Analysis of 1D 2-Body Collisions

(Ch. 2 to Ch. 4 of Unit 1)

. NOTICE THIS: AIP-AAPT Cool demos
Review.: coM Momentum line, elastic vs inelastic kinetic energy ellipse geometry

The X2 Superball pen launcher
Perfectly elastic “ka-bong” velocity amplification effects (Faux-Flubber)

Geometry of X2 launcher bouncing in box (gravity-free)
Independent Bounce Model (IBM)

Geometric optimization and range-of-motion calculation(s)
Integration of (V1,V>) data to space-time plots (yi(t),t) and (y2(t),t) plots
Integration of (V1,V>) data to space-space plots (v, y2)  Examples (Mi=7, Mo=1) and (M;=49, M>=1)

Multiple collisions calculated by matrix operator products

Matrix or tensor algebra of 1-D 2-body collisions
What about that 2 quadratic solution?

“Mass-bang” matrix M, “Floor-bang” matrix F, “Ceiling-bang” matrix C.
Geometry and algebra of “ellipse-Rotation” group product. R= C+*M

Ellipse rescaling-geometry and reflection-symmetry analysis

Rescaling KFE ellipse to circle
How this relates to Lagrangian, |'Etrangian, and Hamiltonian mechanics in Ch. 12



Web Resources - front page Quantum Theory for the Computer Age 2017 Group Theory for QM

UAF Physics UTube channel Principles of Symmetry, Dynamics, and Spectroscopy 2018 Adv CM
Classical Mechanics with a Bang! 2018 AMOP
Modern Physics and its Classical Foundations 2019 Advanced Mechanics

X2 paper: Velocity Amplification in Collision Experiments Involving Superballs - Harter, et. al. 1971 (pdf)

Car Collision Web Simulator: https://modphys.hosted.uark.edu/markup/CMMotion Web.htm!

Superball Collision Web Simulator: https://modphys.hosted.uark.edu/markup/BounceltWeb.html; with Scenarios: 1007

Bouncelt web simulation with ¢=0 and 70:10 mass ratio

With non zero g, velocity dependent damping and mass ratio of 70:35

Elastic Collision Dual Panel Space vs Space. Space vs Time (Newton) , Time vs. Space(Minkowski)

Inelastic Collision Dual Panel Space vs Space: Space vs Time (Newton), Time vs. Space(Minkowski)

More Advanced QM and classical references on end pages of this Lecture (after graph paper blanks)



https://modphys.hosted.uark.edu/markup/Harter-SoftWebApps.html
https://www.youtube.com/channel/UC2KBYYdZOfotnkUOTthDjRA
https://modphys.hosted.uark.edu/markup/CMwBang_UnitsDetail_2017.html
https://modphys.hosted.uark.edu/markup/PSDSWeb.html
https://modphys.hosted.uark.edu/markup/QTCA_UnitsDetail.html
https://modphys.hosted.uark.edu/markup/MPCF_Info_2012.html
https://modphys.hosted.uark.edu/markup/QTCA_Info_2018.html
https://modphys.hosted.uark.edu/markup/CMwBang_Info_2019.html
https://modphys.hosted.uark.edu/markup/GTQM_Info_2017.html
https://modphys.hosted.uark.edu/markup/CMwBang_Info_2018.html
https://modphys.hosted.uark.edu/markup/BounceItWeb.html
http://www.uark.edu/ua/modphys/markup/BounceItWeb.html?scenario=1007
https://modphys.hosted.uark.edu/markup/CMMotionWeb.html
https://modphys.hosted.uark.edu/pdfs/Journal_Pdfs/Velocity_Amplification_in_Collision_Experiments_Involving_Superballs-Harter-1971.pdf
https://modphys.hosted.uark.edu/markup/BounceItWeb.html?scenario=6300
https://modphys.hosted.uark.edu/markup/BounceItWeb.html?scenario=1007
https://modphys.hosted.uark.edu/markup/CMMotionWeb.html?scenario=20003
https://modphys.hosted.uark.edu/markup/CMMotionWeb.html?scenario=20005
https://modphys.hosted.uark.edu/markup/CMMotionWeb.html?scenario=20004
https://modphys.hosted.uark.edu/markup/CMMotionWeb.html?scenario=20006
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Review of Momentum line and COM point geometry
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Review of Kinetic Energy ellipse geometry
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Geometry of X2 launcher bouncing in box (gravity-free)
—— [11dependent Bounce Model (IBM)

Geometric optimization and range-of-motion calculation(t)
Integration of (V1,V>) data to space-time plots (yi(t),t) and (v2(t),t) plots
Integration of (V1,V>) data to space-space plots (yi, y2)



The X-2 Pen launcher and  Superball Collision Simulator™
A
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(With g=0 and 70:10 mass ratio)
*Launch Generic Superball Collision Web Simulator — http.//www.uark.edu/ua/modphys/markup/BounceltWeb.html?scenario=1007



http://www.uark.edu/ua/modphys/markup/BounceItWeb.html?scenario=1007

The X-2 Pen launcher
S
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*Launch Generic Superball Collision Web Simulator

and  Superball Collision Simulator*

Caution: Product Liablility Disclaimer

This ballpoint pen could be hazardous to your health!

The experiments which are the subject of this discussion are
both spectacular and potentially dangerous, and care to

protect one® eyes should be taken. The simplest experiment
involves sticking aball point pen into a superball or other

hard rubber ball and dropping the two onto a hard floor.

If done correctly the pen will gect the ball with such force

it may stick in the ceiling of the room. Obviously you want

to be careful with thisweapon. And, this goes doubly and triply
for the more advanced models that may be developed in the
course of studying this stuff. It is recommended that
experimenters wear safety glasses when doing these experiments
with pens. (We could just say don® use pens, but that@ an easy
way to do this experiment and probably the way most people
will go about it.) Some of the tangential experiments associated
with this development are less hazardous. To measure the
potential force function of aball one may ssimply paint the ball
and measure the spot size as a function of drop height h.

V1 =-1.000 cnm/s
V2 =-1.000cm/s

The saggital approximation d:r2/2R allowsoneto
quickly convert spot radius r to penetration depth x for a
superball of radius R as shown in the figure. Equating this
to Mgh givesthe ball potential energy function V(x).

*Superball Web
Collision Simulator
2 guaranteed to be

perfectly safe.
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(With g=0 and 70.10 mass ratio)
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https://modphys.hosted.uark.edu/markup/BounceItWeb.html?scenario=1007

ballpoint -
P The X-2 Fig. 3.3
pen pen- .
M.,=10gm launcher (Unit 1)
Superball @ Sljﬁer-elastic 2nd-body bounczﬂ@ (b) 2-Bang Model (Sjc)pré-r?lgsg
penetration — —— @ Superbals
depth = | = (still
” = = Bigger
r i BANG!)
U | 5ANG)
_ \ / ® Q-
pource \\ g_ﬁfl F_ |_/__ @ h BANG!/ -2Bangy!
plaie Wle=L0XE PN () e i (wy M1@
(a) . / A\ Bang1!
Bang-1) = =" (it ) f
(01) Ist bang:

mass (My)vs. mass(hbl)

1.0

00|~ 0.5 1.0
S ml Velocity axis
.7 Vymt

Bang-1 4, // Bang-1 4,
INIT point at| ,~ EINAL point
-1.0-1.0)[ &2 & |(+1.0,-1.0)|

This 1st bang is a floor-bounce of
M, off very massive plate/Earth M,

(With g=0 and 70:10 mass ratio)
*Launch Generic Superball Collision Web Simulator  https://modphys.hosted.uark.edu/markup/BounceltWeb.html?scenario=1007
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With non zero g, velocity dependent damping and mass ratio of 70:35
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Bouncelt web simulation with ¢=0 and 70:10 mass ratio

1.0 s
/
/
7
7
7
/
/
/
0,0 // 0.5 1.0
7/ . ml Velocity axis
M| mirror | %m
/
Bang-1 // 7‘@ fiection Bang-1
INIT point at / / EINAL point
11.0,-1.0)[ &2 thru jm> axis +1.0,-1.0)|

