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Abstract

In this paper I provide a new context in which one should be skeptical of the
applicability of one form of particle ontology for quantum field theory. I show
that the approximate, non-fundamental particle ontology that conventionally
underwrites scattering theory in the vacuum fails to apply to finite-temperature
quantum field theory. Thus, the scope of an emergent particle ontology is further
restricted for the framework of quantum field theory as a whole. I discuss the
implications of this failure for understanding particlelike phenomenology in finite-
temperature applications of the Standard Model, most notably the quark-gluon
plasma. While some particle phenomenology can be recovered, several further
features typically associated with particles are lost in this domain.
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1 Introduction

Of great foundational interest in the philosophy of physics is the question of fun-
damental ontology for quantum field theory (QFT). While the broader question of
ontology appropriate to quantum theories is typically focused on non-relativistic theo-
ries, the relativistic domain of QFT introduces a host of new foundational challenges.
The standard approach to fundamental ontology of QFT takes some form of a field
ontology, where the fields are thought of as wave functionals (Sebens 2022), or as ref-
erenced to states of spacetime regions (Swanson 2020, 2024). The field ontologies are
usually presented as a clear contrast to an alternative family of particle ontologies (cf.
(Tumulka 2022, Sec. 6.5.2) and Diirr and Lazarovici (2020)). While the two options



do not exhaust the space of logical possibility, it is fair to characterize the debate as
a debate between particle versus field ontology. A standard background assumption is
that there is one true (or best) fundamental ontology suitable to the QFT framework.!

There are clear motivations for both camps. Motivating the particle ontology is
the fact that it is a natural reading of the practice of particle physics, where QFTs are
most heavily used. The paradigmatic experiments in particle physics involve colliding
beams of subatomic particles together, and analyzing the resulting products of colli-
sion. If QFT does not admit a particle ontology, the argument goes, then it is difficult
to make sense of the practice of particle physics, and hence the main source of empirical
support for QFTs. Motivating the field ontology is the basic idea that the framework
of QFT is a field-theoretic framework. QFTs are constructed by starting with a theory
of classical fields, then quantizing. It therefore seems most plausible that the under-
lying ontology would be a field ontology. While the motivations are easy to state, the
difficulties lie in developing a positive account of either ontology. Even if we set aside
the measurement problem, it seems that the QFT formalism offers several barriers to
elaborating either option in a traditionally satisfactory way. First, empirically success-
ful QFTs are plagued with mathematical ambiguities and/or inconsistencies, making
it difficult to even get clear on the purported representational content of the theory
and its resulting ontology. Second, quantum fields are far removed from the objects of
everyday experience, making their possible ontological underpinnings challenging to
intuit. They combine the difficulties of classical fields with quantum indeterminacy,
and compound both with a fundamentally relativistic causal structure. The stan-
dard strategy has instead been to provide arguments against a particular (class of)
ontology (ies). This project is somewhat easier: one generates a list of properties char-
acteristic of the ontology in question, and argues that those features cannot generically
hold within the QFT framework.

The idea of a fundamental particle ontology, in particular, has been the subject
of severe criticism by philosophers and physicists over the last several decades (Fraser
2021). On the basis of classical intuitions, we typically require particles to have definite,
finite extent; to have some haecceity (primitive identity); to be countable; aggregable;
and be the bearers of some definite properties, such as charge and mass. Moving
to relativistic physics changes the last condition: we expect the particles to obey
the relativistic mass-energy relationship £ = y/p? +m2, but otherwise the classical
expectations are retained. As I will elaborate in Sec. 2, nearly all of these properties
cannot hold in general in QFT, while still others fail to hold for the realistic interacting
QFTs that form the basis of the Standard Model of particle physics. However, some
concession is still needed to connect QFT to particle physics, where it boasts some of
the most precise predictions in the history of science. If a fundamental particle ontology
is untenable, then something else must allow for and explain the phenomenological
appearance of particles in particle physics experiments. One orthodox candidate for an
approximate, non-fundamental particle ontology can be recovered in the form of the
interaction picture and the scattering matrix (S-matrix). This requires a notion of a
‘particles’ applicable at asymptotic times before and after the scattering event, and the
associated Fock space that comes with it. This is approximate and non-fundamental

1For the purposes of this paper, I use the term ‘QFT’ to refer to relativistic QFTs.



because it only approximately holds in the specific context of particle scattering, and
may fail to apply elsewhere. While this is already a significant change from the project
of fundamental ontology, and introduces further mathematical ambiguities, it forms
the folk ontology of particle physics that most physicists subscribe to. If tenable, it
suffices for explaining the success of scattering experiments in particle physics and the
presence of particles as detected in these experiments.

In this paper I argue that the standard particle ontology underlying scattering
experiments in the vacuum sector of QFT cannot be extended to the context of
finite-temperature QFT. Assuming, for the sake of argument, that the approximate,
non-fundamental particle ontology used in the S-matrix construction is generally suit-
able to purpose, the goal of this paper is to further circumscribe it as applicable only
to situations in which temperature effects can be neglected. The argument is rather
simple: the approximate, non-fundamental particle ontology used in scattering the-
ory depends on having a well-defined notion of a state of definite particle number,
and approximating particles as non-interacting far before or after a scattering inter-
action. In the context of finite-temperature QFT, both of these requirements become
mathematically and physically unreasonable. The thermal background state means
that finite-temperature effects are unitarily inequivalent to any vacuum Fock space,
blocking the use of number operator eigenstates as definite particle states. Further,
persistent thermal fluctuations and interactions spoil the idea of approximately free
particles at asymptotic times. As a result, one cannot define the S-matrix at finite tem-
perature. Any particle ontology that depends on the S-matrix, therefore, is untenable
in this context.

Finite-temperature QFT is the application of QFT for systems where thermal
effects cannot be neglected. It involves using a background thermal state at some
temperature T = 1/kf, rather than the zero-temperature vacuum state. It differs
from standard applications of condensed matter physics in that it treats relativistic
systems, typically those described by the Standard Model of particle physics. As 1
will discuss below, the early universe and quark gluon plasmas are two places where
finite-temperature effects become relevant for QFTs. While various formal features of
condensed matter physics find analogues in finite-temperature QFT, there are impor-
tant differences as well. A secondary goal of this paper is to bring philosophical
attention to finite-temperature QFT more generally.

The main result does not impact the empirical contact between scattering exper-
iments and particles in vacuum QFT, and therefore has no impact on standard
scattering experiments in particle accelerators. It does, however, show the further lim-
its of this particle ontology for QFT. Even if we accept that a particle ontology is at
best approximate and non-fundamental, one conclusion of this paper it that it must
emerge in a context-dependent way. When we move from the vacuum sector to the
thermal sector of a given QFT, this ontology cannot hold even approximately. What
we have instead are limited calculable quantities that are traditionally interpreted
as aspects of a particle phenomenology. While these suffice for understanding ther-
modynamical aspects of QFT, and may underwrite a different particle notion even
further removed from a unified foundation in theory-level mathematical structures,
they do not meet the demands of underwriting the phenomenological appearance of



something particlelike. One appropriate general lesson to draw is that articulating an
ontology must be done in a context-specific manner, and that we cannot expect any
non-fundamental ontology to apply to the QFT framework as a whole.2 At best, only
negative ontological conclusions can be drawn at the fully general framework level of
QFT. This general point is similar in spirit to recent criticisms of pristine interpre-
tations of QFT (Dougherty 2023; Ruetsche 2011, 2024; Ruiz de Olano et al. 2022).
This result is different in kind from other temperature-related effects in QFT, like the
Unruh effect, though both can be leveraged to provide arguments against some form
of particle ontology. Arageorgis et al. (2003), for example, use the Unruh effect to
illustrate the non-uniqueness of a particle interpretation in the case of a free, vacuum
QFT. My argument begins with QFT defined over a thermal state, and in general
factors in interactions.

