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1 Introduction

Quantum Field Theory is an extremely successful framework for the physical models building. Its
particular realization, known as the Standard Model, agrees perfectly with almost all experiments
which are not affected by gravity available for the moment [I]. In particular, the electromagnetic
sector of it, Quantum Electrodynamics, is often called the most precisely tested physical theory.
Another notable example of the QFT triumph is the experimental discovery of the Higgs boson in
2012 [2] which was theoretically predicted at least 40 years before that [3]. Almost all modification
of the Standard Model being considered (except ones including the gravity which will discuss later)
also lie in the QFT framework.

One of the crucial concepts in QFT is locality. Basically, it means that all interactions happen
locally and the “action at a distance is always mediated by local interaction with “force-carrying”
particles (or fields). In relativistic physics, combined with the prohibition of faster than light par-
ticles, the locality forbids the spacelike-separated regions to interact in any way. It follows that
observables measurable in such regions should commute. This restriction plays a crucial role in the
axiomatisation of QFT [ Bl [6]. This property is also sometimes called causality because it allows
formulating theory in such a way that the cause always precedes the effect. In the physical com-
munity by locality one often understand restriction to the "local interactions”, i.e. the requirement
that the interaction term in Lagrangian density at a point in spacetime is a function of the fields
and finitely many of their derivatives at that point (depending on the particular formulation of QFT
the Lagrangian density may be replaced by the Hamiltonian density or the right hand side of the
equations of motion). Then, on the level of perturbation theory, the naive idea of all processes being
series of local ones is realised in the Feynman diagrams (see e.g. [§]). Locality of interactions leads
to casuality (in the above sense) at least perturbatively [7]. The converse statement is difficult to
formulate precisely, because one can always make the Lagrangian non-local without affecting the
theory. But informally speaking, it is very unlikely that a fixed non-local Lagrangian defines a local
QFT.

On the negative side, local QFTs (with a very few exceptions) are divergent. This happens be-
cause the quantum fields are not functions, but only distributions on the spacetime. In perturbation
theory (see Section |3) the ill-defined pointwise products of quantum fields among themselves and
with other distributions appear. In practice it leads to the scattering sections and the observable
particle masses formally presented as divergent integrals. These divergences are called ultra-violet
(UV) because in the Feynman diagrams formalism they appear as divergences in the region of infi-
nite momenta of virtual particles. To make the observable quantities finite, that divergences should
be cancelled one way or another. This can be done through the so-called renormalisation. More de-
tailed description of this procedure together with the further references are porstponed until Section
but we note that there are different methods of renormalization leading to the same final result.
This happens essentially because the locality significantly narrows the choice of ways to cancel the
divergences.

In general, the renormalization in all orders of perturbation theory requires infinitely many
parameters (interaction constants and masses) to describe the resulting theory. To make any pre-
dictions using any theory one would need to find its parameters from experiments, which in the case
of infinitely many parameters would require an infinite amount of data. This is why as fundamental
models one usually considers only the renormalizable QFTs, a special class of theories described by
finitely many parameters after the renormalization. Locality and renormalizability combined leave
only finitely many allowed interactions (for a fixed set of quantum fields). In practice, physicists write
down the most general local renormalizable Lagrangian with a fixed set of quantum fields, obeying
the prescribed symmetries. The unknown parameters then can be found by matching the compu-
tation results to the measurements. This is how the Standard Model was built and experimentally
proven.

As was mentioned in the very beginning, QFT describes successfully all the interactions except



the gravity. QFT can be as well formulated on a curved manifold [9], which in physics corresponds
to quantum field theory in a background classical gravitational field. The Hawking radiation [10] of
the black holes is one of the most notable non-trivial effects of gravity on quantum fields predicted.
The backreaction of the quantum fields on the gravity was studied in the semi-classical approxima-
tion with applications to cosmology and to Hawking radiation corrections [I1]. The self-consistent
description of the world including quantum fields and gravity (which inevitably leads to quantization
of the gravity itself) is still missing, though necessity of such a theory was pointed out already in in
1916 by Einstein [I2] (later he changed his mind and became sceptic to the quantum physics).

In one of the first worksﬂ on Quantum Electrodynamics [I3] Pauli and Heisenberg suggested
that the gravity “carried out without any new difficulties” using the same method as they did.
For linearized gravity this idea was first realized by Rosenfeld [14] in 1930 and six years later by
Bronstein [15]ﬂ The latter author was the first to note that in the non-linear regime of quantum
gravity the localization of particles and events is limited. If the localization is too sharp, the
energy and momentum uncertainty will be very high due to the Heisenberg relation. But in general
relativity high energy or momentum localized in small volume leads to the black hole creation. Since
particles and events under the event horizon are not accessible for the external observer, such sharp
localisations have no operational limit. The characteristic length of the maximal localization is of
the order of the Planck length Ip suggested by Planck as a natural unit [I8]. After this analysis,
Bronstein expressed serious doubts that the gravity can be quantized without “profound change of
the classical notions”. In particular, he supposed that the spacetime manifold should be replaced
by “some deeper and non-evident concepts” taking into account that no measurement localized at
a point can be fulfilled. Bronstein’s ideas got almost no response in the physicists’ community
and were forgotten for a long time. But with development of quantum gravity, the limitation of
localization (the so-called “minimal length” of quantum gravity) appeared many times in different
ways playing an important role [20].

If there are no spacetime points, then locality of interactions makes no sense. We note that
locality understood as casuality is also not applicable to quantum gravity because the casual relation
between spacetime regions is quantized there. So, one could expect that the UV-problems typical for
local theories are naturally cured by the quantum gravity at high energies. This was noted by Deser
(inspired by ideas of Klein) in [19}@ It was argued that in quantum gravity the vacuum average of
tensor square of a quantum ¢

< 0fp(x)9(y)[0 >

is finite on the diagonal  — y. Such a limit does not exist without gravity due to the distributional
nature of the quantum fields. One could expect that other divergences would also disappear when
gravity is taken into account.

Quite the opposite was found then the quantum gravity was studied beyond the linear order.
It was shown that it not only UV-divergent but non-renormalizable [21]. It means that gravity
can not be quantised along the same ideas as electrodynamics was and some cardinally new ideas
are requiredﬂ At the same time, there are still no reliable experimental data in the regime where
the quantum gravity effects would matter. For this reason, plenty of different competitive ways to
construct quantum gravity appeared and are developing now [22]. In this situation as a complement

IWe follow the historical review of first decades of quantum gravity [I7] to which we refer for further details

2See also [16] for review of Matvei Bronstein’s work in the historical perspective and the tragic story of his life.

3The idea of minimal length (or equivalently maximal energy) curing the UV divergences was discussed right after
that divergences were first found but without any reference to gravity. The details can be found in [20].

4We note that in non-renormalisability is a problem only if we want to construct the theory to all orders of pertur-
bation theory. In each order of perturbation theory only finitely many parameters matter even in non-renormalizable
theories. The Effective Field Theory formalism [23] deals with QFTs valid only up to some finite order of perturbation
theory ans hence treats non-renormalisable theories without any problem. For example, the leading order quantum
corrections to the Newton potential were found in the effective field theory framework without any problem [24].
But, to take into account higher order of perturbation theory, one would need not only to perform mathematical
computations, but also to get new experimental data.



to this work, it makes sense to concentrate on properties which are shared by all (or almost all) such
approaches. From the above it seems that the minimal length should be one of those properties.
In the string theory the locality of interactions is broken by replacing the point-like particles
with the one-dimensional objects (the strings). Due to the quantum fluctuations, strings can not be
contained in too small volume. Thus it is impossible to resolve such small volumes. In [25] this was
quantitatively accounted in the form of the so-called generalized uncertainty relation

AXAP >1+1,E. (1.1)

Here AX and AP are the coordinate and momentum uncertainties respectively, E is the energy
and [ is the dimensional parameter of the string theory with the physical sense of the characteristic
string lengtfﬂ This length is proportional to the Planck scale. In [26] it was argued that may
be not valid beyond the perturbation theory and the space-time uncertainty relation

AXAT > 12 (1.2)

was proposed instead. Here AX and [ are as before and AT is the time uncertainty.

The loop quantum gravity, one of the most elaborated approaches to the gravity quantization
(together with the string theory), does not introduce any non-locality by hand. Instead, it is based on
choosing for quantization a suitable basis of observables, known as the loop observables, generalizing
the Wilson loop of gauge theories. These observables are labelled by loops in the space and the
generic state of the quantum space is labelled by a graph [52]. The ”minimal length” arises here as
discreteness of spectra of the area and volume operators [28] acting on that states.

The asymptotic safety program treats the quantum gravity as a usual quantum field theory with
an infinite number of parameters (to make renormalization possible). A generic theory then can be
pictured as a curve (due to non-uniqueness of the renormalization, see Remark in the parametric
space. Then one selects only trajectories which behave nice enough at high energy scales (see Remark
. If such trajectories exist and span a finite-dimensional hypersurface, this requirement allows
to reduce the number of parameters to a finite one. Even in this, rather conservative approach the
presence of a minimal length was shown [29].

The model-independent estimations of the minimal length also continued to appear. The ana-
logue of string theory generalized uncertainty principle

AXAP > 1+ IpE. (1.3)

was proven in linearized quantum gravity [30, BI]. In [32] it is argued that any trans-Planckian
(i.e. with characteristic energy above the Planck scale) scattering is dominated by soft graviton
radiation. Due to decoherence, such scatterings can not be used to probe the spacetime structure.
In [33] it was shown that such processes are dominated by creation of black holeﬂ which also
brakes sharp localization of the interactions. In [35] the processes at the scale of Planck length
(or smaller) were addressed by functional integration. It was argued that the integral over all
geometries is dominated by the so-called ”space-time foam” spacetimes, i.e. geometries containing
approximately one gravitational instanton (topologically non-trivial fluctuation) per Planck volume.
So, the topology of the spacetime is predicted to become much more complicated at the Planck
scale.
In [38] the spacetime uncertainty relations (STUR)

Az’ Azt + Az’ Ax? + Axd Azt > 13, (1.4)

Azt Az? + Ar?Ax® + Az Azt > 13,

5Here and everywhere we use a system of units in which # = 1, ¢ = 1, but we keep the Planck length Ip.
6 Accordance between these two results is addressed in [34].



with Ax® staying for the ath coordinates uncertainty were derived. From now on we call them the
DFR spacetime uncertainty relation (STUR) by the names of their authors Doplicher, Fredenhagen
and Roberts. This idea reproduces the original Bronstein suggestion and was used by some other
researchers (e.g. [30]), but before Doplicher, Fredenhagen and Roberts the area of localization
was always assumed to be spherical. Most of the other approaches listed above also implicitly or
explicitly assumed spherical symmetry. So, the relations (1.4) provide the first estimation of the
shape of a non-spherically localized event. These relations were later supported by the work [40]
not relying on the linearized gravity, but assuming the hoop conjecture [39] (in an appropriately
adjusted formulation). For the spherically symmetric case similar relations were proven by solving
the exact non-linear Einstein equations in [41]. Generalization of the DFR STUR to cosmological
backgrounds was discussed in [42].

To sum the above short review up, the “minimal length” appears in quantum gravity from very
different arguments and in diverse approaches to gravity quantization, so it seems to be an inherent
property of the quantum gravity. Thus, it makes no sense to treat the spacetime as a smooth
manifold. This is similar to the situation in the early years of quantum mechanics when Heisenberg
decided that since coordinate and momentum of a particle can never be measured simultaneously in
any experiment, then the exact values of that quantities should not be used to describe a state of
that particle.

The simplest way to implement the minimal length would be to replace the smooth manifold by its
discreet approximation (e.g. [43]). The immediate consequence would be the non-Lorentz invariant
dispersion relation modification. Surprisingly, current astronomical observations are enough to rule
out lattices with one characteristic scale even if that scale is close to the Planck length [44]. The
Lorentz invariance violation at high energies also brings theoretical concerns [45], because it would
require a very precise tuning of the interaction constants to preserve a Lorentz-invariant theory at
low energies when quantum corrections are taken into account.

Another realisation of the minimal length follows from the fact that look very similar to
the Heisenberg uncertainty relations. Then it is natural to assume that they follow from non-trivial
commutation relations between the coordinates. In particular, one can assume that the spacetime
coordinate do not commute with each other.

The non-commutative coordinates can naturally appear in non-commutative geometry [46]. The
key idea of this branch of mathematics is to extend the Gelfand-Naimark theorem, basically stating
that the topology of a Hausdorfl space is encoded in the C*-algebra of complex-valued continuous
functions on it, to non-commutative C*-algebras. The non-commuting coordinates then, in general,
are unbounded operators affiliated with that C*-algebra.

Despite being a thriving area of mathematics, the non-commutative geometry naturally arises
in different areas of physics. For example, it naturally appears in description of quantum charged
particles in a strong magnetic field and can be applied to the quantum Hall effect [47]. More
relevant for us is that the non-commutative geometries emerge in the string field theory [4§], in
the low-energy limit of the string theory on a background with non-zero B-field [49], in the stack
of D-branes description [51], in the compactifications of M-theory [50] and other (super)string- and
M-theory related studies [55]. In loop quantum gravity the non-commutative geometric description
of the graphs states of quantum spacetime (see above) providing a natural definition of the distance
operator was suggested [53]. Another approach to loop quantum gravity based on non-commutative
geometry is reviewed in [54]. Non-commutative geometry also arises in 2+1-dimensional quantum
gravity[] [56].

A remarkable realization of the Standard Model (in the Euclidean signature) in terms of the
non-commutative Riemmanian geometry was suggested in [57] and of one of the Grand Unification
Theory candidates in [60]. Intriguingly, the restriction on the gauge group and the particle content
are much more strong in the non-commutative approach [59] than in the usual field theoretical one,

7Gravity in 241 dimensions is a very special case, because the gravitational waves are absent. So, these results
can not be directly applied to the 341 dimensional case which is implicitly assumed everywhere in this thesis.



so a physical theory based on the former would be more predictive. The gravity can be naturally
embedded into that description [58]. More recent progress in this framework can be found in [61].
In particular, realization of the minimal length (or rather minimal volume) in this framework is
discussed there. Transition to the Lorentz signature is still an open problem, although proposals for
non-commutative pseudo-Riemannian geometry with Lorentz signature were made in [62], [63].

We see that the non-commutative geometry is a natural realization of the non-locality of quantum
physical theories. Although in the examples above the scale of that non-locality is not necessarily
directly related to the Planck or string length, they still motivate the study of models of non-
commutative spacetimes realising the minimal length estimations we mentioned. One can hope
that such models would catch at least some properties of the quantum spacetime in the ”right”
quantum gravity theory, whatever it will be. One of the earliest attempts is due to Snyder [64]
later developed in [65]. The commutators of the coordinates are assumed to be proportional to the
Lorentz transformation generator M*¥,

[q",q"] = il>M™

with some characteristic length (as usual proportional to the Planck scale). Since both the left hand
side and the right hand side transform like a tensor under Lorentz transform, the Lorentz symmetry
is preserved (as well as the translation symmetry with siutably deformed action on the coordinates).
It was shown that such commutation relations produce the uncertainty relations if the scale [
is chosen appropriately.

Another, simpler, way is to set the commutator of coordinates to some constant,

[¢",q"] = 0" (1.5)

with 6*” being an antisymmetric matrix of real numbers. Such commutation relation lead to
Heisenberg-like uncertainty relations similar to . The Lorentz symmetry is broken by the pres-
ence of a fixed tensor #. Instead, a quantum symmetry group can be introduced [66]. This idea is
quite popular around the string theory community. It was conjectured that the symmetry group of
deformation can cure the UV /IR mixing problem of QFT on non-commutative spacetime (which is
discussed below) and may deform particle Bose- and Fermi- statics. The latter fact means that the
Pauli exclusion principle could be violated at high energies, which is considered as a possible quali-
tative experimental consequence of the spacetime non-commutativity [67]@ Building an interacting
theory in this setup is however problematic if possible at all as it was pointed out in [68] [69].

The original, not twisted Lorentz symmetry of the non-commutative spacetime defined by
can be preserved if the constant matrix € is replaced by a matrix of central (with respect to the
algebra generated by the coordinates ¢g*) operators transforming under the Lorentz group as a tensor.
This was suggested by Doplicher, Fredenhagen and Robets in the already mentioned paper [38]. The
joint spectrum of 0*¥ must be Lorentz-invariant. The minimal choice is a single Lorentz orbit. In
[38] such an orbit was chosen in such a way that the DFR STUR follow. This spacetime
(see Subsection for a more rigorous definition) will be called the Doplicher-Fredenhagen-Roberts
Quantum Spacetime (DFR QST). The generalization with non-central commutators was suggested
in [70], while in [42] generalization to cosmological backgrounds is discussed.

The DFR QST, being a simple Lorent-invariant model of the quantum spacetime (unlike the
Snyder’s model which is rather a deformation of the quantum phase space) is at least a natural toy
model to develop main notions and tools for physics in such an environment. For this thesis a study
of adiabatic properties of a particular model (see below) of QFT in the DFR QST was the main
original goal, although the results are applicable to much more general class of non-local QFTs.

Having the quantum spacetime chosen one should define QFT on it. Unfortunately, in the
absence of the locality restriction, this step is very ambiguous. There are several approaches to

8Current experiments rule out the twisted statistics which could be induced by non-commutativity up to energy
scales of order of 250 - 1016 — 10'8GeV depending on the invariants of 6 [67], which means that the non-locality scale
is below 20ip.



perturbative QFT construction as shortly reviewed in Section Being applied to local theories
they all lead to equivalent results. It is no longer the case when the non-locality is present. QFT on
a non-commutative spacetime is even less definite notion because for that one should also explain
how exactly non-commutativity induce non-locality. The simplest choice is to replace point-wise
products of quantum fields in interaction terms (of the Hamiltonian, the Lagrangian or the equation
of motion, depending on the approach to quantization chosen) by the non-commutative product.
This is, for example, the approach usually adopted by the string theory community [55]. However,
as it is explained later, this choice is not always the best one.

Furthermore, there is no common agreement on the desired properties of QFT on quantum
spacetime. For example, from the review above one could expect that (at least in the quantum
gravity context) the non-commutativity-induced non-locality should eliminate the UV divergences.
This is however not the case in the already mentioned string-theory-inspired non-commutative QFT.
Instead, some of the graphs (the so-called planar graphs, i.e. graphs which can be embedded into a
plane) are not affected by the non-commutativity at all. If the divergent subgraph is non-planar, the
UV divergence is regularized but a new IR divergence (see for a discussion IR divergences below)
appears. This phenomenon, known under the name of the UV/IR mixing, in the string theory
community is considered as a manifestation of the deep interplay between UV and IR regimes of
the string theory [55], while from the mathematical point of view it is an obstruction on the way to
rigorous formulation of such a theory which should be avoided in some way.

We will work with the so-called Hamiltonian approach to the non-local quantum field theories
quantization (introduced in [71] and reviewed in and take the ”quantum diagonal map” (in-
troduced in [72] and reviewed in on the DFR quantum spacetime as a sample of a non-local
interaction kernel (the results will be applicable for more general kernels). This setup was thoroughly
considered in [73]. In particular, the UV-finiteness was shown and the Feynman rules were derived.
However, a problem with the adiabatic limit was observed.

The adiabatic limit is one more point which generalizes non-trivially to the case of quantum
spacetime. According to the Haag theorem [4] the interaction representation, which is crucial for
most of practical calculations in QFT can not exist in any interacting theory in a uniform spacetime.
The usual trick to bypass this obstacle is to break spacetime uniformity by introducing an adiabatic
cut-off, i.e. assuming that the interaction vanishes in the distant past and future and is constant
somewhere in the middleﬂ The physical amplitudes can be achieved by considering a limit of the
interaction parameter going to a constant. However, there are different possibilities to choose a stage
when this limit should be taken.

One way is to find the adiabatic limit of the time-ordered correlators (called the weak adiabatic
limit) and then reconstruct the scattering amplitudes using a variant of the LSZ reduction. The
main virtue of this approach is that the weak adiabatic limit is known to be less sensitive to the
normalization. The price we pay for that is the necessity to use the LSZ reduction based on not
trivial to prove assumptions. Finiteness of the weak adiabatic limit in local QFT was shown in [{7].

Another way, the so-called ”strong adiabatic limit”, is to keep the adiabatic cut-off until the
very end of the computation and evaluate the adiabatic limit of the scattering operator. While the
adiabatic cut-off is imposed the scattering operator can be defined rigorously, hence no LSZ reduction
is needed. But the existence of the strong adiabatic limit is more tricky. In [74] ordinary QFT with
only one massive specie of particles was shown to exist if and only if the in(out)coming fields are
renormalized, so that the self-energy corrections vanish on-shell together with their derivatives (with
respect to frequeneies).

It is worth noting that the existence of an adiabatic limit is not just a technicality, because its
absence can be manifestation of the infrared divergences present in the theory. For example, in the
presence of the already mentioned UV/IR mixing the amplitudes are finite until the adiabatic limit

91In general one requires that the adiabatic switching parameter must be compactly supported. But for the theories
we consider in the main body of the thesis the adiabatic cut-off only in time is sufficient (Pro position [3.13) as was
first noticed in [73] [72).



is considered.

There is also a third option, the algebraic adiabatic limit, i.e. the adiabatic limit of the net of
algebras of local observables reviewed in [5] which allows to define the adiabatic limit for theories
on general (commutative) spacetime. This concept is, however, not directly applicable to the non-
commutative case due to the absence of locality. Generalization of those ideas to quantum spacetime
could be an interesting and perspective problem but is beyond the scope of this thesis.

From the above, it is clear that the renormalization is crucial for the strong adiabatic limit
discussion. Moreover, to renormalize a theory so that the dispersion relation correction vanishes we
should be able to compute that correction. This is why the renormalization and the computation
of the propagator corrections are considered in this thesis alongside with the adiabatic limits. The
corrected propagator is also important to decode the scattering amplitudes from the weak adiabatic
limit with the LSZ reduction.

The dispersion relation correction was already computed at lowest orders in [75] through time-
independent perturbation theory. One should note that a completely different description of the
adiabatic cut-off is needed to use the time-independent perturbation theory, which could be conve-
nient in the stationary states energies calculation. This method was designed to calculate corrections
to the free stationary states and hence requires a time-independent Hamiltonian. Thus the Haag
theorem should be bypassed by introducing a spatial cut-off instead of a temporal one. So, it is an
interesting side result that our energy corrections do coincide with the ones found in [75].

The main topic of this thesis is the study of peculiarities of adiabatic limits and the renormaliza-
tion in the case of non-local QFT. This thesis is organised as follows. In Second Section we introduce
the DFR QST and discuss how free quantum fields and interaction terms can be defined. In Third
Section we describe main methods of perturbative QFT and discuss their applicability to the non-
local case. In Fourth Section we present several formulation of Feynman rules which are convenient
for our purposes, and in Fifth section we discuss how they can be related to more conventional
Lagrangian formulation. In Sixth Section we compute the quantum corrections to the propagator.
In Seventh we prove existence of the weak adiaibatic limit and suggest necessary conditions for the
strong one. The ambiguity of the renormalisation is discussed in Eighth Section. After that we
summarise main results with a small disucssion and outline of further possible steps.

10



2 Doplicher-Fredenhagen-Roberts Quantum Spacetime

2.1 Construction and basic facts

Let us begin with reviewing the basic setup of the DFR QST following [37, [38].

As was stated in the introduction, the DFR QST is a realizaion of the space-time uncertainty
relations through quantum (i.e. non-commuative) geometry of the spacetime preserving the
undeformed Poincare symmetries.

The algebra of functions on that spacetime is generated by the four self-adjoint operators g¢*
subject to the commutation relations

[q",q"] = ilpQ", (2.1)

where [p is a constant (the Planck scale) and Q*” are central operators. We assume that the full
proper Poincare group P (see Appendix |A|for conventions) acts on that generators in the usual way,
ie.

(M,a) ~ ¢ =M" ,¢" + a". (2.2)

Then from the centrals @*” automatically transofrm as a tensor. The joint spectrum of
center then should be then Lorentz-invariant and a minimal choice is a single Lorentz group orbit,
guarantying the relations (1.4). Such an orbit can be always fixed by specifying the invariants of
tensor Q". As it was shown in [38] the most natural choice is the hypersurface 3 defined by the
”quantum conditions”

Q" Quu =0, (2.3)

1 2
(SeaﬁwQaﬁQW> =1. (2.4)

A useful reparametrization of this hypersurface is given by two three-dimensional vectors €, m
defined as

QOi = é'i, Qij = eijkﬁik. (25)
Then ([2.3(2.4) take the form
(€-m)? =1, &2 = m?. (2.6)

The hypersurface X clearly consists of two diffeomorphic connected pieces ¥4 with ém = 1. Each
of those pieces is diffeomorphic to the tangent bundle of the 2-sphere T'S? (see Appendix B of [38]).

No bounded operator can satisfy with central non-vanishing Q*”, hence the coordinates ¢*
can not be embedded into any C*-algebra. Moreover, from the experience of quantum mechanics
and quantum field theory we know that the relations also admit pathological realizations. In
particular, the uncertainty relations can be violated (see e.g. [76]( subsection 12.2 and example
14.5). To avoid that we restrict our attention to the regular realizations, i.e. such that the formally
exponentiated form of holds:

etk " etPu " — eipuq/" ethn a* efkquQW

In [37, B8] it was shown that such realizations are in one-to-one correspondence with non-
degenerate representations of C*-algebra & = Cy(X, K) of continuous vanishing at infinity functions
on Y valued in the algebra of compact operators K = IC(H) on a fixed separable Hilbert space. The
unbounded operators ¢ then are affiliated with £ and the symmetry action induces an action
of B on &£ by automorphisms. We refer to [38] (Section 4 and appendix A) for the proof and the
exact formulation of this fact.

11



2.2 Quantum fields on the DFR QST and the role of Q*”

According to the introduction, the quantum spacetime effects should play an important role in the
interacting quantum field theory, but it is quite a difficult an ambiguous subject. We start by
discussing the quantum field on the quantum spacetime definition, considering mostly the free fields
and some general ideas. Discussion of particular approaches to perturbation theory is postponed
until the next section. Except for the theories with modified statisticﬂ the free quantum fields are
usually assumed to be not changed by the spacetime quantisation.

In ordinary quantum field theories the quantum field is an operator-valued distribution For
simplicity let us consider a scalar quantum field ¢. In particular, the mass m free real scalar quantum

field is defined as (E.9)

d3p ; ;
¢o(z) = / P (aﬁe_“’x + a;Ie’W),

\/ (2m)3 2w

where a;}f and a; are creation and annihilation operator-valued distribution and the 4-vector p is
of the form (wii', p), wi' = \/P? + m
The simplest generatlisation to the quantum spacetime case is to formally substitute x with the
quantum coordinate ¢,
$olq) = /dgﬁ; (a~® e P +at ® eW).
(2m)2 /25 \ ¥ ?

The distributional nature of ¢y can be restored if we view it as an operator-valued functional defined
on a particular subset of S(E), the statespace of &,

R 1
po[w] = /dSPW\/ﬂﬁ

Remark 2.1. Since any bounded functional on £ is a linear combination of states [87], we can also
say that a quantum field is a functional on a particular subset of the dual space £*. We should
note, however, that in general £ may be to large as a test-functions space. For example, in case
of commutative £ the dual space £* would contain point-localised pure states which are clearly not
admissible for evaluation of the quantum field.

