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Outline
• General information (covered by Ormes, Petrosian)

– CR interactions and processes in the IS
– Nuclear component in CRs
– Diffuse gamma rays
– Measurements & Instruments

• Transport equation
– General equation (diffusion, reacceleration, convection)
– Simplified equation (VHE electrons)
– Numerical solution

• Propagation near the CR sources
– Galactic center (HESS)
– Cygnus region (Milagro)
– Pulsars and plerions (VHE electrons)

• Propagation in the ISM. I. Components of the ISM
– CR source distribution
– Galactic magnetic field
– Milky Way in different wavelength
– Energy losses and propagatin of electrons
– Interstellar gas
– Interstellar radiation field

Second lecture
• Propagation in the ISM. II. Cosmic Rays
• CR propagation in the heliosphere
• CRs in the other normal galaxies
• Exotic Physics 
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General inform

ation 

on CRs
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All Particle CR Spectrum

GZK cutoff?

This is an astonishing observation!
• All particle CR spectrum is almost 

featureless: 
– the knee 
– the ankle 
– GZK cutoff 

These are the only features in >12 
decades in energy and >32 decades in 
intensity!
However, there is a lot of information 
hidden in the spectra and abundances of 
individual CR species: nuclear isotopes, 
antiprotons, electrons, positrons (+diffuse 
gamma rays)

• The whole physics is involved: various 
branches of Astrophysics, MHD, shock 
waves, plasma physics, atomic, nuclear, & 
particle physics, exotic physics – SUSY…

• CRs are the only probes of the interstellar 
material available to us.

Galactic

Galactic+extragalactic
extragalactic
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CR propagation: the Milky Way galaxy

Halo

Gas, sources
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0.1-0.01/ccm

1-100/ccm

Intergalactic space

1 pc ~ 3x1018 cm

R Band image of NGC891
1.4 GHz continuum (NVSS), 1,2,…64 mJy/ beam

Optical image: Cheng et al. 1992, Brinkman et al. 1993
Radio contours: Condon et al. 1998 AJ 115, 1693

NGC891

Sun

“Flat halo” model (Ginzburg & Ptuskin 1976)
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CR Interactions in the Interstellar Medium
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••production of production of 
secondariessecondaries

π0

synchrotron

IC

bremss

ACE
helio-modulation

pp

42 sigma (2003+2004 data)

HESS

SNR   RX J1713SNR   RX J1713--39463946

PSF

B

HeHe
CNOCNO

Fl
ux

20 GeV/n

CR species:
Only 1 location
modulation

e+-

π+-

PAMELA
BESS

GLAST

HESS

Chandra



Propagation of cosmic rays/IVM  7 SLAC Summer Institute/Aug 2008

…if the mirror is moving 
towards the incident particle, 
the particle gains energy upon 
reflection, just as does a 
tennis ball pushed by a racket…
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Distributed Stochastic Reacceleration

Fermi 2-nd order mechanism:
Head-on collisions are more 
frequent than following – particle 
gains energy 

BB

Scattering on 
magnetic turbulences

Dpp~ p2Va
2/D

D ~ vR1/3 - Kolmogorov spectrum

Icr

E

strong
reacceleration

weak
reacceleration

ΔE

Simon et al. 1986
Seo & Ptuskin 1994

Energy gain
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Convection

Galactic wind

Escape length

Xe

E

v R-0.6

wind or
turbulent
diffusion

resonant
diffusion

Jones 1979

problem: too broad sec/prim peak
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Elemental Abundances: CR vs. Solar System

CR abundances: ACE

Solar system abundances

LiBeB

CNO

F

Fe

ScTiV

CrMn

Si

Cl

Al

O

Na

S

Secondary nuclei is an 
evidence of the long 
propagation history 
of CRs

Why do we know they 
are secondary?

•A comparison with 
solar system 
abundances 
(=interstellar medium 
~4 Byr ago)

•Models of 
nucleosynthesis

•CR propagation 
models

“Secondary” nuclei
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Nuclear component in CR: What we can learn? 

