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       Holes in the Hole Argument: Substantivalism and Symmetries Imogen Rivers imogen.rivers@balliol.ox.ac.uk Introduction Substantivalists believe that spacetime points exist. Is substantivalism tenable given modern physics? • Earman and Norton (1987) say no. • Most people say yes (Brighouse 1994; Rynasiewicz 1994; Pooley 2006). • In this talk, I wish to carve out a path between what I call naïve and sophisticated substantivalism; I argue for learned substantivalism. This sheds light on the roles of symmetries in physical theories. Structure 1. Three types of substantivalism 2. Substantivalism and the Hole Argument 3. The roles of symmetries in spacetime theories 1. Three types of substantivalism The semantic conception: each theory is associated with dynamically possible models (DPMs). • The DPMs of a theory specify the objects which the theory refers to and the laws that these objects obey. Space of DPMs: D. Example: in general relativity (GR), D consists in triples 𝑀, 𝑔𝑎𝑏 , 𝛷 Manifold Matter fields Metric field where the metric and matter fields satisfy Einstein’s field equations and certain dynamical equations. 1. Three types of substantivalism Realism and interpreting DPMs • Realism: interpret our best theories more-or-less literally. It seems that realists should be substantivalists. • To pick out the ontological content of a given theory T, construct an “interpretation map” from D to the space P of possible worlds. • Models are physically equivalent when they correspond to the same possible world. Otherwise, models are physically distinct. 1. Three types of substantivalism Two phases of interpretation (Caulton 2015): Phase One: Fix the empirical content of a theory • “a minimal [interpretation]…[which] hook[s] up the formalism with the empirical evidence” (Zinkernagel 2011: 218) • Observationally indistinguishable (isometric) models are candidates for physical equivalence. Phase Two: Fix the ontological content of a theory • Which isometric models are physically equivalent? Terminology • Models M1= 𝑀, 𝑔𝑎𝑏 , 𝑇𝑎𝑏 and M2= 𝑀, 𝑔𝑎𝑏 ′, 𝑇𝑎𝑏 ′ are diffeomorphic iff, for some diffeomorphism φ, 𝑔𝑎𝑏 ’= φ* 𝑔𝑎𝑏 and Tab’= φ*Tab, where φ* is φ’s pull-back map. • M1 and M2 are isometric iff 𝑔𝑎𝑏 ’= φ* 𝑔𝑎𝑏 . 1. Three types of substantivalism Three ways to interpret isometric models Fig. 1.1 Maximum Decreasing literality literality Naïve view Learned view Sophisticated view 1. Three types of substantivalism The naïve view: • Transformation φ relates physically equivalent models iff φ is the identity on M Fig. 1.2 D P M1 W1 M2 W2 M3 W3 1. Three types of substantivalism Problems with the naïve view: 1. Physicists often interpret diffeomorphic (thus, isometric) models as physically equivalent. Example: “diffeomorphisms comprise the gauge freedom of general relativity” (Wald 1984: 438; cf. ibid: 260; Hawking and Ellis 1973: 68), where “gauge invariant [quantities]…represent physical quantities” (Hobson et al. 2006: 443). 2. The naïve view is under-motivated The predictive success which drives the No Miracles Argument for realism is primarily about observational differences between possibilities. 1. Three types of substantivalism The sophisticated view: φ relates physically equivalent models iff φ is an isometry D P Fig. 1.3 M1 W1 Isometric models M2 W2 M3 W3 1. Three types of substantivalism Physicists don’t seem to be sophisticated: • “While relativists do often speak as if solutions of general relativity are [physically] equivalent [iff] isometric, they drop this way of speaking when asymptotic boundary conditions (like asymptotic flatness at spatial infinity) are in view” (Belot 2018: 967). • Example: For asymptotically flat GR-models: “one is led to choose as the new configuration space the metrics on [M]…modulo diffeomorphisms which can be continuously deformed to the identity” (Wald 1984: 467 fn.2, my emphasis). 1. Three types of substantivalism The learned view: φ relates physically equivalent models iff φ is an isometry and φ asymptotically approaches the identity map at spatial infinity Fig. 1.4 D P Isometric M1 W1 models, identical M2 W2 at spatial M3 W3 infinity 1. Three types of substantivalism Why prefer the learned view to the sophisticated view? Reason #1. • On the sophisticated view: Energy and angular momentum are well-defined for asymptotically flat solutions, but… we wouldn’t be able to think of them as generating non-trivial time-translations and rotations at infinity “because one would have thrown away the structure required to make sense of such notions” (Belot 2018: 970). • Sophisticated substantivalists “should be at least wistful when they notice that they cannot relate [the ADM mass] to time translation invariance” (Belot: personal communication). 