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The deBroglie-Bohm interpretation

Louis deBroglie David Bohm
(1892-1987) (1917-1992)

"I saw the impossible dore...



The deBroglie-Bohm interpretation for a single particle

The ontic state:  (yA(r),L)
7 X

Wavefunction Particle
position
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The deBroglie-Bohm interpretation for a single particle

The ontic state: (y/(r)SC) W(raf
7N

Wavefunction Particle P il L)

position

The evolution equations:

2
ih al//(r,t) — h_ Vzl//(l',t) + V(l')l//(l',f) Schrédinger's eq'n

ot 2m
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The deBroglie-Bohm interpretation for a single particle

The ontic state: (y/(r)ag) W(raf
7N

Wavefunction Particle F i 0

position

The evolution equations:

2
ih oy(r.i) = — E_ Vzl//(r,t) +V(rw(r,t) Schradinger's eq'n

ot 2m

i;d%{)_ = i-[VS(r,t)] r=2(0) The guidance eq'n

where W(r,1)=R(r, t)eis(”)m
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The deBroglie-Bohm interpretation for a single particle

The ontic state: (t//(r),C) W(rat
AN

Wavefunction Particle TN 0

position

The evolution equations:

2
ih oy(r.1) = — vaw(r,t) +V(rw(r,t) Schradinger's eq'n

ot 2m

d_f’i(f_). = "lg-[VS(r,t)] r=2(0) The guidance eqg'n

where W(r,1)= R(l',,t)t‘&‘i‘g(r'tlwl
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IS(r.t)

Given W (r.t)=R(r.t)e

The real part of the Schrodinger eq'nis:
o 2
oS (VS A
-T+( ) +0+1"'=0
cr 2m

j —

- h V-R(r.t

where (J(r.1) - R(r.0)
I s

The "quantum potential”

The imaginary part of the Schrodinger eg'nis:

Ot 1
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iS(r.t)/ h

Given W(r.t)=R(r.t)e

The real part of the Schrodinger eg'nis:
(‘\LS (T;Sr )2

— + +(_) + Ir — ()
Ct 2

n° NCR(r.t
= The "quantum potential”

2m  R(r.t)

S

where (_)( r.r)

The imaginary part of the Schrodinger eq'n is:

f%(REHV-(RT‘SJ:O
crt n
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Newtonian form of the particle dynamics:

i d _]S(f) =—|VI'(r)+VO(r.n].
ar

I ()

=Z(7)

i V- R(r.t)
2m  R(r.r)

where (J(r.f)=—

he "quantum potential”

(Note independence of quantum potential on amplitude)
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Acting the ¥ operator on the real part of the Schrodinger eg'n gives:

S W |
VP+JV')+Q+I}=U

Cr 2m
7 NS-Vy -
( = )w=—wg+r )
Ct m

Taking the time derivative of the guidance equation gives:

qu.(f) 1
T‘\'( ) 1I=:c(%)
drt H?[ ] =3¢
d*y _ 1 (E‘ s d;_v)w
dr’ m\ ct dt '
Thus
cf:C f
s Pzoos ( ) _ —[VT (r)y+ VO(r. r)] r=2(f)



w(r,t

Newtonian form of the particle dynamics:

n d -;’(.,f) = —[VT'(]‘) + VO(r. r)] )
ar

N

=5(1)

R V'R(r,1)
2m R(r,t)

(Note independence of quantum potential on amplitude)

where Q(r,t =

The "quantum potential”
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w(r,t

Newtonian form of the particle dynamics:

i d _]“-’(f) =—|VI'(r)+VO(r.n].
ar

N

=4(1)

R VR(r,1)
2m R(r,t)

(Note independence of quantum potential on amplitude)

where Q(r,t =

The "quantum potential”

Nonetheless the dynamics are fundamentally first order

9O _ 1 rysr.)]

dt m

r=4()
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A N

PN

Epistemic state (assuming perfect knowledge of Y/(I.7))

(S )ds = the probability the particle is within dQ of <.