In Sec. 2 I recap some earlier results against a particle ontology, and articulate
the resulting approximate, non-fundamental particle ontology that is nevertheless
invoked as an explanation for particle behaviour in scattering experiments. Sec. 3 con-
tains the main result, arguing that this weakened particle notion is inapplicable to
finite-temperature QFT. In Sec. 3.1 I discuss the prospects of a particle ontology in
asympotitically free QFTSs, such as quantum chromodynamics, and pose several prob-
lems for applying the vacuum scattering ontology to this domain. Sec. 4 discusses more
minimal, operational particle notions for QFT, suitable to the finite-temperature sec-
tor. Some combination of a generalized LSZ formula and a detector-based approach
might suffice for recovering particle phenomenology in the finite-temperature contexts
where particles seem to arise. I conclude that these provide resources to explain some
aspects of particle phenomenology, but amount to something even further removed
from traditional particle ontology than is found in the vacuum sector for particle
scattering. Sec. 5 draws broader conclusions for the ontology of QFT.

2 Particle ontology in vacuum QFT

There are several results that undermine the prospects for a fundamental particle
ontology for QFT. The argument strategies all take the following form: take a set of
properties to be constitutive of the particle concept. Then, show that those proper-
ties cannot be maintained in the QFT framework. For example, several authors have
argued that there cannot be localizble particles in QFT, in the sense of being definitely
contained in any finite region (Malament 1995; Halvorson 2001; Halvorson and Clifton
2002). Tt is a well-known result that particle number in QFT is not conserved; particles
can be created and destroyed. Finally, even in the context of non-relativistic quan-
tum mechanics, identical particles lose their haecceity, and this carries over to QFT.
This has led to a proposal for a weakened notion of particles, that Teller (1997) has
called ‘quanta’. The defining features of quanta are that they carry the discrete prop-
erties associated with classical particles (charge, mass-energy relations,etc.) as well as

2Presumably, the goal of a fundamental ontology is to be universally applicable across contexts within
QFT. While there are several results indicating that QFT is not hospitable to a fundamental particle
ontology, there are far less convincing reasons to be skeptical of a fundamental field ontology. One might
argue that the project of articulating any universally applicable fundamental ontology for QFT should fail,
as Ruetsche (2011) contends. It is outside the scope of this paper to defend or attack the prospects of a
fundamental ontology for QFT.



new quantum properties (spin, colour, etc.) and are aggregable: there exist states of
a definite number of quanta, and combining a state containing n quanta with a state
containing m quanta gives rise to a state with n +m quanta. But even this weakened
quanta concept is severely limited: Fraser (2008) argues that it is only applicable to
the special case of non-interacting QFTs, at least if one wants a fundamental particle
ontology. Standard conventional physics wisdom, however, uses this free quanta ontol-
ogy as the basis for scattering theory via the S-matrix and LSZ reduction formula.
Bain (2000); Wallace (2001) defend different forms of approximate or emergent parti-
cle ontology on the basis of scattering theory, and it is a plausible demand that some
form of particle ontology must emerge to make sense of the practice of particle physics,
even if it is only approximate and non-fundamental. While one may question whether
recovery of a particlelike phenomenology for scattering experiments deserves the title
of “ontology”, I set that issue aside.® Instead, I articulate the most common form of
this non-fundamental particle ontology here, starting with the free quanta picture,
then incorporating the interaction picture for S-matrix theory, and finally introducing
a sketch of the LSZ reduction formula.*

Free quanta are found in the formalism of noninteracting QFT via the Fock space
representation. Take, as an example, a free Bosonic real scalar field with positive mass,
given in a particular frame by ¢(x,t), or covariantly by ¢(x).> The symmetries of
Minkowski spacetime allow for a Fourier transform of this field, split into positive and
negative frequency components:

3
P(x,t) = / @m?fi/i/m (a'(k,t)e™ ™ + a(k, t)e "), (1)

with w? = k% +m?. The af(k,t) and a(k,t) operators can be interpreted as operators
that create and annihilate free quanta of momentum k at time ¢, respectively. The
reason why depends on the structure of the Fock space. Part of the definition of the
Fock space is that there exists a unique vacuum state |[2)—a state with no particles.
This state has the property that

a(k,t)|Q2) =0 for all k. (2)
Free Bosonic fields with any finite number of particles can be written in the

Fock space representation, for which the Hilbert space F(H) is a direct sum of the
n-fold symmetric tensor products of the associated one-particle Hilbert space H:

3While the in and out states characterizing S-matrix elements are discussed here as connected to particle
phenomenology, this is still very far from actual experimental detection and inference to outgoing particles
from a scattering event. These reconstructions are complex tasks laden with expectations on the basis of
theory (Beauchemin 2017). I take for granted here that these processes genuinely license a demand for
finding ’particles’ somewhere within QFTs. I thank an anonymous reviewer for pressing this point.

If the use of the term ‘ontology’ in this relatively loose form is objectionable, the reader can replace it
with their preferred term applicable at this level of approximation. What is important for the discussion
that follows is that this emergent ontology has an exactly specifiable, consistent formal expression at the
foundational level of QFT.

5The construction here generalizes to nonscalar fields, either Fermionic or Bosonic. Subtlety is needed in
working with massless fields (cf Wald (1994); Fraser (2008)).



F(H) =B, o(Q" H).5 The one-particle Hilbert space is spanned by a basis of vec-
tors generated from |Q2) by a single application of af(k,t) for all possible k and ¢ (see
Wald (1994) for further details).
Within a Fock space representation, it is possible to define a number operator
N(k,t) = af(k,t)a(k,t), whose eigenstates take the form:
Nk, 1) [aT(k7 )" [a*(k, )"
Vn! Vnl

and can be interpreted as states of n free quanta of momentum k at time ¢. From this
number operator, the total number operator at time ¢, N(t) = [ d®kN(k,t) is also
well-defined as the sum of the individual number operators for each k.

What makes the Fock space a good host for quanta is the following. First, the
total number operator provides a count of how many quanta there are at any given
time, fulfilling the aggregability criterion. When acting on the vacuum state, the total
number operator gives zero. Second, this Fock space representation is relativistically
covariant, as required for a particle interpretation of relativistic QFT. Third, the
Lorentz-covariant Fock representation on Minkowski spacetime for a given field with
given mass is unique up to unitary equivalence; there is therefore a single, well-defined
particle notion for a given field.” Finally, the n particle states have the correct energy-
momentum relations for corresponding relativistic particles. The Hamiltonian for a
free Bosonic field in the Fock representation is given by H = [ d®k wj, N (k), such that
an n quanta state is an eigenstate of the Hamiltonian with eigenvalue wgi +wga+- - -+
wkn, which corresponds to the classical energy-momentum relations for relativistic
particles. When restricted to free QFT, quanta form the basis of a perfectly acceptable
particle ontology, albeit one with fewer ‘particlelike’ properties than we may have first
expected.

As Fraser (2008) argues, however, this quanta representation for free fields can-
not be carried over to interacting fields directly. Haag’s theorem shows that Hilbert
spaces for free and interacting particles are unitarily inequivalent. This means that free
quanta cannot directly fill the role of quanta for realistic interacting theories. Fraser
further argues that possible candidate particle representations dealing directly with
the interacting theory require one to give up more and more of the features inherent in
even the weakened quanta ontology. Fraser concludes that interacting QFT therefore
does not “support the inclusion of particlelike entities as fundamental entities in our
ontology” (p. 856). The prospects for a fundamental particle ontology for interacting
QFTs therefore seems dim.

Nevertheless, in practice, physicists continue to use the free Fock space representa-
tion as the basis for a particle ontology for weakly interacting theories. The resulting

)] =n )] = a0, (3)

SFor Fermionic fields, take the antisymmetric tensor product instead.

