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Abstract

| argue that a common philosophical approach to the interpretation of ptysic
theories — particularly quantum field theories — has led philosophers .a#itifzgs
driven many to declare the quantum field theories employed by practicirg-phy
cists, so-called “Bective field theories,” to be unfit for philosophical interpretation.
In particular, such theories have been deemed unable to support tirgatjsreta-
tion. | argue that these claims are mistaken: attending to the manner in which these
theories are employed in physical practice, | show that interpretiiegte/e field
theories yields a robust foundation for a more refined approach taiicie@alism
in the context of quantum field theory. The paper concludes by brieélicking
some general morals for interpretive practice in the philosophy of physics
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1 Introduction

There are two central strands of contemporary philosophsc@nce which sit in ten-
sion. On the one hand, there is the increasing desire ofgaplwers of science to ensure



that their philosophical commitments are grounded in oustrsaccessful scientific the-
ories. This is often considered part and parcel of adoptifrgaturalistic’ approach to
philosophical investigation On the other hand is a currently widespread approach to
the interpretation of physical theories. According to thgroach, the central interpre-
tive task of the philosopher is to answer the following ceufaictual question: “if this
theory provided a true description of the world in all respeevhat would the world
be like?” Given what we know about the restricted validitytioé descriptions of the
world provided by even our best physical theories, thiswsisasily with the interpretive
question that follows more naturally from paying heed t@stfic practicé: “given that
this theory provides an approximately true description wfworld, what is our world
approximately like?”

My aim in this paper is to fier one way of resolving this tension. In the context of
guantum field theory, | distinguish these two interpretiv@@cts and argue that adopting
the modern understanding of quantum field theories fisctve theories’ renders the
prevailing counterfactual approach to theory interpretatit best unmotivated, and at
worst misleading. Fortunatelyffective quantum field theories provide philosophers with
a superior starting point for interpretational questias&n according to the criteria that
purportedly motivate prevailing interpretive practicen garticular, they enable one to
answer in the firmative the question that (Ruetsche [2011]) takes to be hgndn any
purported interpretation of a physical theory: “does thigiipretation allow the theory
to discharge all of its scientific duties?” In fact, in the t®xt of quantum field theory it
is only by attending toféective theories that one can satisfy this criterion.

It is especially profitable to attend tdtective theories in order to answer questions
about the ontological implications of quantum field thesri8ince a number of philoso-
phers of physics viewfeective theories as aad hocsolution to certain mathematical
problems in quantum field theory, or merely as tools for eting empirical predictions
which convey no ontological guidance (for example, (Habeoor and Miger [2006]),
(Fraser [2009]), (Kuhlmann [2010]), (Fraser [2011]), aBditerfield and Bouatta [2015],
section 5.2)), | will argue for this position at some lengifsection 3.

The plan of the paper is as follows. In section 2, | review wihdg&em the Standard
Account of theory interpretation before providing reastmbe dissatisfied with it. Sec-
tion 3 is a detailed discussion of the virtues that interpgeéffective theories promises
for scientific realism. | argue that it yields a more robust anientifically informed set
of realist commitments than the Standard Account. | corelumdsection 4 with some

For example, naturalism of a particularly appealing soetxsmplified by (Maddy

[2007]) or (Wimsatt [2007]), or many papers in (Ratsal. [2013]).
2This phrasing can be found in (Fraser [2011]), where it iglusedescribe the

preferred interpretive question of (Wallace [2011]). lalso endorsed by (Baker [2015],
section 2), although | disagree with Baker about the sensdichnguantum field theory
can rightly be called “approximately true” in a way that leayne unconvinced by the
argument he goes on to give in section 2 of that paper.



brief, general comments on interpretive practice in théogbphy of physics.

Finally, a brief terminological note. fiective quantum field theories (EFTs) are quan-
tum field theories that become inapplicable beyond somd sligiance scale, and that
incorporate this inapplicability into their mathemati¢dalmework. Throughout the pa-
per | will use the phrase feective quantum field theory” in a slightly broader sense than
sometimes displayed in the physics literature. The onlgiBaance of this here is that
guantum field theories given a mathematically exact dedimitin a spacetime lattice will
be labeled as EFTs, in addition to those that incorporatieltheted domain of applica-
bility into their perturbative approximatién

2 The Standard Account of Theory Interpretation

Philosophers of physics occasionallfey remarks about what it means to give an inter-
pretation of a physical theory, but more frequently theytgehe business of interpreting
without a metaphilosophical preamble. In this section nmy & to extract a handful of
principles that strike me as shared ground among many ipless of physics regarding
what it means to interpret a physical theory. These make uat Wiabel the Standard
Account, or Standard Interpretation, and its practitisrecall Standard Interpreters. |
should note that | do not have in mind any particular authosedrof authors as per-
fect examples of Standard Interpreters. The Standard Atdsuneant to reflect a set
of assumptions that are at least tacitly assumed by manyimgik the philosophy of
physics; in any given paper those authors might exhibit n{aaynot necessarily all) of
the principles that | group together under the heading oStaedard Account. That said,
after outlining the Standard Account, | will substantigtevith a representative sample
of quotations from philosophers of physics addressing thestijon of what it means to
interpret a physical theory.

The ingredients | take to be integral to the Standard Accargit

1. Thetheory to be interpreted is assumed to provide a trdiexd@maustive description
of the physical world in all respects, including at all lemgtales.

2. A theory is to be interpreted in isolation. It is illicit @ppeal to, say, quantum
mechanics to shed light on interpretational questionsaasital physics, or to the

3See (Georgi [1989]), (Duncan [2012]), or (Petrov and Bleahfi2@15]) for
accessible introductions to EFTs, or (Williams [2015],teet?2) for a much briefer

introduction aimed at philosophers.
“What | call the Standard Account has some overlap with whattdebe [2011])

calls ‘pristine interpretation’. | hasten to add that Rukésdoes not endorse the practice
of pristine interpretation, and in its steaffeys an account of theory interpretation that
requires interpreters to be engaged with how physical taeare employed in practice.




inevitability of gravitational €ects at short distances to resolve an interpretational
difficulty in quantum field theofy

3. Aninterpretation of a theory consists of the set of allld®nomologically possible
according to that theory.

4. This set of possible worlds is determined by generic siratfeatures of the theory
in question. These may include its dynamical laws, certaiarkatical constraints
(the symmetries of its space of physically allowed stat@sekample), and so on.
Information about empirical applications of the theory -whiv is employed in
scientific practice — are largely or entirely ignored

5. The goal of interpreting a physical theory is to identifdacharacterize ithinda-
mentalontological features.

Now for some evidence. Consider the following descriptiohsheory interpretation
offered by philosophers of physics:

e (Earman [2004], p. 1234): “Whatever else it means to intémeientific theory,
it means saying what the world would have to be like if the tiie®true.”

e (Van Fraassen [1991], p. 242)HEnce we come to the question of interpretation
Under what conditions is the theory true? What does it say tir&lis like? These
two questions are the same.”

e (Belot [1998], p. 532): “To interpret a theory is to describe possible worlds
about which it is the literal truth. Thus, an interpretatiohelectromagnetism
seems to tell us about a possible world which we know to bendistrom our
own.”

e (Fraser [2009], p. 558): “By ‘interpretation’ | mean the aiti of giving an answer
to the following hypothetical question: ‘If QFT were truehat would reality be
like?"”

