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What produces gamma rays?

Catalogs of gamma-ray

sources include SNRs, PSRs,
PWNe, SCs, XRBRB, AGNSs...

...BUT: Gamma-ray sources are

q» NOT producing gamma rays!

47

identified They are accelerating particles
and we measure by-products of
the interactions of these with
matter and electro-magetic fields.

BIN/HMB

Fermi-LAT (4FGL) H.E.S.S. (HGPS)



What produces gamma rays?

Gamma-ray sources are NOT
producing gamma rays!

Particles are producing gamma-ray emission

Hadronic particles: mainly protons (but also other nuclei)
interacting with matter and photons.

Leptonic particles: mainly electrons and positrons
iInteracting with matter, photons, magnetic fields.

Dark matter particles ?? possible annihilation or decay will
produce gamma ray emission



What we will see today

 Hadronic interactions:
* The threshold for production of mesons
* The pion bump and other features to recognize hadronic emission
* Applications

 Leptonic interactions
* Radiation of a charged particle (bremsstrahlung and synchrotron)
* Inverse Compton scattering
* Electron cooling

* Applications



What we will not see but still is iImportant

 Absorption mechanisms

o Self absorption: at low frequencies affects radio and thermal
bremsstrahlung influencing the shape of the spectrum;

« Gamma-gamma absorption: at high energies gamma-ray photons interact
with radiation fields producing pairs. Set the horizon for VHE observations.

« Gamma-ray lines: nuclear de-excitation lines of elements (mostly relevant at
MeV energies) — decay/annihilation lines of dark matter may appear at higher
energies


https://link.springer.com/article/10.1007/s11214-026-01281-y

Hadronic interactions



Hadronic interactions

Energetic nuclel
impact on ambient
nuclei or photons :

PP /Py
n’ — 2y

pA) +pA,y) = "F+X § T D H HYy

T —> U + 17ﬂ
Interaction
increased when
high target (gas/
radiation) density
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Hadronic interactions

Energetic nuclel The interaction
impact on ambient produces unstable
nuclei or photons : mesons (mostly pions
pp /py but also also 77, W)
7V — 2
4

pA)+pA,y) -+ X § T K+,

T —> U + 17ﬂ
The process

requires a minimum

energy: threshold

for producing pions
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Hadronic interactions

Energetic nuclel
impact on ambient
nuclei or photons :

pp /py

p(A) + p(A,y) —» n"*F + X

The interaction The pions quickly
produces unstable decay into gamma
mesons (mostly pions rays and neutrinos

but also also 77, w)

1’ — 2y
it —ut+,
T U Yy,

Decay time of pions:

t(7") = 8.4 x 107 1s
(7)) = 2.6 X 107 %s
Gamma rays and

heutrinos come from
the interaction region
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Hadronic interactions (A)+plA, ) — 70% + X

Interaction
Where are they important? increased when
high target (gas
mm—— radiation) densi

Planck dust map of the Milky Way:
traces gas column density 0% m=2 — 1023cm=2

13




Hadronic interactions

Where are they important?

Fermi-LAT > 1 GeV emission
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Hadronic interactions

<048 NEST

Fermi-LAT

Gas column density > 1 GeV emission

15



Hadronic interactions

Where are they important?

<048 NEST

The entire Galactic Disk emits
due to hadronic interaction with
diffuse gas

* Useful to understand Galactic
cosmic rays

* Need to be considered as
background for sources

Fermi-LAT

Gas column density > 1 GeV emission
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Pion decay (pp)

p+p—-p+p+n’

s = () Mc?)? = (2m,c* + mpoc?)?



Pion decay (pp)

p; = (E,,0,0,pc)

— 2
pT+p—=>pT+pT+7m

+py)° = (E, +m)* — p*
s = ( ), Mic?) = 2my,c? + mc?)’ (p1+po)” = (B +m,)" = p
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Pion deca
Yy (Pp) o = (5,000
pl = (m,c*,0,0,0)
p+tp—p+p+n
+ 2 —(E + N2 _ 2
S (ZMiC2)2 — (zmpc2 1 mﬂoCz)z (pl pZ) ( D mpC ) (pC)
2 2 __ 2\2
Ep o (PC) — (mpc )

s=(P1+D)" = Sip = (2ng€4 T 2’%CzEp)

— S, =S, = (2mpc2 + m_oc?)* = (2m§c4 + 2mpczEp)
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Pion decay (pp)

p; = (£,,0,0,pc)
Threshold of the mechanism

+ +p+ 7 Py = (mpCZ’O’O’O)
pTp—=>prpT7n
(P +P2)* = (E, + m ¢ — (pc)?
Metric (1, — 1, — 1, — 1)
2 _ 2N\2
T (pC) T (mpc )

s = (p; + ) = 5, = (2m§c4 + 2mpczEp)

5, = (Z Mc?)? = 2m,c? + myc?)?

— S, = Sy = (Zrnpc2 + m_oc?)* = (2m§c4 + 2mpczEp)

K _ B 2
Ep —Ep m,,C

Exercise: how much does the threshold change for the production of 7™



Pion decay (p-y)

p, = (E,0,0,p,c)
p, = (€,,0,0,p,c)

p+y—=p+n
Siap = (P + p},)2 = (mpc)2 +2p,e(l — cos 0)
— 2\2 __ 2 2\2
S, = (ZMZ-C )- = (mpc + m_oC*)
i = (mpcz)2 +2E e(1 — cos 0)

Sy = (mpc2 + moc?)?



Pion decay (p-y)

p, = (E,0,0,p,c)
p, = (€,,0,0,p,c)

p+y—p+n

Siap = (P + p},)2 = (nfzpc)2 +2p,e(l — cos 0)
s, = (Y Mc*?* = (mc*+m_c)”
th l i, 7V

i = (mpcz)2 + 2E e(1 — cos 0)

_ 2 22
101- S = (M~ + Mc”)
' uv
> z 2m_m m?> | f-‘
é : X-rays » pih — p'nd T Mo Ly ey
Q ' P 2 €
WS o e(l —cos@ 1 —coséd
10 § ( ) ( )1 eV
1072
100 102 103 104

€ [eV]




Cygnus-X3 micro-quasar: have
large X-ray and UV field

Pion decay (p-y)

pp + PYuy = PYx + PYuv
Threshold of the mechanism
0 o
pry—optnxm :
o 10-13
o
L
©
2
Emission appears at Very/Ultra high energies = “ o
Emissio
threshold
101“5 1014 . 102 ——— 103 — e ...,1,04
1 uv Energy (TeV) LHAASO coll. 2026
— 109
> § 2
‘8’__' : X-rays Eth — 2mpmﬂ0 T M0 _ e Y L
Q ' P 2 €
_ e(l —cosd@ —
S -1 ( ) (1 —cosO)—
1072
10t 102 10°  10%

€ [eV]



From protons to pions

We understood the threshold for producing pions, but how
much energy is transferred to the pions?

How is the resulting spectrum of pions?

24



From protons to pions

..we assume that a fixed fraction of energy k_ is transferred

from protons to pions in the collision

Chyy J oL, — lfﬂEkm)app(Ep)Np(Ep)dEp

| | Energy
inelastic  distribution

_ Cross of protons
Fraction of section

q.(E,)

transferred

energy from

proton to

pion ~17%
Cly , Lk , E,
= o | mc +— |N | mc™+—
PP P k P P k
kﬂ' T T
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From protons to pions

In the 0 approximation Total cross section

Laboratory measurement

q(Ey) = cny | 8(E, — k Eyin)0,,(E,)N,(E,)dE,

| | Energy
inelastic  distribution

_ Cross of protons
Fraction of  section

Cross section (mb)

transferred
energy from
proton to
pion ~17%

- cny , Lk , E,
= o | mc +— |N | mc™+—
PP P k P 4

kﬂ' T T

Kelner & Aharonian approximation (>2 GeV) :

Ekin Slight dependence on energy:
Gpp(Ep) ~ 3010.95 + 0.06 In Spectral shape of pions will follow the
1 GeV shape of protons



From protons to pions

Total cross section

Laboratory measurement

q,(E,) = anj‘é(EjZ — lfﬂEkm)app(Ep)Np(Ep)dEp

| | Energy
inelastic  distribution

_ Cross of protons
Fraction of  gection

transferred
energy from
proton to 80 R B
pion ~17% 70 Fit-formula —
Kelner(2006)
cny, E E 60/~- - Kamae(2006) .
— 0] m(32+—” N m(:2+—” — 50— —
k PP P P P -‘E’
4 i T = 40 , -
© 301 -
Kelner & Aharonian approximation (>2 GeV) : 20 _
E . 10_ " - - = -
kin t Parametrization (Kafexhiu+2014)
0,,(E,) ~ 30{0.95 + 0.06 In mb L
1 GeV 107" 10" 10" 10*> 10° 10* 10° 10° 10" 10

Tp [GeV]



From protons to pions

E..
6,,(E,) =~ 30 [()95 + 0.06 ln( alll )] mb

Gives the probability of
Interaction hence the mean
free path, hence the time
between each collision

- 1~ 54%10"( — )
t,, = (noppC)™" =~ 5.4 X p— yr

~ residence time in the MW of CRs of 10-20 Myr derived from unstable isotopes

Proton may travel quite some times before interacting and emitting!
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From protons to pions

q(Ey) = cny | 8(E, — k Ey;n)0,,(E,)N,(E,)dE,

Chyy

pp

Fraction of
transferred
energy from

proton to

pion ~17%

inelastic  distribution
of protons

Cross
section

Energy
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1st complication:
Multiplicity

How many pions are produced per
interaction (multiplicity) depends on
the energy in the center of mass:
the more energy the higher number

of pions are produced

[ 1 | llllll' ) 1 Illllll
o Geantd
Fit-formula

0.95}
0.9 s

ll Ll

10° l1o1 10*10° 10" 10°

10’ 10' 10 10° 10 10
Tp [GeV]
| | L lll‘ llllll' 1 1) llllll'
T T T e m——— -
1l 1\ .
© w
12}
10 0.95 . wd d

10> 10° 10" 10°

o SIBYLL
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L L i1l 1 L 1111

.

