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Outline

General information (covered by Ormes, Petrosian)
- CRinferactions 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)
Pr‘opaga‘rlon 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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This is an astonishing observation!

cutoff?

21

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.

Propagation of cosmic rays/IVM 4

SLAC Summer Institute/Aug 2008



CR propagation: the Milky Way galaxy

Optical image: Cheng et al. 1992, Brinkman et al. 1993 1 pc ~ 3x1018 cm
Radio contours: Condon et al. 1998 AJ 115, 1693 )

-

&=
Q \\\\\

/ Halo_
0.1-0.01/tcm

—_—— -

Intergalactic space

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

"Flat halo" model (Ginzburg & Ptuskin 1976)
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Percentage of 1954

Solar Mirdraumm Lewel
@

CR Interactions in the Interstellar Medium

160

42 sigma (2003#2004 datal) | 140

-39d30'

01950 1955 1960 1965 1970 1975 1880 1985 1980 1995 2000

27-day averages
- Hiancayo, Haleakala SM
limax

Sunspot Number (smoothed)

The Univ. of New Hampshire Neutron Monitors =~ ascum ez
Cosiic Ray Intensity (Bartels solar-rotation averages frough SR 2320)

>3 GV
130GV
>13GW

—  Climax, ©O (IGY Monitor, 1951-present)
Huancayo, Peru G Monitor, 1933-1292)
— 1

Haleakala, HI @upemordtor, 199 1-presen
' Smoothed Int] Sunspot Nurber (monfhiy)

eacceleration *
sconvection
‘production of
secondaries

20 GeV/n

CR sgecies:

: . > Only 1 location
helio-modulatig > modulation
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PHYSICAL REVIEW VOLUME 75, NUMBER & APRIL 15, 1949

On the Origin of the Cosmic Radiation

Enrico FErMI

(Received January 3, 1949)

A theory of the origin of cosmic radiation is proposed according to which cosmic ravs are originated

and accelerated primarily in the interstellar space of the galaxy by collisions against moving mag-

metic fields. One of the features of the theory is that it yields naturally an inverse power law for the
spectral distribution of the cosmic rays. The chief difficulty is that it fails to explain in a straight-
forward way the heavy nuclei observed in the primary radiation.

..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

Simon et al. 1986

Scattering on

Seo & Ptuskin 1994

magnetic turbulences

D,,~ p?V2/D

D ~ vRY3 - Kolmogorov spectrum

Energy gain

reacceleration

reacceleration

ICI’

z
z
z
TR

m

)
<
- faafns,

N
D

T
R

hﬂ%ﬁ%ﬁ%ﬁ%ﬁ%ﬁ%ﬁ?
S

Fermi 2-nd order mechanism

Head-on coll

ISIons are more

frequent than following - particle
gains energy

SLAC Summer Institute/Aug 2008
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Convection

Galactic wind

Jones 1979

| ann®
LA -
Ll amnun®®

----------- wind or | resonant
turbulent | diffusion

problem: too broad sec/prim peak L diffusion
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100)

Relative abundance (Si

Elemental Abundances: CR vs. Solar System

CR abundances: ACE

"Secondary” nuclei

ScTiV .

Solar system abundances

5 10 15

20 25

Nucleus charge, Z

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
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Nuclear component in CR: What we canylearn?

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

Propagation parameters:
Radio (t;/,~1 Myr):| | Diffusion coeff., halo
10, 26A| 36C| 54MH | - Size, Alfvén speed,

convection veloci

K-capture: 37Ar,4°V,
51Cr, 55Fe, 27Co hergy markers:

"Reacceleration, solar
1 modulation

. ) S —
Short t;,, radio 4C

* & heavy 2>30 J Local medium:
2 Local Bubble

[ Heavy Z>30:

p
Cu, Zn, Ga, Ge, Rb | | Material & acceleration

= sites, nucleosynthesis (r-
VS. S-processes)

\,
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Extragalactic

diffuse v-r'a?/s:

blazars, relic
neutralino
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Nuclear Reaction Network+Cross Sections