(aﬁw(e_ipq) + agw(eipq)). (2.7)

Remark 2.2. In most of the approaches to QFT on quantum spacetimes, the non-commutativity
of the underlying geometry affects only the interaction terms which become non-local. In all further
steps (quantisation, perturbation theory, etc.) the theory is treated as a non-local QFT in the usual
commutative spacetime. This method should lead to at least an effective theory description of QFT
on QST valid when the QST effects are not too strong and catching its main peculiar properties.
We will also proceed in such a way.

In DFR QST, unlike most of the other approaches listed in the introduction, as a byproduct of
the Lorentz-invariance, there is an additional manifold ZE Although the free quantum field
does no vary along it, the interactions most likely will. For example, in string theory-inspired non-
commutative QFT one uses the non-commutative product ¢(q)" instead of the pointwise product
#(x)™. This interaction was adopted to DFR QST (see [73| 68] and Example unavoidably

10See the introduction.

1 See Appendix for details and normalisation agreements.

121n this thesis we will be also interested in generic dispersion relations, because interactions, breaking the Lorentz
symmetry will be considered. But in this subsection we consider bare (i.e. non-renormalised) free field, which is
assumed to be Lorentz-invariant.

13This is not a unique situation in generalizations of QFT, see Remark and references wherein.
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leading to dependence of the interaction term on (). There are different ways to treat the auxiliary
space Y in the interacting theories. One natural idea is to average over it. Unfortunately it does
not admit a Lorentz-invariant finite measure, so the Lorentz invariance is inevitably broken, but
rotational one can be preserved. The averaging can be done inside the Lagrangian (or Hamiltonian)
or for the resulting amplitudes in the very end. We refer to [73] for a comparison of these approaches.
A different approach, in which the interaction term is not dependent on ) at all is discussed in the
next subsection.

2.2.1 More general quantum fields in DFR QST

In the rest of this subsection we sketch how things can change if one treats the quantum spacetime £
seriously. This discussion will not be directly related with most of the thesis, but provides interesting
directions of further development of the results we achieve. This should not be considered as a
complete classification, because the optimal restriction definition of the quantum field (see Remarks
and .

The field is not the most general free scalar field in the DFR QST. This form follows from
our experience in the ordinary quantum field theory which tells us that the quantum fields live in a
four-dimensional world, so the extra coordinates describing position on ¥ should be ignored.

As discussed in Appendix [E] the most general form of a covariant bosonic free quantum field in
the Minkowski spacetime is given by

L dg_' : m = . m ——
6i(@6) = 3 | ——L (a7 D) 4 gt @F D) W, (p),
0 9 32 m P, D,o >
- (2m)32wg

where the polarisation vectors are constructed by (|C.5)
- 0
Vio(p) = D Lis(R(p) ™) e
J
from the rest frame polarisations, satisfying (C.6))

S L0l =" D5 (0)8),, YO € S0(3).
J o’

for some representation L of SO(1,3)"T. D? is the spin-s representation of SO(3). Here we assumed
that s € N and L is real, so we replaced SL(2) with SO(1,3)T and SU(2) with SO(3) in .
Finally, R(p) is a boost from the rest reference frame to one where the particle has the momentum
p. This form generalises the well-known electro-magnetic and Dirac fields of QED ensuring the
covariance and locality. The details can be found in Appendices [C| and

The key observation is that in DFR QST a field, and thus the polarisations can depend on the
central charges Q"

d3p
dola) = / e v—
- \/ (2m)3 2w
The Lorentz group of the DFR QST transforms @ as a tensor, so for covariance of ¢} (Z,t) we require

an analogue of (C.5['*|

(aﬁ,ae*ipq + aggei”q) U, (p, Q).

U, (p, Q) =¥ (R(p)™" ~Q); (2.8)
and of :
VOO0~ Q) =Y D: (00, YO e SoE). (2.9)

14the symbol ~ denotes the action of symmetries as explained in Appendix
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Example 2.3. Let s = 0. Then requires rotational invariance of the polarisations. In the
parametrisation , taking into account the quantum conditions , we have two rotational
invariants, €2 and €-m = +1. For simplicity let us disregard the latter as non-invariant with respect
to the inversions. Then the rest-frame polarisation is of the form

vOQ) = (7).
In the rest frame p = (m,0) we have
Q"Quupup” = —m>&
and hence by we have
¥(Q) = ¢ (-3’ )
Example 2.4. Let s = 1, and let D! be chosen as the defining rsentation of SO(3), so that the
2.9)

polarization index o which in this runs through {z,y, z}. Then (| states that U(© transforms as
a vector. We have two choices
)

—

VO (@) = (&, ¢

3

and

v (&, 1) = (&2, & i),

where ¥(9 symbolically denotes all three polarisations
(U, v, wlo)),

Example 2.5. For a generic integer spin s the representation D® can be understood as the symmetric
of the sth tensor power of D! [80]. Then as rest-frame polarization one should take any completely
symmetric tensor formed from € and 7 multiplied by an arbitrary function of the invariants €2 and
€ - m.

Remark 2.6. From the examples above we see, that, unlike the commutative case, in the DFR
QST the presence of additional manifold ¥ allows to define a scalar quantum field of any integer
spin. In principle a single scalar quantum field can create particles of several, or even infitely many
spins.

This is similar to the string theory with compactified dimensions [88] where the modes prop-
agating in the compact dimensions (unobservable directly) are reinterpreted as different fields in
the 4-dimensional spacetime, and in some sense dual to the Non-Commutative Standard Model
[57], where the fields on commutative spacetime are modes on a compact (and even finite) non-
commutative auxiliary space. Here instead the spacetime is non-commutative and the auxiliary
space is a smooth manifold. The main difference of our situation from both the aforementioned
cases is that our auxiliary space X fails to be compact. Because of that there is no a priori reason
to assume that the spectrum of modes on it is discrete.

Finally, we note that non-compactified string theories also have an infinite tower of modes of
different angular momenta. For other similarities between string theories and quantum field theories
on the DFR QST we refer to [70].

We restricted ourselves to one-component quantum fields on the DFR QST because they are
enough for any integer spin. Of course, multi-component fields are also possible The relevant trans-
formation law for the rest frame polarisations is a combination of (C.6) with (2.9):

S L0 )07t A Q) =Y D: L, (0)80(Q), YO e SO®). (2.10)

1,0/
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Example 2.7. Let L be the defining representation of SO(1,3)T, and s = 1. Then the most general
form i .
W (Q) = & Coe(@, & 1) + 1717 Com (2, & 171) + [ 17] o (&, € 17)

UO(Q) = 6;,,C5 (&%, ET)+E & Coo (€2, ER) 11 1T o (62, E470)+-E T o (€2, &) +171 €7 (e (€2, Ev170)+

jo
[€ X 7] [E X )7 Cox (82, - 171) + [€ X ]I & Cxe(&2, € 171)+

[€ % 177 X 1717 (o (€2, € 17) + & [€ X 171)7 Coxc (€, & - 171) + [ X 177 G (€2, €~ 172).

If only (s is non-zero, we are left with the “conventional” spin-1 4-vector field up to an additional
¢ factor, while other cases are specific DFR QST realisations of the spin-1 field.

Example 2.8. Continuing the previous example, assume that
gOe(égv e-m)==x(1+ ég)éee(égaé' m),
Com(€2,E 1) = € Mlee(E%,E-m),
Cxe(éga €- 7?7') = :FCee(éQa €- ﬂ_"L)
and all other (s vanish. Then, taking into account (2.5)) and (2.6) we have
Qo "IP(Q) =Y FU(Q) = (14 &)Gee (&, 8- 11) = £V (Q),
J
Q; W@ = - Y FWOQ) = FU)(Q) + i x TP Q) =
J
& (Coe(@, 8- 111) + Pl (2,8 -11)) — [E X M Coe(@,8-110)) — 17, @ e (@, 8- 110)) = £UD(Q).

Here we used ¥ Q) = (mﬁ?}(@), \Ilgo)(Q), \I/:(,)?,)(Q)) Summing up, we have

Qu "R (Q) = +¥2(Q).
By covariance this equality holds after the action of L(R(p)~1)T, so we have

Q,u V\Ijua(pv Q) = :l:\:[jua(p7 Q),

ie. U,o(p, Q) (and hence the quantum field constructed from it) belongs to the eigenspace of (mixed
components of ) @), which is one—dimensionam So, in this case the quantum field describing a spin-1
particle is again essentially one-component.

In general, given a representation L one can find rezﬂZ]7 covariant projection, i.e.

P:Yx—CimE PQ)?*=1, P(Q)=PQ) (2.11)
L*(M)P(M~* ~ Q)L* (M)~ = P(Q)VM € SO(1,3)".

Furthermore, there are always such projections with one-dimensional image.

15We note that ¥ transforms under the action of the Lorentz group with the representation dual to the defining,
i.e. as a covector. So, usage of the lower indices is in accordance with Appendix

16This fact is easy to check for a particular choice & = 7 = (0,0, 1). It is also easy to see that the dimnsions of the
eigenspaces of @ is Lorentz-invariant

7Note that orthogonality is not required and actually not defined due to absence of a preferred metric in represen-
tations of L.
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Example 2.9. For L being the defining representation,

0+ Q£+ Q!
4 )

PL(Q) =
where Q € M4(C) is a matrix formed by the mixed components of @, i.e
Qu 14 — QM I/.
This matrix is clearly covariant. By direct calculation it is a projection for &= m = (1,0,0), where

€, is the zth basis vector and hence at any other poin of ¥ by covariance.

Then we can define the reduced rest frame polarisations (2.10)) .

(O 'red Z P \II(O Q),

which will automatically satisfy (2.10), so they can serve as rest frame polarisationﬂ The full
quantum field in this setting is

—i ; d
¢0 i (aﬁ,ae e + a:;‘:gemq> \Ijz(:ye )(pa Q)a

-2/ ﬁ‘”
(2m)32wp
Z Lij(Rp) T (R(p) ™ ~ Q).

By construction it satisfies

ZRJ ¢0] q?Q) = ¢0,j(an)7

so it is essentially one-component. But in general it can not be replaced by a scalar field because
the vector bundle

{(Q,v)|Q € B,v e CHML P(Q)v = v}
can be non-trivial. In particular, applying the projection of Example to the polarisations of
Example 2.7] we arrive to Example

Remark 2.10. The observation above is in accordance with general idea that if the spacetime
topology is non-trivial (in our case due to the auxiliary space X), the fields should be sections of the
bundles over that spacetim@ Natural generalization for the non-commutative case is to seek for
the quantum fields as elements of the modules over the corresponding C*-algebra [89]. In our case

such a module is
Pg@ dim F

We note however that the bundles and modules we consider do not posses any natural hermitian
product because they all come from representations of SO(1,3)T.

Remark 2.11. Since generic irreducible representation of SO(1,3)" is nth symmetric tenor power
of the fundamental one [77], all these arguments directly generalized to the case of arbitrary finite-
dimensional L.

18Following the common tradition we use the same symbol for the original antisymmetric tensor Q“ and all three
possible results of lowering one or two indices of it. In contract to that Q denotes a fixed matrix and Q" denotes the
nth power of that matrix in My (C).

191f they do not vanish; otherwise take 1 — P.

20More precisely, the classical fields are smooth sections of a vector bundle. Quantum fields are not functions at
all, but we may expect that their averages at some special class of states are also smooth sections of that bundle.
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Finally, we can consider spinor fields in the same way, starting from a generic representation L
of SL(2). Then we should just replace SO(1,3)" by SL(2) and SO(3) by SU(2) everywhere. In
particular, the observation about the projection and bundles holds. Of course, if we want the field
to be approximately local in any sense, we have to use fermionic fermionic Fock space instead of the
bosonic one.

Remark 2.12. In all the examples above we never stated the class of the function (. It depends
on the particular definition of the quantum field on the non-commutative spacetime, namely on the
choice of subset of ”test” functionals in £* and its topology (see Remark [2.1). We can consider ones
of the form

os()= [ 7 ( / f(k,Q)e‘““Qd%A(Q))duz(Q)

where 7 is the trace and f € S(R!?) (as a function of 4 components of k¥ and 10 components of an
anti-symmetric tensor ) treated as independent) and require that the quantum field is an operator-
valued distribution in the ordinary sense as a functional of f. Then any ¢ € §'(R) would do. At
the same such quantum fields may be to singular, because the UV-divergences may reappear in
pointwise products.

2.3 Optimally localised states and the quantum diagonal map

Since the DFR quantum spacetime is designed so that it realizes the STUR 7 it is worth to
construct the optimally localised states of the algebra £ which saturate these limitations. Unfortu-
nately, there is no Lorentz invariant way to estimate the localisation. So we fix a reference frame
and look for a minimum of

4
> (Aug)?, (2.12)

n=0

where the uncertainties are defined by
Auf? =w ((f —w(f)?).

For the (2.12) to be well-defined we restrict ourselves to the states in the domain of ¢# and (¢*)* as
explained in [38].
A generic state minimising (2.12]) has the form

cunlF) = [ dadp(o)fio, e 3 Euct,
where
€3 Fo) = / flo,a)et (2.13)

and p is a measure on ¥ supported on X' C ¥ defined by € = 4. Since the operators of the
form ([2.13) span &£ densely, wa,, has a unique continuation to the whole £. The localisation map
Mq : &€ = CyY' defined by extending of

2

Na(F)(0) = /Cl404f(07 a)elona =3 Zy o
encodes all the states localised at a in the sense that

Wa,u = Wy © Ta,

where

aul§) = [ Horauto)
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is the state of Cy(X’) associated with the measure o. The states w,, play the role of the points of
the DFR QST.

In the quantum field theory context it is more important to discuss localisation of events relative
to each other. This problem was addressed in [72]. To deal with coordinates of n events a new
algebra

En=E%"=ERzERy Rz E

was introduced. Here the right hand side contains n multipliers, and ®7 denotes the tensor product
over the centre Z(£). Geometrically it means that we are looking at the events happened at exactly
the same point of 3.
Introduce
q;=1®z'-~1®zqu®zl®z---l,

with ¢* staying on the jth position. We have
[qi,qu] = ilzp5ijQ“V~

To deal with localisation of the events relative to each other, it is natural to separate the mean
coordinate

and the relative coordinates

Thanks to the identification of Q*¥ for all the events, the commutation relations for the new
generators are very simple,
[qyka 6”] =0,

=Ho=V] 212 Qv
[q yq ] n PQ ’
[q]u]w qzj'r] = Z%Quy(éﬂ + 61{:7‘ - 6]7‘ - (5k:l)a

i.e. the mean coordinate satisfies the same commutation relations, as the coordinates of individual
events up to a rescaling, and they factorise from the algebra generated by the relative coordinates.
More precisely, as it is explained in [72], there is a *-homeomorphism £ from &, to M (&, 1), the
multiplier algebra of &, 41, induced by the mapﬂ

~ IR
¢ = dha D ks
k=1
where ¢, = ﬁqgﬂ. In particular, for g € Co(X), f € Co(R*™) the operator

9@)f(q1s - an) = g(Q)/d4k1 e d ke f(kr ket € £ (2.14)

with f being a Fourier transform of f, is mapped to

B (9@ f (@1, ) = 9@ F (@1 + T, 40 + )

with the right hand side defined analogously to (2.14)). We see that in the context of the *-
homeomorphism 5™ the gj of &,41 with j < n can be understood as displacements of the events

21For the sake of notation shortness we use the same symbols for operators affiliated with &, and with En+1. Also
our notation differs from [72] by a permutation of factors in &,41
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with respect to the mean position ¢. It is then natural to apply the localisation map centred at the
origin ng to the first n factors as a realisation of the limit of n events brought the same point.
We define the quantum diagonal map

E,: & =&

E,=nQz - Qznm0®z7,

where £’ is Cp(¥/, K) extended to a C*-algebra and v : £ — £’ is the restriction to ¥’ needed for E,,
to be well-defined on the tensor product with respect to the centre. The explicit action of F,, is

Eo(f(qrs- - yqn)) = /dkl-.-dknf(kl,...,kn)rn(kl,...,kn)eiz?:l’%‘? = (2.15)
fe(d),
fe(x) = cn/dal-~-danfn(a1,...,an)f(ar+a,1)~--f(x—|—an),
with
Fa(ki,. .. kn) = exp Z\ k2 — - gl(kj-kl)p; : (2.16)
=
N 1 & Lo, 2
Tn(ar,...,an) =0 ﬁZaj exp 752|aj| (2.17)
Jj=1 Jj=1
and

cn = n?(2m) 801,

Here |- |g =] || and (-,-)g denote the Euclidean norm and Euclidean scalar product respectively.
FE, is a non-commutative version of the diagonal map

EQ) : Cy(R*™) = Cy(RY),
ED(f) (@) = f(z1,...,2n)

taking into account the quantum spacetime properties and hence is called the quantum diagonal map.
Unlike the usual diagonal map, the action of E, can be safely extended to the distributions because
of the smooth kernel 7,,. In particular, it allows to define the ”pointwise” product of quantum fields
on the DFR QST yielding a well-defined operator-valued distribution which is a candidate for the
interaction term in the DFR quantum spacetime. For example, one can consider self-interaction of
a real scalar field

o = B (627",
Alternatively, one can consider the quantum Wick product, which combines the diagonal map with

the usual Wick product (see Appendix . For example, the nth Wick power of the free{a real scalar
quantum field is

L ho(q)" 9= B (¢%77) : () = (2.18)
- n
2 ()
/H 7'»” kl,...7 Hak H akjei(ZJ 1k =300 —n 41 )q.
Jj=n4+1

221t may look a bit strange that we define the chk power for a free field only, while, for example, in the Hamiltonian
the full interacting quantum field appears. This will be clear after @
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Remark 2.13. Unlike ordinary QFT, ¢7) (q) is a well-defined quantum field in the sense of Subsection
(and also a well-defined quantum field in the sense of Appendix@if q is replaced by a commutative
variable z by double Fourier transform as in Example , so the Wick product is not as necessary
as in ordinary QFT (see Section. But it is important for the adiabatic limit existence (see Remark

E1d).

The problem of the adiabatic limit existence for a theory with such an interaction originally
inspired the work reported in this thesis.
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3 Perturbation theory for QFT and its non-local generaliza-
tion

Except a few examples of exactly solvable models, the interacting quantum field theories are con-
structed perturbatively, i.e. by perturbing a free quantum field theory with an interaction

There are also more general non-perturbative methods mostly based on the functional integration
which as we will see in the section is not directly applicable to the non-local in time case. There
are also a lot of works devoted to the non-perturbative non-commutative QFT in the Euclidean
signature, e.g. [96], but unlike ordinary QFT, their significance for the physical Lorentz signature is
unclear. In this section we will shortly consider some of the approaches to perturbative quantum field
theory and their non-local generalisations (when available). We will group them into three groups,
according to where the perturbation is added. For simplicity we assume that all the observables are
generated by one real scalar quantum field.

Before proceeding let us fix some notions. We assume that the parameters of the theory depend
on a parameter g which we will call the interaction constant. All our consideration can be generalised
to the case of several interaction constants g1, g, ..., but we will ignore this possibility in most of
the cases. In perturbation theory we deal with formal power series of the form

X(g) = Z Xng",

n=0

there depending on particular case X,, can be numbers, functions, operators, or, generally elements of
any linear space. We do not discuss their convergencﬂ but use formal addition and multiplication
on them defined in the obvious way. We often drop the argument g and write X instead of X (g).

Although X is no function of g, it will be convenient to say that X vanishes at g = 0 (or vanishes
at the origin) if Xy = 0. We will also use notation for the truncated formal series

N
n=0

which can be understood as either a g-dependent finite sum or as a formal power series with only
finite number of non-vanishing terms. We say that X has some properties in any finite order (e.g.
is a polynomial of some other parameter), meaning [X]y has these properties for any N € N.

The virtue to consider sequences X,, as power series is that we can define appropriate operations
on them. As we agreed that X, are at least members of a vector space, we define a sum of the

formal series as o oo s
Z Xng" + Z Yog" = Z(Xn +Ya)g"
n=0 n=0

n=0

If in addition to that we have power series X (g) and Y (g), such that the produc@ X, Y is well
defined for any n,m € N, then it is natural to define

XY (g) = i ( ; XpYn— k) g".

n=0

231n fact it is known that in ordinary QFT perturbation theory leads to divergent series [90] and there is no reason
to expect that the non-locality will cure it. There are however prescriptions how to get physically relevant results
from finitely many terms of such series [91].

24Depending on the particular nature of the members of the power series, the product can be understood as a
product of numbers, tensor product of distributions, multiplication of a distribution by a smooth function, action of
an unbounded operator on a vector from its domain etc. In other words, it is any operation we agreed to denote as a
multiplication.
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Clearly, sums and product behave well with truncations, i.e. [X + Y|y = [X|§[Y]n, [XY]n =
[(XIn[Y]N]y -

Our main goal will be to find the so-called scattering matrix S. We expect that it is a unitary
operator (because roughly speaking it is an operator, describing unitary evolution of a system from
the far past to the far future), but since it will be a formal series with respect to the interaction
constant we require

S(g)*S(g) =1
in terms of formal power series only. Moreover, finite sums [S]y are unbounded operators, so we
actually assume that the equation above holds on their common domain only. We say that such an
operator S is formally unitary.

3.1 Hamiltonian perturbation theory

3.1.1 Ordinary QFT

Let us start from a Poincare-covariant local quantum field theory. In particular, it is covariant with
respect to the time translation. Then we havd™)|

Ovp(x) = —ilH, d(x)], (3.1)

where ¢(z) is the quantum field and H is the time translation generator. We also introduce the
conjugated momentum 7(z) which can be understood as another quantum field in the sense defined
in Appendix [D] covariant with respect to the rotations and translation, and

[o(t, @), m(t, )] = 6(Z — ). (3.2)
The momentum 7(z) satisfies similar evolution equation
Oy (z) = —i[H, 7 (x)], (3.3)
We assume that
H = Hy(t) + Hins (), (3.4)
where
Ho(t) = % / aF - (7(F, 07 (~F. 1) + 2. 03(-F.10) - (3.5)

Here q; and 7 are the partial (namely, in spatial directions only) Fourier transforms of ¢ and 7 (see

D.2), and
Hint (t)

is a fixed functional of ¢ and w. To build a local theory, one usually assumes that H;,; is a local
functional of ¢ and 7 evaluated at a fixed time hypersurface, namely

Hipy(t) = / d3F ¢ hing (T, 1) 1, (3.6)
where h;,(Z,t) is a formal series of the interaction constant g vanishing at the origirm such that

at any finite order it is a polynomial function of the field ¢, momentum 7 and finitely many of their
spatia]@ derivatives all evaluated at a point (Z,t) and : -- - : is the Wick product (see Appendix .

25Here we implicitly assume that the unbounded operator H and the quantum field (see Appendix IE) ¢(x) are
defined on the same domain, which they map to itself.

26The simplest case is h;nt being proportional to the first power of g. However, in the effective QFT [23] the
interaction part of the Hamiltonian (or the Lagrangian) is itself found iteratively as formal power series in terms
of the interaction constant. We will see that theories which we consider in this thesis in details are more naturally
treated by the EFT framework.

27The locality would not be broken if the Hamiltonian also contains derivatives with respect to the time. The
standard perturbation theory, however, would, as we will see later in this subsection.
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Remark 3.1. The Wick product gives rise to a well-defined quantum field. At the same time,
formally the Wick product can be rewritten as a combination of pointwise products with divergent
integrals as coeflicients and as so it can be considered as a first step of renormalization in the sense
of Remark [3.41

Remark 3.2. One can object that even with the Wick product regularization does not make
sense because it is not a symbolic integral of the form . We can however treat H;,; as a
distribution on R, then the only problem remains is the absence of the fast decay of the "test
function” of spatial coordinates (which is identity), but it will be also cured by the adiabatic cut-off
below.

To preserve translational symmetries, one assumes that the coefficients of h;,; do not depend on
t and &. Then although both Hy(t) and H;,:(t) are functions of time ¢, they sum is not sincﬂ

OH = —i[H,H] = 0.
The free quantum field and its conjugated momentum
7o = Oido
satisfy and with H;,; = 0. To avoid possible confusions, we introduce a separate denom-
ination for the free Hamiltonian as a functional of the free field and its momentum:

HO(p) = %/dl‘é: (Fo(F.70(~F.1) + w2o(F.0)do(~F.0)) =

Bipo(x) = —i[HO, go(x)],  Bymo(x) = —i[H mo(2)].

The key ingredient of perturbation theory is the so-called interaction representation, which is
just a unitary equivalence between an interacting theory and a free one given by an operator U,
such that

o(k,t) = U(t) " do(k,0)U(t), (3.7)

#(R ) = U~ 7o (B, U (D). (3.8)
Then and are satisfied if
QU(t) = —iH (DU (D), (3.9)

where
Hi(t) =UH@GU®) ™ — HO = Ut)Hips (1)U ()™

is the interaction representation of H;,;. We assumed that H;,; is a polynomial functional of ¢ and
7 evaluated at the fixed time ¢, thus by reversing we get that H; is just Hyy,; with ¢ and 7
replaced with ¢ and 7o respectively. It is convenient to introduce also hy(z) = U(t)hint(2)U (t) 1.
So, solving and is equivalent to solving the linear equation .

However, Haag theorem [02] establishes that a Poincare-invariant theory unitary equivalent to
the free one is also free. So, such U can not exist. To bypass this contradiction one can break the
Poincare covariance down by replacing with

Hini(t) = / A3INT) : R (T, 1) -

28This observation is quite formal in the light of Remark But it will not be important for us, so we leave it as
is.
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with A € S(R*) and for simplicity we assume that its support in the variable ¢ is compact, \(Z,t) = 0
for |t| > T for some large enough 7. We will call A the adiabatic switching or adiabatic cut-o
Then we may fix the initial conditions for (3.9) as

Uit)=1, t<-T.

Then we have .
Uit)y=1 +/ H;(t"U(t")dt'.

The formal power series in terms of g solving this equation can be achieved iteratively. We have

U(t) = U(t, —0),

Ut t) =Y (-i)" / dty ---dt,Hy(t,) - Hr(t) = (3.10)

n t' >ty > >t >t >to >t
T{eii Jicr v Hr (T)d7}7

where T is the time-ordering, ordering the time-dependent operators inside it according to the time
stamps. The above can be understood as a rigorous definition of T. We note that the operator
U(t,t") is not well-defined, because the summand contains a product of two distributions,

Hi(tn)--- Hr(ty)

and
Ot —t,)0(ty, —tn_1)---0(ta — t1)0(t — t1)

which does not exist. In practice one uses the Wick theorem (Theorem and Remark to
formally rewrite U (¢, ") as a sum of the well-defined Wick products with numerical coefficients (more
precisely, numerically-valued distributions) represented as divergent integrals. These divergences can
be cancelled out by the so-called renormalisation. Let us replace with

H= HO(t) + Hznt(t) + Hcounter(t); (311)

where Heounter(t) is a sum of the so-called counterterms, which are also local functionals of ¢ and
7 in the same sense as Hy(t) and Hini(1), but with coefficients tending to infinity is such a way that
U(t,t') remains ﬁnitﬂ In this thesis we will deal with UV-finite theories which do not have this
problem. We refer to [93] for rigorous realisation of this procedure. However, two remarks important
for the present discussion can be made even at this formal level.

Remark 3.3. Since separation of an integral into a finite and a divergent parts is not unique,
H_ounter is not uniquely defined by the requirement of U(¢,t¢') finiteness. To fix the counterterms
one imposes the so-called renormalisation conditions. These additional restrictions are arbitrary
and the result depends on them. However, any change of the renormalisation conditions can be
compensated by an appropriate change of the coefficients in Hy and H;,;. Formally it can be seen
from the fact that the separation of H into the finite and divergent parts is arbitrary and there is
always a possibility to move some finite terms from one part to another.