10°

Tp [GeV]

16—

lllll 1 1
1.05—

! ratiol

0.95 bt
10 10° 10* 10° 10°

lllll

o Pythia 8

— Flit-formula
1 L Ll 1 L Ll

10 10°

Tp [GeV]

10°

0.95 “

10> 10°

10° 10° _o*°

llll‘

o QGSJET

| | — F}t-formula

22 11l lll4 llllllls 1 L1111
10 10 10 10

Kafexhiu+2014



From protons to pions
Beyond the 0 approach

4u(Ey) = ey | 8(E, =k E,)0,,(E,N,(E,)dE,

q]l'(Eﬂ') — CnH sz'(xa Ep)dpp(Ep)Np(Ep)dEp

2nd complication: the
transferred energy is
not constant

dN, = F_dx
E?Z'

X =—
L,

30

(no)

1st complication:

Multiplicity

How many pions are produced per
interaction (multiplicity) depends on
the energy in the center of mass:

the more energy the higher number

of pions are produced

[ 1 llllll' ) 1 lllllll L 1
o Geant4d
1 Fit-formula

lIllI LELLBLRALLL

s T —
12—
10— 0.95 Ml

1.05

0.95f

ol ad aeend -] - 4

0.9

0 1 2 3 4 5

llll' LI oy T
16~ 1.05p—r—rrr—rer

10 10° 10* 10° 10°

o Pythia8 -~

10° 10" 10% 10° 10" 10 — Fit-formula
10_1 llll llll 1 lllllll 1 L llllll 1 L 1Ll 2 1 L Ll 1 1 1 llllll 1 .1 1Ll
10’ 10’ 10 10° 10 10° 10 10° 10° 10° 10
Tp [GeV] Tp [GeV]
1 1 lll' lll' 1 llll' | L I "'I

T I ] e —— - T T ] ——
1w, N\ 14—, \
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[ N~—" e
12|- 12}
10 0.95 d d d 10 0.95 l sk wd
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Tp [GeV] Tp [GeV]



From protons to pions
Beyond the 0 approach

in)

GHE) = | F5 By (BN, M,

2nd complication: the
transferred energy is
not constant

dN, = F_dx
E?Z'

X =—
L,

To compute the final pion spectrum one
needs a numerical approach
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1st complication:

Multiplicity

How many pions are produced per
interaction (multiplicity) depends on
the energy in the center of mass:
the more energy the higher number

of pions are produced

[ 1 lllllll‘ ) llllllll L
o Geantd

llllllll LI B |

lllll LELLBLRALLL

lllll 1 L L 1 LR ARL
T Y Y —— -
1+ | — Fit=formula
10 3 14 _
© %
12|~
{1 = 40 0.95- —
P PR :g 10 102 10° 10° 10° 10°
0 ~
10 1.055 1 3 8 =
"-o_, 1 AA‘J_/\ :
o VV 7 6l ]
0.95}
0.9 bttt 4 o Pythiag8
1 1 1 10° 10" 10° 10° 10° 10 — Fjt-formula
10- 1 L L Ll 1 L L Ll 1 L L il 1 1 1 1111 1 L 1Ll 2 1 1 1L 0Ll 111l 1 L Ll 1 .1 1Ll
10’ 10’ 10 10° 10 10° 10 10° 10° 10° 10°
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T T e —— - T e T ——
14 N\ 14—, \
= 1 AA - 1
E w ©
12}~ - 12}
1ol 095t 1 T g0k 0.95h i
10° 10° 10" 10° o
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From protons to pions

Beyond the 0 approach

q]l'(Eﬂ') = Chly JF ﬂ(’x’ EP)GPP(E]?)N p(Ep)dEP

dN, = F_dx
Eﬂ'
X =—
£y

Fit to the generated data (Kelner+2006)

Fr(z, E,) = 4aB,z** (

1 . 37 )
1 — gz 1+ rx®

1 —x“

(1+7rze

Moy

x by

)3>4/X

32

Energy spectra of pions

Taking into account multiplicity and
energy transfer, as derived with

numerical approaches like
(QGSJET, SIBYLL..)

m p
? 1] | ll"'ll 1 1 IIIIIII ] 1 T F 1T 11
_________ Kelner+2006
1 E — — —
F 32 -~ —== o
A S~ N
/ s
~ N\
- 4 N
_1 N
107" L \

1 E'p=1OO TeV, QGSJET
2 E =100 TeV, SIBYLL

?

'
-
—

1072 | _ _
: 3 E'p = 1 TeV, QGSJET \ 3
L 4 E = 1TeV, SIBYLL \E
\
3 \\
10_ 1 1 . 3 1 aaaql 1 1 s 1 1 aaaql L1
107> 1072 107" 1



Now we have to compute how

FrOm piOnS to phOtonS much energy is transferred from

The shape of photon Spectrum the pion to the photons in the
decay. We follow F. Stecker

In the rest frame of pion photons 0 derivation.

are emitted isotropically

— 2y

This is a consequence of the fact
that pions have spin J=0

33



From pions to photons

The shape of photon spectrum: the pion bump

In the rest frame of pion photons () o p=4/1- ™
are emitted isotropically T — &)
Energy of the photon in the 144} OC E
Pion rest frame: E£*, = 7:2 I — Ey _ =
MooC?  MoC?

Lab. frame: E, =1E* (1 +/fcosf*) - —1<cosf* <1

There is a maximum and a minimum

@ * is the angle of emission of
photons in the pion rest frame
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From pions to photons

The shape of photon spectrum: the pion bump

In the rest frame of pion photons () o p=4/1- ™
are emitted isotropically T — )
Energy of the photon in the mﬂoCz E HE
Pion rest frame: E£*, = r—_ 7% _ p
2  maoc?2 meoc?

Lab. frame: E, =1E* (1 +/fcosf*) - —1<cosf* <1 4 4
E}/,min < Ey < E}/,max
E, nin=TE* (1 -p)=E(E,)

E, e = TE*, (1 + ) = E(E,)

Y, max
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From pions to photons

The shape of photon spectrum: the pion bump

|
In the rest frame of pion photons () o p=4/1- ™
are emitted isotropically T — &)
Energy of the photon in the mﬂoCz E ﬂE
Pion rest frame: E£*, = r—_= __ 7
2 C moc?  mooc?
Lab. frame: E, =1E* (1 +/fcosf*) - —1<cosf* <1 4 4
e . E}/,min < E}/ < Ey,max

Photon distribution for each pion of energy £ .

dNj 1 1 | E}/,min =I'E y (1-=p)= E}/(EJZ')
f(E)/) ~ d_E}, N Emax — Emin - Fmﬂoﬁ - E2 2 E - FE ok 1 -

\/ w0 y.max — y ( T ﬁ) T E}/(Eyz')

Because of isotropy:
each photon is
emitted with the same
probability between

Emin and Emax
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From pions to photons

The shape of photon spectrum: the pion bump

|
In the rest frame of pion photons () o p=4/1- ™
are emitted isotropically T — &)
Energy of the photon in the mﬂ-OC E
Pion rest frame: E£*, = M—_ 7 _
2 C moc?  mooc?
Lab. frame: E, =1E* (1 +/fcosf*) - —1<cosf* <1 4
e . E}/,min < E}/ < Ey,max
Photon distribution for each pion of energy £ .
dNj 1 1 | E}/,min =I'E y (1-=p)= E}/(EJZ')
f(EJ/) - d_Ey - Epax — Epin - I'myofp - E2 2 E — FE oK 1 — E E
\/”_mﬂo y.max — y( +ﬁ)_ y( 71')

Because of|isotropy:
each photon is
emitted with the same

probability between q
Emin and Emax

f(E)
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From pions to photons

The shape of photon spectrum: the pion bump

: — ] — —
In the rest frame of pion photons 0 o) p 12
are emitted isotropically T — &)
mﬂocz E ﬂE
Pion rest frame: E£*, = r—_= __ 7
2 M oC2 M, oC2
Lab. frame: E, =1E* (1 +/fcosf*) - —1<cosf* <1 4 4
e . E}/,min < E}/ < E}/,max
Photon distribution for each pion of energy £ .
dN; 1 1 1 Ey,min =1L y (1 =p)= Ey(Eﬂ)
f(EY) B d_Ey B Emax o Emin N Fmﬂ'oﬁ N E2 2 E — F E K 1 — E E
\/ w0 y.max — y( +ﬁ) T y( 71')
== Logarithmic average between £, and E, .

log(E, ,..) = (log(E, . )+ log(E, .))/2

Ezisz f = ( Emin Emax) 172 _ M0 Does not depend on £,
0- | N ' 2

38

f(E)




f(E)

