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e Thus we obtain the two results:
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P, 1s the power actually measured by an observer. It has the expected symmetry property of
yielding the inverse transformation by interchanging primed and unprimed variables, along with a
change of sign of f3.

P, 1s used 1n the discussion of emission coefficient.

In practice, the distinction between emitted and received power is often not important, since
they are equal in an average sense for stationary distributions of particles.

* Beaming effect:

It the radiation 1s 1sotropic in the particle’s frame, then the angular distribution in the observer’s
frame will be highly peaked in the forward direction for highly relativistic velocities.

The factor 4% (1 — Bu)~* is sharply peaked near 9 ~ 0 with an angular scale of order 1/y.
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e Angular distribution of the dipole emission from a slowly moving particle in the instantaneous

rest frame 1s
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(1) Acceleration parallel to velocity: @ =¢', o, =0
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To use this formula, we must
relate ©’ to the angles in K.

we obtain

©’ = the angle between the acceleration and
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(2) Acceleration perpendicular to velocity: cos®’ = sin@’ cos ¢’ (when a is in x-direction in the figure)
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(3) In general
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e |n the extreme relativistic limit, the radiation becomes -
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[Invariant Phase Volumes and Specific Intensity]

Phase volume

Consider a group of particles that occupy a slight spread in position and in momentum at a
particular time. In a rest frame comoving with the particles, they occupy a spatial volume element
d’x’ = dx'dy'dz’ and a momentum volume element d°p’ = dP;dP,dP,.

PBx' = dr'dy'dz’ phase volume in the comoving frame:
d*p' = dpldp,dp, —> dV' = &’x'd*p’ = da' dy' d=' dpl,dp;,dp/,

1
In the observer’s frame, dr = —dz’ (length contraction), dy = dy’, dz = dz2’
Y

dpz = (dplx T 5dP(;) ; dpy = dply7 dp, = dp;

We note that dP) = 0 + O(dp/?) because the velocities are near zero in the comoving frame and the
energy is quadratic in velocity. Therefore, we have 9Pz =7dp. . By combining all these, it is
found that the phase-space volume is invariant.

[ dV' = &*x'd°p’ = &Pxd’p = dV J : Lorentz invariant

This contains no reference to particle mass, and therefore 1t has applicability to photons. The
phase space density is an invariant, since the number of particles within the phase volume
element is a countable quantity and itself invariant.

[ f= dN dN ] : Lorentz invariant

AV Bxd3p




e Specific Intensity and Source Function

From the definition of the energy density per unit solid angle per frequency range.
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I, . .
Since u, (L) =1,/c, we find that [ — = Lorentz invariant J

Because the source function occurs in the transfer equation as the difference /, — S, , the source
function must have the same transformation properties as the intensity.

e Optical Depth, Absorption Coefficient and Emission Coefficient

The optical depth must be an invariant, since exp(—7) gives the fraction of photons passing
through the material, and this involves simple counting.

[ 7 = Lorentz invariant ]




e Absorption Coefficient and Emission Coefficient

Consider the optical depth in two frames: I7e / 7 /(
o) A
Y
L. /
Then, the optical depth is T
You,, 14 : .
T, = = va,, = Lorentz invariant

sinf  vsiné
Note that vsin@ is proportional to the y component of the photon four-momentum k = (w/c, k).

Both ky and £ are the same in both frames, being perpendicular to the motion. Therefore, we have

vsinf oc ky, ky =k, ¢'=1 [ va,, = Lorentz invariant j

Finally, we obtain the transformation of the emission coefficient from the definition of the source
function:
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e Number density
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Bremsstrahlung
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[Bremsstrahlung]

* Bremsstrahlung (= ‘“‘breaking radiation” or free-free emission)

Coulomb collisions between electrons and ions in a hot ionized gas (plasma) give rise to photons because
electrons are accelerated by the Coulomb forces and thereby emit radiation, thus losing energy. The
German word bremsstrahlung means “braking radiation.”

These are free-free transitions because they are transitions from one free (unbound) state of the atom to
another such state.

Bremsstrahlung due to the collision of identical particles (electron-electron, proton-proton) is zero in
the dipole approximation (in absence of external forces), because the dipole moment is simply
proportional to the center of mass (a constant of motion).