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

2 ¢
\5\&02er’
Secondary, 55 CoZom HH
raclioacrtive <1 Yhyr ,&:54;. & . j§$; \d
- 1 W T BT o T o e
& K-capture isotopes v49¢,.fl___ vy v Ny
2 el
Ca‘l‘: > il B
LArheE : = o il o o
=P HEN g
14 "‘I_. AL . . . “- i ﬂt‘:.l:"?y J-value Range
A5 @ P B Qb 0
R ol o o - B Qip-1-5.0
LR ) N NN S B Q10+ QUEC)>0
) L, PRyl e &= TETR 24 L Stzble 1o Beta Decay
P EC e n B QEC)>0
’ ¢ LT E] ; A D B QEC)S,0
- ks 18 B orso
" B w " . Maturally Abundant
Be7 Be].io' . -l  Jrd If “
1= o
——5 Plus some dozens of more complicated reactions
o2 4 .
S But many cross sections are not well known...
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Production Cross Sections of Li,Be,B

Semi-phenomenology:  :::weee Silberberg & Tsao, = *= Webber

p+0'%=Be? cum ]
il 1 L L0l L L gl

0.1 1 10
Ekin, GeV/nucleon Ekin, GeV/nucleon
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Production cross section, mb _,

Effect of Cross Sections: Radioactive Secondaries

Different size from different ratios...
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*Errors in CR measurements (HE & LE)
*Errors in production cross sections
*Errors in the lifetime estimates
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Cosmic Rays vs Diffuse Gamma Rays

]UJ-,'|

S N CR abundances
o z_-f-'.xi!_ = 10°
',; A 8
.l ‘I_-I 101
P E LNRURLIRLALAL I L pURLILLILY) | E L pURLILLILY) | g)'
= ELECTRONS 8 10°
a0 j\LIS i g
s n b g
5 [a
, % wBT
3‘?‘ OB E
T A
i an @
g gl V CAPI
[ o [ oHEA |
: E 102} avas |
» F e Sanri
=
L
107
107 + _
r 1_5 3 AMS | BESS 2002
[ 44-599278 w 107 o CAPRICE 94 FI BESS 2000 \
1078 e ‘o,JE 4 HEAT 94-95 A BESS 1999 1
107 10° . 4 MASS 91 © BESS 1998
Kinetic 7 12 A BESS 1997

Even an unrealistic model (e.g. Leaky-Box) can be fn’r’red to the CR data,
but diffuse emission requires the CR spectra in the whole Galaxy...

Propagation of cosmic rays/TVM 15 . [ e \K j SLAC Summer Institute/Aug 2008
10° i




->

anfi-matter

matter -

AR —

CR and gamma-ray (CR) instruments

. pbar

. anti-d,-H
et

e

P

He

. Z<8

. 8<Z<28

. 7>28

. WIMPs

e

1 MeV/n

1GeV/n 1 TeV/n
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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-, y-rays, and synchrotron emission produced by e*, p, a

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

Gamma-ray telescopes probe the particle spectra E»Ey, 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 Equations ~90 (no. of CR species)

oy (r,p,t) = g (7, p) sources (SNR, nuclear reactions...)

Ot
diffusion + V -[D Vy -V ]
xx V..
diffusive reacceleration ﬂ 2 D o vy convection
(diffusion in the momentum space) 5[9 p pp ap 2 (Galactic wind)
L P 1
o [d oo
E-loss _— P — —_pV -V }
Op | dt v 3 r v
fragmentation — Y _ ¥ radioactive decay
T 1 (

o w(t,p,t) — density
+ boundar‘y conditions per total momentum
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Simplified equation: VHE electrons

The equation describing the dependence of the electron density N(E, r) on energy
and position is of the form (Syrovatskii, 1959 ; Ginzburg and Syrovatskii, 1963)

8 f D(E) = Dy (EIE,)"
—VD(E)VN + — (b(E)N) = Q(E, x).
Cylindrically symme’rr'ic solution: < KE™™
' o Q(E.r) = 2na*h
p<l i *© sin| - (H + %):|
N(E, o, z) = AKE ™77 X ‘NIz =0
&2 o na’b(yo — 1) B (H+E)
n=0
Bessel_fns s |:1,, Q] hypergeometric fn
< ~ 0 . /, —
X cas[n—(nJr%g)jIy\A : lff(l,h'——ﬂ;
d L Vel Om) b-w d=halo size
, d* 7! DoE*! ) a=radius
[ rE ldl(l — 1) E8B
Bulanov & Dogiel'1974

zeros of J,
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Electron propagation: solutions

Galactic disk
with sources

.0
*
*
.0
*

’Q
“
L

Electron density, a.u.
o

0.01

0.001 i :

. Rogr—0
. 9y /oSSgéa 1 GeV

o*
.
.