From pions to photons

The shape of photon spectrum: the pion bump

In the rest frame of pion photons () o p=4/1- ™
are emitted isotropically T — &)
mﬂocz E ﬂE
Pion rest frame: E£*, = r—_ 7 _ p
2 Mo mooc?
Lab. frame: E, =1E* (1 +/fcosf*) - —1<cosf* <1 4 4
e . E}/,min < E}/ < Ey,max
Photon distribution for each pion of energy £ .
dN; 1 1 1 Ey,min =1L y (1 =p)= Ey(EJZ')
f(EJ/) B d? B Emax _ Emin B Fmﬂ'oﬁ B E2 2 S S
y VB m2 E, o =TE* (14 f)=E(E,)
Distribution

Logarithmic average between £, . and E,

log(E, ,..) = (log(E, . )+ log(E, .))/2

E?Z'
(Emaxifmin) — ‘ lo 1/2 mn-o
E98  — ( E . E ) — Does not depend on £ |
\ mean min—max o
0- | /\ a\ |

E 39

depends on




From pions to photons

The shape of photon spectrum: the pion bump

In the rest frame of pion photons () o p=4/1- ™
are emitted isotropically T — )
mﬂocz E ﬂE
Pion rest frame: E£*, = r—_= __'7
2 m_oc%  m_oC?
Lab. frame: E, =1E* (1 +/fcosf*) - —1<cosf* <1 4 4
e . E}/,min < E}/ < Ey,max
Photon distribution for each pion of energy £ .
dNj 1 1 | E}/,min =I'E y (1-=p)= E}/(EJZ')
f(Ey) ~ d_E}, N Emax_ Emm - anoﬁ - E2 2 E — 1" ok 1 —
NCEL wmax = LE® (1 + p) = E(E))
Photon distribution for a power-law distribution of pions: Dominated by
lower boundary
dN, dN_ 1 g 1 .
i dE, = dE_E-* ~ (EMM(E,))™
E gy Ak \/ E2—m2, e \/ E2 — m?,
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From pions to photons

The shape of photon spectrum: the pion bump

. — ] — —
In the rest frame of pion photons 0 o) p 2
are emitted isotropically T — )
mﬂocz E ﬂE
Pion rest frame: E£*, = > r—_= __"7
. . . Mm_oC?  M_oC?
Lab. frame: E, =1E },(1 + fcos*) - — 1 <cos@* < 1
Ey min < Ey < E}/ max
Photon distribution for each pion of energy E_ ’ . ’
f(E)zﬁz 1 E}/,min — FE y(l _ﬂ) — Ey(Eyz)
! dEy EEmax - Emin — —
E, e = VE* (1 + ) = E(E,)
Photon distribution for a power-law distribution of pions
(~ power-law distribution of protons):
~ min —S
5 Fmin — |
Dominated by & / T 4F

lower boundary Y
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From pions to photons

The shape of photon spectrum: the pion bump

dNﬂ ( E )—S ~ ( Emin)—s
dE, T
/A 10-3
1~ FS
10_4§ l%/

2 5
min M0 1075 -
E" =FE + ;
" " AE ! f

Y N{:u ~ 10°6

£ |«
+ —7
2 10
m_o m_o ) -
EMn ~ ——  for E,<—— ~L <
4E}, 10
10~°
m_o
min _ ﬂ ~ FS
Eﬂ Ey for E}, =>> > y -

42
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From pions to photons

The shape of photon spectrum: the pion bump m

In the E” representation o

dN .
dEﬂ < (E)" ~ (E")™ 100 - .

/A

, 10724 — :
— |
Erin — f 4 2 L i
" " 4E Ty 107 s+2 :
y N ~ E i
|
>~ [
2 W 10-6 |
m 0 m ~— |
EM ~ 42 for Ey < i ~ E}f rtlu> i
)4 |
10-8 |
|
m_o I
min T ~ F S |
Eﬂ ~ Ey for E}, =>> > E}, i
1010 o

101 10° 10!

m
.t
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—— Fit-formula
Kelner(2006)
- - Kamae(2006)

PDG data |

Putting everything together

Energetic nuclei impact
on ambient nuclei pp

The interaction produces
unstable mesons (e.g. pions)

E
E
E

E

=100 TeV, QGSJET
=100 TeV, SIBYLL

= 1 TeV, QGSJET
= 1 TeV, SIBYLL

=2
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The pions quickly decay
iInto gamma rays

Fx,E,)




Connecting protons and gamma
do i dE

E:z dE \/ ”"elF(x,E)\/ 8
r - E2—m2 : EZ — mZ
dN, p do,, ,,, AN,
= ...=Cn L
dE, & J P dE, dE,

Contains all info about pion
production and multiplicity
Derived with numerical methods
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Putting everything together

do/dE, (mb/GeV)

1074 -
1074 - # - ‘
1079 1 B
—— Tp=1TeV
1019 - Tp= 10 TeV
= Tp= 1000 TeV
— Tp= 1 PeV
1012 ——
10~ 10~° 1074 D% 107

x=E,/Tp

Photon get ~10% of ton energy



PUttl ng eVGMhlng tOgether Systematic difference due

Connecting protons and gamma

dE

dE P dE, dE,

Contains all info about pion
production and multiplicity

N, J do,, ., dN,
.. = Chy

Derived with numerical methods

46

E?2-do/dE, mb-GeV

1071 c

(WY
N
o

ratio to AAFrag
—_
o
S

o
o
S

to different parametrization

100':

| Ep,=10GeV, y
101':

| E,=1TeV, y

103':

E?-do/dE, mb-GeV

e AAfrag (QGSJET-II-04m)
—— Kamae2006 Pythia 6.2
—— Kafexhiu2014 GEANT 4.10.0

—— Kamae2006 Pythia 6.2
~———  Kelner2006 SIBYLL

—— Kafexhiu2014 QGSJET-I

—
o
o

e AAfrag (QGSJET-11-04m)

— Kafexhiu2014 GEANT 4.10.0
- Kafexhiu2014 PYTHIA 8.18

Kafexhiu2014 SYBILL 2.1

ratio to AAFrag
—
=,
S

&
o
S

rrrrry T T T 1
102

101

)1(0=E/Tp

1073 1072

101
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Hadronic interactions

And the origin of Cosmic Rays  Hadrons ~99%
104 Leptons ~ 1%

X 1%

W

i ﬂ‘ Protons dominate the CR
composition: understanding CRs is
tightly linked to hadronic

EZ. dJ/dEi, [GeV/(m? s sr)]
o

5 Interactions
10
1073
10_4 ) «  AMSO1 > CRRES ¢ LEAP x  RICH-I
o AMSO02 + Fermi-LAT - MASS < RICH-II
o BESS o HEAT o OGO » RUNJOB
10—5 s  CALET o |IMAX o PAMELA ¢ SOKOL
a  CAPRICE o |[IMP + Pioneer v Voyager
1 CREAM o |SS-CREAM
10—°

10-310-210"! 10° 10' 102 103 104 10° 10
Ein [GeV]
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An example

The emissivity of the cosmic-ray sea

EZ X N, [GeV cm™? s71]

102

1073

x  Voyager [Cummings et al. 2016]
O AMSO02 [Aguilar et al. 2015]
1 DAMPE [An et al. 2019]
« KASCADE [Apel et al. 2013]
A ICETOP [IceCube coll. 2019] —
'm
h
=
o
D
S,
-
w
X
ftl,jh
10° 102 104 10° 108

Ep [GeV]
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Gamma rays

—— SYBILL

—— GEANT4

109 - —— PYTHIA8
10-1;
10-23
103 ;

LRALLA | L LA | ' LRALLL | ' LA | L LR RLL | ' LA | i ' T

102 10~ 10¢ 101 104 103 104 10°

Ey [GeV]




An example

The emissivity of the cosmic-ray sea

EZ X N, [GeV cm™? s71]

101

109

10_1 \Q»

102

Voyager [Cummings et al. 2016]
AMSO02 [Aguilar et al. 2015]
DAMPE [An et al. 2019]
KASCADE [Apel et al. 2013]
ICETOP [IceCube coll. 2019]

X
O
O
o
A

109 104 104 10° 108
Ep [GeV]
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EZ xF,[GeV.cm™ s71]

—— SYBILL
—— GEANT4
109 - —— PYTHIA8
10-1;
1072 4
1077 3 ]
: Fermi-LAT CTAO
range range
102 101 10° 101 104 103 104 10°
Ey [GeV]




Hadronic interactions

Solar origin

Arms
X 5

Galactic origin

. v N : - -
¥ - - et fyorery ¢ - - ' o .
. t \ "" ‘ :
»

Hayakawa’s test (1952): from
gamma-ray emission of the
ISM we can infer the origin of
Cosmic Rays

Extragalactic origin

{ sMe
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Hadronic interactions

Hayakawa’s test: from gamma-ray emission of the ISM we can infer the origin of Cosmic Rays
Solar origin

Arms

Galactic origin

e &

Extragalactic origin

0
, 10
S
g 8 -
S 0
<
{ @ SMC[Abdo+2010] ® MCs [Aharonian, Peron +2020]
@ Diffuse [Acero+2016] ¢ MCs [Peron & Gabici 2023]
1014 ¢ MCs [Peron+2021] SMC
0 10 20 30 40 50 60 70

Distance from GC [kpc] 51



The pion bump in SNRs

Pion bump detected in SNRs supports the fact that SNRs are accelerating protons of CRs