SThis is really a corollary of principle 1 — how could a physiteeory that is
assumed to provide a true and complete description of thielwerconsistently
interpreted in anything but isolation? | list it as a sepaginciple merely for the sake

of emphasis.
¢In the same paper, Belot doefey an account of how one can learn about our own

world by examining the interactions between theories wenkttobe merely &ective,

but that we have interpreted as true in all respects. Hiswattdonges on a
recommendation | heartily endorse — examining the relatimtween theories which we
know to be merely fective — but | do not see how his account can be consistent. In
particular, | do not see how one can consistently interpretiies as literally true in all
respects while advocating comparisons between theortbe idomains in which the
two are taken to break down. It seems that strict commitneetite former rules out the
possibility of the latter.




e (Ruetsche [2008], p. 199): “To interpret a physical theorpisay what the world
would be like, if the theory were true. A realist about a tlyeloelieves that theory
to be true.”

e (Arntzenius [2014], p. 4): “So, what is it that | am doing whediscuss what
the structure of space and time is according to classicaharecs, according to
guantum mechanics, and so on? What | am doing is discussingwehahould
take the structure of the world to be if the phenomena weréaasical mechanics,
or qguantum mechanics, or...says they are. [...] On the ditied, it has to be said
that while it seems quite reasonable to expect that futuesmese will have a huge
predictive overlap with current science, it is not so obeithat it will have a huge
overlap concerning the kind diindamental structuréhat is the concern of this
book” (emphasis mine).

Consider two corollaries of the Principle 1. The first conglles that one must also
banish other theories from consideration: to interpretestimeoryT is to interpretT in
isolation. It is illuminating to see how this corollarytects philosophical practice, and
the following discussion in (Fraser [2009], p. 552) prowde helpful example. She
notes that physicists and philosophers often appeal tcattteliat quantum field theory
will be succeeded by a (currently-unknown) theory of quangravity at short distance
scales as one way of giving physical content to the shottge® cuté present in EFTSs,
and that some theories of quantum gravity suggest that Specenay have a discrete
structure. She then argues that it would be mistaken to thistkappeals to such theories
of quantum gravity could possibly do any interpretationalkvn EFTs because “even if
these claims are borne out, the fact that quantum graviiganes that space is discrete
would not help settle the question of how to interpret theffwariant of QFTbecause
gravitational considerations are external to QF{emphasis mine). The conclusion she
draws is that EFTs are unfit for interpretation, in part dudifficulties she sees related
to interpreting the short-distance cfito

The second corollary is that the theory to be interpretedtinage a rigorous math-
ematical description at all length scales. That is, afteraanecessary condition for
assuming a theory to be true in all respects (and being atdesiome the theory’s truth
down to arbitrarily small length scales is necessary farprteting the theory as making
claims about fundamental metaphysical structure). Acoegd of this mathematical pre-
condition for interpretation is what leads Halvorson, flastance, to state that “[ijn the
absence of some sort of mathematically intelligible dggiom of QFT, the philosopher
of physics has two options: either find a new way to understhadask of interpreta-
tion, or remain silent about the interpretation of quantustdftheory” (Halvorson and
Muger [2006], p. 731). Standardly Interpreting a physiteary, then, requires that it
be mathematically well-behaved even in domains wherelg daiaphysical theory: that
is, even in domains where we expect this mathematical gesurito fail to describe any
properties of the actual world.



Principle 5 identifies another recurrent attitude one entars in Standard Interpreta-
tions of physical theories, closely related to the assuwngtat the theory being studied
is true in all respects: the focus on identification of thedamental structure of the phys-
ical theory being interpretédin such investigations, this is commonly identified witk th
structure present in a theory at the smallest length scatesin many cases this seems
to be uncritically assumed to capture the structure thadmmon to all length scales.
This emphasis on identifying fundamental structure mehasthe focus is often on the
ontology of the theory at arbitrarily small length scalesegisely the physical domain
in which one has good reasons to distrust the ontologicalnmétion contained in any
extant physical theofy For example, consider (Fraser [2008], p. 857), where singear
that if particles do not exist at some fundamental level iarqum field theory, then “QFT
does not furnish grounds for regarding particlelike eesitas constituents of reality.” This
is defended on the grounds that in order to take particles tmhstituents of reality, “the
cogency of the distinction between fundamental and lesddmnental entities must be
defended and a case must be made for admitting additionalfuralamental entities
into our ontology” (p. 858). Similar claims are made by (Noj2009], p. 23), where
she states that “if our world’s fundamental physical thewsre the theory of classical
particles, we should conclude that the structure of the emadtical space in which to
best represent the theory, and of the world according totteatry, hasonly symplectic
structure” (my emphasis). These exemplify the Standamrpnéter's emphasis on fun-
damental structure, as well as the tendency to equivocatesba a theory’s ontological
content at the fundamental level and that content at athdcsts scales.

Surveying the principles of Standard Interpretation, anienipressed by the degree to
which they require a starting point for interpreting quantield theories that diers from
the conceptual and mathematical framework that charaetethe modern understanding
of quantum field theories as EFTs. In fact, Standard Intégpseinsistence on treating
a theory as true in all respects — in particular, at all lersgilles — has restricted them to
studying toy quantum field theories formulated in two or éhdémensional spacetimes,
or features of the axiomatic framework in which those modes constructed. These
toy theories are furthermore quite structurally distincinf the quantum field theories
we know to be empirically successful in the real wérl®ne reason this restriction is

"This is fairly common in philosophy of physics and ubiqu&an the analytic
metaphysics literature, but even within the small subfiélthe philosophy of quantum
field theory it is on display in (among other places) (Hea§(Q7]), (Fraser [2008]),
(Baker [2009]), (Baker [2010]), (Baker and Halvorson [201(0&;ntzenius [2014]), and

the discussion in (Butterfield and Bouatta [2015], section 5.2
8Thus the emphasis on identifying fundamental structurésis @osely tied up with

Standard Interpreters’ demand that a physical theory hagmeous mathematical
description at all length scales. My thanks to an anonymeigesee for pressing this
point.

°In particular, even in two or three spacetime dimensionsdahey models are



so remarkable is that it is commonplace for physicists tades the recognition that
all quantum field theories break down at short distancesttandssociated development
of the RG and the EFT framework, as the most significant cone¢pidvance in the
understanding of quantum field theory in the second half efttrentieth century: as
(Rivassealet al. [2014], p. 4) put it in their recent review of the RG, “the theaf
renormalization...that initially might have appeared a®mputational trick, is now un-
derstood to be the heart of QFT.” Physicists generally ct¢fag inevitable breakdown
of any EFT at short distances not as a disaster, buffesrg profitable physical insight.
Among other advantages, it provides insight into the lesgties at which physical pro-
cesses not included in the particular EFT they are workirtg Wecome important, and
thus at which length scales their theory must be modifiedgaoed entirely.

Before turning to the vices of the Standard Account, | wanttpleasize that | am not
suggesting that Standard Interpreters fail to recognaediassical mechanics, or general
relativity, or quantum field theory do not provide valid degtions of our world at short
distances. They unquestionably do know this. This is pamioht makes Standard
Interpretive practice so odd: they uniformly set this knesde aside in order to pursue
Standard Interpretation, and then frequently double-dowthe oddity by focusing their
philosophical attention on the identification of the thémmgntology in precisely those
short-distance regions where one knows the theory’s gegmrito be inadequate.

2.1 Vicesof the Standard Account

The theoretical results currently available fall into twategories: rigorous
results on approximate models and approximate resultsalistie models.
— (Wightman and Glance [1989])

Here | describe three serious problems with Standardlypreééing quantum field the-
ory. | will be brief, for two reasons. First, because muchhi$ ground has been covered
at length in (Wallace [2006]) and (Wallace [2011]), with whd am almost entirely in
agreement. Second, because section 3 consists of a p@siwment that interpreting
EFTs grounds ontological commitments that are more rediiihn those any Standard
Interpretation of quantum field theory can provide, and léhthps argument will be more
persuasive than any purely critical discussion.

