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(a) A Continuum of Classical Universes

Schrodinger Equation

Z S ACEL) SV

2 axk

D. Bohm. Physical review, vol. 85, no. 2, p. 166, 1952
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(a) A Continuum of Classical Universes

Schrodinger Equation

/m Z WO ) V(Z)(Z,t)

2 axk

\ 4

iS(X,t)
<

P(X,t) = pt/Pe n
D. Bohm. Physical review, vol. 85, no. 2, p. 166, 1952

Polar Form
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(a) A Continuum of Classical Universes

Schrodinger Equation

—h? 0% (2, t)
'h - V(2 (2, t
/Z z ez V@
Continuity Eq
\ / 9ol n
i (x t) p(ﬂ?,t) — i = =

Y%, t) = pt'?e = “h < ot — dzr [P(x,t)vk(a:‘,t)]
Polar Form B 65(85? t) _ Z %mkvk(g; t)? +V(Z,t) + Q(T, 1)
\_ =l Hamilton-Jacobi Eq

D. Bohm. Physical review, vol. 85, no. 2, p. 166, 1952
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(a) A Continuum of Classical Universes

. 3¢(fat) - —I” 52¢(fat)
th
8xi

( ot N ; ka
=1

iS(x,t)

Y&, t) = pl/2e

~

(

\.

Op(Z,1)

ot
- 98(7,1)

ot

D. Bohm. Physical review, vol. 85, no. 2, p. 166, 1952

V(E)N(E, D) Schrodinger Equation

n O Continuity Eq
= =3 pl@ (@ 1)
k=1 g

Hamilton-Jacobi Eq

n 1 3 )
k=1
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(a) A Continuum of Classical Universes

Q) S WP sy Schrédinger Equation

ot — 2my, 8xi
( 8,0(.:6 / Continuity Eq
?

) & 8 - —

iS(X,t) — a )0(33, t)’Uk(ZC,t)

w(f, t) = pl/ZeT < ot ; oxy, [
—

Hamilton-Jacobi Eq

- BD S (07 + V(@) + Q1)

ot
k=1
\_
1 05(4,t) h? /1 82,0 1 dp
(% f,t = _’,t = ——(— — - — _ 2)
k(T 1) mr 0Tk Q1) dmp \ p - oxi  2p? Zk:(aask)
Bohmian velocity Quantum Potential

D. Bohm. Physical review, vol. 85, no. 2, p. 166, 1952
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(a) A Continuum of Classical Universes

Q) S WP sy Schrédinger Equation

{ ot — 2my, 8xi
4 o
= n Continuity Eq
iS(x,t) 8p(x’ t) — Z i p(fa t)vk (fa t)
Y%, t) = p2e r ot = 9
) _>< 65( ) . - Hamilton-Jacobi Eq
7t 1 , ) )
= Z §mkvk(a:, )+ V(x,t)+ Q(T,t)
k=1
\_
) 1 0S(Z, 1)
Uk (.CU, ) - m 6£Uk

R. E. Wyatt, Quantum dynamics
with trajectories. Springer 2005
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(a) A Continuum of Classical Universes

Q) S WP sy Schrédinger Equation

ot — 2my, O3

( (9p(f t) n O ~ _ Continuity Eq

R 1/2 M 67; — _Za—xk[p(xat)vk(x:t)]

— h —
llj(x» t) P e _>< 5 nk_l Hamilton-Jacobi Eq
S(Z,t 1 ) } B}
K— ((% ) — Z §mkvk(a¢, t)? +V(Z,t) + Q(Z, 1)
k=1
OZ(E L) .
5 = v(Z,t) f_fé»
=Z(&

R. E. Wyatt, Quantum dynamics
with trajectories. Springer 2005
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(a) A Continuum of Classical Universes

L OY(T,t)

L —R? 0%Y(7, 1)

_ N Schrodinger Equation
o = L G aa TV @VE Ser=a
( (9,0(.2’: Continuity Eq
NE r,t
—>< " Hamilton-Jacobi Eq
T 1
85(5, ) _ 5@ \) NEWTON’s SECOND LAW!
ot 7 e=azE 02z (€, 1) 0
> m L= ——— |V (2, t) + f’,t] )
S Y> oxy, (Z,) + Q(Z,1) F=2(£,t)

R. E. Wyatt, Quantum dynamics
with trajectories. Springer 2005
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(a) A Continuum of Classical Universes

L oY(&

7t)

L —R? 0%Y(7, 1)

