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The Measurement Problem in Quantum Mechanics

(1) The wave-function of a system is complete, i.e. the 
wave-function specifies (directly or indirectly) all of 
the physical properties of a system.

(2) The wave-function always evolves in accord with a 
linear dynamical equation (e.g. the Schrödinger 
equation).

(3) Measurements of, e.g., the spin of an electron 
always (or at least usually) have determinate 
outcomes, i.e., at the end of the measurement the 
measuring device is either in a state which indicates 
spin up (and not down) or spin down (and not up).



  

The Measurement Problem in Quantum Mechanics
● The “standard” Copenhagen interpretation of QM 

modifies (2) to read:

(2')  The wave function evolves in accord with a linear 
dynamical equation until a measurement operation 
is performed on the system.

● Problem 1: There is no explanation for this fact 
(collapse postulate).

● Problem 2: We “drag” an observer into our 
metaphysical picture.

● Problem 3: The ontological characterization of a 
quantum system prior to its measurement is rather 
obscure (superpositions, fluctuations).



  

The Measurement Problem in Quantum Mechanics
● If we want to analyze the ontological implications of 

the measurement problem, we need to shift the 
accent from “observables” to “beables”. Hence, we 
should modify (3) as follows:

(3') Macroscopic systems always (or at lest usually) 
bear “classical” (viz., definite) physical properties.

● One could be tempted to discard (3') and retain (1) 
and (2) by invoking the mechanism of decoherence.

● Problem: Decoherence alone cannot do the job.
● Why not rejecting (1)?



  

Bohmian Mechanics
● Consider the 1-particle Schrödinger equation:

● Rewrite it in polar coordinates                     :



  

Bohmian Mechanics
● The first equation resembles the 1-particle Hamilton-

Jacobi equation:

● The second equation states the conservation of     
along the integral curves of                  :



  

Bohmian Mechanics
● In short, we can naturally interpret the above 

equations as describing the motion of a particle 
“guided” by the wave-function through a velocity 
field              : 

● Such particle has well-defined position and velocity 
at each instant and, hence, its trajectory is well-
defined as well. 

● Moreover, its evolution is deterministic.



  

Bohmian Mechanics
● Bohmian Mechanics (BM) is the simplest non-trivial 

Galilean-invariant theory of moving point-like 
particles.

● The fundamental beables of this theory are particles' 
positions in classical space. The configuration of a 
N-particle system is:

● The temporal evolution of such configuration is 
“choreographed” by a universal wave-function:



  

Bohmian Mechanics
● The main equations of the theory are:

● Then, the guiding equation for the k-th particle 
reads:



  

Bohmian Mechanics
● BM is a deterministic theory of local beables 

(particles, positions). However, its dynamics is non-
local. This fact is in agreement with the 
experimentally observed violations of Bell's 
inequalities.

● Quantum Equilibrium Hypothesis. For an ensemble 
of identical systems, each having the wave function   
 , the typical empirical distribution of the 
configurations of the particles is given approximately 
by         . In short, Born’s statistical law holds.



  

Bohmian Mechanics
● Standard interpretation of the double slit experiment:



  

Bohmian Mechanics
● Bohmian interpretation of the double slit experiment:



  

Bohmian Mechanics
● Another example: The Stern-Gerlach experiment



  

Bohmian Mechanics
● Another example: The Stern-Gerlach experiment



  

Bohmian Mechanics
● What is the Bohmian account of a quantum 

measurement?

●    is the effective  wave-function of the subsystem 
measured.

● There are no suporpositions or collapses:   
represents just the possible but unactualized 
“channels” available to the subsystem's particles.



  

Bohmian Mechanics
● Problem: What is the ontological status of the wave-

function in BM?
● Reply: It is a causal property essentially born by the 

particles' configuration as a whole. We will refer to 
such a configuration as a weave.

● Particle ontology:

● Weak essentialism for BM:

● We will refer to a wave-function of BM as a weaver.



  

Bohmian Mechanics



  

Bohmian Mechanics
● Under this metaphysical interpretation, Bohmian 

dynamics is the successive coming into being of a 
series of weaves whose ontological ordering is 
dictated by the related weavers. Such a dynamics 
turns out to be just the pattern of iterative 
instantiations of a causal relation         .

● Such characterization of Bohmian dynamics does 
not need to be grounded in a temporal  notion of 
becoming.



