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      3. Reduction and Emergence in Science: Reduction and emergence in physics Patricia Palacios patricia.palacios@sbg.ac.at Department of Philosophy Universität Salzburg July 21, 2021 SUMMER SCHOOL ON MATHEMATICAL PHILOSOPHY FOR FEMALE STUDENTS 1 / 60 Contents 1 Anderson’s More is Different 2 Symmetry-breaking 3 Phase Transitions and the thermodynamic limit 2 / 60 “Among the most frequently cited illustrations of such relatively complete inhomogenous reductions are the explanation of thermal laws by the kinetic theory of matter, the reduction of physical optics to electromagnetic theory, and the explanation (at least in principle) of chemical laws in terms of quantum theory. On the other hand, while some processes occurring in living organisms can now be understood in terms of physicochemical theory, the reducibility of all biological laws in a similar manner is still a much disputed question.” (Nagel 1970, p. 364) 3 / 60 Should reduction in physics be taken for granted? 4 / 60 Is there emergent behavior in physics? 5 / 60 Contents 1 Anderson’s More is Different 2 Symmetry-breaking 3 Phase Transitions and the thermodynamic limit 6 / 60 Anderson’s More is Different 7 / 60 The concept of “more is different” Fitzgerald: The rich are different from us. Hemingway: Yes, they have more money. (quoted in Anderson 1972) 8 / 60 The concept of “more is different” “The behavior of large and complex aggregates of elementary particles, it turns out, is not to be understood in terms of a simple extrapolation of the properties of a few particles. Instead, at each level of complexity entirely new properties appear, and the understanding of the new behaviors requires research, which I think is as fundamental in its nature as any other” (Anderson 393) 9 / 60 Reductionism vs. Constructionism • A reductionist position is the view that all natural phenomena are the result of a small set of fundamental laws. [microphysicalism/top-down explanation] • A constructionist position is one asserting that it is possible in practice to construct true descriptions of all non-fundamental phenomena by starting with descriptions of fundamental laws and whatever descriptions of specific fundamental facts are needed. [bottom-up explanation] 10 / 60 Anderson’s Thesis The truth of a reductionist position does not entail that the converse constructionist project will be successful. 11 / 60 “The main fallacy [...] is that the reductionist hypothesis does not by any means imply a “constructionist” one. The ability to reduce everything to simple fundamental laws does not imply the ability to start from those laws and reconstruct the universe.” (Anderson, 1972) 12 / 60 Different levels of description require different laws • “The more elementary particle physicists tell us about the nature of the fundamental laws, the less relevance they seem to have to the very real problems of the rest of science, much less to those of society.” • “In other words, the fact that science X is more fundamental than science Y , does not mean that Y is just applied X. At each stage entirely new laws, concepts and generalizations are necessary.” 13 / 60 Contents 1 Anderson’s More is Different 2 Symmetry-breaking 3 Phase Transitions and the thermodynamic limit 14 / 60 Symmetry Breaking I: The Ammonia Molecule Ammonia Molecule QM: QM: No stationary state has a dipole moment! 15 / 60 Symmetry breaking II: The Sugar Molecule Sugar Molecule 16 / 60 Symmetry breaking II: The Sugar Molecule Sugar Molecule It does not invert spontaneously in a finite time compared to the age of the universe! 16 / 60 “Usually, the state of a really big system does not at all have to have the symmetries of the laws which govern it: in fact it usually has less symmetry (e.g. cristal).” (Ibid, ibid) 17 / 60 The Thermodynamic Limit “It is only in the limit N → ∞ that [some] behaviors are rigorously definable (e.g. nucleus) ” (Anderson, 395) “Starting with the fundamental laws and a computer, we would have to do two impossible things – solve a problem with infinitely many bodies, and then apply the result to a finite system – before we synthesized this behavior” (Anderson, 395) 18 / 60 Contents 1 Anderson’s More is Different 2 Symmetry-breaking 3 Phase Transitions and the thermodynamic limit 19 / 60 20 / 60 Phase transitions are paradigms of emergent behavior (Lebowitz, 1999, p. S346) 21 / 60 For better or worse we are now witnessing a transition from the science of the past, so intimately linked to reductionism, to the study of complex adaptive matter, firmly based in experiment, with its hope for providing a jumping-off point for new discoveries, new concepts, and new wisdom. (Laughlin and Pines 2000) 22 / 60 Starting point... How is it that the macroworld of our experience arises out of behavior of the microconstituents of the everyday objects? 