- Because the accelerations of the two particles are equal in magnitude but opposite in direction. Their radiated
electric fields are equal in magnitude but opposite in sign, so that the net radiated electric field approaches zero at
distances much larger than the collision impact parameter.

E €irz'=€§ I‘z'OCWE I‘z':E m;r; =0  center of mass

The bottom line is that only the electron-ion collisions are important, and only the electrons radiate
significantly.

A full understanding of this process requires a quantum treatment. 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.

Thermal Bremsstrahlung is the radiation produced by thermal electrons distributed according to the
Maxwell velocity distribution. Thus, it is thermal emission, because it is produced by a source whose
emitting particles are in local thermodynamic equilibrium (LTE).
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e Electron-ion collisions

Consider the collision of a single electron with a single ion. The velocities of the 1ons are on
average much less than those of the electrons because both components are in thermal
equilibrium. Furthermore, in a given collision, the acceleration of the 1on is much less than that of
the electron owing to momentum conservation or Newton’s third law. Thus, we can consider the
electron to be traveling through a region of static electric fields and neglect radiation from
accelerating ions.

clouds of ionized plasma

Cloud of plasma (ionized gas)

)f’ giving rise to photons owing to
ectron gk -6 emitted photons R the c.ollisions of the electrons
- Y and ions. The electrons are
oz \‘I/\] accelerated and thus emit
o ij' radiation in the form of photons.

[Bradt, Astrophysics Processes]

observer
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e Small angle scattering + perturbation

Consider bremsstrahlung radiated from a plasma of temperature 7 and densities n, (cm™)
electrons with charge -e and n, (cm™>) ions with charge Ze.

We calculate an important ratio:

Coulomb potential energy — Ze?/ (r) N Ze2nl/3

Q

thermal kinetic energy kKT kT

Ne )1/3 10* K

—1670x10"7 Z (
8 T

1 cm—3
<1

for typical n, < 1cm™ and T ~ 10* — 10°K.
Therefore, Coulomb interaction is only a perturbation on the thermal motions of the electrons.

e Although the classical trajectory of a free electron encountering an ion has an exact representation
in terms of hyperbola, the expressions that emerge from such a treatment become quite complex.

e The electron moves rapidly enough so that the deviation of its path from a straight line is
negligible.
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e Assumptions

The plasma is assumed to be completely 1onized and to consist of elections of charge —e and 1ons
of charge +Ze, where Z is the atomic number.

In electron-ion bremsstrahlung, we treat the electron as moving in a fixed Coulomb field of the
ion, since the relative accelerations are inversely proportional to the masses. Therefore,
radiation from ions can be ignored.

FBl=|F| > =

The electrons emit photons with energies hv substantially less than their own kinetic energies.

The energy loss of an electron, integrated over an entire collision, is only a small part of the
electron kinetic energy.
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[Emission from single particle collisions]

e Small-angle scattering approximation:

The electron moves rapidly enough so that the deviation of its path from a straight line 1s negligible.

A%
electron acceleration vectors >
o
) ¥
€ lb lj/\‘ e
_ _ ® ion approximation
+Ze

The impact parameter b of a given collision is defined to be the projected distance of the closest
approach of the electron to the ion for a given encounter.

If the electron loses only a small fraction of its (large) kinetic energy, the trajectory will be deflected
only slightly from straight line, and the closest approach will be approximately equal to the impact
parameter b.

In a plasma of randomly moving particles, the impact parameter will differ from collision to
collision. For our purposes, the ion may be considered to be infinitesimally small.
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 Small-angle scattering approximation:

The 1nteraction of a free electron with a free 1on 1s described by the following equation:

\%
> dipole moment: d = —eR
d=—ev
Z€2 V
Me |V| = and VJ_V, - K1
| ’ b2 -+ ’UZtQ C

Take the Fourier transform of the second derivative of the dipole moment.

i >~ aeiwtdt — i - d_2 /OO a(w/)e—iw’tdw/ ez’wtdt
27 J_ o 21 oo dt? | )_ o
1 [ < SV
0o oo = — (—w'2) / d(w)e ™ dw'| e™tdt
1 1 iwt € - _dwt 2m —00 —00 E
o de™"dt = ~5- ve'“rdt s : - '
T J_ oo T J_ o o0 _ R ’
— —/ w?d(w') [%/ e (=)t gt | du’
= —/ w?d(W)d (W — w) dw'’
= —w?d(w)
— e oo _ e oo
—w?d(w) = —— ve'rtdt d(w) = 5 ve'rtdt
21 J_ oo 2Tw? J_




(a-1) a rough estimation

Collision time: We assume that the interaction between the electron and the ion happens only
when the electron passes close to the 1on. The characteristic time 7 1s

T = —
v

Then, the radiation consists of a single pulse at an angular frequency of @ ~ 1/t = v/b. The
characteristic frequency of the radiation due to a single collision 1s thus

W v The smaller the impact parameter,

N~y
Y

YT on T 2mb the higher the emitted frequency.

