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Gammo—Ray Emission
GeV cosmic rays must be prosiqceg{{(dccf(

Mtlky ‘(\/ay 3 f 4

our 6a/ax3

there must be a transition bet
EeV energies, from the Galacti
extra—Galactic cosmic rays

(3 ” v
a spectral feature knee™ probably merks t

onset of the decfine of the Guloctic component,

uhile the Galoctic—to—extragalactic transition

occurs at higher energies ;
energy of cosmic rays

”
Galoctic PeVatrons meon

\the most efficient Galactic acce/era_’cors’\
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PeV parttc(es can Lm!eract with ﬁ

2 maLgnetic fne(d-(syvxchrotro .
— photons { tnverse Comptovxi sz;e
- matter ( bremsstrahfung, pp) v

the radiction processes vary by #Fe w\tera.cft;ow rg.
and characteristic energy of the ra.dw.’ced photovxs* i
However, there are radiction channele resufting in
emission of photons carrying awoy a significant Free—
tion of the parent particle energy. PeVeatrons should
produce not just gamma—roy emission, but their emis—

sion shou/d extend to the ultra—high—enerqy band

(UHE, o > 100TeV).
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PeV part"ié/es con »'L,’me'vrqct with diff r‘ei\é'»}pg

o » SR ol :
— magnetic Field ( syvxchrotrovxi e
— photons ( fiverss Compton, };Z{)

- watter ( bremsstrahfung, pp),_"

the radiation processes vary by the interaction iﬁa.:é
and characteristic energy of the radicted pl?iotovxs.‘,.
However, there are radiation channels resulting iv;‘;
emission of photons carrying awoy a significant Froc—
tion of the parent particle energy. PeVeatrons should
produce not just gamma—roy emission, but their emis—

sion shou/d extend to the ultra—high—enerqy band

(UHE, o > 100TeV).
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PeV particles can iwteract with thFérevxt;}“arg ts
= wagnetic. FLe/d ( syvxchrotrov@
— photons ( inverse Compton, py)d
- matter ( bremsstrahfung, pp)

the radiation processes vary by tﬁe vateractlov\ rate
and characteristic energy of the radicted photons. £
However, there are radiation channels resufting in flﬁ
emission of photons carrying awoy a significant Froc—

tion of the parent particle energy. PeVeatrons should

sion shou/d extend to the ultra—high—enerqy band _ 10TeY : HPey
(UHE, fico > 100TeV). anergy of gammo roys

produce not just golimmcl—reLy emission, but their emis—
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On the Galactic scole eve\g mu( :Pe q .
attenuated (sti/l there coufa be srgv\Lchavxt ]

Compaired to neutrino detectors gamw\a—ray t

sensitivit Y

Compared to cosmic—ray detectors gammo—ray telescopes afllow measuring
the spectrum in the source and provide morphological, spectral, and

variabifity informotion

Goumma—ray telescopes are best used together with multi—wavelength data
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Modeﬁvxg of GJCL((I?ET:LG, P'é\/atrov‘s aim
€2
= uv‘derstd!v‘\dw\g the processeg a

reglovx

Whife these are importent for Ga/acttc sources,
tailed study of Galactic source moy also help cnswe

more genera! questions

~ What are the conditions required for efficient

energy of cosmic rays

particle acceleration?

— Wheat factors do fimit the acceleration process?



Pol tzmenn E_quatiovxs

3 . Z o
A —‘Eﬁ‘he’:tpﬂtslovr
3t e " .:‘ ‘.v~ P 24

13

= particle
- a.ccelera.t&%‘r;?
— scattering

energy fosses %

Y e

: gl
[a—ff] = [ dppyede (£,025(4) = 160fulx0))



Poltzmean E_quatiovx

~ The Fu// wcroscopcc co/(cstov».’
— It is possible to divide the"p;gé'

acceleration) and simple ( coo/mg, wﬁéh coin

— Also, in most cases particles are [sotroplc in
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Significant simplification tn the