£

p y, , Fig. ??.ia
top of long ellipse @—_6/ / (Unzt )
/ / Z
/ /
g Y
.......... - \
..;..'t V@+ / ///
L | | Lt . | %M/ \
/_/10 o _5 ...... .\ /ﬁ /+1 /
o /@/%


https://modphys.hosted.uark.edu/markup/BounceItWeb.html?scenario=1007
https://modphys.hosted.uark.edu/markup/BounceItWeb.html?scenario=1007

W

ballpoint | )
pol The X-2 Fig. 3.3
pen pen- :
M,=10gm launcher (Unit 1)
Superball (a) Sljﬁer-elastic 2nd-body bounce @
penetration — —
bl 7

oournce
olzie

(a) \r72\/elacityaxis Fig. 3.4
Bang-1 i (Unit 1)

1.0 \
V4
%
/
7/
0,0)| 0.5 1.0

ml Velocity axis

M mirror \| Y%m

This 1st bang is a floor-bounce of
M, off very massive plate/Earth M,

Bouncelt web simulation with ¢=0 and 70:10 mass ratio

With non zero g, velocity dependent damping and mass ratio of 70:35
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Bouncelt web simulation with ¢=0 and 70:10 mass ratio

With non zero g, velocity dependent damping and mass ratio of 70:35
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Geometry of X2 launcher bouncing in box (gravity-free)
—— [11dependent Bounce Model (IBM)

Geometric optimization and range-of-motion calculation(t)
Integration of (V1,V>) data to space-time plots (yi(t),t) and (v2(t),t) plots
Integration of (V1,V>) data to space-space plots (yi, y2)
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Geometry of X2 launcher bouncing in box (gravity-free)

Independent Bounce Model (IBM)

——  (FeOmetric optimization and range-of-motion calculation(s)
Integration of (V1,V2) data to space-time plots (y1(t),t) and (y2(t),t) plots
Integration of (V1,V>) data to space-space plots (yi, y2)
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Bouncelt web simulation with ¢=0 and 70:10 mass ratio With non zero g, velocity dependent damping and mass ratio of 70:35
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Bouncelt web simulation with ¢=0 and 70:10 mass ratio

With non zero g, velocity dependent damping and mass ratio of 70:35
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Geometry of X2 launcher bouncing in box (gravity-free)

Independent Bounce Model (IBM)
Geometric optimization and range-of-motion calculation(s)

—— [111egration of (V1,V>2) data to space-time plots (yi(1),t) and (y2(1),t) plots
Integration of (V1,V>) data to space-space plots (vi, y2) Examples (Mi=7, M>=1)
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Geometric A ntegrationO(Converting Vel ocity data to Soacetime)
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Geometric A ntegrationO(Converting Vel ocity data to Soacetime)
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Geometric A ntegrationO(Converting Vel ocity data to Soacetime)
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Geometric A ntegrationO(Converting Vel ocity data to Soacetime)
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Geometric A ntegrationO(Converting Vel ocity data to Soacetime)
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Geometric A ntegrationO(Converting Vel ocity data to Soacetime)
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Geometric A ntegrationO(Converting Vel ocity data to Soacetime)
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Geometric A ntegrationO(Converting Vel ocity data to Soacetime)
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Geometric A ntegrationO(Converting Vel ocity data to Soacetime)
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Geometric QntegrationO(Converting Vel ocity data to Soacetime)
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Geometric A ntegrationO(Converting Vel ocity data to Spacetime)
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Geometric A ntegrationO(Converting Vel ocity data to Spacetime)
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Geometric A ntegrationO(Converting Vel ocity data to Spacetime)
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Geometric A ntegrationO(Converting Vel ocity data to Spacetime)
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Geometric AntegrationO(Converting Velocity data to Spaceti me)
7 7 = 102
Y L. YE,,  E=3999930
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https://modphys.hosted.uark.edu/markup/BounceItWeb.html?scenario=1109
https://modphys.hosted.uark.edu/markup/BounceItWeb.html?scenario=1110

Geometry of X2 launcher bouncing in box (gravity-free)

Independent Bounce Model (IBM)
Geometric optimization and range-of-motion calculation(t)
Integration of (V1,V2) data to space-time plots (y1(t),t) and (y2(t),t) plots
e [111€g70tION Of (V1,V2) data to space-space plots (vi, y2) Examples (Mi=7, Ma=1) and (Mi1=49, M>=1)



Geometric AntegrationO(Converting Vel ocity data to Space-space trajectory)
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Geometric A ntegrationO(Converting Vel ocity data to Space-space trajectory)

: Ellipseradiusl Ellipseradius2
Fig. 4.11 P b
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Geometry of 1-D 2-body collisions (Example with masses: m;=49 and m>=1)

L

r Bang,'3(%0) 5: 7 911 ]:3%5 Z!L'7 19
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Fig. 5.1
InUnit 1

Bouncelt Superball Collision Web Simulator:
M =49, M>=1 with Newtonian time plot

M1=49, M>=1 with V> vs V; plot



https://modphys.hosted.uark.edu/markup/BounceItWeb.html?scenario=1009
https://modphys.hosted.uark.edu/markup/BounceItWeb.html?scenario=1010

Geometry of 1-D 2-body collisions (Example with masses: m;=49 and m>=1)
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Bouncelt Superball Collision Web Simulator:
Mi1=49, M>=1 with Newtonian time plot

M1=49, M>=1 with V> vs V; plot



https://modphys.hosted.uark.edu/markup/BounceItWeb.html?scenario=1009
https://modphys.hosted.uark.edu/markup/BounceItWeb.html?scenario=1010

Geometry of 1-D 2-body collisions (Example with masses: m;=49 and m>=1)
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Multiple collisions calculated by matrix operator products

el (17X OF [ENSOF algebra of 1-D 2-body collisions
What about that 2 quadratic solution?

“Mass-bang” matrix M, “Floor-bang” matrix F, “Ceiling-bang” matrix C.
Geometry and algebra of “ellipse-Rotation” group product. R= C+*M



Multiple Collisions by Matrix Operator Products
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Multiple Collisions by Matrix Operator Products
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Multiple Collisions by Matrix Operator Products
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Multiple Collisions by Matrix Operator Products
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Multiple Collisions by Matrix Operator Products
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Multiple Collisions by Matrix Operator Products
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Gives VFIV in terms of V/V... Finally as a matrix operation: ((VFIN =Mev/N, )
v m mvNEmyN +2myt " mim,  2m, % VANRE
| VFIN $ I 2VcOMl IN $ $ 2”1[ rnz 2 I l $ 2 + | - % 2 $ IN |
1 &=# Vi &_$ m+m, ' ﬁ rnlvl mzvz : mlvz My m! m &ﬁ Va
#ov, & #2VEM $ 2mlvl”“+mzv;N N m, +m, m, +m,
% m,+m, & 4 D 3 h
C2myN F2myN T myN Lm0 , T 2,
$ mVvi MV, My, My, I FIN $ # ot m o+ m &l o $
_$ m, +m, ' ol gz TR T TR &y g
=3 2n‘&V +2szIN' leIN' sz;N ' # V;IN % ﬁ 2m1 m2| m, &# V;N &
% m, +m, & G m +tm, m tm, gb




Multiple collisions calculated by matrix operator products

Matrix or tensor algebra of 1-D 2-body collisions
——)  What about that 2"¢ quadratic solution?

