| Thermal Bremsstrahlung

"Radiation due to the acceleration of a charge in the Coulomb field
of another charge is called bremsstrahlung or free-free emission

A full understanding of the process requires a quantum treatment,

since photons of energies comparable to that of the emitting particle
can be produced

However, a classical treatment is justified in some regimes, and the
formulas so obtained have the correct functional dependence for most
of the physical parameters. Therefore, we first give a classical treatment

and then state the quantum results as corrections (Gaunt factors) to
the classical formulas"

George B. Rybicky & Alan P. Lightman in "Radiative processes in astrophysics" p. 155

Processi di radiazione e MHD — THERMAL BRESSTRAHLUNG

— Daniele Dallacasa



Radiative processes: foreword

Continuum from radiative processes from free-free transitions

c. physics holds when A =vVhmkT smaller that the typical scale d

of the interaction and quantum mechanics (AxAp = h) can be avoided

h/mv << d
h = Planck's constant
m = mass of the (lightest) particle
v = velocity of the (lightest) particle
d = characteristic scale (of the interaction or A of the
electromagnetic wave if it is involved)

A = de Broglie wavelength

implications:
particles like points  --- hv << E

particle

Luis (7" duke of) de Broglie 1892 1987

(Nobel 192950



8k Bremsstrahlung Foreword

I Free electrons are accelerated (decelerated) in the Coulomb field
of atomic (ionized) nuclei (free-free) and radiate energy

Electrons and nuclei are in thermal equilibrium at the temperature T

Electrons move at velocity v wrt the ions and during "collisions" are
deflected. The electrostatic interaction decelerates the electron which
emits a photon bringing away part of its kinetic energy

N.B. e and p have also homologous interactions (e with e; p with p) but they do
not emit radiation since the electric dipole is zero.

Astrophysical examples: 1. HII regions (10%°K)
2. Galactic hot-coronae (107 °K)
3. Intergalactic gas in clusters/groups (1078 °K)
4. Accretion disks (around evolved stars & BH)
Bremsstrahlung is the main cooling process for high T (> 10" K) plasma
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5% Bremsstrahlung single event
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acceleration is from Coulomb's law ®
/e
_ . Ze _ Ze
F = ma = —— - a = >
X m X
where x= actual distance between e- and Ze+

Remarks:
1. a~m' - P~ m
2 a~x* o> P~ x*

Radiated power is relevant
1. for electrons (positrons) only i.e. light particles
2. when the two charges are at the closest distance (x ~ b)

The interaction lasts very shortly: | At ~ 2b/v where V = velocity




MG Bremsstrahlung Pulses and spectrum

The total emitted energy in a single “collision” (consider x ~ b)

2b 4 Z°e° 1
— T3 2 .3 X= 4P(1)
4 3¢c’m b'v

Z e’
m x>

2
pat = 2
3¢

Radiation comes in pulses At long: the profile is slightly
asymmetric due to the decrease of the e~ velocity

The Fourier analysis of the pulse provides the spectral Rl
distribution of the radiated energy:
it is flat up to a frequency | y
FEEa- T Vmax = 57 1p
10" \\ ! >
\\ Vo
I \ related to the kinetic energy of the electrons
! \ (exponential decay beyond v_ )

1r® i’ 1 10



radiated energy

RMS Y Bremsstrahlung

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

PAt PAt
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25 Bremsstrahlung real plasma

The real case: a cloud with ion number density
n,and free electron number density n,

& L
In a unit time, each electron experiences a number . ) . .
of collisions with an impact parameter between . ",
b and b +db is db o~
2rtn,vbdb _ i T e

and the total number of collisions is

2mn,n,vbdb

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

b 2 6
dWw max 16 - e 1
J, (v,v) = = 2mn_n vf bdb =
AV = Goavar T b, Sompy
$ b
— 327-( e Z f max db — 32 TT e 1_ ne nZ 22 ln max