The "standard distribution”

p(S.1)=|w (. r)f

Note: it is preserved by the dynamics:

2

then pl&.1)= (S r)‘l
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Proof of the preservation of the standard distribution:

The velocity field is
v(r,1) = l[VS(r,z)]

m
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Proof of the preservation of the standard distribution:

The velocity field is
v(r,1) = l-[VS(r,z)]

m
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Proof of the preservation of the standard distribution:

The velocity field is
v(r,1) = l[VS(r,r)]

m

The current density is:

J(r.2) = p(r,1)v(r,1)
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Proof of the preservation of the standard distribution:

The velocity field is
v(r,1) = l[VS(r,z)]

m

The current density is:
J(r.t) = p(r,1)v(r,1)
Conservationof probability implies

op(r,t) :
= V- j(r.t
Y J)(r,1)
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Proof of the preservation of the standard distribution:

The velocity field is
v(r,1) = l[VS(r,z)]

m

The current density is:
J(r,t) = p(r,1)v(r,z)

Conservation of probability implies

op(r,t) V-i(rt) =-v. [p(r,t)VS(r,t))

ot m
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Proof of the preservation of the standard distribution:

The velocity field is

v(r,1) = l[VS(r,r)]

m

The current density is:
J(r,t) = p(r,1)v(r,1)

Conservation of probability implies
op(r,t . r.2)VS(r.t
p( )=—V-](l‘,t) :_v_ p( 3 ) ( > )
ot m
Recall the imaginary part of the Schrodinger eq'n:

2
Q(RZ)N-[R VS]=0
ot

m
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Proof of the preservation of the standard distribution:

The velocity field is

v(r,1) = -—l—[VS(r,t)]

m

The current density is:
J(r.t) = p(r,1)v(r,1)

Conservation of probability implies

op(r,t) V-i(rf) =-v. [p(r,t)VS(r,t))

ot m
Recall the imaginary part of the Schrodinger eq'n:

2
§(R2)+V-[R VS]=0
ot

m
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Proof of the preservation of the standard distribution:

The velocity field is
v(r,1) = l[VS(r,t)]

m

The current density is:
J(r,1) = p(r,)v(r,1)

Conservation of probability implies
op(r.,t . r.2)VS(r.t
p( )=—V-J(l‘,t) :—V' p( > ) ( > )
ot m
Recall the imaginary part of the Schrodinger eq'n:

2
2(RZ)W-[R VS]=0
ot

m

Page 21/71
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1s orbital of Hydrogen atom

—iEt ' h

y(r.r)=R(r)e

(]C_.(f) _ L[VS(I'QT')].__,”} » 0
dt 1 o

SO



1s orbital of Hydrogen atom

7 Y



w=.c¥,
J

"waves” of the decomposition
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w=.c¥,
J

"waves” of the decomposition

(e Spatial support of ¥/ Jsth wave is occupied
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= ZCJ-%-
J

"waves" of the decomposition

(e Spatial support of ¥ Jsth wave is occupied
C& Spatial support of ¥, Jth wave is empty
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V= ZC}%
J

“waves” of the decomposition

(e Spatial support of ¥ Jsth wave is occupied
L& Spatial support of ¥, Jth wave is empty

If only the Ath wave is occupied

Then the guidance equation depends only on the Ath wave
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Proof of ineffectiveness of empty waves
Y/ = (//” = I//Z?
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Proof of ineffectiveness of empty waves
W=y +y,
iSh _ iS,/h iS, /h
Re"" =Re™ +Re™
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Proof of ineffectiveness of empty waves
W=y +y,
iSh iS,/h iS, Ih
Re " =Ke* +HKg"

R*=R*+ R’ +2R R, cos|(S. —S, )/ 7]
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Proof of ineffectiveness of empty waves
f// — l//“r - V/Zr
iSh _ p iS,/h iS, /h
Re" "=hke +Re™

R* =R?>+R?+2R_R, cos|(S, - S, )/ 1]

‘R2VS, + R2VS, + R,R, cos[(S, - S, )/ n]V(S, +S,

VS =R
i— B[R VR, — R,VR, |sin|[(S, - S, )/#]
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Proof of ineffectiveness of empty waves
Y/ = '//(-, = l//b
iSh _ p iS,/h iS, /h
Re"" =Re™ +Re™

R* =R?+R} +2R R, cos|(S, - S, )/ ]

‘R2VS, + R2VS, +R,R, cos[(S, - S, )/ nV(S, + S,
—#[R,VR, — R,VR, |sin[(S, - S, )/ 7]