We should note however, that above the adiabatic limit A — 1 is implicitly assumed. As discussed
below there are several definitions of such a limit. One of them, the strong adiabatic limit exists
only if Hy describes free particles close enough to the actual particle spectrum of the theory (see
Subsection for details). This can be always achieved by (partial) fixing of the renormalisation

290ften X is combined with the interaction constant g. But for the sake of clarity we keep them separated.
300f course, to make it work one needs to regularise the divergent integrals so that the pure infinities are replaced
by functions of some regularisation parameter, blowing in the limit corresponding to unregularized integrals.
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conditions. In UV-finite theories, which we will consider, there is no need in infinite counterterms,
but we still need to do finite renormalisation to make the strong adiabatic limit existing. This
renormalisation is nothing but a change in separation of the full Hamiltonian into a free and an
interacting parts, because when all counterterms are finite, H;,+ and H.ounter are treated on abso-
lutely the same footing. We will keep calling this procedure renormalisation only to preserve the
common terminology of ordinary QFT.

Remark 3.4. There are actually two ways to view at the renormalisation. One, explained above,
is to start from a Hamiltonian with finite coefficents

Hyingite = Ho + Hipg

and then replace it by
H= Hfinite + Heounter (312)

to cure the divergences.
Instead one can start from the full Hamiltonian in the form

H— Hébare) +Hﬁbare)’

int

where HZ-(S?TE) is the most generic local renormalizable covariant (and may be preserving other
symmetries of theory) interaction with unknown coefficient. Then to get finite results one should
allow these coefficients to be infinite (which are called “bare” coefficients opposed to the renormalized
coefficients of Hinite). Then can be understood as a convenient separation of the original
Hamiltonian H into finite and infinite parts.

In ordinary QFT these approaches are equivalent, and one can safely switch from one to another
and back (as we implicitly did in the previous Remark), because anyway the acceptable terms in
all parts of the Hamiltonian are restricted by the same symmetry, locality and renormalisability
requirements. We will see in Section [§ that in more general setup this equivalence may disappear.

Remark 3.5. There is also one more case when it is instructive to renormalize the theory (in addition
to the aforementioned infinite renormalization to make the scattering operator finite and the finite
one to make the strong adiabatic limit finite). In practical calculations one chooses renormalization
conditions so, that the quantum corrections are small. This choice depends on the characteristic
energy scale of the process under consideration. This leads to the notion of ”"running constants”
depending on the energy scale and of the “renormalization group equations” allowing to find the
dependency of the interaction constants on the energy scale. Both these concepts play an important
role in physics, allowing to compute non-trivial logarithmic corrections to the naive perturbation
theory. We refer to standard textbooks on QFT [86] [8(] for details.

In non-local case the renormalization group analysis also may help to compute the amplitudes
more precisely. Especially, it is necessary if we want match a non-local QFT with, say, Standard
Model at low energies and when see how the non-locality modifies physics at higher energies. Clearly,
it should be renormalization, that does not change the physical result.

Identification of the interacting quantum field with a free one allows to understand the statespace
as a Fock space. Since it describes the system in the past, it can be understood as a Fock space
of incoming particles, which (far enough in the past) are so distant one from another that the
interaction can be ignored and the free field approximation is reasonable. For this reason we may
also call that free field the incoming field and denote it as ¢;,(x)

Gin(T) = ¢o(7),
o(x) = din(z), t<-T.
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In the distant enough future, t > T, the interaction vanishes again so the quantum field is free, but in
general it is a different representation of the free quantum field theory, generated by the outcoming
field ¢oue(z),

d(x) = pout(x), t>T.

These two representations are unitary equivalent,
Pout(x) = U(00) ™' din(2)U(00),

so the outcoming field also generates a Fock representation. The corresponding Fock basis can be
understood as a basis of outcoming fields. The unitary operator U(oo) (note that U(t) is constant
for ¢ > T, so U(o0) is just a convenient notation for that constant) maps incoming states to the
outcoming ones, so we interpret it as the scattering matrix. Hence, we have

S=T {eflfj;: Hj(t)dt} -T {e—if)\(m):h[(x):d4w} ) (313)

This S-matrix is a functional of a smooth function A(z). To get scattering amplitudes of a Poincare-
invariant theory one needs to consider a limit of A going to a constant. This limit is known under the
name of an adiabatic limit. The adiabatic limit of S itself is called the strong adiabatic limit which
in general does not exist (See Subsection and references therein for details). Alternatively, one
can first calculate the Green n-point function, i.e. the time-ordered vacuum expectation value

Gn(z1, ..., 2n) =< QUT{d(x1) - - (xn) HOQ > .

Here | > is the true vacuum (i.e. the unique translationally-invariant state) of the translationally-
invariant theory. In the following we will also need the following identity (originally due to Gell-Man
and Low [95]):

. < O‘T {¢0($1) . .qbo(xn)e—if)\(w):hf(;v):d4w} |0 >
Gn(xla s ,xn) = )I\ILIII < O|T {e—if)\(w):hI(w):d‘lw} |0 >

(3.14)

Assuming that t; >t > ... > t,, from (3.7)) we have

T{p(z1) - d(x,)} =U(t;)'T {qso(xl) ) --¢0(g:n)e*iffloo Hz(t)} 7

so the only non-trivial ingredient in is that the true vacuum |2 > can be approximated by
the incoming vacuum [0 > as well as by U(+00, —00)™1|0 > up to a normalisation constant which
was argued by Gell-Man and Low. Whenever the limit of the right hand side of , the so-called
weak adiabatic limit, exists, it serves a definition of the left hand side. The weak adiabatic limit
always exists in local theories [74]. The scattering amplitudes can be reconstructed from the Green
functions via the LSZ reduction (see Subsection and references wherein).

3.1.2 Non-local case: fixing Hj

An approach to perturbative construction of non-local quantum field theories was suggested in [37]
and further developed in [71] [72] [73]. The following exposition repeats results from that works
important in this thesis. But, because we will work in a more general setup, we present them with
proofs. We also change the flow of the proofs to emphasise that the theories appearing in this way
are actually local in time, because this fact plays a major role in our analysis.

Assume that we are given the Hamiltonian in the interaction picture H; as a non-local functional

of the free quantum field ¢o(z). Then (3.13}{3.14) still hold with U(t,t') again defined by ([3.10].
If the non-local functional is smooth enough, the UV-divergences do not appear and the operator
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U(t,t') is well-defined with no need of the infinite renormalisation. But, since ¢g is a free field
obeying a second order differential equation, any such functional can be presented as a functional of
the field and its conjugated momentum at a Cauchy hypersurface. Let us now formulate these ideas
more precisely.

Proposition 3.6. Let Y12 € S(R3") be a family of Schwartz functions enumerated by a number
n € N and n signs a; = & with only finite number of non-vanishing members. Then

. 1 P Ve 2 BT T -\ 7 — " =
>N /HEdBPjY L (P D) Boay (P15 1) -+ Goay, (s T)
j=1"

n o;=+

is a well-defined unbounded operator defined on Ds. It is symmetric whenever

Y- (py o pn) =Y "0 (=g, =P ). (3.15)

Proof. First statement follows from Remark stating that the free quantum field evaluated at
fixed time is a well-defined distribution of the remaining three arguments. Then is nothing
but evaluation of a sum of tensor product of operator-valued distributions (see Appendix [B]) on test
functions.

The second statement follows from straightforward computations. O

We will encounter a lot of expressions like (3.15) containing sums over the signs a; = £. To
simplify notation, we extend the “Einstein summation rule” also to this kind of indices. Due to the
reason which will be clear from Remark [£.6] we call this index the time-orientation.

Proposition 3.7. Let Yo% (t;51,...,D,) be a family of formal power series in terms of the
coupling constant g vanishing at the origin. The members of the family are enumerated by enumerated
by an integer n and time-orientations «;. Assume that at each finite order there is only a finite
number of non-vanishing members. Assume also that [Y 1] x € S(R3 L) for any n, N € N and
any choice of time-orientations oy. Let

]' . — « « — — " — 7 —
Hi(t) =) — / [I &y (51, ... Fa)Poa, (Brit) - Goa, (Fus 1). (3.16)
n j=1

Then )
U(t/, LW) _ T{e—i Sl HI(t)}

is well-defined formal series in terms of g. It is formally unitary if

You...an (t7ﬁ17 . 7]5’”) — Y—an,...,—al (t7 _ﬁrn el _ﬁl)

Proof. First we note that by Proposition [Hr(t)]n is a well-defined unbounded operator defined
0 Dg for any t € R and N € N, so (3.16]) makes sense. Now,

i i L n—1
U(t/7t//) = Z / H dt] H d3]3}7k9(t/ _ tn)o(tl _ t//) H e(t]J’_l _ t])x
n=0" j=1 k=1 j=1
“l
> Hﬁyaj’l’""aj’” (3 D153 Dj1;) %
Uil j=1 7"

(Z~50a1,1 (Pr,1,t1) - - QZOal,ll (Pray,t1) ... <Z~50an,ln (Pt s tn)-

It is a sum of evaluations of well-defined (according to Remark [E.4]) products of distributions on
test-functions and hence is well-defined.
The unitarity can be proven analogously to [73]. O
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From the above, taking into account that

0s(@.0) = 5 (50 Z0n(0)) = 5 (G0 A0 (317)
p

p

we see that the Hamiltonian perturbation theory easily generalises to the case of H; being a spatially-
non-local functional of the field and its first derivative with respect to time (or, more naturally in
the Hamiltonian formalism, the conjugated momentum). But if we now define

1 . — ar...o — = " = 7 —
Hi(t) :ZE/Hd:Spjdth PO (Pt D tn) Poan (P15 1) - oay, (Pnstn) = (3.18)
n j=1

L [T 51— (t— L
Z E / H d3pjdtje 0wy (t; t)Kal...an (t;p1, t1: .. P, tn)¢)0a1 (pl’ t) .. ¢Oan (pn’ t)_
n ’ j=1
We see, that formally H; can be represented in the form (3.16|) whenever
b .
/ [T dtjeieien @t gor et gty pa, tn)
j=1

is a Schwartz function of the rest of the variables in any order of perturbation theory. This calculation
is however too formal in general and may include subtle operations with distributions which would
require additional work to define. We will restrict our attention to the following case for which Hj
is well-defined according to Remark [E-4}

Definition 3.8. We say that a family of formal power series vanishing at the origin K*1~“" is an
admissible interaction kernel, if for any N € N:

[ ]

[Kal...an]N c S/<R4n+1);
e Only finite number of [K*1-“n]y does not vanish;
[ ]

(KO N (G P13 P tn) = D KO (51 5 P tn) A (E— b1, = )],
J

where IA(J“’“'D‘" is a family of formal power series, consisting of the Schwartz functions and A is
a family of formal power series consisting of distributions. The auxiliary index j has at most
countable range and to any finite order N only finite number of values of j contribute.

KOO (s Pyt Pns ) = K00 =0 (G =P a5 =P, 1), (3.19)

Proposition 3.9. If K% %" s an admissible interaction kernel, then Hy given by s a
well-defined unbounded operator on Ds that can be represented in a time-local form . The
corresponding operator U(t',t") is unitary.

Proof. Existence of Hj follows from Remark The local form is given by the second part of
, we need only to prove that after integration over the timestamps ¢; we end up with a
Schwartz function of the rest of the arguments. Instead for further use we prove Lemma [3.10] below,
from which the desired statement follows directly, taking into account that wy € ©/(R?) as agreed
in Remark [E.2] (see Appendix [B]for definition of the multiplicator © /), thus the possible polynomial
on wy factor would not spoil the decay properties.

Finally, is exactly the unitarity condition from Proposition expressed through the
interaction kernel according to (3.18)). O]
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Lemma 3.10. Assume that K% is an admissible interaction kernel. Let

n
Koo (t; p1,W1,.-~;ﬁn,wn)=/Hdtjei”fthal“'”‘”(t;ﬁl,tl;...;ﬁn,tn)

be its partial Fourier transform. Then K®%n ¢ C(R**+1). Moreover, there is N € N such that
for any M € N

N —M

n
Kot fhwns i) | < Car (143w | {14 D8 41t
i=1 =

Analogous bounds (may be with different Cpy and N ) hold also for any partial derivative of any order
OfKal.“an(t;ﬁlvwl; o ;ﬁn;wn)

Proof. Let us fix some n and some time-orientations ;. Clearly, it is enough to prove the statement
for

Kalman(t;ﬁlytl;~--;ﬁnatn) = K(t;ﬁlatl;-~-;ﬁnvtn)A(tftlw-wt*tn)a

K e S(R*H+1) A € §'(R™), since in general at any finite order K%~ is a linear combination of
such terms.

To prove that K1--n (t; P1,w1; - - ; Dy wn) is & smooth function let us fix f € S(R™) which does
not vanish anywhere. Consider

(fkalman)(t;ﬁlawl; e 7ﬁn7wn) =

/Hdt e“"f ’f W1y enn, W ) (t pl,tl,...;ﬁn,tn)A(t—tl,...,t—tn).

For the product
X(t; P, t1, w13 -5 Py by wn) = HelWJwalv"w WK (651t Py tn)

we have X € S(R®*1) and hence fK* 1~ ¢ S(R¥*1) by Theorem Then

(ff{ay..anf{al'“o‘”)(t;ﬁl,CU1; cee ;ﬁnawn)
f(W1;-~-7wn)

QU] . Oy T Q] e Oy (40 = . e _
K* K™ (taplawla-"vpnawn)*

due to f # 0.
To prove the bound, assume that

n

/Aﬁ,..., g, 7( H S e max gl az7:ars (3.20)

where || - ||as: is the Schwartz seminorm (B.1)) and |« is the total order of the differential operator
0% with o being a multiindex (see Appendix [B|for details of the notation). Such M, M’ and c have
to exist for A to be a tempered distribution. Since K € S(R*"*!), we may assume

—M _M/
n
K (&5t 5 Bstn)| < & [ 1455 + [t 1+) ¢

j=1
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We can also assume the same bound for all its derivatives with respect to t1,...,t, of total order
not exceeding N. Then applying (3.20) to

n

9=KEp ;P ta) [[ €75
j=1

we get the desired bound. The proof for the derivatives of the Fourier transform goes along exactly
the same lines. O

An important class of interactions is given by integration of the Hamiltonian density over the
space like it was in the local case. So, similarly to the previous subsection we define

Hi(t) = / @), (3.21)

hi(z) = Z % /d4m1 coed* ekt — 2, 2, — ) Go(1) - Po(Th) 1 (3.22)
n=0

Analogously to Definition [3.8 we introduce:

Definition 3.11. We say that a family of formal power series vanishing at the origin x,, is an
admissible interaction kernel density, if for any N € N:

[km]n € S'(R*™);

e Only finite number of [k,,|n does not vanish;

n] N (21, @) = Y [fn (@1, 2n) Ay (2, 20)Bi(F + ... + &), (3.23)
J
where &y, ; is a family of formal power series, consisting of the Schwartz functions, while A and
B are families of formal power series consisting of distributions. The auxiliary index j has at
most countable range and to any finite order N only finite number of values of j contribute.

® K, is real.
e k, =0forn <2.

Proposition 3.12. Let k be an admissible interaction kernel density and X € S(R*). Then at any
order defines an operator-valued distribution and defines an interaction Hamiltonian
corresponding to an admissible interaction kernel with non-zero components given by

KHethmhttmn (5 s Py tn) = (3.24)

k n
(Z) /dsfH d3 e~ Pi% H BT PiTiNz)k(T) — Ty Ty — T).
j=1

j=k+1

Here we adopt a convention x = (t,%) and x; = (t;,Z;). In the left hand side K has first k
time-orientations "+” and the rest n — k are ”-”.
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Proof. First we prove that [: hy :]x is an operator-valued distribution. For that we use the decom-
position (3.23)). The distribution

po(x1) -+ po(wn)

can be safely multiplied by a time-dependent distribution
Ajty —t,. ..ty —t)
due to Remark The additional variable ¢ here is treated as a parameter. Multiplication by
B;(# + ...+ &, — nd)

due to Remark gives a well-defined operator-valued distribution on R*"*+3, there the additional
three dimensions correspond to the new variable Z. Multiplication by a Schwartz function #; and
summation over j, of course, brings no problem, so [: h; :|x is well-defined.

Substitution of and into gives exactly with interaction kernel
(13.24). We took into account that after the normal ordering only terms with all plus on the left
to all minuses survive and the combinatoric factor (Z) appears because the same ordered term can
arise from several different original ones.

To see that (3.24]) is admissible we use (3.23) once again. We see that the spatial distributions B;
disappear after integration over #. Integration over &; is a Fourier transform of a Schwartz function

which is Schwartz again. The temporal distributions A; do not interfere with any of these operations
and are allowed by Definition The reality of x guarantees (3.19). O

The form allows to consider the adiabatic limit A — 1 in which the translational invariance
is restored. We do it in two steps. First we consider the limit of A going to a function depending on
the time only, which we symbolically denote with A(xz) — A(¢). The limit A\(t) — 1 we consider in
Section

Proposition 3.13. Let k be an admissible interaction kernel density. Then the operator S =
U (o0, —00) remains finite after a formal substitution A(x) — \(t), where A(t) is compactly supported.

Proof. Following [73| [72] first formally represent S with such a formal substitution this limit in the
normal-ordered form by means of the Second Wick Theorem [F-4]

S = 1+Z/HdmHd?’ﬁisn,,n(ﬁg,...,ﬁn,;ﬁl,...ﬁn)x (3.25)
=1 =1

n,n’

- a(pi)
i=1V Qwﬁ’i@”)% };[1 v 20%(2”)%-

The coefficients Sy n (DY, ... Dy P1s- - -, Pn), symmetric in (1, ...,P,) and in (pY,...,D),), can be
found through computing matrix elements of the both sides of ((3.25]),

Sn’,n(ﬁlla---7ﬁn';ﬁ1a--~7ﬁn) =< ﬁlla"'7ﬁn'|slﬁla"'7ﬁn >I,

where prime means that we ignore direct contractions between the incoming and the outcoming
fields which are exactly the amplitudes computed by Feynman Rules presented in Section E By
Lemma these scattering amplitudes have the form

St =3 Wo(Bls o B3 Brs - ) Cr(BYs s B By -5 ),
r

31More precisely, we substitute the definition and then compute the vacuum matrix element according to the
Wick Theorem (Theorem and Remark |[F.2)), ignoring contraction between operators used to create |p1,...,pn >’
and < pY,... ,ﬁ’n, |. Such contractions are also ignored in the scattering amplitudes.

We also note that in Section Elthe notation introduced in Remark @ is used.
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where the sum goes all graphs T', Wp € S(R¥"+7)) and C' e &'(R3*"™*+")) is a distribution a
accumulating all momentum conservation lawﬂ Then we immediately see that S is defined as a
quadratic form on Dg.

Moreover, for any ¥ € Dg,

n

\1/:Z/m(ﬁl,...,ﬁn)m,...,pn>H 7 SQW
n i= 1

we can compute

&5 v B T
v= 3 e [ M it
2m)3 2wy - (2m)3 2w 11 (27)3 2w
n,n’,n’ i=1 i =1 i

S7L/,n(17’17"'7ﬁn/;ﬁ17"'aﬁn)\lj(ﬁla'"aﬁnaﬁYW'wﬁ::””ﬁllv"'7ﬁn'7ﬁ'1/7"'aﬁ;£” >

Here ¢, is a combinatoric coefficient irrelevant for us, and we assumed that ¥ is symmetric,
which is, of course, natural choice. Since all conservation laws contain both incoming and outcoming
particle&if|7 Cr can be considered as a distribution in R3" depending on 7, and after integration over
Py it gives a Schwartz function of the rest of the variables. So, S¥ € Dg is well-defined for any
¥ e Ds. O

Remark 3.14. The Wick product is essential in the above, because otherwise vacuum corrections
(and tadpoles in massless case) may appear, which are adiabatically divergent already at this step
[73]. In the proof above it is hidden in the Feynaman rules of Section

Remark 3.15. One can actually do more and prove that
SiA(x)]¥ — SN (t)]¥, V¥ € Dg, (3.26)

where Sj[A(x)] is the l-order contibution to the operator S computed assuming the full adiabatic
cut-off A, S;[N(t)] is formally constructed in Proposition with only temporal adiabatic cutoff
N (t) (here for the sake of clearness we will use different leters to denote them). We will not present
here the full proof, but let us show the key steps. For simplicity consider a sequence of the adiabatic
switchings

An(a;,t):/dSEX (k,t)eiF?

there A(K,¢) is a smooth function vanishing outside of a fixed (in particular, independent of n)
compact set K € K and that

n = sup | An(0,¢) — XN (t)| = sup ’/Xn(l%', t)d*k — N (t)| — 0,
t t

b =sup [ Pu(EOIIFEE — 0,
t

For example, one can take
An (T, 1) = AMend, t),
An (k1) = €3 M€, %k),

where S\n(lg, t) is compactly supported and smooth, and €, — 0.

32For example, if I' is a connected (in topological sense) graph, Cr (5}, . . . D3 Dy Pn) = 0(Py + -+ DL, — 1 —
-+ — Pn). In general case it is a product of such delta-functions of all connected pieces.
33Here we use that the theory is massive, m > 0.
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Since at any order S is a polylinear functional of A\, we may write

l
S E (B, Prn) = /@5}3(51, B kst ) ] An (B te) [ [ dEadts, (3.27)
i=1 3

where, by Remark and considerations similar to the ones used in the proof of Proposition [3.13
<I>§f3 (D1, -+ s D El,tl, ceey En,tn) is a smooth function which Schwartz seminorms with respect to
the momenta p; are bounded uniformly in all k; and t; on the support of A, and the same holds for
any its derivatives. In particular, we have

“bgy,)(ﬁla'"aﬁm;El7tla"'7En;tn)

i—'q)grlz)(ﬁla"'7ﬁm;Elat1,~~'7knatn) >
oK

for (k;,t) € K. Moreover (again, see Remark 4 ,

l l

SIINO(BLs - s P) = /@5}3(@1,...,5m;o,t1,...,o,tl)HA’(ti)Hdt,».

i=1 =1

Then by a straightforward application of Cauchy mean value theorem we get

(SR (P, - ) = SUNTE (P - )| <

l l
‘/fb(” Tyeevs Dm0, tl,...,O,tl)H(X(ti) _)\n(ti70))Hdti +
i=1 i=1

l l
‘/ (CI)( )(pla'"7ﬁm;oatla"'703tl) q)gs)l( "‘7ﬁm;]_c'1at1a"'aglvtl))HS\(Ei»ti)HdtidSEi <

m —3m
Croram (an + by) (14—2@2) )
i=1

which goes to zero in the norm of £2. Since for fixed | and fixed ¥ € Dg only a finite number of
Si[An]¥ (P, - - ., Pm) does not vanish, we get that (3.26) holds.
So, the spatial adiabatic limit (unlike the temporal one, see always exists in the strong sense.

Example 3.16. Let us consider
1 n
hi(z) = 5 do(2)" :q,

where : - :g is the Quantum Wick Product defined by (2.18))*%| It is an admissible interaction kernel
density with x = 7 with 7 defined by (2.17]).

Example 3.17. Let h;(q) = ¢o(q)™ be the "star-product” interaction, i.e. the ordinary interaction
term with the pointwise product replaced by the ordinary one. Then (see Appendix C of [38])

h[(x) = i /C(xl Ly, T — l‘)(,bo(xl) e ¢0($n)d4£1 ce d4$na

n!

34The quantum Wick product is defined as a functional on £* and hence can not be evaluated at a point in general.
However we can formally substitute ¢ with z in Fourier representation of ¢g.

33



where
Clx1,. .. 0n) = cpeQnlzrran]

where @, is a quadratic form of the coordinates with real coefficients. Clearly, this function is not
decaying at all with growth of z;, so it does not define a nice enough interaction. In practice such
interactions are known to cause serious problems. Only a special class of non-planar diagrams is
UV-finite. Even some diagrams which are finite in presence of the adiabatic cut-off may become
divergent in the adiabatic limit [73]. The properties of the theory can be made a bit better by means
of integration over ) with some measure. For example the case of rotationally-invariant measure
localized on X7 was studied in [73]. The mixing effect however persists [105].

Remark 3.18. We note that the the fields defined in 2:2.1] have additional momentum-dependent
factor . If ¢ decays fast enough, it can provide additional regularization to the star-product inter-
action of the example above. However, numerical calculations have shown that it is difficult to find
such a ¢, that h; has reasonable behaviour at low energies. So, we will not develop this approach
here.

Remark 3.19. Let k be an admissible interaction density. Let us find the localised form of the
corresponding operator Hy in the limit A(z) — A(t). We have:

n
1
Q1. Oy (4. = — _ 3 — Qpy - Qpy (> —
Yyt (t,pl,...,pn) —/\(t)].;ah,__a";(Qﬂ') 1) Z(ijj m 2 F%r P (pﬂl7""ppn)’
Jj=1 pPEG,
(3.28)
FOv=n(g) 00 Dy) = / H d4xjeiajpfzjm(x1 — Ty, Ty — ), (3.29)

j=1

where p; = (wp,,Pj), = (t,%) and Z is arbitrary due to the presence of the momentum-conservation
5-function. The summation in goes over the group &,, of permutations of n elements, 1., ..
is equal to one if all pluses precede all minuses in (a1, ..., a,) and is zero otherwise, and finally «_
and a are the number of minuses and pluses in « respectively. For simplicity we assume that F is

symmetric, then we may replace
1 n
_ E —
o _ !CY+! a4

pEG,

This is the form we use.
For further reference, let us some up the key results of this exposition in the following:

Remark 3.20. The “Hamiltonian approach” [71} [73] allows to quantise the non-local quantum field
theories with quite general interaction kernel in the presence of an adiabatic cut-off. Moreover, the
spatial adiabatic cut-off can be weared off resulting in a theory invariant with respect to the spatial
translations. However, it is worth noting, that although the interaction kernel K, or the interaction
kernel k are allowed to be non-local also in time, this is a notational issue only. Such interaction can
be always replaced by an equivalent one, which is non-local only in space. This happens because H;
is a functional of the free quantum field which evolution in time is completely determined by the free
wave equation. In we will discuss perturbative construction of a quantum field theory which
is really non-local in time by taking non-linear corrections to the free evolution into account. As
a byproduct the interacting kernel (3.2813.29) depends in a non-trivial way on the bare frequency.
Recall that in ordinary QFT the choice of the bare frequency is rather arbitrary (except for the
strong adiabatic limit) and its change can be always compensated by a quadratic interaction term.
This is not the case anymore.
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3.1.3 Hamiltonian approach: fixing H;,;

As we have seen, the non-local Hamiltonian perturbation theory goes the same way as the local one
(except that we should not care about the UV divergences anymore) whenever we are provided H;
as a functional of the free fields. It would be more natural to start from an interaction part of the
Hamiltonian H;,; given as a non-local functional of the physical quantum fields:

Z%/Hdllf”iRn(t;wlw-wwn)]—[szﬁ(xi). (3.30)
noY =1 i=1

We still can define the interaction representation by (3.7). Theﬂ

Hi(t) = U(t)Hins (U (1)~ =

> % / 1:[1 d xRy (t; 2, ..., an)U(t) (H (U(ti)_l(;so(xi)U(ti))) Ut)~!

=1
or

Hi(t)=> % /Hd4xiRn(t;x1,...,xn)U(t,t1)¢0(x1)U(t1,t2)¢0(z2) o Ultn—1,t0)b0(22)U (L, 1).

