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Abstract

After a decade of intense debate about mechantherg is still no consensus characterization. In
this paper we argue for a characterization thalieppidely to mechanisms across the sciences. We
examine and defend our disagreements with the neajoent contenders for characterizations of
mechanisms. Ultimately, we indicate that the magmrtenders can all sign up to our characterization
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1 Introduction

Since Bechtel and Richardson’s 1993 book, therdobas nearly two decades of debate
on the right characterisation of a mechanism, sifgimg since Machamer, Darden and
Craver’s (MDC's) controversial 2000 paper. Them@dntenders are:

Machamer, Darden and Craver: ‘Mechanisms are entities and activities organizech that they are
productive of regular changes from start or seteufinish or termination conditions.” (Machamer,
Darden and Craver 2000 p3.)

Glennan: ‘A mechanism for a behavior is a complex systhat produces that behavior by the
interaction of a number of parts, where the intéoas between parts can be characterized by direct,
invariant, change-relating generalizations.” (Glem2002b pS344.)

Bechtel and Abrahamsen: ‘A mechanism is a structure performing a functiowirtue of its
component parts, component operations, and thgamization. The orchestrated functioning of the
mechanism is responsible for one or more phenom@echtel and Abrahamsen 2005 p423.)

After small changes of detail (see Bechtel and &idson’s original 1993, Glennan’s
original 1996, Machamer 2004, Craver 2007, and &dar?011), these broad
characterisations remain in use by their origimsagate(s), and many othérs.

In this paper, we will defend a characterizatiost tjives an understanding of what is
common to mechanisms &l fields. We disagree with elements of all of thajon
characterizations above, and argue for:

A mechanism for a phenomenon consists of entitiésaativities organized in
such a way that they are responsible for the phemam.

This project is important for two reasons. Fiitsts important to the broad question of
whether or not scientific method is disunified (§&dennan 2010). Different scientific
disciplines share many methodological concerngudieg causal explanation, causal

! We lack space to discuss the work of everyonaérdebate in detail, but we will also make some
comments on the work of Tabery, Torres, and Woodwarthe way through the paper.



inference and causal modelling, which commonlymsehanisms. It is our contention
that we have produced a widely applicable undedatgnof mechanisms, that is of use in
understanding what these different disciplisbare methodologically. This is
complementaryo the alternative project of describing whadlistinctiveabout the kinds

of mechanisms used in a particular domain. (Seel;Stind Torres p240 for
methodological disagreement.) Surface differemresnethodologically important, but
shouldn't be allowed to obscure what is commomleda, we cannot properly understand
the differences without also seeing the similagiti®Ve offer what is common to
mechanisms, which different fields can flesh outwineir distinctive methodological
needs.

Second, these particular methodological debate®#meisneeda consensus account of
mechanisms. Philosophers and scientists are ditegrip use mechanisms to illuminate
causal explanation, inference and modelling, as aselhe metaphysics of causality (see
Glennan 1996; Steel 2008; Leuridan and Weber 2Bddadbent 2011; Gillies 2011).
These debates are impeded by lack of a consensosrdacin spite of a great deal of
consensus now existing within the mechanisms titeea To develop an understanding
of the problems of causal explanation, inferenakrandelling that the sciencebare it

is vital to understand what is common in the usmethanisms across the sciences. The
problemssharedby different fields are just as important to remisg as the
methodological differences (see Glennan 2005 p4b®ny mechanistic explanations
are built using components from multiple fieldsg(€&raver 2007, Russo 2009, lllari and
Williamson 2010). Debate on using mechanisms usahkinference includes both
biomedical and social sciences (see for examplel 3@08; Gillies 2011). Such
examples strongly indicate that mechanisms in géistiare a great deal. Finally, if
there is no widely applicable account of mechanjshere is no possibility of a widely
applicable mechanistic approach to the metaphysicausality, so our work is also of
interest to that debate (Williamson 2011). We wadsist all these debates by developing
a consensus account of a mechanism that they ean us

We are interested in mechanisms themselves. AgCctaims, there is a sense of ontic
explanation: mechanisms explain phenomena in theesthat their presence produces
the phenomenon (2007 pp27-8). But epistemic egbiam is also important, as Bechtel
claims, where thdescriptionof the mechanism explains the phenomenon (2008 p16
But both ontic and epistemic mechanistic explamatemjuire reainechanisms Bechtel
and Abrahamsen write: ‘mechanisms are real sysiemature’ (2005 p424-5), and
Bechtel agrees that epistemic explanation is parasi there being real mechanisms in
the world to describe (private communication). Bgsehtel and Craver can hold, with us,
that examining mechanistéxplanationtells you about mechanisrtteemselvesand so

we will move freely between claims about mechaaisiiplanation and claims about
mechanisms themselves.