"On might think that the Unruh effect is an exception to this uniqueness. In the Unruh effect, acceler-
ating observers may take themselves to be confined to the right Rindler wedge, which is both a subset of
Minkowski spacetime and a globally hyperbolic spacetime in its own right. The appropriate particle concept
for the Rindler spacetime is inequivalent to that of Minkowski spacetime, but this is due to the differ-
ent symmetry structures of the Minkowski spacetime and the Rindler wedge spacetime. Since the Rindler
observer is eternally accelerating, the spacetime has a different timelike Killing vector, leading to a different
decomposition of the field into positive and negative frequency modes.



particle concept is non-fundamental, and the mathematical representation is inex-
act, but it serves to connect the formalism of QFT to the phenomenology of particle
physics. The standard approach to doing so relies on a notion of asymptotically free
particles as employed in the S-matrix, which is used to calculate the probability of a
particle collision involving some specified set of particles (the “in” state) resulting in
a different set of specified particles (the “out” state). The physical idea in simple: ele-
ments of the S-matrix are simply the amplitudes for incoming state |a),, transitioning
to outgoing state |b),,,, where we take the limit that the incoming state is defined in
the asymptotic past, and the outgoing state in the asymptotic future:

Uty t-)la), , (4)

out

Sba = IHI:E <b‘

t+—too

where U(t4,t_) is the unitary time evolution operator. At this point, the states of
particles in the asymptotic past and future are taken to be isolated enough to be
treated as approximately free, justifying the use of free states of definite quanta. In
introductory textbook presentations, this is accomplished via the interaction picture,
which is physically plausible only in weakly coupled theories.

In the interaction picture, one splits the Hamiltonian H into a free part and an
interacting part: H = Hy + Hy, such that the evolution under Hj is analytically
soluble, and Hj can be treated as a small perturbation to the free dynamics. The
interaction picture is a hybrid of the Schrodinger picture—under which states evolve
in time while operators remain constant—and the Heisenberg picture—under which
operators evolve in time while the states remain constant. For the interaction picture,
operators take the form:

Orp(t) = etfotQge~Hot (5)
while states take the form:

@t = e~ Ja) (6)
where the subscripts 1P, S and H denote interaction picture, Schrodinger picture,
and Heisenberg picture, respectively. In the interaction picture, states are subject to
evolution under the interaction Hamiltonian Hj, while operators evolve under the free
Hamiltonian Hy. Then, the interaction unitary is determined as a series expansion in
the interaction part of the Hamiltonian:

n!
n=0 -

Uty t) =) (=" /t : dtydty ... dt, T{Hr 1p(t1) - Hrrp(tn)}, (7)

where T{-} is a time ordering operator (which puts the operators with the earliest
time arguments to the left and those with later arguments to the right), and

H]Jp(t) = eiHOtHjeiiHOt (8)

is just the interaction picture form of the interaction Hamiltonian. The S-matrix can
then take incoming and outgoing states to be states of definite number and types
of free quanta, and evolve these with the full evolution operator U(ty,t_) to find
the transition amplitude. It is the interaction picture that exploits the free quanta



notion, and uses these free quanta as asymptotic states. But this is at best a non-
fundamental particle ontology, since the treatment of particles as asymptotically free
is an idealization. Interactions are always present, even at asymptotic times. The
idealization is considered acceptable in the context where the asymptotic particles are
far apart, since interaction strength dies off with distance.

Beyond the asymptotically free idealization, this ontology is complicated by the
fact that, strictly speaking, the interaction picture is mathematically ill-defined for
QFT. It presupposes that the states for the free and fully interacting theories can be
formulated within the same Hilbert space, and this is proven to be impossible due
to Haag’s theorem (Earman and Fraser 2006; Fraser 2008; Koberinski 2023). Haag’s
theorem roughly states that, for relativistic QFTs with infinite degrees of freedom, a
free theory is unitarily inequivalent to an interacting theory. So we cannot use free
field quanta states and evolve them with an interacting unitary evolution operator,
since this operation is ill-defined in QFT. The idealization from the interaction picture
is therefore known to fail.

There are two ways to respond. First, is to argue that Haag’s theorem does not
apply in actual applications of the interaction picture. Second is to develop a more
exact, but conceptually weaker, particle concept that applies more generally. Start
with the former; in practice, physicists often evade Haag’s theorem by regularizing the
theory, which is often done by introducing an upper and lower length limit for domains
of integration. This is a necessary step in extracting well-defined predictions from an
interacting QFT, and it also serves to evade the assumptions of Haag’s theorem by
rendering the QFT finite, in the sense of having a finite number of degrees of freedom
(Duncan 2012; Miller 2018). This solves the issue for making sure calculations are
well-defined, but renders the resulting physical interpretation opaque. We have the
interaction picture idealization that justifies taking free quanta as input and output
states in the S-matrix, but only when we further alter the QFT formalism to make
the field degrees of freedom finite.® Typically, remornalization is needed in addition
to regularization, such that regularized quantities only appear at intermediate stages
of the calculation. Thus the connection between free quanta and particles present
in scattering experiments is circuitous. However, if we set aside scruples regarding
mathematical rigour, we have some notion of approximate, non-fundamental particles
for QFT, based on free field quanta and the interaction picture.

But what about the latter option? For vacuum field theories, there exists a more
general prescription for determining S-matrix elements that does not rely on the inter-
action picture: the LSZ reduction formula (Peskin and Schroeder 1995). This provides
an exact (i.e., nonperturbative) relationship between S-matrix elements and correla-
tion functions, though one that is still dependent on the asymptotic properties of the
field operators in the noninteracting limit. The dependence is mathematically weaker
than unitary equivalence, automatically avoiding the assumptions needed for Haag’s

80ne additional problem with regularizing the QFT is that the resulting theory is no longer Lorentz
covariant. There are other possible solutions to Haag’s theorem that depend on different forms of scattering
theory or weaker forms of equivalence between free and interacting theories (Earman and Fraser 2006;
Koberinski 2023). Many of these are more physically transparent, principled evasions of Haag’s theorem, but
suffer the problem of not being directly applicable to calculation in realistic interacting QFTs. Perhaps the
most well-known, Haag-Ruelle scattering theory also suffers similar issues to the LSZ formalism, discussed
below. In all cases, the connection between free quanta and the interacting theory is made more tenuous.



theorem. The downside is that the interpretation of the connection to free quanta is
also weaker, leaving us with a particle concept that is more tenuously connected to
free quanta. The requirement is that, for any pair of normalized states [¢1), |)2) and
any normalizable solution f(x) to the free field equations, the interpolating field ¢(z)
yields all the same expectation values as the free field ¢o(x) in the limit asymptotic
time limit:

Jdim [ @l 1)o@ ) = [ ol 1) 8 n(a) ln), (9)

with f<8—t>g = fO:tg — g0 f. A similar relation holds for the ¢ — oo limit. The interpo-
lating field is defined within the interacting theory, and this relation implies that the
expectation values using free fields and those using the interpolating fields agree in the
asymptotic limit. So we are working with states that are empirically indistinguishable
from free quanta states in the asymptotic past and future.

