Radiative Processes and more

A solid background in Modern Physics is needed

Summary of basic concepts from our Bachelor in
Astronomy. Demonstrations will be dropped.

A number of key-words will be associated to diagrams,
diagnostics implying given physical conditions, etc

—False, three-color composite image of S106 in the Subaru CISCO observations (J band [blue], H band
[green], K 0 band [red ]). The field of view of the mosaic is approximately 5 0 ; 5 0 . North is up, and east is
to the left.



Keywords (at the moment w/o meaning)

Emission Spectrum

Radiative Transfer, Black Body radiation

Larmor's formula and the acceleration of an electric charge

Bremsstrahlung

Synchrotron

e Scattering processes (Thomson, Compton, Inverse Compton)

Line emission



Emission Spectrum
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e Energy (emitted/received) as a function of frequency (energy) [RIGHT]

Atypical expression can be: F(v) = something depending on the origin of the radiation
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Emission Spectrum
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I(v) = |0(v)e_‘f(V> + S(v)[1 — e_T(V)] S(v) = j(v)
u(v)

t(v) = u(v)l.  opacity

What does happen when the cloud is optically thick?
What does happen when the cloud is optically thin?

STRONGLY dependent on frequency (and cloud physics)

B

observer

is the source function



Radiative Transfer & lack Body radiation
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Radiative Transfer & Black Body radiation

Definition
BLACK BODY = an idealized opaque, non-reflective body like an empty cavity in thermal equilibrium,
isolated, where only radiation is present. Given its definition, in principle, a BB is not visible

Widespread in Astrophysics, with excellent approximations.

The spectral distribution of radiation described by the Planck'slaw | B(v,T) = 2

10P

E Similar expression as a function of A
2 - C C
«-5:10-10__ g v = x — dv = __Zd}\'
T A
j / 1 |Then the two expression are
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Radiative Transfer & Black Body radiation

hv' 1
Asintotic behaviour ~ B(v,T) = 2 \; —
S
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v = 0 =1 =1+4— -1 = — = Rayleigh — Jeans
T T yIels
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Remarkable features:

A given curve is determined by T
No crossing point among different B (v,T) or different B (A,T)

Given a pointin the plot it is possible to determine T




hv? 1 he 1
B(v,T) = 2 —— B(A,T) = 2 — —
T N
C e —1 e —1
oB(v,T) —
Wien displacement law oT |-,
_ h
find the peak frequency: that becomes equivalenttosolve. x = 3(1—e™")  giventhatx = kTVmax
h V max k | 10 _
approx root i 2.82 v = 2°82HT — = 5.88-10"T  Hzdeg
and for wavelengths: that becomes equivalent to solve 0B(A,T) = 0;y= he
a T )\':}\'max | }\'max kT
] 0.29
y=5(1—e y) — kmaXT = 0.29 cmdeg — Kmax — T cmdeg

Concept: “color” of a star




Radiative Transfer & Black Body radiation

Flux density (F, units)
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Radiative Transfer & Black Body radiation
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Figure 1. A Limited Hertzsprung-Russell Diagram. (Adapted
from Zeilik, Astronomy: The Evolving Universe, 8th Ed., Wiley, 1997.)

What kind of info can be derived from the Hertzsprung-Russel Diagram?



Radiative Transfer & Black Body radiation

What kind of astrophysical bodies can be considered BB emitters?

Spectra of stars of different temperatures
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Figure 1. Spectral energy distributions of galaxies from UV to the
millimeter. The ULIRG is observed at redshift z = 0.66 and is
represented here in the rest-frame (from Galliano 2004).
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Radiative Transfer & Black Body radiation
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Astrophysical application:

Determine the monochromatic luminosity of a star (radius R, temperature T )in solar Units



Larmor's formula and the acceleration of an electric charge

« Comes from elaboration of Maxwell equations

e Proper maths can be found in textboox (e.g. Rybicki & Lightman,§ 2.5,2.6,3.1,3.2,3.3)
Results are important, algebra is not!

e The interesting part is what happens in astrophysics, where distance is a issue!



&3 Basictheory of radiation fields (0) Maxwell equations

In vacuum: VE=0 VB =0
. L 108 - - 10F
VXE = ——— VXB = ——
c Ot ¢ Ot
let's consider the curl of third eq. and combine it with fourth
SR 1 8°F
¢ ot
using the vector identity VX(VXE) = V(V-E) — V’E
- . 1 0F
¢ ot
an identical equation holds for B given that Maxwell equations are invariantforE ~ B,B -
solutions are waves whose time averaged Poynting vector is
C *
(S) = —N(EB,)
R (A
Computatcions
 neverasked

Rybicki-Lightman, 2.5,2.6,3.1,3.2,3.3 Results are important, algebra is not



Basic theory of radiation fields (1) Maxwell equations

Ingeneral:  [1] V-E = 41p, 2] V-B

- - 108 - . Am.  10E
3] VXE = ——22  [4] VXB = —T[J + =

¢ Ot C ¢ ot
from[2] B = VXA —  vector potential  A(T,t)
. 1A
then [3] can be written as: VX|E + mevel B = 0
C

and the argument can be written as a gradient of a scalar field ﬁq)

10A =S
E+ -—— = —-Vy

¢ ot
> 1 8A =
E = — -V

c ot ¢
T & =
equation [1] becomes  V’¢ + —a—t(V A) = — 4dnp,
C
L e T . 104 A -
equation [4]is  V X(V XA) — _0_ |- b — ——| = __T[J
¢ Ot ¢ Ot




Basic theory of radiation fields (2) Maxwell equations

using the vectoridentity VX (V XA)

VX(VXA) — _0_ V¢ — —| = —lj becomes
c Ot c Ot C
-~ 1 8A N O 4 -
¢ Ot c Ot C

The potentials ¢ and A are not uniquely determined given that

- -

A > A&+ Vy implies B - B

1 - R
o — ¢ — 0w implies E — E
c ot

modificationsof ¢ and A are known as Gauge transformations;  isa scalar function

The Lorentz gauge satisfies the Lorentz condition:

which greatly simplifies the above equations



Basic theory of radiation fields (3) Maxwell equations

The two potentials can be simplified (Lorentz gauge):

2
Vip — =5 = =
2 2 e
¢ ot C
_'2 - 1 82 A 4 T - Point where the ficld is calculated at the time 1
VIA = 57 = =] . A
¢ ot C z |
solutions have the following expression (see Jackson for details) . |
d3 - ‘ | R=TTAL)

- r - f
q)< r ’t) — f pe —r> . r_’l‘ | {ral_t;:\'h-r._'z.hll-ll
A(r It) — _f J = — ’ - T

C | r— I ‘ : [h;ugcd particle at the retarded tume t'

The integrals are computed over the source (volume) defining p, and j

They are known as retarded potentials given they considera time delay required
for light to travel from the origin of the potential (charge and current) to the observer

See Rybicki-Lightman pp 69-90



Basic theory of radiation fields (4) Liénard - Wiechert potentials

A charge q is moving along a given trajectory T = r_(t) with velocity U
at a given position T we get: p, (T,t) = q8[7—r1(1)]
J(7.0) = qu(t)o[7—7,(t)]
and q = fpe (T,t)d°7
qi = [ (7. )d’7

the scalar potential is

Tt T—T"
o(T,1) = fd3T'fdt'pe|£ »,|> d t'—t+|r r |)
r—r C

and inserting the above definition of charge density and integrating over
distance

t'—t+

o(T.t) = qf 8

ifweintroduce  R(t')=[F—F(t')] —R(t")=[R(t") EmilWetha- g

e
and consider the vector potential as well we get 1861-1928 o4/l

C

|?—r:<t'>|) dt
|




Basic theory of radiation fields (5)

Liénard - Wiechert potentials(2)

the potentials are

o(T,t) =

AT = T[a(E)R () o

t'=t

In particular if we consider o

and change variable to

whose increment becomes

If we consider R*(t') =
JR(tIR(L) = R(t")-R(
namely R(t')z—ﬁ(t')

g R7'(t) &

so that
t =t'—t+R(t")/c

finally we introduce n=

t'—t—I—w) dt'

C
t'—t-l-—R(t)) dt'
C

R(t )=c(t—t )

. 1.
dt =dt'+—R(t')dt"

C

R(t")-R(t') and take the time derivative
t)+R(t')R(t) =

—2R(t)-R(t")

A

o | =0}



Basic theory of radiation fields (5) Liénard - Wiechert potentials(3)

’ 1. R
the increment can then be writtenas ~ dt =[1——"7(t')-u(t')]dt"
C

and the potentials become o(T,1) = qfR_1(t')[1—:—ﬁ(t')-ﬁ(t')] §(t )dt

C
the delta function can be integrated ift" = 0 (or equivalently t'=t ) yelding the
. . . = .
Lienard - Wiechart potentials o(7T,t) = R(r,t)
R(t,)xt,) .
/> _ CIU Charge position at t
A(T,t) =
CR(te) ke (tg) ‘
1 - -
where k(t') = 1——n(t")-u(t") [t'=t_]
C

‘Hdifference wrt static electromagnetic theory, relevant when u ~ ¢
— concentrates the potentials about the particle velocity (heaming)

Charge position at

t



Radiation from moving charges

Differentiation of the Liénard-Wiechert potentials (easy but lengthy) produces the radiation fields
ata position rand a time t (computed at the “retarded time "t _, and corresponding position r )

Letﬁ def b andthen k¥ & 1 — ﬁ.fg’ 1/R , acceleration field
-1 ton— radiationfield

()]

- =

. A== g o ==
E(Y,t) = q i + | 5o X[(R=B)Xp]
KR C k'R
—B»<_r. ) = AxE(T t) ~ generalization of Coulomb's

law

1. Coulomb's law holds for B << 1 & no acceleration; E field points to current position of the char
2. In case of acceleration the radiation field [at large distances from the charge] is then

— X[(F—P)¥p]

= = q
Erad(r’t) - = K3R

C

—_— —

B (T,t) = AXE_(TF,t)



Let's make a test

The black lines represent the E field

of a charge g, measured at large distance
Question: \

where is the charge q (now)?




Let's make a test

The black lines represent the E field |
of a charge g, measured at large distance /
N |/ ,
where is the charge q (now)? N
17
Easy solution! B ) | _\* -
o N
/ s | N
s | \ :
|



Let's make a test

The black lines represent the E field
of a charge g, measured at large distance l

Question: W»

where is the charge q (now)? L

Easy solution!
But can be wrong!

The charge g moved into its f
new position and the E field

has been modified accordingly! \\Q\ \

o

See https://www.youtube.com/watch?v=a5X5EsX9YmE

E_-B_ -n righthand system of perpendicular vectors, with |E_ |=|B_|

and are consistent with radiation solutions of Maxwell equations




Radiation from moving charges (2)

Comparison between the two components of the E [B] field [if p << 1]

Fo  RU
E,., ¢’
and for a given characteristic oscillation v then 0 = uv
e Ruv _ uR
B ¢ ch

Twozones can be highlighted :

1."nearzone’, where R < A ,andtheE >E_, byafactorc/u;

vel
Coulomb effects dominate

2. "far zone" or "wave zone", atlarge R = (\ c/u), where E dominates and

whose dominance progressively increases with R ;
radiation is the only thing that matters =» relevant to astronomy!