The central vice of Standard Interpretation, illustratgdie quote from (Halvorson
and Muger [2006]) cited earlier, is that it declares essdigtall empirically applicable
guantum field theories to be unfit for interpretation. Thibésause no mathematically

unable to accommodate the local gauge symmetries that eesseay for formulating
the Standard Model of particle physics.

1oFor example, see (Weinberg [1983]), (Gross [1999]), (Weig§1999]),
(Zinn-Justin [1999]), (Banks [2008]), (Zee [2010]), (Dund2012]), (Cardy [2013]),
and many of the papers in (Baaqeieal. [2015]).



rigorous version of the Standard Model — indeed, of any auieng QFT in four space-
time dimensions — has ever been constructed, and a rigoratifeematical model of a
physical theory is a precondition for providing a Standartkdpretatioht. Quantum
field theories that satisfy the preconditions for Standatdrpretation are known to ex-
ist only in two or three spacetime dimensions, and lack mdnye crucial structural
features that characterize the quantum field theories wdesieribe our world, such as
invariance under local gauge symmetries. This means thgiwantum field theory, the
guestion the Standard Interpreter aims to answer is agiwalise than the counterfactual
starting point | attributed to Standard Interpretatiorhat@utset of the paper. In quantum
field theory, the Standard Interpreter sets out to answefiotlmving nested counterfac-
tual: “If we lived in a world with two (or three) spacetime demsions, and if that world
could be described by a theory that we know is structuraltapable of describing our
world, and if that theory provided a complete and exhaustescription of that two (or
three) dimensional world in all respects, what would thatldbe like?” The answer to
this question is then purported tffer insight into the ontology of the world in which we
do, in fact, reside.

A second vice stems from this inability to Standardly Intetgempirically applicable
quantum field theories. The manner in which a physical theoeynployed in real-world
applications €ers valuable guidance about which elements of that theprgthematical
framework play a genuinely representational role and whrehlikely just mathematical
artifacts. The absence of applications for the quantum fleddries preferred by Stan-
dard Interpreters thus makes their proposed interpregguen less reliable. Again, this
is not just in the general sense that one may reasonably hareeganfidence in the ap-
proximate truth of empirically successful theories, babah the more specific sense that
their preferred toy theories lack an important tool for pdivg a fine-grained separation
of ontological wheat from mathematical ¢ghaExplaining how this works in EFTs is
addressed in detail in section 3.

The rectitude of Standard Interpretation is not always §ssumed. There have been
arguments presented in its favor — in particular, argumertggnoring EFTs in favor
of attempting to extract ontological information by ansivgrthe nested counterfactual
given above (for example, (Fraser [2009]), (Kuhlmann [ADXEraser [2011]), or (Baker
[2013])). However, these arguments reveal a third vice bkaidg to Standard Interpre-
tive methodology: it can generate conclusions we have geasian to believe (at best)
non sequiturs, and (at worst) false. As one example, contfideargument in (Fraser

1By “rigorous mathematical model” | mean a model that satisthesVightman
axioms (or some similar set of axioms). In the case of theawieich are not
asymptotically free (or asymptotically safe), there isifpos reason to suspect that no
rigorous mathematical model could ever be constructedfsaxample (Rivasseau
[1991])). For theories that are asymptotically free (ormapyotically safe), it is
suspected such a mathematically consistent extensiorsssighe, but no one knows how
to provide one yet (Douglas [2004]).



[2009]) that the lack of a rigorous mathematical model ofrquen field theory in four
spacetime dimensions renders it unsuitable for interpogtaFraser’'s argument takes the
form of areductio ad absurdumshe considers an EFT whose breakdown at some short
distancel is captured by representing space as a lattice with latpeeisgL. Adher-
ence to Standard Interpretational methodology (that tiserg®ion of the world &ered
by the theory be treated as true and exhaustive, for instd@ads her to conclude that
the theory assigns a lattice structure to physical spaces, e continues, since no one
believes that quantum field theory entails that physicatspes a lattice structure, EFTs
are unfit for interpretatiord. Of course, the upshot of amgductiois just that some set of
assumptions is inconsistent; one then identifies the adsamg) to be discarded based
on whatever considerations are most appropriate withircdimeext of the investigation.
An alternative response to discovering that one’s appré@atheory interpretation gen-
erates a conclusion that no one believes is to conclude tthady be the approach to
interpretation that is unfit for interpretive work, not theory.

The three objections to Standard Interpretations of qumarftald theories that I've
offered are: (i) it requires replacing questions about theahatorld (answerable by
investigating empirically successful EFTs) with quessi@bout remote counterfactual
worlds, to be answered by interpreting toy quantum field fileso (i) the lack of empiri-
cal applications of the quantum field theories preferredtap&ard Interpreters weakens
even further the realism such investigations can suppuadt{id) it is prone to generating
absurd ontological conclusions due to artifical restrittsi@n what information one is
allowed to take into account when interpreting a physicabti.

One may worry that allowing the way a theory is applied in picacto inform its
interpretation in the fashion | am encouraging makes theavt troublingly pragmatic,
and so threatens to undercut any strongly realist inteapost of quantum field theory. |
think that it strengthens our realist commitments, andtio ihat issue that | turn now.

3 A More Effective Realism

Adopting EFTs as an object of interpretation necessitategparoach distinct from Stan-
dard Interpretation. Most obviously, it requires givingthpe assumption that the theory
provides a true and complete description of the world inedpects. It is part and par-
cel of treating a physical theory a#fective to accept that it does not provide such a
description. The emphasis on characterizing the fundaahentology of the EFT also
becomes unmotivated, since the fact that the thefiisrono reliable information about

2Fraser doesn’t consider any of the myriad ways of incorpagahe short-distance
breakdown of EFTs that don’t involve formulating the theorya spatial lattice, but her
argument is easy to extend to such cases. For example, soishe case that no one
believes our world has a non-integer number of spacetimemsions, so EFTs whose
breakdown is incorporated through dimensional reguléidnaare unsuitable for
interpretation. And so on.



our world at ‘fundamental’ length scales is built directiyta the formalism. Further-
more, in some cases (though not all) one will have to develstprmach for interpreting
physical theories that fail to live up to mathematiciananstards of mathematical rigér
Finally, interpreting the theory in isolation becomes utivated as well, since appeals
to (currently unknown) short-distance physics are intelgranderstanding the physical
significance of the short-distance breakdown of EFTs. Whadgdphical payffs can
EFTs dfer to justify these required departures from prevailingriptetational practice?

In this section | argue that an approach to scientific reatlsa has become popular
over the last 20 years or so falls naturally out of an atteraphterpret EFTs. Origi-
nally born out of attempts to respond to the pessimistic fimetaction, this approach to
realism focuses on particular scientific theories and giterto identify a subset of the
entities and structures in the theory that can be expectsdriove future episodes of
theory chang¥. One can identify two prongs to this approach, which (Psi[lt899])
labels the ‘divide and conquer’ strategy: (i) attend to tk&ads of a theory’s empirical
applications to distinguish those entities and structtinas play an essential or ‘active’
role in the theory’s empirical success from those that anelypédle constituents’; and
(i) identify those theoretical elements that are stablé‘@obust” (in a sense to be made
more precise in a moment).

The many empirical applications of EFTs and the availabditthe RG play crucial
roles in carrying out this divide and conquer strategy inmuen field theory. In doing
so, they provide a corrective to a common attitude of Stahttgerpreters that (Stachel
[1993], p. 149) calls ‘the fetishism of mathemati®s’ “the tendency to assume that
all the mathematical elements introduced in the formabratf a physical theory must
necessarily correspond to something meaningful in theipalytheory and, even more,
in the world that the physical theory purports to help us usidad.” At least within the
context of quantum field theory, they als@fey one avenue of response to perhaps the
most significant challenge facing the divide and conquetedyy: the need for a criterion
that can be applied now “to pick out those parts or featuresiobwn theories we may
safely regard as accurate descriptions of the natural WBkdnford [2006], p. 169).

