb (Ee/m€c2)2

~ 80 GeV (E'y,O/]-O TQV)2 10 12 14 16 18 20 22
Iﬂgm E [E‘I‘r}
=> overall: all >TeV energy of far away sources is redeposited in the 1-100 GeV range through
an electromagnetic cascade...

the Universe becomes opaque
to >100GeV photons

deflection of e*e” in intervening magnetic fields also leads to angular deflection (halos) and
time delay (echos) of impulsive point-like energy injection (Aharonian et al. 94)



1.c Motivations: magnetic field signatures in blazars s
The energy of photons emitted at >TeV energies should be seen in the multi-GeV range...
... upper limits on multi-GeV flux allows to put a lower limit on intergalactic B
I=====" 1
I intrinsic 1
._.9 : LI Illllll gl lllllll | BRI lllllll 1 Hdlllll bl 1 Ilbllllld |1 Illl: Spectrum :
i B=10-1% G eabsorpe -_——— =
—_ 10 - — 0c=0.1 5x10-18 G flux // 7 4.-6
n [ —- §,=0.06 107G /f z
0 - 10-13 G P / — 45
— reprocessed component is deflected ¢ —11 |- ; \, ,iﬂ ]
by 86, spread over halo of extension ® : g E ;}& 3 44
5 —1B E ri : ’f—-IfHT _ -
if 60 exceeds the beaming angle of O g SE— /7 ; / \I\ — 43
the source 0, or if ® exceeds the PSF = reprocessed ; ' . / | 7
extension, reprocessed flux is depleted...  fluxifB=0 : — 42
ny A4 obs. TeV flux | | .
a0 - | - 41
A —15 & e reprocessed | A
E/_,./' flux if B=1014G l _: 40
_16 | IIIIIII| | IIIIIIll | IIlIIIII | IIII|II| | IIIIIIII | IIIIIII| L L
0.01 0.1 1 10 100 1000 104 10%
=> assuming homogeneous B, B > 105G E [GeV]

Neronov & Vovk (10), Tavecchio et al. (10)

Note: constraint assumes steady source, if limited activity timescale T, 6t < T, implies a weaker
limit B > 1017G... (Dermer et al. 11, Taylor et al. 11)



1.c Motivations: dark matter in the Galactic center?

A

Sky map at very high energies with annihilating dark matter (w/o astrophysical foregrounds)

14 — sesssms 18 Springel+ 08
log S ( M, kpc®sr?)

High energy photons, neutrinos and cosmic rays can be used to search for indirect
signatures of dark matter annihilation, e.g. for photons:

dly,  (oyyv) ANV,
dE,  8mm?2 dE, /.4

X

dspi



1.c Motivations: dark matter in the Galactic center?

:A ’ vo’
. 2GeV < E<5GeV

Fermi haze ‘
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- * Planck: synchrotron
—— . .
. emission of accelerated
Fermi 2013
electrons

* Fermi: inverse Compton

Planck haze on CMB of electrons...

Planck 2013



1.c Motivations: dark matter in the Galactic center?

A

2-5 GeV residual ] recently, a GeV excess has been detected in the
: Galactic center, with an (interesting) spherical morphology
extending over 10deg... Hooper+ 08

... interestingly, the level of emission is compatible with
standard halo models of dark matter, and with the
canonical annihilation rate 3x1026 cm3/s...

107%% cm? /s

(Txx V)

IS/S/,WO/SIUN0D O}

Q, ~

... however, extraction of astrophysical foregrounds in the
Galactic center is complex!
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1.c Motivations: dark matter in the Galactic center? ot

reconstructed spectrum of the GeV excess

fa
AT

10_5; i L T T ]
i — — broken PL == DMt~ op s . .
_l.—‘ ----- PL with exp. cutoff 3 GC excess spectrum with Dark matter annlhllatlon n|Ce|y matCheS
fn -+ - DM stat. and corr. syst. emors |- the flux and the morphology, but fails
I — .
IR S 1 to account for the power-law behavior...
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the reconstructed spectrum of the GeV excess o T {10
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1.c Motivations: dark matter signatures in cosmic rays? Ve
| é\‘" _-:

Recent data of cosmic-ray anti-matter has been claimed to present an excess, which might
constitute an indirect signature of dark matter annihilation...

T T 11 I T T T T—T—T—TT7T T
L o AMS-02 discrepancy = |
o PAMELA dark matter contribution?
- A Eeril pulsar contribution? A |
inaccurate transport model?
c
0 i i
©
g H
= i
o 4 é
s s K 4 it
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e [ 5' M i
- theoretical transport predictions | -
L1 11 I 1 1 1 L1 1 11 I 1 1 1 11 1 1.1 I 1 1 1
1 10 102
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1.c Motivations: dark matter signatures in cosmic rays? @

In the anti-proton sector of cosmic rays, the most recent AMS data has also been claimed
to be in excess of standard expectations: needs for an exotic source?

p/p ratio

Secondary production

llllllllllllllll'llll'll

10'5*—....1....1... R A
100 200 300 400 500
AMS 15 Kinetic Energy [GeV]




Summary

1. Overview: the CR-y-v connection and motivations

a. Introduction: detection and experimental facilities...

... Cosmic rays are seen from GeV to 10%° eV, photons up to 100TeV and now
neutrinos with PeV energies: a new window on the extreme Universe

b. The CR-y-v connection

... Charged leptons generically produce high energy photons through inverse
Compton (or synchrotron etc.) interactions

... Charged hadrons produce photons and neutrinos in similar proportions through
hadronic pp or pgamma interactions: opens a connection between photons,
neutrinos and cosmic rays which can be used to probe the inner engines of cosmic
ray sources

... application: the Waxman-Bahcall bound connects PeV neutrinos to UHECRs
c. Motivations: extreme astrophysics, fundamental physics, dark matter physics etc.

