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‘How else would I éeep my solar panels
in the sun all day?”
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" astronomy is... Compton effect

Reflection =

Incoming high-energy photon

Transmission

/ Absorption
— " M)
L_J obviously depends

Scattering on the wavelength

and interactions with matter
(radiative processes)

...collecting and counting photons
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caused by dispersion

Dispersion

White Light
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photon interaction with matter!
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first discovered by Newton in 1672

caused by dispersion...

Dispersion

White Light
Glass Prism

photon interaction described by Snell’s law:

Refractive Index n,

Refractive Index n,
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Penetrates Earth's
Y N Y N
Atmosphere? Y Y
Radiation Type Radio Microwave Infrared Visible Ultraviolet X-ray Gamma ray

107° 05x107° 1078 10710 10712

Wavelength (m) 103

Approximate Scale
of Wavelength

Buildings Humans  Butterflies Needle Point Protozoans Molecules Atoms  Atomic Nuclei

Frequency (Hz)

104 108 10%2 10 1016 1018 1020

Temperature of
objects at which
this radiation is the
mostintense
wavelength emitted

)

1K 100 K 10,000 K 10,000,000 K
=272 °C =173 °C 9,727 °C ~10,000,000 °C
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wave nature dominates particle nature dominates
Penetrates Earth's
Y [\ Y N
Atmosphere? Y Y
Radiation Type Radio Microwave Infrared Visible Ultraviolet X-ray Gamma ray
Wavelength (m) 103 1072 107™° 0.5x107° 108 1010 10°%2

Approximate Scale
of Wavelength

Buildings Humans  Butterflies Needle Point Protozoans Molecules Atoms AtomicNucIei/—\

C
Frequency (Hz) VvV = /7{
10* 108 10%? 10%° 10 10'® 107° EF = hv
Temperature of
objects at which E
this radiation is the ) T = —
mostintense kB
wavelength emitted 1K 100 K 10,000 K 10,000,000 K
=272 °C =173 °C 9,727 °C ~10,000,000 °C p = hﬂ'
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particle nature dominates

“radiative transfer”

|

every photon carries energy and momentum /

and interacts with matter in various ways... v\

c
V=7
E=hv
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p = hA
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wave nature dominates

every photon carries energy and momentum /

particle nature dominates

and interacts with matter in various ways...

| T

for instance, telescopes

c
V=7
E=hv

E

kg
p = hA
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wave nature dominates particle nature dominates
Penetrates Earth's
Y N N
Atmosphere? EL A
Radiation Type Radio Microwave Infrared Visible Ultraviolet X-ray Gamma ray

Fermi satellite

Gran Telescopio Canarias

different parts of the EM spectrum
need to be observed with different types of telescopes
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Fermi satellite
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Fermi satellite

- -~
= = —— James Webb Space Telescope
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Atmosphere Opaque Optical i Atmosphere Opaque
{ to Wavelengths Window to Wavelengths

Atmosphere Opaque Radio Window
to Wavelengths
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certain parts of the EM spectrum
need to be observed from space

Imperial Star Destroyer
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Fermi satellite
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Fermi satellite

'_:,... - James Webb Sp Telescope

Optlcal | Atmosphere Opaque
to Wavelengths

Atmosphere Opaque Radio Window
to Wavelengths

Atmosphere Opagus
to Wavelengths

10° (Hertz) 10°Hz 10'2Hz 10'8Hz 102'Hz

Radio Waves Microwaves Ultraviolet Gamma Waves

certain parts of the EM spectrum
need to be observed from space

Star +.
HIP 65426~
RN

Exoplanet ,
HIP 65426 b s

Hubble Space Telescope

" | NIRCam




Fundamentals electromagnetic spectrum

" electromagnetic spectrum
why is the sky blue and not white?

Fermi satellite

Atmosphere Opaque Radio Window 3 Atmosphere Opaque Optical . Atmosphere Opaque
to Wavelengths ( { to Wavelengths . Window to Wavelengths
108 (Hertz) 10°Hz 10"2Hz 10%'Hz
Radio Waves £ Micowaves WM infrared "W Uitravioiet W  Xrays Gamma Waves

certain parts of the EM spectrum
need to be observed from space




Fundamentals electromagnetic spectrum

" electromagnetic spectrum
why is the sky blue and not white?

Fermi satellite

Atmosphere Opaque Radio Window 3 Atmosphere Opaque Optical . Atmosphere Opaque
to Wavelengths ( { to Wavelengths . Window to Wavelengths
108 (Hertz) 10°Hz 10"2Hz 10%'Hz
Radio Waves £ Micowaves WM infrared "W Uitravioiet W  Xrays Gamma Waves

certain parts of the EM spectrum
need to be observed from space

why is the sky blue?




Fundamentals electromagnetic spectrum

" electromagnetic spectrum
why is the sky blue and not white?

Fermi satellite

Atmosphere Opaque Radio Window 3 Atmosphere Opaque Optical ‘, Atmosphere Opaque
to Wavelengths ( { to Wavelengths . Window | to Wavelengths
108 (Hertz) 10°Hz 10"2Hz 10%'Hz
Radio Waves £ Micowaves WM infrared "W Uitravioiet W  Xrays Gamma Waves

certain parts of the EM spectrum
need to be observed from space

why is the sky blue?

interaction of solar photons with atmosphere...




Fundamentals electromagnetic spectrum

" electromagnetic spectrum

why is the sky blue and not white?

Fermi satellite
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why is the sky blue and not white?

Fermi satellite

& <
> James Webb Space Telesco, “® :
iy e o= . - . 2 — k‘ﬁ .,‘C =
Atmosphere Opaque Radio Window 7 Atmosphere Opaque Opﬁcal Atmosphere Opaque
to Wavelengths { { to Wavelengths . Window to Wavelengths
10° (Hertz) 10°Hz 10'2Hz 102'Hz
Radio Waves £ Microwaves  WEB  infrared W Ultraviolet WS Xrays Gamma Waves

certain parts of the EM spectrum
need to be observed from space

why is the sky blue?

interaction of solar photons with atmosphere:

Rayleigh scattering off of molecules in the sky g, < 1/,,  — blue gets scattered more than red!
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When the scale of the system greatly exceeds the wavelength of radiation,
we consider that the radiation travels in a straight line (a ray).