“Mass-bang” matrix M, “Floor-bang” matrix F, “Ceiling-bang” matrix C.
Geometry and algebra of “ellipse-Rotation” group product. R= C+*M



Multiple Collisions by Matrix Operator Products

VFlN +V|N _ ran1+IT12V2

T-Symmetry & Momentum Axioms give: V™ =—— mrm
Gives VFIV in terms of V/V... Finally as a matrix operation: ( VFIN =Mev/N )
! % . myvNt myN+2my % m om, % yN %
I AN § com N $ $2WHV1IN+sz£N!V'N'O$rrh1,Nle,N mzlzN: %ml m, m, 'S 1IN:
# Y &=# 2V Vi &=  $ m, +m, b _§ 2my Fmy,t my, g 2m. mIm gh v, o
#Vp gy # 2V §2mv1'“+mzv;“ LN m, +m, i m,+m,
m+m, g N
m,' m, 2m f];
. . Il v $ I W~ $
What about that 2nd quadratic solution? y 1 ot MMy M, g, Vi

Linear formula v//V =Mev/VN gives just one solution
to quadratic collision equations. N Y




Multiple Collisions by Matrix Operator Products

VFlN +V|N _ ran1+IT12V2

T-Symmetry & Momentum Axioms give: V™ =—— mrm
Gives VFIV in terms of V/V... Finally as a matrix operation: ( VFIN =Mev/N )
! % . myvNt myN+2my % m om, % yN %
I AN § com N $ $2WHV1IN+sz£N!V'N'O$M1,Nn]21,,\, mzlzN: %ml m, m, 'S 1IN:
# Y &=# 2V Vi &=  $ m, +m, b _§ 2my Fmy,t my, g 2m. mIm gh v, o
#Vp gy # 2V §2mv1'“+mzv;“ LN m, +m, i m,+m,
m+m, g N
m,' m, 2m 2
. . Il v $ I W~ $
What about that 2nd quadratic solution? y 1 ot MMy M, g, Vi

Linear formula v//V =Mev/VN gives just one solution
to quadratic collision equations. N Y

Q: What 1s the second solution and to what simple process would 1t correspond?

Example with friction



https://modphys.hosted.uark.edu/markup/BounceItWeb.html?scenario=1111

m>
enters
mj

NOTE:
Low For
Time =0.736 s
AT =+40.001 s

KE = +2.500 erg
Force constant
Force power =/+4.000

Drag (Collision) = +0.500

NOTE:
A lot of drag

-1.5

center of m>
approaches
center of

mij 4

-3

e constant allows deeper penetration and pass-thru. |
2.5

2.5

Time =0.924 s
AT =+0.001 s
KE = +2.082 erg
Force constant
Force power +4.000
Drag (Collisjon) = +0.500
NOTE:

A lot of drag

center of m>
just past
center of
mj

4

Time = 1.066 s
AT =+40.001 s
KE = +1.447 erg
Force constant =

NOTE:

...and quickly
accelerates
downward...

...thru drag until emErging from
‘than | VIV |
2.5

m; with | VIIN | [ess

Time = 1.460 s
AT =+0.001 s
KE = +1.678 erg
Force constant
Force power % +4.000
Drag (Collisfon) = +0.500
NOTE:

A lot of ldrag

8 S S T —

--0.5

Bouncelt Web Simulation - Low force constant with drag displaying a Pass-thru

+100.000 |

1.5




-6

| 5.5

4.5

. V2y=-1.000 cm/s
-6.571y=+1.000 cm/s

k=215.85
Time = 1.454 s ; lets
AT =+0.001 s Y mpy
KE = +2.500 er 2| fall thru
I Force constant = +215.850 | mj
Force power = +4.000
Drag (Collision) = +0 (12
NOTE: I
Zero drag 1
0.5
-1.5 ‘} - 0.5 0.5
[.0.5
1 N
Fall-Thru

Bouncelt Superball Collision Web Simulations
with Low force constant & Zero drag

[ V2y=+2.200 cm/s
-6.571y=+0.200 cm/s

k=216.00
Time = 1.424 s . makes
AT =+40.001 s - \ mpy
_ -2 {bounce off
IForce constant = +216.000 | \ mi
Force power = +4.000 \
Drag (Collision) = +0 b \
NOTE: ! \
Zero drag 1 \
s\
~ \
1.5 -!- 1-0 3 10'15 1\ : 11
\I
\\
0.5 \
\

Bounce-0Off
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Multiple collisions calculated by matrix operator products

Matrix or tensor algebra of 1-D 2-body collisions
What about that 2 quadratic solution?

— “Mass-bang” matrix M, “Floor-bang” matrix F, “Ceiling-bang” matrix C.
Geometry and algebra of “ellipse-Rotation” group product. R= C+*M



T-Symmetry & Momentum Axioms give: =

Multiple Collisions by Matrix Operator Products
\/ COM _VT 4Vl _mv,+m\Vv,
2 m, +m,
Gives VIV in terms of V/V... Finally as a matrix operation: VFIN =NsyV. .
NI % ¢ my"! my"+2my; % % m!m, 2m, fyévl'“ %
m+m, _i 2my," +my, L my & 2m - m!tm @Vg\' &
m, +m, m, +m,

7!# V:IL:IN g:;# 2VCOM 1 V:{N ?L:

B & ove W g

LRIV
m,+m, &

HAAR AR AL

Matrix operations includ
Floor-bang F of m;:

Q)

" v
F:$!1 0,
# 0 1¢g



Multiple Collisions by Matrix Operator Products

\/ COM _ Vi +vE _ MV, +my,

T-Symmetry & Momentum Axioms give: S mrm,
Gives VIV in terms of V/V... Finally as a matrix operation: VFIN =MevIN__.
IN IN IN IN
o S 2m1v11N+m2véN o my, —myv, +2m,v, m—-m, 2m, Vv
# V1 & # 2V Vi &— m, +m, 1 2my" +myy = myy 2m, m, —m, v,
# VIZZIN & # 2\/ COM V;N go 2m1va+m2v;W o m,+m, m, +m,
. . . m; +m, ’
Matrix operations include...
Floor-bang F of m;: Ceiling-bang € of m>:
[} (%
F= -1 0 C=% 1 0,
0 1 #0 11¢g



Multiple Collisions by Matrix Operator Products

: : \ARNEAVAN Vv, +myV.
T-Symmetry & Momentum Axioms give: V™ = iRl L

2 m +m,
Gives VIV in terms of V/V... Finally as a matrix operation: VFIN =MsyIN, .
" ~n % " % N %

! VFIN $ I 2VCOM| VIN $

#V & L &

my e ma % ¢ my" I my+2my;" m!m, 2m, 2V .
““Tmem " CFomy e mytt my)! '&_§ 2m  mlm BN

HAAR AR AL

# vy éo i aycom A go 2mlvl'N+mzv;N N m,+m, m +m,
: : : m, +m, &
Matrix operations include...
Floor-bang F of mj: Mass-bang M of m; and my Ceiling-bang € of m>:
gm!m 2m, J
) Y + + '
Fog!l O] =g MM mem C:(l o)
# 0 1 g 2m m,!Im . 0 -1

m-+m, m+m, o



Multiple Collisions by Matrix Operator Products

: : \ARNEAVAN Vv, +myV.
T-Symmetry & Momentum Axioms give: V™ = iRl L

2 m, +m,
Gives VIV in terms of V/V. .. Finally as a matrix operation: VFIN =MeVvIN,_.
Ny oy my - myy® + 2my m-m, 2m, v
| | my, +my\V, IN
#VlF'N g:# 2V My g: 2 m+m, ! _[ 2mviN + mv¥ - mvy ) ( 2m,  m,-m ][ v
N & # v v & o e my ) m,+m, ) m, +m,
: : : m +m,
Matrix operations include...
Floor-bang F of mj: Mass-bang M of m; and my Ceiling-bang € of m>:
gm!m _2m,
) % $ m+ + ' ) U
I
F=g'l 0. M:$mlmz mllmzl c=gl 0.
#0 1g 2m,.  m'!m #0 '1¢g

m+m, m+m, o

Let: mi;=49 and m>=1 M=

096 0.04
1.96 -0.96



Multiple collisions calculated by matrix operator products

Matrix or tensor algebra of 1-D 2-body collisions
What about that 2 quadratic solution?

“Mass-bang” matrix M, “Floor-bang” matrix F, “Ceiling-bang” matrix C.