Radiation from moving charges (3) Larmor's formula

If a charge is accelerated (G #0) and << 1 fields are:

- q n > 0 iy~
0 = Yo XA x| = L[Ex(AxT)]
C \K R Rc N M
5 (T 1) = RXE \ E.., is perpendicular
fad(r’t) = fad( Y o the acceleration of
the particle
At a given point the maximum field amplitudes can be computed |
qt }
E| =B | = > SIne
%d
The Poynting vector providing the emitted power is then "=
. 2
c (qu . L
S —E —|— SInB| =
© = i = e o
q2 2 ) W




Radiation from moving charges (4) Larmor's formula (2)

Integrating over the solid angle we get the total emitted power

dW 2 2 . 22'2
P=—=qu3f5|n26dQ: ql;
dt A 3cC

Larmor's Formula



Dipole approximation of Larmor's formula

_dw 2q%a° 2q2|o.2 2 ¢

P —_—
dt 3¢ 3m’c’ 3¢

Let's consider the angular distribution i.e. how an observer gets the emitted radiation

2 2
C C . dW
S = —f, = —q—2u2 sin‘e = ——

4 1t At R dtR°d Q)

=0

Dipole radiation pattern, 1=1, m




Relativistic charge: (y »1)

We must express the Larmor's formula in an invariant form: scalars are not affected; let's write

dt = d—t
Y
S
pl — [pIEW]
W = p’’+m’c’ (p/W=v/c")
P__ﬂ_ 2q2 dp, dp,
dt 3m2c3 dt dt
dﬁ% — @2_1_ d_W2: @ _[32 d_p2
dt dt dt ¢ ldt dt dt
/\A

Vector Scalar




dp | _ dp
dt | dt
45 V2 dp 2 do |2
il B’ o~ (] B’
dt dt dt
dW 29° 1 [dp
P=——= ~
dt 3m2c3 y2 dt

The same as the non-relativistic case!

dp ’ T (dp
dT yz dT
2q2 dp 2
3m’c® |dt




Relativistic charge: (y >>1) scalar & vector variations -2-

Centripetal acceleration (the change in direction largely exceeds the change in velocity;
the energy does (may) not change substantially during the interaction)

dt dt C dt
dp, dp, B
dt dt|

P = —dﬂ




Relativistic charge (y > 1) Centripetal acceleration (cont'd)

Important notes

1

—1.P vy’ — The most energetic charges are the most effective emitters

I

—2.P m *— The lightest charges are the most effective emitters

Flectrons (positrons) radiate ~ 4+10° more power than protons
with the same energy (y)



Bremsstrahlung

Interaction (near collision) between electron and ion

285

e The Coulomb force is at work

280

o Let's consider a reference frame at rest with the ion

Declination

« The electron releases a photon (energy) at expenses of its
own kinetic energy

215

27.0

Outline
e Single event
e Anunrealistic example
e Athermal plasma (OK for astrophysics)

195.5 195.0 194.5

Right ascension

Churazov et al. 2021

G. Ghisellini: "Radiative Processes in High Energy Astrophysics” § 2
M. Longair: "High Energy Astrophysics” § 6.3 - 6.6
G. B. Rybicki &A.P. Lightman: “Radiative Processes in Astrophyiscs” § 5

194.0

E-Rosita X-ray image of the Coma cluster of galaxies



Bremsstrahlung single event

, o , ro———p
P e d_E — 2 € az e_ O \ e_
dt 3¢ )
@)

acceleration is from Coulomb's law Ze"

Ze’ 7e’
F = ma = — — — da — > x= actual distance between electron (e-) and ion (Ze+)

X m X
2 ¢’ 27°¢° 1 1

more appropriately x ~ x(t) then| P(t) 3¢ (O]

1

Remarks: . a~m —> P~m

2 4

2. a~x°" — P ~x
Radiated power is relevant
1. forelectrons (positrons) only i.e. light particles

2. when the two charges are at the closest distance: (x ~ b)



Bremsstrahlung Pulses and spectrum

2b

The interaction lasts very shortly: At ~ " where v = velocity

The emitted energy in a single “collision” (consider x ~ b)
28776’ [2b 4 7% 1

PAt
3¢ \mx | v 3¢mt by

Radiation comes in pulses At long

Asymmetric profile ( decrease of the e- velocity)

XD

al

L P(Y)

Fourier analysis of the pulse — Spectral distribution of the radiated energy
Flat up to a frequenc 1 -
u u Voo —
YN ST"
Related to the kinetic energy 1?________,,_-.,..— L
L ™\
of the electrons e X
(exponential decay beyond v, _ )z [ \
1[r1; \l
' \

el

ot
1o 107 x 8| 10







Bremsstrahlung radiated energy

The radiated energy per unit frequency (assuming flat spectrum) from a
single event can be written as

PAt PAt 2P(AL) =~ 162 1 1 7
AV v, 3c¢m: by b v*
Exercise:

Determine the range of distances (order of mag) in which the released energy is significant
e = 4.8-10 "statC m, = 910 °g v = 100km/s

e

Remember.... Bohr'sradius ~ a, ~5-10" "cm

Typical ISM densities ng, ~ 1 cm°




Bremsstrahlung (un)real plasma

Unphysical case: a cloud with ion number density
n, and free electron number density n_

In a unittime, each electron experiences a number
of collisions with an impact parameter between b and b + db is

2mtn,vbdb X

The total number of collisionsis ~ 27tn_n,vbdb

Total emissivity from a cloud emitting via bremsstrahlung (single velocity!)

b 2 6
dE f mx 16 [ e 1
J (v,v) = = 2mn.n,v bdb =
br( ) dvdVdt e db 3 c3m§ b’ v’
Pre® fb db | 327e® 1 b
= n.n, — = — nn,Z°In

3.2 3.2
3C meV ° bmin b 3C me v

min



Bremsstrahlung impact parameter

Evaluationof b__:

atagiven v, we must consider only those interactions where electrons have impact
parameters correspondingto  v__ > v andthen

Mmax

maXx

v
b < — | isafunction of frequency
v

Evaluationof b . :

a) classical physics requiresthat Av < v

7" 2b 276"
AV = aAt = . < v - b= .
mb" v m_v

b) quantum physics and the Heisemberg principle ApAx > h/2n
h h h

Ap=mAv = myv = ~ - b=
2tAX 2nth T 2mmv

——>  we mustconsiderwhich b_  hasto be used



electron velocities / total emissivity

A set of particles at thermal equilibrium follow Maxwell-Boltzmann distribution:

m 3/2

e

U
2mkT
Then n_(v) = n_f(v)dv isthe numberdensity of electrons whose velocity is

—m v /2kT 9
e v-dv

between v and v+dv and n_(v) replaces n_in J, (v)
When the plasma is at equilibrium, the process is termed thermal bremsstrahlung

Total emissivity:
must integrate over velocity (energy) distribution (0<v<o0?) 5 \

Jbr(\"T) — at = J'OO Jbr(v,v)f(v)dv — e \

dt dV d AY min log(w /o)

(\/ ) T) ergs 'cm “Hz

= 681077 ehw%enZ ;
\ )
T~ particle energy  high energy cutoff (1)

Plasma density (n )
| °




evaluatingb . . b~
bmaX:% frequency dependent!....velocity dependent!
A%
10°ms .
e.g.if ~v=10’km/s and v =10"Hz then b = msm — ~ 2.5X10 m
4X10s
Thermal distribution — range of velocities
3 1
Order of magnitude 2—kT = 2—m<v2> R

(Vy=3kT = = 0.68X10* VT m/s

\/3 X1.38X10 “kgm’s * °K'T
9.11X 10 ""kg

Fora minimum temperature of 10K we get a typical velocity of 680 km/s.
v 68X10°m/s

At 10°Hz weget: b =~— = —— = 17X10’m
4v 4X10"s
h 6.626X10 *kgm’s .
P ~ L —— ~0.17X10 "m
27Tm,V 219.11X10 " kgX6.8X10°ms
276" . .
= ~ short range interaction

m v

e



&2 Bremsstrahlung classical/quantum limit

which [classical/quantum] limit does prevail?

b .~ h/(27tm v) h v /137 Voo
1~ : ¢ — = ~(— ~ ——  >Twhenv>0.01c
bon—e 228/ (m ) 4mze’ ¢ 1
b, _ 137 |3k
but v = y3kT/m_ then -~ T
bmin—c ZC me
M [xamples: Hot IGM clustérgas (T~ 108) HIl region (T~104)
X-ray image
41:31:00 - : - i ,.;' h

41:30:00
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Bremsstrahlung Gaunt factor

\/g bmax

9ff(V:T> = —— In b
T

The Gaunt Factor ranges from about 1to about 10 in the radio domain

</ 5-11

e Thermal Bremsstrahlung ~

min

60 ¥ T y T

5.0

40

9y 30

20

0 1 1 1 1 b
107 1073 102 o™ 10° 10' 0% (1}

Gaunt factor, g, from Karzas & Latter, Fig. 5. u = hv/kT, for various values of 42 = Z2Ry/kT,
where 1 Ry = 13.6eV.

- )
Classical Treatment 8

Values around 10-15 in the radio domain, slightly higher than 1 at higher




bremsstrahlung - interlude: photon frequency .vs. temperature

Consider an electron moving at a speed of v =1000 km s™.
In case it would radiate all its kinetic energy in a single interaction

AE = hv = %mvz = 0.5X9.1X10 % kg X(10°ms™" = 4.55X107 "y

—19 2 —2
the frequency of the emitted radiation is v = ﬁ — 4.55 X10" "kgm~s

——~—— = 6.87 X10"Hz
h 6.626 X10 “kgm*s
in case this electron belongs to a population of particles at thermal equilibrium for which
v = 1000kms~’

is the typical speed, determine which is the temperature of the plasma

_ AE _ 455X10 "kgm®s™* _ ;
T = — = ———> ——— = 3.30X10°K
N\ k 1.38 X 10 ® kgm®s™ ?K

E(I}l‘L 105

=— Increasing Frequency (V)
C | X I““ 0 8 10

: ul}"’ 108 ||u"‘ lllr‘ 10" oY v (Hed
5 rays X rays [SATS TR Microwave |FM AN Long radio waves
Radio waves
1 1 ] 1 I ¥ i | I 1 I I 1
1o 1o 1ot 1o 10§ o 1o 1o 1o o 100° 10e 10% Folmd
s e T Increasing Wavelength () —
s WVisible spectrum -
—27 =1l —34 =1
Planck's constant: 6.626X10 “ergs = = 6.626X10 " Js
—16 =1l —23 =1
Boltzmann's constant:  1.381X10" ®ergk™" = 1.381X10 ~ JK
—31
_ m =9.10938188 x 10" kg
| D —— @
400 500 GO0

T
Tncreasing Wavelength (A) in mim —



Bremsstrahlung - interlude (2): the cut-off frequency

The cut-off frequency in the thermal bremsstrahlung spectrum depends on the temperature
only, and is conventionally set when the exponential equals 1/e.

1.38 X 10 P kgm?s ?’K ™’
- = 1 — v = KT = _g > 1 X T 208X 10X T (HZ)
h 6.626 X 10" *kgm* s

© Itis interesting to determine the cut-off frequency for a warm plasma (HII N
region, T ~ 10% K) and for a hot plasma (IGM in clusters of galaxies,
T~ 10°K).
D In observations, the measure of the cut-off frequency is a way to
determine the plasma temperature
A } i /

=— Increasing Frequency (v)

i{lrl“ |:I132 1{I:-*J' e o' {0kt 10 ' 0% e 10° 1o 10" v (Haed

Fmn A
Radio wawves

Microwave

3 rays X Tays Long radio waves

1 | ] I [} P o I ] 1 | ]
118 o9 1g-12 oo o® Ly o™ 1o 10" 1ot 107 1o® 10% 7o(m)
W []

o e S B Increasing Wavelength () —

Wisible spectrum

400 500 GO0 T

Increasing Wavelength (&) in nim —=



Thermal bremsstrahlung total emissivity(2)

Total emissivity does not depend on frequency
(except the cut - off) and the spectrum is flat

Jbr(\/ ,T):6.8°10_38 T2 gV nenzzzgﬁ (\/ ,T) ergs”'cm “Hz ™'

Total emitted energy per unitvolume: must integrate |
over velocity (energy) distribution (0<v<o0?) ata 5 ]
given frequency v, the velocity of the particle v must be as such

T 2hv
—mv- = hv — v o= —_— ]
2 me ~.~n_ . _—

log{w,/ weut)
and integrating over the whole spectrum:

dE ) \
Jbr<T) — CW ~ 2.4-10 27T”2nenzzzgﬁ(T) ergs 'cm
gﬁ(T) average gaunt factor




Thermal bremsstrahlung cooling time

Let's consider the total thermal energy of a plasma and the radiative losses:
the cooling time is

En 3/2(n,+n kT
t, = = we canassume  n, = n
N 3n KT ~1.8-10" /2 | _ 610’ 112
Y 107712 02 q B > S 1. 4
A negﬁc _ negff Y negff

N.B.The “average " Gaunt Factorisabout a factor of a few

Astrophysical examples:

Hil regions: n ~ 10°=10° cm > ; T ~ 10*K

e

Galaxyclusters — n_ ~ 10°m>; T~ 10-10°K

(thermal) bremsstrahlung is the main cooling process at temperatures above T~ 10"K
N.B.-2- all galaxy clusters have bremsstrahlung emission




Bremsstrahlung practical applications(1)

A galactic Hll region: M42 (Orion nebula)

Distance: 1.6 kly ~ 0.5 kpc angularsize ~ 66' — 1.1°
T=10" °K, S,,q,=410Jy

Let's get some astrophysical information

k M2 [and M<43) © Angl -:n-Flu:_=-t ralian IZIh:'-E;r"-.-'atI:- ry
10 T Photo by David Malin
VCUtOﬁ ~ - T — 2.08 ° 1 O 0_ HZ i GBT: Extended Emission in Orion .
h K
J (v,T)-V [
_ Thr f
> = 2
AnD _
3 “ :':;msf;:z;”i‘m;;mm' s R:P;tAml:;nuZﬂLi; .
. 6 * 1 0 1/2 '
t, = ——T'" yr
N9y
: —27+1/2 2 — -1 _ =3 5
i (T) = 2410 “T""n g,  ergs cm
_ ~1
I_br — Jbr V erg S g

