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                    Abstract
On standard accounts of scientific theorizing, the role of idealizations is to facilitate the analysis of some real world system by employing a simplified representation of the target system, raising the obvious worry about how reliable knowledge can be obtained from inaccurate descriptions. The idealizations involved in the Aharonov–Bohm (AB) effect do not, it is claimed, fit this paradigm; rather the target system is a fictional system characterized by features that, though physically possible, are not realized in the actual world. The point of studying such a fictional system is to understand the foundations of quantum mechanics and how its predictions depart from those of classical mechanics. The original worry about the use of idealizations is replaced by a new one; namely, how can actual world experiments serve to confirm the AB effect if it concerns the behavior of a fictional system? Struggle with this issue helps to account for the fact that almost three decades elapsed before a consensus emerged that the predicted AB effect had received solid experimental support. Standard accounts of idealizations tout the role they play in making tractable the analysis of the target system; by contrast, the idealizations involved in the AB effect make its analysis both conceptually and mathematically challenging. The idealizations required for the AB effect are also responsible for the existence of unitarily inequivalent representations of the canonical commutation relations and of the current algebra, representations which an observer confined to the electron’s configuration space could invoke to ‘explain’ AB-type effect without the need to posit a hidden magnetic field. The goal of this paper is to bring to the attention of the philosophers of science these and other aspects of the AB effect which are neglected or inadequately treated in literature.
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                    Notes
	Two recent and admirably clear, but contrasting, accounts of idealizations can be found in Norton (2012) and Weisberg (2007, 2013).


	A classic presentation of the theoretical and experimental aspects of the AB effect is to be found in Peskin and Tonomura (1989). A more up to date summary of experimental results and applications is to be found in Tonomura (2010). For a sampling of the philosophical literature on the AB effect, see Batterman (2003), Healey (1997, 2007), Lyre (2001, 2009), Mattingly (2006), Maudlin (1998), Nounou (2003), and Wallace (2014).


	Approximations are used in deriving a quantitative expression for the AB phase shift; but these approximations are under good mathematical control (see Sect. 5).


	This point is argued in detail in Shech and Gelfert (2016).


	The most explicit and detailed account of the exploratory role of idealizations is to be found in Shech and Gelfert (2016); see also Shech (2015, Section 7), who also discusses methodological and pedagogical roles of idealizations. But philosophers have not been completely deaf to such themes; see Redhead (1980) and Yi (2002).


	
Shech (2015) and Shech (2017)) are notable exceptions.


	However, simplification and computational tractability are most certainly not features of some of the most discussed cases of idealization, such as the thermodynamic limit in models of phase transitions; see Ruetsche (Ruetsche 2011, pp. 284–287).


	The most complete extant account of the pre-history of the AB effect is to be found in Hiley (2013).


	“ I]nfinitely repulsive barriers do not really exist” (Magni and Valz-Gris 1995).


	The line integral of \(\varvec{A}_{\infty }\) for a closed path in \({\mathbb {R}}^{3}\backslash {\mathcal {S}}_{\infty }\) encircling the solenoid is non-zero whereas \(\int _{S}\varvec{\nabla }\times \varvec{A{\mathbf {\cdot }}dS}=0\) for any surface lying wholly in \({\mathbb {R}}^{3}\backslash {\mathcal {S}}_{\infty }\).


	This transformation will appear in a new guise in Sect. 5.1.


	A linear operator A on a Hilbert space is self-adjoint iff A is symmetric (a.k.a. Hermitian) and A’s domain coincides with the domain of the adjoint of A.


	\(L^{2}(X)\) denotes the Hilbert space of complex valued square integrable functions on X. No explicit reference to measure is needed since in all the applications considered Lesbegue measure is used.


	\(C_{0} ^{\infty }(X)\) stands for the smooth functions of compact support on X. This is the standard “test function” space used in rigorous mathematical treatment of Hilbert space operators.


	For the relevant mathematical background, see Reed and Simon (1975, Section X.1).


	The reader who wants to get a feel for what is going on here may wish to start with the toy example in Reed and Simon (Reed and Simon 1975, Section X.1). The Hamiltonian operator \(-d^{2}/dx^{2}\) for a free particle moving on the truncated real line \((R,\infty )\), \(R>0\), is not essentially self-adjoint on the domain \(C_{0}^{\infty }(R,\infty )\). There is a one-parameter infinity of self-adjoint extensions corresponding to different boundary conditions on the wave function as \(x^{+}\rightarrow R\).