For w7 > 1, the exponential in the integral oscillates rapidly, and the integral is small.

For wt < 1, the exponential is essentially unity, so we may write

d(w) = — / veitdt

v C2mw?
> . e .
Av if wrT K1
_ 27rw?
d(w) =~ {
\O it wr>1

Here, Av is the change of velocity during the collision.
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e Spectrum of the emitted radiation by a single electron:

( 262 ) .
aw St SWCSIAV\ if wr <1
dv  3c3

0 it wr>1

Let us now estimate Av. Since the path is almost linear, the change in velocity is predominantly
normal to the path.

.................................................................................................................
'

F| =Fcosyp 5
A'U ~ AUJ_ — /FJ_dt ; FJ_ — Z€2b/(b2 + U2t2)1/2 ;
Me

2 [ 2 S —— i

_ Ze / b g 27 . s - ) ) >

me — 00 <b2 —|— U2t2>3/2 meb?} /_OO (b2 4+ $2)3/2 b2(b2 n 582)1/2 _OOE

Thus for small angle scatterings, the emission from a single collision is

2

8Z%¢eY .
dW (b) 313 m2v2h2 if b<v/w | low frequency
dw

0 if b> v/w | high frequency
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(a-3)

e Total spectrum for a medium with ion density 7;, electron density 7. and for a fixed electron
speed.

- flux of electrons (per unit area per unit time) incident on one 1on = 1,0
- element of area = 2zbdb

- a good approximation is obtained in low-frequency regimes b < v/w:

dW > dW (b) db
~ non, 27bdb _
dodvd: " ”/bmm do " —5 ¥
—— % | T X AN
16¢° y [T db e R— A bT /\ '
— nenz’Z - ectron —
3c3miv b b flux e 'S
16¢8 /b —_%_:
. —
= ———nn; Z%In | == S— ' n
303mgvn e (bmin) _E I’ oiog ¢
2wh db

[Bradt (2008) Astrophysics Processes]

o Upper limit: The upper limit is uncertain, but it is of order of b_,, ~ v/w. Since b, ,, occurs
inside the logarithm, its precise value 1s not very important.

The integral is negligible for b > b, ~ v/w.



20

(b-1) a better calculation

] € > - _iwt
(w) = o /_OO ve'™dt
dW  Smw* - 2
dw s 1)
v Z e*
Me |V| =
b? + v?t?
dW(b) _ 2Z%€° (ﬂ)26_2wb/v
dw 3m2c3m \bu

dW STw* - 9 Smwt €2 o0 .

= dlw)|” = / ve'tdt
3¢3 | | 33 Am?wt | )_ o
262 2264 oo eiwt 2

_ / dat
33T m2 | )_o b% + v?t?

B VAT /oo eiwt 4 o—iwt . 2

- 3miciw b2 + v2t2

2778 1 /OO cos wt o :

o 3m23m | )y b2 4 02t2

_ 2728 A s —wb/v 2
3m2c3w | 2bv

22266 ( T )2 6—2wb/v

3m2c3m

bv

These equations represent the single particle spectrum resulting from a single collision.

dW (b)
dv

A7°e° ( T )2 6—47ryb/v
3m2c3 \bv

2
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(b-2)

e Total spectrum for a medium with ion density 7;, electron density 7. and for a fixed electron

speed.
- flux of electrons (per unit area per unit time) incident on one 10n = n,v
- element of area = 2zbdb
- a good approximation is obtained in low-frequency regimes b < v/w:
db
—p nE
__> ________ T_ - .
Electron _}I b T
dW (v, v) > dW(b) flux e f
= NNV 27bdb ——>
dvdV dt b AU —:A
o0 2.6 —D Area of Ion
4Z%e T )2 4tvb /v -
= NNV e 27wbdb annulus
e [ s =
87‘(‘3 Z2€6 S drvb /v [Bradt (2008) Astrophysics Processes]
= NN, db
“ 3m2clv ‘/bmin b
8m372%eb
= NNy E -
elly Smgc% 1 (gmln)
Here, the exponential integral is defined as
© ¢ i E, behaves like a negative exponential for large values and like :
E1 (&min) = / T d§ and &min = 4m0bngin /v i alogarithm for small values. E, can be bracketed by as follows:
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e Lower limits for b_ .

