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Overview and aim

This talk and the following hands-on session aim at: d - ¢ Mrk4z2l
e . . 10710 ® d x
make you familiar with the state of matter in E _} ] ++i~
astrophysical environments and with the mechanism : i !
of particle acceleration (Part I);

.‘
L
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+ ¢ ++

10712+ +

107124

make you aware of the possible emission
mechanisms of particles accelerated in astrophysical
environments (Part ll);

EZ%/(erg cm™2s71)

apply the previous notions to a particular class of i .
sources: active galaxies with jets, and identify the 10725
particle populations and the emission mechanisms ] .

generating its broad-band emission from radio to 1 o

gamma-rays (Part 111). 1074 : . ; ; . :
103 10° 103 10° 10° 10%?

E/eV
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PROSPERO
Hast thou, spirit,
Perform'd to point the tempest that | bade thee?

ARIEL
To every article. -
| boarded the king's ship; now on the beak, _ -
Now in the waist, the deck, in every cabin, _ -
| flamed amazement: sometime I'd divide, _-"
And burn in many places; on the topmast, -~ ~
The vards and bowsprit, would | flame distinctly,
Then meet and join.

—Act |, Scene ll, The tempest

Part |
Plasma and particle acceleration
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Plasma

Cosimo Nigro

Magnetotail
Deflected solar wind particles

Incoming solar wind particles

Plasma sheet

Van Allen radiation belt ‘

Neutral sheet

Earth's atmosphere
0-100km

Polar cusp

Bow shock™>

Magnetosheath

A plasma is an electrified gas with the atoms dissociated
into positive ions and negative electrons:

Heopte

Question: in the case of the hydrogen atom, how much
energy do we need to separate p and e?

On Earth, there are several natural occurrences of plasma
(St. EImO’s fire, lightning, aurorae);

leaving Earth’s atmosphere we encounter more and
more matter in the state of plasma: Earth’s ionosphere
and magnetosphere, solar winds, the sun and the stars, the
interstellar and intergalactic medium;

ultimately, 99% of the matter in the universe is in the
state of plasma.
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Plasma

log p (kg m™)
A B VA ¢ S | = i i Why matter outside of the atmosphere is ionised? It all
10 - relativistic 13 ultimately comes down to temperature and density;
nonrelativistic

why is plasma relevant for our astrophysical discussion?
- charged particles in plasma can generate magnetic
_1 .

fields;

§ } § g ! - charged particles in plasma are subject to magnetic
' ' LS =R = ]
_|lig g - W g and electric fields = can be accelerated;
€ [l4g {8 A . . . _
Seb BRI R 15 a charged accelerating particle radiates;
s oz 2
RN At B e B Y
| ! . | § g %D independent | _ _ _ % = = — = T~ 13.6 eV/KB
; : =% °‘°'§, — =pdtticles
4r ! : 18 1 =) 1-3
e will focus on this regime:
relativistic plasma
1 1 | 1 | 1
o 0 5 10 15 20 25 30 35 =
log n (m™)
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Non-thermal particles distribution
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Thermal particles follow the Maxwell-Boltzmann
distribution. T determines both the peak of the energy
distribution and its width (rigorously in the velocity
space)
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relativistic particles accelerated in astrophysical sources
display instead a power-law energy distribution

fe(E) = k(f:; ) N

Question: which experimental evidence do we have of
astrophysical power-law of particles?
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Particle acceleration

reflection of an electron beam in a magnetic
field converging (increasing) to the right

Cosimo Nigro

Fermi’s acceleration theory is canonical as it naturally produces
a power-law spectra for accelerated particles;

particles are accelerated by bouncing off “magnetic mirrors”,
regions, clouds, of plasma with increased B values;

let us start with N, particles, each with energy E , that undergo n
collisions. For each collision the energy of a particle increases of a
factor £. At each collision the particles has a probability P to remain
in the acceleration region. After n collision:

N = NyP"™ = In(N/Ny) = nln(P)
E = Eo{" = In(E/E,) = nln(¢)

