Fractal behavior in matter-wave “Tiny-Big-Bang”

(Quantum wave analogies to classical “Monster-Mash” model in Ch. 5 of Unit 1)

Reviewing lightwave Fourier analysis - Pulse Waves (PW) versus Continuous Waves (CW)
Opposite-pair CW (colliding Tm==x2) Fourier components trace a Cartesian space-time grid
Colliding PW lightwaves trace space-time “baseball diamonds”

Introducing CW (colliding £m==x2) Doppler shifted to (m=-1 and m=+4)

NON-Lightwaves whose w(k) dispersion functions are NOT straight lines
Animating PW made of CW that have quadratic (Bohr-Schrodinger) dispersion
Visualizing PW wave uncertainty relations for space: Ax-Ax=1 and time: At-Av=1

Matter-wave fractal behavior in a “Tiny-Big-Bang” [Harter. J Mol_Spec. 210, 166-182 (2001)); [Harter, Li IMSS (2013)]

A lesson in geometry of fractions and fractals: Ford Circles and Farey Sums
[Lester. R. Ford, Am. Math. Monthly 45,586(1938)]; [John Farey, Phil. Mag.(1816) Wolfram); [Li. Harter, Chem.Phys.Letters (2015)]
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Opposite-pair CW (colliding ¥m=+2) Fourier components trace a Cartesian space-time grid
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Spacetime animation of head-on collision of two v=600THz CW modes of light

Bohrlt Web Simulation

2 CW ct vs x Plot (ck =42)
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Spacetime animation of head-on collision of two v=600THz CW modes of light

ct-axis A

TES/3f5=5/3-10"sec.

Bohrlt Web Simulation

2 CW ct vs x Plot (ck =42)
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V=1 =

6-102waves/sec.
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1 v 1

Wavevector'ck

< >

Click the 'Controls & Scenarios' button to set vars and run preset scenarios
Set the right & left-ward k values with clicks near the dispersion curve or ck axis.

K=1/x=

2-10%waves/m

Bohrlt Web Simulation
2 CW ct vs x Plot (ck =42)
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Opposite-pair CW (colliding ¥m=+2) Fourier components trace a Cartesian space-time grid

o Colliding PW) Fourier components trace space-time “baseball diamonds ™
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Spacetime animation of head-on collision of two v=600THz CW modes of light
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Bohrlt Web Simulation
2 CW ct vs x Plot (ck =+2)
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Bohrlt Web Simulation
2 PW ct vs x Plot (ck mod 2 = 0)
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Opposite-pair CW (colliding Tm=+x2) Fourier components trace a Cartesian space-time grid
Colliding PW lightwaves trace space-time “baseball diamonds”

= [ntroducing CW (colliding +m=+2) Doppler shifted to (m=-1 and m=+4)
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Click the 'Controls & Scenarios' button to set vars and run preset scenarios
Set the right & left-ward k values with clicks near the dispersion curve or ck axis.
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Example 0: Light-like w(k)=ck x
(Linear dispersion-free) _ . 4@

Now consider NON-Lightwaves
(whose w(k) dispersion functions are NOT straight lines)
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Now consider NON-Lightwaves
(whose w(k) dispersion functions are NOT straight lines)

Example 1: Bohr-Schrodinger w(k)=Bk’

g}:d18116—%116—%116—%116—251150 G11152 011154 C)11156 @11158 = 1 (81% 12 . )\\l(\\k
m=-1Im=-9m=-7m=-5m=-3m=-1m=1 m=3 m=5 m=7 m=9m=11 \N\’
VONN
w= \\4%
_ Y
6 ¢
oY
Y
@
+144.00 qqa .
]21400::10000 -
e 3\1'(}0:(;4.09 L
42424242472 ,1&:-&:%; 4.242424227424242424242
-12-11-10 -9 -8 - 5 4-3-2-101 23 45 9 10 11 12