- . W44 — IC 443
0 L - 1 -10 |— a >
1 O 0 E 10 E . i .‘. &y &
= — = — ‘.o' '
|m : '(D : ‘ ' ?
O = N | / x *
= | A N
o o + \
9 oM Tf S 107 A\
L - \ n =
E B e © — .
— . — — . x
Z - L I Z - l“ '+ M
o - Best-fit broken I O ' |
(I\'.IJ — | power law Y o n R Ee?rtr-\?tLtX'?ken power law .. I
:' ;gITIE-L(giruliani et al. 2011) \“‘ - VERITAS (Acciari et al. 2009) A ]
1072 = 5 | 1012 |— ¢ MAGIC (Albert et al. 2008 W 1N
= i -decay N = % AGILE (Tavani et al. 2010) l v X
U Ll . — -deca N
N gremsstran:ung ith Break \ C | eeeeeae. Téremss rahlung . \
B e e - - —— - — Bremsstrahlung with Break .
l“[ . . lllllll . . lllllll L . lllllll - : - llll“l A | | llllll[ | | lllllII | | lllllll | | lllllll | | llllllI‘ I
10° 10° 10'° 10" 10" 108 10° 101° 10" 102
Energy (eV) Energy (eV)

..not always visible, and need low energy observations: we need to search for other features
(correlation with gas structure or multi-wavelength data to constrain the leptonic counterpart —>
we will actively do it in the mini-project!) 52



Hadronic emission

Young star cluster NGC661

Middle age SNR W28

== Ty
H.E.S.S. £m NANTEN "?CO(J=1-0) 10-20 km/s
?\3 H 2 —2 N [
' g N 100
W28 (Radio Boundary) S . Wa8 (Radio Boundary)
‘ 8
-
1.5 -
I=+7.0°
: i
N I R ey | 60
' GRO J1801-2320 ] !
| I=+6.0°
o 6.225-00.562 I 140
< 5= e h
N b=0.0
. &l H 20
W28.A2
I RA J2000.0 (hrs)
£.5 | : 1 ! Jo
18h03m 18h 18.05 18

17.4 17.2 17.0 | 16.8 16.6



Hadronic emission

Gamma vs. Gas

12" -

p—
Q
|

6 -

4' -

Angular Resolution

2' -

0" -

ettt T S S WV W —— -

R S S S S S SR R S SR R — R ——— T W ——

R S S R R R — A S S S S S — A S S S S — A S S S — T S S —— -

THIUMMS (121515€0)  mqwisp (1213/18¢ o)

FUGIN (’.2:’1 3/18 CO)

MOPRA (-3-:- jCO)

180° 210° 240° 270° 300° 330° 0° 30° 60° 90° 120° 150° 180°

Galactic Longitude
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Leptonic Interactions



Radiation from a moving charge

Larmor formula: Heuristic, non-relativistic derivation

E-field lines L , C

—_——
~
~

Field outside r=ct Is
still pointing toward

/,’If?"'; . the center at t-At

-
-
////////

~
~
~
~
-~
~
~
~
~
e
~

,/
~ -
\\~
\\\\\

Still charge Moving c[;rge
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Radiation from a moving charge

Larmor formula: Heuristic, non-relativistic derivation

Field outside r=ct is still pointing

toward the center at t-At
E-field lines

Ly Avtsin®

c A\t >

Still charge Moving charge

Av t
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Radiation from a moving charge

Larmor formula: Heuristic, non-relativistic derivation

EH AVt SiIl 9 Acceleration
E. cAf - cqgAvtsin@ g Avsin@
— q Gauss law [cgs] 9 CI/'ZCAZ- r At Cz
reD
r > .
E, = g |V |sin &
. . " . rc2
There Is a non-vanishing tangential 1
> component of the E field that allows E, x —
avt the flow of energy —> let’s see the 4

Poynting flux
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Radiation from a moving charge

Larmor formula: Heuristic, non-relativistic derivation

EH AVt SiIl 9 y = Cl' Acceleration
E, . CAt p S gAvtsind g Avsinf
— q Gauss law [cgs] 9 ¢ I/.ZCAZ- r At Cz
ro ]/'2 )

Ey=——|¥|sin0

re
L, 7
Av t g =
; 7
E itted it ti d § p— i i E) — E 7
nergy emitted per unit time and area — —(( 6 —l— l") X ) — _( 6 n)
dr 4r

Electric Field

E, = B for a plane wave in vacuum

P —
S H 71 Outgoing propagation of energy!
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Radiation from a moving charge

Larmor formula: Heuristic, non-relativistic derivation

EH AVt SiIl 9 Acceleration
E. cAf I cqAvtsin@d g Avsind
E — i Gauss law [cgs] 9 - CI/'ZCAZ- r At 62
e q =, .
Ey=—|Vv|sino
Let’s compute the power : 72
., T
Av t > n = ‘ ‘
Energy emitted per unit time and I"
- s € =  — ” o dE dE dE
S=—(Eyx B)=—(E}il)=———=——— = ——
41 41 dtdA  dtr-d€2  r* dtsin0@dOdd

Emitted power

P=——=J d@[ sinfdo| S| r* = 1 \\?\ZJ dCDJ' Sin3«9d«9=—q—\\'/\2
0 drc? 0 0 . 3¢

50 = 2n — 3 Independent of r !



Radiation from a moving charge

Larmor formula: why do we consider it for leptons only?

Emitted power depends on acceleration; subject to the same field, an
electron will have a much larger acceleration

2q2

P=="2"|v|?
3(:3‘ | )
a_
m me 1 _N
A~ P
m 1836
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Radiation from a moving charge

Larmor formula: when is it important?

2
P = 249 1v|> Whenever we have an electron
3 ¢? changing its velocity. .\E\

This can be due to: L MREZE

o External Coulomb field (due e.g. nuclei)

—> bremsstrahlung (= braking
radiation)

© External magnetic field = Ez&
synchrotron (magnetic braking /
magneto-bremsstrahlung)
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Radiation from a moving charge

Larmor formula — relativistic generalization

To use the Larmor formula, we need to generalize it to
the relativistic case

. K’ : Moving frame with velocit u.
Consider two reference systems OVing Trame Lorenztransfon}]’ati‘jns” X
K : rest frame

Lorentz transformations among reference systems: x=1&"+vt)

.
ct =1(ct' + —Xx')
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Radiation from a moving charge

Larmor formula — relativistic generalization

To use the Larmor formula, we need to generalize it to
the relativistic case

/. : : : —
Consider two reference systems % - Moving frame W'ﬂzvel"ﬁ'tr}]’t"” Uy
K : rest frame

Lorentz transformations among reference systems: x=1&"+vt)

.
ct =1(ct' + —Xx')
We differentiate ¢

dx = T(dx' + vdt') y=7

v dx’ % <=<
dt =1dt'| 1A = | 1+—u,
c2 dt’ c?




Radiation from a moving charge

Larmor formula — relativistic generalization

K’ : Moving frame with velocity v || u, Velocities
K : rest frame ,
Lorenz transformations dx r(dx, + th,) ux + v
U = — = —
x=1u"+vt) Y oodr T(dt + %dx’) 1 + %u)’c
\% / /
ct =1 (ct'+—X') - ﬂ _ dy _ "y
¢ ©odr T +—dx) T +—u
v dx’ ,
dt =1dt'[ 1A dz dz’ U,
c? dt’ U, = =

T dr [(dt' + %dx’) T+ %u,’c)
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Radiation from a moving charge

Larmor formula — relativistic generalization

) = * duy =

1 + Zuﬁ (1 + %uﬁ)z
_ / |4 /
a, =
i | [
Accelerations i (22
du, duy(1 + %uﬂ) — (uy + v)(%dul’l) 1 dr ¢2
C C / 3

” — dt — (1 Vv u/)z — F(l | v u/)z ’ Cl“ = F CZ”

el th’(l + %uﬁ) 2

Similarly one can derive: aj_ — anJ_
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Radiation from a moving charge

Larmor formula — relativistic generalization

2 g° ) 3 \2 2 q° 4y 2 4 2.2
P=§§(F a, +17ay) =§gr (ay +1° aj
a”-al=()

K’ : Moving frame with velocity v || u,
K : lab frame
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Synchrotron emission

From the Larmor formula to radiation

_“9 4,2 12,2
P = ; [“(a; +1 aj
Synchrotron: electric charges gyrating due to a magnetic
field change their trajectory and therefore radiate —> we

have to compute the acceleration linked to this motion /Q

Z

Vi IS the component parallel to the magnetic field

0 is the angle between B and v

gB

[ mc
Which is associated to the Larmor radius VJ_ 1% ®

Particles in a B field gyrate with Larmor frequency C2 J =

) —
L
L)



Synchrotron emission

From the Larmor formula to radiation

_“9 4,2 12,2
P = ; [“(a; +1 aj
Synchrotron: electric charges gyrating due to a magnetic
field change their trajectory and therefore radiate —> we

have to compute the acceleration linked to this motion /Q

Vi IS the component parallel to the magnetic field

radius

0 is the angle between B and v

q B Acceleration turns out:
Particles in a B field gyrate with Larmor frequency C2 ] = T VJZ_

mc _ —
Which is associated to the Larmor radius Vi a) = _ QLV__

Iy = 'L
Y a; =0



Synchrotron emission

From the Larmor formula to radiation

9) 2
p==21 F4(a 7 F2a||2 (A)
3 3
Synchrotron: electric charges gyrating due to a magnetic g 4 "ir
field change their trajectory and therefore radiate as a L
consequence of acceleration in the perpendicular direction y ‘-‘
Q=&
e 2F4 2 2B2 ) 2 4B2
I 2
== A)*P=—e vieh” _ 2P [ sin” 6
Q, ¢B 3 32m2c2 3 m2c3
g
ay =— =Ly,
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Synchrotron emission