3¢’m’ v 3¢’m’ v

min



‘sl Bremsstrahlung impact parameter

Evaluation of b__:
max

at a given v, we must consider only those interactions where electrons have
impact parameters corresponding tov > v and then
max

b < — Is a function of frequency

max
4v
Evaluation of b__:
min

a) classical physics requires that Av < v

2
AVZaAtzze 2b$v — b =

m_b° v m_v

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

h h h
Ap=mAv = my = —— ~ —— 5 b =
2TTAX 2ntb, . 2rtm,v

C——>  we must consider which bmm has to be used



JRIES) Bremsstrahlung classical/quantum limit

which [classical/quantum] limit prevails:
b hl(2mm V) h

mn—q . — = 201 ~ >] when v=>0.01c
bine 22 [(mv?)  4mZe’ c
but
b_._
v = \/3kT/me then 1~
bmin—c
e« Examples:

B Hot IGM cluster.gas (T~108)

41:30:00

41:29:00




Bremsstrahlung Gaunt factor

050, T) = Y2 1 bmaz

T bmzn

The Gaunt Factor ranges from about 1 to about 10 in the radio domain
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Gaunt factor, gy, from Karzas & Latter, Fig. 5. u = hv/ kT, for various values of 4° = Z?Ry/kT,
where 1 Ry = 13.6eV.

L /
Classical Treatment 8
Values around 10-15 in the radio domain, slightly higher than 1 at higher energies




JEe Thermal bremsstrahlung electron velocities / total emissivity

A set of particles at thermal equilibrium follow Maxwell-Boltzmann

distribution:
3/2

—m v [2kT
T v dv

Then n (v) = n_f(v) dv is the number density of electrons whose velocity
is 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 < o ?)

_aw (e —
Jb'(V’T)_dthdv — fvmmJb,(v,v)f(v)dv =
— 6.8’10_38ﬁ'_1/2] [e_’”/kjnenzzzgﬁ(v, T) ergs™'ecmHz™
v AN

T ~ particle energy high energy cut-oft (T)




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 = hyv = %mvz = 0.5X9.1X10 % kgX(10°ms™ "’ = 4.55X 10" "7J

AE 4.55X 10" " kgm?s™?
the frequency of the emitted radiationis v = —— =
frequency of h 6.626 X 10" *kgm®s™'

‘. N

= 6.87X10"Hz

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
—19 2 .—2
r=4E - _489X10 _kgms _ _ 530 10K
N k 1.38X 10" kgm”s ?K /)
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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 X107 " kgm*s ?K™’
6.626 X 10" *kgm®s™’

v =4 3 V:%T: X T%2.08><10’0><T (Hz)

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 Y
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Thermal bremsstrahlung total emissivity(2)

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

B ot ]

1Og(w/wcut}

Total emitted energy per unit volume: must integrate over velocity (energy)
distribution (0 < v < o ?)
at a given frequency v the velocity of the particle v must be as such

Lmv > hv B v, == 2hv
2 m,
and integrating over the whole spectrum:
dw _ _
Jbr(T) — gy ~ 2410~ Tllznenzzzgﬁ(T) ergs 'cm’

g.(T) average gaunt factor



e Thermal bremsstrahlung cooling time

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

t EY 3/2(n,+n kT
. — we can assume N, — N
T J (T Jy(T) | | P
3n KT _1810" \‘ 610 :
= —ez7 12 2 = - Tl/z sec - = - TI/Z yr
2410 °T"n.g, Moy ) MeGy )
N.B. The “average” Gaunt Factor is about a factor of a few
Astrophysical examples:
HII regions: n, ~ 10°—10° em* ; T ~ 10" K

Galaxy clusters n, ~ 107 em™ ; T ~ 10'—10° K

(thermal) bremsstrahlung is the main cooling

process at temperatures above T~ 107 K
N.B.-2- all galaxy clusters have bremsstrahlung emission




e bremsstrahlung practical applications(1)

