Bohmian conditional wave functions

(and the status of the quantum state)

...some illustrative toy models in support of a half-baked idea...



Context...

e |sthe world local or non-local?

— QFT? @ @

— Two Bell’s theorems? / \
e ..but which kind of nonlocality?

— Nonlocal dynamics vs. nonlocal beables @ @
Outline:

1. Bohmian Mechanics

Conditional Wave Functions (CWFs)

Semi-Classical Approximations

The Bohmian Double Semi-Quantum (BDSQ) Approximation
Why??
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1. Bohmian Mechanics (aka dBB pilot-wave theory)

» Wave function \j — \I](q’ t) satisfying Schrodinger’s equation:
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That’s it!



The world according to dBB:
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2. Bohmian CWF (Conditional Wave Function)

The “Psi” appearing in the definition of the theory is not the wave function one normally
deals with in QM. It is instead the wf of the universe. So it is not immediately obvious
how the fundamental postulates of the theory relate to the textbook QM formalism!

But it does... Bohmian Mechanics provides a very natural way of defining the wave
function of a sub-system — the so-called “conditional wave function” [1] :
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Note that the “guidance equation” (according to which the wave function “conducts” the
motion of the particles) for each particle can be re-expressed in terms of that particle’s
CWEF:
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Claim: the Bohmian CWF is the familiar wave function of textbook QM.



Case 1: Subsystem decoupled from environment:

Assume V(x,y) = V(x) + V(y) (...and no initial entanglement...)

Then the solution of the Schrodinger equation takes the form:

U(g,t) = oy, 1)B(y, 1)

so (up to an overall normalization factor) the CWF is just the obvious sub-system
wave function:

O(T;, 1) = (@, t)B(Y (1), ¢) ~ o, 1)

and the CWF obeys an obvious sub-system Schrodinger equation (with an extra
time-dependent constant term in the potential since the CWF isn’t normalized):
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So the Bohmian CWF behaves just like an (unnormalized) textbook QM wf in the
kind of situation where textbook QM says wfs obey Schrddinger’s equation.



Case 2: What if the subsystem does interact strongly with its
environment (as happens, for example, in a “measurement”)?

Toy Model: Energy measurement on a 1D particle-in-a-box

¢ z
—r—
S ——— X Energy-Measurement-Devices-R-Us

H=H,+H,+ H.+\H, (p, + p-)



Initial condition: W(z,y,2,0) = | Y catbn(x) | Go(y)Gol(z)

n

Exact solution:  W(z,, 2, t) Z Cnton (2)e G (y — ANE ) Gy(z — AE,t)

Bohmian trajectory for some random
initial condition X(0), Y(0), Z(0).
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Note: the expression for the Bohmian velocity dQ/dt is a little
unusual due to the unusual interaction term in the Hamiltonian.



Movies of the CWFs for the PIB and one of the pointer particles...

(Note that for these initial conditions, the final positions of the pointer particles
correspond to the “n=2" outcome for the energy measurement.)
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Same thing but for different X(0) which happens to give “n=4

(Note that both CWFs are the same, initially, as before!)
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Summary so far:

Bohmian CWFs not only evolve in accordance with Schrodinger’s equation when
the textbook wave function is supposed to, they also collapse when the textbook
wave function is supposed to do that (and in exactly the right way, and with exactly
the right statistics, etc...).

But they do this “automatically” — without any fundamental distinction between
‘process 1’ and ‘process 2’ or any division of the world into ‘speakable’ and
‘unspeakable’ or anything like the ambiguities/inconsistencies that give rise to
ordinary QM’s infamous ‘measurement problem’. They behave properly purely as
a mathematical consequence of the two fundamental equations on the earlier
slide.

So... if one of the major questions of the conference is “Might QM emerge from
some underlying theory, and if so, what might that look like?” Bohmian Mechanics
should be considered very seriously as a viable answer. It provides a
straightforward realist account of what the world might be like, and it genuinely
explains the textbook quantum formalism (including wf collapse, but also including
operators-as-observables [1] and other things | haven’t stressed here).

Now move from standard Bohmian Mechanics to extensions, approximations, and
half-baked ideas...



3. Semi-Classical Approaches:

Consider a 2-particle system, say 2 interacting SHOs:
A 0% 1 0% 1
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If (say) M >>m, we might treat the system semi-classically:
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where ... in the “orthodox” semi-classical treatment

X = (P]x[))

But ... in the Bohmian semi-classical approach

X=X satisfying 9% _ Elm (@)
dt m Y

=X
See Refs [2], [3], [4], [7] for discussion, numerical examples...



Derivation of BSC approximation:

Bohmian description of two-particle system:
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(See [7] for applications to field theory, gravity, etc.)



4. Bohmian Double Semi-Quantum (BDSQ) Approximation

There is no particular reason that we have to treat one of the two particles classically...

We can instead split the two-particle quantum system into two (interacting) one-particle systems, each
of which we treat just as we treated the quantum half in the semi-classical treatment:
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...and of course Bohmian particles, each guided by its own one-particle wave-function.

Note that this scheme will exactly reproduce the ordinary Bohmian particle trajectories (and hence the
empirical predictions of ordinary QM) if the two particles are (and remain!) unentangled. Soitisin
some sense a “small entanglement approximation” (SEA). [6]



Simple example: two interacting (equal mass) SHOs:

H = Hipo + Hipo + A\ij
At At
Exact Solution: |¥(t)) = cos (E) 11,0) — 7 sin (a) 0, 1)

BDSQ results: ¢ (z,t) = ag(t)yC(z,t) + a1 (8)07"9 (2, t)
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Qualitative behavior is right, but quantitative details aren’t quite right...
... hot shocking since this was a (rather uncontrolled!) approximation scheme.



BeyO N d B DSQ not to be confused with > [y LR]
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Include the neglected terms by introducing new “fields”:
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(etc.) obeying their own dynamical Schroedinger-type equations (e.g.)
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...or maybe some other way of packaging/sorting all the structure that’s left out of BDSQ...

This remains work in progress... but there must exist some sensible, converging expansion
here which moves the BDSQ approximation toward the exact results by introducing
additional beables which capture (what is described in ordinary QM as) entanglement.



5. Who cares? Why bother??

* May prove useful as novel (uniquely Bohmian) approximate treatment of
many-body systems

* But my interest is more metaphysical:

This guy is weird 2>

To me it is certain that QM emerges from something deeper. (Measurement
problem!) Bohmian mechanics seems to me to provide the best available
candidate for an underlying theory, largely because it gives a perfectly clear
and comprehensible account of local beables (the particles) in terms of which
we can recognize the familiar 3D world. But the universal wave function is, to
me, a very strange kind of thing (living as it does in configuration space) and |
never got the hang of interpreting it as a “law”. Reformulating BM in terms of
single-particle pilot-wave (3-space) fields(and more...) seems like a promising
avenue toward a Theory of Exclusively Local Beables (TELB).



Matt Liefer’s “Explanatory conservatism”
(applied in a way he would probably disagree with!):

“If there is a natural explanation for a quantum phenomenon
then we should adopt an interpretation that incorporates it.”

—> Particles guided by fields in 3D.



The Bohmian “TELB” vision in a picture:
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Figure 2.2: Albert vs Norsen

(From C. Callender, “One World, One Beable”, Synthese 2014)
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