Propagation parameters:
Diffusion coeff., halo 
size, Alfvén speed, 

convection velocity…

Energy markers:
Reacceleration, solar 

modulation

Local medium:
Local Bubble

Material & acceleration 
sites, nucleosynthesis (r-

vs. s-processes)

Stable secondaries: 
Li, Be, B, Sc, Ti, V 

Radio (t1/2~1 Myr): 
10Be, 26Al, 36Cl, 54Mn 

K-capture: 37Ar,49V, 
51Cr, 55Fe, 57Co

Short t1/2 radio 14C 
& heavy Z>30 

Heavy Z>30: 
Cu, Zn, Ga, Ge, Rb

Nucleo-
synthesis: 

supernovae,

early universe, 

Big Bang…

Solar 

modulation

Extragalactic
diffuse γ-rays:
blazars, relic 
neutralino

Dark Matter(p,đ,e+,γ)
-
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Nuclear Reaction Network+Cross Sections

p,EC,p,EC,ββ++
ββ--, , nn

Be7 Be10

Al26

Cl36

Mn54

Plus some dozens of more complicated reactions
But many cross sections are not well known…

V49

Ca41

Cr51

Fe55Co
57

Ar37

SecondarySecondary,,
radioactive ~1 radioactive ~1 MyrMyr

& & KK--capturecapture isotopesisotopes

Many different isotopes are produced via spallations of CR nuclei: 
A+(p,He)→B*+X

p

n

“st
able”

iso
top

es
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Production Cross Sections of Li,Be,B
Silberberg & Tsao, WebberSemi-phenomenology:
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Effect of Cross Sections: Radioactive SecondariesEffect of Cross Sections: Radioactive Secondaries

Different Different size from different ratiossize from different ratios……

Zhalo,kpc

STST

WW

2727Al+pAl+p 2626AlAl

•• ErrorsErrors in CR measurements (HE & LE)in CR measurements (HE & LE)
•• ErrorsErrors in production cross sectionsin production cross sections
•• ErrorsErrors in the lifetime estimatesin the lifetime estimates

natnatSi+pSi+p 2626AlAl

WW

STST

TT1/21/2==??



Propagation of cosmic rays/IVM  15 SLAC Summer Institute/Aug 2008

Cosmic Rays vs Diffuse Gamma Rays

Yamamoto+ ‘07

pbar

CR abundances

Solar system 
abundances

Even an unrealistic model (e.g. Leaky-Box) can be fitted to the CR data, 
but diffuse emission requires the CR spectra in the whole Galaxy…
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GLAST
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CR and gamma-ray (CR) instruments
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Direct vs Indirect CR measurements
• Direct measurements are done in one particular point in the Galaxy (deep 

inside the heliosphere)
• Good data exist <200 GeV/n or even less, <30 GeV/n

• The most of indirect measurements are done through the observations of 
X-, γ‐rays, and synchrotron emission produced by e± , p, α

• Positrons can be observed indirectly via annihilation feature and IC 
scattering – a unique antimatter observation!

• Gamma‐ray telescopes probe the particle spectra E»Eγ, so that direct and 
indirect measurements are disconnected
– ACTs (~300 GeV threshold) probe the CR spectrum above 1 TeV!
– GLAST will probe particles <1 TeV – a range comparable with direct 

measurements, e.g. by PAMELA
• Indirect measurements provide a snapshot while direct measurements show 

the spectrum averaged over time (~10 Myr) and space (~kpc scale)
• The missing link, propagation in the ISM, will be provided by GLAST 

through the observations of the diffuse emission
• To predict the antimatter fluxes we have to understand the matter!
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Transport EquationTransport Equation……
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Transport Equations ~90 (no. of CR species)