Although our characterization is close to MDC's &mever's, in the next section, S2, we
explain why we do not include certain elementshefcurrent characterizations. In S3

we defend our characterization. We will show tleatrectly understood, it applies to the
mechanisms that scientists discover and use irae&pbn and causal inference. Existing



accounts of mechanisms have been developed imgtiteof the biomedical sciences
(MDC, 2000) and psychology (Craver, 2007; Becle08). We will use astrophysical
mechanisms to demonstrate the wide applicabilityusfaccount. In S4 we will take up
the question of what isot a mechanism on this account. In S5 we conclMikile our
characterizatiorof mechanisms differs from those of other accquméssee ouproject
as consistent with those of the main contendesyanbriefly indicate why we think
they should have no serious objections to our adcou

2 How not to characterize mechanisms

With broad applicability in mind, we do not chaextse a mechanism as a structure
(Bechtel and Abrahamsen) or a system (Glennanjeddnmead so weakly as to mean
almost nothing, the idea of structure implies sdewvel of inflexibility. This seems at
odds with Bechtel's latest work (Bechtel and Wrigb09; Bechtel 2010, 2008; but
compare Bechtel 2007 p275). A system is more dymand more flexible than a
structure, but still implies a level of internalh®ence that not all mechanisms show. As
Darden notes (2006 p281), some mechanisms makeotheientities as they go, such as
the mechanism of protein synthesis where mRNA idewehen needed and broken down
afterwards. Further, many mechanisms are complexthey can also be simfleThe
mechanism of thermal dissociation of the diatoradine molecule in the vapour phase
seems too simple to be called either a systemstuature. The stretching vibration just
gets more and more energetic until there is eneugingy to rupture the bond between
two atoms, and they fly apart.

Unsurprisingly, astrophysical mechanisms are ofédatively stable and structured. But
violent sudden change from an existing structurgystem to a different one is also
possible, as with supernovae. Thus even for dsyipal mechanisms, it is best to avoid
‘structure’ or ‘system’ in the characterizationaoimechanism.

Glennan is initially committed to all mechanismsngesystems (2002b p128, p129;
2009a). In Glennan (2009b p323) he allows thaitieno 'mechanism qua system’ for a
baseball breaking a window. In Glennan (2010,especially pp260-1) he develops an
account of 'ephemeral mechanisms', wheredméigurationof parts isn't stable, as it is

in a system. In Glennan (2008, see especially p8&alls for an account of a possible
third kind, emergent mechanisms, for cases whesaghena produced by mechanisms
depend on the properties of and relations betwmgin parts, but standard mechanistic
strategies such as functional localization areveoy successful. We agree that these are
all mechanisms, but are inclined to treat thesedihces as positions on a continuum,
not differences ikkindsof mechanism.

We also drop MDC's ‘start or set-up’ or ‘finish tarmination conditions’. Craver drops
this without explanation (2007), while Darden (2p&6d Machamer (2004) retain it.
This element can be read very lightly, but it itéeremoved, because 'start' and "finish’

2 For this reason, we do not adopt Torres (p247)M&chanisms and Causality' conference, Kent, 2009,
Glennan clearly withdrew ‘complex’ from his chamgtation.



conditions are not even an aspect of all ofrmachanisnadescriptionsfar less of all
mechanisms They are pragmatic aspects of the descriptiangiwe ofsome
mechanisms — but not all. Cell mechanisms sutheaKrebs cycle are cyclical. They
are continuing, having no real start or end. Belof#009) notes this for other
mechanisms. For continuing mechanisms, understgridat there is no tidy start or end
is very important. Further, even some mechanirasdare neatly described in terms of
start and finish conditions do not themselves lsad and finish conditions. So while
some mechanisms might have a natural descrip@rgrgg point — we might start the
description of the formation of stars with the gtational accretion of dark matter in a
halo — we should not enforce a start and end-paihta requirement in the
characterization of a mechanism.

We follow MDC and Bechtel in not requiring modutstri Dynamical systems and
systems biology explanations are precisely aimetkstribing systems that are largely
non-modular, and we do not wish to rule them ounashanisms. It may appear that we
disagree with Woodward. However, on closer exatitnaWoodward is talking only
aboutrepresentation®f mechanisms: ‘(MECH) a necessary condition for a
representation to be an acceptable model of a nrashres that the representation (i)
describe an organized or structured set of part®mponents, where (ii) the behavior of
each component is described by a generalizatidngavariant under interventions, and
where (iii) the generalizations governing each congmt are also independently
changeable, and where (iv) the representation alleswto see how, in virtue of (i), (ii)
and (iii), the overall output of the mechanism w#lry under manipulation of the input to
each component and changes in the components tivesis€Woodward S375,
emphasis added. Compare Darden 2006 p279.) ButdWard is clear here that he is
concerned with representations or models, not nmesims themselves. We agree that
our representations or models of mechanisms shamifdodular as far as possible. Such
a representation will certainly make prediction amtdrvention easier. But where this is
not possible, a non-modular representation willehevdo. Neither all mechanisms
themselves, nor all mechanism descriptions, wilMzelular. Since Woodward'’s
primary concern is representations, not mechaniberaselves, we will put his views
aside for the rest of the paper. Thus, we do setWoodward's ideas in the
characterization of a mechanism itself.