_ N Schrodinger Equation
4 o
O f’ / n O _ _ Continuity Eq
> 1/2 @ pf‘)t ) — _Za—xk[p(xat)vk(x:t)]
Y, t) = € ~7< 9S(Z. 1) nk:l Hamilton-Jacobi Eq
7t 1 N )
\ ( NEWTON’s SECOND LAW!
- 82z (€, 1) 0
DT(EL) m ’ :——[V:E,t+ f,t]
((9{; ) = U(Z, 1) e o 0x} (@) + Q(z, 1) =3 (E,t)
| dp(TE (1), 1) O (7, 1)
| = —p(Z(1),1) Z _
R. E. Wyatt, Quantum dynamics dt 625'}3 T=x¢(t)
with trajectories. Springer 2005 K




| - A Quantum Universe = Many Classical Universes?

20

(a) A Continuum of Classical Universes

7t " —R? 0% (Z,t
Schrédinger m@w(a:, ) = 0 Mﬁ’ ) + V(Z)Y(Z,t)
. at ka 31‘
Equation k=1 k
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(a) A Continuum of Classical Universes

Schrodinger

Equation

Newton’s Law
for a Fluid
In
Configuration-
spacel!ll

D k2 9% (Tt
(T, )+

Q(p(x,t))
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(a) A Continuum of Classical Universes

OP(Z,t) _ o~ —1? 0*Y(,t)

SthrBdi.nger ih ey e Oa2 + V(Z)Y(Z,t)
quation k=1
O 9%a (6t %
Newton’s Law M $k(§’ ) - — [V(fj t) + Q(:I’:’, t)] L
for a Fluid < ot Oz, T=2(&,1) -
) @) 00 (.1 Qe 0))
Configuration- = —p(2~(t),1) Z
dt Oxry |lz=z¢(t)
space!!! K
Oz (1) . & T N UnCountable set of
ot v(Z,1) F=3(E 1) x(f’ tO) =(ER possible trajectories!
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(b) A Swarm of Classical Universes

{3‘3‘77 Countable set of

7 & o possible trajectories!

T (ty) =, withé € o
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(b) A Swarm of Classical Universes

{fn Countable set of

7 & o possible trajectories!

Newton’s Law T (to) = 5; with 56 o
' d2a5 (¢) 0 0
For M x.(t o -
“Particles” In | "'kT 3,2 _3—%‘/(56) j’:fg(t)_a—x.iW({jn?}ﬁea) FN=2" ()

Configuration-
spacel!ll
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(b) A Swarm of Classical Universes

—’?7 Countable set of
{ L 7) & O possible trajectories!

Newton’s Law T (to) = 5; with 56 o
' d2a5 (¢) 0 0
For M x.(t o -
“Particles” In | "' d2 _8—%‘/(56) f:fé(t)_ﬁw({fn}ﬁe ) Fn=an (1)

Configuration-
spacel!ll

lim W ({#"}ie,) =Q(p(%,1))
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(b) A Swarm of Classical Universes

—’?7 Countable set of
{ L M & o possible trajectories!

Newton’s Law T (to) = 5; with 56 o
' d2a5 (¢) 0 0
For M x.(t o -
“Particles” In | "'kT 3,2 _3—%‘/(56) j’:fg(t)_a—x.iW({jn?}ﬁea) FN=2" ()

Configuration-
spacel!ll
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Already tried in the literature:

« Nearest Neighbour interactions

<

/ M. J. Hall, D.-A. Deckert, and
H. M. Wiseman. Physical Review X,

vol. 4, no. 4, p. 041013, 2014.

H. Herrmann, M. J. Hall,
H. M. Wiseman, and D.-A. Deckert, arXiv preprint

\ arXiv:1712.01918, 2017
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vol. 4, no. 4, p. 041013, 2014.
B Continuum limit of H. Herrmann, M. J. Hall
. . . H. M. Wiseman, and D.-A. Deckert, arXiv preprint
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- Computational efficiency?

S. Sturniolo. Physical Review E,

« Moving grid approximations of Q(p(x, t)) vol. 97, no. 5, p. 053311, 2018

R. E. Wyatt, Quantum dynamics

- Quantum hyd rodynamlcs hel pr| with trajectories. Springer 2005
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* Classical Fundamental Forces are always Non-Local
(in physical space)

e Quantum Potential is non-local
(in configuration space)

* Quantum Force would be pretty fundamental!
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* Classical Fundamental Forces are always Non-Local
(in physical space)

e Quantum Potential is non-local
(in configuration space)

* Quantum Force would be pretty fundamental!

