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                    Abstract
This paper expounds that besides the well-known spatio-temporal problem there is a causal problem of entanglement: even when one neglects spatio-temporal constraints, the peculiar statistics of EPR/B experiment is inconsistent with usual principles of causal explanation as stated by the theory of causal Bayes nets. The conflict amounts to a dilemma that either there are uncaused correlations (violating the causal Markov condition) or there are caused independences (violating the causal faithfulness condition). I argue that the central ideas of causal explanations can be saved if one accepts the latter horn and explains the unfaithful independences by a stable fine-tuning of the causal parameters.



                    
    


                    
                        
                            
                                
                                    
                                        
                                    
                                    
                                        This is a preview of subscription content, log in via an institution
                                    
                                    
                                        
                                     to check access.
                                

                            

                        

                        
                            
                                
                                    Access this article

                                    
                                        
                                            
                                                
                                                    Log in via an institution
                                                    
                                                        
                                                    
                                                
                                            

                                        
                                    
                                    
                                        
 
 
  
   
    
     
     
      Buy article PDF USD 39.95
     

    

    Price excludes VAT (USA)

     Tax calculation will be finalised during checkout.

    Instant access to the full article PDF.

   

  

  
 

 
  
   
    Rent this article via DeepDyve
     
      
     

   

  

  
 


                                    

                                    
                                        Institutional subscriptions
                                            
                                                
                                            
                                        

                                    

                                

                            
                        

                        
                            Fig. 1[image: ]


Fig. 2[image: ]


Fig. 3[image: ]


Fig. 4[image: ]


Fig. 5[image: ]


Fig. 6[image: ]


Fig. 7[image: ]


Fig. 8[image: ]


Fig. 9[image: ]


Fig. 10[image: ]



                        

                    

                    
                        
                    


                    
                        
                            
                                
        
            
                Similar content being viewed by others

                
                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Stochastic Independence and Causal Connection
                                        
                                    

                                    
                                        Article
                                        
                                         02 October 2014
                                    

                                

                                Michael Strevens

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Local Causality and Complete Specification: A Reply to Seevinck and Uffink
                                        
                                    

                                    
                                        Chapter
                                        
                                         © 2015
                                    

                                

                                
                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Causality as a theoretical concept: explanatory warrant and empirical content of the theory of causal nets
                                        
                                    

                                    
                                        Article
                                        
                                         04 February 2015
                                    

                                

                                Gerhard Schurz & Alexander Gebharter

                            
                        

                    
                

            
        
            
        
    
                            
                        
                    

                    

                    

                    Notes
	The measurement settings have often been called ‘parameters’ in the discussion about Bell’s theorem. Since the latter term is rather unspecific and might lead to confusions with the parameters of causal models (see fn.15), I shall not use it for the measurement settings of EPR/B experiments.


	We shall use the convention to denote variables in bold fonts, e.g. \(\varvec{\alpha }\), and corresponding values of variables in normal font, e.g. \(\alpha \); specific values of variables are indicated by an index, e.g. \(\alpha _+\).


	Assuming e.g. the maximally entangled state \(\psi = (|+\rangle |+\rangle + |-\rangle |-\rangle ) / \sqrt{2} \), the correlations are given by
$$\begin{aligned} P(\alpha \beta | a b \psi )&= {\left\{ \begin{array}{ll} \frac{1}{2}\cos ^2 (a-b) &{} \text {if } \alpha = \beta \\ \frac{1}{2} \sin ^2 (a-b) &{} \text {if } \alpha \ne \beta . \end{array}\right. } \end{aligned}$$

                    (1)
                


                           

	I have not evaluated actual measurement data but have calculated these statistical facts from the theoretical probability distribution (1) of quantum mechanics, which is well-known to correctly describe the empirical findings.


	Note that this is not the usual form of the Markov condition (which rather says that a variable in a causal graph is statistically independent of all its non-effects given its direct causes; Spirtes et al. 1993, sect. 3.4.1), but the formulations are equivalent and the present formulation (which is sometimes called‘d-separation criterion’, cf. Pearl 1988, sect. 3.3.1, and also Pearl 2000, pp. 16ff, as well as Spirtes et al. 1993, sect. 3.7.1) is the most general and the most appropriate one for elucidating the project of causal explanation.