We will move on now to defending our positive cltaesization of a mechanism. This is
our characterization of the consensus elementseskgding accounts. Here,
disagreements are more subtle, but they are imgdftdne characterization is to be
widely applicable and so useful to other debatesethod or metaphysics.

3 Our characterization of mechanisms

All mechanistic explanations begin with (a) thentiécation of a phenomenon or some
phenomena to be explained, (b) proceed by decotigposito the entities and activities
relevant to the phenomenon, and (c) give the orgdion of entities and activities by
which they produce the phenomenon. (See Darden, B¥ihtel and Abrahamsen 2008.)



Mechanism discovery is often messy and iteratiué abvays involves finding out about
these three elements.

This is widely known, so all mechanisms share ltiee elements found in the process of
mechanism discovery. Even astrophysical mecharssengrouped by the phenomena
they produce. Scientists aim to give a detailembant ofhowthe phenomenon is

produced by entities and activities. Entitiesuigie both massive bodies such as stars and
galaxies, and fundamental particles such as quahkgpns, neutrons and neutrinos;

while activities tend to involve movement and elyezganges. Organization is vital:
threshold effects are common, and feedback effeftexy associated with biological
mechanisms, are not uncommon. Background thearticplarly General Relativity, is
important to astrophysical mechanisms in a waypaoalleled by all mechanisms,

because relevant organization can include detbbsickground space-time geometry.

Our favoured characterisation captures the corsamus at the heart of the views of the
main contenders:

A mechanism for a phenomenon consists of entitidsativities organized in such a
way that they are responsible for the phenomenon.

In the following subsections, we take each of tire¢ elements here and argue for them:
responsible for the phenomenon (S3a), entitiesaatidities (S3b), and organization
(S3c). We have explored entities, activities arghnization in the context of protein
synthesis and natural selection in more detailigee (lllari and Williamson 2010).

3a Responsible for the phenomenon

There are three reasons why we follow Bechtel amcdamsen (2005 p422) in saying
mechanisms are 'responsible for a phenomenon'firBhesason is the importance of the
phenomenon for mechanistic explanation. Mechangstplanation succeeds when the
mechanism discovered and described is the mechaegpuonsible for the phenomenon
If no unified mechanism can be found for that phmeeanon, the phenomenon is
redescribed to make it susceptible of mechanisfitamation — what Bechtel and
Richardson call ‘reconstituting the phenomenon9@) This is to say that mechanisms
are functionally individuated by their phenoménblowever, we avoid Bechtel and
Abrahamsen’s ‘performing a function’ in our chamation. In wider philosophical
and scientific debate, ‘function’ is a loaded cagotceisually involving deliberate design
or natural selection, while the function of a meatken requires only something like

3 At least partially. There seem to dtner ways to individuate mechanisms that produce theesa
phenomenon, such as in terms of the entities dritées involved, and an examination of whethertsuc
ways can always be explained away in terms of fanat individuation is a complex issue we resexwe f
further work. At 'Mechanisms and Causality' coafaere, Kent 2009, both Darden and Craver called the
functional individuation of mechanisms ‘Glennanaw, as he was the first to recognise this (see for
example his 1996).



‘characteristic activity’. We therefore avoid ugitiunction’ explicitly in the
characterization of the mechanism.

This point is important in the case of astrophylsisachanisms, which involve neither
deliberate design, nor natural selection, but deltharacteristic activities. Even in the
absence of natural selection or deliberate desggctacular phenomena such as
supernovae are typed by the mechanisms that prablese In a supernova of Type ||
the star explodes but leaves a collapsed black helgron star or white dwarf behind.
The core has little nuclear material left, andupported by electron degeneracy pressure
(when compressed and cooled, the velocity of alttebns can only fall so low because
two electrons can’'t occupy the same quantum st&a).the core accumulates mass from
the shell. If it never reaches the Chandraseklamsiit will collapse to a white dwarf.
But when the core mass is larger than the Charkitasenass, electron degeneracy
pressure is not enough, and it collapses furtiénenneutrondegeneracy pressure starts
the bounce, many neutrinos escape suddenly, cgrayiay an enormous amount of
energy, leaving a neutron star behind but blowingyathe rest of the mass of the star.
Supernovae of type | are different — they are gmiear explosions. In a supernova of
Type la (characterized by absence of hydrogen Iméseir spectra), the star explodes
completely, leaving nothing behind@he star still has nuclear material, and during
collapse increasing density and pressure rapidiyeases nuclear reactions, which
release energy. This stops collapse well befouérae star density, blowing the star
completely apart. Even here we redescribe an@upgohenomena, paying more
attention to some differences than others, whedigeover that there is more than one
mechanism for supernovae.