What should we choose for b_ ;. or & . ?

(1) small-angle approximation: To protect our perturbation procedure from large-angle
deflections, we can choose by

Av/v ~ (Ze2 /b)) (mev?)2) <1 — | bmin > b = Ze? /mon?

min

(2) from the uncertainty principle:

AxAp > h — | byin > b(2) = h/m.v (de Broglie wavelength)

4
When bgl)n > bgl)n or %mezﬂ < Z2Ry (Ry = 77;%(2: = 13.6 eV = Rydberg energy for H atom)
a classical description of the scattering process 1s valid. Then, bnin = bgi)n

min min

1
When b <« b2 o §me’02 > Z*Ry
— 2

min

the uncertainty principle plays an important role. Then, by,

In summary, b(l) b(z)

. bmiﬂ — maX( min’ min)

For any regime the exact results are conveniently stated in terms of correction factor or Gaunt
factor. Precise expression of the Gaunt factor comes from QED (Quantum Electrodynamics)
computation.



e For any regime the exact results are conveniently stated in terms of correction factor or Gaunt
factor. Precise expression of the Gaunt factor comes from QED (Quantum Electrodynamics)
computation.

g, (v, w

daW 16me® V3 5
— — e 7,Z2 5 — max
) dwdV dt 3\/§C3mgvn ni 2" gae (v, w) gt (v, w) — ln( )

Typically gy =~ 1 to a few.

Tables and plots are available by Bressaard and van de Hulst (1962) and Karzas and Latter
(1961).
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[Thermal Bremsstrahlung Emission]

 We now average the above single-speed expression over a thermal distribution of electron speeds.

1/2
Jdv = (grgg) e = () (2) et
7 7

o : 1 :
At frequency v, the incident velocity must be at least such that §m€v2 > hr, because otherwise a
photon of energy hv could not be created.

This cutoff in the lower limit of the integration over electron velocities is called a photon

discreteness effect.

aw (me)3/2 2 1/2 /OO dW(U’w)UQe_me'“Q/%Tdv <Where VUmin = 2hV>
dVdtdw — \kT w o AV dtdw e
. 3/2 9 1/2 1 6 o0 5
B (ZL—T) (_> 33/27? gnmeZQ it (v, @) p2emev /2K gy,
s c3m? o U
me\3/2 (2 12 16reb >C 2

The exponential factor can be written as

Mev? MV iy me (v —vl;) hv me(v? — Vi)
P\ T2k ) TP\ T2k )P\ T T SO TERT) TP\




dW me\3/2 (2\?  16me -1 [
=77 — ineZ2e v /kT ( ) / =7
dV dtdw (kT) (7‘(’) 33/203m2n " kT 0 gir (v, w)e " du

Or, using the more precise formula,

b 2hv
1/2 00 wihere VUmin =

3/2 g / / dW (v, v) 2 e—mev? 2T g min .
v dVdtdy

aw <me
dVdtdy

1/2 4 372 6
1 L“e
) n / El (gmin)ve—mezﬂ/%chv

3m?2c3

3m2c3 / E1(émin)e™ ™" /M d(v? 2)

281372¢8 (kT C o
) 3m2c3 (m )/ E1(§min)e” “d
1/2 g 32 6
Sr2L*e .
) 3m2 63 / E1 (fmin)e diB

v

3/2 (
me 3/2 (2)1/ 873 726
3/2 (

where Zmin = mev2,, /2kT = hv /KT
AW om. \ /2 83 Z2¢ /OO By (e Ye—vd / /
= NeTly; min e
4V dtd kT 3m2c3 [, Tremin)e A € = 4TV bin /0 = 4D | T