From the Larmor formula to radiation

2
P = —q—F4(ai + F2a||2 (A)

33 _
Synchrotron: electric charges gyrating due to a magnetic b 7 "lr
field change their trajectory and therefore radiate as a L
consequence of acceleration in the perpendicular direction " "‘

Q=2
[ 'mc
v, mlve 2 e’TH2e’B? 2 f2e*B? 5 . 9
L= =T (A)*P=— = ST [“sin“@ Depends on the
L 49 3 c’l“mc 3 mec relative direction of
vi velocity and B
a; =—=8v,

/1



Synchrotron emission

From the Larmor formula to radiation

2 f?e*B? .
P, == [*sin’
Sync 3 m2C3 1 T . 2
(sin”6) = — dpdl | sin? Osin€ = —
472: J(0 J() 3
Average over the angles
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Synchrotron emission

From the Larmor formula to radiation

2 pe*B*_, .,
PSWC:g oy [<sin“6@

2 2
<Ps nc> — iﬁzeéle 1‘*2 — icﬁ c 2 % ZB—
Y 9 m2c3 3 3 STT

/3



Synchrotron emission

From the Larmor formula to radiation

2 f%e*B
Pyne =7 [ sin” 0
3 m2c3 - 1 21T r T . | 2
(sin“d) = — | d¢pdf| sin0Osinh = —
dr ), Jo 3
4,6264B22 4 8z [ e* 5 (M, 2322 4 M, \ 5
(Poye) == [?=—c— — ) 2T17? = —cop| =5 )T 2u,
9 mc3 3 3 \my,? m ) 8« 3 m
Thomson Magnetic
cross-section energy
density
Proton
synchrotron is
negligible
compared to
electron

synchrotron
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Synchrotron emission

From the Larmor formula to radiation

2 f?e*B? .
P, == [*sin’
Sync 3 m2C3 1 T . 2
(sin”f) = — dpdl | sin? Osin€ = —
dr ), Jo 3

48%*B2 4 8/l > \./mN\.B> . 4 (m

9 mc3 3 3 \my,? m ) 8« 3 m
Thomson Magnetic
cross-section energy
density
2 22
(Pyyne) & T ug x I'°B
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Synchrotron emission

Synchrotron cooling

4 m
<PSYnc> — _CUT<_6>2F2MB
3 m

¢ () =
cooll ) | dE/dt|



Synchrotron emission

Synchrotron cooling

E ['m,c? 1
= <! =78x10° S
|dE/dt]  (Pgyne) BT




Synchrotron emission

Relativistic Beaming

0~1/y
0

K’ : Moving frame with velocity v || u; (emitter)

K : rest frame (observer)

U Uy u'sin @’ K K
tanfd = — = = :
uy D(uyp+v) T'(u'cosf +v)

Forlight: u' = ¢

in@’ 6] < 90 | 1
== sin 0 ) [tanf| < —— = |0| £ =
['(cos @'+ %) F(;) I

In the observer frame the
emission Is beamed due to
relativistic effects: the cone is

large 2/1"

/8



Characteristic frequency

Emission is beamed due to relativistic effects

Observer only sees radiation once per obit when
particle velocity is within 2/1" of line of sight.
At , :=duration for which beam stays within line of sight

> Observer sees narrow pulse of duration A? ,

> Most of the radiation power must appear at a
1

At

obs

characteristic frequency w_, = 2nv,;, =

Synchrotron emission

79

I

Observer



Characteristic frequency

Emission is beamed due to relativistic effects

Observer only sees radiation once per obit when
particle velocity is within 2/1" of line of sight.

At , :=duration for which beam stays within line of sight

> Observer sees narrow pulse of duration A? ,

> Most of the radiation power must appear at a

Synchrotron emission

1
characteristic frequency w_, = 2nv,;, =
Atobs
As As 2mc

Atobs S —

V C qb
Time during Signal
which the propagation

radiation is visible time

Observer

Space in which the

radiation is visible )
Ve g , gBl As
['m— = —Bvsinf — v =
rp C 2I'mc
2my 2mc(1 ) 1 +% 2mce
gB  ¢B c 1+ % [2gB



Synchrotron emission

Characteristic frequency

Emission is beamed due to relativistic effects

Observer only sees radiation once per obit when
particle velocity is within 2/1" of line of sight.
At , :=duration for which beam stays within line of sight

> Observer sees narrow pulse of duration A? ,

> Most of the radiation power must appear at a

1
characteristic frequency w_, = 2nv,;, =
Atobs
A 2mc
[, =~ — @),
obs ch
[2gB

81

Observer

This Is the
characteristic
frequency at which an

electron of energy I
emits

_ gB sin 6

At . mc



Synchrotron emission

From the Larmor formula to radiation

We have the emitted power in unit time but we need
to turn it into something we can measure: emitted

power per unit frequency, namely the spectrum, P,

We need to find a function such that:

J P U(F )dl/ =P sync [Larmor]
0

— = Y We can factorize the
PI/(F) — PsyncF(_>

dependence on v
C



Electric field ¢€() « g(w.1)

| .
E(w) = —J e(t)e' ' drt

Synchrotron emission

From the Larmor formula to radiation () = Lr“’ (@) "das
2w ) _

We have the emitted power in unit time but we need
to turn itinto §ometh|ng we can measure. em|ttedP Now we consider the equation of the radiated electric
power per unit frequency, namely the spectrum, P(v) field e(f) o« g(w,.t) (from the full-non approximated

Larmor formula, derived from Lienard-Wiechert
potentials and its inverse Fourier transformation

J P,(I')dv = Psync
0

~ 1%
PI)=P, Fl—

sync
Y v,
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Electric field ¢(?) «x g(w_1)

| .
E(w) = —J e(t)e' ' drt

Synchrotron emission

i - +00
From the Larmor formula to radiation () = %J Aw)e'de
We have the emitted power in unit time but we need oo
to turn it into something we can measure: emitted + oo +oo
power per unit frequency, namely the spectrum, P(v) Parseval theorem: J 62@ df =2 ﬂj 1 &(w) ‘2 do
o0 i ' . .Poyvnting victor auE Energy
P (1“) dy = Sync oynting tnheorem. = Y density
0 2
We consider now ce ~ £ ) dE Jdtez(t)
how the energy drzAx  AVAt dA 47:
Pv(r) — PsyncF< 1 ) density is linked to dE oo
i C
C the Poynting vector Jdtez(t) . CJ &(w) \zda)
dA 4z 0
dE c dE . )
= =—|é(w)|

dAdtdow T dAdw T
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Electric field ¢(?) «x g(w_1)

| .
E(w) = —J e(t)e' ' drt

Synchrotron emission

o o +00
From the Larmor formula to radiation () = LJ Aw)e'de
We have the emitted power in unit time but we need 21 —o0
to turn it into something we can measure: emitted too too
power per unit frequency, namely the spectrum, P(v) Parseval theorem: J 62@ df =2 ﬂj 1 &(w) ‘2 do
o0 Poynting vector Oltr Ener > e
_ ' : V.S = = vid
J P (F)dy Sync Poynting theorem Y density
0 ce? E dE ,
i AVAr dA - an) e
P v(r) =P syncF , ﬂdg ooﬂ
‘ d Jdtez(t) — cJ &) P da
dA ~ 4n 0
dE ¢ dE 0
= = —|€é(w)]
dAdtdw T dAdw T
o Need modi%ed -Bessel function..
dE C C q
P,=2nP (I') = 2n— 2dQ=2ﬂ—JF2 e(w zdﬂ=%—LJr2 &(w) |2 dQ = =— Jr e(w) |~ df2
D) =205 | —C ~| 216! 7 | Plera =1 | Rl Pa
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Single particle spectrum
PAD) =22 2 ) P2 =

One electron emits this power: 3 .
\/5 e’Bsin0 (v
F -
T'm mc? v,

Synchrotron emission
qgb

00 N
F(i) =l J Ksx(y)dy ~ 1.8<1>0°3e_7yc B
Vc Uc y/yc Vc \I'_-:
3 __gBsinf 3
Ve = _I—Q — S Ven
4 mc 2
,qB s o

I/Ch — Zﬂa)ch — 27TF
mc
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Ghisellini 2012
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Single particle spectrum

B 3e’Bsin 6
P,I) = Q—J”Iéw)) 2ag = Y3 Fl =
['m mc? U,
L . 1% > U 0.3 N 2
F(=)==| Kooy =18(— )%
Vc yc y/yc Vc
3 ,qB sing 3 ,
Ve = = V=10
A7 mc 2
Bsin@
I/Ch - Zﬂa)ch - 27[F2q >
mc

gBsind
), =
- I'mc

Synchrotron emission

Ghisellini 2012
llll I llllllll | llllllll | | L L
1 —
i o @ —X"
? . 0.29I/C .
™~
A
= 0.1 - . . u
- Single particle spectrum s
0.0l | | llllllI lllll | lllllllI | | L1 L1l
0.001 0.01 0.1 1 10
v/v,

The spectrum has always this shape,
and scales and shift with v. depending

onl
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Synchrotron emission

Many electrons

Power law distribution N (l")dl" = N OI“—PdF

We have to Integrate over the
emitted spectrum of each
electron

The single particle spectrum
has always the same shape,

and scales and shift with v

A

log flux

'

log frequency 88



4 m
<Psync> — _CUT<_8>2F2MB

3 m

Synchrotron emission

Many electrons

Power law distribution N (l")dl" = N OI“—PdF

0- approximation

Fma 1ﬂWL
Integrate over the emitted o ~ 12
spectrum of each electron: Ju [ <PV(F)>N€(F)dF ™~ J N, (F)< Syn>6(y I yL)dF
1ﬂmin 1ﬂmin
4 1ﬂmax Fz
The single particle spectrum ~ —coUsN _5(1/ . 1—*21/ )
has always the same shape, 3 I"’B""e,0 |04 L
and scales and shift with v, l;min
X 4 1_‘max I/L p— 1)
ower-law superposition 6DL , 2. U

mm

log flux

2 Uy \ @-1) ~(p— 1)
— CGTMBNG o\ —, 2 XU 2
31/L ’

'

log frequency 89



Synchrotron emission

Where is it important?