Pay attention to the UNITS

05"35"‘30‘ 245 135 12!. M?
Right Ascension (J2000)



Bremsstrahlung

practical applications(2)

A cluster of galaxies:

Typical values of IC hot
gas have radiative cooling
time exceeding 10 Gyr

All galaxy clusters are
X-ray emitters

Coma (z=0.0232), size ~ 1 Mpc

10 arcosin

MGC 4E8d

1 el

MG0 4921-
MGG 4923 (7}
G50 -

NGL 4811

HGEE 8650

Mz 4858

MG dRFE

LSAGE 221162 (T

MGL 4RFT




Bremsstrahlung self-absorption (1)

Thermal free-free absorption: energy gained by a free moving electron.
For a Maxwellian velocity (energy) distribution, i.e at thermal equilibriurﬂ, Kirchhoff's law holds

. ]
S(v) = itv.1) = B(v,T) = 2 hv 1 ~ Optically thick regime =
w (V ' T) ’ ¢’ eh”/” —1 ~ Black Body photon distribution

N\
N\
N\
N\
N\
N\
N\
N\

j(V:T)i M(V,T)B(V,T) [Kirchhoff 'slaw ]
For an isotropicallyemitting plasma cloud via thermal bremsstrahlung

dE

= 4 (v T
dtdvdv Ty (V. T)

Therefore we can get

Ju(ViT) 1 s ¢ .
T) = = — 6810 T "nn,7g,(v,T 1—e ™"
= w, (v,T) ~ T_1/2nenzv_3(1—e_h”“)

,/

= “strong dependency on frequency



Bremsstrahlung self-absorption (2)

- at high frequencies w(v,T) isnegligible(v> and e™")
- at low frequencies (hv <<kT)
(1) ~ Ty (1=
_ ) h o
~T 1/2nenzv 3 1_1_|__V = T 32,2
kT :
466 2T[ 2 2+—3/2 —2
v, 1) = nnZT 1. (T
o (v.T) 3mhc |3km | °° v g(T)
g, (T)=10 therefore

Ve .

Mbr(VlT> ~ O.O18T_3/2\/—2 nenZZZgH(T) ~ O.ZT_3/2\/—2n n Zz

e /
¥ )




Bremsstrahlung brightness/spectrum (1)

The total brightness from a free-free emitting cloud:
let's consider emission + absorption

1 jbr(VlT)

B(v,T) = ’|_e_T(V:T) =B (v,T 1_e—r(v,T)
v = e ) =B, (v. T |
according to radiative transfer
Therefore:
100,72, (v,T
[B(\/,T)]N s Z gzﬁ( ) (1—eT(V'T))E“\“J Tv’ (1—eT(V’T))J
T 7"v "nn,/ g_ﬁ(\/,T)

The opacity[T(v,T) = w(v,T)l; where | =mean free path] determines
the spectral shape and the regime:

1. optically thick (v, T)>1
2. optically thin (v, 7)<



Bremsstrahlung

brightness/spectrum

(figures from Ghisellini)

L I I I I 1 I I I | | I I T i I I I I 1 1 I ] 1 1 1 I | I I I 1 1 1
; Sphere with R =10"cm ] 5 i T=107|<,Spherewll)tlggkil(())s}clm B
6 [ n =n=10"m™ 7 L J
N __ P ¢ __ N =1010_ 14cm—3 |
3 y | A ]
L . 2
2 1y -
— _~ :_ _: — : :
= : _5 l— A —
~7.5 - I )
_8 i _10 _| PR I R BN |m \ |_
12 14 16 18 10 12 14 16 18 20
Log v Log v
 B(v,T) ~ Tv2 (1—e ™) )
. 1 2
>1 > (1—e ") = T——] = 1 — B(v,T) =~ Tv
e
<1 - (1—e) = [1=1+1—0(7)) = © = ul,
but u(v) ~ v ° - B(v,T) ~ Tvit ~ T+’
w




Bremsstrahlung brightness/spectrum  (figures from Ghisellini)

I I I I I I I I I I I I 1 I 1 1 I 1 1 I ] I I I I I I I ] I ) 1
[ . i 5~ 1=10" ithR=10" =
N Sphere with R =10"cm 7 L 1=10 Kfsphefewgtlﬁﬁk_b2d§m |
_6 L n =n=10"m"> ] L i
L - i n =10"-10"cm" |
L i L / |
L - 2
. -65 | 4 . 0r v 10 B
A - -
= af 1= :
- - 5 /) —
~7.5 - I )
-8 i -10 f P S R N ST N N S ' m | |_
12 14 16 18 10 12 14 16 18 20
Log v Log v
Fixed size and density T Fixed size and temperature T

Emissivity decreases with temperature [J, (v,T) ~ T~"?]  Emissivity increases with density [J, (v,T) ~ n’]
The cut-off frequency increases linearly with T...and The cut-off frequency stays constant
Self-absorption becomes less effective  [w(v,T) ~ T77] Self-absorption reaches higher v [u(v,T) ~ n’]

e




Bremsstrahlun : reaIXra spectra (3)

o | | Coma cluster: Conlon + 2016

counts 5 keV-!

s 3 -

: g E ; - il al : s | e T T :
: oo BT L, |- " al ' | I
; channel energy (L;ev) : | : | Emrgyégv} 2 i
i (a) XMM-Newton best fit flux model from Come and best—ilit single temperature modeli
: radius of ~ 300 kpc [18]. for the central 12’ x 12’ of the Coma cluster [19]. :

se PSS

& The cut-off in these X-ray spectra is a

ﬁ measure Of the p|asma temperature

2 10

3

X If distance is known, from the flux,

ettt —u— ——3 | we can derive the density (ne)
energy E (keV)

Fig 6.21 (K. Matsushita) '‘Galaxies in the Universe' Sparke/Gallagher CUP 2007



Relativistic Bremsstrahlung

Minor remark: the Gaunt Factor is slightly different wrt the case of "'thermal br."

The emissivity for relativistic bremsstrahlung as a function of v for a given velocity v is:

| 32m e 1 183

o 5V V) = 3 mic n.n, /A ln(Z”3)

N.B.Tis not a relevant concept any more, v must be used A

The typical velocities of the particles are now relativistic and the 1“23

energy (velocity) distribution is described by a power law: 3 .y

[ n(E) ~ n, E7° }

Integrating over velocities (energies) _
Log E

| . o+ B

(V) =~ [ n(E)nZ°dE ~ [ ETdE = & o

The emitted spectrum is a power - law !



~ Bremsstrahlung

solar wind:
n~4-7 m
v, o~ 300-900 kms'
T~150000K

(not consistent with v!)

-3

flares:

relativistic particles
with power-law energy
distribution

2003/11/04 19:48




Final remarks on bremsstrahlung emission:

a photon is emitted when a moving electron deeply penetrates the Coulomb
field of positive ion and then is decelerated

the energy of the photon can never exceed the kinetic energy of the electron

generally the "classical" description of the phenomenon is adequate, the
quantum mechanics requires an appropriate Gaunt Factor only

the individual interaction produces polarized radiation (fixed direction of
E and B fields of the e-m wave wrt the acceleration)

all the interactions produced in a hot plasma originate unpolarized emission
(random orientation of the plane of interaction)

we have either "thermal” or "relativistic" bremsstrahlung, depending on the
population (velocity/energy distribution) of the electrons.

Annoying question.... Given that only electrons radiate, they can cool, while
positive ions do not... therefore, what happens to the thermal equilibrium?



TEST: Let's consider an HIl region around an O-type star. The spherical volume (radius 1 pc)
3

is homogeneously filled by a plasma of pure H, with T=1.69x10°K and n,.=10cm .

Compute both the specificand bolometric luminosities (per unit volume).

If the HIl region is at a distance of 250 pc, which is the predicted flux density measured by

a radiotelescope at 10 GHz (assume optically thin emission)

In case the O star is removed from the system, how long the bremsstrahlung emission would last?

Total emissivity (per unit volume)
‘Jbr<V ,T): 6.8'10_38 -|-—1/2 e_hV/kT nenzzzgﬁ (\/ ,T) ergs 'cm “Hz ™

Total emitted energy per unitvolume

dW _
Jbr<T) — m ~ 2.4-10 27T1/2nenzzzgﬁ(T) ergs 'cm g_ff(T) average gaunt factor
Cooling Time
1.8-10" 6-10°
t, = 1" sec —» = _—T" |y

negﬁ negﬁ



The "Cone Nebula" (NGC2264) is an HIl region (an amateur image is shown below
Itis at a distance of 800 pc and has an angular size of 3 deg.

Assuming that the gas is made of pure H, with T=_ 10°K,and n ,=10"cm >

, estimate the flux
density at 30 GHz, assuming it is optically thin.

E : NG'C2264-_CQhe Nebula .-

Total emissivity (per unit volume)
Jbr (V,T) =6.8"1 0_38 -|-—1/2 e_hV/kT n, nzzzgﬁ (V,T) ergs 'cm “Hz ™



Non-thermal Synchrotron Radiation

on textbooks

G. Ghisellini: "Radiative Processes in High Energy Astrophysics” § 4
M. Longair: “"High Energy Astrophysics” § 8

G. B. Rybicki &A.P. Lightman: "Radiative Processes in Astrophyiscs” § 6 (+4.7 & 4.8)




Radiation from a charged particle the Lorentz force

A charge q is deflected by a uniform magnetic field B according to:

C

-V = vC0s6 v = vsing
dt

0 is the "pitch angle" between the magnetic
field and the velocity of the charge

synchrotron
photons

electron, e
(spiraling around
magnetic field lines)



Radiation from a charged particle the Lorentz force (2)

d(mv )

dt = 0 -V is constant — The pitch angle remains constat
d(mv

mv, ) =1 v, X H

dt C

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:

A mc
B rL — q—HVJ‘
B8 ' _2m _ gH .
EJ W, = TL = [c.g.5. units]

Side view Top



Cyclotron radiation

"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 \

P(v)

/I\/Iaxamplltute

e A NN —Y—S————_————— o e

0/5 * Max amplltute

. No radlatlonI

0.5 * Max amplltute

Max amphtute

\Y



Cyclotron radiation frequency of emission

dp . L=
Lorentz Force: P ma = 1 v XH
dt C
in modulus ma = 2 v H sinp = gBHSING — a = q—[3Hsin6
C m
4
dE 2 .
therefore inin the Larmor'sformula  ( — )— = — qz . BZH2sin 0
dt 3mc
Q) H
atthe frequency v, = o=
2T 2mtmec
. . . . Vi H
If we consider an electron, its gyration frequency is: ~ 2.5
(MHz) Gauss

N.B. In general, the magnetic fields are weak (u G), except in very particular stars,
and collapsed bodies. ~ — the emitted radiation happens at low energies
Example of a collapsed body: 34keV feature in Her-X1 (see Longair),



Towards synchrotron radiation:

relativistic Larmor parameters

mo
m = 2 — mo-y
T—p
ymoc
f — V — I
L, rel qH 1 Y L
271 2mtm Cy
TL,reI T — YTL
Vo, qH
. 2T[ . qH . (DL
e TL,reI ymoc

if we consider v ~ ¢ ,we have:

2
ym,c g

I = —

Lrel — qH CIH

N.B. "classical' physics is ok, since for typical B fields strengths, h/p <<r

\ Observer
§ gy 2

AN
A

L, rel



Cyclotron radiation

towards relativistic particles (1)

[(ULTRA) - Relativistic] Charge (y => 1) moving in a uniform magnetic field
Recall Larmor's Formula in the invariand form (scalars are not affected)

dt
dt = y—
.= [p.(i/c)E] ' N\
FYI
2 — p2c2—|-m2c4
dE 2q2 dpi dpi |
P —_— — =
dt 3m2c3 dr dt |
dﬁdﬁ . ﬂz_Ldizzﬂz_B?diz
dt dt dt| ¢ |dt dt dt
Already seen earlier
é - 2 ) )
dE 2q° dv d Two options:
I:)relz_: qz3y2__[32_ —>
dt 3m’c dt dt
. - J




Cyclotron radiation towards relativistic particles (2)

Classical, non relativistic, Larmor case —  linear acceleration(no a_)

dp| . dp.
dt| dt
b — E B 2q2 1 de
dt  3m’c’ ¥y \dx
dp d dE
—  Centripetal acceleration P > B i —
dt dt ¢ ldt
dE 2q2 dp ’ 2q2 dp
P:— — —
dt 3m’c |dt 3m2c dt

Relevant in relativistic cyclotron and synchrotron emission!