While S-matrix elements are important for connecting QFTs to empirical domains
via scattering experiments, correlation functions arise more naturally from the theory
itself. Connecting the two is therefore of fundamental importance. The n-point cor-
relation functions are vacuum expectation values of time-ordered products of n field
operators

Grn = (QT{¢(z1) - - ¢(xn) } [2) . (10)

Working in momentum space, the Fourier transform of GG, is given by:
n
F(p17 U 7pn) = /H I:d4xie7lpi.wi:| Gn (11)
i=1

The LSZ reduction formula for Klein-Gordan scalar particles? relates an S-matrix
element consisting of m incoming particles of momentum pq,--- ,p,, and n — m out-
going particles of momentum g, +1,- -+ , g, to the n-point correlation function I', as a
function of the interpolating fields:

o2m3/271/2

(@ma1s 5 qnlp1, -+ Pm) = H |:2Wg/2Z1/2:|

i=m-+1 =1

(12)
with Z a (re)normalization factor introduced in relating the free fields to the interact-
ing fields. This formula says, roughly, that asymptotic particles in the S-matrix are
given by the residues of poles in I' as four-momenta are constrained to be on-shell.'?
While the LSZ formula is far more general, it is still limited to cases of massive,

unbound particle states. In the strong interaction limit, bound states become more

9By this I mean scalar field theories whose free part obeys the free Klein-Gordan equation, plus interaction
terms. The LSZ reduction formula is more general, but becomes even more cumbersome to write for more
general fields. See any textbook treatment, like Peskin and Schroeder (1995) for further details.

10We will see in Section 4 that this particular feature might still generalize to the finite-temperature case,
though the underlying free quanta concept might not.

i —m
]:[|: pl ):|F(qm+1a"'aan_pla"‘,pm)v



prominent, altering the mass spectrum and severing the connection with asymptot-
ically free particle states. However, generalizations can be formulated by working
directly with bound state operators, recovering some notion of particle phenomenology.

While more useful in practice, the LSZ particle concept is even more tenuously
connected with standard expectations of particlelike properties. The remaining con-
nection is still parasitic on the free quanta concept. While the relation is no longer
a perturbative relation in the strength of the coupling, it is a weak convergence of
norms between the interacting field and the free field at asymptotic times. Thus, the
LSZ particle states are not free quanta states, but are operationally indistinguishable
in the context of asymptotic scattering. The interpretation of the S-matrix in and out
states are still conceptually dependent on free quanta, despite them not being truly
present in the formalism (though, see Bain (2000) for a subtly different interpreta-
tion). Whether one sticks to the interaction picture or uses the LSZ formalism, the
vacuum interacting quanta concept is parasitic on the vacuum free quanta concept in
the asymptotic limit.

Recall that the free quanta concept in QFT is more limited than an ordinary notion
of classical particles. These free quanta are not localizable and have no haecceity.
However, despite the fact that free quanta cannot be exactly localized, they can be
approximately localized in a relativistically covariant manner. Roughly speaking, the
overlap between approximately localized, free relativistic one-particle states will drop
off exponentially with distance. So free quanta are at least approximately localizable
(Halvorson and Clifton 2002; Colosi and Rovelli 2008). To the extent that we accept
a non-fundamental particle ontology for interacting QFT, we have some license to
infer that scattering particles inherit this approximate localizability from the free
quanta. This suffices for recovering phenomenology of particle detection in collision
experiments. Thus, when using the free quanta for defining interacting particles, layers
upon layers of approximations are introduced, but these bottom out in some well-
defined formal representation in the theory.

To summarize, while a fundamental particle ontology faces several severe chal-
lenges, one can recover the link to particle physics with a non-fundamental particlelike
ontology, where we have a well-enough defined notion of “approximately free, approx-
imately localizable” quanta that fill the role of particles in particle physics. Setting
aside mathematical scruples concerning the exactness of the relation between interact-
ing fields and asymptotically free quanta, we have entities that approximate many of
the desirable particle properties one might expect to hold. These are particle surrogates
well-suited to cases where the S-matrix is used to model particle collisions with asymp-
totically free incoming and outgoing particles. It is often the case in other domains of
physics that we have mathematically well-defined concepts that hold exactly of the the-
oretical structures, and that we then take these structures to approximately represent
features of the world. What we have for particles in QF T instead are theoretical struc-
tures that themselves only approzimately instantiate the well-defined mathematical
concepts. These theoretical features are still expected to only approximately represent
the actual features of the world. As we will see in the next section, there are other
applications of QFT where even this highly approximate particle notion cannot be
defined.

10



3 No asymptotic particles at finite temperature...

Now we are at a place to introduce finite-temperature QFT, and to argue that the
approximate, non-fundamental particle interpretation from the last section cannot
get off the ground in this context. The point here is a modest one: the general con-
sensus is that the scattering particle ontology for QFT is at best an approximate,
non-fundamental ontology that arises in certain special contexts. The argument here
is that finite-temperature QFT is not one of those contexts. I will also provide some
motivation for the fact that this particle ontology is not needed for many applications
at finite-temperatures. Much of the discussion here illustrates only the basics of finite-
temperature QFT; further details can be found in several textbook treatments. See,
e.g., Le Bellac (2000); Zinn-Justin (2000); Blaizot et al. (2004); Kapusta and Gale
(2007).

To start, note that QFTs at finite-temperature are typically only useful in the
presence of interactions. Intuitively, the thermal background must interact with the
states of interest in order to be dynamically relevant.!® However, we can still define
a free QFT at finite temperature, by simply replacing the vacuum state for the Fock
space with a thermal state pg at temperature 5§ = 1/kT. This is a free theory still,
since the equations of motion do not include interactions. One might hope that, if
a particle notion exists in the finite-temperature free case, then one can construct
an approximate, non-fundamental particle notion in full analogy with vacuum QFT.
At the conceptual level, finite-temperature QFT is not that different from vacuum
QFT. The only real change is the background state on the basis of which other states
are defined. The same QFT governed by the same dynamical equations admits of
representations based on a vacuum state and thermal states at different temperatures.
The thermal states are mixed states, unlike the vacuum state, which is a pure state.
Further, a choice of thermal state fixes a reference frame, as temperature is not a
relativistically invariant quantity. Otherwise, the fundamental quantities of interest
are still n-point functions, interpreted as time-ordered expectation values for field
operators in the relevant state:

Gn,p = Tr(psT{p(z1) - d(an)}), (13)

where the G, 3 now also include an index to represent the particular temperature at
which they are calculated. Recall that, for the vacuum case, asymptotically free quanta
were well-defined, and interacting theories depended on this free quanta concept for
particle content. Dealing directly with the S-matrix, the interaction picture provided
one way to connect free and interacting quanta. At the level of the n-point correlation
functions, one could generate the link to the S-matrix via the LSZ reduction formula.
In either case, we need a free particle concept, and then to connect this to interacting
theories via the S-matrix. Unfortunately, there is no S-matrix for finite-temperature
QFT.

1 There are some caveats here. In applications of quantum statistical mechanics, for example, noninter-
acting QED at finite temperature provides a foundation for understanding blackbody radiation. Further,
quantum chromodynamics (QCD) in the high-temperature limit is asymptotically free. The strong couplings
therefore approach zero in the limit of high-energies/high-temperatures. QCD will be discussed further
below.
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The reason behind this is quite simple. Take the definition of the S-matrix from
the previous section. It relies on the idealization that incoming and outgoing parti-
cle states are approximately non-interacting excitations to the vacuum state, so that
the free Fock space representation is appropriate for cataloguing the input and output
content of a scattering experiment. A Fock space is constructed from the vacuum state
by repeated application of the creation operators for the appropriate quanta, allowing
for states with a definite particle number to be properly aggregable. But at finite-
temperatures, the background field is not the vacuum: it is a thermal state at some
non-negligible temperature. This change introduces two problems. First, representa-
tions built from a thermal state are unitarily inequivalent to vacuum representations,
so one cannot directly use the free vacuum representation as a basis for the free ther-
mal representation. While there are at least satisfactory workarounds to this unitary
inequivalence in the vacuum sector, like the LSZ formalism, there are no similar tricks
in the thermal case.'? This means that there are no states of definite vacuum-particle
number in finite-temperature QFT, where a definite number state is taken to be an
eigenstate of the appropriate number operator. Naively taking the expectation value
of the total number operator (defined in Sec. 2) on any thermal state, we get a value
of infinity. Start by writing the appropriate thermal state in a Fock basis. The thermal
state is then a mixed state containing a superposition of each of the n-particle states,
weighted by the Gibbs factor:

oo =D [ e P @) i (1)
n=0

where Z is the partition function, included to ensure that pg is normalized, Tr(pg) = 1.
Taking the expectation of the total number operator yields infinity, though the number
operator for a finite region yields a finite expectation value. Strictly speaking, however,
unitary inequivalence implies that the thermal state is not in the domain of the total
number operator, so a different representation is needed.