———— (;cometry and algebra of “ellipse-Rotation” group product: R= C+M



Multiple Collisions by Matrix Operator Products

: : \ARNEAVAN Vv, +myV.
T-Symmetry & Momentum Axioms give: V™ = iRl L

2 m, +m,
Gives VIV in terms of V/V. .. Finally as a matrix operation: VFIN =MevIV,
" v + oy % $ my," T my" +2mv) o m!m,  2m, V% v 4
I v 3! coM: N P $2mll ng!vlm' IN IN IN " % | ' IN
gV a VTV g 8T mem, C fomvemy i myy g 3 2Zm o mim gy
AV SV §ZMV1'“+mzv;” v m,+m, ] m,+m,
: : : m, +m,
Matrix operations include... .
Floor-bang F of mj: Mass-bang M of m; and my Ceiling-bang € of m>:
gm!m 2m, J
) % + + ' ) U
I
F-g!1 0, Mzgmlmz m+m, c=gl 0.
#0 1g 2m,.  m'!m #0 '1¢g
§ m+m, m+m, o

096 0.04
o. — - M=
Let: mi=49 and my=1 ( 196 -0.96 )

1 /()|| % [} (%
: : I O 096 0.04 096 0.04
€¢ _ » . — ° $ 1 $ 1 =$ 1
Define “ellipse-Rotation” R as group product: R= C N|=# 0 11 &(# 196 1096 & 21196 096 g



0
‘FIN9>: C ° M ° C P M ° C ) M ) C ® M e F ., ||N >
n 0/ W " " " " " n 1" o/ 0
gvo °_$ 1 0 f’/g$ 096 0.04 .‘Vg$ 1 0 ?/g$ 0.96 0.04 f’/g$ 1 0 .‘V‘()$ 096 0.04 ?/g$ 1 0 f’/g$ 096 0.04 ./2$ 11 0 8V
% viINte ’&_# 0 '"1g#19 !'09 g#0 '1&#19 '096 g#0 '1&#19 !09 g#0 !'1&#196 !0.96 g&#

0 +1 %vﬁ“z! 1

IN_yq /0

8(INITIAL (0))



FN>= C€C -+« M - C+* M - C+- M - C- M -F [IN°)

gV v 1 0% 096 004 % 1 0% 096 004% 1 0% 096 0.04% 1 0% 096 004 % 11 0 %M =17
$ oo "F0 112%196 10968F 0 118#196 1096850 1% 196 10968%0 11&% 196 1096&% 0 +189 =11
- e — - __ __ — - _ __— —— &(INITIAL 0))
[FIN®)= R . R . R . R = FIN°%)
FIN!9 % " " " " " _
gV 0.95 0.04% 0.95 0.04% 096 0.04% 096 0.04% o w=1®
$ VEIN'O 21106 096 ¢ #1196 096 & 21196 0968 21106 096 g =11
2 & &(afteerg-l)

“ellipse-Rotation” group product. R= C+M



FN>= C€C -+« M - C+* M - C+- M - C- M -F [IN°)

gV v 1 0% 096 004 % 1 0% 096 004% 1 0% 096 0.04% 1 0% 096 004 % 11 0 %M =17
$ oo "F0 112%196 10968F 0 118#196 1096850 1% 196 10968%0 11&% 196 1096&% 0 +189 =11
- e — - __ __ — - _ __— —— &(INITIAL 0))
[FIN®) = R . R . R . R - FIIN°%)
FIN'9 % " " " " " —
sV 096 004 % 096 004 % 096 004 % 096 004 % o w=L 8
$ VEIN'O 21196 096 & 21196 096 & 21196 096 & 21196 096 & =11
2 & &(afterBang-l)

v =02925 %
_$ v, =!6.768

HeterBang ) “ellipse-Rotation”" group product: R= C-M



FN>= C€C -+« M - C+* M - C+- M - C- M -F [IN°)

gV v 1 0% 096 004 % 1 0% 096 004% 1 0% 096 0.04% 1 0% 096 004 % 11 0 %M =17
$yeNo B0 1187196 10968F 0 1189196 1096820 1182196 10968%0 1187196 10.96&% 0 +1 8§ V;Nzglé( |
- e  — -  — I INITIAL (0)
. |EN) R . R : R . R - FIIN%)
! 0 " " " " " —_ 0
gV _ 096 004 % ( 096 0.04 % ( 096 0.04 % ( 096 004 % ( =1 %
$ VEIN'O 21196 096 & 21196 096 & 21196 096 & 21196 096 & =11
2 & &(afterBang-l)
e 40 3 v, =02925 %
2§ = :
Vo = 1 6.768 ‘¢ . . ’)
f J N Herrng) ellipse-Rotation” group product: R= C+M
ang=6.73)
I [
I
/ b |
/ : : : éiBang%‘(] )
ol 1
EER
8 S
i i : Bang=2y2)
| l | l //
ol g
! i | | //
: : : :I 7
]
A
! 1/ | I : 1.0 ml Vdlocity axif| }
/'r;.i_} I
R
5 = I . ~Bang=1 01 . .
T Collisions for
7 Ll | .
pe % A ¢ R mass ratio
|
I R . — .
ML o2 mp:m2=49:1
| | | l I
8| BN
Wil R
|
\ | ':#45*
_%'0 : | ,
\ i JR
-%.0 7 Flg Sla
\:Q /JR (revised)
BRIPV ] €——

~z
~ -



‘F|N9>: C ° M ° C ° IVI ° C ° M ® C ° IVI ° F ||N0>
gV R %' 096 0.04 %' 1 0 % 096 0.04 % 1 0 % 096 0.04% 1 0 % 096 0.04 % 11 0 ‘Vé yN=11
$ oo "F0 112%196 10968F 0 118#196 1096850 1% 196 10968%0 11&% 196 1096&% 0 +189 =11
&(INITIAL )

- - - e
[FIN%) = R . R . R . R » FIn)
gV _ " 096 0.04% ( " 0.96 0.04 % ( " 0.96 0.04 % ( " 096 0.04% ( v=1 %
$ NS #1196 0.96 & #1196 096 & #1196 096 & #1196 096 & v, =11 8 st )
(S [ " =0.2925 %
i B =16.763 ¢ o o
’ ffter Beng) ellipse-Rotation” group product: R= C+*M
nE \ Bang=6.7)
I [
§ol !
i1 |
|
i : : é Bang-4(1 ) . Bang'—j'(zo) -5; 7- 9_]_1 ].-31__5 17 19
: : : : L :;5 55.
ol ol Pk /
T g FIN-11 [ FIN-9
| R R St SRR RN Vi (096 004 \| Vi
apf 1! “ i FIN-11 | J FIN-9
: Hh Z Ban & 16 EE. :;E Vv N -1.96 0.96 V -
| | : | / Tt & ( L , 2 2
. ! I I I // : .:.:- @
i | dandly (v, =00100 )
| I }{f V1 = V.
! | | 1.0 ml Vdlocity axi. =
v .: NEE II.-"'II \%) =-7.071 J
A1 askin es® P/ (after Bang-11)
L -Bang=1 { S~
T P/ Collisions for
M R ';,12,5 / mass ratio . y .
| / ouncelt Superball Collision Web Simulator.
; : Bang-3 30 n:.'\u‘-’{ " mip.m2— 49] Mi1=49, M>=1 with Newtonian time plot
| : Bang—](OI) * | . . .
| | : — P — — M;=49, M>=1 with V> vs V; plot
1'1 | R time
S
1 R Fig. 5.1a-b
%'5 (revised)
|
| R
| <
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Ellipse rescaling-geometry and reflection-symmetry analysis

— Rescaling KE ellipse to circle
How this relates to Lagrangian, [’Etrangian, and Hamiltonian mechanics later on



Ellipse rescaling geometry and reflection symmetry analysis

Convert to rescaled velocity: V,=v Iym, , V,=v,1{m, , symmetrize: KE :% le12 +% sz22 — % V12 + % V22

V2
\ [11]-tangent
slope
-m,/m,= -49
4
4
12
Collisions for
mass ratio
> mimo= 49:1
19
17
15 7
13\ /9