A galactic HII region: M42 (Orion nebula)
distance : 1,6 kly ~ 0.5 kpc
angular size ~ 66 "' ~ 1.1°
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bremsstrahlung

practical applications(2)

! ‘{:;:’ i'g.‘lﬁ K

10 arcmin

15 i

1(: 4057

MNEC 4921

MGC 4223 (1)

QS50 -

MG 4311

MGG

dEEn
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Coma (2=0.0232), size
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MiE dE2T

~ 1 Mpc

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

all galaxy clusters are X-
ray emitters



| bremsstrahlung practical applications(3)

Cluster of galaxies: a laboratory for plasma physics

1E 0657-56

Chandra 0.5 Msec image




JRIGS) bremsstrahlung self-absorption (1)

' Thermal free-free absorption: energy gained by a free moving electron.
At thermal equilibrium (Kirchhoff 's law)
_ jv, T) _ hv’ 1

B(v,T) = 2
IJ(V,T) <V ) C2 ehv/kT_l

S(v)

J(v,T) = u(v,T)B(v,T) [ Kirchhoff ' s law |

for an isotropically emitting plasma cloud via thermal bremsstrahlung
aw

= 4nd, (v, T)
atdvVdyv
and therefore we can get
(v.T) = J (v, T) _
Horl Vs 4t B(v,T)

_ 1 —38 +—1/2 2 02 — hvl kT
= — 6.8°10 °T n.n,Z v, T l1—e
41T e''”Z gff( >2hv3< )

- I'lbr<V’T) ~ nzeT—1/2V—3(1_e—hv/kT)

D strong dependency on frequency



@\ bremsstrahlun self-absorption (2)
z = p

] — at high frequencies u(v,T) is negligible (v and e™*7)
— at low frequencies (hv < kT)
ler<V,T) ~ niT_I/ZV_3<1_e_hV/kT)
~ 7——1/2V—3 1_1_|_hV — 2 T_3/2v_2
e kT e
_ 4e* [om | s -
o (v, T) = = || 0,0, 2T 222G (T)

g.(T) ~ 10 ; therefore

u (v, T) =~ 0018T v 2n_n,Z*g,(T) :[0.2 T*v"*n_ n,Z* ]




Mo bremsstrahlung brightness/spectrum (1)

consider emission + absorption

(Vs T _
B(V’T) . 41 jbr( ) (1_ T(v T)):BBB(V,T)<1_9 T(v T))
Tt ubr(VJT)
according to radiative transfer
Therefore:
Tn,n,z°G,(v,T
B(V,T) ~ — — e Z ngf< ) (1_e—T(V,T)) N[TVZ (l_e—T(V,T))J
T"*v*nn,Z°g.(v,T)

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

1. optically thick  t©(v,T)> 1

2. optically thin (v, 7)< 1



JRMES bremsstrahlung

brightness/spectrum (2)

y

T ITT

iy Eremsstrahlung thermal
2 - self-absorption cutoff
Eﬁ - Ia v [ a ™ ]
T~T [ 7
/T>>1 - (1—-e') = |[1- 1_T ~ 1 — B(v,T) ~ Tvz\
e
™1 - (1—-e ') = (1—1+T—O<T2)) ~ T = pl, - B(v,T) = TVveT
I (V) TV?
| br] o —1/2
V) = where B in R—J approximation =~ ~ |
{() At By (v, T) B8 T o 8 63) (KT Th) Y,




real X-ray spectrum (3)




Relativistic bremsstrahiung

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:

; s 321 e° 1
V,v) = —
rel ,br 3 mic3V

n n,Z1ln

e 'Z 1/3

(183

N.B. T is not a relevant concept any more, vV must be used

The typical velocities of the particles are now relativistic and the energy (velocity)
distribution is described by a power law:

[ n(E) = n, E° ]

Integrating over velocities (energies)

—5+1
Jrot o (V) ™ fhvne(E)nZZZdE ~ fhv E~°dE =~ f_5 ~ oy 0T

the emitted spectrum is a power — law !
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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.



