Dadiative Transfer

Ref: Rybiki & Lightman

Specific Intensity (or Brightness, Fluence) I,
— —9 — 7
I, [ergs s™' cm ™2 ster ' Hz ']

AE =1, dAdtd)dyv

I,(v,n,r,t) dvdS2
The EM power per unit area, with frequencies in
[v, v+dv] propagating in direction n within the
solid angle d€2, including both polarizations.



Mean Intensity .J, = f_ f [, dS?
Net Flux F), [ergs s~ cm 2 Hz ™!
F, = f [, cos @ df?

Total Flux F' = f F,, dv

In local thermodynamic equilibrium (LTE)
2hv3 1

c? exp(hv/kT) — 1
where ny(v) = ¢2/(2hv3) Iv (dimensionless) is
called the photon occupation number
— number of photons per mode of polarization

(Iv)LTE = Bu(T) =




Momentum Flux

For photons, dp, = dF, /c

p, [dynes cm™2 Hz=' =1 [ ], cos* 6dQ
p, [dynes cm z= =~ [ 1, cos”60dQ

Momentum Flux Rate = Pressure

dp
dtdA

P = [force]/[area] = m - a /area = m“e /area =

Energy Density

u, lergs em™ Hz= '] =1 [[,dQ = 2],

 Stefan-Boltzmann
Total Energy Density v = [ u,dv =aT"? law

J‘T‘f’ =7.56 x 107 ergs em ™ K4

Entropy of blackbody radiation S=(4/3) a T3 V

a =



Entropy of blackbody radiation S=(4/3) a T3V

Adiabatic expansion = PV#3 = constant. This is the
adiabatic law with y =4/3.



Note: u=22T4=4F/c ="
¢ c

— F'= 7.J for a uniform-brightness surface

>
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For an 1solated radiation field, elastic incidence, 1sotropic

[1/ — ‘]I/
P, = % f I, cos? 6 df)

' 2m . 2 1 14 2
P = %f Jydv 2w |7 sinf cos®0df = =

| =

uc '
A u

P=1/3u



Ohm'slaw — [ = %

l.e..

For

1.e..

%
R

[current| = [potential difference| / [resistance]

‘ 10 -
(foncluctlon, ae — —HAQ
' dt dx

[heat rate| < [temp. gradient]

For radiative transfer, pressure

P=u/3=aT*/3

: Iy — 4 _rp3dl
dP/dr = 3(1..T e

Energy flow = luminosity

~ 4,34l =
Lo zaT™5 JKp

opacity as resistance

A




Spontaneous emission coefficient = Emissivity
ju lergs s™' em™ ster=! Hz™']

dl, = j, ds, s along the line of sight

Absorption coefficient , [cm™]

dll/ — — K L/ ds

or #!, [em? g7!] — mass absorption coefficient

This 1s opacity, 1.e., what causes absorption lines.

Optical Depth dr, = —k, ds
or, T, = q:) ky(s') ds'

7, >> 1 — optically think (opaque)

7, << 1 — optically thin (transparent)



Dadiative Transfer Observer 1=0

Fauation ‘
h+dl, |7

I, _ kL4, Absorbing medium

ds
Define i—‘l =95, I" ‘TS

dl,

=1, +S,
dr, +

Note: The apparent surface of a star occurs at 7, = 1,

e.g., photosphere

7, =1 — 1/e(37%) of radiation emerges at that point

111/ ‘.1/
‘ — _[1_; + J

dr, Ky,




7, dV dv dS) dt: energy emitted
ky I, dV d,,, dS2dt: energy absorbed
Ky [em™!]

(l) If ju =0 [l! — I“(U) 6.—’1";/

(ii) If otherwise I,(7) = 1,(0)e™™ + / ’J.V
0 o %

'
—-T, I
2 'l y
e dr)

If ) /k,= const (not valid in ISM but ok 1n stellar
atmosphere), then

L(r) = I,(0) e~ ™ + 2 (1 — &™)
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In LTE, 4 =0 — I, = j, /s,

2hv3 1
and I;/ — BU(T) — c2 ehv/kT _q

J» = B, k, Kirchhoff’s law

Finally,

L(t)=1,0)e ™+ B,(T)(1-¢e" ™)

Note: Assumptions (1) LTE, (2) T" = const.




Planck Function —
ADPpDProximations
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u(A) (kJ/nm)
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‘ y 3 .
B,(T) = #—7r— lergs s™' em™ ster™ Hz™']
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. 2he? - —2 - -
B\(T) = % —mir— [ergs s= em™ ster™ cm™]
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Wien’s Displacement Law

A T=2900 [um K]

Note: A\ = ¢/v,d\ = cdv/v?, B,\|d\| = B,dv
h.l//k‘T i 1—139/)\‘“111]-‘[\



Limiting Cases

(i) Rayleigh-Jeans Approximation, hv/kT << 1
i.e., long A or high 7', valid virtually in all radio regimes

9 2
B,(T)~ kT

2

(i) Wien’s Approximation, hv/kET >> 1

2hv3

B,(T) =~

e—hu/kT

2

In radio wavelengths, Rayleigh-Jeans approx.
— B, o T, (Brightness temperature)

Even 1f the radiation 1s NOT thermal.



hvk

Brightness Temperature T'g(v) = N 2he3/2T0]
the temperature such that a blackbody at that
temperature would have specific intensity
Bv(Tg) = Iv Tg(v) is a nonlinear function of
iIntensity.

2
Antenna Temperature Ty (v) = %g Iv Ty(v)
IS linear Iin the intensity.

In the limit KT’y > hv, common in radio
frequencies, Ty = Tg.



In Rayleigh-Jeans regime, B, < T, 1 < T

TB — ‘TB() e~ -+ Te (1 — C—TV)

If background is zero (1o = 0)
(1)7>>1—"1T —T

() 7<<1—1p—=1TT7

>



What we really measure is the flux density

S, = [ . 1,dQ [ergs s' em™* Hz™']

ource YV

integrating over the solid angle subtended by the source

1 Jansky = 107 ergs s™t cm ™2 Hz™!
SV=0 = 3953 Jansky

S, = /BI,(T,:)('I —e M) dQ=~QB,(T.)(1—e™)



