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hy do we need this?
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where T means a strovxgddep"avde"v\

For interpretation of V\OV\""ChQFW\CL[ em(sstqﬂ

Pa_f"th[ S spectr‘uw\ is as LW\POF'CCLV\'C (653 G_CC(}

i -
However, won—radictive processes may also have a substa_vxtta./ ‘influence on the

particle spectrum and spatiof distribution.



Description of non—thermal par’cic/es

Distribution of high energy particles
depends on some paroumeter( <)

~ Ewergy’ dN = fdE

= Momentum: dN = fdgp

— Coordinate: dN = fdEdx

~ Coordinates: dN = fdEd°r

— Phase-space coordinates:

dN = fdrd>p

Here f is distribution function, and its
definition may vary depending on the
context. For each probfem one needs
to select cn adequate distribution

Function that allous a_ccouvxtivxg For

all relevant processes.
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Description of won—thermal particles
Distribution of high energy purticles

depends on some paroumeter( o) 5
Une—.

- Energyt |l = faE [
— Momentum: dN =fd3p

~ Coordinate: dN = fdEdx
Coordinates: dN = fdEd°r
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10° 108

= Pl’\(tse*space coordtvxa’ceaf( Energy [eV]
— HD for
dN = fdrd>p| oy

© Whipple

0 HEGRA

Here f is distribution function, and its .
definition moty vary depending on the
context. For each probfem one needs b '

300 Gev

to select an adequate distribution

function that alfows cccounting for

all relevant processes. Aharoniandhtogan 1998



Description of Non—Thermal Particles vy Sl

IF one Lgmor‘es the parttc/e spin —whcch

magvxetosphere'— 'the phase“spa.'

bution Fuvxcﬁ;ov\ provtdes the .

»3 3 2 i
4 2
There is a quite simple equatnovx for

the distribution function, ?3oltzmavw\

E.quatlol'\
O O pdf of P
at Vs Fap )\(f( dlvFﬁ). dx =0

fa |, O(Tfa) a(f)fa)=
6—t+ or i op 0



:Descr‘ip‘tiovx of Non=Thermal P ar‘tic/es; 5 i ’

still might be important in s‘,ow\;/ois'- ;
trophgstca/ conditions, eg, in pu/squ‘
w\agvxetosphere— the phase—spa

bution Fuvxct;ov\ provtdes g

plete description:

There is e—qpite—simple equa.ttom For :
the distribution function, Boltzmonn /
E.qua.tiow

af af Fa{) [O_f] )\(]‘ (2—{ +divF(f) | dx =0
2 AR AN AR
ot or op

at ar ot



Boltzmenn E.qua:tiovxs

scattering 3
Qr '
— energy (osses 7Y
etc — ie, for ALL plasma

0
_6—1} ' ’ %:fdgplvreldf’ (fa(xl)fb(x;) '3 fa(x)fb(x7))



fe afe }"
o Y or Fa =

grssaior,
a—;/ +Ca— = ‘I‘d ch',cfe(Pe)



Bol tzmenn E.quatiovx

- Itis posstb/e to dtvndg 'the gnystcS n
parts: complex ( ey, acc&/erattom) @

under the continuous—loss approximet

% A Py

~ #Afso in the wost cases particles are isotropic i

enerqy is a good parameter
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Significant simplification in the

 F(E+Ed
‘/x é;’fé’;"' E e
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accounting for — = —f
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Fokker—Planck Equa_‘t'LOV\ 58/ ution

v

"o s

fe

Fast Coofing ( Sa'curattov\} M
Egp— 0 i
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FEY = R
[E



a(E1) = 0(E = B O(E,,

Cooling energy is E_ = E'(Ecjt,f;;ir\ere'f;'

ARCS 1
E. X Ee. the ;'Break_

enerqy is from E, to""E'Mx

(A
and range of

E. > E,, then break at E_ and range of

evergy e from E to E,_ :

g-ard _ E—or+l E—F E—or+l A= E—or+7 E—F
f(E) 1o ( E_Z\ax ) f(E)O( ( E_Eax )
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Emin



dN
dE

Cool ivxg break

Emin







In case w‘n,_t?pure po{.:

injection and cgg[f |
ticle di s‘tribqpéévx'
break and tﬁi”g '

slopst R

Y E—-a—ﬁ+f

1% E=g

FLESA
here a and B are the power—
{aw indexes of the accefera—

tion spectrum cnd the coofing

ot es
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In parttcu{%; 'pa.rttc‘{;‘b&s_
tributio -’éb.mvxqg h > two
brea}lfé;r’Morfe_ ;.Co /i
ticle distribu;qu

i ST et

= the iv\jectic;\ spectrum is not
o power—{aw ( eg, each
acceleration spectrum has
high-energy cutoff);

— (i) the loss rate has a
won—power—{aw dependence on

evxergy




Used simp/ ificotions

- Phenomenofogiced treatment

A $Le o
Particles lose enerqy
not true For some proc"

Klein—Nishina regime

The Fokker—Plenck equation deseribas e

one—zone model!