Incident light

& Large angle scattering

dA Incident light
g Small angle scattering
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" radiation field — macroscopic description

* we seek a description that...

v" describes the intrinsic radiation field, and

v" does not depend on the observer

dA

observer

= what does the energy observed here depend on?
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= radiation field — flux

radiative flux is the total amount of energy that crosses a unit area per unit time
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Flux F is the amount
of energy crossing
unit area in unit time

unit area oriented
perpendicular to
direction of photens

dE = F dA dt
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radiative flux is the total amount of energy that crosses a unit area per unit time
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;.’ *ﬂ{‘&é Flux F is the amount

BS54 of energy crossing
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s 7"§ 4 unit areainunit fime
. o h :jéﬁ
incident photons G

unit area oriented
perpendicular to
direction of photens

dE = F dA dt — fluxis a measure of the energy carried by all rays
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= radiation field — flux

radiative flux is the total amount of energy that crosses a unit area per unit time

Flux F is the amount
of energy crossing
unit area in unit time

incident photens .

unit area oriented
perpendicular to
direction of photens

dE = F dA dt — fluxis a measure of the energy carried by all rays

When we observe a radiation source, we actually measure the
energy E collected by a detector over a period of time, which
obviously represents the integrated energy flux over the size of
the detector and time observed.
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* flux is a measure of the energy carried by all rays

dE = F dA dt
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= radiation field — flux

* flux is a measure of the energy carried by all rays dE = F dAdt

normal

but the radiation is not necessarily isotropic nor equal for all wavelengths

— intensity = flux normalized by solid angle (d() and wavelength interval (dv)
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* flux

* intensity

* luminosity

* momentum

* energy density

* radiation pressure
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" radiation field — intensity

* intensity is a measure of the energy carried by individual rays

dE =1,(Q) dQ dv dA cosf dt

normal

*but we want to know the actual intensity /,
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" radiation field — intensity

* intensity is a measure of the energy carried by individual rays

dl,/(Q) _
ds

0 intensity is conserved™ along a ray s (exercise)

dE =1,(Q) dQ dv dA cosf dt

normal

*if there are no interactions, of course




Fundamentals description of a radiation field

" radiation field — flux vs. intensity

* flux dE = F dA dt

* intensity dE = 1,(Q) dA cos0 dt dQ dv




Fundamentals description of a radiation field

" radiation field — flux vs. intensity

* flux dE = F dA dt —> all rays

* intensity dE = I,,(Q) dA cos6 dt dQ dv —> individual ray




Fundamentals description of a radiation field

" radiation field — flux vs. intensity

* flux dE = F dA dt —> all rays

* intensity dE = 1,,(Q0) dA cosO dt dQ dv —> individual ray




Fundamentals description of a radiation field

" radiation field — flux vs. intensity

* flux dE = F dA dt dE, = I,(Q) cos0 dQ , dF =F, dv

* intensity dE = 1,(Q) dA cos0 dt dQ dv
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" radiation field — flux vs. intensity

* flux dE = F dA dt E, =fIV(Q) cosf dQ , F=ij dv

* intensity dE = 1,(Q) dA cos0 dt dQ dv

v’ intensity defines how the source radiates

v flux depends on...
...the intensity, and

...the apparent size of the source on the observer’s sky.
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" radiation field — macroscopic description

* flux

* intensity

* luminosity
* momentum

* energy density

* radiation pressure
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" radiation field — luminosity

* flux dE = F dA dt
* intensity dE = 1,(Q) dA cos0 dt dQ dv

* luminosity
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" radiation field — luminosity

* flux dE = F dA dt

* intensity dE = 1,(Q) dA cos0 dt dQ dv

* luminosity dE = Ldt

luminosity is the total amount of energy per unit time
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" radiation field — flux vs. luminosity

* flux dE = F dA dt
dL =F dA

* intensity dE = 1,(Q) dA cos0 dt dQ dv

* luminosity dE = Ldt luminosity is the total amount of energy per unit time
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* flux dE =F dAdt
dL = F dA
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" radiation field — flux vs. luminosity

* flux dE = F dA dt
dL =F dA
* intensity dE = I,(Q) dA cosO dt dQ dv
* luminosity dE = Ldt luminosity is the total amount of energy per unit time
L . .
energy conservation: L=L,=L; —>» F(r) = py— (isotropic source)

Ll = F1 477: T'12

isotropic source

L3 = F3 41T 7"32
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" radiation field — macroscopic description

* flux

* intensity

* luminosity

* momentum
* energy density

* radiation pressure
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» radiation field — momentum

* photons also carry a momentum p = —n

Q| o

* energy dE = I1,(Q) dA cos6 dt dQ dv

a |
S|

normal

JVA
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» radiation field — momentum

. E
* photons also carry a momentum p =§

n
* energy dE =1,(Q) dA cosf dt dQ dv X -

—

a |
S|

normal

JVA
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» radiation field — momentum

E
* photons also carry a momentum p = ;r‘i
* energy dE = I,(Q)) dA cosf dt dQ dv
- IV(Q) —
* momentum dp, = N dA cos0O dt dQ dv

a |
S|

normal

________________________________________ >

JVA
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» radiation field — momentum

E
* photons also carry a momentum p = ;r‘i
* energy dE = I,(Q)) dA cosf dt dQ dv
_ IV(Q) 2
* momentum dp, = " dA cos<0 dt dQ dv
dA 5-Es |

(but only |p|cos @ will be observed)
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» radiation field — momentum

E
* photons also carry a momentum p = ;r‘i
* energy dE =I1,,(Q)) dA cos6 dt dQ dv
IV(Q) 2
* momentum dp,, " dA cos<0 dt dQ dv
energy density u,...
dA 5L |

(but only |p|cos @ will be observed)
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" radiation field — macroscopic description

* flux

* intensity

* luminosity

* momentum

* energy density

* radiation pressure
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* how much energy escapes dV = dA ds after time dt?
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" radiation field — energy density

* how much energy escapes dV' = dA ds after time dt?

ds
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description of a radiation field

" radiation field — energy density

* how much energy escapes dV = dA ds = dA cdt after time df?

dE = u,(Q) dA cdt dQ dv

ds = cdt

, u (€2): energy density
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" radiation field — energy density

* how much energy escapes dV = dA ds = dA cdt after time df?

dE = u,(Q) dA cdt dQ dv , u,(Q): energy density

dE = 1,(Q) dA dt dQ dv

ds = cdt
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" radiation field — energy density

* how much energy escapes dV = dA ds = dA cdt after time df?