Note that it is not just a problem with the thermal state itself: no states in the
thermal representation will be even approximate eigenstates of the number operator.
Therefore no states in a thermal representation of a QFT will have a well-defined
particle number: the thermal state is not an eigenstate of the Hamiltonian or num-
ber operator. Without an accompanying solution to the measurement problem, it is
therefore incorrect to say that the thermal state is actually a state with a definite num-
ber of particles, even if that number is infinite. Even ignoring the problem of unitary
inequivalence, we still arrive at the conclusion that the thermal state has an indefinite
number of particles, as do all states created by applying the appropriate creation oper-
ators to a thermal state pg. Within this formalism, one cannot determine the particle

12Such a picture would have to have interactions and temperature fall to zero as time approaches +oo.
As far as I am aware, no such picture is used in physics applications. Note the distinction here with the
Unruh effect, in which the vacuum for free quanta Fock space appropriate to the Rindler wedge appears as
a thermal state in the full Minkowski vacuum state. This is an inequivalence between vacuum representa-
tions on different spacetime backgrounds, not an inequivalence between different state choices on the same
background spacetime.
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content of any states created from a thermal state, even in the case of a noninteract-
ing Hamiltonian. Since all states in finite-temperature QFT are constructed from the
thermal state, the analogous construction of a particle notion for free fields fails.

Within the context of algebraic QFT, a stronger result can be shown. Chaiken
(1968) shows that any representation of the Weyl canonical commutation relations
that contains a number operator must be unitarily equivalent to a combination of Fock
representations. Since the thermal representation is unitarily inequivalent to a Fock
representation, it cannot contain a number operator.' But what about an analogue of
a Fock space, suitable for a thermal background? While this would be an inequivalent
particle notion to that of the vacuum Fock space, it might suffice to provide a basis
for a particlelike ontology in the finite-temperature sector. However, there are good
reasons to think that there are no generalizations of dynamically relevant particles
in the thermal context. Narnhofer et al. (1983) show that, if quasi-particles exist
with respect to a KMS state, then there is no particle scattering, i.e., the S-matrix
is the identity. While Landsman (1988) is more optimistic about the possibility of a
thermal analogue to vacuum perturbation theory, he acknowledges that “[t|he disparity
between vacuum and thermal boundary conditions...is so large that in our opinion
the standard perturbation scheme that copies the vacuum one is totally inadequate”
(p. 143). In this case, it’s not at all clear how one would relate the particle ontologies
in the vacuum and at finite-temperature. Would we have to conclude that heating up
the background induces a change in the ontology of the theory, even in the absence of
phase transitions?

There are some equivalences between vacuum and thermal particle concepts in
special cases, but these serve to illustrate the challenge of transferring interpretation
from one representation to another.!* First are the well-known cases like the Unruh
effect and Hawking radiation, which relate acceleration in a vacuum spacetime to a
thermal state. One important thing to note for the Unruh effect is that accelerating
observers confined to the Rindler wedge can define their own vacuum and Fock space of
Rindler particles, based on the spacetime symmetries of the Rindler wedge. These are
unitarily inequivalent to the particles defined with respect to the Minkowski vacuum;
it is with respect to the latter that an accelerating observer measures a thermal bath.
Particle content is thus dependent on the spacetime structure in which it is embedded.
Similarly for Hawking radiation, which relates quantum states on a curved spacetime
to an asymptotically flat Minkowski particle notion. While there are no particles in the
curved spacetime, the states look like a thermal bath with respect to the Minkowski
vacuum. The important point is that a particle ontology needs to be suited to the
appropriate particle phenomenology; if there is a mismatch, then the mere existence
of a Fock-like representation will not suffice to legitimize particle talk.

Mathematical translation maps between a thermal representation of one theory and
a vacuum representation of another are not sufficient to underwrite an interpretational
equivalence or a transfer of ontological commitments from one to the other. We can see
this with a second example. Jikel and Robl (2014) establish a relativistically invariant
version of the KMS condition used to pick out thermal states for a given QFT, and

131 thank an anonymous reviewer for the reference to Chaiken.
14 Many of the results discussed in the following paragraphs are rigorously proved in the setting of algebraic
QFT. For a thorough primer on algebraic QFT, see Ruetsche (2011).
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prove that a toy model (the P(¢)2-model) has all n-point functions satisfying this
relativistic KMS condition. This is a construction of a thermal representation for the
model. In doing so, they demonstrate an equivalence between the Schwinger functions
for the thermal P(¢)2-model on 2D Minkowski space at temperature 3! and those for
the vacuum P(¢)2-model in a 2D Einstein universe of spatial circumference . For the
latter, the appropriate representation on which the Schwinger functions are defined is
equivalent to the Fock representation. Given this equivalence, one could argue that the
thermal P(¢)2-model on Minkowski space has a suitable particle formalism, parasitic
on the vacuum Einstein universe representation. One could just translate the thermal
Schwinger functions to the Einstein universe vacuum, and read the particle content off
of that representation. Again, however, these models differ in their spacetime structure.
The particle content of the Einstein spacetime cannot be carried over to the Minkowski
setting, as the spacetime setting is essential to defining a cogent particle concept.
Further, the vacuum model is a closed universe with zero temperature, while the
thermal model is an open universe at temperature 5. There is no thermal particle
concept by moving to the Einstein universe since that move also necessitates a move
to zero temperature. This case raises intriguing questions about dualities in QFT that
cannot be addressed here, but on the assumption that we have to provide a consistent
physical interpretation to each of the two equivalent models as a whole, there is no clear
avenue for borrowing the particle concept from one to apply to the other. Thus, the
mere presence of some mathematically definable particlelike formalism is not sufficient
for recovering a particlelike ontology suitable to the context.

Without a notion of asymptotic states of definite particle number, the S-matrix
construction cannot get off the ground. But the problem gets qualitatively worse when
we factor in interactions. The second problem is that, even if there were states of
definite particle number to form the basis of the S-matrix, the motivation for treat-
ing particles in a thermal state as free at asymptotic times is undercut. The physical
motivation behind using the free Fock space for a weakly coupled theory is that, far
away from the collision interaction, the particles have spread out to the point of effec-
tively no longer interacting with each other. This relies on local interactions and a
background vacuum state, so that there is nothing persisting in the background for
the far-flung particles to interact with. When the background state is a thermal state,
however, this interpretation breaks down. Even if we had a well-defined notion of par-
ticles in this case, they would always be surrounded by a background thermal bath,
and would have non-negligible interactions with the thermal excitations. So the phys-
ical justification for using the approximate, non-fundamental particle interpretation
from the free vacuum QFT case is also undermined here, over and above any technical
problems. It is no longer a plausible assumption that states are approximately free at
asymptotic times.