(3.31)
Here
Ut t)=UmU@).

If ¢ < t it coincides with U(¢,¢') defined above,
Ut t') = Te~t fir Hr(at”,

For t > t' we have
U(t,t) ™ = Ut ) = Te~ "o A0,

U(t,t') = Tet Jo Hr(t)dt"

where T is anti-timeordering (i.e. ordering which brings the operators with later timestamp to the
right). Both cases can be symbolically united by

U(t,t’) _ Pei(tft’)fol Hy(t(1—s)+t's)ds _

yo e nr / Hi(H(1 = s0) + ¥'5n) -~ Hi(H(1 — s1) + t's1)dsy - - dy,
n=0 w 0

<851<82<...<s, <1

where P stands for the ordering along the integration path (i.e. multipliers corresponding to bigger
values of s are moved to the left). By construction

Ul(ty,t2)U(t2,t3) = U(ty,t3).

and

Ut,t)y=U(t )"

35From now and until the end of the subsection we adopt the convention z; = (t;, Z;).
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Proposition 3.21. Let R be an admissible interaction kernel in the sense of Definition 3.8 Then
13.31) uniquely defines Hi(t) as a formal power series vanishing at the origin of the form

1 (6% [e3% 7 7
:Zm/y etk k) X
n

Poa (a1k1, 1) -+ - Poa, (n K Hd3

where Yo, ...a, (t;El,...,Em) is a family of power series of Schwartz functions vanishing at the
origin, and in any order only a finite number of Yy, 4, 1S non-zero.

Proof. Clearly, [H]o = 0 is of the desired form. Now assume that for some N

1 - -
t) = Z E /[Yal;-wan (t7 kla RN kn)]NX

(2;0041 (al Ela t) e éOan (anEnv t) H dBEz

i=1

for some [Y - (t: Ky, ... kp)]n € S(R3™T1). From we have
Hy®)lyar =Y % / T doi [t o1, - ) % (3.32)
n ’ i=1
[U(t, t1)]npo(x1)[U(tr, t2)Ino(w2) -+ [U(tn—1,tn) NP0 (20)U (tns )] -

Here we used that R,, is a power series vanishing at the origin, so only lower orders of U(t',t")
contribute to [H;(t)]n+1. We note, that

e =[SO S () T -
n=0 l1yeciylp <‘SJ<1
Tl ana
Hﬁyayq...ay,l (t (178J)+t sk j71,..., H(bo(y” OZJZ i (15j)+t”5j)] =
j=1 J* N

[Z((t_t” Z /<S]<1HdsJde“H9 j = Sj+1)X

n=0 l1,..0 i=1

n L
1 Qi1 - - oy Wi t'(1—s;)+t"s; -
[T Sy (1 = s5) + 55 ks, ki) [ [ e (s +t75)= qb()a”(k:j“t)} .
N

i=1

We now consider integration over the variables s;. We see that it is an evaluation of the distribution

9 1 — 81 H SJ+1

on a Schwartz function of a larger number of variables. It is well-defined and yields a Schwartz
function of the rest of the variables according to Theorem [B:2} so

U, ¢")n Z/ a5 K, o) T o (Fiot) [ %R (3.33)
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u®9n € S(R3+3) Then (3.32) gives
1 n
[Hi(t)|ny1 = Z o / Hd4xidﬁi [Rn(t;@1,... 20)X
n Y =1

[U(t,11)] v b0, (1, 1) [U (t1, t2) N Gog, (B 1) - -+ [U (tn -1, tn) N b0s, (Fns VU (Ens )] 4 X

et 2im1 (Biwp, (Li—)—Pi®i) —

1 n . ~ . B
;mﬁ Z /il:[ldpidwidti[Rn(téphwﬁ...;pn,wn)x

15--Bn==%

[U(t,t1)] v do.s, (1, 1) [U (t1, t2) v Gog, (B 1) -+ [U (tn -1, tn) N b0s, (Fns VU (Es )] 4 X

e—i Sy ﬁiwﬁitei >in 1 (Biwg, ti—PiZitwits) .

Here R is the partial Fourier Transform defined in the same way as K of Lemma Substituting
3.33), evaluating integral over ¢; (which is just a Fourier transform of Schwartz functions u form
3.33 Applying Lemma and taking into account that possible polynomial growth of R as a
function of frequencies is always overruled by fast decaying Fourier transforms of u, we get that the
integrand (aside from the fields product) is a Schwartz function of all its arguments, thus [Hj]n+1
has the desired form. Then the theorem is proven by induction. O

Remark 3.22. Unlike the free field, the interacting field in general is not defined at a point, so
there is no analogue of Remark [E-4] to justify the operator H;,; with admissible interaction kernel
R. However, the theorem above provides a way of perturbative construction of its interaction
representation Hj.

Remark 3.23. In this formalism an interaction invariant with respect to the spatial translations
analogous to with A(z) — A(f) can also be considered. We claim that such a limit is well-
defined and that H; can be again represented as in Remark up to some infinite vacuum energy
and tadpoles renormalisation (which appear, because we cannot impose Wick product on general
interaction fields), but we leave the details to be considered elsewhere.

So, we see that the non-local theories considered in the previous subsection, although being
quite unnatural to begin with, can be considered as an effective theory arising from very reasonable

interaction (3.30)).

Remark 3.24. We note that the theory with fixed H; can always be achieved in this formalism if
we allow H;,; depend on the canonical momentum together with the field. For that we should take

O, t) + iz (5, t)

Hint (1) :Z Z ;/r[ldfﬂﬁj}ft;al...an(ﬁl,,,., *n)H 2Pj . (3.34)
j=

n aj=% j=1

Here we used ({3.6]), 3.8). It is worth noting that, although in (3.6) one can use either the
canonical momentum 7 or the “velocity” 0;¢g, only for the former there is a simple relation between

the original and the interaction pictures. We note that Proposition |3.21] generalises easily to such
interactions.

36There is actually one exception, namely zeroth order of U(t;,t;) = 1. In this case the Fourier transform is a
delta-function 6(w; + Bwp,). In this case one should use the same argument as in Proposition
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3.2 Lagrangian perturbation theories

Again, we star from a local theory. Let it also be Poincare-invariant, then we expect that (in the
adiabatic limit) the S-matrix is covariant. It is quite difficult to see that from . Indeed, in
the covariance seems to be broken in two ways. Firstly, S depends on the Hamiltonian which
is not Lorentz-invariant (it is a zero-component of a four-vector, but in it appears alone).
Secondly, (3.13)) contains a time-ordered product, which is defined in a fixed reference frame. At
the first sight it is not a problem in a local theory, because for time- or light-like separated events
the time-ordering is invariant, while for space-like separated ones it does not matter. The problem
appears for coinciding points. Unfortunately, they often bring singularities, so they can not be
disregarded as a zero-measure set.

In more details, assuming that the dispersion relation is covariant, wy = w;ﬁ from , we have

dp i
(2m)4 p2 —m?2 +40’

< 0T {o(x)do(')}[0 >= /

which is covariant. Hence, by the Second Wick Theorem (Theorem and Remark [F.5) time-
ordered product containing only the field, but not its derivatives is covariant. We note that if no
derivatives appear in the interaction term we have

hi(x) = —Li(z),

where L; is the interacting part of the Lagrangian, which is a Lorentz-scalar and (3.13)) is Lorentz-
covariant (in the adiabatic limit). In presence of the derivatives from (F.7) we see that

< O|T{8zu¢0(a:)¢0(x')}|0 >= aru < 0|T{¢0(I)¢Q(I,)}|O >
also is covariant. But, from (F.8), when two derivatives appear,
< O|T{8zn o (x){Dprv o (") }|0 >= Oy Oy < O] T{po(z)Po(z")}|0 > +48,,00,,00(z — 2),

only the first part is covariant. At the same time, connection between the Lagrangian and the
Hamiltonian is also more involved in presence of the derivatives. In [§] it was shown that these two
issues compensate each other in the scalar electrodynamics, so one has

S—T {efifmeA(z)} , (3.35)

<0t {¢o(171) .. ¢0(In)eifg(w):Lm(z):d“x} 0>

. = 1 - . .
Gn(«fla 71'71) A_:Cr;}%st < O|T {eifg($)5Li1Lt($)id4I} |O > (3 36)

there T is the covariant time-ordering defined by

T{¢(z)p(y)} = T{p(x)p(y)}
T{0un $(2)0(y)} = 0o T{d(2)p(y)} = T{Dund(x)0(y)},

T{0w(2)0y d(y)} = OpnOyp T{P(x)P(y)} = T{0pnp(x)0y P(y)} — i6,,000,00(x — y)1,

(3.37)
and so on. In Section [5| we will see that this result generalises to arbitrary QFT with first-order
derivatives in the interaction, but the classical connection between the Lagrangian and the Hamil-
tonian may be corrected by quantum effects.
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The form is preferable in physics, because there the Lagrangian, rather than the Hamil-
tonian is the usual starting point. Besides already mentioned Lorentz invariance, which is manifest
in unlike , the field strength renormalisation is much simpler in this picture (technical
difficulties arising in the Hamiltonian approach are discussed in Subsection [8.2)). For this reason, it
is preferable to express the perturbation theory in such a way that it leads t directly. There
are at least two such approaches.

A mathematically rigorous approach was developed by Stuckelberg, Bogolubov, Epstein and
Glaser. We will follow a pedagogical exposition of [97] and will present only the general scheme
without going into any details. Motivated by the Hamiltonian perturbation theory we consider a
theory with adiabatic cut-off of all the interactions. Then we expect to have two representations of
the free QFT, the incoming and outcoming ones, unitary equivalent via the unitary operator S(\)
being a functional of the adiabatic switching A(z). As always, we expect that the operator S is a
formal power series in terms of g. But we also assume that in any finite order it is a polynomial
function of A as it was in the Hamiltonian perturbation theory,

S()‘) = Z/Sn(xla cee axn>)\($1) s )\($n>d4l‘1 s d4ajn

with S, being the operator-valued distributions which may be always assumed to be symmetric
and Sy the identity operator. We also require that S(g) is unitary, covariant (in the sense of (D.1)
naturally generalized to distribution on R%") and casual in the sense that

SO+ i+ p2) = S+ 1) SA)THS(A + pa) (3.38)

whenever the support of us is in the casual past of the support of p;. Then it is easy to see that if
we restrict S,, to some closed region O C R*" such that

x; #xy, Yi,j=1,...,n,V(r1,...,2,) €O,

then
Sn(x1,. .oy xn) = T(S1(x1) ... Sn(zn)),

where T is the time-ordered product as in the precious subsection. In general one has
Sp(@1, .. ) = Tp(S1(21) ... Spln)),

where T, differs from the naive time-ordering by distribution localised at hypersurfaces z; = x;. As
we have already seen in , such local corrections are enough to make it covariant. In [7] it was
shown that there is a recurrent construction of such time-ordered product that is also free of the
UV-divergences. Based on the correspondence principle one may argue that Sq(z) = iL;(z), so we
arrive to with T replaced by its renormalised version T,. can also be proven in this
formalism. The freedom mentioned in Remark reappears as non-uniqueness of T, satisfying the
requirements. Change of this definition again turns out to be equivalent to a suitably chosen finite
shift of the parameters.

Another approach is the so-called functional integration [97, 80]. It is based on a formal equation

_ [ blar) - plan)eS g
Teseida
where the formal integration in the right hand side goes over all functions ¢ : R* — R. This integral

is not defined in any rigorous sense (although it can be approximated by finite-dimensional integrals,
see [77]), but if the action is quadratic, the integral is Gaussian (or, more precisely, Fresnel) and can

Gn(z1,. .., Zn)

(3.39)
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be formally computed by the Iserlsiss theorem [98]. Because of formal similarity of the Wick and
Iserlsiss’s theorems, ([3.39) understood in this sense holds for a free theory,

J (@) - d(xn)e'ld[g]

< O|T{po(x1) - - - Ip(xn)}|0 >= [ eiSoléld[¢] ’

(3.40)

where the free action

Sy = —% / d*z (0,0(2)0"(z) + m*¢(x)?)

Then, taking S = So + [ A(z)Lint(x)d*z one can compute the integral in the right hand side
of perturbatively, again formally using the Iserlsiss’s theorem. Because of it coincides
exactly with . In this approach the UV divergences appear in local theories and should be
treated similarly to what we have in the Hamiltonian approach.

In non-local theories the casuality requirement fails to hold, so the Epstein-Glaser method
can not be used at all. The functional integration can be formally used leading to , but the
corresponding S-matrix may be not unitary [55]. Because of these problems in the string
theory community, there the functional integration approach is popular, it is commonly believed
that the non-local in time theories (and in particular non-commutative theories with non-central
time) should be excluded from consideration [55]. This restriction seems to be neither natural nor
covariant.

Although from the connection of locality with casuality one could expect that it is the space-like
non-locality which would bring new problems (since it inevitably allows interaction between space-
like separated regions) we see that it is the time-like non-locality which breaks perturbation theory.
In fact, the main ambiguity is the definition of the time-ordered product which plays a crucial role
in both Hamiltonian and Lagrangian approaches.

The main problem of the functional integration method is that for the integral each occurrence
of the free field in L;,; is treated separately. As a result, the time-ordering induced by it treats
each free field as a separate operator with its own time stamp. For example, in the first order of
the time-ordered Lagrangian would appear which is not Hermitian, so the unitarity is broken
already at that level.

In the Hamiltonian approach instead we have the time-ordering of the operators Hj(t;) instead
with respect to the time-stamps ¢; (the ”Interaction Point Time-Ordering Prescription”, see [106]).

Other approaches to generalization of the Lagrangian perturbation theory to the non-local case
modify the time-ordered product one way or another so, that the fields are again ordered in blocks.
For example, in [I07] the unpleasant reorderings were forbidden just by hands. The resulting time-
ordered product is just T, so, although formulated in terms of the action, it is actually the Hamil-
tonian approach of It is not clear, how the ”Interaction Point Time-Ordering Prescription”
can be made compatible with the covariance.

A more natural approach for the interaction terms which are local functionals of fields, convoluted
with smooth kernels (in particular, the interaction based on the Quantum Wick Product of can
be presented in this way) was suggested in [108].

We also note that in any admissible interaction can be represented in the form , which
is local in time. Even more, it depends on the field and its conjugated momentum (but not on higher
order derivatives with respect to time) only, as the Hamiltonian should. As such it corresponds to
some Lagrangian, also non-local in space. In Section [5|we will see that coincides with the
results of the Hamiltonian approach, if quantum corrections to the Legendre transform are taken into
account. It could be interesting problem to generalise this correspondence to the case of properly
non-local in time theories.
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3.3 Yang-Feldman quantizaion

Finally, one can start from the equations of motion in the form

(O +mg)d(z) = Flo](x), (3.41)

where F[¢] is a functional of the field proportional to the interaction constant. The free quantum
field solves that equation for F' = 0, so if the interaction is appropriately switched off in the past,
we can impose the initial conditions

¢(x) = ¢o(x), 20 < =T

for large enough T as before. Then (3.41)) is equivalent to an integral equation (the Yang-Feldman
equation)

¢(x) = ¢o(x) + ErFl¢](2), (3.42)

where Fp is the retarded Green function of the Poisson equation. can be solved iteratively
to get a formal power series in the interaction constant.

The covariant time-ordered product construction of Epstein and Glaser in fact relies on iterative
solving of derived from the extremal action principle, so whenever F is a local functional,
the Lagrangian approach of previous subsection is by construction equivalent to the Yang-Feldman
equation approach. In the non-local case, when the Lagrangian approach is not applicable, the
Yang-Feldman equation can be considered and gives rise to a unitary theory extensively considered
in [68] (for the case of star-product interaction).

We note that in [109] a perturbative construction of the Hamiltonian from equations of motion
in accordance with the Yang-Feldman approach was suggested.

3.4 LSZ reduction

Let us repeat the main steps of the LSZ analizis of [99] (see also [4]) in order to verify that it does
not actually require neither locality (eece however Remark nor Lorentz-invariance.

The crucial idea is the assumption that in states, relevant for the scattering theory, in both
distant past and future the particles are far away from each other and hence are essentially free.
Therefore, their statespaces can be considered as Fock spaces of some free quantum fields, which we
call incoming and outcoming fields. This is formalised in the following way:

Assumption 3.25. Assume that besides a real scalar quantum field ¢(x) acting on the dense domain
D C Hphys there are two general free quantum fields with renormalisation and a dispersion
function wg, Bin, Gout, called respectively the incoming and the outcoming quantum fields, acting on
the same domain DHpnys,

vV Z (D)

qb(ez) = dsﬁ A (a(em),ﬁe_ipq + a?;m),ﬁeipq))’
(2m)24/2w

STy

with "ex” standing for either “in” or “out”, such, that

1. The span of images of the vector-valued distributions
‘517 e 7]71'1 >= a{ew) (ﬁl) U a(tx)(ﬁn)ﬂ

is dense in Hppys;

[t @ Ty sO@E [ al, @) rE 0L

T—+oc0
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/(\111,a+(;5,t+T)\Ifg)f(t)d3ﬁdt 2o (U1, af, (B)V2) f(7.t)d>pdt
for any W1, ¥y € D and f € S(R* and

(i0:(5.t) — G o(5.1)) -

We note that Assumption [3.25 holds for free fields with ¢;,, = ¢our = ¢ and for interacting fields
in presence of the adiabatic cut-off with ¢;n and ¢,ut as in the previous subsections.

Lemma 3.26 (LSZ reduction formula). Consider the distribution

Sn,n’,l(ﬁla cee 7ﬁn§ﬁ’17 e 7ﬁyl; kla ey kla t17 .. 7tl) =
out < ﬁlla 7ﬁn"T{é(t17 kl) o é(tla kl)}lﬁh .. aﬁn >in
restricted to a region O in which p; # ]5'; for any i,j and considered only on functions with compact
support in the variables t;. Thenﬂ

Sn,n’ | (ﬁl ).

"aﬁn;ﬁ(la"'7ﬁn’;k’17"'7kl;tla atl) = (343)
i@ ¢ Q 2 3
e o' 07 — (wﬁ) (2m)
Sn—l,n’,l-l—l(ﬁly "aﬁn—l;ﬁ’h 7ﬁ{n/;kla"'a‘glvﬁn;t17 '7tlvt)
and . .
Sn,n’,l(ﬁl;~~~aﬁn?ﬁa~'~7ﬁn/§k1a-~',kl§t1; ..,tl): (344)
1w 2
e'Lan, (@2 _ <w§/) ) (27‘(‘)3
li H
Am [ dtHr(®) Z0n) .
Sn,n’—l,l-&-l(ﬁla N
where

7ﬁn;ﬁ¥1>' 7ﬁln/—1;k17'"7kl77ﬁn’;t17 '7tl7t)

oo

oo (f) = / W L T) Bt — Tt
h € C(R), [T h(t)dt =1.

at(p,t+T)—at(pyt—T)

Proof. First note that Hy € C°(R), so it is an admittable test-function. Now note, that

—/dta+(t)(h(t+T) —h(t-T)) = /dta+(t)8tHT( )=
- / dtHp(8)dya* (1) =

—/dte_iwgtHT(t) (8,: - iw}?) (i0r — wp)

ert
S lt) =

37As always one should integrate over all free arguments of the distributions with a test function and all limits

are in the weak sense. For shortness we consider integration over the only variable we deal with. We also implicitly
assume that the time-ordered product of the quantum fields is a well-defined tempered distribution.
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_Z\/@ / dte™ 5 Ho (1) <a§ - (w§)2> ().

out < ﬁ,lv s 7ﬁn'|T{q;(t17 k;) e &(tla k?l)}‘ﬁla cee 7ﬁn >in=
EN 7 - It = N[ = —
(QW)Q 2&);% (out < 17'17 R aﬁn’|T{¢(tla kl) e (b(tla kl)}a;(pn”pla <o sPn—1 Zin —

out < 13'117 e aﬁn’|T{ao+ut(ﬁn)¢~s(tla kl) e q;(tla kl)}a;(ﬁn”ﬁla s 7ﬁn71 >in ) -

gt (ag ~(«2 )2) (2m)?

Then we have

lim X
out < ﬁllv s 7ﬁn’|T{J)(ﬁnat)J)(tlv k_i) T é(tb k?z)}‘ﬁla s 725;1*1 >ip di.
This gives (3.43]). Proof of (3.44) is completely the same. O

We note that pointwise Hp(t) converges to the identity at large T', so the expression under the
limit in (3.43}[3.44) is nothing but a regularisation of the Fourier transform at of a distribution at a
point. So, informally (3.43) can be interpreted as

een)? Ty i Prs e s Bar 13 Bl oy Kty Prari by s B, 1) A
\/7 /71,l+1(p1»'“apnapla"'vpn’fla 1y sy KLy Pn/it1y ooy 1, )N
1 . . - -
725n7n/71(p1,...,pn;]71,...,ﬁn,;kl,...,kl;tl,... t), W = wgo
w? — (wﬁ.@>

and similarly for ((3.44).
Sequentially applying (3.43H3.44} we ge@

g(ﬁ/l’wll; e ;ﬁn’awn’; —P1, —Wi; 3 —Pn, _wn) ~ (345)
1 WEW oy wEm
pale} (27r)42w§i (W] — w_q +10) ;-5 (27) 42w~ (w; — wgi —10)
out <p17' o 7pn’|p17"' s Dn >ins

where G is the Fourier transform of the time-ordered vacuum correlators defined by

n

Ga1,. .. wn) = /dﬁ1~-~dﬁndw1-~-dwng(ﬁ1,wi;~-~ sp) [ [ e it
i=1
with a:z = (t;,Z;) and the sign ~ means that we leave only the most singular part in the limit
w; — wﬁ . We see that the physical spectrum of the theory is encoded in the poles of the correlators
. The residues of that poles contain information about the scattering amplitudes. Finally, although
the proof above is not applicable for coinciding incoming and outcoming momenta, one still can
prove following the same lines that

G(p,w;p',w') ~

57— )8 — w')o%,

which allows to get the renormalisation coefficient also from the correlators.

38We give the informal statement only for the sake of shortness. The rigorous one would contain a subsequent limit
of n + n’ regularisations wearing off. We refer to [77] for a more elegant rigorous version.
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Remark 3.27. We note that, although in our proof we never assumed the fields to be local, the
very idea of the LSZ analysis requires the particles to be free when they are far away from each
other. Otherwise there is no reason to expect that Assumption holds.
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4 Feynman rules for non-local Hamiltonian Perturbation the-
ory

In this section we develop the Feynman rules for calculation of the S-matrix and of the correlators
for the non-local theories quantised in the Hamiltonian approach of with H; provided in the
form (3.16) and assuming the invariance under spatial translations (3.28]), so

Hi(t) = A(t) Z(Zw)?’% /d/%1 oo dkn6(Fy + -+ k) (4.1)

n

: Qfgom(];l’t) : "&OQW,_l(En—lat)é;ozn(lznat) : Falma"(l_f‘l, ceey En)

Here F' are Schwartz functions proportional to the coupling constant g, or, more generally, form
a family of power series consisting of the Schwartz functions and vanishing at the origin. Due to
symmetry of the Wick product, we can always assume that F' is symmetric, and we do from now
on. We also introduce Fourier transform of the adiabatic switching

AA) = % / dEA(E)e— D,

The Feynman rules for the scattering amplitudes in adiabatic limit were already presented in [73].
But, for our purposes we will need several different formulations and we also prefer to keep the

temporal adiabatic switching explicit.
We will work in the partial Fourier Transform (D.2)) for both free and interacting fields. For
convenience we introduce decomposition of the interacting field analogous to (E.12)

B(P,t) = b+ (F,t) + 0 (P, 1).

ba (P, t) = U(t,to) " boa (5, 1)U (t, to).

We note, that, unlike the free field case, qgi in general does not have sense of creation and annihilation
parts. This decomposition is introduced for convenience only and depends on the renormalisation.
We introduce the decomposed partial Fourier transform of the correlators

Gu(T1,-ymn) = Y /dﬁl---dﬁn_ldpzém,..,an<ﬁ1,x9;...;ﬁn,mg)eiz?ﬂfﬁj,
Qi

a1,

éal,m,an(ﬁla 13(1]; cee ;ﬁm x%) =< Q|T{Q~5a1 (ﬁla 1,0) U Q;an(ﬁn: ISL)HQ >, (42)
as well as the complete Fourier transform
éal ..... an(ﬁlatl;”';ﬁ;mtn) = (43)

= . = —i > wit
/dw1---dwngal,---,an(P17w1,~-~ D, Wi )" k= Rk

Instead of (3.14) we then have

G (B1st13 -« 23 Py tn) <0 ’T {exp <z’/dtH1(t)>H0> = (4.4)
<o ’T {q%al(ﬁl,tl) - Bou, (B tn) €xD (—i/dtHI(t)> H o> .
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In addition to the “Einstein summation rule” for the time-orientations we introduce the following
definition:
Ay, = A7, a=+.

Note, that
A*B,=A"B, +A"B_=A"B” + A"B" = A,B?,
so one can raise and lower indices in any Einstein sum as usual. The free propagator in this
convention will have the diagonal form:
iXe’
*P 2u5(2m) H(w — a(wy — i0))

g« s(Fw) =36 (4.5)

Now we are ready to apply the Second Wick Theorem (Theorem and Remark to
and . The main difference from the ordinary QFT is the separation of quantum field in two
parts, so the Feynman rules look like the Feynman rules for two species (or one specie with additional
internal quantum number) with the propagator mixing these species (changing the internal

number). So, in addition to usual labeling of lines by corresponding momenta, we need to label each
end of each line by corresponding time-orientation c.

Proposition 4.1 (“Time-momentum” space Feynman rules for correlators). The correlator éal,m,ap: (P1,t1,. ..

can be found using the following Feynman rules:

1. Draw all Feynman graphs with E external lines corresponding to E triples (o, pi, t;) without
self-contractions and vacuum energy corrections;

2. Assign to each internal line a 3-momentum flow p € R3 and to each end of each line a time
orientation o = + . The external ones will be always assumed to bring the assigned momentum
from the free end to the non-free one for convenience;

3. To each vertex assign a time stamp 7.

4. For a line, transporting a 3-momentum p from an end with a time-orientation B and a
time stamp T to an end with a time-orientation v and a time stamp 7' multiply by a fac-

tor 6g,—~0(B(T — 7/))2%3(#)3'

5. For a vertex of order m multiply by a factor

— —

—i(2m) FP B (ke R )A(T)OP) (K A )l Pr R e, )T (4.6)

where l;i are the momenta flowing along the lines incident to the vertex, sign £ are determined
by the direction of this flow, namely sign ”+7 corresponds to incoming flow and sign ”-” to
the outgoing, B; are the time-orientations assigned to the incidences of the corresponding lines
with the verter, and T is the time-stamp of the vertex;

6. Integrate over all 3-momenta flowing along internal lines and the timestamps of all the vertices
and sum over all free time orientations;

7. Multiply by a usual symmetry factor.

Note that we moved the oscillating part of the propagator G’g B(ﬁ, t) to the vertex factor.

Proposition 4.2 (“Energy-momentum” space Feynman rules for correlators). The correlator Gq, ... o, (D1, w1;. ..

can be found using the following Feynman rules:

1. Draw all Feynman graphs with E external lines corresponding to E triples (o, p;, w;) without
self-contractions and vacuum energy corrections;
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6.