N J
Y

What about looking for a non-local force
that is like the classical fundamental forces?
(but in configuration space)
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C.B >0

Repulsive
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C
|2€ — 2n||B C.B >0

Repulsive

We (25, 7") =

Total Inter-Universe
Potential 1

»W({fn}necr) — 9 Z Wé,n(féafn)
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We (25, 27) =
LA |76 — 21| B C.B >0
Repulsive
Total Inter-Universe
P ial 1
otentia L WHTey) = . Z We ’-‘?(f‘f’fn)
£ if€o
— A
Inter-Universe Ggm 74 U
Force H:cg—a???H A=C/B,K:=B+1
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(1.) Qualitative Exploration — All sighatures of QM?
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(a) Solving the Uncountable Tangent Universes

SCh radin ger Eq u ation W. H. Press, S. A. Teukolsky, W. T. Vetterling, and B. P. Flannery, Numerical recipies: The art of

scientific computing. Cambridge university press, 2007
— . - k —
7?(37? t+ kAt) — Uf,&tw(aja t)
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SCh radin ger Eq u ation W. H. Press, S. A. Teukolsky, W. T. Vetterling, and B. P. Flannery, Numerical recipies: The art of

scientific computing. Cambridge university press, 2007
— - —
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(a) Solving the Uncountable Tangent Universes

Schrodinger Equation

(T, t 4+ kAt)

— ﬁ:f;j,m%b(fa t)

W. H. Press, S. A. Teukolsky, W. T. Vetterling, and B. P. Flannery, Numerical recipies: The art of
scientific computing. Cambridge university press, 2007

— L AtH-
— i h €T
Propagator Uz At 1= € )
—1
N . k N . k
. 117 ~ At 1| —2 .~ At
Us A ~ — | H:= — | —H; a - N
nAt (Zk![h"‘:z]) Zk![h ""2] Upnt =U 2 Uns
k=0 k=0 - 2
. n (t+At) o (t—l—At) (t—l—At)
p+e0 _ At P2 lrdittin) =2 natird) VP VGriimtiod) | _y ka0 |
& (J1s-dn)  9F 2m (Azy)? Tseeosdle ¥ (G1yengn) |
k=1
: n (2) D WAC (t)
_ iAt > B2 Y Giict i) 28 Ginin) T it |y e
N (jl’ ’jn) 2h 3 ka (A.Tk)g JLseees Jk (jla' :jﬂ)
=1




I1l - Methods

(a) Solving the Uncountable Tangent Universes

Schrodinger Equation

(Z,t + kAt) = UL

W. H. Press, S. A. Teukolsky, W. T. Vetterling, and B. P. Flannery, Numerical recipies: The art of
scientific computing. Cambridge university press, 2007
_}.
At (T, 1)

_ i "
Propagator Uz At := € T AILH)
N : K\ ! N : k
A 12~ At 1 {—2 ~ At
7 ~ — —Hj’_ T H:E' - - T— g
Uz At (Zk'[h 2]) Zk![h 2] U/_\_t:U lng
E=0 k=0 2 2
(t+At) - (t+At) (t+At) o
b(jl,...,jn)w(jl ..... jn) + Z Ok (d)(jla-.,jk—l,-,jn) + w(jl:-.,jk"‘l} ajn)) B C k N. I
k=1 rank Nicolson
- Master Equation
B (t) (1) (1)
- d(jlﬁ...;jn)d)(‘jl?...,jn) o Z Ak (w(jl?..?jk—l,.?jn) + w(jl:-"ﬂjk‘l'l}':jn))
k=1
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(a) Solving the Uncountable Tangent Universes

B (1)
= Ay, PGy ) T

(t+At) (t+At)
b(jl’“"jﬂ w(jl sssss 'n.) —I_ Zak (w(jla“}jk

(t+.&t
L,.\0n) +v
()
(jlf":jk_la'rjﬂ) _I_ T’b

(J1sedk+ 1, Jn)) -

(t) )
(jl?”ﬂjk-i_l}'}jn)

= Upyp™¥

Crank Nicolson
Master Equation
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(a) Solving the Uncountable Tangent Universes

n

(t+At) t+At) (t+At) L
b(-jl’ ;jn ¢( aaaa )_I_Zak (1/)(31: }Jk— :Jn 1/)(31} Jk:"‘l Jn)) o

n

_ (t) () (t)
= AG1redn) Ptreiin) ~ > a (w(jh..,jk—l,.,jn) T w(jl,..,jk+1,.,jn))
k=1

4

Linear Equation System

Resolution! L(t+At) 7(t) Crank Nicolson
ULw o UR”L/) Master Equation

- LU decomposition
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(a) Solving the Uncountable Tangent Universes

ULJ(HM) _ URJ(t) U, = U

-

\L
-
ku/ﬁ

Jo+1 -

J3+1
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(b) Solving the Countable Tangent Universes

Verlet Algorithm
d2z (t)

TC (t+At)+2° (t—At) = 275 () + v

At*+O(At*)
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(b) Solving the Countable Tangent Universes

Verlet Algorithm
d27¢ (t)
dt?

