Molecules and Molecular Spectroscopy:
Learning about molecules from Quantum theory
and

Learning about Quantum theory from molecules
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A sketch of modern molecular spectroscopy
The molecular frequency hierarchy
Units of frequency (Hz), wavelength (m), energy (eV), and wavenumber (cm-!)
Spectral windows in atmosphere due to molecules
Example of~16pm (670cm!) spectral hierarchy of CO- (simple)
Example of~16pm (631cm!) spectral hierarchy of CF4(complicated)
Example of ~16pm (615cm!) spectral hierarchy of SFs(really complicated)

Rotational Energy Surface (RES) analysis, J-vector geometry, and tunneling
Nuclear spin hyperfine effects rule mol-spec.

Quantum “revivals” of gently localized rotor waves:
Bohr-rotor wave dynamics gives lessons for quantum number theory
Gaussian wave-packet bandwidth and uncertainty
Gaussian Bohr-rotor revivals and quantum fractals
Understanding fractals using geometry of fractions (Rationalizing rationals)
Farey-Sums and Ford-products
Ford Circles and Farey-Trees

The simplest molecule: A pair of head-on lasers gives lessons for relativistic quantum theory
Light wave zeros draw Minkowski coordinate grid
Relawavity geometry of waves defines space-time warp
...and per-space-time quantum mechanics
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Units of frequency (Hz), wavelength (m), and energy (eV)

CLASS

300 EHz
30 EHz
3 EHZ
300 PHz
30 PHz
3 PHz
300 THz
30 THz
3 THz
300 GHz
30 GHz
3 GHz
300 MHz
30 MHz
3 MHz
300 kHz
30 KHz
3 kHz
300 Hz
30 Hz

3 Hz

From: Electromagnetic Spectrum
Wikepedia Commons (2013)

NIR
MIR
FIR
EHF
Slals
UHF
VHF
HF
MF
LF
VLF
VF/ULF
SLF
ELF

1 pm
10 pm
100 pm
1 nm
10 nm
100 nm
1um
10 pm
100 pm
1 mm
1cm
1dm
1m

10 m
100 m
1 km
10 Km
100 km
1 Mm
10 Mm
100 Mm

FREQUENCY WAVELENGTH ENERGY
1.24 MeV

124 keV
12.4 keV
1.24 KeV
124 eV
12.4 eV
1.24 eV
124 meV

12.4 meV
1.24 meV

124 peV
12.4 peV
1.24 peV
124 neV
12.4 neV
1.24 neV
124 peV
12.4 peV
1.24 peV
124 feVv

12.4 feV

N <
: 5
9 @
o g
o g Frequency-Wavelength
Exa: 1018 E A speed of light
Gamma-rays [~ 0.1 N\ =
Peta: 1015 101 y VA=
Tera: 1012 (A —2.997.2458-105m/s
Giga: 109 1019 0 ;nm Wavel .
] requency avelengt
- 106
Mega: 10 X-rays Ly o= o
kllo 103 10.]7 750ThZ 400 nm
o — 10 nrp')
milli: 10-3 1015_ .
micro: 10-6 Ultraviolet /" 600Th 500 nm
’ — 00 nm
- 109 15 :
nano: 10 10‘—...\?. - 548Th | 5480m
pico: 10-12 B8 el £ 1000 N
femto: 10-15 10"4_| Rlum — 600 nm
atto: 10-18 Infra-red — 10 ufn,
10"
429Th: 700 nm
Ther=l R 100 um ’
107 400Thz 750nm
1000 um
1000 MHz — 10m | 1 mm
1 JUHF N Microwaves [~ 1cm
500 MHz - \\1\0*9_ o
] \ — 10 em
109
17 wHF — 1m
7-13 10" JRadio, TV
100 MHz — FM P 10m
11 VHF 107
126 pd
50 MHz - i — 100m
i o 10° AM
From: Electromagnetic Spectrum — 1000 m
Wikepedia Commons (2013) Long-waves




Penetrates Earth's
Atmosphere? - B .
Radiation Type Radio Microwave Infrared Visible Ultraviolet  X-ray Gamma ray
avelength (m)  10°m 10%m 10™°m 0.5x10 °m 10~8m 1079, 107 2m

