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                    Abstract
Information exchange can be seen as a dynamic process of raising and resolving issues. The goal of this paper is to provide a logical framework to model and reason about this process. We develop an inquisitive dynamic epistemic logic (IDEL), which enriches the standard framework of dynamic epistemic logic (DEL), incorporating insights from recent work on inquisitive semantics. At a static level, IDEL does not only allow us to model the information available to a set of agents, like standard epistemic logic, but also the issues that the agents entertain. At a dynamic level, IDEL does not only allow us to model the effects of communicative actions that provide new information, like standard DEL, but also the effects of actions that raise new issues. Thus, IDEL provides the fundamental tools needed to analyze information exchange as a dynamic process of raising and resolving issues.
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	Either of these conditions may be dropped or weakened to model scenarios of false information or not fully introspective agents (see, for instance, Fagin et al. 1995). The system considered here is usually taken to be the most basic variant of epistemic logic. For this reason we take it as a point of departure here, but we do not expect to encounter particular difficulties in adapting our proposal to weaker variants.


	Public announcement logic was first proposed by Plaza (1989) and was further developed by Gerbrandy and Groeneveld (1997), Baltag et al. (1998), and van Ditmarsch (2000), among others. Recent overviews of the system and its role in the general dynamic epistemic logic landscape are provided by van Ditmarsch (2007) and van Benthem (2011).


	Actually, restricting the epistemic maps to \(\varphi \)-worlds would be all we need to model the intended change, which is a merely epistemic one. The only reason why the \(\lnot \varphi \)-worlds also have to be eliminated from the model is that, if we did not eliminate them, the resulting model would no longer be an epistemic model in the sense of our definition, since the new epistemic maps would not satisfy the factivity requirement in the \(\lnot \varphi \)-worlds.


	We thank an anonymous reviewer for emphasizing this.


	A detailed exposition of inquisitive semantics, in particular the notion of issues that we will adopt here, can be found in Ciardelli et al. (2012, 2013a), Roelofsen (2013a). Earlier expositions of the framework can be found in Groenendijk and Roelofsen (2009), Ciardelli (2009), Ciardelli and Roelofsen (2011). The notion of issues that will play a crucial role here is already implicit in these earlier expositions, but is not explicitly defined and motivated there. Yet earlier expositions of the framework can be found in Groenendijk (2009), Mascarenhas (2009). However, the notion of issues that is implicit in this early work is really different from the one adopted here, and, as argued in Ciardelli (2009), Ciardelli and Roelofsen (2011), Ciardelli et al. (2013b), not general enough to suitably capture the issues that are expressed by certain types of questions in natural language (e.g., disjunctive questions and mention-some wh-questions).


	Notice that this means that the empty information state, \(\emptyset \), is an element of every issue. Intuitively, \(\emptyset \) models the absurd, inconsistent information state, in which any candidate world is discarded. In this limit state, any piece of information is established, and any issue is resolved. This may be regarded as a generalization to issues of the usual ex falso quodlibet principle.


	This is not the only way in which inquisitive sentences can be introduced in the picture. In inquisitive semantics, it is actually common practice to assume a language that does not make a categorical distinction between declaratives and interrogatives (see, e.g., Ciardelli 2009; Groenendijk and Roelofsen 2009; Ciardelli and Roelofsen 2011; Ciardelli et al. 2012). However, the inquisitive semantic framework can equally naturally be applied to a bi-categorical language (Groenendijk 2011; Ciardelli et al. 2013b). A detailed comparison of the two approaches, as well as meaning-preserving translations between the two resulting formal systems, are provided in Ciardelli et al. (2013b). Here, we choose to spell out our proposal for a bi-categorial language for two reasons. First, it seems that the intuitions are somewhat easier to get across this way. And second, assuming a distinction between declaratives and interrogatives makes it easier to compare our proposal to others, in particular that of van Benthem and Minică (2012), which will be done in Sect. 4.


	Since our system assumes a strict partition of sentences into declaratives and interrogatives, hybrid conjunctions like \(p\wedge {?q}\) are not included in our logical language. Such conjunctions do in fact occur quite widely in natural language, both as standalone sentences and embedded under modal operators (e.g., Ann is coming, but is Bill coming as well?, I know that Ann is coming and whether Bill is coming as well), and can be handled straightforwardly in the standard hybrid system of inquisitive semantics (see the references in footnote 7).


	We will see in a moment that, while we can make sense of the notion of truth for interrogatives, the truth conditions of an interrogative sentence—unlike those of a declarative sentence—do not completely determine its semantics.


	In the case of the connectives, this uniformity is brought out in even fuller generality in the standard hybrid system of inquisitive semantics (see the references in footnote 7).


	This complies with the suggestion that Belnap ended his 1966 paper Questions, answers, and presuppostions with: “I should like in conclusion to propose the following linguistic reform: that we all start calling a question ‘true’ just when some direct answer thereto is true.”


	If we were to restrict the interrogative fragment of our system to this class of interrogatives, we would arrive at (a modal extension of) a system known as InqC, whose properties are discussed in some detail in Ciardelli et al. (2013b).


	For a simple propositional language augmented with interrogatives, this cross-categorial notion of entailment has been investigated in detail and axiomatized in Ciardelli et al. (2013b).


