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galactic supernova remnants
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Supernova Remnants and Galactic Cosmic and y-Rays
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Aharonian et al., Nature 432 (2004) 75

Supernova remnants have been seen by HESS in y-rays: The remnant RXJ1713-3946
has a spectrum ~E-22: => Charged particles have been accelerated to > 100 TeV.
Also seen in 1-3 keV X-rays (contour lines from ASCA)
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Given the observed spectrum
E-23, this can be interpreted
as photons from 11° decay
produced in pp interactions
where the TeV protons have
the same spectrum and could
have been produced in a SN
event.

Note that this is consistent with the source spectrum both expected from
shock acceleration theory and from the cosmic ray spectrum observed in the
solar neighborhood, E-27, corrected for diffusion in the galactic magnetic

field, j(E) ~ Q(E)T () ~ Q(E)/D(E).
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All Particle Spectrum and chemical Composition

Heavy elements start to dominate above knee
Rigidity (E/Z) effect: combination of deconfinement and maximum energy

Hoerandel, astro-ph/0702370
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3 times AGASA exposure
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Nucleons can produce pions on the cosmic microwave background
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GZK "cut-off" is a misnomer because “conventional” astrophysics can create events
above the "cut-off"
The 6ZK effect may tell us about the source distribution (in the

absence of strong magnetic deflection)

T.000F =
B y=3 — R=20Mpc i
- Blanton, Blasi, Olinto, Astropart.Phys. 15 (2001) 275 A
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Observable spectrum for an £3 injection spectrum for a distribution
of sources with overdensities of 1, 10, 30 (bottom to top) within 20 Mpc,

and otherwise homogeneous.
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1st Order Fermi Shock Acceleration

Hillas-plot
(candidate sites for E=100 EeV and E=1 ZeV)

The most widely accepted scenario
of cosmic ray acceleration

— [
u
1 downstream
upstream s A
u,

Fractional energy gain per shock
crossing ~u;-u, on time scale ~r,/u,

This leads to a spectrum E™ with
q > 2 typically.

When the gyroradius r, becomes
comparable to the shock size L,
the spectrum cuts off.
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A possible acceleration site associated with shocks in hot spots of active galaxies

Core of Galaxy NGC 426l
Hubble Space Telescope

Wide Field / Planetary Camera

Ground-Based Optical/Radio Image HST Image of a Gas and Dust Disk

380 Arc Seconds - 17 Arc Seconds -
88,000 LIGHTYEARS 400 LIGHTYYEARS
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Arrival Direction Distribution >4x10!%eV zenith angle <50deg.

- Dispu

- Isotropic on large scales - Extra-Galactic
- But AGASA sees clusters in small scale (AB<2.5deq)
- Itriplet and 6 doublets (2.0 doublets are expected from random)

correlation

AGASA 67

-30°

space angle
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Cosmic rays above ~10'° eV are probably extragalactic and may be deflected
mostly by extragalactic fields B, rather than by galactic fields.

However, very little is known about about B,: It could be as small as
10-20 G (primordial seeds, Biermann battery) or up to fractions of micro
Gauss if concentrated in clusters and filaments (equipartition with plasma).

Transition from rectilinear to diffusive propagation over distance
din a field of strength B and coherence length A, at:
3 « 3 $
¢ 1=2 | ¢ 1=2

E » 128 1019 ' z g
c 26

AR 4 eV
10Mpc nG°  1Mbpc

In this transition regime Monte Carlo codes are in general indispensable.
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The Sources may be immersed in Magnetized Structures

such as Galaxy Clusters
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Smoothed rotation
measure:

Possible signatures of
~0.1pG level on
super-cluster scales!

Theoretical motivations
from the Weibel instability
which tends to drive field
to fraction of thermal
SS—+ 0 energy density

-65

But need much more data
from radio astronomy,
e.g. Lofar, SKA

2MASS galaxy column
density

Xu et al., astro-ph/0509826
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Spectra and Composition of Fluxes from Single Discrete Sources considerably
depend on Source Magnetization, especially for Sources within a few Mpc.