If RR, ~0

VS = R%:
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Proof of ineffectiveness of empty waves
V=, +y,
iSh iS,/h iS, /h
Re""=Re* +He™*

R* =R?+R} +2R R, cos|(S, - S, )/ A}
R2VS, +R>VS, +R,R, cos[(S, - S,)/n]V(S, +S,
—#[R,VR, — R,VR, |sin[(S, - S, )/ 7]
If RR, ~0

then R*=R>+R} and VS

VS = R %

RS, +R2VS,
R+ R}
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Proof of ineffectiveness of empty waves
Y/ = Y “1= V/Er
iSh _ p iS,/h iS, /h
ke " =KHeg* +Re™”

R* =R>+R? +2R_R, cos[(S, - S, )/ 1]
R2VS, +R>VS, +R,R, cos[(S, - S, )/ n]V(S, +S,
—#[R,VR, — R,VR, |sin[(S, - S, )/ #]
If RR, =0

then R*=R>+R} and VS

VS = R %

RS, +R2VS,
R+ R}
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Proof of ineffectiveness of empty waves
f// — l//“r == l//b
iSlh iS,/h iS, /h
Re""=Re“* +He™

R* =R? +R? +2R R, cos|(S, - S, )/ #]

R2VS, +R>VS, +R,R, cos[(S, - S,)/n]V(S, +S,
—#[R,VR, — R,VR, |sin[(S, - S, )/ 7]

If RR, ~0

VS = R %

R’VS +RVS
then RZZR':-I-RI;2 and VS =2 R;+II§; 2
a b
% —. i[VS(r’ f)] r=2(t) —. V—Aga If C = SUPPOI"'" Of [//a
ooooooooooooo m page 35/71



Double slit experiment




/ /"""’ e '
/

Transmission through a barrier (probability 3)
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/

Beam splitter experiment

Page 38/71
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The deBroglie-Bohm interpretation for many particles

T,

The ontic state: (y/(r,,1;,),5,.5,)

7 t

Wavefunctionon Particle
configurationspace  positions
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The deBroglie-Bohm interpretation for many particles

The ontic state: (y/(r,,1;,),5,.8,)

7 t

Wavefunction on Particle
configurationspace  positions

The evolution equations:

Schrédinger’s equation

L oy(r,r,,b) o, h
ih (hdar i Voud(r,.r, t)—

ng/(rh r?,:t) £t V(rlarZ)W(rPrZ’ t)
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The deBroglie-Bohm interpretation for many particles

The ontic state: (y/(r,,1;,),5,,.5,) rz
’ T 1‘1 2 rz )
Wavefunctionon Particle
configurationspace  positions
il
The evolution equations: e

Schréodinger’s equation

, 2
Ihaw(rl,rz’t) e h Vlzw(rl,rzjt)_ h ng(rl,rz,t)+V(r1:r2)W(r1=r27t)
of 2Zm, e

&, _ 1 “
dt - ; [VJS(rl >T25 t)]ffif (£).r2=5,(0)

o 11 | The guidance equation
2 -_—
7 = = [VQS(rprZ" t)l;=§1 (£),r.=8.(t) ~
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The deBroglie-Bohm interpretation for many particles

The ontic state: (y/(rl, r, Cl, C_,z) 2
p A (r,r;)
Wavefunctionon Particle
configurationspace  positions
|
The evolution equations: -

Schréodinger’s equation

B 2
ihal!/(rl’rz’t) - h Vlzw(rl,rz,t)_ h VgW(rI, rzgt)-l_V(r]!rZ)W(r]:rZ)t)
of 2m1 2m2
&, () _ 1 |
dt ;[V;S RN S— _ -
o 11 . The guidance equation
2 —-—
¥ = o [VES(r;arz'Bt)lI:;j (£).r>=8,(¢) )
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y(,.n,l)= (/5"“(11.r) /’V’":'(l‘qu) Product state
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Yy, D=9V (x.0) ¥ (@,.1) Product state

— R1 (rp t)ex-sl (r;,0) /A Rz (rzj t)ej-sz(rz L)l A

S(x,r1,,1)=S,(x;, 1)+ S,(x,, 1)
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y,n, 0 =¢v .0 ¥ (x,.1) Product state

