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Topics Covered

m Overview of shock acceleration and its
cosmic sites;

m Achieving the energy for UHECRsS;
m Population constraints: global energetics;

m Spectral issues: can acceleration models
generate the right distributions?

m [f time permits: Testing grounds for shock
acceleration theory: the heliosphere.
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Complete Cosmic Ray Spectrum

logi FLLUX m s s e

[l
i
L=

=
Lr

il

Scallooe and
= Satal e & et

+—

— EaS axperiments

Galactic CRs

=35

15 i

Extragalactic CRs

log(EMERGY &V)




Galactic Cosmic Rays

SNR origin?
Solar modulation

reduces flux below 1
GeV /nucleon;

Instrumental data

spread increases near
CR knee;

Non-linear models of
acceleration required

for SNRs: abundances
are not solar;

|Ellison et al. 1997]
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Spectral Modeling of SNR Shell Emission

EG. Berezhko a4 HI Valic Theary of CR production fa SNR EX J1713.7-3048
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High Energy Cosmic Ray Spectrum
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High Energy Cosmic Ray Accelerators:
Radio Galaxies like Cygnus A




Multi-wavelength Flaring in the
blazar VMarkarian 424
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Gamma-Ray Bursts: Relativistic Outflows

FORMATION OF A GAMMA-RAY BURST could begin
either with the merger of two neutron stars or
L with the collapse of a massive star. Both these
I\ events create a black hole with a disk of material
MEUTRON STARS | around it. The hole-disk system, in turn, pumps
out a jet of material at close to the speed of light.
Shock waves within this material give off radiation. | JET COLLIDES WITH
AMBIENT MEDIUM
[external shock wave)
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Magnetars - high B Neutron Stars

Axis of rotation

Good for
UHECR
production
since high B
guarantees
very large
induced E
fields + small

.. Manetic field lines
gyroradii.




Achieving the 10°° Energies of UHECRs

- for viability ot bottom-up
acceleration models:

» What conditions are required in sources in

order to accelerate up to the observed
UHECR energies?
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Acceleration Times + Maximum Energies

e For non-relativistic parallel ( ©p,; = 0°) shocks, in the diffusion
approximation (= isotropy), the acceleration time is (e.g. For-
man, Jokipii & Owens 1974)

. D
NR 3 ! K1 a9 dpJr
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Nr . 01 Epov
Ta. e~ =0 B SsecC.
3 1 Gauss

so that

e Hence AGNs can accelerate to UHECRS energies in days if B ~
100 Gauss.

e For GRBs, the variability timescale is much shorter, thereby re-
quiring much higher fields, B ~ 10* Gauss.

K l A

Note: kappa is spatial diffusion coetficient 3
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Cosmic Ray Acceleration:
Fields and Spatial Scales

Phase Space for Ay~ (¢/u)r,~R
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AGN jets) GRBs and
meagnetars are best
candidates/ior

UEECR production.




Acceleration Times:
Pitch Angle Diffusion

Total Acceleration Time: Pitch Angle Diffusion
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(see Baring 2002)




Inferences of SNR B Fields using CHANDRA

s Spatially-resolved line and SN1006
continuum spectroscopy: by NE
CHANDRA X-ray
Observatory: probes, B field
amplification in SNIRs;

Case study: SIN1006) (

), @ clean system) ite.
early Sedov-phase (deduced
trom! radio proper motions))
simple envitonment (high

latitude seurce), with well-
defined shell:

Spatial mapping of non-
thermal synclirotron
emission details magnetic
tield! contrast across diasi-
perpendicular shock:

Thermal interior (red) and - 0.5-0.8 keV-
non-thermal shelll (blue). 10.8-1.2 keV:
: 1.2-2.0 keV.




Spatial Brightness Profiles in SN1006

Brightness profiles are
much broader for
thermal X-rays and radio
synchrotron than for
non-thermal X-rays;

Narrowness of profiles
along scansi argiies for
shocks L to sky, i.e. no
projectionallsmearing;

Flux contrast ratio (<
157 o upstream to
dowmnstream 1.2-2.0'keV/

SlIgZests ,1.e.

