
lable at ScienceDirect

Studies in History and Philosophy of Science 53 (2015) 43e56
Contents lists avai
Studies in History and Philosophy of Science

journal homepage: www.elsevier .com/locate/shpsa
Nagel on reduction1

Sahotra Sarkar
University of Texas at Austin, United States
a r t i c l e i n f o

Article history:
Available online 29 June 2015

Keywords:
Emergence;
Epistemology;
Explanation;
Multiple realizability;
Nagel;
Reductionism
E-mail address: sarkar@mail.utexas.edu.
1 For discussions, in some cases over many decades

Alan Love, Ken Schaffner, Abner Shimony, John Stachel
by participants of the Formal Epistemology and the
Workshop (University of Texas, Austin, Spring 2013) an
Department seminar at the University of Sydney were
previous drafts, thanks are due to Justin Garson and T

2 See Nagel (1949, 1961, 1970); the last paper is also
similar model was independently formulated by Wo
though that work was sometimes cited in the 1950s an
Oppenheim [1956] and Schaffner [1967b]), it had
Nagel’s more comprehensive treatment. Nagel firs
reduction (and autonomy) at the Eighth Internationa
Prague, 2e7 September 1934) (Stadler [2001], p. 359
analysis (though not the material on autonomy) in 1
incomplete) analysis presented there has little simila
that paper will be not be considered any further here
into the topic do drive home the point as to how cent
to Nagel’s thinking, with papers on the topic spannin

http://dx.doi.org/10.1016/j.shpsa.2015.05.006
0039-3681/� 2015 Published by Elsevier Ltd.
a b s t r a c t

This paper attempts a critical reappraisal of Nagel’s (1961, 1970) model of reduction taking into account
both traditional criticisms and recent defenses. This model treats reduction as a type of explanation in
which a reduced theory is explained by a reducing theory after their relevant representational items have
been suitably connected. In accordance with the deductive-nomological model, the explanation is sup-
posed to consist of a logical deduction. Nagel was a pluralist about both the logical form of the connections
between the reduced and reducing theories (which could be conditionals or biconditionals) and their
epistemological status (as analytic connections, conventions, or synthetic claims). This paper defends
Nagel’s pluralism on both counts and, in the process, argues that the multiple realizability objection to
reductionism ismisplaced. It also argues that theNagelmodel correctly characterizes reduction as a type of
explanation. However, it notes that logical deduction must be replaced by a broader class of inferential
techniques that allow for different types of approximation. Whereas Nagel (1970), in contrast to his earlier
position (1961), recognized the relevance of approximation, he did not realize its full import for themodel.
Throughout the paper two case studies are used to illustrate the arguments: the putative reduction of
classical thermodynamics to the kinetic theory ofmatter and that of classical genetics tomolecular biology.
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1. Introduction

Explicit philosophical discussion of reduction (and reductionism)
in the sciences beganwith the seminal work of Ernest Nagel in 1949;
themodel outlined therewas developed inmuch greaterdetail inThe
Structure of Science (1961) and slightlymodified in 1970.2 Essentially,
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this model was the standard logical empiricists’ deductive-
nomological (DN) model of explanation with the explanandum3 be-
ing a theory rather than an individual fact.4 In the 1960s and 1970s,
Nagel’s model was modified and extended by several critical but
ultimately sympathetic commentators5 but, especially since the late
1970s, it was also heavily criticized and typically rejected during an
3 The terminology here is that of Hempel and Oppenheim (1948) though the DN
model goes back to Carnap (1939) (see Sarkar [2013]). Nagel (1961, p. 16 and
elsewhere) idiosyncratically refers to the explanandum as the explicandum; the
usage is idiosyncratic because he also invokes the standard (Carnapian) notion of
explication (1961, pp. 37e42) which is distinct from explanation (see, in this
context, Hempel and Oppenheim [1948], p. 136n2]).

4 However, as Schaffner (2013) points out there is no clear historical evidence
that indicates that Nagel explicitly had the DN model in mind when formulating his
account of reduction. For the DN model, see Hempel and Oppenheim (1948) which
immediately preceded Nagel’s model (and thus could have served as an inspira-
tion). Hempel and Oppenheim include reduction (though they do not use that
term) as a form of explanation subsumed under the DN model insofar as they
allowed the explanandum to be a regularity. Salmon (1989) provides a compre-
hensive critique of the DN model in his history of scientific explanation. Strangely,
he misses the fact that the DN model originated with Carnap (1939).

5 See, for instance, Schaffner (1967b), Sklar (1967), Hempel (1969), Causey
(1972a, b; 1977), and Nickles (1973).
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era that was uncharitably prone to deny the relevance of almost
every element of the logical empiricists’ philosophy of science.6

Much work was also devoted to developing alternative analyses of
reduction.7 However, reappraisals during the last decadedby
Fazekas (2009), Klein (2009), Dizadji-Bahmani, Frigg, and Hartmann
(2010, 2011), Needham(2010), Butterfield (2011), vanRiel (2011), and
Schaffner (2013)dhave challenged the longstanding near-consensus
about the lack of pertinence of Nagel’s analysis. These works have
defended major parts of Nagel’s analysis but each has done so by
rejecting fundamental aspects of Nagel’s model.

The purpose of this paper is to continue the trend towards a
more reasoned reassessment of Nagel’s analysis. Part of the appeal
of Nagel’s analysis is that it seems to capture what the mechanical
philosophy of the seventeenth century was about; what Maxwell,
Clausius, and Boltzmann attempted to do with thermodynamics in
the nineteenth century; and what Pauling and Crick promoted
through the molecularization of biology in the twentieth century.
In contrast to the analyses cited in the last paragraph, this paper
defends Nagel on several issues on which those analyses depart
from his model, in particular, about whether reduction should be
construed epistemologically (contra van Riel [2011]), whether
reduction must be explanation (contra Dizadji-Bahmani et al.
[2010], Butterfield [2011], van Riel [2011]), and the nature of the
relation between the reduced and reducing theories and the con-
cepts in them (contra Dizadji-Bahmani et al. [2010], Needham
[2010], Butterfield [2011], van Riel [2011], and Schaffner, [2013]).
With respect to the nature of this relation, the analysis below
mostly agrees with the conclusions of Fazekas (2009) and Klein
(2009) though for different reasons.8

Most importantly, however, and again in contrast to all but one
of these recent analyses, a major focus of this paper is on Nagel’s
analysis of the substantive (what he called nonformal) conditions
that a reduction must satisfy in order to be significant.9 That part of
Nagel’s discussionmakes it clear that he intended the formal model
be regarded as an ideal to which reductions in practice should
aspire, rather than as a description of even the most successful
reductions. Nagel’s analysis of these substantive conditions pro-
vides several insights that have gone unnoticed to the detriment of
many subsequent discussions of reduction and reductionism. In
particular, the analysis below pays detailed attention to the nature
of approximation.

Any appraisal of Nagel’s analysis should recognize two extreme
positions:

A. Nagel’s analysis of reduction is essentially correct and applicable
to most (if not all) cases that are (pre-systematically10) accepted
as being reductions.
6 The critics were legion and many of themwill be discussed below in the text. Of
particular importance were Hull (1972), Fodor (1974, 1975), Wimsatt (1976), and
Kitcher (1984). Perhaps the most extreme position is that expressed by Primas
(1998), though from much later: “there exists not a single physically well-founded
and nontrivial example for theory reduction in the sense of. Nagel (p. 83).” (The
absurdity of this claim will become manifest as this paper progresses.) What is
unfortunately typical of much of the writing from the 1970s is inaccurate or un-
charitable interpretation of the positions held by the logical empiricists. For
instance, on reduction, Suppe (1977) claims: “Nagel’s analysis is based Kemeny and
Oppenheim’s (1956) classic treatment of the subject (p. 55n),” whereas Nagel’s
work came earlier and Kemeny and Oppenheim’s work was an alternative model as
both Kemeny and Oppenheim (1956) and Nagel (1970) explicitly recognize.

7 See, in particular, Wimsatt (1976), Hooker (1981), and Balzer and Dawe
(1986a,b). Sarkar (1989, 1992, 1998) provides a summary of this literature.

8 Moreover, similar arguments were developed earlier by Marras (2002).
9 The exception is van Riel (2011). Sarkar (1989) discussed Nagel’s nonformal

conditions extensively; see, also, Waters (1990).
10 Here “pre-systematic” is being construed to refer to the situation before
reduction is explicitly explicated.
B. Nagel’s analysis of reduction is incorrect because it is not
applicable tomany important cases that are (pre-systematically)
accepted as reductions.

The purpose of this paper is to defend position A using, among
other examples, two potential reductions that have long been sta-
ples of the literature of reductionism: the putative reduction of
thermodynamics to the kinetic theory of matter and the putative
reduction of classical genetics to molecular biology.11 Details of
these cases will be introduced below.

Positions A and B do not exhaust the logical space. It is possible
to hold a position that Nagel’s analysis of reduction is essentially
correct but not applicable to many exemplary cases of reductions.
For instance, Wimsatt (1976) argued that Nagel’s analysis should be
restricted to what he called intra-level reduction (for instance, that
of Newtonian gravitational theory to general relativity or of
phenotypic variability to heritability analysis [Sarkar, 1998]).
Kitcher (1984) assumed that Nagel produced a correct analysis of
reduction but, on that assumption, denied the reduction of classical
genetics to molecular biology. Such an intermediate position with
respect to Nagel’s model duly noted, in the discussion that follows,
position A will be contrasted only to position B. A successful de-
fense of position A logically excludes intermediate positions such as
those espoused by Wimsatt and Kitcher.

