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‘Li'r is impossible to review in a decent way "all” radiative processes in 1.5 h*i

i|M‘ . 5 |
i * see also Matteo's classes I




One question every 3 (energy) decades...
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One question every 3 (energy) decades...
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One question every 3 (energy) decades...
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Astrophysical environments
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i’ interstellar medium (ISM) ﬂ filliln/g factor

Phase n T M f
(cm™) (K) (10° M)

Molecular >300 10 2.0 0.01

Cold neutral 50 80 3.0 0.04

Warm Neutral 0.5 8,000 4.0 0.3

Warm 1onized 0.3 8,000 1.0 0.15

Hot ionized 0.003 500,000 — 0.5
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Thermal emission
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Simplifying assumptions: fully ionised hydrogen plasma (ni = n.), protons and
electrons in thermal equilibrium (same temperature T)
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Thermal emission
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let's begin with estimating the emission of a thermal plasma of temperature T

Simplifying assumptions: fully ionised hydrogen plasma (ni = n.), protons and
electrons in thermal equilibrium (same temperature T)

T
hy ~ kT ~ 0.1 keV
106 K

—>  the hot phase consists of cavities inflated
by stellar winds or generated by supernova
remnants and emits thermal X-rays

X-ray telescopes onboard of satellites: XMM, Chandra,
NuSTAR, eROSITA, ..



Emission from hot plasmas:
thermal Bremsstrahlung

| Radiation from a thermal electron-proton plasma I
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| Radiation from a thermal electron-proton plasma I

3kT (mp>1/2
V= > Ve — Up > Up
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Emission from hot plasmas:
thermal Bremsstrahlung

1& Radiation from a thermal electron-proton plasma I
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Emission from hot plasmas:
thermal Bremsstrahlung

1& Radiation from a thermal electron-proton plasma H
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Thermal Bremsstrahlung

| very brutal approximations... H

characteristic

characteristic time b ~ 1 v
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Thermal Bremsstrahlung

| rough estimate of the |
impact parameter b

plasma proton density -> Tip

mean distance between protons -> lp ~ ng 1/ %:5 b
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Thermal Bremsstrahlung

| rough estimate of the |
impact parameter b

plasma proton density -> Tip

_1/?2\“[)

p ~~

_emissivity (power per unit frequency, volume, and solid angle)i

w->v=w/2n
§)

. ~ NP 2w _ Menpe e 1/2
JbV) ~ ?(147r) o = 3c3£zg (ZLT)

mean distance between protons -> [ p ~ N

exponential suppression
-> no electrons with energy > kT

jw) 1 /




Cosmic ray interactions in the sky

NASA’s Fermi telescope reveals best-ever view of the gamma-ray sky

Credit: NASA/DOE/Fermi LAT Collabor
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Gamma-Ray Astronomy: p-p interactions

Energy threshold for neutral pion production:

p+p—o>p+p+na’

Before After
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Ep7 pp mp mp mp T 0



Gamma-Ray Astronomy: p-p interactions

Energy threshold for neutral pion production:

p+p—o>p+p+na’

Before After
e—— © : @ O o
Ep7 pp mp mp mp T 0

E? — pc?® = (2mp02 + mﬂocQ)



Gamma-Ray Astronomy: p-p interactions

Energy threshold for neutral pion production:

p+p—o>p+p+na’

Before After
e—— © : @ O o
Ep7 pp mp mp mp T 0

(Ep + mp02)2 — p}%c2 = FE° —p?c* = (2mp02 + mﬂocQ)



Gamma-Ray Astronomy: p-p interactions

Energy threshold for neutral pion production:

p+p—o>p+p+na’

Before After
e—— © : @ O o
Ep7 pp mp mp mp T 0

(Ep + mp02)2 — ppc = E* —p*c? (2mp02 + mwo02)2

E, —myc® > 2myoc” + (;nﬂzo) moc® 280 MeV
p

energy threshold




Gamma-Ray Astronomy: p-p interactions

Let's calculate the spectrum of neutral pions:

We assume a power law spectrum for CRs: [V, p(Ep) X Ep_ °

Fraction of proton kinetic energy transferred to pion (from data): f.o =~ 0.17

production total cross
rate section

qm0 = /dEp Np(Ep) 5(E7TO — fWOEp,kin) Upp(Ep) Ngas €
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Fraction of proton kinetic energy transferred to pion (from data): f.o =~ 0.17

production total cross
rate section
qr0 = /dEp Np(Ep) 0(Ero — froEp kin) 0pp(Ep) Ngas ¢
A
O pp
~ constant
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Eth GeV TeV Ekzn




Gamma-Ray Astronomy: p-p interactions

Let's calculate the spectrum of neutral pions:

We assume a power law spectrum for CRs: [V, p(Ep) X Ep_ °

Fraction of proton kinetic energy transferred to pion (from data): f.o =~ 0.17

production total cross
rate section

qm0 = /dEp Np(Ep) 5(E7TO — fWOEp,kin) Upp(Ep) Ngas €

A A
Opp (.0

~ constant , ~ F 9
f X

>
Ei, GeV o TeV Epin GeV  TeV FE..,




Gamma-Ray Astronomy: p-p interactions

Let's now calculate the spectrum of photons from pion decay - I

( )
The photon spectrum is The photon spectrum MUST
the result of a "one-body- exhibit a feature at an energy
decay” (neutral pion) relate to the pion mass
- J
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Gamma-Ray Astronomy: p-p interactions

Let's now calculate the spectrum of photons from pion decay - I

4 )
The photon spectrum is The photon spectrum MUST
the result of a "one-body- exhibit a feature at an energy
decay” (neutral pion) relate to the pion mass
U J
Pion rest frame: : Lab frame:
pd By = (B +up) costT)
1
/ :  max and min energies -> COS 0" = +1

m .o m.o |1—7 m.o |14+
9 D2 2 1 -7



Gamma-Ray Astronomy: p-p interactions

Let's now calculate the spectrum of photons from pion decay - II

Emm:mﬁo l_ﬁSEfYSmWO 1+6:Ema:v
Y 2 \[1+3 2 \[1—-8 "~
log Fymaz ] Emzn In |09-SC(1|€, the centre
(1) s by T log = log (mﬁo) of the interval is half
2 2 the pion mass




Gamma-Ray Astronomy: p-p interactions

Let's now calculate the spectrum of photons from pion decay - II

1M 0 1—ﬁ< <m7ro 1+ 73

Emin _ E — fmax
7 2 14+~ "7 2 \/1-5 7
log Fymaz ] Emzn In |09-SC(1|€, the centre
(1) Og Loy~ T log vy = log (mﬁo) of the interval is half
2 2 the pion mass
. . e - dn, 1
(2) inthe pion rest frame the photon distribution is isotropic -
dQ)*  4r
d€2* oc d(cos 0™
(cos 6) i
—— = const
v =7 (EZ 4+ vplcosb*) = dE., oc d(cos ™) v

The spectrum is flat!



Gamma-Ray Astronomy: p-p interactions

Let's now calculate the spectrum of photons from pion decay - III

Log-Log plot!
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Log-Log plot!
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Gamma-Ray Astronomy: p-p interactions

Let's now calculate the spectrum of photons from pion decay - III

Log-Log plot!

A A
{r0 Ty

E—5

> ' >
GeV TeV Ekzn M0 E,y
2
the gamma ray spectrum is symmetric (in log-log) with respect to: om0 70 MeV
Ecor

at high energy the spectrum mimics the CR spectrum, with (roughly): E., ~ 0



Gamma-Ray Astronomy: p-p interactions

Let's now calculate the spectrum of photons from pion decay - III

pion bump LOQ-LOQ plOﬂ
N

A A
{r0 Ty

E—5

> ' >
GeV TeV Ekzn M0 E,y
2
the gamma ray spectrum is symmetric (in log-log) with respect to: om0 70 MeV
Ecor

at high energy the spectrum mimics the CR spectrum, with (roughly): E., ~ 0



Diffuse emission from the inner Galaxy
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Diffuse emission from the inner Galaxy

'ﬂ power law
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Diffuse emission from the inner Galaxy

‘power‘ law I
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Diffuse emission from the inner Galaxy
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Diffuse emission from the inner Galaxy
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Not only gammas: neutrinos & electrons
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Not only gammas: neutrinos & electrons

Neutrinos/antineutrinos & electrons/positrons are also produced in pp interactions

neutral and charged

p+p%p—|—p—|—ﬂ'0—|—ﬂ'+—|—ﬂ'_ pions produced with the
same probability
- %@ (1/3,1/3,1/3)

Final products of proton-proton interactions are not only gamma ray photons but
also neutrinos, anti-neutrinos, electrons and positrons

Ly
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The gamma-neutrino connection
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Simple order-of-magnitude calculations

ﬁgamma rays | valid at large energies

fraction of the
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Simple order-of-magnitude calculations

4gamma rays | valid at large energies
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Simple order-of-magnitude calculations

qgamma rays | valid at large energies

emitted power fraction of the ber of prot ;
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\ into pions energy Ep produced per s

= - /
Q+(E,)E2 = f51nQu(Ep) By

/ ..and into ,\
power (energy

gamma rays

E"Y ~ Ep/]_o (1/3 N Tl'o) per unit ’rime)

Tres
) 7-’I"GS

Ne = 1 — e_( Tpp Tpp = Tres

~

— 1 Tpp K Tres



Simple order-of-magnitude calculations

| neutrinos| valid at large energies

The same as for gammas but:

. 2 3 1

, — f, ==X > X =
2> o fo=ox s
/! \

\\

per flavour (after

fraction of vour
charged pions fraction of oscillations)
pion energy ->
heutrinos

C> E,— E, ~0.05x E,



Simple order-of-magnitude calculations

valid at large energies

Qv(Ev)Ez — %TQP(EP)E;%

| gamma rays |

neutrinos |
(per flavour)]

Qu(E)EL = Q4 () E




What about electrons?
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Synchrotron emission from the Milky Way

radio domain —> 408 MHz

/

~ the Milky Way is filled with magnetic | &L .
i field and relativistic electronsl! : vorn .8

- ‘

radio telescopes
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Synchrotron emission from the Milky Way

radio domain ——> 408 MHz
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Motion of a particle in a magnetic field

1 = cos vV

%n'agnetic _ N
field line pitch angle = angle between v and B
electron /

v

Y|
X vy = (1—p*)?v
T ~ q_, =
/ Lorentz force Fr = =0 x B
T £ -

pLc
qB

'd Larmor radius ﬂ Ry =

U qB

1
Ly ~ 2R L 27‘;’7777,0
Lorentz factor

| gyration frequéncy - VB =




Power emitted by an electron™
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Power emitted by an electron™

— 2e? 2e? 4 o] T
non relahvus tic P — @a — s P = Cgfy {M + a7 } H relatuvnstﬂ

Lorentz force is orthogonal to v

* implicit assumption: the energy of the electron does not change during one gyration around the B-field



Power emitted by an electron™

—_— 22, 22, ] (o
| non-relativistic| P — — g — P — —" | + a Hrelahvushc |
. 33 33 ” b
Lorentz force is orthogonal to v
ev,| B dv | ev| B
FL:FL7J_: = yYm > A | —
C dt YIMC

* implicit assumption: the energy of the electron does not change during one gyration around the B-field



Power emitted by an electron™

— o 2¢
| non-relativistic ] P — —a2 — s P = fy —|— a r'elahvush]
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Power emitted by an electron™

— 2
| non-relativistic ] P — —a2 — s P = fy —|— a r'elcmvush]
— 3¢3 303
Lorentz force is or"rhogonal tov
dv | ev| B
> A | —
dt YIMC
e 62 )
: —25 2
® Thomson cross section oT — ? (W) — 665 X 10 C11

® magnetic field energy density Up = 32/877
® ultra relativistic electrons g —1

® isotropic distribution of particles <Sin2 V) =2/3

* implicit assumption: the energy of the electron does not change during one gyration around the B-field
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Beaming

V

Figure 4.3 Relativistic beaming of radiation emitted isotropically in the rest
frame K'.

the radiation emitted by a relativistic particle is concentrated within a cone of
opening angle 1/y entered along the particle velocity
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Figure 6.2 FEmission cones at various points of an accelerated particle’s
trajectory.
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as done for Bremsstrahlung: characteristic time ———> characteristic frequency
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Figure 6.2 Emission comes at various points an accelerated pi , .— . .. 7 7
t:ag_;;ctoiy. ’ pomts of ceerald X but the arrival time interval is shorter! I

when a photon is emitted in 2, the photon emitted in 1 has traveled a distance: C Ate
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Emission from one and many electrons

" duration of the At 1 1 mc
 received pulse 272 277"73VB /y2 qgB

Larmor frequency VL

| characteristic \ v, = — ’7 Vg =
synchrotron frequency | 2T At

| power emitted by one electron i P = § orc U Bv

particle energy distribution found most often N( )
in high energy astrophysics: POWER LAW g

delta function approximation

N\
L) = [ &YNOP( B (v = (. B)

(v =) _ 0y — (v/ve)'?)
/' (0)] 2(vvp)t/?

0 (v —vs(v,B)) =0(f(7)) =




Emission from one and many electrons

" duration of the At 1 1 mc
 received pulse 272 271-73”3 fy2 qB

Larmor frequency VL

| characteristic | o _ ’7 Vg =
synchrotron frequency | DT At

| power emitted by one electron i P = § orc U B’V

particle energy distribution found most often o P
in high energy astrophysics: POWER LAW N(/Y) = Kvy

delta function approximation

N 5+1 §—1
L) = [N E)PG Bl 0 v, ) G KBT T

(v =) _ 0y — (v/ve)'?)
/' (0)] 2(vv)t/?

POWER LAW

0 (v —vs(v,B)) =0(f(7)) =
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Synchrotron emission: final considerations

if we observe a radio flux F = L/4md? ! \

at a given frequency

|
f, we can estimate a combination of K and B, but not the two quantities separatelylll ‘

several ways to measure B exist, and they indicate B ~ 3 yG in the Milky Way

E. =10 GeV — v, ~3 GHz | radio |

2 e —
e FE. =100 TeV — vy ~ 1 keV | X-"GYS]




Diffuse emission, large Galactic latitudes
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Diffuse emission, large Galactic latitudes
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Leptonic Gamma-Rays: Inverse Compton

Relativistic electrons can interact with soft background photons
(Cosmic Microwave Background, IR and Optical galactic background...)