-
10° 104 104 10° 108 1010
1026 1 | | |
—— B=100uG
. 1023 4 —— B=10uG
3 _,qBsmf 3 , _
I/=—F = —U =FI/ 0] - B=1u6
C ch — L 1020 -
41 mc
1017 .
~i 1014 -
L
> 1011 .
Microwave

B
V.~ 280 [2 HZ?
104 G 10° 1

10° ’
102 4~ o
~  Radio
10~1 . . . . .
107 10° 1011 1013 1015

Ee [eV]

90

- 104

u 100

Ec [eV]

- 10—4



Synchrotron emission

Where is it important?

1010

u 108

- 10—12

-
. 107 10° 10° 10° 10°
3 _,qBsmn6 3 , 10% | ' ' '
—_— —_— — —— B=100 uG
vc—4F =—v, =17y . = 1004
T mc ) 102 { —— B=10 UG
B=1 uG
1020_
104 G
~ 1014-
X
- 1011 - Microwave letravio.I‘et..
109 - |
105 -
102-
10-1

Ee [eV]
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Ec [eV]



Synchrotron cooling

m

<Psync> — ECGT

m

E I'm,c

—° ZFZMB

2

tcool(r) —

or [yr]

TC o

|dE/dt]  (Pgyne)

10°

Synchrotron emission

1
xI' 1 =78x%x10° S
B2

102 104 10° 108 1010

1014 _

1011 -

108 -

105 -

102 -

10—1 -

1074 -

10—7 -

— 16
—— 100 uG
—— 10 UG

age

101 103 10° 107 10°
E- [MeV]

The more energetic the
electron the faster it cools;

Cooling is faster in a larger
magnetic field;

Important mechanism to
bend high energy
electrons, shaping the
emission at high energy!

Synchrotron cooling
determine the maximum
acceleration power and
the morphology of the
emission
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Synchrotron cooling

m

<Psync> — ECGT

m

E I'm,c

—° ZFZMB

2

tcool(r) —

or [yr]

TC o

|dE/dt]  (Pgyne)

10°

Synchrotron emission

1
xI' 1 =78x%x10° S
B2
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—— 100 uG
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age
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E- [MeV]

The more energetic the
electron the faster it cools;

Cooling is faster in a larger
magnetic field;

Important mechanism to
bend high energy
electrons, shaping the
emission at high energy!

Synchrotron cooling
determine the maximum
acceleration power and
the morphology” of the
emission

93



The more energetic the
electron the faster it cools;

Synchrotron emission

Cooling is faster in a larger

Synchrotron cooling magnetic field;
m Important mechanism to
€ 212 :
(Psync) = —CGT<—> I Ug bend high energy
3 m electrons, shaping the
I I 5 ) emission at high energy!
m,c _1 2
tCOOZ(F) o |dE/dt| o (P > x ™ =7.8X10 B2 > Synchrotron cooling
sync determine the maximum
JE acceleration power and
e o o) the morphology of the
— I n(k,) o« 17 = kE; emission
Evolution of electrons
Energy losses Injection
N Eer ) =...= i[kEZN (E,0)]+ QO(E,,t) > kE’N(E) = | O(E.))dE
at * e aE € € e’ e’ € € € € €

Missing algebra — N(E,) Ee—l?‘|'1Ee—2 ) i N Ee—p—l

€
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Bremsstrahlung

When the braking is given by nuclei
Heuristic approach following Ghisellini (2012)

An electron passing near a nucleus feels its Coulomb field when it is close to it.

We can define an impact parameter b (minimum radius for interaction) : intuitively

related to the number of protons: Np ~ b3np where n, the density of protons
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Bremsstrahlung

When the braking is given by nuclei
Heuristic approach following Ghisellini (2012)

An electron passing near a nucleus feels its Coulomb field when it is close to it.

We can define an impact parameter b (minimum radius for interaction) : intuitively
related to the number of protons: Np ~ b3n_where n, the density of protons

p
o | - b Y
Then the characteristic time for interactionis 7T =— — @ = —
% , b ) 5
The acceleration is given by the Coulomb field a0 € » P — _q_ ‘ v ‘
m,b? 3 o3
66

The emitted energy in a single collision is then dW = Pdt ~ —
w  m,c3b3y
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Bremsstrahlung

When the braking is given by nuclei
Heuristic approach following Ghisellini (2012)

An electron passing near a nucleus feels its Coulomb field when it is close to it.

We can define an impact parameter b (minimum radius for interaction) : intuitively
related to the number of protons: Np ~ b3n_where n, the density of protons

p
o | - b %
Then the characteristic time for interactionis 7 =— — @ = —
V , b ) 5 . 6
The acceleration is given by the Coulomb field a0 € » P = _q_ ‘ v ‘2 o
N/ 2 —

Easy part: one electron
deviated by one proton

The emitted energy in a single collision is then dW = Pdt ~ —
©  m,c3b3v

Complicated part: considering all electrons and all nuclei (complete
derivation in Rybicki & Lightman (1979) and Blumental & Gould (1970) )
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Bremsstrahlung

When the braking is given by nuclei
Heuristic approach following Ghisellini (2012)

An electron passing near a nucleus feels its Coulomb field when it is close to it.

We can define an impact parameter b (minimum radius for interaction) : intuitively
related to the number of protons: Np ~ b3n_where n, the density of protons

p

S | o b %

Then the characteristic time for interactionis 7 =— — w = —
V 5 b 2 9) 6
The acceleration is given by the Coulomb field a0 € » P — _q_ ‘ v ‘2 o €
n/ 2 —
66
The emitted energy in a single collision is then dW = Pdt ~ — = 373 encloses all
w mec b 14 electron ions interaction

v _

Thermal = Thermal distribution of electrons with temperature T j() = 5.4 x 107°Z?n,n,T~"%e " %rg
Relativistic 9 Power law distribution of electrons



Thermal

j@) =54x107PZ°nnT"

Bremsstrahlung

When the braking is given by nuclei dn,

12, — 4% z

Relativistic [Haug+1975]

For each electron

,E,)+n.o ,E))]

eee(

'zﬁr ==»{(np-+z4nhk)0é_p(

/!

Bethe-Heitler
do  dar?

“o _ 1 + (Ee _ Ey2) _ E (Ee _ Ey) ln 183 _ l Ee — E}/ @__AIAd.Qm':Vﬂ{Z::f: (171;172 )2_%(%_;%)2_ 20:2 L (w2—2‘f)2x1x2 (1+ w21—4~)
dE E E2 3 E Zl/3 9 Ee n 4o (w?—2)2 6 40%z

2 . 0%
Y Y WWLAMfP wioa T 2”%* w? (w? - @H (W —4)z)
4 3 8 (w®—-2)x 0® 1 [w?—42, w?(w®-4) 4
z,® w? 2 w?(w?®—-4)2  w?(w®—-4) (w2—4«):r1 Rl 0? 4z, 7, T

2 Differential cross section ) [ AR P PP
10 : Bremstrahlung *or 3x1+4+20x13)+w‘z—t?aflxg/f[112::2‘(92”2"2"‘]}
9+2 } { w-2 _@-2-z; -2 w—4

e 2 .
Ty Xy 2z (Q +x1) T R2

3w?(w?—4)
4z 2o

1 w® + 0® >
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10 - + Rlx [Q 5 2 (3(e—4) —uP(¢*~5)} +2a2— 6, +(w"’—2)x2]}

(A1)
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4xzxs
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-
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Bremsstrahlung

In practice: when it iIs important

Electrons passing through a plasma lose energy due to bremsstrahlung and emit photons.
After a certain length X, = ¢t (n(ro)_1 the energy of the electron is reduced by a

factor e, therefore after a certain time:

dE cmy,n E n
_ e _ E f, = —= ~4x10’ ~lyr
) I U =)

dt

Independent of £, !



Bremsstrahlung

In practice: when it Is important

Electrons passing through a plasma lose energy due to bremsstrahlung and emit photons.
After a certain length X, = ¢t (n(rO)_1 the energy of the electron is reduced by a

factor e, therefore after a certain time:

dE, cmy,n E, A no\_,
— = E, b, = ~ 4 X 10 yr  Independent of £, !
dt XO dEe Cm_3
dt
dE |
If parent electrons N(E)) ¢ )-1 OE)E, * Bremsstrahlung do not
follow a PL distribution: © e dt s e e change power law electrum

¢ spectrum
xE-! o« EPt]
> The spectrum of
bremsstrahlung follows the
spectrum of parent
electrons!



