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Abstract

Is life an emergent phenomenon? Is life a case where truly novel properties appear at the level of a whole, such properties being irreducible to the properties and organization of the components of this whole, or unpredictable on the basis of these same elements? The philosophical notion of emergence owes much to 19th century philosophers and has evolved in close relationship with the problem of the essence of life and the problem of its origins: life would result neither from a vital force nor from a mechanical process but would be an emergent phenomenon (Mill 1843, Lewes 1875, Broad 1925). Today, after several decades of observational, theoretical and experimental work, very sophisticated physico-chemical scenarios try to account for the appearance of life on Earth. These advances unveil the astounding complexity of bio-molecular systems, and trigger also a renewed interest in emergence as a means of characterizing life (Luisi 2002, Aderem 2005, Hazen 2005). In this contribution, I propose to adopt a pragmatic conception of emergence according to which emergence is a contextual notion that depends on the description of the so-called emergent phenomenon, and on the possibility, or not, to provide a reductive explanation of it. I argue that, depending on the context within which the phenomenon of life is evaluated, for instance historical or physico-chemical, the qualification of the appearance of life as emergent appears, or not, justified.

1. Introduction

Life and its appearance on Earth are among the key applications of the notion of emergence. Emergence is the notion according to which, intuitively, “the whole is more than the sum of its parts”. It aims at characterizing novelty, unpredictability, irreducibility of a phenomenon at a certain level of organization by comparison to phenomena that happen at lower levels of organization. For instance, a bacteria is in a ‘living state’ whereas none of its molecular components is. It can then be said that the ‘living property’ of the bacteria is an emergent phenomenon by comparison to the properties of its components. This notion has been elaborated late 19th - early 20th as an alternative to two antinomic characterizations of living systems: vitalism and mechanism (e.g. Broad 1925). Today, with the discovery of the increasing complexity of living systems – a consequence, among others, of the human genome project – a new emergentism is gaining momentum in biology and origins of life research. (e.g. Aderem 2005, Hazen 2005, Luisi 2002). The biochemist Pier-Luigi Luisi, for instance, claims that “life itself is the most dramatic outcome of emergence” (Luisi 2002). Hence the question: what does the notion of emergence mean when it is applied to the appearance of life on Earth? The present contribution proposes some ways to tackle this question. First (1), a conceptual clarification of the philosophical notion of emergence is required. This leads me to argue that a notion of emergence ought to be anchored in a philosophical model of explanation: a phenomenon is emergent if this phenomenon cannot be explained on the basis of phenomena that take place at a lower level of organization. I propose to define a ‘pragmatic emergence’ on the basis of a contextual model of explanation, the so-called ‘pragmatic model of explanation’ (van Fraassen 1980). Then (2), I propose to reformulate the question of the emergence of life in the light of the requirements of the notion of ‘pragmatic emergence’, and along two illustrative contextual dimensions: an ‘historical’ dimension and a ‘physico-chemical’ dimension. Finally (3), I argue that the emergentist characterization of the origin of life is but a temporary consequence of the limitations of our current state of scientific knowledge.
2. An Analytical Tool : The Notion of ‘Pragmatic Emergence’
Why base the notion of emergence onto the notion of explanation? Let us take an example: 

The transparency of water is very often mentioned in the emergentist literature (e.g. Mill 1843, Lewes 1875, Broad 1925, Ablowitz 1939, Kier et Cheng 1994, Luisi 2002, Aderem 2005). And yet. One will first notice that the proposition: 

 (E) 
Water is transparent.
has a truth value that depends highly on the context: (E) is true in the visible spectrum but false in the infra-red or in the ultra-violet (see the absorption spectrum of water, cf. e.g. Chaplin 2007). Reformulating the description of the emergent phenomenon is therefore a necessary first step. In the present case, this can take the following form:

(E’) 
A thickness of 1 cm of water at room temperature and pressure lets go through itself at least 98% of the light of the visible spectrum.