E
Ly

g . . . In(F)/In(£)
dividing and manipualting the two: N = No( )

the spectral index of the power-law will depend on the average
energy gain and the containment (or escape) probability.
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Particle acceleration

Il order Fermi acceleration

Question: Let us consider this analogy from
mechanics. Which of the two balls is more efficiently
accelerated?
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Particle acceleration

Il order Fermi acceleration (clouds) For a particle of velocity v, colliding at an angle 6 with a
' scatterer of velocity U, we obtain in the reference frame of the
\ observer:
e
---" ‘ 7\ 2
)__-- ¥ AE=E - Ey = [2%cos0 + 2(Z) ]Eo
IR ¢
>
s ~
< - —\a
@ @ [l order: the first term goes to | order, we only have head-on
) ] 0 (we average cosine over all collisions (cos@ > 0). For v=c the
| order Fermi acceleration (shock) angles) and we obtain first term dominates: we obtain
_H---"" gzg(g)? AE 4 U
downstream <[T= upstream E §le & 3¢
N
P e.g. for a scatterer moving at U=10 km/s, the AE/E~107 for the |
1™ U order and AE/E~107%.
A
A ~O shock acceleration is more efficient and the velocities of the
shocks are even higher than this example ~10* km/s
Cosimo Nigro 9
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Recap of part I:

Let us write it together in a few points:

plasma as electrified gas in astrophysical
sources

power-law distributions of particles in
astrophysical sources, derived it

acceleration by magnetic scattering
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Part Il
Radiation of accelerated particles
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Synchrotron radiation

A particle with velocity v enters a region of magnetic field
B, which frequency can we associate to this motion?

L (ymv) = L5 x B

dv, _ qB
dt —  yme

du, .
L= 3 = WLVL

where w, is the Larmor or gyrofrequency. Question:
What type of motion does this equation on v describe?
We can use the Larmor formula to compute the power:

F 3 5:2 2 9 2
Poner = —($7) = 2% (5¢) cor (87)597’) = 2corUpB’y?

Al

4 The radiation is relativistically beamed at an angle 6~1/y,

1 the resulting frequency of emission is Doppler-boosted, in
\ case of electrons most of the emission will happen at:

Observer B 2

— €.
\ Vsynch peak = e Y
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Synchrotron radiation

A

Flux / A.U.

>
v [/ Hz

Of course, a single particle will not emit at a single
frequency, but will emit a synchrotron spectrum

Psy‘nch 8.p. (V: 'Y)
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Synchrotron radiation

A ~<_ n(y)

S~
~
~
~

Flux / A.U.

v [/ Hz
Of course, a single particle will not emit at a single

frequency, but will emit a synchrotron spectrum

Psy‘nch 8.p. (Va 7)
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But the Fermi acceleration gives us an energy distribution
n(y), what should we do to obtain the synchrotron emission
of the whole power-law of particles? Convolution:

iynch(V) fO qgmch 8.p. (V 7) n(’)’) d7
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note, for photons: € = E/(m.c?)

(Inverse) Compton scattering

€1
: low-energy photon Reverse of the classical Compton scattering: a high-energy electron
e\"'b;,: scatters a photon to higher energies (and loses its own energy in the
X process). The energy of the photon in the reference frame in which the
8 electron is at rest is:

€ = ve(1l — cos ) ~ e

this parameter defines two regimes of the Compton scattering

10° 5 €1 E>1
In the Thompson regime, we have In the Klein-Nishina regime, the cross
s basically Thomson (elastic) section is very low, the interaction
S 107 5 scattering. The photon is - in has low probability, and the energy of
average - scattered with energy the scattered photon is
: == Thomson regime - ) —_ 2 .
+ KN regime (€5> == 6(1 — COs w) ~ € <65) =7
10-2 ML | LR | LR | L e
102 101 10° 10! 102
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(Inverse) Compton scattering

But, in an astrophysical source, we have don’t have a single electron scattering a single photon, we have a
distribution of both