'Responsible for a phenomenon' expresses thion8Bc¢ it captures thdiversityof

things that mechanisms do. Mechanisms carry sldsiasuch as regulation or control,
and exhibit behaviours, such as growth. They alamtain stable states. Homeostatic
mechanisms, such as those that maintain humantbotperature at 37°, do this. Such a
state might even be a standing capacity of a systemn example, many cells have the
capacity to metabolise lactose, although they dalo®so unless glucose is unavailable.
At a higher degree of abstraction, the metabolichraaism is responsible for more than
one phenomenon: metabolising glucose normally,naeibolising lactose in the
absence of glucose. There is no significant desalgent on this diversity (Darden 2006
p273, 2008 p959; Glennan 2002a p126-7).

Thirdly, 'responsibility’ implies something courfeatual. The phenomenon can be
something actual, or something modal — such asahacity of a cell to metabolise
lactose, even if lactose is never encountered. G3@anan (1997) for a similar view of
capacities. However, the mechanism doegiat#grminethe phenomenon, because some
mechanisms may be indeterministic. Nor shouldaaadterization of mechanisms
require that they produceegjular changesas MDC do, but Machamer (2004 p37,

* Mechanisms are individuated by their phenomena plirenomena are also individuated by their
mechanisms. This is not circular, because it hapfteratively over time. At the beginning, a maaism
is not needed to individuate a phenomenon, buthleacterization of the phenomenon may be further
refined when a mechanism or mechanisms are disedve3ee Darden 2008 p960.



footnote 1) drops. Compare Darden (2008 p964)ziednan (2010 p257). Some
mechanisms, such as homeostatic mechanisms, mightaduce change at allThey
may or may not be regular. To give Craver's exapiplthe mechanism of
neurotransmitter release, only 10-20% of actiorepiils eventuate in release events.
And release events can occur without action pan{Craver 2007 p26). But dropping
explicit reference to regularity does not implytth@echanisms in general do not have to
exhibit some form of regularity or stabilitysomefar weaker form of regularity or
stability is already present in the idea of mechiausi being responsible for the
phenomenon. Our formulation captures the impodadiversity and various forms of
stability of what mechanisms do.

3b Entities and activities

There is consensus that mechanistic explanatiariiesdecompositiorfsee particularly
Bechtel and Richardson), and mechanisms have stimcikindsof constituents. We
have ‘entities’, ‘parts’ and ‘component parts’ ugedthe bits and pieces of the
mechanism, and ‘activities’, ‘interactions’ and freponent operations’ for what those bits
and pieces do. Astrophysical mechanisms havedttties and activities: ‘An

important mechanism for producing X-rays from S@sgstem objects is charge
exchange, which occurs when a highly ionized atothé solar wind collides with a
neutral atom (gas or solid) and captures an electreually in an excited state. As the ion
relaxes, it radiates an X-ray characteristic ofutled ion. Lines produced by charge
exchange with solar wind ions such as,C vi, Ovil, Oviil and NeX have all been
detected with Chandra and XMM-Newton [new spaceeplagories]...”. (Santos-Lleet

al. p998.) Putting this together with mechanismsstgrernovae above, entities include:
electron, proton, neutron, neutrino, star, neusttain, white dwarf, black hole, core, gas,
x-ray, ionised atom, solar wind, neutral atom. ihties include: charge exchange,
colliding, relaxing, radiating, collapse, bounceating, electron capture, the nuclear
fusion that creates heavier elements in starssarah.

For wide applicability, care is needed in underdtag entities and activities.
Fascinatingly, astrophysical mechanisms deal sanatiusly with the vanishingly small
and the staggeringly enormous. What happens up@rsova depends on properties of
the massive, such as whether the star’s core redlcbeChandrasekhar mass or not —
which is approximately 1.2-1.4 solar masses. @rother hand, it is electron degeneracy
pressure which supports a white dwarf, and thisdédp on the fact that electrons are
fermions, i.e. they obey Pauli’'s Exclusion Prineipivhich means that there are limits on
the minimum energy that more than two electrorthénsame place can have. The end
state of a star depends on the interplay of thesgdifferent kinds of factors, so there
can be no a priori restriction according to sizé¢lmentities and activities of a
mechanism. Further, mechanistic explanation mghalways be in terms staller
parts. Darden provides a good example: ‘findirggrttechanism of segregation of genes
did not require decomposing genes into their gautgequired finding the wholes, the

® We reject Tabery's ‘interactivity’ because it algguires change (Tabery 2004 p12). But see Tabery
(2009) on using mechanisms to expldifierence rather than similarity.



chromosomes, on which the parts, the genes, (iBarden 2006 p109, see also Darden
2008 p961.) Mechanistic explanation is abtaysabout the little explaining the big.
Finally, the parts of mechanisms vary a great tretileir robustness. Some entities
remain comparatively unchanged over time, but sthee more transient, such as the
MRNA that is made from DNA, used as a template atsera protein, and then broken
down again straight away. Activities can alsodm=l and fragile, such as the mutation
or recombination that creates the diversity ofisgraf HIV that makes it so difficult to
eradicate. Glennan seems committed to a high degnebustness of parts in earlier
work (2002b, 2009a) — although he notes that ttexactions of parts are 'not
exceptionless' — but has relaxed this somewhat(@0610).