Assign to each internal line a 4-momentum flow (w,p) € R* and to each end of each line
a time orientation « = + . The external ones will be always assumed to bring the assigned
momentum from the free end to the non-free one for convenience;

For a line, transporting the 4-momentum (w, D) from an end with time-orientation 8 to an end
with time-orientation v multiply by a factor ggv (Pyw);

For a vertex of order m multiply by a factor
—i(2m) FPv P £k R A (W -+ 2w )0O) (kg 4 -t ),

where Ez and w, are the momenta flowing along the lines incident to the vertex, sign + are
determined by the direction of this flow, namely sign ”+” corresponds to incoming flow and
sign -7 to the outgoing, and [; are the time-orientations assigned to the incidences of the
corresponding lines with the verter.

Integrate over all 4-momenta flowing along internal lines and sum over all free time orienta-
tions;

Multiply by a usual symmetry factor

The first rather unconventional mixed (part momentum part position space) formulation will be
useful to prove the weak adiabatic limit existence in Subsection , while the second one will be
used in the rest of the thesis.

The Feynman rules for scattering amplitudes follow from the Second Wick Theorem together
with the definition of the Fock vector-valued distibutions . We also present them in two forms.

Proposition 4.3 (“Time-momentum” space Feynman rules for scattering amplitudes). The scat-
tering amplitude oue < P, Py D1y - - - s D >in can be found using the following Feynman rules:

1.

Draw all Feynman graphs with n +n’ external lines, namely n incoming lines, corresponding
to n momenta p; and n’ outgoing lines corresponding to n' momenta p; without tadpoles and
vacuum energy corrections.

Assign to each internal line a 3-momentum flow p € R3 and to each end of each line a time
orientation « = £. An incoming (respectively outgoing) line with momentum P’ is assumed
to bring this momentum towards the diagram (respectively from the diagram) and its non-free
end is assumed to have time-orientation 7-” (respectively ”7+7);

Assign to each vertex a time-stamp T;

For an internal line, transporting a 3-momentum p’ from an end with a time-orientation 8 and
a time stamp T to an end with a time-orientation v and a time stamp 7' multiply by a factor

0p,—0(B(T — T/))W.

For an external line with momentum p multiply by a factor W;
UJ{,‘ s

For a vertex of order m multiply by a factor
—i(2m) AP B (R 2 JA(T)O®) (R 4 . e ) PLR T B, )T

where Ei are the momenta flowing along the lines incident to the vertex, sign £ are determined
by the direction of this flow, namely sign "+7 corresponds to incoming flow and sign ”-” to
the outgoing, B; are the time-orientations assigned to the incidences of the corresponding lines
with the verter, and T is the time-stamp of the vertex;
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7. Integrate over all 3-momenta flowing along internal lines and the timestamps of all the vertices
and sum over all free time orientations;

Proposition 4.4 (“Energy-momentum” space Feynman rules for scattering amplitudes). The scat-
tering amplitude our < Pi, -, Py D1, - -y D >in can be found using the following Feynman rules:

1. Draw all Feynman graphs with n +n’ external lines, namely n incoming lines, corresponding
to n momenta p; and n’ outgoing lines corresponding to n’ momenta p; without tadpoles and
vacuum energy corrections.

2. Assign to each internal line a 4-momentum flow (w, p) € R* and to each end of each line a time
orientation o = £. An incoming (respectively outgoing) line with momentum P is assumed to
bring this momentum towards the diagram (respectively from the diagram) and its non-free end
is assumed to have time-orientation ”-” (respectively ”+7);

3. For an internal line, transporting the J-momentum (w,p) from an end with time-orientation
B to an end with time-orientation ~v multiply by a factor ng(ﬁ, w);

. . — . 1 .
4. For an external line with momentum p" multiply by a factor WorEraE

5. For a vertex of order m multiply by a factor
—i(2m) FPv B (kg L ke A (W -+ +w!)8O) (kg 4 - ),

where k; and wl are the momenta flowing along the lines incident to the vertex, sign + are
determined by the direction of this flow, namely sign ”+” corresponds to incoming flow and
sign -7 to the outgoing, and (; are the time-orientations assigned to the incidences of the
corresponding lines with the vertex;

6. Integrate over all 4-momenta flowing along internal lines and sum over all free time orienta-
tions;

7. Multiply by a usual symmetry factor.

The following examples and remarks will help to understand the terminology used, and illustrate
the relations of the Feynman rules above with the Feynman rules of [73] and ordinary Feynman
rules.

Remark 4.5. In the “time-momentum” formulations of the Feynman rules a product of Heaviside
functions of the same argument (or of the opposite arguments) may appear, which is not well-defined
in S(R). These products should be understood in the naive sense

0(t)> =0(t),  0()8(—t) =0. (4.7)

It is worth emphasising that the above is not an artificial regularisation, but just a definition, since
the timeordered product T in the right hand side (4.4)) does not produce any singular products as
we have seen in Subsection The definition brings no problem, because no derivatives
with respect to the time, and no products with more singular distributions (like d-functions) ever
appear, so behaviour at one point ¢ = 0 is irrelevant.

Remark 4.6. Since the propagator (with two lower indices) is anti-diagonal, only diagrams with all
lines having time-orientation ”+4” at one end and ”-” at another contribute. So, instead of summing
over all graphs and all time-orientations of each incidence we can just sum over all directed graphs,
orienting each line from it ”+” to its ”-” end@ In fact, this direction is the direction of time, which
is clear from the ”time-momentum” formulation of Proposition We however prefer to keep the
summation over time-orientations, although it may seem artificially overcomplicated at the moment.

39This direction should not be confused with the direction of the momentum flow along the internal lines which is
completely arbitrary in our formulation
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H

Figure 4.1: Fish-type diagram with energy-momentum flows and time-orientations assigned.

Remark 4.7. The Feynman rules of Proposition do not coincide with the momentum space
Feynman rules in [73]. To get the latter one has to evaluate the integral over the time stamps of the
interaction vertices explicitly, assuming all vertices to be explicitly time-ordered (and sum over all
possible orderings in the end).

Example 4.8. Consider a fish-type diagram for the quartic interaction shown on the Fig.
According to the Feynman rules we have:

gnahaz,as,lm (ph W1; P2, w25 P3,W3; P4, W4> =

1 . B B L
2 > /dkdwggl,ﬁl (P15 w1)G0 5, P2y wa) (2m) PP 08 P2 (5, Gy — K, =y — i + k) x
8

Bie{+,—},i=1,--,
gg?,,ﬁs (57W)gg47[36 (ﬁl +52 - E, w1 + wo — w)(2ﬂ')4Fﬁ5’56’ﬁ7’ﬁ8 (E,ﬁl —ﬁz — E,ﬁg,ﬁ4)><
ggg,ﬁ7 (95, w3)G0, s (Pa, wa) 3P Py + P + P + Pa)d (w1 + w2 + w3 + wa).

Now, one can see that the integrand decays as ﬁ then w goes to infinity, so the the integration
contour can be closed in both upper or lower half-planes. Let us close it in the upper half-plane if
f3 = — and in the lower otherwise, so that the pole at w = —f3(w; — i0) never contributes. Then

the second pole at w = wy + ws + ﬂ4(wﬁ1+ﬁr,§ —40) contributes only if 84 = f3:

gF;(xl,ag,ag,a4 (ﬁla wl;ﬁQa w23 ﬁ?n ws3; ﬁ47 LU4) =
1 —iOél —iOég
2 2wp, (2m)* (w1 + on(wp, — i0)) 2w, (2m) (w2 + a2 (wp, — i0))
—iOég —iOé4 %
2wﬁ3 (27‘()4((,03 + a3(wﬁ3 - ZO)) 2&]13’4 (27‘()4((,04 + 044(&)’73 - ZO))

/dE Z (27T)4F_a17_a2763’63 (ﬁhﬁ?v _Ea _ﬁl - 52 + E)X
Bze{+,—}
1 1 —2mi
2w (2m)* 2wy | o p(2m)* (Bawr + Bswa + wip +w R T i0)

X

X
P1

D
(2m)tF=Pe—Bemas—aa(f g — & ps, 5a) 0 (B + B + B + F1)d(wi + wa + ws + wa)
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A

B3 = P4 = — B3 = By =+
Figure 4.2: Schematic illustration of the two possible time-orderings of the fish-type diagram in a

theory with quartic interaction.

Similarly, the corresponding contribution to a scattering amplitude of a process
ﬁl 3 ﬁQ — pl]_ 3 172
is
1 1
2 (27T)6 \/20.)171 20.)172 20.)5/1 20.)5/2

/ di Y @m)tFenTee BB g~k —ph — P + k)
Bse{+,—}
1

1 —27m

X
2wg(2m)* 2w

1+ﬁz—l¥(27")4 (B3w1 + Bawg + wr + wﬁﬁ- R iO)

p2—k
(2W)4F_ﬂ37_ﬂ47_a3’_a4(kvﬁl —p2 —k, _1717 _%)5(3)(51 + P2 — ﬁl - ]5’2)5((41[71 +wp, — wp — wﬁ'g)
This result coincides with one that can be achieved by the momentum space Feynman rules of [73].
As expected, the summation over two possible time-orientations of the internal lines corresponds to
the summation over the time-orderings of [73] as show on the Fig. 4.2

Remark 4.9. If we apply this approach to an ordinary QFT without derivatives with respect to time
in the interaction, the vertex factors will not depend on the time-orientations. The free propagator
(F.4) will appear only summed over both its indices, which is just the Feynman propagator,

7
(2m) (w? — w2+ i0)’

g (Fw) = 68 w) =
ap

So, the Feynman rules introduced here will coincide with the usual ones.
A local quantum field theory can also contain a finite number of derivatives with respect to time
in the interaction. This case is considered in Section

In the end of the section let us present some results we used in Proposition [3.13] and Remark
9. 10l

50



Lemma 4.10. Let I’ be a Feynman graph contributing to oyt < Py« P D1y« -y Dn >in in the
sense of Propositions[{.3[{-4 Then the corresponding contribution has the form

Wf(ﬁllw'~7ﬁn’;ﬁ17~~'aﬁn)CF(p(la"'7ﬁn’;ﬁ17"'7ﬁn)7

where Wr € S(RB(’”"I)), and Cr is a product of the over-all three-momentum conservation delta-
functions of all connected components.

Proof. Let us use the formulation of Proposition Assume that the graph I' consists of one
connected component. Then integration over all internal momenta leaves of the delta-functions in
the vertex factors only the over-all 3-momentum conservation law (see also [72], [73]) which is exactly
Cr.

The rest of the integrand is a product of continuous functions (F, A and the oscillating expo-
nents from the vertex factors and i from propagators) and theta-functions from the propagators.
The latter is always a well-defined distributions, while the former is a Schwartz function of the
timestamps, internal and external momenta (for that note that each internal or external momentum
appears at least once in the vertex factors F' and each timestamp appears in the adiabatic switching
A; finally wiﬁ € 0 (R3), see Remark . So, by Theorem it is a Schwartz function of all the
external momenta.

Finally, contribution of a generic graph is a product of contributions of its connected components,
which finishes the proof. O

Remark 4.11. It is not difficult to reformulate the Feynman rules discussed here, and in particular
the ones of Proposition [4.3|to allow the full adiabatic cut-off A(z). The main difference then will be
that in the vertex factors instead of

AT (xky + ...+ Ey)

we will have

1
(2m)?

-

//\(7’, f)ei(i’;ﬁ'”igm)fd:sf = 6O (£ky + ... £ km + K)A(T, K)

with the partial Fourier transform X defined as in Rema}rk Now if we fix a graph with V' vertices
and postpone integration over 7; and «; with a weight A(7;, x;), where j enumerates the vertices, we
can compute the corresponding contribution to the amplitudes as a function of (71, k1,..., 7Ty, kv ).
Then, one can prove that the decomposition similar to observed in Lemma [4.10|is possible, but the
conservation laws in Cr will be corrected by sums of x; over vertices belonging to corresponding
subgraphs and Wt will be replaced by

7 T - -
WF(plv"'7pn”p17'"apnaﬁlaTla"wKV»TV)?

W e C=(R3+n)+4V)  For fixed (71, Ry, ..., 7v, Ry) Wi is fast decaying with respect to the rest
variables. If in addition the variation of x; is restricted to a compact set (this is necessary, since &;
shift the dependence of the vertex factors on the external momenta), the corresponding Schwartz
seminorms are bounded uniformly in all x; and 7;.

The spatial adiabatic limit can be reconstracting by substituting < = 0 and integrating over all
7; with a weight A(7;).
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5 Lagrangian reformulation of the Hamiltonian Feynman rules

In Subsection we stated that if a theory is non-local in time, then it can not be quantised by
means of the standard Lagrangian methods, because the Epstein-Glaser approach makes no sense,
and the functional integration violates the unitarity. However, the non-local theories considered in
3.1.2| are actually non-local only in space and hence one could expect that they have an equivalent
Lagrangian description. In this section we will see that it exists and the Lagrangian is the Legendre
transform of the Hamiltonian plus some quantum loop corrections. We will need several
steps to reformulate the Feynman rules in the “Lagrangian-like” form. We will work with the
correlators in the adiabatic limit (its existence is shown in Subsection [7 and we will use the
“energy-momentum” formulation of the Feynman rules as in Prop051t10n

Our goal is to replace the time-ordered product T by its covariant version T. As we have seen
in Subsection T commutes with the derivatives with respect to the time. In the “energy-
momentum” formulatlon it means that each time a derivative of the quantum field appears inside
the propagator, it is multiplied by the off-shell frequency w. If a derivative appears inside the
naive time-ordering T, an on-shell frequency awy appears instead. This is formally summed in the
following:

Lemma 5.1. The free propagator satisfies:

zg@a w,7) = G (w,7) (5.1)

Zawﬁg (w,p) = wg (w,ﬁ), (5.2)

1

DBV yw.p) =W G @ P) — G

a,f
Combining this lemma with the following simple identity

1

1+Oéﬁ 1 s Qs
5@,8: 2 :izaﬁv Oé,ﬁ::tl,

s=0
we get
1A O
GO s, ) =5 D D @t BB G  (w.p) =
s=0s'=0a’,8’
FE(F.w) fsp(—F, ~w)GS (@, 7) + [3(F.w) fos(—F, ~w)GS (w,P),
where
af = 1 + a""lﬁ (= «
fS(pvw)_Ta fD(paw)_ 2w5’

i

(2m)*

The letters S and D stand for “solid” and “dashed”, revealing that we will graphically represent
the two terms in the propagator above by solid and dashed lines. For shortness we will also call
the terms themselves the “solid” and the “dashed” propagator. Although this separation seems to
be an unnecessary complication, due to nice factorization of both solid and dashed propagators we
can get rid of sum over time orderings. The result is summarized in the Proposition below, the
proof is straightforward. For the sake of simplicity we will find only the correlator summed over
time-orientations of external lines, although the generalization is not too difficult.

G5 (7.w) = G (7.w). Gy (Flw) =
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Proposition 5.2. The (weak adiabatic limit of the) correlator

> Gouan(Brywis ... P, wp)

Q...Qp
can be found using the following Feynman rules:

1. Draw all ordinary connected Feynman graphs with E external solid lines corresponding to E
pairs (P, w;) and two possible types of internal lines (solid and dashed) without self-contractions
and vacuum energy corrections;

2. Assign to each internal line the 4-momentum flow (w,p);

3. For a solid internal or external line transporting the 4-momentum (w,p) multiply by the prop-
agator géo) (Pyw)

4. For a dashed internal line transporting the 4-momentum (w, ) multiply by a propagator g,(:?) (Pyw);
5. For a vertex of order m add multiply by factor
—i(2m) Fo o (ky, L k)0 (Fwy + -+ Fwm )6C) (£ky + - E k),

where k; and w; are the momenta flowing along the lines incident to the verter, sign + are
determined by the direction of this flow, namely sign ”+” corresponds to incoming flow and
sign ”-7 to the outgoing, and s; € {S, D} determines whether the ith line is solid or dashed.
Finally,

—

Fsl”'sn (E17 e ,kn) =

Z Hfg1(ﬁz;wl)Falan(El7wla y T 7En7wn)6(w1 + - +wn)

a1...ap 1=1

6. Integrate over all free (i.e. not eliminated by the momentum conservation and except the
arguments of the correlator) 4-momenta;

7. Multiply by a usual symmetry factor.

Remark 5.3. The only frequency-dependent factors in the Feynman rules above are the solid
propagators, decreasing as w2 at high frequencies and fg (~ w), which increases at high frequencies
as w. Clearly, there are exactly two fg factors for each solid propagator, so the integral over the
loop frequencies is most likely divergent. However, if we first sum over all diagrams with the same
topology, and only then integrate over the loop energies, we get back to the well-defined rules
formulated in Proposition so all the divergences must cancel. We postpone further discussion of
this issue until Remark [5.7} In the meantime we implicitly assume that all the frequency integrals
are regularised in UV in such a way that the mentioned cancellation is preserved.

The next step is to note that the dashed propagator is regular in the energy space (in fact, it
is a constant). So, two vertices connected by such a propagator can be also considered as just one
vertex. We can continue in this way until all vertices connected by dash lines are absorbed into
new grouped vertices. Then the only propagator left is the usual Feynman propagator. We should
be careful with the “no self-contractions” rule, because the new vertices are composed from the old
ones, so some of pairs of their lines (namely, lines which were incident to different vertices before
regrouping of the vertices) can be self-contracted and some (namely, ones incident to the same vertex
before regrouping) can not. Our main idea here is to show that the new vertices can be interpreted
as vertices of a Lagrangian QFT with Lagrangian related to the Hamiltonian by Legendre
transformation up to some quantum loop corrections. Since self-contractions are by definition loop
diagrams, they are part of the mentioned corrections and thus they will not be too important for
us. These ideas lead to the following:
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Proposition 5.4. The correlator Ga, ..o, (P1,W1; - - - Pn,wn) can be found using the ordinary Feyn-
man rules (i.e. with only one propagator equal to the Feynman propagatorﬂ with the interaction part
of the Lagrangian L;,; which itself is given by summing of the diagrams according to the following
rules:

1. Draw all connected graphs with n external lines. To fiz terminology we will call vertices of
such graph the original vertices (because the corresponding factor can be directly read from the
Hamiltonian,).

2. Assign to ith external line the corresponding momentum (p;,w;) and the time-orientation o
flowing from its free end to another one. Assign to each internal line a free momentum flow.

3. For each internal line multiply by a propagator

o _
9p - en)Y

4. For an external line with a momentum flow p and time-orientation o multiply by a factor

B, 1) + 20:3(7,)
2 b

5. For a vertex of order m with | incident external lines (which we for simplicity assume to be
enumerated by first I numbers) multiply by a factor

—i(2m) B s (k)8 (Fwy + -+ Fwn )0 (ke ),

where k; and w; are the momenta flowing along the lines incident to the verter, sign + are
determined by the direction of this flow, namely sign ”+” corresponds to incoming flow and
sign -7 to the outgoing, s; = S for an external line and s; = D for an internal line. Finally,

-

~ -
Q1...0;81418 . . _
Fer e "(kl,wl,...,kn,wn)—

S TL 78 Gow) oo (Fr, o RS + -+ wa).

QpgqQy t=1
6. Integrate over all free energies and momenta;
7. Multiply by a usual symmetry factor;

8. Multiply by _
i

@2n)

9. Impose Wick product on each group of the fields coming from external lines incident to the
same original vertez.

Proof. The statement follows from Proposition [5.2] through grouping of vertices connected by the
dashed lines as explained above, we need only to comment a few issue. The external lines factor
is chosen exactly so, that it produces f§ in the Lagrangian Feynman rules. Overall factor takes
into account that in the Lagrangian Feynman rules the vertex factor contains i(27)*. Finally, we
impose the normal ordering is imposed in such a way that it forbids self-contractions of the original
vertices. O

40In the standard terminology these are exactly the modified Feynman rules for a spatially non-local QFT. However,
in context of this thesis we call them ordinary as opposed to ones of Section @ with the matrix propagator.
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Theorem 5.5. At the tree level the effective Lagranfian of Proposition is related to the Hamil-
tonian via the Legendre transform,

Lo(t) + Lin(t) = / #(7, 0)0,3(—, )4 — Holt) (5.4)

with 7(p,t) substituted by a solution of

O(Ho(t) + Hine(t))
57 (P, t) ’

01 t) = (5.5)

and
1

Loft) = 5 [ &5 (00(7.00:6(-5.1) ~ 2o 03(~70)

By Hy(t) we still mean (3.5), but, since we are dealing with the tree level (i.e. we ignore the
quantum effects), field and its canonical momentum are treated as functions, and the normal ordering
is ignored.

This result is a special case of the well-known fact in QFT that the Legendre transform counts
the tree diagrams. Originally it was discovered in [I03]. In physical literature it is usually explained
through functional integration [80]. We follow the modern pure combinatoric proof of [104]. Due
to difference in conventions and necessity of generalisation from functions to functionals, it is easier
tor reproduce the main steps then to explain how the result of [104] can be applied.

Proof. Since we work with tree diagrams, for which V' = I + 1, where V' is number of vertices and
is the number of the internal lines, all i and (27)* factors from vertices, propagators and the overall
factors cancel each other leaving only the overall minus sign. Thus, in this proof we will ignore these
factors.

Let us introduce SLine(t)
5 ) = — 5.6
n(p;t) 50,0, 1) (5.6)

Diagrammatically, n is equal sum over all graphs with one marked external line with momentum
flow p’ contracted with and the external line factor replaced by

g OB) + L2005, 1)

9(9)ed(p,t)) 2
Alternatively, we can first sum over all kinds of vertices, incident to the marked line. Then each of
the rest of the lines going out of such a vertex is either the external one, or the beginning of a new

tree graph with a marked external line. Taking into account that the vertices are generated by H;,;
and the overall minus sign, we get

= Ip(@:1).

0H in (2)

n(pit) = _W =0.

7 (k,t)=08: p(k,t)+n(k.t)

Thus, - . .
ﬁ(ka t) = @%ﬁ(k, t) + 77(’% t)

is the unique solutior@ of (5.5)).
Finally, we put 7 (k,t) = 8@(12, t) + n(k,t) into the right hand side of GD We have

/ d3ﬁ<(8t<z3(pi 1)+ 05 0)0:5(-50) — 5 (0:650) + 0 0)) (9d(-7.0) + n(—7.1))

41Recall, that both Hjy and L, are formal power series vanishing at the origin. Then it is easy to see that (5.5)
has a unique solution in formal power series.
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1 ye
_§Wﬁ¢(p7 t)¢(_p) t)) - Hint(t)‘ﬁ'(E,t):Ot(Z)(E,t)+n(E,t) =

1 3= o —
Lo(t) — 5 /d (o, tn(—p,t) — Hint(t)‘ﬁ(];;"t):atd_)(]g}t)+n(g’t)'

We have to prove that the second and the third terms above sum to L;,;. For that we note that
the second term can be interpreted as a sum over all diagrams contributing to L;,; with a marked
internal line (indeed, we then need to sum over all diagrams to the left and to the right of that line,
both sums can be expressed through 7; factor % due to the symmetry) with a minus sign, while the
third one is sum over all diagrams with a marked vertex (the vertex factors are generated by H;p,
each line coming from the marked vertex is either external or a root of a tree graph with marked
external line, which, as we already saw, correspond to substitution 7(k,t) = 9,¢(k,t) + n(k,t)).
Hence, each diagram with [ internal lines and V' vertices appears with the coefficients —I and +V in
the second and the third terms respectively. Using V' = I + 1 once again, we get the statement. [

Remark 5.6. Following [104], we note, that the Legendre transform (5.445.5)) is well-defined and
invertible in formal series sense, without any additional restrictiong™]

Remark 5.7. In the higher orders the loop corrections should be added to L;,:, which can be
interpreted as quantum corrections to the Legendre transform. This corrections are strongly diver-
gent, since the integrand does not depend on the loop frequencies at all. At the same time, the
Lagrangian Feynman rules in the presence of derivatives with respect to the time in the interaction
are divergent themselves due to the J-function in the vacuum correlator . These two kinds of
divergences cancel each other according to Remark So, a Hamiltonian theory with an admissible
interaction is equivalent to a Lagrangian theory with an action given by the Legendre transform and
with specific counterterms given by quantum corrections to it. A local QFT containing first order
derivatives with respect to the time in the interaction can also be considered in either Hamiltonian
or Lagrangian formalism. Again, at the tree level they are equivalent, while the loop corrections are
divergent and local. Due to locality, they can be canceled exactly by local counterterms. Note, that
in both cases there is no freedom in the counterterms choice, so the renormalisability of the theory
is not affected.

42Recall that the usual analytic Legendre transform exists for convex functions only.
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6 Corrected propagator

This section can be considered as both an example of usage of the Feynman rules described above
and as a preparation to discussion of adiabatic limits and renormalization. We will compute the
corrected propagator, i.e. the correlator G,5(p, w; ', w’) in terms of the one-particle irreducible (1PI)
corrections. All calculations are done in the (weak) adiabatic limit assuming its existence (which is
proven in the next section independently of the results of this one).

Remark 6.1. As it was already noted, all correlators and amplitudes computed by means of the
perturbation theory usually are divergent series and recovering physically meaningful information
from them requires some additional work.

The corrected propagator is a result of formal resummation of that power series. Namely, we
can regroup order of summation so, that the contributions of all diagrams can be then found as a
geometric series of one-particle irreducible ones. This re-summation will be treated as a formal trick
and we will not discuss actual convergence of the aforementioned geometric series.

Sum over all one-particle irreducible contributions is most likely divergent by itself and will be
again treated as a formal series. To get a reasonable approximation of corrected energy one needs
to truncate it at some finite order.

It is important to note that this re-summation has deep sense only if we are specially interested in
details of the singularities structure of the correlators. Sometimes such re-summation is just a useful
book-keeping tool, allowing to express sum over all corrections in terms of one-particle irreducible
ones only. In that case the re-summed expression should be understood just a short way to write
down the power series.

Alternatively, to avoid this ad hoc re-summation procedure one can require that the one-particle
irreducible contribution vanishes on-shell, so that the pole is not shifted. This can be in principle
achieved by remormalization procedure discussed in Section[8] This is one of the necessary conditions
for the strong adiabatic limit to exist as will be discussed in Subsection

To find the quantum corrections to the propagator let us consider the following formal equation:

where 1PI stand for the 1-particle-irreducible graphs.
Clearly, it is equivalent to summation of the geometric progression but is somehow simpler in
our case.

We have:

Gap(Frw; 7', w') = Gap(Fw) (2m)6(F+ )0 (w + '),

Gas (B, w) = G (B w) — i(21) Gary (7, w) M (5,0)GSY (B, ), (6.1)

there —i(27)* M7 (jp,w) is an expression corresponding to the amputated 1PI graph without the
overall energy-momentum conservation delta-function. Under our assumption on the symmetry of
the theory we have

M(p.w)=M"  (Fw) =M~ _(F,~w) (6.2)

and
N(pw) = M* _(f,w) = M~ (F,w) = N(F, —w). (6.3)

From now on we will say that a 1PI self-energy correction is of type M (respectively of type N) if it
contributes to M (respectively to N). Then we have the following:

Proposition 6.2. The solution of 1
o /= . 1 1 .
g (Pw) = zam wHalwy+ @M(p, —aw) | |- (6.4)
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1 1
(277)32005 2(».1[,‘

l(w B (wﬁJr miﬁM(“’m +i0> (w + (w5+ LﬁM(ﬁ, —w)) - iO) + (2iﬁN(21 w)ﬂ _

Remark 6.3. Recall that the time-orientation index « in terms of the Feynman rules of [73] de-
termines whether the corresponding external line goes from the future to the past or from the past
to the future. This manifests itself in the free propagator . In fact, Q(O)+ L= Q(_Ol has pole
at positive frequency, corresponding to future-directed propagation, when g(0)7 _ = g(fl at the
negative one. The off-diagonal components vanish, because the line can not be future- (or past-)
directed at both ends.