The criterion that suggests itself as a response to Stdsfohdllenge is Wimsatt's

3Although pursuing it would take me too far afield, it is wortbtimg that | think
many philosophers underestimate the extent to which targdsird fails to be met in
many other domains of physics as well, especially once deadd to the mathematical

trickery needed to extract empirically adequate predistivom those theories.
14\/arieties of this approach can be found in (Kitcher [199@sillos [1999]), and

(Chakravartty [2007]), among other places. | consider thedl’ realism of (Wimsatt
[2007]) also to be a realism of this sort, though his motwmagi have nothing to do with

the pessimistic meta-induction.
5Related concerns have recently been raised by (Curiel [2008§atherall [2016]),

and (Lehmkuhl [forthcoming]) concerning certain intetpre strategies in the
philosophical literature on general relativity.
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notion of ‘robustnes$®. Wimsatt dfers a criterion for ontological commitment that |
will adopt going forward: one should include in one’s ontplahose entities, proper-
ties, or relationships which are ‘robust’: “accessibletédéable, measurable, derivable,
definable, producible, or the like) in a variety of indepemtd&ays” (Wimsatt [2007], p.
95). | will argue that the host of empirical applications dhd use of the RG play pow-
erful roles in determining which properties, entities, atdictures in a given EFT are
robust. Before making that argument, a brief example may h@idor getting a feel
for Wimsatt's robustness criterion. A paradigmatic insgmf a robustness argument
for the reality of some entity is Jean Perrin’s argument Far éxistence of molecules
in the early twentieth century. Perrin performed a varidtgifferent experiments that
yielded independent but convergent calculations of Avagjiadiumber, which represents
the number of (then-hypothetical) molecules needed in atanbe such that its mass in
grams equals its molecular mass (what one now calls a molkeo$ubstance). Perrin
then concluded that

Even if no other information were available as to the molacaoiagnitudes,
such constant results would justify the very suggestivethgges that have
guided ugfincluding that molecules exist], and we should certairdgept
as extremely probable the values obtained with such coaocelfor the
masses of the molecules and atoms...The objective redlityeanolecules
therefore becomes hard to deny. — (Perrin [1916], p. 106)téglin (Achin-
stein [2002], p. 473); emphasis in original)

On the basis of the stability of his experimental and calouhal results across distinct
and independent physical conditions, Perrin thus coneltitiet molecules are elements
of reality. This captures the general structure of robisstreeguments well.

There are several ways in which EFTs can enhance the rélyadilour realist com-
mitments. First, they contribute to the advancement of thee and conquer strategy by
clarifying the sense in which quantum field theories are fapinately true”. EFTs do
this by (i) explicitly incorporating into their mathemaaicframework the length scales
beyond which they become unreliable, making explicit thgsatal domains in which
one can trust the theory to deliver reliable ontologicabimation; and (ii) using the RG
to provide a means of identifying elements of EFTs that avariant across indepen-
dent and distinct choices about how to model the physicseashiort distances where
the theory is empirically inapplicable. These are two ssmsevhich the RG identifies
‘robust’ structures in EFTSs, therebyfering guidance about which structures in that EFT
represent physical content and which are just mathematrtédcts.

BWimsatt's description of his own ‘local’ realism based obustness is (in brief)

(Wimsatt [2007], p.95) and (at length) (Wimsatt [2007], ptex 4).
"To my knowledge, the earliest use of Perrin’s argument byilagdpher in support

of scientific realism is (Salmon [1984]). My thanks to an ayraous referee for
bringing Salmon’s use of Perrin’s argument to my attention.
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Second, focusing on elements of EFTs that the RG shows to lstrodveals a rich,
layered ontology that is hidden if one shares Standarddréesrs’ focus on fundamental
structure (of non-fundamental theories, remember!). Ther®®als that the ontology
that Standard Interpretations generate is impoverishegepting a misleading picture
of the structures and entities that populate the actualdvdnideed, | will argue that for
certain quantum field theories a Standard Interpretationtdlogy renders them unable
to discharge their scientific duties, thereby violating thguirement for interpretational
success suggested by (Ruetsche [2011]). The following tWsesttions substantiate and
expand on these claims.

| should note before proceeding that the belief that EFTsigeomore reliable realist
commitments is at odds with a widespread attitude of theopbphy of physics commu-
nity'8. This attitude is captured well by the remark of (Butterfietdi 88ouatta [2015],
p. 25) that studying EFTs “suggests a rather opportunistimsirumentalist attitude
to quantum field theories. [...] Meanwhile...results shyvsome quantum field theo-
ries’ good [mathematical] behaviour at arbitrarily higheegies E at arbitrarily short
length scales] foster a less opportunistic or instrumesttattitude.” A similar attitude
is espoused in (Halvorson and Miger [2006]), (MacKinnonOgp, (Fraser [2009]),
(Kuhlmann [2010]), (Ruetsche [2011]), and (Fraser [201Uhdermining this attitude
is the aim of the following two subsections.

3.1 Approximate Truth

Although this may seem a paradox, all exact science is ddedny the
idea of approximation. When a man tells you he knows the eraitt about
anything, you are safe in inferring that he is an inexact manRussell
[1931])

The notion of ‘approximate truth’ employed in most tradi# formulations of sci-
entific realism is both (i) of central importance, since wewnour current scientific
theories aren't exactly true, and (ii) ffigiently opaque as to function as little more than
an acknowledgment of this fact. The divide and conqueregsaaims to improve this by
identifying elements of a theory that are crucial to its emspl success (as opposed to
the ‘idle posits’ of the theory that are not), and by identifyrobust entities and struc-
tures that are likely to survive episodes of theory chardgally these two sets will have
considerable overlap. In this section | highlight severaysvin which EFTs represent a
significant improvement on this situatitin

First, they provide explicit guidance about the domains ol one is warranted
in believing claims made by the theory. Consider the most ig¢mmase: the expected

18Though see (Wallace [2006]), (Wallace [2011]), and (Fr§2et6]).
9] encourage the reader to consult (Fraser [2016]) for a d&oun of this topic

complementary to the one here.
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breakdown of the entire theoretical framework of quanturd fibeory itself. It is well
known that quantum field theory has not provided and probedatyot provide a consis-
tent theory of quantum gravitation, and it is generally éetd that the entire theoretical
framework of quantum field theory itself becomes inapplieat the length scales where
guantum &ects of gravity become significant (generally thought to barrthe Planck
scalef®. A very general appeal of EFTs is that they explicitly incangte this inevitable
breakdown of their theoretical framework. EFTs thus previmrmal signposts delineat-
ing the physical domains in which one should and should st the theory to provide
reliable ontological guidance. By making explicit that thedry becomes inapplicable
beyond a given length scale, EFTs provide some measure oénedint and clarification
of the sense in which quantum field theory is ‘approximatalgt by studying a given
EFT in an entirely ‘internal’ fashion, one can learn thatci@ms about the properties of
and interactions between its degrees of freedom in one domtieir symmetries, dy-
namics, allowed final states in scattering experimentssarah — are not a reliable guide
to the world once one pushes the theory beyond a specifiethlengle. As physicist
Tony Zee puts it in a discussion of EFTs, “l find it sobering arttemely appealing that
theories in physics have the ability to announce their ovamtal failure and hence their
domains of validity” (Zee [2010], p. 172). This is one uniguay in which EFTs fer

a more precise handle on the sense in which quantum fieldi¢isesme “approximately
true”.

