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Abstract: The de Broglie-Bohm pilot-wave program is an attempt to formulate quantum theory (including quantum field theory) as a theory without
observers, by assuming that the wave-function is not the complete description of a system, but must be supplemented by additional variables
(beables). Although many progress has been made in order to extend the pilot-wave theory to quantum field theory, a compelling ontology for
qguantum field theory is still lacking and the choice of beable is likely to be relevant for the study of quantum non-equilibrium systems and their
relaxation properties (Valentini).

The present work takes its root in the fact that in the standard model of particle physics, all fermions are fundamentally massless and acquire their
bare mass when the Higgs field condenses. In our tentative to build a pilot-wave model for quantum field theory in which beables are attributed to
massless fermions, we are naturally led to Weyl spinors and to Penrose's zig-zag picture of the electron.

In my talk, I will sketch this tentative and insist on some of its remarkable properties. namely that a positive-energy massive Dirac electron can be
thought of as a superposition of positive and negative energy Weyl spinors of the same helicity, and that the massive Dirac electron can in principle
move luminally at all times.

Based on ajoint work with H. Wiseman.
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Overview

Summarize in one question:
How does the electron move?. . .in the pilot-wave theory
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@ The dBB pilot-wave theory

@ Standard model of particle physics
@ Weyl equations

@ The zig-zag electron

@ Relevance of all this
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dBB

The non-relativistic de Broglie-Eohm pilot-wave theory

@ Complete description for N particles: (1(t, X), X(t))

@ Equations of motion:

e Schradinger equation.
e Guidance equation.

J(t, X)
(¢, X)[2 | x=xt
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dBB

Ensemble
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dBB

Equivariance |l

o p(t,X) = [y(t, X)[2 if p(to, X) = [¢(t, X)P.
@ Consequence of

|
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e
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Vi = = where &y + Zﬁk Tk
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@ p(t,X) = |(t, X)|?: quantum equilibrium distribution
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dBB

Quantum non-equilibrium
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dBB

Relaxation to quantum equilibrium

Time evolution of quantum equilibrium

"Yk% d“:) «41‘

Non-equilibrium relaxes to equilibrium
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e 020fy, Valentini and H. Westman Proc. Roy. Soc. Lond. A
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dBB

Why quantum non-equilibrium?

@ Possibility to test PWT against standard QM.
@ Non-equilibrium in the early universe — relaxation (except
for exotic particles - relic non-equilibrium).

@ Interference with relic:

irsa: 10120070 Page 11/31




dBB

The pilot-wave theory for the Dirac electron

@ Dirac equation:

0.

(148, — m)w(t, %)

@ Conserved current j¥ = ¢yHa)

i

@ Velocity v = L

jU
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dBB

Pilot-wave for quantum field theory

@ Dirac-sea approach
@ particle and anti-particle approach
@ field approach
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dBB

Beta decay in the Dirac-sea pilot-wave theory
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dBB

Beta decay in the DGTZ model
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dBB

But things are not easy as they seem. ..
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dBB

Bare particle ontology

@ Schrodinger equation:

fd‘ﬂf» NN

@ Hamiltonian operator H involves bare particle creators and
annihilators.

@ Bare particle ontology.

@ Bare particle might have negative mass (cf classical model
of self-energy).
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Standard rmodel

Standard model of particle physics

@ The Higgs as the origin of the electron mass.

Reld)

@ Massless ontology for fermions seems fundamental.
@ Time at which the Higgs condensation takes place.
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Weyl equations |

@ Dirac equation:

(i3, — myp(t,X) =0 .

@ Gamma matrices in the Weyl representation:

o [0 I i [0 g w10 o*
f}f(lg 0)’ ’Y(a; 0)’ 'Y(Eﬂ 0/

@ m=0andy = (Z’ﬁ;) — two Weyl equations:
depr = & - Vep (#8401 = 0),
B = —& - Vibg (#8,nbg = 0).
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Weyl equations |l
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Weyl equations |l
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@ pos-E=right-handed
@ neg-E=left-handed
@ 4-current jp = wchrﬂ“’w,q

° 1 uﬂ(ﬁ)e—ﬂﬁhefﬁ-f

° 1 UL(ﬁ)eHﬁHefﬁ-f
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Weyl equations |l
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@ pos-E=right-handed
@ neg-E=left-handed
@ 4-current jp = wchrﬂ“’w,q

° 1 uﬂ(ﬁ)e—ﬂﬁhefﬁ-f

u (B)ePtePF

@ pos-E=left-handed
@ neg-E=right-handed
@ 4-current ji' = 1| ot

L (B)e—IBlt B
Q u(p)e ¢
+/(2m)3
° 1 uﬂ(ﬁ)eﬂﬁﬁefﬁ-f
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Pilot-wave theory for a single Weyl fermion

@ Let us consider the A case for instance.

® jb=1photyn

® V= jp/j} with |V| =1

@ Weyl fermions always move luminally

@ Not the case for the massless Dirac electron!

irsa: 10120070 Page 23/31



Trajectories for Weyl fermions
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Free Dirac QF T=Weyl QFT with interactions

@ Start from the massive Dirac Lagrangian:

L = p(in*0, — mpp .

@ Split ¢/ into 70y and 5.

@ Hamiltonian formalism.

@ Quantize the theory.

@ Massive electron? Eigenstates of the Hamiltonian.
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QFT Hamiltonian

@ Fields
X) = e~ IBIHBZ ot BY 1y (BYe BIHBE s (B
w0 \/? [ "plus ca(p) + u(p)e' "0, (B)

@ Free Hamiltonian:

e

B — [ o plBIIcL(B)ex(B) — CL(B)C(B)]

xeq LA}

@ Interaction Hamiltonian (mv,bL@bL + mepiyn):

Hi=m 3 [ dplatB)l(Plen(p) +a* (B)ck (BB
wefl, R}
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zig-zag

The zig-zag electron

@ Superposition of positive and negative energy Weyl
spinors:

€5 (B)) = B1(B)cL(B)|0w) + B2(B)CL(B)0w) -

@ Jump between the zig and the zag motion (jump-rate a la
DGTZ).

@ Spacetime representation:
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Penrose: The road to reality
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{a) (k)

Fig. 25.1 Zigzag picture of the electron. (a) The electron {or other massive
particle of spin }) can be viewed, in spacetime, as oscillating between a left-hanced
massless zig particle (helicity — é, as described by the unprimed 2-spinor a4 or, in
the more usual physicist’s notation, by the part projected out by '1 (1 —9s))and a
right-handed massless zag particle (helicity 4—%1 as described by the primed
2-spinor fip, the part projected out by %{ 1 4+ ;). Each is the source for the
other, with the rest-mass as coupling constant. (b) From a 3-space perspective,
in the ‘rest-frame’ of the electron, there is a continual reversal of the velocity
{always the speed of light), but the direction of spin remains constant. (For
reasons of clarity, the fipure is drawn not quite in the electron’s rest-frame, the

electron drifting slowly off to the right.)

Zig-Zag
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zig-zag
Relevance |’

t=4x t=8x
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Zig-zag

Relevance |l
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summary

@ Bare particle ontology in pilot-wave QFIs
@ Massless fermions as fundamental
@ massless Weyl or massless Dirac ontology

@ Relaxation simulations for massless fermions (Weyl or
Dirac)
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