1.(Q dE = u,,(Q)) dA cdt dQ dv , u,(€): energy density
v(Q)
u, () =
dE =I1,(Q) dA dt dQ dv
\\\
\
\
\
\
\
\
\
dA | —
|
I

ds = cdt
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" radiation field — energy density

* energy density

u,(Q) =

L, ()
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description of a radiation field

" radiation field — energy density

L, ()

* energy density u,(Q) =

L(Q) A
uv=f ”C dQ=T]v

, J,: mean intensity
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" radiation field — energy density

L,(Q
* energy density w,(Q) = (@)
u, = fIV(CQ) dQ = 4_:]1/ , J,: mean intensity
41
* isotropic radiation /,=J, Uy =—b
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" radiation field — macroscopic description

* flux

* intensity

* luminosity

* momentum flux
* energy density

* radiation pressure
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" radiation field — radiation pressure

relation between radiation pressure and energy density?
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description of a radiation field

" radiation field — radiation pressure

* energy density u,(Q) =

* momentum dp, =

L, ()

L)
c

dA cos?0 dt dQ dv
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" radiation field — radiation pressure

L, (€
* energy density w,(Q) = (@)
_ Iv(-Q) 2
* momentum dp, = p dA cos<0 dt dQ dv

= u,(Q) dA cos?8 dt dQ dv
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" radiation field — radiation pressure for isotropic radiation

L,(Q
* energy density w,(Q) = (@)
_ Iv(-Q) 2
* momentum dp, = p dA cos<0 dt dQ dv
= u,(Q) dA cos?8 dt dQ dv

= u, dA cos?0 dt dQ dv
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" radiation field — radiation pressure for isotropic radiation

* energy density w,(Q) = L (@)

* momentum dp, = IV(CQ) dA cos?0 dt dQ dv
= u,(Q) dA cos?8 dt dQ dv
= u, dA cos?0 dt dQ dv

p=Juv dvjcoszé? dQ dA dt
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" radiation field — radiation pressure for isotropic radiation

* energy density u,(Q) = IV(CQ)

* momentum dp, = IV(CQ) dA cos?0 dt dQ dv
= u,(Q) dA cos?8 dt dQ dv
= u, dA cos?0 dt dQ dv

p=Juv dvjcoszé? dQ dA dt

= u jcosze dQ dA dt
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" radiation field — radiation pressure for isotropic radiation

* energy density w,(Q) = L (@)

* momentum dp, = IV(CQ) dA cos?0 dt dQ dv
= u,(Q) dA cos?8 dt dQ dv
= u, dA cos?0 dt dQ dv

p=juv dvjcoszé? dQ dA dt

= u jcosze dQ dA dt

2T /2
= u f do f cos?0 sinf d dA dt
0 0




Fundamentals description of a radiation field

" radiation field — radiation pressure for isotropic radiation

* energy density w,(Q) = L (@)

* momentum dp, = IV(CQ) dA cos?0 dt dQ dv
= u,(Q) dA cos?8 dt dQ dv
= u, dA cos?0 dt dQ dv

p=juv dvjcoszé? dQ dA dt

= u jcosze dQ dA dt

2T /2
= u f do f cos?0 sinf d dA dt
0 0

= . dA dt
= Uu 3




Fundamentals description of a radiation field

" radiation field — radiation pressure for isotropic radiation

* energy density w,(Q) = L (@)

* momentum dp, = IV(CQ) dA cos?0 dt dQ dv
= u,(Q) dA cos?8 dt dQ dv
= u, dA cos?0 dt dQ dv

p=juv dvjcoszé? dQ dA dt

= u jcosze dQ dA dt

2T /2
= u f do f cos?0 sinf d dA dt
0 0
= ! dA dt

* radiation pressure P




Fundamentals

description of a radiation field

" radiation field — macroscopic description

* flux dE =F dAdt

* intensity dE = 1,(Q) dA cos0 dt dQ dv
* luminosity dE =L dt

* energy density  u,(Q) = (@)

1
* radiation pressure P = W

dF, = I,(Q) cosf dQ
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description of a radiation field

" radiation field — macroscopic description

* flux dE = F dA dt dE, = I,(Q)
* intensity dE = 1,(Q) dA cos0 dt dQ dv
* luminosity dE = Ldt
L, (Q
* energy density  u,(Q) = v(@)
L 1
* radiation pressure P = W

lon
tias change a
how do thes

cos0 df)

g the ray?