Ellipse rescaling geometry and reflection symmetry analysis
Convert to rescaled velocity: V,=v,Iym, , V,=v,1{m, , symmetrize: KE 2% mlvf +% rr12v22 :% V12 +% V22

| |
FINl/\/m_l 3 ] ' ll mo 2m2 $# Vll\/m—l ?L

' H
i vfINl $=i;!# Mg 2 9 " ; becomes: # Vi =—
#VglNl 08/40 M# 2m1 m2'm1%v2 % #V;‘IN]'/ ,mZ 08/‘6 M# 2m1 mz'mlggvzlfmz &
Vo
[11]-tangent
slope
-m,/m,= -49
il
4
12
il <ope
i 1/1
| v, Collisions for
U mass ratio
‘\ \ ope
21 I mi:ma=49:1
19
17 S
15 7
13\ /9




Ellipse rescaling geometry and reflection symmetry analysis

1\/2 ;1172
Convert to rescaled velocity: V,=v,\m, , V,=v,1{m, , symmetrize:KE = 2le +2 sz =V "+ V,
! |
’ V]|_:IN1 gzil rnl' m, 2m2 $! V1 — V1F|N1/\/7 # rnl m, 2m2 $ Vll\/7 $
s & M# 2my mp M%Vzgs #VZF'Nl/J_& M# 2m ' my VZ/F&
' |
MM 1y mm 2jmm, Lo d g w2, O .
or: b RN & M =M1V , or % FINe & M &C|M|V
'VZWM#\/mz”'zml@#V Fvihe § Mt Jmlmzmlsz
V2
[11]-tangent
slope
-m,/m,= -49
4
12
\//il//c/)pe
| % 1
vi Collisions for
7 NN mass ratio
Il Sope
21 i mima= 49:1
19
17! ||} °
15 7
13\/9



Ellipse rescaling geometry and reflection symmetry analysis

1v/2 4 1\/2
Convert to rescaled velocity: V,=v,\m, , V,=v,1{m, , symmetrize:KE = 2le +2 sz =V "+ V,
|
G 1l mim om Sy S PRVALTN NS almim o 2m $oviym g
#2|N108/40M# 2my mzml%Vzgg #V2F|N1/\/_& M# 2m m,' my Vz/r&
I FINg I FNe $
or#vl&l#ml”bz\/ _ V12&1#mlmz 2./my |

&C|M|V

|\/|IV, or.
# v & M 2y, mznns;# " F N g Mt 2 fmm, mlmzé‘#

Then collisions become reflections 2,‘;‘3”3’ s’ * and double-collisions become rotations g f)

cos/ sin! &

sn!  cog/
o Sm Hm,’ : $2\/ mm, - Sm, #m,’ 2 $2\/ mm,
where: Vs cos/ & and: @ with: — é
1+m22 On/ll+m22 1+m22 Orn1+m22
[11]-tangent
slope
-m,/m,= -49
]
12
\‘\‘} slope
\\/ 1/1
1y, Collisions for
VI NE mass ratio
It slope
21 i mima= 49:1
19
17( |{|1| ]
15 7
13\/9



Ellipse rescaling geometry and reflection symmetry analysis

1v/2 4 1\/2
Convert to rescaled velocity: V,=v,\m, , V,=v,1{m, , symmetrize:KE = 2le +2 sz =V "+ V,
|
G 1l mim om Sy S PRVALTN NS almim o 2m $oviym g
#2|N108/40M# 2my mzml%Vzgg #V2F|N1/\/_& M# 2m m,' my Vz/r&
I FINg I FNe $
or#vl&l#ml”bz\/ _ V12&1#mlmz 2./my |

&C|M|V

MlV,or.
#VF|N18/LM#2/ mzmlg# gﬁ V2FIN28/L|\/|# 2\/7 mlm2§#

Then collisions become reflections 2,‘;‘3”3’ s’ * and double-collisions become rotations g f)

cos/ sin! &

sn!/ cos/
' $2./ > $2
where: | cost * g v, St MMy it oty B2y,
1+m22 2 édnl-'-mZz 1+m22 éornl+m22
[11]-tangent
mime 4 (2 o
4 o _My-my _ 48
| m,+ 50
\ L7
| ‘ o 2! MMy,
| my+my
12 i
| 50
il slope
\\/ 1/1
vy COlllSlonSfor
/I mass ratio

I, slope

Sl 1AV S mima= 49:1

- Fig. 5.2a-c

17 S (revised)

15 7
13\ /9



Ellipse rescaling geometry and reflection symmetry analysis
m, , V,=v,1ym, , symmetrize: KE 2% mlvf +% rr12v22 :% V12 +% V22

Convert to rescaled velocity: V,=v,!
! |
A almomoom 8w S PRVELVNCN almim o 2mp S Vim g 4
#VIZ:Ing/LOM# 2mp oy’ 'T‘l%vzgh #VZFIN1/\/_& M# 2m, m,' my Vzlré
FiNg $ 2/m, I FINy $
W1, M m oMM 1, mim 2 gﬁcnvn\'/

|
or # |\/|IV, or.
F i & M 2, mzwﬁ " Py § M E o wmzé'#
i &
woostsnl & and double-collisions become rotations g §> Cgi’: o

Then collisions become reflections (
f sn!/ " cos/
, 2
$2./mm," With- Sm #tm, $2«/m1m2

h cos! " Sy #my and: sn/ "
Ie. — : J
WNCTC. v @fmﬁmzz Vo &mﬁmzz %nl+m22 E;oml"'mzz
[11]-tangent
‘m /SI orie_49 [ I11] -t'ang t slope
1Mo 'm/tmA -7 M - 48
42 A J—mz—m n = ﬁ)
| L2 2! my m,
| ! |
| 0=16.26; Ty
5 Lo slope : 1 _14
il 7 \ \ 50
| L m
7 . .
L vq Collisions for
e\ mass ratio
Il Sope
2 I misma= 49:1
- Fig. 5.2a-c
17 o 2 5 (revised)
1= 7

Note: If mim; is perfect-square, then O-triangle is rational (3:+42=52, eic)



Ellipse rescaling geometry and reflection symmetry analysis

Convert to rescaled velocity: V
Then collisions become reﬂectlons focos’ s’

where:

19

17

\

X

cos! "

[ 11] -tangent
slope

-m,/m,= -49

21

" cos/

%erzz and:

%2 /mm,’

" fmom,)

g —1 241 2 _1y\y2 41y\y2
=y Iym, , V2&= v, Im, , symmetrize: KE =MV, +SmyVv, =, Vl +5 V2
( and double-collisions become rotations

L2
wy SmA#m, $2x/mlmz
Tmoem)

Fig. 5.2a-c

(revised)



[11] -tangent
slope
-m,/m,= -49

q

[ 11] -tangent slope
-'m/m=4 -7

9

Fig. 5.2a-c

(revised)



Ellipse rescaling-geometry and reflection-symmetry analysis

Rescaling KE ellipse to circle
—l How this relates to Lagrangian, [’Etrangian, and Hamiltonian mechanics later on
Reflections in the clothing store: “It s all done with mirrors!”
Introducing hexagonal symmetry De~Cs, (Resulting for mi/m>=3)
Group multiplication and product table
Classical collision paths with Ds~Cs, (Resulting from mi/m>=3)
Other not-so-symmetric examples: mi/m>=4 and mi/mz=7



What ellipse rescaling leads to...

