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Molecules

Combination of multiple atoms with their interaction

* Additional terms in Hamiltonian

Rumy sy 23y 293 3 Y e
at = Zmn Zme _ 4ﬂ60|n F]| 2 47t60|rl T3 4neo|ﬁ—fj|

n lTl]e le]e-'/:l lTL]TLil

 Coulomb interaction between electrons and nuclei of different atoms, between electrons of different
nuclei, between nuclel

« Total Hamiltonian expanded in series in terms of [g = ¥ %'4—9
n
» Behavior of different terms: (electron/nucleus mass ratio)

« k% electronic states/transitions
« Equivalent to behavior in atoms

« k%— vibrational states/transitions
» Described by excursion from rest position ¢
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Molecules

Series expansion of eigenvalues
« Behavior of different terms:
« k% — electronic states/transitions (at UV/optical)
« k2 — vibrational states/transitions
- Described by excursion from rest position & 10r
- 1 2.2 2°8,(4) >
Eh =y o '('(g- 'f) Ehf g Br
l\7 "“| Vlb 2 bg ]
6 o
« = harmonic oscillator in potential given by H+H |
electronic state all |
* Energies in NIR (2.1um for H,, 4.6um for CO)
A) 2t
_4>0 5 ( w
v=" 5 N2 P |
o0 6 8

Vibrational levels of H,
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Molecules

Series expansion of eigenvalues

 Behavior of different terms:
« x*— rotational states/transitions

« Energies in FIR/radio
* Ro-vib structure ]
60000F o
50000 ::—:Egzzggzsmm ]
—— e =l
— === v=I0
mﬁm;_:::izzéév:‘) =i
a :*:*_fggmg Logiol(=22) H+H |
‘:5;30000- 7__:Eﬁ 15 4 . — dl
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Molecules

Series expansion of eigenvalues
0

L] L] -6 L — —
 Behavior of different terms: S — :g
« k% — electronic states/transitions 05 | — — j12

: : " [ e — i1
 k* — vibrational states/transitions N — — 110
» k* — rotational states/transitons 5 | — — Zg
» Energies scale: B O = = {7%
@ [ — 16 =
= — 1S
. E . E - P A % 02 F — {sH
En ”,V. Zn‘v")" 1’” -de E 01' —— ::S
. Sl — — 2
* Electron/nucleus mass ratio ; = EY
guarantees separation in of o —— o
electromagnetic spectrum [
[ CO ¥ibrational/Rotational Levels ]
optical/UV — NIR — FIR/radio =il ° " 2
— ~ — Vibrational Quantum Number v
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Molecules

Additional transition
(known from atomic transitions)
» Fine-structure splitting

Hyperfine structure splitting

x axis given by symmetry of molecules here
 FS and HFS depend on total combination of L, S, I —

Chemical bonding tries to saturate subshells, sothat L = 0,5 = 0
» Fine structure rare in molecules, only for radicals

Hund rules apply for open shells

The Physics and Chemistry of the Interstellar Medium, Winter term 2020/21, 30/11/20



Molecules

Nuclear spin

« Special case for systems with identical atoms and odd number of nucleons:
* e.g. H,, H,0, H,0%, ...
« 2" Pauli principle also holds for nucleons
« Anti-symmetry of spin configuration against proton exchange
* Not all values of J allowed
» 2 configurations:

- Para: _71 TJ,IZ«—D 1=0 O:P » 3:1
« Jmust be even
* Ortho: I,Tf IZ -)_T,; 1

« Jmust be odd
» Separate transition ladders
« There are almost no interactions changing the nuclear spin

The Physics and Chemistry of the Interstellar Medium, Winter term 2020/21, 30/11/20



Molecules

Nuclear spin \/0\ o Ka. Ke

« 2 configurations: Via ke

» Para- and ortho- species are

basically separate species o b K TR, e
1500 [ a9 73—8&' B —Bg, " 52
| Para H, & , = ¥ood  Ortho H,0 ~By
i 43 7
. 51 M_(Bz'r" i - “—Bz-r
 Relative abundance governed : *gm_:,’“ 817 _ =
by (spin-)temperature at 1000 |- —55.-%32.,:405 o 5y —6.3:"’*_3,,-
formation —~ | = Ep By
E’ -5 —824_7" x -S4 v
- 33_6“ ) L —5,2_6” M
a “ —608 ] E 41_523_616
500 i ,,_5’“ -—432_514
s 5 4 500 5y, s
i £ .._4?2 ' B W
/ —4o, —321_4:4
—220~B13 ® —2,, —35g
i —Zn -
N _1"_202 —{“’ :
0 f}? | P N Mo N R By OB, ™, v v v v
01 23 45¢86 7 8 1 2 3 45 6 7 8
Angular Momentum /J Angular Momentum J
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Molecules