Courner prop.
http://www.uark.edu/ua/modphys/markup/WaveltWeb.html?scenario=2PW_QuadDisp 2016HP

Wednesday, February 17, 2016

11


http://www.uark.edu/ua/modphys/markup/WaveItWeb.html?scenario=2PW_QuadDisp_2016HP
http://www.uark.edu/ua/modphys/markup/WaveItWeb.html?scenario=2PW_QuadDisp_2016HP

Example 0. Light-like w(k)=ck
(Linear dispersion-free)

Now consider NON-Lightwaves
(whose w(k) dispersion functions are NOT straight lines)

Example 1: Bohr-Schrodinger w(k)=Bk’
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Example 2: Acoustical Phonon w(k)=V|cos ak|
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Example 1: Bohr-Schrodinger w(k)=B k?
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Examples of interference beats
of quantum waves obeying

Bohr-Schrodinger w(k)=B k?
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ey \atter-wave fractal behavior in a “Tiny-Big-Bang” [Harter J Mol Spec. 210, 166-182 (2001)]; [Harter, Li IMSS (2013)]

A lesson in geometry of fractions and fractals: Ford Circles and Farey Sums
[Lester. R. Ford, Am. Math. Monthly 45,586(1938)]; [John Farey, Phil. Mag.(1816) Wolfram]; [Li, Harter. Chem.Phys.Letters (2015)]
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Wavelt We b Simu l ation htp:z//www.uark.edu/ua/modphys/markup/WaveltWeb.html?scenario=Quantum%20Carpet

[ Iwelve (n=1Z2) osciliatol

( Twelve (n=12) oscillato

(Twelve (n=12) oscillato

( C(n) Character Table )

Click here....
(‘Launch ) (FourierControI) (Pause ) (SetT=0) (Zero Amps) T-Scale= 1 p =
..then here....
b=-T =0 o=+
o=0

| |

\wiij/

Starts with Gaussian V(o,t)

at &=0 on Bohr wave ring
that expands and “beats”
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[ Iwelve (n=12) osciliatol

Wavelt Web simulation Click here for Wavelt Web simulation (Twelve (n=12) oscillator
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Fourier Control ) (Scenarios )  (Pause ) (SetT=0) (ZeroAmps) T-Scale= 1

Set this and then click here....

@ ==

[Quantum Carpet ﬁ)
Time Behavior | pause at End 49
Time Start (% Period) = 0 . 11||‘||‘|’||11
Time End (% Period)= 60 p o T30 50 s 10 15
Del-x Width (% L) =4 p o=
Excitation (Max n) = 20 [ O
Left (% L) =0 [ O
Right (% L)= 100 R =9
n-Mean (% Max n)=0 p o=
Peak1 Mean (% L)=s0 p —o—
OverAll Scale =1 p o=
Peak2 Mean (% L)= 0 p o=
Peak2 Amp (% Peak1)=o R o=
Draw Ring ¥ m/n Labels #
m-Boxcar [
Draw m-Bars ¥ m-Bars Max = 30 0
Aspect Ratio {W/H} = 1.5 [ O
Red Level = 128 p —Oo—
Green Level =0 p O
Blue Level = 128 p ——o— "
Alpha Level =1 f =0
Definition Level = 0.5 [p O
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Draw Ring ¥ m/n Labels #

m-Boxcar ¥

Draw m-Bars ¥ m-Bars Max = 30 () —Orm— Wavelt web simulation - Boxcar window

e e e e e e e e e e e—

\\\ : - “:-_
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Type | Graphs B

Time Behavior | pause aténd 4]
Time Start (% Period) = o [ O
Time End (% Period)= 60 [ O
< Del-x Width (% L) =22 [ =—O———>
Excitation (Max n) = 20 p O
Left (% L)=0 () O
Right (% L)= 100 [ =0
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Type [ Graphs ﬁ

Time Behavior | pause atend 4]