Coo/ivxg energy is Ec

different coses:

= Emax'<Ec = JE,
- E*<Ec<Emax " Ec<Emln




Emax

Cool ng break

Emin



Cool ng break

Emax

Emin



dN
dE

Cool ng break

Ec Emax

Emin



Cool ng break

Emin



Emax

Cool ng break

Emin



Two break prrtic/e'épé
tra Cdv@é’}eq‘[&i; if o
break«fé Cod{iil\g br

second one is c

—

change of the Z:qo&kv\gl regime. ;
The breaks are then

- B— B
7 ﬁ] > ’ or a— I 1
I
1
here o is the injection spec— o :
trum and B;/By is the power— £ T
(o dependence of the cooling i ;
rate. : : '
| | 2
| ] b 1%
| J : iy
I
re # ! :
Ec Emin E* Emax E



Continuous Loss Approxiw\a’ciovx For Klein—Nishine regime

KleinVishine and Cowntinues Loss approximetion

— Particles (ose energy by small
froctions, which is wot true for
some processes, eq. [C in the

KleinNichina regime
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Tra.vxspor‘t Equatiovx with Dif fusion and ..Esc'a__lb‘e

by Guenael Giocinti). The (a,

preting gammaTray obs rva ;’.,'_

E Iectro W/ ©§H{E[F©[m Hallo)
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Radiation Production
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Emission of a P
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Lorentz Trawnsformation

Lorentz transformations are essent
% P 4

= Emittivxg.parfic(es wove wit
speed, tff}‘,qg géi the proces
the comoving frome or the
e g, «
center—of —moss Frd.mé ar
Lorentz transformatio

= F e

Fl t




Lorentz
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but what to do

dindre axis?.l Il
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Lorentz trawnsformation: Vector Form

v
t'=r{t—=z),

A

N

VFv 2 s
/‘Vt+(l‘—7) Ak F+I‘V<t+-v—r%l> i
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[Ts is an essenticl element of htgh—emergy

Fuvxdamevxta/ and bastc it is ;ﬁ(‘( ar_é‘ é‘ﬁ fre
Ay

= “ihe Photovx s energy is v tn the co—moving (!ru.me

it equals to the following Lorentz tnvariant expression:

, where k' is A—momentum of the photon and

u' s 4'—speed of the jet.

— In the {ab frame we obtain v’ = ku = v(I — Bcos )




Pr‘opert tes




Fumc{amevxta/ and basic, it s ;{ ll o
There are two essevxt—ca/ me'ghodi..go

and pra.cucmg

ke

= uslvxg Lorentz tnvericnt

— Refating physical parav'v\ét
quantities that have clea.r. aMngr

Dr‘noert fe

Yﬁvxergy demsh’:y of an external photon Field n re

Why is this complicated?

— One neads to account for the transformation of energy

and volume

|/
— Energy of different photons transformed differently .

to the co—moving frame




quantities that have clear
TR <

properties
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fundamental and basic, it

There are two essential
) B (4

and practicing’
= usivx§ Lorentz invart
— Refating physical para

I 2
quantities that have c/g

properties

Tensors have clear tramsformation properties
tik — i jkml
T A AT

thus e immediately obtain

000 [ 0)) Ol ERe) B
£'=L0L0£+L3Lg§=f‘g I+




fundamental and basic, it

There are two essential
) B (4

and practicing’
= usivx§ Lorentz invart
— Refating physical para

I 2
quantities that have c/g

properties

We con also use (kind of) the first approcich and add the
bulk. speed, = (7, 0,0,0)to the expression of the tensor:
Tik - Wuiuk - nikp

ftere w = e+ p, p = &/3, and " ‘s metric tensor




o pra.cttcw(g L2 2

S et

= uslvxg Lo!"evd:z lmvarlavxt

— Refating physical pardins e :
quawntities that have c/;c}r

Pr‘opert tes = &

if u=(r,0,0,B) the component is

12 =1
=2 e 22
T 2 —p——['5<7+§ = )

o) O




Relativistic e(ectromgfpositrom) gus ¢
na jﬁfg},,which,-'v?owes{wi;ch i: (kL :
. Photon gas“ba%q. now e
distribution Ly:};ﬂ;ﬁ Lab frome
'Lsotroptg)‘.‘ #8\.}'1;0 ’cbmp&te‘ :
direction 'oF;',t‘ltr\‘el obseryféf;?