	As for the Markov condition this is not the usual form of the faithfulness condition, but the most general and most appropriate one. It has been suggested by Schurz and Gebharter (2015), and it has the advantage to provide a formulation of the faithfulness condition that is logically independent of the Markov condition.


	A typical maximally entangled state such as \(\psi = (|+\rangle |+\rangle + |-\rangle |-\rangle ) / \sqrt{2}\) is a special case of a more general state \(\psi ^\prime = \sqrt{p} \; |+\rangle |+\rangle + \sqrt{1-p} \; |-\rangle |-\rangle \), viz. for \(p=1/2\). For \(p=1/2 \pm \epsilon \) with \(\epsilon >0\) small, the state is only partially entangled but close enough to maximal entanglement in order to still violate the Bell inequalities.


	The conditions (i)–(iii) define the notion of an intervention as introduced by (Spirtes et al. (1993), sect. 3.7.2), which was later adopted by (Pearl (2000), sect. 3.2).


	Given only the five observable variables of the setup, it is easy to show that the connections must be direct. Since due to the intervention assumption the settings and the quantum state are exogenous, the only way for \(\varvec{a} \rightarrow \ldots \rightarrow \varvec{\alpha }\) to be realised indirectly would be via the other outcome, i.e. \(\varvec{a} \rightarrow \varvec{\beta }\rightarrow \varvec{\alpha }\); but by the faithfulness condition this route would violate the empirical independence \(\text {I}(\varvec{\beta }, \varvec{a})\). (An analogous argument holds for the case that the connection \(\varvec{b} \rightarrow \ldots \rightarrow \varvec{\alpha }\) must be direct.) Similarly, a connection \(\varvec{\psi }\rightarrow \ldots \rightarrow \varvec{\alpha }\) can only be indirect via the other outcome, i.e. \(\varvec{\psi }\rightarrow \varvec{\beta }\rightarrow \varvec{\alpha }\); but if this is the only connection between \(\varvec{\psi }\) and \(\varvec{\alpha }\), i.e. if there is no direct connection between them, the Markov condition would imply \(\text {I}(\varvec{\alpha }, \varvec{\psi }| \varvec{\beta })\), which contradicts the empirical dependence \(\lnot \text {I}(\varvec{\alpha }, \varvec{\psi }| \varvec{\beta })\) (and analogously for the connection \(\varvec{\psi }\rightarrow \ldots \rightarrow \varvec{\beta }\)).


	A variable \(\varvec{X}\) is a common cause of two other variables \(\varvec{Y}\) and \(\varvec{Z}\) iff (i) there is a directed causal path from \(\varvec{X}\) to \(\varvec{Y}\) and (ii) there is a directed causal path from \(\varvec{X}\) to \(\varvec{Z}\). A common cause \(\varvec{X}\) is a true common cause iff it further fulfils the condition that (iii) no other variable besides \(\varvec{X}\) is on both of these paths.


	Specifically the independences needed for Bell’s theorem are local factorisation, \(P(\alpha \beta | a b \psi \lambda ) = P(\alpha | a \psi \lambda )\cdot P(\beta | b \psi \lambda )\), and autonomy, \(P(\lambda | a b \psi ) = P(\lambda | \psi )\).


	It has been noticed that there might be ways for local structures to explain the EPR/B correlations (in accordance with all principles mentioned so far), if one assumes that the measured photon pairs are not a representative sample of the population of all values of \(\varvec{\lambda }\) (selection bias, ‘detection loophole’; Pearle 1970; Clauser and Horne 1974; Fine 1982; Maudlin 1994, ch. 6). This scenario rests on the fact that actual photon detectors are inefficient and do not measure all emitted pairs of photons. However, very precise measurements with entangled ions can detect every member of an ensemble of entangled objects (Rowe et al. 2001) and yield the same kind of strong correlations, confirming empirically that EPR/B correlations cannot be explained locally by selection bias (Grangier 2001).