Nagel’s analysis of reduction had two components: a formal
model and an extended discussion of nonformal conditions that
scientifically significant reductions should satisfy. These nonformal
conditions are better regarded as substantive assumptions about
reduction (Sarkar, 1998).12 The relevant distinction is sometimes
put forward as one between syntactic and semantic conditions.13

This is misleading since the relevant nonformal or substantive as-
sumptions do not generally consist of interpretations (models) of
uninterpreted structures; rather they often introduce new claims
including contextual criteria about the roles and value of theoret-
ical developments. Moreover, the theories considered by Nagel and
others (such as Hempel) in this context emerge from intended in-
terpretations which are part of the discussion.14 Much of the dis-
cussion of Nagel’s analysis, both when it was mainly criticized and
now, when it is often defended, has focused solely on the formal
model. Section 2 of this paper will deal with issues that are prin-
cipally connected with the formal model though some substantive
issues will require attention.15 Section 3 will turn specifically and
exclusively to Nagel’s substantive conditions.
2. Formal characterization

Nagel’s formal model viewed reduction as a relation between
theories. Whether this relation should be that of explanation and
whether explanations should be construed purely epistemologi-
cally are questions taken up in Section 2.1. Nagel distinguished
between two situations16: homogeneous reductions in which the
11 Nagel (1949, 1961) initiates the discussion of the potential reduction of ther-
modynamics to the kinetic theory of matter.
12 The term “substantive” is sometimes used in the sense of this section by Nagel
(e.g., 1961, p. 30) though he generally calls the assumptions discussed here
“nonformal” (e.g., 1961, pp. 358e366).
13 See, for example, Cat (2007) who calls the substantive conditions for reduction
“semantic.”
14 Hempel (1969) uses “linguistic” rather than “formal” but the point being made
is the same.
15 Nagel (e.g., 1961) was also particularly prone to integrate formal and substan-
tive discussions and the analysis here will follow his lead.
16 This distinction goes back to Nagel (1949) and is emphasized in all subsequent
versions of his analysis.



22 See Nagel (1961), p. 354. Among recent commentators, Butterfield (2011, p. 231)
is unique in requiring definability, a position explicitly rejected by Nagel (starting
with Nagel [1951] and subsequentlydsee below in the text) as being too strong.
Consequently, in what follows, there will be no further attention to definability.
Nagel (1951) explicilty recognized (in a biological context) that establishing the
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two theories share all relevant concepts (and, therefore, all relevant
terms when the theories are formally or “linguistically” formu-
lated) and inhomogeneous reduction in which they do not. Nagel’s
favored example for homogeneous reductions, which he took to be
philosophically simpler than inhomogeneous reductions, was the
reduction of Galilean mechanics to its Newtonian counterpart.
Reduction then consists simply in the derivation of the reduced
theory from the reducing onedthis is Nagel’s condition of deriv-
ability.17 In The Structure of Science (1961) Nagel take these deriva-
tions to be logical deductions in which the premises include the
laws of the reducing theory, Tf, and appropriate boundary or initial
conditions and conclusion is the laws of the reduced theory, Tr.18

The nature of the deduction is taken up in Section 2.2.
The possibility of such deductions was strongly criticized by

Feyerabend (1962, 1965) on the ground of the alleged incommen-
surability of concepts in the reduced and reducing theories even
when they are supposed to refer to the same entity (and are rep-
resented by the same term). This incommensurability is supposed
to arise because the concepts do not have identical meanings (or
uses) in the two theories. According to Feyerabend what is being
called the reducing theory simply replaces the allegedly reduced
one. In response, Schaffner (1967b) argued that the reduced theory
corrects the reduced one: what can be deduced from the reducing
theory is a theory, T*

r , which corrects the reduced theory, Tr, and is
“strongly analogous” to it. Suffice it here to note that Nagel (1970)
accepted: (i) that logical deduction of Tr from Tf may not always
be possible; (ii) that Tf may correct Tr19; and (iii) that, to derive T*

r
from Tf typically requires a range of approximations and other
formal transformations quite far from logical deductions. The last
point is particularly important because the epistemological impli-
cations of these approximations have been central to the analyses
of Wimsatt (1976) and, especially, Sarkar (1998), neither of whom
acknowledged the priority of Nagel (1970). The trouble, here, as
with almost all post-1970 analyses of reduction and reduc-
tionism20, was that The Structure of Science (1961) was taken to be
Nagel’s veridical statement of his analysis of reduction with the
important emendations of Nagel (1970) ignored.21 In what follows,
it will be assumed that Tr is approximately derived from Tf in
Nagel’s model. This is to be distinguished from Schaffner’s (1967b)
model which requires that T*

r is logically deduced from Tf but T*
r is

only analogous toTr. Only Nagel’s model is at stake in this paper, but
the similarities between Nagel (1961, 1970) and Schaffner (1967b,
2013) are more important than the difference just noted.

In the case of inhomogeneous reductions, because the reducing
and reduced theories have some terms that are not in common,
appropriate connections must be established between the relevant
terms before a deduction can be attempted. Nagel (1949) initially
assumed that all terms of the reduced theory must be definable
17 This terminology goes back to Nagel (1951).
18 However, Nagel’s discussion leaves it unclear whether what is truly required is
deduction, that is, TfᅣTr, or whether logical consequence, that is, TfᅣTr, would
suffice. Note that, in the interest of simplicity, the boundary or initial conditions are
being ignored; “f” stands for “fundamental” insofar as the reducing theory is sup-
posed to be epistemically privileged over the reduced one (which is a matter of
controversy and is taken up in Section 2.1).
19 It is somewhat surprising that Schaffner (1967b) is not cited, especially given
that it was based on Schaffner’s dissertation at Columbia University which was
prepared under Nagel’s supervision. However, Nagel (1961, p. 360) had noted in
passing that that the reducing theory may correct the reduced theory and Putnam
(1965, p. 206) developed the same point more fully.
20 Throughout this paper, reductionism is construed as the thesis that reductions
are likely forthcoming and should be pursued in a given scientific context. Thus
reductionism is partly an empirical thesisdsee Sarkar (1989). Thus, the usage here
is very different from that of Klein (2009).
21 As an example, see Needham’s (2010) recent defense of Nagelian reduction.
using terms of the reducing theorydthis was his condition of
definability. However, this requirement proved to be too strong; in
The Structure of Science it was replaced by a condition of connect-
ability.22 Nagel espoused a pluralism about the nature of these
connections, allowing them to be logical connections, conventions,
or factual claims. Anticipating the discussion below, these con-
nections will be dubbed reduction function (Rf), following
Schaffner (1967b). Their form can be conditionals or bi-
conditionals.23 In contrast, Schaffner (1967b) argued that theymust
be interpreted only as synthetic identities. Nagel (1970) argued that
they were typically factual assumptions and often formed “bridge
laws” between the reduced and reducing theories. Section 2.4 will
defend Nagel’s pluralism against these criticisms and Nagel’s own
later emendation.

The distinction between homogeneous and inhomogeneous
reductions is related but not identical to two other distinctions that
have often been used in discussions of reductionism: that between
domain-preserving and domain-combining reductions and that
between intra-level and inter-level reductions.24 Homogeneous
reductions are often domain-preserving but need not be: consider
the case of Galilean and Newtonian mechanics mentioned earlier in
which the latter (reducing) theory has a larger domain, embracing
both celestial and terrestrial dynamics compared to the former, the
domain of which was restricted to terrestrial dynamics. Inhomo-
geneous reductions are typically domain-combining as reflected by
the theories having unshared items in their vocabulary. However,
inhomogeneous reductions may be domain-preserving. At least
arguably both classical thermodynamics and the kinetic theory of
matter have the same domain (all material bodies) even though the
former is potentially reducible to the latter.

The distinction between intra-level and inter-level reductions
presumes a hierarchical organization of matter into levels of or-
ganization.25 Intra-level reductions are those between theories at
one level of organization. The reduction of Newtonianmechanics to
special relativity and Newtonian gravitation theory to general rel-
ativity provide typical examples. Within biology, so does the
reduction of rules about phenotypic variability to assumptions
about heritability (which is a technical concept in this context
[Sarkar, 1998]). Inter-level reduction occur between theories at
different levels with lower-level theories typically being the
reducing ones. Once again the potential reduction of thermody-
namics to the kinetic theory of matter provides an example.
relevant connections involved finding lawlike empirical generalizations and
implicitly acknowledged that this typicall required sustained empirical research.
Consequently, these connections were revisable in the light of new data.
23 See Nagel (1961), p. 355n. That the connections could be conditionals is
important in response to Kemeny and Oppenheim (1956) who assume that they
must be biconditionals and then argue that, in that case, establishing connectability
automatically establishes derivability. Since Nagel [1951] used the term “defin-
ability” rather than “connectability,” and that was the analysis available to Kemeny
and Oppenheim, their interpretation was justified. Woodger (1952) was also
Kemeny and Oppenheim’s target and he did require the connections to be
biconditionals.
24 See Nickles (1973) for the former and Wimsatt (1976) for the latter.
25 See Oppenheim and Putnam (1958) for a classic statement of this model and
Nickles (1973), Wimsatt (1976), and Sarkar (1998) for discussions of reduction in
this context. (Note, though, that Oppenheim and Putnam [1958] use Kemeny and
Oppenheim’s [1956] model of reduction.) Though Nickles (1973) introduced the
distinction between intra-level and inter-level reduction, his own analysis, inspired
by mathematical usage, was idiosyncratic. For instance, he viewed special relativity
to be reduced to Newtonian mechanics in the limit where the speed of light, c/N.
Reduction then occurs in the reverse direction of explanation.
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Classical genetics and molecular biology provides a well-worked
biological example but there are many others, e.g., the reduction
of organismic behavior to the cell theory.