(relativistic) Cyclotron radiation frequency of emission

The energy is radiated in various harmonics of the gyration frequency:

V| C0SO .
v, = kv |1 — k=1,2,34,...n Doppler shift along the LoS
C
. . . dE dE
The energy in the various harmonics follows: o ~ B | —
dt |4 dt
P(v)
‘ : E]/\/\/
wese Ti.:ne v
1 E
‘ \
P(v) oL TE—PCA ]
/& E | v I RXTE-PCAY) ASTROSAT - LAXPC -
- | - EFE 0.1 ¢ ASTROSAT - CZT h\.\x E
e . Yo AN
0 2 * AN
: P(v) g 0.01 £ BeppoSAX—PDS b,
A Lfl
= | I - 5 10 20 50 100 200
v~C At, Time v

Energy (keV)



(relativistic) Cyclotron radiation frequency of emitted radiation

2

o

dt

n+1

dE dE
dt |

The energy in the various harmonics follows: [ —
As a result of a relativistic effect on electron motion and its emitted radiation...

(Radiation) fields on the approaching side are amplified,
while they are attenuated on the recedingside. 1 F i

- velocity —— 3 _ velocity — 3

The effective field can therefore be represented as the superposition of a number of harmonics.



Synchrotron radiation relativistic aberration

5|n ((1') ( m> _ velocity —— _ _ velocity — _

tan(a) = 3 _ I F - E

c0sa'+p SEINC S e X

-
L=

T F : E
a' = 90°=tan(a) =~V 1—p° ~ — - 1 E E

Y - yacen . - lacen

= Amplification along the velocity direction

= (relativistic beaming)

2
Half of the radiation is within a cone — wide

Y

Electron B
orbit

Lorentz
transformation

=Rl

i i




Synchrotron radiation

Itis generated by ultra-relativistic electrons, for which the curvature of the trajectory plays the
major role in determining the emitted power  (single electron with its y in a H field)

dE 2q" .
— = = A g y2Hsin’e f energy

dt 3m’c’ : '
.7 density U,

ifp=1 and e=moc2y then it can be rewritten as

"%

dE 2q4 2142 o3 n2 2'H2 3 —15_ 2142 cin? —1
— — = e H'SINO = 2co,y'=——SIN 6 = |1.62-10 "y H"SIN 6 ergs
dt 3mtc’ 81

and o, is known as electron Thomson cross section defined as

(" ] ) \2 ] )

o, = — |——| = 2% ¥ = 66524586..-10 *m
3 |mc 3

U J




Synchrotron radiation pulse duration (1)

Pulse duration in the electron reference frame is

A Mcy2 2

At = 2% = v = —
W 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 travelling nearly at same speed of radiation emitted in 1

[ ! )
1 1 1 5-10~
AT = (1_!)At — (1_[3)At ~ —zAt e = ; S
¢ Y Yo o yo, yHG

Observer




pulse duration (2)

v 1 1 1 5:10"°
At = (1——)At = (1-BJAt & — At =—— =—7— =~ — S
C 2y 2y'o,  2y'o, y H|[G]
Foreword/consequences:
1. The duration of the pulse is ~ 1/’ shorterthan At=T,
2.Thefactor (1 — v/c) isthe same as appears in the LW potentials and accounts for the beaming

(more generally Doppler effect) in case of relative motion wrt the observer (pp. 200-202 Longair)




Synchrotron radiation

pulse angular distribution

™~

The radiation is emitted in
a narrow cone aligned with v

N\
N\

N\

|
k width ~ “deﬁfmzj\

£

intensity

N

Y

|stantaneous
illumination

2rfwp ———=—

Figure 6.5 Symchrotron emission from a particle with pitch angle . Radiation
is confined to the shaded solid angle.



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.
Beaming effects move the peak to frequencies higher than v,

- . 3 3 , 3 , eH
The characteristic frequency is: V| —— = —yv = y —
Am T 47 4t m,C

3 eH §
e~ 6.24-101882H[: 42-107°y*H[uG] GHz]

35
4t m.c

= example: an eIectronwith[y ~ 10" ina H ~ 1 uG fieldhas v, ~ 0.4GHZJ

Synchrotron radiation is generally emitted in the radio window
H fields are generally 0.1-10 wG inspace.  Higherfields in "condensed" objects (e.g. stars)



Synchrotron radiation single electron spectral distribution (2)

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

de(v) _ df | dEs J3e’Hsing (v
dt dt dt 8 cm, v,

Y Y o0
Where F_:_ fV_KS/B(y>dy 5 [ 7 e B B B S S e e
v.| v, YV : 1k T4
B _T slope ~ 1/3 —
K = modified Bessel function I _oap 1]
13 L B i
v<v, —  F(v) ~ v 6l vor L il
—v/v, B ; 3 ]
v>v. - F(v) ~ e ~ | _ .
y A o e
peakat — ~ 0.3 it x i
’\/ | .
S | -
, | 2 |
e ™ L ]
Nearly monochromatic emission, at : K .
FYI v, 0.3v, depending on y2 and H 0 _TI | e |—|_

/,,/éomputationé‘*}” - Q 1 o a 4 5 5
~ neverasked v/ v,




Synchrotron radiation typical radio spectrum of a radio source

Which is the nature of
the emitted energy?

The cases of 3C219 and 3C273

4 .

% |
'\ '&b |

ST + radio radio

Radio Galaxy 3C219

-

.

3G 219
100MHz__ HI o 1mm  FEAB] LK J W TkeV
1 I 1 1 1 1
!‘-l B
- [
[ ] ol
LI E
| of ' {2
. . i
= T !
=
=" [mp]
N\ = TH N
- l“ =
n u ]
= o =
A :
B ¥ <
_5 - ] ll! —
[l
—— Ll
I =
Radio/Optical Superposition ' ' ' ' ' '
5 B 10 12 14 16 18

Copyright (c) NRAO/AUT 1999 log ¥ {Hz)




~ Synchrotron radiation | the full sky at 408 MHz

Synchrotron emission from relativistic electrons (positrons) within the Milky Way.
Inafield of 1 uG, their energies correspond toyy 10%

Sky @408 MHz (from skatelescope.org)




Fast charges within a spiral galaxy: do they escape?

Compute the Larmor radius of a

relativistic proton in our galaxy
B ~ 10uG

alternative formulas

2
_ _ymcv
= ¥yh = -
rel q H C
-
ymc
_ 6 [GeV ] Vv In general, relativistic electrons are
rLreI = 3.3X10 g H Z diL trapped by magnetic fields in spiral
le] [Gauss] galaxies and emit synchrotron radiation
S B e




Synchrotron radiation a SNR

Synchrotron emission from relativistic electrons (positrons) in the crab nebula (debris of a stellar explosion)




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

0

The specific emissivity of the whole population is

— dWS(V'E) N(e)de (***a:)

J(v)d(v)

There are various (approximate) ways to derive the total emissivity:

1. all the energy is radiated at the characteristic frequency

2. the enerqy is radiated at a constant rate over a small frequency range



The synchrotron spectrum

Let's choose approach 1: all the energy is radiated at the characteristic frequency:

e | eH
vVEYyR Yy = | —|V where v, = then
mc 2mtm,C
v |12
e = ymc = |—| mc = mcdv" v " then, getting the differential
A%
L
m ¢’ l
de = 61/2 v "y = —mecva_mv_]/zdv
2 ~
L ~ .
o dE 2 q .2 .
Larmor's formula for synchrotron radiation (_)F = 3 qz 3B2yZHZS|n 6 ~ ¢ H'sin o
m’¢

Then, for a relativistic (= power-law ) population of electrons, (****) becomes

dE.(v,¢ oA
= S(dt ) N(e) de =~ constant N H °*"/2y (7172

J(v)

JS<V) - NOH (6+1)/2V — o




&) The synchrotron spectrum

v, = 4.2-10_9y2H[MG] GHz —  Given a magnetic field H,

the emitted frequency is detemined by y2 (i.e. the energy of the charge, being e = vy mecz)

Vv

Log N(
Log S(

—V

Log (v



The synchrotron spectrum

The total spectrum is interpreted as the superposition of many contributions from the
various electrons emitting each at its own characteristic frequency v_ in the same field H

i individual -G
a0 clectron
2 =
spectra power-law
superposition
ar—

log v



Synchrotron self-absorption (1): (SSA)

“(Low energy) Photons cannot escape regions with high electron densities”
NOT in thermal equilibrium, then Kirchoff's law does not apply.

Concept of temperature must be widened, it does not imply thermal equilibrium
The “electron (kinetic) temperature™ T_ can be defined based on the electron energy

SSAapplieswhen T, ~ T 4
4 nnecessary
T, can NEVER EXCEED T, ~ detail here

The absorption coefficient is effectively determined by making use of the Einstein's
coefficients (not given here, see further lectures)

T No\’_(éH)/zH(TZ)/Z

see Rybicky-Lightman, 6.8



Synchrotron self-absorption (2)

= Synchrotron absorption u, ~ NOV_<6+4)/2H(T2)/2
B
= Synchrotron emissivity L(v) ~ v ? H?

<1 optically thin regime

t>>1 optically thick regime

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



Synchrotron self-absorption (3): understanding the 2.5 dependence

Use a trick: the power-law distribution can be seen as the superposition of many Maxwellian
distributions at different T: ymec2 = 3kT (fora relativistic plasma)

Let's suppose that each electron emits at its own characteristic frequency v,
y

v, =~ 4.2-10"y'H[uG] GHz ANEER
Ao Y 1/2
. 2 2[V —1/2 112
Fromthisweget kT ~ ym ¢ ~ mc|—| H - T ~ v
i

At low energies, in a fully opaque source (black body!) the brightness temperature is defined as

2
V

I(v) = B(v,T) £ 2kT,—- T. must be = to the kinetic temperature of electrons
C
g 1/2 2 5/2 b
- 2 [V 1Y Y
|(\/) mec — H > —7
Vv, C H
q J




Synchrotron self-absorption (4)

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

At S
g = ) but ~ S(v)~ v* and 3k, = ym.c’
2k 6,0,
1/2 —1/2
H
=3.0-10"--2—. —— [K
B, max [GHZ] [G] [ ]
Observations may find T, in excess of this maximum value .

—  Further considerations are necessary (later on...) T



Synchrotron self-absorption (5):

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

v Sp 215 0 —4/5 H 1/5

GHz Jy mas m

(142

)1/5

1000F

With these units, the constantis ~ 2

100

10

Theory .vs.
Observations

14

100



Synchrotron self-absor

tion (6):

A peaked radio s

MRk DEE3

I1rr|rr|

ectrum

100MHz  HI Borm
| - |

TR AS] LK .J W
. : .

T
o
=
o
o]
=
=
o
m

>

|
=

=

0
=




Synchrotron self-absorption (7): Other examples of compact (young) radio sources

Vo

~~

2/5 n—4/5 § 4115
S0 H

p L

(1+z)”5

Can help in measuring the magnetic field in the relativistic plasma!!!!
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Spectra of radio sources: (none of these is "compact"!)

i Wavelength
Test: Guess the mechanism! n¥escumt
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Energetics of a radio source (1)

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

Uy = g4te,TU, = (1+k)e,+U, = U +U,

H

kis a measure of our "ignorance" of the plasma composition

Let's consider relativistic electrons: their energy is given by

€, = Vf:teN(&)dS = VNofi:_a:ea_ada = Ni/ fna_xé—eiﬁ dF2
We can getrid of N_V if we consider the source Lumonosity
| = 47[D2f:::5(v)dv = Vf::N(a)(jj—f de
L ~ NOV_E:a e He’ sin“0de = 2.4-10_3NOVHiSin26 g —g)

Now let's get N_V out of this relation

min/max

where ¢ = -
6.24-10"H

1/2
Vmin/max )



Energetics of a radio source (2)

N, VH sin’6 -
L = 24-10° — (sﬁna‘f—ein;@) = NV = (3. f’“
3—9 2410 H'sin"0 (e *—e’ )
2 o 2 )

3 6 m|n I— 1 — — —
f e, = — ~ e =~ 40-10 "H Ay

2—6s £, HSiN'G 2.4:107

3 N [ rrfax 6)/2_V(r§in_6)/2] H—(Z—é) Sin—(Z—é)e ]

28 [y ey T gy B g e gin?g

Once chosen the minimum & maximum energy, considering an isotropic pitch angle distribution

. ;
= Hlsin‘e = = H?

c'/, 7\\

The above becomes e, = L,
NG J

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



Energetics of a radio source (3)

Energy is stored in the magnetic field as well

HZ
[UH = |~ = CHHZV}

U

N——

The total energy budget is {Utot = (1 + &k CelH_B/ZL + CHH2V}

By deriving wrt H
—a minimum in the total energy content
of a synchrotron emitting region!

