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Introduction
e Bohm's pilot wave model for the electromagnetic field (1952).
e Extension: scalare fields, massive spin-1 fields, non-abelian gauge theories
(Bohm. Hilev. Holland. Kaloverou, Valentini, Struvve).
e No working model for fermionic quantum field theorv, wrth fields as beables.
e T'wo attempts: Holland "88. Valentini "92.
e Problems:
— Valentini's model lacks a probability densitv for his beables (Struyvve 2005).
— Hollands model do not exhibit effective collapse which is essential for a pilot-

wave model in order to reproduce the quantum statistics.
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e Do we reallv need beables for the fermionic degrees of freedom?

e Bell's model for spin: no beable for the spin degree of freedom. Spin is a
property of the wavefunction: v, (X).

e Our model for quantum electrodynamics: no beables for the fermionic degrees
of freedom. Fermions are a property of the wavetunctional: v ¢(q1, ¢2).

e All fermionic fields are without exception gauge-coupled to bosonic fields.
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Outline of the talk

e General frame work.

e Bell's model for spin.

e Effective collapse and equivalence with quantum theory.

e Review of Bohm's 1952 pilot-wave model of the electromagnetic field.

e The model for quantum electrodvnamics (QED).
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(zeneral frame work

e Suppose we have two Hilbert spaces H,;, 1 = 1.2 with bases B(H,;)

{ [o3)

e Consider now the product Hilbert space H = H;

o; € 0, }’ where the (), are some label sets.

Hs>. The set
BI '}L{,l . H_, } — |1‘J]__f)-;l: |”1- r)j:} = |”1.:3' |M3_'1-,' |r; = BH Y e—1. 3 (1)

then forms a basis for the product space.

e In this basis a quantum state |¢') can be expressed as

W) = E (o1, 02)|01, 09). (2)
01,02
e The corresponding densitv matrix reads
;—; — |.' i:.' | = E ) k-:f_ll, 09 1 'I:r)l, 09 _:I|1‘J'l_ r.ij? {O1.09]. I 3'
|'_"]_ L _'.*
l'.T']_.".TiL

e [n the basis B(H; © H>) the coefficients of the density matrix are
iR e, I,rJ‘I: 01.09.01.09) = U '* (07.09)107. 09 | | (4 fage 15/42



e Suppose now we want to introduce beables only corresponding to the degree
of freedom 0. One can do this bv considering the reduced densitv matrix

;;1 — Tl_}_ﬁ: E E.‘*I:r_;rl.f}j Juwlor, 09

01.01,02

01){01]. (5)

In the basis B(H,) this matrix has coetficients
P1lo:01) = E U (01. 02)U (01, 03). (6)
Oy

e The probability of finding the system in the state |0} is given by

plor) = prlog;0q) |,_

e Potentially one can interpret p(o;) as a density of beables corresponding to
the degree of freedom 0. Given the Schrodinger equation, the velocity field
for these beables can then be found by considering the continuitv equation

for the density p(o1). Holland 93, Squires '94. Goldstein et al.’05.
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with

: . h | ( k -
J = E ( = {7 ‘.- : V Ay - V 'If :I — _._.-"%_ 1_._. i '“. 1 | J_ f |
2Tt
e The guidance equation is then given by
dx ] :

dt J.'J.

e This 1s Bell's model for h]}ill,
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Effective collapse and quantum statistics

e Suppose the state has evolved into the superposition

jl

(%) = V(%) + P (x).

o If we have

(N

L (x Jar,

il
we say that the states are non-overlapping.
e From (20) it follows that the velocity field takes the form
&= J* d= M5

T or = ——
H?f' f')"l-' UF?"' JHI-—I

(i) A s () N i T ¢

by}

il
_EEE 1/9l2)
M S (i

il

e 1) —1 Veaad-—11

(19)

i IERRE: - (z) e Te A
Al ) f"').ljju
! L f i ' !

e Hence we see that the particle beable x 1s always effectively guided by either
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Pilot-wave model for the free electromagnetic field

e EM field quantized in the Coulomb gauge (V - A =0, 4; =0)

Hp = —i [J‘H- (ﬁr ik & ‘Tfﬁf) (24)

Vrﬁrzvvﬁr

0 (25)

e . _ 3 Wer ) =
[Af (x), T} (y)] = 1 (ﬂ" T \—-‘?) o(x —y) (26)

e Fourier modes

i l : ) 3 PR o
;LT[}{] TR E /:f”ffr P = K)g (k)
NI '
| ) =g

e 1 S o
H:T[}{:] = - s i Z /{;-J‘;ﬁ _-"k‘l_";{k_ﬁl:-ff.-f .:_k} jT_:,
T 3 r ; '