... VHE photons, neutrinos and cosmic rays are useful probes of extreme
astrophysics (highly relativistic outflows, compact objects, powerful sources etc.),

of fundamental physics (e.g. Lorentz invariance violation), and of dark matter
annihilation



Outline

1. Overview: the CR-y-v connection and motivations

a. Introduction: detection and experimental facilities...
b. The CR-y-v connection
c. Motivations: extreme astrophysics, fundamental physics, dark matter physics etc.

2. Beyond PeV: the extreme energy frontier

a. The ultra-high energy cosmic ray enigma
b. A prototype source: gamma-ray burst
c. Connection with neutrinos and photons

3. Astroparticle physics in the GeV — PeV range

a. Supernovae as cosmic ray sources
b. Connection to the origin of Ice Cube neutrinos
c. Transport of cosmic rays and the anti-matter ‘anomalies’



2.2 UFIECR: the @nigrna of axtrame 2nargies e

World record (1993, Fly's Eye): E ~3+0.6 1020 eV

— center of mass interaction energy (with atmosphere):
Vs = \/ZmPCQ(E + mpc?) ~ 800 TeV

... requires extrapolation of known hadronic physics!

— energy: FE ~ 48J ... macroscopic!
— velocity: E

~3x10M = v =c(l—¢,e~510%

)
myC

Two main questions:
— how (+ where) to accelerate particles to such extreme energies?

— why do not we see (could we?) counterparts to arrival
directions of the highest energy events?

10%%V giant air shower:
a few km? on the ground!



2.2 UHECR: the energy spectrum, with a cut-off

Pt
AR
Diffuse spectrum of cosmic rays (xE3) at the highest energies:
E[eV]
3)(10';8 1019 qxlDIP 102'3 )Ylom
: 24_8 Ll 1 1 1 LI I Ll 1 1 1 L L l ] 1 1
S Fukushima 13
> 246 _
b 244 % .ﬂ l
v, 24 BTl
< 238 I
3
Py 23.6
:_ S —&— Auger ICRC 2011) (Ex 1.102)
OD: 3% ———— Telescope Amray (Ex 0.906 )
S 232 Yakutsk (E x 0.561) 11
—_— —_— xX U) »
23 —+— HiRes I(E x 00911)
228 HiRes I(Ex 0.903)
22.6 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 1 1 1 1
18 18.5 19 195 20 20.5

loglo(E /eV)

Greizen-Zatsepin-Kuzmin cut-off: the Universe becomes opaque to cosmic rays with
E > 6 10%° eV because of pion production on the cosmic microwave background:

P+Y. =T +p/n

= 10%° eV protons (or Fe nuclei) come from within ~ 100 Mpc...
10*° eV protons (Fe) come from within ~ 1 000 Mpc!

note: the observed cut-off may correspond to the maximal energy at the source...



2.2 UHECR: cosmological spectrum Vi

For a continuous distribution of sources, the spectrum can be calculated as follows:

dE

dne, /to dN dE,
0 dE dE "

/

comoving density
# of CRs injected of sources

/ B4/ time (= density today)

comoving density
of CRs / E interval
(=density today)

with: E, = Eg(t; E.,ty) injection energy at t such that E,=E at t=t,: accounts for energy losses

AN L, ( E )_7 E_..: minimum E at source

dE,  Eo \E.. v (=2): injection index
g L.,: CR luminosity (ergs/s)
dler _ ¢ dner observed differential flux
dFE 47 dE
Note: -L_, maydependont

- n, generally depends on t, e.g. / SFR (star formation rate)
.. higher by a few at z > 3-4...



2.2 UHECR: Greisen — Zatsepin — Kuz'min cut-off

Greisen 66, Zatsepin & Kuzmin 66

— threshold energy: p(y,®)N reaction is permitted when

My

E! > m,.c* (1 + ) in nucleus rest frame

2my,

or, in the cosmic rest frame (frame where CMB is isotropic):

My (My + 2my,) ¢t

E, > ~ 6 x 10" eV after folding over photon distr.
P'= 2B, (1 —cos#) & P

’:10 -6:""”1 LI AR T vy LI AN | AL AL IR RN |

S diffuse backgrounds
AFE m 2 |
—>energyloss: €, = —> ~ — ~ 0.15 ¥
E, My 10 -

int tion length: A ! M )

— interaction length: A, = ~ pc g
(ryopy) 0 F

A i
— energy loss distance: s = —+ ~ 50 Mpc 0

1 1 12 1 14 1
10 ° 10 10 10 3 10 X

frequency (Hz)

=3 the Universe is opaque to protons with energy > 6 x 10*° eV !



2.2 UHECR: Maximum

distance scale

10000

pair production on CMB

o

Maximum distance to source for

a particle with observed energy E

+ redshift losses T
1000

)
o,
=
o 100 =
- ;
©
_—
R
Aa

10F

1 1 llllll lllllll lllll 1
1017 1018 1019 1020

Consequence 1:

Energy [eV]

> 1020 eV particles must lie within 100 Mpc

> 4 10%° eV particles must lie within 1000 Mpc

above 1019
recall:

Consequence 2:

eV, the cosmic ray lifetime decreases rapidly with energy...

df, c dn,

dncr
—Pr o L P E?
dE, ~ 4r " dE,

ji
» dE,

~ 10* erg/Mpc? /yr



2.a UHECR: main principles of acceleration s

Kinematics:

d
— Lorentz force: d_ztj = q(E+vxB)

— in astrophysical plasmas: E = 0 (generic) in the rest frame of the plasma...
(consequence of very large conductivity of plasmas)

— in the lab reference frame, in which the plasmas moves with velocity v,, :
EJ_ = —Up X B

Conseguence 1: acceleration generically takes place in motional electric fields

Conseguence 2: transport across B is necessary, which requires an external force

\ /\ /\ /\ /\ B uniform < particle confined in
\/J V \/ V \ a cylinder of radius r,

ldp

~ —t
pdt .