In addition, the correspondence between the vibration modes of the water molecule and the frequencies of the absorbed light rays explains why liquid water absorbs certain frequencies, like these in the infra-red spectrum, and not others, like those of the visible spectrum. And this explanation, formulated in terms of phenomena located at a lower level of organization, is enough to conclude that the transparency of water is not an emergent property. Hence the value of reformulating the question of emergence in terms of explanation impossibility. Among the different models of explanation that have been proposed in the past decades, one model in particular appears well-adapted to our approach: the so-called ‘pragmatic model of explanation’ developed by van Fraassen (1980). As a matter of fact, this model of explanation requires (1) the reformulation under a true proposition of the phenomenon to be explained, and (2) the fulfillment of relevance criteria by any explanation that one should wish to be satisfactory.

I therefore propose to define a notion of ‘pragmatic emergence’ on the basis of this ‘pragmatic model of explanation’. According to pragmatic emergence, there is emergence when one cannot satisfactorily explain the phenomenon under consideration. The notion of pragmatic emergence includes two conditions. First (1), a reformulation condition that requires to reformulate the emergent phenomenon under the form of a true proposition; this reformulation is made possible by the specification, among others, of a contrast class that consists in a set of propositions that contrast with the phenomenon under investigation. Then (2), a condition of impossibility of reductive explanation that consists in the claim that there exists no answer to the question “why does this phenomenon takes place?”, such an answer being formulated at a lower level of organization in order for it to be considered relevant.
One will note that formulating the question of emergence in this way slightly departs from the more traditional view on emergence, like the one of Charles Dunbar Broad in the 1920s (Broad 1925) or the one of Jaegwon Kim more recently (Kim 1999), since, according to these views, the notion of emergence is mainly construed in opposition to such notions as reduction, prediction or deduction. On the opposite, the notion of ‘pragmatic emergence’ is anchored onto the notion of explanation, and as such is closer to the notions of emergence developed, for instance, by Hempel and Oppenheim in the 1950s-60s or by Nagel (Hempel et Oppenheim 1948, Nagel 1961). When compared to other ways of defining emergence, the notion of pragmatic emergence brings about several benefits. First, the notion of pragmatic emergence explicitly takes into account the context: this includes the cognitive preferences of the observer as well as the state of scientific knowledge one can draw upon. In turn, this makes it possible to understand why certain phenomena might be qualified as emergent by some and non-emergent by others. By means of a contrast class and a relevance relation, the notion of pragmatic emergence can also give an account of several different versions of the notion of emergence, and therefore provides a more unified framework within which assessing emergence. The notion of pragmatic emergence also requires the emergent phenomenon to be rigorously reformulated and specified. Far from being obvious, the condition of reformulation makes it possible to focus on a precise and true reformulation of the phenomenon that is claimed to be emergent. Finally, even if the notion of pragmatic emergence is still defined as a negative notion, it is at least anchored onto a solid and well-defined philosophical theory: the pragmatic model of explanation. We can now ask the question: what can the notion of pragmatic emergence say about the phenomenon of the appearance of life on Earth?
Let us first consider the reformulation condition. The emergent phenomenon is described by the proposition:
(P1) 
Life has appeared on Earth.
This proposition ought to be further specified: in particular, what does one mean by ‘life’? A first reformulation consists in replacing ‘life’ by the somehow more precise notion of ‘living systems’: 
(P2) 
Living systems have appeared on Earth. 
The benefit is to have a more concrete entity to consider when analyzing the emergent phenomenon at stake. Yet, here again the proposition ought to be made more specific: what does one mean by ‘living systems’? Several definitions are possible (e.g. Sagan 1970, Luisi 1998, Cleland and Chyba 2002, Popa 2004), among which the one mentioned in the following proposition (P3): 
(P3)
Living systems that are self-maintained thanks to specific internal processes of component production and use of external energy/matter have appeared on Earth following a very specific historical path.

