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What’s Philosophy Got to Do with It?

Common historical roots:
Presocratic natural philosophers (Anaximander,
Democritos etc.) proposed models of matter in terms of
particles (“atoms”).
The founders of modern science primarily considered
themselves as philosophers (cf. Newton’s “Philosophiae
Naturalis Principia Mathematica”).

Some contemporary interactions:
Research unit “The Epistemology of the LHC”
www.lhc-epistemologie.uni-wuppertal.de

Philosophical foundations of quantum gravity:
www.beyondspacetime.net

www.lhc-epistemologie.uni-wuppertal.de
www.beyondspacetime.net
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What Is Scientific Realism?

Starting point: common sense realism
Everyday entities like tables and trees really do exist.

Although there are some philosophical reasons to question
common sense realism, most people (even philosophers ,) are
common sense realists.
By contrast, the following claim is much more controversial:

Scientific realism
Scientific entities like electrons and black holes really do exist.

So the central question is: What arguments are there to doubt
the existence of electrons or black holes, when one accepts the
existence of tables and trees?
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What Is Special about Scientific Entities?

1 Many scientific entities are unobservable. (“Observe” is
here used in a narrow sense, which excludes the use of
devices like microscopes or detectors.)
→ Constructive empiricism

2 When scientific theories change, entities described by the
old theory may no longer be accepted in the new theory.
→ Pessimistic (meta-)induction

3 More than one scientific theory may be compatible with
empirical data. And different theories may posit different
entities.
→ Underdetermination of theory by evidence
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Experimental Realism

Ian Hacking (1983):

“Experimental work provides the strongest evidence for
scientific realism. This is not because we test hypotheses about
entities. It is because entities that in principle cannot be
‘observed’ are regularly manipulated to produce new
phenomena and to investigate other aspects of nature. They
are tools, instruments not for thinking but for doing.”

Reply to antirealistic arguments (cf. previous slide):
1 Science is not just about observation, but about

manipulation.
2 Our hypotheses and theories may change, but our ability to

manipulate entities does not.
3 Theories may be underdetermined by evidence, but the

causal properties underlying our manipulations are not.
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Refinement: Causal Scientific Realism

Two kinds of warrant for scientific realism (Egg 2014):
In general, Inference to the best explanation (IBE)
generates theoretical warrant.
Some particularly strong instances of IBE generate causal
warrant.

Criteria for causal warrant
Causal inference: The explanation has to be in terms of

properties for which there is a clear notion of what
it means to modify them.

Empirical adequacy: The explanation has to give an accurate
account of what is observable.

Non-redundancy: It has to be the only (serious) explanation
which does so.
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The Neutrino Story: From Hypothesis to Detection

1930: Wolfgang Pauli postulates the
neutrino to account for missing
energy in nuclear beta decay.

1934: Enrico Fermi integrates the
neutrino hypothesis into his theory of
beta decay.

1956: Frederick Reines and Clyde
Cowan “directly” detect the neutrino.

just due to reactor neutrons leaking into the detector.

These marginal results merely served to whet our

appetites—we figured that we had to do better than that.

Back home, we puzzled over the origin of the reactor-

independent signal. Was it due to ‘‘natural’’ neutrinos?

Could it be due to fast neutrons from the nuclear cap-

ture of cosmic-ray muons? The easiest way to find out

was to put the detector underground. So back at Los

Alamos we performed an underground test that showed

that the background was in fact from cosmic rays. While

we were engaged in this background test, some theorists

were rumored to be constructing a world made predomi-

nantly of neutrinos!

THE SAVANNAH RIVER EXPERIMENT

Encouraged by the Hanford results, we considered

how it might be possible to build a detector that would

be even more discriminating in its rejection of back-

ground. We were guided by the fact that neutrons and

positrons were highly distinctive particles and that we

could make better use of their characteristics.

Figure 4 is a schematic of the detection technique

used in the new experiment. An antineutrino from fis-

sion products in the reactor is incident on a water target

containing cadmium chloride. As previously noted, the

�̄e�p reaction produces a positron and a neutron. The

positron slows down and is annihilated with an electron,

producing two 0.5 MeV gamma rays, which penetrate

the water target and are detected in coincidence by two

large scintillation detectors on opposite sides of the tar-

get. The neutron is slowed down by the water and cap-

tured by the cadmium, producing multiple gamma rays,

which are also observed in coincidence by the two scin-

tillation detectors. The antineutrino signature is there-

fore a delayed coincidence between the prompt pulses

produced by e�
annihilation and those produced micro-

seconds later by the neutron capture in cadmium.