/
& @
Qf\)q) \\ can well be non-coplanar
Ef P

In the electron rest frame (e.r.f.) the photon energy is: 62 = € 7Y (1 — 3 cos 9)

Assumption: in the e.r.f the scattering is Thomson: E,f = 6;;

In the lab rest frame the (final) photon energy is: €f = 5;“ v (1 + Bcos ®)
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Leptonic Gamma-Rays: Inverse Compton

€ — ’72 €; G(@,(I))

4
After averaging over angles (tedious...): €Ef — §@€Z

Example:
Cosmic Microwave Background > 1"~ 3 K kT ~ 3 x 107 %V
E.=1GeV — €y = 1,5 keV X-rays

E.=1TeV — e, =1,5GeV gammarays (FERMI)

Ee.=25"TeV — e, =171TeV  gammarays (Cherenkov Telescopes)
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Leptonic Gamma-Rays: Inverse Compton

is there a maximum energy for ¢, — é@e 2
the up-scattered photons? ;o 3 i syme
A

energy conservation...

above a given energy Inverse Compton scattering becomes ineffective

[Z let's check the assumption of Thomson scattering in the e.r.f.:

OKN
photon energy in the e.r.f: e;. ~ Y € o

Thomson scattering ONLY if:

if vy € ~ ch we must use the quantum relativistic (Klein-Nishina) cross section

mc? €
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Photon spectrum:
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Photon spectrum:

Ne A q'Y A

x E~° >
> >
TeV PeV E. GeV ~ 50 TeV E,

4 2

Gy (Ey) = [ dEcNe(Ee)o(Ey — g7 €cmp)(nempore)
d(x — xp)
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Leptonic Gamma-Rays: Inverse Compton

Photon spectrum:

Ne 0 q'Y A
x E° >
> >
TeV PeV E. GeV ~ 50 TeV E,
4 2
Gy (Ey) = [ dEcNe(Ee)o(Ey — g7 €cmp)(nempore)
g(lfv)
d(x — xq) — ~
d(g(x)) , 2
=
9(z0) = / \




Leptonic Gamma-Rays: Inverse Compton

Photon spectrum:

'

TeV

0 (E,) = / AE.N.(E.)5(

4
3

qv 4

>
GeV ~50 TeV |

E, — =~v*¢cmuB)(noymBorc)




Leptonic Gamma-Rays: Inverse Compton

N, 4

x E~°

>

TeV

PeV Ee

Photon spectrum:

'

qv 4
o+1
X by 7

Klein-Nishina
/

>
GeV ~50 TeV |

4
qu(E,y) p— /dEeNe(Ee)é(E7 — §72€CMB)(7/LCMBO-TC)




Leptonic Gamma-Rays: Inverse Compton
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Leptonic Gamma-Rays: Inverse Compton

__ €
E.=vmc E. Y

1 TeV ~0.2% ~1.5 GeV
25 TeV ~4% ~1 TeV
100 TeV ~15% ~15 TeV
200 TeV ~30% ~60 TeV




Leptonic Gamma-Rays: Inverse Compton

1 TeV ~0.2% ~1.5 GeV
100 TeV ~15% ~15 TeV

200 TeV ~30% ~60 TeV

E. > 200 TeV ~100% E. ~ E, M




Leptonic Gamma-Rays: Inverse Compton

. \ cutoff in the
2 Y
E.=~vmc iR €~ photon spectrum
(A

1 TeV ~0.2% ~1.5 GeV
25 TeV ~4% ~1 TeV '
100 TeV ~15% ~15 TeV
200 TeV ~30% ~60 TeV
E. >» 200 TeV ~100% E.~E,




Inverse Compton: energy loss rate

C
Scattering rate O >
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C
Scattering rate O >
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Inverse Compton: energy loss rate

C
Scattering rate O >

Volume swept per second OTC

Interaction rate OTCNCMB NomMB — <€>

W 4 4
Radiated power P]C = (O'TC CMB) (—’72<€>> — —O'TC’YQCUC’MB

(€) 3

Same expression as synchrotron!
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Note on the K-N regime

Lipari & Vernetto 2018
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Note on the K-N regime

Lipari & Vernetto 2018

1000 : , 9
_ €~ > MC
00l = T &y
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/in first approximation: if you are a TeV astronomer just CMB matters for ICS
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Non-thermal bremsstrahlung
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synchro\’rron inverse Compton
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Question: where does the cosmic ray
spectrum ends?
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