1. Three types of substantivalism Why prefer the learned view to the sophisticated view? Reason #2. • Belot: under standard approaches to quantizing classical theories, “the quantities that generate gauge symmetries are quantized by operators with zero as the only member of their spectrum” (2018: 968). • Angular momentum generates asymptotic rotations. • The sophisticated view implies that asymptotic rotations are gauge symmetries, which prohibits states with non-zero angular momentum. • Whilst rotating systems might turn out to be impossible in quantum gravity, “it would be outrageous to impose this by fiat” (ibid). 1. Three types of substantivalism Why prefer the learned view to the sophisticated view? Reason #3. • Recent treatments of GR by physicists seem to support the learned view of the interpretation map. • A principle of charity to physics practice: in the interpretation of such practice, we should interpret the claims made by physicists truly, when possible (cf. Williamson 2005). • What are the implications of the learned view for substantivalism and symmetries? 2. Substantivalism and the Hole Argument Metric and matter fields can be spread over the manifold in different ways in general relativity. Fig. 2.1 Fig. 2.2 Hole- diffeomorphism (Norton 2019) For any model M1, there is a model M2 which agrees outside the hole but differs from M1 therein. 2. Substantivalism and the Hole Argument Determinism is true according to theory T iff, for any worlds W1 and W2 at which T holds: if W1 and W2 agree on all facts at time t, then W1 and W2 agree on all facts at all other times. The Hole Argument (Earman and Norton 1987) P1. Suppose substantivalism. P2. Substantivalism→(M1 and M2 are physically distinct). P3. (M1 and M2 are physically distinct)→¬determinism. C. Therefore, determinism is false according to GR. But “determinism…should fail for a reason of physics”. So substantivalism must be false (Earman and Norton 1987: 524). 2. Substantivalism and the Hole Argument Substantivalists against P2: Reply #1 Naïve substantivalism + Metrical essentialism (Maudlin 1988, 1990) • Spacetime points possess geometrical properties essentially → at most one of hole-diffeomorphic models corresponds to a possible world, so substantivalism does not generate indeterminism. • Motivation: Earman and Norton (1987) concede essentialism about points’ topological and differential properties, why not metrical ones too? • Problem: physicists seem to treat at least some non-trivial isometric solutions of GR as physically equivalent. 2. Substantivalism and the Hole Argument Substantivalists against P2: Reply #2 Sophisticated substantivalism (Brighouse 1994; Rynasiewicz 1994; Pooley 2006) • Adopt the sophisticated view: models related by a hole-diffeomorphism form a subset of a class of physically equivalent, isometric solutions. • Motivation: isomorphism is the standard of identity in mathematics, and isometry is the standard of isomorphism for Lorentzian manifolds (Weatherall 2018: 335). • Problem: some isometric solutions should be interpreted as physically distinct, namely those which differ by a time-translation or spatial rotation at infinity. 2. Substantivalism and the Hole Argument Substantivalists against P2: Reply #3 Learned substantivalism • Models are physically equivalent iff they are related by an isometry which is trivial at spatial infinity. • M1 and M2 are isometric and agree on which points instantiate which properties at spatial infinity → physically equivalent. • The advantages of this view relative to the naïve or sophisticated views, as we’ve seen, are manifold. • So substantivalists should be learned, which suffices to escape the best challenge to substantivalism. • What might learned substantivalism mean for the interpretation of symmetries in physical theories? 