Distribution function & Injection
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Particle injection 6_Jf+6(l§f) 5 g o
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Here we do not model the accelerattow proces's.

explicitly; its outcow\e is para_metrlzed th

the injection term 7
l' )~

Typtca_// y one adopts a phewow\enologtc a
a power—(aw with ( super)expowemtgl/ cutoff

ﬁ 2s = o

E\ ;

g x E"%exp| — ) ! :
p Ec

In the context of PeVatrons, the vilue of the cutoff

energy is exceptionally important. Cutoff energy is ; ! % ¥ :

- LH&‘%SC observations o? {eptonic

typically estimated by balancing the acceleration
PeVoatrons suggest that 1 ~ [

time to loss/ escape timer
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DiffFusion approximcLtion is

valid if Vdiff <X cC le
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Spectral Morphofogy

— There is an extended sour‘r:e whtch g ek = S5
Featuresa. localized a_ccelerat o # - :

- Ve q(ivx detect eﬁé& o 25 AR Lo e
dlstW\ct regco _ " / = ; Ea
“cccelerator” awd spot -

(occumulation oF particles or

enhawnced targe’c)

= How can we use the spectral datct ’cc,‘

distinguish one another? b
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Spectral Morphofogy

— There is an extev\ded sour‘r:é which
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Spectral Morphofogy

— There is an extended source, which

Fea.tures “a locali Lzed a.cce(era’co‘m -

”
“nccelerator’ o.vxd spot ; o

(accumulation of particles or
enhanced target)
— How can we use the spectral data to

distinguish one another?

Particle cooling mokes the spectra outside
the accelerator to be sof ter, thus the
accelerator should be associated with a : ;
region that shows the hardest spectr‘um! \

But the transport can energy—dependent..
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— There is an extended source, which

features a localized a.cce(erato,rr
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Spectral Morphofogy

— There is an extended source, which

features a localized a.cce(erator) ~

— Ve con detect ews%cpwﬂ‘:rom two

distinct regtow;r inside the source
“cccelerator” and spo’c’
(aczumuloction of particles or

enhanced target)

— How can we use the spectral data to

distinquish one another?
Particle coofing mokes the spectra outside

the accelerator to be softer , thus the
acceferator should be associazed with a . ;
region that shows the herdest spectrum! N i

But the transport can energy—dependent..




SEpectral Morphology

= Does dL\CFustow dow\tvxate over
advecttovx7

“Atc(vecttovx truvﬁp% is -._‘
emergy—tv\depg\«d%vxt < 3

— Is diffusion O‘.Ppl"oxtw\o.ttow appl

If wot, micioscopic trenspor
calculations might ke require&,_ :
— Is coofl ing important on the Comsider:eg’ 3
time scale?
In intermediate cases only
numerical simulotions might help to

- /
interpret the data Y



Emission by Relativistic Particles
Radiation mechanisms are determined by the source
of energy (particle) and the tcgr'get DlFlcereWt
processes are characterized by noticeal r
ent cros;—sectlons and (;r(jgv\aes at
emission is produced ?r fon to ele
emission some pro#sses a_[so enaple p
neutrinos. In w\av‘g cases the energy /
a more convenient charcdcteristic than ’

section!

E= Vrelanrarf (5

i '
where v, is refative speed (For a target‘g.(%~r

Vel

(Fraction of the particle energy lost in each in—

=@ n,,, is target density, f is inefasticity

teraction). Another useful characteristic is cooling

time
E 1

E Viel Untarf

cool —



Fmission by Relativistic Particles

Radiation mechanisms are determined by the source

If a particle uit -energy ( ot fio o s
of energy (particle) and the target. DLFFerev\t 5 Tt okl SEOH ) ® :
processes are characterized by vxottceala_@«jf:ﬁer’" "
ent cross—sectlovxs and Frequ ancies at wﬁfc\r\ ﬁ\e 7
emission is Produced .fvx ma&ftﬁlom to e(ecg'm
emission some proq’?sses a_[so enaple pf‘ﬂucuo

neutrinos. In ma,vxy cases the emer‘gy fbiw

section: 737

E= Vrelanfarf E

TP IE -
where v, is refative speed (For a target at rest
Vil 5 o), n,,, is target density, f is inefasticity
(Fraction of the particle energy lost n edch in—
teraction). Another useful characteristic is cooling
time

