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H2, CO, CS, SiO
Energy Levels
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Radiative Transfer

Line Intensities

dIν

ds
= −κνIν + εν

Iν(s0) = Iν(0)e−τν(s0) + e
−τν(s0)

∫
s0
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ενe
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Column Density

Partition Function
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√
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CH4, CH3CN, NH3

Energy Level

Ix = Iy = IB Iz = IC L
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HCOOH, C2H5CN

Energy Levels

Selection Rules
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Elastic Diatomic Molecules

NH3: inversion

H2O, H2CO: ortho v.s. para

CH3OH: internal rotor

Unbalanced shell - Electronic Angular Momentum

Quardupole hyperfine lines, Magnetic Hyperfine lines ... 

EJ = hBJ(J + 1) − hD[J(J + 1)]2

Additional Considerations

Radio Astronomy -
Molecular Transitions

7



as Probes of Kinematics & Masses
line velocity
line width, virial mass

as Probes of Temperature
brightness temperature in optically thin lines
line intensity ratios - particularly,  K-ladder for symmetric top 

as Probes of Density
thermalized emission

as Probes of Molecular Chemistry itself
abundances

Applications
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Eagle
Nabula
(M16)
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• Masers (Microwave Amplified by Stimulated Emission of 
Radiation) - non-thermal

• Theory

• NH3 (Gordon et al. 1954)

• 1964 Nobel Prize Basov, Prokhorov, Townes

• Cosmic Discovery

• OH (Weaver et al. 1965)

• H2O and many more others

• Properties

• compact (e.g. 1e14 cm)

• high brightness temperature (e.g. 1e10-1e12 K)

• narrow line width (e.g. 0.2-0.4 km/s)

• significant polarization

• time variable
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dIv
ds

=−κvIv+ εv

• two-level (radiative)

dIv
ds

=
hv0
4π

[
(nuBul−nlBlu)

4π
c
Iv+nuAul

]
φ(v)

κv=
hv0
c

[
(nlBlu−nuBul)φ(v)

=
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nlBlu(1−

gl
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)φ(v)

ε=
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4π

nuAulφ(v)

u : nu

l : nl

AulIv
Mul

=
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c
BulIv

Mlu

=
4π
c
BluIv
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dIv
ds

=−κvIv+ εv

I=B(Tb) = B(T )

nu
nl

=
gu
gl
e−hv0/kTex =

gu
gl
e−hv0/kT

Tb=Tex = TK = T

LTE

• two-level (radiative + collisional)

dIv
ds

=
hv0
4π

[
(nuBul−nlBlu)

4π
c
Iv+nuAul

]
φ(v)

κv=
hv0
c

[
(nlBlu−nuBul)φ(v)

=
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c
nlBlu(1−
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)φ(v)

ε=
hv0
4π

nuAulφ(v)

u : nu

l : nl

Cul CluAulIv
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=
4π
c
BulIv

Mlu

=
4π
c
BluIv

Plu Pul
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dIv
ds

=−κvIv+ εv

• two-level (radiative + collisional)

dIv
ds

=
hv0
4π

[
(nuBul−nlBlu)

4π
c
Iv+nuAul

]
φ(v)

u : nu

l : nl

Cul CluAulIv
Mul

=
4π
c
BulIv

Mlu

=
4π
c
BluIv

nu(Aul +Cul +Mul) = nl(Clu+Mlu)

εv=
hv0
4π

nl(Clu+Mlu)
(Aul +Cul +Mul)

φ(v)
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• two-level (radiative + collisional)

εv=
hv0
4π

nl(Clu+Mlu)
(Aul +Cul +Mul)

φ(v)

εv =
hv0
4π

gunl
gl

( Iv
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)

(
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) φ(v)
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=
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=
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2hv30
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• two-level (radiative + collisional)

I=B(Tb) = B(T )

nu
nl

=
gu
gl
e−hv0/kTex =

gu
gl
e−hv0/kT

Tb=Tex = TK = T

LTE in general
Non-LTE

(but,) no masing

Tb < Tex < TK

What is critical density?
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dIv
ds