50

magnetic field

-9 {
Sigl, JCAP 08 (2004) 012

x/Mpc

13 20

Source in the center; weakly magnetized observer modelled as a sphere

shown in white at 3.3 Mpc distance.
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The ankle at ~5x108 eV is due to pair production of extragalactic protons
on the CMB. Requires >85% protons at the ankle.
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A significant iron admixtures does
not reproduce the ankle in the absence
of magnetic fields.
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But experimental situation on
chemical abundances is unsettled.
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accelerated protons interact: *loss~ *ine /Me20 inelasticity
4 —_——
N 7" — neutrinos o S
p _I_ % X _l_ ; 3 j p “ .:_."]..'oq—lac—
g4 T~ — Y —rays _ 2b (CUY
0 A
a, - Y N
during propagation ("cosmogenic") SUNR T Y ;
or in sources (AGN, GRB, ...) & ol €% |
K
=> energy fluences in y-rays and - o-1r
neutrinos are comparable due to _ol S i
isospin symmetry. \ 107G
Neutrino spectrum is unmodified, 9 12 15 18 21
Y-rays pile up below pair production log (E/eV)
threshold on CMB at a few 104 eV. Included processes:

Electrons: inverse Compteon; synchrotron rad
(for fields from pG te 10 nG)

Gammas: pair—-producticon through IR, CMB, and
radic backgrounds

Protons: Bethe-Heitler pair production,
picon pheotoproducticon
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Note: For primary energies around 1020 eV:

=Center of mass energies for collisions with relic backgrounds
~100 MeV - 100 GeV —> physics well understood

=Center of mass energies for collisions with nucleons in the atmosphere
~100 TeV - 1 PeV —> probes physics beyond reach of accelerators

Example: microscopic black hole production in scenarios with a TeV string scale:

108 1 IIIIII| LI IIIIII| LI I.IIIII| LI lllllll LI IIIlII| LI Il.IIII| I I.I IIIII| l_l Fengl shaper‘el PRL 88 (2002) 021303
For neutrino-nucleon scattering with

n=1,..,7 extra dimensions,
from top to bottom

Standard Model cross section
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Solution: Compare rates of different types of neutrino-induced showers

Deeply penetrating (horizo

Earth-skimming T
upgoing

Figure from Cusumano




Earth-skimming T-neutrinos
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Air-shower probability per T-neutrino at 1020 eV for 1018 eV (1)
and 1019 eV (2) threshold energy for space-based detection.

Kusenko, Weiler, PRL 88 (2002) 121104




Lorentz symmetry violations in the Nucleon Sector

Dispersion relation between energy £, momentum p, and mass m may be
modified by non-renormalizable effects at the Planck scale M;,,

3 4
Ez—pzxmz—éjp——é P +...,
My o My

where most models, e.g. critical string theory, predict €=0 for lowest order.

Introducing the standard threshold momentum for pion production, N+y->NiT,
2
_2mym_+m,

Lo 4 ’

the threshold momentum p;, in the modified theory is given by
3 3 4
ke Fo e 2l e Pu +3¢ Po | Po |\ |4 80 g
(m," +2m,m\ )My (m, +m,) Po My | Py Po

Attention: this assumes standard energy-momentum conservation which is
not necessarily the case.

Coleman, Glashow, PRD 59 (1999) 116008: Alosio et al., PRD 62 (2000) 053010
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For € ~ T ~ 1 this equation has no solution => No GZK threshold!

For T~ 0, € ~ -1 the threshold is at ~1 PeV!
For & ~0, T ~ -1 the threshold is at ~1 EeV!

Confirmation of a normal GZK threshold would imply the following limits:

|€| < 10-13 for the first-order effects.
|| < 10-¢ for the second-order effects.

Energy-independent (renormalizable) corrections to the maximal speed
V. o= limc_,.. 0 E/d p = 1-d can be constrained by substituting
d—>(E/2)(E/Mp))+(T/2)(E/ My)>.