{(1 T k)8e| — iUH} U

DA U

tot




Such equipartition field provides the value of the field intensity for which the total energy
content in the radio source is minimum (related to the relativistic plasma), which amounts to

g g \
Ugmn = 71 Fk)e, = 4—(1+k)ce|He‘q3’2L = 2[(1+k)c, I L v
N \ )

It can be calculated from observations, although a number of assumptions are hidden

1. The particle density is homogeneous ( filling factor ¢ = 1)

2. The magnetic field is uniform all over the relativistic plasma



"Equipartition" Magnetic Field Total energy U

tot, min

The total energy can can be written in a specific expression for radio emission at 1.4 GHz as

417 3/7

V
[kpc ]’

I‘1.4GHZ

| Watt |

417

U

= 2-10"(14+k) [erg]

tot, min

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

U ot, min — I‘ z k C 3\
i o= —=M = 48107 =1 ke lerg cm™°]
V |Watt] V
e N\ , e ™
H 11
Pmin — PH + PreI — o + <F_1)ure| — a min
§ 31t 21

E.g. = Such pressure can be compared to that of the surrounding ambient medium



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:

» Determination of the “equipartition field" along

the radio source structure (plasma evolution?)

> Pressure balance: Pintand Pism/ Picv provide the ram

pressure and then the espansion/growth velocity

(supersonic growth?)

min

min

V

tot, min

_I_

P

rel

3

C
“(14+k) =2
ALY,

= 6.8-10°*

2

37

H

L1 4tz [kPC]3

417

| Watt ]

V

A + (C—1)u

Oh.servers g v SA0E, e il



Is equipartition Magnetic Field representative?

10000 ™
J1511+0518
1000:— o
o
=
= 100 -
(@)
W t_,)(
I -
Ce
3 E
1 ||
1 10

H,, measured from Luminosity, Volume

Peaked Spectrum (Self-absorption)
measured from vp,Sp,e (angular size)

(GHz)

100
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T T T
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Table 2. Physical parameters of the source components.
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Synchrotron radiation 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 d8N<€,t>) LNt _ et
ot Oe \dt ot
In particular
N(S,O) = Noe_6
Q(e,t) = Ae™®

First considerationsinasimplecase: T = = o & Q(e,t) 0

conf



(pure) Radiative losses: T =oo & Qet) =0

conf

2e

d .
- — =, ¢'Hsin’o where C = ———
3m, ¢

;ii__ sync sync

= |tis possible to derive the energy of each particle as a function of time:

de . .
- — = Msin‘edt — — — = (_ H'sin'e t
ync sync
€ s(t) €,
1 | 14+¢ C_Hsin0 t " £
1 :—+CsyncH25|n26 t=——>= - gt) = : .y
e(t) & £, 1 + ¢ C  Hsino t

Define the cooling time t* as the ratio between the total particle energy and its loss rate:

0 0

de/dt ¢, e’H'sin’e

\

*

C ¢ H%sin’0

sz : 1
sync o

Withsuch t™ we can rewrite the particle energy with time

e(t) =

Ei

T+(t/t ™)




‘&0 Radiative losses: evolution of the spectrum

High energy particles have shorter t* than low energy ones

The emission spectrum is modified accordingly due to the depletion of the high energy
particles from the energy distribution:

itis possible to define & * which in turn
defines v *, to be considered a signature of ageing

Log S(T

The low energy spectrum
remains unchanged




Time evolution: A case study (more general)

ON(e,t o | d N(e,t
oNe,) "Nt + MY gy
ot Oe | dt T
1. The confinement time is extremely large T o
2. There is continuous injection of fresh electrons: 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:

( )
J.(v) ~ y e = e when —-v<<vx*

—8/2 —(a+1/2
J(v) = v = y et when —v>wv*




Spectral "ageing”: How does it work?

1. Initial power-law distribution

A

Log N(e)

Log €



Spectral "ageing”: How does it work?

2. Initial power-law distribution depletes high energies as it ages

A

Log N(e)

~ cut-off

Log €



Spectral "ageing”: How does it work?

3. Aged initial power-law distribution and new generation of plasma (1)

A

Log N(e)

~ (cut-off)

Log €



Spectral "ageing”: How does it work?

4. Aged initial power-law distribution and ( a second) new generation of plasma (2).

A

Log N(e)

~ 2 cut-offs

Log €



Spectral "ageing”: How does it work?

5. Aged initial power-law distributions and new (third) generation of plasma

A

Log N(e)

2 cut-offs

Log €



Spectral "ageing”: How does it work?

6. Aged initial power-law distributions and aged new generation of plasma

A

Log N(e)

Change in slope
due to many cut-offs

\




Spectral “ageing”

The integrated spectrum of a radio source
| | | | | | | |

O =




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

e~

>
Different regions ofthe <
same radio source may 2
have different radiative

age based on:

S/pectral break

1.injection time
2. location within the r-source
(i.e. hystory of the plasma)

Y
/
/
/
/
/
/
/
/

3. information on individual

: H /Observations Canh measure
radio source evolution /

~ thelocal spectral index




Spectral “ageing”

The "age” of electrons is different in various
region of a radio source
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Spectral “ageing”

0.5 ) 1.5
The "age” of electrons is different in various o
region of a radio source ' ' '
" ab
Info on the radio source Young Q?GG
formation and evolution 35 56 00 |- '
Middle age &
Image of the spectral index g . -
o (colorscale) computed 2
between two frequencies, g S
overimposed to iso-brightness 5 '
contour levels = ’
S(V) =V ) 355200 p
lo SV
I(v,)
o = v,) Orru' etal. 2010
|Og V—1) DQEO 10 09 41[] 00 Q9 319 S0 09 1;9 40

RIGHT ASCENSION (J2000)




How to measure the age of the e- population

The "age” of electrons is different in various regions of a radio source

Info on the radio source formation and evolution

Spectral age (Myr) Reduced chi-squared Error (Myr)
) 2 [ (2 "w ' 2 3 ) E
- —
Red = young > N
Green = old Qo
% ~
1]
e w +
Eaght b e Byt Ap snsur gt ke
Emitted Frequency (GHz)
10° 10! 10° 10’ 10° 10? 10" 10° 10' 10¢ 10’
. . —_ 0 Myrs
=~ 10 Myrs
- 20 Myrs

Flux Density (Jy)

iood et al. (2013), Nyland et al. (2018)



Spectral "ageing” ~ I | _
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Fresh electrons in an active nuclei & old electrons in dead AGN

Radio Galaxy 3C296
VLA 20cm image
Copyright (¢) NRAO/AUT 1999

1 ¥
* *




Adiabatic expansion:

3 1 _1 34/3_1
Poisson's law: W' = onst — TRV = Tr=const
1
e ~ 1 ~ — er = g,r, = const
(
( (
8(’[) = 801 = g, -
r r +v t
0 exp

omputatcion
never asked

magnetic field: H(t) = H

( The shape of the spectrum does not change, but it is shifted at lower frequencies J




Effects of adiabatic expansion:

I | LI | I | I I I | LI | | |
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" The shape of the spectrum does not change, but it is shifted at lower frequencies

The source expansion makes self-absorption less effective and the optically thick
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g Spectrum gets stronger. The peak in the 2" epoch spectrum has lower v, e weaker S,
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(Linear) Polarization

newlin eltis the most distinctive property of the synchrotron radjation

https://www.youtube.com/watch?v=HH58VmUbOKM

https://www.youtube.com/watch?v=_8YkfEft4p-w :

T Fora better understanding

When many photons have E and B fields oscillating in random (disconnected, but perperdicular
each other) the radiation is unpolarized

In case radiation has been produced in such a way that, e.g., the E field has a "preferred" direction,
then the radiation becomes linearly polarized

/ %
Radiating
particle

Rybicky & Lightman; Fig. 6.7

Plane of the sky



(Linear) Polarization (2)

B

The radiation is emitted with the E field oscillating
perpendicularly to the local B field direction //y
Fractional polarization never reaches 100% ”

Reduction from 1/+y opening angle,
and propagation effects

Rybicky & Lightman; Fig. 6.7

Plane of the sky

Two components can be separated Py, P,

Algebra is very complex B
~ Notcom mented
PH _ \/5938 F(V/VS)_G(V/VS> 0
PJ_ 7 me C2 F(\// \/S) +G (\// \/S> 2 / , , ) ‘\
where Fiviv) = (vlv) fzo/v K. (y)dy

G(viv) = (viv,) K, (vlv) K — modified Bessel functions



(Linear) Polarization (3)

The toal emitted power for monoenergetic electrons is

P(v) = Pylv) + Pi(v) ~ F(v)

Integrating over the energies a power-law electron energy distribution we get:

PV | 3] R [ 2y e
P, (v) 2] "m0+ |3
Qe+ 19 19
where  J. = Py Ik - 2
5+1 14 12] |4 12
) = grmep|R R
4 12 4 12

FYI




(Linear) Polarization (4)

For a relativistic plasma bubble with homogenous field, the degree of polarization is defined by

Je §+1

P (v) — P||<V)
PL(v) + Pylv) 0 8+7/3

The fractional polarization may reach 69.3%, 72.5% and 75.0% in case of
FYI

0=2.0,2.5and 3.0, respectively. This is very large!

There are effects that may reduce the actual fractional polarizazion
(see further, e.g. inhomogeneous field, differential Faraday Rotation,
insufficient resolution, ...)

From Dallacasa, Radio Astronomy Lab, lecture notes



(Linear) Polarization (5)

Polarization is a measure of the predominant direction of the E field — a vector

. R,
" |
L

From Dallacasa, Radio Astronomy Lab, lecture notes Uand Q images in the Stokes' parameters

For each pixel, the vector length P (side image) is given by
P = U2+

For each pixel the orientation of the vector (not shown) is given by

l
Y = Eatan(U,O)




Synchrotron radiation nolarization in 3C219

Example 2: polarized emission in the radio galaxy 3C219
ICONT:3C219 IPOL 4660.100 MHZ 3C219.ICL0O1.1

455r30 L ! | |

- E-vector displayed, length proportiona
to polarization: it has 2 components
defined by the Stokes'parameters U and Q

oo

» B-vector (field!) direction perpendicular 5230 -

to the vectors shown here. 3
o L
. . = Ea
- In case resolution is not adequate, 9
. . .. g
the detected polarization emission £ _ |
0
may be severely reduced (beam &
depolarization). i
> Often polarized emission is frequency
dependent. 1l
00 [©] | il
091800 17 55 50 45

RIGHT ASCENSION (B1950)



- Synchrotron radiation polarization in M51

Example of polarized emission: M5
- vector length proportional to projected field strength
- vector direction (B field shown here, but E is measured!)




What are the relevant features of the Synchrotron radiation?

0. Ultra-relativistic electron emission in a H field

Ta. Electron emission strongly dependent on v, power-law, typically in the radio band
Tb. Non-thermal plasma, power-law energy distribution

2. Linearly polarized emission
1

3. Electron lifetime proportional to &”

4. Time evolution: cut-off or spectral break (in case of continuous injection of fresh
particles)

5.SSA = Hfield measure

6. Minimum energy and the “equipartition H field"



~ Questions

(1) What does it happen to “equipartition” when the relativistic plasma ages?
(2) How long does a radio source live?

(3) Are we sure to have the correct answer to (2)?

(4) What are the key points to find “old" radio sources?

(5) Do intrinsically small radio sources grow with time?



APPENDIX:  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 modifiesv |

- 1 oH
VXE' = ———
¢ ot
For each projected orbit the variation of energy can be written as
Alzmv | = $qEdl = qf VxE-dS = =3[ T3
2 ¢ > ot
If the magnetic field changes smoothly within a single orbit i
oH AH f ,.’} s\
1, qAH, q AH ) Ee===t
Ae |, = Al —mv|| = ——(nr) = = v (mr — o .
+ 2 ¢ T () ¢ 2mr, 1) | I; | :.l |
AH AH \ | [~
But r, = — — YL f ~ 1€ —
qH c 2 qH H V1T
A € A H € y. \ I|'| |Il| [
J_ N —_— — _J_ — Const /// By ".II".'I || |. l'}‘."'