Since the example of the putative reduction of thermodynamics
to the kinetic theory will recur throughout this paper, it will be
useful to note some details though the treatment here will be far
from complete.26 Classical thermodynamics consists of a body of
theory developed primarily in the nineteenth century to describe
the behavior of bodies, especially in response to the transfer of heat
and to chemical activity. The theoretical apparatus of thermody-
namics makes use of two sets of macroscopic properties of bodies,
one set described by extensive or additive variables, viz., energy,
entropy, volume, and the (molar) quantities of each type of sub-
stance in the body, and the other set described by intensive vari-
ables, viz., pressure, temperature, and chemical potentials. Central
to the theory is a fundamental relation which either expresses the
energy as a function of the other extensive variables or, alterna-
tively, the entropy as such a function. Only the energy version of the
fundamental relation will be considered here for expository
simplicity. Then each intensive variable is defined as a partial de-
rivative of the energy functionwith respect to an extensive variable.
Two fundamental laws are supposed to hold for all bodies: (i) that
the energy is a constant; and (ii) that, at equilibrium27 the entropy
is at a maximum value. Beyond that, specific bodies obey other
lawsdfor instance, dilute (technically “ideal”) gases obey the “ideal
gas” law, PV ¼ cT, where P, V, and T are the pressure, volume, and
temperature, respectively (in appropriate units), and c is a constant.

The kinetic theory presumes that bodies are composed of tiny
particles (typically molecules) with standardmechanical properties
(mass, energy, velocity, etc.) and that thermal and chemical phe-
nomena are the result of the interactions of these particles. Part of
the goal of the kinetic theory was to explain the regularities (the
fundamental law and other laws) of thermodynamics on the basis
of the interactions of these particles. It is relatively trivial to show
that the ideal gas law can indeed be so deriveddthe basic idea goes
back at least to Maxwell in 1860. The crucial step was to establish
adequate connections: (thermodynamic) pressure was naturally
interpreted as the average rate of change of momentum (that is, the
average force) on a surface where these momentawere those of the
individual particles colliding with that surface; and the tempera-
ture was associated with the mean kinetic energy of the particles.
The two fundamental laws mentioned in the last paragraph are
more important. It has generally been presumed that the conser-
vation of thermodynamic “energy” follows from the conservation
of mechanical “energy” with the terms referring to the same enti-
tydthe situation is not quite that simple, as will be discussed in the
next paragraph. Boltzmann’s great achievement was to produce a
derivation of the second law from the kinetic theory of matter
which appeared to settle the case for reduction. The trouble is that
the derivation requires a statistical assumption about molecular
velocities (Boltzmann’s infamous Stosszahlansatz) besides standard
dynamical assumptions. The interpretation of that statistical
assumption as well as the limits of its empirical validity remain
controversial some 130 years later as, consequently, does the
question of the reduction of the second law.28 Note that both the
explanations of the ideal gas law and of the second law are
26 In particular, mathematical subtleties will be ignored. The treatment of classical
thermodynamics used here is based on the formulation of Callen (1960) and Tisza
(1961); however, with respect to Tisza (1961, 1966), it accepts the emendation of
Guggenheim (1962) based on Fowler (1936). The discussion of the kinetic theory
and the thermodynamic limit relies on Thompson (1972).
27 Equilibrium is defined using the constancy (over time) of the extensive
variables.
28 The literature on this problem is vastdUffink (2007) provides a useful entry.
statistical, depending on the aggregate properties of the particles
constituting the bodies.

Leaving aside the difficult question of the reduction of the
second law, there remains reason to worry even about the
reduction of the first. The question is that of the thermodynamic
limit: recall that a reduction requires the adequate connectability
of terms of the reduced and reducing theories. In the present
context, as illustrated in the last paragraph, the strategy for
achieving connectability has been to identify each thermodynamic
term using kinetic terms. The goal is to show that the thermo-
dynamic term so identified at the microscopic level converges to
its standard thermodynamic counterpart as the system increases
in size (that is, from the microscopic to the macroscopic) with the
density (the number of particles per unit volume) remaining
constant. This is known as the thermodynamic limit. Such
convergence requires that the entity obtained in the limit satisfy
the relevant thermodynamic assumptions. In the case of “energy,”
this means that the “energy” defined at the microscopic level must
be extensive, that is, additive at the macroscopic level. This is
where a problem emerges. Assume that, at the microscopic level,
the particles are small spherical masses subject to none other than
a gravitational interaction (which is the simplest case). The energy
of a composite system of this sort (that is, one with more than one
particle) must consist not only of the sum of the gravitational
energy of each particle but must also include the interaction en-
ergy of each pair of particles. Thus, the energy is not additive. The
interaction terms persist as the system gets larger (towards the
macroscopic limit) and even more particles are introduced so as to
maintain a constant density. Consequently the energy variable
obtained from the kinetic theory cannot be the thermodynamic
energy except as an approximation.

Thus the potential reduction of thermodynamics to the kinetic
theory is even more complicated than it is usually presumed to be.
But, given that the Nagel model of reduction acknowledges such
complexity and admits approximation, the question becomes
whether the requirement of the existence of a thermodynamic
limit is even approximately satisfied. Note that electromagnetic
(and other) interactions only introduce quantitatively greater
interaction terms and thus makes the question of the additivity of
energy even more problematicdthese issues are far from settled
(Thompson, 1972).
2.1. Explanation and epistemology

The first point on which some (but not alldsee, e.g., Fazekas
[2009], Klein [2009] and Needham [2010]) of Nagel’s recent de-
fenses have departed fundamentally from his model (generally
unlike the critics from the 1970s and 1980s) is on the question
whether reductions consist of explanation. Here, two distinct
questions must be addressed: (i) what Nagel’s positionwas, and (ii)
whether that position has merit. On the first issue, there is little
room for doubt. Here is howNagel put it in 1961: “Reduction, in the
sense in which the word is here employed, is the explanation of a
theory or a set of experimental laws established in one area of in-
quiry, by a theory usually though not invariably formulated for
some other domain.29 In 1970, he adds: “Whatever else may be said
about reductions in science, it is safe to say that they are commonly
taken to be explanations, and I will so regard them.”30 In that
29 See Nagel (1961), p. 338; even Nagel (1935, p. 46) begins with explanation and
there is repeated reference to explanation Nagel (1949, e.g., pp. 100, 107, 128, 132;
1951, pp. 327e330, 333, 336, 337) with the locution “explained by or reduced to”
occurring routinely.
30 See Nagel (1979), p. 98.
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historical context, it is this assumption that distinguished Nagel’s
model from an alternative due to Suppes (1957).

Thus, when Dizadji-Bahmani et al. (2010, 2011) claim, “[t]he two
core aims of reductiondconsistency and confirmationdcan be had
without adding further items to the list, and reductions are desir-
able even if they do not serve any other purposes. Explanation, in
particular, is nice to have where it can be had, bit it is not a sine qua
non of reduction,”31 they depart fundamentally from the spirit (and
not only the letter) of Nagel’s conception. They also depart from
Woodger (1952) who, apparently independently of Nagel, offered a
very similar model of reduction as explanation. They also depart
from Kemeny and Oppenheim’s (1956) alternative model which
also presumes that reduction is a type of explanation.32

The more pertinent question, of course, is which position has
greater merit. There is no reason to doubt that a reduction estab-
lishes some sort of consistency between the reduced and reducing
theoriesdthough the question of approximation introduced some
complexities which will be broached in Section 2.3.33 However,
even supervenience establishes such consistency34dgiven that, it
is hard to see what additional contribution a reduction makes un-
der this construal. Confirmation shows more promise: as Wimsatt
(1976) pointed out, reduction comes with pre-packaged confir-
mation. All the evidence in favor of the reduced theory now be-
comes evidence for the reducing theory. However, it is an open
question as to the extent to which there is any such added confir-
mation. Within a Bayesian network framework, Dizadji-Bahmani
et al. (2011) establish conditions under which the evidence for
the reduced theory helps confirm the reducing theory (and vice
versa) but that analysis, though a useful beginning, provides no
indication of the extent to which the support for the theory is
enhanced.

In contrast, as Nagel clearly saw, a reduction qua explanation
establishes something more important, viz., the epistemic priority
of the reducing theory relative to the reduced one. (Without this
feature, his entire discussion of the substantive conditions for
reductiondsee Section 3dwould be ill-motivated.) Now, estab-
lishing such epistemic priority, and the attendant asymmetry, in
any given case of reduction may be a stage in the achievement of
theoretical unification in the reductionist sense of Oppenheim and
Putnam (1958) or Causey (1977). If so, reduction qua explanation
makes a much more valuable contribution to theoretical change
than what could be achieved by the establishment of theoretical
consistency alone: it advances the unificationist agenda. Butterfield
(2011, p. 930) endorses such unification through reduction. (Nagel’s
[1961] own more nuanced attitude towards unification will be
noted in Section 3.1.)

However, irrespective of the (potentially disputable) goal of
unification, reduction qua explanation still establishes a deeper link
between the reduced and reducing theories than mere consistency
since the former theory formally implies the latter but not vice
versa.35 Returning to the thermodynamic example, the intent of
attempts to reduce classical thermodynamics to the kinetic theory
of matter was not merely to establish consistency between them. It
was to explain the former using the latter but not vice versa: as
Boltzmann clearly understood, it was to show that the mechanical
perspective was fundamental, and that it was sufficient to account
31 See Dizadji-Bahmani et al. (2010, 2011), 407; italics in the original.
32 For more on these models, see Schaffner (1967b) and Sarkar (1989, 1992, 1998).
33 This is the issue that most troubled Sarkar (1998).
34 So does token physicalism when the reducing theory comes from the physical
domaindsee Sarkar (1989, 1992).
35 As Hempel (1969, p. 193) put it: “The point of the reduced theory is. to offer
general principles of which the observed cases are just particular instances; and the
reducing theory will somehow have to account for these principles.”
for thermodynamic phenomena. The same situation holds for the
relationship of classical genetics to molecular biologydbut further
discussion will have to wait a detailed introduction of that case in
Section 2.2. The upshot of this discussion is that the critical
contribution that reduction makes is to provide explanation, just as
Nagel had it; if enhanced confirmation of either theory emerges as
another consequence, that is further icing on the cake.