E i

E Viel Untarf
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Fmission by Relativistic Particles

Radiation mechanisms are determined by the source

of energy (particle) and the target. Different

processes are characterized by;vxoticea‘b@jéiﬁ?q
ent cross—sections ag@d',freqqey\.cies_ at which ,ihg‘
emission is produced. In gﬂaé&:t‘i.om to efectr r‘lf -

emission some processes also enaple production
1 Puts,

section!

E= Vrelanfarf E

where v, is refative speed (For a target at rest

v, =), n,,, is target density, f is inefasticity

rel
(Fraction of the particle energy lost n edch in—

teraction). Another useful characteristic is cooling

time
E 1
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Radiation mechanisms are determined by the source

of energy ( partic/e) and the target. Different
processes are characterized by V\otlcea.b(y thFer—
ent cross—sections and Frequcvxcles at which *he
ewission is produced. In addition to e/ec’cromu.gvxot‘!!'
emission some processes also enable productto o
neutrinos. In many cases the energy /oss—rate j% ‘
o wore convenlewt characteristic thaw the cross—
section - ::

E= VrelcnfarfE

vhere v, is refative speed (For a target at rest

Vel

=@ n,,, is target density, f is inefasticity
(Fraction of the particle energy lost n edch in—

teraction). Another useful characteristic is cooling

time : . particles sf.vua[e partic/e emission
feaol Tz P
E rel ™~ "‘tar.



Fmission by Refativistic Particles

Radiation mechanisms are determined by the source

of energy ( parttc/e) and the target. Different
processes are characterized by noticeably -diFfve.r—

ent cross—sections and Frequev\cies at which the
- -
emission is produced. In addition to electromagnatic
emission some processes afso enable production ,oﬂé“
neutrinos. In many coses the energy /oss—rate i;;‘ !
: 5’
o more conenient characteristic than the cross—
3
section! %

E= VrelcnfarfE

where v, is refative speed (For a target at rest  ticle sPe&tr;_ﬁ_ a
ek

v, =), n,,, is target density, f is inefasticity oy

rel
(Fraction of the particle energy flost in each in—

teraction). Another useful characteristic is cooling

time
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Fmission by Refativistic Particles

Radiation mechanisms are determined by the source  If o Pa_r‘t[c[e utth ewer‘gy

3,em‘i£s' at e & Eﬁ,
of energy (particle) and the target. Different 4
processes are characterized by noticeably diF_Fér—

ent cross—sections and Frequev\cies at which the
emission is produced. In addition to e/ectromu.gvxe?:ﬁ
emission some processes also enable production of
neutrivos. In many cases the energy log"ratéi;}

a more convenient characteristic than the cross—
3

section’
the spec

E = vqan, fE one shoui}

where v, is refative speed (For a target at rest

) n,,, is target density, f is inefasticity

rel
(Fraction of the particle energy flost in each in—

teraction). Another useful characteristic is cooling

time
& !
f = - =

cool Can ve get it awna—
E Viel antarf

tgtically?




'Shape of the Cutoff

Cutoff evxergy and the sha.pe cF the spectrum in

to (leQ !he cutoFF e
evxergy parttc{es

accel eration eff

— the cutoff can be caused by
exterval to the source ( eq,

attenuotion) 1ot &

= the cutoff can be caused by a cho.vxc;e of ‘
radiation regime « eg, Klein—ishine cutof f)

Let us obtain the intrinsic cutoff caused by the
turvover in the particle spectrum For the sake of
simplicity, (et us assume that o, = QCE‘SB/‘32.