The reformulation of the initial proposition is facilitated by specification of the context, and thereby of the contrast class and of the relevance relation that have been retained. In the present case, two contexts of analysis are most relevant in so far as they echo two types of scientific research strategies: (1) a context focusing on the historical dimension of the phenomenon, emphasizing explanations of an historical nature, and (2) a context focusing on its physico-chemical dimension, and thereby on physical or chemical explanations. Let us now have a look at each one of these two contexts in turn.
3. The Appearance of Life Under the Scrutiny of Pragmatic Emergence
The historical context first asks the question of the unpredictable character of the particular path followed by life to appear on Earth : “why did living systems appear on Earth by following this very specific historical path and no other?”. From a more formal point of view, to formulate the question in this way is already to start specifying, at the same time, the contrast class, that aims at making more explicit the description of the emergent phenomenon in this particular historical context, and the relevance relation, that aims at specifying the types of suitable explanations. The reformulation of the emergent phenomenon therefore goes from proposition (P2) to proposition (P2’), to (P2’’) : 

(P2) 
Living systems have appeared on Earth.

(P2’) 
Living systems have appeared on Earth following a specific historical path.

(P2’’) 
Living systems have appeared on Earth following the specific historical path Cp (whereby Cp is a set of specific events).

To answer the question “why did living systems appear on Earth by following this very specific historical path and no other?” requires to specify this very specific historical path Cp. Hence the question: what is known today of this specific path?
Not much, unfortunately, as this very specific path still remains unknown in most of its intricacies. To start with, the duration that life might have taken to appear on Earth is a matter of great controversies. For some, life would have appeared quite quickly, within barely a few dozen million years, delineated on one side by the late heavy meteoritic bombardment shortly before 3.8 billion years, and ,on the other, by the earliest traces of cellular fossils, if assumed reliable. On the opposite, for others, the time scales to consider would be much longer, typically in the one billion year range. Such time scales would span from the appearance of liquid water on Earth some 4.4 billion years ago, to the earliest undisputed fossil traces of 2.7 billion years (e.g. Clayes et Morbidelli 2006, Van Zuilen 2006). In addition, the specification of the environmental conditions of the primitive Earth also appears rather not so firmly established, thereby making it possible to consider a fairly broad range of scenarios. For instance, even if the presence of liquid water – a necessary ingredient for specific chemical reactions to happen – some 4.4 billion years ago appears rather undisputed, there still exists much uncertainty as to its composition, its acidity or its temperature (e.g. Pinti 2006a, 2006b). The composition of the primitive atmosphere also triggers substantial controversies: supposed to be highly reducing in the 1950s, it has then been modeled as being rather oxidizing, yet again, more recently, slightly reducing, therefore making it possible to consider a fairly broad range of chemical scenarios (Selsis 2006). Therefore, in total, there remain many uncertainties on the chain of historical events and circumstances that have led to the appearance of life on Earth. The very specific historical path Cp that was mentioned in the reformulation step still remains today mostly unknown. Hence the difficulty to reformulate the emergentist statement into a more precise and true proposition. And hence the impossibility to satisfy the condition of reformulation. As a consequence, the question of the emergent character of the appearance of life on Earth remains, within this particular historical context, an open question. 
According to the second context, that is to say the physico-chemical context, life is emergent in so far as the appearance of living systems cannot be explained by appealing to physico-chemical processes. Contrary to the historical context, the question is no longer to explain why life has followed this particular historical path rather than that one to appear on Earth, but to explain why some systems that are ‘living’ have appeared from inanimate matter. The contrast class specifies that the question bears on the transition ‘inert matter / living systems’. And the relevance relation restrains the suitable explanations to explanations of a physico-chemical or logico-mathematical nature. It is thereby possible, with the adoption of a particular definition of ‘living system’, to reformulate the initial proposition (P2) under the form (P2*) :
(P2) 
Living systems have appeared on Earth.

(P2*) 
Living systems that are self-maintained thanks to specific internal processes of component production and use of external energy/matter have appeared on Earth.

This reformulation focuses on the possibility or not to provide a reductive explanation of the appearance of living systems. Hence the question we now have to answer: is it possible to explain this very transition from inert matter to living matter?