Approximate Scale
of Wavelength

W

Buildings Humans Butterflies Needle Point Protozoans Molecules Atoms  Atomic Nuclei

Frequency (Hz)

(Tiny frequency) Huge wavelength

10% Hz 10%Hz 102 H7 10%%H7 10~°H; 10'%H; 10°°H; ‘

Huge frequency (Tiny wavelength)

\ 4

Temperature of
objects at which
this radiation is the
most intense
wavelength emitted

1K 100 K 10.000 K 10,000,000 K From: Electromagnetic Spectrum

iy i =173 oc— = e ~10.000.000 °C Wlkepedla Commons (20]3)

W \
3 \\\! E -
i Most cf the

Visidlelight  jrfraree spectrum ; L Lonc-wavelangth
Gamma rays, X-rays and ultraviolet ehzervable b by rr:dnl\ol::laf‘:te‘ cozenvatle ?'ﬂi .
licht blocked by the upper atmospher= "_‘l"r': Earth, atrmospheric locked.
(best obsarvec from spacel. wWirn same - gasses (best

gimespheric observed

CERIEN piom space). Also HUGE

100 % —

radio
astronomy
window

atmosphere

50 %

Atmospheric
opaclty

A )
{

From: Electromagnetic Spectrum
Wikepedia Commons (2013)

Tiny wavelength) Huge frequency

i

CO»,Clly)

IO% !

AHuge Wavelength (Tiny frequency) ‘

? 01 nm 1 nm T0nm 100 -m /| Nomw Nom 170pm 1 mm 1em 17 em 1= Nm 177 m 1k
0-13m10-12m10-1m 1019 109m 10-8m 107m 100m 10-5g JQetud 0-3m 10-2m 10-Im 100 101m 102m 103m



A sketch of modern molecular spectroscopy

The molecular frequency hierarchy
Units of frequency (Hz), wavelength (m), energy (eV), and wavenumber (cm-!)

Spectral windows in atmosphere due to molecules
Example of~16pm (670cm-1) spectral hierarchy of CO: (simple)
» Example of~16pm (631cm!) spectral hierarchy of CF4(complicated)
Example of ~16pm (615cm-!) spectral hierarchy of SFs(really complicated)
Rotational Energy Surface (RES) analysis, J-vector geometry, and tunneling
Nuclear spin hvperfine effects rule mol-spec.



Example of CO: rotational (v=0)<(v=1)bands
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Example of C02 rotational (v=0)<(v=1)bands
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(a) CF4 Vibrational Structure

Example of frequency
hierarchy

for 16pm spectra
of CF4

(Freon-14)
W.G.Harter

Ch.31

Atomic, Molecular, &

Optical Physics Handbook
Am. Int. of Physics

Gordon Drake Editor

(1996)

(b) v4 Rotational \
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Example of frequency
hierarchy

for 16pm spectra
of CF4

(Freon-14)
W.G.Harter
Fig.32.7
Springer Handbook of
Atomic, Molecular, &
Optical Physics
Gordon Drake Editor
(2005)
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Example of ~16pm (615cm!1) spectral hierarchy of SFs(really complicated)

FT IR and Laser Diode Spectra
K.C. Kim,W.B. Person, D.Seitz, and B.J. Krohn
P(60) J.Mol. Spectrosc. 76, 322(1979).
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» Rotational Energy Surface (RES) analysis, J-vector geometry, and tunneling
Nuclear spin hvperfine effects rule mol-spec.



Rotational Energy Surface (RES) analysis, J-vector geometry, and tunneling
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Finding Hamiltonian Eigensolutions by Geometry
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Internal J gets “stuck” on RES axes
Must “tunnel’ axis-to-axis at rate s

U>|D>[E>|W>|N>[5>
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Duality: The “Flip Side” of Symmetry Analysis.
OUTSIDE or LAB | LAB versus BODY| |STATE versus PARTICLE, ~ INSIDE or BODY
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(a) SF, 1, Rotational Structure QR %% FTIR and Laser Diode Spectra
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Some examples of Bose Exclusion

spherical Top Molecules with Spin-0 Nuclei

Only I hyperfine state: 1=0
»pherical Top Molecules with Spin-1/2 Nuclet

1
SCED
CE,, 51k, ..
o i SE, .
27=16 hyperfine 26-64 h
states: [=0-2 ciates )}p: egﬁne 200=7 15x1018

hyperfine
states: 1=0-30

Some examples of Fermi (non) Exclusion



Some €XCIWIpZ€S OfBOSe Exclusion 12C¢0 is the “Achilles Molecule” (Felled by one neutron)

spherical Top Molecules with Spin-0 Nuclei

Example of extreme symmetry exclusion
... (and partial recovery)
Y dymmetry reduced to Cy; by a single neutron