A second way EFTs can refine the notion of “approximate trighthat one can ex-
amine the roles dlierent elements of the theoretical framework play in emalrappli-
cations in order to evaluate their physical significancds $apiece with the divide and
conquer approach to scientific realism sketched at the tooft$kis section, and the RG
plays an important role in this endeavor. | will focus on ospezxially salient example
of the role that EFTs can play in distinguishing physicahgigance from mathematical
artifact. This takes place in the context of lattice quanfigh theory: the short-distance
physical breakdown of the theory around some length scdleha will denote here by
a, is incorporated by placing a quantum field theory on a faareshsional spatiotempo-
ral lattice with lattice spacing (instead of a continuum spacetime). Most commonly it
is EFTs that are invariant under a non-abelian gauge symrtiett one formulates this
way — especially quantum chromodynamics (QCD), the theothi@&trong interactions
—and for concreteness | will focus on that case. My goal ifustrate how combining
the RG with applications of lattice QCD allows one to distirgjutheoretical structures
with genuine representational content from mere matheadadrtifacts. Again for con-
creteness, | will restrict attention to two particular exdes: (i) the way one can use the

2However, there is an active research program dedicatedeondi®ing whether a
guantum field theory of gravitation may be asymptoticalliesa such a scenario, the
gravitational interaction would obtain a fixed, finite sigmat some short distance and
maintain that strength down to arbitrarily short lengthlesaSee (Niedermaier and
Reuter [2006]) for a fairly recent review.
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RG to establish that so-called ‘mirror fermions’ that arideew one formulates an EFT
on a spacetime lattice are mere mathematical artifactsigrob(v the RG demonstrates
the general physical irrelevance of the specific methodexmés formally incorporating
the breakdown of an EFY.

Case 1. Mirror Fermions. Mirror fermions arise whenever one attempts to represent
the breakdown of a quantum field theory containing fermidike, electrons or quarks,
with a spacetime latti¢d. A well known theorem, the Nielsen-Ninomiya theorem, psove
that any attempt to place a quantum field theory that (i) esi® set of physically rea-
sonable conditions and (ii) contains fermion fields at@dmensional spacetime lattice
runs into trouble: the ‘latticized’ EFT necessarily contga® more fermionic degrees of
freedom than the theory intended to desciibéFor instance, if one sets out to give a
guantum field theoretic description of a single, non-intére fermion field propagat-
ing on a four-dimensional spacetime and attempts to ‘iagidhe theory, the result is
an EFT on the lattice that now describes 16 fermions! Onedcoedsonably ask how
an EFT containing 15 more fermionic degrees of freedom thantheory intended to
describe could possibly be a source of reliable ontologidakrmation. And indeed, a
Standard Interpretation of such an EFT seems to result igehly in the conclusion that
the theory’s ontology includes 16 species of fermion — ardledication, it would seem,
that such a theory is unfit for interpretatfén

| think this attitude is mistaken, and that one can extrdd@bt ontological informa-
tion as follows. Start by adopting one of several less ngiyg@aches to putting fermions
on a latticé®, which isolate the undesired ‘mirror’ fermions from the ploal fermion(s)
one wanted to describe in the first place. After employing aensophisticated method
for ‘latticization’?, the actionS (which contains all the theory’s dynamical information)
has the following form:

2IFor more details than | can provide in what follows, and fattiar examples, see

(Kronfeld [2002]) or (Gattringer and Lang [2009]).
22The problem is unique to this particular way of representirgbreakdown of the

EFT. The use of a spacetime lattice is very useful for botfopering computations and
mathematically rigorously defining EFTs, so physicistsehlagen forced to grapple with

the consequences of the Nielsen-Ninomiya theorem.
#See (Friedan [1982]) for a proof of the theorem, and (Montuvag Munster [1997],

Chapter 4.4) for discussion.
24f one doubts that this would be the result of a Standard pnétation of the lattice

EFT, | ask them to recall the conclusion of (Fraser [20094} #n EFT whose
breakdown was represented by a spatial lattice was conthtd@tan ontology according

to which physical space itself has a lattice structure.
*Wilson fermions’ and ‘Kogut-Susskind’ (or ‘staggeredgrinions are two

widespread approaches. See (Montvay and Munster [19%teh4) for details.
%6The strategy employed here is called ‘Symanzik improveimseé (Gattringer and

Lang [2009], chapter 9).
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Slattice = Scontinuum"‘ (ap)Smirror

where Smirror 1S proportional to some positive power of the lattice spacin@. The
unwanted mirror fermions are sequestered into a term ptiopat to the lattice spacing
a, while the physical fermion(s) are containedSgtinuum Which is independent et and
dynamically decoupled from the mirror fermiéA8y the lights of the divide and conquer
strategy, there is excellent reason to withhold ontoldgiocanmitment from them (and
other lattice artifacts of similar ilk), even within the ERFfiamework. The justification
for this goes as follows.

The Standard Interpreter’s claim in this case is that sincenfermions appear in the
formalism being interpreted, one is committed to includimgm in the theory’s ontology.
As mentioned above, the mirror fermions are sensitive tagieeific choice of the lattice
spacinga, while the physical fermions contained &oninuumare not. This means that
while they do appear in the formalism, they do so as part oktiet distance, cuft
scale physics that one discards in an EFT on principled giguwsince the theory is not
trustworthy in that physical domain. One can cash this oaotane detail using the notion
of robustness, our criterion for ontological commitmestfalows.

One lesson of the RG is that choosing a specific value for trefdahgtha is some-
what arbitrary — one can choose any number @edent lattice spacingg < a without
affecting the empirical predictions of the theory. Furtherepdinere are severalftirent
and independent methods for ‘latticizing’ quantum fieldaites that contain fermions.
Each of these methods produces mirror fermions that mardiferently in the lattice
dynamicssS, but in all cases they are dynamically decoupled fi8htinuumand propor-
tional to the lattice spacing. The mirror fermions thus aepen an arbitrary choice of
modeling scheme in a way that genuinely representatioraitgies in physical theories
do not. On the other hand, in each of these ‘latticizatiohesues the physical dynamics
Scontinuumare insensitive to the specific physical details of the chasedeling scheme —
in particular, the cutfh length and latticization method — and so remain invarianss
a broad variety of independent methods. Of course, in tmeinelogy used above, this
is just to say that they are robust.

Recalling the two prongs of the divide and conquer strategg, @an say that while
mirror fermions may remain present in the mathematical &ism of lattice QCD (or
any EFT describing fermions on a lattice), they are neithestgble and robust elements
of the theory, since they are sensitive to arbitrary choafethe lengtha of the lattice
spacing and the chosen method of ‘latticization’ in a wayt the genuinely physical
fermion(s) are not, and (ii) they do not play an essentia molthe empirical success of
the theory. As such, there is little reason to believe they tire candidates for represent-
ing anything ontologically interesting.