Fundamentals

" electromagnetic spectrum
" description of a radiation field

"radiative transfer equation
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, dl
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dl
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radiative transfer equation

® vaccum:

Iv,O

" in matter:
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dl
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radiative transfer equation

® vaccum:

Iv,O

" in matter:

dl
d—;’ =0 intensity is conserved along a ray s
) Iv,O
dl, .
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radiative transfer equation

" equation of radiative transfer

dl,

ds

= —ayl, +j,
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" equation of radiative transfer

dl, .
E = —ayl, +j,

" is assumed that the radiation propagates like particles,
i.e. the wave nature of radiation is neglected:

* no refraction,
* no diffraction,
* no interference




Fundamentals radiative transfer equation

" equation of radiative transfer

dl, .
E = —ayl, +j,

" is assumed that the radiation propagates like particles,
i.e. the wave nature of radiation is neglected:

* no refraction,

* no diffraction,
* no interference

— in astronomy, especially at radio wavelengths, this assumption is not appropriate.
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" equation of radiative transfer

dl, .
E = —ayL|+J,

" emission

* matter (atoms, molecules, etc)...
o ...converts thermal motion into photons,

O ...emits photons
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" equation of radiative transfer

dl, .
E = —ayL|+J,

" emission

* matter (atoms, molecules, etc)...
o ...converts thermal motion into photons,

O ...emits photons:

E, —@—
Y - spontaneous emission
——
i e - induced emission




Fundamentals radiative transfer equation

" equation of radiative transfer

dl, .
E = —ayL|+J,

" emission

* matter (atoms, molecules, etc)...
o ...converts thermal motion into photons,

O ...emits photons:

P - spontaneous emission independent of radiation field

- induced emission

dependent on radiation field




Fundamentals radiative transfer equation

" equation of radiative transfer

dl, .
E = —ayL|+J,

" emission

* matter (atoms, molecules, etc)...
o ...converts thermal motion into photons,

O ...emits photons:

- spontaneous emission = independent of radiation field

- induced emission dependent on radiation field
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radiative transfer equation

" equation of radiative transfer

" emission — spontaneous

dl,

ds




Fundamentals radiative transfer equation
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no absorption
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" emission — spontaneous
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E = -yl + Jy dl, = jyds

" emission — spontaneous
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radiative transfer equation

" equation of radiative transfer

dl

ds

" emission — spontaneous

radiation intensity: dE

no absorption

% . /_\ .

=1, dA dt dQ dv
= j, ds dA dt dQ dv
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radiative transfer equation

" equation of radiative transfer

dl

ds

" emission — spontaneous

radiation intensity: dE

no absorption

% . /_\ .

=1, dA dt dQ dv
= j, ds dA dt dQ dv
= j, dV dt dQ dv
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" equation of radiative transfer

no absorption

dIV . /\ .
E = -yl + Jy dl, = jyds

" emission — spontaneous

radiation intensity: dE =1, dA dt dQ dv

= j, ds dA dt dQ dv
= j, dV dt dQ dv

ds = cdt




Fundamentals radiative transfer equation

" equation of radiative transfer

no absorption

dIV . /\ .
E = -yl + Jy dl, = jyds

" emission — spontaneous

radiation intensity: dE =1, dA dt dQ dv

= j, ds dA dt dQ dv
= j, dV dt dQ dv

introduce mass density
of emitting material

Q
o

—_—— —_———

ds = cdt
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" equation of radiative transfer

no absorption

dIV . /_\ .
E = -yl + Jy dl, = jyds

" emission — spontaneous

radiation intensity: dE =1, dA dt dQ dv
= j, ds dA dt dQ dv

= j, dV dt dQ dv

dE =€, p dV dt dv d) €,: emissivity




Fundamentals radiative transfer equation

" equation of radiative transfer

no absorption

dIV . /\ .
E = -yl + Jy dl, = jyds

" emission — spontaneous

radiation intensity: dE =1, dA dt dQ dv
= j, ds dA dt dQ dv
= j, dV dt dQ dv
dE =€, p dV dt dv d) €,: emissivity

/

mass density of emitting material




Fundamentals radiative transfer equation

" equation of radiative transfer

no absorption

dIV . /_\ .
E = -yl + Jy dl, = jyds

" emission — spontaneous

radiation intensity: dE =1, dA dt dQ dv
= j, ds dA dt dQ dv
= j, dV dt dQ dv
dE =€, p dV dt dv d) €,: emissivity
P

jv=6vﬁ
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radiative transfer equation

" equation of radiative transfer

ds

" emission — spontaneous

radiation intens

no absorption

Material Emissivity
Polished silver 0.02
Polished copper 0.03
Polished gold 0.03
Aluminum foil 0.07
Wood 0.85
Asphalt pavement 0.9
White paint 0.9
Vegetation 0.94
White paper 0.94
Water 0.95
Black paint 0.98

vV _ _avlv dl, = j,ds

€,: emissivity




Fundamentals radiative transfer equation

" equation of radiative transfer

dl, .
E = —ayL|+J,

" emission

* matter (atoms, molecules, etc)...
o ...converts thermal motion into photons,

O ...emits photons:

- spontaneous emission independent of radiation field

- induced emission = dependent on radiation field

include in absorption!
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radiative transfer equation

" equation of radiative transfer
dl, .
E = —ayl, i+ Jjy

= absorption

* matter (atoms, molecules, etc) absorbs photons
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radiative transfer equation

" equation of radiative transfer
dl, .
E = —ayl, i+ Jjy

= absorption

* matter (atoms, molecules, etc) absorbs photons

relation of «, to physical properties!?
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" equation of radiative transfer
dl, .
E = —ayl, i+ Jjy

= absorption

* matter (atoms, molecules, etc) absorbs photons

\ n °
n, p :number/mass density of matter Voo o o o o
o, : cross-section of individual particles : . .
dA E i °G, ¢
randomly distributed in tube dA ds . .
/ ° ° i
[ ]




Fundamentals radiative transfer equation

" equation of radiative transfer
dl, .
E = —ayl, i+ Jjy

= absorption

* matter (atoms, molecules, etc) absorbs photons

\ n [ J

n, p :number/mass density of matter \ ° o o o« ®
. . .. . A °
o, : cross-section of individual particles ' . . .
dA | i °c, *

randomly distributed in tube dA ds . .

/ ° ° i

[ ] * °

ds = cdt

change in intensity: dI, = —I,no, ds




Fundamentals radiative transfer equation

" equation of radiative transfer

dl, .
E = —ayl, i+ Jjy

= absorption

n °
n, p :number/mass density of matter ° o o o« ®
. . g . \ °
o,: cross-section of individual particle g . . .
dA | i °c, *
randomly distributed in tube dA ds . .
/ . o ° .
dl, L4 ¢
no emission: = —-a,l,
ds = cdt

change in intensity: dI, = —I,no, ds
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" equation of radiative transfer

dl, .
E = —ayl, i+ Jjy

a, =N o, (mean free path’)

= absorption

* matter (atoms, molecules, etc) absorbs photons

\ n [ J

n, p :number/mass density of matter \ ° o o o« ®
. . .. . A °
o, : cross-section of individual particles ' . . .
dA | i °c, *

randomly distributed in tube dA ds . .