These ideas were translated into hardware and associ-

ated electronics with the help of various support groups

at Los Alamos. Figure 5 is a sketch of the equipment. It

shows the target chamber in the center, sandwiched be-

tween the two scintillation chambers. Figure 6 shows

one of the banks of 55 photomultiplier tubes that was

used to view the scintillation chambers. Then, in the fall

of 1955, at the suggestion and with the moral support of

John A. Wheeler, the detector was taken to a new, pow-

erful (700 MW at that time), compact heavy-water mod-

erated reactor at the Savannah River Plant in Aiken,

South Carolina.

The Savannah River reactor was well suited for neu-

trino studies because of the availability of a well

shielded location 11 meters from the reactor center and

some 12 meters underground in a massive building. The

high �̄e flux, 1.2�10
13

/cm
2
/sec, and reduced cosmic-ray

background were essential to the success of the experi-

ment which, even under those favorable conditions, in-

volved a running time of 100 days over the period of

approximately one year.

Observation of the neutrino

At Savannah River we carried out a series of mea-

surements (Reines et al., 1950) to show that:

FIG. 3. Photograph of Clyde Cowan (right) and me (left) with

some of the equipment we used in the Hanford experiment.

FIG. 4. Schematic of the detection scheme used in the Savan-

nah River experiment. An antineutrino from the reactor inter-

acts with a proton in the target, creating a positron and a neu-

tron. The positron annihilates on an electron in the target and

creates two gamma rays, which are detected by the liquid scin-

tillators. The neutron slows down (in about ten microseconds)

and is captured by a cadmium nucleus in the target; the result-

ing gamma rays are detected in the liquid scintillators.

321F. Reines: The neutrino: from poltergeist to particle

Rev. Mod. Phys., Vol. 68, No. 2, April 1996

A puzzle for non-causal realism
After 1934, belief in the neutrino is warranted by IBE. What
then is the importance of the 1956 experiment?
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Warrant for the Neutrino Hypothesis

Situation before 1956
The neutrino hypothesis (as part of Fermi’s theory) was by
far the best explanation of several phenomena in nuclear
physics. → excellent theoretical warrant
But there was still a redundancy of explanations, since
these phenomena could also be explained by a failure of
conservation laws (Niels Bohr). → no causal warrant

While the [neutrino] hypothesis has had great usefulness, it should
be kept in the back of one’s mind that it has not cleared up the basic
mystery, and that such will continue to be the case until the neu-
trino is somehow caught at a distance from the emitting nucleus.
Some physicists prefer to say simply that energy and momentum
are apparently not conserved, giving full recognition, of course, to
the energy and momentum relations that have been established ex-
perimentally, and to the success of the beta-ray theory which has
been built upon the neutrino hypothesis. Perhaps all one can say
is that this is a matter of taste. (Crane 1948, 278)
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“Direct” Detection and Causal Warrant

The Reines-Cowan experiment (1956)
detection of inverse beta-decay:
ν̄ + p → β+ + n

demonstration of a causal link
between the activity of a nuclear
reactor (which produces
neutrinos) and the detected
processes; → causal warrant
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Particle Realism: Experiment and Theory

So, particle physics
experiments seem to give us
causal warrant for realism
about particles (i.e., localizable,
countable entities).

On the other hand, some results from QFT seem to speak
against such realism:

No-go theorems concerning localizability (Reeh-Schlieder,
Malament, Hegerfeldt etc.)
Problems for countability: no unique number operator
(Haag’s theorem, Unruh-effect)
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Balancing Two Kinds of Warrant

Two opposing views on causal and theoretical warrant
1 When the two kinds of warrant pull in opposite directions,

causal warrant trumps theoretical warrant.
2 Causal warrant does not hold any special status.