So, we see that the strategy for recovering an approximate, non-fundamental
particle ontology for vacuum QFT does not work in finite-temperature QFT. This
implies that the scattering particle notion is even more circumscribed than is com-
monly discussed in the philosophical literature. But two lingering questions remain:
do we recover any finite-temperature particle phenomenology? And if so, how? For
many applications of finite-temperature QFT, a particle ontology is unnecessary. One
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important arena for finite-temperature effects is the early universe, where one is
concerned with features of the fields like interaction strength (including mass) and
symmetry breaking, and how these change as the universe expands and cools. The
paradigmatic use for particle phenomenology—scattering theory—does not exist for
finite-temperature QFT in this context. But other particlelike properties are impor-
tant here. While the scattering picture is not used, we still talk of particles in many
contexts in finite-temperature QFT. These applications range from stellar interiors, to
nucleosynthesis, to high-temperature QCD. QCD will be discussed next, while more
general questions of finite-temperature particle phenomenology will be discussed in
Sec. 4.

3.1 ...Except for QCD?

QCD is the theory of the strong nuclear interaction, which posits three generations
of quarks as the fundamental fermions, whose interactions are mediated by massless
gluons. It is a Yang-Mills theory with Lie group SU(3), and describes the force respon-
sible for the emergence and stability of hadrons like the proton and neutron, as well
as nuclear binding. For the purposes of this paper, the most interesting feature of
QCD is that it has a property known as asymptotic freedom: despite the strong cou-
pling between quarks and gluons at low energies leading to quark confinement, the
coupling strength decreases at higher energies, and approaches zero in the limit of infi-
nite energy. Given the standard association of high energies with high temperatures,
physicists expect that QCD over a high-temperature thermal state is a weakly coupled
theory; in the limit 7" — oo it becomes a free theory. Thus, one might think that the
previous concerns about interactions in a thermal background state might be avoided,
and it may be possible to use the pieces of the approximate particle ontology from the
scattering picture in finite-temperature QCD, in a similar way that it is used for deep
inelastic scattering in the high-energy regime. Additionally, there exists a QCD phase
transition from a confinement phase to a phase of quark-gluon plasma, where the lat-
ter phase is (at least colloquially) described as a phase where quarks and gluons are
able to travel freely, unconfined. So not only might it be possible, it might indeed be
necessary to provide a particle ontology in the context of quark-gluon plasma. While
the physical motivation for a particle ontology in these regimes is stronger, I will
argue that the scattering formalism does not supply an adequate basis for a particle
ontology, even in QCD.

Start with the general idea of asymptotic freedom. The renormalization group flow
for the strong coupling is negative, meaning that the coupling strength g decreases at
higher and higher energies p: 5(g) = ,ug—z < 0. This can be realized when collisions
occur between highly energetic particles, or when there is an environment with a high
ambient energy, such as a high-temperature environment. As the name ‘asymptotic
freedom’ implies, at sufficiently high energies the strong coupling goes to zero, result-
ing in a theory of free quarks and gluons. The property of asymptotic freedom for
QCD was first discovered by Gross and Wilczek (1973), and independently by Politzer
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(1974), and was used to explain the phenomenon of deep inelastic scattering discov-
ered at SLAC (Bloom et al. 1969).15 When hadron collisions occur at sufficiently high
energies, the hadrons behave as a collection of free point particles, resulting in deep
inelastic scattering. These are particle collisions that require a highly energetic condi-
tions, so one might think that finite-temperature QCD would be required to model the
interactions. However, deep-inelastic scattering is modelled within the vacuum sector
of QCD; all that is needed is that the incoming particles have sufficiently high energy-
momentum to reduce the effective coupling strength in the collision interaction region.
One still works within a scattering picture with asymptotic in and out states being sta-
ble excitations to the vacuum—in this case, the in and out states are hadrons. Within
the scattering region, the hadron is taken to be a collection of quarks, one (or more)
of which collides with the other incoming particles. The background state does not
need to provide the energy necessary to weaken the strong coupling since this energy
is provided by the colliding hadrons. However, asymptotic freedom applies to the full
high-energy sector of QCD, beyond the original phenomenon of deep inelastic scat-
tering, and implies a regime in which both finite-temperature effects and particlelike
behaviour coincide.

Due to the weakening of the strong coupling at higher energies, QCD exhibits a
phase transition, moving from a quark confinement phase at low energies to a quark-
gluon plasma phase at high energies (Satz 2011). The theoretical treatment of the
transition region and of empirically accessible quark-gluon plasma energies is carried
out via lattice gauge theory, which involves discretizing the theory by putting it on a
lattice of finite extent. Calculations of properties in lattice QCD are typically carried
out numerically, and fall well outside the scope of the scattering picture.'® One reason
for the necessity of lattice QCD near the phase transition is that it occurs at energies
too low for the weak coupling approximation. It turns out that deconfinement occurs
well before quarks and gluons become sufficiently weakly interacting (Engels et al.
1982). Even within lab-made quark-gluon plasma, above the phase transition, the
strong coupling is still too strong to utilize perturbation theory. This is an application
of QCD in which the scattering particle concept does not apply in this domain, so
any particle phenomenology in this domain must rest on different formal features
of QCD. Alternatively, the particle phenomenology might be recovered via weaker
notions discussed in Sec. 4.

But in the very early universe, temperatures can be high enough to create a weakly
interacting quark-gluon plasma. This is the most likely regime in which the approx-
imate particle ontology from vacuum scattering theory might apply. In fact, due to
the simplification of near asymptotic freedom, high-temperature quark-gluon plasma
is comparatively easy to study analytically. Even here, however, there are important

15For more on the historical development of QCD and the evidence leading to its acceptance as the theory
of strong interactions, see Cao (2010); Koberinski (2021).

16Whether one can construct a suitable particle ontology for lattice gauge theories is beyond the scope
of this paper. In general, however, discretizing the theory alleviates the concerns involved with having an
infinite number of degrees of freedom. However, the Stone-von Neumann theorem still does not apply to
lattice QCD, given that the topology of the phase space is not R?". There are exact, algebraic constructions
suitable to the kinematics of Hamiltonian QCD (Kijowski and Rudolph 2005), even extended to the infinite
volume limit (Grundling and Rudolph 2013), which may serve as a starting point to analyzing possible
particle contents of these theories.
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differences between high-temperature perturbation theory and analogous vacuum per-
turbation techniques. As discussed in Sec. 3, one major problem is the lack of a number
operator for the thermal representation. Even if we take the fully non-interacting limit
T — o0, due to the presence of thermal fluctuations, there are no states which are
eigenstates of a number operator. Since we need to be in the high-temperature limit
of QCD, we can’t neglect these thermal fluctuations as small. In general they should
swamp any contributions from the lightest quarks and all gluons, since the latter are
massless (Blaizot et al. 2004). This means that, at high-temperatures, there is no def-
inite fact about the number of quarks or gluons in any state or any region of space.
Thus, adding a single quark or gluon to the thermal background via a creation oper-
ator will not lead to a state with one single particle, nor will it appreciably increase
the probability of detecting only a single particle in that state.

Now consider the case of weakly interacting QCD for finite T'. Importantly, there
is still a principled difference between weakly interacting fields and free fields, and this
difference is harder to idealize away when the background state is a thermal state at
significantly high temperatures. Interactions in a thermal background state therefore
introduce new problems not already dismissed in the vacuum case. Perturbation theory
in this limit leads to several distinct, often nonanalytic contributions to bulk quantities
due to the interactions of thermal modes (Blaizot et al. 2004). This is not simply a
feature of QCD in particular, but holds for any thermal perturbation theory in QFT.
In the vacuum case, a single set of modes with definite mass-energy relations can fill the
role of a particle, and in the absence of interactions these modes will persist and retain
the definite quantum numbers associated with a particle. For a single particle state in
an interacting theory, the properties are different from the free properties due to the
presence of virtual interactions, but these interacting properties will similarly persist.
In a thermal background, granting that the free single particle state can be defined,
the reintroduction of interactions causes larger disruption. Because the background
states is far more active, the interactions with a single particle state make fluctuating
changes to its properties, to the point of losing any clear sense of definite properties
like mass. This makes it hard to consistently identify a state defining a single particle.
Even setting aside the issues with defining a Fock space or a number operator in a
thermal representation, interactions make defining even an appropriate single particle
state challenging. Without any good formal analogues of the S-matrix particle states
for high-temperature QCD, there is thus no analogous scattering particle ontology.