Somewhat strangely,36 Butterfield (2011, p. 930) equivocates on
this issue, arguing that reductions require logical deduction but
leaving open the possibility that such a deduction does not
constitute an explanation. Compared to Dizadji-Bahmani et al.
(2010, 2011) and Butterfield (2011), van Riel’s (2011) relationship
to Nagel is even more complicated partly because that analysis
departs fromNagel’s in both letter and spirit. Van Riel distinguishes
between the “official” Nagel model, which is what Nagel is sup-
posed to have produced through his formal conditions, and the
“real” Nagel model, which is what van Riel is interested in
defending. The latter is supposed to be based on taking Nagel’s
discussion of nonformal conditions seriously. The discussionwill be
limited to his comments on (i) explanation and (ii) the epistemo-
logical nature of reduction.

The former are relatively easily addressed. While van Riel is not
committed to the view that all reductions are explanationsdand
the criticisms made earlier of Dizadji-Bahmani et al. (2011) earlier
are relevantd, he acknowledges that interesting reductions are
explanations. However, what is explained is not the reduced theory
(that is, reduction is not “direct”); rather reduction involves the
explanation of the facts supporting the reduced theory by the
reducing theory (that is, reduction is “indirect”). This model is more
akin to Kemeny and Oppenheim’s (1956) one than Nagel’s which
Kemeny and Oppenheim correctly saw as an alternative to Nagel’s
model.37 In other words, van Riel’s (2011) “real” Nagel model de-
parts radically from the “official” Nagel model. But is van Riel’s
position tenable? It relies on an ex cathedra claim that, if explana-
tion is anything like what is captured in the deductive-nomological
model, theories can never be explananda; rather explananda must
be restricted to events or propositions describing states of affairs (p.
369). The first response to this claim is that, given that much of
science consists of successor theories explaining earlier ones (and
the appropriate sense of “explanation” will be taken up in Section
2.2), if an explication of “explanation” rules out theories as
explananda, then it is that explication that is at fault.38 Moreover, as
Hempel and Oppenheim (1948) explicitly noted, the DNmodel was
supposed to explain regularitiesdand, as such, there is no relevant
logical distinction between these and the laws that Nagelian
reduction sets out to explain. However, it is of course possible that
the DN model is itself defective beyond repair. If that model of
explanation must be abandoned, what would be saved cannot be a
“real” Nagel model in any reasonable sense of “real.” van Riel (2011,
p. 369) addsdagain ex cathedradto his discussion the claim that
explanations must be “causal” with no indication of what that is
supposed to mean. It is exactly this kind of (apparently meta-
physical) talk that the Nagel and the logical empiricists eschewed.

Van Riel’s (2011) most novel (and unusual) claim is that the
“real” Nagel model must be ontological. There is nothing in Nagel’s
writings that supports such a claim. Moreover, Nagel nowhere
supports the idea that reduction leads to eliminations of terms in
the reduced theory (as ontological reduction typically supposes);
36 Of course, this is only strange if one does not reject Nagel’s (and most logical
empiricists’) views on explanation altogether.
37 As, also, does Nagel (1970).
38 Going back to Nagel, he has an entire section of The Structure of Science devoted
to the explanation of laws (1961, pp. 33e37).
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instead, in his substantive discussions about what makes a reduc-
tion significant, he suggests that the reducing theory should pro-
vide resources for the further development of the reduced theory
(see Section 3.1 below). Nagel is also nowhere sympathetic to a
theory-independent realism about entities. Hempel (1969)
extended Nagel’s analysis by noting his agreement and, critically,
bymaking the anti-ontological stance evenmore explicit. As earlier,
in the discussion of explanation, it becomes difficult to see why van
Riel’s “real” Nagel model is a “Nagel” model at all.

It remains to see if van Riel’s (2011) ontological interpretation is
plausible. It is partly based on the assumption that the connections
between the reduced and reducing theories must be synthetic
identitiesdthis issue will be addressed in Section 2.4. Van Riel is
correct to claim that many of those who have presented or defen-
ded Nagelian reductiondincluding Sarkar (1992, 1998, 2008b)d
have not been clear about what is meant by “epistemological.” But
the intended sense is the one that van Riel aptly captures: “the
model is judged epistemological because it is concerned with
theories . But even if we allow for Nagelian reduction in the case
of fragments of ordinary discourse (and, thus, weaken the notion of
a theory), we would presumably have a case of epistemological
reduction according to a similar criterion; it would still be a relation
that holds between representational items (2011, p. 371).”

That reduction, especially reduction qua explanation, can only
be made sense of in this way is well illustrated by the following
argument from Hempel (1969) designed to show that “objects,
states, and events cannot be unambiguously divided into mutually
exclusive classes of ‘physical entities,’ ‘chemical entities,’ ‘biological
entities,’ and so forth.”39 The reason is that any individual object
and event can be studied by many different sciences. For instance,
suppose what is being studied is a cell of Escherichia coli (the bio-
logical entity). Now, define the chemical entity, K, as the chemicals
constituting that cell of E. coli. The connection between the
potentially reduced biological theory (about E. coli) and the
potentially reducing chemical theory (about K) is now straightfor-
wardly establisheddbut, as Hempel’s insight shows, the connec-
tion is trivial and vacuous. Hempel concluded: “an object or event
may be qualified as physical, chemical, biological, etc., only relative
to a particular characterization, i.e., according to the vocabulary in
terms of which it is described. More precisely: the labels ‘physical,’
‘chemical,’ ‘biological,’ ‘psychological,’ and so forth apply properly
not to particular objects or events but to ways of characterizing
them (p. 181).” To address van Riel’s claims, all that needs to be
done is substitute “representation” for Hempel’s “characterization.”
This is the insight missed by those who would foist an ontological
interpretation upon reduction.

The intended conclusions of this discussion are (i) that Nagel
was correct in holding that reduction is a form of explanation and
(ii) that reduction must be interpreted epistemologically. The
question of whether reduction is a relation between theoriesd-
which impinges on the first of these claimsdwill now be addressed
(in Section 2.2).
40 See, also, Hull (1976) and Darden and Maull (1977).
41 See Nagel (1961), pp. 21e26. Genetic explanation, as construed here is expla-
nation on the basis of genesis or historydto avoid confusion, it should be noted that
it has nothing to do with genetics.
2.2. Explanation and approximation

For Nagel, reduction, as inter-theoretic explanation, is a relation
that holds between theories. Moreover, Nagel’s discussiondand all
his examplesdsuggest that he viewed theories as being formalized
in first-order languages. On both of these points he has been
39 See Hempel (1969), p. 180. The example given next is not due to Hempel but in
the spirit of his discussion. What Hempel was emphasizing was already clearly
articulated by Nagel (196 ¼ 52) who noted that any mereological decomposition
requires theoretical assumptions.
severely criticized (Sarkar, 1992; Wimsatt, 1976).40 However,
Dizadji-Bahmani et al. (2010, 2011) have pointed out that an
explicit requirement that laws be formalized in first-order lan-
guages is nowhere to be found in Nagel’s corpusdand they appear
to be correct. Further, recall that the formal model was at most
supposed to provide an idealdgiven such a status, the question
whether it seems to presume first-order theories is beside the
point.

A similar point can be made about whether the relata of re-
ductions are theories. Everything depends on what “theory” is
supposed to include. If what is at stake is what should be regarded
as a significant enough set of claims to be honorifically dubbed a
scientific theory, this is not an issue that can be decided by formal
analysis (as Nagel well understood, given his extended discussion
of substantive criteria for reduction). van Riel (2011, p. 362) argues
that his “real” Nagel model requires: “Reduction is a relation
holding among a great variety of scientific representational devices,
among which theories play an important epistemological role.” As
he points out, Nagel’s substantive discussions clearly admit much
more than full-fledged theories. Nagel’s discussion, particularly of
biological examples, point to reductions in case that at best involve
fragments of theories. At this point, the difference between what
Nagel says and his critics is largely verbal, about how “theory”
should be construed: moreover, unless van Riel’s “other represen-
tational devices” include some that are not truth-bearing, there is
little reason not to regard them as fragments of theories.

A more important question is whether reductions must involve
deductive explanations. This is the one point on which this paper
will diverge from the spirit of Nagel’s analysis. In The Structure of
Science, Nagel distinguished between four types of explanation:
deductive, probabilistic, functional or teleological, and genetic.41

However, he observed that: “All explanations of laws seem to be
of the deductive type (1961, p. 33).” Given that theories consist of
laws, this naturally leads to the position that explanations in re-
ductions must be logical deductions and Nagel does not consider
any alternative. Unfortunately, this imposes severe limitations on
the applicability of his analysis. It rules out the kinetic explanations
of the ideal gas law and the second law of thermodynamics which,
from Nagel’s own perspective, are exemplary cases of reduction.
The trouble is that the relevant derivations require approximations
that are guided by empirical context, for instance, the constant
density requirement in the definition of the thermodynamic lim-
itdthere will be much more on this issue below (in Section 2.3).