An extreme version of 1 , which completely disregards
theoretical considerations, is implausible in light of
experiment-theory interdependence.
A moderate version of 1 is supported by the neutrino case
study discussed above.
By contrast, the QFT-based case against particles seems
to presuppose 2 .
Surprisingly, however, one version of this case turns out to
be committed to 1 .
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Wallace vs. Fraser on QFT

Taking particle physics seriously: A critique of the algebraic approach to
quantum field theory

David Wallace a,b,!

a Balliol College, Oxford, United Kingdom
b Philosophy Faculty, University of Oxford, United Kingdom
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a b s t r a c t

I argue against the currently prevalent view that algebraic quantum field theory (AQFT) is the correct
framework for philosophy of quantum field theory and that ‘‘conventional’’ quantum field theory (CQFT),
of the sort used inmainstreamparticle physics, is not suitable for foundational study. In doing so, I defend
that position that AQFT andCQFT should be understood as rival programs to resolve themathematical and
physical pathologies of renormalization theory, and that CQFT has succeeded in this task and AQFT has
failed. I also defend CQFT from recent criticisms made by Doreen Fraser.

& 2011 Elsevier Ltd. All rights reserved.

When citing this paper, please use the full journal title Studies in History and Philosophy of Modern Physics

1. Prelude: a fable

Once upon a time there was a community of physicists. This
community believed, and had good reason to believe, that quantum
mechanics, not classical mechanics, was the right framework in
which to do physics. They also had a good understanding, at the
classical level, of the dynamics of solid bodies (vibrations in
crystals, for instance): they knew, for example, that some such
bodies could be analysed using Lagrangians like

L! 1
2
_f
2
"1

2#rf$2%#higher terms$ #1$

wheref#x$ is the displacement of the part of the crystal which is at
position x at equilibrium.

But the physicists were sad, because they knew nothing at all
about themicroscopic structure ofmatter, and so they did not have
a good quantum theory of vibrations in crystals or of other solid-
matter dynamics.

So one day, they set out to quantize their classical theories of
solid matter. At first, they tried to do it naively, by putting the
classical theory into Hamiltonian form and replacing classical
observables with self-adjoint operators. This worked quite well
until the higher-order terms in (1) were included. But when the
physicists tried to include those higher order terms, the theory

became mathematically very badly behaved—all the calculations
contained integrals that diverged to infinity.

Soon the physicists discovered that they could extract working
calculational results if they just assumed that displacements
couldn’t vary on arbitrarily short lengthscales. This amounted to
‘‘cutting off’’ the range of integration in the divergent integrals, so
that they got a finite result. When they did their calculations this
way, the answers agreed very well with experiment.

But the physicists were still sad. ‘‘It’s ad hoc’’, they said. ‘‘It’s
inelegant’’, they lamented. ‘‘It conflicts with the Euclidean sym-
metries of solid matter’’, they cried.

So they went back to basics, and looked for an axiomatised, fully
rigourous quantum theory, with displacements definable on arbi-
trarily short lengthscales and with exact Euclidean symmetries.

And to this day, they are still looking.

2. Introduction

Quantum field theory (QFT) certainly seems like an appropriate
subject for philosophy of physics. It deserves to be called the great
success story of post-war theoretical physics, with applications
ranging far beyond its original home in particle physics and
encompassing an increasingly large part of condensed-matter
physics and statistical mechanics; if gravitational phenomena
(and, perhaps, the quantum measurement problem) are set aside,
it appears to provide a satisfactory underpinning for the whole of
physics; its empirical successes include predictions which are
confirmed to double-figure numbers of significant figures.
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quantum field theory
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a b s t r a c t

Further arguments are offered in defence of the position that the variant of quantum field theory (QFT)
that should be subject to interpretation and foundational analysis is axiomatic quantum field theory.
I argue that the successful application of renormalization group (RG) methods within alternative
formulations of QFT illuminates the empirical content of QFT, but not the theoretical content. RG
methods corroborate the point of view that QFT is a case of the underdetermination of theory by
empirical evidence. I also urge caution in extrapolating interpretive conclusions about QFT from the
application of RG methods in other contexts (e.g., condensed matter physics). This paper replies to
criticisms advanced by David Wallace, but aims to be self-contained.