— R’j (rp t)ex-sl (r,0) /A R’z (rzg; t)el-sz (ryf) R

S(x,r1,,1) = S,(x;,1) +S,(x,, 1)

dg,(t) 1 R
clft - m [VIS(rl’rZ’t)] =t (), 1=y (1) E[Vl& (rPt)] 5={, ()
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w(r.r,.t)=¢"(x..1) y¥(r,.t)  Product state
=R1(r t)el'Sl(rl,f).’ﬁ &(r t)el'Sg(rg,t)Hi
12 29
S(5,1,,1) = 5,(5, 1) +5,(x,, 1)

g () 1 [ I
= —[VS(r.r.0) sy w.m-neo= — ViSO o
df 1 1 1 f I ml 1 | r
dﬁz(t) 1

1
[V S(r]’rZ’t)] =L, (), t=0r (£) — [V S (rzat)] =L, (f)

2 2

dt
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YL, 5, =98V (.1 ¥ (@,1) Product state

— R’] (rp t)ex-sl (r,0) /A R’z (l'z, t)el-gl (r; ) A

S(x,1,,1)=S,(x,1)+S,(x,, 1)

a5, (1) 1 1
Clif e m, [VIS(rl’rz’ I)] =4 (8), =4 (1) ;l[vlsl (rl’t)] n=5 ()

dg. (1) 1 1
;t - m, [VZS(rPrZ’t)] n=L; (), b=l (£) — m_z[vzsz (rzat)] ry=0, (£)

The two particles evolve independently
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y(r.x,.1)=¢" (x.1) y¥(x,.1) Product state

— R1 (rl’ t)ex-sl (r,0) /A R’z (rp t)el-gz (r; ) A

S(x,r,,1)=5,(x,1)+S,(r,,1)

&) 1 1
lef B m, [VIS(ri’r2= I)] =4 (6, 1=5 ()" E[V”Sl (rl’t)] n=4 )

dg., (f) 1 1
;t - m, [st(rhrz’t)] W=t =l m_z[vzsz (rzvt)] =L, (£)

The two particles evolve independently
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p(x.x,. 0= ¢4 (1.1) 7 (1,.f) Entangled state
d
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AT, T, r)—Zc ”'(1 r)/j '(1,.7) Entangled state

(GNCZ) = SUPPOM Of ¢_§1) (rpt) vaz}(rzat) ‘ffh wave 1S occupied
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p(x.x,. 0= ¢, (1.1) 7 (1,.1)  Entangled state
-

(§,,8,) € support of ¢f1) (r,1) Z§2)(rzat) Jsth wave is occupied
(§,.5,) € support of ¢an (r,1) Zﬁz’(rz,t) sth wave is empty
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YAL,. T, r)—Zc ¢“'(1 r)/‘ ‘(1 .) Entangled state

(§,,5,) € support of ¢f1) (5.0 2} (5.1 Jth wave is occupied
(§,.5,) € support of ¢f) (r,,1) ij’(rz,t) Jth wave is empty
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p(x.x,.0) =Y ¢4 (1.1) 7 (1,.1)  Entangled state
j_

(§,,8,) € support of ¢f1) (r,1) Z§2)(r2=t) Jth wave is occupied
(§-8;) & support of g9(r, 1) 7'(r,,1)  th wave is empty

If only the Ath wave is occupied
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p(x.x,. 0= ¢, (1.1) ;" (1,.1)  Entangled state
j_

(§,,5,) € support of ¢§1) (5.0 2" (x;,10) Jth wave is occupied
(§,.5,) € support of ¢Jf” (w.1) ij’(rz,t) Jth wave is empty

If only the Ath wave is occupied

Then the particles evolve independently
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p(x.x,. 0= ¢, (1.1) 7 (1,.1)  Entangled state
;
(§,,8,) € support of ¢f1) (r,1) Zﬁz)(l‘pf) Jsth wave is occupied

(§,.5,) & support of ¢an (ry, 1) Zf,z’(rz,t) Jsth wave is empty

If only the Ath wave is occupied

Then the particles evolve independently

But in general, they do not
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p(x.x,. 0= ¢, (1.1) ;" (1,.1)  Entangled state
;
(§,,5,) € support of ¢f1) (5.0) 2 (5;.10) Jth wave is occupied