7 Non uniform magnetic field (observer frame):

In the observer's frame

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

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

FYI

4 )

If v | increases (decreases) going into stronger (fainter) H regions,
thenv | must decrease (increase).
If we consider the energy (scalar), if € | increases (decreases)

thene | must decrease (increase) of the same amount

\_ /




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:
UXH = (v +v  )X(H +H ) =
:V” XH” +V_L XH” +V|| XHL _l_VJ_ XHJ_

b
| 0
centripetal
acceleration
tangent to cr,
(in/de)crease V asH| Yy
| / along helix,
r against v
Vv
FYI | responsible for
+ reversal

I\p‘\ln‘lﬂl“‘ll(‘ f\£ ‘I



Ae | AH e |
~ — - —— = const
€1 H H FY)
- sin @
Itis equivalent to: T = const

it H and ©_ (pitch angle)are known ata given point on the particle trajectory, then:

: : | H
SINO = SINO 4| —
0 HO

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.
Itis 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)



Magnetic trap (bottle)

FYI

Capyright £ 2 Prarson Education, ng,, pubdishing as. Acddson Waeskay,



Example:  Earth Magnetic Field and charged particles

Charged particles Protons trapped
from sun enter earth’s in inner radiation
magnetic field —__ belts

\

Electrons trapped in
outer radiation belts

If a particle is initially very energetic, the magnetic bottle will not be able to confine the particle and it will escape. In exactly the same

way, the aurora borealis/australis (Northern and Southern Lights) occurs when charged particles escape from the Van Allen radiation belt.
They interact with the atmosphere through optical excitations of the gaseous atoms. Auroras are produced when the magnetosphere is
sufficiently disturbed by the solar wind that the trajectories of charged particles in both solar wind and magnetospheric plasma, mainly

in the form of electrons and protons, precipitate them into the upper atmosphere (thermosphere/exosphere) due to Earth's magnetic field,
where their energy is lost. Auroras form from the interaction of high energy particles (mostly electrons) with neutral atoms in the high
atmosphere. These particles may axcite (via collisions) bound electronsin the neutal atom. After a characteristic time the excited electrons
decay to their initial state, producing radiation. Such process is similar to that in the neon bulbs. The various colors are determined by

the composition of the atmosphere and by the colliding particles energy. Atomic oxygen is generally responsible for the red (630 nm)

and green (558 nm) light, while molecular nitrogen (both neutral and ionized) causes blue (428 nm)light.




Thompson, Compton & IC scattering

on textbooks

> (. Ghisellini: "Radiative Processes in High Energy Astrophysics” § 5
> M. Longair: "High Energy Astrophysics” § 9

> (. B. Rybicky &A.P. Lightman: “Radiative Processes in Astrophyiscs” § 3.4 §7




Thomson scattering

Photon-electron interaction -1-

[ hv < mc’ ]

- fora non relativistic particle, the incoming (low-energy) photons can be expressed as a
continuous e-m wave and the magneticfield (H, = E_) can be "neglected” (i.e. studied

as a consequence of the E field behaviour).
- the average incoming Poynting fluxis ( | S | )=cE/8x

- the charge feels a force due to a linearly polarized incoming wave:

- the energy of the scattered radiation is the same as the incoming wave



Thomson scattering (2)

Force from a linarly polarised wave ~ F = etk Sinw, t
Dipole moment
- . 5 - ezEOA . i
d =er - d=cer = €SINw_t |

m .
- eon . o ET = (=
d = — S 1€SINw Tt = a(t) —100% 0% Polarized

mao, - “Polarize
: : : : 7 eon ~ ] -
describes a dipole with amplitude d = — . € e Bl
0 of e-

taking into account the Larmor's formula, the time averaged emitted Pis

- 4 2
e E

dp 2 d° L, do
<dQ> <3 c3> <8nm2c3 )= >dQ
4

d
where 0 _

.« 2 _2.2
— SIN ©=rSIin ©
m C

Differential cross section for the scattering

\
\
/

4
/
/
/
/
/



‘&9 Particle acceleration

et
An electron oscillates when interacting with the E field of incomind radiation and X (’[) = d > COSmwt
m
e
ek,
the consequent acceleration is d ( ’[) = COSmt
m
e
2 42
the emitted power by the scattering particle is —<—> _T — = — 3
3¢ 3 ¢l m, |2 3mic
N 2
However, remember the module of the Poynting vector of the incoming radiation <‘ S |> — CEO/ST[

the Thomson cross section of the electron can be defined:

( deldt ) 8 e 87| €’
O j— j— —_— j—
T qsh 3 mic 3 {mc’

2
e

0 2
m_C

e

2

6.65X10" m’

2.82X10°" m electron classical radius

where r

N.B.: the cross section is independent of frequency (at least apparently)
This beaks down at high energies, when classical physics needs quantum mechanics



How polarization is created

] https://www.youtube.com/watch?v={SAzPQtSAPQ from 1:40" to 3:30"

Side view, single electron scattering

\AJ

radiation

All the incoming photons follow about
the same trajectory (e.g. single point

Front view: unpolarized radiation makes
the electrons oscillate in all directions

*




How polarization is created

The side (red) observer DO NOT receive any radiation from the "blue" oscillations
The top (blue) observer DO NOT receive any radiation from the "'red" oscillations

Both observes measure 100% polarized radiation

4—

Front view: unpolarized radiation
makes the e"'s oscillate in all directions

4




How polarization is created

A Y

The orange observer receive partially polarized radiation

! /7
C\f\;’
M

Front view: unpolarized radiation

makes the e"'s oscillate in all directions
Emission pattern of the

bordaux double arrow

Emission pattern of the
cyan double arrow




Summary

1. Scattering symmetric wrt the scattering angle (backward=forward)

2. The amount of scattered radiation depends solely on the incident radiation
dw
_F o OTCUrad
3. Even if the incident radiation is unpolarized, TS can polarize scattered radiation
depending on the scattering angle

4.7TS is one of the main processes capable of trapping photons in a given region.
Optical depth for TSina mediumis  ©, = f o,n dl

Photons are scattered in random directions, i.e. random walk in which each step is the

1
mean free path A, = ——

o N,



Narrow Line
Region

Broad Line

Region e 05 -

Accretion

Disk 0

Obscuring
Torus. — &

"broad line emission” is visible in polarized light

(when unpolarized emission is dropped)
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Compton scattering

"Compton scattering or the Compton effect, is the decrease in energy (increase
inA) of a high energy (X-ory | ray) photon, as it interacts with a free electron.

More important for astrophysics, Inverse Compton scattering also exists, where

the photon gains energy (decreasing in wavelength) upon interaction with a
high energy electron.

The amount the wavelength increases by is called the Compton shift.

Although nuclear Compton scattering also exists, what is meant by Compton
scattering usually is the interaction involving free electrons only.

Compton effect was observed by Arthur Holly Compton in 1923, for which he was awarded the Nobel Prize
in
Physics in 1927..

The effect is important because it demonstrates that light cannot be explained purely as a wave
phenomenon.

Thomson scattering, the classical theory of charged particles scattered by an electromagnetic wave, cannot
explain any shift in wavelength.



Compton scattering

photon-electron interaction -1-

Scattered T‘nhnt:m i hyy -
" F - h SAT1 4]
L
Farget & =iy o
. electron =_hy P IV e
Incident photon tll'.“l" F¢ - \¥ ¢ 08g
— 33FFIERT = =
I —I I‘l ) [ h'n'
: T ' E=myg % /0 v £
_hy, -
P p=il \ pcos b
: p sin 6
4
Scattered electron 0 E=+/m, c+pc v

e

Bl Comipton 1892-196




Compton scattering photon-electron interaction -2-

Scaftered
Electy on

. 2 2 2 2 4
Energy conservation: [hv.—l—m ¢ = hvf—l—\/p C+mc ]
| e e e ]
Incadent
FPhaton

momentum conservation: Tar get

[ﬁ = p,+p, J—> p=E/c=hv/c — photonmomentum
pe = =P~ [pi = (3,—p):(B,—P;) = p/+p;—2p,p;C0$6

Pluton

p. = h’v; + h’vi — 2h’v.v,C05S8 «multiplybyc’. Thentake the square of energy conservation
poc+mict = h*vi+h*vi+mic*+2hv.m c —2hv,m ¢’ —2h’v v,

Compare the two highlighting p.c” weget— —2h’v.v,€056 = 2hv.m ¢’—2hv,m c’—2h*v.v,

1—C0S 0 v, —V 1 (1 1
2h2vivf(1—COSG) = 2hmec2(vi—vf) — — = Lt = - =
m,_c hv.v, h |v, V.
1 1 A A, h
— — — = - 1= (1 — cos6)
| 2 e ~
Vi Vi ¢ ¢ m,¢ Compton wavelength for electrons
h h
h—A = — (1—c0s8) = A (1—c0S6) A, = — = 0.02426A
m_c | M ¢ )




% Compton scattering

a Java applet showing the geometry of the scattering can be found at

http://www.student.nada.kth.se/~f93-jhu/phys_sim/compton/Compton.htm  (currently unavailable)

https://kevs.calcagds.html?subject=Modern%20Physics 3 ,, (available?)
0 2 7 2 27
000 [° ' ' ' 1500
I ,/ ]
400 4400
% Electron
E 300 1300
5
i)
@ 200+ 1200
100 | 1100
J3 . . . 0
0 90 ° 180° 270° 360 °


http://www.student.nada.kth.se/~f93-jhu/phys_sim/compton/Compton.htm
https://kcvs.ca/cards.html?subject=Modern%20Physics

Compton scattering

hv.
1+hv,(1—c050)/m c’

Scattered photon energy hv =

e

A—h = —(1—C0s6) = A (1—C0S6) = 0.02426-(1—C0S6) [A]

Final energy of the scattered photon is a function of:

> initial energy of the photon
» scattering angle

> the photon always looses energy, unless 6 = 0
» the scattering is closely elasticwhen A & A_(i.e.hvE m c*)

When the photons involved in the collision have large energies, the scattering become

less
efficient and quantum electrodynamics effects reduce the cross section.



Cross - section: Thomson and Klein - Nishina

Incase hv ~ mec2 , the probability of interaction decreases, also as a function of the scattering
angle; additional constraints come from relativistic quantum mechanics.

| o )
If we define X = - Computations
i et neverasked
31 1T+x [2x(14x 1 143 x
o =0, —|— ( )—|n(1—|—2x) +—In(1+2x)—
4 X 1+2x 2 X (1 —|—2X)2
L . . 3 1 1
known as the Klein - Nishina cross section: fx>1 - o = o, - |n2x—|—2—
X
It originates from a differential cross section based on the scattering angle
do 1 . W 109 s
20 = 27 [p(hv,0) — PX(hv,0)sin’0 + P(hv,0)es™ e
dO 2 %\%,, i o‘o\?
where the probability is defined as &/ L N,
1 5/ oot L T \y
P(hv,0) = h 5 ;//,/_ 5‘3“ : §
14+——(1—cos0) O I P = o S S\ B
m,¢ R déjds‘!ﬂ%‘zﬁ ot

and the Klein - Nishina cross section becomes the Thomson cross section at low photon energies



Cross - section Klein - Nishina

The Klein - Nishina cross section is relevant at high photon energies (Hard X-Rays and beyond)

E [keV]
10 100 1000
0.8
0.7 e T
0.6
0.5
<y
04 *?-,1;&}_
"
'E' 0.3 08" -
©
=1 _ 0B
o D.2 E
© = 04
L
5 0.2
0.1 00! ]
0.08 0.01 010 1.00 10.00
E/m_c®
0.01 0.1 1.00 10.00

0
( x =E/m.c® )




Inverse Compton scattering photon-electron interaction -3-

Moving, energetic (relativistic) electrons “cool down" by increasing the energy of
low energy seed photons.

Remember that relativistic electrons come along their 1/y beaming cone

Lab reference frame electron reference frange
1




Inverse Compton scattering photon-electron interaction -4-

Moving, energetic (relativistic) electrons “cool down" by increasing the energy of low energy seed
photons. To make computations simpler, it is possible to consider the centre of momentum

frame where the photon energy is much less than~ m_c* and then~ o, can be used.