ψψ((rr,p,t),p,t) –– density 
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),(),,( sources (SNR, nuclear reactionssources (SNR, nuclear reactions……))

convection convection 
(Galactic wind)

diffusiondiffusion

diffusive reacceleration diffusive reacceleration 
(diffusion in the momentum space)

EE--lossloss

fragmentationfragmentation radioactive decayradioactive decay

+ boundary conditions
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Simplified equation: VHE electrons

Bulanov & Dogiel’1974

Cylindrically symmetric solution:

d=halo size
a=radius

2π

Bessel fns

zeros of J0

hypergeometric fn
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Electron propagation: solutions
Galactic disk 
with sources

Galactic halo 
boundary

N=0

no energy losses
large energy losses

R

Z

The “Galaxy”

N
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Analytical vs. Numerical solution
•Analytical solutions for simple cases give insight into the 
relations between the quantities involved and are useful for 
rough estimates, but in real cases the analytical formulae may 
become too complicated so no insight is gained
•Electrons and positrons are beyond the analytical methods 
because their energy losses are spatially dependent and 
different processes are important in different energy ranges
•Numerical solutions are fast and more realistic

“It is unclear whether one would wish to go much beyond the 
generalizations discussed above for an analytically soluble 
diffusion model. The added insight from any analytic solution 
over a purely numerical approach is quickly cancelled by the 
growing complexity of the formulae. With rapidly developing 
computational capabilities, one could profitably employ 
numerical solutions…” – J.M.Wallace 1981
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Finite Differencing
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Tri-Diagonal Matrix

• Can be solved by a standard Crank-Nicholson method
• Looking for a steady-state solution: dψ/dt=0



Propagation of cosmic rays/IVM  25 SLAC Summer Institute/Aug 2008

Coefficients for the Crank-Nicholson Method

For more information about numerical model of CR propagation, see: http://galprop.stanford.edu
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Propagation near the sources
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Diffuse VHE γ-ray from the Galactic Center

degrees

CS gas column density contours
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Qualitative Picture

Power-law,
index α

“δ-function”
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at the shock ahead of 
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Diffuse emission from the Galactic center

GLAST

IVM+‘07

SNR

outer 
clouds

GLAST observations 
of individual clouds 
will be important!

Sedov phase: 
Rsh~t2/5 - shock radius
ush~t-3/5 – shock velocity
pmax: diffusion length ld=D(pmax)/ush ~ Rsh

D – diff. coeff. (Bohm diffusion)
pmax(t) ~ Bsh t-1/5

• The highest energy particles escape 
the shell first

• Pmax decreases with time

at 100 pc

γ

Gabici, Aharonian ’07

(See a lecture by L.Drury)

Time since the 
explosion:

1. t=400 yr
2. t=2 kyr
3. t=8 kyr
4. t=320 kyr

HESS
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Diffuse Galactic TeV emission (Milagro)

Below HorizonCygnus 
Region

GALPROP (optimized)

Sources SubtractedHuntemeyer, et al. 
ICRC 2007
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Diffuse Emission from Cygnus Region

Milagro

EGRET

l(65,85), b (-3,3)

Abdo A. A. Abdo A. A. et al.et al., ApJL 658, L33, ApJL 658, L33

•Exclude a region of 3°×3° around MGRO 
J2019+37 and MGROJ2033+42

• Diffuse flux (×10-10 TeV cm-2 s-1 sr-1) 
= 4.18 ± 0.52stat ± 1.26sys 
~ 2× Crab flux

•Galprop model:
– Milagro flux ~ 7x conventional model 

of Galprop
– Milagro flux ~3x optimized model

• “TeV excess”?
•Hard spectrum cosmic ray sources?
•Unresolved point sources?