(in 13C

Only I hyperfine state: 1=0
»pherical Top Molecules with Spin-1/2 Nuclet

13C 1312 29

60 —
2 levels ——— 202 levels
J=50 allowed J=50 —— allowed

: by Pauli ——— |
CE , Schl . SFﬁ . Exclusion ——
29=16 hyperfine 6 : : -

29=64 h . 9
states: I=0-2 s .)}p:egzne 260=7 15:7018 Question: Where did those 200 levels go
' hyperfine Better Question: Where did those 1.15 octillion levels go?

states: [=0-30

Some examples of Fermi (non) Exclusion




Quantum “revivals” of gently localized rotor waves.
Bohr-rotor wave dynamics gives lessons for quantum number theory
Gaussian wave-packet bandwidth and uncertainty
Gaussian Bohr-rotor revivals and quantum fractals
Understanding fractals using geometry of fractions (Rationalizing rationals)
Farey-Sums and Ford-products
Ford Circles and Farey-Trees
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Quantum “revivals” of gently localized rotor waves.
Bohr-rotor wave dynamics gives lessons for quantum number theory
Gaussian wave-packet bandwidth and uncertainty
Gaussian Bohr-rotor revivals and quantum fractals
» Understanding fractals using geometry of fractions (Rationalizing rationals)
Farey-Sums and Ford-products
Ford Circles and Farey-Trees
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Farey Sum algebra of revival-beat wave dynamics
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Farey Sum algebra of revival-beat wave dynamics
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Quantum “revivals” of gently localized rotor waves.
Bohr-rotor wave dynamics gives lessons for quantum number theory
Gaussian wave-packet bandwidth and uncertainty
Gaussian Bohr-rotor revivals and quantum fractals
Understanding fractals using geometry of fractions (Rationalizing rationals)

» Farey-Sums and Ford-products
Ford Circles and Farey-Trees
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Unifying Relativity with Quantum Theory (Why a Men In Black candidate shot little Suzy)
» The simplest molecule: A pair of head-on lasers gives lessons for relativistic quantum theory
Light wave zeros draw Minkowski coordinate grid
Relawavity geometry of waves defines space-time warp
...and per-space-time quantum mechanics



Men In Black candidate shot little Suzy

Bad Suzy!

Relativity and Quantum Theory
need to be unified 1in one book
half the size of those old tomes!

It’s called Relawavity.
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moving right Bob moving right
at u=3c/5 stationary at u=3c/5
tuned to pe tuned to
v,=600THz Rl = 600THz—,
Alice’s beam X’\*"/ . Carla’s beam
is 1200THz / is 300THz —
Alice’s laser Bob Carla’s laser
stationary moving left at u=-3¢/5 stationary
tuni:d to @M\ tuned to
=600THz ¢\ —_— v, =600THz
Alice’s beam __=+ * -~ —Ga#a s beam
is 1200THZ | s 300THz
Alice’s laser Bob Carla’s laser
stationary stationary stationary
tuned up to | tuned down to
v,=1200THz }7’«’ g v ,=300THz
! Alice’s beam __.+ qg Carla’s beam . 3 OOTHZ »

Much cheaper to do the 3 scenario!$!
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Minkowski wave 'w,f i

(x,ct) - grid it

\,,; L e o

z(kx a)t)+A z(kx a)t)

J\\MW
& \
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G’ =L(R’-L")

I

X units of v, um

7(R-L)

P =L(R'+L)
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IIIIIII)III II

<—LEFT—from rlght 1-CW
3 /5

A

=

3 4
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| X units of )/, Lum

|
B —2(R+L)
) v
units of
300THz
1200THZ 4.0 # 1-CW left-to-RIGHT —
i 900THz | 3.0
=e * 2C08—5— P =L(BALY)
— w ! w ! - ' Bohrlt Web Simulation
phase’t group R SEy 4 , 2 CW Minkowski_Plot
=kpx-w,t and: L'=-k, x-w, ¢ P Al b G’ =1(R'-L) (ck=-1,+4)
L' 300THZ| 1.Q
: : CH
Fig. 10 in text ‘ G =4(R-L units of
‘ 300THz
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[Lorentz transformations...