Bremsstrahlung

In practice: when it iIs important

Electrons passing through a plasma lose energy due to bremsstrahlung and emit photons.
After a certain length X, = ¢t (n(rO)_1 the energy of the electron is reduced by a

factor e, therefore after a certain time:

dE cny,n E n
—— = E ] — ~ 4 x 10’ -
dt ( X0 ) ) o dE, 8 (cm—3> -

dt

Compare with:

- 12 54%107( — )
t,, = (noppC)™" =~ 5.4 X p— yr

Bremsstrahlung important only when Electrons >> Protons



Bremsstrahlung

In practice: when it Is important

Electrons passing through a plasma lose energy due to bremsstrahlung and emit photons.
After a certain length X, = ¢t (n(rO)_1 the energy of the electron is reduced by a

factor e, therefore after a certain time:

dE cny,n E n
— ¢ — E l- € ~ 4 1 ] —1
dt ( X0 ) ) o dE, <10 (cm—3) -

dt

Compare with:

- 12 54%107( — )
t,, = (noppC)™" =~ 5.4 X p— yr

Bremsstrahlung important only when Electrons >> Protons

But: pp interactions have a threshold, below the threshold bremsstrahlung
dominates (Unfortunately it is in the MeV domain!)



(Inverse) Compton scattering

We know that radiation is emitted if electric charge are
accelerated. An incoming electromagnetic wave (a photon) makes
the electron oscillate in response to the electric force. The electron

then in turn emits a photon of energy hvf < hv; (due to recoil)

If hy < mec2 : Thomson scattering (classic treatment)

If hv > mec2 : Compton scattering (quantistic treatment)

Considering the collision in the quantistic treatment, we can imagine also
the inverse effect: a low energy photon, impacting on a relativistic
electrons and getting energy from it:

Among the main emission mechanism to produce high energy
photons.

104

Direct Compton

y

incoming photon L

Inverse Compton

Incident Photon

Electron

Y - - A —— SE—

Scattered Photon



We compute the change of energy in the
case of direct Compton scattering: this
will help us evaluating the energy
exchange in the Inverse Compton (via
relativistic transformations)

Compton scattering

Energy exchange

4-momenta
Before After
. . hyy .
Pi — 7(19’11')9 Pf — T(l,nf) oton N
Qi — me(C,O), Qf — Ffme(ca T}f) Electron N l/// X
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Compton scattering

Energy exchange

4-momenta
Before After
s M s b _™Maay phot
Pi — 7(19ni)9 Pf — T(lanf) oton
Ql- = m,(c,0), Qf =1'ym,(c, T/)f) Electron %) 4 /

-}Q]%:(Pi+éi—ﬁf)2
N2 _ D2 2 D2 D /) D D A D
ﬁipf=Qi(pi_ﬁf)

hvhv(1 — n; - ng) = m(hy; — lfu/f)c2 Vp = hvi
hl/ll/f(l — COSH) — mecz(l/i — I/f) 106 1 T (1 — COS 9)

2
m,c
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Compton scattering

Energy exchange

Vi

(1 — c0s 0)

I/f—

mc2

h
Ap— A = (1 —cosf) =4.(1 —cosf) >0

Compton wavelength
~2.426 x 1079 cm

€, =
/ I + Gi(l — COS (9) If hv, < mc*we can do

(
l [

If hv, > m,c

2

If hy, < m,c* :

Thomson Iimit

The scattering can be
considered elastic

[l—cosé’]) ] = — ; (1—(0086’))——

I/I/ZC

: heed Klein-Nishina treatment

as the scattering is inelastic

hv

l

2
m,c
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Compton scattering

Energy exchange

v
I/f —
- (1 — c0s 0)
m,c
h
Ap— A = — (1 —cosf) =4.(1 —cosf) >0 it hy, < mc?
€ Compton wavelength Thomson limit
~2.426 x 10719 c¢m
€ r — The scattering can be The photon loses a
1 + €i(1 — COS @) If hy, < meczwe can do considered elastic small amount of
a Taylor expansion energy
Ae Y hu; hu;
— = — [l—cosé’] — | = — (1—(0086’))—— >
€; m, C m,c
If hv, > m,c* : need Klein-Nishina treatment

as the scattering is inelastic



Compton scattering

Energy exchange

In the Inverse Compton the electron moves with
velocity v and the energy can be transferred from
the electron to the photon.

Trick: we can use the expression derived for the
direct Compton scattering in the electron rest frame

K’ and transform using Lorentz transformations

109

€i
€ = .
/ 1 + 6’2(1—0030()
m,c ,
/ €;
€ = "
1 +—(1 — cos a’)
m.,c



Compton scattering

Energy exchange

In the Inverse Compton the electron moves with
velocity v and the energy can be transferred from
the electron to the photon.

Trick: we can use the expression derived for the
direct Compton scattering in the electron rest frame

K’ and transform using Lorentz transformations.

* a Is the scattering angle,
hence the angle between the
initial and final photon

direction : cosa’ = n¢ - n;

(n!) : (sin &/ cos ¢}, sin & sin ¢/, cos O))

In spherical coordinates: (717) : (sin 6} cos ¢y, sin 6 sin ¢}, cos 6))

cos ' = €os b; cos 6, + sin 6; sin 6, cos(¢; — ¢y)

o _ cos@' + f
Relativistic aberration cos@ =
1+ fcosb 110

K':

€f_

~~

Direct Compton

€i
1 + Eiz(l — cos Q)
m,C ,
€i
€; ,
Il + —(1 —cosa’)
m,c *



Compton scattering

Energy exchange

€i

K X €f — €;
In the Inverse Compton the electron moves with 1 + . (1 — COS a)
velocity v and the energy can be transferred from MeC /
the electron to the photon. , / €i

K': € = :

€; /

Trick: we can use the expression derived for the 1 + o (1 — COS ¥ )

direct Compton scattering in the electron rest frame
K’ and transform using Lorentz transformations.

/
| | e, =¢l'(l —pcosb)
a is the scattering angle,

€/
hence the angle between th / / /
ence the angle between the = fl“(l + [ cos 6})

initial and final photon € =
direction : cosa’ = n; - n; ['(1 = fcos Hf)

/
€;

GJZ =
1 +¢€/(1 —cosa’)

e, =€l'(1 —pcosB)
(1)) : (sin @] cos ¢}, sin @} sin ¢/, cos ) ,
(7i7) : (sin 6} cos ¢y, sin 6} sin ¢y, cos 67) G-F 1 — Bcos 9 1 1+ Bcos H’
cos a’ = cos 8 cos (9]2 + sin 0, sin 6’f’« cos(¢; — qb]i) — : ( 'B l)( 'B f )
['(1 — fcosd)(1 —cosa’)

In spherical coordinates:

€f —

L _ cos@ + f 1 +

Relativistic aberration cos0 = m,c?
1 + fpcosé 111

€;




Compton scattering

Energy exchange
eil“z(l — pcos0)(1 + fcos 6)
A l+e¢l' (1l —pFcosd)(1 —cosa’)

el*(1 — pcos 0)(1 + pcos b))
€ = -« %,
2 1 +¢el'(1 = ficosEixt=Tcosa’)

€ Kme: = <K

e = eI2(1 + B)(1 + fcos 0))

M eirz(l + H)(1 + f) ~ 4F2€l-

+
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Compton scattering

Energy exchange
eI*(1 — fcosB)(1 + Bcos 0)

€ —
! 1+m621“(1—,50059)(1—cosa)
2
In the Klein-Nishina limit: f/ L a/_ﬁeﬁﬁj (L +pcos Hf) x I mc
et o e (1 = peosd)(1 — cos a’)
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Compton scattering

Energy exchange
eil“z(l — pcos0)(1 + [cos 0y)
1+ mczr(l — fcos8)(1 — cos ')

Gf—

2
In the Klein-Nishina limit: f/ I (1/_'6'6‘\?5/67 (14 fcos Hf ) o T 2
- CZF%(I —cosa’)

Summary:
/ 2 m€C2 ’ o) meCz
€, <mce — << € > m,cT — €; > _
I In KN photons are emitted at
In Thomson 7 r ) energies similar to the
photons are €f x 1 €; €f X1m,C electron

boosted by 2

The photon always gain energy; in the KN limit a large fraction of energy of electron is transferred
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Inverse Gompton scattering

Thomson and Klein-Nishina limits: where do they apply

! I
€f /F 1 9, 10° 102 104 106 108
€r = = + [ cosS | - - -
"= T —geasay U Hpeost)
(1 — fcos6)
Condition for Thomson regizme: 10*°
€ Kme® = €< e e, x e "
] e i f ) 1016 -
Evaluated in th E
valuated in the = 1o
system where the InStI;:eI;b.
electron is at rest y -
CMB
1010 -
Klein-Nishina limit if:
) m c2 7 Thomson Microwave
: : 10° . : ' , '
€ >me” = > €f X I'm,c " e - e -
E- [GeV]
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nverse Compton scattering

Where do high energy electron emits?