23 / 60 Two different theories, two different levels of description • Thermodynamics: Description of the states of thermodynamic systems at near-equilibrium, that uses macroscopic, measurable properties. • Statistical mechanics: It is a science that aims to account for the thermodynamic behaviour in terms of the dynamical laws governing the microscopic constituents of macroscopic systems and probabilistic assumptions. (Cf. Frigg 2008) 24 / 60 I. The Thermodynamics of Phase Transitions 25 / 60 First-order and continuous phase transitions δF 1 δV V = δP , β= V δP 26 / 60 II. Statistical Mechanical Treatment of Phase Transitions 27 / 60 First-order phase transitions F |Kn | = −κB T ln Z, (1) where Kn is the set of coupling constants and Z is the canonical partition function, defined as the sum over all possible configurations: X βH Z= e i. (2) i 28 / 60 Problem • The Hamiltonian H is an analytic function of the degrees of freedom. • It follows that the partition function, which depends on the Hamiltonian, is a sum of analytic functions. • This means that neither the free energy, defined as the logarithm of the partition function, nor its derivatives can have the discontinuities that characterize first order phase transitions in thermodynamics. • Taking the thermodynamic limit, which consists in taking the number of particles as well as the volume of the system to infinity N → ∞, allows one to recover those discontinuities and to provide a rigorous definition for the phenomena. 29 / 60 Symmetry-breaking phase transitions 30 / 60 The Paradox of Phase Transitions The following propositions are contradictory (Callender 2001): 1 Real systems have finite N 2 Real systems display phase transitions 3 Phase transitions occur when the partition function has a singularity (discontinuity). 4 Phase transitions are governed/described by classical or quantum statistical mechanics (through Z). 31 / 60 Rejecting statement 4 “Thermodynamics represents phase transitions and critical phenomena as singularities for very good reasons indeed. It does so because real systems exhibit physical discontinuities” (Batterman 2003, p. 14) 32 / 60 Rejecting statement 3 “Thus our first main claim will be that in some situations, one can deduce a novel behaviour, by taking a limit “N → ∞”. [...]. But on the other hand, this does not show that the N = ∞ limit is “physically real”. For our second main claim will be that in such situations, there is a logically weaker, yet still vivid, novel behaviour that occurs before the limit, i.e. for finite N. And it is this weaker behaviour which is physically real.” (Butterfield 2011, Butterfield and Bouatta 2011) 33 / 60 Other options? 34 / 60 Various questions... • Is the “need” for an idealization compatible with reduction? What justifies the use of infinite limits in the reduction of phase transitions? (The problem of reduction: Cf. Batterman 2002, Batterman 2005, Butterfield 2011, Butterfield and Bouatta 2011, Palacios 2019) • What type of explanation constitutes the explanation of phase transitions ? (The problem of the character of the explanation: Cf. Batterman and Rice 2014, Reutlinger 2018) • Does the idealization involved in phase transitions conflict with scientific realism? (The problem of realism: Cf. Butterfield 2011, Batterman 2002, Buttereld and Bouatta 2011, Palacios and Valente 2020) 35 / 60 The Problem of Reduction 36 / 60 Nagelian Reduction A theory TB reduces to another TA iff the laws of TB can be logically deduced from the laws of TA plus auxiliary assumptions. 37 / 60 Problem One cannot deduce the singularities/discontinuities of the free energy from finite statistical mechanics! 38 / 60 “For a system with a finite number of degrees of freedom, there can be no phase transitions. As a result, no derivation of the critical behavior described by thermodynamics from statistical mechanical considerations is possible. The philosopher’s reduction fails.” (Batterman 2004) 39 / 60 
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