Up

Consequence 3: typical acceleration timescale t,.. ~ ‘

.. in astrophysical sources, acceleration competes against losses
and escape: reaching VHE requires a fast moving plasmal!



2.2 UHECR: main principles of acceleration Ve
. A.J{

Kinematics:

d
— Lorentz force: d—IZ = q(E+vxB)

— in astrophysical plasmas: E = 0 (generic) in the rest frame of the plasma...
(consequence of very large conductivity of plasmas)

— in the lab reference frame, in which the plasmas moves with velocity v,, :
EJ_ = —Up X B

Examples: - turbulent Fermi acceleration %
- Fermi acceleration at shock waves l—hvav&‘
4 ¥

- acceleration in sheared velocity fields
- magnetized rotators W) ___), ..,>

- reconnection %}



2.2 UHECR: acceleration to UHE

A

The typical acceleration timescale can be used to constrain the source of ultra-high energ§/ |
cosmic rays, e.g. consider acceleration in an outflow moving towards the observer, with

o acceleration timescale (comoving frame): tacc = Aty

A >>1,A~1at most:

- for non-relativistic Fermil, A ~g/B,? withg>1 wind
o time available for acceleration (comoving frame): tqyn ~ —— u
BFC 1R
o maximal energy: tacc < tdyn = Eobs < A~'ZeBR/j3 < o}
BQ
o ‘magnetic luminosity’ of the source: Lp = 27R20?=—I24¢

8

o lower bound on total luminosity: L > 0.65 x 10*° O T?A*3 Z ?E3, erg/s

10% ergs/s is robust:  for § — 0, A3 > 1/ >1
for ®F — 0, Lot > 1.2 x 10% Aﬁ%Z—ZESO erg/s
L

Lower limit on luminosity of the source: Liot > 10*® Z7 2% erg/s

low luminosity AGN: L, < 10% ergs/s
high luminosity AGN: L, ~ 10%6-10%8 ergs/s
gamma-ray bursts: L, ~ 10°2 ergs/s

= only most powerful AGN jets,
gamma-ray bursts or very energetic
pulsars for UHE protons...




C
pn
17
)
:J

cezleration in giant radio-galasias oty

t

Faranoff-Riley Il radio-galaxy Cygnus A

acceleration in the central AGN:
unipolar inductor, shocks in blazar zone...

AGN

\ hot spots

acceleration in hot spots:
mildly relativistic shocks...
relativistic
/ jets
acceleration in the jets: shocks, shear...
lobes (... only FRII carry relativistic jets)

acceleration in the lobes:
no strong shock... stochastic Fermi acceleration




2.a UHECR: arrival directions of Auger events g

A \
- .-
\ ..;' 3

Distribution on the sky of FR-II galaxies located within 130Mpc:

= )
O FRI1I /.f/:/‘.lff/.' Y ~
(o) /7 -.‘x_ﬂ'.“.' B g gt Gt B ¥, 1 highest energy Auger
BL Lac 3 -/,4 i | OO : « | events +/- 3deg
/, ; ~PE | = ~

/Tex §5’4,|}£34 NGC6251 | . N\

/ [ ! ‘ |

' 3C129 . "

(: 6 \ 120....°5. --.. ';‘;}\: ............... ]

... arrival directions do not point to most powerful giant-radio galaxies...

... interpretation: UHECRs are accelerated in sources which camouflage in galaxies (e.g.
gamma-ray bursts), or angular deflection from the source is significant, because UHECRs
are heavy nuclei?



2.0 A prototyoe rmodal: garnrna-ray bursts

1] g 10

Tme in Seconds

Gamma-ray bursts: (in short)

* impulsive event, from <1sec to >1000sec

* compact (<107 cm), ultra-relativistic (I' > 100)

* tremendous energy release: about 0.01M_, c?

» associated with the collapse of giant stars or with
the coalescence of neutron stars

* typical distance: radius of observable Universe



2.0 A prototyoe rmodal: garnrna-ray Dursts

TPy

Jet collides with
ambient medium
(external shock wave)

N\MHigh-energy

gamma rays

Colliding shells emit
low-energy gamma rays
(internal shock wave)

X-rays
Faster

ik "o i :
kinectic (or magnetic?) energy is
dissipated into MeV radiation
(+cosmic rays, neutrinos?) inside the jet

Visible light

Radio

Black hole
engine
emission ’ ‘
' Afterglow
Gamma-ray burst: AQ AQ
* output energy: E ~ 10— ~ 0.1M@c2—
47 47

 rate: n o~ 107 Mpc_3 yr_l in principle enough to match the flux of UHECRs!




2.b A prototype model: gamma-ray bursts

: ": \r .‘ .
Fermi acceleration in mildly relativistic internal shocks: Waxman 95,01; Rachen & Meszaros 96

L
— internal energy density: «' = ee_l % (assumes fast conversion of fraction
dmr=l<c g, ~ 0.1 of u into gamma-rays)

— magnetic field: B’ = \/8mepu’ (eg ~ 0.1 assumes build-up of B through
instabilities... to match obs. flux)

—> acceleration timescale: t,cc ~ AtL (assumes ~ Bohm scaling in mildly
relativistic shocks)
. r < 1/2 —1/2 1/2 (-1
—> age constraint: fy.. < T = FEobs20 S TXeg” 1 Dol /50A
c

1/342/3 ,_
— synchrotron losses:  tace < tsyn(E) = Eobs20 S rlég /SA 2/3

(when combined with former bound)

—> acceleration to ~ 10%° eV if dissipation takes place at radii > 10'?cm...
as expected from observations

c too Too dn
— photo-pion production: t;} = — de oy r€€yn / de, 6;2—7
27}) €th €/2v, de’)’
r/(L'c) N L 52 suggests that protons can escape the flow, avoid
pi Fg.5At—2 adiabatic losses, through conversion to n in y-t

reactions, leading to a neutrino signal with E, ~ Ej,,rr



2.b A prototype model: connection to neutrinos!