= Inthe electron rest frame we have Thomson scattering
1. Lab system = electron rest frame:

hv, = hv, y (1 — Bcoso)
2. Thomson scattering in electron rest frame \\\ //A \

hv," = hv, — >« //%x'
3. Electron restframe = Lab system ////\\\\ / \\

hv' = hv," y (1 + Bcoso,) Radiation field

[th' ~ yhy, }

i.e. = Veryefficient energy transfer from electron to photon!

b h 4
M A

Angle measured in
the RF of the electron




Inverse Compton scattering

The scattering angle is important for the energy of the outgoing photon:
T—maximum energy gained by the photonif~8 = n and 6,'=0

the photon is blue - shifted (face on collision)
2 -minimum energy for the scattered photonif & = 0 and 6,'=n

the photon is red - shifted (end on collision)

The maximum energy that can be gained is (averaged over all angles):

4 4, )

D 2
e N —Y'€

3

. 4
or, in terms of frequency v R —y'v

3
N /
In case it is possible to measure both the initial and final photon energy/frequency,
then y (or y° ) canbe deduced

>~ | w
<|<




Inverse Compton scattering Emitted energy

Itis a Lorentz invariant, i.e. the same in the laboratory and electron rest frame

E' = hv' = hvy(1 4+ pcoso) = Ey(1 + pcoso)
Let's consider a region where there is a plasma of relativistic electrons and a radiation field:
in the electron framework, the photon energy is
de de' <E'fad

T O = cony 1+ pose)) ()

since the emitted energy is a Lorentz invariant. It is then possible to write

By = U, (1 + peose)) = T+¢'

Finally, the energy coming out the scattering region is

dgout

—_ 2
T coTUphy

1+1[32
3




Inverse Compton scattering Emitted energy distribution

Example: single energy (x. = hv_) photons scattered to energies x, by electrons with different y

and distribution of scattering angles (N.B. All specra are normalized, just for comparison of shift in energy)
10
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Inverse Compton emission .vs. Synchrotron emission

The energy associated with the seed photons, prior of the scattering is

dein
" = co;U,
Then the net effect of the Inverse Compton scattermg is
\ .
d€ dEm de 1
dt dt dt i 3
N /
) 1 AN o 1 202 2 1 ) \
y1+3—6 1—y+3—y[3 1T =y 1+3—y[3—> FYI\
Computatlons
 neverasked
but y2—1 = yzﬁz then - = yzﬁz + 13—)!2[32 = §Y2ﬁ2

Finally we get the amount of power provided by the relativistic electrons to the seed photons

de 4
S| - Seowy, | e




EAT &
e T

w7 Synchrotron & Inverse Compton scattering radiative losses

de 4
Let's recall the synchrotron emission (d—t) = gcaTyzﬁZUH
syn

The same relativistic electrons radiate via synchrotron and inverse Compton

( de / dt )Syn U,
Let's compare the two losses: — U

| de / dt |, U

ph

de

| = Ce|H + 8nU,,

sy+ic

Their contributionsadd up: | — (

The increased cooling rate implies that the electron radiative lifetime is consequently reduced

\ 1 1 3-10° 1
tsy+ic ~ * 2 ~ 2 * yr
e H +8T[Urad (H /8T[+Urad) [eVem™®] € [GeV]




Synchrotron & Inverse Compton scattering radiative losses

Therefore.... hard times for relativistic electrons!
(Wait a little while for an example: radiative lifetime for a relativistic electrons in a radio lobe.)

H, .U

eq! “rad!’

They have strong dependence on the location in the Universe, i.e. where

have strong dependence on z!, i.e. when

How to evaluate U_,?

CMB is a radiation which can be found in every corner od the Universe

[ Hop ~ 325(1+2) uG ]

H,s is the equivalent to the H field strength necessary to have the same losses for
Synchrotron and IC with CMB photons




The “Local Radiation Field"

Evaluation of U, : as taken in a number of selected locations in/around the Milky Way.
WMilky Way Radiation Field

10
1
7
X-rays ;E*w* : radio
%
107°
107§
10" - ”.”1 . 10 .T.ﬂi 10°
Ao(um)
Spatial variation of the total radiation field throughout the Galaxy.
Black line :  total radiation field for GC.
Magenta line : total radiation field for R=0, z=>5 kpc, '
Blue line : total radiation field for R= 4, z=0 kpc, O — e @ :\Of E———,

Red line :  total radiation field for R=12, z=0 kpc,

Green line : total radiation field for R=20, z=0 kpc.
This diagram will be discussed a bit further when considering the



The “Local Radiation Field" (2) A mesure of the H field

If U, can be determined, then the magnetic field can be measured!

tU_, = U, astaken inanumber of selected locations given the typical y of the electrons,
in general, the ratio L_, /L, isa measure of H*/ U, in the radio emitting region.

Lo U

I‘X Urad

N.B. The energy density of the synchrotron radiation produced by the magnetized plasma is
generally much lowerthan U, |

The lobes of (giant) radio sources are
smtable sites for this kind of studles




Line transitions

1. Electron changes its binding energy in an atom (bound-bound transition)
1b. Electron changes its binding energy in a molecule (bound-bound transition)

2. Amolecule changes its binding energy (vibrations)

3. Amolecule changes its rotational energy

> ALL PROCESSES HAPPENS VIA EMISSION/ABSORPTION OF RADIATION
(but it is not the whole story...)

Quantum mechanics is at work:
Discrete energies are relevant = radiative transitions produce line emisson/absorption
no continuum (except ionization/recombination)

Statistical laws in case of Thermal Equilibrium (TE, at least Local .... LTE)

Daniele Dallacasa



Line transitions (2)

Textbooks and further reading
1. Dopita & Sutherland: chap. 2 (more arguments in other chapters)
2. Rybicki - Lightman: chap. 1.6 (Einstein's Coefficients); chap 9; chap10; chap 11

3. Tennison: (H spectrum & similarities, some molecular line theory/observations)

https://www.unitronitalia.com/prodotti/analysis-and-interpretation-of-astronomical-sp.pdf
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Line transitions (3)

What can we learn?

1. Composition of a celestial body
2. Temperature (and other gas/plasma properties)

3. Abundances of various species (intensity of transitions) and excitation/ionization
State

4. Motions:
4.1 particles within a cloud (line widths)
4.2 clouds within a celestial body (line shift)

5. Pressure (relation with collisions, line broadening, turbulence)

6. Magnetic field (degenerate state, angular momentum becomes split if H is present)




Line transitions (4)

Outline

1. Very basic definition of tools (atomic structure, orbits/als, energy levels,

transitions,...)

2. Einstein's Coefficients (Auy BUL, BLU)

3. Spectral lines: width, centroid, shift




Examples: Spectral lines in optical spectra  (mostly atomic
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Hydrogen at visual wavelengths

Atomic spectrum
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Basic concept of atomic structure (1)

Each electron bound to its nucleus: binding energy is quantized into various LEVELS
(as predicted by QM), corresponding to different
distances to the nucleus, i.e. the various levels

correspond to different orbits in a sort of planetary e
system. ST TN f

-
4

'
[

|
_ l
[t 'F* ouyp :i ‘h_ﬂw _ I

The outermost electron may change % """/ r’ ; I' Azazaia |
its binding energy, swapping between “\x "f“{\Q / %, If
two LEVELS, either acquiring (absorption) TR ;,f" ,"h\}%;’
or releasing (emission) energy hv via ;:;6*‘* {,.- i 5
radiative transitions P P & s

Such radiative transitions must obey strict selection rules.

(warning... there are also other types of energy transitions!)
(They will be considered later on)



Basic concept of atomic structure (2)

Level Energy (oV)
The Ground State corresponds to the maximum binding energy g Ry 0
(which is defined as negative). n-g { | gﬁ
e 1 o) 5
fed & -( 8
Electrons in states other than the Ground State are defined "Excited” s 13|
Ned 340

To IONIZE an atom in the ground state an energy in excess to this maximum
binding energy must be provided.

The maximum binding energy defines the minimum ionization energy. ’
E.g. foran Hatomitis 13.6 eV (UV photons, 912 A)

+
Electrons in states different from the ground state have lower ionization energies
. . +
[In general] in polyelectronic atoms, only the outermost (less bound) electron
is considered
-

Obviously, real atoms are more complicated! Ground Stae

ﬂ:‘% -13&]



Basic concept of atomic structure (3): Bohr .vs. QM

NEUTRON

PROTON

s
N2/ Ty

o R

Electn::h Orbits

NUCLEUS ELECTRONS
(artist's view of) Bohr's model for O

s 3,
B, 3n Figure 6-12. Probability density plois of some hydrogen atomic orbhitals. The density
@ % of the dois represents the probability of finding the eleciron in that region.
@ 1983 Urnrversity Science Books, "Ouanturm Cherastiy” by Donald & BleOuarme
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TR

&yl Atomic spectra basic concepts (4)

Quantum numbers:

n -mainnumber = 1,2,3,....defines the energy and the size of the “orhit"

2
n

a = a— a, = 0.53A
/
| -azimutal number (angular momentum, related to eccentricity, defines the SHAPE)
b |+ 1
0,1,2,....n—1 J1—¢' = — = — <1
a n
m - magnetic number (orbit orientation, relevant in case of magnetic field)

—|,—I1+1,...,0,..1—=1,l

However.... ata given main number (n), there is a tiny difference in energy between levels
with different combination of |,m

this is not true (first order) for hydrogen, where there is a high degree of energy degeneracy
(fine structure)
further extremely small energy structures (hyperfine structure) can be defined by the
spin quantum number s = (=1/2)

contrary to classical theory of charges in motion, the electrons

do not radiate in their curved orbits, except during a “transition’



Basic concept of atomic structure (4): Orbitals, as from n,|,m

// / /

s (£=0) p(£=1) d(f=2) f(£=3)
= I] "= ﬂ m-‘:l:l m = +1 m =<2 m=10 m ==+l m =432 ' =43
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Basic concept of atomic structure (6): Filling the orbitals
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Atomic spectra basic concepts (7): Hydrogen

Hydrogen:

simplest example for studying lines between various energy levels

The frequency v, ofa photon emitted/absorbed during a transition

é )
1 1
between two levels Uand L is vy = Ryl — —| Hz|; U>L>0
L U
U V,
27[2e4me s
R, = 3 = 1.1-10° cm —  Rydberg constant for H
C
[ cR,
increasingU, lines get closer to a limiting frequency v = T

ifL is large, lines of different series start at very close frequencies and produce a spectrum
ksimilarto a continuum (but it is not!)

[hydrogen-like atoms, He+, Li++, Be+++,... obtained assigning the energy E_ at each "atom”]

C o Ryuhec

n 2
n

+e(n,l)



Atomic spectra basic concepts (8): Hydrogen

Hydrogen transitions in terms of energy:

. 2T[2e4me _ . . —18
R, = * = 13.6 eV | (called 1 Rydberg (energy unit) = 2.18-10" " J)
3 . 1 1 .

Vil Ry |__2 — U_2 eV ; U>L >0

For a given pair of quantum numbers, decay and excitation can either
generate (emission)

or cancel (absorption)

photons at the appropriate frequency/energy

U > o determines the binding energy of a given L status (quantum number)



Atomic spectra

Hydrogen

Based on the main quantum number

various series are defined:

Lyman (n=1, UV)
Balmer (n=2, visible)
Paschen (n=3, IR) ...

Free E E
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Hydrogen: Grotrian diagrams

Atomic spectra

transitions obey to well known selection rules: An, Al, Am,
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typical spectra of stars
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Atomic spectra: other examples Various elements in an astrophysical plasma

I T 1 T | T T 1 - T 1T T T T i
I [Q m] ke0nT = 1
\y — |
3 r |
[y I -
vk Hao — 1
- F .
=
S 1
e - [0 W] »4e58 — 1
- z 2 ]
i_W"-T"' 1 i 1 I ! D S ) Ol L 1 i [ 1 i i i'l - II_'l_lll''|""_-}L“'-"_i
3500 4000 4500 2000 2500 6000 86500 Y000 7500

Wavelength (A)

> No continuum photons: nonetheless, we have beautiful optical images!

> Typical of gaseous environments like Planetary Nebulae and HIl regions



Molecular spectra (0):

Molecules have 3-D structures capable to oscillate around the equilibrium distance (vibrations),

and

may also change their rotational energy between adjacent levels defined by quantum mechanics.
Animations @ https://en.wikipedia.ora/wiki/Molecular vibration

2 Atoms 3 Atoms 4 Atoms 5 Atoms 6 Atoms 7 Atoms

CH cp H,0 N,O NH; HC:N CH;OH CH,CHO
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OH SO+ oCs SiCN H-CS NH-CN CH;SH CH,CHCN
co cot HNC AINC C,H, H,CCO C,H, HCN
H, HF H.S SiNC N C.H CH CH
M SiO N N,H" HCP HNCS SiH. CH;NC ¢-C,H,0
Mo | ecCu | esarem OStly fO un d N cs CF* CH ccp HOCO* CoH, HC,CHO CH,CHOH
SO PO SO, AlOH C30 CH>CN H,Cg¢ CeH™
sis 0, HCO H,O 1-C5H Cs CsS CH;NCO
| t t T f 1 O NS AlO HNO H,CI™ HCNH" SiC HC3NH" HCs0
ow tem pe rature ( rom S C, CN- HCS* KCN H,0" Hzécc C5l\; ’
NO OH* HOC* FeCN C:S CH, HC,H
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5 3 AlC SH G, CCN H,CN H,COH* CH,CNH
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Molecular spectra (1):

Vibrational transitions (~0.1-0.01eV — IR)

n=0,1,2.. isthevibrational quantum number
The energy of a given level is

2 (hy )
E = n—|—1— hv — n—|—1— (hv,)
2 ° 2 4D

e

Transitions are allowed for An = =+

Hepeust

Energy

Difference between two adjacent levels is
( hv0)2
2D

e

E— E = hv, — [n+1]

n+1 n 0

'\
A
y \

y:
y:
y:
// .
~ Computations
- neverasked

aH2APMOHUYECK ut
OCUUTNLTIAMOP

D. |D,

mexcosioepHoe paccmosirue (1)

Internuclear Separation (7)



Molecular spectra (1b): NIR from vibrational transitions

NIR composite spectra for various astrophysical bodies
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Flux Density (Jy)
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Molecular spectra (2):

rotational (~meV, submm, mm & cm wavelengths)

rotational levels lie within vibra

The electric field of an N
electromagnetic wave [ i
exerts a torque on an | &

Energ'_u..r

electric dipole.