Galactic halo
_ boundary

N

The "Galaxy"
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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 o 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

Eoach lorm caw be -Q:ut\ed—d‘ﬁawmco_cj\ (R % P)

L4t & + +a¥ Jc-keft' ++ak
T . e = Mg ohy Yy - OLSL* o4 Mt 4y +a.-
"+ e At c\‘\'

Tla u?cio»dc:.m% sdawe. (Cram - Niduslson i,m?Lic.ﬁ- mgﬂ.\mbt

N 3
\\/km'l:ﬂ \J{ ‘g \ljf: o{l\(f‘kﬂt oLﬁ‘J:? +G{ch“5

Tle tridiogonal sustom of equatious :

t+ak Nl Cank
— o \-h . "‘+d‘9—)w E\J(L-M

Solutng fec met_

- \‘f’er Ci;j.ljt

%Ounciarj coudiious :
| C(Zx'l’t“;f’)i\\/ (Q;_%L ) P) =\ (R, ;%;(P): -
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Tri-Diagonal Matrix

LAY i3
(’d‘g (’Hd\i)(‘“c’@ N0 / ¥, / \l/:"‘ ﬁl
\\ e & B . .‘ If : h
'\QolJ@de\lﬂuof\Q . M = | ‘t
5 Nl i)
\ ‘\_(wﬁ)(’x%o@) (—cis) \%;*&

Q:Z] = ol; CR;E,P)

» Can be solved by a standard Crank-Nicholson method
* Looking for a steady-state solution: dy/d+=0
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Coefficients for the Crank-Nicholson Method

Process Coordinate a1 /At az /At az/At
Diffusion R Do gpiagne Do piny T
z Dy /(Az) 2D,./(Az)? Dyo/(Az)?
Convection® z2>0(V>0) V(zi—1)/Az Vi(z)] Az 0
2<0(V<0) 0 -V (zi)/Az ~V(ziy /Az
p (4 >0) 0 3@ PT 3@ P
Diffusive p — Lepi P;_z:’” S Dep.s 1::?:"’ = —':;Ef’—m;fl ;if' -
reacceleration® + P.r'z_l (ﬁ:f:’;lf + D;ffl_ . 21%?}' ( P;1+1 + B
e
Energy loss® P 0 pi/ Pt —pig1 /P!
Fragmentation R,z,p 0 1/37y 0
dReir;i;active R,zp 0 1/37, 0
@ P; =pi — Pj

For more information about numerical model of CR propagation, see: http://qgalprop.stanford.edu
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_ Propagation near the sources

-0
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Diffuse VHE y-ray from the Galactic Center

Discovery of very-high-energy ~-rays from the
Galactic Centre ridge

F. Aharonian', A. G. Akhperjanian®, A. R. Bazer-Bachi”, M. Beilicke’, W. Benbow', D. Berge', K. Bernlghr™*,

C. Boisson®, 0. Bolz', V. Borrel®, I. Braun', F. Breitling”, A. M. Brown’, P. M. Chadwick’, L.-M. Chounet®,

R. Cornils*, L. Costamante"", B. Degrange®, H. J. Dickinson’, A. Djannati-Atai”, L. O'C. Drury'”, G. Dubus®,

D. Emmanoulopoulos'’, P. Espigat’, F. Feinstein', G. Fontaine®, Y. Fuchs', 5. Funk’, Y. A. Gallant'?, B. Giebels®,
s. Gillessen', J. F. Glicenstein'*, P. Goret™, C. Hadjichristidis’, D. Hauser', M. Hauser'’, G. Heinzelmann®,

G. Henri'?, G. Hermann', J. A. Hinton', W. Hofmann', M. Holleran'®, D. Horns', A. Jacholkowska'?,

0. C. de Jager™, B. Khélifi", 5. Klages', Nu. Komin®, A. Konopelko?, I, J. Latham’, R. Le Gallou’, A. Lemiére?, G 0.9+01
M. Lemoine-Goumard®, N. Leroy®, T. Lohse®, A. Marcowith®, J. M. Martin®, O. Martineau-Huynh'®,

C. Masterson™’, T. J. L. McComb’, M. de Maurois'é, S. J. Nolan’, A. Moutsos’, K. J. Orford’, ). L. Osborne’, o
M. Quchrif'®*, M. Panter’, G. Pelletier'®, 5. Pita’, G. Pihlhofer'!, M. Punch’, B. C. Raubenheimer'®, M. Raue®,