(write G’ and P’ in terms of G and P using coshp and Sinhp\

/ CK ooy coshp 5/4
G'= , =v,| . =v,
Uyrou sinh o 3/4
:vA[ g) ]coshp—i—vA sinhp
G/= G coshp+ P sinh p
P/ C"‘?;hase sinhp 3/4
— = U =
V) pase *| coshp 5/4
:vA[ (1) sinhp+uv, (1) ]coshp
P,= G sinhp + Pcoshp

(units of

o oup:0.8

I i

coshp sinhp

sinhp coshp

[Lorentz transform
matrix

Y 4

RelaWavity Web Simulation - 16 Relativity Dimensions
> - L
h bDoppler c K phase T phase v phase )\‘ phase Vphase bDoppler
pnase | Dppp Y BLUE
\_ Vphase "/ KA T, U, A \_ ¢ "/
1 Vgroup Ugroup )\'group K group Tgroup c 1
g ro Mp bDoppler c v T K T V bDOPPle’"
BLUE \ / A A A A \ group J RED
| e | tanhp sech p cscho cothp | e*’
1 o) 3 4 5 4 5 2
el | 2205 | 2 =06) 2=0.75 | =080 =125 | Z=133 2220
2 S 4 5 4 3 3 1

y 4
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Two Famous-Name Coefficients 117¢ ¢!

(units of

Review of Lect. 30 p.106 A =1/2um)

If you can’t explain it simply, you

don't understand 1t well enough.

»

Albert
Einstein
1859-1955
This number
is called an-EEinstein
time-dilation Space x’
(dilated by 25% here) (units of
This number K 71/2um)
is called a-Lorentz ] ‘ T T ]
length-contraction 1 1.5 |
0
(COntr aCted by 2 OA her e) p haSe bRDggpler c K phase tphase Uphase phase Vphase bgfg;ger
“,;' : Vphase K4 Ty Uy )\’A ¢
: 3 % endrik A. 1 Vgroup Ugroup }\'group Kgroup Igroup c 1
}( o Lorentz group bDoppler c U— T K— T— V bDoppler
& 1853-1928 BLUE A A A A group RED
V. Jo i | e | tanhp sinhp |(sechp)(coshp) cschp cothp | e
Old-Fashioned Notation

ﬁﬁgﬁ - B 1 Vl_l)ﬂ 1 p-1

1
c 1+ 1 B2-1 1 1-8° 1 p 1-f
RelaWavity Web Simulation - Relativistic Terms

(Expanded Table) e for L 05] 2206 2075 | 2-080|[2=125]| 2-133 2-167| 2=20
2 5 4 5 4 3 3 1
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Unifying Relativity with Quantum Theory (Why a Men In Black candidate shot little Suzy)
The simplest molecule: A pair of head-on lasers gives lessons for relativistic quantum theory
Light wave zeros draw Minkowski coordinate grid
Relawavity geometry of waves defines space-time warp
...and per-space-time quantum mechanics
»Physics of relativity is mostly simple trigonometry of optical wave interference!

And, it derives fundamentals of quantum theory, too!



Trigonometric road maps

(a) mEB 81 (b) e R
e sec o —l 2500 =5/4
cos(o)=0.8000 = 4/5 cos(0)=0.8000 = 4/5 Btan(o)
< Mol AN, |
N — . os(0)=1.6667 = G -

Bsec(a)
(o)00g

Circle " ector area
oB2=0).6435B2 for
angle 2%0=36.87°

“ A qm(gv |

Physics of relativity is mostly simple trigonometry of optical wave interference!

