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                    Abstract
Much of the the discussion of the metaphysics of quantum mechanics focusses on the status of wavefunctions. This paper is about how to think about wavefunctions, when we bear in mind that quantum mechanics—that is, the nonrelativistic quantum theory of systems of a fixed, finite number of degrees of freedom—is not a fundamental theory, but arises, in a certain approximation, valid in a limited regime, from a relativistic quantum field theory. We will explicitly show how the wavefunctions of quantum mechanics, and the configuration spaces on which they are defined, are constructed from a relativistic quantum field theory. Two lessons will be drawn from this. The first is that configuration spaces are not fundamental, but rather are derivative of structures defined on ordinary spacetime. The second is that wavefunctions are not as much like classical fields as might first appear, in that, on the most natural way of constructing wavefunctions from quantum field-theoretic quantities, the value assigned to a point in configuration space is not a local fact about that point, but rather, depends on the global state.
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                    Notes
	At least, on a quantum state monist approach. This does not preclude a Bohmian version of quantum field theory in which particles are added to the ontology.


	In the context of a relativistic theory, this story needs to be qualified with talk of approximate localization of a particle in \(R\) and the single-particle wavefunction being close to zero in the second state, but the conceptual point remains. See Sect. 4.2.1.


	Since one can believe in the reality of wavefunctions without accepting the other two conjuncts, the name is misleading. At a recent workshop on Spacetime and the Wavefunction (Barcelona May 21–22 2014), Nino Zanghì suggested configuration space fundamentalism as a less misleading alternative.


	As does Bell, in his well-known remark,“Either the wavefunction, as given by the Schrödinger equation, is not everything, or it is not right” (1987, p. 201).


	And it is the need for a choice of an association of operators with dynamical variables that makes it possible to have two common pictures of state evolution. On one—the Schrödinger picture—we keep fixed the association of operators with physical degrees of freedom, and depict a change of physical state via a change in state vector. On the other, the Heisenberg picture, we keep fixed the Hilbert-space vector that represents the state, and change the operator associated with a physical degree of freedom. Both of these depict a changing physical state.


	Strictly speaking, these are operator-valued distributions, which yield operators when smeared with appropriate test functions. But it is common, in the physics literature, and especially in textbooks, to call them field operators, and we will adopt this parlance. One should bear in mind, however, that \(|\mathbf {x,t}\rangle \), as defined by (25), is not a vector in our Hilbert space, though, for any square-integrable function \(f\),
$$\begin{aligned} \int d^{3} \mathbf {x} \; f(\mathbf {x}) |\mathbf {x},t\rangle \end{aligned}$$

is. We can think of \(|\mathbf {x},t\rangle \) as a mapping from functions \(f\) to Hilbert space vectors.


	Talk of local algebras will lead the reader to suspect, correctly, that the author has sympathy with the formulations of quantum theory favored by mathematical physicists, such as e.g. Streater and Wightman (2000); Haag (1996). It should not be inferred that there is any tension with standard textbook treatments; what has been called Axiomatic Quantum Field Theory is an attempt to put the standard theory on a sound mathematical basis, and the so-called axioms are intended to be precise formulations of assumptions made, implicitly or explicitly, in the usual treatments.
      (In particular, in this article there is no assumption being made that the theory is well-defined at arbitrarily high energies and at arbitrarily small distance scales. If the spacetime on which the theory is formulated is discrete or ill-defined at the Planck scale, then take what is said to be an approximation valid when dealing with distances large compared to this scale.)


	If you don’t know what this means, see the early chapters of almost any introductory quantum field theory text; one textbook that begins with nonrelativistic field theory is Greiner and Reinhardt (1996).


	We write this with a discrete index. But treating cases, such as the case of zero potential, in which we have a continuum of energy eigenvalues, proceeds analogously; in the next section we will consider the relativistic field with no external potential.


	Note that, since we started with a single, non-self-interacting field, subject only to external potentials, the potential energy for two particles is additive and contains no interaction term. If we had started with the classical theory of two or more interacting fields, we would have obtained creation operators for quanta of each of these fields, and the wavefunction corresponding to a state containing one of each type of field quanta would contain an interaction term.


	Not that counterintuitiveness would necessarily be objectionable!


	For discussion of these arguments, include the analogy with the EPR argument, see Norsen (2005) and Norton (2011).


	The colons \(\mathbf {:} \; \mathbf {:}\) indicate normal, or Wick ordering, in which annihilation operators \(\hat{a}(\mathbf {k})\), \(\hat{b}(\mathbf {k})\) occur to the right of creation operators \(\hat{a}^{\dag }(\mathbf {k})\), \(\hat{b}^{\dag }(\mathbf {k})\).


	To get a sense of the magnitude of Compton wavelengths, for an electron the Compton wavelength is about 1/137th of the Bohr radius of the Hydrogen atom, and for a proton, it is smaller by a factor of 18 million.
      For those who care, the quantity
$$\begin{aligned} D(\mathbf {x} - \mathbf {x}') = \langle \mathbf {x}', t|\mathbf {x},t\rangle \end{aligned}$$

can be calculated explicitly, and is given by
$$\begin{aligned} D(\mathbf {x} - \mathbf {x}') = \frac{\mu }{ 4 \pi ^{2} r} K_{1}(\mu r), \end{aligned}$$

where \(K_{1}\) is a modified Bessel function of the second kind, and \(r = |\mathbf {x} - \mathbf {x}'|\). See Weinberg (1995, p. 202).


	Note that we did not take a counterfactual limit, such as \(c \rightarrow \infty \), of the sort that worries philosophers, nor did we consider any idealization. We employed approximations valid for certain regimes.


	See the first section of Jackiw (1990) for an introduction to this unfamiliar representation of quantum field-theoretical states.


	See Wald (1994) for the classic overview.
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