J.Raux'®, S. M. Rayner”, A. Reimer"’, O. Reimer'”, J. Ripken®, L. Rob'%, L. Rolland'®, G. Rowell', V. Sahakian®,
L. Saugé", S. Schlenker’, R. Schlickeiser”, C. Schuster'”, U. Schwanke®, M. Siewert'?, H. Sol®, D. Spangler’,
R. Steenkamp'®, C. Stegmann®, J.-P. Tavernet'®, R. Terrier®, C. G. Théoret®, M. Tluczykont®*®, C. van Eldik’,
G. Vasileiadis'?, C. Venter', P. Vincent'®, H. ). Valk' & S. ). Wagner''

E R —e— GC region
108 - N .
E S Diffuse model
= i s ---- Sgr B region
L 107k grEre
W - - — - HESS J1745-290
9 B
5 108
-
= B
3 10°L
5 F
10710~ .
10—11? 1 1 1 11 1 1 |I 1 1 1 11 1 ) 1

1
Energy (TeV)

degrees
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Qualitative Picture

L HE

LE
=
Shock : u
front ' €

Power-law, -°
index o,

at the shock

Particle spectrum

VHE gammas

index 990

index ~ -1

"5-function”

ahead of
the shock

X
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Diffuse emission from the Galactic center

The spectrum of particles accelerated at the SNR shock is

determined by the transport equation:

L vovr+uvy- 2t p L

ap
(See a lecture by L.Drury)

Sedov phase:
R,,~1%/5 - shock radius
ug,~1-3/% - shock velocity

Prax: diffusion length |;=D(pyex)/Ush ~ Ren

D - diff. coeff. (Bohm diffusion)
Prmax(1) ~ Bgn 1/

* The highest energy particles escape

the shell first
* P.x decreases with time

f——P—_

0,
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= Time since the
= explosion:
= 3N 1. t=400 yr
=1 e | 2 t2kyr
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g e
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= ) Gabici, Ahar'clmian '07 \'l”'\f
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Ey[TeV]
ok GLAST observations
E . . .
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- 10'6? outer will be important!
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s \
= 108 —
S EGLAST—> HESS
é 10° ;—
E e
10" = \
= IVM+ 07
-11 Ll Ll L1l 1 1 1 Lol
10 103 102 107" 1 10 102
E, (TeV)

SLAC Summer Institute/Aug 2008



Diffuse Galactic TeV emission (Milagro)

x10°12

dN/dE (/TeV/icm?/s/sr)

180 160 140 120 100 80 60 40 20 0 -20 -40 -60 -80 -100 -120 -140 -160 -180
Galactic Longitude (deg)
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Diffuse Emission from Cygnus Region

1(65,85), b (-3,3)

* Exclude a region of 3°x3° around MGRO
J2019+37 and MGROJ2033+42
- Diffuse flux (x10-10 TeV cm=2 s1srl)

=418+ 052, +126,,
~ 2x Crab flux !
* Galprop model: 107
. . 2 | | EGRET
- N]\cllggro flux ~ 7x conventional model = optimized
0 a pr‘op ™ ‘ | iz
- Milagro flux ~3x optimized model % 10° :
S TeV excess'™ i - &~ conventional
»Hard spectrum cosmic ray sources? . '

* Unresolved point sources? 10 N Milagro

*GLAST LAT observations are important!

10

Abdo A. A etal., ApJL 658, L33 T e e P

Energy, MeV
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Diffuse Emission from the inner Galaxy

u COMPTEL

1= m  EGRET
%I 10 — — GALPROP, optimized
= — -~ SEYEIRY GALPROP, o
= | ta GALPROP, Bremsstrahlung
> B GALPROP, Inverse Compton
g GALPROP, Extragalactic BKG
E 102 = [ Milagro
ww = m
- - Huntemeyer, et al. ICRC 2007
107 £
10* = ; ,
- -2<=p<2, 30<1<=110
10-5 1 1 ||||||| L1 ||||||| | |||||||| 1 1 ||||||| 1 |||||||| || ||||||| L1 ||||||| 1 L1 I1lll
1 10 102 10° 10  10° 10° 107 10°

E? dN/dE [MeV cm? sr-'s]
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E%J (electrons m-2 -1 sr-1 GeV?)
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T IVUNUY ULV VI VUV T Y DT & VIV

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 enoughl!