Among the different types of explanations that are used in origins of life research, there appear to be three major explanatory schemes (Malaterre 2009). The first consists in prebiotic chemical processes and aims at accounting for the natural appearance of organic molecules on Earth, under prebiotic conditions. The second consists in a prebiotic chemical evolution principle that aims at accounting for the appearance of organic molecules of a much more complex nature than the previous ones, and that possess particular, and interesting, functional properties. Finally, the third explanatory scheme takes the form of prebiotic self-organization principles and aims at explaining the appearance of the very first signs of organization of living systems. These types of explanations are also constrained by a certain number of restrictions dictated by the environmental conditions of the primitive Earth (see illustration 1). In sum, these three explanatory schemes give a better overall picture of the types of scientific investigations carried out in the field of origins of life. They also make it possible to identify and highlight missing explanatory links.

For instance, the explanation of the appearance of organic molecules according to prebiotic chemical processes is not yet complete. The set of organic molecules under investigation is not fixed and varies much depending on the assumptions that one favors (e.g. Maurel 2003, Orgel 2004). In addition, explanations of the prebiotic appearance of some specific types of key molecules still remain scarce and rather unsatisfactory: this is for instance the case for some particular steps of the prebiotic synthesis of nucleic acids (e.g. Shapiro 1999).
Illustration 1 : Explanatory schemes used to explain the appearance of life
[image: image1.png]



As for explanations that refer to prebiotic chemical evolution, they remain quite slim and elliptical (e.g. Lawrence et Bartel 2005, Seelig et Szostak 2007). The set of functional molecules identified so far is rather small, as is the set of such molecules that can be synthesized by an in vitro evolution process. In addition, the very process of prebiotic chemical evolution remains rather generic and abstract, unknown in most of its operational details. As far as self-organization processes are concerned, such processes remain today restricted to rather simple cases, especially when compared to the complexity of even the simplest known living organisms. On the one hand, some cases of structural self-organization, like for instance the formation of liposomes, appear to be fairly well-known, understood and explained (e.g. Monnard et Deamer 2002). On the other, cases of functional self-organization, like for instance the appearance of self-catalytic networks, have so far received only little experimental support (e.g. Sievers et von Kiedrowski 1994, Kim et Joyce 2004, Ashkenasy et al 2004). And most of all, they still do not make it possible to synthesize novel living systems in vitro.

As a matter of fact therefore, when one comes back to the question of the emergent character of the appearance of life, it appears that both the condition 1 of reformulation and the condition 2 of impossibility of reductive explanation are satisfied. Indeed, as seen, physico-chemical explanations of the transition from inanimate matter to life still remain incomplete and prone to much questioning in some of their details. It therefore appears impossible to provide a satisfactory reductive explanation of the appearance on life, in this physico-chemical context. As a consequence, it is possible to say that the appearance of life is an emergent phenomenon, bearing in mind that this emergence is contextual, and relative to the state of scientific knowledge available today.
Yet a question can be raised: might it be possible for this emergence to persist independently of the context, that is to say whatever the state of scientific knowledge might be in the future? This is the question I now propose to turn to.