MDC have metaphysical arguments for entities anigdiies. Here, we put these aside to
focus on descriptive reasons for preferring a paldr characterization of the
components of a mechanism. We prefer MDC's langwégctivities and entities for

two main reasons: it offers a powerful resistamcentity-bias and it allowsvariability in
the arity of the relatiobetween entities. We take these points in turn.

Many approaches to scientific ontology give endifpeiority, treating what entitieo as
either reducible to entities themselves, or metaajly dubious. But descriptively,
activities and entities aejuallyimportant to mechanismseitherhas priority. MDC
write: ‘There are kinds of changing just as theeelands of entities. These different
kinds are recognized by science and are basietwdlys that things work.” (MDC 2000
p5.) Machamer adds: ‘Activities can be abstracted referred to and identified
independently of any particular entity, and somesraven without reference to any
entity at all.” (Machamer 2004 p30. See also Dar2i@06 p277.) A bunch of entities
engaging in a certain set of activities will prodisomething different from the same
bunch of entities engaging in another set of aatisi A buyer and seller haggling over
the price may lead to a sale. The same two peyaiging about the weather will not.
Further, although entities and activities are akvagually important in that they must
both be present to produce the phenomenon, iniexpledifferent kinds of phenomena
entities are sometimes more interesting than theitaes, and vice versa. In protein
synthesis, entities are very different from eadteoaind their detailed structure matters a
great deal. But in many dynamical systems ancegysbiology explanations, the
entities are relatively similar to each other amel activities are vital to produce the
phenomenon.

This is consistent with Bechtel's and Glennan’ssagred views (Glennan 2009b p321),
but the rhetorical impact of the language mattersé€ientists and philosophers
elsewhere using an account of mechanisms in otigatds. MDC's entities and
activities offer the strongest rhetorical resiseatea default entity-bias.

Our second reason is that variability in #réy of the relation between entities is more
important than has been recognised, and is niggtuced by MDC'’s language.
Consider the alternatives: capacities are unagryl+elations since a capacity attaches
to an entity, although one entity can have manwciies (note Darden 2008 p963).
Glennan's 'interaction’ implies a relation betwaeleast two entities, so interactions are



binary (2-ary) at leastBechtel and Abrahamsen write: ‘Each component dioera
involves at least one component part’ (2005 p4&d)ch seems to allow either unary,
binary, 3-ary and so on. The mapping of entitieadtivities can be unary, as in a bond
breaking involving no other entity; binary, as in a promdiindingto a strand of DNA,
but it can also be 3-ary, 4-ary and so on (See @208 p964). The activity of
transcriptioninvolves DNA, the newly created mRNA, and varioegulation and

control enzymes, while more highly abstract agggitsuch asquilibrating orosmosis
(Darden 2006 p277) may involve very many entitedshe same or different kinds, or be
such that it hard to decide on any very clearlyraef entity that engages in the activity.

Bechtel (2008) examines extensively the importafeaapping entities to activities (his
component parts and component operations) in mérhatiscovery, pointing out that it
is often this mapping that allows usidentifythe working parts of a mechanism. So we
had better get the arity of the relation right.t Bechtel ties operations closely to parts:
‘We use the term operation rather than activitydose we want to draw attention to the
involvement of parts’ (Bechtel and Abrahamsen 20033, footnote 5). The arity of the
relation between entities allowed by activitiesisestricted, covering all this. This is
the best descriptive reason to favour entitiesativities.

In summary, mechanisms have two kinds of constitueWe prefer 'entities' and
‘activities' because these terms offer rhetoridabatages for avoiding entity-bias, and
there is no limit to the arity of activities. Eiis can be of widely varying sizes, in some
cases the big is used to explain the small, anetsoacthanisms involve comparatively
fragile entities and activities.

3c Organization

Organization is the least controversial elemertny characterization of mechanisms,
present in the characterizations of MDC and Bedumtel Abrahamsen, and discussed
explicitly by Glennan elsewhere (see 2005, 20028 think it worth the emphasis of
putting it in the characterization, but considecBtel and Abrahamsen’s ‘orchestrated
functioning’ too strong. It suggests a tightlyagtated form of organization that exists in
highly evolved or designed systems, but not evegyeh

How tounderstandbrganization is not much discussed, and is fanfaavial. What is
organization so that it can reasonably be regaadezh element @l mechanisms?
Here, we examine this, and argue that organizagiont confined to complex biological
mechanisms, by showing its importance to astroghysnechanisms. These exhibit
complex forms of organization requiring investigatby numerical simulation, such as
homeostasis, equilibrium and feedback.

