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1. Electromagnetic Radiation
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All wavelengths are important in astronomy!
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Radiation Mechanisms

Radiation < Acceleration of electric charge

Bremsstrahlung (free—free)
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Ionized gas:
e.g., H mregion
Intracluster medium

Synchrotron (magnetic
bremsstrahlung)
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B Supernovae
AGN jet




Radiation as Photons

Radiative transition electric ~ UV, optical
molecular vibrational
/\/\/\ ~ near-IR

! molecular rotational
~ rad1o

(Inverse) Compton Radiation

Intracluster medium

‘ — vy (Sunyaev-Zeldovich effect)
AGN jet, accretion disk




2. Radiation Transfer Equation

Definition of Intensity (energy flow on a line)
dE =/, d4 df dQ dv [, [erg/cm?/s/st/Hz]

~ Definition of Flux (net energy flow through
a surface) F, [erg/cm?/s/Hz]
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What is Radiation Transfer Equation?

= —kypl, + 70

dS ~
. / Emission
Absorption :

J,, lerg/cm3/s/Hz]

K, [cm?/g]: mass absorption coetficient
p [g/cm3]: density



< dS >
Absorption ®
dA. ° OO

Total absorbing area: o, (n d4 ds)

n: number density of the absorber
O,: absorption cross section of the absorber particle

= -d/,d4=1(no,d4ds) =dI, =-nol ds

Homework

\

[ no, = pK,
0: mass density (= mn; m 1s the mass of the absorber) (-
. K,: mass absorption coefficient )




Optical Depth

ds = hwply
Optical depth: dt, = px, ds (= no,ds)
o« “number of absorptions”
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S, =J,/(pK,): source function



3. Simple Solutions

>
Ty

For a constant source function:

Extinction of bkg light Emission



Extinction as Pure Absorption
With strong background source:

I,(ry)=1,0)e ™+ S, (l—e ")

Dark clouds in the Milky Way
— Dust extinction (= absorption + scattering)




Optically Thick Case

Optically thick: T, >> 1

I,(r,)=1,0)e ™ 4+ S, (1 —e ™)

If the material 1s in thermal equilibrium, the resulting
intensity should be the Planck function:
Local Thermal Equilibrium (LTE): S, (7,) = B, (T(7,))
(j, = px,B,): Kirchhoff’s law. B.(T) — 2hv? 1

g 2 exp(hv/kT) -1




Example of Optically Thick Radiation
Solar Radiation Spectrum
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Optically Thin Emission

Optically thin: T, << 1

Without background light [, (7',/) =5, (1 — e v )

I, (Ty) =T, Su column density

tor it 1,(1) = By = kupLB,(T)

Optically thin radiation reflects:
(1) column density (pL)
(2) optical properties (Kv)



Milky Way in the Far Infrared

AKARI 140 um

Dust emission




Optical Properties of Dust

Intensity

Large gr‘a}ns (LGs)
Silicate +
carbonacepus
material \

N | /a,=3.54, 30A; 0=04 |
r S | [ a,=504, q,,,=0.01; b=60ppm.
' Xuup=1: (Eg2.E,5.Eq4)=(3.2,2) |
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4. The Einstein Coefficients

level2 2

Spontaneous emission

hv
Z2AVAVAN A, (transition probability

level 1 n ]

level 2 per unit .tlme)
w1 Absorption
A VAVaN B,,J (transition probability
level 1

lovalD . per unit time)

Stimulated emission
A VAVAN W B,,J (transition probability

level 1

v per unit time)

J = ” T o(Wdv ¢(v): line profile function
J, 7.0 pvivon



Einstein Relations

Thermodynamic equilibrium A /B
nB,,J =nAd, +n,B,J = J = 21/ P2y
level 2 7, (n,/n,)(B,,/B,,) -1

V'3

n,. g
A, B,J | B,,] — =—exp(hv/kT)

level 1 n, @ &

J = Ay 1By, should be the Planck
(gB,,/g,B,)exp(hv/kT)-1  function.

2181, = 2,8,
A,y = (2hv3/c?)B,,




Absorption and Emission Coefficients

. hv hv
Jv = EnzAzlgb(v) a, = E¢(V)(H1B12 — nszl)
n,A
g = 241y _
' n B, -n,b,, (Oé;/ ,OHZV)

Using the Einstein relations,

hv
OCV = — n1B12(1 —¢(V)
47 ,
- orrection for the

3
S = 2h;/ &M _ 1) stimulated emission
¢ U
For LTE: ¢, = %nlBlg 1 —exp(—hv/ksT)] ¢(v)
7

Sl/ — BI/ (T)



Example for the Correction for the
Stimulated Emission:
Atomic Hydrogen (21 cm)

Hydrogen hyperfine Nuclear Electron
structure spin spin
. b
1s J,lﬁ.gxm'ﬁev 1 '
1420 MHz
A=21cm
hv hv hv
hikgT <<1 — & = En1B12]ﬁ3—T¢(V) = Koni kB—TMV)
NHI hv
- T, =K o) (92=3, g1 =1
Rayleigh-Jeans Approx. Y4 kpT W) g 1=1)

o3 N
I, =7, BaT) ~ 7 gy~

known constant mél
hl/3 HI

I, dv ~ K
/ NI




Appendlx. The Propertles of B (7)

1 010 I | | | ' | |
T | 07 1z ] (1) Monotonic increase
__.m 10° . ‘ with T.
§ | (2) Peak (0B,/ aMx — jumax
T, 10 ‘ . 0y A, T=029cm
2 deg (Wien
i 10 i displacement law).
= 7 1 (3) hv<<kT=B(T)~
= 4059 (2v2/e)kT (Rayleigh-
= — Jeans law)
@ [ B, (D)dv = oT*
B = et Ik -1 G = 2m5k#/(15¢2h3)
Yhel I ) Stefan-Boltzmann constant
B,(T) =

exp(hc/kAT) -1



Further Reading
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Processes 1in Astrophysics” (Wiley: New York)