TC (t+At)+2° (t—At) = 275 () + At*+O(AtY)

: p(T, 1) ~ NZ efb‘p(— 12— fg(tﬂz) Gaussian

“Reconstruct” = 252 kernels
. . E€o
Eulerian fields <
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(b) Solving the Countable Tangent Universes

Verlet Algorithm

TC (t+At)+2° (t—At) = 275 () +

““Reconstruct”
Eulerian fields <

(

d2z (t)
dt?

At*+O(At*)

p(Z,t) ~ NZ efb‘p(— 12— fg(tﬂz) Gaussian

- 252 kernels
(€0
. 1 %S
ﬁ‘(f t) . ZSEJE ||:E'—E£(t}||U (t) K-Nearest
P Y- 1 Neighbours
Ecoz ||[Z—25(1)]]
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* Numpy
* Scipy
* Matplotlib
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Followed Steps:

(a) Implement SE and MIW in Jupyter Notebooks:
sparse matrix calculations, plotting...

Now Sandboxes to play!

(b) Implement CUDA GPU parallel calculation mode

(c) Convert them to .py scripts that take input files '\
with configuration and parameters

(d) Coordinator script of CPU parallel process pool:
Grid of different K,A for inter-Univ potential

(e) Meta-coordinator of CPU parallel processes:
Queue of different initial conditions
and classical potentials to try _)

Python 3

* Numpy
* Scipy
* Matplotlib

* Cupy

* importlib

* Multiprocessing
* Sys

* 0S
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(a) Qualitatively this is Quantum Mechanics!
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(a) Qualitatively this is Quantum Mechanics!
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(a) Qualitatively this is Quantum Mechanics!
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(a) Qualitatively this is Quantum Mechanics!
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(a) Qualitatively this is Quantum Mechanics!
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(a) Qualitatively this is Quantum Mechanics!
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(a) Qualitatively this is Quantum Mechanics!
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(a) Qualitatively this is Quantum Mechanics!
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(a) Qualitatively this is Quantum Mechanics!
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(a) Qualitatively this is Quantum Mechanics!
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(a) Qualitatively this is Quantum Mechanics!
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(a) Qualitatively this is Quantum Mechanics!
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(a) Qualitatively this is Quantum Mechanics!
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(a) Qualitatively this is Quantum Mechanics!
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(a) Qualitatively this is Quantum Mechanics!
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(a) Qualitatively this is Quantum Mechanics!
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(a) Qualitatively this is Quantum Mechanics!
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(a) Qualitatively this is Quantum Mechanics!
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(a) Qualitatively this is Quantum Mechanics!
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(a) Qualitatively this is Quantum Mechanics!
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(a) Qualitatively this is Quantum Mechanics!
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(a) Qualitatively this is Quantum Mechanics!
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(a) Qualitatively this is Quantum Mechanics!
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(a) Qualitatively this is Quantum Mechanics!
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(a) Qualitatively this is Quantum Mechanics!
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(a) Qualitatively this is Quantum Mechanics!
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(h)t=7.5
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>
(b) Towards Quantitativeness a N
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Figure 1: The colormaps show the logarithm of metric (35), defiend to compare the SE simulations to our MIW simulations. It measures the divergence
between the MIW and Bohmian trajectories. The plotted numbers are the averages per K, A over all the explored scenarios, which can be found in
[14]. An average of 7 different potential energy profiles are included per n. Abscissa shows A, while ordinate shows K. All in atomic units.
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= Configuration-space force akin to classical fundamental forces
reproduces signatures of quantum mechanics!
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VI - Conclusions

Configuration-space force akin to classical fundamental forces
reproduces signatures of quantum mechanics!

Signs that it does not depend on the classical forces besides it

Sighs that power law depends on dimensionality of
configuration-space

= Open source framework that allows the
next steps is ready!



Thank you
for your attention!

Questions?
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