Time Start (% Period) = 0 ® o=
Time End (% Period)= 60 p O—
<_Del-x Width (% L) =13 p —o—>
Excitation (Max n) = 20 p o=
Left (% L) =0 p o=
Right (% L)= 100 f O
nin 12
-5 0 5=m gﬁ
275
n
1/3
3y
1/4
219
1/5
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ZII
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Matter-wave fractal behavior in a “Tiny-Big-Bang” [Harter. J Mol Spec. 210, 166-182 (2001)]; [Harter, Li IMSS (2013)]
— 4 [esson in geometry of fractions and fractals: Ford Circles and Farey Sums

[Lester. R. Ford, Am. Math. Monthly 45,586(1938)]; [John Farey, Phil. Mag.(1816) Wolfram]; [Li, Harter. Chem.Phys.Letters (2015)]
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Farey Sum algebra of revival-beat wave dynamics
Label by numerators N and denominators D of rational fractions N/D

. 1/1
Tlme t ' n /d P path slope is 1/d p

(units of 1) '

(n,-1)/d,
____________________ n,/d, path

3/d, fractions
numerator/denominator

2/d, 2/d,
1/d, 1/d,
0/] | Coordinate ¢

-2 -14 0 14 12 (ynits of 2m)

[Harter. J. Mol. Spec. 210, 166-182 (2001)]
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Farey Sum algebra of revival-beat wave dynamics
Label by numerators N and denominators D of rational fractions N/D

Tlme t ]/] ----------- }/dﬁi— T n/death slope is 1/d2

(units of Ty)

(n,-1)/d,
____________________ n,/d, path
3/d, fractions
. numerator/denominator
2/d, 2/d,
1/d, 1/d,
0/] | Coordinate ¢

-2 -14 0 14 12 (ynits of 2m)

[Harter. J. Mol. Spec. 210, 166-182 (2001)]
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Farey Sum algebra of revival-beat wave dynamics
Label by numerators N and denominators D of rational fractions N/D

Tlme t ]/] ----------- }/dﬁi— T n/death slope is 1/d2

(units of Ty) :

(n]—|—])/d1 Inz'/d2/

n I/d ;
(n,-1)/d,
____________________ n,/d, path
3/d, fractions
. numerator/denominator
2/d, 2/d,
1/d, 1/d,
0/] | Coordinate ¢

-2 -14 0 14 12 (ynits of 2m)

[Harter. J. Mol. Spec. 210, 166-182 (2001)]
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Farey Sum algebra of revival-beat wave dynamics
Label by numerators N and denominators D of rational fractions N/D

Time Z— """""" ]'/d& T '*']3/61] n./d, path slope is 1/d,,
, T ~—112/d
(untsof ©¢) - | ... T T— | !
(n]—|—])/d1 Inz'/d2/
n,/d;—
(n2—l)/d2 n/d, path slope is-1/d, o

. n /d; and n,/d, path

3/d, fractions
numerator/denominator

2/d,

1/d, 1/d,
0/] | Coordinate ¢

-2 -14 0 14 12 (ynits of 2m)

[Harter. J. Mol. Spec. 210, 166-182 (2001)]
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Farey Sum algebra of revival-beat wave dynamics
Label by numerators N and denominators D of rational fractions N/D

, 1/1
Time ¢
(units of Ty) -

(n,+1)/d,
(n,-1)/d,
2/d,

1/d,
0/1

-1/2

14/d,
13/ d] nZ/dZ path slope is ]/d2
-1
12/d, % = 1/d,
: M
I/l2/d2 El/dl -t
n/d——12-¢ — ~ld,

—_——

n ]/d ; path slope is -1/d ;

: n,/d, and n,/d, path
3/d, | intersection time
(Farey-Sum)

1/d,

Coordinate ¢

-1/4 0

[Harter. J. Mol. Spec. 210, 166-182 (2001)]
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1/2

(units of 27)