Organization is the final element in the productadthe phenomenon. The same entities
and activities organized differently will produaensething different. A group of
organisms engaged in feeding, mating and dyingdeilsomething different if they are

® As Tabery 2004 notes. We thank Glennan for pngsss on this point.



subject to a common selection pressure — a nevafmedr bout of cold weather — than
if they are not. Most generally, organization isatever relations between the entities
and activities discovered produce the phenomenamefest: when activities and entities
each do something and do something together taupeothe phenomendn.

In mechanistic explanation, organization is analsgio initial conditions in laws-based
explanation. Laws and the entities they goverrdammothing until initial conditions are
specified: Newton’s laws do not tell us the movetaai the planets until their initial
positions and velocities are specified. In the ma@éstic approach organization gives the
ongoing conditionshat allow the entities and activities to prodtlee phenomenon.
‘Ongoing’ is important. Initial conditions for lesvmatter only at the beginning, while
organization matterthroughoutthe operation of a mechanism. Further, orgarinat
notindependent of the activities and entities andoarggoperation of a mechanism.
Organization might affect which activities and &a8 are involved, while the operation
of a mechanism might alter the organizational $tmeéc Evolution of a group of
organisms subject to a common selection pressugbtraiter how widely dispersed those
organismsieedto be to be subject to that common selection press

This approach implies, correctly, that it is an @mnpl questionwvhatforms of
organization are important fparticular domainsso that the only other informative
thing that can be said about organization is toudis examples. Organization comes in
many forms, more or less important for differemtds of mechanism. Spatial and
temporal organization is vital to such cases atepregynthesis. (Darden 2006, Craver
2007.) But other forms of organization can beansated by spatiotemporally located
mechanisms. Complex forms of organization sudhoaseostasis, equilibrium, feedback
and self-organization are vital for the productadrihe phenomena studied by complex
and dynamical systems. (See Bechtel 2006 p33,MBéhell 2003; and possibly
Glennan 2008.) Quantitative description of dynaharganization is often vital. For
example, in simulating supernovae, mass is stahdaeihglost from the star while
mass isaccumulatedn the star core. Quantitative simulation overdiis needed to see
whether the Chandrasekhar mass is reached. Iwé#lyisve allow organization to
capture necessary elements of what Bechtel cghsitdical mechanistic explanation'.
(See Bechtel 2008, Bechtel and Abrahamsen 200®)2Mach of these forms of
organization also lies on a spectrum from lessropgal to increasingly organized.
Unsurprisingly, then, organization in its most gahérm — when activities and entities
each do something and do something together taupeothe phenomenon — itself comes
in a (multidimensional) spectrum of increasinglyrmgex organization. Whichever form
of organization is most important to the productidra particular phenomenon depends
on the empirical world. Our world seems to invotirfferent forms of organization,
more or less complex, in different cases. In thgkest cases organization might be
simple or trivial, but it is still present.

Use ofnumerical simulations a good indicator of complexity of organizatiamd
simulations are a standard tool for discoveringogtysical mechanisms. They often

" We have compared organization in natural selectind in protein synthesis in lllari and Williamson
(2010).
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reveal complex forms of organization usually asstec with biological mechanisms
such adeedback Simulation of how the first stars formed tendtmgest they formed
on their own, which leads to the question: howghthxies form? Further simulations
suggest: ‘Some of the feedback processes desabimat that affect the formation of
individual stars also influence primordial stamf@tion on large scales. The enormous
fluxes of ionizing radiation and Hlissociating Lyman—Werner radiation emitted by
massive population Ill stars dramatically influettiseir surroundings, heating and
ionizing the gas within a few kiloparsecs of thegenitor and destroying the, Mithin a
somewhat larger region. Moreover, the Lyman—Weraéiation emitted by the first stars
could propagate across cosmological distancesyialipthe buildup of a pervasive
Lyman—-Werner background radiation field. The effgfatadiation from the first stars on
their local surroundings has important implicatiémsthe numbers and types of
population Il stars that form. The photoheatingyaé in the minihaloes hosting
population 11l.1 stars drives strong outflows, lowmg the density of the gas in the
minihaloes and delaying subsequent star formatyompto 100 Myr ... . Furthermore,
neighbouring minihaloes may be photoevaporatedyd® star formation in such
systems as well. The photodissociation of moleclesyman—Werner photons emitted
from local star-forming regions will, in generattdo delay star formation by destroying
the main coolants that allow the gas to collapskfarm stars.’ (Bromnet al p51.)

Successful simulations are often very difficulth& simulations, starting from
cosmological initial conditions, are just now apehbing the resolution and physical
realism required to investigate whether atomic iogpthaloes fulfil the criteria for a first
galaxy as defined above. Quite generically, in sucldels, the first generation of stars
forms before galaxies do, and feedback effects ftunfirst stars are expected to play a
key role in determining the initial conditions filve formation of the first galaxies.’
(Brommet al. p52.) Astrophysicists want to reproduce phenamesingphysically
realistic parametersand only then do they think they have an emgdlsicagnificant
result. Investigation of organization by meansiafulation is not the sole preserve of
the life sciences.