271t is worth noting thatSnirror Mmay contain other lattice artifacts as well; for a general
treatment of lattice artifacts see (Weisz [2011]).
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Case 2. Recovering Spacetime Symmetries. A related (but distinct) way in which
the RG can identify ‘robust’ physical quantities in an EFT ysdemonstrating the dif-
ferential sensitivity of structures in the theoreticalnfi@vork to the specific way one
chooses to model the physics at the scale of the short-distar@akdown scai& This
was integral for denying ontological significance to lagtartifacts like mirror fermions,
but this function of the RG is entirely general. In fact, it iseoof the essential virtues
of the RG that it provides a tool for determining how changehestructure of the the-
ory at the scale of the short-distance breakdoftieca physics at longer distances where
the theory is empirically reliable. What the RG shows is that‘tbndamental’ short-
distance structure with which Standard Interpreters amgacerned is largely irrelevant
to the physical content of an EFT in the domain where we haye@ason to consider
it empirically reliable. This includes changes in the way mvedel physics at the scale
of the short-distance breakdown — which includes modelofgses as diverse as car-
rying out calculations in a non-integer number of spacefilineensions or introducing
fictional ‘particles’ at the scale of the breakdd®a but is not limited to this. The RG
also demonstrates that the long-distance structure oh#wy is stable across variations
of many physical conditions: one can add (say) (i) a varié¢tgdalitional (hypothetical)
particles at short distances, including novel interacibatween those particles and the
particles included in the EFT,; or (ii) vary the strengthsoé physical couplings in the
theory; or (iii) incorporate symmetries present at the famental’ scale that fier from
those present in the theory at longer length scales, albvigglving unperturbed the struc-
ture of the theory in the physical domains in which it can blgjected to experimental
tests, and has been shown empirically reliable. An EFT & Wistances is ‘robust’ in
a way that the the short distance ‘fundamental’ theory isaw®strably not: its entities
and structures at that scale are “accessible (detectabbsurable, derivable, definable,
producible, or the like) in a variety of independent waysd o are candidates for being
included in the ontology of that EFT.

In what follows | provide a single, less frequently discubsxample which might
be surprising for those inclined to equate a theory’s funelatad ontological structure
with its structure at all scales: the recovery of an EFT whibgeamical equations are
Lorentz invariant even though the dynamics of that same Ehart distances (i.e. the
‘fundamental’ level) strongly violate those symmetries.

For concretenedy consider a simple EFT describing a single scalar fielthat has

28| encourage the reader to consult (Fraser [2016], chaptertbgh contains a
discussion of ffective spacetime symmetries in QFT | take as complementaryrie.
It is also worth noting that this is a topic worthy of furthdrilpsophical examination, as
is illustrated by (for example) (Collinst al. [2004]).

2°The former is called “dimensional regularization” and thtdr “Pauli-Villars”
regularization. See (Schwartz [2014], Appendix B) or (Dunf2012], chapter 16.5) for

a sampling of the many ways to incorporate the short-digtémneakdown of EFTs.
30This discussion follows (Moore [2003], pp. 7-8). The swifobm QCD to scalar
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been placed on a four-dimensional lattice spacetime, attlte spacing. The structure

of the lattice violates Lorentz invariance in multiple wayfr instance, special relativis-
tic spacetimes are symmetric under arbitrary spatialioaf but on a spacetime lattice
one can only carry out spatial rotations in integer muls@é&€90 degrees. The action for

this theory is:
Slattice:fd4x

Only a subset of the interactions in the action violate tharagtries of special rel-
ativity: those multiplied by positive powers af all of which are sequestered into the
summation on the right hand side. Starting with this actare can use the RG to ex-
amine how the structure of the theory changes at lengthstadleat are long compared
to the lattice spacing, i.e. in the domain where the theory is empirically adequ@iee
finds that the interactions in the summation dieat a rate proportional taafL)P for
some positive integgp. For illustration, leta be the Planck length 18 meters and. be
the scale at which quarks and gluons become confined intmhsdr ~ 101> meters.
The symmetry-violating interactions then decay at a raf@@°)P ~ 0; in practice, one
often allowsL — oo since this proves a perfectly reasonable approximatiom fsf a.
The result is that in the physical domdins> a where the EFT actually provides reliable
ontological guidance, the only interactions that remaiitsilynamics are those invariant
under Lorentz transformations. Thus, beginning with an BFI contained interactions
at the ‘fundamental’ level that violate the symmetries cé@pl relativity, one obtains a
fully Lorentz invariant theory in the long-distance domaihere one expects the theory
to be physically trustworthy.

Recall that the primary purpose of this particular example tedllustrate that the RG

(0D)? + %(Dz + 0% + Z adm@)+4g.0,
i

field theory is motivated by the fact that theory is infrared free, i.e. the couplings go
to zero as the length scales at which we are examining thertietgre of the theory get
arbitrarily long. This allows us to maintain analytic caitover the theory (and over the
RG flow) at the long distance scales where the irrelevant eperthat break Lorentz
invariance die f and an “éfective” or “emergent” Lorentz invariance is restored. la th
case of QCD, the couplings get larger at long distances, eatiypteading to the
confinement of the quark and gluon degrees of freedom. Thaisegion of QCD over
which we do not have particularly good analytic control, &asle to resort to computers
and numerical methods. My thanks to an anonymous refergauiiting me to clarify

this choice.
31To be mathematically precise, one actually ‘latticize® theory in Euclidean

spacetime for reasons of mathematical tractability, aed tlecovers invariance under
the group of four-dimensional rotations O(4), the Euclidepacetime analogue of the
Lorentz invariance of special relativity. Full Lorentz anance is recovered by then
analytically continuing the theory from Euclidean spaoetiback to Minkowski
spacetime.
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can refine and clarify the notion of “approximate truth” bemdifying which theoretical
entities and structures in a quantum field theory are ‘rolaust which are likely mere
mathematical artifacts. It also suggests two further agsiohs. First, it functions as
a response to those such as (Fraser, Fraser [2009, 2011jvatcto assign physical
significance to the fact that (some) methods of represetit@ghort-distance failure of
EFTs violate the symmetries of special relativity. Frasguas that one cannot confine
the ontological significance of such violations to physiamains in which the theory
is empirically inadequate anyway — theffexct the physical content of the theory at all
distance scales. As she puts it in (Fraser [2009], p. 56@)utting of the theory at
some short-distance scale has tife@ of changing the content of the theory as a whole,
including its description of long-distance scales.” | take examples presented here to
go some way toward demonstrating this is mistaken: as longnads not in the grip
of Standard Interpretation, they are justified in denyirag thathematical artifacts at the
scale of an EFT’s breakdown carry any ontological signifoean

The second conclusion these examples suggest is that weecanshked about the
reliable ontological information provided by a quantumdigieory by interpreting only
its empirically unreliable ‘fundamental’ structure andnflating that with its structure
at all scales. It is a mistake to think that one can simply @agiantum field theory’s
ontology df its ‘fundamental’ mathematical structure. The next sectievelops in more
detail the implications this has for our interpretationedgiice and for the ontological
commitments of EFTs.

3.2 Scalesand Ontology

In section 3.1, | argued that by interpreting EFTs one hasuregs to make fine-grained
distinctions between mathematical artifice and physiaaicance, which supports a
‘divide and conquer’ approach to ontological commitmentcohtrasted this with an
excessively egalitarian approach to ontological commitm8tandard Interpreters treat
all of the entities and structures of a theory’s mathemhfreganework (at least those
at the ‘fundamental’ level) as on more or less equal ontcklgiooting. This is one
symptom of the ‘fetishism of mathematics’ diagnosed eabieStachel.

In this section, | argue that attending to EFTs also makes that for many quantum
field theories, any interpretation that enables those ibgto ‘discharge their scientific
duties’ must include higher-level entities in its ontolégy This is particularly true of
their explanatory duties, and it is on these that | will fobese®. The contrast again is

%2This section touches on a number of issues that are contieritidghe mainstream
metaphysics literature. In particular, the discussion imayefit from more direct
engagement with the ongoing discussions of fundamentatithygrounding there; length
constraints prohibit pursuing this engagement here, harnk an anonymous referee

for flagging the issue.
%3] do not have any particular account of scientific explamatiomind. All that |
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with Standard Interpretation: while its in§igiently discriminating approach to a theory’s
mathematical structure leaves it open to too much ontcddgiemmitment, its focus on
only the ‘fundamental’ structure of quantum field theorieaves it prone to committing
simultaneously to too little.

