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The deBroglie-Bohm interpretation

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

"

"I saw the impossible done...



The deBroglie-Bohm interpretation for a single particle

The ontic state:  (yA(r),L) w(r,L
7R
Wavefunction Particle TN (;(I)

position

irsa: 09120088 Page 3/71



The deBroglie-Bohm interpretation for a single particle

The ontic state: (W(r)jg) w(r,t
7R

Wavefunction Particle TN (;(I)

position

The evolution equations:

2
ih oyr.1) = — h_ Vzl//(l',t) +V(r)y(r,t) Schrédinger's eqn

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

w(r,

The ontic state:  (yA(1),L)
7 X

Wavefunction Particle
position

N

The evolution equations:

2
ih oyir,1) = — .E_ V"'W(r,t) +V(rw(r,t) Schradinger's eq'n

ot 2m

ic;fl - i.[VS(r,t)] e (0) The guidance eq'n

where W(r,1)= R(l',,t)t&‘m(r’tmi
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The deBroglie-Bohm interpretation for a single particle

The ontic state:  (yA(r),L) yA(r,t
7R

Wavefunction Particle N 0

position

The evolution equations:

2
ih oy(r,1) = — E—VZI//(I',I) +V(r)w(r,t) Schradinger's eq'n

ot 2m

if;(fl = i—[VS(I’,I)] r=(t) The guidance eq'n

where W(r,1)= R(l’,t)eis(r’t)m
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iS(x.t) h

Given W(r.1)=R(r.t)e

The real part of the Schrodinger eg'nis:
g a2
C 'LS Tb - > :
—;—+( ) +0+1" =0
ct 2m

h- V- R(r.t
— The "quantum potential”

2m R(r.t)

j —

where (J(Tr.1)

The imaginary part of the Schrodinger eg'nis:

;(R3)+V.(R_v‘s):0

Cl i
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iS(r.t)

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

The real part of the Schrodinger eg'nis:
~C 2 v \2
C 'LS TLS - . .
7—+( ) +0+1 =0
ct o 2m

h- V-R(r.t
— The "quantum potential”

2m R(r.t)

e

where (J(r.1)

The imaginary part of the Schrodinger eg'nis:

Ot 1
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Newtonian form of the particle dynamics:

1 d -;’(f) = —[VTT( r)+ VO(r. r)] .
ar:

T

=2(1)

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

where (J(r.f)=—

The "quantum potential”

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

S Sy |
T|:( +(V') +§_)+I']=U

Cr 2m
d VSV Y. o
ct m

Taking the time derivative of the guidance equation gives:

de(t) 1 o

" = [V‘S (I, T)] r={(f)
dt I |

125 N g

Li E{f)z 1(( +LZEV)YS
dr” m\cr dr

Thus
d-C(t ) i _
s Poes ( ) = —[VT (r)+ V(__)(r,r)] —L(r}



Newtonian form of the particle dynamics:

1 d _;(f) — —[VI'(r) + VQ(r.,r)] )
ar”

=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:

1 d -;’(.,f) = —[VT'(]') - VQ(rJ)] .
ar-

-~ ™MD

=5(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

di(t) 1
2 [VS(r, t)]

r=5(s)
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G —

P e~

Epistemic state (assuming perfect knowledge of ¥/(1.7))

p(8)dS = the probability the particle is within dQ of <.

The "standard distribution”

(&)= &)

Note: it is preserved by the dynamics:

) 2
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then ple.f)= \W(_;J)
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Proof of the preservation of the standard distribution:

The velocity field is

v(r,1) = —l—[VS(r,t)]

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,t)]

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,t)]

m

The current density is:
i(r.2) = p(r,)v(r,1)
Conservation of 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,t)]

m

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

Conservation of probability implies

op(r,t) _ _V-i(nf) = V. [p(r,t)VS(r,t)
ot m

Pirsa: 09120088

J

Page 18/71



Proof of the preservation of the standard distribution:

The velocity field is

v(r,1) = -—l—[VS(r,t)]

m

The current density is:
i(r.2) = p(r,)v(r,1)
Conservation of probability implies
op(r,t : r.2)VS(r.t
p( )=—V-](r,2‘) :_V_ p( > ) ( > )
Ot m
Recall the imaginary part of the Schrodinger eq'n:

2
2(R2)+V-[R VS]:()
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:
i(r,2) = p(r,)v(r,1)
Conservation of probability implies
op(r,t : r.2)VS(r.t
p( ):_V_J(r?t) :_v_ p( > ) ( > )
ot m
Recall the imaginary part of the Schrodinger eq'n:

2
2(RZ)WLV-[R VS]
ot
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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:
Conservationof probability implies
op(r,t : r.2)VS(r.t
p( )=—V-](r,t) :—V' p( > ) ( > )
ot m
Recall the imaginary part of the Schrodinger eq'n:

2
Q(R2)+V-[R VS]:()
Ot

m
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1s orbital of Hydrogen atom

]yfﬁrﬂ

w(r.r):=:R(l‘)c"""‘q”'ﬁ

dC(1)
dt

S0

I

mn

[Y19(r:r)]

I=g(7)

=)

&



1s orbital of Hydrogen atom




w=.c¥,
J

"waves"” of the decomposition
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V= ZCJWJ
J

"waves” of the decomposition

(e Spatial support of ¥ Jth wave is occupied
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V= ZCJWJ
J

“waves" of the decomposition

(e Spatial support of ¥ Jth wave is occupied
C& Spatial support of ¥, Jth wave is empty
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Y= ZC;W;
J

“waves” of the decomposition

(e Spatial support of ¥/ Jsth wave is occupied
{¢ 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/ = l//” +l//b
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Proof of ineffectiveness of empty waves
l// — l//” s [//b
iSh iS./h iS, Ih
Re™" =Re™ +Re™
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Proof of ineffectiveness of empty waves
f// - l//” - l//b
iSh iS.Ih iS, /h
Re™" =Re™ +Re™

R> =R?> +R} +2R R, cos|(S, - S, )/ h]
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Proof of ineffectiveness of empty waves
W=y +y,
ReiSh — R oiS/h | p oiS/h
T ta b
R* =R?+R} +2R R, cos|(S, - S,)/h]
R2VS, +R>VS, +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
W=y, +y,
iSlh iS./h iS, /h
Re™ =Re™ +Re™

R* =R’ +R]} +2R R, cos|(S, - S, )/ h]

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

If RR, ~0

VS = R%
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Proof of ineffectiveness of empty waves
f// — l//ﬂr 4 l//b
iSh o iS,/h iS, I
Re™" =Re™ +Re™

R* =R’ +R]} +2R R, cos|(S, - S, )/ h]
R2VS, +R2VS, +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
W=y, +y,
iSlh iS./h iS, /h
Re™" =Re™ +Re™

R* =R?> + R} +2R R, cos|(S, - S, )/ 1]
R2VS, +R2VS, +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%:

 R®VS, +RVS,
R, +R;
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Proof of ineffectiveness of empty waves
v =y +y,
iSlh iS.Ih iS, /h
Re™" =Re™ +Re™

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

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 +R>VS
then RZ:R§+R£‘,2 and VS =2 R;+I}§f; g
a b
% —. i[VS(r’ I)] r=2(t) = V—‘S'a If ; € SUPPOI“"' Of I//ﬂ’
ooooooooooooo m e
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R e

Transmission through a barrier (probability 3)

Pirsa: 09120088 Page 37/71



/

/11 Ty
Vi
L/
V)

\ / /
/ /

[(
{

Beam splitter experiment
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The deBroglie-Bohm interpretation for many particles
The ontic state: (y(r, 1, ),5,,E,)

7 t

Wavefunctionon Particle
configurationspace  positions
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The deBroglie-Bohm interpretation for many particles
The ontic state: (y(r,,1;,),E,,5,)

7 t

Wavefunctionon Particle
configurationspace  positions

The evolution equations:

Schrédinger’s equation

L oy(r,r,,b) h’ h
ih f;t ’ :_2m Vlzw&lsrvt)_ 2

1 mZ

Va(r,r, ) +V (r,r)y(r,r,,f)
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The deBroglie-Bohm interpretation for many particles
The ontic state: (y(r,r,),E,,5,)

Wavefunction on Particle
configuration space

positions
The evolution equations:
Schrodinger’s equation
L owl(r,r,. t h’ h
ih ! ét 2:f) = 5 Viy(r,,r,, ) - 5 Vau(r,r,, )+ V (r,r)y(r,r,,f)
ml m?.