We have now defended our characterization of a am@sm, argued for its wide
application, including to the case of astrophysimathanisms. We have indicated where
we disagree with the main contenders while emphegthat there is a core of agreement
which we capture. Very different scientific workdlifferent fields aims to find and
describe the entities and activities of their dom#ieir organization, and the phenomena
they are responsible for. This discovery procasshe complicated and iterative. It
takes serious empirical work to correctly delirhié phenomena, and that description
determines what activities, entities and organizatvill be looked for; while what
activities, entities and organization are founeetfthe description of the phenomena.

We will now show that our characterisation of meghm is not so broad that it captures

non-mechanisms.

4 Borderline cases
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It is important that not everything counts as amaecsm. In this section, we examine
some things produced in this process of discovsaydre sometimes called mechanisms
— perhaps erroneously — to further illuminate axgoaint of mechanisms.

Case 1: Description of mechanism is too partial

Sometimes we have a scientific advance, butléseriptionof the mechanism for the
phenomenon is still partial. Consider the varipassible forms of memory that have at
some point been phenomenally dissociated: long ¥@nsus short term memory,
working memory, episodic versus semantic memorg,reom-explicit memory including
various forms of priming.There may be separate mechanisms producing these
phenomena, but we are not yet even in a positiguéss how many mechanisms there
are. (See Bechtel 2008 for extensive discussidve)have a better description of the
phenomenon to be explained, and only finding theedging entities will show that there
really are separate mechanisnBeforethis point, we have little more than a better
description of thgghenomenoto be explained.

Mechanism discovery is gradual, so there will besharp line between partial and full
descriptions of mechanisms. The crucial pointhere scientists have good reason to
suppose they have got hold of the actual mechaomemating. Before that, the
description might be so partial that it does nokmut amechanismand the explanation
might not succeed.

Case 2: Entities without activities — Darden’s gied clock

Darden writes: “‘The MDC characterization of meckanpoints to it®peration

Although someone (perhaps Glennan 1996) mightacstibpped clock, for example, a
mechanism, | would not. It is a machine, not amaacssm. The MDC characterization
views mechanisms as inherently active. In themdglock, the entities are in place but
not operating, not engaging in time-keeping adasit When appropriate set-up
conditions obtain (e.g., winding a spring, instadlia battery), then the clock mechanism
may operate.’ (Darden 2006 p280-1.)

Recall that nothing is a mechanisout court— mechanisms are mechanisms for
phenomena. A stopped clock is no longer a mectafustelling the time, but it might
still be a mechanism for something else — for réicwy a race time. Recall also that for
Darden, as for Machamer and Craver, activities mpreiucechange The stopped clock
produces no change. But we have argued that sctinéias and mechanisms, such as
homeostatic ones, exist to prevent change. Ssttipped clock, and similar cases such
as chimneys, or pillars supporting roofs, are cdai@ mechanisms for maintaining
stability of some kind.

However, they still present a puzzle: it seems thegt either be mechanisms without

activities, or non-mechanisms due to the lack aéf/ges. The normal explanation for a
pillar supporting a roof involves only its materigpatio-temporal location and forces.
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This seems to involve organization and no actisitiBut this is too quick, as there is no
sharp line between activities and organizationoria explanation, a high-level activity
such as equilibrating might be the activity of atjgalar group of entities, while in

another it is treated as the organization of tleesy. Ultimately in such cases there is no
sharp answer to the question of whether theseamesf mechanisms without activities,
and there is no useful purpose in legislating aswan to the question that could constrain
empirical research.

Case 3: Activities without entities

In psychology in particular, capacities like memarg often given a purely functional
description. There are indefinitely many ways lthkenan brain could divide up the task
of remembering things. There may be one part@btiain that remembers events,
including that event from the point of view of Hike sensory modalities, and facts.
Alternatively, there could be different parts o thrain that remember these different
kinds of things. For example, perhaps remembewingt an evenboked likeis a sub-
task of thevisual systenrather than of a central memory area.

As we have said, finding the parts of the brain geaform these tasks — the working
entities — is what persuades us that we haveadghedivision of the overall task into sub-
tasks. Where this is not possible, we are lefhaipurely functional explanation, which
seems to consist of postulated activities, withemtdities. This is not a mechanism,
although it may be a step on the way to a mechamsplanation (Craver 2006). See
also Bechtel (2008).

Case 4: No organization

There may appear to be no mechanism if there &pparent organization. In the kinetic
theory of gases, which explains both Boyle’s Law @arles’ Law, molecules behave
on averageandomly® But in our understanding of organization as waeiivities and
entities each do something and do something togeth@oduce the phenomenon,
whateverrelations amongst the activities and entities poed the phenomenon is the
relevant organization. If the molecules behavergdomly on average produces the
phenomenon, that is the kind of organization presethat mechanism, however trivial
it appears.

This is not the same as the idealization casa.fdfse assumption is made of average
random behaviour to model a system, that might might not — render the model no
longer a model of a mechanism, as we have saideabBut if the assumption is not
false, a mechanism is being described.