CH,OH  A-type levels

i [ = B T T Bl Tl Sl BB
Nuclear spin SR SRS DR LN RAE

2 configurations: w Bl Sl gt n s £ SR
» Equivalent case for methyl-group Qmﬁ- : Py ; : _— ol . |
in many molecules: 3 protons 3 SESFRRERE j

» Global direction by molecule axis b Sany il ]

80 |-

4 3 : = 4 4
C¥\z~ S e ae— e s

wetvy

bt o1

(=
-

e
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X methanol @‘, t: k% j:hil .
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« A-symmetry: I = 3/2 6\0( N f:::_ Prrrreliitd 2

* E-symmetry: I =1/2 1L ' e b ]
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Molecules

Spectroscopic notation

- Based on projection onto main symmetry axis of molecule
Without main symmetry axis — no good quantum numbers anymore

 Full notation: hZ.SM + ot nz"s*l A't
- ﬂ/u it @ B
homo-nuclear molecules (H,, O,, ...) all other molecules 45

* — n = main quantum number

« Encoded in letters: X = ground state, _ o
A,B,C, ... =numbered states with same multiplicity as X
a,b,c, ... =numbered states with different multiplicity as X
* a-impossible - .
« A—hardly used, rather X N = O - Z
« Often omitted in notation - =
- i < RV
» S =total electron spin >
« Determined multiplicity of state: 25 + 1 o /—\-
@

« X = projection of spin onto main axis: ¥ =-5,-S+1,...,S

Winter term 2020/21, 30/11/20
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Spectroscopic notation
* Full notation:

2S+1 pAt 2S+1 At
n Ay or n Ay
» A = projection of orbital momentum onto main axis -

* Encoded in greek capital letters: X (A = 0),I1(A = 1),A(A = 2),D,(A=3) ..

« + =symmetry/anti-symmetry w.r.t. mirroring on planes
containing molecule axis (only used for states)

* g/u = symmetry/anti-symmetry w.r.t. mirroring on
central plane (gerade/ungerade)

« () = projection of total electronic angular momentum onto main axis Q =| A+ X | / ‘; /

« Examples: N / .{
| —
« Ground state of H.: X 2 q Z\. =0 (most symmetric configuration)
. Ground state of CO; X 15

t
» Ground state of OH. X?ﬂ-},/ (non-zero electronic orbital momentum: — FS N= I
2

electronic configuration of 162 262 302 173 S= '
OH A split of ground state: X*I1{ ,,AE = 1.61 GHz)

The Physics and Chemistry of the Interstellar Medium, Winter term 2020/21, 30/11/20



Molecules

Spectroscopic notation

 Auxiliary quantum numbers explicitly given for more complex
configurations:

* F = total angular momentum including nuclear spin
» L = total orbital momentum of electrons
» Encoded in capital letters: S, P, D, F, ...
» N = total orbital momentum (without electron spin)
* Includes rotation of the molecule
« K = projection of N onto molecule axis
* O or J = molecular rotational momentum

« Usually, the Hund rules also apply to the energy levels in molecules

The Physics and Chemistry of the Interstellar Medium, Winter term 2020/21, 30/11/20



Molecules

Spectroscopic notation
H 1 . ,} 1 + A a— +—
* Transitions: B X &> X >
: e n ﬂ
* Letter for electronic transition: B — X

» Number for vibrational level: 5 - 0
» Coding for rotational transition based on A] combined with lower level number:

=

Designation (J, —J¢) Note

‘ O(Je) —2  Electric quadrupole transition
P(Je) —1  Electric dipole transition
Q(Je) 0 Electric dipole or electric quadrupole; Q(0) is forbidden
R(Je) +1  Electric dipole transition
. Example: L S(Je) +2  Electric quadrupole transition
* Ortho-H, ro-vib transition in electr. ground state X: R
v=1 1, J=3 — v=0, J@ 1-0 S(1) = 2.122um
(v=4 3 b ) { (V OJ=-~ \ — —_—
(0.4 b

The Ph sics and Chemistry of the Interstellar Medium, Winter term 2020/21, 30/11/20



Spectroscopic notation
« Example:

* H, ro-vib transition in electr.

ground state

X:v=1,J=3 — v=0, J=1:

- Remember: due to
ortho/para-types only

Al =0,%2
a—
possible

V=0: (=0 >

/
510 K

E/k

K =1

14,0) (14,4
V=12——

v=11——

CO:

45000y=10———— — —

1-0 S(1)

40000—

C v=6—"

U 30000

of the Interstellar Medium,

v=8—

v=9——— - —

Winter term 2020/21,
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Molecules

Rotational transitions

« Classical approach
bro\ 4 > 2
20

« 6§ = moment of inertia
* | = molecular rotational momentum

 Quantum- mechanics //b\
‘ ’ro-t - 29'5 (Jt /\3

* For good quantum numbers |

* Problem:
* In general O is a tensor! — 3 components in its main axis system 6,6, 065
c 6, = 0, = 0, = spherical gyro CHy , ST, -
« 0, = 0, + 05 = symmetric gyro VH,
e 0, # 6, = 0, = asymmetric gyro H,0

The Physics and Chemistry of the Interstellar Medium, Winter term 2020/21, 30/11/20



Molecules

Rotational transitions

* Symmetric gyro
» Clear main axis: good rotational quantum numbers can be defined

* 2 moments: I = total angular Enomentum,
A K = projection of ] onto symmetry axis with 65

— J? —K? = angular momentum in the direction of 84,6,

_ 2 - _\—2 '7 :2 > =2

bro > o lcrs 2 (510 ) = A2 B(3-07) = I (A-BR*

293
« Quantum-mechanically: — 2
Evoy™ PN (AR L

 Momenta quantized with K=-/,..,0,..,]

The Physics and Chemistry of the Interstellar Medium, Winter term 2020/21, 30/11/20



Molecules

T

Rotational transitions | 'ROTATIONAL ENERGY ’
LEVELS OF NHa AN .
* Symmetric gyro & | 6 00
* ErotzB](]‘l'l)‘l'(A_B)Kz 300

7

<400

« Example: NH,

o0
\
\\‘\ ¢

=
[%2]
- &
lg E
\ z 200 2 i 5 ~300
H : = 1 :
107.8° H < 2 b
i a -
w e 200 =
3. 3 i
H o= :
100 - 3 >
. = 3
:2_____ 2 4100 “
® 03 > 91, 62 - A < B - _ 2: v A=QORTHO
« Diagram is falling with K | = v EoPARA
ngn . 0 . B s . -~ _'o

« Additional split by inversion L . 1 . f .

transitions (23GHz) K=0  Kel K2 Ke3  Ke4 K5 K=6

A E E A E E A
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Molecules

Rotational transitions -
o Symmetric gyro CO Rotational Levels
* ErotzB](]‘l'l)‘l'(A_B)Kz -:4
0.015 - 8to7 .
. Special case: Spherical gyro % —_ 138
A =] ? 0.01 | — |2
| 6to 5 1.5
Eror =B * 4) | % 128
rot g ( } 5 . Stod 3
. I[gegen]erac%)/ witr]l respect to 0.005 [ Aok B ' 1
- Gives statlstlcal weights : y 3t :
T I = — I
* Most important: CO 0
CH*, CS, CN, HCN, HCO*, HNC, OCS, SiO, ... Vibrational Quantum Number v
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Transition Strengths

Remember: Dirac perturbation theory
« Transition from state |a) to state |a’) determined by Fermi's Golden rule:

2T —~ 2
Woo = - a'|H|la)| "6 (Ey — Ep)
« So far discussed for discrete systems: N
* Energy conservation term 6 (Ea, — Ea)
» Determines line frequencies
* Open:
» Transition strength = Harmonic variation of ~ |dg o | [Mea | |Qaa |

 Determines line intensities

The Physics and Chemistry of the Interstellar Medium, Winter term 2020/21, 30/11/20 20



Discrete systems:

Transition strength:

« Compute for different orders of E field interaction — selection rules
+ “Allowed transitions”: first order interaction Eleldrisele D lP‘){ U

= dipole transition (da,a’> - <aat e a“t>
* Einstein coefficient: A, , « |<da,a’>|2
. 5 ety most C("M
(da,a’>| >0 |f 1) P éauﬂ" L=0 +> (=0

2) ANL= O t 1
3) AJ= 0, £1  except for J=0 (=0
4) Singke Zlection must C"\“”‘Q’ Al =<

. 9) AS =0 (no spin flip!)

