Non-thermal Synchrotron Radiation i

"Particles accelerated by a magnetic field will radiate. For non — relativistic
velocities the complete nature of the radiation is rather simple and is called
cyclotron radiation. The frequency of emission is simply the frequency of
gyration in the magnetic field.

However, for extreme relativistic particles the frequency spectrum is much
more complex and can extend to many times the gyration frequency.
This radiation is known as synchrotron radiation"

George B. Rybicky & Alan P. Lightman in "Radiative processes in astrophysics" p. 167

Processi di Radiazione e MHD -Section 3 Daniele Dallacasa



(@kae) Synchrotron radiation (cyclotron) the Lorentz force

A moving charge q is deflected by a uniform magnetic field B according to:
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"8 Synchrotron radiation  (cyclotron) the Lorentz force (2)

dimv,) .
= 0 — Vv s constant
at
also the pitch angle remains constant
dimv
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In the direction perpendicular to the B field we have a circular motion and in
the non-relativistic case we have the well known cyclotron relations:
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:.i!f,;:* ¥ Synchrotron radiation relativistic Larmor parameters

The relativistic case is dealt with by considering the appropriate
expression of the particle mass:
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if we consider v~c, we have:
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N.B. "classical" physics is ok, since for typical B fields strengths, h/p<<r (r,)



A5 Non uniform static magnetic field (in particle frame):

Let's consider the RF in which the curvature radius has uniform motion ( v, = const):

the particle "feels" an electric field which is indeed the varying magnetic field, which
modifies v

vxE' — _lﬁ
c Ot

for each projected orbit the variation of energy can be written as

1 2 _ ¢ — 7 f v - o _ q
A(Eva = PagE'dl = q SVXE .dS——E
if the magnetic field changes smoothly within a single orbit
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Non uniform magnetic field (observer frame):

In the observer's frame

— the motion takes place within a static non uniform field;

— the Lorentg force does not make work and the total kinetic energy
of the particle does not change with time.

[If V_increases (decreases) going into higher H regions, A
then v must decrease (increase).

It we consider the energy (scalar), if £ increases (decreases) then &

must decrease (increase) of the same amount

\_ J




) Non uniform magnetic field (observer frame)[2]

Let's consider velocity and field along and orthogonally to the mean H
direction axis. The motion is within a static field, the Lorentz force does not
make work and the total kinetic energy of the particle does not change:

vXH = (vi+tv OX(H +H ) =

IR
| 0
‘ K centripetal
acceleration
tangent to crf,
_ (in/de)crease V | as H Y
/ / along helix,
‘ v against v,

responsible for reversal
of versus of v,
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sin® 6
H

is equivalent to:

= const

if H and 90 (pitch angle) are known at a given point on the particle

trajectory, then:

H
inf = sinf,4/ —
sin sinf, 78

if H increases, then also the pitch angle increases, up to reach the
maximum value of 90° and cannot penetrate further regions where
H is stronger. It is then induced to move in the reverse direction

Charged particles may be trapped into regions where the magnetic
field is strong enough (example, terrestrial magnetic field)
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0 Drift velocity [skip]: Positives Negatives

during its motion the electron may experie
magnetic field 1s not uniform;

r changes during the "orbit" and 5
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Compute the Larmor
radius of a relativistic
proton:

m, = 1.67e-24 g

y =7




Cyclotron radiation

Radiating energy... " a charge moving in a magnetic field is accelerated
and then radiates" [CYCLOTRON]

- dipole in the plane of the circular orbit (dipole angular distribution)
linear polarization or circular or elliptical polarization
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GRS Cyclotron radiation towards relativistic particles (1)

Relativistic charge (y>L11) moving in a uniform magnetic field:

Must write the Larmor's formula in an invariant form:
scalars are not affected, let's write

dr = dt/~
Pi = [P, (E/C)W]

W2 = p2c2 + m2c!