/ ° ° i

[ ] * °

ds = cdt

change in intensity: dI, = —I,no, ds




Fundamentals radiative transfer equation

" equation of radiative transfer G = TG (mean fres path)
v T %

dl, | 4
E = —ayly i+ Jy
= absorption
* matter (atoms, molecules, etc) absorbs photons
\ n [ J
n, p :number/mass density of matter | ° o o o« ®
o,: cross-section of individual particles : . .
dA E ® °:, °
randomly distributed in tube dA ds . .
ds = cdt

change in intensity: dI, = —I,no, ds
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" equation of radiative transfer

dl, .
E = —ayl, i+ Jjy

a, = Nno, (mean free path’)

4

" mean free path

distance travelled

[ = .
number of collisions




Fundamentals radiative transfer equation

" equation of radiative transfer € =10, (mean free pach)
v %

dl, | 4
E = —ayl, i+ Jjy
" mean free path
distance travelled distance travelled
[= — = : , ,
number of collisions number of particles per volume * volume of interaction
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radiative transfer equation

" equation of radiative transfer

dl,
ds

Q, =nao,

(mean free path)

4

" mean free path

distance travelled

distance travelled

[: — =
number of collisions

ds = cdt
distance travelled
number of particles per volume
volume of interaction

ds

ods

number of particles per volume * volume of interaction
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" equation of radiative transfer

dl, .
E = —ayl, i+ Jjy

a, =N o, (mean free path’)

= absorption

* matter (atoms, molecules, etc) absorbs photons

\ n [ J
n, p :number/mass density of matter \ ° o o o« ®
. . .. . \ °
o, : cross-section of individual particles ' . . .
dA | i °c, *
randomly distributed in tube dA ds . .
/ . o ° .
° [ ]
ds = cdt
change in intensity: dI, = —I,no, ds
drl,
—=-IL,no, =—a,l,

ds
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" equation of radiative transfer

dl, .
E = —ayl, i+ Jjy

a, =N o, (mean free path’)

= absorption

* matter (atoms, molecules, etc) absorbs photons

Y n °
n, p :number/mass density of matter \ ° o o o« ®
\ o
o, : cross-section of individual particles ' . . .
dA | i °c, *
randomly distributed in tube dA ds . .
/ . o ° °
° [ ]
ds = cdt
change in intensity: dI, = —I,no, ds
drl,
—=-I,no, = —a,l,

ds
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radiative transfer equation

" equation of radiative transfer
dl, .
E = —ayl, i+ Jjy

= absorption

* matter (atoms, molecules, etc) absorbs photons

a, =N o, (mean free path’)

Y n °
n, p :number/mass density of matter \ ° o o« ®
\ o
o, : cross-section of individual particles ' . . .
dA | i °c, *
randomly distributed in tube dA ds . .
II'. . . . .
ds = cdt
change in intensity: dI, = —I,no, ds
dl,
—=-I,no, =—-a,0,=—-1I,pk,

ds




Fundamentals radiative transfer equation

" equation of radiative transfer G = TG (mean fres path
v T %

dl, )
= —a,l, i Jy . .
ds a, = P K, k,:mass absorption coefficient

= absorption

* matter (atoms, molecules, etc) absorbs photons

\ n [ ]
n, p :number/mass density of matter \ ° o o o« ®
. . .. . \ °
o, : cross-section of individual particles ' . . .
dA | i °c, *
randomly distributed in tube dA ds . .
/ . o ° .
° [ ]
ds = cdt
change in intensity: dI, = —I,no, ds
dl,
—=-I,no, =—a,l, =1, pk,

ds
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radiative transfer equation

" equation of radiative transfer

= absorption

* matter (atoms, m

n, p:number/mass den
o, : cross-section of i

randomly distributed ir

change in intensity:

a, =N o, (mean free path’)
dl, L
d S av v _] v a. = . b . ﬁ-. .
v — p KV K, :Mmass a sorptlon coefficient

Mass absorption coefficients for x-rays of wavelength . = 0.56, 0.71
and 1.54 A

Mass Absorption Coefficient (p,), cm¥/g Mass Absorption Coefficient (), cm?/g

Ag K, MoK, Cu K, Ag K, Mo K, Cuk,
Absorber 056 A A=071A Ai=154A Absorber 056A Ai=071A i=154A
H 0371 03727 0.435 Zr 585 16.10 143
Li 0.187  0.1968 0.716 Nb 617 16.96 153
Be 0229 02451 150 Mo 648 18.44 162
B 0279 03451 239 Pd 123 24.42 206
c 0400 05348 550 Ag 13.1 2638 218
N 0544 07898 752 cd 140 21.73 231
0 0.740 1.147 127 In 149 20.13 243
F 0.976 1584 16.4 Sn 159 3118 256 L]
Na 1.67 2939 30.1 Sb 169 33.01 270 ° ° ° °
Mg 2.12 3979 386 Te 179 33.92 282
Al 265 5.043 486 1 19.0 36.33 204 o L4
Si 328 6533 60.6 Cs 213 40.44 318 °
401 7.870 74.1 Ba 25 4237 3589 °,