=
hv0
4π

[
(nu−nl)B

4π
c
Iv+nuA

]
φ(v)

dIv
ds

=−κvIv+ εv

• three-level (radiative + collisional) or “two-level” + “pumping”

LTE
nu
nl

=
gu
gl
e−hv0/kTK

u : nu

l : nl

Cul CluAulIv
Mul

=
4π
c
BulIv

Mlu

=
4π
c
BluIv

Plu Pul
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dIv
ds

=
hv0
4π

[
(nu−nl)B

4π
c
Iv+nuA

]
φ(v)

dIv
ds

=−κvIv+ εv

Non-LTE nu(Aul +Cul +Mul +Pul) = nl(Clu+Mlu+Plu)

• three-level (radiative + collisional) or “two-level” + “pumping”

u : nu

l : nl

Cul CluAulIv
Mul

=
4π
c
BulIv

Mlu

=
4π
c
BluIv

Plu Pul
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nu(Aul +Cul +Mul +Pul) = nl(Clu+Mlu+Plu)

Cul ≈Clu ≈C
Mul ≈Mlu ≈M
A"C , A"M

nu
nl

=
Plu+M+C
Pul +M+C

(nu−nl)|M=C=0=(nu+nl)
Plu−Pul
Plu+Pul

=n
Plu−Pul
Plu+Pul

≡Δn0

Δn=
Δn0

1+ 2(C+M)
P

• Steady State [Statistical Equillibrium]

For simplification, assume 

in a special case in a more general case

For more simplification, assume gu = gl
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Δn=
Δn0

1+ 2(C+M)
P

• Population Inversion

excitation temperature

Δn0 > 0 ⇒ Δn> 0If

nu
nl

=e−hv0/kTeX > 1

⇓
Tex<0

nu/nl

Tex
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dIv
ds

=
αIv

1+ Iv/Is
+ ε

α=
hv0
c
B
Δn0
1+ 2C

P
φ(v)

Is =
cP
2BΩm

(1+
2C
P

)

ε=
hv0
4π

nuAφ(v)

Iv0 = I0eαL+
ε
α0

(eα0L−1)

Tb = TceαL+ |Tex|(eα0L−1)

Iv0 = I0+(α0Is+ ε)L

• Amplification [in transfer equation]

Unsaturated
exponential amplification

Saturated
linear amplification
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Iv0 = I0eαL+
ε
α0

(eα0L−1)

Tb = TceαL+ |Tex|(eα0L−1)

Tb(v)=Tceα(v)L

α(v) = α0exp
(
− (v− v0)2

2σ20

)

Tb(v)=Tce
α0exp

(
−(v−v0)2

2σ20

)
L

α(v)≈ α0
(
1−−(v− v0)2

2σ20

)

Tb(v)=[Tceα0L]e
−α0L
2σ20

(v−v0)2

=Tv0e
−α0L
2σ20

(v−v0)2

σ=
σ0
α0L

• Line width [in transfer equation] : unsaturated case

line-width and path length
consider background amplification
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• Masers

• physical condition required

• population inversion : still mostly poor understood

• collisional pumping

• radiative pumping

• physical information provided

• density/temperature (required for pumping)

• accurate velocity (required for pumping) 

• kinematic information on “small” parcel of gas

• accurate (relative) positional information

• proper motion measurements - distance
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• Masers

• species

• OH, H2O, SiO, H2CO, CH3OH, HCN, NH3,H-recomb

• locations

• Galactic

• ISM : star forming regions, HII regions

• OH, H2O, SiO, H2CO, CH3OH, NH3, H-recomb

• stellar : circumstellar envelopes around evolved stars

• SiO, OH, H2O, HCN

• solar : comets

• Extragalactic

• “megamaser” (~1e6 times brighter than galactic counterparts), or 
even “gigamaser” for OH

• H2O in NGC 4945 (Santos and Lepine 1979)

• OH in Arp 220 (Baan et al. 1982)

• circumnuclear disk

• amplification of radio continuum

• OH (FIR?),H2CO (FIR/Radio?), H2O (collisional?)