Neutrino production:

— the energy lost in pion production through photo-hadronic interactions is close to
unity for the Waxman 95 model

— predicts a neutrino flux at energies >PeV, close to the Waxman-Bahcall limit:

ot il U J~ LT ' Co T I IT"eI Ic:acllu:;el (_I‘,:ljlat:cra[i-lc-r T
B gy g - TTT T T T T T T T T T Modiied Guetia el al, (2004)1
Sl T i Ice Cube upper [imit(90% c.l.) 4 Nimedca esut "
- = 3

— 10_95
... Ice Cube does not detect neutrinos E [
in coincidence with gamma-ray bursts, | § 107F
leading to stringent limits... I? 2
1 ] FEETT u
Hi L ;f; A\ 10 / expected flux of neutrinos -
SR 5|
i I i X
H

10-12 :_

10° 100 107

Ice Cube =[GV |ce Cube 11, He et al. 12



2.b A prototype model: acceleration scenarios s |

§ Ferml alt r:lldll(y re|atIVIStIC n E §""a':['g)'('t'e"r'r']'a'|'E:Hgék”({/{é%}’{égi ............
: internal shocks :
(Waxman 95, tPeVv i Gallant & Achterberg 99,

external Vietri et al. 03: Fermi 1 in PWN?

- reverse shock Dermer & Humi O1: Fermi 2 in
p - internal shock : downstream relativistic turbulence

shock sh'ocks

: decoupling
: because
P Pty o N+

reconnectlon events _p & WL

(Giannios 10) Q[ Qs S L
~ 15§ %p_) B U : shear acceleration in the core of the!

B : jet (Rieger & Duffy 06)

R e

S1r»10Ycm § pscatters across a velocity gradient

: Ferml 2 through multiple mteractlons

: with mildly relativistic internal shocks B

Gialis & Pelletier 03 P T R PP L LT T PR P L TRPPPPERL ts
| : at reverse shock, if mildly relatiyistic§

: decoupling : (Waxman 01)
: because :
§ EmaX > E

conf




2.b A prototype model: gamma-ray bursts s

Fe
D Wi
(G

(on

A

Summary:

— acceleration in internal shocks may lead to a neutrino signal at the Waxman-Bahcall
limit, now probed by Ice Cube... detection of PeV neutrinos would imply acceleration
of p to >10% eV... absence of detection would not rule out acceleration to UHE... as
other acceleration scenarios can be envisaged...

— radiative signatures of proton acceleration to ultra-high energies? (Asano et al. 09, 10,
Razzaque et al. 10)

— a 'difficulty' for GRB model is production rate:

flux of UHECR above 10'° eV requires an energy input rate: ~ 10* erg/Mpc3/yr

. n -
with a GRB rate ngrR this requires: EUHECR/GRB ~ 10°3 erg ( G_I;B )
1 Gpe "yr—1

— do not expect association of UHECRs with observed GRBs! Time delay imparted by
extra-galactic magnetic fields: 0t ~ 10%-10° yr ... (Waxman & Miralda-Escude 96)

| 4 3 g q_p *




within 3 degrees of
highest energy events

A e

field of view |
+sensitivity

*: nearby active galaxies

Pierre Auger Collaboration, Science 2007
... Anisotropies are seen, but at 95% confidence level only...

... interpretation: a mixture of light and heavy nuclei? intergalactic magnetic fields?

... N0 obvious counterpart in photons...



2.c v and y from UHECRs: expected angular deflection s

AR
The expected angular deflection increases rapidly with decreasing energy, because of
decreasing magnetic rigidity and increasing source distance scale...
— note that most of the flux comes from | __ (E)
NUHECR -
F(< l) — / d®r Nsource 4—2 = Nsource NUHECR!
r<l mwr
1.0000 F— Distribution of typical deflection .
log E = 19.0+ 1
log E = 19.3 +
,\ log E = 19.7 J
implies: near isotropy for E < 3 1019Z eV... ' high E, d~100Mpc | 5~ **°* |

low E, d~1 000 Mpc

dN/d@
o
2
(@]
Q

... a few degrees for protons at 102%eV
(... Z times more for heavy nuclei of

charge 2)
0.0010 & \\
[ \/\
—> expect and search for anisotropies at the \
highest energies... if protons! | \\
00001 L . o i R T (T \
0 50 100 150



2.c vand y from UHECRs: High energy gamma-rays

/I\F’ :
In optimistic cases, counterparts in very high energy gamma-rays could be seen through

the electromagnetic cascades seeded in the environment of the source by UHECRs, e.g.

p+ems = pte et
e + yomMB — e.m.cascade

— detection with upcoming instruments requires a huge CR luminosity above 10%%V:
L., ~ 10% erg/s for a distance 1Gpc...

o~ T T T T T T

10
a2 y-ray spectrum

-- protons 2.7

mix 'Galactic' 2.3
- jron 2.5
=+ mix ‘iron rich' 2.0, Ep,,=10" eV

note: halo < smoking gun
signature of p acceleration to >101%eV

~
L _
7] 3
| A
£ ]
T, O "« i
i T(s'—kln
=4 . -
E 4 . _
= £
0 = : : I
© 10~ ks N
L ~ U . Brin P =
L e ER
. L1 —1044 ]
: , \ L, =10*erg/s, 1Gpc
107" | ! L ! ! |
107 108 10° 1“‘0 10" 10%  10® 10"

.‘/ c\

| [deqree Aharonian 02, Gabici & Aharonlan 05, Kotera et al.11,
Essey et al. 10,11

T T T TTT1T1T

b [degree]

T T Illllll T T lll[lll T T IIIIIII
&
/




2.c vand y from UHECRs: GZK neutrinos spectra

Secondary neutrinos are expected at UHE as a consequence of pion production on the CMB:

N, dN, dE,.