3. The roles of symmetries in spacetime theories What is a symmetry of a physical theory? • A symmetry of an object is a transformation on that object which preserves certain salient feature(s) of it. • A symmetry of a physical theory is a transformation on D, for a given theory T, which preserves certain physical quantities. • Denote the set of all physical quantities: QΦ • Define: a symmetry of T as a bijection on D which preserves (the values of) some physical quantities Q’⊆QΦ. 3. The roles of symmetries in spacetime theories Two roles of symmetries in physical theories: 1. Symmetries are associated with representational redundancies and preserve all physical quantities: Q’=QΦ (i.e. “gauge symmetries”). Call these non-physical symmetries. Examples: ❑Seiberg: “general covariance is a gauge symmetry…[which] represent[s] a redundancy in our description of the theory” (2007: 169) ❑Zee: “the electromagnetic gauge transformation 𝐴𝜇 → 𝐴𝜇 − 𝜕𝜇 Λμ…tells us that the two gauge potentials 𝐴𝜇 and 𝐴𝜇 − 𝜕𝜇 Λμ describe the same physical state” (2010: §III.4). 3. The roles of symmetries in spacetime theories 2. Symmetries are associated with conservation laws (via, say, Noether’s and Schur’s theorems). Such symmetries relate physically distinct solutions: Q’⊂QΦ. Call these symmetries physical symmetries. Examples: Belot (2013) discusses five types of symmetries applied in physics (classical, generalized, nonlocal, variational and Hamiltonian symmetries), which relate physically distinct models. When does a given bijection on D count as a non-physical or physical symmetry? 3. The roles of symmetries in spacetime theories On the learned view: • A bijection on D is a non-physical symmetry iff it is an isometry trivial at spatial infinity. • Other bijections on D, which preserve formally-defined features of interest to physicists, are physical symmetries. 3. The roles of symmetries in spacetime theories Contrast with Caulton (2015): • Analytic (i.e. non-physical) symmetries are bijections on D which preserve the values of all physical quantities. • Synthetic (i.e. physical) symmetries, by contrast, need not preserve all physical quantities, but merely certain ones. • Caulton: “maximis[e] the number of the theory's analytic symmetries, subject to empirical adequacy” (ibid: 161). • Isometric models are observationally indistinguishable • But, pace Caulton, isometric models are physically distinct when they disagree by time-translations or spatial rotations at infinity. 4. Conclusion • Section One. Defends learned substantivalism: spacetime models are physically equivalent iff related by an isometry trivial at spatial infinity. • Section Two. Learned substantivalists are immune to the best recent objection to substantivalism, viz., the Hole Argument. • Section Three. Two roles of symmetries in physical theories: • Non-physical symmetries preserve all physical quantities and generate representational redundancies. • Physical symmetries preserve only certain physical quantities and are associated with conservation laws. • Pace Caulton (2015), learned substantivalism, not sophisticated substantivalism, offers the best account of symmetries as they are used in physics. Appendix 1: Section 1 The semantic conception: each theory is associated with certain models. • The kinematically possible models (KPMs) of a theory specify the objects in terms of which the theory is defined. Space of KPMs: K. Example: in general relativity (GR), K consists in triples 𝑀, 𝑔𝑎𝑏 , 𝛷 , where M is a differentiable manifold, gab a Lorentzian metric field on M, and Φ a placeholder for the matter fields. Appendix 1 (cont.) • The dynamically possible models (DPMs) of a theory specify those KPMs which satisfy the dynamical laws of a theory. Space of dynamically possible models: D. Example: in GR, D consists in those KPMs which satisfy Einstein’s field equations, Gab = 8πTab (where Gab is a function of gab and Tab is one of the Φ), and the dynamical equations of the other matter fields Φ. • In order to understand a physical theory, let’s interpret its DPMs. Appendix 2: Section 1 Asymptotic flatness in GR: • Example: finite, isolated self-gravitating systems (with vanishing cosmological constant Λ) • Equip manifold with a non-physical flat background Minkowski metric ηab • Solve Einstein’s field equations • Boundary condition: at spatial infinity in any direction, the metric gab is arbitrarily similar to ηab over sufficiently small regions (Belot 2018: 964-965; Christodolou: 2008: ch.3; cf. Andersson 1987). • Ashtekar et al. (1991): solutions are physically equivalent iff they are related by an isometry that is asymptotic to the identity at