[John Farey, Phil. Mag.(1816)]
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Farey Sum algebra of revival-beat wave dynamics
Label by numerators N and denominators D of rational fractions N/D

1/] 14/d,
Time Z- B e ]'/d& o n—.]j’/d] n./d, path slope is 1/d,
. R e e —{12/d /dn - t d
(units of )+ | N /22/%&
. 1/2 -
(n,T1)/d, ((I) ’t@,) In,/d, ny/d, -t
S d——12-¢ -4,
(ng'])/dg n]/d] path slope is -]/d] B
n,/d, and n,/d, path . n,/d, and n./d, path
intersection point | 3/d, | intersection time
_dnynd, » ¢ = n;+n,
® d;td, ) Y dytd,

(Ford-Cross) 1/d (Farey-Sum)
2

1/d,
0/] | Coordinate ¢

-2 -1/4 0 14 12 (units of 27)

[Lester. R. Ford. Am. Math. Monthly 45,586(1938) [John Farey, Phil. Mag.(1816)]
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Matter-wave fractal behavior in a “Tiny-Big-Bang” [Harter. J Mol Spec. 210, 166-182 (2001)]; [Harter, Li IMSS (2013)]
A lesson in geometry of fractions and fractals: Ford Circles and Farey Sums <um

[Lester. R. Ford, Am. Math. Monthly 45,586(1938)]; [John Farey, Phil. Mag.(1816) Wolfram]; [Li, Harter. Chem.Phys.Letters (2015)]
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Unit Real Interval % Farey Sum

"N\
&
— S

L IS DV W I T S T s T AR L A o T rel
] elated to
o vector sum
=l
A B and
= Ford Circles
gé B 1/1-circle has
o diameter /
& -
S
=3
S B
Q _
S etters, 633, 208-213 (2015)
Q =
Q-
ﬂ"_
=
=
- Farey-Sum of fractions 0/1 and 1/1 1s 12
= .
- hat 1s vector sum vot+v;= (1,2)=v>
-
VOZ(ODI)_
S’ /4 V,= ’ ; [Li, Harter, Chem.Phys.Letters (2015)]
’ NumeratOr AXZS N [Li, Harter, Chem.Phys.Letters
-3 -2 -1 1 2 3 4 6 7 8 9 11 12 13 14 16 17 18 19 633, 208-213(2015)]
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Unit Real Interval % Farey Sum

"N\
&
— S

S I DV LI I L L L L A L S
e | related to
o] vector sum
= 18
Q. " and
iy Ford Circles
gé - 1/1-circle has
S 1 diameter /
S |
S n
'§ C:_ 12
S L This vector v
V= points to real value
Qo
. 1/2=0.5
= 8
iy
<6
- Farey-Sum of fractions 0/1 and 1/1 1s 12
= .
- : hat is vector sum vo+v; = (1,2)=v;
S
v,~(0,1)
< r A\ Numel’alvl” AxiS N [Li, Harter. Chem.Phys.Letters (2015)]
3 2 -1 1 2 3 4 6 7 8 9 11 12 13 14 16 17 18 19
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"N\
&
— S

.
—

i

1

19
18
17

16

vy circle radius intersectin
14 .
5 line

13
12

11

Denominator Axis D

ou o P P2 PP PR P

Unit Real Interval % Farey Sum

Pe T PR P20 related to

vector sum

and
Ford Circles

1/1-circle has
diameter /

This vector v;
points to real value
1/2=0.5

IIP'IZIIP':[;IIp'ﬁ.lIP'§IIP'(ISIIp'7I|p'|8|Ip

|
|

P.