In contrast to that the corrected propagator in general does not have any of these
properties. This is not surprising, since vertices insertion can convert future-directed lines to past-
directed ones and vice versa.

Remark 6.4. There are two cases when simplifies and looks more like the ordinary prop-
agator. First is the first order of perturbation theory, when we can assume M and N to be small.
Then the off-diagonal terms are always negligible in comparison with the diagonal ones, and each
diagonal component has exactly one pole at :I:wg

ga 7(1(@ w) =—

1
Q _ -
wy = wp + 2WﬁM(p, w). (6.6)

Another case is an ordinary QFT. First note, that in ordinary QFT amplitudes do not depend
on the time-ordering, so M(+w,p) = N(w,p) and the denominator is just

w? —w%——M(w,ﬁ). (6.7)
The numerators are still quite complicated. However, in this case only the Feynman propagator

1

Gr(,w) =Y Gap(Pw) = (6.8)
aB

C2m)A(w? — wf? + M(p,w))

matters. It coincides with the corrected porpagator of the ordinary QFT.

Example 6.5. It is interesting to compare the dispersion relation following form poles of
and the 1-loop correction to the on-shell energy in Ag¢3-theory in the DFR space with interaction
term regularized by the quantum Wick product time found in [75] using the time-independent
perturbation theory (and hence spatial adiabatic cut-off instead of temporal one we use here). In
that case [73]:

with

and [, standing for the Planck length. We will assume that [, = 1 for simplicity. In particular,

—

FE(p,—k,—p+ k) = FEHH (5, —k, —p+ k) =
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1 -, R N
exp (—2 (139 + k2 (p— k)2 + (wy — wi)? + (wp — wi)2 +(wy g — wi)2)> ,

1
Wy = 7<iwﬁ + wr + wﬁig)

3
Then, from we have the following 1-loop correction to the on-shell energy
2 37 - ~
Suoy = LL/ ¢k pR-R)
2 2wy ) (2m)%2wi2wy g

+

e—(wﬁ—w+)2—(w1;—w+)2—(w,;,;z—bw)z e—(—wﬁ—w—)2—(%;—‘0—)2—(%;,;;—&’—)2
wEerﬁ_Eerﬁ wEerﬁ_Efwﬁ ’

which coincides with the result of [75].

To end the consideration of the propagator, let us present it in somewhat different form. At first
sight (6.4H6.5)) describe propagator of two different modes propagating in each of the time direction.
To see that this is not the case let us diagonalize the propagator.

Proposition 6.6. The propagator 0.5) can be written as
)

7o) " Gy

0“1 (p,w)D,, °(p,w)O0ss(P,w), (6.9)

wherd™]

cos (70(52,“;) —sin (e(ﬁ’w)>
0

Ous(P,w) = OP%(p,w) = 2 2 , 6.10
015( ) ( ) Sil’l (9(1)2,w) COS( (1)2,0.))) , ( )
D, A(pw) = A(p,W)—IS(p,w)JrzO B L 7

A(p,w)+B(p,w)+i0 of
. . R 1 .
A(p,w) sin(6(p,w)) = 5 N(p,w), (6.11)
Wi
R o 1 . .
A(p7 OJ) Cos(e(pvw)) =W = Ao (M(p,LU) - M(p7 —CU)) ) (612)
IZ
R 1 . .
B(p,w) = - (M (p,w) + M (p, —w)) + wp. (6.13)
/2

2V ﬁ)) (6.14)

0(ﬁ7 7&)) = 70(]3’7 w)v A(ﬁa 7(")) = 7A(ﬁa w)aB(ﬁa UJ) = B(ﬁ: 7("])'

From the diagonalized form it is clear that as in free propagator (4.5)) we have one mode
with positive frequency wiQ and another one with negative frequency —wpg determined b

‘WWV:@—l(M@M—M@ﬂMY+(1

AP, 2w = £B(p, w?), (6.15)

43in the matrix notation we as usual assume that the first index enumerates rows and the second one columns. We
assume that first raw/column corresponds to ”+” and the second one to ”-".

44we implicitly assume here that the interaction is small enough, so that the equation always has exactly one
solution. The fact that the same wg always solves for both signs clearly follows from A being odd and B being
even
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but they are now mixed by the matrix O. Note that the case of ordinary QFT N (p,w) = M (p, —w) =
M (p,w) produces no special restriction on the angle 6, so the mixing survives in absence of non-
locality.

For the discussion of renormalization and scattering amplitudes reconstruction in the next sec-
tions let us find the behavior of when w — :I:wgz

. +iZ(p) e - Q
G 5(p w) ~ O o (P, 2w )0+ 5(P, £wz) (6.16)
’ 49,,Q Q_ MDD BN =
(2m) 2wy (w F (wjy — i0))
where
wQ
Z(p) = z (6.17)
e (aA(ﬁm _ 83(1%)) ' '
p ow Ow w=w@

One can note tat O+ o(w,p) = O_ _o(—w, p) and hence

+iZ(F)

G* 5(pyw) ~ Oy +a(Bw2)04 157 w2). 6.18
(P w) )28 (w T (@2 — 0)) +4a (D, wy )04 15 (0,wy) (6.18)
The Feynman propagator will have the form
+iZp(P)

Gr(pw) = _G* s(Fw) ~ (6.19)
B

(2m)42wd (w F (wg — i0))

with

Zr(p) = Z(p) (cos (“’;‘”) — sin (9(]327‘*’)»2 = (6.20)

= 2(5) (1 — sin(8(7, ).
Remark 6.7. In the case of ordinary QFT

8(w27(w§)2)
ow _

a@ﬂngHﬁwnj
w:wg

s

(6.21)

Ow

Zp(p) = (

which is exactly the usual field strength renormalization factor for the Feynman propagator.
If moreover the dispersion relation correction vanishes, i.e. wg = wy (and hence A(w,wp) =

B(w,wy)) we also hav@
9(]7, wﬁ) = 0,

i.e. the corrected propagator is diagonal on-shell.

45 As always we choose the branch that behaves appropriately in the vanishing interaction limit.
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7 Adiabatic limit

7.1 Weak adiabatic limit and the LSZ reduction

7.1.1 Existence of the weak adiabatic limit

In this subsection we prove that the weak adiabatic limit exists in a massive theory with fast enough
decreasing vertex factor. ~
We start by introducing some notation and terminology. The argument of A in a factor corre-
sponding to the vertex by item [4) of Proposition [£.2] measures how much the energy is not conserved
at that vertex due to the adiabatic switching. We will call it the energy defect. An individual
contribution of a Feynman graph I" with V' vertices is a homogeneous (of power V') functional of A,
so we can write
gal,...,an(ﬁlawl;-~-;ﬁnawn) = (71)

Z/dAl"'dAVgF;al ,,,,, o (B1, w153 Py wni Ay AV)A(AL) - A(Ay),
T

where A, is energy defect of the ith vertex and the distribution Gr.q, ... a, (D1, w15 ; Pnywn; A1, ..., Ay)
can be deduced from Proposition The (weak) adiabatic limit then is appropriately defined val-
ued of that distribution at Ay = --- = A, = 0. In an ordinary QFT, as was shown in [74] in
absence massless particles the (contribution of a fixed graph to) correlators are smooth functions of
the energy defects A; in an appropriately chosen neighborhood of the origin, provided that the UV
divergences were taken care of by (infinite) renormalization, so the adiabatic limit is well-defined.
We want to prove that the same holds in the class of non-local theories we consider without any
need of infinite renormalization.

Theorem 7.1. Assume that the dispersion function has a mass gap,
wy > M >0, V5 e R,

and the twisting function decays faster than any polynomial of its arguments at infinity in any
direction.

Let T' be a Feynman graph with E external lines and V wvertices. Take a family of Schwartz
functions fo, . .ap(@1,w1;...;0p,wE) and define a distribution G{: € D'(RY):

Gllg = /dpq--.dﬁEdwl.-.dwEdAl-.-dAV.

Orion,...av (P1,w15 - DB, WE; A1, ..., Ay):
g(A1, . Ay) fO O E (P, w3 P, wE)-
Then Gf. € C>(RY).
Before proceeding to the proof let us introduce the “time-momentum” counterpart of (|7.1)):

Gay,..oap(P1st1, - DB tE) =
Z/d7'1'"dTvér;al,...,aE(ﬁhth-~',ﬁE,tE;Thu-,TV)S\(Tl)"'S\(TV)-
r
Now for a collection of Schwartz functions fo1--az (P1,t1;- - ;P tr) we define éfz € D'(RY) as

GLla) = /dﬁl ~dppdty - dtpdr - dTy-
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Glian,an (BLot1i 5 PE tE T, TV
Q(Tl, R aTV)f:almaE(ﬁlatl; e 7ﬁE;tE)
If we assume that f and f are related by the partial Fourier transform,
for B (@t P, te) =

1
(2m)*

am . Zi(witi e twpt
/f“1 O (P, wis P wp)e TR duy -

then é{: is nothing but the Fourier transform of QIJ: .

Proof. Let us compute the wave front set of Qf:. For that we fix a compactly supported smooth

function x € C§°(R) and compute the Fourier transform of gff [x®V] which, according to the con-
sideration above, is just

¢ GLREY)
with
XEV (1, mv) = X+ &) - X(v + €v),
=~ _ L —iAT
xX(1) = ) /dAx(A)e )

Let us look closer to the integrals over the variables 7; and t; in QY: [)Z?V]. We can subdivide
the integration domaiﬂ into a finite number of subregions O , enumerated by the permutations
o € 6 and ™ € Gy of the form

Oro = {(Tl,...,TV;tl,...,tE) EIRV'*'E|7',rl < Ty <00 < Try s

toy <loy <...<top}

Let us fix such a subregion. It is enough to consider only the region corresponding to the identity
permutations,
Ord,rda = {(Tl,...,Tv;tl,...,tE) € RV+E|7'1 <Tp < ... < Ty,

t1 <ty <...<tg},

because integration over any other O , can be rewritten as integration over Oyq 14 by renumeration
of the vertices and the external lines. Now we subdivide this region to even smaller subregions

R, = {(Tl,...,Tv;tl,...,tE) GOId,IdH <i<j<E = t; <ty (7.2)

1<i<j<V = T < Tj,
1< 5; = T; < 1. iZSj:>Ti>tj}>
where {s; }le is a non-decreasing sequencelﬂ We restrict our attention to one such subregion.
In the region R, only one of the choices of all time-orientation contributes and in this contribution

all Heaviside functions are equal to identity, so, besides the test-functions all dependence on 7; and
t; comes from time-dependent exponents in vertex factors.

46Recall that the most singular objects in the Feynman rules of Proposition are the Heaviside functions, so
we can treat all integrals as ones of the discontinuous functions. In particular, we can divide the integration regions
safely.

47Simpler form of (7.2) is { V+E|
Rs={(r1,...,7vit1,...,tg) €R

T Ty < < Ty m1 <t < Ty < Toqgl <oov < Togol <top < Tgy <o+ < Ty},

but the later form is ambiguous in degenerate cases like s; = 0.
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To begin with we examine the integrals over 71,72, ..., 7s,—1 appearing in QN{f [)Z?V} according to
Proposition [I.I] with the integration region restricted to Rj:

/ e M Qamat Qe T ) Yy 4 €y) - (oo + gy —1)dTy e dTe 1 =
T1<T2 < <Tgy —1<t1

s1—1 C G A
1 /e—itl(Ql-‘rAl-‘r'“-‘rQsl—1+Asl—1) T —ie lg]A]X(Aj) dAl c o dA .
(—27i)s1—1 1 ks (e + Ag) +10 .
Here we kept only the factors depending on the variables 7i,72,...,7s, -1 and —€); is a sum of

the on-shell frequencies with appropriate signs from . We note that ©; > M, because only
time-orientation ”-” is allowed by the Heaviside functions for incidences with the earliest vertex.
2, 1 < j < s1 can contain negative terms, since there can be lines starting at earlier vertices and
ending at the jth one with ”+” orientation at the latter. But such a term should also appear with
positive sign in O, k < j. Hence if we consider >, .. (k < s1) all negative terms will cancel,
thud™|

> Q> M,Vj < s (7.3)

k<j

Then we can always restrict the support of x (say, |A;| < M/2V) so that the denominators are
bounded from below. The integral over the earliest s; — 1 interaction timestamps then takes the
form

/e*i(E1A1+“'+§sl—1Asl—1)e*itl(521+A1+“'+§251—1+A51—1)

X(Al, P aAsl—l;Qla . .7981_1)dA1 . 'dAsl—l =

ettt ) X oty € Qe Qs 1),

where X € C°°(R2(51=1)) X is its Fourier transform with respect to its first s; — 1 variables. X is
bounded together with all its derivatives with respect to A; uniformly in € (in the range of Q, ad
functions of the internal momenta bounded by ) and therefore X is rapidly decreasing in its first
51 — 1 arguments uniformly on the rest.

The latest V' —sg + 1 interaction vertices can be treated in the same way, contributing the factor

e_itE(QsE+"‘+QV)Y/(§SE + tE, e ,§V + tE; QSE, ey Qv)

where Y is fast-decreasing function of the first half of its arguments uniformly on the others. At last
we consider the integral over the remaining 7; and ¢;. We have

I:‘/ dTSl'“dTSE,ldtl-"th

11 <Tsy <Ts1 1< <Tsp—1<ip

67it1(91+-..+Qslfl)X(§1 +11,... ,551_1 +1t1;Qq,..., Qsl—l)
et Qep Tt WV (e ftp .y +te; Qps. .., Qy)

SEfl

fal"'aE(ﬁlat1§"' 7ﬁEatE) H X(T]""fj) <

Jj=s1

/ dry, -+ drs,_1dty - dtp
t1<Ts; <Ts; 1< <Tsp-1<tp

48The situation when all contributions are cancelled is not possible since we do not consider the vacuum energy
corrections.
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|falaE(ﬁ17t17 JﬁE7tE)HX(§1 +t17"'7§\9171 +t1;Ql7~"7Q\9171)|
SEfl

Y (&op +tm, v+t Qoprns o )| [ X+ 6)|-

Jj=s1

Introduce new variables
Cj = é.j + t17.j < S1,

G =& tie,j> sE.
Clearly the change of variables

(tla"'7tE;§17'"agsl—l;ész"?gV) — (tly---7tE;C1a"'7(51—1;4—55’""CV)

is invertible and ff( Y is a fast decaying function of the latter variables. Hence, it decays fast as a
function of the former. In particular, for any IV, we can estimate

|fa1maE(ﬁlat1; e aﬁEytE)X(Sl +t17‘ .. 755171 +t1;Ql7' . ,7951,1)X (74)
V(&ap +tm v+t Qapra, o, Q) KON+ + -+ +15) 77

Q472 2+ G+ + g+ )N

Here we took into account that inside the integration region |7;| < max(|ti|, |tg|). Now we can
safely expand the integration to the whole space RF+t55=51, We have

sg—1
1< 36 = i i, ) ] a0l + 61
Jj=s1
where J is the result of integration over t1,...,tp which is a fast-decaying function of its arguments

by (7.4). Again, we introduce new variables
G =28& + 7,81 << Sp.

note that the transform (£,7) — (¢, 7) is invertible, and the integrand is a fast decaying function
of ¢, 7. Hence it is also fast-decaying as a function of the original variables and integration over 7
leaves a fast-decaying function of &;. It means that

WF(Gl) =2

for an appropriately chosen neighborhood of the origin W, hence that distribution is equivalent to
some smooth function whenever restricted to W. O

Note the the proof above fails if the vertex factor regularizes the loop integral by making it
rapidly oscillating rather than decreasing in UV region. So, it can not be applied to the theories
with star product interaction.

7.1.2 Feynman rules from LSZ reduction

Now, as we know that the correlators are well-defined in the adiabatic limit, we can use LSZ reduction
reviewed in Subsection to reconstruct the scattering amplitudes. Combining it with Proposition
we can get the Feynman rules for the scattering amplitudes, replacing Proposition [4.4] in the
weak adiabatic limit. For that note, that any correlator can be written in the form

n

GOV (B Wiy P, wp) = H G, (B, i) MPY B (5 wrs o 3, wn) (7.5)
i=1
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where MP1Bn (P1,w1; -+ ; Dy wn) stands for an ”amputated” correlator, i.e. the correlator com-
puted according to the Feynman rules of Proposition but without the external propagators and
their 1-particle reducible correction, which are all summed in the corrected propagators G* 5 (p;, w;).

Now, comparing (6.17H6.19) we get:

a = +i\/Zr(p) = L0 Q
yw) ~ Z (PO W), tw?,
2 P o gy DO

where

) = 20 o OsalB) _
20 = ZEZeLE = V7).

Then (3.45)) takes the form

g, i=1
aj-al jarom (o, Q. . Q. _~ Q. . QY _
M ! ' n(plﬁw*/f"aanw“/ 7_p1a_w*7"'1_pn7_w*)_
Py 28 p1 Pn
—y o -
out < Py, apn’|p17' “* 3 Dn >in,

where u&i)(ﬁ) = Z(P)O+ 5a(P, wg).

7.2 Strong adiabatic limit

Let us very schematically see how the external line corrections make the strong adiabatic limit ill-
defined. We are not aiming to find out the exact renormalization conditions guaranteeing the strong
adiabatic limit existence, instead we just formulate the conditions with which one can hope that it
is possible to make sense of that limit [

Consider a contribution to the scattering amplitude of a graph I' containing an external line
correction. For simplicity we consider a graph with one 1PI insertion to one of the external lines
only. For simplicity we start with ordinary QFT. Then such a correction will lead to a singularity
in the amplitude

S(F,A) = M(we, By =
(k, &) = Mo, )(271')42%3 A +i0

S/(A + Wi, E),

where £ is the momentum flowing along the corrected external line, M is the factor corresponding to
the external line correction and S’ is the amputated amplitude and A is the adiabatic regularizator.
For shortness we have omitted all irrelevant arguments and convolutions with the incoming state.
We also kept the leading order in the adiabatic limit only.

To avoid this singularity we must assume that M (wy, E) = 0, i.e. that the self-energy corrections
vanish on-shell. This is however not enough. To see that we need to take into account that the
first argument of M in the expression above is not exactly the on-shell frequency w;; because of the

adiabatic cut-off. Instead we have something likﬂ
7 1
(277')42(4]]; Al + Ag + 20

S(k, Ay, Ag) = M(wg + Ay, k) S' (A1 + Ag + wp, K),

where A; is the energy defect of the vertex incident to the external line and As is the sum of the
energy defects of all other vertices in the external line corrections.

49The reason for such a vague formulation is clarified in Remark
50In reality the situation is even more complicated because the expression depends on each energy defect of each
vertex in the 1PI external line correction independently but we ignore that to see the key problem
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Clearly, S(E, A1, Ay) still is not a smooth function in any neighborhood of Ay = Ay = 0. We need
however something weaker, namely existence and independence on a compactly-supported function

£, £(0,0) #0, [ f(A1,A2)dA1dAs = 1 of a limit

111206_2/f(e‘lAl,e_lAg)S(E,Al,Ag)dAldAg. (7.7)
e—

-,

In our case the limit exists (at least for some f) if M(wy, k) = 0, but is dependent on f. The only
way out of this situation is to require that M vanishes on-shell together with its derivative. Then
the leading order will be proportional to

.
Ay 4+ Ay +i0’
which still has no limit at Aj, Ay — 0, but the limit (7.7]) vanishes independently of f.

Remark 7.2. The cancellation discussed above is more sensitive than it may look like, because
we need it to hold (or almost hold) not only on the dispersion relation shell, but also slightly off-
shell. For example, we ignored dependencies on all the other A;. But in general it will spoil the
cancellation . Moreover, we should ask for cancellation in each order in terms of A separately. In
[74] it was shown that in a very special approach to renormalization it is possible to make sense of
the strong adiabatic limit of ordinary massive QFT.

In non-local case it is absolutely not clear how to do that.

Summing up, the strong adiabatic limit can exist only if the self-energy correction vanishes
together with its first derivative on-shell. If this is the case, the external line corrections do not
contribute to the scattering operator at all. The fact that the strong adiabatic limit does exist in
the local, Lorentz-invariant QFT with one spinless massive specie of particles was proven in [74].

In the theories considered in this thesis there are two kinds of one-particle self-energy corrections.
The one of type N is followed by the propagator with ”wrong” time-orientation which is regular on
the dispersion shell. But two such corrections in a row will be followed again by a singular propagator.
The same happens if we have some corrections of type M between two of type N. Let us resumm all
propagator corrections which may appear between two singular propagator, but contain only regular
ones inside:

Ming(Pyw) = M(p,w) + N(p,w S (M D, —w ) —
(L) = M(PLw) + N(B.w) 5 +wﬁ); () g

o N(p,w)?
M(Fw) — B -

M(pv _w) + 2&)[7((4} + UJ;,;')

A(p,w)? — B(p,w)?
2w ((w —wp) — ——= (7, w) — (7. ) — )
A(p,w) cos (0(p,w)) + B(p,w)

Ming plays the role of "resummed” 1PI corrections. The full correction can be achieved by summing
over number of insertions of My, as usual. The natural renormalization conditions then are

Msing(ﬁa w;ﬁ') = 07
0 "
(&uMsmg(nw))w_w =0.

A(p, wp) = B(P, wp),

51We consider only this possibility (ignoring that we can also have A(p, wp) = —B(P,wp)) and the possibility for
the denominator to be zero or infinite) because only this condition holds automatically in a free theory. Since we are
working in the frame of the perturbation theory, only such branch can be considered.

First one leads t(@
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which according to discussion in [6] means that the dispersion function remains uncorrected by
the interaction. The second one simplifies drastically when we take the dispersion relation non-
renormalization into account and reads as

. 2
Z(p) cos <9(p,2w5)) =1

Comparing it with Proposition [6.6] we see that the renormalization conditions mean that the sin-
gular parts of the components G+ +(Pw) and G~ _(p,w) remain uncorrected. But the off-diagonal
components G _(j,w) do admit quantum corrections in general. This happens because contribu-
tions of one correction of type N alone or followed by arbitrarily many corrections of type M does
not bring any new singularities and hence does not must vanish on-shell. Due to the same reason
in contrast to ordinary QFT we have regular and not vanishing external line corrections. Summing
up these corrections we get the corrected external line factor

NP s om) 22 (v “”%«»wﬁ)) )
N(p,w) = —tan M
- M (P, —w) + 2w5(w + wp) A=B t ( 2 )

followed by amputated amplitude with a ”wrong” time-orientation of an external line. So, we can
formulate the following:

Conjecture 7.3. The (appropriately defined) strong adiabatic limit of a massive theory exists if

N
and Z(p) = cos (%) (may be, together with other conditions). If this is the case, then it is
given by

— — i3 — — — —
out < BBl B >0 = ) g el (B1) - ol )
M(lea"/alman (13"170‘)17'1’ s ;ﬁn/vwﬁ’n,;_ﬁlﬂ _wg’ cees _ﬁnv _wﬁn)a

where

u(+)(strong) () = ugj)(strong) 7 =1,

stron —)(stron, 0 _; p
WHEtrong) (g _ o Ot g)(ﬁ):—tan< (p2wp)>.

We note that (7.6]) gives exaclty the same scattering amplitudes if the renormalization conditions
are satisfied. We also note that due to Remark ﬁ ugj)(p’) = u(__)(ﬁ) = 0 for an ordinary QFT.
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8 Renormalization

In ordinary QFT the correlators do not depend on the renormalization in adiabatic limit (up to
fields rescaling), and hence scattering amplitudes reconstructed from the weak adiabatic limit is
independent of the renormalization. On the other hand, the strong adiabatic limit exists only if
renormalization was chosen appropriately.

As we will see, in non-local QFT even correlators are affected by renormalization. Before going
to that we will first define another ”formal” renormalization procedure, artificially constructed so
that the correlators are preserved by it. It will be defined only diagrammatically, so it is not clear
if a formally renormalized QFT is a quantum field theory in any reasonable sense at all. We note
also that the ”formal” renormalization may be useful for the renormalization group methods.

We postpone discussion of the results achieved here until the last section.

8.1 Formal renormalization

In this subsection we will deal with ”formal” quantum field theories defined by the corresponding
Feynman rules.
Let us begin with a formal definition of this notion:

Definition 8.1. A formal non-local quantum field theory A is defined by a dispersion function Awﬁ

and a collection of vertex factors 4 F®1 @ (P} wy;- -+ ; P, wy) which are non-zero only for a finite

number of values of n. Both dispersion function and the vertex factors are assumed to be continuous
By a free propagator of A we will mean

55 (P)
(2m)*24ws(w — a(Awy — i0))

0 . .
Ag 0 5(?; w) =i
and by a correlator in A we will mean the correlation function

Agﬂély"' No?S (]71,&)1; T 7ﬁnawn)

formally calculated according to the Feynman rules of the Prop. with free propagator 4G
and vertex factors 4F instead of G(°) and F respectively, substituting into #F the frequencies w;
assigned to the corresponding lines, taking into account the sigr@

We say that formal quantum field theories A and B are equivalent if there is an invertible
momentum-dependent matrix 4% Z(5;) (which will call the equivalence matrix) such that

n
Agal,...,an (ﬁl?wl; e aﬁny Wn) = H A7BZ<@)ai b (ﬁl)Bgﬁ,‘..,ﬁn (ﬁh Wi .. 7ﬁn7wn) (81)
i=1

We will call such theories ”formal” because in fact we do not construct a non-local Hamiltonian
from which its vertex factors follow.

For simplicity we do do not discuss invariance of the formal quantum field theories with respect
to rotations and inversions, so the analog of may be violated.

For a given formal QFT we can formally apply the LSZ formula to get the scattering amplitudes.
If two formal theories are equivalent, the corresponding scattering amplitudes will coincide as well
as the physical spectra. The converse is not true in general.

52This possible (in fact polynomial) dependence of the factors 4 F on the off-shell frequencies is necessary to treat
the counterterms which will appear in the ”formal” renormalization. Note that the non-locality lead to dependence
on the on-shell frequency, so such counterterms can never be induced by any Hamiltonian correction. We should note
that the off-shell frequency can traded for the on-shell one as it is shown in Section @
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Section |§| applies to the formal theories without any change. We get an analog of (6.1]) which we
prefer to write in the following functional form:

Age 50 w) = (22)4R <(AMMY 5 (D, W))W;:i 7W;Awﬁ) ) (8.2)

where A M7 s(P w) is a sum of one-particle irreducible self-energy corrections and we introduced a
matrix-valued function

R(M,w,w) = 2w (w—o.w') — M)™!, M € M(C),

(1 0
o=\ 1)

We are now ready to formulate the main theorem of the subsection. It is nothing but the standard
renormalization independence of the correlators stated in a purely diagrammatic form.

Theorem 8.2. Let A and B be two formal non-local quantum field theories such, that

n
BF&I"”’QTL (ﬁlvwlv et 7ﬁn7wn) = HA’BZﬂL & (IZ’)AFBIMH,&H (ﬁlawl; e 7ﬁn7wn)? (83)
i=1
n # 2;
2
BRO2 (B, wi; fa,wa) = [ [P 25, 1 (B0) - A FPP2 (1, wr o, wo)+ (8.4)
i=1

OM 2 (P, wi)

for some invertible 2 x 2 matriz 4B Z(p) and SM**2 being such that
A
R ((MO‘ B)aﬁ:i W, wﬁ) (8.5)

:R<(A’BZ,Y oc,A,BZ(S 5(*17)M’Y 5+5M¢x ﬁ(ﬁw))aﬁ:i’w7Bwﬁ>

for any matriz M® 4.
Then the theories are equivalent with the equivalence matriz “5Z.