J

dr, c

t
0 d
= dt dFE., 5
dE, ~ 4n J; /EGZK dE, * dN,dE,. dE,

——
\Y diﬁilux / \ \

# of CRs injected # of v produced v redshift loss
per unit time and per unit CR per unit
unit comoving volume energy E,

(nearly all GZK neutrinos are produced in immediate vicinity of source)

1= —
- Yt Vi i __ proton CR spectrum
| %t (o J
£ e -
3 o1 * -z
g bump from ] =
Pk o . —v
il neutron decay iy : |
§ 0.0 i i ":
01 = FAL H — .
g = i R ) S neutrino spectra
- 5 f\ for distances = 10, ..., 200 Mpc away from
- ; 1 source
0.001

1013 1015 1017 1019 1021

Energy, eV Engel et al. 2000



2.c vand y from UHECRs: GZK neutrino predictions Y
. A

} Bt

... The diffuse GZK neutrino (and photon) backgrounds are within reach of next generation
experiments

IIIIIIIIIIIIIIIIIIIIIIIIIIIII R B v v v B AL rrrrrTr IllIlIIIIIIIIIIIIIII
1072
GZK neutrinos
= 0™
|
m
Tm
~ 107
£
(&
>
©O, 107
plausible
models ( ~ _———
T
e A N I iy
heavy nuclei
. composition
102 (L s T
D 6 7 8 9 10 11 12
log E [GeV]

Kotera etal. 11



2.c vand y from UHECRs: gamma-ray cascades T

... electromagnetic cascades injected at ultra-high energies are reprocessed down to <TeV
due to the opacity of the diffuse backgrounds to photon pair production

10
z_ =2,E_=10""eV |
b HiRes
+++ .

- +, Fermi LAT !

'L— | ]

n ﬂu, P
v, 10° t \R UHECRs
N -

E ENEm p ‘ 3
(&) Y ..-"“"“ " GZK neutrinos
> l-.- o nnuunnnnﬂuu..

GJ ...I. nuuun of o -..

= 3 HDUDDD uunu--.

L 10 E photon spectra 5 7V Y :
o~ # for two source models o f lg .o

f ":;ﬂnun
- Y-
10” 1 1 14 ‘v 1
10> 40> 10° 10* 10™ 10° 10™® 10® 16%

E, eV

Berezinsky et al. 10



Summary

2. Beyond PeV: the extreme energy frontier

a. The ultra-high energy cosmic ray enigma
...Two essential questions: how to accelerate particles to extreme energies? Why are
such powerful sources not seen in the arrival directions of the highest energy cosmic
rays?
...Acceleration requires extreme conditions: relativistic outflows etc., corresponding to a
source luminosity in excess of 10%> erg/sec... (for protons, less for charged nuclei)

a. A prototype source: gamma-ray burst
...gamma-ray bursts seemingly present the requisite conditions for accelerating particles
to the observed energies and possibly enough energy in CR for matching the flux
...the ‘standard’ model implies a neutrino luminosity at a PeV at the Waxman-Bahcall
limit, which is not seen by Ice Cube... a more definite answer within a few years...
...non detection would require another acceleration scenario or another source...

b. Connection with neutrinos and photons
...direct counterparts are not generally expected because cosmic rays are slowed down
and deflected by magnetic fields... another connection to the distribution of magnetic
fields on large scales...
...in some optimistic cases, gamma-ray counterparts could be seen at <TeV energies
...diffuse photon and neutrino backgrounds are expected from GZK interactions, with
possible detection in the next decade...



Outline

1. Overview: the CR-y-v connection and motivations

a. Introduction: detection and experimental facilities...
b. The CR-y-v connection
c. Motivations: extreme astrophysics, fundamental physics, dark matter physics etc.

2. Beyond PeV: the extreme energy frontier

a. The ultra-high energy cosmic ray enigma
b. A prototype source: gamma-ray burst
c. Connection with neutrinos and photons

3. Astroparticle physics in the GeV — PeV range

a. Supernovae as cosmic ray sources
b. Connection to the origin of Ice Cube neutrinos
c. Transport of cosmic rays and the anti-matter ‘anomalies’



3.a CR sources: diffuse spectrum at all energies s

A T diffuse CR spectrum xE3
= .
‘:*; 255 — O Akeno 1km? very small flux at UHE:
G - @ Tibet | + 1/km?/century at 10%%eV
e , [ A Runjob q| ‘7
- - * Proton Satellite |
:u - * JACEE
> -
: 24-5 B
—l _
L _
.
o 24 —

A

285 - A,
I
23 rl‘lllllllIIIIIIIlllIlllIllllIlIIIII,IIII,IIIIIIII NaganO&WatsonOO

-
-t

12 13 14 15 16 17 18 19 20 2
log(ENERGY in eV)

‘low’ energy cosmic rays likely originate in :
BY Y y orig at ‘high’ energy... ???

Galactic supernovae remnants ... :
P where does 'high' energy starts?

— energetics globally OK, ,
8 & y where do the cosmic rays come from?

lobally OK
~ spec.trum globally OK, how many different components ?
— maximal energy ~ OK?