&, _ 1 |
dt m,

ac,(t) 1

dt N m_[vgs(rf’r2:t)lf=§1 (£).r2=8:(t) ~

irsa: 09120088

[VjS(rj > I I)]rfgi (t).r,=8,(t)

_ The guidance equation

Page 41/71
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The deBroglie-Bohm interpretation for many particles
The ontic state: (y(r,,1,),E,,.5,)

Wavefunctionon Particle
configuration space

positions
The evolution equations:
Schrédinger’s equation
L ow(r.r,.t h’ h
R (RN B M RSO (R AV RN
1 2

&, 1 :
dt m,

g, (1) 1
C;t N ; [VQS(r” ¥2> t)lf=;1 (), r:=8,()

_2 -
irsa: 09120088

[VjS(rj > I35 t)]r1=;j (t),r,=8, ()

_ The guidance equation

Page 42/71
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(.1, 1) = g (e, ) /‘Z{“'(l‘l.f} Product state
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YL, =9V (X,.1) 7 (5.1 Product state

— R1 (rp t)ex-sl (r;2) /A RZ (rza t)eng{rz L) h

S(n,r1,,1) = S,(x;, 1)+ S,(x;, 1)
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y(r.x,.1)=¢"V (x,.1) y¥(x,.1) Product state

— [\)1 (rp t)el-sl (r0) /A }?2 (rzj t)el'32 (r ) R

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

i, (1) 1 1
clit - m [VIS(rvrzst)] =t (), 1=, (1) E[V1S1 (rlst)] £ =L, ()
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y(r.x,.1)=¢"V (x.1) y¥(x,.1) Product state
=Rl(l' t)el'Sl(r;,f).’ﬁ Rz(r t)el'Sg{rz,t}fﬁ
1° 29
S(x,r,,1)=5,(r,1)+S,(r,,1)

& (1) 1
dt

1
[Vls(rprzs t)] =8y (), =Ly (1) ;[V1S1 (rl’t)] £ =L, ()

1 1

di.,(f) 1 1
21‘ - m, [st(rhrz’t)] =L, (), =0 () — m_z[vzsz (rz’t)] =L, (t)
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e, D=0V (E.0) 1™ (r.1) Product state
— f\’l(l'l,f)elsl (r;0) /A Rz(rz,f)elsz (r, ) A

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

dg, (1) 1 ]
cllt = m. V. S(r,,r,.1)] f=4; (), = (1) E[Vlsl("vt)] f=4 (©)

dg. (f) 1 1
;t - m, [VZS(rPrZ’t)] =4, (), 5=0 (&) — m_z[vzsz (!‘2,!)] ry=0s (£)

The two particles evolve independently
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w(r.r,.t)=¢"(x.1) y*¥'(r,.t)  Product state

— Rl (rp t)el-sl (r;0) /A Rz (l'z, t)eLS'z (r0) AR

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

dglgt)1 ! [VIS(l'przst)]

d - V.S, (rl’t)]

1 n=4; (), =50 m1 [

n=_4 (&)

di. (1) 1 1
éf - m, [st(rlsrvt)] n=L,(0), =0 (8) — m_z[vzsz (rzvt)] =L, (t)

The two particles evolve independently
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YA(x,.r,.1)= Z.C"_,-(ﬁ}“(l'«” g;‘“(r,r) Entangled state
-
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YAx,.r,.1)= Z@“iqfr;l'(l'lj) '/jj;“(l'_“f) Entangled state
-

(§,.5,) € support of ¢fl) (r,7) If—za(l'zsf) Jth wave is occupied
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YA(L.T,. 1) = ch.(/ﬁ»j“(q.r) /jj;‘”(l'_,.r) Entangled state
-

(§1BC2) € SUPPOM' Of ¢§1) (rpt) If;'z}(rzat) th wave IS OCCUPiEd
(§,.5,) € support of ¢§1) (r,,1) Zj.z’(rz,t) sth wave is empty
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AL, Tt )= Z ¢, (1;.7) 2{}‘2}(1’_,‘?) Entangled state
.

(§,-8;) € support of ¢§1) (r;,1) Zj'z}(rza‘t) Jsth wave is occupied
(§,.5,) € support of ¢§1) (r,,1) Zj.z’(rz,t) Jth wave is empty
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yAx. T, 1) = Z 4" (x.t) 77" (x1,.1) Entangled state
-

(§,,8,) € support of ¢F) (ry,1) Zj—z)(l'z,f) Jth wave is occupied
(§,.5,) € support of ¢F) {e.1) ,’gﬁ.z’(rz,t) Jth wave is empty

If only the Ath wave is occupied
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p(x.x,. 0= ¢4 (1.1) 7} (1,.1) Entangled state
-

(5,.8;) € support of g0 (x,0) 2(r,,1)  th wave is occupied
(§,.5,) € support of ¢§1) (r,,1) Zj.z’(rz,t) sth 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 ¢§U (ry,1) Z}z)(rpf) Jth wave is occupied

(§,.5,) & support of ¢§1) (r,,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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Y1, r)—Zc ¢ (x.1) 77 (1,.1)  Entangled state