How this relates to Lagrangian, and Hamiltonian mechanics later on
(@) Lagrangian L = L(v,,V)

v Collision line and velodity v, rescaled o momEnuIT  p, = My
COM tangent slope velodty v, rescaled to momentunt  p, = myyv,
= -m,/m, =-16

|
COM Bisector

| / sope= 1/1

|
Vl

) B c) Hamiltonian H = H(p,, L
. (©) (P1:P2) Collision line and
COM Bisector slope _ COM tanaent 9one
= m,/m, =1/16 Po=MH\5 Wé ° _91/1 P




Fig. 12.1

What ellipse rescaling leads to... (Unit 1)

How this relates to Lagrangian, and Hamiltonian mechanics later on
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What ellipse rescaling leads to... i)
How this relates to Lagrangian, |'Etrangian, and Hamiltonian mechanics later on
(@) Lagrangian L = L(v,,v,) (b) Estrangian E = E(yl,vz)
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AMORP r ef erence links (Updated list given on 2N and 3 pages of each class presentation)

Web Resources - front page Quantum Theory for the Computer Age 2014 AMOP
UAF Physics UTube channel Principles of Symmetry, Dynamics, and Spectroscopy 2017 Group Theory for QM
Classical Mechanics with a Bang! 2018 AMOP

Modern Physics and its Classical Foundations

Representaions Of Multidimensional Symmetries In Networks - harter-imp-1973
Alternative Basis for the Theory of Complex Spectra

Alternative Basis_for _the Theory of Complex Spectra | - harter-pra-1973

Alternative Basis for the Theory of Complex Spectra Il - harter-patterson-pra-1976
Alternative_Basis_for_the Theory of Complex_Spectra_lll_-_patterson-harter-pra-1977

Frame Transformation Relations And Multipole Transitions In Symmetric Polyatomic Molecules - RMP-1978
Asymptotic eigensolutions of fourth and sixth rank octahedral tensor operators - Harter-Patterson-dJMP-1979
Rotational energy surfaces and high- J eigenvalue structure of polyatomic molecules - Harter - Patterson - 1984

Galloping waves and their relativistic properties - ajp-1985-Harter
Rovibrational Spectral Fine Structure Of Icosahedral Molecules - Cpl 1986 (Alt Scan)

Theory of hyperfine and superfine levels in symmetric polyatomic molecules.
l) Trigonal and tetrahedral molecules: Elementary spin-1/2 cases in vibronic ground states - PRA-1979-Harter-Patterson (Alt scan)
ll) Elementary cases in octahedral hexafluoride molecules - Harter-PRA-1981 (Alt scan)

Rotation-vibration spectra of icosahedral molecules.

) lcosahedral symmetry analysis and fine structure - harter-weeks-jcp-1989 (Alt scan)
ll) Icosahedral symmetry, vibrational eigenfrequencies, and normal modes of buckminsterfullerene - weeks-harter-jcp-1989 (Alt scan)
l1) Half-integral angular momentum - harter-reimer-jcp-1991
Rotation-vibration scalar coupling zeta coefficients and spectroscopic band shapes of buckminsterfullerene - Weeks-Harter-CPL-1991 (Alt scan)
Nuclear spin weights and gas phase spectral structure of 12C60 and 13C60 buckminsterfullerene -Harter-Reimer-Cpl-1992 - (Alt1, Alt2 Erratum)
Gas Phase Level Structure of C60 Buckyball and Derivatives Exhibiting Broken Icosahedral Symmetry - reimer-diss-1996
Fullerene symmetry reduction and rotational level fine structure/ the Buckyball isotopomer 12C 13C59 - jcp-Reimer-Harter-1997 (HiRez)
Wave Node Dynamics and Revival Symmetry in Quantum Rotors - harter - jms - 2001
Molecular Symmetry and Dynamics - Ch32-Springer Handbooks of Atomic, Molecular, and Optical Physics - Harter-2006

Resonance and Revivals

Resonance and Revivals in Quantum Rotors - Comparing Half-integer Spin and Integer Spin - Alva-ISMS-0hio2013-R777 (Talk

Molecular Eigensolution Symmetry Analysis and Fine Structure - IIMS-harter-mitchell-2013
Quantum Revivals of Morse Oscillators and Farey-Ford Geometry - Li-Harter-cpl-2013

QTCA Unit 10 Ch 30 - 2013
AMOP Ch 0 Space-Time Symmetry - 2019



https://modphys.hosted.uark.edu/pdfs/Journal_Pdfs/Representations_of_multidimensional_symmetries_in_networks_-_jmp-Harter-1974.pdf
https://modphys.hosted.uark.edu/pdfs/Journal_Pdfs/Alternative_Basis_for_the_Theory_of_Complex_Spectra_I_-_harter-pra-1973.pdf
https://modphys.hosted.uark.edu/pdfs/Journal_Pdfs/Alternative_Basis_for_the_Theory_of_Complex_Spectra_II_-_harter-patterson-pra-1976.pdf
https://modphys.hosted.uark.edu/pdfs/Journal_Pdfs/Alternative_Basis_for_the_Theory_of_Complex_Spectra_III_-_patterson-harter-pra-1977.pdf
https://modphys.hosted.uark.edu/pdfs/Journal_Pdfs/Frame_transformation_relations_and_multipole_transitions_in_symmetric_polyatomic_molecules_-_Harter-Patterson-Paixao-RMP-1978.pdf
https://modphys.hosted.uark.edu/pdfs/Journal_Pdfs/Asymptotic%20eigensolutions%20of%20fourth%20and%20sixth%20rank%20octahedral%20tensor%20operators%20-Harter-Patterson-jmp-1979.pdf
https://modphys.hosted.uark.edu/pdfs/Journal_Pdfs/Rotational%20energy%20surfaces%20and%20high-%20J%20eigenvalue%20structure%20of%20polyatomic%20molecules%20-%20Harter%20-%20Patterson%20-%201984.pdf
https://modphys.hosted.uark.edu/pdfs/Journal_Pdfs/Galloping_waves_and_their_relativistic_properties_-_ajp-1985-harter.pdf
https://modphys.hosted.uark.edu/pdfs/Journal_Pdfs/Rovibrational%20Spectral%20Fine%20Structure%20Of%20Icosaiiedral%20Molecules%20-%20harter%20-%20weeks%20-%20cpl%20-%201986.pdf
https://modphys.hosted.uark.edu/pdfs/Journal_Pdfs/Rovibrational%20Spectral%20Fine%20Structure%20Of%20Icosaiiedral%20Molecules%20-%20scan%20-%20RovibeIcosCPL132p387-392(1986).pdf
https://modphys.hosted.uark.edu/pdfs/Journal_Pdfs/Theory%20of%20hyperfine%20and%20superfine%20levels%20in%20symmetric%20polyatomic%20molecules.%20Trigonal%20and%20tetrahedral%20molecules%3a%20Elementary%20spin-1%3a2%20cases%20in%20vibronic%20ground%20states%20-%20pra%20-1979-Harter-Patterson.pdf
https://modphys.hosted.uark.edu/pdfs/Journal_Pdfs/PRA%20Superhyp.I%20CF4.pdf
https://modphys.hosted.uark.edu/pdfs/Journal_Pdfs/Theory%20of%20hyperfine%20and%20superfine%20levels%20in%20symmetric%20polyatomic%20molecules.%20II.%20Elementary%20cases%20in%20octahedral%20hexafluoride%20molecules%20-%20Harter-PRA-1981.pdf
https://modphys.hosted.uark.edu/pdfs/Journal_Pdfs/PRA%20Superhyp.II%20SF6.pdf
https://modphys.hosted.uark.edu/pdfs/Journal_Pdfs/Rotation%e2%80%93vibration_spectra_of_icosahedral_molecules._I._Icosahedral_symmetry_analysis_and_fine_structure_-_harter-weeks-jcp-1989.pdf
https://modphys.hosted.uark.edu/pdfs/Journal_Pdfs/Rotation-vibration_spectra_of_icosahedral_molecules._I._Icosahedral_symmetry_analysis_and_fine_structure_-_harter-weeks-jcp-scan-1989.pdf
https://modphys.hosted.uark.edu/pdfs/Journal_Pdfs/Rotation%e2%80%93vibration_spectra_of_icosahedral_molecules._II._Icosahedral_symmetry%2c_vibrational_eigenfrequencies%2c_and_normal_modes_of_buckminsterfullerene_-_weeks-harter-jcp-1989.pdf
https://modphys.hosted.uark.edu/pdfs/Journal_Pdfs/JCP_C60_VibeModesHiRes.pdf
https://modphys.hosted.uark.edu/pdfs/Journal_Pdfs/Rotation%e2%80%93vibration_spectra_of_icosahedral_molecules._III_-_Half-integral_angular_momentum_-_harter-reimer-jcp-1991.pdf
https://modphys.hosted.uark.edu/pdfs/Journal_Pdfs/Rotation-vibration%20scalar%20coupling%20zeta%20coefficients%20and%20spectroscopic%20band%20shapes%20of%20buckminsterfullerene%20-%20weeks-harter-cpl-1991.pdf
https://modphys.hosted.uark.edu/pdfs/Journal_Pdfs/CPLBzetaCoeff%20C60.pdf
https://modphys.hosted.uark.edu/pdfs/Journal_Pdfs/CPLC60SpinWts%20HiRes%2bErrata.pdf
https://modphys.hosted.uark.edu/pdfs/Journal_Pdfs/Nuclear%20spin%20weights%20and%20gas%20phase%20spectral%20structure%20of%2012C6oand%2013C60%20buckminsterfullerene%20-%20Reimer%20-%20harter1992.pdf
https://modphys.hosted.uark.edu/pdfs/Journal_Pdfs/Nuclear%20spin%20weights%20and%20gas%20phase%20spectral%20structure%20of%2012C6oand%2013C60%20buckminsterfullerene%20-%20Erratum%20-%201-s2.0-000926149285077N-main.pdf
https://modphys.hosted.uark.edu/pdfs/Journal_Pdfs/Gas%20Phase%20Level%20Structure%20of%20C60%20Buckyball%20and%20Derivatives%20Exhibiting%20Broken%20Icosahedral%20Symmetry%20-%20reimer-diss-1996.pdf
https://modphys.hosted.uark.edu/pdfs/Journal_Pdfs/Fullerene%20symmetry%20reduction%20and%20rotational%20level%20fine%20structure:%20the%20Buckyball%20isotopomer%2012C%2013C59%20-%20jcp%20-%20reimer%20-%20harter%20-%201997.pdf
https://modphys.hosted.uark.edu/pdfs/Journal_Pdfs/C60symmReduct&fine%20structure12C13C59%20ReimerHarter1997hiRes.pdf
https://modphys.hosted.uark.edu/pdfs/Journal_Pdfs/Wave%20Node%20Dynamics%20and%20Revival%20Symmetry%20in%20Quantum%20Rotors%20-%20harter%20-%20jms%20-%202001.pdf
https://modphys.hosted.uark.edu/pdfs/Journal_Pdfs/Springer_Handbooks_of_Atomic_Molecular_and_Optical_Physics_-_Harter-Ch32_-_2006.pdf
https://modphys.hosted.uark.edu/pdfs/Talk_Pdfs/Resonance%20And%20Revivals%20%20I.%20Quantum%20Rotor%20And%20Infinite-Well%20Dynamics%20-%20Harter-Li-ISMS-Columbus-2012.pdf
https://kb.osu.edu/dspace/handle/1811/52324
https://modphys.hosted.uark.edu/pdfs/Talk_Pdfs/Resonance%20and%20Revivals%20in%20Quantum%20Rotors%20-%20Comparing%20Half-integer%20Spin%20and%20Integer%20Spin%20-%20Alva-ISMS-Ohio2013-R777.pdf
https://modphys.hosted.uark.edu/pdfs/Journal_Pdfs/Quantum%20Resonant%20Beats%20and%20Revivals%20in%20the%20Morse%20Oscillators%20and%20Rotors%20-%202013-Li-Diss.pdf
https://modphys.hosted.uark.edu/pdfs/Talk_Pdfs/Resonance%20and%20Revivals%20in%20Quantum%20Rotors%20-%20Comparing%20Half-integer%20Spin%20and%20Integer%20Spin%20-%20Alva-ISMS-Ohio2013-R777.pdf
https://modphys.hosted.uark.edu/pdfs/Journal_Pdfs/Molecular_Eigensolution_Symmetry_Analysis_and_Fine_Structure_-_IJMS-harter-mitchell-2013.pdf
https://modphys.hosted.uark.edu/pdfs/Journal_Pdfs/Quantum%20Revivals%20of%20Morse%20Oscillators%20and%20Farey-Ford%20Geometry%20-%20Li%20-%20Harter%20-%20cpl%20-%202013%20-%201308.4470.pdf
https://modphys.hosted.uark.edu/pdfs/QTCA_Pdfs/QTCA_Text_2013/QTCA_Unit_10_Ch.30_2013.pdf
https://modphys.hosted.uark.edu/pdfs/QTCA_Pdfs/QTCA_Text_2013/AMOP%20Ch%200%20SpaceTimeSymm.pdf
https://modphys.hosted.uark.edu/markup/AMOP_References.html