30020 -1 1 2 3 4 6 7 8 9
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Farey-Sum of fractions 0/1 and 1/1 1s 12

Numerator Axis N

hat 1s vector sum vot+v;= (1,2)=v>

[Li, Harter, Chem.Phys.Letters (2015)]

12 13 14

16 17 18 19
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Unit Real Interval

0
(@) 1 - Farey Sum
IPEL ENEDEPSS DRI 2 T L AT A A L AT LA L T L
e | related to
o] vector sum
= 18
A 14 \\ and
iy “ Ford Circles
= , . . 1/1-circle h
= vpcircle radiusinfersectin " CIrere s
NS4 . : 1ameter /
S - 2 ling S toicenter :
S B o o e =\ |t e e
§ = 12
S ST This vector v
gi points to real value
<] 1/2=0.5]
= 8
7
<6
- Farey-Sum of fractions 0/1 and 1/1 1s 12
= .
1 hat is vector sum vo+v; = (1,2)=v;
<l
v,~(0,1)
< r A\ Numel’alvl” AxiS N [Li, Harter. Chem.Phys.Letters (2015)]
-3 -2 -1 1 2 3 4 6 7 8 9 11 12 13 14 16 17 18 19
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Unit Real Interval

0
(@) 1 - Farey Sum
o] vector sum
= 18
Q st \ and
iy “ Ford Circles
= , . . 1/1-circle h
| vpcircle radiusintersectin cenee A
N S 14 . : diameter /
SN 2 ling S toicenter
Ss of v2 Ford !/>-Circle
§ L This vector v,
gi points to real value
<] 172=0.5
== 8
17
<16
- Farey-Sum of fractions 0/1 and 1/1 1s 12
= .
- : hat is vector sum vo+v; = (1,2)=v;
Sap
v,~(0,1)
< r A\ Numel’alvl” AxiS N [Li, Harter. Chem.Phys.Letters (2015)]
3 2 -1 1 2 3 4 6 7 8 9 11 12 13 14 16 17 18 19
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Unit Real Interval

0
(@) 1 - Farey Sum
o] vector sum
= 18
~ 1 and
iy Ford Circles
= , . . 1/1-circle h
< vpcircle radiusintersect] e e
N S 14 . : diameter /
I 2 ling .center
Ss of v2 Ford !/>-Circle
§ L This vector v,
gi points to real value
<] 172=0.5
== 8
17
<16
- Farey-Sum of fractions 0/1 and 1/1 1s 12
= .
- : hat is vector sum vo+v; = (1,2)=v;
Sap
v,~(0,1)
< r A\ Numel’alvl” AxiS N [Li, Harter. Chem.Phys.Letters (2015)]
3 2 -1 1 2 3 4 6 7 8 9 11 12 13 14 16 17 18 19

Wednesday, February 17, 2016 39


http://www.sciencedirect.com/science/article/pii/S0009261415003784
http://www.sciencedirect.com/science/article/pii/S0009261415003784

Unit Real Interval

0
(a) 7 1 Farey Sum
I T DS LD L S L S L WA N L
e | related to
o : \ vector sum
= 18
A 14 N and
iy “ Ford Circles
= , . | 1/1-circle h
| vpcircle radiusintersectin " cHeean
NS4 . : 1ameter /
S . 2 ling S toicenter ;
S of v2 Ford !/>-Circle
§ agY This vector v,
gi points to real value
<] 172=0.5
== 8
17
< 6
- Farey-Sum of fractions 0/1 and 1/1 1s 12
= .
- : hat is vector sum vo+v; = (1,2)=v;
=P
v,~(0,1)
< r \ NMWI@I’CZZ‘OV AxiS N [Li, Harter, Chem.Phys.Letters (2015)]
3 2 -1 1 2 3 4 6 7 8 9 11 12 13 14 16 17 18 19
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— O

(b)
i

T SN S S S N
19
f:_a"\-,_
= 18
Q :17 »
OC-_
.23 =2 16 ®
<
<.
55
-~
S 8
'Eci-lz
S -
Q 1l
~
S-S
Qo
<+
<=8
iy
<16
.
= 4
:3V_
=1, /1
v,=(0,1)
=
3 2 - 1 2 3 4 6 7 8 9 1
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Unit Real Interval
-6, P77, P8, P2

Farey Sum
related to
vector sum

and
Ford Circles

1
1
1.0

1/1-circle has
diameter /

1/2-circle has
diameter 1/2?=1/4

Numerator Axis N

[Li, Harter, Chem.Phys.Letters (2015)]

12 13 14 16 17 18 19
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Unit Real Interval % Farey Sum
1.