Pric(e, €5,7) o< [ denpn(e) [ dryme(y)2Ze

deg 107° E
] — syn
] --- ssc
as an example, we can see as the ]
synchrotron radiation is scattered by the very - 10 L
same electrons that produced it: Synchrotron nl:m i - \
Self-Compton scenario. g ] X “
2, : .
in the Thomson regime, the energy losses g g1t J ‘, ||
have the same formula as the synchrotron W 3 ! ‘I 1
ones, but changing the energy density in ] ,' 1 :
magnetic field with that in target radiation. | " : :
o 10712 T T : T T T !I L
Pic = —(4E) = 2 corumaBfy? 10 10 107 10%° 10% 10%¢ 10

V/Hz
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Exercise:

Consider an electron of energy 1 TeV scattering three different photons with energies 1 meV, 1eV, and 1 keV,
respectively. Determine the following:

- in which regime each interaction is occurring (KN or Thomson);

- what is the energy of the scattered photon in each case.
You can use astropy to speed-up the calculations.
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Hadronic models (pp)

Gamma rays can of course be produced also by hadronic interactions
p+p—ont,a’, K+ KO, ...
pions then decay in 2 gammas:
70 — 2
a major result of Fermi-LAT was the demonstration that the spectra of

two SNR could be fitted with a 70-decay model;

this works very well in SNR, which are surrounded by their dense
ejecta. There is not enough matter around AGN to consider this
interaction.

Cosimo Nigro 18
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Hadronic models (py)

The environment around jetted active galaxies is rich in photons, so py
interactions are more often considered

p+y— 3

at the end of the decay chain of pions there

(

p+m°

n+nt

photo-pion At —

\Bethe—Heitler p+et+e”

are neutrinos. These models were

re-discovered when an astrophysical neutrino
was observed in coincidence with a flaring

blazar.
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Vs = (mp +mx)c?,

Vs = (my +2me) c?,

Plenty of line/thermal emission

Narrow Line
Region

Broad Line
Region

Accretion
Disk

Obscuring
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A original GCN Notice Fri 22 Sep 17 20:55:13 UT B 7
6.6° m refined best-fit direction IC170922A
: = |C170922A 50% - area: 0.15 square degrees 6
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o -
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3
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g ‘ TXS 0506+056. : 8 '—g ‘ XS ososm 2
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(s} - (= 1
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w
=
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=5 _2
e
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Recap of part ll:

Let us write it together in a few points:
two types of emission models: leptonic (electrons emission) + hadronic (proton emission);

leptonic: synchrotron + inverse compton
Hadronic: pp, p-gamma (+neutrinos)
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Part Il
Broad-band emission of jetted AGN
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Structure of a jetted AGN

7% Optical - °

~ Central Engine
black hole, Mg > 10° M,
accretion disk ~» UV-peaking black body

tMg = 2 x 109 kg

Il Black Hole
'« mEE Disk

I Jet

e Broad Lines

e Narrow Lines

Bl Torus

log10(z/pc)

logio(r/pc)
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Structure of a jetted AGN

- =iOptical |

~ Reprocessing Material
central engine photoionisation ~» broad
= Tk o and narrow line regions
‘. EEE Disk dust torus ~» IR-peaking black body
[ Jet
® Broad Lines

e Narrow Lines
Bl Torus

log10(z/pc)

logio(r/pc)
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Structure of a jetted AGN

Radiof#:Optical + X ray

1 Jet
e Broad Lines
e Narrow Lines Jet

WEN Torus relativistic plasma outflow ~
non-thermal emission, radio - gamma rays
Lobs = 640 Lem
maximum &}, (6 < 10°): blazar
T6p = [Met (1 — Bjet cos )] 72

log10(z/pc)

logio(r/pc)
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Broad-band emission of galaxies

108 Normal galaxy:

L < 10% erg/s (1038 W);

thermal emission (mostly in optical),
L0 cumulative emission of stars.