S 484 9.625 9.1 La 237 4534 341
Cl 577 11.64 106 Ce 25.0 48.56 352 °
K 8.00 1620 143 Pr 263 50.78 363 °
Ca 9.28 19.00 162 Nd 277 53.28 EY T L
Sc 107 21.04 184 Sm 30.6 57.96 397 L4
Ti 123 2325 208 Gd 338 62.79 437
v 14.0 2524 233 To 355 66.77 273
Cl 158 2025 260 Dy 372 68.89 286 d s=¢c dt
Mn 17.7 3186 285 Er 408 75.61 134
Fe 19.7 37.74 308 Yb 4438 80.23 146
Co 218 4102 313 Hf 488 86.33 159
Ni 24.1 4724 457 Ta 50.9 89.51 166
Cu 26.4 4934 529 w 53.0 95.76 172
Zn 288 55.46 60.3 Re 552 98.74 178
Ga 314 56.90 679 Os 5713 1002 186
Ge 34.1 6047 75.6 Ir 59.4 103.4 193
As 36.9 6597 834 Pt 614 108.6 200
Se 398 68.82 91.4 Au 63.1 1113 208
Rb 489 83 17 Hg 64.7 114.7 216
Sr 52.1 88.04 125 Pb 617 1228 232
Y 553 9756 134 Bi 69.1 125.9 240
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= equation of radiative transfer 4 =no
v T v

— = —
dS %% _]'V O(V=pKV

= absorption

* matter (atoms, molecules, etc) absorbs photons

(mean free path!)

Kk, : mass absorption coefficient
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" equation of radiative transfer G = TG (mean fres path
v T %

dl,

—— = —a,L, ity
ds a, = P K, kK, :mass absorption coefficient

= absorption

* matter (atoms, molecutés, etc) absorbs photons

o cross section must be smaller than inter-particle distance
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" equation of radiative transfer G = TG (mean fres path
v %

dl,

—— = —a,L, ity
ds a, = P K, kK, :mass absorption coefficient

= absorption

* matter (atoms, molecule

o absorbers need to be independent and randomly distributed
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" equation of radiative transfer G = TG (mean fres path
v T %

dl, )
= —a,l, i Jy . .
ds a, = P K, k,:mass absorption coefficient

= absorption
* matter (atoms, molecules, etc) absorbs photons
o cross section must be smaller than inter-particle distance

o absorbers need to be independent and randomly distributed

o a, can include induced emission that is also proportional to 7, !
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" equation of radiative transfer

dl, .
E = —ayl, +j,

* macroscopic formalism to solve for intensity

* requires knowledge of o, and j,
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radiative transfer equation

" equation of radiative transfer

dl,

ds

= —ayl, +j,

* macroscopic formalism to solve for intensity

* requires knowledge of o, and j,

* or equivalently mass absorption coefficient x, and emissivity €,,

Ay = P Ky

,_1
Ay

p ey
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" equation of radiative transfer

dl, .
E = —ayl, +j,

* macroscopic formalism to solve for intensity
* requires knowledge of &, and j,

* or equivalently mass absorption coefficient x, and emissivity €,,

, 1
Ay = P Ky JV=E,0€V

* solution to simple limiting cases:
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" equation of radiative transfer

dl, .
E = —ayl, +j,

* macroscopic formalism to solve for intensity
* requires knowledge of &, and j,

* or equivalently mass absorption coefficient x, and emissivity €,,
1

ay =P Ky ]'V=E,0€v
* solution to simple limiting cases:

. dh, _ .
o emission-only 25 v




Fundamentals

radiative transfer equation

" equation of radiative transfer

dl, .
E = —ayl, +j,

* macroscopic formalism to solve for intensity

* requires knowledge of o, and j,

* or equivalently mass absorption coefficient x, and emissivity €,,

, 1
Ay = P Ky JV=E,0€V

* solution to simple limiting cases:

o emission-only

dl y
), W) = Rso) + | (sNds

So
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" equation of radiative transfer

dl, .
E = —ayl, +j,

* macroscopic formalism to solve for intensity
* requires knowledge of &, and j,

* or equivalently mass absorption coefficient x, and emissivity €,,

, 1
Ay = P Ky JV=E,0€V
* solution to simple limiting cases:
dl °
o emission-only d—v =j, L(s) = L,(sp) + j Jv(s')ds’
S So
d,

o absorption-only ~ ——=—avly
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" equation of radiative transfer

dl, .
E = —ayl, +j,

* macroscopic formalism to solve for intensity
* requires knowledge of &, and j,

* or equivalently mass absorption coefficient x, and emissivity €,,

, 1
Ay = P Ky JV=E,0€V
* solution to simple limiting cases:

dIV . —_ S' ! !
o emission-only — =, L(s) = L,(so) + | ju(s))ds

ds So

d] s . Nds'
o absorption-only d_;/ = —ayl, L,(s) =1,(sg) e Jso a(s")as
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" equation of radiative transfer

dl, .
E = —ayl, +j,

* macroscopic formalism to solve for intensity
* requires knowledge of &, and j,

* or equivalently mass absorption coefficient x, and emissivity €,,

, 1
Ay = P Ky JV=E,0€V
* solution to simple limiting cases:
dl °
o emission-only d—;’ =j, L(s) = L,(sp) + j Jv(s')ds’

So

dl S . Nds'
o absorption-only d_;/ = —ayl, L,(s) =1L,(sp) e

optical depth:

S
Ty =f a,(s")ds’
S

0
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" equation of radiative transfer

= optical depth 7,

dl,

ds

= —ayl, +j,

dt, = a, ds

S
Ty =f a,(s")ds’
S

0




Fundamentals
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" equation of radiative transfer

= optical depth 7,

dl, .
E = —ayl, +j,

dt, = a, ds

S
Ty =f a,(s")ds’
S

0

— absorption: [,,(s) = I,(sp) e™™
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" equation of radiative transfer

dl, .
E = —ayl, +jy
= optical depth 7, dt, = a, ds

— absorption: [,,(s) = I,(sp) e™™

S
Ty =f a,(s")ds’
S

0

e W

probability of a photons traveling at least one optical depth before being absorbed/scattered
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radiative transfer equation

" equation of radiative transfer

dl, .
E = —ayl, +jy
= optical depth 7, dt, = a, ds

— absorption: [,,(s) = I,(sp) e™™

S
Ty =f a,(s")ds’
S

0

(ty) = ij e~ *vdr,

mean optical depth travelled before being absorbed/scattered
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" equation of radiative transfer

dl, .
E = —ayl, +jy
= optical depth 7, dt, = a, ds

— absorption: [,,(s) = I,(sp) e™™

S
Ty =f a,(s")ds’
S

0

(1) = jrv e vdrt, =1

mean optical depth travelled before being absorbed/scattered
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radiative transfer equation

