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» Free relativistic QFT (on Minkowski spacetime, in the
vacuum sector) has an exact duality between particles and
fields: the theory can be analyzed in terms of field modes,
which are harmonic oscillators, and the creation operators
for those oscillators can be reinterpreted as creating
definite-momentum particles

» Nonrelativistic QM, with or without interactions, can

likewise be reformulated as a field theory and the duality
is likewise exact
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Duality breaks down

» Multiple definitions of particle when we generalize away
from the Minkowski Hamiltonian (Unruh, Wald,
Arageorgis, Ruetsche, Earman)

» Haag's theorem rigorously establishes that there is no
unitary equivalence between free and interacting
representations of a field theory (Earman, D.Fraser)

» Particles and fields don't match 1:1 in the Standard
Model (Bain)

» The duality relies on a decoupling of fields into uncoupled
oscillators that just doesn't hold
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Particles as Emergent

» General attitude in physics and philosophy: QFT is about
fields, particles are secondary

» Occasionally you hear that particles don't exist
» Mostly, philosophers say that particles are emergent

» But what — at the level of formal structure — are these
emergent entities?
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Decompose the Hamiltonian of a QFT into free and

interacting parts: R .
H — Hfree + ant

> Ifl,c,ee defines modes and thus particles — quanta
(Teller)— in the usual free-field way

~

» H,,: induces transitions between modes that can be
analyzed in perturbation theory, as per elementary
treatments in textbooks

» Requires UV cutoff to be well-defined and IR cutoff to
circumvent Haag's theorem, but that's okay
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v

Split between l/:l,c,ee and l/-\l,-,,t is to a large extent
conventional — so the properties of quanta are also
conventional

The vacuum is not a zero-quantum state

The one-particle sector is not preserved under time
evolution

This is all inherently perturbative — what about strongly
interacting systems, e.g. QCD at < 1Gev?

» No particle associated with the quark field
» No field (in the Hamiltonian) associated with the proton,
pion, etc.
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From Particles to Quanta

Physics needs — and uses — robust, stable, non-perturbative
(but domain-specific) notions of particles. Operationally their
uses include:

» Scattering: localized excitations start finitely far apart,
interact, and give rise to new excitations that are
detected finitely far apart

» Nonrelativistic physics: particles interact persistently
through long-range forces and form bound states and
other complex configurations

» (Boltzmann regime in statistical mechanics and kinetic
theory)



(Peskin and Schroeder p.213)
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Single-particle states

If f is a function on spacetime approximately localized at event
x and with Fourier transform overlapping with a particle mass
shell but no other occupied region, then (up to normalization)

3t Q) = / ax F(x)3(x) 1)

is a 1-particle state (of that particle),

31 [ G s



Multiparticle states

If fi,...f, are N such functions localized at events xq, ... x, all
at some (finite!) time t; and separated by > 1/m, then (via
the Cluster Decomposition Theorem) up to exponentially small
corrections,

f, - £) Eg}ﬂ...gﬁ Q)
will behave as an n-particle state as long as the wavepackets
remain non-overlapping



Scattering (1)

If we similarly construct a state |gi, ... gn) describing an
m-particle state at a later time, then

(g1, 8mlf, . fu)

is the scattering amplitude between the two states and can be
expressed in terms of the n + m-point function,

(g1,...8mlf,. . fu) x

/dx4mdy4”g(xl,-~-xm,y1,~~yn)g1(><1)-~~gm(Xm)ﬂ(yl)~"fn(yn)
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Scattering (I1)

» If we choose sufficiently k-narrow wavepackets this can be
well approximated as normal scattering S-matrix
amplitudes x a kinematic factor that tracks wavepacket
overlap

» Spatially narrower wavepackets can resolve scale effects in
interactions, e.g. long-lived resonances, long(er)-range
forces
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Non-relativistic quantum electrodynamics

> At nonrelativistic energies (v?/c?) < 1) we expect that
electron and positron sectors decouple and particle
creation/annihilation drops out

» If so: we are back in the nonrelativistic regime and
recover a robust notion of particle through duality

» Method: effective field theory. Write down the most
general nonrelativistic theory of electrons and photons
and evaluate the coefficients by matching to QED
cross-sections.

» (Resultant theory is non-unitary in some circumstances,
e.g. electron/positron annihilation)
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Conclusions

» “Particles are emergent” is the beginning rather than the
end of the conversation

» The quanta of perturbed harmonic oscillators provide a
useful but very thin notion of particle — to thin to do all
the work that ‘particle’ does in physics

» Much more robust notions are available through
scattering theory and nonrelativistic EFT

» These notions are approximate and domain-dependent,
but non-perturbative