— gamma-ray astronomy OK?



3.a CR sources: supernovae remnants

Supernovae remnants are efficient particle accelerators at young age,
with R~ 1pc, v4, ~0.01-0.1c

Energetics: if each supernova (Galactic rate rg ~ 2 / 100yr)

injects 10% of its shock kinetic energy (E,~10°! ergs) in cosmic rays,
one recovers the observed low energy cosmic ray flux, accounting
for the Galactic volume (V~10% cm3) and escape timescale

~ 107 .
(Tesc™ 107 yrs): Uop ~ TSN Tesc 0.1 EsN ~ 1eVem™3

%

Spectrum:
- in the test particle approximation, predicted spectral index s=2.0 (an oversimplification!)

... roughly consistent with observed spectral index 2.7 once transport effects are
included...?

Maximal energy:
- comparing the age of the remnant and the acceleration timescale, one finds
E..x~10TeVZ (B/3 nG) (assuming Bohm scaling t.,, ~ t,)
- understanding the cosmic ray spectrum requires to accelerate protons at least
up to 2000 TeV !
- likely solution: magnetic field in the shock vicinity is amplified by the back-reaction
of cosmic rays on the turbulence... a non-trivial problem in plasma physics!




v

3 ﬁ aOJf"-'“‘ accs lerai:bn in ,u.J-*rruv:J r--rrm.m:'é

R L

reference frame: shocked plasmas at rest

PR

as long as particle bounces back and forth, it
experiences acceleration because of the R S T S I
1| converging flows (as in tennis table!) - 28 Wy et

- BAIT 78, Krimsky'ebal ‘77 -Blangford & Ostriker. 73..

]
. » - s G
: ” e o 4.0 J ] - .
.~ e, ) N 2 -
. e * . o, 3% e !



3.a CR sources: test particle Fermi acceleration e
' oy R
RXJ1713.7-3946 shock front
shocked rest frame unshocked
<« <
<« <€
2 _model < <€
down ﬁ sh
hot g cold
slow ? fast
PSF :
particles get accelerated as they bounce
back and forth across the shock wave...
17h15m 17h10m . . .
acceleration stops when particles exit the

system towards the shocked plasma...

— generates a power-law with spectral index s: balance between energy gain and escape

dN/dE oc ES, with s=1+ In(1-P.)/In(1+g) = 2.0 in strong shocks

— maximal energy: balance between acceleration timescale and loss/escape timescales
age limit: E_,, ~ 10 TeV Z B ¢ B4y, 1 5 Rs,c (generally applies to ions)

synchrotron limit: E_, ~ 600 TeV B 12 B, , s (for electrons)

e.g. Bell 78, Axford et al. 77, Krimsky 77, Blandford & Ostriker 78, Drury 83, Blandford & Eichler 87



3.a CR sources: test particle Fermi acceleration

v B

shock rest frame

competition between escape

"i_ and acceleration leads to
............. .
<:| shocked g» @ <:; unshocked powerlaw dN/dE o E3,
B [P Z @ with s=1+ |n(1+Pesc)/|n(1+g) =2.0
........... 4‘:5-"@ in non-relativistic strong shocks (Bell 78)
escape PE

(ML & Pelletier 03)
=100

(downstream) accelerated
— | particle powerlaw

NS

o
2XOTRSe
= . ":’A“\\‘;“

ener ain .
Ty gain ue

0

’ cael
A
10° \ 104 €/€1006 108 1010\

cycle 3 cycle 19

cycle 0

cycle 1




3.a CR sources: diffusive shock acceleration s

. Ve
AN
- .‘ L ,

Microscopic derivation of diffusive shock acceleration:

— energy gain per Fermi cycle: dowstream to upstream then back to downstream

pélo)wn — ’Yup/down (]- + cos Qupﬁup/down/ﬁ) (1 — COS Hdownl@up/down/ﬁ) pdown

note: a double Lorentz transform from downstream rest frame to upstream rest frame,

where random (elastic) pitch angle deflection takes place, then back to downstream...

this is a trick: it avoids solving for the trajectory of the particles in the motional electric fields...
of course, acceleration is provided by the motional electric fields...

— flux average:

1 0
< )/p(0)> — 2/ d cos Oy cos by 2/ d cos Ogown €OS Bdown pu )/p(o)
0 —1
4 /Bup/down 4duy — ug
~ gT ~ gT (ul — Uy K C)
References:

A. R. Bell, Month. Not. Roy. Astron. Soc., 182, 147 (1978)
A. R. Bell, Month. Not. Roy. Astron. Soc., 182, 443 (1978)



3.a CR sources: diffusive shock acceleration

— escape probability: (escape occurs downstream by advection)

o flux — +oo B nuo - Aug
ose flux through shock 2 fol d cos Oy, cos Oypnv v

— spectrum of accelerated particles: N (> p) = fp+oo dp’dmp? fo(p')

N (> py) o probability of going through n Fermi cycles leading to momentum p,,

Luy —
— after n Fermi cycles, (p(™) = p(©® H ( 42 ul)

4 _
ie. 1n(<p(”)>/p(0)) ~ 5“1 e

1=1
—SU,Q
i.e. In (12 — uy) n((p )/p )
leads to: N(> p) x p—3/(r—1) PN dN/dp X p—(T-l-Z)/(?“—l r = Z—l




3.a CR sources: main questions beyond test particle

> "/
..AE! ;
oy

The above test particle approximation fails to explain the origin of cosmic rays with
energy up to a PeV... Modern developments focus on the back-reaction of particles
on the turbulence and how particles are accelerated in the self-amplified field...

crucial issue for e,
w/o heating:

r‘L,e << r‘L,p ~ Ashock

source of heating?

injection /\

I,=100

non-linear acceleration

P, >>P,, = CR modify jump
conditions in the precursor...