/

Potential
CLrve
representing
the ground
electronic

/=

vibrational levels

Vibrational
transition

(in infrared)

j — Rotational
1 transitions
=

(in microwave)

Internuclear separation

tional levels

The rotation of a linear tristomic molecule, COZ

The rotational quantum number J is
related

to the moment of inertia I, to the distance
r

Ve g N
~ Computations
y \
~ neverasked

= m,r.+m,r;



Molecular spectra (2b):

CO emission in a dense, cold cloud (a GMC!)
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Molecular spectra (2¢):
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Molecular spectra (2d): transitions with ALMA
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Optical ( & UV) spectra of galaxies
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Atomic and molecular spectra: observational constraints

> Lines are generally associated to gaseous (plasma) fluids

> Lines appear either in emission or in absorption (* a background source is required!)

> Lines are not monochromatic

> Lines can be (red - blue) shifted

> Various elements may appear in the same spectrum (i.e. region ?)
Projection effects ?
Intrinsic association ? (In that case physical conditions have to be consistent!)

> Are line ratios a diagnostic for temperature?




Einstein's coefficients (1)

They are used to describe radiative interactions involving bound-bound electron transitions, on the
basis of quantum mechanics. Simplest example: an atom with two energy levels only (approx)

excited () U (upper M Energy, £,
ctate O -, g u\ Population, N,

AVAV AVAVERAVAVIAVAY

photon photon photon coherent photons
frequency v;, frequency v, frequency v;, frequency v;,
ground ("‘\I/ | \ 0 Energy, E,
state ~ O L (lower) Population, IV,
ABSORPTION SPONTANEOUS STIMULATED
EMISSION EMISSION
EINSTEINA & B

Transition energy, £, = £, - E; = hvy, COEFFICIENTS
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«@s’  Einstein's coefficients (2)

Given two atomiclevels U and L,(withU>L) the following definitions hold:

Spontaneous emission:
A, = transition probability per unit time to go from level U to L by emission of a photon

Absorption:
B,,J = transition probability per unit time to go from level L to U via absorption of a photon

Stimulated emission:
B, J = transition probability per unittime U — L via emission induced by incoming radiation

J represents the density of photons at (about) the frequency v, sothat hv, corresponds
to the difference between the energy levels U and L

_ 1
isgivenin sec ' units —— isthe mean lifetime of the excited state

UL

A

UL



Einstein's coefficients (3)

The set of emitted photons IS NOT monochromatic

— the energy difference between the two levels is not infinitely sharp.
— described by the line profile function (LPF) @(v) (sharply?) peaked at the frequency v,

[Jﬂ: d(v)dv = 1 J

It represents how effectively photons with frequencies around v, can cause transitions

1= [ Jwedy

If J(v)changes slowly with v, then d (v acts like a & function

4

d(v)

Transmission Emission
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&) Spectral line broadening (1)

Natural (Lorentz) broadening

. e 1
An atom at an excited state has a finite lifetime At~—

UL
The energy difference is finite as well AE=Ahv

h
The decay therefore follows the Heisemberg's Principle in the form  AEAt = -
Tt
1 h
AEAt=Ahv— = —
oL 27
A
UL
Av =
2 Tt

and this is the minimum width allowed for the transition between levels U, L
WARNING : large/small values of A, imply broad/narrow lines



‘&) Spectral line broadening (2)

- see Chap 7 in Padmanabhan

Doppler (thermal) broadening

Atoms are in (thermal) motion wrt the observer
and the rest (atom) frame frequencies may be
either red- or blue- shifted. If v_is the radial velocity
v
Av = v, — v =V

r
obs em em

C

Itis possible to derive the radial velocity
(redshift/ blueshift)

Vobs R Vem

OK f Il v
r v, [OK for sma r]

Eilueah'nz N‘:sh'ﬁ \Elueah'n’t
Fier h% it
E . Fedlshift
Blueshi _-ﬁ 5 e Redshifl ‘E":—
: [
Chserver
e Blieshift
F
|
- |
= |
= Large : ' Large
+ rectshift g : ‘% bilueshift
[
|
| .
_ertraid -
- CraturE” frecuency) Frecuency

— the shape of the line is modified, the total energy is not

N.B. The centroid ( ="natural frequency") remains unchanged;
Only in the case that the whole cloud is moving, then also the centroid is

(Doppler) shifted
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‘&) Spectral line broadening (3) - v_ and temperature

D703

In case we are at thermal equilibrium (Maxwell-Boltzmann)

—m v
a r

=
—
<<
N
o
<<
1L

N ve *Tdy where m_ is the mass of the atom

r o r r

2
_ma C2 (Vobs_vem)

2kT v

N(v)dv = N e " dv

0

And in this case the Line Profile Function becomes (if we introduce the Doppler width)

v, \/ 2T
Av, = il
C m

a

(Vobs_vem)z

(A VD)Z
Valid also in case of turbulence, once modified the Doppler width by introducing €, the rms
of turbulent velocities (with Gaussian distribution)

Av, = \/ + gz L,

m ~ Computations
a ~ neverasked

And the LPF i ®(v) = [Av, vx[ 'exp| —




[ I | |

(a} Gaussian shape

(£} Lorentz shape

Speciral absorption coefficient {refative scale)

Nag Ag A
Wavelength {Ralative scale}

Spectral line shape produced by: (a) Doppler broadening and
(b) natural and collision broadening (taken from Levi (1968)).


http://www.ecmwf.int/newsevents/training/rcourse_notes/DATA_ASSIMILATION/REMOTE_SENSING/Remote_sensing13.html#962075

Test (1) : Do we understand how it works?

question 1: PN !
(e.g. astanding cloud) /} \ ‘E’ D
< 1 .
g "4
question 2: ,ﬁ
(e.g. an expanding cloud) TE’
v
question 3: S
(2 clouds orbiting around a point)/\/“;\\ﬂ?—’
p ) .
< 1 f; v
S e aa
) )
( 4
v\f\fﬂ/



question 4:

(e.g. an edge-on spiral gala)fxv)A - # D
- =
question 3:
(e.g. a face-on spiral galaxy) / ‘ A
| »
\\ ///”E
question 6: / V
(e.g. a stratified gas with a gradientinT)
question /: =
(e.g. a rotating star) \7




|
Question 1/4%
|
|
|
|

Question 2/5:



Color coded image of the M81 Group

HI IN THE M81 TRIPLET

T T T T ——— T T e e e s

The galactic disk is interpreted as the sum of / ¥
many clouds, each with the same emission.  .vwso}

10 kpc

The M81/M82/NGC3077 group
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Colorimage: gas emission
The centroid is shifted according to theirv
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Bottom right:
optical image (stars) with the same scale as the colorimage

9h42m00.00s

Velocity (km/s)



- Balmer JUMP/ Discontinuity:

. \L"'L.Blﬁ mﬂgllllllll-
Visible in continuum from stars - 35]-:[{ ATLASO logg=4 -
\ [e1]=(u-¥1-1.20(b—7] -
”1"1': [1—h]=u—7)-1.52(b—F]
i
Origin: - *
bound-free transition, electrons 2
. . a
from n=2 are ionised
N |
~
~
> Effect: 1

depression of the continuum

> Depends on:

Density (composition) & Temperature of the region

responsible for the absorption (largest in A-type stars)

> Located at:
The Balmer series limit and higher energies

log(Flux)
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Ter =24000K
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Atoms as oscillators: electric dipole transitions (2)

Emitted power & the meaning of A,
In classical physics, during dipole transitions, the electron "makes an oscillation" with a given w:

d(t) = x 0s(mt) — d(t) = —xw'c0s(wt) < aft)

2e 2
P(t) = 25 a(t) = i '’ C0s (o)

3¢’ 3¢’

2eto'x xt (e L, -
(P(t) = = v = (d ()
W 3¢ 2 3¢’ 2 3¢’ W

= AUL° hVUL (i.e.numberoftransitionsperunittime X hVUL)

The line power/luminosity can be interpreted as the result of spontaneous emission processes
in case it is the only effective mechanism (multiplied by the number density n_and the volume V)



The meaningof A,

example:
X, = I, = 5.3:107" cm (Bohrradius)

0

v, =3.310" Hz (Lyalimit)

r /'/ . \\
0 —18 ~Computations
d - eZ_ B 1310 Hesem / neverasked
8 —1
we get: A, = 3510° s

-

Vectors R, can be arranged into a (symmetric) matrix.

Some elements are 0 meaning that the probability of the transition is 0, namely really prohibited.
(for that kind of transition)

Each element R:JL in the matrix may be intrepreted as oscillator strength for the transition U — L

Selection rules for electric dipole transitions

An arbitrary (but not 0 for H and hydrogenoid ions) Computstions.
Al = £1 (paritychange)  AL=0,£1,A5=0,AJ=0,%1 A

(for reference to notation see Rohlf, 1994 "Modem physicsfromor to 2 '')



Some examples of A

coefficients for electric dipole transitions

Line wavelength (A) oscillator strength Aut (5'1)
Lyman o 1215.67 0.41620 4.70E+008
Lyman 3 1025.72 0.07910 5.58E+007
Lymany 972.54 0.02899 1.28E+007
Lyman [imit 911.80

Ho 6562.80 0.64070 4.41E+007
Hp 4861.32 0.11930 8.42E+006
Hy 4340.46 0.04467 2.53E+006
Hd 4101.73 0.02209 9.73E+005
He 3970.07 0.01270 4.39E+005
H limit 3646.00

Pa 18751.00 0.84210 8.99E+006
Pp 12818.10 0.15060 2.20E+006
Py 10938.10 0.05584 7.78E+005
P limit 6204.00

Ba 40512.00 1.03800 2.70E+006
Bp 26252.00 0.17930 7.71E+005
By 21655.00 0.06549 3.04E+005
Blimit 14584.00

From Allen's Astronomical quantities (p 70, 71) - warning!
A, different from Dopita & Sutherland “Astrophysics of the Diffuse Universe”, p 19



Atomic spectra Hydrogen: Grotrian diagrams
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Figure 2.1

Partial energy-level diagram of H |, limited ton < 7 and L < G. Permitted radiative transitions

to levels n < 4 are indicated by solid lines.




Exercise/understanding: Fine structure of Energy levels: Call lines

Ca Il Grotrian diagram
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Examples: [O111] lines
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Line ratios provide information on the temperature (note that these values are typical of Hil regions!)



Forbidden lines: Nebulium (alias [O111] ) (note color stratification!)
The ring nebula (HST)
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Four Statistical laws (for thermal equilibrium)

Maxwell - Boltzmann (velocities .aka. energy for particles)

dN —mv? /262 kT
— oc f(v)ocv’e M e where o = —
dv m
Planck (spectral distribution for radiation)
A gthv’ 1
U(V> - TBVUP) — S ehv/kTP_1
Boltzmann (energy level occupation in atoms, molecules)
N_u _ % o, Y R
NL gL gL
Saha (ionization states)
N4y ) Uit 1_ 27em, KT —(E,,,—E /N,
N u N h’

—1
27em kT _
where \/ *>| = A, deBroglie thermal wavelength,and u. = Zn g; ,© %l



/
Test (1) : Do we understand how itworks? , ... ~solutions!

question 1: o

(e.g. astanding cloud) /} oY

Doppler broadening from T

question 2:
(e.g. an expanding cloud)

NPV N
Doppler broadening >
fromTand v -
question 3:

(2 clouds orbiting around a point)

Doppler broadening y: ”V“\\a
{ o

fromTand v1and v, ) 1




question 5: /

(e.g. a face-on spiral galaxy)

question 6:

(e.g. astratified gas with a gradientinT)

question /:
(e.g. a rotating star)
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