/& =

aw _ 2¢° [dpa dpa]
dt  3m23tdr dr

Dy - (B () = () - (S

dr dr dr dr
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ZRlE Cyclotron radiation towards relativistic particles (2)

Classical, non relativistic, Larmor case

linear acceleration (no a.) |dp/dr| ~ dp/dr

p_ W _ 2¢° 1 ,dp 2¢°> ,dp

2 2
dt  3m2e Wz(dr) B 3m2c33(dt)

centripetal acceleration |dp/dr| >> f(dp/dr) = %(dW/dr)

dW 2¢> ,dp.o 2¢° 5 ,dp.2
P=—= —  ——
dt 3m2c3(d'r) 3m2(33’y (dt)

Relevant in cyclotron, relativistic cyclotron and synchrotron emission!



ZRle Cyclotron radiation frequency of emitted radiation

@ = gv x H
dt c
| | = qf H sin 0
a=v /mc H
()W _2 h 52'5/2511129
dt ~ 3m?*c

Dipole emission!

If we consider an electron, its gyration frequency 1s: V[MHz] = 2.5 H[G]

in general the magnetic fields are much lower, except in very particular stars, and collapsed
bodies. Example: 34keV abs feature in Her-X1 (see Longair)



BN (relativistic) Cyclotron radiation frequency of emitted radiation

The energy is radiated in various harmonics of the gyration frequency:
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: i";'.:s ¥ CyClOtI”OTl radiation frequency of emitted radiation

The energy in the various harmonics follows: aw ~ 32 [dW]
dt |, 4 dt

as a result of a relativistic effect on electron motion and its emitted radiation,
fields on the approaching side are amplified, while they are attenuated on the
receding side. The effective field can therefore be represented as the superposition
of a number of harmonics.

(E — B) field for
a particle of P
high Velomty (E — B) field for
] a particle of
intermediate velocity

Phase (degrees)
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Synchrotron radiation relativistic aberration

velocity —— velocity ——
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Synchrotron radiation

It is generated by ultra-relativistic electrons, for which curvature of the trajectory

plays the role in determining the emitted power

4
[ W2 g ety J

at m?c?®

if B=1 and ¢=m 002y then it can be rewritten as

4 2
—% - % 1_2Hsin%0 = 2caTy28isin29 ~ E.62-1o‘5y2H23in29 ergs1}
m.c T

and o; is known as electron Thomson cross section defined as
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Bl Synchrotron radiation pulse duration (1)

Pulse duration in the electron reference frame is Af = )27)
m_cC
At = A_Q - _° ¢ y 2_ — 2_
ey eH y w,

In the observer frame, the duration of the pulse is shortened by propagation
(Doppler) effects: the electron is closer to the observer in 2.

. —8
At = (1—=Yat = q—pjat =Lar =L =1~ 210
C Y yw, ywg  y HG]

Ohsarver



pulse duration (2)
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Figure 6.5 Synchrotron emission from a particle with pitch angle a. Radiation
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2 Synchrotron radiation single electron spectral distribution (1)

algebra is very complex; a detailed discussion is in Rybicki-Lightman p.175

Fourier analysis of the pulse provides the spectrum of the radiated
energy. The spectrum is the same as the relativistic cyclotron but
with an infinite number of harmonics. The characteristic frequency is:

N 3L -3 . _ 3 ,eH _
S 4T T 41Ty L 41TymeC

3 eH o~ 6.24-101852H[: 4210 °y*H[uG] GHzJ

4t m ¢’

example: an electron with y~10% and H ~ 1 uG has ~ 0.4 GHz

The full expression of the emitted energy as a function of frequency is

dW(v) dW) N dW, v3e*H sin 6 F(i)
dt ~  dt dt = 8n2cm, Vs
where
v v [~
F(—)=— Ky /3(y)dy
Vs Vs v/vg

and K is modified Bessel function
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Synchrotron radiation the full sky at 408 MHz

—

Synchrotron emission from relativistic electrons (positrons) within the Milky Way.
In a field of 1 uG, their energies correspond to y ~ 107,




2 Synchrotron radiation

Synchrotron emission from relativistic electrons (positrons) in the crab nebula




e Synchrotron radiation power — law energy distribution

Let's consider an ensemble of relativistic electrons with energies distributed
according to a power — law:

[ N(e)de = N_ e °de ]

the specific emissivity of the whole population is

(Sksk koK)

dW (v,e¢)
= N
dt

[JS(V)O'(V)

there are various (approximate) ways to derive the total emissivity:
1. all the energy is radiated at the characteristic frequency
2. the energy is radiated at a constant rate over a small frequency
range



1. all the energy 1s radiated at the characteristic frequency:
2

9 3 eH
usc V> Vg &YV = > vy, Vi =
MeC 2Tmec
1/2
v
€ = quecQ = | — MeC?
yS
v, enonv nellaformula energia
then dg _ m,gl(;z y_1/2 d,‘j
vy
but remember!
aw 2 ¢' V22
— — H?sin%6
S dt — 3m? (336

Then (****) becomes.......



finally....... !

dW (v,e
(v) = oV N (¢) de _ constant N _H'
at dv

[ JS(V) - NOH (6+1)/2V — ]

s+1)2  —(s-1)/2
\%

where

1s known as SPECTRAL INDEX of the synchrotron radiation

The total spectrum 1s interpreted as the superposition of many
contributions from the various electrons



2 individual

N clectron

y Ll

I spectra power-law

superposition

log v

The total spectrum 1s interpreted as the superposition of many
contributions from the various electrons

each emitting at its own characteristic frequency



¥ Synchrotron self-absorption (0): summary

“a photon gives back its energy to an electron”

NOT in thermal equilibrium, then
Kirchoff's law does not apply.

Concept of temperature still holds, but now there is a limit:
the "electron (kinetic) temperature" T

SSA applies when T, ~ T
I’ can NEVER EXCEED T

The absorption coefficient is effectively determined by
making use of the Einstein's coefficients (see further lectures)

—(5+4)/2 74(5+2)/2
NN H.J_.



) Synchrotron self-absorption (1):
S/ use a trick:

“the power law distribution is the superposition of many Maxwellian
at different T: ym,c? ~ kT

a given electron emits at its own frequency:
v. = 42107 y* H[uG] GHz

S
Y 1/

Vs

then kT ~ ym.c> ~ m.c’ Tt
e e

For an absorbed source the brightness temperature is defined from

2

[(v) = 21<TBV—2 which must be = to the kinetic temperature of electrons
C
1/2 2 5/2
~ 21 V —1/2V
[(v) m,c"|—- H ? I
S




@A Synchrotron self-absorption (3):

The brightness temperature of a region does
NEVER exceed the electron temperature:

2
Tp ~ ;k 915:”92 but S(v)~v °
3kT. = ymec?

1/2 —1/2
%
T =30x10°—re H (K|

o (GHz) (G)



| i) Synchrotron self-absorption (2):

- —(6+4)/2 | 4y(6+2)/2
“sNNoV HJ_

51 541

J(v) ~v *H/F?

to be inserted in

J V —T.\V
— S< ) (1 —e o ))
A (v)
which becomes
2 _6—1 o+1 A
B.(v) ~ v *H/F T <1 optically thin regime
\ B.(v) ~ v'*H? T>1 optically thick regimej

the first case is that derived from the earlier description which provides
a power-law distribution



Synchrotron self-absorption (4):

Let's derive the expression for J, to get the peak values:

2 —4 1 1
Vp ~ Sp/5 /5H/5<1_|_Z) /5

1EICID: ' LA B B B B T T T T
Important issue: ;
from observations we observe:
peak flux density,
turnover frequency

. 106
angular size  then...... :

1 . | [ N R
108
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Energetics of a radio source

The total energy of a synchrotron emitting body must take into account
both particles and the H field

U, = Ee/+fpr+UH = (1+k)e,+U, = Up+UH

tot

If we consider relativistic electrons, their energy is given by

EmaX NOV
£y = Vfg_ EN(e)de = 5#2

but we can get rid of N,V if we consider the source Lumonosity

L = anD* [ ™ Stmdv = V[ " Ne)%de

N,V H*sin°g
3-96

3-0 83_ 1)
max min

2.4-107°

&
L~ N,V] ™ H?sintode

Where Emin/max —

6.24-10"° H

1/2
Vmin/max )




Energetics of a radio source (2)