  

Bohmian Mechanics
● BM is a deterministic but non-local theory of local 

beables.
● It is empirically equivalent to standard QM.
● It solves the measurement problem.
● It deprives of metaphysical import the “Dirac picture” 

of QM.
● It can be extended to the special relativistic regime 

(BQFT).
● However, there seems to be no non-trivial fully 

Lorentz-invariant BQFT.



  

Bohmian Quantum Gravity
● Let us consider a hypothetical fully worked out 

causal spin-network theory of QG.
● Quantum-gravitational states that are not 

superposed are described by discrete structures 
made up of nodes linked by edges (e.g., spin 
networks), which are expressed pictorially as 
(labelled) graphs. Each graph represents a 
diffeomorphic class of graphs associated with an 
embedding in a 3-manifold Σ. These diffeomorphic 
classes of embeddings constitute a basis of the 
quantum-gravitational Hilbert space H.



  

Bohmian Quantum Gravity
● Nodes and edges in a graph represent contributions 

to eigenvalues, respectively, of volume and area 
operators defined on the Hilbert space of 
gravitational states.



  

Bohmian Quantum Gravity
● The dynamics is given by simple rules that involve 

“local moves” on graphs. These moves carry a 
partial ordering structure and, hence, they generate 
a history of graphs (e.g. spinfoams, space-time 
networks) where each graph generated at each step 
is connected to the precedent one by “null” edges 
that represent the microscopic equivalent of 
classical null geodesics. A given transition amplitude 
is associated to each possible dynamical move on a 
graph.



  

Bohmian Quantum Gravity



  

Bohmian Quantum Gravity
● The dynamical evolution of a generic quantum-

gravitational state is constrained by the Wheeler-
DeWitt equation:

● Problem of perennials: How can the theory then 
account for our “everyday” reality - which is local and 
temporal -, when the only meaningful observables 
compatible with the Wheeler-DeWitt equation are 
non-local and timeless?



  

Bohmian Quantum Gravity
● Problem of space: In general, a quantum 

gravitational state X  is a quantum superposition of 
semi-classical states. How can a classical 3-
geometry emerge from such an object?

● Problem of spacetime: The dynamics of the theory 
deals with probability amplitudes over state 
transitions defined in configuration space. What is 
the precise physical meaning of recovering a 
general relativistic evolution as a «continuum limit» 
of this microscopic dynamics?



  

Bohmian Quantum Gravity
● A Bohmian reading would consider the pictorial 

representation of a weave state X  as referring to a 
concrete structure made up of concrete objects and 
relations which, then, would be the beables of the 
theory.

● Consider the Bohmian account of a hypothetical 
measurement of volume with Planck-scale precision: 

● We can consider    as the effective wave-function 
associated to an elementary extension of space.



  

Bohmian Quantum Gravity
● For a generic “superposed” state, we will have:

● In general, any arbitrary sequence                           
is an effective wave-function associated to a region 
of space iff there exists a “path of edges” that 
connects all the nodes in the sequence                 .

● In short, the above condition represents the fact that 
we can decompose a region of 3-space in smaller 
and smaller parts until we encounter a mereological 
atom (an elementary extension of space).



  

Bohmian Quantum Gravity
● On a Bohmian reading, then, a weave state is a 

collection of atoms of space (nodes) that stand in a 
fundamental pre-metric adjacency relation. These 
are the beables of the theory.

● The dynamical evolution of such beables should be 
described by a suitable guiding equation (or weaving 
law) of the form:



  

Bohmian Quantum Gravity
● The metaphysical interpretation of the dynamics is 

the following.

1) A generic universal quantum-gravitational state 
satisfying the Wheeler-DeWitt equation represents 
all the actualizable weaves in a possible world.

2) The guiding equation describes the order of coming 
into being of such weaves and how they are 
“interlaced” by means of null edges.



  

Bohmian Quantum Gravity
● If this picture is correct, then the emergence of 

classical spacetime could just be a phase transition 
of such “stack” of weaves to a “condensed” state.

● Since the dynamical evolution is grounded in a 
fundamental causal relation, then the mechanism of 
emergence of spacetime does not rely on any 
spatial or temporal connotation.



  

Open Issues
● Implement the guiding equation.
● Adapt the quantum equilibrium hypothesis to a 

background independent context.
● Explain the non-covariance of Bohmian dynamics.



  

Further Reading
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