GLAST will be able o measure CR electrons up to ~1 TeV

E.=20TeV, 7=0yr

m Golden et al. 1984
Do=2x10*°(cm?3s-1) + Tang 1984
B Golden et al. 1994
Distant component excluding ¢ Kobayashi et al. 1999
F T=1x10"yr and r=1kpc
: Voo ¢ DuVernois et al. 2001

© Torii et al. 2001
Aguilar et al. 2002
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Galactic magnetic field

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

2 8 S Vi
[—2500 i o 40
. 3 in the plane
i : - o]
P M
P TIPS _ g8un —Ae—’hie—,— .|
ol <« “« N
g . B e
5‘5: | 280 Gm . = ‘ = |
g T o Rl
S A N
E /2,9'3" z c,{‘ﬂ' -~ % , oe_|
! 2 R R
2 2
gvr A= >
5 3
vb‘@. 3 é’g . T
oy ¥ 3 GC 5 2
/é§ T?J 7 | T v \
—-10 -5 0 10

Distance from the Sun: X (kpe)

Han'08

* 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 halo

< —_
— //
galdef ID 51_G002079RE
¥ E 405 MHz
q,‘ EUUf -2.75<b<-0.25, 0.25<h<2.75
- -
g synchrotron
5§ emission
E eo0[
2T
@ T
% 500
: -
E T
.9 400_—
E =
a -
300
200
100

L1 | L1 L1 [ L1 1 T T 1L
90160140 120 100 30 60 40 20 © 140 220 100 280 260 240 220 200 180

Galactic longitude
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Diffusion in Galactic magnetic fields

Magnetic turbulences + random field + inhomogeneities = random walk

I, << A

r, >> A

v

Diffusion path

E.Parizot
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Different Views from the Inside
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250

200

100

Ln
o

Rotation velocity V (km s™)

o

150 F

Distribution of interstellar gas

Neutral interstellar medium - most of the interstellar gas mass
- 21-cm HI & 2.6-mm CO (surrogate for H,)

- Differential rotation of the Milky Way - plus random motions, streaming,
and internal velocity dispersions - is largely responsible for the spectrum

- Rotation curve UR) = unique line-of-sight velocity-Galactocentric distance

relationship

Rotation Curve

Clemens (1985)
5 10 15 20
Galactocentric Distance R (kpc)

CO *

T (K)

6

Te (K)

& 5

kpe

]

. (20°,0°)

155kpe |
ke - |
9.5 kpe

3

Dame et al.
(2001)

Kalberla et al.
(2005)

W. Keel

=50 1] S0 100 150
Visp (kms™)

 This is the best - but far from perfect - distance measure available

Column densities: X=MH,)/ W, ratio assumed; a simple approximate correction
for optical depth is made for MH I); self-absorption of H I remains
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More on gas in the Milky Way

Surface mass density of the H, in M, pc

L&
-2
£
=N

Problems:

* Near-far ambiguity

* No velocity information in the

Center-Anticenter direction 01 03 1.0 34 11.1 366 120.5

Pohl+'08
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Gas distribution in the Milky Way

1.2

1+

0.8 -

nH, atomfcm3

0.6 r

04 -

0.2

'll L Hii

T T T T T
Hydrogen distribution

0 2 4 6 8 10 12 14 16 18 20

Molecular hydrogen H,
is traced using J=1-0
transition of !2CO,
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)

Tonized hydrogen H IT -
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

| (R, 2) = (4 kpc, 0 kpc) 2.2 microns |

Calculation:
* Calculate intensity maps _ v
throughout Galaxy ;f‘""'—
- distribution of stars gm_ |
(different spectral classes) ]
- distribution of dust 1’-30.50_402

- radiative transfer

*  These vary with position |
AND wavelength

- Different from local
intensity distribution

» Isotropic approximation for
anything but CMB is clearly
incorrect
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ISRF: Large Scale Distribution

R=04.,.8,

16 kpc

The z scale height is large, Tota

> = Optical....................
takes 10s of kpc at R=0 kpc § r i g S
to get to level of CMB B
Mostly due to stellar T o e
emission : o ," M8

|
0 2 4 6 8 10

—
e

Optical + IR (no CMB)

Energy density (eV cm™)

Porter & Strong
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HESS Observations of Composite SNR 60.9+0.1

SNR at the GC
Age: a few kyr
| 3
B10F
3
m
%10—12:_
10 * photon index:
- 2.40+0.11+0.20
10—14:_
:|| | Lol | Lol
10™