Ee] = 3—19 E’?nai: B E?};i L 1 _
If © T 20850 — 30 H26in202.4 x 103
B 3—-9 [yr%z;f: mm]H (2-8)/2 gip—(2— §) 0 L 1
T 2- 6 [13) — 3 S H-(-0)/26in~ (=% g H2sin0 2.4 x 103

once chosen the minimum and maximum energy, considering an
isotropic pitch angle distribution (H2sin20 = 2/3 H2), the above
becomes: [ )

Eel = Celﬂ_B/QL

. J

which represents the energy associated with the relativistic particles
(electrons) radiating synchrotron emission



JRMEY  Energetics of a radio source (3)

energy 1s stored in the magnetic field as well

~\

( H2
Upg :/—dV = CyH?*V
| 8T

If y
and the total energy budget is
4 )
Ut = (1 4+ k)C,H2?2L + CyH?V
A . | J

There 1s a minimum in the total energy
content of a synchrotron emitting region!

4 4 N
(1 + k)Ee/ = §UH

U J




B8 "Equipartition” Magnetic Field

217

3

Ce/ ] 2/7
H = Hie) (14K —)

min

C, 4
such equipartition field provides the minimum total energy content in the radio
source (related to the relativistic plasma), which amounts to

7 7 ]
—(1+k)e, = Z(1+k)Ce,He§”2 = 2[(1+k)C " C} LY v

tot, min — 4

U

which can be written in a specific expression for radio emission at 1.4 GHz as
4/7 3/7
4

[koc |’

1.4GHz

| Watt |

U = 210" (1+k)*” lerg |

tot, min

and this can be used to define the energy density and the internal pressure as

4/7
u,. . L 3
u_ = otmh — 6.8.10 2| 282 L kpe| lerg cm™ ]
Vv | Watt] V
2
P.=P,+ P, = H + (I'-1u,, = L

81T rel éi_
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JIST1+0518
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vV (GHZ)

100
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KNG B

JI511+0518 1.7 GHz
T T T
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T T T T
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Exr
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B
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1
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5 GHz
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0 ] ED = =T 0 EL)
IIIII =
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Table 2. Physical parameters of the source components.

ource eq Hmin Prnin
mi3 mG  erglem’  dyne/cm’
10 10~
Jo003+2129  E 33 30 3.0 3l
Jo005+0524 E - 18 0.75 0.46
J42843259 E =100 3 0.75 0.46
Ce 59 65 a9 24
Joes0+6001 N 29 77 6.0 4.0
5 10 54 I3 1.0
JISTI+0518 W 104 95 B3 3.2
E =10 70 38 24
J14594-3337 | &0 160 24 15




Energetics of a radio source application to 3C219

Physical quantities can be calculated
either globally for the whole source,
or locally, at various sites within the
same radio source:

Pressure balance: Pint and Pism/ Prcm
provide the ram pressure and then the
espansion/growth velocity

1 SR, e gl

. Liggu, 1 /7
_ Ctotimin _ g g 1072 (2o ]) [erg cm ]

Umin =
mn v [Watt] V' [kpc?
H? 11
Pmin:PH+PreE — g‘l_(r_l)ur — iumin



Time evolution

Particles radiate at expenses of their kinetic energy. Hence, the energy distribution

of a synchrotron emitting region within a given volume V fully filled by magnetized
relativistic plasma will change with time

Particle flow Energy losses Leakage Injection

ON(e,t) 0
_I_
ot de

de
at

s NEeD ey

conf

N(e,t)

where the first term represents the particle flow , the second is for energy losses
the third takes into account theleakage. On the right hand part a term representing

a continuos injection/production of relativistic particles is added.
In particular

N(e,0) = N &°
Qe,t) = Ag™®



2e

3mic’

e

2142 1 2
- E - Csyncg H"sin" 0 where CSynC -

it is possible to derive the energy of each particle as a function of time:

de 2 .2
— ? = CsyncH sin“ dt
1 1 2 .2
— — — = (C. _H"sin“0 t
E(t) £, sync
&
(t) = .
14+Cy, e, Hsin"0 t