—~1/2

min
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In terms of v = w/2n , the volume emissivity (e = 4zj1) is

dW m 1/2 2 1/2 167T66 N
- — _° & | bk By
&y = QWdthdw = 2m (k;T) (77) 33/263mg nineZ - e /0 gff(v,w)e g
1/2 3/2 6 N
2 32
) (k—T> 3/27T3 i)/QnmeZQG_hV/kT/ ge(v,w)e” “du
3 C me 0
29 115 2 1/2
) 3”:(23 (Sk:z ) nineZ° T~/ 2"/ M gg

g_ﬂcz/ gg(v,w)e” “du
0

ff_ 38, 2m—1/2 —hv/kT—— 1 —317.—1
[5,/ 6.8 X 10" °°n;n.2°T e g (ergs cm” ° Hz )J gﬁ(v,w):(ﬁ/w)ln(bmax/bmin)

where gg 1s the velocity-averaged free-free Gaunt factor.

Summing over all 10n species gives the emissivity:

e — 6.8 x 10738 anBZfT_l/Qe_h”/kTg_ﬂ; (erg s~! em™> Hz™ ')
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Note that main frequency dependence is e « exp ( —hv/ kT) ,_which shows a “flat spectrum”

[ =4

with a cut off at v ~ kT/h. The cut-off of the spectrum can be used to determine the temperature
of hot plasma.

For a hydrogen plasma (Z=1) with T > 3 x 10° K at
low frequencies (hv < kT) Gaunt factor 1s given by

V] (2.25kT)
g=—In
T hv
\*

Y \K ________ _
T /
E | Pure Gaunt factor i
z a4 b Exponential effect _
-
\g i —
o T=5x%x10"K
OD —_
S 46 b mi=ne=10°m” _

10 12 14 6 - -
LOg 1% (Hz)

[Bradt, Astrophysics Processes]
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- Gaunt Factor

* Note that the values of Gaunt factor for u = hv/kT > 1 are not important, since the spectrum
cuts off for these values. N
__ 1 for u ~ 1
g ~

1—5 forl0*<u<l

\_

J

Karzas & Latter (1961, ApJS, 6, 167) van Hoof et al. (2014, MNRAS, 444, 420)

logyo g

log1o(Z°Ry/kT) = -5 0

+5 +10 |

10
logygu
uw=hv/kT = 4.8 x 10"v/T

v? = Z*Ry/kT = 1.58 x 10°Z? /T
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e Novikov & Thorne (1973, in Black Holes, Les Houches)

hv
kT

10°

102

large-angle,
tail region

g~1

| |
small-angle, U.P.,

tail region-11

R 1/2
hv

small-angle,
U.P,
tail region-1

large-angle
region

g~1

small-angle,

small-angle,

classical region U.P. region
V3 | <kT><kT >1/2 VA [k
§ V4 40512\ hy Z2 Ry 8§ = . n [Eﬁ
| | | |
0~ 107 102 107" 10° 10’
kKT

Z2Ry

U.P. = Uncertainty principle
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e To obtain the formulas for non-thermal bremsstrahlung, one needs to know the actual
distributions of velocities, and the formula for emission from a single-speed electron must be
averaged over that distribution. One also must have the appropriate Gaunt factors.

e Integrated Bremsstrahlung emission per unit volume:

95 o6 9 1/2
gffz/gff(y)dyz Te ( T ) T_l/znz_neZ2/€—hu/kTg—HdV

3me.c3 \ 3km,

29 el or \ V2% [ kT2 >
— 0 eZ2 ~“gmrd
3mec’ <3kme) ( h ) ratt /0 © grat

2k’ 1/2 25770
3hm.c3

2
nineZ gB

3Me

dW
[eﬁ (E m) = 1.42 % 10_27nm€ZQT1/Qg_B erg cm ™ ° s 1 . eq oc T1/? J

where frequency average of the velocity averaged Gaunt factor:

0.44
1+ 0.058 [In(7'/105>4 22 K)]?
=1.3+0.2 for 10%% K < T/Z* < 10%? K, Draine (2011)

_B:/ e “ggdu (u= hv/kT) g ~1 +
0
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[Thermal Bremsstrahlung (free-free) Absorption]

o Free-free absorption is an inverse process of the free-free emission, which we get by “running the film

backward.”

e Absorption of radiation by free electrons moving in the field of ions:

For thermal system, Kirchoff’s law says:

o = T = af B(T) B,(T) = (2h*/¢2) [exp(hws/kT) — 1]
4 )
We have then alf/f _ Siif;w (SZ:;G ) 1/2 . 22T~ /23 (1 B e—hv/kT) O
= 3.7 % 10° mn 22T~ 73 (1 - e M/F ) g (em ™)
. J

For hv > kT, o =3.7x 10°0;n. Z°T?v g5 (cm™')  —»

49 27
ff p—
For hw < KT, 3mekc <3km6)

= 0.018n;n.Z>T 3?1 2gg

r

1/2
nmeZQT_?’/QV_Qg_ﬂ: —
A -

T, X

ft

v

7, o< odl oc 73 for hv > kT

x v 2 for hv < kT

~N

J

Bremsstrahlung self-absorption: The medium becomes always optically thick at sufficiently small
frequency. Therefore, the free-free emission is absorbed inside plasma at small frequencies.

.............................................................................
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[Overall Spectral Shape]

* An approximate formula for the free-free Gaunt factor 1s given by Draine (2011).

9 ~ 6.155(Zug) O 1BTOTT (0,14 < Zug /T2/? < 250) where vg = v/10° Hz, T, = T/10* K

* Emission and absorption coefficients:

. 1 _ _ _ 3 1
Ju = 4—5V ~ 3.39 x 10 4Onin€Zl‘882T4 0'323V9 0-118 erg em™ s7! Hz 7t sr !
-
Jv - ~1.323 2. _
a, == ~ 337 % 10 77717;71621.882T4 1 323V9 2.118 1) —1
v

. emission measure |

; EM
T, = /ozyds ~ 3.37 X 10_7Z1'882T4_1'323V9_2‘118 <n_> [ ] where! EM = /nenpds

—6
n, ) |cm~°pc

e Optical depth:

SED (Spectral Energy Density) from a uniform sphere

2
forr, >1, w<< kT —— I[,=S,=B, F, =7nB, (g) x v? (Rayleigh-Jeans Law)

3
for Ty < ]., hv > kT —_— I,/ = /j,/ds Fy — 47‘(‘]1/ Akt 1 X V_O‘l
3 47rd?
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* Spectral shape
- At low frequencies (optically thick

emission),
| | | | | | | | | | | | | | |
5 -
[, =S =B, x 12 i black—body
- At high frequencies (optically thin -
emission), - >
. 0 < 10
—1; —hulkT — B
I, = J]yds X € a0 | self-absorbed
o oart flat part
= constant if hv << kT — I
 This spectrum shows the bremsstrahlung =O B
intensity from a source of radius R = 10" cm i
and temperature T = 10’ K. i
- The Gaunt factor 1s set to unity for simplicity. % |
. 10 L1 1 L1 1
- The density n, = n, varies from 10! cm™ to 10 12

10'® cm™ increasing by a factor 10 for each curve.

- As the density increases, the optical depth also
increases and the spectrum approaches the
blackbody one.
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Astronomical Examples - H |l regions

e The radio spectra of H II regions clearly show the flat spectrum of an optically thin thermal
source. The bright stars in the H II regions emit copiously in the UV and thus 1onize the hydrogen

log S (W m-2 Hz-1)

gas.

Continuum spectra of two H II regions, W3(A) and W3(OH):

Note a flat thermal bremsstrahlung (radio), a low-frequency cutoft (radio, self absorption), and a
large peak at high frequency (infrared, 10'? — 10'° Hz, 300-30 um) due to heated, but still “cold”

dust grains in the nebula.

| | | |
—Figure from [Bradt, Astrophysics Processes]

Data from Kruegel & Mezger (1975, A&A, 42,441)

self-absorption

04
l flat ¢

dust
emission

/W3(A) )

|
D
N

|

v~10" Hz > 1 =3 mm

S

W3(OH)

log v (Hz)

13

The term H Il is pronounced “H two” by
astronomers. “H” indicates hydrogen, and
“II” is the Roman numeral for 2.

Astronomers use “I” for neutral atoms, “II”
for singly-ionized, “llI” for doubly-ionized,
etc.

An H Il region in the Large Magellanic
Cloud (observed with MUSE, VLT)



Astronomical Examples - X-ray emission

Theoretical spectrum for a plasma of temperature 107 K that takes into account quantum effects.

- Comparison with real spectra from clusters of galaxies allows one to deduce the actual amounts of
different elements and ionized species in the plasma as well as its temperature.