AMORP r ef erence links (Updated list given on 2 and 3'9 pages of each class presentation)

(Int.J.Mol.Sci, 14, 714(2013) p.755-774 , OTCA Unit 7 Ch. 23-26 ),

Int.J Mol.Sci, 14, 714(2013), QTCA Unit8 Ch. 23-25, QTCA Unit 9 Ch. 26,

(PSDS - Ch. 5, 7)
PSDS Ch. 5, PSDS Ch. 7

Intro spin % coupling Irrep Tensor building
Unit 8 Ch. 24 p3 Unit 8 Ch. 25 p).
H atom hyperfine-B-level crossing
Unit 8 Ch. 24 pl5 Irrep Tensor Tables

Unit 8 Ch. 25 pl2.

Hyperf. theory Ch. 24 p48.

Hyperf. theory Ch. 24 p48. Wigner-Eckart tensor Theorem.
Deeper theory ends p33 Unit 8 Ch. 25 pl7.
Intro 2p3p coupling
Unit 8 Ch. 24 pl7. Tensors Applied to d,f-levels.
Intro LS-jj coupling Unit 8 Ch. 25 p21.
Unit 8 Ch. 24 p22.
CG coupling derived (start) Tensors Applied to high J levels.
Unit 8 Ch. 24 p39. Unit 8 Ch. 25 p63.

CG coupling derived (formula)
Unit 8 Ch. 24 p44.

Lande’ g-factor
Unit 8 Ch. 24 p26.

*In development - a web based A.M.O.P.

Intro 3-particle coupling.
Unit 8 Ch. 25 p28.

Intro 3,4-particle Young Tableaus
GrpThLect29 p42.

Young Tableau Magic Formulae
GrpThlLect29 p46-48.

1 o 2, ofere ’l!_" ; U ] oVie oreaqle e el ' 4,.’!
and eventually full on Apache- SOLR Index and search for nuanced! whole site content/metadata level searchzng