CR may also amplify B, through
streaming instabilities...

______________________

¢ L _______.

__________ 2 -

shock structure (— — = = > jnstabilities

maximal energy and escape

how is escape realized?
maximal energy?

resulting spectrum integrated
over SN evolution?



particle-in-cell simulation of a collisionless

Collisionless shock wave:

mean free path to Coulomb collisions >
thickness of the shock

structure of the shock: a famous problem in
plasma physics!

effective coupling between particles:
electromagnetic collective modes of the

plasma...

shock wave (Spitkovsky 05)

© CEA 2011

Section amplificatrice LMJ

des chaines 17 a 22
Focalisation

Zone de compression

Section amplificatrice PETAL

laboratory astrophysics in high energy

density facilities:

laser Mégajoule (LMJ - CEA)

Laser
spot
DL

Target
~——————— spacing
Dy

Gregori & Drake 12




3.a CR sources: searching for the source o

Suzaku Fermi

1 H.E.S.S.

E®dN/dE (eV.cm? s7)
=

-- Synchrotron R :

X-ray image of SN1006

(Chandra) 10° IC on CMB
-- Bremsstrahlung y .
g 10° 5T sum ey .
§ 10° 5 L o g ‘."' ;
Q-41.6 107 10° 10° 10" 10 10° 10° 10" 10° 10" 10° 10°
E [eV]
-41.8
gamma-ray telescopes have demonstrated that
! particles (e, nuclei) are accelerated to > TeV
* energies in supernovae remnants...
ek o - however, the brightest TeV emitters so far rather
Tel image of SN1006 (HESS) indicate that the photons are emitted by
-42.4 1 . .
e tshoom | accelerated electrons... where is the hadronic
contribution?




3.a CR sources: searching for the source
= = 10°
(] (]
z L.
o €t 10°
(4]
Q-41.6 > Suzaku Fermi
< 10
w
4 K
-41.8 = 1 H.E.S.S.
T
i 10"
-42 N
; 10 -- Synchrotron |
E 10° - IC on CMB
-42.2 -- Bremsstrahlung
10°ET— sum
-42.4 105 L+ U W I . A I [
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hadronic signature of the emission:

* pion production cross-section ~ independent of energy above threshold (~m),

hence dr, dN,
dE, ~ dE,

o B (Ey > 0.1GeV)  withs, ~2.0-2.4

in apparent conflict with the data (Fermi data at GeV energies is essential here!)




3.a CR sources: searching for the source

So far, two convincing cases of hadronic signature in shell-type supernovae:

Cassiopae-A (SN1680):

emission compatible with ~1% of
kinetic energy going into hadrons,
for B ~ 120 uG (amplification!)

Tycho (SN1572):

emission compatible with ~10% of
kinetic energy going into hadrons,

for B ~ 200 uG (amplification!), so

E, possibly as large as 500TeV!

vf, [erg em™2 s7]

10-10

10— 11

10—12

10-13

F dN/dE (eV.cm ™ 5

10°
1

. "\T a .
- - B
T T ' T |
EGRET
® Fermi—LAT
F , MAGIC E
- i VERITAS
"\115
O N
_ N i
l
108 1010 1012 1014
E [ev]
E Preliminary
- _p— Suzaku
= g Fermi
4 > \
- Radio // \
i o \ /TRl Veritas
\ [ VI
.‘ f ‘Ni
\ /1 T LT\
E— { : \'
Synchrotron \'.!
ICon CMB ‘|‘
Bremsstrahlung \
=, decay ‘|
= | —— Sum '
I Y Y Y S Y\ Y Y Y Y I | N [
0 10" 10" 10 1 w0 10 10 10 10° 107 109"

E [eV]



3.a CR sources: evidence for hadronic acceleration

..'::'..
.
‘A"ﬂ;'i. g

Most robust evidence so far for hadronic production: pion production bump in W44
and 1C443

0 0
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Finding a PeVatron:

... difficult, because galactic supernovae are rare (2-3 /century), invisible in optical
because of absorption, and acceleration to PeV should take place during the first
thousand years... a prime objective for future Cerenkov arrays!




3.b Ice Cube v: a connection to CR physics?

The Waxman-Bahcall bound sets the standard for the detection of high energy neutrinos,
predicting O(10) events per yr in a km3 cube neutrino detector such as Ice Cube at PeV

energies...
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... the observed flux at Ice Cube matches nicely the WB bound: a connection to high
energy cosmic ray physics?



3.b Ice Cube v: cosmic ray production in starbursts?

Tt
AR
— In starburst galaxies, the high density of the interstellar medium leads to a short

pion interaction timescale:
1

by = ——— ~ 2x10°yr
N (T ppC)
— whereas the diffusive/convective escape timescale is t,,. ~ 10° yrs at 1 GeV,
implying that most of CR energy is lost to pion production...

— Fermi observations of starburst galaxies find L, ~ 100 erg/s for an estimated
L, ~ 10" erg/s, i.e. a conversion factor of 10%

— gamma spectrum must trace the injection spectrum of cosmic rays if t_ sets the
life-time, and Fermi observations indicate dN/dE o« E->2, OK with cosmic-ray
phenomenology...

— if gamma-rays are indeed mostly hadronic, then:
— starburst galaxies provide a substantial contribution to the diffuse gamma-ray
background
— starburst galaxies output a neutrino flux
E,¢, ~ 2x 1078 (E,/100TeV) *? GeVem 2s Lsr!
very close to the Ice Cube measurements...

— however, maximum energy of neutrinos imply acceleration and confinement
up to 10'7eV?