• star formation?
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• Megamasers : SMBH in NGC 4258 (Syfert-2 AGN)
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• Megamasers : SMBH in NGC 4258 (Syfert-2 AGN)
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• The 21 cm line

• first radio wavelengths spectral line detected

• prediction : van de Hulst and Oort

• detection : Ewen and Purcell

• Hyperfine splitting - interaction between the magnetic moment 
of the proton and the magnetic moment of the orbiting 

electron at the ground state 12S1/2

• Einstien A (2.86888 x 10-15/s) due to

• small (magnetic) dipole transition

• low frequency

• Rest Frequency : 1.420405751786 +/- 0.000000000030 MHz
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• The 21 cm line

• excitation, general called “spin”, temperature

• recall

Nu
Nl

=
gu
gl
exp(

−hv0
kTe

)

=3exp(
−hv0
kTs

)

=
TB+ yTK
1+ y

y=
hv
kTK

Cul
Aul

Purcell & Field (1956)

=
TK + y′TB
1+ y′

y′ =
kTK
hv

Aul
Cul

Kulkarni & Heiles (1988)

Ts=TK
TBAul +T0Cul
TKAul +T0Cul

T0 =
hv0
k

= 0.0682K
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• The 21 cm line

• absorption coefficient, optical depth, and column density

dτ(υ)=−κv(s,υ)ds

dτ(
υ

km s−1
)=−5.4873 10−19(nH(s)

cm−3
)(
Ts(s)
K

)−1(
φ(υ)
km−1s

)d(
s
cm

)

τ(υ)=
Z
−κv(s,υ)ds

τ(
υ

km s−1
)=−5.4873 10−19(Ts

K
)−1(

φ(υ)
km−1s

)
Z

(
nH(s)
cm−3

)d(
s
cm

)

=−5.4873 10−19(Ts
K

)−1(
φ(υ)
km−1s

)
NH
cm−2

Z
τ(υ)dυ=−5.4873 10−19(Ts

K
)−1

NH
cm−2

/int(
φ(υ)
km−1s

)dυ

=−5.4873 10−19(Ts
K

)−1
NH
cm−2

⇓
NH
cm−2

=1.8224 1018(
Ts
K

)
Z
τ(υ)d

υ
km s−1

κv =
3c2

32π
1
vul
AulnH

h
kTs

φ(v)

τ=−ln(1− TL
Ts−TBG

)

Ts" TBG
≈−ln(1− TL

Ts
)

TL$ Tsorτ$ 1
≈TL
Ts
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• HI Clouds and the Galactic Structure 

The Milky Way
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• HI Clouds and the Galactic Structure 

• Interstellar Medium (ISM)

• gas heating and cooling

• heating (ionization by radiation, high-energy particles [cosmic rays], collisions of 
gas clouds or streams)

• cooling (heavy element spectral emission)

• four component model (in pressure balance?) - the swiss cheese picture (with 
undetermined filling factors

• CNM (cold neutral medium)

• narrow 21cm absorption

• T<50K, n>1-10 cm(-3)

• WNM (warm neutral medium)

• ubiquitous wide 21cm emission

• T>200K

• WIM (warm ionized medium)

• widespread Halpha emission

• T~104K

• HIM (hot ionized medium)

• diffuse soft X-ray emission and O VI absorption

• T~106K

d
dt

(
3
2
NkTk) = Γ−Λ
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• HI in the extragalactic studies 

• extragalaxies

• major tool for kinematic studies, such as rotation curve 
since :

• tracing relative more extended regions since :

• HI - neutral atomic gas

• low excitation/density requirement

• spectral (line) feature - kinematic (velocity) probe

• findings :

• HI distribution not centered

• flat rotation curve

• tidal interaction features
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• HI in the extragalactic studies 

M33
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• HI in the extragalactic studies 

M33
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• HI in the extragalactic studies 

M33

M33 rotation curve (points) compared with the best fit model (continuous line). Also shown 
the halo contribution (dashed-dotted line), the stellar disk (short dashed line) and the gas 
contribution (long dashed line) [Corbelli and Salucci 2000, MNRAS, 311, 441]
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• HI in the extragalactic studies 
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• HI in the extragalactic studies 

Antenna - NGC 4038/4039
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