The modified dispersion relation also leads to energy dependent group velocity
I/=3 E/3 p and thus to an energy-dependent time delay over a distance d:

E
3 _éD_ 5(100 Mpc ITeV jsec

for T = 0. GRB observations in TeV y-rays can therefore probe quantum gravity.
The current limit is M/€ > 8x101 GeV (Ellis et al.).
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Lorentz Symmetry Violation in the Photon Sector

For photons we assume the disperston relafion

2= k2§ » k2 52 " with n 1
P

with only one term present, whereas dispersion relations for other particles are

unchepgeier pair production °° ! e+ei , on a background photon of energy
| - Scaled to the threshold in absence of Lorentz invariance (LI) breaking,

kLI . mg=! e the threshold condition is

§® xn+2+ xj 1, 0;

where
H

® kE| LI

T
" Tndmz M
e pl
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Since photon interaction length above 1019 eV is below a few Mpc, the fraction
of secondary photons is expected to be. 1% above 1019eV and . 10% above
1020 ¢V. But without pair production for 1019eV . ! . 1020eV the photon
fraction would be' 20%:

100E ' J
3 b 10:
- 9: __________ x
. - o] _
'E 10719 2 .
= o -1
o 3 = 10—
% 10_”_ \Q _
S E 5 -
e F ~ 107%%:
X -12 =
= 107 S F
= - o -
- K o -3 1
107 ¥ = a. 10 E V3
= ; | 4
- :_ 1 —:
]O_Ml__ | | ]O—4L 1 1 IR WU T T T | | PR W W T R
10'° - 10" 1020 102!
Galaverni, Sigl, arXiv:0708.1737 o o (CV)
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Current upper limits on the photon fraction are of order 2% above 101° eV

from latest results of the Pierre Auger experiments (ICRC) and order 30%
above 1020 eV.

& 100 LI L B | T T T T T
Auger South sensitivity

Auger hybrid %._'1*
10 ¥ A x5

----------------------------------------------------------------------------------------------------------------------------------------------

photon fraction (% ) for ESE

0.1 GZK photons
0,00 oot i g g,
0.001!
10" 10%
Risse, Homola, Mod.Phys.Lett. A22 (2007) 749. threshold energy E, (eV)

Absence of pair production between 1019 eV and 1020 eV would thus violate
experimental constraints.
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Since a typical CMB photon energy is!, » 6£ 10i 4 eV, pair production should
be allowed for

2.3£ 104. x. 2.3£ 105. xg(@n):
For n = 1 this yields
1

®1 : : ' 1:9£ 10i 11; », . 2:4£ 10i 15
For n = 2 this yields
1 .
®, & j : i 82£ 100 175 », & j 24£ 101 7:

Only for n , 3 thelimitson » become larger than unity.

Galaverni, Sigl, arXiv:0708.1737
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Possible Caveats
1.) Air shower physics of photon primaries not well understood ?
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2.) LI violation in the electron sector can enable pair production if corresponding
Anersign'es RIETMETEE A0F SIS P& mMana GEP WRNATHRies L1
violating terms suppressed by the electron mass, » m2(k=Mj )n.
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1.) The origin of very high energy cosmic rays is one of the fundamental
unsolved questions of astroparticle physics.
This is especially true at the highest energies, but even the origin of
Galactic cosmic rays is not resolved beyond doubt.

2.) Acceleration and sky distribution of cosmic rays are strongly linked to
the in part poorly known strength and distribution of cosmic magnetic
fields.

3.) Sources are likely immersed in magnetic fields of fractions of a
microGauss. Such fields can strongly modify spectra and composition
even if cosmic rays arrive within a few degrees from the source
direction.

4.) Pion-production establishes a very important link between the physics
of high energy cosmic rays on the one hand, and y-ray and neutrino
astrophysics on the other hand. All three of these fields should be
considered together. Strong constraints arise from y-ray overproduction.
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5.) At energies above ~10!8 eV, the center-of mass energies are above
a TeV and thus beyond the reach of accelerator experiments. Especially
in the neutrino sector, where Standard Model cross sections are small,
this probes potentially new physics beyond the electroweak scale,
including possible quantum gravity effects.

6.) The large Lorentz factors involved in cosmic radiation at energies
above ~ 10'? eV provides a magnifier into possible Lorentz invariance
(LI) violations.

7.) The GZK effect produces secondary y-rays whose fraction of the total
particle flux above 101° eV is expected to be below 1% due to pair
production. Current experimental limits are of order 2%. In the absence
of pair production in this energy range, the expected fraction would
violate these limits.

8.) The coming 3-5 years promise an about 100-fold increase of ultra-high
energy cosmic ray data due to experiments that are either under
construction or in the proposal stage. This will constrain primary cosmic
ray flux models.
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