For the discussion that follows, it will be useful to distinguish
two loci of approximations. For simplicity, it will be assumed that Tf
and Tr do not involve approximations.42 The two loci at which ap-
proximations can occur are then:

1. The reduction functions (Rf) may introduce approximations, e.g.,
when establishing a connection between the microscopic en-
ergy and the thermodynamic energy as discussed earlier. These
will be referred to as c-approximations (with “c” for
connectability).
42 If either does, that aspect can be subsumed under the approximation involved
in the derivationdsee below in the text. The d-approximations can be expanded so
as to include the approximations needed in the formulation of Tf and Tr. Problems
that may arise because approximations need not be transitive (x approximates y,
and y approximates z, but x may not approximate z) will be left for another
discussion.
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2. The derivations may be approximatedthese will be referred to
as d-approximations (with “d” for derivation). In the example of
the putative reduction of thermodynamics to the kinetic theory,
taking the thermodynamic limit is a d-approximation.

This distinction is important because c-approximations do not chal-
lenge the assumption of a deductive relationship between the
explanans and the explanandum, as postulated by Nagel’s model.
However, Nagel (1970) seems to suggest that all the approximations
that are involved are d-approximations; in their more detailed ex-
amination of approximation, Wimsatt (1976) and Sarkar (1998) both
seem to make the same assumptionein all three cases this assump-
tion is probably partly a result of ignoring the distinction between c-
and d-approximations and partly a consequence of the fact that both
often co-occur and must be carefully excavated to be distinguished.
(The thermodynamic example is again pertinent.) As will be clear in
the discussion below, that c-approximations are probably at least as
common as d-approximations. Because these typically do not bring
the assumption of logical deduction into question, and for reasons
that will be elaborated in Section 2.3, c-approximations are less
epistemically problematic than d-approximations.

Turning to the second principal example of this paper, consider
the potential reduction of classical genetics to molecular biology.43

Here, classical genetics is taken to include Mendel’s rules, as
modified by linkage (which will be explained below). These rules
are supposed to hold for diploid organisms, that is, those with
paired or “homologous” chromosomes. These organisms have two
alleles (or versions of genes) at each locus (or type of gene).44

Mendel proposed two rules. Roughly, the first, called the law of
segregation, states that, of the two alleles an individual has, it in-
herits one from each parent and it is equally probably that each of
these is from one grandparent or the other. This rule does not hold
for sex chromosomes (in sexually reproducing species); but,
otherwise, exceptions are rare. Mendel’s second rule, typically
called the law of independent assortment, states that loci associ-
ated with different organismic traits are inherited independently.
Ever since the recovery of Mendel’s work around 1900, exceptions
to this rule, known as “linkage,” were both duly noted and used to
investigate and characterize the spatial structure of the loci, that is,
their relative positions, on chromosomes. Both of Mendel’s rules
are claims of statistical independence. Besides these rules, classical
genetics also includes several others of much more limited scope.
One of these will be relevant to the discussion below. Some traits
showwhat is called dominance, that is, the trait as exhibited by the
heterozygote (an individual with dissimilar alleles) is identical to
that exhibited by one of the homozygotes (an individual with
similar alleles) but not the other. The rule is the following: if two
heterozygotes breed, the offspringwill exhibit the dominant trait to
the other (“recessive”) in the ratio 3:1.45

Mendel’s two rules (segregation and independent assortment,
as modified by linkage requirements) are relatively easily explained
by rules (generalizations) from molecular biology, at least at a
coarse level, that is, the explanations require d-approximations.46
43 For details of this example (including all the relevant biology), see Sarkar
(1998), Chapters 5 and 6.
44 Unfortunately, the term “gene” is sometimes taken to refer to an allele,
sometimes to a locus, or sometimes to the physical entity specifying what allele or
locus it is. The science of genetics would be much clearer if it made no use of the
term “gene” which is entirely superfluous.
45 Note that this rule is not logically entailed by the rules of segregation and in-
dependent assortment; the occurrence of dominance is also required. The 3:1 rule
assumes that there are only two alleles present in the population as a whole.
46 Details of the explanations discussed in the rest of this section can be found in
Sarkar (1998), Chapter 6.
These molecular explanations, which were largely elaborated in
the 1960s, were facilitated by the development of the chromosome
theory of heredity in the 1920s. Loci were interpreted as positions
along chromosomes (arranged in a linear order). The pairing and
differential segregation of chromosomes during cell division
(observable through a microscope) provided the (d-approximate)
basis for a molecular explanation of Mendel’s first rule. The ex-
change of homologous parts during the process (“crossing-over”)
(d-approximately) explains the linkage-modified second rule of
Mendel. Sarkar (1998, pp. 149e150) codifies four rules of macro-
molecular physics that provide the basis for these explanations:

(i) Weak interactions rule: the interactions that are critical in
molecular interactions are very weak.

(ii) Structure determines function (where “function” is construed
only as behavior): the behavior of biological macromolecules
can be explained from their structures.

(iii) Importance of molecular shape: these structures, in turn, can
be relevantly characterized using their size and, especially,
shape.

(iv) Lock-and-key fit: molecular interactions are mediated by a
close physical fit between the interacting structures.

It is striking how broad the scope of these rules are in providing
successful explanations in molecular biology. Phenomena so
explained in the 1960s include two exemplary cases that were
typically part of the repertoire of anti-reductionists: allostery in
proteins which is an example of co-operative behavior, and
feedback-based regulation of gene function in bacteria (the operon
model). Neither of these explanations require d-approximations.
However, there are notable exceptions, for instance, the phenom-
enon of dominance mentioned earlier. At the molecular level, the
explanation of dominance (that is, which traits exhibit it and which
do not) seems to lie in the topology of the reaction networks
leading from loci to the trait rather than the specific physical
properties of individual macromolecules.47

Leaving such exceptions aside, the relevant question here that
has bothered critics dating back to Hull (1972) is whether such
molecular explanations constitute Nagelian reductions. It will be
useful to distinguish three related questions. In each case two is-
sues are at stake, how the question should be addressed according
to Nagel’s model, and whether that answer is correct independent
of that model.

1. Are molecular explanations proper explanations? If explana-
tions must strictly conform to the spirit of the DN model, as
modified by Nagel to address reduction, then two criteria must
be satisfied: (i) the explanans must consist of theories; and (ii)
the formal relation between the explanans and explanandum
must be one of deduction. The first criterion will be discussed
separately below. With respect to the second criterion, it was
noted earlier that the kinetic theory’s explanation of the first law
of thermodynamics required both c- and d-approximations. The
situation is more complicated in molecular biology which, by
and large, eschews quantitative derivation (let alone logical
deduction). However, though neither allostery nor gene regu-
lation is typically given quantitative explanations, molecular
explanation consists of deductively showing how the four rules
described above can be deployed to give a qualitative account of
these phenomena which are precise enough to generate new
predictions. But are these explanations? The salient point to note
47 For an extensive treatment of this case, see Sarkar (1998, pp. 168e173).
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is that, should d-approximations be disqualified, much of what
constitutes explanations in science would not count as such.
This is just as true for macroscopic physics (Leggett, 1987) as it is
of biology (Sarkar, 1998). By 1970, Nagel had recognized as
much: “it is pertinent to note that the derivation of laws from
theories usually involves simplifications and approximations of
various kinds, so that even laws which are allegedly entailed by
a theory are in general only approximations to what is strictly
entailed by it (1979, p. 99).”48

2. Are theories involved in these explanations? Much of Kitcher’s
(1984) argument against reduction between classical genetics
and molecular biology is based on the claim that neither of these
sciences have proper laws and theories. It is easy enough to
respond to Kitcher by noting that “theory” is not a technical term
within natural sciences, that it usage varies from science to sci-
ence, and that one can identify a theoretical core for both classical
genetics and molecular biologydas, indeed, some have done
(Balzer & Dawe, 1986a, b). However, even if Kitcher’s claim is
accepted, the conclusion he draws involves a serious misinter-
pretation of the spirit of Nagel’s analysis. As van Riel (2011) notes,
andwas already emphasized earlier in this section, Nagel’s model
remains applicable even when the relata in reductions are frag-
ment of theories. In 1961 Nagel (1961)mentioned thatmost cases
of putative reduction did not involve full-fledged theories; later
this issue was explicitly emphasized (Nagel, 1970). Finally, it
should also be noted that if theories are taken to be necessary
components of all explanations (with “theory” construed strictly
according to some strict criterion), the point made earlier (in
addressing question 1) is equally applicable here: such a construal
of explanation would rule out the bulk of scientific explanations.

3. Are these explanations reductions? Even Kitcher (1984) does
not deny that molecular explanations are proper explanations.
(Rather, his target is only Nagelian reduction.) What he misses is
the critical issue in Nagel’s model is whether the explanations in
question only invoke as explanans factors from a different
domain which then have epistemic primacy.49 This asymmetry
of epistemological status is the one unifying feature of both
homogeneous and inhomogeneous reductions as distinguished
by Nagel.50 Thus, molecular explanations assume the epistemic
primacy of macromolecular physics. In the case of thermody-
namics, epistemic primacy lies in the kinetic theory.

The upshot of this discussion is that, if the molecular explana-
tion of classical genetics is taken as a reduction that conforms to
Nagel’s model, explanation must be given a weaker construal than
what Nagel (1961) had assumed in The Structure of Science and did
not explicitly modify in later discussions. First, explanations must
not be taken to require full-fledged theories. In the subsequent
discussion, Inwhat follows, “theory”will be construed weakly so as
to satisfy this requirement. Second, explanation must not require
logical deduction: they may involve d-approximations (besides c-
approximations).