10—2 -

10—17 -

10-22 -

NGC 5018 (inactive)

T T T T T T
104 10-1 102 10° 108 101
E,/eV
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Broad-band emission of active galaxies

108 -

103 —

10—2 -

10—7 —

10—17 -

10—22 -

|

NGC 5018 (inactive)
NGC 4151 (active)
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T

10~

T T T
10-1 102 10° 108
E,/eV

T
1011

26

Active galactic nucleus (AGN):
L ~ 10*-10%° erg/s;
thermal emission from black hole’s (BH)
accretion disk;
line emission from ionised material orbiting BH;
broadband emission from radio to X rays.

X rays
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Broad-band emission of jetted active galaxies

T5E Jetted AGN:
44 49 .
™ L ~ 10%-10% erg/s;
A broadband non-thermal emission from the
L0 & jet from radio to X rays;
) power-law emission d¢/dE ~ ET;
10724 7 : 3
z N
wn
e 10771 \ .
[« B W - .
)
§\|ﬁ 107121
. radio optical X rays Y rays
10—17_ e ® é
®
®
®
()
10-224 NGC 5018 (inactive) ..°o
) NGC 4151 (active) '..
¢ Mrk 421 (active + jetted) *
104 10 102 10° 108 101
E,/eV
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Broad-band emission of jetted active galaxies

ECR/GE'V
105 107 102 10° 108 101t
1 1 1 1 1 1
1084 @, p 104
™~ e
*¥3 3 All particle
1034 ; : 1071
\‘
a L 10-6
_ 1024 \i 10
7 N
s A
IE 1077 + 1011
e
@
< 10-12 1 -10"16
$lg
10717 4 - 1021
NGC 5018 (inactive)
93] = —-26
10 ¥ NGC 4151 (active) .
¢ Mrk 421 (active + jetted)
1 1 1 1 1 1
104 1071 102 10° 108 10t
E,/eV
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Jetted AGN:
L ~ 10*-10%° erg/s;
broadband non-thermal emission from the
jet from radio to X rays;
power-law emission d¢/dE ~ ET;

.

radio optical X rays Y rays
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Broad-band emission of jetted active galaxies

Ecr/GeV .
102 107+ 102 bnt e105 108 10 M
. . . 1 ! L ) L ~ 10*-10%° erg/s;
o -10 . .
10® .'q\ A fie broadband non-thermal emission from the
e v Al particle jet from radio to X rays;
10%- 107 power-law emission d¢/dE ~ ET;
10-2 Y F1078 &
T M 7
wn vé |
TE 10-7 4 10711 r‘:”
- E --------
, -
d . ;
— -12 ] 10" . o
5 ° g, radloll s optical X rays Y rays
%' u? ! g 7
10—17_ s 10721 T Bé: :
10 V “;); o
10-224 NGC 5018 (inactive) 1 0-26 radiation ©
) NGC 4151 (active) N I N R > b
4 Mrk 421 (active + jetted) ’ =
T T T T T T 10 10
104 101 102 10° 108 101t
Ey/eV T "
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How do we measure their emission?

10720+ ;" x *‘
3 @
: ¢
) s ..’ + 0.¢
®
+ ¢ ﬂ
T 107114
3 f
D
€
v}
o
@
= 10-124
I
‘t{J\"U ®
w
®
107425 ®
E ®
®
®
¢
10—14__ °
T T T T T T
1073 100 103 106 10° 1012
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How do we measure their emission?

- ¢ Mrka2l Flux is measured by several instruments in

’ different energy bands;
10+19+

=

9
o
2
1

=

<
-
N
1

EZ%/(erg cm™2s71)

10713

107147

I
1073 10°

E/eV
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How do we interpret their emission?

1010 j{ L
' /
/ AR
\ o/ ﬁé
T 107114 /
. ? 7
;1 \
5
o
< 10124 /
£ld : of
W
/
J
107137
®
10-14 4 °
1 1 1 1 1 1
103 10° 103 106 10° 1012
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Flux is measured by several instruments in
different energy bands;

Could you gess, from the spectra you have
seen which processes are generating the two

emission continua?
7 ~
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How do we interpret their emission? Leptonic model

Mrk421 SSC
-9

10—
:U) =31 __
= B
(&)
o »
\q-) -
= =12 +
w - e* synchrotron
- E
= -
9 b

=43l —

=141

= 1 1 1 | 1 1 1 1 | 1 1 1 1
10 15 20 25 30 35
log (v [Hz])
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Electron-positron (electrons) plasma