4. The Appearance of Life: An Emergence That Is Independent of the State of Scientific Knowledge?
Let us now consider an hypothetical physico-chemical explanation of the appearance of life. Such an explanation will very likely be constituted by a set of more elementary or ‘local’ explanations that each belong to one of the three major explanatory schemes described above. The question of the emergent character of life in a way that would be independent of the scientific context can then be analyzed in terms of the existence or not of ‘local’ phenomena that it would turn out to be impossible to provide reductive explanation of, whatever the state of scientific knowledge might be. Let us examine this possibility within each one of the three explanatory schemes. 
Illustration 2 : Emergent ‘local phenomena’ within a hypothetical explanation of the appearance of life
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First, phenomena that pertain to the prebiotic chemical processes explanatory scheme take the form of chemical reactions: such reactions, that are supposed to happen in prebiotic-like environmental conditions, can sometimes be fairly simple; they may also be, most of the time, rather complex and intricate. A ‘local’ phenomena will take the form of a chemical reaction (e.g. Commeyras et al 2003, Orgel 2004). We will assume that such ‘chemical’ formulation will be enough to satisfy the condition 1 of reformulation of pragmatic emergence. On the other hand, the condition 2 of impossibility of reductive explanation is not satisfied here: as a matter of fact, such chemical reaction can be explained by changes in the bonding of the atoms that constitute the reactants and substrates of the reaction, and by appeal to the laws of thermodynamics. And such an explanation fulfills the reductive relevance relation. Therefore in this case, it appears difficult to argue in favor of the existence of phenomena that might be labeled emergent independently of the state of scientific knowledge. 
Let us now consider phenomena that would pertain to the explanatory scheme of prebiotic chemical evolution. Such phenomena typically consist in the appearance of functional molecules, like catalytic RNAs for instance, thanks to cycles of variation, multiplication and selection. The formulation of such a phenomena requires to specify the functional molecules at stake, for instance by enumerating the sequence of nucleic acids in the case of catalytic RNAs, as well as the set of initial molecules that are put in presence of one another, for instance in this case the different possible nucleic acids. Yet, as mentioned previously, the explanatory scheme of prebiotic chemical evolution lacks theoretical depth since each of its major steps would require to be naturalized in a prebiotic context. As a consequence, it is legitimate to state that it is today impossible to reductively explain a phenomenon that would pertain to this explanatory scheme. On the other hand, nothing warrants the assertion that this will remain so, independently of the state of scientific knowledge, since, otherwise one would need to identify a local phenomenon for which there would be today no reductive explanation on the basis of prebiotic chemical evolution and show that such lack on explanation would be the result of an ‘in-principle’ impossibility and not merely the consequence of a temporary lack of scientific knowledge. 
In the case of prebiotic self-organization phenomena, one ought to distinguish two cases. (1) The case of structural self-organization concerns the spontaneous formation of molecular structures. For instance, under specific conditions, fatty acid molecules spontaneously assemble themselves into bi-layer spherical vesicles called ‘liposomes’. Interestingly, a reductive explanation of such phenomena exists (e.g. Bachman, Luisi et Lang 1992, Monnard et Deamer 2002). Such an explanation appeals to differences in molecular polarity and to an energy minimization principle. Therefore, such structural self-organization phenomena do not appear to be good candidates for an emergence that would persist independently of the state of scientific knowledge. (2) The case of functional self-organization concerns interactions networks, and no longer spatial structures. This is for instance the case with self-catalytic networks or genetic regulatory networks. Such networks can, for instance, be modeled in network theory on the basis of random Boolean networks that exhibit rather surprising properties: for instance, such networks have a ‘critical connectivity’ that determines a chaotic behavior threshold and that has often been labeled as ‘emergent’ (e.g. Kauffman 1984). Yet, within the framework of pragmatic emergence, it is not legitimate to claim that such a property is emergent since there exist valid reductive explanations of it. Indeed, mathematical proofs relative to the critical connectivity of random Boolean network exist: they concern the existence of such critical connectivity as well as its value. Furthermore, similar proofs have been proposed for other types of networks (Derrida et Pomeau 1986, Flyvbjerg 1988, Solé, Luque et Kauffman 1999). As a result, functional self-organization phenomena do not appear either as good potential candidates for an emergence that would persist independently of the state of scientific knowledge and of its future developments. 
5. Conclusion

In this contribution, my aim has been to analyze the question of the application of the notion of emergence to the phenomenon of the appearance of life. First, I proposed to define the notion of emergence on the basis of a philosophical model of explanation. The resulting ‘pragmatic emergence’ has the advantage of (1) requiring a precise reformulation of the phenomenon under investigation while, at the same, (2) clarifying the cognitive context within which one is considering to qualify this phenomenon as emergent or not. I have then applied this notion of pragmatic emergence to the question of the appearance of life on Earth by choosing, as illustration, two broad contexts: (a) an ‘historical context’ within which, after analysis, the emergence of life remains an open question, and (b) a ‘physico-chemical context’ within which this phenomenon can rightfully be qualified as an emergent phenomenon, in relationship with this context. Finally, I raised the question whether there existed good reasons to claim that the emergent character of the appearance of life on Earth might persist whatever the state of scientific knowledge might develop into; I proposed to conclude negatively. As a matter of fact, these analyses now argue for a shift of the burden of proof onto proponents of emergentism.
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