Case 5: Nothing concrete

Mathematicians sometimes speak of ‘mechanism’afi@chnique or schematic method.
These techniques are normally mechanisms for gemgi@erivations or mathematical

8 We thank Erik Weber for suggesting this example.
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entities or structures. For example, forcing mechanism for deriving the independence
of the continuum hypothesis, and Foreman and Madit®95, p55) write of ‘the
mechanism typically used to show presaturation’.

The ‘mechanisms’ here are purely abstract. Theyat causes, and cannot be used in
causal inference or explanation. However, thesgshare used in explanation,
prediction and control in the particular way appiaie to the abstract realm. There is an
analogous form of explanation in the decompositioparts, and the understanding of
how parts together produce the overall derivatamtity or structure. They might also be
used to predict a change in the overall result fobianging a part — a prediction that
couldn’t be made before the decomposition.

These strong analogies render using the word ‘nmesim reasonable. To decide further
whether these things count as mechanisms on oauacdepends on metaphysical
issues we do not address here. Do entities andti@st have to be concrete? If so, then
these are not mechanisms, on most understandingatbematical entities. However,
even on this view a mathematical Platonist mighkere case for these being real
mechanisms. For our purposes it suffices to ri@edven in that case, there are clearly
no causalmechanisms here.

Case 6: Too much idealization

As Glennan (2005) and Craver (2006) discusses gixtdy, modelsof mechanisms are
built using assumptions. These are necessarnnfmrgh simplification to build a model.
Sometimes these assumptions are radically falee example, in the social sciences it is
not uncommon to assume non-communication among@eoyroups — an assumption
of no organization. In economics, it is standarddsume rationality. Many models in
physics use equilibrium assumptions or no-frice@sumptions. Often, these claims are
trivial, merely allowing serious quantitative moldey of a genuine worldly phenomenon.
But once there is too much idealization, thesenarnger accurate models of
mechanisms. They are too distant from the systey describe, and their parameters no
longer have plausible physical interpretationseyrmight be useful predictive tools, or
important explanatory work on the road to mechamdgunovery. Such models are often
of further use as accurate descriptions of phenart@be explained. But scientists using
such models are, as above, not yet in a posititmdav whether they have got hold of
the actual mechanism.

The level of idealization versus the level of aaterdescription is a matter of degree, so
there is no particular point where such modelsegtabe accurate descriptions of
mechanisms. The crucial point is whether they etely describe anything worldly,
whether their parameters have reasonable physabats (see Bechtel and Wright).
There may still be mechanisms in such cases —uslhitmodels have not yet described
them. This extends to many models in science.

5 Conclusion
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We have argued for our characterization of mecinastis

A mechanism for a phenomenon consists of entitiésativities organized in such a
way that they are responsible for the phenomenon.

We have examined the various elements — respagioit the phenomenon; entities and
activities; organization — in some detail, showitayv they apply to various fields,
particularly astrophysical mechanisms. Howeverayése process of mechanism
discovery is, and however important the differdmlenges faced by different fields, this
characterization lets us see how these elemem®oianisms contribute to a project that
shares a great deal across the sciences. We tatpeutr account will be useful to
ongoing debates on causal inference and causallingde

We believe our account best captures a consensergi@m in the mechanisms literature
by applying very widely to mechanisms while addirggshe primary concerns of the
main contenders in the debate.

All the main contenders agree on the functionaMiddation of mechanisms — Glennan's
Law. Indeed, many have worked on the implicatiofhis (Craver 2007 pp6 ff; Darden
2006 p42, pp289-90; Bechtel 2006 p28). We have tissdo frame our account,
spelling out further implications, and there isalwious reason for the main contenders
to object. We have already explained that ourai$dDC's entity-activity language is
not at serious odds with Glennan's or Bechtel'sidened views. Finally, there is little
extended discussion of organization, so it is fsdgor the main contenders to regard
our views on organization as a development of sheir

Bechtel, Craver, Darden and Machamer doamnwotfor a widely applicable account of a
mechanism, but they should have no objection tbaima. Craver and Bechtel are
currently extending the applicability of mechanisiasleast to psychology and
neuroscience. They have no reason to object fgpdng those elements of their own
characterizations that narrow their applicability.

Glennandoesaim for a widely applicable account. He wishesde an account of
mechanisms to give an account of causation, sadsisunt of mechanisnmustapply
anywhere there is causation. But we have argusd3tennan's wish in earlier work for
stability of mechanisms and mechanism parts, anddifinition of mechanisms as
‘complex systems' narrow the applicability of is@unt. This creates serious tension in
Glennan’s work. Glennan most of all has excelteason to alter these elements of his
own characterization in favour of an account likesp which explains why he is now
moving in that direction (2010, 2009b).

In conclusion, we have offered a characterizatiomechanisms that is widely applicable

across the sciences and captures the emergingnsussen mechanisms. It is fit for use
as a framework for ongoing work on causal explamatinference and modelling.
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