We can also define a characteristic time, the cooling time t ~ , as the ratio between
the total particle energy and its loss rate:

p
) & £, B 1
deldt  C, e Hsin"0 | Cyype,H sin0
1) = —or
E p—
1+t/t” t
J




| A5 Radiative losses:

evolution of the spectrum

High energy particles have shorter t* than low energy ones and the
emission spectrum is modified accordingly due to the depletion of
the high energy particles from the energy distribution:

A

Log Sv

it is possible to define €* which in turn
defines v*, to be considered a signature
of ageing

The low energy spectrum
remains unchanged
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A NN
Trallli g s\o .
case stuay:.
=\: i
_ r &
NS

ON(e, t) O
ot  Oe

N (e, t)

Tconf — Q(Sa t)

de
(dtN(e’t)) |

when the confinement time is extremely large and Q(e,t) = Ae™?

a balance between dying and refurbished particles is achieved at a
particular energy, corresponding to a particular frequency, and, in turn,
to a characteristic time; one solution of the equation is such that the
synchrotron emissivity becomes:

é )
Jo(v) m = 071/2 = =e v <<V

y—ﬁfﬂ — y—(ﬂ:-l—lfﬂ) US> y*

. J

o
S
2




Spectral “ageing”

The search for a break in the high frequency spectrum is a tool to estimate the
radiative age of the dominant population of relativistic electrons

A
Log Sv

Spectral break
L

/

Log Vv



Spectral “ageing”

The age of electrons
is different in various
region of a radio
source
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Fresh electrons in an active nucleus // Old electrons in a dead AGN




Other energy losses

Ionization losses:
relativistic particles can interact with (neutral) matter with density n, and let

electrons free as a consequence of electrostatic force

- %) ~ n,In(e)
which has a characteristic time scale
¢ = 94.107 €9l
n

o

Relativistic bremsstrahlung losses:

_(E) ~ ”i(f)
dt rel —br

The characteristic time of this phenomenon does not depend on the energy of the
particles.
Both these processes are more relevant for low energy electrons since they scale with

In(e) and & while synchrotron losses scale with &

Inverse Compton scattering losses: ....let's wait for a while.....



7UE Adiabatic expansion:

Poisson's law:
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magnetic field:

5 € The shape of the spectrum
H(t) = H, (—) does not change, but it is
) | shifted at lower frequencies
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Polarization

Projection of magnetic
field onto sky

/

Radiating
particle

B

observer

Plane of the sky

Rybicki & Lightman, Fig. 6.7

Result of computations for both polarization directions:

P\ Vv3e®B (F(v/v.) — Gv/v,) (6.31)
P ) 2 mE\F(v/v.)+Gv/v) |

F(.I']—.I'/ Eﬁf:}y]dy
G(z) —IEE;S



Polarization (2)

The total emitted power for monoenergetic electrons is

P(v) = P”(IJ:] + P, (v) o F(v) (6.34)

As before, the total emitted spectrum is found by integrating
over the electron energy distribution. For a power-law:

Pv)\ _ (v8\ €B (Jr—Jg (213,.)_@—11;.2
PJ_(IJ:] o 5 ”’D?H-ECZ JF"‘JG 311

where




ALESTS 3 . .

Rl Polarization (3)
R i

P4 RIS

The degree of polarization is defined by
JG P + 1

oA Js (6.38)
PJ_—I—JDH JF }?+7/3 .

For p = 2.5 the degree of polarization is ~ 70%.
This is very large!!

Caveat: Faraday-rotation and B-field
iInhomogeneities can decrease the degree of
polarization



Example of polarized emission: M51
” — vector length proportional to projected field strength
* —vector direction (B field shown here)




s Synchrotron radiation

polarization in 3C219

Example 2

polarized emission in the

radio galaxy 3C219

— E-vector displayed, length
proportional to polarization

— B-vector (field!) direction
perpendicular to the vectors
shown here.

— In case resolution is not
adequate, the detected
polarization emission mag
be severely reduced ( beamﬂ 63
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depolarization).
— Often polarized emission is o~
frequency dependent.
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add:
exercise to compute the radiative age and the kinematic age