-
10° 102 104 10° 108 1010
1026 L I \ .
—— B=100uG
234 . p=
10 B=10 uG 108
. —— B=1uG
1020 -
. 104
1017-
- 0
1014 - 100
3
11 4 - u}
10 Microwave L 104
108 -
- 1078
105 -
102 1 _ L 10-12
Radio
10~ . : . , ,
107 10° 1011 1013 1015
Ee [eV]

1018

1016

Vi [HZ]

1014

1012

1010

108

1010

Microwave

- 105

- 103

- 101

g [eV]

- 10—1

- 10—3

- 10—5

104 10°
E- [GeV]



nver:
Where do high energy electron emits?

na

Y
i
\
|
y

-
10° 102 104 1010
1046 . '
—— B=100uG
23] 0 — Rp=—
10 B=10 uG L 108
—— B=1UuG
1020 + -
. 104
1017
- 0
J— 1014 10
= IR
=’ 11 .
10 Microwave L 104
108 d
- 10—8
10°
102 - i - 10_12
Radio )
10~ . ; — .
107 10° 1011 1015
Ee [eV]
100 GeV -100 TeV
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Characteristic Synchrotron
emission is in the Optical-UV,
and soft X

Ec [eV]

e Compton scattering

CMB

. ) | 10~
Thomson Gf x I’ €; Microwave
10-2 100 107 10 106
E- [GeV]
100 GeV -100 TeV

Klein-Nishina is triggered by IR photons. €, ~ E,
CMB triggers KN for Ee >100 TeV



Inverse Compton vs. Synchrotron
The example of young SNR Tycho (Morlino & Caprioli 2012)

F | I T | I | | I | 1

T Synchrotron 1
! 1IC 1
Bremssthrahlung i

E e n° decay 3
[ sum Suzaku {
r l
; Fermi 3
I |
i 1

FCGPS e L VERITAS?

Synchrotron emission
3 allows to constrain

| leptonic emission at
higher energy

H‘l‘fﬂ'

—

e

—

—

p——

p—

—

I - —
p—

—
._LLLML_L_L_LA_LLMI_A_L_LA




nverse Compton scattering

Emitted power

2 g% - [V ~ )
Larmor formula P = —— |y ‘2 m
3 ¢? c .,
S =cU rad — —F
dr
2 e* e’

Trick: we evaluate the emitted power in the P — _471' U rad — UTC U rad This is in the Thomson limit
Thomson limit where the electron is at rest 3 C3 m2

Emitted power via Larmor

/
Evaluated in the

system wherethe ——— = o,cU’ ,= o,c | N ,(€e)eA€’, a’)de’

electron is at rest dt’ I™"rad I J p h( ) / ( )

Use Lorentz invariant: - ri(€)4€ _ ngh(ej)de, and € = el (1 — fcosb)

€ €
N _,(e)de N_,(e)de N_,(e)de 2
= Je’Nl;h(G’)de’ = Jez Ph = Jezrz(l — cos 0)? Pl = JEZFZ(I — Bcos 0)? phE = .. = F2<1 | '63 )Umd
€ €

‘19 Averaging over the cosine



Compton scattering

Emitted power

el
2 4% -, MZN(—)z
Larmor formula P = —— |y | m
3 3 c .,
S — CUI”ad — _E
4
2 e? e?
P = 5;%477 Umd — GTCUmd
dE, / / / / / / /
= orcU,.q = orc [ N, (e)eAe’, a')de

2
= aTcF2(1 + %) U.,;, This is the emitted power...

... electrons also absorb energy from the photons.
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nverse Gompton scattering
Energy losses
dE' . B - .
= orcl™=| 1+ 3 U,.a This is the emitted power...
... electrons also absorb energy from the photons.

P — dEe . U’ [] . I—Q | I 2:62 1 [/ . 4F2 9) [/ Independent of spectra of
IC — — GTC( rad md) — O7C ! d — A ,B OrCU .4 incident photons, only

ra
dt Incoming 3 3 radiation density matters

power 2 —1 = Fzﬁz

u

.. 4 212
S|m|lar tO <Psync> — ECGT ; [ Up
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Compton scattering

Energy losses - generalization

General correction including the energy exchange in the scattering (Blumenthal and Gould 1970)

2
[ 1 63 T | <€i > ] Spectral shape matters here

Pic = 21%%,cU
IC — ﬂ GTC rad 1() mecz ! <€l>

3

> If electrons are distributed as a power-law N,(I') = Cy™"

4 C
P, = EFZ,B%TC Uad— ; i =177y PN o 6, 1?0, F(T)

3k, T

m.c?

A, T
PIC= I GTCNe rad
m,c

” If electrons have thermal distribution (%) =
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Compton scattering

Cooling time

P;r = gl—’zﬁzaTcUmd — Thomson limit

E, ['m,c? .
thSS — — i 3 X 10 S
|dE,/dt| P;- U,
4 212 C 3—p 3—p 2 . :

PIC = gr p GTCUmd 3—p (Fmax — me) o I UmdF(F) — Approximation for PL

E, ['m,c? .
~ 3% 10

[ = = S
S TVdE ] Py ru, F()
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Compton scattering vs Synchrotron

Electrons cooling time

CMB: U, ,=025eVcem™ ;T=27K

Synchrotron: IR: U, ,=025¢eVcem™ ;T=30K
. 1 Uv: U, ,=037eVem™ ; T=3x10*K
. (I)=7.8X%X10 S B = 1uG
coal( ) B2 1017
Compare with: TS
Inverse Compton: 1015
n
) 0
f .~ 3% 107  F()e.g.from 2 10" |
'y, ,F(I) Khangulyan+2014 & ;5 Tic [CMB]
c — Tic [IR]
F 1012 — Tic [UV]
f loss, tot
tsync Umd 1010 - . . . ,
102 10° 102 10* 10° 108

124 Ee [GeV]



Compton scattering

Emission spectrum

i
. . — _ F /
In each scattering the photon is up-scattered from an €r = — Gf
energy €; to an energy €, F(l o IB COS Hf)
The energy gain depends on the relative angle of collision
6. and on the scattering angle o’
Thomson condition:
The probability of ending up in a’ is given by the cross
 do I'e; =1¢€; = e(1 — fcos b,
section —
in lab.frame scattered photon follows electron propagation direction, 1.e., 0; = o
. deh NE,O _
N{(€r, £2) = = c | de; | d2,;, ;[ dl" [ d€2,(1 — fcos a)—1"F X
*cosa ~ cos 0.
Nph’oé(e'i — 60) ) * l
X . oro(ey — €1°(1 — pcos a))o(€2,, - — €2,)

Assumpion: final direction of
125 photon = initial direction of electron



Compton scattering

Emission spectrum

In each scattering the photon is up-scattered from an
energy €; to an energy €y

The energy gain depends on the relative angle of collision
6. and on the scattering angle o’

The probability of ending up in a’ is given by the cross

- do
section —
Nie, Q) i [d Jdgz [dF[dQ (1 )Ne’(’r P
€, = = C | d€; ; Al —pcosa X
PEPTI T dQydtde; ph g 4rr
Energy exchange * o~ 0.
Nyl =€) dg =0 et
X o(e;— €l (1 — pcos a))é(Qph,f Q)

47[ dQ Assumpion: final direction of
126 photon = initial direction of electron



Compton scattering

Cross section

> At high energies the cross section is reduced
compared to classical Thomson cross section

O | | I | I | | | | I | | | | I I | | |
Klein-Nishina treatment of inelastic scattering E E
-1 = / —
Klein-Nishina cross section (QED) 5 - | :
) \z — 92 |- In(0.5+2x)/(8x/3) —
N - I -
o ) | ’
do 3 €f €i | €f ) : | :
— =—0;| — | sin“ @ b _g [ | 7
d€) l6rn €; € € - - | -
4 b : -
- | ~
> Forward scattering is favored at higher energies : : Z
_5 B | | | | | 11 | | ] ] .
—4 — 2 O 2 4
Integrating... Log hy/mecz
hv
o m,c?
e o(x) ~ op(1 —2x+...) =
m,c
0'=272[ 49 inodo =0, 1+x<2x(1 9 na +2x)> F o in(1 4 20 — — 2
o dQ 4 x3 1 +2x 2x (1 + 2x)2

] % m,c?
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nverse GCompton scattering

Emission spectrum: relativistic electrons over mono-energetic photons
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Inverse Compton vs. Synchrotron
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Inverse Compton vs. Synchrotron
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Inverse Compton + Synchrotron
A special photon field: Synchrotron Self Compton (SSC)

Synchrotron emission produces a power-law spectrum o v~ % If radiation interacts with the
relativistic electrons we have Synchrotron self Compton effect. Electrons see the photons with v

y @ - 4,
Picxv|dv'— |dI'T7o(v — EF V')
7

, 4
X U J [dv’dFy —e-lp=2a=lg5a, _ EFZU’)

X UJ'[dxdFv’_“_IF_Z“_lé(u — X) X vjdxx_“_lé(x —v)xv ¢

SSC have the same slope as synchrotron
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Inverse Compton + Synchrotron
A special photon field: Synchrotron Self Compton (SSC)
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Take home messages

O Hadronic and Leptonic emission characterize the high-energy spectra

O Hadronic processes have a characteristic energy threshold and their spectrum reflects the
spectrum of particles; hadrons do not suffer significant energy losses at high energies.

O Leptonic processes are present throughout the entire electromagnetic spectrum. Leptonic
interactions shape the spectrum of parent electrons. Losses are energy dependent.

o Synchrotron emission is important from radio to X-rays, tells us information on the parent
electron spectrum, but we need to account for self-absorption and spectral distortion due to
cooling;

O Inverse Compton in the Thomson limit mimics the shape of the Synchrotron emission; in
the Klein Nishina limit the spectrum falls off quickly, the process is less efficient but more
catastrophic. KN is important for TeV electrons in the presence of enhanced IR radiation;

0 Bremsstrahlung can emerge only in very dense environments where Ne>Np, or below
threshold for pion production and is in general subdominant at TeV energies.
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Practical summary

Energy of the photons

Gamma-ray slope

Tloss

pp-interaction

10 % parent particles

Bremsstrahlung

~50% parent particles

Synchrotron

B
v, ~ 280 I'? Hz
104 G

-(p-1)/2 (+1) (SED)

Inverse Compton
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