As an example, consid¥ér(Fraser [2008], p. 856) in which a theory’s ontology is
straightforwardly equated with its fundamental ontolo{f{jhe point at issue is whether
entities with certain properties — particlelike propestie exist. More precisely, does
QFT support the inclusion of particlelike entities as fumdstal entities in our ontol-
ogy?” After answering ‘no’, Fraser entertains the respdhsag “quanta are not part of
the ontology of fundamental entities described by QFT,. bo&t nevertheless quanta do
exist according to QFT.” Her response epitomizes the ‘fumelatalism’ | have attributed
to Standard Interpreters: “[f]or this to be a viable resggrike cogency of the distinc-
tion between fundamental and less fundamental entities bruslefended and a case
must be made for admitting additional, non-fundamentatiestinto our ontology..the
important questionr- which remains outstanding — is not the status of quantawhat
fundamental entities are allowed into our ontology by QRIp.(857-8) (my emphasis).

As | stated above, focusing exclusively on fundamentalloggoin this fashion leaves
one with an interpretation unequipped to support the theotlye performance of its ex-
planatory duties. By paying attention the applications oT &€Bnd the RG, it becomes
clear that many explanatoryfamations made in the theory simply cannot be made true
by including in one’s ontology only those entities at thedamental scale. | emphasize
that as long as one grants that scientific explanations apnoatding an at least mini-
mally illuminating and manageable account of treiplanandathere is good reason to
believe that the “cannot” in the previous sentence will rmebminated by some “future
complete physics” or “in principle” explanations in termistioe fundamental ontology.
This belief can be in part motivated by considerations ofint discussed in section 3.1,
where we saw that the fundamental structure of a quantumtfielory can be in many
respects irrelevant for answering why-questions aboutetsavior at longer distances.
| will focus on a specific example in quantum field theory, tbatconfinement’, that |
think makes the motivation for this belief especially safieThis story is itself rather
general — the phenomenon of confinement is present in anytuudield theory which

require in what follows is this, which I hope is relativelyagmtroversial: whatever else
they do, scientific explanations necessarily aim at progjgtiractitioners with some
sense of understanding of tegplananduml should note, however, that there is an
argument to be made that | require more than this: in padrctihe recommendation of
(Saatsi [2016]) that any explanationist argument for spalbe situated within a
particular articulated account of scientific explanatiomsgpressure on my lack of
commitment to any such account here. | thank an anonymoereesfor bringing

Saatsi’s paper to my attention.
3Recall also the quotes above from (Arntzenius [2014]) andttN@009]), and the

references in fn. 12.
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is invariant under a non-abelian gauge symmetry — but fociaaness | will focus on
an example of considerable physical import: the confineraéquarks and gluons into
hadronic bound states in QCD at long distariges

At the shortest distances at which it is empirically v3lj@QCD describes the interac-
tions of quark and gluon fields via the strong force. Considgsteematic version of the
QCD dynamics:

SQCD = Sgluon + Squark + Sinteraction

The physical degrees of freedom appearing in the dynami€Ci) at short distances
are quarks and gluons, with the final term representing thgractions. When interac-
tions between these fields are relatively weak, as they a@0D at short distances, a
description in terms of quark and gluon particles is avédamd explanatorily powerful.
Calculations performed in the theory at this distance scake played an enormous role
in cementing QCD as the appropriate theory of the strongantar?’, and it is these
physical degrees of freedom that appear in the fundamewtalndics of the Standard
Model of particle physics. It may therefore seem naturaldnctude that an interpre-
tation of QCD requires the admission of quark and gluon fietdsrte’s ontology, but
nothing more. This would almost surely constitute the Séaddnterpretation of the
ontology of QCD, at lea&t.

Such an interpretation of QCD would leave it unable to disghdis explanatory du-
ties, and thus failgjua interpretation by the standard of (Ruetsche [2011]) thatveha
adopted here. Studying the behavior of QCD at long distanmsg the RG and tech-
niques of lattice QCD, reveals that QCD has a rich, scale-diggrstructure that is
hidden from the perspective of the fundamental level. b aéveals that many physical
processes involving these long-distance structures in QE€Mat explicable purely us-
ing the dynamics and degrees of freedom present at the fuetdtahtevel. The feature of
QCD responsible for this is that the strength of the intecsichietween quark and gluon
fields increases as one considers the structure of the tldonger distances. This

%5To be more precise: any non-abelian gauge theory is confasigng as it meets
certain other fairly mild conditions — it must not have toonypacalar or fermion fields,
for instance.

3%6As a piece of mathematics QCD is mathematically consisteattiirarily short

distances, in the sense that its interactions get weaképdtdistances, reducing to a
theory with no interactions at all in the continuum limitidt of course, still not

physically reliable at those arbitrarily short distances.
%7See (Collins [2011]) for a thorough presentation of QCD in ttusain
%8Presumably such an interpretation would then go on to questhether one must

represent the quarks and gluons in the fundamental onteleg@yementary particles, or
only the corresponding quark and gluon quantum fields, ogganvariant Wilson
loops, or something else entirely. Such questions, whikr@sting, are not my concern
here.
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gives rise to ‘confinement’, the phenomenon | think most ntyeiflustrates the scale-
dependence of the ontology of QCD. Roughly, a quantum fieldryhisdconfining’ if,
beyond a certain length scale, the strength of the intenastetween its short-distance
degrees of freedom become so strong as to make explanatiphemomena in terms of
particulate states of those fundamental fields intractabte(even if one could provide
such a description) entirely unenlightening. In QCD, thedfamental quarks and gluons
become confined into hadrons (particles like the proton andran, which are bound
states of quarks and gluons), preventing particulate sttéength scales longer than
about 10° meters.

This is unlike other familiar bound states, such as a hydraem, in the following
sense. In those cases, bound states form under certairegoergnditions, but under
other common conditions one can also scattéfigantly energetic electronstfoof a
proton and let the two become separated by very long dissandbout a bound state
being formed. The situation isfierent in the case of quarks and gluons. In that case, itis
nomologically impossible to separate a pair of particutastes of quark or gluon fields
by a distance of more than about-#®meters. Imagine a tiny experimentalist living
inside of a hadron, attempting to pull quarks apart. She @valiscover, presumably
after much exertion, that it is impossible to separate themlistances greater than the
confinement scale.

This prevents these degrees of freedom from being dynayaive on length scales
longer than the confinement scale, which means that theyn@dlger an observational
nor explanatory role in physical processes taking placealbiat scal®. Rather than
qguarks and gluons, the degrees of freedom appearing thereoand states: hadrons
(like pions, protons, and neutrons) which havBatent properties (they lack the ‘color
charge’ that quarks and gluons possess, for example)astteia dynamics with a tier-
ent structure than the fundamental QCD dynamics, and whiemaariant under dier-
ent symmetries than is QCD at short distances.

Itis true that starting from the fundamental QCD dynamic®, can derive that the fun-
damental degrees of freedom are confined into hadrons at@dum®'® meteré®. How-
ever, if one wants to explain physical processes charaetbilby length scales longer
than this — the binding of atoms into molecules, for exampieis-a matter of physical
law that one cannot ‘zoom out’ to those length scales witlgodeéscription in terms of
particulate states of quark and gluon fields becoming wildtyactable and devoid of

39This isn’t to deny that some properties of hadrons, likertheasses, are best
explained by the properties and interactions of their ¢turesit quark and gluon fields.
It is simply to state that the dynamics of quarks and gluonsate@xplain the hadronic
dynamical behavior, and that one cannot explain hadroriievder, such as

proton-proton scattering, solely in terms of quark and glstates.
40At least in the sense of ‘derive’ used in physical practicdully mathematically

rigorous derivation remains elusive, although there is al&erwhelming numerical
evidence of confinement from computational studies ofdat@CD.
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explanatory power, and one is required to replace such aigeéso by one in terms of
hadrons. Furthermore, the hadronic degrees of freedomgplayegral role in a tremen-
dous number of empirical applications and explanationshgégal phenomena, such as
those currently taking place at the LHC.