-Shape of the Cutoff

Cutoff energy and the shape cF the spectrum in

the cutoff region provides very lmportavxt informa—
tion about high—energy processes. It is ()gtéf 2
to (mkv the cutoff e%'gy%*ehe emlssion p£ i

evxergy pa.rttc(es in tl

— the cutoff can be caused by o | :
exterval to the source (eg, EBiE T

attevxuatlov/\)

= the cutoff can be caused by a chanéé B
radiation regime « eg, Klein—ishine cutof f)

Let us obtain the intrinsic cutoff caused by the
turvover in the particle spectrum For the sake of

simplicity, (et us assume that o, = QCEEB/B2.



Shape of the Cutoff

Cutoff energy and the shape cF the spectrum in

the cutoff regnovx provides very lmportavxt LmFor

to (mks the cutoFF evergy gﬁ,@he emtsstov\'o@
evxergy particles n 1‘:% §ource e, o pr%y,fpr

acceleration eFF!Etevny Houever, it Ls'a.[so j

attevxuatlov/\)

= the cutoff can be caused by a cho.vxé'e B
radiation regime « eg, Klein—ishine cutof f)

Let us obtain the intrinsic cutoff caused by the
turvover in the particle spectrum For the sake of

simplicity, (et us assume that o, = QCEﬂg/B2.
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Cutoff evxergy and the sha.pe oF the spectrum in

evxergy particles in thé source e, @ pr§<g,
acceleration eFFkﬂtevny However, it is @lso

tant to rememper about other posstbr/ttt&")

— the cutoff can be caused by o
external to the source ( eq, EBL"’“ : ,’,,

attevxuatlov/\) P

= the cutoff can be caused by a cho.vxée of
radiation regime « eg, Klein—ishine cutof f)

Let us obtain the intrinsic cutoff caused by the
turvover in the particle spectrum For the sake of

simplicity, (et us assume that o, = QCEﬂg/B2.



Shape oF the CutoF\C

Cutoff energy and the shape oF the spectrum in

the cutoff region provides very importont mForu)ar— =
tion about htgh'—emer‘gy Pr‘ocesses. It is qu!te- ;:omvv\om ¥
to (mk the cutoff energy. ﬁg,the emtsslov\ of bu'
evxergy particles in the source, ie, A pr?(yl Fd‘» f =
accelerdation eFFbItevny However, it is also =i

tant to rememper about other posstbtlm

— the cutoff can be caused by q,_P‘ ces
exterval to the source ( eq, Bl | s

a’ctevxuatiov/\)

— the cutoff can be caused by o change of
radiation regime « eg, Klein—ishine cutof f)

Let us obtain the intrinsic cutoff caused by the N,y (x“_p’ ﬂexp (T
dewo —EM JFUE)

turvover in the particle spectrum For the sake of

simplicity, let us assume that w, = QCEﬁg/Bz.



Shape oF the CutoF\C

Cutoff energy and the shape of the spectrum in

the cutoff r‘egiom provides very importo.vxt ‘LV\Forn}a

to (mk the cutoff evxergy t,g;che emtsslom e
evxergy particles in the source, ie, o prq}g Far '

acceleration eFFTdtevny However, it Ls'u.(so or-

/e

exterval to the source ( eg, EBL

a’ctevxuatiov/\)

= the cutoff can be caused by a change of
radiation regime « eq, Klein—Nishino cutoff)

Let us obtain the intrinsic cutoff caused by the

turvover in the particle spectrum For the sake of 4oy

FE)
A

s'lw\p(icity, let us cizsume that @) = Ol

power fector

e L

@ a3
exponent: X exp|—| —
@,



Summary TR P g

- yy a.ttevxuthLOV\ (twts the scope off;&ﬁ ﬁé
~ The Fokker—Plonck Equa.tLOV\ is the simple

injection and cooling

PeV particles can propagate stgmﬂcav«c dtsta\ﬂa,

(or sofving the tramsport equo.’ctoms)
= Depewdivxg on the dominant trawsport mechanism one can optain opposite ﬁédictloms

— Studying sources close to their acceleration fimit requires accurate treatment of the cutoff

shapes, which goes beyond the simpfe &—Functional approximetions