2.3. Context dependence

There remains the serious question whether a reduction only
invokes as explanans factors that are indubitably from the reducing
48 He adds, later: “there are relatively few deductions from the mathematically
formulated theories of modern physics in which. approximations are not made
(1979, p. 100).”
49 The same point is also missed by all those who hold that reduction need not
require explanation, especially, Dizadji-Bahmani et al. (2010, 2011).
50 It was thus taken to be the weakest and only universal criterion common to the
spectrum of types of reduction classified by Sarkar (1998).
theory. This is required to ensure that the reducing theory has
epistemic primacy in the sense required by Nagel’s model. Three
points should be noted to motivate the discussion that follows: (i)
Though the requirement of epistemic primacy was implicit in
Nagel’s (1961, 1970), it was not made explicit. However, it is central
to his model of reduction: otherwise there would be no rationale
(or motivation) for pursuing reductions. (ii) The discussion that
follows will emphasize that the issue at stake is empirical: putative
reductions must be individually scrutinized to assess the extent (if
any) to which the epistemic primacy condition is satisfied. (iii) The
source of the problem is that approximations are necessary. For d-
approximations, these may be standard mathematical procedures
(as for instance envisioned in taking the thermodynamic limit for
the energy as discussed at the beginning of Section 2). But theymay
not: approximations may be geared for a particular context and in
such a way that they embody empirical assumptions that may not
be fully justifiable from the reducing theory. This is the type of
context dependence that is problematic for Nagel’s model.51

For reductions in physics, the last possibility has been analyzed
by Leggett (1987) and Shimony (1987). Reflecting on the potential
for the reduction of macroscopic to microscopic physics through
condensedmatter theory, Leggett (1987, pp. 115e116) observes that
the relevant derivations are often “a hybrid process, in which some
steps are indeed mathematically rigorous, while othersdso-called
‘physical approximations’dare actually not approximations in the
usual sense at all, but rather are more or less intelligent guesses
guided by experience with related systems. Mathematical and
physical arguments are intimately intertwined, often without
explicit comment.” Two situationsmust be distinguished: (1) These
physical d-approximations are justified by the reducing theory. (2)
They are tailored to fit the reduction and implicitly rely on the
reduced theory. Nagel (1961) clearly rejects such reductionsdbut
on the substantive (nonformal) ground that they are ad hoc (pp.
358e361). It is clear fromNagel’s discussion that he recognized that
only contextual analysis can determine whether the d-approxi-
mations involved require more than mathematical assumptions
and, if so, whether the physical approximations are epistemically
warranted from the reducing theory.

As both Leggett (1987) and Shimony (1987) have pointed out,
there are problematic cases. Sklar’s (1993, pp. 367e373) analysis
suggests that the reduction of thermodynamics to the kinetic the-
ory is problematic in this way, that is, additional hypotheses
introduced into the derivation are tailored to produce a reduction
without being fully justified at the microscopic level. Sarkar (2000)
analyzed Einstein’s (1905) putative reduction of Brownian motion
to the kinetic theory. This casewas historically important because it
provided very strong evidence for the kinetic theorydthe very
existence of moleculesdagainst the energetics of Ostwald and
Mach. In his derivation, Einstein starts with a relation for osmotic
pressure which is a hybrid of classical thermodynamics and the
kinetic theorydthus the epistemic primacy condition is not fully
satisfied (Sarkar, 2000). The critical point here is not whether or not
this reduction can be reconstructed satisfying the epistemic pri-
macy condition (a question that remains open). The critical ques-
tion is whether the available derivations satisfy the condition.
Nagel recognized the problem but, in one important sense, insuf-
ficiently: because he regarded the issue as one of the satisfaction of
a nonformal condition, cases such as these are still reductions, but
51 This was also what concerned Sarkar (1998). Dizadji-Bahmani et al. (2010,
2011), p. 402) interpret Sarkar as questioning whether a context-independent
characterization can be found of the analogy between T*r and Tr as required by
Schaffner’s (1967b) model. This is a misinterpretation.
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not valuable ones. The discussion above tries to show that they
should not be regarded as reductions at all under Nagel’s model.

In contrast to the situationwith the kinetic theory, Sarkar (1998)
has argued in detail that the reduction of classical genetics to
molecular biology does not require physical d-approximations not
warranted by the rules of macromolecular physics (in Section 2.2).
However, both the putative reductions and Sarkar’s discussions rely
on qualitative argumentationdthe matter can also not be regarded
as settled.

2.4. Connectability

In the 1960s and 1970s the most significant source of contro-
versy about Nagel’s model was the condition of connectability.
Recall that Nagel (1961) allowed the required connections to be
logical relations, conventions, or factual statements, and that their
logical form could be conditionals and biconditionals. Later, Nagel
(1970) came to refer to these connections, that is, the reduction
functions, on occasion as “bridge laws” and accepted that theywere
typically synthetic identities (which is what Schaffner [1967b] and
others52 had required).

This section will defend Nagel’s (1961) original accountdeven
against his own later emendation (to the extent that he referred to
bridge laws). Three issues will be treated here, whether the con-
nections must be construed as laws, whether they must be bi-
conditionals, and whether they must be factual (or synthetic). A
related issue will be treated as a substantive one and addressed in
Section 3.2: the well-known but basically irrelevant multiple real-
izability objection to reductionism.

1. Must the connections be laws in any strong sense of the term
(that is, one in which certain types of claims, e.g., variegated
multiple disjunctions, may not qualify as a law)? Leaving aside
the historical issue pointed out by Schaffner (2013), that there is
no historical evidence that Nagel was relying on Hempel and
Oppenheim’s (1948) work (see Footnote 4), the Nagel model is
a special case of a DN model of explanation (one in which the
explanandum is a law). The DN model does not assume that all
the explanans, that is, the premises (of the deduction), are laws;
rather it requires that at least one of them is. In a reduction, the
laws of the reducing theory ensure the satisfaction of this cri-
terion. Thus, the question whether the connections, what
Schaffner (1967b) aptly dubbed “reduction functions,” are also
laws is left open. TheDNmodel does not require them to be laws.

The connection between this issue and the multiple realizability
problemwill be addressed later (in Section 3.2). Suffice it here to note
that two types of disjunctive reduction functions should be distin-
guished: (i) The disjuncts may be relevantly similar, for instance,
governed by some statistical laws as in the case of the distribution of
velocities of the molecules of a gas. In this case, the reduction func-
tionwill usually still be regarded as a lawdthough typically one of an
aggregate or statistical character. (ii) There may be no such relevant
similarity. For instance, the transport of molecules across a cellular
membrane in organismsmay be instantiated through awide variety
of mechanismsdover a hundred of them in one review (Gerhart &
Kirschner, 1997)dand there may be little uniformity among them.
Nagel’s (1961) original position, accepting such connections as po-
tential reduction functions, allows reductions in such casesdthus
validating a widely held view that these molecular explanations are
exemplary cases of reduction (Sarkar, 1998).
52 See, e.g., Causey (1972a, b, 1975)dsee Klein (2009) for a response that is
consistent with the aims of this paper.
Finally, note that the question of whether or not a reduction
function is a law is independent of whether it must have the form of
a conditional or a biconditional. Reduction functions can be either;
laws are typically formulated as conditional claims but that is not a
necessary condition.

2. Must reduction functions be biconditionals? Even Klein (2009),
who defends Nagel on connectability seems to assume (in all his
examples) that reduction functions are biconditionals. That
these functions may sometimesdor even oftendbe bi-
conditionals should not be open to dispute. For instance, all
typical reduction functions connecting thermodynamic param-
eters and those of the kinetic theory are usually construed as
biconditionalsdfor instance, that connecting macroscopic en-
ergy to microscopic energy or that connecting macroscopic
temperature to microscopic mean kinetic energy. This is so even
though c-approximations are required for the former case (but
not the latter). The point is that reduction functions may also be
conditionals, as the following example shows53: Consider the
molecular explanation of a genetical law claiming that a
particular gene (allele), x, accounts for an organism having a
property P. For simplicity, this will be regarded as the only
relevant law of the reduced theory (Tr). The reducing theory (Tf)
will consist of one claim: if the organism has a molecule, y, that
is of type, S, then it will have property P. There is only one
reduction function (Rf): it states that if the organism has a
certain type of gene, that is, a certain allele (x), then it will have a
molecule of type, Sdthis is a conditional claim. Thus:

Tf: y is a molecule of type S 0 Organism part will have property P

Rf: x is a gene of type T 0 y is a molecule of type S
__________________________________________________

Tr: x is a gene of type T 0 Organism will have property P
In the spirit of the earlier discussion (Section 2.3) it will be
assumed that even if approximations are involved, the derivation is
still sound. The interesting point is that there is good scientific
reason not to replace Rf by the corresponding biconditional. Assume
that each allele is delineated as a particular sequence of nucleotide
bases (DNA) at a chromosomal locus. There may be more than one
allele that results in the occurrence of the molecule, S (trivially, for
instance, if two alleles are distinguished by a silentmutation). There
are many other such examples, e.g., albinism in mammals.

If reduction functions need not be biconditionals, they need not
be identitiesdit follows, ipso facto, that they need not be synthetic
identities. It remains to see if they must be synthetic at all.

3. Must reduction functions be synthetic? Ever since Schaffner
(1967b) there seems to be a consensus that they must; even
Nagel (1970) accepted thatmost such connectionswere synthetic.
Almost all recent reassessments of Nagel’s model accept this
consensus.54 What follows will bring it into question. The main
motivation for regarding reduction functions as synthetic seems to
arise from the realization that identifying appropriate reduction
functions requires empirical work, sometimes experimentation of
See, e.g., Dizadji-Bahmani et al. (2010, 2011), Needham (2010), van Riel (2011),
and Schaffner (2013). Klein (2009) explicitly takes no position in the issue thereby
implicitly endorsing Nagel’s pluralism. Fazekas (2009) requires co-reference be-
tween the connected terms but does not specify the epistemological status of the
connections.
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the highest caliber.55 However, to conclude, therefore, that the
reductions themselves must be synthetic is a logical fallacy: what
is at stake here is their epistemic status in the explanations that
constitute reductions, and not how they were discovered.