RelaWavity Web Simulation
Relations between
Hypergeometric and
Hypergeometric functions
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Trigonometric road maps

( a) $in(c)=0.6000=3/5 (b)
cos(0)=0.8000=4/5 % |

Circule sector are
B26=0.6435B
angle /0=36.87°

RelaWavity Web Simulation
Relations between
Hypergeometric and
Hypergeometric functions

B 7

&
B H
S 2
ﬁ%’ ~ @OO[
O <
@) o A
sin(c)ﬁ
< Bcsc(7) >
=0.6000=tanh(p)=3/5 P
n(o )=0.7500= smh( )=3/4 angje ,, L5
2500= cosh(?)) 5/4 . ~
)=0.8000=sech(p)=4/5 | Bsinh(p
cot(o)=1.3333=¢ A ™y
sc(0)=h6667 =coth 3, y
0 B $ i
2 29 e
Y2 %
= &\ S
5 . S
2 KRBV 5| 8 ez -
- 2| @ (o)
Hyperbola|unit-Bsector tanh(& Y
Beoth(p) >

arc-area p = 0.6931
angle Zp /LRV = 30.96°
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Trigonometric road maps

Need to see how
trig road maps
match the
physical maps
on next 2 pages.

RelaWavity Web Simulation
Relations between
Hypergeometric and
Hypergeometric functions

- ——
—_55
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< Bsinh(g
R -- (p)
b2 O
8 el 0)
1% B &
129D =
3 S
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7 Ao
/ < I
. _ Q I
Beosh(p)-Bsifih(p)4Be D%J) i
Ip tanh(
- Besch(p): coth(p) > ;

~ <~ ——
e — _———

I

sin(o )=0.6000=tanh(p)=3/5 /
tan(o )=0.7500=sinh(p)=3/4,
sec(o)=1 .25002003h£))=5 /4
cos(0)=0.8000=sech(p)=4/5
cot(o)=1.3333 =csch(p)=4/3
csc(0)=1.6667 =coth(p)=5/3
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Trigonometric road maps ez (£ |
Doppler blue shift factor = b = 2,000 v
Doppler red shift factor = r = 0.500 . / P
v =0.540 = 30 964° _— Coordlndte angle v-atan(u/c,) /
0 =0693 . !
Q: 0.644 =36 870° //" ------

AN ., — Momentum ;. g
™~ v b ,‘~. - 7 \
; cp Bsmh(g ‘ ~2 S A
g-a?ﬂz.\\ 7 .

\
\
\

N\ ) "”\
Phase Velocity /)
c/u = Bcoth(Q)

DeBroglic Wavelength
M = Besch(Q)

\

Rest ergy 'I
\B -

. picie s ¢ = Btar \ c-momentum (cp)
All this physics of relatiy/ilj} A / \
is mostly simple trzgondmetry | | \
of optical wave znterj?zrence/ \
And, it derives fundamentals : | \\\
of quantum theorj/// too! L RelaWavity Web Simulation
/ _ o — . {Physical Terms - All Terms}
, /,,'/*// \\\\\ \\\

g ~ \
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_Coordin-_a[te angle v=atan(u/c)

N
N

_—__Momentum
cp = Bsinh(p) \
S =Bta '

Phase Velocity L
Be/u :gcoth(p) \ VA ~=<_/ .
—DrS /! L DeBroglie Wavelength
NS ' />¥ Hamil JHe Traveeng

BA/c = Besch(p)
=Bcoto

Group V"plocity>v v
u/c = Btanh(p)=Bsino

Phase Velo ity
Be/u = Beoth(p)=Bgesco

—M02 +Mu2/2 +...

L=-Mc? sechp

RelaWavity Web Simulation
{Physical Terms - All Terms}
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roup | bLorrer group __group group group group pyDeppler
ETOup | Dppp - v, A’A K, 7, vgmup BLUE
p hase 1 C K phase T phase vphase A‘ phase Vpha.se 1
bé)li)glger Vphase K A TA UA 2'A ¢ bfl?)g gpkr
1 e” |tanhp sinhp | sechp coshp | cschp  cothp | ef
e o | 1/e” | sino  tano coso seco | cotc  csco | /e’
g | BB B 1 | JB 1 B 1| 14
C 1+ﬁ 1 5—2_1 1 1_52 1 ﬁ l—ﬁ
, | 3 3 4 5 4 5 2
pd | ==05 | =06 ==075| —=080 —=125| —=133 ==167| —=20
2 5 4 5 4 3 3 1

velocity

momentum  Lagrangian Hamiltonian
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