P, Po  P7 PB PP relatedt()

vector sum

and
Ford Circles

1
/ 1/2-circle has

diameter 1/2?=1/4

1/3-circles have
diameter 1/3°=1/9

Denominator Axis D \‘
| ||0'|2| | IO%| | pf“ | p§| | p|6| | |0|7| | |0|8| | |09| |

— , Numerator AxiS N [Li, Harter, Chem.Phys.Letters (2015)]

30020 -1 0 1 2 3 4 5 6 7 8 9 w1 12 13 14 15 16 17 18 19 20
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(d ) % : % Unit'Real Interval % Farey Sum
% ) 'ilVO'?_LJP'?_LJP'?LIP'?J.IP'?.L L. rEIatedtO
OE vector sum
= and
a = Ford Circles
=
X o
FS =
S 1/2-circle has
A= diameter 1/22=1/4
S
S 2 3 g 1/3-circles have
< 5 5 . diameter 1/32=1/9
- 6
=3 4 5 6
- 7 7 7
] 5 7 n/d-circles have
‘i_ i ’ diameter //d?
z
St
v,~(0,1)
‘W‘ Numeratar AxiS N [Li. Harter. Chem.Phys.Letters (2015)]

30020 -] 0 1 2 3 - 5 6 7 8 9 w1 12 13 14 15 16 17 18 19 20

Wednesday, February 17, 2016 43


http://www.sciencedirect.com/science/article/pii/S0009261415003784
http://www.sciencedirect.com/science/article/pii/S0009261415003784

(d) % l_lllolél é%%2 T 3 s % Unit 'Real Interval % Farey Sum
117 2 4t 3 1N 5 74
y ' 9 y V \
%lli—*— LIJ"IJ "Jb'?llP'?llP'?lJP'gllp'?i L relatedtO
| << g
s ) vector sum
= and
Q oo: v by
= Ford Circles
= -
X
N o
& ) 1/2-circle has
g o diameter 1/2?=1/4
N =
§ N
§ ] 1/3-circles have
VW = 3 4 )
- 5 5 diameter 1/32=1/9
Q- 5
- 6
= 4 5 6
i 7 7 7 .
8 5 7 n/d-circles have
<] 8 8 diameter 1/d?
z
S1h
v,=(0,1)
=Y . [Li, Harter, Chem.Phys.Letters (2015)]
4 Numerator Axis N

-3 2 -1 0 1 2 3 4 5 6 7 8 9 1011 12 13 14 15 16 17 18 19 20
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Thales
t  Rectangles
1 provide
. ; 1 analytic geometry
5 ~ | of
R 2 2
5 0.6¢ 1 ) 304 fractal structure
: 3 A 3 /] 4
o 1/ 3 4
y & ¥ P i .
Wl v vov Lot 3
A 5. 5 «5 5 5[4
1 2 3 4 5 6]
: 6 6 6 6 6
1 34 5 6 7]
7 7 7 7 T 7|
02 y 1 2 3 S 6+71 8 4
N8 8 8 8 ¥ 8 8 8
[V-?-:(O,l)] + + .+ +
Numerator Axis .
) ( : . % . % 3 % i + . ) .- f [Li, Harter, Chem.Phys.Letters (2015)]
).0 04 X 0.6 08 1.0
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7 “Quantized”
i Thales
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analytic geometry
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fractal structure
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Numerator Axis [Li, Harter. Chem.Phys.Letters (2015)]
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An wo-ly deep “3D-Magic-Eye” using boxcar spectrum
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