	Notice that two states supporting \(p\rightarrow q\) and \(p\rightarrow \lnot q\), respectively, may overlap (they may both contain worlds where \(p\) is false). For this reason, conditional questions have always been notoriously problematic for theories of questions that model issues as partitions of the logical space (e.g. Groenendijk and Stokhof 1984). This problem no longer arises in inquisitive semantics since its notion of issues is more general than the partition notion. Conditional questions have played an important motivational role in the development of inquisitive semantics (see, e.g., Mascarenhas 2009; Groenendijk 2011; Ciardelli et al. 2013a). We will return to this point when comparing our proposal with that of van Benthem and Minică (2012) in Sect. 4.


	Of course, we would also not naturally say that \(a\)
                        entertains
                        \(\mu \) in that case: although we read \(E_a\varphi \) as “\(a\) entertains \(\varphi \)”, this should be understood as technical terminology.


	We give truth conditions here, rather than support conditions, to bring out the analogy with standard modal logic more clearly. Since \(K_a\varphi \) and \(E_a\varphi \) are declaratives, Fact 5 ensures that they are supported by a state \(s\) just in case they are true at every world in \(s\).


	This means that, after the announcement, it is common knowledge that the world is located in \(|\varphi |_M\). Technically, for any world \(w\) in the model \(M^\varphi \) resulting from the announcement, we will have \(\sigma _*^\varphi (w)\subseteq |\varphi |_M\). As discussed in Sect. 2, this does not mean that the formula \(K_*\varphi \) necessarily holds in the updated model. For, after the update, \(\varphi \) may come to express a different proposition than it previously did, that is, we do not necessarily have \(|\varphi |_{M^\varphi }=|\varphi |_{M}\cap W^\varphi \).


	For the update of a single inquisitive state, understood as the public state, this dynamic picture is put forward and motivated in detail in Ciardelli et al. (2013a).


	Notice that, like in standard DEL, an update does not change the truth value of atomic sentences at worlds, which reflects the fact that atoms are intended to model facts that are not themselves epistemic in nature.


	In Sect. 3.2.4 we will develop a more realistic dynamic picture, in which the announcement of an interrogative does not provide the information that its presupposition is true, but rather requires such information to be publicly established prior to the announcement.


	We will return to this important point when comparing our proposal with that of van Benthem and Minică (2012) in Sect. 4.


	Notice that the principle as formulated here incorporates a non-redundancy requirement: an announcement is only appropriate at a world in case it enhances the public state. We could choose to separate out non-redundancy from division of labor proper, which would then amount simply to the following: the announcement of a declarative \(\alpha \) is appropriate in a world only if \(\alpha \) is non-inquisitive, while the announcement of an interrogative \(\mu \) is appropriate in a world only if \(\mu \) is non-informative.


	Notice that on this approach, a public announcement never removes any world from the model. This has the puzzling consequence that in a \(\lnot \varphi \)-world, announcing \(\varphi \) has the effect of making \(\lnot \varphi \) common knowledge. This treatment of public announcements of declarative sentences is clearly different from the one we gave. However, since both systems are in principle compatible with either account of public announcements of declaratives, we do not take this difference to reflect an essential discrepancy between the two approaches.


	This point has been argued forcefully by Stalnaker (1998).


	Similar arguments, not addressing DELQ directly but rather the partition theory of questions that it is based on (Groenendijk and Stokhof 1984), have been made by Mascarenhas (2009), Groenendijk (2011), and Ciardelli et al. (2013a).


	Readers may wonder—with one of the reviewers of this paper—whether the notion of issues adopted in DELQ may be generalized suitably by weakening the condition that \(\approx \) be an equivalence relation. Early versions of inquisitive semantics did indeed seek to overcome the limitations of the partition theory of questions by modeling issues as reflexive and symmetric, but not necessarily transitive relations (Groenendijk 2009; Mascarenhas 2009; Sano 2009). However, in more recent work (Ciardelli 2009; Ciardelli and Roelofsen 2011; Ciardelli et al. 2013a) it has been argued in detail that such a notion is still not general enough to model certain natural types of issues, such as the ones expressed by open disjunctive questions and mention-some questions. More generally, the arguments in Ciardelli et al. (2013a) can be phrased in such a way as to show that the relevant issues do not correspond to a binary relation on worlds at all, that is, they are not of the form \(I_\approx \) for any binary relation \(\approx \) on \(\mathcal {W}\).


	The same point is made by Aloni et al. (2013), who also propose a compositional interpretation of questions embedded under a knowledge operator.


	In the liguistic literature, the point that a proper treatment of questions, especially embedded questions, requires inquisitiveness to enter the picture at the semantic level, and not just at the speech act level, has been made in much detail by Groenendijk and Stokhof (1997). At the time, it was directed mostly at the speech act treatment of questions proposed by Searle (1969) and Vanderveeken (1990), and at the imperative-epistemic treatment of questions proposed by Åqvist (1965) and Hintikka (1976, 1983). The argument we just gave is similar, but now directed specifically at the speech act treatment of questions in DELQ.


	It is perhaps worth emphasizing that the declarative fragment of the logic cannot be separated out and studied in isolation. For instance, it can be seen that \(E_a\varphi \models E_a\psi \) holds if and only if \(\varphi \models \psi \), where \(\varphi \) and \(\psi \) may be sentences of either category. This shows that the logic of declaratives is inextricably entangled to that of interrogatives, and that a unified account of entailment is called for.
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