(§,.5,) & support of ¢F) (r,,1) Zﬁz’(rz,t) sth wave is empty

If only the Ath wave is occupied

Then the particles evolve independently

But in general, they do not
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gbu (]I“r} (/5!1(’}“[)

Zb(r:‘f:

electron 1 electron 2

y(r,.r.r)=

Cc'rg/s(r( ’}" / )ZH( ’E"‘ r) + Chgbb(rf‘ r.)Z{r(r:‘ /
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D, (1,.1) @, (1;.1)

_ﬁ%_

‘\ ]
Zb(r_,.t

electron 1 electron 2

w(r,.r.r)=
C('r )”(:"!.f)za(i'_... r) +Cb¢b(r1‘ r)Z(r(r_"‘r

irsa: 09120088 Page 58/71



Y A1)

e

G (1,.1) P (1,.1)
H‘ _%_
‘\
Zg,(-’}qf:

electron 1 electron 2

y(r,.r.r)=

ol (1) 2 (15 1)+ €y (1. 1) 2, (1. 1
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Zﬂ(f}.f)

a

gbu(’}"r) g/sb(rf“r-)
4—8 4-@ >
*
Zb("}‘f:

electron 1 electron 2

iy nid)=

C oo Do 1)+ o (1,1 2, (7,
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@, (r.1) @ (n.1)

Za(rz > t)

g

N\ L/

“ I .\Zb(rzat]

C, ¢

wr,rn;t)=
a1 Do 1)+ o (1,1 2, (1
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Za(rZ > t)

o, (r.1) @, (r.1)
“ I (1.1

C, ¢

w(r,n;t)=
a1 Do 1)+ o (7, 1) 2, (7,
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@, (r.1) @ (r.1)

Za(rZ 3 t)

g

. - Al
N - _%_

“ I \Zb(f‘z,fj

C, ¢

w(r,r;t)=
a1 Do 1)+ o (1. 1) 2, (1,
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Za(rz > t)

AGRIENAGR)
“ I Zp (1, 1)

C, ¢

w(r,rn;t)=
C (1o Do 1)+ o (1, 1) 2, (7,

H_J

occupied wave
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Za(rz > t)

AGRI I AGN)
“ I Zp (1, 1)

C Es

W(rja rz;t) =
D7t el 1, (1t

—’

occupied wave

di, (1 ]
C;t( ) ~— [VZS(rla rz:l t)] rlzia?ﬁsﬁlQ:;g(t

2



Pirsa: 09120088

Za(rz > t)

9,(r,0) B (1,0)
# :g;:. _%_
“ I X (15,1

C, ¢

w(r,r;t)=
b1 Do 1)+ o (1, 1) 2, (7,

H_J

occupied wave

dC, (1) _ 1
dt _mz

[VZS(rla rz: t)] r =471, =8, (!



Za(rz > t)

AGRIENAGR)
“ I Zp (1, 1)

C, ¢

w(r,r;t)=
a1 D La(rs 1)+ iy (D 1, (1

H_J

occupied wave

dC, (1 1
‘;CZ#( ) - [VZS(rla I2; t)] r =57y, =5, (1

fiaziEed £ 153
Pirsa: 09120088 i i3 231
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X A1)

e

X

‘\ Y
I Zb(}}‘f“
5

-

y(r.r.r)=
C a(l}.T)Z”(i':.f'+Cll¢b(l}.f)Zb(I}.f

H_J

occupied wave
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ITT 1 1
hsceiatiia e o)

@,(r,1) @ (r.1)
—

AV A,
K L

Y
c

1

y(r,.r,.1)=
Cng/sn("}‘ T)ZH(I}. r) +Cb¢b(’}‘ f)Zb(r_‘" r

%,_J

both waves occupied
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AGRIENAGR) IAGR)

Al A,
i g

y A
9 ‘

yr.r.r)=
Cﬂ'gba(’}‘ r)Za(IE“ f) +Cb¢b(’}“ r)Zb(r_'" r

%,_J

both waves occupied
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.....
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AGRIENAGR) IAGR)

yr,.r.lr)=
Ct‘f¢a(’}‘ I)ZH(I}" r) +Cb¢b(rf‘ r)Zh(r_"" '

%_J

both waves occupied

| time Failure of local causality