spatial infinity. Appendix 3: Section 1 The learned view matters when modelling the universe: • The reasons which we have for adopting the learned view in asymptotically flat systems seem to apply to our universe itself. • Our universe appears asymptotically like de Sitter spacetime in which each isometry may again be factored into asymptotic physical transformations (such as asymptotic time- translations and spatial rotations with corresponding conserved physical quantities) and an isometry which acts trivially at infinity (Anninos et al. 2011; Ashtekar et al. 2015; Kelly and Marolf 2012). Appendix 4: Section 2 The Radical Indeterminist Reply: Grant C (Full) Determinism is true iff for any worlds W1 and W2: if W1 and W2 agree on all facts Interpretative at time t, then W1 and W2 agree on all facts at all other times. Qualitative Determinism is true iff for any worlds W1 and W2 : if W1 and W2 agree on all Formal qualitative facts at time t, then W1 and W2 agree on all qualitative facts at all other times. (see Hawthorne 2006; Pooley forthcoming; Teitel 2019). Norton (2019): only qualitative determinism should fail for a reason of physics since only qualitative differences matter in physics. Problem: physicists distinguish possibilities based on non-qualitative differences between possibilities (e.g. time-translations/spatial rotations at infinity). Appendix 5: Section 2 The Einstein Algebra Response: Reject P1 • Worrall (1989): the NMA for realism works only for those features of our theories which are indispensable to their success, namely structures/relations between objects. • Geroch’s (1972) Einstein algebra reformulation of GR emphasises the manifold’s differential structure rather than the point set. • So Earman (1989) proposed rejecting P1 in favour of realism about algebraic structure. • Problem. Rynasiewicz (1992): there is a one-to-one correspondence between algebraic and tensor models of GR such that “to every hole diffeomorphism on manifolds, there corresponds a hole homomorphism on algebras” (Bain 2003: 1078). Appendix 6: Section 3 What are physical quantities? • Caulton (2015): a quantity is a function from K into some value-space V, which is a “logical space” à la van Fraassen (1967) and Stalnaker (1979). Set of quantities: Q. • The set of physical quantities is QΦ⊆Q. • Models which agree on all the QΦ are physically equivalent. • Define: a symmetry of T as a bijection on D which preserves (the values of) some physical quantities Q’⊆QΦ. Bibliography • Ashtekar, A., Bombelli, L., and Reula, O., 1991, “The Covariant Phase Space of Asymptotically Flat Gravitational Fields” in M. Francaviglia (ed), Mechanics, Analysis and Geometry: 200 Years after Lagrange, Amsterdam: North–Holland: 417 – 450 • Ashtekar, A., Bonga, B. and Kesavan, A., 2015, “Asymptotics with a Positive Cosmological Constant: I. Basic Framework”, Classical and Quantum Gravity 32: 025004 • Belot, G., 2008, “An Elementary Notion of Gauge Equivalence”, General Relativity and Gravitation, Vol.40(1): 199 - 215 • Belot, G., 2013, “Symmetry and Equivalence”, in R. Batterman (ed.), The Oxford Handbook of Philosophy of Physics, Oxford: Oxford University Press: 318 - 339 • Belot, G., 2018, “Fifty Million Elvis Fans Can’t be Wrong”, Nous 52(4): 946 - 981 • Brighouse, C., 1994, “Spacetime and holes”, in Hull, D., Forbes, M. and Burian, R. (eds.), “Proceedings of the 1994 Biennial Meeting of the Philosophy of Science Association”, Vol. 1, Philosophy of Science Association, East Lansing, MI: 117–125 • –––, 1997, “Determinism and Modality”, The British Journal for the Philosophy of Science 48(4): 465 - 481 • Butterfield, J., 1989, “The Hole Truth”, British Journal for the Philosophy of Science, 40: 1 - 28 • Caulton, A., 2015 “The role of symmetry in the interpretation of physical theories”, Studies in History and Philosophy of Modern Physics: 153 – 162 • Dasgupta, S., 2016, “Symmetry as an Epistemic Notion (Twice Over)”, British Journal for the Philosophy of Science 67(3): 837 – 878 Bibliography • Earman, J., 1979, “Was Leibniz a relationist?” in French, P., Uehling, T., and Wettstein, H., (eds.), Midwest Studies in Philosophy, volume 4: 263–276, University of Minnesota Press, Minneapolis, MN • –––, 1989, “World Enough and Space-Time”, Cambridge: MIT Press • Earman, J. and Norton, J., 1987, “What Price Spacetime Substantivalism? The Hole Story”, The British Journal for the Philosophy of