Recall that Nagel (1961, p. 354) allowed three possibilities for
reduction functions: logical connections, conventions, and factual
statements. The first of these may appear vacuous (and Nagel
offered not unequivocal examples) but some subtleties should be
duly noted. Consider the reduction of thermodynamics to the ki-
netic theory introduced earlier. It seems plausible to hold that the
connection betweenmacroscopic energy andmicroscopic energy is
logical arising, in Nagel’s (1961, p. 354) words, “by synonymy or by
some form of one-way analytical entailment.” The same point is
pertinent to the connection between macroscopic pressure and the
average rate of change of momentum of an aggregate of particles.56

The issue will be left open heredas Nagel (1961) did.
With respect to the question of convention versus factual

statements, Nagel (1961, p. 356) emphasized the problem of
demarcating between them (and extensively discussed the
example of the connection between thermodynamic temperature
and the microscopic mean kinetic energy). Ultimately, he decided
that only context allows a demarcation to be clearly made. The
general question of such demarcation deserves even more careful
attention because of two problems faced by the facile consensus
claim that reduction functions must be synthetic:

i. Quite often reduction functions are regarded as defi-
nitionsdand definitions, typically, are regarded as conventions.
For instance, the microscopic mean kinetic energy (in almost
any account of statistical mechanics) is regarded as the micro-
scopic definition of thermodynamic temperature.

ii. Proponents of the consensus position seem to assume the
empirical status of individual reduction functions can be judged
independently, rather than that what should be regarded as
empirical is Tf and the set of reduction function (Rf) taken jointly.
Here they fall afoul of the well-known Duhem problem. In
contrast, Nagel (1961) explicitly did not.

But the most salient point of this discussion is that it is unclear why
the question whether reduction functions are conventions (espe-
cially in cases where they are introduced as definitions) or whether
they are synthetic matters at all in discussions o reduction. Nagel
(1961) showed insight in leaving the adjudication of any such
dispute to the scientific context in which a reduction is attempted.

The last observation provides an appropriate context for a tran-
sition to a discussion of the substantive aspects of Nagel’s model.

3. Substantive assumptions

Nagel saw the reductionist enterprise as continuing a pattern of
explanation championed by the mechanical philosophy of the
seventeenth century. This point is explicitly stated at the beginning
of his first paper presenting the model (Nagel, 1949) and lies at the
background of the discussion in The Structure of Science (Nagel,
1961).57 As noted several times earlier, insufficient attention has
been paid to what Nagel (1961, p. 358) called “nonformal conditions
55 See, e.g., Wimsatt (1976).
56 Indeed, what Nagel (1949, 1961, 1970) calls homogeneous reduction can all be
regarded as ones in which terms in the reduced and reducing theories are con-
nected by a logical connection, viz., identity which may be a trivial logical
connection (in this case) but, nevertheless, is a logical connection.
57 The mechanical philosophy is taken up in an earlier chapter (Chapter 7) of the
book than the chapters that are explicitly on reduction (Chapters 11 and 12).
for reduction.” These turn out to be remarkably valuable (Sarkar,
1989, 1998; Waters, 1990) as will be emphasized below. Among
recent commentators, only van Riel (2011) has focused on Nagel’s
substantive conditions but has misinterpreted Nagel on most
countsdrecall the discussion of Section 2.1. Nagel’s discussion of
substantive conditions will occupy this section, but the discussion
will remain incomplete. It will only deal with two of the most
interesting aspects of the criteria that Nagel used to distinguish
between scientifically valuable reductions and those that were
trivial (in Section 3.1) but it will leave out many other important
substantive aspects of reduction that have been widely discussed
during the last decade, in particular, problems of mereological
decomposition.58 Instead it will turn to the issue of multiple real-
izability (Section 3.2) because of its iconic status among critics of
reductionism.

3.1. The value of reductions

Nagel’s critics and commentators typically ignore his impor-
tant admonition: “formal conditions for reduction. do not suf-
fice to distinguish trivial from noteworthy scientific
achievements (1961, p. 358).” Nagel introduced two sets of con-
ditions which distinguish scientifically valuable reductions from
those that are not. The first set of conditions detailed epistemic
virtues of the reducing theory, and of a putative reduction, if that
reduction is to have scientific significance; the second set intro-
duced contextual historical constraints that help adjudicate the
value of reductions.

1. For Nagel (1961), there were five epistemic virtues:
i. Nagel observed: “If the sole requirement for reduction were
that the [reduced theory] is logically deducible from arbi-
trarily chosen premises, the requirement could be satisfied
with relatively little difficulty (p. 358).” For that reason, Tf
must not consist of any ad hoc set of assumptions (p. 358). At
the very least, its “theoretical assumptions. [must] be
supported by empirical evidence possessing some degree of
probative force (p. 358).”

ii. The evidence in favor of Tf should be independent of the
evidence in favor of Tr (p. 358). Nagel viewed this as one of
the principal virtues of the kinetic theory in the reduction of
the thermodynamicsdthat, beyond thermodynamics, the
assumption of a molecular constitution of matter had a wide
variety of supporting evidence by the mid-nineteenth cen-
tury when the issue of a potential reduction of thermody-
namics became scientifically relevant (pp. 358e359). The
same condition is obviously met in the reduction of classical
genetics to molecular biology: the laws of macromolecular
physics are equally applicable to non-biological entities as
they are to living organisms.

iii. Perhaps the most telling substantive condition that Nagel
introduces is that a reduction should help the further
development of the reduced theory (p. 360). There is thus
no question of the reducing theory replacing or eliminating
the reduced onedeliminativism is against both the spirit
and the letter of Nagel’s analysis, a point that he repeatedly
emphasized in 1970 where as part of his argument that, in
cases such as the reduction of thermodynamics to the ki-
netic theory, there is no replacement following reduction
(or, if Feyerabend [1962] was correct, following a failure of
reduction). For that case, Nagel argued that further
58 For an entry into those discussions, see Wimsatt (1976), Sarkar (1998, 2008b),
and Hüttemann and Love (2011).



59 Indeed, Sober (1984) was once one of the champions of that consensusdSober
(1999) had become appropriately critical.
60 A different type of objection also sometimes referred to as “multiple realiz-
ability” is due to Putnam (1975). Those arguments are at best only indirectly related
to Nagel’s model and will not be analyzed heredfor a response to them, see Sober
(1999).
61 Butterfield (2011) endorses Sober’s analysis.
62 There is a peculiar irony here. Fodor’s (1974) sub-title, “The Disunity of Science
as a Working Hypothesis,” clearly has Oppenheim and Putnam (1958) as its target;
moreover, though the latter paper is not cited in the original publication of Fodor
(1974), a citation to it is added when that paper was reprinted, starting with
Fodor (1975). The irony is that Oppenheim and Putnam endorsed Kemeny and
Oppenheim’s (1956) model of reduction which is supposed to reject and replace
Nagel’s account. Fodor seems to have been oblivious of the difference.
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development of thermodynamics was achieved after
reduction when, in the 1870s, kinetic considerations (viz.,
assumptions about the finite size of molecules and the
nature of their interactions) led to van der Waals’ law for
gases which corrects the ideal gas law. In the case of
classical genetics, a molecular understanding of gene
transmission and action has led to many extensions of the
classical theory.

iv. Good reductions should lead to new predictions (p. 361). The
new predictions that Nagel had in mind could include the
formulation of what he called “intimate and frequently sur-
prising relations of dependence” not only between the
reduced and reducing theories but also, potentially, between
the laws of the reduced theory. In the case of the reduction of
thermodynamics, these relations included those that made
possible the variety of ways inwhich Avogadro’s number can
be calculated. In the biological context, development of the
allostery model for the behavior of hemoglobin led to the
prediction of allostery in other contexts in which biological
macromolecular complexes (of multiple units) were
involved (Perutz, 1990).

v. If reduction leads to some degree of added unification be-
tween the reduced and reducing theory, that is an added
virtue (p. 360). Given that eliminationwas not at stake (point
eiiie above) it is not surprising that Nagel’s criteria for
unification were obviously weak (though not very precisely
or explicitly formulated): his examples amounted to nomore
than the discovery of the type of relations of dependence
between laws mentioned earlier.

Nagel’s discussion suggests that the last two virtues in this list
are not as important as the first three; however, there is no explicit
statement to that effect.