	
Shech (2015, 2017) argues that the standard account of the AB effect is flawed because it offers no satisfying justification for choosing the Dirichlet boundary conditions. I agree. But I argue below that this choice makes no difference for the predicted phase shift; where it does make a difference in predictions for scattering of electrons off the cylinder. And for reasons given below I do not think that, by themselves, the results of de Oliveira and Pereira (2008) justify the choice of Dirichlet boundary conditions. But I emphasize that the de Oliveira and Pereira (2008) results are important for the confirmation of the AB effect (see Sect. 8).


	What strong resolvent convergence means is roughly this. Consider a sequence \(\{H_{m}\}\) of self-adjoint Hamiltonian operators on \(L^{2}({\mathbb {R}}^{3})\) and the associated one parameter groups \(\{U_{m}(t)\}\) obtained by exponentiating the \(H_{m}\)s. Suppose that there is a unitary group U(t) such that \(\psi (t):=U(t)\psi _{0}=\lim _{m\rightarrow \infty }U_{m} (t)\psi _{0}\) for all \(\psi _{0}\in L^{2}({\mathbb {R}}^{3})\). Then the strong resolvent limit \(H_{\infty }\) of \(\{H_{m}\}\) can be defined as the generator of U(t).


	The discontinuity should not be conflated with so-called multi-valuedness.


	The wave packet of the electron can, to good approximation, remain within the connected region \({\mathcal {R}}_{1}\) (or \({\mathcal {R}}_{2}\)), but the tails of the wave packet will be spread throughout the electron’s configuration space.


	Manipulations of this sort can be found in many texts; see for example Nakamura (1990, pp. 356–359). The cynic might say that this derivation looks like a case of seeing the result one wants and working backwards to an Ansatz that will generate it. There is nothing wrong with such a procedure as long as the Ansatz can be justified.


	An example of this broad understanding is to be found in Eskin (2013) where the AB effect is taken to mean that there are solutions to the Schrödinger dynamics where “a physical quantity such a probability density ...or probability current ...depends on the gauge equivalence class of the magnetic potential” in situations where the magnetic field vanishes in the electron’s configuration space.


	Recall that according to ordinary non-relativistic QM—which is assumed in most of the discussions of the AB effect—the wave function spreads infinitely fast.


	It would be interesting to compare the underdetermination in this cases with the underdetermination is cosmological models where the event horizon of an observer is analogized to the infinite potential barrier in the AB setup.


	This should come as no surprise. For if \((\overline{\varvec{P}}_{x},\overline{\varvec{P}}_{y} ,\overline{\varvec{P}}_{z})\) were unitarily equivalent to \((\overline{p}_{x},\overline{p}_{y},\overline{p}_{z})\) then the Hamiltonian \(\overline{{\mathbf {p}}}^{2}\) would be unitarily equivalent to the Hamiltonian \(\overline{{\mathbf {P}}}^{2}\) and, thus, since the former does not produce an AB effect neither should the latter, which is false.


	One of the subtleties here is that although \(\varvec{p}\) and \({\mathbf {P}}=\varvec{p}-\alpha {\mathbf {M}}\) are essentially self-adjoint, their corresponding Hamiltonians are not.


	But precisely because of the infinite propagation speed, it is not evident how the hydrodynamical formulation provides for local action. More on the locality issue below.


	When the donut hole of the torus is plugged by an impenetrable barrier, making the electron configuration space simply connected, the predicted scattering cross section does not depend on the amount of flux in the torus.


	The reader will recognize the running together of two uses of the hydrodynamical formulation of QM: to argue against he existence of the AB effect for idealized circumstances vs. to argue that in actual circumstances falling short of the ideal, detection of a phase shift does not provide confirmation of the AB effect.


	This option is pursued by Mattingly (2006).


	
Wallace (2014) argues that the AB effect requires neither a rejection of gauge invariance nor a novel form of nonlocality.


	Recall the discussion of Sect. 5.3


	Of course, mathematically interesting questions can be asked about quantization of fields on a non-simply connected physical space; but this is another matter.


	In this authors opinion, there is no substantial connection between the two types of nonlocality. Bell nonlocality derives from the entanglement of quantum states over local observables whereas the AB effect reveals a nonlocal aspect of quantum observables. But this is a matter for another occasion.


	For similar criticisms of standard accounts of idealizations see Shech (2015) and Shech and Gelfert (2016).
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