The low-energy bump is the synchrotron
radiation of the accelerated electrons;

the high-energy bump is due to inverse
Compton scattering by the electrons of their
own synchrotron radiation (synchrotron
self-Compton SSC);

few observed properties (e.g. minute-scale

flux variability) cannot be accommodated
with this model.
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How do we interpret their emission? Hadronic model

-

Mrk421 Proton Synchrotron -
9 Proton-electron plasma <~
B The low-energy bump is still due to the
-10— synchrotron radiation of the accelerated
= = electrons;
;0) =31 [
£ B
[&]
2 i
P
qe Tl e synchrotron
> =
= B
2 -
~13—
14—
wmil| 1 y i B 1 | .
10 15 20 25 30 35
log (v [Hz])
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How do we interpret their emission? Hadronic model

-

Mrk421 Proton Synchrotron -
9 Proton-electron plasma <~
B The low-energy bump is still due to the
-10— synchrotron radiation of the accelerated
= = electrons;
o _qql—
‘*E e the high-energy bump is due to proton
\‘9’, i synchrotron (but requires high values of
() B ~ .
L- 12 e synchrotron p synchrotron B~10 G);
> =
2 B
- 13
14—
wmil| y i B 1 | .
10 15 20 25 30 35
log (v [Hz])

Cosimo Nigro 35 Radiative processes in high-energy astrophysics



How do we interpret their emission? Hadronic model

Mrk421 Proton Synchrotron

-9
10—
;0) 11—
= B
o
> B
5 E
" -12|— e synchrotron p synchrotron
> E
= B
2 - L A
13— i 7
B .:_‘_'.-...'.t~
14— 5 =
B X A H
maall | "‘! 1 1'. \J I:I 1 |'
10 15 20 25 ‘\ 30 35
,' log (v [Hz]) \
synch. from cascades synch. from mt* cascades
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-
-
Proton-electron plasma <«

The low-energy bump is still due to the
synchrotron radiation of the accelerated
electrons;

the high-energy bump is due to proton
synchrotron (but requires high values of
B~10 G);

proton-gamma interactions:
p+y—p+m
n+mt
p+at+m
produce mesons whose secondaries initiate
particle cascades (that produce further
radiation);

Radiative processes in high-energy astrophysics



How do we interpret their emission? Hadronic model

Mrk421 Proton Synchrotron

-9
~10|—
o
£ B
[&]
2 i
u}_, E e synchrotron p synchrotron v spectrum
‘5” -
2 - L A
-13— d ) .
s SIS R f o3
= S Y A * S A L Ll d o,
-14— ‘u," "‘- k‘ .“- 2 "
- | “vnll":\ll.”";l“"'
10 15 T 20 25 ‘\ 30
" log ( v [Hz] ) \

synch. from cascades
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synch. from st* cascades

-
-
Proton-electron plasma <«

The low-energy bump is still due to the
synchrotron radiation of the accelerated
electrons;

the high-energy bump is due to proton
synchrotron (but requires high values of
B~10 G);

proton-gamma interactions:
p+y—p+m
n+mt
p+at+m
produce mesons whose secondaries initiate
particle cascades (that produce further
radiation) and decay into neutrinos!
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How do we interpret their emission? Leptohadronic model

-

Mrk421 Lepto-Hadronic _ -
29 Proton-electron plasma <~
Same model as before but different part of
-10 the parameter space: much lower B values (<

v spectrum

1G);

e synchrotron

o _qql—
‘*E e radiations by leptons dominant, radiation
;, _ by p7y secondaries cascade subdominant;
i |
g e leptonic model “loaded with hadrons”.
2 [
- 13

14—

10 15 20 25 735
log (v [Hz])
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Recap of part lll:

Let us write it together in a few points:

AGN with jets: non-thermal emission; emit along a broader energy
range;

often SSC is considered, proton synchrotron feasible but with
“unrealistic” B;

mixed models with hadrons (subdominant components);
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