3.b Ice Cube v: origin in starburst galaxies? T
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... the observed flux at Ice Cube matches the prediction of the starburst model, but
the maximal observed neutrino energy exceeds the prediction...?



3.b Ice Cube v: connection to the gamma-ray background ...
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... a significant part of the diffuse gamma-ray background observed by Fermi must
result from pion production in starburst galaxies, if these galaxies explain the signal
observed by Ice cube... with already some tension...



3.c CR transport: general considerations ey |

Transport of cosmic rays in galactic magnetic fields:

1
=V Voo POy fi = 0pi DijOyi fi +

3
+Qilrtp) — 9 05) ~ 2+ Y
/ L e 1T
- [

source term:
dN (e.g. ionization, synchrotron...)

atfi + Vco - vrfz

acceleration by SNe systematic energy losses

net loss through radioactive decay
or inelastic collisions with interstellar gas

|

net gain through radioactive decay
or inelastic collisions from heavier nuclei

References:
V. S. Berezinsky, S. V. Bulanov, V. A. Dogiel, V. L Ginzburg, V. S. Ptsukin,
« Astrophysics of cosmic rays » (1990, North-Holland)



3.c CR transport: a generic simplified model

A simple model: particles are injected in sources, propagate in interstellar medium,
then escape the galaxy after some (momentum dependent) time 7ec

— assume stationary + homogeneous source distribution: NgnTese > 1

— consider stable species, neglect collisions and decays

o dn N (p\ " .
— average distribution: — ~ — | — Ns Tesc
dp  po \po

— connection to diffusion model: neglect all terms but diffusion and source,
integrate over a finite volume... escaping flux balances injection,

H? H scale height for escape

Tesc ™

D D diffusion coefficient
— momentum dependence: Tesc X p~ ¢ = dN/dp x p~ 57 ¢

theory - acceleration: s ~ 2 > sumoects o = 0.7
measurements: s + « ~ 2.7 &8 — Y-




3.c CR transport: a generic simplified model

A simple model: particles are injected in sources, propagate in interstellar medium,
then escape the galaxy after some (momentum dependent) time 7ec

— momentum dependence: Tese X p~ ¢ = dN/dp x p~57°

theory - acceleration: s ~ 2
measurements: s + o >~ 2.7

= suggests o« ~ 0.7

— note: isotropic diffusion in Kolmogorov turbulence leads to D oc p¥-3...
which does not match the inferred scaling for 7eqc...

... solutions: diffusion in interstellar space is ill-understood...
or does acceleration lead to a slope s ~ 2.3 — 2.47

— check of the model: secondary species are not injected in acceleration sites but
produced through inelastic collisions of primary species, e.g. Li, Be, B from
interactions of cosmic ray C, N, O nuclei with interstellar p and He



3.c CR transport: model validation

— injection rate of secondaries:

— average secondary spectrum:

— test:

dN2nd/dp
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observed dependence:

dNg/dN¢g o< p~0-6

indeed confirms simple
model...



3.c CR transport: connection to anti-matter anomalies... e

Simplified transport model neglects energy losses and decays/spallation of the
secondary species... however it can be used to set an upper bound on the e+
secondary spectrum, the actual spectrum being suppressed by a factor f,
characterizing energy losses (e.g. inverse Compton)

S upper bound on positron fraction

e

E

e'let

"o PAMELA (2009)
PAMELA (2011)
o AMS02 (2013)

e" upper bound
e” upper bound: pre~AMS02 Blum+ 13

10’ 10°

E [GeV]

This analysis thus suggests that the excess exists with respect to transport models pre-
AMS, not in itself, i.e. positrons could be pure secondary (no DM origin!) provided f_,
has the right dependence on energy



3.c CR transport: possible pulsar positron contribution T

in the case of positrons, it had been predicted that nearby recent pulsars (e.g. Geminga)
could possibly provide a primary source of positrons, leading an increasing positron
fraction at high energies (pulsar wind: e* ~ €7)... as observed!
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3.c CR transport: current status

.t
n

Current status
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current data cannot distinguish between a pulsar contribution, a contribution of
leptophilic dark matter and a pure secondary origin....



3.c CR transport: anti-proton data
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Gielsen+ 15

... the latest anti-proton data is also consistent with a pure secondary origin...



Summary S

3. Astroparticle physics in the GeV — PeV range

a. Supernovae as cosmic ray sources
... Supernovae remnants appear as the best candidate for the source of cosmic rays below
10%7eV: energy output in principle sufficient...
... crucial questions: can supernovae accelerate particles to Z x a few PeV?
... a major question for theorists and a prime objective for future observatories: find a
PeVatron
... current data indicate that the bulk of the VHE emission in some SNR is dominated by
leptons, while in others by hadrons...

b. Connection to the origin of Ice Cube neutrinos
... starbursts galaxies behave as calorimeters for protons energies below a few PeV: all the
energy going into hadrons is transferred to gamma-rays and neutrinos through pion
production...
... a direct connection to the supernova origin of cosmic rays, which nicely explains the
origin of Ice Cube neutrinos...
... or a subset thereof? in particular, where is the expected turn-over at <PeV energies?

c. Transport of cosmic rays and the anti-matter ‘anomalies’
... transport of cosmic rays in the Galaxy involves many ill-known processes (diffusion,
advection, re-acceleration etc.)...
... S0 far, positron and anti-proton spectra are consistent with a secondary origin, with
possibly a nearby pulsar contribution to the positron spectra: no need for exotic dark
matter!



Some experimental perspectives
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Neutrinos: a 10x Ice Cube is being projected, also KM3NET (~a few times Ice Cube) in the

North

UHECR: situation not clear, developments projected at Auger, Telescope Array, possible
deployment of the giant EUSO on the space station, with a clear need for better statistics
and accurate chemical composition measurement...
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