(Cas A offers
similampictume: Vink &
[Camimne2008);
Non-thermal X=ray widith
implies connection
between cosmic rays and
Btield amplification.

Long et al. 2003
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Thin black line: 0.5-0.8 keV; Black line: 1.2-2.0 keV;
Grey line: 1.4 GHz radio.




Modeling Field Amplification

m proposed that high energy
cosmic rays (CRs) in strong shocks could non-
linearly amplify B when streaming upstream;

m Work done on Alfven turbulence scales as the
CR pressure gradient: ;

m Field amplification should then scale as
(dB/B)>~M, P/ pu?; works for high M, strong
shocks that generate large P;

m [dea needs simulational vindication. Bell has
been working on this, but progress is needed.




Population Constraints: Global Energetics

- for viability ot bottom-up
acceleration models:

= Can the putative sources/ sites for
acceleration provide UHECRS in sufficient
numbers?

m And within the GZK horizon, if needed?




High Energy Cosmic Ray Spectrum
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Gamma-Ray Bursts and UHECRs

m Possibility of GRBs generating UHECRs was

raised by Milgrom & Usowv (1995), Waxman
(1995) and explored in later papers;

m Need to match the UHECR flux at 1020 eV
m F3dn/dE ~ 1.2 x 1021 eV? cmm?2 s7t:

m UHECR energy density is:

R /

m GRBs liberate in photons, and
perhaps Lcg ~ fcg Ly, in UHE cosmic rays;

m Since fx=f(Eg), both f<1 and f>1 are possible;
m GRBs occur at rate of :




Gamma-Ray Burst Redshift Distribution

BeppoSax, HETE, INTEGRAL + Swift October 2005

XRFs, XRRs & GRBs
XRFs only
Swift bursts only
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Gamma-Ray Bursts and UHECRs (ctd.)

Redshift distribution sets spatial density of GRB hosts;
short bursts are fewer, but on average nearer;

In the GRB volume of ~(10 Gpc)® in a Hubble time, the
produced cosmic ray energy

- /
=> GRBs can populate UHECRs at the required rate if
their luminosity in each source is comparable to L,

i.e. 0.1% of total explosion energy budget;

Very reasonable constraint: follows from
radiation , and then UHECR budget
depends on acceleration spectrum;



Active Galaxies and UHECRs

AGNs (Seyferts, blazars, radio galaxies, quasars) have
L, ~10*-10* erg/sec; [10* erg/sec now assumed]

In the GZK volume of ~(30 Mpc)® in a Hubble time,
the AGN-produced cosmic ray energy density is

E /

—> need at least 10° AGNs per GZK volume (z=0.01)?

for them to populate UHECRs if L ~ 10* erg/sec;
N.B. flaring duty cycle reduces fcy;

m [ess than Hubble time available? Higher z quasars
generally have higher L ;;

Energetic AGN populations (blazars and quasars),
their number densities and duty cycles will be




Spectral Issues for UHECR Generation

- for viability ot bottom-up
acceleration models:

m Can shock acceleration in putative sources
generate particle distributions
commensurate with the UHECR spectrum,
and in concord with radiation signatures
for the sources?




Distinguishing Properties

i of Relativistic Shocks

= For small angle scattering, ultra-relativistic, parallel
shocks have a power-law index of 2.23 (Kirk et al. 2000);

= Result obtained from solution of diffusion/convection
equation and also Monte Carlo simulations (Bednarz &
Ostrowski 1996; Baring 1999; Ellison & Double 2004);

= Power-law index is . scattering angles
larger than Lorentz cone flatten distribution;

= Large angle scattering yields kinematic spectral
structure;

= Spectral index is strongly increasing function of field
obliquity.