(§,,8,) € support of ¢m (ry,1) Z(-z)(l'z,f) Jth wave is occupied
(§,.5,) € support of ¢{1) (r,,1) Z(z’(rz,t) Jth 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(lf"r) ¢b(,j“f)

Z{r(’}“ f)

e

e P
W, —ﬁ%—

“\ L |
Zb(r:‘r‘

electron 1 electron 2

W(r,.r.t)=

0. (Tl ) (T D)+ C 0 (06 2 (75
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¢ (1,.1) @, (1,.1)

_ﬂ%_

‘\ A
Z!}( ’:1' - f)
electron 1 electron 2

y(r,.r.t)=
H RGN AU ACNIV AN
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¢ (r,.1) (1.1

Zﬂ'(’}“ f)

e

"ﬂm- %
N L
‘\ b ]
Zh(r_'"r-‘
electron 1 electron 2

yr,.r.r)=
C(T¢('F( f}. rl)zt?(;}‘ r) + Chgbb(]}‘ r.-)Z[J(’:?‘ 4
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. (1;.0) ¢y (13.0) (D)
s

N ‘m.._
W L g
Zb( r_" > f:

electron 1 electron 2

Wir.rl)=

o Do (1o 1)+ Gy (s D 1, (1
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Za(rz > 't)

AGRIERAGR)
“ I Zp (13,1

C, ¢

wir,rt)=
(1 Do 1)+ o (1,0 2, (7 0

Pirsa: 09120088



Za(rz > t)

@,(r,1)  @,(n.1)

= <+ ™ 2 %
Y, L/

“ I \Zb(f‘z,fj

C, ¢

W(rp ?‘2;1') =
(1 Do 1)+ o (1, 1) 2, (7,
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AGRIEAGR) 2.5, 1)

= m.., s %
. L

“ I \Zb(rzat]

C, ¢

wr,rt)=
a1 Do 1)+ o (1,1 2, (7,
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Za(rz > t)

AGHIEAGR)

= m..._ e é
i, L

“ I ‘\Zb(rzaf]
C, C.

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

H_J

occupied wave
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Za(rz > t)

AR AGR)
! | %0

C, ¢

w(r, )=
C .1 Do 1)+ o (1, 1) 2, (7,

H_l

occupied wave

dC,(1) _ 1
dt _mz

[VzS(rla I, f)] r, =T, =¢, (¢



Pirsa: 09120088

Za(rz > t)

AGHIENAGR)

= ,m.., e é
N L/

“ I \Zb(?},f]

C, ¢

w(r,r:t)=
C#a(ﬁ,t)la(rz,d +cb|¢b(’}=t)lb(rzat:

H_J

occupied wave

dC,(1) _ 1
dt _mz

[VzS(rla I, t)] r, =i, =¢, (¢



Za(rz > t)

AGRIENAGN)
“ I Zp 15, 1)

C, ¢

wir,rt)=
(1 Do 1)+ o (1,0 2, (7,

H_J

occupied wave

d, () _ 1

| tfime dt m,

[VzS(rla I, t)] r, =T, =¢, (¢

HHE R

GBI ER

HHEH s

$13cEEL: s SEIE
LSS =s0 %] TH! !
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%73:1) Za(T2:1)

Aﬂhh, %
N
X \
| 2z
.

-

y(r,.r )=
c(lgﬂﬂ(!}. D (114 Cz.|¢1> (P07 (]

H_J

occupied wave

Page 68/71
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AGRIENAGR) IAGR)

Crrq/)rr("}‘ T)Z”(I‘_-.. f) +Cb¢b("}* I)Zb(r_h fﬁ

ﬁ_.d

[ Y. 150) =
|
¥
i

I";""‘::ﬁ".:l""h'l'"""

i both waves occupied
1 J-
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AGRIENAGR) IAGR)

g0 werns
o Cagba(’}‘r)Za(]}*r)+ch¢b(’}*r)Zb(r:*r:

‘%,_J

both waves occupied

SONAT AL LA s
PP

¥ $ Tt ¢
ey + iy
AEAMNRPINITIEEERE R ey Ay 7 - e
PPiEEy Wi o st b &
At h i AL =

- ll&-l-—ﬁrw-‘-dpil-w e
ST
i
Seerses s
FRREIE SRRk,
o P

ey
T
o
=k
o
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IR . Failure of local causality

@,(r,1) @ (r.1) 2.(r:D)
—} B
':»"}ur' _%\_-
‘ | %00
C; -

Y (r,.r.r)=
C(‘.rg/)ﬂ(.’}" r)Z(?(I:'."‘ r) +C{)¢l)(’}“ r)Zb(r_“* r

%,_J

both waves occupied