r. PhotOV\ gus ha.'s @ it evxérgw;r-wp
dLstr‘Lbutlow w\ the La.b Fra.me ( eq, t

Photon

Lorentz
Field W = s oon

Lab RF transformetion

S\A)JBJJ'DDS"v'

Radiation Lorentz Radiation
in Lab RF tramsformation in Jet RF




Radiation
in Lap RF



Photon g
Field in Bkl st >

Radiation
in Lapb RF



dN = nc{grdE = ‘I'»dQ;f’agrd?-\

dN = nd3rdE = 4w fd3rp2dp




SyV\Chrotrovx Radiotion

— Single Particle Spectrum

Synchrotron Radiation

388}/2 1 Nt
where w, = P and F(x) = x [ Ks/3(x")dx
mc
x
Enerqy Losses £ 1 T IS LEEES
— Ewergy rosses: syn = '—§ 194

— Spectrum transformation:

hcceleration of now—thermal particle pro—
ceeds in magnetized medic therefore accel— 0 2 4 6 8 10 12 14
erated particles unavoldable interact with /o,
magnetic field generating non—therm emission

= synchrotron radiation



Inverse Compton Scattering
Single Particle Spectrum:

dli: o
do "~ 33E

r§7rm§c4KT2 (a)/E)2 il
2(1 — /E)

? 4
Enerqy Losses: Esy‘A = —-§UPhcy2

“ "= a+l Bt
Spectrum transformation: |a=> = — %

2

Inverse Compton

Target Photon \~ray / X—ray

Background photons shoufd present in
any source, in many cases IC scot—
tering appears to be comparable to

the synchrotron radiation.




Inverse Compton Scatterivxg

Single Particle Spectrum:

The slope transformation is the same as

for syvxchr‘otr‘ovx radiation

dl v 7Tm3C4KT2 (w/E)2 il
do  SKIE 2(1 — w/E)

? 4
Enerqy Losses: Esy‘A = —-§UPhcy2

Does this implies @ verg .simp[é rewnge of

YA

synchrotron—IC spectra? |

Spectrum tramsformation:

Inverse Compton

Target Photon \~ray / X—ray

Background photons shoufd present in
any source, in many cases IC scot—

tering appears to be comparable to

the synchrotron radiation.




Spectral slope of IC cow\ﬁowevxt

— Let's assume ’chqt’c there‘Ls,aL'pow
e/ectr‘ows, dne /dE & e

work if the target photon field is a; o
broadband power—{au, .
dnpy, / de o e

— What is the spectral slope in this

cose?




Anatomy of IC scattering o LR

15 sing S—Functiona! approximotion o

YT
SCC(,’C'terl.V\g on a powerj-.{amargc
& 3y g

L Eea

T

— This approach aflows
obtaivxivxg the position of n
spectral breaks and

expected sfopes

— i@ Cow\povxevﬂ: cown

feature up to three

physically wmotivated

breake!
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Andttormy of IC Scattering

EW\U.X
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£
w







»

Andttormy of IC Scattering




of IC scattering’ Examp/e

T
gy (@3)2

oL, arbitrary units
oL, arbitrary units

oL, arbitrary units
oL, arbitrary units

10* 102 1 102 10*
o, GeV




SummoLr y

— When one models won—thermal emission, it is often more important to
implement o physically justified description for particle dlstrtbuttom than

include an daccurate treatment of the emission processes - £

~ Of course, there are significant uncertainties tn particle acde!erattoh
processes, and we camnot implement o A b il Moge/ Fdr’ pa.rttcles
However, there are certain spectral features, which prupertles qf.‘e \Ctrw\/g
determining by the basic theory (such as Coo/ty\'g breaks,,\'; and :c%{eg should

wot be igvxor‘ed in W\ode/img

- If you plen to wodel emission from relativistic sources, dov\‘tv“viegl’ect
mostering Lorentz transformations:  better understanding of refativistic
physice will help you to avoid mistakes and find more efficient way for
covnputing rodiction

— Even the most simple radiation process, such as IC scattering, miy oppear

complex enough i one start looking into details
p 9 9