[@(k). 7r(K)] = iowi(k — K).  [a(k). @(k)] = [m(k), 7r(k)] =0 (28)
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e Functional Schrodinger picture

— Basis for the Hilbert space Hp

g k)lq.q) = qk)|q.q2). 1 =1. 2} (29)
— Operators

(q1.q. fla(k) |;J,_r£ . ‘1’-!3- I = q(k)o(q — ri'i JO(ga — "1’-’1 )
)

k) |rj£ : ‘1’-!3- Yy = —

(q1-qa2. Ir']-"I: iy - {fi ] qo — rj;} (30))

{irj;f k J

— States
|"~D[i‘:| ) = /'Dfﬂpgglp[;ﬂ. Q. f:‘|fj1,u'j_- (31)

— Functional Schrodinger equation for W(qy. qa.t) = (g1, qo| V(#))

H'}_qu[:rﬂ - 2, iy —

2| —

: 52
d’k | — - R '3 I k j' JF I. k . 1‘1“ (1. qo.T)
/ ( e I | k | O 7, .'T# I k | T qil 4 v ) l' {1, 42 /

Pirsa: 05090014 Page 26/42



14

e Pilot-wave model (Bohm 1952)

—s Continuity equation for |¥(qy, ¢2.%)]* = | (q1. 2| (1))
r;fl.t"*:[jljr .(11"I‘_—|— Ilki’ f':?LI—”
[W(q1. ga- 1) Z / mj i, G2
with ;
0
JilK:q1.q2.1) = Im (‘If (q1.Go. 1) ———— 0 V(g . qo. ?‘})

‘}g |

— Introduce field beables (k. f). for [ =

— Guidance equation
g k. t) Jilk:q1.qo. 1

M 2 |1:[I|'rfl_rj:,_]*:||j

— Field beables are distributed according to |V (g, ¢o. ?*}|j
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e Reproducing quantum theory
— Branching of the wavefunction: ¥ — ¥ +Ws. U0y =0

— Effective collapse Uy + Wy — Uy

((h (t): QE(t))

(QI 7 QE)

— Macroscopically distinct states are non-overlapping in the configuration

pisa: 05000014 Space of fields Page 29/42
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e Similar pilot-wave models for the other bosonic fields in the
Standard Model:

—s The wealk interaction bosons Z

|l.

W W (massive spin-1 fields)
— The strong interaction field A?

— The Higgs field and spontaneous symmetry breaking

Pirsa: 05090014 Page 30/42



The model for quantum electrodynamics

e QED in the Coulomb gauge (V- A =0_4, = _%EJ,"?*]

- 1 T~
H = = /rf'J.." (H ]__[ :1 T 1—1 )
7.4
! € J_LJ.!I:_'F f
—+ /r.fﬂ:ll..r'f.ﬁ'.%u B TR VAT

T 1 g ﬁl’][ X ) ﬁl’][ V)
— [:f”,r'g’—l ol + = /rf’”.f'ff"ﬁj /) A
y Ar|x —y|
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e Representation and Schrodinger equation

e

>

Pirsa: 05090014

Product Hilbert space H = Hp @ HF
Basis for bosonic and fermionic Hilbert spaces
B{Hg) = {|"j1~ o) @T{k)]rﬂ. G) = rjg[k f'|rﬂ_ q2) . I—1 f}

B(Hr) = {|f)}

Product basis

B(H) = {|*‘fl- @) @ |f) = |a. ¢ ?L}
States

(W(t)) = Z /P:ﬂ'pgj‘lf_;-[;ﬂ_ g2-t)|q1-qo. f)
P

Schrodinger equation for W ¢(q;.q2.1) = (q1.q2. f|¥(1))

1) flgr.q2.T) = Z Er_f_l,mj: q, —.".-.f;?'___-" r"‘;.-j )\ g1, g2, t)
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e The pilot-wave model

— Density matrix
§ ! I k ! \ § \ oAy
Prelqr. q2.qy, qa) = W *fi' >+ ) flaqr-g2, 1) (43)
— By tracing out over the fermionic degrees of freedom we obtain the reduced
density matrix

Plg. 42, fjl r}_h ) Z Pl 1, ga; q’i, :f;, i) — Z III.‘;.u;_ ‘fi' rir.’rl, f}llf;_.-.;:.:ﬂ_ Ga. 1)