Before providing the proof let us make a simple observation on the combinatorics of the Feynman
graphs. This result is standard but we reproduce it here for the sake of clarity.

Lemma 8.3. We say that a full subgraph of a Feynman graph is a self-energy correction if it is 1PI
and has ezxactly two external lines (we treat internal lines of the full Feynman graphs which connect
the subgraph with other parts of the graph as external lines of the subgraph). We say that a graph is
non-corrected if it contains no self-energy corrections.

Then the Feynman rules of Proposition can be modified in the following way:

e Sum over all graphs is replaced by sum over all non-corrected graphs
e Free propagator is replaced by the corrected propagator.

Of course, the statement above should be understood in the sense of formal power series. Namely,
we always compute the correlator up to some fixed order in the interaction constant and we need to
truncate the corrected propagator at the same order.
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Proof. To any Feynman graph corresponds a unique non-corrected Feynman graph which can be
achieved by cutting out all self-energy corrections and sawing back the broken links into the internal
1inﬂ Summation over all ways to insert arbitrarily many self-energy corrections to an internal line
gives exactly the corrected propagator. O

Proof of Theorem[8-4 1. Observe that we need the equivalence on the level of corrected propa-
gators only, i.e.

2
AGaan (1, w15 P2y w2) = [[ AP Z(50)a, 7 - PGp, 0 (1, w1 s w2). (8.6)
i=1

In fact, a graph clearly can not contain a quadratic vertex anywhere except inside the corrected
propagator. Then combining (8.3)) with by Lemma all other correlators also satisfy

(8.1).
2. Note that from (8.2) and (8.5 the equivalence on the corrected propagators level holds

whenever

2
BV (i wis o, wa) = [ [ 422, @ (5) - A MO (51, w15 52, wa) + SM 2 (51, wn). (8.7)
i=1

3. By a slight modification of the proof of Lemma [8:3] we can show that the 1PI corrections
AMBB2 () Wi P, wo) and BMP1B2 () wi; ph,ws) can also be found as a sum over all non-
corrected graphs with propagators replaced with the corrected ones. From we see that
the theory B in comparison with A has one extra quadratic vertex (corresponding to the vertex
factor 6 M*1*2(j5),wq)) and hence one extra non-corrected graph, consisting of that point only
(this is the only connected non-corrected graph containing quadratic vertices). So, we have

BMa1a2 (ﬁhwl;ﬁQan) = BMIO(IQQ (ﬁhwl;ﬁ?,w2) + 6Ma1a2 (ﬁl)wl)a

where B M’ is the contribution of all other graphs and becomes

2
BM02 (fy, wis o, wa) = [[ 4P 2, © (53) - * M52 (B, wi; 2, ws). (8.8)
i=1

4. Since AM and BM' are sums over the same set of graphs and the vertex factors contributing
to them coincide up to contraction with 427, (8.8), and thus holds whenever (8.6 does.

5. We have shown that yields (8.8)), and, conversely, (8.8)) yields . To finish the proof we
note, that both ZM’ and A M computed according to Lemma depends only on lower orders

of the corrected propagator (since they always contain at least one vertex factor bringing at
least ne power of the interaction constant). So, if holds up to Nth order, then holds
for N + 1th order and thus (8.6) also holds up to N + 1th order. Moreover, in zeroth order
both M and M’ vanish, so is trivial. Therefore, by induction , and thence
holds for all orders. But we established that this implies the statement.

O

The extra vertex dM plays the role of counterterm. Let us examine what counterterms should
we add to realize the dispersion relation and field strength strength renormalization.

53This is close to the concept of a skeleton graph. But we separate only the propagator corrections, which makes
the result unique and independent of the order in which we cut out corrections
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Example 8.4 (Dispersion relation renormalization). Let A be a physical theory with Awﬁ = wy and
Q be a formal theory with “w; = Q; and there are no field strength renormalization, 4227, # = §5.
Then the counterterm is

QsMe 8= 2(55 (Qﬁ — w];) (aw — (wﬁ—&- Qﬁ)) .

Example 8.5 (Field strength renormalization (general)). Again we let A be physical theory and
B = Z be a formal one with the same dispersion relation, but this time 422, #(p) = Z, #(p).
Then the counterterm is

Z5M® 5 = ~2up((wp — 10) X (P) — Y5 ()

with
X§() = 03 — Z, “(HZ" 47

YE() =058 S 0Z, “BZT 4()-
%l
Example 8.6 (Usual field strength renormalization). The usual field strength renormalization is

25 *(7) = 63/ Zp

ZEM® 5 = —2wi((wy — 0) — Bw)(1 — Z})55.

leading to

Example 8.7 ("Unmixing” field strength renormalization). In this example we assume that the
relations (6.2f6.3) hold. Let us consider the following generalized renormalization:

0(p, w2
2, t(0) = 2. ~(5) = V() cos (“’2)> 7
0(7,w?)

Z Y =2, (1) =—Z{@sn <2> .

In this renormalization the corrected propagator coincides with the free one on the (corrected)
dispesion relation shell.

Of course, it is possible to write down the general counterterm incorporating both field strength
renormalization and dispersion relation renormalization.

8.2 The physical renormalization

In this subsection we will consider more traditional view to the renormalization, based on the
ambiguity of the separation of the Hamiltonian into free and interacting parts.
In this framework the (physical) renormalization is given by considering

""Hy = Hy+ 0H.
Moving to the interaction representation we get
SH(t) =U(t)SHU(t) .

As it is clear from Subsection we should be very careful with non-locality in time and even
with the derivative with respect to time in § H, which is the case for the field strength renormalization.
In particular, the interaction representation of the derivative (with respect to time) of an interacting
field is not equal to the derivative of the corresponding free field.

Instead we present 0H as a local (in time) functional of the field and its canonical momentum.
Then §H; can be achieved through .
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8.2.1 Dispersion relation renormalisation

We again start from the dispersion relation renormalisation. We define

“Hy = Hy + / aF : G(F, )B(—F,£) : (92— w?) =

. / R (860 (F, 050 (~F. ) + 26O F, 060 (K1) -

The counterterm, compensating passing from Hy to Hy, its interaction representation and the
corresponding vertex factor then are:

1 [ o - L
Q5H — = /dkz Lok, t)p(=k,t) : (QF — w?),

QSH; = 7% /dE : ‘50(%7 t)éo(*]g’ t): (Q% - w%),

5 Map(k,w) = —(Q% — w2).

This is exactly the counterterm of the ordinary QFT (despite the fact that we allow now general
dispersion relation, so the counterterm is in general nor Lorentz-invariant, neither spatially local).
It can never (except the trivial case wy = ) coincide with Q5M 5 of Example Moreover,
the physical renormalization of the dispersion relation not only produces a counterterm but also
changes all the vertex factors. Indeed, to find the vertex factors F' defined by depend not
only on the interaction kernel density s, but also on the bare dispersion relation wg. It is in
principle possible, that for some very special interaction the effect of the counterterm and of the
dispersion relation change could somehow compensate each other, but it would be a very special
restriction on the vertex factors. Hence in general such renormalization does not preserve any of
the correlators G, ... a, (P1,w1;--.;Pn,wn). One may hope that this issue will be resolved in the
theories introuduced in

Remark 8.8. However, by slightly modifying the proof of Theorem [8.2] one can show that if the
vertex factors do not depend on the time-orientations (i.e. we are considering a local QFT without
derivatives with respect to the time in the interaction) this renormalization preserves the physical
(i.e. summed over all time-orientations of external particles) correlators G(p1, w1; -+ ; Dn,Wn)-

8.2.2 Field strength renormalization

The field strength renormalization is passing from ¢(k,t) to Z(k,t) = \/ZI(E)QZ;(E, t). To preserve
the canonical quantization relations (3.2]) we need to renormalize the canonical momentum in the
opposite way: 27 (k,t) = VZ(k)7(k, t)PY

The Hamiltonian should be rewritten via the renormalized fields. In particular, for the free
quantum field we will get

54 Alternatively one could start from the Lagrangian with renormalized field substituted and define Z#(k,t) as the
canonical momentum conjugated to the renormalized field. The result will be the same.
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where

is the free Hamiltonian for the "renormalized” quantum fields.The counterterm is

1 [ - 1 e - - oz g7 o)
Z5H = 5/dk : ((1 - Z@)) Zr(k, ) %7 (k1) + (1 - Z(k)) wEZ¢(k,t)Z¢(—k,t)> .

1 = 1 SN K - - 0oz % 7 ~ -
Z5H = 3 /dk: : ((1 — Z(E)) 2ok, t)Z do(—Fk,t) + (1 — Z(k))w,;z%(k,t)Zqﬁo(—k,t)) :

and for the counterterm

#s8uat ) =~ ((1- 55 ) (o) + (1= 20)) = (5.9)

2 <Z(1ma5 + 1) (1 - Z(7),

or

Z5M(P) = Z20M_(p, —p) = Z6M_ (P, —p) = wg(z(?(g)l), (8.10)
ZON(p) = Z6M (B, —p) = ZOM__(§, —p) = wéw. (8.11)

Z()

Clearly, it has nothing to do with Example [8.6] so in general this renormalization also does not
preserve the correlators and the scattering amplitudes reconstructed from LSZ.

In this case it is not that straightforward to compare (8.1018.11)) with the usual counterterm.
To do that we would nee to use the framework of Section Again, one can show that such
renormalization leaves the ”physical” correlators unchanged provided that the vertex factors do not
depend on time-orientations.

8.3 Conluding remarks on renormalisation

Clearly, the “formal” renormalisation can not be used to regularise the strong adiabatic limit, since
it replaces the non-local QFT by a set of formal Feynman rules. However, it can be used as a
starting step to build an analogue of the renormalisation group, which is necessary to compute
the logarithmic corrections (see Remark . Of course, it will be very different from the usual
renormalisation group, not only because of its completely formal diagrammatic nature, but also
because the interactions are not preserved by locality anymore, so they are not defined by a finite
number of constants. This analysis, however, seems to be neccessary if we want to understand how
the corrections due to the non-locality vary in large energy range, from the low energies we live in
to the Planck energies, where we expect the QST effects to be important.

The “physical” renormalisation can be used to at least fulfill the necessary conditions for the
strong adiabatic limit to exist we conjectured. One however has to keep in mind that it is not
renormalisation in the sense of Remark [3.4] i.e. it can not be considered as a shift of the parameters
and for this reason is quite artificial. This is not a surprise, since we did not actually start from the
full Hamiltonian in the form

H = Hy + Hjpg,
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but we took predefined interaction representation H;. As we have seen in Subsection the
relation between H; and Hj,: is highly non-linear in the non-local case, so we can not just add to
Hj the counterterms of the local theory. We note also, that the “physical” renormalisation can not
be used to construct a renormalisation group in any sense, since it changes the physical content of
the theory.

There are other possible approaches from which we mention the following two.

First one can give up invariance of the theory under renormalisation and keeping the full quadratic
part of the Lagrangian Lorentz-invariant. Instead, one starts from a free Hamiltonian with predefined
dispersion relation which is assumed to coincide with the physical one. The counterterms then can
be chosen order-by-order so, that they cancel all quantum corrections exactly. In particular, one can
require the Lorentz-invariant physical dispersion relations to be preserved. The main disadvantage
of this approach is that if we allow such renormalisation, there is no reason to stop at quadratic
counterterms. But if we allow also higher counterterms, in absence of the localityiﬁ7 we can use this
additional freedom to get absolutely any scattering operator. So, such a theory has no predictive
power.

The second one is to consider the theory as time-local theory (see Remark , forgetting
about the original time-nonlocal interaction kernel density. Then it can be renormalised in the
usual way. It is natural to expect that this approach will be a Hamiltonian formulation of the
“formal” renormalisation, because in the time-local theories renormalisation should not change the
weak adiabatic limit. Physically such an approach is still not natural, because the vertex factor will
depend on the bare unrenormalised dispersion relation.

There is a hope that the framework of Subsection [3.1.3|can reconcile the “physical” and “formal”
approaches as it starts from H;,; rather than from H;.

55We note, that to cancel the propagator corrections we have to allow absoulutely arbitrary counterterm. In
particular, they are not local, and if we start from some prescribed form of the interaction, like Example [3.16] there
is no reason in general for the counterterm to be also presentable in this form.
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9 Conclusions

9.1 Summary of the main results

e The results of [73] on non-local QFT in the Hamiltonian approach were generalised to more
generic interactions. In particular, it was shown that it is enough to assume that the in-
teraction kernel is a smooth function of smooth coordinates only, being sharp-localised in
time. Moreover, we saw that any reasonable interaction treated by means of the Hamiltonian
approach [37, [7T] can be represented in this form. Under reasonable assumptions on the in-
teraction kernel, we have proved that such theories are free from UV divergences and that the
spatial adiabatic cut-off can be safely weared off leaving the perturbative scattering operator
well-defined on its natural domain of definition;

e A new (in fact several versions of) version of the Feynman rules, more convenient for usual
combinatoric manipulation was presented;

e Corrections to propagator were computed. The quantum dispersion relation and field strength
normalisation factor were extracted from the corrected propagator. We have seen that the
corrected dispersion relation are in accordance with the results of [75]. This is especially
interesting because the mentioned work is based on the time-independent perturbation theory,
so instead of keeping only adiabatic switching only in time it inevitably assumes only the
spatial adiabatic cut-off.

e Existence of the weak adiabatic limit was shown for a quite general class of non-local Quantum
Field Theories;

e Conditions of the strong adiabatic limit existence were discussed;

e A relation with the Lagrangian Feynman rules of an equivalent time-local theory was presented.
In particular we have proven, that at the tree level the Lagrangian is the usual Legendre
transform of time-localised form of the Hamiltonian;

e Issues of the renormalisation were discussed. More precisely, we have introduced two ap-
proaches to renormalisation, one preserving the correlators in weak adiabatic limit and another,
mimicking the usual renormalisation counterterms rewritten in the Hamiltonian formalism. We
have seen that the choice of approach to renormalisation is vague in absence of locality;

9.2 Outline of further directions

In this thesis we have seen several problems and ambiguities, mostly caused by us trying to treat a
theory which is non-local only in space as a space-time non-local theory. A possible way out of this
was presented in Subsection [3.1.3] where we perturbatively used the equations of motion so that the
truly spacetime non-local theory is presented as a time-local effective one.

Another issue is Lorentz-invariance. One source of the problem is the absence of reasonable
Lorentz-invariant non-local kernels. Some hint for a possible way out of this was presented in
Subsection Another problem is that the Hamiltonian density is not a scalar and it is difficult
to build it so that it will be a component of the 4-vector in the end. In ordinary QFT it is resolved
by the Legendre transform, but it is directly applicable to the theories which Lagrangian depends
on at most the first-order derivative of the field. There are generalisations to higher orders of
derivative and even time-non-local Lagrangians known as the Ostrogradski transform [I10], so it
may be interesting to see if they can be incorporated in the framework of Subsection [3.1.3]

It is worth noting, that even the truly non-local theories of according to Section [f] can be
(perturbatively in each order) described by an equivalent Lagrangian, not containing higher-order
derivatives with respect to the time. In Effective Field Theory there is a known method of getting
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rid of the higher derivatives by means of the field redefinition [I11], which is often interpreted as
usage of the equations of motion. It is interesting to understand if this approach is anyhow related
to ideologically similar method of Subsection [3.1.3]

Finally, it is instructive to compute the non-locality corrections to the scattering amplitudes and
the dispersion relations, taking into account the renormalisation. In particular, it is interesting to
see if the lack of the Lorentz invariance will doom the higher loop corrections even at low energies
as it is expected in local theories [45].
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A Minkowski spacetime, 4-vectors and symmetry groups

We deal with the standard 4-dimensional Minkowski spacetime with the signature (+, —, —, —). We
use upper Greek indices p, v, @ to denote the components of four-vectors and coordinates of the
spacetime points and the lower indices to denote the same components after contraction with the
metric tensor. We follow the standard Einstein summation rule

3
AuBM =" A,B".
pn=0

Then no confusion is possible (mostly in the plane waves phases) we drop the indices at all, writing px
instead of p,z# and p? instead of p"p,. The spatial coordinates and spatial part of the 4-vectors are
denoted with the vector sign. For 3-vectors the scalar product is defined with the usual Euclidean
signature. The norm || - || always denotes the positively-definite norm with Euclidean signature
independently on dimensionality of the space.

The Lorentz group O(1,3) acts on the Minkowski space as

Mzt — M¥ ¥ (A1)

for M € O(1,3), i.e.
M* M, "=t

v

which we will abbreviate with just
r+— Mx.

In all expressions like above the components with upper indices are assumed. Among the connected
components of O(1,3) we will encounter only the proper ortochronous Lorentz group SOT(1,3)
defined by

det(M)=1, M° ,>0.

The Poincare group is denoted by
P =R* % 50(1,3)

with the semi-direct product with respect to (A.1]), and the proper orthochronous Poincare group is
Pl =R* % 50(1,3)".
We denote the universal cover of the proper ortochronous Poincare group with
BT =R % SO(1,3)T = R* » SL(2)
and the covering map
SL(2) — SO(1,3)"

with II.
We use notation (a, M) with a € R*, M € SO(1,3) to denote a generic element of i3, as well as

(a,0) with a € R*, o0 € SL(2) for an element of ‘131
We will also use the symbol A ~ B to denote action of the transofrm A on the value B, assuming
that SL(2) and SU(2) act on tensors and vectors via P), e.g.

(@ ~p)t = ((a) ~p)* =T(a)" ,p".

56We reserve indices from the beginning of the Greek alphabet, o, 8,7, 6, ..., for the time-orientation indices intro-
duced in the main text.
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B Numerical, vector- and operator-valued distributions

For the sake of completeness and to fix the notation we list here main definitions and standard
results of the distributions theory starting from the usual numerical definitions and then going to
less common vector- and operator-valued distributions. All details can be found in [, 8T, [82].

Recall that a (numerical) distribution is a continuous map from a Frechet space of test functions
to the complex numbers. In particular, one usually considers the space of compactly supported
smooth functions D(R™) = C°(R™) with a family of seminorms

[[flla = sup [0%f(z)], (B.1)
TER™

where « is a multindex, leading to the theory of distributions (without any additional adjective) on
X D'(X) and the space of Schwartz functions

SR") ={ f € C®R")|||fll1a < o0}
with a system of the seminorms

1 fllia = sup (1 +[[2]]*)'0°f ()]
ESING

leading to the space of tempered distributions S'(R™).

Remark B.1. Without any additional difficulties arise one can always replace S(R™) by a direct
sum @, S(R™) and get the space of multi-component distributionﬂ

(@ S(R")) =P s ®m (B.2)

(and the same for compactly supported functions), so we can equally consider such a distribution F
as a collection of r usual distributions F; or as a whole distribution F'.

In the following, we will use T to denote either S or D. We will also drop R™ in cases then the
number of dimensions is not important. Note, that we have D C S and thus S’ C D'.
We use a lot the formal notation

Fofo FIf] = /f(:v)F(x)d”x, FeT, feT, (B.3)

or for multi-component distributions

k n

Fofo Pl =Y Filf] :Z/fi(x)Fi(x)d”x, Fe@T. fe@®T (B4
k n

i=1 i=1

where the right hand side should be understood completely symbolically. All expressions containing
distributions evaluated at a point, like F'(x), should be always understood as shorten versions of that
expressions integrated with an arbitrary test function. In particular, we will use some operations on
distributions defined by formal manipulations with

(AF + uG)[f] = AF[f] + uGlf], VF,G €T VfeT ¥\ pueC;

(fF)lgl = Flfg], YFeT' NfeOu,VgeT;

57We could call them vector-valued distributions, but we preserve this name for much more special space of distri-
butions with values in an infinite-dimensional Hilbert space.
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and with
(\F + puG)[f] = AF[f] + uG[f], VF,Ge @ T Vf € @ T. VA e M,(C);
k k

(fF)lgl = FlfTgl, VFeT'(R"),Vg€T[R"),feOuR"M(C)).

Here
O (R") = {C®(R™)|Vadcq > 0,ps € N,VaR" : [0% f(2)| < ca(1 +||z]|*)P~} (B.5)

Oum(R™, M (C)) =
{C>®(R", M(C)|Va3c, > 0,pa € N,VaR™ : ||0° f(2)|| < ca(l+||z]|*)P~}
are the functions of polynomially limited growth which are defined so that ©,,7 C 7. For an affine

function R™ — R™
¢o:7— Ar+b

with b € R?, A € GL(n) we also deﬁnﬂ
(For)[f]=F[|det A" for '] VFeT VfeT.

We also use the standard notation for derivatives of the distribution based on formal integration

by partﬂ

There is a natural embedding 7 — 7' defined by with F'(x) being an actual function. In this
case we will identify the function F(x) with the corresponding functional and write F € T C T".

We say that distributions F' and G coincide in an open region O if for any test-function f
vanishing outside of O we have F[f] = G[f]. The complement of the maximal set on which F
vanishes, i.e. coincides with the zero functional, we call the support of F.

The tempered distributions are of great use because we can define the Fourier transform on
them. To avoid conventional confusions, we will always write the Fourier transform as a functional
integral, for example, for F € §'(R):

F(k) = / dze’*® F(z) (B.6)

which should be interpreted as

Flu] = Fla), Vue S(R), (B.7)

where
u(x) = /dku(k)e“”. (B.8)

Here we implicitly used the fact that the Fourier transform is a continuous map from S(R) to itself.
The definition is chosen so that when restricted to S(R) € S'(R) holds in the usual sense.
Generalization to arbitrary number of dimensions is straightforward. We will often use the partial
Fourier transform, i.e. Fourier transform only in part of the arguments.

We also have the following:

Theorem B.2 (Theorem 2.1.3 of [81]@). Let F € T'(R™) with T being either D or S. When F
defines a continuous map

TR™™) = T(R™)
Flifity) = F[f(9)]

58This definition can be of course extended to a more general class of 7, but we will not need it.
59 Alternatively, it can be interpreted as a usual definition, see 2.2B of [77].
60Tn [81] it is actually proven for 7 = D(R™), but generalization to 7 = S(R™) is straightforward
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By f(-,y) we mean f as a function of its first n arguments with the last m fixed to y € R™.

Theorem B.3 (Theorem 2.5 of [77] and V.12 of [82]). A continuous in each argument functional
on S(R™) x S(R™) is jointly continuous. Moreover, it extends uniquely to a continuous functional
on S(R™™),

Theorem B.4 (Subsection 2.4B of [77]). Let F € T'(R™), G € T'(R™). Then there is a unique
distribution F @ G € T'(R™™™) such that

(FeG)(feg) =F(f)G(9).

Theorem B.5 (2.4B of [(7]). Let F € T'(R™), G € T'(R™). Then there is a unique distribution
F®G e T'(R"™) such that
(FeG)(feg)=F()G(9).

Symbolically we will write F'(x)G(y) instead of F ® G.

Remark B.6. By combining linear non-degenerate transformation of coordinates with tensor prod-
ucts we can define products of distributions with linearly independent variables.

Vector-valued distm’butionﬂ are analogously defined as continuous maps from S to a Hilbert
spacﬂ H. In this case it is enough to require that ¥ : § — H is a linear map and the scalar
product (¢, ¥) € &’. This allows to use all the operations we have defined for the numerical
distributions. It can be also shown that for a bounded operator A, AV defined as a composition of
maps ¥ and A is also a vector-valued distribution. We keep using the symbolic integral notation

w[f] = / & f () ().

The scalar product of two vector-valued distribution can be defined as a numerical distribution.
More precisely, if ¥ and ¥ are vector-valued distributions o R™ and R™ respectively, then there is
a unique distribution (¥, V') € T'(R"*™) such that

(2, ¥)[f @ g] = (T[f], ¥'[g))

Finally, in QFT an important role is played by the operator-valued distributions. Even worse, we
need distributions with values in the the unbounded operators which are unpleasant by themselves.
In particular, we can not say that the distributions are continuous in the operator-norm topology.
Instead we require the following;:

Definition B.7. Let D be a dense subspace of the Hilbert space X and let A map uS(R™) to
unbounded operators defined on D. Then A is called an operator-valued distribution if either of the
following (equivalentﬁ requirements holds:

o f+— A[f]¢ is a vector-valued tempered distribution for any ¢ € D.
o f (¢, A[f]Y') is a tempered distribution for any ¢, € D.

Again, all the operations (except for the tensor product) can be extended to the operator-
valued ones. The tensor product in general can be not defined because product of two densely-
defined unbounded operators can have non-dense domain. We will deal only with such operator-
valued distributions that A[S]D C D (we say that A leaves the domain D invariant). Assume that

61For all proofs concerning vector- and operator-valued distributions we refer[77].
62We limit ourselves to Hilbert spaces because this is the case important in QFT.
63as proved in [77]

80



Ay, ..., Ay are operator-valued distributions leaving invariant their common domain D. Then there
is a unique operator-valued distribution on the same domain A; ® --- ® Ay such that

A @ @A fL1®---® fi] = Ar[f1] -+ - Aw[fx].
The key step in the proof of this fact is to note that

AL (f1) ® - @ Ar(fr) Y|

is a jointly continuous functional of f1,..., f, for any fixed ¥ € D, by application of Theorem [B.3]
Then it can be uniquely extended to a vector-valued distribution, making

AL ® - @ Ag[f]Y

defined for any ¥ € D, and any test-function f on the product space. As always, we refer to [77]
for any further details. As with the numerical distributions, we will write

A1($1) T Ak(xk)

instead of

A1® - ® Ay, ..., T).
We will say that an operator-valued distribution F' with the domain of definition D wvanishes in an
open region O if whenever evaluated on a test-function outside of O we have

F[f]¥ =0, V¥eD.

For a numerical distribution one can also clearly define its complex conjugate via

Flf] = F[]].

Definition of a quantum field requires a generalization of this operation to the operator-valued
distributions. For that we require that the operators A(u)* are defined on D. Then one can show
that
A*[f] = AlfT

defines an operator-valued distribution. Outside of this subsection we deal only with operator-valued
distributions, such that A(u)* is defined on D for any u, so we will assume that this is a part of the
definition.

In the end of this exposition we turn back to the numerical distributions. Sometimes it is
important to have a criteria determining if a distribution is actually a smooth function. For this let
us, following [84], introduce couple of notions:

Definition B.8. Let F' € D'(R"). Then (z,§) € R™ x (R™\ {0}) is called a regular directed point
if there is f € D(R™), f(x) = 1 and a conical neighborhood V' C R™ of u such that the Fourier
transform F'u restricted to V is decreasing faster than any polynomial.

Here by a conical neighborhood of u we mean a cone in R™ containing an open neighborhood of
u and the convention for the Fourier transform is

F(k) = /e‘”“”F(k)d"k.

The (pseudo)scalar product kx can be chosen arbitrarily. The product of compactly supported
function with a Schwartz function is always compactly-supported, so Fu € S(R™) and the Fourier
transform is well-defined. Let us denote the set of regular points of F' with R(F'). Then

WE(F) = (R" x (R" \ {0})) \ R(F)

is called the wawvefront set of F. If F' is a smooth function, then Fu is a Fourier transform of a
smooth compactly supported function which is smooth and fast-decaying, W F(F') = @. Conversely,
we also have:
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Theorem B.9 (Theorem 11 in [84]). A compactly-supported distribution with fast-decaying Fourier
transform is smooth.