The Physics and Chemistry of the Interstellar Medium, Winter term 2020/21, 30/11/20



. config. term E/hc (em-!) N TI
22s22p3s D7 92252 gg=3 8
Discrete Systems sty 01 oRzz | &S ;
_ 1s22s22p3s 3D 92237 8e="7 6
Selection rules: ———
« Example NIl (or Cl
P (or G Ko YN S R
V) ] o< 0l < < v
29 4 A LEREE
Allowed Dc,fo/ g oy
(if depopulation by allowed ,;g A g o
transitions works, forbidden Do.» 1o2szpiGRl 46785 g,=5 3 .
transitions can be ignored) oz |
0o
. R
1s22s%2p? 'S, 32689  g,=1 - 4
Forbidden by AS = 0 o !
G !
1s?2s%2p? D 15316 g,=5 IV 3
. S - 1 b—t
Forbidden by Al = +1 = ’ ; [ B
1522522p2CP, 130.8 g.=5 |1y 2
1s22s%2p? 1!13l 48.7 g? 3:10252“ i \II \:l \'J 1
1s%2s%2p® 3P, 0 g,=1 =K L = 0
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Discrete Systems

Selection rules:

+ “Allowed transitions”:
« Example: NIl or Cl: 1s22s22p 3s 3D2- 1s22s2 2p2 3P,
« Notation: without brackets — Example: Cl 3255 A
» Typical Einstein coefficient:

« “Spin-forbidden transitions”:
 Electric dipole
« But requires spin flip: NS FO
« Example NIl or Cl:  1s2 282 2p3 552 - 182 252 2p2 3P,
- Notation: single bracket - Example: CI] 6429 A
» Typical Einstein coefficient: A & ]07 5" (<< than allowed transitions)

The Physics and Chemistry of the Interstellar Medium, Winter term 2020/21, 30/11/20 23



Discrete Systems

Selection rules:

» “Forbidden transitions”:  |M, ,/|,|Qq]
« Higher order interaction terms:
« Example: NIl or Cl: 1s2 2s2 2p2 1D, - 1s2 252 2p2 2P,

= magnetic dipole transition

Notation: square brackets - Example: [CI] 9826 A

Typical Einstein coefficient: A= 10 ° &=

No clear hierarchy for magnetic dipole and electric quadrupole transitions
Less constraints on change of quantum numbers.

The Physics and Chemistry of the Interstellar Medium, Winter term 2020/21, 30/11/20



Discrete Systems

Selection rules:
* Hierarchy of transition strengths:

* Allowed transitions: 1
« Semi-forbidden transitions: 106
« Forbidden transitions: 10-10

* Forbidden lines irrelevant in the lab, but important in space
» Every species has levels that have only forbidden radiative transitions
* In the lab they are depopulated by collisions
« No collisions in > 10'% in space

m—C

The Physics and Chemistry of the Interstellar Medium, Winter term 2020/21, 30/11/20 25



Discrete Systems

Selection rules:

Table 13. Selection rules for atomic spectra (cf. PauLl, 1925; LAPORTE, 1924: SHORTLEY, 1940)

P
p——

Electric dipole Magnetic dipole \ Electric quadrupole
(allowed) (forbidden) (forbidden)
(1) 4J=0, +1 4J=0, +1 AF=0, w1, +2
(0 4 0) (0 > 0) 040, Lt 04 1)
(2) AM=0, =1 AM=0, +1 AM=0, +1, +2
(3) Parity change No parity change No parity change
(4) One electron jump No electron jump One or no electron jump
Al=+1 a4l =9 41=0, +2
For L—S coupling An =0
(5) 45=0 485 =0 48 =0
6) 4L=0, +1 AL=0 4L=0, +1, +2

(0« 0) (0 0.0 1)

The Physics and Chemistry of the Interstellar Medium, Winter term 2020/21, 30/11/20 26




Molecules

Table 18. Selection rules for diatomic molecular spectra’

Se|eCtI0n rUIeS for Soitlig Electric dipole Magnetic dipole Electric quadrupole
mo I ecu IeS (allowed) (forbidden) (forbidden)
. . (1) General A4J=0, +1 4J=0, +1 4aJ=0, +1, +2
* Same principle, more (0 0) (0 b 0) | 00,01, 4 b 1)
quantum numbers (2) General  (+ev—, +ebt, —sh =) (+ert, —>m, +dom) (+esby —iom, +bpm
to be considered: (3) General (s «pa, s> s, a > a) (S5, aea, s a) (se5, aea, s a)
(4) General (g u, g« g, u u) (g g, ueu, g u (ge—g.ue—u gdu
(5) (a)and (b) 45=0 45=0 45=0
(6) (a) 44=0, +1 44=0 if 4X=+1
A4=%+1 i 4Z=0 } 4A4=0, +1, £2
(b) A44=0, +1 44=0, +1
(7) (a) 42 =0 see (6) (a) 4X=0
(8) (a) 4Q2=0, +1 A= 41 402=0, +1. +2
(9) (a) 4J %0 for Q=0-0Q0=0 — 4J+1 for Q=0-Q=0
(10) (b) 4K =0, +1 4K=0, 1 4K=0, +1. +2
(11) (b) AK#0 for AK =0 for 4K=0, +1. +2 for
2« X transitions Z < X transitions 2« X transitions
(12) (b) Xt T PR s X
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Selection rules:

Resulting
transmons

e
,\\”9

ATOMIC AND MOLECULAR TRANSITIONS IN THE SuB-MM AND FAR-IR RANGE
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Selection rules:

« Simple spectra

Wavelength [pm]

700 600 500 400 300 200
7001 ?nﬁ __| T I I I I I T I T T I | I T T E Z]
8 - cO &
cal 600 [— ) . . i
13 - Rotationstbergange 3l |
500 & In M82 S o T 3
500 12 - [ b g a
= & = T ]
- ! 2 400 | d 8 -
% 400¢ = - g ‘ =
3 e S a0k o s 25 : .
2 300 9 = E w 7 ) ‘53 = 7
& 300 & B ik & 8t 2 e o
o ) % s = MS ] B
8 2004 _xX O 8 ol 4 5
200} 7 B EE ;E } .
- 148 3
6 Iﬂﬂ E H 7]
5 N = &
it ‘; 0 [ 4 f{':{] GO AR T A COS MR (S MY A SR (N () Do T
3 400 600 800 1000 1200 1400 1600
of 0

Fr'equ'ency [GHz]
Panuzzo et al. 2010
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Selection rules:

1000 1200 1400 1600
Frequency (GHz)

Source: E. Bergin
(Univ. of Michigan)
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Selection rules:

0D
[0D
_|
[0D
)
_
oD

p1-S1= 0D

0l-11
CI-El
El-¥l

S1-91

- —
e

£ 1200 1400 160C % 1800
ency (GHz) ]
Source: E. Bergin

(Univ. of Michigan)
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Selection rules:

lu 1 MIN" |

|
|

1200 1400 1600
Frequency (GHz) ]
Source: E. Bergin

(Univ. of Michigan)
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Selection rules:

|

|
W Mlllll N
\\ | Ori
l | KL

} Sgr B

| :! Ori-S

| Ori-
Bar

1000 1200 1400 1600 1800
Frequency (GHz)

Source: E. Bergin
(Univ. of Michigan)
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Selection rules:

Frequency (GHz)

Source: E. Bergin
(Univ. of Michigan)

The Physics and Chemistry of the Interstellar Medium, Winter term 2020/21, 30/11/20



Selection rules:

Lo *Ew'm—J b LUMULU U UJM n.u.;lwu_.HUJ,UJ_uJuL J_Lﬂwlwwi

l ! I! \ | | ‘li\\!hlll“d i J i F\ "' wll 'hw’“,kﬁ-qi.J\tW\J ﬁ'gr BZ

o~ Wi NNt w‘l\\ﬁ L“""-hw' W Wia

Frequency (GHz)

Source: E. Bergin
(Univ. of Michigan)
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Selection rules:

iy
.MILJJ u_lJ;._,.»L_LL~LL\_"-_.~LJ,LLJJ A LLJ U |L‘ {LLLQJ }m u,m\'!

d L L L

\y A r»ﬂw SERT PPV | -’“‘h

I

LU\ ! \Fr" b, ' J J"mﬁl

|‘U 'w ||

)
MR st N LV \a' A\ it e

524 526
Frequency (GHz) ]
Source: E. Bergin

(Univ. of Michigan)
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Selection rules:

= | ‘ = | ! I ' 23 | :
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1058000.0 1060000.0 10620000

Frequency (MHz) Wang et al. 2011
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Star formation in Orion

Hydrogen Sulphide

Methanal
Formyl Cation

Methanal Sulphur Dickide

Hydrogen
Cyanide

Stlphur
ioiida

of the

(S HThr
Dioxide
Carbon Maioxide, |

F: - —-r
S Dimethyl Ef Witer

Formaldel 5 -
NMethanaol

| =
.| LAcryionitrile

Methyl Formate

redits: X onsortl

hterste fnter term 2020/21,  30/11/20

38