' (44)

— Continuity equation for p(qy. g2, t) = plqi. q2; 1. @2. 1) = e |V (g1, g2. )|

Yol . qo. t) + E Ik Jik:q.q.t) =0 (45)
hplaqr.qo.t) B ,/( ,wd{ 71- @ (45)
with
)
lekr g T — Im "'~If|r Ggo.T)———— W e Go. 1) (46 )
1. 42 E ( 1. 42 squk flq1. g2 ) |20
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— Introduce field beables rf,.'{k.f}. forl =1.2

— Guidance equation
x‘?;j.,-{k_f] L .f,:ik::ﬂ_fjj.f} (A7)
ot plar g2, 1) R

— Beables are distributed according to p(q1.qo.1) = Er W qr. go. t)|?

Pirsa: 05090014 Page 34/42



e Reproducing quantum theory
— We have effective collapse when
Ui(qr. q2.t) =0 (qr. go. t) + U (@1, g2, 1)
11!}“ (g1.qo,. 1)W Iﬁ { qr.q2.t) =0, N
— Example:

W) = ) 0) + [0 [e)

with
U™} and |5") — different states of the system
[P}y and |,y — radiation coming from the system

E.o. light scattering of a needle.
In our representation:

(=] .

Ue(qr. @2, G- @2 1) = Uy 1 (q1, 2. 1)V (q1. 2. 1)

[ 5)

—|—"~If_'_ﬂ,t , Lq1- go. ?'L:"*If.[jr] | fjl : J’E—;}. t)

{ L™ 3 ]

risososcos 1E Wy * and W, " are macroscopically distinet then we have effective collapsesage s



— Introduce field beables ¢;(k.t). for [ = 1.2

— Guidance equation
‘(I}‘j."-[k- ?LI : .}rl.‘l:l{j;i']_, 2, IF ."_j:—'u
ot plar- g2, 1) i

— Beables are distributed according to p(q1.go.1) = Er W sl qr. go. t)|?

Pirsa: 05090014 Page 36/42



Pilot-wave model for the free electromagnetic field
e EM field quantized in the Coulomb gauge (V - A =0, A; =0)

—~ 1 B L e n S Py BT
ngﬁ[;f'}.r' m -1 — A -‘T‘A) (24)

Y. A Vi

0 (25)

& B £ /5 .00, 3 : -
[Af (%), I} (y)] =1 (”-’ I v--?) o(x —y) (26)

e Fourier modes

== l E \ = PR —
;Emjz:jﬂﬂijfmm*%um@k
{ 2IE T~ '
(2Zujpi=< .

~ 1 — S
HI,T['}{] T T Z /;f';'f;r _"'k'l_“':;.;:k_j.i?,- (k) (27)
2B =T |

[a(k). 7r(K)] = ik — K).  [q(k). (K] = [@(k). 7r(K)] =0 (28)
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e Reproducing quantum theory

— We have effective collapse when

‘l:[f.;- I::;Ii']_, o ]"LI —— 1Ifl'f.l ) || q1- . f’| -+ "-.I.FI:;.E:I '. q1. 2. f’|

s Efl | (g1.q2, 1) Iﬁ | (qr.q2.t) = 0, ‘}LF Tt
— Example:
V) = | '1 ) )| 1 N+ Uy ) )| 5
with
1T) and |05y — different states of the system
(U} and |¥)”) — radiation coming from the system

E.o. ljj_*;llt scattering of a needle.

In our representation:

(=) .

Uelqr, @2, q1- 2. 1) = Wy (@1, g2, ?‘:"I’{l'r"-'i*’fl- G2. 1)

[ 5)

—|—1"~If_'_ﬂ,t r (g1 go. t) \If.[;] | fjl : "E‘E' t)

i ey
| 2k}

y (r) (1) . - . - i
risososcos 1f Wy * and W, " are macroscopically distinet then we have effective collapsesage s
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e Conclusion
— We presented a pilot-wave model for quantum electrodvnamics
— Beables correspond to bosonic degrees of freedom of the quantum
state, not to fermionic degrees
— One can extend this pilot-wave model to the Standard Model of high energy

physics
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The model for quantum electrodynamics

e QED in the Coulomb gauge (V- A =0.4; = —")
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The model for quantum electrodynamics

1 Dy

e QED in the Coulomb gauge (V- A =0_4, = —vz) )
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