& 2011 Elsevier Ltd. All rights reserved.
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1. Introduction

From a philosophical point of view, quantum field theory (QFT)
is a lovely theory because it exemplifies many of the theoretical
virtues and vices that have driven debates about scientific
realism. Because the connections with higher-level debates in
the philosophy of science are both interesting and clarificatory, I
will re-cast what I take to be the main points in dispute between
David Wallace and me in these terms. As I have argued elsewhere
(Fraser, 2009), QFT furnishes an example of the underdetermina-
tion of a theory by all possible experimental evidence. Wallace
defends an opposing view that QFT is a case in which it is
straightforward to apply a no miracles-style argument for rea-
lism. Typically, the no miracles argument and the underdetermi-
nation argument are regarded as being in tension with one
another because, typically, underdetermination is taken to supply
an argument for anti-realism. While I do not believe that under-
determination supports anti-realism in the QFT case, I will deploy
underdetermination to argue against Wallace’s attempted appli-
cation of the no miracles argument. Thus, though the pattern of
argumentation is familiar from philosophy of science, the central
issue is not the realism—anti-realism debate, but rather which
variant of the theory should be subject to interpretation.

The underlying reason that QFT is such a revealing case study
for general issues in philosophy of science is that there exist
parallel research programs. That there exist rival formulations of
QFT is a point on which Wallace and I agree. One version of QFT is
that which is found in most introductory textbooks and employed
by most working physicists. A characteristic feature of this version
of the theory is that renormalization techniques are introduced to
facilitate calculations. For the purposes of evaluating different
approaches to QFT, it helps to distinguish between two variants of
QFT that are found in standard textbook presentations. One variant I
will label Lagrangian quantum field theory (LQFT) without cutoffs and
the other LQFT with cutoffs.1 The cutoffs in question are cutoffs at
small distances (or, equivalently, high momenta) that are introduced
in the course of renormalization.2 Typically, in LQFT without cutoffs,
cutoffs are introduced then removed by taking limits; in LQFT with
cutoffs, the cutoffs are not removed. The cutoffs can be interpreted
either as introducing a spatial lattice or as reflecting the fact that the
theory breaks down at small distance scales (equivalently, high
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1 In Fraser (2009) the term ‘‘infinitely renormalized variant’’ is employed for
LQFT without cutoffs, ‘‘cutoff variant’’ for LQFT with cutoffs, and ‘‘formal variant’’
for axiomatic QFT.

2 This is admittedly an oversimplification insofar as a variety of other
regularization techniques which do not involve cutoffs are also employed in
contemporary QFT (e.g., dimensional regularization). Most of my arguments
should generalize, but these other regularization techniques do deserve more
attention. Like Wallace, I will focus on the case of ultraviolet divergences.

Studies in History and Philosophy of Modern Physics 42 (2011) 126–135
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Fundamentally Different Approaches to QFT

Wallace’s particle realism in a nutshell: The standard
model of particle physics (based on QFT with
renormalization and a finite cutoff, CQFT) is empirically
successful, hence it is approximately true (by IBE).
Fraser (2009, 2011): Algebraic QFT (AQFT) offers an
alternative (incompatible) explanation, hence there is
underdetermination.
Wallace (2011): There is not (yet) any realistic AQFT
model in 3+1 dimensions, so there is no actual
underdetermination.
Fraser: Still, AQFT puts constraints on any acceptable
account of particle physics. In particular, they should admit
unitarily inequivalent representations, which CQFT does
not.
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Wallace vs. Fraser on Inequivalent Representations

Wallace: The inequivalent representations which
distinguish AQFT from CQFT are associated with
short-distance behaviour, and there we should not trust
QFT anyway:

Whatever our sub-Planckian physics looks like (. . . ), there are
pretty powerful reasons not to expect it to look like quantum field
theory on a classical background spacetime. (Wallace 2011, 120–
121)

This justifies the application of renormalization group
methods in QFT, in analogy to condensed matter physics.
Fraser: This analogy does not hold, because in the
condensed matter case we have experimental evidence for
a discrete structure responsible for the breakdown of field
theory at small distances.
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Two Kinds of Evidence (Warrant) Revisited

Two opposing views on causal and theoretical warrant
1 When the two kinds of warrant pull in opposite directions,

causal warrant trumps theoretical warrant.
2 Causal warrant does not hold any special status.

Conclusion
For this argument against particle realism to go through, Fraser
needs to admit that causal warrant trumps theoretical warrant
(option 1 above). But this undermines AQFT-based arguments
against particles in general.
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