	More precisely, my argument shows that acyclicity, the causal Markov condition, the causal faithfulness condition, the intervention assumption, the causal sufficiency assumption (for the set of six variables assumed in Fig. 3) and the measurement statistics form an inconsistent set. The measurement statistics is an empirical fact, so it must be true. Furthermore, one can show mathematically that violating causal sufficiency by assuming further latent common causes does not suffice to explain the strong EPR/B correlations (Näger 2013a). Hence, one of the former four assumptions must give. Here I concentrate my discussion on the dilemma between giving up the Markov or the faithfulness condition. To be clear, there might also be solutions involving a failure of acyclicity or the intervention assumption. Concerning the latter there are models that are well-known to be able to explain the statistics of EPR/B experiments by assuming influences from the latent common cause \(\varvec{\lambda }\) to each setting (Suppes and Zanotti 1981). Since the settings are externally controlled such proposals require that \(\varvec{\lambda }\) influences whatever determines the setting, e.g. the experimenter or a random number generator etc. Such undifferentiated influences, which violate condition (ii) of the intervention assumption, have been criticised to introduce a ‘cosmic conspiracy’ in nature and to be completely ad hoc. For the other, there are also models asserting to explain the EPR/B correlations by a local causal structure and causal cycles between the emitting source and the absorbing detectors (Cramer 1986). However, the model is committed to a rather unusual causal story (the cyclical interactions from one space-time point to another and back are said to happen in “pseudotime”), and it has been objected that the resulting loops yield inconsistencies (Maudlin 1994, ch. 7).


	Note that in our overview of prototypes we have drawn asymmetric structures which only involve unfaithful independences of group 1, but we could as well have depicted the corresponding mirror images which only involve unfaithful independences of group 2, e.g. involving \(\varvec{a} \rightarrow \varvec{\lambda }\) instead of \(\varvec{b} \rightarrow \varvec{\lambda }\) in Fig. 3d. It is clear that there are also symmetric structures which make the independences in both groups unfaithful (e.g. involving \(\varvec{a} \rightarrow \varvec{\lambda }\) 
                              additional to 
                              \(\varvec{b} \rightarrow \varvec{\lambda }\) in Fig. 3d); we have not depicted them because involving two groups of unfaithfulness would make the subsequent discussion of how to deal with the unfaithfulness unnecessarily complicated; but at the end of our investigation we will be able to easily generalise our results to symmetric structures.


	Following Schurz and Gebharter (2015), I understand causal parameters (i.e. the parameters of a given causal model) as the conditional probabilities of each variable conditional on its direct causes, \(P(\varvec{x} | \text {DC}(\varvec{x}))\), which is the most general definition of such parameters, allowing also for purely indeterministic models. A definition restricted to deterministic models has been given by (Pearl 2000, p. 44): according to such models, the value of each variable is determined by a function \(\varvec{x} = f(\text {DC}(\varvec{x}))+ \varvec{u_x}\) and the parameters are those functions plus a probability distribution over the independent error variables \(\varvec{u_x}\).


	Note, however, that in the modified theory causal discovery becomes much more complicated: while in the original theory a statistical independence implies a causal independence (by faithfulness), by constrained faithfulness it either requires a causal independence or a causal dependence with fine-tuning. For this reason, the causal discovery algorithms of the original theory, which essentially require the faithfulness condition, do not work any more, if one just assumes the weaker principle constrained faithfulness.


	Whether there are also additional unconditional independences due to determinism is an open question, because SGS’s method to calculate the extra independences is not proven to yield a complete set of additional independences. Presently, there is, however, no hint that there are.


	‘Threshold’ is my name. I prefer it over ‘non-transitivity’ because it will turn out that there is another kind of a non-transitive unfaithfulness (see unfaithfulness by internal cancelling paths below).


	‘Masking’ is again my terminology. (Pearl 1988, p. 93) has introduced this kind of unfaithfulness with an example of a bell that rings, when the outcomes of tossing two independent fair coins agree, but he has not given it a name. Pearl’s example is very specific (highly symmetric) and here I present a more general (asymmetric) version.


	For lack of space I cannot present the details of the quantum mechanical explanation here; they will be expounded elsewhere.
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