10
Energy (TeV)

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

% u, (um eV em?® um™)

leptonic scenario

10"

T

E2F (E ) (erg cm® s)
3

T
II\I\I\l

-13

- 60.9+0.1 probe ISRF
. Composite SNR k

O T I I I N T Y A Y

2
e "
+ -
/

37

electron
index: 5=2.8

10° 10* 102 1 10° 10* 10° 10°

1‘0"’ 102 1o™

E, (eV)
Porter IVM, Strong'06
" IVM Porter,Strong'06
- Z=0, R=0 kpc
4 kpc
L 8 kpc
: 12 kpc
10"
102 £ .
= optical IR\ CMB
Il el NIRRT P v sl IR
10" 1 10 10 10° 10*

A (um)
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ISRF: gamma-gamma absorption

Threshold of the pair I :
production (yy#ee) on thermal I | G0.9+0.1 @ GC

<

0
o
£
o
>
0
[
']
c
o
vt
o
L
a
S
~
i
S
bad
T

)

B J1713-381 @ 10 kpc

(isotropic) photons: J1634-472 @ 14 kpc

—_

o
N
N

E,e ~ mac*
e ~1eV (optical) ->E, >1TeV

The effect is important above
~30 TeV

Wyl EFFECT ON HESS SOURCES,
o Effect of anisotropy of ISRF - assuming power-law intrinsic spectra
lhll e —~y I _l 1 L1 ($IQ|TiSTiCQI Ielr‘lrl‘pltrs Orlllx) Ll 1 1 |“|‘ r.p‘?.||
N i 1 107 1 10 10° 10°
V E, (TeV) Porter,IVM,Strong 07
—
~ KKK ,,,,;‘;‘Z' o X
ERRE i (R - Head-on W@V
> N "1 . e
s - Following <«/\W\®
. <\N\W

-5
) -15.
IVM Porter,Strong'06
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Time scales, year

109 -
Coulomb
108 .
7 7 .""":-’/.’/ 1 1 1 1
107 yr o 102 103 104 10°

Energy Losses

1012 .
Nucleons

101 1L ,::_f__/__:.:-—'—-l 2C a

10'0-  Tonization .

i #
2~
e -
< -
8L .
.". - 1,
,&/\
s
7 T~10
+ #
T . Be
- -
# ’
e e
# e

Kinetic energy per nucleon, MeV

Assuming:
H-gas: 0.01 atom/cc

Photon energy density: 1 eV/cc

108

1010

109

Time scales, year

107 yr

106 yr

108}

| |
100 101 102

Electrons & Positrons

BO ©)

Bremsstrahlung

IC,~synchrotron

/" Coulomb

| 1 1
10° 104 10°

Kinetic energy, MeV

Electron energy loss timescale:

1 TeV: ~300 000 yr
100 TeV: ~3 000 yr
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I.p {(>0.5 GV), part/cm?-sec
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Electron Fluctuations/SNR stochastic events

GeV electrons

Historical variations of CR
intensity over 150 000 yr

(Bel® in South Polar ice cores)

f
A
F\ z

'[, ,{ 3

S /i

__".'.u-q:

S, ‘vf\)'\/\/\/v\ J%

kyr BP

Ilﬂ

Konstantinov et aI. 1990

E*J (electrons m-2 571 sr-1 GeV?)
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100 TeV electrons
GALPROP/Credit S.Swordy

..a‘
‘I "j

L‘il.l I!t“ l' hil
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“Electron ener'g)'/ loss timescale:
1 TeV: ~300 kyr
100 TeV: ~3 kyrs

Vela
Mono em Cygnusg
Kobayash|+ 03" °—— \. ggp
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Electron Energy (GeV)
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stribution (ver
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Distribution of CR Sources & Gradient in the H,/CO

P CR distribution from diffuse gammas
- Strong & Mattox 1996)
?5 : SNR distribution (Case &
l Bhattacharya 1998)
{ .~ Pulsar distribution (Lorimer 2004)
5 It | P
5 ok oV =
‘[‘. - S o Sunl[} - 15 — —
R, kpc 1100 o e
o
Xco=N(H2)/W(o: < LA
Histo -Strong+04 LA f ]
----- -Sodroski+95,97 ié :
1.9x1020 -Strong & Mattox'96 S
~Z1 “Boselli+'02 ool u |
5 10 15

~Z25-Israel'97,00, [0/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
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