•GLAST LAT observations are important!

optimized

conventional
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Diffuse Emission from the inner Galaxy

Huntemeyer, et al. ICRC 2007
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Pulsars, Plerions, & SNRs
• Produce electrons and positrons 
• Can accelerate up to TeV energies, at least
• May produce spectral features in CR electron and positron spectra
• Current measurements are not accurate enough!
• GLAST will be able to measure CR electrons up to ~1 TeV

Kobayashi+’03
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Propagation in the interstellar 
medium

I. Components of the ISM
(Gas, interstellar radiation 
field, B-field, CR sources)
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Galactic magnetic field

Han’08

Regular B-field: large-scale structure (from pulsar RM and DM)

• Plane: bisymmetrical field with reversals on arm-interarm
boundaries

• Halo: azimuth B-fields with reversed directions below and 
above the plane

• Random field ≈ Regular field

• Consistent with observations of the synchrotron emission 

in the plane in the halo

synchrotron 
emission
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Diffusion in Galactic magnetic fields

E.Parizot

Diffusion path

Magnetic turbulences + random field + inhomogeneities = random walk 
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Different Views from the Inside
synchrotron

21 cm H I

2.6 mm CO (H2)

dust

stars & star forming

optical

n-stars, BHs

CRs x gas
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Distribution of interstellar gasDistribution of interstellar gas
•• Neutral interstellar medium Neutral interstellar medium –– most of the interstellar gas massmost of the interstellar gas mass

–– 2121--cm H I & 2.6cm H I & 2.6--mm CO (surrogate for Hmm CO (surrogate for H22))
–– Differential rotation of the Milky Way Differential rotation of the Milky Way –– plus random motions, streaming, plus random motions, streaming, 

and internal velocity dispersions and internal velocity dispersions –– is largely responsible for the spectrum is largely responsible for the spectrum 
–– Rotation Rotation curvecurveVV((RR) ) ⇒⇒ unique lineunique line--ofof--sight velocitysight velocity--GalactocentricGalactocentric distance distance 

relationshiprelationship

•• This is the best This is the best –– but far from perfect but far from perfect –– distance measure availabledistance measure available
•• Column densities:  X=Column densities:  X=NN(H(H22)/)/WWCOCO ratio assumed; a simple approximate correction ratio assumed; a simple approximate correction 

for optical depth is made for for optical depth is made for NN(H I); self(H I); self--absorption of H I remainsabsorption of H I remains

Dame et al.
(2001)

Kalberla et al. 
(2005)

W. Keel

H I

CO

Clemens (1985)

Rotation Curve
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More on gas in the Milky Way

Pohl+’08

Surface mass density of the H2 in M sun pc−2

G.C.

Problems:

• Near-far ambiguity

• No velocity information in the 
Center-Anticenter direction
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Gas distribution in the Milky Way

Sun

Molecular hydrogen H2
is traced using J=1-0 
transition of 12CO,
concentrated mostly in 
the plane          
(z~70 pc, R<10 kpc)

Atomic hydrogen H I
has a wider 
distribution         
(z~1 kpc, R~30 kpc)

Ionized hydrogen H II –
small proportion, but 
exists even in halo 
(z~1 kpc)
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Interstellar radiation field (ISRF)

Why should we care?
• CR electrons and positrons lose energy via IC -

gamma ray production in ISM (INTEGRAL, GLAST, 
ACTs)

• Electrons in SNRs produce gamma rays (via ICS)
• Gamma-gamma absorption of TeV photons
• UV Heating of clouds in the Galaxy, etc.
• Extraction of extragalactic background light (EBL)
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ISRF: Angular distribution

Calculation:
• Calculate intensity maps 

throughout Galaxy
– distribution of stars 

(different spectral classes) 
– distribution of dust
– radiative transfer

• These vary with position 
AND wavelength

• Different from local 
intensity distribution

• Isotropic approximation for 
anything but CMB is clearly 
incorrect

Porter & Strong
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ISRF: Large Scale Distribution
R = 0,4,8,12,16 kpc

Total
Optical

IR
CMBEn

er
gy

 
D
en

si
ty

• The z scale height is large, 
takes 10s of kpc at R = 0 kpc 
to get to level of CMB