2. The temporal context of a reduction is important given that
theories are not static entities but change over time (pp. 361e
363). Nagel emphasized that theories “must be at appropriately
mature levels of development if the reduction is to be of sci-
entific importance (p. 363).”
i. In particular, whether or not there is a reduction between
theories is itself temporally indexed, that is, it is illegitimate
to ask whether T1 is reducible to T2 without specifying at
what time stage of development each of them is being
considered (pp. 361e362). The same point was emphasized
by Hempel (1969). Nagel (1952) was entirely skeptical of the
reducibility of organismic biology to physics and chemistry;
Nagel (1961) repeats that assessment; and Nagel (1970) is
only slightly less pessimistic. Sarkar (1989, 1998) has criti-
cized Nagel for failing to see the import of molecular biology,
and Schaffner (1967a, 1969) provides a contrast from that
perioddbut this is a story for another day.

ii. The time period at which a reduction is attempted should be
appropriate (Nagel, 1961, p. 362). If the theory to be reduced
is at a stage when much of its fruitful developments is
exploratory, that is, consists of attempts to expand its
domain, its reduction may not only be scientifically irrele-
vant but may harm its development. Alternatively, as Nagel
put it: “a discipline may be at a stage of active growth in
which the imperative task is to survey and classify the
extensive and diversified material of its domain (p. 362).” In
either case: “Attempts to reduce the discipline to another
(perhaps theoretically more advanced) science, even if suc-
cessful, may then divert needed energies from what are the
crucial problems at this stage of the discipline’s expansion
(p. 362).”
The discussion makes it abundantly clear that, for Nagel, un-
like almost all his interpreters and critics, the formal conditions
are necessary but far from sufficient for a scientifically valua-
bledand, in that sense, successfuldreduction. Moreover, the
details of the discussion of the substantive conditions for
reduction also testify to the sensitivity of Nagel’s account of sci-
ence, including its history. In this he stands out among the logical
empiricistsdbut that issue is beyond the scope of this paper. It is
time to return to the critics.
3.2. Multiple realizability

In 1999, Sober (1999, p. 5) observed: “If there is now a received
view among philosophers of mind and philosophers of biology
about reductionism, it is that reductionism is mistaken. And if there
is a received view as to why reductionism is wrong, it is the mul-
tiple realizability argument.”59 The most influential form of that
argument goes back to Fodor (1974, 1975) 60; the version that will
be considered here starts with Sober’s (1999) reconstruction and
develops several formal points further.61 These discussions uni-
formly presume Nagel’s (1961) model.62

Fodor’s claims are based onwhat Sober (1999, p. 552) aptly calls
a “horror of disjunctions.” (Butterfield [2011, p. 942] holds that
Nagel shared this horror but presents no clear textual evidence;
nothing in Nagel’s corpus suggests any sympathy with Fodor’s
concerns.) Putative reductions, according to Fodor (1975) have the
following structure:

T1f : Ai0Bi i ¼ 1;.;n

T2f : ðA1⋁A2⋁:: : : ⋁AnÞ 0 ðB1⋁B2⋁:: : : ⋁BnÞ
Rf 1: P 5 ðA1⋁A2⋁.⋁AnÞ
Rf 2: Q 5 ðB1⋁B2⋁.⋁BnÞ
______________________________
Tr: P 0 Q

Here, T1f and T2
f comprise the reducing theory (Tf) and the

reduction functions, Rf1 and Rf2, and are supposed to be bridge laws.
The disjunctions in T2

f , Rf
1, and Rf2 are supposed to preclude them

from being appropriately lawlike. Thus, whenever such forms are
involved in putative reductions those reductions are illegit-
imatedand, for Fodor, this has always been the situation in any
attempted reduction of a special science to physics. The objection is
equally applicable to any other Nagelian reduction (that is, when Tf
is not physical theory). Additionally, the biconditionals in Rf1 and
Rf2 are supposed to be problematic because they are supposed to be
identities.

The first point to note is that:

Ai0Bi i¼ 1; : : : : ; n ᅣ ððA1⋁A2⋁.⋁AnÞ0 ðB1⋁B2⋁.⋁BnÞÞ
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In other words, T2f is entirely superfluous in this derivation.
Moreover, for the purpose of deducing Tr, Rf1 can be replaced with:

P 0ðA1⋁A2⋁.⋁AnÞ ;
and Rf2 can be replaced with:

ðB1⋁B2⋁.⋁BnÞ0Q :

Thus, what remains is the simpler structure:

Tf : Ai0Bi i ¼ 1;.; n
Rf 1: P 0 ðA1⋁A2⋁.⋁AnÞ
Rf 2: ðB1⋁B2⋁.⋁BnÞ 0Q
______________________________
Tr: P 0 Q

where there is no disjunct in the reducing theory and no bi-
conditionals left in the reduction functions. Note that there may be
a large number (n) of reducing laws but (i) the situation was no
different in the original structure and (ii) there is no rationale to
assume that a reduction may not require a large number of
reducing laws. (Butterfield [2011] has made the same point.)

Given that laws typically have the form of conditional, there is
no formal reason for precluding the two reduction functions, Rf1

and Rf,2 from being bridge laws unless it is assumed that no
disjunction can occur in a law. This is what Fodor (1975) assumes
ex cathedradand Sober (1999) rightly questions. The more
important point, though, is that, for the reasons already elabo-
rated in Section 2.4, reductions do not require the reduction
functions to be laws: DN explanations require that at least one of
the explanans is a law; they do not require that all of them are.
Thus reductions qua DN explanations must only satisfy the
requirement that there are reducing laws in Tf, and this is beyond
question. Thus, even if the reduction functions are disjunctions of
a heterogeneous variety of claims, that circumstance is not rele-
vant to the question whether a putative reduction actually is a
reduction. Klein (2009, p. 50) has also pointed out that Nagelian
reductions do not require reduction functions to be laws. How-
ever, Needham (2010) continues to claim that they must be laws
(though not necessarily biconditionals). He goes on to suggest
that the reducing theory should be regarded as containing both Tf
and these lawsdthere is no textual evidence in Nagel to support
this claim.63

Perhaps the most substantive point to note is that reductions
will standardly require multiple realization: every time that
behavior of an entity at one level (that of the reduced theory) re-
sults from the aggregate behavior of many entities at another level
(that of the reduced theory). The reduction of thermodynamics to
the kinetic theory provides a classic example of this situation: every
macroscopic thermodynamic state corresponds to a very large
number of microscopic states (and, in many models of classical
statistical mechanics, they are uncountably infinite). In this
example there are statistical regularities that govern the behavior
of the microscopic states but the biological example in Section 2.4
indicates that there need not always be such regularities. Themoral
of the story simply is: rather than being a problem for reduction,
multiple realizations should be taken to be a sign that a reduction
should be possible through a detailed analysis, especially in cases
where what is being explained is the behavior of a whole in terms
of its parts.
63 Needham (2010) illegitimately extrapolates from the correct observation that
the requisite derivation of the Tr can only be carried out from both the Tf and
Rfs.
4. Final remarks

What should a critical assessment of Nagel’s model be? The
discussion so far has defended Nagel on eight points against his
critics and some “defenders” who have seriously misinterpreted
him: (1) Most importantly, reduction is a type of explanation. (2)
There is no problemwith regarding reduction as a relation between
theories so long as “theory” is interpreted broadly to include awide
variety of truth-bearing representational structures. (3) Consistent
with the last two points, the pertinent issues about reduction are
epistemological, rather than ontological. (4) The logical form of the
connections between the reduced and reducing theories can be
varied. In particular, they are not restricted to being synthetic
identities. (5) The connections between the reduced and reducing
theories need not be lawlike. Multiple realization is not a problem
for reduction. (6) The reduced theory must be derived from the
reducing theories with the help of these inter-theoretic connec-
tions. However, these derivations may involve context-dependent
approximations including d-approximationsdthis means that
what is derivedmay be an approximation to the reduced theory. (7)
Elimination of the reduced theory (or the entities it postulates) is
not a goal of reduction. (8) Valuable reductions typically enhance
the further development of the reduced theory.

What, then, should be said in criticism of the model? There
appears to be two sets of problems. The first concerns Nagel’s
failure to recognize the extent to which the use of approximations
vitiates his formal model and his concomitant failure to provide any
analysis of the nature of approximation. This is unfortunate because
(i) distinguishing between c- and d-approximations, (ii) showing
that the former are the only ones involved in many putative re-
ductions, and (iii) recognizing that they do not call into question the
deductive structure of the relevant explanations, would have hel-
ped answer many of the critics of Nagel’s model (such as Wimsatt
[1976]) who were (perhaps unduly) impressed by the fact that
reductionist explanations involve approximations.

The second set of issues arises from the suite of substantive
issues about reduction that immediately arise from Nagel’s model
but which he seems not to have fully recognized. Nagel’s funda-
mental exemplars for reduction were the explanations demanded
by the mechanical philosophy of the seventeenth century which
he correctly regardeddstarting in 1949das the historical origin of
the kinetic theory of matter (Nagel, 1949; Sarkar, 1989, 1998).
Thus, he recognized that a critically important class of reductions
concerned the explanation of laws about wholes in terms of their
spatial partsdand, as early as 1952, he provided illuminating
discussions of mereological problems, including an explicit reali-
zation that to partition a whole into parts required theoretical
assumptions (Nagel, 1952). Yet, Nagel seems to have been unaware
that modern quantum mechanics calls into question the individ-
uation of parts in almost all situations in which they interact at
alldthis is the quantum-mechanical entanglement problem (of
which the measurement problem is an instance).64 Moreover,
explanation of wholes in terms of their parts requires commit-
ments about what can reasonably be attributed to parts as in-
dividuals, that is, what constitute individual properties of parts in
the context of the laws in which they occur (Sarkar, 2008a). Nagel
ignored this question.

Thus, even though Nagel’s discussion of substantive conditions
for reductionwas sophisticated, andmuchmore important than his
commentators and critics have generally noted, it ignored enough
issues that it was often regarded as not fully adequate even by those
64 The literature on this issue is vastdsee Shimony (1987) and Jaeger and Sarkar
(2003) for an entry.
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who were generally supportive of reductionism. These critics in-
cludes Wimsatt (1976) though he focused mainly on Nagel’s formal
model and substituted for it an alternative formal model of expla-
nation derived from Salmon (1971). Similarly, Sarkar (1998) chose
to ignore the formal issues of explanation as uninteresting, and
focused entirely on substantive issues but, specifically, on those
issues that were relevant to twentieth-century scientific reductions
and were beyond the resources of Nagel’s analysis. Part of the
motivation for this paper has been to restore some balance.
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