However, there are clearly some features of a quark gluon plasma that are, at
least approximately, analogous to a collection of weakly interacting particles. In the
limit where interaction strength goes to zero, many of the thermodynamic quan-
tities describing bulk features of the plasma are strongly analogous to their ideal
gas counterparts (Blaizot et al. 2004). Additionally, properties typically attributed
to particles—like mass and colour charge—remain meaningful and undergo changes
in the plasma state, even in the presence of nonzero interactions. These quantities
are calculated from the n-point functions of the theory using some form of thermal
perturbation theory. There is thus some truth to the idea that some particlelike phe-
nomenology comes out of thermal perturbation theory for weakly interacting QFTs,
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even if there is not a clear state space for particles in this regime. What we should
make of this particle phenomenology will be discussed in the next section.

4 Prospects for finite-temperature particle
phenomenology

So far, we have seen that the finite-temperature sector of QFT is inhospitable to the
non-fundamental particle ontology that seems to suffice for recovering particle phe-
nomenology in scattering experiments in the vacuum sector of QFT. But it is not
particularly troubling, as there is little pressure to recover a general particle ontology
outside of the context of scattering experiments in particle physics. However, some
specific theories might have other, context-specific ways to define a different particle
concept. High-energy QCD, for example, is a domain where at least some particle phe-
nomenology appears. Other contexts where we model the physics of finite-temperature
relativistic particles include the interior of stars, where nuclear fusion is supposed to
occur, and hot dense environment of the early universe, where quarks and gluons con-
dense into baryons, and plasma condenses into light nucleii. In this section I will discuss
the general phenomenological features that one might need in finite-temperature QFT,
which of these actually indicate underlying particle phenomenology, and how these are
recoverable without some analogue of a Fock space to provide a clear particle-based
state space. What we are left with is an even more attenuated notion of particle, further
removed from the approximate, non-fundamental notion appropriate for scattering in
the vacuum.

One major context in which finite-temperature effects are essential is in under-
standing the physics of the very early universe. In the ACDM model of cosmology, the
universe starts in an initially hot, dense state, and evolution forward in time is marked
by an expansion of the spatial scale factor and an accompanying cooling. Impor-
tant effects in the very early universe can be attributed to the thermodynamics of
the Standard Model interactions.'” For many purposes, an explicit finite-temperature
formulation is not directly needed, as qualitative or order-of-magnitude calculations
can be made by considering the energies at which certain interactions stop becoming
viable, and mapping these to certain epochs in the history of early universe expansion.
Some effects, however, require a full finite-temperature treatment. First and foremost
are various phase transitions in the early universe, including the electroweak phase
transition and the QCD phase transition from quark-gluon plasma to confinement.
The latter was discussed in some detail in the previous section. The electroweak phase
transition is the transition where the SU(2) x U(1) symmetry group partially breaks,
resulting in massive weak bosons, a massive Higgs boson, and the massless photon.
However, one does not need to recover any distinctly particlelike phenomenology in
this transition. Instead, all that is needed is the field-theoretic description. Masses and
symmetry breaking can be determined as properties of the fields, without any need to
model particlelike excitations, using the effective action formalism (Koberinski 2024).

17For more detailed discussion of the methodology of early universe cosmology, see Smeenk (2019);
Koberinski and Smeenk (2024). For a historically-focused discussion of the development of finite-
temperature QFT and its application to the early universe, see Koberinski (2024).
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Importantly, most of these calculations are also non-perturbative, in the sense that
they do not proceed by an expansion in powers of the coupling constant. The effective
action is exact, and approximation methods used to get at the full effective action
need not use a weak coupling expansion.'® There is thus no need for a robust particle
ontology, and no use of the scattering formalism needed for the previously discussed
particle ontology.

Other thermal aspects relevant to properties in the early universe, however, seem to
display more particlelike phenomenology. Properties like dressed masses/charges and
the mean free path in a thermal state are properties best described in terms of particles.
But it is not at all clear that they require a particle ontology for the QFT in question.
At least at the level of modelling, one can input a test particle into the background
state to determine properties like a screened mass or mean free path. However, in order
to make sense of this modelling strategy, it is natural to interpret the background state
as analogous to a gas of particles. In fact, what is often done in finite-temperature
QFT is to use the strong formal analogies between the partition function in QFT
and in statistical mechanics to calculate thermodynamic and statistical properties of
interest while completely bypassing a concrete modelling approach, and any explicit
mention of particles (cf. Kapusta and Gale (2007)). However, such properties bring
to mind some aspects of particle phenomenology; after all, a mean free path for a
test particle implies that it has an average time/distance it travels unimpeded before
interacting with something, an idea that brings to mind something particlelike. Unless
this is simply a case of reading too much physical significance into the formal analogies
between QFT and statistical mechanics (Fraser and Koberinski 2016; Fraser 2020),
it would be desirable to have some principled theoretical justification from which to
infer a particle ontology suited to these contexts. I discuss two potential options, each
with some desirable features and some drawbacks.

First, one can take features of the LSZ reduction formula as a basis for finite
temperature particle concept. Recall that the asymptotic particle states for the S-
matrix were given by residues of poles in the n-point functions for the theory, when
those n-point functions were forced to be on mass-shell. While the S-matrix is not
defined at finite-temperatures, the n-point functions are. We could decide to treat
the right hand side of Equation (12) as indicative of particle content in the finite-
temperature context, without the direct connection to the S-matrix. There are several
advantages to this approach. First is its continuity with the most general form of a
vacuum particle notion used in physics practice. We can just treat the same quantities
as encoding particle content at finite-temperature as we do at zero temperature. Next,
it provides a highly general formalism for determining particle content. Insofar as we
can calculate the n-point correlation functions and the residues of their poles, we can
make claims about the particle content of the theory. The limitations of restriction to
massive, unbound particles remains, but introduces no further complications beyond
the vacuum case. The only major drawback to this approach is that, without the
S-matrix, there is no clear connection to directly measurable particles.

189ome of the clever ways of approximating the effective action still involve a power series in some
parameter, but in general this need not be in powers of the coupling constant.
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This leads naturally into the second option for particle phenomenology: the detec-
tor approach (Grimmer et al. 2021; Gale and Zych 2023). On this approach, one
couples a QFT to a (typically) non-relativistic particle detector. These can be as
simple as a qubit—a two state quantum system with a ready state and detection
state—or might include more realistic features of a detector. Importantly, the form
of interaction between the detector and quantum field is constrained to be approxi-
mately localized. Then, one has a ‘particle’ whenever the detector makes a positive
measurement. This approach to particle phenomenology can be summarized in a slo-
gan: a particle is whatever a particle detector detects. There are several advantages to
this approach, including flexibility, practicality, and direct operational connection to
experimental practice. In principle, one could use a detector model on any background
state, including finite-temperature states. If one adopts a particle notion suited to the
vacuum representation, then a detector of this form will sporadically click detecting
a (thermal) bath of so-called particles when coupled to a thermal state. This is anal-
ogous to the point made in Sec. 3, that a thermal state can be written as a weighted
superposition of an infinite number of possible definite particle states. The overlap
between a one-particle state and a thermal state will therefore be non-zero.