- Itis only in the present millennium that X-ray spectra taken from satellites (e.g., Chandra and the XMM
Newton satellite) have had sufficient resolution to distinguish these narrow lines The dashed lines show
the effect of X-ray absorption by interstellar gas [Bradt, Astrophysics Processes].

(W m3ul)

log (j/ne?)

E (keV)
| 2 3 4
| | | T
_34 B 0+7 Ne+9 _
Net8 Mg*” gj+12
- - Mg*1° St e = Coma cluster (z = 0.0232), size ~ 1 Mpc
T=10"K i

_36 \ m ; . ; HGE 4860
_3 8 — NGC 9921
—40
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Astronomical Examples - Supernova Remnants

e SNR G346.6-0.2

X-ray spectra of the SNR from three of the four telescopes on-board Suzaku (represented by
green, red and black).

The underlying continuum is thermal bremsstrahlung, while the spectral features are due to
elements such as Mg, S, Si, Ca and Fe.

The roll over in the spectrum at low and high energies 1s due to a fall in the detector response,
which 1s forward-modeled together with the spectrum.

0.01 0.1
I
s
—t—
_+_
§
|
|

F
-

10
|

normalized counts/sec/keV

0.05

0

residuals

-0.05

Sezer et al. (2011, MNRAS, 415, 301)

channel energy (keV)
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Cooling function

cooling function denoted by A(T)

T o
relativistic
eq oc T1/2 electrons

0% /¢ — ¢-¢ quadrupole brems.

line
cooling
at small T

T " loe T
-
10* non-relativistic 10°
electrons

Figure from the Lecture Note of J. Poutanen



[Relativistic Bremsstrahlung]”

* Normally, the ions move rather slowly in comparison to the electrons.

However, in a frame of reference in which electron 1s initially at rest, the 1on appears to move
rapidly toward the electron. The electrostatic field of the ion appears to the electron to be a
pulse of electromagnetic radiation. This radiation then Compton (or Thompson) scatters off
the electron to produce emitted radiation. Transforming back to the rest frame of the ion (or
lab frame) we obtain the bremsstrahlung emission of the electron. Relativistic bremsstrahlung
can be regarded as the Compton scattering of the virtual quanta of the ion’s electrostatic
field as seen in the electron’s frame.

e In the (primed) electron rest frame, the spectrum of the pulse of the virtual quanta:

AW’ 2 (VN L, (b (Ze)2 (VW' \° ., (b
= — — ~
dAdw — 720202 ( Y ) i ( Y ) w2022 ( Y ) i ( ye ) o

(in the ultrarelativistic limit)

In the low-frequency limit, the scattered radiation is

dW dW’ or et
o or =

3 m2ct

Transverse lengths are unchanged, b = ¢, and w = yw'(1 + Bcos@’). The scattering is forward-
backward symmetric, we therefore have the averaged relation w = ~w’.
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e For a plasma with a single-speeds

W / W) o b
b

dV dtdw dw

min

1622¢S Pmax [ b
= c neni/ —w Kl —w db
3c3m? o\ 7Y?C ~v2e

B 16728 | 0.68~2c
~ 3c3m? felts 21 Whin

e For a Maxwell distribution of electrons, a useful approximate expression for the frequency

integrated power 1s given by Novikov & Thorne (1973).

el = 1.4 x1072"nn 22T g5 (1+44x107T) (ergs™" cm™?)

See also Itoh et al. (2000, ApJS, 128, 125), Zekovic (2013, arXiv:1310.5639v1)

* At higher frequencies Klein-Nishina corrections must be used.



Homework (due date: 11/06)

[Q9] iﬂiﬂ%ﬂa (?%2,7&% )%Xﬂ 7

1} —)r—‘— °F 2 MHz o]D} (Cane 1979). xﬂ BAle] 4=
O] Qi}g 2’ (WIM, warm ionized medium)®l] &| 3+ A .2 % H ) WIM Y xﬂ—l— ﬁxﬂ{,’—
Z(rms) AAF == drlel 7l WIME] &&= oF 10* Ko W, B ko] 9 XA Lnke] 12 F
7 & 500 pcekaL 714 g},

1o,

(Hint) WIM= €7 3] o] 23td Fadxtz 744 5o vt 7Hg 3kt