" equation of radiative transfer

dl,

ds

= optical depth 7,

= —ayl, +j,

dt, = a, ds

— absorption: [,,(s) = I,(sp) e™™

S
Ty =f a,(s")ds’
S

0

(1) = jrv e vdrt, =1

7,> | : optically thick medium
(opaque)

7, <1 : optically thin medium
(transparent)
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" equation of radiative transfer

dl, .
E = —ayl, +jy
= optical depth 7, dt, = a, ds

— absorntion: [,,(s) = I,,(sy) e ™

7, =1.0
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Fundamentals

radiative transfer equation

" equation of radiative transfer

= optical depth 7,

dl, .
E = —ayl, +j,

dt, = a, ds

S
Ty =f a,(s")ds’
S

0

(1) = jrv e vdrt, =1

— absorption: [,,(s) = I,(sp) e™™

7,> 1 : optically thick medium (opaque)

7,< 1 : optically thin medium (transparent)




Fundamentals radiative transfer equation

" equation of radiative transfer

dl, .
E = —ayl, +jy
= optical depth 7, dt, = a, ds

— absorption: [,,(s) = I,(sp) e™™

S
Ty =f a,(s")ds’
S

0

7,> 1 : optically thick medium (opaque)

(1) = jrv e vdrt, =1

7,< 1 : optically thin medium (transparent)

why do we prefer to use optical depth?




Fundamentals radiative transfer equation
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why do we prefer to use optical depth?
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radiative transfer equation
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~ \

assume same /,(s,) and / (s) for both situations

why do we prefer to use optical depth?




Fundamentals

radiative transfer equation

~ R
%, .
N\ NUN=X AVAVAVAVE " ¢
dAVAVAVE el VAVAVAVE o
V=X o N W
AV (VAVAVEE
AKX —VPN=X
;; S };}\J
1, (50) -+ 1,(s) 4 1,(s)
\ \ |4 / /

N

\

assume same /,(s,) and / (s) for both situations, and
write down absorption solution...

why do we prefer to use optical depth?




Fundamentals radiative transfer equation
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why do we prefer to use optical depth?
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radiative transfer equation
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T, = fSAa{j‘(s )ds

why do we prefer to use optical depth?




Fundamentals

radiative transfer equation

~
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why do we prefer to use optical depth?




Fundamentals radiative transfer equation
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> L,(s) =1,(0)e” "

why do we prefer to use optical depth?
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radiative transfer equation

/ \ A\
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Ta = fSAa{/q(S’)dS
= fgsaf(squ USSR () = L) ™
%0 same net decrease of intensity,

why do we prefer to use optical depth?

perfectly described by z,!




Fundamentals radiative transfer equation
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L,(s) =1,(0)e” "
0 same net decrease of intensity,

perfectly described by z,!

we prefer to use optical depth, because
we only care about the fraction of light that is absorbed!
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radiative transfer equation

~

> L,(s) =1,(0)e” "

same net decrease of intensity,
perfectly described by z,!

we prefer to use optical depth, because
we only care about the fraction of light that is absorbed!




Fundamentals radiative transfer equation

" equation of radiative transfer

dl, .
E = —ayl, +jy
= optical depth 7, dt, = a, ds

— absorption: [,,(s) = I,(sp) e™™

S
Ty =f a,(s")ds’
S

0

7,> 1 : optically thick medium (opaque)

(1) = jrv e vdrt, =1

7,< 1 : optically thin medium (transparent)

we prefer to use optical depth!




Fundamentals

radiative transfer equation

" equation of radiative transfer

dl, .
E = —ayl, +jy
= optical depth 7, dt, = a, ds

S
Ty =f a,(s")ds’
S

change of variables: 0

S—>7T

(1) = jrv e vdrt, =1

we prefer to use optical depth!

— absorption: [,,(s) = I,(sp) e™™

7,> 1 : optically thick medium (opaque)

7,< 1 : optically thin medium (transparent)




Fundamentals

radiative transfer equation

" equation of radiative transfer

dl, .
E = -yl + jy
= optical depth 7, dr, = a, ds
S
T, = f a,(s")ds’
change of variables: So

S—>7T

(1) = jrv e vdrt, =1

— absorption: [,,(s) = I,(sp) e™™

7,> 1 : optically thick medium (opaque)

7,< 1 : optically thin medium (transparent)




Fundamentals radiative transfer equation

" equation of radiative transfer

dl, .
E = —ayl, +jy
= optical depth 7, dt, = a, ds

— absorption: [,,(s) = I,(sp) e™™

S
Ty =f a,(s")ds’
S

change of variables: 0

S—> 7T
7,> 1 : optically thick medium (opaque)

7,< 1 : optically thin medium (transparent)

(1) = jrv e vdrt, =1

dl, _ | Jy
Y=+
dt, a,

yet another definition...




Fundamentals

radiative transfer equation

" equation of radiative transfer

= optical depth 7,

change of variables:

S—>7T

= source function

dl,

ds

aVIV + j’V

dt, = a, ds

o= |
S

(1) = jrv e vdrt, =1

dl,

dt,

S
a,(s")ds’

0

-I,+S,

— absorption: [,,(s) = I,(sp) e™™

7,> 1 : optically thick medium (opaque)

7,< 1 : optically thin medium (transparent)

Jv .
S, =— source function
a’V




Fundamentals radiative transfer equation

" equation of radiative transfer

dl, .
E = —ayl, +jy
= optical depth 7, dt, = a, ds

— absorption: [,,(s) = I,(sp) e™™

S
Ty =f a,(s")ds’
S

change of variables: 0

S—> 7T
7,> 1 : optically thick medium (opaque)
— -T —
<TV) N _[Tv € VdTv =1 7,< 1 : optically thin medium (transparent)
. dIV jv .
= source function I = S Sy =<~ source function
v v

the source function describes the ratio between newly created and absorped photons