• Mostly due to stellar 
emission

Optical + IR (no CMB)

Porter & Strong

CMB
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HESS Observations of Composite SNR G0.9+0.1

Interstellar radiation field in the 
inner Galaxy is dominated by the 
dust (IR) emission and starlight –
a possibility to determine ISRF 
at the GC

photon index: 
2.40±0.11±0.20

Z=0, R=0 kpc
4 kpc
8 kpc

12 kpc
16 kpc

optical IR CMB

G 0.9+0.1
Composite SNR

optical

IR

CMB
GLAST

probe ISRF

Porter,IVM,StrongPorter,IVM,Strong’’0606
IVM,Porter,StrongIVM,Porter,Strong’’0606

electron 
index: δ=2.8

K-N
 cutoff

leptonic scenarioSNR at the GC
Age: a few kyr
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sun

GC

ISRF: gamma-gamma absorption

G0.9+0.1   @ GC
J1713-381 @ 10 kpc
J1634-472 @ 14 kpc

EFFECT ON HESS SOURCES,
assuming power-law intrinsic spectra

(statistical errors only)

Porter,IVM,Strong’07

IVM,Porter,Strong’06

γγ
/

γγ
is

o
(1

00
 T

eV
, Z

=0
)

γγ ee

Effect of anisotropy of ISRF

Threshold of the pair 
production (γγ ee) on thermal 
(isotropic) photons:

Eγε ~ m2c4

ε ~ 1 eV (optical) -> Eγ > 1 TeV

The effect is important above 
~30 TeV

e+

e-

• Head-on

• Following 
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Energy Losses

Nucleons
Electrons & Positrons

107 yr

106 yr

Ionization

Bremsstrahlung

Electron energy loss timescale:
1 TeV: ~300 000 yr
100 TeV: ~3 000 yr

Coulomb

Ionization

Coulomb

IC, synchrotron

107 yr

Assuming:
H-gas: 0.01 atom/cc
Photon energy density: 1 eV/cc
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Electron Fluctuations/SNR stochastic events

GeV electrons 100 TeV electrons
GALPROP/Credit S.Swordy

Historical variations Historical variations of CR of CR 
intensity over intensity over 150 000 yr150 000 yr
(Be(Be1010 in South Polar ice cores)in South Polar ice cores)

Konstantinov et al. 1990
Kobayashi+’03

Electron energy loss timescale: 
1 TeV: ~300 kyr
100 TeV: ~3 kyr
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Case & Bhattacharya

SNR distribution (very biased!)

++
++ ==

Milky Way
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Distribution of CR Sources & Gradient in the H2/CO

CR distribution from diffuse gammas 
(Strong & Mattox 1996)
SNR distribution (Case &

Bhattacharya 1998)
Pulsar distribution (Lorimer 2004)

sun

XXCOCO=N(H=N(H22)/W)/WCOCO::
Histo –Strong+’04
----- -Sodroski+95,’97
1.9x1020 -Strong & Mattox’96
~Z-1 –Boselli+’02
~Z-2.5 -Israel’97,’00, [O/H]=0.04,0.07 dex/kpc
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Outline
First lecture
• General information
• Transport equation
• Propagation near the CR sources
• Propagation in the ISM. I. Components of the ISM
Second lecture
• Propagation in the ISM. II. Cosmic Rays

– Isotopic composition
– Determination of the Propagation parameters
– K-capture isotopes
– Diffuse gamma rays
– Extragalactic diffuse emission

• CR propagation in the heliosphere
– Transport equation
– Heliospheric modulation
– IC scattering on solar photons
– gamma-ray albedo of small solar system bodies 

• CRs in the other normal galaxies
– EGRET observations
– Magellanic clouds and Andromeda galaxy
– Estimates of gamma-ray fluxes

• Exotic Physics 
– Dark matter
– Dark matter signatures in CRs and diffuse gamma rays
– 511 keV line from the Galactic center