Science Vol. 38, No. 4: 515 – 525 • Geroch, R., 1972, “Einstein Algebras”, Communications in Mathematical Physics 26:271 – 275 • Greaves, H., and Wallace, D., 2011, “Empirical Consequences of Symmetries”, The British Journal for the Philosophy of Science, 2014, Vol. 65(1):59-89 • Hawking, S. and Ellis, G., 1973, “The Large-Scale Structure of Space-Time”, Cambridge: Cambridge University Press • Hobson, M. P., Efstathiou, G. and Lasenby, A. N., 2006, “General Relativity: An Introduction for Physicists”, Cambridge University Press • Kelly, W. and Marolf, D., 2012, “Phase Spaces for Asymptotically de Sitter Cosmologies”, Classical and Quantum Gravity 29: 205013 Bibliography • Lutzky, M., 1978, “Symmetry groups and conserved quantities for the harmonic oscillator” in J. Phys. A: Math. Gen. 11: 249 – 258 • Maudlin, T., 1988, “The Essence of Space-Time”, PSA: Proceedings of the Biennial Meeting of the Philosophy of Science Association 1988: 82 – 91 • Maudlin, T., 1990, “Substances and space-time: What Aristotle would have said to Einstein”, Studies in History and Philosophy of Science Part A 21(4): 531 – 561 • Norton, J., 2019, “The Hole Argument”, Stanford Encyclopedia of Philosophy • Norton, J., 2019, “The Hole Argument Against Everything”, Foundations of Physics 50: 360 – 378 • Pooley, O., 2006, “Points, particles, and structural realism” in Rickles, D., French, S., and Saatsi, J. (eds.), The Structural Foundations of Quantum Gravity, Oxford University Press, Oxford: 83-120 • –––, 2013, “Substantivalist and Relationist Approaches to Spacetime”, in Batterman, R. (ed.), The Oxford Handbook of the Philosophy of Physics, Oxford: Oxford University Press: 522-586 • –––, 2017, “Background Independence, Diffeomorphism Invariance, and the Meaning of Coordinates”, in Lehmkuhl, D., Schiemann, G. and Scholz, E. (eds.), Towards a Theory of Spacetime Theories, Vol. 13 of Einstein Studies, Birkhauser, Basel: 105-143 • –––, forthcoming, “The Hole Argument” in Knox, E. and Wilson, A. (eds.), The Routledge Companion to the Philosophy of Physics, Routledge Bibliography • Rynasiewicz, R., 1992, “Rings, holes and substantivalism: On the program of Leibniz algebras”, Philosophy of Science 59:572 – 589 • –––, 1994, “The lessons of the hole argument”, British Journal for the Philosophy of Science 45: 407–436 • Seiberg, N., 2007, “Emergent Spacetime”, in Gross, D., Henneaux, M. and Sevrin, A. (eds.), The Quantum Structure of Space and Time, Singapore: World Scientific: 163–178 • Teitel, T., 2019, “Holes in Spacetime: Some neglected essentials” Journal of Philosophy Vol.141(7) : 353 - 389 • van Fraassen, B., 1967, “Meaning relations among predicates”, Nous 1: 161-79 • –––, 1980, “The scientific image”, Oxford: Oxford University Press • –––, 1989, “Laws and symmetry”, Oxford: Clarendon Press • –––, 2000, “The semantic approach to scientific theories”, in Sklar, L. (ed.), Philosophy of Science volume 2: The Nature of Scientific Theory: 175-194, Garland Publishing, Inc.: New York • –––, 2008, “Scientific representation: Paradoxes of perspective”, Oxford: Oxford University Press • Wald, R., 1984, “General Relativity”, Chicago: University of Chicago Press Bibliography • Wald, R. and A. Zoupas, 2000, “General Definition of ‘Conserved Quantities’ in General Relativity and Other Theories of Gravity, Physical Review D 61: 084027 • Wallace, D., 2019, “Observability, redundancy and modality for dynamical symmetry transformations”, Available online: http://philsci-archive.pitt.edu/16622/ • –––, 2021, “Observability, redundancy and modality for dynamical symmetry transformations”, Available online: • http://philsci-archive.pitt.edu/18813/7/observing-symmetries%20w%20Noether%20addition.pdf • Weatherall, J. O., 2018 “Regarding the ‘Hole Argument’”, The British Journal for the Philosophy of Science, Vol. 69(2):329 – 350 • Williamson, T., 2005, “Contextualism, subject-sensitive invariantism and knowledge of knowledge”, The Philosophical Quarterly, 55(219): 213-35 • Worrall, J., 1989, “Structural realism: the best of both worlds?”, Dialectica 43: 99 – 124 • Zee, A., 2010, “Quantum Field Theory in a Nutshell” (2nd ed), Princeton: Princeton University Press • Zinkernagel, H., 2011, “Some trends in the philosophy of physics”, in Theoria—An International Journal for Theory, History and Foundations of Science, San Sebastian, Spain, Vol. 26(2): 215-241 
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