On this last point: due to the confinement of the quarks andrguthe strongly-
interacting particles that experimenters actually prepaanipulate, and observe in parti-
cle physics experiments are hadrons, not quarks and gl&omhermore, experimenters
and theorists also employ hadrons to explain the resulthadet experiments: almost
every high energy scattering event at the LHC produces bedcgets’ of hadrons which
are then observed in particle detectors, and the detailsadf production are integral
for explaining the scattering event (see for example (Scta§a014], Chapter 36)). As
(Montvay and Munster [1997], p. 231) put it, “the transfotioa of the perturbative
predictions at the parton (i.e. quark and gluon) level totthdronic incoming and out-
going stategannot be don&ithout some knowledge of...confinement phenomena” (my
emphasis} So in this very flat-footed sense, an interpretation of QCD dlo@&s not ad-
mit higher-level entities like hadrons into its ontologyl$aalmost immediately its task
of enabling the theory to discharge its scientific dutiesfale, this is a special case of
a rather general principle about the explanation of expemiad results: in the words of
(Wimsatt [2007], p. 210%? “[t]he fact that most direct interactions of something at a
level of organization will be with other things at that lemeéans that detectors of entities
at a level...will interact with it via properties charadsgéic of that level. [...] For these
reasons, and for others, eliminative reduction is ofterpossible, necessary, or desirable
— our very instruments anchor us...at the level we are obiggtvin the case of QCD,
Wimsatt’s principle is a corollary of the fact that any déjstton of any strong-interaction
process at distances longer than the confinement scalems tdrparticulate states of the
guark and gluon fields will be entirely devoid of explanatpower. So our guiding inter-
pretive principle — that an interpretation enable a theorglischarge its scientific duties
— entails that any interpretation of QCD had better includenmimum, higher-level
entities like hadronic bound states along with quarks andrgg in its ontology.

QCD thus provides a case in which even though one knows that $ogher-level

4“The situation with the top quark is subtle. Top quarks do wetlbng enough to
form hadronic bound states themselves, instead decayingveeakly (most commonly
into ab-quark and aV-boson). Thé-quarks do undergo hadronization and this is a
source of theoretical and experimental uncertainty in #termnination of top quark
observables. So although top quarks themselves do notgmtadronization, top
guark phenomenologists are forced to deal with confinemeen@mena; see (Olive
et al. [2014]) for discussion. This has motivated the constructibtop quark
observables that minimize sensitivitylbequark hadronization; see (Stieger [2016]) for
a recent discussion. My thanks to an anonymous referee émueaging me to

investigate some of the subtleties of top quark phenomegolo
42A somewhat similar point is made in (Wallace [2012], chagier
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entities are composite states of more fundamental entiies cannot explain the be-
havior of those higher-level entities solely in terms of behavior of the fundamental
level. Recall that this story about confinement of fundametggrees of freedom at long
distances has some generality: it will occur in any quantehd theory which is invari-
ant under non-abelian gauge symmefdesprecisely the sort of theories which make
up the Standard Model of particle physics. This is yet anotveey in which EFTs and
the RG provide us with improved realist commitments: theyeadabsolutely physical
information that is obscured from the perspective of thex&ad Interpreter.

| began by asking what sort of scientific realism could be gdmd by EFTs, and |
will close with a few remarks on that theme. It demands thatdve&inguish reliable
ontological information from theoretical artifacts, aratjuires attending in detail to the
way theories are applied in practice to do so, in line with raylier advocacy for the
divide and conquer strategy. The result is a more discersamgof realism, and one
that gives the lie to the idea that we can simply read a phlysiiery’s ontological
commitments & of its fundamental mathematical framework. | take this t@aleature,
not a bug: the idea that one could responsibly do otherwissmséo me to always have
been a mistake.

For this sort of realism it is important that a theory have @abrrange of empirical
application&*. However, this is not to say that the ontological commitrs&fian EFT are
restricted to its “observable” content. It just emphasge@sething that has come to be
overlooked by philosophers of physics: examining in détaw a theory makes contact
with the world dfers important guidance in determining which features oftteory
have a genuine representational function and which aresexsteucture. | should note
that | don’t believe that attending to empirical applicasas the only method of sorting
ontological wheat from theoretical cfia | have emphasized the importance of the RG in
the context of EFTs, andfiierent theoretical contexts are likely to have similar ‘Ibca
useful tools. I think it is in general, however, the most impat method. Finally, | noted
at the outset that one of the original motivations for thed#hand conquer strategy was
that the ontological commitments it entails are entitied amuctures that are likely to
survive episodes of theory change. In the case of quantudtfiebry, such an episode
is inevitable — the need for a theory of quantum gravity isadtrcertain to produce a
theory describing physics at short-distances thdéi dramatically from quantum field
theory. In light of this virtual guarantee that theory chamgon the horizon, I think the
ability of EFTs and the RG to identify entities and structufes are robust and insulated
against such short-distances changes should be appeaivgutd-be realists.

43Again, as long as it satisfies certain other fairly mild cdiodis; see fn. 35.
4“Arguably, any theory that doesn’t isn’t a physical theorglat

23



4 Conclusion

Our mistake is not that we take our theories too serioushythat we do not
take them seriously enough. It is always hard to realizettiege numbers
and equations we play with at our desks have something to tiotke real

world. — Steven Weinberg (Weinberg [1993])

To be sure, Weinberg's remark has to be applied with careho@gh his

desk has played host to an inordinate amount of mathemhtitbas proved
relevant to the real world, far from every equation with whige theorists
tinker rises to that level. In the absence of compelling expental or obser-
vational results, deciding which mathematics should bertaeriously is as
much art as it is science. — Brian Greene (Greene [2011])

I have argued that a widespread approach to the intermretaitquantum field theories
is misguided, and have proposed an alternatifetgive” replacement. This approach
offers a more discerning approach scientific realism that doeshare the Standard In-
terpreters’ quixotic focus on fundamental structure, antsdo identify robust structures
that will survive future episodes of theory change. It is isllvgrounded in both the
theoretical framework and empirical applications of ousttseientific theories.

In closing, | again want to forestall any misconception ofaai-metaphysical spirit
on my part and emphasize that | agree with Weinberg thanh{aiio take our theories
seriously is a mistake; it is far from any brand of instrunadistn that | am endorsing
here. Indeed, | take it that providing a corrective to thetakis that Weinberg diagnoses is
part of the motivation of many philosophers of physics, nffyiseluded. However, | have
argued here that such a corrective has come to be appliestimdinately — Standard
Interpreters are guilty of the opposite mistake of taking mathematical structures of
our theories too seriously. The pendulum has swung too fdrarmther direction. They
have ignored the way these theories make contact with theveeld and proceed as if
every nook and cranny of the theoretical framework carripgmérepresentational claim,
overlooking the bit of wisdom captured by Greene’s cautipmete. | think Greene is
correct that determining the ontological implications af physical theories, above and
beyond their observational implications, contains comsitlle amounts of art as well as
science, and it is a task well-suited for philosophers. 1t fbsk that, for the reasons
I've outlined in this paper, the philosophical project ofestific realism will be better
grounded, and more promising, if we introduce more attartticscience into the state of
the art.
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