This approach was first developed in the context of a finite-temperature effect:
the Unruh effect (Earman 2011), where an constantly accelerating observer moving
through Minkowski spacetime will observe an apparently thermal state, whose tem-
perature is proportional to their acceleration. An Unruh-DeWitt particle detector was
used as a way to model whether and how an observer would actually detect that they
were in a thermal state. Now finding use in broader contexts like relativistic quantum
information theory, the detector approach is currently the most general approach that
allows one to recover particle phenomenology in a wide range of contexts.®

While it has several advantages, one major disadvantage for the detector-model
approach to particle phenomenology is that the inference to even an approximate,
non-fundamental particlelike ontology is severely attenuated. Given the fact that one
can rewrite any state of a quantum field in a form of Fock basis (as in Eq. (14)), there
will in general be nonzero overlap between the vast majority of possible quantum field
states and a given n particle state. This means that there is at least some probability
of a particle detector detecting n particles in any field configuration, even ones in
which there is no other convincing reason to think of as n-particle states. The detector
approach may therefore be too permissive in assigning particle content. In particular,
the connection is severed between a positive detection in a given state, and the state
bearing the appropriate quantum numbers corresponding to the defining properties
of the collection of detected particles. This was one of the main reasons for taking
the asymptotic Fock states from the vacuum scattering picture to be appropriate
quanta states, and the closest one could get to a particle ontology. While the detector
approach allows for a much broader set of contexts in which one can recover aspects
of particle phenomenology, it does so at the cost of casting too wide a net. In some

19This is one approach to a broader problem of developing a general measurement theory for QFT. Outside
of the context of scattering theory, which employs asymptotic states, there is little consensus on how to best
define a local measurement theory in the QFT context. While detector models form one approach (Gale
and Zych 2023; Grimmer et al. 2021; Grimmer 2023), others are working to develop an algebraic setting for
quantum measurements (Fewster and Verch 2024). See Papageorgiou and Fraser (2024) for a summary of
approaches and a philosophical analysis of the latter approach.
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contexts, detector modelling might be a useful approach, but at the general level it
is too susceptible to false positives to underwrite a new, non-fundamental particle
ontology. At the very least, significantly more work would be needed to link detector
phenomenology to some form of particle ontology. One way forward in this direction
is to combine the detector approach with the generalization of the LSZ reduction
formula: in this case, the detector coupling would help provide the empirical link that
disappears with the lack of an S-matrix at finite temperature.

While the concept of asymptotically free particles from vacuum QFT cannot gen-
eralize fully to finite-temperature QFT, a combination of a (local) detector approach
with the LSZ reduction formula may provide a particle concept suited to purpose for
most applications where particles may arise. We lose some of the nice properties that
come along with the (free) Fock space representation, like definite particle states and
aggregability. However, this might not be surprising. Several desirable features of par-
ticles are lost in the move from classical to quantum physics, from quantum physics
to vacuum QFT, and now from vacuum QFT to finite-temperature QFT. We are only
left with the constraint that particles satisfy the appropriate relativistic mass-energy
relations, and that we can detect them as discrete clicks in a non-relativistically mod-
elled detector. Is this enough to underwrite a particle ontology for finite-temperature
QFT? It is at least enough to recover particle phenomenology; perhaps this is the best
we can do in terms of recovering an approximate, non-fundamental particle ontology.

5 Conclusions

Over the past several decades, the status of a particle ontology in QFT has
been reduced from a candidate for fundamental ontology to an approximate, non-
fundamental ontology. However, the applications for which this ontology are applicable
are essential for QFTs to make empirical contact with scattering experiments in
particle physics. I have argued in this paper that even the standard approximate,
non-fundamental particle ontology based on the free quanta concept can only work in
vacuum QFT, if at all. When one is concerned with finite-temperature QFT, the con-
nection to free quanta is severed, and so asymptotic particles do not generalize from
the vacuum sector. The already limited particle ontology for QFT is thus even more
severely limited. However, we can generalize the LSZ particle concept, though the con-
nection to the S-matrix disappears. We are therefore left with an even weaker particle
phenomenology that finds use in understanding thermodynamic properties of a QFT.

Since a fundamental particle ontology seems untenable, does this mean that the
field ontology wins out? Not necessarily. While a field ontology seems plausible for
QFT, the devil is in spelling out the details of what commitments that brings with
it. Baker (2009) has argued that field ontologies utilizing wave functionals face the
same problems as particle ontologies.?? If one takes the effective field theory view
seriously, there is also the live option that QF T cannot admit a fundamental ontology
at all (Miller 2021; Dougherty 2023). Finally, the dichotomy between field and particle
ontologies may be a false one, so care is needed. Positive arguments in favour of a

20But, see replies to this challenge from Sebens (2022); Swanson (2024).
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particular ontology are needed, in addition to negative arguments ruling out other
ontologies.

Part of the challenge in spelling out a positive ontology for QFT is the fact that
it is a theoretical framework, rather than a theory in its own right (Koberinski 2019).
Physical content is sparse at the framework level, allowing for many different applica-
tions in different contexts. That flexibility, which is a pragmatic feature of a framework,
also makes defining a uniform ontology challenging. Wallace (2020) makes this point in
the context of quantum theory more generally: some systems will have an appropriate
particle ontology, others fields, and still others something different. One must spec-
ify a more concrete theoretical context to have enough physical content for positive
ontological claims. Plausibly, such a context will be sensitive to the appropriate types
of empirical access we have to that domain. This fact explains why, while negative
ontological claims abound for QFT, positive ones are much harder to articulate. We
typically don’t expect a uniform ontology for all classical theories, and QFT should
be no different. If one accepts this background view of QFT, then it is perhaps not so
surprising that the scattering particle ontology is a poor fit for finite-temperatures.

Setting aside the effective view for now, some open questions remain regarding the
relative fundamentality of different sectors of a given QFT. I will take this space to
outline these questions, but leave them unanswered for future work. Suppose that we
are interested in constructing an ontological hierarchy for QFT's. Is it possible to order
the various sectors, such that one particular sector is taken as the most fundamental?
Given that the approximate particle ontology from vacuum QFT does not apply to
finite-temperature QFT, what lessons should we draw for the relative fundamental-
ity of particles suited to scattering contexts? There are three possible options, each
with plausible motivations. First, one could argue that the vacuum sector is more fun-
damental, since a finite temperature state is just a phenomenological description of
some highly excited vacuum state. In principle, whatever ontology is best-suited to
the vacuum sector would be a more fundamental base on which the finite-temperature
ontology would depend. Next, one could argue that the finite-temperature sector is
more fundamental, on the basis of the usual reductionist inference in particle physics
that higher-energies reveal the more fundamental features of a QFT. One is thus
required to move to finite-temperature representations to elucidate the more funda-
mental. As an example in applications, very early universe cosmology is typically taken
to be a window into the most fundamental aspects of the universe; in this domain, one
needs finite-temperature QFT. A third response is to deny that there is an order of
relative fundamentality to the two sectors. Motivating this answer is the inability to
prioritize one of the motivations for the first two options over the other. I am partial
to this third option, but leave the question open.

Finally, one might wonder about the importance of the approximate particle ontol-
ogy one can recover in the vacuum sector. For the purposes of this paper, I set aside
the major issues with understanding the interaction picture, and assumed that one
could apply its particle formalism to actual scattering experiments done in the lab. But
suppose we reject this move, is there still any way to recover particle phenomenology
for scattering experiments? The moves made to recover a weaker particle phenomenol-
ogy in finite-temperature QFT may provide a template for doing so. If we give up
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on the requirement of having a well-defined mathematical representation of particle-
like entities at a general level in the mathematical formulation of the theory, then we
can recover many of the features of particle phenomenology using numerical simula-
tions, lattice methods, and determining non-analyticities in the n-point functions of
the full theory. By paying close attention to experimental practice, we could recon-
struct the particle concept needed in the appropriate empirical contexts. While I have
only argued against extending the scattering picture’s particle ontology to finite tem-
peratures, one might take the real lesson to be that one ought to give up on that
picture as grounding particle phenomenology anywhere in QFT.
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