It means that for a compact K, if we have
WE(F)N (K x (R"\ {0})) = &,

then F' is smooth on K (i.e. it coincides with a smooth function).

More generally, the wavefronts set of a distribution answers the question how exactly singular the
distribution is. Besides other uses, it allows to determine whenever singularities of two distributions
are aligned is such a way that one can make sense of their product.

Theorem B.10 (Theorem 8.2.10 of [81]). Let U,V € D'(R™) and assume that there is no z,& € R™,
such that
(,§) e WF{U), (z,—§) e WF(V).

Then the product UV is well-defined and
WEUV) C {(z,£+nl(z,£) € WE(U), (z,n) € WF(U)}.

For compactly supported distributions the product above can be defined by first defining its
Fourier transform as a convolution of Fourier transforms of U and V', and it is enough to define
value of UV on any function in D(R™). This product can be also shown to be associative and
behave well with the derivatives. We will need only the existence criteria of the theorem above, so
we do not provide any further details.
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C Action of symmetries on the statespace

Let us fix a Hilbert space Hppys of (pure) states of the quantum field theory. By Wigner’s argument
(see [, [8] for references and proofs) we assume that the symmetry group acts on Hpnys via a
projective unitary representatiorfﬂ As a symmetry group we take at mosﬁ the proper Poincare
group ‘ﬁl introduced in the previous subsection. For this group any projective unitary representation
is equivalent (in projective sense) to an ordinary unitary representation of its universal cover ET [79]
(see also [80] for a more general treatment) which we will denote with U.

We assume that there is a unique one-dimensional subspace (the vacuum subspace), such that
U restricted to that subspace is trivial. A normed vector 2 (which we also sometimes denote in
physical notation with |2 > or |0 > for the free field) from that subspace we call the vacuum.

We require that the time-translations generator has a non-negative spectrum.

We assume that H,,s contains a subspace H; of one-particle states which is invariant under the
action of the symmetry group and the restriction of U to H; (which we will denote with the same
letter) is irreducible according to [79] The unitary irreducible representations of 8 were classified
(again, by Wigner [79]). We restrict our attention to ones which are acceptable as statespace of a sole
massive particle. They are labelled by a real number m > 0 and either integer or half-integer s € N%
called mass and spin respectively. This names appear by correspondence principle with quantum
mechanincs, where the generators of translations and rotations play the role of the momentum and
the angular momentum respectively. Then m? = p? is the mass and s(s + 1) is the squared angular
momentum in the reference frame (see beolw and in [}, [77]).

By Theorem 7.3 of [77] these representations may be constructed as

Hgmas) _ £2(Fr—;)@(2$+1) (Cl)

with
It ={pe R4|pu =m? p° > 0}

being the mass hyperboloid. The scalar product on Hg’“) is defined by

o) = [ T o)

m

where di
o p
d,unb (p) - (27T)32p0 .
The action of B is given by
(U(a,)), (p) = e D3 o (V(,p) oo (TI() ). (C2)

Here the index D® : SU(2) — U(2s + 1) is a 2s 4+ 1-dimensional (spin-s) unitary irreducible repre-
sentation of SU(2) and the index o enumerates direct summands in (C.1)).

Remark C.1. In the following we assume that we have fixed some canonical representations D?
acting on the vector spaces

Ws o ((225-1-17
but we do not specify particular basis and particular realisation. Moreover, we do not specify
explicitly the range of the index o, assuming only that it may take 2s + 1 values. We refer, for
example, to [T, 80, [86] for possible natural choices.

64For simplicity we ignore the discrete symmetries for which the antiunitary representations would arise instead

65More precisely, we start from a Poincare symmetric field theory, but the interactions may break some of the
symmetries.

66Here we actually assumed that there is only one kind of particles. In general one such subspace corresponds to
each particle specie.
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Finally,
V(a,p) = R(p) taR(M(a) 'p),

R(p) = /22 " e sL), (C.3)

with 0® € M2(C) being the Pauli matrices. We not also that II(R(p)), which we identify with
R(p) when no confusion is possible, is a Lorentz boost that transforms a particle with momentum

.

(m,0) into a particle with momentum p.

The description of ’Hgm’s) above is not always convenient, because it is not completely covariant.
This happens because the spin states are transformed by the so-called little group SU(2) rather
than by the full symmetry group SL(2). In particular, it makes the transformation law rather
complicated. To bypass that one introduces the covariant wave-functions [77]. This trick is standard
for QFT, but to make discussion of we will formulate it here in a slightly more general form,
than one usually needs.

Definition C.2. Let L : SL(2) — GL(dim L) be a representation of SL(2). Let We say, that
U — CreCxH!
is a spin-s polarisations basis in L if

1.
ZLji(a)‘I’j,o(p) =Y D5 o (V(a,p)) Wi (l(@)'p),  Va € SL(2); (C4)

2. rank (¥(p)) =25+ 1, Vp e T}
Taking o = R(p) in (C.4) we get

Vio(p) = Y Lis(R(p) ¥, (C5)
J
where \IIEOU) is evaluation of the polarisations basis at p = (m,@) which we call the rest frame
polarisations basis. From (C.4)) we have

S Li@e®) =" D5 (), Vae SUQ). (C.6)
J o’

)

It is easy to see that any rank-(2s+1) 7 x (2s+1) matrix, satisfying is a rest frame polarisations
basis, i.e. it defines a unique polarisation basis via . One can also note that just says
that ¥(®) intertwines representations of L|gp(2) with D,. Since any representations of SU(2) can be
embedded into siutable representation of SL(2), there are plenty of examples of polarisation basisses
for any spin.

The name comes from the fact that for a fixed o ¥, , plays the role of polarisation vector or
spinor (depending on the field) in QED.

This formal notion allows to realise the one-particle statespace in a more covariant form.

Lemma C.3. Let L : SL(2) — GL(r) be a representation of SL(2) and ¥ be a spin-s polarisations
basis in L. Let
Xym =P S®RY

be a space with a non-negative sesquilinear product

(P on =3 [ o) 5 Tea D)0 ()

i7j7o- m
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Then the mass-m spin-s one-particle statespace can be constructed from X by taking the quotient
with respect to the zero-norm vectors and completing the result,

Xy
H(s,m) _ ,m C.8
TF € Xuml(F. Num = 0] (©5)
with a unitary mapping pw m @ X m — H(5m)
prmlfle(®) =D Wi s (D) fi(p)- (C.9)
Furthermore, define the representation Ty ongF on Xy m
(Tw,m(a,a)f)(p) = e~ P L(e) f(II(a) ' p) (C.10)

then pg m intertwines U with Ty .

Proof. First note that the image of py ., is dense (recall that rank of ¢ (p) is always 2s + 1) and

(p‘lﬁm[.ﬂ? p\Il,m[f/]) = (fa f,)\ll,mv

in particular

ker py m = {fe X\I’,m|(f7 f)\ll,m =0}.
so (C.8)) holds. By substituting (C.9)) into (C.10]) we get

V(@) nl o) = 3¢ Di (V0 D)l (1)) =
3D (Vo) T (@) T M) ) =
37 e L(0) o (@) ) f5(1(0) ) =

> T T 50) ) =

(Ula, @) pw,m[Twm(e, a) f])q(p)
which is the intertwining property. O

Remark C.4. The map py ,, is a vector-valued distribution in the sense of Appendix |E|, SO we may

symbolically write
pumlfl = / d'pply . (p) fi(p)-
i=1

We also have A
U(aa a)p‘ll,m(p) = 671paL(a)Tp\Il,m(H(O‘)p)a

Proof. R(p) grows as a square root of p and all representations of SL(2) are of polynomial growth
[77], so we may assume that ||L(R(p))|| < C(1 + ||p]|*)". Then for f € X, such that |f(p)| <
C'(1+ ||pl|*) =2 we have

(W, ) < C" / du(p) (1 + [|71%)~ < oo,
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which proves that p is continuous in the Schwartz norm.
To prove the transformation law take f € X7y, and consider

Ula, a)pw,m[¢1(p) = pwm[Twmd](p)-

Then the desired statement follows from (C.10) and definition of operations on the distributions

from . O

Remark C.5. The functions ¢ € K coincide with the covariant wave-functions in the terminology
of [T7] up to different notation and restriction to the cases when Y is an isometry. There it was
shown, that the construction in the Lemma above is essentially the only way to realize the spin-s
mass-m irreducible representation as a completion of a quotient of a space of covariant (i.e.
transforming according to (C.10)) smooth functions.

Remark C.6. In the interacting theories we deal with in this thesis only the translational invariance
is preserved (we also assume some discrete symmetries in Sections |§| and |8] for convenience, but this
restriction can be easily removed). In that case the projective representation of the symmetry group
is just an ordinary unitary representation of R* (up to projective equivalence) and almost nothing
of the above (except for the vacuum existence and the energy positivity) applies. We however will
treat one-particles state-spaces as perturbed ones of the Lorentz-invariant theories.
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D General quantum fields

Most generally, we define a quantum field as an operator-valued distributiorﬂ with the test-function
space @, S(R?) (see Remark [B.1)) and the domain D C Hppys in the physical statespace, which
leaves D invariant. If = 1 we will say that ¢ is scalar. There can be also several quantum fields
with a common domain, but we will consider only one.

We say that a quantum field is real if

¢lf] = ¢lf1"

We say that the quantum field ¢ is covariant with respect to the group G acting on the spacetime,
if there is a unitary representation U of G acting on Hppnys such that

L(g)é(g~ ' (z)) = U(g) ' ¢(x)U(g). (D.1)

Here L : G — GL(r) is an r-dimensional representation of G which we assume to be trivial on
translations.

For the interacting theories considered in the main body of this thesis, G = R* and the definition
of such quantum field theory stops here. But for use in [2.2.1] we also briefly discuss the Poincare-

D*

covariant (i.e. G = ipl, see Appendix D local quantum fields.
We say that ¢ is a local bosonic quantum field, i@

o(@)o(y) — d(y)o(x)

vanishes in any open region O such that
(x —y)? < 0,Va,y € O.

If instead in all such regions

o(x)o(y) + ¢(y)o(z)

vanishes, we will say that ¢ is a local fermionic quantum field.

The locality and covariance, together with the definition of the operator-valued distributions and
positivity of the energyﬁ together are known under the name of the Whightman(-Garding) azioms
[85]. We refer to [77, 4] for important results concerning such fields.

In the absence of locality and Lorentz-invariance the position-dependent quantum field is not
very convenient to work with. Instead we use the partial Fourier transform

B(T 1) = / & (5, 1) (D.2)

67See the previous subsection

68The product of operator-valued distributions below should be understood as the tensor products introduced in
Appendix @ The same applies to the notion of a distribution vanishing in an open region.

69More precisely, one requires that the generator of time-translations has positive spectrum
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E Fock space and the free quantum fields

We start from an one-particle statespace H; carrying an irreducible representation of the Poincare
group as explained in Appendix [C| Then the standard way to construct a bosonic Fock space (see
e.g. [83]) is to consider

Hyos = CQ & P Ha, (E.1)
n=1
where

P = W = 5,57

stands for the symmetric nth power of H; and the symmetrisation operator S,, defined as

Sp = % Z Pn(s)

€6,

with summation going over the permutation group &,, and p,, being its representation acting on
H®™ by the permutation of factors. In the presence of at least translational symmetries the vector
2 is identified with the vacuum introduced in Appendix [C}

Let Dp C Hpos be a subspace formed by vectors which have finitely many non-zero components

in the decomposition (E.I)).

For any vector ¢ € H; we can define the annihilation
b_[y] : HE" — 1O

b_[Y]t @ thy @ -+ @ by = VA(1h, Y1) @1hy ® -+ - @ 1y,

and creation
b+[1/)] . H®n N H®(n+1)

iU @ ® -+ Q¢ = n+1\/m1/)®¢1®¢2®...®¢n

operator@ One can verify that the symmetric part of the tensor product is invariant under their
action. Hence they induce unbounded operators on Hy,s defined on Dpwhich they leave invariant.

Now, let us assume that we are dealing with a fully Poincare covariant quantum field theory and
‘H1 carries a mass-m spin-s irreducible representation of 3 (see. Then from and from the fact
that the Schwartz functions are continuously embedded into £2 we may consider the operator-values
distributions with test-functions space @,,,; S(R?)

afl =b_ | —— T (E.2)
(2m)32w
and
G e — (£3)
(2m)32wz

where wi' = \/Tm . In the first line the complex conjugation was added because of anti-linearity
of b, and the scaling factor was introduced to achieve the standard commutational relationﬂ

+ N =
[aU (17)7 ao" (p )] - 5(19 - p,)éa,o" .
70In these definitions we treat the vacuum space CQ as a zeroth tensor power of H1

"1The commuatators should be understood in the sense of a tensor product of operator valued distributions as
defined in @ and the equality of course holds only on the domain of definition of that distributions.
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These operators are adjoints of one another as quadratic forms on Dp. From [B| we can define

vector-valued distributions
R ~ 3n R o
[P1, 015+ 5 P, O >= (2) 2 ( @) g, (P1) T - ag (Pn)|Q > (E.4)

n
i=1
with scalar product
n
. - 3 -
<P B O P, 01 B 0w >= 6 Y [ [2)* 2058 (B — B, )00,
s€G, i=1

To define a covariant quantum field, we use the covariant wavefunctions introduced in Lemma
and Remarks In particular, from the latter for a fixed r-dimensional representation L
of GL(2), its dual L*,

L*(e) = L(a™h)T

and a spin-s polarisations basis we have a vector-valued field
PUm @S(R4) — 7‘[1.
T

Let
B(x) = / a4 pe™ py () (E.5)

be its Fourier transform. From Remark [C.4] we have
L(g)®(Il(a~ (& — a)) = U(a, )" ®(x)
Then the free creation field defined as
pot =byo® (E.6)

is a covariant quantum field. The free annihilation field can be defined as its adjoint restricted
to DF L
o— = Po+- (E.7)

This field is also covariant, but it transforms according to the complex-conjugated representation
L, L(a) = L(a). Neither of these fields is local (for all direct computations of the commutators
showing locality or non-locality of the free fields we refer to [80]). For a scalar spinless field, r = 1,
s = 0 the representations L are both trivial and hence identical, so we can form a sum

do(x) = o+ + Po- (E.8)
which is a real local bosonic quantum field. Equarions (E.5{E.8) with (C.9) and (E.2HE.3)) together

give the standard form

. d3p —i(WPt—PT) |+ (WD t—FT)
bo(7,t) = (aﬁe i Tazer ) (E.9)

\/ (2m)32wi

The same idea works for L being a representation of SO(1, 3) (rather than its cover), then all matrices
L(c) are real in a suitable basis, so L 2 L and (E.8) can be combined into

& (T,) = ZU: / ﬁff —

<aﬁ,ge_i(“’glt_ﬁf) + a;raei(wgbt_ﬁf)) U, »(p). (E.10)
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Here we also used that for such L spin is always integer and matrices Y can be assumed to be real.
Such fields are also automatically local bosonic.

For half-integer spin fields locality is possible only in the fermionic case, according to the famous
spin-statistics theorem [4] (in the free case we discuss here it can be also proven directly, [80]).
Free fermionic space and free fermionic fields can be constructed along the same lines, replacing the
symmetrisation operator with one of alteration. We refer to [T, 83] for the details. To make a local
field one still will need to sum creation and annihilation operators. To make it possible, we assume
that L = L. Since this is not the case for a generic representation of SL(2), we may need to replace
L— L.

Remark E.1. Usually the polarisation vectors are also restricted by a convenient normalisation
condition. In our discussion it will not play any role.

Remark E.2. The interacting quantum fields we are discussing in this thesis are neither local nor
Lorentz-invariant. As a result after the renormalisation the free fields can also loose that properties.
But, as it was already mentioned in Remark we consider only the fields which are perturbations
of the usual one. So, as a generic real scalar quantum field we take with broken Lorentz
symimetry,

3
oty = [ EID (o mintopn gy o
’ V(2m)32wy ’

where wy is a generic dispersion relation function and Z(p) is an arbitrary renormalization factor.
We require that Z(p), wy, w};l € 0)/(R?) (see Appendix E}

We will also often use the notation

Po(P,t) = dos (=P, t) + do— () 1), (E.12)
where the partial Fourier transform q~50( p,t) is defined by (D , while

~ Z bt i

Po+ (P 1) = zéw)(? are " rt = o (p,0)e” P (E.13)
and

T o Z(p) iwpt _ ¢~70—(177 0)eiwst (E.14)

are its creation and annihilation parts respectively.

Remark E.3. We have constructed the quantum fields and the creation and annihilation operator-
valued distributions acting on the domain Dy of states with finite number of particles. In practice it
is more convenient to work with the domain Dg of states with finite number of particles and wave-
functions of Schwartz class, that is the subspace spanned by image of vector-valued distributions

D1, 0155 Py O >,

since they are more regular. Outside of this appendix we always assume the all operator-valued
distributions are considered on Dgs. Clearly, if ¢ € H1 N Dg, then by[¢)] leaves S invariant. Since
only such 1 appear in (E.2| , all operator-valued distributions we defined leave Dg.

Remark E.4. It is well-known[? that unlike general quantum fields, the free fields are well-defined
at fixed moments of time. This is especially clear in the “partial” Fourier transform form. In

72A standard treatment of this matter can be found, for example, in [83]. It is however not appropriate for our
discussion.
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fact formally substituting ¢ = 0 into (E.13E.14), we see that éo,(ﬁ, 0) are well-defined operator
distributions (as they are the products of well defined distributions ay and ag with a function in

O (R?)) on R3. Moreover, extending the distributions ¢o,(7,0) ¢o_(7,0) to R* we can define

G (B, 1) = do (P, 0)e ! (E.15)

and ~ ~ _
Go_ (B, t) = do— (P, 0)e™ 7", (E.16)

Moreover, by evaluating ¢f, on an arbitrary test-function one immediately gets that ¢}, = do+
Similarly, using the definition of a tensor product of operator-valued distributions (see Appendix
and its uniqueness one can prove that

Gos (F1rt1) - ey (B ) = € " 2= 490 DG (5 1) Gy, (B ) (E17)

with a; = £. Again, here the fields (Z;a,- (pi,t) in the right hand side should be understood
as distributions on R3. This allows to define a product of the distribution above and a generic
distribution A € §'(R™) depending on time stamps as

A(tla cee atn)(l;al (ﬁl, tl) T J’Oén (ﬁm tn) = (E'IS)

eii 2j=r g (=) (A(tlv s atn)d;ozl (ﬁla t) T ann (ﬁna t))v

where the product in the brackets is the tensor product of two distributions, while the one outside
of the brackets is multiplication of a distribution by a function from © ,;(R*").

In the above we have shown that the distribution in the right hand sides is well-defined,
but it may be enough to convince one that it is a natural interpretation of left hand side. The same
definition can be also motivated in one more way. If we fix two vectors U, ¥’ € Dg (or Dp), then

by (E-I7) we get
(U, Gy (Bryt1) - - Gy, (B )W) = € 2= 90, =D (G b (51 8) -+ G, (B, )T'). (E.19)

Applying Theorem twice (first to compute the wavefronts set of (E.17) and when to prove
existence of the product) we get that the product

Altrs o tn) (U, Gy (1 t1) -+ Gy (s tn) W)
is a well-defined distribution. At the same time, assuming the definition , we see tha@
(W, A(t1, ... tn)Bay (B1 1) -~ ba, (P tn) V) =
et 2im s T Aty ) oy (B 1) o (P ta) ) =
et 2 BT Aty 1) (8, G, (P 1) - G, (s ) T).
So, defines the product
A(ty, -y tn)Pay (1, 1) -+ Goy (s )

such, that it agrees with the standard product of numerical distributions on the level of the quadratic
forms,

(\Ily A(t17 L 7tn)(27011 (ﬁ17 tl) te dgan, (ﬁnv tn)\l’l) - A(tla .. ?tn)(\p7 (5041 (ﬁla tl) e ann (ﬁna tn)\p/)
(E.20)

73The last line is straightforward if integrated with a factorised Schwartz function of the form
Ft1, . tn)g(P1, ..., Pn), f € S(R?), g € S(R3") and then using the definition and uniqueness of the tensor product
of operator-valued distributions (see Appendix .

91



Finally, by evaluating this matrix element on a test-function f and using the Wick Theorem (The-

orem [F.1)) we get

/e*iz?’zl an DAty ) (0, oy (B ) Gy (B VOV f (b1, s B, - ) [ [ dtadpi =

=1

n n T S

3 /@,ﬁaaf[a,gjqﬂ)f;S(*;,...,;z;;zzl,...,z;;)HdaHdza,
j=1 = j=1 i=1

4
r=0 s=0 1=1

where f;,s are results of evaluation of the product of the distribution A and all commutators appear-
ing in the normal ordering according to the Wick theorenﬁ on f. By Theorem [r.s is Schwartz.
But then by theorem X.44 of [83] the operator, agreeing with

/e_i E;L=1 Q97 (tj_t)A(tb .. 7tn)q~5a1 (ﬁh t) e ann (ﬁrﬂ t)f(th e 7tn7ﬁ17 ey _’n) H dt’bdﬁb
=1

is unique, and thus (E.20]) fixes the product in its left hand side uniquely.
The argument above can be generalised to arbitrary spin straightforwardly.

74This product is clearly well-defined, as all distributions are in different variavles

92



F  Wick ordering, Wick theorems and propagators

Let us start from very generic setting. Suppose that there is a family of unbounded operators A;
acting on the same dense domain D € H which they leave invariant, let 2 € D be a vector of norm
one, and assume that each operator A; can be decomposed into a “creation part” A; ; and A;;,

Ay =A L + A,

A, =0,  A7,Q=0.

Here creation, annihilation parts and their adjoints are assumed to be defined on the same domain
D. Finally, we assume that all creation operators and all annihilation operators commute among
their classes, while commutator between creation and annihilation operators is proportional to the

identity|

[Ai 4, Aj 4] = [Ai -, A -]
[Ai’+, Aj,,] = Cij]_’;.[, Cij e C.

Then we define the Wick product, or the normal oredered product : Ay --- A, : as ordinary product
of the operators A; ... A, in with all creation operators moved to the left by hands,

A A= > T[4 I An-

Ic{1,2,...,N} i€l i€{1,2,...,n 1\ I
By construction,
(Q:4;---A4,:Q)=0.
The following statement, despite being very simple, plays a fundamental role in QFT

Theorem F.1 (Wick theorem [94]). Let operators Ay,..., A, be as above. Then

k

Ay A, = Z H Cij iy : H A (F.1)
{1,ny=dulr_ {ij0,45,} =1 leJ
15,1 <ijy

Here the sum goes over all “pairngs”, i.e. all possible ways to select k (with summation over k)
k non-intersecting pairs among the operators Ay, ... A, and J denotes the set of all operators that
did not appear in any of the pairs.

An obvious consequence is that

{Lony=U, {51005, } J

15,1 <tjy

Z H<Q7 Aij,lAijﬂQ)’
{1,...,n} |_|j{ij,1»i.7’2} J

25,1 <%y

i.e. vacuum expectation vale of a product of such operators is products of expectation value of pairs
of that operators, summed over all possible pairings.

75For this subsection all relations should be understood as holding on the domain D.
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Remark F.2. A natural example of operators A; is provided by the free quantum fields (see
Appendix evaluated on the test-functions decomposed as in ' Then using the uniqueness
of a tensor product of the operator-valued distributions (Appendix|B]) one gets a well-defined notion
of normal-ordered (tensor) product of the free quantum fields themselves. So, Theorem - holds
for A; = (b(p“ ;) and

[¢0+(p17 z) ¢0 (pJ7 )]:(Q’éOJr(pl’ )¢0 (p]’ )Q)

By reverse partial Fourier transform we can get a similar expression for A; = ¢(z;).

Remark F.3. The Wick product of quantum fields is important, because in the decomposition of
the tensor product

¢($1) ce QZ)(xn)

according to the Wick theorem all singularities in the limit of coinciding points x; — x are absorbed
in the commutators, while the normal-ordered product has a well-defined limit [100]

so(x)™

Theorem can be also formulated for the time-ordered product (with straightforward gener-

alization to anyhow ordered product, including the covariant time-ordered product T of [3.2/and the
integrated-path-ordered product P introduced in [3.1.3):

Theorem F.4 (Second Wick theorem [94]). Let operators Ai,..., A, be as above. Then

T{Al (tl) T An(tn)}

k
= Z H Q,T {A,L'j’1 (tij,l)Aij,Q (tij12)} Q) : HAl ‘.
{ ’ an} JuU] 1{21 1771J2} Jj=1 leJ
ij, 1<7,J2

Here we formulated the theorem for operators depending on ¢, but we use its generalization to
the case of operator-valued distributions along the same lines as explained above for Theorem

Again, Theorem [F.4] allows one to calculate the vacuum expectation values of time-ordered
products easily.

Remark F.5. As in Remark Theorem can be applied to timeordered product of the
quantum fields. In particular, we need it for A; = ¢0a (Pi,t;). Then

< OIT {Goa, (s 1) B0, (7 £3) } 10 >= G o, (s ts = )07 + ),

where

1 _
5 t) = o) —— sl F.2
Ga,@(pv ) 6&,—B0( Oét) 20.)13‘(271')36 ( )

is the so-called propagator.

It is convenient to introduce also the propagator in 4-momentum space (rather than the mixed
“time-momentum” space in which (F.2|) is written)

GO, (7.t) = / GO 5 (5, w)e ", (F3)

with )
—lx
* P 252 H(w + a(wg — i0))

Gop(Diw) =0 (F.4)
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In ordinary QFT a crucial role is played by the Feynman propagator

< 0T {¢(z)p(2)}10 > .
Substituting and we have

< O[T {6(x)(a')} 0 >= / 0P duoe I GY (7, ), (F.5)

a0 (w) = 3 6 (7,w) = L (F.6)

2
5 (2m)*(w? — wg +140)
We also need the vacuum correlators, including the first derivatives of the fields. Clearly for j, k €
{1,2,3},
< 0T {05 ¢(2)p(2) } 10 >= 0,5 < O[T {(x)d(a")}[0 >

and
< O|T {0,ip(2)p(2")} [0 >= s gk < O] T {P(w) Dy p(2)} [0 > .
From
Oyo (P 1) = iw(Po+ (B, t) — do— (5, t))
it follows
<OIT {0,00(a)o(w')} |0 =y [ il — e 7 S Gl (7).
af
But

wﬁazﬂ agfg) (Pyw) = — (27r)4(w2%j wg 140)
for all values of i € {0,1,2,3}. Similarly, we have
< 0T {020 ¢(2)0prs p(2') } [0 >= 005 < O|T {b(x)p(2") } 0 > .
Finally, for the correlator of two derivatives with respect to the time we have:
< 0T {020 (2)0p0(2) } |0 >=

_ %/d?’pdwp e—z(wt-&-pz)zaﬂgaﬂ 7, )_ w-‘/dspdwﬁﬂe_t(wt-‘rpl)go( ):
ap

/dSﬁdwﬁwQe*i(“”ﬁ)Q%(ﬁ w) — /d pdwp’ (w - wQe*Z wt+PT) QF( w) =

0,000 < 0T {p(x)p(z")} |0 > +id(z — 2').

Summing up,

< O|T {0uud(x)p(2)} |0 >= Opu < O|T {P(x)p(2)} [0 > (F.7)

< O|T {0 p(x)Opwp(2') } |0 >= OpuOyne < O|T {p(z)p(z")} |0 > +id(x — 2)d,0010
(F.8)
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