https://modphys.hosted.uark.edu/pdfs/QTCA_Pdfs/QTCA_Text_2013/QTCA_Unit_8_Ch._24_2013.pdf#page=15
https://modphys.hosted.uark.edu/pdfs/QTCA_Pdfs/QTCA_Text_2013/QTCA_Unit_8_Ch._24_2013.pdf#page=15
https://modphys.hosted.uark.edu/pdfs/QTCA_Pdfs/QTCA_Text_2013/QTCA_Unit_8_Ch._24_2013.pdf#page=3
https://modphys.hosted.uark.edu/pdfs/QTCA_Pdfs/QTCA_Text_2013/QTCA_Unit_8_Ch._24_2013.pdf#page=15
https://modphys.hosted.uark.edu/pdfs/QTCA_Pdfs/QTCA_Text_2013/QTCA_Unit_8_Ch._24_2013.pdf#page=48
https://modphys.hosted.uark.edu/pdfs/QTCA_Pdfs/QTCA_Text_2013/QTCA_Unit_8_Ch._24_2013.pdf#page=48
https://modphys.hosted.uark.edu/pdfs/QTCA_Pdfs/QTCA_Text_2013/QTCA_Unit_8_Ch._24_2013.pdf#page=17
https://modphys.hosted.uark.edu/pdfs/QTCA_Pdfs/QTCA_Text_2013/QTCA_Unit_8_Ch._24_2013.pdf#page=17
https://modphys.hosted.uark.edu/pdfs/QTCA_Pdfs/QTCA_Text_2013/QTCA_Unit_8_Ch._24_2013.pdf#page=22
https://modphys.hosted.uark.edu/pdfs/QTCA_Pdfs/QTCA_Text_2013/QTCA_Unit_8_Ch._24_2013.pdf#page=22
https://modphys.hosted.uark.edu/pdfs/QTCA_Pdfs/QTCA_Text_2013/QTCA_Unit_8_Ch._24_2013.pdf#page=39
https://modphys.hosted.uark.edu/pdfs/QTCA_Pdfs/QTCA_Text_2013/QTCA_Unit_8_Ch._24_2013.pdf#page=39
https://modphys.hosted.uark.edu/pdfs/QTCA_Pdfs/QTCA_Text_2013/QTCA_Unit_8_Ch._24_2013.pdf#page=44
https://modphys.hosted.uark.edu/pdfs/QTCA_Pdfs/QTCA_Text_2013/QTCA_Unit_8_Ch._24_2013.pdf#page=44
https://modphys.hosted.uark.edu/pdfs/QTCA_Pdfs/QTCA_Text_2013/QTCA_Unit_8_Ch._24_2013.pdf#page=53
https://modphys.hosted.uark.edu/pdfs/QTCA_Pdfs/QTCA_Text_2013/QTCA_Unit_8_Ch._24_2013.pdf#page=53
https://modphys.hosted.uark.edu/pdfs/QTCA_Pdfs/QTCA_Text_2013/QTCA_Unit_8_Ch._24_2013.pdf#page=26
https://modphys.hosted.uark.edu/pdfs/QTCA_Pdfs/QTCA_Text_2013/QTCA_Unit_8_Ch._24_2013.pdf#page=26
https://modphys.hosted.uark.edu/pdfs/QTCA_Pdfs/QTCA_Text_2013/QTCA_Unit_8_Ch._25_2013.pdf#page=5
https://modphys.hosted.uark.edu/pdfs/QTCA_Pdfs/QTCA_Text_2013/QTCA_Unit_8_Ch._25_2013.pdf#page=5
https://modphys.hosted.uark.edu/pdfs/QTCA_Pdfs/QTCA_Text_2013/QTCA_Unit_8_Ch._25_2013.pdf#page=12
https://modphys.hosted.uark.edu/pdfs/QTCA_Pdfs/QTCA_Text_2013/QTCA_Unit_8_Ch._25_2013.pdf#page=12
https://modphys.hosted.uark.edu/pdfs/QTCA_Pdfs/QTCA_Text_2013/QTCA_Unit_8_Ch._25_2013.pdf#page=21
https://modphys.hosted.uark.edu/pdfs/QTCA_Pdfs/QTCA_Text_2013/QTCA_Unit_8_Ch._25_2013.pdf#page=21
https://modphys.hosted.uark.edu/pdfs/QTCA_Pdfs/QTCA_Text_2013/QTCA_Unit_8_Ch._25_2013.pdf#page=17
https://modphys.hosted.uark.edu/pdfs/QTCA_Pdfs/QTCA_Text_2013/QTCA_Unit_8_Ch._25_2013.pdf#page=17
https://modphys.hosted.uark.edu/pdfs/QTCA_Pdfs/QTCA_Text_2013/QTCA_Unit_8_Ch._25_2013.pdf#page=63
https://modphys.hosted.uark.edu/pdfs/QTCA_Pdfs/QTCA_Text_2013/QTCA_Unit_8_Ch._25_2013.pdf#page=63
https://modphys.hosted.uark.edu/pdfs/QTCA_Pdfs/QTCA_Text_2013/QTCA_Unit_8_Ch._25_2013.pdf#page=28
https://modphys.hosted.uark.edu/pdfs/QTCA_Pdfs/QTCA_Text_2013/QTCA_Unit_8_Ch._25_2013.pdf#page=28
https://modphys.hosted.uark.edu/pdfs/GTQM_Pdfs/GTQM_Lectures_2017/GrpThLect_29_5.04.17.pdf#page=42
https://modphys.hosted.uark.edu/pdfs/GTQM_Pdfs/GTQM_Lectures_2017/GrpThLect_29_5.04.17.pdf#page=42
https://modphys.hosted.uark.edu/pdfs/GTQM_Pdfs/GTQM_Lectures_2017/GrpThLect_29_5.04.17.pdf#page=48
https://modphys.hosted.uark.edu/pdfs/GTQM_Pdfs/GTQM_Lectures_2017/GrpThLect_29_5.04.17.pdf#page=48
https://modphys.hosted.uark.edu/markup/AMOP_References.html

AMORP r €f erence links (Updated list given on 2" and 39 and 4th pages of each class presentation)

Predrag Cvitanovic’s: Birdtrack Notation, Calculations, and Simplification

hagg Classical_and_Quantum_- 2Q1§-thangwc ChaosBook
Th r-PPL D -Dlrmm n ion - Ch4

tor
Birdtracks for N) - 2017-K ler

Frank Rioux’s: UMA method of vibrational induction
uantum_Mechanic roup Theorv and C60 - Frank Rioux - Department of Chemistr aint hn

mmetry_Analysis_for_H20-_H20GrpTheory-_Ri
ntum_Mechanics-Gr Theory_an - hemEd-Rioux-1994
Theory_Problems-_Rioux- mmetryProblemsX
mment_on_the_Vibrational _Analysis_for n ther_Fulleren Rioux-RSP

Supplemental AMOP Techniques & Experiment
Many ggrrglgtlgn nglgg are. Molien Sequences - Klee (Draft 2016)

mmetrvy an hirality - ntin M r - _Avnir

*In development - a web based A.M.O.P. oriented reference page, with thumbnail/previews, greater control over the information display,

and eventually full on Apache-SOLR Index and search for nuanced, whole-site content/metadata level searching.


https://modphys.hosted.uark.edu/ETC/MISC/Chaos_Classical_and_Quantum_-_2018-Cvitanovic-ChaosBook.pdf
https://modphys.hosted.uark.edu/ETC/MISC/Group_Theory-PUP_Lucy_Day_-_Diagrammatic_notation_-_Ch4.pdf
https://modphys.hosted.uark.edu/ETC/MISC/Simplification_Rules_for_Birdtrack_Operators_-_Alcock-Zeilinger-Weigert-zeilinger-jmp-2017.pdf
https://modphys.hosted.uark.edu/ETC/MISC/Group_Theory-Birdtracks_Lies_and_Exceptional_Groups_-_Cvitanovic-2011.pdf
https://modphys.hosted.uark.edu/ETC/MISC/Simplification_rules_for_birdtrack_operators-_jmp-alcock-zeilinger-2017.pdf
https://modphys.hosted.uark.edu/ETC/MISC/Birdtracks_for_SU-N_-_2017-Keppeler.pdf
https://modphys.hosted.uark.edu/ETC/MISC/Quantum_Mechanics_Group_Theory_and_C60_-_Frank_Rioux_-_Department_of_Chemistry_Saint_Johns_U.pdf
https://modphys.hosted.uark.edu/ETC/MISC/Symmetry_Analysis_for_H20-_H20GrpTheory-_Rioux.pdf
https://modphys.hosted.uark.edu/ETC/MISC/Quantum_Mechanics-Group_Theory_and_C60_-_JChemEd-Rioux-1994.pdf
https://modphys.hosted.uark.edu/ETC/MISC/Group_Theory_Problems-_Rioux-_SymmetryProblemsX.pdf
https://modphys.hosted.uark.edu/ETC/MISC/Comment_on_the_Vibrational_Analysis_for_C60_and_Other_Fullerenes_Rioux-RSP.pdf
https://modphys.hosted.uark.edu/pdfs/Journal_Pdfs/Molien_Sequences-1602.08774v1.pdf
https://modphys.hosted.uark.edu/ETC/MISC/High-resolution_spectroscopy_and_global_analysis_of_CF4_rovibrational_bands_to_model_its_atmospheric_absorption-_carlos-Boudon-jqsrt-2017.pdf
https://modphys.hosted.uark.edu/ETC/MISC/Symmetry_and_Chirality_-_Continuous_Measures_-_Avnir.pdf
https://modphys.hosted.uark.edu/ETC/MISC/r-process_nucleosynthesis_from_matter_ejected_in_binary_neutron_star_mergers-PhysRevD-Bovard-2017.pdf
https://modphys.hosted.uark.edu/markup/AMOP_References.html