Fundamentals

radiative transfer equation

" equation of radiative transfer

dl,
ds
dl,

dt,

= —ayl, +j,

=—I,+5S,

source function




Fundamentals

radiative transfer equation

" equation of radiative transfer

d]’v .
E = —ayl, +j,
dl,

— =] S
dTv v + v

" solution in general

L (z,) = I,(0)e™™ + j

0

Jv .
S, =— source function
a'V
Ty ,
e_(TV_TV) Sv (T{/) d‘[{/ (exercise)




Fundamentals

radiative transfer equation

" equation of radiative transfer

d]’v .
E = —ayl, +j,
dl,

— =] S
dTv v + v

" solution in general

L(t,) =1,(0)e™™ +

/

absorption of incident radiation /,(0)

Jv
S, =2
% av

source function

Ty ,
j e~ 5, (¢)) dt)
0
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radiative transfer equation

" equation of radiative transfer

d]’v .
E = —ayl, +j,
dl,

— =] S
dTv v + v

" solution in general

L(t,) =1,(0)e™™ +

/

absorption of incident radiation /,(0)

% .
S, =— source function

ay

Ty ,
j e~ 5, (¢)) dt)
0

\

integral over newly created photons as they propagate to optical depth 7,




Fundamentals radiative transfer equation

" equation of radiative transfer

dIv B

5 =~y

dly i

“Vo— [, +S _ 7 .
dt, v T oy Sy a source function

" solution in general

T'V ,
I(x,) = I, (0)e~™ + f e~ 5, (v1) d
0

TN

absorption of incident radiation /,(0) integral over newly created photons as they propagate to optical depth 7,

1,(0) I(z,)




Fundamentals radiative transfer equation

" equation of radiative transfer

dl,

ds = —ayl, +jv
dl '
d_‘;:, =-I,+S, S, = Z{—i source function

" solution in general
e" ™ S, (1) dry,

L (z,) = I,(0)e™™ + j

0

" solution — special cases

S
* emission-only I,(s) =1,(sy) + J J,(s")ds’

So

* absorption-only I,(s) =1,(so) e~ [5 av(s")as’
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radiative transfer equation

" equation of radiative transfer

" solution in general

" solution — special cases
* emission-only

* absorption-only

* S, = const.

dl,

ds = —ayl, +jv
dl '
d_‘;:, =-I,+S, S, = i—i source function

Ty ,
e~ (=™ S, (7)) dr,

L (z,) = I,(0)e™™ + j

0

L(s) = I (o) + j j, (s")ds’

So

IV(S) — Iv(So) e—fsso ay(s")ds’

L(t,)=10)e™+S5,(1—-e"™)




Fundamentals

radiative transfer equation

" equation of radiative transfer

" solution in general

" solution — special cases
* emission-only
* absorption-only
* S, = const.

oT, »1:

dl,

ds = —ayl, +jv
dl '
d_‘;:, =-I,+S, S, = i—i source function

Ty ,
e~ (=™ S, (7)) dr,

L (z,) = I,(0)e™™ + j

0

L,(s) = L,(so) + j Jv(s)ds’
L,(s) =L,(sg) e fsso ay(s")ds’
L) = L(0)e™ + 5,(1— ™)

L,(ty) =S,
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radiative transfer equation

" equation of radiative transfer

" solution in general

" solution — special cases
* emission-only
* absorption-only
* S, = const.

oT, »1:

dl, .

as - bt

dl '

d_‘;:, =—I,+S, S, = i—’; source function

Ty ,
e~ (=™ S, (7)) dr,

L (z,) = I,(0)e™™ + j

0

L(s) = I (o) + j j, (s")ds’

So

IV(S) — Iv(So) e—fsso ay(s")ds’

L(t,)=10)e™+S5,(1—-e"™)

L,(ty) =S,

1,(0) > S, — photons will be absorbed from the beam until ,(7,,) =S,

1,(0) < S, — photons will be added to the beam until 1, (7)) =S,




Fundamentals

radiative transfer equation

" equation of radiative transfer

" solution in general

" solution — special cases
* emission-only
* absorption-only
* S, = const.

oT, »1:

0T, K 1:

dl,

ds = —ayl, +jv
dl '
d_‘;:, =-I,+S, S, = i—i source function

Ty ,
e~ (=™ S, (7)) dr,

L (z,) = I,(0)e™™ + j

0

L(s) = I (o) + j j, (s")ds’

IV(S) — Iv(So) e—fsso ay(s")ds’

L(t,)=10)e™+S5,(1—-e"™)

L,(ty) =S,

L) =LO)A-1)+1,S,
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radiative transfer equation

" equation of radiative transfer

" solution in general

" solution — special cases
* emission-only
* absorption-only
* S, = const.

oT, »1:

0T, K 1:

dl,

ds = —ayl, +jv
dl '
d_‘;:, =-I,+S, S, = i—i source function

Ty ,
e~ (=™ S, (7)) dr,

L (z,) = I,(0)e™™ + j

0

L(s) = I (o) + j j, (s")ds’

IV(S) — Iv(So) e—fsso ay(s")ds’

L(t,)=10)e™+S5,(1—-e"™)

L,(ty) =S,

L) =LO)(A-1)+1,8S, - L,(0)




Fundamentals

" electromagnetic spectrum
" description of a radiation field

" radiative transfer equation




Fundamentals

" electromagnetic spectrum

= description of >, ‘on field

= radiativ,~ .-ansfer equation




Fundamentals summary

" radiation field — macroscopic description

* flux dE = F dA dt dE, = I,(Q2) cosO dQ
* intensity dE = 1,(Q) dA cos0 dt dQ dv

* luminosity dE = Ldt

* energy density  u,(Q) = IV(CQ)

1
* radiation pressure py = 3 v
* optical depth dt, = a, ds , absorption coefficient «,

1
* mean free path L, = —
v

emission coefficient j, dE = j, dV dtdQdv

" equation of radiative transfer

dl '
d—;; =—I,+S, source function S, = Zl—i