Relativistic Shocks: Spectral
Dependence on Scattering

m Deviations from 5 v Comparison of PAD and LAS
““canonical” index of
2.23 (Bednarz &
Ostrowski 1998; Kirk
et al. 2000; Baring
1999) occur for
scattering angles
outside Lorentz cone;

Large angle scattering
yields kinematically
structured
distributions;

= (e.g., Baring 2005)
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Oblique Shock Geometry

z
B2
upstream flow downstream flow
velocity u, velocity u,

982

VBO -
Gaussian
volume




Relativistic Shocks: Spectral Dependence
on Field Obliquity and Diffusion

Ellison &
Double
(2004)
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and./ or
steepens the continuum (e.g. Bednarz & Ostrowski 19985 Ellison &
Double 2004; see also Kirk & Heavens 1989).




High Energy Emission in EGRET Bursts

Baring {2008)
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GRB Prompt Emission Continuum Fitting

Baring and Braby {2004) B , . . }

T Normalized Electron Distributions

CGRO Composite Spectrum for GRB910503 ! L L L
R A T S I B | (R L I GRB 910503
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m Synchrotron radiation (preferred paradigm) fits most burst spectra -
index below 100 keV is key (Preece et al. 1998 “line of death”) issue;

= But, underlying electron distribution is predominantly non-thermal,
i.e. unlike a variety of shock acceleration predictions (e.g. PIC codes,
hybrid codes, Monte Carlo simulations): see Baring & Braby (2004).




3D PIC Plasma Shock Simulations

Nishikawa et al. Medvedev

Time = 110.40[1/w, ] Time = 230.00[ 1/, ]

AT W R 11T

111 B ETET 10
| 10 i

|Charge Density | [e]

L H..l.IHI Ll

|Charge Density| fe]
|Charge Density| [e]

—

ll\‘ 1571 LLLE WL 1 lIHl Ll

Nishikawa et al. (ApJ 2006): e-p (left panels) and pair shocks have great difficulty
accelerating particles from thermal pool (green is Lorentz-boosted relativistic
Maxwellian), dominated by electromagnetic thermal dissipation;

Medvedev (priv. comm.): Weibel instability simulation with the upper energy cutoff
continuously growing in time, i.e. no steady-state;

In PIC simulations, non-thermal power-law is at best, not prominent.




Shock Acceleration, Sources & CRs:
What do we know?

® Maximum Energy: the key parameter is the
in the (diffusive) shock environs -

® Active galaxies (jets and radio lobes), gamma-ray
bursts and magnetars are best candidates;

® Global Energetics: population supply for UHECRs
, a little harder for AGNs -

® Source space density and CR production efficiency
relative to neutrinos and radiation are key unknowns:;
® Spectral Issues: relativistic shocks in GRBs and AGN
can only generate ~E CR distribution if either
Or possessing -

® GRB and AGN non-thermal radiation are consistent
with ~E= electron (and therefore CR?) distributions.




Shock Acceleration, Sources & CRs:
Where are we going next?

Need to see evidence of ions in discrete sources,

either SNRs, AGNs, GRBs or all;

Need to fully understand relationship between
electron acceleration (probed by radiation) and ion
energization (i.e. injection);

Need to understand character of relativistic shocks in
more detail (e.g. do non-linear effects operate?);

Need to ascertain under what conditions magnetic
field amplification occurs;

GLAST and TeV-band Cherenkov telescopes will

provide huge advances on individual sources:;

Auger and other CR arrays will propel the UHECR
database, while ICECUBE, etc probe neutrinos.




Shocks in the Heliosphere:
Testing Grounds for Acceleration Theory

m  Planetary bow shocks:
usually strong, with

: TERMINATION
nonlinear WJOLAR APEX SHOCK
: : HELIOPAUSE
acceleration being .
important.
INTERSTELLAR :
n  Interplanetary WINDS —— " JMOVAGER 1
travelling shocks:
usually low Mach

number, with a big
contribution from

’
m Solar wind
termination shock:
site of

generation [Voyager I
was there, 2005?].




